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Enkel sammanfattning på svenska

Karakteriseringavmembran-lokaliseradehjälparprote-
iner i kloroplasten hos växten backtrav

I en cell finns det ett avancerat nätverk av hjälparproteiner, som ansvarar för
kvalitetskontroll av proteiner. Till exempel, så behöver vissa proteiner hjälp
med att stabiliseras för att kunna utföra sina uppgifter, medan andra prote-
iner redan har gjort sitt, och behöver brytas ner. Det är viktigt att proteiner
formas till sin rätta tre-dimensionella struktur (veckas), för att de skall ha den
funktion de är ämnade till. Ett chaperon är ett protein som hjälper till med sta-
bilitet och veckning av andra proteiner, men de kan också veckla ut proteiner.
Det finns två sorters chaperoner; ”folders”, som ser till attmiljön är optimal för
att proteinet skall veckas på rätt sätt, och ”holders”, som håller hårt i proteiner
för att undvika att de aggregerar eller vecklas upp igen.
Proteiner är uppbygda av aminosyror bundna till varandra genom peptidbind-
ningar. Ett proteas är en annan sorts hjälparprotein, som har som uppgift att
bryta peptidbindningar i proteiner, genom en process som kallas proteolys. I
vissa fall bryts bara en eller ett fåtal peptidbindingar, för att till exempel ak-
tivera proteinets funktion. I andra fall bryter proteaset ner hela proteinet till
aminosyror, som sedan återanvänds av cellen för att bygga upp de proteiner
som cellen för stunden har behov av; detta sker t.ex. med de proteiner vi får
i oss via föda. Det finns flera anledningar till att ett protein bryts ner, kanske
har det redan utfört sin uppgift i cellen, eller har fel tre-dimensionell struktur
(är felveckat). Ett felveckat protein har alltså, enkelt uttryckt, tvåmöjliga öden;
[i] veckas om, med hjälp av ett chaperon [ii] brytas ner av ett proteas. Ibland
samarbetar chaperoner och proteaser på så sätt att chaperonet veckar upp det
protein som sedan bryts ner av proteaset. Det finns även exempel på proteiner,
charoniner, som har både chaperon- och proteasaktivitet.
Växter, vissa bakterier och alger, har alla en förmåga att omvandla energin från
solen till kemiskt bunden energi i form av organiska molekyler, även kallat bi-
omassa. Denna reaktion kallas fotosyntesen, och hos växter sker det i organis-
mens kloroplast, som är en avgränsad del av cellen. De proteiner som disku-
teras i denna avhandling är alla lokaliserade till denna kloroplast. Ett av de
proteinkomplex som utgör kärnan för fotosyntesen, Fotosystem II (PSII), be-
står av drygt 30 proteiner. Ungefär hälften räknas som ”små proteiner” (LMW)
och har en storlek på under 10 kDa. Att det finns så många småproteiner kring
detta komplex måste tyda på att vart och ett av de små proteinerna är väldigt
viktigt. I den här avhandligen presenteras data för en chaperon-funktion hos
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ett av dessa LMW proteiner, PsbY. Vidare berör avhandlingen medlemmar ur
proteinfamiljen FtsH (Filamentation temperature sensitiveH), somär 70 - 100
kDa stora proteaser där en del medlemmar även förmodligen har chaperonak-
tivitet. Den grupp som kallas inaktiva FtsH-proteaser saknar den proteolytiska
aktiviteteten, och kan då antas enbart ha chaperonaktivitet.

Genom mitt arbete har jag visat att PsbY proteinet har en funktion som cha-
peron åt en specifik del av PSII kallad Cytochrome b559 (Cyt b559). Cyt b559 be-
står av två proteiner och en hem-grupp, och har tidigare beskrivits som viktigt
skydd av PSII, i situationer skadliga för den fotosyntetiska processen. Frånvaro
av PsbY gör att växter, åtmistone av arten backtrav, bland annat är känsliga för
mycket starkt ljus, och att plantan har svårare för att göra fotosyntes. Mäng-
den Cyt b559 är oförändrad i frånvaro av PsbY, vilket gör att vi tolkar det som
att PsbY förmodligen kontrollerar omgivningen runt Cyt b559, likt en ”folder”
snarare än en ”holder”.
Kloroplasten är, som tidigare beskrivet, en avgränsad del av växtcellen, men
detmesta av växtensDNA, somkodar för proteiner, finns utanför kloroplasten.
Detta gör att proteinerna som utför fotosyntes måste importeras till kloroplas-
ten. I avhandlingen beskriver jag att i frånvaro av proteinet FtsH11 fungerar
inte transporten av proteiner in till kloroplasten optimalt, vilket gör att hela
växten påverkas. Fotosyntesen fungerar mindre effektivt, och viktiga skydds-
mekanismer (andra än de som utförs av Cyt b559) är nedsatta. Vidare presente-
rar jag data som indikerar att inaktiva FtsH proteaser är viktiga för att växten
backtrav skall växa. Växter där en av de inaktiva FtsHproteaserna är delvis för-
stört växermarkant långsammare och sämre, än växter där alla proteiner finns
kvar. Detta beror troligen på att inaktiva FtsH proteiner är med och påverkar
hur mycket, eller vilka andra proteiner som finns i växtens kloroplaster.
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Abstract

In nature, sessile plants have to adapt to their environment and to the never
ending changes they are exposed to. They do so mainly by proteomic and
metabolomic changes. In all cells, there are complex networks of auxiliary pro-
teins that are responsible for quality control of all the cell’s proteins. The auxil-
iary proteins are divided into chaperones and proteases, and these are further
separated into different groups. Chaperones help other proteins in terms of
stability and folding. In order for a protein to achieve its function, the three-
dimensional structure has to be precise. A protease is a helper protein that is
able to break peptide bonds in a process termed proteolysis. Chaperones and
proteases can work independently, but sometimes the chaperone unfolds the
substrate of the protease to ensure full degradation of the protein. In some
cases, the chaperone and the protease functions are combined in one protein.
All proteins studied within this thesis are localized in the chloroplast, the or-
ganelle that originated from cyanobacteria, in which plants and algae convert
the energy from sunlight into carbohydrates in the process called photosynthe-
sis. Molecular oxygen is released as a by-product, and carbon dioxide is con-
sumed. Photosystem II (PSII), one of the major protein complexes involved in
photosynthesis, consists of more than 30 protein subunits, where around half
of them are termed low molecular weight (LMW) proteins with a molecular
size less than 10 kDa. In this thesis, data identifying one PSII LMW protein,
PsbY, as a chaperone for the PSII subcomplex Cytochrome b559 are presented.
In the absence of PsbY, Arabidopsis plants weremore sensitive to photoinhibi-
tion, and the protective circular electron transport around PSII is completely
blocked.
Data onmembers of the Filamentation temperature sensitive proteinH (FtsH)
protease family are also discussed, with a focus onFtsH11 andFtsHi1-i5. Mem-
bers of the FtsH protease family carry a protease domain and a chaperone
domain. Our data show that FtsH11 has an influence on the structure and
function of chloroplasts of Arabidopsis plants grown under continuous light
along with protein import into the same. FtsHi1-5 are five members with mu-
tations within the proteolytic motif, most probably rendering them proteolyt-
ically inactive, hence they are referred to as ”inactive FtsH proteases”. Knock-
out plants of the inactive members are embryo lethal, and knock-down plants
grow slower than wild type, probably because of an affected level of plastid
proteins at the translational level.
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List of Abbreviations
aa Amino acids
A. thaliana Arabidopsis thaliana
BBY Thylakoid membranes enriched in PSII
BN-PAGE Blue Native Polyacrylamide Electrophoresis
CL Continuous light growth conditions, 24 hours light
Cyt b559 Cytochrome b559
DNA Deoxyribonucleic acid
E. coli Escherichia coli
EPR Electron Paramagnetic Resonance Spectroscopy
FtsH Filamentation temperature sensitive H family protein
GFP Green fluorescent protein
hFe The heme iron of Cyt b559
HP High potential form of Cyt b559
LD Long-day growth conditions, 16 hours light and 8 hours dark
LHC Light harvesting chlorophyll binding proteins
LMW protein Low molecular weight protein
LP Low potential form of Cyt b559
MS Mass spectrometry
PSI/II Photosystem I/II
qPCR Quantitative real-time polymerase chain reaction
RNA Ribonucleic acid
ROS Reactive oxygen species
SD Short-day growth conditions, 8 hours light and 16 h dark
T-DNA Transferred deoxyribonucleic acids
TOC/TIC Translocon over outer/inner envelope membrane
tRNA Transfer ribonucleic acid
wt Wild type

Moreover, I will use the following format for proteins, genes, and mutants
throughout the thesis;

Example
Protein FtsHix
GENE FTSHiX (capital, italics)
mutant ftshix (lowercase, italics)

v



Aim, General and Specific

General
Themain goal of this thesis is to increase our knowledge about uncharacterized
membrane-bound proteins in the chloroplast of Arabidopsis thaliana. Spe-
cial emphasis is put on those with a protein quality support function, such as
chaperone-activity and/or protease activity.

Specific
A new picture for Photosystem II (PSII) is emerging, where the auxiliary pro-
teins involved in assembly and maintenance of the complex seem to outnum-
ber the structural proteins. We have aimed to raise awareness of the fact that
manydifferent small proteins, often only oneα-helix across the thylakoidmem-
brane per protein, are surrounding PSII rather than many copies of the same
protein. Based on the localization of PsbY from crystal structures, for Paper I
we hypothesised that PsbY has a function related to Cytochrome b559. We
wanted to test this via comparison of a PsbY knock-out mutant and wild type
(wt) Arabidopsis plants, using both biochemical and biophysical techniques.
A PsbY knock-out mutant complemented with the PSBY gene was used as the
control. In addition, we have summarized current knowledge on the assembly
and maintenance of PSII in Paper IV.
Within the membrane enclosing the chloroplast - the chloroplast envelope -
nine FtsH proteases have been identified in proteomic studies. We wanted to
understand the function of these FtsH by characterizing Arabidopsis mutants
in the absence of the individual proteins. In Paper II, we performed a broad
characterization of FtsH11 protease knock-out mutants in Arabidopsis using
physiological and biochemical methods. We were in particular interested in
finding the substrate with the hope that it would bring us closer to determining
the function of FtsH11. The aim of Paper III was to perform a general com-
parison of Arabidopsis mutants with reduced levels of the five inactive FtsH
proteins, because the knock-out mutants were embryo-lethal. Here we com-
pared the lines grown at different conditions in terms of vegetative growth and
photosynthetic activity.
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1 The evolution of photosynthesis

It is generally accepted that photosynthesis started 2-2.5 billion years ago, in
an ancestor of cyanobacteria. Later, roughly 1 billion years ago, in an event
termed endosymbiosis, such a bacterium was engulfed by a larger eukaryotic
single cell ancestor of plants and algae (Figure 1). In the cell, the cyanobac-
terium shared its carbohydrates, i.e. the products from photosynthesis. Over
time, the two organisms started to exchange genetic material, and eventually a
new photosynthetic organism was formed. This organism further evolved into
the algae and the plants we know today, with the previous cyanobacteria now
present as an organelle called the chloroplast. In total, higher plants have three
genomes. Apart from the nuclear genome, they still have a subset of the bac-
terial ancestor genes encoded in the chloroplast, and additionally, they have a
mitochondria genome that originated fromaprevious endosymbiotic event [1].

