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1. Introduction

Photosynthesis is one of the basic metabolic processe® divthg organisms.
Photosynthesizing species (bacteria, algae and highss plants) convert the en-
ergy of light into other forms of free energy (redox potehtdectrochemical poten-
tial of ions and protons and phosphate-potential) whictdaeztly suitable either to
cover the energy need of the vital processes of the cell olorage. The ultimate
free energy of the photosynthetic organisms is the radiatiothe sun that serves
as energy source not only for themselves, but, indireatlypther living organisms
(e.g. animals and human mankind), as well. Thus, the photbstic species supply
the nutrient source for all other living creatures up to the predators being at the
end of the food chain. Photosynthetic processes can bigsimaldivided into two
main categories: light reactions and dark reactions. Inigfi reactions, sources of
the dark reactions are generated (ATP and reduced coenyymksg possible the
production of high-energy carbohydrates via the successidifferent biochemical
metabolic processes (dark reactions). Light reactionsqed after the absorption
of the photon with the contribution of specifically orienig@idgments embedded into
proteins (pigment-protein complexes). In green plantgnetiphotosynthesis occurs
in the most effective way known so far, NADPH and ATP are gatesf in the course
of the light reactions. In this process, two photochemigsiems (PSI and PSII) con-
tribute which are well-separated from each other. The watelving complex con-
necting to the PSIl is uniquely able to decompose the watgrdtmns and molecular
oxygen driven indirectly by light. A significant part of thésorbed light energy is
stored in the form of proton electrochemical potential ikdbrmed by succession
of a series of redox reactions. The transmembrane protoverfotce is the energy
source of ATP synthesis. The other part of the absorbed égbtgy by PSII gets
on the PSI completing the process with the absorption oftergthoton by PSI,
resulting in the reduction of the NADP.

The processes of photosynthetic energy conversion in tiaete considerably
more simple than in higher-class green plants. In bacteoiatrary to green plants,
only one photochemical system (including the light haringsantennas and the re-
action center protein-pigment complex) operates. As opghas the linear, partly
cyclic electron transport-chain of green plants, the lréaitene is made up of only
one cycle, in the course of which the charge couple genemttw reaction cen-
ter gets stabilized. The reaction center of non-sulfur f[gub@acteria is similar to
the PSII photochemical system of higher plants. Followimg absorption of light
by the bacteriochlorophyll dimer (P) of the reaction cemgets into an excited sin-
glet state (P). The energy gap between the ground and the excited statetseq



the energy of the absorbed photon, which is 1380 meV in the o&Rhodobac-
ter sphareoides [1]. The carrying of electron from the primary donor to thectea
riopheophytin (Bpheo) is facilitated by the bacteriocbianyll monomer with the
overlapping of the electron clouds of the primary donor dredcceptor bacterio-
pheophytin. Hereby, the electron gets to the primary quénioy direct tunneling
process with the help of the nuclear vibration of the pepsikdeton and the bridg-
ing residues (the M252 tryptophan and the M218 methioning]j2More than 98 %
of photon-absorbing reaction centers get into this staettie quantum-efficiency of
photosynthesis is nearly unit. Contrary to this, the eneiffjgiency of light utiliza-
tion is much lower, only 30-40 %, as 60-70 % of the energy isM@sthe transport of
the electron between the cofactors of the protein. The ggowéth the highest energy
loss is the reduction of the primary quinonefJQHowever, this step is importantin
the irreversible rendering of the charge-separatiorivo.

The reaction center of thighodobacter sphaeroides purple bacteria besides the
primary quinone contains another quinone molecule (searynguinone, @). The
two quinones are identical from chemical point of view (bate UQ), however,
they differ in redox and binding properties [4]. It is due e tdifferent protein envi-
ronment [5]. The primary quinone is located in a stronglytdopdhobic environment
and one of the protein subunits of the reaction center (Husitibisolates it from the
aqueous phase. Due to this environment, the quinone is t@t@lccept a proton
after the reduction. Under physiological circumstances,c@n be reduced only by
one electron, and its doubly reduced form can be observethdektreme high light
intensity and under strongly reducing circumstances {&§.dble to form several hy-
drogen bounds with the surrounding amino acids and streigtaters, consequently
binds to the reaction center very strongly and can be remomgdby drastic treat-
ment [7]. Its semiquinone form is rather stable, the free@nehange accompanied
with the reduction is considerably more positive at the lgnding site, than in ap-
olar solvents [8, 9]. The midpoint redox potential of the/Q, redox couple is
influenced not only by the steric and electrostatic intéoastwith the surrounding
proteins, but by the interactions between reaction cqmiaiein and lipid-membrane,
as well.

