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About this thesis

The presented habilitation thesis is a sum of nine articles published in international
journals, representing a part of my scientific work that was done during more than 10 years
(2005-2016). A common theme of the selected articles is the biosynthesis of chlorophyll-
binding proteins that form the functional core of photosystem I and II. The combination of
chlorophyll molecules, light, and oxygen is a toxic cocktail, particularly if the light energy
absorbed by chlorophylls is not immediately utilized for photosynthesis. If excited for ‘too
long” (>10” s) chlorophylls tend to switch to a triplet excited state that can react with
oxygen, forming damaging oxygen radicals. However, light absorption, oxygen
production, and the synthesis of quantities of chlorophyll are processes that photosynthetic
cells typically do at the same moment. The central question of this thesis is how cells
regulate the synthesis of chlorophyll and chlorophyll-protein complexes in order to prevent

and/or decrease oxidative stress.

The majority of the work was done at the Centre Algatech, Institute of Microbiology in
Ttebon, using the cyanobacterium Synechocystis PCC 6803 as a model organism. The
results presented in the thesis would not exist without the assistance of my colleagues and
students from Ttebon. Namely, I would like to thank Josef Komenda and Martin Tichy for
introducing me to biochemistry and genetics of cyanobacteria, for their guidance during
initial experimental work, and for sharing and discussing ideas. I would like to thank Jana
Kope¢na, Lenka Bucinskda, Markéta Linhartova and Peter Konik for excellent work and for
their nice personality. I am thankful to all members of the Laboratory of photosynthesis for

being helpful, hard-working and smart people.

A part of the work was done at Sheffield University during my postdoctoral stay and
several subsequent visits in the group of Prof. Neil Hunter. Neil is an excellent scientist
and I have learnt a great deal from him during our intensive and continuing collaboration.
Furthermore, Neil’s students Jack Chidgey and Sarah Hollingshead made an important

contribution to the research described in this thesis.

I am very grateful to my wife Két’a for her tolerance, patience and love, and Filip and Kuba

for their being.
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Photosynthetic apparatus in cyanobacteria

Oxygenic phototrophs (cyanobacteria, algae, and plants) utilize light as the source of
energy for their proliferation. They are responsible for almost all primary production and
for the oxygenation of the Earth’s atmosphere. However, light intensity at the Earth’s
surface is not constant; it fluctuates from being too low to sufficiently drive photosynthetic
reactions to being much higher than can be utilized, or at least safely dissipated, by the
photosynthetic apparatus. Other important environmental factors like nutrient availability
or temperature can also be quite varying, such that photosynthetic cells are under constant
pressure to rapidly acclimate to a dynamic environment. The response could be described
as an effort to restore an optimal metabolic homeostasis (energy input, redox balance, and
nutrient and carbon assimilation) and thus achieve the maximal possible growth rate. Or,

under really severe conditions, to at least survive.

During acclimation, the central target for the regulation is the photosynthetic electron
transport chain, which is driven by the integral thylakoid membrane complexes
Photosystem I and II (PSI and PSII) and cytochrome bgf (Fig. 1). Particularly, light energy
has to be carefully distributed between photosystems to maintain redox homeostasis.
Photosynthetic organisms have developed a remarkable number of strategies for the
reorganization and modulation of PSII, PSI, and light-harvesting antennas in order to avoid
redox misbalance (Bailey and Grossman, 2008; Horton et al., 1996). Since my results
selected for this thesis were obtained using the model cyanobacterium Synechocystis PCC
6803 (hereafter Synechocystis), this text will further focus mostly on cyanobacteria.
Nevertheless, given the close evolutionary relationship between cyanobacteria and
chloroplasts, and the similarity of the structure and function of their thylakoid complexes,
the mechanisms regulating the biogenesis and stoichiometry of photosystems are expected

to be generally common to all oxygenic phototrophs.

While both photosystems are large and complicated assemblages of proteins that bind a
number of Chl molecules, PSI binds the majority of Chls. In cyanobacteria, where PSI is
uniquely organised in trimers (PSI[3]), there are about 300 Chls per PSI[3] and only about
70 Chls in a PSII dimer (Fig. 1; Kopec¢na et al., 2012). The large array of Chls in PSI is
adequate to harvest the energy powering this complex, while PSII activity relies mainly on

the energy delivered from extrinsic antennae (Page et al., 2012). Cyanobacteria (and red



algae) do not use chlorophyll (Chl)-based light-harvesting systems, which are typical for
plants. Instead, most of the light that powers PSII complexes is harvested by large extrinsic

phycobilisome complexes containing linear tetrapyrroles (phycobilins) as chromophores

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

This inherent light-harvesting capacity of PSI and PSII determines how cyanobacteria
control their excitation. Whereas phycobilisomes can be quickly de-attached from PSII
and/or the energy absorbed by phycobilisomes can be dissipated (Stoitchkova et al., 2007;
Kirilovsky and Kerfeld, 2013), the total PSI excitation can be reduced only via decreasing
the number of PSI complexes per cell. Indeed, a typical response of Synechocystis to high-

light, cold, or to nutrient limitation is a fast downregulation of the level of PSI[3] and
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phycobilisomes, while maintaining a rather constant level of PSII. Over the course of just a
few hours the PSI/PSII ratio can change remarkably (Kopecna et al., 2012). Altering the
PSI level is, however, a complicated and ‘risky’ task. Under non-stress conditions PSI[3] is
the site where the majority (>80%) of cellular Chl is located in Synechocystis and this
complex is also the main sink for the de novo synthesized Chl molecules (Kope¢na et al.,
2015b). As already noted in the foreword, Chl is readily excited by visible light and if the
absorbed light energy is not utilized quickly enough, Chls tend to switch to a triplet excited
state and generate damaging reactive oxygen species (ROS). Therefore, any pool of
unquenched Chls, either as free molecules in the lipid bilayer, or bound to unassembled
‘free’ proteins, is potentially highly toxic, particularly under high light intensities. In
addition, most intermediates of Chl biosynthesis are also phototoxic. The cell must
therefore minimize the levels of assembly intermediates of PSI/PSII biogenesis and avoid
accumulation of free Chl as well as its biosynthetic intermediates. The biogenesis of Chl-
proteins is further complicated by the fact that the lifetime of Chl molecules is much longer
than that of the proteins that they bind, suggesting that Chl molecules are reutilized many
times (Vavilin et al., 2005). Additionally, because of the high sensitivity of PSII to ROS,
oxygenic phototrophs have evolved a unique mechanism to repair damaged PSII by
replacing the most sensitive D1 subunit (Fig. 1; Komenda et al., 2007). However, this
means that to maintain a constant pool of active PSII under stress conditions, the cell has to
co-ordinate de novo PSII synthesis with the synthesis of extra D1 subunit for the repair,
according to the rate of PSII damage. The levels of PSI and PSII have to be controlled by a
sophisticated regulatory mechanism that synchronizes Chl biosynthesis and recycling, and
the synthesis and assembly of photosystem subunits. This regulation has to further reflect
PSII damage and its repair, as well as the actual growth rate. In the following two chapters
I describe the current knowledge about Chl biosynthesis and biogenesis of Chl-proteins.
The last chapter is more speculative, dealing with an emerging picture of the Chl-protein

biosynthetic machinery.

Chlorophyll biosynthetic pathway

Oxygenic phototrophs generally synthesize all tetrapyrroles (Chl, heme, bilins) via a
common branched pathway (Fig. 2). The initial precursor, 5-aminolaevulinic acid (ALA) is

made in three steps from glutamate through glutamyl-tRNA, and is subsequently converted
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in several steps to protoporphyrin IX, the last common precursor of Chl and heme
biosynthesis. Insertion of Fe*" into this porphyrin macrocycle by ferrochelatase (FeCH)
leads to heme, whereas the insertion of Mg”" by magnesium chelatase leads to Mg-
protoporphyrin IX, the first intermediate of the Chl branch. Chl synthesis continues with
formation of the isocyclic ‘fifth’ ring by Mg-protoporphyrin methyl transferase and Mg-
protoporphyrin cyclase (cyclase), reduction of a peripheral vinyl group to an ethyl group
by divinyl reductase, followed or preceded by the reduction of the macrocyclic ring system
to form a chlorin by protochlorophyllide oxidoreductase. Chl is completed by the addition
of a polyisoprene alcohol to the tetrapyrrole by a teamwork of the Chl-synthase and

geranyl-geranyl reductase enzymes (reviewed in Sobotka, 2014).

Cyanobacteria growing under non-stress conditions produce large quantities of Chl and
bilins to maintain a constant Chl and phycobilisome content per cell during fast
proliferation. However, this changes very quickly when a stress factor arises, and the total
metabolite flow through the tetrapyrrole pathway can show dramatic changes (Kopec¢na et
al., 2015a). Still, tetrapyrrole synthesis must be accomplished to always avoid the
accumulation of “free” tetrapyrrole intermediates, which is complicated by the fact that
Chl, heme, and bilins are needed in differing amounts according to environmental
conditions. In contrast to the relatively ‘safe’ bilin molecules, a leakage in the control over
Chl-protein biogenesis is followed by the formation of destructive ROS (Papenbrock et al.,
2001). According to the current model the tetrapyrrole pathway possesses two critical

regulatory points: the formation of ALA, and the branch point towards Chl and heme.

There is good evidence that the formation of ALA in plants and algae is allosterically
inhibited by heme (Brzezowski et al., 2015) and a heme feedback loop probably operates
in cyanobacteria as well (Sobotka et al., 2008b). The mechanism regulating substrate flow
into Chl and heme branches remains unknown; however, the regulatory role of Mg- and
Fe-chelatases (FeCH) is obvious (Sobotka et al., 2008a; Czarnecki and Grimm, 2012).
FeCH is an enzyme of special interest regarding the regulation of tetrapyrrole biosynthesis.
Firstly, via heme production, FeCH likely regulates the flux into both the heme and Chl
branches of the pathway. Secondly, differential consumption of the common substrate
protoporphyrin IX by FeCH and Mg-chelatase might also control partitioning at the
Chl/heme branch point. Our work on the regulation of Chl biosynthesis demonstrated that
FeCH is indeed a global regulator of the tetrapyrrole pathway (Fig. 2; Sobotka et al., 2005;
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Sobotka et al., 2011). FeCH activity/level is strongly upregulated in various PSII mutants
that exhibit inhibited Chl biosynthesis as well as in the PSI-less strains. The limited Chl
biosynthesis in these mutants is indeed due to the high FeCH activity, as the Chl formation

can be restored by using a specific FeCH inhibitor (Sobotka et al., 2005).

An intriguing feature of FeCH from cyanobacterial and chloroplast sources is the
conserved hydrophobic C-terminal extension (Cab or Hlip domain) with a high degree of
similarity to the first and third helixes of the plant LHCII light-harvesting complex,
including a Chl-binding motif. In fact, this FeCH Cab/Hlip domain highly resembles the
single transmembrane helix proteins called high-light-inducible proteins (Hlips) that are
encoded in all sequenced cyanobacterial genomes. These proteins possess a Chl-binding
motif and, as shown recently, they can indeed bind Chl molecules (Chidgey et al., 2014);
see Fig. 4 for a model of the hypothetical Hlip dimer). It is very likely that the modern

cyanobacterial and plastid FeCH resulted from an ancient fusion with a Hlip.

Interestingly, a Synechocystis mutant possessing a truncated FeCH lacking the Cab/Hlip
domain has an unaltered pigment composition under low light intensities but it is sensitive
to high light and accumulates chlorophyllide (Sobotka et al., 2011). Similarly to other
Hlips (see below), the one fused with FeCH is also likely to be important for the re-usage
of Chl molecules released from degraded Chl-proteins. Whether this Cab/Hlip domain
plays a role in controlling FeCH activity (e.g. via binding of Chl molecules) remains an
open question. It appears, however, that the FeCH level is increased under certain stress
conditions such as high-light or cold stress; (Kope¢na et al., 2012; Kopf et al., 2014) and
these are the same conditions that lead to a strongly reduced level of PSI[3] (Sobotka, R.
unpublished results).

Insertion of chlorophyll molecules into apoproteins

The main Chl-binding subunits of PSI (PsaA, PsaB) and PSII (D1, D2, CP43, CP47; Fig.
1) are relatively large and strongly hydrophobic transmembrane proteins. In cyanobacteria,
as well as in chloroplasts, these proteins are synthesized on membrane-bound ribosomes
and the elongating nascent chains are co-translationally inserted into the thylakoid

membrane (Kim et al., 1994; Chua et al., 1976; Tyystjarvi et al., 2001).
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Figure 2. A scheme of the tetrapyrrole biosynthetic pathway and its connection to Chl-protein
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synthesis and Chl recycling. Chl precursor monovinyl chlorophyllide (MV-Chlide) is not only an
intermediate of de novo Chl biosynthesis but also of the constant process of Chl recycling (Vavilin
et al., 2005; Kopecna et al., 2015b). It is generally expected that heme acts as an allosteric inhibitor
of ALA formation, though the mechanism waits for explanation. Abbreviations: MgCH, Mg-
chelatase; MTF, Mg-protoporphyrin IX methyltransferase; DVR, divinyl-(proto)chlorophyllide
reductase; POR, protochlorophyllide oxidoreductase. Copro III, Coproporphyrinogen III; Mg-
proto, Mg-protoporphyrin IX, MgPME Mg-protoporphyrin IX monomethyl ester, DV/MV-
PChlide, monovinyl/divinyl protochlorophyllide. Mg-chelatase and cyclase enzymes require
several other proteins for their activity (Sobotka et al., 2008a; Hollingshead et al., 2012), which are
also indicated.

To be integrated and folded into the correct conformation, membrane proteins generally
require the assistance of a translocon system. Briefly, the newly synthesized membrane
protein is quickly recognized in the cytosol by a conserved signal recognition particle and
the ribosome—SRP complex is then targeted to the membrane-associated FtsY receptor and
transferred to a membrane-bound translocation apparatus. It usually includes the SecYEG
translocon and an associated insertase/foldase YidC. The heterotrimeric SecYEG complex
forms a protein-conducting channel, which is essential for the insertion of the membrane
protein. Transmembrane segments probably escape the channel laterally and are handed

over to YidC before entering the lipid phase. The role of YidC is not clear yet, but it has
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been suggested to support the partitioning of transmembrane segments into the lipid bilayer

and facilitate the folding of nascent membrane proteins (Nagamori et al., 2004).

Ribosome

Figure 3. A scheme of the Chl-protein (D1) synthesis in Synechocystis. The D1 protein is
synthesized and inserted into the membrane by teamwork of SecY translocase and YidC insertase.
Ycf48 is a PSII assembly factor, which is involved in D1 synthesis (Komenda et al., 2008);
possibly by stabilizing the luminal loops of the nascent chain. Chl molecules are inserted into
helixes fixed in the YidC directly from Chl-synthase (ChlG; (Chidgey et al., 2014). Hlip proteins
(HIiC and HIiD) play a role in Chl recycling and in photoprotection of the unassembled D1 protein.
Ycf39 is another assembly factor, whose function remains enigmatic (Knoppova et al., 2014).

A fundamental difference between the synthesis of non-Chl and Chl-containing membrane
proteins is the critical role of Chl for the completion of translation and for the stable
incorporation into membranes. Both in vivo and in vitro studies on higher plants suggest
that Chl has to be inserted into the core subunits of PSI/PSII co-translationally (at least to
PsaA/B, CP43 and CP47), probably as a prerequisite for correct protein folding. It
remained unclear till recently how Chl molecules are delivered into the vicinity of a
translocon to provide Chls for nascent apoprotein chains. We demonstrated that the last
enzyme of Chl biosynthesis, Chl-synthase is associated with Hlip proteins (HIiC and HIiD)
as well as with Ycf39 (a putative assembly factor for PSII); and this whole enzymatic
complex is attached to YidC insertase (Fig. 3; (Chidgey et al., 2014). Hlips associated with
Chl-synthase were shown to bind Chl and carotenoids (Niedzwiedzki et al., 2016). In a
parallel study, the same pair of Hlips and the Ycf39 protein have been found to form a tight
complex with a newly synthesized D1 protein (Knoppova et al., 2014). These observations

led to a model of D1 synthesis where Chl is inserted into the synthesized D1 directly from
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Chl-synthase. As discussed in the next chapter, Hlips are required for an efficient re-usage

of Chl molecules (Fig. 3) and have an important photoprotective function.

Regulation of the chlorophyll-protein biosynthetic machinery

During the last decade evidence has accumulated suggesting that photosystems are
produced by large macromolecular ‘factories’ termed biosynthetic centres (Komenda et al.,
2012). These factories are probably organized as functional membrane nanodomains
(probably phosphatidylglycerol-rich; (Kope¢na et al., 2015b), and our recent work outlined
what this machinery looks like in cyanobacteria. As described above, the heart of the
biosynthetic complex is the Sec translocase associated with the YidC insertase, Chl
synthase and Hlips (Chidgey et al., 2014; Knoppova et al., 2014). At the moment we can
only speculate that this basic arrangement is the same for the synthesis of both PSI and
PSII Chl-subunits. However, the synthesis of PSI appears to be independent of the
synthesis of PSII, since blocking the translocons by a toxic protein prepilin abolishes the
synthesis of PSII subunits, but has no significant effect on the synthesis of PSI (Linhartova
etal., 2014).

Figure 4. A hypothetical model of HIiA/B pair (grey) bound to the CP47 protein (blue) viewed
from stromal side perpendicularly to the membrane plane (A) or in parallel with this plane (B). The
putative Hlip pair binds 6 Chls and 2 B-carotenes (Staleva et al., 2015) and is attached to CP47 in
the vicinity of the small subunit PsbH (magenta; Promnares et al., 2006). The Hlip pair can quench
the energy absorbed by CP47 via interaction of its Chls and/or B-carotenes with accessible Chls of
CP47 (circled).
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An apparent difference in the synthesis of individual Chl-proteins is how sensitive they are
to the availability of de novo (freshly made) Chl. This feature seems to be important for the
regulation of the PSI/PSII ratio in the cell (Kopecna et al., 2012; Kopec¢na et al., 2015b).
As noted above, cyanobacteria utilize the majority of de novo Chl molecules for the
building of long-lived PSI[3] complexes; not surprisingly, as this complex binds the
majority of Chl in the cell. However, it appears that the machinery for the synthesis of
PSI[3] complexes cannot utilize ‘old’ Chl released from the degraded Chl-proteins.
Importantly, a relatively strict requirement for de novo Chl has also been observed for the
synthesis of the Chl-binding PSII subunit CP47 (Fig. 1; Sobotka et al., 2008a;
Hollingshead et al., 2016). The synthesis of the structurally similar CP43 subunit also
requires de novo Chl, though it is less sensitive to Chl deficiency (Hollingshead et al.,
2016; Kopecna et al., 2015b). In contrast, the short-lived Chl-binding PSII subunits D1 and
D2 are synthesized even in strains with drastically reduced de novo Chl biosynthesis
(Hollingshead et al., 2016), most likely via recycling of a small pool of Chl. Hlips are Chl-
binding proteins (Staleva et al., 2015) that are essential for long Chl life-time (days) in the
cell (Yao et al., 2012) and their expression is strongly induced under stress conditions (He
et al., 2001). Synechocystis contains four small Hlips (HliA-D). HliD and HIiC tightly
associate with newly synthesized D1 (Fig. 3); whereas HliA, HIiB and HIiC were found to
be bound to the newly synthesized CP47 (Fig. 4; (Komenda and Sobotka, 2016). In
addition, HIiD and HIiC form a complex also with Chl-synthase (Niedzwiedzki et al.,
2016). The fifth Hlip is fused with FeCH as described above. Mutants lacking Hlips are
generally stress-sensitive (reviewed in Komenda and Sobotka, 2016). Hlips are specifically
implicated in PSII biogenesis; no Hlips have been found to associate with PSI (Komenda
and Sobotka, 2016). These observations implicate that the downregulation of Chl
biosynthesis restricts the production of PSI[3], which depends on de novo Chl, while PSII
complexes are synthesized even under conditions of low availability of de novo Chl.
Furthermore, due to a fast Chl recycling, the synthesis of D1 and D2 can be enhanced to

replace damaged D1/D2 during stress conditions.
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complexes. It is widely accepted that there is a negative feedback loop that operates from the heme
branch and inhibits the metabolic flow through the whole tetrapyrrole pathway (Brzezowski et al.,
2015). Based on the available data I propose that the activity of FeCH and perhaps also of the
following enzyme heme oxygenase is tightly controlled by cellular redox, C/N status and by the
level of ROS. The availability of de novo Chl molecules dictates the maximal capacity of the cell to
produce PSI trimers (Kopecna et al., 2012). A pool of recycled Chl molecules serves for the
synthesis of PSII subunits but also maintains a stable level of monomeric PSI, which has yet an
unknown role in the cell. Enigmatic remains the synthesis of CP47 since this subunit is more
sensitive to Chl deficiency than D1, D2 or CP43. CP47 might therefore act as a sensor that helps
the cell to maintain an indispensable level of de novo Chl synthesis and thereby prevents severe
depletion of PSI[3].

Based on our data I propose that the biosynthetic centres producing PSI[3] can be quickly
switched off along with the reduction of de novo Chl biosynthesis if there is a need for
lower PSI levels (e.g. high-light stress). The FeCH enzyme is potentially a key player in
this regulation; however, the mechanism controlling FeCH activity/level has not been
discovered yet. A prompt integration of Hlips into PSII biosynthetic centres under stress
conditions ensures effective Chl reutilization and channelling of the remaining de novo Chl

molecules into newly synthesized CP47 and CP43 proteins.
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Accumulation of chlorophyll and expression of the
chlorophyll (Chl)-binding CP47 protein that serves as
the core antenna of photosystem II are indispensable for
the assembly of a functional photosystem II. We have
characterized the CP47 mutant with an impaired photo-
system II assembly and its two spontaneous pseudo-
revertants with their much improved photoautotrophic
growth. The complementing mutations in these pseu-
dorevertants were previously mapped to the ferroche-
latase gene (1). We demonstrated that complementing
mutations dramatically decrease ferrochelatase activity
in pseudorevertants and that this decrease is responsi-
ble for their improved photoautotrophic growth. Photo-
autotrophic growth of the CP47 mutant was also re-
stored by in vivo inhibition of ferrochelatase by a
specific inhibitor. The decrease in ferrochelatase activ-
ity in pseudorevertants was followed by increased
steady-state levels of Chl precursors and Chl, leading to
CP47 accumulation and photosystem II assembly. Simi-
larly, supplementation of the CP47 mutant with the Chl
precursor Mg-protoporphyrin IX increased the number
of active photosystem-II centers, suggesting that synthe-
sis of the mutated CP47 protein is enhanced by an in-
creased Chl availability in the cell. The probable role of
ferrochelatase in the regulation of Chl biosynthesis is
discussed.

The photosystem-II (PSII)! core complex of higher plants,
algae, and cyanobacteria consists of the chlorophyll-binding
proteins D1, D2, CP43, and CP47 and two subunits of cyto-
chrome by,. These proteins are assembled into the PSII com-
plex in an ordered manner, and the mutation or inactivation of
a single protein frequently leads to PSII destabilization and its
disappearance from the thylakoids (2, 3).
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From several cofactors that are associated with the PSII
core, chlorophyll (Chl) has been shown to be essential for PSII
biogenesis. Both in vitro and in vivo analyses of expression and
accumulation of PSII chlorophyll-binding proteins have sug-
gested that cotranslational binding of Chl is required for cor-
rect apoprotein folding and stable integration into the thyla-
koid membrane (4—6). Mutation studies of Chl ligands and in
vitro reconstitution of Chl-binding proteins indicate that, with-
out Chl, apoproteins do not fold correctly and are recognized
and degraded by specific proteases (7-9). However, the process
of delivery and incorporation of Chl into apoproteins, as well as
the role of Chl in protein folding, remain to be elucidated.

It is generally accepted that expression of Chl-binding pro-
teins is synchronized with Chl biosynthesis to ensure formation
of a proper amount of Chl for assembly of the photosynthetic
apparatus and to avoid harmful accumulation of non-assem-
bled (free) Chl and its precursors (10, 11). This regulation is
rather complicated: because Chl shares a common biosynthetic
pathway with heme, and demand for these cofactors varies
considerably depending on environmental and growth condi-
tions (reviewed in Ref. 12). Therefore, photosynthetic orga-
nisms have to balance fluxes through these two biosynthetic
branches and coordinate them with apoprotein formation.

An important role in this process may be played by Mg- and
Fe-chelatases lying at the branch point of the common tetra-
pyrrole pathway. Here, magnesium chelatase and ferrochelatase
(FeCH) compete for the same substrate, protoporphyrin IX (Proto
IX), to insert either magnesium for Chl biosynthesis or ferrous
ion for heme, and in cyanobacteria also for phycobilin biosynthe-
sis. To guarantee a balanced flow of precursors in the pathway,
expression or activities of these chelatases are apparently con-
trolled by light (13), diurnal and circadian rhythmicity (14, 15),
and by the redox state of photosynthetic electron transport (16).

Recently, Tichy and Vermaas (1) described a C1.8 mutant of
the cyanobacterium Synechocystis PCC 6803 carrying a muta-
tion in the Chl-binding CP47 protein comprising the core an-
tenna of PSII (see Fig. 1). The mutant exhibited very poor
photoautotrophic growth, however fully autotrophic pseudo-
revertants were formed at high frequency. Interestingly, in two
C1.8 pseudorevertants (P1.8.1 and P1.8.2), complementing mu-
tations were mapped to the FeCH gene, and their sequencing
revealed point mutations in this gene (see Fig. 1).

In this study we have characterized the Synechocystis C1.8
mutant and its photoautotrophic pseudorevertants in detail to
explain how mutations in FeCH may functionally complement
mutation in the CP47 protein. The results clearly indicate that,
at least in this mutant, FeCH activity is controlling PSII as-
sembly, most probably by modulation of chlorophyll availabil-
ity in the cell.
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TABLE 1
Growth rate, Chl content, and oxygen evolution of Synechocystis 6803 strains

WT, CP47 mutants, and pseudorevertants were grown photoautotrophically and photomixotrophically in normal and low light to OD,5, 0.4—0.5.

Values given are the averages from three different determinations.

Normal light

Low light

Strain Doubling time
Chlorophyll,? +glu. O, evolution,® +glu. Doubling time, +glu. Chlorophyll, +glu.
—glu.® +glu.
h 50 pmol-m s~ 1 h 5 wmol-m s~ 1

WT 14 10 45 +0.2 550 19 3.7+ 0.2
ACP47 NG? 13 3.2+0.2 0 19 3.6 0.2
Al NG 17 19 +0.1 0 19 3.7+ 0.2
C1.8 65 14 34 +02 250 19 3.6 = 0.2
P1.8.1 14 10 6.6 + 0.2 530 19 44 *0.2
P1.8.2 15 10 54 +0.2 500 19 44 +02

“ 5 mM glucose (glu.).

® pgml 0Dy, "

¢ umol-Oymg Chl-*h~1,

2 NG, no growth (strain did not grow under these conditions).

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—The ACP47 deletion mutant, in
which most of the psbB gene coding for CP47 is replaced by a spectino-
mycin-resistance cassette, was prepared by Eaton-Rye and Vermaas
(29). The deletion mutant A1CP47 (A1), lacking four amino acid resi-
dues (Ile?*>~Phe®®®, Fig. 1) of the CP47 protein, has been prepared by
Haag et al. (17). The poorly photoautotrophic C1.8 mutant has been
constructed by combinatorial mutagenesis performed on Al (1). Two
photoautotrophic pseudorevertants originating from C1.8—-P1.8.1 and
P1.8.2 carry point mutations in the FeCH gene that cause amino acid
substitution S50Y and S321F, respectively (1). Other PSII mutants
used in this report are (name and inactivated genes): ACP43, psbC;
AD1, psbAl, -2, and -3 (18); and Acb59, psbEFLJ (19).

Synechocystis strains were grown in liquid BG-11 medium (20) sup-
plemented by 10 mm TES at 30 °C and 50 umol m 2 s~ * (normal light)
or 5 umol m~2 s~ ! (low light) on the rotary shaker. Strains were grown
on 5 mM glucose unless photoautotrophic conditions are indicated.

Oxygen Evolution—Light-saturated (3500 wmol m™2 s~ ') steady-
state rate of oxygen evolution was measured directly with samples
taken from liquid cultures (OD,5, = 0.5-0.7) using a Clark-type elec-
trode in the presence of 1 mMm potassium ferricyanate and 0.1 mm
dimethyl-p-benzoquinone at 29 °C.

Determination of Chl and Carotenoids—Chl and carotenoids were
extracted from cell pellets (50 ml, OD,;, ~ 0.5) by 100% methanol. Chl
content was measured spectrophotometrically on a Spectronic Unicam
UV500 spectrophotometer (21). Carotenoids were separated by HPLC
on a Vydac 201TP54 column (250 mm X 4.6 mm, C-18 reversed-phase
silica gel). The column was eluted with a linear gradient of solvent B
(methanol and acetone, 6:4, v/v) in solvent A (methanol and 0.5 M
ammonium acetate, 8:2, v/v, pH 7.0) at a flow rate of 1.2 ml/min as
follows: 0—-80% in 3 min, 80—100% in the next 10 min, and then
followed by 100% solvent B for 5 min. Carotenoid species were identified
by their absorption spectra and by their typical retention times.

Electron Microscopy—Cells were washed twice in 50 mM phosphate
buffer (pH 7.4) and fixed in a solution containing 2% glutaraldehyde in
50 mM phosphate buffer (pH 7.4) for 2 h. This was followed by three
washes in phosphate buffer and post-fixated in 1% OsO, in 50 mMm
phosphate buffer (pH 7.4) for 1 h. The cells were again washed three
times, and the samples were dehydrated in acetone and embedded in
Spurr’s resin. Thin sections were cut with a diamond knife and post-
stained for 30 min with 5% aqueous uranyl acetate followed by lead
citrate for 80 s and examined with a Jeol 1010 electron microscope
equipped with charge-coupled device video camera Lhesa 72WA and
image acquisition software VideoTIP (Tescan).

Radiolabeling of the Cells, Membrane Preparation, and Protein Anal-
ysis Using Two-dimensional Native/SDS Electrophoresis and Immuno-
blotting—Radiolabeling of cells using a mixture of L-[**S]methionine
and L-[**S]cysteine (>1000 Ci mmol !, Tran®>S-label, ICN, final activ-
ity, 400 uCi ml™!) and isolation of membranes was performed as de-
scribed in a previous study (2). For two-dimensional analysis, isolated
membranes were solubilized with n-dodecyl-B-maltoside (n-dodecyl-p-
maltoside/Chl = 20, w/w), and the obtained complexes were separated
by blue-native electrophoresis at 4 °C in 5-14% polyacrylamide gel
according to a previous study (22) in the first dimension, and by elec-
trophoresis in a denaturing 12-20% linear-gradient polyacrylamide gel
containing 7 M urea in the second dimension (2). Proteins separated in

the gel were transferred onto a polyvinylidene difluoride membrane.
The membrane was incubated with specific primary antibodies and
then with secondary antibody-horseradish peroxidase conjugate
(Sigma). The primary antibodies used in the study were raised in
rabbits against: (i) residues 58 —86 of the spinach D1 polypeptide; (ii) 12
last residues of the Synechocystis D2 polypeptide; (iii) residues 380-394
of barley CP47; and (iv) the whole isolated CP43 (2). For autoradiogra-
phy, the gel or the membrane with labeled proteins was exposed to
x-ray film at laboratory temperature for 2-3 days.

Ferrochelatase Activity Assay—For the determination of FeCH activ-
ity in thylakoids, 50 ml of cells (OD,5;, ~ 0.5) were washed in the
thylakoid buffer containing 100 mM Tris/HCI pH 8.0, 1 mm EDTA, 1 mm
dithiothreitol, and 20% glycerol (v/v). The cell suspension was trans-
ferred into 0.5-ml microcentrifuge tubes, mixed with glass beads, and
broken in a MiniBeadBeater. The homogenate was centrifuged at
32,000 X g for 20 min at 4 °C. Pelleted thylakoids were washed in
EDTA-free thylakoid buffer and centrifuged at 32,000 X g. Finally,
thylakoids were re-suspended in EDTA-free thylakoid buffer containing
1% Triton X-100 and frozen at —70 °C.

The standard assay was performed in a cuvette containing 1.5 ml of
assay buffer (100 mm Tris/HCI, pH 8.0, 0.03% Tween 80, 0.1 uM ZnSO,,
and 0.3 uM protoporphyrin IX) at 35 °C. The reaction was started with
thylakoids and the formation of zinc-protoporphyrin IX recorded spec-
trofluorometrically using a Spectronic Unicam series 2 spectrofluorom-
eter (23) and zinc-protoporphyrin IX (Sigma) as a standard.

Quantification of Chlorophyll Intermediates—For quantitative deter-
mination of protoporphyrin IX (Proto IX), Mg-protoporphyrin IX (Mg-
proto IX) monomethyl ester, and protochlorophyllide (PChlide), pig-
ments were extracted from cell pellets (150 ml, OD,,, ~ 0.5) by three
successive extractions with methanol containing 0.1% of NH,OH. Su-
pernatants were combined, and the solvent was evaporated under vac-
uum to dryness. Extracts were dissolved in a small volume of basic
methanol and immediately subjected to HPLC analysis with a Vydac
201TP54 column (250 mm X 4.6 mm, C-18 reversed-phase silica gel).
The column was eluted with a linear gradient of solvent B (methanol
and acetone, 9:1, v/v) in solvent A (methanol and 0.5 M ammonium
acetate, 7:3, v/v, pH 7.0) at a flow rate of 1.5 ml/min. The 100% of
solvent B was reached after 20 min. HPLC peaks corresponding to
PChlide were identified from their absorption spectra. Positions corre-
sponding to Proto IX and Mg-proto IX monomethyl ester were identified
from comparison with authentic standards (Sigma and Frontier Scien-
tific, Logan, UT).

HPLC fractions containing PChlide (retention time, 12.5-13.5 min),
Mg-proto IX monomethyl ester (14—14.5 min), and Proto IX (17-17.8
min) were collected and concentrations of the corresponding compounds
determined fluorometrically using a Spectronic Unicam series 2
spectrofluorometer.

Protoheme Determination—Protoheme was extracted from 0.5 liter of
cells (OD,3, ~ 0.5) by acidic acetone according to Ref. 24, and its
concentration was determined from the reduced-minus-oxidized differ-
ence spectrum as described by Stillman and Gassman (25) with ammo-
nium persulfate used for sample oxidation.

Chlorophyll Fluorescence Induction—A P.S.I. fluorometer (Photon
System Instrument, Brno, Czech Republic) was used to record Chl
fluorescence induction in the presence of 10 um DCMU. PSII fluores-
cence was induced by a 60-ms pulse of light supplied by blue light-
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emitting diodes. Induction curves were measured directly in liquid
cultures (OD,5, = 0.5) after 2-min dark adaptation. The cells treated by
Mg-proto IX were washed three times in BG-11 medium to eliminate
traces of this compound.

RESULTS

Mutant Characterization—The growth characteristics, Chl
content and oxygen evolution of strains used in this study are
listed in Table I. In normal light, all three CP47 mutants
(ACP47, A1, and C1.8) exhibited slower growth rate and lower
Chl accumulation than WT. Interestingly, growth impairment
and decrease in Chl level were more pronounced in the Al
mutant with a short deletion in the E loop of the CP47 protein
(Fig. 1A) than in the ACP47 strain lacking most of the CP47
gene. The growth rates and Chl levels were not affected in low
light, indicating the light sensitivity of the CP47 mutants. This
is supported by the significantly increased levels of carotenoids
shown in normal light. Particularly myxoxanthophyll, impor-
tant in defense against light stress (26), was highly increased
in all CP47 mutants (see Supplemental Table S1). In contrast,
carotenoid levels in both strains were comparable to WT in low
light (data not shown). The phenotype of the poorly photoau-
totrophic C1.8 mutant was consistent with its original charac-
terization (1).

Transmission electron microscopy revealed that cells of Al

A cp47 (508 aa) B

/ E loop Ferrochelatase (387 aa)
260 271 48 318
WT NATTPIELFGPT WT LISTL VMDSLN
Al NATTP----GPT Al LISTL VMDSLN
Cl.8 NATTPEELFGPT €l1.8 LISTL VMDSLN
P1.8.1 mrrgzﬂcpr P1.8.1 LINTL VMDSLN
P1.8.2 NATTHESLIGET P1.8.2 LISTL VMDIGLN

Fic. 1. Mutations in CP47 and FeCH genes in relevant strains.
A, alignment of the amino acid sequences 260—271 of CP47 from WT,
A1, C1.8, and two C1.8 pseudorevertants. The region probed by combi-
natorial mutagenesis is boxed. The approximate position of A1 mutation
in CP47 protein is also shown. B, alignment of the amino acid sequence
of FeCH showing the secondary mutations in P1.8.1 and P1.8.2 strains
at positions 50 and 321, respectively.

Fic. 2. Transmission electron mi-
croscopy of Synechocystis 6803 cells.
WT (A), Al (B), ACP47 (C), and P1.8.1
cells (D-F). Atypical membrane struc-
tures in P1.8.1 cells are shown by arrows.
Scale bar = 500 nm.
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growing in normal light were much smaller than WT cells and
displayed highly fragmented thylakoid membranes (Fig. 2).
This was in contrast to the almost normal membrane organi-
zation in the corresponding ACP47 mutant (Fig. 2), confirming
the strong adverse effect of the A1 mutation. Membrane orga-
nization in C1.8 was similar to that in the ACP47 mutant (not
shown).

The rate of photoautotrophic growth and oxygen-evolving
capacity of the pseudorevertants were comparable to that of
WT (Table I), however, significantly higher levels of Chl, caro-
tenoids and phycobilinoproteins accumulated in both strains
(Table I and Supplemental Fig. S1). This concomitant increase
of photosynthetic pigments in pseudorevertants suggests a
higher abundance of photosystems and phycobilisomes in their
cells. Indeed, electron microscopy revealed an atypical organi-
zation of thylakoid membranes in the cells of the P1.8.1 pseu-
dorevertant. In addition to several concentric thylakoid mem-
branes typical for Synechocystis 6803, new centric membranes
were found in P1.8.1 (Fig. 2, C-E).

CP47 Accumulation and Photosystem II Assembly—We ana-
lyzed the effect of the mutation in the A1 and C1.8 strains on
stability and accumulation of PSII core proteins and PSII as-
sembly in CP47 mutants and pseudorevertants. To follow the
accumulation of PSII core proteins, solubilized thylakoid mem-
branes were analyzed by SDS-PAGE, the separated proteins
blotted and exposed to a mix of antisera against CP47, CP43,
D1, and D2. As shown in Fig. 3, the A1 mutant has no detect-
able amounts of CP47, similar to that of the deletion mutant
ACP47. In the C1.8 mutant, about 20% of the WT steady-state
level of CP47 was estimated, showing an improved CP47 trans-
lation/stability in comparison to Al. The accumulation of CP47
in pseudorevertants was comparable to WT (Fig. 3).

De novo synthesis and assembly of mutated CP47 into PSII
was followed by a combination of protein pulse-chase radiola-
beling and two-dimensional native/SDS electrophoresis. In thy-
lakoid membranes of Al, no signal of CP47 was detected and
the synthesis of labeled proteins was essentially identical to
that of ACP47 (data not shown, for ACP47 see Ref. 2), indicat-
ing that the synthesis and/or incorporation of CP47 into the
thylakoid membrane was completely disrupted.

In C1.8, only a very weak signal of labeled proteins assem-
bled into the PSII complex and RC47 subcomplex (consisting of
D1, D2, cytochrome b559, and CP47) was detected (Fig. 4).
Instead, the D1-D2-cytochrome b5, subcomplex and free CP43
accumulated substantially, suggesting that PSII assembly was
blocked at the CP47 insertion step. The very low level of unas-




31598

sembled CP47 indicates that the C1.8 mutation does not affect
the assembly of CP47 into PSII.

In the pseudorevertants, the amount of synthesized CP47, as
well as the rate of its assembly into PSII, were found to be very
similar to WT. After a 30-min chase, the signal intensity of
CP47 did not significantly decline, implying normal stability of
the newly synthesized CP47 carrying the C1.8 mutation (Fig.
4). This indicates that the C1.8 strain is impaired at the level of
CP47 synthesis. The mutated CP47 protein, once synthesized,
is stable and is assembled normally into a functional PSII.

In Vitro FeCH Activity in C1.8 Strains—Because the effect of
both complementing mutations on FeCH was not evident from
the sequence alignments, and it was hypothesized that they
may influence FeCH activity (1), we decided to compare in vitro
FeCH activity in the CP47 mutants and both pseudorevertants.
Because no FeCH activity was found in the soluble fraction,
isolated thylakoid membranes were used for the FeCH assay
using Proto IX and zinc as a substrate.

Surprisingly, in both the C1.8 and A1 mutants, FeCH activ-
ity was significantly higher than in WT (Fig. 5A). In the pseu-
dorevertants, FeCH activity decreased dramatically below the
WT level resulting in a 30- to 40-fold decrease in comparison to
the C1.8 mutant (Fig. 5A). This indicates that both comple-
menting mutations strongly inhibit FeCH activity. To deter-
mine whether the increase in FeCH activity observed in the Al
and C1.8 mutants is characteristic only of a mutation in this
region of CP47, we also measured FeCH activity in other
strains with impaired PSII assembly. In all PSII mutants
tested, a significant increase in FeCH activity was observed,
showing that up-regulation of FeCH activity is related to partly
or completely destabilized PSII (Fig. 5B). To exclude the pos-
sibility that increased FeCH activity results from changes in-
duced by photoheterotrophic metabolism in PSII mutants,
FeCH activity was also measured in WT grown in the presence

b
«
=
o

Fic. 3. Accumulation of PSII core proteins in Synechocystis
6803 mutants. Thylakoid membranes from analyzed strains were pre-
pared, 3 ug of Chl was loaded for each sample, and amounts of CP47,
CP43, D1, and D2 PSII proteins were determined by immunolabeling.

Photosystem II Assembly Depends on Ferrochelatase Activity

of a PSII inhibitor, DCMU. No significant increase in FeCH
activity was observed under such conditions (Fig. 5B).

In Vivo Inhibition of FeCH—To test whether decreased
FeCH activity in the pseudorevertants is responsible for their
photosynthetic phenotype, we used N-methylprotoporphyrin
IX, which is a specific and potent inhibitor of FeCH (27). In the
presence of 10 um N-methylprotoporphyrin IX in the growth
medium, photoautotrophic growth of C1.8 dramatically im-
proved (doubling time changed from 65 to 16 h), whereas
growth of WT was slightly inhibited (see Supplemental Fig.
S2). No growth was observed in the Al strain, even when the
concentration of the inhibitor was increased to 50 uMm (not
shown).

To show that the improved photoautotrophic growth is due to
increased PSII accumulation in the pseudorevertants, 77K flu-
orescence emission spectroscopy was used to monitor the accu-
mulation of PSII in vivo. Upon Chl excitation at 435 nm, the
presence of the 695-nm emission peak, which is characteristic
of CP47 assembled into PSII, can be used to monitor the as-
sembly of PSII core complexes (8). Absence of the 695-nm peak
in the C1.8 strain corresponds to low levels of assembled PSII
in this strain. After treatment of C1.8 with N-methylprotopor-
phyrin IX| significant 695-nm emission was observed (Fig. 6A).
Moreover, appearance of the 695-nm emission peak was accom-
panied by increased oxygen-evolving capacity of the cells (Fig.
6B). The improved PSII activity was also accompanied by in-
creased overall Chl accumulation in C1.8 cells (Fig. 6B). No
changes in Chl accumulation were observed when 10 um N-
methylprotoporphyrin IX was added to the WT and Al strains
(not shown). These data show that the decreased FeCH activity
in the C1.8 strain is necessary for PSII assembly and for the
improved photoautotrophic growth.

Chlorophyll and Heme Precursor Levels—To determine the
effect of CP47 and FeCH mutations on the Chl/heme biosyn-
thetic pathway, levels of Proto IX, Mg-proto IX monomethyl
ester, PChlide, and protoheme were quantified in the WT, A1,
and C1.8 mutants, and the two pseudorevertants were grown
in normal light.

The Al and C1.8 mutations in CP47, which lead to the
increased FeCH activity, caused about 5-fold decrease in the
level of Proto IX, the last common intermediate of both Chl and
heme biosynthesis, and ~2-fold decrease of the Chl precursors
Mg-proto IX monomethyl ester and PChlide (Fig. 7). In con-
trast, in the pseudorevertants with decreased FeCH activity,
precursor levels increased above WT levels (~3-fold increase in
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Fic. 5. In vitro activity of FeCH determined by continuous
spectrofluorometric assay. FeCH activity was determined in Al,
C1.8 and C1.8 pseudorevertants (A) and WT treated by 10 um DCMU
(B) for 48 h and in several PSII mutants with inactivated PSII compo-
nents: psbC (ACP43), psbB (ACP47), three psbA (AD1), or both subunits
of cytochrome b5y (Ac559). The values are the mean of three independ-
ent experiments.

ACP43

ACP47
AD1

Ac559

the level of Proto IX and ~2-fold increase in the level of Chl
precursors). These data demonstrate that the decrease in
FeCH activity in pseudorevertants resulted in a significant
increase in the Chl precursor levels. Unexpectedly, drastic
changes in FeCH activity had no effect on protoheme accumu-
lation (Fig. 7).

To determine whether the increased accumulation of Chl
precursors in the pseudorevertants is sufficient to restore PSII
assembly in C1.8, the formation of the 695-nm Chl emission
peak was followed after supplementation with Mg-protopor-
phyrin IX (Mg-proto IX), an early precursor of Chl. In C1.8
cultures supplemented with 200 um Mg-proto IX for 2 days, the
695-nm peak became visible and was even more pronounced in
cells supplemented with 400 um Mg-proto IX (Fig. 6C). No such
increase was detected in Al. No effect of Mg-proto IX on the
FeCH activity was detected, suggesting that the improved PSII
assembly is the direct effect of Mg-proto IX supplementation.

The improved PSII assembly in the C1.8 mutant after Mg-
proto IX supplementation was further confirmed by measure-
ment of variable fluorescence of Chl (F,), which is specific for
photochemically active PSII. In untreated C1.8 cells, F,
reached only ~20% of that in WT (Fig. 6D), which is in agree-
ment with the expected PSII accumulation in this strain. After
48-h incubation in 400 um Mg-proto IX, F, in C1.8 significantly
increased, indicating a higher accumulation of PSII. No fluo-
rescence induction was found in the A1 mutant (not shown).
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DISCUSSION

Deletion of the A1 Region of CP47 Protein Disrupts Its Ex-
pression and Is Responsible for the Photosensitivity of the Mu-
tant—The Chl-binding protein CP47 possesses six transmem-
brane domains with a large lumenal loop joining helices 5 and
6 (Fig. 1). The function of this loop has been extensively probed
by partial deletions in which domains consisting of several
amino acid residues have been removed (reviewed in Ref. 28).
Deletion of four amino acid residues in the Al domain resulted
in a non-photoautotrophic phenotype (17) and the complete loss
of CP47 protein from thylakoid membranes (Fig. 3). Interest-
ingly, the phenotype of the Al deletion mutant was different
from that of the ACP47 mutant lacking most of the psbB gene
(29). In contrast to ACP47, cells of A1 were severely damaged in
normal light, although they accumulated high levels of carote-
noids (Fig. 2 and Supplemental Table S1). It appears that the
expression of the modified A1 CP47 protein is more deleterious
for cell viability than its complete deletion. No full-length CP47
protein is detectable in thylakoid membranes of this strain,
even by the highly sensitive radiolabeling technique, indicating
that the Al region is essential for the completion of CP47
translation or for the stable incorporation of CP47 into thyla-
koid membranes.

