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Electron transfer driven by conformational variations
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Institute of Experimental Physics, Slovak Academy of Sciences, Watsonova 47, 043 53 Kosice, Slovak
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~Received 18 June 1997; accepted 15 December 1997!

In this paper is given a general formulation of electron transfer~ET! in the system where the
conformational transitions are present. The conformation changes of the system were described as
a classical telegraphic noise. In the work was assumed that electron transfer reaction can be
completely interrupted by the fluctuation of the electronic coupling. A functional-integral approach
to the dynamics of a two-state system was used. We have got exact analytical nonperturbative
expression for the probability to find electron on donor at timet. We derived two limiting cases for
the electron transfer—the nonadiabatic limit and the conformational-controlled adiabatic ET case.
© 1998 American Institute of Physics.@S0021-9606~98!02211-9#
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I. INTRODUCTION

Electron transitions are an important class of chem
and biological reactions. The theory of electron transfer~ET!
reaction is the subject of persistent interest in chemical
biological physics.1–11 Environmental effects on these rea
tions in complex dynamic systems, such as biomolecu
have drawn much interest in the recent years.12–14 It is by
now well established that proteins at room temperature fl
tuate around their average structure, and that these fluc
tions have an important role in their function.15 It has been
suggested that protein fluctuations open the pathways f
molecular motion, which are not available in rigid protein
by removing a steric hindrance or opening a gate.16 More-
over, molecular dynamics simulations and the tempera
dependent1H NMR spectra show that in porphyrin-quinon
cyclophanes the conformational interconversions occur
solution.17 Porphyrin serves as an electron donor and one
several substituted quinones serves as an electron accep
these systems.18 Temperature and the detection-waveleng
dependence of the rates of the primary electron transfer
action can reflect a distribution of reaction centers having
differences in factors such as the distances or the orienta
between cofactors.19 For the elucidation of the mechanism
of electron transfer reactions in biological systems, the c
formational variations must be incorporated into the mod

At present there are several published papers dea
with the problem of the ET driven by conformational vari
tions. For example, the gating of electron transfer by con
mational transitions was introduced by Cartling.20 The gating
is supposed to take place in cytochrome oxidase,21 in the
electron transfer between cytochromec, and the special pai
of bacteriochlorophylls in the reaction center of several p
tosynthetic bacteria.22 Matyushov23 presented a dynami
theory for the rate constant of electron transfer react
where the role of donor–acceptor vibrations was displaye
the dependence of the nonadiabatic electron transfer p
ability on the medium friction. The influence of dichotom

a!Electronic mail: pudlak@linux1.saske.sk
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cally fluctuating tunneling coupling on a long-range electr
transfer was studied by Goychuket al.24

In the present work a simple model of the conform
tional variations of the system was used to formulate an e
tron transfer. We assume that there are only two conform
tional states possible, which we denote asA andB, and the
localization of electron does not act on the dynamics of c
formational variations. It means that we suppose that tran
of electrons does not change significantly the force field
which the system executes its conformational dynamics.
ET is possible only in stateA, and in the conformationa
state B the electron transfer reaction is completely inte
rupted. The conformational changes of the system are
scribed as a classical telegraphic noise. A similar model w
discussed previously.25–27

Our final aim is to get an analytical expression for t
probability to find an electron on the donor at timet in the
system where conformational variations are present.
functional-integral techniques were used in the present pa
to investigate how the electron transport from donor to
ceptor can be controlled by the conformational variations
system. The technical manipulations are similar to those
vanced in Refs. 28–33. For simplicity, we consider the H
bert space of the electron to consist of just those two st
involved in the transfer. It is convenient to use the Pa
matrices for the operators in this space.

II. THEORY

The Hamiltonian of the system that we shall study is

H~ t !5
1

2
D~c~ t !!sx1

1

2
~e01e~c~ t !!!sz , ~1!

whereD(c(t)) is the electronic coupling parameter, ande0

1e(c(t)) is the bias~the reaction heat! between two equi-
librium positions. Here,e0 is the static bias energy an
e(c(t)) is a part of the reaction heat which depends on
conformational state of the system. This time depende
could arise, for example, from the interaction of an electr
with the molecules of medium. Further, thesx,z are Pauli
1 © 1998 American Institute of Physics
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spin matrices andc(t) is representing random function o
time. The electronic coupling parameter depends on the
tual orientation of the donor–acceptor pair.34 We suppose
that this orientation is sensitive to the conformation
changes of the system.

