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Noise breaking the twofold symmetry of photosynthetic reaction centers: Electron transfer
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In this work we present a stochastic model to elucidate the unidirectionality of the primary charge separation
process in the bacterial reaction centers where two symmetric ways of electron tf&T3festarting from the
common electron donor, are possible. We have used a model of three sites/molecules with ET beginning at site
1 with the option to proceed to site 2 or site 3. If the direct ET between sites 2 and 3 is not allowed and electron
cannot escape from the system then it is shown that the different stochastic fluctuations in the energy of sites
and the interaction between sites on these two ways are sufficient to cause the transient asymmetric electron
distribution at site 2 and 3 during relaxation to the steady state. This means that overall asymmetric ET can be
caused by the transient asymmetric electron distribution if there is a possibility for an electron to escape from
the three-site system. To explore this possibility we have introduced a sink into the model at the end of each
of the sites 2 and 3. The dependence of the asymmetry in electron transfer on the value of the sink parameter,
introduced through an additional imaginary diagonal matrix element of the Hamiltonian, was investigated.
Results show indeed that the unidirectionality of the electron transfer generated in the system of three mol-
ecules depends strongly on the sink parameter value.
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[. INTRODUCTION tionally highly asymmetric. In the primary charge transfer an
electron is transferred from photoexcited special paithe
The crystallization of a bacterial reaction center proteinstarting point for a series of electron transfer reactions across
and elucidation of its structure open the door to the underthe membrane, to the cofactors on subunjtto BChi ,
standing of the conversion of solar energy in usable chemicdBPh., Q_, andQy [7,8]. On the other hand, the chain lo-
energy on the microscopic levgl,2]. The photosynthetic cated on subunitl is inactive in ET. The highly asymmetric
reaction centef3] is a special pigment-protein complex, that functionality, however, can be decreased by amino acid mu-
functions as a photochemical trap. The precise details of thEtions or cofactor modificatiof®]. _
charge separations reactions and subsequent dark electron©QUr understanding of the primary processes in photosyn-
transport form the central question of the conversion of solaf1€SiS iS not complete without explanation of the strong

energy into the chemical energy of photosynthetic organisrr@symmetry in ET. We_ believe that the reason for asymmetric
The reaction center€RCS of a purple bacteria are com- ET between prosthetic groups located on different polypep-

posed of three protein subunits calledM, andH [4,5]. All tides is a different molecular dyngmics. Dyr]am?cs of atoms
cofactors involved in the electron transf@T) are nonco- CaUS€S the change of the electrical potential fields and the
valently bound to subunitt and M in two chains. Both conformational variations influence the mutual orientations
chains of cofactors start at the bacteriochlorophyll diier ~ P€tween cofactors. Then the energy gap and overlap of elec-
that interacts with both subunitsandM. Then the cofactor tronic wave functions fluctuates as a result in the system. The

chains are split and each individual one continues on subunftet result is.a different fluctuation of electronic energy levels
L and symmetrically on subunM. Cofactors in subunit. ~ ON prosthetic groups and also a different fluctuation of the

; ; laps of the electronic wave functions @nand M
are accessory bacteriochlorophyll (BChI bacteriopheo- ©OVE' : ,
phytin (BPh) and quinone Q). Identically in theM sub- branches. This approach can be used to explain the effect of

unit are the accessory bacteriochlorophyll (B@hl bacte- individual amino acid mutation or cofactor modifications on
riopheophytin (BPR) a)(nd quinone(QM)p ¥he(arrangement the observed balance between the forward ET reaction on the

of cofactors shows the local twofold symmetry which is al- L side of the RC, the charge recombination processes, and

most perfect in the arrangement to the bacteriochlorophylET to theM-side chromophoref-13).
dimer. The part of thé&. subunit involved in ET can be su-

perimposed onto the corresponding part of Mheubunit by Il. MODEL FOR ASYMMETRIC ET
a rotation of almost exactly 180°. For more details on struc- ) ) )
tural arrangement, see RE6]. To describe the first steps of electron transfer processes in

The cofactors serve as donor-acceptor pairs in the electrdfe reaction centers we have used the three-site model. The

transfer. In spite of the structural symmetry, the RC is func-model is basically an extension of the theory of coupled
motion of a quantum particle in a fluctuating medififa —