In contrary to the primary quinone, the protein environmeinthe secondary
guinone contains several polar amino acids, whose eldlitdecreases the energy
of the Qg/Qj redox couple. The quinone form is bound loosely to the reaatenter
and can be separated easily, or substituted with an inhi@@tg. o-phenanthroline,
terbutrine, stigmatelline) [10]. Its semiquinone form Iscavery stable, it has 18
times longer lifetime in the reaction center than in solufi@]. The midpoint redox
potential of the G/Qp coupleinvivois 60 mV higher than that of the £JQ, couple



at pH 8.0 [11]. The complete reduction of the secondary quénzan proceed in the
reaction center: the reduction by two electrons is coupdagptake of two protons.
The generated dihydro-quinol separates from the reactatec protein easily and
is replaced by one of the free quinones of the membrane [8, 12]

In addition to the photochemical reaction, the excited digan return to the
ground state by photon emission, as well. The light emisefathe bacterial reac-
tion can occur either by prompt or delayed fluorescence. Als tooms of emission
originate from P, they cannot be separated spectrally. However, their diécess
and intensities are significantly different. While the ppirfluorescence decays in
a few nanoseconds after the excitation, the delayed fluenesccan be observed
in a much more extended time domain due to the slow back oeec{P"Bpheo
— P*Bpheo, PQ;, — P*Q4 and P"Q; — P*Qp) of the precursors [13]. The in-
tensity of the delayed fluorescence is several orders of imafgs lower than that
of the prompt fluorescence. The rate constant of decay ofelsyed fluorescence
equals to that of the disappearance of the charge-sepatatedby charge recom-
bination, which proves that the delayed fluorescence atgmfrom leakage type
process [14]. Based on the intensity of the delayed fluoresce the millisecond
range relative to that of the prompt fluorescence, the freeggrievel of the PQ
charge-separated state relative to the free energy levbleoéxcited dimer can be
determined [15]. This is a special and unique feature of tHaydd fluorescence as
other methods can hardly give the chance of direct detetinimaf the free energy
gap. In addition, the sensitivity of the method based on omeasent of delayed flu-
orescence is surprisingly high. I tried to utilize theseatdages of the millisecond
delayed fluorescence by systematic modification of sevactbfs that determine the
midpoint redox potential of the primary quinone. The apgdiicn of combined meth-
ods (mutation, delayed fluorescence and model calculgtiorise primary quinone
opened the stage for widespread structural and functitumgiles of the reaction cen-
ter protein.

2. Aims

The most important aim of this study was the design and pitiatuof reaction
center mutants in the binding pocket of the primary quinanevestigate the effect
of the amino acids of the protein and lipids of the membrantherthermodynamics
of the primary quinone. The first priority will be the detemation of the absolute
free energy gap between the&hd the P Q, states in wild type and mutant reaction
centers by comparison of the intensities of prompt and @elélyiorescence emitted



by the primary donor of the reaction center. By use of theaslf the free energy
gaps, I'll determine the in situ midpoint redox potentiakioé Q4/Q, redox couple
in the mutants.

The reaction center structure with atomic resolution deieed by X-ray diffrac-
tion study makes possible to calculate the thermodynanopeaties of the mutants
with computer simulations. Using docking simulations ifdatype and mutant reac-
tion centers, | will calculate the binding free energiedefquinone and semiquinone
molecules, and | will estimate the midpoint redox poterdfahe Q4/Q, redox cou-
ple. Additionally, by use of the free energy perturbatiortmoel, | will model the
reduction process of the primary quinone molecule in wyijdetand mutant reaction
centers.

With the application of cardiolipin (diphosphatide-glyoB, as model-lipid |
will investigate the interaction between the reaction eemtrotein and the lipid-
environment. I'm curious how does it affect the charge-nebimation process and
how does it influence the free energy level of the charge eo(1Q) relative to
the energy level of the excited primary donor.

