5650 Biochemistry2006,45, 5650-5662

Uncoupling of Electron and Proton Transfers in the Photocycle of Bacterial
Reaction Centers under High Light Intensity

Laszlo GerencSeand Péer Mardi*
Department of Biophysics, Urersity of Szeged, Egyetem utca 2, Szeged, Hungary H-6722
Receied October 11, 2005; Réesed Manuscript Recegéd February 10, 2006

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 andibhs entering the protein. The steady-state rates of both
transports were measured separately under continuous illumination in the reaction center from the
photosynthetic bacteriuiRhodobacter sphaeroideBhe 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(%,sbut that of the cytochrome photooxidation did show

a remarkably large increase from 14 to 136 spon increase of the exciting light intensity up to 5
W/cn? (808 nm) at pH 8.4 in the presence of NiCThis corresponds to about 20:1 (™) 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@ 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 @inding site of the protein with a high rate of 4000%s
Concomitantly, superoxide is being produced. No idn 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
s1) and slowest proton uptake (3.5 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 thg Qinding sites are discussed.

The reaction center (REpf photosynthetic bacteria is a and the function of the quinoned(). The light-induced
membrane-bound pigment protein complex that couples light- electron transfer proceeds along the A branch from the
induced electron transfer to the first steps of vectorial proton excited singlet state of P through a bacteriochlorophyll
transfer across the bacterial membrahe3). The electrons

come from the photoexcited bacteriochlorophyll dimer (P*) 1 appreviations: Bpheo, bacteriopheophytin; CT, conformational
and the protons from the cytoplasmic side via quinol transition; cytc® and cytc?*, oxidized and reduced cytochronee
production: Q+ 2e + 2H" — QH,. Unlike other well- respectively;En, actual redox potentiak,, midpoint redox potential

. at pH 7;1, light intensity of excitation measured in % or in W/&m
known proton pumps, such as cytochrome oxid@ea(d (100% corresponds e = 5500 s1); |5, apparent inhibition constant;

bacteriorhodopsin g), the transmembrane proton trans- in, inhibitor; keT, Boltzmann factork., effective rate constant of
location is completed in cooperation with an additional cytochrome oxidation by Pand exchange for a reduced cytochrome

; i from the poolkey:, observed rate constant of cytochrome photooxidation;
membrane protein, the cytochrorhe, complex that reoxi Ky, rate constant of the first proton uptake @s- & H* — O Qs(H):

dizes the quinol §). The transmembrane proton gradient | ops), rate constant of observed proton binding during continuous
serves as the ultimate free energy source of the organism tcexcitation; ko, rate constant of dissociatiorkyn, bimolecular rate
drive energy-consuming reactions such as ion transport andconstant of associatiork, rate constant of the PQ— P*Qa”

: - P photochemical reactiorikg,, rate constant of quinol formatiok; and
ATP synthesis 1, 8). The ATP fills the majority of the k-, forward and backwara rate constants of conformational change,

energy needs of the bacterium. respectively;K,, one-electron equilibrium constant in the quinone
The RC from the bacteriuniRhodobacter sphaeroides —complex;Keon = ki/k-, equilibrium constant of conformational change;
consists of three subunits, L, M, and H, and 10 cofactors Ko = ki/kon dissociation equilibrium constant; LDAGLN -dimethyl-

. . dodecylamineN-oxide; MES, 2-N-morpholino)ethanesulfonic acid;
(9)- The LM dimer binds all of the cofactors arranged around MOPS, 3-(N-morpholino)propanesulfonic acid; NBT, nitrotetrazolium

a quasi-2-fold rotational symmetry axis. The H subunit caps blue chloride (nitroblue tetrazolium); NQ, naphthoquinone; P),(P
the LM dimer and stabilizes both the structure of the protein reduced (oxidized) bacteriochlorophyll dimer; Q(Qoxidized (re-
duced) quinone; Qand @, primary and secondary quinone, respec-
tively; QH,, dihydroquinone (quinol)Rb., RhodobacterRC, reaction
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monomer and a bacteriopheophytin monomer (Bpheo). Fromincreases. Under well-controlled conditions, the slowest step
Bpheo, the electron is transferred within 200 ps to the can be identifiedZ0, 21).

primary quinone (@), and the Q- reduces directly or If the focus of interest is on the coupling of electron
indirectly the secondary quinones@ 100us (11). Thetwo  transfer and proton uptake in RC, high light intensity should
quinones constitute a functional acceptor quinone complex. he used to avoid its rate limitation in the photocycle. The
Although they are chemically identical species (ubiquinones), kinetic step of the proton uptake can be easily made as a
their physicat-chemical (electrochemical) properties are pottleneck of the photocycle by binding of several divalent
different due to their interaction with the protei, @, 12). transition metal ions to the surface histidines (H126 and
While Qa makes one-electron chemistrys Qan perform  H128) and to one of the two aspartic acid residues (H124 or
full reduction with two electrons and two protons (two- M17) at the entry point of the proton delivery chanr22¢
electron gate mechanism). All cofactors are tightly bound 25). The rate of the inhibited second interquinone electron
except for @, which is in weak binding equilibrium when  transfer is not sensitive to changes of the electron transfer
oxidized (@) or fully reduced (@H). However, when  driving force; therefore, the observed kinetics are clearly

reduced with one electron togQ it is tightly bound (3, limited by the proton transfe2@). Under these conditions,

14). the rate of the cytochrome photooxidation should not depend
In the presence of an external electron donor (cytochrome on the light intensity. Contrary to this expectation, the rate

Cz in vivo), P* is rereduced by reduced cytochromécyt did show light intensity dependence indicating the contribu-

¢ + P* —cytc® + P), and the RC in PQRs™ state can  tion of reactions not involved in the simple scheme of the
undergo another light-driven reaction. After a new (second) quinone reduction cycle.

excitation of P, PQx Qg™ is formed. Sequential and
alternative electron transfer and proton uptake steps lead t
full reduction of (¢ to quinol (dihydroquinone) gH,: after
uptake of the first proton, gH is formed from Q~, followed

In this work, we investigated the structural and functional
Oaspects 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-
by the second reduction @ ,and fmally by the .“Ptake of  oxidation of cytochrome vs light intensity was not ac-
the second protonlf). Two I'gh.t reactions o>_<|d|ze two companied with increase in proton uptake or quinol forma-
cytochromes and reduce one quinone. The quinol leaves thg;qo “The |ess tight coupling between the electron and proton
RC and is replaced by an_oxidized quinone from the transfers is attributed to light-induced changes in protein
membrane quinone pooll§). The return of the acceptor oqhtormation that makes thesQ semiquinone anion less
quinone system to Its O”Q'r!a' state aIIow_s the turnover of stable in the binding pocket. Consequently, it dissociates from
RC under multiple-flash activation or continuous illumina- 4 o rc pefore proton binding and makes the cytochrome

tion. The binary oscillations of semiquinor} and proton oxidation (electron transfer) more effective than the uptake
uptake from the aqueous phasé)(as responses to repetitive of H* ions (proton transfer). The kinetic and thermodynamic

flash excitation or the accumulation of photooxidized cyto- details of the mismatch in the coupling will be discussed.