1.1 The plant chloroplast

While the cyanobacteria transferred most of its genes to the host’s nuclear
genome, some 100 genes were kept in the chloroplast with the result that the
organelle has its own DNA. Chloroplast DNA is circular, just as bacterial DNA,
and the organelle divides in a manner similar to bacteria. Plant chloroplasts
are organelles specialised in photosynthesis, visualized in green in Figure 2.
Apart from photosynthesis, the organelle also performs synthesis of amino
acids (aa), fatty acids, and secondarymetabolites. All proteins discussed in this

Figure 1: Basic overview of the endosymbiotic theory. An aerobic bacteria was engulfed by a
prokaryote and evolved into a mitochondrion instead of being digested. The original genome of
the host cell evolved into a nucleus, resulting in a eukaryote. The eukaryote evolved further into
two different cells - the animal cell and the plant cell, where a cyanobacterial ancestor was engulfed
in a second endosymbiotic event. The engulfed cyanobacteria evolved into a chloroplast.
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thesis are localized to this organelle. It is estimated that onemesophyll leaf cell
of the higher plant A. thaliana contains around 120 chloroplasts under opti-
mal conditions [2–4]. The ovoid-shaped chloroplasts measure 5-10 µm in the
long dimension, and 3-4 µm in the short dimension. The plant chloroplast is
enclosed by a double membrane system, termed the chloroplast envelope. The
inner membrane corresponds to the cyanobacterial cell membrane, while the
outer membrane is a part of the original cell membrane of the eukaryotic host
cell. The envelope membrane proteome mainly consists of proteins related to
transport and metabolism, and approximately 20 % have an unknown func-
tion. Some of the proteins characterized in this thesis are located within the
envelope, and categorized as proteases, i.e. the FtsH family proteins described
in Papers II and III [5]. The characteristic structure of the chloroplast, seen to
the right in Figure 2, is due to the separation of the continuous internal thy-
lakoidmembrane into grana stacks and stroma lamellae connecting the stacks.
Themajor protein complexes responsible for photosynthesis are locatedwithin
this membrane, and proteins related to these complexes are characterized in
Paper I and reviewed in Paper IV (Figure 3) [6,7].

Figure 2: A photo of wt Arabidopsis, a schematic drawing of a typical plant cell and a detailed
overview over the subcellular compartments within the chloroplast. Plant cells include organelles
common to animal cells such as mitochondria, nuclei, the endoplasmic reticulum, and the Golgi
apparatus. Characteristic for plant cells is the central vacuole, cell wall, and chloroplasts. The
proteins discussed in this thesis are present in chloroplasts (green), the site of photosynthesis. In
addition, FtsH11 was reported to be dual-targeted to both the chloroplasts and the mitochondria
(red). The location of Photosystem II and the proteins studied in this thesis are indicated in the
overview of the chloroplast.
1 FtsHi4 was detected in the thylakoid using GFP-fused protein.
2 FtsHi4 was detected in the envelope membrane via proteomic studies.
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1.2 Oxygenic photosynthesis

Photosynthesis is a crucial process for oxygenic life as we know it because it
is the producer of the oxygen in the air we breathe. Oxygen is produced as a
by-product in the process by which algae, cyanobacteria, and plants convert
the energy of sunlight into energy-rich saccharides. While the reaction con-
sumes water and carbon dioxide from our atmosphere, molecular oxygen and
carbohydrates are formed. All humans and animals are using this energy di-
rectly by eating the photosynthetic organism or indirectly via animals fed on
plant material. We also use photosynthetic organisms as fuels, in fabrics, and
as constructionmaterials. The overall equation of photosynthesis is as follows:

6 CO2 (carbon dioxide) + 6 H2O (water) + solar energy
⇓

C6H12O6 (sugar) + 6 O2 (oxygen)

It is a two stage process within cyanobacteria and chloroplasts of green plants,
with light absorption and water splitting yielding oxygen within the thylakoids
and carbon dioxide fixation into carbohydrates in the stromal compartment.

Figure 3: A brief summary of photosynthesis, with emphasis on the photosynthetic protein com-
plexes present in the thylakoid membrane (A-G) along with an overview of the electron transport
(e−) within the membrane (dashed line).
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During light absorption, a pigment called chlorophyll is associated with spe-
cial proteins within Photosystem I and II (PSI and PSII). Chlorophyll is a light-
capturing molecule, and it gives the green colour to chloroplasts. Within the
light-dependent process, the energy of sunlight is used to split water mole-
cules, releasing molecular oxygen, protons, and electrons (Figure 3). A se-
ries of chemical reactions transfer electrons along the thylakoid membrane
to produce NADPH, and at the same time a proton gradient is established
over the thylakoid membrane, which is used in ATP production. In the light-
independent reaction, also known as the Calvin-Benson-Bassham cycle, ATP
and NADPH are used to reduce carbon dioxide, and the energy originally from
the sun is converted to chemical energy in the formof carbohydrate compounds
(Figure 3).

1.3 Photosystem II and its electron transport

PSII is one of the major protein complexes within the thylakoid membrane in-
volved in oxygen production. It is one of two complexes, PSI being the other,
associated with light harvesting chlorophyll-binding (LHC) proteins in which
the light energy from the sun is captured during photosynthesis. The PSII pro-
tein complex consists of close to 40 permanently or temporarily bound intrin-
sic and extrinsic protein subunits. About half of them are lowmolecular weight
proteins (LMW) with a size less than 10 kDa. Crystal structures of PSII reveal
a dimer almost completely surrounded by LMW proteins, most of which with
an unknown function (Figure 4) [8–18].
The formation of the initial photosynthetic reaction centre (PSII-RC), consist-
ing of PsbA (D1), PsbD (D2), and the LMW proteins PsbI, PsbE and PsbF, has
been proposed to require the presence of, at least, the LMW protein PsbN to-
gether with HCF136 [7,20–22]. PSII further assembles into a dimer and later
forms supercomplexes through the help of auxiliary proteins to enhance its
photosynthetic activity [23]. In psbN, the level of PSII supercomplexes, and
intermediates, were drastically reduced [22]. The presence of the LMW pro-
tein PsbWwas shown to be necessary for the formation of PSII supercomplexes
in higher plants [23]. In the very recent crystal structure of PSII from spinach,
PsbW is included in the structure, and is positioned between the PSII core and
the LHCII trimer [17].

New findings related to the LMW PsbY, located on the outside of PSII, are
discussed in Section 5.1 (see also Papers I and IV) [6,7].
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There are two means of electron transport within PSII
The photosynthetic electron transport within PSII is initiated by a charge sep-
aration between a chlorophyll dimer (P680) and pheophytin (Figure 5, single
line arrows). This is followed by the transfer of an electron to the primary
and secondary electron acceptor plastoquinones (QA and QB) that are bound
at two distinct sites within PSII. QA can only harbour one electron, while QB

forms plastoquinol (PQH2) after being double reduced. The electron removed
from P680 is replaced by an electron from water, which was split into molec-
ular oxygen and protons. PQH2 is then released into the thylakoid membrane
to further transfer the electrons to PSI and is replaced by another QB . In ad-
dition, a cyclic electron transport has been proposed where photodamage is
avoided and potentially harmful excess electrons are returned to P680+ via
β-carotene (Figure 5, double lined arrows.). β-carotene was shown to be re-
duced by the Cytochrome b559 (hereafter Cyt b559) complex, or by monomeric
ChlorophyllZ (ChlZ) when Cyt b559 has been oxidised [24–29]. The reduction
of oxidised Cyt b559 is generally considered to protect PSII, and it is carried
out by a plastoquinone either from the pool or bound to the QB site. How-
ever, it is not clear whether this action is to prevent accumulation of P680+ or
β-carotene+ [28]. P680+ is highly oxidizing and β-carotene+ cannot act as a
singlet oxygen or chlorophyll triplet quencher. For selected reviews on elec-
tron transport within PSII, see [30–32].

Figure 4: Crystal structure of the PSII dimer in Thermosynechococcus vulcanus. The dotted
line separates the two monomers. LMW proteins are in colour, and larger proteins are in grey.
Proteins discussed in this thesis are PsbE (green), PsbF (yellow), and PsbY (magenta, missing in
the coordinates of the left monomer). (PDB code: 4ub6 [19])
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The function of Cytochrome b559 is not known, but it is essential for PSII as-
sembly
The LMW proteins PsbE and PsbF form Cyt b559 by sharing a heme group. Al-
ready in 1998, the first sentence in a section describing the function of Cyt b559
was

”Almost 2 decades ago it was stated that ’the role of Cyt b559 is still
unclear even though it has been studied quite extensively’” [33,34].

Still, in 2016, there is no definite role for the complex, even though substantial
experimental data support the involvement of Cyt b559 in photoprotection of
PSII. Also, it has been shown to be an essential component of PSII and is in-
cluded in the first step of PSII assembly [35–38]. In addition, the presence of
Cyt b559 in all oxygenic photosynthetic organisms (plants, algae, and cyanobac-
teria), and its absence in anoxygenic photosynthetic bacteria, proposes a func-
tion related to molecular oxygen. However, the distance between Cyt b559 and
the oxygen-evolving complex opposes a direct involvement in the splitting of
water. In addition, Cyt b559 has been assigned enzymatic functions such as an
oxygen- and superoxide-reductase as well as a superoxide- and plastoquinol-
oxidase [39].

Figure 5: Adapted figure from a PSII crystal structure showing the location where the photosyn-
thetic electron transport chain is initiated in Thermosynechococcus elongatus (Corresponding to
(A) in Figure 3). The molecules involved in the electron pathways are overlaid, from the same
crystal structure, while the linear (single line arrow) and the cyclic (double line arrow) electron
pathways are visualized. The specific components identified are relevant for Paper I [6], and are
discussed in Section 5.1. PDB code: 4V62 [14].
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Cytochrome b559 is found in four redox potential forms, and the high poten-
tial form has been proposed to be important for PSII photoprotection
Cyt b559 has been found in four redox potential forms - very low potential
(VLP), low potential (LP), intermediate potential (IP), and high potential (HP)
[12,39–42]. As a result, Cyt b559 covers a broad range of redox potentials from
-40 mV to +400 mV at pH 7. In addition, the heme iron (hFe) of Cyt b559 ex-
ists in both reduced and oxidised forms. The hFe is mainly reduced in the HP
form, and it is permanently oxidised when in the LP form [40, 43–45]. How-
ever, the mechanisms for the conversions between the different redox forms
are poorly understood [39]. The redox potential of Cyt b559 has been shown to
correlate with pH and PSII has been shown to directly oxidise and reduce the
HP and LP form, respectively [46]. This would function as a photoprotective
switch, decreasing donor-side (HP) and acceptor-side (LP) photoinhibition.
Under donor-side photoinhibitory conditions, Cyt b559 can donate electrons
to reduce oxidizing chlorophyll radicals generated in PSII-RC, and it can also
accept electrons from the acceptor side to prevent formation of singlet oxygen
species under acceptor-side photoinhibitory conditions (Figure 5). In particu-
lar, the HP form of Cyt b559 has been proposed to be involved in the cyclic elec-
tron flow around PSII [34,47–49]. Three PSII quinones have been included in
PSII crystal structures - QA, QB, and QC. Recently an additional PSII quinone,
QD, was identified, causing speculations about whether it is bound to Cyt b559,
and has an influence on its redox state [50]. However, the correlation between
the redox state of Cyt b559 and the rate of photoinhibition was recently ques-
tioned [51] (see a recent review on the matter [32]).
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2 Model organisms and the generationofmu-
tants

Arabidopsis is a suitable model organism for plant studies
In order to study processes within plants in general, it is desirable to have a
model organism with a sequenced genome that also is easy to grow and has
a short generation time. Trees have the disadvantage of a long life span and
generation time. The annual plant Arabidopsis thaliana (Arabidopsis, or A.
thaliana) has a short life cycle with only 6-8 weeks from seed to seed. Ara-
bidopsis is a weed with no economic value except as experimental material for
research. It is found growing wild all around the world, and it grows in almost
all soil types. The genome of Arabidopsis was sequenced in 2000 [52], thus
it is often used as a model plant by scientists to study reactions within plants,
among them the photosynthetic reactions. The leaves of Arabidopsis form a
rosette at the base of the plant and are covered with small, unicellular hairs
called trichomes. The flowers are white, small, self-pollinated and found in
groups; the fruit is a silique with 40-60 seeds under optimal conditions.

