


~”kl.:[ntroduc’tion
Electron transitions are an important class of chemical and biological reactions. The .theory of
electron transfer (ET) reaction is the‘sublect of:perSistent interest lntch’emical and biolo‘gical
pbhysics[l-l 1]. Environmental effects on these reaction in complex dynamical systems; such as
biomolecules, have drawn much interest in recent yea'rs[12-1'4]‘ It is by now Well es_tablished
that proteins at room temperatur'e'»ﬂuctuate around their average structure, and that _these
ﬂuctuatlons have an important role in the protelns function[15]. It has beensuggested that
protein fluctuations ‘op’en'pathways for molecular motion, that are not available in the rigid
proteins, by removing a steric hindrance or opening a glate[16]‘.t Moreover, molecular dynarmcs
si‘mulatiyons and temperature dependent 'H NMR spectra show that in porphyrln‘-yquinon
cycclophanes the conformational interconversions occur in solution{17]. Porphyrin serv‘es as.
electron donor' and one of seyeralrsubstituted duinonesseryes as:'electron;acceptor} in thes:e‘
systems[18] The temperature and detectron-wavelength dependence of the rates of the pnmary
electron transfer reactlon can reﬂect a drstrlbutlon of reactlon centers haylng dxﬁ'erences in
factors such as dlstances or onentatxons between cofactors[19] For the eluc1datlon of the
mechanlsms of electron transfer reactlons in blologrcal systems the conformatronal ;vanatlons
must be mcorporated into the model | | )

At present there are severa.l publrshed papers dealmg thh the problem of the ET dnven by

conformational variations. For example, the gatrng of electron transfer by conformatronal

transrtlons was introduced in work[20]. The gatmg is supposed to take place in cytochrome
oxidase[21], in the - electron transfer between cytochrome c and speclal “pair - of

bacteriochlorophylls in the reaction center of several photosynthetr_c ‘bact\ena[Z_Z]: The dynamic

electron transfer probabllxty on the medlum fnctxon m the work[23] The 1nﬂuence of '
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‘ drchotomrcally fluctuating tunnelmg couphng on long-range electron transfer was studred in the
work[24]
In the present work a simple model v(.)f the conformational variatio‘ns of the system yvas used to
formulate electron transfer. We assume that there are only two conformatronal states possrble
whlch we denote as A and B and the locahzatron of electron does not act on the dynamrcs of
eonfonnatronal variations. It means that we suppose that transfer of electron does not change
signiﬁcantly the force field in which the system execute its conformational dynamics. The ET is
‘posvsible only in the state A and in the conformational state B the electron transfer reaction is
completely interrupted. The conformational changes of the system are described as a classical
telegrapvhic v noise. Similar model was discussed in our previous papers[25,26] and in the
work[27]. |
Our final aim is to get an analytrcal expressron for the probabrhty to find electron on donor at
trme t in the system where conformatronal variations are present A functronal 1ntegral-
. techmques was used in the present paper to 1nvest1gate how electron transport from donor to
‘acceptor can be controlled by conformatronal varratrons of the system.  The technical
‘ mampulatlons are similar to those advanced in the earller yvorks [28- 33] For-simplicity , we
consrder the Hilbert space of the electron to consist of just those two states that are mvolved
ln the transfer Itis convenrent to use the Pauh matrices for the operators in this space.

l] Theory

‘vThe Hamrltoman of the system that we shall study is
H() =5 Aoy, +5(eo + (et - m
Wwhere A(c(t) is the electronic coupling parameter, & +&(c(1)) is the bias (the reaction heat)

between two equilibrium positions, Here, &, is a static bias energy and &(c(?)) 'is a part of the

reaction heat which depends on the conformational state of the system. This time dependence

- R

could arise, for example from rnteractron of electron wrth molecules of medrum Further the

T,

x.z

are Pauli spin matrices and c(t) representmg random functron of trme The electromc
coupling parameter depends on the mutual orientation of the donor. acceptor palr[3;4]..,¢We
suppose that this orientation is sensitive to the conformational changes of the system.