chromes qnder continuous IIIumlnatlng(—Zl) have be- Preliminary accounts of this work have been preseri2éj (
come routine tools to study RC function. These assays are

very sensitive to slight modifications of the supply and MATERIALS AND METHODS
coupling of electrons and protons in the donor and acceptor
sides of the RC due to mutations, inhibitions, or structural  Materials. Ubiquinone UQ and UQ (Sigma) were solu-
changes. bilized in ethanol in stock solutions of 1 and 500 mM,
According to the sequence of events summarized as therespectively. The U@ (Sigma) was sonicated in detergent
acceptor quinone reduction cycle, the coupling between theof Triton X-100 (30% wi/v). The antibiotic stigmatellin
electron transfer and the proton uptake is strong. This is (Fluka) and triazine-type terbutryn (Chem Service) were
expressed by the simple correlation between the rate ofsolubilized in ethanol in stock solution of 5 and 60 mM,
photooxidation of cytochromekg,) and the rate of the quinol  respectively. Mammalian (horse heart) cytochran@®igma,
formation kow,) (Or the turnover rate of the RC)ky: = type VI) was reduced>95%) by adding sodium ascorbate
2kon,- As the photocycle consists of many steps, its rate to its solution and was separated from sodium ascorbate by
depends on the rates of its constituents on a complex waychromatography on Sephadex G-25 (Pharmacia) or by
but cannot be larger than the rate of the slowest process.bubbling H gas through its solution in the presence of
The observed rate of cytochrome photooxidation reflects the palladium black (Aldrich). The concentration of reduced cyt
bottleneck of the quinone reduction cycle that can accom- ¢ was obtained using an extinction coefficientgf(reduced)
modate to the physiological conditions. Under moderate = 27.6 mM-cm™ (27). The quantity of accumulated
intensity of illumination, when the frequency of RC excita- photooxidized cytochrome was calibrated on the basis of
tion is much less than £&71, the light intensity is the rate-  the difference extinction coefficient oéssoreduced) —
limiting factor, as the electron and proton transfers and esso(oxidized)= 21.1 mM*-cm™ (28). The water-soluble
exchange (binding and unbinding) processdes{ koi) on TMPD (Sigma) was reduced by addition of sodium ascorbate
the donor (cytc®*/cyt c?") and acceptor (quinone/quinol)  prior to use. Ferrocene (Sigma) was dissolved in ethanol and
sides are faster than 161 However, the rate-limiting role  used after preparation without further reduction, as its redox
of the slowest step can be easily shifted to any other reactionsmidpoint potential is relatively highHy(ferrocene/ferro-
if they become slower (mainly due to depletion of the cenium)~ 400 mV; unpublished data]. The pH-indicator
cytochrome or quinone pools under continuous operation or absorption dyep-cresol red (Sigma) was dissolved in ethanol
inhibition of the proton uptake/electron transfer) and/or the and used in a concentration of 3tM, which was the
light intensity (or the efficiency of harvesting the light) 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. capacity of the RC solution was decreased by overnight
Detergents LDAO and Triton X-100 and buffers (MES, dialysis against a solution of 1M Tris, 0.03% Triton
MOPS, Tris) were obtained from Fluka and Sigma, respec- X-100, and 50 mM NacCl at pH 8.0. The cytochromwas
tively. The aliquots of hydrochloric acid (HCI) were prepared replaced by ferrocene. Although the ferrocene is a slower
from 0.1 M stock solution (Fisher). All materials were used donor to P than cytc®", its redox change is not accompanied
without any further purification. with protonation and has negligible absorption change upon

Reaction CenterRCs were isolated from the blue-green oxidation at the wavelength (572 nm) of the maximal
(carotenoidless) mutant (strain R-26) of the photosynthetic sensitivity of theo-cresol red. The net proton binding was
bacteriumRb. sphaeroidess described earlierld). The obtained by subtracting the signal of the buffered sample
zwitterionic detergent (LDAO) was changed for nonionic (10 mM Tris) from that of the dye response. The calibration
detergent (Triton X-100) by overnight dialysis against 1 mM occurred by addition (mixing) of a known amount of HCI
Tris buffer (pH 8) at 4°C. The OD(280 nm)/OD(802 nm) to the solution 18, 32).

ratio, a measure of the purlty of the RC, was smaller than Assay for Superoxide Synthes‘fﬁe formation of super-
1.40. The secondary quinone activity [the ratio of the oxide and its subsequent reactions were detected by two
amplitudes of the kinetic phases of the charge recombinationconventional spectrophotometric methods: (1) reduction of
(29)] dropped to 10% during the preparation. The concentra- nitroblue tetrazolium (Sigma, N687633) and (2) reduction
tion of the RC was determined from the steady-state of oxidized cytochrome34) whose reaction can be inhibited
absorption at 802 nme(= 288 mM*-cm™?) or from the  py superoxide dismutase (Sigma, EC 1.15.1.1). On the basis
absorption change at 430 nig(= 26 mM*-cm™!) induced  of the NBT assay for superoxide synthesis, the quantity of
by continuous laser light2l). escaped electrons by dissociation of the semiquinone from
ChromatophoreThe chromatophore was isolated fromthe the RC could be determined. To calculate the specific
cytochromec;-less mutant ofRb. sphaeroide¢Cycal, a  activity, the reduction of the yellow, water-soluble NBT to
generous gift of Prof. C. A. Wraight). Similar mutant was plue, water-insoluble diformazan by superoxide radicals was
used by Lavergne et al3Q). The concentration of the RC  monitored by the increase in absorbance at 530 nm, using
in the chromatophore suspension was determined from the12 8 mMm-cm! as the extinction coefficient3g). For
flash-induced absorption Change at 603 nm using the Cytochrome assay of the Superoxide, the redug&B%)
difference extinction coefficient of 20 mM-cm~1 and was Cytochrome p00| was partia”y oxidized byz([h the dark,
adjusted routinely to 0.xM. and then the reaction between the superoxide radical and
Optical MeasurementsSteady-state absorption spectra oxidized cytochrome was followed spectrophotometrically
were recorded with a Unicam UV4 spectrophotometer. at 550 nm in the absence and presence of active and inactive
Kinetic measurements were made with a single-beam spec-sOD. SOD was denatured by heating at’@5for 1 h (36).
trophotometer of local desigi§, 21, 31). Saturating flas_hes Fitting ProceduresThe kinetic traces were recorded by
were prod_uced by a X_e _flash tul_ae (FX-200 EG/ G) with red digital oscilloscope (Hitachi VC-6025) interfaced with an
fll.ter. Con_tlnuous actinic |IIL_Jm|nat|on was provided by a_Ia;er IBM computer system of local design. Changes in optical
diode (High Power Devices, Inc., type 1010, emission yansmission were converted to units of absorption, and
wavelength 808 nm, maximum power 1 W) controlled by a ¢ yinetic analysis of the absorption transients was per-
homemade driver (the operating current was stabilized at 1.2¢5rmed by nonlinear least-squares fitting according to the

A)'. The duratio_n _and intensity of th? laser emi_ssion were Levenberg-Marquardt algorithm. Model calculations were
adjusted by a digital pulse generator (&tiastechnika, type carried out using Mathcad 4.0.

