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Annotation
For the last two decades, mass spectrometry (MS) is a method of choice for the

identification of proteins involved in the formation of photosynthetic complexes in
cyanobacteria. The aim of this thesis was to optimize and utilize MS methods
beyond a simple protein identification for the model cyanobacterium
Synechocystis sp. PCC 6803. Specifically, | focused on label free protein
quantification, both in cell extracts and in isolated proteins, and structural
proteomics by crosslinking (XL-MS). To this thesis | however included also my
publications where | contributed by identification of proteins, that were co-
isolated with tagged Photosystem Il assembly factors CyanoP, Psb27, Psb28,
Psb29 and Pam68. This research significantly broadened the knowledge about
PSIl biogenesis and connected the Psb29 protein with formation of
heterocomplexes of FtsH proteases.

In order to identify substrates of Synechocystis FtsH4 protease, | employed
quantitative proteomic analysis of proteins co-eluted with catalytically-inactivated
FtsH4"** enzyme. This work led to discovery of several Photosystem | assembly
factors and Photosystem I-related protein such is IsiA, as FtsH4 substrates. Other
group of identified proteins (substrates) seems to be specifically involved in CO,
uptake. Quantitative proteomics was further used to clarify the role of High-light
inducible proteins (Hlips). A detail analysis of HIIA and HIiB pulldowns prepared
from wild type and AhliC backgrounds mapped protein-protein interactions
involved in photoprotection of Photosystem Il biogenesis. Utilizing XL-MS,
| probed the structure of the ArgD-Gun4 protein complex that regulatory connects
nitrogen metabolism and the biosynthesis of tetrapyrroles. The formation of the
ArgD-Gun4 complex is promoted by ornithine, an intermediate of arginine
biosynthesis.
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1. Preface

1.1 Oxygenic photosynthesis

It could be argued that oxygenic photosynthesis is the most important biological
process on our planet. Molecular oxygen, the by-product of this type of
photosynthesis, is the main acceptor of electrons in cellular respiration in the
majority of living organisms and in all multicellular organisms. The carbon fixed
by phototrophs is the single most important source of organic carbon for the
planetary biosphere. Thus, virtually all life on Earth, including extremophile
bacteria and archeans, depend directly or indirectly on photosynthesis.

Oxygenic photosynthesis has evolved in cyanobacteria - Gramm-negative
prokaryotes fixing CO, using Rubisco enzyme, with a fossil record 3.5 billion years
old (Schopf et al., 2006). As the photosynthetic apparatus of algae and plants is
of the cyanobacterial origin (reviewed in Sanchez-Baracaldo and Cardona, 2020),
photosynthetic complexes in chloroplast are highly similar to cyanobacteria. From
a methodological point of view, it is just another benefit of cyanobacteria as a
tool to study molecular aspects of oxygenic photosynthesis. These organisms
offer all advantages to work with bacteria, which includes fast life cycle, easy
phenotyping and small and well characterized genomes.

The most used cyanobacterium model organism is Synechocystis sp. PCC 6803
(hereafter Synechocystis), a unicellular, non-diazotrophic strain isolated in late
sixties in California. In contrast to higher plants and algae, but also to many
cyanobacterial species, gene inactivation, modification and regulation became
routine in Synechocystis due to natural transformation and efficient homologous
recombination. Synechocystis can be easily transformed by either plasmid
vectors or linear PCR fragments (Koksharova and Volk, 2002). Indeed, the
cyanobacterium was the first photosynthetic organism to have the genome
sequenced (Kaneko et al., 1996). Currently, the UNIPROT database of
Synechocystis proteins contains 3562 entries. Genetic manipulations of
cyanobacteria are not just in the realm of science - there are many
biotechnological applications to bioengineer Synechocystis and other species as a

4



producers of valuable bio-products, while sequestering atmospheric CO, (Liu et
al., 2012).
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Figure 1: Cyanobacterial thylakoid membranes harbour the elements of both
photosynthetic and respiratory electron transfer chain. This schematic model shows
photosynthetic complexes with extrinsic phycobilisomes as well as respiratory membrane
complexes from a side view (top; modified from Liu, 2016). Crystal structures of trimeric
PSI (Jordan et al., 2001) and dimeric PSIl (Umena et al., 2011) are shown from stromal
side (below). A detailed view of a (monomeric) PSI unit is also shown (left). Individual Chl-
binding subunits (PsaA/B, D1, D2, CP47 CP43) of both photosystems are highlighted by
different colours. In cyanobacteria almost all Chl molecules (~95%) are bound to these
five proteins (Xu et al., 2004).

1.2 Photosynthetic apparatus in cyanobacteria

The first step of oxygenic photosynthesis is executed by photosystem Il (PSll), a
complicated enzyme that uses energy of four captured photons to oxidize two
molecules of water into two protons, four electrons and two molecules of oxygen
(see Figure 1). The enzymatic function of PSII can be described as light driven
water:plastoquinone oxidoreductase. PSIl complex is embedded in a specialized
(thylakoid) membrane system and, apart from about 20 known protein subunits,

5



it includes several types of pigment cofactors (chlorophylls, heme, carotenoids
and pheophytins), lipids, ions and a unique Mn;CaOs inorganic metal cluster.
(Barber and Kuhlbrandt 1999; Blankenship 2002; Umena et al., 2011). The
reaction centre core of PSIl consists of two chlorophyll-binding subunits D1 and
D2, flanked by two internal light harvesting proteins CP47 and CP43, cytochrome
Css9 and a score of low molecular mass (LMM) membrane spanning subunits (Tang
et al., 1990; Bricker and Frenkel 2002; Terentyev 2022). In cyanobacteria these
include PsbH (Komenda et al., 2005), Psb) (Nowaczyk et al., 2012), PsbK (lwai et
al., 2010), PsbL (Anbudurai and Pakrasi 1993), PsbM (Kawakami et al., 2011),
PsbN (Torabi et al., 2014), PsbX (Shi et al., 1999, Funk 2000), PsbY (Meetam et al.,
1999) and PsbZ (Swiatek et al., 2001). On the lumenal side, the water
splitting/oxygen evolving Mn cluster is bound, protected by extrinsic lumenal
subunits: PsbO (Murakami et al., 2002), PsbV and PsbU. In addition, CyanoQ
protein has been reported in cryo-EM map of cyanobacterial PSII complex (Gisriel
et al., 2022) and it is likely that CyanoQ is a weakly-associates but regular
subunit of PSIl. On the stromal side, the cyanobacterial PSIl is attached to the
huge, light harvesting phycobilisome (Figure 1).

The protons, produced by PSIl, generate proton gradient (powering ATP
synthase), while electrons are sequentially transferred to plastoquinone. This
lipid-like molecule is oxidized by cytochrome bsf and the released energy is used
to pump more protons from stroma to the lumen. Electrons are further passed to
plastocyanin that is finally oxidized by Photosystem | (PSI). PSI employs light
energy to reduce the cytoplasmic ferredoxin.

The core of PSI is structurally similar to PSIl as both complexes have the same
evolutionary origin (reviewed in Sanchez-Baracaldo and Cardona, 2020). PSI core
reaction centre consists of the PsaA and PsaB subunits binding together 79
chlorophyll molecules; stromal subunits PsaC, containing two terminal FeS
clusters; PsaD facilitating attachment of ferredoxin and PsaE, further helping the
docking of ferredoxin. In cyanobacteria, PSI is mostly present in trimeric form
(Figure 1), but the monomeric form is also relatively abundant, with various ratios
between the two, depending on conditions (Ktodawska et al., 2015). Under high
light conditions, tetrameric PSI has been observed in some cyanobacteria (Li et
al., 2019). Six small membrane subunits Psal, PsaL and PsaM are oriented to the
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inside of the PSI trimer and PsaF, Psa) and PsaK positioned on the outside of the
trimer (Fromme, 2001). PsaL is considered the contact site between PSI
monomers enabling trimerisation (Chitnis & Chitnis, 1993). In total, PSI trimer in
Synechocystis contains 33 protein subunits, 72 carotenoids, 285 chlorophylls, 51
lipids, 9 iron-sulphur clusters, 6 phylloquinones, and 6 putative calcium ions
(Katayama, 2022).

1.3 Photosynthetic pigments
Photosynthetic pigments are a chemically diverse group of molecules capable to

absorb light at a specific wavelength, transfer to another pigments or proceed
photochemistry as chlorophylls do in the core of photosystems. Chlorophyll-a,
that serves in cyanobacteria as cofactors of photosystems, consists of a
tetrapyrrole ring chelating magnesium atom in its centre and possessing various
aliphatic sidechains. Based on protein environment chlorophyll-a absorbs visible
light wavelengths in the blue (435-445 nm) and red (630-675 nm) range
(Masojidek et al., 2013).

Another tetrapyrrole pigments are phycobilins that serve in cyanobacteria
specifically as chromophores in phycobilisomes. Phycobilins are linear
tetrapyroles with a broad absorption range from blue-green to orange, 500-650
nm (Masojidek et al., 2013). Unlike chlorophylls, they are covalently bound to
phycobiliproteins, which together with colourless linker polypeptides form several
rods that are attached to the core, forming the phycobilisome antenna system
(Liu et al., 2005, Dominguez-Martin et al., 2022).

Carotenoid molecules function as accessory light harvesting molecules in
photosystems, but they have a structural role during photosystem assembly and
play a crucial role in protection against harmful oxygen radicals. Carotenoids are
able to quench both singlet and triplet chlorophylls and can be oxidized by
reactive oxygen species (ROS), protecting other cellular components against
oxidation (Masojidek et al., 2013). Generally, carotenoids contain two hexacarbon
rings with a 18-carbon conjugated chain between them and absorb light in range
between 400 and 550 nm (violet to yellow-green). Xanthophylls such is

zeaxanthin or myxoxanthophyll contain oxygen atoms and are also very



abundant in cyanobacterial cells.
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Figure 2: Modular de novo assembly of PSll. According to the current model in ref PSll is
built from four pre-assembled modules (D1m, D2m, CP47m and CP43m) in a step-wise
manner. Each module contains one core chlorophyll-binding subunit of PSIl already
associated with a set of small subunits (as indicated) and with pigment cofactors. DIm
and D2m combine first to produce the RCIl reaction center assembly complex which
associates with CP47m to form the RC47 assembly complex which is converted to the
RCCIl non-oxygen-evolving PSIl intermediate by binding CP43m. The final steps of
assembly to produce oxygen-evolving PSll involve light-driven assembly of the Mn4CaO5
cluster and attachment of the lumenal subunits and dimerization. The picture was
prepared using the cryo-EM structure of Synechocystis PSIl (PDB = 7N80) (Gisriel et al.,
2022).

1.4 Biogenesis of photosystems

The intricate structure of photosystem complexes and phototoxicity of chloro-
phyll provides a challenge for the photosystem biosynthesis and precise as-
sembly in the cell. According to current model, the assembly of the PSII reaction
core occurs in a stepwise manner starting from four pre-assembled smaller sub-
complexes called modules (Komenda et al., 2012). Each module consists of one
large chlorophyll-binding subunit mentioned above (D1, D2, CP47, CP43) and sev-
eral neighbouring low molecular mass polypeptides (Figure 2). Moreover, a num-
ber of auxiliary factors were identified (see below) that are not present in fully
functional complex but thought to support in the process of PSIl assembly (see
below, Komenda et al., 2012). The later steps PSIl assembly includes attachment
of the Mn cluster and the lumenal subunits PsbO, PsbU and PsbV and the dimeriz-



ation of the whole complex (reviewed in Nixon et al., 2010, Komenda et al.,
2012).

Additionally, light-induced damage accumulates over time; particularly the D1
subunit is susceptible to photo-oxidation, even in low-light conditions (Keren et
al., 1997). It has been shown that the damaged D1 subunit is always replaced,
while the other subunits can be recycled to form a new complex (Aro et al., 1993,
Komenda et al., 2008, Komenda et al., 2012). The damaged D1 subunit is
recognized and degraded by the FtsH 2/3 Zn-metalloprotease complex (Nixon et
al., 2005). A new D1 subunit is introduced at the same time to the partially de-
assembled (so called RC47) complex; CP43 is then re-attached and the final step
of the D1 replacement is same as the de-novo PSIl assembly (reviewed in Nixon
et al., 2010). D2 subunit is also relatively short-lived during stress conditions,
while inner antenna subunits CP43 and CP47 have usually slower turnover. PSlis
are thus typically assembled from a mixture of newly-synthesized subunits
(particularly D1 and D2) and the ‘recycled’ antenna assembly modules (Komenda
and Sobotka, 2019). The biogenesis of PSIl, either from completely newly-
synthesized subunits or from a mixture of new and recycled subunits, requires a
number of ‘assembly’ factors - proteins that facilitate or protect the whole
process. By definition, these factors are not themselves incorporated into the
final PSIl structure. Many of these factors have been first characterized in
Synechocystis, which became an especially useful model organism for studies
focused on the biogenesis of photosynthetic complexes. A good example is Ycf48
protein known to bind to nascent D1 and to promote the formation of RCII.
Although this factor has been first described in plants as HCF136, most of details
about its function has been later elucidated using Synechocystis mutants
(Komenda et al., 2008). Recently, a structure of Synechocystis Ycf48 in complex
with D1/D2 assembly intermediate (RCIl complex; see Figure 2) has been solved
(Zhao et al., 2023). Another such example it the lumenal Psb27 protein that
probably binds and stabilizes CP43m before its attachment to the PSIl assembly
intermediate RC47 (Komenda et al., 2012b).

Special care is given to chlorophylls during PSIlI biosynthesis, since unbound
chlorophylls can produce toxic ROS (reviewed in Apel and Hirt 2004). Chlorophyll
production should be therefore synchronized with photosynthesis of the
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chlorophyll-binding proteins (Kopecna et al., 2012). An important role in the
process of PSIlI biogenesis and repair is played by High light induced proteins
(Hlips). These one-helix proteins associate with different PSIl assembly
intermediates (Konert et al., 2022) and probably photoprotect these
subcomplexes by dissipating exciton energy (reviewed in Komenda and Sobotka
2016). Indeed, also enzymes catalysing the last steps of chlorophyll biosynthesis
are presumed to be closely connected to the site of PSIl assembly (reviewed in
Komenda and Sobotka 2019). The terminal enzyme of chlorophyll synthesis,
chlorophyll synthase, associates with the translocon apparatus (YidC insertase
and the SecY translocase), but also with Hlips (Chidgey et al., 2014). The work of
Knoppovd et al., (2014) described and characterized another complex
participating in early steps of PSIl biogenesis that includes assembly factor Ycf39
(SIr0399) and, again, Hlips. The Ycf39-Hlip sub-complex associates with D1
assembly module early in the process of PSIl assembly and probably
photoprotects the formation of RCIl complex (Knoppova et. al., 2014). A possible
role of Hlips in chlorophyll delivery to PSIl subunits has been also discussed
(reviewed in Komenda and Sobotka 2016).

In contrast to PSIl, much less is known about the assembly of the PSI complex. It
is apparently a rapid process, starting with the core PsaA and PsaB subunits
forming a heterooligomer together with assembly factors Ycf3 and oligomeric
Ycf4 (Nellaepalli et al., 2018). After the stromal subunits PsaC, PsaD and PsaE are
attached, the assembly factors dissociate and PsaF, Psa), PsaH, Psal, PsalL join the
complex (reviewed in Komenda and Sobotka, 2019). For long time, the
attachment of PsaK subunit has been considered as the last step starting the
trimerisation of PSI, (Duhring et al.,, 2007); however new data of the Josef
Komenda’s group show that the PsaK associates with PsaA/B core early, prior to
the stromal subunits (Komenda J, Gupta S, unpublished data).
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2. Introduction

2.1 Isolation of PSI and PSIl assembly complexes
To obtain this fairly comprehensive, yet still incomplete image of the structure

and function of the photosynthetic machinery, many different methods have
been used. Analysis of assembly intermediates of photosystems presents an
extra challenge - their very low abundance. One method of circumventing this
limitation is targeted mutagenesis of individual protein subunits, impairing the
PSII/PSI assembly at a particular step, thus leading to an over-accumulation of an
assembly intermediate, which can be isolated in higher yields (reviewed in Chiu &
Chu, 2022). Complexes can be then isolated using non-targeted or semi-targeted
biochemical methods, exploiting differences in biochemical properties, such as
size/mass (size exclusion chromatography, gel electrophoresis, ultrafiltration,
ultracentrifugation in sucrose gradient); charge (ion exchange chromatography,
native gel electrophoresis); solubility  (hydrophobic  or  hydrophilic
chromatography, reverse phase chromatography); affinity to metallic ions or
specific ligands (immobilized metal chromatography, affinity chromatography)
and many variations thereof (reviewed in Liu et al., 2020). Optimal results are
obtained by combining two or more methods, however yields usually decrease
with each separation step and the amount of source material has to be increased.

Targeted methods are variations of affinity chromatography, with the specificity
and yield greatly increased by affinity tags on modified proteins. For example, a
FLAG-tagged protein has a specific sequence attached on the N-terminus or C-
terminus, which has high affinity to a FLAG-specific antibody. An agarose column
with immobilized anti-FLAG antibody can be used to separate (purify) the protein
from a mixture, e.g. a cell lysate (reviewed in Terpe et al., 2003). Alternatively,
the shorter His-tag consists only of a series of (at least 6) histidine residues,
which have a high affinity to nickel. Tagged proteins are then purified using
chromatography column with nickel immobilized by nitrilotriacetic acid (Ni-NTA),
washed and then eluted by imidazole (Spriestersbach et al., 2015). The tag can
be located either on the N-terminus or the C-terminus, whichever has the lesser
negative effect on the function of the protein. With some optimization, interaction
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partners of the tagged protein will be still bound to the protein bait and can later
be visualized by gel electrophoresis methods or identified by protein mass
spectrometry (Simpson, 2003).

Information about the function of a protein can be obtained by reverse genetics -
elimination or modification of the protein of interest by mutagenesis or insertion
of an antibiotic resistance factor into its gene sequence. The function then
reveals itself by a detectable lack in a biochemical function, missing or defective
structure or aberrant behaviour. The mutation can then be complemented by
inserting of an additional copy of the gene, which can verify the suspected
protein function. Indeed, the extra copy can be modified by adding an affinity

tag, enabling its purification and further analysis.

2.2 Mass spectrometry as a tool for protein identification
Although analysed proteins (e.g. in the isolated protein complexes) can be

identified by specific antibodies (if they are available) or N-terminal sequencing,
identification of an unknown protein by mass spectrometry (MS) is now very
common and extremely useful. Protein identification can be based on two basic
MS approaches - bottom-up and top-down. The bottom-up method starts by
digestion of the protein by a specific (with predictable cleavage sites)
proteolytic enzyme (e.g. porcine or bovine trypsin, chymotrypsin), a semi-specific
enzyme (pepsin) or a chemical agent such as cyanogen bromide (CNBr; Chapman
2000, Simpson 2003). The analysed protein in solution can be pure (e.g. an
isolated recombinant protein), semi-pure (e.g. isolated by affinity
chromatography as a part of a complex) or part of a complex protein mixture,
such as a cell lysate (sometimes called shotgun proteomics).

To combine the powerful method of gel electrophoresis with MS, trypsin can be
also used for in-gel digests, where a gel slice, or 2D gel spot is destained, dried,
re-soaked in buffer containing the protease and incubated; peptides diffuse from
the gel piece and can be isolated from the buffer (Rosenfeld et al., 1991,
Shevchenko et al., 1996; Shevchenko et al., 2006). Desalting and isolation of
peptides is performed by one of a plethora of methods based on the affinity of
peptides to C-18 alkyl group, which can be immobilized on commercially available

12



magnetic beads or microcolumns, or lab made StageTips (Rappsilber et al.,
2007). De-salting is necessary to avoid adducts, which would make the
interpretation of spectra difficult. MS analysis is usually preceded by a liquid
chromatography separation of peptides. A popular option is reverse phase
Nano-liquid chromatography (nano-LC) separation (flow rates of 200-500
nL/minute), separating peptides according to their hydrophobicity in C-18
columns, using a water:acetonitrile gradient. Nano-LC equipment can be on-line
coupled to MS analysers (eluate form the column flows directly into the ion
source) or deposited for a later MS analysis of the fractions. This combination is
abbreviated LC/MS or LC/MS-MS (Ducret et al., 1998).
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Figure 3: Schematic of a ESI-ToF mass spectrometer: 1 — LC device; 2 — electrospray ion
source; 3 - (optional) ion mobility mass selector; 4 — quadrupole; 5 - collision chamber; 6
- (optional) analytical ion mobility chamber; 7 — orthogonal acceleration pusher; 8 — ToF
flight tube; 9 - reflectron; 10 - ion detector; 11 - controlling and data acquiring PC. The
ion flight path is represented by the blue line.

lonization of the analyte is necessary, so that the mass spectrometer can
manipulate, focus or even stop the ion flows through the device using tuned
electromagnetic fields, all under high vacuum conditions inside the machine. In
positive mode, a proton is attached to the peptide; in negative mode, an electron.
lonization of peptides is most commonly achieved by electrospray (ESI) or, after
mixing with a UV-light absorbing matrix and crystallizing, by matrix-assisted laser
desorption ionization (MALDI). ESI sources often produce multiply charged
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peptides - carrying 2, 3 or even more protons. Various mass analysers can be
used to measure the mass of the peptides. Time of Flight (ToF) analysers exploit
the fact that lighter ions are accelerated through a flight chamber to higher
speed than heavier ones, when the accelerating energy is constant. After they
are registered by the detector (e.g. a multi-channel plate, essentially a signal
multiplier), the mass is deductible from the time they spent crossing the length of
the flight tube. In multipole mass analysers, the ionized particles are deflected
from their direct path through the analyser by electromagnetic fields, and the
frequency of switching of the poles from positive to negative tunes the ion paths
in such fashion, that only an ion of specific mass is allowed to hit the detector. By
scanning the whole mass range of interest, signals will register in the mass
spectrum according to the mass of the ion.

Alternatively, multipoles such as quadrupoles can be used as a pre-selection
device, only transmitting ions of a select mass (such as a single peptide) and de-
ionizing the rest, greatly simplifying the analyte ion flow and allowing a more
detailed analysis in combination with collision chambers and mass analysers of
any type. This function is designated by the letter “Q” in the identification of the
instrument, e.g. ESI-Q-ToF MS/MS. lon traps work in similar fashion, with the
distinction that the ions are trapped on a circular path inside a chamber by
electromagnetic fields instead of flying through - ion cyclotron resonance (ICR).
Mass measurement is then deduced form the voltage needed to release them
from this path and hitting a detector, or is calculated from the electromagnetic
changes the particles induce in the detector electrodes, by Fourier transformation
(Ekman et al., 2009). For a simple schematic of a ESI Q ToF mass spectrometer,

see Figure 3.

From any of these mass analysers, the resulting mass spectrum (Figure 4) has
two dimensions: the mass (m/z; mass divided by charge state of the ion) and
intensity of the peptide. Since a specific protease or chemical agent was used,
the masses of the resulting peptides can be predicted and searched for in
databases, translated from DNA sequences (Chapman 2000). The protein can be
identified by comparing the measured peptide masses with the database,
obtaining an identification based on a peptide mass fingerprint (PMF). Higher
confidence of identification is provided by peptide amino-acid sequencing, done
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by breaking of the peptide bonds within the analysed peptide. This disruption can
be facilitated most commonly by collision with a neutral gas molecule (collision
induced dissociation, CID); by reaction with radical anions (electron transfer
dissociation, ETD); by bombardment with low energy electrons (electron capture
dissociation, ECD) inside a specific part of the ion path of the mass spectrometer
called the collision cell (Ekman et al., 2009). In CID, with the right tuning of the
energy of the collisions, peptides are ideally broken in exactly one peptide bond
within the chain of the peptide. After collecting fragment data from many such
breaks, differences between masses of the fragments in the mass spectrum then
correspond to the mass of a single amino-acid. The sequence of amino-acids in
the peptide can be then read by assigning the amino-acid code to the mass
difference in the peptide spectra (Simpson, 2002).
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Figure 4: Mass spectra. Top left: Precursor (parent) MS mass spectrum of a petide with a
m/z of 785.84 Da; Top right: fragment (product) MSMS mass spectrum of the same
peptide; Bottom: a fragment mass spectrum of a peptide with m/z 666.29 Da interpreted
by the PLGS 3.0 software (Waters).
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2.3 MS data acquisition and processing
Mass spectrometer can acquire spectral data in two basic modes of action. The

standard mode is data-dependent analysis (DDA), where the machine first
performs a full scan - the multipole is transmitting all ions — the mass analyser
acquires the spectra, identifies interesting signals and feeds back the masses of
the interesting ions back to the multipole. The multipole then sequentially
transmits only the selected ions, which are fragmented in the collision cell and
the mass analyser acquires their fragment masses. Interesting ions are selected
based on: i) the ion intensity being above the level of noise; ii) ion charge state
being equal or higher than two (which indicates peptides); iii) the mass shows a
pre-programmed indicator fragment; iv) masses are included in a pre-
programmed list of targets (reviewed in Mann et al., 2001).

DDA mode produces clear sets of fragments matched to their parent ion, with low
demands on processing power and allowing detailed analysis of the peptide, such
as search for post translational modifications (PTM). Hand in hand with those
advantages come the limitations of the DDA method. During detailed analysis of
one peptide, the rest of the ion flow is lost for any further analysis. The selection
process is pre-programmed and can be biased, tending to favour higher intensity
ions and losing low intensity ones. It altogether reduces the reproducibility
between measurements. Various technical, computational and methodical
solutions are used to counteract these limitations (Batemann et al.,, 2004; Hu et
al., 2016).

An alternative to DDA is the data-independent analysis (DIA), where the collision
chamber switches between low energy (producing no fragments) and high energy
(producing fragments) in alternating full-spectrum scans (Batemann et al., 2002;
Batemann et al.,, 2004). In the Identity® (Waters) algorithm, precursor (peptide)
spectra and fragment spectra are processed and fragments are matched to their
precursors by multiple parameters following a theoretical model. It includes mass
accuracy of precursors and fragments; total product ion intensity; consecutive
and complementary b and y ions and their intensities, intensities of precursors
and fragments; retention time model compliance; neutral losses conformance
with amino-acid composition and multiplicity of charge states (ldentity®
marketing presentation, Waters, 2007).
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DIA is highly multiplexed, essentially free of bias and its sensitivity is limited only
by the dynamic range of the instrument itself. This analysis offers a wider
dynamic range, requires almost no prior knowledge of the sample and allows
very high repeatability. All those characteristics provide greater confidence in
quantitative proteomics. On the other hand, it produces vast amounts of raw data
and its processing requires greater computational resources. The imperfect
matching of precursors and fragments makes search for PTMs more challenging
and can be prone to false positives. Some of these limitations are addressed by
sequential window acquisition of all theoretical mass spectra (SWATH) (Gillet et
al., 2012) and the use of spectral libraries (reviewed in Hu et al.. 2016). Recently,
a hybrid of the DDA and DIA methods named DDIA has been proposed (Guan et
al., 2020). In DDIA, fast full spectrum (survey), DDA and DIA scans alternate. DDA
data is then used to identify peptides, create a spectral library and match it to
DIA data.

Raw data processing includes separation of signal from noise, de-isotoping the
raw spectra, deconvolution of multiply charged ions and centroiding of the peaks.
As a following step, the processed spectra are matched to theoretical peptides
produced in silico from sequence databases by dedicated software. Optionally,
the database search can be omitted to obtain de novo sequences (Bartels, 1990).
Since that process is extremely processor time consuming and prone to errors, it
is used only in special circumstances; for instance, in cases where a protein
database is missing or incomplete. The progress of MS-based protein
identification was dramatically facilitated by the availability of public protein
databases (reviewed in Henzel et al., 2003), advances in computer hardware,
search algorithm development and the advent of neural networks (Demichev et
al., 2020).

2.4 lon mobility - the 3" dimension of the mass spectrum
lons moving through the mass spectrometer device are manipulated by

electromagnetic fields and in specific areas, gas is used to focus or to disrupt the
structure. However, when the electromagnetic fields push the ions against the
flow of inert gas, usually N,, but He or CO, are also used, ions start to separate
according to their collisional cross section (CCS), basically the shape of the ion
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(Schroeder et al., 2020). This feature is utilized in travelling wave ion mobility
(IMS) Synapt instruments produced by the Waters company (Giles et al., 2004;
Shvartsburg et al., 2008). IMS can be analytically used to distinguish between
ions of the same mass, but different structure. Specifically, in proteomics, this
approach is able to differentiate between isomeric peptides (e.g. containing a D-
amino-acid within the chain), while in native MS, it can distinguish between active
and denaturated forms of a protein. IMS can also be used to decrease the
complexity of the peptide mixture in shotgun proteomics. The principle is a
sequential transmission of ions based on their CCS to the mass analyser, placed
between the multipole and the mass analyser, basically an extension of the
collision cell (reviewed in Uetrecht et al., 2010; Lapthorn et al.,, 2012; see Figure
3).

minutes Seconds milliseconds microseconds
UHPLC Peak
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Figure 5: Duty cycle comparison between components of an LC-MSMS system; the X axis
represents time resolution in seconds for each level of an LC-MS analysis. Each LC-MS
analysis takes between a few minutes to hours and can be represented by a
chromatogram (far left); a chromatogram consists of individual peptide peaks (center
left); each peak can be separated into several TIMS measurements (center right); each
TIMS measurement can yield numerous MS fragment spectra (far right) (from Schroeder
et al., 2020).

The mobility cell of Trapped lon Mobility MS (TIMS) device from Bruker is
constructed in opposite way to Synapt instruments. The cell is placed right after
the ion source, where the gas pressure difference between the ion source and the
inner environment of the MS device pushes the ions against a trapping
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electromagnetic field. This way ions are concentrated allowing parallel
accumulation and serial fragmentation (PASEF) of peptides. In this setting the ion
mobility cell is divided into two separate cells: the first acting as a trap, where
ions are accumulated, while the second cell uses an energy gradient to separate
ions according to their CCS. Higher CCSs are released first. The success of IMS
can also be attributed to the fact, that its duty cycle fits well between the LC
separating peptides into seconds wide peaks and the ToF, acting in microsecond
range (Figure 5).

2.5 Quantitative proteomics
Living systems are dynamic - they react to changes in environment and their

internal state. Many of those changes manifest themselves as changes in the
level of individual proteins. Some proteins are freshly synthesized, others are
recycled. It is not enough to know what proteins are in the sample, increasingly,
there is demand to know the ratios of the proteins present and how their levels
change in different conditions. As mentioned earlier, the height of the mass
spectrum signal peak is proportional to the number of ions captured by the
detector, thus allowing quantitative analysis. The intensity of the peptide in a
spectrum per se is however not a direct indicator of its concentration, because of
differential ionization ability of different peptides, suppression effects and other
parameters (reviewed in Urban, 2016). However, it can be used to compare the
relative abundance of the same peptide in different samples.

There are two basic approaches for quantitative proteomics — the analysis based
on labels or tags and a label free quantification. Quantitative labels, also called
tandem mass tags (TMT) are based on stable isotopes, heavy metals or isobars.
The last types of tags have the same overall mass, but varying in distribution of
heavy isotopes. Each sample is labelled by a different mass tag - a chemical
agent that attached itself to the peptide after digestion. The samples are then
mixed and analysed by MS. During fragmentation, a splinter of the tag with a
sample-specific mass is split form the peptide and appears in the resulting mass
spectrum. The intensity of the tag in the fragment spectra then directly
corresponds to the amount of that specific peptide in the sample. Since samples
were mixed together, the fragment spectrum contains ideally specific tags from
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all samples, allowing their direct comparison (Wiese et al., 2007). Meanwhile,
there are enough isobaric tags to allow comparison of up to 11 samples in one
experiment (reviewed in Pappireddi et al., 2019). In a variant of the method
known as ‘stable isotope labelling with amino-acids in cell culture (SILAC)’,
isobarically-tagged amino-acids are introduced to the growth medium, allowing
tracking the expression of proteins as they are produced in a cell culture (Ong et
al., 2002).

Label free quantification (LFQ) relies solely on the comparison of peptide
intensities (area under peak) or spectral counts and robust statistical methods for
validation. Multiple strategies were introduced to obtain the best possible results
(Bantscheff et al., 2007, Al Shweiki et al., 2017). By definition, the basic methods
offer only relative quantification; absolute quantification can be achieved by
spiking the sample by a standard alien protein with a known concentration.

An interesting hybrid between the labelled and label free strategies is the Q-
conCAT, where up to 50 proteins of interest are selected, 3 tryptic peptides of
each are picked and concatenated to form an artificial polypeptide. These
proteins are typically produced in E. coli cells grown in media containing an
isotopically labelled amino-acid precursor. Labelled polypeptides are then
isolated, purified and added to the sample prior to digestion in known quantity
and the sample is processed. The proteins of interest are absolutely quantified by
comparing intensities of their peptides with their labelled counterparts from the
Q-conCAT polypeptide (Beynon et al., 2005).

Crucial for the successful quantification are reproducibility of LC separation,
stability of the electrospray ion source, the computational algorithms for
comparison, retention time alignment, and statistical evaluation of several LC-MS
datasets (Rozanova et al., 2021). The absolute protein expression (APEX) method
uses spectral counts representing the number of detected tryptic peptides and
their corresponding MS spectra as a ground for the quantification. Indeed, it
circumvents the fact that each peptide has a different detection probability due
to the variability of its physicochemical properties severely affecting its MS
detection (Braisted et al., 2008).

Other methods are based on the area under the curve (peak), which has a wider
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dynamic range and high precision, but is even more dependent on repeatability,
especially of the LC separation (Rozanova et al., 2021). The Top3 (or Top N)
algorithm quantifies proteins by averaging the intensity of three (or N) peptides
with the highest intensity from one protein. Another approach, the intensity-
based absolute quantitation (iBAQ), sums intensities of peptides that map to a
protein and divides it by the number of theoretical peptides suited for the
successful MS identification - between 6 and 30 amino acids in length. Software
packages specialized in protein quantification, such as Progenesis Ql (Nonlinear
Dynamics/Waters) or MaxQuant (Cox and Mann 2008; Cox et al., 2011; Tyanova
et al., 2016a) offer a range of quantification methods, normalization and
statistical options for the experiment (reviewed in Al Shweiki et al., 2017).
MaxQuant iBAQ algorithm is convenient for the analysis of protein levels within a
sample, its LFQ module is focused on the comparison of protein levels between
samples.

An interesting combination of quantitative proteomic methods and structural
proteomics is the limited proteolysis method (Schopper et al., 2017). In this
method, the sample is first partially digested by a non-specific protease for
various time periods but shorter than needed for a complete digestion. Then,
each of the partially digested sub-samples is subjected to a complete proteolysis
with a specific enzyme, e.g. trypsin and analysed by MS. In the resulting dataset,
the variability in identification of select peptides in the different sub-samples
suggests that there were differences in the availability of the cleavage sites to
the protease, thus pointing to a possible structural change in the protein.
Structural changes often reflect the functional state of the protein. This can add
valuable insight into the state of the cell, especially when pathways are not
regulated by the protein expression level, but by conformational changes (Feng
et al., 2014).

2.5 MS analysis of protein complexes after crosslinking (XL-MS)

The protein amino-acid sequence determines the protein structure, which
determines the protein function. The majority of known protein structures are
elucidated by X-ray crystallography, however other methods Ilike NMR
spectroscopy and cryo-electron microscopy (cryo-EM) are also frequently used.
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The PSII structure has been solved by both X-ray crystallography and cryo-EM
with very high resolution (Umena et al., 2011; Gisriel et al., 2022). However,
probing transient or heterologous protein structures, for instance interactions
between PSII subunits and PSIl assembly factors, by co-crystalization is
challenging (Chichili et al., 2013). The small size of many complexes also make
their structure inaccessible by cryo-EM.

An alternative method to map the structure of interacting proteins is based on
chemical crosslinking combined with MS (XL-MS). Proteins are crosslinked by
using a chemical agent with two reactive groups connected by an alkyl chain
(Chapman 2000). The active groups can be amino-, sulfhydryl- or carboxy-
reactive, homo-bifunctional or hetero-bifunctional and can be active
simultaneously or sequentially. Crosslinkers can be further sorted based on their
origin, either natural (e.g. genipin, nordihydroguaiaretic acid, tannic acid, citric
acid, procynaidins) and synthetic (carbodiimide agents, epoxides, N-
hydroxysulfosuccinimide and aryl sulphonyl fluoride; reviewed in Jayachandran et
al.,, 2022). The advantage of natural crosslinkers is their non-toxicity, yet their
very narrow specificity, often only a single type of protein, e.g. collagen, makes
their utilization in protein research very limited. The chain connecting the active
groups can be of various length, which defines the “reach” of the crosslinker.

Table 1: Overview of selected synthetic crosslinkers (from Crosslinkers Technical
Handbook, Thermo Fischer Scientific 2012)

Crosslinker Specificity Link length
Disuccinimidyl suberate (DSS) Primary amine (K, N-term) 6-carbon
Disuccinimydil glutarate (DSG) Primary amine (K, N-term) 3-carbon
Bis(sulfosuccinimydil) suberate (BS?3) Primary amine (K, N-term) 8-carbon

Carboxyl group (D, E, C-

1—Ethyl'—.3—(.3—d|methylamlnopropyl) term) to primary amine Peptidic
carbodiimide (EDC) bond

(K, N-term)
Bismaleimide-activated polyethylene Sulfhydryl (C) >-carbon

glycol (BM-PEG2)
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Crosslinks between peptides are of covalent nature, so they persist isolation,
purification and proteolytic cleavage. After MS measurement, proximity of the
linked peptides can be mapped to structural models of the involved proteins,
allowing better understanding of their interaction (Chapman 2000). However,
crosslinks between the two involved proteins are discovered only in the ideal
case. Common are intra-peptide links, or loops, and inter-peptide links within the
same protein (monolinks). Frequent are also type-0 modifications, where only a
single active group of the crosslinker has reacted with the peptide, with the other
active site vacant. Occasionally, a combination of various crosslink types
produces a networked concatenate, which is more-less impossible to interpret. In
any case, the number of possible crosslinks between proteins is enormous and
made the technique impractical for a long time since its inception (reviewed in
Leitner et al., 2010; Rappsilber 2011; Yilmaz et al., 2018).

With the advent of available high precision MS, the interest in XL-MS inspired the
development of algorithms that sift through high throughput proteomic MS data
and identify crosslinks. Such algorithms are bundled into xQuest (Rinner et al.,
2008) or StavroX/MeroX (Gotze et al., 2012) software packages, both available to
use free of charge. A limitation in both mentioned programs is that they require
input in open file formats, such as *.mgf. This format is available as optional
output of most MS data processing programs, however conversion to *.mgf is
leads to loss of fidelity and there can be differences in the conversion process,
e.g. output of one retains charge state, other is deconvoluted into monoisotopic
form. An exception is the upgraded version of MaxQuant, containing MaxLynx
plug-in (Yilmaz et al., 2022), which combines raw data processing, database
search and crosslink detection.

Even so, the analysis of XL-MS data is not straightforward, mainly due to a high
amount of non-crosslinked peptides exceeding the signal of the crosslinked ones.
Various methods are tested to enrich the crosslinked peptides in the mixture, or
to specifically detect the crosslinks and disregard non-crosslinks. By using LC-MS,
the crosslinked peptides elute separated from their non-crosslinked variants. The
crosslinkers can be labelled radioisotopically, usually using deuterium. Another
possibility is digestion in H,'®0O water, where the enzymatic hydrolysis adds the
heavy oxygen to the C-termini of both crosslinked peptides. The isotopic mass
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shift is then detected by MS, and labelled peptides are analysed preferentially.
Affinity labelled crosslinkers (with e.g. biotin) have also been proposed, but the
bulkiness of the affinity tag can make the crosslinking process sterically
disadvantageous and their usage is limited (reviewed in Leitner et al., 2010).
Generally, detection of crosslinks can be improved by:

i) using recombinant proteins reacting in vitro instead of a cell lysate or purified
protein complexes

ii) optimizing the ratio between proteins/protein complexes and the crosslinking
agent

iii) using a strong cation exchanger to enrich crosslinked peptides after digestion
(Chen et al., 2017).

iv) reducing the size of the protein database used for matching of peptides to
relevant proteins
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3. Aims of the thesis

Although MS methods, such as protein identification, are used quite routinely for
cyanobacteria, the analyses of photosynthetic complexes are not trivial. These
protein assemblies are very hydrophobic, isolated in detergent and containing
small proteins that are difficult to detect. The same is true for the whole-cell
proteomics or the analysis of total membrane proteins. Although the Laboratory
of Photosynthesis in Trebon has developed a unique workflow how to isolate very
low-abundance assembly complexes of photosystems (combining mutagenesis
and affinity chromatography), still the abundance of many proteins is limited and
the identification is even more challenging after separation of protein complexes
on 2D gel electrophoresis followed by the analysis of protein spots.

The aims of the thesis are:

e To optimize MS methods for the analysis of membrane protein complexes
isolated from the cyanobacterium Synechocystis.

e To develop advanced MS approaches such are crosslinks and whole-cell

protein profiling for this model cyanobacterium.

e To explore the role of FtsH4 protease in the biogenesis of photosynthetic

complexes in Synechocystis using quantitative proteomics.
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4. Published results

4.1 Publication |
Knoppova J, Yu J, Konik, Nixon PJ, Komenda J: CyanoP is involved in the early steps

of Photosystem Il assembly in the cyanobacterium Synechocystis sp. PCC 6803.
Plant and Cell Physiology, 57:1921-1931, 2016; doi: 10.1093/pcp/pcwl115

CyanoP is a distant cyanobacterial homolog of the PsbP - the chloroplast PSII
lumenal subunit and a lipoprotein of hitherto unknown function that was
previously co-isolated with the RCII* assembly intermediate. In this study, we
used FLAG-tagged CyanoP to isolate and identify its interaction partners by a
combination of 2D clear native/SDS - PAGE and MS. The tagged protein was
expressed in strains of Synechocystis lacking either the D1 or the D2+CP43
subunits. In the resulting isolations, CyanoP was identified as a member of the D2
assembly module (D2,). The D1, and D2, respectively, are present in the early
stages of PSII biogenesis, as the newly synthesized D1 and D2 core subunits exit
the ribosome and are inserted into the thylakoid membrane by SecY translocon
and YidC insertase complex. In the proposed model, CyanoP is present on the
lumenal side of the assembled complex, together with the assembly factor Ycf48
and the PsbO subunit. where they facilitate association of the D1, and D2, into
the RCIlI assembly intermediate.

4.2 Publication Il
Beckova M, Yu |, Krynicka V, Kozlo A, Shao S, Konik P, Komenda J, Murray JW and

Nixon PJ: Structure of Psb29/Thfl and its association with the FtsH protease
complex involved in Photosystem Il repair in cyanobacteria. Philos Trans R Soc
Lond B Biol Sci. 372:20160394, 2017

doi: 10.1098/rstb.2016.0394

FtsHs are membrane-bound ATP-dependent metalloproteases found in
prokaryotes, as well as in plastids and mitochondria of eukaryotes. In
Synechocystis, four homologs are organized as heterohexamers (FtsH1/3 or
FtsH2/3) or homo-hexamers (FtsH4) to perform quality control and turnover of
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PSII and PSI subunits. Here, we discovered that expression of FtsH2/3
heterohexamers dependents on Psb29. This protein factor with a C-terminal
3XFLAG-tag was purified and the obtained pulldown contained both FtsH1/3 and
FtsH2/3. It implies that Psb29 binds both types of heterooligomers. In addition,
two different prohibitins (Phbl and phb3) belonging to the Band7 superfamily
were co-isolated with Psb29. The exact function of prohibitins and the
significance of the association to the FtsHs is still unknown.

4.3 Publication Il
Beckova M., Gardian Z., Yu J., Konik P., Nixon PJ., Komenda J: Association of Psb28

and Psb27 proteins with PSII-PSI supercomplexes upon exposure of Synechocystis
sp. PCC 6803 to high light. Mol. Plant. 10:62-72, 2017, doi:
10.1016/j.molp.2016.08.001.

Psb28-1 and Psb28-2 are homologous assembly factors of PSIlI with slightly
different binding preferences. For this publication, both Psb28 proteins were
FLAG-tagged and used to isolate their binding partners, which were identified by
MS. Whereas dimeric Psb28-1 binds exclusively to the assembly intermediate
RC47, monomeric Psb28-2 binds to RC47 and the RCCIl complex. Under high light
conditions, both Psb28 homologs associate with oligomeric PSIl and the PSII-PSI
supercomplex consisting of trimeric PSI and two PSIl monomers, together with
another assembly factor, Psb27. PSI likely protects assembling PSIl complexes
form light damage.

4.4 Publication IV
Bucinskda L, Kiss E, Konik P, Knoppovéa ), Komenda J, Sobotka R: The ribosome-

bound protein Pam68 promotes insertion of chlorophyll into the CP47 subunit of
Photosystem II. Plant Physiology, 176:2931-2942, 2018
doi: 10.1104/pp.18.00061.

The photosynthesis-affected mutant 68 (Pam68) protein has been known to be
important for PSIl assembly, however its exact role remained unclear. In this
article, we used FLAG-tagged Pam68 as a bait for isolating its interaction partners
by immunoaffinity chromatography. After visualization by 2D clear native/SDS-
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PAGE, subsequent MS analysis of the spots identified CP47, a collection of both
large and small ribosomal subunits, the SecY/YidC translocase/ insertase, Ycf48,
FtsH2/3, light repressed protein A (LrtA) and two unknown proteins. In the
proposed model, the N-terminus of Pam68 is attached to the ribosome, while its
C-terminus binds the stromal loops of the nascent CP47, facilitating insertion of
chlorophylls into its structure. CP47 is then joined by PsbH, and chlorophyll-
binding Hlips making up the CP47 module.

4.4.1 Additional experiments
The proteins co-isolated with the 3xFLAG-tagged Pam68 were submitted to cross-

linking with BS3 agent. BS3 was added to 100 pL of the Pam68 elution to a final
concentration of 2 ug/mL and incubated on ice. For further details on the method,
please refer to published results, Kiss et al., 2023 (chapter 4.7). The identified
crosslinked peptides belonged to the Pam68 protein and other proteins. However,
the crosslinked amino-acid residues in Pam68 were located in the N-terminal
3XFLAG-tag used to isolate the protein, and the 3xFLAG peptide used for the
competitive elution of the bound protein from the resin. These results were not
included in the publication.

4.5 Publication V
Konert MM, Wysocka A, Konik P, Sobotka R: High-light-inducible proteins HIiA and

HIiB: pigment binding and protein-protein interactions. Photosynth Res. 152:317-
332, 2022, doi: 10.1007/s11120-022-00904-z.

Hlips are small (45-70 amino-acid residues), trans-membrane helix proteins with
chlorophyll and -carotene binding motifs; these proteins are essential for survival
of cyanobacteria even under moderate light stress conditions. In Synechocystis,
four Hlips were identified. While HIiC/D heterodimer is known to bind to the PSII
assembly factor Ycf39 and photoprotect RCIl assembly intermediate, the role of
HIiA/B remained obscure. Here, we used quantitative proteomics to compare Hlip
pulldowns from solubilized membranes of different Synechocystis Hlip mutant
together with the control strain after shift to high light. In none of the pulldowns,
oxygen evolving complex proteins were identified, suggesting that HIiA/B bind
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only to PSIl assembly intermediates. HIiC was the preferred partner for HIiA/B and
novel interaction partners were identified. In absence of HIiC, significantly less
proteins were identified and a small amount of HIiB appeared to interact with HIiA
(and vice versa), together with HIiD and two of its known interaction partners
(ChlG and Ycf39). On the other hand, some PSII core subunits were missing in the
AhliC isolations. Altogether, HIiC seems to be the “central” Hli protein, binding all
other Hlips. In the absence of HIiC, the other Hlips show a weak affinity to each
other but the resulting complexes are probably non-functional.

