
The processes of charge separation in photosynthet�

ic reaction centers (RC) and further transfer of electron

and proton along the photosynthetic chain are accompa�

nied by generation of electric potential (∆ψ), which can

be detected using instrumental methods. The direct elec�

trometric method suggested in our laboratory at the

Belozersky Institute of Physico�Chemical Biology pro�

vided the opportunity to detect the rise�time of ∆ψ with�

in the range from 200 nsec to 100 msec [1]. This method

was used to study bacteriorhodopsin [2], bacterial photo�

synthetic reaction centers (BRC) [3], as well as photosys�

tem (PS) I [4, 5] and PS II [6] of cyanobacteria.

Because the photoelectric signal amplitude meas�

ured by this method is proportional to dielectrically

weighted distances, comparison of projections of the dis�

tance vectors between redox cofactors onto the mem�

brane normal with the relative photovoltage amplitudes

provides an opportunity to estimate the dielectric con�

stant value (ε) at the corresponding chain segment.

Strictly speaking, dielectric constant is a macroscop�

ic characteristic determined by the atomic state of the

surrounding medium. This value can be calculated from

the classical equation of electrostatics:

(1)

where Ee is the strength of the electric field generated by

an electron at the locus of a given atom in vacuum; ε0 is

the dielectric permittivity of vacuum; e is electron

charge; r is unity radius�vector connecting atom and

electron; R is the distance between the atom and the elec�

tron.

Local (i.e., determined on the time scale of corre�

sponding reaction) value of dielectric constant (εeff) can

be calculated from Eq. (2) derived in [7, 8]:

(2)

where Enet is the net electric field strength at the chro�

mophore locus with regard to the effect of charge screen�

ing.

It was demonstrated in various model systems,

including genetically modified proteins (for example,

barnase) that the macroscopic estimates of dielectric

parameters did not change drastically on the angstrom

scale [9, 10].

Photoelectric and dielectric properties of PS I were

considered in our earlier reviews [11, 12]. The goal of this

work was to review photoelectric and dielectric properties

of BRC and PS II and to discuss possible mechanisms of

correlation between values of charge transfer reaction rate

constant and dielectric permittivity of photosynthetic

pigment–protein complexes noted in the preceding works
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[11, 12]. The results of X�ray diffraction analysis of crys�

tals of the protein complex of photosynthetic RC were

from the Brookhaven Protein Databank (http://

www.rcsb.org/pdb). Distances between centers of mole�

cules were measured using the HyperChem 7 Professional

software. The aggregate of the resulting estimates is the

profile of distribution of effective dielectric constant

along the electron transfer chain in the pigment–protein

complex.

BACTERIAL REACTION CENTERS

AND PHOTOSYSTEM I

Although the PS I complex differs significantly from

the RC of purple photosynthetic bacteria, there are fea�

tures of remarkable similarity between PS I and BRC,

especially in the RC core and the donor sites. The esti�

mates of the effective dielectric constant values for the

BRC of Blastochloris (formerly Rhodopseudomonas)

viridis are given in Table 1. It was shown in our earlier

studies that electrogenic reduction of the photooxidized

bacteriochlorophyll dimer P960 by the immediate elec�

tron donor, high�potential cyt c559, and further electron

transfer from the second high�potential cyt c556 to oxi�

dized cyt c559 account for 15 and 5% of the overall pho�

toresponse amplitude ∆ψ, respectively [13]. The same

relative photovoltages and effective dielectric constant

values were obtained for the donor sites of the

Rhodospirillum rubrum and Rhodobacter sphaeroides BRC

[14].

Comparison of the distance vector projections onto

the membrane normal with the relative photovoltage

amplitudes in PS I and BRC demonstrated that the ε val�

ues corresponding to the electron transfer from the native

donor proteins to P700 and P960 (or P870 in case of the

other BRC species) were close to one another. Note that

the electron transport reactions at the donor side of PS I

and BRC share the following features of similarity: (i)

Gibbs energy difference (∆G) between plastocyanin

(Pc)/cyt c6 and P700 is close to ∆G between cyt c2 and

P870; (ii) electron transfer kinetics and proposed reaction

mechanisms are very similar.

