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Abstract

Photosystem Il (PSIl) uses solar energy to oxidize water and delivers electrons to fix CO,. Although the structure at
atomic resolution and the basic photophysical and photochemical functions of PSII are well understood, many im-
portant questions remain. The activity of PSIl in vitro and in vivo is routinely monitored by recording the induction
kinetics of chlorophyll a fluorescence (ChlIF). According to the ‘mainstream’ model, the rise from the minimum level
(F,) to the maximum (F,,) of ChIF of dark-adapted PSII reflects the closure of all functionally active reaction centers,
and the F,/F,, ratio is equated with the maximum photochemical quantum yield of PSIl (where F,=F,-F,). However, this
model has never been free of controversies. Recent experimental data from a number of studies have confirmed that
the first single-turnover saturating flash (STSF), which generates the closed state (PSll¢), produces F,<F,,, and have
uncovered rate-limiting steps (At,,, half-waiting times) in the multi-STSF-induced F;-to-F,, increments that originate
from the gradual formation of light-adapted charge-separated states (PSIl,) with significantly increased stability of
charges compared to the PSli; state that is elicited by a single STSF. All the data show that the interpretation of ChIF
must be laid on new foundations. Here, we discuss the underlying physical mechanisms and the significance of struc-
tural/functional dynamics of PSII as reflected by ChIF and variations in the novel parameter Ar,,.

Keywords: Chlorophyll a fluorescence induction, conformational changes, dielectric relaxation, electric field effects, F./F., light-
adapted charge-separated state, photosystem I, photochemical quantum efficiency, purple bacterial reaction center, Qa-model.

Introduction

Photosystem II (PSII), or water-plastoquinone oxidoreductase,
uses light energy to oxidize water, thereby providing us with an
oxygenic atmosphere and, in concert with photosystem I (PSI),
delivers electrons for the conversion of carbon dioxide to sugars.
PSIT is the engine of life: it is the ultimate source of virtually
all reducing equivalents in the biosphere (Barber, 2004). PSII is

probably the most-studied light-induced enzyme, and its crystal
structure and basic photophysical and photochemical functions
are reasonably well understood (Coe et al., 2015; Nelson and
Junge,2015; Shen, 2015; Romero et al.,2017; Shevela et al.,2023).

PSII is a large, multi-subunit homodimeric protein complex
that is embedded in the thylakoid membranes of cyanobacteria,
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algae, and vascular plants. The smallest fully functional unit of
PSII is the core complex (CC), found in cyanobacteria, which
has a molecular mass of ~700 kDa. Each monomer of the di-
meric PSII CC contains the reaction center (R C) incorporated
in the D1/D2 proteins, the o and B subunits of cytochrome
bsse, the two core antenna proteins CP43 and CP47, which
mostly carry 13 and 16 chlorophyll a (Chl a) molecules, respec-
tively, the oxygen-evolving complex (OEC) containing the
Mn,CaOj cluster, and additional proteins (Umena et al., 2011;
Suga et al., 2019; Shevela et al., 2023). PSII CCs in green algae
and land plants are associated with large, membrane-intrinsic,
light-harvesting antenna systems that are constituted by minor
and major light-harvesting antenna complexes (LHCII), which
considerably extend the absorption cross-section of PSII and
which supply additional excitation energy—via the core an-
tenna complexes—to the RC.These peripheral antenna com-
plexes are capable of switching between light-harvesting at low
light and dissipation of excitation-energy in excess light, and
thus they participate in regulatory processes and in the pho-
toprotection of the photosynthetic machinery (Horton, 2012;
Croce and van Amerongen, 2014; Ruban and Wilson, 2021).
The co-factor structure of the RC of PSII and the routes
of charge separation and approximate electron-transfer time
constants are shown in Fig. 1. The RC complex of PSII con-
tains four Chls (the two accessory Chls Chly; and Chlp,, and
the Chl a molecules P, and Ppy,), two pheophytins (Pheop,
and Pheopy,), and the two plastoquinone molecules Q, and
Qg, which are the first and second stable electron acceptors,
respectively. On the donor side, the redox-active tyrosine resi-
duesY, and Yy, are accommodated by the D1/D2 proteins; the

A

Pheo,,

assembly and activity of the OEC is linked to the core antenna
protein CP43 (Fig. 1A) (Barber et al.,2000; Shen, 2015; Zabret
et al., 2021).