4.6 Publication VI
Konik P, Skotnicova P, Gupta S, Tichy M, Sharma S, Komenda J, Sobotka R,

Krynicka V: The cyanobacterial FtsH4 protease controls accumulation of protein
factors involved in the biogenesis of photosystem |. Biochim Biophys Acta
Bioenerg. 1865(1):149017, 2024, doi: 10.1016/j.bbabio.2023.14901.

FtsH4 is a membrane bound ATP-dependent metalloprotease. While the other
Synechocystis FtsH homologs (FtsH1-3) are organized as hetero-hexamers, FtsH4
is present as a homo-hexamer. In this study, we used quantitative proteomics to
distinguish binding partners from substrates, when comparing proteins co-eluted
with the active form (FtsH4-His) and the proteolysis deficient "**FtsH4-His. We
identified several proteins related to PSI biogenesis as probable substrates of
FtsH4. Specifically, it includes PSI subunit PsaB, assembly factors Ycf4 and Ycf37
and chlorophyll-binding protein IsiA forming oligomeric rings around PSI under
iron stress conditions.

4.6.1 Unpublished results - proteomic profiling of FtsH4 mutants

To obtain a global view on the role of FtsH4, we performed quantitative proteomic
experiments with cells grown under various light conditions and growth phase.
WT, and strains lacking FtsH4 (°FtsH4), (over)expressing ftsH4 gene (F40) and an
additional control strain lacking psbAl and psbAll genes (A3), were grown under
different regimes. We expected that the proteins identified as substrates will be
enriched in cells lacking FtsH4 and/or depleted in cells overexpressing FtsH4.
Additionally, the aim was to analyse in what phase of the growth cycle the FtsH4
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protease has the strongest impact on the proteome. Proteomic analysis of the
samples identified 2323 proteins form the Cyanobase and Uniprot Synechocystis
databases, which represents about 65% of the entries. Comparisons between the
experimental strain (H4 and F40) and their corresponding controls (WT and A3)
are shown represented as volcano plots in Figure 6.
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Figure 6: Volcano plot comparison between protein expression in A: H4 and WT B: A2
and F40 cells. Identified proteins are represented by gray squares. FtsH4 is represented
by a red box. Substrates recognized as substrates in the trap-FtsH4 experiment are
represented as black boxes. Bigger black boxes represent proteins, which are enriched in
H4 cells, depleted in F40 cells and were recognized by the FtsH4 trap assay as
substrates: SI110404, SI11878, SIr2011. In volcano plots, difference between protein
expression is plotted on the x-axis; -Log p value on the y-axis. Curved black line
represents threshold of statistical significance: points above the line show T-test
significant difference between samples.

4.6.2 Materials and methods

Liquid Synechocystis cultures were grown in 100 mL of BG-11 medium in
Erlenmeyer flasks at 28°C on a rotary shaker (120 rpm). lllumination conditions
were 40 umol photons m=2 s7! (NL), 500 pumol photons m=2 s™! (HL) or 5 umol
photons m=2 s7! (LL). For the stationary phase experiment, the cultures were
grown photoautotrophically without any dilution for 14 days at NL. For the
recovery back to exponential phase, 1mL from the stationary phase culture was
diluted in fresh BG11l medium and grown for additional 24 hours under HL. Cells
were harvested at an OD750nm of ~0.8 by centrifugation at 6000 x g for

10 min, 5 uL of the pellet was resuspended in 45uL of 0.1% Rapigest RSF
30



(Waters) in 50 mM ammonium bicarbonate. The mixture was sonicated by 10
pulses at 50% intensity and 50% amplitude with a needle sonicator (Heischler
Ultrasonic) on ice, then incubated at 60°C for 45 minutes, while shaking gently.
The mixture was then left to cool down, proteomic grade trypsin (Pierce) was
added to a final concentration of 10 ng/uL and incubated at 37C for 12 hours.

Digested peptides were isolated using the StageTip protocol (Rappsilber et al.,
2007) and subjected to MS analysis on a TimsTOF pro (Bruker) on-line coupled to
a UltiMate3000 UHPLC (ThermoFisherr) device. Peptides were trapped in C18
PepMap 100 p-Precolumn (5um, 100 A; Thermo Fisher Scientific) by perfusion by
0.1% formic acid in water (mobile phase A) and then separated by a 30 minutes
gradient of acetonitrile with 0.1% formic acid (mobile phase B) on a Acclaim
PepMap RSLC column (75 pm X 15 cm, C18, 2 um, 100 A; Thermo Fisher
Scientific). Separated peptides from the column were fed directly into the Captive
Spray ion source of the MS. Spectra were acquired in data dependent PASEF
regime with an accuracy of 0.2 ppm for precursors and 0.5 ppm for fragments. 3
technical replicates were acquired for each of the 3 biological replicates for each
sample. Raw data were processed by the MaxQuant/Andromeda software,
statistical analysis was performed in Perseus (Tyanova et al., 2016b). Data was
curated, contaminants, random hits and low quality hits were removed, the
intensities were normalized by dividing each protein intensity by the sum of all
intensities in the sample and 2(x)log transformed. Gene ontology annotations
from the PFAM (Mistry et al., 2020) and KEGG (Kanehisa et al., 2021) databases
were associated with proteins to aid data interpretation. T-test, ANOVA, post hoc
Tukey HSD test for one-way ANOVA and the Fisher exact test were used to assess
significant differences and enrichment of GO annotations among protein
subgroups, Pearson correlation was used to match protein expression profiles to

an expected reference profile.

Next page: Figure 7: Profile plots of proteins quantified from Synechocystis cells grown
under various light conditions; gray line represents expression level of individual proteins,
the y-axis is 2(x)log of protein intensity divided by sum of all protein intensities. Only
proteins with T-test significant differences in expression are shown. Highlighted are
protein by gene ontology association: A) photosynthetic proteins in green, antenna
proteins in blue; B) ribosomal proteins; C) FtsH1, FtsH2 and FtsH3 proteins in brown,
FtsH4 protein in red.
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4.7 Publication VII
Kiss E, Talbot J, Adams NBP, Opekar S, Moos M, Pilny J, Kvasov T, Schneider E,

Konik P, Simek P, Sobotka R: Chlorophyll biosynthesis under the control of
arginine metabolism. Cell Reports 42:113265, 2023,
doi: 10.1016/j.celrep.2023.113265.

ArgD (N-acetylornithine aminotransferase) is an essential enzyme involved in the
biosynthesis of arginine and this arginine biosynthetic pathway plays a crucial
role in the regulation of nitrogen metabolism. Gun4 (Genomes uncoupled 4) is an
indispensable member in the chlorophyll biosynthesis pathway enhancing the
activity of magnesium chelatase complex. In this article, we show that the
binding of ArgD to Gun4 leads to the inhibition of the tetrapyrrole biosynthesis.
Interestingly, the formation of ArgD-Gun4 complex is stimulated by ornithine, an
intermediate of the Arg biosynthesis.

4.7.1 Unpublished results - XL-MS analysis of the Gun4-ArgD complex
ArgD binds to Gun4 most likely in a 2:1 ratio, however the exact interface is still

unknown. Cross-linking was performed to elucidate the topology of the
interaction and positioning it into the overall context of the involved protein
complexes. We prepared recombinant Synechocystis ArgD and Gun4 proteins in
E. coli, purified them using His-tag and mixed them in various ratios. The
expected ArgD-Gun4 complex was then submitted to BS3 crosslinking.

In the MS analysis of the samples, 29 different crosslinked peptide pairs were
identified. Specifically, 24 crosslinks were identified within and between the ArgD
molecules of the complex, 3 within the Gun4 molecule and 2 between ArgD and
Gun4. The majority (22 pairs within/between the ArgD protein) came from the
reaction with the molar ratio between ArgD and Gun4 being 20:1. The reaction
with the molar ratio of 2:10 yielded the most interesting peptide pairs between
the ArgD and GUN4 proteins, as well as 2 within/between ArgD molecules and 3
within the GUN4 molecule. Crosslinks between peptides were mapped onto the
polypeptide chains (Figure 8) by xiNET (Combe et al., 2015).

The crosslinked peptides were fitted to a structural model of the ArgD-Gun4
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complex calculated in Alphafold multimer 2.3 (Figure 9A). According to b-factor
value and PAE data of the model, the prediction of ArgD dimer and Gun4 proteins
are of high confidence, which is however expected as structures of these proteins
are available. On the other hand, even the Alphafold model with highest score
shows very low confidence for Gun4-ArgD interaction (Figure 9B). The possibility
that the model is not correct is further supported by our XL-MS results indicating
that the Gun4 binds to ArgD via N-terminal domain and not the porphyrin-binding
C-terminal part as proposed by Alphafold (see Discussion).

1 20 40 60 80 160 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 429

Figure 8: Crosslinks mapped onto the ArgD-Gun4 complex. Inter-molecular links are
represented in green, intra-molecular in violet, link between same peptides is
represented as red loop. Black rectangles represent the length of the polypeptide chains,
where the N-terminus is on the left side and C-terminus on the right. Numbers below
signify the amino-acid residue.

4.7.2 Preparation of recombinant His-ArgD and His-Gun4
Synechocystis argD and gun4 gene sequences containing an C-terminal

hexahistidine tag were cloned into pET21a plasmid (Novagen) and the constructs
were used to transform BL21(DE3; Invitrogen) E. coli cells. The transformed cells
were grown in LB medium (Roth) supplemented with 50 pg/mL of ampicilin
(Serva) at 37°C overnight. The production of the recombinant protein was
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triggered by adding IPTG to a final concentration of 0.4 mM. After 4 hours, cells
were harvested, resuspended in 50 mM HEPES buffer containing 5 mM of MgCl,, 5
mM of CaCl,, pH 7.2, and Sigma protease inhibitor cocktail without EDTA, Cells
were disrupted with LM20 Microfluidizer (Microfluidics) using six breaking cycles.
The cell debris was centrifuged for 1 h at 40 000 x g at 4°C and the filtrated
supernatant was loaded into Akta pure 25 M2 (GE Healthcare) liquid

chromatography device.

Figure 9: Alphafold model of the ArgD-Gun4 complex and the quality score of the ArgD
and Gun4 interaction. A) A model calculated in Alphafold multimer 2.3. Dimeric structure
of the ArgD aminotransferase is in grey, Gun4 in light blue. The Gun4 binds one copy of
the ArgD by its conserved, porphyrin binding C-terminal domain. B) b-factor of the
Alphafold model demonstrates a high probability of ArgD and Gun4 structures but very
low (minimal) score for the ArgD-Gun4 interaction. This figure was calculated in ChimeraX
using Alphafold predicted aligned error (PAE) data. Blue color represents high confidence,
red very low. C) PYMOL visualization of the ArgD-Gun4 complex (Alphafold model)
visualizing the crosslinked peptides. Satisfied crosslinks are shown in green, violated in
red.

His-tagged proteins were isolated using a His-trap High Performance column
(Cytiva/Merck) and eluted by a 20 minutes gradient (10% to 100%) against the
HEPES buffer supplemented with 500 mM Imidazole. 1 mL fractions were
collected during the gradient and analyzed by SDS-PAGE followed by
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immunodetection  with Monoclonal Anti-polyHistidine from mouse (Sigma-
Aldrich). Highest yield fractions were re-purified using an Akta pure 25 M2 (GE
Healthcare) on a Superdex 75 10/300 GL Increase gel column (Cytiva/Merck).
Protein concentrations were measured using NanoDrop One (Thermo Scientific)
and the protein solutions were stored on ice until crosslinking.

4.7.3 Crosslinking, peptide enrichment, isolation and MS analysis

The recombinant ArgD and Gun4 were mixed in 3 different molar ratios of 2:1;
20:1 and 2:10 in 30 pL of 50 mM HEPES buffer at pH 7.2 and kept on ice. After 30
min, BS3 (Sigma-Aldrich) cross-linker was added to a final concentration of 2
Hg/mL and the mixture was kept on ice. After 2 hours, the reaction was quenched
by adding 40 uL of 100 mM ammonium bicarbonate and left on ice for another 30
minutes. For the precipitation, 500 pyL of ice-cold acetone was added and the
solution was placed for 30 min to 20°C, then pelleted by centrifugation for 30 min
at 20 000 x g. The supernatant was carefully aspirated and the residual acetone
was left to evaporate at room temperature. After 15 min, 10 ng/uL of proteomic
grade trypsin (Pierce) in 50 mM ammonium bicarbonate was added and
incubated at 37°C for 12 h.

Digested peptides were separated by SCX in similar fashion to the StageTip
isolation method, just with Cation 47 mm Extraction disks (Empore) instead of
Octadecyl C18 disks (Empore). After loading the sample into the prepared tip,
fractions were eluted by an elution buffers containing 50mM, 150mM, 300mM
ammonium acetate (Sigma-Aldrich) in 20% acetonitrile, and finally by 5% NH,OH
v/v (Fluka Analytical) in 80% acetonitrile, respectively. Peptides from fractions
were isolated using the StageTip protocol (Rappsilber et al., 2007) and subjected
to MS analysis on a TimsTOF pro (Bruker Daltonics) on-line coupled to a
UltiMate3000 UHPLC (ThermoFisher) device. Peptides were trapped in C18
PepMap 100 p-Precolumn (5um, 100 A; Thermo Fisher Scientific) by perfusion by
0.1% formic acid in water (mobile phase A) and then separated by a 30 minutes
gradient of acetonitrile with 0.1% formic acid (mobile phase B) on a Acclaim
PepMap RSLC column (75 pm X 15 cm, C18, 2 um, 100 A; Thermo Fisher
Scientific). Separated peptides from the column were injected directly into the
Captive Spray ion source of the MS. Spectra were acquired in data dependent
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PASEF regime with an accuracy of 0.2 ppm for precursors and 0.5 ppm for
fragments. Additionally, raw data were processed by the MaxQuant2 software,
and searched against a database with only the 2 proteins of interest. Crosslinked
peptides were visualized in PYMOL (Delano 2002).
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5. Discussion

The Synechocystis genome has been first published by Kaneko et al., in 1996. A
year after that, the first proteomic study was published, where 2D electrophoresis
was used in combination with N-terminal Edmann degradation, identifying about
a hundred Synechocystis proteins (Sazuka & Ohara, 1997). The initial studies
utilizing MS for protein identification from 2D electrophoresis gel spots came after
the year 2000, but soon reached the limits of the approach, mainly the dynamic
range of both methods and LC-MS became the method of choice for shotgun
proteomics (Gao et al., 2015). However, this does not mean that 2D
electrophoresis is no longer used. The first dimension is usually native
electrophoresis, where, under ideal conditions, protein complexes travel intact
and their subunits only separate in the second, denaturing dimension.
Untargeted shotgun proteomics cannot provide this type of insight.

In the last decade, the purification of protein complexes from mutant
Synechocystis strains followed by MS analyses of 2D gel spots and whole
pulldowns was the (methodological) driving force pushing further our
understanding of PSIl biogenesis. Most of ‘new’ protein factors involved in PSII
assembly has been identified by this approach. For instance, the work of
Knoppova et al., 2016 and Bucinska et al., 2018, described CyanoP as a
component of D2 assembly module (D2m) or the interaction of Pam68 with
nascent CP47. In the publication of Kiss et al., 2019, the RubA protein with a
rubredoxin domain, was connected to RCIl assembly complex. Several new
factors have been discovered by a detail MS analysis of purified D1m, D2m and
RCIl complexes (Knoppovéa et al.,, 2022). Apart from discoveries of assembly
factors, this methodology also revealed an important role of PSI in PSIl assembly.
PSI complex is probably protecting the unfinished PSIl from light damage
(BeCkova et al., 2017b).

In publications listed above and also in most of other publications from
Laboratory of Photosynthesis, Trebon, the analysed proteins are typically very
hydrophobic membrane proteins. The MS data acquisition method therefore
needed some optimization. To obtain the highest sequence coverage, | tried
multiple approaches: increasing the end point of the acetonitrile gradient from 40
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% to 50 % and higher; a gradient that increases steeper to reach 20 % of
acetonitrile and then more flat to reach 40 %; various gradient curves instead of
a linear gradient (data not shown). At the end, a slight increase in the length of
the gradient, from 30 to 40 minutes, produced the best results and | used this
modification in for all studies that are included in my thesis.

A limitation of the 2D-gel/MS analysis is that is can analyse only quite abundant
proteins that are visible after gel staining. An alternative approach, the analysis
of the whole pulldown, results typically in hundreds of hits, and the list can be
sorted based on different parameters (intensity, coverage). However, it is difficult
to decide what is still a significant hit. We therefore started to use statistically-
supported quantitative MS techniques. In Konert et al., 2022, small, single helix
transmembrane Hlips were used as His-tagged baits, therefore the isolation of
adequate quantities and their identification was not especially challenging.
However, identification of interacting proteins of individual Hlips was possible
only by comparing enrichment of proteins in comparison to the control, and each
other.

By this approach, known interaction partners of HIiD were identified (ChlG and
Ycf39), and also new interactors: translocon proteins SecD and SecF. The
presence of those proteins, together with the absence of PSII oxygen evolving
complex proteins suggests that HIIA/B only bind to PSIlI intermediates, not to
active PSIl. The paper also focused on the question of what types of Hlips
homodimers and heterodimers can be found in the cell. Apart from the protein
partners of Hlips, the mechanism of Hlip dimerization has been addressed. We
demonstrated that the HIiC is a ‘universal’ Hli partner, which associates with all
other Hlips (HIiA/B/D) at various stages of photosystem biogenesis and repair.
Again, it needs to be stressed that these findings would not be possible without a

quantitative MS analysis.

Similarly, in Konik et al., (2024), HIiD was enriched in the FtsH4 trap assay,
although not meeting the stringent criteria for significance, while HIiA, HIiB and
HIiC were not found. This absence could be explained by their low abundance in
cells growing in conditions, which do not induce their accumulation, while HIiD is
expressed constitutively (He et al., 2001). In contrast, Krynickd et al., (2023)
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observed degradation of Hlips in the presence of active FtsH4 and their
accumulation in the AFtsH4 cells. Interestingly, both Krynicka et al., (2023) and
Konik et al., (2024) describe the uncharacterised protein SIlI1106 as a binding
partner of FtsH4, not a substrate. The protein is currently subject to follow-up
experiments - the analysis of ™PFtsH4-His pulldown obtained from cells lacking
the SII1106 protein.

Quantitative proteomic analysis was used in Konik et al., (2024) with the goal of
identifying substrates of the FtsH4 protease. Two his-tagged versions were used
to pull-down partnering proteins: the protease deficient "®PFtsH4 and the active
control FtsH4. Both substrates and binding partners were identified by MS
analysis of pulldowns; substrates were enriched in the "PFtsH4-his in comparison
with "FtsH-his pulldown, while binding partners were expected to stay at the
same level. This way, PSI subunit PsaB was identified as substrate of the FtsH4
protease, together with Ycf4, a PSI assembly factor, and Ycf37, which is also
associated with PSI biogenesis and stability (Duhring et al., 2006). This would
point to the role of FtsH4 as a regulator of PSI biogenesis in the early stages of

PSI assembly.

In Synechocystis, the biogenesis of PSI is inhibited for several hours when light
conditions change from normal light (NL) to high light (HL; Kopecna et al., 2013).
To explore the role of FtsH4 in this process, | performed quantitative proteomic
analysis of cells growing under NL, HL, and low light (LL). By using label free
quantification | identified 2323 proteins in extract from cells that were grown
under NL (see chapter 4.6.1). As mentioned before, Synechocystis has 3562
entries in the current UNIPROT and 3672 entries in the older, but still much used
Cyanobase protein databases. Out of those, about 80 % can be identified by MS
(Gao et al., 2015; Jackson et al., 2022). The highest number of identified and TMT
quantified proteins, as reported, was 2367 (Ge et al., 2017), which is comparable

to our result.

In cyanobacterial research, label free quantification is slowly gaining popularity,
due to a simpler sample preparation protocol, while producing a comparable
proteome insight (Battchikova et al., 2018). In our case, both LFQ and iBAQ were
tested, however the LFQ data was plagued with artefacts, most probably due to
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the fact that more than half of the identified proteins showed differential
expression between the samples. Therefore, for further analysis, iBAQ
quantification was used. The primary objective of this experiment was to observe
the changes in the Synechocystis proteome in various stages of growth and
under different light regimes, in WT cells and in mutants lacking (AFtsH4) or over-
accumulating FtsH4 (F40 strain). Indeed, quantification results show high levels
of FtsH4 in the F40 strain. Although a low presence of FtsH4 can be detected in
the FtsH4 knocked-out strain, it is possibly due to miss-attributing peptides
belonging to other FtsH proteases; there is about 50% sequence similarity and
some tryptic peptides are identical.

Out of the 2323 proteins identified, 1840 proteins showed significant differential
expression between the samples using ANOVA. From those, 56 proteins were
recognized as enriched in AFtsH4 cells, and in the same time depleted in F40
sample (see Figure 6). However, only 3 proteins from this group matched the
substrates established in the "*FtsH4 (Konik et al., 2024; Fig. 1): SIl0404, S111878
and SIr2011. SlI0404 is the D subunit of the glycolate oxidase complex, essential
for the 2-phposphoglycerate metabolism (Eisenhut et al 2008). SII1878 (FutC), is
a membrane associated protein involved in ferric iron uptake and transport
(Katoh et al., 2001; reviewed in Fresenborg, et al 2020). The function of SIr2011 is
not known, but it has 3 transmembrane helices and is characterised as “putative
multicomponent Na*:H* antiporter subunit B” in KEGG database (Kanehisa et al.,
2021). The Fisher exact test did not identify any enrichment in GO terms among
the subset of 56 proteins matching the expected profile. However, in proteins
matching the profile best, as established by Pearson correlation, 3 proteins
associated with iron transport were detected: Sl11878, Ssl2667 and SIr0513. This
could point to the IsiA protein, which level strongly responses to low-iron stress
and is identified as the FtsH4 substrate (Konik et al., 2024).

The discrepancy between the whole cell proteomic experiments and the "PFtsH4
is probably caused by high demands on repeatability of the proteomic
quantification, where very slight differences in cell culturing, e.g. minute
differences in exact timing of the sampling, or unpredictable stress effects. Other
possibility is that the whole cell proteomic analysis observes second or third order
effects of the experimentally altered expression of FtsH4, while the expression of
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substrates identified by the "*PFtsH4 experiments is recovered by redundancy of
the cellular interaction network. Another explanation would be imperfect lysis of
the membranes and solubilisation of transmembrane proteins by sonication
combined with use of the Rapigest (Waters) surfactant. In follow-up experiments,
we plan to use membranes solubilized by either B-DDM or SDS.

An interesting by-product of these measurements, is a collection of WT
Synechocystis quantitative proteomes from various stages of growth and light
regimes. In the data, we can observe the expression profiles of groups of proteins
based on their gene ontology classification. For example, expression levels of
antenna proteins and proteins belonging to photosynthetic complexes are
upregulated in stationary phase cells under LL conditions and downregulated
under HL conditions in the exponential phase of growth (see Figure 7). On the
contrary, ribosomal proteins have the opposite profile with a lower expression in
stationary phase and high in exponential phase. Expression profiles of individual
proteins can also be useful to clarify the function of a protein. We plan to publish
these and other datasets as a searchable web application, where the expression
of any identified protein of interest can be inspected under various experimental
growth conditions.

A similar atlas of 2176 Synechocystis proteins including their detailed subcellular
localization and their quantities was published recently (Wang et al., 2022). In
addition, Jackson et al., (2022) quantified 1081 proteins, with special emphasis on
processes related to photosynthesis - biogenesis of photosystems, chlorophyll,
carotenoid and bilin biosynthesis; membrane assembly, carbon dioxide fixation
and metabolism of nitrogen, hydrogen and sulphur. The mentioned datasets
describe Synechocystis cells growing under NL, while we analysed three different
light conditions and growth phases. Additionally, we plan to include more growth
regimes later, such as nutrient stress, heat/cold stress and presence of

environmental toxins.

Right now, our data is missing information about the subcellular localization, but
pre-fractionation is a plan for the future work. Separating the soluble cytoplasmic
fraction of proteins form the membranes, allows following different sample
preparation and MS data acquisition methods, optimized for the specifics of the
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sample. Preparation steps involve detergents, which are not always MS-
compatible. SDS, deemed the “perfect” denaturing agent, is not directly MS-
compatible and needs to be removed during sample preparation (reviewed in
Santoni et al., 2000). Removal of SDS can be done by acetone precipitation or
using specialized kits, followed by the FASP protocol (Wisniewski et al., 2009).
While ideal for protein identification, this approach brings the risk of subsequent
partial aggregation of proteins or their adsorption to filter, making quantitative
analysis undependable. In-gel digestion of cut-of 2D spots avoids the risks, since
any residual detergent is washed off during preparation steps. Another possibility
is treatment with a MS- compatible detergent, such as B-DDM to isolate
membrane proteins from the phospholipid bi-layer. Such a step is completely
unnecessary for the proteins in the soluble fraction, yet has to be performed
when working with whole cell lysate.

In studies dealing with PSIl, XL-MS has been repeatedly employed to obtain
insight on the organization of the complicated protein complex. For instance,
PsbE, the cytochrome bssg alpha subunit and PsbP has been localized, and the
structure of the CI binding site has been clarified by this way (Ido et al., 2012).
The binding of lumenal CyanoQ subunit to CP47 and PsbO has been first revealed
by XL-MS (Liu et al., 2014) and confirmed later by cryo-EM (Gisriel et al., 2022).
The binding of CyanoQ to cyanobacterial PSIl is either transient, or very weak,
since other studies (Opatikovd et al., 2023) did not find this elusive subunit in
cryo-EM. XL-MS experiments have further shown that Psb28 binds on the
cytosolic surface of RC47, where it shares an interface with PsbE, PsbF, CP47,
PsbX, and PsbY. possibly protecting the assembly intermediate from redox stress
(Weisz et al., 2017).

It needs to be however noted, that there are discrepancies between the XL-MS
models and other structural methods such as cryo- EM. A model showing the
binding interface between CP43 and Psb27 in the PSIl as described by XL-MS (Liu
et al.,, 2011) is supported by one cryo-EM study (Huang et al., 2021), but
challenged by another (Zabret et al., 2021). Although the XL-MS study was
performed on Synechocystis and the cryo-EM experiments used Thermo-
synechococcus vulcanus and Thermosynechococcus elongatus, it is very unlikely
that these complexes are structurally different, given the highly conserved
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mechanism of PSIl biogenesis.

As a follow-up on our experiments to Bucinska et al., (2018), | have cross-linked
the purified Pam68 complex with BS3. However, all identified crosslinks were
located in the N-terminal 3xFLAG-tag used for the affinity isolation of Pam68 and
probably also with the FLAG peptide used for eluting the isolated proteins. The
3xFLAG-tag is relatively long, contains several lysine residues and presumably
has no secondary structure. It is therefore especially prone to attract the
crosslinker molecule and randomly attach to anything in close vicinity. It can be
concluded that 3xFLAG-tagged complexes are not ideal for XL-MS studies,
particularly when eluted with 3xFLAG peptide.

For further crosslinking experiments, | worked with protein complexes isolated
using His-tag and nickel-affinity chromatography. It needs to be stressed, that this
experiment was performed on ex-vivo isolated proteins, which adds to the
challenge. Main difficulty is the presence of contaminating proteins, even in
concentrations comparable to the proteins of interest. In contrast to FLAG-tag
affinity purification, the isolations using metal-affinity chromatography are much
less pure, and indeed, contaminants are also subject of crosslinking. Perhaps, the
best solution would be to use Strepll-tag and Strep-tactin resin (Schmidt & Skerra,
2007). Proteins isolated by Strepll-tag are typically highly pure, despite its short
length, and eluted with a small compound that does not interfere with

crosslinking.

In an attempt to study the interaction between Ycf39, the Hli protein HIiD and
core D1land D2 subunits of PSIl (Chidgey et al., 2014) by XL-MS (BS3), the RCII*
complex was isolated using His-tagged D2. After MS analysis, no crosslinks were
identified between Ycf39 and HIiD, however a single crosslink was identified
between Ycf48 (SIr2034) and Ycf39 (SIr0399) (data not shown). Since Ycf48 is a
distinctly lumenal protein (Knoppova et al., 2016), while Ycf39 is bound on the
stromal side of the RCII* (Knoppova et al., 2014), this crosslink must be an
artefact, possibly due to aggregation of the complexes in solution, and the data is
not to be trusted (data not shown). Regarding the very hydrophobic nature of PSII
subunits, including of size-exclusion chromatography or sucrose gradient just
prior to XL-MS (to remove aggregates and broken complexes) might be essential
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and need to be tested in the future.

Due to this failure to obtain reliable crosslinks on native complexes purified from
Synechocystis, we worked later with recombinant proteins produced in E. coli.
This is also the case of analysing the ArgD-Gun4 complex (Kiss et al., 2023).
Preparation of recombinant proteins enabled mixing the crosslinking reaction in
exact molar ratios, while increasing the concentration of Gun4 ten times yielded
the best results. To enrich crosslinked peptides, SCX chromatography was
performed, where the most crosslinked peptides were detected in the final
fraction, eluted by 5% NH,OH. The MS data acquisition was also modified to
preferentially target heavier peptides with higher charges, by changing the shape
of the PASEF selection window - crosslinked peptides both tend to carry protons,

doubling the usual charges to states of 4x and 6x charged ions.

Among the resulting crosslinks, there is one self-link between identical peptides
of ArgD, which is only possible when the protein forms a homodimer. Indeed,
ArgD is a stable homodimer (Kiss et al., 2023). Mapping to the 3D model shows
that some crosslinks within the ArgD molecules and within the Gun4 satisfy the
criterion of maximum distance between BS3 crosslinked peptide pairs, but
crosslinks between the ArgD and Gun4 molecules violate the maximum distance
of 25A. It is very likely that the Alphafold2 model is not accurate, which indicates
also the analysis of the PAE output (pkl file; see Figure 9). A possible scenario is
that the Gun4 interacts with ArgD dimer via the cyanobacteria-specific N-terminal
domain. It will be interesting to employ a tool like Alphalink and generate models
of Gun4-ArgD supported by XL-MS data. The interpretation is further obstructed
by the fact that the two molecules of ArgD involved in the complex cannot be
distinguished from each other under the current conditions. It is unclear, if the
crosslinked peptides both pairs belong to the same molecule (crosslinks within
one ArgD molecule) or each to one of the ArgD molecules in the pair. This
problem could be addressed by producing a separate recombinant ArgD in E. coli
cells grown in presence of an isotope labelled protein precursors in the growth
medium, then mixing the 3 different proteins prior to crosslinking and considering
the crosslink pairs between labelled and unlabelled ArgD as inter-pair crosslinks,
between labelled and labelled or unlabelled and unlabelled as intra-ArgD

crosslinks.
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6. Conclusion

In my thesis, | introduced advanced methods of protein MS such is analysis of
hydrophobic transmembrane complexes, label-free protein quantification and
protein crosslinking to study physiology of cyanobacteria, mostly biogenesis of
photosystems. The thesis consists of one first-author publication, six co-author
publications and unpublished data.

The main conclusions are as follows:

e Lumenal CyanoP proteins associates with D2m and together with Ycf48
facilitates the combining of the D1m and D2m into the RCIl assembly
intermediate.

e Pam68 protein associates with ribosome, aids the insertion of newly
synthesized internal antenna CP47 into the thylakoid membrane and probably
promotes the insertion of chlorophylls into the nascent CP47. This process
occurs at the beginning of the formation of CP47m.

e Psb28-1 and Psb28-2 protein factors bind to the RC47 assembly intermediate;
however the role of these proteins remain unclear. Interestingly, the RC47
associated with Psb28 can apparently attach to PSI trimers, likely protecting
the assembling PSII from photodamage during severe conditions.

e Ornithine, an intermediate of the Arg biosynthesis, induces the accumulation of
the ArgD-Gun4 complex, which leads to the inhibition of the tetrapyrrole
biosynthesis, closely linking both pathways.

e HIiC is the smallest Hlip in Synechocystis and its only interacting partners are
other Hlips (HIiA, HIiB, HIiD) proteins. Hlips need to dimerize to bind pigments
and to serve their photoprotection role. While HIiA/B/D interact with PSII
subunits and PSIlI assembly factors, the role of HIiC is to provide the second
helix. HIiA/C, HIiB/C and HIiD/C heterodimers are thus most likely the functional
units. Interestingly, this work showed that Hlips also interact with translocon
proteins SecD and SecF.

e The formation of hetero-hexamers of FtsH1/3 and FtsH2/3 proteases depends
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on the PSIlI assembly factor Psb29, which also partners with these complexes.
All four FtsH proteases are probably also involved in quality control and
turnover of photosystems in Synechocystis.

FtsH4 is a membrane bound metalloprotease that digests proteins related to
PSI biogenesis and assembly factors, as well as proteins involved in CO,
uptake.
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Although the PSIl complex is highly conserved in cyanobac-
teria and chloroplasts, the PsbU and PsbV subunits stabiliz-
ing the oxygen-evolving Mn,CaOs cluster in cyanobacteria
are absent in chloroplasts and have been replaced by the
PsbP and PsbQ subunits. There is, however, a distant cyano-
bacterial homolog of PsbP, termed CyanoP, of unknown
function. Here we show that CyanoP plays a role in the
early stages of PSIl biogenesis in Synechocystis sp. PCC
6803. CyanoP is present in the PSII reaction center assembly
complex (RCII) lacking both the CP47 and CP43 modules
and binds to the smaller D2 module. A small amount of
larger PSIl core complexes co-purifying with FLAG-tagged
CyanoP indicates that CyanoP can accompany PSIl on
most of its assembly pathway. A role in biogenesis is sup-
ported by the accumulation of unassembled D1 precursor
and impaired formation of RCIl in a mutant lacking CyanoP.
Interestingly, the pull-down preparations of CyanoP-FLAG
from a strain lacking CP47 also contained PsbO, indicating
engagement of this protein with PSII at a much earlier stage
in assembly than previously assumed.

Keywords: Cyanobacteria e CyanoP e
Photosystem Il e PsbP e Synechocystis.

Photosynthesis e

Abbreviations: BN, Blue Native; CN, Clear Native; Hlip, high-
light inducible protein; MS, mass spectrometry; OD, optical
density; RCII, PSII reaction center assembly complex; RCC(2)
and RCC(1), dimeric and monomeric PSIl core complexes;
WT, wild type.

Introduction =

PSII is the multisubunit enzyme complex responsible for the
highly energetically demanding water-splitting reaction of oxy-
genic photosynthesis. Isolated PSIl complexes comprise four
large membrane-intrinsic protein subunits involved in pigment
and cofactor binding, 13 small polypeptides and three extrinsic
subunits bound to the lumenal side of the complex. PSII bio-
genesis, as demonstrated in the cyanobacterium Synechocystis
sp. PCC 6803 (hereafter Synechocystis), occurs in a step-wise
process from smaller pre-complexes or modules (Nixon et al.
2010, Komenda et al. 2012a). Each module consists of one large
subunit (D1, D2, CP47 and CP43), one or more low molecular

mass subunits, pigments and other cofactors, and assembly
factors. PSIl assembly is initiated through interaction of the
D1 and D2 modules to form the reaction center assembly com-
plex, RCll (Komenda et al. 2008, Knoppova et al. 2014). The
CP47 module is then attached to form the RC47 complex
(Boehm et al. 2011, Boehm et al. 2012), followed by the CP43
module (Boehm et al. 2011) to give the monomeric non-
oxygen-evolving reaction center core complex, RCC(1). The
light-driven assembly of the oxygen-evolving oxo-metal cluster,
attachment of the lumenal extrinsic subunits and PSIl dimer-
ization, give rise to the fully active complex (Komenda et al.
2008, Nixon et al. 2010).

The composition of the lumenal subunits surrounding the
oxygen-evolving cluster differs between oxygenic autotrophs. In
cyanobacteria, it consists of PsbO, PsbU and PsbV proteins,
while in plants and green algae PsbU and PsbV have been
replaced by structurally different proteins, PsbQ and PsbP.
Cyanobacteria do possess homologs of PsbP and PsbQ, called
CyanoP and CyanoQ (Kashino et al. 2002, De Las Rivas et al.
2004, Thornton et al. 2004). However, neither of them has been
found in crystallographic studies of cyanobacterial PSIl (Guskov
et al. 2009, Umena et al. 2011), and their locations and roles are
apparently different from those of their eukaryotic relatives
(Fagerlund and Eaton-Rye 2011, Cormann et al. 2014, Liu
et al. 2014, Ifuku 2015). Moreover, both CyanoP and CyanoQ
are modified by lipidation, a feature absent in PsbP and PsbQ
(Thornton et al. 2004, Fagerlund and Eaton-Rye 2011).

While CyanoQ is considered a constitutive component of
highly active PSII (Kashino et al. 2002, Roose et al. 2007) and
possibly contributes to PSII dimer stability (Liu et al. 2014), the
location and role of CyanoP remain unclear. The results of
physiological studies on Synechocystis mutants lacking
CyanoP are rather inconsistent and do not reveal a clear pheno-
type that would indicate a function for the protein (Thornton
et al. 2004, Ishikawa et al. 2005, Summerfield et al. 2005, Aoi
et al. 2014). However, competitive growth experiments be-
tween different CyanoP mutant strains and the wild type
(WT) showed a selective advantage for the presence of
CyanoP even under mild laboratory growth conditions, con-
firming its functional significance (Sveshnikov et al. 2007).
The same authors demonstrated an altered PSII charge recom-
bination pattern in the mutants suggesting that the absence of
CyanoP affects the donor side of PSIl. The examination of a
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double mutant lacking both CyanoP and the PSIl assembly
factor Ycf48 showed just a minor additive affect of CyanoP
deletion on the severe phenotype displayed by the ycf48
mutant, with only small changes in the levels of PSII assembly
complexes observed (Jackson and Eaton-Rye 2015). A possible
role for CyanoP of Thermosynechococcus elongatus in PSII bio-
genesis has been recently indicated by in vitro protein inter-
action analysis employing surface plasmon resonance
spectroscopy (Cormann et al. 2014). The authors localized
the CyanoP-binding site in the center of PSII, at a position
occupied by the PsbO subunit in the mature complex. In add-
ition, in vitro reconstitution experiments showed selective
binding of CyanoP to the inactive PSIl monomer lacking
PsbO, PsbV and PsbU. These findings indicate that CyanoP
functions rather in the PSII life cycle than in the mature com-
plex itself. However, the overall evidence linking CyanoP to the
biogenesis or function of PSIl is still not compelling.

In the present study, we show that the Synechocystis CyanoP
is involved in the early steps of PSIl assembly. We provide evi-
dence for its association with the RCIl assembly complex. Our
results indicate that it probably binds to the D2 assembly
module and assists in its interaction with the D1 module to
optimize formation of the RCll assembly complex. Nevertheless,
our experiments also show that the protein accompanies PSII
further on its assembly pathway.

Results

Identification of CyanoP as a component of the
PSII reaction center assembly complex

Previous work has shown that a Synechocystis mutant unable to
synthesize the inner antenna CP47 cannot form the PSII core
complex (RCC) and instead accumulates two forms of the PSI|
reaction center assembly complex, designated RCII* and RClla
(Komenda et al. 2004, Dobakova et al. 2007, Komenda et al.
2008) (Supplementary Fig. S1). These assembly intermediates
are present in low quantities in the WT and differ in size due to
the presence of additional protein components (Knoppova
et al. 2014). Our recent studies have revealed that the larger
RCII* complex binds the accessory Ycf39-Hlip complex impli-
cated in photoprotection and in Chl delivery to newly synthe-
sized D1 (Knoppova et al. 2014, Staleva et al. 2015). Using a
FLAG-tagged derivative of Ycf39, we were able to purify the
RCI* complex from both the WT and a CP47-less strain
(Knoppova et al. 2014). Protein analysis of the obtained RClI
preparations using 2D Clear Native (CN)/SDS-PAGE followed
by immunoblotting surprisingly revealed the presence of the
CyanoP protein (Fig. 1; Supplementary Fig. S2), implying its
involvement at an early step of PSIl biogenesis. The position of
the Cyano-P band under the RCII* complex is slightly shifted to
a higher mass in comparison with the center of the RCII*, but
this could be explained by an increase in the size of RCII* due to
the bound CyanoP.

In order to confirm the association of CyanoP with RCII*,
we constructed a CP47-less strain expressing FLAG-tagged
CyanoP instead of the native protein (CyanoP-FLAG/ACP47).

FLAG-Ycf39/WT o

2

CN - PAGE ;?

mO»7v' ©oOn

Ycf48 ~ & s ©
FLAG-Ycf30 [ — g
D2 — - 12
D13 - . 2
1 1 1
D1~ = e E 3 2
(]
D1~ [ 1 o)
CyanoP —r - —-— 8

Fig. 1 CyanoP is present in the RCII* complex isolated from the strain
expressing FLAG-Ycf39. The preparation isolated using anti-FLAG af-
finity gel was analyzed by 2D CN/SDS-PAGE. The native gel was
photographed (1D color) and scanned for fluorescence (1D fluor).
The 2D gel was stained by Sypro Orange (2D Sypro), electroblotted
to a PVDF, [poly(vinylidene fluoride)] membrane and probed with
antibodies specific for D1 and CyanoP (2D blots). The identity of
other designated proteins was confirmed previously in Knoppova
et al. (2014). Complexes are designated as follows: PSI(3), trimeric
Photosystem [; RCII* and RClla, PSII reaction center assembly inter-
mediates lacking CP47 and CP43; Yf39-Hlip, a complex of FLAG-
Ycf39, HIiC and HIiD; FP, free pigments.

Given that CyanoP in Synechocystis is thought to be lipidated at
the N-terminus (Thornton et al. 2004), the FLAG-tag was fused
to the C-terminus. Purification of FLAG-tagged CyanoP under
native conditions resulted in co-isolation of both forms of RCII
as shown using 2D CN/SDS-PAGE (Fig. 2). The presence of the
key RCll components including the accessory factors Ycf48 and
Ycf39 was confirmed by mass spectrometry (MS) (Fig. 2;
Supplementary Table S1). Moreover, both monomeric and
trimeric forms of PSI were also found in the preparation.
Remarkably, the PsbO extrinsic PSII subunit, which stabilizes
the oxygen-evolving cluster, was also detected by MS sequen-
cing. It is apparent from Fig. 2 that most of the CyanoP-FLAG
migrates as a free protein. This indicates both that the protein is
present in an unassembled form and that its binding to the
membrane complexes is rather weak so that it detaches during
manipulations with the isolated preparation and/or during the
native PAGE. A noteworthy feature of unassembled CyanoP as
well as CyanoP-FLAG (Figs. 1 and 2, respectively) is their very
fast migration in the native gel at the position of free pigments,
unusual in comparison with other unassembled PSll-related
proteins. This phenomenon is hard to explain; we can only
speculate that the protein may attain an unusual conformation
or may specifically bind charged detergents, which give it the
characteristically high rate of migration.

As CyanoP has previously been assumed to associate with
the fully assembled oxygen-evolving PSII complex and not with
assembly complexes (Thornton et al. 2004, Ishikawa et al. 2005),
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CyanoP-FLAG/ACP47

CN - PAGE

mOX»vV' Wow

Fig. 2 RCll complexes co-purify with CyanoP-FLAG isolated from the
strain expressing FLAG-tagged CyanoP and lacking CP47. The prepar-
ation isolated using anti-FLAG affinity resin was analyzed by 2D CN/
SDS-PAGE. The native gel was photographed (1D color) and scanned
for fluorescence (1D fluor). The 2D gel was stained by Coomassie
Brilliant Blue (2D CBB) and designated proteins were identified by
mass spectrometry. Complexes are designated as follows: PSI(3) and
PSI(1), trimeric and monomeric PSI; RCII* and RClla, two PSII reaction
center assembly intermediates lacking CP47 and CP43; PBP, fragment
of phycobilisomes; FP, free pigments.

we also purified CyanoP-FLAG from the WT background (strain
CyanoP-FLAG/WT). As shown in Fig. 3, CyanoP-FLAG again
co-purified mainly with RCIl complexes, although there was
now also a small amount of highly fluorescing monomeric
and dimeric PSIl core complexes [RCC(1) and RCC(2), respect-
ively] in the preparation as judged from CP47 and CP43 immu-
noblots. The relatively strong fluorescence signal of the RCCs on
the native gel cannot be considered a measure of the abun-
dance of this complex compared with RCII*, as the fluorescence
of the latter is very low due to its quenching related to the
attached Ycf39-Hlip complex (Knoppova et al. 2014, Staleva
et al. 2015). Again the preparation contained small amounts of
PSI and most CyanoP-FLAG migrated as an unassembled pro-
tein. Importantly, a FLAG-specific antibody showed an
enhanced signal of CyanoP-FLAG in the region of the larger
RCIlI complexes, confirming a more stable interaction of the
protein with these complexes in agreement with Fig. 1. These
results again support the view that CyanoP is mainly involved in
biogenesis rather than as a component of the final fully active
PSII complex.

The main evidence linking CyanoP to PSIl comes from pre-
vious work reporting the loss of CyanoP accumulation in a
PSIl mutant (psbDIC/psbDIl deletion strain) lacking both
the D2 and CP43 subunits (Ishikawa et al. 2005). We there-
fore screened various PSIl defective mutants using one-

CyanoP-FLAG/WT

®woon

i ¥ Sl 1D color

i 1D fluor

me>»7o"’

2D Sypro

CyanoP-FLAG

2D blots

Fig. 3 RCll complexes and a small amount of PSII core co-purify with
FLAG-tagged CyanoP expressed in the WT. The preparation isolated
using anti-FLAG affinity resin was analyzed by 2D CN/SDS-PAGE. The
CN gel was photographed (1D color) and scanned for fluorescence
(1D fluor). The 2D gel was stained by Sypro Orange (2D Sypro) and
immunoblotted (2D blots). Alternatively, the 2D gel was stained by
Coomassie Brilliant Blue (not shown) and proteins designated here by
arrows were identified by MS. Complexes are designated as in Fig. 1.
RCC(2) and RCC(1) are dimeric and monomeric PSIl core complexes;
RCC(?) is an unusual RCC complex having mobility between that of
the dimeric and monomeric form; RCII*(2) is a putative dimer of RCII*.

dimensional SDS-PAGE followed by CyanoP immunodetection
(Supplementary Fig. $3). CyanoP was unambiguously detected
in all the tested strains, including the psbDIC/psbDII deletion
strain, designated here as AD2/ACP43. Indeed, CyanoP was
present at higher levels in most of the PSll-less mutants
(namely in the strains lacking D1 or CP47) in comparison
with the WT, which again supports its role in the assembly of
PSII rather than in the functioning of the mature complex.

