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Abstract

The broad set of nonexponential electron transfer (ET) kinetics in reaction centers (RC) from Rhodopseudomonas sulfoviridis in

temperature range 297–40 K are described within a mixed adiabatic/nonadiabatic model. The key point of the model is the combination of

Sumi–Marcus and Rips–Jortner approaches which can be represented by the separate contributions of temperature-independent vibrational

(v) and temperature-dependent diffusive (d) coordinates to the preexponential factor, to the free energy of reaction DG=DGv +DGd(T ) and to

the reorganization energy k = kv + kd(T). The broad distribution of protein dielectric relaxation times along the diffusive coordinate is

considered within the Davidson–Cole formalism. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last two decades, a considerable progress has been

achieved in the quantitative description of long-range elec-

tron transfer (ET) between redox centers in native and in

various chemically and genetically modified proteins. Spe-

cial interest attract the reactions in the proteins under the

lowered mobility: in membranes, in great protein complexes,

in films, on the electrode surface or at lowered temperatures.

The rates of electron transfer in such conditions reveal a great

variety and they required special approaches for corrected

description and analysis. For example, the course of kinetics

of ET reaction between proximal heme of cytochrome

subunit and photooxidized primary donor P + in protein

complex of reaction centers (RC) from Rhodopseudomonas

viridis changes greatly in the broad temperature range from

300 to 8 K [1,2]. Quite different temperature dependencies of

ET rate one can observe in a set of heme and Cu-containing

proteins [3–9]. If the changes in ET rate at temperatures

below 150 K can be related mainly to vibrational degrees of

freedom [1–3], the substantial increase in ET rates around

170–180 K for myoglobin and hemoglobin [4–6], or even at

220 K for cytochrome c–cytochrome c peroxidase complex

[7,8], can be associated with the appearance of diffusive

motion due to a glass-like transition in the solvent–protein

matrix. In this paper, we propose the new model for

description of ET kinetics in proteins, taking into account

the vibrational and diffusive channels of energy dissipation,

based on the combination of Sumi–Marcus and Rips–

Jortner approaches [10,11]. This model is used for quantita-

tive analysis of kinetics for electron transfer reactions from

the heme c-559 of tetraheme cytochrome c to the special pair

of bacteriochlorophylls in reaction centers from the photo-

synthetic purple bacterium Rps. sulfoviridis. The electron

transfer kinetics were measured and analysed for free state of

cytochrome reduction in temperature range 295–40 K.

2. Description of the model

In nearly all publications, ET reactions in proteins are

analysed in terms of the nonadiabatic approach of the
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Marcus theory. According to the classical Marcus and Sutin’s

theory [12], under conditions of fast matrix reorganization

(Vab
2b{khm/4p}), in the nonadiabatic approximation:

KNA
et ¼ K0exp � Ea

RT

� �
ð1Þ

where

K0 ¼
2pV 2

abðRÞ
g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkkT

p ð2Þ

Ea ¼
ðDGþ kÞ2

4k
: ð3Þ

In these equations, Ket
NA, Ea, Vab, k, DG and m, are the

nonadiabatic electron transfer constant, the activation

energy, the tunneling matrix element, the nuclear reorgan-

ization energy, the free energy of reaction and the nuclear

reorganization characteristic frequency, respectively.

The application of the nonadiabatic approximation de-

pends on the magnitudes of m and Vab, which can broadly

vary in proteins. As was estimated in publications [13–15],

Vab = 10
�1�10�3 cm�1 for electron transfer in reaction

centers (RC), in heme proteins myoglobin, cytocrome c and

azurin at distances 8–26 Å. If the nuclear reorganization is

governed by fast vibrations or by the motion of free water

molecules with m = 2� 1012 s�1 and k = 1 eV, the non-

adiabatic limit is fulfilled for all ET reactions in these

proteins. However, the relaxation frequency of the myoglo-

bin heme pocket is as low as 108� 104 s�1 even at room

temperature [16–18]. Such slow relaxations may take place

due to conformational transitions or local protonation and

reveal diffusive character. If m = 2� 104 s�1, the nonadia-

batic limit is fulfilled at Vabb10�2 cm �1, which is not

valid for some reactions in metal-containing proteins.

If the conditions of the nonadiabatic approach are not

fulfilled, the adiabatic limit must be used. According to the

simplest version of the theory [19,20], if Vab
2
H{khm/4p}, the

adiabatic electron transfer rate constant is expressed by the

equation:

KAD
et ¼ mAexp � Ea

RT

� �
: ð4Þ

The intermediate case between nonadiabatic and adia-

batic limits was considered for a model with a single

diffusive mode [11,19,20]. In this case, the electron transfer

constant Ket is expressed by the equation:

Ket ¼
K0

1þ K0

A
s
exp � Ea

RT

� �
ð5Þ

where s = 1/m is the thermally activated relaxation time for

the diffusive motion.