TR 0360), and the rectangularity of the shape of the laser
emission was checked by the combination of a photodiode ResyLTS
and an oscilloscope. The rise and fall times were below 1
us, and the slope of the constant part was less than 5%. The Anomalous Light Intensity Dependence of the Rate of
focused measuring beam was within the laser excited areaCytochrome c Photooxidatiofhe kinetics of photooxidation
(0.2 cn?) of the 3 x 3 mm rectangular quartz cuvette held of cytochromec was measured at 550 nm under rectangular
in a massive brass block. shape of excitation of different light intensities with large
The rate of the primary photochemistry was determined (oxidized) quinone and (reduced) cytochrooyeools at pH
from the monoexponential rise offRletected at 865 nm 8.4 (Figure 1a). The quinone reduction cycle of the RC was
that was generated by continuous illumination in the absenceslowed by binding of Ni* to the main proton entry point of
of an electron donor to® The sample containing reduced the protein, and its rate of 500's(pH 8.4) decreased by
cytochrome was prepared in full darkness and was thermo-more than 2 orders of magnitude to 3.5 §25). At the
stated at room temperature (23). After photooxidation of ~ millisecond time scale, the excitation could be considered
the cytochromes, the sample was discarded, and new RCas a step function which significantly simplified the evalu-
was taken for the next illumination. In all experiments, the ation of the response. Because of the linear relationship
concentration of the RC was selected taM to keep the between the rate constant of the P& P™Qa~ charge
internal screening (attenuation) of the exciting light constant. separation and the light intensity, the intensity of the
In this way, the same relationship between the light intensity illumination is measured by the rate constant of the primary
() and the rate constant of the primary photochemidtgy ( photochemistry: 100% light intensity corresponded to a
could be used throughout the work. photochemical rate constantlgf= 5500 s* (at 1uM RC).
Measurement of Proton Uptak&he pH indicator dye At the onset of the continuous illumination, the cytochrome
o-cresol red was used to follow the pH change of the solution photooxidation showed a fast (1000%sand slightly light
due to light-induced protonation of the RC. The buffering intensity dependent initial phase that reflected the generation
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b Ficure 2: Comparison of the light intensity dependence of the
rate constants of the turnovers at the doray &énd acceptorl)
sides of the RC measured by photooxidation of the cytochrome
(key) and observed proton binding{{obs)] for quinol formation,
respectively. As the RC was treated by L@@ Ni2*, the proton

) uptake ky) was the rate-limiting step of the photocycle. The

Q intensity of the continuous illumination was expressed by the rate

£ constant of the primary photochemistiig)( Note the increasing

% difference between the two rate constants (acceleration of the
g cytochrome turnover) upon increasing light intensity. The conditions
G are the same as in Figure 13)(and Figure 1bM).

=

.2

& of photooxidation of the cytochrome (stationary phase)

§ could be observed that was obviously light intensity depend-

< N ent (Figure 1a). This was a highly unexpected finding

01 H JRC] because the light intensity should not be the rate-limiting
2 . : . : . . . : step in the very slow turnover of the RC. At 100% light

40 60 80 100 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
continuous illumination of different intensities. 100% light intensity ~ €xactly twice as large as that of the proton uptake. Contrary
corresponded to 5 W/ch(808 nm) and 55002 photochemical to this expectation, the rate of cytochrome photooxidation
rate constant. The turnover of the RC was slow due to inhibited jhcreased linearly from 143 (2%) to 136 s! (100%)

t(ms)

Ficure 1: Kinetics of cytochrome photooxidation (a) and observed
H* ion uptake (b) of RC fromRb. sphaeroidesipon onset of

proton uptake by binding of Ri ions to the protein. The optical

absorption changes at 550 nm (a) and 572 nm (b) were converted

to concentrations of cyt®" (a) and H ions (b) relative to that of
the RC, respectively. The kinetic traces in (b) were shifted vertically

(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

for clear separation. Note the strong light intensity dependence of crucial to observe the acceleration of the cytochrome

the rate of the cytochrome turnover (a) in contrast to that of the

photooxidation. The effect showed up also if the pH was

observed proton binding (b). Conditions:ulM RC, 0.03% Triton
X-100, 100uM NiCl,, 40 uM UQs, pH 8.4 (both panels), or 60
uM cyt ¢ and 60 mM NaCl (a) or 3@M o-cresol red, 150M
ferrocene, 25 mM NaCl, andt10 mM Tris (b).

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
of Qa~. The initial phase was followed by an additional proton uptake dropped and became the rate-limiting step of
transient phase that could hardly be resolved from the the turnover. The anomalous increase of the rate of the
stationary phase. Its slope was almost the same as that otytochrome photooxidation was also observed, if the quinone/
the stationary phase, and its magnitude was smaller than onejuinol exchange achieved with low-affinity quinones to the
oxidized cytochrome/RC. This transient part of the kinetics Qg site (e.g., UQ) was the bottleneck of the photocyckgy.
could be attributed to the first interquinone electron trans- However, the effect failed if the target of inhibition was the
fer: its magnitude strongly depended on the equilibrium donor side. This was achieved by an increase of the ionic
constant of the electron transfe20j and the rate dropped strength of the solution to 150 mM. Under these conditions,
to 150 st as a result of Nit binding to the RC 37). If the the rate of cyt?" binding to the protein decreased dramati-
H subunit of the RC was removed, then the magnitude of cally and became the rate-limiting step of the turnover of
the transition phases decreased to one oxidized cytochromethe RC @1).

RC that was interpreted by the loss of thg &gtivity of the The effect of acceleration could be demonstrated in
RC (10, 38). After these transition periods, the constant rate chromatophores, as well. It was shown earlier that the
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transition metal ions blocked the proton uptake of RC 320 — 7
embedded in the native membrai8)( The oxidized dimer T "
was rereduced by the electron donor TMPE)( and the 280+ . -
quinone reduction cycle was inhibited by binding ofNio I ]
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 W§to the chromato- < 1604
phore (data not shown). This indicated the severe loss of =
quinones in the native membrane due to preparation and also®" 120~
the need of a large quinone pool to generate the effect of
acceleration (see also later). 80

Kinetics of Proton Uptake, Semiquinone Formation, and
Superoxide ProductionThe increase of the rate of cyto-
chrome photooxidation upon increase of the light intensity . .
prompted us to measure the kinetics of chemical species o % 40 80 100 120
produced by the turnover of the acceptor side. Their kinetic kY
correlation would be of great help to clarify the nature of H
the observed effect. Unfortunately, the small changes in the FIGURE 3: Dependence of the rate constant of cytochrome photo-
absorption spectrum caused by these products are depresseidation y, acceleration) on the rate constant of the proton uptake
by the large and wide changes due to redox transitions of = ) at d'ﬁleremc:mens'ies of COT“”UOUS 'Llummit'on [100(1%1(

5500 s?), 53% (2 = 2910 s?1) and 19% ky; = 1040 s1)].
the cytochromec and other cofactors (P, Ap of the RC. Theky was varied by changing the pH of the solution and by use
This is why we were not able to measure the kinetics of of different transition metal ions: Gdand N?* for adjustment of
quinol production (in the UV) but were successful in ?;%g?%athr? lothV:r Yr?lltjk?: dﬁﬁbtrgspcelgti;aelgilch;?ésfefgﬁirf\lgg ttrclnethe
: : : -1mit | .

