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Modeling charge transfer in the photosynthetic reaction center
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In this work, we present a model to elucidate the unidirectionality of the primary charge-separation process
in the bacterial reaction centers. We have used a model of three sites/molecules with electron transfer begin-
ning at site 1 with an option to proceed to site 2 or site 3. We used a stochastic model with arbitrary correlation
functions. We get the quantum yields of electron escape via the sites 2,3 in two limiting cases that correspond
to a spectral density of underdamped and overdamped Brownian oscillator. In the fast modulation limit of an
overdamped regime we get the effect, which was named “fear of death,” in which for strong enough sink
parameters the electron has a tendency to avoid the place with greater sink. The presented model was used to
provide a plausible explanation of the temperature dependence of the quantum yields of the Rhodobacter
sphaeroides photosynthetic reaction center in the high-temperature regime.
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[. INTRODUCTION this assumption is that we used the stochastic model where
the fluctuations do not depend on the localization of electron
The bacterial reaction cent¢fl] is a membrane-bound in the branch.
pigment-protein complex that performs the conversion of the

photon energy into the charge-separated states in a photosyn- Il. THEORY
thetic organism. The reaction centéRC) of purple bacteria o ) .

[2,3]. All cofactors involved in the electron transf@T) are ~ Matrix p of the total electron-bath system,

noncovalently bound to subunits and M in two chains.

B_oth chains of c_ofactor; start at the bacteriochlorophyll iﬁp(t)zi[Hp(t)_p(t)Hf], 1)

dimer (P) that is interacting with both subunits and M. at fi

Then the cofactor chains are split and each individual one o o )

continues on subunit and symmetrically on suburiif. Co-  Where the Hamiltonia is divided into two parts,

factors in subunit are accessory bacteriochlorophyB,(), HeH- 4V @

bacteriopheophytinH,), and quinone Q). Identically in o

the M subunit are the accessory bacteriochlorophilj,,

bacteriopheophytinH,,), and quinone Q,,). The arrange-

ment of cofactors shows the macrosco@ig symmetry. For n

more details on structural arrangement, see R&f. The HO:E [hi(§)+8i—iri]a;rai, 3

cofactors serve as donor-acceptor pairs in the electron trans- i=1

fer. In spite of the structural symmetry, only thebranch of

cofactors is used for electron transfer through the protein. "
To describe the first steps of electron transfer processes in V:ijzzl Vij(ajaj+H.c). (4)

the reaction centers, we have used the three-site model. We i

designate the special paiP) as site 1; sites 2 and 3 then o ]
represent the molecul&, andB, . We forbid the direct ET We assume that the total statistical system described by the

between sites 2 and 3. We consider that this three-level sy&lensity matrixp consists of a system of interelectrony
tem is coupled to a bath. We assume that the energy levels3d @ bathimolecules of the environmentV is a perturba-
and 3 have an imaginary part, which describes the interactioHon causing a transition between the eigenstateld pf The
with the next molecules in the branch. The imaginary part ofi anda; (a;) are the site energy and the creati@mnihila-
the energy level 1 describes the probability of electron deaction) operator of the electron at site The parametef/2[’;
tivation to the ground state. This model was used to elucidatfas a meaning of the lifetime of the electron localization at
the unidirectionality of the primary charge separation in thethe sitei in the limit of the zero coupling parameter. We
bacterial RC in[5,6]. Because of the very fast primary denote the solvent Hamiltonian when the electron is atisite
charge-separation process, we assume that the electron trabg-h;(R). R denotes the coordinates of the position and ori-
fer has a hot character. This means that ET is so fast that thentation of the solvent molecules. We assume that

bath does not have sufficient time to relax to the new thermal

equilibrium before the particle moves away. The result of hi(ﬁ)—hj(ﬁ)zAij+Wij(t)_ (5)

where

n

W;;(t) is taken to be a Gaussian-Markovian process with
*Email address: pudlak@saske.sk zero mean and correlation function
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<W|J(t)W|J(T)>:K|J(t_T), (6)
where the function&;; will be defined below. Now using projection techniqués-9] with the projector in the form
(DA)mn= 5mn<Amm>a 0

we get the generalized master equatiGBME) for population probabilities,

oPi(t) 2T 1 \VA —e A I+T,
T:—TPi(t)—jZl |ﬁ;| foco{gi{l—’(t—f))@)ij(t—r)exp(— - ](I—T)){Pi(T)—Pj(T)}dT,

