
Abstract An electrometrical technique was used to

investigate proton-coupled electron transfer between

the primary plastoquinone acceptor QA
– and the

oxidized non-heme iron Fe3+ on the acceptor side of

photosystem II core particles incorporated into

phospholipid vesicles. The sign of the transmembrane

electric potential difference Dw (negative charging of

the proteoliposome interior) indicates that the iron–

quinone complex faces the interior surface of the

proteoliposome membrane. Preoxidation of the

non-heme iron was achieved by addition of potassium

ferricyanide entrapped into proteoliposomes. Besides

the fast unresolvable kinetic phase (s ~ 0.1 ls) of Dw
generation related to electron transfer between the

redox-active tyrosine YZ and QA, an additional phase

in the submillisecond time domain (s ~ 0.1 ms at 23�C,

pH 7.0) and relative amplitude ~ 20% of the amplitude

of the fast phase was observed under exposure to the

first flash. This phase was absent under the second laser

flash, as well as upon the first flash in the presence of

DCMU, an inhibitor of electron transfer between QA

and the secondary quinone QB. The rate of the

additional electrogenic phase is decreased by about

one-half in the presence of D2O and is reduced with

the temperature decrease. On the basis of the above

observations we suggest that the submillisecond

electrogenic reaction induced by the first flash is due to

the vectorial transfer of a proton from external aque-

ous phase to an amino acid residue(s) in the vicinity of

the non-heme iron. The possible role of the non-heme

iron in cyclic electron transfer in photosystem II

complex is discussed.
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Abbreviations
PS II Photosystem II

RC Reaction center

WOC Water-oxidizing complex

P680 Primary electron donor in PS II

YZ Tyrosine 161 on subunit D1 of PS II

Mes 2-(N-morpholino)ethanesulfonic acid

Hepes 4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid

DCMU 3-(3,4-Dichlorophenyl)-1,1-dimethyl

urea

QA (QB) Primary (secondary) quinone acceptor

Fe2+ (Fe3+) Non-heme iron in its reduced (oxidized)

state

D1 and D2 Polypeptides consisting the anchoring

site of the main cofactors for PS II

Dw Transmembrane electric potential

difference

s Characteristic time constant
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Introduction

Photosystem II (PS II) is a large pigment–protein

complex embedded in the thylakoid membrane of

green plants, algae, and cyanobacteria, which functions

as a vectorial water-plastoquinone oxidoreductase. The

water-oxidizing enzyme complex is coupled to the

photosynthetic reaction center (RC) of PS II, a hete-

rodimer of the D1 and D2 polypeptides with general

architecture similar to that of the RC of purple bacteria

(reviewed in Rutherford et al. 1992; Diner and Bab-

cock 1996; Shinkarev 2004). The three-dimensional

structure of PS II has been determined (Ferreira et al.

2004; Loll et al. 2005). The overall process catalyzed

by PS II comprises three types of reaction sequences:

(a) photooxidation of a chlorophyll a special pair (P680)

and subsequent stabilization of the primary charge

separation by rapid electron transfer from the pheo-

phytin anion to the specially bound plastoquinone

(QA) (Renger 1992; Diner and Babcock 1996),

(b) cooperation of four oxidizing redox equivalents

within a manganese-containing functional unit, desig-

nated as a water-oxidizing complex (WOC), giving rise

to oxidation of two water molecules into dioxygen with

release of four protons into the lumen (Debus 1992;

Haumann and Junge 1996; Ruttinger and Dismukes

1997; Renger 2004), and (c) reduction of one plasto-

quinone molecule to plastohydroquinone via a se-

quence of two single-electron transfer steps with QA
–

as reductant (Crofts and Wraight 1983; Lavergne and

Briantais 1996; Shinkarev 2005).

The inner core of PS II contains two types of iron-

containing centers, the heme group(s) of cytochrome

b559 (Cyt b559) and the non-heme iron located between

QA and QB. In bacterial RC this non-heme iron is

coordinated by four histidines, and glutamate (Michel

and Deisenhofer 1988), whereas the latter ligand in PS

II is substituted by bicarbonate acting as a bidentate

ligand (Hienerwadel and Berthomieu 1995; Ferreira

et al. 2004). This difference in coordination might be

responsible for the markedly lower redox potential of

the couple Fe3+/Fe2+ in PS II (Petrouleas and Diner

1986; Renger et al. 1987); its pH dependence, –60 mV/

pH unit between pH 6.1 and 8.5 indicates the depro-

tonation of D1His215, an iron ligand located at the QB

pocket (Berthomieu and Hienerwadel 2001). In PS II,

non-heme iron can be oxidized from Fe2+ to Fe3+ in the

dark by addition of potassium ferricyanide (Ikegami

and Katoh 1973; Petrouleas and Diner 1986; 1987).