CyanoP-FLAG interacts with the D2 assembly
module and with CP43

In order to determine more precisely the potential binding
partner(s) of CyanoP among the proteins involved in early
PSII biogenesis, the CyanoP-FLAG construct was transformed
into AD1 and AD2/ACP43 strains incapable of forming the
reaction center assembly complex due to the lack of one of the
key subunits. The resulting strains were designated as CyanoP-
FLAG/AD1 and CyanoP-FLAG/AD2/ACP43, respectively. As
shown in Fig. 4, FLAG-tagged CyanoP isolated from the strain
lacking D1 co-purified with D2 and PsbE, which indicates that
CyanoP could enter the RCIl assembly complex as a component
of the D2 assembly module. Surprisingly, the preparation also
contained small amounts of CP43. Similar to the preparation
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Fig. 4 CyanoP-FLAG isolated from the strain lacking D1 protein co-
purifies with D2, CP43 and PsbE. The preparation isolated using anti-
FLAG affinity resin was analyzed as in Fig. 1 and 2; the designated
proteins were detected by specific antibodies. Complexes are desig-
nated as in Fig. 2. Three different forms of CP43 are indicated.

obtained from the CyanoP-FLAG/ACP47 strain, monomeric
and trimeric PSI complexes were also present. To confirm bind-
ing of CyanoP to the D2 module, we constructed a strain ex-
pressing N-terminally His-tagged D2 protein and lacking D1
(His-D2/AD1). The pull-down preparation obtained by nickel
affinity chromatography contained a large number of contam-
inating proteins, but, when compared with the control pull-
down from the D1-less strain, it specifically contained D2, the
Cyt bsse subunits PsbE and PsbF, and also CyanoP, again sup-
porting the interaction of this protein with the D2 assembly
module (Fig. 5).

In the strain expressing CyanoP-FLAG and lacking the D2
and CP43 subunits (CyanoP-FLAG/AD2/ACP43), FLAG-tagged
CyanoP co-purified with the PSIl assembly factor Ycf48 which
could be detected even by staining (Fig. 6). Similar to previous
findings, PSI was also found in this preparation. On the other
hand, we were not able to detect CyanoP in the FLAG-Ycf39-
D1 complex also containing Ycf48, isolated from the AD2/
ACP43 strain (Supplementary Fig. S4), although the inter-
action of the two accessory factors was also expected in this
case. However, there might be only a very low amount of
CyanoP bound to Ycf48 in the purified complexes and this
could be washed out during the purification procedure.

The absence of CyanoP leads to increased
accumulation of unassembled D1
precursor in vivo

In order to check the effect of deleting CyanoP on the biosyn-
thesis of PSIl, we constructed a CyanoP deletion mutant
(ACyanoP). The mutant and WT cells grown under standard
growth conditions were radiolabeled at high irradiance and
their solubilized membranes were subjected to 2D CN/SDS-
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Fig. 5 Co-purification of CyanoP with His-tag D2 protein expressed in
the strain lacking D1 (His-D2/AD1). The preparations from the His-
D2/AD1 and the AD1 background strain as a control isolated using
Ni-affinity resin were analyzed by 1D SDS—PAGE. Purification specifi-
city is documented by specific occurrence of CyanoP, D2, PsbE and
PsbF in the His-D2 preparation. The isolated membranes of AD1 and
ACyanoP strains (AD1 TM and ACyanoP TM, respectively) contain-
ing 2 ug of Chl are used as a positive and negative control of the
CyanoP content.

CyanoP-FLAG/AD2/ACP43

CN - PAGE

- 1D color
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Ycfa8

CyanoP-FLAG

veras —SEIIEE 20 biot

Fig. 6 CyanoP-FLAG isolated from the D2-less strain co-purifies with
Ycf48. The preparation isolated using anti-FLAG affinity resin was
analyzed as in Fig. 1, and the designated proteins were detected by
specific antibodies. Complexes are designated as in Fig. 2.

PAGE analysis (Fig. 7). The autoradiogram showed a significant
accumulation of the radiolabel in the unassembled precursor
(pD1 and iD1) and mature forms of D1 protein (Nixon et al.
1992) in the mutant compared with its WT control (Fig. 7). The
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Fig. 7 A CyanoP deletion mutant (ACyanoP) shows significant accumulation of the radiolabel into the unassembled D1 protein compared with
the WT. Membranes isolated from cells radioactively labeled under high irradiance were subjected to 2D CN/SDS-PAGE. The 2D gels were
stained by Coomassie Blue (2D CBB) and exposed to a Phosphorimager plate (2D autorads). Complexes are designated as in Figs. 1 and 2, RC47,
the reaction center core lacking CP43; U.P.,, unassembled proteins. Arrows indicate unassembled forms of unprocessed, partially processed and
processed D1 protein (their identity was confirmed by immunodetection). Each loaded sample contained 5 pig of Chl.

same result was obtained when CyanoP was deleted from the
strain lacking CP47 (Supplementary Fig. S5). Moreover, the
analysis of non-labeled cells using 2D Blue Native (BN)/SDS-
PAGE and subsequent immunodetection confirmed reduced
accumulation of RCIl in the ACyanoP/ACP47 mutant
(Fig. 8). These results indicate that the incorporation of D1
into PSIl complexes was impaired in vivo in the absence of
CyanoP, consistent with a functional role for CyanoP at an
early stage of PSIl assembly.

CyanoP stabilizes machinery for synthesis of Chl
proteins

Analysis by 2D electrophoresis and immunoblotting of the
membrane proteins isolated from the ACyanoP/ACP47

strain and its ACP47 control revealed a noticeable fragmenta-
tion of some intrinsic membrane proteins in the absence of
CyanoP, namely the PsbE subunit of PSIl, the terminal
enzyme of Chl biosynthesis, Chl synthase (ChlG), and the
homolog of bacterial YidC insertase (SynYidC, SIr1471), which
is proposed to facilitate the insertion of Chl-binding proteins
into the thylakoid membrane (Fig. 8). The destabilization of
PsbE, which binds to the D2 protein, is again consistent with the
presence of CyanoP in the D2 assembly module. The fragmen-
tation of ChlG and SynYidC in the absence of CyanoP suggests
that CyanoP might be present close to where Chl-binding pro-
teins are synthesized and integrated into the membrane, and
that its presence may protect some components of the enzym-
atic machinery involved in these processes from proteolysis.
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Fig. 8 CP47-less strain lacking CyanoP shows fragmented Chl synthase, SynYidC protein insertase and PsbE. Membranes isolated from ACP47
and ACyanoP/ACP47 strains were analyzed by 2D BN/SDS-PAGE. The native gel was photographed (1D color) and the 2D gel was stained by
Sypro Orange (2D Sypro), electroblotted to a PVDF membrane and probed with antibodies specific for D1 and D2, Chl synthase (ChlG), homolog
of bacterial membrane protein insertase YidC (SynYidC) and PsbE. Oblique arrows indicate ChlG-related bands and horizontal arrows indicate
SynYidC- and PsbE-related fragments. Complexes are designated as in Figs. 1 and 7. Each loaded sample contained 5 pg of Chl.

Discussion -

We show here that CyanoP is a component of the PSII reaction
center assembly complex (Figs. 1, 2) and is able to bind to PSII
far earlier in biogenesis than previously thought. Smaller
amounts of larger PSIl core complexes were also detected in
the CyanoP-FLAG preparation isolated from the WT back-
ground strain (Fig. 3), implying that the protein is also able
to bind to the PSIl complexes containing both the CP47 and
CP43 inner antennae, but these latter subunits are clearly not
needed for CyanoP binding. A functional role for CyanoP in
optimizing the formation of the reaction center assembly com-
plex is supported by the accumulation of newly synthesized
unassembled D1 precursor in the absence of CyanoP in both
the WT and ACP47 backgrounds (Fig. 7 and Supplementaty
Fig. S5, respectively) and decreased accumulation of RCll in the
ACyanoP/ACP47 strain (Fig. 8).

Binding of CyanoP to low-abundance early assembly complexes
helps explain the substoichiometric levels of CyanoP within the
Synechocystis thylakoid membrane compared with other PSII sub-
units (Thornton et al. 2004, Aoi et al. 2014), as well as its depletion
in isolated oxygen-evolving PSIl complexes from T. elongatus
(Michoux et al, 2014). The retardation of photoautotrophic

growth and oxygen evolution previously seen in CyanoP null mu-
tants under CaCl,-depleted conditions (Thornton et al. 2004, Aoi
et al. 2014) might therefore reflect perturbations in PSII assembly
rather than a direct effect of CyanoP in the holoenzyme, although
weak binding of CyanoP to the holoenzyme cannot be excluded.
Our pull-down experiments employing strains lacking either
D1 or D2 subunits (Figs. 4-6) imply that CyanoP binds to the
D2 protein and/or components associated with the D2 assem-
bly module consisting of at least D2 and the PsbE and PsbF
subunits of Cyt bsse (Mliller and Eichacker 1999, Komenda et al.
2008). In contrast, binding of CyanoP to D1 is either absent or
much weaker (Fig. 6; Supplementary Fig. S4). A model of the
early assembly steps of PSII based on these results is depicted in
Fig. 9. We hypothesize that the interaction between the D1
assembly factor Ycf48 and CyanoP indicated in Fig. 6 might
facilitate the association of the D1 and D2 assembly modules
and formation of the PSII reaction center assembly complex. In
the context of this model and the results of a recent study on
the CyanoP function in PSIl biogenesis (Jackson and Eaton-Rye,
2015) it appears that Ycf48 plays a more important role than
CyanoP in the formation of the RCII assembly complex.
Binding of CyanoP to the lumenal surface of the PSII reaction
center complex, before attachment of the extrinsic proteins, is
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Fig. 9 Hypothetical model of the early steps of PSII biogenesis including the lumenal proteins CyanoP, Ycf48 and PsbO. The D1 and D2 modules
(D1m and D2m) are formed after synthesis of D1 and D2 apoproteins and insertion of Chl with the assistance of ribosomes, the SecY translocon,
YidC insertase and small PSII subunits (PsbE and PsbF for D2m and Psbl for D1m). Lumenal proteins CyanoP and Ycf48 facilitate interaction of
D1m and D2m to form the RCIl complex and possibly interact with other lumenal proteins such as PsbO. Other auxiliary factors involved in the
initial phases of PSIl assembly (Ycf39, HIiC and HIiD) are omitted to simplify the model. The red line attached to the box of ‘P’ indicates the lipid

bound to the N-terminus of CyanoP.

compatible with recent results obtained by surface plasmon
resonance spectroscopy indicating possible interactions be-
tween CyanoP and the C-terminal tail of D2 as well as the
lumenal loop linking the first two transmembrane helices of
D1 (Cormann et al. 2014). These regions are located in the
center of the complex and are normally occupied by the
PsbO subunit in the holoenzyme (Umena et al. 2011). In con-
trast earlier in silico docking models made between the crystal
structures of the PSII dimer and CyanoP had positioned the
protein on the lumenal face of the D2 subunit away from the
other extrinsic proteins (Fagerlund and Eaton-Rye 2011, Bricker
et al. 2012).

Sequence similarities between CyanoP and PsbP were ori-
ginally interpreted in terms of a common function in binding to
fully assembled PSII (Thornton et al. 2004). However, it is now
known that CyanoP is just one member of a large PsbP super-
family which includes not only the extrinsic PsbP subunit of PSII
but also PsbP-like (PPL) and PsbP-domain (PPD) proteins of
largely unknown function. Some members have clear roles out-
side PSII, including PPL2 which is a subunit of the chloroplast
NADH dehydrogenase-like complex (Ishihara et al. 2007, Ifuku

et al. 2011) and PD1 which is required for assembly of PSI in
plants (Liu et al. 2012). Despite their relatively low sequence
similarities, the structural fold of the PsbP superfamily is
thought to be conserved, with CyanoP representing the basal
form of the PsbP superfamily (Michoux et al. 2010, Sato 2010,
Bricker et al. 2013). The diversity in function of members of the
PsbP superfamily presumably reflects the ability of the fold to
accommodate changes in primary structure including enlarge-
ment/contraction of loop regions, extension of the N-terminal
tail and alteration of surface residues (Michoux et al. 2010, Sato
2010, Bricker et al. 2013). Thus it seems plausible that PsbP
evolved from CyanoP to bind more tightly to the PSII holoen-
zyme and at the same time to form new interactions with
plant-specific components of PSIl such as the CP26 light-har-
vesting complex and PsbR subunit recently detected in protein
cross-linking experiments (ldo et al. 2014). In contrast, the
cyanobacterial PsbU and PsbV proteins might have been less
capable of evolving to form these new interactions and were
therefore replaced in chloroplasts.

Phylogenetic studies suggest that the member of the PsbP
superfamily in plants most closely related to CyanoP is actually
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the PsbP-like protein PPL1 (Sato 2010, Bricker et al. 2013). The
ppl1 null mutant of Arabidopsis is able to assemble functional
PSII but shows a defect in the recovery of PSII activity from
photoinhibition (Ishihara et al. 2007) when damaged PSII com-
plexes are replaced by either PSII repair or de novo assembly from
newly synthesized PSIl modules such as the RCII assembly com-
plex (Knoppova et al. 2014). The retarded incorporation of newly
synthesized D1 into the RCII assembly complex in the CyanoP
null mutant (Figs. 7, 8; Supplementary Fig. S5) thereby reducing
the rate of synthesis of PSIl is therefore consistent with an equiva-
lent role for PPL1 in the assembly of PSIl in chloroplasts.

Most Chl-binding proteins in chloroplasts of plants and
algae seem to be integrated into the thylakoid membrane
with the assistance of a homolog of the bacterial protein inser-
tase YidC (Pasch et al. 2005, Gohre et al. 2006). In Synechocystis,
it was demonstrated that the analogous protein, SynYidC
(SIr1471), interacts directly with the D1 subunit precursor,
and that it is involved in proper integration and assembly of
the D1 into the thylakoid membrane and the RCII assembly
complex (Ossenbtihl et al. 2006). Importantly, the recent study
of Chidgey et al. (2014) has shown that the machinery involved
in assembly of Chl proteins in Synechocystis is located in a
membrane-associated supercomplex linking the translation
and translocation (insertion) processes with terminal steps of
the Chl biosynthetic pathway, as demonstrated by co-isolation
of FLAG-tagged Chl synthase (ChIG), the terminal enzyme of
Chl biosynthesis, with ribosomal subunits, the SecY subunit of
the Sec translocon, and SynYidC.

The destabilization of SynYidC and ChIG in a CP47-less
mutant lacking CyanoP, demonstrated by an unusual fragmen-
tation of these proteins (Fig. 8), implies a role for CyanoP as a
lumenal factor stabilizing and protecting some components of
the biogenesis machinery from proteolytic attacks. This is most
probably a specific feature of the CP47-less mutant related to
the generally disturbed PSIl assembly process in this strain as
this was found specifically in ACP47/ACyanoP and not in
ACyanoP constructed in the WT background.

Given the previously demonstrated high specificity of FLAG-
based purifications (Chidgey et al. 2014, Knoppova et al. 2014),
the selective pull-down of the RCIl assembly complexes having
very low cellular abundance provides strong evidence for their
association with CyanoP. We never identified any NADH de-
hydrogenase-related proteins, contradicting a possibility that
CyanoP interacts with these complexes in analogy with the
chloroplast ortholog PPL2 (Ishihara et al. 2007, Ifuku et al.
2011). On the other hand, the CyanoP-FLAG pull-downs iso-
lated from various strains also contained a significant amount of
PSI, mostly in the trimeric form, as observed previously for iso-
lated FLAG-Ycf39, FLAG-ChIG and YidC-FLAG (Chidgey et al.
2014, Knoppova et al. 2014). Since the control pull-down per-
formed using WT membranes contained only a negligible
amount of PSI (Chidgey et al. 2014), and PSI subunits were
not detected in pull-downs isolated from cells expressing
FLAG-tagged versions of photosystem-unrelated proteins
SI11214 and SI11874 (Chl cyclase enzymes) and their stabilization
factor Ycf54 (Hollingshead et al. 2012), it seems probable that
CyanoP-FLAG also interacts with PS|, either directly or indirectly.

Indeed, we have suggested that Chl proteins of PSIl are synthe-
sized to a large extent using Chls released from trimeric PSI
which appears to be a primary acceptor of a newly synthesized
Chl (Kopecna et al. 2012). These results further support the
involvement of PSI in the early steps of PSII biogenesis, as pro-
posed originally from the detection of newly synthesized PSII
subunits and PSII assembly factors in large PSI-PSIl supercom-
plexes (Komenda et al. 2012b). In this respect, the presence of
unassembled CP43 in some CyanoP-FLAG pull-downs could be
a subpopulation of CP43 associated with PSI as observed previ-
ously (Komenda et al. 2012b).

Interestingly, the pull-down of CyanoP-FLAG expressed
in a mutant deficient in CP47 also revealed its interaction
with the PsbO oxygen-evolving enhancer protein (Fig. 2;
Supplementary Table S1). This raises the possibility that this
lumenal extrinsic protein participates in the PSIl assembly pro-
cess much earlier than previously assumed. The protein was
abundant in the pull-down from the strain lacking CP47
while it was absent in the preparation isolated from CyanoP-
FLAG/WT. Assuming that CP47 is the main binding partner of
PsbO in the PSII holoenzyme (Umena et al. 2011), the weaker
interaction with the RCIl assembly complex is maintained
during the pull-down procedure only in the absence of CP47.
The putative engagement of PsbO in the RCII assembly is also
included in the model in Fig. 9.

Materials and Methods

Construction and cultivation of cyanobacterial
strains

The following, previously described strains of the glucose-tolerant Synechocystis
sp. PCC 6803 strain (Williams 1988) were used: (i) the CP47 deletion strain
(ACP47), in which the psbB gene is replaced by a spectinomycin resistance
cassette (Eaton-Rye and Vermaas 1991); (ii) the psbA triple deletion strain
(AD1) with cassette-less deletions in psbA1 and psbA3 genes and the psbA2
gene replaced by a chloramphenicol resistance cassette (Nagarajan et al. 2011);
and (jii) the psbDIC/psbDII deletion strain (AD2) with the psbDIC and psbDlI
genes encoding the D2 protein replaced by a chloramphenicol and a spectino-
mycin resistance cassette, respectively (Vermaas et al. 1990).

The transformation vector used to disrupt the CyanoP gene sll1418 was
constructed in two steps. First, an intermediate vector, namely pGEMT-sl11418,
was constructed via overlap extension PCR with the following primer sets.
Primers SIl1418-1F and SI11418-2R were used to amplify 445 bp upstream flank-
ing sequence of the CyanoP open reading frame (ORF), and primer set SI11418-
3F and SII1418-4R were used to obtain the 555 bp downstream fragments (for
primer sequences, see Supplementary Table S2). Both upstream and down-
stream fragments were then mixed as the DNA template for overlap extension
reaction with primer set SIl1418-1F and SI1418-4R. The resulting fragments,
which carry an EcoRV restriction site instead of sll1418, were then cloned into
the multiple cloning region of the pGEM-T Easy vector. Further modifications
on pGEMT-sl11418 were then carried out by inserting a chloramphenicol re-
sistance cassette into the EcoRV site via restriction digestion and ligation to
create the final transformation vector termed psl1418-CamA (Supplementary
Fig. S6). Sequencing confirmed that the orientation of the resistance cassette
was the same as the orientation of the sl1418 gene. The pSIl1418-CamA plas-
mid was then used to transform the WT cells to obtain the ACyanoP strain.
Transformants were selected for chloramphenicol resistance, and PCR was used
to show integration of the selectable marker and elimination of the WT s//1418
gene copy. Genomic DNA isolated from the ACyanoP strain was then used for
transformation of the ACP47 strain lacking the CP47 antenna to obtain the
ACyanoP/ACP47 double mutant.
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The strains expressing N-terminal FLAG-tag Ycf39 (FLAG-Ycf39/WT and
FLAG-Ycf39/ ACP47) were constructed as described in Knoppova et al. (2014).

The C-terminal FLAG-tag CyanoP strains (CyanoP-FLAG/WT, ACP47, AD1
and AD2, respectively) were prepared by replacing the sll1418 gene using the
synthetic DNA construct (Genscript) containing the upstream region (292 bp),
the sl11418 plus 3 X FLAG sequence (Sigma), a zeocin resistance cassette and the
downstream region (269bp) as depicted in Supplementary Fig. S7.
Transformants were selected for zeocin resistance, and PCR was used to con-
firm full segregation of the mutants. The correct sequence of the construct was
confirmed by DNA sequencing in all the transformants.

The His-D2/AD1 strain was constructed according to the following pro-
cedure. The background strain APsbDIC/ADT, in which the psbDI and psbC
genes were deleted and replaced by a Kan®/SacB cassette (Lea-Smith et al.
2013), was generated by transforming the AD1 (APsbA) strain (Nagarajan
et al. 2011) with plasmid ppsbDCks and selecting on kanamycin. Plasmid
ppsbDCks was generated by inserting a Kan"/SacB marker into the unique
EcoRV site of pGEMT-psbDC. Plasmid pGEMT-psbDC was generated by
fusing 445 bp of DNA upstream of psbDI to 555bp of DNA downstream of
psbC by overlap extension PCR (Higuchi et al. 1988) using primer sets PsbDC-1F
and PsbDC-2R for the upstream region, and PsbDC-3F and PsbDC-4R for the
downstream region (for primers, see Supplementary Table S2), then cloning
into the pGEM-T Easy vector via TA cloning according to the manufacturer’s
protocol. The N-terminal His-tag D2 construct was generated by overlap ex-
tension PCR in a similar fashion. First, primer set PsbDC-1F and PsbD-His-2R
and primer set PsbD-His-3F and PsbDC-4R were used to amplify the respective
sequences from WT genomic DNA. The resulting upstream and downstream
fragments were then fused via overlap extension PCR using primer set PsbDC-
1F and PsbDC-4R. The full-length PCR fragments were then ligated into pGEM-
T Easy vector, yielding plasmid pGEMT-his-psbD. To obtain strain His-PsbD/
AD1, the APsbDIC/AD1 mutant was transformed with pGEMT-his-psbD fol-
lowed by selection on BG11 plates supplemented with 5mM glucose, 10 pM
DCMU and 5% (w/v) sucrose. The second copy of the D2 gene, psbDII, was then
deleted according to the following steps. First, the flanking sequences of the
psbDIl ORF were PCR amplified from WT genomic DNA using primer set
PsbDII-1F and PsbDII-2R for the upstream region, and PsbDII-3F and PsbDII-
4R for the downstream region. The resulting PCR fragments were then sub-
jected to overlap extension PCR using primer set PsbDII-1F and PsbDII-4R, and
the fused PCR fragment was cloned into pGEM-T Easy to yield plasmid pGEMT-
psbDIl. An erythromycin resistance cassette was inserted into pGEMT-psbDII
via the engineered EcoRV site located at the junction of the upstream and
downstream sequences. The new vector, namely pGEMT-psbDII-EryA, was
then used to transform the His-PsbD/AD1 mutant to create, after the full
selection, the His-D2/AD1 strain expressing exclusively the His-tagged version
of D2.

The strains were grown in a rotary shaker under moderate light conditions
(40 pmol photons m™ s™") at 30°C in liquid BG11 medium. Non-autotrophi-
cally cultured mutants were supplemented with 5mM glucose. For protein
purification, 2 or 4 liters of cells were grown photomixotrophically in 10 liter
flasks under approximately 100 pmol photons m™ s™" in BG11 medium sup-
plemented with 5mM glucose. The cell culture was agitated with a magnetic
stirrer and bubbled with air. The FLAG-tag Ycf39 strains were cultivated in BG-
11 medium lacking Cu®* to induce expression of the FLAG-Ycf39 protein
(Knoppova et al. 2014). The CyanoP-FLAG/WT was grown in 1liter conical
flasks in a rotary shaker under light increasing from approximately 100 to
400 pmol photons m™ s~ during the growth, and the culture was supple-
mented with 1 mM glucose.

Chl content

The Chl concentration was measured in 100% methanol extracts according to
Wellburn (1994).

Radioactive labeling

Radioactive pulse labeling of the cells was performed at 500 imol photons m™
s~ and 30°C using a mixture of [**Slmethionine and [**S]cysteine (Trans-label,
MP Biochemicals) as described previously (Dobdkova et al. 2009).

Preparation of membrane fraction

Small-scale membrane fractions were prepared by breaking the cells with
zirkonia/silica beads using a Mini-Beadbeater (BioSpec) according to the
procedure described in Komenda and Barber (1995). For native elec-
trophoresis, the cells were broken and resuspended in buffer B (25 mM
MES/NaOH, pH 65, 10mM CaCl,, 10mM MgCl,, 25% glycerol), and
for one-dimensional SDS-PAGE they were broken in TA buffer (25mM
Tris—HCl, pH 7.5, TmM aminocaproic acid) and resuspended in TA plus 1M
sucrose.

Large-scale membrane preparations for purification were isolated in buffer
B containing EDTA-free protease inhibitor cocktail (Roche or Sigma-Aldrich) as
described in Chidgey et al. (2014).

FLAG- and His-tag protein purification

The membranes were solubilized with 1.5 % (w/v) n-dodecyl-B-p-maltoside (-
DDM) for 60 min under mild mixing at 10°C. The solubilized fraction was
separated by centrifugation (43,000 rcf/20 min, 4°C). The purification was per-
formed on a chromatography column using 0.3-0.4 ml of ANTI-FLAG M2 af-
finity gel (Sigma-Aldrich) for the FLAG-tagged proteins, or 0.8 ml of Protino Ni-
NTA agarose (Macherey-Nagel) for His-tagging. All the purification steps were
run at 10°C. The solubilized material was loaded onto the column and the flow-
through was collected and loaded repeatedly 4-5 times. In the case of the
FLAG-tag purification, the gel was washed 5-6 times with 1ml of buffer B
containing 0.04% B-DDM (washing buffer, WB). Thereafter, the gel was resus-
pended in 200-300 pl of WB and transferred into a Costar Spin-X centrifuge
tube filter (Corning). After 30 min incubation with 3xFLAG peptide (Sigma-
Aldrich) of final concentration 150 mg ml™", the specifically bound protein
complexes were eluted by centrifugation (400 rcf/2 min, 4°C). For the His-tag
purification, the gel was first washed three times with two gel volumes of WB
(3% 2GV), then successively with WB containing an increasing concentration
range of imidazole (IM) according to the following scheme: 3x 2GV 10 mM IM,
5x 1GV 20 mM IM and 3x 0.5GV 30 mM IM, and then again with 1x 3GV of
WB. After the washing steps, the gel was incubated for 5min with 0.5GV of
elution buffer (WB plus 200 mM IM), transferred into a centrifuge tube filter
and spun down (400 rcf/2 min, 4°C) to obtain the eluate.

In the case of FLAG-tag purifications, the concentration of Chl in solubilized
material loaded onto the column was 350-400 pig mI™", with the exception of the
CyanoP-FLAG/ACP47 where it was 560 ug ml™". The total Chl amount varied
between 3 and 6 mg, corresponding to the volume of the solubilized fraction (7-
10 ml). In the His-D2/AD1 and the AD1 used as a control, the Chl concentration
was 305 and 330 ug ml™", respectively, which gave 2.9 and 3.1mg of Chl in the
total volume of 9.5 ml. The control was used in this case due to the generally lower
specificity of the His purification in order to exclude non-specific interactions, and
the purification procedures were performed simultaneously.

Analysis of proteins and their complexes

The composition of membrane protein complexes was analyzed as described in
Komenda et al. (2012b) by CN or BN electrophoresis in a 4-14% gradient poly-
acrylamide gel in combination with SDS-PAGE in a denaturing 12-20% gradient
gel (acrylamide to bis-acrylamide ratio 38) containing 7 M urea. One-dimensional
SDS-PAGE was carried out either in the same 12-20% denaturing gel (as in Fig. 9
and Supplementary $3) or in its modified version of a 16-20% gradient where the
original acrylamide to bis-acrylamide ratio of 38 was changed to 60 (Fig. 5). The
concentration of membrane samples loaded onto the gel is indicated in the figure
legends. A 60 Ll aliquot of the pull-down preparations was loaded for each analysis.

The first-dimensional native gels were photographed (1D color) and
scanned for fluorescence (1D fluo). The proteins separated using the denatur-
ing SDS gels were visualized by staining with either Coomassie Brilliant Blue
(CBB) or Sypro Orange (Sypro) and detected by MS or immunoblotting. The
primary antibodies against D1, D2, CP47, CP43 and Cyt bssg subunits PsbE and
PsbF used in this study were previously described by Komenda et al. (2004) and
Dobakova et al. (2007). The antibody against Synechocystis YidC (SynYidC) was
kindly provided by Professor Jorg Nickelsen (Ludwig-Maximilians University,
Munich, Germany). Further we employed a commercial anti-FLAG (Abgent)
and the antibody against the Synechocystis PsbP homolog CyanoP (Agrisera).
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We also used our own antibodies raised against Escherichia coli-expressed Ycf48,
peptide 311-322 of Ycf39, and peptide 89-104 of ChIGC.

Protein identification by mass spectrometry

The MS analyses of protein bands excised from the gel or the liquid pull-down
preparations of the tagged proteins were done on a NanoAcquity UPLC
(Waters) online-coupled to an ESI Q-ToF Premier mass spectrometer
(Waters) as described in Janouskovec et al. (2013).

Supplementary data

Supplementary data are available at PCP online.
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ABSTRACT

Formation of the multi-subunit oxygen-evolving photosystem Il (PSIl) complex involves a number of
auxiliary protein factors. In this study we compared the localization and possible function of two homolo-
gous PSIl assembly factors, Psb28-1 and Psb28-2, from the cyanobacterium Synechocystis sp. PCC 6803.
We demonstrate that FLAG-tagged Psb28-2 is present in both the monomeric PSIl core complex and a PSII
core complex lacking the inner antenna CP43 (RC47), whereas Psb28-1 preferentially binds to RC47. When
cells are exposed to increased irradiance, both tagged Psb28 proteins additionally associate with oligo-
meric forms of PSIl and with PSII-PSI supercomplexes composed of trimeric photosystem | (PSl) and
two PSIl monomers as deduced from electron microscopy. The presence of the Psb27 accessory protein
in these complexes suggests the involvement of PSI in PSII biogenesis, possibly by photoprotecting PSII
through energy spillover. Under standard culture conditions, the distribution of PSIl complexes is similar
in the wild type and in each of the single psb28 null mutants except for loss of RC47 in the absence of
Psb28-1. In comparison with the wild type, growth of mutants lacking Psb28-1 and Psb27, but not
Psb28-2, was retarded under high-light conditions and, especially, intermittent high-light/dark conditions,
emphasizing the physiological importance of PSIl assembly factors for light acclimation.

Key words: Psb28 proteins, photosystem | and |l, Synechocystis
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INTRODUCTION The chlorophyll-containing CP47 and CP43 inner antenna

complexes that deliver energy from the outer antennae to the
The photosystem Il (PSIl) complex is the light-driven water-plas- reaction center are located on either side of the D1-D2 hetero-
toquinone oxidoreductase of oxygenic photosynthesis, respon-  gimer, CP43 also has a role with D1 in binding the Mn,CaOs clus-

sible for splitting water into molecular oxygen and releasing ter involved in water splitting (Ferreira et al., 2004).

protons and electrons for the generation of the ATP and NADPH

needed for the fixation of carbon dioxide in cyanobacteria, algae, Assembly of PSII is thought to be a stepwise process (Komenda
and plants. The most active form of PSIl is a dimer whose ¢t 51 2004) proceeding through several intermediate complexes.
structure from thegmophilic cyanobacteria is now known to a Initially, the large pigment proteins form pre-complexes (or mod-
resolution of 1.9 A (Umena et al., 2011). The PSIl monomer ules) with small transmembrane polypeptides, pigments, and

features 17 transmembrane protein subunits, three peripheral possibly other cofactors (Komenda et al., 2012b). First the D1
proteins and about 80 cofactors (Guskov et al., 2009). The

transmembrane reaction center (RCIl) subunits D1 and D2 are

essential for the binding of cofactors involved in primary charge Published by the Molecular Plant Shanghai Editorial Office in association with
separation and subsequent electron transfer (Diner et al., 2001). Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and IPPE, SIBS, CAS.
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Figure 1. Two-Dimensional Protein Analysis of a Synechocystis
6803 Strain FLAG-Psb28-2/APsb28-2 Expressing the
FLAG-Psb28-2 Protein Instead of Psb28-2.

Solubilized membranes isolated from the strain corresponding to 4 ng of
Chla were analyzed by blue-native PAGE in the first dimension (1D color)
and by SDS-PAGE in the second dimension. The gel was stained with
SYPRO orange (2D SYPRO stain); proteins were blotted onto PVDF
membrane and subsequently probed with specific antibodies (Blots). The
designation of complexes: RCCS, supercomplex of PSI trimer and PSI|
dimer; PSI(3) and PSI(1), trimeric and monomeric photosystem I; RCC(2)
and RCC(1), dimeric and monomeric PSIl core complexes; RC47, the
monomeric PSII core complex lacking CP43; U.P., unassembled proteins.

and D2 modules form a reaction center intermediate complex
(RCIl) to which the CP47 module is attached to form a
core complex lacking CP43 (termed RCA47). Subsequent
attachment of the CP43 module leads to the formation of a PSII
monomeric core complex (RCC(1)) with assembly completed by
dimerization to form RCC(2) (reviewed in Nixon et al., 2010).
Light-driven assembly of the Mn,CaOs cluster and attachment
of the lumenal extrinsic subunits is thought to occur after forma-
tion of RCC(1) (Nixon et al., 2010). Correct and efficient assembly
of PSll is controlled by a number of auxiliary protein factors that
are absent from the final functional PSII complex. Some of
these, such as the Psb28 proteins (Pfam: PF03912), are highly
conserved and are found both in cyanobacteria and chloroplasts.

The genome of the cyanobacterium Synechocystis sp. PCC 6803
(hereafter Synechocystis 6803) codes for two Psb28 homologs:
Psb28-1 (encoded by gene s//1398) and Psb28-2 (encoded by
gene slr1739) (Boehm et al., 2012). Psb28-1 (also named Psb13
and Ycf79) was first identified as a component of a His-tagged
PSIl preparation isolated from Synechocystis 6803 (Kashino
et al.,, 2002) and, subsequently, shown to be a hydrophilic
protein peripherally attached to the membrane (Dobakova
et al., 2009). The absence of transmembrane structural motifs
was later confirmed by the determination of the solution
structure of His-tagged Psb28-1 by NMR (PDB: 2KVO; Yang
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etal., 2011). Psb28-1 in Synechocystis 6803 most probably exists
as adimer (Bialek et al., 2013) and has been detected in the RC47
complex (Dobakova et al., 2009; Boehm et al., 2012; Sakata et al.,
2013) in the vicinity of the PsbH subunit (Dobakova et al., 2009).

The phenotype of psb28-1 null mutants of Synechocystis 6803 is
controversial. The knockout mutant constructed by Dobakova
et al. (2009) exhibited slower autotrophic growth, accelerated
turnover of the D1 subunit, decreased synthesis of the CP47
inner antenna, and a lower cellular level of chlorophyll (Chl) in
comparison with wild type (WT). In contrast, the phenotype of
the null mutant described by Sakata et al. (2013) was much
milder, showing just growth retardation under increased
temperature, especially when combined with inactivation of
the dgdA gene causing a defect in the biosynthesis of
digalactosyldiacylglycerol.

The genomes of Synechocystis 6803 and some other cyanobac-
teria contain another psb28 gene designated psb28-2. A
knockout mutant of Synechocystis 6803 lacking Psb28-2 be-
haves like WT, and deletion of the psb28-2 gene in the Psb28-
1-less strain does not show an additional effect, indicating that
Psb28-2 is not able to substitute for Psb28-1 (Sakata et al.,
2013). The structure of Psb28-2 is thought to be similar to that
of Psb28-1 (Mabbitt et al., 2014) except that it likely exists as a
monomer (Bialek et al., 2013), due to the lack of several amino
acid residues putatively involved in dimerization of Psb28
(Mabbitt et al., 2014). Psb28-2 like Psb28-1 has been detected
in RC47 complexes (Boehm et al., 2012).

The physiological importance of Psb28 proteins in PSIl assembly
and function in Synechocystis 6803 remains unknown. Here we
show that, under increased irradiance, both proteins together
with Psb27, a lumenal accessory protein associated with non-
oxygen-evolving PSII core complexes (Nowaczyk et al., 2006),
become components of PSII-PSI supercomplexes, the formation
of which may be an important step in PSII biogenesis especially
under high irradiance. Consistent with this, we show that growth
of both the Psb27 and Psb28-1 mutants is affected under condi-
tions of continuous and especially intermittent high light.

RESULTS

Differences in the Association of Psb28 Proteins
with PSII

Previous work has shown that both Psb28-1 and Psb28-2 are
able to bind to the RC47 complex (Dobakova et al., 2009;
Boehm et al., 2012; Bialek et al., 2013). However, the weak
Psb28-2 signal detected by immunoblotting in this earlier work
prevented a complete analysis of the binding of Psb28-2 to other
types of PSIl complexes. To address this problem, we used com-
mercial FLAG-tag specific antibodies to detect expression of a
Psb28-2 derivative containing a 3xFLAG tag fused to the N termi-
nus (FLAG-Psb28-2) (Boehm et al., 2012). Two-dimensional (2D)
gel electrophoresis of solubilized thylakoids isolated from this
strain confirmed the presence of the protein not only in RC47
but also at similar levels in the monomeric PSIl core complex
(RCC(1)) (Figure 1). Additional probing of the same blot with an
antibody against Psb28-1 detected Psb28-1 just in RC47, in
agreement with earlier work (Dobakova et al., 2009). The
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apparent masses of the RC47 complexes containing Psb28-1
and FLAG-Psb28-2 in RC47 were slightly different, suggesting
that the two Psb28 proteins might not bind to the same complex.
The position of unassembled Psb28-1 in the native gel was also in
agreement with its postulated dimeric structure, whereas unas-
sembled FLAG-Psb28-2 migrated as a monomer.

FLAG-Psb28-2-containing complexes immunopurified under
mild solubilization conditions were also examined by 2D gel elec-
trophoresis. In the first dimension, we used clear-native (CN)
PAGE, which enables sensitive identification of PSIl complexes
directly in the gel due to the emission of Chl fluorescence. This
analysis confirmed the association of FLAG-Psb28-2 with RC47
but, unlike a previous study (Boehm et al., 2012) (see also
Supplemental Figure 1), we observed a monomeric PSIl core
complex RCC(1) in the pull-down experiment (Figure 2, left
panel), possibly because the use of a milder MES buffer
containing Mg?* and Ca®* ions stabilized binding of CP43
within the isolated RCC(1) complex during purification.
Immunoblotting showed that RCC(1) complexes isolated using
FLAG-Psb28-2 contained another PSIl assembly factor, Psb27
(Figure 2). Both the RC47 and RCC(1) complexes were present
in two versions: a larger one containing FLAG-Psb28-2 and a
smaller one lacking FLAG-Psb28-2 as judged from the relative
migration of the FLAG-tagged protein band (Figure 2,
complexes with asterisks). This suggests that a sub-population
of FLAG-tagged Psb28-2 is released from PSIl complexes during
native PAGE and migrates in the region of unassembled proteins.
This is even better documented in Supplemental Figure 1 when
the 2D gel analysis was performed using FLAG-tagged Psb28-2
isolated by the previously described method (Boehm et al., 2012).

Although the amount of SYPRO-stained FLAG-Psb28-2 in
Figure 2 seemed to be sub-stoichiometric in comparison with
the pulled down larger PSII proteins, comparison of the staining
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Figure 2. Two-Dimensional Protein Anal-
ysis of N-Terminally FLAG-tagged Psb28-2
Preparation (FLAG-Psb28-2) Isolated by
Affinity Chromatography from Cells of
FLAG-Psb28-2/APsb28-2 Strain Grown
. Under Low (Left) or High (HL, Right) Irradi-
NY ance.
Preparations were analyzed by CN PAGE in
the first dimension, and the native gel was
photographed (1D color) and scanned with
an LAS-4000 camera for Chl fluorescence (1D
fluor); after SDS-PAGE in the second dimen-
sion, the gel was stained with SYPRO orange
(2D SYPRO stain), electroblotted to PVDF
membrane, and probed with the antibody
specific for Psb27 and PsaD (2D blots). The
designation of complexes as in Figure 1,
RCC(1)-RC47 is a PSII dimeric core complex
lacking one of the CP43 inner antenna. The
red arrow points to the fluorescence quenching
in RCCS. Asterisks indicate PSIl complexes
lacking FLAG-Psb28-2.
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obtained with SYPRO orange, used in this
study due to its compatibility with immuno-
blotting, and with Coomassie blue (CBB)
(Supplemental Figure 1) showed that the reason is the lower
stainability of the tagged Psb28-2 and other smaller proteins
(e.g., PsbE) by SYPRO stain. Indeed, comparison of the approx-
imate intensity ratio of the FLAG-Psb28-2 and CP47 in the
SYPRO-stained and CBB-stained gels showed much higher
value with CBB staining (Supplemental Figure 1).

To exclude the effect of the position of the FLAG tag on the bind-
ing specificity of the Psb28 proteins, we analyzed membranes of
two other strains expressing either N-terminally tagged Psb28-1
or C-terminally tagged Psb28-2 (FLAG-Psb28-1 and Psb28-2-
FLAG, respectively) from their native promoters (Supplemental
Figure 2). Membrane protein analysis confirmed that the
position of the tag did not affect the binding specificity of each
of the Psb28 proteins to PSII since FLAG-Psb28-1 was found
in RC47 and Psb28-2-FLAG in both RC47 and RCC(1)
(Supplemental Figure 2). In addition, RC47 and RCC(1) were
both pulled down by Psb28-2-FLAG (Supplemental Figure 3).

Both FLAG-Tagged Psb28 Proteins Associate with
Large PSII-PSI Supercomplexes under Increased
Irradiance

We found that exposure of cells to increased irradiance led to an
altered composition of the resulting pull-down preparations.
FLAG-Psb28-2 isolated from more illuminated cultures contained
a higher proportion of dimeric PSIl core complexes and, in addi-
tion, a non-fluorescent large Chl-protein complex visible at the
edge of the CN gel (Figure 2, right panel). The 2D gel showed
that the latter complex contained all four large PSII Chl-binding
proteins, but its pigmentation was clearly higher than that of
PSIl core complexes. The absorption spectrum of the band
showing a maximum at about 677 nm and a main 77 K fluores-
cence band peaking at 722 nm pointed to the presence of the
photosystem | (PSI) complex (Figure 3, right panel). This was
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further confirmed by mass spectrometry analysis, which showed
the presence of the PsaA, PsaF, and PsalL subunits of PSI
(Table 1). The presence of PSI in the complex was also
confirmed by immunodetection of the PsaD protein; the weaker
signals detected in smaller complexes most probably reflect
the presence of PSI trimeric, dimeric, and monomeric
complexes (Figure 2 and Supplemental Figure 2D blots).
Therefore, we ascribe the large complex to a supercomplex of
PSII and PSI (RCCS, Figure 2, right panel). In agreement with
previously published data, the supercomplex also contained
Psb27 (Komenda et al., 2012a), a lumenal accessory protein
associated with non-oxygen-evolving PSIl core complexes
(Nowaczyk et al., 2006), which suggests a role for the
supercomplex in PSIl assembly/repair. A similar pattern of PSII
complexes was also obtained when we affinity purified
C-terminally tagged Psb28-2 (Psb28-2-FLAG) from cells grown
under standard and high irradiance (Supplemental Figure 3).
The complexes again contained Psb27.

We further tested whether FLAG-tagged Psb28-1 also co-
isolated with RCCS under increased irradiance. Psb28-1-FLAG
co-purified with RC47, a very small amount of RCC(1) and
RCC(1)-RC47 complex, when isolation was performed from cells
grown under standard conditions (Figure 4, left panel). Here again
the seemingly low level of the pulled down Psb28-1-FLAG was
related to the weaker staining of the protein by SYPRO orange
(Supplemental Figure 4). When isolated from cells exposed to
high irradiance, the preparation additionally contained a
significant amount of the PSII-PSI supercomplex (Figure 4, right
panel). The presence of PSI was again confirmed by
identification of both PsaD in the complex by immunoblotting
(Figure 4 and 2D blots) and PsaE in the pull-down by mass spec-
trometry (Supplemental Table 1). We never identified Psb28-2 in
Psb28-1-FLAG pull-down, confirming their independent binding
(not shown).

To further characterize the PSII-PSI supercomplex, we subjected
the Psb28-1-FLAG preparation to single-particle analysis. Due
to the low amount of supercomplexes in the preparation
(Figure 5A), the resolution of the obtained images was rather
limited; nevertheless it was sufficient for the unequivocal
identification of PSI trimers in the particles. The shape and size
of the additional structures attached to the PSI trimer
corresponded well to two monomeric PSIl complexes
(Figure 5B). Results from single-particle analysis also supported
the presence of RCC(1)-RC47 complexes (Figure 5C), which

Wavelength [nm]

the basis of a relative decrease in intensity
of the CP43 band in the complex compared
with RCC(1) complexes (Figure 4).

The PSII-PSI supercomplexes were present in WT cells even un-
der standard light conditions, and their quantity only slightly
increased after exposure of the cells to high light (Supplemental
Figure 5). These data indicate that these complexes are
constitutively present in cells, but after high-light treatment
there is an increase in the amount of a specific fraction that
binds the Psb28 and Psb27 proteins.

We also tested unspecific binding of RCCS and other PSIl com-
plexes to FLAG-affinity resin using solubilized membranes from
the control WT strain subjected to high irradiance. No apparent
Chl-containing complexes present in the eluate excluded an arti-
factual binding of RCCS to the affinity resin (Supplemental
Figure 5).

Differences in the Profile of PSIl Complexes in psb28
Null Mutants

Previous results have suggested that the strain lacking Psb28-1
shows impaired synthesis of CP47 and PSI and accumulates lower
levels of Chl in the cell (Dobakova et al., 2009). However, this
phenotype was not observed in a second independently
constructed psb28-1 mutant (Sakata et al., 2013). Since this
disagreement could be caused by differences in the genetic
backgrounds of the two WT strains used to make the mutants,
we constructed two new Psb28-1- and Psb28-2-less mutants us-
ing a different WT strain. In our original study (Dobakova et al.,
2009), we used a WT strain very similar to the glucose-tolerant
GT-02 strain (Morris et al., 2014), which was subsequently shown
to exhibit partial Chl depletion upon autotrophic growth
conditions (GT-W; Tichy et al., 2016). The new set of mutants was
instead constructed in the GT-P strain similar to the GT-Kazusa
strain (Supplemental Figure 6), which contains a similar content of
Chl as the standard motile PCC 6803 strain (Tichy et al., 2016).
The resulting psb28 mutants were found to have a similar cellular
Chl content as the control and contained very similar levels of PSI
and both monomeric and dimeric PSIl core complexes as
revealed by CN gel electrophoresis (Figure 6) in agreement with
Sakata et al. (2013). This result indicates that the decreased level
of Chl in the Psb28-1-less strain seen by Dobakova et al. (2009)
was most probably related to the Chl-deficient phenotype of the
WT strain originally used for mutant construction.