In more complicated cases, if the times of the electron

transfer and of the matrix reorganization are comparable and

there is a Davidson–Cole distribution of the relaxation

times described by the function:

gðsÞ ¼ sinðpbÞ
ps

s
s0 � s

� �b

0 < sVs0 ð6Þ

gðsÞ ¼ 0 s > s0

then, according to Rips and Jortner [11], the average ET

constant at short times is expressed as:

Ketfð1=s0ÞbV 2ð1�bÞ
ab exp � Ea

RT

� �
ð7Þ

where 0V bV 1 is the time distribution parameter of the

Davidson–Cole dielectric relaxation spectrum and s0 is the
characteristic relaxation time, which corresponds to the

upper limit of the s distribution.

In order to describe the kinetics of the ET reactions in RC

from Rps. sulfoviridis, we propose in this paper a model that

combines Sumi–Marcus [10] and the Rips–Jortner approx-

imations. Sumi–Marcus model takes into account the pos-

sibility of energy dissipation simultaneously by two modes:

by fast vibrational and by a diffusive degrees of freedom.

Obviously, along with the diffusive motion, proteins

display vibrational (nondiffusive) motions including intra-

molecular vibrations, internal rotations, etc. Such motions

have very short relaxation times and never freeze out even at

low temperatures. If the motion along both coordinates,

nondiffusive q and diffusive X, is fast, the reaction goes

through the optimum, fastest nonadiabatic pathway from

state of reactant to state of product with the lowest activation

energy Ea
min at point S representing the transition state for

the reaction (see Fig. 1 in Ref. [10]). However, if the motion

along the diffusive coordinate X freezes out at low temper-

ature due to a change of s, the ET process still persists due

to the possibility of reaction along the nondiffusive coor-

dinate via a different transition state with a higher activation

energy Ea, Ea
minVEa. In this case, the reaction proceeds in a

mixed adiabatic/nonadiabatic regime.

Such a shift of the transition state can be described

phenomenologically by introducing a s-dependent activa-
tion energy and a preexponential factor, as described by

Kotelnikov et al. [21]:

KetðsÞ ¼ rðsÞexp � EaðsÞ
RT

� �
ð8Þ

EaðsÞ ¼
½DGðsÞ þ k	2

4kðsÞ : ð9Þ

The dependence on s is given by the function:

/ðsÞ ¼ 1

1þ K0

A
s

ð10Þ

which serves as a switch between the high-temperature

(nonadiabatic) and low-temperature (adiabatic along diffu-
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sive coordinate) limits since u(s)f 1 at room temperature

and u(s)b1 at low temperature, like in Eq. (5). The pre-

exponential factor is represented as a sum of vibrational and

diffusive contributions:

rurv þ rd ¼ K0½Pr þ ð1� PrÞuðsÞ	 ð11Þ

where Pr is a phenomenological parameter, rv =K0Pr is a

temperature-independent vibrational contribution and

rd =K0(1�Pr)u(s) is a temperature-dependent (via s) con-
tribution of the diffusive motion. The activation energy in

Eq. (9) is expressed in terms of s-dependent reorganization
energy and driving force as:

kðsÞukv þ kd ¼ k½Pk þ ð1� PkÞuðsÞ	 ð12Þ

DGðsÞuDGv þ DGd ¼ DG½PG þ ð1� PGÞuðsÞ	 ð13Þ

where Pk and PG are phenomenological parameters and the

same u(s) is used as a switch between the low- and high-

temperature limits. Since we suppose that s characterizes the
temperature-activated diffusive motion, the first terms in the

square brackets in Eqs. (11)–(13) represent constant, tem-

perature-independent contributions from the vibrational

mode q, rv = rPr, kv = kPk and DGv =DGPG, whereas the

second terms are temperature-dependent parts of r(s), k(s)
and DG(s) corresponding to the diffusive coordinate X1,

rd = r(1�Pr), kd = k(1�Pk) and DGd =DG(1�PG). Note,

however, that the numerator of Eq. (9) contains the constant

reorganization energy k corresponding to the room temper-

ature limit of Eq. (12) with u(s) = 1, in the low-temperature

limit:

EaðsÞ ¼
½DGv þ k	2

4kv
, ð14Þ

which is easy to verify. As a result, Ea(s) must increase as

temperature decreases.

