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Abstract

The chromophorylated PBLcm domain of the ApcE linker protein in the cyanobacterial phycobilisome (PBS) serves as a
bottleneck for Forster resonance energy transfer (FRET) from the PBS to the antennal chlorophyll of photosystem II (PS II)
and as a redirection point for energy distribution to the orange protein ketocarotenoid (OCP), which is excitonically coupled
to the PBLcm chromophore in the process of non-photochemical quenching (NPQ) under high light conditions. The involve-
ment of PBLcm in the quenching process was first directly demonstrated by measuring steady-state fluorescence spectra
of cyanobacterial cells at different stages of NPQ development. The time required to transfer energy from the PBLcm to
the OCP is several times shorter than the time it takes to transfer energy from the PBLcm to the PS II, ensuring quenching
efficiency. The data obtained provide an explanation for the different rates of PBS quenching in vivo and in vitro according
to the half ratio of OCP/PBS in the cyanobacterial cell, which is tens of times lower than that realized for an effective NPQ
process in solution.

Keywords Chlorophyll - Energy transfer - Non-photochemical quenching - Orange carotenoid protein - Phycobilisome -
Photosystem 11
Abbreviations Introduction
APC Allophycocyanin

FRP Fluorescence recovery protein Phycobilisomes (PBSs) are giant photosynthetic antenna
FRET  Forster resonance energy transfer complexes of phycobiliproteins consisting of disc-shaped
hECN  3’-Hydroxyechinenone (ap); polypeptide trimers and (af), hexamers stacked into
NPQ Non-photochemical quenching cylinders by a series of linker polypeptides and finally
OCP Orange carotenoid protein assembled into two structural domains: central core of allo-
OCP®  Dark-stable orange form of OCP phycocyanin (APC) and the lateral rods of C-phycocyanin
OCPR  Photoactive red form of OCP (PC) attached to the core and complemented by C-phyco-
PBS(s) Phycobilisome(s) erythrin (PE) or phycoerythrocyanin in some cyanobacterial
PE C-phycoerythrin species (Glazer 1994; Sidler 1994; Adir et al. 2019). The
PSII Photosystem 11 most studied hemidiscoidal PBSs of the cyanobacterium
RCP Red carotenoid protein Synechocystis sp. PCC 6803 (hereafter Synechocystis) have
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six PC peripheral rods and a triangular central core consist-
ing of one upper and two parallel basal cylinders attached
to the outer thylakoid surface of the photosystem II (PS II)
dimers (Arteni et al. 2009; Bald et al. 1996; Chang et al.
2015; Dominquez-Martin et al., 2022; Kawakami et al.
2022; Xiao 2023). The direct or PS II mediated interaction
of PBS with photosystem I remains controversial (Bald et al.
1996; Bryant and Canniffe 2018; Liu et al. 2013; Mullineaux
1994). The core contains two APC pigment groups, known
as bulk APC trimers, which fluoresce at 660 nm, and trimers
containing ApcE (Lcm), ApcD and ApcF polypeptides with
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red-shifted phycocyanobilin chromophores. Their fluores-
cence peaks, differ slightly, all around 680 nm (Capuano
et al. 1991; Lundell and Glazer 1981; Gindt et al. 1994).

The excitation after light absorption is transferred in a
cascade of energy transfer steps through multiple phycobi-
lins from the lateral PC (or PE + PC) rods to the bulk APCs
of the core, then to the long-wavelength phycobilins and
finally to PS II with an efficiency of >95% (Glazer 1994;
Manodori et al. 1985). ApcE with its chromophorylated
PBLcm domain fluorescing at 682 nm (at 77 K), plays the
leading role in the long wavelength fluorescence emission of
PBS and, as was first suggested in the study of the cyanobac-
terium Nostoc sp. MAC (Mimuro and Gantt 1986; Mimuro
et al. 1986), provides the pathway for energy transfer to PS
II. ApcF is located in the same APC trimer as the PBLcm
domain and has auxiliary functions in relation to its chromo-
phore at 682 nm. (Bald et al. 1996; Bryant and Canniffe
2018). APC trimers containing the ApcD polypeptide never
show fluorescence longer than 679 nm in vitro, and it is
most likely that ApcD is involved in energy delivery to PS
I (Calzadilla et al. 2019; Dong et al. 2009; Liu et al. 2013;
Mullineaux 1994).

The process of high-light adaptation in cyanobacteria,
accompanied by a decrease in PBS fluorescence, is known
as non-photochemical quenching (NPQ) (Rakhimberdieva
et al. 2004; Wilson et al. 2006). This evolutionarily rather
old (Bernat et al. 2012; Kerfeld et al. 2017; photoprotec-
tive phenomenon, induced by the orange carotenoid protein
(OCP) (Wilson et al. 2006), reduces by quick thermal dissi-
pation the amount of excess energy arriving from PBS at the
antennal chlorophyll and then at the photosynthetic reaction
centers (Rakhimberdieva et al. 2010). The 34-35 kDa OCP,
with a single ketocarotenoid 3’-hydroxyechinenone (hECN)
enclosed by N- and C-protein domains, exists in two distinct
conformational states: an inactive, dark-stable orange form
(OCP°) and an active, metastable red form (OCPR) gener-
ated by OCP absorption of intense blue-green light (Wilson
et al. 2008). Most known cyanobacterial strains contain one
OCP-encoding gene, while some, including Nostoc punc-
tiforme (hereafter Nostoc), have two complete genes and
several shorter paralogs (Boulay et al. 2008; Kerfeld et al.
2017).

