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Abstract

Light is required for photosynthesis, but plants are often exposed to excess light, which can lead to pho-
todamage and eventually cell death. To prevent this, they evolved photoprotective feedback mechanisms
that regulate photosynthesis and trigger processes that dissipate light energy as heat, called non-
photochemical quenching (NPQ). In excess light conditions, the light reaction and activity of Photosystem
Il (PSII) generates acidification of the thylakoid lumen, which is sensed by special pH-sensitive proteins
called Photosystem Il Subunit S (PsbS), actuating a photoprotective “switch” in the light-harvesting
antenna. Despite its central role in regulating photosynthetic energy conversion, the molecular mecha-
nism of PsbS as well as its interaction with partner proteins are not well understood. This review summa-
rizes the current knowledge on the molecular structure and mechanistic aspects of the light-stress sensor
PsbS and addresses open questions and challenges in the field regarding a full understanding of its func-
tional mechanism and role in NPQ.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).

Introduction

During photosynthesis, sunlight energy is
converted to chemical energy: a global process
that provides the primary source of energy for
most life on Earth. In higher plants this
conversion takes place via the light-harvesting
complexes (LHC) and photosystem Il and | (PSII
and PSI) in the thylakoid membrane. Light
excites chlorophyll molecules in the LHCs and
this excited state is transferred across the LHCs
to the PSII reaction center where the excitation is
transferred to a chlorophyll dimer (P680)." Excita-
tion of P680 results in a charge-separated state
and electron transfer, reducing plastoquinone to
plastoquinol, and further transportation of elec-
trons across the electron transport chain to form
NADPH. P680* oxidizes two water molecules, with
help of the manganese cluster Mn,CaOs, into 4H*
and O,. This process, along with proton transport

via cytochrome b6f, creates a pH gradient up to
two units’ difference® between the stroma and
the lumen of the thylakoid membrane. The pH gra-
dient provides the proton-motive force to generate
ATP via F1Fo ATP synthase.® The efficiency of
photosynthesis is tightly coupled with plant fitness
under fluctuating environmental conditions. In
excess light, the balance between light excitation
and substrate availability is disturbed. Overexcita-
tion takes place which can lead to formation of
chlorophyll triplets, to saturation of the reaction
center, and creation of reactive oxygen species
(ROS) which are highly damaging to the plant.”
To protect PSIl and the plant against ROS, the
excess of excitation energy needs to be dissipated
before reaching PSII. The process in which the
excess excitation energy is dissipated as heat is
called non-photochemical quenching (NPQ),>’
which is triggered upon acidification of the thy-
lakoid lumen, caused by the imbalance between
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light excitation and substrate supply. Different
mechanisms exist to accomplish this dissipation
of energy and they are distinguished on the time
scale they occur®®®: qE induces rapid de-
excitation of chlorophylls (Chls) in the light-
harvesting antennas and occurs within seconds;
qT is associated with membrane state transitions
that take seconds to minutes. It is worth noting that
in plants exposed to saturating light, qT does not
seem to contribute to NPQ'?; qZ is associated with
the conversion of violaxanthin into zeaxanthin and
takes minutes to hours to revert to a non-
dissipative state; ql is associated with photo inhibi-
tion and reduction of the photosynthetic capacity,
taking place within minutes to hours. qE is the
most prominent form in higher plants and is ApH
dependent.”” The LHC superfamily includes
specific light-harvesting complex proteins that do
not have a primary role in light harvesting, but play
a crucial role in the gE component of photoprotec-
tion, safeguarding photosynthesis.'? In plants and
green algae, those are the LHC stress-related
(LHCSR) proteins and Photosystem Il subunit S
(PsbS). LHCSR is active for photoprotection in
green algae and diatoms, whereas PsbS is essen-
tial for qE in higher plants, and in moss both Pro-
teins are active for light energy dissipation.'*"®
Both LHCSRs and PsbS are pH-sensitive proteins
that contain protonable residues at the lumen side
that respond to a change in luminal pH. LHCSR is
a pigment-binding protein with three transmem-
brane helices, resembling other LHC antenna pro-
teins, and contains a pH-sensitive C-terminal
domain. At low pH, protonation of C-terminal resi-
dues in LHCSR switches the protein into a
quenched state so that it functions as a pH-
responsive, photoprotective switch.'* PsbS, in
contrast, is a four-transmembrane helix protein
that does not bind pigments at specific binding
sites.’”® Two lumen-faced protonable glutamate
residues are essential for the function of PsbS in
establishing NPQ.'®"” Current models for PsbS
function assume that PsbS is a light-stress sensor
that responds to thylakoid lumen acidification in
excess light by actuating a photoprotective switch
in the photosynthetic antenna.'® Different from the
energy dissipation process in green algae, where
pH-sensing and chlorophyll (Chl) de-excitation is
combined in LHCSR, or moss, where both LHCSR
and PsbS are active,' in higher plants the two
processes of pH sensing and excitation quenching
are decoupled. PSIl and PsbS together can be
considered as a photosensory network, in which
over-excitation of PSII results in a low luminal pH
that activates the light-stress sensor PsbS. Acti-
vated PsbS subsequently gives the feedback sig-
nal for photoprotection to the LHC-PSII network,
establishing quencher states in the LHCs for dissi-
pation of excess light energy.

