
STRUCTURAL PECULIARITIES

OF PHOTOSYSTEM 2

Life on planet Earth is to a large extent maintained

by oxygenic photosynthesis because it is the main source

of useful chemical energy in the biosphere and oxygen in

the atmosphere of the Earth. Thylakoid membranes of

oxygen�evolving organisms (cyanobacteria, algae, higher

plants) contain three redox enzymes (photosystem 2

(PS2), cytochrome b6 f�complex, photosystem 1 (PS1))

and ATP synthase. The main function of PS2 is to use

solar energy for charge separation followed by two essen�

tial chemical reactions: water oxidation (with the release

of protons and oxygen as side products) and plasto�

quinone reduction (with the uptake of protons). These

reactions are spatially separated and occur on different

sides of the PS2 membrane reaction center (RC).

The core complexes of PS2 are considered as a min�

imal unit capable of oxidizing water molecules. The

structure of the PS2 core complexes isolated from two

related thermophilic cyanobacteria, Thermosynechococ�

cus elongatus and Th. vulcanus, was determined by X�ray

structure analysis at a resolution of 3.8 to 1.9 Å [1�3].

Each monomer of the enzyme contains 20 protein sub�

units (total molecular weight of 350 kDa), with 17 of

them being integral membrane proteins. In addition to

protein subunits, one monomer comprises 35 chlorophyll

a molecules, two pheophytin molecules, 11 β�carotene

molecules, >20 lipid molecules, two plastoquinone mole�

cules, two heme molecules, one nonheme iron ion, four

manganese atoms, three or four calcium atoms, three

chloride ions, one bicarbonate ion, and >15 detergent

molecules. Each PS2 monomer also contains >1300

water molecules arranged in two layers at the surfaces of

the stromal and lumenal sides of the enzyme, with the lat�

ter layer containing more water molecules than the for�

mer [3]. However, all organic and inorganic cofactors

involved in the charge transfer reactions are located on

subunits D1 and D2 of RC [4] (Fig. 1).

PS2 can be functionally subdivided into three struc�

tural domains: central photochemical, plastoquinone�
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reducing, and water�oxidizing. Four chlorophyll mole�

cules and two pheophytin molecules are arranged into

two branches associated with proteins D1 and D2 and

located in the central part of the enzyme. The quinone

acceptor complex of PS2 consists of two plastoquinone

molecules with significantly different properties. The

primary (QA) and secondary (QB) quinone acceptors

function as one� and two�electron carriers, respectively

[5]. The water�oxidizing site in thylakoids is located on

the lumenal side of PS2. Based on the latest X�ray data

with resolution of 1.9  Å, all components of the oxygen�

evolving complex (OEC) described by the formula

Mn4CaO5 have been detected [3]. In addition, all amino

acid ligands of the OEC have been identified, and the

bound water molecules have been found for the first time

(in particular, the molecules close to the OEC and tyro�

sine YZ).

The PS2 core complex, due to its 3D structure and

availability of site�specific mutants, is a convenient object

for the study of structure–function interactions.

FUNCTIONING OF PS2

Light energy absorbed by the pigments of integral

antenna proteins CP43 and CP47 is transferred during

sub�microsecond times to the primary electron donor

P680, which is a chlorophyll a dimer. The primary charge

separation in RC, including a series of highly optimized

electron transfer processes (see Fig. 1 and [6]), has been

studied by various methods such as absorption and fluo�

rescent spectroscopy (including femtosecond time�

resolved spectroscopy), electrochromic shift of optical

absorption bands and experiments with hole burning, etc.

The data obtained by differential optical absorption spec�

troscopies at 20�fsec resolution under physiological con�

ditions (278 K) in the PS2 core complexes from spinach

show that the primary electron transfer reaction occurs at

a time constant of ∼0.9 psec [6] and is determined by

charge separation within P680. The subsequent electron

transfer from chlorophyll, which occurs during 13�

14 psec, corresponds to formation of the secondary radi�

cal pair P+
680Phe–

D1 [6] and is stabilized as a result of rapid

electron transfer to the tightly bound quinone QA on the

stromal/cytoplasmic side of the membrane in ∼200 psec.