With the investigation of the delayed fluorescence of thetiea center embed-
ded into membrane fragment (chromatophore) | will get fertimformation about
the effects of reaction center proteins and lipid membrangbie Q,. In addition to
these studies, | will characterize the complex kinetichiefdecay of the delayed flu-
orescence emitted by chromatophore and special attentibimespaid to the fastest
kinetic component.

3. Materials and methods

Bacterial strains:
e Rhodobacter sphaeroides R-26 blue-green, carotenoidless strain as wild type,

e Rhodobacter sphaeroides GA green, carotenoid-containing strain as wild type,
and mutant strains are made by site-directed mutationseothsite in GA

wild type:
- M265lV  11eM?55 —, val apolar mutant.
- M265IS  11eM2%5 — Ser polar mutant.
- M265IT  11eM2%5 — Thr polar mutant.

- M218MA MetM?8 _; Ala mutant.
- M218MG MetM?18 _ GIn mutant.



e CYCAI cytochrome g-deficient derivative oRhodobacter sphaeroides2.4.1
wild-type strain.

v \’\ [l M265

AlaM260

MetM218

Protein environment of the primary quinone {Rin wild-type reaction cen-
ters. Mef2!® and 11€425° side chains are shown by sticks. The M259-M262
segment is shown by lines. The figure is drawn and renderedy®oP The
coordinates are from 1AIJ [16] for R26 reaction centers.

Standard protein purification methods were used to isdig@tedaction centers of
the non-sulfur purple photosynthetic bactdRi@dobacter sphaeroides. the bacterial
cells were disrupted by ultrasonic treatment, membramgiemnts (chromatophores)
were obtained by ultra-centrifugation, and the reactiomes were solubilised by
LDAO detergent and ammonium sulfate. The purification of teaction centers
were purified by DEAE-Sephacell ion-exchange chromatdgrap

The purified mutant reaction centers arrived in frozen staten the group of
Prof. Colin A. Wraight (Uversity of lllinois, Biophysics @nPlant Biology Center
for Biophysics and Computational Biology, Urbana-ChargpalUSA).



Measurement of flash-induced absorption change:

The concentration of the reaction center and the chargenigication kinetics
were determined from the flash-induced absorption chanigbe @rimer donor (P)
at 430 nm and 605 nm in isolated reaction centers and chrqinates, respectively.
The measurements were carried out with a homemade single-figectrophotome-
ter [17].

Measurement of delayed and prompt fluorescence:

The kinetics of the millisecond delayed fluorescence of #aetion center after
single flash excitation was measured with a homemade fludesifie8]. The major
difficulties arose from the extremely low yield of delayedflescence (in the range
of 107?), the near-infrared emission wavelength (the maximum afréiacence is
centered at 920 nm), and the intense of the prompt fluoresamdted during ex-
citation. The reaction center was excited by a frequenaybtinl and Q-switched
Nd:YAG laser flash (Quantel YG 781-10, wavelength 532 nmyg@n&00 mJ and
duration 5 ns). The laser beam was introduced into a ligffttthox through a green-
filter (Schott BG-18). The sample was in a thermostated 1 @tangular quartz
cuvette selected for extremely low fluorescence ("far UMieiimal Syndicate Ltd.).
The fluorescence of the reaction center was focused thraudgifrared cutoff filter
(Schott RG-850) onto the photocathode of a red-sensitivggphultiplier (Hama-
matsu R-3310-03). Temperature of the sample was measutte&vtype (NiCr-Ni)
digital thermometer (Vermer VE 305K).

256 and 128 trace of the delayed fluorescence kinetics weraged in isolated
reaction center and chromatophore, respectively. Thealsigmere collected, stored
and analyzed with a personal computer.