The Light-stress Sensor PsbS:
Identification of Active Sites

In the early work by Li et al., PsbS was identified
as a protein that was essential for regulation of
photosynthetic light harvesting, by analyzing
isolated mutants of Arabidopsis thaliana that
cannot dissipate excess absorbed light energy.?’
Their study found that the gene encoding for PsbS
was cconsidered a pigment-binding protein, like
other members of the LHC family, because the pro-
tein isolated from plants contained chlorophyll and
xanthophyll.?* However, attempts to reconstitute
recombinant PsbS with pigments failed®® and for
native PsbS, the authors of the same study con-
cluded that despite the homology with chloro-
phylla/b/xanthophyll-binding proteins of the LHC
family, PsbS protein does not show tight binding
chlorophylls or carotenoids, unlike other LHC mem-
bers. Bergantino et al. found that PsbS exists in
monomeric and dimeric form, and monomerization
of PsbS dimers was found to be reversible and
pH-inducible.®* The monomer form was most pre-
sent at high-light/low pH conditions whereas the
dimer was most present at moderate light condition
in neutral/alkaline pH. Site-directed mutagenesis
studies of Li et al. were able to identify two essential
amino acid residues for gE, two lumen- exposed
glutamates (Glu122 and Glu226 in Arabidopsis,
equivalent to Glu69 and Glu173 in spinach) of
PsbS, for qE activation.'®'” Mutations of either of
the active Glu into Gin reduced gqE by 60-70%,
while mutating both Glu essentially abolished all
fast gE. The similar effect of mutating either of the
two Glu was ascribed to the pseudo-symmetry of
the PsbS: according to its sequence, the protein dis-
plays a pseudo-two-fold symmetry with the two
halves having high sequence identity. Mutation of
either of Glu108 and Glu212 in Arabidopsis (equiv-
alent to Glu55 and Glu159 in spinach), two other
Glu residues at the luminal side, also strongly
affected qE."” The early studies formed the basis
of current hypotheses for PsbS function, in which
light-inducible activation of PsbS via protonation of
specific residues in the luminal loops promotes
monomerization and subsequently its action estab-
lishing gE via interaction with LHC proteins or PSII.
Further indication that PsbS acts as a regulator, but
is not the site of gE, was given by the fact that gE
could be activated in intact chloroplasts lacking
PbsS when ApH was enhanced by using the agents
diaminodurene (DAD) or phenazine methosulfate
(PMS) as mediators of cyclic electron flow.*®

The Low-pH Structure of PsbS

In 2015, the low-pH crystal structure of PsbS was
resolved,'® paving the way for recent structural and
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in-silico studies to understand the relationship
between PsbS structure and function. PsbS is a
22-kDa transmembrane protein that consists of four
transmembrane helices (TM1-TM4) and two amphi-
pathic helical stretches (H1 and H2) at the luminal
side of the thylakoid membrane (see Figure 1). In
comparison with structures of other members of
the LHC superfamily, PsbS has a remarkable differ-
ent architecture and contains a fourth TM helix.
Compared to the structure of LHCII, the two cross-
ing TM helices of PsbS (TM1 and TM3, equivalent
to helix A and B in LHCII) are shorter and TM2
(equivalent to helix C in LHCII) is positioned close
to the central supercoil whereas for LHCII this site
contains a gap that is filled with pigments. Next to
H1 there is a 3¢ short helix domain, recently named
H3.?° Despite the pseudo-symmetry of the two
halves of PsbS, the crystal structure of PsbS shows
that the two luminal loops of PsbS that contain the
essential glutamates, Glu69 and Glu173 respec-
tively, assume quite different conformations:
Glu69 is part of the short 3¢ helix fragment called
H3 whereas Glu173 is located inside the amphi-
pathic a-helix domain H2. The crystal structure pre-
sents a PsbS dimer that is stabilized by an intensive
network of inter-monomer hydrogen bonds, in addi-
tion to hydrophobic interactions involving TM2 and
TMS3, one salt bridge and one arginine-arginine pair.
Four hydrogen bonds are formed at the luminal side
between Glu173 and the backbone amide nitrogen
of lle74 and Tyr75 (Figure 2A, B). Furthermore,
Glu55 and Glu159 anchor H2 and H1 to respec-
tively TM1 and TMS3, stabilizing the stability of the
luminal helices and the tertiary structure of PsbS.
Although the PsbS crystals contained some Chls,
the PsbS dimer structure is too tight to fit any pig-

hd

. patens

ment molecules and potential Chl-binding sites that
are conserved among the LHC superfamily cannot
bind Chl in PsbS due to steric hindrance imposed
by TM2 and TM4. The structure reveals that PsbS
is not a canonical pigment-binding protein and the
authors suggested that free Chls may be trapped
at the PsbS dimer interfaces. The outer side of the
dimer contains a hydrophobic interface formed by
a cluster of phenylalanine (Phe) residues, which
potentially could have a role in establishing interac-
tions with other protein partners.?’