detection of the simultaneous meChamsm. of proton lthaI(emeasured %atapare deriv%d fror¥1 the extended photocycle model
from the aqueous bulk phase. The loss dfibins from the ity parameters Okong = 1 x 108 M52, Kofigr = 100 S, Kot
solution upon continuous illumination of the RC inhibited = 2300 s, ks = 4000 S, Keont (=ki/k) = 0.31, andk, =
at the acceptor side showed steady increase (Figure 1b). Thé200 s*. The conditions are the same as in Figure 1a, except for
rise did not terminate promptly after switch off of the light 40 mM NaCl, pH 7-9, and 20QuM CdCl, (ks > 20 s™) or 500
as the proton uptake to photoproducts was governed by darkM NiClz (ki = 3.5 and 13 s)).
reactions (data not shown). In contrast to cytochrome of the proton uptakek() under the same conditions. While
photooxidation, the slope (the rate) of the observeddt the smallesky (<20 s1) values were adjusted by use of
binding did not depend on the light intensity. The decrease Ni?* ion at high pH ¢ 8), faster proton uptake was obtained
of the light intensity from 100% to 20% did not cause by use of Cd" ion at lower pH. The upper limit ok was
measurable change in the rate of the observed proton binding110 s* at which value the proton uptake remained the rate-
Despite the relatively large error of the determination of the limiting step in the photocycle. As expected, the rate constant
proton uptake, the difference in rates of proton uptake evokedof the turnover increased upon increasekafand light
by continuous and flash lights could be well recognized. The intensity, and their dependence is close to linearity (Figure
rate of the observed proton bindinig,(obs)] during continu- 3). However, the relative enhancement of the rate constants
ous illumination was twice as large as that measured afterupon increase of the light intensity is much larger at small
flash excitation Ku) (Figure 2). Out of the two protons  kythan at highky. As the rate constant of the proton uptake
needed for the turnover of the RC inhibited by divalent metal determines the amount of the,@s~ species, we can
ions, the uptake of the first is slow and that of the second is conclude that the magnitude of the anomalous acceleration
fast 1—3, 23). of the cytochrome photooxidation depends not only on the

The appearance of the effect of acceleration did not dependlight intensity but also on the concentration of the Qg™
on what the electron donor to"Pwas. The rate of the state, as well. Because all of the related data (Figures 2 and
photooxidation of ferrocene showed light intensity depen- 3) show little sign of saturation, linearity in their relationships
dence similar to that of the cytochrome oxidation at an ionic seems a reasonable assumption under our experimental
strength where the donation rates of the two donors™o P conditions.
were equal (data not shown). The accumulation of ferri- The characteristic absorption change attributed to the
cenium during the photocycle could be detected at 300 nm semiquinone was measured under continuous illumination
where the contribution of the absorption change due toin the presence of cytochrome at 337 nm (isosbestic
quinone/quinol conversion is negligibldl). If the rate of wavelength for the cyt?"/c®" and quinone/quinol redox
P* rereduction by the electron donor is much larger than change) and at 450 nm (absorption peak of the anionic
that of the rate-limiting proton uptake (this happens if semiquinone) when ferrocene was the electron donorto P
cytochrome is the donor), then the increased rate of the The isosbestic wavelength at 337 nm was adjusted by intact
photocycle does not depend on the donation rate. RC (without N?* ion) where no accumulation of QQg™

The magnitude of the enhancement in the rate of cyto- species but that of cyt®" and quinol were expected. If
chrome photooxidation depends on the rate of the slowestdivalent metal ion was added to the sample, a large
step in the photocycle. For demonstration, several methods,absorption change was measured immediately after onset of
including change of the pH and/or use of different divalent the excitation due to the appearance of stahle@~ species
transition metal ions, were applied to vary the rate constantin the RC. However, no further significant change in the
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stationary phase of the turnover was detected, indicating the a — r T T T 1 1
absence of accumulation of semiquinone produced by 5 A
dissociation. The same result was obtained in experiments W
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 cytc®" in the dark (Figure 4c). The production
of superoxide anion was confirmed by addition of SOD that
inhibited the reduction of cyt®" by facilitation of the
dismutation of the superoxide radicals. The steady-state rate
of production and dark decay of cgt" were only slightly
influenced by denatured SOD (Figure 4c).

Awvailability of Quinones and Herbicides to thes@inding
Site The rate of cytochrome photooxidation in the RC with
retarded proton uptake depends not only on the light intensity
and ky 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 Ni™ ions (Figure 5a). Similar saturation was
observed in mutant RC (L212Gt+ GIn/L213Asp— Asn)
where the uptake of the proton was similarly severely

light on

light off

[NBT(reduced)] (LM)

[NBT(reduced)] (W M)

hindered but the rate of the first interquinone electron transfer g

was not significantly decreased compared to that in the wild- E

type RC (data not shown). The quinone concentration at half 2

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 +denatured SOD 1
levels showed a steep rise as a function of light intensity, | - .
and the slope increased with quinone concentration (Figure . rectedOD
5b). No tendency for saturation can be seen in these ranges 0 20 40 60 80 100
of light intensity whatever quinone concentration is taken. t (ms)

The experiments carried out with different types and _ _ ) ) _
concentrations of detergents showed that the quinone avail-'GURE4: Production of superoxide radical during the photocycle
- Lo . - . of RC of inhibited proton uptake. The NBT assay for superoxide
ability to the @ binding site (and not its concentration) was  gynthesis was applied to determine the number of escaped electrons
essential to produce the effect of acceleration. from the standard photocycle of the RC. (a) Kinetic trace at the
The results of these experiments support the assumptionisosbestic wavelength of the cytochrome (541 nm) solely due to
of modification of the @ binding site. Because the quinone ~Production of reduced NBT. (b) The difference of absorption

o . . .._changes measured in the presence and absence of NBT at the
undergoes redox change after binding, the alterations in S 1o rmination (35 ms) of the excitatiom) and long (about 1 min)

binding properties can hardly be utilized directly to monitor after the illumination (line). The oxidized NBT had no absorbance
the structural change in the protein. Instead, potent electronin this spectral range. (c) Cytochrome assay for superoxide
transfer inhibitors stigmatellin and terbutryn were used to Synthesis. By setting a large cgt* pool, effective dark reaction
test the possible modification of the binding site. The binding due to the reduction of cyt®" by superoxide radical can be

L G . L .~ observed. The reaction is inhibited by addition of active SOD.
affinity of the antibiotic stigmatellin was studied in competi- 5o ired SOD had a minor effect. The conditions are the same

tion with strongly binding UQ to the @ site under  asin Figure 1a, except fak10 uM NBT (a and b) and [cyt?*]
continuous excitation (Figure 6). The concentration ofUQ = [cyt 3] = 33 uM and £20 units/mg SOD (c).
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Ficure 6: Deceleration of the stationary rate of cytochrome
photooxidation Kc,;) upon titration of stigmatellin in the presence
of UQs in RC of slow proton uptake at different intensities of
continuous light excitation [100%k(; = 5500 s) and 25% Ky,

= 1375 s?Y]. The curves are derived from the model with
parameters as in Figure 5 akgh = 6.6 x 10* M~1:s71, Koy =
0.033 s, andkeiz = 0.6 s'1. The conditions are the same as in
Figure la, except for 16M UQs.