Calculation of free energy drop from P* to PTQ7:

The free energy gap between &nd P*Q, states AGp-4) was calculated by
comparison of the delayed and prompt fluorescence yieldsrdiog to Arata and
Parson [15]. The @ binding packet was blocked with inhibitor during experirteen
The integral intensities of delayed and prompt fluorescemeee measured in the
same sample (contained isolated reaction centers) butratdifferent excitation
intensities (both in the linear region) to give similar esiim intensities. The inte-
grated intensity of the delayed fluorescence was deterntip@done-exponential fit
to the decay of the delayed fluorescence signal; the inedjiatensity of prompt
fluorescence was determined by electronic integration ®fpttompt fluorescence,
using a time constant (1 ms) similar to that of the delayed@scence decay time.
If the integrated fluorescence intensities were takes apritiuct of the amplitude



and decay time of fitted curves, we get the following expi@ssi

br At Tk

AGP*A = /{BT . ln(kf ] ¢p . Ap i Tp . tﬂner), (1)
where ks is the Boltzmann-constant, T is the temperatdrejs the prompt fluo-
rescence yield of Pin reaction centers (4.& 1.5- 10~*), k; is the radiative rate
constant for reaction center bacteriochlorophsi§ - 10”s~!, from Strickler-Berg
relationship [19]).¢, is the quantum yield of charge separation (0298.04), A is
the amplituder is the lifetime of the fitted curves, angh is the transmission of the
glass plate and the gray filter were used in case of prompefigence measurement.

Computer simulations:

The mutant reaction centers were made of employment of lildtare [16]
with mutagenesis module of the PyMol software package [20].

The atomic partial charges of the ubiquinone-4 molecul¢sites of quinone and
semiquinone were determined by Mulliken population arig)yst the level of the
semi empirical quantum chemical method AM1 implemented opkt93 [21].

Molecular dynamics and free energy perturbation simutatiwere carried out
with Q-package (developed by Johan Aqvist and coworkeg) [2

The docking simulations of the quinone molecules to thetr@acenter pro-
tein were carried out with AutoDock 3.0.5 [23]. The input $ilwere prepared with
AutoDockTools software-package.

4. New results

1. The free energy drops front Ro P*Q, were determined from the ratio of
the intensities of the delayed and prompt fluorescence déhachlorophyll
dimer ofRhodobacter sphaeroides GA wild-type and Q site mutants isolated
reaction centers in the physiological pH range. The stahilae energy of the
primary stable charge pair {®,) relative to that of the excited dimer at pH
8.0 was found to be -89& 5 meV with native ubiquinone-10 asQin the
absence of any secondary quinone, for GA wild-type. (I1)

2. M265I1V mutant reaction centers exhibited almost unattettelayed fluores-
cence, compared to GA wild-type, in the physiological pHgabut with a
somewhat flatter pH dependence. Th@ p- 4 was found to be -89 10 meV



at pH 8.0 for M2651V mutant reaction centers, which was in adjagree-
ment whit the value of GA wild-type at the same pH. At pH 1Q\%; p- 4 for

M265IV reactions centers was 20 meV more negative than fom@dé-type

reaction centers, because of the different pH dependdiicy. (

. The two M265 polar mutants (M265IS and M265IT) gave sulighy higher
delayed fluorescence emission intensity than GA wild-tyaetion centers at
the physiological pH range, indicating a much smaller epgap betweenP
and P*Q;‘. The AGp+4 was found to be -83@& 10 meV for M265IS and
-775+ 5 meV for M265IT at pH 8.0. Compared to wild-type reactiontees,
these values correspond to shifts in the midpoint redoxmiate(E,,,) of Q4

of -60 mV and -115 mV, respectively.

Based on the available data of reaction center structuithenformer FTIR
studies, the following explanation is given to this phenamerhe substan-
tial change inF,, of Q4 seen in the polar M265 mutants arises from sub-
tle changes in the length of the hydrogen bonds from quinonéanment
to quinone carbonyls. It was proposed that the hydroxyl grofuserine and
threonine side chains is hydrogen bonded to the peptid ogrlod Thr?/ 261,
pushing away the extended backbone region of M259-M262.Ala&/260
also moves away from the primary quinone, which residuelessivithin hy-
drogen bond length from Qin wild-type reaction centers. The transformed
environment and the rearrangement of hydrogen bonds (whistabilized
the quinone) were caused the altering of the redox progesfithe primary
quinone. (1)

. The M218MA and the M218MG mutants also gave substantradiper de-
layed fluorescence emission intensity than wild-type ieactenters at the
physiological pH range. ThAGp- 4 was found to be -835% 20 meV for
M218MA and -805+ 10 meV for M218MG at pH 8.0. These values indicate
E,, shifts for Q4 of -55 mV and -85 mV, respectively. Both M218 mutants
showed qualitatively similar pH dependencies to those ofv@ld-type and
the M265 mutants.