Thus, excitation energy (P680)* is used for electron trans�

fer to a distance of ∼23 Å. It should be noted that only the

D1 branch is functionally active in PS2 [6, 7].

The hole on P680 is filled by electron transfer from

redox�active tyrosine�161 (YZ) of the PS2 subunit D1.

This electron transfer is coupled with the proton escape

from YZ to the closest histidine (His190), which results in

formation of the neutral tyrosine radical (YZ
•) [8, 9]. The

kinetics of P+
680 reduction in PS2 complexes with intact

OEC is characterized by time constants of 25�70 nsec

(“fast” nanosecond kinetics), 300�600 nsec (“slow”

nanosecond kinetics), and 15�50 µsec (microsecond

kinetics) [10].

The electron from QA is further transferred to a dis�

tance of ∼17 Å to the secondary quinone acceptor QB dur�

ing 0.1�0.3 msec without detected oxidation–reduction

involvement of an iron ion [5]. The subsequent turnovers

of the enzyme include the same reactions but with differ�

ent kinetics at some stages due to charge accumulation on

Fig. 1. Redox cofactors of PS2 core complex. The image of the OEC is adapted from article [4].
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the manganese cluster and on QB. The transfer of the sec�

ond electron to QB
− causes the uptake of two protons from

the water phase, the release of formed plastoquinol QBH2

from the binding site in the protein, and its substitution by

a molecule of oxidized plastoquinone from the membrane

pool [5].

During each catalytic cycle, two water molecules are

transformed into an oxygen molecule and four protons in

the cycle of five intermediates called S�states (S0→S4)

(Fig. 1). Since the S1 state (basic state) is most stable in

the dark, the first four flashes cause transitions S1→S2,

S2→S3, S3→S0, and S0→S1. Molecular oxygen is released

during the S3→S0 transition via intermediate state S4 [11�

13]. The kinetics of S1 to S3 transitions vary from 50 to

300 µsec, while the terminal reaction YZ
•S3→YZS0 + O2 +

2 H+ occurs on the millisecond time scale [11]. The over�

all catalytic cycle can be presented as a scheme including

eight stages of alternating reactions of electron transfer

and proton release followed by the final stage – release of

an oxygen molecule [12, 13].

Thus, single�electron processes (P680→QA, YZ→P+
680)

in PS2 are coupled with four�electron oxidation of water

(2 H2O → 4 e– + 4 H+ + O2) and two�electron plasto�

quinone reduction (PQ + 2 e– + 2 H+ → PQH2), which

makes this enzyme one of the most complex energy con�

verters.

Photochemical processes. Light flash�induced exci�

tation of chlorophyll P680 in the PS2 RC causes electron

transfer across the dielectric layer of the thylakoid mem�

brane to a distance of ∼35 Å. As a result, the protons in

the donor and acceptor regions of the enzyme are trans�

ferred in opposite directions. Since these vectorial

processes have components perpendicular to the plane of

the membrane, they are coupled with generation of trans�

membrane electric potential difference (∆Ψ) (Fig. 2).

Only under certain conditions (the pathway of the

transfer reaction must have a component perpendicular

to the plane of the membrane; charge transfer must occur

in a region of the protein with dielectric permittivity of

less than 40 [14]; and the transported charge must not be

locally compensated (as it is, e.g. when electrons and pro�

tons are transported together on plastoquinone)) the

electron and proton transfers are accompanied by ∆Ψ
generation.

The generation of ∆Ψ coupled to the vectorial reac�

tions of charge transfer in PS2 has been registered in dif�

Fig. 2. Electrogenic stages of charge transfer in PS2. The scheme does not show electrogenesis determined by protonation of doubly reduced

QB.
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ferent photosynthesizing preparations (chloroplasts, thy�

lakoids, PS2 membrane fragments, PS2 core complexes)

by different methods (microelectrodes, modified patch

clamp, electroluminescence, electrochemical shift of pig�

ment absorption bands in light�harvesting complexes,

and electrochemical methods) [14].