24]. Let us designate the special pe®) as site 1; sites 2 and
*Email address: pudlak@saske.sk 3 then represent the first molecules on brandkleand L.
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Because of symmetry we assume that both local energies at 2
(branchM) and 3(branchL) and the hopping terms between
molecule 1 and molecule 2 or 3 on both branches are also the
same. We forbid the direct ET between sites 2 and 3 and
consider that this three level system is coupled stochastically
to a bath with white noise. We assume that energy levels 2
and 3 have an imaginary part which describes the interaction
with the next molecule in the branch. The meaning of the
imaginary part is the lifetime of electron localization at site 2
or 3 in the limit when hopping terms are zef@2]. The
imaginary part of energy level 1 describes the probability of
electron deactivation to the ground state. Then the Hamil-
tonian of our model has the form

3

:21

oY)

Ea, ay+ > [I+ai(t)](aa,+H.c),
i=23

wherelJ is the electronic coupling paramet@opping term.
The E; anda;" (a;) are the site energy and the creati@m-
nihilation) operator of the electron at sitecorrespondingly.
The termse; represent stochastic fluctuations of electronic
coupling parameter. We assume that

Ei=e,—il'y, (2a)
Ex=g,— 12+ B5(1), (2b)
E3:83_ir3+ Ba(t) (ZC)
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1701p12=[I+ ax(t)](poo—p11) +[e1—8—11"
—il=Bo(1) ]p1ot+ [I+ as(t)]pss, (6b)
ihdipr=[I+ ax(t)](p11—p2d) +[e2+ Ba(t) =il
=il —e1]lpar—[I+ a3(t)]pas, (60)
ihdipao=[I+ ax(t)](p12— p21) —2iT'2p 22, (6d)
ifdip13=[I+ a3(t)(psz—p1) +[e1—e3—il—IT3
—B3()1p1zt+ [ I+ ax(t) ]pos, (6e)
ihdipgr=—[JI+ az(t)|(paz—p1) —[e1—e3+il3
+il' = B3(t) ]par— [+ aa(t)]ps2, (6f)
ihdipoz=[e2— &3+ Bo(t) = B3(1) =il —iT3]pos
—[J+as(t)Ipart[I+ ax(t)]pis, (69)

ihdipso=—[er— &3+ Bo(t) = Ba(t) +il,+il3]ps,
+[I+ as(t)]p1o—[I+ ax(t)]ps, (6h)
ihdipgz=—2i[3pgat[I+ as(t)[(p1z—ps).  (60)

Here B3; represents stochastic fluctuations in the energy aThe averagind6) gives the termgaypi;), (Bpij). To split
sitei. The parametek/2I"; has a meaning of the lifetime of these terms we use the Furutsu-Novikov relafip—27

the electron localization at sitein the limit of the zero
coupling parameter. Our assumption about stochastic func-
tions is that

(B(t))=(a;i(1))=0 ©)

and different from zero are only following correlation func-
tions:

(ai(tai(m)=Ai8(t—1), =23, (4a)

(4b)

7),
(Bk(1) Bi(7)) = myd(t—17), k=2,3.

() denotes the statistical ensemble average. Relatinsn-

ply that the fluctuations at different times are uncorrelated
and correspond to the shortest correlation time limit of a
Gaussian-Markov process.

The main goal of the present work is to compute the rate
of quantum yield®; and®, of the electron escape via the
branchL (site 3 andM (site 2. We start from the Liouville
equation

iﬁf;—lt)Z[Hp—pHJr]. (5)
In the matrix form we get
if1dip11=[I+ ax(1) J(p21— p12) +(I+ a3)(p31—p1a)
—2iTp1, (6a)

031906-2

plj()

(apij)= 2 2 f dr<ak<t>x.<f)>< > (78)

plj( )> (7b)
T

(Bwpij) = 2 E JdT<Bk(t))\l(7)><

Then we have

AWpa)=—1 3 (o2~ (23 + (o)~ (p12)

7 (P10~ (p2)

2A,
Y ((p10— <P33>)——<P11> (8a)
Ipid= - o1 T )
_l—(<P22> p11t(ps2)
<P21> <P12>)_ <P12> (8b)
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po =~ o2 ) +1 2
=1 (P22 — (P12 +{p23)
77 (<P12> <P21>)— <P21> (80
T, 24,
at<P22>:_T<P22>+?(<P11>_<P22>)
2 (o9~ (b2, (8
I d1g)=— —<P13> <P13>
J
—i ﬁ(<P33>_<P11>+<P23>)
A
R - SR (pid—(pad). (B
. 1+ 13 . €17 €3
’?t<p3].>__ A <p3l>+| A <p3].>

12 (s~ (1 (o)

Az
72—(<P13>—<P31>), (8f)