In the absence of a secondary donor to re-reducgdbBck reaction of the
charge-separated state! ®,, was monitored as P recovery at 430 nm. In
wild-type reaction centers, the apparent rate constagt) is about 9 s, at
room temperature. In both M218 mutants this rate was acteldr s = 27
st for M218MA, and ks = 38 s for M218MG. In the wild-type, with
ubiquinone-10 as @, the recombination process is by direct tunneling from
Q;, to P" [24]. However, as the redox potential ofsQs lowered, e.g., by



mutation, a thermally activated route via Bpheo™ becomes accessible. The
accelerated back reaction process is the unambiguoustsgthe thermally
activated route turns on.

The structural basis for the substantial effect of the M218ations is not
known at this time. The substituted residues, alanine apdirs, are very
much smaller than the native methionine, which closes défside of the Q
pocket and contributes to the packing betweenp &d Bpheq. Beside the
methionine the THY252 also acts as a direct tunneling route to thg @r
electrons to reduce the primary quinone [2, 3]. It is possibat the small
side chain volume of the mutant residues allows sequestrafione or more
water molecules close to the quinone. THg shifts in these mutants with an-
thragquinone as Qis significantly smaller than for the native ubiquinone {pas
on recombination kinetics measurements). This might atdi¢hat the large
anthraquinone moiety fills more of the available space tl@sdibiquinone.

(In

. Addition of cardiolipin to isolated reaction centers iatekrgent suspension
caused a significant slowing of the back reaction (chargeméination) of
PtQj. The effect showed half saturation at about 10 -0 cardiolipin.
Since the major route for recombination is via the@, state [25, 26, 27],
this is indicative of a large equilibrium constant for theeoglectron trans-
fer, Q,Qp — Q4Qp. With 1004M cardiolipin, at pH 8.0, the slowing was
approximately 3-fold, consistent with a 30 meV increasehia free energy
drop from Q, to Qg. The effect was constant across the pH range, from pH
6 to 10.5. The relative amplitude of the slow phase of the baaktion also
increased from 70 % to >90 % in the presence of cardiolipoficeting a sub-
stantial increase in the functional occupancy of the <ie.

The intensity of delayed fluorescence from wild-type reactienters with in-
hibited by terbutrin, was increased 5 - 7-fold in the preseofccardiolipin.
Comparison of the integrated intensities showed the madaidof AG p- 4

to decrease by 3@ 10 meV. The increased delayed fluorescence yield from
P*Q and slowing of the PQj back reaction by low levels of cardiolipin
show that this lipid lowers th&,,, of Q4 by 30 - 40 mV. (1I)

. Upon identical reaction center concentrations in chtoptzore and in de-
tergent suspension, the intensity of the delayed fluorescentwo order of
magnitudes higher in chromatophore than in micelles. Thesipée reason of
this behaviour is the different environment of the reactienters in the two
media. The protein in micellar solution forms weak intei@ts with the disor-



dered detergent molecules. On the other hand in membreagraéras, the in-
teraction between the reaction center protein and the tilkcules becomes
dominant and shifts the midpoint redox potential of the @riynquinone.

We have seen in the previous point, that the mutation of thesi® residues
caused significant shifts in the midpoint redox potentiainaf Q4/Q , redox
couple. If this shifts occurs to the negative directiong tielayed fluores-
cence intensity increases exponentially. We found the sffeet in case of
interaction of the cardiolipin molecules and reaction eesjtwhich was a good
approach of the native membrane environment. Based on ouissimilar ex-
periments, the native membrane could shift the midpoinixgumbtential of the
Q4/Q, redox couple by 100 mV to negative direction compared tordete
suspension. | draw the conclusion from these facts thahtkesction between
the redox center of the reaction centers and the native mamabipids is one
of the major factors which caused the observed change igelfauorescence
intensity.

