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Summary

In plants, oxygenic photosynthesis occurs in chloroplasts, specialized or-
ganelles that are remainders of an ancient cyanobacterium endosymbiont.
Today, understanding the biogenesis and repair of photosynthetic com-
plexes of land plants is of crucial importance to improve crops yields and
biofuel production. However, the study of plant photosynthesis is ham-
pered by the inherent technical and biological limitations of plant model
organisms. Hence, a new approach to investigate plant photosynthesis
must emerge. A promising but challenging approach would be the recon-
stitution of plant-like photosynthetic complexes in a prokaryotic chassis
such as the model cyanobacterium Synechocystis PCC 6803.

In this work, the feasibility to use Synechocystis as a chassis to study
plant photosynthesis is explored by three approaches. First, a method
to construct cDNA expression libraries from the model plant Arabidopsis
thaliana to complement photosynthetic mutants of Synechocystis is described.
A tailor-made cDNA expression vector was constructed and a procedure
for synthesis and cloning of cDNA fragments implemented. The boosted
Synechocystis transformation efficiency by two orders of magnitude enabled
the construction of a representative cDNA library. Second, the recon-
stitution in Synechocystis of the light harvesting complexes (LHC) from
Arabidopsis was attempted. The genes cpSRP43, cpSRP54, cpFtsY and Alb3,
shown previously to help the LHC reconstitution in vitro, together with
the structural gene Lhcb1, were cloned in Synechocystis within a synthetic
construct. However, not all the foreign proteins accumulated successfully.
Further analysis revealed that the gene sequence optimization affected
transcripts stability. Third, a Synechocystis mutant for SynPAM71, a putative
manganese (Mn) transporter, was characterized. The loss of SynPAM71
function induces Mn2+ sensitivity, reduces accumulation of PSI, and im-
pairs PSII activity. SynPAM71 was found in both plasma and thylakoid
membrane fractions. These data suggest that SynPAM71 is a Mn2+ exporter
that protects the cytoplasm from the detrimental effects of excess Mn2+

by shunting it into periplasmic and luminal compartments. This latter
study highlighted differences in Mn homeostasis between Arabidopsis and
Synechocystis.
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Zusammenfassung

In Pflanzen findet oxygene Photosynthese in den Chloroplasten, speziali-
sierten Organellen, die Relikte eines urprünglich Cyanobakterien-ähnlichen
Endosymbionten sind, statt. Heute ist das Verständnis der Biogenese und
Reparatur von photosynthetischen Komplexen in Landpflanzen von ent-
scheidender Bedeutung für die Verbesserung der Ernteerträge und der
Produktion von Biokraftstoffen. Das Studium der pflanzlichen Photosyn-
these wird jedoch durch die inhärenten technischen und biologischen
Einschränkungen pflanzlicher Modellorganismen behindert. Daher bedarf
es eines neuen Ansatzes zur Untersuchung der pflanzlichen Photosynthese.
Ein vielversprechender, aber anspruchsvoller, Ansatz wäre die Rekonstituti-
on von pflanzenähnlichen photosynthetischen Proteinkomplexen in einem
prokaryotischen Chassis wie dem Modell-Cyanobacterium Synechocystis.

In dieser Arbeit wird die Möglichkeit, Synechocystis als Chassis zu
verwenden, um die Pflanzen-Photosynthese zu untersuchen, durch drei
Ansätze erforscht. Zuerst wird ein Verfahren zur Konstruktion von cDNA-
Expressionsbibliotheken aus der Modellpflanze Arabidopsis zur Komple-
mentierung photosynthetischer Mutanten von Synechocystis beschrieben.
Es wurde ein entsprechender cDNA-Expressionsvektor konstruiert und
ein Verfahren zur Synthese und Klonierung von cDNA-Fragmenten im-
plementiert. Eine Steigerung der Synechocystis-Transformationseffizienz
um zwei Größenordnungen ermöglichte die Konstruktion einer reprä-
sentativen cDNA-Bibliothek. Zweitens wurde eine funktionale Rekonsti-
tution der Lichtsammelkomplexe (LHC) von Arabidopsis in Synechocystis
angestrebt. Die Gene cpSRP43, cpSRP54, cpFtsY und Alb3, die eine LHC-
Rekonstitution in vitro erlauben, wurden zusammen mit dem Strukturgen
Lhcb1 in einem synthetischen Konstrukt in Synechocystis kloniert. Aller-
dings wurden nicht alle exogenen Proteine erfolgreich akkumuliert. Weitere
Analysen zeigten, dass die erfolgte Codon-Optimierung für die Destabili-
sierung der Transkripte verantwortlich sein könnte. Drittens wurde eine
Synechocystis-Mutante für SynPAM71, einen mutmaßlichen Mangan (Mn)
-Transporter, charakterisiert. Der Verlust der SynPAM71-Funktion induziert
Mn2+-Sensitivität, reduziert die Akkumulation von PSI und beeinträch-
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tigt die PSII-Aktivität. SynPAM71 wurde sowohl in Plasma- als auch in
Thylakoid-Membranfraktionen gefunden. Diese Daten deuten darauf hin,
dass SynPAM71 ein Mn2+ Exporter ist, der das Cytoplasma vor schädlichen
Wirkungen von überschüssigem Mn2+ schützt, indem es die Kationen in
periplasmatische und luminale Kompartimente schleust. Zudem wurden
Unterschiede hinsichtlich der Mn-Homöostase zwischen Arabidopsis und
Synechocystis gefunden.
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Chapter 1

Introduction

1.1 Oxygenic photosynthesis

Photosynthesis is a biological process by which the energy of the sun is
captured and stored as electrochemical gradients and/or in chemical bonds
by an organism. This energy is in turn used to drive the energy-required
processes of life.

In particular, oxygenic photosynthesis produces dioxygen as byprod-
uct and evolved in cyanobacteria around 2.4-2.35 billion years ago [1],
determining the direction of the evolution of life on Earth. In oxygenic
photosynthesis the energy of sunlight is captured to extract electrons from
water, channelling them through two photosystems that work in series
(photosystem II, PSII, and photosystem I, PSI) to generate reducing power
and high-energy chemical bonds as final products.

The process of oxygenic photosynthesis as occurs in land plants is
shown in Figure 1.1. In plants, photosynthesis takes place inside spe-
cialized organelles called chloroplasts, that are remainders of an ancient
cyanobacterium endosymbiont. Inside the choloplasts, the photosynthetic
apparatus is embedded in distinct membranes, called thylakoids. The en-
ergy of photons gathered by light harvesting complexes (LHC) is funneled
to the chlorophyll P680 of PSII, which ejects one electron to consecutively
reduce the electron acceptors pheophytin, QA and the plastoquinone (PQ),
bound to the PSII QB site. The electron hole of the chlorophyll P680+ is
filled by an electron of the nearby redox-active-tyrosine (Tz), which in turn
is reduced by the oxygen-evolving-complex (OEC) that is able to harvest
electrons from the oxidation of water. Through the action of the OEC, four
successive photooxidation reactions from PSII oxidize two molecules of
water to produce dioxygen and four protons. While oxygen diffuses in
the atmosphere, protons remain in the internal compartment delimited
by the thylakoid membranes (lumen), building up an electrochemical gra-
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Figure 1.1: Oxygenic photosynthesis in land plants. See text for details.

dient. The extracted electrons are transferred from PSII to cytochrome
b6f (Cyt b6f ) via the soluble electron carrier PQ and from Cyt b6f to PSI
from the small soluble protein plastocyanin (PC) (Fig. 1.1). The electron
transfer along Cyt b6f further contributes to build up an electrochemical
gradient in the lumen (Fig. 1.1). The PSI complex catalyze the oxidation
of PC and the reduction of ferredoxin (Fd) at the non-lumenal side of PSI
(Fig. 1.1). The photochemistry of PSI is initiated by the P700 chlorophyll-a
(Chla) dimer, that transfer electrons to a Chla monomer (A0) which then
reduces sequentially the phylloquinone A1, three iron-sulfur complexes
and ferredoxin (Fd). Fd, in turn, reduces NADP+ in a reaction mediated
by ferredoxin-NADP+ reductase (FNR) to yield the final product NADPH
(Fig. 1.1). The dissipation of the luminal proton gradient is coupled with
the enzymatic synthesis of ATP by the multiprotein complex of ATP syn-
thase. The high-energy chemical bonds of ATP and the reducing power
of NADPH are then used for the metabolic processes of the cell, among
which the incorporation of CO2 into carbohydrates in the Calvin-Benson
cycle (CBC).

1.2 Oxygenic photosynthesis in land plants and cyanobac-
teria

Chloroplasts are specialized organelles originated from an ancient endosym-
biotic event between an ancestral cyanobacterium and a heterotrophic eu-
karyote [3] [4]. During evolution, cyanobacterial genes were transferred to
the nucleus of the host. Therefore, cyanobacterial nuclear genes encode for
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Figure 1.2: Protein complexes of the photosynthetic apparatus of the model land
plant Arabidopsis and of the cyanobacterium Thermosynechococcus elongatus. In the
Arabidopsis panel, the representation of chloroplast gene products are colored in
green, those from nuclear genes and imported from the cytoplasm are yellow.
Figure adapted from [2], with permission from Elsevier.
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proteins which are imported, post-translationally, back into the chloroplast
(Fig. 1.2, upper panel).

Although the endosymbiotic event occurred around 1.5 billion years
ago, the photochemistry of photosynthesis, and the processes of electron
transport and ATP synthesis are clearly conserved between cyanobacteria
and land plants [2] (Fig. 1.2) . The subunit composition of the photosyn-
thetic apparatus reveals little differences (Fig. 1.2). The photosynthetic
machineries between photosynthetic organisms show such a high degree
of similarity that their subunits could be exchanged among different pho-
tosynthetic organisms. It has been shown that four subunits (PsbA -D1-,
PsbD -D2-, CP43, CP47) of the PSII core of the model green alga Chlamy-
domonas reinhardtii could be replaced by the homologous subunits from
three different green algae, reconstituting the photosynthetic activity to
85, 55, and 53% of the wild-type level [5]. Furthermore, the PSII core
subunit D1 of the cyanobacterium Synechocystis could be replaced by the
homologous subunit of the land plant Poa annua, resulting in a functional
chimeric PSII [6]. Recently, it was also shown that a Synechocystis mutant of
the PSI core subunit PsaA of Synechocystis could be partially rescued by the
homologous protein PsaA from Arabidopsis [7]. Despite the evolutionary
distance, Synechocystis D1 shares 83% amino acid identity with the D1
from Poa annua (81% with the D1 from Arabidopsis), and Synechocystis PsaA
shares 80% amino acid identity with the homolog from Arabidopsis.

Despite strong similarities, the photosynthetic machineries of cyanobac-
teria and plants display some differences (Fig. 1.2). Peripheral antenna com-
plexes evolved multiple times to adapt to different light environments [8].
Cyanobacteria such as Synechocystis contain phycobilisomes, huge soluble
protein complexes that absorbs 550-650 nm wavelengths, while land plants
contain LHCs, membrane-embedded protein complexes that absorb blue
(around 440 nm) and red (around 660 nm) photons (Fig. 1.2). Further-
more, the assembly and repair of photosystems is an elaborate process
that depends on the action of a plethora of different assembly factors that
coordinate the assembly of stable intermediate modules. Several common
intermediate modules have been found between cyanobacteria and plants,
and indeed a large set of assembly factors was found conserved between
these organisms [9] [10] [11] . However, some diversification occurs during
the evolution, and some assembly and repair factors has been found in
plants but not in cyanobacteria and vice versa [9] [10]. This discrepancy
might reflect the evolution of novel plant-specific assembly factors that
either substituted cyanobacterial counterparts or evolved in response to the
new conditions of life on land [12].

Although photosynthesis is one of the best understood and most studied
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biological process, the biogenesis and assembly of photosystems are still
poorly understood. Moreover, we lack the ability to extensively engineer
the photosynthetic apparatus of land plants to exploit this formidable
biological tool for mankind needs.

1.3 Significance of photosynthesis domestication

Understanding the molecular mechanisms involved in the assembly and
repair of photosynthetic machineries will be critical to either improve
photosynthetic efficiency to enhance crop yield and biofuel production or
to use photosystems for in vitro applications.

Crop yield depends on four parameters: i) the incident solar radia-
tion, ii) the efficiency with which the crop intercepts that radiation, iii)
the efficiency in converting the intercepted radiation into biomass (con-
version efficiency) and iv) the partition of the biomass into the harvested
part of the plant (grains). Traditional plant breeding and selection used
throughout the Green Revolution could not overcome the limitations of
photosynthetic conversion because the photosynthetic apparatus is highly
conserved within and among different cultivars [13] [14]. Hence, conver-
sion efficiency is the only parameter that remained significantly lower its
theoretical limit [15] [16]. Conversion efficiency hinge on photosynthetic
performance in converting the radiant energy into biomass. Improvements
of photosynthetic performance would aim at engineering the light and
carbon capture and conversion [14]. In particular, the targets for enhancing
light conversion would focus on i) lowering the light absorptivity in order
to decrease deleterious photooxidations and the pathways involved in their
quenching [14] [16] ii) the introduction of exogenous photosysthems that
are not in competition for the quality of photons absorbed [14]. These
strategies all rely on the radical redesign of the plant photosynthetic ap-
paratus, and will require plant genetic engineering at an unprecedented
scale.

In addition, food availability and therefore prices are affected by the
cost of fossil fuels, in particular the price of crude oil. Fossil fuels are
used for agricultural machines and means for food transport and are
therefore pivotal to keep the low prices of food. However, conventional
oil resources are at an advanced stage of depletion, hence liquid fuels
will become more expensive [17]. Biofuels are a valid alternative when
they do not compete for arable lands. Biofuels are compounds derived
from recently lived organisms and therefore have a low impact on the
rise of carbon emission in the atmosphere. Biofuels are produced from
either lignocellulosic biomass from agricultural left-overs [18], from algae
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or cyanobacteria [19] [20], or from non-edible oil seeds (an example is
the biodiesel production from the Jatropha tree seeds [21]). Yet, biofuels
production rely on the efficiency of photosynthetic conversion. There-
fore, concomitantly with improving engine-technology for using biofuels,
improvement of photosynthesis would be crucial to sustain the nascent
biofuel-based economy.

Furthermore, identify the still unknown accessory factors necessary for
assembly and repair of photosystems would pave the way for exploiting
photosystems for in vitro applications. For instance, electrons produced
from the photosynthetic apparatus can be harvested by biophotovoltaic
devices (BPVs) [22] [23] [24]. In BPVs photosynthetic electrons can be
harvested applying photosystems on the surface of electrodes [25] [24].
The main disadvantage of BPVs is their poor stability over time, when
compared to other inorganic photovoltaic systems [26]. Since photosystems
are sophisticated multisubunit protein complexes that need the help of
many accessory factors to assemble them correctly, the photosystems used
in BPVs are extracted from cyanobacteria or plants. Many of the factors
for assembly and repair of photosystems have not been identified yet [11],
leaving the in vitro assembly and repair of functional photosystems for in
vitro applications, such as for BPV, an open challenge.