3
— 7z (Pt

F2+ €3

dp2y=— <P23> <P23>

]
=1 g(<P13>_<P21>)

Mot 3t Ar+Ag
- 72 (P23) (89

Ipa)=— 32>—' <P32>

+i %(<P31>_<P12>)

Mot uztArtAs
AR e, @)

r, -
Ipay=— T(P33>_| g((P13>_<P31>)

+ 57 ((pr) = (psa)- (8)
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FIG. 1. The time dependence of the site-occupation probabilities
py (1) for the sitesl=1,2,3. The following parameters were used:
J=1, I'=0, £,=10, £3=10, uy/h=2, uz/h=8, A,/h=0.1,

A5 /h=1.Jis a hopping termg; are the site energieg; andA; are
characterizing the energy level fluctuation and the fluctuations of
hopping term at site, respectivelyl’ describes the possibility of
electronic escape from the system of three molecules. Time is in
f/J units and the other parameters arelinnits.

Throughout the paper, with the exception of Sec. V, we as-
sume thal’;=0 andl',=I"3=T". In the computations of Eq.

(8) we pute,;=0. The numerical solution of this set of dif-
ferential equations both fdr equal to and not equal to zero

is presented in Figs. 1 and 2. In both cases we start with an
electron initially localized at site 1. The behavior of the sys-
tem depends strongly on the fluctuation of the parameters.
For the case of'1=I',=1"3=0 (Fig. 1) the probability to
find an electron at site 1 is decreasing with the elapsed time.
However, the probability to find electron at site 2 and 3 in-
creases asymmetrically. At site 2 the probability is slowly
approaching the value dfin a long time scale. The different
behavior is observed at site 3. At this site the probability
rapidly rises and at some specific time it has a value greater

1.0
0.8
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FIG. 2. The time dependence of the site-occupation probabilities
(py(t)) for the sitesl=1,2,3. The parameters used wede: 1, I’
:03, 82:10, 83:10, ,uzlﬁ=2, Mg/ﬁ:8, Az/h:ol, A3/ﬁ
=1. Units are as described in the legend of Fig. 1.
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than 3 and with elapsing time it relaxes th This kind of u ©

overall transition to the steady state we call the asymmetric JHT (T2 +e?)| T+ %) +J°T| 2I'+ W
relaxation. The final steady state distribution is equal for K= >
each site because the noise does not depend on the localiza- o3| T X a2 res g2aor Xy '“_2)

tion of the electron. The similar results were obtained earlier h h h

for the two states moddP5,28. We can also see that the (13)

unidirectionality of the electron transfer generated in the sys-

tem of three molecules may depend on the next step of eleGye can see that aE—« K~1. It means that when the
tron transpor{Fig. 1). It means that it depends on the prob- glectron escapes from the system very quickly the asymme-
ability of electronic escape from the system. We will assumeyry of the electron distribution cannot be achieved. For very
that this probablllty is equal for branchesand M. To char- slow escape' Wheﬁ—>0, the System can achieve the Steady
acterize this probability we have included the paramEtey  state. The steady state is symmetric and so we have symmet-
the model. It is anad hoc generalization of the Wigner- ic electron transfer witliK ~1. Now we will analyze the

Weisskopf exponential decay 18j#9]. The solution of Eqs.  case when all sites in the system have the same energy. If
(8) with I' different from zero is presented in Fig. 2. The ;=g we get

integral below the curvép,o(t)) [{pss(t))] characterizes the
possibility of the electronic escape through braméh(L). 2412
Time is measured in the units/J. S — (12)

M
2 =
J +F(F+ 7

Ill. CALCULATION OF ELECTRONIC ESCAPE
THROUGH THE BRANCHES

) ) . For I'=0 the parameteK has only the one extreme. The
The quantum yieldP; of the electronic escape via site  minimum is achieved whefi = J andK is

can be characterized by the expression

2]
2Fi *© 2F, . - . K= . (13)
¢f>%—L<mmumt=7;JTfmmm%I=123, 23+%

©)

If > ulf thenK~1. We get the symmetric electron transfer
for any value ofl’. WhenJ<<u/f we haveK~2Ji/u<1. In

this case we get the asymmetric electron transfer. The elec-
tron is transported mainly through branbh (site 2 where
O+, +Dy=1. no fluctuation of the energy level exists.