7. | observed that the delayed fluorescence intensity deedelay one-two or-
ders of magnitudes, while the prompt fluorescence intenisttseased 2-3-
fold during titration of zwitterionic detergent (LDAO) tchcomatophore. In
chromatophore, in contrast to isolated reaction centbesetis tight cooper-
ation between the light harvesting systems and the reac&ater protein in
addition to the reaction center-membrane-lipid intemattWhile in isolated
reaction centers the delayed fluorescence originates fnenbacteriochloro-
phyll dimer, in chromatophore the precursor of the delayedréiscence can
be an antenna bacteriochlorophyll, as well. Here thstRte (which is formed
during the back reaction) may delocalize in the antenna texnpa very ef-
ficient the energy-(exciton) transfer from the reactiontees If this occurs
then the photon is emitted by one of the antenna-pigmendstrenemission
yield can be different from that of the dimer in the reactienter.

The increase of the concentration of the LDAO causes the erea of the co-
operation between reaction centers and antenna-systecaarfihally break
it up. The experimental results show that the yield of therBgoence depends
on the location of disappearance (deactivation) of thetlacexcited state
(exciton): it can happen either in the bacterioclorophirther of the reaction
center or in the antenna system. Based on the LDAO titratiper@ments, the
yield of the fluorescence in the antenna system is smalleriththe dimer of
the reaction centers.

8. Upon inhibition of the electron transfer between the&d Qs, | found a new
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and fast (lifetimex~ 10 ms) component in the milliseconds delayed fluores-
cence kinetics of chromatophore, in addition to the slow ponent (lifetime
~ 100 ms), which representsthé @, — PQ, back reaction. | could not find
component of equivalent lifetime neither in absorptionrdeakinetics of oxi-
dized dimer, nor in millisecond delayed fluorescence kasatif isolated reac-
tion centers. The simplest explanation of this new compboaud be related
to the not complete relaxation of the ®7, state in the (sub)millisecond time
range. | argue for a hot transient state (it is not relaxeth®tharge separated
state (P Q) and the protein environment. The relaxation of this trensi
state needs long time. The reason why we can not make distirtoétween
the two components in absorption is that the relaxed andaxee states both
belong to the same redox state. Thus, the hot transientist&t#ent” in ab-
sorption kinetics, but not in delayed fluorescence kinetics

The fast and the slow components of delayed fluorescence/deaimailarly
under numerous treatments. The free energies of the twassthowed similar
dependency on pH, detergent (LDAQO) concentration, acagdx potential or
concentration of external electron donors (ferrocene aviD). The similar
behaviour to these treatments indicates that the two coermgemmight have
common origin, i.e. they reflect the same redox state bugmifft vibrational
state of the primary charge pair. The latter property is suiggl by the dif-
ferent temperature dependence of the components. TheHffiplots of the
different components reveals that the process is entrapyeathalpy-driven
in the fast and slow component, respectively: small enthalpange AH ~
45 meV) describes the back reaction from the non-relaxat&@ Pstate to the
P* electron excited state, while the same process needs nmgeh enthalpy-
change AH ~ 620 meV) from the relaxed RQ, state. Because the free
energy levels of the two states are very close to each otieqifference in
enthalpy-change is compensated by entropy-change.

. By block of the electron transfer between Qg and Qs Q5 with an inhibitor,

the population of PQ), charge separated state and therefore the intensity of
delayed fluorescence will increase. Stigmatellin and teirbinhibitors tested

on chromatophores at neutral pH (pH = 7.0) were found to acilaily. The
effect could be saturated by high enough concentrations.

In contrast, at alkaline pH (pH = 10.0) the inhibitors shovdifflerent be-
haviour: the effect of terbutrin could be saturated butrstitelline (even at
high concentrations as 5aM) not. For reaction centers solubilized in deter-
gent, this large different was not present. To explain tlelsaviour, we have
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10.

11.

12.

to assume special interactions of reaction centers withuiteoundings. The
interactions can deform the geometry of the secondary qeibinding site at
high pH values leading to break of hydrogen bridge bondsthae impor-

tant role in stabilization of the inhibitor (e.g. stigmdit@l. This process can
result in efficient decrease of binding affinity and can cahseobserved loss
of activity of the inhibitor. (111)

The atomic partial charges of the ubiquinone-4 moleaidee determined in
two redox states (quinone and semiquinone) by Mulliken fetipn analy-
sis, at the level of the semi empirical quantum chemical wethM1 imple-

mented in Mopac93 [21]. The atomic partial charges relatéa¢ogeometry
of the ubiquinone molecule is described in the 1AIJ struefb]. The deter-
mined charges were used in the subsequently simulatigns. (|

The binding free energies for ubiquinone-4 moleculeitmary quinone bind-
ing site in reaction center protein was determined by dagkimulation in
two redox states (quinone and semiquinone) of the quinoAkl dtructure
[16] was the initial geometry of the wild-type reaction cemprotein and it
was the basis of the construction of the mutants structures.