Under these conditions, after single excitation of PS II,

a non-heme Fe3+ is reduced by QA
– in submillisecond

time domain (Diner et al. 1991; Haumann and Junge

1994) followed by proton uptake probably by amino

acid(s) at the stromal side of PS II (Bögershausen and

Junge 1995).

Both electron and proton transfer within the PS II

complex are either electrogenic or non-electrogenic.

Measurements of the electrochromic absorption chan-

ges of carotenoids showed that incubation of thylak-

oids in the presence of potassium ferricyanide leads to

appearance of an additional electrogenic phase in the

submillisecond time domain (Haumann et al. 1995).

This phase can be suppressed by treatment of the

thylakoids with DCMU, an inhibitor of electron

transfer between QA and QB. It was suggested that 1/3

of the electrogenicity of Fe3+ reduction might be ten-

tatively attributed to electron transfer from QA
– to

Fe3+, 2/3 to the proton uptake from the stroma (Hau-

mann et al. 1995). However, this suggestion has not

been rigorously substantiated by experiment.

The electrogenic nature of the proton-coupled

electron transfer reaction between QA
– and the non-

heme Fe3+ was also observed in proteoliposomes con-

taining PS II core complexes (Mamedov et al. 2000).

In the present work, we studied the effect of D2O

and temperature on the kinetics of the proton-coupled

electron transfer reaction between QA
– and Fe3+ in

spinach PS II core complexes incorporated into phos-

pholipid vesicles using electrometrical technique.

These experiments were intended to clarify the nature

of the electrogenic phase coupled to reduction of non-

heme iron by QA
– .

Materials and methods

All chemicals used were reagents of analytical purity

grade. PS II core particles were prepared from market

spinach as previously described (Ghanotakis et al.

1987) and resuspended in 20 mM Mes–NaOH buffer

(pH 6.5), 15 mM NaCl, 10 mM CaCl2, 5 mM MgCl2,

0.4 M sucrose and 0.03% (w/v) n-dodecyl b-D-malto-

side to chlorophyll concentration of ~ 2.5 mg/ml. The

samples were frozen in small aliquots in liquid nitrogen

and stored at –80�C until use. Chlorophyll concentra-

tion was determined in 80% acetone, according to the

method of Porra et al. (1989). The rate of oxygen

evolution by the PS II core particles was ~ 1,000–

1,200 lmol of O2 (mg of Chl)–1 h–1 in the presence of

0.5 mM 2,6-dichloro-p-benzoquinone as an electron

acceptor.

Mn depletion of the WOC of PS II core particles

was performed as described earlier (Ahlbrink et al.

2001) with modifications: 0.8 M Tris buffer, pH 9.0 was

added to stock of PS II core particles (concentration of
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chlorophyll ~ 0.5 mM) in the ratio 29:1 (v/v) to sediment

Mn-depleted PS II core particles by centrifugation

(1 h, 31,000 g). The samples were incubated 20 min

at room temperature, and then they were pelleted,

washed and suspended in assay mixture. After this

treatment the rate of oxygen evolution under continuous

light illumination was below 5% of that recorded with

untreated PS II core particles.

Proteoliposomes with PS II core particles were

prepared according to Mamedov et al. (1999). Aso-

lectin (20 mg/ml) from soybean [Sigma, type IV-S,

16% (w/w) phosphatidylcholine content] was dissolved

in 50 mM Hepes–NaOH buffer (pH 7.5) containing

0.8% (w/v) n-octyl b-D-glucopyranoside (Sigma). Pro-

tein-free liposomes were prepared by sonication for

3 min using an ultrasonic (UZDN-2T) disintegrator in

the pulsed mode at 40 mA, 22 kHz. The clear lipid

solution was stored at –80�C until use. Incorporation of

the PS II core particles into the liposomes was achieved

by mixing of a small volume of samples with liposome

suspensions [standard lipid-to-protein ratio of 30 (w/w)]

and incubation of the mixture for 30 min at 4�C. After

being mixed, the samples were loaded on the Sephadex

G50 column (NAP5, Pharmacia). The column was

previously equilibrated with 20 mM Hepes–NaOH, pH

7.5 and 5 mM CaCl2. Then samples (0.4–0.5 ml) were

collected at a flow rate of 0.9 ml/min employing step-

wise elution with 20 mM Hepes–NaOH buffer, pH 7.5

containing 5 mM CaCl2. The proteoliposomes formed

were sedimented by centrifugation at 100,000g for 1 h

and resuspended in the same medium.