Nevertheless, when we performed radioactive labeling of pro-
teins in the new strains, the Psb28-1-less mutant still showed
lower labeling of CP47 and PSI in comparison with the other
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Size (Da), length Detected/theoretical
Protein, UniProtKB no. (no. of amino acids) Coverage (%) no. of peptides PLGS score
CP47, P05429 55 903, 507 5 1/27 208
D1, P14660 39 695, 360 3 114 130
PsaA, P29254 82 950, 751 5 3/34 338
PsaF, P29256 18 249, 165 19 2/11 95
Psal, P37277 16 624, 157 25 2/6 160

Table 1. List of Proteins Identified by Mass Spectrometry in the CN-PAGE-Separated PSII-PSI Supercomplex RCCS of the Psb28-2-
FLAG Pull-Down (Figure 2) Isolated from High-Light-Treated Cells of the Synechocystis Strain Expressing Psb28-2-FLAG.
The PLGS score is a statistical measure of peptide assignment accuracy; it is calculated with Protein Lynx Global Server (PLGS 2.2.3) software

(Waters).

two strains (Supplemental Figure 7). Another common feature of
the new APsb28-1 strain shared with the one constructed by
Dobakova et al. (2009) was the lack of detectable RC47
complex and a lower level of free unassembled CP47, while in
the strain lacking Psb28-2, the RC47 complex was clearly visible
and was even more abundant than in WT (Figure 6, right panel
and quantification table). All three strains show the presence of
PSI-PSII supercomplexes under both standard and high-light
conditions indicating that the accumulation of PSIlI supercom-
plexes is not dependent on the presence of Psb28 proteins.

Loss of Psb28-1 but Not Psb28-2 Impairs Growth in
Continuous High Light and Especially Intermittent Light

Under standard illumination conditions, growth of the psb28-1
and psb28-2 null mutants on agar plates was indistinguishable
to WT (Figure 7, left panels). Under high irradiance, the strain
lacking Psb28-1 grew slightly slower than the WT and Psb28-2-
less strains but its sensitivity to high light was exacerbated
when we used intermittent (5 min dark and 5 min 400 umol pho-
tons m~2 s~ instead of continuous (400 umol photons m—2 s~ )
high light (Figure 7, upper right panel). When the psb28-2 gene
was additionally inactivated in the Psb28-1 mutant, the growth
of the resulting double mutant was identical to that of the
psb28-1 mutant under all tested conditions (not shown).
A psb27 null mutant also grew more slowly under intermittent light
in comparison with WT (Figure 7, lower right panel). Finally, we
constructed the Psb27/Psb28-1 double mutant, which showed
the slowest growth of all the tested strains in high continuous light
and did not grow at all in intermittent light.

As the Psb28-1-less strain showed a light-sensitive phenotype,
we checked whether it is a light-inducible stress protein like
members of the family of high-light-inducible proteins (Hlips, He
et al., 2001). While the level of Psb28-1 remained the same after
2 h exposure of WT cells to 500 pmol photons m~2 s~", the con-
tent of HIIA/B in these cells sharply increased, meaning that pool
of Psb28-1 in the cell is stable and the protein is not high-light
inducible.

DISCUSSION

Many cyanobacteria, like Synechocystis 6803, encode two
different Psb28 proteins. Here we confirm that under standard
cultivation conditions both Psb28-1 and Psb28-2 associate
with the RC47 complex. One difference between the two forms
of Psb28 is that Psb28-2 is found at higher levels in the mono-
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meric RCC(1) complex (Figures 1, 2, and 4). When the Psb28
proteins were purified from cells exposed to increased
irradiance, oligomeric PSII complexes, small amounts of PSI,
and especially PSII-PSI supercomplexes now appeared in the
affinity-purified preparations. Interestingly, the Psb27 assembly
factor was also present in these complexes in accordance with
previous results indicating a close relationship between Psb27
and Psb28 proteins (Kashino et al., 2002; Liu et al., 20114,
2011b; Nowaczyk et al., 2012). Association of Psb27 with large
PSI-PSII complexes has also been demonstrated in previous
studies (Liu et al., 2011b; Komenda et al., 2012a). Given that
Psb27 is associated with PSIl complexes lacking a functional
oxygen-evolving complex (Nowaczyk et al, 2006), the
complexes containing both Psb27 and Psb28 are therefore
likely to be involved in de novo assembly and/or repair of PSII.

Single-particle analysis of preparations isolated using FLAG-
tagged Psb28 proteins from high-light exposed cells showed
the presence of large particles containing PSI trimer together
with two additional densities corresponding in size and shape
to two PSII monomers; however, the organization of the two
monomers is clearly different from their arrangement in the known
dimeric crystal structures, which would suggest binding to
trimeric PSI as monomers rather than a dimer (Figure 5). The
close association of PSI trimeric complexes with PSII
complexes containing the Psb28 and Psb27 assembly factors
supports our previous hypothesis that PSI might play a
protective role during PSII biogenesis (Komenda et al., 2012a).
Indeed this association between PSIl and PSI in the
supercomplexes resulted in the loss of Chl fluorescence of
otherwise highly fluorescent PSII complexes, indicating efficient
energy spillover to PSI (Figures 2 and 4). Thus, the formation of
PSI-PSII supercomplexes might reflect a light-induced response
of the PSII assembly machinery to protect PSIl assembly com-
plexes via efficient PSI-mediated quenching of harmful excitation
energy absorbed by these intermediates. Moreover, as we have
recently identified trimeric PSI as the main sink for newly synthe-
sized Chl (Kopecna et al., 2012), association of PSIl assembly
complexes with PSI trimeric complexes may also allow
production of PSIl assembly modules using Chl released from
trimeric PSI.

The crystal structure of Psb28 from Thermosynechococcus elon-
gatus suggests that the proximity of the C termini of the two
monomers in the dimer does not allow tagging of the molecule
without destabilization of the dimer, and this was supported by
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analysis of the strain expressing Psb28-1 with an FLAG tag on the
C terminus. Nevertheless, the FLAG-tagged protein was still able
to bind to RC47 in cells (Supplemental Figure 2, left) and PSII co-
purified with the isolated tagged protein, suggesting that the
dimeric structure of the Psb28-1 protein is not needed for binding
to PSII (Figure 4).

Binding of Psb28 proteins to PSIl is dependent on the presence of
PsbH (Dobakova et al., 2009; Bialek et al., 2013); this fact,
together with the inhibitory effect of deleting psb28-1 on
synthesis of CP47, led to speculation that Psb28-1 is bound to
CP47. However, taking into account the oligomeric structure of
native Psb28-1 together with the presence of a long N-terminal
helix of PsbH stretching over CP47, it is also possible that
Psb28 binds more in the center of PSII than previously envisaged
and so prevents binding of CP43 to RC47 thereby allowing accu-
mulation of RC47 in the membrane.

PsbH is also essential for the binding to PSII of HIiB (also termed
ScpD), a member of the family of high-light-inducible proteins
(Hlips) (He et al., 2001) or small chlorophyll-a/b-binding-like pro-
teins (Scps) (Funk and Vermaas, 1999). We show that expression
of Hlips is quickly induced upon increase of irradiance, while the
Psb28-1 protein is present constitutively in cells and its content
does not respond to high light (Figure 8). Although we cannot
exclude that all Psb28-1 proteins weakly interact with PSIl in
the membrane and this interaction is disrupted during native
PAGE, there is nevertheless a fraction of Psb28-1 that binds to
RC47 more stably and which is identified in the native gels as
the component of the complex (Figure 1; Dobakova et al.,
2009). Thus, it seems that the Psb28-1 protein is available for
binding to PSII before the production of Hlips and that its prompt
binding may be important for Psb28-1 function during high/inter-
mittent light stress.

less strain and the psb28-1/psb28-2 double

mutant on the other hand (Sakata et al.,
2013) suggest that Psb28-2 is not a redundant Psb28-1 copy
with the same function. Instead, we speculate that Psb28-2
may act as an antagonist that prevents formation of RC47 by
excluding Psb28-1 from its binding site. That the two Psb28 pro-
teins might play different roles is in line with the upregulation of
the psb28-1 transcript level but downregulation of psb28-2 in a
Synechocystis 6803 mutant lacking the PsbO protein (Schriek
et al., 2008), which is highly sensitive to photoinhibition and
exhibits very fast D1 turnover (Komenda and Barber, 1995).
Similarly, the expression profiles of the psb28-1 and psb28-2
genes were found to be quite different under a variety of
environmental conditions in a very recent transcriptomic study
(Hernandez-Prieto et al., 2016), again supporting a distinct
functional role for each protein.

In the absence of Psb28-1, the RC47 complex is undetectable
in cells grown under standard conditions, while in WT cells this
complex is detectable. This difference has previously been
related to an effect on CP47 synthesis as the psb28-7-null
mutant contains an increased level of RCII, the assembly com-
plex that immediately precedes RC47 in the PSIl assembly
pathway (Dobakova et al., 2009). For the newly constructed
psb28-1 mutant described here, there was also reduced
synthesis of CP47 (autoradiogram in Supplemental Figure 7).
Interestingly, unlike the Synechocystis 6803 CP43-less mutant,
the CP47-less mutant shows a Chl-deficient phenotype reflect-
ing reduced PSI accumulation (Supplemental Figure 8), and
the decreased synthesis of PSI detected in the psb28-null
mutant could similarly be related to the lower synthesis of
CP47 (autoradiogram in Supplemental Figure 7). A specific
effect on the synthesis of PSI and CP47 has also been seen
in the dpor (Kopecna et al., 2013) and 4gun4 (Sobotka et al.,
2008) mutants disrupted in the PChlide reduction and Mg-
chelatase steps, respectively, and in the ycf54 mutant affected
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Figure 5. Electron Microscopic Analysis of Complexes Co-
isolated with Psb28-1-FLAG from High-Light Exposed Culture.
(A) Electron micrographs of negatively stained complexes. The labeled
RCCS and RCC(1)-RC47 particles are in square and circles, respectively.
(B) The top view projection map of the RCCS supercomplex containing
trimeric PSI complex and two PSIl monomers. The negatively stained
particle (left) was obtained by classification of 95 particles. Right: the
projection was overlaid with a cyanobacterial X-ray models of the PSI
trimer and two PSII core complexes.

(C) The negatively stained particles of RCC(1)-RC47 (left) was obtained by
classification of 5600 particles. The projection was overlaid with a
cyanobacterial X-ray model of the PSIl monomer and PSII monomer
lacking CP43 and associated proteins (PsbK, PsbZ, and Psb30).

Color designation of proteins: PsaA, brown; PsaB, dark green; Psal,
violet; other small PSI subunits, gray; D1, yellow; D2, light green; CP47,
blue; CP43, red; small PSIlI subunits, ochre. The coordinates are taken
from the PDB (http://www.rcsb.org/pdb): PSI code, PDB: 1JB0 (Jordan
et al., 2001); PSIlI code, PDB: 2AXT (Loll et al., 2005). The scale bars
represent 10 nm.

in the function of aerobic cyclase involved in the synthesis of
the fifth Chl ring (Hollingshead et al., 2016). Given that newly
synthesized Chl in Synechocystis 6803 is preferentially
incorporated into the PSI trimer (Kopecna et al., 2012) and
that this complex is particularly deficient in the CP47-less,
Adpor and 4dgun4 mutants, Psb28-1 could regulate this main
pathway for Chl incorporation. A link between Psb28-1 and
the synthesis of Chl-binding proteins is also suggested from
analysis of gene transcription during the diurnal cycle of the
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nitrogen-fixing cyanobacterium Cyanothece sp. ATCC 51142.
Unlike transcripts for other PSll-associated genes, psb28 tran-
scripts preferentially accumulate during the dark period when
Chl biosynthesis is activated and PSI proteins in particular
are synthesized, probably in readiness for the start of the light
period (Stockel et al., 2011).

Previous studies on psb28 mutants constructed in Synechocys-
tis 6803 have led to conflicting results regarding the importance
of Psb28-1 for accumulation and assembly of both photosys-
tems. By constructing new deletion mutants in a WT strain of
Synechocystis 6803 that is known not to be affected in chloro-
phyll biosynthesis, we have confirmed that Psb28-1 has very lit-
tle impact on growth under standard continuous illumination
(40 pmol photons m~2 s~ ). Importantly, we have been able to
show here that Psb28-1 and Psb27 are needed for optimal
growth especially under intermittent high-light/dark conditions
(Figure 7). This phenotype has not been reported before for
cyanobacteria. In the case of higher plants, Psb28 is already
known to be required for normal growth and pigmentation of
rice plants (Jung et al., 2008). The mechanism of Psb28-1 action
remains unclear, but it apparently differs from that of Psb27,
since the intermittent high-light/dark condition affected the
growth of the Psb27/Psb28-1 double mutant more severely
than each of the single mutants (Figure 7).

METHODS

Construction of Mutant Strains

The non-motile, glucose-tolerant strain of Synechocystis sp. PCC 6803
GT-P (Tichy et al., 2016) was used in this study as a WT strain and as a
background for the generated deletion mutant strains (APsb28-1,
APsb28-2, APsb28-1/APsb28-2, and APsb27/APsb28-1) and FLAG-
tagged mutants (Psb28-1-FLAG, FLAG-Psb28-1, Psb28-2-FLAG, and
FLAG-Psb28-2).

Deletion Mutant Strains

The psb28-1 knockout vector was constructed in two steps. First, the up-
stream region of s/[1398 was PCR amplified from WT genomic DNA of
Synechocystis PCC 6803 with the primer set Sll1398-1F and SII1398-
2R, and the downstream region was amplified with SIl1398-3F and
SlI1398-4R. The resulting PCR fragments were then mixed together to
serve as the DNA template to perform overlap extension PCR with primer
set SlI1398-1F and SlI1398-4R. The joint PCR fragment, which has the
entire sll1398 ORF replaced with an EcoRV restriction site, was cloned
into pGEM-T Easy vector (Promega). The resulting plasmid, namely
PGEMSII1398, was then used as an intermediate vector for insertion of
either kanamycin or chloramphenicol cassette via an EcoRV restriction
site to create the final transformation vectors termed pSIl1398Cam and
pSIl1398Kan (Supplemental Figure 6). The sequencing confirmed that
the orientation of the resistance cassette was the same as the
orientation of the gene of interest. The plasmid pSIi1398Cam was used
for transformation of the WT and APsb27 strain to create deletion
mutants APsb28-1 and APsb27/APsb28-1, respectively. The
segregation was checked by PCR. Transformants were selected for
Cam® antibiotic resistance and PCR was used to show integration of
the selectable marker and elimination of the WT gene copy.

The psb27 and psb28-2 knockout vector was constructed using an iden-
tical approach. The resulting plasmids pGEMSIr1645 and pGEMSIr1739
were then used as intermediate vectors for insertion of gentamicin, kana-
mycin, or chloramphenicol cassette via ECORV restriction site to create
the final transformation vectors termed pSIr1645Gent, pSlIr1739Kan,
and pSIr1739Cam. The pSIr1739Cam, which has a chloramphenicol
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resistance cassette, was used for transformation of WT to create a dele-
tion mutant APsb28-2 and the pSIr1739Kan for transformation of the
APsb28-1 strain with Cam” to create a double mutant APsb28-1/
APsb28-2. The pSIr1645Gent was used for transformation of WT to create
adeletion mutant APsb27. Segregations were again checked by PCR. The
transcription orientation of antibiotic cassettes was again along the genes
of interest.

FLAG-Tagged Mutant Strains

The constructs SII1398C’FLAG and SIr1739C'FLAG, designed to place
the C-terminally FLAG-tagged s//7398 and sIr1739 genes under the native
promoters, consist of an upstream region, a gene with three repetitions of
an eight amino acid FLAG sequence (3 X AspTyrLysAspAspAspAspLys;
Sigma-Aldrich) on the C terminus, a zeocine cassette in reversed orienta-
tion, and downstream region of the corresponding gene (Supplemental
Figure 9, right). The constructs were commercially synthesized and
cloned to the pUC57 plasmid by EcoRV (Gene Synthesis Service,
GenScript; Supplemental Figure 9, left). The obtained plasmids
pUC57SII1398C'FLAG and pUC57SIr1739C'FLAG were then used to
transform the WT cells to yield strains expressing C-terminally FLAG-
tagged Psb28-1 and Psb28-2. The complete segregation was checked
by PCR (data not shown).

To create N-terminally FLAG-tagged Psb28-1, the pUC57SII11398C'FLAG
plasmid was used to generate pUC57SII1398N'FLAG vector by
replacing sll1398-FLAG with the FLAG-sll1398 sequence using
Ndel and Avrll restriction sites. The N-terminally FLAG-tagged Psb28-2
was placed under the petJ promoter in a APsb28-2 background (Boehm
etal., 2012).

Cultivation Conditions of Cyanobacterial Strains

The cells used in this study were grown in 100 mL of liquid BG11 medium
using 250 mL flasks on an orbital shaker at 29°C under continuous light of
40 pmol photons m~2 s~ (normal light). For (photo)heterotrophic growth

conditions, the medium was supplemented with 5 mM glucose.

glucose and cultivated on an orbital shaker

under gradually increasing surface illumination of
20-120 pmol photons m=2 s~'. WT cells were always grown under the
same conditions as the mutant strains.

Growth Assay on Agar Plates

Cells of Synechocystis 6803 strains used for growth assay were cultivated
autotrophically in 70 mL of liquid BG11 medium using 250 mL flasks on an
orbital shaker at 29°C under continuous light of 40 pumol photons m2s™"
(normal light). After reaching the exponential phase, the cells were diluted
to OD750 nm 0.1, 0.05, and 0.025 and spotted on autotrophic BG11 agar
plates containing 10 mM TES/NaOH, pH 8.2. One plate was always incu-
bated at 40 pmol photons m~2 s~ for 4 days, and identical plate was
incubated under intermittent light conditions (5 min dark and 5 min
400 pmol photons m~2 s~7) or continuous high light (400 umol photons
m~2 s7") for 4 days.

Radioactive Labeling

Radioactive pulse labeling of the cells was performed at 500 umol of pho-
tons m~2 s~ and 30°C using a mixture of [*°S]Met and [*®*S]Cys (Trans-la-
bel, MP Biochemicals) as described previously (Dobakova et al., 2009).

Protein Analysis

The Chla content of the samples was determined by extraction into meth-
anol and absorption measurements at 666 and 720 nm (Wellburn, 1994).

Membranes were prepared by breaking the cells with zirconia/silica beads
in A buffer (25 mM MES/NaOH [pH 6.5], 10 mM CaCl,, 10 mM MgCl,, and
20% glycerol). The broken cells were centrifuged at 20,000 g for 20 min
and the pelleted thylakoid membranes were then resuspended in half
volume of the supernatant, which represents the soluble fraction, in buffer
A. The Chl concentration of 1% (w/v) n-dodecyl-B-D-maltoside solubilized
membranes was measured by extraction into methanol and absorption
measurements at 666 and 720 nm.

Thylakoid membranes corresponding to 4 ng of Chla were solubilized with
1% (w/v) n-dodecyl-B-D-maltoside and separated on a 4%-14% (w/v)
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Figure 7. Growth Assay on Agar Plates of WT, APsb28-1,
APsb28-2, APsb27, and APsb27/APsb28-1.

Each strain was cultivated autotrophically in liquid BG11 medium at
40 pmol photons m?” s~'. After reaching the exponential phase, the cells
were diluted to OD759 nm 0.1, 0.05, and 0.025 and spotted on autotrophic
agar plates. Identical plates were incubated for 4 days either at 40 pmol
photons m? s~ (left) or under intermittent light conditions (5 min dark and
5 min 400 pmol photons m? s, upper right) or at constant high light
(400 pmol photons m2~ s~ lower right).

polyacrylamide CN PAGE linear gradient gel (Wittig et al., 2007) or a 4%—
14% (w/v) polyacrylamide blue-native PAGE linear gradient gel (Komenda
et al.,, 2012a). Chl fluorescence of separated PSIlI complexes was
recorded using an LAS-4000 camera (Fuijifilm, Japan). Gel stripes from
the first dimension were incubated in 25 mM Tris/HCI buffer (pH 7.5)
containing 1% DTT (w/v) and 1% SDS (v/v) at room temperature for 30
min and then separated on 12%-20% (w/v) polyacrylamide SDS-PAGE
gel containing 7 M urea, the second dimension. The gels were stained
either with CBB or, for immunoblotting, with fluorescence dye SYPRO or-
ange (Sigma-Aldrich), blotted onto PVDF membrane, and subsequently
used for immunodetection. Membranes were incubated with specific
primary antibodies raised against Psb27 and PsaD (Komenda et al.,
2012a), Psb28 (Dobdkova et al., 2009), FLAG (Abgent), and HIA/B
(Agrisera), and then with secondary antibody horseradish peroxidase
conjugate (Sigma-Aldrich). After incubation with chemiluminescent
substrate, Luminata Crescendo (Merck) blots were scanned with an
LAS-4000 camera.

Isolation of FLAG-Tagged Proteins

For isolation of FLAG-tagged proteins, membranes were prepared
by breaking the cells with zirconia/silica beads in buffer A (25 mM MES/
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Figure 8. Protein Analysis of WT and APsb28 Cells Grown
under Standard (contr) and High (500 pmol photons m2s~7)
Irradiance for 2 h (HL 2h).

Membranes isolated from the cells corresponding to 4 ug of Chla (only
lane designated WT contr, 50% contained 2 ug of Chla) were separated
by SDS-PAGE, and proteins were blotted onto PVDF membrane and
subsequently probed with antibody specific to the D1 protein (loading
control), Psb28-1, and HIiA/B.

NaOH [pH 6.5], 10 mM CaCl,, 10 mM MgCl,, and 25% glycerol) with
protease inhibitor (SIGMAFAST Protease Inhibitor Cocktail Tablets,
EDTA-Free, Sigma-Aldrich), separated from the soluble fraction by centri-
fugation at 60,000 g for 20 min; pelleted membranes were resuspended in
buffer A and solubilized in 1.5% (w/v) n-dodecyl-B-D-maltoside. The
supernatant was then loaded onto a column containing 300 pL of anti-
FLAG M2 affinity gel (Sigma-Aldrich) pre-equilibrated with buffer A con-
taining 0.04% n-dodecyl-B-D-maltoside (A-DDM buffer). To remove any
loosely bound contaminants, the column was first washed with 5 mL of
buffer A-DDM and then the FLAG-tagged protein was eluted by a
30 min incubation of resin in 200 pL of A-DDM buffer containing 20% glyc-
erol and 150 pL of 3xFLAG peptide (Sigma-Aldrich). Resin was removed
by centrifugation at 500 g for 5 min. The preparations obtained were
separated by 2D gel electrophoresis with subsequent western blotting
or Coomassie staining.

Spectroscopy Analysis

Chl fluorescence emission spectra a 77 K were measured using an
Aminco Bowman Series 2 luminescence spectrometer (Spectronic Uni-
cam) and fluorescence spectra were recorded in the range 600-800 nm.

Absorption spectra of whole cells and FLAG preparations were recorded
in the range 350-750 nm using a Shimadzu UV-3000 spectrophotometer.

Transmission Electron Microscopy

Freshly prepared complexes were used for electron microscopy. The
specimens were placed on glow-discharged carbon-coated copper grids
and negatively stained with 2% uranyl acetate, visualized by a JEOL JEM-
2100F transmission electron microscope (JEOL Japan, using 200 kV at
20,000x magnification) and processed by image analysis. Transmission
electron microscopy images were recorded with a bottom-mount Gatan
CCD Orius SC1000 camera, corresponding to a pixel size of 3.4 A. Image
analyses were carried out using the Spider and Web software package
(Frank et al., 1996). The selected projections were rotationally and
translationally aligned, and treated by multivariate statistical analysis in
combination with a classification procedure (Van Heel and Frank, 1981;
Harauz et al., 1988). Classes from each of the subsets were used for
refinement of alignments and subsequent classifications. For the final
sum, the best of the class members were summed using a cross-
correlation coefficient of the alignment procedure as a quality parameter.
The projection was overlaid with cyanobacterial X-ray models of PSI
(PDB: 1JBO0, Jordan et al., 2001) and monomer of PSII core complexes
(PDB: 2AXT, Loll et al., 2005).



Function of Psb28 Proteins in Synechocystis

Protein Identification by Mass Spectrometry

The MS analyses of protein bands excised from the gel or the liquid pull-
down preparations of the tagged proteins were done on a NanoAcquity
UPLC (Waters) coupled online to an ESI Q-ToF Premier mass spectrom-
eter (Waters) as described in Janouskovec et al. (2013).
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One strategy for enhancing photosynthesis in crop plants is to improve their
ability to repair photosystem II (PSII) in response to irreversible damage by
light. Despite the pivotal role of thylakoid-embedded FtsH protease complexes
in the selective degradation of PSII subunits during repair, little is known about
the factors involved in regulating FtsH expression. Here we show using the cya-
nobacterium Synechocystis sp. PCC 6803 that the Psb29 subunit, originally
identified as a minor component of His-tagged PSII preparations, physically
interacts with FtsH complexes i vivo and is required for normal accumulation
of the FtsH2/FtsH3 hetero-oligomeric complex involved in PSII repair.
We show using X-ray crystallography that Psb29 from Thermosynechococcus
elongatus has a unique fold consisting of a helical bundle and an extended
C-terminal helix and contains a highly conserved region that might be involved
in binding to FtsH. A similar interaction is likely to occur in Arabidopsis chloro-
plasts between the Psb29 homologue, termed THF1, and the FTSH2/FTSH5
complex. The direct involvement of Psb29/THF1 in FtsH accumulation helps
explain why THF1 is a target during the hypersensitive response in plants
induced by pathogen infection. Downregulating FtsH function and the PSII
repair cycle via THF1 would contribute to the production of reactive oxygen
species, the loss of chloroplast function and cell death.

This article is part of the themed issue ‘Enhancing photosynthesis in crop
plants: targets for improvement’.

1. Introduction

Plants exposed to excessive light suffer from impaired photosynthetic activity
termed chronic photoinhibition [1,2]. One of the main targets of damage is
the oxygen-evolving photosystem II (PSII) complex embedded in the thylakoid
membrane system, which uses light energy to extract electrons from water to
feed into the photosynthetic electron transport chain to produce the ATP and
NADPH required for CO, fixation [3]. Irreversible inactivation of PSII occurs
at all light intensities [4,5], but activity can be restored through the operation
of a repair cycle that replaces damaged protein subunits, mainly the D1 reaction
centre subunit, with a newly synthesized copy [1,6]. Only when repair cannot
match damage is there a net loss of PSII activity. Consequently, improving
the efficiency of the repair cycle, which itself is susceptible to oxidative

© 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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damage [7], is a potential route to enhance photosynthesis in
crop plants exposed to light stress.

Repair of PSII occurs in all organisms that carry out
oxygenic photosynthesis [8,9]. Although there are some differ-
ences in the structures of PSII in cyanobacteria and chloroplasts
[10], many of the accessory factors and proteases involved in
PSII assembly and repair are conserved [11,12], making cyano-
bacteria extremely useful models to study the molecular details
of PSII biogenesis [13].

The main pathway for degrading damaged D1 during
repair involves proteolysis by specific members of the
FtsH family of ATP-dependent metalloproteases in both cya-
nobacteria [14,15] and chloroplasts [16-18]. In the case of
the cyanobacterium Synechocystis sp. PCC 6803 (hereafter
Synechocystis 6803), electron microscopy has revealed the
isolated FtsH complex to be hexameric and composed of
alternating FtsH2 and FtsH3 subunits [19], which, based on
phylogenetic analyses, have been classified as type B and
type A FtsH isoforms, respectively [20,21]. Although struc-
tural confirmation is currently lacking, similar hexameric
hetero-complexes consisting of type A and type B subunits
are likely to be involved in PSII repair in chloroplasts
[18,21], with the dominant complex in Arabidopsis composed
of FTSH2 (a type B subunit orthologous to FtsH2) and FTSH5
(a type A subunit orthologous to FtsH3) [21]. The Arabidop-
sis FTSH2 and FTSH5 subunits are also called VAR2 and
VARI, respectively, due to the yellow variegated phenotype
of the var2 and varl null mutants [21]. As the chloroplast
FtsH proteases are nuclear-encoded in Arabidopsis, the
gene products are written in uppercase and the mutants in
lower case and in italics.

How expression of FtsH complexes is regulated in
response to light stress is unclear. Recent studies of the varie-
gated thfl (thylakoid formation 1) mutant of Arabidopsis [22]
have indicated that the THF1 protein is required for normal
accumulation of FTSH2/VAR2 and FTSH5/VARI and that
this effect is post-transcriptional [23,24]. The THF1 homol-
ogue in cyanobacteria, designated Psb29 or Thfl, was
originally identified as a sub-stoichiometric component of
isolated His-tagged PSII preparations of Synechocystis 6803
[25] and a role in the maintenance of PSII was suggested
on the basis of the enhanced sensitivity of PSII activity to
light stress in a Synechocystis 6803 psb29 null mutant, but
specific effects on FtsH were not examined [26]. A reduction
in the level of FtsH was recently reported in a psb29 null
mutant of the cyanobacterium Synechococcus sp. PCC 7942,
but changes to the expression of individual FtsH subunits
were not investigated [27]. In addition it has been proposed
that Psb29/Thfl interacts with photosystem I [27].

Here we show that Psb29 in Synechocystis 6803, like THF1
in Arabidopsis, is important for normal accumulation of the
FtsH heterocomplex involved in PSII repair. Furthermore,
affinity purification data suggest that Psb29 physically inter-
acts with FtsH complexes in vivo. To gain further insights into
Psb29, we have determined the crystal structure of Psb29
encoded by Thermosynechococcus elongatus, a thermophilic
cyanobacterium widely used to study structural aspects of
PSII assembly and repair [28,29]. Psb29 contains a highly con-
served surface on one face of the molecule that might be
important for specific protein/protein interactions such as
with FtsH. A striking feature of Psb29 is the presence of
a long alpha helix at the C-terminus extending from the
globular protein domain.

2. Material and methods

(a) Cyanobacterial strains and growth conditions

All mutants were constructed in the glucose-tolerant WT-P strain of
Synechocystis sp. PCC 6803 [30] and grown using BG11 medium as
described in [31]. For mixotrophic cultivation, glucose was normally
added to 5 mM. For protein and RNA analyses, 50—100 ml liquid cul-
tures of Synechocystis 6803 were grown on an orbital shaker in BG11
medium in 250 ml conical flasks at 29°C under moderate light con-
ditions (40 wmol photons m ™ 2s™!). For purification of protein
complexes, the FtsH2-FLAG strain was grown as described above
in 500 ml of medium using 21 conical flasks. For purification of
Psb29-FLAG protein complexes, 41 of Psb29-FLAG strain were
grown in a 101 flask in BG11 medium supplemented with 1 mM glu-
cose, agitated with magnetic stirrer and bubbled with air. In both
cases, surface irradiance was increased to 100 pmol photons m 25!
of light to compensate for the longer path length of the flasks. For spot
growth tests, 2.5 pul of mixotrophic culture and 107, 10° and 10* serial
dilutions were spotted onto BG11 agar plates and grown for 7 days.

(b) Construction of cyanobacterial mutants

The transformation vector for disruption of psb29 gene in
Synechocystis 6803 (Cyanobase designation sll1414) was con-
structed in two steps. First, the flanking sequencing of sll1414,
445 bp upstream and 555 bp downstream, was PCR amplified
with primer set sll1414-1F (AGTTTCTCGTTCTGCCGCCTCAG
CTCTT) and sll1414-2R (AATGGGGCCTCATAGTGGGGCAT
GGATTGAAGATATCAGGGCCGATTACAAAGGGGGGGATA
GT), and sll1414-3F (ACTATCCCCCCCTTTGTAATCGGCCC
TGATATCTTCAATCCATGCCCCACTATGAGGCCCCATT) and
sll1414-4R  (ATTAACTCCCCATCCACTTCCACTTCGATGAT).
The resulting PCR products were then mixed as DNA template
for overlap extension PCR with primer set sll1414-1F and
sl11414-4R. The fused PCR fragment containing an EcoRV restric-
tion site instead of sll1414 ORF was then cloned into pGEM-T
Easy vector. In the second step, a DNA cassette that confers chlor-
amphenicol resistance was inserted into the EcoRV site. Two
transformation vectors were selected due to the nature of blun-
t-end ligation: pSll1414camA has the chloramphenicol marker
integrated in the same direction as sl[1414, whereas, pSll1414camB
has the marker in the opposite direction. Both plasmids were used
to transform the glucose-tolerant WT-P strain of Synechocystis 6803,
yielding strains APsb29camA and APsb29camB.

The transformation vectors for expressing C-terminal 3xFLAG-
tagged derivatives of Psb29 and FtsH2 at the psbA2 locus were gen-
erated by cloning PCR fragments into the Ndel and Nhel sites of
pPD-CFLAG [32]. The coding sequence of psb29 (sll1414)
was amplified with primer pair CF-Psb29-F (TTTTTTCATATGA
CTAAAATTCGCACTGTTTCTGACGCCAA) and CF-Psb29-R
(TTTTTTGCTAGCGCTTTCGGAACTCTCCGCTGTGGTT) and
the coding sequence of ftsH2 (sIr0228) was amplified with primer
set CF-FtsH2-F (TTTTTTCATATGAAATTTTCCTGG.AGAACT
GCCCTACTT) and CF-FtsH2-R (TTTTTTGCTAGCTAGTTGGG
GAATTAACTGTTCCTTGACGGGA). The Symnechocystis 6803
mutant APsb29camA was used as background strain to generate
Psb29-FLAG/APsb29 and insertion mutant sl¥0228::cmR [15] was
transformed to generate FtsH2-FLAG/AFtsH2.

(c) Preparation of membranes, FLAG-tag
immunoaffinity purification and protein analysis

Preparation of membranes by breaking cells using a Mini-
Beadbeater-16 (BioSpec) and anti-FLAG pull downs were
performed as described in [33]. The chlorophyll concentration
of cells and various preparations was measured by extracting
into methanol and measuring the absorbances at 666 and
720nm [34]. Analysis of protein complexes was performed
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Table 1. Data collection and refinement statistics for the Psh29 structures. Values in brackets refer to the high resolution shell. DLS, Diamond Light Source.

crystal form

PDB

structure

arystallization
condition

beamline

wavelength (f\)

space group

unit cell a,b,c (i\) Q,
By ()

resolution

total no. reflections

no. unique
reflections

completeness (%)

multiplicity

<lI/sigmal >

Rmerge

Wilson B (A%

refinement

program

% test set

Reyst

Rfree
RMS

bonds (A)
angles (°)

P6322

5MLF

Psb29 full-length

16% w/v PEG 6 K, 80 mM
sodium citrate pH 5

DLS 103

0.9537

P6322

138.91,138.91,205.91, 90,90,120

56—3.64 (3.73-3.64)
278837 (21276)
20447 (1466)

99.92 (100.0)
13.6 (14.5)
7.4 (4.5)
0.394 (0.764)
17.2

phenix.refine
513

0.3110
0.3575

0.002
0.471

Ramachandran plot (molprobity)

most favoured (%)
outliers (%)

96.52
0

A-P21

5MJO

Psb29 truncated

0.1 M Bicine pH 9.0,
20% w/v PEG 6 K

DLS 104-1

0.91730

P2,

31.240, 56.730, 47.730,
90, 104.720,90
46—1.55 (1.59—1.55)
392216 (28397)

23219 (1702)

99.0 (99.2)
169 (16.7)
18.4 (3.4)
0.114 (1.098)
159

refmac
5.1
0.13321
0.19243

0.024
2,070

98.91
0

B-P21

SMIR

Psb29 truncated

0.1 M sodium citrate pH 5,
20% w/v PEG 6 K

DLS 104-1

0.91730

P2,

39.640, 56.040, 44.530
90, 105.760, 90

42.9-1.38 (1.42-1.38)

259805 (18416)

38130 (2813)

98.7 (98.3)
6.8 (6.5)
16.0 (2.8)
0.071 (0.79%)
13.1

refmac
50
0.11356
0.15544

0.026
2.181

98.37
0

1222

SMIW

Psb29 truncated

0.2 M sodium malonate pH
7, 20% w/v PEG 3350

DLS 103

0.97630

1222

62.850, 86.610, 116.020,
90, 90, 90

553-247 (2.53-247)

73967 (5401)

11662 (838)

99.6 (98.8)
6.3

165 (3.4)
0.062 (0.827)
73.2

refmac
438
0.21760
0.24978

0.008
1.191

96.37
0.52

using two dimensional clear-native/SDS polyacrylamide gel
electrophoresis (2D-CN/SDS PAGE) on a 4 to 14% native and
12 to 20% SDS gel containing 7 M urea, respectively [33]. The
gels were stained either with Coomassie Blue and the visualized
bands subjected to mass spectrometric (MS) analysis or with
the fluorescence dye SYPRO Orange, then blotted onto PVDF
membrane for immunodetection. Proteins were detected using
antibodies specific for FtsH1, FtsH2, FtsH3 and global FtsH
(FtsHg) [19], Phbl and Phb3 [35] and Psb29 using an
antiserum raised against a peptide corresponding to residues
155-172 of Synechocystis Psb29 conjugated to keyhole limpet
haemocyanin (Clonestar, Brno, Czech Republic).

(d) Mass spectrometric identification of proteins

The MS analyses of protein bands excised from gels were done
on a NanoAcquity UPLC (Waters) on-line coupled to an ESI
Q-ToF Premier mass spectrometer (Waters), as described in [36].

(e) Determination of ftsH2 and ftsH3 transcript

levels
Determination of the ftsH2 and ftsH3 transcript levels by quanti-
tative PCR was performed as described in [31] using specific

primers for ftsH2 and ftsH3 and Transcriptor Reverse Transcrip-
tase (Roche). The rnpB gene encoding the B subunit
of ribonuclease P was used as a reference and the analysis was
performed in triplicate using three independent cultures.

(f) Expression of Psb29 and structure solution

The coding sequence of Psb29 from T. elongatus (Cyanobase des-
ignation: TIr1134) was cloned into the BamHI and Xhol sites of
the modified pRSETA expression vector [28] following amplifica-
tion of psb29 using primer set Tlr1134-F (GGATCCGTGCAA
AATCCTCGAACTGTCTCTGATACCAAACG) and TIr1134-R
(CTCGAGTCAAGCGGGTGCATCGGAGCTGGCAT). The result-
ing vector pRSETAPsb29 encodes a recombinant protein
consisting of a 6xHis tag at the N-terminus followed by a thrombin
cleavage site then Psb29. The E. coli strain KRX was used for recom-
binant Psb29 expression. Psb29 expression in transformed cells
was induced at an ODy3 of 0.8 with 1 g 1! rhamnose and cells
were then grown at 18°C overnight. Cells were lysed by sonication
in lysis buffer (50 mM Tris-HC1 pH 7.9, 500 mM NaCl, 1 mM
MgCl,). In some preparations, the lysis buffer was supplemented
with a Complete Protease Inhibitor Cocktail Tablet — EDTA
(Roche, UK). The supernatant was mixed with a Ni-IDA resin
(Generon, UK). Non-specifically bound proteins were removed

Y6E09L0 “TLE g 05 Y “suvi] g baobuiysiigndhaposieforqss H



Downloaded from https://royal societypublishing.org/ on 07 January 2024

by washing three times with wash buffer (20 mM Tris-HCIpH 7.9,
500 mM NaCl, 60 mM imidazole) and Psb29 was eluted with
elution buffer (20 mM Tris-HCI pH 7.9, 500 mM NaCl, 1M imida-
zole). The protein was concentrated to around 10 mgml™' in
20 mM Tris-HC1 pH 7.9, 500 mM NaCl and used for crystallization
trials. Concentrated samples were placed in sitting drop vapour
diffusion crystallization screens using a Mosquito® robot (TTP
LabTech, UK).

For preparations in the presence of protease inhibitor, the only
crystals obtained were of needle morphology in P6322, which dif-
fracted very weakly. If protease inhibitor was omitted, crystals
were readily obtained in three crystal forms. Two of these were
in P2; (designated A-P2; and B-P2;) and the third in 1222. The
structure was solved by single-wavelength anomalous dispersion
(SAD) with the A-P2; crystal form, soaked overnight with 1 mM
dipotassium tetraiodomercurate (Jena Bioscience). The P6322
form was soaked overnight in 1 mM 4-(Chloromercuri)benzensul-
fonic acid sodium salt (Jena Bioscience), but this was not used for
phase determination. Crystals were cryoprotected in the mother
liquor with 30% glycerol added, and flash-cooled in a loop into
liquid nitrogen. Diffraction data were collected at Diamond Light
Source and processed using xia2 [37] with XDS [38]. See table 1
for data collection and refinement information. Heavy atom sites
for A-P2; were found and the structure phased using the auto-
SHARP [39] pipeline. The initial model was built with Buccaneer
[40] and refined with REFMAC [41]. The B-P2; 1222 and P6322 crys-
tal forms were solved by molecular replacement with Phaser [42]
using the A-P2, structure as a model. These structures were refined
with REFMAC or phenix.refine [43]. Structures were validated
using MolProbity [44].

(g) Bioinformatics

211 Psb29 sequences were retrieved by blasting Psb29 from
Synechocystis 6803 (sll1414 gene product) against UniProt Knowl-
edgeBase Reference proteomes (http://www.uniprot.org). The
cut-off threshold was empirically set to 1x10~* after manually
examining the resulting hits. 103 records were from cyanobac-
teria, 84 from plant, 11 from green algae, 12 from red algae
and one from a virus that infects the green alga Chlorella sp.
strain NC64A. 211 sequences were then aligned using MAFFT
version 7 programme with the ‘G-INS-I’ setting applied [45].
Gaps within the alignment were trimmed by trimAl using the
‘gappyout’ method [46] and then the alignment was subjected
to maximum-likelihood based phylogenetic inference, PhyML.
ETE3 toolkit [47] was used to automate the above process; the
PhyML setting was ‘+G+I+F, 4 classes and aLRT branch sup-
ports, default models JTT/GTR’ [48]. The final unrooted tree
was organized and beautified with iTOL [49]. Subsets of 103 cya-
nobacterial and 84 plant Psb29 sequences were clustered
according to their phylogeny. The trimmed alignments used in
the conservation analysis were subjected to identity and simi-
larity calculations using MatGAT [50]. The evolutionary
conservation was analysed using ConSurf 2016 server [51]. The
above MAFFT alignment was trimmed of columns containing
gaps of over 90%; columns corresponding to the chloroplast tran-
sit peptide domain of Arabidopsis thaliana THF1, predicted by
ChloroP 1.1 Server [52], were also removed.

3. Results

(a) Psb29 is required for normal expression of FtsH2
and FtsH3 in Synechocystis 6803

To test whether Psb29 plays a role in the expression of FtsH in
Synechocystis 6803, we performed an immunoblotting analysis
of membranes isolated from a psb29 null mutant, APsb29camA,
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Figure 1. (a) Immunochemical analysis of FtsH subunits in WT and
APsh29camA grown either in the presence (+Glc) or absence (—Glc) of glu-
cose until an 0D;3, of 0.6—0.8. Protein loading assessed by protein staining
(Sypro stain). (b) Relative transcript levels of fisH2 and ftsH3 in WT and
APsh29camA determined by RT-PCR.

in which the psb29 gene was replaced by a chloramphenicol-
resistance cassette (electronic supplementary material, figure
Sla,b). Cultures grown to late-exponential phase under either
photoautotrophic or mixotrophic conditions were analysed.
Antibodies specific for each of the four FtsH proteins encoded
by Synechocystis 6803 revealed that levels of FtsH2 and FtsH3
were decreased substantially in the mutant compared to the
WT control, consistent with a specific effect on the accumu-
lation of the FtsH2/FtsH3 hetero-complex, whereas there was
less of an impact on FtsH1 and FtsH4 (figure 1a). Similar results
were also obtained with a psb29 null mutant, APsb29camB,
containing the chloramphenicol-resistance cassette inserted in
the opposite orientation (electronic supplementary material,
figure Sla—c). Reverse-transcription PCR confirmed that ftsh2
and ftsH3 were still transcribed in APsb29camA so the effect
of Psb29 on the expression of FtsH2 and FtsH3 occurred after
transcription (figure 1b). The 2-5-fold increase in ftsH2 and
ftsH3 transcripts in APsb29camA might reflect a compensatory
mechanism to increase expression. Importantly, immunoblot-
ting experiments showed that FtsH2 and FtsH3 expression
was reduced but not blocked totally in the absence of Psb29
(electronic supplementary material, figure Slc).

(b) Psb29 interacts with FtsH complexes

To test whether Psb29 interacts with FtsH we generated two
strains of Synechocystis 6803 expressing either Psb29 or FtsH2
tagged at the C-terminus by addition of a 3XFLAG tag.
Expression of the tagged proteins under the control of the
psbA2 promoter in the relevant ftsH2 or psb29 null mutant
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Figure 2. (a) Isolation of FLAG-tagged Psb29 and identification of co-purifying proteins by 2D gel electrophoresis followed by Coomassie Brilliant Blue (CBB) staining
and mass spectrometry (left panel) or by sequential immunochemical detection with antibodies in the order shown starting with FtsH2 (right panel). The global
FtsH antibody recognizes all FtsH isoforms (FtsHg) whereas the other FtsH antibodies are specific for each subunit. (b) Isolation of FLAG-tagged FtsH2 and detection
of proteins by mass spectrometry after staining gel with Sypro orange (SYPRO stain).

restored photoautotrophic growth at high irradiances, indicat-
ing that the tagged proteins were still functional (electronic
supplementary material, figure S2). Immunoaffinity purifi-
cation of Psb29-FLAG from detergent-solubilised membranes
using anti-FLAG antibodies, followed by 2D gel electrophor-
esis (clear-native in the first dimension and denaturing in the
second) and detection of proteins by protein staining, immuno-
blotting and mass spectrometry revealed the presence of large
complexes containing FtsH2, FtsH3 and FtsH1 (figure 2a),
which we assign to FtsH2/FtsH3 and FtsH1/FtsH3 hetero-
complexes based on previous studies [19]. Also detected
were minor amounts of fragments derived from FtsH1, FtsH2
and FtsH3 that migrated as unassembled proteins, and two
members of the Band 7 superfamily: prohibitin (Phbl) pre-
viously detected in FtsH2/FtsH3 preparations [19] and Phb3
[35]. Psb29-FLAG did not co-migrate with FtsH in the native
gel, suggesting detachment during electrophoresis. The reci-
procal immunoaffinity purification using the FtsH2-FLAG
strain confirmed the co-purification of Psb29 with FtsH2
and FtsH3 (figure 2b). Overall these data support the direct
interaction of Psb29 with FtsH2 /FtsH3 complexes.

(c) Crystal structure of Psb29 from T. elongatus

To gain structural information on Psb29, we over-expressed
Psb29 encoded by the cyanobacterium T. elongatus as an
N-terminal His-tagged protein in E. coli and isolated the
protein by Ni-affinity chromatography. Four crystal forms
were obtained by hanging drop vapour diffusion; X-ray
diffraction data were collected at resolutions from 3.6 A to
1.4 A and the structure of Psb29 determined by heavy atom

SAD (table 1). The most complete structure consisting of resi-
dues 4 to 206 of the predicted 222 residues of Psb29 was
obtained from P6322 needle-shaped crystals containing seven
copies of Psb29 in the asymmetric unit, which form a continu-
ous cylindrical shell of protein in the crystal, with the
C-terminus of the protein forming a helix extending from the
compact protein fold into the middle of the cylindrical protein
shell (electronic supplementary material, figure S3a). Each
Psb29 subunit consists of 9 alpha helices (figure 3). A search
using PDBeFOLD [53] found no known structures with greater
than 70% similarity, indicating that the specific fold is novel.