The mechanism of Al photosensitivity is not clear. We have
not seen increased levels of photoreactive Proto IX and Mg-
porphyrins in this strain (Fig. 7). Possibly, Proto IX precursors
can be slowly oxidized and also form photodynamically active
compounds (30). Alternatively, non-assembled (free) Chl can be
responsible for the A1 photosensitivity. As Chl molecules bind
to the CP47 apoprotein cotranslationally (5), free Chl in Al can
originate from prematurely degraded uncompleted CP47. As
will be shown later, we favor this explanation.

The Effect of C1.8 Mutation Is Suppressed by Decreased
FeCH Activity—The C1.8 mutant with three substitutions in
the Al region (Fig. 1) exhibits very limited photoautotrophic
growth due to the seriously impaired CP47 synthesis (Fig. 4).
We have provided clear evidence that expression of the mu-
tated CP47 and consequently the autotrophic capacity of C1.8
can be fully restored by lowering FeCH activity. The severe
decrease in FeCH activity was observed in two spontaneous
photoautotrophic C1.8 pseudorevertants with secondary muta-
tions in the FeCH gene (Fig. 5). A proportional decrease in
FeCH activity was observed in the mutant carrying the P1.8.2
point mutation in the FeCH gene in the WT background, show-
ing that this mutation is solely responsible for the decrease in
FeCH activity.? Treatment with the specific inhibitor of FeCH
resulted again in restored PSII assembly and photoautotrophic
growth (Fig. 6, A and B, and Supplemental Fig. S2), demon-
strating that the photosynthetic phenotype of the C1.8 pseu-
dorevertants can be exclusively attributed to the lack of FeCH
activity.

Decreased FeCH Activity in the C1.8 Pseudorevertants In-
creases Chl Accumulation and PSII Assembly—It is not imme-
diately obvious how the decreased activity of the heme-produc-
ing enzyme can stabilize the expression of the Chl-binding
CP47 protein. We have shown that the decrease in FeCH ac-
tivity resulted in the increased accumulation of Proto IX, Mg-
proto IX monomethyl ester, and PChlide (Fig. 7).

This is similar to FeCH-antisense plants, where decrease in
FeCH activity resulted in accumulation of Proto IX (31). More-
over, a significant increase in PChlide and Chl levels was re-
ported in plants genetically engineered for increased production
of Proto IX (32, 33). A similar effect has been observed in other

2 L. A. Eichacker, B. Miiller, J. Kim, and J. E. Mullet, unpublished
data.
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Fic. 6. Analysis of PSII assembly and Chl accumulation in C1.8 mutant treated by FeCH inhibitor or supplemented by Mg-proto
IX. A, 77K fluorescence emission spectra of the C1.8 cells treated by 10 um FeCH inhibitor N-methylprotoporphyrin IX for 0 h (solid line), 3 h
(dotted line), 6 h (dashed line), and 12 h (dashed and dotted line). Control C1.8 cells after 12 h (circles). Excitation was at 435 nm, and fluorescence
intensities were normalized to the fluorescence yield at 685 nm; a.u., arbitrary units. B, Chl content (circles) and oxygen-evolving activity (squares)
in C1.8 mutant growing autotrophically (open symbols) and in the same strain treated by 10 um FeCH inhibitor (closed symbols). C1.8 cells grown
photomixotrophically were harvested, washed, and resuspended into autotrophic growth medium. After 12 h of autotrophic growth, 10 um
N-methylprotoporphyrin IX was added (0 h). C, 77 K fluorescence emission spectra of the WT (dotted line), C1.8 (solid line), and C1.8 cells treated
by 200 um Mg-proto IX (dash-dot-dot-dash line) and 400 um Mg-proto IX (dash-dot-dash line) for 48 h. Mg-proto IX (Frontier Scientific, Logan, UT)
was added to C1.8 growing at low light to reduce the effects of Mg-proto IX photoreactivity. Excitation was at 435 nm and fluorescence intensities
were normalized to the fluorescence yield at 725 nm; a.u., arbitrary units. The inset shows emission of PSII-associated chlorophyll normalized to
685 nm. D, Chl fluorescence induction of Synechocystis cells in the presence of 10 um DCMU. WT, control (open circles); WT treated by 400 um
Mg-proto IX (gray circles); C1.8, control (open triangles); C1.8 treated by 400 uM Mg-proto IX (black triangles). Curves were normalized to the F|,.

photosynthetic bacteria. In vivo inhibition of FeCH enhanced
bacteriochlorophyll synthesis in the aerobic bacterium Eryth-
robacter longus (34) and led to the accumulation and excretion of
Mg-proto IX in Rhodopseudomonas sphaeroides (35).

We have shown that supplementation of the C1.8 mutant
with Mg-proto IX also improved PSII accumulation (Fig. 6, C
and D), indicating that the increased level of Chl precursors is
the reason for PSII assembly in the C1.8 pseudorevertants.
Surprisingly, increased Chl biosynthesis in the pseudorever-
tants was followed by the formation of extra thylakoid mem-
branes with aberrant localization (Fig. 2). It looks like the
increased pool of Chl leads to the accumulation of Chl-binding
proteins and initiates the formation of extra thylakoid mem-
branes. This suggests an important role of tetrapyrroles in the
control of the accumulation of pigment-protein complexes and
the proliferation of thylakoid membranes in the cyanobacterial
cell.

Interestingly, a 10-fold decrease in FeCH activity had no
effect on the protoheme level, and no symptoms of heme defi-
ciency were observed. Although cyanobacteria utilize large
amounts of heme for the biosynthesis of phycobilins (chro-
mophores of the major light-harvesting structures), we have
not observed any decrease in content of phycobilisomes in the
cells (Supplemental Fig. S1). This is similar to our unsuccessful
attempt to genetically inactivate FeCH, where no changes in
phycobiliprotein levels were detectable until very late in the
segregation process. A similar excess of FeCH capacity has
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Fic. 7. Protoheme and Chl precursor levels in the CP47 mu-
tants and pseudorevertants. Chl precursor pigments were extracted
from cells by extraction with methanol and quantified by a combination
of HPLC and spectrofluorometry. Protoheme was extracted by acidic
acetone, and its concentration was determined from the reduced-minus-
oxidized difference spectrum (see “Experimental Procedures”). The val-
ues are the mean of three independent experiments and are given as a
percentage of WT.

been observed in other organisms: 10-fold decrease in FeCH
activity in the purple bacterium R. sphaeroides, or 16-fold
lower activity of FeCH in Bacillus subtilis, had no effect on cell
viability (35, 36).
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Fic. 8. Model describing effect of the C1.8 mutation and its
complementation by inactivation of FeCH. A, the C1.8 mutation
prevents proper Chl binding to the CP47 apoprotein; an uncomplete
holoprotein is degraded. Up-regulation of FeCH activity results in de-
creased levels of Chl precursors, further impairing synthesis of CP47. B,
decreased FeCH activity in the pseudorevertants (or after treatment
with FeCH inhibitor) increases Chl supply and results in the improved
synthesis of mutated CP47 holoprotein that is stable and assembles
normally into PSII.

Inversely, up-regulation of FeCH activity found in several
PSII mutants (Fig. 5) may be responsible for the decreased
accumulation of Chl precursors in these strains (Fig. 7). In
Rhodobacter capsulatus, overexpression of FeCH led to a de-
crease of aminolevulinate synthase activity and to dramatically
lowered levels of bacteriochlorophyll (37).

C1.8 Mutation Influences Synthesis of CP47 but Not Its Func-
tion or Assembly into PSII—During PSII assembly, CP47 is
attached to the D1-D2-cytochrome b554 subcomplex followed by
the insertion of CP43 (2). We have shown that in the C1.8
strain, PSII assembly is blocked at the CP47 insertion step
most probably due to low levels of available CP47. Pseudor-
evertants carrying the same C1.8 mutation in CP47, but with
an improved supply of Chl, synthesized the mutated CP47
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protein with normal stability and assembled almost normal
amounts of functional PSII complexes. This argues that C1.8
mutation influences mostly the synthesis of CP47 and not its
final stability or functionality. The CP47 protein binds 16 Chl
molecules, several of them having been shown to be critical for
protein stability (3). By translation assays, it was revealed that
Chl binding is required for the stability and membrane associ-
ation of CP47 translation intermediates. Interestingly, ribo-
some pausing was observed after synthesis of helix 5 of the
CP47 protein.? This pausing could be related to Chl attachment
and folding of the CP47 protein.

Increased FeCH Activity in PSII Mutants: Possible Role of the
C-terminal Extension of FeCH—The reasons for increased
FeCH activity in PSII mutants are not known. We have shown
by DCMU treatment that this increase is not caused by blocked
photosynthetic electron transport or by the switch from photo-
autotrophic to photoheterotrophic growth. Interestingly, highly
increased FeCH activity was found also in a PSI-less mutant,?
suggesting that FeCH activity is increased in mutants that
may have a problem with chlorophyll placement. In higher
plants, increase in FeCH activity has been reported as a re-
sponse to environmental stresses such as wounding, oxidative
stress, and viral infection (38). However, there are two different
FeCH isozymes in plants (39) and only the FeCH-1 isozyme,
ubiquitously expressed throughout the plant, was responsible
for the described increase. In contrast, FeCH-2 localized in
plastids, was repressed (38). Plant FeCH-2 is a homologue of
cyanobacterial FeCH with a putative membrane-spanning re-
gion carrying the characteristic Chl-binding motif (40).

This C-terminal extension of FeCH, found only in organisms
with oxygenic photosynthesis, is proposed as being involved in
the modulation of FeCH activity and in the regulation of Chl/
heme biosynthesis through Chl binding (30). Our data indi-
rectly support this hypothesis. Firstly, point mutation in Ser-
321 leading to a 40-fold decrease in FeCH activity in the P1.8.2
pseudorevertant is localized in the region connecting FeCH
with this putative transmembrane region. Secondly, we dem-
onstrated that changes in FeCH activity in C1.8 influence Chl
biosynthesis, suggesting that changes in FeCH activity could
regulate Chl biosynthesis even in WT. Lastly, our data indicate
that the most photosensitive PSII™ strains (in the order A1 >
cyt559 > ACP47 > ACP43) have also the highest FeCH activity
when grown in low light.? We speculate that free Chl accumu-
lating in PSII™ strains as a consequence of degraded Chl-
binding proteins may both induce photosensitivity of PSII™
strains and up-regulate FeCH activity by binding to its trans-
membrane domain.

In the working model depicted in Fig. 8, the Al region located
near to the C-terminal of the CP47 protein is important for
Chl-attachment during translation and for proper protein fold-
ing. In the C1.8 mutant, only a small fraction of translated
CP47 proteins is completed due to the affected Chl binding to
the CP47 protein. In pseudorevertants, the completion of prop-
erly folded CP47 is improved due to the increased Chl supply.
Because the C1.8 mutation apparently only affects the synthe-
sis of the CP47 protein and not its function or assembly into
PSII, up-regulation of the Chl pathway allows the C1.8 mutant
to grow fully photoautotrophically.

In conclusion, we have demonstrated that FeCH activity is
controlling PSII assembly in the C1.8 mutant by the modula-
tion of chlorophyll availability in the cell. The fact that FeCH
activity can be easily regulated by a specific inhibitor makes
the C1.8 strain a useful tool for studying tetrapyrrole metabo-
lism and connection between Chl synthesis and the assembly of

3 R. Eichacker et al., unpublished data.
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Chl-binding complexes. We are currently analyzing several
C1.8 pseudorevertants in which secondary mutations did not
map into the FeCH gene, to identify other proteins involved in
the regulation of tetrapyrrole biosynthesis.
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Gun4 is a porphyrin-binding protein that activates magne-
sium chelatase, a multimeric enzyme catalyzing the first com-
mitted step in chlorophyll biosynthesis. In plants, GUN4 has
been implicated in plastid-to-nucleus retrograde signaling pro-
cesses that coordinate both photosystem II and photosystem I
nuclear gene expression with chloroplast function. In this work
we present the functional analysis of Gun4 from the cyanobac-
terium Synechocystis sp. PCC 6803. Affinity co-purification of
the FLAG-tagged Gun4 with the ChlH subunit of the magne-
sium chelatase confirmed the association of Gun4 with the
enzyme in cyanobacteria. Inactivation of the gun4 gene abol-
ished photoautotrophic growth of the resulting gun4 mutant
strain that exhibited a decreased activity of magnesium che-
latase. Consequently, the cellular content of chlorophyll-bind-
ing proteins was highly inadequate, especially that of proteins of
photosystem II. Immunoblot analyses, blue native polyacrylam-
ide gel electrophoresis, and radiolabeling of the membrane pro-
tein complexes suggested that the availability of the photosys-
tem II antenna protein CP47 is a limiting factor for the
photosystem II assembly in the gun4 mutant.

The three major tetrapyrrole end products chlorophyll
(Chl),®> heme, and phycobilins are synthesized in a branched
metabolic pathway with protoporphyrin IX (P;y) as the last
common precursor (1-4). The iron branch insertion of Fe*"
into P} by ferrochelatase leads to the formation of protoheme,
whereas in the magnesium branch magnesium chelatase cata-
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lyzes the chelation of Mg®* into Py, thereby directing tetrapyr-
roles into Chl synthesis.

Cyanobacteria and plants accumulate various tetrapyrrole
species in different quantities in the cell. Unlike plants, which
use Chl-containing antenna complexes for light harvesting, the
major light-harvesting antennae of cyanobacteria consist of
phycobiliproteins, which contain covalently bound phycobili-
nes originating from heme. Thus, in cyanobacteria P might be
directed into the iron branch to a much larger extent than in
plants. Regulation of the Py distribution at the branch point
between the magnesium and iron pathways as well as coordi-
nation of tetrapyrrole and cognate apoprotein synthesis are
substantial in order to avoid accumulation of photoreactive
intermediates during tetrapyrrole synthesis. For instance, in
plants the genes coding for the light-harvesting Chl-a/b-bind-
ing proteins (LHCB) and for Chl biosynthesis proteins are
simultaneously up-regulated in the light (5-7).

In a search for Arabidopsis thaliana mutants that are dereg-
ulated in the communication between plastids and the nucleus
several gun (genome uncoupled) mutants have been identified
(8). The GUN2, GUN3, GUN4,and GUNS5 genes encode pro-
teins that are involved in tetrapyrrole biosynthesis (9, 10). Two
of the gene products, GUN2 (heme oxygenase) and GUN3
(biliverdin reductase), function in heme degradation. GUN5
encodes the ChlH subunit of the magnesium chelatase complex
(9), whereas GUN4 encodes a protein that interacts with mag-
nesium chelatase (10). GUN4-related genes were found only in
photosynthetic organisms. In plants GUN4 either is encoded in
the nucleus or retained in the chloroplast genome as is the case
with several algae, where it was previously designated as ycf53.

All cyanobacterial genomes sequenced so far contain one or
more gun4-related genes, with the exception of the ancient cya-
nobacterium Gloeobacter violaceus PCC7421. An A. thaliana
GUN4 mutant forms white-yellow tissue under standard con-
ditions or pale green tissue in dim light (10). The A. thaliana
Gun4 protein was co-purified with the ChlH subunit of magne-
sium chelatase and binds Py as well as magnesium protopor-
phyrin IX (MgP;y) (10). In vitro enzyme assays revealed a dra-
matically increased efficiency of the enzymatic Mg®" insertion
into Py in the presence of Gun4, especially at low Mg>" con-
centrations (10, 11). Accordingly, the crystal structures of Gun4
proteins from two cyanobacterial species bare a specific por-
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phyrin binding site supporting a function of Gun4 in tetrapyr-
role trafficking (11, 12).

In a previous report we described an incompletely segregated
gun4 mutant of Synechocystis sp. PCC 6803 (hereafter Synecho-
cystis 6803), arguing for substantial roles of Gun4 in cell metab-
olism (13). Here, we succeeded in generating a fully segregated
gun4 mutant strain in the glucose-tolerant (GT) Synechocystis
6803 wild-type background. The analysis of this strain revealed
that the absence of Gun4 strongly decreased Chl biosynthesis
and completely abolished photoautotrophic growth. These
mutant properties correlated with a drastically impaired assem-
bly of the two photosystems (PS). Among all Chl-binding pro-
teins the accumulation of the PSII subunit CP47 was most
strongly affected in the gun4 mutant. The regulatory interac-
tion between Chl synthesis and PS accumulation is discussed.

EXPERIMENTAL PROCEDURES

Culture Conditions—Synechocystis 6803 wild-type (GT) and
mutant strains were grown at 30 °C in BG-11 medium (14) con-
taining 5 mm glucose under continuous irradiance of 5 wmol of
photons m ™ s~ ' (low light intensity) or 50 wmol of photons
m~ s~ ! (medium light intensity) in rotating Erlenmeyer flasks.
For microaerobic growth, the strains were grown under
medium light in a 1% CO,, 99% N, atmosphere. The GT strain
originates from the laboratory of W. Vermaas (Arizona State
University). Transformants of Synechocystis 6803 were selected
on media with increasing concentrations of kanamycin (5 ug
up to 40 ug ml~ ). The gun4 mutant strain was prepared as
described in Wilde et al. (13). Complete segregation of the
mutants was confirmed by PCR using primers 5-CTTC-
CGCTGGATCACCTTTA-3" and 5'-GGTAATGACTTC-
CCCGAAGA-3".

Construction of a Synechocystis 6803 Strain Expressing the
3XFLAG-tagged Gun4 Protein—The coding sequence of the
Synechocystis 6803 gun4 gene was amplified using the primers
5'-CATATGTCTGATAATTTGACCGAACTCTCC-3’ and
5'-AGATCTTTACCAACCGTATTGGGACC-3". An Ndel
site that overlaps with the ATG start codon of the gun4 gene
was introduced by the forward primer. The PCR product was
subcloned into the pDrive vector (Qiagen, Hilden, Germany).
Two complementary oligonucleotides encoding the 3XFLAG
peptide (Sigma-Aldrich) were hybridized, thus creating Ndel-
compatible overhangs, and then ligated into the Ndel site of the
pDrive-gun4 construct. The resultant construct was verified by
sequencing. Using Ndel and BglII restriction enzymes, a DNA
fragment encoding the FLAG-tagged Gun4 was excised and
then ligated into pSK9 vector for chromosomal integration
under the control of the copper dependent pet/ promoter (15),
which supports low level expression in BG-11 medium. gun4
mutant cells were transformed with the resultant vector
pSKgund4FLAG. Transformants were selected on BG-11 agar
plates containing 7 pg ml ' chloramphenicol. For strong
expression of the fusion protein under the control of the pet/
promoter, cells were grown for at least 7 days in BG-11 medium
lacking copper in the trace metal mix.

Determination of Enzyme Activity—Cell cultures (800 ml)
were pelleted and disrupted with glass beads in PBS, pH 7.5, and
cell debris was removed by centrifugation. Samples were sub-
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divided for assays of magnesium chelatase and ferrochelatase
activities, which were performed according to Papenbrock et al.
(16). A typical assay mix contained 1 mwm dithiothreitol (DTT),
0.1% bovine serum albumin, 25 mm ATP, 20 mm MgCl,, and
100 um Py for magnesium chelatase or 1 mm DTT, 1% Tween
80, 2.5 mM palmitic acid, 10 mm ZnSO,, and 50 um P for
ferrochelatase. The reactions were started by the addition of P,y
dissolved in DMSO, and the assay mixtures were further incu-
bated at 28 °C. Reactions were stopped after 0, 20, 40, and 60
min by the addition of an equal volume of methanol to the
reaction mixture followed by freezing in liquid nitrogen. After
the initial methanol extraction all samples were extracted twice
with acetone, methanol, 0.1 N NH,OH (10:9:1; v/v/v). Reaction
products were quantified by HPLC using authentic porphyrin
standards.

Determination of Porphyrins—Steady state levels of magne-
sium porphyrins were analyzed in the exponential growth
phase of the cell culture (OD., ., ~ 0.5-0.9). Pelleted cells
were resuspended in methanol and incubated on ice for 15 min.
After a short centrifugation, supernatants were collected, and
the pellets were resuspended in methanol, acetone, 0.1 N
NH,OH (10:9:1; v/v/v). Supernatants were combined after cen-
trifugation at 13,000 X g for 5 min and prepared for HPLC
analysis. Extracted porphyrinogens were oxidized by the addi-
tion of 5 ul of 1 M acetic acid and 5 ul of 2-butanone peroxide
per 200 ul of extract and separated by HPLC (Agilent-1100,
Agilent, Waldborn, Germany) on a RP 18 column (Novapak
C18, 4-um particle size, 3.9 X 150 mm; Millipore, Eschborn,
Germany) at a flow rate of 1 ml min™". Porphyrins were eluted
with a linear gradient of solvent B (90% methanol, 0.1 M ammo-
nium acetate, pH 5.2) in solvent A (10% methanol, 0.1 M ammo-
nium acetate, pH 5.2) as follows: 0 to 100% in 7 min followed by
100% solvent B for 17 min. The eluate was monitored by fluo-
rescence detection. The excitation and emission wavelengths
were, respectively: for Proto, 405 and 625 nm; for ZnProto, 416
and 589 nm; for MgProto and MgProtoME, 420 and 595 nm,
respectively. Porphyrins were identified and quantified using
authentic standards (Fluka, Germany; Porphyrin Products,
UT). For quantification of P} precipitated in growth medium,
100 ml of culture at OD.5, ~ 0.4 were filtered through 4-um
cellulose filters to collect precipitated pigments in growth
media. The filter was frozen in liquid nitrogen, powdered in a
2-ml Eppendorf tube, and dissolved in 0.5 ml of alkaline ace-
tone. Acetone was then extracted with 250 ul of hexane to
remove Chl. P was diluted 50X in DMSO and quantified
spectrofluorometrically using an authentic standard (Sigma).

Radioactive Labeling of Cells and Preparation of Membranes—
Radiolabeling of cells using a mixture of [**S]Met and [**S]Cys
(Trans-label, MP Biochemicals, Irvine, CA; final activity, 400
wCi ml ') was performed at 30 °C for 20 min under illumina-
tion with 125 umol of photons m~> s~ ! as described in a pre-
vious study (17). For preparation of membrane and cytosolic
protein fractions, cells (OD.5, ~ 0.5) were washed and resus-
pended in thylakoid buffer containing 25 mm Hepes, pH 7.4, 10
mMm MgCl,, 5 mm CaCl,, and 20% glycerol. The cell suspension
was mixed with glass beads and broken in a Mini Bead Beater,
and the resulted homogenate was divided into two halves. To
prepare a whole cell extract, the first part was solubilized by 1%
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B-dodecyl maltoside (DM) and centrifuged at 32,000 X g for 10
min at 4 °C to discard unbroken cells. The second part was
centrifuged at 100,000 X g for 30 min at 4 °C, and the superna-
tant containing soluble proteins was transferred to a new tube.
Pelleted membranes were washed 3 times in thylakoid buffer
and resuspended in the same buffer containing 1% DM, and
unbroken cells were discarded by centrifugation. To prove
whether proteins are tightly bound to the membrane, an addi-
tional washing step with 2 M NaCl was applied.

Protein Analyses—Analysis of membrane proteins under
native conditions was performed by Blue Native (BN)-PAGE
using the buffer system of Schéigger and von Jagow (18). The
isolated membranes were resuspended in 25 mm MES/NaOH,
pH 6.5, containing 10 mm CaCl,, 10 mm MgCl,, and 25% glyc-
erol. The membranes were then solubilized with DM (DM:
Chl = 40 for WT and 160 for gun4™, respectively, w/w) and
analyzed at 4 °C in a 4—16% polyacrylamide gel. Protein com-
position of complexes was then assessed by electrophoresis in a
denaturing 12—-20% linear gradient polyacrylamide gel contain-
ing 7 Murea (19). The whole lanes from the BN gel were excised,
incubated for 30 min in 25 mm Tris/HCl, pH 7.5, containing 1%
SDS (w/v), and placed on the top of the denaturing gel; two
lanes were analyzed in a single denaturing gel. Proteins sepa-
rated in the gel were either stained by Coomassie Blue or trans-
ferred onto a membrane for immunodetection. One-dimen-
sional SDS-PAGE was carried out as described by Jidnsch et al.
(20). For immunodetection proteins were transferred from gels
onto nitrocellulose or polyvinylidene difluoride membranes
and immunolabeled with specific antibodies. The primary anti-
bodies used in the study were raised in rabbits against (i) resi-
dues 58— 86 of the spinach D1 polypeptide, (ii) residues 380 —
394 of barley CP47, (iii) whole recombinant Gun4 and
ferrochelatase proteins from Synechocystis 6803 overexpressed
in Escherichia coli using the pQE80 expression vector (Qiagen)
and purified with nickel-nitrilotriacetic acid-agarose. The anti-
bodies against Synechocystis 6803 ChlH and ChlD subunits of
the magnesium chelatase were kindly provided by Prof. Neil C.
Hunter (University of Sheffield). Protein signals were visualized
using the Immobilon Western (Millipore, Bedford, MA) or
Supersignal West Pico (Pierce) chemiluminescence detection
systems. Purification of 3XFLAG-tagged Gun4 from Synecho-
cystis 6803 was performed from solubilized whole cell extracts
as previously described (21).

Electron Microscopy—Cells were washed twice in 50 mm
phosphate buffer, pH 7.2, and fixed in a solution containing 2%
glutaraldehyde in 50 mm phosphate buffer for 2 h. This was
followed by 3 washes in phosphate buffer and post-fixated in 1%
Os0, in 50 mMm phosphate buffer for 1 h. Finally, the cells were
washed 3 times and embedded in 2% agarose. The segments of
agarose with cells were dehydrated in isopropyl alcohol and
embedded in Spurr’s resin. Thin sections were cut with a dia-
mond knife and post-stained for 30 min with 5% aqueous uranyl
acetate followed by lead citrate for 80 s. The samples were
examined with a Jeol 1010 electron microscope equipped with
CCD camera MegaView III and image processing software
Analysis (3.1.110).

Absorption Spectra and Pigment Measurements—Absorp-
tion spectra of whole cells were measured with a UV-2401 PC
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spectrophotometer equipped with an integrating sphere (Shi-
madzu). Chl was extracted from cell pellets (10 ml, OD., ~ 0.5)
with 100% methanol, and its content was measured spectro-
photometrically (22).

77 K Fluorescence Emission Spectra—77 K fluorescence emis-
sion spectra were measured in liquid nitrogen with an Aminco
spectrofluorimeter (Spectronic Unicam) using membranes
washed twice with excess of thylakoid buffer. 100 ul of the sam-
ple at Chl concentration of 14 ug ml~* were used for the meas-
urement with 2 uM rhodamine as an internal standard. The
spectra were normalized to rhodamine peak (573 nm) and mul-
tiplied by relative Chl:absorbance ratio for individual strains to
indicate their Chl fluorescence per cell. 77 K fluorescence emis-
sion spectra were collected using excitation wavelength 435 nm
to excite Chla.

RESULTS

Mutant Characterization—We had previously analyzed the
role of Synechocystis 6803 Gun4 in tetrapyrrole biosynthesis
using a gun4 mutant strain that was not fully segregated under
different growth conditions. These gun4 mutant cells had
exhibited lower magnesium and ferrochelatase activities
accompanied by the accumulation of P}y, the substrate of both
enzymes. In the present study we used a GT Synechocystis 6803
strain for mutational analysis. This different lineage of the orig-
inal Synechocystis 6803 strain is widely used for the dissection
and analysis of photosynthetic mutants. Fully segregated PSI,
PSII, and Chl biosynthesis mutants could be generated in this
genetic background (23, 24).

PCR analysis (Fig. 1) revealed that gun4 mutant in the GT
substrain of Synechocystis 6803 (hereafter designated gun4~)
was completely segregated. In contrast to previous results
obtained with the PCC strain of Synechocystis 6803 (13), no
chromosomal wild-type copies of the gun4 gene were detected.
Gun4 inactivation was confirmed by immunoblot analysis,
demonstrating the complete lack of Gun4 in protein extracts
from the mutant (compare Fig. 34). Because Gun4-deficient
cells lost the ability to grow photoautotrophically, all media
were supplemented with 5 mm glucose to support the growth of
the gun4 mutant cells. At a medium light intensity (50 umol of
photons m™2 s~ ') gun4 mutant cells grew slowly, lost more
than 90% of Chl, and accumulated large amounts of P,y (Table
1). In addition, P,y also strongly accumulated in the growth
medium leading to the formation of brown porphyrin aggre-
gates. When these aggregates were separated from cells by fil-
tration, more than eight times more P was found in gun4~
cells compared with the wild type (data not shown). In addition,
mutant cells lost substantial amounts of thylakoid membranes
(Fig. 2B) at medium light intensity. In contrast, at low light
intensity (5 wmol of photons m™ 2 s~ ') growth of the gun4
mutant on glucose (Table 1) was improved, its thylakoid struc-
ture (Fig. 2C) rather resembled that of wild type, and endoge-
nous accumulation of P was decreased (Table 1). However,
even under low light conditions, the Chl content in the mutant
was only about 25% that of the wild-type level (Table 1), and the
content of the Chl precursor MgP,, monomethyl ester was
strongly reduced (Table 1). Similar effects were observed when
the gun4 mutant was grown under microaerobic conditions at
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medium light intensity. Chl content in the mutant increased
from 8 to 15%, and the cells contained more thylakoid mem-
branes than under aerobic conditions (Fig. 2D). The negative
influence of both light and aerobic conditions on the formation
of thylakoid membranes and Chl contents in the gun4 mutant
suggests increased light sensitivity and photooxidative damage
in the absence of Gun4 at medium light intensity. To prove
whether oxidative stress contributes to the gun4™ phenotype
even at low light intensities, the mutant was grown microaero-
bically under these light conditions. No further increase in Chl
accumulation was observed compared with aerobic growth at
low light, and the Chl content in the mutant remained at 25%
that of the wild-type level. In addition, the amount of Chl also
was not enhanced in gun4 mutant cells, grown aerobically in the
dark (data not shown). It was concluded that low light intensity

4000~

3000~

2500~
2000~

1500-

1000~
800~

FIGURE 1. Inactivation of the gun4 gene in Synechocystis 6803 (GT strain).
Wild-type and mutant gene copies were amplified using total chromosomal DNA
from wild-type and gun4~ strains as templates. PCR amplification of the gun4
gene yielded a correct 1.1-kilobase pair product in the wild type. The mutant
gun4 copy gave rise to a larger PCR fragment of 2.6 kilobase pairs due to the
insertion of the kanamycin resistance cassette (1.5 kilobase pairs). The sizes of the
DNA marker fragments are indicated on the /eft.

TABLE 1
Phenotypical analysis of gun4 mutant in comparison to the wild type

Chlorophyll Deficiency in Synechocystis gun4 Mutant

did not photosensitize the mutant cells and did not cause light-
dependent oxidative stress. Thus, strains were grown at low
light intensities for further experiments.

Localization of Gun4, Ferrochelatase, and Magnesium Che-
latase in the Cyanobacterial Cell—Gun4 is proposed to func-
tion at the branch point of Chl and heme biosynthesis. To local-
ize Gun4 and the two metal chelatases in cyanobacterial cells,
whole cell extracts of wild-type and gun4 mutant cells were
fractionated. Proteins of the cytosolic and membrane fractions
were separated by SDS-PAGE, blotted, and probed with anti-
bodies. Fig. 3A shows that the ferrochelatase is tightly bound to
the membrane, as there is no significant decrease in signal
intensity after additional washing of the membranes or treat-
ment with 2 M NaCl. In contrast, the ChlH subunit of magne-
sium chelatase was detected both in the soluble and in the
membrane fractions, whereas the ChID subunit of the magne-
sium chelatase appears to be exclusively located in the soluble
fraction. Gun4 was mainly detected as a soluble protein and
appeared in the membrane fraction only to a minor degree. The
substantially lower signal of Gun4 in the membrane fraction
after treatment with 2 M NaCl suggests peripheral association of
this protein with membranes (Fig. 3A4).

In the fully segregated gun4 mutant no immune-reacting
protein band was detectable using the anti-Gun4 antiserum
(Fig. 3A). Interestingly, in contrast to an equal distribution of
wild type ChIH subunit of the magnesium chelatase between
soluble and membrane fractions, in the gun4 mutant this pro-
tein seems be localized mainly in the soluble fraction (Fig. 34).
Intriguingly, gun4~ cells contained unequivocally lower
amounts of ChlH and ferrochelatase (Fig. 3B) than the wild
type. This finding corroborates the decreased activities of both
enzymes in vivo (Fig. 3C). Whereas the loss of ferrochelatase
activity was proportional to the loss of protein, loss of magne-
sium chelatase activity could not entirely be attributed to the
ChlH deficiency, supporting a direct role of Gun4 for retaining
the enzyme activity (10).

Affinity Purification of 3XFLAG-tagged Gun4—A possible
explanation for the decreased activity of both chelatases in the
gun4 mutant might be their physical interaction with Gun4. To
identify and specify interacting protein partners of Gun4, gun4
mutant cells were engineered to express a 3XFLAG-tagged
Gun4 protein. For this purpose we used a vector harboring the
pet] promoter, which is induced by copper deficiency and a
platform for stable insertion of the construct into the Synecho-
cystis 6803 chromosome. Absorption spectra of whole cells
confirmed that expression of 3XFLAG-Gun4 complemented

Values represent the mean * S.D. of at least three independent experiments using different cultures harvested in logarithmic growth phase.

Strai Low light intensity” Medium light intensity”
rain

Wild type gun4d~ Wild type gun4~
Doubling time (h) 19 = 0.5 21 0.5 10 = 0.2 25*0.5
Chlorophyll (ug'mg protein™") 113 £ 1.1 2.7 +0.2 11.8 £1.0 09 + 04
Phycocyanin (pg'mg protein™*) 153 = 36 154 *+ 32 163 *+ 45 131 =43
Protoporphyrin IX (pmol'mg protein™") 17.2 £ 109 61.6 £ 51.2 47 2.0 205.0 = 100
Mg-protoporphyrin IX (pmol'mg protein™") 1.17 £ 0.46 0.15 * 0.06 1.00 £ 0.22 0.16 * 0.06
Mg-protoporphyrin IX monomethyl ester (pmol'mg protein™*) 4.51 £ 0.87 0.98 £0.51 3.88 = 1.12 0.72 £ 0.33

257! in medium containing 5 mum glucose.

257! in medium containing 5 mm glucose.

AV ON

“5 umol of photons m™
250 pmol of photons m™
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[

FIGURE 2. Transmission electron microscopy of Synechocystis 6803
cells. A, wild-type cells grown aerobically under medium light conditions.
B, gun4 mutant cells grown aerobically under medium light intensity.
C, gun4 mutant cells grown aerobically under low light intensity. D, gun4
mutant cells grown microaerobically under medium light conditions.
Scale bar = 500 nm.

WT gun4”

[=x]
o

C Magnesium chelatase activity

the gun4 mutation (Fig. 4A4), indicating the generation and
activity of a functional fusion protein. The 3XFLAG-Gun4
fusion protein was expressed during growth in copper-deficient
medium and immunoprecipitated with anti-FLAG M2 affinity
gel (Sigma-Aldrich) as described (21). The 3XFLAG-Gun4 pro-
tein was eluted by the addition of a 3XFLAG peptide and sep-
arated by SDS-PAGE (Fig. 4, C and D). Cells expressing the
non-tagged Gun4 were used as the negative control. Among the
proteins co-purified with Gun4, only ChlH was identified by
immunoblot analysis (Fig. 4C). The other magnesium chelatase
subunits Chll and ChlD as well as ferrochelatase did apparently
not associate with Gun4. Immunoblot analysis demonstrates
that the magnesium chelatase subunits ChIH and ChID as well
as the ferrochelatase were present in similar amounts in cells
expressing 3XFLAG Gun4 and control cells (data not shown).
In addition, in vitro pulldown assays did not indicate an inter-
action between recombinant Gun4 and ferrochelatase (data not
shown). No other putative interacting proteins were detected in
the eluate fraction from the gun4 ™ :gun4FLAG strain after affin-
ity purification of the 3XFLAG-Gun4 protein (Fig. 4D).
Absence of Gun4 Affects Accumulation of Both PSII and
PSI—The drastically reduced Chl content in the gun4 mutant
(Table 1) was necessarily associated with lower amounts of the
Chl-binding protein complexes PSII and PSI. Indeed, semi-
quantitative measurements of 77 K fluorescence spectra of
membranes using rhodamine as the internal standard revealed
an almost complete loss of PSII complexes and a large decrease
in the amount of PSI complexes in gun4~ cells compared with
the wild type (Fig. 4B). The pronounced loss of PSII complexes
containing the CP47 protein (PsbB)
was indicated by the absence of the
695-nm emission peak in gund~,

c s mM2Z2m3 ms ¢ s m3

=y
o

N1
o

2]
o

o

Mg Porphyrin (pmol mg protein! k')

Ferrochelatase activity

B WT gun4- -; ”
2 80t
.\é‘w’ S B° ,@s\o B § 60 |
E
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g 20 ¢t
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FIGURE 3. Localization, quantification, and activities of both chelatases. A, subcellular localization of Gun4,
ferrochelatase (FeCH), and the magnesium chelatase ChIH and ChID subunits. Membranes have been washed
2 (m2) or 3 (m3) times in thylakoid buffer followed by an additional wash with 2 m NaCl in thylakoid buffer (ms).
Membrane fractions (m), crude (c), and soluble extracts (s) of wild-type and gun4 mutant cells were separated
by SDS-PAGE and transferred to nitrocellulose membranes. The amount of Chl corresponding to 150 ul of cells
atA,;, = 1 was loaded per each lane. Polyclonal antibodies used for the immunoblots are shown on the right.
B, accumulation of the ChIH subunit of magnesium chelatase and ferrochelatase in the crude cell extract were
determined by immunodetection. Numbers indicate relative protein loading based on the amount of cells.
C, activities of magnesium and ferrochelatase measured in wild-type and gun4 mutant cells.
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wild type

wild type

similar to the ApsbB deletion
mutant (25), which served as refer-
ence in this study (Fig. 4B).

The Chl deficiency in gun4™ gave
us a unique opportunity to investi-
gate consequences of very limited
Chl supply for assembly and stabil-
ity of Chl-binding proteins under
standard light conditions. There-
fore, we performed a detailed com-
parison of protein complexes of
membranes isolated from wild-type
and gun4 mutant cells applying BN-
PAGE (Fig. 5A). Apparently, on the
per cell basis the contents of both PSI
(RCCI) and PSII (RCCII) complexes
were dramatically decreased in gun4
mutant cells compared with wild-
type cells (about 25% PSI and maxi-
mally 10% PSII of the wild-type
level). The PSI trimer was the pre-
vailing form in both strains, but the
PSI trimer/PSI monomer ratio was
apparently decreased in the mutant.
In addition, the relative content of
the dimeric form of PSII core com-

gund-

gund”
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PAGE data, the ATP synthase was
present in similar amounts in wild
type and gun4~, whereas the
amount of the PSI protein PsaD cor-
responded to about 25% that of the
wild-type level. Among the PSII
proteins, CP43 accumulated to 25%
that of the wild-type level, whereas
the D1 protein and especially CP47
were hardly detectable. Negligible

cellular contents of CP47 corre-
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wavelength, nm

sponded with a non-detectable oxy-
gen-evolving capacity of PSII, and
no variable fluorescence was

NS observed in the gun4 mutant (not
@,0 shown).

700 720 740

B Because two-dimensional BN/

SDS-PAGE was performed with
thylakoids isolated from radioac-
tively labeled cells, the analysis also

[ W] chH - provided information on the syn-
&= chiD - + Gund thesis of PSII subunits and their
-— chlil assembly into complexes in both
[== | FecCH strains (Fig. 5B, autoradiograms). In
. = | Flag wild-type cells the labeled D1 and
D2 subunits were mainly found in

Flag eluates Coomassie

FIGURE 4. Phenotype of gun4 mutant cells and affinity purification of Gun4. A, absorption spectra of
Synechocystis 6803 wild-type (WT) and mutant cells lacking Gun4 (gun4 ™) or expressing a FLAG-tagged version
of Gun4 (Agun4:gun4FLAG). Cells were grown with 5 mm glucose in the medium. Peaks at 620 and 682 nm
represent phycocyanin and Chl absorption, respectively. Spectra of whole cells were measured with a UV-2401
PC spectrophotometer (Shimadzu, Kyoto, Japan). B, semiquantitative 77 K fluorescence emission spectra of
thylakoid membranes from Synechocystis 6803 wild-type and mutant cells lacking Gun4 (Agun4) or CP47
(ApsbB). Rhodamine was used as an internal standard, and the spectra were normalized to indicate Chl fluo-
rescence per cell. Peaks at 685/695 and 722 nm represent PSll and PSI complexes, respectively. a.u., absorbance
units. C, affinity purification of 3XFLAG-Gun4 and identification of magnesium and ferrochelatase (FeCH)
subunits by immunodetection. Solubilized extracts of gun4 mutant cells engineered to express 3 X FLAG-Gun4
were immunoprecipitated with anti-FLAG M2-agarose (Sigma-Aldrich). FLAG-Gun4 complexes were eluted
with 3XFLAG peptide, resolved by SDS-PAGE, stained with Coomassie (D) or blotted onto a nitrocellulose

membrane and immunodetected (C). Wild-type eluate was used as a control.

plex (RCCII(2)) was lower in the mutant than in the wild type.
The two-dimensional gel separation of proteins from wild-type
membranes and the corresponding immunoblots revealed the
presence of the CP47 protein in the core complex lacking CP43
(RC47) and in the region of unassembled proteins. Both free
CP47 and CP47 integrated in RC47 were missing in thylakoids
of gun4~. Moreover, the mutant accumulated two distinct
complexes lacking CP47 previously designated as RC* and RCa
(26). These complexes contain mature D1 or its partially pro-
cessed form iD1, D2, cytochrome b 559, and Psbl and are typical
for strains impaired in synthesis and/or stability of CP47 (17,
26). Thus, the results suggest that the insufficient accumulation
of CP47 limits the assembly and accumulation of complete PSII
core complexes. In contrast to the Chl-containing PSs, the ATP
synthase was present in both strains in equal amounts showing
that accumulation of membrane protein complexes lacking Chl
was not changed after inactivation of the gun4 gene.

The differential effect of the gun4 deletion on accumulation
of Chl-binding proteins was further supported by semiquanti-
tative immunoblot analysis (Fig. 6). Consistent with the BN-

SEPTEMBER 19, 2008 +VOLUME 283 +NUMBER 38

RCCII(1) and RCCII(2), and their
distribution between both com-
plexes was approximately equal.
Small amounts of labeled D1 and D2
(about 10% of the overall levels)
were detected in the above-men-
tioned complexes RC* and RCa.
However, these RC complexes accu-
mulated only transiently, quickly
disappeared during the chase (data
not shown), and were not detected
by immunoblot analysis. The inner
PSII antennae CP43 and CP47 were labeled less strongly and
were present in the core complexes as well as in the fraction of
unassembled proteins. In this fraction the labeling of CP43 was
particularly strong. The labeling pattern in gun4~ thylakoids
was different. The autoradiogram revealed that all four large
PSII proteins in the assembled core complex RCCII(1) were
labeled weakly and nearly to the same extent. The labeling of
these proteins in RCCII(2) was hardly detectable. About 70% of
the labeled D2, D1, and its partially processed form, iD1, were
found in the RC* and RCa complexes. The remaining 30% were
found in the core complexes (Fig. 5B, see Ref. 26). Moreover,
the labeled proteins in RC* and RCa were detectable even after
the 30 min of the radioactive chase (data not shown), showing
that the complexes are not easily transformed into the core
complexes. In the fraction of unassembled proteins, a strong
labeling of CP43, but no labeling of CP47, was observed. The
results confirmed that the insufficient synthesis of CP47 most
probably limits the assembly and accumulation of the complete
PSII core complexes. Similar transcript levels of the CP47-en-
coding gene psbB in wild type and gun4~ (not shown) showed
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FIGURE 5. Analysis of membrane protein complexes and their assembly in wild-type and gun4 mutant cells. A, membrane protein complexes from
wild-type and gun4 mutant labeled in vivo with 3>[S]Met/Cys were separated in 4-16% BN gel as described under “Experimental Procedures.” Amounts of Chl
corresponding to designated amounts of cells were loaded per each lane. B, two-dimensional analysis of membrane protein complexes separated in A. Equal
amounts of Chl corresponding to the half (50% A, o) and double (200% A, ;) amounts of wild-type and gun4~ cells were loaded, respectively. Lanes from the
BN-gel were excised and placed on top of the 12-20% denaturating gel. The two-dimensional gels were either stained by Coomassie Blue (Coomassie gels),
dried, and exposed to phosphorimaging plates (Autoradiograms) or electroblotted onto a polyvinylidene difluoride membrane that was immunodecorated
using antibodies raised against D1 and CP47 proteins (blots). Designation of complexes: RCCI(3) and RCCI(1), trimeric and monomeric PSI complexes, respec-
tively; RCCII(2) and RCCII(1), dimeric and monomeric PSIl core complexes, respectively; RC47, the monomeric PSII core complex lacking CP43; RC* and RCa,

reaction center complexes accumulating in PSIl mutants lacking CP47 (24); U.P., unassembled proteins; iD1 designates D1 processing intermediate.

that the limitation in the accumulation of CP47 occurred at the
posttranscriptional level.

DISCUSSION

In a previous work we did not succeed in preparing a fully
segregated cyanobacterial gun4 mutant in Symechocystis
6803. However, generation of such a mutant was feasible in a
GT substrain of Synechocystis 6803. The gun4 mutant was
further examined for the function of Gun4 in tetrapyrrole
biosynthesis and consecutive processes of protein assembly
of the photosynthetic apparatus. Although A. thaliana
GUN4 was reported to be nonessential for plant growth (10),
here we show that the complete loss of gun4 expression in a
cyanobacterium prevents photoautotrophic growth. The
Chl content in the gun4 mutant grown at medium light
intensities was dramatically reduced to about 8% that of the
wild-type amount. At low light intensities the gun4 mutant
accumulated about 25% that of the wild-type Chl content.
The better viability of the gun4~ cells under low light or

25800 JOURNAL OF BIOLOGICAL CHEMISTRY

microaerobic conditions may be explained by the increased
accumulation of Py in this mutant (Table 1) as P} is known
to cause photooxidative damage (27). Recently, a very similar
phenotype has been observed in a Synechocystis 6803 mutant
that also accumulated large quantities of Py, resulting from
a mutation in the ferrochelatase gene (28). However, at low
light intensities under microaerobic conditions no further
improvement in Chl accumulation was observed, with the
gun4 mutant accumulating about 25% of the wild-type Chl
content. This suggests that the low light gun4™ phenotype
can be mostly attributed to the lack of Chl precursors and
not to enhanced photooxidative stress.

In agreement with the predicted function of Gun4 (10),
the absence of this protein adversely affected the magnesium
chelatase activity resulting in a limited supply of magnesium
porphyrins for Chl synthesis (Table 1). In Synechocystis 6803,
the Gun4 protein is present mainly as a soluble protein with a
small fraction bound to the membrane (Fig. 34). This is con-
sistent with the situation described in A. thaliana, where the
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FIGURE 6. Semiquantitative immunoblot analysis of PSIl and PSI subunits
in wild type and gun4 mutant. Wild-type and gun4 mutant membrane frac-
tions were separated by SDS-PAGE and transferred to a polyvinylidene diflu-
oride membrane. Different amounts of Chl corresponding to designated
amounts of cells were loaded per each lane. Immunodetection was per-
formed using polyclonal antibodies raised against the PSII subunits CP47,
CP43, and D1, and the PSI subunit PsaD. ATPase band stained on the mem-
brane with Ponceau red indicates protein loading.

majority of GUN4 was localized in the stroma and clearly
smaller amounts in the envelope and thylakoid membranes
(10). Moreover, the same authors reported that unlike the sol-
uble GUN4, which probably is present as a monomer, the thy-
lakoid-bound GUN4 was identified as part of a >500 kDa com-
plex also containing the ChlH subunit (10). We have confirmed
that cyanobacterial Gun4 is associated with ChlH as well (Fig.
4C) and showed that the accumulation of ChlH is influenced by
absence of Gun4 (Fig. 3B). Interestingly, the proportion of the
membrane-bound ChlH seemed to be decreased in the gun4
mutant as well (Fig. 34). Therefore, Gun4 is possibly important
for association of ChlH with the membrane, maybe as a part of
a membrane-bound magnesium chelatase complex.