The electronic state associated with the |+1) eigenstate of o, (with eigenvalue +1) shlall)he_
designated as the donor electronic state. The other electronic base state is the acceptor state.
We examine the dynamics of an electron whichkis at time t=0 localized on the donor. At a later
time t the system is then found again on the donor with probability W(t)

W(t)=<|(+ 1lTexp[——;;jH(r)drj+1 ) |’> 4 - @

md

T'is a time ordering operator ordering later times to the left. The bracketz( >m ,is the _ensemble :

average over all possible realizations of c(t). Now we define the molecular dynamics of the

system. We assume that there exist two conformational states A and B with free energies E,
and E,. The transfer between these two states is characterized by ' the random function c(t)

that take on any of two values which we denote a,b. This process is defined by the differential

equation for conditional probabilities

APy, t0)=~P(a I o
a,P(ib,zly,zo)z—yP(b,t\y,zo)+Ap(a,'z[y,io) ' [ Gy
with the normalization condition . .

P(a,'tllx;‘to)‘+P(b,tlx,to'):1~ : e T
and lnitial' conditions

P(x’toly)to)‘: b;y



’Herke, A is the transition rate from state A to state Band p,‘is tﬁe ;r;nsitidn rate from state B to
state A. We suppose that these two parameters do not depend ox’fthe lscaliiation of the
eléctrohs. The stationary solutions of the equations (3) are

P@=ul(A+p) , POY=A/(A+p) ' @
The stationary solutions must fulfill Boltzmann condition 4

P(a)/ P(b) = exp[-B(E, ~ E,)]= pt/ 2 v oL )
where 3 =1 !/ k,T . From equations (4) and (5) we get

e'ﬁEq . e‘ﬂEb
P@)=—g m - PO=m m (6)

Now we write general expression for W(t) as a power series in A(c(t))[35]

n?(:)” <1+Z( 1y j dt,, (’") j dr,, M) j di, A( )F(t,,tz, ..... :2")> " (7a)

n=1 2h
where
ty V - .v
F=Y ¥ exp{zz Zlo(tyy = ) + [ e(z)any. . (7b)
(=t {zy=21} = tm .

Now we sum over the pbssible values of the g, (j=k1 ,2,......,0-1) and take the average over all

" realization of c(t). We get

Wiy=1+ i (—1)”(2—‘;)2"2""jd12n ..... ]I‘dI,Kl {t, 1K, {1} (8a)

“where was assumed similarly as in work [36] that A(a)=.J, A(b)=0. It was considered that
electron transfer reaction can be completely interrupted by the fluctuations of electronic
coupling. It results in the so called gated reaction since the electronic coupling fluctuates

- between 0 (gate is closed) and J (gate is open), and thus-drives the electron transfer.

e st g

A+ p>>[e(a) - &(b)]/ h . In this case we have[Z_fpj Y

_.«».um‘“
'

) K ((l l /a 121 l)_e'w"'('z/“zjl){[)(b) RGATD CYRUYRY +l)(a)e 8ty ':14)} (12)

& s=h

K, {tﬂ,}:Zexp{}:igj—g—h"—(tzl;12/._,)}Uk;,kd;ig,la,t:,_l) : _'(Sb)

K1) = ZP(x ta, t,")I—IP(a I,Mlal ) 2P :,|y,0)P(y) B9

Aﬂb

where we introduce

K:,(a"?fl“*’ul):<exP[LiL fg(r)d%]> | e

Tl

This is the expectation of exp[(i& /) Ig(r)dr]under the condition that the system is“at

timef, , in conformational state A and finds itself ir_f conformational sgéte A at'time I;'J".kiBy

using the relations e
£ -

Z P(a, I,]y,O)P(y) =Pa) ., Z P(x, Ila 7)=1.

y=a.b x=ab

we obtain

Kt} = P(a)ﬂp(a Lty CO e a0y
A ' l ‘

where[26] s S e

1’((! lla T) 1)(a)+[)(b)e-(im)(l o : (ll)

oo

' Generally the expressxon for the K, (a I|a r) is cumbersome and SO we present some lumted

cases. In these cases we assume without loss of generalization that (a)>e(b) and Azp.. - o

