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The functional or regulatory role of long-distance interactions between protein surface and interior represents an
insufficiently understood aspect of protein function. Cationic screening of surface charges determines the mor-
phology of thylakoid membrane stacks. We show that it also influences directly the light-driven reactions in
the interior of photosystem II (PSII). After laser-flash excitation of PSII membrane particles from spinach, time
courses of the delayed recombination fluorescence (10 μs–10 ms) and the variable chlorophyll-fluorescence
yield (100 μs–1 s)were recorded in the presence of chloride salts. At low salt-concentrations, a stimulating effect
was observed for the S-state transition efficiency, the time constant of O2-formation at the Mn4Ca-complex of
PSII, and the halftime of re-oxidation of the primary quinone acceptor (Qa) by the secondary quinone acceptor
(Qb). The cation valence determined the half-effect concentrations of the stimulating salt effect, which were
around 6 μM, 200 μM and 10 mM for trivalent (LaCl3), bivalent (MgCl2, CaCl2), and monovalent cations (NaCl,
KCl), respectively. A depressing high-salt effect also depended strongly on the cation valence (onset concentra-
tions around 2 mM, 50mM, and 500 mM). These salt effects are proposed to originate from electrostatic screen-
ing of negatively charged carboxylate sidechains, which are found in the form of carboxylate clusters at the
solvent-exposed protein surface. We conclude that the influence of electrostatic screening by solvent cations
manifests a functionally relevant long-distance interaction between protein surface and electron-transfer reac-
tions in the protein interior. A relation to regulation and adaptation in response to environmental changes is
conceivable.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In oxygenic photosynthesis, water provides the energized electrons
(reducing equivalents) and the protons needed for carbon-dioxide re-
duction and carbohydrate formation [1,2]. The initial steps in the use
of water as a raw material are facilitated by photosystem II (PSII), a
multi-subunit protein-cofactor complex of impressive dimensions,
which is embedded in the thylakoid membrane of plant, algae, and
cyanobacteria. Sequential absorption of minimally four photons is re-
quired to oxidize two water molecules at the (electron) donor side
of PSII (2H2O−4e− → 4H+ + O2) and to reduce two plastoquinone
molecules at its acceptor side (2Q + 4e− → 2QH2), rendering PSII a
light-driven water–plastoquinone oxidoreductase. Water oxidation
and plastoquinone reduction involve a total of six redox factors, all
located at distinct sites within the PSII protein complex. Herein we
investigate whether the variability of electrostatic surface potentials in-
fluences the protein-internal redox chemistry.
Today, results from biochemical and biophysical investigations
[1,3–10] can be discussed in the light of the structural information
that became available due to astounding progress in protein crystallog-
raphy on PSII of thermophilic cyanobacteria [11–14]. The plant PSII re-
sembles, most likely, the cyanobacterial PSII in all structural features
that are functionally pivotal. A highly hydrophobic fraction of the PSII
protein complex spans the thylakoid membrane and harbors all PSII
pigments (chlorophylls, carotenoids and two pheophytins per PSII
monomer), including the primary electron donor (P680) and primary
acceptor (Phe). Yet a major fraction of the protein complex extends
beyond the highly hydrophobic region. Whereas the extension of the
membrane-spanning hydrophobic region of PSII measures around 30
Å only, the maximal extension of the PSII complex perpendicular to
the membrane plane is around 100 Å (see, e.g., [9]). Aside from the
ultra-fast primary photochemistry resulting in formation of the primary
radical pair, [P680+, Phe−], all electron transfer steps and associated
chemical reactions are taking place at redox factors located outside of
the membrane-intrinsic protein region but still in the interior of the
protein complex. The acceptor-side protein matrix harbors the primary
and secondary quinone acceptors Qa and Qb. The redox-active tyrosine
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YZ and the pentanuclear Mn4Ca-oxo complex (Mn-complex) are locat-
ed at the donor side of PSII. Absorption of a light quantum causes forma-
tion of the [P680+, Phe−] radical pair followed by electron transfer (ET)
fromPhe− toQawithin about 300 ps and fromYZ to P680+within about
100 ns. Clearly later, in the microsecond and millisecond time domain,
tertiary electron transfer steps are observable, which are in the focus
of our investigation. At the acceptor side, the Qb is reduced by Qa

−.
At the donor side, YZ

ox reduction is coupled to oxidation of the Mn-
complex, which is thereby driven through its S-state cycle. For review
of the processes outlined above, see, e.g., [5,6,8,10]. The transitions
between four semi-stable S-states and their functionally crucial cou-
pling to proton movements have been discussed in terms of an extend-
ed S-state cycle of alternating electron and proton removal from the
Mn-complex [15–17].

The influence of thylakoid voltages and the resulting electric fields
on the electron transfer steps in the interior of PSII has been investigated
before [18–24]. The term ‘thylakoid voltage’ refers to the difference
between the electric equilibrium potentials in the aqueous bulk phases
separated by the thylakoidmembrane, namely the stroma at the PSII ac-
ceptor and the lumen at its donor side. Whereas the role of delocalized
membrane voltages has been considered before, mostly it has been as-
sumed, at least implicitly, that the properties of the interface between
protein and the surrounding aqueous solvent phase do not affect elec-
tron transfer between protein-internal redox factors significantly. How-
ever, by means of long-range electrostatic interactions, the charge
distribution at the protein–solvent interface could affect both redox po-
tentials and protonation states in the protein interior.