Psb29 in the other crystal forms was proteolytically cleaved
at the C-terminus. In the B-P2; crystal form, the new carboxy
terminus at residue Ala189 is clearly visible in the electron den-
sity (electronic supplementary material, figure S3b). It is likely
that proteolytic cleavage of the C-terminal helix allows more
compact higher resolution crystal lattices to form, as there is
insufficient space in these lattices to accommodate the C-term-
inal helix observed in the P6322 crystal form. The 1222 crystal
form shows a domain-swapping of the N-terminal helix from
the N-terminus to residue Ile22, creating a domain-swapped
dimer (electronic supplementary material, figure S3c). Given
that the domain-swap is not observed in the other crystal
forms, this is probably a crystallization artefact.

(d) Comparison of Psh29/THF1 sequences

Bioinformatic analyses revealed that Psb29 and its eukaryotic
homologue THFI are found solely in oxygenic photosynthetic
organisms (electronic supplementary material, figure S4). One
exception is a virus infecting the green alga Chiorella sp. strain
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Figure 4. Highly conserved residues in T. elongatus Psh29. A ConSurf analysis was performed based on the alignment of 211 Psb29/THF1 sequences from oxygenic
phototrophs. The front and back views highlight the conserved and variable regions of Psh29 using the following colouring scheme: purple, 9 = maximal con-

servation; white, 5 = average conservation; green, 1 = maximal variability.

NC64A that possesses a Psb29-encoding gene closely related
to green algal Psb29 sequences (electronic supplementary
material, figure S4). In the proteome database interrogated on
11th November 2016, 103 out of 106 cyanobacteria were
found to encode Psb29 homologues. The genome sequences
of the three remaining cyanobacteria, Limmnoraphis robusta
CS-951, Leptolyngbya valderiana BDU 20041, and Cyanobium
sp. PCC 7001 (Synechococcus sp. PCC 7001) are still incomplete
and so still yet might encode Psb29.

Overall Psb29 from T. elongatus shows a mean sequence
similarity of 59.2% with the 102 cyanobacterial Psb29
sequences examined and 53.7% with the 84 plant THF1
sequences. Six residues are totally conserved in cyanobacterial
and plant Psb29/THF1 sequences (electronic supplementary
material, figure S5): based on the structure described here,
F14, V35, L39, G55 and G138 (T. elongatus numbering) appear
important for the packing of alpha helices and R133 at the
beginning of helix 7 is within H-bonding distance of E36 in
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Figure 5. Close-up view of the conserved residues of Psb29/THF1 identified by ConSurf analysis. The most conserved residues that are not buried within the Psb29
structure are shown in stick form, with red indicating oxygen atoms and blue nitrogen atoms. Intra-protein side-chain polar contacts are shown as yellow dashed
lines. Some residues are colour-coded to indicate possible type of interaction. Red labels indicate potential hydrogen bonding/charged residues that might stabilize
protein/protein interactions; yellow labels indicate residues possibly involved in both stabilizing the structure and interacting with proteins; light blue labels indicate

potential hydrophobic contact sites.

the middle of helix 2 (electronic supplementary material, figure
S4). These sequence identities would suggest a high degree of
conservation of tertiary structure between Psb29 and THF1 in
this region of the molecule. A ConSurf analysis in which all
Psb29/THF1 sequences were fitted into the T. elongatus struc-
ture revealed high sequence conservation on one face of the
molecule, which would indicate an important role for this
region in protein function (figure 4). There are several con-
served residues in this region that might play a role in
binding interacting partners such as FtsH (figure 5).

The alignment of Psb29/THF1 sequences revealed a
variety of small insertions and deletions. In the case of
plant THF1, these insertion/deletion events correspond to
T. elongatus residues 121-122 and 151-154, which lie in loop
regions connecting alpha helices 6—7 and 7-8, respectively
(electronic supplementary material, figure S5), in the more
divergent region of Psb29. The C-terminal end of the protein
is also poorly conserved (electronic supplementary material,
figures S5 and S6).

4. Discussion

Previous work in Arabidopsis has shown that the absence of
THF1 leads to a 40—80% decrease in the amount of the type A
and type B FTSH subunits involved in PSII repair as judged

by immunoblotting [23]. We show here that loss of Psb29 has
a similar effect in cyanobacteria, as levels of the FtsH2 and
FtsH3 subunits that form the FtsH heterocomplex involved
in PSII repair in Synechocystis 6803 are likewise reduced in
psb29 null mutants (figure 1; electronic supplementary
material, figure Slc). These data suggest a conserved role
for Psb29/THF1 in fine-tuning the expression of thylakoid
FtsH heterocomplexes.

Importantly, we have provided evidence that Psb29 inter-
acts directly with FtsH2 /FtsH3 complexes (figure 2). Thus we
suggest that Psb29/THF1 plays a direct role in the accumu-
lation of FtsH heterocomplexes. Based on the co-
purification of FtsH1 with Psb29-FLAG (figure 2a), it is poss-
ible that Psb29 is also involved in the accumulation of FtsH1/
FtsH3 heterocomplexes [19]. However, levels of FtsH1 were
much less affected than FtsH2 and FtsH3 in the psb29 null
mutant under the conditions examined (figure 1).

Recent work, based on the analysis of cross-linked
membrane protein complexes by sucrose density gradient cen-
trifugation, has concluded that Psb29 in the cyanobacterium
Synechococcus sp. PCC 7942 binds to PSI complexes [27].
However, pull-down experiments were not done to confirm
cross-linking between Psb29 and PSI. In light of our data, we
suggest that further work is needed to exclude the possibility
that Psb29 is actually cross-linked to FtsH complexes, which
then co-sediment with PSI. Reduced expression of PSI was
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also reported in a psb29 null mutant [27] but this might be
related to effects on expression of FtsH2 rather than a direct
effect of Psb29 [54].

We have also presented the first structural information on
Psb29. The first 3 and last 16 residues could not be identified in
the most complete crystal structure, possibly because of struc-
tural flexibility or because of some proteolytic degradation. The
fitting of cyanobacterial and plant Psb29/THF1 proteins into
the T. elongatus crystal structure using ConSurf has allowed
us to identify a highly conserved surface on Psb29 that might
be involved in protein/protein interactions, such as with
FtsH (figures 4 and 5). Recent work has indicated that residues
223-295 of THF1 of Nicotiana benthamiana, encompassing part
of helix 8, all of helix 9 and most of the C-terminal tail, is a
target for a sub-group of nucleotide-binding leucine-rich-
repeat (NB-LRR) proteins involved in plant immunity [55].
Thus some of the observed sequence variation between
Psb29 and THF1 might reflect changes in THF1 function
since the divergence of plants and cyanobacteria.

PSII repair is one of several photoprotective mechanisms
used by plants [2]. Despite its physiological importance, little
work has been directed at enhancing PSII repair in crop
plants, either in terms of robustness or speed of response. In
the case of plants, damaged PSII complexes must migrate
from the appressed membranes in the grana to the margins to
be repaired [56]. This means that prompt degradation of
damaged D1 might become a bottleneck in the repair process
and that enhancing the expression of FTSH proteases, or DEG
proteases that act as a second-line of defence [17], might delay
or prevent chronic photoinhibition. Our work now identifies
Psb29/THF1 as an additional target for manipulation.

Work in cyanobacteria has highlighted D1 synthesis as a
weak link in PSII repair due to reactive oxygen species
(ROS)-mediated oxidation of elongation factor EF-G required
for protein translation [57]. Attempts to improve protein syn-
thesis by mutating the two Cys residues of EF-G sensitive to
oxidative damage has had limited success [58]. Instead a
more promising approach is the over-expression of enzymes
to detoxify ROS [59]. Prompt replacement of D1 during
repair might also be helped by increasing the pool of

unassembled D1 in the membrane that could be tapped into
to replace damaged D1. One approach might be to over-
express the higher plant homologues of Ycf48 and the Ycf39/
Hlip complex, which have been shown to stabilize unas-
sembled D1 in cyanobacteria [60,61].

Although upregulating FtsH activity and the PSII repair
cycle would seem beneficial for plant growth, there appear to
be situations where plants deliberately downregulate chloro-
plast FtsH activity, which is known to lead to the enhanced
production of ROS even under non-photoinhibitory conditions
[62]. The source of ROS is not clear but they could be produced
by defective PSII complexes that have not been promptly
repaired. One dramatic example is the hypersensitive response
(HR), which is induced to kill plant cells infected by pathogens
s0 as to limit the zone of infection [63]. Although chloroplast
FtsH had previously been implicated in HR [64], the mechan-
ism has been unclear. Recent evidence has suggested a role
for THF1 in the signal transduction pathway [55,65]. Our
data would suggest that loss of THF1 in the chloroplast plays
a direct role in the decrease of FtsH activity, either by destabi-
lizing FtsH complexes, as observed in the Arabidopsis thfl null
mutant [23] and/or by impairing assembly. Evidence from
both cyanobacteria [66] and Chlamydomonas reinhardtii [67]
suggests that upregulating synthesis of FtsH is important
for acclimation to higher light intensities as well as possibly
replacing damaged FtsH.
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The Ribosome-Bound Protein Pam68 Promotes Insertion of
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Photosystem II (PSII) is a large enzyme complex embedded in the thylakoid membrane of oxygenic phototrophs. The biogenesis
of PSII requires the assembly of more than 30 subunits, with the assistance of a number of auxiliary proteins. In plants and
cyanobacteria, the photosynthesis-affected mutant 68 (Pamé68) is important for PSII assembly. However, its mechanisms of
action remain unknown. Using a Synechocystis PCC 6803 strain expressing Flag-tagged Pam68, we purified a large protein
complex containing ribosomes, SecY translocase, and the chlorophyll-binding PSII inner antenna CP47. Using 2D gel
electrophoresis, we identified a pigmented Pam68-CP47 subcomplex and found Pam68 bound to ribosomes. Our results
show that Pam68 binds to ribosomes even in the absence of CP47 translation. Furthermore, Pam68 associates with CP47 at
an early phase of its biogenesis and promotes the synthesis of this chlorophyll-binding polypeptide until the attachment of the
small PSII subunit PsbH. Deletion of both Pam68 and PsbH nearly abolishes the synthesis of CP47, which can be restored by
enhancing chlorophyll biosynthesis. These results strongly suggest that ribosome-bound Pamé68 stabilizes membrane segments

of CP47 and facilitates the insertion of chlorophyll molecules into the translated CP47 polypeptide chain.

Photosystem II (PSII) is a large protein-cofactor
complex embedded in the thylakoid membranes of
oxygenic phototrophs. The key large structural com-
ponents of PSII are the chlorophyll (Chl)-binding pro-
teins D1, D2, CP43, and CP47, subjoined with other
small and extrinsic subunits (Umena et al.,, 2011).
According to this model, PSII is assembled in a stepwise
manner from four preassembled smaller subcomplexes
called modules (Komenda et al., 2012). Each module
consists of one large Chl-binding subunit (D1, D2,
CP43, or CP47) and several low molecular mass mem-
brane polypeptides. PSII assembly is initiated through
the association of D1 and D2 modules to form an as-
sembly intermediate, termed the Reaction Center II
(RCII) complex. The CP47 assembly module (CP47m) is
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then attached to RCII (Boehm et al., 2011), which results
in a CP43-less core complex called “RC47” (Boehm
et al., 2012). The active, oxygen-evolving PSII is com-
pleted by the addition of the CP43 module (Boehm
et al.,, 2011) and attachment of the lumenal extrinsic
proteins (Nixon et al., 2010). Biogenesis of PSII is
a highly complex process requiring many auxiliary
proteins that are not present in the fully assembled
complex. A number of these assembly factors have been
described (Komenda et al., 2012; Heinz et al., 2016).
However, their precise functions remain mostly un-
known, and only a few of them have been connected
with a specific assembly step (Knoppova et al., 2014;
Beckova et al., 2017).

The fully assembled PSII contains 35 Chl molecules,
most of them bound to the inner PSII antennas CP47 (16)
and CP43 (14). According to this model, Chl molecules
are integrated directly into synthesized CP47 and CP43,
and the insertion of Chl appears to be a prerequisite for
the correct folding and stability of these polypep-
tides (for review, see Sobotka, 2014). However, little is
known about how Chl proteins are produced. PSII Chl-
binding subunits are integral membrane proteins most
likely cotranslationally inserted into the thylakoid
membrane with the assistance of the protein transloca-
tion apparatus. This process usually includes the
SecYEG translocon, which forms a protein-conducting
channel, and an associated insertase/foldase YidC
(Sachelaru et al., 2013). Chl synthase is the last enzyme of
Chl biosynthesis, and it was recently shown to
physically interact with YidC insertase (Chidgey et al.,
2014). This interaction suggests that Chl molecules are
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passed directly from Chl synthase to the nascent apo-
protein chain in the vicinity of the translocon.

The small PSII subunit PsbH and two assembly factors,
hypothetical chloroplast open reading frame 48 (Ycf48)
and photosynthesis-affected mutant 68 (Pamé68), were
found to be important for the accumulation of CP47m
(Komenda, 2005; Rengstl et al., 2013). Here, we identified
the cyanobacterial Pam68 protein as a ribosomal factor
that is in contact with the nascent CP47 in the vicinity of
the SecY translocase. Our data suggest that Pam68 sta-
bilizes membrane segments of CP47 during Chl insertion.

RESULTS

Pamé68 Associates with the CP47 Protein at an Early Stage
of PSII Biogenesis

To identify proteins interacting with Pam68, we
constructed a Synechocystis sp. PCC 6803 strain (here-
after Synechocystis) expressing a Flag-tagged Pam68
derivative (Pam68.f protein). This protein was purified
from solubilized membranes using an anti-Flag gel, and
the obtained elution was analyzed by SDS-PAGE. The
identities of prominent protein bands were determined
by mass spectrometry (MS; Supplemental Fig. S1A). We
identified CP47 and ribosomal subunits, which were
missing in the control pull-down, as putative inter-
actors (Supplemental Fig. S1A). Consistent with our
previous reports, Photosystem I (PSI) subunits were the
only substantial contaminants (Knoppova et al., 2014;
Beckova et al., 2017). Furthermore, our control purifi-
cation of the Flag-tagged ferrochelatase enzyme (FeCh)
showed that the 3XFlag-tag does not bind ribosome
subunits nonspecifically (Supplemental Fig. S1B).

Because membrane-bound ribosomes were present in
the Pam68.f elution, we checked for the presence of SecY
translocase and YidC insertase. Indeed, both these pro-
teins coeluted with Pam68.f (Supplemental Fig. S1C).
Additionally, our data support the interaction of the
lumenal Ycf48 protein with Pam68, as previously sug-
gested (Rengstl et al., 2013). Moreover, CP47 was the
only PSII subunit detected in the Pam68.f elution. Re-
markably, the PsbH subunit was hardly detectable even
by specific antibodies, despite a high level of CP47 pro-
tein in the elution. PsbH is a component of CP47m
(Boehm et al., 2011); hence, the absence of PsbH in the
Pam68.f pull-down indicates that the association of CP47
with Pamé8 is an early event that occurs before the at-
tachment of PsbH to CP47.

To elucidate whether Pam68.f physically interacts with
unassembled CP47 in the absence of PsbH, we purified
Pam68.f from the PsbH-less strain, and both elutions
(Pam68.f and Pam68.f/ APsbH) were analyzed by 2D Clear-
Native/SDS-PAGE (CN/SDS-PAGE). On the stained gels,
we identified large (50S) and small (30S) ribosome subunits
and two fractions of Pamé68.f comigrating with 505 and
with CP47, respectively. The Pam68.f-CP47 complex
exhibited Chl fluorescence, and its green pigmentation was
visible on the CN gel (Fig. 1A).

2932

In addition to the ribosome subunits, FtsH proteases,
and a smeary band of SecY, the Pam68.f elutions also
contained two unknown proteins (SI11830 and Ssr0332).
Whereas SI1830 migrated as a free protein, the small
Ssr0332 protein comigrated with the 50S ribosomal sub-
unit. Another identified protein was light-repressed pro-
tein A (LrtA, S110947), which showed sequence similarity
to the bacterial pY factor associated with stalled ribosomes
(Galmozzi et al.,, 2016). A similar pattern of ribosomal
proteins, but with higher levels of LitA, was also obtained
in the Pam68.f pull-down isolated from the ApsbB (ACP47)
mutant background (Supplemental Fig. S2). This result
implies that Pam68 remains associated with a pool of
membrane-bound ribosomes even when no CP47 trans-
lation occurs in the cell. Notably, the electrophoretic mo-
bility of Pam68.f proteins purified from the ApsbH and
wild-type backgrounds were slightly different, indicating
a posttranslational modification of Pam68.f upon the psbH
deletion (Fig. 1A). This shift allowed us to distinguish that
the spot of Pam68.f comigrating with 505 in the Pam68.f/
APsbH pulldown (just above the Rpl6 protein) consists of
only Pam68.f, with no other (ribosomal) proteins. There is
no spot in this position in the Pam68.f elution (Fig. 1A).

To better visualize the pattern of proteins on the 2D gel,
the separation of Pam68.f/APsbH and the control APsbH
pull-downs on 2D CN/SDS-PAGE was followed by im-
munoblotting. The immunodetection determined a fraction
of YidC, Ycf48, and SecY comigrating with 505, as expected
for the isolated ribosome-translocon apparatus (Fig. 1B).
However, the barely visible (SecY) or invisible (YidC, Ycf48)
staining of these proteins on the gel indicates that they are
substantially less abundant than Pam68. Hence, it is un-
likely that they connect Pam68.f with ribosomes. CP47 was
found in a spot that had the same mobility as the dissoci-
ated Pam68.f, suggesting a mutual complex.

We used an independent approach to verify the in-
teraction between the unassembled CP47 and Pamé68
proteins. We isolated CP47m and a nascent CP47m
lacking PsbH (CP47m/APsbH) via His-tagged CP47
from Synechocystis strains accumulating these complexes
due to the absence of the D1 or D1/PsbH PSII subunits,
respectively (Boehm et al., 2011; D’Haene et al., 2015).
The Pam68 protein was copurified with CP47m/APsbH
but was not detected in the CP47m elution (Fig. 1C).
Therefore, either the binding of PsbH to the CP47-Pam68
complex is considerably weaker than to CP47, or Pam68
and PsbH share a similar binding side.

N-Terminal Segment of Pamé68 Is Required for the
Interaction with Ribosomes

To verify that the interaction of Pam68 with ribo-
somes is not an artifact of the pull-down assay, solu-
bilized membrane complexes from the pam68.f strain
were separated by 2D CN/SDS-PAGE, stained by
SYPRO Orange, and blotted onto a polyvinylidene
fluoride (PVDF) membrane. Pamé68.f comigrated with
the 50S and, unexpectedly, also with the 30S subunit
(Fig. 2A). On the other hand, Pamé68.f spots in the
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Figure 1. Identification of PAm68 as a component of the CP47 assembly module. A, The Pam68.f pull-down (left-hand gel) and the Pam68.
f/APsbH pull-down (right-hand gel) were separated by CN-PAGE, whereas SDS-electrophoresis was used for the second dimension. In-
dividual protein spots were cut and identified by MS (Supplemental Dataset). The dashed blue line highlights the comigration of Pam68.f
with CP47; note that CP47 exhibits Chl fluorescence demonstrating the presence of Chl molecules. Asterisks mark phycobiliproteins
contaminating the elutions. B, The Pam68.f/APsbH pull-down prepared from a different cell culture was separated together with the control
APsbH elution by 2D electrophoresis and blotted. The indicated proteins were sequentially detected by specific antibodies and the separate
segments of the 2D blot with the individual antibody signals are shown. C, The CP47 assembly modules containing PsbH (CP47m) and
lacking PsbH (CP47m/APsbH) were purified on a nickel column. The eluted proteins were separated by SDS-PAGE together with the
control pull-downs of wild type and AD1. The separated proteins were blotted, and the blot was sequentially probed with the indicated
antibodies; the separate segments of the blot with individual antibody signals are shown. Chl fl, Chl fluorescence.

region of smaller complexes did not align with either of
the CP47m forms (both are known to contain PsbH;
Komenda, 2005). These results suggest that complexes
between Pam68.f and the CP47m forms are not

Plant Physiol. Vol. 176, 2018

detectable in the 2D gel of the pam68.f membranes
(Fig. 2A). This observation is consistent with the pro-
posed transient interaction between Pamé68 and the
newly synthesized CP47; the transient complex pool is
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stained gel around the Rpl1 protein (SYPRO stain) and separate segments of the 2D blot with signals of anti-Rpl1 and anti-Flag
antibodies are shown. Complexes are designated as in (B). Chl fl, Chl fluorescence; L1, Rpl1; PSI[3], trimer of PSI; PSI[1],

monomer of PSII; PSII[2], dimer of PSII; S2, Rps2.

apparently below the detection limit of the immunoblot
analysis.

According to this model, ribosomes can be docked to
bacterial membranes via interaction with the large
subunit and the SecYEG translocon, or alternatively,
with YidC insertase (Prinz et al., 2000; Seitl et al., 2014).
However, the interaction between the membrane-bound
ribosomes and SecY or YidC in isolated thylakoids
was not preserved in our 2D gel system (Fig. 2A).
Therefore, it is unlikely that SecY/YidC facilitates
the observed association of Pam68.f with ribosomes.

It is likely that Pam68 interacts directly with ribo-
somal proteins from both the 50S and 30S subunits.
The 30S subunit of the membrane-docked ribosome is
close to the membrane surface (approximately 10 nm;
Frauenfeld et al., 2011). Theoretically, the strongly
positively charged N terminus of Pamé68.f is long
enough (65 amino acids, approximately 20 nm;
Supplemental Fig. S3) to reach the 30S subunit. To test
this possibility, we constructed strains expressing var-
iants of Pam68.f truncated either up to the V29
(t29-pam68.f strain) or the S50 amino acid residues
(t50-pam68.f). The t29-Pam68.f protein still comigrated
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with ribosomes on the 2D gel (Fig. 2B), but the more
truncated t50-Pamé68.f protein was not detectable in
any larger complexes, which supports the role of the
Pam68 N-terminal segment in the interaction with
ribosomes.

A close relationship between the cyanobacterial
Pamé68 and ribosomes can also be inferred from the
existence of an operon of the pam68 and the rpsi5
genes, which is highly conserved among the cyano-
bacterial genomes. According to the STRING database
(http:/ /string-db.org/), there are only a few examples
of sequenced cyanobacterial genomes (e.g. Gloeobacter
violaceus) where these two genes are not organized
in tandem. In the Synechocystis genome, the pam68
gene is transcribed from the rps15 promoter as a single
mRNA with rps15 (Mitschke et al., 2011). Interest-
ingly, the rps15-pam68 mRNA belongs to a small
group of ribosomal transcripts that are significantly
up-regulated under stress conditions with the strongest
expression under low temperature (Kopf et al.,, 2014;
Supplemental Fig. S4). Indeed, we found the Pamé68
protein level to be high during high light or chilling
stress (Supplemental Fig. S5).

Plant Physiol. Vol. 176, 2018
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Enhanced Chl Biosynthesis Rescues the Abolished CP47
Synthesis in the ApsbH/Apam68 Strain

The results described above imply that Pam68 func-
tions during the synthesis and/or folding of CP47 before
it associates with PsbH, which also facilitates CP47 syn-
thesis (Komenda, 2005). To test whether PsbH can com-
pensate for the absence of Pam68, we characterized the
Synechocystis Apam68 and ApsbH mutants and the ApsbH /
Apam68 double mutant Under moderate light intensities
(40 umol photons m™?s ™), Apam68 grew similarly as the
wild-type strain and had a similar Chl content
(Supplemental Fig. S6, A and B). The ApsbH mutation
affected both the growth rate and Chl content; neverthe-
less, this mutant grew fairly well photoautotrophically
(Supplemental Fig. S6, A and B). However, even the single
Apam68 mutant stopped proliferating on plates under
more severe conditions, such as dark-/high-light fluctu-
ation or low temperature (Fig. 3A). Moreover, the level of
PsbH was merely affected in the Apam68 strain and, vice
versa, the level of Pamé8 in the ApsbH strain remained
comparable to wild type (Fig. 3B).

Unlike the strains containing single mutations, the double
mutant showed extremely slow autotrophic growth (dou-
ble time approximately 20 d), accumulated only traces of
Chl and died immediately after exposure to mild stress
conditions (Fig. 3A; Supplemental Fig. S6). However,
photoautotrophy of the ApsbH/Apamé68 strain can be re-
stored by the expression of Pam68.f (Fig. 3C), which
provides evidence that the poor phenotype of the double
mutant is not caused by a position effect, e.g. lower levels
of Rpsl5. To obtain enough cells of the poor-growing
ApsbH/Apam68 mutant, we first grew all strains with
Glc supplementation. Then, we characterized the pheno-
type 2 d after removing Glc from the media. As revealed
by the CN-PAGE separation of membrane complexes
(Fig. 3D), the levels of PSI and PSII were virtually un-
changed in the Apam68 strain, but the ApsbH strain con-
tained much less dimeric PSII. In the double mutant, very
little PSI and only traces of the PSII complexes were de-
tectable. Thus, both PsbH and Pam68 play distinct roles in
the accumulation of PSII; the parallel elimination of both
of these proteins is nearly fatal for cell viability.

For a closer look at the role of PsbH and Pam68 in the
synthesis of PSII wild type, Apam68, ApsbH, and ApsbH/
Apam68 cells were pulse-labeled and the isolated mem-
brane complexes analyzed by 2D CN/SDS-PAGE (Fig. 4).
Consistent with the previously published analysis of
Apam68 (Rengstl et al., 2013), this strain showed less la-
beled CP47 and CP43 in total, and lacked the labeled
unassembled CP47. In addition, we observed severe ac-
cumulation of RClIla and RCII* assembly intermediates,
which is a typical feature of cells deficient in the formation
of CP47m (Knoppova et al., 2014). The obtained pattern
for ApsbH differed from the Apam68 strain by having only
weakly labeled dimeric PSII and also less synthesized D1.
A detectable pool of unassembled CP47 was also absent
and both RCII complexes accumulated, which implies
that the rate of CP47m formation limits the process of PSII
assembly. In the ApsbH/Apam68 strain, the capacity to
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Figure 3. Characterization of the Synechocystis strains lacking Pam68,
PsbH, or both of these proteins. A, Autotrophic growth of the wild-type
and mutant strains on agar plates under various conditions. Growth for
5 d under normal light (40 wmol photons m~2s7"), low I|ght (10 wmol
photons m~2 s™"), high light (400 wmol photons m™2 s™"), fluctuating
dark/high light conditions (5 min dark, 5 min 400 pmol photons m~2sh,
18°C at 40 umol photons m~2s7" and low nitrogen (0.1 mm NaNO,). B,
Levels of PsbH and Pam68 in the Apam68 and ApsbH strains under
normal light conditions. A comparable amount of Chl was loaded for
each strain. C, Autotrophic growth of the pam68.f/Apam68/ApsbH strain
expressing the Pam68.f protein under the regulation of the psbAll pro-
moter. D, Membranes, isolated from the wild-type and mutant strains
grown as described in (A), were solubilized and separated by CN-PAGE.
D/HL, dark/high light, HL, high light; LL, low light; NL, normal light;
PSI[3], trimer of PSI; PSII[1], monomer of PSII; PSII[2], dimer of PSII.

synthesize PSII was extremely weak, almost certainly
caused by the lack of CP47m because the intensively la-
beled RCII complexes resembled the canonical pattern of
the ACP47 strain (Fig. 4, Komenda et al., 2004).

Based on the available PSII structure (Umena et al.,
2011), the N-terminal segment of PsbH creates a network
of hydrogen bonds with the stromal loops connecting
the first four helixes of CP47 (Supplemental Fig. S7).
Therefore, the PsbH protein could fix the nascent CP47 in
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a position that facilitates prompt insertion of Chl mole-
cules. Moreover, the C-terminal region of Pam68 may
play a similar role. To test the importance of both pro-
teins for Chl insertion into CP47, we removed Glc from
the ApsbH/ Apam68 liquid culture, while supplementing
it with 200 nm N-methyl mesoporphyrin IX. This com-
pound is a specific inhibitor of the FeCh enzyme and a
partial inhibition of FeCh strongly enhances Chl
biosynthesis (Sobotka et al., 2005). Remarkably, the
ApsbH/Apam68 cells treated with the FeCh inhibitor
started to grow much faster than the control cells with-
out the inhibitor (Fig. 5A). The control culture had very
low Chl content on a per-cell basis, whereas the treated
cells progressively built up new Chl-complexes, and in
4 d reached approximately 85% of the Chl level when
compared to wild type (Fig. 5B).
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Precursors of the Chl biosynthetic pathway differed
dramatically between treated and untreated cells.
Whereas monovinyl-chlorophyllide was the only de-
tectable Chl precursor in the untreated cells, the
inhibitor-treated cells contained a spectrum of Chl
precursors typical for wild type (Pilny et al.,, 2015;
Supplemental Fig. S8). Because the earlier precursors
upstream of chlorophyllide were below the detec-
tion level in the untreated double mutant, this chlo-
rophyllide pool originated almost certainly from Chl
recycling and not from de novo synthesis (Vavilin
et al., 2005; Kopecna et al., 2015). We repeated
the protein radiolabeling experiment described
above using ApsbH/Apam68 cells treated with the
FeCh inhibitor. The assembly of PSII was restored
(Fig. 5C), suggesting that boosting of the ceased Chl

Plant Physiol. Vol. 176, 2018

20z Arenuer 20 uo 1senb Aq LZ1/ L 1L9/LE6Z/7/9. L /e101e/sAyd|d/woo dno-olwapeoe//:sdiy woly peapeojumoq


http://www.plantphysiol.org/cgi/content/full/pp.18.00061/DC1

Pamé68 Functions in the Assembly of Photosystem II

A 12 NES
' NL SIS
o WT . . dt.=34h
o o ' N D o
Apam68/ApsbH Gy c o\ ?g\\\ ?%\\\- C;QD‘
E 0.8 4 h I 1 _':-': ‘2'-_-
C _—
S . | ] E |
M~ — 1
q 967 + FeCh inh S 3 3
o 200 nM Me-MesoP cg B — ‘
0.4 1 v dt. =~90h g
d i _ »CP43
0.2 T g e -
: ApsbH/Apam68 ) . " Vel
‘3_ [HiD1
' ' ' ' ' : < : < D1
0 20 40 60 80 100 | | I
B Time [hours] ‘ - ] ; 3 S
0.3 A ApsbHIApam68 - : = -
= * A i ApsbH/Apam68 +FeCh inh s
S, .
@ 4.2 mg Chl/L/OD =
€ o02{ . /X o s
° /
s /% /% :
Qo / \". i Ve, LL
< o \ :
0.1 s L +
\ e .+ 1.9mg
\y RCII* RClla
L3
0.0 . : ,
400 500 600 700

Wavelength [nm]

Figure 5. Abolished synthesis of CP47 in the ApsbH/Apam68 mutant is rescued by enhanced Chl biosynthesis. A, The ApsbH/Apam68
cells grown mixotrophically were harvested and resuspended in a growth medium without Glc. The obtained culture was divided into
two flasks, with one of them supplemented with N-methyl-mesoporphyrin IX (Me-MesoP, FeCh inhibitor). The photoautotrophic growth
was then monitored. The inset shows the same growth experiment but with 200 nm Me-MesoP added into the plate. B, Absorbance
spectra of mutant cells growing for 4 d in the presence or absence of FeCh inhibitor. Spectra were normalized to light scattering at
750 nm. Also shown is the Chl content determined spectroscopically in methanol extract and normalized per OD,s, ... C, ApsbH/
Apam68 cells grown for 2 d photoautotrophically in the presence of 200 nm FeCh inhibitor were radiolabeled with a mixture of [**S|Met/
Cys; incorporation of radioactivity into core PSII subunits was detected after 2D CN/SDS-PAGE. The same amounts of Chl were loaded of
each sample. a.u., absorbance units; d.t., doubling time; iD1, incompletely processed form of the D1 precursor; PSI[3], trimer of PSI;
PSII[1], monomer of PSII; PSII[2], dimer of PSII; RCII*, assembly intermediate (reaction center complex) lacking CP47m (Knoppova et al.,
2014); RClla, PSII assembly intermediate (reaction center complex) lacking CP43m (Knoppova et al., 2014).

biosynthesis restores the formation of CP47m in the
mutant lacking both Pam68 and PsbH.

DISCUSSION

The Pam68 protein was first described in the Ara-
bidopsis (Arabidopsis thaliana) pam68-null mutant,
which accumulated only approximately 10% of PSII
(Armbruster et al., 2010). The function of Pam68 was
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originally linked to the synthesis or maturation of the
D1 subunit of PSII (Armbruster et al., 2010); however, a
strong relationship between Pam68 and CP47 was also
suggested, based on the low level of Pam68 detected in
the Synechocystis CP47-less strain (Rengstl et al., 2011).
Our results agree with a recent study, which demon-
strated that the lack of Pam68 in Synechocystis limits the
synthesis of CP47 and CP43 (Rengstl et al., 2013). Given
that the mechanism of PSII biogenesis is highly con-
served, it is likely that the eukaryotic Pam68 is involved
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Figure 6. A working model of CP47m synthesis with Pam68 as a ribosome-interacting factor. The CP47 protein is translated by
membrane-bound ribosomes and inserted into the membrane by the SecYEG translocon together with YidC insertase. Chl is
loaded into the nascent polypeptide cotranslationally from Chl-synthase when the transmembrane segments are released from the
translocase channel to YidC (Chidgey et al., 2014). The N-terminal region of the Pam68 protein is associated with the translating
ribosome, whereas the C terminus segment interacts with stromal loops of the nascent CP47 chain after it emerges from the
translocon. This interaction fixes the CP47 transmembrane segments in a position that facilitates the insertion of Chl molecules. A
similar role can be played by the Ycf48 protein at the lumenal site of CP47 (Crawford et al., 2016). Subsequently, PsbH replaces
Pam68 and recruits the photoprotective high-light-inducible proteins that associate with CP47 in the vicinity of PsbH (Promnares

et al., 2006). Hlips, high-light-inducible proteins.

in the synthesis of CP47. Indeed, using a standard
methodology (S radiolabeling combined with 2D gel-
electrophoresis), the synthesis of CP47 in the Arabi-
dopsis pam68-null mutant was hardly detectable
(Armbruster et al., 2010).

In contrast to Arabidopsis, the inactivation of pam68
in Synechocystis had no obvious effect on the PSII level
under standard growth conditions, although the syn-
thesis of CP47 and CP43 was visibly affected in both
organisms (Rengstl et al., 2013; Fig. 4). However, after
3hof high light treatment (2000 wmol photons m~%s™?),
the levels of functional PSII in the Apam68 strain de-
creased by approximately 50% (Rengstl et al., 2013). In
addition, we demonstrated the importance of Pamé68
under fluctuating light conditions, low temperature,
and nitrogen limitation (Fig. 3). These observations
imply that Pamé68 is essential once the synthesis of CP47
becomes difficult and limits PSII biogenesis.

The PsbH protein is required for sufficient CP47 syn-
thesis in plants as well as in cyanobacteria (Komenda,
2005; Levey et al., 2014); the Synechocystis ApsbH mutant
shows a noticeable growth defect even under nonstress
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conditions (Supplemental Fig. S6, A and B). However,
the phenotype of this strain is probably quite complex,
because PsbH also stabilizes electron transfer processes
between Q, and Qg in the PSII complex (Komenda et al.,
2002). It is further essential for the association of
photoprotective high-light-inducible proteins to CP47
(Promnares et al., 2006; Fig. 6), and creates an environ-
ment for binding of a red Chl molecule in CP47, which is
also supposed to have a protective function (D’Haene
et al., 2015). However, we expect that the impaired CP47
synthesis/stability is the major reason for the slow growth
of the ApsbH mutant (Supplemental Fig. S6A). This con-
clusion is supported by the fact that the growth rate of this
strain can also be improved by the inhibition of FeCh
(Supplemental Fig. S6C), and is consistent with the very
poor phenotype of the ApsbH/Apam68 double mutant.
Therefore, PsbH appears to be more crucial for the bio-
genesis than for the functioning of fully assembled PSII
complexes. Similarly, the Psbl subunit was found to be
more important for attachment of CP43m to RCII, rather
than for PSII activity (Dobakova et al., 2007). Other small
PSII subunits may also play roles in assembly.
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We present a working model of CP47m synthesis
(Fig. 6). Pam68 is firmly bound to the translating ri-
bosome via the N-terminal segment, whereas its
C-terminal end interacts with the stromal loops of the
nascent CP47 chain emerging from the translocon. We
speculate that the coordination of Pamé68 (stromal
side), YidC (lateral site; Hennon et al., 2015), and Ycf48
(lumenal site; Crawford et al., 2016) fixes the CP47
helix pairs in a position that is amenable to Chl bind-
ing. The Pam68 C terminus contains highly conserved
charged residues (Supplemental Fig. S3) that can form
a network of hydrogen bounds resembling the inter-
action of the N terminus of PsbH with CP47 (see
Supplemental Fig. S7). The synthesis of CP47 is im-
paired in the Apam68 strain even under nonstressful
conditions (Fig. 4), suggesting that Pam68 perma-
nently assists during CP47 synthesis. Because Pam68
is particularly critical for the mutant lacking PsbH, it is
probable that both proteins can work similarly as
chaperones facilitating the folding of CP47 and/or the
loading of Chl into the newly synthesized apo-
polypeptide chain.

Based on previous data and the results of our radio-
labeling experiment (Rengstl et al., 2013; Fig. 4), Pam68
appears to also facilitate the synthesis of the CP43
protein and PSI. However, the interaction of Pam68
with these proteins is either too weak to detect, or the
lower levels of CP43 and PSI in the absence of Pam68 is
a secondary phenotype caused by the feeble CP47
synthesis. The second possibility is more probable, as
the mutant lacking CP47 has been shown to contain
considerably lower cellular level of Chl in comparison
with wild type, implying that the level of CP43 and PSI
is lower in the absence of CP47 (Beckova et al., 2017).
Although this approach is frequently used, we are
aware that arresting particular PSII assembly steps to
accumulate specific assembly intermediates may affect
other cellular processes, including the synthesis of Chl-
binding proteins. The Flag-tag technology used here
has the advantage of allowing the purification of PSII
assembly intermediates that only exist temporarily in
the cell (such as the Pam68.f-CP47m complex) directly
from the wild-type background.

The synthesis of CP47 is very sensitive to Chl avail-
ability (Hollingshead et al., 2016), which may explain
why the lack of Pam68 is not tolerated under stress
conditions. The Chl pathway can be temporarily
switched-off after a shift to stressful conditions
(Kopecnd et al., 2012) and when the de novo Chl
amount decreases, a fine structural stabilization of the
nascent CP47 is likely to be particularly important for
the smooth loading of Chls. After addition of the FeCh
inhibitor, the pool of available Chl increased, and the
impaired CP47 synthesis was rescued (Fig. 5). Thus, a
high concentration of Chl molecules around the trans-
lated CP47 increases the chance that all Chls are inser-
ted in time even if the orientation of CP47 is not perfect.
A similar effect of FeCh inhibition was reported earlier
in the Symechocystis strain harboring a mutated CP47
protein (Sobotka et al., 2005).
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The observed tight binding of Pam68 to the ribosome
is intriguing. A high level of LrtA protein, which asso-
ciates with the 30S ribosomal subunit (Galmozzi et al.,
2016), was present in the Pam68.f pull-downs prepared
from strains lacking CP47 (Supplemental Fig. S2).
As the potential function of LrtA is to stabilize stalled
ribosomal 70S particles (Di Pietro et al., 2013), its ap-
pearance in the elution indicates that Pam68 interacts
with both the SecY-bound idle ribosomes as well as
with the actively translating ribosomes. In Synechocys-
tis, Pam68 is not an abundant membrane protein (it is
not detectable in the stained SDS PAGE gel with sepa-
rated cellular membrane proteins), and there is only a
limited pool of membrane-bound ribosomes associated
with Pam68. It is possible that these ribosomes differ
structurally from other ribosomes in the cell. The het-
erogenic nature of ribosomes is demonstrated by the
variable stoichiometry among core ribosomal subunits
or between the monosome/polysome arrangement of
ribosomes according to environmental conditions (Xue
and Barna, 2012; Slavov et al., 2015). Similarly, the
plastid-encoded Rpsl5 is not an essential ribosomal
subunit in plants, but under chilling stress, the tobacco
(Tobacco nicotiana) Arps15 knockdown showed a drastic
reduction in the number of plastid ribosomes
(Fleischmann et al., 2011). In Synechocystis, the rps15-
pam68 operon as well as the rps18, rps20, and rps25
genes are up-regulated under cold stress, whereas
many ribosomal genes are simultaneously down-
regulated (Supplemental Fig. S4). This result supports
the existence of a pool of modified, stress-induced type
of ribosomes in cyanobacteria. It is possible that Pam68
has a higher affinity for the stress-induced type of ri-
bosomes. Once bound to SecY, the ribosome might
serve as an anchor to localize Pam68 in the vicinity of
the translocon machinery. Under severe conditions
with limited Chl availability and/or lowered mem-
brane fluidity (chilling stress), Pam68 can promptly
assist during the synthesis of CP47.

MATERIALS AND METHODS
Synechocystis Strains and Growth Conditions

All the Synechocystis strains used are summarized in Supplemental Table S1.
The Apam68 strain was kindly provided by Jorg Nickelsen (Ludwig-
Maximilians University), and is described in Armbruster et al. (2010). The
ApsbH/ Apam68 double mutant was prepared by transformation of the ApsbH
strain (D’Haene et al., 2015) by genomic DNA isolated from the Apamé68 strain.
The Synechocystis strain expressing the Pam68 protein fused with 3XFlag at the
C terminus (the pam68.f strain) was constructed using pPD-CFLAG plasmid as
described in Hollingshead et al. (2012). The pam68.f construct was further
transformed into the ApsbH and ApsbB cells (Eaton-Rye and Vermaas, 1991) to
express the Pam68.f protein in these genetic backgrounds. Derivatives of
Pamé68.f truncated at the amino acid 29 (the t29-pamé68.f strain) or 50 (the t50-
pam68.f strain) were constructed by PCR amplification of the Synechocystis
pam68 gene lacking the 3" part (primers are listed in Supplemental Table S2).
The obtained PCR products were cloned into a pPD-CFLAG plasmid and
transformed into wild type. To be able to express Pam68.f in the Apam68/ApsbH
mutant (already resistant to kanamycin), we replaced the kanamycin-resistance
cassette in the pPD-CFLAG plasmid with an erythromycin-resistance cassette,
cloned the pam68 gene into this modified construct. and fully segregated the
pam68.f/ Apam68 / ApsbH strain.
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Unless stated otherwise, strains were grown photoautotrophically in liquid
BG-11 medium on a rotary shaker under moderate (normal) light intensities
(40 wE m 2 s7") at 28°C. For purification of the Pam68.f protein under native
conditions, 4 L of pam68.f and pam68.f/ ApsbH cells were grown in a 10 L flask in
BG-11 medium supplemented by 5 mm Glc under normal light conditions and
bubbled with air. Strains lacking PSII (ApsbB) were supplemented with 5 mm
Glc and grown under lower light intensities (10 uE m2sh).

Absorption Spectra and Determination of Chl Content

Absorption spectra of the whole cells were measured at room temperature with a
UV-3000 spectrophotometer (Shimadzu). Chl was extracted from cell pellets (2 mL,
OD,5, = approximately 0.3) with 100% (v/v) methanol, and its concentration was
measured spectrophotometrically according to Porra et al. (1989).

Preparation of Cellular Membranes

Cell cultures were harvested at optical densities of 750 nm = approximately 0.5 to
0.7. Cells were pelleted, washed, and resuspended with buffer A (25 mm MES/
NaOH, pH 6.5, 10 mm CaCl2, 10 mm MgCl2, 25% [v/v] glycerol) for the preparation
of membranes for 2D electrophoresis and purification of Pamé8.£. For nickel-affinity
chromatography, the membrane fraction was prepared in 25 mM Na-P buffer, pH
7.5, 50 mm NaCl, 10% (v/v) glycerol (buffer B). Cells were broken using glass beads
(0.1 mm diameter), and the membrane fraction was separated from soluble proteins
by centrifugation at high speed (65,000 X g, 20 min).

Isolation of Protein Complexes by
Affinity Chromatography

Cellular membranes containing approximately 1 mg/mL Chl were solubi-
lized for 1 h with 1% (w/v) B-dodecyl-maltoside at 10°C and centrifuged for
20 min at 65,000¢ to remove cell debris. The Pam68.f complexes were purified
using an anti-Flag-M2 agarose column (Sigma-Aldrich). To remove contami-
nants, the anti-Flag-resin was washed with 20 resin volumes of buffer A con-
taining 0.04% B-dodecyl-maltoside. The Pam68.f complex was eluted with 2.5
resin volumes of buffer A containing 150 ug/mL 3XFlag peptide (Sigma-
Aldrich) and 0.04% B-dodecyl-maltoside. For purification of the His-tagged
proteins, solubilized membrane complexes were loaded onto a nickel-affinity
chromatography column (Protino Ni-NTA-agarose; Macherey-Nagel). Pro-
teins bound to the column were washed with buffer B containing 0.04%
B-dodecyl-maltoside and increasing concentrations of imidazole (5, 10, 20, and
30 mM); His-tagged proteins were finally eluted with 150 mm imidazole.

Electrophoresis and Immunoblotting

The protein composition of the purified complexes was analyzed by elec-
trophoresis in a denaturing 12% to 20% linear gradient polyacrylamide gel
containing 7 M urea (Dobakova et al., 2009). Proteins were stained either by
Coomassie Brilliant Blue or SYPRO Orange stain and subsequently transferred
onto a PVDF membrane for immunodetection (see below). For native electro-
phoresis, solubilized membrane proteins or isolated complexes were separated
on 4% to 12% CN-PAGE (Wittig et al., 2007). Individual components of protein
complexes were resolved by incubating the gel strip from the first dimension in
2% (w/v) SDS and 1% (w/v) DTT for 30 min at room temperature, and proteins
were separated along the second dimension by SDS-PAGE in a denaturing 12%
to 20% polyacrylamide gel containing 7 M urea (Dobédkova et al., 2009). Proteins
were stained by Coomassie Brilliant Blue or by SYPRO Orange; in the latter
case, they were subsequently transferred onto a PVDF membrane. Membranes
were incubated with specific primary antibodies and then with a secondary
antibody conjugated with horseradish peroxidase (Sigma-Aldrich). The fol-
lowing primary antibodies were used in the study: anti-SecY and anti-YidC
(Linhartova et al., 2014), anti-CP47, anti-D1 and anti-PsbH (Komenda, 2005),
anti-Pam68 (Armbruster et al., 2010), anti-Rpll (Agrisera), anti-Flag (Sigma-
Aldrich), and anti-Ycf48 (which was raised in rabbit against recombinant
Synechocystis Ycf48 and provided by Peter Nixon, Imperial College, London).

Protein Radiolabeling

For protein labeling, the cells were incubated with using a mixture of [?*S]Met
and [®S]Cys (Translabel; MP Biochemicals) as described in Dobakova et al.
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(2009). After separation of labeled proteins by CN-PAGE in the first dimension,
the polyacrylamide gel was scanned for Chl fluorescence and then treated for
second-dimension separation with 18% SDS-PAGE. The 2D gel was exposed to
a Phosphorimager plate (GE Healthcare) overnight and stained by Coomassie
Brilliant Blue and scanned by Storm (GE Healthcare).