In the functional, open-state of PSII (PSIIy) when it is ca-
pable of generating stable charge separation, upon direct exci-
tation of the RC complex or upon the arrival of an exciton,
charge separation occurs that proceeds asymmetrically along
the D1 branch on a timescale of ps with the formation of
Pgso "Pheo™. It should be noted that the molecular identity of
the primary donor—acceptor pair is still under debate and can
even vary (Novoderezhkin ef al., 2011; Mubh et al., 2017), and
hereafter we denote the primary electron donor as P, which
according to Shevela ef al. (2023) is an ensemble of four Chls
a, namely Chlp/Pp;/Pp,/Chlp,. The charge separation is sta-
bilized by the re-oxidation of Pheo™ by Q,, which occurs on
a timescale of ~300 ps (Fig. 1B). The primary electron donor
is then re-reduced (timescale tens of ns) by electron donation
from the nearby redox-active tyrosine, forming the neutral
tyrosyl radical Y, "(H"), which is then reduced by the Mn,CaOs
cluster, leading to the S, state of the OEC; this proceeds at a
timescale of tens of ps. The stabilization of the charge-separated
state generates PSIIc, the closed state of PSII with Q4 reduced.
This state persists for several hundreds of ps until the electron is
transferred from Q4 to Qg, a process with strong temperature
dependence (Shlyk-Kerner ef al., 2006); a charge separation
following the re-opening of the RC is accompanied by the ad-
vancement of the S-states of the OEC.The secondary electron
transfer step in PSII from Q, to Qg, which re-opens PSII,
can be blocked by PSII inhibitor molecules such as DCMU
[N’=(3,4-dichlorophenyl)-N,N-dimethylurea], or by the full
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Fig. 1. The photosystem Il reaction center of Thermosynechococcus vulcanus (pdb:5GTH). (A) Co-factor structure and (B) the routes of charge
separation and approximate electron transfer and back reaction time constants (based on data from Cser and Vass (2007) from Synechocystis 6803).

The structure is visualized using UCSF ChimeraX (Pettersen et al., 2021).
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Box 1. ChIF induction kinetics, the Q, model, quantum efficiency, and controversies

e Basic observations

Dark-adapted open-state PSlls, with all Q, in oxidized state, display the minimal fluorescence level, F, (or O). Upon an
intense rectangular-profile excitation of PSIl in the presence of DCMU, the RCs close and the fluorescence rapidly rises
to the maximal level, F,, (P). In samples possessing active whole-chain electron transport, the light-induced rise in Chl a
fluorescence is more complex. It starts with a fast (~2 ms) O-to-J rise phase, which is known as the photochemical phase;
the much slower J-I and |-P steps, which are linked to the linear electron transport activity all the way to the PSI acceptor
side (Schansker et al., 2005), are traditionally considered as thermal phases, at the end of which (in less than ~1 s) F, (P) is
reached (Morin, 1964; Delosme, 1967; Stirbet and Govindjee, 2011). Direct contributions from PSI to the F, and F,, levels
are usually small, albeit they might not be negligible (Campbell et al., 1998; Schreiber, 2023). In the following sections, we
focus our attention on ChlIF from PSII.

e The Q, model of ChIF

According to the ‘classical’ or 'mainstream’ model, the ChIF transients reflect the kinetics of the reduction of Qa:
‘to reach F,, it is necessary, and sufficient, to have Q, completely reduced in all the active PSII centers’ (Stirbet and
Govindjee, 2012). This, the so-called Qs model of ChIF, is based on the model of Duysens and Sweers (1963) and
assumes that the RCs of PSII exist in two states, quenched and unquenched, containing oxidized and reduced quenchers
(Q and QH; corresponding to Q, and Q,~, respectively).

¢ Determination of the photochemical quantum yield of PSII using the F,/F,, ratio

The Q, model paved the way for determining the maximum quantum efficiency of PSII via measuring the F, and F,,
levels and calculating the F./F,, ratio (where F =F.—F,). Indeed, in most plant biology textbooks and manuals of ChIF
devices, the F,/F,, ratio for dark-adapted samples is equated with the maximum quantum yield of PSII. This is based on
the correlation that the fate of absorbed photons has three pathways, namely photochemistry (p), fluorescence (f), and
dissipation (d) and that the total yield of these processes is always 1, which was first recognized by Butler (1978). In the
following, we adopt the notation used by Blankenship (2021), and d is used to include all other routes.

As explained by Blankenship (2021), with parallel first-order reactions in which each process displays its exponential
decay characterized by a rate constant k, the overall decay of the initial state (A) can be described with the help of the
sum of the k; rate constants (ks, representing the observed k,); and thus, A decays exponentially with k.. Accordingly,
the fractional yield of process i (Y)) can be given as

(1

Using these basic correlations and the rate constants given for PSll, (open) and PSll; (closed), which—according to the
Qa model—produce the F, and F,, levels, respectively, the following expressions are obtained:

O ket ky +ka’ )
and
k
Fm 7£»
kf I kd (3)
and thus:
E, Iep

#202 U2IBIN g1 U0 Jasn YINFAVYMY SOANVINOANL YYADVIN Ad 279022 2/857S/81 /v L/o101He/qx(/woo dno-oiwapese//:sdpy woly papeojumoq



New foundations for the variable chlorophyll a fluorescence | 5461

Conventionally, Y, is denoted as ¢p, (Strasser et al., 2004).
e Controversies: the main problems with the Q, model

Despite the immense success of the use of ChlIF in plant biology, by the 1960s and 1970s there were already controversies
concerning the Q, model, and they have continued to persist and indeed grow in number to this day.