PBS without bound OCP is not susceptible to NPQ; the
estimated interaction of OCPR with PBS in vitro (Gwizdala
et al. 2011; Stadnichuk et al. 2011) had stimulated the search
for a direct site of OCP binding to PBS in vivo. As Synecho-
cystis mutants lacking lateral PBS cylinders showed similar
amplitudes and rates of fluorescence quenching to wild-type
cells (Scott et al. 2006; Stadnichuk et al. 2009; Wilson et al.
2008), the binding site was attributed to components of the
PBS core. Synechocystis strains with deleted apcD and/or
apcF genes retained the ability to induce the photoprotective
mechanism (Jallet et al. 2012). Therefore, the search for the
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quenching site focused on the remaining unexplored bulk
APC and ApcE as part of the PBS core. In contrast to ApcD
and ApcF, the role of the amorphous ~90 kDa ApcE protein
in the cyanobacterial NPQ cannot be elucidated by whole
gene knockout mutagenesis, as ApcE is essential for PBS
assembly (Liu et al. 2005). The established in vitro interac-
tion of OCPR with purified ApcE and the apparent absence
of OCP® interaction with isolated bulk APC trimers strongly
suggested that the ApcE must be the site of OCP® action
(Stadnichuk et al. 2012). The Synechocystis mutant lacking
the PBLcm domain of ApcE loses its NPQ ability (Elan-
skaya et al. 2018). Another type of mutant with a deleted
short loop inserted in PBLcm showed a twofold decrease in
OCP-dependent PBS fluorescence quenching (Zlenko et al.
2019). Among the three identified cross-linked PBS-derived
peptides closely involved in the OCP-PBS association, one
contained a lysine belonging to ApcE (Zhang et al. 2014).
These data provided the rationale for the subsequent mod-
eling of the functional interaction between OCP and PBLcm.
The spatial arrangements of the in silico models of OCP
docking to the crystal bulk APC trimer(s) as well as to the
APC trimer bearing the PBLcm domain were very similar,
but in the case of PBLcm the model was more convincing
due to fewer slits and steric clashes than the corresponding
construction of OCP and bulk APC (Zlenko et al. 2016).

The non-covalent binding of OCPR to PBS is reversible,
making it difficult to maintain the in vivo attitude and to
visualize possible microimages of the OCP-PBS super-
complexes. Recently (Domiguez-Martin et al. 2021), the
structure of the OCP-PBS complex was obtained in vitro
with a resolution of 2.7 A by cryo-electron microscopy. The
images showed that the single PBS can interact with two
OCPR dimers at two different sites involving the bulk APC in
the upper and lower cylinders of the PBS core. This appears
to contradict the above evidence for PBLcm as site of OCP
localization on the PBS surface in vivo. OCP-dependent
NPQ in vivo and in vitro is achieved under very different
conditions, forcing us to re-examine the in vivo and in sil-
ico NPQ data. Therefore, it has been controversial to date
how PBS interacts with PS II and how OCP removes excess
energy from PBS in high light. To this end, we have recorded
fluorescence emission spectra during the entire process of
NPQ formation in the pigment apparatus of the cyanobacte-
rium Nostoc to obtain more evidence for the involvement of
ApcE. This approach allowed us to detect the quenching of
the 682 nm fluorescence band, indicating the direct involve-
ment of ApcE in providing the NPQ effect in vivo.

The developed in (Krasilnikov et al. 2020) model of PBS
docking to the PS II dimer on the surface of the thylakoid
membrane was tested for the possibility of energy transfer
via the PBLcm energy channel and for agreement between
the calculated and experimental transfer times. The exci-
tonic coupling model of the OCP and PBLcm interaction,
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previously well established (Krasilnikov et al. 2020; Stad-
nichuk et al. 2015), was then revised in accordance with the
course of energy transfer from PBLcm to PS II, as well as
the PBS to OCP cell ratio. In this way, we show that, within
the framework of the model constructed, the times of energy
transfer from the PBLcm to the PS II and from the PBLcm to
the OCP are closely correlated. We show that it is possible to
reconcile the rates of energy transfer and the ratios of OCP,
PBS and PS II present in cyanobacterial cells. This is based
on the 682 nm fluorescence band, identified in our work,
which is the first direct indication of the presence of PBLcm
in the NPQ spectrum, and on corresponding calculations.

Methods
Strains and culture conditions

The PE-containing filamentous cyanobacterium Nostoc
punctiforme ATCC 29133 (Hirose et al. 2010; Meeks et al.
2001) was grown for 5 days in BG-11 culture medium under
constant white light of 35 pmol photons m™ s~! and 30 °C
with gentle stirring to partially break the filaments (Hirose
et al. 2010). The unicellular cyanobacterium Synechocys-
tis sp. PCC 6803 used to collect biomass for the isolation
of OCP was grown in modified BG-11 medium containing
double amount of sodium nitrate as described in (Elanskaya
et al. 2018).