Protein Identification by LC-MS/MS Analysis

Gel slices were placed in 200 uL of 40% acetonitrile, 200 mm ammonium
bicarbonate and incubated at 37°C for 30 min, after which the solution was
discarded. This procedure was performed twice, and the gel was subse-
quently dried in a vacuum centrifuge. Ten microliters of 40 mm ammonium
bicarbonate in 9% acetonitrile containing 0.4 ug trypsin (proteomics grade;
Sigma-Aldrich) were added to the gel slice and left to soak in the solution at
4°C for 45 min. To digest proteins, 20 uL of 9% (v/v) acetonitrile in 40 mm
ammonium bicarbonate was added to the gel and incubated at 37°C over-
night. Peptides were purified using ZipTip C18 pipette tips (Millipore). MS
analysis was performed on a NanoAcquity UPLC (Waters) on-line coupled to
the ESI Q-ToF Premier mass spectrometer (Waters). One microliter of the
sample was diluted in 3% (v/v) acetonitrile/0.1% (v/v) formic acid, and
tryptic peptides were desalted on a Symmetry C18 Trapping column (180 um
i.d., 20 mm length, particle size 5 um, reverse phase; Waters) with a flow rate
of 15 uL/min for 1 min. Trapping was followed by a reverse-phase UHPLC
using the BEH300 C18 analytical column (75 um i.d. 150 mm length, particle
size 1.7 um, reverse phase; Waters). The linear gradient elution ranged from
97% solvent A (0.1% formic acid) to 40% solvent B (0.1% formic acid in ace-
tonitrile) at a flow rate of 0.4 uL./min. Eluted peptides flowed directly into the
ESI source. Raw data were acquired in the data-independent MS® identity
mode (Waters). Precursor ion spectra were acquired with a collision energy of
5V and fragment ion spectra with a collision energy of 20 V to 35 V ramp in
alternating 1 s scans. Data-dependent analysis mode was used for the second
analysis; peptide spectra were acquired with a collision energy of 5 V and
peptides with charge states of + 2, +3, and + 4 were selected for MS/MS
analysis. Fragment spectra were collected with a collision energy of 20 V to
40 V ramp. In both modes, the acquired spectra were submitted for database
search using the PLGS2.3 software (Waters) against Synechocystis protein
databases from the Cyanobase Web site (http://genome.microbedb.jp/cya-
nobase/). Acetyl N-terminal, deamidation N and Q, carbamidomethyl C, and
oxidation M were set as variable modifications. Identification of three con-
secutive y-ions or b-ions was required for a positive peptide match.

Accession Numbers

Pam68, BAA16881.1; CP47, BAA10458.1; PsbH, BAA17629.1, SecY;
BAA17331.1, YidC - BAA18244.1.

Supplemental Data
The following supplemental materials are available.
Supplemental Table S1. A list of Synechocystis strains used in this study.

Supplemental Table S2. A list of primers used to clone the pam68.f gene and
its two truncated variants (t29-pam68.f and t50-pam68.f) into the pPD-
CFLAG plasmid (adding of 3XFlag tag at the C terminus).

Supplemental Figure S1. Identification of proteins copurified with Pam68.f.

Supplemental Figure S2. 2D CN/SDS-PAGE of the Pam68.f complex puri-
fied from the pam68.f/ ApsbB strain (A) and the control ACP47 (B).

Supplemental Figure S3. Conservation profile and the prediction of sec-
ondary structure of the Synechocystis Pamé68 protein.

Supplemental Figure S4. Coexpression of the cyanobacterial pam68-rps15
operon with a subset of ribosomal genes.

Supplemental Figure S5. Accumulation of the Pam68 protein under stress
conditions.

Supplemental Figure S6. Growth rate and whole cell spectra of the wild-
type and mutant strains.

Supplemental Figure S7. Stromal view of the CP47-PsbH complex with
indicated hydrogen bonds between the CP47 and the PsbH N terminus.
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Supplemental Figure S8. Changes in the levels of Chl precursors in the
ApsbH/ Apam68 strain after treatment with FeCh inhibitor.

Supplemental Dataset. MS data—numbers of identified trypsin peptides
for 2D gel protein spots.
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Abstract

High-light-inducible proteins (Hlips) are single-helix transmembrane proteins that are essential for the survival of cyanobac-
teria under stress conditions. The model cyanobacterium Synechocystis sp. PCC 6803 contains four Hlip isoforms (HliA-D)
that associate with Photosystem II (PSII) during its assembly. HIiC and HIiD are known to form pigmented (hetero)dimers
that associate with the newly synthesized PSII reaction center protein D1 in a configuration that allows thermal dissipation of
excitation energy. Thus, it is expected that they photoprotect the early steps of PSII biogenesis. HIiA and HliB, on the other
hand, bind the PSII inner antenna protein CP47, but the mode of interaction and pigment binding have not been resolved.
Here, we isolated His-tagged HliA and H1iB from Synechocystis and show that these two very similar Hlips do not interact
with each other as anticipated, rather they form HIiAC and HIiBC heterodimers. Both dimers bind Chl and f-carotene in a
quenching conformation and associate with the CP47 assembly module as well as later PSII assembly intermediates contain-
ing CP47. In the absence of HIiC, the cellular levels of HliA and HIiB were reduced, and both bound atypically to HIiD. We
postulate a model in which HIiAC-, HIiBC-, and HliDC-dimers are the functional Hlip units in Synechocystis. The smallest
Hlip, HIiC, acts as a ‘generalist’ that prevents unspecific dimerization of PSII assembly intermediates, while the N-termini
of ‘specialists’ (HIliA, B or D) dictate interactions with proteins other than Hlips.

Keywords Synechocystis - High-light-inducible proteins - Photosystem II - CP47 - Chlorophyll

Introduction

The structure and function of photosynthetic reaction cent-
ers are highly conserved between all oxygenic phototrophs.
Photosystem I (PSI) consists of two large pigment-binding
reaction center proteins (PsaA and PsaB) and ten to four-
teen smaller subunits depending on the species (Jordan et al.
2001; Ben-Shem et al. 2003; Mazor et al. 2017; Malavath
et al. 2018). Photosystem II (PSII) reaction centers, on the
other hand, contain four major pigment-binding proteins
(D1, D2, CP43, CP47) in addition to sixteen smaller mem-
brane spanning subunits and three extrinsic lumenal subunits
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of the oxygen-evolving complex (Umena et al. 2011; Wei
et al. 2016). The PSII reaction center proteins D1 and D2
contain the chlorophylls (Chls) and pheophytins responsible
for primary charge separation, while the two inner antenna
proteins, CP43 and CP47, transfer captured light energy to
the reaction center. Both photosystems utilize additional
light-harvesting antenna systems to increase their light-
harvesting capacity. Cyanobacteria contain the peripheral
phycobilisome antennae, whereas in plants and different
types of algae, the outer light-harvesting antennae of PSI
and PSII are composed of membrane embedded light-har-
vesting complex proteins (LHCs). LHCs belong to the LHC
superfamily, which is characterized by a highly conserved
Chl-binding motif (ExxN/HxR; Engelken et al. 2010). LHCs
contain this motif in two of their three transmembrane heli-
ces. The conserved Glu and Arg residues from one helix
form salt bridges with the Arg and Glu residues of the other
helix, respectively, locking the helices in a cross formation
that is further stabilized by associated carotenoid (Car) and
Chl molecules (Kiihlbrandt et al. 1994; Bassi et al. 1999;
Liu et al. 2004).

@ Springer
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LHC superfamily proteins are present in all oxygenic
phototrophs, but they vary in the number of transmembrane
helices and Chl-binding motifs, and not all of them function
in light harvesting (Engelken et al. 2010). The most ancient
LHC proteins are cyanobacterial high-light-inducible pro-
teins (Hlips), which contain a single transmembrane helix
with the ExxNxR motif. Homologues of Hlips called one-
helix proteins (OHPs; an alternative name Ycf17 is used in
some algae) also seem to be ubiquitous in oxygenic eukar-
yotes (Engelken et al. 2010). The model cyanobacterium
Synechocystis sp. PCC 6803 (hereafter Synechocystis) con-
tains four Hlip isoforms (HliA-D) and one Hlip-like domain
fused to the ferrochelatase enzyme (Pazdernik et al. 2019).
Based on known LHC structures, it has been proposed that
Hlips and OHPs form pigment-binding dimers (Staleva et al.
2015; Hey and Grimm 2018). Indeed, pigment binding has
been demonstrated experimentally for purified Synechocystis
HI1iC- and HIiD-dimers (Staleva et al. 2015; Shukla et al.
2018) and in vitro refolded plant OHPs (Hey and Grimm
2020).

Expression of Hlip genes is highly induced by stress con-
ditions (Dolganov et al. 1995; He et al. 2001) and, as shown
by studies made on AHlip strains, Hlips are essential for
cell survival already under moderately high light intensities
(He et al. 2001; Havaux et al. 2003). The exact mechanism
of how Hlips ensure cell survival under adverse conditions
remains unclear, but all four Synechocystis Hlips have been
indicated in one way or another in PSII assembly (Komenda
and Sobotka 2016). PSII assembly is a complicated and
highly regulated process that is initiated by the formation of
four separate PSII assembly modules. Each module contains
one major Chl-binding PSII subunit (D1, D2, CP43 or CP47)
preloaded with pigments and subjoined by small PSII subu-
nits. The modules then assemble in a stepwise manner form-
ing several distinct PSII assembly intermediates (Komenda
et al. 2012b). First, the D1 and D2 modules dimerize to form
the PSII reaction center core (RCII). Next, the CP47 mod-
ule (CP47m) attaches to RCII, yielding the RC47 assembly
intermediate (Dobakova et al. 2009; Boehm et al. 2012). The
addition of the CP43 module to RC47 results in the mono-
meric (non-oxygen-evolving) PSII reaction center core com-
plex (RCCII). Finally, the lumenal oxygen-evolving complex
is assembled and the resulting PSII-monomers dimerize to
the fully active PSII-dimer (Becker et al. 2011).

In addition to de novo biosynthesis, PSII also under-
goes rapid repair cycles in the cell due to its susceptibil-
ity to photo-oxidative damage (Vass 2012). It is likely
that PSII assembly and repair utilize, at least partially, the
same accessory proteins and involve similar intermediary
complexes (Komenda et al. 2012b; Jarvi et al. 2015). Both
PSII assembly and repair rely on the assistance of various
proteins (assembly factors) that are not part of the active
PSII complex. These factors bind to the assembly or repair

@ Springer

intermediates during different stages: for instance, the RCII
complex is associated with lumenal proteins Ycf48 and
CyanoP, whereas the later PSII intermediates contain Psb28
and Psb27 factors connected to CP47 and CP43 antenna
subunits, respectively. Synechocystis HIiC and HIiD form
a heterodimer that binds tightly to the PSII assembly fac-
tor Ycf39; the resulting HIiCD-Ycf39 subcomplex interacts
with RCII, giving rise to a complex called RCIT* (Knoppova
et al. 2014). The HIiCD-dimer is capable of quenching light
energy via energy transfer from Chl to f-carotene (f-Car)
(Staleva et al. 2015), and thus very likely protects the newly
forming reaction center against photo-oxidation. Moreover,
it has been proposed that HIiCD-Ycf39 aids in the delivery
of Chl to the nascent D1 reaction center protein, as another
protein partner of HIiCD is the Chl synthase enzyme (ChlG)
(Chidgey et al. 2014). In the course of PSII biosynthesis,
the HIiCD-Y cf39 subcomplex is detached prior to the for-
mation of RC47 (Knoppova et al. 2014). Similar to HIiC
and HIiD, plant OHPs bind the plant homologue of Ycf39
(HCF244) and associate with RCII (Myouga et al. 2018; Hey
and Grimm 2018; Li et al. 2019).

In contrast to HIiC and H1iD, much less is known about
the HliA and HIiB proteins. In Synechocystis, HliA, HliB,
and HIiC associate with the CP47 antenna, but the stage(s)
of PSII biogenesis at which this occurs remain to be clarified
(Promnares et al. 2006; Yao et al. 2007; Pascual-Aznar et al.
2021). In addition, whether HliA and HIiB bind pigments or
interact with other Hlips is not known. In this study, we char-
acterized HliA- and HliB-associated protein complexes puri-
fied from Synechocystis. We found that both HIiA and HliB
form heterodimers with HIiC and that the resulting HIiAC
and HIiBC pairs bind Chl and f-Car in a quenched configu-
ration. Both dimers associate with the CP47m as well as
later PSII assembly intermediates, RC47 and RCCII. Using
a detailed mass spectrometry analysis of the isolated HIiA/B
complexes, we identified several previously uncharacterized
proteins that potentially participate in PSII biogenesis. The
results presented here make a complete picture of the Syn-
echocystis Hlip ‘interactome.’

Results

HIiAC and HIiBC heterodimers bind pigments
in an energy-dissipating configuration

To study the biochemical properties of HIiA and HIiB, we
expressed N-terminally His-tagged recombinant proteins
(9.0 kDa and 8.7 kDa, respectively) in Synechocystis cells
under the strong, high-light-inducible psbA2 promoter and
deleted the respective native genes to create the strains his-
hliA/AhliA and his-hliB/AhliB. We tested the accumulation
of recombinant proteins by shifting the cells from normal
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light (40 umol m~2 s~ to high light (500 umol m~2 s~!) for
up to 5 h. Cellular levels of His-HIiA and His-HliB proteins
were comparable with their native counterparts in wild-type
cells (WT) (Supplemental Fig. 1) confirming that the ectopi-
cally expressed His-HliA/B were present in membranes at
physiologically relevant concentrations. For all of the fol-
lowing experiments, we used a membrane fraction isolated
from cells treated by high light for 3 h.

In order to establish whether HliA and HliB bind pig-
ments, we first purified the His-tagged Hlips from n-dodecyl
p-p-maltoside (DDM)-solubilized membranes in phosphate
buffer (pH 7.8) containing no Mg?>* and Ca* ions; these
conditions, according to our previous results, destabilize the
interaction between Hlips and PSII subunits allowing isola-
tion of free Hlip-dimers (Shukla et al. 2018). His-HIiA/B
eluates showed a similar yellow-green color and, as revealed
by 2D clear native (CN)/SDS-electrophoresis, they con-
tained mostly free Hlip-dimers composed of the His-tagged
bait proteins in complex with HliC (5.2 kDa; Fig. 1). Quan-
tification of the proteins from the Coomassie-stained 2D gel
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Fig.1 Two-dimensional CN/SDS-PAGE separation of Ni-NTA
pull-downs from his-hliA/AhliA (a) and his-hliB/AhliB (b) strains
Hlip complexes were purified in phosphate buffer from the mem-
brane fractions of high-light -treated cells and separated by 2D CN/
SDS-PAGE. The pigment—protein bands containing (His-)HIiAC and
(His-)HIiBC heterodimers that were cut for absorption spectrum and

yielded a ratio of 1:0.6 for His-HIiA and HIiC (Fig. 1a), and
1:0.7 for His-HIiB and HIiC (Fig. 1b). We did not detect
the native HIiA in His-HIiB pull-down nor the native HIiB
in His-HIiA pull-down. HliD was not present in either elu-
ate. Based on these results, we concluded that HIiC is the
preferred Hlip interacting with HliA and HIiB in vivo. The
eluates also contained low amounts of the RCCII and RC47
assembly complexes, as revealed by Chl fluorescence imag-
ing of the CN strips and the pattern of PSII reaction center
proteins on the 2D gels. Importantly, free Hlips co-migrated
with pigments but did not show any Chl fluorescence in the
CN gel, indicating that they were present in a quenched
conformation.

To characterize the (His-)HIiAC and (His-)HIiBC-dimers
further, we cut the Hlip-bands from the CN gel strips as indi-
cated (Fig. 1) and measured their in-gel absorption spectra
(Fig. 2a). The spectra were almost identical with Chl absorp-
tion maxima at 437 nm and 677 nm and a Car peak around
488 nm with a shoulder at 520 nm (Fig. 2a). Next, we eluted
the Hlips from the gel, extracted pigments into methanol
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pigment measurements (Fig. 2; Table 1) are indicated by dashed-line
boxes. His-HIiA, His-HIiB, and HIiC abundances were quantified
from the Coomassie-stained gels and the raw intensities were normal-
ized to the molecular weights of the proteins. The molar ratios of the
proteins are indicated in brackets. CBB coomassie stain, Fluor Chl
fluorescence, u.p. unbound pigments
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Fig.2 Absorption spectra (a) and pigment analysis (b) of purified
Hlips. a (His-)HIiAC- and (His-)HIiBC-dimers were cut from CN-
PAGE (see Fig. 1) and in-gel absorption spectra recorded. Spectra
were normalized to Chl Qy band (677 nm). Absorption maxima of
Chl a (437 nm and 677 nm) and Cars (488 nm and 520 nm) are indi-
cated above the spectra. Spectra represent an average from three inde-
pendent purifications. b Pigments were eluted from the CN-PAGE
separated Hlips (see Fig. 1) and analyzed with HPLC. The eluted pig-
ments were quantified (see Table 1) and the relative amounts com-
pared to Chl calculated (indicated in brackets). Ech echinenone, a.u.
arbitrary units

and quantified individual pigment species by HPLC (Fig. 2b,
Table 1). In addition to Chl and f-Car as the main pigments,
both Hlip-dimers contained small amounts of echinenone
and p-cryptoxanthin. The Chl to total Car ratio in (His-)
HIiAC- and (His-)HIiBC-dimers was 1:0.6.

HIiA and HIiB are specifically associated
with the assembling PSIl complexes

To clarify the association of HIiA and HI1iB with differ-
ent PSII (sub)complexes, we separated solubilized cellular
membranes by 2D CN/SDS-PAGE and immunodetected
both Hlips and their expected interaction partner, CP47
(Supplemental Fig. 2). However, this time we used a mildly
acidic MES buffer (pH 6.5) supplemented with Mg** and
Ca”* for membrane isolation and solubilized the thylakoids
using a combination of DDM together with the very mild
detergent glycodiosgenin (GDN) in order to stabilize pro-
tein—protein interactions (Chae et al. 2012). The majority
of Hlips in WT co-migrated with the RCCII complex and
CP47m (Supplemental Fig. 2a) in agreement with previ-
ous findings (Promnares et al. 2006). Notably, CP47m was
observed as at least three distinct spots with Hlips present
as a diffuse signal around the two higher molecular weight
forms. According to published results (Boehm et al. 2011;
Pascual-Aznar et al. 2021), the fastest migrating CP47m
spot corresponds to a ‘standard” CP47m complex containing
CP47 subjoined with the small PSII subunits PsbH, PsbL,
and PsbT. A fraction of CP47m further associates with the
small Psb35 protein and the mass difference between the
RC47m and RC47m-Psb35 complexes is clearly resolved
by CN gel (Pascual-Aznar et al. 2021). Thus, it seems likely
that the higher MW CP47m forms detected here represent
CP47m + Hlips with and without Psb35. Minor HIiA/B sig-
nals were also observed around the RC47 complex and in
the high molecular weight region. Notably, almost no Hlips
were detected as free dimers, indicating that our solubiliza-
tion conditions preserved the native interactions of Hlips.
To differentiate between the highly similar HIiA and
HIiB, which react with the same antibody, we also utilized
the single-mutant strains AhliA and AhliB (Supplemental

Table 1 Pigment composition of the purified (His-)HIiAC- and (His-)HIiBC-dimers Purified proteins were separated on CN-PAGE and gel
bands containing Hlip-dimers (see Fig. 1) were cut for pigment analysis by HPLC (Fig. 2b)

Protein complex Pigment

Chlorophyll a p-carotene Echinenone p-cryptoxanthin Chl:Car ratio
His-HIIAC 1.000 0.524 (+£0.005) 0.061 (£0.000) 0.021 (x£0.001) 1:0.6
His-HIiBC 1.000 0.515 (+£0.006) 0.070 (x£0.004) 0.021 (x0.001) 1:0.6

Pigment stoichiometries were normalized to Chl=1. The relative pigment quantifications are an average (+standard deviation) of three inde-

pendent pull-downs
Car total carotenoids
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Fig. 2b, c). Both Hlips had a very similar distribution in the
gel, with the majority of the protein found in RCCII and
CP47m. Both Hlips were also observed in the two higher
molecular weight spots of CP47m as in WT. Interestingly,
a significant amount of HIiA was also observed in the high
molecular weight region at the top of the gel, whereas HIiB
was more enriched around CP47m. Neither Hlip was present
in high quantities in the dimeric PSII, suggesting a preferen-
tial binding to assembly and/or repair complexes. To study
the effect of HIiC on HIiA/B localization, we created AhliA/
AhliC and AhliB/AhliC strains and repeated the experiment
(Supplemental Fig. 2d, e). The signal of immunodetected
Hlips was very faint, indicating an important role of HliC for
the stability of HIiA/B (see later). The Hlips also dispersed
to multiple (unidentified) protein complexes that seemed to
be distinct from their native localization, suggesting that
HIiC is important not only for HIiA/B accumulation, but
also for their proper targeting in the cell.

To obtain more detailed insight on the HIiA/B interac-
tomes and their dependency on H1iC, we isolated thylakoid
membranes and performed pull-downs from high-light-
treated WT, his-hliA/AhliA, his-hliB/AhliB, his-hliA/ AhliA/
AhliC, and his-hliB/AhliB/AhliC strains. In order to preserve
a maximal amount of native interactions, we performed the
pull-downs in similar mild conditions as was used for the
2D-analysis of thylakoids (solubilization with DDM/GDN
in MES buffer). The membranes were first analyzed by 1D
SDS-PAGE followed by immunodetection to compare the
levels of (His-)HIiA/B proteins in the strains (Fig. 3a). Nota-
bly, the presence of His-HIiA and native HliA in the mem-
branes lowered dramatically after deletion of the hliC gene.
Amounts of His-HIiB and native HliB were also significantly
reduced in AAliC, but to a lesser extent than (His-)HIiA.
We then analyzed the Ni-NTA pull-downs by CN-PAGE
(Fig. 3b). Four green bands co-eluted specifically with His-
HIiA and His-HIiB proteins and an additional, fast migrating
green-yellow band was visible in the His-HIiB eluate. In
accordance with the dramatic reduction in His-HIiA/B levels
upon deletion of AliC, the eluates from AhliC background
contained significantly less pigment—protein complexes;
while some complexes were still present in the his-hliB/
AhliB/AhliC pull-down, no visible bands were detected in
the CN-separated his-hliA/AhliA/ARIiC eluate (Fig. 3b).

The eluates obtained from his-hliA/AhliA and his-hliB/
AhliB were further separated by 2D CN/SDS-PAGE (Fig. 4).
The green bands co-eluting with the Hlips were identified
as RCCII, RC47, and CP47m assembly intermediates; the
small green-yellow band in his-hliB/AhliB was identified as
free Hlip-dimers. In both eluates, the CP47m was present as
two distinct bands: with and without Hlips. This implied that
a fraction of Hlips was stripped out from the CP47m dur-
ing CN-PAGE; indeed free (His-)HIiAC- and (His-)HIiBC-
dimers were detectable on the Coomassie-stained 2D gels
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Fig.3 Accumulation of Hlips in the thylakoid membranes (a) and
CN-PAGE separation of Ni-NTA pull-downs (b) from WT, his-hliA/
AhliA, his-hliB/AQliB, his-hliAlAhlIA/ARLIC, and  his-hliB/AhliB/
AhliC strains. a Membranes from high-light-treated cells were iso-
lated in MES buffer, separated on SDS-PAGE and immunoblotted
using an antibody against HIiA/B. The different Hlip-forms are indi-
cated with arrows. Total staining of the gel with SYPRO® Orange
prior to blotting is shown as loading control. b Hlip complexes were
purified in MES buffer using a combination of DDM and GDN deter-
gents. The eluates were separated on CN-PAGE and the gel was
scanned. Protein complexes were identified based on 2D-analysis of
the gel strips (see Fig. 4). PSI[3] trimeric PSI, u.p. unbound pigments

(Fig. 4). Free (His-)HIiBC was more abundant, and the pig-
ments associated with the dimer were readily visible on the
CN gel (Fig. 3b). In agreement with preferential binding
of HIiBC to CP47m (Supplemental Fig. 2), the CP47m to
RCCII ratio in the His-HIiB preparation was much higher
than in the His-HIiA pull-down (Fig. 4). Even though the
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Fig.4 Two-dimensional CN/SDS-PAGE separation of His-HIiA and
His-HIiB pull-downs CN-PAGE strips from his-hliA/AhliA and his-
hliB/AhliB pull-downs (see Fig. 3b) were separated in the second
dimension with SDS-PAGE and the gels were stained with Coomas-

RC47 assembly intermediate was below/close to the detec-
tion limit in the 2D-blots from thylakoid membranes (Sup-
plemental Fig. 2), it was clearly visible in the His-HIiA/B
pull-downs (Fig. 4) demonstrating the presence of Hlips in
this complex as well.

To get a holistic view of all the HIiA/B interactors, we
repeated the pull-downs three times and analyzed the elu-
ates with mass spectrometry (Fig. 5, Supplemental Data 2).
PSII core subunits were clearly enriched in the pull-downs
from his-hliA/AhliA and his-hliB/AhliB (Fig. 5a and b),
while PSI was not significantly enriched, consistent with
the CN-PAGE analysis where PSI[3] was a contamination
present also in the WT control elution (Fig. 3b). In addition
to the PSII subunits (D1, D2, CP43, CP47, cytochrome bssg
a and B, and PsbH), the assembly factors Psb27, Psb28-
1, Psb28-2, Psb35, Ycf48, and CyanoP were significantly
enriched. Moreover, no oxygen-evolving complex proteins
were detected, confirming that the eluates consisted only of
PSII assembly intermediates or PSII repair complexes and
not of fully assembled PSII. As was already observed in the
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phosphate buffer preparations (Fig. 1), native HliB was not
present in the his-hliA/AhliA pull-down and vice versa. HIiD
was not detected in either eluate, whereas HliC was enriched
in both, confirming that HliA and HI1iB dimerize preferen-
tially with H1iC in vivo. A set of previously unknown inter-
actors were also detected. Most notably, the export proteins
SecD and SecF, and the uncharacterized proteins SIr2105
and SI11071 were enriched in both eluates. The his-hliB/
AhliB eluates contained an additional set of eighteen high
confidence interactors, most of which are uncharacterized
proteins (Supplemental Data 2).

MS analysis of his-hliA/AhliA/ARLiC and his-hliB/
AhliB/AhliC pull-downs (Fig. 5c, d; Supplemental Data 2)
was in line with the reduction of Hlips (Fig. 3a) and their
aberrant localization in the thylakoid membranes (Supple-
mental Fig. 2d, e) upon deletion of 4liC. Due to low accu-
mulation of the bait proteins, we obtained significantly
less interacting proteins compared to the preparations
containing HIiC. Intriguingly, both Hlips co-purified with
a significant amount of HIiD and HIiD-specific partners,
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Fig.5 Volcano plots of his-hliA/AhliA (), his-hliB/AhliB (b), his-
hliAIARLIAIARLIC (c), and  his-hliB/ARliB/ARLIC (d) pull-downs
analyzed by MS Pull-downs from WT thylakoids were used as a
negative control. The differences between the sample and control
(log,-transformed intensities) are plotted on the x-axis and the nega-
tive logarithms of p-values on the y-axis. All pull-downs were per-
formed three times. Cut-offs for high confidence (FDR=0.1%) and
low-confidence (FDR=1%) interactors are marked by solid and
dashed lines, respectively (lines in panels b and c are overlapping).
Individual proteins are indicated with gray squares. All proteins that

Ycf39 and ChlG. Deletion of HIiC resulted in the presence
of small amounts of native HIiB in the His-HIiA elution
and, analogously, HliA was co-purified with His-HIiB.
Overall, the MS results confirmed our observations from
the CN-PAGE analysis (Fig. 3b): the His-HIiA eluate did
not contain significant amounts of PSII core subunits nor

were enriched in both his-hliA/AhliA and his-hliB/AhliB, all Hlips
and the HliD-interactors Ycf39 and ChlG have been indicated with
different colors and symbols in each plot: Hlips are indicated with
orange circles, PSII subunits with green triangles, known PSII assem-
bly factors with magenta diamonds, and novel HIiA/B interactors
with blue crosses. Hlips and their direct interactors (ChlG, CP47,
PsbH, and Ycf39) as well as the novel co-eluted proteins (SecD,

SecF, SII1071, and SI2105) are additionally marked with corre-
sponding font colors

the novel interactors (Fig. 5c), whereas some PSII assem-
bly complexes were still enriched with His-HIliB, even in
the absence of HIiC (Fig. 5d). Moreover, some interaction

with SecD and SecF as well as S111071 was retained in
his-hliB/AhliB/AhliC.
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Lysine 35 destabilizes HIiA in the absence of HIiC

HIiC and HIiD proteins form a heterodimer, but homodi-
mers of these Hlips can also accumulate in large quantities,
particularly if one of the two is eliminated (Staleva et al.
2015; Shukla et al. 2018). The amino-acid sequences of
HIiA and HIiB are very similar (87% amino-acid identity).
However, in contrast to HliB, which is still rather stable
in the absence of HIiC, the accumulation of HIiA depends
strictly upon HIiC (Fig. 3a). The most plausible explana-
tion for this result is a fast degradation of monomeric,
pigment-less HIiA produced in the absence of HIiC. As we
discuss later, HIiB is most likely able to form homodimers,

whereas HIiA seems to occur in the cell almost exclusively
in heterodimers with HIiC.

To clarify the mechanism of selective Hlip pairing, we
created point-mutated His-HIiA constructs at residues E22
and K35. These two sites are the most divergent between
HIiA and HIiB and therefore might be important for deter-
mining the difference between these proteins (Fig. 6). The
mutants His-HIiA(E22P) and His-HliA(K35E) were created
to mimic HIiB and the mutant His-HIiA(K35A) to mimic
HIiC (Fig. 6). All mutated His-HIiA variants were expressed
in the AhliA/AhliC background and membranes from high-
light-treated cells were analyzed with 1D-SDS-PAGE
(Fig. 7a). An immunoblot of the gel showed that the level
of His-HIiA(E22P) remained low in the membranes, while

a N-terminal extension ! C-terminal transmembrane helix

H1iA 1 MTTRGFRLDQDNRLNNFAIEP-EVYVDSSVQ TKY ASLET VIGHBVIGWLNSL 70
H1iB 1 MTSRGFRLDQDNRLNNFAIEP-PVYVDSSVQ TEY VSL VITGHGIVGWLLSL 70
H1iC 1 MNNE--—-———————————————————— N SSANILELVSGQBVLHFEFGIL 47
H1iD 1 MSEEL--—-—--—-———————- LLIEBVIEYFTNQGVLAWLGLR 57
b

H1iA 1 MTTRGFRLDOQ T -DSSVOAGWTKYAEKMNGRFAMIGFASELIMEVMVTGHGVIGWLNSL 70
H1iB 1 MTSRGFRLDQDN IEPP -DSSVQAGWTEYMAEKMNGRFAMIGFVSELAMEMITGHGIVGWLLSL 70
Psb34 1 --NYTKDDDG KI PSKADKRN¥L--IMAAITVVLVAGEIAVAMVASGAS-————- T 61

Fig.6 Sequence comparisons of Synechocystis Hlips and Psb34.
a Alignment of Synechocystis Hlips. The conserved LHC-motif is
underlined. b Alignment of Synechocystis HliA, HIiB, and Psb34
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both K35 variants were able to accumulate to a higher extent
—up to a comparable amount with His-HIiB expressed in the
AhliC background. We also investigated the effect of the
point mutations on protein—protein interactions by perform-
ing pull-downs in MES buffer (Fig. 7b). With the increased
accumulation of His-HIiA(K35A) and His-HliA(K35E)
in the thylakoid membranes, the proteins also co-purified
with more CP47. Interestingly, the amount of HliD was also
increased in both eluates.

Discussion

The universal and specific features of pigment
binding to Hlips

In this study, we isolated and characterized highly pure
(His-)HIiAC- and (His-)HIliBC-dimers by a combination of
nickel-affinity chromatography and CN-PAGE separation
(Fig. 1). The dimers were pigmented with a Chl:Car ratio
of 1:0.6, very close to the 1:0.57 reported previously for
homo-oligomeric HIiC isolated from the genetic background
accumulating HIiC as the only Hlip (Shukla et al. 2018).
The pigment configuration of dimeric HIiC, purified by a
combination of nickel-affinity chromatography and anion-
exchange chromatography in DDM, was accordingly sug-
gested to correspond to 4 Chls and 2 Cars (Shukla et al.
2018). Here, we utilized A8-35 amphipol for separation of
Hlip-dimers during CN-PAGE and analyzed the pigments
from gel-extracted proteins. This method prevented the com-
monly observed (unspecific) oligomerization of Hlips during
the gel run (see, e.g., Shukla et al. 2018, Fig. 1) and yielded
extremely pure and probably very well-preserved native con-
formations of Hlips. The observed Chl:Car ratio of 1:0.6
suggests the alternative possibility that dimeric HIiC as well
as HIiAC and HIiBC bind 5 Chls and 3 Cars, with the third
Car binding site being weaker. In contrast to other Hlip-
dimers, HIiCD contains 5-6 Chls per 2 Cars (ratio 1:0.36;
Niedzwiedzki et al. 2016) but, as demonstrated recently,
another (weak) xanthophyll-binding site in HIiCD facili-
tates its interaction with Chl synthase (Proctor et al. 2020).
Indeed, a small fraction of echinenone and f-cryptoxanthin
(~ 15% of total Cars), found in both HiAC and HliBC, might
partially replace f-Car in a less specific, more polar and
peripheral binding site.

Similar to HIiC (Hontani et al. 2018; Shukla et al. 2018)
and HIiD (Staleva et al. 2015), the HIiAC- and HI1iBC-
dimers were clearly in a quenching conformation, as
shown by the absence of Chl fluorescence from the puri-
fied dimers (Fig. 1). This result further corroborates that
constitutive quenching is a universal feature of Hlips. The
absorption spectra of HIiAC and HIiBC exhibit a typical
red-shift (> 520 nm) in Car absorbance, which appears to

be characteristic for all LHC-like proteins able of thermal
dissipation via Car S, state (Llansola-Portoles et al. 2017;
Hontani et al. 2018; Skotnicové et al. 2021). As shown by
Knoppovi et al. (2014), the HIiCD pair is able to dissipate
excitation energy from the RCII complex. It is tempting
to speculate that Hlips can also dissipate energy from the
CP47 antenna. However, one has to keep in mind that the
RCII complex contains only six Chl molecules, whereas the
CP47m binds 16 Chls. Effectively quenching such a com-
plicated pigment system would require a fast energy-transfer
channel from Chls in CP47 to a Car in the associated Hlips.
Whether CP47m can be photoprotected by Hlips, or HiAC
and HIiBC serve some different function (e.g., Chl delivery)
needs to be addressed in future work.

The Synechocystis Hlip-interactome

HIiA and HIiB were previously found to co-elute after sepa-
ration of thylakoid proteins by gel-filtration (He et al. 2001),
which led to the proposition that these proteins form a com-
plex. Based on 2D gel analysis of purified Hlips (Figs. 1 and
4) and MS analysis of His-HIiA and His-HIiB pull-downs
(Fig. 5), we demonstrated that HIiA and HliB form heter-
odimers specifically with HIiC. HIiC seems to be crucial
for the accumulation of HIiA/B (Fig. 3a) and for the correct
localization of these proteins in thylakoids (Supplemen-
tal Fig. 2). These results imply a very limited stability of
monomeric Hlips and we speculate that the only ‘surviv-
ing’ Hlips in AhliC mutant cells are those forming either
homodimers or heterodimers with other Hlips. Indeed, only
in the absence of HIiC does HliA/B interact mutually or with
HIiD (Fig. 5¢c, d). It should be noted that in contrast to the
aberrant interaction with HIiD, which could be detected by
immunoblotting (Fig. 7b), the formation of HIiAB heterodi-
mers was detectable only by the very sensitive MS approach
(Fig. 5c, d) and thus must be extremely rare even in the
AhliC mutant. Together, these results also explain the locali-
zation of HIiA/B in AhliC thylakoids (Supplemental Fig. 2d,
e): the unspecific pairing between HIiA/B and HliD might
lead to some HIiA/B binding to HliD-associated complexes
and vice versa.

The mechanism behind the strict selectivity of Hlip pair-
ing is enigmatic. To clarify the dimerization ‘rules’, we
mutated Lys35 of HliA into Glu (opposite charge) or Ala
(small, neutral residue). Importantly, we found that the affin-
ity of the K35E mutant protein to HliD and CP47 was sig-
nificantly increased, while the K35A mutation also slightly
increased the interactions (Fig. 7b). It seems plausible that
K35 mutation strengthens the interaction with HliD. Addi-
tionally, it might facilitate the formation of homodimers,
thereby increasing the stability of His-HIiA in the AAliC
background. As HIiB contains a Glu residue in the ‘-3’ posi-
tion before the Chl-binding motif, these results are consistent
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with the higher stability of this Hlip in the absence of HIiC.
It is also noteworthy that the N-terminal extensions of HIiA
and HIiB are relatively long in comparison to HIiC and HliD
(Fig. 6a). Indeed, both HIiC and HIiD are able to accumulate
as homodimers (Staleva et al. 2015; Shukla et al. 2018).
Thus, it is possible that the long N-terminal extensions of
HIiA and HliB could further hinder their mutual dimeriza-
tion. Based on these observations, we speculate that the very
short stromal-exposed N-terminus and a non-polar residue in
position -3’ are some of the key determinants for the ability
of HIiC to bind any other Hlip.

HIiB was previously shown to bind near CP47 and PsbH
(Promnares et al. 2006). Recently solved Thermosynecho-
coccus RCCII structures revealed the presence of a novel
Psb34 assembly factor next to PsbH and CP47 (Zabret
et al. 2021; Xiao et al. 2021). Interestingly, the N-terminal
sequence of this assembly factor shares significant similarity
with HliA and HI1iB N-termini (Fig. 6b). The N-terminus of
Psb34 forms a loop along the surface of CP47 with several
hydrogen bonds with PsbH, PsbL, and CP47 stabilizing the
interaction (Supplemental Fig. 3). As we did not observe
Psb34 in our MS data (Supplemental Table 1), it is likely
that both HliA and HliB compete with Psb34 for the same
binding site of CP47. Furthermore, Hlips were not detected
in FLAG-Psb34 affinity pull-downs even from high-light-
treated cells (Rahimzadeh Karvansara et al. accepted). Thus,
the N-terminal sequence of HIiA/B most likely mediates the
interaction between Hlip-dimers and CP47 in a manner simi-
lar to the Psb34 N-terminus. Because HIiD interacts with

Cytoplasm

Lumen

Fig.8 Scheme of PSII assembly intermediates involving Hlips The
PSII complex is assembled from four building blocks called modules
(D1m, D2m, CP43m, CP47m), each of which is preloaded with Chl
and Car cofactors before association to larger PSII assembly interme-
diates (Komenda et al. 2012b). During stress conditions, Hlips attach
to distinct assembly/repair intermediates, potentially protecting the
whole pathway. HIiAC- and HIiBC-dimers likely occupy the same
binding site as the Psb34 assembly factor (Zabret et al. 2021; Xiao
et al. 2021). Although both heterodimers bind to complexes contain-
ing CP47, HIiBC appears to have a higher affinity to ‘free’ CP47m
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Ycf39 even in the absence of HIiC (Staleva et al. 2015), this
interaction is also most probably mediated via the N-ter-
minal sequence of HliD. Based on these data, we propose
a model for Hlip-dimerization where HIiC functions as a
truncated ‘generalist’ helix that prevents aggregation of PSII
assembly complexes, while the role of the other ‘specialist’
Hlip partner is to target Hlips to the desired complexes.

HIiA and HliB in PSII biogenesis

All Chl-binding PSII core subunits as well as several known
PSII assembly factors co-purified with His-HIiA and His-
HliB (Fig. 5, Supplemental Data 2), whereas no oxygen-
evolving complex proteins were detected. The pattern of
the eluted complexes on CN- and 2D-PAGE (Figs. 3b and
4) in combination with the MS data gave strong evidence
that HIiA and HIiB associate with PSII assembly interme-
diates and not with the active complex. Based on the Hlip-
interactome data presented in this publication (Figs. 4 and
5) and previous data describing the roles of HliCD-dimers
during early steps of PSII biogenesis (Chidgey et al. 2014;
Knoppova et al. 2014), we prepared a model depicting the
participation of Hlips in PSII assembly/repair under stress
conditions (Fig. 8). Hlips are involved in PSII biogenesis
from the earliest steps: HliC and HIiD form a complex with
Chl synthase and Ycf39, which also associates with the
YidC insertase (Chidgey et al. 2014). Together, this com-
plex might assist Chl delivery to the newly formed D1 reac-
tion center protein (Chidgey et al. 2014). The HIiCD-Ycf39

while HIiAC might be more specific for later assembly steps. Small
PSII subunits PsbE (Cyt b559 a), F (Cyt b559 ), I, K, L, M, T, X,
Z and Ycfl2 have been omitted for clarity. Known assembly fac-
tors Ycf48 (Komenda et al. 2008), CyanoP (Knoppova et al. 2016),
Psb28 (Dobdkova et al. 2009), Psb27 (Komenda et al. 2012a) and
Psb35 (Pascual-Aznar et al. 2021) that were also identified in our
His-HIiA/B pull-downs are indicated. D/m D1 module, CP47m CP47
module, CP43m CP43 module, P CyanoP, H PsbH, 28 Psb28, 27
Psb27
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complex remains attached to the D1 module and the RCIT*
complex, which they protect against photo-oxidative damage
(Knoppova et al. 2014; Staleva et al. 2015). Upon CP47m
binding, the HIiCD-dimer and Ycf39 likely detach, as they
are not seen in the RC47 complex (Boehm et al. 2012; this
study Fig. 5a, b). HliAC- and HliBC-dimers pre-assemble
to the CP47m under stress conditions, remain bound until
formation of the monomeric PSII reaction center complex
(RCCII), and detach before/during oxygen-evolving complex
(OEC) assembly. We suggest that the protection of CP47m
and later assembly steps against photo-oxidation is the main
role of HIiA/B proteins. As shown by Rahimzadeh Karvan-
sara et al. (accepted), these Hlips have different dynamics
after light stress, with HIiB accumulating more transiently
(maximal expression after 2 h of high light stress) and HliA
showing more stable accumulation even after prolonged
(24 h) high light stress. The different affinity of HliA and
HIiB to ‘free’ CP47m reported here supports the fine-tuning
and specialized roles of these Hlips during stress conditions.

MS analysis of His-HIiA and His-HliB pull-downs
(Fig. 5a and b) revealed as yet unknown interactors for both
Hlip isoforms. The discovery of SecD and SecF translocon
proteins was especially interesting. In heterotrophic bacteria,
the SecDF-dimer utilizes the transmembrane proton gradi-
ent to promote protein export across the plasma membrane
(Gardel et al. 1990; Pogliano and Beckwith 1994; Arkow-
itz and Wickner 1994). Together with YidC, SecDF is also
a part of the holo-translocon complex, which is required
for efficient membrane insertion of polytopic membrane
proteins (Komar et al. 2016; Botte et al. 2016). Our results
suggest that the SecDF-dimer is also a component of the
thylakoid holo-translocon and might participate in PSII bio-
genesis. The other identified Hlip-interactors, S111071 and
SIr2105, are proteins of unknown function and thus candi-
dates for novel (possibly high-light-specific) PSII assembly
factors.

Materials and methods
Synechocystis strains

All mutant strains described in this work are constructed
using the Synechocystis WT-P substrain (Tichy et al. 2016).
To prepare a AhliA strain, we fully segregated the deletion
construct described in (Xu et al. 2002) in WT-P; the AhliB
and his-hliB/AhliB mutants were described in Promnares
et al. (2006). To construct his-hliA/AhliA, we transformed
the AhliA strain with the plasmid (pPD-his8-hliA) and seg-
regated transformants on plates with increasing kanamycin
concentration (starting with 10 pg ml~!' and doubling the
amount until full segregation was achieved). To create the
pPD-his8-hliA plasmid, the hliA gene was amplified from

the Synechocystis chromosomal DNA using primers his8-
hliA-fw and hliA-rev. The resulting insert was cloned into
the pPD-FLAG plasmid (Hollingshead et al. 2012) using
Ndel and BgllI restriction sites. The AliC gene was deleted
by chloramphenicol resistance cassette from the plasmid
pACYC184. The deletion construct was created by overlap
extension PCR (Lee et al. 2004) using the scpB1, scpB4,
ScpBCmb5, and scpBCm6 primers. The deletion construct
was transformed into Synechocystis and segregated with
increasing chloramphenicol concentration. Genomic DNA
from this strain was used to transform the his-hliA/AhliA
and his-hliB/AhliB strains to obtain his-hliA/AhliA/ARlIC
and his-hliB/AhliB/AhliC, respectively. The AhliA/AhliC
strain was created by transforming genomic DNA isolated
from AhliA into the AhliC strain and segregating transfor-
mants on plates with increasing erythromycin concentra-
tion (starting with 3 pg ml~! and doubling the amount until
full segregation was achieved). The AhliB/AhliC strain
was created by transforming genomic DNA isolated from
AhliC into the AhliB strain and segregating transformants
on plates with increasing chloramphenicol concentration
(starting with 10 ug ml~' and doubling the amount until
full segregation was achieved). His-HIiA point mutants
were constructed by mutating the pPD-his8-hliA plasmid
using the QuikChange II XL kit (Agilent) with primers
his-hliA(E22P), his-hliA(K35A), and his-hliA(K35E). The
mutated plasmids were sequenced and transformed to the
AhliA/ARLIC background. All primer sequences are listed
in Supplemental Table 1.

Growth conditions

Synechocystis cells were inoculated by suspending one
loop of cells to 50 ml of BG11 medium in 250 ml Erlen-
meyer flasks. Cells were grown under 40 umol m=2 s~! in
a shaker at+ 28 °C. The starting cultures were grown until
OD;50> 1.0 (WPA S1200 Spectrawave, Biochrom) and
used to inoculate experimental cultures at OD55, 0.1-0.2.
For the expression analysis of the His-constructs, the cells
were grown under the same conditions as above until loga-
rithmic growth phase and then transferred to high light
(500 pmol m~2 s‘l) for 1, 3, and 5 h; the control flask
(0 h) was kept in 40 umol m~2 s~!. Cells were harvested at
OD55, 0.8-1.0 by centrifuging at 10,000 rpm and+4 °C
for 10 min (Sigma 3K30, rotor 12,155) and resuspended
to MES buffer [25 mM MES-NaOH (2-(N-morpholino)
ethanesulfonic acid) pH 6.5, 10 mM CaCl,, 10 mM MgCl,,
25% glycerol] for storage. For localization of Hlips in
thylakoid membranes, the cells were grown as above and
treated with 3 h of high light before harvesting. For pull-
down assays, cells were grown in 1 1 cylinders with 600 ml
of BG11, air bubbling and mixing by magnetic stirrer with
40 pmol m~2 s~! illumination from the side at+ 28 °C.
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Cells were grown until OD,5, 1.0-1.5 and treated with
500 pmol m~2 s~! light for 3 h before harvesting. Cells
were harvested by centrifuging at 6600 rpm and +4 °C
for 20 min (Sigma 8KS, rotor 12505-H) and resuspended
either to phosphate buffer (25 mM Na-phosphate pH 7.8,
50 mM NaCl, 10% glycerol) or to MES buffer and pelleted
again by centrifuging at 10,000 rpm and +4 °C for 10 min
(Sigma 3K30, rotor 12155). Cells were resuspended to the
respective buffer for storage. Cells were frozen in N, and
stored in — 80 °C.

