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The high-light-induced protein SliP4 binds to NDH1 and
photosystems facilitating cyclic electron transport and state
transition in Synechocystis sp. PCC 6803
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* An increasing number of small proteins has been identified in the genomes of well-
annotated organisms, including the model cyanobacterium Synechocystis sp. PCC 6803. We
describe a newly assigned protein comprising 37 amino acids that is encoded upstream of the
superoxide dismutase SodB encoding gene.

* To clarify the role of SliP4, we analyzed a Synechocystis sliP4 mutant and a strain contain-
ing a fully active, Flag-tagged variant of SliP4 (SliP4.f).

» The initial hypothesis that this small protein might be functionally related to SodB could not
be supported. Instead, we provide evidence that it fulfills important functions related to the
organization of photosynthetic complexes. Therefore, we named it a small light-induced pro-
tein of 4 kDa, SliP4. This protein is strongly induced under high-light conditions. The lack of
SliP4 causes a light-sensitive phenotype due to impaired cyclic electron flow and state transi-
tions. Interestingly, SliP4.f was co-isolated with NDH1 complex and both photosystems. The
interaction between SliP4.f and all three types of complexes was further confirmed by addi-
tional pulldowns and 2D-electrophoreses.

» We propose that the dimeric SliP4 serves as a molecular glue promoting the aggregation of
thylakoid complexes, which contributes to different electron transfer modes and energy dissi-
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pation under stress conditions.

Introduction

The availability of an increasing number of complete genome
sequences provided a blueprint for comprehensive analyses of
biological functions. However, it has become clear that even
among model organisms, many genes have remained without
annotation or even entirely unidentified. Attempts to improve
this situation led to the discovery of many small, nonprotein-
coding RNAs in prokaryotic and eukaryotic genomes, which ful-
fill important regulatory functions (e.g. Hor et al, 2020). In
addition, many genes encoding for small proteins of < 100 amino
acids have been overlooked because they were often below the
cutoff of open-reading-frame (ORF)-predicting programs and/or
more difficult to predict due to low conservation. However, there
is an increasing body of evidence that small proteins fulfill diverse
important functions in organisms, such as regulators of protein
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functions, chaperons, and/or scaffolds for higher molecular com-
plex formation (Hobbs et al., 2011; Storz et al., 2014).
Cyanobacteria are the only prokaryotes that perform oxygenic
photosynthesis. They are often used as model organisms for basic
photosynthesis research because eukaryotic algae and plants’ evo-
lution originate from an ancient cyanobacterium’s endosymbio-
sis. Hence, many photosynthetic processes are well conserved
between cyanobacteria and plants (Hohmann-Marriott & Blan-
kenship, 2011; Ponce-Toledo ez al, 2017). One popular model
strain for photosynthesis research is Synechocystis sp. PCC 6803
(hereafter Synechocystis 6803), because its genome became readily
available in 1996 (Kancko et al, 1996). As for other model
organisms, many small nonprotein-coding RNAs have been
annotated in Synechocystis 6803 (e.g. Kopf et al., 2014b). In addi-
tion, several small protein-encoding genes have been identified in
its genome (Baumgartner et al., 2016), but functional characteri-
zation has been done for only a few of these (Brandenburg &
Klihn, 2020). For example, small proteins act as regulators of
FyF, ATP synthase (Song et al., 2022), in salt acclimation (Klahn
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et al, 2010) or primary carbon and nitrogen metabolism activ-
ities (Alvarenga er al, 2020; Bolay et al, 2021; Orthwein
et al., 2021) in Synechocystis 6803 and other cyanobacteria.

A particularly high number of small proteins are functionally
related to photosynthesis, where they play important structural
and functional roles as subunits of the Photosystem I (PSI),
Photosystem II (PSII), and cytochrome &4fcomplex in cyanobac-
teria as well as plants (reviewed in Baumgartner er al, 2016).
Moreover, cyanobacterial-specific subunits were assigned to
NDHI1-like complexes (Schwarz et al, 2013; Wulfhorst
et al., 2014), which was recently named the photosynthetic com-
plex I (Schuller ez al, 2019). Several distinct NDH1-like com-
plexes differing in their composition and structure are involved
in cyclic electron flow, dark respiration, and CO, conversion into
bicarbonate as part of the cyanobacterial inorganic carbon-
concentrating mechanism (reviewed in Hagemann et al, 2021;
Hualing, 2022; Laughlin ez 4, 2020).

In the present study, we analyzed a small protein of 37 amino
acids, initially identified as encoded on the high-light-induced
RNAI (Baumgartner ez al., 2016) in Synechocystis 6803. We pro-
vide evidence that this small protein fulfills important functions
related to photosynthesis. Therefore, we named it a small light-
induced protein of 4 kDa, SliP4. SliP4 is strongly induced under
high-light conditions and associates with NDH1, PSII, and PSI
complexes on thylakoid membranes. Mutation of the protein-
coding part in the s/iP4 gene prevents state transitions and
induction of cyclic electron flow, resulting in a mutant with
high-light-sensitive phenotype. Collectively, our data indicarte
that SliP4 likely contributes to the association of NDH1 with
PSI and/or PSII facilitating different electron transfer modes
under stress conditions.

Materials and Methods

Construction of Synechocystis 6803 strains

The Synechocystis sp. PCC 6803 (Rippka ez al,, 1979) substrain M
(Trautmann ez al, 2012) was used as wild-type (WT; Supporting
Information Table S1). To mutate genes, the kanamycin resistance
gene aphll was inserted that was excised from pUC4K using
BamHI. The flanking sequences (500 bp in each direction) of the
sliP4 gene (nt positions 1606868—-1606978) or of the intergenic
region (nt positions 1607000-1607300) were obtained from total
DNA of the Synechocystis 6803 WT via PCR using the primers
1849/1850 or 1958/1778 (Table S2). Overhanging BamHI or
BamHI/Nde sites were created in the respective 5" and 3’ flanking
regions. The resulting sticky ends were ligated with the aphll gene
fragment in the backbone of plasmid pGEM-T (Promega). The
plasmid pG_SliP4_SF/3F::Km was transformed into WT cells of
Synechocystis 6803, and clones were selected on medium with kana-
mycin. Subsequent cultivation at 50 pg ml~' kanamycin resulted in
complete segregation of the As/iP4 and Aig sliP4 sodB mutants.
Genotyping was performed using primers listed in Table S2.

To generate the complementation strain As/iP4::5liP4-3xFlag
(SliP4.f), the self-replicating plasmid pVZ322 expressing sliP4-

3xFlag under control of its native promoter (Baumgartner
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et al., 2016) was transferred into the As/iP4 mutant via triparental
mating with £ coli strain DHS50/RP4. The selection of clones
was done with 50 pgml ™' kanamycin/10 pgml™" gentamycin.
The same was done to obtain the mutants Syrechocystis 6803
APSII (Pakrasi et al., 1988) and APSI (Shen ez al, 1993). In these
cases, the selection of clones was done with 50 pgml™" kanamy-
cin/20 pg ml ™" chloramphenicol in BG-11 plates supplemented
with 5 mM glucose.