T-DNA insertions serve as a good tool for plant genomics
Within plant science, agrobacterium-mediated deoxyribonucleic acid (DNA)
transfer is commonly used to generate mutants (see early review [53]). The
transferred DNA (T-DNA) is incorporated into the nuclear genome of the host
plant by the help of plasmid-encoded virulence genes within the bacterium. In
plant biotechnology, the virulence gene is replaced by a gene of interest, most
commonly together with a selection marker to easily determine successfully
transformed plants. Arabidopsis is easy to transform using this technique,
and therefore it is one of the most commonly used model organisms in ge-
nomic studies. The insertion of T-DNA might cause the disruption of genes,
but because the flanking sequence of the T-DNA is known, the DNA region
of the insertion can be recovered. The Nottingham Arabidopsis Stock Centre
(NASC) keeps seed stocks available for research, and characterization of plants
with a disrupted gene of interest is usually the starting point in reverse genet-
ics [54]. All plant lines studied within this thesis are from the NASC collection,
and most of them have T-DNA insertions within one specific gene.
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3 Surveillance of the plant proteomes

Together with the gene transfer to the nucleus of the host during endosymbio-
sis, a protein transport system was also introduced allowing the correspond-
ing proteins of the transferred genes to be targeted back to the chloroplast
compartment. The membrane-bound protein complexes that are responsible
for protein transport across the membranes are termed translocons, implying
their function as transporters. Auxiliary proteins aid in the transport process
and are crucial for the import machinery. To ensure correct localization of a
protein within the cell, a transit peptide is synthesized at the N-terminus of the
protein forming a preprotein [55–57]. Proteins that need to pass more than
one membrane thus have a longer transit peptide that is divided into several
parts - one for each membrane translocon complex to be passed.

3.1 Protein quality control

A prerequisite for the intended function of a correctly translated protein is per-
fect folding into its three-dimensional structure. Some proteins additionally
have an activity related to the removal of terminal amino acids or refolding of
specific parts of their structure. The two types of proteins specialized in folding
and hydrolysis of the peptide bond are known as chaperones and proteases, re-
spectively. A complex network of proteases and chaperones has evolved to aid
in maintaining the quality of proteins. Proteins have a limited life span, thus
constant synthesis and degradation of proteins are important for cell survival.
Different forms of stress can cause damage and misfolding of many proteins,
but proteins can also be damaged during their regular activity. A damaged pro-
tein can be replaced by de novo biosynthesis; however, the cell can save energy
by using molecular chaperones to assist in the refolding of misfolded proteins.
If it is not possible to repair the protein, it is degraded by the proteolytic sys-
tem. Moreover, proteins that simply are not needed by the cell anymore also
require degradation.

Proteases are responsible for breaking peptide bonds
Proteases are proteins capable of hydrolysis of peptide bonds in their sub-
strates. Exo-proteases act on the terminal peptide bonds (amino- and car-
boxyproteases), while endo-proteases cleave peptide bondswithin the polypep-
tide chain. Proteases are found in all compartments of the cell and can func-
tion as single proteins, in cooperation with each other, or in multi-subunit
complexes. The proteolytic activity of proteases can be either limited or un-
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limited. Limited proteolysis is when only specific peptide bonds are cleaved,
and this is usually a regulatory mechanism to activate or de-activate the target
protein. This activity also includes the removal and degradation of the target
peptide when a preprotein is imported via translocons [58]. Examples of un-
limited proteolysis are food and storage proteins that are degraded completely
to single amino acids. Proteases are divided into six different larger groups de-
pending on their active site, including metallo-, serine-, threonine-, cysteine-,
aspartate-, and glutamic acid proteases. Within these groups, they are fur-
ther separated into families of related proteases. The family of FtsH proteases
characterized in Papers II and III belong to the metalloprotease group that is
further discussed in Section 4.

Chaperones help other proteins with folding, and unfolding
Chaperones assist in the non-covalent folding or unfolding of proteins and can
be reused several times. They also assist in assembly or disassembly of protein
complexes without being a subunit of such complexes. Chaperones are divided
into folders and holders, depending on the tightness with which it binds to the
substrate (reviewed in [59]). Folders act to create an environment suitable for
folding or unfolding of their substrate, while holders bind tightly to the sub-
strate and prevent refolding. Examples of folders are the GroEl-GroES ma-
chinery, which allow the substrate to fold or refold within a protected environ-
ment [60]. Hsp33 is an example of a holder and is activated by the formation
of disulphide bonds under an oxidizing environment where it shields the sub-
strate from oxidative stress damage [61].

Charonines are both proteases and chaperones
Chaperone andprotease activity are often closely connected; for example, chap-
erones can unfold a protein to ensure efficient degradation by proteases. More-
over, in some cases a single protein consists of both a chaperone and a protease
domain, and such proteins are commonly known as charonines [62]. There are
examples of charonines that have different functions at different temperatures;
for example, the conserved heat shock protein DegP (sometimes referred to as
HtrA) was shown to be a chaperone at low temperature and to have protease
activity at high temperature [63].

3.2 Chloroplast protein import

Import into, and across, the chloroplast envelope
The best known protein complexes present in the envelope membrane are the
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translocons at the outer and inner membrane complex (TOC/TIC complexes)
that are responsible for the initial import of proteins into the chloroplast (See
selected reviews [64–68]). The system imports unfolded proteins from the
cytoplasm to the stroma as well as proteins targeted to stay within the enve-
lope. Proteins in the cytosol are recognized by themain import receptor Toc159
or one of its three other isoforms (Toc132, Toc120, and Toc90), which directs
them to the chloroplast envelope [69–72]. The proteins are translocated across
the outer chloroplast membrane by Toc159 together with Toc34 (or its iso-
form Toc33) and Toc75 [69–72]. In cases when the precursor is bound to the
co-chaperone Hsp90, Toc64 also aids in the transport [69–72]. The soluble,
intermembrane-space protein Tic22 directs the protein to the TIC complex for
full transport across the envelope [73,74]. Tic22might also function as a bridge
between TIC and TOC complexes, forming a TIC-TOC supercomplexwhere the
transport across the two membranes is coupled [73, 75, 76]. Different models
for the TIC complex exist, and a review from2015 suggests that core complexes
of Tic20, 21, 22, 40, and 110 or Tic 20, 21, 56, 100, and 214 can either work
independently or can interact during import [67]. A review from 2016 also in-
cludes the redox regulation of Tic32, 55, and 62 as a means of import, which
was thoroughly discussed in a review from 2015 [68,77].

Import into, and across, the thylakoid membrane
Many proteins are located within the stroma; however, others have a final des-
tination within the thylakoid membrane. Proteins targeted to the thylakoid
membrane are imported via the chloroplast signal recognition particle (cp-
SRP) pathway or the ”spontaneous” pathway. Proteins incorporated via the
cpSRP-mediated pathway are mainly the photosynthetic LHC proteins. The
PsbY protein studied in Paper I and reviewed in Paper IV, together with a few
additional thylakoid membrane-localised proteins, carries a signal peptide di-
recting it to the thylakoid membrane via spontaneous pathway A [6,7,78–82].
PsbY is special in the sense that, apart from the envelope transit peptide, it ap-
pears to have two thylakoid transit peptides separated by the PsbY-1 polypep-
tide (Figure AI in the Appendix) [82]. The two transit peptides seem to aid
in the insertion of the two proteins into the thylakoid membrane in a unde-
termined manner before being cleaved off [82]. Spontaneous pathway B is
used by the majority of the thylakoid membrane proteins, and this pathway
appears not to require any input of energy and is completely independent of
transit peptides and any known helper proteins [83]. Proteins targeted to the
soluble thylakoid lumen can be transported across the thylakoid membrane
via either the ATP-dependent Secretion (Sec) pathway or the pH-dependent
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Twin-arginine translocation (Tat) pathway [84–86]. An important difference
between the Sec and Tat pathways is that Sec imports unfolded proteins while
proteins imported via Tat can be fully folded [87].

Dual-targeting: proteins targeted to more than one organelle
Dual-targeting of proteins has been conserved throughout plant evolution and
rarely lost. In the only reported loss of dual-targeting, the gene encoding an
ascorbate peroxidase was duplicated in rice so that two individual genes en-
code the same protein, which then are targeted to different locations [88]. This
was most probably to ensure its presence in both chloroplast and mitochon-
dria. Dual-targeted proteins harbour a transit peptide with dual addresses or
separate transit peptides for the different compartments (Further discussed
in reviews [89,90]). The reason for dual-targeting of proteins is not clear, but
one explanation could be tominimize the possibilities of genomic variation be-
tween the protein in separate organelles. However, the level of a dual-targeted
protein might differ in the different compartments, suggesting a level of reg-
ulation by the targeting [91–97]. The regulation could, for example, be via
phosphorylation or redox regulation of import components, such as translo-
cons, or ribonucleic acid (RNA) trafficking to the surface of the specific or-
ganelle [77,98–102].
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4 Filamentation temperature sensitiveprotein
H (FtsH) protease family

The Filamentation temperature sensitive protein H (FtsH) protease family is a
well-studied groupofATP-dependentmetalloproteases present in bothprokary-
otes and eukaryotes, but not in Archaea where Lon has taken over the func-
tion [103–109]. The protein family name derives from an E. coli strain that
showed reduced growth at elevated temperature [110]. The bacterial strain had
a mutated FtsH gene; however, an additional mutated gene was later found to
be responsible for the phenotype, but the name stayed [111]. In eukaryotes, Ft-
sHs are found in organelles originating fromendosymbiosis. In addition, in the
recently reportedminimal organism genome, Syn 3.0, one FtsH protease is in-
cluded among the genes that are essential for survival and reproduction [112].

FtsH are charonines – they carry a protease and a chaperone domain
At theN-terminus of the FtsHprotein there is at least onemembrane-spanning
region that is responsible for anchoring of the protein to the membrane (Fig-
ure 6A.). The C-terminus contains the zinc-binding protease domain and is the
reason for the categorization of the full protein as a zinc-metalloprotease. The
zinc ion is coordinated to two histidines (H) in the conserved HEXXH motif,
while the glutamate (E) serves as the catalytic base when a peptide bond is hy-
drolysed and X corresponds to non-conserved amino acids [114]. Between the
membrane-spanning domain and the zinc-binding domain, there is an AAA-
ATPase domain (ATPases associated with a variety of cellular activities) sug-
gested to have a molecular chaperone function [115–117]. The AAA-domain
is characterized by two sections – a 200–250 base-pair segment and a sec-
ond region of homology. The first section functions as a nucleotide binding
site, the so-called Walker A and B motif, and the latter contains a conserved
arginine finger that is not only required for nucleotide cleavage, but is also re-
sponsible for the oligomerization of FtsH protein complexes [113, 118]. FtsH
is capable of initiating the degradation of its substrate from both the N- and
C-terminus [119]. Moreover, FtsH has been proposed to have the ability to
dislocate membrane regions of its substrates to ensure their complete degra-
dation [120].

