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1. Preface

1.1 Oxygenic photosynthesis and biological membrane

Photosynthesis is a fundamental biochemical process on Earth evolved by ancient
microorganisms around 3 billion years ago to convert the energy of photons into the
energy of chemical bonds. Generally, the photosynthesis is a series of biochemical
reactions by which organisms utilize light to photo-oxidize certain chemical compounds;
the withdrawing of the high-energy electrons powers the cell metabolism. Behind this
general description, there is a vast diversity of how the photosynthesis is performed by
various groups of phototrophs. Nonetheless, all phototrophs can be divided into two large
groups based on their ability to use water as the source of electrons or not. Whereas
various (anoxygenic) photosynthetic bacteria utilize reductants such as sulphur or iron
that are easier to oxidize than water, cyanobacteria, algae and plants (oxygenic
phototrophs) possess photosynthetic machinery that is able to extract electrons from
water. Because water is a ubiquitous molecule and thus a never-ending source of
electrons, oxygenic phototrophs have spread to all possible habitats and became the
dominant group of organisms on our planet (Bar-On et al., 2018). Oxygen, as a by-
product of photosynthetic water oxidation, has been released in a massive amount into the
atmosphere during aeons shifting the whole planet from a reducing to an oxidative
environment. There is no other biochemical process but photosynthesis with such a

dramatic impact on Earth geochemistry and, consequently, on the evolution of life.

Three key inventions of nature appear to be crucial for the success of oxygenic
photosynthesis: a combination of two different types of light-powered reaction centers
(Photosystem I and II; PSI and PSII), chlorophyll (Chl) molecules providing very strong
redox potential, and a unique endogenous (thylakoid) membrane system (TM). Very
likely, the oxygenic photosynthesis was not accommodated in the TM at its earliest time
but the invention of TM had certainly a dramatic impact on the performance of
photosynthetic cells. As will be discussed later in details, the TM is a specialized
galactolipid-rich membrane system that accommodates the entire complicated apparatus
for oxygenic photosynthesis — hundreds of proteins and many different cofactors.
However, four multi-subunit pigment-protein complexes are particularly abundant. PSI
and PSII, cytochrome bgf (Cyt bgf) and ATP synthase (ATPase) are submerged in TM
(Figure 1) working in parallel like a nano-scaled solar plant, which extracts and utilizes
electrons from water to synthesize NADPH and ATP (Blankenship, 2013).

Whereas the Cyt bsf (more precisely its homologue cytochrome bcl) and ATPase are very
common in all forms of life, PSI and PSII are complicated, light-powered photo-

oxidoreductase enzymes, which are both essential and specific for oxygenic



photosynthesis. PSI and PSII are multi-subunits membrane complexes that contain Chl
and carotenoid pigments as well as other cofactors such are quinones or iron-sulfur
clusters. The PSII functions as a very strong photo-oxidase, which is able to oxidize water
molecules via a special cluster of manganese atoms attached on the lumenal side (inside
of the TM vesicles). Collected electrons are passed on plastoquinone molecules dissolved
in the TM bilayer. Cyt bef is a proton pump oxidizing plastoquinol (a reduced form
plastoquinone) to generate proton gradient; the resulting low-energy electrons are
transferred to soluble electron carriers such are plastocyanin or cytochrome ¢553 (Figure
1). Here, the unique combination of two different photosystems mentioned earlier comes
in play. In heterotrophic organisms, the low-energy electrons cannot be further utilized
and must be passed to a terminal acceptor (e.g. oxygen). However, PSI is a very strong,
light-powered reductase, which is able to take electrons from plastocyanin and to increase
their energy enough for the production of NADPH — a crucial molecule providing redox
power for the cell (Figure 1). The proton-motive force, established by PSII and Cyt bef
complexes, is finally consumed by ATPase to synthesize ATP molecules. ATP and
NADPH molecules are an outcome of the light reaction of photosynthesis and the
produced majority is used to reduce and incorporate CO, molecules into carbohydrates
(Blankenship, 2013; Figure 1).

"
T ATP
ADP+Pi

2ZNADP' + 2H'
A INADPH

* pgl ATPase

Figure 1. A model of TM with embedded photosynthetic machinery. The picture was adopted
from Kern et al. (2009) and altered according to MacGregor-Chatwin et al. (2017). Photosystem 11
- PSII; Cytochrome bgf - Cyt bef; Photosystem I - PST; ATP synthase — ATPase; Ferredoxin — FD;
Plastocyanin - PC.

Chl molecules are essential cofactors of PSI and PSII, almost all photochemistry in
photosystems are based on the unique chemical properties of this pigment. Photosystems

contain their own apparatus to collect light energy, so-called inner antennas, in which



Chls serve as light-absorbing chromophores. Once a Chl captures light quanta, the energy
(exciton) is channelled into the reaction center of the photosystem. Here, a special Chl
couple serves a different role. If excited this Chl pair acquires very strong oxidoreduction
power, strong enough to extract electrons from the water (in the case of PSII) or to reduce
ferredoxin (PSI; see Figure 1). In living systems, such strong oxidoreduction properties
are known only for PSI and PSII. Anoxygenic bacteria contain photosynthetic complexes
similar to PSII (type II reaction center) or PSI (type I reaction centers), but it is always
one type of the reaction center per the cell. Moreover, Chl pigments are replaced by
bacteriochlorophylls absorbing in longer wavelengths and the central bacteriochlorophyll
pair thus provides weaker redox power than the Chl pair and is not sufficient to oxidize

water.

Figure 2. Organization of TM in cyanobacteria and chloroplast revealed by electron
microscopy. A) A primitive cyanobacterium Gloeobacter sp. lacking TM; credit to Jan Mare§
(University of South Bohemia) and (B) a model drawn according to Rippka et al. (1974). C)
Cyanobacterium Synechocystis PCC 6803 grown photoautotrophically under low-stress condition.
D) A model of the Synechocystis cell. E) Chloroplast of the plant Arabidopsis thaliana and a
scheme of plant TM (F). Abbreviations used: carboxysome — C; cyanophycin granule — CG; an
electron-dense cortical layer of phycobilisomes attached to plasma membrane; - CL Cell wall —
CW; polyphosphate granules — PP; ribosomes — R; starch inclusions — S; stacked grana thylakoids
— gt; stromal unstacked grana thylakoids — st.

The endogenous TM system dramatically increases the total membrane surface in the cell
(Figure 2) and thereby the concentration of photosynthetic complexes and autotrophic
performance. The TM probably co-evolved with the oxygenic photosynthesis as the
unique TM lipids are also essential structural components of PSI and PSII (see later). It is
however very likely that the primitive cyanobacteria had photosynthetic apparatus located

entirely in the plasma membrane (PM). This assumption is based on the existence of



‘living fossil’ - the primordial cyanobacterium Gloeobacter sp. In contrast to other groups
of cyanobacteria, Gloeobacter does not possess TM and both photosynthetic and
respiratory apparatus are located within the PM (Rippka et al., 1974; Rexroth et al., 2011;
Figure 2 A,B). It is worth noting that the proliferation of Gloeobacter sp., which has a
base position in the phylogeny tree of cyanobacteria (Ponce-Toledo et al., 2017) is
extremely slow (Rippka et al., 1974).

The eukaryotic phototrophs, algae and plants, have very probably evolved through
endosymbiosis when eukaryotic host cell engulfed the ancestor of a cyanobacterium
approximately 1.5 billion years ago (Yoon et al., 2004). This event resulted in the origin
of chloroplast (Figure 2 E,F), an organelle that contains TM system resembling the
cyanobacterial thylakoids (Figure 2 C,D). Notably, the lipid moiety of TM is highly
conserved between cyanobacteria and the eukaryotic phototrophs despite the amount of
time that has passed since this primary endosymbiosis. TM is dominated (>70%) by
galactolipids - a specific group of glycolipids, whose sugar group is galactose. It contrasts
to bacterial and non-photosynthetic eukaryotic membrane systems that are composed
mostly of phospholipids (Wada and Murata, 1998).

It should be noted that the cyanobacteria are not the only prokaryotic phototrophs with an
inner membrane system. Some bacterial groups, for example, the purple bacteria typified
by the model organism Rhodobacter sphaeroides, have also evolved specialized
intracytoplasmic membrane system in order to increase the cellular concentration of
reaction centers and light-harvesting antennae (Golecki and Oelze, 1980). In contrast to
the TM, the bacterial inner membranes are not permanent and the formation of these
vesicles-like structures (chromatophores) is triggered together with the synthesis of
photosynthetic complexes under low-oxygen conditions (Scheuring et al., 2014). Whereas
the biogenesis of TM remains enigmatic (see later), the bacterial inner membrane system
is clearly derived from the PM by invagination, a process which has been characterized in
details (Tucker et al., 2010). The chemical composition of chromatophores is indeed
similar to the PM and contains mostly phospholipids. It is however interesting that one
particular sulfolipid - sulfoquinovosyldiacylglycerol (SQDG), which is an important TM
lipid, is present in many anoxygenic phototrophs though at relatively low concentration
(Imhoff et al., 1982). Nonetheless, it is not clear yet if there is any functional link between
anoxygenic photosynthesis and SQDG (Benning, 1998; Sato, 2004).

TMs are typically very rich of Chl-binding proteins. Taking into account the fact that Chl
molecules are potentially highly phototoxic, the concentration of this pigment in the TM
is astonishing. In cyanobacteria and red algae, almost all Chls (> 90%) are localized in
PSI and PSII; core protein subunits of both photosystems contain many Chl molecules
and without Chl the PSI/PSII synthesis is abolished (Kopec¢na et al., 2013). It is therefore
not surprising that the biogenesis of TM appears to be closely linked (or perhaps



triggered) to the biosynthesis of Chl-binding subunits of photosystems and/or to the
process of their assembly (Sobotka et al., 2008; Hollingshead et al., 2016). Unlike
cyanobacteria, the most abundant Chl-proteins in green algae and plants are light-
harvesting complexes (LHC) II delivering light to PSII. While the lack of LHCII proteins
causes indeed defects in the TM organization, the photosystems are produced and plants
are viable suggesting that LHCII are not essential for the plant TM biogenesis (Murray
and Kohorn, 1991; Kovécs et al., 2006). In contrast, the inhibition of the Chl pathway in
plants has a devastating impact on the TM system similarly as in cyanobacteria. The
formation of TM is practically abolished or drastically delayed (Kirchhoff et al., 1989;
Frick et al., 2003; Liu et al., 2007; Sheng et al., 2017). The crucial role of Chl in TM
biogenesis is in the line with the fact that the development of chloroplast during
photomorphogenesis is synchronized with the activation of protochlorophyllide
oxidoreductase (Henningsen and Boynton, 1974), an enzyme in Chl biosynthesis, which
is very abundant in etioplasts but requires photons for the activity (Lebedev and Timko,
1998; Yuan et al., 2012).

1.2. Aims of the thesis

Molecular mechanisms, by which the TM is produced and how the synthesis of Chl-
protein complexes and biogenesis of the TM are linked, remain enigmatic. In
cyanobacteria, there is no clear-cut observation of the connections between TM and PM
or a presence of vesicular transport (Liberton et al., 2006; Nevo et al., 2007). The site of
PSI/PSII biogenesis is not known. Recently, a model of biogenesis center (thylakoid
center) has been elaborated (Rast et al., 2015) but it is not supported yet by conclusive
data. In plants, the situation is a bit different because the biogenesis of the TM can be
monitored during the transition from non-photosynthetic etioplasts or protoplasts
(immature plastid) to chloroplast (Henningsen and Boynton, 1974; Kowalewska et al.,
2016; Liang et al., 2018). The developing of the TM in plants is thus better characterized
and it is accepted that in plants this process includes (eukaryotic) vesicular transport
system (Kroll et al., 2001; Vothknecht and Westhoff, 2001; Kowalewska et al., 2016;
Liang et al., 2018). However, there are no further details about the biogenesis of

photosystems during development or maintaining the TM in the chloroplasts.

At the starting line of this work, we have proposed that it is probably not possible (or at
least not rationale) to separate a putative molecular mechanism called thylakoid
biogenesis from the processes related to the biogenesis of photosystems including Chl
formation. Based on various bits of data, which are discussed later, we assumed that there
is large cellular machinery producing both photosystems and this site is phenomenally
identical to the origin of the TM. However, the biogenesis of photosystems and the

formation of the TM are historically investigated by researchers from rather distant fields



who are using completely different techniques (molecular and biochemical versus

microscopical). It is thus mostly not possible to combine and correlate available data.

The aim of this thesis was to explore the biosynthesis of Chl-protein complexes in
cyanobacteria in the context of the biogenesis of the TM system. The ambition was to
clarify how the Chl-protein biosynthesis is integrated into the process of the TM
formation. In order to study the production of the TM in cyanobacteria from ‘scratch’
(resembling the etioplast — chloroplast transition), we focused on the recovery of
cyanobacterial cells from nitrogen starvation. If long-term starved cyanobacteria almost
completely lost photosynthetic complexes, the replenishing of nitrogen leads to a quick
re-formation of the whole photosynthetic apparatus and the TM. Our specific objective

was to monitor this process on both molecular and microscopical levels.

In this thesis, the cyanobacterium Synechocystis PCC 6803 (hereafter Synechocystis) was
used as an experimental organism. Synechocystis has become a frequently utilized model
in photosynthesis research as it combines the advantage of being a relatively fast growing
gram-negative bacterium that is viable even entirely heterotrophically without functional
photosynthetic apparatus. Synechocystis is also able to survive for months without
essential nutrients like nitrogen or sulfur; a feature that is related to this project. The
sequenced Synechocystis genome is available for a long time (Kaneko et al., 1996), it was
several times re-annotated and large sets of transcriptomic data are also available (Kopf et
al., 2014). The targeted mutagenesis of Synechocystis is relatively easy task thanks to an
efficient homologous double recombination and spontaneous uptake of foreign DNA.
Thousands of Synechocystis mutants have been generated and they are usually available
on a request. As cyanobacteria share a common ancestor with a progenitor of chloroplast
the photosynthetic processes are conserved and the research performed on Synechocystis
is often directly applicable to plants and algae (Chidgey et al., 2014; Knoppova et al.,
2014).



2. Introduction

2.1. Fine ultrastructure of cyanobacteria and chloroplast

Since the early 60s cyanobacteria and chloroplast began to be examined by methods of
transmission electron microscopy (TEM). The pioneer work of Stanier and Cohen-Bazire
started a new era and brought a novel description of cyanobacterial ultrastructure (Stanier
and Cohen-Bazire, 1977, Stanier, 1988). Details of chloroplast ultrastructure are available
even for a longer period (Menke, 1960). Traditional methods of TEM based on chemical
fixatives or using the freeze fracture (etching) techniques were in time replaced by cryo-
methods employing high-pressure freezing with freeze-substitution that are considered to
preserve the ultrastructure closer to the native arrangement in the cell (Liberton et al.,
2006; van de Meene et al., 2006; Nevo et al., 2007) Figure 3B, C). Nowadays, the cryo-
TEM methods such as cryo-tomography and its variants are used frequently in
ultrastructural research (Engel et al., 2015; Schaffer et al., 2017); yet the ,traditional®
TEM protocols can still bring intended results (Noda et al., 2017; Yamane et al., 2018;
Figure 5 C,D,E).

Cyanobacteria are classified as gram-negative bacteria as their cell envelope is made by
two distinct membranes, an outer membrane and PM that are separated by a periplasmic
space with electron-opaque peptidoglycan layer in-between (Figure 3 B,D; Stanier and
Cohen-Bazire, 1977). However, regarding the cell morphology, cyanobacteria are a very
variable group of prokaryotes, even if we omit a huge diversity of filamentous and
heterocyst-forming species. Certain cyanobacterial species have their cells covered by an
extra glycoprotein surface layer, organized into a typical hexagonally shaped network
(Smarda et al., 2002). The central part of the cell, devoid of TM, is filled with DNA and
ribosomes together with a number of inclusions or storage granules that accumulate here
(van de Meene et al., 2006; Gonzalez-Esquer et al., 2016; Figure 2 C,D; Figure 3 A,C,E),
for example due to the lack of a certain nutrient or fluctuating growth conditions (Allen,
1984; Kopecna et al., 2012). Storage granules can be electron dense (dark) such as
structured cyanophycin granules (Allen and Weathers, 1980) or polyphosphate granules
(Liberton et al., 2011). On the other hand, granules of stored carbohydrates, such are large
bodies of poly-p-hydroxybutyrate (PHB; (Porta et al., 2000) and small rounded granules
of glycan polymer, can be opaque (electron-transparent; Welkie et al., 2013).
Interestingly, glycogen granules are often found filling the space between the TM sheets
(Figure 3 E,F); particularly when the cells are grown in the presence of glucose or under
high light intensities (Kopecna et al., 2012). The content of glycogen and PHB granule is
particularly very high under nitrogen-limited conditions (Welkie et al., 2013; Klotz et al.,
2016; chapter 3). Other typical structures in cyanobacteria are polyhedral carboxysomes
(Orus et al., 1995).



Figure 3. Fine ultrastructure of Synechocystis cells as obtained by TEM. Wild-type (WT)
Synechocystis cells (top row) and details of cellular structures (bottom row). A, B) A cartoon
presenting the Synechocystis ultrastructure. C, D) TEM micrograph of the dividing Synechocystis

cell grown autotrophically under 50 umol of photons m™ s™. E, F) A WT cell that has been grown

mixotrophically (supplemented with 5 mM glucose) under 30 pmol of photons m™ s

Abbreviations used: carboxysome — C; glycogen granules — gg; outer membrane — OM;
peptidoglycan — Pg; polyphosphate granules — PP; periplasmic space — PS; ribosomes — R; surface
S-layer - S-layer.

Although the photosynthesis of plants and algae is of the cyanobacterial origin, the
ultrastructure of modern chloroplasts show some specific features like grana stacks not
presented in cyanobacteria while many original (cyano)bacterial structures have been
probably lost. Generally, the chloroplast has a discoid shape about 5 um long and 1,5-2
um wide and it is filled with stroma. The chloroplast is surrounded by an outer and inner
envelope and inside there is a highly ordered lamellar TM system (Figure 2 E,F; Figure 5
A).

2.2. The architecture of thylakoid membrane

The cyanobacterial TM is described as a network of a flattened “sacs” surrounded by a
pair of double layer membranes with aqueous lumen space closed inside (Stanier, 1988).
In a close detail, the TM sheet itself is about 12 nm wide in cross-section and two parallel
sheets are distant from each other by 30-50 nm due to the phycobilisomes or others
inclusions that may be present here (van de Meene et al., 2006). The TMs were at first
seen as separate concentric sheets organized inside the cell, at the periphery going parallel

to each other following the shape of the cell. It has been originally described in the



cyanobacterium Synechococcus sp. (Allen, 1968) and TM sheets were expected to fully
enclose the central part of the cytoplasm (Stanier, 1988). Now, thanks to the serial
sectioning (Nierzwicki-Bauer et al 1983) and high-resolution TEM combined with
tomography (van de Meene et al., 2006; Nevo et al., 2007; Hohmann-Marriott and
Roberson, 2009; Liberton et al., 2011) the 3D architecture of TM is shown as a
continuous network. TM sheets are however branched or are fused through bridges and
contain many perforations, which allow a continuous flow in the cytoplasm (Nevo et al.,
2007; Liberton et al., 2011).

Synechocystis cells contain usually from 3 to 10 TM sheets depending on the growth
conditions (Figure 3). The concentric parallel sheets can also protrude through the cell
and or be convexly curved and, in a few places, the sheets tend to converge towards the
PM (Liberton et al., 2006; van de Meene et al., 2006; Nevo et al., 2007; Figure 3 B,D,F).
Whether there is any connection between TM sheets and the PM is being a matter of
discussion during the last decades (Gromov and Mamkaeva, 1976; Nierzwicki-Bauer et
al., 1983; Nickelsen et al., 2011). Yet, even though the TM sheets are observed very
closely to PM, no direct connections between these two membrane systems have been
conclusively demonstrated (Liberton et al., 2006; van de Meene et al., 2006). Indeed, it
cannot be excluded that such connections occur only transiently (Nickelsen et al., 2011).
Interestingly, tubular membranous structures named thylakoid centers (TC), specifically
occurring at the spots, where the TM sheets are approaching PM, have been reported in
various cyanobacteria (Kunkel, 1982). In Synechocystis the analysis of TCs using cryo-
fixation and tomography techniques revealed long (1 um) cylindrical structures of 40 — 50
nm in diameter (Figure 4). Along with all their length, TCs are putatively closely
associated to the edge of TM sheets although a probable connection with PM was
suggested (van de Meene et al., 2006).

Figure 4. The observation of thylakoid centers in Synechocystis. A) A model depicting the
position of TC inside the cell according to Nickelsen and Zerges (2013). B-E) A tomographic
model of TC as presented in the publication of van de Meene et al. (2006). F) The method of
fixation by high-pressure freezing that is used in this thesis (see Material and methods section) did
not resolve the TC structures in the Synechocystis cell.



The architecture of the homologous TM in the chloroplast of plants and some algae
appears more complex than in cyanobacteria. The TM continuous lamellar network in
plastids is made by two different structural types - grana and stroma (Heslop-Harrison,
1963; Figure 5 B,D,E). The grana are arranged as appressed cylindrical stacks with a disc
approximately 300-600 nm in diameter. Grana stacks fill ~80% of the chloroplast volume
and are interconnected by stromal non-appressed lamellae that are usually several
hundred nm long (Mustardy and Garab, 2003; Stachelin, 2003). The first contours of the
complexity of plastid TM have been drawn by standard TEM methods of ultrathin
sections and staining with heavy metals (as shown in Figure 2 E; Figure 5). However, the
modern advanced microscopical methods such as serial sectioning, cryo-TEM and
tomography have become essential to obtain a full 3D picture of the plastid TM network
(Daum and Kiihlbrandt, 2011). Still, there are three possible models of how lamellae and
grana are interconnected (reviewed in Nevo et al., 2012; Pribil et al., 2014; Kirchhoff,
2018). In a “helical” (fretwork) model the stroma lamellae connect the grana cylinder in
the form of a right-handed helix and enter the grana through small slits, called frets
(Paolillo and Falk, 1966; Mustardy and Garab, 2003). Consistently with this model, 3D
TEM tomography has provided details of the branching stroma thylakoids spiralling
around the grana stacks (Figure 5 B; Austin and Staehelin, 2011). The second model, “the
fork/bifurcation” model, proposes that the stroma lamella intersect the whole granum
across, lamellae splits into two membranes or connects grana through bridges and fusions
at various levels of grana layers (Shimoni et al., 2005). The last model assumes that the
TM of the high plant is one continuous membrane sheet that is variously folded, the grana
stacks included (Arvidsson and Sundby, 1999).

Plastids of green algae also possess TM stacked into grana though these appressed grana
structures could be much longer or stacked differently than in plants (Bertos and Gibbs,
1998). Recently, a novel cryo-TEM method combining freezing with a focused ion beam
and cryo-electron tomography has been employed to examine the details of the TM
architecture in the green alga Chlamydomonas reinhardtii (Engel et al., 2015). Although
this method prevails the native structures and has provided new insight on the
interconnected network of the TM (Engel et al., 2015), the lamella prepared by milling
cells has only a defined thickness and the tomogram thus provides information from a
limited volume (Schaffer et al., 2015). Nevertheless, this approach is very powerful and

promising tool for the future investigation of cellular ultrastructure.
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Figure 5. Ultrastructure of plant (Arabidopsis) chloroplast obtained by TEM. A) A scheme of
the chloroplast ultrastructure. B) Detail of 3D helical organisation of plant grana (gt) and its
connection with stroma lamellae (st); adopted from Austin and Staehelin (2011). C) A micrograph
of chloroplast in Arabidopsis plant treated by high light stress. D, E) A detail of TM organization
in Arabidopsis chloroplast. Abbreviations used: inner envelope membrane — IEM; outer envelope
membrane — OEM; stacked grana thylakoids — gt; un-stacked thylakoids — st.

2.2.1. Molecular organization of thylakoid membranes

At the molecular level, the TM is a lipid bilayer “frame” densely packed with highly
ordered protein assemblies. As mentioned earlier, cyanobacteria and chloroplast TM
contains a conserved set of lipids, particularly rich (70-80%) with uncharged galactolipids
monogalactosyldiacylglycerol (MGDG) and a digalactosyldiacylglycerol (DGDG).
A mixture of both galactolipids is thought to be an optimal component for the forming of
flattened membrane vesicles (Demé et al., 2014; Bastien et al., 2016). Less abundant but
critical for the functioning of photosynthetic apparatus (see below) are two negatively
charged lipids: sulfolipid sulfoquinovosyldiacylglycerol (SQDG) and phospholipid
phosphatidylglycerol (PG), which are present only at 15-25% and 5-15% of the total
lipid, respectively (Figure 6; reviewed in Kobayashi et al., 2017).

Is it notable that although lipids are typically organized into a lamellar bilayer membrane,
the MGDG, very abundant in TM (~ 50%; Figure 6), actually belongs to non-bilayer-
forming lipids (Figure 6; Wada and Murata, 2010; Heidrich et al., 2017). The MGDG
molecule has a cylindrical shape, which influences the preferable lipid organisation and
the tendency of MGDG to be self-organized into the hexagonal arrays (HII phase) with
polar heads located inthe center of the rod and fatty acids pointing out (Figure 6;
reviewed in Lee, 2000 and in Jouhet, 2013). The functional or structural role of the
MGDG-driven HII phase is still a matter of discussion but it might be important in the
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process of TM biogenesis. In plants chloroplast the MGDG-rich lipoproteic
nanostructures accumulate close to the inner envelope together with specialized proteins,
potentially stabilizing or triggering the process of TM formation (Bastien et al., 2016).
Similarly, the HII phase of MGDG is probably important for the activity of enzymes
involved in xanthophyll cycle (Latowski et al., 2004). Nonetheless, it has been
experimentally demonstrated that the MGDG mixed with Chl-binding proteins such are
the LHCII antennas forms a typical bilayer structure (Simidjiev et al., 2000).

fomc Chloroplast Cyanobacteria
8 / 7% 13%
IR\ i 7%
i 15%
AT 53% 549,
2 s 27%
Hexagonal lipid phase (HII) Lamellar lipid phase 18%
MGDG DGDG SQDG PG
| Neutral charge | Negative charge |

Figure 6. TM lipids in cyanobacteria and chloroplast. The left panel shows the characteristics
and structural properties of individual TM lipids. Right panel represents lipid distribution in
chloroplast and cyanobacteria. Grey colour represents minor lipids, which each contributes to
plant TM in less than 2%  (phosphatidylinositol, trigalactosyldiacylglycerol,
tetragalactosyldiacylglycerol and diacylglycerol) Picture adopted from Heidrich et al. (2017) and
Jouhet (2013).

The most abundant protein components embedded in the cyanobacterial TM are PSI and
PSII complexes, whereas in green algae and plants the LHCII are dominating on the total
protein level. Both PSI/II complexes have been extensively studied for last decades. Their
exact protein composition is known and the molecular structure was solved by
crystallography methods at various resolution depths (Rhee et al., 1997; Jordan et al.,
2001; Ferreira et al., 2004; Amunts et al., 2007; Umena et al., 2011). Recently, these data
were also supported by data from EM using methods of single particle analyses (Vacha et
al., 2005; Folea et al., 2008) and by AFM studies (Liu and Scheuring, 2013). This long-
term effort revealed an astonishing complexity of photosystems (Figure 7) and also an

essential role of TM lipids for their functioning and biogenesis.

The structure of PSI has been first solved in 2001 for trimeric complex purified from a
thermophilic cyanobacterium (Jordan et al., 2001; Figure 7 A). In each PSI monomer 12
protein subunits, 96 Chl molecules, 3 FesS4 clusters, 2 phylloquinones, 22 [-carotenes
and 4 lipids have been resolved (3 PG and 1 MGDG; Figure 7 C). The lipid content in
PSI monomer has been later determined biochemically to be 2 MGDG, 1 DGDG, 1
SQDG and 2 PG (Kubota et al., 2010). The core of PSI is a heterodimer of two large
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PsaA and PsaB proteins subjoined with nine small trans-membrane subunits (Jordan et
al., 2001). A docking place for the cytochrome or plastocyanin is located at the lumenal
side, while ferredoxin or flavodoxin are attached to the stromal side in a pocket created by
PsaC, PsaE and PsaF subunits (Kubota-Kawai et al., 2018). Recently, a new, high-
resolution structure of the trimeric PSI from Synechocystis has been reported to contain
33 protein subunits, with 72 carotenoids, 285 Chl molecules, 9 iron-sulphur clusters and 6
plastoquinones (Malavath et al., 2018). In this new structure, 51 lipids of all four lipid
types have been identified (27 PG, 16 MGDG, 7 SQDG, and 1 DGDG). Notably, the
majority of lipids (37 out of 51) were positioned within the trimeric PSI core (Malavath et
al., 2018), which suggests an important structural role of lipids in PSI assembly (see
below). In addition, several different carotenoid species are also inserted mostly in the

space between individual PSI monomers.

The PSII is typically found as a dimer (Figure 7 B). Each monomeric PSII complex
consists of 17 transmembrane and 3 peripheral proteins and, together with a number of
cofactors, has a total molecular weight ~350 kDa. The monomer comprises 35 Chl
molecules, 2 pheophytins, 12 carotenoids, 2 hemes, 1 non-heme iron and 3
plastoquinones. Moreover, 25 lipids have been reported to be stably bound into the PSII
(Guskov et al., 2009; Umena et al., 2011; Figure 7 D). The large (> 25 kDa) Chl-binding
proteins D1, D2, CP47 and CP43 are key structural parts of PSII; D1 and D2 heterodimer
forms a reaction center (RCII), where the charge separation occurs, while the CP47 and
CP43 subunits are attached to RCII to serve as inner PSII antennas (Umena et al., 2011).
Apart from these main subunits, the PSII contains 13 small, single transmembrane helix
subunits. On the lumenal side, the PSII binds a unique Mn4sOsCa cluster that is
responsible for the extraction of electrons from water. In cyanobacteria, the manganese
cluster is stabilized and protected by lumenal extrinsic proteins PsbO, PsbU and PsbV
(Shi and Schroder, 2004; Enami et al., 2008).