One of the crucial problems that emerged early was that in intact photosynthetic organisms, F,, could not be reached
despite the notion that the photochemical phase was completed by intense rectangular-profile excitations (Delosme,
1967). In fact, the O-J phase never reached F,, although each PSII was excited multiple times in the first ~2 ms: simple
calculations have shown that at a photon flux density of 3000 pmol m= s~ each PSII becomes excited once every ~200
ps (cf. Neubauer and Schreiber, 1987; Lazar and Pospisil, 1999), but P was not reached even with a photon flux density
of 15 000 pmol m™2 s~ (Schansker et al., 2011). Further, Joliot and Joliot (1979), using isolated thylakoid membranes in
the presence of DCMU, demonstrated that whereas the formation of a charge-separated state in PSIl was completed by
a single-turnover saturating flash (STSF), ChIF was not saturated. In particular, it was shown that the first STSF induced
a fluorescence level (hereafter named F;) that was significantly lower than F,, and to reach F,, a train of additional
STSFs were required; however, these generated no additional stable charge separation. To resolve this discrepancy within
the framework of the Q4 model, the authors hypothesized the presence of a second quencher (hamed Q,), which was
suggested to act after the full reduction of Q; (Q,). It should be noted that in hindsight—with the benefit of structural data
that only became available much later—Pierre Joliot would have sought a different explanation (personal communication
to one of us, GG).

An additional controversy is that the rise kinetics of ChlF in the presence of DCMU follow a sigmoidal pattern rather
than the expected exponential one. This non-linearity is explained by the excitonic connectivity of PSII units, namely
the transfer of the excitation energy from a PSll; to a nearby PSll, (see Stirbet, 2013). In this context, it is interesting
to recall the data of France et al. (1992), who found that both the magnitude and the shape of the flash-induced ChIF
depended on the length of the 2-50 ps long flashes that they applied, which contained the same amount of quanta—
revealing a complex dependence of the computed connectivity parameter on the distribution of the exciting quanta,
and its dependence on single-turnover (2 ps) versus multiple turnover (50 ps) excitations. The authors ascribed these
pulse length-dependent changes to variations in the connectivity of PSIlI units, but noted that the basic phenomena
underlying their observations needed to be investigated further. It is also important to mention here that, as pointed out
by Vredenberg (2008), sigmoidicity might arise from overlapping exponential kinetic components.

P

DCMU

Thermal phase

Photochemical phase

Chlorophyll a fluorescence

0.01 0.1 1 10 100 1000
Time (ms)

Fast Chl-a fluorescence transients at room temperature of a control and a DCMU-treated pea leaf. Modified from
Stirbet and Govindjee (2011), with permission from Elsevier.
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pre-reduction of the plastoquinone pool, which can occur for
example in leaves under anaerobiotic conditions (Téth ef al.,
2007). Under these conditions, PSII can assume a stationary
state, determined only by the thermally assisted charge recom-
bination between Q,~ and S, (Tyystjarvi and Vass, 2004).

Monitoring the activity of PSIl using the
induction of chlorophyll a fluorescence

The activity of PSII—at the different levels of structural com-
plexity from isolated CCs or thylakoid membranes to whole
plants and phytoplankton communities—is routinely moni-
tored by using the technique of Chl a fluorescence (ChlF) in-
duction kinetics (Papageorgiou and Govindjee, 2004; Strasser
et al., 2004; Gorbunov and Falkowski, 2022). The dark-to-light
transition of PSII is characterized either by variations in the
yield or the intensity of the fluorescence emission, during
which the fluorescence yield rises from F, to F,, and the in-
tensity rises from O to P (Box 1).

As well as typical ChlF induction curves, Box 1 also describes
the interpretation of these transients within the framework of
the ‘mainstream’ or so-called Q, model, and it highlights the
main controversial features of this.

Several additional controversial features have been found by
different authors, with all of the findings demonstrating the
complexity of ChlF and suggesting complementary interpreta-
tions beyond the Q, model (Moise and Moya, 2004; Schansker
et al., 2011; Kalaji et al., 2014;Vredenberg, 2015; Treves et al.,
2016). The controversies, combined with the overwhelming
success of the use of ChlF techniques in characterizing (at least
phenomenologically) photosynthetic functions at virtually
all scales of complexity (Papageorgiou and Govindjee, 2004),
in fingerprinting different mutants and the effects of biotic
and abiotic stresses (Yao et al., 2018), and in portraying large
land and marine ecosystems (Gorbunov and Falkowski, 2022;
Loayza et al., 2023), have inspired further research in different
laboratories to better understand the dark-to-light transition
in PSII. Recent experiments have revealed some unexpected
features of F, and of PSII RC states, and provided irrevocable
evidence that the Q, model is incorrect (Box 2).