1.4 Plant photosynthesis in the light of synthetic bi-
ology

The radical redesign of the photosynthetic apparatus will require genetic
engineering at an unprecedented scale, which poses various technical
challenges that can not be fulfilled by directly engineering plants [14]. In
fact, even if directed genome engineering techniques has been successfully
applied in plants (e.g. CRISPR-Cas systems [27], TALEN [28] or ZFN [29]
proteins), engineering a complicated process such as plant photosynthesis
is still challenged by inherent difficulties in handling complex organisms
such as the plant model organism Arabidopsis: long generation times (1.5
month for wild-type Arabidopsis), difficulty of screening libraries of mutants
or to pursue adapted evolution on a sufficient number of individuals, and
inability to grow them heterotrophically over generations. This latter ability
is extremely useful when trying to dissect and engineering photosynthetic
complexes.

Furthermore, forward and reverse genetic screenings could still be
used to find new players involved in photosynthesis, but setting up the
appropriate screening procedure to identify new factors that fine-tune the
photosynthetic process or help the assembly of photosystems is challenging,
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moreover when the desired phenotype is the result of gene redundancy.
Hence, a new strategy to study photosynthesis is necessary. One promis-

ing but challenging approach would be the tentative assembly of a plant-
like photosynthetic apparatus in a orthogonal biological system (chassis)
easier to handle than plants, such as a cyanobacterium. Indeed, a cyanobac-
terium would provide not only thylakoid membranes for specific structural
support to the plant photosystems, but also a number of evolutionary
conserved accessory factors that could help their assembly and stabiliza-
tion [10]. Concepts of design, chassis, orthogonality and parts are borrowed
from the science of engineering. Indeed, a new-born branch of biology,
named Synthetic Biology (SynBio), used these concepts to try to dissect
biological systems with the final aim to either re-design or building them
up from scratch.

This approach would help to i) isolate the plant-specific accessory fac-
tors involved in the photosystem assembly and repair and ii) the extensive
engineering of the plant-specific photosynthetic apparatus in a prokary-
otic chassis (e.g. for high irradiance tolerance), with the final purpose to
re-introduce it back to the original plant organism. A promising chassis to
pursue this goal is the model cyanobacterium Synechocystis [11] [10] [14].

Concepts of design, chassis, orthogonality and parts are borrowed from
the science of engineering. A new-born branch of biology, named Synthetic
Biology (SynBio), use these concepts to dissect biological systems with the
final aim of either re-design or building them up from scratch.

1.5 Synechocystis PCC6803 as the prokaryotic chassis
to study plant photosynthesis

Synechocystis is a freshwater cyanobacterium that performs oxygenic photo-
synthesis. Synechocystis has a duplication time as short as 6 hours and it is
naturally competent, meaning that it takes up DNA from the environment
without requiring chemical or electrical treatments. If the engulfed DNA
contains regions identical to genome, homologous recombination occurs,
resulting in the introduction of the exogenous DNA into specific regions of
the genome, hence specific knock-outs can be created by homologous re-
combination. Since Synechocystis carries more than one copy of the genome
(ranging from 5 to 20 copies, depending on lab strain and conditions [30]),
the growth in more stringent conditions is required (e.g. increasing the
antibiotic concentration over time) in order to isolate homozygous mutants.
In addition, a glucose-tolerant strains are available [31] which can grow
heterotrophically [32]. Furthermore, there are extensive molecular biol-
ogy tools available (although not as well characterized and defined as for
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Escherichia coli). All these characteristics make Synechocystis a convenient
organism to study oxygenic photosynthesis.

Indeed, not only Synechocystis has been extensively used to study pho-
tosynthesis but it is also the cyanobacterium in which SynBio concepts to
study photosynthesis has been tested the most [33] [34]. Some plant-specific
components, such as a protein of the core of PSII (psbA, D1) [6], the enzyme
to synthesize chlorophyll-b (chlorophyllide-a oxygenase, CAO) [35], and
the plant peripheral antenna (Lhcb1) [36] have been already introduced into
Synechocystis with various degree of success. In particular, the D1 protein
from Poa annua could reconstitute functional Poa-Synechocystis hybrid PSII
complexes [6], the accumulation of the CAO protein from Arabidopsis con-
verted almost all chlorophyll-a (Chl-a) into chlorophyll-b (Chl-b), which,
in turn, replaced almost all the Chl-a molucules in the endogenous func-
tional photosystems [35]. The expression of the Lhcb1 peripheral antenna
gene from Arabidopsis did result in the accumulation of a Lhcb1 protein
fragment [36].

Hence, among the commonly studied cyanobacteria, Synechocystis is by
far the most suitable species in which plant-like photosystems could be
introduced and in which could be foreseen a functional complementation
with cDNA libraries and extensive engineering of the plant photosystems
through adaptive evolution or direct protein engineering [11] [10].

1.6 Aim of the work

The work presented here is part of a long-term project in which Synechocystis
is used as a chassis to study the assembly of Arabidopsis photosynthetic
complexes.

In line with the previous works of Viola [37] and Vamvaka [38], this dis-
sertation further explores how extensively Synechocystis could be exploited
as a synthetic biology platform to study plant photosynthesis. In particular,
three projects are discussed:

Shotgun functional complementation of Synechocystis phototosynthetic
mutants with a cDNA library from Arabidopsis A method to im-
plement the construction of cDNA libraries in Synechocystis is de-
scribed. This method paves the way to isolate new genes involved in
photosynthesis through heterologous functional complementation of
Synechocystis photosynthetic mutants with cDNA libraries from land
plants such as Arabidopsis;

Expression and stabilization of functional LHCII in Synechocystis The
coding sequence of Lhcb1, the peripheral antenna of Arabidopsis, to-
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gether with the genes coding for the Arabidopsis signal recognition
particle pathway (SRP) were introduced into Synechocystis to tenta-
tively express, stabilize and insert the plant-type peripheral antenna
into Synechocystis;

The transporter SynPAM71 is required to maintain Mn homeostasis in
Synechocystis Mn is the crucial divalent metal constituting the oxy-
gen evolving complex (OEC) at the luminal side of PSII. In organisms
that perform oxygenic photosynthesis, regulation of Mn homeosta-
sis is essential. The characterization of a Synechocystis knock-out
mutant for SynPAM71, a novel identified key player in Mn home-
ostasis in Synechocystis, is described. Further, differences between
Mn homeostasis of Arabidopsis and Synechocystis, are highlighted and
discussed.

1.6.1 Shotgun functional complementation of Synechocystis pho-
totosynthetic mutants with a cDNA library from Arabidop-
sis

Interspecies (or heterologous) functional complementation is one of the
most powerful method to isolate unknown genes of which the protein
product shares the same molecular function in different organisms.

As early as 1976, yeast genomic DNA was used to complement an
auxotrophic mutation in E. coli [39]. However, bacteria do not harbour
eukaryotic specific post transcriptional modifications (e.g. splicing). There-
fore, as soon as methods to synthesize double-stranded complementary
DNA (ds cDNA) and to clone DNA fragments in plasmids [40] were avail-
able, a number of groups independently attempted to establish methods
for cDNA cloning [41] [42] [43]. Since then, many genes have been isolated
and characterized in E. coli by interspecies complementation.

The methods described in the work of Maniatis and Gubler [42] [44]
were the most widely used, until few years after the first published method,
a new method relying on the introduction of polymerase chain reaction
(PCR) to clone cDNA starting from minute amounts of mRNA was es-
tablished [45]. Still, the high mutation rate of the polymerases employed
hampered the reliability and widespread of such technique [45]. The advent
of high-fidelity thermostable polymerases, almost a decade later, finally
satisfied the concerns raised about the high mutation rate introduced in
the amplified cDNAs, and methods such as the cDNA cloning exploiting
the 5’ oligo-capping [46] [47], or the Switching Mechanism At the 5’ end of
the RNA Transcript (SMARTTM) [48] started to be used to construct cDNA
libraries.
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Besides the advances in cDNA synthesis, another step forward in cDNA
library construction was the use of the bacteriophage λ as vector to take
advantage of the high efficiency and reproducibility of the in vitro packag-
ing into infectious virus particles, which gave the best results in terms of
transformation efficiency in E. coli when compared to plasmid transforma-
tion [49] [50].

All the cDNA libraries constructed to date were mostly accomplished
in the model bacterium E. coli or in model unicellular eukaryotes, such as
Saccharomyces cerevisiae [50]. Recently, the possibility to construct cDNA
libraries in plant protoplasts became also available, after the implementation
of method to efficiently transform plant protoplasts [51] [52].

In fact, the success of interspecies functional complementation methods
strongly rely on the availability of three distinct tools i) tailored molecular
biology tools for cloning and expression of cDNA libraries (e.g. specific
expression vectors) ii) a method to efficiently transform the final host iii) a
robust, sensitive and specific selective assay to identify the complemented
clones.

High efficiency of transformation and tailored molecular biology tools
are indeed extensively available for model organisms such as E. coli or S.
cerevisiae [50]. However, since in these model organisms it is not possi-
ble to exploit the power of heterologous functional complementation to
study photosynthesis, a model organisms which harbours photosynthetic
complexes has to be used as final host, such as the model cyanobacterium
Synechocystis.

Contrary to E. coli, Synechocystis lacks many molecular biology tools
useful for constructing cDNA libraries. Moreover, the transformation
efficiency of Synechocystis is low compared to E. coli. In this work these
issues have been addressed and a method to construct expression cDNA
libraries in Synechocystis is described.

1.6.2 Expression and stabilization of functional LHCII in Syne-
chocystis

In this project the introduction of the functional peripheral antenna com-
plexes of Arabidopsis into Synechocystis have been attempted.

Peripheral antenna complexes have evolved to enhance the capture of
photons for photosynthesis. Peripheral antenna complexes are remarkably
diverse among photosynthetic organisms and indeed they were invented
multiple times in the course of evolution to adapt photosynthetic organisms
to different light environments (see Fig.1.2).

Phycobilisomes are Synechocystis peripheral antenna. Phycobilisomes
are huge (3-7 MDa) soluble protein complexes which covalently bind bilin
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chromophores by thioether bonds. The core antennas of Synechocystis PSI
and PSII are embedded in chlorophyll-a (Chla), absorbing blue (443 nm,
measured as free pigment in pyridine [53]) and red photons (671 nm [53]).
Due to bilins, phycobilisomes extend the photons absorption to wavelengths
that spans between 550 to 650 nm. Green algae and plants harbour instead
a set of membrane-embedded peripheral antenna complexes, called light
harvesting complexes (LHCs), which room both Chla and chlorophyll
b (Chlb) as light-gathering pigments and therefore enhance the photon
harvest for blue (443 and 473 nm for Chla and Chlb, respectively [53]) and
red (671 and 655 nm [53]) photons.

Swapping peripheral antennas between photosynthetic organisms has
the potential to tune the quality of the absorbed wavelengths used to drive
the photosynthetic process. A Synechocystis strain harbouring functional
LHCs in place of phycobilisomes, could harvest photons in the range
of the chlorophyll absorption. Concerning practical applications, such a
Synechocystis strain could be useful to increase biomass in bioreactors when
used in mixed Synechocystis cultures. A LHCs-containing Synechocystis
strain and a Synechocystis containing phycobilisomes would indeed be
”transparent” to each other, avoiding photon competition when grown in
the same bioreactor.

Interestingly, if the LHCs accumulation into Synechocystis will not occur,
the created Synechocystis strain could be used as a chassis to isolate still
unknown plant-specific factors involved in the process of reconstitution of
LHCs into thylakoid membranes exploiting the cDNA expression library
described in section 3.1.

Lhcs proteins are encoded by several nuclear genes in Arabidopsis and
can be either associated with PSI (LHCI complexes constituted by Lhca
proteins which are encoded by the lhca genes) or with PSII (LHCII com-
plexes constituted by lhcb proteins, encoded by the lhcb genes). Most of
the photons converted to biochemical energy and biomass through photo-
synthesis are harvested by the major antenna LHCII. The functional unit of
LHCII antenna is the trimer, with each monomer constituted by three trans-
membrane helices embedded by numerous pigments (Fig. 1.3A). LHCII is
constituted by the nuclear-encoded proteins Lhcb1, Lhcb2, Lhcb3. Among
these, Lhcb1 is the most abundant form and is the only Lhc protein able to
form functional homotrimers [54] [55].

All Lhcs are nuclear genes, hence they are transcribed and translated in
the cytoplasm of the plant cell. Lhcs are thus posttranslationally delivered
to the chloroplast due to an N-terminal chloroplast target peptide (cTP),
and there are imported across the envelope membranes. Once in the
stroma, several factors are involved in integrating and assembling LHCs
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Figure 1.3: Model of the Lhcb crystal structure and a schematic representation of
the chloroplastic SRP pathway. A. Crystal structure of the Lhcb monomer from pea
embedded with pigments. The protein chain is colored from blue (N-terminal) to
red (C-terminal). Chla are shown in green, Chlb in blue, luteins in orange and other
carotenoids in yellow. Reproduced from [8]. B. Model for the post-translational
insertion of Lhcs into thylakoids via the SRP pathway. After the transport through
the TIC/TOC complex of the envelope membranes (not shown), and the cleavage
of the cTP targeting signal, the binding with cpSRP43 prevents the aggregation
on Lhcs in the stroma. cpSRP43/54 heterodimer is then responsible for the Lhc
delivery to the thylakoids, guided by cpFtsY. On the thylakoids, Alb3 supports
the proper insertion of the Lhcs. Figure adapted from [56].

into thylakoid membranes. Two pathways, the signal recognition particle
(SRP)- and the chlorophyllide-a oxygenase(CAO)-dependent pathways,
have been suggested to be responsible for the delivery of Lhcs into the
thylakoids membranes [57] [58]. The SRP pathway is to date by far the
most studied and understood pathway and is depicted in Fig. 1.3B.

When the Lhc proteins leave the envelope, they are transferred to
the soluble transit complex cpSRP (constituted by the proteins cpSRP43
and cpSRP54) via the small LTD protein [57] [59] [60] [61]. The transit
complex, loaded with one Lhc protein, is then recruited to the thylakoid
membrane by the SRP receptor cpFtsY and there the membrane insertase
Alb3 arranges the proper insertion and folding of Lhc into the thylakoid
membrane [60]Fig. 1.3B.

Among the proteins involved in Lhcs post-translational integration in
thylakoids, only cpSRP43 appears to be unique to the chloroplast, where
it has been shown to act as a Lhc-specific chaperone, preventing and
resolving Lhcs aggregation in the chloroplast stroma [59] [62] [63]. The
protein cpSRP43 tightly interacts and coordinates all the proteins involved
in the process, serving as a hub for the transport of Lhcs into thylakoids [60].
Indeed, cpSRP43 possesses three chromodomains (CD) and four ankyrin
repeats that provide a robust scaffolds for various protein interactions [64].
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Two out of three CDs have been shown to interact with the chloroplast-
specific C-terminal tails of cpSRP54 and Alb3 [62], while the ankyrin
repeats are responsible for the binding of the highly conserved DPLG
motif in the L18 region connecting TM1 and TM3 of Lhcb1 [64]. Hence,
despite homologues of Alb3, cpSRP54 and cpFtsY have been found in other
organisms, including cyanobacteria, the chloroplast-specific SRP pathway
seems to have evolved for the particular high-throughput delivery of the
abundant LHCs to the thylakoid membranes.