Fluorescence emission spectra

Fluorescence emission spectra of the Nostoc cell suspen-
sion were recorded at room temperature using a RF5301
PC spectrofluorimeter (Shimadzu, Japan) under excitation
light at 520 nm, which is predominantly absorbed by PE.
The optical density of the sample at the 678 nm red absorp-
tion maximum of chlorophyll was 0.1 in a 3 mm light path
cuvette. The bandwidth of the excitation (photon flux density
approximately 40 pmol photons m~2 s~!) and measurement
monochromators was 5 nm. The same 520 nm light, increased
to 450 pmol photons m~2 s~!, was used to induce NPQ by
phototransformation of OCP® to OCPR with the slit of the
excitation monochromator maximally open and a neutral fil-
ter removed from the light path. Specifically, it is an order
of magnitude higher than light for the realization of State 1/
State 2 transitions (Calzadilla and Kirilovsky 2020). The total
illumination time for the NPQ development was successively
0+30+30+60+60 s, with corresponding immediate spectral
recordings lasting repeatedly 6 s. This time difference between
the spectral recording and the NPQ development allowed us to
use only one sample of the cell suspension in the fluorimeter
holder in the continuity of the measurements and to record
sequentially the intensity changes of all the revealed spectral

bands. Fluorescence spectrum of PBLcm with emission peak
position at 682 nm was obtained by deconvolution of the PBS
core fluorescence spectrum recorded and described previously
(Stadnichuk et al. 2015).

OCP absorption spectra

OCP° was isolated and purified from harvested Synecho-
cystis cells by biochemical procedures described in detail in
(Boulay et al. 2008; 2010; Stadnichuk et al. 2012). Prior to
spectral measurements, to induce the 0OCP° — QCPR photo-
transformation, the OCP sample was illuminated for 10 min
with intense, 1100 pmol photons m~2 s~!, blue—green light
(tungsten—halogen white light filtered through a 430-540 nm
band-pass filter). Absorption spectra of OCP® (not shown)
and OCP®R were recorded using a Hitachi 557 spectropho-
tometer with a spectral slit width of 2 nm in a 10 mm light-
pass cuvette. The absorption spectrum of OCPR corresponds
well to those repeatedly described in the literature.

Rates of energy transfer from PBLcm to PS I
and to OCP

Forster resonance energy transfer (FRET) (Forster 1948;
Lakowicz 2006; Sener et al. 2011) and excitonic (Agranovich
and Galanin 1982; Sener et al. 2011) theories were used to
determine the PBS — PS II and PBS — OCPR energy trans-
fer rates, respectively. Theoretical calculations of energy
transfer and quenching were based on the molecular archi-
tecture model of the OCP-PBS-PS II supercomplex previ-
ously developed in silico from the X-ray crystal structures
of APC trimers stacked in cylinders (Zlenko et al. 2017),
the PS II dimer (Kern et al. 2005) and the red carotenoid
protein (RCP) identical to the N-terminal domain of OCPR
(Leverenz et al. 2015) directly involved in the interaction
with PBS. In this model (Krasilnikov et al. 2020), the PBS
core was located on the cytoplasmic surface of the PSII
dimer together with the RCP globule docked to the collat-
eral region of the PBLcm domain of ApcE, which is part of
the basal core cylinder.

Results
Fluorescence emission spectra

The initial steady-state fluorescence emission spectrum of
a Nostoc sample pre-aged in the dark for 5 min contains
the well-known bands of phycobiliproteins and chlorophyll
(Fig. 1a). The peak at 574 nm belongs to PE and the band at
660 nm is attributed to bulk APC, while the separate band
of PC with the known position at 640 nm is not visible. The
separate band at 682 nm of PBLcm is not resolved as it is
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superimposed by the most intense band at 685 nm of PS II
(Brecht et al. 2014) due to their close superposition. The
bright shoulder at about 730 nm is attributed to the sum
of long wavelength satellites of the enumerated bands plus
some Photosystem I emission.

Under our conditions, the maximum NPQ level was
reached within 180 s (3 min) against the background of a
slow NPQ process and an even slower reverse process con-
trolled by fluorescence recovery protein (FRP) (Kirilovsky
and Kerfeld 2016). This time has been divided into shorter
segments to show the successive decrease in intensity of the
fluorescence bands. NPQ does not affect PE, as the well-
resolved 574 nm peak does not change in height and shape
during the whole 180 s and could serve as an additional
convenient benchmark to compare the intensity decrease of
other bands (Fig. 1A). This result corresponds to the fact that
the excitation energy transfer from the PE to the PBS core
remains at its maximum level and is therefore not affected
by the NPQ, and is consistent with the data that the OCPR
does not come into direct anchoring contact with the lateral
cylinders of the PBS (Scott et al. 2006; Stadnichuk et al.
2009; Wilson et al. 2008).