In the second example we consider only the fluctuation of

It means that electrons can escape from the system throu%e hopping term between sites 1 and 3 on branclf &
=&, A2:M2:M3:0, A3: 5 we get

branchL or M or the system decay to the ground state which 3
characterized the quantit®,. Assuming the initial condi-

where(p;i(p)) is the Laplace transformation ¢p;;(t)). The
guantum yieldsb; must fulfil the expression

tions A
' K=5, (14)
(p11(0))=1, (p220))=(p340))=0
where
we can solve Egs(8) in Laplace transformation. For our
goal the main importance is paramekgr S S S S
A=238T+—|+T—| 2+ — (F2+4F—+82
h h h h
) D —0
K:_3:<fss(p )>’ (10 52
®,  (haAp—0)) X F+ﬁ +e
which expresses the asymmetry in probabilities of electronic al 1oz ,0 2 8 ,0
escape through branchegsite 3 andM (site 2. +J% 4+ 110 h +1mr 72 +4 73 te H
Generally the analytical results are cumbersome. Here we ) s
present only some special cases where it is possible to de- ) 3 3 d o 0
scribe the main characteristics of the process. First, we as- T I'+ h 21°+9r h +24r h2 +8ﬁ3

sume the case whees,=e3=¢, A,=A3=u,=0, uz=pu.
It means that we have only the energy level fluctuation on
branchL at site 3. In this case parametérhas the form

2

+J2¢2 2F3+7F2—5+91‘ 0 + 5
h K2 A3
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FIG. 4. The dependence of the ratio of electronic escape prob-

FIG. 3. The dependence of the ratio of electronic escape probypjjities through the branch andM (K) on T’ with the parameters:
abilities through the branch andM (K) on I" with the parameters: J=1, uy i =5, us/t=0.5,A,/h=0.01,A5/%=0.01. Units are as

J:l, ,U,zlﬁ:OOOS, ,u3/ﬁ=0005, A2/h20005, A3/ﬁ:03 described in the Iegend Of Flg 1.
Units are as described in the legend of Fig. 1.

5 s 5 5 lar direction. As a consequence is the fact that the branch
B=J2(F+ %) J2+F(F+ %) 2J2+(2F+ %)(F+4%” with a largerA;, characterizing the size of fluctuation in
interaction responsible for electron transfer in branch with
S 5\ 2 S ith molecule, has also a larger quantum yiéld.
+J%e? J25+ r+ ﬁ) (2F+ 5) . The influence of the energy level fluctuation depends on

the energy level differences between molecules. The quan-
In the case wheli —0 K=1. At this limit, as in the previous tum yield is smaller on the branch where the paramgter
case, the system relaxes to the steady state while the electroharacterizing the size of energy fluctuation at ittre mol-

is escaping from the system. Wheh—o then K ecule, is greater for the resonance case=Q). In the non-
—(8/hJAT. This limit, in the case whem,#0, has the resonant case, with a nonzero difference in the energy be-
form K~A3/A,. With this limit the electron distribution in  tween sites 2, 3, and 1, the situation can be opposite. The
the system is developing from time zero highly asymmetri-quantum vyield is higher in the branch with higher energy
cally. We get the asymmetric electron transfer through théjuctuation and it is also dependent on the relations between
system. The electron is transported mainly through theai and u; .

From Egs.(11)—(14) it can be seen tha does not depend \when value of the parametéris close to theJ value then
on the sign of the energy.

The dependence df on I'" for some parameters which
characterize our system is illustrated in Figs. 3—8. Figure
presents the influence of asymmetry in parametgren the ] .
electron transport. The electron is transferred mainly throug! ] . . Afhen /0087
the branch wherd\; is greater. The influence of asymmetry 6 v v i A3/h=u3/ﬁ=o 61
in parameterg; on the ET is illustrated Fig. 4. 1§;,=0 we 1 Ve A
get ET through the branch whepe is smaller. Whene, 5 v v
=g4# &, We can get ET through the branch with bigger. 1 <. T,

The increase in the asymmetry of parametgrsA; in- . v
creases the asymmetry in EFig. 5. The same effect in- ] v ..
creases the energy difference between sites 2, 3, dRriyl | y
6). 24

The influence of energy difference between molecules ol ]
electron transfer asymmetry in the case of small fluctuation. 14
is presented in Fig. 7. The increase of the fluctuations caust —— 7T
the decrease of ET asymmetry in the case of asymmetri ‘
arrangement of energy leve(Bigs. 7 and 8