011000'2000l3ooo‘4000 5000 6000
-1

k(")
Ficure 5: Dependence of the rate constant of cytochrome photo-
oxidation k) on the concentration of added quinone at different — 6
intensities of continuous excitation (100%, 53%, and 19%) (a) and
on the light intensity at different levels of U@15, 40, and 120
uM) (b) in RC of inhibited proton uptake. The simulated curves
from the model were obtained by use of parameters in Figure 3

andky = 3.5 s'&. The conditions are the same as in Figure 1a, . , i . .
except for 50uM Ni?* and 40 mM NaCl. 0 10 20 30 40 50

t (ms)
was taken as 1%M, which was an optimum selection Ficure 7: Changes of the rate of cytochrome photooxidation
between not too strong competition with stigmatellin and [ke(low) = 96 s and ky(high) = 220 s upon switch from
o (00 short stady-sat period of the tnover of he RC. 04 3220t Hih 190 (op) o i o low ot
Upon increase of the Conce.mra.tlon of th‘? Stlgmat_ellln, the sgvitch of the light intensity was fast<(l yss), and the responsé of
rate of cytochrome photooxidation was titrated with char- cytochrome turnover cannot be resolved in this time scale. The
acteristic effective inhibition constantisd, at the equivalent  conditions are the same as in Figure 1a except for@0CdCl,.
concentration, where the rate of cytochrome photooxidation
drops to half of the maximum value). Thig, of the inhibition constant increased by 2 orders of magnitude to
stigmatellin showed changes at different light intensities. 300uM after removal of the H subunitL().
Stronger illumination made the stigmatellin less effective: ~ Switch between Low and High Light Intensitid® get
4 times more intense excitation (from 25% to 100%) doubled an impression of how fast the response of the photocycle
the effective inhibition constant. Similar loss of effectiveness could be to sudden changes in the light intensity, the output
due to high light excitation of the RC with inhibited acceptor power of the laser diode was increased or decreased promptly
side turnover was measured for terbutryn (data not shown). (transition time<1 us) during the steady-state regime of the
The shift of thelsy of terbutryn was so large that its photocycle (Figure 7). In the millisecond time range, we were
determination was limited by the solubility of the terbutryn not able to observe any transition phases after the switch.
in the agueous sample. A similar decrease of the affinity of The photocycle accommodated to the new light conditions
the terbutryn to the @site as we observed at high light (independently of the direction of the change in the light
intensity was reported in the LM complex where the intensity) without measurable delay and switched im-

100 %

lighton  100%
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mediately to the altered (new) rate. No transients were tightly bound to the proteinl3) and its properties (stability)
detected on the whole temperature range of physiological are defined by the environment of the Qite @5). If the H

significance (data not shown). Although the determination subunit of the RC protein was removed, the lifetime gf Q
of the rate of conformational switch was not possible, a lower decreased by a factor of 1¢from 250 to 0.3 s at pH 7.7
limit can definitely be given: the rates of (yet unknown) and 21°C), and the electron leaking offgQ was taken up
processes involved in the (conformational) change of the by the oxidized cytochrome (10). If the RC is embedded

protein should be s at least. in an alkane-containing phospholipid membrane, the binding
affinity of the semiquinone anion formed in the; Qite is
DISCUSSION 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-
qguinones reduced to semiquinone in binding sites of the RC

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 in aqueous media tend to diffuse away into the soluti).(

: ; : ; In the instability of @™, the oxygen can play a significant
tsrfeer;rs()t(zi?]ar to establish new and interesting properties OfroIe which has been only partly revealed. Although the quinol

. . is generally unreactive with molecular oxygen, the semi-
Origin of the AccelerationThe enhancement of the rate g y yg

S C quinone form, either in the £Xxite or free in the membrane,
of cytochrome photOO_X|dat|0n in RCs treated by'Non is is much more reactivetg). During the interaction of oxygen
not related to donor side processes but corresponded clearl

. . Xwith Qs reduced oxygen species, such as the superoxide
to fche modification of the ”Om".'a' .fL.antIOI'] of the acceptor anion radical, can be generated as was revealed in aerobic
guinone complex. Due to the inhibited*Hon uptake, the

RC is trapped in the Q Oy state for a long period of time samples under continuous illuminatiofi7f. The efficiency

100 d hotooxidized ovshould I of the interaction was determined by the conformational
( ms), an NEw photooxidized ayshould appear only .5 ngjtions in the structure of the RC triggered by the actinic
after proton delivery to @ . However, we observed extra

. light.
+
eyt C3 p_rod_uctlo_n _that was not cor_rel_a_ted to proton gptake. In the crystal structures, two (proximal and distal) binding
To identify its origin, several possibilities were considered.

) sites for @ were identified 9, 48). Although no direct

(a) Double Reduction of Qor Qs and Release from RC  ayjigence for quinone reduction in the distal site was found,
before ProtonationThis is certainly an alternative way of 1 temperature- and structure-dependent disproportionation
additional cytc®* production (i.e., acceleration) whose reality jn the |ocation of the quinone between the two binding sites
can be supportt_ed partly by some earlier experimental rgsults.was assumed4, 50), and the redox- and dissociation free
Double reduction of @ was observed after chemical gnergies of the semiquinone at the distal position were
prereduction of @ by sodium dithionite to @ upon calculated 2). Calvo et al. trapped the semiquinone biradical
continuous high light excitatior4@). As the production of i, the photosynthetic RC and measured the EPR spectra at
Qa% occurred in the time scale of seconds, its pos_siblt_e temperatures between 1.5 and 100 44)( The relative
release should be very slow to assume to be operative inyqsition and orientation of the two quinones in the biradical
our case. state (Q~Qg"), determined from the EPR spectra, compared

The wealth of experimental information about the chemical well with those obtained from X-ray diffraction of the RCs
reduction of the cofactors by NaBHan also be utilized  inthe QQg~ state §). The Q. did not rotate upon reduction
(10, 43, 44). NaBH, reduces @ to the @2 form without  to Q,~, and the @ did not move relative to @ (the
reacting with Q. (Sodium borohydride is a two-electron distance between the centers of the quinone rings remained
reductant.) The equilibrium established between th@¢2™ constant). The only difference between the two structures
and Q Qs states is pH dependent and favors the formation involved a relative rotation of the quinone planes that made
of the Q" Qs state above pH 8.5. The result can be applied these planes nearly parallel in the biradical state. This
to disproportionation of the two light-induced electrons in indicated a change in the orientation of Qproduced by
the acceptor quinone system. The formation of the@?* the electrostatic interaction betweep @ind Q. Although
state under continuous excitation likely decreases the bindingthe conditions and properties were different in these ex-
affinity of Qg?"; therefore, it dissociates from the binding amples, clear parallels of loss of structural and functional
site, and the generation of a newa@g~ state would  stability of @~ can be recognized in these systems.
enhance the rate of cytochrome turnover. However, this The protonation of @ either released or displaced in the
mechanism as the main contributor to the acceleration canrC should not be favored since no acceleration of proton
be disregarded for two reasons: (1) The dissociatef Q  hinding is observed in our experiments. Indeed, tkg qf
has a very highi§a [>12 (12)]; thus it would be immediately  the semiquinone form of UQis low: 6.45 in methanol51)
protonated in solution and would cause an increased rate ofand 5.9 in 7 M 2-propanol/1 M aceton&2). In aqueous
proton uptake. However, this was not observed in our phase, K, = 4.9 can be deduced from the known solvent
experiments. (2) The semiquinone biradicalsa{Qg") effect on the i, of durosemiquinone (DQ (2, 12). The
induced by flashes have been proven very stable in the darkrelevant K, for Qz~ in the Q."Qg~ state, where the influence
and did not show remarkable disappearance in the time rangeof the Q,~ anion is significant, is somewhat (by 0.7 unit)
used in our study. Therefore, the conversion of semiquinone higher as revealed from results with rhodoquinone acting as
biradicals to @ is negligible under our conditions. Qs (53). Hence, it is reasonable to consider that the unstable