(G#0)

i=1,.n, (8

whereP;(t) is the population probability and

1 t [t
@ij(t):eX% _WfojoKij(Tz_Tl)dTlde).
Ill. MODEL OF RC

In the three-site model, Eq&3) have the form

IP4(t 2r 233 [t r+7 232
1()=—71P1(t)—ﬁ—2”focos(’%”(t—r))ex;{— = 2(t—7)>®M(t—T){P1(T)—PZ(T)}dT—ﬁ—ZL

ot
t EL F1+F3
Xf COS(z(t—T))eX[<— 7 (t—T))@L(t—T){Pl(T)—Pg(T)}dT, (99
0
AP ,(t 2r 232 [t r,+T
;t()=—72P2<t>—ﬁ—2”f0cos(%“”(t—7>)exp(— ~ 2<t—r))®M<t—r>{Pz(r>—le}dr, (9b)

dP4(t) 2T 232 [t ry+T
%:—fpa(t)—ﬁ—;focos(%(t—f))exp(— ~ 3(t—7'))®|_('[—T){Pg(T)—Pl(T)}dT, (99

where we denotes, =eg;—e3+A13, ey=e1—ext A1, _ 2T, _ _

0,,=0, 0,;=0,, V;,=Jy, andV,3=J, . The quantum PP2(p) == —==Pa(p) =wWm(P)[P2(P) ~Pa(P)],
yield (QY) @, of the electronic escape via the sitean be (11b
characterized by the expressift0]

~ 2l - -
pP3(p)=— Tps(p)_WL(P)[Ps(p)_ Pi(p)],

2l (= 2y o .
<I>i=—f Pi()dt=—lim Pi(p), =123, (110
i Jo f "
(10 where
-~ J%/I * &M
where P;(p) is the Laplace transformation d®(t). The Wm(P)ZzﬁL cog Z-t]exp
Laplace transform to Eq99), with the initial conditions
P1(0)=1, P»(0)=P3(0)=0, reads [,+T,+7%p
X _Tt Oy (t)dt, (123
By(p)— 1= — 2B ()~ wiy (P)[Bs(p)~ P 3 Ty+T5+h
—1=—— -w - o +T 5+
PratP foor PP TP w.(p)=2-%| co Eli)exd — 3Py O (t)dt.
~ - he Jo h h
—wWL(P)[P1(p)—P3s(p)], (119 (12b

061901-2



MODELING CHARGE TRANSFER IN THE . .. PHYSICAL REVIEW E 68, 061901 (2003

IV. OVERDAMPED REGIME JE p+(Ly+T5+T /A
In this section, we assume that the correlation function WL(p):Zﬁz [p+ (T + T3+ ) /A2 +[e 1h]%
corresponds to a spectral density of the strongly overdamped (14b
Brownian oscillator. We havgll,12]
Kij (1) = (&5 sty exp( = [t]/7f)). (13)

where we denotd’, =T'%;, T'y=T%,, 7 =133, and 7y

We start with the fast modulation limit, where we assume= 77,. Using the solution of Eqq11), we can compute the
thatI'; 75 /A <1. Hererﬁ:(gizj)qﬁ/h. In this limit, we have quantum yields. Here we present the ratg,=®;3/®,
which characterizes the asymmetry of electron transfer

I pH(I'1+To+Ty)/f through theL and M branch, and the ratid ;3= ®,/®d,
ww(p)=2>% 2 7, ; ;
he [p+H (T +To+Ty/Aa] +en /] which characterizes the decay of the system to the ground
(149 state,

LGN+ Tyt TO{IR (T + T+ D) + Tl (K + Tt Tyy) 2+ 651}

BT+ Dot T {IR(C g+ T+ )+ Do (g + T+ T )2+ 621}
P {IE(Cy+ g+ )+ Tg[(Py+Ta+ )%+ 671} (155
' J2Ty(T1+T5+T)) '
|
We will analyze only the case that is interesting from a the- 2 (e e
oretical point of view. If the parametens,, I'; are very WL(p):Z—; cos(—"t)
large in comparison to the parameters ey, Iy, I, 'L, h h
I'y, andI'y=~0, we get
Mo AN ’ P+ Tathip (8)
xXexp — 7 t— 2ﬁzt dt (17b
Vi
ngzm, K13%O. (16)
21, 2T,
o . k| km+—=—|T3 ke+——|T1
In this limit of strong sink at place ZbranchM) and 3 Koo h Ko h (19)
(branchL), we have inverted the regime of electron transfer. 82 2r,| B k.3 ’
When we assume thak ~Jy,, an electron is transported Kwm kﬁT I