The absence of the Gun4 protein also resulted in a decreased
accumulation of ferrochelatase. Because no direct physical
interaction between Gun4 and ferrochelatase was detected, the
lack of Chl in gun4™ may influence the cellular content of fer-
rochelatase. The plant ferrochelatase as well as its cyanobacte-
rial counterpart contains a highly conserved Chl binding motif
within the C-terminal domain (2). Thus, we cannot exclude
that a putative Chl binding to this domain is important for the
synthesis or stability of ferrochelatase.

The gun4 mutant provided a new opportunity to analyze the
effect of Chl deficiency on photosynthetic membrane proteins
in cyanobacterial cells grown under standard light conditions.

SEPTEMBER 19, 2008 +VOLUME 283 +NUMBER 38

Chlorophyll Deficiency in Synechocystis gun4 Mutant

Previously, a comparably detailed study in the cyanobacterium
Plectonema boryanum revealed that a mutation in chlL, which
encodes a subunit of the light-independent protochlorophyl-
lide oxidoreductase (29), leads to Chl deficiency during growth
in nearly complete darkness. However, the consequences of Chl
deficiency in the dark might significantly differ from those in
the light, which is supported by the data of Kada et al. (29). The
depletion of PSI Chl proteins was much faster than the deple-
tion of PSII in the chlL™ strain. We assume that this difference
is associated with the different stabilities of PSI and PSII Chl
proteins in the dark and under illumination, respectively.
Recently, it has been shown that the half-life of PSII-bound Chl
in illuminated cells is remarkably shorter than that of the PSI-
bound Chl (30). Within PSII, the turnover rate of unassembled
CP43 is slower than that of other PSII Chl-binding proteins. In
the absence of several PSII proteins, CP43 still accumulates to a
larger extent (17). In the gun4™ mutant the cellular level of
CP43 corresponded to the level of PSI proteins, both of which
were reduced to about 25% that of the wild-type level. More-
over, the unassembled protein was clearly visible in the Coom-
assie-stained two-dimensional gel (Fig. 5B). Immunoblot anal-
yses detected the incompletely processed form of D1, which is
referred to as iD1, as a component of the RC complexes in the
gun4 mutant but not in wild-type cells (Fig. 5B, blot). The pres-
ence of the incompletely processed form of the D1 protein was
reported to be closely related to Chl deficiency, underlying the
hypothesis that maturation of D1 occurs after binding of Chl to
the protein (31). Here we show that the incompletely processed
form of D1 is present in the RC complexes and that the effect of
Chl deficiency on the D1 maturation is indirect and related to
the absence of CP47. Not until CP47 binds to the RC complexes
can the complete and fast D1 maturation proceed.

Despite the presence of RC complexes, the subsequent PSII
assembly intermediate RC47, which usually is formed from RC
complexes after binding of CP47 (17), is absent in the gun4
mutant. Because unassembled CP47 is not detectable in the
mutant either (Fig. 5B, blot), it is clear that the accumulation of
CP47 is strongly compromised in the mutant. A similar effect
was detected in a CP47 mutant that harbors a few amino acid
changes in the E-loop of the protein (32). This mutation
resulted in a lowered cellular amount of functional PSII accom-
panied by an increased accumulation of RC complexes. Possi-
bly, Chl deficiency limits the translation of CP47 to a greater
extent than the translation of D1 due to the requirement of
co-translational Chl binding to the CP47 apoprotein.

In conclusion, our results demonstrate that Gun4 plays an
essential role in the magnesium branch of tetrapyrrole biosyn-
thesis and dramatically affects the Chl content in the cell. 77 K
fluorescence emission spectra as well as protein analyses dem-
onstrated that Chl deficiency arising from the inactivation of
gun4 affects accumulation of both photosystems. The more
extensive deficiency of PSII most probably was related to the
insufficient accumulation of CP47. This Chl-binding protein
appears to be the protein most sensitive to changes in the Chl
availability and may, therefore, represent an important target
for the mutual regulation of tetrapyrrole biosynthesis and for-
mation of new PSII complexes.
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Functional Assignments for the Carboxyl-Terminal
Domains of the Ferrochelatase from Synechocystis PCC
6803: The CAB Domain Plays a Regulatory Role, and
Region II Is Essential for Catalysis!'"!
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M.T.); Institute of Physical Biology, University of South Bohemia, 373 33 Nove Hrady, Czech Republic (R.S,,
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Ferrochelatase (FeCH) catalyzes the insertion of Fe** into protoporphyrin, forming protoheme. In photosynthetic organisms,
FeCH and magnesium chelatase lie at a biosynthetic branch point where partitioning down the heme and chlorophyll (Chl)
pathways occurs. Unlike their mammalian, yeast, and other bacterial counterparts, cyanobacterial and algal FeCHs as well as
FeCH2 isoform from plants possess a carboxyl-terminal Chl a/b-binding (CAB) domain with a conserved Chl-binding motif.
The CAB domain is connected to the FeCH catalytic core by a proline-rich linker sequence (region II). In order to dissect the
regulatory, catalytic, and structural roles of the region Il and CAB domains, we analyzed a FeCH AH347 mutant that retains
region II but lacks the CAB domain and compared it with the AH324-FeCH mutant that lacks both these domains. We found
that the CAB domain is not required for catalytic activity but is essential for dimerization of FeCH; its absence causes aberrant
accumulation of Chl-protein complexes under high light accompanied by high levels of the Chl precursor chlorophyllide.
Thus, the CAB domain appears to serve mainly a regulatory function, possibly in balancing Chl biosynthesis with the synthesis
of cognate apoproteins. Region II is essential for the catalytic function of the plastid-type FeCH enzyme, although the low
residual activity of the AH324-FeCH is more than sufficient to furnish the cellular demand for heme. We propose that the
apparent surplus of FeCH activity in the wild type is critical for cell viability under high light due to a regulatory role of FeCH

in the distribution of Chl into apoproteins.

Cyanobacteria, algae, and plants synthesize chloro-
phyll (Chl), heme, and linear tetrapyrroles such as
phycobilins via a common branched pathway. At the
beginning of tetrapyrrole biosynthesis, the initial pre-
cursor, 5-aminolevulinic acid (ALA), is made from Glu
via glutamyl-tRNA and is subsequently converted in
several steps to protoporphyrin IX (PPp), the last
common precursor for both Chl and heme biosynthe-
sis. Insertion of Fe** into this porphyrin macrocycle
by ferrochelatase (FeCH) leads to heme, whereas
insertion of Mg** by magnesium chelatase leads to
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magnesium-protoporphyrin IX (MgP), the first bio-
synthetic intermediate on the “green” Chl branch (for
review, see Tanaka and Tanaka, 2007).

Because the levels of heme and Chl vary according
to cell development, growth, or light conditions, spe-
cial regulatory mechanisms have evolved that control
heme and Chl formation and coordinate their levels
with the synthesis of the corresponding apoproteins
(Miiller and Eichacker, 1999). Stringent control of this
pathway is particularly essential for oxygenic orga-
nisms such as plants and cyanobacteria that have to
cope with the problem of photooxidation. Chl and its
intermediates are readily excited by light and, un-
quenched, form reactive oxygen species under aerobic
conditions. Therefore, for organisms carrying out ox-
ygenic photosynthesis, it is essential to minimize cel-
lular levels of unbound “free” tetrapyrroles.

The mechanisms that control and regulate Chl/
heme biosynthesis mostly remain to be elucidated,
although it is well established that the total metabolic
flow through the pathway is controlled at the point
of ALA formation, a rate-limiting step for the whole
pathway (for review, see Tanaka and Tanaka, 2007;
Masuda and Fujita, 2008). The biosynthetic step con-
trolling ALA formation is most probably that cata-
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lyzed by glutamyl-tRNA reductase. This is the first
enzyme in the pathway and is modulated by a wide
range of regulatory signals, in line with the idea that
this is the central controller of total tetrapyrrole flux
(Kumar et al., 1996; Tanaka et al., 1996, McCormac
et al.,, 2001). Another key regulatory site is at the
branch point between Chl and heme biosynthesis,
where distribution of PP} has to be carefully balanced
according to the actual demand for both essential
pigments. These regulatory mechanisms that govern
the distribution of PPy remain to be elucidated, al-
though the roles of both chelatases have become ap-
parent (Papenbrock et al., 2000, 2001; Sobotka et al.,
2005).

FeCH is an enzyme of special interest regarding the
regulation of tetrapyrrole biosynthesis. FeCH activity
may regulate the flux down both the heme and Chl
branches of the pathway via increased production of
heme, which is expected to inhibit the synthesis of
ALA at the start of the pathway through feedback
control (Weinstein et al., 1993; Vothknecht et al., 1998;
Goslings et al., 2004). Differential consumption of the
common substrate PP, by FeCH and magnesium
chelatase might also control partitioning at the Chl/
heme branch point (for review, see Cornah et al., 2003).
Finally, a mechanism whereby the Chl branch exerts
control over the heme pathway would provide an even
more sophisticated mode of control at this biosynthetic
branch point. We have recently demonstrated that FeCH
activity influences Chl biosynthesis, as decreased ac-
tivity of this enzyme was followed by a significant
increase in the rate of ALA formation, in the level of
Chl precursors, and in the accumulation of Chl-protein
complexes (Sobotka et al., 2005, 2008b).

An intriguing feature of FeCH from cyanobacterial
and algal sources is the hydrophobic C-terminal Chl
a/b-binding (CAB) domain, with a high degree of
similarity to the first and third helices of the plant
light-harvesting complex II (LHCII) including a Chl-
binding motif (Supplemental Fig. S1; Dolganov et al.,
1995). Interestingly, the CAB domain is also a part of
the FeCH isoform II responsible for the production of
most of the heme in chloroplasts of higher plants
(Papenbrock et al., 2001). This highly conserved CAB
domain is connected to the FeCH catalytic core by a
more variable region II, a short, hydrophobic, and Pro-
rich sequence (Fig. 1A; Supplemental Fig. S1). This
segment is preserved even in a few organisms harbor-
ing a plastid-type FeCH enzyme that lacks the CAB
domain. This was shown for two cyanobacteria, Syn-
echococcus JA-2-3Ab and JA-2-3B’a (Supplemental Fig.
S1; Kilian et al., 2008) and for the green alga Chromera
velia (L. Koreny, R. Sobotka, and M. Obornik, unpub-
lished data; Supplemental Fig. S1). The only known
plastid-type FeCH lacking both region II and the CAB
domain is from the cyanobacterium Gloeobacter, which
also lacks thylakoid membranes (Supplemental Fig. S1).

Although the functions of both the CAB domain and
region II are unknown, we have recently demonstrated
that deletion of both of these FeCH features in the
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Figure 1. A, Schematic presentation of the Synechocystis FeCH (coded
by the hemH gene) with catalytic and C-terminal CAB domains
connected by region Il. WT, Wild type. B, Strains with truncated
FeCH used in this study; WT,,, and AH324 were already described
(Sobotka et al., 2008b). The AhemH deletion was combined with the
FLAG-hemH background (see below) to construct the FLAG-hemH/
AhemH strain, which expressed the tagged version as the only FeCH
enzyme in the cell. C, Constructs used to express full-length and
truncated versions of FeCH fused to a protein tag in Synechocystis.
3xFLAG-tagged FeCHs were expressed under the control of the
Synechocystis pet] promoter; the His-C-tn strain expressed the 63-
residue-long C-terminal fragment of Synechocystis FeCH as a small
Hisc-tagged protein under the control of the Synechocystis psbAll
promoter.

AH324 strain of the cyanobacterium Synechocystis sp.
PCC 6803 (hereafter Synechocystis) dramatically re-
duces the stability and activity of FeCH and leads to
a large accumulation of its substrate, PP}, (Sobotka
et al., 2008b; Fig. 1B). In addition, analysis of both full-
length and truncated AH324 recombinant FeCHs dem-
onstrated that the C-terminal extension comprising
region I and the CAB domain is essential for dimer-
ization of the enzyme (Sobotka et al., 2008b).

In order to dissect the functional and structural roles
of region Il and the CAB domain, we have analyzed in
this work another FeCH mutant, AH347, that retains
region II but lacks the CAB domain (Fig. 1B). We have
found comparable levels of the FeCH protein and of in
vitro activity for the wild type and truncated AH347-
FeCH, in marked contrast with the very low residual
activity of the “fully truncated” AH324-FeCH. How-
ever, deletion of the CAB domain prevented the
AH347 strain from growing at higher light intensities
and affected the cellular accumulation of tetrapyrroles.
In particular, we have found that although the AH347
mutant contains a decreased level of PPy, it specifi-
cally accumulates chlorophyllide (Chlide) and fails to
reduce cellular levels of Chl-protein complexes under
high light. Analysis of the full-length and truncated
FeCHs purified from Synechocystis under native con-
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ditions demonstrated that whereas the full-length en-
zyme forms a dimer, the AH347-FeCH is active as a
monomer. The essential role of the CAB domain for the
dimerization of FeCH in vivo was further confirmed by
copurification of the full-length FeCHs from the cell
using the tagged C-terminal segment of FeCH as bait.

RESULTS

The C-Terminal Domains of FeCH Are Required for the
Acclimation of Synechocystis to High Light

To address the proposed role of the FeCH CAB
domain in the regulation of tetrapyrrole metabolism
and also to elucidate the function of region II, we
constructed the Synechocystis mutant AH347, which
retains the 23-residue region II but lacks the last 40
residues that constitute the putative transmembrane
CAB domain (Fig. 1). Another FeCH mutant, AH324,
prepared for previous work (Sobotka et al., 2008b),
was also included in this study. This mutant differs
from AH347 only by the additional absence of region II
at the end of the FeCH catalytic domain (Fig. 1B); thus,
a direct comparison of both strains should help to
discriminate between the effects of both region II and
the CAB domain.

First, we compared the photoautotrophic growth of
both mutants and of the control wild-type strain,
WT,,, (Fig. 1B), under different hght intensities. Under
low light (5 umol photons m ~2°s71, all strains had
comparable growth rates and also very similar levels
of photosynthetic pigments (Table I; Supplemental Fig.
52). However, at normal light (40 pmol photons m 2s7h,
the AH324 mutant grew significantly more slowly, and
with a further i increase in light intensity to 150 wmol
photons m ™2 s™!, we observed a rapid loss of photo-
synthetic pigments A further increase in light inten-
sity abolished the growth of this strain (Table I;
Supplemental Fig. S2). The effect of increased light
intensity on the AH347 mutant was much less pro-
nounced; its growth was only slightly impaired at
normal light, and this straln was able to grow up to 200
pmol photons m 2 s7! (hereafter high light; Table I).
Further increase in hght intensity to 250 wmol photons
m 2 s~ ! also completely inhibited the growth of the
AH347 mutant, whereas the growth of the control
WT,,, strain was not significantly affected (Table I).

Function of Ferrochelatase C-Terminal Domains

Interestingly, the AH347 mutant did not exhibit any
“bleaching” at high light, as we observed for AH324;
on the contrary, the AH347 mutant retained about 40%
more Chl per cell than the WT, strain after approx-
imately 40 h at high light (Table I; Supplemental Fig.
52). This is noteworthy, as a substantial decrease in Chl
level is a typical response of Synechocystis to high light
(Hihara et al., 1998; see control WT,, strain in Table I
and Supplemental Fig. S2).

These results demonstrate that both the CAB and
the region II domains are essential for photosynthetic
growth of Synechocystis at high light intensities. How-
ever, the presence of region II of FeCH substantially
improves acclimation to high light, and furthermore,
the phenotypes of both FeCH mutants clearly differ
under increased light intensities: whereas the AH324
strain loses most of its pigments probably due to the
destruction of thylakoid membranes, the AH347 mu-
tant retains a higher level of Chl, indicating that the
viability of AH324 and AH347 mutants upon a shift to
high light is abolished by different processes.

The CAB Domain Is Important for Regulation of the
Tetrapyrrole Pathway

A remarkable feature of the AH324 strain was the
excretion of PPy into the growth medium at levels
high enough to produce a brown color (Sobotka et al.,
2008b). As we did not observe this effect in AH347, we
compared the accumulation of PP}, and Chl interme-
diates in both mutants grown at normal light levels to
elucidate the effect of these two protein truncations on
tetrapyrrole metabolism. Surprisingly, we found that
levels of tetrapyrroles in these strains are very differ-
ent: whereas the AH324 accumulates high levels of
PP,y and also other intermediates in the Chl branch
(Fig. 2A; Sobotka et al., 2008b), AH347 contains less
than 20% of the PP}, found in the control WT,  strain.
On the other hand, levels of magnesium protoporphy-
rins and protochlorophyllide (PChlide) in the AH347
strain are not significantly affected, with the exception
of the approximately 2.5-fold increase in the content of
the last Chl precursor, Chlide (Fig. 2A).

The observed low PPy content of the AH347 mutant
could indicate reduced ALA formation at the begin-
ning of the pathway; however, measurements of ALA-
synthesizing capacity revealed only a slightly increased

Table I. Growth rate and Chl content of studied Synechocystis strains under different light regimes

n.g., No growth (strain did not grow under these conditions).

Light Intensity (wmol photons m™% s™")

Strain 5 40 200 250
Doubling Time Chl Doubling Time Chl Doubling Time Chl Doubling Time Chl
h pg mL™ OD5,! h pg mL™! OD,5,! h pg mL™ 0D, h ugmL™" 0D,
WT,., 58 5.5 0.1 13.7 5.1 *=0.2 9.8 2.6 = 0.15 12.1 2.1 0.1
AH347 61 55 *0.15 14.6 5.7 *0.2 21 3.6 £0.25 n.g. n.g.
AH324 56 5.8 +0.2 20.1 49 *0.3 n.g. n.g. n.g. n.g.
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Figure 2. Analysis of pigments in Synechocystis mutant strains. A, Quantification of the relative contents of PP, MgP,
magnesium protoporphyrin IX methylester (MgPME), PChlide, and Chlide in Synechocystis cells growing at normal light
(40 wmol photons m™2 s™") and harvested at OD,5, = 0.35 to 0.4. Chl precursors were extracted with methanol/0.2% NH,OH
and quantified by a combination of HPLC and spectrofluorometry. Values shown represent means = so from three independent
measurements; asterisks indicate significant differences tested using a paired t test (P = 0.05). B, ALA-synthesizing capacity as
determined in a 100-mL cell suspension with OD,, = 0.4 treated for 4 h with levulinic acid to inhibit ALA condensation into
porphobilinogen. Representative absorption spectra of developed assays as obtained for each strain together with 5 um standard
of ALA are also presented. C, Quantification of noncovalently bound heme B (protoheme) in cells growing at normal light. Heme
was extracted by 90% acetone/2% HClI, separated, and quantified using HPLC. Error bars and the t test of statistical significance
are as in A. D, Quantification of the relative contents of Chl precursors in Synechocystis cells growing for approximately 40 h at
high light (200 umol photons m™? s™') and harvested at OD,, = 0.35 to 0.4. Obtained values from three measurements were
compared with values for the control WT, strain growing at normal light. The dashed line indicates 100% in comparison with
values at normal light (A). Asterisks indicate statistically significant differences in precursor levels between WT,,, and AH347 at

high light as tested using a paired t test (P = 0.05).

rate of ALA formation in the AH347 mutant in com-
parison with WT, (Fig. 2B). This contrasts with a
significantly elevated ALA formation in the AH324
mutant, which is probably responsible for the accu-
mulation of PP in this strain (Fig. 2B; Sobotka et al.,
2008b). So, detected changes in tetrapyrrole biosyn-
thesis in AH347 do not appear to be caused predom-
inantly by elevated metabolic flow through the whole
pathway, as in the case of the AH324 mutant, but
rather by different events at the heme/Chl branch
point between heme and Chl branches influencing the
PP, pool and at the final steps of the pathway re-
sulting in the accumulation of Chlide.
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The low pool of PP} in AH347 could be explained by
a rapid “uncontrolled” consumption of PP}, either by
magnesium chelatase or by truncated AH347-FeCH.
The first possibility is not consistent with the almost
normal level of MgP in AH347. Moreover, we did not
observe higher cellular levels of the magnesium che-
latase subunits (Fig. 3A). The second possibility, a
rapid consumption of PP}, by mutated AH347-FeCH,
could be reflected in higher levels of cellular heme or
phycobilins. To determine levels of heme B (proto-
heme), total noncovalently bound heme was extracted
by acetic acetone as described in “Materials and
Methods,” separated by HPLC, and quantified spec-
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Figure 3. Accumulation of enzymes of tetrapyrrole biosynthesis, and in vitro activity of FeCH in Synechocystis strains. A,
Membrane and soluble protein fractions were prepared as described in “Materials and Methods,” separated by SDS
electrophoresis, and blotted to a membrane. Enzymes were detected by specific antibodies. The amount of proteins loaded
for 100% of each sample corresponded to 150 ul of cells at OD,5, = 1. Chll, ChID, and ChIH are subunits of magnesium
chelatase (Jensen et al., 1996), and Gun4 is another protein required for the activity of magnesium chelatase (Larkin et al., 2003;
Sobotka et al., 2008a). MgPMT, Magnesium-protoporphyrin methyl transferase; POR, light-dependent PChlide oxidoreductase.
Below are blotted proteins stained with Ponceau red shown as a loading control; the peripheral subunit of ATPase is marked by an
asterisk. B, In vitro FeCH activity in membranes as determined by a continuous spectrofluorometric assay. Activities were
monitored as an increase in fluorescence of zinc-PP\y using excitation and emission wavelengths of 420 and 590 nm,

respectively. N.D., Not detected.

troscopically. Indeed, the heme content of AH347 was
significantly increased (Fig. 2C). Interestingly, the
heme content of the AH324 mutant was not affected
(Fig. 2C), suggesting that the AH324-FeCH is able to
produce enough of the heme required for normal
cellular function, despite a barely detectable in vitro
activity of this truncated enzyme (Sobotka et al., 2008b;
see below). We did not observe significant changes in
phycobilisome levels in any of the strains studied,
implying that the accumulation of the light-harvesting
apparatus is under tight control and is not influenced
by disturbances in tetrapyrrole biosynthesis (Supple-
mental Fig. S2).

The enlarged pool of Chlide in the AH347 mutant is
not easy to explain with regard to the position of FeCH
in the pathway and normal or lower levels of other Chl
precursors. It should also be noted that the AH347
mutation did not significantly alter the accumulation
or cell localization of enzymes in the Chl pathway,
including the enzyme producing Chlide, PChlide ox-
idoreductase (Fig. 3A). However, Chlide is the last
precursor of the Chl biosynthesis pathway; thus, its
accumulation could be related to the failure of AH347
to adjust the levels of Chl-protein complexes according
to light conditions. Therefore, we compared the levels
of Chl precursors in WT,,, and AH347 at high light
when the growth rate of AH347 was retarded (Table I).
Whereas the content of Chlide in the control strain
decreased when compared with the situation in nor-
mal light, the content of Chlide in the AH347 remained
almost unchanged (Fig. 2D), suggesting that the FeCH
CAB domain is required for regulation of the final step
(s) of Chl biosynthesis, which could include the at-
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tachment of Chl to proteins and Chl turnover (see
“Discussion”).

To summarize, it is evident that the two different
truncations at the FeCH C terminus have very differ-
ent consequences for tetrapyrrole metabolism. Elimi-
nation of both region II and the CAB domain from
FeCH results in a greatly elevated synthesis of PPy
and a consequent increase in the flux down the green
branch of tetrapyrrole biosynthesis. In contrast, the
AH347 strain that retains region II contains only a
small PP}, pool but exhibits increased accumulation of
Chlide under different light regimes. These results
highlight the importance of region II and the CAB
domain of FeCH for both its enzymatic and regulatory
functions.

Region II Is Critical for Both the Stability and Enzyme
Activity of Synechocystis FeCH

We have shown previously that truncation of the
whole C-terminal domain of Synechocystis FeCH
strongly impairs the stability and activity of the result-
ing AH324 enzyme (Sobotka et al., 2008b). To elucidate
the completely different effect of the AH347 mutation
on tetrapyrrole metabolism, we compared the activity
and stability of mutated and full-length FeCHs.

To assess the localization and cellular levels of the
AH347-FeCH, a whole-cell extract of the AH347 mu-
tant was fractionated into cytosolic and membrane
fractions, separated by SDS-PAGE, and subjected to
immunodetection using anti-FeCH antibody raised
against recombinant Synechocystis FeCH. The AH347-
FeCH was detected only in the membrane fraction
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despite the lack of the putative transmembrane CAB
domain. However, in contrast to the AH324 enzyme,
both the FeCH levels and in vitro FeCH activities were
comparable in membrane fractions from the AH347
and WT,, strains (Fig. 3). As we did not observe any
in vitro activity for the AH324 enzyme, it is evident
that the presence of region II dramatically improves
both the stability and the activity of Synechocystis
FeCH.

To further determine possible structural functions
for both the region II and CAB C-terminal FeCH
domains, we analyzed enzymes purified under non-
denaturing conditions from Synechocystis using the
3xFLAG tag (FLAG hereafter). To show that the pres-
ence of the tag did not interfere with the enzyme
function, we deleted the native hemH gene in the
FLAG-hemH strain, resulting in a strain expressing just
the tagged FeCH version (Fig. 1B). The FLAG-hemH/
AhemH strain did not display any apparent effects of
FeCH deficiency, such as retarded growth or accumu-
lation of PP}y, and the in vitro activity of the FLAG-
FeCH in the cell extract corresponded with the enzyme
content (data not shown).

Both full-length and truncated FeCHs were ex-
pressed in Synechocystis and purified from cell extracts
under native conditions using anti-FLAG resin; the
migration of purified proteins on SDS electrophoresis
corresponded to theoretical masses of 46.2, 41.7, and
38.9 kD for the FLAG-FeCH, FLAG-AH347, and
FLAG-AH324, respectively (Fig. 4A). Activities of pu-
rified FeCHs were compared using an in vitro assay
(Fig. 4B). Consistent with previous results on recom-
binant FeCHs (Sobotka et al., 2008b), deletion of both
the region II and the CAB domains dramatically
impaired activity of the AH324-FeCH (less than 5%
of the full-length enzyme activity; Fig. 4B). The specific
activity of the FLAG-AH347 enzyme was also about
20% of that of the wild-type enzyme. Intriguingly, the
rate of incorporation of zinc into PP, by AH347-FeCH
rapidly decreases in the first 50 s of the assay, whereas

Figure 4. Full-length and truncated FeCH enzymes A
purified from Synechocystis. A, FLAG-tagged full-
length and truncated FeCHs were purified under

the rate of incorporation of zinc by the full-length
tagged enzyme is almost linear for at least 10 min (Fig.
4B). It should be noted that the activity of nontagged
AH347-FeCH in purified membranes exhibits the same
decrease in the rate of zinc-PP;, formation (data not
shown). This implies that although the CAB domain is
important for functioning of the FeCH, further trun-
cation involving region II affects the FeCH accumula-
tion and activity much more strongly.

The CAB Domain Is Necessary for the Dimerization of
Synechocystis FeCH in Vivo

Using recombinant Synechocystis FeCHs, we have
previously shown that deletion of the C terminus in
AH324-FeCH abolishes dimerization of the recombi-
nant enzyme and leads to the loss of its activity
(Sobotka et al., 2008b). This led us to the assumption
that, in agreement with the situation in mitochondrial
FeCH (Grzybowska et al., 2002; Ohgari et al., 2005), the
dimer is the active form of the Synechocystis FeCH.
Given that the purified AH347-FeCH is fairly active
and the same enzyme is fully active in membranes
(Fig. 3B), we speculated that region II might promote
dimerization, resulting in an active enzyme. However,
on a native gel, the purified FLAG-AH347-FeCH mi-
grated strictly as a monomer, in contrast to the dimeric
full-length FLAG-FeCH (Fig. 5A). To facilitate further
analysis of enzyme dimerization, all three purified
tagged enzymes were separated using size-exclusion
chromatography, and the FeCH activity of the column
fractions was measured. According to the A,q, (Fig.
5B), the full-length FeCH migrates as a broad peak
mainly as a dimer but with a significant fraction of
monomers and also a small proportion of higher mass
aggregates (compare with Fig. 5A), whereas both
truncated enzymes migrate in a sharp peak corre-
sponding to monomers with bound detergent mole-
cules (Fig. 5B). Note that it is generally problematic to
determine the mass of membrane proteins on gel fil-

native conditions on the anti-FLAG affinity gel, sep- \3..
arated by SDS electrophoresis, and stained by Coo- &
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Figure 5. Aggregation state of purified FeCHs. A, Approximately 0.5 ug
of the purified wild-type and truncated FeCH was separated by non-
denaturing electrophoresis and stained by Coomassie Brilliant Blue. M
and D indicate the positions of FeCH monomer and dimer, respectively.
B, Gel filtration of the FLAG-FeCH and truncated FeCH enzymes on the
BioSep SEC-S3000 column. Approximately 1 ug of each protein was
separated. Positions of standards are shown at the top of the graph:
AM = B-amylase (200 kD); ADH = alcohol dehydrogenase (150 kD);
BSA = bovine serum albumin (66 kD); CA = carbonic anhydrase (29 kD).
C, FeCH activity in 0.5-min fractions as eluted from the gel filtration
column during separation of purified FeCH enzymes (described in B).
The whole volume of each fraction (75 ul) was assayed immediately
after elution in an in vitro FeCH assay. Obtained values for truncated
enzymes were multiplied 10-fold to compare activity profiles.

tration, as calibration of a column with soluble pro-
teins leads to inaccurate results (Zouni et al., 2005).
However, the results in Figure 5 are internally con-
sistent and show that although the mass of the
FLAG-AH347 protein is only 2.8 kD larger than that of
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FLAG-AH324, its mobility is 0.5 min slower, which
corresponds to approximately 25 kD according to our
column calibration (Fig. 5B). This could indicate that
the loss of region II is accompanied by a significant
difference in the conformation of the FeCH protein.

The FeCH activity profile for the collected fractions
for the full-length enzyme corresponded well with the
protein absorbance, including an obvious shoulder at
the position of a predicted monomer (Fig. 5C). This
result indicates similar in vitro specific activities for
both the dimeric and monomeric forms of the enzyme.
The maximum activity of the FLAG-AH347-FeCH was
measured in the elution peak fraction resembling the
monomeric form. Therefore, we expect that the FLAG-
AH347 was active in the assay in a monomeric form. It
should be noted that a substantial portion of the total
FLAG-AH347 activity was lost during gel filtration,
suggesting a lower stability for this truncated enzyme
when compared with the full-length FeCH, which was
still highly active when eluted from the column (Fig.
5C). As expected, no activity was detected when a
similar amount of the FLAG-AH324 was analyzed by
the same method (Fig. 5C).

Although previous results strongly support a model
where the CAB domain is responsible for FeCH di-
merization and the AH347-FeCH is therefore a par-
tially active monomer in vivo, it cannot be excluded
that dimerization of Synechocystis FeCH is driven by
having a high concentration of pure protein. To obtain
further evidence that the full-length FeCH physically
interacts with another FeCH molecule in vivo, we
employed the FLAG-hemH strain expressing both the
FLAG-FeCH and nontagged wild-type FeCH. As these
two enzyme forms have different mobilities on SDS-
PAGE, they can be distinguished by immunodetection
using a combination of anti-FeCH and anti-FLAG
antibodies (Fig. 6A). After isolation of the FLAG-
FeCH on an anti-FLAG affinity gel, the smaller native
FeCH was specifically copurified with FLAG-FeCH,
and it was the only copurified protein visible on the
Coomassie Brilliant Blue-stained gel (Fig. 6A).

To resolve the question of whether the CAB domain
alone is sufficient to promote the formation of dimeric
FeCH and to investigate whether another part of this
enzyme is essential for FeCH-FeCH interaction in
vivo, we prepared a Synechocystis strain expressing
the FeCH C terminus, consisting of region II and the
CAB domain, as a small His,-tagged protein (His-C-tn;
Fig. 1C). This artificial protein, lacking the extrinsic
catalytic domain, was expressed both in the wild type
and the AH347 strains and used as in vivo bait for
FeCH. If the CAB domain is the only segment required
for the FeCH dimerization, the His-C-tn protein would
form a stable complex only with the full-length FeCH
but not with the truncated AH347 enzyme. The His-
C-tn protein was purified on a nickel column under
native conditions and subjected to gel electrophoresis,
and coisolated FeCH was detected by anti-FeCH
antibody (Fig. 6B). The full-length FeCH clearly cop-
urified with His-C-tn in contrast to AH347-FeCH,
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Figure 6. A, Purification of the FLAG-FeCH in a complex with non-
tagged FeCH. FLAG-FeCH was purified from the FLAG-hemH strain
possessing both tagged and nontagged forms of this enzyme; purifica-
tion was carried out under native conditions on the anti-FLAG affinity
gel as described in “Materials and Methods.” Each purification step was
separated by SDS electrophoresis and blotted, and both FeCH forms
were detected by anti-FeCH antibody; eluted proteins separated by SDS
electrophoresis were also stained by Coomassie Brilliant Blue. The
position of the FLAG-FeCH was resolved by anti-FLAG antibody. B,
Purification of the FeCH C-terminal fragment and its copurification with
the full-length FeCH and the AH347-FeCH lacking the CAB domain.
The 63-residue-long C-terminal fragment of Synechocystis FeCH was
expressed as a His-tagged protein (His-C-tn) in the wild type (WT) and
in the AH347 backgrounds and purified from both strains using Ni**
affinity chromatography. As the polyclonal anti-FeCH antibody recog-
nized the C-terminal parts of the protein only weakly, the His-C-tn was
detected using an antibody raised against a synthetic peptide corre-
sponding to region Il of the Synechocystis FeCH (amino acids 333-348).
The amount of membrane protein loaded for each sample corresponded
to 150 ulL of cells at OD,5, = 1, 1/50th the volume of each washing step
(20 uL from 1 mL), and 1/25th the total elution volume. The imidazole
elution is described in “Materials and Methods.”

confirming in vivo dimerization via the CAB domain
(Fig. 6B). Moreover, the His-C-tn protein formed a
stable dimer with another His-C-tn molecule, which
partly persisted even during separation by denaturing
SDS electrophoresis (Fig. 6B). Based on these data, it
can be concluded that the CAB domains have affinity
for one another and that this domain is strictly re-
quired for dimerization of the Synechocystis FeCH in
vivo.

DISCUSSION

Cyanobacterial and algal FeCHs as well as the plant
FeCH2 isoform possess a unique conserved C-terminal
CAB domain with a putative Chl-binding motif (Sup-
plemental Fig. S1). The CAB domain and the FeCH
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catalytic core are connected by a “linker” (region II),
which is quite variable in its length and sequence
among organisms (Supplemental Fig. S1). Recently, we
have demonstrated that the elimination of both region
IT and the CAB domain from FeCH in the Synechocystis
AH324 mutant dramatically impaired the activity and
stability of the truncated FeCH (Sobotka et al., 2008b).
Given the essential role of dimerization for the func-
tion of human and yeast FeCHs (Grzybowska et al.,
2002; Ohgari et al., 2005), the low activity of the
AH324-FeCH was originally attributed to the absence
of the CAB domain, yielding a monomeric enzyme
(Sobotka et al., 2008b). However, newly discovered
thermophilic Synechococcus strains possessing putative
monomeric FeCHs lacking the CAB domain but still
preserving the short region II (Kilian et al., 2008;
Supplemental Fig. S1) stimulated us to mimic these
naturally occurring FeCH variants by preparing the
AH347 strain lacking only the CAB domain. Impor-
tantly, elimination of the CAB domain yielded an
enzyme with comparable specific activity to the wild-
type FeCH (Fig. 3). Direct comparison of AH347 with
the AH324-FeCH lacking both the region II and CAB
domains reveals the crucial importance of region II
and enabled us, to our knowledge for the first time, to
explore the role of the FeCH CAB domain in the
regulation of tetrapyrrole biosynthesis.

Our earlier work on the AH324 strain (Sobotka et al.,
2008b) posed an intriguing question as to why this
mutant, possessing a strongly impaired FeCH, does
not display any depletion in phycobilins, which are
produced by oxidation of heme (Supplemental Fig.
S2). Our work here helps to address this issue by
demonstrating that the low activity of AH324-FeCH is
more than sufficient to furnish the cellular demand for
heme (Fig. 2C). However, it is still unclear why the
wild-type cell maintains FeCH at levels much higher
than those actually required by the demands placed on
heme biosynthesis. It is noteworthy that under low
light or microaerobic conditions, the AH324 mutant
resembles the wild-type phenotype: it exhibits normal
pigmentation and growth rate and does not release
PP}y into the growth medium (Table I; Supplemental
Fig. S2; R. Sobotka, unpublished data). These data sug-
gest that under low-stress conditions, traces of FeCH
activity are sufficient. Nonetheless, at increased light
intensity, the growth of the AH324 mutant is signifi-
cantly retarded, and a further increase in light intensity
to 150 umol photons m > s' caused cell bleaching,
probably due to the destruction of thylakoid mem-
branes (Table I, Supplemental Fig. S2). It appears that
under such conditions, the high content of FeCH found
in the wild type is essential for cell viability to avoid
accumulation of the high levels of phototoxic PP}y and
other porphyrins found in the AH324 mutant.

Based on these data and on our previous results
(Sobotka et al., 2005), we expect that the FeCH enzyme
is involved in the regulation of tetrapyrrole biosyn-
thesis and that the high content of the enzyme per cell,
in relation to the biosynthetic demand for heme, has
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regulatory implications. Our previous work suggested
a regulatory role for FeCH: the cellular FeCH activity
increased 3- to 4-fold in Synechocystis mutants im-
paired in PSII assembly and led to a decrease in meta-
bolic flow through the tetrapyrrole pathway (Sobotka
et al., 2005). The cell could balance the distribution of
PP}, between both chelatases and could also combat the
detrimental effects of a stressful and fluctuating envi-
ronment using a surplus of “silent” FeCH to dissipate
escalating levels of phototoxic PP,. In the cyanobacte-
rium Thermosynechococcus elongatus, FeCH was found to
physically interact with protoporphyrinogen oxidase,
the enzyme that produces its substrate PP}, (Masoumi
et al., 2008). It is possible that the delivery of PPy to
FeCH is controlled via the formation of such a complex
and, if needed, the FeCH quickly interacts with proto-
porphyrinogen oxidase and channels photosensitizing
PP, into the safer heme metabolite, with the bonus of
inhibiting ALA synthesis via a heme feedback loop
(see below). In our model, FeCH activity, which in-
cludes its access to PP}, modulates the flow of this
metabolite into the heme or Chl branches. The AH347
strain shows higher content of noncovalently bound
heme but has a low pool of PP, although its ALA
capacity is comparable to the wild type (Fig. 2). This
indicates that the AH347 mutant is deficient in the
control of PP}, distribution, and we speculate that de-
letion of the CAB domain facilitates the access of
truncated FeCH to PPy.

According to current models of the regulation of
tetrapyrrole biosynthesis, increased consumption of
PP}y by FeCH should inhibit the GIuTR enzyme via a
heme feedback loop (for recent reviews, see Tanaka
and Tanaka, 2007; Masuda and Fujita, 2008). However,
although an allosteric inhibition of GluTR by heme in
plants is supported by convincing evidence, the model
of free heme directly interacting with the GluTR and
modulating the activity of this enzyme is probably
oversimplified. In Chlamydomonas, inhibition of the
GIuTR activity by heme depends on the presence of an
unidentified soluble protein (Srivastava et al., 2005),
and heme paradoxically stimulates expression of the
gene coding for GIuTR (Vasileuskaya et al., 2005). In
nonphotosynthetic bacteria, heme controls proteolytic
degradation of GIuTR, and in the acidophilic bacte-
rium Acidithiobacillus ferrooxidans, heme also regulates
the activity of glutamyl-tRNA synthase (Wang et al.,
1999; Levican et al., 2007). The role of heme in the
tetrapyrrole signaling network is thus quite complex,
and it is not so surprising that the increased proto-
heme level in the AH347 strain did not result in a
decreased rate of ALA formation (Fig. 2B). It should be
noted that the AH324 strain, where ALA synthesis is
clearly stimulated, has a practically unchanged proto-
heme content per cell, so there might be a specific pool
of heme used for signaling. However, as almost noth-
ing is known about mechanisms balancing the pro-
duction of different heme forms (B, A, C) together with
linear tetrapyrroles, a regulatory role of a putative
heme pool remains speculative.
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As we already discussed, the AH324 dies at high
light probably due to massive accumulation of PPy
and also other porphyrins. The growth of the AH347
mutant is also impaired by high light intensities,
although it does not accumulate any tetrapyrroles
other than Chlide (Table I); interestingly, at the same
time, this strain contains approximately 40% more
Chl per cell than WT,, . We expect that the failure of
AH347 to grow at high light is not caused primarily by
a high concentration of phototoxic tetrapyrroles but
due to an inability of this strain to control the synthesis
and turnover of Chl-protein complexes. A similar
“stay-green” phenotype was already described in the
Synechocystis pmgA mutant, which had lost the ability
to regulate photosystem stoichiometry, particularly to
decrease the level of PSI relative to PSII upon a switch
to high light (Hihara et al., 1998). Such an adjustment
of the PSI/PSII ratio was shown to be essential for the
survival of Synechocystis when grown at 300 pmol
photons m2s! (Sonoike et al., 2001), and since PSI
contains most of the Chl in the cell, the process of high-
light acclimation results in a remarkable decrease in
total Chl content per cell (see WT,,, in Table I). In-
terestingly, the down-regulation of PSI was reported to
be determined primarily by limited availability of Chl
for the synthesis of PSI subunits (Muramatsu et al.,
2009); thus, this process can be affected by an elevated
level of Chlide, the last Chl precursor. On the other
hand, the regulation of the PSI/PSII ratio cannot be
accomplished simply by a total restriction of Chl
formation but rather by Chl redirection, as, in contrast
to PSI, the synthesis of PSII subunits is accelerated
under high-light stress due to a faster turnover of PSII
(Nowaczyk et al., 2006). We expect that a sophisticated
mechanism exists ensuring the distribution of Chl to
Chl-binding proteins under changing environmental
conditions and that such an apparatus has to recycle
Chlide originating from degraded Chl-protein com-
plexes via Chl turnover (Vavilin and Vermaas, 2007).

The presence of a Chl-binding motif in the FeCH
CAB domain led us to the speculation that this domain
is involved in the mechanism proposed above to
balance Chl biosynthesis, Chl turnover, and the syn-
thesis of particular Chl-protein complexes. Using the
FLAG-tagged FeCH and its C terminus as bait, we
have provided clear evidence that the CAB domain
mediates a specific interaction between FeCH mole-
cules in vivo. In the FeCH dimer, the interacting CAB
domains should resemble the “cross helix” structure
found in the LHCII complex of higher plants; the Chl-
binding motif ExxNGR is preserved in the CAB do-
main (Supplemental Fig. S1; Liu et al., 2004). Our data
thus support the possibility of Chl(ide) interacting
with the CAB domain and may form an (alternative)
route for the transfer of Chl(ide) to photosystem apo-
proteins. In this context, it is interesting that both
cyanobacteria and plants contain high/early light-
inducible proteins (ELIP/HLIP), which are structur-
ally very similar to the FeCH CAB domain, including a
conserved Chl-binding motif (Dolganov et al., 1995).
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These proteins, which quickly accumulate at high
levels upon a switch to high light, might form part of
a dynamic network of interacting CAB domains in the
membrane that perhaps transiently form a complex
with the FeCH CAB domain, yielding a monomeric
enzyme that is virtually fully active but localized
adjacent to different protein complexes, with different
affinity to Chl or with different access to PPy. Indeed,
both ELIP and HLIP were found to regulate Chl bio-
synthesis (Xu et al., 2002; Tzvetkova-Chevolleau et al.,
2007) and to physically interact with Chl-binding pro-
teins (Promnares et al., 2006).

The CAB domain apparently has an important role
also in the stability of Synechocystis FeCH; in contrast
to the comparable membrane-associated catalytic ac-
tivities of the wild type and the AH347-FeCH, the
specific activity of the purified FLAG-AH347-FeCH
was much lower (Fig. 4). This low specific activity is
probably caused by lower stability of the enzyme, as the
purified FLAG-AH347 enzyme lost its activity much
faster than the full-length enzyme, which made it
difficult for example to measure the activity of FLAG-
AH347-FeCH separated by gel filtration. It is probable
that one of the reasons for higher stability of the full-
length FeCH is its dimerization.

The critical role of region II for the activity of
Synechocystis FeCH is noteworthy, regarding its rather
low sequence similarity among different groups of
organisms and its position at the end of the extrinsic
catalytic domain of the enzyme. The only common
features perceptible from amino acid alignments are
the rather hydrophobic nature of this sequence and a
higher frequency of Pro residues (Supplemental Fig.
S1). When compared with the structure of the spinach
(Spinacia oleracea) LHCII (Liu et al., 2004), the FeCH
CAB domain best corresponds to the third helix and
the Pro-rich region II can be aligned with the stromal
loop connecting the second and third helices (Supple-
mental Fig. S1). Indeed, this short sequence in LHCII
contains five Pro residues that bend this region to form
a curled but relatively flat structure on the membrane
surface (Supplemental Fig. S3). So, the FeCH Pro-rich
domain could form a similar structure, although we
cannot account for the importance of this domain for
enzyme activity/stability. A clue could be the unusual
kinetics of the AH347-FeCH in our assay (Fig. 4B). The
rapid decline in the initial rate of chelation is specific
only for the AH347 enzyme, as the activity of recom-
binant AH324, although very weak, exhibits a linear
rate of zinc-PP}, formation (R. Sobotka, unpublished
data). Also, this effect is not caused by low stability of
the AH347 enzyme in the assay, as the purified FLAG-
AH347-FeCH can be incubated in assay buffer without
zinc for at least 15 min with no decrease in activity
(data not shown). The observed kinetics could be
related to zinc uptake by FeCH, which is known to
be quite complex, as zinc, even at low concentrations,
inhibits the release of product from the enzyme
(Davidson et al., 2009). To clarify this question, a detail
enzymological study is required.
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We conclude that this study, based on a combined
analysis of several Synechocystis strains and purified
FeCHs, has demonstrated both regulatory and struc-
tural roles for the FeCH CAB domain and, unexpect-
edly, revealed a critical role of region II for the catalytic
function of the plastid-type FeCH enzyme. In addition,
as the mitochondrial FeCH is known to be active only
as a homodimer (Grzybowska et al.,, 2002; Ohgari
et al., 2005), the Synechocystis FeCH can be described as
a new type of dimeric FeCH, since the deletion of the
C-terminal CAB domain, responsible for dimerization,
did not abolish the catalytic activity of the resulting
monomeric enzyme.

MATERIALS AND METHODS
Growth Conditions

If not stated otherwise, Synechocystis strains were grown photoautotrophi-
cally in liquid BG-11 medium (Rippka et al., 1979) supplemented by 10 mm
TES at 30°C and 40 umol photons m 2 s~ (normal light) on the rotary shaker.
To induce the expression of tagged FeCHs from the pet] promoter (see below),
FLAG-hemH/AhemH, FLAG-AH347, and FLAG-AH324 strains were grown in
BG-11 medium lacking copper in the trace metal mix.