Among the known substrates for FtsH hexameric complexes are both solu-
ble and membrane-bound proteins
Several substrates for FtsH in E. coli (where the protein is sometimes referred
to asHflB) have been identified, among them the soluble heat-shock transcrip-

13



tion factor σ32, the membrane-bound α-subunit of the F0-complex of the H+-
ATPase, and the monomeric translocon subunit SecY [121–124]. For degrada-
tion of σ32, FtsH needs assistance from the two chaperones Hsp40 and Hsp70
[125]. FtsHproteins have been shown to formhomo- or hetero-hexameric pro-
tein complexes, as prerequisites for their activity (Figures 6B. and 6C.). The
protein complexes can switch between an open and a closed form - driven by
ATP hydrolysis - resulting in structural changes in the AAA-domain. As a re-
sult of this movement, a conserved hydrophobic pore, built by residuesMFVG,
moves closer to the proteolytic chamber in order to bind the substrate [113,
126]. The genome of the non-photosynthetic bacterium E. coli encodes only
one FtsH gene, hence the proteins form homo-hexameric complexes. Oxy-
genic photosynthetic bacteria like the cyanobacterium Synechocystishave four
genes encoding FtsH proteins, and higher plants encode several additional
genes. Consequently, there is a possibility for hetero-hexameric complexes as
exemplified in the next section.

A. Schematic drawing of a typ-
ical FtsH protease.

B. Top view of a hexameric
FtsH complex.

C. Side view of a hexameric
FtsH complex.

Figure 6: Visualization of monomeric and hexameric FtsH proteases. (A.) Schematic drawing of
amonomeric FtsH protease, here exemplified by twomembrane-spanning regions in red, the pro-
teolytic domain in pink, and theAAA-domain in blue. (B., C.) Visualization of the quaternary struc-
ture of FtsH hexamers. The monomers are represented by separate colours, and the membrane-
spanning regions are represented in red. (PDB code 3KDS was used for B. and C. [113].)
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4.1 FtsH in Arabidopsis thaliana (At-FtsH)

The genome of A. thaliana encodes 17 different FtsH proteins [129]. There are
12 active and 5 inactive forms of FtsH, where the activity refers to the pres-
ence of the proteolytic zinc-binding motif at the C-terminus. For some of the
inactive members of the protein family, the catalytic glutamate (E) is still in
position (FtsHi1, 2 and 4). However, the histidine (H) residues within the mo-
tif are either mutated (FtsHi1, 2, 4, and 5) or the whole motif is missing (Ft-
sHi3), most probably rendering them proteolytically inactive (Figure 7) [129].
A search for manually annotated and reviewed FtsH genes within the UniProt
database (Search [gene:ftsh* AND reviewed:yes]) returned 198 hits covering
several different species [130]. Interestingly, only three inactive FtsH were
identified, apart from the five in Arabidopsis, and two were from green algae
(Chlorella vulgaris and Helicosporidium) and one was from a marine flagel-
late (Oltmannsiellopsis viridis).

FtsHs of Arabidopsis form phylogenic pairs and separate according to or-
ganelle localization
Phylogenic studies of the 17 FtsHs of A. thaliana show that the proteins tend
to form pairs, proposing a recent gene duplication (Figure 7). FtsH3, FtsH4,
and FtsH10 are targeted to the mitochondria membranes, possible together
with the proposed dual-targeted FtsH11. The other members of the FtsH pro-
tein family in A. thaliana, including FtsH11, are directed to the chloroplast
[131, 132]. FtsH1, 2, 5, and 8 are targeted to the thylakoid membrane, while

Figure 7: Multiple sequence alignment of the 17 FtsH encoded in the genome of A. thaliana
using Clustal Ω [127, 128]. Phylogenic tree of the full amino acid sequence (left), and sequence
alignment of 16 amino acids around the proteolytic region with the HEXXH motif highlighted
(right). A diamond indicates the five inactive FtsHs.
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FtsH7, 9, 11, 12, and the five inactive variants were detected in the chloro-
plast envelope membrane fraction in proteomic studies [132–134]. In addi-
tion, FtsHi4 was identified in the thylakoid membrane using fluorescence-
fused proteins [135]. FtsH6 is assigned to the thylakoid membrane due to
clustering with FtsH1, 2, 5, and 8 in the phylogenic tree (Figure 7). No phe-
notype was observed for ftsh6 grown under various conditions in our lab, even
though initial in vitro data suggested a function in the degradation of LHCII
[136, 137]. FtsH6 seems to have homologous genes in many different species,
including wasps, fishes, and bacteria according to the Basic Local Alignment
Search Tool (BLAST) developed by the National Center for Biotechnology In-
formation (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). This evolutionary
conservation of the gene most probably indicates the presence of the protein,
but with an unknown function and no experimentally determined location.

The hexameric FtsH complex consists of type A and B subunits, where at least
one member of both types is required for activity
Some FtsHs have been shown to complement and substitute for the one it pairs
with, as is the case for the thylakoidmembrane-located FtsH1 and 5 and FtsH2
and 8 [138,139]. FtFtsH1, 2, 5, and 8 are well characterized and form a hetero-
hexameric complex within the thylakoid membrane [138,140]. The individual
FtsHs within the complex are divided into A (FtsH1 and 5) and B (FtsH2 and
8) types [140]. They share 80 % sequence identity within the group and 50
% sequence similarity between the groups. The composition of the hexameric
complex requires members of both types; however, the ratio between the two
is not clear. The transcript levels of Type B are double the levels of Type A in
Arabidopsis, while in vivo studies of the protein levels in cyanobacteria sug-
gest a 1:1 ratio [140, 141]. No phenotype is seen in knock-out deletions of the
less-expressed genes (ftsh1 and ftsh8). However, ftsh2 and ftsh5 show a varie-
gated phenotype where the plant establishes patches of different colours in its
vegetative parts [133,142,143]. Several substrates have been identified for the
FtsH1-2-5-8 complex, among them the photodamaged PSII D1 protein PsbA
and the unassembled Rieske FeS protein [144–147].

A substitution mutation in the chaperone domain of FTSHi1 indicates that
FtsHi1 influences the timing of cell division
The group of inactive FtsH proteases in Arabidopsis is poorly studied [135,
148]. The previously characterized Accumulation and Replication of Chloro-
plast 1 (ARC1) was recently identified as FTSHi1, and in this thesis the mu-
tant is denoted as ftshi1-1 [148]. ARC mutants include a group of 12 genes
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(ARC1–12) characterized by changes in chloroplast size and number per mes-
ophyll cell, implying disrupted chloroplast division machinery [2–4,148,149].
ftshi1-1 bears a Ser to Phe mutation in the first residue of the Walker B motif
(S524F). Each mutant cell has more and smaller chloroplasts as compared to
wt, which is in contrast to the other ARC mutants that have fewer and larger
chloroplasts [148]. FtsHi1 was thought not to directly influence chloroplast
replication, it rather has a function influencing the timing of division, which
usually occurs when the cell has reached a specific size [2, 4, 148, 149]. In ad-
dition, overexpression studies revealed that FtsHi1 has a negative effect on
the chloroplast division machinery [148]. Because ftshi1-1 contains a muta-
tion within the Walker motif, the FtsHi1 protein function is most probably
ATP-dependent. Moreover, the chloroplast envelope localization of FtsHi1
from proteomic studies was confirmed using a 35S:FtsHi1:YFP-fusion con-
struct [148].

FtsHi4 has been reported to be a thylakoid membrane protein, and heterozy-
gote ftshi4 shows decreased protein levels of PSII subunits
Homozygous T-DNA insertions in FTSHi1, FTSHi2, FTSHi4, and FTSHi5 are
embryo-lethal, and heterozygous mutants show similar internal plastid mor-
phology with a lack of thylakoid membrane formation as seen in ftshi1-1 [135,
148]. Only heterozygous T-DNA insertion within FTSHi3 did not display any
obvious phenotype [135]. In contrast to the proteomic studies, FtsHi4 was
identified as an integral thylakoid membrane protein and was separated to-
gether with PSII dimers and monomers in Blue Native Polyacrylamide Elec-
trophoresis (BN-PAGE) [135]. However, the FtsHi4 protein pattern is differ-
ent from the PsbD/D2 pattern, a central subunit of PSII, indicating that FtsHi4
is included in a thylakoid membrane complex separate from PSII [135]. Nev-
ertheless, PsbO and PsbD/D2 were almost completely missing in white ovules
of heterozygote ftshi4 [135], but not in green ovules from the same plant.

In this thesis, new findings related to FtsH11 and FtsHi1-5 are discussed in
Sections 5.2 and 5.3, respectively (see also Papers II and III) [5].
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5 My results in larger context

5.1 PsbY is a chaperone forCytochromeb559 inArabidop-
sis

PsbY, previously referred to as ycf32, is a nuclear-encoded gene targeted to the
thylakoids in higher plants and algae. It has two homologous gene products,
PsbY-1 andPsbY-2, withmolecularmasses of 4.7 kDa and 4.9 kDa, respectively
(Figure AI in the Appendix). The double gene product is most probably the re-
sult of an intragenic duplication when the gene was transferred to the nucleus
during endosymbiosis because in cyanobacteria only PsbY-1 is present (Figure
AI in the Appendix) [150]. In vitro protein import studies in Arabidopsis show
that indeed there are two PsbY proteins, and they have separate signal pep-
tides directing both of them to the thylakoid membrane via the spontaneous
pathway [82, 151]. However, characterization of Hordeum vulgare (barley)
using mass spectrometry detected PsbY-2, but not PsbY-1, in etioplasts and
chloroplasts [152]. PsbY was missing in the early crystal structures of bac-
terial PSII, but with better resolution the protein was identified as a slightly
bent amphiphilic helix near the two LMW proteins PsbE and PsbF (Figures 4
and 8) [8–15]. However, in some of these crystals, the PsbY protein is miss-

Figure 8: Top and side view of PsbY (magenta) and Cytochrome b559 (PsbE (green) and PsbF
(yellow) sharing a heme group (blue)). The remaining proteins of the PSII complex would be in
front (left) or below (right). PDB code: 4UB8 [19].
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ing in one of the PSII monomers, while present in the other, which could in-
dicate that the protein is easily lost during the purification of the large PSII
complex. In recent PSII structures, from spinach and red algae, the PsbY is
completely missing, suggesting that PsbY is even more loosely attached in al-
gae and plants compared to bacteria [16–18]. The hydrophobic side of PsbY
makes a direct contact with Cyt b559 at the outskirt of PSII without any other
close neighbours (Figures 4 and 8).

No drastic difference between wt and psbY was identified in plant appear-
ance or chlorophyll and protein content
In Paper I, a PsbY knock-out Arabidopsis mutant, psbY, was thoroughly char-
acterized using biophysical and biochemical methods [6]. The characteris-
tics of the mutant were compared to wt and to a complemented line where
PSBY was re-inserted into psbY. It is worth noting that PSBY complementa-
tion could rescue the phenotype, more or less to the level of wt in all experi-
ments. Phenotyping under standard growth conditions (21 ◦C, 8 h light / 16
h dark, 150 µmol photons m−2 sec−1) revealed no considerable effect on veg-
etative growth, chlorophyll content, PSI/PSII ratio, or flowering time due to
the loss of PsbY (Paper I, [6]). Neither the protein complex migration in BN-
PAGE nor the band intensity of immunoblot analysis of several PSI and PSII
proteins showed any differences between the studied lines using thylakoid and
PSII enriched membranes (BBY) (Paper I, [6]).