Numerous potentially charged amino-acid sidechains are found at
theprotein surface of PSII. A surprisingly high number of surface carbox-
ylates (glutamate and aspartate sidechains) are present in the form of
so-called carboxylate clusters [25,26]. In the present work, we will
investigate whether electrostatic screening of the negatively charged
surface groups by dissolved cations affects the electron transfer steps
in the protein interior, at the acceptor and at the donor side of PSII.

In the research on plant photosynthesis, the role of surface charges
and their screening by dissolved cations has been investigated inten-
sively in the 1970s and 1980s. Seminal studies pursued in the seventies
have resulted in the following picture. Screening of negative surface
charges of photosynthetic membrane proteins, in particular located at
PSII and associated light-harvesting complexes (LHCs), is a major deter-
minant of the morphology of the thylakoid membrane system, specifi-
cally regarding the formation of membrane stacks (thylakoid stacking,
e.g., [27,28]; for review, see [29,30]). In 1980, J. Barber summarized
these findings and discussed the cationic screening comprehensively
on grounds of the Gouy–Chapman theory of electric double-layer for-
mation at charged surfaces [29]. Meanwhile dynamics changes of the
thylakoid stacking have been related to a variety of adaptational and
regulational phenomena, ranging from adaptation to light quality and
intensity to the repair cycle of PSII, as reviewed in 2008 by Anderson,
Chow, and De Las Rivas [30].

For a detailed discussion of the relation between surface charges,
cation screening and surface potentials in the framework of the Gouy–
Chapman theory, see [29,31]. Briefly, the presence of negatively charged
surface groups is described by σ, the net surface charge density. Upon
exposure of the charged surface to the electrolyte (that is, the ion-
containing aqueous phase), a diffuse double layer of surface charges,
solvent cations (majority), and solvent anions (minority) is formed.
This double layer determines the effective electric potential at the
surface (Ψ0) as well as its decay length in the solvent phase. Increased
cation concentration results in more efficient screening of the surface
charges, meaning decreased (less negative) surface potential and de-
creased decay length in the solvent phase. Herein of special importance
is the dependence on the ion valence. The ion concentration required for
effective screening decreases strongly with increasing cation valence.
Typically, 10–100 times lower concentrations are required for bivalent
cations to achieve the same screening efficiency than for monovalent
cations. The same holds true for trivalent cations compared to divalent
cations. On the other hand, the screening efficiency is largely indepen-
dent of the chemical type of the cation (similar effect of, e.g., Na+ vs.
K+, Mg2+ vs. Ca2+).

Following the lead of the investigations on the cation influence on
thylakoid stacking, we use the cation-valence dependence and ion-
type independence as a diagnostic tool to discriminate between influ-
ences originating from electrostatic screening, on the one hand, and
binding to specific protein sites, on the other hand. The processes at
the donor and acceptor side of PSII are tracked by time-resolved detec-
tion of the delayed fluorescence (recombination fluorescence) and the
variable chlorophyll fluorescence yield of PSII after laser-flash excitation
using the methodology described previously [32–34].

2. Materials and methods

2.1. Preparation of PSII samples

Samples of PSII-enriched membrane particles were prepared from
spinach (Spinacia oleracea) as described elsewhere [35,36] and stored
at −80 °C. Before and after freezing the samples exhibited an oxygen
evolution activity of 1200–1400 μmol O2 per mg chlorophyll (Chl) and
hour at 28 °C, as determined polarographically on a Clark-type elec-
trode under saturating white-light illumination using a combination of
DCBQ (2,6-dichloro-p-benzoquinone) and ferricyanide as artificial elec-
tron acceptors [36,32].

Prior tofluorescencemeasurements, the PSII particleswhere thawed
on ice for at least 1 h and washed twice by dilution in low-salt measur-
ing buffer (1M betaine, 5 mMMES, pH 6.2) and subsequent centrifuga-
tion. The pH was adjusted to 6.2 by addition of about 2.2 mM NaOH.
Consequently, in all experiments reported herein, 2–3 mM of sodium
ions were present already before supplementing the suspension by ad-
dition of salts at the indicated concentrations. The final pellet was
suspended in low-salt measuring buffer and the sample concentration
was adjusted to 1 mg Chl/ml. This stock suspension of PSII in low-salt
buffer was stored on ice and kept in the dark until measurement.

To measure the effect of different cations on the time courses of
prompt and delayed chlorophyll fluorescence, salt buffer suspension
were prepared containing 1 M betaine, 5 mMMES (pH 6.2) and one of
the following chlorides: NaCl, KCl, MgCl2, CaCl2, LaCl3. Onminute before
start of the measurement, the respective salt buffer was mixed thor-
oughly with an aliquot of the PSII suspension and an artificial electron
acceptor resulting in a concentration of 10 μg Chl/ml in the measuring
suspension and a DCBQ concentration of 20 μM.

2.2. Prompt and delayed Chl fluorescence

Time-resolved measurements of the delayed fluorescence (delayed
chlorophyll fluorescence) were done using the set-up described else-
where [32,33]. Time-courses of the variable yield of the prompt chloro-
phyll fluorescence weremeasured employing a commercial instrument
(Dual-Modulation Kinetic Fluorometer, FL-3000, Photon System Instru-
ments Brno, Czech Republic), which was adopted for application of
saturating ns-laser flashes to the PSII sample suspension [32,33,37].

To measure the delayed fluorescence, a sequence of 32 saturating
laser flashes of nanosecond duration (532 nm, half-width of about 5 ns,
2 mJ/cm2, period between flashes of 700 ms) was applied to the dark
adapted PSII membrane particles and time courses of the delayed-
fluorescence intensity were recorded, applying logarithmic averaging
along the time axis immediately after data acquisition [32,33,37].
Scattered laser light was blocked by a combination of two long-pass fil-
ters with cut-off wavelength of 600 nm and 632 nm. All measurements
were done at room temperature.