The electronic state associated with theu11& eigenstate
of sz ~with eigenvalue11! shall be designated as the don
electronic state. The other electronic base state is the ac
tor state. We examine the dynamics of an electron which i
time t50 localized on the donor. Then, at a later timet, the
system is found again on the donor with probabilityW(t)

W~ t !5K u^^11uTQ expF2
i

\ E
0

t

H~t!dtG u11&u2L
md

.

~2!

TQ is a time ordering operator ordering later times to the le
The bracket̂ &md is the ensemble average over all possi
realizations ofc(t). Now we define the molecular dynamic
of the system. We assume that there exist two confor
tional states,A andB, with the free energiesEa andEb . The
transfer between these two states is characterized by the
dom functionc(t) that takes on any of two values which w
denotea,b. This process is defined by the differential equ
tion for conditional probabilities:

] tP~a,tuy,t0!52lP~a,tuy,t0!1mP~b,tuy,t0!, ~3a!

] tP~b,tuy,t0!52mP~b,tuy,t0!1lP~a,tuy,t0! ~3b!

with the normalization condition

P~a,tux,t0!1P~b,tux,t0!51

and initial conditions

P~x,t0uy,t0!5dx,y .

Here,l is the transition rate from stateA to stateB andm is
the transition rate from stateB to stateA. We suppose tha
these two parameters do not depend on the localization o
electrons. The stationary solutions of Eqs.~3! are

P~a!5m/~l1m!, P~b!5l/~l1m!. ~4!

The stationary solutions must fulfill Boltzmann condition

P~a!/P~b!5exp@2b~Ea2Eb!#5m/l, ~5!

whereb51/kBT. From Eqs.~4! and ~5! we get

P~a!5
e2bEa

e2bEa1e2bEb
, P~b!5

e2bEb

e2bEa1e2bEb
. ~6!

Now we write the general expression forW(t) as a power
series inD(c(t)):35

W~ t !5K 11 (
n51

`

~21!nE
0

t

dt2n

D~ t2n!

2\ E
0

t2n
dt2n21

3
D~ t2n21!

2\
•••

3E
0

t2
dt1

D~ t1!

2\
F~ t1 ,t2 , . . . ,t2n!L

md

, ~7a!

where
Downloaded 02 Aug 2004 to 193.87.10.15. Redistribution subject to AIP
u-

l

ep-
at

t.

a-

an-

-

he

F5 (
$j j 561%

(
$x j 561%

expH (
j 51

n

i
j j

\ Fe0~ t2 j2t2 j 21!

1E
t2 j 21

t2 j
e~t!dtG J . ~7b!

Now we sum over the possible values of thex j ( j
51,2, . . . ,n21) and take the average over all realization
c(t). We get

W~ t !511 (
n51

`

~21!nS J

2\ D 2n

2n21E
0

t

dt2n •••

3E
0

t2
dt1K1$tm%K2$tm%, ~8a!

where it was assumed similarly as in Ref. 36 thatD(a)
5J, D(b)50. It was considered that the electron trans
reaction can be completely interrupted by the fluctuations
electronic coupling. It results in the so-called gated react
since the electronic coupling fluctuates between 0~gate is
closed! and J ~gate is open!, and thus drives the electro
transfer:

K1$tm%5(
$j j %

expH (
j 51

n

i j j

e0

\
~ t2 j2t2 j 21!J

3)
j 51

n

Kj j
~a,t2 j ua,t2 j 21!, ~8b!

K2$tm%5 (
x5a,b

P~x,tua,t2n!)
j 51

n21

P~a,t2 j 11ua,t2 j !

3 (
y5a,b

P~a,t1uy,0!P~y!, ~8c!

where we introduce

Kj j
~a,t2 j ua,t2 j 21!5K expF i j j

\ E
t2 j 21

t2 j
e~t!dtG L

a,a

. ~9!

This is the expectation of exp@(ijj /\)*t2j21

t2j e(t)dt# under the

condition that the system is at timet2 j 21 in conformational
stateA and finds itself in conformational stateA at timet2 j .
By using the relations

(
y5a,b

P~a,t1uy,0!P~y!5P~a!, (
x5a,b

P~x,tua,t!51,

we obtain

K2$tm%5P~a!)
j 51

n21

P~a,t2 j 11ua,t2 j !, ~10!

where26

P~a,tua,t!5P~a!1P~b!e2~l1m!~ t2t!. ~11!

Generally the expression for theKj j
(a,tua,t) is cumbersome

and so we present some limited cases. In these case
assume without loss of generalization thate(a)>e(b) and
l>m.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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III. HIGH-MODULATION LIMIT

We first examine the high-modulation limit. In this lim
we assume thatl1m@@e(a)2e(b)#/\. In this case we
have26

Kj j
~a,t2 j ua,t2 j 21!5ei j jÃ~ t2 j 2t2 j 21!