PsbS is a pH-dependent Molecular
Switch

The pH-response molecular mechanism of PsbS
has been investigated by molecular dynamics
(MD) and coarse-grained (CG) simulations of
spinach PsbS in lipid bilayer at constant-pH
sampling, and by a combined FTIR, 2D-IR and
NMR sgectroscopy study on Physcomitrella patens
PsbS.?>2%29 The lumen-exposed 3,¢-helix fragment
H3, located next to Glu69 in the low-pH PsbS struc-
ture, forms an equilibrium between 340-helix and a
loop/turn conformation that shifts towards the
unfolded state at neutral-pH conditions®®“%2° and
the amphipathic H2 helix containing Glu173 moves
from the hydrophobic membrane phase to the aque-
ous phase at neutral pH (Figure 2B, C).?*° Notably,
in an E176Q mutant (numbering according to the
patens sequence, mutation equivalent to E173Q of
PsbS from spinach), both the pH conformational
changes of H2 and H3 were suppressed, and IR
spectra of this mutant resembled the low-pH struc-
ture of PsbS at both low and neutral pH conditions.

T1 |

LFGKTKPAAKAPAPTKGKAKVEDGIFGTSGGIGFTKANELFVGRVAMLGFAASILGEALT 60

. thaliana LFKPKT-KAAPKKVEKPKSKVEDGIFGTSGGIGFTKANELFVGRVAMIGFAASLLGEALT 59
. oleracea LFKSKA--KAPKKVEKPKLKVEDGLFGTSGGIGFTKENELFVGRVAMIGFAASLLGEGIT 58

*% " * k kkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkikkk ok

GKGTLAQFDEIEGIPLTETEPLLLFFILFTLLGAIGALGDRGKFVDDAPVAGLDSTIIKP

n >

il

120
118
117

. patens
A. thaliana GKGILAQLN
S. oleracea GKGILSOLNLYTGIPIYEAEPLLLFFILFTLLGATIGALGDRGRFVDE-PTTGLEKAVIPP

Kkk ok rkkkkky ko kkkkkkkkkk

GIPIYEAEPLLLFFILFTLLGAIGALGDRGKFVDD-PPTGLEKAVIPP

kkkkikkky Kk thkk: ik K

] [w]

P. patens GKGVKGALGLNEKGPVFGFTKSNELFVGRLAQLGIAFAIIGEIITGKGALAQLNIIEGVP

180
178
177

. thaliana GKNVRSALGLKEQGPLFGFTKANELFVGRLAOLGIAFSLIGEIITGKGALAQLNINTGIP

. oleracea GKDVRSALGLKTKGPLFGFTKSNELFVGRLAQLGFAFSLIGEITTGKGALAQLNINTGVP
Kk ky kkkky skkgkkkkk: sk ok Tk

. patens  ITELEPLILFNVIFFLFAAVNPGTGKFVNDDDIED
. thaliana IQDIEPLVLLNVAFFFFAAINPGNGKFITDDGEES

. oleracea INEIEPLVLLNVVFFFIAAINPGTGKFITDDEEED
Kk osikkkikikk kkikkokkk kkk: kk K

w >

215
213
212

>0

w

Figure 1. Crystal structure of PsbS'® (PDB-ID 4RI2) with the amphipathic helices H1 and H2 in green and H3 in
yellow and the two active Glu highlighted. The stromal loops are not resolved. The right side presents a protein
sequence alignment (Clustal Omega, EMBL-EBI) of PsbS from Physcomitrella patens, Arabidopsis thaliana and
Spinacia oleracea. The active Glu are indicated in red. The PsbS structure was created using UCSF Chimera.?°
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Figure 2. Molecular pH-response mechanism of PsbS. A: Upper structure: Crystal structure of PsbS'® (PDB-ID
4R12) with amphipatic helix H3 in yellow and H1 and H2 in green. Lumen-exposed Glu with elevated pKa values are
highlighted. Numbers are the pKa values predicted from MD simulations on PsbS monomer (Liguori et al.)*® in blue
and predicted from CG simulations on PsbS dimer (Chiarello et al.)®° in purple. Glu 55 and Glu 159 are not shown.
Lower structure: PsbS dimer facing the lumen side. H-bonds formed by Tyr75 and lle74 to Glu173 are indicated. B:
schematic picture of the pH response of PsbS (left) and H-bonds that stabilize the PsbS dimer at the lumen side
(right), figures adapted from 28. C: CG simulations of PsbS dimer indicating the molecular response to changes in pH.
PsbS structures were created using UCSF Chimera.*® pH. PsbS structures were created using UCSF Chimera.?° (C)
has been adapted from 29 with permission according to Creative Commons Attribution 4.0 International Public

License https://creativecommons.org/licenses/by/4.0/.