I

IV. DISCUSSION OF THE MODEL FIG. 5. The dependence of the ratio of electronic escape prob-
abilities through the branch andM (K) on T" with the parameters:
From our analysis we can conclude that the fluctuation ofi=1, £,=10, £3=10, u,/%=0.01,A,/%=0.01. Units are as de-
the hopping term increases the electron transport in a particiseribed in the legend of Fig. 1.
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FIG. 6. The dependence of the ratio of electronic escape prob-
abilities through the branch andM (K) onT" with the parameters: FIG. 8. The dependence of the ratio of electronic escape prob-
J=1, /% =0.01, us/h=0.08,A,/%=0.01,A5/A=0.08. Units  abilities through the branch andM (K) on T with the parameters:
are as described in the legend of Fig. 1. J=1,£,=10,65=0,A,/%=A5/%=0.01. Units are as described in

the legend of Fig. 1.
the parameteK, describing the asymmetric quantum yield,
has a local maximum. .
: through the system for some paramdteiThe fluctuation of
e B haning e MopPING (e Cecreases iongly he asymmery of ET
hoose the branch where the electron is transporteﬂprough the system in the case whep symmetry is enly
xﬁhcﬁp r(1:er robability. Figure 4 illustrates the case with a° proximate. The effect of the energy level fluctuation de-
small Fg wheFr)1 e proyeeegs mainly through branbh and pends on the asymmetry arrangement of the'energy level.
from some specific value of the electron is transported Some value ef the parameters which characterize the energy
with higher probability through branch level fluctuation can increase the ET asymmetry, however,
' . the larger value of the same parameters decreases the ET
If we assume that the overall, symmetry is only ap- asymmetry
proximate and there is a diffe_rence in energy levels between Now we' would like to apply our model to the primary
?er?ens(;ir:]L ir;dsg/l i\g’e r(easrerﬂitdhilr?hl—bi/ as;;mmitréc E;I;] Ir?e n- harge transfer in the bacterial reaction center. Candidates
g P i gs. fand o wi € SMa molecules 2 and 3 are the accessory BChl or some amino
fluctuation of parameters in the asymmetric arrangement o ..y parveer and BCh. Crystallography measurements in-
;nee;gzrézvfg' lﬂllti) e:aer:ggaﬁzimam;trg/n;f ;s;ﬂ:nwﬁre?rrgyir:sET dicate a higher mqbility of the c_:ofactc_)rs in. the braer[S].
If we want to elucidate the unidirectionality of the primary
charge separation through the branch with lower mobility in
2 the case of fully symmetric RC’'s we must consider the situ-
ation depicted in Fig. 4, the resonance case. The asymmetry
is caused by the fluctuation of energy in the case of zero
energy difference between sites 1, 2, and 3. In this case the
. . Ahea/R=001] electron is transported mainly through the branch with the
15 . o apheasE=0.l smaller fluctuation of energy level. The fluctuation of hop-
] ’ ping terms must be small. In this case we get the value for
Kk o ’ K~2-3. Similar unidirectional asymmetry of electron trans-
. : fer was measured in modified RG9].
: To elucidate the higher asymmetry in an electron transfer
) . in the case of exadT, symmetry we must assume that there
T e o is the larger noise difference between branchesd M.
However, the overalC, symmetry is only approximate in
RC’s. There are differences in the vicinity of prosthetic
groups which can cause the differences in the energy level
between molecules in branchegndM. In this case ET can

FIG. 7. The dependence of the ratio of electronic escape probP€ highly asymmetri¢Figs. 7 and & Moreover, the position
abilities through the branch andM (K) on T for the parameters: Of atoms in the vicinity of the special pat must also have
J=1,£,=10,83=0, u, /A= u3/A=0.01. Units are as described in @ strong stability to get such high asymmetry. In some bac-
the legend of Fig. 1. terial reaction centers the estimated value of the hopping

20

O~ ap

o 9

]
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term was estimated to kk-0.01 eV (Ref.[12]) for primary ~ The yield of theP " ®,~ state is apparently 30—40%.
charge transfer separation. The difference of a few hun- The RC's of Rhodopseudomonas viridis mutant, where
dredths of eV between energy levels can cause a high asyrhistidine was replaced by glutamatgenoted as 153HE),
metry in the quantum yield of electronic escape through thehe quantum yield oP*Q,~ formation is reduced to 75%
different branches. This energy difference can be caused l6]. In this mutant rise in the energy level Bf BCI_ oc-
different environments of cofactors on branctieand M. cured because of the presence of glutamate. The exchange of
Using our model there are two ways to explain the unidi-pjstidine to leucine in RC's of Rh. viridigthe mutant de-
rgctionality of eIectr_on transfer in RC. The first one is a largengted asl 15H L) causes the incorporation of a bacte-
difference of the noise ob andM side of RC’s. The second  yiqhheophytinb instead of a bacteriochlorophisl molecule
oneis a large difference in the energy levels of the’ accessor(yeferred to aB,). As a consequence of the chromophore
bacteriochlorophyls on thkl andL branches of RC’s. exchange the energy level of the electron transfer state
P*B, " is lowered in comparison t& *BChl_~(WT). Con-
V. APPLICATION TO RC’s sequently the quantum yield & B, ~ is reduced to 50% in