Although the eukaryotic photosystems are structurally and functionally fairly similar to
their cyanobacterial counterparts, there are some distinct differences. For instance, the
cyanobacterial PSI complex is mostly found as a trimer, or a tetramer in a few known
cases, while the plant PSI is exclusively monomeric and associated with LHCI antennas
(Pan et al., 2018). There are also differences in the presence or absence of some subunits;
PsaG and PsaH are present only in plant and green algae PSI, while PsaX and PsaM
subunits are specific for cyanobacteria (Scheller et al., 2001; Sener et al., 2005). Similar
to PSI, the eukaryotic PSII became surrounded by LHCII and the number and
composition of extrinsic lumenal proteins differ in cyanobacteria, algae and plants
(Albanese et al., 2017).
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Figure 7. Protein and pigment compositions of the of PSI and PSII complexes. A) Protein
subunits of the trimeric PSI: PsaA (blue); PsaB (red); PsaF (yellow); Psal (magenta); Psal
(green); PsaK (grey); PsalL (brown); PsaM (orange); PsaX (pink). B) The dimeric PSII: D1
(yellow); D2 (orange); CP47 (red); CP43 (magenta); PsbH, Psbl, PsbJ, PsbK, PsbM, PsbT, PsbX,
PsbY, PsbZ, Ycf12 (grey); Cyt b-559 (blue) picture as presented in Kern et al. (2009) according
Jordan et al. (2001) and Umena et al. (2011). C,D) The arrangement of pigment cofactors in the
structures of (C) monomeric PSI (PDB:1JB0) and (D) PSII (PDB:3WU?2); Chl molecules (green)
and -carotenes (orange).

While often overlooked, lipids are crucial structural and functional components of both
photosystems. It is thought that lipids can provide structural flexibility to the core of the
complex and allow repair mechanism, during which the damaged protein subunits are
replaced with newly synthesized proteins (Loll et al., 2005; Guskov et al., 2009). They
might also facilitate an ideal packing during the protein synthesis (reviewed in Lee, 2000)
Interestingly, while a low level of MGDG causes defects in the structure of TM in plants
(Jarvis et al,, 2000) it has only rather a mild effect on the structure of TM in
cyanobacteria. However, galactolipids can be partly substituted by glucoselipids, which
probably results in retained photosynthetic activity and functional TM (Awai et al., 2007).
On the other hand, the depletion in the level of charged lipid species has a drastic impact
on viability of oxygenic phototrophs and stability of PS complexes (Kope¢na et al., 2015;
Nakajima et al., 2018). SQDG is still dispensable, though its lack results in serious
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defects (Yu et al., 2002; Aoki et al., 2004; Nakajima et al., 2018). However, the PG is
completely essential for the PSII stability; particularly for the binding of inner antenna
protein CP43 within the PSII core (Hagio et al., 2000; Babiychuk et al., 2003; Laczko-
Dobos et al., 2008). Furthermore, in Synechococcus PCC 7942, PG has been reported to
play a role in non-linear electron transport as well as in cell division (Kobori et al., 2018).
As well as, the loss of PG in Synechocystis affects trimerisation of PSI complex
(Domonkos et al., 2004) and blocks the Chl biosynthetic pathway at the cyclase step
(Kopecna et al., 2015). In this work, Kopecnd and co-workers suggested that PG is
needed for the integrity of a putative membrane micro-domain, where the synthesis of Chl

and PSI complexes are co-localized (Kopecna et al., 2015).

2.2.2. Lateral heterogeneity and micro-domain organization in TM

Photosynthetic complexes are organized in a highly sophisticated and dynamic molecular
system, which is able to respond promptly to fluctuations in the environment. In plants,
the PSII and PSI complexes have been identified in different regions of TM (Staehelin
and Arntzen, 1983). The PSI associated with a half-ring of LHCI antenna is, together
with ATPase, allocated to stroma lamellae, while the PSII dimer and LHCII antennas are
located in the grana regions (Nelson and Yocum, 2006). This unequal distribution is
called lateral heterogeneity (Anderson and Melis, 1983; Koufil et al., 2012). Only Cyt bgf
complex appears to be equally distributed in both grana and lamellae (Nevo et al., 2012)
reviewed by (Pribil et al., 2014). Recently, the advanced techniques of cryo-electron
microscopy (EM), tomography and atomic-force microscopy (AFM), have revealed the
local arrangement of intact complexes in the isolated grana stacks (Nield and Barber,
2006; Koufil et al., 2011; Johnson et al., 2014) and in the stroma lamellae (Yadav et al.,
2017).

The presence of Chl-binding proteins affects the stacking of grana and the lack of
phosphorylation of LHCII alters the arrangement of the plant TM (Fristedt et al., 2009;
Kim et al., 2009). Other specific proteins contribute to TM plasticity and influence the
grana organisation and bending of TM (Yokoyama et al., 2016; Pribil et al., 2018). Curtl
is a recently identified membrane protein, which is specifically located at the grana
margins and it is very likely responsible for their sharp bending (Armbruster et al., 2013).
The formation of very large, megadalton protein assemblies could be recognized as
another level of the TM organization. Using different EM methods of freeze-fracture
(Staehelin and Arntzen, 1983), in situ labelling of PSI and PSII (Mustardy et al., 1992) or
single particle analysis in the isolated TM (Koufil et al., 2005; van Bezouwen et al.,
2017), both PSI-LHCI and PSII associated with minor and major LHCII were found to
create megacomplexes such as PSI-PSII-LHCs (Yokono et al., 2015). Further
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supercomplexes include the PSI associated with NDH or with Cyt b6f (Koutil et al., 2014;
Yadav et al., 2017; Steinbeck et al., 2018).

The heterogeneity of cyanobacterial TM is less apparent than in the chloroplast but also
more challenging to study. Trimeric PSI, dimeric PSII and also dimers of Cyt bef and
ATPase are so densely packed; the estimated protein crowding in cyanobacterial TM is
about 75% (Casella et al., 2017). Historically, the large TM complexes have been first
localized using TEM combined with ‘on section” immunolabelling. Using this approach
and the cyanobacterium Synechococcus PCC 7942 the PSI and ATPase localized toward
the periphery of the cell in the vicinity of PM while the PSII and Cyt bsf were evenly
distributed in the TM (Sherman et al., 1994). Using a hyperspectral fluorescence imaging
of Synechocystis, (Vermaas et al., 2008) have distinguished PSII, phycobilins and
carotenoids in intact cells. Contrary to results of (Sherman et al., 1994), PSIls were
detected more at the periphery of the cell while PSI complexes were more abundant
within the inner rings of thylakoids (Vermaas et al., 2008). In recent studies, PSI, PSII,
Cyt bef and ATPase subunits were fused with green or yellow fluorescent proteins (GFP
or YFP, respectively) and visualized using confocal microscopy (Casella et al., 2017;
MacGregor-Chatwin et al., 2017; Straskova et al., Submitted 2018). Interestingly, all
these studies demonstrate that the cyanobacterial TM system contains various micro-
domains. Whereas the PSII is distributed in a distinct spotted fashion, the Cyt bgf and
ATPase complexes had uneven distributions (Casella et al., 2017). Moreover, YFP-tagged
PSI expressed in Synechocystis accumulates in large membrane segments lacking PSII
(MacGregor-Chatwin et al.,, 2017) as well as in small distinct regions together with
phycocyanin and PSII (Straskova et al., Submitted 2018). It is possible that the later
regions contain megacomplexes of PSI-PSII and phycobilisome antennas that work as a
functional unit (Liu et al., 2013). The heterogeneity of cyanobacterial TM is also
supported by proteomic and biochemical studies that employ fractionation of TM on a
sucrose gradient (Srivastava et al., 2005; Agarwal et al., 2010; Rengstl et al., 2011). It
should be noted that such a domain-like organization can be recognized even in PM of the
cyanobacterium Gloeobacter violaceus that is devoid of TMs. This heterogeneity of PM
has been analyzed using fluorescence of photosynthetic pigments as well as by

fractionation of PM followed by a protein mass-spectrometry (Rexroth et al., 2011).

The described organisation of TM is apparently not static but highly dynamic. Light
intensity and other important environmental factors like nutrient availability or
temperature are fluctuating, thus photosynthetic cells are under constant pressure to
rapidly acclimate (Walters and Horton, 1994; Kopec¢na et al., 2012). The response could
be described as an effort to restore optimal metabolic homeostasis (energy input, redox
balance, nutrient uptake, carbon fixation) and thus achieve the maximal growth rate.

Photosynthetic complexes are a crucial target for the regulatory network; antenna size, the
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total levels and stoichiometry of PSI and PSII, and other parameters of the photosynthetic
apparatus significantly influence the metabolic homeostasis, as well as the generation of
reactive oxygen species (reviewed in Walters, 2005). In cyanobacteria, a typical response
to high-light or nutrient limitation is the fast down-regulation of the total TM content per
cell together with a reduction of trimeric PSI and antennas (phycobilisomes). On the other
hand, the cell is able to maintain a rather constant level of PSII, though it must be
intensively repaired. Over the course of just a few hours, the PSI/PSII ratio in
cyanobacteria can change remarkably (Kopec¢na et al.,, 2012), which should also
significantly modify the abundance of TM domains. Almost nothing is known about the
mechanism how the cell controls the total content of TMs or the PSI/PSII ratio, however,
the available evidence indicates an important role of Chl availability as a key regulatory

factor (see Discussion).

2.3. Biogenesis of photosystems - a current view

Despite the known detailed structural characteristics of photosystems, the overall picture
of their biogenesis is just being drawn. An important milestone in the understanding
of photosystem biogenesis has been achieved by employing Chlamydomonas reinhardtii
(Wollman et al., 1999; Minai et al., 2006) and Synechocystis mutants lacking various
subunits of PSI or PSII (Vermaas et al., 1988; Yu and Vermaas, 1990; Eichacker et al.,
1996; Komenda et al., 2004). However, in plastids, the biosynthesis of large Chl-binding
subunits is tightly controlled on the translation level according to the availability of the
partner subunits (Wostrikoff et al., 2004). This regulatory feature, in fact, prevents a
detailed study of the unassembled Chl-protein subunits or early photosystem assembly
intermediates. In contrast, cyanobacterial mutants lacking a main PSII subunit still
accumulate partially assembled PSII complexes (Komenda et al., 2004). This allowed a
detailed characterization of assembly steps including the isolation of PSII assembly
intermediates, their separation by 2D gel electrophoresis and mass spectroscopic
identification of associated proteins (Komenda et al., 2004; Komenda et al., 2005;
Knoppova et al., 2014; Tichy et al., 2016; Bucinska et al., 2018). Based mostly on this
research, the PSII biogenesis is now considered as a strictly stepwise process, in which
individual subunits are first combined into so-called assembly modules and these large
building blocks then assemble into PSII (Nixon et al., 2010; Komenda et al., 2012).

There are known four PSII assembly modules (Figure 8) and a key component of each is
one large Chl-binding subunit - CP47, CP43, D1 or D2, subjoined with several low
molecular mass membrane proteins. Modules appear to be produced independently and
already contain Chl molecule and other co-factors (Nixon et al., 2010; Boehm et al.,
2011; Komenda et al., 2012; D'Haene et al., 2015). The (p)D1 module is composed of D1

protein and Psbl protein; during the PSII assembly, the pD1 precursor is truncated on its
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C-terminus by CtpA protease (Figure 8; (Nixon and Diner, 1992; Dobakova et al., 2007;
Komenda et al., 2008). Apart from D2 subunit, the D2 module contains PsbE and PsbF
proteins, which together bind a heme molecule and PsbE/F dimer known as cytochrome
b-559 (Komenda et al., 2004; Komenda et al., 2008). The assembly of PSII is initiated by
the association of (p)D1 and D2 modules, which together form RCII assembly
intermediate (Figure 8). As a following next step, the CP47 module, which comprises of
CP47 protein and several small subunits (PsbH, PsbL, PsbT) associates with the RCII to
create the RC47 complex (Boehm et al., 2011). Finally, the CP43 module (CP43 together
with PsbK, PsbZ and Psb30), integrates into RC47 to form the core of monomeric PSII.
The functional monomeric PSII is finalized by the association of manganese cluster and
luminal extrinsic proteins PsbO, PsbU, CyanoQ and PsbV (Figure 8; Bricker et al., 2012).

The synthesis/assembly of PSII requires (assembly) factors or auxiliary proteins that are
not present in the final PSII complexes (e.g. Ycf48, Psb27, Psb28). It has been generally
assumed that assembly factors facilitate protein interactions or stabilize subcomplexes
during the assembly process (Komenda et al., 2012; Nickelsen and Rengstl, 2013).
However, as we discuss in the following chapter, recent detailed studies showed
particular importance of these protein factors for the efficient insertion of cofactors,

especially Chl.
The assembly of PSI is fairly much less explored than the PSII. It is assumed though that

the process is much faster than for PSII, which brings difficulties to trap the pre-assemble
PSI intermediates (Figure 8; (Schottler et al., 2011), reviewed in (Yang et al., 2015).
Nevertheless, the large PsaB protein is probably synthesized and co-translationally
inserted into the membrane, where it anchors the PsaA subunit and together they form the
central PSI heterodimer (PsaA/B; Wollman et al., 1999). The PsaC attaches to the stromal
side of the PsaA/PsaB heterodimer, and the prerequisite for the PSI assembly is a
covalent binding of two FesS4 clusters to PsaC (Schéttler et al., 2011). The assembly
continues by attachment of PsaD and PsaF subunits to PsaC (Jordan et al., 2001). The
PsaD is further necessary for the insertion of peripheral PsaE and Psal. subunits and it is
also crucial for the stability of the whole PSI complex (Xu et al., 2001). In cyanobacteria,
the incorporation of PsalL subunit finally induces trimerization of PSI (Chitnis and
Chitnis, 1993). In plants, the remaining small subunits - Psal, PsaH, Psal,, PsaG, PsaK,
PsaN and LHCI antennas are subsequently attached, the exact mechanism is however not
yet fully understood (Yang et al., 2015). A few proteins factors assisting during PSI
assembly have been identified (Ycf3, Ycf4; Figure 8), however, their role is not
elucidated yet (Boudreau et al., 1997).
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Figure 8. The modular model of PSII and PSI biogenesis in cyanobacteria with the
assistance of lumenal and stromal assembly factors. A) The PSII is produced in a stepwise
manner starting with the synthesis of the pD1 module (pD1m) and continues with the sequential
attachment of D2, CP47 and CP43 modules. The formation of RCII complex is accompanied by
CtpA-catalyzed pD1 maturation and facilitated by lumenal and stromal assembly factors. B) The
PSI assembly putatively starts with the formation of pigmented heterodimer PsaA-PsaB under the
assistance of Ycf3 and Ycf4 assembly factors. Then the stromal (cytoplasmic) proteins stabilizing
the PSI acceptor side are attached and, finally, the other small subunits associate to generate the
active PSI complex.
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2.4. The role of cofactors in the synthesis of photosystems

As described earlier, both photosystems bind a high number of cofactors and their
synthesis is, in this respect, unique in nature. In cyanobacteria, a single trimeric PSI
contains ~ 300 molecules of Chl (the vast majority bound to PsaA/B subunits) and > 70
carotenoids, which are not just B-carotenes but also various xanthophylls reported
recently to be important for the trimerization of PSI (Vajravel et al., 2017; Malavath et
al., 2018). Since PSI trimers are very abundant in the cyanobacterial TM, more than 80%
of the total Chl in Synechocystis can be located in PSI (Kope¢na et al., 2012). The PSII is
however also quite Chl-rich, particularly the inner antenna proteins. CP47 and CP43
contain 16 and 14 molecules of Chl respectively together with 2-3 -carotene molecules
each (Ferreira et al., 2004). In fact, the structure of CP47 and CP43 has similar
arrangements of the membrane helices compared to PsaA and PsaB (Barber et al., 2000)

and these proteins most probably originate from a common ancestor (Cardona, 2016).

Taking into account the phototoxicity of Chl, the synthesis of PSI core proteins and the
PSII inner antennas packed with many Chl molecules must be a delicate task. It is known

for a long time that Chl is as a prerequisite for the correct folding of PsaA/B proteins as
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well as of CP47 and CP43 (Kim et al., 1994a; Eichacker et al., 1996). It means that if the
cell fails to deliver enough of Chl for the synthesized Chl-proteins, it can trigger
degradation of misfolded proteins and, potentially, releasing of already bound Chl
molecules into membrane bilayer (He and Vermaas, 1998). The mechanism preventing
such a situation is still not clear but there is remarkable progress in the understanding of

Chl-protein biosynthesis achieved during the last decade.

The Chl-binding proteins are synthesized on ribosome bound on TM (Zhang et al., 2000).
Possibly all large transmembrane Chl-binding subunits are inserted into the membrane by
SecYEG translocon system after emerging from the ribosome; so far, the role of
translocon has been conclusively shown for D1 and CP47 (Zhang et al., 2000; Bucinska
et al., 2018). The SecY translocase forms a channel through the membrane and is
responsible for the insertion of the majority of membrane proteins in bacteria, as well as
in chloroplast, into the lipid bilayer (Zhang et al., 2001; Sachelaru et al., 2017). However,
a certain subset of membrane proteins requires the assistance of YidC insertase that is
probably attached laterally to SecY translocase (reviewed in (Sobotka, 2014). The YidC
is highly conserved and its chloroplast homolog (Alb3) is known to assist during the
synthesis of D1 and LHC proteins (Klostermann et al., 2002; Ossenbuhl et al., 2004);
reviewed in (Hennon et al., 2015). The YidC/Alb3 insertase is indispensable for the
biogenesis of photosystems (Pasch et al., 2005; Yang et al., 2015), and is essential for the
cell survival in cyanobacteria as the gene coding for YidC cannot be deleted (Spence et
al., 2004). Similarly, in algae, the inactivation of plastid Alb3.2 is lethal (Gohre et al.,
2006). Indeed, the degradation of YidC and SecY translocase triggered by a defect in the
biogenesis of pilins in a Synechocystis mutant had the same devastating impact on the
Synechocystis cell (Linhartova et al., 2014).

While the role of SecY-YidC couple in the insertion of Chl-binding subunits is rather
clear, when and how Chl molecules are inserted into apoproteins has been elucidated only
recently. As noted above Chl molecules are required for the protein folding, which
indicated that the Chl insertion into proteins occurs in the vicinity of translocon before the
PSIT assembly modules integrate into larger complexes. This has been verified by
isolation of CP47 and CP43 assembly modules using His-tagged subunits from
Synechocystis mutants with blocked PSII assembly; the purified modules contained
almost all expected pigments as well as all low molecular mass proteins (PsbH, PsbL,
PsbT etc.; Boehm et al., 2011). A physical connection between SecY-YidC translocon
and Chl biosynthesis has been discovered a few years ago in Synechocystis by isolation of
Chl-synthase, the final enzyme of Chl biosynthesis, in a stable complex with YidC
(Chidgey et al., 2014). The interaction between Chl-synthase and YidC/Alb3 appears to
be evolutionary conserved because the Chl-synthase from Arabidopsis thaliana can form
a complex with cyanobacterial YidC (Proctor et al., 2018).
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Pamo68 is an integral membrane protein that has been first described as an auxiliary factor
associated with Chl-binding proteins at the early steps of PSII assembly in Arabidopsis
(Armbruster et al., 2010). In this study, the authors showed that the loss of Pam68 protein
is severely affecting the growth and the pigment composition of mutated plants and the
accumulation of PSII is impaired. The stability of D1 protein was most affected evoking
the conclusion that the Pam68 protein is needed for the formation of RCII (Armbruster et
al., 2010). A cyanobacterial Pam68 homolog has been however co-localized with CP47
and CP43 subunits and with the PSII assembly factor Ycf48 in the isolated membrane
fractions from Synechocystis (Rengstl et al., 2011). Although the deletion of
Synechocystis pam68 gene (s110933) had not such profound effect on the biogenesis of
PSII as in plants, it was still assumed that it has a putative role during the formation of
RCII (Rengstl et al., 2011). However, the later analyses of the same mutant lacking
Pam68 using radioactive pulse labelling and separation of TM complexes by 2D gel
electrophoresis linked Pam68 with the synthesis of CP47 (Rengstl et al., 2013). The low
accumulation of pD1, which has been demonstrated in plant Pam68 mutant, can be in fact
a secondary effect of the impaired synthesis of CP47 (Komenda et al., 2004; Komenda,
2005).

To clarify the role of Pam68 we have engineered a Synechocystis strain, which produces
the Pam68 protein fused with 3xFlag-tag. This strain has been used to purify Pam68
under native conditions, which confirmed the CP47 protein as a partner of Pam6S.
However, the elution also contained both large and small ribosomal subunits together
with SecY translocase and YidC insertase. Moreover, the Pam68-CP47 complex
contained Chl despite the PsbH subunit, a component of CP47 assembly module, was not
present in the complex. It signalized that the Pam68 interacts with CP47 very early
before the CP47 assembly module is established. We have confirmed the interaction
between Pam68 and a ‘nascent’ CP47 module lacking PsbH protein using another
engineered Synechocystis strain that accumulates such early assembly intermediate. In
addition, we have provided also a negative control that once the PsbH is attached to CP47
the Pam68 is not further present in CP47 assembly module (Bucinska et al., 2018). We
have proposed a model that the cyanobacterial Pam68 protein is a ribosomal factor that is
in contact with the nascent CP47, in close vicinity of the SecY translocon at the very
early stage of PSII assembly, prior the further attachment of PsbH (Figure 9; Bucinska et
al., 2018).

Synechocystis strain lacking Pam68 had no obvious growth phenotype under low-stress
conditions except weaker synthesis of CP47. Under stress conditions such as cold (18°C)
the autotrophic growth was significantly slower than in WT but still, the mutant was
fairly viable. Similarly, the deletion of psbH gene had no drastic effect on the
photosynthetic performance. However, when we deleted both psbH and pam68 genes, the
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resulted double mutant had practically completely inhibited synthesis of CP47 and its
growth was almost completely abolished (Bucinska et al., 2018). Interestingly, the poor
phenotype and inability to synthesise the CP47 in the double mutant was rescued by a
strongly increased production of Chl. Such upregulation of Chl biosynthesis can be
achieved by blocking the activity of ferrochelatase enzyme competing for the same
substrate with Mg-chelatase enzyme (Bucinska et al., 2018). These data led us to
conclusion that Pam68, and possibly also PsbH, facilitate the loading of Chl molecules
into translated CP47 (Figure 9).
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Figure 9. A working model of CP47m synthesis with Pamé68 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 co-translationally from Chl-synthase when the transmembrane segments are released
from the translocase channel to YidC (Chidgey et al., 2014). The Pam68 protein is associated with
the translating ribosome as well as 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 (Bucinska et al., 2018). Subsequently, PsbH replaces
Pam68 and recruits the photoprotective High-light-inducible proteins (Hlips) that associate with
CP47 in the vicinity of PsbH (Promnares et al., 2006).

How other pigments such as carotenoids and pheophytin are integrated into the Chl-
binding proteins is still rather unknown. Carotenoids are needed for the PSII assembly
and for the stability of PSI trimers but actually not for the synthesis of individual
photosystem subunits (Sozer et al., 2010; Vajravel et al., 2017). So far, it is not clear
whether specialized auxiliary proteins are required for the insertion of carotenoids or
pheophytin into the nascent apoproteins. However, in contrast to Chl molecules,
carotenoids are safe, or probably even beneficial, for the cell if occur free in the lipid

bilayer and so they do not require such strict control as Chl. Carotenoids could be quite
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concentrated in the membrane around the translocon (biogenesis centers; see Discussion)

and associate spontaneously with the released proteins (Domonkos et al., 2013).

2.5. The biogenesis of thylakoid membrane

Although there are various attempts to provide a model of TM biogenesis (Rast et al.,
2015; Heinz et al., 2016), we have no mechanistic explanation yet how a seemingly
independent and very abundant membrane system containing a complicated proteome is
built in the cell. However, at least in plants, the TM can be completely restored from
prolamellar bodies in etioplasts (Muehlethaler and Frey-Wyssling, 1959; Kowalewska et
al., 2016) or in proplastids through vesicle transport originating from the plastid inner
envelope (Liang et al., 2018). Thus, the synthesis and transport of lipids via vesicular
transport clearly contributes to the biogenesis of TM in chloroplast (Kroll et al., 2001;
Westphal et al., 2003; Karim and Aronsson, 2014). Intriguingly, a vesicular-like transport
has never been observed in cyanobacteria. All ideas about the biogenesis of
cyanobacterial TM are thus still hypothetical rather than supported by experimental data
(Nickelsen et al., 2011). The synthesis of the pD1 assembly module of PSII (Figure 8) has
been first placed in PM, and thus a physical connection between cyanobacterial TM and
PM (or a kind of vesicular transport) has been seen as inevitable (Zak et al., 2001;
Nickelsen et al., 2011). However, later, the process of PSII assembly has been completely
localized in TM (Selao et al., 2016). A physical connection between cyanobacterial PM
and TM has been under close examination for years but it is now more probable that both

membranes represent their own closed system (Liberton et al., 2006; Nevo et al., 2007).

The separation of cyanobacterial PM and TM by biochemical methods is a challenging
task. Although the purified PM appears fairly pure, the TM is heterogeneous (Norling et
al., 1994; Schottkowski et al., 2009; Selao et al., 2016), consistently with the existence of
different membrane domains (see Chapter 2.2.2). By a combination of sucrose gradient
and two-phase partitioning (Norling et al., 1998), a fraction of TM abundant of PratA
protein has been isolated from Synechocystis (Schottkowski et al., 2009). PratA was
connected with the early steps of PSII biogenesis, particularly with the maturation of pD1
(Klinkert et al., 2004). The distinct membrane fraction named PratA-defined membrane
(PDM) contained also other assembly factors involved in the early steps of PSII assembly
and also enzymes of the Chl biosynthesis (Rengstl et al., 2011). It has led to the
assumption that the PDM represents a micro-domain serving as a specialized
(biosynthetic) center for the biogenesis of PSII (Nickelsen et al., 2011; Rengstl et al.,
2011; Rast et al., 2015; Heinz et al., 2016). According to this model the PDM domains
are serving as a bridge between PM and TM (Nickelsen et al., 2011; Nickelsen and
Rengstl, 2013; Heinz et al., 2016) and are somehow equivalent to already mentioned

thylakoid centers (TC; Figure 4), a side where the new TMs are hypothetically produced.
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It should be noted that this model has been published before the recent data ruled out that
any of Chl-proteins is synthesized in PM (Selao et al., 2016). Nonetheless, the
Synechocystis PratA protein has been co-localized by antibody labelling on ultrathin
sections with TCs (Stengel et al., 2012). In fact, the idea that the TCs are linked with
biogenesis of TM is much older (Hinterstoisser et al., 1993) and these structures have
been described before PDM as a missing link between TM and PM membrane (van de
Meene et al., 2006). To summarize our fragmented knowledge, there is a conflict between
the expected function of TC and PDM as a biogenetic center for the production of TMs
(Komenda et al., 2012) and the ‘traditional’ connection of TC to PM. In cyanobacteria
the putative biogenetic center should be however located in the membrane compartment
that is co-isolated with TM fraction but this is not the case of PratA localized exclusively
in PM (Selao et al., 2016). Interestingly, a specialized biosynthetic center involved in the
assembly of photosynthetic apparatus has been identified in green alga C. reinhardtii,
where a biosynthetically active area, a T-zone, was found close to the pyrenoid (Bohne et
al., 2013; Rast et al., 2015).

As noted above, in chloroplast lipid molecules are transported via a vesicular system
(Benning, 2008, 2009). Based on the biochemical characterization of a Arabidopsis
mutant, Vippl protein (Vesicle-inducing protein in plastids 1) had been characterized as a
factor involved in the transmembrane lipid transport but also in TM formation and/or
maintenance (Kroll et al., 2001; Heidrich et al., 2017). In plants, the lack of Vippl
abolished the photosynthetic capacity and the TM organization is dramatically affected
(Kroll et al., 2001). Similar phenotype has been reported in green algae (Nordhues et al.,
2012). Interestingly, the gene coding for Vippl protein is presented also in cyanobacteria,
it is highly conserved and only missing in the TM-lacking cyanobacterium Gloeobacter
sp. (Vothknecht et al., 2012). Although the vesicular transport has never been observed in
cyanobacteria the Synechocystis strain lacking Vippl exhibits a phenotype similar to that
of Arabidopsis (Westphal et al., 2001). However, these results have been later questioned.
The depletion of Vippl in Synechocystis appeared to affect the biogenesis of photosystem
rather than the formation of TM (Gao and Xu, 2009); later, the Vippl has been connected
with the PSI biogenesis rather than with TM formation in Synechococcus sp. PCC 7002
(Zhang et al., 2014). In a most recent work Gutu et al. (2018) have again shown that, at
least in cyanobacteria, the Vippl is not specifically required for the TM formation, but it

is somehow important during the assembly of photosystems (Gutu et al., 2018).

Regarding the function of Vippl, this protein can form oligomeric ring structures with a
higher affinity towards lipid molecules and in vitro is able to facilitate membrane fusing
(Hennig et al., 2015; Heidrich et al., 2017; Hennig et al., 2017). In green algae, the Vipp1
forms rods that could serve as a kind of TC resembling cyanobacterial TC and provide

structural support for lipids during TM formation or, alternatively, assist during the
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protein translocation (Nordhues et al., 2012). In Synechococcus sp. PCC 7942 the
fluorescently tagged Vipp1 has localized into mobile puncta at the vicinity of PM and TM
or in the central cytoplasm (Bryan et al., 2014). Another microscopic work similarly
localized the Synechocystis Vippl as the puncta near PM at highly curved TM or in the
cytoplasm (Gutu et al., 2018). Moreover, components of protein synthesis and PSII

assembly were found in pull-down experiment using the Vipp1-GFP as bait (Bryan et al.,
2014).
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3. Unpublished results

3.1. Biogenesis of cyanobacterial TM during the recovery from chlorosis

Cyanobacteria sense nitrogen status in the cell via a sophisticated molecular mechanism,
which ‘measures’ the level of 2-oxoglutarate — substrate of the glutamate synthase
enzyme (MuroPastor et al., 2001). When the level of 2-oxoglutarate is too high the
cyanobacterial cell almost immediately upregulates nitrogen uptake systems, mobilizes
the stored amino-acid polymers (cyanophycin) and also produces various general stress
proteins including Hlips (MuroPastor et al., 2001; Tolonen et al., 2006). If this first
response does not improve the nitrogen status, cells start to degrade phycobilisomes,
which thus serve also as nitrogen storage (Flores and Herrero, 2005). However, a
prolonged nitrogen depletion (days) triggers more complex morphological and metabolic
changes described generally as chlorosis (Allen and Smith, 1969). The nitrogen-starved
cells gradually degrade the cellular protein content including photosynthetic complexes
and the Chl level is thus drastically decreased (Gorl et al., 1998). After several weeks
such (chlorotic) cells exhibit only traces of metabolic activity resting in a dormant-like
stadium (Sauer et al., 2001); Figure 10). Dormant cells of Synechococcus PCC 7942 have
extremely reduced TM system (Wanner et al., 1986) but contain a lot of stored
carbohydrates in glycogen and PHB inclusions (Allen, 1984) Figure 14 A,B).
Remarkably, even after a very long period of dormancy (> 1 year) adding of a nitrogen
source back to the cell culture induces a quick recovery (~ 3 days; Gorl et al., 1998)
through a highly organized genetic programme (Klotz et al., 2016). Step by step the cells
are able to use energy stored in glycogen granules to re-synthesize Chl and Chl-binding
proteins for the assembly of photosynthetic apparatus and for the restart of
photoautotrophic metabolism (Schwarz and Forchhammer, 2005; Klotz et al., 2016).