Hence, deletion of Glu173 locks PsbS in the low-pH
conformational state. The lack of response by H3
was explained by the following: without rearrange-
ment of H2, H-bonding to H3 in the opposite mono-
mer within PsbS dimer persists at neutral pH
conditions and prevents unfolding of H3. Although
glutamates in aqueous solution have pKa values
around pH 4.0,%° the bulk of protonable residues in
PsbS are protonated at pH 5.0°° and simulations
predict that many lumen-exposed Glu have elevated
pKa values around 6.0 and some even above
7.0.252? The H3 fragment containing Glu76 is con-
nected to TM2 which contains Glu78 at the luminal
edge, suggesting that the conformational pH switch
of H3 may involve protonation of Glu69, Glu76 and
Glu78. The H2 fragment contains Glu173 and is

connected to TM4 that contains the residues
Glu180 and Glu182 at the lumen edge. Protonation
of Glu173 neutralizes the charge of the H2 fragment,
by which this fragment can enter the hydrophobic
membrane phase. A structural rearrangement of
H2 occurs with increasement of its tilt angle with
the membrane normal that stabilizes embedment
of H2 in the membrane environment.?**° The ele-
vated pKa values of the lumen exposed Glu renders
those residues sensitive to protonation within the
physiological pH range between 5.5-7.5 (see Fig-
ure 2A). Intriguingly, the pH-response mechanism
of PsbS suggest that PsbS dimers are destabilized
at neutral pH due to unfolding of H3 and rearrange-
ment of H2, which disrupts the four hydrogen bonds
at the luminal side. Nonetheless, CG simulations
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predict that both at neutral and low pH conditions,
the PsbS dimer is the most stable form®® and PsbS
in detergent micelles is capable of forming dimers at
both pH conditions.*' Those findings and the low-pH
crystal structure of the PsbS dimer seem in contra-
diction with the earlier results of Bergantino et al.**
and with proposed models that assume monomer-
ization of PsbS at low pH.'®** However, in-vitro
and in-silico studies were performed on isolated
PsbS proteins that can only interact with each other,
in contrast to native thylakoid membranes where
PsbS may interact with various interaction partners.
An alignment of LHC proteins onto PsbS monomers
at low pH shows that docking interactions could be
formed between the H3 domain of PsbS facing the
C-terminal luminal amphipathic helix of the most
abundant LHC antenna complexes, Light-
Harvesting Complex Il (LHCII), that resembles H2
in PsbS.?° It is thus conceivable that in the native
thylakoid membrane, switching of PsbS H3 into a
310 helix at low pH may establish docking interac-
tions between monomeric PsbS and the C-
terminus of LHCIL?®?%2° A very recent cryo-
electron microscopy (cryo-EM) study uncovered a
pH-induced conformational change in LHCII. At
low pH conditions, an 34 helix fragment at the lumi-
nal side (helix E) transforms into a normal a-helix
and a random-coil fragment at the C terminus folds
into a short a-helix.®> Moreover, the amphipathic
helices D and E at the luminal side rearrange and
make an inward movement, resembling the rear-
rangement of H2 of PsbS. Similar structural motifs
of luminal helices containing protonable residues
exist for the minor antenna protein CP29.%*

Taken together, the pH response mechanism of
PsbS can be described as follows: At neutral pH,
the luminal loops of PsbS reside in the aqueous
phase. Protein-protein interactions may occur at
the stromal side via weak H-bonding and
electrostatic interactions of the stromal loop
segments and through hydrophobic interactions in
the membrane phase. Upon protonation at low
pH, the amphipathic short helices H2 and H3 at
the luminal side undergo conformational changes
and structural rearrangements. Those changes
establish a network of four H bonds that stabilize
the PsbS dimer in vitro, and in vivo may serve to
enable H-bonding at the lumen side with LHC
partner proteins. It would be highly interesting to
explore if to which extent the pH-responsive motifs
of PsbS are shared among LHC complexes and
serve to establish flexible protein—protein
interactions that are controlled by pH.

Signaling Light Stress: PsbS
Interactions in the Thylakoid
Membrane

Various efforts have been made to find the location
of PsbS in the thylakoid membrane.*>" The PSII