HI. High-modulation limit . ) L : cosrnes b (ot el

We first examine the high-modulation  limit., .In limit:: we

this




where w =[e(a)+e(b)]/2hand O = [%@ Pla )P(b) After summmg over the

possible values 1 of the & (j=1.2,.....,n) in Eq.(8b) we get

k{e)= H 2c0Qt,, ~ 15, ,)] Pla)e ™) 4. ppye 4omXt- »1 (13)
j=1

where Q= &, / i+ @ . Now we apply the Laplace transform to W(t). Defining

W(p) = [e Wy - (14)

0

weget S : , ‘

' l P(a) ( 2) l ” n-1 l
W = — -
( )= | Z.( 1y PEARRLY -

_1 P@J? f(p) 1 (15)
- . 2 hz 2 _]2
P P +;17f(p)g(p)
’where
f(p)= e cosQu{P(a)e® + P(bye*** }dr
= p+0O pP+it+pu o
B Pla) P+0)P +O? +PB) (p+Ai+p)? + QP (16)
‘ ‘ = [ -p ~(A+u)t — p+#
g‘l’)fe {P@@ + P(e)e ™ }dt—*——p(pﬁm e oL an

In this section we calculate W(t) for the case of zero bias (©2=0) and assume that e(a)-e(b) In

thls hmlt f(p)—g(p) and we have

W( p) (a) J2 (p+u)(p+2r 2+ 1Y) _) s ﬁ
P 2P h 2 2 J 2 - B . L
PrpHr+p) +or(prp)t ' v } n

The expressions for the kmetxcs of the electron transfer are grven by the 1nverse Laplace

transformatron of Eq. (18) The inverse Laplace transform is represented by a set of slmple
poles of W (p). Evaluating it we obtain ’

_ Pla) J?

2 {a0+Zae o ' S ’(19)‘ o

J=1

W)=

with the amplitudes (a,,qz,aJ,a‘, cycl)

(p+)p+A+p) a = n
(o - p, )P, -p:)p - pa)’ ° P(a)J?

= (20) .-
where

1 ' i P
p=-5@A+p-u)-2U/h-v), p, =—5A+ptru)=2(J/h+v)

: 1 1 . -
p3=—5(2+,u+'u)+%(:]/h+v), p4=~~2~(1+,u—-u)+-;~(J/h'—v) s

[

(A + 1)’ —~—+\/«z+u) - z) +4J - #)D ’

=
I
TN
=

l_t _ J : 12
v={5 (A4 4ar J((ﬂﬂt) ~I (- u)D

[

In the nonadlabatlc approxxmatlon we assume that J / h << }t + u From Eq (19) we get .

J? P(a)P(b)

W =7+3 cos[—P(a)t] A T @

-

This describes damped coherent oseillations“at 2 freqnency a) = P‘(d):l]/ 7 and a ET rate

.

k=J? P(a)P(b) IR+ M. The frequency of oscrllatrons depends on the probablhty to ﬁnd

system in the state A from whrch the electron transfer is possrble This probabrhty is deﬂned by

the free energles of the confonnatronal states A and B and does not depend on the transmon

P,
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In the adiahatic approximatioh we assume that J/h>> A +p’ We get

af J) T (Aph )
W(t) {1+P(a)cos(7 ) +P(b)cos(% )e "'} o (22)
This descnbes damped coherent oscillations with a fast frequency @, = J/h - and electron
transfer rate k, =2Xand slow frequency of oscillationsw, = hl,u / J with electron transfer
ratek, = . We have a adiabatic regime of electron transfer where the electron transfer rates
are independent on the electronic coupling, but is controlled by the conforrhatiohai variations
of the system. In this limit the slow frequency depends on Ap and through these parameters on
both the viscosity of the medium and the potential barrier between the conformational states.
IV. Slow-modulation limit A
Now we examine . the . -slow-modulation limit. 1In this limit - we assume that
A+ p<<le(a)—e®)])/h.In this case we have[26]
~KQWJH/mQFJ=e@%“””9€“””“) i“ Q”:

where @, = (& +&(a))/ h and f{p) have the form

. S

p+Aa

Tt 24
(p+A) +w @9

fp=

Substrtutmg the quantlty f(p) defmed in Eq (24) rnto Eq (15) we get W(p) in the form

2

T J /2 2y
| Py @A o))