The redox properties of Cytochrome b559 are altered in psbY
Due to the closeness of PsbY and Cyt b559, it is reasonable to hypothesize that
they might cooperate such that loss of PsbY could have an influence on the
function of Cyt b559. Electron Paramagnetic Resonance Spectroscopy (EPR)
is a method to study materials with unpaired electrons, and most of the elec-
tron carriers in PSII can be followed independently [153]. EPRmeasurements
were performed to study the redox state of Cyt b559. It is generally consid-
ered that in wt dark-adapted samples only the LP form of Cyt b559 is oxidised.
The HP form is oxidised only after illumination at 77 K when Cyt b559 is in-
volved in the secondary electron transfer chain (Figure 5). Interestingly, in
darkness 96 % of Cyt b559 in psbY was oxidised compared to 47 % in wt (Pa-
per I, [6]). Upon illumination, no drastic difference in the oxidation state was
seen. The conversion from the HP to the LP form has previously been demon-
strated in PSII samples upon rough treatment, for example, heat treatment,
high pH exposure, or the removal of either PsbO, P, and Q or the oxygen evolv-
ing cluster [154–163]. However, the conversion from LP to the HP form has
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been much less reported [6, 158, 164, 165]. The redox level of ChlZ and Pheo-
phytin was similar for wt and psbY (Paper I, [6]), indicating that the electron
was not following the protective electron pathway back to P680+ (Figure 5).
In the rescued mutant, the HP form was at the same level as in wt, indicating
that PsbY is crucial for Cyt b559 to reach theHP form. The loss of PsbY exposed
hFe to an environment where it was quickly oxidised and kept Cyt b559 in the
LP form without the ability to switch to the HP form, or it affected the coordi-
nation of hFe resulting in altered redox properties of Cyt b559.

The loss of PsbY results in decreased level of Photosystem II function
To study the recombination between the two quinones and the S2 state within
the photosynthetic cycle, thermoluminescencemeasurementswere performed.
BBY samples of wt and psbY were dark-adapted at room temperature followed
by freezing to -10 ◦C and excitement by a 50 µs actinic flash. The measure-
ments were done during slow heating (1 ◦C / s) of the sample to 60 ◦C. Com-
monly, two separate peaks are detected in BBY samples – a Q-band corre-
sponding to the recombination between Q ¯

A and the S2 state (at 35–40 ◦C);
and a B1-band corresponding to that of Q ¯

B and the S2 state (∼ 10 ◦C). Indeed,
both peaks could be seen forwt and the complemented line (Paper I, [6]). How-
ever, forpsbY theB1-band (peak around 10 ◦C, Figure 5B in Paper I, [6]) is very
weak, and the redox equilibriumbetweenQA andQB is strongly shifted towards
Q ¯
A . In wt, on the other hand, the equilibrium is shifted towards Q ¯

B . This is
in agreement with other data, suggesting that the loss of PsbY has an effect
on QB-binding, and perhaps the QB-site is even empty in the absence of PsbY
(Paper I, [6]). In addition, similar experiments were performed on thylakoid
membranes, samples that have a more intact acceptor side. In these samples,
the B1-band was present, but slightly shifted, pointing to the presence of an
affected QB binding site (Paper I, [6]). Changes in the protein environment
of Cyt b559 and QC have been shown to induce structural and functional alter-
ations of QB [12, 166]. We also characterized BBY using multiline EPR, where
the signal is dependent on fully assembled PSII and oxygen evolving complex.
The signal is strongest in the S2 state, which is why one measures the ability of
the sample to reach that state. If the S2 state is not reached, the PSII and/or
the oxygen evolving complex is not fully assembled, sometimes also described
as inactive PSII.Multiline signal spectra of psbY andwt indicate that only 43%
of PSII in psbY reach the S2 state (Paper I, [6]). Supported by our flash oxygen
release and fluorescence measurements, we propose that a fraction of inactive
PSII is present in the mutant.
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The acceptor side of Photosystem II is altered in psbY
To determinewhether the decrease in S2 state formation comes from the donor
side or the acceptor side, we chemically induced the signal from the semi-
quinone-iron complex (Q ¯

A Fe
2+), using 15 mM formate and 50 mM dithion-

ite. Formate replaces the natural non-heme iron bicarbonate/carbonate lig-
and, and dithionite completely reduces QA and QB in the dark [167]. Inter-
estingly, only 62 % of the semiquinone-iron complex was induced in psbY as
compared to wt, indicating a decrease in QA (Paper I, [6]). However, the level
of QA should follow the level of PSII (Y •

D ), which was not affected, suggesting
that the problem for psbY is the binding of formate to the QB site rather than
a decrease in QA (Paper I, [6]). Again, the data point in the direction of an al-
tered QB site.

To conclude, the presence of PsbY was found to be crucial for the redox prop-
erties of Cyt b559 because in psbY Cyt b559 was constantly in the oxidised LP
form. This results in a mutant that is sensitive to photoinhibition because the
HP form is a prerequisite for the protective electron transport. Furthermore,
hFe is commonly reduced by quinones, either from the pool or from the QB

site. However, the acceptor side was found to be affected and could not reduce
hFe. In the crystal structures available of PSII, PsbY is seen outside of Cyt b559,
possible shielding hFe from reducing agents or stabilizing the area around the
QB site (Figure 9).

Figure 9: Crystal structure of Thermosynechococcus PSII, visualizing the shielding of Cy-
tochrome b559 by PsbY. In the presence of PsbY (magenta), hFe (blue) is shielded behind PsbY
(left), while in the absence of Psb, the heme group is exposed to the thylakoid membrane and eas-
ily oxidised (right). PsbE is shown in green and PsbF in yellow, and the remaining subunits of PSII
are depicted in grey. PDB code: 4IL6 [168].
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5.2 TheArabidopsis chloroplast structure, function, and
import are changed upon deletion of FtsH11

FtsH11 was detected only in chloroplasts of 6-week-old plants, but it might be
dual targeted in older plants
The nuclear-encoded FtsH11 protease has been detected in proteomic stud-
ies of the chloroplast envelope isolated from Arabidopsis [132]. In addition,
FtsH11 preprotein fused to GFP was targeted to the chloroplast, and FtsH11
has been immunologically detected in chloroplasts using a peptide-directed
antibody [5, 133, 169] (Paper II, [137]). The protein has also been identified in
mitochondrial membranes [170]. However, FtsH11 was only once confirmed
as dual-targeted to both the chloroplast and mitochondria using a peptide-
specific antibody on organelles isolated from plants at the age of nine weeks
[169]. Interestingly, using the same antibody in Paper II, we could easily de-
tect FtsH11 in isolated chloroplasts, but not in mitochondria, from six-week-
old Arabidopsis plants (Paper II, [137]). In addition, the mitochondria pro-
teome of ftsh11 remained unaffected in both Difference In Gel Electrophoresis
and label-free proteomics (Paper II, [137]). The dual-targeting of FtsH11might
be age-depen-dent, which would then be the first reported protein that only in
older plants is targeted to more than one organelle. The possible regulation
of dual-targeting could ensure mitochondrial localization of the protein only
after a certain age. However, it is a challenge to obtain pure mitochondrial
samples, and present proteomic studies on mitochondria include a number of
proteins targeted to other compartments of the cell, or they are focused on spe-
cific protein complexes rather than the full proteome (see review [171]). One
cannot expect full coverage of the mitochondrial proteome before the method
of organelle isolation is improved.

ftsh11 exhibits a photobleachedphenotype, similar to hypersensitive response,
after prolonged light exposure
ftsh11 Arabidopsis mutants have been identified as thermosensitive, with a
drastic decrease in chlorophyll and photosynthetic activity in mature plants
when grown under constant low light (continuous light: CL, 60 µmol photons
m−2 sec−1) at 30 ◦C for three days [172]. Plant growth and development of
ftsh11 was interrupted when subject to these conditions, and a chlorotic phe-
notype was present in mutant seedlings, but not in wt plants [172]. Chloro-
sis - leaf patches without chlorphyll - indicates perturbed chloroplasts in the
mutant. The authors concluded that FtsH11 had an influence on the thermo-
tolerance of Arabidopsis [172]. Here in Umeå we have the possibility to per-
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form semi-natural field experiments with Arabidopsis plants during the sum-
mer period. While the photoperiod during summer in northern Sweden is CL,
plants grown in the field are exposed to many varying parameters including
fluctuating temperatures and light intensities as well as to differences in wa-
ter supply, and occasionally also herbivore attacks (Supplementary Figure 1 in
Paper III, Umeå coordinates are 63◦49’06.4”N; 20◦18’44.5”E). ftsh11 grown
in the field also displayed the chlorotic phenotype, although the temperature
only shortly exceeded 25 ◦C [137]. In Paper II, we characterized ftsh11mutants
under different growth conditions, with an emphasis on light and tempera-
ture. We showed that chlorosis in ftsh11 was triggered by photoperiod inde-
pendently of temperature (Paper II, [5]). However, for a 12 h photoperiod the
light intensity had to be increased to 250 µmol photons m−2 sec−1 to trigger
the chlorotic phenotype (Paper II, [5]). This points to a connection between the
photoperiod and the light intensity in order to explain the function of FtsH11.
The chlorotic phenotype of ftsh11 is similar to a hypersensitive response, where
ion flux in and out of the cell together with the production of reactive oxygen
species (ROS) rapidly kills the cell. A group ofmutants termed lesions simulat-
ing disease resistance response (lsd) induce programmed cell death without an
external trigger. FtsH11 was previously identified as lsd4 (unpublished data,
see reference 80 in [173]).

The internal morphology of the chloroplast and the chlorophyll fluorescence
are altered in ftsh11
In wt plants, the transfer from short day (SD) to longer light periods (equal
day, or CL) induces higher photosynthetic rates, which requiremore photosys-
tems and more chlorophyll to capture the light energy (wt, Figure 10) (Paper
II, [5]). In ftsh11, the chlorophyll level was slightly decreased after transfer to
CL (ftsh11, Figure 10) (Paper II, [5]). The light-independent Calvin-Bensson-

Figure 10: Chlorophyll content in wt and ftsh11 adult plants grown in short day (SD) and after
three days shift to continuous light (CL) growth conditions. Plants were grown at 22 ◦C.
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Bassham cycle produces starch, which can be seen accumulating in transmis-
sion electronmicroscopic pictures of wt chloroplasts isolated from adult plants
after four days of CL exposure (Paper II, [5]). However, in ftsh11, no starchwas
accumulating under the same conditions.
Chloroplasts contain an internalmembrane system termed the thylakoidmem-
brane, which is a continuousmembrane forming grana stacks and stroma lamel-
lae (Figure 2). The photosystems are distributedwithin themembrane, and the
grana stacks mostly contain fully assembled PSII, while the stroma lamellae
mostly contain PSI. The thylakoid morphology was altered in ftsh11 such that
very few stroma lamellae were observed, while the grana stacks were larger
than those in wt (Paper II, [5]). Observed disruption of the thylakoid mem-
brane could indicate changes in the ratio of photosynthetic complexes within
the membrane. Indeed, immunostaining of PSI (PsaA and F) and PSII sub-
units (PsbA and D) revealed a 50 % decrease in PSI proteins, while PSII only
decreased by about 10 % (Paper II, [5]). The altered PSI/PSII ratio in ftsh11
was shown to have an effect on the chlorophyll fluorescence, as monitored
non-invasively at room temperature via pulse-amplitude modulation (Paper
II, [5]). Under steady state conditions, for ftsh11 grown under SD at 26 ◦C and
CL at 22 ◦C, the maximum and effective PSII yield was decreased. The pro-
tective non-photochemical quenching was drastically decreased, and factors
indicating stress were increased. While wt plants adapted their photochem-
ical quenching and their reduction of QA to the different growth conditions,
ftsh11 plants did not. However, the state transition was faster in ftsh11 grown
under CL, as compared to wt, independently of the temperature.