When potassium ferricyanide (2 mM) was en-

trapped into the proteoliposomes, the external ferri-

cyanide was removed from the proteoliposomes by

passage through a column of Sephadex G50 with the

20 mM Hepes–NaOH, pH 7.5 and 5 mM CaCl2.

Entrapping of ferricyanide molecules into the phos-

pholipid vesicles had minor effect on the orientation of

the samples.

Time-resolved electrometric measurements of volt-

age changes by liposome-reconstituted PS II core

particles were carried out as described previously

(Semenov et al. 2006). The samples were immobilized

in the presence of 10 mM MgCl2 onto one side of a

collodion (nitrocellulose) film, impregnated with soy-

bean phosphatidylchloline (~ 100 mg/ml) dissolved in

n-decane. The film separated the two electrolyte-con-

taining compartments of a dismountable Teflon

chamber. After 1 h incubation the unattached samples

were removed by volume change providing ~ 40-fold

dilution. Saturating light flashes were provided by a

frequency-doubled Quantel Nd:YAG laser (wavelength,

532 nm; pulse half-width, 15 ns; flash energy, 30 mJ).

The signal was digitized with the aid of the PC-

installed Gage 8012 card.

In the case of D2O experiments, the reading taken

from a glass pH electrode, pHnom, deviates from the

true pD of D2O solutions by 0.40 U, so that

pD = pHnom + 0.40 (Glasoe and Long 1960). We,

therefore, corrected the pD in D2O solutions by adding

0.40 to the nominal reading of our pH meter. Unless

indicated otherwise (except Fig. 4) all measurements

were performed at 23�C.

The temperature of samples was maintained at a

constant level using a thermostatic bath which was

connected to a water-jacketed cuvette holder. The

temperature was stable within ± 1�C.

The kinetic traces were resolved into individual

exponents using the program Discrete (Provencher

1976) and the Microcal Origin 7 software package

(Microcal Software).

Results and discussion

Excitation of PS II core particles incorporated into

liposomes with a single turnover flash leads to the

generation of a Dw from which the electron transfer

rates and dielectrically weighted transmembrane dis-

tances between certain redox cofactors can be mea-

sured (Semenov et al. 2003). As was shown earlier

(Mamedov et al. 1999; 2000), an electrometrically

detected flash-induced fast generation of Dw occur-

ring within the ~ 0.1 ls rise time of the instrument is

due to charge separation between the redox-active

tyrosine YZ of the D1 protein and the primary qui-

none acceptor QA (Fig. 1a). The sign of Dw (negative

charging of the proteoliposome interior) suggests that

WOC is facing the outer surface of the membrane,

i.e. the polarity of the signal from core particles was

opposite to the one obtained with thylakoid mem-

branes (Haumann et al. 1995). The lack of sodium

dithionite effect on the amplitude of the voltage

change indicates a highly asymmetric orientation of

PS II core particles in the liposomes. The slow decay

of the voltage change is due to the back reaction

from the S2QA
– state (where S2 is an oxidized form of

the Mn cluster); the typical lifetimes are in the order

of a few seconds at room temperature (Rappaport

et al. 2002). From the relative contribution of the

microsecond components in the kinetics of the flash-

induced Dw decay (curve A), we estimate that at

least 80% of centers were still active in reducing YZ
ox

by electrons from the WOC.
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In the liposome-reconstituted PS II core particles

with inactive WOC, the photoelectric response de-

cayed more rapidly (curve B) and was attributed to the

charge recombination between P680
+ and QA

– (Gerken

et al. 1989; Rappaport and Lavergne 1997).

The PS II core complexes lack QB (Ghanotakis et al.

1987). Without external acceptor, the amplitude of the

voltage change induced by the first flash was large

(curve 1), while voltage changes induced by the second

(curve 2) and subsequent (data not shown) flashes were

much smaller. This result could be explained as fol-

lows: the first flash generates S2QA
– (S2YZP680PheoQA

– )

state, while the subsequent flashes do not induce stable

charge separation because QA
– is still present.

Figure 2a shows voltage changes upon the first

(curve 1) and second (curve 2) laser flashes in dark-

adapted liposome-reconstituted PS II core particles

in the presence of 2 mM potassium ferricyanide

entrapped into proteoliposomes. The latter procedure

causes oxidation of the non-heme iron on the acceptor

side of PS II complex (Diner and Petrouleas 1987).