(b) Unstable @~ Semiquinone Aniont has long been  semiquinone anion is not protonated under our conditions
accepted that the anionic (not protonated) semiquinone is(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
10° M~ts™1, close to the diffusion-controlled limit5d).
Detection of the superoxide anion showed that in our
experiments the oxidation of Qby oxygen was the major
route of escape of the electrons:" @ O, < Q + O,
where Q™ 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 Q/O; are—145 mV (see later) and330 mv Ficure 8: Extended kinetic model of the photocycle to explain
(55), respectively. Despite the uphill transfer, the equilibrium the uncdupling of the electron and proton transfers in RC of

is shifted to the direction of generation of;Oduring inhibited acceptor turnover. Short-lived states and fast reactions
illumination. Since the NBT is a two-electron oxidant, the are omitted. The RC can be found in two conformation states (1

produced~2.7 [NBT]/[RC] (Figure 4a) at the end of the and 2). The equilibrjum constant between the states (shaded)
illumination accounts for the number of escaped electrons iNvolved in conformation change is denotedKyy. In conforma-

. o tion state 1, a conventional photocycle is taking place. The rate-
calculated as the difference of electrons injected from limiting reaction is the proton uptakek{) that enables the

oxidation of CytOChrO_mefG-Z [c_yler]/[RC]_ (Figure 4c)] and accumulation of the @ Qg™ state and favors the light-induced
exported electrons via generation of quinol [0.25THRC] conformational transition. In conformation state 2, @issociates
(=0.125 [QH)/[RC]) calculated to the same time regime readily from the RC Kqs). In both conformations, quinondge)
usingky(obs)= 7 s1]. After removal of oxygen from the or inhibitor stigmatellin Kyr) from the pool(s) can bind to the empty

uti th t f - idati ill ol binding site in the @ pocket. The photocycle in conformation state
solution, other routes of semiquinone oxidation will play a 5 || not produce quinol and thus increases the uncoupling of

dominantrole: (1) oxidation by the secondary donor system electron and proton transfer through the protein. For notations, see
(cytc3™) that is believed to be slovbf) and (2) dismutation  the abbreviations.

with another Q to give Q and QH This, too, will be slow
as the rate constant will depend on the concentration of transition state theory of conformational changes including
escaped Q exact electrostatic and quantum chemical calculaftions.

(c) Possible Driing Force of the Conformational Changes. ~ Model of the Extended Photocycleur observation of
In agreement with earlier literature data, the stable semi- acceleration of the cytochrome photooxidation in the RC of
quinone biradical @ Qs~ produced by two flashes and inhibited quinone turnover cannot be explained by a con-
trapped by inhibited proton uptake was observed at room Ventional model of the quinone reduction cyci)(but calls
temperature. However, if this intermediate state is produced for modifications due to altered kinetic and thermodynamic
during continuous excitation, the redox, energetic, and Properties of the semiquinone and quinone under high light
conformational conditions could be significantly different. conditions (Figure 8). o
The Q."Qs~ state is considered to be “closed” for productive ~_The essential alteration includes a light-induced change
photochemistry, because Bpheo recombines so quickly ~ ©f the Qs binding pocket in the protein resulting in a much
(<10 ns) that no trapping can occur by either electron transfer more favored exchange ofQfor a quinone from the pool.
to P* or from Bphea in less than 1 s. The'Bpheo charge Presently, the exact nature of the modification cannot be
pair is produced with relatively high frequency ¢19%) at ~ Predicted. It may include a shift of & from the proximal
the largest light intensity used in our experiments. Trapping {© distal position or a suited change of the protein environ-
of Bpheo by reduction of P by cytochromec®* was ment around the catalytic binding site. In both cases, the
detected at a time scale of seconds after chemical reductiofMmediate environment of is changed, which will be
of Qa. Contrary to the effect in our case, the efficiency of €xpressed here bgonformational transition(CT) defined
trapping showed strong dependence on the donation rate byPY the concentration of the RC in the modified (denoted by
cytochromec?* (42). The electrostatic interaction energy Subscript 2) conformation referred to the total concentration:
between @ and Q~ is moderately high [1.ApK = 2.56
ksT (57)]. Because the distance between the centers of the CT = [RC/[RC] @)
Qs and Q rings (18.6 A) is comparable to that ofz@nd , ) )
Bpheo (24.4 A) 9), the electrostatic interaction energy will The fomard rqte of 'ghe conformational change is proportional
increase substantially by increase of the light intensity. The 0 the light intensity and the concentration of the RC
magnitude of the repulsive electrostatic interaction between (Précursor) species capable of conformational transition:
Qs and BpheoQa~ (activation “barrier”) and the frequency K+ ! [Qa™(...)li. Here Q~(...) means the photochemically
of appearance of Bphed“collision” frequency) can ensure ~ trapped RC (independently what is in the Qite), and
a measurable reaction rate of activation (transition state) SUPSCript 1 refers to the unmodified conformation state of
process leading to a product state characterized by shift ofth€ RC. The backward rate is proportional to the concentra-
the equilibrium position and/or of larger rotation of the plane tion of the RC in the modified (2) conformatiork-[RCl..
of Qs~. The phenomenon is similar to the physiological law M €quilibrium, the two rates are equal:
of sensation known as summation of stimuli under threshold. _
This qualitative picture should be supported by an adequate Keont! [Qa (-] = [RC], (2)
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(fitting) parameters:Kcont, the equilibrium constant of the
conformational change, arkgig andks, 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 fong = 1 x 108 M~1s7t and kefiqr =

100 s (59, 60)] or measured directlykf, k., andky). 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 8).and ky 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 6@

from eq 1, and the stationary concentrations of the intermediates 1 and 40uM, respectively.

in conformation 2 were calculated from the extended photocycle
model using uM RC and 40uM UQg (Figure 8).

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

e

£ 4 KconfI { kcyclezl)
H 1+ Keons I\Z kcycle

if k, > 500 st andky < 50 s . Herekyycier andKeyciez are

the rates of the photocycle in conformation states 1 and 2,
respectively, antcon = 0.31 if | is measured relative to its
highest value. As the reactions in both photocycles are

3

the photooxidation of the cytochromes (effective rate constant coupled in series, the reciprocal value of the overall rate,

ko), the quinone binding/unbinding reactions (rate constants
Kong @nd korig1, respectively), and the proton uptake (rate
constanky). The photocycle is simplified in the (modified)

(keyci9) %, 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 state 2 due to the decreased affinities of the conformation 2. The uncoupling of the electron transfer and

semiquinone and the quinone to the binding site. The
semiquinone dissociates from the RC (rate conskasy],
and the unbinding rate constant of the quindgqf) is also
modified. No proton uptake, no quinol production, 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

oxidation of only one cytochrome are associated to this setused in our experiment&gycer = ky = 3.5 st andkeyciez =

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

550 st ([Q] = 40 uM); thus the stoichiometric ratio of
uncoupling can be as high as/el* = 20.