The F,/F,, parameter cannot be equated
with the quantum efficiency of PSII

Based on the findings listed in Box 2, it is clear that the F,/F,,
parameter cannot and should not be equated with the quantum
efficiency of PSII, and that the basic postulations of the Q,
model need reconsideration. In the following sections, we
show that, indeed, fundamental implicit assumptions involved
in the calculation of the maximum quantum yield of PSII (Y;
commonly denoted as ¢p,) cannot be justified; further, the re-
duction of Q4 causes only a minor rise in ChlE

‘When using the equations related to the calculated value of
Y, (Box 1), as based on the F,/F,

' parameter, it is important

to recognize the implicit assumptions that ‘none of the rate
constants change as the traps go from open to closed, and that
all the fluorescence that is observed in both the F, and F,,
states come from a homogeneous system in which all chlo-
rophyll excited states are equivalent’ (Blankenship, 2021). In
intact systems, variable degrees of PSI or antenna contribu-
tions (Campbell ef al., 1998; Santabarbara et al., 2019), non-
photochemical quenching and state transitions (Oxborough
and Baker, 1997; Maxwell and Johnson, 2000; Horton, 2012;
Murchie and Harbinson, 2014; Ruban and Wilson, 2021)
might complicate the picture; these evidently limit the appli-
cability of the Q, model. However, even in the simplest case
in isolated PSII CCs, the assumptions are not justifiable. For
example, under F,, F;, and F,, conditions, the decay kinetics
cannot be described by single exponentials (Sipka et al. (2021);
for F,, see also Szczepaniak ef al. (2009), Caffarri et al. (2011),
Miloslavina et al. (2006) and van der Weij-de Wit ef al. (2011).
On the contrary, instead of a homogenous pigment system, the
data presently available and theoretical models suggest a high
complexity of processes beyond the emission of fluorescence,
determined by a range of different rate constants in the ex-
citation energy and electron-transfer pathways (Shibata ef al.,
2013;Yang et al., 2022). In addition, spectrally-resolved single-
turnover saturating flash (STSF-)induced ChIF transients of
the PSII CC at 80 K have shown that the intensity ratio of the
two main emission bands—Fgs and Fgs, arising from CP43
and CP47, respectively—changes dramatically during the in-
duction, with most prominent intensity and spectral changes
occurring between PSII- and PSII; (Sipka et al., 2021). In
addition, and most importantly, the rate constants change be-
tween PSII- and PSII;, as evidenced by Chl a spectral and
lifetime measurements on DCMU-treated PSII CCs under (or
near to) F; and F,, conditions at 5 °C (Sipka ef al., 2021).
Hence, instead of Equations 2 and 3 in Box 1, we should

write:
Reo
Fo=
keo + kpo + kdo 5)
and
ke
Fn = #
kfm + k)dm (6)

Here, the second indices (0 and m) refer to the actual ChlF lev-

els. It is evident that combining these equations and calculating
the F,/F,

+» Tatio would hardly provide any easily interpretable

physical meaning of this parameter.

It must also be pointed out that the above equations do not
yield realistic values for the quantum yield of PSII even if we
were to apply them to the PSIly (F,) and PSII. (F)) states,
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Box 2. Key recent developments concerning ChIF and the physiological states of PSII

Until recently, no explanations could be offered for the following perplexing questions. (i) How and why is it that F,, cannot
be reached by a short, intense light pulse that closes all the RCs of PSII? (i) Why do the magnitude and shape of the rise
in fluorescence depend on the length of the exciting flash? (iii) Why do the F;-to-F,, increments require additional flash
excitations? And (iv), are there waiting times between the consecutive STSFs that generate the fluorescence increments
and, if so, how long are they?

These questions can now be answered; however, this has consequences for the validity of the Q, model and on
conclusions based upon it.

¢ Rate-limiting steps associated with ChIF of PSll.: the requirement of waiting times between consecutive
STSFs to produce sizeable ChIF increments