Changes in the amplitude of other fluorescence spectral
bands have been observed by tracking the NPQ formation
over the first 30 s. The highest degree of quenching was
registered for the main fluorescence emission peak around
685 nm. However, as in the original spectrum of the dark-
adapted sample (O s), it was not possible to separate the
ApcE (PBLcm) band from the fluorescence superposition
with the 685 nm band of PS II in the spectra measured after
30, 60, 120 or 180 s of OCP-dependent phototransforma-
tion (Fig. 1a). The resolution of these closely overlapping
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Fig. 1 Fluorescence emission spectra of Nostoc cells at room temper-
ature, measured at a series of time points during NPQ development. a
Spectral changes in OCP-dependent fluorescence intensity at differ-
ent NPQ times. b NPQ spectra obtained as the difference between the
dark sample and the same sample for different quenching times. Spec-
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spectral bands depends on their relative heights during the
quenching process. To reveal the problem in more detail, and
to be able to see the NPQ dynamics on the scale of tens of
seconds we resort to difference NPQ spectra (Rakhimber-
dieva et al. 2010) normalized to their peak positions. It was
shown that after the first 30 s of high light irradiation, the
main peak in the NPQ spectrum shifted from 685 to 682 nm,
indicating the presence of the ApcE band (Figure 1b). This
is the first direct in vivo evidence that quenching is asso-
ciated with a change in ApcE fluorescence emission. The
much smaller degree of NPQ intensity change in the 660 nm
region (Fig. 1b) compared to the 682 and 685 nm bands
means that the bulk APC in the PBS core is very unlikely to
serve as a site for OCP® docking in vivo. Again, no bands
shorter than 682 nm were observed in these repeated spectral
experiments, indicating that ApcD (679 nm) is unlikely to
be involved in contact with OCPR. This result provides addi-
tional evidence for the anchoring role of the PBLcm domain
of ApcE to previously estimated data (Elanskaya et al. 2018;
Stadnichuk et al. 2012; Zhang et al. 2014).

Rate of excitation energy transfer from PBS to PS I

A distance from the nearest phycobilin chromophores within
the two basal PBS core cylinders to the antennal chloro-
phyll molecule(s) of the PS II pigment-protein dimer is
estimated to be in the range of 40—48 A (Chang et al. 2015;
Krasilnikov et al. 2020). PBLcm/ApcF-containing APC disk
of each basal cylinder is responsible for the protrusion of this
disk at the bottom of the PBS core. This protrusion fits well
with the hole on the cytoplasmic side of PSII and forms a
tight interaction between PBS and PSII (Chang et al. 2015;
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tra in a and b are indicated in the legends on the right with the appro-
priate color and in b spectra are normalized to their main peak posi-
tions. The position of the main peak in the “Dark minus 30 s spectra
in five sets of experiments was 682, 682, 682, 682 and 683 nm to
1 nm accuracy
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Krasilnikov et al. 2020). Considering the thickness of the
apoprotein layer over the near-surface chlorophylls of PS II
and the gap created by this protrusion and the amorphous
PBLcm loop exposed from the PBS core towards the thyla-
koid membrane, the distance of 42 A most likely offered by
the model (Krasilnikov et al. 2020) was used here to provide
an opportunity for energy transfer from PBS to PS II. The
criterion for the sufficiency of the energy transfer only from
PBLcm was the agreement of the transfer time determined
according to the calculations and established experimentally.

It is implicitly assumed that PBS transfers the absorbed
energy to PS II via the FRET mechanism, which is charac-
terized by the notion of the Forster radius (R,)) (Forster 1948;
Lakowicz 2006; Kawakami et al. 2022):

Ro = {/A®, 42J(2)/n* (1

where A =9000In10/128(x)°N, ~ 8.8 1072 mol is a con-
stant. @ is the fluorescence quantum yield of phycocyano-
bilin chromophores in APC trimers equal to 0.6 (Matamala
et al. 2007), n=1.33 is a refractive index of the surrounding
medium (Grabowski and Gantt 1978); x is a factor of the
relative orientation of the donor/acceptor dipole transition
moments, the overlap integral J(A) is a function of the nor-
malized PBLcm fluorescence emission spectrum, peaked at
682 nm, taken as the donor and the chlorophyll extinction
coefficient in PS II as the acceptor. According to the calcu-
lations in (Krasilnikov et al. 2020), it is equal to 5.74 107"
cm® Mol ™! for PBLcm/PS 1I spectral overlap. The transition
dipole moments of the PBLcm phycocyanobilin chromo-
phore and the nearest antennal chlorophyll of CP43 appear
to be parallel in favorable relative orientation for FRET
(Krasilnikov et al. 2020), and thus the orientation factor Xz
reaches its maximum equal to 4. Based on these values, R,
was found to be 86 A. The characteristic time t of the FRET
rate was then calculated as follows:

6
T=7d<%> @)

where t,=1.5-1.6 ns (Matamala et al. 2007) is the excited
state lifetime of the donor phycocyanobilin chromophore,
and R equals 42 A above. The characteristic time obtained
was found to be around 20 ps, which agrees very well with
the value determined experimentally for a final step of the
PBS — PS II plausible energy transfer pathway (Acufia et al.
2018). According to our present considerations, other phyco-
bilins including the ApcD and ApcF chromophores form an
extensive network for energy transfer within the PBS, which
routes (Zhao et al. 1992) end in the PBLcm, minimizing
direct energy transfer from other phycobilins of the PBS core
to PS II. The principles of the PBS core architecture are the
same in both the hemidiscoidal and bulkier block-type and

hemiellipsoidal PBSs of red algae. In particular, the distance
between the PBLcm and ApcD chromophores in the PBS
cores of the red algae Griffithsia pacifica (Zhang et al. 2017),
Porphyridium purpureum (Ma et al. 2020), the cyanobacte-
ria Anabaena 7120, Synechococcus 7002 (Zheng et al. 2021)
and Thermosynechococcus vulcanus (Kawakami et al. 2022)
is about 30 A in all cases determined by cryo-EM micros-
copy. This implies that the ApcD — PBLcm energy transfer
reveals photophysical heterogeneity of PBS transfer path-
ways (Squires et al. 2019) and must be more efficient than
the independent transfer from ApcD to PS II chlorophyll
(Krasilnikov et al. 2020).