Construction of Synechocystis Mutants

Construction of the WT, strain and the AH324 mutant has been described
by Sobotka et al. (2008b). Essentially the same approach was adopted for the
preparation of the AH347 mutant, with a stop codon in the hemH gene at
amino acid position 347 (for all oligonucleotides used for strain preparation,
see Supplemental Table S1).

To obtain the FLAG-hemH strain expressing 3xFLAG-tagged FeCH (FLAG-
FeCH), the coding sequence of the hemH gene (locus slr0839) encoding the
FeCH was subcloned into the pDrive vector (Qiagen). Subsequently, two
complementary oligonucleotides encoding the 3xFLAG peptide (Sigma-
Aldrich) were hybridized, thus creating Ndel-compatible overhangs, and
then ligated into the Ndel site of the pDrive-hemH construct, thereby elimi-
nating the second Ndel site. Using Ndel and BgIII restriction enzymes (sites
were introduced by the primers; Supplemental Table S1), a DNA fragment
encoding the FLAG-FeCH was excised and then ligated into pSK9 vector for
chromosomal integration under the control of the copper-dependent pet]
promoter (Tous et al., 2001). The plasmid was transformed into Synechocystis
wild type, and transformants were selected on BG-11 agar plates containing
7 ug mL™ chloramphenicol.

In order to inactivate the entire FeCH gene and thus obtain a strain
expressing the FLAG-FeCH as the only FeCH enzyme in the cell (FLAG-
hemH /AhemH strain), the original hemH gene in the FLAG-hemH strain was
replaced by an erythromycin resistance cassette using PCR-mediated insertion
(Lee et al., 2004; Sobotka et al., 2008b). To prepare the FLAG-AH347 and FLAG-
AH324 strains expressing truncated FeCHs, modified hemH genes containing
stop codons were amplified from the AH347 and AH324 mutants and cloned
into the pSK9 plasmid as described above.

The Synechocystis His-C-tn strain expresses the 63-residue-long C-terminal
fragment of Synechocystis FeCH as a His¢-tagged protein under the control of
the psbAIl promoter. To prepare this strain, the hemH gene fragment was
amplified by PCR using gene-specific primers with artificial restriction sites
for Ndel and BgIII and containing six His codons (CAC) in the forward primer
(Supplemental Table S1). After restriction, the PCR fragment was cloned into
Ndel and BamHI sites of the pSBA plasmid containing the upstream and
downstream regions of the Synechocystis psbAll gene (Lagarde et al., 2000). The
plasmid was transformed into the Synechocystis psbAII-KS strain as described
previously (Lagarde et al., 2000).

Fractionation of Synechocystis Cells

A total of 50 mL of cells (optical density at 750 nm [OD,5,] ~ 0.5) was
washed and resuspended in buffer A containing 20 mm HEPES, pH 7.4, 10 mm
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MgCl,, 5 mm CaCl,, and 20% glycerol. The cell suspension was mixed with
glass beads and broken in a Mini-BeadBeater-16 (BioSpec), and the resulting
homogenate was centrifuged at 50,000¢ for 30 min at 4°C. The supernatant
containing soluble proteins was transferred to a new tube. Pelleted mem-
branes were washed two times in buffer A, resuspended, and solubilized in
the same buffer containing 1% dodecyl-B-maltoside, and unbroken cells and
unsolubilized material were discarded by centrifugation.

Western Blot and Immunoblotting

Unless otherwise stated, proteins were denatured by 2% SDS and 1%
dithiothreitol for 30 min at room temperature and separated on a denaturing
12% SDS-polyacrylamide gel. Proteins separated on the gel were transferred
onto a polyvinylidene difluoride membrane. The membrane was incubated
with specific primary antibodies and then with secondary antibody conju-
gated to horseradish peroxidase (Sigma). The anti-FeCH was raised in rabbits
against recombinant Synechocystis glutathione S-transferase-FeCH expressed
in Escherichia coli. The anti-FeCH C-terminal antibody (anti-C-tn) was raised in
rabbits against residues 332 to 347 of the Synechocystis FeCH. The antibodies
against Synechocystis magnesium chelatase subunits, Gun4 and Magnesium-
protoporphyrin methyl transferase, were raised in rabbits using recombinant
proteins prepared in E. coli.

Affinity Purification of 3xFLAG-Tagged FeCHs
from Synechocystis

Two liters of FLAG-hemH /AhemH and FLAG-AH347 cells and 4 L of FLAG-
AH324 cells harvested at OD,5, = 0.7 to 0.8 were washed and resuspended in
buffer A (see above) containing protease inhibitors (complete protease inhibitor
cocktail; Roche). The cell suspension was mixed with glass beads and broken in
a Mini-BeadBeater-16 using six 1-min cycles. Membranes were pelleted by
centrifugation at 50,000¢ for 20 min at 4°C, washed in buffer A, and resuspended
in 10 mL of the same buffer containing 1% dodecyl-B-maltoside. Membranes
were solubilized by gentle mixing for 30 min at 10°C, and unbroken cells were
discarded by centrifugation. Proteins were loaded onto a column containing
approximately 100 uL of anti-FLAG M2 affinity gel (Sigma) and then washed
with 15 mL of buffer A containing 0.04% dodecyl-B-maltoside (buffer A-DDM).
The FLAG-tagged FeCH was eluted into buffer A-DDM by incubation of the M2
affinity gel with 3xFLAG peptide (100 ug mL™") for 30 min.

Affinity Purification of the His-C-tn Protein
from Synechocystis

For purification of the C-terminal fragment of Synechocystis FeCH (His-C-
tn protein), membranes from 250 mL of cells (OD,5, ~ 0.7-0.8) were washed
and resuspended in buffer B (20 mm HEPES, pH 7.7, 10 mm MgCl,, 5 mm
CaCl,, 0.1 m NaCl, and 10% glycerol) containing protease inhibitor (complete
protease inhibitor cocktail; Roche). Cells were broken and membrane proteins
were prepared in the same way as already described for the purification of
FLAG-FeCHs. Proteins were loaded onto a column containing approximately
75 uL of His-select resin (Sigma) charged with Ni** and preequilibrated with
buffer B containing 0.04% dodecyl-B-maltoside (buffer B-DDM). To remove
any loosely bound contaminants, the column was first washed with 8 mL of
buffer B-DDM and then successively with 1 mL of buffer B-DDM containing
10 mym, 20 mym, and 30 mm imidazole. The His-C-tn protein was eluted with
buffer B-DDM containing 150 mm imidazole.

FeCH Activity Assay

FeCH activity was monitored spectrofluorometrically at 35°C by directly
recording the rate of zinc-PP;y formation using a Spectronic Unicam series
2 spectrofluorometer. The reaction mixture (1.5 mL final volume) contained
100 mm Tris-HCl (pH 8.0), 0.03% Tween 80, 5 um PP}y, and 1 um ZnSO,. The
measurement of FeCH activity in the cell membrane fraction was initiated by
adding proteins in amounts corresponding to 0.3 mL of cells at OD,5, = 1. This
value was calculated from the Chl content in the analyzed sample and Chl
level per ODy5, of the particular strain.

Quantification of Chl and Chl Precursors

For Chl quantification, pigments were extracted from cell pellets (5 mL,
OD,5, ~ 0.4) with 100% methanol, and Chl content was measured spectro-
photometrically (Porra et al., 1989).

Plant Physiol. Vol. 155, 2011

Function of Ferrochelatase C-Terminal Domains

For quantitative determination of Chl precursors in the cells, 75 mL of
culture at OD,5, = 0.35 to 0.4 was filtered through a 4-um cellulose filter to
remove all precipitated pigments in growth medium and harvested. Pigments
were extracted by 1 mL of methanol/0.2% NH,OH using a Mini-BeadBeater-
16 with two breaking cycles. Subsequently, the sample was centrifuged and
the supernatant containing extracted pigments was collected. The pellet was
then extracted again by 0.3 mL of methanol/0.2% NH,OH with one breaking
cycle, and the combined supernatants were mixed with 150 uL of 1 M NaCl.
This solution was extracted two times by 400 uL of hexane to remove Chl and
B-carotene, concentrated to 750 uL on a vacuum evaporator, and extracted two
times by 400 uL of petroleum ether (boiling range, 45°C—60°C) to remove
zeaxanthin. Remaining solution was evaporated to dry on a vacuum evap-
orator. Pigments were than resuspended in 140 uL of methanol/0.2% NH,OH
and mixed with 60 uL of water, and precipitated myxoxanthophylls were
discarded by centrifugation. Samples were immediately separated by HPLC
(Agilent-1200) on a reverse phase column (Nova-Pak C18, 4 um particle size,
3.9 X 150 mm; Waters) using 30% methanol in 0.5 M ammonium acetate
and 100% methanol as solvents A and B, respectively. Porphyrins were eluted
with a linear gradient of solvent B (65%—75% in 30 min) at a flow rate of
0.9 mL min ! at 40°C. HPLC fractions containing MgP (retention time of ap-
proximately 6.5 min), Chlide (approximately 8.5 min), PChlide (approxi-
mately 11.5 min), magnesium protoporphyrin IX methylester (approximately
13 min), and PP}y (approximately 15 min) were collected, and concentrations
of the corresponding compounds were determined fluorometrically using a
Spectronic Unicam series 2 spectrofluorometer.

Quantification of Hemes and Determination of
ALA-Synthesizing Capacity

For quantification of heme B (protoheme), a sample of cell debris, already
extracted by methanol/0.2% NH,OH for quantification of Chl precursors, was
extracted further by 1 mL of acetone:water:HCl (90:8:2). After centrifugation,
the solution was evaporated to dry on a vacuum evaporator, resuspended in
100 uL of acetone, and immediately separated by HPLC on a Nova-Pak C18
column (4-um particle size, 3.9 X 150 mm; Waters) using a linear gradient
from 50% to 80% solvent B (40% acetone in methanol) in solvent A (30%
methanol in 0.5 M ammonium acetate) in 30 min at a flow rate of 1 mL min " at
40°C. Heme B was detected by a diode array detector (Agilent-1200) and
quantified using an authentic hemin standard (Sigma).

To determine ALA-synthesizing capacity, a total of 100 mL of Synechocystis
cells at OD,5, = 0.4 was supplemented with 5 mm Glc and 15 mm levulinic
acid/KOH, pH 7.5, to enhance ALA formation but inhibit its condensation
into porphobilinogen. After 4 h, cells were harvested, resuspended in 0.3 mL
of double-distilled water, and mixed with 20 uL of 50% TCA. Precipitated
proteins were discarded by centrifugation, and the supernatant was adjusted
to pH 6.7 by 90 uL of 0.5 M Na,;PO,. The supernatant was then mixed with
12 pL of ethylacetoacetate, boiled for 15 min at 100°C, cooled on ice, and
cleared by centrifugation. A total of 450 uL of modified Ehrlich’s reagent was
added to the supernatant, and the content of ALA was determined by Ass;
(Mauzerall and Granick, 1956) on a Shimadzu 2000 spectrophotometer.

Native Electrophoresis and
Size-Exclusion Chromatography

Nondenaturing PAGE was performed with the precast 4% to 16%
NativePAGE Bis-Tris Gel (Invitrogen) at 10 V ecm ™! at 4°C using the XCell
SureLock cell (Invitrogen). Cathode buffer contains 0.25 mwm Tricine, 7.5 mm
Bis-Tris-HCl, pH 7.0, 0.05% sodium deoxycholate, and 0.02% dodecyl-B-
maltoside; anode buffer contains 0.25 mm Bis-Tris-HCI, pH 7.0. Approximately
0.25 ug of protein in buffer A-DDM was loaded for each sample, and after
electrophoresis, the gel was stained with Coomassie Brilliant Blue.

Gel filtration chromatography was carried out on the BioSep SEC-53000
300- X 7.80-mm column (Phenomenex) connected to a photodiode array
detector (Agilent-1200). The column was equilibrated with buffer A contain-
ing 0.1% dodecyl-B-maltoside. The flow rate was 0.15 mL min .

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Amino acid alignment among the C-terminal
ends of FeCH proteins from evolutionarily distant Chl-producing
organisms.
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Supplemental Figure S2. Whole-cell absorbance spectra of Synechocystis
strains grown under different light regimes.

Supplemental Figure S3. Crystal structure of the spinach LHCII with the
highlighted stromal loop connecting the second and third helices.

Supplemental Table S1. Oligonucleotides used for the construction of
Synechocystis mutant strains.
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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''W]

Jana Kopecna, Josef Komenda, Lenka Bucinska, 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 uE m %) exhibited markedly reduced PSI content when
compared with cells grown at lower irradiances (10 and 40 uE m 2s7h, 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 (PSII) 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
on light as the only source of energy for their prolifer-
ation. However, light intensity can swiftly change due
to variable environmental conditions, sometimes being
too low to sufficiently drive photosynthetic reactions,
and other times being even higher than can be utilized,
or at least safely dissipated, by a photosynthetic appa-
ratus. In the latter case, the excessive part of the absor-
bed energy can be ultimately transformed into energy of
reactive oxygen species, which has a destructive im-
pact on key cellular components: nucleic acids, lipids,
pigments, and proteins. To cope with light fluctuations,
cyanobacteria as well as algae and plants possess com-
plex regulatory machinery to optimize the utilization of
light energy and to protect photosynthetic apparatus
against the damage induced by excessive light. This
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machinery involves the regulation of size and number
of light-harvesting antennas (Anderson et al., 1995;
Walters, 2005), dissipation of light energy by non-
photochemical quenching (El Bissati et al., 2000; Miiller
et al., 2001), redistribution of light energy between
photosystems by state transition (Mullineaux and
Emlyn-Jones, 2005; Fujimori et al., 2005), or adapting
the capacity of carbon dioxide (CO,) fixation (Demmig-
Adams and Adams, 1992).

One of the most prominent responses to light in-
tensity, and also to its spectral quality, is a selective
regulation of the abundance of PSI in the thylakoid
membrane, which controls the frequency of excitation
of photosystems to optimize the entire photosynthetic
electron flow (Chow et al.,, 1990, Muramatsu and
Hihara, 2012). Given that the PSII level is much more
stable, this process establishes a specific stoichiometry
between both photosystems (PSI/PSII ratio) depend-
ing on particular light conditions (Neale and Melis,
1986, Murakami and Fujita, 1991; Walters and Horton,
1994). A dynamic adjustment of the PSI/PSII ratio has
been shown to be required for maintaining a high
quantum efficiency of photosynthesis in plants (Chow
et al., 1990) and algae (Melis et al., 1996). In cyano-
bacteria, a physiological significance of photosystem
stoichiometry was demonstrated on mutants of the
cyanobacterium Synechocystis sp. PCC 6803 (hereafter,
Synechocystis). The pmgA mutant has lost the ability to
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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-
ten51t1es Usmg radioactive labeling of proteins and Chl
by *°S and "C, 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 uE m ! (moderate light [ML]) and sub-
sequently moved for 24 h to either lower light (LL; 10 uE

s Hor hlgher hght intensities (HL1, 150 uEm s %;
HL2 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 wE 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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Figure 1. Whole-cell absorption spectra of the Synechocystis cells acclimated to different light intensities. A, Absorption
spectra of Synechocystis cells grown photoautotrophically for 24 h under 40 uE m™2 s~ (ML), 150 uE m™2 s~' (HL1), and 300
wEm™?s7 (HL2). Peaks at 620 and 682 nm represent phycocyanin and Chl absorption, respectively. B, Time course of changes
in absorption spectra of cells shifted from ML to HL2 (time 0). Cell spectra measured after 4 (dashed line) and 6 h (solid line) are
practically identical, which suggests a lag phase in acclimation to HL2. Spectrum at 24 h is designated by the dotted line. a.u.,

Absorbance units.

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,;, = 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,4, ")
LL (10 gEm™2s7") 328+ 1.3 5.9 = 0.08
ML (40 uE m™2s7) 15.8 = 0.8 5.5+ 0.12
HL1 (150 uE m™2s7") 10.4 + 1.3 3.6 £ 0.12
HL2 (300 uE m™2s7 ) 7.2 +03 2.5 + 0.09
HL2 + 5 mm NaHCO, 71203 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 PSII 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

° > Y
PSIG) e — —

PSII(2)4

PSI(1)
PSII(1)7 =

o i e = PSI(2)

-PSII(1)

Transmit Chl fluor

Figure 3. Accumulation of PSI and PSIl 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,s, = 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
PSIl 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

Plant Physiol. Vol. 160, 2012

Synthesis of Chlorophyll-Binding Proteins under High Light

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 HL?2 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/PSIT 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 ["YCJALA (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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Figure 5. Accumulation and localization of en- A
zymes of the tetrapyrrole biosynthetic pathway.
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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 PSlI-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; PPy, 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 ["*C]Glu 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 ['*C]Glu and ["*CJALA
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 pl of cells at OD,5, = 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 [**S]Met/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 x10° 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 PSII complexes obtained using ImageQuant software and a calibration curve for each

complex (Supplemental Fig. S6). b

?35] 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/PSIl 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 PSL

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 production to support fast
growth. Labeling using [“C]Glu or [*C]ALA demon-
strated that the main sink for the newly synthesized
Chl is the trimeric PS], 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
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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 % s™! (ML). For described experiments, cells grown at ML
were diluted to OD,5, = 0.25 and shifted to 10 uE m 2 s™! (LL), diluted to
OD,, = 0.1 and shifted to 150 uE m s ™! (HL1), or diluted to OD,s, = 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. [35S]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 (20,0003,
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 Schagger (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 [CIGlu or [CJALA (specific activity approximately 55 mCi/mmol;
American Radiolabeled Chemicals) was used instead of [**S]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 L 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 Na,H,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
OD,5,= 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, 4-mm 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 m % s™') and at 600 uE m ™% s~ ..

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 uEm™2s7?).

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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Summary

Type IV pilins are bacterial proteins that are small in
size but have a broad range of functions, including
motility, transformation competence and secretion.
Although pilins vary in sequence, they possess a char-
acteristic signal peptide that has to be removed by the
prepilin peptidase PilD during pilin maturation. We
generated a pilD (slr1120) null mutant of the cyanobac-
terium Synechocystis 6803 that accumulates an
unprocessed form of the major pilin PilA1 (pPilA1) and
its non-glycosylated derivative (NpPilA1). Notably, the
pilD strain had aberrant membrane ultrastructure and
did not grow photoautotrophically because the syn-
thesis of Photosystem Il subunits was abolished.
However, other membrane components such as Pho-
tosystem | and ATP synthase were synthesized at
levels comparable to the control strain. Proliferation of
the pilD strain was rescued by elimination of the pilA1
gene, demonstrating that PilA1 prepilin inhibited the
synthesis of Photosystem Il. Furthermore, NpPilA1
co-immunoprecipitated with the SecY translocase and
the YidC insertase, and both of these essential trans-
locon components were degraded in the mutant. We
propose that unprocessed prepilins inactivate an iden-
tical pool of translocons that function in the synthesis
of both pilins and the core subunits of Photosystem II.
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Introduction

Bacterial Type IV pilins, pseudopilins and the related
archaeal flagellins form a large family of proteins with an
extraordinary broad spectrum of functions. They are impli-
cated in motility, genetic transformation, cell aggregation,
secretion or even serve as electrically conductive nanow-
ires (reviewed in Giltner et al,, 2012). The signature of
Type IV pilins is a cleavable N-terminal signal peptide
(SP) followed by a conserved hydrophobic segment
(Fig. 1). The C-terminal domain forms a globular head
faced to periplasmic space and, although its sequence is
usually quite divergent, the available crystal structures are
highly conserved and contain four-stranded anti-parallel
B-sheets (Giltner et al., 2012).

In the current model of pilin biogenesis, pilins are
co-translationally inserted into the membrane by the Sec
pathway (Arts et al., 2007; Francetic et al., 2007). The SP
is then removed by a dedicated membrane-bound prepilin
peptidase called PilD, and the same enzyme also methyl-
ates the amino-terminal residue (Holt etal, 2005;
reviewed in Dalbey and Kuhn, 2012). PilD belongs to a
family of aspartyl proteases (Dalbey and Kuhn, 2012) and
cleaves prepilins roughly proximal to the membrane
surface, consistently with the recently published structure
of the related presenilin protease (Li et al., 2013). The
cleavage of the SP is necessary for further processing of all
known Type IV pilins into functional structures (Giltner
etal., 2012).

It is unclear how mature pilins are extruded from the
lipid bilayer and polymerized into long fibres. According to
the current knowledge, pilus assembly requires the inter-
action of at least 15 proteins (Carbonnelle et al., 2006).
The core components of the assembly machinery are the
PilQ secretin, a channel in the outer membrane through
which the pilus fibre (polymerized pilins) exits the cell, and
PilC, which forms a platform in the inner membrane. PilQ
is a large multimer exposed within the periplasm, and the
other components of the assembly machinery are most
likely arranged around the PilQ-PilC scaffold in a compact
structure spanning the entire cell envelope (Burrows,
2012; Tammam et al., 2013). The hexameric ATPase PilB
associates with PilC (Takhar et al., 2013) and generates
force to move pilins from the inner membrane under
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PAK MKAQ
Pilal MASNFKFKLLSQLSKKRA

PilA2 MKAQFSIGSSSNCRHFNGTRQ
PilA4 MNSSKTAFRGHNVFLLRHALACST,
PilA5  MFKAIFPRYSVG RRLL SVRHSAQ
PilA6 MVMKLPNPTFLLKLVENPHPSTSS

PilA7 MAYKN/ LIKALKLCLFTQKSTS
PilA8 MKILWYLMTRNSS

PilA9  MYKSPFFKLRSILLLARN QRTAPVS
PilAl0 MSAKQLWKIFNPRPMK
PilAll MKPSIVYKLFFLVSAPKFKQKNN

+5 +40

LMIVVAIIGILAAIAIPQYQONYVARSEGASALAS (144)
LLVVVIIIGVLAATALPNLLGQVGKARESEAKST (147)
LLVVVIILGVLGAMTLPNLFSQIGKAREAEAKQI (147)
ILVVVIVIGILGATAVPNLLAQVDKARYSEAKTQ (151)

IALMISFLFLTGTLNAMVMATVMRVKAEREAQ (154)
IGVVTVIVGILAAMAFPSLAGIQARNQVRSRMIE (157)
IGVVTTIVGILASVAFPSLMGIKAKMDTRGEFSE (163)
LLLASIMTFFVVSATGYAILVMTRENISSDVSSD (290)
LVVVVVVIGILSGIVVNAKPWYENPLKNSQDRLQ (353)
NLVSLIVLSITLTAMLPAFMNFGLONAKNRQLTG (140)
LIVGVIIGGILIQLAYFAFSVNREMYLKDAAKND (335)

PilD cleavage site

Fig. 1. Alignment of putative pilin proteins encoded in the Synechocystis genome and the canonical Type IV pilin (PAK) from Pseudomonas
aeruginosa. The leader peptide and first 40 N-terminal residues were aligned based on the PilD peptidase cleavage site (marked by an
arrow). The cleavage domain contains hydrophobic amino acids between the conserved glycine (— 1) and glutamic acid (+ 5) residues. The
membrane segment is shown in grey, the positively and negatively charged amino acid residues in the leader peptide and in the membrane
segment are highlighted in red and blue, respectively, and the total length of each mature protein is indicated on the right.

assistance of other critical components (PilM, PilN, PilO
and PilP). Pilin polymerization is reversible, and cycles of
pilus assembly and disassembly underlie twitching motility
(Burrows, 2012).

Cyanobacteria form an important bacterial phylum that
emerged at the dawn of life on Earth (Knoll, 2008). These
organisms have evolved an efficient photoautotrophic
metabolism based on oxidation of water molecules, which
is powered by energy of photons. The evolution of cyano-
bacteria relying on oxygenic photosynthesis and possess-
ing an endogenous thylakoid membrane system had to
result in substantial remodelling of the original bacterial
structures. Indeed, more than a hundred protein families
universally shared by cyanobacteria have no counterparts
in other bacteria (Mulkidjanian et al.,, 2006). Although
cyanobacteria are highly specialized, many typical bacte-
rial structures have been preserved over billions of years
after the branching of cyanobacteria and bacteria; an
example is Type IV pilus-based motility (Bhaya et al.,
2000). However, genomic data show that cyanobacterial
strains often contain unusually high numbers of type IV
pilin-like genes (Table S1). For instance, the genome of the
cyanobacterium Acaryochloris marina contains at least 16
genes with the typical pilin signature (Table S1). The
genome of the best-studied cyanobacterium Synechocys-
tis PCC 6803 (hereafter referred to as Synechocystis)
encodes 10 putative Type IV pilin proteins (Fig. 1), and only
four of these proteins (PilA1, PilA9, PilA10, PilA11) are
essential for motility (Bhaya et al., 2000; 2001; Yoshihara
etal,, 2001). The functions of other pilin-like proteins
remain unknown. Surprisingly, He and Vermaas (1999)
observed that cyanobacterial pilins are implicated in the
biogenesis of Photosystem Il (PSIl). They analysed a
multiple Synechocystis mutant that synthesized chloro-

phyll only under light conditions and also lacked Photosys-
tem | (PSI). After incubation in the dark, the mutant cells
were almost entirely depleted of chlorophyll; therefore,
these mutant cells enabled the study of early events in PSII
biogenesis, which were unmasked by the absence of
abundant chlorophyll complexes. Notably, the first observ-
able green complex during re-greening contained typical
pilin proteins (He and Vermaas, 1999). The authors also
demonstrated that the appearance of this first chlorophyll
complex was significantly delayed when two pilin genes
(pilA1, pilA2) were inactivated (He and Vermaas, 1999).

In this study, we assessed the photosynthetic perfor-
mance of Synechocystis mutants lacking pilins or proteins
essential for the biogenesis of pilus fibres. Interestingly,
unlike other tested strains that showed no obvious growth
phenotypes, the pilD null strain lacking the prepilin pepti-
dase proliferated only when the growth medium was sup-
plemented with glucose. We demonstrated that the loss of
photoautotrophy in pilD was caused exclusively by the
toxicity of the unprocessed form (prepilin) of the major
pilin PilA1. The presence of the prepilin in membranes
strongly impaired the synthesis of PSII subunits but not
PSI and induced the degradation of Sec translocons.
These data suggest that the PilA1 prepilin interferes with
the translocon machinery required for the synthesis of
pilins and PSII.

Results

The Synechocystis pilD (slr1120) mutant accumulates
two forms of PilA1 prepilin

The pilin mutants used in this study (listed in Table 1) were
derived from the glucose-tolerant Synechocystis WT-V
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Table 1. Characteristics of Synechocystis strains used in this study.
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Photoautotrophic

Strain Resistance Mutation Ref. for construct growth
pilA1-2 Zeo del*:89-782 This study +
pilA2 Spec ins®:57 Bhaya et al. (2000) +
pilA4 Kan del:206-528(+54)° He and Vermaas (1999) +
pilA5-8 Zeo del:74-2190 This study +
PpilA9-11 Zeo del:100-2479 This study +
pilB1 Zeo del:113-614 This study +
pilQ Cm del:72-955 This study +
pilD Kan del:4-570 Bhaya et al. (2000) —
pilD/pilA1-2 Kan, Zeo This study +
pilD/pilA2 Kan, Spec This study =

a. Replacement of the indicated gene region (in base pairs) by the antibiotic-resistance cassette.
b. Insertion of the antibiotic-resistance cassette into the gene after nucleotide 57.

c. The deletion includes the first 54 bp down-stream of the pilA4 gene.

Photoautotrophic growth was monitored by growing the mutant cells on BG11 plates under moderate-light conditions (40 uE s™' m) or high-light
conditions (300 LE s~' m™) for 2 weeks. + indicates that the proliferation of the strain was comparable to the WT under both tested conditions. The
antibiotic-resistance genes conferred resistance to Zeo (zeocin), Spec (spectinomycin), Kan (kanamycin) or Cm (chloramphenicol).

sub-strain (Trautmann et al., 2012). Unlike the original
Synechocystis PCC strain, the WT-V sub-strain is non-
motile because of a mutation in the SpkA signalling kinase
(Kamei et al., 2001); however, the biogenesis and the
assembly of pilus fibres are not affected (Fig. S1). The use
of the WT-V sub-strain (hereafter WT) genetic back-
ground eliminates the ‘false-positive’ phenotypes that
might be observed if the immotile mutants were compared
with a motile control.

The studied pilin mutants exhibited no obvious growth
defects under moderate- and high-light conditions, with the
exception of the pilD (sIr1120) strain that lacks the putative
prepilin peptidase. This strain was strictly mixotrophic and
survived for a prolonged time (days) only on agar plates
supplemented with glucose (Fig. 2A). Similarly, the pilD
cells grew slowly in liquid culture with glucose, although
they formed large aggregates; however, in media lacking
glucose, the proliferation of this mutant ceased (not
shown).

The PilA1 protein is the major structural component of
thick pili in Synechocystis (Bhaya et al., 2000) and is
presumably the main substrate of the prepilin peptidase.
Indeed, the pilD strain accumulated a PilA1 form with a
lower electrophoretic mobility than the mature PilA1
(Fig. 3A), which corresponded well to the expected size of
the prepilin molecule (pPilA1). Detection of this protein
supported identity of the s/r1120 gene product as the Type
IV prepilin peptidase. However, there was also a second
PilA1 form with higher mobility than the mature PilA1
(Fig. 3A). Origin of this band was rather enigmatic and
therefore we analysed it in detail by N-terminal sequencing
and mass-spectrometry. The analyses showed that the
protein contained the entire signal peptide (SP) with excep-
tion of the N-terminal methionine but it also contained the

C-terminus including tri-methylated Lys residue (Fig. 3B),
which excluded a truncation at the C-terminus of the
protein. We further tested whether both prepilins contain a
disulphide bridge, which is typical feature of the Type IV
pilins (Giltner et al., 2012). As shown in Fig. S2, the migra-
tion of both prepilins on SDS-PAGE gels was similarly
shifted in the presence and absence of dithiothreitol (DTT),
suggesting that both prepilins were present in the cells in
an oxidized state (Motohashi et al., 2001).

As the lower-mass form of prepilin contained all amino
acid residues of the putative prepilin the most probable
reason for its faster mobility was its insufficient post-
translational modification. Indeed, the Synechocystis PilA1
protein has been reported to be O-glycosylated between
residues 67 and 75 with Thr73 as the most probable
residue binding the glycan composed of xylose and fucose
(Kim et al., 2009). An increased PilA1 glycosylation has
resulted in the reduced electrophoretic mobility (Fig. 3A;
Kim etal,, 2009), on the other hand insufficient post-
translational modification of PilA1, most probably glyco-
sylation, has led to the similar shift, which we observed
between the prepilin forms (Kim et al., 2004). Indeed,
the mass-spectrometry analysis of the lower-mass
prepilin showed no signals that would correspond to
O-glycosylated peptide 67—75 (Fig. 3B) and therefore, we
designated this protein as NpPilA1 (Non-glycosylated
prepilin) and the slower migrating form as pPilA1.

The observed population of NpPilA1 indicated that
either the process of prepilin glycosylation was very slow
or, alternatively, a pool of prepilin escaped glycosylation.
To discriminate between these possibilities we assessed
the pPilA1 and NpPilA1 levels after 60 min incubation in
the presence of the protein synthesis inhibitor chloram-
phenicol. As this treatment did not change the ratio
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A WT

pilD
pilD/pilA1-2

e~ pPilA1
w{ PilA1

20 - - < NpPilA1
Fig. 2. Growth and complementation of the pilD mutant.
A and B. (A) Photoautotrophy of the pilD strain is rescued by
deletion of the pilA1-pilA2 chromosomal region (pilA71-2) but not by
inactivation of the pilA2 gene alone (B); see Table 1 for strain
descriptions. Glucose-free BG11 plates were inoculated with similar
amounts of cells and incubated in continuous moderate light (40 uE
m=s7") for 10 days.
C. Immuno-detection of PilA1 in the pilA2 strain grown under Glc—

conditions; WT and pilD were included as controls and
immunoblotting was performed as described for Fig. 3A.

between both proteins (Fig. S2), it implied that the pilD
cells accumulated significant amount of non-glycosylated
PilA1 prepilin that was neither additionally processed nor
promptly degraded.

The PIID peptidase is essential for the function of the
photosynthetic apparatus

The ability of Synechocystis cells to grow photoautotrophi-
cally apparently did not depend on the functional pilus
biogenesis. Synechocystis mutants lacking factors essen-
tial for pilus assembly (pilB and pilQ) or the pilA genes/

operons (pilA1-2, pilA4, pilA5-8, pilA9-11; Table 1) had no
obvious growth defect (Table 1). Therefore, the presence
of mature but unassembled pilin proteins in pilB and pilQ
null mutants did not affect photoautotrophy. Similarly, the
absence of either major (PilA1) or minor (pseudo)pilin
proteins (PilA2, PilA4, PilA5-8, PilA9-11) had no significant
effect on Synechocystis viability (Fig. 2, Table 1).

To understand the critical role of PilD in photosynthesis,
we analysed the pilD strain grown in the presence of
glucose (Glc+) and 24 h after its shifting to glucose—free
medium (Glc-). The whole-cell spectra showed that the
pilD cells grown in Glc+ contained virtually normal levels of
photosynthetic pigments, except for a lower amount of
carotenoids (Fig. 4A). This result was confirmed by the
spectroscopic quantification of chlorophyll in the methanol
extract (WT = 5.2, pilD = 5.5 ug chlorophyll mI-! of cells at
OD7s0 = 1). After shifting to Glc—, the total amount of chlo-
rophyll in WT decreased (4.5 ug chlorophyll ml-'; Fig. 4A)
because of decreased PSI content, which is a character-
istic response of the WT-V sub-strain to Glc— conditions (R.
Sobotka and J. Komenda, unpublished data). No decrease
in chlorophyll content was observed in the pilD, indicating
that this regulatory mechanism does not work properly in
the mutant (Fig. 4A; see Discussion). The PSII/PSI ratio
was assessed by low-temperature (77K) chlorophyll emis-
sion spectra measured on intact cells. In principle, chloro-
phyll molecules bound to PSI and PSII complexes emit at
characteristic wavelengths, which allows to compare pho-
tosystem stoichiometry in vivo (Fig. 4B). Most PSII chloro-
phylls emit at 685 nm except for one emitting at 695 nm
which is quite specific for the active intact PSII complexes
(Sinha et al., 2012). The origin of the 685 peak is rather
complex and includes also inactive PSIl and its unassem-
bled subunits (Sinha etal., 2012), other chlorophyll-
binding proteins like Hlips (Knoppova et al., 2014) and an
emission from phycobilisomes (Hernandez-Prieto et al.,
2011). Onthe other hand, PSI complexes are typical by the
emission with maximum around 725 nm. The measure-
ment showed that the mutant contained much less PSII
complexes than WT when normalized to PSl level and also
the PSI/PSII ratio in the mutant did not changed signifi-
cantly in Glc— conditions (Fig. 4B), consistently to the
whole-cell spectra (Fig. 4A). However, if the PSII level is
low, the PSI and 685 peaks can contribute significantly to
the 695 emission and, therefore, the evaluation of PSII/PSI
ratio from 77K spectra should be made with caution. We
therefore also compared levels of PSI (PsaD) and PSII
(D1) subunits by immunoblotting using specific antibodies.
In Glc+ condition the mutant cells contained higher levels of
PsaD and a similar level of D1 relative to the control, but the
D1 content decreased markedly after the shift to Glc—
conditions whereas the PSI level remained rather constant
(Fig. 4D). Finally, PSII activity was addressed directly by
measuring oxygen evolution. This analysis revealed that
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, . . Fig. 3. A. Immuno-detection of the PilA1
A WT p’/D pIIA 1-2 wT pI/D prepilin in Synechocystis pilD cells. The pilD
Glc + - + - - + + (slr1120) mutant lacks the mature form of
1%DTT + + + o+ + + + kDa PilA1 but accumulates the PilA1 prepilin
PilA1 25 (pPilA1) and a non-glycosylated form of the
pr! ->= - - PilA1 prepilin (NpPilA1), both exclusively in
P!IA1 Pra— _ -20 the membrane fraction. Accumulation of the
NpPilA1 NpPilA1 form is increased after shifting of the
pilD cells to glucose-free growth medium for
PsaA/B p| = — — 1 CpcA/B 24 h (pilD Glc-). The PilA1 protein was
AtpA/B » —— detected using a specific antibody, and the
membranes isolated from the pilA1-2 strain
Membrane fr. Soluble fr. were loaded as a control. The blotted proteins

B
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|
——
—
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stained with Ponceau S are shown below as
a loading control; the PsaA/B, AtpA/B and
CpcA/B proteins are indicated. The same
amount of chlorophyll (0.75 ng) was loaded in
each line.

B. Peptide map of the NpPilA1 displaying
sequence coverage and peptides generated
by trypsin (grey bars, coverage 60%) and
Glu-C protease (white bars, coverage 48%).
The LC-MS analyses and Edman N-terminal

TADNTEAIQDATALNWEADGTRSMSGGTFYDSGTRAFSTVVCRAEAGSED
=

TPPTPGGANDCGGAEVIKME Edman: mem

Glu-C: —=

the pilD cells (Glc+) had approximately half the PSII activity
of the WT, and after the shift to Glc—, PSII activity in the
mutant further decreased to approximately 20% of the WT
(Fig. 4C). Together, these data demonstrated that the
mutant maintained enough PSI complexes in both growth
conditions tested but the number of functional PSIl was low
even in presence of glucose and further reduced under
photoautotrophic conditions.

While the cell spectra did not suggest extensive changes
in the thylakoid membrane system in the pilD mutant
(Fig. 4A), inspection of the ultrastructure of pilD cells by
electron microscopy unveiled abundance of abnormal
membrane-like structures located in the vicinity of the
cytoplasmic membrane (Fig. 5C-F). Vesicle-like and
curled forms of membranes can be distinguished. Such
structures were not observed in WT cells (Fig. 5A and B).
Previously, formation of intracellular membranes has also
been observed in Escherichia coli mutants lacking the
signal recognition particle or SecE components of the
translocation machinery (Herskovits et al., 2002).

We can conclude that the inactivation of the prepilin
peptidase in Synechocystis impaired function of the pho-
tosynthetic apparatus to such extent that the pilD mutant
was unable to grow photoautotrophically. Although the
pilD mutant had capacity to build thylakoid membranes
and contained a sufficient level of PSI, it had aberrant

90f 168 - 5%
Trypsin:==== 100 of 168 - 60%
81 of 168 - 48%
Total: 124 of 168 - 74%

1 sequencing (black bars, coverage 5%) data
cover altogether 74% of the protein sequence.
Apart from the absence of initial methionine
and the tri-methylation of C-terminal lysine
residue (3Me) the data show no other
modification of the prepilin sequence. The
trypsin peptide 67-75 shown previously to be
O-glycosylated in the mature PilA1 protein
(Kim et al., 2009) is highlighted (O-gly)
including the candidate residue Thr73
(boxed).

—

membrane ultrastructure and impaired activity of PSII. It
appears that in the absence of an external source of
reduced carbon, the pilD cells failed to maintain a critical
number of functional PSII complexes and died.

Elimination of the pilA1 gene restores the
photosynthetic capacity of the pilD mutant

Thick pili are assembled from hundreds of PilA1 subu-
nits (Bhaya et al., 2000) hence the PilA1 proteins need
to be produced in large quantities. Indeed, based on *S
protein labelling, PilA1 is one of the most intensively
synthesized membrane proteins in Synechocystis
(Fig. 7) and the uncontrolled accumulation of the PilA1
prepilin could somehow impair the photosynthetic appa-
ratus. On the Synechocystis chromosome, the pilA1
gene is followed by pilA2, a pilin gene with no essential
role in motility (Fig. 1; Yoshihara et al., 2001). Strikingly,
the parallel deletion of the pilA1-2 cluster and the pilD
gene caused no defect in photoautotrophic growth com-
pared to the WT (Fig. 2A), although cell aggregates
were formed in liquid culture (not shown). We also gen-
erated a strain lacking only the pilA2 gene (Table 1), and
this mutation did not significantly affect the accumulation
of the PilA1 protein (Fig. 2C) and did not rescue the pilD
phenotype (Fig. 2B). These experiments demonstrated
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Fig. 4. Level and activity of PSII in the Synechocystis pilD strain.
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A. Cell absorbance spectra of the WT and pilD strains under mixotrophic conditions (Glc+) and after shifting to the glucose-free medium for
24 h (Glc-). Chlorophyll is represented by the 440 and 680 nm peaks, phycobiliproteins by the 625 nm peak and carotenoids by the peaks in
the range of 440-520 nm. The spectra were normalized to light scattering at 750 nm.

B. Low-temperature (77 K) fluorescence emission spectra of the WT and pilD cells grown under Glc+ and Glc— conditions. Peaks at 695 and
722 nm represent PSIl and PSI complexes respectively. a.u., arbitrary units. The spectra were collected using excitation wavelength 435 nm to

excite chlorophyll and were normalized to PSI peak.

C. The rate of oxygen evolution in the WT and pilD strains under conditions described in (A); the same numbers of cells normalized to light
scattering at 750 nm were assayed. The values shown represent the means + SD from three independent measurements, and asterisks
indicate significant differences in oxygen levels as tested using a paired t-test (P = 0.05).

D. The level of the PSI subunit PsaD and PSII subunit D1 in the WT and pilD mutant. The membrane proteins were separated by SDS-PAGE,
blotted and probed using specific antibodies; the same amount of chlorophyll (0.75 ng) was loaded in each lane.

that PilA1 prepilin was detrimental to Synechocystis cells
and caused the pilD growth phenotype.

Accumulation of prepilin inhibits the synthesis of
essential membrane complexes

To monitor the effect of the pilD mutation on protein
synthesis/stability, we performed pulse-chase protein radi-
olabelling of pilD and WT strains grown in Glc— conditions.
The labelled membrane proteins were separated by SDS-
PAGE, and the gel was stained with Sypro Orange, dried
and exposed to a phosphorimager plate (Fig. 6A). The
autoradiograph demonstrated an inhibition of protein
synthesis in the mutant, although the stability of the syn-
thesized proteins was not altered. Significantly, the char-
acteristic bands of the intensively labelled D1 subunit and
the partly mature iD1 precursor (Komenda et al., 2007)

were practically undetectable in the mutant, suggesting
that PSII synthesis and repair were drastically affected by
the presence of prepilin. However, the synthesis of core
PSI subunits PsaA/B appeared to be similar in the mutant
and the WT (Fig. 6). This result suggested that the prepilin
inhibited a subset of membrane proteins rather than had a
global impact on the protein synthesis. We compared
protein labelling pattern in the mutant (Fig. 6A) with a long
(8 h) pulse-labelling of WT cells treated with a lethal con-
centration of chloramphenicol (50 mg I-'; Fig. 6B). Indeed,
chloramphenicol drastically reduced the total protein syn-
thesis but the D1 protein synthesis could still be detected
while signals of other membrane proteins disappeared
completely (Fig. 6B). Given the very intensive labelling of
D1 protein in the control (Fig. 6B), the pool of ribosomes
translating D1 protein had to comprise a substantial portion
of all ribosomes in the cell. If the translation machinery is
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Fig. 5. Transmission electron microscopy of the Synechocystis WT and pilD cells. Representative stained ultra-thin sections of cells grown
for 24 h in glucose-free medium (Glc-). (A) WT cells and (B) a detail of the WT thylakoid membranes. (C and D) pilD cells and (E and F)
details of unusual membrane structures (marked by white arrowheads) observed in this strain. Note the high concentration of ribosomes in the
vicinity of these structures (white arrow).

globally impaired, the D1 protein has certainly better
chances to be synthesized, though with limited rate, than
e.g. PSI core subunits. We concluded that the observed
phenotype of the pilD mutant could not be caused by a
global defect in protein synthesis but the accumulation of
prepilin hit quite specifically otherwise intensive synthesis
of PSII subunits.

The toxic effect of prepilin was further explored com-
bining pulse-chase labelling and 2D protein electrophore-
sis. Similar amounts of WT and pilD membranes (based
on chlorophyll content) were solubilized using dodecyl-b-
maltoside (DDM) and subjected to Clear-Native electro-
phoresis (CN-PAGE, Fig. 7). Consistently with the above
data, the native gel revealed significantly lower levels of
dimeric and monomeric PSIl complexes in the pilD
sample (note the detection of chlorophyll fluorescence in
Fig. 7). Separation of the CN-gel in the second dimension
by SDS-PAGE confirmed the low content of individual
PSII subunits in the mutant, and it also revealed a strongly
reduced level of the NADH dehydrogenase complex
(Fig. 7). However, the ATP synthase and the cytochrome
b complexes were still fairly abundant in the mutant;
refer to (Herranen et al., 2004) for a description of the
identification of individual protein spots. The PilA1, pPilA1
and NpPilA1 spots were identified by mass-spectrometry

(not shown). Furthermore, no membrane-bound ribo-
somes were visible in the pilD sample, which contrasted
with abundance of ribosome subunits running at the top of
the CN gel in the WT sample (Fig. 7) and with large
numbers of ribosomes in pilD cells observed using elec-
tron microscopy (Fig. 5).

Notably, the 2D spots of pPilA1 and NpPilA1 were quite
weak in the mutant sample, whereas PilA1 was among
the most abundant membrane proteins in the WT (Fig. 7).
This observation was inconsistent with the comparable
levels of pPilA1, NpPilA1 and PilA1 detected by immuno-
blotting analysis of the completely denatured membrane
fractions (Fig. 3A) and suggested that prepilins had
limited solubility in DDM. In a separate experiment, we
assessed the solubility of membrane proteins and
observed that a fraction of pPilA1 and most of NpPilA1
remained insoluble after extraction of the membranes
using DDM (Fig. S4). Therefore, it is likely that both forms
of prepilins were prevalently localized in a compact struc-
ture(s) resistant to mild detergents. As a control, both
photosystems were completely solubilized by DDM (Fig.
S4); therefore, the analysis of PSIl based on the 2D gel
system was not biased by its partial solubility.

Exposing the 2D gels to a phosphorimager plate allowed
us to assess the synthesis of membrane complexes during

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 1207-1223



1214 M. Linhartovd etal.

A WT WT pilD pilD WT WT

pilD pilD

P C P C P C P

PsaA/B —

CP43
D2

iD1
D1

Sypro Orange stain

Autorad

CBB stain Autorad

Fig. 6. Pulse-chase [*S] labelling and SDS-PAGE analysis of membrane proteins from WT and pilD strains.

A. Cells (Glc-) were radiolabelled with a mixture of [**S] methionine and cysteine for 60 min (line P) and then chased for 60 min in the
presence of chloramphenicol (100 mg I'; line C) at irradiance of 100 umol photons m=2 s~'. Membrane proteins corresponding to 1 ug of
chlorophyll were separated using denaturing SDS-PAGE, stained by Sypro Orange, dried and then exposed to a Phosphorimager plate for 7
days (Autorad). The PSI and PSII subunits are marked. The overall incorporation of radioactivity in the pilD sample did not exceed 70% of the
WT (calculated using the ImageQuant 10 software, GE Healthcare Life Sciences).

B. Eight hours pulse-labelling of WT membrane proteins in presence of 50 mg I"' chloramphenicol. The experiment was performed as
described in A except the proteins were stained by Coomassie blue (CBB). A short, 30 min pulse-labelling without chloramphenicol, is shown

as a control.