The data were corrected by subtraction of an artifact that resulted
from excitation and subsequent delayed fluorescence emission of the
glass and/or cathode material of the photomultiplier caused by the



Fig. 1. Flash-number dependence of the delayed fluorescence (DF) intensity at 2 ms for a
train of saturating laser flashes applied to dark-adapted PSII membrane particles. The DF
intensity was averaged from 1 to 3 ms after application of the saturating laser flash
(~5 ns FWHM, 532 nm, 2 mJ/cm2). Data points are shown for 11 concentrations of NaCl;
for better visualization, the data points were connected by solid lines. (There is a clear
salt-dependence of the oscillation amplitudes, which is addressed further below.)
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strong prompt fluorescence of the PSII particles as well as by scattered
light of the excitation flash. Details and procedure of this correction
are described elsewhere [32,33,37].

The intensity of the delayed fluorescence, FR(t), depends on the con-
centration (fraction) of PSII with reduced quinone acceptor ([Qa

−]) and
oxidized chlorophyll donor ([P680+]) as well as on the difference in
Gibbs free energy, ΔGP + Q−, between the excited antenna state and
the [P680+ Qa

−] radical-pair state. To a good approximation, FD(t) can
be described as follows:

FD tð Þ ¼ cexp � exp ΔGPþQ−
=kBT

� �
� P680þ
h i

tð Þ � Q−
a½ � tð Þ; ð1Þ

where cexp is a time-independent experimental constant and kB is the
Boltzmann constant. After excitation by a lightflash and rapid formation
of P680+ and Qa

−, their concentration is monotonously decreasing due
to subsequent electron and proton transfer steps. We note that also a
time dependence of the value of ΔGP + Q− is not excluded. Eq. (1) is
based on the transient presence of a thermal-equilibrium distribution
of the populations of radical-pair state and excited antenna state. More-
over, mutual independence of the P680+ reduction and Qa

− oxidation
kinetics as well as a linear relation between the QA

− redox state and
the prompt fluorescence yield is assumed. Taking into account that
the changes in FD(t) extent over four orders of magnitude, Eq. (1) likely
represent a good approximation [32].

The decrease in delayed-fluorescence intensity in the time domain
of interest is predominantly determined by [P680+](t) and, to a lesser
extent, by [Qa

−](t) [33]. To simplify the analysis, we correct for contribu-
tion of [Qa

−](t) to the time courses of FD(t). Due to the close relation
between [Qa

−] and the prompt fluorescence yield, the time courses of
delayed fluorescence can be corrected according to Eq. (2):

FcorrD tð Þ ¼ FD tð Þ FM−F0
FP tð Þ−F0

� �
; ð2Þ

where FM is the maximum and F0 is the minimum level of prompt
fluorescence [38,33]. The value of FM corresponds to FP(0) as obtained
by extrapolation of a three-exponential fit of FP(t); F0 was detected
immediately before application of the 1st flash of the respective flash
sequence.

This Qa
− correction eliminates, to a first approximation, the contribu-

tion to the delayed-fluorescence decay stemming from the [Qa
−] decay

[33]. We note that this correction does not necessarily eliminate all
acceptor side contributions to the decay because also ΔGP + Q− might
be time-dependent due to processes at the acceptor side of PSII.

2.3. Data analysis

The time courses of prompt fluorescence aswell as theQa
−-corrected

time courses of the delayed fluorescencewere simulated using a sum of
three exponential functions:

F tð Þ ¼
X3
i¼1

Ai exp −t=τið Þ
 !

þ c ð3Þ

The parameters Ai, τi, and cwere determined by a least-square fit. The
simulation results determined for prompt fluorescence decays were used
(inter alia) to correct the delayed-fluorescence data for the influence of
the [Qa

−] decay. The difference in Gibbs free energy of the S3+→ S3n transi-
tion was calculated from the parameters obtained by curve-fitting of the
3rd-flash transient of the Qa

−-corrected delayed fluorescence according
to:

ΔG ¼ −kBT ln

X3
i¼1

Ai þ c

A3 þ c
: ð4Þ
3. Results

3.1. S-state transition probability

Dark-adapted PSII particles were excited by a sequence of saturating
laser flashes (5 ns, 532 nm). After each flash, the delayed fluorescence
(DF) was recorded within a time window of 10 μs to 10 ms. The DF in-
tensity recorded at 2 ms after each flash exhibits a period-of-four pat-
tern (Fig. 1) which resembles closely the flash pattern of dioxygen
formation recorded by an oxygen electrode [39,40]. The period-of-four
pattern of O2-formation has been explained in 1970 by Kok and co-
workers in terms of the meanwhile classical S-state model [40], as
reviewed elsewhere [41]. Briefly, dark-adapted samples of PSII particles
reside mainly in the fully dark-stable S1 state. Depending on the exten-
sion of the dark-adaptation period, a minor fraction of photosystems
may be in the S0 state. In the herein reported experiments, extensive
dark adaptation had resulted in a negligible initial S0-state population.
The first laser flash initiates advancement towards the S2 state; the sec-
ond flash induces the S2 → S3 transition. The third flash initiates the
transition from the S3 state via a hypothetical S4 state towards the S0
state; the latter transition is coupled to dioxygen formation and release.
The fourth flash induces the S0 → S1 transition. Thereby the initial state
present in dark-adapted PSII, the S1 state, is reached again. Subsequent
flashes drive the PSII repeatedly through Kok's reaction cycle so that,
for perfectly synchronized advancement in the S-state cycle, dioxygen
formation is observed on the 3rd, 7th, 11th, and 15th flash. However,
as clearly visible in Fig. 1, the maxima at the 7th, 11th, and 15th flash
are of lower amplitude and shifted towards the 12th, and 16th flash.
This phase shift and damping of the oscillation reflects desynchronized
S-state transitions due to ‘misses’. The miss events are described quan-
titatively by the miss factor, which provides the mean probability for a
failure of the PSII to advance in the S-state cycle. The miss factor (m)
relates directly to the yield (Φt) of the processes occurring after initial
formation of the [P680+, Qa