The analysis of amino acid mutations or cofactor modifi-this mutant 36]. .
cations[9,30—37 that alter the highly asymmetric function- The presented experimental data show that the free energy
ality of RC’s can provide insight into the key factors impact- Of the intermediate® "BChl_~ and P'BChly,~ does have a
ing the directionality and the yield of electron transfer. In themajor importance. If the free energy Bf' BChl, ~ is raised
literature are described cases in which ET toltheersus the  relative to that of the wild-type R@e.g., by the introduction
M side in the RC was essentially modulated by changingf a negative charge like in the mutanl53HE) the quan-
several parameters. The drastically reduced quantum yieldim efficiency is considerably lowered.
(QY) was observed in RC's where substantially different The implementation of the theory requires information re-
chromophores were in the binding pockets of the electrorgarding the energetic parameters such as the energy gap of
acceptorg35,36. In a series of Rhodobacter capsulatus RCthe equilibrium nuclear configuration betwee®* and
mutants33] the G(M201)D/L(M212)H double mutant has P "BChi_,~. The energy level oP "BChi_~ in RC'’s of
15% electron transfer tM-side bacteriopheophytin, 70% of Rb. Sphaeroides is about 450 chbelow theP* state[37].
electron transfer to the-side cofactors, and 15% was deac- Another calculation shows that this energy level is about 250
tivated to the ground state. The changes in the ET directionem * above the special paiB8]. Theoretical calculation us-

ality were explained by the raised free energyPdfBChl, ~ ing the Rh viridis RC crystal structure suggested that the
in the interaction with AspgM 201. P*BChly,~ state is 2000 cm® higher thanP* [39].
With  a triple mutant S(L178)K/G(M201)D/ The other parameters included in our model are imaginary

L(M212)H62% of electron transfer was observed to thepart of energy leveld';,I',,I'5. The value ofl’; is calcu-
L-side BPh, 23% to th&l-side BPh and 15% was returning lated from the internal conversion rate Bf . This rate was
to the ground state. In the case of estimated to be betwed80 p3~* and (350 p3~* from the
triple  mutants, S(L178)K/G(M201)D/L(M212)H, the measurements on WT RO84]. For our theoretical simula-
S(L178)K mutation might lower & *BChly,~ free energy tions the internal conversion rate @30 p3~* was selected.
and thus increases the yield of electron transfer to,gRPh  Then the parametdr;, characterizing the decay of the sys-
comparison to thé&(M201)D/L(M212)H double mutant.  tem to the ground state, is obtained from expressibr/2
ET to the primary quinone in the normgttype mutant  ~ (130 ps) . The values of parameteFs,I'; can be calcu-
was ~70% and~30% was returning to the ground state lated in a similar way from the decay time & BChi_ .
[9,33]. The exact values depend on the specificity of mutaThe decay time oP *BChl_ ~ in Rhodopseudomonas viridis
tion. TheF(L121)D mutant exhibits beta type photochemis- is 0.65 ps(Ref.[37]) and the transfer integrdlis estimated
try [33]. It was proposed tha®"BChl_~ lies at higher free to be about 20 cmt [40—47.
energy in the=(L121)D mutant than in the wild-typ€WT) To characterize the wild-type RC in our model the follow-
RC. ing parameters were chosen: the energy levels
The RC's of Rb. sphaeroidesV()H202L single mutant =2000 cn?, £3;=400 cni?, hopping termJ=20 cm?,
and (M)H202L/(L)L131H double mutant{34] contain a imaginary part of energy levelsl,=I';=I'=4cm?!
bacteriochlorophyll/bacteriopheophytin heterodimer as a prif 2I'/4~(0.65 p$~*]. Similarly to the work of Ref[40] it
mary electron donor. These heterodimer mutants display was assumed thdt; is smaller by about two orders of mag-
reduced yield ofP*Q, ~ formation for about 40%single  nitude than thd", andT'5;. This assumption has the experi-
mutan) and 25% for the double mutants. This perturbationmental suppor{34,37. The parameters characterizing the
results from an upshift of the heterodimer free energy relanoise and the decay of the system to the ground state were:
tive to homodimer primary donor of wild-type RC’s. Elec- u,/h=u3/h=200 cm?, A,/h=A3/A=0, and I,
tron transfer along theM side was observed in the =2.10 2cm ! for WT RC’s. It has to be noticed that QY in
H(M182)L mutant of Rb sphaeroidd85]. In this mutant our model does not depend on the sign of the energy levels
bacteriopheophytir(referred to as®,,) is incorporated in &,,e5 and we also assume that the hopping terms do not
place of BCh|,. One would expect that the*®,,~ state fluctuate.
would be considerably lower in energy th@ BChl,, Using the above parameters the following quantum yields
thus enhancing the probability &f-side electron transfers. were obtained for wild-type RC's®,=0.05, ®,=0.05,
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10] I,=4cm?l T3=08cm? u,/h=uz/h=200cm?
09 S . A,lfh=A3/%=0, andl';=2.10"? cm %, The smaller value
. . of parameterl’; in comparison to WT is justified by the
087 . L9 experimental datf9,33].
0.7 . M When the energy of e, is decreased, as in
0.6 . ° % S(L178)K/G(M201)D/L(M212)H triple mutant in com-
® 05- o parison with the double mutant we have QF¥;=0.13,®,
04 ° A =0.20,®;=0.67 using the parameters;=1600 cm %, e,
05 ] P =800cm?, J=20cm?, I,=4cm? I3=08cm?
o . “o Mz/ﬁzﬂg/ﬁzﬂglﬁzzoo Cmﬁl, Az/h:A3/ﬁ:0, and
027 . o ;=210 2cm L.
0.1 . S e, When the energy, is considerably decreased in com-
oo +*° parison to WT as in théd(M182)L mutant of Rb sphaer-
. T T 1 oides where bacteriopheophytin is incorporated in place of
° > 100 ] %0 200 290 BChly, we get the following QY:®;=0.04,®,=0.33,d;