Bleaching (~10 weeks) Re-greening (~60 h)
& BG11 -N [
Chl f;g;:‘;e”!-so | 30| ~25|~20 | 5-8 |~5
7 2d 1 2 4 6 8 weeks #1420 40 60 ~ hours
Start 0 h +10 mM NaNO,

Figure 10. Bleaching and re-greening of the Synechocystis cell culture. Changes in the Chl
cellular content during long-term nitrogen deficiency (left) and a time-course of the recovery from
chlorosis (right) after replacing the growth BG11 media with a fresh one containing 10 mM
NaNOs; and 200 uM glutamate.
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In order to explore the TM biogenesis and the assembly of the photosynthetic apparatus,
we transferred Synechocystis wild type cells (WT, GT-P sub-strain; Tichy et al., 2016)
into a nitrogen-free BG11 medium and cultivate them on a shaker under 30 pmol photons
m? s for eight weeks. Cellular Chl concentration calculated as a percentage of the initial
concentration (time 0) was gradually dropping down to ~5% (Figure 10). This chlorotic
state was reversed by adding of nitrogen sources (10 mM NaNOs) back to the culture,
assigned here as a re-greening process; the cells reached the WT level of Chl in ~ 70

hours (Figure 10).
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Figure 11. Accumulation of Chl-protein complexes in Synechocystis cells during recovery
from the chlorotic state. A) Whole-cell absorbance spectra of re-greening cells were recorded
using Shimadzu 3000 spectrometer and normalized to optical density = 750 nm. Peaks of 620 and
682 represent phycocyanin and Chl, respectively. Carotenoids are detectable as a shoulder around
500. WT — control wild type cells. B) Isolated membranes were solubilized by 1% dodecyl-p-
maltoside and separated on 4-14% CN-PAGE essentially as described in (Wittig et al., 2007). The
native gel was scanned (Scan) and Chl fluorescence measured after illumination with blue light
(Chl Fluorescence) using Fuji LAS 4000. Loading of each sample was calculated to correspond to
a similar number of cells of the given cell culture.

After replenishing of nitrogen the Chl-protein complexes, as well as the phycobilisome,
started to accumulate with first detectable spectroscopic changes in about 8 hours; 30% of

the initial Chl content was reached in about 21 hours (Figure 11 A). In order to obtain
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details about the content of Chl-binding proteins, we isolated membranes from cells in
different time of recovery (0, 8, 14, and 40 h) and solubilized membrane-protein
complexes loaded on a clear-native gel (CN-PAGE). The first photosynthetic protein
complex detectable in greening cells was monomeric PSI (8 h), later followed by the
monomeric PSII complex (14h; Figure 11 B). Although after 40 h the pattern of
complexes was already similar to non-stressed WT control (WT control), the amount of
dimeric PSII was still significantly lower (Figure 11 B). The re-appearance of Chl-
binding proteins were further analyzed by SDS-PAGE and immunodetection (Figure 11
C). Interestingly, the PSI core (PsaA protein) was detected at the earliest time point of
recovery at 8h whereas the PSII subunits D1 and CP43 were detectable earliest after 14h.
It suggested that the biogenesis of PSII RC is somehow delayed in comparison with PSI.
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Figure 12. Two-dimensional CN/SDS-PAGE of membrane-protein complexes isolated from
chlorotic cells (0 h) and during recovery of cells after adding of nitrate (8 and 14 h; see also
Figure 11). The gradient 12-20% SDS gel was stained by Coomassie Blue and indicated protein
spots identified mass spectrometry.

In order to obtain a detail view on the protein composition of TM during a different stage
of re-greening, protein complexes resolved by CN-PAGE were further separated by 2D
SDS-PAGE, stained by Coomassie blue and individual protein spot identified by mass
spectrometry. At time 0 (the end of nitrogen depletion) the only proteins detectable on the
stained gel was ammonium and urea transporters Amtl and Urtl (Figure 12, 0 h). In 8

hours of re-greening, the membranes already contained detectable levels of ATPase and
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NDH-I complexes together with monomeric PSI that was visible also on the CN-gel.
About 6 hours later (14 h) the monomeric PSII and trimeric PSI subunits became
detectable, whereas the concentration of nitrogen transporters was visibly reduced (Figure
12).
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Figure 13. The level of Chl precursors during first hours of recovery from chlorosis. Chl
precursors were extracted from 2 mL of cells with OD750nm = ~0.4 and quantified by HPLC
equipped with two fluorescence detectors set on different excitation and emission wavelengths
(chromatograms on the right and left side; (Pilny et al., 2015)). Coproporhyrinogen III (detected
here as its oxidized form Coproporhyrin III - Copro) and protoporphyrin IX (Proto) are the last
common precursors for both Chl and heme synthesis. The first committed intermediate of Chl
pathway is Mg-protoporphyrin IX (MgP), which is consequently methylated (MgPME). The
MgPME is converted into divinyl protochlorophyllide (DV-Pchlide) and then into divinyl and
monovinyl chlorophyllide (DV/MV-Chlide); Chl is finally made by attachment of phytol to the
MV-Chlide.

The re-appearance of PSI shortly on the onset of re-greening signalized that the
Chl-biosynthetic pathway is quickly activated. Indeed, already in 14 hours of re-greening,
we detected by immunoblotting Mg-protoporphyrin IX methyltransferase (ChIM), an
enzyme catalyzing a specific step in Chl biosynthesis (Figure 11 C). A more detailed and
more sensitive insight into the regulation of Chl biosynthesis provided the measurement
of Chl precursors. We used a method based on the HPLC separation of extracted
pigments and detection of individual pigments by two very sensitive fluorescence
detectors (Pilny et al., 2015). In chlorotic cells, the only detectable Chl precursor is

monovinyl-chlorophyllide, which results however almost certainly from dephytilation of
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Chl molecules, not from de novo Chl biosynthesis (Kopecna et al., 2015). Already in 8
hours after adding of nitrogen, the cells contain high levels of an early Chl/heme
precursor coproporphyrinogen III (detected in its oxidized form) as well as Chl precursors
Mg-protoporphyrin IX and Mg-protoporphyrin IX methylester and protochlorophyllide,
the later Chl precursor, became detectable (Figure 13). In 14 hours, the pattern of
precursors was already similar to (non-stressed) WT cells (Pilny et al., 2015) with a
dominating peak of protochlorophyllide eluting from the column in around 20 min
(Figure 13). These data clearly demonstrate that the restart of Chl biosynthesis is fast and

correlates with the formation of PSI complexes in first hours of re-greening.

For the tracking of TM biogenesis in Synechocystis on an ultrastructural basis, we
harvested cells at different stages of re-greening (Figure 14 A-J) together with control
cells (Figure 14 K,L) and froze them by high-pressure freezer with subsequent freeze
substitution procedure. The harvested cell in the pellet was first processed by protocol 1
(see Material and methods) based on the published methodology used previously for the
analysis of Synechocystis ultrastructure (van de Meene et al., 2006). The obtained
samples embedded in Spurr’s resin were used for the analysis of cells on 50-60 nm ultra-
thin post-stained sections imaged by TEM. We found that the chlorotic cells (0 h; Figure
14 A,B) contain only a few small membrane fragments disorganized through the whole
cell volume. Moreover, the cells at time 0 h were packed with glycogen granules about 25
nm in diameter as well with PHB granules - relatively huge 100-400 nm electron-
transparent inclusions (Figure 14 A,B). Intriguingly, at an early stage of recovery (14 h)
cells possess unusual ‘star-like” membrane structures (Figure 14 C-F). In more detailed
analyses, these structures appeared as short membrane vesicles grouped around an
imaginary center (Figure 14 E,F). Moreover, the cells at the later stage of dividing
contained two ‘stars’ structure, each for one daughter cell (Figure 14 D). At the later stage
of recovery (20 h) the number of TM sheets visibly increased and started to be organized
around the cell. The concentration of glycogen granules decreased and ribosomes re-
appeared in the central part of the cell (Figure 14 G,H). The rest of the granules also
diminish in size. After 38 h (Figure 14 1,J) the ultrastructure of cells already resembled
the WT control (Figure 14 K,L). The number of glycogen granules was low, TM followed
the shape of the cell in concentric sheets and PHB granules were not present, while the

cyanophycin granules had accumulated (Figure 14 L,J).
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Figure 14. TEM micrographs of ultrastructural changes during nitrogen starvation and the
subsequent recovery. A,B) Chlorotic Synechocystis cells lacking nitrogen for 2 months. C,D) An
early stage of recovery in 14 hours after adding of nitrogen. E, F) A detailed image of TM
vesicles in “star-like” structures. G,H) The ultrastructure of cells after 20 hours of the recovery
and after 38 hours (1,J). K,L) Control WT cells grown in the regular BG11 medium under
moderate light intensity (30 umol of photons m? s™). Abbreviations used: carboxysome — C;
cyanophycin granules — Cg; glycogen granules — gg; polyhydroxybutyrate granules — PHB;
polyphosphate granules — PP; ribosomes — R; thylakoid membrane — TM; Cells are processed by
protocol 1 (see text and Material and methods section for details).

To further investigate the ‘star-like’ structures observed during the early phase of
recovery (Figure 14 E,F) and to rule out a possibility of an artefact we focused on their
detailed ultrastructural analysis. We prepared cells at the same stage of re-greening by an
altered freeze substitution protocol (protocol 2). This protocol differs in using of some
particular chemicals and also the time of some procedures was reduced (see Method
section for details). These modifications improved the preservation of the cell
ultrastructure; the TM system became less blurry and better visible as transparent
membrane line surrounding the slightly darker lumen both in WT control (Figure 15 A,B)
and in recovering cells (Figure 15 C-1). The total resin infiltration of the cell was however
insufficient, which is visible as ruptures close to the cell wall (Figure 15 A,C-E). Yet even
though some inconvenience during the sectioning, the ultrastructure of unusual “star-like’
structures were better preserved and visible as short membrane fragments or short
vesicles clustered together toward the common center and vesicles further continued as
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the TM sheets (Figure 15 G-I). These results support the model that the ‘star-like’
structures are of the membranous origin but with no obvious connection with PM.

Figure 15. TEM micrographs of Synechocystis cells processed by a modified protocol (#2).
A) Control WT cells grown in the regular BG11 medium under moderate light intensity (30 pmol
of photons m? s®). B) A detail of WT cell showing TMs converging towards the PM. C-E)
Images of cells recovering for 14 h from chlorosis. F-1) Details of the TM organization in the
recovering cell with visible ‘star-like’ membrane structures (arrow). Abbreviations used:
carboxysome — C; cyanophycin granules — Cg; glycogen granules — gg; polyhydroxybutyrate
granules — PHB; polyphosphate granules — PP; ribosomes — R.

Serial sectioning was used to investigate the 3D organization of the observed ‘star-like’
structures, which we tentatively recognize as TM biogenesis centers. The resulting picture
(Figure 16 D,E) was generated from 23 serial ultra-thin sections of the same dividing cell
(Figure 16 A-C). This cell was transversally sectioned showing that the described
structures are relatively long (visible length is estimated to about 700 nm) and sheets of
TMs are protruding laterally along the entire length and to all directions through at least
12 sections of the analysed cell (Figure 16). These centers are positioned close to cell
poles but with no obvious connection to PM. But, in terms of 3D cyanobacterial cell
organization, there is a direct connection between the two opposite centers via TM sheets
(Figure 16 D,E). Moreover, a high concentration of ribosomes in the vicinity of these
centers suggests that these locations in the cell are very active in the translation of new
proteins (Figure 16 C,E).
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Figure 16. 3D reconstruction of the recovering cell ultrastructure obtained by ultrathin-
serial section TEM. A) An image of Synechocystis dividing cell after 14 h of re-greening. B) A
2D model of the cell based on one of the TEM serial sections. C-E) 3D montage reconstructed
produced using Amira software; black arrows show the ‘star-like’ structure observed only during
an early stage of the re-greening; TM system is showed in green; Red dots indicate the position of
ribosomes associated with TM. Abbreviations used: carboxysome — C; cyanophycin granules —
Cg; polyhydroxybutyrate granules — PHB; polyphosphate granules — PP; ribosomes — R
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4. Discussion

The synthesis of Chl-binding proteins is needed either during the repair of PSII,
particularly the D1 subunit of PSII that has the fastest turnover (Komenda and Barber,
1995), or during fluctuating conditions to increase the content of PSI or, simply, for the
production of TM during cell proliferation. There is however no technique that would
allow to distinguish the newly produced TM from the older ‘generation’ of TM. Given
the expected fast mobility of proteins and lipids in membranes, it is hardly possible
anyway. Long-term nitrogen depletion has been shown to cause de-pigmentation of
cyanobacteria (decrease/loss of Chl), degradation of photosynthetic complexes and TM;
nonetheless after the reintroduction of the lacking nutrient back to the medium the cell
quickly recovers (Allen and Smith, 1969; Gorl et al., 1998). The recovery is under the
control of a developmental programme, which triggers, the biosynthesis of Chl and Chl-
binding proteins and the biogenesis of TM at a certain time (Klotz et al., 2016; chapter 3).
This provides a chance to monitor the biogenesis of TM in detail by biochemical and

microscopic methods.

In Synechocystis, when the proteosynthesis is re-established (~8 h) and a low amount of
Chl starts to be available (Figure 11 A), perhaps just by converting a pool of
chlorophyllide already occurring in the cell (Figure 13), the monomeric PSI is the first
complex made by the recovering cell. (Figure 11 B,C). Intriguingly, it is a monomeric PSI
and not the much more abundant trimeric PSI, which is in agreement with the report of
Majeed et al. (2012) that the monomeric PSIs are produced independently and under
different regulation than trimers (Majeed et al., 2012). It is also worth noting that an
atypical monomeric PSI (designed PSI[1]*) has been co-isolated with Chl-synthase
(Chidgey et al., 2014). These early PSI monomers might in fact function as components
of biosynthetic apparatus (centers) rather than normal photosystems. Moreover, the PSI
complexes are known to be longer active in bleaching cells that PSII complexes that are
quickly deactivated (Gorl et al., 1998). PSIs as the first complexes to re-appear could
generate ATP by cyclic electron transport before a sufficient amount of PSII is
assembled. A faster re-appearance of PSI complexes has been also observed after
recovery from a long-term dark adaptation of Synechocystis cells (Vernotte et al., 1992;
Barthel et al., 2013). While the PSII activity is completely lost in darkness the PSI has
been shown to be partially active (Barthel et al., 2013). Similarly to nitrogen deprivation,
during heterotrophic growth cells decrease the Chl content and TMs are less abundant
(Vernotte et al., 1992); after illumination levels of both PSI/PSII increased (PSI faster)
and new TMs were produced (Barthel et al., 2013).

In our experimental setup, the greening process appears to be faster than that reported
previously by Klotz et al. (2016). At the beginning of the recovery, cells start to
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catabolise glycogen via parallel operation of the oxidative pentose phosphate cycle and
the Entner-Doudoroff pathway to generate ATP (Doello et al., 2018). At this early stage
of recovery, the synthesis of photosystems, the biosynthesis of tetrapyrroles and
phycobilisome is actively suppressed (Gorl et al., 1998; Klotz et al., 2016; Figure 11;
Figure 12). Similarly to Spét et al. (2018) and Klotz et al. (2016), we observed a lag phase
until 8h, after which the Chl intermediates started to accumulate (Figure 13) and, judging
from the cell spectra, the amount of pigments in cells had increased after 14 h (Figure 11
A). In the work of Klotz et al. (2016) the genes involved in Chl biosynthetic pathway and
coding for PSI subunits were induced after 12 h, and the central machinery for protein
synthesis was fully functioning between 12 to 24 h. However, in our study (chapter 3) the
PSI and PSII complexes were already accumulating in TM after 14 h (Figure 11 B,C;
Figure 12). Faster re-greening in our case (chapter 3) could be due to the addition of
glutamate as another source of nitrogen, which could help to re-establish nitrogen

homeostasis, or/and by higher light intensities than used by Klotz et al. (2016).

Fully-greened cell
72 h

Figure 17. A working model of the TM biogenesis during recovery from long-term nitrogen
starvation. Very early (~8 hours) after adding of nitrogen a few thylakoid centers are formed in
the inner compartment of the cell together with transcription and translation apparatus. These
centers contain translocons, enzymes required for the synthesis of lipids and cofactors (Chl,
heme) and auxiliary factors involved in the biogenesis of membrane and assembly of
photosystems (e.g. Vippl, Curtl, Ycf3, Ycf48, Ycf39). TMs are produced by these centers that
moved later on the periphery of the cell.
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The fast induction of Chl pathway in cells that are fully packed with glycogen and
containing just a few membrane fragments, strongly indicates that Chl synthesis is
occurring in a specific membrane structure. Otherwise, it is hard to imagine how still half-
dormant cell co-ordinates Chl synthesis with the translation of Chl-binding apoproteins.
Particularly in metabolically ‘fragile’ recovering cells, it must be crucial to prevent any
accumulation of unbound phototoxic Chl in membranes and thus further increase
oxidative stress (Apel and Hirt, 2004; Wang and Grimm, 2015). Not just Chl but also
intermediates of the Chl pathway are very phototoxic; the individual enzymatic steps need
to be orchestrated to avoid larger pools of ‘free’ tetrapyrroles. It is, therefore, logical to
expect a place in the cell (biosynthetic center), where Chl precursors are passed from
enzyme to enzyme, Chl finalized and then loaded into Chl-binding proteins co-

translationally as discussed in Sobotka (2014).

Based on data obtained in cyanobacteria (Chidgey et al., 2014; Kope¢na et al., 2015;
Bucinska et al., 2018; Yu et al., 2018) and algae (Nickelsen and Zerges, 2013), the
biosynthetic center could be described as a SecY-YidC translocon embedded in a distinct
membrane compartment rich of the lipid PG and equipped with various factors helping
assembly of PSI or PSII, as well as enzymes producing Chl. PG (cardiolipin) is known to
be essential for the functioning of SecY translocase (Corey et al., 2018) but also for the
cyclase step of the Chl biosynthesis (Kopecna et al., 2015). Regarding the assembly
factors, the Pam68 protein was co-localized with the translocon apparatus and ribosomes
(Bucinska et al., 2018). Recently, the YidC insertase was co-purified with Ycf48, Ycf39
and CyanoP demonstrating that all these PSII auxiliary are located in the vicinity of
translocon (Yu et al., 2018), Indeed, the lumenal Ycf48 protein has been already
suggested to be an interacting partner of the Pam68 protein in Synechocystis (Rengstl et
al., 2011). Ycf48 and its plant homolog (HCF136) are needed for the formation of pD1m-
D2m pre-complex (RCII) (Pliicken et al., 2002; Komenda et al., 2008) The cyanobacterial
and algal Ycf48 proteins have been crystallized as a seven-bladed beta-propeller with a
conserved area interacting probably with pD1, but the Synechocystis Ycf48 also interacts
with PSI (Yu et al., 2018). The current view is that the Ycf48 facilitates the Chl insertion
into Chl-binding subunits, similarly to Pam68. However, the lumenal Ycf48 protein is
more essential, its absence clearly affects the cell viability even under low-stress
conditions. Pam68 is upregulated under cold stress (Kopf et al., 2014) when the lipid
bilayer became rigid, the photosynthetic activity is reduced and PSII complexes are prone
to photodamage and the repair mechanism is inefficient (Wada and Murata, 1998). Yet
cyanobacteria are able to acclimate to these conditions. In Synechocystis a various
ribosomal genes are either up or down-regulated supporting the existence of a special
pool of stress-induced ribosomes needed for the viability under cold stress. Pam68, as a

ribosome-bound factor, might be locked close to the translocon machinery to stabilize
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CP47 nascent chain while the Chl availability is limited and/or the membrane fluidity is
restricted (Bucinska et al., 2018; Figure 9). There is also an interesting possibility that
Chl-binding proteins contain amino-acid motifs causing ribosome pausing. It has been
suggested that such delays in translation could provide time for the correct incorporation
of Chl into the nascent apoproteins (Kim et al., 1994b; Manuell et al., 2007).

Other components of the cyanobacterial biosynthetic center should be High
light-inducible proteins (Hlips), small, single helix proteins containing Chl-binding motif.
Hlips are functionally connected with re-utilization of Chl molecules (reviewed in
Komenda and Sobotka, 2016). This process is well documented as Chl molecules have
a much longer lifetime in the cell than Chl-proteins (Vavilin and Vermaas, 2007) and the
PSII D1 and D2 subunits are normally synthesized even when the Chl biosynthesis is
drastically reduced (Hollingshead et al., 2016). Hlips are attached to Chl-synthase, the
CP47 assembly module (Figure 9) and also to Ycf39 factor, which is probably responsible
for the delivery of recycled Chl into the synthesised D1 protein (Knoppova et al., 2014).
Finally, it is quite likely that a PSI complex is structural component of the center.
PSI[1]*-Chl-synthase complex has already been mention above and a complex of PSI
with the physically attached RC47 assembly intermediate has been purified using the PSII
assembly factor Psb28 as a bait (BeCkova et al., 2017). Association to PSI could provide a
photoprotective role during the PSII assembly (Komenda et al., 2012) as a trap for the
excitation energy. Moreover, the PSI could serve as a source of Chl molecules for the

PSII biogenesis during stress conditions (Kopec¢na et al., 2012).

There is no doubt that the availability of de novo Chl is a critical factor for the
organization of TM (Sobotka et al., 2008; Hollingshead et al., 2016; Chapter 3). The
ultrastructure of Synechocystis mutants deficient in Chl biosynthesis shows the whole TM
network completely disrupted (Sobotka et al., 2008; Hollingshead et al., 2016). The
deletion of ycf54 gene that is required for the formation of protochlorophyllide caused a
drastic reduction of TMs; the mutant contains only a few short membrane fragments
randomly scattered throughout the cell (Hollingshead et al., 2016). The deletion of gun4
gene, which is needed for another step in Chl biosynthesis, had a similar effect (Sobotka
et al., 2008). Interestingly, an aberrant upregulation of Chl biosynthesis in a mutant of
Synechocystis led to the formation of extra TM sheets; in addition to concentric, new
centric membranes atypically crossed the mutant cells (Sobotka et al., 2005). This
indicates that the production of de novo Chl (PSI subunits) could be a driving force for
the abundance of TM in the cell. It should be however noted that the deletion of genes
coding for Chl-binding proteins does not necessarily lead to such drastic ultrastructural
changes as low Chl availability (Nilsson et al., 1992). The lack of PSI or PSII complexes
indeed alters the organization of membranes within the cell and the number of membrane

sheets is reduced (van de Meene et al., 2012). But still, these mutants exhibit normal
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concentric TM sheets. PSI/PSII mutants grow however only heterotrophically utilizing
glucose and TMs serve in fact as a normal bacterial membrane harbouring the respiratory
protein complexes (Mullineaux, 2014). The heterotrophic mode could have a huge and
still completely unknown impact on the membrane architecture. For instance, dark-grown
Synechocystis cells contain only fragments of membranes (Barthel et al., 2013) and
authors of this work suggest that the biogenesis of TM is linked to PSII activation.

What is the location of the biosynthetic apparatus (center) in the cyanobacterial cell
remains a matter of discussion. As the cyanobacterium Gloeobacter sp. must have all
components for the biogenesis of photosystems located in the PM (Rexroth et al., 2011),
it has been assumed that the PSII assembly starts in PM also in modern cyanobacteria
(Zak et al., 2001). This has been later ruled out (Selao et al., 2016) and thus biosynthetic
centers should be located somewhere in the intracellular membrane system (Gutu et al.,
2018). The specialize PDM fraction assumed having a role in the PSII biogenesis
(Schottkowski et al., 2009) has been immuno-localised at the periphery of Synechocystis
cells and co-localized with pD1 (Stengel et al., 2012). Similarly, the Vippl protein has
been found in distinct puncta close to the periphery, in the TM regions of high curvature
in Synechocystis (Gutu et al., 2018). Gutu et al. (2018) further showed that Vippl puncta
are co-localized with Curtl enrichments - special zones connected with photosystem

biogenesis (Heinz et al., 2016).

Vippl and Curtl proteins somehow affect the structural properties of TM. Vippl is able
to form large oligomeric structures with tendencies to influence lipid composition in TM.
This protein could thus support membrane properties required for the efficient translation
or assembly of photosystems (Gutu et al., 2018) or, alternatively, the overall arrangement
of TM sheets in the cell. Also, Curtl could be needed for the optimal membrane plasticity
and curvature and contributing to the ultrastructural reorganization (Pribil et al., 2018).
Curtl has not been localized in a photosynthetically active TM (Heinz et al., 2016) but it
is co-localized with Vippl (Gutu et al., 2018). According to unpublished results of Petra
Skotnicova from our laboratory, the Synechocystis Curtl is specifically located in a
separated membrane domain lacking completely PSI or PSII complexes. We do not know
whether this Curtl membrane domain is rich in translocons but regarding the observed
ribosomes association with the newly established thylakoid centers (Figure 16 E) it would
be a logical assumption. Interestingly, when curtl gene is deleted in Arabidopsis the PSII
biogenesis and repair mechanism as well as state transitions in grana are impaired
(Armbruster et al., 2013). Synechocystis mutant lacking Curtl has TM atypically winded
as spirals or circles inside of the cell without any hypothetical attachment to the cell

periphery (Heinz et al., 2016).

We hypothesize that ‘star’ structures observed during the early stage of recovery from

chlorosis represent cellular machinery engaged in the biogenesis of TM (see a working
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model Figure 17). Together with the obtained biochemical data, we are tempting to
speculate that PSI, and later also PSII complexes, are produced by these structures as the
ribosomes are clearly observed close to the protruding TM sheets. According to our
model (Figure 17) the biosynthetic center is de novo assembled in the central part of the
cell, as this is the place where glycogen granules are first dissolved. Later, centers are
moved to cell poles, where TCs have been located. Indeed, the long, tube-like structure of
the proposed biosynthetic centers (Figure 16) resembles the shape of thylakoid centers
characterized previously by TEM tomography (van de Meene et al., 2006). Apparently,
there are two visible biosynthetic centers in the analyzed cells, which signalizes that each
center is inherited by one daughter cell. The large oligomers of Vippl or Curtl could be
structural components providing the stability and shape of the TC or/and the produced
TM sheets. The question remains, what is the origin of lipids in the produced TMs. So far,
it is assumed that the synthesis of lipids occurs, similarly to the chloroplast, both in PM
and TM (Selao et al.,, 2016). Close to inner chloroplast envelope, an MGDG-rich
lipoproteic structure has been identified serving a role in non-vesicular lipid transport to
TM; an interaction with Vippl has been also suggested (Bastien et al., 2016). Whether a
similar specialized lipid-rich structure is present in cyanobacteria is not known. In a
normally grown Synechocystis cell, the protein/lipid composition of TCs could differ
from the TC established early during the re-greening process; it might explain why these
structures are difficult to investigate and they were scarcely reported (Kunkel, 1982; van
de Meene et al., 2006).
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5. Material and methods

Cultivation conditions

The Synechocystis glucose tolerant WT strain (GT-P sub-strain; Tichy et al., 2016) was
grown photoautothrophically in liquid BG-11 medium on a rotary shaker under normal
continuous light conditions (40 umol photons m™ s') at 28° C. After reaching a
logarithmic growth phase (OD73onm = ~ 0.4-0.5) the cells were gently harvested (5,000 x
g, 10 min), washed once with BG-11 lacking sodium nitrate (BG-11 -N) and re-
suspended in BG-11 —N to obtain a similar cell density (OD73onm = ~ 0.4-0.5). Cells were
kept at these conditions for 8 weeks; the BG-11 -N medium was replaced weekly with a
fresh one. The recovery was triggered by adding the sodium nitrate (10 mM), glutamic
acid (200 uM) and TES (10 mM) into the BG-11 -N medium at an OD7s of 0.2-0.4.

Absorption spectra and determination of Chl content

Absorption spectra of whole cells were measured at room temperature with a Shimadzu
UV 3000 spectrophotometer. Chl was extracted from cell pellets (3 mL, OD730pm =
approximately 0.4) with 100% methanol, and its concentration was measured

spectrophotometrically according to (Porra et al., 1989).

Preparation of cellular membranes

Cell cultures were harvested at various time-points after adding the nitrogen sources back
to the culture. Pellet of cells was washed and re-suspended with buffer A (25 mM
MES/NaOH, pH 6.5, 10 mM CaCl,, 10 mM MgCl,, 25% glycerol). Cells were disrupted
by glass beads and the membrane fraction was separated from the soluble proteins by
centrifugation at high speed (65,000 x g, 20 min).