The kinetics of ∆Ψ generation determined by the

early stages of electron transfer in RC was measured by

the light gradient method (based on ∆Ψ measurement by

silver chloride electrodes located in the lower and upper

parts of the measuring cell) on chloroplasts and PS2

membrane fragments [15, 16]. The authors arrived at a

conclusion that the primary charge separation in PS2

includes two electrogenic stages with approximately the

same contributions to the total amplitudes of transmem�

brane electric potential – electron transfer between P680

and pheophytin and further electron transfer to QA [15]

(Fig. 2).

Study of the catalytic cycle of water oxidation. The

typical rate of water oxidation by the PS2 complex under

stationary illumination is 100�200 turnovers of the

enzyme per second. During this process, each turnover of

the enzyme is characterized by a set of distinguishable

intermediates formed during time periods from microsec�

onds to several milliseconds from the starting moment of

the reaction. Registration of the kinetics of transfers

between the intermediates in a single turnover of the

enzyme allows the study of molecular mechanisms of sep�

arate charge transfer reactions, while measurement under

equilibrium conditions gives only the overall view of the

light�dependent processes in PS2.

Significant advantages for studying the mechanism

of ∆Ψ generation associated with charge transfer within

the enzyme are provided by isolated PS2 core complexes

incorporated into phospholipid liposomes studied by the

direct electrometric method [14, 17]. The principle of

direct electrometry developed in our laboratory consists

in the fusion of closed vesicles or liposomes containing

protein complexes with a lipid�coated thin collodion film

and ∆Ψ measurement with macroelectrodes immersed in

electrolyte buffer solution on the two sides of the artificial

membrane. This method is exceptionally sensitive and

allows registration of intraprotein charge transfer to a dis�

tance of >0.5 Å in the direction perpendicular to the

plane of the membrane. Note that the kinetics of electron

transfer can be recorded by different methods of spec�

troscopy, while the kinetics of vectorial proton transfer

can be measured with high time resolution only by elec�

trometry.

The results obtained by this method have shown that

the relative contribution to the total ∆Ψ (∼17%) attributed

to the electron transfer from tyrosine YZ to photooxidized

P680 in the PS2 core complexes incorporated into lipo�

somes [18, 19] is close to the ∆Ψ value measured previ�

ously by the light gradient method in PS2 membrane frag�

ments (∼16%) oriented in a microcoaxial cell [16]. In the

present work we have reviewed and summarized the results

of recording the kinetics of separate stages of ∆Ψ genera�

tion determined by charge transfer on the donor side of

PS2 core complexes incorporated into proteoliposomes

under conditions of single actuation of the enzyme.

Since nearly all RCs in dark�adapted PS2 prepara�

tions with active OEC are in state S1 until the first light

flash, the kinetics of photoresponse shows an additional

electrogenic stage with a characteristic time (τ) of 30�

65 µsec (pH 6.5) and an amplitude of 2.5�3.5% of the

YZ
•QA

− phase as a response to the first laser flash, in addi�

tion to rapid ∆Ψ generation due to charge separation

between P680 and quinone QA and re�reduction of P+
680 via

electron transfer from YZ [18, 19]. Such characteristic

times are close to the rate of manganese ion oxidation

during the S1→S2 transition measured by X�ray absorp�

tion spectroscopy with high time resolution [12].

Comparison of the kinetics of photoelectric responses of

PS2 core complexes depleted of the Mn4Ca cluster and

the same preparations but treated with iron (II) ions (in

the latter case, the high�affinity manganese�binding site

is inhibited) suggested that manganese oxidation at the

low�affinity site was non�electrogenic [20]. This is evi�

dence that the electrogenic reduction of tyrosine YZ
•

occurs by way of vectorial electron transfer from man�

ganese in the high�affinity site.

One of the methods for distinguishing protolytic

reactions from other processes involved in potential pho�

togeneration is to study the dependence of the charge

transfer reaction on pH or comparison of the reaction

rate constants for H2O and D2O. The absence of the

influence of heavy water on the kinetics of the electro�

genic phase during the S1→S2 transition of the OEC

demonstrates that proton release does not take place on

the donor side of the enzyme (data not shown).