Excitonic coupling of OCP and PBLcm

The interchromophore distance between the hECN of OCPR
and potential neighboring phycobilin chromophores, due to
equally curved lateral surfaces of different APC trimer disks
in the PBS core, has to be about 25 A (Dominguez-Martin
et al. 2021; Krasilnikov et al. 2020; Stadnichuk et al. 2015).
This conclusion is based on the docking model of APC and
OCP crystal structures and the calculated temporal thermo-
dynamic stability of this assembled protein supercomplex
(Stadnichuk et al. 2015; Zlenko et al. 2016), as well as the
in vitro obtaining of one of the possible complexes of OCPR
and bulk APC as part of the PBS core (Zhang et al. 2014).
A priori, the relatively close distance of 25 A gives reason
to consider FRET or excitonic energy transfer (Dominguez-
Martin et al. 2021; Krasilnikov et al. 2020; Stadnichuk et al.
2015) from PBS to OCP with subsequent heat dissipation
from the ketocarotenoid excited state as the basis for the
NPQ mechanism.

The spectral overlap of the S;— S, absorption spectrum
of OCPR with the fluorescence emission spectrum of PBLcm
was found to be minimal (Fig. 2a), and therefore the time
of the estimated FRET calculations in this proposed case
should be equal to~ 1450 ps (Stadnichuk et al. 2015). A
low-lying S, state of carotenoids is dipole forbidden for
absorption via one-photon transition and is therefore absent
from linear absorption spectra measurements (Polivka et al.
1999). The S, state energy of hECN with the 0-0 band lying
for OCPR at 14,000+ 200 cm™! (713 nm) has been deter-
mined by time-resolved spectroscopy methods (Polivka
et al. 2013). Due to a very small value of the S;— S, tran-
sition density of carotenoids, the extinction coefficient of
hECN used for FRET calculations was assumed to be about
1000 M~ cm™" (Stadnichuk et al. 2015); as a result of
the strong 1/R® time dependence of the transfer efficiency
and the small extinction coefficient, the estimated time of
energy migration in this also proposed state should finally
be 1650-1700 ps (Stadnichuk et al. 2015). The results of
both types of calculations are far from the experimentally
determined 20 ps when compared with the step of energy
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Fig.2 OCPR absorption spectra in the S;— S, a and S;— S, b spec-
tral regions versus fluorescence emission spectrum of PBLcm a and
b. Hypothetical S,— S; absorption spectrum of OCPR is generated
by shifting the experimental S,— S, spectrum to the red region and

migration from PBLcm to PS II (Acuiia et al. 2018), and
therefore exclude the S; and S, states of hECN from the
OCPR-dependent energy quenching in the framework of
FRET theory.

When the shape of the S;— S, spectrum can be identi-
fied for a number of carotenoids (see e.g. Frank et al. 2000),
it is seen that it also contains the three main bands typical
of carotenoids in non forbidden S, — S, spectra, although
with different relative intensities, but in general, an S, — S
spectrum has the same full width on the energy scale as
an S,— S, spectrum. In the case of excitonic coupling, the
energy resonance, that is the completeness of the overlap
between the spectra of two pigments, must be important and
their strict contours are irrelevant. For OCPR, the 0—0 band
position of the S;— S, absorption spectrum, determined
experimentally by near-infrared femtosecond absorption
spectroscopy (Polivka et al. 2013), allows the S;— S, spec-
trum to be shifted on the energy scale and used to demon-
strate the complete overlap of the S;— S, spectrum with the
PBLcm fluorescence spectrum due to its large spectral width
and despite the likely error in the exact intensity contour.
The much broader S;-S; absorption spectrum of OCP®, con-
structed by red batochromic shifting of the known S;— S,
transition spectrum to 0-0 band energy value of S, compared
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using the known specific S, and S, energy levels for the 0-0 band
position of OCPR. Absorption spectra are overlaid with the emission
spectrum for the purpose of demonstration irrelevant spectral overlap
in a and complete overlap in b

to the fluorescence spectrum of PBLcm (peak position at
682 nm corresponds to 14,665 cm_l), here shows such a
complete spectral overlap (Fig. 2b). In other words, an abso-
lute prerequisite for excitonic coupling—the complete coin-
cidence of the donor fluorescence and acceptor absorption
energy states (Krueger et al. 1998)—is achieved in this case.

The original 3D model of OCP docking to APC in the
PBS core (Stadnichuk et al. 2015) was improved (Krasilnikov
et al. 2020), to take into account the separation of OCP N-
and C-polypeptide domains upon photoactivation of OCP°
(Bondanza et al. 2020; Kerfeld et al. 2017) and the quenching
activity of only the N-terminal domain of the formed OCPR,
which is geometrically equivalent to RCP (Lewerenz et al.
2014). The theory of the exciton interaction between the OCP
ketocarotenoid and the sterically neighboring phycocyanobilin
chromophore of APC was developed and described in detail
in (Stadnichuk et al. 2015). The characteristic time 7, of the
excitonic energy transfer from phycocyanobilin of PBLcm
to hECN of OCPR was written as follows (Krasilnikov et al.
2020; Stadnichuk et al. 2015):

;= nhR*n? 3)
Ty ang
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where according to the geometric model (Krasilnikov et al.
2020), R=24.5 A is a distance between the centers of the
dipoles of phycobilin and hECN obtained by the docking
procedure; n=1.33 is the refractive index (unitless) as in
Eq. I; p;=12 D is the known transition dipole moment of
the phycocyanobilin chromophore in Debeyes (Matamala
et al. 2007; Ren et al. 2013) and p,=1.8 D was previously
obtained from quantum chemical calculation of the virtual
So— S, transition dipole moment of hECN in OCP® (Stad-
nichuk et al. 2015).