Culture conditions, growth curves, and physiological
analysis

All strains were precultivated in glass Erlenmeyer flasks (125 ml) =
filled with 40 ml of buffered BG11 medium (pH 8.0) without
sodium bicarbonate (Rippka ez 4/, 1979) under the following
conditions 28 +2°C, continuous light of 50 pmol phO‘
tonsm >s ', The growth experiments were conducted at 30°C
in the Multl Cultivator MC1000-OD (Photon Systems Instru-
ments, Drasov, Czech Republtc) with continuous illumination of
50 or 250 pmol photonsm 25! and bubbling with 5% (v/v)
CO;-supplemented air. Durmg 48 h preculture, cells were grow
in BG11 aerated with 5% (v/v) CO,-supplemented air in 350 ml
column photobioreactors (580 x 30 mm) at 30°C under
constant warm-white-light illumination of 100 pmol pho-
tonsm s '. Mutant strains were grown in the presence of the
respective antibiotics (50 pg ml~" kanamycin and/or 10 pg ml ™'
gentamycin) during the precultivation and without antibiotics
during experiments. All experiments were performed with two
biological replicates and repeated three times to confirm the 2
results. The physiological analysis and photographs were done 3
48 h after inoculation under respective light treatments. Pigments ‘3
were quantified by in vivo absorption measurements according to 2
Sigalat & de Kouchkovsky (1975) as described in detail by Man-
tovani et al. (2022). Measurements of the oxygen-evolving activ-
ity were carried out in a Clark-type electrode connected to an
oxygen monitor (Chlorolab 2 System; Hansatech, Norfolk, UK)
using 2 ml of cyanobacterial culture (OD7sq ¢ 2) illuminated
with saturating white light of 100 pmol photons m ™ ?s™" at
30°C. The results were given as oxygen ¢ evo]utlon per minute and
per mg of chlorophyll 2 (nmol O, min~' mg ™" Chl). The instru-
ment was calibrated using a solution of sodium hydrosulfite and
BG-11 medium to set 0% saturation.
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Generation of recombinant SodB in E. coli

The WT sodB gene was obtained from Synechocystis 6803 DNA via 8
PCR with the primer pair 2186/2187 (Table S2). The fragment
was cut with Ndel/Sall and ligated into plasmid pET28a(+) (Nova-
gen, Darmstadt, Germany) cleaved with the same enzymes yielding
plasmid pET28_SodB. The integrity of the vector was verified by
plasmid DNA preparation, restriction, and sequence analyses. SodB
protein was obtained in soluble form after expression in E. coli
strain BL21 (DE3) harboring the vector pET28_SodB. The His-
tagged recombinant SodB protein was purified from lysates using
affinity chromatography on Ni-NTA columns (ProBond™ resin;
Life Technologies) as described by Alvarenga et 4/ (2020). Bound
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protein was then eluted three times with each 1 ml of 20 mM Tris
buffer (pH 8) containing 300 mM imidazole. The elution fraction
one was used for activity measurements and as a template for SodB
antibody synthesis (Davids Biotechnologie GmbH, Regensburg,
Germany). The SOD activity was estimated using Riboflavin/
NitroBlue Tetrazolium (RF/NBT) assays according to Janknegt
et al. (2007).

Sucrose gradient ultracentrifugation

SIiP4.f cells and the knockout mutant As/iiP4 were cultivated at
350 umol photons m s~ " in 200 ml BG11 until reaching ODs,
1. The sample was immediately prepared without freezing or sto-
rage steps. Harvested cells were resuspended in 2 ml buffer (25 mM
MES/NaOH pH 6.5; 10 mM MgCly; 10 mM CaCl,) and mixed
with glass beads in a 1: 1 ratio. Cells were broken by six 20-s cycles
using Mini-Bead Beater (BioSpec, Bartlesville, OK, USA) and
cooled for 5 min after each cycle on ice. Broken cells were centri-
fuged for 30 min at 4°C and 25 000 g to pellet the membranes and
to remove the soluble fraction. The pellet was resuspended in
250 pl of the buffer yielding a chlorophyll concentration of 600—
700 pgml ™", Then, 150 pl of these samples was solubilized with
1% B-dodecyl-n-maltoside and 1% glyco-diosgenin for 30 min and
centrifuged for 30 min at 4°C and 20 000 g to pellet nonsolubilized
remnants. The supernatant was loaded on the top of a sucrose gra-
dient prepared with a freeze-thawing method as follows. 12 ml of
20% sucrose solution in 25 mM MES/NaOH pH 6.5; 10 mM
MgCly; 10 mM CaCl, buffer was frozen at —80°C and allowed to
thaw in a cold room (8°C) for 2 h. The samples were loaded on the
gradients and centrifuged for 18 h using an ultracentrifuge (SW 40
Ti rotor, 285000 g 4°C, Optima XPN-90; Beckman Coulter,
Indianapolis, IN, USA).

Protein analysis by polyacrylamide gel electrophoresis and
immunodetection

Proteins were separated by standard sodiumdodecylsulfate polya-
crylamide gel electrophoresis (SDS-PAGE) (12% acrylamide)
using the minigel system (Bio-Rad). The separated proteins were
cither stained with Coomassie brilliant blue or transferred onto
polyvinylidene difluoride (PVDF) membranes (Hybond P,
Amersham, Chalfont, UK) using electro-blotting. Total protein
extracts (10 pg) from cells of WT, AsliP4, or AsliP4::sliP4-3xFlag
(S1iP4.f), which were cultivated at 250 pmol photons m ?s™ " of
continuous light, were used for western blotting. SodB was
detected with a specific antibody against recombinant SySodB
generated in our laboratory and synthetized by Davids Biotech-
nologie GmbH. The Flag-tagged SliP4 protein SliP4.f was
detected with a commercial anti-Flag-tag antibody (Monoclonal
ANTI-Flag M2-Peroxidase (HRP); Sigma-Aldrich).

Isolation of SliP4-Flag complexes

SliP4.f cells were cultivated photoautotrophically in cuvette
bioreactors with 2.41 BGIl medium at 28°C and
350 pmol photons m s " undl reaching ODysq ¢ 1. To cultivate
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cells producing SIiP4.f but lacking PSI or PSII, strains were grown
in BG11 medium supplemented with 5 mM glucose in 101 flasks
at 28°C and 5 pmol photonsm s~ ', To induce expression of
SliP4.f, the irradiance was increased to 150 pmol photons m™ s
during the last hour of cultivation. Cells were harvested by centrifu-
gation, washed with, and resuspended in a thylakoid buffer contain-
ing 25mM MES/NaOH, pH6.5, 10mM MgCly, and 25%
glycerol. The isolation of membranes and Flag pull-down assays
was performed according to Koskela ef 2l (2020). Briefly, the iso-
lated membranes were solubilized with 1% B-dodecyl-n-maltoside
and the amount corresponding to 7 mg of chlorophyll was loaded
onto a column containing 150 pl of the anti-Flag-M2 agarose resin
(Sigma-Aldrich). The resin was then washed with 20 ml of the thy- =
lakoid buffer containing a mixture of 0.02% B-dodecyl-n-maltoside
and 0.02% glyco-diosgenin to remove nonspecific protein interac-
tions. SliP4 f and associated proteins were finally eluted with
300 pgml ' of 3xFlag peptide (Sigma-Aldrich) in 300 pl of the
thylakoid buffer containing 0.02% B-dodecyl-n-maltoside and
0.02% glyco-diosgenin. The elution step was repeated once, and
the eluted proteins were concentrated using Amicon Ultra 50K
(Merck KGAA, Darmstadt, Germany) to a final volume of 100 pl.