The rate constant of the semiquinone dissociation from
the protein in the modified binding position (environment)
is high (os = 4000 s1), and its dissociation constant (40

increase of the quinol production. Formally, the electron «M) resembles that of the quinone to the same binding site
transfer and the proton uptake become uncoupled: the(23 uM). This opens the way for comparison with similar
electron transfer through the protein runs faster than the experiments in the Qbinding site. Identical dissociation

proton uptake, and the stoichiometric ratio of transferred
electrons to bound protons (e/Hncreases. The dissociation
of Qg™ from the protein in its modified conformation state

constants were observed for the neutral duroquinone and the
negatively charged 5-OH-NQ at the,@ite, but the on/off
rates of the former were 4 orders of magnitude larger than

wastes the absorbed photon’s energy and lowers the yieldthose of the latter1). The authors argued for a kinetic trap

of photoconversion in the RC.
The comparison of the set of measured data with predic-

of 5-OH-NQ due to the negative charge on the quinone. In
the modified @ binding site, the (neutral) quinone and the

tions of the model should answer two basic questions: whatanionic semiquinone have comparable affinities indepen-
fraction of the RC enters the altered conformation state and dently of their charges. In contrast to the §te, the negative
what are here the dissociation properties of the semiquinonecharge on the semiquinone does not induce response of the

and quinone. The model contains formally three adjustable

(modified) Q@ site to favor the kinetic trap. Our experiments
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associated with the reduction of the quinomeGY? =
—F(En — En), can be related to the free energy changes of
the dissociationAGp = —60 meV loKp (at room temper-
ature), and conformatiom\Gcopr.

AGS? + Eml,q3 - AGS? - Em,sol= 0 4
AG(DDE + EmZ,Q3 - AG(D?gi —Ensa=0 ®)
Ficure 10: Thermodynamic model including the redox changes AGcQonf+ Emz,qg — AGch;nf — Eml,QB =0 (6)

of the quinones in three locations (in aqueous solvent and in two
conformations of the @pocket of the RC), their dissociation from

the protein, and the conformational changes of théiQding sites.
The numerical values were taken from experiments (1&fs59,

60, 65, and66 and the present study), estimated on the basis of the

electrochemistry of semiquinone8§4j, or determined from the
corresponding thermodynamic boxes.

Here F is the Faraday constant (used to convert units of
electric potential to units of energy and vice verds),is

the actual redox potentidt, is the midpoint redox potential
at pH 7,Kp is the dissociation constant, and subscripts 1
and 2 refer to the two conformation states of thebihding

indicate that the charge-induced interactions responsible forpocket. Their numerical values related to the transitions were

modification of the protein environment are very sensitive
to the location.

either taken from the experiments directlyf o, = +100
mV (65), Kp® = 1.0 uM (60)] or calculated fromEp o, =

The model can be applied to determine the increased Ema., + 60 mV log K,, whereEn o, = +30 mV at pH 7

dissociation constant of the stigmatellin at high light intensity
(Figure 6). In both conformation states of the RC, the
stigmatellin competes for the gQbinding site with the
quinone. As a result of this competition, the dissociation
constant okfi1/koni = 0.5uM was determined from charge
recombination measurements at pH 82)( which refers

to the RC with no light-induced conformational changes in
the @ pocket. The values o = 0.033 st [pH 7.2,
Rhodobacter capsulatuhromatophoreg3)] andKp = 0.5
uM increased at the highest light intensity & 5500 s?)

18 times tokyiz = 0.6 st and keia/koni = 9.1 uM,

(18) or +10 mV at pH 7 66) and the one-electron
equilibrium constant wak; = 13 (pH 7). The determination

of the other parameters was based on reasonable estimates
[Emsoi= —145 mV (12) andky, = 1 x 10 M~1-s7 for both
quinone and semiquinone] or was calculated from the
relevant thermodynamic box. TH&, s for ubiquinone in
aqueous solution is disputed: largerl[00 to—120 mV ©7)]

and smaller+230 mV (64) and—350 mV ©8)] 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

respectively. The large shift of the dissociation constants in conformational change of the binding pocket by &80
the two conformations is reflected moderately in the apparentand 23, respectively. This change in protein conformation

inhibition constants (e.glsp 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. &
the modified binding site, similarly to the semiquinone and

required 259 meV more free energy if the Qinding site
was occupied by semiquinone instead of quinonesY
AG2 . + 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

the quinone response to the conformational change. This isfor the Q/Qs™ redox pair at the modified binding position.

a strong support for structural changes in the lhding

This value is very close to that estimated in aqueous solution

pocket caused by high light excitation. The conformational (—145 mV). This means that the positive electrostatic
change seems to be relatively independent of the cofactorgPotential (provided by charges, protein backbone dipoles, or
of the protein, which are only sensors but not producers of H-bond donors) which usually increases thg of the
the changes in the protein conformations. Similar conclusions 9uinone bound to the protein does not have significant effect
were drawn from FTIR difference spectroscopy measure- in conformation state 2 of the RC; i.e., the quinone at the
ments at the Rsite (64). The appearance of the semiquinone modified Qs binding position fe_els as in aqueous solu_tlon.
caused structural changes, which did not depend on the©n the other hand, the midpoint potential 159 mV is
substituents on the quinone ring. 190 _mV more positive than _that calculated for the distal
Difference of Free Energies of Q and @or Conforma- binding position {-260 mV, usingem soi= —145 mV (12)].
tional ChangesThree independent thermodynamic boxes can Consequently, we can argue for a conformational change of
be constructed in the scheme involving dissociation from the RC rather than for a shift of thes®inding position in
the RC and one-electron redox changes of the quinone intheé RC of the unaltered structure.
three different locations: in aqueous solution and in the  The functional analysis carried out in this work should be
binding sites of the @ pocket corresponding to the two supported and extended by structure-oriented investigations
conformation states of the RC (Figure 10). Although the rate in the future to understand the nature of the conformational
of oxidation of semiquinone in aqueous solution is high, it change including the location of the (semi)quinone (or
will be supposed not to perturb the binding equilibrium of inhibitors) in the @ binding pocket under accelerated cycling
semiquinone in the ) site. The free energy changes of the RC.



Turnover of RC Driven by Intense Light

ACKNOWLEDGMENT

We are indebted to Dr. G. LaczKtniversity of Szeged)
for construction of the switching mode of the laser diode
and to Dr. E. Hideg (Biological Research Center, Szeged)
for generous support in identification of reactive oxygen
species.

SUPPORTING INFORMATION AVAILABLE

The model of conformational equilibria with competitive
quinone, semiquinone, and inhibitor binding to the $jte
is explicitly formulated and the equations are solved. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Paddock, M. L., Feher G., and Okamura, M. Y. (2003) Proton-
transfer pathways and mechanism in bacterial reaction centers,
FEBS Lett. 55545-50.