3$P~b!e2~l1m!~ t2 j 2t2 j 21!

1P~a!e2Q~ t2 j 2t2 j 21!%, ~12!

whereÃ5@e(a)1e(b)#/2\ and

Q5
@e~a!2e~b!#2

\2~l1m!
P~a!P~b!.

After summing over the possible values61 of the j j ( j
51,2, . . . ,n) in Eq. ~8b! we get

K1$tm%5)
j 51

n

2 cos@V~ t2 j2t2 j 21!#$P~a!e2Q~ t2 j 2t2 j 21!

1P~b!e2~l1m!~ t2 j 2t2 j 21!%, ~13!

whereV5e0 /\1Ã. Now we apply the Laplace transforma
tion to W(t). Defining

W̃~p!5E
0

`

e2ptW~ t !dt, ~14!

we get

W̃~p!5
1

p
1

P~a!

2 (
n51

`

~21!nS J2

\2D n 1

p
f ~p!ng~p!n21

1

p
~15!

5
1

p
2

P~a!

2

J2

\2

f ~p!

p2

1

11
J2

\2 f ~p!g~p!

,

where

f ~p!5E
0

`

e2pt cosVt$P~a!e2Qt1P~b!e2~l1m!t%dt

5P~a!
p1Q

~p1Q!21V2 1P~b!
p1l1m

~p1l1m!21V2 , ~16!

g~p!5E
0

`

e2pt$P~a!1P~b!e2~l1m!t%dt5
p1m

p~p1l1m!
.

~17!

In this section we calculateW(t) for the case of zero bia
~V50! and assume thate(a)5e(b). In this limit f (p)
5g(p) and we have

W̃~p!5
1

p
2

P~a!

2p

J2

\2

~p1m!~p1l1m!

p2~p1l1m!21
J2

\2 ~p1m!2

.

~18!

The expressions for the kinetics of the electron transfer
given by the inverse Laplace transformation of Eq.~18!. The
inverse Laplace transformation is represented by a se
simple poles ofW̃(p). Evaluating it we obtain
Downloaded 02 Aug 2004 to 193.87.10.15. Redistribution subject to AIP
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W~ t !512
P~a!

2

J2

\2 H a01(
j 51

4

aje
pj tJ ~19!

with the amplitudes~a1 ,a2 ,a3 ,a4 cycl.!

a15
~p11m!~p11l1m!

p1~p12p2!~p12p3!~p12p4!
, a05

\2

P~a!J2 ,

~20!

where

p152
1

2
~l1m2u!2

i

2
~J/\2n!,

p252
1

2
~l1m1u!2

i

2
~J/\1n!,

p352
1

2
~l1m1u!1

i

2
~J/\1n!,

p452
1

2
~l1m2u!1

i

2
~J/\2n!,

u5S 1

2 F ~l1m!22
J2

\2

1AS ~l1m!22
J2

\2D 2

14
J2

\2 ~l2m!2G D 1/2

,

n5S 1

2 F2~l1m!21
J2

\2

1AS ~l1m!22
J2

\2D 2

14
J2

\2 ~l2m!2G D 1/2

.

In the nonadiabatic approximation we assume thatJ/\!l
1m. From Eq.~19! we get

W~ t !5
1

2
1

1

2
cosF J

\
P~a!t Ge2@~J2/\2!P~a!P~b!/~l1m!#t. ~21!

This describes damped coherent oscillations at a freque
v5P(a)J/\ and the ET ratek5J2P(a)P(b)/\2(l1m).
The frequency of oscillations depends on the probability
find the system in stateA from which the electron transfer i
possible. This probability is defined by the free energies
the conformational statesA and B and does not depend o
the transition ratesl,m.

In the adiabatic approximation we assume thatJ/\@l
1m. We get

W~ t !5
1

2 H 11P~a!cosS J

\
t De2lt

1P~b!cosS lm\

J
t De2mtJ . ~22!

This describes damped coherent oscillations with a fast
quencyv15J/\ and electron transfer ratek15l and slow
frequency of oscillationsv25\lm/J with electron transfer
ratek25m. We have an adiabatic regime of electron trans
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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where the electron transfer rates are independent on the
tronic coupling, but they are controlled by the conform
tional variations of the system. In this limit the slow fre
quency depends onlm and through this parameter on bo
the viscosity of the medium and the potential barrier betw
the conformational states.