Electrophoresis and immunoblotting

The protein composition of purified complexes was analyzed by electrophoresis 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
by SYPRO Orange stain. In the latter case, the proteins were subsequently transferred
onto a polyvinylidene fluoride (PVDF) membrane for immunodetection (see below).
Membranes were incubated with specific primary antibodies and then with secondary
antibody conjugated with horseradish peroxidase (Sigma-Aldrich). The positive signal of
chemiluminescence was read by LAS 4000 imager (Fuji, Japan). The following primary
antibodies were used in the study: anti-CP43 and anti-D1 (Komenda et al., 2005),
anti-PsaA/B (Agrisera, Sweden), and anti-Ycf48, which was raised in rabbit against
recombinant Synechocystis Ycf48 (provided by Peter Nixon, Imperial College, London).
The antibody against ChIM has been provided by Neil Hunter (University of Sheffield).
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For clear native electrophoresis, solubilized membrane proteins or isolated complexes
were separated on 4 to 12% native gel according to (Wittig et al., 2007). To resolve
individual components of protein complexes the gel strips from the native electrophoresis
were at first incubated in 2% SDS and 1% dithiothreitol for 30 min at room temperature
and then placed on the top of 12 to 20% SDS-polyacrylamide gel containing 7 M urea
(Dobékova et al., 2009). After separation, the 2D gel was stained by Coomassie Brilliant
Blue. Mass-spectrometry identification of protein spots cut from the Coomassie-stained

gel was performed essentially as described in (Bucinska et al., 2018).

Transmission electron microscopy

Cells of Synechocystis WT cells that were starved for 8 weeks in BG-11 -N medium or
WT cells at various time points of re-greening were pelleted by centrifugation (5,000 X g,

10 min). Pelleted cells were processed for TEM according to two different protocols:

Protocol 1: Pelleted cells were transferred to planchettes (200 um deep, Leica) pre-
treated with 1% lecithin dissolved in chloroform (McDonald et al., 2010) and ultra-
rapidly frozen by Leica EM PACT2 high-pressure freezer. Samples were processed
similarly as described elsewhere (van de Meene et al., 2006) with some modifications.
Samples were freeze-substituted in an automatic substitution unit (Leica EM AFS) at -
85°C in a solution of 1% tannic acid and 0.5% glutaraldehyde dissolved in acetone. After
3 days the samples were 3 times rinsed in pure acetone for 1 h and the substitution
medium was replaced by acetone with 1% osmium; the temperature was kept at -85°C.
After 4 hours the temperature started to be gradually increased (5°C per hour) to -25°C
and this temperature remained constant for the next 12h. Finally, samples thaw to 4°C
(5°C per hour). At room temperature samples without planchettes were 3 times rinsed in
pure acetone. Then over the 4-12 h samples were infiltrated by the increasing mixtures of
Spurr in acetone (10%, 30%, 50%, 75%) and 2x 100% pure Spurr resin (Spurr, 1969).

Protocol 2: Pelleted cells were loaded into nitrate cappilaries, placed into aluminium
specimen carrier under hexadecane or loaded straight into the specimen carrier and frozen
by HPMO10 high-pressure freezing device (Bal-Tec). The frozen samples were freeze-
substituted in a substitution unit (Leica EM AFM2) at -90°C in acetone containing 1%
tannic acid. After 24 h samples were 3 times rinsed in acetone for 1 h and then the
substitution medium was replaced with 2% osmium and 0.5% uranyl acetate in acetone.
After 24 hours at -90°C the samples were gradually thawed to - 60°C (10°C per hour),
where they were kept for 6 h and then the temperature was increased to -40°C and
glutaraldehyde (0,5%) was added to the mixture. After an additional 6 h, the temperature
was finally increased to -20°C (5°C per hour). At this temperature, the samples were

rinsed in acetone and infiltration with 20% and 40% mixture of EPON dissolved in
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acetone was done over 1-2 h. The infiltration with 75% mixture of EPON/Acetone and

with pure EPON resin was completed at room temperature over the 4-6 h.

Processed samples embedded in pure resin by either of the protocols were polymerized in
an oven at 60°C for 48 h. Ultra-thin sections (50-70 nm) were cut using Leica UCT
ultramicrotome, collected on meshed copper grids (100 or 300; EMS, Hatfield, USA) or
on slot grids (EMS, Hatfield, USA) with the formvar coating. Sections were stained with
1% aqueous uranyl acetate for 10 minutes and with Sato’s lead citrate for 3 min (Hanaichi
et al., 1986). Images were acquired using a Jeol 1010 operated at 80 kV equipped with a
Mega View III camera (SIS) at Laboratory of electron microscopy (Biology Centre, CAS,
Ceské Budgjovice) or at Tecnai G2 Spirit BioTWIN operating at 120 kV equipped with a
Gatan USC4000 CCD-camera at MPI for Developmental Biology (Tiibingen, Germany).
Images were processed with ImagelJ software (Abramoff et al., 2004). The serial sections

were processed in 3d Imod and render in Amira software.
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6. Summary

Oxygenic phototrophs rely on Chl-binding protein complexes (photosystems) embedded
in a specialized endogenous TM. To build TM the cell needs to coordinate the synthesis
and assembly of proteins, Chl and other cofactors and also different lipids into large
complexes. The role of Chl-binding subunits of photosystems in the TM biogenesis is
crucial but what is the mechanism or cellular machinery that produces the photosynthetic

TM system, remains unclear.

The aim of this thesis was to explore the biogenesis of Chl-binding proteins and TM in
the model cyanobacterium Synechocystis PCC 6803 (hereafter Synechocystis) by

combining molecular and electron microscopic techniques.

The first publication Kopecna et al. (2012) deals with the distribution of Chl molecules
into individual Chl-binding proteins and how the distribution modulates the overall TM
architecture. PSI and PSII are complicated, light-powered photo-oxidoreductase enzymes,
and Chl-binding proteins are their major protein-building blocks. However, the ratio
between PSI and PSII is responding to changes in light conditions. Particularly, the PSI
content must be reduced under high light together with phycobilisomes to prevent over-
excitation of photosynthetic apparatus and production of reactive oxygen species. This
work has shown that most of the newly made Chl molecules are directed to PSI
complexes, suggesting that PSII complexes can be synthesized by utilizing ‘old’ Chl
released from the degraded proteins. During acclimation to high light, the decrease in PSI
is accompanied by lowered content of TMs in cells, which indicates that there is a link
between Chl availability, synthesis of PSI complexes and the total number of TMs

maintained in the cell.

The second publication Hollingshead et al. (2016) demonstrates that the impaired
synthesis of de novo Chl molecules has a selective effect on the synthesis of individual
Chl-binding subunits of PSI and PSII. We characterized Synechocystis ycf54 mutant,
which possesses a defect in the Chl biosynthetic pathway and produces < 10% of Chl
when compared to WT. Interestingly, while the synthesis of PSI (PsaA/B) and also the
PSII subunit CP47 was almost abolished in the mutant, the synthesis of D1 and D2
appeared unaffected and the RCII complex of PSII was assembled. It is in line with the
previous publication Kopecna et al. (2012) reporting that the PSII complexes, or at least
the central D1 and D2 subunits, can be produced just recycling the same pool of Chl
molecules. Chl deficiency in the ycf54 mutant had a dramatic impact on the structure of
TM - this strain contains only fragments of disorganized short membranes dispersed
throughout the cell. Thus a sufficient amount of de novo produced Chl is crucial for the

TM biogenesis.
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As reported in Hollingshead et al. (2016) the synthesis and accumulation of CP47 protein
is more sensitive to a shortage in de novo made Chl molecules than the structurally
similar CP43. In the third publication Bucinska et al. (2018) we described Pam68 as
a ribosome-associated protein, which facilitates the insertion of Chl molecules into CP47.
The deletion of pam68 gene in Synechocystis affected the CP47 synthesis under stress
conditions such are low temperature, light fluctuation or nitrogen deficiency. Using a
strain expressing Flag-tagged Pam68 we co-purified this protein with CP47 but also with
ribosomal subunits and other components of translocation apparatus. We have further
demonstrated that the Pam68 binds to newly synthesized CP47 before another PSII
subunit, PsbH, associates with CP47 to form the CP47 assembly module. When both
Pam68 and PsbH were eliminated the synthesis of CP47 was almost completely abolished
causing the loss of autotrophy. Interestingly, blocking the heme synthetic pathway, which
is known to stimulate Chl biosynthesis, rescued the synthesis of CP47 in the pam68/psbH
double mutant. Based on these data, we concluded that the Pam68 is an assisting factor,
which facilitates the loading of Chl molecules into CP47.

The Chl availability dictates what Chl-binding proteins are synthesised and the insertion
of Chl molecules into the translating apoproteins requires the assistance of auxiliary
factors. However, how the biogenesis of photosystem is linked to the development of TM
is unknown. Synechocystis cells kept for two months in growth media without nitrogen
remain viable but lost almost completely photosynthetic complexes (chlorosis). After
adding nitrogen, cells fully re-green in a few days, which allow monitoring the
development of a ‘green’ cell. In fourth publication Klotz et al. (2016), the recovery from
chlorosis has been followed on the RNA and metabolomic levels, as well as by
microscopic techniques. This work demonstrates that cyanobacteria possess a specialized
genetic program initiated during the resuscitating from the chlorosis. After adding of
nitrogen the glycogen stored in granules is progressively catabolized and the generated
energy utilized for the re-starting of proteosynthesis. During the second phase (12-24 h),
Chl is massively synthesized, which is followed by the reconstitution of photosynthetic

apparatus. The Synechocystis cell completely recovers from the chlorosis in 48 h.

In a manuscript (chapter 3), we focused on the biogenesis of photosystems and TM in
cells recovering from the chlorosis. We found that the Chl pathway is in fact restarted in
a few hours after adding of nitrogen and produced Chl is built into monomeric PSI
complex, the first Chl-complex that re-appeared in the recovering cells. The biogenesis of
TM after nitrogen depletion was tracked on electron-micrographs showing increasingly
growing TM sheets that were originating from an atypical ‘star-like’ membranous
structure occurring close to the periphery of the cell. We also observed the high

concentration of ribosomes in the vicinity of these structures. We proposed that these
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structures serve as biosynthetic centers called before thylakoid centers as they seem to be

biosynthetically active with the close association of the ribosomes.

The assembly of photosystems starts with the biosynthesis of Chl-binding proteins which
seems to be affected by the availability of Chl and its lack causes their instability and
degradation. Many assisting factors facilitating the assembly of photosystems have been
identified. However, the synthesis of Chl-binding proteins, its insertion in the TM
and incorporation of the cofactors into nascent proteins still needs to be explored. This
process involves many steps and it is highly probable that it needs to be co-regulated with
the biosynthesis of Chl and also with the formation of TM itself. Therefore, it is logical to
presume the existence of putative biosynthetic centers as sites, where the whole

biogenesis of TM is coordinated.
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7. Conclusions

The PhD thesis expands the current view of the biogenesis of TM in cyanobacteria. The

presented results demonstrate the interconnectivity of the Chl-binding proteins synthesis

and the TM formation. Furthermore, we elaborated on the role of auxiliary protein factors
such as Pam68 in the insertion of Chl into PSII subunits. The shortage of Chl, particularly

under stress conditions, causes its incorrect/inefficient insertion into apoproteins and

affects the biogenesis of photosynthetic membrane, as well as photosynthetic complexes.

The thesis consists of one first author publication, three co-author publications and one

first author manuscript.

The main conclusions are as follows:

The lower formation of de novo Chl in the cyanobacterium Synechocystis PCC
6803 not only inhibits the synthesis of Chl-binding proteins but clearly affects the

structure TM and its organization in the cell.

Pamo68 is a ribosome-bound protein that very probably stabilizes the nascent CP47
chain in a conformation that facilitates Chl insertion. Together with the canonical
PSII subunit PsbH, the Pam68 protein is essential for the synthesis of CP47.

Re-greening of the Synechocystis nitrogen-depleted cells is a promising approach
to study the biogenesis of TM in cyanobacteria.

The biogenesis of TM 1is connected to distinct ‘star-like’ structures that could
serve as a biosynthetic center. It might represent the same molecular machinery
as the already described thylakoid center. Closely associated with ribosomes, the
translation of Chl-binding subunits of both photosystems could be established here

and co-localized with the biosynthesis of Chl molecules.
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9. Published results

9.1. Publication I: Long-term acclimation of the cyanobacterium Synechocystis PCC
6803 to high light is accompanied by an enhanced production of chlorophyll that is

preferentially channelled to trimeric PSI.
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Long-Term Acclimation of the Cyanobacterium
Synechocystis sp. PCC 6803 to High Light Is Accompanied

by an Enhanced Production of Chlorophyll That Is
Preferentially Channeled to Trimeric Photosystem I''"!

Jana Kopecnd, Josef Komenda, Lenka Bucinskd, and Roman Sobotka*

Institute of Microbiology, Department of Phototrophic Microorganisms, Academy of Sciences,
37981 Trebon, Czech Republic; and Faculty of Science, University of South Bohemia, 370 05
Ceske Budejovice, Czech Republic

Cyanobacteria acclimate to high-light conditions by adjusting photosystem stoichiometry through a decrease of photosystem I
(PSI) abundance in thylakoid membranes. As PSI complexes bind the majority of chlorophyll (Chl) in cyanobacterial cells, it is
accepted that the mechanism controlling PSI level /synthesis is tightly associated with the Chl biosynthetic pathway. However,
how Chl is distributed to photosystems under different light conditions remains unknown. Using radioactive labeling by **S and
by **C combined with native/two-dimensional electrophoresis, we assessed the synthesis and accumulation of photosynthetic
complexes in parallel with the synthesis of Chl in Synechocystis sp. PCC 6803 cells acclimated to different light intensities.
Although cells acclimated to higher irradiances (150 and 300 wE m %) exhibited markedly reduced PSI content when
compared with cells grown at lower irradiances (10 and 40 uE m™? s7"), they grew much faster and synthesized significantly
more Chl, as well as both photosystems. Interestingly, even under high irradiance, almost all labeled de novo Chl was localized
in the trimeric PSI, whereas only a weak Chl labeling in photosystem II (PSIT) was accompanied by the intensive *S protein
labeling, which was much stronger than in PSI. These results suggest that PSII subunits are mostly synthesized using recycled
Chl molecules previously released during PSII repair-driven protein degradation. In contrast, most of the fresh Chl is utilized for
synthesis of PSI complexes likely to maintain a constant level of PSI during cell proliferation.

Photosynthetic autotrophs are completely dependent machinery involves the regulation of size and number
on light as the only source of energy for their prolifer- of light-harvesting antennas (Anderson et al., 1995;
ation. However, light intensity can swiftly change due Walters, 2005), dissipation of light energy by non-
to variable environmental conditions, sometimes being photochemical quenching (El Bissati et al., 2000; Miiller
too low to sufficiently drive photosynthetic reactions, et al., 2001), redistribution of light energy between
and other times being even higher than can be utilized, photosystems by state transition (Mullineaux and
or at least safely dissipated, by a photosynthetic appa- Emlyn-Jones, 2005; Fujimori et al., 2005), or adapting
ratus. In the latter case, the excessive part of the absor- the capacity of carbon dioxide (CO,) fixation (Demmig-
bed energy can be ultimately transformed into energy of Adams and Adams, 1992).
reactive oxygen species, which has a destructive im- One of the most prominent responses to light in-
pact on key cellular components: nucleic acids, lipids, tensity, and also to its spectral quality, is a selective
pigments, and proteins. To cope with light fluctuations, regulation of the abundance of PSI in the thylakoid
cyanobacteria as well as algae and plants possess com- membrane, which controls the frequency of excitation

plex regulatory machinery to optimize the utilization of of photosystems to optimize the entire photosynthetic
light energy and to protect photosynthetic apparatus electron flow (Chow et al, 1990; Muramatsu and
against the damage induced by excessive light. This Hihara, 2012). Given that the PSII level is much more
stable, this process establishes a specific stoichiometry
between both photosystems (PSI/PSII ratio) depend-
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selectively decrease the PSI content during acclimation
to high light (HL) and its growth is severely inhibited
under prolonged HL conditions (Hihara et al., 1998;
Sonoike et al.,, 2001). A similar defect in maintaining
reduced PSI content in HL has been demonstrated in a
Synechocystis strain lacking the putative chlorophyll
(Chl)-binding domain of ferrochelatase. The growth of
this mutant has been completely abolished by HL
(Sobotka et al., 2011). The mechanism responsible for
the HL-induced selective decrease in PSI content is not
clear; however, the process appears to be under control
of the redox state of the cytochrome b, f complex
(Murakami and Fujita, 1993). In a proposed model, a
signal from cytochrome b,f downregulates Chl bio-
synthesis, particularly formation of an early Chl in-
termediate aminolevulinic acid (ALA), and it seems to
be a limited Chl availability that determines the PSI
content (Fujita et al., 1990; Muramatsu et al., 2009).
Consistently with this model, transcription of psaA/B
genes coding for large Chl-binding PSI core subunits is
not a rate-limiting step in the PSI accumulation, while
de novo Chl synthesis is blocked immediately after
being transferred to HL conditions (Muramatsu et al.,
2009). On the other hand, Chl is required during the
repair/replacement of PSII complexes that are photo-
damaged much faster than PSI complexes (Nowaczyk
et al., 2006; Nixon et al., 2010). Therefore, the synthesis
of Chl-binding PSII subunits, especially the fast turn-
ing over D1 subunit, should be much faster in com-
parison with PSI subunits (Yao et al., 2012a, 2012b). It
raises the question of how an enhanced synthesis of
PSII subunits is achieved if less de novo-synthesized
Chl is produced under HL conditions to keep PSI at a
reduced level. Chl is produced via a quite long and
branched pathway together with heme and other tet-
rapyrroles, and the formation of ALA is a particularly
critical step controlling the accumulation of the whole
spectrum of phototoxic intermediates of Chl/heme
biosynthesis (for review, see Czarnecki and Grimm,
2012; see Supplemental Fig. S1 for a scheme of tetra-
pyrrole pathway). However, controlling PSI content by
the metabolic flow through the whole tetrapyrrole
pathway does not seem to be flexible enough to bal-
ance the formation of all tetrapyrrole cofactors. The de
novo Chl biosynthesis is expected to be tightly syn-
chronized with synthesis of Chl-binding proteins
(Komenda et al., 2012) but a cross talk between Chl
and Chl-protein biosyntheses has to also reflect the
fact that the lifetime of Chl molecules is much longer
than that of proteins (Vavilin et al., 2005; Vavilin and
Vermaas 2007; Yao et al., 2012a, 2012b); therefore, a
potential role of the recycled Chl in controlling Chl-
protein biogenesis must be addressed as well. In this
study, we focused on the correlation between synthesis
of both photosystems and Chl biosynthesis in Syn-
echocystis cells fully acclimated to different light in-
tensities. Using radioactive labeling of proteins and Chl
by %35 and MC, respectively, we found that the rate of de
novo Chl formation, as well as synthesis of both pho-
tosystems, is significantly enhanced in HL, despite the
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markedly reduced cellular level of PSI. Our data sug-
gest that there is no simple correlation between the
actual synthesis of PSI and PSII core subunits and the
synthesis and distribution of de novo Chl; de novo Chl
was found to be predominantly directed to the PSI
trimer, whereas the Chl-binding PSII subunits seem to
be mostly synthesized using the recycled Chl molecules
previously released during Chl-protein degradation. It
appears that the particular level of PSI needed for the
optimal photosynthetic performance at a given light
intensity is reached by a precise equilibrium between
the rate of cell proliferation, the rate of Chl biosynthesis,
and the distribution of Chl into individual Chl-proteins.

RESULTS

Acclimation of the Synechocystis Cells to
Various Irradiances

To understand how Chl biosynthesis is synchro-
nized with the varying demand for Chl-binding
subunits of PSI/PSII, we analyzed the Synechocystis
wild type acclimated to different light intensities.
Cells were first grown for 5 d under continuous illumi-
nation at 40 xE m 2 s™! (moderate light [ML]) and sub-
sequently moved for 24 h to either lower light (LL; 10 uE
m 2s Yor higher light intensities (HL1, 150 nE m2sh
HI2, 300 uE m 2 s '). Absorption spectra of cells nor-
malized per optical density at 750 nm (OD,;,) are
shown in Figure 1A. Whereas the shift to LL did not
result in significant changes in the cell pigmentation
(data not shown; see Table I for Chl level), amounts of
Chl and phycobilisomes per cell were markedly low-
ered as a response to higher irradiance (Fig. 1A). Chl
concentration at HL2 reached about 50% of that ob-
served at ML (Table I; Supplemental Fig. S2). Levels of
carotenoids also decreased, except for myxoxanthophyll,
the level of which more than doubled after 24 h at HL2
(Supplemental Fig. S2). Growth rates of the cultures
were accelerating with light intensity reaching the max-
imum at HL2 (Table I), a further increase in light in-
tensity to 600 uE m s ! started to inhibit growth (data
not shown), although cell pigmentation did not signifi-
cantly alter when compared with HL2 (see Supplemental
Fig. S3 for the whole-cell spectra). Supplementing growth
media with 5 mm NaHCO; did not affect the growth rate
or Chl level at HL2 (Table I), implying that under our
growth conditions with a higher concentration of CO, in
the growth chamber, the proliferation of Synechocystis
cells was not significantly limited by CO, availability. To
gather information about the functional status of PSII
during acclimation to HL, we also determined the ratio
of variable to maximal fluorescence (F,/F,,). When cells
grown at ML were moved to HL2, the F,/F,, ratio de-
clined rapidly (Supplemental Fig. S4); nevertheless, in the
following 6 h it recovered to the initial value. This sug-
gests that even under HL2, cells coped relatively quickly
with the initial damage of PSII, and fully acclimated cells
did not contain a significant portion of nonfunctional PSII
complexes and grew much faster than at ML.
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A time-course analysis of changes in whole-cell spectra
during acclimation to HL2 showed a rapid decrease in
Chl and phycobilisome level in the first 4 h followed
by a lag phase between the fourth and sixth hours
when no apparent changes were observed (Fig. 1B).
The second decrease in Chl and phycobilisome content
was observed between the sixth and 16th hour. A
prolonged cultivation had no additional effect on the
pigment content (Fig. 1B). Observed changes at HL were
also reflected in the cell ultrastructure; as shown in
Figure 2, cells from HL2 possessed less abundant and
less compact thylakoid membrane structures when
compared with ML. A distinct feature of HL2 accli-
mated cells was a very high abundance of glycogen
granules that were almost missing in ML grown cells
(Fig. 2). Using electron microscopy, we did not observe
any significant variability in size among cells from
different light conditions even though the growth rate
was quite different (Fig. 2). Assessment of cell size and
distribution within particular cultures using a cell
counter showed that only the cells at HL2 were in
average slightly bigger; therefore, their number corre-
sponding to OD,5, = 1 was somewhat lower. Never-
theless, cell mass corresponding to OD,5, = 1 was quite
stable in all cultures grown under various irradiances
(data not shown).

Accumulation and Synthesis of PSI and PSII
in HL-Acclimated Cells

In the Synechocystis cells, practically all Chl is as-
sociated with photosystems and more than 80% is as-
sociated with PSI under ML (Shen et al., 1993). In order
to determine how total levels of PSI and PSII are cor-
related with the drop in the cellular Chl level under
HL, we first separated membranes from cultures ac-
climated to LL, ML, HL1, and HL2 by SDS-PAGE and
then probed with antibodies against PSII and PSI sub-
units (Fig. 3A). As expected, an increase in light intensities
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reduced the amount of both PSI and PSII per cell (Fig.
3A). However, a decrease in the PSI level was much
more pronounced. The following separation of photo-
synthetic complexes using clear-native electrophoresis
(CN-PAGE) combined with detection of Chl fluorescence
in gel allowed us to assess the content of particular
oligomeric forms of PSI and PSII (Fig. 3B). Interest-
ingly, the amount of both PSI and PSII monomers per
cell was not significantly altered by HL, which con-
trasts with the dramatically downregulated amount of
trimeric PSI and the clearly lowered level of PSII dimer
(Fig. 3B).

To assess how de novo synthesis of PSI/PSII com-
plexes corresponds to changes in their accumulation at
a cellular level, cells acclimated to ML and HL2 were
radioactively labeled using [*S]Met/Cys mixture for
30 min and separated by CN-PAGE. After exposing the
CN gel to a phosphor imager plate, we found rather
similar labeling of the PSI trimer in both cultures while
the labeling of the PSII dimer and both PSI and PSII
monomers was at least doubled (Fig. 4A). Taking into
account a much lower level of PSI trimer per cell in the
HL2 cells, the results indicate significantly faster syn-
thesis of all four complexes at this light intensity. To see
how the individual Chl-binding PSII core subunits D1,
D2, CP43, and CP47 contributed to the PSII monomer

Table 1. Growth rate and Chl content of Synechocystis cells under
different growth regimes

Values shown represent means *+ sp from three independent

measurements.
Light Intensity Doubling Time Chl
(hours = sp)  (ug mL™" OD,5, 7"
LL (10 uEm™25s7") 32.8+ 1.3 5.9 * 0.08
ML (40 pEm™ s 15.8 = 0.8 5.5 + 0.12
HL1 (150 gEm™2s7") 10.4 = 1.3 3.6 £ 0.12
HL2 (300 uE m™2s7") 72 +03 2.5+ 0.09
HL2 + 5 mm NaHCO, 71 %03 2.4 +0.10
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Figure 2. Transmission electron microscopy of the Synechocystis cells.
Representative stained ultrathin sections of cells grown photoautotro-
phically for 24 h under ML (A) and HL2 (B); black arrows indicate
glycogen granules.

and dimer labeling, we separated them in a second dimen-
sion using SDS-PAGE (Fig. 4B). Although their total
level was lower at HL2, particularly in the dimeric PSII,
the synthesis of all four proteins was clearly enhanced
in both PSIT complexes. We also observed a higher
accumulation and synthesis of components of ATPase
and FtsH2 and FtsH3 proteases at HL2 (Fig. 4B).

Light-Driven Up-Regulation of the Tetrapyrrole
Biosynthetic Pathway

Acclimation of the cells to HL2 led to a fast down-
regulation of PSI and phycobilisome levels (Fig. 1) and
resulted in a reduction of the thylakoid membrane system
(Fig. 2). On the other hand, synthesis of Chl-proteins
was accelerated (Fig. 4). To evaluate Chl biosynthesis
in the acclimated cells, we analyzed this metabolic path-
way in detail. First, using a set of specific antibodies, we
estimated levels of enzymes involved in the synthesis
of heme and Chl in the cells acclimated to the particular
light intensities by western blot (Fig. 5; see Supplemental
Fig. S1 for a scheme of the tetrapyrrole pathway). Total
levels of almost all enzymes, including the heme-
producing ferrochelatase, were upregulated by light and
light also induced association of enzymes with mem-
branes. The enzymes reached the highest level at HL1 but
further increase in irradiance to HL2 resulted in a drop of
certain enzymes/enzyme subunits (Mg-protoporphyrin
monomethyl ester cyclase, light-dependent protochloro-
phyllide oxidoreductase, Gun4, and geranylgeranyl re-
ductase). An interesting exception was the D subunit of
Mg-chelatase, which exhibited an opposite mode of
regulation with the highest concentration reached un-
der LL. Moreover, only at this light intensity was a large
portion of the D subunit of Mg-chelatase protein bound
to the membranes.

Although these data suggested that the heme/Chl
biosynthetic pathway was upregulated after 24 h of
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acclimation to increased irradiance, the Chl content per
cell started to fall quickly after the light shift and the
process finished in 16 h (Fig. 1B). Therefore, the
changes in enzyme levels were checked after 2 and 4 h
after the shift to HL2 and most of the monitored pro-
teins started to accumulate or at least showed little
variation (Fig. 5B). A characteristic feature of Chl bio-
synthesis up-regulation was an enhanced association
of Mg-chelatase subunits H and I with membranes,
which was visible after 4 h at HL2 (Fig. 5B). In contrast
to the other monitored enzymes, the amount of ger-
anylgeranyl reductase underwent a rapid and signifi-
cant decline in 2 h after the shift to HL2 and then
recovered only very slowly (Fig. 5).

As enzyme levels could not necessarily reflect changes
in metabolic flow through the pathway, accumulation of
Chl precursors was also quantified. To preserve steady-
state levels of precursors, which are probably transient
and quickly change during cell handling, we developed
a very sensitive method based on HPLC equipped with
two fluorescence detectors (see “Material and Methods”).
This enabled us to detect very low abundant interme-
diates of the Chl biosynthesis pathway in extracts from
2-mL cell cultures prepared just in several minutes (Fig.
6A). Employing this method, we observed that the
growth at increased irradiance induced an accumulation

Immunodetection

O R R
PSIB) . — —

PSII(2) o s e LPSII(2)
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PSII%‘I 3— - =PSli(1)

Transmit Chl fluor

Figure 3. Accumulation of PSI and PSII in Synechocystis cells accli-
mated to different light intensities. A, Total amount of PSI and PSII
detected using specific antibodies against PSIl subunits D1 and D2 and
PSI subunit PsaD. Membrane proteins corresponding to 100 ul of cells
at OD,5, = 1.0 were loaded per lane, separated by SDS-PAGE, and
blotted. B, Separation of monomers and oligomers of PSI and PSII
using CN-PAGE. After separation, the gel was scanned in transmittance
mode (Transmit) using a LAS 4000 imager (Fuji), and to better visualize
PSII complexes, Chl fluorescence in gel (Chl fluor) was detected after
excitation by blue light using the same equipment. Proteins were
loaded as in A. Designation of complexes: PSI(1) and PSI(3), Monomer
and trimer of PSI, respectively; PSII(1) and PSII(2), monomer and dimer
of PSII, respectively.
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Figure 4. Synthesis of PSI and PSIl complexes in Synechocystis cells
acclimated to ML and HL2. A, Cells were radiolabeled with [*>S]Met/
Cys mixture using a 30-min pulse, membrane protein complexes were
separated by CN-PAGE, and labeled proteins visualized using a
phosphor imager (Autorad). The gel was scanned using a LAS 4000
imager as described in Figure 3B. B, Separation of identical radiola-
beled samples by two-dimensional CN/SDS-PAGE. Gel was stained
with Coomassie blue and labeled proteins then detected by a phosphor
imager (Autorad). Designation of the complexes is as in the legend to
Figure 3. U.P., Unassembled proteins. FtsH2/3 proteases are marked
with an asterisk.

of Mg-protoporphyrin monomethyl ester and proto-
chlorophyllide, whereas pools of other Chl precursors
appeared to be quite stable (Fig. 6B). Finally, to assess the
capacity of the whole tetrapyrrole pathway to produce
Chl, we followed incorporation of [“C]Glu into Chl
molecules. Briefly, cells were acclimated to tested light
conditions for 24 h and then supplemented with 180 um
["*C]Glu for 30 min. Chl (as well as geranylgeranyl-Chl)
was immediately extracted by an excess of methanol and
converted to Mg-chlorin as described in “Material and
Methods.” The solution containing Mg-chlorin was sep-
arated on a silica thin-layer chromatography (TLC) plate
and exposed to an x-ray film. We found that the incor-
poration of [“C]Glu into Chl is much faster at both HL1
and HL2 than at ML; in contrast, the labeling at LL was
very weak (Fig. 6C; see Supplemental Fig. S5 for a color
version). Together, these data suggest that the acclimation
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of the Synechocystis cells to HL results in a great up-
regulation of Chl biosynthesis despite the total relative
decline in the cellular level of Chl.