In response to the second laser flash (transition

S2→S3), the kinetics of the photoelectric response shows

an additional electrogenic phase with a characteristic

time of ∼240�300 µsec (pH 6.5) and an amplitude of ∼5�

7% of the fast�phase amplitude YZ
•QA

− [18, 19]. The

authors of work [13] suggested deprotonation at CP43

Arg357 structurally linked to the manganese cluster in the

course of S2→S3 transition, after the formation of radical

YZ
• and until oxidation of manganese [13, 21, 22]. This

process is a limiting stage during the S2→S3 transition.

The latest electrometric experiments show that the

reaction rate constant of the S2→S3 transition decreases

in the presence of D2O, which favors proton transfer to

the water phase (data not shown). The dependence of the

kinetics of the S2→S3 transition on D2O has been shown

previously for PS2 membrane fragments by pulse absorp�

tion spectroscopy [23].

The photoelectric response induced by the third laser

flash (transition S3→S4→S0) contains an additional elec�

trogenic component with τ ∼ 4.5�6 msec and relative

amplitude 4�6% of the amplitude of the YZ
•QA

− phase [18,
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19]. It is assumed that in the intact PS2 complexes two

protons are cleaved from water molecules during the ter�

minal transition, and these data are in agreement with the

role of amino acid groups close to the OEC in proton

release [12, 13, 21, 22]. However, the formation of state S4

does not include electron transfer from the manganese

complex to radical YZ
•, and it seems that the central event

is deprotonation of the manganese complex (or its envi�

ronment) with a characteristic time of ∼200 µsec [12, 13].

The latter was shown for PS2 membrane fragments and

thylakoids by absorption spectroscopy [12].

The absence of an electrogenic phase with the char�

acteristic time of ∼200 µsec in the kinetics of the photo�

electric response induced by the third laser flash demon�

strates that the proton transfer during the S3→S4 transi�

tion is not vectorial, but electrically neutral. Also, the

reduction of manganese through electron transfer from

the water molecule during the S4→S0 transition is most

likely not electrogenic either. Therefore, the observed

electrogenesis in response to the third light flash is prob�

ably determined by proton transfer from the manganese

complex or amino acids close to the latter into the water

phase during the S4→S0 transition.

The similar amplitudes of electrogenic reactions

during OEC transitions S2→S3 and S4→S0 give grounds to

believe that protons cover equal distances. In contrast, the

kinetics of the S2→S3 transition shows a more significant

(nearly twofold) isotopic effect compared to the S4→S0

transition.

It should be noted that the contributions of the

S2→S3 and S4→S0 transitions to the total electrogenesis in

thylakoids measured by the electrochromic shift of the

absorption bands of antenna carotenoids is approximate�

ly twofold higher than those revealed by direct electro�

metry in the core complexes [18]. In addition, as distinct

from the intact PS2 core complexes with the terminal

transition S4→S0 characterized by the time of ∼4.6�

6 msec, the value of this parameter in thylakoids and PS2

membrane fragments is ∼1�1.2 msec [18]. This difference

may be due to the increase in dielectric permittivity

around the manganese cluster as a result of removal of

peripheral proteins. Figure 3 schematically shows the

properties of individual S�states and electrogenic reac�

tions during the S�transitions of the OEC.

During the catalytic cycle of oxygen formation from

water in PS2, protons must be released into the water

phase from the manganese complex immersed deep in the

protein matrix. Therefore, there must be special pathways

for proton transfer in the hydrophobic part of the enzyme

[24, 25]. Such a pathway for proton release must be effec�

tive enough not to retard the S�cycle. In addition to effec�

tiveness, there is also a question of direction. It should be

Fig. 3. Scheme of transitions between the S�states of PS2 OEC. Percentages denote the relative contribution of electrogenic reactions. In

dark�adapted PS2 samples, OEC are mainly in state S1.

First flash

Fourth flash Second flash

Third flash
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noted that the pathways of proton transfer in PS2 have

been studied much less than the pathways of electron trans�

fer. The protein environment cannot provide the supply of

protons to the water phase [26]. In addition to the identifi�

cation of amino acid residues around the manganese clus�

ter, similar but not identical predictions for proton chan�

nels have been obtained in three works on intraprotein

channel modeling [27�29]. Recent studies of molecular

dynamics of the sequence of amino acid residues in this

region has revealed a series of residues and water molecules

linked by hydrogen bonds that leads from the manganese

cluster to the lumen [30]. Three redox�active manganese

atoms, an oxygen atom O(5) (probably OH–), two water

molecules bound to Mn(4), and the side chains of D61−

/R357+ are included in the proton release pathway [9, 31].