We have performed the fitting of ET kinetics in RC

from Rps. sulfoviridis using Eqs. (8)–(13) with parameters

Pk= 0.7 and PG= 0.1, as was determined in Ref. [21]. A

computer analysis showed that these parameters give

optimum results for the present system, too. Concerning

the thermodynamic parameters, we accept the values from

Ref. [22]: the DG values for electron transfer in the first,

second and third states of reduction of cytochrome are

DG1 =� 0.14 eV, DG2 =� 0.18 eV and DG3 =� 0.29 eV,

respectively; for all the reactions, k = 0.29 eV.

3. Experimental

Rps. sulfoviridis, a species closely related to Rps. viridis,

was grown and reaction centers were prepared as described

in Ref. [23]. Purified reaction centers were handled as

described in Ref. [1] for Rps. viridis.

Flash-induced absorption changes under several redox

conditions and at various temperatures were measured in

time domain 0.1–4500 As as in Ref. [1] using a ruby laser as

Fig. 1. Kinetics of normalised flash-induced absorption changes at 1283 nm

of the cation-radical P + in RC from Rps. sulfoviridis for the first state of

cytochrome reduction (Eh = + 360 mV) at different temperatures on dif-

ferent time scales. Solid circles: experimental measurements; line graphs:

fitting according to the model described in the paper. (A) Full time scale;

(B) 100 As time scale; (C) 1.5 As time scale.

A.I. Kotelnikov et al. / Bioelectrochemistry 56 (2002) 3–8 5



a source of excitation light. The oxidation of the primary

donor P and its subsequent reduction were measured by

following at 1283 nm the absorption of P +. The cuvette

contained 60% by volume of glycerol.

Data were acquired as in Ref. [1], except that the decay

kinetics were not analyzed in terms of exponential compo-

nents. Instead, they were analyzed according to the method

proposed in this work.

4. Results

Kinetic curves of flash-induced absorption changes of

P + describing the ET reactions have a strong nonexponen-

tial character in a wide temperature range from 295 to 40 K

and they depend on the state of cytochrome reduction, as

shown previously from similar experiments in RC from Rps.

viridis [1]. Examples of such kinetic curves at different

temperatures and in different states of cytochrome reduction

are presented in Figs. 1 and 2.

ET reactions following a flash in the cytochrome–RC

complex are as follows:

c� 559� ��!Ket Pþ p��Kr Q�
A :

A preliminary analysis of the time behaviour of the

function F(t)=[P + (t)]/[P + (0)], has shown that in a broad

time domain from 0.1 to 4500 As for various temperatures,

all experimental kinetics can be considered as a sum of two

curves, which differ significantly (Fig. 1). The initial part of

the kinetic curves in the time interval 0.1–40 As is fast,

temperature-dependent and nonexponential, but the next

part from 40 to 4500 As decays slowly and is described

by a one-exponential function with a nearly temperature-

independent characteristic rate around (1� 4)� 102 s�1.

Since it is known from Ref. [24] that the P + pQA
� reaction

have the rate constants (1� 4)� 102 s� 1 in temperature

range 100–300 K, it seems reasonable to relate the fast

nonexponential part of kinetics to the c-559 � ! P + reac-

tion and the slow exponential part to the recombination

process P + pQA
� .

Then, the function F(t)=[P + (t)]/[P + (0)] can be written

as:

FðtÞ ¼ A1

Z l

0

gðsÞexp½�KetðsÞt	ds þ A2expð�KrtÞ	: ð15Þ

In this equation, where A1 +A2 = 1, the first integral term

describes the direct fast c-559 � ! P + reaction and the

second term describes the back reaction P + pQA
� .

5. Discussion

The aim of this work was the description of a whole

ensemble of experimental kinetic curves (about 50) in the

temperature range 40–298 K for the three states of cyto-

chrome reduction in the framework of a unique model for

the determination of unknown parameters: K0, b, s0, A2 and

Kr.

The procedure of computer fitting was divided into

several steps. First, A2 and Kr were determined for each

curve from a semilogarithmic plot of the slow kinetics in the

time interval 100–4500 As. Subsequently, each curve in the

time interval 0.1–100 As was fitted for determination of the

parameter b, value s0 and parameter K0 by minimizing the

standard U with respect to the experimental curves.

Finally, parameters k, DG, Pr, Pk and PG were varied

around their initial values with monitoring of variations of

U. As a rule, U was minimized for the parameters taken

from Ref. [21], only for parameter Pr was taken Pr= 0.