−] radical pair:

Φt ¼ 100%−m: ð5Þ

Visual inspection of theflash patterns shown in Fig. 1 reveals that the
miss probability is affected by the salt concentration. Without addition
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of NaCl (0mM), themaximum at the 7th flash is shifted to the 8th flash
indicating an especially highmiss factor at very low salt concentrations.
The third maximum is found on the 11th flash only in the pattern mea-
sured at a NaCl concentration of 128 mM. Otherwise the 3rd maximum
is at the 12th flash, indicating that at 128 mM the lowest miss factor is
reached. For quantitative analysis, the flash patterns were simulated
using Kok's approach with 100% S1 state population before flash appli-
cation, and nil double-hit probability due to use of ns-laser flashes.
(The S0 state population is negligibly small due to extensive dark-
adaptation during (i) preparation of the PSII-membrane particles and
(ii) the washing steps in salt-free buffer solutions. Inclusion of an S0-
state population in the flash-pattern simulation resulted in insignificant
S0-levels only.)

Essentially the same flash patterns were obtained for KCl. For
bivalent (MgCl2, CaCl2) and trivalent (LaCl3) cations qualitatively the
same effects were observable, but in different concentration ranges.
The resulting miss factors are shown, for the five salts, in Fig. 2.

For all investigated salts, the concentration dependence of the miss
factor is found to be biphasic. For rising salt concentrations, the miss
factor first decreases from 13–15% at the low-salt level to 7–8% at
intermediate-salt level followed by an increase towards the highest in-
vestigated salt concentrations. This behavior is observed for all five salts,
but the respective concentration ranges depend on the cation valence.
The half-value concentration of the miss-factor decrease is around
7 μM for the trivalent cation (La3+), but is roughly 30 times higher for
the bivalent cations (around 200 μM for Mg2+ and Ca2+) and more
than 1000 times higher for the monovalent cations (around 10 mM
forNa+ andK+). Similarly also the concentrations ofmaximal transition
efficiency depend pronouncedly on the valence of the cation. Maximal
efficiencies were found around 300 μM, 7 mM and 150 mM. The herein
observed dependency on the cation valence suggests that the investi-
gated salt effect results from electrostatic screening of negatively
charged groups at the protein surface (see also Section 4 Discussion).
Fig. 2. Dependence of the miss probability, m, on salt concentration. The value of m was
determined by simulation of the flash pattern of the delayed-fluorescence intensity
at 2 ms after the saturating laser flash (see Fig. 1). The dotted lines do not represent any
specific mathematical function, but were drawn to guide the eye. The following color cod-
ing was used: Blue: monovalent cations (Na+, K+); red: bivalent cations (Mg2+, Ca2+);
green; trivalent cation (La3+). The approximate concentration at the minimum of the
miss factor is indicated by coloredmarker arrows.We note that seven concentration series
are presented which were collected on seven different days; the points of each single se-
ries are connected by a solid line. In these seven concentrations series, themaximal values
of themiss parameter at very low salt concentrations and itsminimal values at intermedi-
ate concentrations are similar, but not identical. This is explainable by minor variations in
the properties of the used PSII preparations.
3.2. Delayed fluorescence decays — qualitative discussion

3.2.1. ‘S3 → S0 + O2’ transition induced by the 3rd flash
The DF intensity detected at 2 ms after each laser flash (Fig. 1) was

used to determine the salt-dependence of the miss factor (Fig. 2).
Complete time courses of the delayed fluorescence detected after the
3rd flash are shown in Fig. 3A. These DF transients have been corrected
for the decay in the concentration of reduced Qa

− (see Section 2 Mate-
rials and methods). Based on previous investigations [32,42,33,43,44],
we can interpret these 3rd flash transients in terms of events at the
donor side of PSII, using the S-state nomenclature introduced in [45].
Four points are noteworthy:

(1) At 10 μs after the laser flash, the primary quinone acceptor (Qa) is
reduced (Qa

−) and the redox-active tyrosine at the donor side of
PSII (YZ) is oxidized (for simplicity, the formally neutral tyrosine
radical state is denoted as YZ

+). The DF intensity at 10 μs thus
reflects the free energy level of the [YZ

+ Qa
− S3+] state (that is,
Fig. 3. Time courses of delayed PSII fluorescence recorded after application of a saturating
laserflash (2 mJ/cm2, 5 ns FWHM, 532nm) at variousNaCl concentrations. (A) The shown
time courses were recorded after the 3rd laser flash inducing the S3 → S0 transition and
(B) after the 2nd flash inducing the S2 → S3 transition (in B). The time courses for 11
concentrations of NaCl are shown. The data were corrected for the influence of Qa

− reoxi-
dation. The DF intensities at 10 μs are essentially unaffected by the salt concentration;
the time courses were not normalized.

image of Fig.�2
image of Fig.�3


Fig. 4. Time constant of dioxygen formations step (τO2) at various salt concentrations. The
value of τO2 was obtained by a tri-exponential fit of the DF transients recorded after the
3rd-flash. The dotted lines do not represent any specific mathematical function, but
were drawn to guide the eye. To facilitate comparison of the concentration dependencies,
the positions of the colored marker arrows are identical to the respective positions in
Fig. 2. Color coding: green: trivalent cation (La3+), red: bivalent cations (Mg2+, Ca2+),
blue: monovalent cations (Na+, K+).
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the [Qa
− YZ

+] radical pair in the presence of the S3+ state of theMn
complex). Visual inspection of Fig. 3A shows that this energy
level is unaffected by changes in the salt concentration.