Although the authors of work [32] supposed that YZ

was a part of the pathway of proton release to the lumen

and that there was a potential pathway of proton release

from YZ in the latter 3D structure of PS2 core complexes

[3], it should be noted that the experimental data clearly

support the “fluctuating” model, according to which the

YZ proton never leaves the YZ�His190 site [8, 9].

From our point of view, investigation of the effect of

zinc ions on the kinetics of proton transfer reactions dur�

ing S�transitions to PS2 core complexes incorporated into

liposomes is of certain interest. Since the phospholipid

membrane is actually impermeable for bivalent cations,

their binding site in the protein must be located on the

outer side of the membrane. Therefore, zinc added from

outside could selectively inhibit the phase of ∆Ψ genera�

tion associated with proton transfer from the manganese

complex or its immediate environment to the water phase

(during transitions S2→S3 and S4→S0). It is known that

zinc ions inhibit the reduction of the secondary quinone

in bacterial RCs, suppressing the proton transfer in

intraprotein proton channels [33]. Zinc ions added from

outside to cytochrome oxidase�containing proteolipo�

somes specifically inhibit the slow electrogenic phase of

proton transfer coupled with the transition of cytochrome

oxidase from the oxo ferrous into the oxidized state [34].

The results obtained by direct electrometry [35] and X�ray

absorption spectroscopy [36] suggest that zinc in the bc1

complex binds at the site of ubiquinol oxidase (QO) and

prevents the release of protons to the water phase. The

possible influence of Zn2+ on the kinetics of proton trans�

fer reactions during OEC transitions S2→S3 and S4→S0 in

PS2 complexes has not yet been studied.

Reduction of tyrosine cation radical YZ. Photooxi�

dized P680 is reduced by electron transfer from tyrosine YZ

that, in turn, accepts an electron from the manganese

complex. YZ is usually considered as a part of the single�

electron “wiring” of the OEC but not as a part of the pen�

tametal Mn4Ca cluster [13, 32]. The important question is

how YZ couples the single�electron photochemical reac�

tion and the four�electron catalytic oxidation of water,

effectively controlling the water oxidation process. In this

context, it is important to know in detail the protein envi�

ronment of YZ and its interaction with water molecules

and the manganese cluster in PS2. It is supposed that YZ is

located in a hydrophobic environment and does not

directly interact with the substrate water in PS2 [37].

It is also known that the properties of YZ in PS2 lack�

ing the manganese cluster may be crucially different from

those in the intact PS2. It has been supposed that in such

preparations YZ is located in a hydrophilic environment

and contacts the water phase [38�44]. Some substances,

viz. manganese, ascorbate, N,N,N′,N′�tetramethyl�p�

phenylenediamine (TMPD), 2,3,5,6�tetramethyl�p�

phenylenediamine (DAD), 2,6�dichlorophenolindophe�

nol (DCPIP), phenazine methosulfate (PMS), 1,5�

diphenylcarbazide (DPC), benzidine, hydroxylamine,

and hydrazine are able to act as electron donors in the

absence of the manganese cluster [40�44]. Ascorbate

seems to be the only alternative electron donor capable of

supplying electrons to the PS2 RC in sufficient amounts

in the absence of the manganese cluster in vivo [45].

Lipophilic electron donors. The extremely asymmetric

orientation of PS2 core complexes in liposomes (the

donor side outside the membrane) makes it possible to

use the direct electrometric method for studying the

mechanism of interaction between the PS2 RC depleted

of Mn4Ca cluster and artificial electron donors. Increase

in relative contributions of the slow components of mem�

brane potential decrease associated with recombination

of charges between QA and YZ
• (∼20�200 msec) in the

presence of both Mn2+ (4 Mn per P680) and the reduced

forms of lipophilic redox mediators (TMPD, DCPIP,

DAD, PMS) and DPC is evidence of their ability to

effectively interact with YZ
•. At certain concentrations of

these substances, an additional slow electrogenic phase

appears in the kinetics of the photoelectric response to a

light flash, contributing 15 to 25% to the total electroge�

nesis [44].