mainly through the branch with a smaller value of the sink

parameter. In this case, the electron has a tendency to avoid

the place with greater sink parameter. A similar result wagvhere we denot& =w, (p—0") andky =wy(p—07). In
obtained i 13], where the energy transport in a semi-infinite the static limit, when the conditions (&7))"/*>I'; +T'; and
chain with one sink was described. On the other hand, if thé2(£2))Y?>>T 1+ T, are fulfilled,

parametetl’; is large, the electron escapes from the system

through site 1. Because of small sink parameters in compari-

2
son to energy differences between molecules, these cases can K :Z_WJz ./ 1 exd — eL (19)
. . L L 2 2\ |7
be hardly realized in RC. h 27 (&0) 2(&0)

Now we analyze the slow modulation limit. This limit is
obtained when the conditioh'§,75,/A>1 is fulfilled. We

have k —Z—WJZ\/—l exp — e (20)
“Un M Noam(g) 2&2))

_ZJﬁn * Y
wy(p)= ﬁ . co Tt

In this case we can see that the sink parameters have similar

values as the constarks k), and so this limit predicts that

T+ Tyt hip <§2> the bglance between the E_T to theand M branch_can be

X exp( _re t— oM tZ) dt (179  effectively regulated also with the change of the sink param-
h 2h? eters, in contrast to the fast modulation limit.
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V. UNDERDAMPED REGIME

In the present section, we assume the regime where the correlation function corresponds to a strongly underdamped
Brownian oscillator. It means that we assume the correlation funétjg(t) in the form([11,12]

1
Kij(t):<§i2}>slv eXF(_|t|/7ﬁ){CO§Lwijt]+ Py Sir[wij|t|]]- (21)
ij Tij

We will work in the strongly underdamped limit where the conditioimriej>1 is fulfilled. In this regime, we proceed in the
same way as in the previous sections,

WL(p)_ZFJO co{%t exp(—Tt)ex —hsz T—L+1—exp(—T—L>(cos{th)+ msm(th)” dt
(22
B2 (= ey [+, +4p (&) [ 2t t ,
WM(D)_ZFL cos<7t)exp{—Tt)ex _hzwfﬂ aJrl—eX[{—m)(cos(wMt)Jr o sm(wMt)) dt
(23

and the constark; can be expressed in the form

39
% Q +(2k+q)/ e+ —(g—pL)
1 O, +2kla 1 L o
= -SL — 2k L L + - 2k+q L
ki=Ace 2 Kkt ST 0 ka2 p? goq; Kikr gyt (/2

[QL+(2k+a)/ e ]+ [q—p.]?

39
Q+(2k+q) e + a_,_(q+ pL)

T IO 2k Q) PH[a+ PP 24

where A =23/12w,, S =(&)h%w?, ai=w 7., Q_ 200 K in the computations. The numerical computations
=(T'1+T3)/ho +(2S /a)), andp =g, /hw . Changing show that thefi =80 cm ! mode gives the results that are
L—M andI'3—I',, we get the expression for the constantin the best correspondence with the observed data. The mode
Ky - fw=100 cm ! gives a small increase of QY to thebranch

Now we will use the presented model to elucidate thewith a decrease in the temperature in the YM210W mutant.
observed ET in the YM210W mutant of the RhodobacterThe modefiw=50 cmi* can indicate that the lifetime ¢#*
sphaeroides photosynthetic reaction center. We assume tHatWT increases with a decrease in the temperature, which is
the underdamped regime can correctly describe the ET ifot in accordance with experimental results. In the numerical
this reaction center. In the mutant tyrosine, M210 residue i§omputation, it was assumed that the changes of parameter
replaced by tryptophafi4—17. The general view is that the 7.(7v) are small in the considered temperature range. To
free energy of the stafe B, has been raised in this mutant. characterize the effect of electron-vibration coupling on the
As a result of this mutation, the observed time constant asET, we present the dependence of the effective time constant
sociated with the charge separation fréth is about 70 ps at  AL/KL(Aw/ky) on the parameter§, (Sy) and a,(ay) in
room temperature and 320—400 ps at cryogenic temperaturE!g- 1. o )
The decrease in the primary electron transfer rate results in a In the slow mutant where the lifetime &f* is very long,
diminishing of the efficiency oP*Q formation to 80% at there is a possibility that the ET has an incoherent character.