(2) The 3rd-flash DF decay in the time domain from 10 μs to about
300 μs has been assigned to proton removal from the Mn-
complex, in the S3+ → S3n transition [46,42,43]; no salt effect
on its rate is visible. Thus, Fig. 3A suggests that the rate of proton
removal from the Mn complex is not significantly affected by
changes in the salt concentration.

(3) The DF level reached at about 1 ms reflects the Gibbs free energy
after proton removal, that is, the energy of the state [YZ+ Qa

− S3n].
This level is decreasing significantly with increasing salt concen-
tration (Fig. 3A); and consequently theΔG of the proton removal
step is increasing.

(4) The subsequent DF decay in the time domain from 1 to 10 ms,
which reflects the time constant of dioxygen formation and
S3 → S0 transition, also appears to be affected by the salt concen-
tration. However, mere visual inspection is insufficient to unravel
the salt-dependence of τO2. Therefore, simulation (curve-fitting)
of these transients has been approached, as discussed further
below.

3.2.2. ‘S2 → S3’ transition induced by the 2nd flash
Fig. 3B shows the salt-effect on the DF transients of the S2 → S3

transition induced by the second laser flash applied to dark-adapted
PSII particles. We will approach a qualitative analysis of four aspects of
the 2nd-flash DF transients based, inter alia, on very recent findings
on proton removal in the S2 → S3 transition [17].

(1) Upon laser-flash application in the S2 state, the initial DF level, at
10 μs, and thus the Gibbs free energy level of the [Qa

− YZ
+] radical

pair appear to be fully unaffected by the increase in salt concen-
tration (as is the case in the S3-state).

(2) After formation of the initial [YZ+Qa
− S2+] state, deprotonation and

proton removal from the Mn-complex take place with a
time constant (τH+) of about 30 μs resulting in formation of
the [YZ

+ Qa
− S2n] state. Fig. 3B shows that the rate constant

(kH+ = τH+
−1 ) of this proton-removal step is essentially unaf-

fected by changes of the salt concentration.
(3) Subsequently, the electron transfer from the Mn-complex to

the oxidized YZ
+ takes place resulting in formation of the [YZ

0

Qa
− S3+] state. Its DF level around 2 ms and thus its free-

energy level appear to decrease continuously with increasing
salt concentrations. Between 2 ms and 10 ms the DF level de-
creases further, although no processes at the donor side have
been reported to take place in this time domain. This decrease
may either stem from imprecise or systematically inaccurate
correction for the Qa

− decay or result from a change of the
ΔGP + Q− due to processes at the acceptor side.

(4) At room temperature in a standard buffer, the time constant of
the S2+ → S2n transition is around 300 μs. Visual inspection of
Fig. 3B suggests that this ET step is slower at low salt concen-
trations and accelerated by increasing the salt concentration.

We do not attempt a similar discussion of the 1st-flash and 4th-flash
DF time courses. The DF transients of the S1→ S2 (1st flash) and S0→ S1
(4th flash) are of significantly lower amplitude than the 2nd-flash and
3rd-flash transients, presumably explainable by lower free-energy levels
in the presence of the unchargedMn-complex in its S1n and S0n states (ver-
sus the charged S2+ and S3+). Therefore, the influence of S-state mixing
(specifically in the 4th-flash transient) and a presently inevitable laser-
flash artifact renders analysis of these time courses too problematic.

3.3. Rate constant of dioxygen formation

The DF time courses were simulated by a sum of three exponential
functions (Eq. (3)) and the parameters Ai, c, and τi were determined
by error-sum minimization. The slowest time constant provides the
inverse rate constant of the dioxygen formation step (τ3 = τO2 =
kO2
−1); its salt concentration dependence is shown in Fig. 4. The corre-

sponding amplitude (A3) of this millisecond component of the DF
decay (A3= Ams) provides the DF level that reflects the Gibbs free ener-
gy of the [YZ+ Qa

− S3n] state (Fig. 5).
Fig. 4 shows that with increasing salt concentrations, first a decrease

of τO2 is observed which is followed by a relatively steep increase. The
valence of the chloride cations appears to determine the onset concen-
tration of increase and decrease in τO2 with drastically lowered onset
concentrations at increased cation valence. We conclude that the salt
effect on τO2 (Fig. 4) is qualitatively similar to the salt influence on the
miss factor (Fig. 2). Increasing the salt concentration results first in
enhanced functionality with increased transition efficiency and faster
dioxygen formation and then, at high salt concentrations, in reduced
functionality. The dependency on the cation valence suggests that in
both cases electrostatic screening of negatively charged groups of the
PSII proteins is involved.
3.4. Free-energy difference of proton-removal step

We noted above, in the qualitative discussion of the DF transient for
the 3rd flash, that the salt concentration affects the energy level of the
[YZ+ Qa

− S3n] state. Tri-exponential simulations with (Eq. (3)) facilitated
a quantitative determination of the DF level (Ams) that corresponds
to the [YZ

+ Qa
− S3n] state. The salt-concentration dependencies of the

resulting values of Ams are shown in Fig. 5. As the initial energy level
of the [YZ

+ Qa
− S3+] state was salt-independent (Fig. 3A), the decrease

in Ams corresponds to an increase in the free-energy difference associat-
edwith proton removal from theMn-complex in the S3+→ S3n transition.
Calculation of the corresponding ΔG-value is facilitated by Eq. (4). We
note that also energetic relaxation at the donor side of PSII might
contribute to the observable free-energy drop.