Using a variety of DCMU-treated samples, Magyar et al. (2018) discovered that to reach the (quasi-stationary) level
of F, (and further, F3, F,, and finally F,), a sufficiently long Aty,, half-waiting time (in the range of several hundred ps to
1 or 2 ms) had to be employed between two consecutive flashes. The strikingly different temperature-dependences of
the incremental rise and of the dark-decay kinetics of ChlIF that have been recorded between —100 °C and 25 °C have
clearly shown that the single-step F,-to-F; (PSllp-to-PSllc) transient and the gradually generated F-to-F,, increments
originate from two physically distinct processes. The relatively long Aty values, which at non-cryogenic temperatures
are comparable with the reopening of the RC via Qa-to-Qg electron transfer, qualitatively explain why the O-J rise cannot
reach P. Furthermore, experiments on isolated PSIl CC dimers (Magyar et al., 2018) and monomers (Sipka et al., 2021)
revealed that the sigmoidicity of ChlF does not require connectivity between PSII units, and thus arises from overlapping
exponential rises (cf. Vredenberg, 2008), from several consecutive light-induced processes from F-F;,4 rises (i=1,2, 3 ... ).
These observations do not rule out energetic connectivity, for example between the monomers of a PSII dimer or between
the dimer of dimers: the occurrence of energy transfer between monomers has been inferred from femtosecond transient
absorption spectroscopy of monomeric and dimeric PSIl CCs (Yoneda et al., 2016).

¢ The rate-limiting steps do not gate the formation of the primary radical pair

By employing absorbance transient spectroscopy at 819 nm on DCMU-treated cyanobacterial PSII CCs, Sipka et al.
(2019) have shown that the formation of Pggy"*Pheo®” primary radical pairs induced by the second and consecutive STSFs
are followed by rapid (~2 ns) charge recombinations. This confirms the lack of additional stable charge-separation in
PSli; and suggests that the F;-to-F,, increments in PSlI¢ are driven by the intense transient electric field generated by the
primary radical pair, and/or might be assisted by dissipative thermal jumps arising from charge recombination.

e ChIF of PSll; in untreated leaves of vascular plants

Using intact leaves, Laisk and Oja (2020) have shown that the ‘fluorescence yield of [PSll¢] increases during a low to
high light induction—while the membrane gets energized and the plastoquinone pool gets reduced’. This finding was
explained by a mechanism according to which the transmembrane electric field facilitates the return of the excitation
energy from the Pggy"*Pheo® radical pair to the antenna.

¢ The fast ChIF rise following the PSll,-to-PSll; transition, and the absence of PSIl connectivity in leaves

Using intact leaves of vascular plants, Oja and Laisk (2020) also determined the magnitude of the ‘immediate’ rise of
ChlIF after the closure of PSII, and found it to be merely 1.8F,; in 40 us the level increased to 3F,, approaching the flash
fluorescence vyield F; (F;) = 0.6F,,. Kinetic analyses proved the absence of excitonic connectivity between PSII units in
leaves, corroborating the conclusions of Magyar et al. (2018) who used isolated PSII CCs.

¢ The light-adapted charge-separated state (PSIl,) with increased stability of the charges, and the distinct and
complex de-excitation kinetics of the F,, F;, and F,, states

Sipka et al. (2021) revealed the formation of a light-adapted charge-separated state (PSII,) by using DCMU-treated PSI|
CCs of Thermosynechococcus vulcanus and a range of biophysical techniques, including measurements of fluorescence
lifetime either at or near to F,, Fy, and F,, conditions, 80 K emission spectroscopy of ChiF induction, single and multiple
STSF-induced rapid-scan FTIR transient spectroscopy, and C550 absorbance transients. The charge-separated state
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of PSIl. was shown to be substantially stabilized when compared to PSlig; furthermore, PSII, displayed distinct features
in the energy landscape of the trapping/de-trapping of excitations in the core-antenna-reaction center complex. Model
calculations strongly suggested the roles of strong local stationary (Qx~S,™)) and transient (Pgg,"*Pheo™) electric fields and
dielectric relaxation processes, possibly combined with thermal jumps due to heat dissipation (Cseh et al., 2000), during
the PSIIg-to-PSll_ transition. It should also be noted here that hydrated biological macromolecules exhibit complex,
multicomponent dielectric relaxation processes (Nakanishi and Sokolov, 2015).

¢ Lipid dependence of the rate-limiting steps of the PSlic-to-PSII, transition

Magyar et al. (2022) established that the rate-limiting step of ChIF in DCMU-treated PSIl CCs of T. vulcanus and spinach
thylakoid membranes depended on the lipid content of the samples. The Aty half-waiting time that characterized the
PSli;-to-PSlI, transition was considerably longer in PSII CC than in the thylakoid membranes, but the transition could be
accelerated by adding thylakoid lipids to the PSIl CC samples.