Distribution of a Newly Synthesized Chl into Chl-Proteins
and Complexes

Formation of an early precursor ALA is accepted as a
critical check point controlling the metabolic flow
through the whole tetrapyrrole pathway (Czarnecki and
Grimm, 2012). Labeling of Chl by ["*C]Glu then ensures
that the total capacity of the pathway can be assessed
involving the ALA barrier as well as all other regula-
tory steps located down the pathway (Supplemental
Fig. S1). Moreover, as Glu is also used for protein
synthesis, radiolabeling with [“C]Glu enabled us to
assess the approximate portions of Glu incorporated
into the proteins and Chl. Membrane proteins were
isolated from HL2 cells, separated by two-dimensional
CN/SDS-PAGE and exposed to an x-ray film. Chl
migrates on the SDS gel faster than proteins and can be
easily distinguished as spots on the bottom of the gel,
below the edge of proteins, designated by the arrow-
heads in Figure 7. We found that the majority of the
metabolized [*C]Glu was used for the synthesis of
Chl. Moreover, even at HL2, most of the labeled Chl
was directed to the PSI trimer (Fig. 7A). On the protein
side, the strongest radioactive signal was localized in
the D1 protein and much less in other PSII subunits;
higher molecular mass labeled proteins were probably
core subunits of PSI and ATP synthase (Fig. 7A).

To trace the fate of Chl in ML- and HL2-acclimated
cells more precisely, we labeled Chl using [**CJALA,
and this allowed us to detect new Chl directly in the
protein complexes visualized by CN-PAGE. After a
30-min pulse, the Chl labeling in PSII was apparently
enhanced in HL2. However, flux of the newly made
Chl into the trimeric PSI dominated under both con-
ditions with additional enhancement at HL2 when
compared with ML (Fig. 7B). This result contrasted to
the very weak %3] labeling of PSI trimer when com-
pared with PSII monomer/dimer and, intriguingly,
also to PSI monomer (Fig. 4A), suggesting a specific
channeling of labeled Chl into the PSI trimer. How-
ever, one has to be careful to assess Chl distribution
just according to intensity of Chl labeling in individual
PSI/PSII complexes. One PSI trimer contains 288 Chl
molecules (Jordan et al., 2001), which is about 4 times
more than the sum of Chls and pheophytins in a PSII
dimer (Umena et al., 2011) and about 8 times more
than number of Chls and pheophytins in a PSII mon-
omer. We used the same methodology as for the [*°S]
labeling to quantify the distribution of labeled Chl in
PSI and PSII complexes in cells acclimated to HL2 and
labeled by [*CJALA (Table II). As expected, the ma-
jority (58%) of Chl was located in trimeric PSI, while
only 18% in PSI monomer and 24% in PSII complexes.
To take into account different protein/Chl ratios in
each complex, we calculated what portion of labeled
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Chl would theoretically be present in each PSI/PSII
complex in the case that the protein labeling corre-
sponds to Chl labeling and new Chls are evenly dis-
tributed to individual complexes. Less than 10% of
labeled Chl should be bound to PSI trimers due to the
very weak synthesis of this complex (Table II). The fact
that 6 times more of the new Chl is bound to PSI trimer
than expected from protein labeling demonstrates a
crucial role of a precise distribution of de novo and
recycled Chl in the biogenesis of photosystems.

DISCUSSION

Growth of cyanobacteria under high irradiance in-
duces a fast decrease in harvesting capacity by re-
ducing the number and size of phycobilisomes and
abundance of PSI in the thylakoid membranes. How-
ever, the total excitation pressure is not the only factor
controlling changes in the harvesting capacity. Al-
though an adjustment of PSI and phycobilisome con-
tent is characteristic for light acclimation, a regulation
of antenna size appears to be initiated by any redox
imbalance of the electron transport chain (Wallner
et al., 2012), and the actual abundance/ratio of pho-
tosynthetic complexes then results from the combined
effects of light intensity and quality, temperature, or nu-
trient availability (Murakami and Fujita, 1991; Murakami
et al., 1997; Miskiewicz et al., 2002). Light acclimation
can be viewed as a set of regulatory events activated to
restore a redox equilibrium in the cell. Indeed, a defect
in the mechanism balancing the excitation of PSI and
PSII, like the one caused by the pmgA mutation, gen-
erates a detrimental redox poise (Sonoike et al., 2001)
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and presumably locks the mutant cell in a perpetual
unsuccessful effort to achieve the redox equilibrium.

The cytochrome b, f complex was shown to serve as
a redox sensor, triggering acclimatory machinery in
cyanobacteria (Murakami and Fujita, 1993), though it
remains unknown how this signal is transduced and
processed in the cell. Undoubtedly, the tetrapyrrole
pathway is an important target of this regulation. In
cyanobacteria, the main flow of tetrapyrrole biosyn-
thesis intermediates is directed to the synthesis of Chl
and phycobilins that serve as the main light-harvesting
pigments bound to the PSII-associated phycobilisome
antenna. During light acclimation, Chl and interme-
diates of its biosynthesis deserve special care due to
their phototoxic nature and high concentration of Chl
in the cell. A tight coordination between synthesis of
Chl and Chl apoproteins is expected to be crucial for
the viability of the photosynthetic cell as formation of a
pool of unquenched Chl or its intermediates would
generate harmful reactive oxygen species.

The PSI trimer is the site where the majority of Chl is
placed in the cyanobacterial cell, and as we show in
this work, this complex is almost an exclusive sink for
de novo Chl (Fig. 7B). For the reasons described above,
a relatively fast down-regulation of the PSI level dur-
ing the acclimation to HL has to be reflected by a
regulation of Chl biosynthesis or/and Chl trafficking
in the cell. A relation between the regulation of the PSI
level and Chl biosynthesis is likely to be even more
intimate since de novo Chl appears to be a rate-
limiting factor for the translation of the PSI core sub-
units (Eichacker et al., 1996). It is expected that the PSI
level is controlled via the regulation of Chl synthesis;
thereby, the Chl limitation is the key factor causing the
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Figure 6. Levels of Chl precursors and the rate of Chl formation in cells
acclimated to different light intensities. A, Separation and detection of
Chl precursors using HPLC equipped with two fluorescence detectors
(FLD1 and FLD2). Precursors were extracted from 2 mL of HL2-
acclimated cells by a successive extraction using 70% and 80%
methanol and immediately injected into the HPLC; for details,
see “Materials and Methods.” a.u., Arbitrary units; PP, protopor-
phyrin IX; MgP, Mg-protoporphyrin IX; MgPME, Mg-protoporphyrin 1X
methylester; PChlide, protochlorophyllide; Chlide, chlorophyllide. B,
Relative levels of Chl precursors in the Synechocystis cells acclimated
to LL, ML, and HL2. Values shown represent means * sp from three
independent measurements. Asterisks indicate statistically significant
differences in precursor levels as tested using a paired Student’s t test
(P =0.05). WT, The wild type. C, Chl radiolabeled by ["*CIGlu was
extracted using methanol/0.2% NH,OH from cells cultivated under
different light conditions (LL, ML, HL1, and HL2), converted into Mg-
chlorin, and separated on a TLC plate. Radiolabeled Mg-chlorin was
detected using an x-ray film (Autorad); amount of Mg-chlorin loaded
per TLC lane corresponds to the cellular level of Chl under relevant
light conditions.

decrease in PSI level at HL (Fujita et al., 1990; Muramatsu
et al., 2009). The proposed mechanism is based on an
assumption that a surplus of PsaA/B proteins is con-
tinuously translated but finally degraded due to a
shortage in Chl. Although it seems to be a waste of
energy, it might also provide a crucial function to en-
sure that there is always a place where Chl molecules
can be safely incorporated even when synthesized in
excess. Moreover, it is obvious from Figure 2, that
Synechocystis cells are packed with glycogen when
grown at HL2; thus, some energy can be easily sacrificed
for a tight control over Chl-(protein) biosynthesis.
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Although there is compelling evidence that both the
transcription rate and stability of the psaA/B transcript
are carefully regulated during light acclimation (Hihara
et al., 2001; Herranen et al., 2005), the abundance of the
psaA/B transcript does not appear to limit PSI synthesis
consistently with the proposed regulatory role of Chl. In
an elegant experiment Muramatsu et al. (2009) dem-
onstrated that a Synechocystis strain engineered to have
a constantly upregulated psaA/B transcript was still able
to reduce the PSI level under HL.

Results so far published on an interplay between the
Chl biosynthesis and the PSI/PSII stoichiometry con-
cern a time period spanning up to 16 h after the shift to
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Figure 7. Radiolabeling of Chl molecules by ["*CIGlu and ["*C]ALA
and detection of labeled Chl in Chl-protein complexes. A, Synecho-
cystis cells acclimated to HL2 were radiolabeled with [*CIGlu in a
30-min pulse and membrane proteins were then separated by two-
dimensional CN/SDS-PAGE. Radioactivity was detected by a phosphor
imager (Autorad). Position of particular complexes is indicated on the
top; Chl molecules running ahead of proteins (below the protein edge
line designated by arrowheads) on the SDS gel were also visualized by
Chl fluorescence (Chl fluor). B, Cells acclimated to ML and HL2 were
radiolabeled with ["*CJALA for 30 min, and membrane proteins were
separated by CN-PAGE. Proteins loaded in each lane correspond to
200 plL of cells at OD,;, = 1.0; all abbreviations used are described in
Figure 3.
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Table Il. Quantification of proteins and Chl labeling in individual PSI and PSIl complexes

The same Synechocystis cell culture acclimated to HL2 was labeled separately by [**SIMet/Cys mixture or by ['*CJALA for 30 min and isolated cell
membranes separated as a dilution series by CN-PAGE (see Figs. 4 and 7; Supplemental Fig. S6). After exposure of gels in a phosphor imager, bands of
individual complexes were quantified using ImageQuant TL 7.0 software (GE Healthcare).

Protein Labeling: *°s] Met+Cys

Chl Labeling: ["*CIALA

Complex Protein Normalized Normalized Measured Chl Measured Chl Expected Chl Measured/
Labeling® Labeling® Labeling* Labeling® Labeling Labeling? Expected
(%) (%)
PSI trimer 0.36 X 10° 0.21 X 10° 2.1 29.44 X 10° 58.8 9.3 6.31
PSI monomer  1.46 X 10° 2.57 X 10° 26.3 5.92 X 10° 17.5 38.4 0.46
PSII dimer 2.15 X 10° 1.86 X 10° 19.0 8.76 xX10° 11.8 21.9 0.54
PSIl monomer  2.98 X 10° 5.78 X 10° 52.6 5.98 X 10° 11.9 30.4 0.39

“Absolute values of protein and Chl labeling in PSI and PSIl complexes obtained using ImageQuant software and a calibration curve for each

complex (Supplemental Fig. S6). o[

#3S] labeling normalized to a total number of Met and Cys in D1, D2, CP43, and CP47 core proteins for PSII

complexes and PsaA and PsaB core proteins for PSI. Although synthesis rates of individual PSII core proteins are different (see Fig. 5), all four proteins

contain a similar number of Met and Cys and then their different syntheses can be neglected.
dExpected Chl labeling simulates a situation when labeled Chls are evenly distributed to individual complexes synthesized in

in relative values.

“Actual synthesis of PSI/PSII complexes expressed

rates determined by [*°S] labeling. Calculation is based on known number of Chl molecules bound to each complex (see text).

HL when visible changes in the cell pigmentation are
observed (for review, see Muramatsu and Hihara,
2012; see also Fig. 1). However, almost no attention has
been paid to how an optimal PSI/PSII ratio is main-
tained in the cyanobacterial cells already acclimated to
HL, even though this is the ultimate optimum to which
the whole process of acclimation is directed. In this
work, we analyzed in detail the Synechocystis cells
acclimated to four different irradiances; the highest
one used (HL2) is close to the saturated (optimal) in-
tensity for Synechocystis providing energy for the
fastest proliferation that this cyanobacterium is prob-
ably able to achieve. Doubling time 7 h (Table I) for
these cells was close to 6 h described by Hihara et al.
(2001) for the same light intensity. Taking into account
that the cell growth rate was twice and more than 4
times faster at HL2 than at ML and LL, respectively, it
is trivial to calculate that cells have to start to produce
4 times more Chl after acclimation at HL2 just to
maintain a constant Chl content per cell; it does not
matter what exactly the content is. In fact, the rate of
Chl formation at HL2 should be elevated more than an
order of magnitude since the half-life of Chl molecules
was determined by °N labeling to be at least 4 times
shorter in Synechocystis cells growing at HL2 (ap-
proximately 50 h) when compared with very stable
Chls found in cells acclimated to ML (half-life > 200 h;
Vavilin et al., 2007). This expectation corresponds well
to the more intensive de novo Chl labeling (Fig. 6C), to
the higher level of enzymes of the tetrapyrrole path-
way (Fig. 5), and to the significantly increased levels of
late Chl precursors Mg-protoporphyrin monomethyl
ester and protochlorophyllide in the HL2-acclimated
cells (Fig. 6B).

In light of our results and the published data, the
process of acclimation to HL could be divided into two
phases. In the first moment after the shift to HL, an
intensive irradiation catches cells off guard and causes
photooxidation demonstrated by a decrease in F,/F
(Supplemental Fig. S4). Cells start to mobilize a broad
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spectrum of protective mechanisms, including syn-
thesis of myxoxanthophyll, an acceleration of the PSII
repair cycle, and a massive expression of high light-
induced proteins (HLIPs) belonging to family of Chl
a/b binding proteins (for review, see Muramatsu and
Hihara, 2012). According to microarray and expression
data, the transcription of the psaA/B genes is strongly
reduced (Hihara et al., 2001; Herranen et al., 2005), and
because the ALA formation is also ceased (Muramatsu
et al.,, 2009), it is likely that the PSI synthesis is minimal
during an initial phase of acclimation. However, the
cells continue dividing and result in the observed fast
drop in PSI level in the first 4 h at HL2 caused by a
simple dilution (Fig. 1B). Interestingly, levels of en-
zymes involved in Chl biosynthesis appear to be
similar or increasing during this early time of accli-
mation (Fig. 5B) despite the reported decrease in their
transcripts (Hihara et al., 2001). Our results are con-
sistent with the observation of Muramatsu et al. (2009)
that glutamyl-tRNA reductase, the first enzyme of Chl
biosynthesis, also accumulates after 6 h of cultivating
Synechocystis cells under HL. An important exception
is geranylgeranyl reductase, the level of which is
strongly reduced shortly after the shift to HL2 (Fig.
5B), indicating its specific degradation or an unspecific,
light-induced destruction. However, the observed de-
crease in geranylgeranyl reductase level is unlikely a
consequence of the regulatory response as this enzyme
is essential for the synthesis of phytol and its inacti-
vation in Synechocystis resulted in a Chl deficient and
light sensitive strain (Shpilyov et al., 2005). A more
plausible explanation is that the geranylgeranyl re-
ductase is relatively easily damaged by light and re-
quires a protective mechanism, which, however, is not
efficient enough at the time immediately after the shift
from ML to HL2. Regarding this possibility, it is in-
teresting that LIL3 protein from the Chl a/b binding
family is essential for the accumulation of geranylger-
anyl reductase in higher plants (Tanaka et al., 2010). As
mentioned above, cyanobacteria possess similar Chl a/b
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binding proteins called HLIPs that are almost absent
under LL intensities but very quickly accumulate upon
exposure of cells to various stress conditions, including
HL (He et al., 2001; see also below).

Based on our data, we propose that the synthesis of
PSII subunits does not rely on the availability of the de
novo Chl to such an extent as the trimeric PSI (Fig. 7B);
thus, the synthesis of the most light-sensitive D1 sub-
unit can be accelerated even when the availability of
de novo Chl is limited during the initial phase of the
HL acclimation. After this initial emergency phase, the
photoprotective mechanisms start to work and in 6 h
of the HL2 acclimation the F,/F  returns to the value
observed under ML (Supplemental Fig. S4). At that
particular moment, cells were already growing rapidly
(J. Kopecna and R. Sobotka, unpublished data); thus,
the rate of Chl formation has to be boosted to prevent
an excessive loss of the thylakoid membranes. The
adjustment of the PSI level and the level of phycobi-
lisomes in proceeding approximately 10 h is probably
based on a sophisticated regulatory network seeking
for a balance among the redox state, Chl availability,
growth rate, antenna size, and probably a number of
other parameters. The two different phases of the HL
acclimation are in line with the phenotype of the pmgA
mutant; there is no change in the PSI level during the
first phase, but in the second phase the PSI accumu-
lates more than it should be (Hihara et al., 1998), in-
dicating that due to the pmgA mutation, more Chl than
necessary is directed to PSI.

Once the new equilibrium under HL is achieved, the
levels of photosystems and phycobilisomes remain
constant when the culture is kept at a similar (low)
optical density that prevents shading (Fig. 1B; 16 and
24 h). As discussed above, the HL2-acclimated cells
have to up-regulate Chl 4produc’riom to support fast
growth. Labeling using [““C]Glu or [**C]JALA demon-
strated that the main sink for the newly synthesized
Chl is the trimeric PSI, a stable, Chl-rich building block
of the thylakoid membranes. On the other hand, our
study confirmed enhanced synthesis of PSII subunits
in comparison with PSI proteins at all studied irradi-
ances (Fig. 4). The HL sensitivity of the PSII complex
to the light-induced damage necessitates a higher
turnover rate of its protein subunits (especially the D1
protein) than subunits of PSI (Yao et al., 2012b). A
significant disproportion between strong protein la-
beling versus weak Chl labeling in PSII complexes
shows that the resynthesis of PSII Chl-proteins largely
occurs at the expense of the recycled Chl previously
released from degraded Chl-proteins. PSII complexes
are completely replaced by new ones in less than a
day, but the lifetime of total Chl in Synechocystis cells
is much longer (see above; Vavilin et al.,, 2005; Yao
et al., 2012a). Moreover, Xu et al. (2004) suggested that
the preexisting Chl molecules in a periphery of PSI
could be released and redistributed for PSII biosyn-
thesis in the etiolating cyanobacterial cells. The exact
mechanism of the Chl recycling process is not known;
nevertheless, it seems to include a dissociation of the

Plant Physiol. Vol. 160, 2012

71

Synthesis of Chlorophyll-Binding Proteins under High Light

phytol chain and the chlorophyllide ring (Vavilin and
Vermaas, 2007) upon PSII protein degradation and
their subsequent reassociation before or during their
reuse in the biogenesis of new PSII Chl-proteins (Vavilin
et al., 2005; Vavilin and Vermaas, 2007). Nonetheless,
despite the apparent importance of the Chl recycling,
there should always be a certain input of newly syn-
thesized Chl that replaces the lost/degraded Chl re-
leased from PSII and that also maintains sufficient Chl
quantity for the enhanced de novo/repair-related PSII
synthesis under the increased irradiance. The labeling of
pigments showed that the input of the newly synthe-
sized Chl into the PSII complex is enhanced after the
HL2 acclimation (Fig. 7B).

The input of the de novo Chl into PSII synthesis
seems to be largely independent on the main flow of
the tetrapyrrole intermediates directed to PSI trimer
and might represent a separate branch of the pathway.
We speculate that Chl biosynthesis occurs in Chl bio-
synthesis centers, which contain some common gen-
eral components, such as Chl biosynthesis enzymes,
but may differ in regulatory proteins that are specific
for individual Chl proteins (Komenda et al., 2012). In
this regard, it is intriguing that the monomeric PSI is
synthesized faster than the trimeric PSI but contains
much less labeled Chl (Figs. 4A and 7B; Table II). This
indicates that cyanobacteria possess a portion of PSI
serving perhaps a specific function, which is not as-
sembled into a trimer, has a faster turnover, and is
synthesized utilizing recycled Chls. Such separated
biogenesis of PSI complexes would be consistent with
our idea of protein/complex-specific Chl biosynthesis
centers in the cell. The small membrane proteins called
HLIPs (also named small chlorophyll a/b binding
proteins [SCPs]) possessing the conserved Chl a/b
binding motif are promising candidates for factors
controlling a precise distribution of Chl into apopro-
teins. HLIPs seem to play a crucial role in Chl recy-
cling. In Synechocystis HLIP-less mutants, the half-life
of Chl molecules is not affected under LL; however,
under HL2, Chl is degraded much faster in the mutant
than in the wild type (Vavilin et al., 2007). HLIPs also
somehow modulate early steps of the Chl biosynthesis
(Xu et al., 2002; Yao et al., 2012a) and physically in-
teract with PSII assembly intermediates. Furthermore,
cyanobacterial and plastidic ferrochelatase enzymes are
fused at the C terminus with a HLIP protein forming
the so-called CAB domain. A deletion of this domain in
Synechocystis has no effect on the ferrochelatase activ-
ity or stability, but the resulting mutant accumulates
significantly higher Chl level under HL (Sobotka et al.,
2011).

In higher plants, particularly in matured leaves, the
regulation of the harvesting capacity and the PSI/PSII
ratio has to differ from cyanobacteria as plants do not
contain phycobilisomes and the dilution of the thylakoid
membranes by a slowly dividing chloroplast is minimal
compared with fast-growing cyanobacteria. Interest-
ingly, Chl labeling in Arabidopsis (Arabidopsis thaliana)
was found to be accelerated after a long-term acclimation
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to HL (Beisel et al., 2010), which implies that light up-
egulates the Chl formation in both plants and cyano-
bacteria. However, in another radiolabeling experiment
carried out on HL-exposed rye (Secale cereale) chloro-
plasts, de novo Chl was localized predominantly in
PSII, much less in PSI or in light-harvesting antennas
(Feierabend and Dehne, 1996). Thus, opposed to cya-
nobacteria, most of the Chl produced in plant chloro-
plasts is probably used to support the PSII repair cycle
since the need for synthesis of the new PSI complexes is
very limited. Nonetheless, since the tetrapyrrole bio-
synthesis and the structure of the photosynthetic ap-
paratus is so well conserved in both cyanobacteria and
chloroplasts, we expect that, in principle, molecular
mechanisms harmonizing the synthesis of Chl and pho-
tosystem subunits are shared generally by all oxygenic
phototrophs.

MATERIALS AND METHODS
Growth Conditions

A nonmotile, Glc-tolerant strain of Synechocystis (Synechocystis sp. PCC
6803; Williams, 1988) obtained from the laboratory of Peter. J. Nixon (Imperial
College, London) was grown photoautotrophically in BG11 medium (Rippka
et al., 1979). Sixty milliliters of a liquid culture was grown at 28°C in a rotating
250-mL Erlenmeyer flask in a growing chamber under continuous illumina-
tion of 40 uE m 2 s™! (ML). For described experiments, cells grown at ML
were diluted to OD,5, = 0.25 and shifted to 10 xE m ™2 s™! (LL), diluted to
OD,, = 0.1 and shifted to 150 wE m ?s ' (HL1), or diluted to OD,, = 0.06 and
shifted to 300 uE m ™2 s~ (HL2). After 24 h, cells were harvested in an ex-
ponential growth phase (OD,5, = approximately 0.3). In all experiments, il-
lumination was provided by cool-white fluorescent tubes (Osram).

Absorption Spectra and Determination of Chl Content

Absorption spectra of 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 concen-
tration was measured spectrophotometrically according to Porra et al. (1989).

Radioactive Labeling of Proteins and Preparations of
Cell Membranes

Cells (50 ug of Chl) in an exponential growth phase (OD,5, = approximately
0.3) were harvested by centrifugation, washed, and resuspended in fresh BG11
with 20 mm TES to a final volume 475 uL. The cell suspension was shaken in
10-mL glass tubes for 30 min at 30°C at the same light conditions as acclimated
before for 24 h. [*°S]Met/ Cys mixture (>1,000 Ci/mmol; Amersham Biosciences)
was then added with the final activity of 500 uCi mL ™", and illumination was
continued for another 30 min. After this time period, cells were immediately
frozen in liquid nitrogen. To prepare cyanobacterial membranes and cytosolic
proteins, harvested cells were washed, resuspended in the thylakoid buffer
containing 25 mm MES/NaOH, pH 6.5, 5 mm CaCl,, 10 mm MgCl,, and 20%
glycerol, and broken using glass beads. The broken cells were pelleted (20,000g,
15 min). The supernatant represented the soluble fraction, while the sediment
was resuspended in the excess volume of the thylakoid buffer, pelleted, and
resuspended again in the thylakoid buffer to obtain the membrane fraction.

Electrophoresis and Immunoblotting

Analysis of membrane proteins under native conditions was performed by CN-
PAGE as described by Wittig and Schiagger (2008). The isolated membranes were
resuspended in 25 mm MES/NaOH, pH 6.5, containing 5 mm CaCl,, 10 mm
MgCl,, and 20% glycerol. The membranes were then solubilized in 1% n-dodecyl-
B-maltoside and analyzed at 4°C in a 4% to 14% or 4% to 12% polyacrylamide gel.
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Individual proteins in membrane complexes were resolved in the second di-
mension by SDS-PAGE in a 12% to 20% linear gradient polyacrylamide gel
containing 7 M urea (Sobotka et al., 2008). One-dimensional SDS-PAGE and
immunodetection was carried out as described by Sobotka et al. (2008). The pri-
mary antibodies against subunits of Mg-chelatase and against Mg-protoporphyrin
methyltransferase, light-dependent protochlorophyllide oxidoreductase, and ger-
anylgeranyl reductase were kindly provided by Prof. C. Neil Hunter (University
of Sheffield), ferrochelatase and Gun4 antibodies were kindly provided by Prof.
Annegret Wilde (Justus-Liebig University, Giessen), and antibody against the
plant homolog of the cyclase component Sl11214 was purchased from Agrisera.

Electron Microscopy

A small volume of the Synechocystis cells acclimated to ML and HL2 was
concentrated in a sealed 200-uL tip by centrifugation at 5,000 rpm for 5 min.
The obtained cell pellet was loaded into a specimen carrier (200-um deep;
Leica), pretreated with 1% lecithin in chloroform, and then ultra-rapidly
frozen in a high-pressure freezer (EM Pact2; Leica). Samples were freeze-
substituted in a solution of 1% tannic acid and 0.5% glutaraldehyde in ace-
tone using an automatic freeze substitution unit (AFS, EM; Leica) as follows:
72 h at —85°C, three times rinsed with acetone for 1 h followed by a change of
solution to 1% osmium/acetone, 4 h at —85°C, 5 h warming up to —25°C, 12 h
at —25°C, and 6 h warming up to 4°C. Samples were removed from specimen
carriers and rinsed three times in acetone at room temperate. Resin infiltration
was done stepwise with 20%, 25%, 33%, 50%, 66%, and 80% steps with low
viscosity Spurr’s resin in acetone (SPI Supplies) for 3 h each. After infiltration
with 100% resin overnight, the samples were polymerized for 48 h at 60°C.
Ultrathin sections were cut on an ultramicrotome (UCT; Leica), collected on
copper grids with a formvar coating, and stained with uranyl acetate for 5 min
followed by lead citrate for 1 min. Sections were examined in a transmission
electron microscope (JEOL 1010) equipped with a Mega View III camera (SIS).

Chl Radiolabeling, Extraction, and Detection Using TLC

The procedure of labeling Chl was identical to the protein labeling except that
180 uM of [“*C]Glu or [“CJALA (specific activity approximately 55 mCi/mmol;
American Radiolabeled Chemicals) was used instead of [PS]Met/ Cys. Chl was
extracted from pelleted cells using 750 uL of methanol/0.2% NH,OH (v/v), cell
debris pelleted by centrifugation, and supernatant collected. This step was re-
peated and supernatants combined, and NaCl was added to the final concen-
tration of 100 mm. This solution was mixed with 400 uL of hexan and the upper
phase taken. The hexan extraction was repeated three times, combined, and
completely evaporated in a SpeedVac (Eppendorf). The pellet was resuspended
in 0.5% KOH/methanol (v/v) and incubated at room temperature for 15 min to
convert Chl to phytol-less Mg-chlorin. The suspension was then washed three
times with 200 uL of hexan, concentrated by evaporation to 50 uL, and washed
with 100 uL of petroleum ether (boiling range 45°C to 60°C). The solution of Mg-
chlorin was dried by evaporation in a SpeedVac, resuspended in 30 uL of
methanol/chloroform (1:1, v/v), and loaded on a TLC plate (SIL G-25;
Macherey-Nagel). The mobile phase used was methanol/10 mm NayH,PO,,
pH 6.8 (3:1, v/v); the dried TLC plate was exposed to an x-ray film for 5 d.

Quantification of Chl Precursors

For quantitative determination of Chl precursors in the cells, 2 mL of culture at
ODj5,= 0.35 was harvested. Pigments were extracted with 100 uL of 70% metha-
nol, the sample was centrifuged, and the supernatant containing the extracted
pigments was collected. The pellet was then extracted again using 100 uL of 80%
methanol. Supernatants were combined and immediately separated by HPLC
(Agilent 1200) on a reverse-phase column (Nova-Pak C18, 4mm particle size, 3.9 3
150 mm; Waters) using 30% methanol in 1 M ammonium acetate, pH 6.7, and 100%
methanol as solvents A and B, respectively. Porphyrins were eluted with a linear
gradient of the solvent B (67%—74% in 20 min) at a flow rate of 0.9 mL min! at
40°C. Porphyrins were detected by two fluorescence detectors. The first fluores-
cence detector was set to 435/675 nm (excitation/emission wavelengths) for 0 to
11 min, 435/640 nm for 11 to 14 min, and 400/640 nm for 14 to 25 min, and the
second fluorescence detector was set at 416/595 nm throughout the experiment.
For retention times of individual precursors, see Figure 5A.

Supplemental Data

The following materials are available in the online version of this article.
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Supplemental Figure S1. A scheme of the tetrapyrrole biosynthetic path-
way in cyanobacteria.