2D blue native and clear native/SDS-PAGE and
immunoblotting

To analyze solubilized protein complexes with blue native (BN)/
SDS-PAGE, samples containing 6 pig of chlorophyll were solubilized
with 1% B-dodecyl-n-maltoside for 5 min and then centrifuged at
20000 g 4°C for 5 min. The supernatant was gently mixed with 1/
10 of the sample volume of Coomassie loading dye solution and
separated at 4°C using a one-dimensional BN 4-14% gradient acry-*
lamide gel (Komenda et al, 2012). After the run, single lanes were
cut into stripes and each denatured with 3 ml of 25 mM Tris/HCI
buffer, pH7.5 containing 2% SDS and 1% dithiothreitol for
20 min at room temperature. In the second dimension, the stripes
were then placed on the top of the 16-20% denaturating SDS geI
containing 7 M urea (Dobakova e 4k, 2009). Proteins separated in
the 2D gel were stained with Coomassie brilliant blue or SYPRO
Orange (Sigma). For the immunodetection, proteins were trans-
ferred from the SDS gel onto a PVDF membrane (Immobilon-P;
Merck Millipore), which was incubated with primary antibodies and
then with a secondary antibody conjugated with horseradish peroxi-
dase (Sigma-Aldrich). The antibody against IsiA has been described
in Wilson er @l (2007). NdhH was detected with an anti-NdhH
antibody from Agrisera (AS164065; Agrisera, Vinnis, Sweden). For
clear native (CN)/SDS-PAGE, samples (50 pl) were mixed with 1%
amphipol A8-35 (Anatrace, Maumee, OH, USA), incubated for
10 min on ice, and separated in 4-14% or 4-8% CN-PAGE
according to Kameo ez al (2021). For the second dimension, the cut
CN gel stripes were processed as described for the BN stripes.
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Mass spectrometry for protein identification

For the identification of Coomassie-stained protein bands/spots
by mass spectrometry, excised gel pieces were treated as described
by Bonn et al. (2014). Briefly, gel pieces were de-stained and
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dried in a vacuum centrifuge before proteins were in-gel digested
with trypsin. The resulting peptides were eluted and subjected to
mass spectrometry. LC-MS/MS analyses were performed with
an EASY-nLC 1000 liquid chromatography system coupled to
an LTQ Orbitrap Velos (Thermo Fisher Scientific, Waltham,
MA, USA). Tryptic peptides were loaded on a self-packed analy-
tical column (OD 360 pum, length 20 cm) filled with 3 pm dia-
meter C18 particles (Dr Maisch HPLC GmbH, Ammerbuch,
Germany). Peptides were then eluted using a binary nonlinear
gradient of 5-99% acetonitrile in 0.1% acetic acid over 157 min
at a flow rate of 300 nl min™" and subjected to electrospray
ionization-based MS. A full scan in the Orbitrap with a resolu-
tion of 30000 was followed by collision-induced dissociation
(CID) of the 20 most abundant precursor ions. MS/MS experi-
ments were acquired in the linear ion trap.

Resulting raw files were searched with MaxQuanT (v.2.0.3.0;
Cox & Mann, 2008) against a database of Synechocystis 6803
downloaded from Uniprot on 18/12/2019 and supplemented
with sequences of Flag-tagged, nonannotated small proteins
(3510 entries). Common laboratory contaminants and reversed
sequences were included by MAXQUANT. Search parameters were
set as follows: Trypsin/P specific digestion with up to two missed
cleavages, methionine oxidation, and N-terminal acetylation as
variable modification. The FDRs (false discovery rates) of protein
and PSM (peptide spectrum match) levels were set to 0.01. The
MS data have been deposited to the ProteomeXchange Consor-
tium via the PRIDE partner repository (Vizcaino et al, 2016)
with the dataset identifier PXD036788.

Fluorescence measurements

PSII fluorescence and PSI redox status were recorded simulta-
neously in a 1-cm cuvette with a DUAL-PAM 100, equipped
with the optical unit ED-101US/MD and the measuring heads
DUAL-E and DUAL-DR (Walz GmbH, Effeltrich, Germany).
For recording slow kinetics of P700 absorbance changes and PSII
fluorescence, the following settings were used: measuring light
PSII 25 pmol photons m ™ *s ', actinic light PSI (red LED)
805 pmol photons m %5~ ', actinic far-red light
255 pmol photons m ™~ *s~'. PSII and PSI quantum yields were
calculated by means of the in-built software (DuaL-ram v.3.18)
after irradiance titration (0, 6, 15, 50, 101, 140, 251, 406, 646,
and 1011 pmol photons m ?s™'). Samples were preincubated
for at least 30 min in darkness before the measurements.

Samples, kept in Pasteur capillaries, were first exposed to darkness
for 30 min, Subsequently, dark-exposed samples were either exposed
to far-red light (100 pmol photonsm s~ intensity, wavelength
730 nm) for 20 min or orange light (100 pmol photonsm s~
intensity, wavelength 600-630 nm) for 20 min. Afterward, cells
incubated in darkness or to either far-red or orange light were frozen
in liquid nitrogen. Low-temperature (77 K) fluorescence emission
spectra were recorded with a Hitachi F4010 (Hitachi Inc., Tokyo,
Japan) spectrofluorometer. Excitation wavelength was set at 600 nm
with a bandpass of 10 nm, allowing direct measurement without the
use of cutoff filters. Spectra shown were normalized to the long-
wavelength emission peak at . 722 nm.
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Results

Sequence and expression characteristics of SliP4

In the present study, we aimed to analyze the 37 amino acid small
protein SliP4 (small light-induced protein of 4 kDa), which is
encoded on the high-light-inducible RNA1 localized upstream of
the gene sodB (slr1516; Baumgartner e al, 2016; Fig. 1). Only the
respective gene in Synechocystis sp. PCC 6714 has previously been
annotated in its genome sequence (gene D082_13860; Kopf
et al, 2014a), while the homolog in Synechocystis 6803 was recently 2
predicted and validated experimentally (Baumgartner et 4, 2016).
Although not annotated, further s//P4 homologs can be identified
by TBLASTN searches in the genomes of Synechocystis sp. CACIAM
05 (GenBank accession CP019225), IPPAS B-1465 (Genbank
accession CP028094), PCC 7338, and PCC 7339 (Jeong =
et al, 2021; and Genbank accessions CP054306 and CP063659).
The corresponding SliP4 proteins are highly conserved in all Syne-
chocystis spp. (Fig. 1a). They possess a putative transmembrane
domain at the N terminus followed by a positively charged disor-
dered C terminus. Outside Synechocystis, only a few similar proteins
were detected, which share the presence of a transmembrane helix
followed by a short tail of charged amino acid residues (see
Fig. S1). In Synechocystis 6803, the sliP4 gene is most highly
expressed not only under high-light conditions but also under other
stress regimes, such as low CO, conditions or cold stress (Fig. 1¢). ¢
The downstream gene sodB that belongs to a separate transcrip-
tional unit (TU; Fig. 1b) encodes the iron-containing superoxide 2
dismutase SodB in Synechocystis 6803, which fulfills important
functions to prevent oxidative stress damage in cyanobacteria as well 3
as in plants (Fridovich, 1989). Accordingly, the sodB gene is also 8
induced under many stress conditions, including high light, as
found for s/iP4 (Fig. 1c).
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Phenotyping of mutant strains