The Tic22-like family protein and YGGT-A are possible substrates for FtsH11
It is reasonable to expect that the protein level of a substrate will be higher
in the absence of its protease because there will be no substrate degradation.
The amount of Tic22-like family protein (AT5G62650) and YGGT-A/YLMG2
(AT5G21920) (from now on referred to as Tic22-like and YGGT) accumulate
both in chloroplast and envelopemembranes isolated from ftsh11 plants grown
under SD and CL with a false detection rate (FDR) threshold of 0.01 (Paper
II, [5]). However, no YGGT peptides were detected in wt samples in our pro-
teomic studies. The gene expression level of a substrate should remain the
same in the presence and absence of its protease because the proteolytic activ-
ity is acting on the protein level rather than on the gene level. The expression
level of FTSH11 was dramatically lower in ftsh11, while the expression of the
two hypothetical substrates was similar in wt and the mutant (Paper II, [5]).
With that, both protein and gene-level studies concluded that Tic22-like and
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YGGT are strong candidates for the FtsH11 substrate. Unfortunately, both are
uncharacterized proteins, giving us no hint about what processes FtsH11might
be involved in. However, it seems implausible that FtsH11 would be involved
in the processing of Tic22-like and YGGT because unprocessed proteins would
be degraded by the protein quality control system. Most probably, FtsH11 is
acting on the mature protein.
The genome of Arabidopsis encodes two ”true” Tic22 proteins, and Tic22-like
has been proposed to be a product from gene duplication early in evolution and
is not considered to be a true Tic22 protein [174]. Phylogenically, it belongs to a
clade evolving faster than Tic22, possible developing a different function [174].
The mature Tic22-like protein has around double the molecular mass of the
Tic22 proteins expressed in Arabidopsis. Also, Tic22-like differs from Tic22
proteins in terms of gene expression profiles, where Tic22-like is mainly ex-
pressed in dry seeds, while the Tic22 proteins are expressed in a variety of
plant tissues [175]. Moreover, a Tic22 double knock-out mutant was found to
be viable, suggesting that Tic22 is not essential for import or there is another
protein complementing its function, possibly Tic22-like [176].
The genome of Arabidopsis encodes four YGGT-family proteins, only one of
which has an assigned function in the maturation of c-type cytochrome [177].
YGGT-A has been shown not to influence that process [178].
Furthermore, in the chloroplast fraction of ftsh11, the protein level of the plastid-
encodedYcf2 (ATCG01280)was increased (Paper II, [5]). The presence of Ycf2
in chloroplasts of the non-photosynthetic plant Epifagus virginiana could in-
dicate that the function of the protein is not related to photosynthesis [179].
Studies in tobacco show that the gene product is essential in dicotyledonous
(dicot) plants, but the gene is missing in the genomes of monocotyledonous
(monocot) plants like rice and maize [180–182].

The levels of important chloroplast protein-import translocons are altered
in ftsh11
Label-free proteomic studies revealed that in the absence of FtsH11, the pro-
tein levels of Tic22-like and YGGT-A are increased at FDR 0.01 (Paper II, [5]).
However, at FDR 0.05, many more proteins are affected (Paper II, [5]). Sev-
eral proteins diminished in ftsh11, already under SD growth conditions, are
important translocons within the chloroplast envelope. Theymight be directly
processed by FtsH11, and in the absence of FtsH11 they might be degraded by
a substituting protease or their expression levels might be adjusted tomeet the
requirements of the cell in the absence of FtsH11. Whatever the reason, ftsh11
had lower levels of several TOC/TIC complexes compared to wt, and thereby
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most probably also had significantly reduced protein import (Paper II, [5]).
Hence, FtsH11, or the substrate of FtsH11, could be involved in the assembly
of translocons or in a regulatory process to adjust the amount of translocons.
Most proteins that function in chloroplasts are imported from the protein fac-
tory in the cytosol, either to start new processes or to replace damaged proteins
in ongoing reactions such as photosynthesis. The lack of a functional import
system under SD growth conditions renders the chloroplasts in ftsh11 sensitive
to CL because such a condition requires increased import rates (Paper II, [5]).

To summarize, the expression of FtsH11 was previously determined to be in-
creased in plants grown under CL, and we show that the protein is crucial for
wt-like chloroplast structure and photosynthetic activity during CL [5, 183].
The disruption of FTSH11 causes decreased protein levels of several translo-
cons within the chloroplast envelope already under SD. Upon longer photope-
riods, the need of increased protein import renders ftsh11 sensitive to photo-
damage independently of growth temperature. The uncharacterized plastid
proteins Tic22-like and YGGT were identified as hypothetical substrates for
FtsH11 because they accumulate in the absence of FtsH11, while their gene ex-
pression is at the same level in ftsh11 and wt.

5.3 The inactive FtsHs of Arabidopsis have an effect on
plant growth and themetabolic processes required
for embryo development.

Inactive FtsHs are exclusively present in organisms harbouring chloroplasts,
but disruption of genes encoding At-FtsHi2, i4 and i5 results in embryo arrest
before greening
Embryo-defectivemutants (EMB) are characterized bymutationswithin genes
essential for the survival of the plant. The Meinke laboratory at Oklahoma
State University has set up a database termed SeedGenes, where they register
phenotypes and other information about many non-redundant genes of Ara-
bidopsis [184,185]. They use defined classes of terminal phenotypes to charac-
terize several recessive EMBmutants, including some with a T-DNA insertion
in FtsHi2, i4, and i5 (Table 1) [184, 185]. The embryos of these embryo-lethal
At-FtsHis arrest within stages before greening, indicating a function of FtsHi
proteins probably not directly linked to photosynthesis, but rather tometabolic
processes required for embryo development such as cell division and expres-
sion of nuclear genes [186–189]. Inactive FtsH members have been identi-
fied only in organisms containing chloroplasts, suggesting that their function
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more specifically might be related to the coordination of chloroplast metabolic
processes to those of the whole cell. Protein BLAST based on the amino acid
sequence of At-FtsHi1 identified several different organismswith genes encod-
ing inactive FtsH proteases (Table 2 and Figure 11). In a phylogenic tree, they
separate depending on if they are monocot or dicot (Table 2 and Figure 11).
However, one member from the monocot wheat, Ta-c, and one from the dicot
mustard, Br-b, form a phylogenic pair. Inactive At-FtsHs pair up with mem-
bers from poplar (FtsHi2), mustard (FtsHi3), and green algae (FtsHi5) (Figure
11).

Vegetative growth of Arabidopsis lines with mutated (ftshi1) or disrupted
FTSHi (ftshi2 to i5) genes, were studied under SD, long day (LD) and field
growth conditions
Unfortunately, antibody production to quantify the individual protein level for
the five FtsHis within the mutants studied in Paper III was not successful.
Instead we will determine the level of gene expression via quantitative poly-
merase chain reaction (qPCR). Vegetative growth of lines with a T-DNA inser-
tion within the FtsHi-encoding genes was monitored under controlled growth
conditions (SD, LD; constantly 21 ◦C) as well as in the field (Table 3, see also
detailed list of lines as well as graphs of temperature and light conditions for
the field in Paper III). No obvious influence on the rosette size was observed

Table 1: Information on the inactive At-FtsH from the SeedGenes database. FtsHi2, i4, and i5 are
included, and the terminal phenotype for all is before greening. Cot (Cotyledon), Glob (Globular),
or Trans (Transition).

Protein Gene Gene Symbol Alleles in DB* Terminal phenotype(s)
FtsHi1 AT4G23940 - 0 -
FtsHi2 AT3G16290 EMB2083 3 Cot and Trans
FtsHi3 AT3G02450 - 0 -
FtsHi4 AT5G64580 EMB3144 3 Cot, Glob and Trans
FtsHi5 AT3G04340 EMB2458 2 Glob

* DB = SeedGenes database

Table 2: Genes encoding putative inactive FtsHs in different organisms.

Organism Number of genes Mono- or Dicotyledon, or Algae
Solanum lycopersicum (tomato) 1 Dicot
Chlorella vulgaris 1 Green Algae
Chlamydomonas reinhardtii 1 Green Algae
Brassica rapa (mustard) 2 Dicot
Glycine max (soybean) 2 Dicot
Populus trichocarpa (poplar) 2 Dicot
Oryza sativa (rice) 3 Monocot
Triticum aestivum (wheat) 4 Monocot
Arabidopsis thaliana 5 Dicot
Zea mays (corn) 6 Monocot
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after T-DNA insertions in FTSHi3 and FTSHi5 under any of the tested growth
conditions (Figure 12A.) (Paper III). However, ftshi5 mutants had problems
surviving onMurashige and Skoog plates independently of sugar additions. ft-
shi1 and ftshi4mutants had decreased growth compared to wt under all condi-
tions studied (Figures 12B. and 12C.). Two out of three ftshi2mutants showed
growth similar to wt, while for the third, a drastic phenotype was observed un-
der SD andLDgrowth conditions (Figure 12D.) (Paper III). So far, only ftshi2-1
has been subjected to qPCR, and the level of FtsHi2 in that mutant seems to
be roughly 60 % of that in wt (Paper III). Therefore, it could still be possible
that the level of FtsHi2 is decreased only in ftshi2-1, and not the other ftshi2
mutants, offering an explanation for why only ftshi2-1 shows a phenotype. The
leaves of ftshi2-1 were much smaller than wt, and they were also crinkled and

Figure 11: Phylogenic tree for inactive FtsH members in different organisms coloured accord-
ing to monocotyledons (blue), dicotyledons (purple), or green algae (green). At - A. thaliana; Br -
Brassica rapa; Cv - Chlorella vulgaris; Cr - Chlamydomonas reinhardtii; Gm -Glycinemax (soy-
bean); Os - Oryza sativa (rice); Pt - Populus trichocarpa; Sl - Solanum lycopersicum (tomato);
Ta - Triticum aestivum (wheat); Zm - Zea mays (corn). Based on clustal Ω multiple sequence
alignment [127, 128].
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Table 3: Description of the inactive FtsH lines characterized within the thesis and Paper III.

Protein Gene No. of lines Type Homo- or heterozygous
FtsHi1 AT4G23940 1 Substitution mutation Homozygous
FtsHi2 AT3G16290 5 T-DNA insertion Heterozygous∗
FtsHi3 AT3G02450 2 T-DNA insertion Heterozygous∗
FtsHi4 AT5G64580 3 T-DNA insertion Heterozygous∗
FtsHi5 AT3G04340 2 T-DNA insertion Heterozygous∗

∗ homozygous lines are most probably embryo-lethal

rolled (Figure 12D., middle). In addition, the plants seemed to grow in height
rather than width, with several new leaves crowding the middle (Figure 12D.,
middle). However, when seven-week-old SD-grown ftshi2-1 plants were trans-
ferred to CL for three weeks, the rosette size increased and the leaves rolled
out, but remained crinkled (Figure 12D., left) (Paper III). Surprisingly, when
grown under field conditions the dwarf phenotype was not observed (Paper
III). Photoperiod was not the factor restoring the phenotype because ftshi2-1
plants grown under CL from the start did not show the obvious crinkled phe-
notype, but they remained very small, flowered already after two weeks and
completed their full life cycle within a month (Figure 12D., right).