Thylakoid membrane extraction

Thylakoid membranes for expression analysis were extracted
by breaking the cells in MES buffer. Pelleted cells were
resuspended in 400 pl of MES buffer and mixed with
200 ul of glass beads (100200 pm) and cOmplete™ pro-
tease inhibitor cocktail (Roche) in 2-ml lysis tubes. This
suspension was vortexed 4 X 20 s and samples were cooled
on ice for 3 min between each cycle. After breaking, the
membranes were extracted by washing the glass beads with
200 ul MES buffer 4-5 times. The obtained suspension was
pelleted by centrifuging at 36,000 g and +4 °C for 20 min
and resuspended to 100 ul of MES buffer. Thylakoids for
localization studies were broken with Precellys® Evolution
(Bertin Technologies) in 2-ml lysis tubes in MES buffer.
Cells were pelleted in the lysis tubes and supplemented with
200 pl of buffer, 200 pl of glass beads (100-200 um) and
10 pl of 50 x cOmplete™ protease inhibitor cocktail (Roche)
(one tablet dissolved to 1 ml of H,0). Lysis program was set
to 320 s at 5 500 rpm with 120 s pause between the cycles;
cooling was set to 0 °C. The glass beads were washed repeat-
edly with 200 pl of buffer and thylakoids collected in 2-ml
eppendorf tubes. Thylakoids were pelleted by centrifuging
at 18,000 rpm and +4 °C for 30 min (Sigma 3K30, rotor
12131) and resuspended to ~ 100 pl of buffer for storage. For
pull-down assays, the cells were broken in 7-ml lysis tubes
either in phosphate or MES buffer. Cells were pelleted in
the lysis tubes and supplemented with 1 ml of buffer, 2 ml
of glass beads (100200 um) and 100 pl of 50X protease
inhibitor. The same lysis program was used as above, but
the program was run twice with 5 min incubation of samples
on ice between the cycles. The glass beads were washed
repeatedly with 1-2 ml of buffer and thylakoids collected in
30-ml centrifugation tubes. Thylakoids were pelleted by cen-
trifuging at 20,000 rpm and 44 °C for 30 min (Sigma 3K30,
rotor 12158) and suspended in a few ml of buffer for stor-
age. Membranes were frozen in N, and stored in — 80 °C
until use. After cell lysis, the samples were kept constantly
cooled and protected from light. Thylakoid Chl concentra-
tion was determined in methanol according to Lichtenthaler
and Wellburn 1983.
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Pull-down assays

Thylakoid membranes were solubilized using 1% DDM
(AppliChem). Thylakoid concentration was set to 0.5 g
ul~! Chl with phosphate or MES buffer and the membranes
were incubated with the detergent and SIGMAFAST™
EDTA-free protease inhibitor (Sigma-Aldrich) for 10 min
in+ 10 °C with gentle rotation. Insoluble membrane debris
was removed by centrifuging at 20,000 rpm and +4 °C for
30 min (Sigma 3K30, rotor 12131). For MES buffer pull-
downs, 1% glycodiosgenin (GDN, Anatrace) was added to
the solubilized membranes to stabilize protein complexes
(Chae et al. 2012). Solubilized membranes were mixed
with ~ 100 pl of pre-equilibrated Protino® Ni-NTA agarose
(Macherey—Nagel) per 1 mg of Chl in the starting mate-
rial (typically 1.5 mg Chl was used). 500 mM NaCl and
10 mM imidazole were added to reduce unspecific binding.
Proteins were bound to the Ni-NTA agarose by incubating
for 1 h at+ 10 °C with gentle rotation. All buffers used dur-
ing the purification were supplemented with 0.04% DDM
and MES buffer pull-downs with additional 0.04% GDN.
Purification was performed in 10 ml Poly-Prep® chromatog-
raphy columns (Bio-Rad). The nickel resin was washed with
20 column volumes (CV) of equilibration buffer (10 mM
imidazole, 500 mM NaCl in phosphate or MES buffer) and
20 CV of washing buffer (20 mM imidazole in phosphate or
MES buffer). Elution was performed with 5 or 10 CV of elu-
tion buffer (200 mM imidazole in phosphate or MES buffer,
respectively). The final eluates were concentrated using
50 kDa cut-off centrifugal columns (Vivaspin® 6, Sartorius
or Amicon® Ultra, Merck). All genotypes were purified in
parallel for the MS analysis, and the experiment was repli-
cated three times in total. First and second replicates were
purified with new Ni-NTA resin and the second replicate
with one-time-used and washed resin.

Electrophoretic methods

Clear native gel electrophoresis was performed as in
(Komenda et al. 2019) with minor modifications. CN
samples were prepared by solubilizing thylakoid mem-
branes in 1% DDM + 1% GDN at 0.5 pg pl~' Chl concen-
tration for 10 min on ice. We also omitted deoxycholate
from the cathode running buffer and added 1% amphipol
A8-35 (Tribet et al. 1996; Kameo et al. 2021) to the CN-
PAGE samples before loading. CN-run was performed at
constant current of 11 mA. 2D- and 1D-SDS-PAGE were
performed on 16-20% acryl amide, 0—10% sucrose gra-
dient gels prepared in 0.65 M Tris—HCI (pH8.6) (acryl
amide:bis acryl amide 60:1). Proteins were transferred
to PVDF membranes (Immobilon-P, Merck) in carbon-
ate buffer (3 mM Na,CO;, 10 mM NaHCO;) using Trans-
Blot® Cell (Bio-Rad). Blotting was performed at 850 mA
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for 3 h with water cooling at+4 °C and mixing with mag-
netic stirrer. Antibodies against HIiA/B (AS10 1603), HIiD
(AS10 1615), and CP47 (AS04 038) were purchased from
Agrisera and used as 1:4000 dilutions. Antibody against
HIiC (Moravian Biotechnology) was generated against a
synthetic N-terminal peptide (amino acids 1-17) in rabbit
and used as 1:500 dilution. All antibodies were diluted in
TTBS (10 mM Tris—HCI pH 7.6, 150 mM NacCl, 0.05%
TWEEN® 20) and incubated on the membranes overnight
at+ 10 °C with gentle shaking. For detection, proteins
were labeled with Peroxidase-conjugated goat anti-rabbit
secondary antibody (A6154, Sigma-Aldrich, 1:10,000
dilution) for 1 h at room temperature and incubated for
1 min in Immobilon® Crescendo Western HRP Substrate
(Merck). Chemiluminescence was detected with LAS-
4000 (Fujifilm).

Pigment analysis

To identify pigments associated with purified His-Hlips,
we cut a piece of CN gel (~3 X2 mm) containing sepa-
rated Hlips and cut it further into several smaller pieces.
Gel pieces were incubated in 200 pl of MES with 0.04%
DDM buffer overnight. After centrifugation, 150 pl of the
supernatant was injected into the Agilent-1260 HPLC sys-
tem equipped with a diode-array detector. Pigments were
separated on a reverse-phase column (Zorbax Eclipse C18,
5 pm particle size, 3.9 X 150 mm; Agilent) with 35% (v/v)
methanol and 15% (v/v) acetonitrile in 0.25 M pyridine (sol-
vent A) and 20% (v/v) methanol, 20% (v/v) acetone, 60%
(v/v) acetonitrile as solvent B. Pigments were eluted with a
linear gradient of solvent B (30-95% (v/v) in 25 min) in sol-
vent A followed by 95% of solvent B in solvent A at a flow
rate of 0.8 ml min™' at 40 °C. Chl a and Cars were detected
at 440 nm; the obtained peaks were integrated and the molar
stoichiometries calculated from calibration curves prepared
using authentic standards.

Absorption spectra

Absorption spectra of purified Hlips were measured by
cutting a piece from the CN gel containing the pigmented
Hlip complexes and setting it on a plastic slip attached to
a custom made adaptor to fit into a standard 1-ml cuvette
slot in a spectrophotometer. Spectra were recorded from 750
to 350 nm in 0.5 nm intervals with a Shimadzu UV-3000
spectrophotometer (slit width 5 nm); an empty gel was used
as blank. The spectra were normalized to the absorption
maximum of the red region of Chl a (Qy band). Three inde-
pendent pull-downs were analyzed per strain and the spectra
averaged.

Mass spectrometry

Concentrated Ni-NTA eluates (5 pl) were diluted with
45 pul of 50 mM ammonium bicarbonate supplemented
with 0.1% (v/v) Rapigest (Waters) surfactant and incubated
at+ 60 °C. After 45 min, proteomic grade trypsin (Sigma)
was added to a final concentration of 10 ng ul~! and incu-
bated at+ 37 °C. After 12 h, samples were acidified and
peptides were isolated by the StageTip procedure (Rapp-
silber et al. 2007) to produce 30 ul of sample. LC-MS/
MS analysis was performed on an UltiMate 3000 UHPLC
(Thermo Fisher Scientific) on-line coupled to a TimsTOF
pro (Bruker) mass spectrometer. Samples (2 pl) were
trapped for 1 min on a ThermoFisher trap (0.3 X5 mm,
C18, 5 um) column, then separated by reverse phase liq-
uid chromatography on a Acclaim PepMap RSLC column
(75 pm X 15 cm, C18, 2 pm, 100 /ok; Thermo Fisher Scien-
tific). During 30 min, peptides were eluted by increasing
ratio of acetonitrile (solvent B) in 0.1% formic acid (sol-
vent A) from 3 to 50% directly into the CaptiveSpray nano
ion source of the mass spectrometer. Spectra were acquired
in PASEF (Parallel Accumulation/SErial Fragmentation)
data dependent mode with an accuracy of 0.2 ppm for
precursors and 0.5 ppm for peptides. Each sample was run
twice (two technical repetitions). Raw data were processed
by the MaxQuant/Andromeda software (Cox and Mann
2008; Cox et al. 2011; Tyanova et al. 2016a) and compared
to a species specific Synechocystis protein database down-
loaded from Uniprot and Cyanobase.

Statistical analysis of protein groups obtained from
MaxQuant was performed in Perseus 1.6.14.0 (Tyanova
et al. 2016b). Proteins identified only by site or in the
reverse dataset and potential contaminants were removed.
Data were log,-transformed and inspected by hierarchical
clustering and one technical replicate was discarded due
to low quality of the MS run (WT replicate 1.2). Other
technical replicates were averaged with their respective
pairs and data filtered to include only proteins that were
detected in all three pull-downs at least in one genetic
background. Missing data was imputed from normal dis-
tribution for statistical analysis. Data was inspected for
significant background interactions (i.e., batch effect)
by hierarchical clustering and checking the correlations
between samples. A significant batch effect was detected
between the different pull-down batches and subsequently
removed using the Limma package (Ritchie et al. 2015) via
the PerseusR-plugin (Rudolph and Cox 2019). Significant
interactors were determined using the Hawaii plot function
in Perseus, which uses a global permutation-based false-
discovery rate (FDR) to detect significant hits (Rudolph
and Cox 2019). High confidence (Class A) FDR rate was
set to 0.1%, low-confidence (Class B) FDR rate was set to
1%, and s, was set to 2.
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In silico analyses

Coding sequences of Synechocystis Hlips (hliA, ss12542;
hliB, ssr2595; hliC, ssl1633 and hliD, ssr1789) and psb34
(ss11498) were obtained from the genomic sequence
(GenBank assembly GCA_000009725.1) and translated.
Sequences were aligned using the EMBL-EBI T-coffee
multiple sequence alignment tool (Madeira et al. 2019).

Image manipulation

Histograms of gel images were adjusted with Photoshop
CS2 (Adobe) to improve visual clarity. Volcano plots were
exported from Perseus v. 1.6.15.0 (Tyanova et al. 2016b).

Vector art was added and images were assembled in Corel-
DRAW X6.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11120-022-00904-z.
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ARTICLE INFO ABSTRACT

Keywords: Membrane-bound FtsH proteases are universally present in prokaryotes and in mitochondria and chloroplasts of
FtsH4 protease eukaryotic cells. These metalloproteases are often critical for viability and play both protease and chaperone
Synechocystis

roles to maintain cellular homeostasis. In contrast to most bacteria bearing a single ftsH gene, cyanobacteria
typically possess four FtsH proteases (FtsH1-4) forming heteromeric (FtsH1/3 and FtsH2/3) and homomeric
(FtsH4) complexes. The functions and substrate repertoire of each complex are however poorly understood. To
identify substrates of the FtsH4 protease complex we established a trapping assay in the cyanobacterium Syn-
echocystis PCC 6803 utilizing a proteolytically inactivated "PFtsH4-His. Around 40 proteins were specifically
enriched in "FtsH4 pulldown when compared with the active FtsH4. As the list of putative FtsH4 substrates
contained Ycf4 and Ycf37 assembly factors of Photosystem I (PSI), its core PsaB subunit and the IsiA chlorophyll-
binding protein that associates with PSI during iron stress, we focused on these PSI-related proteins. Therefore,
we analysed their degradation by FtsH4 in vivo in Synechocystis mutants and in vitro using purified substrates. The
data confirmed that FtsH4 degrades Ycf4, Ycf37, IsiA, and also the individual PsaA and PsaB subunits in the
unassembled state but not when assembled within the PSI complexes. A possible role of FtsH4 in the PSI life-cycle

Photosystem I
Thylakoid membrane
Assembly factors

is discussed.

1. Introduction

FtsHs are transmembrane metalloproteases universally conserved in
bacteria, chloroplasts, and mitochondria. By modulating protein pro-
cessing and turnover, the activity of FtsH proteases is essential for a
broad spectrum of biological processes. In most bacteria, these enzymes
are so crucial for maintaining cellular homeostasis that cannot be
eliminated [1]. In cyanobacteria, algae and plants, FtsHs play an addi-
tional important role in the biogenesis of photosynthetic apparatus and
the best-studied process involving FtsH in phototrophs is the quality
control of the photosystem I complex (PSII) (reviewed in [2]). However,
the contribution of FtsHs to photosystem I (PSI) biogenesis [3] and to
plastid development [4] has also been proposed.

The molecular mechanisms, by which FtsHs control the biogenesis of
photosynthetic complexes remain mostly unknown and only a few
substrates of FtsHs related to photosystem biogenesis were identified in
phototrophs [5-7]. Likewise the other cyanobacteria, the model species

Synechocystis sp. PCC 6803 (hereafter Synechocystis) contains four FtsH
homologues, FtsH1-FtsH4. Individual Synechocystis FtsHs form three
oligomeric complexes in vivo — two heteromers FtsH1/3 and FtsH2/3,
and homomeric FtsH4. The FtsH2/3 and FtsH4 complexes have been
localized in the thylakoid membrane (TM) and levels of these complexes
are comparable [7,8]. Similarly to its Arabidopsis thaliana orthologs
FtsH2/8 and FtsH1/5 [9], the Synechocystis FtsH2/3 complex plays a
pivotal role in the selective degradation of PSII subunits during PSII
repair [10,11] and controlling the level of unassembled PSII subunits
[12]. The deletion of ftsH2 gene causes light sensitivity and photo-
inhibition of PSII [10]. Nonetheless, the role of FtsH2/3 is clearly not
restricted to maintaining active PSII complexes. The inactivation of
FtsH2 protease leads to other phenotypic changes such as a reduced
level of PSI and a significant decrease in the cellular level of chlorophyll
(ChD [13].

The less abundant, but essential FtsH1/3 complex is located in the
plasma membrane [14,15] and is more specifically involved in the
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acclimation of cells to nutrient deficiency. Several transcription factors,
regulating mostly nutrient starvation genes, have been identified as
potential substrates of FtsH1/3 [16]. In contrast to the essential role of
FtsH1 and FtsH3 and poor viability of the FtsH2-less strain, the elimi-
nation of FtsH4 had no obvious negative impact on the Synechocystis
growth under normal growth conditions (40 pmol of photons m 2 s~}
28 °C [13]) apart from a statistically significant higher level of Chl per
cell compared with wild type (WT) [7]. This excess of Chl was incor-
porated into the PSI trimer (PSI [3]), the level of which was elevated in
AftsH4 cells compared with WT [7].

This subtle phenotype of the Synechocystis AftsH4 strain, observed
under moderate light intensities, contrasts to strongly retarded growth
of this mutant under high light (HL) [7]. Interestingly, even more severe
growth defects have been described for the AftsH4 mutant cells that
were first grown to stationary phase and then diluted and shifted to HL
[7]. Our recent results exclude that the Synechocystis FtsH4 structurally
or functionally substitutes for FtsH2 and hence the FtsH2/3 complex in
the repair of PSII. Instead, the FtsH4 acts in the photoprotection of PSII
by dual regulation of high light-inducible proteins (Hlips). These small,
single-helix proteins bind Chl and carotenoids and are crucial for the
biogenesis of PSII under stress conditions [17,18]. FtsH4 positively
regulates the expression of hli genes coding for Hlips, shortly after HL
exposure but is also responsible for the post-stress removal of Hlips once
they are no longer needed. In Synechocystis, FtsH4 complexes are
concentrated in well-defined membrane regions at the inner and outer
periphery of the thylakoid system. As the FtsH4 has been co-purified
with a similar set of protein factors as the PSII assembly intermediates
[19], it is likely that the observed FtsH4-rich membrane spots co-localize
with compartments where the biogenesis of photosystems takes place.

In this work, we screened for substrates of the Synechocystis FtsH4
using a proteolytically inactive FtsH4 variant as a trap. Putative sub-
strate proteins, co-isolated with inactive protease, were verified in vivo
by employing Synechocystis FtsH4 mutants and in vitro using a proteo-
lytic essay. We can conclude that the FtsH4 controls the level of at least
two PSI assembly factors (Ycf37 and Ycf4), the unassembled PSI core
subunits and the PSI-binding IsiA protein. Other potential substrates are
also discussed.

>

2. Material and methods
2.1. Construction of Synechocystis strains

The Synechocystis glucose tolerant substrain GT-P [20] was used as
WT for all experiments described in this study. The AftsH4 mutant and
Synechocystis strains expressing C-terminally 3xFLAG-tagged FtsH4
under psbA2 promoter (F4CF strain) and C-terminally 6xHis-tagged
FtsH4 (ftsH4-his) under the native ftsH4 promoter are described in [7].
To construct the "PftsH4-his strain, the E439Q mutation was introduced
into the ftsH4-his plasmid [7] using the QuikChange II XL site-directed
mutagenesis kit (Agilent Technologies). The resulting plasmid was
transformed into Synechocystis and transformants were fully segregated
using an increasing concentration of chloramphenicol. The presence of
P ftsH4-his gene was confirmed by sequencing. The A3 strain, lacking
psbAI and psbAII genes [21] was used as a control for the FACF strain.

To construct Synechocystis strains expressing N-terminally 1xFLAG-
tagged PsaA (f.PsaA) or PsaB (f.PsaB) from the native psaAB promoter,
a set of DNA constructs was prepared by the NEBuilder HiFI DNA as-
sembly kit, each containing the gentamycin or chloramphenicol resis-
tance cassette downstream of the psaAB locus (see Fig. S1). These
constructs were used to replace the whole psaAB operon to obtain strains
expressing only f.PsaA or f.PsaB (f.psaA/ApsaB or f.psaB/ApsaA strains).
The f.psaA strain, containing the assembled FLAG-PSI with tagged PsaA,
was prepared by transforming the f.psaA/ApsaB strain using the psaB-
Gent construct and selecting for autotrophy (Fig. S1).
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2.2. Cultivation of Synechocystis strains

Liquid cultures were grown in BG-11 medium in Erlenmeyer flasks at
28 °C on a rotary shaker (120 rpm) at a normal irradiance of 40 pmol
photons m~2 s7! (normal light, NL) or a high irradiance of 500 pmol
photons m~2 s~ (HL) provided by white fluorescence tubes. For FtsH4-
His pulldown assays, Synechocystis strains were grown in 1 L cylinders
bubbled with air at irradiance of 100 pmol photons m~2 s} which was
increased to 300 pmol photons m 2 s~! for 16 h before harvesting. PSI
strains for FLAG-specific pulldowns were cultivated in a 10 L flask
(culture volume 4 L) bubbled with air at 5 pmol photons m2s7 L

For the cold stress experiment, strains were cultivated at 20 °C at
irradiance of 150 pmol photons m 2 s™1.

To inhibit the protein synthesis, the liquid cultures were supple-
mented with lincomycin at a concentration of 100 pg ml~ of culture.

To remove iron, the cells were transferred to an iron-depleted me-
dium (residual concentration of iron about 5pM) supplemented with
10 uM deferoxamine B (DFB), an iron chelator. Cells were cultivated for
another 72 h. For recovery from iron depletion, the cells were washed
three times, resuspended in standard BG11 and grown for another 48 h.

2.3. Whole cell absorption spectroscopy and Chl determination

Absorption spectra of whole cells resuspended to the same OD750nm,
were acquired at room temperature using a UV-3000 spectrophotometer
(Shimadzu, Japan). For routine Chl determination, methanol extracts of
cell pellets or membranes were analysed spectroscopically according to
Porra et al. [22].

2.4. Low temperature fluorescence spectroscopy

Low temperature Chl fluorescence emission spectra were measured
at 77 K in cultures with the identical ODy50py, using an SM 9000 spec-
trophotometer (Photon Systems Instruments, Czech Republic) at an
excitation wavelength of 470 nm.

2.5. Isolation of thylakoid membranes

Approximately 100 ml of cells at an OD75¢,, of ~0.8 were harvested
by centrifugation at 6000 xg for 10 min and resuspended in buffer A (25
mM MES, pH 6.5, 10 mM CaCl,, 10 mM MgCl,, 25 % glycerol) for
protein analysis and FLAG-tag specific pulldowns or buffer B (25 mM Na
phosphate buffer, pH 8, 50 mM NaCl, 10 % glycerol) for His-tag specific
pulldowns. Cells were mixed with 100-200 pm diameter glass beads in
1:1 ratio (1 volume of dense cell solution with 1 volume of glass beads)
and broken (6 x 20 s) using a mini-bead beater. To separate soluble and
membrane fractions, samples were centrifuged at 30,000 xg for 20 min
at 4 °C. Pelleted membranes were washed once with an excess of buffer
and then resuspended in 150 pl of buffer A or B for later use.

2.6. Electrophoresis and immunoblotting

For 1D SDS-PAGE, membrane proteins were denatured with 2 % SDS
(w/v) and 1 % (w/v) dithiothreitol for 30 min at room temperature and
analysed by SDS-PAGE in a denaturing 12-20 % polyacrylamide gel
containing 7 M urea or in 4-15 % TGX precast gels (Bio-Rad). For the
clear native (CN) electrophoresis, the proteins were separated on 4-14
% (w/v) polyacrylamide gel as described in Komenda et al. [23] or 4-15
% TGX precast gel (Bio-Rad). The protein gels were scanned and the Chl
fluorescence image was taken by LAS-4000 camera (Fuji). Individual
components of protein complexes were resolved by incubating the gel
strip from the first dimension in 2 % (w/v) SDS and 1 % (w/v) dithio-
threitol for 30 min at room temperature and then proteins were sepa-
rated in the second dimension by a 12-20 % linear gradient SDS-PAGE
gel containing 7 M urea. Proteins in gels were stained by SYPRO Orange
(Sigma-Aldrich) or Coomassie Blue (Bio-Rad).
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For immunodetection, proteins were transferred from the SDS gel to
a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Merck
Millipore). Membrane was incubated with the primary antibody and
subsequently with an anti-rabbit secondary antibody conjugated with
horseradish peroxidase (Sigma-Aldrich). Chemiluminescence obtained
using an Immobilon Crescendo substrate (Millipore) was imaged using
the LAS-4000 camera (Fuji). These primary antibodies, specific for the
following proteins and tags, were used in this study: FtsH4 [24], PsaA
(Agrisera, cat. no. AS06 172), PsaB (Agrisera, cat. no. AS10 695), PsaD
[25], Ycf4 (Agrisera, cat. no. AS07274), Ycf37 [26], 6xHis (Abcam, cat.
no. ab9108), and FLAG (Abgent, cat. no. AP1013A).

2.7. Pulldown of tagged proteins

For the purification of His-tagged FtsH4 variants, 3.5 L of Synecho-
cystis cells were broken using glass beads as described above in buffer B
with EDTA-free protease inhibitor (Sigma). The pelleted membrane
fraction, prepared essentially as described in Koskela et al. [27], was
resuspended in buffer B (~0.5 mg Chl/ml) and solubilized for 60 min at
10 °C with 1 % 4-trans-propylcyclohexyl a-maltoside. Finally, insoluble
contaminants were removed by centrifugation (47,000 xg, 20 min).
Pulldown was performed as described in Krynicka et al. [7]; F.PsaA and
F.PsaB were purified in buffer A as described in Koskela et al. [27].

2.8. FtsH in vitro assay

Proteolytically active FtsH4-His was isolated from Synechocystis
membrane fraction as described above. The FtsH protease assay was
carried out essentially according to Tomoyasu et al. [28] and Krynicka
et al. [7] using 0.3 pg of total FtsH4 and 0.2 pg of the substrate. For the
inhibition of FtsH activity, the reaction was supplemented with cOm-
plete Protease Inhibitor Cocktail (Roche) containing EDTA. The reaction
was carried out in 20 pl. Composition of the reaction buffer: 25 mM MES
pH 6.5, 5 % glycerol, 2 mM Mg?*, 2 mM Ca?*, 0.4 uM Zn?", 3 mM ATP,
and 0.04 % 4-trans-propylcyclohexyl a-maltoside. All samples were
incubated for 3 h at 37 °C. After incubation, the samples were denatured
by 1 % SDS, separated by 1D SDS-PAGE, and the presence of F.PsaA, F.
PsaB, Ycf37, and FtsH4 was detected by specific antibodies, proto-
porphyrinogen IX oxidase (HemJ) was detected by FLAG-specific anti-
body. Quantification of the detected bands was performed by AzureSpot
Pro software v. 2.2.167 (Azure Biosystems). The substrate amount is
expressed as a percentage of the initial substrate level (100 %) and
numbers represent means of 3 independent reactions + standard
deviation.

2.9. Analysis of His-tagged FtsH4 pulldowns by protein MS

For the eluates of His-tagged proteins, 5 pl were diluted in 45 pl of
0.1 % (v/v) Rapigest (Waters) surfactant in 50 mM ammonium bicar-
bonate. The final mixture was incubated for 45 min at 60 °C, cooled
briefly and proteomic grade trypsin (Sigma) was added to a final con-
centration of 10 ng/pl and incubated at 37 °C. After 12 h, samples were
acidified by adding formic acid to a final concentration of 0.5 % (v/v).
The sample was desalted and peptides were isolated by the StageTip
procedure [29]. LC-MS/MS analysis was performed on an UltiMate 3000
UHPLC (Thermo Fisher Scientific) on-line coupled to a TimsTOF pro
(Bruker) mass spectrometer. 2 pl of the sample were trapped for 1 min
on a ThermoFisher trap (0.3 x 5 mm, C18, 5 pm) column, then separated
by reverse phase liquid chromatography on an Acclaim PepMap RSLC
column (75 pm x 15 cm, C18, 2 pm, 100 /1’\; Thermo Fisher Scientific)
column. Peptides were eluted by a linear water: acetonitrile gradient,
where acetonitrile increased from 3 to 50 % over 30 min and the eluted
fluid was fed directly into the CaptiveSpray nano ion source of the mass
spectrometer. Both mobile phases contained 0.1 % of formic acid.
Spectra were acquired in a data-dependent PASEF (Parallel Accumula-
tion/SErial Fragmentation) regime with an accuracy of 0.2 ppm for
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precursors and 0.5 ppm for fragments. 3 technical replicates were ac-
quired for each of the 3 biological replicates for each sample. Raw data
were processed by the MaxQuant/Andromeda software [30,31] and
matched to species-specific Synechocystis protein databases downloaded
from Uniprot and Cyanobase. Statistical analysis of protein groups ob-
tained from MaxQuant was performed in Perseus 1.6.14.0 [32]. After
removing hits identified only by modified peptides, reverse database hits
and most common contaminants, IBAQ intensities were logo-trans-
formed and missing data was imputed from normal distribution. Inter-
actors were identified by comparing FtsH4-His with "®PFtsH4-His
samples using the volcano plot function, and non-specific reactions were
identified by subtracting proteins identified in the non-his control
sample. The MS proteomics data were deposited to the MassIVE, ID:
MSV000092109.

3. Results
3.1. Pulldown assay using His-tagged FtsH4 as a bait

To establish a sensitive trap assay for the identification of FtsH4
substrates, we constructed Synechocystis strains expressing the active
6xHis-tagged FtsH4 variant and its proteolytically inactive derivative
("PEtsH4-His) from the native ftsH4 promoter. The inactive enzyme
contains a point mutation E439Q abolishing the binding of the catalytic
zinc ion [33]. The FtsH trap is still able to unfold and translocate sub-
strates into the proteolytic chamber allowing to isolate stable FtsH-
substrate complexes [34]. As confirmed by immunodetection, the
levels of FtsH4-His and "*PFtsH4-His were comparable with the level of
native FtsH4 protease (Fig. S2). In order to find the optimal conditions
for the purification of both active and inactive FtsH4 proteins we ana-
lysed the level of FtsH4 during different phases of growth. Notably, the
highest accumulation of this protease was observed in the linear growth
phase, followed by lag and stationary phase while the lowest level was
found in the exponential growth phase (Fig. S3A).

To distinguish between potential FtsH4 substrates and proteins
interacting in the cell with the FtsH4 enzyme for other reasons, we first
performed a pulldown assay with the FtsH4-His as a control for "PFtsH-
His. Both strains were cultivated in three independent parallels in 1 L
cylinders under NL conditions till the linear growth phase (OD750pm ~
2.5) to ensure a high cellular accumulation of FtsH4 (see Fig. S3A, B).
After cell disruption, FtsH4 protease was purified on a nickel column and
subjected to nanoLC-MS/MS protein identification (Fig. 1). Raw data
were processed using MaxQuant and the obtained IBAQ intensities were
used to determine statistically enriched proteins [7,35]. Solubilized
membrane proteins from WT were used as a negative control for the
detection of non-specific interactors with the resin.

This analysis revealed 256 proteins that were significantly enriched
compared to the WT TM control when the false discovery rate cut-off
was 1 % (FDR = 0.01). Applying more stringent significance criteria:
log2 FC (FtsH4 — WT) > 3, which means 8 (2%) times higher iBAQ in-
tensity than the WT control (Fig. 1A, blue area), and corresponding to at
least 1 % of the FtsH4 content, we selected the 51 hits (Fig. 1A, red
square, Supplementary Dataset 1). The eight most abundant proteins
(above 10 % of FtsH4 content) are listed in Table 1. S111106 protein is
known to interact tightly with FtsH4 [7] and, indeed, Sll11106 was
among the most abundant hits in our FtsH4 pulldown (36 % of the FtsH4
content). Apart from S111106, FtsH4 was co-isolated with GlgB and
GlgA2 enzymes functioning in glycogen synthesis (75 % and 11 % of the
FtsH4 iBAQ content) and Slr0374 protein (69 % of the FtsH4 content)
that is involved in CO, uptake and utilization [36]. Glutamine synthe-
tase was an additional enzyme among the most abundantly purified
proteins with FtsH4 (47 % of the FtsH4 content). Finally, the set of top
eight co-purified proteins comprised two transcriptional repressors
including Fur that regulates gene expression in response to iron deple-
tion (Table 1).

In agreement with our previous FLAG-FtsH4 pulldown (see
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Fig. 1. Identification of candidate proteins for FtsH4-His substrates using " FtsH4-His assay and protein MS. A) Volcano plot representing the difference in Loga-
transformed iBAQ intensities between FtsH4-His pulldown and the control WT TM elution. Three independent biological triplicates were carried out for both
pulldowns; identified protein hits are indicated by grey squares. The FDR cut-off, represented by black line, was set to 1 % and proteins highlighted in red are the
most significantly enriched with the highest abundance in comparison with the bait (Supplementary Dataset 1). B) Volcano plot representing the difference in Logs-
transformed iBAQ intensities between FtsH4-His and "®PFtsH4-His pulldowns. Three independent biological triplicates were carried out for both pulldowns. Proteins
(potential substrates) significantly enriched in the trap elution compared to FtsH4-His elution are inside the blue background rectangle. Proteins related to PSI are
highlighted in red and proteins involved in CO, uptake are in black; other photosynthetic proteins are in blue. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Discussion section), we also identified CurT protein that is important for
the organization of TM, RubA protein that is important for the PSII as-
sembly [37], and several subunits of ATP synthase (Supplementary
Dataset 1). However, all these proteins were represented only in units of
percent relative to the FtsH4 iBAQ intensity and these are more likely
only co-localized with FtsH4 or bind this protease transiently/very
weakly.

After clarifying what proteins co-isolate with the active FtsH4-His,
we purified the "@FtsH4-His protease and searched for specific hits
that are absent or significantly less abundant in controls (FtsH4-His and
WT TM). Using FDR = 0.05, we identified 64 proteins significantly
enriched in trap pulldown (Fig. 1B). To narrow down the list of potential
FtsH4 substrates, we defined more stringent criteria for significance:
log, FC ("PFtsH4-His — FtsH4-His) > 2, which means 4 times more than

Table 1

A list of proteins that were most abundantly represented in the His-tagged FtsH4
pulldown. Raw iBAQ intensities of proteins, co-eluted with FtsH4-His, were
compared with their iBAQ intensities in the control elution. Log,FC (FtsH4-His
— WT) shows the Log, difference (enrichment) in the FtsH4-His sample
compared to the control. The column labelled % of FtsH4 shows the calculated
percentage of iBAQ intensities of the co-eluted proteins in respect to the bait
protein (FtsH4-His). Only proteins with Log>FC > 3 and a percentage above 10
% are shown (see the Supplementary Dataset 1 for the full list of proteins).
Experiments were performed in triplicates; averaged values are shown.

Number  Protein iBAQ intensity Log2FC —log % of
FtsH4-His WT (FtsH4- P FtsH4
His — value
WT)
FtsH4 20,455,700 1908 14 5 100
(S111463)
1 GlgB 13,336,700 1,229,830 3 4 75
(S110158)
2 SIr0374 11,833,400 146,968 6 4 69
3 GuaA 8,556,310 1,043,050 3 2 47
(S1r0213)
4 S111106 6,887,130 99,608 6 4 36
5 Fur 5,232,910 226,268 5 3 29
(S110567)
6 Slr1617 3,054,720 89,864 5 3 18
7 NrdR 2,551,290 75,893 5 3 14
(S111780)
8 GlgA2 2,507,480 180,845 4 3 11

in the FtsH4-His control. With this setting, 42 proteins were identified in
total (Fig. 1B, blue area, Table S2). Most of these putative FtsH4 sub-
strates were transmembrane and membrane-associated proteins and,
quite specifically, proteins involved in photosynthesis.

3.2. Identification of putative substrates using a protease trap assay

Interestingly, several proteins enriched in the "@PFtsH4-His prepa-
ration were related to PSI and its biogenesis, namely IsiA, PsaB, Ycf4,
and Ycf37. IsiA is the iron stress-induced Chl-binding protein that forms
an oligomeric ring around the PSI under iron limitation [38,39]. PsaB is
the core subunit of the PSI complex [40,41] and Ycf4 and Ycf37 are PSI
assembly factors involved in the early stage of the PSI biogenesis
[42,43]. PsaA was also enriched in the trap pulldown compared to active
FtsH4, however since its level was relatively high in the WT control, the
specific occurrence of PsaA in the pulldown was questionable. Notably,
the amount of PsaA was 2.5 times lower than PsaB in the trap indicating
that FtsH4 prefers PsaB to PsaA.

Apart from the PSI-related proteins, PsbH and PetD were also
enriched in the "*PFtsH4-His elution. PsbH is a small PSII subunit
associated with the CP47 antenna protein and PetD (SIr0343) is a
component of the cytochrome bgf complex that mediates the electron
transfer between PSII and PSI as well as the cyclic electron flow around
PSI. In addition, we found prohibitin Phbl and FtsH3 but not FtsH1 and
FtsH2, as potential substrates of FtsH4. It is also worth noting that 8 of
44 selected proteins are involved in acclimation to low carbon and their
expression increases during the CO, limitation, namely flavoproteins
S110217, S110219, SbtA, SbtB, CupA and several proteins of unknown
function like Ycf23 and Slr1634 [44]. However, as in the case of IsiA, our
cell cultures were not stressed by CO; limitation, which is evident from
low levels of bicarbonate or CO; transporters such as SbtA or CupA in the
membrane fraction (Fig. S4). Finally, two heat shock proteins were
found among the putative substrates of FtsH4.

3.3. FtsH4-less cells contain aberrant levels of PSI subunits and PSI
assembly factors under stress conditions

The FtsH trap approach revealed two PSI assembly factors (Ycf37,
Ycf4) and PsaB, the core subunit of the PSI complex, as putative sub-
strates of FtsH4. Our previous study demonstrated that the deletion of
ftsH4 results in a surplus of PSI trimer under NL conditions (Fig. S5) [7].
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Interestingly, after 5 days at 20 °C (cold-stress conditions), in the AftsH4
strain, we identified two additional PSI complexes migrating between
the PSI monomer and the dimer in CN gel (Fig. 2A, blue and red arrow).
These are presumably intermediates of PSI assembly since complexes of
the same size were observed in 2D autoradiogram that is indicative of
newly synthesized PsaA/PsaB proteins (Fig. 2B).

Since the presence of these PSI assembly intermediates could be
related to the overaccumulation of Ycf37 and Ycf4 PSI assembly factors
in AftsH4, we tested it using the 2D blots of membranes from cells grown
in cold-stress which were probed with antibodies specific for each as-
sembly factor. Indeed, the content of Ycf37 was significantly increased
in AftsH4 compared with WT (Fig. 2A) and a smearing signal of Ycf37
starting in the region of these complexes indicated their possible asso-
ciation with this assembly factor. We could not immunochemically
detect Ycf4 on the 2D gel but it was possible on 1D gel and the analysis
confirmed the overaccumulation of both, Ycf37 and Ycf4 in cold stress-
treated AftsH4 cells (Fig. 2C). In contrast to cold stress, amounts of Ycf37
and Ycf4 were comparable in WT and AftsH4 under NL (Fig. 3A).
Nonetheless, after the transfer of cells to HL conditions, effectively
blocking the synthesis of PSI [45,46], the amount of Ycf4 and partly also
Ycf37 assembly factor decreased in WT while it remained stable in
AftsH4 after 72 h (Fig. 3A). 2D gel analysis of WT and AftsH4 cells after
24 h of HL supported these results (Fig. 3B) and a distinct band of Ycf37
in the region of the red-designated PSI complex of AftsH4 supports its
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identity as a PSI monomer with bound Ycf37. Notably, quite the oppo-
site effect was observed in the F4CF strain overexpressing the FLAG-
tagged FtsH4 [7]. The level of the Ycf37 protein was lower when
compared with the control psbAIl deletion strain A3 [21] after 24 h of HL
(Fig. 3B).

As Ycf37 and Ycf4 accumulate in the mutant lacking FtsH4 and
conversely, their levels are lower in the mutant overexpressing FAFC,
these results strongly support the conclusion that these PSI assembly
factors are substrates of FtsH4. To further confirm this hypothesis, we
performed an FtsH4 in vivo degradation assay. In WT and AftsH4, we
monitored a decrease in Ycf37 and Ycf4, and for control also D1, after
exposure to HL and inhibition of new protein synthesis by the addition of
Lincomycin. While in WT we observed a reduction in the amount of all
proteins during 6 h of HL exposure, in AftsH4 the amount of only D1
protein decreased comparably to WT while the amount of Ycf37 and
Ycf4 did not decline (Fig. 3C).

3.4. FtsH4 protease is involved in IsiA degradation during the recovery
from iron depletion

IsiA belonged to the most enriched proteins in the "*PFtsH4-His
pulldown (Fig. 1B, Table S2). Although the function of this protein is not
completely clarified, IsiA has been proposed to serve as a Chl storage
protein or an energy sink under stress conditions, most prominently

\\
N AftsH4

] Scan c

Cold stress

Fig. 2. Accumulation of PSI and PSI assembly complexes in the AftsH4 mutant grown in stress conditions. A) TM were isolated from WT and AftsH4 cells grown for 5
days under cold stress (20 °C/150 pmol of photons m 2 s~1) and analysed by 2D CN/SDS-PAGE. The CN gel was scanned (Scan). The 2D SDS gels were stained by
SYPRO Orange, electroblotted to PVDF membrane and the blot probed with antibodies specific for PsaB, Ycf37, and PsaD. PsaB migrates in the SDS gel in two forms
differing in the degree of denaturation (marked with dash-line). The SYPRO Orange stained gels document equal loading. Designation of complexes: PSI[1], PSI[2],
and PSI[3]: PSI monomer, dimer and trimer, respectively; and large subunit of RUBISCO (RbcL) is also indicated. Red and blue arrows in 2D blot indicate PSI
assembly complexes; 2.5 pg of Chl of each sample was loaded on the 2D gel and 1 pg of Chl for the 1D SDS gel. B) The position of PSI assembly complexes indicated on
immunoblot by red asterisks (A) were compared with 2D autoradiogram of membranes isolated from cells grown under standard conditions, radio-labelled and
treated with HL (500 pmol of photons m~2 s~ 1) for 30 min before the membrane isolation. The radio-labelled gels were exposed in a phosphoimager overnight. C) The
same samples as in (A) were separated by SDS-PAGE, blotted and probed by antibodies against Ycf37 and Ycf4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Effects of the ftsH4 deletion or overexpression on the amount of PSI assembly factors under HL conditions. A) SDS-PAGE analysis of TM isolated from WT and
AftsH4 strains exposed to HL for 72 h (28 °C/500 pmol photons m 2 s~1). The SDS gels were stained by SYPRO Orange, electroblotted to PVDF membrane and the
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was detected (Chl FL); 2.5 pg of Chl was loaded per each sample. The SYPRO Orange stained gels are shown as a loading control. Designation of complexes: PSI[1],
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specific for Ycf37, Ycf4 and D1. Loaded samples were normalized per number of cells. The obtained protein signals were quantified by AzureSpot Pro software v.
2.2.107 (Azure Biosystems). A ratio (percentage) of each analysed substrate in comparison to 100 % in calibration is shown, values are means of 3 independent

measurements + standard deviation.

under iron depletion [39,47]. To test whether the IsiA is degraded by the
FtsH4 protease in vivo, we monitored the level of IsiA in WT and AftsH4
cells during recovery from iron depletion. Initially, we exposed both
strains to iron stress to induce the expression of isiA gene; iron-depleted
conditions were induced by transferring the cells grown in BG11 to the
BG11 lacking iron (—Fe?") and supplemented by Deferoxamine B
chelator to remove iron traces.

After 72 h of the low-iron stress, we observed no difference in the
level of IsiA in WT and AftsH4 strains (Fig. 4). However, when we
replaced the medium with normal BG11 supplemented with iron, the
degradation of IsiA in the mutant was clearly retarded. The difference
was most prominent after 24 h of the recovery when the WT contained
40 % of the initial IsiA level while AftsH4 values remained twice as high
(Fig. 4). Because FtsH4 was purified with Fur, which functions as a
repressor of IsiA expression, we wanted to exclude the possibility that
the accumulation of IsiA in AftsH4 is due to lower levels of Fur protein.
Therefore, we also monitored the level of Fur during recovery from iron
depletion. Nevertheless, in agreement with [15] the Fur levels increased
during the course of recovery in both WT and AftsH4. Thus, we

concluded that slower decrease in the IsiA level during recovery from
iron depletion in the AftsH4 is not related to the lower accumulation of
Fur and that the data support involvement of FtsH4 in the degradation of
IsiA.

3.5. Validation of putative FtsH4 substrates using an in vitro FtsH assay

Results of the FtsH4 trap approach as well as the analysis of protein
content in FtsH4 mutant strains indicated that PSI assembly factors, the
PsaB PSI subunit and IsiA are potential substrates. To confirm that the
FtsH4 can recognize and degrade these proteins, we performed an in
vitro assay of FtsH4 proteolytic activity using the purified FtsH4-His as
an active enzyme (see Material and Methods). For negative control, the
protease activity was inhibited with EDTA. We tested first purified
FLAG-PSI complexes, isolated from the strain expressing FLAG-tagged
psaA instead of psaA (f.psaA strain), as a substrate (Fig. 5A; Fig. S1).
During incubation with the active purified protease we did not detect
any decrease in the level of FLAG-tagged PsaA (F.PsaA) and only a small
decrease in PsaB (—EDTA) when compared with the negative control
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(+EDTA) or with 100 % of a substrate in a calibration line (Fig. 5B). It
indicates that the core proteins assembled in the PSI complex are not
easily degraded by the FtsH4 protease.

To obtain unassembled PSI core subunits for the FtsH4 assay, we
constructed Synechocystis strains producing either F.PsaA or FLAG-PsaB
(F.PsaB) only, each in a genetic background lacking the second PSI core
subunits (f.psaA/ApsaB and f.psaB/ApsaA strains — see Fig. S1). The
resulting mutants showed a typical APSI phenotype with a very low Chl
level [48]. Importantly, F.PsaA and F.PsaB proteins could be detected by
anti-FLAG antibody (Fig. S6A) and isolated, albeit the accumulation of
FLAG-PsaB in TM is much lower than of FLAG-PsaA (Fig. S6A) and the
amount of the purified F.PsaB is also low (Fig. 5A). Notably, the Ycf37
factor was co-eluted with F.PsaA (Fig. S6B) allowing us to test the Ycf37
as a substrate for FtsH4.

Fig. 5B shows that after 3 h in the assay, the amount of the Ycf37
decreased by >60 %. As expected, the substrate levels were not reduced
in a control sample containing 5 mM EDTA. Importantly, by utilizing the
unassembled F.PsaA and F.PsaB subunits as substrates, about half of this
protein content was degraded.

To isolate IsiA as a substrate for in vitro FtsH4 assay, we separated
membranes from WT grown under 72 h of iron depletion on the CN gel
and extracted IsiA complexes from the CN gel. We focused on the
monomeric IsiA not assembled with the PSI complex, (see Fig. S6C). The
amount of IsiA decreased by 50 % after 3 h of the reaction with active
FtsH4 protease while IsiA levels were only slightly reduced in a control
sample containing 5 mM EDTA (Fig. 5B). These results also suggest that
FtsH4 can degrade IsiA in vitro. We checked also the potential degra-
dation of protoporphyrinogen IX oxidase enzyme (HemJ, Slr1790)
involved in tetrapyrrole biosynthesis. This enzyme was identified among
the 44 putative substrates of FtsH4 by MS and the purified FLAG-tagged
HemJ protein (HemJ.f) is available in our laboratory [49]. However, we
did not observe any significant decrease, which implies that this protein
was not degraded by FtsH4 in vitro.

4. Discussion

The cyanobacterial FtsH4 and its plastid orthologs (e.g. A. thaliana
AtFtsH7 and AtFtsH9) form a distinct phylogenetic subgroup of FtsH
proteases [50]. These homo-oligomeric FtsHs differ structurally from
hetero-oligomeric FtsH1/3 and FtsH2/3 and corresponding chloroplast
FtsH2/FtsH8 complexes and seem to have little or no functional overlap
with them. The unique function of FtsH4 is documented by a different
regulation of this protease complex in Synechocystis (Fig. S3). While the
level of FtsH1/2 and FtsH2/3 complexes decreased in the stationary
phase and increased after shift to HL, the level of FtsH4 increased during
the transition to stationary phase with its peak in linear growth phase
and decreased after long-term exposition to HL. Different regulation was
also observed at the transcript level (Fig. S2 [51]).