room temperature and 60-70% at cryogenic temperaturg means that there exist vibrational modes that relax suffi-
[14,16. ciently fast after each step of electron/energy transfer. In this

To get the observed results we will examine three low-8S€, the same projector operator as in the wots-22
frequency modes. The numerical results are collected @S to be used.
Table I. In the computation, it was assumed that the expres-
sion (§i2j>=2EijrkBT is valid in the classical limit, where
Eij, is the “reorganization” energy. In YM210W mutant the
parameter P'; /% was decreased, similar to the wdd6], to In the previous theories with more than one sink param-
the value(2 ps ! in comparison to WT. To imitate the pos- eter, these parameters were added in the GME ad hoc, ne-
sible temperature dependence of the paramelgr/2, we  glecting the effect of the sink parameters on the memory
used the valug300 p3~! of this parameter at temperature kernels in the GME[10]. As a result, the requirement of

VI. DISCUSSION
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TABLE I. Computed constant &/ , 1k, , and quantum yields for wild typ@VT) and YM210W mutant
of the Rhodobacter sphaeroides RC's. The valuld',=0,9 ps, ey =2000 cm !, apy=a, =20, andJ,
=Jy=26 cm ! were taken in the computations.

T et BI2U, A2, e, 1k, 1ky

Sample K embH & (9 (ps €mH (P (P ¢ b2 b3

WT 300 100 30 170 0.9 430 257 119 0.019 0.028 0.953
WT 200 100 20 300 0.9 430 231 469 001 0007 0.983
YM210W 300 100 30 170 2 1300 15 119 008 0.115 0.805
YM210W 200 100 20 300 2 1300 358 469 0.104 0.067 0.829
WT 300 80 30 170 09 430 234 329 0019 001 0971
WT 200 80 20 300 09 430 229 1109 0.01 0.003 0.987
YM210W 300 80 30 170 2 1280 29 329 0.143 0073 0.784
YM210W 200 80 20 300 2 1280 97.6 1109 0.234 0.063 0.703
WT 300 50 30 170 09 430 253 1517 0.02 0.002 0.978
WT 2000 50 20 300 09 430 3.4 3056 0.014 0.001 0.985
YM210W 300 50 30 170 2 900 33 1517 0.167 0.019 0.814
YM210W 200 50 20 300 2 900 125 3056 0.29 0.029 0.681

aw=w|_=wM .
be_c —
S=S.=S,.

non-negativity of population probabilitieB;(t) was not al-  simple model with one vibrational mode and symmetry in all
ways fulfilled. The theory presented here allows computatiorparameters excluding energies. The obtained results are in
of quantum yields of electronic escape via the branthés, = agreement with the published experimental da®|. Since
and of direct ground-state recombination. Computed quanthe experiments do not give full information about the tem-
tum yields give subsidiary information, and together with theperature dependence of quantum vyields, we can compare
transient state lifetimes they can hEIp to determine the fre@”th experimenta”y measured data On|y the temperature de-
parameters of the system. The lifetimes ought to be definegendence of the computed quantum yieldlg of electronic
from GME. The temperature dependences of quantum yieldsscape via thé branch. To better characterize the free pa-
are very important experimental data, which can be theoretirgmeters of the system, full information about the tempera-
cally described by effective rate constants also in the casgire dependence of the quantum yields is needed. This infor-
where the dynamics of electrons must be described by GMEnation can then show whether the presented model is
However, it is not the case of lifetimes. realistic or not.
In this paper, we describe the system by a relatively Tg describe the effective rate constant, the two-vibration
modes approximation is used with high- and low-frequency
7 modes [22-24. The high-frequency mode is important
; mainly for the very fast second ET step, where there is a
great free-energy gap. Using only the low-frequency mode,
the second ET step is slower than the first ET step, which is
not in accordance with experimental data. In contrast, in the
first ET step, the high-frequency mode does not seem to be
so important, thus we expect that the one-mode approxima-
tion could be realistic. The high-frequency mode can play an
important role in theM-branch ET in the case of a large
free-energy gap. This case can be described also in the one-
mode approximation assuming asymmetry in the frequencies
W ,Wp\ -