The main electrogenic step on the acceptor side of

BRC is due to protonation of the doubly reduced second�

ary quinone QB [15]. The ε value in this region is ~20

[16], which is about 3 times higher than that at the accep�

tor region of PS I. Note also that the thermodynamic and

kinetic properties of the terminal acceptors in two com�

plexes significantly differ. The redox midpoint potential

(Em) values of the QA/QA
– and QB/QB

– redox couples in

BRC are in the range of –50 to +100 mV, whereas the Em

values of FX, FA, and FB in PS I are much more negative

(range of –500 to –700 mV). The lifetimes of the electron

and proton transfer reactions on the acceptor side of BRC

(submillisecond time range) are at least three orders of

magnitude lower than those values at the domain of the

iron�sulfur clusters in PS I (range of tens� to hundreds of

nanoseconds). Perhaps, the three�order�of�magnitude

difference between the rate constants of charge transfer

on the acceptor side of BRC and PS I, and threefold

increase in the estimated value of ε reflects the hypothet�

ical correlation between the reaction rates and the dielec�

tric properties of the corresponding protein domains

between redox cofactors suggested in our earlier works

[11, 12].

PHOTOSYSTEM II

Recently determined crystal structures of PS II core

complex from the cyanobacteria Synechococcus elongatus,

Thermosynechoccus vulcanus, and Thermosynechoccus

elongatus [17�19] were resolved at 3.8, 3.7, and 3.5 Å res�

BRC protein domains
between redox cofactors

cyt c556 – cyt c559

cyt c559 – P960

P960 – BPheo

BPheo – QA

QB – protein/water boundary

Projections of the distance
vectors (D), Å*

24

21

15

15

39

Effective dielectric
constant value (ε)

34

9.8

3

3

27

Relative photovoltage (ψ),
relative units**

0.05

0.15

0.35

0.35

0.1

Table 1. Calculation of effective dielectric constant values in the protein domains between redox cofactors in bacteri�

al photosynthetic reaction centers of Blastochloris viridis

* The distances along the axis normal to the membrane plane are given according to the X�ray data [31].

** Relative contributions of partial reactions to the overall electrogenesis were revealed in [13] and [32].
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olution, respectively. It follows from these data that the

arrangement of the electron transfer cofactors in PS II is

rather similar to that in RCs of purple bacteria. The

cofactors form two branches organized symmetrically

along the pseudo�C2 axis connecting the P680 chloro�

phyll dimer center and nonheme iron atom. This symme�

try is broken at the lumenal side of D1 protein by the

redox�active Tyr161 (YZ) and the manganese cluster

[Mn]4, which is located ~15 Å off the pseudo�C2 axis.

The kinetics and the quantum yield of the primary

charge separation in pea chloroplasts were studied using

the light�gradient technique [20, 21]. The charge separa�

tion occurred with two electrogenic phases: the faster

phase with the rise�time <50 psec was ascribed to the

electron transfer from the primary donor Chl (chloro�

phyll) dimer P680 to the intermediary acceptor pheo�

phytin (Pheo), while the slower phase (~500 psec) was

attributed to the electron transfer from Pheo to the pri�

mary quinone acceptor QA. The relative photovoltage

contributions of the faster and slower phases were

approximately equal to each other. Fast photovoltage

measurements using PS II membranes electrically orient�

ed in a microcoaxial cell [22] and using PS II�containing

proteoliposomes attached to a planar phospholipid mem�

brane [6, 23, 24, 26�28] showed that electron transfer

from YZ to P680+ spanned a dielectrically weighted dis�

tance of 13�18% of the distance between P680 and QA

[24, 25]. The dielectrically weighted distance of the elec�

tron transfer from [Mn]4 to YZ
ox (S1→S2 transition of the

oxygen�evolving complex) was estimated to be less than

3.5% [26, 27]. Larger electrogenic components (about

7%) were attributed to proton transfer from the oxidized

cofactor X to the lumen phase during the transition

S2→S3 [26].