super complexes consist of the PSIl core sur-
rounded by the LHC minor antennas (CP29, CP26
and CP24) and can bind the peripheral antennas
LHCII (forming PSII-LHCII). PsbS was not found to
be an intrinsic part of the PSII-LHCII super complex
although the structure of C>S;M»-PSII-LHCII super
complex contains a cleft that could potentially fit a
PsbS protein.*® It was noted however, that PsbS
also was able to modulate NPQ in membranes of
lincomycin-treated plants that were depleted of pho-
tosystems, suggesting that the specific binding side
is not essential for its activity.>® PsbS was shown
to control the assembly and dissociation of a super
complex consisting of the monomeric minor anten-
nae CP29 and CP24 and the trimeric complex
LHCII.*° Dissociation in high light (HL) of this com-
plex, reducing the size of the antenna system asso-
ciated with PSII, was found to be indispensable for
the onset of NPQ. The results suggest that PsbS
serves to reorganize protein domains in thylakoid
grana membranes, in line with observations that
PsbS reduces the number of crystalline domains in
thylakoid membranes and increases membrane flu-
idity*"*2. Both the monomeric, minor antennae close
to the PSII core and the accessory trimeric antennae
LHCII have been indicated as quencher sites for light
energy dissipation in higher plants*® that may be
activated by PsbS. Based on the results of*° an
NPQ model was proposed in which the dissociated
super complex in HL enables association with proto-
nated PsbS, inducing a conformational change by
which CP29 forms a quencher state.** However, a
study on mutant plants lacking LHCII stated that
PsbS-dependent NPQ mainly occurs in LHCII, while
there is an additional quenching site in the PSII
core.”® To localize PsbS interaction partners, two
immunolabeling studies have been performed.
Correa-Galvis et al. used chemical crosslinking and
immunolabelling to localize PsbS binding partners.®’
Based on their results, a model was proposed in
which in dark-adapted leaves, PsbS is associated
with PSII-LHCII and interacts with the PSII core pro-
teins, whereas in HL conditions, enhanced interac-
tion of PsbS with LHCII occurs, accompanied by
the detachment and/or aggregation of LHCII pro-
teins. Sacharz et al. explored the thylakoid location
of PsbS using magnetic-bead linked antibodies and
a pull-down assay.*® In this work, in the presence
of ApH alone, PsbS was found mainly associated
with LHCIIs whereas the combination of ApH and
zeaxanthin (the NPQ state) increased the proportion
of PsbS bound to the minor antennas, and no signif-
icant interaction was observed with the PSII core. An
additional role for PsbS in protection of PSIl was
recently proposed based on characterization of a
monomeric PSIl complex with PsbS and PSb27
bound (PSII/PsbS/PSb27) that was isolated from
thylakoid stromal lamellar membranes.*® This com-
plex was suggested to be an intermediate in the
assembly of PSII in which binding of PsbS and/or
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Psb27 serve to protect PSIl and restrict its activity
while in transit, via a bicarbonate-mediated switch.
PsbS interactions within the dimer and with
different partner proteins in the thylakoid
membrane have been explored in silico in work of
Daskalakis et al.*”~*° For the PsbS dimer, their sim-
ulations predicted enhanced flexibility and destabi-
lization at the lumen side at low pH.*® Their result
differs from the more recent CG study of PsbS dimer
by Chiarello et al.,, obtained by simulations at
constant-pH sampling, where protein—protein inter-
actions are weakened at neutral pH.?° The differen-
tial results could be due to differences in the
simulation approaches. A challenging factor in simu-
lations of large membrane systems at relatively long
timescales is the treatment of pH and identifying the
pKa of protonable residues.”® This complicates the
use of sophisticated constant-pH sampling tech-
niques as applied by Liguori et al.*® and by Chiarello
et al.?? In the simulations of Daskalakis et al., pKa
values were defined based on experimental findings
or using the computational PROPKA method.**™>"
Although caution is needed concerning the assign-
ment of pKa values that can be influenced by multi-
ple factors®® the approach allows study of larger
membrane systems with higher complexity. In a sim-
ulation performed on LHCII and PsbS in thylakoid
lipid bilayers, a more compact shape of LHCII at
low pH was accompanied by an accumulation of
the lipid digalactosyldiacylglycerol (DGDG) at the
lower leaflet and luminal side of LHCII trimers.*? In
accordance with in vivo observations,®® the model
indicates a thinning of the membrane at low pH.
The accumulation of DGDG occurred to lower the
cost of a hydrophobic mismatch induced either by
thylakoid membrane thinning, or by the change of
the LHCII scaffold and rendered LHCII trimers
almost immobile. LHCII mobility was only restored
in the presence of PsbS that inhibited DGDG bind-
ing, suggesting a role for PsbS to ensure LHC mobil-
ity at low pH conditions. The relevance of membrane
thinning for energy dissipative processes was fur-
ther demonstrated in membrane models consisting
of LHCII proteoliposomes prepared from lipids with
different acyl chain lengths, showing a correlation
between LHCII excitation quenching and hydropho-
bic mismatch.>® All-atom simulations on CP29 and
PsbS in fused lipid micelles predicted that PsbS-
CP29 interactions occurred effectively at low pH
only in the presence of Zea*’. Protein-protein inter-
actions occurred at the hydrophobic interaction
interface and between amino acids close to the
lumen side, the latter electrostatic of nature.*” More-
over, in complexation with PsbS, Glu128 in CP29
had a pKa shift from 4.46 to 5.24, which would make
this residue pH-sensitive within the physiological pH
range. Based on the simulations, a model was pro-
posed where PsbS dimers bind close to CP29 in
the PSII super complex. Herein, PsbS could also
interact with CP47 and CP24 and could slightly reor-
ganize the super complex. This slight reorganization

could then facilitate quenching by disrupting energy
transfer pathways and altering the environment of
quenching sites. Such a reorganization of the mem-
brane would be possible with the increase of protein
mobility in the presence of PsbS, as observed in vivo
and in silico.”*°°