Strikingly, it has been shown that in the presence of cpSRP43, cpSRP54
and cpFtsY, GTP and plant thylakoids, the purified proteins LHC are
integrated into thylakoid membranes [65].

Therefore, a functional biological module for the LHCII homotrimer
insertion into Synechocystis, composed of the genes encoding for Lhcb1,
cpSRP43, cpSRP54, cpFtsY and Alb3, could be envisioned.

To introduce functional Lhcs into Synechocystis, another consideration
has to be taken into account. Each of the Lhcs monomers, composing the
trimeric LHCII, contains three transmembrane helices embedded with nu-
merous pigments: eight molecules of Chla, six of Chlb and four carotenoids,
of which two are luteins, one neoxanthin and the fourth positioned at
the monomer-monomer interface was interpreted as a xanthophyll-cycle
carotenoid (antheraxanthin or violaxanthin) [66] (Fig.1.3B). All these pig-
ments are important structural elements for Lhcs. Pigments have been
shown to be essential in the Lhc apoprotein folding and stabilization in
both in vitro and in vivo studies [67] [68] [69]), although the exact process
through which the various pigments are inserted in the apoprotein in vivo
remains to be elucidated [70].

In order to ensure the proper LHCII assembly in Synechocystis, all
these pigments must be provided. Synechocystis contains only Chla as
chlorophyll and β-carotene, zeaxanthin, echineone and myxoxanthophylls
as carotenoids [71]. Synechocystis does not contain Chlb and the required
xanthophylls. However, it has been shown that plant-specific pigments
can be extracted from plant thylakoids and supplemented to the growth
medium of Synechocystis, from which they are incorporated inside the
cyanobacterium [36]. Although the external supplementation of pigments
could be initially pursued, the final goal will be to have a stable production
of these pigments in the LHCs-bearing Synechocystis strain.

A stable production of Chlb has been already achieved in Synechocys-
tis [72] [35] and the generation of a lutein-containing Synechocystis strain
has been recently obtained in our laboratory [38], despite the recombinant
strain produce only traces of it. The enzyme zeaxanthin epoxidase (ZEP),
responsible to convert zeaxanthin into violaxanthin and antheraxanthin in
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Arabidopsis, was also introduced in Synechocystis [38]. The introduction of
the xanthophyll-cycle should be sufficient to initially stabilize the LHCs [73].
However, the introduction of ZEP into Synechocystis produced neither viola-
nor antheraxanthins, but instead unknown xanthophylls, probably because
ZEP prefers other Synechocystis endogenous xanthophylls as substrates [38].

In 1999 He and co-workers [36] already attempted to introduce LHCII
into Synechocystis. In their work, the Lhcb1 gene alone was introduced
in Synechocystis genome replacing the native PsbA3 gene, so that Lhcb1
could be expressed under the strong PpsbA3 promoter. Whilst the Lhcb1
transcript was detected, the full-length Lhcb1 protein was not stable in the
mutant. Interestingly, a small ∼ 8 kDa immuno-reactive peptide was found
accumulating in the membrane fraction only when plant pigments were
externally supplied [36]. Thus, it was suggested that the Lhcb1 protein was
instable in Synechocystis. Not all the components of the cpSRP pathway
were known at that time, and the Lhcb1 protein instability could have been
the result of the lack of a stabilizing protein environment such as the one
created by the transit complex, inducing Lhcb1 degradation.

Given the apparent simplicity of the SRP pathway, its good characteri-
zation and its successful partial reconstitution in vitro, together with the
possibility to initially feed the final Lhcs-expressing Synechocystis strain
with the required plant pigments, we attempted to introduce LHCII in
Synechocystis through the concert expression of Lhcb1 and the proteins
involved in the SRP pathway (cpSRP43, cpSRP54, cpFtsY, Alb3).

1.6.3 The Mn transporter SynPAM71 is required to maintain Mn
homeostasis in Synechocystis

In all the organisms that perform oxygenic photosynthesis isolated so far,
manganese (Mn) is an essential constituent of the Mn4O5Ca cluster at the
donor side of PSII and therefore indispensable for oxygenic photosynthesis.
However, very little is known about how Mn is transported, delivered
and retained in photosynthetic cells. In the cyanobacterium Synechocystis,
the inorganic Mn cluster is coordinated with specific amino acids in the
PSII core protein subunits D1 and CP43 (PsbA and PsbC, respectively),
and is shielded from the luminal environment by the extrinsic proteins
PsbO, PsbU and PsbV [74] [75]. In flowering plants and green algae, PsbU
and PsbV have been replaced by the proteins PsbP and PsbQ, respectively.
Cyanobacteria harbor homologs of PsbP and PsbQ, called CyanoP (PsbP-
like) and CyanoQ (PsbQ-like). In Synechocystis, CyanoP and CyanoQ have
been shown to participate in regulating and stabilizing the donor side of
PSII complexes (CyanoQ) and/or the early assembly of PSII complexes
(CyanoP) [76] [77] [78] [79].
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The importance of Mn in oxygenic photosynthesis is underlined by the
fact that, in Synechocystis, Mn accumulates to a level that is 100 times higher
than that found in the non-oxygenic photosynthetic purple bacterium
Rhodobacter capsulatus [80].

The ability to control metal allocation is essential for cell survival, there-
fore the control over the Mn shuffling around the cells has to be strictly
regulated by tailored import/export mechanisms, metal sequestration sys-
tems and adaptation of metabolism [81].

Despite the importance of Mn in oxygenic photosynthesis, the processes
involved in its transport, sequestration and delivery to its final protein
acceptors within the cell are far from being understood. In Synechocystis,
efforts to dissect the mechanisms of Mn transport and homeostasis have
revealed that this cyanobacterium stores Mn in the periplasmic space, either
bound to the outer membrane or to dedicated Mn storage proteins, such as
MncA [80] [82]. From the periplasmic space Mn2+ can enter the cytoplasm
via two distinct high-affinity transport systems [83] [84]. The first is an ABC-
type transporter encoded by the mntCAB operon, which is induced by Mn
deficiency and can be competitively inhibited by Cd2+, Zn2+ and Co2+ [84].
The expression of the mntCAB operon is regulated by the ManS/ManR
sensor-transducer system. When the extracellular concentration of Mn is
not limiting, ManS is activated by binding Mn2+, and a signal is transmitted
to ManR, which represses the transcription of mntCAB [85]. The second
transport system, whose molecular nature remains unclear, is induced
in the presence of micromolar Mn2+ concentrations and exhibits high
specificity towards Mn2+ [84]. The regulation of this Mn import system
is influenced by the ManSR system [86], but also by RfrA (a member
of the pentapeptide repeat family of proteins), although the molecular
mechanisms underlying the latter are still unknown [87]. Furthermore, this
import system is in part inhibited by the PSII inhibitor DCMU, suggesting
the existence of a regulatory mechanism that depends on photosynthetic
electron transport [80].

Together with these transport mechanisms for Mn, the system used
to deliver Mn2+ to its major recipient, PSII, has just begun to emerge in
Synechocystis. The tetratricopeptide repeat protein PratA has been shown
to be responsible of the pre-loading of Mn2+ into D1 of Synechocystis [88].

Recently, a protein involved in the uptake of Mn2+ (and potentially
also of Ca2+) into the thylakoid lumen of Arabidopsis, named PAM71, was
characterized [89] [90]. PAM71 belongs to the evolutionarily conserved
UPF0016 family of membrane proteins, homologues of which are thought
to mediate Ca2+ and/or Mn2+ transport across Golgi membranes in yeasts
and humans [91] [92].
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In Arabidopsis as well as in other land plants, PAM71 is present in a
small family of proteins. In Arabidopsis, in particular, PAM71 is part of a
family of 5 proteins, two of which located in the chloroplast. However, in
Synechocystis, only one PAM71 homolog is present (hereafter called Syn-
PAM71). The investigation of the primordial version of this class of proteins
could suggest how Mn transport and handling evolved in photosynthetic
organisms. Therefore, a mutant in Synechocystis for SynPAM71 was created
and characterized.



Chapter 2

Materials and Methods

2.1 Materials

Standard chemicals were purchased from Roth (Karlsruhe, Germany),
Duchefa (Haarlen, Netherlands), Applichem (Darmstadt, Germany), Serva
(Heidelberg, German), Invitrogen (Darmstadt, Germany) and Sigma-Aldrich
(Steinheim, Germany). Restriction enzymes were purchased from New Eng-
land Biolabs (Ipswich, MA, USA). Polymerases employed in this study were:
Taq DNA polymerase from QIAgen (Venlo, Netherlands) and Phusion high-
fidelity polymerase from NEB. Reverse transcriptase MMLV, Advantage
PCR and size fractionation CHROMA SPIN-400 columns were purchased
by Clontech. The DNA molecular weight markers employed in this study
was GeneRulerTM 1 kb Plus DNA ladder (Thermo Scientific, Rockford,
USA); the protein molecular weight marker was PageRuler pre-stained
marker (10 to 170 kDa) purchased from Thermo Scientific. All the primers
were purchased from Metabion GmbH (Martinsried, Germany). Antibod-
ies used to immunodecorate western-blot membranes: αpsaD (Agrisera,
Sweden). Plasmids used in this study are listed in table 2.1 and bacterial
strains in table 2.5.

2.2 Methods used in the cDNA library preparation

2.2.1 RNA extraction from Arabidopsis

Leaves from 3-weeks old plants grown in 12 h light/12 h dark cycle were
harvested and immediately frozen in liquid nitrogen. Leaves were ground
in a mortar in liquid nitrogen. 1/3 of a 2 ml reaction tube was filled
with the powder and 700 µL TRIzol reagent added. The suspension was
vortexed for 2 min at RT and centrifuged 10 min at 4°C, 12000xg. The
supernatant was mixed with equal volume of chloroform, vortexed for 1

17



18 Materials and Methods

Table
2.1:Plasm

ids
used

to
construct

a
cD

N
A

library
in

Synechocystis

Plasm
id

C
haracteristics

Selection
Source

pU
R

pV
Z

derived,m
obilizable

plasm
id

K
m

R,Sp
R

P
rof.

D
r.

A
nnegret

W
ild

e
(Ju

stu
s-L

iebig
U

niversity,
G

iessen)
[93]

pU
R

2
pU

R
w

ithoutSfiI
site

in
the

backbone
K

m
R,Sp

R
this

study
pU

R
2D

+
pU

R
2

expressing
A

tPsaD
w

ith
cTP

K
m

R,Sp
R

this
study

pU
R

2D
-

pU
R

2
expressing

A
tPsaD

w
ithout

cTP
K

m
R,Sp

R
this

study
pU

R
2LT

p
U

R
2

w
ith

m
od

ifi
ed

cloning
site:

ribosom
al

slid
ing

site
(T

13 )
d

ow
nstream

A
T

G
,SfiIA

and
SfiIB

as
cD

N
A

cloning
sites

K
m

R,Sp
R

this
study

pIC
H

69822
D

estination
vector

for
G

olden
G

ate
C

loning
K

m
R

E.W
eber

(Icon
G

enetics
G

m
bH

,H
alle)

pC
M

psaD
pIC

H
69822

w
ith

psaD
flanking

regions
and

chloram
pheni-

col
acetyltransferase

(cat)
resistance

cassette,
obtained

from
Synechocystis

∆
ycf48

K
m

R,C
m

R
This

study



2.2 Methods used in the cDNA library preparation 19

Ta
bl

e
2.

2:
Ba

ct
er

ia
ls

tr
ai

ns
us

ed
to

co
ns

tr
uc

t
a

cD
N

A
lib

ra
ry

in
Sy

ne
ch

oc
ys

tis
.

St
ra

in
C

ha
ra

ct
er

is
ti

cs
Se

le
ct

io
n

So
ur

ce
E.

co
li

D
H

5α
u

se
d

fo
r

cl
on

in
g

p
ro

ce
d

u
re

s,
fh

u
A

2
la

c∆
U

16
9

p
ho

A
gl

nV
44

Φ
80

’l
ac

Z
∆

M
15

gy
rA

96
re

cA
1

re
lA

1
en

dA
1

th
i-

1
hs

dR
17

M
eg

aX
D

H
10

B
T

M
T1

R
F-

m
cr

A
∆

(m
rr

-h
sd

R
M

S-
m

cr
B

C
),

Φ
80

la
cZ

∆
M

15
∆

la
cX

74
re

cA
1

en
d

A
1

ar
aD

13
9

∆
(a

ra
,

le
u

)7
69

7
ga

lU
ga

lK
λ

-
rp

sL
nu

pG
to

nA

In
vi

tr
og

en

H
el

pe
r

ha
rb

ou
ri

ng
fe

rt
ili

ty
R

P
4

p
la

sm
id

[9
4]

(I
nc

P
α

gr
ou

p)
K

m
R

,A
m

p
R

Pr
of

.A
nn

eg
re

t
W

ild
e

(J
us

tu
s-

Li
eb

ig
U

ni
-

ve
rs

it
y,

G
ie

ss
en

)
Sy

ne
ch

oc
ys

tis
PC

C
68

03
G

T
G

lu
co

se
to

le
ra

nt
Pr

of
.H

.P
ak

ra
si

(W
as

hi
ng

to
n

U
ni

ve
rs

it
y,

St
.L

ou
is

,M
is

so
ur

i)
∆

yc
f4

8
im

pa
ir

ed
in

PS
II

as
se

m
bl

y
C

m
R

P
ro

f.
J.

K
om

en
d

a
(C

en
te

r
A

lg
at

ec
h,

T
ře
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min and centrifuged again as before. The supernatant was then mixed with
equal volume of phenol/chloroform/isoamylalchool, vortexed for 1 min
and centrifuged as before. The supernatant fractions were collected taking
care to leave the intact interphase, which contained genomic DNA. The
RNA was precipitated ON at -20°C adding the equal volume of ethanol 95
% and 1/2 volume of sodium acetate pH 5,2. The next day the RNA was
pelleted centrifuging 30 min, 4°C, 12000xg, washed in ethanol 70 % and
resuspended in 20 µL of water.

2.2.2 Preparation of pUR and derivative vectors for cloning

pUR and derivative vectors are large and low copy number plasmids. In
order to obtain sufficient quantity for cloning procedures, pURs production
was done via chloramphenicol amplification as reported in [49]. Briefly, ON
cultures were diluted 1:10 in fresh media and the culture was incubated
until OD600 0.6 was reached. 25 ml of this culture were inoculated in 0.5 L
of LB broth and the culture until it reached OD600 0.4, and chloramphenicol
(170 µg/mL final concentration) was added to the culture. After ON
incubation at 37°with vigorous shaking (300 rpm/min), the plasmid was
isolated with standard protocols.

pUR2LT was digested with SfiI overnight at 50°C and dephosphorilated
by CIP 30 min at 37°C. The digested plasmid was precipitated overnight at
-20°C in presence of 1/10 NaOAc (3 M, pH 4.8), 1.3 µL glycogen (20 µg/µL)
and 2.5 vol. of ice-cold 95 %ethanol. The plasmid was resuspended in 10
µl nuclease free water.