Figure 1 shows the lack of the unidirectionality of elec-
tron transfer even when large asymmetry in the energies is
0 50 100 150 200 250 300 present when very small or great values of the parameters

s S, (w) are used. In this study, the value $§fy corresponds
to the “reorganization” energye, ~460 cm ! when the vi-

FIG. 1. Plot of log(A /KLy VS Sy With #/20'; brational modehw=80 cm ! is used. With this value of
=170ps, HI2l3=#/2T',=0.9ps, & =430cm %, em S, (m) the difference between the calculated valkeandky,
=2000cm?!, and Aw =%wy=80cm ! for various values of is sufficient to obtain the observed unidirectionality as seen
agmy- ki) is the effective rate constant and\ in Table I. The unidirectionality was previously explained by
=237 /oLy - the effective rate constants describing the first electron trans-

19,0, /¥
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fer step in bacterial R§25]. It was shown that assuming fied. When these conditions are not fulfilled, ET has coherent
only the first ET step is not enough to elucidate the unidirecor partially coherent(damped with oscillationscharacter
tionality [22]. and the GME must be used to describe the relaxation of the
system to the steady state. On the other hand, we have shown
VIl. CONCLUSIONS in the present work that the quantum yields can be described
) -~ by the parameterk, ,k,, usually used as rate constants.

This paper addresses a specific problem of the highly e ysed the stochastic model where the interaction of
asymmetric ET in the photosynthetic reaction centers. Extensjectron with medium was described with the correlation
sive experimental efforts have been devoted to the e|UCid5fUnctions(6). Similar results can be obtained when we de-
tion of the role of accessory bacteriochlorophyll moleculesgqripe the medium as the vibronic manifolds with the spec-
[26]. At least two alternative models have been proposed fofral densityJ(w)zzxw/(1+w27-2) [30,31] or when we use

. e 1
the role of these molecul¢&7]. In our model, we considered o frequency dependence of the dielectric function in the
that the electron is delocalized to the molecufesy,, and ¢/ Im e(w)/|e(w) P=cwr./(1+ w?7) for the polar medium
By. We e_lssumed that the ET has a hot chard@g}. On Fhe 18,32—-34. When the dielectric function in the resonance
studied time scale, the model excludes the repopulation pr ~pproximation is used, we can get the correlation function,

CESSES of some ele_ctron-acce_pting sites. This exclusion "@hich was used in the underdamped regime of the single-
quires the introduction of an imaginary part of the energy, o de approximationi35]. The parametet, (zy;) is obvi-

level. As a result of this imaginary part, we get the effect ; : ;
B ; : . , ously split up into the free-energy difference and the reorga-
called *fear of death” that was first described [ii3]. With nization energy. This splitting in the hot electron transfer

this effect, for strong enough sink parameters the electrogtrongly depends on the medium state frozen during the ET

has a tendency to avoid the place with greater sink. e : :
4 . and hardly can be verified with experiments. Thus the energy
In the present work, the GME was derived to describe th%L(sM) was used as one free model parameter.

pr|mar¥hc_:harge tranjffe;r n t.h? photos_yntg:\a/lt:é: reacuog C€N" " The observed.-branch electron transfer is slower in the

t(;rs. dlts mgggro- It' elrentla i Gﬁequattloni t') 9 C_I"fm. € YM210W mutant than in the wild-type bacterial RC, sug-

;:iwaph%se ch(;r? el i?rrfansl?o %céushlovr\rl]rﬁhi ?r?g?nler?ocr) ]Llisernel esting that the character of electron transfer reaction in the
g¢, y utant and wild-type RC can be different. It would be ideal

w;;(t) in Egs.(8) fulfill certain conditions. Specifically, it has to obtain and study tha/-branch electron transfer of RC

to be shown that the memory kernels damp very quickly Nmutant with the samé-branch electron transfer rate as the
comparison to the relaxation of the system to the Stead}fvild-type RC

state. This means roughly that in the fast modulation limit
the conditionsl'y+I'3+1" ,I'1+I',+1"y>J, ,Jy must be
fulfilled [29]. Here 4+ s+ T )/ and Cy+,+Ty)/% ACKNOWLEDGMENTS
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