In the combined tripartite RCP-PBLcm-PS II model created
(Krasilnikov et al. 2020), the main condition was considered
above the plausible energy transfer from PBS to PS II. The
transition dipole moment of phycocyanobilin of PBLcm in the
model is optimally directed for photosynthetic energy transfer
(Ix|=2) to the nearest chlorophyll of PS II (#47 of CP43) (Loll
et al. 2005). Relatedly, the direction of the hECN transient
dipole moment vector is secondary. The combined geomet-
ric positions of the PBLcm-PSII and PBLcm-RCP pairs then
only allow the placement of the RCP such that the carotenoid
hECN molecule would be nearly perpendicular to the axis
of the PBS core cylinders. Any other orientation of the RCP
with the S;— S, transition dipole moment of hECN directed
along the conjugated chain of the hECN carotenoid molecule
(Hashimoto et al. 2018) is limited by the strong steric clashes.
As a result, the orientation factor |y | between the transition
dipole moments of hECN and the chromophore of PBLcm
appeared to be small, only 0.24-0.42. The duration of energy
transfer time and quenching by the excitonic mechanism is
inversely proportional to the values of the orientation factor
and the transition dipole moments of the interacting chromo-
phores (Eq. 3). Despite the unfavorable low value of the factor
Ix|, the probable characteristic time obtained here was in the
range of 1.5-2.6 ps, which cannot yet be more precisely deter-
mined. The larger time previously calculated in (Stadnichuk
et al. 2015) did not exceed 10 ps. Nevertheless, the obtained
values of the characteristic time were two orders of magni-
tude smaller than purely speculative for the OCPR calculations
within FRET theory and 2-5 times smaller than the final step
time of energy migration from PBLcm to PS II (Acuiia et al.
2018).

Discussion

Possible mechanisms of carotenoid-induced
quenching

Several models explaining the direct involvement of carot-
enoids in NPQ currently exist. (1) FRET between the
quenched pigment molecule and the carotenoid (Staleva
et al. 2015). (2) Charge transfer between these two mol-
ecules in close proximity (Holt et al. 2005). (3) Potential

involvement in energy transfer of specific ICT state formed
in OCP and some other carotenoids (§louf et al. 2017).
(4) Excitonic coupling of two such molecules, involving
dipole—dipole and possibly dipole-quadrupole interactions.
Our calculations, presented in this paper and previously
in more detail (Stadnichuk et al. 2015), show that the pro-
posed FRET from ApcE to the OCP carotenoid requires
not less than 1000 ps. Because it's slow compared to trans-
ferring energy from PBS to PS II, this means that the S2
or S1 energy levels of the OCP carotenoid could not be
sufficiently populated. Electron transfer, which could be
associated with quenching, as we understand it, shows no
evidence of the OCP carotenoid anion. Such a mechanism
is unlikely as, to our knowledge, there is also no clear data
on phycocyanobilin cation formation in the literature.

The spectrum of the OCP carotenoid after light absorp-
tion and relaxation from the S2 state is more complex,
as it may contain an additional redshifted band, usually
attributed to a transition from the intramolecular charge
transfer (ICT) state. Investigation of this issue using exam-
ples of structurally similar carotenoids, but with or without
a pronounced ICT state, has shown that the presence of the
ICT moiety in the OCP carotenoid is unlikely to play a role
in quenching (Slouf et al. 2017). The exciton mechanism
of the dipole-quadrupole interaction can, in principle, be
realized in quenching process too. However, the quadru-
pole-dipole interaction is not dominant as its intensity
is at least one order of magnitude smaller than that of
the dipole—dipole interaction. The quadrupole moment is
taken into account when the dipole moment is very small
(Agranovich and Galanin 1982). When the dipole—dipole
interaction is non-zero, as in the case of OCP® and PBLcm
chromophores, the quadrupole-dipole interaction is negli-
gible here. Furthermore, the quadrupole-dipole interaction
decreases more with distance (~ R™>). This can be relevant
when two neighboring pigment molecules are very close
together, as in the case of a number of photosynthetic
antennae containing chlorophylls or bacteriochlorophylls
belonging to the same apoprotein. OCPR and PBLcm are
two different proteins of cyanobacteria where the inter-
chromophore distance is 25.5 A in the quenching state
of PBS and the quadrupole role can be ignored. The like-
lihood of a dipole—dipole interaction between the ApcE
and OCP chromophores during quenching seems to be
increased by these brief arguments. Given the existence
of other NPQ hypotheses, the question is open for further
experiments and discussion.