2.2.3 Construction of pUR2LT

The SfiI site present in the pUR backbone was deleted via overlapping PCR:
4-5 and 6-7 pairs of primers were used to produce the first round of ampli-
cons and primers 4 and 7 were used to amplify the final fragments which
were cloned in pUR via EcoO109I and XhoI digestion, giving pUR2. Primers
8-9 were used to amplify the hfr gene from the pUR vector, introducing the
ribosomal slip site at the 5’ of and the asymmetrical SfiI restriction sites at
5’ and 3’ of the hfr sequence, giving rise to the cDNA library expression
vector pUR2LT.

2.2.4 Synthesis of double-stranded Arabidopsis cDNA

The protocol that was used to synthesize and clone the ds cDNA into
pUR2LT via a modified SMARTTM protocol is described here in detail.
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First-strand synthesis In a PCR tube, 1µg of total RNA was mixed with
1 µL of Fts primer, 1µL Switch primer and water up to 5µL. The
contents were incubated for 2 min at 72°in a thermal cycler and
cooled on ice for 2 min. To this solution were added 2 µL of 5X
First-strand buffer, 1 µL DTT (20 mM), 1 µL dNTPs (10 mM) and 1
µL of SMARTScribe MMLV Reverse transcriptase (Clontech). The
solution was mixed gently by pipetting and incubated for 1h at 42°C.
The tube was placed on ice to terminate the first-strand synthesis, 1
µL of NaOH (25 mM) was added and the solution incubated at 68°C
for 30 min to completely degrade the RNA. After this step the tube
was put on ice.

Second-strand synthesis The thermal cycler was pre-heated to 95°C. To 11
µL of the first-strand cDNA were added: 71 µL of deionized water, 10
µL of Advantage 2 PCR buffer, 2 µL of dNTPs (10 mM), 2 µL of anchor
primer, 2 µL of Fst primer and 2 µL of Advantage 2 Polymerase mix
(Clontech). The reaction mixture was subjected to a thermal cycling
with the following program:

72°C 10 min
95°C 20 sec
10-12 cycles:
95°C 5 sec
68°C 8 min

After the synthesis of the ds cDNA, 5 µL of sample was analyzed on
a 1 % agarose/EtBr gel, alongside with a 1-kb DNA size marker. The
agarose gel contained 0.1 µg/mL of EtBr and 0.1 µg of DNA marker
was loaded (to reduce background signal). If the band pattern was
satisfactory, the cDNA was stored in -20°C.

Proteinase K digestion To remove polymerase and RT activities from the
reaction, the mixture was subjected to proteinase K digestion. Pro-
teinase k (20 µg/µL) was added to 50 µL of amplified ds cDNA, and
the mixture was incubated at 45°for 20 min (in a 0.5 mL tube). The
volume of the solution was brought to 100 µL with water and the
same volume of phenol:chloroform:isoamyl alcohol was added, the
solution was mixed by gentle continuous inversion for 1-2 min and
centrifuged at 14000 rpm (table-top centrifuge) for 5 min to separate
phases. The top (aqueous) layer was moved to a clean tube discard-
ing the interface and lower layers. 100 µL of chlorophorm:isoamyl
alcohol was added, mixed gently, centrifuged and collected as be-
fore. 10 µl of NaOAc, 1.3 µl of glycogen (20 µg/µL), and 260 µL of
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room-temperature 95% EtOH was added to the collected sample to
precipitate DNA, and the mixture was centrifuged 14000xg for 20
min. The pellet was washed with 80 % EtOH, dried for 10 min and
resuspended in 79 µL of deionized water.

SfiI digeston To digest the cDNA, 79 µL of purified ds cDNA were mixed
with 10 µL of CutSmart buffer and 10 µL of SfI enzyme (NEB) and
incubated at 50°C for 2 hr. 2 µL of xylene cyanol dye were added to
the reaction mixture.

cDNA size fractionation CHROMA SPIN-400 (Clontech) were used to
separate the digested cDNA from digestion fragments and cDNA
fragments. The matrix was resuspended thoroughly until the flow
rate reached the optimal parameters of 1 drop evert 40-60 sec. The
column matrix was washed with 70 0µL TE buffer (10 mM Tris-HCl
pH 8.0, 1.0 mM EDTA, 0.2 filtered). When the buffer stopped dripping
out, the cDNA was applied on the matrix surface and allowed to
be completely absorbed, other 100 µL of buffer were applied on the
surface and allowed to be completely absorbed. 600 µL of TE buffer
were applied on top of the column and 16 drops were collected. 3
µL of each drop are analyzed on agarose gel (prepared as described
before) alongside a 1-kb DNA size marker (0.1 µg). The gel was run
10 min, 150V. Usually, the first four fractions containing the cDNA
were collected in a clean 1.5-ml tube. To precipitate the DNA, 1/10
NaOAc (3 M, pH 4.8), 1.3 µL glycogen (20 µg/µL) and 2.5 vol. of
ice-cold 95 % ethanol were added to the collected fractions, and the
cDNA was precipitated ON at -20°C. The cDNA was pelleted at 14000
rpm for 20 min at RT, and resuspended in 10 µL with nuclease-free
water.

2.2.5 Cloning cDNAs into pUR2LT and transformation of E. coli-
donor

To clone the cDNAs into pUR2LT, the molar ratio of vector to insert should
be 1:2, as determined empirically (see Table 3.2). The molarity of cDNA
was calculated from the average size (ca. 1000 bp, as visually determined in
Fig. 3.2). Since the vector is 9 times as large as the average insert, the vector
to cDNA ratio in micrograms is 9:2. Vector and cDNAs were incubated ON
at 16°C. 1.25 µL of T4 ligase (NEB) was used in 20 µL reaction.

5 aliquots of E. coli MegaX DH10BTM T1R electrocompetent cells (In-
vitrogen) were transformed with 3.5 µL of ligation mixture following the
protocol provided by the supplier. The transformed cells were incubated 1



2.2 Methods used in the cDNA library preparation 23

h at 37°C without antibiotic for recovery. After 1 h incubation in 1 mL re-
covery media, 10−3 and 10−4 dilutions were plated to count the efficiency of
transformation, the rest of the culture was directly used for the triparental
mating conjugation. The serial dilutions were performed in minimal M9
media [49] in order to prevents further E. coli duplication. CFU on plates
were counted only if 30<CFU<300.

2.2.6 Measuring the DNA transfer efficiency

Bacteria can acquire exogenous DNA in three different ways: conjugation,
transduction and transformation. In bacterial transformation, cells take up
free DNA directly from their environment (naturally, or helped by treat-
ments as heat shock or electroporation). The efficiency of transformation is
defined as:

Efficiency of transformation =
number of transformants

µg DNA

In conjugation and in transduction the DNA is exchanged between two
biological systems (bacteria to bacteria and virus to bacteria respectively).
The efficiency of the DNA exchange is defined by the frequency of transfor-
mation:

Frequency of transformation =
number of transformants

number of recipients

where number of recipients is the initial number of bacteria subjected to
conjugation or transduction.

In the conjugation protocol described in this chapter, a cDNA plasmid
library is first transferred by electroporation to an E. coli parental strain,
which then transfer the library by conjugation to the Synechocystis strain
(transconjugant). Therefore, the efficiency of conjugation could be defined
as:

Efficiency of conjugation =
number of transconjugants

µg DNA

where the number of transconjugants are the number of the obtained Syne-
chocystis transconjugants and the µg DNA are the µg of DNA used to
transform the E. coli parental strain by electroporation. The above defined
efficiency of conjugation allows to compare transformation and conjugation
performances in terms of µg DNA used.

2.2.7 Conjugal transfer of a cDNA library

After 1h recovery of the E. coli donor transformed with the cDNA library,
the culture was diluted to 10 mL in LB medium and incubated for 3.5 h with
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kanamycin 100 µM. A overnight culture of E. coli helper strain was diluted
1:40 and incubated 2.5 h without antibiotics. After this incubation period,
both cultures were gently harvested (2000xg, 10 min), resuspended in 0.5
mL, mixed together in a 2 mL reaction tube, centrifuged (2000xg, 5 min).
The pellet was resuspended in 100 µL, distributed on little rectangles of
sterile nitrocellulose filter on top of LB agar plates without antibiotics, and
incubated at 30°C for 1 h. The filters were washed in a 2 mL eppi with 1 mL
LB. 1 mL of Synechocystis at OD730 0.8-0.9 was added to the transconjugant,
and after centrifugation (2000xg, 5 min) the cells were resuspended in 30
µL of BG11 and distributed on nitrocellulose filters as before, on top of a
BG11 agar plate containing 5 % LB medium without antibiotics. The plate
was incubated overnight at 30°C in dim light. The filters were washed in
a 2 mL eppi with BG11 medium and the cell suspension plated on BG11
agar plate containing 10 mM sodium arsenate to inhibit E. coli growth, the
appropriate antibiotic (low starting concentration) and incubated in suitable
screening conditions. To calculate the efficiency of transformation, at the
end of each step serial dilutions were plating in the following conditions:
after the helper-donor conjugation completed, the culture was plated on
LB agar plates containing spectinomycin and ampicillin; after the E. coli
donor transconjugants-Synechocystis conjugation, cells were plated on BG11
agar plates containing the appropriate antibiotics for selection.

2.2.8 Calculation of the number of clones required to obtain a
representative cDNA library

A typical eukaryotic cell contains up to 30,000 different transcribed se-
quences [49] (Arabidopsis contains around 27,000 protein-coding genes [95]),
but the number of mRNA species per cell is much higher due to differ-
ential splicing [49] [96]. Moreover, not all of these transcribed sequences
are represented equally, at the steady state. A cell contains 5-15 abundant
species of mRNA which constitutes 10-20% of the total mRNA pool, 200-500
intermediately expressed mRNA that comprise the 40-60% of the mRNA
pool, and 10,000 to 20,000 rare mRNA species (<10 copies per cell) that may
account for 20-40% of the mRNA pool [97] [98].

The number of clones required to ensure that also low-abundant tran-
scripts are represented in a cDNA library can be calculated as follow:

N =
ln(1− P)

ln(1− [1/n])
(2.1)

where N is the number of clones required, P is the probability desired
(usually set to 0.99) and 1/n is the fraction of the total mRNA population
that is represented by a single type of mRNA. Therefore, to achieve a
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99% probability of obtaining a cDNA clone of a rare mRNA (P=0.99,
n=10,000/0.3 considering the rare mRNAs represents 30% of the mRNA
pool and 10,000 different mRNA belong to this class), N should be at least
1.5x105 with 106 clones recommended [49] [48].

2.2.9 Growing Synechocystis strains

Unless otherwise stated, Synechocystis sp. PCC 6803 glucose-tolerant wild
type (GT, Himadri Pakrasi, Department of Biology, Washington University,
St. Louis) and mutant strains were grown at 50 µmol photons m-2 s-1 light
at 22 °C in BG11 medium containing 5 mM glucose [99]. Liquid cultures
were shaken at 120 rpm. For growth on plates, 1% (w/v) agar was added
to the BG11 medium.

2.2.10 Generation Synechocystis ∆psaD and ∆psaD expressing
AtPsaD with or without cTP

The Figure 3.5 shows the inactivation of the psaD gene. To generate pCMp-
saD, the upstream and downstream regions of psaD and the chlorampheni-
col resistance cassette, were amplified using primers from # 10 to # 15
listed in Table 2.3 using WT or ∆ycf48 Synechocystis genomes, respectively
(genomes were isolated according to [100]). The amplified fragments were
assembled into pCMpsaD using the one-step Golden-Gate assembly strat-
egy [101] using the plasmid pICH69822 as backbone. Synechocystis was
transformed with pCMpsaD purified from 100 ml of the appropriate E. coli
culture with QIAgen (Venlo, Netherlands) Midiprep kit. 10 mL of Syne-
chocystis at OD730 0.8 were harvested by centrifugation and resuspended in
1/20 volume of BG11. Around 2 µg of plasmid DNA per transformation
were added to the cells. Transformations were incubated in light for 5 h,
of which the last 3 h with shaking. For recovery, fresh BG11 was added
and the transformations were incubated ON in the dark with shaking at
30 °C. On the next day, cells were collected by centrifugation at 4500xg
for 10 min, resuspended in a small volume of fresh BG11 medium and
plated on BG11 agar plates containing 2 µg/mL of chloramphenicol. For
complete segregation of the mutant, increasing chloramphenicol (up to 20
µg/ml concentration) and incubation in LAHG condition (Light Activated
Heterotrophic Growth: darkness, unless 5 min of light per day [32]) were
used.

To construct Synechocystis strains harbouring Arabidopsis genes, AtpsaD
was amplified from Arabidopsis cDNA using primers # 18 and # 19 or # 20
and # 19 for AtPsaD with and without cTP, respectively (primers sequence
is reported in Table 2.3). The fragments were digested with NdeI and BamHI



26 Materials and Methods

and subsequently cloned in pUR2, creating pUR2D+ and pUR2D- vectors
(Table 2.1). The constructs were transformed in Synechocystis ∆psaD by
conjugation.

2.2.11 Immunoblot analysis

To prepare total protein samples, cells were resuspended in homogeniza-
tion buffer (HB, 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl2, 20 mM Tricine
pH 7.9, 10 mM Na-ascorbate, 10 mM NaF) and disrupted with glass beads
in a cooled TissueLyser (QIAGEN). The crude extract was centrifuged for 2
min at 16000xg, to pellet unbroken cells and the glass beads. The super-
natant constituted the total protein extract used in immunoblot analysis.
Protein samples used for immunoblot analysis were resuspended in 225
mM Tris-HCl pH 6.8, 50 mM DTT, 10 % [w/v] SDS, 50 % [v/v] glycerol
and 0.05% [w/v] bromophenol blue, incubated at 85°C for 10 min, cen-
trifuged at 16,000xg to remove the insoluble fraction and fractionated on
12% Tris-glycine SDS-PAGE gels. PsaD proteins were detected using psaD
antibody (Agrisera, Vannas, Sweden) in combination with α-rabbit IgG
HRP (Sigma), and visualized with the Pierce enhanced chemiluminescence
system (Thermo Fisher Scientific).