The AGying Of the quinone state was found to be -13.11 kcal/mol for wyioe
which is in the good agreement with the experimental dath [B& binding
free energies were more negative for M265IS, M2651V and M2E&3nutants
and more positive for M218MA and M265IT mutants than wilghéyin case of
guinone state. More positive values were expected baseukeoexperimental
data. TheAGying Of the semiquinone state was -15.29 kcal/mol in symmetri-
cal charge distribution for wild-type reaction center atidrautants gave more
positive values except of M265IS.

By use of these binding free energies and the midpoint reda&npial of
ubiquinone in water solvent (-145 mV [29]), | calculated tlEfts of the
midpoint redox potential of Q/Q’, redox couple for mutants reaction centers
compared to wild-type. The tendency of these shifts shoveetighagreement
with the experimental results. The midpoint redox poténdfathe primary
guinone was shifted in positive direction for M218MA and Mi¥6 mutants,
and in negative direction for M265IS independently whatrgkalistribution
in semiquinone state was used. (IV)

The reduction of the primary quinone in reaction centetgin was modeled
by free energy perturbation method (FEP). The change ofthraia partial
charges during the reduction process (quinone graduaitg to semiquinone)

12



was considered as perturbation. | followed the free eneagybgtween the two
states (Q and Q,) in the course of simulation process for different charge di
tribution of the semiquinone and in case of different typlestarting geometry
(with or without previous molecular dynamics simulation).

| got the best agreement with experimental data when | usedingtrical
charge distribution of semiquinone and the geometries wqtalibrated by
previous molecular dynamics. In this case the shifts of tigpoint redox po-
tential of the Qi/Q, redox couple compared to wild-type was the following:
M265IS (positive direction), and in the negative directibt2651V, M218MA
and M265IT.

The angle of the methoxy-groups of the quinone molecule gédronly in
two strains (M265IS and M218MA mutants) during the reduttpyocess.
The changes of the angle of C3-O3-G3hhethoxy-group were 13 - 25n
both case. Changes were observed also in the number andlength of the
hydrogen bonds formed between the quinone molecule and theip'water
environments during the reduction process. | found, thatdkluction process
increased the number of the hydrogen bonds and/or decrdfasdeingth of
the bonds. This behaviour is in fair agreement with the drpamtal observa-
tions, that the state of primary quinone is stabilized byabeeptance of the
electron. (1V)
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RC type Atom name Length [A]
qguinone  environment state
guinone semiquinone
Wild-type UQA:02 Thi222:HG1 3.31 1.48
UQA:02 TrpM252:HE1 3.33 2.12
UQA:05 AlaM?260:H 3.09 1.65
M265lV  UQA:02 ThM222:HG1 3.38 1.77
UQA:02 HOHZ82:H2 5.48 1.79
UQA:05 HOH!130:H2 3.38 1.65
M265IS UQA:02 Hig"?19:HD1 3.17 1.77
UQA:02 ThrM222:HG1 2.48 2.16
UQA:02 TrpM252:HE1 3.40 2.88
UQA:05 AlaM260:H 251 1.69
M265IT  UQA:02 ThM222:HG1 1.82 1.50
UQA:02 Trp252:HE1 2.68 3.40
UQA:05 ThrM265:HG1 5.42 1.99
UQA:0O5 HOH!163:H2 1.71 1.55
M218MA UQA:02 His¥2!9:HD1 4.55 2.60
UQA:02 Thr222:HG1 3.31 1.56
UQA:05 AlaM?260:H 2.65 2.50

The change of the number and/or the length of the hydrogedsimmmed
between the primary quinone and the protein/water envierinduring
the FEP simulation, in wild-type and mutants reaction asntBrevious
molecular dynamics simulations were carried out on evengcsire before
FEP simulations. The charge distribution of semiquinongs syanmetrical.
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