Interplay Between PsbS and LHCII May
Form a Photo Protective Switch

A key question regarding the role of PsbS in gE is
how a pH response of PsbS enables the
photoprotective switch that leads to dissipation of
excitations in the LHC antennas. This question
has been addressed by studying interaction of
PsbS with the most well-studied antenna protein,
the major antenna complex LHCII. LHCII has a
structural response to pH®* and to binding of
Zea,® two key elements in NPQ and gE, but those
two factors do not influence its photo physics®’.
Individual LHCII complexes can switch between flu-
orescent and dissipative states®®*° and are known
to disbplay aggregation-dependent quenching
in vivo®® and in aggregates or proteoliposomes
in vitro.°"®* To interrogate the effect of PsbS on
the quenching properties of LHCII, several studies
have investigated PsbS-LHCII interactions in model
membranes through their co-insertion in proteolipo-
somes.®® °° Because clustering of LHCII in proteoli-
posomes is known to induce aggregation-related
fluorescence quenching,®~®® fluorescence results
were typically compared to those of LHCII-only pro-
teoliposomes as control. PsbS-induced quenching
was observed already at neutral-pH conditions
using recombinant PsbS and liposomes prepared
from thylakoid lipids®>°®®® and the effect was
enhanced at low pH,°°°® whereas proteoliposomes
containing co-reconstituted native PsbS and LHCII
only displayed PsbS-dependent quenching at low
pH.®? No significant effect of PsbS at either pH con-
ditions was observed in a study that used asolectin
proteoliposomes.®” LHCII aggregation is known
give rise to far-red fluorescence emission that has
been attributed to ChI-Chl charge-transfer
states’>’" and also is observed in vivo during
qE.”* Far-red emission of LHCII was reproduced
in proteoliposomes and enhanced upon co-
reconstitution with PsbS.°®%° The addition of zeax-
anthin (Zea) was reported to have a strong enhanc-
ing effect on the quenching of LHCII-PsbS
proteoliposomes according to Wilk et al.,° but no
effect was observed by Pawlak et al..°® The latter
study applied time-resolved fluorescence spec-
troscopy with high temporal resolution and report
that co-insertion of PsbS in LHCII proteoliposomes
produces weakly fluorescent red states that are
quenched within ~50 picoseconds.

The proteoliposome studies suggest that direct
PsbS-LHCII interactions can be established in
thylakoid membranes, promoting energy
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dissipative states, of which the effectiveness may
depend on pH, protein densities, lipid composition
and Zea. An overall comparison of the studies is
complicated by the fact that they were carried out
using varying protein to lipid ratios, using different
reconstitution procedures, and applying different
spectroscopic  techniques for fluorescence
detection. Furthermore, the role of PsbS
dimerization has not been clarified and in the
various studies, PsbS may have been membrane
inserted in its dimeric or monomeric form, or a
combination of both.

Possible Roles of PsbS in Photo
Protection

From the various research studies on PsbS
interactions in thylakoid membranes the following
possible scenarios can be drawn for PsbS activity
(see also Figure 3):

(i) Protonation of PsbS at low pH/HL conditions
enables its binding to the PSII super complex near
CP29, destabilizing the super complex. In this sce-
nario, the binding of PsbS disrupts energy transfer
pathways towards PSIl and could produce dissi-
pative states of CP29.0*34447 Ag a counterargu-
ment, it has been demonstrated that the efficiency
of energy capture by the reaction center exceeds
the efficiency of trapping by non-photochemical
quenchers.”

(ii) Protonated PsbS serves to ensure the mobility of
LHCIl and its detachment of super complexes,
enabling self-aggregation of LHCII and formation
of energy dissipative states.>”*345

A

Stroma

Lumen

H*

(iii) Proteoliposome studies suggest that protonated
PsbS directly interacts with LHCII and stabilizes
its quenched conformational state, via one-to-
one interactions or via enhanced LHCII
aggregation,©>:68:69

In all scenarios, the effects of hydrophobic
mismatch and electrostatic interactions at the
luminal sites are key factors that can drastically
affect the lateral distribution of LHCII complexes.
Together with PsbS and Zea those factors seem
to control thylakoid mobility and provide the driving
force for tuning protein—protein interactions in the
membrane.