FTSHi1 co-expresses with all branched-chain aminoacyl transfer ribonucleic
acid (tRNA) ligases and might form a homo-hexameric complex important
for protein translation
Genes that are co-expressed under a wide range of growth conditions and de-
velopmental stages are considered to have a similar function, or at as least be-
ing involved in the same type of biological function. Publicly available gene-
expression data from Atted-II were compared to construct a network using
Cytoscape for all five inactive FtsHs in Arabidopsis (Paper III) [190, 191]. In-
terestingly, FTSHi1 forms a slightly separated cluster in which it co-expresses
with genes encoding twoEMBmutants (EMB2247, AT5G16715 andEMB2369,
AT4G04350) and with ovule abortion 2 (AT5G49030). In the Kyoto Ency-
clopedia of Genes and Genomes (KEGG), the products of these three genes
were identified as branched-chain aminoacyl tRNA ligases, specifically attach-
ing the essential amino acids leucine (AT4G04350), valine (AT5G16715), and
isoleucine (AT5G49030) onto their tRNAs [192,193]. All three aminoacyl tRNA
ligases have been identified in chloroplasts, and the latter two might be dual
targeted tomitochondria aswell [194]. If that holds true, perhaps FtsHi1 is also
a dual targeted protein. A valine tRNA ligase inOryza sativa (rice) (OsValRS2)
was recently described as essential for the differentiation from proplastids to
chloroplasts [195].
FtsH4 and FtsH11 were identified as members of homo-hexameric complexes
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in Arabidopsis mitochondria, indicating that higher plants also contain homo-
hexameric FtsH complexes [169]. Judging by the absence of a phylogenic close
neighbour for FtsHi1, this protein might also form a homo-hexameric FtsH
complex, butwithout proteolytic activity. The function of such a complex could
be to act as a chaperone in processes related to plastid translation in chloro-
plasts, and possibly also in mitochondria.

A. wt Col-0 (left) and ftshi3-2 (right) grown un-
der SD.

B. 12-week-old wt Ler-0 (left) and ftshi1-1
(right) grown under NC.

C. 12-week-old wt Col-0, ftshi4-1 and ftshi2-1 grown under
NC.

D. Leaves of 10-week-old wt Col-0 and ftshi2-1 grown
in SD followed by threeweeks CL exposure for ftshi2-1
(left). ftshi2-1 flowering after 15 weeks in SD (middle)
and 16 days in CL (right).

Figure 12: Photos of representative plants with obvious phenotypes. Plants in 12B. and 12C.
show smaller rosettes, while 12A. shows a difference in colour of the plant. Image 12D. shows
characteristics of the ftshi2-1mutants.
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At-FtsHi2, i4, i5 and 12 could bemembers of the same hetero-hexameric FtsH
complex
The five inactive FtsH proteases in Arabidopsis cannot be considered a ho-
mogenous group, in fact they differ quite a lot. For example, the predicted
number of transmembrane helices are one (FtsHi2 and i4), two (FtsHi1 and
i5), or three (FtsHi3), and the number of amino acids (aa) in their mature
peptide sequence vary from 622 aa for FtsHi3 to 1320 aa for FtsHi5 [196].
However, all inactive members are predicted to be chloroplast localized, and
they have been identified within the chloroplast envelope membrane together
with four of the active FtsHs [132]. The presence of nine FtsH proteases in the
chloroplast envelope membrane opens up for speculation whether they form
hetero-hexameric complexes consisting of both active and inactive members.
The proteolytically active FtsH12 is closely co-expressed with FtsHi5, and the
two proteases form a pair in the phylogenic tree (Figure 7, Paper III). FtsHi2,
i4, i5, and 12 cluster separately in the phylogenic tree and could be partners
in a hexameric complex with more than one copy of each protein (Figure 7).
This is in line with the described interaction between FtsHi2 and i4, which
are not only interacting with each other, but also with themselves in the yeast
two-hybrid system [135]. FTSHi2 and FTSHi5 are strongly co-expressed with
each other, being the only inactive FtsHs directly linked to another FtsH. FT-
SHi2 also connects to the gene encoding ARC3 (AT1G75010), a protein in-
hibiting the formation of the FtsZ ring initiating chloroplast division [197].
FTSHi5 also is linked to FTSH12 (AT1G79560). In addition, FTSHi2 is con-
nected to FTSHi4 via the gene encoding plastid transcriptionally active (PTA)
12 (At2G34640) and to FTSHi3 via the gene encoding organelle transcript pro-
cessing 51 (OTP51, AT2G15820). PTAC12 has been demonstrated to be neces-
sary for the activity of the plastid encoded RNA polymerase (PEP) [198]. The
gene encoding OTP51 is a splicing factor, and the absence of the gene prod-
uct results in lack of PSI and PSII subunits [199]. This close co-expression
supports the hypothesis that FtsHi2, i4, i5, and 12 form a complex. The func-
tion of such a complex could then be a combination of the proteolytic activity
from the active protease in sync with a possible chaperone activity from the
inactive ones. Previously, experiments with the FtsH1-2-5-8 complex revealed
that it was still proteolytically active after removal of the histidine binding sites
in FtsH2, suggesting that the proteolysis is independent of active or inactive
state of the other subunits [139]. Overall, the gene expression analysis indi-
cates that hexameric complexes including inactive FtsH proteases might have
a role in chloroplast development by regulating the expression of genes encod-
ing plastid proteins.
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Disruption of FTSHi3 results in increased numbers of trichomes in Arabidop-
sis
FTSHi3mutants grown at SD showed a greyish colour compared to wt, a phe-
notype that wasmore obvious after 14weeks (Figure 12A.) (Paper III). No large
differences in comparison to wt plants were observed for any lines at the age
of six weeks in terms of single chlorophyll a or b levels or carotenoid content
(Paper III). However, the anthocyanin as well as total chlorophyll levels were
increased in FTSHi3 11-week-old mutants (Paper III). Because the grey colour
was seen already in seedlings, the colourwas not due to increased anthocyanin.
Trichomes (leaf hairs) are covered by a wax, which could obscure the green
chlorophyll. A drastic increase in trichomes was observed for the ftshi3 mu-
tants already at the age of three weeks, but also in plants that were seven and
12 weeks old (Paper III). From the phylogenic tree, it seems possible that the
uncharacterised proteolytically active FtsH7 and 9 could constitute a phylo-
genic pair and be in a complex with FtsHi3 (Figure 7). It is not possible to
suggest a function for such a complex based on any data available today. How-
ever, FTSHi3 is co-expressed with the genes encoding the PEP-related PTAC2
(AT1G74850) and also the splicing factor OTP51 (Paper III). Thus, the FtsH7-
9-i3 complexmight have a function related to the expression of plastid proteins
together with the FtsHi2-i4-i5-12 complex.

To summarize, inactive members of the FtsH protease family are identified
only in organisms that have chloroplasts. No homozygote T-DNA insertions
within Arabidopsis FTSHis are reported, and in our hands only heterozygote
mutants have been identified. One ftshi2 mutant line showed a drastic phe-
notype, and the FtsHi2 protein level in the mutant was 60 % of wt. ftshi1
and ftshi4 showed reduced growth under all conditions. FTSHi1 co-expresses
strongly with genes encoding all three branched-chain aminoacyl tRNA lig-
ases, so its functionmight be related to translation. FtsHi2, i4, i5, and 12might
form a hetero-hexameric complex combining chaperone and protease func-
tions in the regulation of gene expression of plastid proteins. FtsHi3 shows
increased numbers of trichomes and slightly induced anthocyanin under stan-
dard growth conditions.
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6 Conclusions

PsbY is a chaperone for Cytochrome b559 in Photosystem II of Arabidopsis
thaliana - Paper I.
We suggest that the disruption of PSBY leads to blockage of the protective cir-
cular electron pathway around PSII, resulting in plants that are sensitive to
photodamage. The majority (96 %) of all Cyt b559 in psbY was constantly in
the oxidised LP form, and this was seen already in darkness and without a sig-
nificant increase upon illumination. For wt plants, only 47 % of Cyt b559 was in
the oxidised LP form in darkness, and the remaining 53 % was oxidised upon
illumination. No differences in the recovery of the photochemical efficiency of
PSII (Fv/Fm) after photodamage was observed between wt and psbY plants.
However, the photochemical efficiency was drastically decreased in psbY after
8 h exposure to continuous high-intensity light, while the decrease in wt was
not so strong. The data suggest that psbY is sensitive to photostress, but the
PSII repair mechanism is not altered in the absence of PsbY. We propose that
PsbY has a function as a chaperone and that the protein provides
shelter for hFe fromoxidizing compounds or stabilises the environ-
ment around QB so that hFe can be reduced and send the electron back to
P680+ (Figure 13). PsbE and PsbF are still intact within the complex, because

Figure 13: Overview of protective electron transport in presence (left) and absence (right) of
PsbY. The first step is the charge separation between chlorophyll P680 and pheophytin (1a and
b). The electron travels via QA to QB (2a and b). In case of photostress, the electron passes the
heme group of Cytochrome b559 (hFe) with PsbY on the ”other side” to block the straightforward
electron transfer (3a). In the absence of PsbY, hFe is exposed to the thylakoid membrane and
easily oxidised, or the QB site is affected so that hFe cannot be reduced by quinones (3b). The
blocking by PsbY enable the electron to be passed back towards the site of charge separation via
β-carotene or chlorophyll Z (4 and 5). PsbY (magenta), PsbE (green), and PsbF (yellow) and the
heme group of Cytochrome b559 (hFe, blue) are highlighted, and the remaining subunits of PSII
are depicted in grey. Additional molecules are chlorophyll (green), β-carotene (orange) and QA/B
(red). PDB code: 4UB6, with slab view (two z-clipping panels of 25 Å) for better visualization [19].
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they immunostain with the same intensity in wt and psbY, so most probably
PsbY acts as a functional chaperone for Cyt b559 rather than as a structural pro-
tein. This would stabilise the Cyt b559 complex and enable it to function within
the protective cyclic electron flow around PSII.