To study the function of SliP4, two knockout mutants were initi-
ally generated. First, only the protein-coding part of s/iP4 was
inactivated by interposon mutagenesis giving rise to the strain
AsliP4. Second, the protein-coding part of s/iP4 was left intact, =
while the intergenic, RNA-encoding region between the sliP4 :,L_“u
protein-coding sequence and sodB was deleted (A{g_:s"iP‘f_deg 0
strain). The two deletion mutants allowed us to distinguish 3
whether the small protein SliP4 or the longer RNA transcribed ~
from the TU1647 is functionally relevant, that is, to rule out that 8
the TU1647 encodes a dual-function RNA. Genotyping vali- 8
dated that the WT s/iP4 gene in AsliP4 or the intergenic region
in Aig sliP4_sodB was completely replaced by the murtated gene
copies in both mutants (Fig. $2), indicating that the SliP4 pro-
tein and/or the RNA part are not essential under standard growth
conditions. Finally, the protein-coding part of sliP4 was fused
with a segment encoding a C-terminal 3 x Flag tag. This con-
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struct was expressed under the control of its native promoter on
the self-replicating plasmid pVZ322 for ectopic expression of
SliP4 in the mutant As/iP4. This generated the complementation
strain As/iP4::SliP4 expressing Flag-tagged SliP4 (SIiP4.f).
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(c)
Gene TUID TUstart TUend 5UTR 15C 42C -CO, Dark -Fe 'I’lg:‘t N -P  Exp.p. Stat.p.
sliP4 TU1647 1606840 1607316 28 810 160 28 287 3255 92 102 9 160
sodB TU1649 1607317 1608089 36 4086 5539 157 571 1480 1941 1711 567 855

Fig. 1 Small protein SIiP4 in Synechocystis sp. PCC 6803. (a) SliP4 in Synechocystis 6803 (identical proteins are encoded in Synechocystis sp. CACIAM 05
and IPPAS B-1465) and its homologs in Synechocystis sp. PCC 6714 and Synechocystis sp. PCC 7338 (identical SliP4 encoded in PCC 7339) are 37 amino
acids long (black, identical amino acids; grey, similar amino acid exchange; white, non-conserved amino acids) and share the presence of a single predicted
transmembrane helix (orange bar underneath). (b) Transcriptome coverage around the s/iP4 and downstream located sodB genes. Mapped initiation sites
of transcription are indicated by arrows; the lengths and numbers of the respective transcriptional units (TU1647 and TU1648) are indicated below. The
positions within the chromosome are plotted on the x-axis, and the read counts are on the y-axis (data replotted from Kopf et al., 2014b). (c) Expression of
sliP4 and sodB under 10 different growth conditions based on previous dRNA-seq analysis (Kopf et al., 2014b). These conditions were as follows: cold
(15°C) and heat (42°C) for 30 min each; -CO,, cells were washed three times with Ci-free BG11 and cultivated further for 20 h; dark incubation for 12 h;

—Fe, iron was removed by adding the iron-specific chelator desferrioxamine B and continued cultivation for 24 h; high light, 470 pmol photons m

251 for

30 min (highlighted in red); -N, —P cells were washed three times with nitrogen-free or phosphate-free BG11 and cultivated further for 12 h; exponential
phase (Exp. p.) and stationary phase (Stat. p.). Values indicate normalized sequencing read counts for the primary 5' end x50. The lengths of the respective
5'UTRs and the TU start and end positions are given for the Synechocystis 6803 chromosome sequence available in Genbank under accession no.

NC_000911.

These mutant strains were then compared with WT under dif-
ferent growth conditions. Under standard conditions, all strains
showed similar growth as the WT (Fig. 2b). Because the sliP4
gene is induced under high light, we transferred the cultures from
standard to high-light conditions. The mutant As/iP4 displayed
slower growth and a bleaching phenotype when light exceeded
200 pmol photons m 25! (Fig. 2a,b). This phenotype was com-
pletely recovered in the complementation strain As/iP4:SIiP4.f,
and it was not observed for the Afg s/iP4 sodB mutant with the
deleted intergenic region. These results indicate that the small
protein SliP4, not the longer RNA transcribed from the
TU1647, is essential for the high-light acclimation in Synechocys-
tis 6803. Consistent with the slower growth and bleaching phe-
notype, the mutant As/iP4 showed decreased photosynthetic
activities and less pigmentation than all other strains (Fig. 2¢).

Effect of SliP4 on the expression of sodB and the SodB
in vitro activity

Due to the proximity of the genes s/iP4 and sodB, we initally
hypothesized that these two proteins might be somehow func-
tionally related. SodB has often been described as a universal
stress protein responding to many growth-disturbing conditions
that induce oxidative stress, such as high light, iron starvation, or
salt stress (e.g. Hagemann, 2011). Hence, the high-light-induced

© 2023 The Authors
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SliP4 could be involved in regulating sodB expression. Moreover,
the predicted transmembrane helix in the SliP4 protein (Fig. 1a)
led us to assume that it could also serve as a scaffold protein
anchoring the soluble SodB protein or another oxidative stress
protection protein at the membrane in the vicinity to reactive
oxygen species-producing protein complexes, for example, PSI.
First, we tried to verify a direct protein/protein interaction
between recombinant SySodB and SliP4.f or synthetic SIiP4 pep-
tide. However, these attempts never showed any sign of a direct
protein/protein interaction between these two partners (data not

shown). Moreover, no significant changes in the activity of 3

recombinant SySodB protein were found in the presence or
absence of added synthetic SliP4 (Fig. S3A). Finally, the SodB
abundance was unchanged in cells of the WT and the different
mutants under high-light conditions (Fig. S3B). However, more
experiments are necessary to ultimately rule out that SliP4
directly interacts with SodB or influences its activity or localiza-
tion in Synechocystis 6803.

SliP4.f co-localizes with photosynthetic complexes in
thylakoid membranes

To verify that SliP4 is membrane-associated, extracts from cells
expressing SliP4.f were analyzed in sucrose gradients and blue-
native-(BN)-gels. These experiments revealed that SliP4 is found
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Fig. 2 High-light-sensitive phenotype of the Synechocystis sp. PCC 6803 mutant AsliP4. (a) Appearance of the wild-type (WT) and the strains AsliP4,
Aig_sliP4_sodB, and AsliP4::sliP4-3xFlag (SliP4.f) after 48 h growth at 50 or 250 umol photons m 2 s~". (b) Growth curves for the different strains as an
increase in optical density of 720 nm (OD;20) under 50 or 250 umol photons m
representative growth curve is shown). (c) Oxygen-evolving activity and pigmentation of the different strains after 48 h growth at
s, Significant difference according to Student's t-test. Mean values + SE are shown *, P<0.01.

250 pmol photons m 2

in thylakoid membranes (data not shown). To identify putative
protein partners of SliP4, we first separated solubilized mem-
brane protein complexes from high-light-exposed SIiP4.f cells by
2D BN/SDS-PAGE. The resulting gel was stained with SYPRO
Orange, blotted, and the SliP4.f protein detected by anti-Flag
antibody (Fig. 3). No Flag signal was detected in the control
strain lacking SliP4 (Fig. S4). Interestingly, the SliP4.f protein
(6.5 kDa) appeared on the denatured SDS gel as a double band,
the upper band with a mass of ¢ 14 kDa. It is, therefore, very
likely that SliP4.f forms a dimer of remarkable stability. In BN
gels, SliP4.f migrated in at least four different bands of high
molecular mass, which indicated that this small protein associates
with some other membrane complexes (Fig. 3). The uppermost
band (#1) was close to the top of the gel with an apparent mass
> 1 MDa, while the band #2 migrated together with trimeric PSI
(PSI(3)). The SliP4.f band #3 co-localized with monomeric PSI
(PSI(1)) and/or monomeric PSII (PSII(1)), and the mass of band
#4 we estimated ¢ 150 kDa. To further analyze the association of
SliP4 with different photosynthetic complexes, particularly in the
highest mass complex #1 (Fig. 3), sucrose gradient centrifugation
was applied to separate the solubilized membranes from the
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Synechocystis 6803 strain SliP4.f (Fig. 4) and the mutant strain
AsliP4 (Fig. S5).