2.2.12 RNA extraction from Synechocystis

Cells (50 ml) were harvested by centrifugation and pellets were redissolved
by adding 700 µL TRIzol reagent, vortexed for 1 min, transferred in 1.5 mL
tubes and frozen in liquid nitrogen. After freezing, the tubes were incubated
at 70 °C to thaw, vortexed again and frozen in liquid nitrogen again (two
times). The thawed suspension was centrifuged 10 min at 4°C, 12000xg.
The supernatant was mixed with equal volume of chloroform, vortexed for
1 min and centrifuged again as before. The supernatant was mixed with
equal volume of phenol/chloroform/isoamylalchool, vortexed for 1 min
and centrifuged as before. The supernatant fractions were collected taking
care to leave the interphase intact, which contained genomic DNA. The
RNA was precipitated ON at -20°C adding the equal volume of ethanol
95% and 1/2 volume of sodium acetate pH 5,2. The next day the RNA was
pelleted centrifuging 30 min, 4°C, 12000xg, washed in ethanol 70 % and
resuspended in 20 µL of water. RNA quality was checked by nanodrop
analysis and agarose gel before performing northern blotting.
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2.2.13 Transcript analysis by northern blot

Northern blot analyses were performed according to [49] loading 15 µg
of total RNA, using psaD redioactive probe synthesized from the psaD
amplicon (from primers 19-20, Table 2.3). To 15 µL of RNA, 15 µl of
formamide, 4 µl of formaldehyde and 3 µl of 10x MEN (0.2 M MOPS, 50
mM Na-acetate, 10 mM EDTA; pH 7.0) buffer were added. The samples
were incubated at 65 °C for 15 min and afterwards put on ice for 5 min.
Then 8 µl of 6x loading dye were added, the samples were loaded on an
agarose gel (2% agarose, 6% formaldehyde, 1x MEN buffer) and then ran
at 40 V for 3 h. The gel was then blotted on a positively-charged nylon
membrane (Hybond N+; GE Healthcare, Freiburg, Germany) by using the
capillary transfer technique. A glass plate was placed on top of a glass
basin filled with 20x SSC buffer (2 M NaCl, 0.2 M Na-citrate; pH 7.0).
A paper bridge was placed on top of this plate, consisting of 1 piece of
Whatman paper (3 MM) slightly larger than the gel and long, in order to
reach into the 20x SSC buffer in the basin. The bridge was wetted with
10xSSC and, on top of that, 2 pieces of Whatman paper of the same size
of the gel and also wetted with 10xSSC were placed. Air bubbles were
carefully removed and the gel was placed upside down on the paper and
then, on its back side, the positively charged nylon membrane upfront
pre-incubated in 2x SSC buffer. On top of the membrane 2 further sheets of
Whatman paper were added, also pre-wetted in 2x SSC buffer and a stack
of paper towels about 10 cm tall. A weight of about 400 g was placed on top
of the sandwich, to drive the flux of the blotting buffer via capillary force.
The capillary transfer was allowed to run over night for approximately 16
h. The membrane was UV-crosslinked. For the pre-hybridization-step the
hybridization buffer was preheated to 60 °C. 20 mL of hybridization buffer
and 160 µl of previously denaturated (100 °C, 5 min) herring sperm DNA
(10 ng/µl) were added. The tube was incubated in a rotating oven at 60 °C
overnight. For probe preparation approximately 100 ng of PCR-product
were filled up to 12 µl with ddH2O, denaturated at 100 °C for 5 min and
cooled down on ice for 5 min. Afterwards, 4 µl of 1x NEBuffer 2, 1 µl
of Klenow DNA polymerase, 33 µM dNTPs (without CTP) and 3 µl of
radioactive 32P-dCTP were added to the probe followed by incubation over
night at room temperature. For probe purification, Illustra MicroSpinTM
G-25 Columns were used according to instructions from the producer.
For the washing step the washing buffer (0.1% SDS, 0.2 M NaCl, 20 mM
NaH2PO4, 5 mM EDTA; pH7.4) was pre-warmed in a water bath to 60
°C. The probe was discarded and 10 ml of washing buffer were added
and further incubated at 65°C. The washing buffer was kept at 60°C. After
30 min the washing buffer was exchanged and the tubes were put back
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to 60 °C for 15 min. The membrane was then exposed to a radioactive
sensitive screen overnight. Primers used to amplify the probes are listed in
Table 2.3. Signals were acquired and quantified with a phosphor imager
and IMAGEQUANT (Typhoon, GE Healthcare).

2.3 Methods used to reconstitute functional LHCII in
Synechocystis

2.3.1 Growing Synechocystis strains

Unless stated otherwise, growth conditions of Synechocystis strains was
performed as reported in section 2.2.9.

2.3.2 Generation of pDS433, p54Y and pDESTLhcb1 vectors

The plasmid pDS433 was assembled by Golden-Gate cloning [101]. The
genes for cpSRP43, cpSRP54, cpFtsY were amplified from cDNA of Ara-
bidopsis prepared as reported in section 2.2.4, the double selection cassette
containing kanamycin resistance (nptI, for positive selection) and the lev-
ansucrase (sacB, for negative selection) was amplified from the plasmid
pRL250 (prof. Wolk, Michigan State University) [102], and the downstream
and upstream regions of the neutral site (slr0168) were amplified from
Synechocystis genome (genome isolation performed according to [100]). The
plasmid p54Y harbour the genes cpSRP54, cpFtsY (amplified from Arabidop-
sis cDNA) and lhcb1 (amplified from pDS433, used as the upstream region
for homologous recombination) and downstream region of the neutral
site (amplified from Synechocystis WT genome). p54Y was assembled by
Golden-Gate cloning using BsmBI in place of BsaI, since cpSRP54 and
cpFtsY genes contain many BsaI sites into their CDSs. The primers used to
construct the plasmid vectors are listed in Table 2.7.

pDESTLhcb1 vector was constructed for other means, but in this work
was used to analyze the transcript expression of the lhcb1 non-codon
optimized gene. pDESTLhcb1 was assembled by Golden-Gate cloning in
the backbone of the suicide vector pICH69822. The assembled fragments
are, in order, 600 bp of the upstream region of slr0168 (neutral site, NS),
the PpsbA2 promoter, lhcb1 gene from Arabidopsis, 600 bp of the downstream
region of slr0168 (neutral site, NS). The DNA fragments were amplified by
PCR using the primers from # 31 to # 40 listed in Table 2.7.
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ře

-
bo

ň,
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2.3.3 Synthetic LHC gene cluster and generation of pURCLHCop

The Arabidopsis genes sequences were acquired from the National Center
for Biotechnology Information (NCBI, with accession numbers indicated in
section 2.3.7), Synechocystis promoters sequences were gathered as indicated
in [20]. All the CDSs contain a RBS and relative spacer upstream of the
starting codon. The viral terminator OOP was inserted at the end of each
transcriptional unit [93]. The final LHCgc sequence was sent to Genscript
(Piscataway, NJ, USA) to be synthesized. All the CDSs were optimized for
expression in Synechocystis. In particular, each CDS was corrected regarding
codon usage bias, GC content, mRNA secondary structures, internal chi
sites and ribosomal binding sites, RNA instability motifs, repeat sequences
and restriction sites (BsaI, KpnI, and BamHI sites were removed). BsaI were
removed in order to be able to use the synthetic operon in Golden-Gate
cloning. LHCgc sequence details are reported in section A.

2.3.4 DNA extraction and genotyping of Synechocystis strains

Synechocystis DNA extraction was performed using the xanthogenate method,
according to [100]. 2 mL of exponentially growing liquid cultures were
pelleted and resuspended in 50 µl of TE buffer (10 mM Tris/HCl pH 7.4,
1 mM EDTA pH 8.0) containing 100 µg/ml RNAse A (DNAse-free). 750
Îijµl XS buffer (1 % calciumethylxanthogenate, 100 mM Tris/HCl pH 7.4,
20 mM EDTA pH 8.0, 1% SDS, 800 mM NH4OAc) was added to each
sample and the well-mixed tubes were incubated at 70 °for 2 h to dissolve
membranes. The suspensions were then vortexed for 10 sec, incubated on
ice for 30 min and centrifuged for 10 min at 13000xg. The supernatant
was transferred into a new tube and DNA was precipitated by adding 0.7
volumes of isopropanol, and pelleted centrifuging for 10 min at 12000xg.
The DNA was washed with 70% ethanol and resuspended in 100 Îijl of
nuclease-free H2O.

The DNA was used to check the presence of the genes carried by
pURCLHC by PCR. The primers used for genotyping are reported in
Table 2.7 and are the couples 19-20 (cpSRP43), 21-22 (cpSRP54), 23-24
(Lhcb1), 25-26 (cpFtsY) and 27-28 (Alb3).

2.3.5 Immunoblot analysis

The total protein extraction was performed as in section 2.2.11. To further
separate soluble from insoluble proteins, the crude protein extract was
centrifuged 16,000 x g for 45 min at 4 °. The obtained pellet (insoluble
material) and supernatant (soluble material) were separated in different
reaction tubes. The insoluble material was washed three times with 500µl
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of Tricine buffer (5 mM Tricine, 10 mM NaF), each time centrifuging
16,000 x g for 15 min at 4 °, while the soluble material (deep blue colored
due to the presence of phycobilisomes) was centrifuged again at 16,000
x g for 30 min at 4 °, the eventual pellet discarded and the supernatant
retained. Protein quantification was done using BCA protein assay (Thermo
Fischer Scientific). After samples normalization according to protein, were
resuspended in 225 mM Tris-HCl pH 6.8, 50 mM DTT, 10% [w/v] SDS,
50% [v/v] glycerol and 0.05% [w/v] bromophenol blue, incubated at 85°C
for 10 min, centrifuged at 16,000xg to remove eventual membranes and
fractionated on 12% Tris-glycine SDS-PAGE gels.

Proteins of interest were detected using antibodies against Lhcb (Agris-
era), cpSRP43, cpSRP54, Alb3, cpFtsY (Prof. Danja Schünemann, Ruhr-
Universität Bochum), in combination with α-rabbit IgG HRP (Sigma), and
visualized with the Pierce enhanced chemiluminescence system (Thermo
Fisher Scientific).

2.3.6 Transcript analysis

RNA extraction from Synechocystis strains was performed as reported
in section 2.2.12. Single stranded cDNA was synthesized with Maxima
First Strand cDNA Synthesis Kit (Thermo Fischer scientific). The primers
combinations #3-#4, #5-#6, #7-#8 reported in Table2.7 (to amplify cpSRP43,
Alb3, Lhcb1 respecitvely) were used in the PCR on the prepared genomic,
RNA and cDNA samples in order to analyze transcripts accumulation in
Synechocystis DS433.

Northern blotting was performed as described in section 2.2.13. Ra-
dioactive probes were synthesized from PCR amplicons from primers com-
binations #19-#20, #21-#22, #23-#24, #25-#26, #27-#28 (for cpSRP43, cpSRP54,
Lhcb1, cpFtsY, and Alb3 probes, respectively) and primers combination
#29-#30 for psaD+. The primers sequences are listed in Table 2.7.

2.3.7 Accession numbers

Sequence data were obtained from the National Center for Biotechnology
Information (NCBI) under the following accession numbers: Arabidopsis
thaliana NC_003071.7 (At2g47450, cpSRP43); Arabidopsis thaliana NM_120476
(At5g03940, cpSRP54); Arabidopsis thaliana NP_566056 (At2g45770, cpFtsY);
Arabidopsis thaliana NP_174286 (At1g29930, Lhcb1, CAB1); Arabidopsis
thaliana NP_180446 (At2g28800, Alb3).
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2.4 Methods used for the characterization of Synechocys-
tis knock-out for the putative Mn transporter Syn-
PAM71

2.4.1 Synechocystis growth conditions

Unless stated otherwise, glucose-tolerant wild-type (WT) (Himadri Pakrasi,
Department of Biology, Washington University, St. Louis) and mutant
strains of Synechocystis sp. PCC 6803 were grown under 50 µmol photons
m-2 s-1 light at 22 °C in BG11 medium containing 5 mM glucose [99]. In
cation feeding experiments, Synechocystis was grown in modified BG11 me-
dia containing increasing concentrations (10-, 20- and 50-fold the standard
dose) of CaCl2, CuSO4, MgSO4, SnSO4, Fe-EDTA and MnCl2. To make
Mn-free medium, MnCl2 was omitted from the microelement stock. BG11
medium containing 20-fold Mn is referred in the text as 20xMn medium.
Growth curves were recorded in a Multi-Cultivator MC 1000-OD (Photon
Systems Instruments).

2.4.2 Construction of ∆SynPAM71 and the complemented strain
FSynPAM71H

Deletion of sll0615 was performed by homologous recombination using
plasmid pK71 (Figure 3.14), which was constructed by Golden Gate assem-
bly [101] using pICH69822 as a plasmid backbone (E. Weber, Icon Genetics
GmbH, Halle). The fragments upstream and downstream of sll0615 were
amplified with the primer pairs 1-2 and 3-4 respectively (Table 2.8), with
Synechocystis genomic DNA as template. The kanamycin cassette was
amplified using the primer pair 5-6, using plasmid pRL250 as template
(P. Wolk, Michigan State University). PCR was performed by standard
procedures using Phusion high-fidelity DNA polymerase (New England
Biolabs). Primers used in this study are listed in Table 2.8 . The final pK71
was used to transform Synechocystis as described previously [7] . Complete
segregation of the mutant was obtained under LAHG conditions (light-
activated heterotrophic growth) [32], by stepwise increase of the kanamycin
concentration (up to 200 µg/ml) in the growth medium. Since the mutant
gives rise to revertants if continuously cultivated for 3-4 months, all ex-
periments were started from freshly grown glycerol stock. The correlation
between OD and number of cells of mutant and WT was determined using
a Thoma cell-counting chamber. ∆SynPAM71 was complemented using a
self-replicative plasmid (pUR, (Wiegard et al., 2013) expressing SynPAM71
fused to an N-terminal FLAG tag 18 (present in the pUR backbone) and a
C-terminal 6xHis tag. The amplicon FSynPAM71H was obtained using the
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primers pair 7-8 (see Table2.8), digested with NdeI and BamHI and cloned
downstream of the PpetJ promoter in pUR. ∆SynPAM71 was then trans-
formed by conjugation as reported previously [103] and transformants were
selected on kanamycin and spectinomycin-containing BG11 agar plates.
The resulting complemented strain was named FSynPAM71H.

2.4.3 Pigment analysis

Pigment analysis was done as reported before [104]. Briefly, 1 mL of
culture at OD750 0.5 was pelleted, resuspended in 1 mL 100% methanol and
incubated on ice in the dark for 30 min. The solution was centrifuged at
16,000xg for 10 min at 4°C, and the supernatant used to measure chlorophyll
and carotenoids as previously described [105].

2.4.4 Thylakoids isolation and BN-PAGE

To prepare thylakoid samples, cells were resuspended in homogenization
buffer (HB, 0.4 M sucrose, 10 mM NaCl, 5 mM MgCl2, 20 mM Tricine pH
7.9, 10 mM Na-ascorbate, 10 mM NaF) and disrupted with glass beads in a
cooled TissueLyser (QIAGEN). The crude extract was centrifuged for 2 min
at 16000xg, to pellet unbroken cells and the glass beads. The supernatant
constituted the total protein extract used in Western blot analysis. The
thylakoids were isolated by centrifuging the supernatant at 16000xg at 4°C
for 1 h. Thylakoids were washed and resuspended in Tricine buffer (5 mM
Tricine, 10 mM NaF). The protein concentration was determined using the
Pierce BCA Protein Assay (Thermo Fisher Scientific). For ICP-QQQ-MS
and BN-PAGE analyses, the thylakoids were solubilized by incubation with
2% [w/v] n-dodecyl β-D-maltoside (DDM) in darkness for 10 min on ice,
and insoluble material was removed by centrifugation at 16,000xg at 4°C
for 10 min. For BN-PAGE, a one-tenth volume of sample buffer (200 mM
Bis-Tris, pH 7.0, 75% [w/v] sucrose, and 1 M ε-amino-n-caproic acid) was
added to each thylakoid sample and 50 µg of protein was applied to each
lane of an 0.75-mm thick, 4-12% polyacrylamide gradient gel (20x20 cm).
Electrophoresis was performed at 4°C at 50V, overnight.