Experimental results lead to the conclusion that arti�

ficial electron donors are arranged in the following order

in accordance with the degree of efficiency in reducing

the radical YZ
•: PMS > TMPD > DAD > DPC > DCPIP.

Under anaerobic conditions, PMS proved to be even

more effective. However, it is still unclear whether the

reaction rate is saturated at increased PMS concentra�

tion. Saturation is observed in the experiments, e.g. with

TMPD, where the maximum Kv value of 400�500 sec−1 is

reached at 4 mM of the mediator.

Synthetic Mn�containing complexes. In recent years,

various Mn�containing complexes have been synthesized

as models of the OEC manganese cluster. The direct elec�

trometric method applied for proteoliposomes containing

PS2 core complexes depleted of manganese ions showed

that the addition of a synthetic trinuclear manganese com�

plex to the measuring medium resulted in extra generation

of photoelectric response with an amplitude of ∼25%

of the fast (YZ
•QA

− ) phase and was characterized by
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τ ∼160 msec [46]. This phase was attributed to electron

transfer from the donor binding site on the protein–water

interface to the oxidized cofactor immersed deep in the

protein. Previously, it was demonstrated that the rate of

oxygen release in PS2 membrane fragments depleted of

manganese ions in the presence of synthetic complex is

higher than in the presence of MnCl2 [47].

Hydrophilic electron donors. There are substantial dif�

ferences in the mechanism of reduction of tyrosine YZ
•

between small hydrophilic NH2OH/NH2NH2 and large

lipophilic compounds DPC/TMPD/DCPIP/DAD. The

increase in relative contributions of the slow components

of membrane potential decay in the presence of NH2OH/

NH2NH2 implies the prevention of charge recombination

between QA
− and YZ

• by way of effective electron transfer to

tyrosine YZ
•. However, the absence of additional electro�

genesis in the kinetics of photoelectric response is evi�

dence of the non�electrogenic character of this reaction.

Mechanism of electron transfer. Photosynthetic RCs

are generally an ideal object for studying long�distance

electron transfer [48, 49]. Before discussing the mecha�

nism of electron transfer in PS2 RC in the presence of arti�

ficial electron donors, it is important to note that the direct

electrometric method used in our previous experiments

showed the presence of an extra electrogenic phase in the

millisecond time domain in the kinetics of photoelectric

response during the reduction of the primary electron

donors P870 in bacterial RC [50, 51] and P700 in cyanobac�

terial complexes of PS1 [52], oxidized under the influence

of a laser flash, by artificial redox�active compounds such

as TMPD, DCPIP, and PMS. Since the contribution of

this phase (∼20%) to the total photoelectric response was

approximately equal to the contribution of the phase

observed in the presence of cytochrome c2 in the case of

bacterial RC [51] and cytochrome c6 [53] or plastocyanin

[54] in PS1, it was concluded that the electrogenic reduc�

tion of P+
870/P+

700 by redox�active compounds results from

the vectorial transfer of electrons from the protein–water

interface to P870/P700 immersed in the protein.

We believe that additional electrogenesis observed in

the presence of TMPD, DAD, DCPIP, DPC, and syn�

thetic trinuclear manganese complex is also determined

by the vectorial electron transfer from the protein–water

interface (Fig. 4). This assumption is supported by the

results of modeling the structure of the donor region of

PS2 core complexes depleted of Mn4Ca cluster and three

peripheral proteins [55]. Removal of these subunits from

PS2 structure creates a cavity on the donor side of the

enzyme. It has been shown that the TMPD molecule

rather tightly adjoins the cavity bottom, with a distance of

∼17 Å between the edges of molecular π�orbitals of YZ

and TMPD (the oxygen atom of YZ and the nearest nitro�

gen atom of TMPD).