IV. SLOW-MODULATION LIMIT

Now we examine the slow-modulation limit. In this lim
we assume thatl1m!@e(a)2e(b)#/\. In this case we
have26

Kj j
~a,t2 j ua,t2 j 21!5ei j jva~ t2 j 2t2 j 21!e2l~ t2 j 2t2 j 21!, ~23!

whereva5(e01e(a))/\ and f (p) have the form

f ~p!5
p1l

~p1l!21va
2 . ~24!

Substituting the quantityf (p) defined in Eq.~24! into Eq.
~15! we getW̃(p) in the form

W̃~p!5
1

p
2

P~a!

2p

J2

\2 ~p1l!/$~p1l!21va
2%

p1
J2

\2

p1l

~p1l!21va
2

p1m

p1l1m

. ~25!

In this case we derive only the long time behavior ofW(t).
We have

W~ t !5
1

2
1

1

2
e2@J2ml/\2~l1m!~J2/\21l21va

2
!#t, ~26!

which results in the following expression for the ET ra
constant:

k5
J2ml/\2

2~l1m!~J2/\21l21va
2!

. ~27!

In the limit J2/\2@l21va
2 we have the adiabatic electro

transfer where the ET rate constant yields the follow
form:

k5
1

2

ml

l1m
. ~28!

In the nonadiabatic limitJ2/\2!l21va
2 the ET rate con-

stant has the form

k52P~a!S J

2\ D 2 l

l21va
2 . ~29!

This result is similar to that obtained previously26 for the
short correlation timete of the solvent. In the absence of th
molecular dynamics wherel50, m50, P(a)51 quantity
W(t) shows oscillatory behavior:

W~ t !512
J2/\2

va
21J2/\2 sin2H t

1

2
Ava

21J2/\2J . ~30!

V. DISCUSSION

We have studied the electron transfer in systems w
two conformational states where the electron can be tra
Downloaded 02 Aug 2004 to 193.87.10.15. Redistribution subject to AIP
ec-
-

n

h
s-

ferred only from the state which we denote asA. An exact
analytical nonperturbative solution was found for an un
ased case in the high-modulation limit. This allows us to
the exact way by which the electron reaches its steady s
in contrast to the works23–26where only the rate constant wa
derived. The rate constant describes only the velocity
which the electron reaches its steady state and does not r
anything about its oscillatory motion.

We can see that conformational changes of the sys
destroy the oscillatory behavior ofW(t) and cause a shift in
the frequency of oscillations. The frequencies are influen
by the parametersl, m which characterize the dynamics o
conformational changes. The damped coherent oscillat
of population of donor state are obtained in the hig
modulation limit. In the long-time limitt→` there exists an
equal probability of finding the electron on the donor or a
ceptor. This is due to the parametersl,m which are not de-
pendent on the localization of the electron~which is an as-
sumption of our model! and so neither of two electroni
states is favored from the side of the bath. The tempera
changes, viscosity of the medium, and potential barrier
tween the conformational states have an influence on
frequency of oscillations through the parametersl, m. In the
unbiased case of high-modulation limit when the conditi
J/\@l1m is fulfilled or when J2/\2@l21va

2 is in the
slow-modulation limit, the electron transitions are limited b
the dynamics of conformational transitions and do not
pend on the electronic couplingJ. Such dependence is
classification of the adiabatic limit. In this paper we al
attempt to discuss the question: What is the influence
conformational variations of the system on the quantum t
neling of electrons in the biological systems. In the spec
case of conformational variations used in present paper
ET rate increases with increasingl,m in the adiabatic limit,
but the ET rate decreases in the nonadiabatic regime. F
this follows that there must exist optimal dynamics of co
formational variations with the maximum value of ET rat
This optimal dynamics can be easily found in the case w
l5m. In the high-modulation limit the ET rate gets the max
mum when 2l5J/\. The probability to find electron on the
donor can be expressed in the form

W~ t !5
1

2
1

1

2
e2~Jt/2h!cosS J

2\
t D S 11

J

2\
t D . ~31!

In this regime the ET rate has the same value as the
quency of the quantum oscillation. The maximum value
the ET rate isJ/2\. In the long-range electron transfer whic
is of primary importance in biological systems characteris
value J/2\;109 s21 and typical value ofl is of the same
order. The optimal dynamics of conformational variatio
for electron transfer can be achieved in the biological obje
at some temperature which is the most proper for the reac
rate.

For the sake of clarity we do not incorporate the inte
action of tunneling electron with the bath of harmonic osc
lator into our model. Such a model can be realized in
systems where conformational transitions are present and
coupling of tunneling electron to vibrational modes of t
environment is weak.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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