2.4.5 Immunoblot analysis

Protein extraction was performed as reported in section 2.2.11. Individual
proteins of interest were detected using antibodies raised against PsaA,
PsaB, PsaD, CP47, CP43, PsbO, PsbP-like (CyanoP) and APC (Agrisera)
His-tag (Sigma), in combination with α-rabbit IgG HRP (Sigma) or α-mouse
IgG (Sigma) and visualized with the Pierce enhanced chemiluminescence
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system (Thermo Fisher Scientific). For second dimension gel analysis,
proteins in strips of the BN gel were solubilized for 30 min at 25°C with
mild shaking in 66 mM NaCO3, 5% SDS, 100 mM DTT and loaded onto of
a 4-12% SDS-PAGE gradient gel (20x20 cm). Silver staining was performed
as previously reported [106]. Comparisons between band intensities in
Western blots were done with ImageJ software.

2.4.6 Determination of total metal concentrations in whole cells
and thylakoids

The measurements was done by Dr. Sidsel Birkelund Schmidt (University
of Copenhagen). Total metal concentrations in whole cells and thylakoids
of WT and the ∆SynPAM71 mutant were determined using inductively
coupled plasma-mass spectrometry (ICPMS)(Agilent 8800 ICP-QQQ-MS,
CA, USA) of samples that had been normalized with respect to protein con-
centration. WT and ∆SynPAM71 cultures were harvested at OD750 0.8-0.9
and carefully washed three times in EDTA buffer (20 mM Tricine pH 7.9, 5
mM EDTA), and in Tricine 20 mM pH 7.9. The cell pellets constituted whole
cell samples, from which thylakoids were isolated as described above. The
concentration of protein in the whole cell sample was determined after
incubation with lysozyme for 30 min and disruption of the cells in a high-
pressure homogenizer (Microfluidizer Processor M-110L, IDEX). Complete
breakage was verified by light microscopy, and the protein concentration
was measured with the BCA assay. Three technical replicates for each of
three biological samples were prepared for whole cells and thylakoids from
WT and ∆SynPAM71, respectively. Cells corresponding to ~73 mg of protein
and thylakoids corresponding to ~0.73 mg of protein were then transferred
to Teflon vials and digested with ultrapure acids in a mixture consisting
of 2:1 (v/v) HNO3 and H2O2 using a pressurized microwave oven (Ultra-
WAVE, Milestone srl, Sorisole, Italy) as described previously [107]. After
digestion, all samples were diluted with double-distilled water to a final
HNO3 concentration of 3.5% before ICP-MS analysis. The accuracy and
precision of the measurements was estimated by the analysis of certified ref-
erence material (apple leaf, NIST 1515, National Institute of Standards and
Technology, Gaithersburg, MD, USA). Data were accepted if the accuracy
was above 90% of certified reference values. ICP-MS data were analyzed
by two-factor ANOVA in order to determine the significance of genotypic
variance. The data used in ANOVA were obtained from two independent
experiments, each consisting of three independent preparations for each
strain.
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2.4.7 SEC-ICP-QQQ-MS measurements

The measurements was done by Dr. Sidsel Birkelund Schmidt (University
of Copenhagen). Solubilized thylakoid proteins were passed through a 0.45
µm nylon membrane filter (Q-max RR syringe filters, Frisenette, DK) and
50 µg of total protein was applied to a size-exclusion column (BioBasic SEC
1000, Thermo Scientific, USA) using an inert HPLC system (UltimateÂő
3000, Dionex, Thermo Scientific, CA, USA). The column temperature was
held at 6°C during analysis. Protein elution was performed with 25 mM
Bis-Tris (Sigma-Aldrich, BioXtra) pH 7 (adjusted with TFA) containing
0.03% β- DM as the mobile phase. The outlet of the column was coupled
to a triple-quadrupole ICP-MS (Agilent 8800 ICP-QQQ-MS, CA, USA) for
online detection of metal binding in the size-fractionated photosynthetic
complexes. The ICP-QQQ-MS was operated in MS/MS scan mode with
oxygen as the reaction gas, and the following oxide and nonoxide ions were
monitored: 24Mg+, 47PO+, 48SO+, 55Mn+, and 72FeO+. The integration time
was 0.1 s per element. The plasma conditions and ion lenses were tuned
on a daily basis for robust plasma conditions and maximum sensitivity.

2.4.8 Oxygen evolution measurements

Oxygen evolution was assayed using a Clark-type electrode (Oxygraph,
Hansatech). WT and ∆SynPAM71 cultures in late exponential phase (OD750

0.8-0.9) were harvested and resuspended at OD750 5 in BG11 medium with-
out glucose. Cells were kept in the dark for 30 min prior to measurement.
Oxygen evolution was measured without the addition of an external accep-
tor, PSII activity was measured adding 5 mM 2,6-dimethoxybenzoquinone
(DMBQ) and 15 mM ferricyanide. Cells were illuminated at 300 µmol
photons m-2 s-1 provided by a Fiber Illuminator FL-440 (Walz). The strain
psaAprim, which was light sensitive [7], was adapted to growth in dim light
before the measurements.

2.4.9 Accession Numbers

Sequence data were obtained from the National Center for Biotechnology In-
formation (NCBI) under the following accession numbers: Synechocystis sp.
PCC 6803 substr. GT-I BAL30131 (sll0615); Arabidopsis thaliana NP_564825.1
(At1g64150, PAM71); Arabidopsis thaliana NP_193095 (At4g13590, PAM71-
HL).
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Chapter 3

Results

3.1 Shotgun functional complementation of Synechocys-
tis phototosynthetic mutants with a cDNA library
from Arabidopsis

3.1.1 Improving Synechocystis transformation efficiency

A library having at least 106 independent clones should be representative of
the mRNA complexity of an organism (see section 2.2.8 and [108] [48] [49]).
Therefore, obtaining a good transformation efficiency of the final host is
pivotal in order to achieve the high number of transformants required.

The transformation efficiency (TE, defined in section 2.2.6) using natural
competence mainly depends on two factors i) the employed Synechocystis
strain and ii) the length, form and concentration of the provided DNA. In
particular, for a given strain and a plasmid, the TE shows a positive correla-
tion with the DNA concentration, up to a saturation point [109] [110] [111].
The natural transformation reaches TE that vary between 102 to 104 CFU
(measured with WT and plasmid, for the protocol see 2.4.2), in good accor-
dance with the values reported in literature [111]. Therefore, in order to
reach 106 clones which are required to have a good cDNA library coverage,
the transformation should be considerably scaled up. The major issue in
scaling up the transformation procedure is providing enough DNA to the
cells to be transformed, meaning that the cDNA should be synthesized
in amounts of micrograms, ligated to a vector and the ligation mixture
provided to the cells. In addition, this procedure could work only if the
final aim is the insertion of the DNA into the chromosome. Using natural
transformation for a self-replicative plasmid in Synechocystis rely on molec-
ular mechanisms that hamper the transformation with a heterologous pool
of plasmid, as it is the case of a plasmid library. In order to reconstitute

41
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Figure 3.1: A. Transformation by plasmid DNA in natural transformation. Mul-
tiple linearized single-stranded plasmids enter in the same cell and anneal. The
remaining gaps are filled by cellular DNA repair system and nicks are sealed
by DNA ligase. B. Conjugal transfer via triparental mating. In step 1, the self-
transmissible plasmid RP4 from the E. coli-helper (parent I) is transferred to the E.
coli-donor (parent II). In step 2, RP4 transfers the mobilizable plasmid pUR into
Synechocystis (final transconjugant). Pictures adapted from [112].

a plasmid within the cell, at least two single-stranded identical plasmids
have to enter inside the cell, anneal and be reconstituted by the cellular
DNA repair systems and DNA ligase (Fig.3.1A).

Synechocystis can be also transformed using conjugation. Conjugation in
Synechocystis is performed via triparental mating, as shown in Fig. 3.1B. As
the name implies, three different bacterial strains participate in the mating.
The first strain contains a self-transmissible plasmid, the second contains a
mobilizable plasmid (which can be mobilized only in the presence of a self-
transmissible plasmid) and the third strain is the final recipient. Frequency
of transformation (FT, for the definition see section 2.2.6) of triparental
mating in Synechocystis has been reported to be 10−3 [103], although FT
between bacterial species as been reported to reach values near 1 [113].
Constructing a cDNA library employing conjugation means that the cDNA
plasmid library has to be transformed first in the E. coli donor strain, which,
after mating with the E. coli helper strain, would transfer the library to
Synechocystis. Since E. coli transformation reaches TE of 3x1010 (best avail-
able on the market MegaX DH10TM T1R ElectrocompTM Cells [114]), the
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first bacterial transformation (E. coli donor) with the plasmid library would
not suffer the DNA concentration constraints of Synechocystis natural com-
petence. Hence, the E. coli donor is transformed with the plasmid library,
care has to be taken in maintaining the high number of transconjugants up
to the final Synechocystis host.

To test whether conjugation could be used to efficiently transform
Synechocystis with a cDNA library, FT between the E. coli-donor strain
MegaX DH10TM T1R ElectrocompTM Cells (containing the mobilizable
plasmid pUR) and E. coli-helper and between E. coli-donor and Synechocystis
were calculated. The FT was tested in different incubating conditions, in
order to optimize the transformation procedure. The major increase in
frequency was obtained when both matings (E. coli-E. coli and E. coli-
Synechocystis) were performed on nitrocellulose filters ( Table 3.1). Altering
the incubation time or temperature during matings or modifying the ratio
between parent strains, did not add significant improvements (data not
shown).

The use of nitrocellulose filter could better immobilize the parents
during the mating, increasing the initial attachment or stability of the
conjugative pilus during the mating, in turn increasing the DNA trans-
fer efficiency. Usually, nitrocellulose filters are not used during E. coli
intraspecies conjugation, because of the high frequency of transformation
obtained between E. coli strains. Using the filter during the conjugation
between helper and donor E. coli parent strains it was possible to reach
high FT (Table 3.1). In the mating between E. coli-donor and Synechocystis,
1/10 of the recipient Synechocystis did not survived the mating and a pro-
portion that varies between 1/3 and 1/10 of the survivors were actually
transformed. Therefore, once transformed in E. coli-donor, 1 out of 100
mobilizable plasmids could be transferred up to the final Synechocystis
recipient.

3.1.2 cDNA synthesis and construction of a replicative cDNA ex-
pression vector for Synechocystis

Double-stranded (ds) cDNAs from Arabidopsis were synthesized using the
Switching Mechanism At the 5’ end of the RNA Transcript (SMARTTM)
method [48], briefly described in Fig. 3.2.

In SMARTTM cDNA synthesis the fraction of cDNAs containing intact
long coding sequences (CDSs) was found enriched compared to other
methods [48]. This advantage is not trivial, since the presence of full-length
cDNAs is pivotal in order to achieve expression of whole proteins for suc-
cessful functional complementation. Furthermore, during the SMARTTM

cDNA synthesis an asymmetrical SfiI restriction site (SfiIA and B, Fig. 3.2A)
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Table 3.1: Frequency of transformation by conjugation through triparental mating
between E. coli and Synechocystis. The efficiencies are calculated as averages of 2
different transformation using nitrocellulose filter in both mating. No R: Number
of recipients; No TC: number of transconjugants; FT: Frequency of transformation.

Strain Strain No R No TC FT

- E. coli-donor (pUR) 2.4x108 -
E. coli-helper (RP4) - 7.4x108 -
E. coli-helper (RP4) E. coli-donor (pUR) - 1.9x108 0.3

E. coli-helper (RP4) E. coli-donor (pUR) 1.9x108 -
- Synechocystis 1.4x107 -
E. coli-donor (pUR) Synechocystis - 2x106 0.14

is incorporated at the 5’ and 3’ ends of cDNA fragments, in order to allow
the directional cloning into expression vectors.

The Synechocystis replicative expression vector pUR [93] was chosen as
a backbone to construct the expression plasmid for the cDNA library.

pUR is a mobilizable plasmid that belongs to the group of pVZ-derived
vectors [93] which are constituted by the replicon of the self-transmissible
RSF1010 plasmid (IncW group) [103] [116]. Thanks to its origin of replica-
tion oriV and its trans-acting factors (the rep genes, see Fig. 3.3, [117]), pUR
can be maintained in a broad range of gram-negative bacteria, including
cyanobacteria [116]. Mobilizable plasmids, such as pUR, can not organize
their transfer between bacteria since they lack the genes required build-
ing up the conjugative pilus. Instead, mobilizable plasmids contain a set
of genetic features (including the oriT sequence -site of plasmid transfer
initiation- and a series of mob genes, Fig. 3.3) required to prepare the plas-
mid for the conjugative transfer, which is accomplished by a trans-acting
self-transmissible plasmid (the helper plasmid RP4, of the IncP group).

In order to perform the cloning of the cDNA fragments into pUR,
some modifications of the vector backbone were necessary. First, pUR was
modified deleting a SfiI restriction site present in the backbone. Second,
downstream the promoter, after the ATG starting codon, a ribosomal
slipping site (stretch of 13 consecutive Ts), was added. Ribosomal slipping
site would induce a variation in codon reading frame of the downstream
cloned cDNA. The cloned cDNA would indeed contains stretches of 5’
untranslated regions (UTR) that could hamper the start at the right codon
reading frame.

pUR harbour the copper repressible PpetJ promoter to drive protein
expression. In Synechocystis, PpetJ induce the expression of c6, a redox
carrier between cythocrome b6f and PSI that substitute plastocyanin in
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Figure 3.2: A. SMARTTM method to synthesize cDNA. Arabidopsis RNA is retro-
transcribed with MMLV reverse transcriptase (RT) using poly-T anchored primers
that anneal on the poly-A tail of mRNA transcripts. MMLV-RT adds additional
dCTPs which are not encoded by the template. A second primer harboring a
strand of GTP anneals to the added dCTP. MMLV-RT switches the template and
copies the rest of the primer. A proof-reading polymerase-mix amplifies the tran-
scribed sequences. The two primers introduce distinct SfiI restriction sites (labelled
in green and red in the figure) at each cDNA end. This allow the subsequent
directional cloning into a plasmid. B. Total RNA extracted from Arabidopsis. The
visible bands are rRNA, which constitute 75% of the total RNA [115]. C. cDNA
after two different low-cycles PCR (8 and 10 amplification cycles). Most abundant
transcripts appear as distinct bands, rRNA is degraded during the cDNA synthesis.
D. Scheme of SfiI recognition site. E. Fractions collected after size fractionation
of SfiI-digested double-stranded cDNA. Eluted fractions are analysed on gel and
the 5 fractions with appropriate size are collected and pooled (in this example
fractions from 4 to 8).
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Table 3.2: Optimization of ligation conditions between Arabidopsis cDNAs and
pUR2LT. Different molar ratios between vector and insert were probed (indicated
in bold). For each indicated molar ratio, different DNA concentrations were
also probed (ng, each ligation was performed in 20µl reaction). Ligations were
performed over night at 16°C. Values shown for transformation efficiency (TE)
are averages of two independent transformations of E. coli DH5α home-made
chemically competent cells. A negative control made with 200 ng of digested
pUR2LT without insert resulted in 4 CFU.

ng pUR2LT ng cDNA TE

2:1 vector:insert
200 11 2.8x104

500 27.7 1.5x104

1000 55.5 2x104

1:1 vector:insert
200 22 4x104

1:2 vector:insert
200 44 2x104

500 110.8 1.8x105

copper starvation conditions. Albeit proteins are well expressed by PpetJ in
copper starvation, a basal activity of the promoter was detected also in the
presence of copper (using standard BG-11 growth medium, see section 3.1.4
and also [118]). This PpetJ basal activity has been shown to be sufficient
for the complementation of null mutants [118]. This, together with the
flexibility of having a library under an inducible promoter, prompt us to
maintain the PpetJ promoter to drive the expression of the cDNA library.