The total protein extract was separated into 15 fractions con-
taining protein complexes of different masses. All fractions were
subsequently loaded on the clear-native (CN)-PAGE (Fig. 4).
The CN gel was scanned in true colors, blotted, and the SIiP4.f
detected by anti-Flag antiserum. Because we used a relatively low
concentration of sucrose (see the Materials and Methods section), 2
PSI(3) complexes (e. 1 MDa) occurred in the middle of the gradi- .
ent (fraction 7; Fig. 4). Interestingly, SIiP4.f was present also in :
fractions containing larger complex(es) than PSI(3), which was g
consistent with BN-PAGE of the solubilized membranes (band
#1, Fig. 3). By contrast, especially the uppermost complexes
above PSI(3) were missing when analyzing protein extracts from
the mutant As/iP4 (Fig. S5). The second major accumulation of
SliP4.f in the sucrose gradient was present in fractions 9 and 10.
On the CN gel, SliP4.f in these fractions migrated mostly above
the PSI(1) (Fig. 4). No Flag-specific signal was detected in a con-
trol blot from the As/iP4 strain (Fig. S5).

Fractions 7 and 9 were separated again by CN-PAGE followed
by SDS-PAGE in the second dimension, stained with SYPRO
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Fig. 3 2D-analysis of membrane proteins of the Synechocystis sp. PCC
6803 SliP4.f strain. SliP4.f-expressing cells were grown for 48 h at

350 pmol photons m~2 s~ and harvested at OD;50nm ¢. 0.5. The isolated
membranes (6 pg of chlorophyll) were analyzed by Two-dimensional-blue-
native/sodiumdodecylsulfate polyacrylamide gel electrophoresis (2D-BN/
SDS-PAGE). After the first dimension, the gel was photographed (Photo)
and separated in the second dimension. The 2D gel was stained using
SYPRO Orange and blotted to a polyvinylidene difluoride (PVDF) mem-
brane, and SliP4 was detected by anti-Flag antibodies. Black-white arrows
designate photosystem Il (PSII) and subunits assigned according to their
characteristic positions (Linhartova ef al., 2014); black-white arrows indi-
cate four distinct SliP4.f bands. The designation of complexes: PSI(3) and
PSI(1), trimeric and monomeric Photosystem I; PSII(1), monomeric Photo-
system Il. The control gel with proteins from AsliP4 cells is shown as Sup-
porting Information Fig. S4.

Orange and blotted. Complexes present in these two fractions
were identified by immunodetection. In fraction 7, the SliP4.f
co-migrated with a green supercomplex that we identified as PSI
(3)-IsiA by a specific antibody against IsiA. Only a relatively weak
signal of SliP4.f was co-localized with PSI(3). By contrast, frac-
tion 9 contained NDH-1L and an additional, smaller NDH
complex migrating in the gel to the same position as PSI(1) and
PSII(1). The upper SliP4.f band appeared to co-migrate with
NDH-1L subunits, the binding partner of the lower-mass SliP4.f
signal is however difficult to judge, because it co-migrated with a
mixture of complexes mentioned previously (Fig. 4b).

© 2023 The Authors
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Collectively, results of 2D BN/SDS-PAGE and sucrose gradient
with subsequent 2D CN/SDS-PAGE indicate that the dimeric
SliP4.f binds to PSI complexes, including PSI(3)-IsiA supercom-
plexes and possibly also to NDH-1L complex.

SliP4.f is co-purified with PSI, PSIl, and NDH-1L
We performed affinity chromatography to verify that SliP4 directly

interacts with photosynthetic complexes. To this end, crude extracts
from the strain expressing SIiP4.f and the Synechocystis 6803 W'T
were loaded on a column specifically binding Flag-tagged proteins.
After different washing steps, SIiP4.f and associated proteins were
eluted and analyzed on native CN gels (Fig. 5). The elution frac-
tions from the SliP4.f-expressing strain displayed bands of green
color able to emit fluorescence, whereas the control elutions from
WT cells were colorless (Fig. S6). The native CN gels were then
separated in a second dimension and stained with Coomassie blue.
In the control gel with proteins from WT cells, only some contami-
nations in the high molecular mass region were detected (Fig. S6), 3
whereas in the SliP4.f elution many clear spots became visible &S
(Fig. 5). The majority of them could be assigned to PSI(1) and PSI& E
(3), to PSII(1) and PSII(2), and to NDHI, particularly the NDH- g &
1L complex, because they were found at positions assigned to these
complexes in previous studies (Battchikova et 4l, 2005). Protein
spots that could not be assigned were identified via MS analysis
(Table S3). Consistent with our previous results, we found IsiA
and NdhD1. These results suggested that SliP4 interacts directly or
indirectly with PSI, NDH1, and PSII because proteins from these
photosynthetic complexes were completely missing in the WT con-
trol experiment (Fig. S6).

As the SliP4 interactome appeared rather complex and it was
difficult to judge what might be the primary SliP4-binding part-
ner, we transferred the pVZ322 plasmid expressing SliP4.f into
mutants missing either PSI or PSII. Crude extracts from these
strains were then used in another affinity purification of Flag-
tagged SliP4 and associated proteins. The SliP4.f pulldown,
prepared from the cells in PSI-less background, showed a high
abundance of PSII(1) and PSII(2) complexes and a relatively high
level of NDHI1 subunits NdhF1 (s/70844) and NdhD1 (s/r0331).
By contrast, the first-dimension gel from the ‘PSII-less’ pulldown
displayed a strong yellow band e 150 kDa that later on was
found to be composed of NDH1 subunits NdhF1 and NdhD1
together with two small proteins that were not identified by MS.
Given the known structure of NDHI complexes (Schuller
et al., 2019), these proteins are very likely NdhP and NdhQ sub-
units (Fig. 5¢). NdhF1, NdhD1, NdhQ, and NdhP form 8
together the membrane domain of NDH-1L complex that is
named here as NDH1 membrane-derived (NDH1p) subcom-
plex. Apart from high amounts of NDH1yp, the preparation
from PSII-less background also contained a relatively high
amount of fully assembled NDH-1L (Fig. 5c). It should be noted
that the interaction between SliP4.f and PSI or SliP4.f and
NDHI1 was at least partially preserved even during CN-PAGE
(Fig. 5a,c), while the SliP4.f seems to fully separate from the PSII
complexes (Fig. 5b). Altogether, these data fit the pattern of SliP4

complexes observed before in membranes separated by 2D BN/
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Fig. 4 Fractionation of membrane complexes from Synechocystis sp. PCC 6803 on sucrose gradient followed by localization of SliP4.f by CN-PAGE and by
Two-dimensional-clear-native/sodiumdodecylsulfate polyacrylamide gel electrophoresis /2D-CN-SDS-PAGE). (a) SliP4.f-expressing cells were grown for
48 h at 250 pmol photons m~2 s, harvested, broken, and the solubilized membrane proteins separated on sucrose gradients. Collected fractions from
sucrose gradient were subsequently analyzed by native 4-14% CN-PAGE; 60 pl of each fraction was loaded onto the gel. After western blotting, SliP4.f
was detected by anti-Flag antibody. (b) Fractions 7 and 9 were further separated in the first dimension by CN-PAGE. The native gel was photographed
(Photo) and scanned by LAS 4000 (FujiFilm, Tokyo, Japan) for chlorophyll fluorescence (Chl FL). After the second dimension SDS-PAGE, the gel was
blotted, and SliP4.f detected by anti-Flag antibody. Please note that a different concentration of acrylamide (4-8%) was used for this experiment to better
separate the high-mass complexes. See also Supporting information Fig. S5 for the identical analysis with the control As/iP4 strain.