=0.63 by using the parameterse,=—600 cm?,
£3=400cml, J=20cm?, Ty,=4cm? T';=4cm}

FIG. 9. The dependence of charge separation quantum yelds
(i=1,2,3) onej energy. Parameters used for simulatidr: 1, &,
=100, us/h=pu3/h=10,A,/A=A3/h=0,I',=I'3=0.2, andl’,
=0.001. Units are as described in the legend of Fig. 1.

,u,Z/ﬁ=,u,3/ﬁ=200 Cm_l, Az/h:A:.;/fL:O, and Fl
=2.102%cm L

When the energy is sufficiently decreased in compari-
son to WT as in thde153HL mutant of Rh viridis where

®,=0.9. If we assume the asymmetry in the noise characba@cteriopheophytin is incorporated in place of BChve

terizing parameter and the value of paramdteiis taken to ~ have the following QY®;=0.12,®,=0.44,D3=0.44 with

be equivalent to the internal conversion r&t80 p3~*then  the parameters:e;=2000 cm?, e3=—2000 cm*, J

With u,/%=0, us/fi=200 cn the quantum yields are: =20cm*,  Ty=4cm’ Tg=4cm’, up/h=pslh

®,=0.05, ,=0.001,>3=0.949. Even if thel’; value in =200 ¢ %, A,/h=A3/h=0, andl',=6.10* cm *. The

calculation is greater than average we will get a relativelyParameteil’; in comparison with RC's of other bacteria was

high quantum vyield to ground state. lowered. Our value of'; correspond to value dB90 pg*
Based on our model Figs. 9 and 10 present the deperfor the P* internal conversion rate which is relatively small.

dence of the quantum yields on the energy gaps betwéen The higher value of this parameter causes the strong decay to

andP*BChl_ "~ . These figures describe the mutated RC’s,the ground state. It means that the difference betwsgeand

where the mutation changed the relative free energies of thez, €3 ought to be smaller.

participating states.

The normalg-type mutant was not analyzed because of

When the energy ofe; is increased, as in the the strong possibility that electron is also delocalized on the
G(M201)D/L(M212)H double mutant comparing to WT BChI(8) which is incorporated in the place of BPhThis

RC'’s, we have QYd,;=0.14,®,=0.14,$;=0.72 with the
parameters:e,=2000 cm?, £;=800 cm'Y, J=20 cmi?,

0.9
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0.2—_
0.1 :

xgoée.oo...