The obtained cDNA library expression vector was named pUR2LT
(Fig.3.3).

3.1.3 Cloning the cDNA into pUR2LT and creation of a cDNA
library in E. coli-donor

In order to find the best conditions to ligate cDNAs into pUR2LT, a series of
test ligation reactions were set up as reported in Table 3.2, and transformed
in E. coli DH5α home-made chemically competent cells (Table 3.2).

The ligation reactions reported in Table 3.2 were transformed in E. coli
DH5α home-made chemically competent cells. The best transformation
was obtained using 0.5 µg of SfiI-digested pUR2LT with a vector to insert
ratio equal to 1:2. Meaning that, as the vector is about 9 times as large as
the average insert (as determined on agarose gel, Fig. 3.2B), the vector to
insert ratio in micrograms will be 9:2. However, the number of Synechocystis
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Figure 3.3: Map and cloning site of the pUR2LT vector for cDNA expression
libraries in Synechocystis. A. map of the original vector pUR. B. map of the
cDNA libraries expression vector pUR2LT. PpetJ : copper repressible promoter; Red:
restriction sites, Yellow: ribosome sliding site, hfr: gene that will be substituted by
the cDNA library; TerOOP: transcriptional terminator; mob genes, and oriT: genetic
features required for the transfer of pUR vectors by the helper plasmid; rep genes
and oriV: genetic features required for broad-host range replication of the plasmid;
protein F and protein E: genes with unclear function; Km: kanamyin resistance
cassette; Sp: spectinomycin resistance cassette. C. Sequence of the cloning site of
pUR2LT. Underlined, the core of the Shine-Dalgarno sequence of the promoter
PpetJ . Bold: Starting codon ATG, followed by a slip site (stretch of dTs) that cause
ribosomes to shift codon reading frames. Italics, the sticky ends that are left after
SfiI digestion of SfiI(A) and SfiI(B) recognitions sites.
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Figure 3.4: PCR analysis of cDNA inserts in pUR2L in E. coli donor. 8 pooled
colony PCR each from 5 different E. coli-donor colonies transformed with the
plasmid cDNA library from Arabidopsis were loaded on an agarose gel. To amplify
the cDNA inserts, a pair of primers (21-22) on the pUR2L backbone, flanking the
cDNA insert, were used. C-: negative control.

clones required to obtain a cDNA library which is representative of the
mRNA complexity of a eukaryotic cell is at least 2 orders of magnitude
higher than the number reported in Table 3.2.

MegaX DH10BTM T1R electrocompetent cells (Invitrogen) were used to
increase the TE of the E. coli donor. Using this competent cells, libraries
with an average of 9x106 E. coli donor transformants were obtained (aver-
aged over 10 libraries, with a range of 1.4x105 to 2.6x107 transformants).
Considering that 1 out 100 of the mobilizable plasmid would be transferred
to the Synechocystis recipient, the efficiency of conjugation (defined as de-
scribed in section 2.2.6) would be 1.5x105, reaching the number predicted
with the equation ??. Since each ligation mixture used to transform the
E. coli donor contained 0.6 µg DNA, the efficiency of conjugation reached
is 1.5x107 (which is comparable with the efficiencies previously reported
for cDNA plasmid libraries in E. coli [50]).

To test the quality of the inserts, a subset of transformants were screened
by colony PCR to amplify the cDNA inserts. The sizes of the inserts was
found to be between 0.6 and 5 kb as shown in fig.3.4. Some of the inserts
were sequenced and 6 out of 10 were found to contain whole transcripts.
This was in line with what was reported before about SMARTTM cDNA
libraries [48].

Interestingly, some chloroplast-encoded sequences were also found in
the library (see Table3.3). Presumably, the poly-T primer employed in the
cDNA synthesis (Fig. 3.2) anneals also to the poly-A degradation signal of
chloroplast transcripts [119], including these sequences into the library.
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3.1.4 Complementation of ∆psaD with a cDNA library from Ara-
bidopsis

As proof of concept, the quality of the cDNA library was tested comple-
menting a Synechocystis psaD knock-out. PsaD is a small soluble protein
located at the stroma side of PSI and it is responsible, together with PsaE
and PsaC, for the efficient transfer of electrons between PSI and ferredoxin
(Fd) which in turn will reduce, in a reaction mediated by the ferredoxin-
NADP oxidoreductase (FNR), NADP+ to NADPH (Fig. 1.1).

Synechocystis ∆psaD was already generated and described by Chitnis and
co-workers [120]. Synechocystis ∆psaD showed a strong growth impairment
when incubated in autotrophic conditions (in glucose-deficient growth
conditions). The inability of Synechocystis ∆psaD to grow in autotrophic
conditions could be used to set up an efficient screening to test a functional
complementation by an Arabidopsis cDNA library.

A Synechocystis psaD knock-out strain was generated substituting the
gene psaD (slr0737) with a chloramphenicol acetyl-transferase (CAT) cas-
sette. The complete knock-out mutant was obtained in LAHG conditions
(Light Activated Heterotrophic Growth [32]) and it was verified by genomic
PCR and northern analysis (Fig. 3.5).

Synechocystis PsaD shows 65% identity and 75% similarity to the Ara-
bidopsis protein homolog PsaD (henceforth AtpsaD, Fig. 3.6). Therefore, a
functional complementation of Synechocystis ∆psaD by AtPsaD is expected.
However, cDNA prepared from eukaryotes harbours not only the CDS,
including target peptides (to be expected for chloroplast proteins), but also
both 5’ and 3’ untranslated regions (UTRs). In order to determine whether
i) AtPsaD from Arabidopsis can complement Synechocystis ∆psaD and if
ii) the presence of UTRs and/or chloroplast target peptides (cTPs) could
influence the complementation, two different Synechocystis ∆psaD strains
harbouring AtPsaD with and without chloroplast target peptide (hereafter
named AtPsaD+cTP and AtPsaD-cTP strains, respectively) were generated.
The expression of AtPsaD+/-cTP genes was confirmed via western blot
analysis using an antibody raised against AtPsaD (Fig. 3.7A).

The viability of Synechocystis WT, ∆psaD and ∆psaD harbouring AtP-
saD+cTP or AtPsaD-cTP was tested by drop test. Each strain was grown
in liquid media, brought to 0.25 OD750, spotted on BG-11 plates for het-
erotrophic or autotrophic conditions and incubated in different light in-
tensities. Synechocystis ∆psaD showed a drastic growth impairment in
autotrophic conditions (confirming what was previously found [120]).
Additionally, it displayed sensitivity to the transition to strongest light
intensities. The mutant showed drastic growth impairment when moved
from 5 µmol photons m−2 s−1 (low light, LL) to 50 µmol photons m−2 s−1



50 Results

ΔpsaD WT

P16-15P10-15P12-15

5

kb

1.5

0.5

sll0698sll0698 slr0738slr0738psaD (slr0737)psaD (slr0737)

CATsll0698 slr0738

P12P10

P15

P16

PsaD

MB

W
T

Δps
aD

A

B

Figure 3.5: Generation of Synechocystis ∆psaD. A. psaD (slr0737) was substituted
with a CAT cassette by homologous recombination. The absence of psaD was
confirmed by genomic PCR using the primers shown in the scheme (sequence of
primers is reported in Tab.2.3). B. Northern blot analysis confirmed the absence
of the psaD transcript in Synechocystis ∆psaD. The probe used to detect psaD was
synthesized using the primer combination #16-#17, listed in Table 2.3.
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At_PsaD      matqaagifnsaittaatsgvkklhffstthrpkslsftktairAEKTDSSAAAAAAPAT 61 

Syn_PsaD     ------------------------------------------------------------ 

 

At_PsaD      KEAPVGFTPPQLDPNTPSPIFAGSTGGLLRKAQVEEFYVITWNSPKEQIFEMPTGGAAIM 121 

Syn_PsaD     ----------MTELSGQPPKFGGSTGGLLSKANREEKYAITWTSASEQVFEMPTGGAAIM 51 

 

At_PsaD      REGPNLLKLARKEQCLALGTRLRSKYKI---TYQFYRVFPNGEVQYLHPKDGVYPEKANP 178 

Syn_PsaD     NEGENLLYLARKEQCLALGTQLRTKFKPKIQDYKIYRVYPSGEVQYLHPADGVFPEKVNE 111 

 

At_PsaD       GREGVGLNMRSIGKNVSPIEVKFTGKQSYDL 209 

Syn_PsaD      GREAQGTKTRRIGQNPEPVTIKFSGKAPYEV 142 

Figure 3.6: Sequence alignment of psaD proteins from Arabidopsis (At_psaD) and
Synechocystis (Syn_psaD). Amino acids similarities and identities are highlighted
in gray and black shading, respectively. Chloroplast target peptide (cTP) predicted
by ChloroP is indicated in lower case letters.

light intensity (normal light, NL) (Fig. 3.7B). The expression of AtPsaD-cTP
rescued the mutant, both in autotrophic and in NL conditions. Interest-
ingly, while the introduction of AtPsaD+cTP did not restore the autotrophic
growth of the mutant, it reduced the light sensitivity of the mutant to a
certain extent (up to 50 but not up to 100 µmol photons m−2 s−1, as shown
in Fig. 3.7B).

The introduced cTP constitutes 30% of the expressed protein AtP-
saD+cTP. Presumably, the cTP steric hindrance at the N-terminal part
of the protein affects the docking site to PSI, causing a transient attach-
ment to PSI, which, albeit helping to dissipate a moderate electron flow
(produced in NL conditions), it does not sustain a higher electron flow
(produced in HL conditions) possibly causing over-reduction of the pho-
tosynthetic chain and consequent production of oxygen reactive species.
Further, this situation does not sustain the ability to grow in autotrophic
conditions.

Finally, ∆psaD was transformed with the library as described in sec-
tion 3.1 and final Synechocystis transconjugants selected on BG-11 plates
incubated in NL conditions. After two weeks of incubation, three out of
five rounds of complementation with the Arabidopsis cDNA library dis-
played colonies on selection plates (27, 23, 7 colonies respectively). All the
transconjugants which were able to grow on selection plates were screened
by PCR using primers that amplify a short amplicon inside AtpsaD (primers
23-24, Table 2.3). In two out of three positive rounds of complementation,
one transconjugant was found positive for the presence of AtpsaD.

Hence, the described method to construct an Arabidopsis cDNA library
was successfully used to complement Synechocystis ∆psaD strain.

Interestingly, some positive transconjugants harboured different cDNA
inserts than AtpsaD. As control, for each round of complementation, Syne-
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Figure 3.7: Immunoblot analysis and phenotypic characterization of Synechocystis
∆psaD expressing AtPsaD+cTP and AtPsaD-cTP. A. Total proteins from Syne-
chocystis WT, ∆psaD, ∆psaDAtpsaD+cTP and ∆psaDAtpsaD-cTP were loaded on
SDS-PAGE and transferred on nitrocellulose membrane. The antibody raised
against AtPsaD was used to detect the presence of the protein in the different
Synechocystis strains. The antibody cross-reacts also with PsaD from Synechocystis,
confirming the absence of the protein in all the ∆psaD strains. B. Drop-test to
identify the best screening conditions to isolate complemented mutants with a
cDNA library. The strains where cultivated in liquid cultures to exponential phase,
adjusted to 0.2 OD750 and spotted on BG-11 agar plates (with or without glucose,
and in different light intensities).
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chocystis ∆psaD (not transformed with the cDNA library) was plated and
grown in the screening conditions. On the control plates, between 1 and
5 clones were counted, but all proven to be negative for the WT psaD
gene (data not shown). These clones are probably pseudorevertants. The
ability of Synechocystis to easily generate pseudorevertants of Synechocystis
mutants has been extensively exploited to find novel proteins or regulatory
pathways [121] [122] [123] [124] [125], functionally characterize protein
domains [126] or find new aspects in promoter sequences [127].

Therefore, the presence of ∆psaD clones harbouring cDNA fragments
different from AtpsaD could be seemingly due to i) pseudorevertants of
∆psaD which functional complementation is independent from the ex-
pression of the cDNA sequence ii) the cDNA expression which could
help overcoming the physiological constrains of Synechocystis ∆psaD in the
screening condition. In Table 3.3 some sequences retrieved are listed, which
were from the isolated ∆psaD complemented clones. Although interesting,
the putative involvement of these proteins in the recovery of ∆psaD mutant
was not further investigated.

3.1.5 Complementation of other Synechocystis mutants

In order to assess the potential of the cDNA library, different Synechocystis
photosynthetic mutants were selected for functional complementation:

∆ycf48 : YCF48 is a lumenal protein involved in assembly and repair of
PSII [129], it is homologous to the Arabidopsis protein HCF136;

∆PratA : PratA is involved in the pre-loading of D1 (core protein of PSII)
with Mn [88] and does not have clear plant homologues;

∆CurT : CurT is a small thylakoid membrane protein involved in the bend-
ing of membranes both in Synechocystis [130] and in Arabidopsis [131]
where it has 4 homologues;

∆Pitt : Pitt is a protein involved in the early steps of photosynthetic
pigment/protein complex formation [132] and does not have clear
Arabidopsis homologues;

∆SynPAM71 : SynPAM71 is a membrane-embedded cation transporter
involved in Mn homeostasis (see section 3.3), homologous to a family
of 5 proteins in Arabidopsis [89].

The growth of each mutant was tested in various conditions in order to
find a suitable selective screening.

∆YCF48, ∆PratA, ∆CurT, ∆Pitt were tested for growth in high light (up
to 1000 µmol photons m−2 s−1), high temperature (35°C), salinity (NaCl up
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Table 3.3: List of some cDNAs retrieved from complemented ∆psaD. Note that
psbM and psaB are chloroplastic genes (for an explanation see section 3.1.3).
Informations on the locus were gathered from TAIR database [128]. No., number
of isolated clones bearing that particular sequence.

Gene locus Protein Name Function No.

ATCG00340 PsaB Core protein of PSI 1
AT5G47320 RPS19 Nuclear encoded 5’ UTR of

mitocondrial ribosomal sub-
units

1

AT1G31580 ECS1 Cell wall protein, maybe in-
volved in light reactions of
photosynthesis

1

AT1G69510 cAMP-regulated phospho-
protein 19-related protein

- 1

AT3G61470 LHCA2 PSI Light Harvesting Com-
plex antennas, gene 1

1

AT2G07707 ATPase, F0 subunit ATP synthesis 1
AT1G20340 PETE2, Plastocyanin Copper homeostasis, redox-

oxidation processes
2

AT3G49870 ARLA1C Cell division, chromosome
segregation, defense in re-
sponse to viruses

1

ATCG00220 PsbM Low-molecular-weight pro-
tein of PSII

2

AT5G42530 - Uncharacterized 1
AT3G54890 LHCA1 PSI Light Harvesting Com-

plex antennas, gene 2
1

AT1G42970 GAPB Chloroplast localized
Glyceraldehyde-3-
phosphate dehydrogenase

1
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to 3%), 680 nm light (PSII absorbtion wavelength). Unfortunately, none of
the above mutants showed drastic impairments compared to WT in any of
the conditions tested.