Under these conditions, QA
– decayed rapidly between

flashes and stable charge separation occurred upon the

second flash (curve 2). In addition to the fast phase due

to YZ
oxQA

– formation, an additional electrogenic phase

in the submillisecond time domain was observed after

the first laser flash (curve 1), while this phase was ab-

sent in response to the second (curve 2) and sub-

sequent laser flashes (data not shown). The restoration

of the additional electrogenic phase in the photoelec-

tric response induced by the first flash (curve 1) was

complete after 10 min of dark incubation (data not

shown). It is known that the non-heme iron at the

acceptor side is oxidized in the time range of minutes

(Renger et al. 1987).

The difference between the voltage changes induced

by the first and second flashes shown in the inset to

Fig. 2a revealed s of ~ 0.1 ms at pH 7.0. The amplitude

of the voltage change related to the non-heme Fe3+

reduction by QA
– is ~ 20% of the charge separation

YZ
oxQA

– and it is smaller than in thylakoids (~ 30%)

measured by electrochromic absorption changes of

carotenoids (Haumann et al. 1995). This difference can

originate from the use of different sample materials

and techniques.

The well known inhibitor of the electron transfer

between QA and QB in PS II, DCMU, added to the

incubation medium after 5 min of the dark adaptation

Fig. 1 Voltage changes of
proteoliposomes containing
PS II core particles with
active (a) and inactive (b)
WOC adsorbed onto the
phospholipid-impregenated
collodion film following the
single laser flashes; voltage
change of proteoliposomes
containing PS II core particles
with active WOC following
the first (1) and second (2)
laser flashes (c). The assay
mixture contains 20 mM
HEPES–NaOH buffer (pH
7.0), 15 mM NaCl, 10 mM
CaCl2, 5 mM MgCl2, 0.4 M
sucrose, and 1 M glycine
betaine. Samples were kept
for 10 min in darkness and
then excited with laser flash.
The dark interval between the
first and the second flashes is
1 s. Arrows indicate laser
flashes
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had no effect on the Dw changes induced by light fla-

shes (data not shown). However, when DCMU had

been added prior to the dark adaptation, an additional

electrogenic phase induced by the first flash was not

observed even after 1 h of the incubation (Fig. 2b).

The effect of the order of additions of DCMU and

ferricyanide is analogous to that reported in Wraight

(1985) for fluorescence measurements of Q400
+ . The

lack of an additional electrogenic phase induced by the

first flash in the presence of the inhibitor could be ex-

plained by ‘structural changes’ around QA, which

abolish the ability of its environment to bind protons

(Haumann and Junge 1994).

As mentioned above, the reduction of the preoxi-

dized non-heme iron is accompanied by proton uptake

(Bögershausen and Junge 1995). Under these condi-

tions, the release of proton induced by the first flash is

prevented (Renger et al. 1987).

The kinetics of an additional electrogenic phase re-

vealed in the present work can be approximated by a

single exponential component (Fig. 2a, in the inset).

This suggests either proximity of electron and H+

transfer rates under photoinduced Fe3+ reduction, or

negligible value of one of these components in total

electrogenesis.

To study the nature of submillisecond electrogenic

component, the kinetics of voltage generation was

monitored in the presence of D2O instead of H2O

(Fig. 3). The rapid phase of the voltage change due to

charge separation between YZ and QA is not affected

while an additional electrogenic phase slowed down by

a factor of 2.5 ± 0.5 (mean and standard deviation of

three measurements). Similar effects were observed for

some proton-coupled charge transfer steps in the WOC

of PS II (Karge et al. 1997), bacterial RC (Maroti and

Wraight 1997) and cytochrome c oxidase (Siletsky

et al. 2004).

The large value of isotope effect on submillisecond

electrogenic component shows that this is caused by

the primary kinetics isotope effects, which occur when

Fig. 2 Voltage changes of
proteoliposomes containing
oxygen-evolving PS II core
particles following the first (1)
and second (2) laser flashes in
the absence (a) and following
the first flash in the presence
of DCMU (b); the difference
between traces 1 and 2 is
shown on the inset. The
experimental conditions as
for Fig. 1

Fig. 3 Effect of H2O substitution by D2O on the kinetics of the
voltage changes in the oxygen-evolving PS II core complexes.
The experiments have been carried out with the same sample of
collodion film-adhered liposomes, first recording the response in
the H2O and then replacing it with the D2O medium. The
responses are normalized by the amplitude of the fast electro-
genic phase. The experimental conditions as for Fig. 1
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H+ directly participates in the rate-determining step of

the reaction (DeCoursey and Cherny 1997). The sec-

ondary isotope effects, which reflect the D+ for H+

substitution at some site distinct from the primary

reaction site, tend to be smaller (1.02–1.4) (Kirsch

1977). So it is evident that the submillisecond electro-

genic component is gated by proton transfer. The

X-ray data of PS II core preparations indicate that QA

and the non-heme iron are located approximately at

the same depth with respect to the arbitrary boderline

of the lipid bilayer (Ferreira et al. 2004). Thus, the

contribution of electron transfer to the total electrog-

enicity should be negligible. Therefore, we assume that

the electrogenic phase accompanying the reduction of

Fe3+ can be explained by vectorial intraprotein transfer

of proton to the putative amino acid at the vicinity of

the non-heme iron.