Supplemental Figure S2. Levels of major carotenoids and chlorophyll de-
termined in Synechocystis cells acclimated to LL, ML, and HL2.

Supplemental Figure S3. Whole-cell spectra of Synechocystis wild-type
cells grown for 24 h at HL2 (300 uE m2s ") and at 600 uE m~2 57!,

Supplemental Figure S4. Time course of changes in F, /F, ratios following
shift of Synechocystis cells from ML (40 wE m ?s™") to HL2 (300 wkE m 25 7).

Supplemental Figure S5. Color figure of [*C]-labeled Mg-chlorin sepa-
rated on a TLC plate.

Supplemental Figure S6. A dilution series of [*°S]-labeled membranes sep-
arated by CN-electrophoresis and a calibration curve used for quantifi-
cation of labeled PSII(2) complex.
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In the chlorophyll (Chl) biosynthesis pathway the formation of protochlorophyllide is
catalyzed by Mg-protoporphyrin IX methyl ester (MgPME) cyclase. The Ycf54 protein
was recently shown to form a complex with another component of the oxidative cyclase,
Sl1214 (Cycl), and partial inactivation of the ycf54 gene leads to Chl deficiency in
cyanobacteria and plants. The exact function of the Ycf54 is not known, however,
and further progress depends on construction and characterization of a mutant
cyanobacterial strain with a fully inactivated ycf54 gene. Here, we report the complete
deletion of the ycf54 gene in the cyanobacterium Synechocystis 6803; the resulting
Aycf54 strain accumulates huge concentrations of the cyclase substrate MgPME
together with another pigment, which we identified using nuclear magnetic resonance
as 3-formyl MgPME. The detection of a small amount (~13%) of Chl in the Aycf54
mutant provides clear evidence that the Ycf54 protein is important, but not essential, for
activity of the oxidative cyclase. The greatly reduced formation of protochlorophyllide
in the Aycf54 strain provided an opportunity to use 3°S protein labeling combined
with 2D electrophoresis to examine the synthesis of all known Chl-binding protein
complexes under drastically restricted de novo Chl biosynthesis. We show that although
the Aycf54 strain synthesizes very limited amounts of photosystem | and the CP47 and
CP43 subunits of photosystem Il (PSll), the synthesis of PSIl D1 and D2 subunits and
their assembly into the reaction centre (RCIl) assembly intermediate were not affected.
Furthermore, the levels of other Chl complexes such as cytochrome bgf and the HIID-
Chl synthase remained comparable to wild-type. These data demonstrate that the
requirement for de novo Chl molecules differs completely for each Chl-binding protein.
Chl traffic and recycling in the cyanobacterial cell as well as the function of Ycf54 are
discussed.

Keywords: Ycf54, Synechocystis 6803, chlorophyll, photosystem I, protochlorophyllide, Mg-protoporphyrin IX
methylester cyclase
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INTRODUCTION

Chlorophylls (Chl) and Chl binding proteins are essential
components of the photosynthetic apparatus. Together they act
as principal light harvesting and energy transforming cofactors in
photosynthetic organisms, as demonstrated by the structures of
both photosystem I (PSI) and photosystem II (PSII; Jordan et al.,
2001; Zouni et al., 2001; Umena et al., 2011). It is likely that at
least for large Chl-binding subunits of PSI (PsaA, PsaB) and PSII
(CP43, CP47) Chl molecules must be inserted into these proteins
co-translationally as a prerequisite for correct protein folding
(Chua et al., 1976; Eichacker et al., 1996; Miiller and Eichacker,
1999; Chidgey et al, 2014). As demonstrated recently using
a cyanobacterial AchlL mutant, which is unable to synthesize
Chl in the dark, the availability of de novo Chl molecules
is ultimately essential for synthesis of all central subunits of
both photosystems (Kopecnd et al., 2013). Nonetheless, there
are unexplained aspects of the assembly of PSII subunits,
such as the particular sensitivity of the CP47 subunit to the
lack of de novo Chl (Dobédkova et al., 2009; Kopectna et al.,
2015).

The Chls are a group of modified tetrapyrrole molecules
distinguished by their fifth isocyclic or E ring, the
geranylgeranyl/phytol moiety esterified at C17 and a centrally
chelated magnesium ion. The isocyclic ring arises from the
cyclisation of the methyl-propionate side-chain at C-13 to
the C-15 bridge carbon between rings C and D. In oxygenic
phototrophs this biosynthetic reaction is catalyzed by the
oxidative Mg-protoporphyrin IX monomethyl ester cyclase
(MgPME-cyclase), which incorporates atmospheric oxygen
into the C13! carbonyl group (Porra et al., 1996). Although
studied in some detail, the enzyme responsible for the aerobic
cyclisation reaction remains the least understood in the Chl
biosynthesis pathway. The first gene identified as encoding an
oxidative cyclase component was the Rubrivivax gelatinosus
acsF (aerobic cyclisation system iron containing protein) locus
(Pinta et al., 2002). Subsequently, AcsF homologs have been
identified in all studied oxygenic photosynthetic organisms
(Boldareva-Nuianzina et al., 2013).

The Ycf54 protein (12.1 kDa) has been shown recently
to interact with the AcsF homolog Sl1214 (hereafter CycI;
Peter et al, 2009) in the cyanobacterium Synechocystis PCC
6803 (hereafter Symechocystis; Hollingshead et al., 2012).
Demonstrations that partial elimination of Ycf54 strongly impairs
the formation of PChlide and causes Chl deficiency in both
cyanobacteria and plants (Albus et al, 2012; Hollingshead
et al,, 2012) led to speculations that this protein is a catalytic
subunit of the MgPME cyclase (Bollivar et al., 2014). Here,
we clarify this issue by achieving the complete deletion of
the ycf54 gene in Synechocystis. Although the Chl content in
this strain was very low, the MgPME-cyclase was apparently
active, which demonstrated that the Ycf54 protein is not an
essential subunit of the MgPME cyclase. On the other hand,
the mutant contained a very low level of Cycl and lacked a
high-mass complex associated with the light-dependent PChlide
oxidoreductase enzyme (POR). The greatly limited formation of
PChlide in the ycf54 mutant provided an opportunity to assess

the sensitivity of assembly pathways for all known Chl-proteins
in cyanobacteria to the availability of de novo Chl. Interestingly,
the deletion of the ycf54 gene almost abolished the synthesis of
PsaA/B subunits and PSII antennas CP47 and CP43, whereas
the accumulation of other Chl-proteins showed little or no
defects.

EXPERIMENTAL PROCEDURES

Growth Conditions

Synechocystis strains were grown photomixotrophically in a
rotary shaker under low light conditions (5 wmol photons m~2
s~!) at 30°C in liquid BG11 medium (Rippka et al., 1979)
supplemented with 10 mM TES-KOH (pH 8.2) and 5 mM
glucose.

Construction of the Aycf54

Synechocystis Strain

In order to disrupt open reading frame sir1780 (ycf54),
we prepared a construct for replacing the most this gene
(bp 64-276) by a Zeocin resistance cassette. The sequences
up- and down-stream (~300 bp) of the ycf54 gene were
amplified with the relevant primers and fusion PCR in
conjunction with megaprimers (Ke and Madison, 1997) were
used to anneal these either side of the Zeocin resistance
cassette. The resulting PCR product was transformed
into the GT-W Synechocystis substrain (Beckova et al,
submitted) and transformants were selected on a BGI1l1
agar plate containing 2 g ml~! Zeocin. Complete segregation
was achieved by sequentially doubling the concentration
of antibiotic to a final concentration of 32 pg ml!
Zeocin.

Cell Absorption Spectra and

Determination of Chl Content

Absorption spectra of whole cells were measured at room
temperature using a Shimadzu UV-3000 spectrophotometer
(Kyoto, Japan). To determine Chl levels, pigments were extracted
from cell pellets (2 ml, OD759 = ~0.5) with 100% methanol and
the Chl concentration was determined spectroscopically (Porra
etal., 1989).

Analysis of Pigments by HPLC

Pigments were extracted from equal quantities of cells by
the method described in Canniffe et al. (2013) and separated
on a Phenomenex Aqua Cjg reverse phase column (5 pM
particle size, 125 A pore size, 250 mm x 4.6 mm) at a
flow rate of 1 ml min~!. 3-formyl-MgPME was purified on
a Fortis Universil C;g reverse phase column (5 WM particle
size, 125 A pore size, 150 mm x 10 mm) at a flow rate
of 3.5 ml min~!. Reverse phase columns were run using
a method modified from Sobotka et al. (2011). Solvents
A and B were 350 mM ammonium acetate pH 6.9/30%
methanol (v/v) and 100% methanol, respectively. Pigments were
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eluted over a linear gradient of 65 to 75% buffer A over
35 min.

Purification of 3-Formyl-MgPME for

NMR Analysis

Pigments were extracted by phase partitioning from 6 L of Aycf54
culture grown to an ODy50 nm 1.2. One volume of diethyl ether
was added to two volumes of cell culture in a separation funnel
and the diethyl ether phase containing 3-formyl-MgPME was
separated from the cell culture. Pigments were extracted from the
cell culture three times. The diethyl ether was removed by rotary
evaporation and the extracted pigments were re-suspended in
a small volume of HPLC grade methanol. After centrifugation
at 15,000 x g for 10 min, 3-formyl-MgPME was purified
by preparative HPLC. Ammonium acetate was removed from
the HPLC purified 3-formyl-MgPME by solid-phase extraction
on DSC-18 reverse-phase columns (Supelco). Solvents C, D,
and E were QH,0, 50% methanol (v/v) and 100% methanol,
respectively. After equilibration of the column with 1.0 ml solvent
D, the purified 3-formyl-MgPME, diluted 1/3 with QH,0, was
loaded and allowed to enter the column by gravity flow. The
column was washed with 1 ml solvent C, then 1 ml solvent D
to remove the ammonium acetate. The pigment was eluted into
a glass vial with 300 pl methanol. The purified pigment was
completely dried in a vacuum centrifuge and stored at -20°C.

NMR Assignment of 3-Formyl-MgPME

The dried pigment from HPLC was re-suspended in 500 .l
methanol-d4 (Sigma), centrifuged to remove any insoluble
pigment, transferred to a 5 mm NMR tube and sealed. All
NMR experiments were carried out on a Bruker Avance DRX
600 instrument equipped with a cryoprobe at an acquisition
temperature of 298 K.

The one-dimensional selective Nuclear — Overhauser
Enhancement (NOE) experiments were recorded using a
double pulsed field gradient spin echo selective NOE experiment
(Stott et al., 1995) using an 80 ms 180° Gaussian pulse for
the selective excitation and a 1 s mixing time, acquiring 1024
transients at each saturation frequency. The Total Correlation
Spectroscopy (TOCSY) experiment was recorded using a 45 ms
spin lock at a power of 8.3 kHz. Two carbon Heteronuclear Single
Quantum Correlation (HSQC) experiments were recorded with
carbon offsets of 60 and 140 ppm.

2D Electrophoresis, Inmunodetection,

and Protein Radiolabeling

Membrane and soluble protein fractions were isolated from 50 ml
of cells at OD750 ym ~0.4 according to Dobdkova et al. (2009)
using buffer A (25 mM MES/NaOH, pH 6.5, 5 mM CaCl,,
10 mM MgCly, 20% glycerol). Isolated membrane complexes
(0.25 mg/ml Chl) were solubilized in buffer A containing 1%
n-dodecyl-B-D-maltoside.

To assess protein levels by immunodetection, the protein
content of Synechocystis lysates was quantified spectroscopically
(Kalb and Bernlohr, 1977), separated by SDS-PAGE (Novagen)
and transferred to a nitrocellulose membrane. The membranes

were probed with specific primary antibodies and then with
secondary antibodies conjugated to horseradish peroxidise
(Sigma). The primary antibodies used in this study were raised
in rabbits as described in Hollingshead et al. (2012), with the
exception of CHL27 (anti-Cycl), which was purchased from
Agrisera (Sweden).

Two-dimensional clear-native electrophoresis was performed
essentially as described in Kopecna et al. (2013). Proteins
separated in the gel were stained either by Coomassie Blue, or
Sypro Orange, followed by transfer onto a PVDF membrane.
Membranes were incubated with specific primary antibodies, and
then with a secondary antibody conjugated with horseradish
peroxidase (Sigma).

Radioactive pulse labeling of the proteins in cells was
performed using a mixture of [?°S]Met and [358]Cys (Translabel;
MP Biochemicals). After 30 min incubation of cells with
labeled amino-acids, the solubilized membranes isolated from
radiolabelled cells were separated by 2D-electrophoresis. The
stained 2D gel was finally exposed to a phosphor-imager plate,
which was scanned by Storm (GE Healthcare) to visualize labeled
protein spots.

Relative Quantification of FLAG-Cycl and

Captured Proteins in Pulldown Assays

Pulldown assays using N-terminal FLAG-tagged CycI as bait,
with both wild-type (WT) and A ycf54 backgrounds, were carried
out according to Hollingshead et al. (2012). FLAG eluates were
concentrated to 100 pl using Amicon Ultra 0.5 ml 3 kDa
MWCO ultrafiltration devices (Millipore). The proteins were
then precipitated, reduced and S-alkylated according to Zhang
et al. (2015). Proteolytic digestion was carried out with 1:25 w/w
(enzyme:substrate) pre-mixed trypsin/Lys-C (1 pg/pL, Promega,
mass spectrometry grade) at 37°C for 2 h. The samples were
then diluted with 75 pul 100 mM Tris-HClL, pH 8.5, 10 mM
CaCl, and the digestion allowed to proceed for a further 18 h
at 37°C. After the addition of 5l 10% TFA, the samples were
desalted using C;g spin columns (Thermo Fisher) and analyzed
by nano-flow liquid chromatography (Ultimate 3000 RSLCnano
system, Dionex) coupled to a mass spectrometer (Maxis UHR-
TOE Bruker or Q Exactive HF Orbitrap, Thermo Scientific).
For Maxis data, mass spectra were internally calibrated with the
lock-mass ion at m/z 1221.9906 then converted to MGF format
using a script provided by Bruker. Q Exactive data-files were
converted to MGFs using MSConvert'. Protein identification
was carried out by searching against the Synechocystis PCC
6803 proteome database (release date 02-08-2015, 3507 entries’
using Mascot Daemon v. 2.5.1 running with Mascot Server
v. 2.5 (Matrix Science), specifying trypsin as the enzyme in
the search parameters and allowing for one missed cleavage.
S-carbamidomethyl-cysteine and methionine oxidation were
selected as fixed and variable modifications, respectively. MS
and MS/MS tolerances were set to 0.01 Da and false discovery
rates determined by searching of a decoy database composed of
reversed protein sequences. The data-files and search results have

! www.proteowizard.sourceforge.net

2www.uniprot.org/proteomes/UP000001425
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been uploaded to the ProteomeXchange Consortium® via the
PRIDE partner repository (identifier DOI 10.6019/PXD003149).

Electron Microscopy

Wild-type and Aycf54 cells were harvested in the log phase
by centrifugation. Cell pellets were loaded into 200 pm
deep specimen carriers (Leica Microsystems), pre-treated with
1% lecithin in chloroform and cryo-immobilized by high-
pressure freezing using EM PACT2 (Leica Microsystems). Freeze-
substitution was carried out as described by van de Meene et al.
(2006) using an automatic freeze substitution unit (EM ASE,
Leica). Samples were then infiltrated with graded series (1:2,
1:1, 2:1) of Spurr-acetone mixture (6-8 h for each), twice with
100% Spurr’s resin (SPI Supplies) and finally embedded in fresh
resin. The polymerization was performed at 60°C for 48 h.
Ultra-thin 70 nm sections were cut on ultramicrotome (UCT,
Leica), collected on formvar-coated copper grids and stained
with uranyl acetate (5 min) and lead citrate (3 min). Grids
were viewed with a JEOL 1010 transmission electron microscope
operating at 80 kV equipped with a Mega View III camera (SIS
GmbH).

RESULTS

Ycf54 Is Not Essential for Activity of
MgPME Cyclase

In our previous report (Hollingshead et al., 2012) we described
a ycf54~ Synechocystis strain harboring an insertion of the
Erythromycin resistance cassette in the ycf54 gene. Although
prolonged attempts to fully segregate the mutant allele into all
copies of the chromosome were unsuccessful, the phenotype of
the partially segregated strain was informative nevertheless, and
it exhibited an obvious defect in PChlide formation. However, the
capability of Synechocystis cells to tolerate deletions of important
genes also depends on the “‘WT’ substrain used. For instance, a
previous attempt to inactivate gun4, another gene crucial for Chl
biosynthesis, was achieved in the non-motile Synechocystis GT-
P substrain but it failed in the motile PCC-M (compare Wilde
et al.,, 2004; Sobotka et al., 2008). Thus, in order to obtain a
fully segregated ycf54 mutant, we prepared a new construct for
replacement of the ycf54 gene and transformed GT-P, GT-S, GT-
W and PCC-M substrains; the GT-P substrain has been used
in our previous work (Hollingshead et al., 2012). Interestingly,
the ycf54 deletion readily segregated in the GT-W substrain
(Figure 1A) under low light (5 pmol photons.m~2.s™!) and
photomixotrophic conditions; all attempts to segregate the ycf54
deletion in other substrains failed (not shown). For the purposes
of the work reported here the GT-W substrain is designated as
the WT; a detailed analysis of GT-P and GT-W including genome
sequencing is presented elsewhere in this issue (Beckova et al.,
submitted).

The fully segregated Aycf54 strain did not grow
photoautotrophically, although supplementation of the growth
medium with glucose made photomixotrophic growth possible at

*http://proteomecentral.proteomexchange.org

light intensities up to 100 pmol photons.m~2.s~!. Examination

of the absorption spectra from cells normalized for optical
density at 750 nm (OD7s0), shows that the Chl absorbance
maxima at 439 and 679 nm and the carotenoid absorbance
maximum at 494 nm are severely depleted in Aycf54, whilst
the absorbance maximum of the phycobiliproteins at 624 nm
remains unchanged when compared to the WT (Figure 1B).
Mutant cells contained only about 13% of WT Chl (Figure 1B)
and the whole cell spectrum showed a large absorbance peak
at 422 nm, indicating a substantial accumulation of MgPME
(Figure 1B) (Hollingshead et al., 2012).

Identification of the Chl Precursors that

Accumulate in the Aycf54 Mutant

Previously we reported that Chl biosynthesis in a partially
segregated ycf54” mutant was blocked at the MgPME cyclase
step, which causes accumulation of high levels of MgPME,
the substrate of the cyclase, and lesser levels of an unknown
pigment with a Soret peak at 433 nm (Hollingshead et al., 2012).
To examine the photosynthetic precursor pigments present in
Aycf54, methanol extracts from low light grown cells were
separated by HPLC (Figure 2A). As with ycf54~, Aycf54
synthesized high levels of MgPME and lesser levels of the
unknown pigment. Given that the Soret band of this pigment
is situated between the Soret peaks of MgPME at 416 nm and
PChlide at 440 nm (Figure 2B) we proposed that it could be an
intermediate of the cyclase reaction.

Nuclear magnetic resonance spectroscopy was used to
determine the identity and structure of this unknown pigment,
which was extracted by diethyl ether/water phase partitioning
from the medium of Aycf54 cells grown under very low
light conditions. This pigment was purified to homogeneity
by preparative HPLC. The one-dimensional 'H spectrum
(Figure 3A) shows the reasonable degree of purity of the
pigment, with impurities indicated by an asterisk; the signals
downfield of 5 ppm represent minor contaminants and
methanol, whilst the impurity signals upfield of 5 ppm
represent solvents, including water. Signals from the unknown
pigment were assigned using a combination of 'H TOCSY,
gradient-selected 1D NOE, and natural abundance 13C HSQC
spectra.

NOE experiments were carried out with selective saturation
of all proton peaks downfield from 3 ppm in order to identify
protons with through-space correlation (Figure 3A). To cover
the full range of *C shifts, two 13C HSQC spectra were run
with 13C offsets of 60 ppm and 140 ppm. Many of the signals
have 'H and '*C chemical shifts similar in frequency to those
from MgPME (Figure 3B), with the expected TOCSY and NOE
connectivities, and can therefore be assigned straightforwardly.
The *C HSQC spectra (Figure 3C) confirmed the assignments
of the four meso protons and the five methyl groups (with the
four imidazole methyls having !>C shifts of around 10 ppm
and the propionate methyl having a shift of 50 ppm). The
signals from the 3-vinyl protons were absent, but there is a
new signal with 'H and '3C shifts of 11.6 and 190 ppm,
respectively, which can only come from an aldehyde. This
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signal has NOEs to both the 5-meso and 2-methyl protons,
both of which were shifted downfield, and no through-bond
connectivity in the TOCSY, verifying that this was a 3-formyl
group which had replaced the 3-vinyl group of the MgPME. The
NMR data are compiled, together with details of the acquisition
parameters, in Supplementary Table 1, including Supplementary
Figures S1-S3. Further confirmation that this signal represents
a 3-formyl group comes from the 'H-NMR spectra of Chl
d (Fukusumi et al., 2012), which has a clear signal at ~11.5
assigned as the 3-formyl group. Thus, the unknown pigment
is magnesium 3-formyl-protoporphyrin IX monomethyl ester
(Figure 2D).

Effects of Removal of Ycf54 on Other Chl
Biosynthesis Enzymes

In order to investigate levels of Chl biosynthetic enzymes, and
to verify the loss of Ycf54 in the Aycf54 mutant, lysates from
WT and Aycf54 cells were fractionated into membrane and
soluble components. The appearance of the cell lysate fractions
(Figure 4A) reflects their pigment composition; the WT whole
cell lysate and membrane fractions are green, and in Aycf54
whole cell lysate and membrane fractions are blue and orange,
respectively, because of the near-absence of Chl. A western blot
of each of these extracts was probed with antibodies raised
against a wide range of Chl biosynthesis enzymes (Figure 4B).
The immunoblot probed with the antibody to Ycf54 shows
this protein is distributed evenly between the soluble and
insoluble fractions and is not detected in Aycf54, confirming
the full segregation of this mutant. The absence of Ycf54 is also
accompanied by a decrease in Cycl and geranylgeranyl reductase
(ChIP) and increased relative levels of the Mg-chelatase subunits
ChlI and ChID, although no change was detected in the levels of
ChlH (Figure 4B).

Mass spectrometry was used to quantify the effects of ycf54
deletion, in terms of the ability of CycI to associate with partner
proteins in vivo. Pulldown assays with FLAG-tagged Cycl are
already known to retrieve Ycf54 from cell extracts (Hollingshead
et al,, 2012), so this experiment was repeated using FLAG- Cycl
ina Aycf54 background. The amounts of PChlide oxidoreductase
(POR), 3,8-divinyl (proto)chorophyllide reductase (DVR) and
ChlIP captured in pulldown assays by FLAG- CycI/WT and
FLAG-Cycl in Aycf54 were compared by mass spectrometry.
Proteins extracted from FLAG eluates were digested with a
combination of endoproteinase LysC and trypsin and the peptide
fragments analyzed by nanoLC-MS/MS. The captured proteins
were quantified relative to the CycI bait as shown in Figure 5.
Captured POR levels had decreased significantly in the Aycf54
strain while DVR was reduced to an undetectable level. ChIP was
only just detectable in one Aycf54 replicate and relative to Cycl
by three orders of magnitude in the other two.

Lack of PChlide Impairs Synthesis of
PsaA/B and Inner PSIlI Antennae but the
Accumulation of Other Chl-Binding
Proteins Is Not Affected

To evaluate the effects of greatly reduced Chl on the photosystems
in Aycf54 compared to the WT, photosynthetic membranes
isolated from an equal biomass were gently solubilized with
B-DDM and the membrane complexes were resolved by clear
native electrophoresis (CN-PAGE), followed by SDS-PAGE
in the second dimension. The resulting 2D CN/SDS-PAGE
(Figure 6A) showed that Aycf54 has drastically reduced levels
of both photosystems, whilst the levels of other abundant
membrane complexes such as ATP synthase, NADH:ubiquinone
oxidoreductase and the cytochrome bgf complex (shown by
the western blot) are comparable between the two strains.
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Interestingly, although the fully assembled PSII complexes in
the mutant were barely detectable, this strain still accumulated
relatively high levels of unassembled CP43 (Figure 6A). This
observation suggests a block in formation of the early PSII
assembly intermediates, which precedes attachment of the CP43
module and finalization of PSII reaction center core assembly
(Komenda et al., 2004).

PSII assembly occurs in a stepwise fashion from four
preassembled modules. These consist of one large Chl binding
subunit (D1, D2, CP47, or CP43) in addition to several low
molecular mass membrane polypeptides, bound pigments and
other co-factors (Komenda et al., 2012). Assembly is initiated
via the association of D1 and D2 to form the intermediate
complex RCIT* Knoppova et al. (2014), next the CP47 assembly
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FIGURE 4 | Levels of Chl biosynthesis enzymes in WT and Aycf54 cells. (A) Photographs of the whole cell, soluble and solubilized membrane lysate fractions,
illustrating the changes in pigmentation between WT and Aycf54. (B) Western blot analysis of the soluble and membrane fractions from WT and Aycf54
Synechocystis strains. Samples of known protein concentration were separated by SDS-electrophoresis and transferred to a nitrocellulose membrane, which was
probed with antibodies to the magnesium chelatase subunits (ChiH, Chll, ChiD, and GUN4), Cycl (CHL27), Mg-protoporphyrin IX methyltransferase (ChiM), Ycf54,
PChlide oxidoreductase (POR), 3,8-divinyl (proto)chorophyllide reductase (DVR), geranylgeranyl reductase (ChIP). Detection of phycobiliprotein ApcE o/ served as a
loading control.

module is attached, forming RC47, and finally mature PSII
is formed by addition of the CP43 module (Boehm et al,
2011, 2012), attachment of the lumenal extrinsic proteins,
and light-driven assembly of the oxygen-evolving MnsCaOs

complex (Komenda et al., 2008; Nixon et al., 2010). To further
investigate the perturbations in PSII assembly, the levels of
individual PSII assembly sub-complexes were ascertained by 2D
gel electrophoresis and immunodetection (Figure 6B). To assess
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FIGURE 5 | Relative quantification of Cycl, POR, DVR, and ChIP in
FLAG-Cycl pulldowns against WT and Aycf54 backgrounds, using
mass spectrometry. The bait and captured proteins in FLAG-Cycl elutes
were identified by mass spectrometry and database searching as described in
Materials and Methods. For each analysis, a representative tryptic peptide ion
was extracted from the full scan spectra as follows: Cycl, AILEEFR, m/z
439.24, 2+; POR, VADELGFPK, m/z 488.26, 2+; DVR (SIr1923),
VNKPTLSPNLSVLEEVEK, 666.03 34; ChIP, AGIETYLFER, 599.81, 2+.

accumulation of the RCII* complex, the immunoblot was probed
with antibodies raised against the RCII* components D1, Ycf39,
and HIiD (Knoppova et al. (2014). Figure 6B shows that the
level of RCIT* is unaffected by the large reduction in cellular
Chl levels in the Aycf54 mutant. Next, we investigated if PSII
maturation was blocked at CP47 attachment and formation of
RC47, by probing the blots with antibodies raised against HIiA,
a specific component of the CP47 assembly module (Promnares
et al., 2006). We found that HIiA, and hence the CP47 assembly
module, was readily detectable in WT, but could not be detected
in Aycf54 (Figure 6B), indicating that low Chl abundance in
Aycf54 is impairing accumulation of the CP47 assembly module.
Our FLAG-pulldown experiments show that the interactions
between Cycl, POR, and DVR are significantly reduced in
the Aycf54 strain (Figure 5), therefore we compared the co-
migration of these enzymes on a 2D gel (Figure 6C). Evident
in the WT is a putative high-mass complex of ~400 kDa
(highlighted by the green box), which contains both Cycl
and POR; this complex was not detectable in the mutant
(Figure 6C). Interestingly, our 2D gel shows that levels of Chl
synthase, ChlG, HIiD, and Ycf39, components of a chlorophyll
biosynthetic/membrane insertase assembly complex (Chidgey
etal, 2014), are unaffected in the Aycf54 mutant (Figure 6C).
To understand the flux of photosystem biogenesis, we used 3°S
pulse radio-labeling coupled with 2D CN/SDS-PAGE (Figure 7;
a Coomassie stained gel is provided as Supplementary Figure
$4), to compare the levels of protein synthesis between the WT
and Aycf54 mutant. As demonstrated in Figure 7, the ability
of Aycf54 to synthesize the Chl-binding PSI subunits PsaA/B
is limited and synthesis of CP47 and CP43 subunits is hardly
detectable even though 3-times more Aycf54 protein was loaded
onto the gel (See Supplementary Figure S4 for overexposed

signal of the CP47). In contrast, there were comparable levels
of synthesis of the PSII reaction center core subunits D1 and
D2 in the WT and Aycf54 strains. This observation, coupled
with the data from our 2D-immunoblot (Figure 6B), shows
that the D1 and D2 subunits are rapidly assembled into RCIT*
in Aycf54, but given the lack of assembled PSII complexes,
these RCII* are presumably rapidly degraded in the mutant.
Interestingly, in the mutant the unassembled CP43 was still
detectable on the stained gel, which contrasted to virtually zero
level of unassembled CP47 (Figures 6A,B and 7; Supplementary
Figure S4). This observation indicates that both synthesis and
stability of the CP47 are impaired in the mutant, whereas the
structurally similar CP43 antenna can still accumulate though
the synthesis is also very weak (Supplementary Figure S4). Taken
together, our data suggest that the depleted levels of de novo Chl
in Aycf54 specifically hinder the synthesis of PSI and the inner
antennae of the PSII. However, given different stability of CP47
and CP43, it is the lack of CP47 protein that blocks assembly
of RC47 and thus PSII maturation, sensitizing the PSII assembly
pathway to the availability of de novo Chl.

Lack of De Novo Chl Affects
Ultrastructure of Aycf54 Cells

In order to investigate the effects of removal of 87% of the cellular
Chl on the ultrastructure of Aycf54 cells, electron microscopy
of negatively stained thin cell sections was performed. Electron
micrographs are shown in Figure 8. In the WT the thylakoids are
observed as parallel stacks of two to five membranes that closely
follow the contour of the cell membrane (Figures 8A-C), but no
such organized thylakoid membranes are visible in micrographs
of the Aycf54 mutant (Figures 8B-D). Instead, membrane-like
structures are dispersed throughout the cytoplasm of the cell.
These results suggest key role of photosystems in the formation
of the highly ordered thylakoid structures.