0.0

......30Aux
DR

T T T
-150 -100 -50

—
0 50 100 150
&[]

possibility is not incorporated in our model. And in the case
of the heterodimer mutant it is not obvious how the electron
levels might be shifted and without this information it is
difficult to make the simulations.

VI. CONCLUSION

The present study addresses the important problem of the
highly asymmetric ET in the photosynthetic reaction centers.
Using the stochastic model it was possible to elucidate the
unidirectionality of electron transfer. In the model the elec-
tron is delocalized to the three moleculé® BChl_, and
BChl,,) with the electron density dependent on the param-
eters characterizing the system. The electron density in this
system can be strongly asymmetric and the energy levels of
the BCh| and BCh}, molecules have been shown to influ-
ence profoundly the asymmetry.

We have shown that in mutations of RC’s where the dif-
ference between energy leveds and £, are increased in

FIG. 10. The dependence of charge separation quantum yieldgomparison with wild type, the unidirectionality of electron

transfer is also increased. The same effect is observed for the

®,(i=1,2,3) one, energy. Parameters used for simulatidrs: 1,
83:20, ,u,zlﬁ=,u,3/ﬁ=10, A2/h2A3/ﬁ:0, F2=F3=0.2, and
I';=0.001. Units are as described in the legend of Fig. 1.

decrease of the energy level difference betweg@ande .
The results demonstrate that an individual amino acid
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residue can, through its influence on the free energy of théhe asymmetric ET it is not sufficient to consider only an
charge-separated states, effectively dictate the balance basymmetry in electron-transfer integrals. For example, in the
tween the ET to thd.- and M-side chromophores of the case of smalll’, the system approaches to the quasisteady
RC's. state, where asymmetry is determined by equilibrium elec-
In the present work the temperature dependence of E{ron den_sity distribution and does not depend on electron-
was not analyzed. Nevertheless, we would like to say fewfransfer integral. ) .
words about the temperature effect. A noise which influences For example there is a mutant of RC's where hopping
the asymmetric ET in the present analysis is dependent olﬁltegr_als_ are not changed S|_gn|f|cantly an_d yet the un_|d|rec-
the temperature. It would be interesting to know whether thdionality is suppressed consideralj§g]. It is in contradic-
unidirectionality of the primary charge separation process iflon to the work[47] Whefe the unidirectionality was ex-
RC’s is temperature dependent. The primary processes ained 9”'y on the ba5|§ of the asymmetry of transfer
photosynthetic reaction centers have the anomalous temper2{€9rais in thel. and M regions. It was suggested also that

ture dependence. This dependence can be explained by t dimer of RCS plays the deci_sive role fpr t_he_ vectorial
inclusion of the relative motion of exchanging groups into ha/ge separatid8]. However, this explanation is in a con-

the electron-transport theof$3]. The main effect will be the trast to the experimental data. The profound changes in the

temperature dependence bf43,44. Because the parameter unidirectionality of ET were observed for some mutants of

I can also be dependent on the temperature there is a posg-c_l’_shwithOUt the cr:janges in the aggrr?gat:]on s[9t63,:|%q. s of
bility to change the asymmetry of ET in RC’s with a tem- e present study demonstrates that the energy levels o
perature. the accessory bacteriochlorophyl play the critical role in the

However, the primary electron transfer reactions in RC,Sunidirectionality of the primary electron transfer. Despite the

have the slight temperature dependence. The charge sepa?él-mial role of the accessory bacteriochlorophyls for the

tion time constant decreases only two to three times on coofSYmmetric ET the overall reaction required certain relation

ing from 300 to 10 K[8]. If consequently the parametEris ~ 2Mong the parameters describing the whole system. The
changed two times in the vicinity of maximum asymmetry most important conclusion from the present study is that to

(I'~J) there is no sufficient change in asymmetry of ET. Asachieve th? high asymmetry of ET it is not sufficient to de-
a result we have a small temperature dependence of asy grlbe.the isolated ET betwgen primary donor_and accessory
metry in electron transfer in the RC's. Also in the case of acterlochlorophyl_s. To achieve the asymmetric ET it is also
small fluctuations the asymmetry of ET through the system i§ecessary to take Into account the effect of the next ET step.
temperature independent. WhEree, ande, then the sev- t means th{:lt reaction centers are the complex system whe_re
eral times increase or decrease of paramiéwoes not affect aone gtgp n ET IS coupl_ed tq the next step to get the maxi-
strongly the asymmetry of ET and its temperature depenr—’nal efficiency in its functionality.
dence.
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