5.1. K0 value

This parameter describes the maximum ET rate in the

protein under nonadiabatic conditions. From an analysis of

the experimental curves, we can see that K0=(1.0–

1.6)� 107 s� 1 for all states of cytochrome reduction in

the temperature range 298–230 K, then it slowly decreases

to 106 s� 1 at 40 K (Fig. 3). The average value at room

temperature, K0 = 1.4� 107 s� 1, can be compared with

K0 = 10
8 s�1, which is calculated from the empirical equa-

tion of the one-dimensional tunnelling barrier model

[25,26]:

K0ðs�1Þ ¼ 1016expð�aRÞ: ð16Þ

Here we used a = 1.4 Å �1 and R = 12.3 Å, the edge-to-edge

distance between the proximal heme c-559 of the cyto-

Fig. 2. Kinetics of normalised flash-induced absorption changes at 1283 nm

of the cation-radical P + in RC from Rps. sulfoviridis at temperature 220 K

under three different redox conditions on 1.5 As time scale. (1) First state of

cytochrome reduction (Eh = + 360 mV); (2) second state of cytochrome

reduction (Eh = + 250 mV); (3) third state of cytochrome reduction

(Eh =� 20 mV). Solid circles: experimental measurements; lines: fitting

according to the model described in the paper.
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chrome and P + . Given K0 = 1.4� 107 s�1, Vab can be

calculated from Eq. (2). If k = 0.29 eV and T= 295 K, then

Vab = 0.17 cm �1; this value can be compared to Vab = 0.13

cm �1 obtained for the same reaction between cytochrome

c2 and P + in reaction centers from Rhodobacter sphaer-

oides [13].

5.2. Parameter b

The parameter b characterizes the time distribution of

protein relaxation motions participating in ET reactions. As

shown in Fig. 4, the b values are close to 0.03–0.06 for all

states of protein reduction in the temperature range 298–

220 K. At lower temperatures, such as 200–130 K, b
increases from 0.08 to 0.2, and it is equal to 0.57 at 40 K.

It is necessary to note that the magnitude of b is a

characteristic of the dielectric spectrum of the medium and

therefore, must reflect peculiarities of the object under

investigation and of the method of measurements. For pure

glycerol, direct dielectric measurements give b = 0.55–0.6

in the temperature range 198–233 K [27]. The very low b
values in the temperature range 298–130 K for RC may be

explained by a large contribution of very fast vibrational and

librational motions to the dielectric relaxation of the protein

matrix with substantial contribution of slow protein relaxa-

tion in the course of ET reaction.

5.3. Factor of adiabaticity and characteristic relaxation

time s0

The parameter K0

A
s0, which can determined directly in our

calculations, represents, in accord to Eqs. (5) and (10), the

degree of adiabaticity of ET reactions for the population of

proteins with amaximum relaxation time s0 in the Davidson–

Cole distribution. The ET reaction is adiabatic if K0

A
s0H1. In

our analysis, we have found that for the RC with cytochrome

in the first state of reduction, this parameter is equal to 10 at

room temperature and increases up to 178 as the temperature

decreases to 220 K. This means that even at room temper-

ature, the ET reaction is substantially adiabatic for a fraction

of proteins with the longest relaxation times s0 = 0.35 As, and
the degree of adiabaticity increases when temperature

decreases.

6. Conclusion

In this work, we used a new approach for the description

of electron transfer reactions in proteins, taking into con-

sideration the influence of slow molecular dynamics on the

dielectric relaxation of the protein matrix during charge

separation. A mixed adiabatic/nonadiabatic model is devel-

oped for a description of the kinetics of the c-559 � ! P +

ET reaction in the cytochrome–RC complex at different

temperatures and states of cytochrome reduction, taking into

account a possibility of protein relaxation along vibrational

and diffusive coordinates according to the Sumi–Marcus

approximation and the Davidson–Cole distribution of dif-

fusive relaxation times (the Rips–Jortner approximation).

The parameters of this model, having a simple physical

meaning, are determined from a fitting procedure. This

model allows to propose new mechanisms of ET rates

regulation or gating, connected with changing the parame-

ters s0, b, kd and DGd under conditions where the protein

mobility is restricted. Such conditions are realised in large

protein complexes with metal sites deeply embedded into

the protein globule. The kd parameter is one of the most

important of these parameters: it reflects the contribution of

the diffusive protein reorganization to the full reorganization

energy and can be changed in a discrete manner due to local

protonation or selective reduction of some groups in the

vicinity of metal sites. This opens the possibility for large

Fig. 4. Temperature dependence of the parameter b for the three different

states of cytochrome reduction. Designation as in Fig. 3.

Fig. 3. Temperature dependence of the parameter K0 for three different

states of cytochrome reduction. Solid circles: first state of cytochrome

reduction (Eh = + 360 mV); open squares: second state of cytochrome

reduction (Eh = + 250 mV); solid triangles: third state of cytochrome

reduction (Eh =� 20 mV).
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variations of ET rates under conditions of lowered protein

mobility. Further investigations are required for a quantita-

tive application of this model to other experiments on long-

range electron transfer in proteins.
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