This assumption is further supported by the tem-

perature dependence of the submillisecond electro-

genic component. The kinetic traces representing the

additional electrogenic phase that is ascribed to pro-

ton-coupled electron transfer from QA
– to Fe3+ at 5 and

32�C are shown in Fig. 4a. A comparison of the traces

reveals a significant delay in the kinetics with

decreasing temperature. Figure 4b shows the Arrhe-

nius plot of the rate constant of the submillisecond

component below + 33�C (pH 7.0). The slope of the

fitted line yields activation energy of ~ 47 ± 3.5 kJ/mol.

Similar values of activation energies were observed

for light-driven and redox-driven intraprotein proton

translocation (Tittor et al. 1989; Gopta et al. 1998;

Siletsky et al. 2000). At the same time, the electron

transfer reactions that are not coupled to proton

transfer have significantly smaller activation energy.

Particularly, the QA
– QB to QAQB

– electron transfer rate

in RCs from Rhodobacter sphaeroides has activation

energy of ~ 19 kJ/mol (Tiede et al. 1996), while the

values of electrogenic reactions attributed to the

transfer of the protons fall in the range of 50–60 kJ/mol

(Gopta et al. 1998). The values of energy activation for

electron (~ 15 kJ/mol) and proton (~ 50–80 kJ/mol)

transport were obtained for the cytochrome c oxidase

(Oliveberg et al. 1989; Siletsky et al. 2000). A value of

54 kJ/mol was found for the M decay of bacteriorho-

dopsin indicative of the protonation of the Schiff base

(Tittor et al. 1989).

It is important to note that high value of activation

energy should be attributed to structural changes in the

proteins accompanying the intraprotein proton trans-

location because the proton transfer itself through the

continuous network of hydrogen bonds should have

relatively small value of activation energy which is

close to that of a diffusion-controlled reaction (~ 8–

15 kJ/mol) (Maroti and Wraight 1997). Hence, high

activation energy is caused by the redox- or light-dri-

ven conformational changes of protein structure

including the movement of key amino acid residue(s)

providing: (a) shift(s) of pK value(s) of proton acceptor

group(s) near non-heme iron and/or (b) formation of

the continuous intraprotein network or chains of

hydrogen bonds in proton-conducting pathway(s)

connecting non-heme iron and stroma.

Fig. 4 The flash-induced
kinetics of the submillisecond
electrogenic phase at 5 and
32�C (a). The responses are
normalized by the amplitude
of the fast electrogenic phase;
temperature dependence of
the rate constant of additional
phase (b). The slope of the fit
line yielded activation energy
Ea of ~ 47 ± 3.5 kJ/mol. The
experimental conditions as
for Fig. 1
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A definitive role of the non-heme iron has yet to

be determined. Neither Fe2+ nor any divalent cation

(Mn2+, Co2+, Ni2+, Cu2+ and Zn2+) is required for

rapid electron transfer from QA
– to QB in the bac-

terial RCs (Debus et al. 1986). However, the pres-

ence of a metal ion in the Fe site appears to be

necessary for effective electron transfer between QA

and QB (Debus et al. 1986; Remy and Gerwert

2003).

Under physiological conditions, the role of the non-

heme iron in electron transfer reactions at the acceptor

side of PS II complex is probably of minor relevance

because the fast kinetics of water oxidation to molec-

ular oxygen and plastoquinone reduction to plastohy-

droquinone dominate the reaction pattern. However,

under stress conditions affecting the WOC and the

QB functions, the redox reactions of the non-heme iron

probably exert a significant protective function.

Assuming that QA
– and/or pheophytin (Pheo–) are the

electron donors for oxidized Cyt b559 (Kaminskaya

et al. 2003), the participation of at least one redox

mediator group is indispensable for electron transfer

from QA
– and Pheo– to Cyt b559 at the position deter-

mined by X-ray crystallographic structure analysis

(Ferreira et al. 2004; Kern et al. 2005). The putative

component mediating Cyt b559 reduction by photore-

duced QA
– (Pheo–) could be non-heme iron.
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