60 min pulse radiolabelling. As expected, PSII core subu-
nits, PilA1 and the PSI subunits PsaA/B were among the
most intensely labelled proteins in the WT (Fig. 7). Moreo-
ver, the PSII reaction centre assembly intermediate RC*
(Knoppova et al., 2014) was easily distinguished (see
Fig. 8). In the mutant, all PSII subunits were labelled very
weakly and detectable only as completely assembled PSII.
It is worth to mention that pPilA1 was among the most
strongly labelled proteins despite its limited solubility
(Fig. 7, Fig. S4). The only mutant proteins labelled to the
level comparable with WT were the PSI subunits assem-
bled into trimeric PSI and the subunits of ATP synthase
(quantification of selected spots is provided in Table S2).
After the 60 min chase, the mutant cells incorporated more
radioactivity into monomeric and dimeric PSII complexes
(Fig. 8), showing that the process of PSIl assembly was
drastically limited by the lack of newly synthesized subunits
but not completely inhibited. Intriguingly, most of the signal
of labelled pPilA1 disappeared during the chase (Fig. 8).
Based on the overall stability of pPilA1 and NpPilA1 after
treatment with chloramphenicol (Fig. S2), we propose that
the pPilA1 became less soluble in DDM during the chase
rather than being degraded.

Together, these data provide evidence that the inactiva-
tion of the PilD peptidase has an adverse effect on the

synthesis of PSII core subunits and on the accumulation of
other essential membrane complexes like NADH dehydro-
genase. The severe reduction in the levels of these com-
plexes in the mutant cells was in sharp contrast to the
continuous production of PSI and the ATP synthase

(Fig. 7).

SecY translocons associate with NpPilA1 and undergo
proteolytic degradation

The blocked synthesis of certain membrane proteins
(Fig. 6), the formation of aberrant membrane structures
(Fig. 5) and the low amount of membrane-bound ribo-
somes in the pilD mutant (Figs 7 and 9B) all indicated that
prepilins interfered with the translocon machinery. Pilin
synthesis requires SecY (Arts et al., 2007; Francetic et al.,
2007), and the Sec translocon machinery is prone to
degradation if it is jammed by a substrate (van Stelten
etal., 2009). B. subtilis cells depleted of Type | signal
peptidases accumulated pre-proteins, which caused the
jamming and inhibition of Sec translocons (Tjalsma et al.,
1998). Because this is analogous to the situation in the pilD
strain, we asked whether there was an aberrant physical
interaction between pPilA1 or NpPilA1 and components of
the translocon apparatus. The SecY translocase was
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Fig. 7. 2D CN/SDS-PAGE and
autoradiograph of membrane proteins from
the WT and pilD strains. Cells grown under
Glc- conditions were radiolabelled as
described in the legend of Fig. 6. The isolated
membranes were solubilized using DDM, and
the obtained protein complexes were
separated in the first dimension by
clear-native electrophoresis (CN-PAGE).
Approximately 4 ug of chlorophyll was loaded
per each line. The CN gel was scanned using
a LAS 4000 (Fuiji) for chlorophyll fluorescence
(Chl fluor) to visualize PSII complexes. After
the second dimension (SDS-PAGE), the gel
was stained with Coomassie blue, dried and
then exposed to a Phosphorimager plate for
seven days (Autorad). SC indicates
high-molecular-mass supercomplexes; PSI[1]
and PSI[3] indicate the monomeric and
trimeric forms of PSI respectively; PSII[1] and
PSII[2] indicate the monomers and dimers of
PSII respectively. The individual proteins
marked by arrows are 1 — PsaA/B, 2 — PsaD,
3 — PsaF, 4 — PsalL, 5 — AtpA/B, 6 — AtpC, 7
— AtpF, 8 — AtpD, 9 — AtpE, 10 — IIvC, 11 —
CpcC1, 12 — CpcG1, 13 — CP47, 14 — CP43,
15-D2, 16 — D1, 17 — NdhH, 18 — NdhB, 19
— Ndhl, 20 — NdhJ, 21 — Amt1, 22 — PetA, 23
— PetB, 24 — PetD, 25 — PstA, 26 — PsbO, 27
— UrtA, 28 — PilA1, 29 — CpcA/B, 30 — pPilA1,
31 — NpPilA1, pD1 — precursor of D1, and iD1
— partially processed precursor of D1; rb
indicates ribosome subunits.

Fig. 8. Pulse-chase [*S] labelling and 2D
CN/SDS-PAGE of membrane proteins from
the WT and pilD strains. Cells (Glc-) were
radiolabelled as described for Fig. 6. Dried
gels were exposed to a Phosphorimager plate
for 7 days, and the pilD autoradiographs were
further processed using Imaged software

(Knoppova et al., 2014) to enhance the signal.

For the same exposure time of the
pulse-labelled strains, see Fig. 6. Only the top
of the gel showing the PsaA/B proteins and
the region between ~ 60 and ~ 20 kDa are
shown. The protein complexes and individual
proteins are labelled as in Fig. 7; RC*
indicates a PSIl assembly intermediate (see
main text).
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Fig. 9. Immuno-precipitation and immuno-detection of translocon components and PSIl assembly factors.

A. Immuno-precipitation of the SecY translocase from solubilized membranes using the anti-SecY antibody and detection of the
co-immunoprecipitated proteins. The antibody was incubated overnight with membrane proteins isolated from the WT, pilA71-2 and pilD strains
grown at Glc+, and then the antibody was immobilized on Protein A Sepharose 4B (Sigma, Germany). The resin was extensively washed, and
the remaining proteins were eluted in a SDS buffer. The eluate was separated by SDS-PAGE, and the gel was blotted and probed with
selected antibodies. Only NpPilA1 was detected in the eluate by anti-PilA1 antibody; the expected mobility of pPilA1 is indicated. The

anti-SecE antibody was used to re-probe the blot as a control.

B. Immuno-detection of SecY, YidC, SecE and the ribosome subunit Rpl1. Isolated membrane fractions were denatured using 2% SDS and
1% DTT, separated by SDS-PAGE and blotted onto a PVDF membrane. The proteins were detected using specific antibodies as indicated.
C. Immuno-detection of the PSIl assembly factors Ycf48, Ycf39 and SII0933. The immunoblot was prepared essentially as described for (B).

immunoprecipitated from the DDM-solubilized membranes
using the anti-SecY antibody, the immunoprecipitate was
extensively washed, and the presence of pPilA1 and
NpPilA1 was detected using antibodies. As shown in
Fig. 9A, NpPilA1co-precipitated with SecY, although the
yield of SecY was lower from the pilD membranes when
compared to the WT (Fig. 9A). In addition to the SecYEG
trimer, the YidC insertase/foldase also assists in the syn-
thesis of membrane proteins (Sachelaru et al., 2013) either
independently or in a complex with SecY (Dalbey and
Kuhn, 2012). Furthermore, YidC is most likely required for
pilin synthesis (Saller etal, 2009). Indeed, YidC
co-precipitated with SecY specifically from the pilD cell
membranes; neither PilA1 nor YidC was detected in the
precipitate from WT or pilA1-2 controls (Fig. 9A). As shown
in the Fig. S4 the SecY, YidC and PilA1 antibodies are
highly specific and it is very unlikely that the NpPilA1 and
YidC were co-precipitated with other proteins than SecY.
If the Synechocystis major prepilin inhibited SecY, the
stability of the translocon should be impaired. Notably, the
total SecY level was strongly reduced in pilD cells under
photoautotrophic conditions, and also a putative product
of SecY degradation was detected using the anti-SecY
antibody (Fig. 9B). Total SecE level and the pool of
membrane-bound ribosomes were similarly reduced in

the mutant (Fig. 9B). In addition, all detectable YidC in
pilD (Glc—) cells appeared truncated and extensive deg-
radation of this protein was evident from the number of
YidC fragments (Fig. 9B). Because only residual PSII syn-
thesis occurred in the mutant (Glc-) cells, we measured
the levels of the auxiliary factors Ycf48, Ycf39 and
SI10933, which assist during synthesis of PSII core subu-
nits (Rengstl et al., 2013; Knoppova et al., 2014). Consist-
ent with levels of SecY and YidC, the amount of Ycf48 was
strongly decreased, and Ycf39 and SIl0933 were com-
pletely absent in the mutant after shifting to photoauto-
trophic conditions (Fig. 9C).

The observed fast depletion of YidC and auxiliary
factors involved in PSII synthesis prompted us to investi-
gate putative interactions between these proteins and
PilA1 or prepilins. Solubilized membranes from the WT
and pilD strains were separated on a 2D gel, blotted and
probed by selected antibodies. Interestingly, the PilA1
formed three higher-molecular-mass complexes (PilA1-
A,B,C) and the A and B complexes co-migrated precisely
with the Ycf48 protein. The origin of the Ycf48 spot
co-migrating with A complex is unclear but the second
Ycf48 signal around ~ 200 kDa indicates an early PSII
assembly intermediate named RC*, which consists of D1
and D2 core subunits, several low-mass PSIl subunits

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 1207-1223
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Fig. 10. Immuno-detection of PilA1 and PilA1 prepilins in
high-molecular-mass membrane complexes using 2D
CN/SDS-PAGE combined with immunoblotting. Membranes isolated
from WT and pilD cells grown at Glc+ were solubilized by DDM,
separated by 2D CN/SDS-PAGE essentially as described for Fig. 7
and blotted. The PVDF membrane was probed by PilA1 antibody
and then successively re-probed with Ycf48, Ycf39 and YidC
antibodies. In the WT strain, three high-molecular-mass PilA1
signals were detected (A—-C, marked by dashed lines). RC*
indicates position of the PSIl assembly intermediate consisting D1
and D2 core subunits, several low-molecular-mass PSII proteins
and Ycf48 and Ycf39 auxiliary factors. A NpPilA1-specific spot is
marked by asterisk; the triangle highlights a YidC complex, which
accumulates in the mutant strain. Approximate masses of
photosynthetic complexes are also indicated.

and the Ycf48 and Ycf39 factors (Fig. 10). The RC*
complex has been characterized recently in details and it
is quite likely that is assembled in the vicinity of Sec
translocon (Knoppova et al., 2014). The PilA1-B complex
seemed to co-migrate with a YidC spot (Fig. 10).

The same experiment performed on pilD (Glc+) cells
showed a different pattern. First, a significant fraction of
pPilA1 remained in a very large complex (> 1MDa) on the
top of the native gel (Fig. 10). The putative PilA1-Acomplex
was present but no pPilA1 co-migrated with RC* and the
level of RC* was quite low (see the signal of Ycf39). The
level of NpPilA1 was relatively weak as expected for Glc+
conditions (Fig. 3A); however, a longer exposition also
revealed higher-molecular-mass NpPilA1 assemblies.

Prepilins inhibit synthesis of Photosystem Il 1217

Again, a significant portion of the NpPilA1 was found at the
top of the native gel and also a NpPilA1 complex corre-
sponding to PilA1-B was apparent, however practically no
NpPilA1 co-migrated with the Ycf48. Interestingly, the
immunodetection of YidC protein suggested formation of a
relatively abundant YidC complex with size ~ 600 kDa
accumulating specifically in the mutant (marked by a trian-
gle in Fig. 10). The migration of this complex was very
similar to a distinct NpPilA1 2D spot (marked by asterisk)
completely absent in signals of PilA1 and pPilA1 proteins.
It is tempting to speculate that the 600 KDa YidC complex
is the aberrant structure associated with NpPilA1
co-precipitated from the pilD cells (Fig. 9A). It should be
noted that prepilins lack competence for assembly into
multimeric pilin structures and therefore the observed large
complexes were hardly prepilin oligomers (Chen et al.,
2006).

Together, these data suggest that the NpPilA1 is physi-
cally attached to the Sec translocon and/or YidC. Because
of their aberrant interactions, the translocons in the
mutant most likely undergo extensive proteolytic degra-
dation and this destructive process seems to include aux-
iliary factors involved in the synthesis of PSIl core
subunits. Consistently with the low stability of Ycf48 and
Ycf39, the mature PilA1 as well as prepilins were shown
to form large membrane complexes and might physically
interact with the periplasmic/lumenal Ycf48 protein during
formation of RC*.

Discussion

Type IV pilins are inserted into the membrane by the Sec
translocase (Arvidson etal, 1999; Arts etal, 2007;
Francetic etal, 2007), and the positively charged
N-terminus followed by a hydrophobic part (Fig. 1) is the
critical feature for virtually any substrates of the Sec
pathway (Dalbey and Kuhn, 2012). Although a detailed
description of pilin synthesis is not available, knowledge of
the synthesis of secreted bacterial proteins with the cleav-
able type | SP could help us to estimate how pilins are
processed by the translocon machinery and why the
absence of PilD results in the degradation of SecY and
YidC. Unlike the prepilin SP, the cleavable part of the type
I SP includes both the charged and hydrophobic parts;
however, this makes hardly a fundamental difference in the
mode by which the SP promotes translocation.

Once emerged from the ribosome, the hydrophobic resi-
dues of the type | SP interact with the signal recognition
particle that guides the protein precursor to the Sec trans-
locon. During the early stage of translocation, the nascent
chain inside SecY adopts a loop topology and induces a
conformational change to open the channel (Simon and
Blobel, 1992; Gouridis et al., 2009). As shown recently, the
hydrophobic helix of the Type | SP occupies the lateral
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gate, whereas the charged and more flexible leading
stretch is already exposed to the cytoplasmic surface (Park
etal., 2014). There, this charged part may interact with
lipids, SecY and other components of the translocon
machinery. The fate of the SP during the later stages of
translation is unclear; however, at least for proteins with
more membrane segments, the SP needs to be released
from SecY. The SP might move to YidC because YidC
attaches to SecY, where nascent membrane segments
escape the translocon laterally (Sachelaru et al., 2013).
Notably, the E. coli Type | peptidase has been cross-linked
with the SecY-YidC complex but not with SecY alone
(Sachelaru et al., 2013). This observation indicates that at
least for the SecY/YidC-dependent proteins, the SP is
cleaved by signal peptidase after it moves from SecY into
YidC. This model is consistent with the observed critical
length, typically > 80% of the total length the nascent chain
has to attain to be processed by the Type | peptidase
(Josefsson and Randall, 1981).

According to our current knowledge, the synthesis of
pilins follows similar rules except that the charged
N-terminus serves as the cleavable SP and that the
hydrophobic helix remains a part of the mature pilin. Pilin
synthesis requires an interaction with the signal recogni-
tion particle (Arvidson et al., 1999; Arts et al., 2007), and
the conformational changes in SecY are most likely
induced by the entire N-terminal part of the prepilin includ-
ing the hydrophobic helix. Maturation of the major XcpT
pilin in P. aeruginosa depends on functional Sec machin-
ery (Arts et al., 2007), which implies that prepilins must be
at least partly translocated to expose the SP to the PilD
peptidase. However, the cleavage of the XcpT prepilin is
very rapid; almost all radiolabelled XcpT is processed
after 1 min (Arts et al., 2007). Therefore, it is likely that
PilD is located near to and operates in parallel with pilin
translocation. Arts et al. (2007) reported no effect of YidC
deletion on the synthesis of XcpT in E. coli; however, this
result should be considered carefully because it is based
on a heterologous system. In B. subtilis, the major pilin
ComGC was markedly reduced in the YqjG (YidC homo-
logue) deletion strain (Saller et al., 2009), which argues
for involving of YidC in pilin synthesis. Furthermore, the
negatively charged residue in the hydrophobic segment
seems to be a signature of YidC-dependence (Zhu et al.,
2013), and the glutamic acid residue (+ 5) is highly con-
served in all pilin proteins (Fig. 1; Giltner et al., 2012).

Here, we demonstrated that accumulation of the PilA1
prepilin inhibits the photoautotrophic growth of Synecho-
cystis by a process accompanied by degradation of SecY
and YidC (Fig. 9B). Based on the observed association of
SecY, YidC and the NpPilA1 (Fig. 9A), we propose that
pPilA1 is processed by PilD peptidase and most probably
also glycosylated near to SecY. The interaction between
SecY and YidC is weak (Scotti et al., 2000) and probably

limited to active translocons (Boy and Koch, 2009). In
contrast to the pilD mutant sample, in the WT membranes,
YidC was not co-precipitated using the SecY antibody
(Fig. 9A) and a plausible explanation could be that the
inserted NpPilA1 spans both YidC and SecY and links
them together. It is tempting to speculate that the charged
prepilin SP is exposed and interacts with the cytoplasmic
surface of SecY or YidC, and if not removed, it hampers
the release of prepilin from the translocon and thereby
triggers degradation of the whole translocon machinery.
It is intriguing how much the stability of Sec apparatus in
the pilD mutant depended on the presence of glucose
(Fig. 9B). The detrimental effect of prepilins cannot be
completely eliminated by glucose, as documented by the
low PSII oxygen evolution (Fig. 4C) and by the reduced
content of the RC* complex (Fig. 10); however, the proteo-
lytic degradation of translocons was obvious only under
photoautotrophic conditions. Interestingly, the absence of
glucose significantly elevated the level of NpPilA1
(Fig. 3A), which might signalize that rather than the total
level of prepilin, an increase in the NpPilA1 content has
fatal consequences for the cell viability. Glucose as a
source of glycosylation substrate could suppress the
harmful accumulation of NpPilA1 by increasing the effi-
ciency of glycosylation reaction. Alternatively, glucose
could simply provide energy needed for efficient glycosyla-
tion in the photosynthesis-deficient mutant cells. The gly-
cosylation of prepilin can make this protein more flexible or
less ‘sticky’ and thus prevent jamming of the translocon.
Only a small fraction of NpPilA1 can be solubilized by DDM
(Fig. S3), which argues for the formation of a rigid NpPilA1-
containing domain in the membranes of mutated cells.
The accumulation of unprocessed Sec substrates is
deleterious for bacteria (Dalbey and Wickner, 1985)
because it induces the degradation of the jammed Sec
translocons (van Stelten et al., 2009). Nonetheless, the
induction of a similar process by the elimination of the PilD
peptidase was rather unexpected because no growth
defect has been reported for the well-studied pilD strains of
P. aeruginosa (Pepe and Lory, 1998; Muller et al., 2010).
This discrepancy could be explained in the following ways:
(i) the Synechocystis PilA1 has a much longer and strongly
charged SP than the major PAK pilin of P. aeruginosa
(Fig. 1), which might make PilA1 more prone to blocking
translocons; (i) prepilins inhibit the synthesis of PSII, which
makes cyanobacteria more sensitive to elimination of pilD;
and (iii) non-glycosylated and potentially more toxic (lower-
mass) prepilins such as NpPilA1 have not been observed
in bacterial or archaeal pilD mutants (Marsh and Taylor,
1998; Bardy and Jarrell, 2003; Bode et al., 2009). None-
theless, the inactivation of FlaK, a PilD homologue in the
archaeon Methanococcus voltae that processes pre-
flagellins, has strongly inhibited the cell proliferation (Bardy
and Jarrell, 2003). It suggests that the harmful effect of

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 1207-1223



increased prepilin/pre-flagellin levels might not always be
manifested under laboratory conditions.

The Synechocystis pilD null mutant has been previously
characterized by Devaki Bhaya et al. (2000). Intriguingly,
the pilD mutant in their study (named here pilD-DB) has
been derived from the glucose-sensitive PCC WT, and
although fully segregated, it grew photoautotrophically.
The pilD strain described here was prepared in a glucose-
tolerant background, and we isolated several photoauto-
trophic pilD revertants by growing the mutant on a plate
without glucose for more than two weeks (M. Linhartova
and R. Sobotka, in preparation). In order to clarify this point
we obtained the pilD-DB strain directly from the Devaki
Bhaya laboratory and found the PilA1 (pre)pilin completely
missing (Fig. S5). We expect that the pilD segregation
under photoautotrophic conditions generated a suppres-
sor mutation(s) that minimized the synthesis of PilA1 prepi-
lin. A point that also calls for an explanation is the constant
PSII/PSI ratio observed in the pilD mutant shifted to Glc—
conditions. The Synechocystis controls photosystem stoi-
chiometry mostly by changing PSI level while the PSII
cellular content is rather stable (Kopec¢na et al., 2012). But
rather than an active PSI degradation, the current model
envisages that, if needed, the PSI synthesis is turned down
and, as the cell proliferation continues, the existing pool of
PSI complexes is ‘diluted’ due to the growth and cell
division (Kopecna et al., 2012). The proliferation of the pilD
strain seems to be quickly inhibited after transfer to photo-
autotrophic conditions, which rules out this mechanism
leaving the PSII/PSI ratio unchanged.

An interesting finding of this work is the completely
different sensitivity of PSIl and PSI synthesis to prepilin
toxicity. The reaction centres of both photosystems are
assembled from chlorophyll-binding subunits, and accord-
ing to the current model, chlorophyll is delivered to apopro-
teins during their insertion into the membrane (Sobotka,
2014). Our work provides the first clue that photosystems
are produced on different, perhaps more specialized or
compartmented translocon complexes. The biogenesis of
PSI also seems to be less sensitive to degradation of YidC.
In cyanobacteria, YidC is strictly required for the biogen-
esis of the thylakoid membrane, and elimination of this
protein is not possible (Spence et al., 2004). However, it is
not clear whether YidC is essential for the synthesis of all
chlorophyll-binding proteins. Furthermore, there might be
extrinsic components of the Sec apparatus required for the
translocation of PSII subunits and pilins, but not critical for
the biogenesis of PSI. Unprocessed prepilins were
detected in the secA and secD mutants of E. coli(Francetic
et al.,, 2007), and SecA and SecDF could participate in the
partitioning of large periplasmic/lumenal domains that are
typical for the PSII core subunits.

In modern cyanobacteria the PSll is active in thylakoids;
however, an overlap between pilin and PSII biogenesis is

Prepilins inhibit synthesis of Photosystem Il 1219

not completely surprising. Although the place at which the
PSII subunits are synthesized and assembled is not clear
yet, various indirect evidences place the PSII synthesis to
a putative domain at the interface of thylakoid and cyto-
plasmic membrane (‘PSII biogenesis centres’) (Komenda
et al.,, 2012; Nickelsen and Rengstl, 2013). Moreover, the
cyanobacterium Gloeobacter violaceus lacks internal thy-
lakoid membranes and the photosynthetic apparatus has
to be synthesized in the cytoplasmic membrane (Rexroth
et al,,2011). The genome of this living cyanobacterial fossil
codes for seven pilin proteins (Table S1) and pilins thus
probably coexist with PSII in the cytoplasmic membrane
from the oldest cyanobacterial history.

The abovementioned PSII biogenesis centres can be
defined by presence of translocons, PSIl assembly factors
like Ycf48, Ycf39 or SIl0933 (Komenda et al., 2012), termi-
nal enzymes of chlorophyll biosynthesis pathway (Chidgey
et al., 2014; Sobotka, 2014) and early PSIl assembly inter-
mediates (Knoppova etal., 2014). Indeed, levels of
assembly factors are decreased in the pilD mutant, and we
suggest that these proteins are degraded along with the
inhibited Sec-YidC complex. None of these auxiliary
factors is essential in Synechocystis; however, their inac-
tivation affects the synthesis of PSII core subunits rather
than the assembly of PSIlI (Rengstl etal, 2013). It is
attractive to speculate that the abundant and large machin-
ery engaged in PSII biogenesis also produces high levels
of pilins when motility becomes important. Accumulation of
PilA1 prepilin, or perhaps just its non-glycosylated form,
induces destruction of this machinery, which results in lack
of essential PSII subunits. This model would explain why
the first detectable green complexes after the bleaching of
Synechocystis are ‘contaminated’ by pilins (He and
Vermaas, 1999). However, there is an alternative model,
more consistent with the observed co-migration of PilA1
with RC* on the native gel (Fig. 10). Accumulating knowl-
edge about (pseudo)pilins highlights the versatility and
adaptability of these proteins in acquiring new functions
(Giltner et al., 2012). Our results leave open the possibility
that a portion of pilins remains in contact with the proposed
biosynthetic centre, most probably with the periplasmic/
lumenal Ycf48 protein (Fig. 10), and plays a novel role in
PSII biogenesis. The delayed re-greening in pilin mutants
observed by He and Vermaas (1999) might be due to a
missing part in this intricate protein factory.

Experimental procedures
Preparation of Synechocystis mutants

All experimental strains were derived from the non-motile
glucose-tolerant WT-V sub-strain of the Synechocystis PCC
6803 (Trautmann et al., 2012). To prepare the pilD strain,
chromosomal DNA was isolated from the previously reported
pilD mutant (Bhaya et al., 2000), which was a generous gift
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from Professor Devaki Bhaya (Carnegie Institution for
Science, Stanford, USA). The chromosomal DNA was used to
transform the WT-V sub-strain, and full segregation was
achieved by re-streaking the transformants several times on
plates with increasing concentrations of kanamycin. A similar
approach was used to generate the pilA4 strain using the
construct provided by Professor Wim Vermaas (School of Life
Sciences, Arizona, USA; He and Vermaas, 1999). To prepare
the pilA1/pilA2 (pilA1-2), pilA5-8, pilA9-11, pilB1 and pilQ
strains, the respective gene or operon was replaced with a
zeocin- or chloramphenicol-resistance cassette using the
megaprimer PCR method as described in (Kope¢na et al.,
2013; see Table 1 for a description of all the constructs used).
To delete the pilA2gene, WT-V cells were transformed with the
pGEM-T-pilA2 vector obtained from Professor Devaki Bhaya,
and the fully segregated strain was obtained using increasing
concentrations of spectinomycin. Because inactivation of pilD
or pilA1 leads to loss of transformation competence (Bhaya
et al., 2000; Yoshihara et al., 2001), to construct the pilA1-2/
pilD double mutant, the non-segregated pilA71-2 was trans-
formed with the pilD chromosomal DNA, and then both alleles
were fully segregated using increasing concentrations of
zeocin and kanamycin simultaneously. Because the pilA2
mutant is transformation-competent, it was possible to
combine this allele with the pilD deletion by transformation of
the pilA2 strain with the pilD chromosomal DNA.

Growth conditions

Unless stated otherwise, the strains were grown mixotrophi-
cally in BG11 medium supplemented with 5 mM glucose on a
rotary shaker under moderate light conditions (40 umol
photons m?s™) at 28°C. In this work, these conditions are
called ‘Glc+. To study the effects of photoautotrophic condi-
tions on the pilD strain, cells were harvested, washed, resus-
pended in fresh BG11 medium without glucose and then
incubated in the same conditions for 24 h (Glc— conditions).
The photosynthetic competence of pilin mutants was tested
by incubating a similar amount of cells from the Gilc+ liquid
culture on a BG11 plate under moderate light (40 umol
photons m2s™") or under high light (300 umol photons
m=2s") at 28°C for 10 days.

Whole-cell absorption spectra and measurement of
chlorophyll content

The absorption spectra of intact cells were measured using a
Shimadzu UV-3000 spectrophotometer. To quantify the chlo-
rophyll content per cell, cell cultures at ODss, ~ 0.4 were
harvested, the pigments were extracted with methanol, and
the chlorophyll concentration determined spectrophotometri-
cally as previously described (Porra et al., 1989). For meas-
urements based on the optical density of the culture, the cell
aggregates were disintegrated using an IKA TP 18/10 Ultra-
Turrax homogenizer (Janke & Kunkel IKA Werke, Germany).

Measurement of oxygen evolution

The rate of oxygen evolution was measured continuously at
28°C using a customized Clark-type oxygen sensor (OC

223-B atyp, Theta 90, Czech Republic). The measurements
were performed in a double-jacketed, multiport electrode
chamber with a working volume of 6 ml. Moderate light inten-
sity was set and measured using a submersible spherical
micro-quantum sensor US-SQS/L (Walz, Germany) con-
nected to a ULM-500 light meter (Walz, Germany).

Enzymatic digestion and mass spectrometric analysis

Coomassie-stained protein bands were excised from the
gel, cut into small pieces and destained using 50 mM
4-ethylmorpholine acetate (pH 8.1) in 50% acetonitrile
(MeCN). The proteins were further reduced with 30 mM TCEP
in 100 mM Tris-HCI (pH 8.0) at 65°C for 30 min and alkylated
by 30 mM iodacetamide in 100 mM Tris-HCI (pH 8.0) for
60 min in the dark. The gel was washed with water, shrunk by
dehydration in MeCN and reswelled again in water. The super-
natant was removed and the gel was partly dried in a Speed-
Vac concentrator. The protein samples were then digested
overnight by 100ng of trypsin (Promega) in 25 mM
4-ethylmorpholine acetate/5% MeCN (pH 8.1) at 37°C or by
Gilu-C protease (Roche) in 25 mM ammonium carbonate (pH
7.8) at 20°C.

In LC-MS and LC-MS/MS analyses the resulting pep-
tides were separated using Ultimate 3000 RSLCnano
system (Dionex) on an Acclaim PepMap RSLC column
(75 um x 150 mm, 2um, 100 A; ThermoScientific) con-
nected directly to an ESI source of SolariX XR FT-ICR
mass spectrometer (Bruker Daltonics). The spectrometer
was calibrated using lock mass calibration resulting in mass
accuracy below 1 ppm. LC-MS data were processed using
DataAnalysis software (Bruker Daltonics) and LC-MS/MS
data were searched by MASCOT (MatrixScience) against a
NCBI database.

Edman N-terminal sequencing

N-terminal amino acid analysis was performed using a
Procise 491 protein sequencer (Applied Biosystems) accord-
ing to the manufacturer’'s manual.

Electron microscopy

WT and pilD cells were harvested at OD;s, ~ 0.4. For negative
contrast, the cells were fixed in 1% glutaraldehyde, resus-
pended in fresh BG11, applied to grids, and then stained with
1% uranylacetate. For making sections, the cells were cryo-
fixed using high-pressure freezing and freeze substitution as
previously described (Kope¢na et al., 2012). Negative con-
trast and ultra-thin sections were examined in a JEOL 1010
transmission electron microscope equipped with a Mega
View Ill camera (Olympus — SIS).

Radioactive labelling of proteins and cell fractionation

Radioactive pulse—chase labelling with a mixture of [*S]Met
and [*S]Cys was performed as previously described
(Dobakova et al., 2009) at irradiance of 100 umol photons
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m=2s'. The harvested cells were washed and broken by
glass beads in buffer A containing 25 mM MES/NaOH, pH
6.5, 10 mM MgCl,, 10 MM CaCl, and 25% glycerol. The
mixture was pelleted at 30 000 g for 15 min yielding a soluble
fraction containing the supernatant and a membrane fraction
pellet, which was re-suspended in an excess volume of thy-
lakoid buffer and then centrifuged to remove the soluble
contaminants.

Electrophoresis and immunoblotting

Unless stated otherwise, the membranes or soluble proteins
prepared as described above were denatured by incubation
in 2% SDS and 1% dithiothreitol (DTT) for 30 min at room
temperature and separated on a 12% SDS-gel (SDS-PAGE).
The proteins were transferred to a PVDF membrane and
incubated with specific primary antibodies and then with a
secondary antibody conjugated with horseradish peroxidase
(Sigma, Germany). The primary antibodies against the Syn-
echocystis PilA1 and SecY proteins were raised in rabbits
using the synthetic peptide fragments containing amino acids
147-160 and 4-14 respectively. The antibody raised against
the recombinant fragment Arg117-Ser384 of Synechocystis
YidC was kindly provided by Professor Jérg Nickelsen
(Ludwig-Maximilians-University, Munich, Germany). The anti-
body against Synechocystis Ycf48 was kindly provided by
Professor Peter Nixon (Imperial College, UK). The Rpl1 anti-
body was purchased from Agrisera (Sweden). To analyse
membrane protein complexes under native conditions, the
isolated membranes were resuspended in buffer A, solubi-
lized by 1% n-dodecyl-B-maltoside and separated on 4—14%
Clear-Native electrophoresis gels (CN-PAGE) as described
previously (Wittig et al., 2007). Approximately 1 ml of cells at
OD7s0 =1 was loaded on a CN gel. The ‘in gel’ chlorophyll
fluorescence of the photosynthetic complexes was quantified
using a LAS 4000 imager (Fuji, Japan). Individual compo-
nents of the protein complexes were resolved by incubation
of the gel strip from the first dimension in 2% SDS and 1%
DTT for 30 min at room temperature, and then the proteins
were separated in the second dimension by SDS-PAGE in a
denaturing 12-20% polyacrylamide gel containing 7 M urea
(Dobakova et al., 2009). The proteins were stained either with
Coomassie Blue or by Sypro Orange (Sigma), and in the
latter case the proteins were subsequently electro-blotted
onto a PVDF membrane and probed with antibodies as
described above. When radiolabelled samples were ana-
lysed, the gel was dried and exposed to a Phosphorimager
plate (GE Healthcare).

Co-immunoprecipitation

The membrane fraction containing 20 ug of chlorophyll was
solubilized with 1% n-dodecyl-B-maltoside and incubated
with the specified antibody overnight. Immunoglobulins were
bound to Protein A-Sepharose 4B (Sigma) and released
using a 25 mM Tris/HCI pH 7.5 buffer containing 1 M sucrose,
1% SDS, 1% DTT, 0.05% BFB at 50°C. The eluate was
immediately separated by one-dimensional 12-20% SDS-
PAGE, electro-blotted onto a PVDF membrane, which was
probed repeatedly with primary antibodies.
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A Cyanobacterial Chlorophyll Synthase-HIiD
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YidC/Alb3 Insertase™™

Jack W. Chidgey,>' Markéta Linhartova,P°! Josef Komenda,? Philip J. Jackson,>9 Mark J. Dickman,
Daniel P. Canniffe,2 Peter Konik,® Jan Pilny,? C. Neil Hunter,22 and Roman Sobotka®-°

aDepartment of Molecular Biology and Biotechnology, University of Sheffield, Sheffield S10 2TN, United Kingdom

bInstitute of Microbiology, Academy of Sciences, 37981 Trebori, Czech Republic

< Faculty of Sciences, University of South Bohemia, 370 05 Ceské Budéjovice, Czech Republic

dChELSI Institute, Department of Chemical and Biological Engineering, University of Sheffield, Sheffield S1 3JD, United Kingdom

Macromolecular membrane assemblies of chlorophyll-protein complexes efficiently harvest and trap light energy for
photosynthesis. To investigate the delivery of chlorophylls to the newly synthesized photosystem apoproteins, a terminal
enzyme of chlorophyll biosynthesis, chlorophyll synthase (ChlG), was tagged in the cyanobacterium Synechocystis PCC 6803
(Synechocystis) and used as bait in pull-down experiments. We retrieved an enzymatically active complex comprising ChiG
and the high-light-inducible protein HIiD, which associates with the Ycf39 protein, a putative assembly factor for photosystem
Il, and with the YidC/Alb3 insertase. 2D electrophoresis and immunoblotting also provided evidence for the presence of SecY
and ribosome subunits. The isolated complex contained chlorophyll, chlorophyllide, and carotenoid pigments. Deletion of h/iD
elevated the level of the ChlG substrate, chlorophyllide, more than 6-fold; HIiD is apparently required for assembly of FLAG-
ChiG into larger complexes with other proteins such as Ycf39. These data reveal a link between chlorophyll biosynthesis and
the Sec/YidC-dependent cotranslational insertion of nascent photosystem polypeptides into membranes. We expect that this
close physical linkage coordinates the arrival of pigments and nascent apoproteins to produce photosynthetic pigment-

protein complexes with minimal risk of accumulating phototoxic unbound chlorophyills.

INTRODUCTION

The photosystem | (PSI) and photosystem Il (PSIlI) chlorophyll-
protein complexes of cyanobacteria and plants absorb solar
energy and use it for charge separation, which drives down-
stream processes such as NADPH formation and ATP synthe-
sis. The structures of these complexes (Jordan et al., 2001;
Umena et al., 2011) show how chlorophyll molecules are ar-
ranged to optimize the absorption of light and efficient energy
transfer to the reaction center chlorophylls that act as primary
electron donors (Renger and Schlodder, 2011). The biogenesis
of PSI and PSIl must involve close interplay between enzymes of
the chlorophyll biosynthesis pathway and the machinery for
synthesis and membrane insertion of the photosystem apo-
proteins. In vivo and in vitro studies provide circumstantial evi-
dence for such a linkage, suggesting that chlorophyll has to be
inserted into proteins cotranslationally, probably as a pre-
requisite for correct protein folding and for the stable in-
corporation of chlorophyll protein into membranes (Chua et al.,
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1976; Eichacker et al., 1996; Miiller and Eichacker, 1999). As
demonstrated using the AchlL mutant of the cyanobacterium
Synechocystis PCC 6803 (hereafter, Synechocystis), which is
unable to synthesize chlorophyll in the dark, the availability of de
novo chlorophyll molecules is essential for the synthesis of all
cyanobacterial chlorophyll proteins (Kopecna et al., 2013). By
contrast, the absence of the carotenoid cofactor 3-carotene has
little effect on the synthesis of the PSI in Synechocystis, and
although synthesis of PSII proteins is impaired, this complex
nevertheless accumulates to some extent in the B-carotene-less
mutant (Sozer et al., 2010).

A physical linkage between pigment and protein biosynthesis
components is likely to be a prerequisite for tight mechanistic
coupling between the production of chlorophylls and their at-
tachment to nascent apoproteins, ensuring that there are no
deleterious effects arising from unattached, phototoxic chlor-
ophylls, such as the formation of destructive radical oxygen
species (Apel and Hirt, 2004). Although there are reports of
putative protein factors providing a connection between chlo-
rophyll biosynthesis and PSII biogenesis (Dobakova et al., 2009;
Schottkowski et al., 2009), the mechanisms that couple chlo-
rophyll and protein biosynthesis remain unclear. The enzymes
involved in the later steps of chlorophyll biosynthesis are con-
sidered to be associated with membranes (Masuda and Fuijita,
2008), but chlorophyll synthase (ChlG), which attaches the
phytol/geranylgeraniol tail to the chlorophyllide (Chlide) macro-
cycle, is known to be an intrinsic membrane protein (Addlesee
et al., 2000). Given that the main chlorophyll binding subunits of
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PSI (PsaA and PsaB) and PSII (D1, D2, CP43, and CP47) are
relatively large and strongly hydrophobic transmembrane pro-
teins synthesized on membrane-bound ribosomes, the use of
ChIG in pull-down assays is a promising strategy to test the idea
that this terminal enzyme of chlorophyll biosynthesis is closely
associated with the protein synthesis/insertion machinery for the
cotranslational attachment of chlorophylls to nascent photo-
system apoproteins.

Here, we purified FLAG-tagged ChIG from Synechocystis as
an enzymatically active pigment-protein complex. Analysis by
electrophoresis, mass spectrometry (MS), gel filtration, and en-
zyme assay demonstrated that ChlG forms a functional complex
with the high-light-inducible protein HIiD (also named ScpE) and
that larger assembilies involving the AIb3/YidC insertase and the
Ycf39 protein, a putative assembly factor for PSII, can be iso-
lated. These data provide evidence for the hitherto elusive link
between chlorophyll and photosystem apoprotein synthesis.

RESULTS

FLAG-Tagged ChIG Is Purified in a Complex with HIiD,
Ycf39, and YidC Proteins

In order to identify putative protein partners of ChlG, we con-
structed a Synechocystis strain expressing ch/G under control of
the psbAll promoter and with a 3xFLAG-tag encoded at the N
terminus of ChIG; subsequently, the original chiG gene was
deleted. The resulting psbAll:Flag-chiG/AchlG (hereafter, Flag-
chiG) strain exhibited a wild-type pigmentation (Supplemental
Figure 1), indicating that the FLAG-tagged ChIG is functional.
The cellular level of FLAG-ChIG was somewhat lower than of the
native ChlG (Supplemental Figure 2A) but apparently sufficient
to provide chlorophyll for maintaining normal levels of photo-
synthetic complexes.

A membrane fraction was prepared from the photoautotro-
phically grown Flag-chlG strain, solubilized with 1.5% B-dodecyl
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Figure 1. Purification of FLAG-ChIG and YidC-FLAG from Synechocystis Cells and Identification of Interacting Protein Partners.

(A) FLAG-ChIG was purified from the Flag-ch/G strain under native conditions on the anti-FLAG affinity gel. Eluted proteins were separated by SDS-
PAGE together with a control pull-down from the Synechocystis wild type and stained with Coomassie blue. The amount of protein loaded for each
sample corresponded to one-tenth of the total eluate volume. Designated protein bands were identified by MS (see Supplemental Table 1 for detected

peptides).

(B) Eluted proteins from the FLAG-ChIG pull-down were resolved by SDS-PAGE, transferred by immunoblot to a PVDF membrane and probed with

selected antibodies.

(C) Immunoprecipitation of the Ycf39 protein by the anti-Ycf39 antibody from wild-type and Flag-Ch/G strains. The FLAG-ChIG protein that coim-

munoprecipitated with Ycf39 was detected by an anti-FLAG antibody.

(D) YidC-FLAG was purified from the yidC-Flag/AyidC strain and analyzed as described for FLAG-ChIG.
(E) Eluted proteins from the YidC-FLAG pull-down were resolved by SDS-PAGE, blotted, and probed with the anti-ChIG antibody.
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maltoside, and the extract applied to an anti-FLAG affinity col-
umn. Following extensive washing, the eluted material was
separated by SDS-PAGE (Figure 1A). The Coomassie blue-
stained bands were digested with trypsin and identified by MS.
In addition to the FLAG-ChIG protein used as bait, we identified
the Ycf39 homolog SIr0399, the SIr1471 protein belonging to the
Alb3/Oxal1/YidC family (hereafter, YidC), the high-light-inducible
protein HIiD, the Sll1167 protein from the AmpH family, and the
PsaA/B core proteins of PSI (see Supplemental Table 1 for
identified peptides). Of these, SDS-PAGE of the control eluate
resolved only weakly staining bands of PsaA/B (Figure 1A).
Using specific antibodies, we confirmed the presence of Ycf39,
YidC, and HIiD in the FLAG-ChIG eluate, all of which were ab-
sent from the control pull-down (Figure 1B). In addition, we
detected a specific signal for SecY for the FLAG-ChIG pull-
down, as well as a signal for the Rpl1 ribosome subunit that is
clearly stronger than in the control (Figure 1B). We also in-
vestigated the ChlG-Ycf39 interaction using an anti-Ycf39 anti-
body to immunoprecipitate Ycf39 from solubilized membrane
proteins prepared from the Flag-ChIG strain; Figure 1C shows
that the FLAG-ChIG protein was coimmunoprecipitated with
Ycf39 from the Flag-chlG strain but not from the control Flag-
chlG strain lacking Ycf39, providing further evidence for the
complex between ChIG and Ycf39.

In order to confirm the association of YidC with ChIG, we
constructed a yidC- Flag/AyidC strain that produced near-native
amounts of the C-terminally FLAG-tagged YidC (Supplemental
Figure 2B) and normal levels of photosynthetic complexes
(Supplemental Figure 1). The YidC-FLAG pull-down was ana-
lyzed as for FLAG-ChIG; although the MS analysis of stained
bands identified only the YidC-FLAG protein (Figure 1D), ChIG
was clearly detected in the YidC-FLAG pull-down by the specific
antibody (Figure 1E). Ycf39 and HIiD were not detectable in this
YidC-FLAG pull-down using the cognate antibodies (data not
shown), consistent with the low amount of ChlG coeluted with
YidC-FLAG, and shown by the lack of a Coomassie blue—
stained ChIG band in the gel in Figure 1D. The low ChIG content
of the YidC-FLAG pull-down could arise from a weak YidC-ChIG
interaction, possibly short-lived, given the transient presence of
nascent protein chains within the YidC/Sec translocon. Clear-
Native (CN) PAGE was used to examine the YidC-FLAG pull-
down in more detail; the complexes were separated in the
second dimension by SDS-PAGE (Supplemental Figure 3). Im-
munodetection of ChIG indicates that this protein comigrates
with YidC-FLAG in specific oligomeric states confined to the
lower range of YidC aggregates; the rest of the YidC population
migrates as a continuum of oligomers ranging from tens to
hundreds of kilodaltons in size.

The ChG-HIiD Subcomplex Contains Chlorophyll, Chlide,
and Carotenoids

The FLAG-ChIG eluate was green-orange in color, in contrast
with the very pale-green elution from the wild-type membrane
fraction control. Supplemental Figure 4A shows the very low
absorption of the wild-type control and the 674-nm absorption
maximum of the FLAG-ChIG eluate. The fluorescence emission
spectrum recorded at 77K (Supplemental Figure 4B) resolves
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two emitting components; the major peak at 682 nm is expected
to originate from the ChIG-HIID complex, and the 675-nm
shoulder likely arises from free (dodecyl-B-maltoside bound)
chlorophyll. The presence of some PSI complexes gives rise to
the lower 720-nm emission peak. In order to examine the as-
sociation of these pigments with the ChIG, HIiD, Ycf39, and
YidC components, which would imply the presence of a hitherto
uncharacterized pigment-protein complex, the FLAG-ChIG elu-
ate was concentrated ~5-fold using a 100-kD cutoff ultrafilter
and analyzed using CN-PAGE. Two yellow-orange bands, CN1
and CN2, were resolved, each with a mass <100 kD as sug-
gested from migration of the CpcA/B hexamer (107 kD) in the
control lane (Figure 2A). In addition, a green band with no cor-
respondence to any abundant chlorophyll-protein complex in
Synechocystis was present in the FLAG-ChIG pull-down (Figure
2A). As this band exhibited an absorption spectrum typical for
the PSI complex (Figure 2C) but it migrated more slowly than
monomeric PSI, this complex was designated as PSI[1]*. The
green band near the top of the gel corresponded to the trimeric
PSI in solubilized membranes (Figure 2A, left lane). Absorption
spectra of the CN1 and CN2 bands excised from the gel showed
that both bands are associated with Chl(ide) a (absorbance at
674 nm) and carotenoids (absorbance at 484 to 514 nm) (Figure
2B). The only difference between CN1 and CN2 complexes
seems to be a slightly higher chlorophyll/carotenoid ratio in CN2
(Figure 2B).

Complexes resolved on CN-PAGE were further separated in
the second dimension by SDS-PAGE and stained either by
Coomassie blue prior to in-gel tryptic digestion and MS analysis
or by Sypro Orange for blotting and immunodetection (Figure 3).
The CN1 and CN2 bands both contained FLAG-ChIG and HIiD,
providing clear evidence for the association of this complex with
pigments. However, a very faint complex above CN1 can be
recognized (white dashed line, left, Figure 3) containing FLAG-
ChIG, Ycf39, and SlI1167. Although YidC was not detected on
the 2D gels by protein staining, immunoblotting with the anti-
YidC antibody shows that it also comigrated with this faint band
above CN1. FLAG-ChIG, HIiD, and SlI1167 are present in the
CN?1 band, although not YidC (white dashed line, right, Figure 3).
The CN2 band appears to consist only of FLAG-ChIG and HIiD,
and the fastest migrating FLAG-ChIG spot (white asterisk) was
not associated with pigments and probably arose from free
ChIG (Figure 3). CN/SDS-PAGE also resolved the ribosome
subunits (Figure 3; Supplemental Figure 5), and the immunoblot
showed that SecY was bound to the large ribosome subunit.
The green PSI[1]* band remained mostly stacked on the top of
the resolving gel, which is a characteristic behavior of PSI
complexes due to the high stability of PSI core proteins (Komenda
et al., 2012b).

Gel filtration was used to further characterize the composition,
molecular masses, and spectral properties of FLAG-ChIG as-
semblies within the FLAG-ChIG eluate. Several complexes were
resolved by this method (Figure 4) with the largest one eluting in
the void volume (peak GF1). The typical red shift in chlorophyll
absorbance seen for the GF1 and GF2 fractions indicated that
they consist mainly of PSI complexes (Supplemental Figure 6).
Immunoblot analysis of the column fractions corresponding to
peaks GF1-4 showed that most of the YidC and Ycf39 eluted
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Figure 2. Separation of the Purified FLAG-ChIG Complex by CN-PAGE
and Spectroscopy Analysis of Pigmented Bands.