FtsH11 protease has a role in protecting Arabidopsis chloroplasts from dam-
age during longer photoperiods and influences protein import - Paper II
From the studies presented in paper II we suggest that FtsH11 functions
to protect chloroplasts during prolonged photoperiods. Moreover,
we propose Tic22-like and YGGT as hypothetical substrates of FtsH11 because
they both accumulate in the absence of FtsH11 but the expression patterns are
not changed. However, YGGT was never identified in our proteomic studies of
wt plants, so the >250-fold increase of the protein level in themutant might be
questionable. Tic22-like co-expresses with Tic40, and this suggests a function
of Tic22-like related to protein import. Also, a double tic22mutant was shown
to be viable, and unless Tic22 is nonessential for import, Tic22-likemight com-
pensate for the lack of Tic22 [176].
Proteomics of plants grown in SD showed altered levels of several proteins re-
lated to protein import into the chloroplasts (increased protein level of SecA2
and decreased protein levels of Toc90 and 132 and Tic 20, 32, and 100). West-
ern blots showed upregulation of Toc75 and Tic40 in ftsh11 grown under CL.
In all, we interpret the data to mean that ftsh11 has a reduced protein import
already under SD. In CL,more proteins need to be imported to deal with the in-
creased light exposure, and the plant tries to compensate for the loss of FtsH11
and several translocon subunits by upregulation of SecA2 alongwith Tic40 and
Toc75, presumably forming the only mechanism for import in the absence of
FtsH11. We suggest that FtsH11, or its substrate, is directly affecting
the protein import machinery (Figure 14). One could speculate that the
function of FtsH11 could be to cut Tic22-like into a size similar to the Tic22 to
allow it to act as a trueTic22, or that the long tail of Tic22-like facilitates the for-
mation of a supercomplex including both TIC and TOC. FtsH11 is most proba-
bly located in the outer envelope (preliminary data from thermolysin/trypsin
digestion of chloroplasts), and another possible function of the protein could
be to promote the formation of the TIC-TOC-supercomplex by interacting with
Tic22-like and/or other TIC and TOC protein(s).
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Figure 14: Overview of protein import into chloroplasts of Arabidopsis, with special emphasis
on proteins related to FtsH11 gene expression. Cytosolic proteins are recognized by one of the four
isoforms of the import receptor (Toc 159, Toc132, Toc120, and Toc90), which translocates them
across the outer chloroplast membrane together with Toc34 or 33 and Toc75. The intermembrane
space protein Tic22 directs the protein to a TIC complex (Tic20, 21, 40, and 110; Tic 20, 21, 56,
100, and 214; or Tic 32, 40, 55, 62, and 110). Alternatively, proteins are inserted into the inner
envelopemembrane via SecY2/A2. Thylakoid lumen proteins are guided by SecA1 to the thylakoid
membrane translocase. Genes and proteins related to FtsH11 are illustrated in orange, blue, green,
and pink circles, while those not affected by FtsH11 are in grey circles (Paper II, [5]). The location
of FtsH11 in the outer envelope is based on preliminary results and should be considered hypo-
thetical.
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FtsHis in Arabidopsis have an effect on plant growth, and co-express with
proteins important formetabolic processes required for embryo development
- Paper III.
Paper III is still in preparation, because it needs more experiments in order to
back up the data that are presented. Most important is the determination of
protein expression levels in the mutants studied, which is essential before any
conclusions can be made based on phenotypes. qPCR should be performed on
all lines studied, and for now we can only predict a decrease in protein levels,
except for in ftshi2-1, in which we know that the level of FtsHi2 is 60 % that of
wt.
Co-expression analysis shows a separate cluster forFTSHi1 togetherwith genes
encoding tRNA ligases for the three branched-chain amino acids (connecting
leucine [AT4G04350], valine [AT5G16715], and isoleucine [AT5G49030] to
their tRNA). Also, in the phylogenic tree FtsHi1 is on its own branch. This leads
to the hypothesis that FtsHi1 functions as an ATP-dependent homo-
hexameric complex important for plant growth. The complex most
probably is involved in translation, maybe acting as a chaperone in the
process of loading branched amino acids onto their designated tRNAs or trans-
porting the charged tRNAs to the ribosome for polypeptide elongation (Fig-
ure 15). Decreased translation activity might explain the reduced vegetative
growth observed.
Arabidopsis with a T-DNA insertion in FTSHi4 display a delayed growth curve,
while most of the plants with insertions in FTSHi5 die during the first month.
ftshi2-1 displayed a decreased growth under SD and LD growth conditions,
which, surprisingly, was not observedwhen grown in the field. The other ftshi2
mutants had wt-like growth independently of growth conditions. The expres-
sion level was not determined for these mutants, but presumably they possess
a wt-like level of FtsHi2 protein, which would explain the lack of phenotype.
The active FtsH12 protease clusters together with FtsHi2, i4, and i5 in the phy-
logenic tree in a manner similar to the thylakoid hetero-hexameric complex
partners FtsH1, 2, 5, and 8. This could be indicative of a hetero-hexameric
complex with both active (FtsH12) and inactive (Ftshi2, i4, and i5)
FtsH proteases and would complement the published interaction of FtsHi2
and FtsHi4 [135]. The function of such a complex, consisting of FtsHi2, i4, i5,
and 12, might be to act as a protease and a chaperone in combination. Possi-
bly, the inactive members provide a cage for the common substrate
and FtsH12 acts as a protease by breaking a peptide bond in order
to activate the substrate or to remove, for example, transit peptides
of nuclear-encoded chloroplast located-proteins.
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Figure 15: Model for attaching amino acids (aa) onto their transfer RNA (tRNA), a reaction catal-
ysed by aminoacyl tRNA synthetases (aaRS). aaRS first binds and activates the aa (1), after which
the activated aa is attached to the correct tRNA (2). The aa-tRNA complex is released (3) and the
aaRS can be reused (4). The aa is attached to the growing polypeptide chain by the ribosome (5).
The gene encoding FtsHi1 co-expresses strongly with the genes encoding the aaRS for the loading
of the branched-chain amino acids (leucine, isoleucine, and valine) to their tRNAs (Paper III).

When briefly studying the protein sequences of the inactive FtsH, it was no-
ticed that the conserved substrate bindingpore, consisting of amino acidsMFVG
in FtsH, is actually only partly conservedwithin Arabidopsis. Interestingly, the
two confirmed type-B subunits (FtsH2 and 8) carry theMFVGmotif, but in the
two confirmed type-A subunits (FtsH1 and 5) the initial M is replaced by an L.
In FtsHi1, i2, and i5 the motif is mutated into three different versions. How-
ever, it is possible that FtsHi3 and i4 constitute type-B and type-A subunits, re-
spectively, because they have the corresponding motif sequences (MFVG and
LFVG, respectively). Also, in a complex of FtsHi2, i4, i5, and 12, only FtsHi4
has the conserved motif for substrate binding. For the possible complex con-
sisting of FtsHi3, 7, and 9, only FtsHi3 has the substrate binding motif (type
B), while FtsH7 and 9 share LYVG within the site, a possible type-C motif. For
the identified FtsH1, 2, 5, and 8 complex, at least one of each type is needed
for the assembly of an active complex [140]. This could indicate that the pres-
ence of FtsHi3 and FtsHi4 is needed to assemble the complex and to facilitate
substrate binding.
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7 Proposals for future work

It would be of interest to study the same parameters as in Paper I in Arabidop-
sis mutants where conserved amino acids within PsbY are mutated. In par-
ticular, the tryptophan (W) situated in the middle of the PsbY helix would be
an interesting target because it might act as an arm to anchor the protein in
the membrane. In that case, a W97A mutation would most probably disrupt
the correct positioning of PsbY rendering the hFe unprotected as in the case
of psbY. This would answer the question of which specific amino acids are im-
portant for the chaperone function.
Furthermore, electron microscope images of the chloroplast structure would
nicely complement the story because the LP form of Cyt b559 is mainly found in
inactive PSII, which is commonly located in the stroma lamellae, while the ac-
tive centres, containing the HP form, are found within the grana stacks [200].

The seemingly affectedprotein import in ftsh11 should be confirmed via chloro-
plast protein import studies. It would be relevant to confirm Tic22-like and
YGGT as the substrates of FtsH11, but in order to do that the partners of FtsH11
within the hexameric complex, as well as other proteins involved, would have
to be identified. Indeed, it would be interesting to identify the interaction part-
ners of FtsH11, and also of Tic22-like and YGGT. This could be conducted in
vivo, via protein purification with a tag on the specific protein, followed by
mass spectrometry (MS) identification of the captured proteins. The interact-
ing proteins could be locked in place using a cross-linker before purification.
This would also offer an indication of the exact location of the proteins based
on the locations of the identified neighbours. Confocal microscopic studies of
the proteins FtsH11, Tic22-like, and YGGT fused to, for example, fluorescent
tagged proteins in vivo would further support the localization data.
It would be interesting to determine the presence of FtsH11 in chloroplasts and
mitochondria at different ages; it could be that the protein is constantly present
in chloroplast, but is present in themitochondria only in older plants. If FtsH11
indeed is confirmed within the mitochondria, the mitochondrial proteome of
wt and ftsh11 could also be compared in the same manner as the chloroplast
proteomics that we performed.
Furthermore, it would be interesting to study the relationship between FtsH11
and ROS. Preliminary studies show a decreased level of superoxide, while the
level of hydrogen peroxide is increased in ftsh11 compared to wt (Figure AII in
the Appendix). The majority of superoxide within the chloroplast is produced
in the area of PSI. By itself, superoxide is not considered very toxic; however,
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it is easily converted to the more active hydrogen peroxide and hydroxyl radi-
cal. The hydroxyl radical cannot be removed enzymatically, and it is damaging
to cell membranes and macromolecules such as DNA. Hydrogen peroxide has
been identified as a local trigger of hypersensitive response, which is interest-
ing in relation to FtsH11, which has been identified as lsd4 [173,201]. Hydro-
gen peroxide has been proposed to be able to diffuse across biological mem-
branes via aquaporins, for instance, to act as a signal in adjacent cells and to
induce the expression of genes involved in cellular protection [201–206]. The
ROS species OH− and singlet oxygen have not been studied in ftsh11, and this
would be a good complement to the staining of superoxide and hydrogen per-
oxide.
Tic22-like, the proposed substrate of FtsH11, was found to be upregulated 2.35
fold in late defence response to aphids (48 h post infection), as well as in a
knock-out mutant of proteins important for ROS scavenging and prevention
of ROS synthesis, both indicating a function related to ROS and plant defence
[207,208]. FTSH11 also co-expresses with the gene encoding Kinesin like pro-
tein for actin based chloroplast movement 1 (KAC1, AT5G10470), a protein
that mediates the photoavoidance of Physcomitrella patens chloroplasts in an
actin-dependent manner [209]. Photoavoidance movement is a mechanism
by which the plant minimizes ROS production due to light exposure [210,211].
Further histochemical characterization to understand if ftsh11 indeed under-
goes hypersensitive programmed cell death would be, for example, to detect
dead cells (trypan blue staining) and callose deposition (aniline blue staining).
Dead cells and callose deposition are two common markers for programmed
cell death, along with production of hydrogen peroxide.

For the inactive FtsH project, it is crucial to determine the level of each specific
protein in the heterozygous mutants in order to draw any conclusions from
plant studies. Gene expression level detection, alternatively in combination
with specific antibodies, would answer the question easily. In addition, a com-
plemented line for each mutant line would be desirable.
Because ftshi knock-out Arabidopsis mutants are embryo-lethal, phenotyping
of inducible artificial microRNA lines is suitable. Perhaps mutants similar to
ftshi1-1, with mutations within the Walker motifs to inactivate the plausible
chaperone activity of the inactive FtsH, could also be interesting to study.
Identifying the hexameric complex partners of At-FtsHi proteins via complex
purification and MS identification would be very interesting. When the com-
plex is isolated, in vitroprotease-, and chaperone activitymeasurementswould
also offer an understanding of the function of the complex(es) that include
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inactive FtsH proteases. Furthermore, assuming that FtsHi2, i4, i5, and 12
form a hexameric FtsH complex; characterization of a triple cross of chaper-
one domain-mutated FtsHi2, i4, and i5, as well as a quadruple cross where
the embryo-lethal FtsH12 also carries mutations within the protease and the
chaperone domain, would be interesting and would provide clues about how
important that complex is for the plant. Upon identification of the partners
within the hexameric complexes, it might be interesting to take the sequence
differences of the substrate binding MFVG/LFVG motif into account and re-
late them to the requirements of subunits for complex formation and activity.
Moreover, it would be interesting to follow up on the delayed wt-like pheno-
type in the field for ftshi2-1 as well as the characteristic phenotypes of plants
grown under SD, LD, and CL. Growing the plants under varying conditions
might enable the identification of the factor(s) responsible for the phenotypes.
Also, more work could be done to identify the reason for the colour change and
the increase of trichomes in ftshi3mutants.
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Appendix

Figur AI: Clustal Ω 1.2.1 multiple sequence alignment of PSBY in different organisms. At - Ara-
bidopsis thaliana; Av - Anabaena variabilis; Gt - Guillardia theta; N - Nostoc sp.; Os - Oryza
sativa (Rice); Pt - Populus trichocarpa; S6803 - Synechocystis sp.; So - Spinacia oleracea; Te -
Thermosynechococcus elongatus; Zm - Zea mays. The PsbY gene in higher plants includes one
transit peptide for chloroplast import and two for thylakoid membrane insertion of PsbY-1 and
PsbY-2 separately. In cyanobacteria and algae, only PsbY-1 is present, without any transit peptide,
indicating that both signal peptides were acquired after the endosymbiotic gene transfer of psbY
to the nucleus.
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Figur AII: Staining of ROS species in leaves of wt and ftsh11 plants grown under different con-
ditions. Nitroblue tetrazolium chloride for superoxide detection (left) and 3,3’-diaminobenzidine
for hydrogen peroxide detection (right) in wt and ftsh11. Protocol adapted from [212].
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