The charge transfer reaction associated with proto�

nation of double�reduced secondary plastoquinone QB
2– at

the acceptor side contributes about 5% to the overall elec�

trogenesis in PS II [23, 24]. However, it should be noted

that this estimate most probably represents the lower limit

of the relative contribution of this reaction, because: (i)

there were some indications that the reconstruction of the

QB function in the PS II particles used in these experi�

ments was incomplete and (ii) slow component of ∆ψ
decay (characteristic of the oxygen�evolving complex

activity [29]) contributed only ~50% to the overall laser

flash�induced ∆ψ decay [23]. It was shown recently in our

laboratory using PS II preparations, in which the contri�

bution of the slow component of the ∆ψ decay reached

~90%, the amplitude of the electrogenic phase attributed

to QB
2– protonation was ~11% of total amplitude of ∆ψ

[28]. The distance between the QB�binding site and pro�

tein globule boundary in PS II complexes is smaller than

in BRC [19]. Therefore, it is safe to suggest that the

dielectric properties in the QB�protein boundary domain

of PS II are similar to that of BRC (Tables 1 and 2).

The data shown in Table 2 give the results of com�

parison of the distance vectors between the redox cofac�

tors in PS II with relative photovoltages accompanying

corresponding charge transfer reactions. Like in the case

of the BRC (see Table 1), the ε value in the protein

domain between the Chl (bacteriochlorophyll) dimer and

QA is the lowest, whereas it gradually increases at the

donor side. A similar increase in the effective dielectric

constant is observed at the donor side of PS I  [11, 12].

Note that the ε value in the domain between YZ and P680

is only ~1.5 times higher than that at the P680–QA

region, while the ε values in the Pc–P700 and cyt

c559–P960 protein regions of PS I and BRC, respectively,

increase about threefold relative to the hydrophobic core

domains (Tables 1 and 2), which is seemingly consistent

with higher electron transfer rate (30 nsec [22]) compared

to that at the donor sides of PS I and BRC (microsecond�

to�millisecond lifetime range). On the other hand, the

values of ε calculated for the [Mn]4–YZ, Pc–P700, and

cyt c559–P960 protein regions were larger than that for

YZ–P680, and comparable with each other, which seems

to be consistent with similar rate constants of correspon�

ding electron transfer reactions.

PS II protein domains
between redox cofactors

[Mn]4 – YZ

YZ – P680

P680 – Pheo

Pheo – QA

QB – protein/water boundary

Projections of distance
vectors (D), Å*

9.4

5.5

12.3

10

12

Effective dielectric
constant values (ε)

7.4

4.7

3

3

23

Relative photovoltages (ψ),
relative units**

0.03

0.12

0.43

0.36

0.06

Table 2. Calculation of effective dielectric constant values in the protein domains between redox cofactors of PS II

* Distances along the axis normal to the membrane plane are given according to the atomic coordinates obtained from Protein Data Bank

(Accession codes 1FE1 [17], 1IZL [18], and 1S5L [19]).

** Relative contributions of partial reactions to the overall electrogenesis were revealed in [22, 25�29].
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Because similar patterns of distribution of dielectric

constant are observed at least in three photosynthetic sys�

tems with different structures, it is safe to suggest that

such a character of dielectric constant distribution is a

general property inherent in photosynthetic charge trans�

fer processes rather than a unique characteristic of specif�

ic pigment–protein complexes.

POSSIBLE MECHANISM OF CORRELATION

BETWEEN KINETIC, THERMODYNAMIC,

AND DIELECTRIC PROPERTIES

OF REACTION CENTERS

The process of charge transfer in biological systems

proceeds through several stages including tunneling and

further stabilization of energy levels. The efficiency of the

process substantially depends on the dielectric reorgani�

zation of medium. Effective processes of relaxation (e.g.,

polarization) in the locus of reaction groups are required

to provide stabilization of separated charges. Perhaps, the

above�mentioned correlation between the rate constant

of charge transfer reaction and dielectric constant in PS I

complex is due to relaxation processes.

Let us consider the process of electron transfer along

the chain composed of a series of several carriers A1, A2,

A3, etc.:

(3)

where k1 and k–1 are the rate constants of direct and back

transfer at the segment A1 A2, respectively.