(A) CN-PAGE of the purified FLAG-ChIG complex and a control eluate
from wild-type cells, the loading of which corresponded to ~75% of the

slightly later than peak GF1 (~5.7 mL), whereas most of the HIiD
eluted either in the GF3 peak containing FLAG-ChIG or in the
GF4 peak containing neither FLAG-ChIG nor Ycf39 (Figure 4).
This analysis showed that YidC and Ycf39 tend to become
detached from ChIG but remain in a large complex with mo-
lecular mass higher than 400 kD, although small amounts of
YidC and Ycf39 retain an association with ChlG. This behavior
of YidC might be related to a tendency of this protein to form
high-mass oligomers (Supplemental Figure 3). HIiD associated
preferentially with ChlG forming a complex with an apparent
molecular mass of ~70 kD. Given the molecular masses of
FLAG-ChIG and HIiD, at 38.5 and 6.5 kD, respectively, the
complex likely represents ChlG with several bound copies of
HIiD. A substantial proportion of the HIiD in the eluate became
detached from FLAG-ChIG and migrated as an ~40-kD aggre-
gate probably consisting of several copies of the protein asso-
ciated with lipids, detergents, and pigments. In conclusion, gel
filtration yielded a pattern of complexes somewhat different from
the CN-PAGE analysis, as the FLAG-ChIG-HIID interaction was
apparently less stable during this separation method, resulting in
an abundant free HIiD peak (GF4). On the other hand, this ap-
proach validated the conclusion derived from the 2D electro-
phoresis (Figure 3) showing that the FLAG-ChIG eluate consists
of an abundant ChIG-HIiD core and less tightly attached Ycf39/
YidC components.

In order to obtain a detailed insight into the pigment compo-
sition of the FLAG-ChIG-HIiD complex, we constructed another
strain expressing FLAG-ChIG in a Synechocystis mutant lacking
PSI due to deletion of the psaA/B operon. We purified FLAG-ChIG
and then performed a gel filtration separation experiment analo-
gous to the one described above. Elimination of PSI simplified the
elution profile without affecting the ChiG-HIID complex, which
eluted at 6.8 mL as before (Figure 5A). After elimination of PSI,
a significant 5.8 mL elution peak was found with absorption de-
tection at 280 nm (Figure 5A), which corresponded to the elution
volume of Ycf39 and YidC in Figure 4. The absorption spectra of
peaks GF3 (ChlG-HIiD) and GF4 (HIiD) in Figure 5B demonstrate
the relatively high carotenoid content of HIiD-containing frac-
tions, particularly in the ChiG-HIiD complex. We noted that the
absorption spectrum of the GF3 peak was practically identical to
that of the CN1 band (Figure 2B) from the native gel. The pig-
ments in ChlG-HIiD complex (GF3 peak), free of any contami-
nating PSI pigments, were extracted from the collected fractions

total eluates. Solubilized membranes (3 pg of chlorophyll) from the Flag-
chlG strain were used to demonstrate the mobility of photosynthetic
complexes: PSI[1] and PSI[3], monomer and trimer of PSI, respectively;
PSII[2], dimer of PSII; CpcA/B[6], 107-kD heterohexamer of CpcA and
CpcB phycobiliproteins. After separation, the gel was scanned in color
by an office scanner and in transmittance mode (DIA) using a LAS 4000
imager (Fuji). CN1, CN2, and PSI[1]* mark protein complexes identified in
FLAG-ChIG elution (line 2) but not in the total membrane fraction (line 1).
(B) The orange-yellow CN1 and CN2 bands were excised from the CN-
PAGE gel, and absorption spectra were recorded as described in
Methods. AU, absorbance units.

(C) Absorption spectra of the PSI[1]* complex; the red shifted absor-
bance of the chlorophyll Q, peak is typical for PSI complexes.
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Figure 3. 2D Electrophoresis of the Purified FLAG-ChIG Complex and
Identification of Individual Protein Spots.

A gel strip from CN-PAGE with separated FLAG-ChIG complexes (see
Figure 2A) was further separated in a second dimension by SDS-PAGE.
The gel was stained by Sypro Orange and then blotted onto a PVDF
membrane. The identity of designated spots on the stained gel was
assigned by MS and further verified by specific antibodies (see Results).
PSI[1]* is a form of monomeric PSI migrating slower than a typical PSI[1]
(Figures 2A and 2D). YidC, SecY, and Ycf39 were detected using specific
antibodies. For identification of individual ribosome subunits migrating
close to the top of CN gel, see Supplemental Figure 5.

and analyzed by HPLC. The results (Figure 5C) showed a com-
plex spectrum of pigments associated with the ChlG-HIiD com-
plex. In addition to chlorophyll, we also detected Chlide and three
carotenoids: zeaxanthin, 3-carotene, and myxoxanthophyll. The
molar ratio between chlorophyll and carotenoids was estimated
to be: Chl(ide) (6): zeaxanthin (3):B-carotene (1): myxoxanthophyll
(1) (Figure 5C). The amount of Chlide was rather low, only
reaching ~20% of the chlorophyll level.

ChIG Activity of the Purified FLAG-ChIG Complex

Oster et al. (1997) showed that an Escherichia coli cell extract
containing recombinant ChIG from Synechocystis catalyses the
attachment of geranylgeraniol or phytol tails to the Chlide
macrocycle. In this work, we examined the ChIG activity of pu-
rified, native ChlG preparations, initially by assaying the capacity
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of the FLAG-ChIG eluate to use the endogenous Chlide pool as
a source of substrate. Geranylgeranyl-diphosphate was added
to the FLAG-ChIG eluate, the stopped assay was terminated at
various times during the 32-min time period, and then the ger-
anylgeranyl-chlorophyll product was quantified using HPLC
(Figure 6A). The data showed the concomitant increase in ger-
anylgeranyl-chlorophyll and the decrease in Chlide, indicating
that the FLAG-ChIG-HIiD-Ycf39-YidC complex possesses ChlG
activity and the coeluting Chlide is accessible to the ChIG. Fur-
thermore, the subsequent addition of exogenous geranylgeranyl-
diphosphate and Chlide stimulated continued ChIG activity
(Figures 6B and 6C).

The HIiD-Less Strain of Synechocystis Lacks ChIG
Subcomplexes and Accumulates Chlide

Based on data already presented, we can conclude that a sta-
ble, active pigment binding ChIiG-HIiD core is integrated into
larger complexes that also contain Ycf39 and YidC. In order to
observe the in vivo effects of genetic removal of HIiD on the
composition of this complex, the hliD gene was deleted from the
Flag-chlG strain. Detergent-solubilized membrane proteins from
the Flag-chIG and Flag-chIG/AhliD strains were separated by 2D
CN/SDS-PAGE, blotted, and probed with an anti-FLAG antibody
(Figure 7A). The pattern of FLAG-ChIG spots in the case of the
Flag-chiG resembled that of the separated FLAG-ChIG pull-
down on CN-PAGE (Figure 3) with putative CN1 and CN2 bands
(marked by asterisks in Figure 7A) and with a higher mass
complex containing Ycf39 (black arrowhead in Figure 7A). By
contrast, the total FLAG-ChIG signal in the AhliD sample (Figure 7A,
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Figure 4. Separation of the Purified FLAG-ChlIG Complexes by Gel Fil-
tration Chromatography and Immunodetection of Eluted Proteins.

The FLAG-ChIG pull-down was loaded on a BioSec 3000 column, and
eluted protein/complexes were detected by absorbance at 280 and 440
nm. Eluted fractions were collected and subjected to immunoblot anal-
ysis; each band corresponds to the 0.2-mL chromatograph fraction with
which it is aligned. DDM, dodecyl-B-maltoside.
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Figure 5. Analysis of Pigments Associated with the FLAG-ChIG-HIiD
Complex.

(A) FLAG-ChIG pull-down obtained from the PSI-less background was
separated on a gel filtration column essentially as described for Figure 4
and the GF3 peak collected (gray box). DDM, dodecyl-B-maltoside.

(B) Absorption spectra of the GF3 and GF4 peaks were recorded by
a HPLC diode array detector.

(C) Pigments were extracted from the pooled fractions representing the
GF3 peak (gray box in [A]), separated by HPLC and detected at 415 nm.
The area of each peak was integrated and the molar stoichiometry of
individual pigments estimated. Myxo, myxoxanthophyll; Zea, zeaxanthin;
GG-Chl, geranylgeranyl chlorophyll; 3-Car, B-carotene.

bottom right-hand panel) was much weaker and rather smeared
with no apparent spots. Furthermore, reprobing the immunoblot
with anti-Ycf39 showed that Ycf39 was undetectable in mem-
branes isolated from the Flag-ch/G/AhliD mutant (Figure 7A,
bottom right-hand panel). Despite repeated efforts, we were
unable to isolate FLAG-tagged ChIG from the HIiD-less strain,
indicating that the protein is most probably destabilized and

degraded during the isolation procedure. Thus, the inherent
pigment binding capacity of ChIG could not be determined in the
absence of HID.

As different native electrophoretic systems can provide dif-
ferent pattern of separated complexes (Wittig et al., 2007),
we repeated the analysis of Flag-ch/iG membranes using Blue-
Native instead of CN/SDS-PAGE (Supplemental Figure 7). In this
case, the pattern of FLAG-ChIG complexes detected in Flag-
chiG membranes was simpler with three clearly separated sig-
nals visible in the immunoblot, and only the lowest molecular
mass spot retained in the hliD mutant (Supplemental Figure 7). In
contrast with separation of the same sample on CN-PAGE,
Ycf39 seems to be detached from ChIG-HIiD and migrates as an
oligomer, consistent with a weaker association of Ycf39 with
a more stable ChIG-HIID core. Interestingly, Blue-Native elec-
trophoresis resolved a minor fraction of FLAG-ChIG that mi-
grated close to PSIl as a large, >400-kD complex that was not
affected by the absence of HIiD (Supplemental Figure 7, black
arrows).

It is intriguing that the hliD deletion affected neither cell growth
nor the accumulation of photosystems (compared with first di-
mension CN gel strips in Figure 7A), despite the large decrease
in ChIG level, the rearrangement of its complexes and the sig-
nificant decrease in the amount of Ycf39. Previously, no phe-
notype has been observed for the Synechocystis AhliD strain
(Funk and Vermaas, 1999; He et al., 2001), although multiple
deletions of Hli family members including HIiD do affect chlo-
rophyll metabolism (Xu et al., 2002). In order to identify a selec-
tive effect of hliD deletion on chlorophyll biosynthesis, we
compared levels of chlorophyll precursors in the AhliD and wild-
type strains (Figure 7B). Interestingly, even under moderate light
intensity, the Chlide level was elevated more than 6-fold in the
AhliD mutant, and there was only a very low level (<10% of the
wild type) of protoporphyrin IX (Figure 7B); chlorophyll bio-
synthesis intermediates such as protochlorophyllide were also
lowered, but to a smaller extent. For comparison, we also ana-
lyzed chlorophyll biosynthesis intermediates in another mutant
that lacks the HIiC protein, the amino acid sequence of which is
very similar to HIiD (Supplemental Figure 8). No significant
changes in chlorophyll precursor levels were found in this strain
(Figure 7C), suggesting that the disturbances in chlorophyll
biosynthesis observed in Figure 7B were specifically induced by
elimination of HID.

A reciprocal experiment assessed the effect of deleting the
ycf39 gene on HIiD and ChiG. We observed a significant de-
crease in the HIiD level in the Aycf39 strain and elevated levels of
ChIG (Figure 8). Levels of chlorophyll precursors were not per-
turbed by elimination of the Ycf39 protein (data not shown). We
conclude that the absence of Ycf39 has a negative impact on
synthesis/stability of HIID and that HIiD is important for accu-
mulation of both Ycf39 and ChlIG in the cell and for maintaining
low levels of Chlide.

DISCUSSION

The BchG/ChIG (bacterio)chlorophyll synthases are integral
membrane proteins that attach the geranylgeraniol tail to the
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Figure 6. ChIG Activity of the Purified FLAG-ChIG Complex.

(A) Conversion of the endogenous Chlide pool and exogenous Chlide to
geranylgeranyl-chlorophyll (GG-Chl). Stopped assays were performed in the
presence of 20 wM geranylgerany! diphosphate. Assays were performed in
triplicate and each time point was analyzed by reverse-phase HPLC.

(B) Utilization of exogenously added Chlide by FLAG-ChIG. Assays were
performed as in (A) but with the addition of 20 wM Chlide. Each chro-
matography trace is representative of one of three replicates.

(C) Evolution of the geranylgeranyl-chlorophyll product in the exogenous
Chlide assays in (B).
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(bacterio)chlorophyll macrocycle (Oster et al., 1997), a process
that increases the hydrophobicity of (bacterio)chlorophyll pig-
ments and commits them to insertion within the many binding
sites within the photosystem apoproteins. Given that photo-
system formation requires a supply of chlorophylls, which must
be tightly synchronized with synthesis of nascent apoproteins to
avoid accumulation of unused pigments, it was reasonable to
hypothesize that the (bacterio)chlorophyll synthases are in close
proximity to the protein synthesis/insertion/assembly apparatus
for the photosystem biogenesis. Such a close connection be-
tween biosynthetic components would minimize the time for
pigment transfer from the synthase to the translocon channel
containing nascent polypeptides and therefore reduce the risk of
photooxidative damage to chlorophylls and their surroundings.
One way to establish a fully concerted biosynthetic/assembly
mechanism would involve a protein supercomplex comprising
ChIG and translocon components, as recently suggested
(Sobotka, 2014). Here, we used the Synechocystis ChIG as bait in
pull-down experiments to show that the ChIG forms a relatively
stable pigment-protein complex primarily with HIiD, a member of
CAB-like protein family. More loosely attached are Ycf39,
a member of short chain dehydrogenases (Kallberg et al., 2002),
and the YidC insertase. Nevertheless, both proteins remain at-
tached to ChIG-HIiD during membrane solubilization, affinity
chromatography on the anti-FLAG column, and CN-PAGE
(Figure 3). Although YidC, as a general insertase, is probably
involved in the synthesis of ChIG, it is very unlikely that miniscule
amounts of nascent FLAG-ChIG would pull down enough of the
YidC involved in ChlG assembly to be detectable by Coomassie
blue staining (Figure 1A). We show that FLAG-tagged YidC
migrates in CN/SDS-PAGE as a series of oligomers, with
a subpopulation of smaller assemblies associating with ChIG
(Supplemental Figure 3). There is therefore strong experimental
support for indirect association of ChlG, HIiD, and YidC with the
SecY translocase and ribosome subunits, forming a continuous
link from chlorophyll biosynthesis to cotranslational insertion of
nascent photosystem polypeptides and their folding and as-
sembly to form functional photosystems.

The HIiD Component

HIiD is a small, one-helix protein belonging to the high-light-
induced protein (Hlip) family that shares a significant sequence
similarity to plant chlorophyll a/b binding proteins and pos-
sesses a highly conserved chlorophyll binding (CAB) motif
(Supplemental Figure 8). Genes encoding Hlips are common in
cyanobacterial genomes and are strongly expressed under
various stress conditions (Bhaya et al., 2002). The Synecho-
cystis chromosome encodes four small Hlip members called
HIiA-D, and another Hlip is fused with ferrochelatase as a C-
terminal CAB domain, which is a typical feature of cyano-
bacterial and chloroplast ferrochelatases (Sobotka et al., 2011).
A Synechocystis mutant lacking all five Hlips is photosensitive
and has markedly reduced levels of chlorophyll and all major
carotenoids (Xu et al., 2004). Individual Hlips seem to fulfill
distinct although overlapping roles, which is reflected in their
different patterns of regulation (He et al., 2001). Deletion of the
ferrochelatase CAB domain resulted in an aberrant accumulation
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Figure 7. Characterization of Synechocystis AhliD Strains.

(A) Deletion of the hliD gene affects abundance of FLAG-ChIG and Ycf39 proteins as well as the formation of higher mass FLAG-ChIG complexes in the
membrane. Membrane fractions isolated from the Synechocystis Flag-chiG (left) and Flag-chiG/AhIID (right) strains were separated by 2D CN/SDS-
PAGE, stained by Sypro Orange, and finally blotted onto a PVDF membrane. Only the part of the SDS gel between ~25 and ~70 kD is presented; spots
representing PSII core subunits and AtpA/B proteins are marked by white arrows. FLAG-ChIG and Ycf39 were detected by anti-FLAG and anti-Ycf39
antibodies, respectively. Black asterisks indicate the positions of the CN1 and CN2 bands (see Figure 3); the black arrowhead indicates a putative
complex between FLAG-ChIG and Ycf39. In the lowest immunoblot panel, the Ycf39 signal was overexposed.

(B) Analysis of chlorophyll precursors in the wild-type and AhliD strains grown photoautotrophically at 40 wmol of photons m~2 s=1. Precursors were
extracted with 70% methanol from cells at OD,5, = 0.4 and analyzed by HPLC equipped with a diode array detector and a pair of fluorescence detectors
(Hollingshead et al., 2012). PPIX, protoporphyrin IX; MgP, Mg-protoporphyrin IX; MgPME, Mg-protoporphyrin IX monomethylester; PChlide, proto-
chlorophyllide. Values shown represent means = sp from three independent measurements. Asterisks indicate statistically significant differences in
precursor levels as tested using a paired t test (P = 0.05).

(C) An identical measurement of chlorophyll precursors as in (B) performed on the AhliC strain.

of chlorophyll-protein complexes under high light, a phenotype
not observed for other Hlip mutants (Sobotka et al., 2011). HIiA,
HIiB, and HIiC were found to interact with the PSII subunit CP47,
likely to photoprotect the PSIl assembly machinery and stabilize
chlorophylls released during the process of PSII repair (Prom-
nares et al., 2006; Yao et al., 2007). In contrast, HIiD does not
colocalize with PSII (Yao et al., 2007) but rather, as shown in this
work, HIiD copurifies with FLAG-ChIG (Figure 1). A distinct role for
HIiD is in line with our finding that the hliD null mutant, but not
a hliC mutant, accumulates Chlide under nonstress conditions,

and this accumulation is accompanied by significantly lowered
levels of precursors earlier in the chlorophyll pathway (Figure 7).
The observed disturbance of the whole tetrapyrrole pathway in
the hliD mutant is consistent with previous analyses of Hlip-less
Synechocystis strains that exhibit impaired synthesis of chloro-
phyll proteins due to a chlorophyll deficiency (Hernandez-Prieto
et al., 2011; Yao et al., 2012).

The increased pool of Chlide could be the consequence of
lowered ChIG activity but could also arise from a defect in chlo-
rophyll recycling. The half-life of chlorophyll in Synechocystis is
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Figure 8. Immunodetection of HIID and ChIG in the Synechocystis
Aycf39 Strain.

Membrane fractions prepared from wild-type and Aycf39 strains were
separated by SDS-PAGE and blotted, and the HIiD and ChIG proteins
were detected by specific antibodies. The level of cytochrome f detected
though its peroxidase activity was included as a loading control.

much shorter when all Hlips are deleted (Yao et al., 2012) and
Chlide was demonstrated to be an intermediate of chlorophyll
reutilization (Vavilin et al., 2005). How exactly Hlips assist the
process of chlorophyll recycling is not known; however, our data
show that the ChlG-HIiD complex binds chlorophyll, carotenoids,
and Chlide, possibly released from degraded chlorophyll-proteins
in the vicinity of ChIG. This complex is enzymatically active and is
able to convert its endogenous Chlide pool, as well as exogenous
Chlide, to chlorophyll in the presence of added geranylgeranyl-
diphosphate (Figure 6). Thus, we suggest that Chlide could be
channeled to HIiD from degraded proteins, perhaps via a network
of other Hlips, then phytylated by ChIG in its HIiD-bound state
prior to loading into apoproteins. Associated carotenoids would
operate as energy scavengers to prevent formation of oxygen
radicals following excitation of Chl(ide). The total carotenoid to Chl
(ide) ratio found in the FLAG-ChIG-HIID complex is relatively high
(~1:1), and the unexpected presence of three different car-
otenoids (Figure 5C) suggests that carotenoids play an important
protective role during chlorophyll phytolation. It is noteworthy that
the absorption spectrum of FLAG-ChIG-HIID suggests a higher
carotenoid content in comparison with the putative HIiD oligomer
detected as peak GF4 (Figure 5B), indicating that some carot-
enoid(s) might be located at the interface between ChiG and HIiD,
but this requires further study. Although HID is not essential for
ChIG activity, its absence decreased the cellular ChlG level, and
this protein is needed for assembly of FLAG-ChIG into larger
complexes with other proteins such as Ycf39 (Figure 7A).
Similar molecular mechanisms are expected to underpin the
synthesis of chlorophyll-proteins in cyanobacteria and chlor-
oplasts. Plants are likely to contain a ChlG associated with
a light-harvesting complex (LHC)-like protein resembling HIiD.
The situation in plants is made more complex by the presence
of broader spectrum of LHC-like proteins, which includes
single-helix (OHP), double-helix (SEP and LIL), and triple-helix
(ELIP) proteins. However, strong evidence already exists that
implicates plant LHC-like proteins in chlorophyll biosynthesis;
overexpression of the Arabidopsis thaliana ELIP2 gene reduced
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the levels of chlorophyll precursors and chlorophyll-protein
complexes (Tzvetkova-Chevolleau et al., 2007), and LIL3,
which physically interacts with geranylgeranyl reductase, is
critical for the accumulation of this enzyme in the chloroplast
(Tanaka et al., 2010). Geranylgeranyl reductase cooperates
with ChlIG for chlorophyll phytolation (Ridiger et al., 2005) and
so the association of terminal enzymes of the chlorophyll
pathway with HLIPs/LHC-like proteins might be a common
theme.

The YidC Component

YidC (SIr1471), which belongs to the evolutionarily conserved
YidC/Oxa1/Alb3 protein family involved in biogenesis of mem-
brane proteins in bacteria, mitochondria, and chloroplasts, is
thought to be involved in assisting partitioning of transmembrane
segments into the lipid bilayer and folding of nascent membrane
proteins (Beck et al., 2001; Nagamori et al., 2004). In E. coli, YidC
binds to the SecY component of the SecYEG protein—conducting
channel, where nascent transmembrane segments laterally es-
cape the translocon (Sachelaru et al., 2013). The critical role of
YidC/AlIb3 for biogenesis of cyanobacterial and plant thylakoid
membranes is well documented (Spence et al., 2004; Gohre et al.,
2006). Replacement of YidC with YidC-GFP in Synechocystis
resulted in a photosensitive strain accumulating only limited
amounts of both photosystems (Ossenbiihl et al., 2006). Like the
bacterial YidC, the chloroplast Alb3 associates with the SecY
translocase (Klostermann et al., 2002), and in a current model, the
core photosystem subunits are synthesized on Sec translocon
associated with YidC/Alb3 (Sobotka, 2014). Moreover, various
techniques have revealed the interaction between Alb3 and
chlorophyll binding proteins (Pasch et al., 2005; Gohre et al.,
2006). However, the interaction between SecY and YidC is rela-
tively weak (Scotti et al., 2000) and dynamically responds to the
binding of ribosomes (Sachelaru et al., 2013), which might explain
why SecY is detectable in the FLAG-ChIG pull-down only
using antibodies and not by MS or protein staining as with YidC
(Figure 1).

Regarding the foldase activity of YidC (Nagamori et al., 2004),
we expect that the YidC/AIb3 assists chlorophyll loading into
nascent apoproteins. Interestingly, ribosomal pausing occurs at
distinct sites during the elongation of the D1 subunit of PSII, and
this pausing seems to be intimately associated with chlorophyll
binding (Kim et al., 1994). It is tempting to speculate that the
YidC/Alb3 fixes growing polypeptides in a series of programmed
configurations amenable for chlorophyll insertion and that ribo-
some pausing provides the time for attachment of chlorophyll
molecules, provided by nearby ChIG. In this context, it is note-
worthy that the posttranslational targeting of LHCs into chloro-
plast membranes is mediated by Alb3 alone with no assistance
from the Sec translocon (Moore et al., 2003). Since pigments are
loaded into LHCs very probably during integration into the
membrane, it is reasonable to expect that the posttranslational
insertion of chlorophyll into LHCs is also mediated by an Alb3-
ChIG complex.

Our model of a ChiG-HIiD complex physically associated with
YidC/Sec translocon is in line with accumulating evidence that
the translocon machinery can be extended by various factors
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involved in postprocessing of the translocated polypeptide. In
the endoplasmic reticulum, oligosaccharyl transferase and sig-
nal peptidase are components of the translocon (Rapoport,
2007). The bacterial translocon was shown to interact with
chaperones such as PpiD (Antonoaea et al., 2008) and with FtsH
proteases ensuring quality control of translated proteins or the
integrity of translocon itself (van Bloois et al., 2008). It appears
that, in addition to its role for protein translocation, the SecYEG/
YidC core serves as a platform for accessory proteins devoted
to nascent protein modification, cofactor binding, or early steps
of complex assembly. We show that whereas ChIG interacts
with HIiD, Ycf39, and YidC, tagged YidC retrieves only low levels
of ChiG, reflecting a possibly transient interaction between these
proteins and a wider role for YidC as part of a translocon for
many types of membrane complex insertion and assembly. The
existence of an extensive machinery for membrane integration,
cofactor attachment, and protein folding is consistent with the
proposed biogenesis center (Stengel et al., 2012), speculated to
be responsible for the early steps of PSIl assembly in cyano-
bacteria (Komenda et al., 2012a). The monomeric PSI[1]* com-
plex, which seems to specifically coelute with FLAG-ChIG
(Figures 1 and 2), could be another structural and functional
component of the biogenesis center. We can only speculate that
the PSI[1]* complex could serve as a scaffold for some other
components or/and as an efficient energy scavenger.

The Ycf39 and SlI1167 Components

An interaction between Ycf39 and the ChIG-HIiD subcomplex
was demonstrated by its purification with FLAG-ChIG and by
coimmunoprecipitation (Figure 1). Ycf39 belongs to family of
atypical short-chain alcohol dehydrogenase/reductases, which
have an NAD(P)H binding motif near the N terminus but lack
the canonical Tyr residue critical for activity of typical short-
chain alcohol dehydrogenase/reductases (Kallberg et al.,
2002). The function of Ycf39 in Synechocystis has not been
established; deletion of the cognate slr0399 gene had no effect
on cell viability, but it did complement mutations near to the Q,
quinone acceptor of PSIl (Ermakova-Gerdes and Vermaas,
1999). This observation led to speculation that Ycf39 is
a chaperone-like protein involved in quinone insertion into the
PSIl complex (Ermakova-Gerdes and Vermaas, 1999). In-
activation of the Arabidopsis Ycf39 homolog Hcf244 greatly
decreased accumulation of PSIl core proteins, and although
the mechanism of Hcf244 action was not explained, it appears
to be connected to the synthesis of the D1 protein (Link et al.,
2012). The association of the cyanobacterial Ycf39 with ChiG
and HIiD suggests its role in pigment insertion or modification.
Indeed, our recent data confirm the involvement of Ycf39 in the
delivery of chlorophyll to the newly synthesized D1 protein and
stabilization of the PSII reaction center complex (Knoppova
et al., 2014).

The SlI1167 protein is related to the AmpH family of bacterial
enzymes expected to assist in remodeling of peptidoglycan
layer (Gonzalez-Leiza et al., 2011); its enigmatic occurrence in
the vicinity of chlorophyll-protein biosynthesis components rai-
ses the possibility that Sll1167 plays a structural or functional
role in photosystem biogenesis.

METHODS

Growth Conditions

Synechocystis PCC 6803 (hereafter, Synechocystis) strains were grown
in a rotary shaker under moderate light conditions (40 wmol of photons
m~2 s~") at 30°C in liquid BG11 medium. For purification of protein
complexes, 4 liters of cells were grown photomixotrophically in a 10-liter
flask under 100 wmol of photons m=2 s~ light in BG11 medium sup-
plemented with 5 mM Gic. The cell culture was agitated with magnetic
stirrer and bubbled with air.

Construction of Synechocystis Strains

To prepare Synechocystis strains expressing ChlG with a 3xFLAG
(hereafter, FLAG) tag at the N terminus, the ch/G gene (sIr0056) was
cloned into the pPD-NFLAG plasmid and the construct transformed into
the wild type. pPD-NFLAG contains the Synechocystis psbAll promoter,
a sequence encoding the 3xFLAG tag, and flanking sequences for ho-
mologous recombination that allow insertion of tagged constructs into the
Synechocystis genome in place of the psbAll gene (Hollingshead et al.,
2012). The Flag-yidC strain was constructed using pPD-CFLAG plasmid
to place the 3xFLAG tag at the YidC C terminus. The only difference
between pPD-NFLAG and pPD-CFLAG plasmids is in the position of the
tag. The chlG, yidC (slr1471), and ycf39 (sIr0399) genes were deleted
using the megaprimer PCR method essentially as described (Kopecna
et al., 2013). The Flag-chlG strain lacking the Ycf39 protein was prepared
using genomic DNA isolated from the Aycf39 strain, and the PSl-less
variant of the Flag-ch/G strain was constructed using DNA isolated from
the psaAB~ strain described by Shen et al. (1993). The AhliC and AhliD
mutants were obtained by the transformation of Synechocystis wild-type
strain using genomic DNA isolated from previously described Hlip mu-
tants (Xu et al., 2004). In all cases, transformants were selected on
aBG11 agar plate containing 5 ug mL~" of appropriate antibiotic and fully
segregated by restreaking transformants on plates with increasing
concentration of the antibiotic.

Preparation of Solubilized Membrane Fraction and Anti-FLAG
Pull-Down

Synechocystis cells expressing genes for FLAG-tagged proteins were
grown to an OD,g, of 0.5 to 0.7. Cells were pelleted, washed, and re-
suspended with buffer A (25 mM MES/NaOH, pH 6.5, 10 mM CaCl,, 10
mM MgCl,, 25% glycerol, and EDTA-free Protease Inhibitor [Roche]).
Cells were mixed in equal proportions with glass beads and broken in
a Mini-Beadbeater-16 (BioSpec), and the soluble proteins and mem-
branes were separated by centrifugation (65,000g, 45 min). The mem-
brane fraction was washed once with an excess of buffer A, then
resuspended in buffer A and solubilized for 30 min at 10°C with 1.5%
dodecyl-B-maltoside (Applichem). Finally, insoluble contaminants were
removed by centrifugation (65,000g, 25 min).

FLAG-ChIG and FLAG-YidC complexes were purified from membrane
fraction using an anti-FLAG-M2 agarose column (Sigma-Aldrich). To
remove contaminants, the anti-FLAG-resin was washed with 20 resin
volumes of buffer A containing 0.25% dodecyl-B-maltoside. The FLAG-
tagged proteins were eluted with 2.5 resin volumes of buffer A containing
150 pg/mL 3xFLAG peptide (Sigma-Aldrich) and 0.04% dodecyl-
B-maltoside.

Denaturing and 2D Electrophoresis and Protein Immunodetection

The protein composition of the 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 Birilliant Blue or subsequently transferred onto
a polyvinylidene fluoride (PVDF) membrane for immunodetection (see
below). For native electrophoresis, the FLAG-ChIG pull-down was con-
centrated 5-fold on a 100-kD cutoff microconcentrator (Millipore) and
separated on 4 to 12% clear native gel (Wittig et al., 2007). Individual
components of protein complexes were resolved by incubating the gel
strip from the first dimension in 2% SDS and 1% DTT for 30 min at room
temperature, and proteins were separated in the second dimension by
SDS-electrophoresis in a denaturing 12 to 20% polyacrylamide gel
containing 7 M urea (Dobakova et al., 2009). Proteins were stained either
by Coomassie Birilliant Blue or Sypro Orange, and in the latter case, they
were subsequently transferred onto a PVDF membrane. Membranes were
incubated with specific primary antibodies and then with secondary
antibody conjugated with horseradish peroxidase (Sigma-Aldrich). Pri-
mary antibodies against SecY, Ycf39, and ChIG were raised in rabbit
against synthetic peptides 4-14, 311-322, and 89-104, respectively. The
antibody raised against the recombinant fragment Arg-117-Ser-384 of
the Synechocystis YidC was kindly provided by Jorg Nickelsen (Ludwig-
Maximilians-University, Munich, Germany). Antibodies against the HIiD
and Rpl1 were purchased from Agrisera (Sweden)

Measurement of Absorption and Fluorescence Spectra

Absorption spectra of protein bands cut from CN-PAGE were measured
at room temperature with a Shimadzu UV-3000 spectrophotometer. The
77K fluorescence emission spectra were measured in liquid nitrogen with
an Aminco spectrofluorimeter (Spectronic Unicam) using an excitation
wavelength of 435 nm to excite chlorophyll a.

MS

After SDS-PAGE, Coomassie Birilliant Blue-stained protein bands/spots
were excised and subjected to in-gel digestion with trypsin (porcine,
modified, proteomics grade; Sigma-Aldrich). The tryptic peptides were
analyzed by nanoflow liquid chromatography coupled to MS using in-
strument systems comprising an UltiMate 3000 nano-LC (Dionex) in-
stalled with PepMap C,4 5 mm X 300-pm (trapping) and 150 mm X 75-pm
(analytical) columns (Dionex) operating at flow rates of 30 pL/min and 300
nL/min, respectively, with the same solvents and elution gradient detailed
above. Data were acquired online using a Maxis UHR-TOF mass spec-
trometer (Bruker) with line MS and automated dependent MS/MS scans.
For protein identification, mass spectra were converted to Mascot Ge-
neric File format using a processing script provided by Bruker and
submitted to Mascot Daemon v. 2.1.3 running with Mascot Server
v. 2.2.01 against the Synechocystis complete proteome database (http://
www.uniprot.org/uniprot/?query=organism:1111708).

Gel Filtration and Pigment Analysis

The FLAG-ChIG eluate prepared from 4 liters of cells was immediately
injected onto an Agilent-1200 HPLC machine and separated on Bio-sep
3000 column (Phenomenex) using 25 mM HEPES buffer, pH 7.5, con-
taining 0.25% dodecyl-B-maltoside at a flow rate of 0.2 mL min—" at 10°C.
Fractions were collected using an Agilent-1200 fraction collector. To
analyze the pigments coeluted with the major FLAG-ChIG peak from the
gel filtration column, fractions representing the GF3 peak were pooled and
concentrated ~10 times on 30-kD cutoff microconcentrators (Millipore).
This solution was extracted with an excess of methanol and the extract
injected onto an Agilent-1200 HPLC. Separation was performed on
a reverse-phase column (Kinetex C8, 2.6-um particle size, 3.9 X 150 mm;
Phenomenex) with 35% methanol and 15% acetonitrile in 0.25 M pyridine
(solvent A) and 20% methanol and 20% acetone in acetonitrile as solvents
B. Pigments were eluted with a linear gradient of solvent B (30 to 95%
in 25 min) followed by 95% of solvent B at a flow rate of 0.8 mL min—" at
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40°C. Pigment stoichiometries were estimated using published extinction
coefficients for chlorophyll and B-carotene (Eijckelhoff and Dekker, 1997);
the extinction coefficient for myxoxanthophyll in methanol (e412 =
66 mM~1 cm~") was calculated using an authentic standard prepared
from Synechocystis membranes.

ChIG Activity Assay

FLAG-ChIG eluate from 4 liters of cells was incubated at 30°C with 20 uM
geranylgeranyl-pyrophosphate (Sigma-Aldrich) and, where appropriate,
20 pM Chlide (kindly provided by D.J. Heyes, University of Manchester,
UK). Assays were stopped at the appropriate time point by the addition of
excess methanol and subsequently analyzed on an Agilent-1200 HPLC.
Separation was performed on a reverse-phase column (Nova-Pak C18,
4-pm particle size, 3.9 X 150 mm; Waters) with 350 mM ammonium
acetate and 30% methanol as solvent A and 100% methanol as solvent B.
Pigments were eluted with a linear gradient of solvent B (65 to 100%,
15 min) followed by 100% solvent B at a flow rate of 0.9 mL min~—' at 40°C.
Pigment content was continuously monitored by the HPLC fluorescence
detector (440 nm excitation; 670 nm emission). Relative quantification
was performed by integration of relevant chromatograph peaks. All as-
says were performed in triplicate.

Quantification of Chlorophyll Precursors

For quantitative determination of chlorophyll precursors, 50 mL of culture
at OD,5, = 0.4 was filtered through a 4-um cellulose filter to remove
precipitated pigments in the growth medium and harvested. Pigments
were extracted with an excess of 80% methanol/20% water and mea-
sured essentially as described previously (Hollingshead et al., 2012).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Ge-
nome Initiative or GenBank/EMBL databases under accession number
BAA10281.2 (chiG).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Whole-Cell Absorption Spectra of Synecho-
cystis Wild Type and Flag-ch/G/AchlG (Hereafter Flag-ch/G) and yidC-
Flag/AyidC Strains Grown Photoautotrophically.

Supplemental Figure 2. Immunodetection of ChIG and YidC Native
Proteins and Their Tagged Derivatives Expressed under the psbAll
Promoter.

Supplemental Figure 3. 2D Electrophoresis of the Purified YidC-
FLAG and Immunodetection of ChIG.

Supplemental Figure 4. Absorption and Fluorescence Spectroscopy
of FLAG-ChIG and Control Pull-Downs.

Supplemental Figure 5. Identification of Individual Ribosomal Sub-
units by 2D CN/SDS-PAGE.

Supplemental Figure 6. Absorbance Spectra of GF1 and GF2 Gel
Filtration Peaks Measured by a Diode-Array Detector.

Supplemental Figure 7. 2D Electrophoresis of Membrane Complexes
from Flag-chl/G and Flag-chl/G/AhliD Strains and Immunodetection of
FLAG-ChIG and Ycf39.

Supplemental Figure 8. Amino Acid Sequence Alignment of Syne-
chocystis Hli Proteins and the Third Transmembrane Helix of the
Arabidopsis Lhca2 Protein.


http://www.uniprot.org/uniprot/?query=organism:1111708
http://www.uniprot.org/uniprot/?query=organism:1111708
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1

12 0of 13 The Plant Cell

Supplemental Table 1. Identification of Proteins in the FLAG-ChIG
Pull-Down Eluate.

ACKNOWLEDGMENTS

We thank Lenka Moravcova for her excellent technical assistance. R.S.
and J.K. were supported by project Algatech and by project P501/10/
1000 of the Grant Agency of the Czech Republic. J.W.C. gratefully
acknowledges a doctoral studentship from the Biotechnology and
Biological Sciences Research Council (BBSRC; UK). P.J.J., D.P.C.,
M.J.D., and C.N.H. were supported by a research grant from the BBSRC.

AUTHOR CONTRIBUTIONS

JW.C., ML, PJJ., J.P, MJD., JK, RS, and C.N.H. designed
experiments. JW.C., M.L., P.J.J., D.P.C., P.K,, J.P., and R.S. performed
experiments. R.S., J.K., and C.N.H. wrote the article.

Received February 18, 2014; revised February 18, 2014; accepted
February 28, 2014; published March 28, 2014.

REFERENCES

Addlesee, H.A., Fiedor, L., and Hunter, C.N. (2000). Physical
mapping of bchG, orf427, and orf177 in the photosynthesis gene
cluster of Rhodobacter sphaeroides: Functional assignment of the
bacteriochlorophyll synthetase gene. J. Bacteriol. 182: 3175-3182.

Antonoaea, R., Fiirst, M., Nishiyama, K., and Miiller, M. (2008). The
periplasmic chaperone PpiD interacts with secretory proteins
exiting from the SecYEG translocon. Biochemistry 47: 5649-5656.

Apel, K., and Hirt, H. (2004). Reactive oxygen species: Metabolism,
oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 55:
373-399.

Beck, K., Eisner, G., Trescher, D., Dalbey, R.E., Brunner, J., and
Miiller, M. (2001). YidC, an assembly site for polytopic Escherichia
coli membrane proteins located in immediate proximity to the
SecYE translocon and lipids. EMBO Rep. 2: 709-714.

Bhaya, D., Dufresne, A., Vaulot, D., and Grossman, A. (2002).
Analysis of the hli gene family in marine and freshwater
cyanobacteria. FEMS Microbiol. Lett. 215: 209-219.

Chua, N.H., Blobel, G., Siekevitz, P., and Palade, G.E. (1976).
Periodic variations in the ratio of free to thylakoid-bound chloroplast
ribosomes during the cell cycle of Chlamydomonas reinhardtii. J.
Cell Biol. 71: 497-514.

Dobakova, M., Sobotka, R., Tichy, M., and Komenda, J. (2009).
Psb28 protein is involved in the biogenesis of the photosystem II
inner antenna CP47 (PsbB) in the cyanobacterium Synechocystis
sp. PCC 6803. Plant Physiol. 149: 1076-1086.

Eichacker, L.A., Helfrich, M., Riidiger, W., and Miiller, B. (1996).
Stabilization of chlorophyll a-binding apoproteins P700, CP47,
CP43, D2, and D1 by chlorophyll a or Zn-pheophytin a. J. Biol.
Chem. 271: 32174-32179.

Eijckelhoff, C., and Dekker, J.P. (1997). A routine method to
determine the chlorophyll a, pheophytin a and B-carotene contents
of isolated photosystem Il reaction center complexes. Photosynth.
Res. 52: 69-73.

Ermakova-Gerdes, S., and Vermaas, W. (1999). Inactivation of
the open reading frame s/r0399 in Synechocystis sp. PCC 6803
functionally complements mutations near the Q(,) niche of photosystem
II. A possible role of SIr0399 as a chaperone for quinone binding. J. Biol.
Chem. 274: 30540-30549.

Funk, C., and Vermaas, W. (1999). A cyanobacterial gene family coding
for single-helix proteins resembling part of the light-harvesting proteins
from higher plants. Biochemistry 38: 9397-9404.

Gohre, V., Ossenbiihl, F., Crévecoeur, M., Eichacker, L.A., and
Rochaix, J.D. (2006). One of two alb3 proteins is essential for the
assembly of the photosystems and for cell survival in Chlamydomonas.
Plant Cell 18: 1454-1466.

Gonzalez-Leiza, S.M., de Pedro, M.A., and Ayala, J.A. (2011).
AmpH, a bifunctional DD-endopeptidase and DD-carboxypeptidase
of Escherichia coli. J. Bacteriol. 193: 6887-6894.

He, Q., Dolganov, N., Bjorkman, O., and Grossman, A.R. (2001). The
high light-inducible polypeptides in Synechocystis PCC6803.
Expression and function in high light. J. Biol. Chem. 276: 306-314.

Hernandez-Prieto, M.A., Tibiletti, T., Abasova, L., Kirilovsky, D.,
Vass, l., and Funk, C. (2011). The small CAB-like proteins of the
cyanobacterium Synechocystis sp. PCC 6803: Their involvement in
chlorophyll biogenesis for photosystem Il. Biochim. Biophys. Acta
1807: 1143-1151.

Hollingshead, S., Kopecna, J., Jackson, P.J., Canniffe, D.P.,
Davison, P.A., Dickman, M.J., Sobotka, R., and Hunter, C.N.
(2012). Conserved chloroplast open-reading frame ycf54 is required
for activity of the magnesium protoporphyrin monomethylester
oxidative cyclase in Synechocystis PCC 6803. J. Biol. Chem. 287:
27823-27833.

Jordan, P., Fromme, P., Witt, H.T., Klukas, O., Saenger, W., and
Krauss, N. (2001). Three-dimensional structure of cyanobacterial
photosystem | at 2.5 A resolution. Nature 411: 909-917.

Kallberg, Y., Oppermann, U., Jérnvall, H., and Persson, B. (2002).
Short-chain dehydrogenases/reductases (SDRs). Eur. J. Biochem.
269: 4409-4417.

Kim, J., Klein, P.G., and Mullet, J.E. (1994). Synthesis and turnover
of photosystem Il reaction center protein D1. Ribosome pausing
increases during chloroplast development. J. Biol. Chem. 269:
17918-17923.

Klostermann, E., Droste Gen Helling, I., Carde, J.P., and Schiinemann,
D. (2002). The thylakoid membrane protein ALB3 associates with the
cpSecY-translocase in Arabidopsis thaliana. Biochem. J. 368:
777-781.

Knoppova, J., Sobotka, R., Tichy, M., Yu, J., Konik, P., Halada, P.,
Nixon, P.J., and Komenda, J. (2014). Identification of a novel
chlorophyll binding protein complex involved in the early steps of
photosystem Il assembly. Plant Cell, in press.

Komenda, J., Knoppova, J., Kopecna, J., Sobotka, R., Halada, P.,
Yu, J.F., Nickelsen, J., Boehm, M., and Nixon, P.J. (2012b). The
Psb27 assembly factor binds to the CP43 complex of photosystem
Il in the cyanobacterium Synechocystis sp. PCC 6803. Plant
Physiol. 1568: 476-486.

Komenda, J., Sobotka, R., and Nixon, P.J. (2012a). Assembling and
maintaining the Photosystem Il complex in chloroplasts and
cyanobacteria. Curr. Opin. Plant Biol. 15: 245-251.

Kopecna, J., Sobotka, R., and Komenda, J. (2013). Inhibition of
chlorophyll biosynthesis at the protochlorophyllide reduction step
results in the parallel depletion of photosystem | and photosystem Il in
the cyanobacterium Synechocystis PCC 6803. Planta 237: 497-508.

Link, S., Engelmann, K., Meierhoff, K., and Westhoff, P. (2012). The
atypical short-chain dehydrogenases HCF173 and HCF244 are
jointly involved in translational initiation of the psbA mRNA of
Arabidopsis. Plant Physiol. 160: 2202-2218.

Masuda, T., and Fujita, Y. (2008). Regulation and evolution of
chlorophyll metabolism. Photochem. Photobiol. Sci. 7: 1131-1149.

Moore, M., Goforth, R.L., Mori, H., and Henry, R. (2003). Functional
interaction of chloroplast SRP/FtsY with the ALB3 translocase in
thylakoids: Substrate not required. J. Cell Biol. 162: 1245-1254.


http://www.plantcell.org/cgi/content/full/tpc.114.124495/DC1

Miiller, B., and Eichacker, L.A. (1999). Assembly of the D1 precursor
in  monomeric photosystem Il reaction center precomplexes
precedes chlorophyll a-triggered accumulation of reaction center I
in barley etioplasts. Plant Cell 11: 2365-2377.

Nagamori, S., Smirnova, I.N., and Kaback, H.R. (2004). Role of YidC
in folding of polytopic membrane proteins. J. Cell Biol. 165: 53-62.

Ossenbiihl, F., Inaba-Sulpice, M., Meurer, J., Soll, J., and
Eichacker, L.A. (2006). The synechocystis sp PCC 6803 oxal
homolog is essential for membrane integration of reaction center
precursor protein pD1. Plant Cell 18: 2236-2246.

Oster, U., Bauer, C.E., and Ridiger, W. (1997). Characterization of
chlorophyll a and bacteriochlorophyll a synthases by heterologous
expression in Escherichia coli. J. Biol. Chem. 272: 9671-9676.

Pasch, J.C., Nickelsen, J., and Schiinemann, D. (2005). The yeast
split-ubiquitin system to study chloroplast membrane protein
interactions. Appl. Microbiol. Biotechnol. 69: 440-447.

Promnares, K., Komenda, J., Bumba, L., Nebesarova, J., Vacha, F.,
and Tichy, M. (2006). Cyanobacterial small chlorophyll-binding
protein ScpD (HIiB) is located on the periphery of photosystem Il in
the vicinity of PsbH and CP47 subunits. J. Biol. Chem. 281: 32705-
32713.

Rapoport, T.A. (2007). Protein translocation across the eukaryotic
endoplasmic reticulum and bacterial plasma membranes. Nature
450: 663-669.

Renger, T., and Schlodder, E. (2011). Optical properties, excitation
energy and primary charge transfer in photosystem II: Theory meets
experiment. J. Photochem. Photobiol. B Biol. 104: 126-141.