A B
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The main novel features of ChIF. (A, B) STSF-induced kinetic transients, as described by Magyar et al. (2023). (A)
Double-STSFs with different waiting times between the two flashes (as indicated) induce ChIF increments at —80 °C. (B)
Transients induced by a train of STSFs followed by multiple-turnover saturating flashes (MTSFs) at either 5 °C or -80 °C.
(C, D) Emission spectra and lifetime components of DCMU-treated PSIl CCs of T. vulcanus, as described by Sipka et al.
(2021). (C) Normalized 80 K emission spectra. (D) Lifetime components at 5 °C, which are characteristic of the F, (PSllg,
black and grey), F; (PSllg, blue colors), and F,, (PSII_ red colors) states. (E) A kinetic model of closed and light-adapted
PSII as proposed by Sipka et al. (2021).

although the differences in the rate constants are smaller be-
tween PSIIy and PSII¢ than between PSIlg and PSII; (Sipka
et al., 2021). Evidently, the calculated values of Y, = (Fj—
F,)/F; would be smaller than those of Y, because F;<F,, at all

temperatures; thus, neither Y, nor F,/F,, is suited as a ‘proxy’

for Y, of PSII. Indeed, using published data on samples exhibit-
ing F,/F,, values 0.8, we would obtain Y} values of 0.76 in
DCMU-treated PSII CCs at 5 °C Sipka et al. (2019) and 0.4
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Box 3. Physical mechanism(s) in Type-Il RCs: donor-side modulation of PSII ChIF

It has recently been recognized that when seeking the physical mechanisms that might explain the most peculiar features
of the PSlI;-to-PSlI, transition, the well-characterized behavior of its ancestor, the purple bacterial RC (bRC), might be
of great help (Sipka et al., 2022). PSIl RCs and the bRC belong to the Type-Il RCs, and have highly similar chromophoric
systems and arrangements of the quinone acceptors (Cardona et al., 2012).

¢ The light-induced RC¢-to-RC, transition: stabilization of the charge separation

In bRCs, it has been well documented that continued illumination of a closed RC (RC¢) induces substantial stabilization
of its charge-separated state, as reflected by increased recombination lifetimes of ~100-times or more of the oxidized
primary donor (P*) and Q,(Goushcha et al., 1999, 2003; Andréasson and Andréasson, 2003; Deshmukh et al., 2011;
Malferrari et al., 2013). Earlier observations of Kleinfeld et al. (1984) indicated slow structural motions and structural
‘memory’ effects that were attributed to the formation of light-adapted conformations. Theoretical studies explained this
type of behavior of bRCs with a more general self-regulatory mechanism of photoactivated donor-acceptor molecular
systems that possess the ability to undergo slow structural reorganization (Goushcha et al., 2000; Christophorov et
al., 2003). This theory predicted the gradual formation of a light-adapted conformational state from the dark-adapted
conformation of the bRC, induced after repeated excitation of the sample—a behavior that is very similar to the
observations related to the transition of PSli; to PSII_ (Sipka et al., 2021).

e Multiple-step dielectric relaxation processes

Malferrari et al. (2013) have proposed that, in line with Marcus’ theory (Marcus and Sutin, 1985), the slow conformational
changes originate from dielectric relaxation processes following the generation of strong local electric fields, suggesting
that the protein matrices of bRC and PSIl assume the optimum dielectric environment relatively slowly and only gradually,
and that they evidently require the assistance of additional excitations (for further explanation and references, see Sipka
et al., 2022). In PSII, the formation of the transient field due to the generation of the primary radical pair Pgg,"*Pheo®,
which is superimposed on the quasi-stationary field of S,%/Q,~, is thought to perturb the dielectric matrix and to facilitate,
perhaps in combination with the dissipated heat (Cseh et al., 2000), the gradual optimization of the dielectric matrix of the
RC, via gradually shielding the charges (Sipka et al., 2021). The transitions might be hindered by the rigidity of the RCs,
as indicated by the marked dependence of the recombination rate on the water content of bRCs (Malferrari et al., 2013),
and in PSII by the strong temperature-dependences of the F; amplitude, the relaxation of F,,, and the magnitude of the
half-waiting time Aty (Magyar et al., 2023). It is also noteworthy that the magnitude of Aty,, does not vary along with F,,
i.e. the half-waiting times do not vary during the train of STSFs. Essentially the same Aty,, values are obtained between
F; and F;,4 for all i=1-4; this is true not only at 5 °C but also at —-80 °C, where Aty is much longer. These data strongly
suggest the involvement of the same physical mechanism in the F;-to-F,, increments (Magyar et al., 2018; Sipka et al.,
2021). Transmembrane or external electric fields (which are much less intense compared to local fields) have previously
been proposed to play roles in the stabilization of the charges in PSIl (Knox and Garab, 1982; Dau and Sauer, 1992;
Vredenberg, 2011).

e Hydrogen-bond networks in bRC and PSII RC, and multicomponent modulation of ChIF on the donor side of
PSIi