It should be noted that electron transfer inside the

protein is a rather complicated process determined by

many factors. According to theory [56], the rate of elec�

tron transfer depends on the distance between the donor

and the acceptor, the difference of their redox potentials,

and the energy of reorganization (the energy needed for

changing the equilibrium geometry of the initial state into

the equilibrium geometry of the product). Electron trans�

fer inside the protein is supposed to occur through specif�

ic tunneling and may be modulated by conformational

changes in the secondary protein structure on the pro�

tein–water interface [57]. As mentioned in work [58],

effective tunneling is not limited by any specifically

formed pathway inside the protein but rather occurs via

several trajectories inside the protein matrix.

As regards the mechanism of electron transfer in the

presence of low molecular weight donors in PS2 prepara�

tions depleted of Mn4Ca cluster and peripheral proteins,

let us note that the modeling of structure of the donor side

of such preparations with Caver 2.0 v0.003 [59] has shown

three channels with a minimal diameter of about 2.0�

3.0 Å that link the binding site of the manganese cluster to

the water–protein interface. It is obvious that the sizes of

TMPD, DAD, DCPIP, and DPC molecules (4 × 14 Å)

noticeably exceed the diameter of these channels, while

the hydrophilic, low molecular weight electron donors

NH2NH2 and NH2OH (2.0 × 2.4 Å) can diffuse through

these channels to the binding site of the Mn4Ca cluster

(Fig. 4).

The results obtained by the direct electrometric

method with a single turnover of the enzyme make it pos�

sible to follow the transfer of charges (electron and pro�

Fig. 4. Scheme of electron transport in the donor region of PS2

depleted of Mn4Ca cluster in the presence of artificial donors

DPC, TMPD, DAD, DCPIP, NH2NH2, and NH2OH. Solid

arrows show the electrogenic stages of electron transfer; the

dashed arrow shows the hypothetical diffusion of NH2NH2

(NH2OH) through the hydrophilic channel leading from the pro�

tein surface to the binding site of the Mn4Ca cluster. The scheme

was adapted from work [59].

DPC
or

TMPD,
DAD,

DCPIP

or
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ton) inside the protein in real time. It has been shown that

electrogenesis observed during the catalytic cycle of the

OEC in dark�adapted PS2 samples is determined by the

electron transfer between manganese bound in the high�

affinity site of subunit D1 and tyrosine radical YZ (transi�

tion S1→S2), as well as with the transfer of protons in the

opposite direction from the manganese complex to the

water phase (transitions S2→S3 and S4→S0) (Fig. 2).

The data obtained with the preparations of PS2 core

complexes depleted of Mn4Ca cluster and peripheral pro�

teins show that the effective reduction of oxidized YZ
•

from artificial electron donors can be both electrogenic

and non�electrogenic. Hydrophobic artificial electron

donors (PMS, TMPD, DAD, DCPIP, and DPC) and

synthetic trinuclear manganese complex reduce the tyro�

sine radical YZ electrogenically due to vectorial electron

transfer from the binding site on the protein–water inter�

face, while more hydrophilic and low molecular weight

donors (NH2OH, NH2NH2) can diffuse through the

channels with minimum diameter of 2.0�3.0 Å passing

from the water (lumen) surface of the protein to the

Mn4Ca cluster, followed by non�electrogenic reduction of

tyrosine radical YZ
• (Fig. 4). All these results are important

for understanding the mechanism of interaction between

the artificial electron donors and PS2 RC.

The cardinal problem that arises during the study of

artificial photosynthesis based on light�dependent water

cleavage into hydrogen and oxygen (2 H2O + 4 hv →
2 H2 + O2) is the coupling of photoinduced charge sepa�

ration (a one�electron one�photon process) with the

release of molecular oxygen (a four�electron process).

Nature has solved this problem by creating the Mn4Ca

cluster – the catalytic component capable of donating

electrons step�by�step and oxidizing water molecules in a

way so as to avoid the formation of high�energy interme�

diates. Creation of specific multi�electron redox catalysts

is an important problem of modern chemistry [60, 61]. In

recent years, works on the synthesis of various manganese

compounds for simulation of PS2 OEC have become very

relevant.

The findings extend modern concepts of the mecha�

nisms of electrogenic reactions on the donor side of PS2

and may serve as a basis for creation of effective solar

energy conversion systems.
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