SDS-PAGE (Fig. 3): bands #1 and #2 can be assigned to PSI-  structure can be strengthened by the hydrogen bond between
IsiA-SliP4 and PSI(3)-SliP4 complexes, while band #3 is most  Ser21 from each SliP4 chain (Fig. 6¢,d).

probably PSI(1)-SliP4 and the smallest complex (#4) should be
the NDH1yp-SliP4, respectively. Indeed, the highest mass spot
observed on BN-PAGE might represent a mixture of several dif-
ferent supercomplexes (see Discussion section).

Recently, several high-resolution NDH-1L structures have
been obtained with cryo-electron-microscopy for cyanobacteria ~ The above-described experiments showed that SliP4 is located in §
(e.g. Laughlin er al, 2019; Schuller er al, 2019; Zhang  thylakoids, in which it is linked/associated with NDH1, PSII, §
et al., 2020), which permitted to start modeling the interaction  and PSI. Spectroscopic kinetics measurements tracking the PSI
between NDH1yp and SliP4 using ALpHAFOLD multimer (Evans  redox state were performed to analyze the functional role of SliP4
et al., 2021). The model predicted with a high confidence (see  association with the different photosynthetic complexes. In the
Fig. S7A) that SliP4 interacts with the long amphipathic helix of  first series of experiments, the capacity for cyclic electron trans-
NdhF1 (Fig. 6a,b). According to the model, the binding is stabi- port (CET) was compared in WT and mutant As/iP4 after expo-
lized by hydrogen bonds between the NdhF1 Lys613 and Asn24  sure to high light for 24 or 48 h (Fig. 7). CET was measured by
and Ser32 of SliP4 (Fig. S7B). Because our data strongly suggest ~ reading the oxidation state of PSI after specific excitation with
that the SliP4 can dimerize, we also modeled dimeric structure of  far-red light. Under standard light conditions, the extent of CET
SliP4. The ArpHaFoLp prediction shows that, apart from the  was similar in WT and As/iP4. However, upon 24 h high light,
hydrophobic interaction of transmembrane helices, the dimeric ~ the mutant AsliP4 displayed weaker CET compared with WT

SliP4 plays an important role in the association of
photosynthetic (super)complexes under high-light
conditions
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Hualing, 2022), in which PSI and NDH-1L closely cooperate,
which is obviously less possible in high-light-treated mutant cells
that is consistent with the above-proven association of SliP4 with
PSI and NDH-1L.

Then, we compared the relative activities of the PSI and PSII
in different strains at different light intensities. An almost similar
increase in the PSI-associated electron transfer rate (ETR) and
the PSIl-associated ETR with increasing light was observed in
WT cells, whereas in the mutant AsliP4, the PSl-related ETR
relative to PSII was less light responsive (Fig. S8). This difference
was not observed in experiments with the complementation
strain As/iP4::SliP4.f. In this case, the light dependence of ETR
from PSI and PSII behaves almost like WT. These measurements
indicate that SliP4 also plays a role in coordinating PSI and PSII
for linear and cyclic electron flow.
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different Synechocystis sp. PCC 6803 strains. Analysis of the SIiP4.f pulldowns obtained from the strain expressing the s/iP4.f gene in WT background (a), = 8
the PSI-less background (b), and PSlI-less background (c). SliP4.f cells were pregrown under standard light. To induce the expression of SliP4.f, the irradi- 5 =
ance was increased to 150 umol photons m~2 s~ during the last hour of cultivation. To cultivate cells producing SIiP4.f but lacking PSI or PSII, strains were "?;
grown in BG11 medium supplemented with 5 mM glucose in 10 flasks at 28°C and 5 pmol photons m~2s~". After purification, the eluted proteins were ﬁ =2
separated in the first dimension by CN-PAGE. The native gel was photographed (Photo) and scanned by LAS 4000 (FujiFilm) for chlorophyll fluorescence Q o
(Chl FL). After the second dimension SDS-PAGE, the gel was stained with Coomassie blue. PSI(1) and PSI(3) mark the monomeric and trimeric forms of 5 §
PSI, respectively. PSII(1) and PSII(2) mark the monomeric and dimeric forms of PSII, respectively. NDH-1L indicates photosynthetic complex I. Subunits of % <
PSI (PsaA/B) and PSII (D1, D2, CP43, and CP47) are marked based on their typical pattern. NDH1p indicates the membrane assembly module of photo- g g
synthetic complex 1. In all three pulldowns NdhD1, NdhF1 and its fragment (NdhF1’), NdhO, and SliP4.f were identified by MS (Supporting Information < El
Table 53). Small NdhP and NdhQ subunits are difficult to identify by MS, but protein bands most likely representing these two subunits are also marked. 3
Red-dashed line highlights the SliP4.f-NDH1,,, complex. See Fig. 56 for the control experiment with WT cells. o g
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cells. The WT cells enhanced their capacity for CET after 48 h Finally, the capacity for state transition was analyzed in the %§
high-light treatment, whereas this enhancement was not observed ~ Synechocystis 6803 W'T and mutant As/iP4. The WT cells showed 5':5‘
in mutant cells (Fig. 7). CET in Symechocystis 6803 mainly  the expected changes in relative 77 K fluorescence peaks of PSI %“‘g
depends on the so-called NDH-1L route (e.g. Zhang er al., 2020;  and PSII depending on the previous light treatment, that is, the 2 &
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light of 600 nm showed preferential emission from the PSII,
while this shifted toward PSI after far-red light incubation. In 3
contrast to WT, high-light-treated cells of the mutant AsliP4
completely lost the capability to respond to different light quali- 2
ties with state transitions (Fig. 8). Depending on the model, state &
transitions are supposed to rely on closer or relaxed association of
PSII with PSI and/or phycobilisomes in cyanobacteria (Calzadilla
& Kirilovsky, 2020). The absence of SliP4 seems to prevent such

a close association.

Moreover, the strain SliP4.f, in which the native s/iP4 gene
was knocked out and replaced by the ectopic expression of Flag-
tagged SliP4 on the pVZ322 plasmid under the control of the
native promotor, displayed slightly higher expression of s/iP4
(data not shown) likely due to a higher gene copy number. Inter-
estingly, this strain also displayed better growth under higher
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Fig. 6 Structural model of the association of
SliP4 with the NDH1 complex and the
dimeric SliP4. The model was predicted by
AlphaFold multimer (Evans et al., 2021)
using Synechocystis sp. PCC 6803 SliP4 and
NdhF1, NdhD1, NdhQ, and NdhP protein
sequences as input. Side view along the
membrane plane (a) and a view from the
stromal side (b). See Supporting Information
Fig. S7 for a more detailed analysis of the
predicted structure. (c, d) A prediction of

SliP4[2] o e p ;
dimeric SliP4 using AlphaFold multimer;
hydrogen bond between two Ser21 residues
is circled.
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Fig. 7 SliP4 is necessary for enhancing cyclic electron flow around PSI in Synechocystis sp. PCC 6803. Cells of the wild-type (WT) and mutant AsliP4 were

pregrown under low-light conditions (LL) of 50 pmol photons m—2 s~

-2 1

and were then transferred to high-light conditions (HL) of 250 pmol photonsm ™~ s

for 24 and 48 h, respectively. Slow kinetics of P700 redox changes were measured after the onset of saturating far-red and red actinic light (AL + FRT) and
subsequent switch-off of red actinic light (ALL) in cells exposed to LL (left panel) and for 24 h (middle panel) or 48 h (right panel) to HL.

light intensities of 300 and 400 pmol photons m %5~ " in com-
parison with the WT (Fig. §9). Collectively, the observed physio-
logical changes, that is, lowered capacity for cyclic electron flow
around PSI, lowered responsiveness of PSI then PSII to different
light intensities, and the absence of state transitions in mutant
AsliP4, support the hypothesis that the association of SliP4 with
photosynthetic complexes is involved in their proper organization
into cooperative units (supercomplexes), which seems to be parti-
cularly important under high-light conditions for Synechocystis
6803.