Role of PsbS in the Induction and
Relaxation of NPQ

The two central components that regulate gE in
higher plants are PsbS and Zea. Zea is
accumulated in high light through the xanthophyll
cycle, associated with qZ. The xanthophyll cycle is
activated by a ApH, in which violaxanthin is
converted to zeaxanthin in high-light conditions via
de-epoxidation enzymes, and reversibly converted
back to violaxanthin in moderate light.”* This pro-
cess typically takes place on a minutes time scale.
PsbS is essential for fast induction of NPQ on a sec-
onds time scale and determines the amplitude of
qE, while Zea has a role in the kinetics of qE induc-
tion and recovery.** Plants adapted to high light
containing elevated levels of Zea have accelerated
qE induction and slower recovery from gE. There-
fore Zea is considered to acts as a light-stress
memory in plants that allows rapid reactivation of

B

PSIl core cleft for PsbS cP24

LHCII trimer

CP29

N CP26

Figure 3. A: Proposed model of PsbS in interaction with LHCII. Under moderate light conditions, photosynthesis is
active: excitations absorbed by LHCII are transferred to PSII, resulting in water oxidation and electron transfer
processes. Under HL conditions, protonated PsbS interacts with LHCII, inducing a quenched state in which excitation
energy is dissipated as heat. B: PSII super complex (top view) with LHCII in red, CP24 in pink, CP26 in brown and
CP29 in green surround the PSII core. The structure indicates a cleft for potential binding of PsbS, supporting models
in which associated PsbS promotes protein reorganization and energy dissipation via interaction with CP29. Pictures

were created with BioRender (https://BioRender.com).
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NPQ during recurrent light stress periods.”” To
quantify the contribution of gE in NPQ, and to sep-
arate the input of different gE components, mathe-
matical feedback models have been developed
that are able to reproduce the NPQ da/namics under
high-light (HL) and dark cycles.”**° According to
the models, PsbS and Zea together determine both
the capacity for gE and rate of NPQ formation and
relaxation.”*’®  Without PsbS, the generated
quenching response was observed to be “out of
phase” with the HL/dark cycles,’® hinting that PsbS
is necessary for plant response to both HL and dark
conditions. According to the model in 78 interac-
tions between protonated PsbS and LHCII not only
produce quenched states, but may also actively
enable recovery from those. Further, a study using
overexpressed PsbS indicated that plant PsbS
Ievels have a regulatory role in cyclic electron
flow.®" Under high light, plants with overexpressed
PsbS were more protected from singlet oxygen at
the level of PSII, whereas lack of cyclic electron flow
in those plants rendered them susceptible to dam-
age at PSI.

PsbS is a Key Parameter for
Improvement of Photosynthesis

The mathematical models serve as a framework
to identify parameters for manipulation to improve
photosynthesis. PsbS is considered one of the key
factors in plant photoprotection. Manipulation of
PsbS levels in plants has been proposed as a
means to improve plant resilience to high or
fluctuating  light cond|t|ons and  optimize
photosynthetic efficiency.''*? In particular acceler-
ating the recovery from photoprotection would allow
plants to respond more accurately to rapid changing
light conditions, reducing solar energy losses W|th-
out compromising the essential photo protection.®?
Indeed, promising results were obtained with engi-
neered tobacco and soy plants with elevated levels
of PsbS and the xanthophyl (de) epoxidation
enzymes violaxanthin de-epoxidase (VDE) and
zeaxanthin epoxides (ZE) that would faster respond
to fluctuating light conditions in the field. The
tobacco plants had increased biomass and more-
efficient photosynthet|c electron transport and car-
bon fixation,®> and the soybean plants had
improved photosynthetic efficiency and seed
yield.®* Moreover, elevated PsbS levels in rice
plants increased canopy radlatlon use efficiency
and grain yield in fluctuating light® and overexpres-
sion of PsbS in tobacco plants increased their
water-use efficiency.®® A potential two-fold advan-
tage of manipulating NPQ is foreseen: Overexpres-
sion of genes central to the regulation on NPQ,
including those of PsbS, can increase phototoler-
ance and increase the kinetics of NPQ, reducing
the lag time between changes in light intensity and
response. Secondly, manipulation of NPQ could

lead to indirect changes in canopy structural proper-
ties.®” (Figure 4).

PsbS in Green Algae

PsbS genes are present both in plants and green
algae.®® PsbS homologs have been found in sev-
eral lineages of green algae,® and the green alga
Chlamydomonas reinhardtii (Cr) contains two
genes for PsbS: PSBS1 and PSBS2. PsbS proteins
were long believed to be absent in green algae as
the protein was not detected and the genes not
expressed. However, investigations of the kinetics
of gene expression of PsbS in Cr during HL stress
uncovered that PsbS accumulates very rapidly,
but only transiently.’*°' PsbS accumulation in Cr
is controlled by CO, availability and the protein is
detected for several hours after exposure to HL at
low CO, while degrading after ~1 hour at high
CO, levels.’" PsbS could not compensate for
LHCSR in an LHCSR-deficient Cr mutant®' indicat-
ing that in green algae, LHCSR is essential for gE
and NPQ. PsbS however impacts the NPQ capacity
and cell viability under HL conditions. Cr cells with
overexpressed LHCSR and PsbS could be grown
under HL conditions where wildtype cells do not sur-
vive.”> The mutant functional characteristics indi-
cated detachment of LHCII complexes in the NPQ
state and a decreased excitation pressure on PSII
with the excess energy directed toward PSI. Lower
amounts of (transiently expressed) PsbS in specific
Cr mutants negatively affected NPQ capacity and
modified electron transport and antenna organiza-
tion, resulting in lower cell vitality.® Higher amounts
of PsbS did not affect NPQ capacity but provided
higher tolerance against HL stress. Notably, consti-
tutively expressed PsbS was degraded during HL
acclimation. This led to the hypothesis that tran-
siently expressed PsbS in HL is required for mem-
brane and protein reorganization, adjustment of
electron transport characteristics and activation of
NPQ, whereas its degradatlon is essential in the
fully HL acclimated state.’