As opposed to the miss factor (Fig. 2) and the time constant of
dioxygen formation (Fig. 4), a distinctively biphasic dependence of Ams

on the salt-concentration is not observed (Fig. 5). Nonetheless, it is con-
ceivable that both, a specific low-concentration as well as a specific
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Fig. 5. Intensity of the delayed PSII fluorescence before onset of O2-formation step.
The amplitude (Ams) of themillisecond component (τO2) of the tri-exponential simulation
of the 3rd-flashDF transient is displayed. The value of Ams relates closely to the Gibbs free-
energy difference of the S3+ → S3n transition, which is indicated for minimal, intermediate,
and maximal LaCl3 concentration (calculated by Eq. (4)). We note that differences in the
low-salt levels of Ams likely result from minor variations in the properties of the used
PSII preparations. To facilitate comparison of the concentration dependencies, the posi-
tions (on the concentration axis) of the coloredmarker arrows are identical to the respec-
tive positions in Fig. 2. Color coding: green: trivalent cation (La3+), red: bivalent cations
(Mg2+, Ca2+), blue: monovalent cations (Na+, K+).
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high-concentration cation effect on Ams, exist. A clear discriminationmay
be impossible because both effects result in decreasing Ams for increasing
salt concentration. In the case of the trivalent cation (La3+), the plateau
phase observed around 0.1 mM supports a biphasic concentration
dependence.

A decrease in Ams by 20% is reached at about 4 μM for the trivalent
cation, 3 mM for the bivalent cations, and 20 mM for the monovalent
cations. This cation-valence dependence suggests that electrostatic
screening of negatively charged groups affects the change in Gibbs
free energy associated with proton removal in the S3+ → S3n transition.
The concentration dependence of the bivalent cations, however,
appears to be special. In comparison to Fig. 2 and 4, a shift to clearly
higher concentrations of the bivalent cation is observed. This may relate
to interference of an electrostatic screening effect with binding of biva-
lent cations to specific protein sites. The presence of such binding sites is
suggested by the identification of protein-internal calcium binding sites
by means of protein crystallography [47,14].

3.5. Acceptor-side electron transfer

Within about 300 ps after chlorophyll excitation, the primary qui-
none acceptor, Qa, is reduced and Qa

− is formed. The yield of chlorophyll
fluorescence is high in the presence of reduced Qa and low in the pres-
ence of oxidized Qa [38]. This variability of the fluorescence yield likely
results from both, (i) a shift of the free energy level of the primary rad-
ical pair [Phe−, P680+] caused by an electrostatic interaction with the
negatively charged Qa

− and (ii) increased (ultra-fast) delayed fluores-
cence after formation of the primary radical pair resulting from block-
ade of the secondary electron transfer in the presence of reduced Qa

[48,38].
The fluorescence level is denoted as Fm, if reduced Qa (Qa

−) is present
in all PSII complexes,whereas it is denoted as F0 if Qa is oxidized in all PSII.
If Qa

− is present in only a fraction of PSII, an intermediate fluorescence
level (FP) is detected which reflects the fraction of PSII with reduced
Qa. For a homogeneous PSII population and in the absence of excitation
energy transfer between PSII units, the following relation holds [38]:

Q tð Þ ¼ Q−
a½ � tð Þ

Q−
a½ � þ Qox

a½ �ð Þ ¼
FP tð Þ−F0
FM−F0

� �
ð6Þ

Due to excitation energy transfer between neighboring PSII units, the
relation between [Qa

−](t) and FP(t)may bemore complex than indicated
by Eq. (5) [38,49], but this can be neglected for the semi-quantitative
analysis of the fluorescence-detected Qa

− time course as applied herein.
After excitationwith a saturating laser flash, amaximal fluorescence

level is reached (Q(t) = 1) followed by subsequent decay of FP(t)
resulting from Qa

− re-oxidation. In Fig. 6A, Q(t) is shown for various
salt concentrations. Simulations with a sum of exponential functions
have revealed that the Qa

− re-oxidation is at least tri-phasic [50]. The
rapid phase (t b 10 ms) has been assigned to electron transfer from
Qa
− to firmly bound Qb. However, Qb may not be appropriately bound

to all PSII so that the intermediate phase (10 ms–100 ms) has been
assigned to binding of Qb followed by rapid Qa

− → Qb electron transfer.
The slowest phase (t N 100 ms) likely is dominated by charge recombi-
nation between reduced quinones and oxidized redox factors at the PSII
donor side. Because simulations do not necessarily facilitate a clear-cut
separation of these decay phases,we restrict our analysis to the halftime
of theQ(t) decay (Fig. 6B). (We note that in comparison to preparations
of thylakoidmembranes (broken chloroplasts) [51], the reactions at the
PSII acceptor side are reproducibly slowed down in preparations of PSII
membrane particles. This likely is explainable by a detergent influence
on the quinone binding sites [52], in line with crystallographic data
(i) showing the presence of detergent molecules in the PSII core com-
plex and (ii) suggesting that specifically the quinone binding sites are
well accessible to detergent molecules [53,54].)