. Wraight, C. A. (2004) Proton and electron transfer in the acceptor

qguinone complex of photosynthetic reaction centers fRimydo-
bacter sphaeroided-ront. Biosci. 9 309-337.

. Wraight, C. A. (2005) Intraprotein proton transfer-Concepts and

realities from the bacterial photosynthetic reaction center, in
Biophysical and Structural Aspects of Bioenerge{M&kstrom,

M., Ed.) pp 273-312, RSC Biomolecular Science Series, Royal
Society of Chemistry, Cambridge, U.K.

. Namslauer, A., Pawate, A. S., Gennis, R. B., and Brzezinski, P.

(2003) Redox-coupled proton translocation in biological sys-
tems: Proton shuttling in cytochronsexidase Proc. Natl. Acad.
Sci. U.S.A. 10015543-15547.

. Lanyi, J. K. (2004) Bacteriorhodopsiynnu. Re. Physiol. 66

665—688.

. Hunte, C., Palsdottir, H., and Trumpower, B. L. (2003) Proton-

motive pathways and mechanisms in the cytochrbmeomplex,
FEBS Lett. 54539—46.

. Mitchell, P. (1966) Chemiosmotic coupling in oxidative and

photosynthetic phosphorylatioBjol. Rev. Cambridge PhilosSoc
41, 445-502.

. Seelert, H., Poetsch, A., Dencher, N. A., Engel, A., Stahlberg,

H., and Miller, D. J. (2000) Proton-powered turbine of a plant
motor, Nature 405 418-419.

. Stowell, M. H. B., McPhillips, T. M., Rees, D. C., Soltis, S. M.,

Abresch, E., and Feher, G. (1997) Light-induced structural changes
in photosynthetic reaction center: Implications for mechanism of
electron-proton transfecience 276812-816.

Debus, R. J., Feher, G., and Okamura, M. Y. (1985) LM complex
of reaction centers frorRhodobacter sphaeroidd®-26: Char-
acterization and reconstitution with the H subuBipchemistry

24, 2488-2500.

Hermes, S., Bremm, O., Garczarek, F., Derrien, V., Liebisch, P.,
Loja, P., Sebban, P., Gerwert, K., and Haumann, M. (2006) A
time-resolved iron-specific X-ray absorption experiment yields no
evidence for an P& — Fe** transition during @~ — Qg electron
transfer in the photosynthetic reaction cen®igchemistry 45
353—-359.

Zhu, Z., and Gunner, M. R. (2005) The energetics of quinone
dependent electron and proton transfers Rhodobacter
sphaeroidephotosynthetic reaction centeBipchemistry 4482—

96.

Diner, B. A., Schenck, C. C., and DeVitry, C. (1984) Effect of
inhibitors, redox state, and isoprenoid chain length on the affinity
of ubiquinone for the secondary acceptor binding site in the
reaction centers of photosynthetic bactdBimchim. Biophys. Acta
766, 9—20.

Wraight, C. A., and Shopes, R. J. (1989) Quinone binding and
herbicide activity in the acceptor quinone complex of bacterial
reaction centres, inTechniqgues and New Delopments in
Photosynthesis Resear¢Barber, J., and Malkin, R., Eds.) pp
183-191, Plenum Press, New York.

Graige, M. S., Paddock, M. L., Bruce, J. M., Feher, G., and
Okamura, M. Y. (1996) Mechanism of proton-coupled electron
transfer for quinone (g reduction in reaction centers &b.
sphaeroidesJ. Am. ChemSoc 118 9005-9016.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Biochemistry, Vol. 45, No. 17, 2006661

McPherson, P. H., Okamura, M. Y., and Feher, G. (1990) Electron
transfer from the reaction centeri®b. sphaeroidet® the quinone
pool: Doubly reduced @leaves the reaction centeBjochim.
Biophys. Acta 101,6289-292.

Kleinfeld, D., Abresch, E. C., Okamura, M. Y., and Feher, G.
(1984) Damping of oscillations in the semiquinone absorption in
reaction centers after successive flashes: Determination of the
equilibrium between @ Qs and QQg~, Biochim. Biophys. Acta
765, 406-409.

Mardi, P., and Wraight, C. A. (1988) Flash-induced Hinding

by bacterial reaction centers: Influences of the redox states of
the acceptor quinones and primary dorigchim. Biophys. Acta
934, 329-347.

Paddock, M. L., Rongey, S. H., Abresch, E. C., Feher, G., and
Okamura, M. Y. (1988) Reaction centers from three herbicide-
resistant mutants oRhodobacter sphaeroides4.1: Sequence
analysis and preliminary characterizatidPhotosynth. Resl7,
75—96.

Osvih, Sz., and Mar, P. (1997) Coupling of cytochrome and
quinone turnovers in the photocycle of reaction centers from the
photosynthetic bacteriurRhodobacter sphaeroides, Biophys. J.
73, 972-982.

Gerencse L., LaczKq G., and Mafti, P. (1999) Unbinding of
oxidized cytochromes from photosynthetic reaction center of
Rhodobacter sphaeroideis the bottleneck of fast turnover,
Biochemistry 3816866-16875.

Utschig, L. M., Ohigashi, Y., Thurnauer, M. C., and Tiede, D.
M. (1998) A new metal binding site in photosynthetic bacterial
reaction centers that modulatess @ Qs electron transfer,
Biochemistry 378278-8281.

Paddock, M. L., Graige, M. S., Feher, G., and Okamura, M. Y.
(1999) Identification of the proton pathway in bacterial reaction
centers: Inhibition of proton transfer by binding ofZror CcP*,
Proc. Natl. Acad. Sci. U.S.A. 96183-6188.

Axelrod, H. L., Abresch, E. C., Paddock, M. L., Feher, G., and
Okamura, M. Y. (2000) Determination of the binding sites of the
proton transfer inhibitors Cd and Zri#t in bacterial reaction
centersProc. Natl. Acad. SciU.S.A. 97 1542-1547.

GerencseL., and Marai, P. (2001) Retardation of proton transfer
caused by binding of the transition metal ion to bacterial reaction
centers is due to Ky shifts of key protonatable residues,
Biochemistry 401850-1860.

Gerencse L., and Mardi, P. (2004) Anomalous acceleration of
the photocycle in photosynthetic reaction centers inhibited on the
acceptor sideBiopolymers 7496—92.

Rosen, D., Okamura, M. Y., and Feher, G. (1980) Interaction
of cytochromec with reaction centers oRhodopseudomonas
sphaeroidefR-26: Determination of number of binding sites and
dissociation constants by equilibrium dialys&pchemistry 19
5687-5692.

Van Gelder, B. F., and Slater, E. C. (1962) The extinction
coefficient of cytochromee, Biochim. Biophys. Acta 5&93—

595.

Stein, R. R, Castellvi, A. L., Bogacz, J. P., and Wraight, C. A.
(1984) Herbicide-quinone competition in the acceptor complex
of photosynthetic reaction centers froRhodopseudomonas
sphaeroides A bacterial model for PSlI-herbicide activity in
plants,J. Cell. Biochem. 24243—259.

L