Discussion

Small proteins have been overlooked for a long time. Recently,
many of them were discovered, and an increasing body of evi-
dence indicates that they can play important roles, particularly in
the proper organization of large protein complexes (reviewed by

Hobbs et al, 2011; Storz et al, 2014). A particularly high

Netw Phytologist (2023) 239: 1083-1097
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number of small proteins has been assigned to the assembly,
repair, and function of different photosynthetic complexes in cya-
nobacteria and chloroplasts of algae and plants (reviewed in
Baumgartner ef al., 2016; Brandenburg & Klahn, 2020). In the
present study, we provide evidence that the newly discovered
S1iP4 can be regarded as a further example that small proteins are
important scaffolds for properly organizing photosynthetic com-
plexes. The expression of sliP4 is massively upregulated under
high-light conditions, and the corresponding mutant unable to
accumulate this small protein is more sensitive to high-light shifts
than WT cells. This is mainly due to the inability of mutant
AsliP4 to induce increased CET and to balance energy distribu-
tion between PSI and PSII. Our observations support these phe-
notypes, indicating that SliP4 is specifically interacting with
NDH1 and also PSII, thereby coupling these complexes more
closely with PSI.

It is well established that the photosynthetic machinery can
respond to fluctuating light regimes and the cell’s metabolic state

© 2023 The Authors
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Fig. 8 SIiP4 is necessary for state transitions in Synechocystis sp. PCC 6803. Cells of the wild-type (WT) and mutant As/iP4 were pregrown under low-light
s~ " and were then transferred to high-light conditions of 250 pmol photons m
temperature (77 K) fluorescence emission spectra of high-light-treated cells were recorded at 600 nm excitation after preincubation in darkness (black line),
with far-red light > 720 nm (red line) or with orange light 600-630 nm (blue line).

conditions of 50 pmol photons m 2

by reorganizing the amount and composition of photosynthetic
complexes (e.g. Nikkanen er al, 2021). In the linear electron
transport mode, electrons are conveyed from water via PSII and
the cytochrome bgf complex to PSI that reduces ferredoxin (Fd)
via Fd-NAD(P)H-oxidoreductase, thereby producing NADPH
that is mainly used for CO, fixation in the Calvin—Benson cycle
(CBQ). In addition, the electron transport produces an H" gradi-
ent, which provides the energy for photophosphorylation, that is,
ATP production via ATP synthase. There are indications for a
cyanobacterial mega-complex of phycobilisomes with PSIIT and
PSI (Liu et al., 2013), which could promote linear electron trans-
port. The NADPH/ATP ratio of linear electron transport does
not completely fulfill the CBC’s demand. Therefore, CET
around PSI is necessary to close the ATP gap. In nature, not only
does the amount of light and its quality fluctuate, but also the
availability of CO, is often limited. The latter is especially rele-
vant for aquatic organisms, such as cyanobacteria and algae, due
to the limited solubility of CO, in water. Hence, when the sink
capacity of the CBC is saturated, the photosynthetic complexes
will be excessively reduced, resulting in the generation of reactive
oxygen species. The photosystems are vulnerable to excessive
reduction. While PSII has a rapid repair cycle, recovery of PSI
from damage is slow (Komenda et al, 2012). Therefore, photo-
synthetic organisms invest heavily in protecting PSI by multiple
mechanisms that aim at maintaining PSI and its P700 reaction
center chlorophyll pair in an oxidized state.

Photosynthetic organisms can decrease over-reduction by acti-
vating auxiliary electron transport pathways that evolved to pro-
tect the photosynthetic machinery. The CET and state transition
are highly induced processes under such stress conditions
(reviewed in Hualing, 2022). CET in cyanobacteria and plant
chloroplasts involves NDH 1-like complexes, which are phylogen-
etically related (Battchikova ez @/, 2011). In chloroplasts, the
NDHI1-like complex forms a supercomplex with PSI, especially
under stress conditions stimulating CET (Peng er al, 2009;
Koufil et al, 2014; Shikanai & Yamamoto, 2017). Structural

© 2023 The Authors
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257" for 48 h, respectively. Low-

insights revealed that two copies of PSI-LHCI complexes are
associated with one NDH1 and two monomeric LHCI proteins
(Shen ez al., 2022; Su et al., 2022). It is assumed that the physical
proximity of donor and acceptor complexes appears to be one of
the most effective ways to influence the prevalence of different
possible electron transport pathways (Mullineaux, 2022).

Our results indicate that SliP4 is likely also involved in the close
association of NDH-1L and PSI promoting CET in high-light-
stressed Synechocystis 6803 cells (Fig. 7). There is only limited evi-
dence that PSI-NDHI1 supercomplexes might exist in cyanobac-
teria. Gao ez al. (2016) provided the best evidence that an NDH-§
1L-PSI supercomplex exists with a molecular mass of more than &
1000 kDa in Synechocystis 6803. The supercomplex formation is
supported by the PSl-specific Cpcl. phycobilisome (Watanabe
et al, 2014), because the screen for high-light-sensitive mutants
defective in CET induction identified this gene (Gao ez al., 2016).
They also showed that the formation of this supercomplex was
directly linked to the activity of NDH1-dependent CET (Ga
et al, 2016). The exact composition of the cyanobacterial super-
complex is not known. However, Gao et al. (2016) speculated that
an unknown linker protein, possibly such as the here addressed
SliP4, might be involved in the association of PSI and NDHI.
Unfortunately, we could not detect the NDH-1L-PSI complex
reported by Gao er al (2016) using our BN or CN-gel systems.
Similarly, to the experimental observation of NDH-1L-PSI super-
complexes only in Synechocystis 6803 (Watanabe et al, 2014; Gao #
et al,, 2016), the predicted action of SliP4 in high-light-induced
photosynthetic supercomplex formation seems also to be restricted
to Synechocystis 6803 and closely related strains. Clear SliP4 homo-
logs could only be identified in genomes of Synechocystis spp. and a
few other strains (Figs 1, S1). However, it might be possible that
other, not yet identified small proteins with no significant sequence
similarity but able to form one transmembrane helix and a polar
C-terminal tail could be present in many more cyanobacterial
strains and potendially fulfill similar function, which needs to be
addressed in future experiments.
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In addition to CET, the proper distribution of light energy
between the two photosystems via state transition is also impli-
cated in high-light acclimation virtually in all oxygenic photo-
trophs. While the state transition mechanism is relatively well
studied in plants, how state transition operates in cyanobacteria
remains unclear. Several models have been proposed such as the
migration of the phycobilisome antenna between PSII and PSI or
the building of a close phycobilisome PSII and PSI complex in
which spillover occurs (Federman ez 4l, 2000; Liu et al., 2013;
Calzadilla & Kirilovsky, 2020). Our 77 K fluorescence experi-
ments revealed that cells of the mutant As/iP4 could not perform
state transition after exposure to high light. This observation sug-
gests that SliP4 facilitates, either directly, or indirectly, this pro-
cess in Synechocystis 6803 (Fig. 8). Our results seem to favor the
idea that SIiP4 is involved in the closer contact of PSIT and PSI to
allow spillover of excess light energy (Fig. 9), because no phycobi-
lisome subunits were found in any attempts to identify SliP4
interacting partners, whereas in the PSI-less mutant high
amounts of PSII could be co-purified with SliP4.f (Fig. 5). More-
over, while WT and the complementation strain displayed com-
parable ETR values, As/iP4 seems to have problems coupling
PSII to PSI (Fig. S8). However, it has also been shown that the
NDHI1 complex is somehow involved in cyanobacterial state
transition, because this process was also completely absent in the
M55 mutant with deleted NdhB protein (Schreiber ez al., 1995).
Hence, the interaction of SliP4 with NDH1 could also explain
the missing state transition in mutant As/iP4. Furthermore, we
cannot rule out that the effect of s/iP4 mutation might be indirect
due to a changed redox state of the plastoquinone pool via chan-
ged PSI and/or PSII organization. Hence, further experiments
are necessary to reveal the specific role of SliP4 in state transition.