Visual inspection of the time courses shown in Fig. 6A immediately
reveals a strong salt-influence on the Qa

− reoxidation. At longer times
(N100 ms), little difference is observable suggesting that the recombi-
nation reaction is not affected, but the electron transfer from Qa

− to
the secondary quinone acceptor, Qb. (Employing time-resolved infra-
red spectroscopy, we found that the electron is transferred first to Qb

and only later to the artificial electron acceptor; unpublished results.)
Most likely both, the electron transfer to quinone molecules properly
bound at the Qb site is affected as well as the binding of Qb. However,
also by multi-exponential simulations a clear-cut separation of these
two phenomena cannot be achieved. Therefore, we revert to a simpli-
fied analysis, that is, evaluation of the decay-halftime of the prompt
fluorescence yield. The halftimes for five salts are shown in Fig. 6B.
Similar to the data shown in Fig. 2 and 4, biphasic concentration depen-
dence is observed. Only in the case of LaCl3, the rise in the halftime
observed at high concentrations is not detectable. The half-effect con-
centration of the stimulating salt effect is around 10 μM for the trivalent
cation (La3+), 200 μM for the bivalent cations (Mg2+, Ca2+), and
10 mM for the monovalent cations (Na+, K+). Again, the half-effect
concentration depends strongly on the cation valence suggesting that
also this salt-effect on the acceptor-side electron transfer originates
from electrostatic screening of negatively charged surface groups.

4. Discussion

4.1. Cationic screening of surface carboxylates

In the time-resolved experiments described above, we detected a
clear influence of salts on specific reactions at the donor and at the
acceptor side of PSII. Chloride salts withmonovalent, bivalent and triva-
lent cations were used and the cation concentrations required to ob-
serve the effect on the PSII reactions depended strongly on the cation
valence with C3+ ≫ C2+ ≫ C1+, and was independent of the ion size.
This behavior indicates electrostatic screening of negative charges at
the solvent-exposed protein surface, as described in the Section 1
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Fig. 6. Salt influence on the Qa
− reoxidation after application of a saturating laser flash to

dark-adapted PSII membrane particles (1.5 mJ/cm2, 532 nm, 5 ns FWHM). The kinetics
of Qa

− reoxidation are tracked via detection of the variable yield of prompt chlorophyll
fluorescence. In A, normalized time courses for eleven NaCl concentrations are shown;
each curves represents the average of fivemeasurements. In B, concentrations dependen-
cies of the halftimes of the decay curves (of the normalized FP(t)) for five salts. For LaCl3,
one low-concentration series ([LaCl3] b 40 μM) and one high-concentration series
([LaCl3] N 10 μM)were acquired. Obviously their halftimes do not match well in the over-
lapping concentration regime, likely explainable by the variability of the used plant mate-
rial. After normalization to equal zero-salt levels (open green squares), the high-
concentration series and of low-concentration series match up well. To facilitate compar-
ison of the concentration dependencies, the selected positions (on the concentration axis)
of the colored marker arrows are identical to the respective positions in Fig. 2. Color cod-
ing: green, trivalent cation (La3+); red, bivalent cations (Mg2+, Ca2+); blue, monovalent
cations (Na+, K+).

Fig. 7.Distribution of charged groups in T. vulcanus PSII. The image is based on the crystal-
lographic model of Umena et al. [14] (PDB ID:3ARC, molecule A). Cα atoms of negatively-
charged groups (Asp/Glu) are depicted as red spheres, and Cα atoms of positively-charged
groups (Arg/Lys) as blue spheres. The oxygen-evolving complex (Mn4Ca) is shown as yel-
low surface; other redox factors are depicted as bonds (P680, purple; Phe, brown; Qa and
Qb, cyan), and the iron on the stroma side is shown as a yellow sphere. The redox-active
tyrosine YZ located close to oxygen-evolving complex is not shown. The CP43 and CP47
subunits are shown as brown and yellow cartoons, respectively, and the extrinsic PsbO
subunit is in green. The arrow indicates the location of an inter-subunit carboxylate cluster
that involves D433 and E435 of CP47 [25,26]. We used VMD (Humphrey et al. 1996) for
the molecular graphics images in Fig. 7 and 8.
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Introduction. Such a dependence on the cation valence and the absence
of ion size effects are incompatible with binding of cations to specific
sites inside the protein.

Are there other explanations? The chloride concentrations we used
for investigating the influence of trivalent, bivalent and monovalent
cations differed by orders of magnitude; this excludes any major
chloride-specific effect. Nonetheless, modification of the cation concen-
tration dependency by an overlapping chloride effects cannot be
excluded definitively, especially at high concentrations of the monova-
lent anion.
The ion-exposure periods had been relatively short in our experi-
ments. Nonetheless, the exposure to aqueous buffers of high ionic
strength might affect the integrity of the PSII donor side by depletion
of extrinsic polypeptides coupled to release of calcium and or manga-
nese [55–65]. In past work, we have investigated the depletion of
extrinsic polypeptides using activity assays, gel electrophoresis and
delayed fluorescence experiments [63–65]. In these investigations, we
found that the delayed fluorescence reacts extremely sensitive to any
depletion of extrinsic PSII polypeptides, calcium or manganese—far
more sensitive than, e.g., integrity assessment by gel electrophoresis.
For example, the data shown in Fig. 1 would look clearly modified
even for a minor fraction of detrimentally affected PSII (see [63–66,34,
67]). Thus we can essentially exclude the above secondary ion effects.

The dependence of specific reactions on the cation valence can be
discussed in terms of the Gouy–Chapman theory for a homogeneous
negative charge density at a planar solvent-exposed surface (see
Section 1 Introduction). In contrast to the simple, homogeneous distri-
bution of ions considered in the Gouy–Chapman theory, the solvent-
exposed surfaces of PSII exhibit a complex distribution of negatively
charged carboxylate groups (Fig. 7). There are numerous carboxylates
at both the stroma and lumen surfaces; some of these carboxylates are
located within close distances, that is, they form clusters, whereas
other carboxylates are scattered across regions of the protein surface
rich in both carboxylate- and positively-charged groups (Fig. 7).
The charged groups at the stroma and lumen sides of PSII can participate
in complex networks of hydrogen bonds (see examples in Fig. 8, S1, S2,
and ref. [25,26]) that likely have a significant effect on the dynamics of
water and ions close to the protein surface.