Rudiger, W., Bohm, S., Helfrich, M., Schulz, S., and Schoch, S.
(2005). Enzymes of the last steps of chlorophyll biosynthesis:
Modification of the substrate structure helps to understand the
topology of the active centers. Biochemistry 44: 10864-10872.

Sachelaru, l., Petriman, N.A., Kudva, R., Kuhn, P., Welte, T.,
Knapp, B., Drepper, F., Warscheid, B., and Koch, H.G. (2013).
YidC occupies the lateral gate of the SecYEG translocon and is
sequentially displaced by a nascent membrane protein. J. Biol.
Chem. 288: 16295-16307.

Schottkowski, M., Ratke, J., Oster, U., Nowaczyk, M., and
Nickelsen, J. (2009). Pitt, a novel tetratricopeptide repeat protein
involved in light-dependent chlorophyll biosynthesis and thylakoid
membrane biogenesis in Synechocystis sp. PCC 6803. Mol. Plant 2:
1289-1297.

Scotti, P.A., Urbanus, M.L., Brunner, J., de Gier, J.W., von Heijne, G.,
van der Does, C., Driessen, A.J., Oudega, B., and Luirink, J. (2000).
YidC, the Escherichia coli homologue of mitochondrial Oxalp, is
a component of the Sec translocase. EMBO J. 19: 542-549.

Shen, G.Z., Boussiba, S., and Vermaas, W.F.J. (1993). Synechocystis sp
PCC 6803 strains lacking photosystem | and phycobilisome function.
Plant Cell 5: 1853-1863.

Sobotka, R. (2014). Making proteins green; biosynthesis of chlorophyll-
binding proteins in cyanobacteria. Photosynth. Res. 119: 223-232.

Sobotka, R., Tichy, M., Wilde, A., and Hunter, C.N. (2011).
Functional assignments for the carboxyl-terminal domains of the
ferrochelatase from Synechocystis PCC 6803: The CAB domain
plays a regulatory role, and region Il is essential for catalysis. Plant
Physiol. 165: 1735-1747.

A Chlorophyll Synthase Complex 13 0f 13

Sozer, O., Komenda, J., Ughy, B., Domonkos, |., Laczké6-Dobos,
H., Malec, P., Gombos, Z., and Kis, M. (2010). Involvement of
carotenoids in the synthesis and assembly of protein subunits of
photosynthetic reaction centers of Synechocystis sp. PCC 6803.
Plant Cell Physiol. 51: 823-835.

Spence, E., Bailey, S., Nenninger, A., Mgller, S.G., and Robinson,
C. (2004). A homolog of Albino3/Oxal is essential for thylakoid
biogenesis in the cyanobacterium Synechocystis sp. PCC6803. J.
Biol. Chem. 279: 55792-55800.

Stengel, A., Giigel, I.L., Hilger, D., Rengstl, B., Jung, H., and Nickelsen,
J. (2012). Initial steps of photosystem Il de novo assembly and preloading
with manganese take place in biogenesis centers in Synechocystis. Plant
Cell 24: 660-675.

Tanaka, R., Rothbart, M., Oka, S., Takabayashi, A., Takahashi, K.,
Shibata, M., Myouga, F., Motohashi, R., Shinozaki, K., Grimm,
B., and Tanaka, A. (2010). LIL3, a light-harvesting-like protein,
plays an essential role in chlorophyll and tocopherol biosynthesis.
Proc. Natl. Acad. Sci. USA 107: 16721-16725.

Tzvetkova-Chevolleau, T., Franck, F., Alawady, A.E., Dall’'Osto, L.,
Carriére, F., Bassi, R., Grimm, B., Nussaume, L., and Havaux, M.
(2007). The light stress-induced protein ELIP2 is a regulator of
chlorophyll synthesis in Arabidopsis thaliana. Plant J. 50: 795-809.

Umena, Y., Kawakami, K., Shen, J.R., and Kamiya, N. (2011).
Crystal structure of oxygen-evolving photosystem Il at a resolution
of 1.9 A. Nature 473: 55-60.

van Bloois, E., Dekker, H.L., Froderberg, L., Houben, E.N.,
Urbanus, M.L., de Koster, C.G., de Gier, J.W., and Luirink, J.
(2008). Detection of cross-links between FtsH, YidC, HfIK/C
suggests a linked role for these proteins in quality control upon
insertion of bacterial inner membrane proteins. FEBS Lett. 582:
1419-1424.

Vavilin, D., Brune, D.C., and Vermaas, W. (2005). '>N-labeling to
determine chlorophyll synthesis and degradation in Synechocystis
sp. PCC 6803 strains lacking one or both photosystems. Biochim.
Biophys. Acta 1708: 91-101.

Wittig, I., Karas, M., and Schégger, H. (2007). High resolution clear
native electrophoresis for in-gel functional assays and fluorescence
studies of membrane protein complexes. Mol. Cell. Proteomics 6:
1215-1225.

Xu, H., Vavilin, D., Funk, C., and Vermaas, W. (2002). Small Cab-like
proteins regulating tetrapyrrole biosynthesis in the cyanobacterium
Synechocystis sp. PCC 6803. Plant Mol. Biol. 49: 149-160.

Xu, H., Vavilin, D., Funk, C., and Vermaas, W. (2004). Multiple
deletions of small Cab-like proteins in the cyanobacterium Synechocystis
sp. PCC 6803: Consequences for pigment biosynthesis and accumulation.
J. Biol. Chem. 279: 27971-27979.

Yao, D., Kieselbach, T., Komenda, J., Promnares, K., Prieto, M.A.
H., Tichy, M., Vermaas, W., and Funk, C. (2007). Localization of
the small CAB-like proteins in photosystem II. J. Biol. Chem. 282:
267-276.

Yao, D.C.l.,, Brune, D.C., Vavilin, D., and Vermaas, W.F.J. (2012).
Photosystem Il component lifetimes in the cyanobacterium
Synechocystis sp. strain PCC 6803: small Cab-like proteins
stabilize biosynthesis intermediates and affect early steps in
chlorophyll synthesis. J. Biol. Chem. 287: 682-692.



Publication VII

106



107



This article is a Plant Cell Advance Online Publication. The date of its first appearance online is the official date of publication. The article has been
edited and the authors have corrected proofs, but minor changes could be made before the final version is published. Posting this version online
reduces the time to publication by several weeks.

Discovery of a Chlorophyll Binding Protein Complex
Involved in the Early Steps of Photosystem I
Assembly in Synechocystis"™

Jana Knoppov4,** Roman Sobotka,*" Martin Tichy,?® Jianfeng Yu,® Peter Konik,* Petr Halada, Peter J. Nixon,®
and Josef Komenda?-b:1

a|nstitute of Microbiology, Academy of Sciences, 37981 Trebon, Czech Republic

bFaculty of Science, University of South Bohemia, 370 05 Ceské Budgjovice, Czech Republic

¢ Department of Life Sciences, Sir Ernst Chain Building-Wolfson Laboratories, Imperial College London, London SW7 2AZ, United
Kingdom

dLaboratory of Molecular Structure Characterization, Institute of Microbiology, Academy of Sciences, 14220 Praha 4-Kr¢, Czech
Republic

Efficient assembly and repair of the oxygen-evolving photosystem Il (PSIl) complex is vital for maintaining photosynthetic
activity in plants, algae, and cyanobacteria. How chlorophyll is delivered to PSIl during assembly and how vulnerable
assembly complexes are protected from photodamage are unknown. Here, we identify a chlorophyll and -carotene binding
protein complex in the cyanobacterium Synechocystis PCC 6803 important for formation of the D1/D2 reaction center
assembly complex. It is composed of putative short-chain dehydrogenase/reductase Ycf39, encoded by the sir0399 gene, and
two members of the high-light-inducible protein (Hlip) family, HIiC and HIiD, which are small membrane proteins related to the
light-harvesting chlorophyll binding complexes found in plants. Perturbed chlorophyll recycling in a Ycf39-null mutant and
copurification of chlorophyll synthase and unassembled D1 with the Ycf39-Hlip complex indicate a role in the delivery of

chlorophyll to newly synthesized D1. Sequence similarities suggest the presence of a related complex in chloroplasts.

INTRODUCTION

Photosystem Il (PSIl) embedded in the thylakoid membranes of
plants, algae, and cyanobacteria is the multisubunit enzyme
complex that uses light energy to catalyze the highly energeti-
cally demanding reaction of water splitting. Recent three-
dimensional structures of active dimeric PSIl complexes from
cyanobacteria have revealed the spatial organization of the
protein subunits and cofactors involved in excitation energy
transfer and electron transport (Ferreira et al., 2004; Guskov
et al., 2009; Umena et al., 2011). Within the core of the complex
there are two reaction center (RC) subunits called D1 and D2,
which bind the cofactors involved in primary charge separation
(Rappaport and Diner, 2008). On either side are CP43 and CP47,
which both bind chlorophyll a and B-carotene and serve as inner
light-harvesting complexes or antennae. On the periphery of
these large subunits are 13 small, mostly single helix trans-
membrane subunits, while the lumenal part of the complex is
shielded by the PsbO, PsbU, and PsbV extrinsic subunits (re-
viewed in Roose et al., 2007).

PSII biogenesis in the cyanobacterium Synechocystis sp PCC
6803 (hereafter, Synechocystis) occurs in a stepwise fashion
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presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Josef Komenda
(komenda@alga.cz).
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The Plant Cell Preview, www.aspb.org © 2014 American Society of Plant Biologists. All rights reserved.

from four preassembled smaller subcomplexes or modules
(Komenda et al., 2012a). Each module consists of one large
chlorophyll binding subunit (D1, D2, CP47, and CP43) and
several neighboring low molecular mass membrane poly-
peptides plus bound pigment and other cofactors. PSIl as-
sembly is initiated through interaction of the D1 and D2 modules
to form a RC intermediate, termed the RCIl complex. The CP47
module (Boehm et al., 2011) is then attached to RCII forming
a CP43-less complex, called RC47 (Boehm et al., 2012a).
Oxygen-evolving monomeric and dimeric PSII are formed after
addition of the CP43 module (Boehm et al., 2011), attachment of
the luminal extrinsic proteins, and light-driven assembly of the
oxygen-evolving Mn,CaO; complex (Komenda et al., 2008;
Nixon et al., 2010). Accessory factors, such as Ycf48, Psb27,
and Psb28, associate transiently with PSII at specific stages of
assembly but their functions remain unclear (Komenda et al.,
2012b). PSIlI assembly in chloroplasts is likely to occur by
a similar pathway, although additional accessory proteins ap-
pear to have been recruited (Chi et al., 2012; Nickelsen and
Rengstl, 2013).

PSIl is vulnerable to light-induced inactivation and is repaired
via the selective replacement of the D1 protein, which is ac-
companied by a partial disassembly and reassembly of the
complex (reviewed in Nixon et al., 2010). This process is espe-
cially important under high irradiance, which in cyanobacteria
induces the synthesis of a group of single transmembrane helix
proteins called Hlips (high-light-inducible proteins; Dolganov
et al., 1995) or Scps (small CAB-like proteins; Funk and Vermaas,
1999) with sequence similarities to plant light-harvesting
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complexes. Hlips have been detected in monomeric PSIl and
RC47 complexes (Promnares et al., 2006; Yao et al., 2007) and
have been shown to prevent generation of singlet oxygen in
PSIl (Sinha et al., 2012) and to participate in regulation of
chlorophyll biosynthesis (Xu et al., 2002; Hernandez-Prieto
et al., 2011). Hlips contain a domain implicated in chlorophyll
and carotenoid binding, and several studies have suggested
binding of pigments to Hlips/Scps (Xu et al., 2004; Storm et al.,
2008), but clear and convincing experimental evidence is still
lacking.

In this study, we discovered that Synechocystis Ycf39, en-
coded by the s/ir0399 gene, and two members of the Hlip family,
HIiC (ScpB) and HIiD (ScpE), associate with the RCIl complex.
Our data demonstrate that Ycf39 and the two Hlips form
a separate pigment-protein complex (designated the Ycf39-Hlip
complex) containing chlorophyll and B-carotene, which is im-
portant for accumulation of the RC in vivo. Our data also sug-
gest that the Ycf39-Hlip complex is involved in the delivery of
recycled chlorophyll to newly synthesized D1 protein during the
formation of the RCIl subcomplex and protects newly synthe-
sized D1 and RCII from light damage.
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RESULTS

Identification of Ycf39 as a Component of a PSII
RC Subcomplex

Our previous studies of PSIl assembly in Synechocystis have
revealed that strains unable to synthesize the inner antenna
CP47 accumulate two RC assembly intermediate complexes
designated RCII* and RClla (Sobotka et al., 2005; Dobakova
et al.,, 2007; Komenda et al., 2008). These complexes differ in
size on native gels, most probably due to the presence of ad-
ditional component(s) in the larger RCII* complex. To explore
this further, we separated solubilized membrane complexes
isolated from the CP47-less strain (ACP47) by clear-native (CN)
electrophoresis (Figure 1A). After separation by SDS-PAGE in
the second dimension and staining of protein subunits, we used
mass spectrometry (MS) to identify two well-stained proteins
that comigrated with the RCII* complex. The larger one was the
Ycf48 assembly factor found previously in RCII* (Komenda et al.,
2008), while the smaller protein, of ~40 kD, was identified as
Ycf39, the product of the slr0399 gene (Figure 1A, 2D Sypro).
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Figure 1. Identification of Ycf39 as a Component of the PSII RC Complex RCII* and Effect of Ycf39 on Protein Biosynthesis in a Strain Lacking the PSII

Antenna CP47.

(A) Membranes isolated from cells of ACP47 and ACP47/Ycf39 deletion strains grown in the presence of Glc were analyzed by 2D-CN/SDS-PAGE. The
first-dimension native gel was photographed (1D) and after SDS-PAGE in the 2nd dimension the gel was stained by Sypro (2D Sypro), and bands
designated by arrows were identified by MS. Alternatively, the gel was blotted and probed with antibodies specific for D1, Ycf39, HIiD, and Ycf48 (2D
blots). The designation of complexes: PSI(3) and PSI(1), trimeric and monomeric PSI; ATPsynt, ATP synthase; NDH1, NADH dehydrogenase; RCII* and
RClla, two PSII RC complexes lacking CP47 and CP43; u.CP43, unassembled CP43; iD1 and D1 indicate the partially and fully processed forms of the

D1 protein, respectively. Each loaded sample contained 5 g chlorophyll.

(B) Membranes isolated from cells of ACP47 and the ACP47/Ycf39 labeled by radioactive Met and Cys were analyzed by 2D-blue native (BN)/SDS-
PAGE, the gel was blotted, the blot dried and exposed to a phosphor imager plate (2D autorads), and later used for detection of the D1 and D2 proteins
by specific antibodies (2D blots). pD1 indicates the unprocessed form of D1, other designations are as in (A). Unassembled pD1 (left panel) and D2 (right

panel) are designated by oblique arrows.



The presence of Ycf39 in RCII* but not in the smaller RClla
complex was also supported by immunoblotting experiments
(Figure 1A, 2D blots). Surprisingly, a member of the Hlip family,
HIiD, was also present in RCII* but absent in RClla (Figure 1A, 2D
blots), suggesting a link between Ycf39 and Hlips. To test the
importance of Ycf39 for accumulation of RCIl complexes, we
deleted the slr0399 gene in the ACP47 strain and membrane
complexes of the resulting double mutant were subjected to
analysis by 2D-CN/SDS-PAGE. The absence of RCII* in the
ACP47/Ycf39 double mutant provided further confirmation that
Ycf39 was an additional component of RCII*. Moreover, the
overall level of RCIl complexes markedly decreased (Figure 1A,
2D blots).

We also assessed the effect of deleting ycf39 on the bio-
synthesis of membrane proteins in the ACP47 strain by radio-
active protein labeling and subsequent 2D protein analysis
(Figure 1B). The autoradiograms showed a significantly reduced
incorporation of radiolabel into D1 in the double mutant, sug-
gesting a limitation in the biosynthesis of D1 in the absence of
Ycf39. This was further supported by immunoblot analysis of the
2D blot using antibodies specific for D1 and D2 (Figure 1B, 2D
blots). While in the single ACP47 strain a small fraction of pre-
cursor D1 (pD1) is always observed in the region of un-
assembled proteins (see also Komenda et al., 2004), this fraction
was missing in the double mutant and, instead, there was an
increased level of unassembled D2 protein, shown previously to
accumulate in the absence of D1 (Komenda et al., 2004).

Ycf39 Is Associated with the Cytoplasmic Surface of
the Membrane

Ycf39 is predicted to contain an NAD(P)H binding domain and to
be a soluble member of the short-chain alcohol dehydrogenase/
reductase superfamily (Ermakova-Gerdes and Vermaas, 1999).
Analysis of membrane and soluble fractions by immunoblotting
revealed that Ycf39 was actually strongly associated with the
membrane despite the lack of a predicted transmembrane re-
gion (Supplemental Figure 1B). Furthermore the sensitivity of
Ycf39 to degradation by trypsin in right-side-out membrane
vesicles (Komenda, 2000; Dobakova et al., 2009) and the lack of
a predicted lumenal-targeting sequence suggested a location
on the cytoplasmic side of the membrane.

Identification of a Chlorophyll Binding Complex Containing
Ycf39, HIiC, and HIiD

To isolate complexes associated with Ycf39, we constructed
a CP47-less strain expressing a 3xFlag-tagged version of the
protein (Flag-Ycf39), which we purified under native conditions
using a Flag-affinity column. The obtained eluate contained both
chlorophyll and carotenoids as indicated by its absorption
spectrum (Supplemental Figure 2A) and confirmed by HPLC
analysis which demonstrated the presence of chlorophyll,
B-carotene, and pheophytin (Supplemental Figure 3). Trace
amounts of the carotenoids myxoxanthophyll and zeaxantin
were detected but are likely to be impurities rather than regular
components of the complexes. Moreover, the maximum of the
77K chlorophyll fluorescence spectrum at 682 nm suggested
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the isolated preparation was related to PSIl as photosystem |
(PSI) emits at ~720 to 730 nm under these conditions (Shen
et al., 1993) (Supplemental Figure 2A).

Pigment proteins pulled down with Flag-Ycf39 were identified
following 2D-CN/SDS-PAGE (Figure 2A). The analysis by native
PAGE revealed the presence of four pigmented bands. The most
intense yellow-green band corresponded to RCII* as revealed by
its relative size (~200 kD) and polypeptide composition. Immu-
noblot and/or MS analysis (Supplemental Table 1) revealed the
presence of D2, D1 (in its mature form as well as its incompletely
processed form iD1), PsbE and PsbF of Cyt b-559, and Psbl.
Furthermore, in the region around 45 kD, we detected Flag-Ycf39
and Ycf48. Finally, in the region around 5 to 7 kD, we also iden-
tified members of the Hlip family: HIiD (ScpE) and HIiC (ScpB).

A second smaller pigment-protein complex (of ~60 kD) con-
tained Flag-Ycf39 together with HIiD and HIiC and represents
a previously undiscovered pigment-protein complex of Syn-
echocystis, which we designate the Ycf39-Hlip complex. A third
pigmented band at the edge of the native gel most probably
represented free pigments in detergent/lipid micelles, but there
was also a distinct band of HIiD, which might also bind pigment.
We always detected a variable amount of another pigment-
protein complex, migrating slightly faster than the RCII* com-
plex. This complex contained most of the proteins detected in
RCII* but did not contain Ycf39 and the Hlips, and its size cor-
responded to the size of RClla complex detected in thylakoids of
the CP47-less strain. The lack of Ycf39 suggests that this
complex results from fragmentation of the RCII* complex during
purification or electrophoresis. Interestingly, this complex was
highly fluorescent (Figure 2A, 1D LAS fluor), a feature that is
usual for pigment-protein complexes related to PSIl (Kopecna
et al., 2013). However, both RCII* and the Flag-Ycf39-Hlip
complex showed much lower fluorescence at room tempera-
ture, indicating efficient quenching of the absorbed light energy.
Finally, the largest green nonfluorescent band was assigned as
the trimeric PSI complex according to its size of ~750 kD, de-
tection of the PsaD subunit (Figure 2A), and a 77K fluorescence
emission band at 722 nm. However, the absence of a 722-nm
chlorophyll fluorescence band at 77K in the pull-down prepa-
ration (Supplemental Figure 2) indicated that the trimeric PSI
complex was only a minor component.

The use of the CN gel system allowed us to measure the
absorption and low-temperature fluorescence spectra of the
pigmented bands directly in the gel. Both Flag-Ycf39-Hlip and
RCII* contained chlorophyll and carotenoids, with absorption
maxima at around 675 and 450 to 530 nm, respectively. A small
shoulder at ~543 nm in the absorption spectrum of the RCII*
complex also indicated the presence of pheophytin (Figure 2B,
arrow), which was also detected in the crude Flag-Ycf39 prep-
aration by HPLC (Supplemental Figure 3). The spectrum of the
Flag-Ycf39-Hlip complex was typified by a distinct absorption
band at around 520 nm. Such a red shift in the p-carotene
absorption band would suggest a special environment of this
pigment within the complex (Figure 2B, left panel). The 77K
chlorophyll fluorescence maximum at 681 nm was similar for
both complexes (Figure 2B, right panel). Finally, the absorption
maximum at 678 nm and 77K chlorophyll fluorescence band at
~722 nm confirmed the identity of the largest green band as PSI.


http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1
http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1

40f13 The Plant Cell
A Flag-Ycf39/ACP47
¢ CN - PAGE Q?Q
D o S
s NN <
: ¢ &g
i . :,,,L:
G . 1D
E
1D LAS scan

52 kD

37kD

29 kD

19 kD

" DCBB

TKkD =— | HIiD—, |
i PshF, P: ;
_____ PP e
1 | | 1
SE S S
S ¢

B
Absorption spectra 77 K fluorescence spectra
8
RCII* 7] —— RCII*
— 002 4 -=== Yef39-Hlip = —== Yef39-Hlip
5 /A 675 367
& A BT =g ] 681 nm
—_ A -
o g 771"
é 0.01 £ 4
£ 2 3
: g
2 221
< 900 m o
—— : 0 T T \ T
400 500 600 700 600 650 700 750 800

Wavelength [nm]

Wavelength [nm]

Figure 2. Analysis of the Flag-Ycf39 Preparation Using 2D-CN/SDS-PAGE and Room Temperature Absorption and 77K Chlorophyll Fluorescence

Spectra of RCII* and Ycf39-Hlip Complexes in Gel.

(A) The preparation was isolated using anti-Flag affinity resin from membranes of the Synechocystis mutant expressing Flag-Ycf39 instead of Ycf39 and
lacking CP47. It was subsequently analyzed by 2D-CN/SDS-PAGE. The first-dimension native gel was photographed (1D) or scanned by LAS 4000 for
absorption (1D LAS scan) or fluorescence (1D LAS fluor) and after SDS-PAGE in the 2nd dimension, the gel was stained by Coomassie blue (2D CBB)
and the designated spots were identified by MS (Supplemental Table 1). FP are free pigments, and other designations are as in Figure 1. Due to the high
resistance of the PSI(3) band to SDS, most of its subunits are not released from it on 2D gels and are therefore hardly visible.

(B) The left panel shows room temperature absorption spectra, and the right panel the 77K chlorophyll fluorescence spectra of RCII* (solid lines) and
Ycf39-Hlip complexes (dashed lines) in gel. The arrow in the RCII* absorption spectrum designates the shoulder at 543 nm belonging to pheophytin.

In order to prove that the attachment of Flag-Ycf39 with the
RCII* complex was not an artifact related to the use of a mutant
lacking CP47, we performed the pull-down experiment with
a wild-type strain expressing Flag-tagged Ycf39. Although the
yield of the preparation was much lower on a cell basis, the
composition of the isolated preparation was similar to that ob-
tained from the ACP47 strain (Figure 3A). We analyzed this
preparation by 2D-CN/SDS-PAGE in combination with immu-
noblotting and detected Ycf48, D1, D2, HIiC, HIiD, and the Psbl
proteins. As in the ACP47 strain, Ycf39, HIiC, and HIiD were
present both in the RCII* complex and in a separate pigmented
Ycf39-Hlip complex. In both preparations, we also detected
a fluorescent band between the Ycf39-Hlip complex and free
pigments. Based on the result of the immunoblot, it was ascribed
to the D1-Psbl complex (Figure 3A, 1D LAS fluor) with its strong
fluorescence suggesting the presence of bound chlorophyill.

HIiC and HIiD Are Needed for Pigment Binding and Stable
Association of Ycf39 with PSII

To assess the importance of the Hlips for binding of Ycf39 to
RCII, we constructed and analyzed CP47-less mutants lacking
either HIiC or HIiD. The 2D electrophoresis confirmed that the

absence of HIiC, and especially HIiD, led to a significant de-
crease in the abundance of RCII* (Supplemental Figure 4). We
also constructed a CP47-less mutant expressing Flag-tagged
Ycf39 but lacking HIiD. The preparation isolated from this strain
contained almost 10-fold less chlorophyll but lacked RCII and
instead contained PSI as judged by absorption spectroscopy
and 77K fluorescence emission spectroscopy (Supplemental
Figure 2B). The preparation also lacked HIiC, consistent with the
previously identified close relationship between expression of
HIiC and HIiD (Kufryk et al., 2008). Importantly, the Flag-tagged
Ycf39 protein isolated from this strain did not bind detectable
pigment following native gel electrophoresis (Figure 3B). This
experiment showed that Hlips are required for binding of chlo-
rophyll and B-carotene in the Ycf39-Hlip complex, while Ycf39
alone does not bind pigments.

The Ycf39-Hlip Complex Binds to D1 at an Early Stage
in Assembly

To test whether the Ycf39-Hlip complex was able to bind to
unassembled D1, we also expressed and isolated Flag-tagged
Ycf39 from a strain lacking D2, which accumulates low levels of
D1 but is unable to assemble RCII or larger PSII core complexes
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Figure 3. Pigment Proteins in Flag-Ycf39 Preparations from the Wild
Type and a Strain Lacking CP47 and HIiD.

The preparations from the wild type (A) and from the strain lacking CP47
and HIiD (B), both expressing Flag-Ycf39 instead of Ycf39, were isolated
using anti-Flag affinity resin. Pigment proteins were subsequently sep-
arated by 2D-CN/SDS-PAGE. The first-dimension native gel was pho-
tographed (1D) and scanned by LAS 4000 for fluorescence (1D LAS
fluor), after SDS-PAGE in the second dimension the gel was stained
by Sypro orange (2D Sypro), electroblotted to polyvinylidene fluoride
membrane, and probed with specific antibodies [2D blot(s)]. Designation
of complexes is as in Figures 1 and 2, the Ycf39(2) is most probably the
dimeric form of Ycf39, and D1-Psbl is a small fluorescent complex of (i)
D1 and the small PSIlI subunit Psbil.

(Komenda et al., 2004). In the preparation we detected, in addition
to Flag-Ycf39, D1 in the mature as well as incompletely pro-
cessed form (iD1) together with Ycf48, HIiC, and HIiD (Figure 4A).
Interestingly, the FtsH2/FtsH3 heterocomplex involved in D1
degradation during PSII repair was also present. By contrast, the
Flag-Ycf39 preparation isolated from a D1-less strain, which is
still able to accumulate low levels of the D2/Cyt b-559 sub-
complex (Komenda et al., 2008), contained HIiD, HIiC but neither
D2 nor Ycf48 (Figure 4B; Supplemental Table 1).
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The DE Loop of D1 Is Important for Binding of
Ycf39-Hlip Complex

The results thus far suggested that the D1 protein provides the
binding site for the Ycf39-Hlip complex within RCII*. To locate
this site more precisely, we tested two strains having either
a 20-amino acid deletion at the N terminus (A20; Komenda
et al., 2007) or a 25—-amino acid deletion in the DE loop between
the fourth and fifth transmembrane helices of D1 (R225-V249,
PCD mutant; Mulo et al., 1997) for the presence of RCII* during
radioactive labeling at low temperature, which leads to an in-
creased accumulation of RCIl subcomplexes (Komenda et al.,
2008). The result showed the lack of RCII* accumulation in the
PCD but not in the A20 mutant (Supplemental Figure 5), in-
dicating a possible Ycf39 binding site in the R225-V249 seg-
ment of D1. During biosynthesis of the D1 protein, this segment
is released from the ribosome and becomes available for Ycf39
binding when the fifth transmembrane helix is still buried within
the ribosome. This moment corresponds well to a putative
pause in biosynthesis of chloroplast D1, which is assumed to
allow chlorophyll binding (Kim et al., 1991).

The preparations from both RCll-less strains and especially
from the D1-less strain showed a significant content of 50S and
30S ribosomal subunits and, even more importantly, chlorophyll
synthase (ChlG), which is the ultimate enzyme responsible for
attachment of geranylgeranyl/phytyl group to Chlide during
chlorophyll biosynthesis (Bollivar, 2006) (Figure 4B). Thus, the
Ycf39-Hlip complex appears to associate with ribosomes and
ChlIG, implicating Ycf39 as playing a role at an early stage in D1
biosynthesis when chlorophyll is required for insertion into the
growing polypeptide chain.

A Mutant Lacking Ycf39 Is More Sensitive to Photoinhibition

To gain more information on the physiological importance of
Ycf39, we characterized a ycf39 deletion strain and compared it
with the wild type. In agreement with a previous report (Ermakova-
Gerdes and Vermaas, 1999), there was no detectable difference
in the phenotype between AYcf39 and the wild type in terms of
growth rate, pigment composition, 77K chlorophyll fluorescence
spectra, and rate of oxygen evolution at different irradiances.
However, PSIl in the AYcf39 strain was clearly more sensitive
than in wild type to high irradiance as judged by the more rapid
decline in the rate of oxygen evolution during the first 45 min of
illumination at 700 wmol photons m~=2 s~ (Figure 5A). After this
period, oxygen evolution stabilized in the mutant, which sug-
gested that the photoprotective processes counteracting fast PSII
photodamage are less efficient in the mutant during the initial
period of high-light treatment but not at later points. Moreover,
assessment of D1 protein turnover did not show any significant
difference between the strains (Supplemental Figure 6). However,
more detailed analysis by 2D gels revealed that the amount of
labeled D1 protein was slightly lower in the PSII core complexes of
the mutant (Figure 5B), and the mutant also showed a dramatic
reduction in the level of labeled iD1 in the RCIl complexes. Com-
pared with the wild type, the mutant also showed increased ac-
cumulation of newly synthesized D1, D2, CP47, and CP43 in the
unassembled protein region of the gel, consistent with a block in
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Figure 4. 2D-CN/SDS-PAGE Analysis of the Flag-Ycf39 Preparations
from D2-Less and D1-Less Strains Expressing Flag-Ycf39.

The preparations from D2-less (A) and D1-less (B) strains expressing
Flag-Ycf39 instead of Ycf39 were isolated using anti-Flag affinity resin.
Pigment-proteins were subsequently separated by 2D-CN/SDS-PAGE.
The first-dimension native gel was photographed (1D), and after SDS-
PAGE in the second dimension, the gel in (A) was stained by Sypro
Orange (2D Sypro), blotted onto polyvinylidene fluoride membrane, and
D1, Ycf48, FtsH2, FtsH3, and HIiC were detected by specific antibodies
(2D blots). Asterisk indicates unspecific reaction of the flagged Ycf39
partly overlapping the signal of Ycf48. In (B), the gel was stained with
Coomassie blue (2D CBB) and selected proteins identified by MS.
Complexes are designated as in Figure 3. 50S and 30S ribo designate
large and small subunit of ribosomes, and other designations are as in
Figure 2. The following proteins were identified in the preparation from
the D1-less strain by MS: L1 (Rpl1, Sli1744), L2 (Rpl2, SII1260), and L3
(Rpl3, SII1799) of the large 50S ribosomal subunit subunit; S3 (Rps3,
SII1804), S4 (Rps4, SIr0469), and S17 (Rps17, SsI3437) of the small ri-
bosomal subunit; Flagged Ycf39 (SIr0399); ChIG (chlorophyll synthase,
SIr0056); HIiD (ScpE, Ssr1789). The bands with hashtag, CpcB (Sl1157)
and TrpRS (tryptophanyl-tRNA-synthetase, SIr1884), are standard un-
specific interactors of the Flag resin. The 2D blot indicates the lack of the
D2 protein in the preparation.

the formation of RCIl and larger complexes. Overall, these data
suggest that the Ycf39-Hlip complex is important for maintaining
PSII activity upon sudden exposure to high irradiances at the level
of D1 incorporation into RCIl complexes.

Ycf39 Is Needed for Efficient Chlorophyll Recycling

Association of Ycf39 with D1, Hlips, ChIG, and ribosomes
implies the possible involvement of Ycf39 in the insertion of
chlorophyll into newly synthesized D1, either during de novo
assembly or PSII repair. To investigate this further, we analyzed
differences in the level of pigments and chlorophyll precursors
and their changes induced by exposure of the wild-type and
Ycf39-less cells to high light. No significant differences were
observed between the strains under the experimental conditions
used and a similar result was also obtained for the strains
lacking CP47. However, since the role of Ycf39 seems to be
restricted to the biosynthesis of the D1 protein, which contains
only a small fraction of total cellular chlorophyll present in wild-
type cells, specific changes related just to the D1 protein could
be masked by the insertion of chlorophyll into other chlorophyll
binding proteins. Therefore, we constructed a mutant that
contains the D1 and D2 proteins but lacks PSI, CP47, and CP43,
together with its variant lacking Ycf39. We exposed these mu-
tants to a short high-light treatment in the presence of the
chlorophyll biosynthesis inhibitor gabaculine (Guikema et al.,
1986) and simultaneously monitored the levels of the D1 protein
and early chlorophyll precursors Mg-protoporphyrin and its
monomethyl ester. The APSI/CP47/CP43/Ycf39 strain showed
a strong depletion of Mg protoporphyrin during 30-min exposure
to high light indicating consumption of chlorophyll biosynthesis
intermediates for biosynthesis of new chlorophyll while the
precursors in the control strain remained stable (Figure 6A).
Immunoblots showed a stable content of both iD1 and D1
proteins during light treatment in the control strain, while the
level of both proteins decreased by ~30% after light treatment
of the Ycf39-less strain (Figure 6B). These data suggest a block
in the reuse of chlorophyll and a higher requirement of newly
synthesized chlorophyll for de novo biosynthesis of the D1
protein in the absence of Ycf39.

DISCUSSION

Despite its obvious physiological importance, little is known
about how chlorophyll is delivered to the apo-polypeptides
during assembly and repair of the photosynthetic apparatus in
cyanobacteria and chloroplasts. Here, we provide evidence that
the Ycf39-Hlip pigment-protein complex is important for chlo-
rophyll delivery to the D1 subunit during the initial stages of PSII
assembly in Synechocystis.

Ycf39 was identified following analysis of the polypeptide
composition of the RCII* complex, an early assembly in-
termediate of PSII lacking the inner antennae CP47 and CP43
(Figure 1). Isolation of Flag-tagged Ycf39 revealed that this
protein forms a chlorophyll and B-carotene binding protein
complex with two members of the Hlip family, HIiC and HIiD. In
the wild type, the complex was mostly present in its free form
due to the low content of RCIl subcomplexes (Supplemental


http://www.plantcell.org/cgi/content/full/tpc.114.123919/DC1

A 300 »
700 -
= 1.0 =
600 E
ER- 08 §
5 E o WT 06 %
22 100 g
ZE 04 2
£ 5 20 z
- AYcf39 =
100 02 z
0 . . - . - — 0.0
0 20 40 60 380 100
Time of illumination [min|
B
CN-PAGE WT AYcf39
S
N O
D A S\ o, o Q) ARONTE
s Q%\;,o‘;é;c%a%? RN,
. vV A L q( \// -
P — = g
A CP47 - . - _ = - ko .
S o < Tl . - R =
E - . s - -
D2 - . B g = |~
D1” - = f__ Sty R ~
[T 11 : [ T T X I
¥ - E —— w
CP47 - I — | = =
CP43 — o e _ . =
e . £
—— P = -t %3 =
l’/ RCI* RCllagt. R o
/ = / A

Figure 5. PSII Repair and Biosynthesis of PSII Proteins in Wild-Type and
AYcf39 Strains under High Irradiance.

(A) Wild-type cells (closed symbols) and AYcf39 (empty symbols) were
illuminated with 700 wmol photons m~2 s~ of white light for 90 min, and
during illumination, PSIlI oxygen-evolving activity was assayed in whole
cells to examine PSII repair. The initial values of oxygen evolution were
624 + 58 and 609 = 38 umol O, mg chlorophyll=" h=" for the wild type
and AYcf39, respectively (values are means of six measurements = sp
from three independent experiments).

(B) Membranes isolated from radioactively labeled cells were analyzed
by 2D-CN/SDS-PAGE. The gels were stained by Coomassie blue (2D
CBB) and exposed to a phosphor imager plate (2D autorads). Designa-
tion of complexes: RCC(2) and RCC(1), dimeric and monomeric PSII core
complexes; RC47, PSIl core complex lacking CP43; U.P., unassembled
proteins; other designations are as in Figure 1. Asterisks indicate un-
assembled forms of unprocessed, partially processed, and processed
D1 protein (their identity was confirmed by immunodetection), arrows
indicate RCIlI complexes, which are almost missing in the mutant; ar-
rowheads designate unassembled CP47, CP43, and D2 waiting for the
D1 protein. Each loaded sample contained 5 pg chlorophyll.

Figure 4), but in the strain lacking CP47 and therefore unable to
form larger PSIl core complexes, a significant portion of Ycf39-
Hlip was found attached to the RClla subcomplex forming the
larger subcomplex RCII* (Figures 1 and 2). The RCII* sub-
complex contains the previously identified PSIl subunits: Mature
D1 and its incompletely processed form iD1, D2, both subunits
of Cyt b-559 (PsbE and PsbF), and Psbl (Komenda et al., 2004,
2008; Dobakova et al., 2007). Occasionally, the PsbY subunit
could also be detected in the complex (Supplemental Table 1).
The subunit composition of the RCII* complex corresponds well
to the latest PSII structural models (Ferreira et al., 2004; Guskov
et al.,, 2009; Umena et al., 2011) since the presence of most
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other small subunits and lumenal PSII proteins is dependent on
the antenna chlorophyll-proteins CP47 and CP43. These two
chlorophyll-proteins attach to the RCIl complex as separate
modules, together with neighboring small subunits and pig-
ments, later in the process of PSIl assembly (Boehm et al., 2011;
Komenda et al., 2012a). In agreement with a previous report
(Komenda et al., 2008), RCII* also contained the Ycf48 assembly
factor (Figure 1A). Several minor protein bands that we did not
succeed in identifying due to their low abundance, were also
present so the existence of other substoichiometric accessory
factors in RCII* remains possible.

The low abundance of the RCIl complexes in vivo has until
now prevented their isolation and characterization. The ab-
sorption spectrum of the RCII* separated by native gel electro-
phoresis indicated the presence of a higher number of chlorophyll
and B-carotene molecules in comparison with the RCIl complex
previously isolated from Synechocystis by stripping off the inner
PSII antennae from the PSII core (Tomo et al., 2008), which is
consistent with additional binding of pigments to the Ycf39-Hlip
complex. Moreover, a small shoulder at ~545 nm is consistent
with the presence of pheophytin. There are two pheophytin
molecules in the D1/D2 complex isolated by fragmentation of
larger core complexes, one of which is used as the primary
electron acceptor (Nanba and Satoh, 1987). So, it is possible
that during PSIl assembly, the pigments needed for primary
charge separation are already present in the RCIl assembly in-
termediates.

Separation of the Ycf39-Hlip complex from other complexes
and proteins by native gel electrophoresis and measurement of
its absorption spectra also provided the strongest support yet
for chlorophyll and B-carotene binding to Hlips. When we iso-
lated Flag-Ycf39 from the strain lacking both CP47 and HIiD, no
pigmented band appeared in the low molecular weight region of
the gel despite the large amount of the Flag-Ycf39 present
(Figure 3B). This is consistent with bioinformatic analyses of
Ycf39 indicating it to be a member of the short-chain alcohol
dehydrogenase/reductase family unrelated to pigment binding.

The Ycf39 protein overaccumulated in several mutants unable
to form either PSII core or RCIl complexes due to the lack of D1,
D2, or CP47. Immunoblot analysis showed increased amounts
of Ycf39 in all three of the tested PSIlI mutants with its amount
agreeing well with the increased content of HIID (and car-
otenoids) (Supplemental Figure 7A). Amounts of Ycf39 and HIiD
also increased in parallel in wild-type cells exposed to high light
(Supplemental Figure 7B). Interestingly, using 2D gel analysis,
we detected much higher levels of two other members of the Hli
family, HIiA/B, bound to the PSII core complex of the Ycf39-less
strain in comparison with the wild-type strain (Supplemental
Figure 8). Accumulation of HIiA/B could represent a possible
compensatory mechanism induced in the absence of Ycf39.

Flag-Ycf39-Hlip was the main complex isolated from strains
lacking either the D1 or D2 proteins (Figure 4), but in these
strains, it was copurified with other protein components. Puri-
fication of the complex from the strain expressing Flag-tagged
Ycf39 and lacking D2 revealed association of the complex with
the D1 protein together with Psbl and Ycf48, confirming the
involvement of these two latter proteins in the very early stage of
D1 biosynthesis (Dobakova et al., 2007; Komenda et al., 2008).
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Figure 6. Analysis of Early Chlorophyll Precursors and the D1 Protein
Level in Cells of APSI/CP47/CP43 and APSI/CP47/CP43/Ycf39 Strains
after Exposure to 300 ymol Photons m=2 s~ 1.

(A) Chromatograms of chlorophyll precursors separated by HPLC from cells
of both strains after 30-min dark incubation with 20 uM gabaculine (GAB
0 min) and after an additional 30-min high-light treatment (GAB 30 min).
(B) Membrane proteins from control and cells treated with high light for
60 min in the presence of gabaculine (1 h HL + GAB) were analyzed
by SDS-PAGE, the gels were electroblotted to polyvinylidene fluoride
membrane and probed with antibodies specific for D1 (blot). Loading of
the gel was checked by staining with Sypro Orange (1D Sypro). Chlo-
rophyll (0.2 and 0.1 pg) was loaded for control 100 and 50%, re-
spectively, 0.2 ng for the Ycf39-less mutant. The values represent
mean * sp from three measurements.

The binding of Ycf39 to D1 may occur during a pause in
translation of D1, possibly related to insertion of chlorophyll into
D1 (Kim et al., 1991). By contrast, the main binding partners of
the complex in the strain lacking D1 were ribosomes (namely the
large ribosomal 50S subunit) and the enzyme chlorophyll syn-
thase. Indeed, purified chlorophyll synthase has been recently
shown to contain small amounts of Ycf39 (Chidgey et al., 2014).
Based on these data, we hypothesize that the Ycf39-Hlip
complex is present in a complex that participates in the co-
ordinated delivery of chlorophyll to newly synthesized D1 pro-
tein. Free chlorophyll is known to be highly toxic in the
membrane due to its ability to produce reactive oxygen species
in the light (Apel and Hirt, 2004), and its biosynthesis and de-
livery must be carefully controlled. However, the almost identical
phenotype of the wild type and AYcf39 under standard growth
conditions is not consistent with the essential role of Ycf39 in

this process. Given its crucial physiological importance, chlo-
rophyll delivery to the D1 protein may occur via multiple path-
ways with some not involving Ycf39 as an essential component.
Vermaas and colleagues have shown that most chlorophylls are
actually recycled via Chlide during PSII repair (Vavilin and Vermaas,
2007). Based on our data (Figure 6), we hypothesize that the Ycf39-
Hlip complex plays an important role in the reuse of chlorophyll
released from degraded proteins for biosynthesis of D1.

According to our current working model, damaged D1 is
degraded in Synechocystis by the FtsH2/FtsH3 heterohexameric
protease complex (Boehm et al., 2012b); indeed, this complex
was identified in the Ycf39 pull-down from the strain lacking D2
(Figure 4B). The released chlorophylls might then be immedi-
ately reused with the help of Hlips (Vavilin et al., 2007) via re-
actions involving detachment of the phytol tail (catalyzed by
unknown enzyme) and its reattachment (Vavilin and Vermaas,
2007) catalyzed most probably by chlorophyll synthase. After
association of Ycf39, Hlips, and chlorophyll synthase, the D1
protein emerging from membrane-bound ribosomes will be
loaded with the reused chlorophylls and finally bound to the
D2 protein to form RCII* (Figure 7). After attachment of the
CP47 module (Komenda et al., 2012a), the Ycf39-Hlip com-
plex is detached from the resulting RC47 complex (Boehm
et al., 2012a) and used for biosynthesis and assembly of other
D1 modules. The sensitivity of PSII activity in the ycf39 null
mutant to high light (Figure 5A) suggests that the use of re-
cycled chlorophyll for D1 biosynthesis might be especially
important at the initial stages of high light stress when de novo
biosynthesis of chlorophyll is not yet fully induced. Upon on-
set of high light, PSIl damage can be so fast that the bio-
synthesis of D1 is not fast enough to quickly replace D1 at the
level of the RC47 complex and RCIl complexes synthesized
with the help of recycled chlorophyll might represent an al-
ternative mode of repair in which either D1 or both D1 and D2
can be replaced.

A minor component of all isolated Flag-Ycf39 preparations
was trimeric PSI, which is the most abundant complex of
Synechocystis thylakoids. This complex was also present in
the negative control eluate obtained after passing solubilized
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Figure 7. The Hypothetical Scheme for the Role of Ycf39-Hlip Complex
in the Biosynthesis of D1 and Assembly of the RCIl Complex.

Recycled chlorophylls are inserted via Ycf39-Hlip into D1 as it is syn-
thesized and inserted into the membrane at a translocon-associated ri-
bosome. D1 is then released and associates with Psbl and Ycf48 to form
a D1 module, which binds to the D2 module, containing D2 and both
subunits of cytochrome b-559, to form the RCII* assembly complex.
Subsequent attachment of CP47, forming the RC47 complex, releases
the Ycf39-Hlip complex for reuse.



thylakoids of the wild type through the anti-Flag affinity resin and
therefore is possibly a contaminant. However, the level of trimer
in isolated Ycf39-containing eluates was higher than in the
control, so we do not yet exclude the possibility that Ycf39 binds
to PSI and is involved in the release of chlorophyll from PSI for
insertion into other pigment binding proteins, such as the D1
protein, as suggested recently (Kopecna et al., 2012).

The function of a NAD(P)H binding motif near the N terminus
of Ycf39 remains elusive. Link et al. (2012) have pointed out that
this motif could in fact bind RNA instead of being involved in
redox reactions typical for the family of atypical short-chain
dehydrogenases/reductases to which Ycf39 can be assigned
(Kavanagh et al., 2008). As RNAs are components of ribosomes,
the motif might represent a binding site for ribosomes or pos-
sibly for mRNA.

The strong quenching of chlorophyll fluorescence in RCII* but
not in RClla also provides evidence for a role of the Ycf39-Hlip
complex in safely dissipating excess excitation energy in the
RCII* complex through nonphotochemical quenching, thereby
protecting the RCIl complex from light damage. We hypothesize
that B-carotene bound to the Ycf39-Hlip complex may directly
or indirectly via its own chlorophylls quench excitation energy
from chlorophylls bound to the D1 protein. Although the orange
carotenoid protein is known to play a photoprotective role in
cyanobacteria (Kirilovsky and Kerfeld, 2012), it acts by binding
to the phycobilisome light-harvesting complex, which is not able
to bind to PSIl assembly complexes (Wilson et al., 2006). The
Ycf39-Hlip complex may also temporarily bind chlorophylls re-
leased from degraded RCII when the biosynthesis of new D1 is
not yet completed. In both cases, formation of triplet chloro-
phylls and reactive singlet oxygen will be prevented (Sinha et al.,
2012), thereby preventing damage to D1 (Figure 6B).