DISCUSSION

The MgPME-cyclase is the least understood component in
the Chl biosynthetic pathway, and current knowledge of the
individual components of the MgPME-cyclase had been limited
to homologs of the Rubrivivax gelatinosus AcsF protein. Previous
work identified two genes in Synechocystis, sll1214, and sll1874, as
acsF homologs, which encode a membrane associated component
of the MgPME-cyclase (Minamizaki et al.,, 2008; Peter et al.,
2009). AcsF and its homologs contain a putative di-iron site and
are thus viewed as the true catalytic subunit of the MgPME-
cyclase (Tottey et al., 2003). The discovery of another gene, ycf54,
that plays an important role in cyclase activity (Albus et al.,
2012; Hollingshead et al., 2012) showed that other components
are required, but so far it is not possible to assign a catalytic or
assembly-related function to the Ycf54 protein. Further work on
the role of Ycf54 required a fully segregated A ycf54 mutant, which
is reported herein.

In our efforts to construct a fully segregated Aycf54 mutant,
we discovered it was only possible to completely delete the
ycf54 gene in one specific substrain of Synechocystis (GT-W).
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complexes and enzymes involved in Chl biosynthesis. (A) Membrane proteins were separated by 4-14% CN-PAGE, and then in the second dimension by
12-20% SDS-PAGE. The loading corresponds to the same number of cells. The SDS gel was stained by Sypro Orange, blotted and the cytochrome f visualized by
heme f peroxidase activity. Chl fluorescence emitted by PSIl and by unassembled CP43 (Chl fl) was detected by Fuji LAS 4000 after excitation by blue light.
Designation of complexes is: PSI[3] and PSI[1], trimeric and monomeric PSI, respectively; RCC[2] and RCC[1], dimeric and monomeric PSII core complexes,
respectively. (B) Immunodetection of PSII assembly complexes. RCII* complex (boxed in blue) was detected using D1, Ycf39, and HID antibodies. The positions of
the CP47 assembly module CP47m, and CP47m associated with High-Light-Inducible proteins HIiA/B (CP47m*), are indicated. The HIiA signal also marks the
position of the PSII core complex lacking CP43 (RC47). (C) Immunodetection of Ycf54 proteins and enzymes involved in Chl biosynthesis in the membrane fraction
separated by 2D electrophoresis. Highlighted by the green box is a putative high-mass complex (~400 kDa) containing Cycl and POR; this complex is not
detectable in the mutant. Orange triangles indicate unspecific cross-reactions with a subunit of the NDH complex. ChIG is Chl-synthase; other enzymes are
designated as in Figure 2.

One possible explanation for this finding was elucidated chromosomal duplication is not present in any of the other
by analysis of the GT-W genome, which contains a long  Synechocystis substrains for which a genome sequence is available
(~100 kbp) chromosomal duplication that covers one hundred (Kanesaki et al., 2012; Trautmann et al, 2012). Given the
genes, including cycl (sll1214; Bec¢kové et al.,, submitted). This  duplication of cycI in GT-W, it is likely that cycI expression is
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increased in this strain. A very low level of CycI is a hallmark
of the strains in which we partially or completely inactivated the
ycf54 gene. Thus, we hypothesize that the doubled expression of
the sll1214 gene coding for Cycl may suppress the lethality of
inactivating the ycf54 gene. This hypothesis is in agreement with
our observation that in the absence of Ycf54 the CyclI cyclase
component is destabilized (Figures 4 and 5) and the remaining
Cycl content is probably very close to a threshold essential for
viability.

Analysis of the pigments that accumulate in the Aycf54
mutant could provide clues regarding the role of the Ycf54
protein, and a previous analysis showed that the partially
segregated ycf54 mutant accumulates MgPME, the substrate
of the cyclase. In addition, there was an unknown pigment
(Figure 2) that was suggested to be an intermediate in the cyclase
reaction (Hollingshead et al., 2012), on the basis that the 433 nm
Soret absorbance peak falls between the Soret peaks of the cyclase
substrate MgPME (416 nm) and the PChlide product (440 nm).
Similarly, early work with greening cucumber cotyledons had
found pigments with emission maxima between 434 and 436 nm,
proposed to be biosynthetic intermediates between MgPME and
PChlide (Rebeiz et al., 1975). Identification of the unknown
pigment as Mg-3-formyl-PME suggests that this pigment is not
an intermediate in the cyclase reaction, as it is highly unlikely
that this would produce a Chl pigment modified at the C3
position. Rather, Mg-3-formyl-PME bears a striking resemblance

to Chl d, the major light harvesting pigment found in the
cyanobacterium Acaryochloris marina (Miyashita et al., 1996).
The pathway and reaction mechanism of Chl d biosynthesis in
Acaryochloris marina have not yet been elucidated but, based on
the genome sequence, Chl d is thought to be derived from Chl
a (Swingley et al., 2008). Previously, Chl d has been synthesized
in low yields in aqueous acetone from Chl a by treatment with
papain (Koizumi et al., 2005) and peroxide (Aoki et al., 2011) and
in much higher yields from Chl a incubated with thiophenol and
acetic acid in tetrahydrofuran (Fukusumi et al., 2012). Given the
high accumulation of MgPME in Aycf54, it is likely that reactive
oxygen species, including peroxide, convert the MgPME 3-vinyl
group, leading to the formation of Mg-3-formyl-PME.

The identification of Mg-3-formyl-PME as an oxidation
product of the substrate rather than a catalytic intermediate is
not consistent with a catalytic role for Ycf54 in the MgPME-
cyclase complex. However, the hypothesis by Hollingshead et al.
(2012) that Ycf54 plays a role in the assembly or stabilization
of the catalytic MgPME-cyclase enzyme complex remains valid.
By using FLAG-CycI as bait in pulldown assays, combined with
quantitative MS analysis, we demonstrated that the absence of
Ycf54 affects formation of a complex between Cycl and enzymes
further down the pathway (POR, DVR, and ChlP). In particular,
the almost complete absence of DVR in the pulldown from the
Aycf54 strain provides a strong evidence that Ycf54 facilitates
formation of such a complex; in contrast to POR and ChlIP the
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FIGURE 8 | Transmission electron micrographs of WT and Aycf54 cells. Ultrathin sections from Synechocystis WT (A-C) and Aycf54 cells (D-F) grown
photomixotrophically under low light conditions. White arrows indicate thylakoid membranes and white triangles indicate glycogen granules.

stability of DVR in the mutant does not seem to be compromised
and thus this result cannot be explained by a hypothetical fast
degradation of this enzyme during pulldown assay. Indeed, the
present data also provide evidence for an interaction between
Cycll and POR, DVR, and ChlIP, which aligns well with data
obtained by Kauss et al. (2012) who performed pulldown
experiments with the Arabidopsis FLU protein. These analyses
found that FLU forms a complex with CHL27, the Arabidopsis
AcsF homolog, PORB, PORC, and ChIP. In Synechocystis at
least, it appears that Ycf54 plays no direct catalytic role, and
that it is important for the formation and maintenance of a Chl
biosynthetic complex, with disruption of this complex possibly
triggering degradation of CycI and consequently Chl deficiency.
However, a wider role for Ycf54 in governing the whole pathway
appears to be excluded by the lack of effect of the Aycf54 on
components of the ChlG-HIiD-Ycf39 complex that operates at
the end of the pathway. This complex likely coordinates Chl
delivery to the membrane-intrinsic apparatus for insertion and
translocation of apoproteins of the photosynthetic apparatus
(Chidgey et al., 2014). It is notable that although the CycI is
almost exclusively associated with the membrane fraction under
moderate light conditions Ycf54 is distributed equally between
membrane and soluble fractions (Figure 4B). It is not known
whether membrane-bound or soluble Ycf54 is critical for the CycI
stability but there is a possibility that dissociation of Ycf54 from
a membrane-bound assembly of CycI, POR, and DVR enzymes
triggers degradation of Cycl. Such a mechanism might regulate
Cycl activity at post-translational level and allow the cell to
respond quickly to fluctuations in the environment.

Deletion of the ycf54 gene generated a Synechocystis strain
with very low levels of Chl, facilitating our studies on the cellular
effects of a greatly lowered flux down the Chl biosynthetic
pathway. It has long been known that photosystem biosynthesis
requires Chl (Mullet et al., 1990; Eichacker et al., 1992; Miiller
and Eichacker, 1999), so we took advantage of the low Chl levels
in the Aycf54 mutant to investigate the effects of Chl depletion
on the synthesis and assembly of the photosystems. Although the
levels of some Chl biosynthesis enzymes are altered in the Aycf54
mutant the ChIG-HIiD-Ycf39 complex is unaffected, allowing the
effects of reduced flux down the Chl pathway on Chl binding
proteins to be investigated without disrupting ChlG-HIiD-Ycf39
interactions with the YidC/Alb3 insertase and the consequent
synthesis of nascent photosystem polypeptides. In addition, we
were able to investigate the accumulation of “minor” Chl binding
proteins, including cytochrome bgf (Kurisu et al., 2003), the
Hli proteins (Staleva et al., 2015) and the Chl-synthase complex
(Chidgey et al., 2014). Our findings show that whilst the Chl
binding proteins PsaA/B and CP47 are highly sensitive to cellular
Chl levels, the accumulation of CP43 and “minor” Chl binding
proteins, including cytochrome bgf, is robust under Chl limiting
conditions.

PSI is the main sink for de novo Chl (Kope¢nd et al., 2013); our
results (Figure 7) show that synthesis of the core PSI subunits
PsaA/B is impaired in the absence of Ycf54, i.e., under de novo
Chl limiting conditions, suggesting that Synechocystis is unable
to recycle Chl molecules released from degraded complexes
for the synthesis of new PSI complexes. In comparison, the
dependence of PSII biogenesis on the availability of de novo Chl
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modules appears to be more complex, as previous studies show
Chl molecules are re-cycled during PSIT synthesis and repair
(Kopecna et al.,, 2013, 2015) via re-phytylation of chlorophyllide
(Vavilin and Vermaas, 2007). The PSII complex assembles in
a modular fashion, starting with the association of D1 and
D2 assembly modules, to form the RCII* complex. This is
followed by attachment of a CP47 module, then a CP43 module,
then the lumenal extrinsic proteins and the oxygen-evolving
MnyCaOs complex (reviewed in Komenda et al., 2012). Despite
the large decrease in cellular Chllevels in Aycf54, all components
of the RCIT* complex are synthesized in adequate amounts
and assembled. We hypothesize that synthesis of the RCIIT*
complex is enabled by the continuous recycling of a relatively
stable pool of Chl molecules made available during the RCIT*
assembly/degradation cycle. Evidence that RCII* contains Chl
as well pheophytin, carotenoids and heme cofactors has been
shown previously (Knoppova et al., 2014). We cannot exclude the
possibility that in the Aycf54 mutant there is a pool of the RCIT*
complex that lacks Chl. However, we did not observe any shift of
electrophoretic mobility even for the 3°S labeled RCIT* that would
indicate presence of a hypothetical Chl-less RCIT*. Furthermore,
Aycf54 contains some functional PSIT complexes, which requires
that at least some RCIT* with cofactors has to be synthesized en
route to the fully assembled PSII.

Our findings also show that CP43 can accumulate as an
unassembled module in Aycf54 even though the synthesis is
very limited (Figures 6A and 7). In contrast, CP47 seems to
be unstable in Aycf54, which suggests that CP47 is the de novo
Chl sensitive component of PSIT biogenesis. This observation
is consistent with previous work on the accumulation of PSII
subunits in Apor (Kope¢nd et al., 2013) and Agun4 (Sobotka
et al.,, 2008) mutants, disrupted in the PChlide reduction and
Mg-chelatase steps, respectively. As also seen for Aycf54, the
Apor and Agun4 strains accumulate the PSII core complex RCIT*
and the PSII antenna CP43, but CP47 synthesis is not observed
(Sobotka et al., 2008; Kopecna et al., 2013). It is not currently
known why CP47 is more sensitive to the availability of de novo
Chl than the similar CP43 subunit, although it has been recently
observed that the newly synthesized CP43, but not CP47, subunit
is attached to a PSI complex (Kopecna et al., 2015). We tentatively
speculate that the situation in the mutant leads frequently to the
synthesis of aberrant CP47 lacking one or more Chl molecules.
The synthesis of CP43 might be less error-prone because Chl
molecules bound to the periphery of PSI could be used for the
assembly of this complex.
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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 (Pam68) is important for PSII assembly. However, its mechanisms of
action remain unknown. Using a Synechocystis PCC 6803 strain expressing Flag-tagged Pamé68, 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 Pamé68 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 Pam68 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 then attached to RCII (Boehm et al., 2011), which results
complex embedded in the thylakoid membranes of in a CP43-less core complex called “RC47” (Boehm
oxygenic phototrophs. The key large structural com- et al., 2012). The active, oxygen-evolving PSII is com-
ponents of PSII are the chlorophyll (Chl)-binding pro- pleted by the addition of the CP43 module (Boehm
teins D1, D2, CP43, and CP47, subjoined with other et al., 2011) and attachment of the lumenal extrinsic

small and extrinsic subunits (Umena et al., 2011). proteins (Nixon et al., 2010). Biogenesis of PSII is
According to this model, PSII is assembled in a stepwise a highly complex process requiring many auxiliary
manner from four preassembled smaller subcomplexes proteins that are not present in the fully assembled
called modules (Komenda et al., 2012). Each module complex. A number of these assembly factors have been
consists of one large Chl-binding subunit (D1, D2, described (Komenda et al., 2012; Heinz et al., 2016).
CP43, or CP47) and several low molecular mass mem- However, their precise functions remain mostly un-
brane polypeptides. PSII assembly is initiated through known, and only a few of them have been connected
the association of D1 and D2 modules to form an as- with a specific assembly step (Knoppova et al., 2014;
sembly intermediate, termed the Reaction Center II Beckova et al., 2017).

(RCII) complex. The CP47 assembly module (CP47m) is 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

1 . . g
This work was supported by project 17-087555 of the Grant are integrated directly into synthesized CP47 and CP43,

Agency of the Czech Republic and by the Czech Ministry of Educa-

tion (projects CZ 1.05/2.1.00/19.0392 and LO1416). and the insertion of Chl appears to be a prerequisite for
2 Address correspondence to sobotka@alga.cz. the correct folding and stability of these polypep-
The author responsible for distribution of materials integral to the tides (for review, see Sobotka, 2014). However, little is
findings presented in this article in accordance with the policy de- known about how Chl proteins are produced. PSII Chl-
scribed in the Instructions for Authors (www.plantphysiol.org) is: binding subunits are integral membrane proteins most
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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

Pam68 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 Pamé68
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 Pamé68.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 Pamé68, 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
Pamé68.f pull-down indicates that the association of CP47
with Pam68 is an early event that occurs before the at-
tachment of PsbH to CP47.

To elucidate whether Pamé68.f physically interacts with
unassembled CP47 in the absence of PsbH, we purified
Pamé68.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 50S and
with CP47, respectively. The Pam68.fCP47 complex
exhibited Chl fluorescence, and its green pigmentation was
visible on the CN gel (Fig. 1A).
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In addition to the ribosome subunits, FtsH proteases,
and a smeary band of SecY, the Pamé68.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 LrtA, 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 50S in the Pam68.f/
APsbH pulldown (just above the Rpl6 protein) consists of
only Pamé68.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 50S, 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 Pamé68.f, suggesting a mutual complex.

We used an independent approach to verify the in-
teraction between the unassembled CP47 and Pam68
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 Pamé8 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. Pam68.f comigrated with
the 50S and, unexpectedly, also with the 30S subunit
(Fig. 2A). On the other hand, Pam68.f spots in the

Plant Physiol. Vol. 176, 2018

Downloaded from on December 18, 2018 - Published by www.plantphysiol.org
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

94



Pam68 Functions in the Assembly of Photosystem II

A . 3 . 3
CN-PAGE a+E a+E
O a O o
1% | *
Chif 7 l ) ‘ } 1 3
.’% Scan ' : f i V“
2 > : — F— - 100
0 8 : cPa7 | = _@_FtsHZIG o
o b | : o SI1830
w * t o |- 56
Q : b i SecY, ! s
& o = : i % |- 8
% L1 s > : .
2 L3alge i I ! pames.f S2 |~ 30
< 4254 i = Pam68.f : =
& L6y = - Lep\g 5
o L513 ={1Pam68.f _"":B"P' e ‘384 : &
L9,10 e T3 i g -
L21 W 5 Bl o T Lot
L11,19=-" 52 b 5 b
7,14 d=7 : : L
L23 {516,21 i :
=518 L
=<7 Ssr0332 W i » W Ssr0332
I
50S 30S Pam68.f Pam68.f/APsbH
B B
CN-PAGE (&6\ ‘;\é‘ R
ér’ - c STEe
o =
® CP47 CcP47 — R
B ——
YidC e- Pam68 s
Pamo68.f g ——————————
SecY # - Q
4
YCfAS &6@@‘;\@
Rpl1 RANFC RS
Pam68.f/APsbH Control (APsbH) CP47 == I~

Pam68 &

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.
/APsbH pull-down (right-hand gel) were separated by CN-PAGE, whereas SDS-electrophoresis was used for the second dimension. In-
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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
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control pull-downs of wild type and AD1. The separated proteins were blotted, and the blot was sequentially probed with the indicated
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region of smaller complexes did not align with either of detectable in the 2D gel of the pam68.f membranes
the CP47m forms (both are known to contain PsbH; (Fig. 2A). This observation is consistent with the pro-
Komenda, 2005). These results suggest that complexes posed transient interaction between Pam68 and the

between Pamé68.f and the CP47m forms are not newly synthesized CP47; the transient complex pool is
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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 Pamé68.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
Pam68 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).
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Enhanced Chl Biosynthesis Rescues the Abolished CP47
Synthesis in the ApsbH/Apamé68 Strain

The results described above imply that Pamé68 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 wmol photons m™ s7h, 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 Pam68 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/Apam68 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 Apamé68 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 Pamé8 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 Pamé8 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 RCIIa 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 umol photons m ™ s™"), low light (10 umol
photons m™2 s7"), high light (400 umol photons m~2 s™"), fluctuating
dark/high light conditions (5 min dark, 5 min 400 umol photons m2s™"),
18°C at 40 wmol photons m ™% s™", 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./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/ Apamé68 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
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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,5, ... C, ApsbH/
Apamé8 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 etal.,
2014); RClla, PSIl assembly intermediate (reaction center complex) lacking CP43m (Knoppova et al., 2014).

biosynthesis restores the formation of CP47m in the
mutant lacking both Pamé68 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 Pamé68 was

Plant Physiol. Vol. 176, 2018

originally linked to the synthesis or maturation of the
D1 subunit of PSIT (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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Ycf48

Ribosome

Chlorophyli
synthase

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
3 h of 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 Pam68
under fluctuating light conditions, low temperature,
and nitrogen limitation (Fig. 3). These observations
imply that Pam68 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 Pam68 (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 Pamé68 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
(Kopecné 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 Synechocystis strain harboring a mutated CP47
protein (Sobotka et al., 2005).

Plant Physiol. Vol. 176, 2018
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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 Pamé68. 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 Apam68 strain.
The Synechocystis strain expressing the Pamé68 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 Pamé68.f protein in these genetic backgrounds. Derivatives of
Pam68.f truncated at the amino acid 29 (the t29-pam68.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 Pamé8.f protein under native
conditions, 4 L of pam68.fand 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 CaCl12, 10 mm MgCl2, 25% [v/v] glycerol) for the preparation
of membranes for 2D electrophoresis and purification of Pamé8.f. 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 pg/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 (Dobakovi 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-Rpl1 (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 pamé68.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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SUMMARY

The molecular and physiological mechanisms
involved in the transition of microbial cells from a
resting state to the active vegetative state are criti-
cally relevant for solving problems in fields ranging
from microbial ecology to infection microbiology.
Cyanobacteria that cannot fix nitrogen are able to
survive prolonged periods of nitrogen starvation as
chlorotic cells in a dormant state. When provided
with a usable nitrogen source, these cells re-green
within 48 hr and return to vegetative growth. Here
we investigated the resuscitation of chlorotic Syne-
chocystis sp. PCC 6803 cells at the physiological
and molecular levels with the aim of understanding
the awakening process of a dormant bacterium.
Almost immediately upon nitrate addition, the cells
initiated a highly organized resuscitation program.
In the first phase, they suppressed any residual
photosynthetic activity and activated respiration to
gain energy from glycogen catabolism. Concomi-
tantly, they restored the entire translational appa-
ratus, ATP synthesis, and nitrate assimilation. After
only 12-16 hr, the cells re-activated the synthesis
of the photosynthetic apparatus and prepared for
metabolic re-wiring toward photosynthesis. When
the cells reached full photosynthetic capacity after
~48 hr, they resumed cell division and entered the
vegetative cell cycle. An analysis of the transcrip-
tional dynamics during the resuscitation process re-
vealed a perfect match to the observed physiological
processes, and it suggested that non-coding RNAs
play a major regulatory role during the lifestyle switch
in awakening cells. This genetically encoded pro-
gram ensures rapid colonization of habitats in which

nitrogen starvation imposes a recurring growth
limitation.

INTRODUCTION

Cyanobacteria are ubiquitous in the light-exposed biosphere,
where they play major roles in global carbon and nitrogen cy-
cles. In the course of evolution, they acquired sophisticated
survival strategies that enable them to withstand unfavorable
environmental conditions. A challenge that frequently limits
growth in many terrestrial and aquatic ecosystems [1, 2] is
the deprivation of usable sources of combined nitrogen, such
as nitrate and ammonium. With respect to nitrogen use, cya-
nobacteria can be divided into two physiological groups: diaz-
otrophic strains, which avoid nitrogen starvation by expressing
nitrogenase to fix omnipresent gaseous N,, and non-diazotro-
phic strains, which stop growth in the absence of a combined
nitrogen source and switch their metabolism from anabolism
to maintenance [3]. This lifestyle switch starts with the degra-
dation of photosynthetic pigments, known as chlorosis [4, 5],
as the cells conspicuously change in color from blue-green
to yellow (Figure 1) [6]. In the unicellular cyanobacterium
Synechococcus elongatus PCC 7942 (hereafter S. elongatus),
this process results in pale resting cells that are able to
survive prolonged periods of starvation in a dormant-like
state [7, 8].

Dormancy is widespread among prokaryotes, especially in
nutrient-limited environments [9]. It has been proposed that
dormant bacteria comprise a “seed bank,” i.e., a reservoir of
cells that can be resuscitated by favorable conditions [10]. This
mechanism contributes greatly to the fitness of bacterial
populations and to the spreading of bacterial pathogens
[11]. The molecular and cellular processes by which bacteria
arrest growth, enter dormancy, and recover from the dormant
stage are quite diverse among bacterial taxa, and they include
the formation of endospores or exospores, encapsulated
cysts, or apparently non-differentiated persister cells, as in
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Mycobacterium tuberculosis [9]. To survive prolonged periods
of starvation, non-differentiated resting cells maintain residual
metabolic activity in a state occasionally termed quiescence
[9]. Rapid resuscitation from dormancy is essential for ensuring
the successful spread of bacterial populations, but this process
is poorly understood.

The formation of dormant-like cyanobacterial cells has been
studied in some detail in the non-diazotrophic freshwater strain
S. elongatus [3, 7, 8] subjected to nitrogen starvation. The degra-
dation of phycobiliproteins, the major light-harvesting pigments,
is initiated by the nblA product, whose expression is controlled
by the Nbl regulatory system [12, 13]. While phycobilipro-
teins are degraded, the cells stop growth after a final cell divi-
sion and concomitantly accumulate CO, fixation products as
glycogen [4]. When nitrogen deficiency is prolonged, cells
degrade the bulk of cellular proteins and the photosynthetic
apparatus until they reach a final chlorotic stage. At this stage,
they maintain a residual level of photosynthesis (~0.1% of initial
activity) [8], which allows them to preserve full viability over at
least 6 months.

A similar response specific to nitrogen deprivation also has
been observed in the unicellular cyanobacterium Synechocystis
sp. PCC 68083 (hereafter termed Synechocystis) [14, 15], which is
a widely used model organism to study fundamental aspects of
photosynthesis and cyanobacterial physiology. Under nitrogen
deficiency, this strain produces a second carbon storage poly-
mer, polyhydroxybutyrate (PHB), in addition to glycogen gran-
ules, and it was presumed that PHB might contribute in coping
with chlorosis [16]. Preliminary results have indicated that
Synechocystis also possesses the ability of long-term survival
under nitrogen-deficient conditions, and chlorotic cultures are
extremely efficient in recovering from chlorosis. This rapid recov-
ery process provides a unique opportunity to study resuscitation
of a dormant bacterium and thereby gain insights into a funda-
mental bacterial survival strategy. The aim of this study was to
reveal the organization of resuscitation of chlorotic Synechocys-
tis cells at the cellular and molecular level as an example of
bacterial awakening from dormancy.

Ny
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Figure 1. Model of the Morphological
and Metabolic Changes during Chlorosis
Caused by Nitrogen Starvation

During chlorosis, thylakoid membranes (green/
yellow curved lines) are reduced and their
composition changes, the vegetative cell cycle
stops, and carbon polymers, e.g., glycogen (gray
stars) and polyhydroxybutyrate (PHB, red dots),
increase.

RESULTS

Resuscitation from the Chlorotic
State Occurs in Two Phases

Prior to investigating the resuscitation
of dormant Synechocystis cells from a
chlorotic state, we first studied their
viability and the accumulation of PHB
and glycogen during prolonged nitrogen
depletion for up to 42 days. For this, ni-
trate-grown cells were transferred into combined-nitrogen-free
medium to initiate chlorosis. Of the two carbon reserves,
glycogen started to accumulate almost immediately upon nitro-
gen depletion, and it reached a maximum of ~60% glycogen/cell
dry weight after just 14 hr (Figure S1B). By contrast, accumula-
tion of PHB proceeded much more slowly and only reached a
maximum of 11%-13% PHB/cell dry weight after 14 days (Fig-
ure S1A). Nearly all cells remained viable for at least 42 days of
nitrogen starvation and were able to rapidly recover following
the addition of a nitrogen source, such as nitrate or ammonia
(Figure S2).

Because the recovery of chlorotic cultures was highly repro-
ducible, we investigated this process at the cellular and mo-
lecular levels to determine how dormant cells with only traces
of residual photosynthetic activity can return to vegetative
growth. Long-term chlorotic cells were resuscitated by adding
nitrate to the medium. Typically, re-greening of chlorotic cells
occurred within 48 hr, regardless of the lab strain used (three
different strains were tested). No visual color change was
observed during the first 12-16 hr. Thereafter, the color changed
from yellow/orange to dark blue-green after 48 hr (Movie S1).
Quantitatively, re-pigmentation, as shown by UV/Vis spectra of
recovering cultures (Figure 2A), revealed that the absorbance
at ~680/440 nm (indicative of chlorophyll a/b) and at 625 nm
(indicative of phycobiliproteins) did not significantly increase
during the first 8 hr of the recovery process. The first traces
of chlorophyll and phycobiliproteins were detected after 15 hr.
Complete pigmentation of exponentially growing cells was
reached after 72 hr. Quantification of extracted chlorophyll (Fig-
ure 2B) confirmed the lack of significant increase during the first
12 hr of recovery. Cell density (optical density at 750 nm; Fig-
ure 3A) did not increase within the first 36 hr, which suggested
that cells had not yet divided at that stage. Photosynthetic activ-
ity was initially estimated by pulse-amplitude-modulation (PAM)
fluorometry, which measures chlorophyll fluorescence quantum
yield from photosystem Il (PSlI) (Figure 2B) [17]. Fully developed
chlorotic cells displayed only traces of PSII activity, as previously
shown for S. elongatus [8]. Surprisingly, after the addition of
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Figure 2. Changes in Pigmentation, Photosystem Il Quantum Yield, and Oxygen Consumption or Evolution during Resuscitation

(A) Absorption spectra of a recovering Synechocystis culture during the course of resuscitation. Recovery was started by adding nitrate (0 hr). An exponentially
growing culture (WT exponential) was used as a reference. Spectra were normalized to the same optical density at 750 nm of 0.1.

(B and C) Photosystem Il quantum yield (B) as determined by pulse-amplitude-modulation (PAM) fluorometry and chlorophyll content (normalized to the cell
density) and oxygen consumption/evolution (C, normalized to the cell density) during the course of recovery.

At least three biological replicates were performed and the SD was calculated. See also Figure S2 and Movie S1.

nitrate, quantum yields of PSII activity dropped to zero after 6 hr
but resumed 6 hr later (12 hr of recovery). Subsequently, PSII
quantum yield increased strongly until saturation at 48 hr of
resuscitation.

To test whether respiration could support the recovery of chlo-
rotic cells, we measured oxygen evolution or consumption of a
culture starved for 1 month (Figure 2C). In chlorotic cells under
standard illumination, traces of evolved oxygen due to residual
photosynthesis were detected. However, 2 hr after nitrate addi-
tion cells began to consume oxygen despite illumination. After
4 hr cells reached maximal respiration, which they maintained
at that level until 15 hr. Photosynthetic oxygen evolution was
detected only after 24 hr, in agreement with the increase of
PSII quantum yields and the re-appearance of photosynthetic
pigments.

Chlorotic cells have two types of carbon reserves that could
fuel initial respiration: PHB and glycogen. Previous studies
have suggested that PHB could be important for recovery [16,

18], but we detected no significant decrease in PHB content
during the first 24 hr of recovery, and PHB degradation did not
start before the cells had resumed photosynthetic activity. We
showed that PHB is indeed not required for the recovery of chlo-
rotic Synechocystis cells by analyzing a PHB-free mutant defi-
cient in the PHB biosynthesis enzyme PHB synthase (AphaCE);
the mutant recovered from a chlorotic state as quickly as the
wild-type (Figure S3). Glycogen, which rapidly accumulates after
nitrogen starvation and plays a major role in the transition to
chlorosis [19], is the major source of carbon for respiration in
the dark. Just 4 hr after the addition of nitrate, the glycogen con-
tent slightly but clearly decreased (Figure 3B) and continued to
decrease while the cells were respiring. Glycogen consumption
continued further from 24 hr on, as photosynthesis was acti-
vated, until the low glycogen level of exponentially growing cells
was reached. These physiological studies revealed two phases
of the resuscitation process. In the first phase, until ~16 hr, respi-
ration is activated and is supported by glycogen. In the transition
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Figure 3. Consumption of Carbon Polymers
during Resuscitation

Growth (optical density at 750 nm) and PHB content
(normalized to cell dry weight; w/w) (A) and glycogen
consumption (B) during resuscitation of a culture of
chlorotic cells. The result of one of three biological
replicates (each determined in technical triplicates)
is shown. The inset shows a magnification of the first
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to the second phase, photosynthetic activity rises in parallel to
the re-pigmentation of cells. In the second phase, glycogen con-
tinues to provide cells with carbon skeletons as photosynthesis
takes over cellular energy supply.