The concentration changes of the carrier A1 contain

kinetic components corresponding to both direct and

back reactions (k1 and k–1). However, the amplitude con�

tribution of the kinetic component corresponding to back

reaction (k–1) is determined by the ratio of the rates of

direct and back transfer A2 (k2 and k–1). For example, if

k2 >> k–1, an electron from A2 is rapidly transferred to A3,

and the amplitude contribution of the kinetic component

corresponding to the rate constant of back transfer (k–1) is

small. The total rate of concentration changes of carrier

A1 in this case is determined by the rate constant k1 of fast

direct reaction. Otherwise, (k2 ~ k–1), the total rate of

concentration changes of carrier A1 is slowed down. The

negative logarithm of the rate constant of the back reac�

tion is proportional to activation (∆G). At large value of

∆G, the probability of back transfer is low, whereas this

probability increases upon decreasing the ∆G. The reac�

tion becomes substantially reversible and the total rate of

the process decreases.

The primary processes of electron transfer in photo�

synthesis are characterized by high rates (reaction time,

from pico� to nanoseconds) and large value of ∆G (up to

0.3 eV). As the electron goes farther from the primary pair

of chlorophyll molecules, the value of ∆G decreases and

reaction time increases. Perhaps, such energy

“exchange” for reaction time is of functional signifi�

cance. High rate and large ∆G of primary reactions

increase the quantum yield of photosynthesis (up to

~100%) and prevent functionally useless recombination

of separated charges. On the other hand, small value of

∆G and relatively large reaction time at the peripheral

segments of chain provide more effective coupling of

electron transfer with metabolic and energy storage reac�

tions (e.g., accumulation of reduced products).

Ionizable amino acid residues and free water mole�

cules in the vicinity of electron�transport cofactors give

rise to appearance of polarization sublevels, decrease in

the value of ∆G, and increase in the dielectric constant ε.

Let us consider the distribution of ionizable amino acid

residues and free water molecules in the vicinity of elec�

tron�transport cofactors at the acceptor side of PS I by

the example of the iron�sulfur centers FX, FA, and FB

(Table 3).

In the preceding works we obtained the following

estimates of ε distribution along the electron transfer

chain in the pigment–protein complexes of PS I: ε ~ 5.4

(Α0→Α1 and Α1→FX), ε ~ 8.7 (FX→FA), and ε ~ 4.6

(FA→FB) [11, 12]. These estimates of ε are qualitatively

consistent with the pattern of distribution of water mole�

cules and ionizable amino acid residues (Asp, Glu, Lys,

Arg, and His) in the loci of the electron transfer chain.

The numbers of ionizable amino acid residues in the

vicinity of the iron�sulfur clusters FX, FA, and FB (at dis�

tances < 11 Å from each cluster), determined from the X�

ray diffraction analysis of the PS I protein crystals, are 13,

15, and 3, respectively. With regard to the effect of com�

pensation of closely located opposite charges (dis�

tance < 3.5 Å) [30], these numbers are 5, 9, and 3, respec�

tively. Although the general trend toward an increase in

the value of ε along the direction from the primary pair to

the periphery of the complex is valid in this case too, there

is a deviation from this trend at the site FA→FB, where

distribution of water molecules and polar amino acid

residues is abnormal. The cause of the anomaly is

presently obscure.

Thus, BRC complexes are similar to PS I and PS II

complexes not only in terms of hierarchy of electron

transfer rate constants and energy gaps between neighbor�

ing carriers but also in terms of hierarchy of distribution

of local effective dielectric constant. Possible mechanisms

of correlation between these parameters deserve more

profound experimental and theoretical research.

This study was supported by Grant from the

International Science and Technology Center (ISTC)

2296 (to A. Y. S.), Grant 01�483 from the INTAS (to A.

Y. S.), Grants from the Russian Foundation for Basic

Research 03�04�49219 (to S. K. C.) and 03�04�48983 (to
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h
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1
;

c
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1
2

; 
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;
d
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8
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h
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e
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;
e
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4
; 

n
e
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h

a
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e
 0
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