Ycf39 has previously been suggested to act as a chaperone
helping to insert quinone into mutated Q, binding pockets of
PSII (Ermakova-Gerdes and Vermaas, 1999). However, Ycf39 is
not actually needed for Q, insertion into wild-type PSII (Ermakova-
Gerdes and Vermaas, 1999), so it seems more likely that binding
of Ycf39 protein on the cytoplasmic surface of RCIl might have
indirect effects on the access/binding of quinone to the Q,
binding pocket.

Hlips and Ycf39 have homologs in Arabidopsis thaliana, which
suggests that these proteins might play a similar role in chloro-
plasts. Genes for one-helix-proteins (Ohps) homologous to Hlips
have been identified in the Arabidopsis genome (Engelken et al.,
2010) and like Hlips are also induced by high irradiance (Jansson
et al., 2000; Andersson et al., 2003). The Ycf39 homolog from
Arabidopsis called High Chlorophyll Fluorescence 244 (HCF244)
(Link et al., 2012) is essential for normal accumulation of PSII
and the protein has been shown to be needed for biosynthesis
of the D1 protein, although the mechanism of its action has not
been explained. Our data are in accordance with the close re-
lationship between Ycf39 and biosynthesis of the D1 protein. It
is possible that in Arabidopsis the absence of HCF244 does not
allow de novo biosynthesis of the D1 protein, which would agree
with the observed phenotype of the hcf244 null mutant. How-
ever, in Synechocystis D1, biosynthesis is not completely
blocked in the ycf39 mutant and the block seems to mainly
concern just a small fraction of the D1 protein destined for the
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assembly of new RCIlI complexes. On the other hand, most of
the protein used for replacement of the damaged D1 protein
appears to be synthesized normally as in the wild type (in
agreement with this, no apparent difference in the psbA tran-
script level was found between the wild type and AYcf39);
consequently, the phenotypes of the wild type and the AYcf39
mutant are very similar. This contrasts with the situation ob-
served in Arabidopsis in which the absence of HCF244 leads to
the almost complete loss of PSIl accumulation in the mutant.
This comparison again emphasizes the more drastic effect of
a similar mutation in chloroplasts in comparison with cyano-
bacteria. It is possible that during de novo assembly of PSIl in
the chloroplast the newly synthesized D1 protein lacking bound
HCF244 is efficiently recognized and degraded by proteases
such as FtsH, while D1 in Synechocystis is able to escape the
quality control system to some degree to allow formation of new
PSIl complexes.

METHODS

Construction and Cultivation of Cyanobacterial Strains

The previously constructed strains used in this study were derived from
the Glc-tolerant strain of Synechocystis sp PCC 6803 (Williams, 1988)
referred to as the wild type. The following previously described strains of
the Glc-tolerant Synechocystis sp PCC 6803 strain were used: (1) the
CP47 deletion strain (ACP47), in which the psbB gene is replaced by
a spectinomycin resistance cassette (Eaton-Rye and Vermaas, 1991); (2)
the psbA triple deletion strain (AD1) with cassette-less deletions in psbA71
and psbA3 genes and the psbA2 gene replaced by a chloramphenicol
resistance cassette (Nagarajan et al., 2011); (3) the psbDIC/psbDIl de-
letion strain (AD2) with the psbDIC and psbDIl genes encoding the D2
protein replaced by a chloramphenicol and a spectinomycin resistance
cassette, respectively (Vermaas et al., 1990), and the psaAB deletion
strain (APSI) in which psaAB operon was replaced with a chloramphenicol
resistance cassette (Shen et al., 1993). The APSI strain was used to
prepare the psaAB/psbB/psbC triple deletion strain (APSI/CP47/CP43) in
which psbB was additionally replaced by a spectinomycin resistance
cassette and psbC interrupted by a kanamycin resistance cassette. The
Hlip-lacking strains were transformed using genomic DNAs isolated from
strains lacking HIiC and HIiD (Xu et al., 2002).

The transformation vector used to disrupt the sir0399 gene encoding
Ycf39 was constructed in two steps. First, slr0399 along with 445 bp of
upstream and 555 bp of downstream sequences were amplified from wild-
type genomic DNA with primer set SIr0399-F (5'-GCCCCAGGACACG
GATTTTACCGTCAA-3') and SIr0399-R (5'-GTTCAGGGAGAGCGCTTCC
CATAAAAGGTT-3’). The resulting fragments were then cloned into the
multiple cloning region of pGEM-T Easy vector (Promega) to yield the initial
vector pSIr0399 (Supplemental Figure 9A). Further modifications on
pSIr0399 was then performed by replacing the open reading frame for Ycf39
between the EcoNI and Hpal sites with an erythromycin resistance cassette
via restriction digestion and ligation to create the final transformation vector
termed pSIr0399ErmA (Supplemental Figure 9A). Sequencing confirmed
that the orientation of the resistance cassette was the same as the ori-
entation of s/r0399. The pSIr0399ErmA plasmid was then used to transform
the wild-type cells. Transformants were selected for erythromycin re-
sistance and PCR was used to show integration of the selectable marker
and elimination of the wild-type s/r0399 gene copy (Supplemental Figure
9B). The pSIr0399ErmA plasmid was also used for the transformation of
other mutants like AD1, AD2, and ACP47 to create their Ycf39-less variants
and their complete segregation was again checked by PCR (Supplemental
Figure 9B).
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Plasmid pPsbAlpetJ-Flag was used for construction of the strains
expressing Flag-tagged Ycf39 under the control of the copper-regulated
petd promoter at the psbAl locus. The plasmid was constructed as fol-
lows: a 600-bp Xbal-Cfrl fragment upstream and a 600-bp Bglll-Xmajl
fragment downstream of the psbAl gene were amplified by PCR and
cloned into pETBIlue-2 plasmid (Novagen). The petJ promoter from
Synechocystis sp PCC 6803 (positions 846,614 to 846,331 according to
CyanoBase) and 3xFlag coding sequence (Sigma-Aldrich) were amplified
by PCR, ligated, and again amplified by PCR for cloning between the
psbAl fragments. Finally, the kanamycin resistance gene (aphX) from
pUC4K, amplified as a BamHI-Bgl/ll fragment, was cloned into the Bglll
site upstream of the second psbAl fragment leaving a single Bglll
site for cloning of s/r0399. To clone the s/r0399 into the Flag plas-
mid, the s/r0399 gene was amplified by PCR using the following
primers: Notl+s/r0399-Fw, 5'-ATTAAAGCGGCCGCACGAGTTTTGGT-
GGTAGGCGG-3', and slr0399+Bglll-Rev, 5'- CAAACTAGTAGATCTA-
GAAAAAGAA-3'. After Notl and Bglll digestion and ligation into the
plasmid, the construct was used for the transformation of ASIr0399
deletion mutants. Mutants were selected for kanamycin resistance and
were examined for segregation in the psbAl locus by PCR using gene-
specific primers. To induce expression of the Flag-tagged Ycf39 protein,
the strains were cultivated in BG-11 medium lacking CuSO,.

The strains were grown in BG-11 as described previously (Kopecna
et al., 2012). Growth media of nonautotrophically growing mutants were
supplemented with 5 mM Glc. For gabaculine experiments, the cells of the
strain APSI/CP47/CP43 and its Ycf39-less variant were incubated with
20 uM gabaculine in the dark for 30 min, then the control samples for
precursor assessment and immunoblot analysis were taken and the cells
were subsequently exposed to irradiance of 300 pmol photons m=2 s~*
for additional 30 and 60 min, after which other samples were taken and
analyzed. All experiments and measurements with cells were performed
at least in triplicate and typical results are shown in figures.

Radioactive Labeling

Radioactive pulse (for 2D analysis) and pulse-chase (for 1D analysis)
labeling of the cells was performed using a mixture of [3°S]Met and [35S]
Cys (Trans-label; MP Biochemicals) as described previously (Dobakova
et al., 2009).

Preparation of Cellular Fractions and Isolation of Flag-Ycf39

Membranes were prepared by breaking the cells with zirkonia/silica beads
according to the procedure described by Komenda and Barber (1995) and
Dobakova et al. (2009). Flag-tagged Ycf39 was isolated using the anti-
Flag M2 affinity gel (Sigma-Aldrich) after solubilization of membranes in
1.5% (w/v) n-dodecyl-B-p-maltoside.

Analysis of Proteins and Their Complexes

The membrane protein complexes were analyzed by blue-native or CN
electrophoresis in combination with SDS-PAGE and immunoblotting as
described (Komenda et al., 2012b). The previously described primary
antibodies against the following proteins were used in this study: D1, D2,
CP47, CP43, Psbl (Dobakova et al., 2007), and FtsH2 and FtsH3 (Boehm
et al., 2012b). Moreover, we also used commercial anti-HIiA/B and HIiD
(Agrisera), anti-Flag (Sigma-Aldrich) and our own antibodies against
Ycf48, Ycf39, and HIiC. The antiserum to Synechocystis Ycf48 (SIr2034)
was raised against residues 37 to 342 expressed in Escherichia coli as an
N-terminal His-tagged fusion protein and isolated by immobilized nickel
affinity chromatography as described by Michoux et al. (2010). It was used
as a crude antiserum at a dilution of 5000. Antibodies against Ycf39
(SIr0399) and HIiC (Ssl1633) were raised in rabbit against a conjugate of
keyhole limpet hemocyanin with a peptide 311-322 of Ycf39 and 2-17 of

HIiC, respectively. Antisera were purified using the corresponding im-
mobilized peptides and used at a dilution of 2000 for anti Ycf39 and 500
for anti-HIiC.

Tryptic in-Gel Digestion and Protein Identification by MS

The initial identification of Ycf39 in the Coomassie Brilliant Blue—stained
protein spot separated by 2D-CN/SDS-PAGE from the CP47-less strain was
performed by the Ultraflex Il MALDI-TOF/TOF instrument (Bruker Daltonics)
as described (Komenda et al., 2012b); all other MS analyses were done on
a NanoAcquity UPLC (Waters) online coupled to an ESI Q-ToF Premier mass
spectrometer (Waters) as described (Janouskovec et al., 2013).

Pigment Analyses, Spectroscopy, and Polarography Methods

Chlorophyll concentration was measured in 100% methanol according to
Wellburn (1994), and quantitative determination of pigments in isolated
preparations was performed by HPLC as described (Kopecna et al.,
2012). For quantitative determination of chlorophyll precursors, a 3-mL
culture at OD;5, = 0.5 to 0.6 was spun down and resuspended in 20 uL
water. Pigments were extracted with an excess of 70% methanol/30%
water, filtered, and immediately injected onto an HPLC (Agilent-1200).
Separation was performed on a reverse phase column (ReproSil pur 100,
C8, 3-pum particle size, 4 X 150 mm; Watrex) with 35% methanol and 15%
acetonitrile in 0.25 M pyridine (solvent A) and 50% methanol in acetonitrile
as solvents B. Pigments were eluted with a gradient of solvent B (40 to
52% in 5 min) followed by 52 to 55% of solvent B in 30 min at a flow rate of
0.8 mL min— at 40°C. Eluted pigments were detected by a fluorescence
detector set at 416/595 nm to detect Mg-protoporphyrin and Mg-pro-
toporphyrin methylester. Chlorophyll fluorescence emission spectra at
77K were measured using an Aminco Bowman Series 2 luminescence
spectrometer (Spectronic Unicam) as described (Sinha et al.,, 2012).
Absorption spectra were measured using a Shimadzu UV3000 spec-
trophotometer, and the light-saturated steady state rate of oxygen
evolution was assessed polarographically in the presence of artificial
electron acceptors as described (Komenda et al., 2007).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
databases under the following accession numbers: Ycf39 (SIr0399),
NP_441851; HIiC (Ssl1633), NP_440923; and HIiD (Ssr1789), NP_440269.
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The following materials are available in the online version of this article.

Supplemental Figure 1. Localization of Ycf39 in the Cells of
Synechocystis.

Supplemental Figure 2. Room Temperature Absorption and 77K
Chlorophyll Fluorescence Spectra of Flag-Tagged Ycf39 Preparations
Isolated from the Synechocystis CP47-Less Mutant Expressing Flag-
Ycf39 and Containing or Lacking HIiD.

Supplemental Figure 3. HPLC Analysis of Pigments Present in the
Flag-Tagged Ycf39 Preparation Isolated from the Synechocystis
CP47-Less Mutant Expressing Flag-Ycf39 Instead of Ycf39.

Supplemental Figure 4. 2D Analysis of Membrane Protein Complexes
of the Wild Type, ACP47, and ACP47 Lacking HIiC or HIiD Proteins.

Supplemental Figure 5. Biosynthesis of the PSII Proteins in Strains
with N-Terminal Deletion (A20) and Deletion in the DE Loop of D1
[A(R225-V249)] under High Irradiance.

Supplemental Figure 6. The Rate of the D1 Degradation under High
Irradiance Is Not Changed upon the Deletion of Ycf39.
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Supplemental Figure 9. Construction and Verification of the sIr0399
Deletion.
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Mechanism of photoprotection in the
cyanobacterial ancestor of plant antenna proteins

Hristina Staleva', Josef Komenda'2, Mahendra K Shukla'?, Vaclav Slouf', Radek Kaha'?,
Tomas Polivka'? & Roman Sobotka'?*

Plants collect light for photosynthesis using light-harvesting complexes (LHCs)—an array of chlorophyll proteins that are able
to reversibly switch from harvesting to energy-dissipation mode to prevent damage of the photosynthetic apparatus. LHC
antennae as well as other members of the LHC superfamily evolved from cyanobacterial ancestors called high light-inducible
proteins (Hlips). Here, we characterized a purified Hlip family member HIiD isolated from the cyanobacterium Synechocystis sp.
PCC 6803. We found that the HIiD binds chlorophyll-a (Chl-a) and B-carotene and exhibits an energy-dissipative conformation.
Using femtosecond spectroscopy, we demonstrated that the energy dissipation is achieved via direct energy transfer from a
Chl-a Q, state to the [-carotene S, state. We did not detect any cation of 3-carotene that would accompany Chl-a quenching.
These results provide proof of principle that this quenching mechanism operates in the LHC superfamily and also shed light on

the photoprotective role of Hlips and the evolution of LHC antennae.

changes in light intensity as overexcitation of photosystems

results in generation of reactive oxygen species. To prevent
this, the LHCs of plants and algae have an inbuilt ability to switch
from light harvesting to a quenching state in which energy is dis-
sipated. Although researchers have proposed multiple molecular
mechanisms that directly involve a carotenoid molecule to explain
the principle of energy dissipation in LHCs, the mechanics behind
this process remain unconfirmed. Scientists have suggested reduc-
tive quenching of the Chl-a excited state via electron transfer to
carotenoid!, energy transfer quenching through energy transfer
from Chl-a to carotenoid? and quenching due to excitonic interac-
tion between Chl-a and carotenoid® in plants. Researchers observed
the reductive quenching in vivo, but for the individual LHCs, they
observed a low yield of carotenoid radical formation only in minor
LHCs and have not yet reported reductive quenching in major
LHCII antenna®. Researchers have proposed that the quenching
attributed to excitonic interaction operates both in vivo and in iso-
lated LHCs® whereas they proposed that energy transfer quench-
ing works mainly in isolated complexes?® even though others have
challenged the experimental evidence for this mechanism’. Thus,
the quenching mechanism operating at the level of individual LHCs
remains an open question.

Cyanobacteria harvest light predominantly using phyco-
bilisomes, but they also have a family of Hlips that are consid-
ered ancestors of the whole LHC superfamily®'°. Hlips are small
(~7 kDa), single-helix proteins that exhibit similarity to the first
and third helix of plant LHC antenna and have a characteristic
Chl-a-binding motif conserved in the whole LHC superfamily®!°.
Genes encoding Hlips are common in cyanobacterial genomes and
are strongly expressed under various stress conditions'!, but their
exact role in the cell is mostly unknown. Hlips most likely have a
photoprotective function'? during various processes that deal with
Chl-a molecules, including synthesizing Chl-binding proteins'3,
recycling Chl-a' and assembling photosystem II'>. We have shown
recently in the cyanobacterium Synechocystis sp. PCC 6083 that two

Q 11 photosynthetic organisms have to cope with unpredictable

Hli proteins named HIiD and HIiC assist in synthesizing photo-
system II's functional core. Particularly, we identified these Hlips
as components of a larger protein complex designated RC*, which
consists of the photosystem II assembly intermediate RCa and the
Ycf39 protein belonging to short-chain dehydrogenase/reductase
superfamily'®. Notably, a subcomplex consisting of Ycf39 and Hlips
as well as Hlips alone partially dissociated from RC* during native
electrophoresis and migrated as pigmented bands!¢. Here, we puri-
fied the Ycf39-HIiD subcomplex and demonstrated that HIiD
binds Chl-a with B-carotene and dissipates absorbed energy via
direct energy transfer from the Chl-a Q, state to the 3-carotene S,
state. These results provide proof of principle that the carotenoid-
induced Chl-a quenching achieved via energy transfer can operate
in LHC superfamily. Because we proved this quenching in a Hlip,
the ancestor of the whole LHC superfamily, we hypothesize that the
mechanism of LHC-based nonphotochemical quenching may be
an ancient cyanobacterial invention redesigned later by algae and
plants for the control of light harvesting.

RESULTS
HIiD protein binds Chl-a and 3-carotene pigments
To determine the composition of pigments attached to Hlips, we
employed 3xFlag-tagged Ycf39 (fYcf39) and isolated an almost
pure yellowish f.Ycf39-Hlip complex (Fig. 1a and Supplementary
Results, Supplementary Fig. 1a). Although analysis of the eluate
by MS revealed the presence of HliC (Supplementary Table 1),
HIiD was the only Hli protein detectable in the preparation by the
two-dimensional gel (Supplementary Fig. 1b), and deletion of the
hliC gene caused no apparent difference in size or pigmentation of
the purified complex (Supplementary Fig. 1c). Because we have
previously found no pigmentation of the isolated Hlip-free f.Ycf39
protein'®, we concluded that the HIiD alone bound all pigments in
the purified complex, which we termed the f.Ycf39-HIiD complex.
Native electrophoresis demonstrated that f.Ycf39-HIiD quenched
chlorophyll fluorescence in a way that is comparable to the quench-
ing in the trimeric photosystem I (Supplementary Fig. 2), and the
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Chlorophyll-to-carotenoid energy
transfer in HIiD

To measure the Chl-a lifetime, we investigated
the f.Ycf39-HIiD complex by femtosecond
transient absorption spectroscopy. We excited
the complex at 620 nm to allow recording of
absorption kinetics in the Q, region (Fig. 2).
The Chl-a signal exhibited multiexponential
decay, and the magnitude of the initial bleach-
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Figure 1| Biochemical characterization of the f.Ycf39-HIiD complex. (a) Gel filtration of the
fYcf39-HIiD pull-down assay. Pigments eluted from the column were detected by absorbance

and by Chl-a fluorescence (Online Methods); collected fractions were subjected to immunoblot
analysis. AU, arbitrary units; RC*, photosystem Il reaction center associated with Ycf39-HIiD.
RCa, photosystem Il reaction center; DDM, dodecyl-B-maltoside. (b) Absorption spectra

of £Ycf39-HIiD and HIiD as recorded by a diode-array detector. (¢) HPLC analysis of pigments
co-eluted with fYcf39-HIiD and HIiD and extracted from pooled fractions (indicated by gray
columns in a). The calculated molar stoichiometry of Chl-a (Chl) and B-carotene (B-Car) is shown
in parentheses. (d) A structural model of the putative HIiD dimer with bound Chl-a and carotenoid
pigments shown as a side view along the membrane plane. Model was prepared using the crystal
structure of pea LHCII'™® and thus contains xanthophyll lutein instead of the B-carotene that should
be present in the HIiD structure. For clarity, only porphyrin rings of Chl-a molecules are shown.

strong chlorophyll quenching was evident also during purification
of the complex by gel filtration (Fig. 1a). The quantum yield of
£.Ycf39-HIiD fluorescence was ~0.01 (Supplementary Fig. 3). We
eluted the f.Ycf39-HIiD complex from the column with a relative
molecular weight of ~100 kDa (f.Ycf39 = 39 kDa), and it exhib-
ited chlorophyll (435 nm and 674 nm) and carotenoid absorbance
(487 nm and 520 nm; Fig. 1b). Moreover, we observed the less
abundant pigmented complex that eluted later, which also quenched
chlorophyll fluorescence but had a slightly blue-shifted carotenoid
absorbance (Fig. 1a,b). We believe that this peak represented an
HIiD oligomer dissociated from f.Ycf39-HIiD (Fig. 1b); we also
saw this ‘free’ HIiD on the two-dimensional gel (Supplementary
Fig. 1). The analysis of pigments co-eluted with f.Ycf39-HIiD and
HIiD peaks showed that both complexes contained Chl-a and
[-carotene with the ratio 3:1 (Fig. 1¢). On the basis of the sequence
similarity between LHCII antennae and HIiD protein, we expect
that at least two copies of HIiD are essential for pigment binding
in a 3:1 stoichiometry. In LHCII, two of four Chl-a bound to the
conserved ExxH/NxR motif are coordinated by glutamate-arginine
ion pairs!”!, and to achieve such a configuration, the HIiD protein
has to form an oligomer. Therefore, we proposed a hypothetical
model for HIiD: a dimer containing six Chl-a and two -carotene
molecules (Fig. 1d).
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ing decreased to less than 50% during the
first 100 ps (Fig. 2a), confirming the efficient
quenching of excited Chl-a observed in the
native gel (Supplementary Fig. 2). To obtain
information about excited-state dynamics,
we fitted the whole spectro-temporal data set
recorded in the 450-720-nm spectral window
globally. To visualize the dynamics, we used
a sequential model for the fitting, in which
the initially excited state decays into other
states with increasing lifetimes. The result-
ing spectra of individual states are depicted
in Figure 2b. The first spectrum was clearly
caused by Chl-a as it consisted of a sharp
bleaching signal peaking at 675 nm because
of the Q, absorption band of Chl-a and the
weak, featureless excited-state absorption
extending from 450 nm to 650 nm. This
Chl-a spectrum decayed in 2.1 ps to another
state whose most interesting feature was the
presence of a new band peaking at 580 nm,
accompanied by a negative signal in the
450-520-nm region. Clearly, this signal was
not associated with Chl-g; instead, such sig-
nals are typically observed when a carotenoid
molecule is in its first excited state, S,. The
population of the carotenoid S, state is iden-
tified by its characteristic S-S, excited-state
absorption, which peaks in the 520-600-nm
region'. Thus, the straightforward interpre-
tation of the red spectrum in Figure 2b is
that the 580-nm band is the S-S, transition
of B-carotene in the f.Ycf39-HIiD complex.
This assignment was further supported by the bleaching signal
below 520 nm that matched the absorption profile of B-carotene in
the complex. Appearance of the B-carotene signal monitored at the
S,-S, maximum at 580 nm is shown in Figure 2¢. The same kinetics
were likewise obtained after direct excitation into the Q, band at
670 nm (Supplementary Fig. 4). Figure 2a depicts decay of the
Chl-a bleaching signal at 675 nm.

Associating the red spectrum in Figure 2b with the 3-carotene S,
state implies that we should obtain essentially the same S, spectrum
if the carotenoid is excited directly. We thus measured transient
absorption spectra after direct excitation of B-carotene at 490 and
530 nm (Fig. 3a). Whereas the S, spectrum of 3-carotene excited at
490 nm differed from the spectrum obtained after Chl-a excitation,
exciting B-carotene at 530 nm provided a reasonable match. Also,
the bleaching regions of the spectra taken after 530- and 620-nm
excitations were similar. Although the S, spectrum of B-carotene
excited at 530 nm correlated with that obtained after Chl-a exci-
tation (Fig. 3a), the lifetimes of the S, states were clearly different
(Fig. 3b). The S, state of B-carotene populated via the Q -S, channel
decayed predominantly with a 12-ps time constant, but direct exci-
tation of B-carotene led to <10-ps S, lifetimes (Fig. 3b). To provide
deeper insight into the excited-state dynamics of B-carotene, we
carried out full analysis of the data recorded after direct excitation
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Figure 2 | Transient absorption spectroscopy of the f.Ycf39-HIiD
complex. (a-c) The sample was excited into the Chl-a vibrational band
at 620 nm. (a) Decay of the Chl-a signal monitored at the maximum of
ground state bleaching at 675 nm. Inset: the dynamics within the first
100 ps. (b) EAD spectra obtained from global fitting of the data.

The initially excited state (black EADS) decays in 2.1 ps to form the red
EADS that has features of the B-carotene spectrum. Inset: normalized
EAD spectra corresponding to two decay component of the S, state.
() Kinetics showing the rise of the carotenoid signal at 580 nm

after excitation of Chl-a. Inset: the dynamics at a longer timescale,
demonstrating the decay of the B-carotene excited state.

of B-carotene in the f.Ycf39-HIiD complex at 530 nm (Fig. 3¢) or
at 490 nm (Supplementary Fig. 5). For both excitations, the first
evolution-associated difference spectrum (EADS) corresponding to
the excited S, state of B-carotene decayed within 130 fs. The S, lifetimes
of B-carotene in the f.Ycf39-HIiD complex are readily determined
from the time constants associated with the red EADS, which have
the typical shape associated with the S, spectrum. The S, lifetimes
obtained after direct excitation of B-carotene, 8.7 ps (excitation at
490 nm) and 5.9 ps (excitation at 530 nm), were markedly shorter
than the S, lifetimes of B-carotene populated via Chl-a (12 ps;
Fig. 3b). The fitting results shown in Figure 2b revealed the pres-
ence of slower channels characterized by the time constants of 12 ps
and 50 ps, which both occurred with substantial amplitude in the
Chl-a bleaching region.

The presence of the 12-ps time constant in the Chl-a bleaching
region may be due to the fact that fitting the multiexponential decay
of Chl-a can easily pick a time constant associated with the caro-
tenoid decay (12 ps). To clarify this, we fitted the carotenoid and
Chl-a regions separately (Supplementary Fig. 6). Indeed, although
the carotenoid region must be fitted with both 12- and 50-ps time
constants, which monitor decays of two spectrally distinct S, states,
in the Chl-a bleaching region these two components merged into
one 30-ps time constant that precisely reproduced the slower phase
of Chl-a decay. Thus, the slower channel is most likely associated
with 30-ps energy transfer from Chl-a, populating the spectrally
distinct carotenoid S, state, whose lifetime is 50 ps.
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Figure 3 | Transient absorption data recorded after direct excitation of
B-carotene. (a) Transient absorption spectra recorded at 3 ps either after
direct excitation of B-carotene (490 and 530 nm) or after excitation of
Chl-a (620 nm). The spectrum of B-carotene excited at 530 nm matches
the spectrum of the B-carotene S, state populated from Chl-a excited at
620 nm. Spectra are normalized to the maximum of B-carotene excited-
state absorption. (b) Kinetics monitoring the decay of B-carotene S, state
after different excitation wavelengths. Decay of the $-carotene S, state
populated via Chl-a (excitation at 620 nm) is substantially slower than that
of the S, state populated by direct excitation of B-carotene at either 490 or
530 nm. (¢) EAD spectra extracted from globally fitting the data recorded
after direct excitation of $-carotene in the f.Ycf39-HIiD complex at 530 nm
(exc. 530 nm). The black EADS corresponds to the initially excited state
(carotenoid S, state), and the red EADS has typical features of the S, state
with the minor contribution of Chl-a bleaching caused by carotenoid-Chl
energy transfer.

To test whether electron transfer between excited Chl-a and
carotenoid, a process that has also been associated with quenching
in photosynthetic systems!, occurs in the HIiD protein we recorded
transient absorption spectra in the near-infrared region. The signal
of a carotenoid cation would be expected to be in the 900-1,000-nm
spectral range if such a mechanism were active in the HIiD protein®.
Because the spectra in the near-infrared region did not exhibit any
hint of a carotenoid cation (Supplementary Fig. 7), we concluded
that no electron transfer between carotenoid and Chl-a occurred in
the £.Ycf39-HIiD complex.

DISCUSSION

Population of the S, state of B-carotene after Chl-a excitation at
620 nm provided clear evidence for quenching of the Chl-a Q,
state via energy transfer to the S, state of B-carotene. A quenching
mechanism based on direct energy transfer from a Chl-a Q, state
to a carotenoid S, state has previously been proposed to operate
in LHCII from higher plants’ and in the IsiA protein from
cyanobacteria®.. However, because of the suggested slow (>100 ps)
Chl-a-to-carotenoid energy transfer, the carotenoid S, state could
not be sufficiently populated. Consequently, signatures of the
carotenoid S, state have not been apparent, and the validity of the
model has been challenged’. Here, the appearance of the 3-carotene
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Figure 4 | Scheme of energy transfer pathways in HIiD. Solid lines
denote processes induced by the excitation of Chl-a at 620 nm (exc.

620 nm); dashed lines represent processes observed after excitation of
the carotenoid S, state at 530 nm (exc. 530 nm; blue oval). Global fitting
reveals two quenching channels (yellow arrows). Energy acceptors in these
two quenching processes are two spectrally distinct carotenoid S, states
(Carland Car2). A different S, state (red oval) is populated via internal
conversion from the S, state (blue oval). Color coding of carotenoid states
does not necessarily imply these states belong to different carotenoid
pools. Time constants (in picoseconds) are associated with each pathway
in diagram. Car, carotenoid.

signal after Chl-a excitation was evident. The kinetic trace recorded
at 580 nm in the maximum of the S,-S, band of B-carotene (Fig. 2c)
showed that the 2.1-ps rise, which monitors the arrival of exci-
tations to the S, state of B-carotene after excitation of Chl-a in
the £.Ycf39-HIiD complex, accounted for about 80% of the signal.
We excluded the possibility of reductive quenching by electron
transfer from carotenoid to Chl-a' (Supplementary Fig. 7), and the
slow, 2.1-ps rise of the S, signal after Chl-a excitation also ruled out
any mechanism involving excitonic coupling between carotenoid
and Chl-a°.

Matching the S, spectrum of B-carotene excited at 530 nm to
the carotenoid spectrum observed after Q, excitation of Chl-a
(Fig. 3a) led us to the conclusion that a red-shifted B-carotene in the
£.Ycf39-HIiD complex was responsible for the quenching associated
with the 2.1-ps component. Different populations of B-carotene are
consistent with the observed shift in 3-carotene absorbance between
the £Ycf39-HIiD complex and the dissociated HliD (Fig. 1b).
In our structural model of HIiD, two B-carotene molecules bind
symmetrically to a dimer (Fig. 1d); however, the interaction with
Ycf39 protein might influence the binding pocket of one f3-carotene
and consequently facilitate energy transfer via this carotenoid.
It should be noted that the association with Ycf39 is not required
for such quenching because the overall ability to quench Chl-a
fluorescence was comparable for the Ycf39-HIiD complex and ‘fre€’
HIiD (Fig. 2a and Supplementary Fig. 1a).

Although there was a spectral similarity between the S, states
populated directly from the carotenoid S, state and those populated
via the Q, pathway, the difference in lifetimes suggested that the
situation is more complex. As direct excitation of B-carotene did
not generate an S, state whose lifetime would be comparable to that
of a quencher (12 ps), we suggest that excitations arriving from the
Q, state likely end in a minimum at the S, potential surface that
is not accessible from the S, state. The key difference between the
direct excitation of B-carotene and the Q, quenching pathway lies
in the fact that the former process generates the S, state via S,-S;
relaxation. The latter process occurs via energy transfer from Q, to
S;; thus, B-carotene is initially in its ground state, implying that it
is formally an S-S, transition. Because the S, potential surface of
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carotenoids is believed to be rather complicated, with multiple min-
ima, it is not unrealistic that approaching the S, state ‘from above’
(S,) or from below’ (S,) may result in different minima at the S,
potential surface. Indeed, researchers have observed longer S, life-
times of B-carotene in solution after populating the S, state directly
from the ground state via two-photon excitation®.

The global fitting of data recorded after direct excitation of caro-
tenoid also revealed two interesting features. First, the fast 130-fs
decay characterizing depopulation of the S, state was associated with
appearance of Chl-a bleaching at 674 nm, indicating that some frac-
tion of the S, population was transferred to Chl-a. Comparing the
magnitudes of Chl-a bleaching and S,-S, excited state absorption
(Fig. 3c) suggested that this energy transfer channel is only minor.
The £.Ycf39-HIiD complex is tuned to be an efficient quencher, and
weak carotenoid-to-Chl-a energy transfer is likely an inevitable
consequence of pigment arrangement within the f.Ycf39-HIiD com-
plex. Second, global fitting revealed the presence of a long decay
component of 50 ps (excitation at 490 nm) and 30 ps (excitation at
530 nm). These components characterize the dominant Chl-a decay
channel after carotenoid excitation, proving that Chl-a, populated
via the minor energy transfer channel from [-carotene, is also effi-
ciently quenched. Notably, the shape of the EADS associated with
these components is reminiscent of the carotenoid S* state in the
450-600-nm region?®. This indicates that the Chl-a molecules in the
£.Ycf39-HIiD complex that are populated via energy transfer from
[3-carotene are quenched through a slower channel correlating to
either a population of the S* state or an S, state of some B-carotene,
which was spectrally distinct from the main quencher. A scheme of
energy transfer pathways is shown in Figure 4.

The inability to correlate the lifetimes of B-carotene S, state
populated via S-S, internal conversion and via the Q,-S, pathway
indicated that the carotenoid S, potential surface is likely more
complex than previously thought. Yet the data presented here
unequivocally identified the energy transfer from the Q, state of
Chl-a to the S, state of a carotenoid as the mechanism of nonphoto-
chemical quenching in the f.Ycf39-HIiD complex. Pigments in the
complex were clearly bound to HIiD (Fig. 1a,b), which belongs to
proteins assumed to be ancestors of the whole LHC superfamily™.
Although LHC antenna proteins are the best-characterized members
of the LHC superfamily, this large and diverse group also includes
single-helix, double-helix and triple-helix proteins that certainly do
not contribute to light harvesting but rather play a similar photo-
protective role in eukaryotes like the Hlips in cyanobacteria®.

As we clarified here, the function of Hlips relies on efficient
dissipation of the Chl-a excited state energy via the carotenoid
S, state. Given the highly conserved Chl-a-binding motif, it is fea-
sible that the arrangement of Chl-a molecules and surrounding
carotenoids shares a similar pattern in the whole LHC superfamily,
though the carotenoid species (quencher) may vary in different
proteins!®2>2¢, Researchers have already revealed such variation on
a common theme by solving crystal structures of plant major and
minor LHC antennae?. We therefore propose a hypothesis that
the quenching mechanism described for HliD may be principally
unchanged in LHC-like proteins as well as in LHC antennae?. The
situation for intact thylakoid membranes is likely more complicated,
and this type of quenching may work along with other quenching
mechanisms'?. However, if our hypothesis is correct, the evolution
of LHC antennae had to include structural changes that allowed
high flexibility between energy dissipation and harvesting?.
The subfamily of LHC proteins specialized for light harvesting is
thought to emerge at the basis of the green and red algal lineage,
and apart from the plant-like antennae, it also involves fucoxanthin
Chl-a/c-binding proteins®?. Notably, the quenching in both LHC
and fucoxanthin Chl-a/c-binding protein antennae is strongly
enhanced by low pH»?, but we observed a rather negative effect
for low pH on fYcf39-HIiD quenching (Supplementary Fig. 8).
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It is therefore possible that the eukaryotic invention of pH-activated
quenching in an ancient, photoprotective LHC-like protein was a
critical step for the evolution of LHC antennae. A gradual transi-
tion from fixed to flexible quenching is supported by the recent
discovery of LHC stress-related (LHCSR) proteins in green algae and
mosses®. LHCSRs exhibit constitutive, yet pH-sensitive, quench-
ing and might represent a transition state between photoprotective
LHC-like proteins and the LHC-based light-harvesting systems.

Received 17 September 2014; accepted 13 January 2015;
published online 23 February 2015

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Construction of Synechocystis strains. Construction of the Synechocystis
f.ycf39/Aycf39/ApsbB strain was described in a previous study'®. An iden-
tical strain lacking HIiC protein was obtained by the transformation of
f.ycf39/Aycf39/ApsbB strain by genomic DNA isolated from the Synechocystis
AhliC mutant®.

Purification of the f.Ycf39-HIiD complex. For purification of the f.Ycf39-HIiD
complex, 20 L of the Synechocystis fycf39/Aycf39/ApsbB cells or the
f.ycf39/Aycf39/ApsbB/AhliC cells were grown in 10-L flasks under 40 pmol
of photons m= s7! light at 28 °C in BG11 medium supplemented with 5 mM
glucose. The cell culture was agitated with a magnetic stirrer and bubbled
with air. Purification of the f.Ycf39-HIiD complex was performed essentially
as described'® except the MES buffer containing divalent cations was replaced
by a phosphate buffer (25 mM potassium phosphate, pH 7.5, 50 mM NaCl,,
10% glycerol).

Two-dimensional  clear-native/SDS-electrophoresis and immunoblot.
For native electrophoresis, the f.Ycf39 eluate was concentrated fivefold on a
100-kDa cutoff micro-concentrator (Millipore) and separated on 4-12% clear-
native gel*. Individual components of protein complexes were resolved by
incubating the gel strip from the first dimension in 2% SDS and 1% dithio-
threitol for 30 min at room temperature, and proteins were separated in the
second dimension by SDS electrophoresis in a denaturing 12-20% polyacryla-
mide gel containing 7 M urea®. For immunoblotting, proteins were separated
by SDS electrophoresis, transferred onto a PVDF membrane (Sigma-Aldrich,
Germany) and incubated with specific primary antibodies as well as with
secondary antibody conjugated with horseradish peroxidase (Sigma-Aldrich,
Germany, catalog number A6154). Primary antibody against Ycf39 was raised
in rabbits against synthetic peptides 4-14, and the antibody against the HliD
was purchased from Agrisera (Sweden, catalog number AS10 1610).

Gel filtration and pigment analysis. The f.Ycf39-HIiD eluate was immediately
injected onto an Agilent-1200 HPLC machine and separated on Bio-sep 3000
column (Phenomenex) using 25 mM MES buffer, 10 mM MgCl,, 10 mM CaCl,,
pH 6.5, containing 0.1% dodecyl-B-maltoside at a flow rate of 0.2 ml min" at
10 °C. Eluted proteins and complexes were detected by a diode-array detec-
tor and a fluorescence detector set to 440/680 nm (excitation/emission
wavelengths). The column was calibrated using photosynthetic complexes
with known size: trimeric photosystem I (~1 MDa), dimeric photosystem II
(~700 kDa), monomeric photosystem II lacking oxygen-evolving complex
(~250 kDa) and the purified His-tagged CP43 subcomplex (~90 kDa)*. To
identify the pigments associated with f.Ycf39-HIiD and HIiD, fractions repre-
senting the 9.2-ml and 9.8-ml peaks were pooled and concentrated ~20 times
on 30-kDa cutoff micro-concentrators (Millipore). This solution was extracted
with 90% methanol and the extract analyzed by Agilent-1200 HPLC. Separation
was carried out on a reverse phase column (Kinetex C8, 2.6 um particle size,
3.9 x 150 mm; Phenomenex) with 35% methanol and 15% acetonitrile in
0.25M pyridine (solvent A) and 20% methanol, 20% acetone in acetonitrile
as solvent B. Pigments were eluted with a linear gradient of solvent B (30-
95% in 25 min) followed by 95% of solvent B at a flow rate of 0.8 ml min™! at
40 °C. Pigment stoichiometries were estimated using extinction coefficients for
Chl-a and B-carotene™.

Fluorescence quantum yield. The fluorescence quantum yield was calculated
according to the equation®

ODR L
oD

1
Q=Qr X—X
Ig

Q is the fluorescence quantum yield, I is the integrated
and n the refractive

where
fluorescence intensity, OD is the optical density
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index of the sample. The subscript R indicates a reference fluorophore with
known quantum yield.

Femtosecond spectroscopy. The femtosecond spectrometer used for collecting
transient absorption spectra is based on a laser system Integra-i (Quantronix).
It consists of Er-fiber oscillator and Ti:Sapphire amplifier producing ~130-fs
pulses at a repetition rate of 1 kHz. The central wavelength of the output pulses
is 795 nm with 1.7 m] per pulse. The amplified pulses were divided into two
paths. The first one was directed to the optical parametric amplifier TOPAS
(Light Conversion, Lithuania) to generate tunable excitation pulses. The sec-
ond one was used to produce white light-continuum probe pulses by focusing
a fraction of the amplifier output to a 3-mm sapphire plate. The white-light
pulses, which were directed and focused only by reflective optics to prevent
dispersion, were further divided into the probe beam that overlapped with the
excitation beam at the sample and a reference beam that passed through the
sample outside the excitation spot. The probe and the reference beams were
brought to the slit of a spectrograph, where it was dispersed onto a dual CCD
detector with 2,048 elements allowing measurements of transient spectra in a
spectral window of ~240 nm. During all measurements, we kept the number of
photons per pulse per cm? under 2 x 10'* to achieve reasonable signal-to-noise
ratio while avoiding sample degradation and/or annihilation processes. In all
measurements, the mutual polarization of the pump and probe beams was set
to the magic angle (54.7°) by placing a polarization rotator in the pump beam.
All measurements were carried out in a 2-mm quartz cuvette with a micro-
stirrer to continuously mix the sample during measurements.

Global fitting. The spectro-temporal data sets obtained from the measure-
ments were analyzed globally by fitting package DAFit (Pascher Instruments).
The data were fitted to a sum of exponentials, including numerical deconvo-
lution of the response function, and a fourth degree polynomial describing
the chirp. The fitting procedure used general linear regression for the ampli-
tudes of the exponentials and the Nelder-Mead simplex method for the rate
constants, the FWHM and the chirp polynomial. To visualize the excited state
dynamics, we assumed that the excited states evolved according to a sequential,
irreversible scheme A — B, B — C, C — D. The arrows represent increasingly
slower monoexponential processes, and the time constants of these processes
correspond to lifetimes of the species A, B, C, D, etc. The spectral profiles of
the species are called EAD spectra, and although in complex systems they do
not directly correspond to the individual excited state species, they provide
information about the time evolution of the whole system*.
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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
Aycfs4 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 IlI, protochlorophyllide, Mg-protoporphyrin IX
methylester cyclase
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Chlorophyll Metabolism in Absence of Ycf54

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 AchIL 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 (Kope¢nd 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 (Dobdkova 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 jon. 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 Sll1214 (hereafter Cycl;
Peter et al,, 2009) in the cyanobacterium Synechocystis PCC
6803 (hereafter Synechocystis; 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 pmol photons m~2
s~1) 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 slr1780 (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 BGI1
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, ODy59 = ~0.5) with 100% methanol and
the Chl concentration was determined spectroscopically (Porra
et al., 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 C;g reverse phase column (5 uM
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 Cjg 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 OD750 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,O, 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 pl
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, Immunodetection,

and Protein Radiolabeling

Membrane and soluble protein fractions were isolated from 50 ml
of cells at OD750 nyy ~0.4 according to Dobakova et al. (2009)
using buffer A (25 mM MES/NaOH, pH 6.5, 5 mM CaCly,
10 mM MgCl,, 20% glycerol). Isolated membrane complexes
(0.25 mg/ml Chl) were solubilized in buffer A containing 1%
n-dodecyl-p-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 Kopecnd 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 [3*S]Met and [*°S]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 Cycl as bait,
with both wild-type (WT) and Aycf54 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 wg/iL, Promega,
mass spectrometry grade) at 37°C for 2 h. The samples were
then diluted with 75 pl 100 mM Tris-HCl, pH 8.5, 10 mM
CaCl, and the digestion allowed to proceed for a further 18 h
at 37°C. After the addition of 5ul 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-
TOF, 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

1www.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 ASEF,
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 wmol 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

Shttp://proteomecentral.proteomexchange.org

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

of the absorption spectra from cells normalized for optical
density at 750 nm (ODysg), 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 *C 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 *C 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 3C 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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FIGURE 1 | Deletion of the ycf54 gene in Synechocystis and the whole-cell spectra the resulting Aycf54 strain. (A) PCR amplification of the sir1780
(vef54) region to confirm full segregation of the Zeocin resistance cassette. WT, wild-type. (B) Whole cell absorbance spectra of Synechocystis whole cells grown
photomixotrophically under low light conditions. Chl a is represented by the 682-nm peak, and phycobiliproteins are represented by the 625-nm peak. Spectra were
measured with cells at a similar optical density (OD750 ,m = ~0.3) and normalized to light scattering at 750 nm.
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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
in a Aycf54 background. The amounts of PChlide oxidoreductase
(POR), 3,8-divinyl (proto)chorophyllide reductase (DVR) and
ChIP 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 CyclI 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 PSII Antennae but the
Accumulation of Other Chi-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 RCII* Knoppovd 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/f 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 Mn4CaOs

complex (Komenda et al., 2008; Nixon et al., 2010). To further
investigate the perturbations in PSII assembly, the levels of
individual PSIT 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 3+; 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 RCII* 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
S4), 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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FIGURE 6 | 2D gel-electrophoresis of membrane complexes isolated from WT and Aycf54 cells, followed by immunodetection of PSIl assembly
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 Fuiji LAS 4000 after excitation by blue light.
Designation of complexes is: PSI[3] and PSI[1], timeric and monomeric PSI, respectively; RCC[2] and RCCI[1], dimeric and monomeric PSII core complexes,
respectively. (B) Immunodetection of PSIl assembly complexes. RCII* complex (boxed in blue) was detected using D1, Ycf39, and HIiD 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

One possible explanation for this finding was elucidated
by analysis of the GT-W genome, which contains a long
(~100 kbp) chromosomal duplication that covers one hundred
genes, including cycl (sll1214; Be¢kova et al., submitted). This

chromosomal duplication is not present in any of the other
Synechocystis substrains for which a genome sequence is available
(Kanesaki et al.,, 2012; Trautmann et al., 2012). Given the
duplication of cycl in GT-W, it is likely that cycl expression is
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FIGURE 7 | Synthesis of the Chi-binding proteins in the Aycf54 strain. WT and mutant cells were radiolabeled with [3°S]Met/Cys mixture using a 30-min
pulse. Isolated membrane proteins were separated by CN-PAGE on a 4-14% linear gradient gel, and another 12-20% SDS-electrophoresis was used for the
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(PsaA/B). The 2D gels were stained with Coomassie Blue (the stained gel is shown as Supplementary Figure S4) then dried, and the labeled proteins were then
detected by a phosphorimager (Autorad). Protein complexes are designated as in Figure 6.

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 sl[1214 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 Cycl cyclase
component is destabilized (Figures 4 and 5) and the remaining
CycI 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-Cycl 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 ChlIP). 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 ChIP the
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A

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 ChlP, 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 ChlP. 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 Cycl
stability but there is a possibility that dissociation of Ycf54 from
a membrane-bound assembly of Cycl, 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 ChlG-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 bef (Kurisu et al., 2003), the
HIi 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 bef, is robust under Chl limiting
conditions.

PSI is the main sink for de novo Chl (Kopecna 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 PSII 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
Mn4CaOs5 complex (reviewed in Komenda et al., 2012). Despite
the large decrease in cellular Chllevels in Aycf54, all components
of the RCII* complex are synthesized in adequate amounts
and assembled. We hypothesize that synthesis of the RCII*
complex is enabled by the continuous recycling of a relatively
stable pool of Chl molecules made available during the RCIIT*
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 *°S labeled RCIT* that would
indicate presence of a hypothetical Chl-less RCII*. Furthermore,
Aycf54 contains some functional PSII complexes, which requires
that at least some RCII* with cofactors has to be synthesized en
route to the fully assembled PSIL.

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 PSII biogenesis. This observation
is consistent with previous work on the accumulation of PSII
subunits in Apor (Kopectna 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; Kopectna 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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