PBS to OCP ratio and the rate of NPQ in vivo
NPQ in cyanobacteria can be defined as a decrease in the

fluorescence intensity of PBSs and consequently chlorophyll
resulting in reduced energy supply to PS II from quenched
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PBSs due to OCP photoactivation. Each PBS in thylakoids
is considered to be a discrete protein macrocomplex that
can interact with OCP® independently of other PBSs under
high light conditions. (We do not consider the case of poten-
tial PBS rows formation during State 1/State 2 transitions
(Zlenko et al. 2017). The ratio of OCP to PBS in cyanobac-
terial cells is known to be 1:2 (Wilson et al. 2008). That's
for even after complete photoactivation of all cellular OCP
molecules and full NPQ development half of the cellular
PBSs remain OCPR-free and fully retain their original ability
to transfer energy to PS II. Quenching efficiency based on
this ratio and the ratio of quenching and energy transfer to
PS 1I characteristic times (~2 ps: 20 ps) cannot exceed 50%.
This estimate is supported by experimental data that OCP-
dependent quenching affects only about half of the PBSs
coupled to PS II (Protasova et al. 2021) and does not exceed
40-45% (Kerfeld et al. 2017; Rakhimberdieva et al. 2004,
2010). For the fraction of PBS associated with the OCPR, it
can be assumed, without loss of generality, that each PBS
interacts with one OCP® molecule. This means that, on aver-
age, one of the two PBLcm located in the two basal cylinders
of the PBS core remains unconnected to the OCPR. Assum-
ing that, due to bilateral symmetry, the energy transfer flows
within each PBS terminate equally at the two PBLcm, the
fluorescence of such PBS, “half OCPR supplied”, can also
only be reduced by 50%, since the second PBLcm remains
free of OCPR. Taken together, on average, three out of each
four PBLcm in cellular PBSs are not involved in interac-
tion with the OCPR. PBS fluorescence in the cell can be
quenched only by 25% in such an estimate, whereas the
experimental value is almost twice as high (Kerfeld et al.
2017; Rakhimberdieva et al. 2004; 2010). Thus, theoretical
estimation leads to a contradiction, with actual quenching
higher than such reasoning would suggest.

We speculate that the experimental 40—45% quenching
rate achieved after docking in average of a single OCPR
molecules to only half of the PBSs from their cell popula-
tion, is the result of an additional redistribution of energy
flow within the PBS phycobilins and the PBLcm chromo-
phore free of interaction with the OCPR in favor of the sec-
ond PBLcm with docked OCP®R (Fig. 3). In this respect, it
should be noted that the two ApcFs are located in the same
APC trimers as the PBLcm and, in their auxiliary functions,
can serve to bridge the lateral transfer of energy between
the cylinders of the PBS core. The large difference in the
OCPR-induced quenching time, which does not exceed
1.5-2.5 ps, and the 20 ps time of the energy transfer step
from PBLcm to PS 1II, provokes the redistribution of energy
flows. This conclusion is consistent with data on positional
switching of PBS core cylinders and increased conforma-
tional mobility of phycocyanobilin chromophores as a func-
tion of heat and light induced PBS reorganizations (Stoitch-
kova et al. 2007) and OCP binding (Dominguez-Martin et al.
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2021). Due to the presence of several hundred phycobilin
chromophores in hemidiscoidal cyanobacterial PBS (Adir
et al. 2019; Chang et al. 2015; Sidler 1994) and several
internal PBS energy transfer pathways to PBLcm (Zheng
et al. 2021), the quantitative calculation of the correspond-
ing changes in migration pathways within PBS upon attach-
ment of OCPR cannot be convincing enough. The possibility
of switching of energy transfer pathways within PBS may
explain the efficient use of the fast OCPR-dependent exciton
mechanism of quenching, which proves effective despite the
lower number of OCP® molecules in the cell compared to
PBS.

Similarities and differences between the NPQ
process in solution and in the cyanobacterial cell

It is well established that PBSs are located on the surface of
the PS II dimers with their two core basal cylinders in the
plane of the thylakoid membrane (Adir et al. 2019; Arteni
et al. 2009; Bald et al. 1996; Bryant and Canniffe 2018).
Several details of the possible relative positions of the PBS
and PS II dimer with their twofold symmetry have been
revealed by cryo-EM and cross-linking/mass spectrometry
techniques (Arteni et al. 2009; Chang et al. 2015). To date, a
reliable way to study the formation of water-soluble PBS and
membranous PS II supercomplexes remains the use of spa-
tial computer modeling based on the known crystallographic
and EM data (Bryant and Canniffe 2018; Chang et al. 2015;
Zlenko et al. 2017).

Depending on the light intensity, the total NPQ imple-
mentation time in cyanobacterial cells is typically a few
minutes (Rakhimberdieva et al. 2004; Wilson et al. 2006).
PAM fluorometry and/or steady-state fluorescence spectra
measured at the end of the quenching process do not reveal
subtle acquisition spectral changes during NPQ evolution.
Time-resolved spectrofluorimetry requires prior mathemati-
cal modeling and therefore has some shortcomings. We have
taken advantage of tracking changes in the emitted fluores-
cence spectra of Nostoc over tens of seconds.

Our findings are based on the established leading role
of PBLcm in reducing fluorescence during NPQ devel-
opment in vivo (Fig. 1) and supported by the calculated
exciton interaction at S; energy levels of the phycobilin
chromophore in PBLcm and the hECN carotenoid in
OCPR. PBLcm thus acts as a splitting point for the energy
delivered by the phycobilisomal antenna to PS II, to inter-
cept it and carry out the quenching process. Due to OCP,
cyanobacterial PBSs have a special type of NPQ among
antenna complexes (Arshad et al. 2022). The water solu-
bility of OCP and PBS makes it possible to study the phe-
nomenon of NPQ in solution, transferring the established
regularities to the process of quenching in the cyanobacte-
rial cell. These data lead to the question of the similarities
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a