The long-lived P*Q,~ state in bRCs has recently been shown to be linked to the proton release capability of a hydrogen-
bond network that is formed by amino acid residues and bound water molecules near P (Allen et al., 2023). These regions,
and similar networks in PSII, are proposed to be involved in the polarization of the RC matrix and thus in the dielectric
relaxation processes (Sipka et al., 2022). Electron-transfer reactions of the two redox-active tyrosines have been shown
to be coordinated with proton transfer steps (Diner et al., 2004; Nakamura and Noguchi, 2015; Ahmadova et al., 2017),
suggesting the role of this region in the gradual formation of PSIl. with a mechanism similar to that in the bRC. Sipka et al.
(2022) evoked two key factors that had been shown to modulate ChIF on the donor side: (i) the period four oscillation of the
fluorescence yield, which indicates a strong S-state dependence of ChlF, both in the presence and absence of Q,~ (Delosme
and Joliot, 2002); and (ii) mutations in the D,-loop that suppress F, to 10-15% of that in the control PSI-minus cyanobacterial
strain, but only marginally affect the O, evolution (Vavilin et al., 1999). Furthermore, release of donor-side quenching has
previously been hypothesized (Vredenberg, 2008). The data presently available strongly suggest the involvement of a series
of events, most likely related to the polarization of molecules/residues on the donor side of PSII (see figure).
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(2023) and Sipka et al. (2022).

Stabilization of the charge-separated states in bRC and PSIl CCs and polarizable groups at the donor sides. (A, B)
Pre-illumination dependence of the recombination rates of the charge-separated states in bRC at two different hydration
states (r), and (B) in the PSIlI CC, as described by Malferrari et al. (2013) and Sipka et al. (2021), respectively. (C, D)
Co-factor structures and bound water molecules at the donor side of (C) bRC and (D) PSII, as depicted in Allen et al.

at =80 °C Magyar et al. (2023), and 0.73 in untreated leaves
at room temperature (Laisk and Oja, 2020). Using the data
of Joliot and Joliot (1979) from thylakoid membranes, a value
of 0.69 would be obtained (the F,/F, value is 0.77). Using
fast repetition rate flashlets (FRR devices), Prasil ef al. (2018)
could have obtained Y, and Y, values of 0.68 and 0.76, re-
spectively, in green algal cells. Note that in all the above cases
using STSFs, even at cryogenic temperatures, clear evidence is
provided that the first STSF closed all the functional PSII RCs
and, in this sense, the efficiency of the RCs to produce stable
charge separation could be considered to be 100% in all active
centers, i.e. additional STSFs induced no further stable charge
separation. For quantum yield determinations more elaborate
techniques are needed, for example based on analysis of Chl a
fluorescence lifetimes (Wientjes ef al., 2013), in which the life-
time components of PSII¢ (F)) and the fate of the excitation
energy can also be mapped.

In the context of the implicit assumptions used in calculating
Y, it is interesting to consider the forced-oscillation ChlF tech-
nique, which monitors plant responses to sinusoidally modu-
lated light of varying frequency (Nedbal and Lazar, 2021; Lazar
et al., 2022). Under these conditions, limitations regarding the
variations in the rate constants between different PSII states
can be small or negligible, and thus can allow in-depth model
calculations to obtain physiologically important parameters of
the photosynthetic machinery. The same might hold true for
the F,//F, parameter determined in light-adapted samples (cf.
Blankenship, 2021; Lysenko et al. 2022), but this requires fur-
ther careful consideration. It must be emphasized, however, that
justification of these assumptions requires further careful inves-
tigation. Further, a decreased F,/F,, (or F,/F,)), for example
during photoinhibition of PSII, might be easier to explain with
mixed RC populations (Kono et al.,2022), rather than ascribing
it to a decreased quantum yield of PSII photochemistry.
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By taking into account the large light-induced contribu-
tions in ChIF of PSII with closed RCs, it is not surprising
that only a relatively small fraction of F, arises from the Q-
to-Qp / PSII-to-PSIl¢ transition. It has been pointed out by
Mauzerall (1972) that ‘the light-induced increases of the effec-
tive fluorescence yield in Chlorella are too slow to be primary
processes in photosynthesis’, which argues strongly against the
(exclusive and even dominant) role of Q,~ in F,. However,
since the role of other compounds and/or products in ChlF
quenching such as carotenoid triplets (Duysens et al., 1972)
or Pgg,™" (Shinkarev and Govindjee, 1993; Akhtar et al., 2022)
should not be overlooked, the question requires careful consid-
eration. In this context, it is to be noted that unlike Q,, these
quenchers are generated rather than destroyed upon repeated
excitations, and thus do not explain the observed STSF-
induced increments in the quasi-stationary levels of ChlF (see
also Magyar et al., 2018).