The remarkable number of surface-exposed Asp and Glu sidechains
of PSII suggests that the cation dependence we observe here is related
to the electrostatic screening of such carboxylates. The complex
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Fig. 8.Carboxylate groups at the stroma side of the CP43 subunit. (A) Aspartate and glutamate amino acid residues on the stroma side of CP43. Oxygen atoms ofwatermoleculeswithin 3.5Å of
the carboxylate oxygen atoms are shown as purple spheres. (B) Close view of the stroma side of CP43. Yellow spheres indicate oxygen atoms of other hydrogen-bondedwater molecules that
are not within 3.5 Å of the carboxylate groups, some of which being within 3.5 Å of waters hydrogen bonded to the carboxylates. Fig. 7 and 8 were prepared based on the T. vulcanus crystal
structure by Umena et al. [14]. A brief analysis of the similarity between the sequences of CP43, CP47, and PsbO from T. vulcanus and spinach PSII is provided in the Supporting information.
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distribution of the surface carboxylate and positively charged groups
(Fig. 7) hinders the straightforward application of the Gouy–Chapman
theory to quantify the effect of the surface charges on the cations tested
herein. Nevertheless, the Gouy–Chapman theory does allow for a qual-
itative understanding of how the cation valence affects the strength of
cation screening and the magnitude of the surface potential.

4.2. Interaction between surface charges and protein interior

How could the cation screening of negative surface charges affect
processes in the protein interior? In vicinity of charged surface groups,
a negative electric surface potential is expected. For a solvent phase
with high cationic strength, this electric potential will decrease rapidly
for increasing distances from the membrane (e.g., half-decay length of
5 Å); but the potential will decrease clearly more slowly if screening
by dissolved cations is absent (e.g., half-decay length of 30 Å). More-
over, cationic screeningwill decrease the effective surface-charge densi-
ty at the protein surface. The influence of cations on strength and decay
length of the negative surface potential is a crucial determinant of
thylakoid stacking, but is not predicted to affect inner-protein processes
directly. Regarding reactions in the protein interior, the extent of dimin-
ishment of surface potentials by cationic screening could be the decisive
factor. Especially for clusters of negatively charged surface groups, the
resulting negative surface potentials could affect processes in the pro-
tein interior that are tens of Angstroms away. The electrostatic potential
resulting from negative surface charges will render redox potentials
more negative and decrease pK values of protonatable groups in the
protein interior (by about one pK unit per 60 mV of electrostatic poten-
tial at the protonation site).

The cation screening of charged carboxylates could affect the surface
charge also via a second route. The pK for protonation of asparte and
glutamate side chains in aqueous solution is predicted to be around 4
so that in our experiments at pH 6.2, all surface-exposed carboxylates
might be predicted to be unprotonated. Yet within a cluster of negative-
ly charged carboxylates, mutual electrostatic interactions may favor
partial protonation of the carboxylate cluster, even at pH 6.2. Now
electrostatic cation screening could promote deprotonation, thereby
increasing the negative charge of the carboxylate cluster. This means
that at high cation concentrations, there are two opposing influences
on the effective negative surface charge: cation screening tends to
reduce the surface charge, whereas cation-induced deprotonation
could increase it. The interrelation between electrostatic screening and
protonation of surface groups has been discussed also for the thylakoid
stacking [29].

4.3. Possible regulatory role

Cationic screening of surface charges affects the transition efficiency
(miss factor), which is determined by the competition between forward
reactions (at donor and acceptor side of PSII) and losses due to recombi-
nation processes [68–71,37,72]. Several recombination routes are
involved [71,72] and their relative importance is regulated at the tran-
scriptional level via control of the relative proportions of variants of the
PsbA gene product (D1 protein) [73–79]. On a first glance, the functional
difference between the various PsbA gene products appears to be rela-
tivelyminor. Nonetheless, this genetic regulationmost likely supports ad-
aptation to various environmental conditions significantly.We consider it
possible that also the herein reported functional changes that result from
variation in the cationic screening of surface groups are involved in adap-
tation of PSII to excessive light-intensities (photoprotection) or other
variations of environmental conditions. In higher plants, a close and po-
tentially synergistic relation to light adaptation by control of thylakoid
stacking [30] could be envisioned.

It represents a central (and surprising) results of our study that elec-
trostatic screening of negatively charged surface groups,most likely car-
boxylate side chains, affects relatively distant electron transfer reactions
in the interior of the protein complex significantly. In PSII, the presence
of significant long-distance interaction between protein-internal redox
factors (YZ and the Mn4Ca complex) and the protonation state of pe-
ripheral groups has been postulated before in order to explain the pH-
dependent, non-integer proton release associated with the individual
S-state transitions [80–82,4]. Especially Junge and coworkers have pro-
vided evidence that upon oxidation of the redox-active tyrosine (YZ),
long-range electrostatic interactions cause deprotonation of groups at
the periphery (or surface) of PSII [83,84,4]. We consider our investiga-
tion to be a starting point for further investigations on the control (or
coordination) of PSII function by long-range interactions. The functional
or regulatory role of interactions between protein surface and protein
interior represents an aspect of protein function that, in our opinion,
requires clearly more in-depth investigation.
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