The important role of SliP4 in high-light acclimation is docu-
mented by the phenotype of the SliP4-null mutant that cannort
enhance CET activity under stress conditions. It is, therefore,
possible that SliP4 represents a kind of linker stabilizing the
attachment of NDH-1L and PSII to PSI complexes (Fig. 9). In
addition to this likely explanation, we cannot rule ourt thar the
absence of SliP4 impacts the thylakoid membrane ultrastructure,
the stability of different photosynthetic complexes, or the forma-
tion of PSI-IsiA complexes. The latter function is likely, because
PSI-IsiA-SliP4 complexes were observed in WT cells buc are vir-
tually absent in the mutant As/iP4 (Figs 4, S5). Hence, the
impact of s/iP4 deletion can be quite complex and the observed
light sensitivity of the mutant can result from pleiotropic effects.

CET
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Synechocystis 6803 cells, which were grown under similar con-
ditions that used here for the isolation of SliP4.f interaction part-
ners from the WT background (Fig. 5a), contain roughly 2.5 x
more copies of PSII and 10x more copies of PSI than NDH]1
(Jackson et al., 2023). If the SliP4 would interact with similar
affinities to PSI, PSII and/or NDHI, levels of these complexes
co-purified with SliP4.f from WT background should reflect
their ratio in the cell. However, this is obviously not the case, at
least the PSII content in the pulldown is much higher than
NDH-1L (Fig. 5a). This result indicates that SliP4 can bind to
PSII with higher affinity than to NDH-1L; therefore, PSII could
successfully compete with NDH-1L for SliP4 binding. This view
could explain the higher content of NDHI1 subunits in SliP4.f 5
pulldowns prepared from strains lacking especially PSII (Fig. 5b,c)
than from WT (Fig. 5a). Moreover, SliP4 might preferentially
attach the hydrophobic NDH1yp subcomplex rather than the 2
fully assembled NDH-1L; note that according to the position of
the NdhD1 protein in our 2D-CN gels, a significant amount of 2
NDHI1yp-SliP4.f complexes are also present in the isolation
from WT cells (Fig. 5a). The level of NDHI1yp in PSII-less
strain is not known, but it could be much higher than in WT.
The exact role of NDH 1, is unknown; however, as such sub-
complex has not been previously observed in gel-disassembled or
Triton-fragmented NDH-1L, it might be an assembly intermedi-
ate rather than a degradation product of NDH-1L (Prommee-
nate et al, 2004). According to our results, it is tempting to
speculate that the binding of SliP4.f to NDH 1 could fac:l]ltatc
the assembly of PSI-NDH-1L supercomplexes involved in CET.
Why such a large fraction of SliP4 binds this complex in the
PSII-less strain should be investigated in the future.

A physical interaction of such a small protein with three funda-'
mental photosynthetic complexes is indeed remarkable. SliP4 is
not selective to the oligomeric state of PSI or PSII; even the pre-
sence of IsiA on PSI does not prevent the binding of SliP4. How-
ever, SliP4 seems to interact specifically with NDH-1L and not
with other types of Synechocystis 6803 NDH1 complexes. The
NDHI1 can form different-sized complexes (NDH-1L, NDH- 3
1L, NDH-MS, NDH-MS’, and NDH-1S), which are involved E
in spec:ﬁc functions in the cyanobacterial cell (e.g. Battchikova
et al., 2011). NDH-I1L is the dominating complex under most
growth conditions, and it has been shown that this complex is
specifically involved in CET and respiration in Synechocystis 6803
(e.g. Gao et al, 2016; Zhang et al, 2020). Analyzing protein
spots of SliP4.f pulldowns detected exclusively peptides
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Fig. 9 Likely SliP4 function under high-light
conditions. Dimeric SliP4 is capable to attach
to photosystem | (PSI), photosystem I (PSII)
and also NDH-1 L. The polar C-terminal
regions of the SliP4 dimer could play an
important role in binding of each of these
complexes, thereby promoting or stabilizing
the formation of PSI-NDH-1L and possibly

? also PSI-PSII supercomplexes. These large
assemblages are needed for an efficient
electron transfer during the cyclic electron
flow (CET) and energy dissipation during the
state transition.
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belonging to NdhF1 and NdhD1 but not to other NdhF/D
homologs. According to our model of the SliP4-NDH1y;p com-
plex (Fig. 6a), SliP4 is located close to NdhQ. This small subunit
is specific for the NDH-1L complex and might even be in contact
with SliP4, thereby promoting the selectivity of the SliP4 for
NDH-1L.

We hypothesize that the highly polar C terminus of SliP4 is
important for the interactions with NDH-1L and both photosys-
tems. We failed to obrain a reliable prediction of PSI or PSII
associated with SliP4 using Alphafold, but the SliP4-NDH1yp
model supports the key role of C-terminal polar residues. SliP4
could form oligomers, such as a very stable dimer (Figs 3, 6). The
binding of two different complexes via C termini of the dimeric
SIiP4 could work effectively as a protein cross-linker (Fig. 9).
SliP4 appears to be essential to healthy electron transfer in the
photosynthetic membrane via the coupling of photosystems and
NDHI1 during high-light exposure.
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Fig. 85 Fractionation of membrane complexes from the Synecho-
cystis sp. PCC 6803 AsliP4 strain on sucrose gradient.

Fig. $6 2D CN/SDS-PAGE of the control Flag affinity pulldown
using the Synechocystis sp. PCC 6803 wild-type (WT) strain.

Fig. 87 Structural model of the association of SliP4 with the
NDHI1 complex and the dimeric SliP4.

Fig. S8 SliP4 is necessary for proper association of PSI and PSII , 5
in linear electron flow in Synechocystis sp. PCC 6803.

Fig. 89 Growth curve of the Synechocystis sp. PCC 6803 wild- Z
type (WT) and the SliP4.f-expressing strains under higher light
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Table 83 Bands used for MS analysis from 2D CN/SDS-gels of
Synechocystis sp. PCC 6803 strains with respective identifications.
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