The data presently available suggest that the reduction of Q,
can be held directly responsible for no more than about one-
fifth of F,. Schansker ef al. (2011) analysed the temperature de-
pendence of the rise times of the fast ChlF of DCMU-poised
leaves at cryogenic temperatures and found that the fastest
kinetic component, displaying 19.6% of the total amplitude,
exhibited very small activation energy (2 kJ mol™) and thus
it was assigned to the primary photochemistry of the RC. A
similar amplitude was observed by Magyar et al. (2023) in the
CC of PSII at =80 °C, an even smaller contribution (~10%)
was discerned at 80 K by Sipka et al. (2021), and in DCMU-
treated CCs of PSII, 2 mM dithionite, which pre-reduces Qa,
decreased the F,/F, parameter by only about 23% at 5 °C
(Sipka et al., 2021). Finally, Oja and Laisk (2020) found that
the immediate rise of ChlF after one STSF in leaves was 1.8F,
(with F,/F,=0.85, this represents ~14% of F,). After 40 ps
the F; value increased to 3F, (35% of F,), with the rise being
ascribed to conformational changes in the RC complex.

In Box 3, we outline a proposed physical mechanism of
ChIF that is largely based on the well-characterized transition
of closed-state to light-adapted state in purple bacterial RC
(bRC), which is attributed to complex dielectric relaxation
processes. Further, using the recently proposed correlation of
this transition with hydrogen-bond networks in purple bac-
teria, and recalling donor-side dependent ChlIF data, we pro-
pose that ChlF is largely modulated by electrical polarization
events occurring mainly at the donor side of PSII.

Conclusions and perspectives

‘While several questions remain, we can safely conclude that the
interpretation of ChlF must be laid on new foundations. The
reduction of Q, cannot explain the F,-to-F,, rise, the F,/F,
parameter cannot be equated with the maximum quantum ef-
ficiency of PSII, and the occurrence of excitonic connectivity

of PSII units is highly unlikely, and its magnitude certainly
cannot be derived from ChIF data. Instead, closed PSII RCs
are capable of undergoing light-induced reversible changes,
which lead to the gradual formation of a previously unidenti-
fied state of PSII, the charge-separated light-adapted (closed)
state (PSIL;). This state is characterized by an increased sta-
bility of charges—a physiologically important change—which
is allowed by the structural plasticity of the RC matrix, and
affects the basic photophysical and photochemical pathways
in the PSII CC.These transitions are most likely determined
by the polarizability of hydrogen-bond networks and water
molecules at the donor side of PSII; however, the complex di-
electric relaxation processes are hindered by the rigidity of the
R C matrix, explaining the need for multiple excitations in the
PSII--to-PSII; transitions.

Despite strong limitations regarding the use of ChlE, we have
no doubt that this technique will remain one of the central
tools in plant biology and will provide us with much useful
information on the photochemical activity and structural and
functional dynamics of PSII. Under comparable conditions,and
avoiding its pitfalls (Maxwell and Johnson, 2000), ChIF might
be used to characterize the photochemical activity of PSII, as
evidenced by correlations between the F,/F, parameter and,
for example, the yield of O, evolution or other parameters of
photosynthetic activity (Genty et al., 1989; Edwards and Baker,
1993; Hendrickson et al.,2005). However, it is clear that instead
of using the ‘silver bullet’ of the F,/F,, parameter and equating
it with the quantum efficiency of PSII, more careful consider-
ation is required for all the variables of ChlE Variations in the
F, levels can be cautiously interpreted, as often done in the
literature (see Papageorgiou and Govindjee, (2004). In contrast,
changes in the F, level might originate from a range of dif-
ferent effects; to discriminate between them, complementary
experiments might help, such as electrochromic absorbance
transients (Bailleul ef al., 2010), delayed light (Goltsev et al.,
2003, 2009), fluorescence lifetimes, and oxygen evolution.
Measuring the F; level might provide important information
on the availability of open R Cs, but it should be noted that the
flash should be short (1-2 ps) to avoid multiple turnover but
nevertheless intense enough to close all the RCs; this might
be achieved by using a Xe flash or by FRR flashlets, for ex-
ample. The novel parameter, half-waiting time (A7,,,), which
can be determined by using a programmable STSF attachment
that allows variable time delays between the flashes, holds the
promise of characterizing the formation of the light-adapted
states.

Finally, we would like to emphasize that, in our opinion,
laying the physical mechanism on new foundations does
not hamper the use of ChlE but might rather open new
perspectives towards the better understanding of the oper-
ation of photosynthetic reaction centers. In this regard, dif-
ferent mutants (for example affecting the protein or lipid
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compositions of the RCs) and plants from different habitats
and with different stress tolerances and possibly with dif-
ferent At,,, values, might be of potential interest for agricul-
ture. Restoring the native A7, in isolated PSII CCs might
uncover important lipid—protein interactions in the struc-
tural plasticity of the RC. Advanced spectroscopic methods
such as multidimensional spectroscopy techniques applied to
the PSIly,c,p states might reveal key factors determining the
excitation energy and electron-transfer pathways, and could
help explain the physical mechanism of charge stabilization.
Stark spectroscopy and modulation of the charge separation
with external electric fields and/or rectified intense THz
pulses might provide information on the roles of polariza-
tion of the RC matrix and dielectric relaxation processes,
and on the structural dynamics and protein memory of PSII
RCs.
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