Fig.3 Schematic views of the PBS-PSII supercomplex in Nostoc
thylakoids without a and with b OCPR attached to one of the two
PBLcm domains in PBS core. Phycoerythrin and phycocyanin of the
lateral cylinders and allophycocyanin of the pentacylindrical PBS
core are denoted PE, PC and APC, as in the text. They are shown in
orange, blue and sky blue, respectively. The two lower APC cylinders
of the core are designated as Al and A2, the central cylinder as B,
and the two upper cylinders as C1 and C2, in accordance with the

and differences between the course of NPQ in vivo and
in vitro. The direct contact between OCP and PBS is the
main common pattern for NPQ in cell and solution. (Gwiz-
dala et al. 2011; Stadnichuk et al. 2011). The photophysi-
cal and photochemical properties of OCP studied, includ-
ing the OCP® — OCPR® transformation under high light
conditions, the presence of transformed N- and C-domains
within the OCP molecule and the role of each domain
in the development of quenching, as well as many other
properties of OCP, are common to cyanobacterial cells
and to modeling in solution (Gwizdala et al. 2011; Stad-
nichuk et al. 2011). Besides the similarities, there are also
differences, which are summed up by Table 1 and can be
discussed against the background of the results presented
here.

Based on numerous studies of the NPQ effect and the
properties of OCP in cyanobacteria and in solution: Acufia
et al. 2018; Boulay et al.2008; Dominguez-Martin et al.
2021; Elanskaya et al. 2018; Grabowski and Gantt 1978;
Gwizdala et al. 2011; Kerfeld et al. 2017; Kirilovsky and
Kerfeld 2016; Lewerenz et al. 2014; Maksimov et al. 2014;
Matamala et al. 2007; Rakhimberdieva et al. 2010; Stad-
nichuk et al. 2011; Tian et al. 2011; Wilson et al. 2006;
Zlenko et al. 2019. (Some features present in the table such
as type of quenching and reverse energy flow in PBS are not
mentioned and analyzed in the text).

nomenclature of Chang et al. 2015. The parts of the two PBLcm pro-
truding from the PBS to the thylakoid membrane in the bottom core
cylinders are shown as red arcs; the OCPR attached to one of the two
PBLcm is shown as a yellow oval. The PS II dimers are shown in
light green, with arrows indicating the direction of energy flow from
the PBLcm to the antennal chlorophyll of PS II. A decrease in the
thickness of the arrows b indicates a decrease in the level of energy
transfer from PBLcm to PS II during the time of OCPR attachment

The most striking difference is the fact that almost 100%
PBS quenching can be achieved in vitro (Kerfeld et al.
2017). However, for such an effect, the amount of OCPR in
solution must be several tens of times the amount of PBS
(Table 1). In solution, the likelihood of OCP interacting with
PBS due to the diffusion process is dramatically reduced and
compensated for by a high OCP content and the possibility
of additional surface contacts of OCP with the bulk APC
trimers. In the cyanobacterial cell, the efficiency of the much
lower OCP®/PBS ratio is ensured by the localization of OCP
in close proximity to the loop insertion, which is part of
the PBLcm domain and appears to provide an optimal posi-
tion for OCP to implement NPQ (Zlenko et al. 2019). PS II
complexes are absent from in vitro OCP and PBS interaction
experiments due to their insolubility in aqueous solutions.
Accordingly, the energy transfer channel from PBS to PS II
is absent and the lifetime of the excited state of the phycobi-
lin chromophores in PBS increases significantly (Grabowski
and Gantt 1978; Matamala et al. 2007). According to
(Dominguez-Martin et al. 2021), this fact, together with the
exciton interaction of OCP with the PBLcm chromophore,
suggests that the possibility of energy transfer via the FRET
mechanism from the phycobilins of the bulk APC trimers of
PBS to the abundance of OCP molecules present in solution
could also be substantially increased. It is also important that
NPQ must be reversible in the cell with cycles of photoac-
tivation and dark deactivation of OCP molecules due to the
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Table 1 Main properties of NPQ in vivo and in vitro

Ne  NPQ characteristics In vivo In vitro

1 Quenching efficiency 40-45% 90-95%

2 OCP/PBS ratio 1 OCP molecule per 2-3 PBSs 20-40 OCP molecules per 1 PBS

3 Site(s) of OCP docking to PBS PBLcm domain of ApcE Bulk APC and PBLcm domain of ApcE

4 Type of quenching Specific (dynamic) Specific and non-specific (dynamic and static)
5  Placement of OCP In thin cytoplasmic layer close to thylakoid Diffuse placement throughout solution volume

surface
6  Availability of PBS surface to OCP

Auvailability is limited to PBS surface not

All PBS surface is available

involved in placement on the thylakoid mem-

brane

7  Proportion of quenched PBSs

On average, 50% of PBSs remain unquenched

All PBSs in solution are available for quenching

due to lack of OCP molecules

8  Direction of energy flow in PBS core

9  Lifetime of excitation in PBS

Effective direct energy flow from PBS to
chlorophyll minimizes reverse energy transfer
between PBS chromophores

Average, 200 ps energy transfer time from PBS
chromophores to PBLcm and 20 ps time for the

Presence of direct and reverse energy flow from
bulk APC to PBLcm

Intrinsic lifetime of excitation in PBS is equal to
1600 ps

final migration step from PBLcm to PS II

presence of FRP, which ensures the repeated participation of
OCP in the acts of implementing the effect, but this issue is
beyond the FRP-driven molecular mechanism (Boulay et al.
2010; Kerfeld et al. 2017).
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