Recently, we have shown that the FtsH4 complex is not involved in
the repair of PSII damaged by high irradiance or oxidative stress [7].
However, it is required for efficient acclimation of cell to sudden
changes in light intensity. It controls the biogenesis of PSII by dual
regulation of the level of Hlips [17]. Firstly, FtsH4 promotes the
expression of Hlips after shift to high irradiance, most likely by modu-
lation of the Hik33/RpaB regulon [7]. This role seems to be particularly
crucial for cells exposed to HL after reaching the stationary phase; under
these conditions the lack of FtsH4 is lethal. At another regulatory level,
the FtsH4 controls the turnover of Hlips and degrades these proteins
once stress conditions relieve [7].

In this work, we applied the substrate trapping approach to identify
additional putative FtsH4 substrates. The identified candidates for
substrate were predominantly membrane proteins related to photosyn-
thesis (Table S2). We did not detect Hlips HIiA, HIliB, and HIiC as
(already known) substrates of FtsH4 [7], however, the cell cultures used
for pulldowns were grown under conditions that do not induce a high
expression of the hliA-C genes. The constitutively produced HIiD protein
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[52] was 3.5-fold more abundant in our trap pulldown compared with
the active FtsH4 form but did not meet our strict criteria for significance.
Although the HIiD is most likely the ‘true’ substrate of FtsH4, the
detection of very small hydrophobic proteins by MS is problematic,
especially when they are present in lower amounts. It is possible that
other small membrane proteins were not detected as statistically sig-
nificant substrate candidates due to the limits in their MS detectability.

On the other hand, the identification of Ycf4 and Ycf37 assembly
factors as FtsH4 substrates looks quite convincing. In WT, the expression
of ycf4 and ycf37 genes remains stable after shift of cells to HL [51], but
the level of these proteins is significantly reduced (Fig. 3). We found
lower content of Ycf37 in the FACF mutant overexpressing FtsH4 in
comparison with WT (Fig. 3B) but there was no HL-induced degradation
of Ycf37 and Ycf4 in the FtsH4 deletion mutant (Fig. 3C). In addition, the
digestion of Ycf37 by FtsH4 protease was confirmed in vitro (Fig. 5). Our
results also suggest that FtsH4 can regulate the level of both PsaB and
PsaA PSI core proteins. Nevertheless, in vivo and in vitro analyses suggest
that the FtsH4 protease is involved in degradation of unassembled PsaA
or PsaB core subunits rather than the intact PSI complex (Figs. 4 and 5).
The in vitro digestion was however not so efficient as in the case of small
proteins such are Hlips or Ycf37, which might be due to the large mass of
PsaA/B (~ 80 kDa). Since the FtsH4 exhibits strong auto-proteolytic
activity [7], the protease itself might be simply degraded faster than
the large substrate. Notably, the level of PSI in FtsH4-less cells is aber-
rantly high [7] (Fig. S5) and this mutant also accumulates PSI assembly
intermediates (Fig. 2) when exposed to cold stress. We therefore propose
that the FtsH4 degrades the Ycf4 and Ycf37 factors under conditions
when the PSI biogenesis needs to be rapidly arrested; typically, after
shifting Synechocystis cells from NL to HL. As shown previously in [53],
in the first hours at HL, Synechocystis strongly reduces the synthesis of
PSI to ‘dilute’ the cellular concentration of this complex, thereby
adjusting the PSI to PSII stoichiometry for HL. This new ratio is then
stabilized in HL-acclimated cells [53].

Both Ycf37 and Ycf4 are involved in the early steps of PSI assembly
[26,54] and we therefore speculate that the FtsH4 limits the biogenesis
of new PSI by lowering the level of assembly factors. The remaining free
PSI core subunits and partially assembled PSI complexes can also be
degraded by FtsH4 (Fig. 5). Because Chl biosynthesis is almost
completely blocked for 2-3 h after shift to HL (Sobotka, R, unpublished
data), Chl molecules, released from PSI assembly complexes, might be
important for the maintenance of active PSII complexes during the early
stage of acclimation to HL. This hypothesis is in line with the patchy
localization of FtsH4 at the periphery of TM where the biogenesis of
photosynthetic apparatus is expected to occur [7,54]. The current study
confirmed that the FtsH4 co-localizes with YidC and rubredoxin A pro-
teins involved in the biosynthesis and assembly of photosystem proteins
[19,37] (Supplementary Dataset 1). As it is speculated that the PSII and
PSI biogenesis proceeds in a coordinated way [54], it is likely that FtsH4
modulates the biogenesis of both photosystems.

Another PSI-related protein identified as a putative substrate of
FtsH4 is IsiA. This protein is homologous to PSII core antenna protein
CP43 and it is massively produced in cyanobacteria under iron defi-
ciency — it can bind up to 50 % of Chl in iron-starved cyanobacteria
[55]. During the recovery from iron limitation, this large Chl deposit is
probably released from degraded IsiA to support building of new pho-
tosystems [55]. The expression of the isiA gene is also induced, but to a
lesser extent, under oxidative or HL stress and in the stationary phase,
while it is subdued under optimal conditions. We did not observe any
accumulation of IsiA in membranes isolated from ftsH4-his and "*ftsH4-
his cells (Fig. S4), the level of this protein was apparently very low and
the interaction between IsiA and FtsH4 thus must be very specific. The
control of IsiA level by FtsH4 is supported by delayed IsiA degradation in
AftsH4 mutant during the recovery from iron depletion (Fig. 4). It should
be noted that IsiA was still degraded in AftsH4 (Fig. 4) and it is thus quite
likely that other proteases participate in the IsiA digestion.

Although we focused on validation of substrates that are related to
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the PSI compley, it is worth mentioning other proteins identified by our
FtsH4 trap assay. One of the most prominent hits was the PetD subunit of
the cytochrome bgf complex. PetD binds the Chl molecule in cytochrome
bef [56] and therefore exhibits the highest probability of the oxidative
damage induced by this excited Chl. In line with its higher turnover,
PetD is the only subunit of the complex which shows a clear radioactive
labelling in Synechocystis (Fig. S6). Notably, components of cytochrome
b¢f have already been considered a potential FtsH substrate in Chlamy-
domonas [6].

Remarkable is also the enrichment of proteins connected with CO,
concentrating mechanism such as SbtA, SbtB, and CupA. Since their
accumulation together with flavoproteins, Slr1634, Ycf23, and S111514
increases in response to low CO5 and is controlled by NdhR regulon [57],
we do not assume that all these hits are FtsH4 substrates. In fact, the
level of these proteins might be just high in "®ftsH4-his strain due to the
lack of FtsH4 (regulatory) activity. Alternatively, some of these proteins
are real substrates but others are pulled out due to interaction with the
substrate. For instance, SbtB, Flv2, and Flv4 were present only in the
trap pulldown while other CCM proteins were co-isolated with active
protease. Hypothetically, SbtB or Flv2/4 specifically trapped in inactive
FtsH4 might serve as FtsH4 substrates associated with other proteins.
These results, together with the fact that the FtsH4-His is copurified with
SIr0374, another protein important for CO, uptake, suggest that the
FtsH4 plays an important role in the acquisition of inorganic carbon.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbabio.2023.149017.
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SUMMARY

In natural environments, photosynthetic organisms adjust their metabolism to cope with the fluctuating avail-
ability of combined nitrogen sources, a growth-limiting factor. For acclimation, the dynamic degradation/
synthesis of tetrapyrrolic pigments, as well as of the amino acid arginine, is pivotal; however, there has
been no evidence that these processes could be functionally coupled. Using co-immunopurification and
spectral shift assays, we found that in the cyanobacterium Synechocystis sp. PCC 6803, the arginine meta-
bolism-related ArgD and CphB enzymes form protein complexes with Gun4, an essential protein for chloro-
phyll biosynthesis. Gun4 binds ArgD with high affinity, and the Gun4-ArgD complex accumulates in cells
supplemented with ornithine, a key intermediate of the arginine pathway. Elevated ornithine levels restricted
de novo synthesis of tetrapyrroles, which arrested the recovery from nitrogen deficiency. Our data reveal a
direct crosstalk between tetrapyrrole biosynthesis and arginine metabolism that highlights the importance

of balancing photosynthetic pigment synthesis with nitrogen homeostasis.

INTRODUCTION

In natural environments, the fluctuating combined nitrogen
(N) source is a growth-limiting factor. To cope with this constraint,
photosynthetic organisms have to adjust their metabolism to the
availability of N. For acclimation, the dynamic degradation/syn-
thesis of tetrapyrrolic pigments (chlorophyll [Chl], bilins, hemes)
as well as of the amino acid arginine (Arg) are evidently pivotal.
Arg metabolism is in aid of balancing N availability for anabolic
processes in a fluctuating environment." The surplus N is primarily
used for the synthesis of Arg that can be stockpiled in storage
material, such as cyanophycin, which can be metabolized during
N deficiency.2 At the same time, N fluctuation causes extensive
changesin the metabolism of tetrapyrroles. Atlow N, the accumu-
lation of Chl and bilins is predominantly downregulated in a pro-
cess called chlorosis or bleaching.>* Since these tetrapyrroles
are essential co-factors for photosynthetic apparatus, bleached
cyanobacterial cells stop their photosynthetic activity.” When N
becomes available, pigment synthesis is reactivated (regreening)
for the biogenesis of photosynthetic machinery to allow photoau-
totrophic growth.®

Oxygenic phototrophs synthesize the main photosynthetic
pigment, Chl, together with other tetrapyrroles via a common,
branched pathway.® The tetrapyrrole pathway must be tightly

regulated in virtually any type of organism since protoporphyrins
and other pyrrolic intermediates are highly phototoxic.” In
oxygenic phototrophs, the regulation of the tetrapyrrole pathway
appears to be a particularly complicated task, as the pathway is
branched and high quantities of end products (Chl, heme, bilins)
are required for photosynthesis.® A sophisticated control mech-
anism(s) must evolve to counterbalance the pathway with other
processes in the cell. In this way, the amounts of tetrapyrrole
end products can vary depending on developmental stage
and/or environmental conditions, and the accumulation of the
phototoxic biosynthetic intermediates can be tightly coordi-
nated.® How this regulation is accomplished remains mostly un-
clear. However, the main regulatory mechanisms appear linked
to the formation of the rate-limiting precursor 5-aminolevulinc
acid (5-ALA) and the branching between Chl and heme path-
ways.®° At this branchpoint, the magnesium chelatase (MgCh)
and ferrochelatase enzymes compete for the same protoporphy-
rin IX (Pix) substrate.

The Gun4 protein has been recognized as a critical factor for
the synthesis of Chl in cyanobacteria, as well as in algae and
plants, and has been extensively studied by various biochemical
and physiological approaches.'®"'" It is functionally linked to
MgCh; however, in vivo characterization of Gun4 mutants re-
vealed complex changes in tetrapyrrole metabolism far beyond
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Figure 1. The Gun4 protein interacts with en-
zymes involved in Arg metabolism

(A) Photoautotrophic growth of Synechocystis
strains constructed for anti-FLAG pull-downs.

(B) 2D BN/SDS-PAGE separation of f.argD*/AargD
and control (WT) pull-downs. The indicated protein
dots were identified by MS (Table S2). Protein spots
indicated by stars were identified as f.ArgD and
most likely represent partially degraded fragments
of f.ArgD.

(C) Quantitative analysis of the binding affinities of
ArgD to CphB and Gun4. Recombinant proteins
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what is expected from the altered MgCh activity.'®2° These re-
sults imply that Gun4 can regulate tetrapyrrole biosynthesis in
multiple ways.

Gun4 binds tightly to the ChIH subunit of MgCh, forming a
membrane-localized complex, which is expected to be the site
of Mg-Px (MgP) synthesis.'>?*?> However, a fraction of Gun4
is localized in the cytosol/stroma.'??*?> Here, we show that in
the cyanobacterium Synechocystis sp. PCC 6803 (hereafter
Synechocystis), the soluble N-acetylornithine aminotransferase
(ArgD) and cyanophycinase (CphB) enzymes interact with
Gun4. CphB is a peptidase that breaks down the cyanophycin
biopolymer into -Asp-Arg dipeptides.”® It is categorically found
in cyanophycin-containing bacteria and is apparently dispens-
able in Synechocystis.?” On the other hand, ArgD is an essential
enzyme in Arg biosynthesis from bacteria to plants. Our study
shows that ArgD binds Gun4 with high affinity and that the accu-
mulation of the Gun4-ArgD complex is modulated by the cellular
level of ornithine (Orn), a central intermediate of Arg biosynthesis.
High levels of Orn inhibit Chl biosynthesis via an ArgD-depen-
dent mechanism, supporting the role of the Gun4-ArgD complex
in a cross-talk between the Arg and tetrapyrrole pathways.

RESULTS
The Gun4 protein interacts with enzymes involved in Arg
metabolism

To better understand the metabolism of N in Synechocystis, we
focused on the Arg metabolic pathway playing a central role in N
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were analyzed with a spectral shift binding assay,
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(gray symbols) or Gun4 (black symbols). Symbols
and error bars represent the average data of three
independent experiments and their standard devi-
ation; the determined K4 values are indicated.
(D) The main steps of Arg metabolism and the
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homeostasis. Specifically, we used anti-FLAG pull-downs to
identify protein interactors of enzymes involved in Arg biosyn-
thesis. We constructed a strain expressing 3xFLAG-tagged
ArgD (f.ArgD) from the constitutive psbAll promoter while lacking
the native enzyme (f.argD*/AargD strain; see Table S1). Unlike
the AargD mutant, which is an Orn auxotroph,®® the f.argD*/-
AargD mutant proliferated without Orn supplement, showing
growth and pigmentation comparable with the wild-type (WT)
strain (Figure 1A).

The f.ArgD enzyme was isolated from the soluble fraction
according to Koskela et al.,®' and the obtained eluate was
separated on a 2D blue native (BN)/SDS-PAGE together with
a WT control. The resulting gel was stained, and the visible
protein spots were identified by mass spectrometry (MS) (Fig-
ure 1B; Table S2). Tryptophanyl t-RNA synthetase (TrpS) and
fructose-1,6-biphosphatase (Fbp-1) were evident contaminants,
eluted from the FLAG resin also when using the WT control. On
the other hand, despite their detachment from f.ArgD during the
separation by BN, SIr0983 (hypothetical glucose-1-phosphate
cytidylyltransferase homolog), CphB, and Gun4 were identified
as specific co-eluates of f.ArgD (Figure 1B). CphB (29.4 kDa)
migrated like a large oligomer (>200 kDa), which was more
intensely stained than the spot of the apparently monomeric
Gun4 (26.6 kDa). The mass of f.ArgD (49.8 kDa) on the BN gel ap-
peared at about 100 kDa, indicating a dimer consistent with other
studies.*? Given the well-established and critical role of Gun4 in
Chl biosynthesis,>* we focused on the interaction of Gun4 with
enzymes involved in Arg metabolism (ArgD and CphB).
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To assess the in vitro affinities of Synechocystis ArgD to CphB
and Gun4, we expressed these proteins in Escherichia coli (E. coli)
as 6xHis-tagged variants. After purification on a nickel column,
recombinant proteins were subjected to isothermal spectral shift
assays, in which a standard concentration of labeled ArgD was
titrated with CphB or with Gun4. Fitting of the resultant binding
isotherms revealed Ky values of 29.8 + 0.96 uM and 55.8 +
11.5nM for the titration of ArgD with CphB and Gun4, respectively
(Figure 1C). These results indicate that even though CphB and
ArgD both participate in Arg metabolism (see Figure 1D), the
in vitro binding affinity of ArgD to Gun4 is much stronger than
to CphB.

Although Gun4 was recognized in a membrane-localized com-
plex,>*?° herein, it was shown to interact with the strictly soluble
ArgD protein.®® To confirm the presence of Gun4 in a cytosolic
enzyme complex, the co-purification assay was repeated using
a cytosolic extract of a Synechocystis strain expressing 3X
FLAG-tagged Gun4 (f.Gun4). In vivo activity of Gun4 has been
shown previously to be unaffected by the addition of FLAG
tag.?® The obtained f.Gun4 and control WT eluates were sepa-
rated by SDS-PAGE and stained, and the most intense protein
bands were analyzed by proteomic MS. Pyruvate kinase 1
(Pyk-1), ArgD, and CphB were the most abundant, specific co-
eluates of f.Gun4 (Figure 2A; Table S3). The interaction of
Gun4 with CphB was analyzed by in vitro spectral shift assays,
revealing a Ky of 2.16 + 0.64 uM (Figure 2B). This value indicates
a ~40 times weaker binding affinity of Gun4 to CphB compared
with ArgD (Figure 1C).

ArgD strongly binds Gun4 in vitro (Figure 1C). Nevertheless,
the relatively high level of CphB in the f.ArgD and f.Gun4 pull-
downs (Figures 1B, 2A, 2C, and 2D) raises the question of
whether CphB is important for the Gun4-ArgD interaction in vivo.
To address this, we purified f.ArgD from the cphB-deletion back-
ground (AcphB) that shows no phenotypic changes during
photoautotrophic growth®” (see also Figure 1A). Since co-purifi-
cation of Gun4 with f.ArgD was apparently not affected by the
absence of CphB (Figures 2C and 2D), we concluded that
CphB is not required for the accumulation of the Gun4-ArgD
complex in vivo.

While Gun4 is specific for oxygenic phototrophs, ArgD is a
housekeeping enzyme in virtually any organism. To investigate
the role of the Gun4-ArgD complex in Synechocystis, we re-
placed the ArgD enzyme with its FLAG-tagged homolog (AstC)
from E. coli. The resulting strain (f.astC*/AargD) expressed the
f.AstC enzyme to a level comparable to f.ArgD (Figure S1A) while
showing no alteration in the accumulation of amino acids
including Orn and Arg (Figures S1B and S1C). The purified
f.AstC, however, did not co-elute with either Gun4 or CphB
(Figures 2C and 2D), implying that the E. coli enzyme does not
bind these proteins in vivo. The f.astC*/AargD strain showed
photoautotrophic growth similar to f.argD*/AargD (Figure 1A)
and exhibited no apparent phenotype under the various physio-
logical conditions tested (Figures S2A-S2E).

Orn triggers the formation of the Gun4-ArgD complex
and reduces the steady states of Chl precursors
Although the interaction of Gun4 with enzymes participating in Arg
metabolism was not detectable in f.astC*/AargD, no apparent
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growth defect was caused by the absence of these protein as-
semblages (Figures 1A and S2A-S2E). However, it is possible
that Gun4-ArgD is important for regulation during severe or pro-
longed shifts in Arg metabolism, and such conditions are difficult
to mimic in laboratory. As an alternative, we monitored the pheno-
type of studied strains after feeding with biosynthetic intermedi-
ates of Arg. Using metabolic profiling, we checked first the ability
of Synechocystis to uptake N-acetylornithine (AcOrn), the enzy-
matic product of ArgD. The treatment of WT with 100 uM AcOrn
for 40 min did not, however, increase the concentration of this
compound in cells above the detection limit, suggesting an ineffi-
cient uptake (Figure S3A; Table S4). On the other hand, the same
treatment with 100 uM Orn, which is the center intermediate
metabolite for both Arg biosynthesis and degradation (see Fig-
ure 1D), elevated the concentration of intracellular Orn by three
magnitudes. Orn also caused severe changes in the accumulation
of other metabolites, including an increase of AcOrn (Figure S3A;
Table S4). In line with previous studies,”®** Orn effectively redir-
ected metabolic fluxes in the Arg pathway and likely blocked
the initial steps of Arg synthesis.*®*¢

Given the well-established role of Gun4 in Chl biosynthesis,”*
we then compared the levels of biosynthetic intermediates of
Chlin cells grown with NaNO3; supplement with or without 1 mM
Orn. We employed as a negative control the f.astC*/AargD strain,
in which the ArgD-Gun4 complex was undetectable (Figures 2C
and 2D). While Orn apparently did not affect the pool of Chl
precursors in f.astC*/AargD, the f.argD*/AargD and WT strains
accumulated significantly (p < 0.05) lower relative amounts of
the monitored tetrapyrroles (Figures 3A and S3B). Further cultiva-
tion in the Orn-containing BG-11 media resulted in decreased
amount of bilins and Chl (Figure S3C). Consequently, all the
strains used in the study had impaired photoautotrophy in the
presence of Orn except for those that did not contain the ArgD
enzyme (AargD, f.astC/AargD; Figure 3B). Orn was converted
also to Arg (Figure S3A); however, the direct addition of Arg had
amilder or no effect on the photoautotrophic growth (Figure S3D).

To test whether the lower accumulation of Chl precursors in
the Orn-fed f.argD*/AargD cells can be related to Gun4-ArgD,
we compared the in vivo abundance of the complex in cells
that were fed with nitrate supplement only or also with Orn before
FLAG-affinity purification. Analysis of the obtained f.ArgD pull-
downs revealed six times more Gun4 co-purified with f.ArgD
from cells pre-treated with 1 mM Orn for 24 h (Figure 3C). It is
notable that CphB was also more enriched in the eluate after
Orn feeding. In our standard purification protocol, FLAG-tagged
proteins are released from the resin under native conditions us-
ing FLAG-tag peptide.®’ To exclude the possibility that a fraction
of the specifically bound proteins remained attached to the resin
after elution, we performed another preparation in which pro-
teins were released from the FLAG resin using SDS instead of
FLAG peptide. Using this approach and subsequent immunode-
tection, we detected an even stronger Orn-stimulated enrich-
ment of Gun4 (>12x) in the pull-down (Figure 3D). In this exper-
iment, we monitored the effect of short-term (1 h) feeding with
100 uM Orn that also substantially increased the amount of
f.ArgD-co-purified Gun4 (~6 times; Figure 3D).

To see the extent of Gun4 sequestered from the membranes to
the soluble ArgD-Gun4 complex, we performed western blot
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A o Figure 2. Gun4 is co-isolated with ArgD and
KDa “Q‘\ ;\.6‘) CphB but not with the heterologously ex-
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immunodetection

analysis of the soluble (cytoplasm [C]) and insoluble (membrane
[M]) fractions of cells with or without Orn treatment. In fact, a
higher portion of Gun4 could be detected from the soluble frac-
tion of the Orn-treated compared with the untreated f.argD*/-
AargD and WT but not of the f.astC*/AargD cells (Figure 3E).
On the other hand, Orn had the opposite effect on the relative
distribution of CphB, as it could be detected from the insoluble
fraction dependent on Orn treatment.

Orn inhibits de novo biosynthesis of tetrapyrroles and
postpones recovery from nitrogen deprivation

To clarify whether the lower accumulation of Chl precursors in
the presence of additional Orn was due to inhibition of de novo
tetrapyrrole synthesis, we tested the effect of Orn on regreening
cells, in which de novo pigment synthesis is cardinal.®” Bleach-
ing of the cultures was achieved by 20 h of N starvation, and
the recovery was induced by the addition of 1 mM NaNO; alter-
natively combined with 100 uM Orn. When Orn was omitted from
the N supply of the N-starved cultures, Chl precursors were syn-
thetized within 40 min, and after an hour of N upshift, their relative
amounts substantially increased in all strains studied (Figures 4A
and S4A). However, unlike in the f.astC*/AargD strains, in which
Orn did not affect tetrapyrrole synthesis, in the control WT as well
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=26 ures 4B and S4B), and in the first 14 h of
N upshift, the cell absorption remained
comparable to that of the N-starved cul-
tures (Figures 4C and S4C). On the other
hand, 14 h of N upshift increased the tetra-
pyrrole pigment-binding complexes in f.astC*/AargD regardless
of the presence of Orn (Figure 4C), while in the Orn-fed WT
as well as fargD*/AargD, the cell absorption peaks at 625
and 682 nm started to increase only after 30 h (Figures 4C and
S4C), indicating accumulation of the phycobilin- (625 nm) and
Chl-binding (682 nm) photosynthetic proteins that eventually al-
lowed photoautotrophic growth (Figures 4D and S4E). The re-
covery of the N-starved, bleached WT cultures in the presence
of Orn was thus much slower compared with the strain possess-
ing the E. coli AstC enzyme (Figure 4E), while it was comparable
with the Orn-fed f.argD*/AargD cultures (Figure S4).

DISCUSSION

The Gun4 protein is specific and ubiquitous to oxygenic photo-
trophs, where it is essential for efficient Chl production. Consis-
tent with the model of active, membrane-bound MgCh,® Gun4
was co-isolated with ChIH from thylakoids®* or total cell ex-
tracts®® but not from the cytosolic fraction (Figure 2A). Prior to
this work, the only known protein partner of Gun4 was the
ChIH subunit of MgCh. Herein, we identified Synechocystis
Gun4 in a soluble protein complex(es) consisting of the Arg
metabolism-related ArgD and CphB, as well as the Pyk-1
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enzymes (Figure 2A). Apart from Pyk-1, this protein set can be
isolated by using both f.ArgD (Figures 1B and 2C) and f.Gun4
(Figure 2A) as bait. The putative interaction of Gun4 with Pyk-1
needs further confirmation and studies. Herein, we confirmed
and evaluated the interactions between Gun4-ArgD and ArgD-
CphB, as well as Gun4-CphB; however, it is not definite whether
we isolate these separate protein-protein interactions or one
ternary complex (ArgD-Gun4-CphB). The absence of CphB
does not cause obvious phenotypic changes under the photoau-
totrophic conditions used in our and in previous studies.?” How-
ever, it was previously noted that the AcphB strain accumulates
slightly more bilin-containing light-harvesting complexes.?” The
herein identified interaction of CphB with Gun4 implies that
CphB can directly modulate the distribution of Chl and bilin pig-
ments via its interaction with Gun4.

The interaction of ArgD with CphB is likely connected to the
regulation of the Arg levels in the cell since both these enzymes
contribute to the accumulation of Arg. Additional Orn intensified
the interaction of these soluble enzymes; however, at the same
time, approximately half of the total amount of CphB could be
isolated from the insoluble fraction of the cells. These results

are difficult to interpret since the physiological importance of
CphB in Synechocystis remains enigmatic.

On the other hand, the importance of ArgD as an AcOrn amino-
transferase in Arg biosynthesis has been established.® Although
it was proposed to function also as Orn®® or gamma aminobuty-
ric acid®® aminotransferases, these activities are negligible
compared to its AcOrn aminotransferase activity.*> These re-
sults imply that ArgD-Gun4 participates in an Arg biosynthesis-
dependent regulation of the tetrapyrrole pathway. ArgD bound
Gun4 with a Kq of 55.8 + 11.5 nM (Figure 1C), which is close to
the binding constant obtained by a fluorescence quenching
measurement for the Gun4-ChlH complex (Kg ~10 nM).*° These
data indicate that the binding affinities of Gun4 to ArgD and ChiH
are comparable. We demonstrated that additional Orn, which
can also boost the interaction of f.ArgD with Gun4 and CphB
(Figures 3C and 3D), halted de novo Chl production in the pres-
ence, but not in the absence, of Synechocystis ArgD (Figure 4A).
These results imply an Orn-dependent downregulation of tetra-
pyrrole biosynthesis that is likely related to the formation of the
ArgD-Gun4 complex. ChiH was absent in the herein isolated
soluble complexes of Gun4 (Figures 1B, 2A, and 2C). The
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Figure 4. Orn inhibits de novo biosynthesis of
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concentration of Gun4 in Synechocystis (~1,000 copies per cell)
is about half that of ChIH (~2,000 copies per cell).”" Since this ra-
tio is optimal for the MgCh activity in vitro,?® sequestration of a
fraction of Gun4 into soluble complexes could restrict MgP
synthesis. In the presence of Orn, we could indeed observe a
portion of the total Gun4 redirected from the membrane to the
cytoplasm of f.argD*/AargD and WT (Figure 3E). Dependent on
the intensity of Chl production in chloroplast, Gun4 was reported
to dynamically bind to the ChIH subunit in the membrane or
dissociate from it to the soluble fraction.'>'® We hypothesize
that when ArgD in vivo binds Gun4 with higher affinity (directly
orindirectly triggered by Orn), a population of Gun4, which would
move to MgCh, binds ArgD and remains in the cytoplasm. This
way, the rate of Chl and bilin production can be modulated by
Arg metabolism. Synechocystis stores the majority of excess N
in its bilin-containing light-harvesting antennae.®”> On the other
hand, a considerable amount of the synthesized Arg is directed
toward the cyanophycin N stockpile.” It is likely that the excess
N has to be synchronously biased; therefore, it is conceivable
to tune the production of bilins in an Arg biosynthesis-dependent
manner via Gun4 acting at the branchpoint of the Chl and heme
(bilin) pathways (see Figure 1D). Although not only the product
but also the P\x substrate of MgCh were affected (Figures 3A,
4A, and S4A), feedback downregulation of the entire tetrapyrrole
biosynthetic pathway has been repeatedly observed for MgCh
and Gun4 mutants in plants.***® Also, a number of studies sug-
gest that Gun4 is not merely a protein factor enhancing the activ-
ity of MgCh but that it can also directly or indirectly modulate the
synthesis of 5-ALA.*4~¢
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ArgD is an essential enzyme for the biosynthesis of Orn that
is conserved from bacteria to plants. In consequence, an ArgD
homolog from E. coli (AstC) functionally replaced the Synecho-
cystis ArgD in the biosynthesis of Arg (Figures 1A and S1B), but
its in vivo interaction with Gun4 and CphB was not detectable
(Figures 2C and 2D). However, the absence of the Gun4-
ArgD interaction did not affect the viability of cells even under
severe stress conditions such as fluctuating and/or high light
intensities combined with cold stress (Figure S2A), unstable
availability of N supply (Figure S2B), or recovery from dormancy
(Figures S2C-S2E). These results imply that the presence of
this complex is not critical under the tested conditions. Alterna-
tively, Gun4-ArgD might function in the fine regulation of tetra-
pyrrole biosynthesis, which is difficult to track down unless the
intracellular levels of Arg metabolites are intensely altered by
Orn supplement (Figure S3A; Table S4). Also, our recent data
suggest that there are other sites of cross-talk besides Gun4-
ArgD, where the tetrapyrrole and Arg pathways are intertwined
in Synechocystis (Sobotka, R., unpublished data). Using a
similar approach as described here, we discovered a stable
protein complex between the bifunctional ArgJ, which cata-
lyzes the first and fifth steps of the Arg biosynthesis (see Fig-
ure 1D), and GIUTR, a rate-limiting enzyme of 5-ALA formation.®
Multiple regulatory checkpoints (protein complexes) between
these two metabolic pathways can indeed mitigate the
absence of a single point, which could explain why the f.astC*/-
AargD strain showed no defects in viability under the stress
conditions tested (Figure S2). Nevertheless, the co-existence
of multiple protein-protein interactions further supports the



Cell Reports

importance of the co-regulation of Arg metabolism with the
biosynthesis of tetrapyrroles.

Limitations of the study

Our working model postulates that at elevated Orn levels, Gun4
preferentially associates with ArgD in the cytoplasm and that its
availability for membrane-localized Chl synthesis becomes
limited. We observed Gun4 relocalization in Orn-treated cells
using immunodetection from fractionated cells (Figure 3E).
However, the weakly membrane-bound Gun4® could partially
dissociate during the preparation of cellular fractions. A better
approach would be to monitor the Orn-driven relocalization of
Gun4 in intact cells. However, the fluorescent-tagged Gun4
was unstable and prone to degradation. The current study also
lacks the identification of a physiological condition in which the
discovered ArgD-Gun4 complex plays an important role. This
is most likely due to the gap in our knowledge on the eco-phys-
iology of our model strain, which was isolated 52 years ago.*’
Since then, Synechocystis has been widely cultivated under
optimal laboratory conditions in growth media containing waste
amount of nutrients, including N, which particularly undermines
studies related to N homeostasis. Consequently, there are no
information available on Orn signaling or on the physiological
significance of the CphB enzyme in our organism. It conceivably
deflects the interpretation of the herein described effect of Orn
on the regulation of tetrapyrrole synthesis. Similarly, without
knowing the physiological relevance of CphB, it is too early to
make conclusion about the importance of its interactions with
other proteins in a metabolic network. Therefore, the current
report inspires further studies in these directions.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-FLAG Sigma-Aldrich Cat# F7425, RRID:AB_439687
anti-Gun4 Raised in rabbit against the recombinant N/A
Synechocystis Gun4 (Sobotka et al.”")
anti-CphB Raised in rabbit against the recombinant N/A
Synechocystis CphB (this study).
anti-ArgD Raised in rabbit against the recombinant N/A

anti-rabbit IgG-peroxidase antibody
produced in goat

Synechocystis ArgD (this study).
Sigma-Aldrich

Cat# A6154, RRID:AB_11125345

goat-anti-rabbit IgG IR800 Azure Biosystems Cat# AC2134
Bacterial strains

WT-P substrain of Synechocystis sp. PCC 6803 Tichy et al.*® N/A

(used as a background for all other strains of this study).

AargD Synechocystis sp. PCC 6803 This study N/A
f.argD*/AargD Synechocystis sp. PCC 6803 This study N/A
f.astC*/AargD Synechocystis sp. PCC 6803 This study N/A

AcphB Synechocystis sp. PCC 6803 This study N/A
f.argD*/AcphB Synechocystis sp. PCC 6803 This study N/A
f.gun4*/Agun4 Synechocystis sp. PCC 6803 Sobotka et al.”® N/A
pPET21a-gun4 Escherichia coli This study N/A
pET21a-argD Escherichia coli This study N/A
PET21a-cphB Escherichia coli This study N/A
Chemicals, peptides, and recombinant proteins

anti-FLAG M2 affinity gel Sigma-Aldrich Cat# A2220
3xFLAG peptide Sigma-Aldrich Cat# A4799
Gun4-6xHis This study N/A
ArgD-6xHis This study N/A
CphB-6xHis This study N/A

Deposited data

Proteomics data (identification of
protein gel bands)

Metabolomics data

MassIVE: https://massive.ucsd.edu/
ProteoSAFe/static/massive.jsp

figshare: https://figshare.com/

MassIVE: MSV000091280

figshare: https://doi.org/10.6084/m9.
figshare.24205368.v1

Oligonucleotides

For list of primers see Supplementary Table S5 This study N/A
Recombinant DNA
pPD-NFLAG (Km) Chidgey et al.*® N/A

Software and algorithms

Thermo Xcalibur
MassHunter Quantitative Analysis software
Imaged

Thermo Fisher Scientific
Agilent
Schneider et al.*®

RRID:SCR_014593
RRID:SCR_015040
RRID:SCR_003070

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Roman

Sobotka (sobotka@alga.cz).
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Materials availability
The E. coli and Synechocystis strains generated in this study will be sent after request from the lead contact.

Data and code availability
® Proteomics data have been deposited at MassIVE: MSV000091280 and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. Metabolomics data have been deposited at figshare (https://doi.
org/10.6084/m9.figshare.24205368.v1) and are publicly available as of the date of publication.
e Further data reported in this paper, and any additional information required to reanalyze the data reported in this paper will be
shared by the lead contact upon request.
® This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Synechocystis sp. PCC 6803 substrain GT-P*® was used as the wild type (WT) and as a genetic background for all prepared strains
listed in Table S1. Unless stated otherwise, the Synechocystis strains were grown photoautotrophically in liquid BG-11 medium on a
rotary shaker at 28°C, under continuous, moderate irradiance of 40 umol photons m~2 s~ given by white fluorescence tubes. The
plate-drop experiments were performed by pipetting liquid cultures on a BG-11 agar plate. The drops were photographed after three
days of photoautotrophic growth at 30°C, under constant illumination with 30 pmol photons m=2 s~. Alternatively, the plates were
exposed to 500 pmol photons m~2 s~ (high light) at 28 or 22°C; or to repeated periods of 5 min illumination with high light and 5 min
dark (fluctuating light). The fluctuating nitrogen (N) stress was mimicked by repeated cycles of washing the cells to nitrate-less BG-11
(No) for 8 h; followed by the addition of 18 mM NaNOj; supplement to the liquid cultures for another 8 h; while agitated with 240 rpm at
28°C, illuminated by 200 umol m~2 s~'. Dormancy and recovery were induced by 25 d of N-starvation®' and the addition of 1 mM
NaNOg, respectively. When amino acids were included to the media the stable pH was ensured by 10 mM TES. The absorption
spectra of cells were measured by a UV-3000 spectrophotometer (Shimadzu). The number and average size of cells were assessed
by coulter counter (Multisizer 4, Beckman Coulter).

METHOD DETAILS

Construction of the Synechocystis model strains

The AargD and AcphB strains were constructed by replacing the slr1022 and sIr2001 genes by erythromycin or spectinomycin resis-
tance cassettes, respectively. The primers in the megaprimer PCR method used for mutagenesis are listed in Table S5. The segre-
gation of AargD locus was achieved in the presence of 5 mM Orn. For the construction of strains expressing the N-terminally 3xFLAG-
tagged ArgD protein (f.ArgD) we purchased a synthetic Synechocystis argD gene (GenScript, USA) with an optimized codon usage to
remove the common restriction binding sites. To express the AstC enzyme from Escherichia coli (E. coli) in Synechocystis, the astC
gene of E. coli was amplified by PCR from the genomic DNA. The argD and astC genes were cloned to the pPD-NFLAG plasmid®%*°
(for all primers used see Table S5). The obtained constructs were transformed into Synechocystis AargD and/or AcphB cells. All
transformed Synechocystis cells were fully segregated on BG-11 plates with increasing concentrations of relevant antibiotics (see
Table S1).

Isolation of Synechocystis soluble and membrane proteins

Synechocystis cells (5 x 10°) from exponential growth phase were pelleted, washed, and re-suspended in buffer A containing 20 mM
HEPES pH 7.4, 5 mM CaCl,, 10 mM MgCl,, 25% glycerol, protease inhibitor (cOmplete; Roche). The cells were broken mechanically
in a Precellys Evolution tissue homogenizer (Bertin Instruments) using balotina beads (100-200 pm). The breaking was performed in
three cycles of shaking at 7500 rpm at 0°C; the sample was chilled for 2 min between the cycles. After removing the beads by
repeated washing and sedimentation steps, the insoluble and soluble fractions were separated by three series of centrifugation at
high speed (4°C, 65000 x g, 20 min).

Isolation of protein complexes from Synechocystis

Cells from 4 L of Synechocystis cultures (c. 2x108 mL~" cell content) were centrifuged, washed with buffer A and broken as described
in the ‘Isolation of Synechocystis soluble proteins‘ section. The soluble fraction was applied to anti-FLAG M2 affinity gel chromatog-
raphy (Sigma-Aldrich) essentially as described in.%" Proteins bound to the column were washed with 15 column volumes of buffer A.
FLAG-tagged protein complexes were eluted with synthetic 3xFLAG peptide (150 pg/mL) in buffer A. Alternatively, the proteins were
eluted form the column with 1% SDS in buffer A.

Protein electrophoresis, immunoblotting and mass spectrometry

The isolated proteins and protein complexes were solubilized and separated on SDS-PAGE essentially as described in®%; and
subsequently stained by Coomassie Blue. In case of immunoblot, the gel was stained by SYPRO Orange (Sigma-Aldrich) and
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transferred onto a PVDF membrane that was subsequently incubated with specific primary antibody and then with secondary anti-
body conjugated with horseradish peroxidase (Sigma-Aldrich). The following primary antibodies were used in the study: anti-
Gun4,?® anti-D1°%; anti-FLAG (Sigma-Aldrich Cat# F7425, RRID:AB_439687); the polyclonal anti-CphB and anti-ArgD antibodies
were generated in rabbit, against the full-length Synechocystis recombinant proteins produced in E. coli (Moravia Biotech).
The primary antibodies were probed with anti-rabbit IgG-peroxidase antibody produced in goat (Sigma-Aldrich Cat# A6154,
RRID:AB_11125345) and visualized using Immobilon Crescendo Western HRP substrate (Millipore, Cat# WBLUR0500,
RRID:AB_439687) and luminescence image analyzer (ImageQuant, LAS-4000). Alternatively, we used goat-anti-rabbit 1gG
IR800 antibody (Cat# AC2134) and visualize the signal using Azure Biosystems. For the identification of proteins by liquid chro-
matography (LC) coupled tandem mass spectrometry (MS/MS), the Coomassie Blue-stained bands were cut from the gel,
digested and analyzed as described here.*® For protein identification, MS/MS spectra were searched against Synechocystis
species-specific protein bases (UNIPROT Universal Protein Resource, (RRID:SCR_002380) and CyanoBase (RRID:SCR_007615))
using the PLGS3.0 (Waters) software package.

Quantification of selected metabolites

The biosynthetic precursors of Chl/heme were extracted from equal number of cells and quantified by HPLC, essentially as
described in.°® The Chl content per cell was determined for three independent cultures after methanol extraction of pigments ac-
cording t0.%” For the quantification of selected metabolites by combined GC-MS and LC-MS analysis®® 3x10° cells were collected
by centrifugation and frozen in liquid N. Cell pellets were dried and immediately extracted with 400 uL of a cold extraction medium
methanol:ACN:H20 (2:2:1 v/v/v) containing an internal standard 4-fluorophenylalanine (80 nmol). The sample was then homoge-
nized using a Tissue Lyser Il (Qiagen) at 50 Hz, 0°C for 5 min. The mixture was then centrifuged at (8000 g, 10 min, 5°C). The
supernatant was removed, and the extraction step was repeated under the same conditions but without the internal standard.
The supernatants were combined and the obtained sample extract stored (—80°C). A 100 uL aliquot of each extract was mixed
with '3C-labeled internal standards ('*Cs-Serine, '3Cs-Alanine, °Cg-Tyrosine, '3C,-Glutamic acid, '*Cs-Arginine, *Cg-Lysine,
13Ce-Phenylalanine, '3C4-Asparagine, '3Cs-Methionine, '3C,-Threonine, '3C,-2-Oxoglutarate, '3Cs-Glutamine, '3Cs-Proline,
13Ce-Arginine) (absolute 2 nmol each) were concentrated in a vacuum concentrator (RVC 2-25 CD Plus combined with ALPHA
1-2 LD Plus, Thermo-Fischer Scientific). Each dried extract sample was then subjected to derivatization with ethanol (EtOH) - ethyl
chloroformate (ECF) reaction medium under pyridine catalysis and simultaneous liquid-liquid microextraction into a lower chloro-
form layer as described earlier.® Briefly, the following five sequential steps were used for the addition of a corresponding medium
to the evaporated sample extract: (1) 50 uL of the mixture EtOH: water (2:1; v/v), (2) 50 uL of the mixture EtOH: pyridine (2:1; v/v),
(3) 50 pL of the mixture ECF: chloroform (1:7; v/v), (4) 50 uL 1 M NaOH, (5) 50 uL of the mixture ECF: chloroform (1:7; v/v). The
reaction mixture was stirred before addition of the particular medium. Finally, 30 uL of the lower chloroform layer was evaporated
by a gentle stream of nitrogen and redissolved in 100 puL methanol: water (3:7; v/v) for LC-MS analysis. 50 pL of 1 M HCI was
added to the remaining reaction mixture and stirred. The 50 pL of the lower chloroform phase was used for GC-MS analysis.
An LTQ XL mass spectrometer coupled to a Accela 600 liquid chromatograph (LC) and a Accela autosampler (all Thermo Fisher
Scientific) was used for quantitative analysis. Amino acids were separated on a 150 mm X 3 mm i.d., 2.6 um, Kinetex C18 (Phe-
nomenex) with a mobile phase flow rate of 400 pL/min, an injection volume of 5 uL, and a column temperature of 35°C. The mobile
phase was A = 5 mmol/L ammonium format in methanol, B = 5 mmol/L aqueous ammonium format; gradient (A): 0.0 min, 30%;
10.0 min, 100%; 11.0 min, 100%; 11.1 min, 30%; 14.5 min, 30%. Full scan positive ion mass spectra were acquired in a mass
range of 85-850 Da. LT-Q settings were as follows: 2.5 kV spray voltage ion source parameter, 300°C capillary temperature,
sheath gas at 40 au, aux gas at 10 au, spare gas at 1 au, 300°C source temperature. Data were processed using Thermo Xcalibur
software (Thermo Fisher Scientific, RRID:SCR_014593), version 4.0. GC-MS analyses of amino acids were performed using a
VF-17ms capillary column (30 m, 250 mm, 250 um) and a gas chromatograph 5977B coupled to a quadrupole mass spectrometer
5977B MSD (Agilent) equipped with an electron ionization source (El) and operated in full-scan mode (40-500 Da). The instrument
settings were: Helium flow rate, 1.2 mL/min; inlet temperature, 280°C; injection mode, splitless; split flow, 40 mL/min; splitless
time, 1.0 min; septum purge flow 3 mL/min; temperature program, 45°C, hold for 2 min, 16°C/min to 320°C, hold for 2 min; transfer
line temperature, 280°C; and El source temperature, 230°C; ionization energy, 70 eV. Data were processed using Agilent
MassHunter WorkStation - Qualitative Analysis for GC/MS (Agilent, RRID:SCR_016657) and Agilent Masshunter Quantitative Anal-
ysis software (Agilent, RRID:SCR_015040) version 10.

Purification of recombinant Gun4, CphB and ArgD proteins from Escherichia coli

C-terminal His6-tagged Gun4, CphB and ArgD proteins were over-expressed in E. coli BL21 (DE3) using a pET21a plasmid (Nova-
gen). The expression was induced with isopropyl-B-D-thiogalactopyranoside (0.4 mM) and shaken for additional 20 h at 18°C. Cells
were harvested by centrifugation (10 min, 4°C, 10000 x g), resuspended in lysis buffer (25 mM Tris/HCI pH 7.8, 150 mM NaCl,
10 mg L~ " of DNase |, 10 mg L' of lysozyme, protease inhibitor (cOmplete; Roche), and incubated for 30 min at 37°C. After incu-
bation, cells were disrupted by sonication and the lysate was clarified by centrifugation (4°C, 30 min, 10000 x g). Soluble His-tagged
proteins were purified by metal-affinity chromatography (Protino Ni-NTA agarose, Macherey-Nagel; buffer: 25 mM Tris/HCI pH 8.0,
150 mM NaCl); their purity and concentration were checked by SDS-PAGE.
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Spectral shift assays

Recombinant Gun4 and ArgD proteins were labeled with 2"¥ Generation Red NHS dye using standard protocols (NanoTemper Tech-
nologies GmbH, Munich, Germany) and used for isothermal spectral shift assays.® 5 or 20 nM labeled ArgD or Gun4 was titrated with
a serial dilution of CphB or Gun4, respectively. Binding experiment were performed in triplicate, in 25 mM Tris, 0.1% Pluronic F-127,
pH 8 at 25°C. Samples were loaded into Monolith Premium capillaries (NanoTemper Technologies) and loaded into a Monolith X
instrument (NanoTemper Technologies) and excited at 590 nm (100% LED power), using software version Mo.Control 2.4.1. The ratio
of fluorescence emission at 670 : 650 nm was collected; and the data were exported to CSV files, where custom Python scripts were
used to determine the dissociation constant (Ky) using the equations in.*°

QUANTIFICATION AND STATISTICAL ANALYSIS
The ratios of the co-purified f.ArgD and Gun4 proteins indicated on Figures 3B and 3C were assessed from the intensity of the stained
protein bands or antibody signals using the ImageJ software (RRID:SCR_003070).°° The average (arithmetic mean) and standard

deviation of the data (shown on Figures 3A and 4A, 4B and 4D; S4B and S4E) were determined from measurements of n = 3 samples.
Significance of the data (where indicated) was tested with one-tailed t test, with a significance level set to p < 0.05.
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