Structural Changes during Resuscitation

To visualize the morphological changes of cells during recovery,
we took transmission electron micrographs of ultrathin cryosec-
tions of exponentially growing cells (Figure 4F), starved cells
(>1 month; Figure 4A), and cells at different stages of resuscita-
tion (Figures 4B-4E; Figure S5). A major feature of fully devel-
oped chlorotic cells (Figure 4A), compared to growing cells
(Figure 4F), is the almost complete absence of photosynthetic
thylakoid membranes; the cells are instead completely filled
with glycogen granules. These structures disappeared during
resuscitation. In cells sampled after 24 hr of recovery (Figure 4B;
Figure S5), thylakoid membranes started to reappear in an amor-
phous cytosol. PHB granules were not yet degraded, and gran-
ules resembling cyanophycin (multi-L-arginyl-poly-L-aspartate, a
transient nitrogen storage polymer [20, 21]) were occasionally
observed during recovery (Figures 4B and 4E; Figure S5). After
36 hr of recovery, cells had reconstituted thylakoid membranes
in parallel stacks, but they still contained PHB, in agreement
with its quantification. Glycogen granules mostly vanished,
and carboxysomes (polyhedral microcompartments filled with
ribulose-1,5-bisphosphate carboxylase/oxygenase [RuBisCO]
and carbonic anhydrase [20]) became visible.

Ribosomes appear in transmission electron micrographs as
electron-dense particles. The central part of the cytoplasm of
vegetatively growing cells contains densely packed and evenly
distributed particles resembling ribosomes, but only very few
were visible in chlorotic cells. However, after just 24 hr, the num-
ber of ribosomes strongly increased, and after 36 hr, the central
part of the cytoplasm seemed to be rich in ribosomes. Cells
imaged after 48 hr of recovery had almost completely re-estab-
lished thylakoid membranes, and a structure resembling lipid
bodies was visible. After 66 hr of recovery, the cells resembled
exponentially growing cells.

We continuously followed the re-formation of thylakoid
membranes in recovering cells by taking advantage of the red
chlorophyll autofluorescence of these membranes visualized
by time-lapse fluorescence microscopy (Movie S2). Synecho-
cystis cells, nitrogen starved for 14 days, were mounted on mi-
croscope slides and provided with nitrate as a nitrogen source.
Almost no autofluorescence was visible until 12 hr of recovery.
Thereafter, autofluorescence gradually increased like scattered
clouds, distributing slowly over the entire cell. From 20 hr on,
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30 hr of resuscitation. At least three biological rep-
licates were performed, and the SD was calculated.
See also Figures S1-54.

Time [h]

autofluorescence increased dramatically until the entire cell
was completely fluorescent red, i.e., until the thylakoid mem-
branes had completely redeveloped.

Like most cyanobacteria, Synechocystis cells are polyploidic,
with an estimated 4-20 chromosome copies per cell, depending
on the lab strain and conditions [22, 23]. We followed the cell size
(Figure 5A) and cellular DNA content (Figure 5B) during the re-
covery from chlorosis of cultures at different phases of growth
using flow cytometry. In exponentially growing, non-chlorotic
cells, the distribution of the number of chromosomes per cell
was quite narrow, with most cells having five to six chromo-
somes per cell. In long-term chlorotic cells, i.e., nitrogen starved
for 1 month, the distribution was broader, ranging from approx-
imately two up to 16 chromosomes per cell and with most cells
having approximately nine copies per cell. After 48 hr of recovery
in the presence of nitrate, the distribution was still relatively
broad, but the peak shifted toward six to seven copies per cell;
after 92 hr of recovery, the distribution narrowed, with most cells
having approximately five copies per cell and none having more
than ten copies per cell. The cell size decreased correspondingly
with the reduction in DNA content per cell. Apparently, initial cell
division after recovery led to a reduction in cell size and partition-
ing of chromosomes, resulting in growing cells with an average
of half the DNA content of chlorotic cells.

The Transcriptome of Resuscitating Cells

To gain a deeper insight into the complex process of resus-
citation, we analyzed the transcriptome of recovering cells
using a high-density microarray (Data S1, S2, and S3; GEO:
GSE83363), with probes covering the entire chromosome and
all seven plasmids with an orientation for the direct hybridization
of total RNA, thereby avoiding the pitfalls of cDNA synthesis. The
arrays were designed to include probes for all 8,916 transcripts
previously detected in extensive transcriptome studies [24, 25].
Total RNA was extracted from exponentially growing cells and
from cells nitrogen starved for 14 days and at four time points
during recovery (4, 12, 24, and 48 hr after the addition of nitrate,
three biological replicates each). All signals were normalized
to that of exponentially growing cells, i.e., the fold changes
in transcript levels were relative to the transcript abundance in
exponentially growing cells.

During the process of resuscitation, the level of 1,570 tran-
scripts, corresponding to 17.6% of the entire transcriptome,
significantly changed by at least 1.8-fold (Table 1; Figure 6).
Of these, 780 transcripts increased in abundance and 790 tran-
scripts decreased in abundance. According to the time course
of the changes, these positively and negatively responding
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transcripts could be classified into three major groups, reflecting
the chronological order of transcriptome remodeling during
resuscitation. Strikingly, the early-responding genes (4 hr after
onset of recovery) comprised the largest group of both upregu-
lated (425) and repressed genes (626), which impressively dem-
onstrates that chlorotic cells are capable of immediate recovery.
Since transcripts encoding hypothetical proteins comprise the
largest category, their phylogenetic distribution was analyzed
(Data S4).

The three major groups of positively responding transcripts
were defined as those induced after 4 hr (P1), which could be
further split into subgroups P1a and P1b, with P1b displaying a
transient over-induction; those induced after 12 hr (P2); and
those induced after 24 or 48 hr (P3). A clearly organized, step-
wise restoration of defined cellular activities was reflected at
the level of transcriptome dynamics.

The largest class of P1 transcripts, with a total of 106 transcripts,
were antisense RNAs (asRNAs) and transcripts categorized as
non-coding, although some of these might encode small peptides

Figure 4. Morphological Analysis via Trans-
mission Electron Micrographs of Synecho-
cystis Cells during Nitrogen Starvation and
Resuscitation

(A) Chlorotic cell starved for 1 month.

(B-E) Cells during the course of resuscitation at 24 hr
(B), 36 hr (C), 48 hr (D), and 66 hr (E).

(F) Cell in the exponential growth phase.

G, Glycogen granules; PHB, polyhydroxybutyrate
granules; Cg, cyanophycin granules; C, carbox-
ysomes; TM, thylakoid membranes; R, ribosomes;
L, lipid bodies. See also Figure S5 and Movie S2.

[26]. Eighty transcripts encoded hypotheti-
cal or unknown proteins. Nearly the entire
translational apparatus (all ribosomal pro-
teins, translation factors, chaperones, and
preprotein translocases) on 80 transcripts
was induced early (P1) or over-induced after
4 and 12 hr. Other P1 transcripts included
those for nitrate/nitrite assimilation factors,
molybdopterin biosynthesis (moa cluster),
ATP synthases, CO, fixation (carboxysome
and RuBisCO), redox/electron transport,
and sulfate assimilation.

P2 transcripts included those associated
with the photosystems (primarily PSI), phy-
cobilisomes, and chlorophyll biosynthesis,
in agreement with the onset of photosyn-
thetic activity. Others included those for
glutamine synthetase-inactivating factors
IF7 and IF17, putative transposases, and
CRISPR-associated transcripts.

P3 transcripts included those associated
with hypothetical proteins and cell division
(@miC and nipD).

As in the P1 group, asRNAs and non-
coding transcripts were also the most
abundant classes in groups P2 and P3.
This suggests that asRNAs and non-coding transcripts have
important regulatory functions during the entire resuscitation
process.

An even larger number of transcripts was downregulated dur-
ing resuscitation and was likewise grouped into groups N1 and
N2 according to their time course. N1 transcripts were subdi-
vided into two subgroups: N1a (557 transcripts downregulated
after 4 hr) and N1b (69 transcripts, rapidly but only transiently
repressed after nitrate addition). N2 transcripts (164 transcripts)
were downregulated only after 12 hr and none of the transcripts
were downregulated later than after 12 hr. Most of the down-
regulated transcripts were abundant in chlorotic cells; there-
fore, the respective genes could have important functions
during long-term starvation and might function in survival during
“standby” dormancy.

The largest class of N1 transcripts (468 transcripts) was
asRNAs, other non-coding transcripts, and those encoding
hypothetical or unknown proteins. This impressive abundance
of mostly non-characterized transcripts demonstrates our lack
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Figure 5. Determination of Cell Size and Chromosome Number dur-
ing Resuscitation

Flow cytometry of chlorotic cells recovering from 1 month of nitrogen starva-
tion to determine cell size (A) and chromosome copy number (B), measured as
the amount of DNA. Recovery started with the addition of nitrate at O hr; cul-
tures at 135 hr grew exponentially.

of knowledge of the biology of long-term-starved cells. Immedi-
ately after the initiation of resuscitation, the cells had to switch off
expression of those transcripts that were abundant during chlo-
rosis, as they might interfere with the resuscitation program. An
intriguing example is asRNA sIr0653-as4, which acts on the
housekeeping sigma factor SigA. It is one of the most highly
induced transcripts under chlorosis (>30-fold induced). Its level
decreased 6.7-fold after only 4 hr, thereby releasing inhibition
of sigA gene expression. Another interesting example is the
highly repressed SyR7 asRNA, which is complementary to the
murF 5" UTR and is possibly involved in the regulation of murein
biosynthesis [27]. Other transcripts within this group encoded
transposases, PHB-associated genes, and the proteolysis
adaptor proteins NblA1/2. The majority of protease-encoding
genes was induced during chlorosis and repressed during
resuscitation; four of these belong to group N1 (see Data S3).

Similar to N1a, subgroup N1b mainly consisted of asRNAs,
non-coding transcripts, and transcripts encoding hypothetical
or unknown proteins. Moreover, glycolytic and oxidative pentose
phosphate (OPP) pathway-associated transcripts were upregu-
lated during nitrogen starvation and were transiently reduced
during recovery.

Group N2 also was dominated by non-coding RNAs and tran-
scripts encoding hypothetical or unknown proteins. Two identi-
fied non-coding RNAs with known function are NsiR4 and
PsrR1. These RNAs were still highly expressed after 4 hr and
were tuned down only after 12 hr. NsiR4 inhibits expression of
gifA, which encodes the glutamine-synthetase-inactivating fac-
tor IF7 [28]. NsiR4 expression during nitrogen stress and 4 hr
into resuscitation prevented gifA expression, thereby providing
optimal glutamine synthetase activity for nitrogen assimilation.
The high accumulation of the asRNA SyR1/PsrR1 during nitro-
gen stress, which remained high at least 4 hr into resuscitation,
is consistent with its inhibitory function on the expression of
genes encoding several photosynthetic and pigment biosyn-
thesis proteins, including phycobiliproteins [29]. Its downregula-
tion after 12 hr agrees with the subsequent transcription of
PSl-related genes, and it fits with the delayed reappearance of
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photosynthetic activity. Interestingly, the N2 group also included
CRISPR1-associated transcripts and high-light-inducible (hli)
polypeptides. The protein products are stress related, which in-
dicates that the stress that caused and maintained enhanced
CRISPR and hli expression was relieved after 12 hr. Transcript
levels of the type 2 NADH dehydrogenase subunits ndbA/B
significantly increased during chlorosis and decreased during
recovery, which is indicative of metabolic rewiring.

DISCUSSION

This study provides the first insights into an unexplored process,
the resuscitation of a dormant cyanobacterium from chlorosis.
Recovery of chlorotic cells appears to follow a strictly orches-
trated and highly reproducible program. Evidently, Synechocys-
tis is perfectly equipped with a response system that allows
long-term survival under non-growth conditions. The majority
of chlorotic cells remain viable and rapidly respond to the re-
addition of a nitrogen source. The yield of extracted mRNA
indicated that cells in chlorosis have an overall transcript abun-
dance that is similar to that of growing cells. Therefore, reduced
transcriptional activity might be compensated for by increased
mRNA stability, a phenomenon observed in various growth-
arrested microorganisms [9]. In the fully developed chlorotic
state, the translational machinery is reduced to an absolute min-
imum, and these transcripts are among the most strongly
repressed of the entire transcriptome. This finding agrees with
the lack of ribosomes detected in electron micrographs, and
it correlates with a previous study on long-term-starved
S. elongatus cells, where labeling experiments demonstrated a
barely detectable residual level of protein synthesis [8]. This indi-
cates that most transcripts in chlorotic cells are translationally
inactive. The highly abundant functionally characterized non-
coding regulatory small RNAs, such as PsrR1 and NsiR4 [28,
29], as well as the asRNAs to sigA (slr0653-as4), the carboxy-
some operon (sli1028-as and sll1029-as), and the ATP-synthase
operon (sll1321-as2 and sll1326-as), were anti-correlated to their
sense mMRNAs. Therefore, they most likely play an important reg-
ulatory role in stabilizing this state. In comparison, transcript
levels of the most classical global transcriptional regulators,
such as sigma factors or certain response regulators, were
only weakly changed compared to levels in growing cells.

When resuscitation starts with nitrate addition, a logical
response was observed at the transcript level. Cells first reinstall
the machinery for protein synthesis and nitrate assimilation
(narB; nir operon; moa gene cluster for the molybdenum co-
factor of nitrate reductase). The transcripts for all subunits of
F1Fo-ATPase were also turned on early, which implies that the
entire F-type ATPase machinery was rebuilt de novo. In dormant
cells in the absence of anabolic reactions and with low protein
synthesis, almost no ATP is consumed. Therefore, the synthesis
of ATP is reduced and the F{Fo-ATPase is tuned down. During
resuscitation, the need for ATP increases dramatically because
the entire recovery process requires energy.

The first phase of resuscitation is energetically supported by
respiration. Despite illumination, oxygen consumption started
rapidly after the addition of nitrate, overcoming the Kok effect (in-
hibition of respiration by light). Glycogen catabolism appeared to
contribute to a large part of the respiratory activity. Comparison
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Table 1. Overview of Transcripts that Responded Positively or
Negatively during the Process of Recovery, Sorted into
Functional Categories

Number of

Transcript Category Transcripts

Early Positively Responding Transcripts (Group P1a) 216

AsRNAs and other non-coding transcripts 59
Hypothetical/unknown proteins 44
Carboxysome and RuBisCO associated 11

ATP synthase associated
Redox associated, electron transport

Translational machinery (ribosomal proteins,
translation factors, etc.)

Tetrapyrrole biosynthesis
Photosystem associated

Glycolysis and pentose phosphate pathway
associated

Nitrate/nitrite assimilation 3

Early Positively Responding Transcripts with Transient 209
Over-induction (Group P1b)

Translational machinery (ribosomal proteins, 74
translation factors, and such)

AsRNAs and other non-coding transcripts 47
Hypothetical/unknown proteins 36
Nitrate/nitrite assimilation and molybdopterin 13
biosynthesis (moa cluster)

Sulfate transport system 4
Tetrapyrrole biosynthesis 2

Slightly Delayed Positively Responding Transcripts 261
(Group P2)

Hypothetical/unknown proteins 86
AsRNAs and other non-coding transcripts 44
Photosystem (primarily PSI) associated 21
CRISPR associated 14
Putative transposases 14
Phycobilisome associated 12
Tetrapyrrole biosynthesis 9
GS regulation (gif genes) 2
Late Positively Responding Transcripts (Group P3) 94

AsRNAs and other non-coding transcripts 32
Hypothetical/unknown proteins 30
amiC/nlpD 2
Early Negatively Responding Transcripts (Group N1a) 557
AsRNAs and other non-coding transcripts 257
Hypothetical/unknown proteins 166
Putative transposases 35
CRISPR associated 13
PHB associated 5
nblA1/2 2

Early Negatively Responding Transcripts, Transiently 69
Repressed (Group N1b)

AsRNAs and other non-coding transcripts 26
Hypothetical/unknown proteins 19

Table 1. Continued

Number of
Transcript Category Transcripts
Glycolysis and pentose phosphate pathway 5
associated
Photosystem (primarily PSII) associated 3
Delayed Negatively Responding Transcripts 164
(Group N2)
AsRNAs and other non-coding transcripts 65
Hypothetical/unknown proteins 39
CRISPR associated 31
High-light-inducible (hli) polypeptides 4

Positively responding transcripts (threshold: 1.8-fold increase compared
to previous time point) are grouped as follows: P1, induced already after
4 hr of recovery (subdivided in P1a and P1b, with the latter subgroup con-
taining transcripts that were transiently over-induced in the early phase of
recovery); P2, responding after 12 hr of recovery; and P3, responding in
the second phase of recovery (24 and 48 hr). In total, 780 transcripts
were induced during resuscitation. Negatively responding transcripts
(threshold: 1.8-fold decrease compared to previous time point) are
grouped as follows: N1a, repressed already after 4 hr recovery time
and decreasing to a basal level; N1b, transient repression after 4 hr recov-
ery; and N2, repressed after 12 hr recovery time. In total, 790 transcripts
were repressed during resuscitation as compared to chlorotic cells. See
also Data S1, S2, S3, and S4.

of the respiration rate and glycogen degradation (see calculation
in the Supplemental Experimental Procedures) revealed that
glycogen consumption accounts for about half of the respiratory
activity. By contrast, PHB seemed to be dispensable, which ren-
ders its physiological role in the survival of chlorotic cells elusive.
Activation of respiration coincided with the disappearance
of detectable PSII activity. In agreement, several PSll-related
genes were transiently repressed early during resuscitation
(Data S3). Remarkably, the level of the small regulatory RNA
PsrR1, which was high during chlorosis and specifically sup-
presses chlorophyll biosynthesis, PSI, and phycobilisome gene
expression [29], remained high at 4 hr of recovery and was
only later downregulated. Likewise, the transient 8-fold upregu-
lation of the sll0617-as transcript (asRNA of the VIPP1 transcript)
and the concomitant downregulation of the s/l0677 transcript
could specifically prevent photosystem biogenesis at the thyla-
koid membranes [30] during the first few hours of recovery.
Activation of glycogen degradation seems to be controlled
mainly at the post-transcriptional level. Response regulator
Rre37, a global activator of sugar catabolic genes [31, 32],
showed inverse transcriptional dynamics to glycogen degrada-
tion; the rre37 transcript was induced 9-fold during chlorosis,
whereas this level decreased during resuscitation. Similarly, tran-
scripts encoding the glycogen-degrading enzymes (s//1356,
slr1367, sll0158, slr0237, and sIr1857) decreased during recov-
ery. A concordant behavior was observed for the transcripts
required for glucose catabolism via the OPP, Entner-Doudoroff
(ED) [33], and Embden-Meyer-Parnas (EMP) pathways. For
example, transcripts for glucose 6-phosphate dehydrogenase
(zwf and opcA), which leads toward OPP and ED pathways, as
well as transcripts for phosphofructokinase Pfk1 (s//7796) and
Pfk2 (sll0745), which lead toward the EMP pathway, decreased
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Figure 6. Graphical Depiction of the Posi-
tively and Negatively Responding Transcripts
Grouped According to the Time Course of
Response

(A) Representation of the major transcript groups
responding positively during recovery from nitrogen
starvation, sorted into functional categories. P1
transcripts increased at least 1.8-fold after only 4 hr
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T and are divided into subgroups P1a and P1b. P1b
transcripts transiently increased. P2 transcripts
increased after 12 hr. P3 transcripts increased after
24 or 48 hr of recovery.

(B) Representation of the major transcript groups
responding negatively during recovery from nitrogen
starvation, sorted into functional categories. N1a
transcripts decreased at least 1.8-fold after 4 hr and
remained at the lower levels. N1b transcripts
decreased early but only transiently. N2 transcripts
decreased at least 1.8-fold after 12 hr.
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selected transcripts of the different functional cate-
gories is plotted against time of recovery. See also
Data S1, S2, S3, and S4.

The sulfate assimilation operon (s/r1452-
slr1455) was turned on early, which reflects
the need to synthesize the amino acids
methionine and cysteine. In particular,
methionine supply is critical for translation
initiation. Overall, the first phase of resusci-
tation appears to be the re-installation of
the central cellular processes revolving

asRNA and "non-coding” transcripts

high light inducible (hli) polypeptides

T around protein biosynthesis that were
strongly diminished during long-term chlo-
rosis. Tight transcriptional repression of
the protein biosynthesis machinery is a
hallmark of the starvation-induced strin-
gent response in bacteria, and its reversal
seems to be key to the resuscitation
program.

The second phase of resuscitation was
characterized by the reconstitution of the
photosynthetic apparatus. This was re-
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in the first phase of recovery. This response implies that the
enzymes for glycogen catabolism already accumulate during
chlorosis, agreeing with a previous transcriptome analysis [5].
Apparently, cells prepare glycogen mobilization during its
initial accumulation, which enables them to immediately start
glycogen utilization when necessary. Notably, the genes encod-
ing RuBisCo components were also among the early-induced
genes, despite photosynthesis and net CO, fixation only being
restored later. According to a reconstruction of Synechocystis
primary metabolism, the amino acid glycine is produced from
glyoxylate as a by-product of RuBisCo photorespiratory activity
[34]. Therefore, oxygenation activity of RuBisCo might be imme-
diately required for glycine biosynthesis, before its primary func-
tion for CO, fixation is needed when photosynthesis restarts.
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vealed at all levels of analysis, including

the time course of re-pigmentation, reap-

pearance of PSIl activity and photosyn-
thetic oxygen evolution, reappearance of thylakoid mem-
branes, and expression of genes coding for components of
the photosynthetic apparatus. Re-constitution of the photosyn-
thetic apparatus creates a high metabolic burden to cells: they
must synthesize the thylakoid membranes (which requires
lipids), and they require large amounts of tetrapyrroles and all
of the proteins of the photosynthetic apparatus, from reaction
centers to peripheral antennae (Data S3). These processes
can only start once the central machinery for protein synthesis
and assimilatory reactions is fully functional. An increase
in transcripts for phycobilisomes, PSI subunits, and most en-
zymes of the tetrapyrrole pathway at 12 and 24 hr of recov-
ery explains the ensuing photosynthetic activity after 24-hr
recovery.
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The reconstitution of the PSIl apparatus is subject to a complex
regulation, with the expression of the assembly factors Ycf48 and
PsbZ (P1 group) preceding the induction of the accessory PSII
components L and J and the cyt b559 components PsbE and
PsbF. However, transcripts for large PSII core subunits did not
decrease during chlorosis. The psbD2 gene, which encodes a
UV-stress-induced paralogue of the D2 protein in the PSII reac-
tion center [35], was even 3-fold upregulated during chlorosis.
This might reflect the intrinsic instability of the PSII reaction cen-
ter, and, in order to maintain the minimum level of residual photo-
synthetic activity during chlorosis, permanent turnover has to be
maintained. The biogenesis of thylakoid membranes requires a
precise co-regulation between chlorophyll biosynthesis and
translation and assembly of photosystems to prevent accumula-
tion of free (phototoxic) tetrapyrroles. Ferrochelatase is the key
regulator of the entire tetrapyrrole pathway, which includes
heme and chlorophyll formation [36]. Heme, the product of ferro-
chelatase, controls the total flow through the pathway via a
negative feedback loop. The ferrochelatase transcript (hemH)
increases during nitrogen starvation and, during resuscitation, it
decreases slowly. On the other hand, the transcript levels
of light-dependent and light-independent protochlorophyllide
reductase (por and chiB, chiL, and chIN genes), which leads to
protochlorophyllide, were repressed during chlorosis and were
induced only in the second phase. Repression of the chiL/N
operon might be aided by the overlapping antisense 3’ end of
the sll0733 transcript. Intriguingly, chiL expression was even
further repressed at the early stage of resuscitation and activated
only after 12 hr. This might ensure chlorophyll synthesis only dur-
ing the second phase of resuscitation, simultaneously with the
reappearance of chlorophyll-carrying proteins. Notably, ChIG,
which converts toxic chlorophyllide into chlorophyll, is regulated
similarly as ferrochelatase. This coherent regulation might ensure
that toxic chlorophyllide cannot accumulate.

The assimilation of nitrogen through the GS-GOGAT cycle is
mainly controlled by glutamine synthetase inhibitory factors IF7
and IF17 (gif genes), which are subject to a complex regulatory
cascade [37, 38]. The IF1 and IF17 factors are among the most
strongly repressed genes in chlorotic cells, in part caused by
the detected high levels of the non-coding RNA NsiR4, which in-
hibits gifA expression [28]. This is reasonable because glutamine
synthetase should not be repressed at all so that ammonia
can be immediately scavenged from ambient nitrogen sources.
In the course of resuscitation, gif transcript abundance gradually
increased, which indicated a concomitant return to nitrogen ho-
meostasis. This perfectly matches downregulation of NsiR4 after
12 hr, and it suggests that, at this time point, the transcription
factor NtcA no longer activates NsiR4 transcription as it does
during nitrogen limitation [28]. The activity of NtcA is activated
by high 2-oxoglutarate levels [39-41], which suggests that at
12 hr this central metabolite, the precursor of glutamate synthe-
sis, has returned to steady-state levels.

Forty-eight hours after the addition of nitrate, the majority of
the cells had almost completely recovered the photosynthetic
apparatus. Only at that time point did the cells begin to divide
again, whereas as long as the photosynthetic machinery was
not completely reinstalled, cell growth was suspended. Similarly,
genes for the cell division proteins amiC and nipD [42] were
induced late during resuscitation. The results of flow cytometry

analysis of cultures indicated that cell division beginning at the
end of resuscitation results in a diminished average cell size,
which indicates a reductive cell division. The average polyploidy
level in chlorotic cells was almost double that of vegetatively
growing cells, and in the DNA content did not increase during
resuscitation. This suggested that chlorotic cells are arrested
in a pre-divisional stage of the cell cycle in which DNA replication
is complete, but cells have not yet divided. The transmission
electron micrograph of a chlorotic cell (Figure 4A) is typical for
the chlorotic state. It shows two invagination points at opposing
positions of the cell periphery, where the cell septum is usually
formed. The increased polyploidy might serve as a reservoir of
genetic information, similar to increased polyploidy observed in
akinetes (spore-like resting cells of filamentous cyanobacteria)
[43]. This ensures the maintenance of intact genetic information
in case of increased damage during dormancy [44], and, further-
more, it accelerates the restart of cell division. Intriguingly, the
product of early-induced transcript sll0505 shows homology
to DNA integrity-scanning protein DisA from Bacillus subtilis, a
checkpoint protein at the onset of sporulation [45]. Here it might
control integrity of the chromosomes during resuscitation.

Altogether, the study of resuscitation from chlorosis provides
an exceptional experimental system to address fundamental
questions, such as how photosynthetic membranes are assem-
bled de novo, how metabolic pathways are integrated under
non-equilibrium conditions, and how non-coding RNAs orches-
trate global gene expression during lifestyle transition. Further-
more, it sheds light on possible functions of unexplored
hypothetical proteins. Gupta and Mathews [46] identified 39
signature proteins of cyanobacteria, and, notably, 13 of these
(83%) were significantly regulated during resuscitation (Data
S4). With the identification of major cellular processes and the
transcriptional dynamics during resuscitation, this study sheds
light on the existence of a sophisticated genetic program that
guides the awakening of a dormant bacterium. Herewith it
provides the framework for future investigations targeting the
regulatory mechanisms executing this program.

EXPERIMENTAL PROCEDURES

A detailed description of the experimental procedures is given in the Supple-
mental Experimental Procedures.

Cultivation Conditions

Synechocystis strains used in this study were propagated in BG11 medium
supplemented with 5 mM NaHCO; [47], grown under continuous illumination
with 40-50 pE at 27°C. Nitrogen starvation was induced as described previ-
ously [16], and the culture was adjusted to an optical density 750 (OD,s50) of
0.4. Recovery was initiated by transferring chlorotic cells into BG11 medium
at an OD75q of 0.4.

Physiological Analysis

Glycogen was determined according to Griindel et al. [19] with some modifica-
tions [48]; intracellular PHB was quantified as described previously [16]. PSII
quantum yield, respiration, and oxygen evolution were determined according
to Dai et al. [49]. Methanol-extracted chlorophyll a was determined by fluores-
cence spectroscopy; fluorescence-activated cell sorting (FACS) analyses
were performed according to [27].

RNA Extraction
RNA was extracted via the PGTX method adapted from Pinto et al. [50].
The integrity of the resulting RNA was visually inspected on denaturing RNA
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gels, and the quality of the experimental approach was verified by northern blot
hybridizations targeting cpcA.

Transcriptomic Analyses

A high-resolution microarray manufactured by Agilent (format 8 x 60K; slide
layout = IS-62976-8-V2) was used. The orientation of probes allows the direct
hybridization of total RNA without conversion into cDNA. This array contains
probes for all annotated genes as well as all other transcripts identified in
the course of comprehensive RNA sequencing studies [24, 25]. The threshold
for significant differentially expressed genes was |log, FC| > 0.85 and
adjusted p value < 0.05.

Transmission Electron Microscopy

Cells were pelleted, cryofixed, and frozen under high pressure using a Leica
EM Pact2 freezing device. Further preparation steps are described in the Sup-
plemental Experimental Procedures. Images were acquired using a transmis-
sion electron Jeol 1010 microscope equipped with a Mega View Il camera
(SIS) operated at 80 kV (Biology Centre Czech Academy of Sciences).
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The accession number for the microarray data reported in this paper is GEO:
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Supplemental Information includes Supplemental Experimental Procedures,
five figures, two movies, and four data files and can be found with this article
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