W(p)=- @5)

(p) p 2p. J_ pti PYH
P (2 vl prAta

Eda e ey e g

In this case we derive’ only the long fime behavror of W(t). We have

S B {', fi::EI‘ 4 ‘y&/h‘zt EERFII I I T SETPRE I R S E : o

’””‘E+zew“’m7”’ R o

which results in the following expression for ET rate constant

_ ‘/"J:,ul/‘h:'
T2 TR v a))

(27)
In the limit J? /7% >> 2* + w? we have adiabatic electron transfer where ET rate constant

yields the following form

1 pd. .
k=— (28)
2A+u
In the nonadiabatic limitJ* / i* << A* + @ the ET rate constant have the form
k=2P ( )2 A 29)
@57 Tt , 9.

This result is similar to that which was obtained in our previous work[26] for the short
correlation time 7, of the solvent. In the absence of the molecular dynamics where A =0,

#=0, Play=1 c1uantity W(t) shows oscillatory behavror

w()=1- _‘i‘;h”_sm {I—,/(u +J /1) (30)

V. Discussion

We have studied the ‘electron transfer in systems with_two conformational ‘states where electron

can be transferred only from the state which we denote as A. It was found an exact analytical

non-perturbative solution for unbias case in the high-modulation liniit. This allows to get the-
exact way by which the electron reaches its steady state in contrary to the works where only

the rate constant was derived. The rate constant describes ohly the velocity by which the

electron reaches its steady state and does not tell anythrng about its oscrllatory motron

We can see that conformatlonal changes of the system destroy the oscrllatory behavior of W(t)

and causes a shift in the f‘reqUehcy,of oscillations. The frequencies are influenced by the -
parameters A, y which characterizes the dynamics of cohformational"tchanges. The damped

coherent oscillations of population of donor state are obtained in the high modulation limit. In’



t}ylye long-time limit # — oothere exist an equal probability of ﬁhding the electron on the donor
;)r acceptor.ﬂ'lt‘his is due to the parameters A, which are not de;;énderit on the localization of
electron (what is ésSUmption of our model) and so neither of two electronic states is favored
from the side of the bath. The temperature changes, viscosity of the medium, potential barrier
between the.conformational states have an influence on the frequency of oscillations through
the parameters A, p. In the unbias case of high-modulation limit when the condition
JIh>>A+pis fulfilled or \;'Hen JHInr>> 2 ol io in the slo»\} modu:latiohrlimit the
electron transitions are limitedv by the dynamics of conformational transitions and do not
depend on the electronic coupling J . Such dependence is a classiﬁcgtion of the adiabatic limit.

In ’tbhis' paper we also attempt to discuss the question: Whgt is}he influence of co’nfo‘rmational
variations of the system on the quantum‘tunheling’ of;levotrons in the biological systems. In the
spécia] case of conformational variations used in present paoer the ET rate increases with
increasing of A, in the adiabatic limit but the ET rate decreases in the nonadiabatic regime.
From this follows that there must exist optimal dynamics of conformational variations with,
_ maximum value of.the:ET rate. This optimal dynamics can be easily found in the case when
X_; it .. In the high fnodulbation fimit the E"l"rate gots the maximum When 22 =J/h. The

probability to find electron on the donor can be expressed in the form -

W= e le ¥ e Loas Ly S
O=gtqe " cosptyd , | )

In this regfme the ET rate has the same value as the frequonoy of the quantum osc,illationj The

maximum value of the ET rate‘isr.J/‘Zh.VIfn the long-range electron transfor WthhlS of

primary. ifnportaﬁce in biological systems characteristic value J /2% ~ 109;"_?“@ typical ’\(‘alko‘e_

of Ais of the same order. The optimal dynamics of conformational variations for electron
trans.fer‘c/a'n be achieved in the biological objects at some temperatqre‘which 1s the most proper
for reaction rate.

10

For the sake of clarity we do not in’corpor’ate the interaction of tuﬁneiihg electron with the bath
of harmonic oscillator inio our model. Such model can be roaliied in the syétems,where
conformational transitions ‘are present.and the coupling of tunneling electron to vibrati(;nal
modes of the Venvironment is weak.
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