Outstanding Questions and Future
Perspectives

In recent years, tremendous progress has been
made in resolving the high-resolution structure of
PsbS and unveiling its pH response mechanism.
Yet, many open questions remain regarding its
function and method of action. Key questions are
listed below.

e Structure of PsbS at neutral pH? The neutral-pH
high-resolution structure of PsbS has not been
resolved by any structural method.

e Function of the PsbS monomer/dimer state? In-
vivo studies suggest that PsbS dimers monomerize
at HL/low pH conditions, whereas the PsbS crystal
structure and structural pH-response mechanism
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Figure 4. Scheme of the fast photo protective feedback response to HL. A: Acidification of the thylakoid lumen
(ApH) in HL activates VDE enzymes in the xanthophyll cycle that convert violaxanthin (VIO) to Zea (time scale of
minutes) and protonates PsbS (time scale of seconds). Protonated PsbS and Zea interact with the light-harvesting
antenna, dimming its activity. Energy from sunlight is dissipated as heat and photosynthesis stops. In dark conditions,
the reverse process occurs. B: NPQ response during a light/dark cycle. Overexpression of PsbS and the xanthophyl-
cycle enzymes VDE and ZE accelerates the induction and relaxation of NPQ. Pictures were created with BioRender

(https://BioRender.com).

suggest that the dimeric form is stabilized at low pH.
The function of the PsbS monomer and dimer states
is unclear.
Structural basis for PsbS interactions? The LHC
proteins share motifs of lumen-faced amphipathic
helices and large stromal loops that could form recog-
nition motifs. Identification of specific docking sites
may reveal how the pH response of PsbS is trans-
duced into dissipative states.

Role of PsbS in controlling qE? Different scenarios

have been proposed how PsbS could contribute to gE

quenching, but a comprehensive picture is lacking.

Plants lacking PsbS display qE quenching at

enhanced ApH,*® suggesting a cooperative function.

The role and functional mechanism of PsbS in green

algae is largely unknown.

e Interplay between PsbS and Zea? Both are key
players in the process of qE, but none of them acts
as a direct quencher. Enhancement of gE in PsbS-
overexpressed plants has not been demonstrated,
to the best of our knowledge, in the absence of
Zea. The role of Zea and its interplay with PsbS in
controlling gE is still elusive.

Current advancements in biophysical techniques
and computational approaches could accelerate
research on PsbS to shed light on its molecular
mechanism of action. The application of 2D-IR
spectroscopy has proven successful to observe
the pH response of PsbS experimentally.*® In com-
bination with 2D-IR spectral simulations®® 2D-IR
data could provide input to build experimental-
based structural models of PsbS at varying pH con-
ditions. NMR spectroscopy can detect changes in
protonation states, as has been observed for
PsbS.?® Although more challenging for membrane
proteins, pH titration experiments can determine
pKa values of individual protonable residues via
shifts of the carboxyl NMR chemical shift signals.
For instance, the role of a protonated Glu in the
membrane transporter EmrE was assessed apply-
ing MAS NMR spectroscopy.?>“° The recently pub-
lished cryo-EM structures of LHCII in detergent and
lipid nanodiscs demonstrate the possibility to
access LHC structures under non-crystallized con-
ditions®® and may open new ways to assess the
neutral-pH structure of PsbS. Recent developments
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in hardware and algorithms for classical and quan-
tum mechanical approaches now enables research-
ers to simulate photosynthetic processes from atom
to mesoscale and predict how pigment-protein com-
plexes respond to changes in the microenviron-
ment.®”°®  Advanced computational models
combining quantum mechanical, classical and CG
approaches may resolve how PsbS interaction with
other LHC complexes affects their pigment-protein
scaffolds or how the interplay of PsbS and Zea con-
trols energy dissipative states. In our lab, NMR
dynamic spectral-editing approaches have been
applied to intact thylakoid membranes for assessing
the influence of Zea, temperature and stacking con-
ditions on protein dynamics and membrane fluid-
ity.>5991% "Sych methods may be suitable to
assess the influence of PsbS on protein and lipid
mobility. Understanding the complex roles of PsbS,
Zea and membrane transitions in gE induction and
kinetics would provide further means for targeting
parameters for manipulation of plant photo protec-
tion. Research in these areas continue to advance
and will contribute to a deeper understanding of
the functional mechanism of PsbS and its signifi-
cance in NPQ. Eventually, this knowledge may be
implemented in further engineering approaches to
enhance plant resilience and photosynthetic effi-
ciency for food security in a global changing climate.
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