The only exception was ∆CurT which display sensitivity towards salt
addition. Although ∆CurT showed a strong tendency to generate pseudore-
vertants, in the order of tens, it has been decided to try the complementation
with the library. Out of three rounds of complementation, positive transcon-
jugants were screened by PCR using primers to amplify inside the coding
sequences of all the four Curt genes of Arabidopsis [131]. However, none of
the screened clones resulted positive for the presence of any of the Curt
genes from Arabidopsis.

∆SynPAM71 was found to be sensitive to Mn addition: 10-fold Mn in
the growth medium compared to the normal growth medium is a lethal
condition for the mutant. The generation of pseudorevertants was absent.
Therefore, ∆SynPAM71 was subjected to two round of complementation
with the Arabidopsis cDNA library. However, the only clone retrieved
from the screening was found to be a contaminant that still contained the
SynPAM71 wild-type gene.

3.2 Expression and stabilization of functional LHCII
in Synechocystis

Two strategies have been pursued in order to introduce LHCs into Syne-
chocystis. In the first strategy, it was attempted to introduce an operon
(hereafter LHC operon) containing cpSRP43, cpSRP54, cpFtsY, Alb3 and
Lhcb1 genes, under the strong promoter PpsbA2, into the genome of Syne-
chocystis. In the second strategy, a gene cluster (hereafter LHCgc) containing
the same genes but divided in three transcriptional units, was designed,
synthesized, cloned into a replicative plasmid and introduced into Syne-
chocystis.

3.2.1 First strategy: introducing the LHC operon into the genome
of Synechocystis

The first attempt to introduce LHCs into Synechocystis, employed the inser-
tion of the LHC operon into the Synechocystis genome. Two suicide vectors
(vector that can not replicate in the host) has been assembled for this pur-
pose, each harbouring half of the final LHC operon (Fig. 3.8). The genes
constituting the LHC operon were divided on two suicide vectors according
to the type-II restriction enzymes that are used during the Golden-Gate
assembly (see section 2.3.2). The cpSRP43, Alb3 and Lhcb1 genes were
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Figure 3.8: Scheme for the introduction of the LHC operon into the genome
of Synechocystis. A. Scheme for the planned two-step transformation with the
suicide vectors pDS433 and p54Y. The first transformation with the p433 vector
replaced part of the neutral site with the cpSRP43, Alb3 and Lhcb1 genes under the
endogenous strong promoter PpsbA2, followed by the nptI/sacB double selection
cassette conferring kanamycin resistance and sucrose sensitivity. The second
transformation replace the remaining neutral site and the double selection cassette
with the cpSRP54 and cpFtsY genes, resulting in a marker-less strain (sucrose
resistant and kanamycin sensistive) harbouring the LHC operon. Thick black
line: Synechocystis genome; broken line: plasmid backbones; Light and dark blue:
regions used for homologous recombination during the first (light) and the second
(dark) transformation; orange boxes: ribosomal binding sites (RBS). B. Map of the
neutral site region of the genome of the final LHCop Synechocystis strain. Note
that the last gene, cpFtsY, is followed by the natural terminator of slr0168.

assembled with BsaI restriction enzyme in the final plasmid pDS433, while
the cpSRP54 and cpFtsY genes, containing many BsaI restriction sites in
their CDS, were assembled in the vector p54Y using the type-II restriction
enzyme BsmBI.

The plasmid pDS433 was used to transform Synechocystis WT strain.
The plasmid pDS433 replaced the genomic neutral site slr0168 with the
genes cpSRP43, Alb3 and Lhcb1, placed downstream the promoter PPsbA2,
together with the nptI/sacB double selection cassette (Fig. 3.8). The
resulting Synechocystis strain was named DS433. The introduced nptI/sacB
double selection cassette contains the gene for kanamycin resistance (nptI),
used for the positive selection of transformants, and the levansucrase gene
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(sacB) is used for negative selection. The presence of the levansucrase
enzyme cause lethality to bacteria when they are grown in the presence of
5% sucrose [102].

To obtain a homozygous mutant, Synechocystis DS433 was subjected to
increasing kanamycin concentrations in order to raise the selective pressure.
Since heterozygosity should not influence the expression of proteins, the
heterozygous mutant was subjected to preliminary investigation.

Immunoblot analysis of Synechocystis DS433 failed the detection of
Lhcb1 (data not shown). Next, the presence of transcripts was investigated.
RNA was extracted from WT and DS433 Synechocystis strains, and treated
with dsDNAse to avoid genomic contamination of the samples. The RNA
was then retro-transcribed to cDNA, and the synthesized single-stranded
cDNA was analyzed for the presence of cpSRP43, Alb3 and Lhcb1 transcripts.
However, the pDS433-specific transcripts were not clearly detected in the
mutant (data not shown).

These results, together with some issues encountered in the assembly
of the plasmid p54Y, drove me to find a faster and more reliable way to
introduce the whole LHC operon into Synechocystis.

3.2.2 Second strategy: generation of a Synechocystis strain har-
bouring a synthetic gene cluster for LHC reconstitution

A gene cluster containing Arabidopsis lhcb1, cpSRP43, cpSRP54, cpFtsY and
Alb3 was designed as depicted in Fig. 3.9A to be artificially synthesized.

The designed gene cluster (hereafter referred as LHCgc) was divided
in three independent transcriptional units in order to better identify the
position of a possible failure in transcription or translation.

The first transcriptional unit was defined by the cpSRP43 and cpSRP54
genes, expressed from the promoter Pcpc. The second transcriptional unit
carried the Lhcb1 and cpFtsY genes under the promoter Prbcl, and, at last,
Alb3 was expressed by the promoter PPsbA2. Care was taken that each
gene sequence would have been introduced by a ribosome binding site
(RBS), and that the viral transcription terminator OOP [93] terminated each
transcriptional unit. Each coding sequence was gathered from Arabidopsis
mature mRNAs sequences (see section 2.3.7 for accession numbers), from
which the N-terminal cTP (as predicted from the software ChloroP [133])
was removed. Each CDS was optimized by GeneScript correcting codon
usage, GC content, mRNA secondary structures, internal ribosomal binding
sites and RNA instability motifs.

The promoters employed in the gene cluster are well characterized
Synechocystis endogenous constitutive promoters that drive highly ex-
pressed genes: Pcpc drives the expression of phycocyanin subunits and
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Figure 3.9: Maps of the synthetic LHC gene cluster and the final vector pURCLHC.
A. Scheme of the LHC gene cluster (LHCgc). Black arrows: promoters; white
arrows: CDSs; orange boxes: RBSs; blue boxes: transcription terminators. B. Map
of the final replicative vector pURCLHCgc.
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linker polypeptides of phycobilisomes, Prbcl drives the expression of the
large subunit of the Ribulose-1,5-bisphosphate carboxylase/oxygenase (Ru-
BisCo) and PPsbA2 drives the expression of the PSII core subunit PsbA
(D1) [134] [34]. The promoter sequences used in the operon were the same
as reported in [20].

The designed LHCgc sequence (reported in section A) was synthe-
sized by Genescript. All the CDS were optimized for gene expression in
Synechocystis, as described in section 2.3.3.

The LHCgc was cloned into a pUC backbone. Hence, the LHCgc was
cut with KpnI and BamHI restriction sites, which were flanking the LHCgc
sequence, and cloned into pURC, to give the final plasmid pURCLHC
(vector map shown in Fig. 3.9B). pURC is a replicative vector based on
pUR2LC (see Table 2.4) in which the spectinomycin and kanamycin resis-
tance cassettes were substituted by a chloramphenicol resistance cassette
(chloramphenicol acetyl transferase, CAT). The protein product of the CAT
gene allow the transformation of all Synechocystis strains of interest, which
were resistant to either kanamycin or spectinomycin (e.g. in the Synechocys-
tis strain SynLut that produce lutein, or ∆APC which lacks phycobilisomes),
with pURCLHC.

The plasmid pURCLHC was introduced in Synechocystis WT, SynLUT,
and ∆APC strains. Since the initial characterization of the LHCgc harbour-
ing strains confirmed the absence of the Lhcb1 protein by immunoblot
analysis (data not shown), further investigations were performed only on
the WT strain harbouring pURCLHC, hereafter referred to as WT_LHCgc.

3.2.3 Analysis of Synechocystis strains harbouring the synthetic
gene cluster for LHC reconstitution

First, the presence of the whole LHCgc was confirmed by PCR from two
independent WT_LHCgc strains (Fig. 3.10A).

The WT_LHCgc strains were further investigated for the accumulation
of the heterologous proteins (Fig. 3.10A). In Arabidopsis, functional cp-
SRP43 and cpSRP54 proteins were detected in the stroma [57], Lhcb1 and
Alb3 were found in thylakoids, while cpFtsY was detected in both stroma
and thylakoids fractions of chloroplasts [65]. Hence, in order to examine
both the accumulation and subcellular localization of the heterologous
expressed proteins, the crude protein extracts from Synechocystis WT and
WT_LHCgc#1 and #2 were further divided between soluble and insoluble
fractions, separated by SDS-PAGE and subjected to immunoblot analysis
(Fig3.10B).

The immunoblot analysis confirmed the absence of the Lhcb1 protein,
together with the absence of the co-transcribed cpFtsY. Both the cpSRP43
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Figure 3.10: Genotyping and immunoblot analysis of the heterologous proteins
expressed from LHCgc in two WT_LHC strains. A. Two independent clones of
Synechocystis WT _LHCgc (# 1 and # 2) were tested by PCR for the presence of each
gene of the cluster. Primers used are numbers 19 to 24 listed in Table 2.7, amplicon
sizes: cpSRP43 273 bp , cpSRP54 477 bp, Lhcb1 477 bp , cpFtsY 349 bp , Alb3 291
bp. S.m.: size marker, C: positive control. B. Immunoblot analysis of heterologous
protein expression in two WT_LHC strains. Crude extract was separated in soluble
and insoluble fractions, and 30 µg of protein for each genotype was loaded and
fractionated on SDS-PAGE. Signals were detected for cpSRP43,cpSRP54 and Alb3
only in the insoluble fraction, while signals from Lhcb1 and cpFtsY were not
detected (data not shown). CBB: gel stained with Coomassie Brilliant Blue shown
as loading control.
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Figure 3.11: pURCLHCgc transcripts analysis
of Synechocystis WT and two WT_LHC strains.
RNA was extracted from the indicated Syne-
chocystis strains, run in formaldehyde gel (20
µg each lane) and blotted into a nitrocellulose
membrane. The presence of transcripts from
cpSRP43, Alb3 and Lhcb1 was investigated with
radioactive probes as described in section 2.3.6.
Lhcb1 probe resulted in no detectable signal
(data not shown), while signals from cpSRP43
and Alb3 were detected. MB: methylene blue
staining indicative for equal RNA loading.

and cpSRP54 proteins were detected in the mutants, albeit only in the
insoluble fraction. The accumulation of the proteins in the insoluble fraction
could be due to a failure of reconstituting the functional soluble cpSRP
complex into the cytoplasm of Synechocystis, which should be stable even
in the absence of Lhc proteins [135]. A possible explanation could be that
the proteins fail to fold properly and accumulate in an unfolded insoluble
state, although not in such amount to be seen as inclusion bodies. Finally,
Alb3 properly accumulates in the insoluble fraction of the mutants, but
whether Alb3 is properly inserted in the thylakoids or it accumulates as an
insoluble non-functional protein has to be further elucidated.

To investigate the cause of the absence of Lhcb1 and cpFtsY proteins,
transcript analysis by northern blot was performed. RNA was extracted
from WT and WT_LHCgc strains, loaded on formaldehyde gels, blotted on
nitrocellulose membrane and hybridized with radioactive probes for Lhcb1
and, as positive constrols, membranes were also hybridized with probes
for cpSRP43 and Alb3 transcripts (Fig. 3.11). While cpSRP43 and Alb3
transcripts were detected, no signal for Lhcb1 was observed (Fig. 3.11). The
latter result suggested a problem in mRNA synthesis and/or stabilization
of the second transcriptional unit of the LHCgc.

Different causes can be ascribed for inefficient mRNA synthesis or
stabilization. To exclude that the problem was due to the chosen bacterial
chassis (Synechocystis), the transcript abundance was also analyzed in the
E. coli strain harbouring pURCLHC (hereafter referred to as E. coli LHCgc).

RNA was extracted from E. coli DH5α and LHCgc strains and processed
as described above. Radioactive probes for cpSRP54, cpFtsY and Alb3 were
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Figure 3.12: Transcripts analysis of LHCgc genes in different E. coli strains. A.
Transcripts analysis from of E. coli DH5α and LHCgc strains. B. Transcript analysis
of the codon optimized and wild-type Lhcb1 sequences in different genetic contexts.
Upper blot: accumulation of codon optimized Lhcb1 transcripts under Prbcl (strong,
from pURCLHC) and PPetJ (weak, from pURLhcb1opt) promoters; middle blot:
positive control showing transcript accumulation of the psaD gene under the
weak promoter PPetJ (from pURpsaD); Lower blot: accumulation of Lhcb1 wild-
type sequence transcript under the PPsbA2 promoter (from pDESTLhcb1). MB:
methylene blue staining is indicative of RNA loading. Each lane was loaded
with 30 µg of RNA instead of 20 µg as for the Synechocystis blot of Fig. 3.11. All
transcripts were detected with radioactive probes as described in section 2.3.6, the
signals of each panel were recorded exposing the blots simultaneously.
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used to visualize the accumulation of transcripts from the first, second and
third transcriptional units of the LHCgc, respectively (Fig. 3.12A). As been
already observed in Synechocystis (Fig. 3.11), the signal for the transcripts
from the second transcriptional unit was hardly detectable (Fig. 3.12A).

To investigate whether the optimization of the coding sequence of Lhcb1
was responsible for the undetected level of transcript, the optimized Lhcb1
was cloned downstream the promoter PpetJ, into the replicative vector pUR.
The expression level of Lhcb1 was compared to the expression level of
the gene psaD, cloned in pUR under the same PpetJ promoter. As shown
in Fig. 3.12B, the expression of the optimized Lhcb1 is barely detectable
compared to the strong psaD signal. In addition, the expression of the
Arabidopsis wild-type Lhcb1 under the control of the promoter PPsabA2 was
tested (plasmid pDESTLhcb1, Fig. 3.12B). In this condition, the expression
from Lhcb1 was enhanced. These results suggested that the expression of
the LHCgc second transcriptional unit could be hampered by the sequence
optimization of Lhcb1.

3.3 The transporter SynPAM71 is required to main-
tain Mn homeostasis in Synechocystis

3.3.1 Identification of SynPAM71 and construction of Synechocys-
tis ∆SynPAM71

It was recently shown that the protein PAM71 is involved in manganese
uptake at the thylakoid membrane in Arabidopsis [89]. Based on phyloge-
netic analysis [136] and sequence alignments (Fig. 3.13), a single PAM71
homolog was identified in Synechocystis (SynPAM71), encoded by the gene
sll0615. SynPAM71, as PAM71, belongs to the UPF0016 family of membrane
proteins. Some of its plant, yeast and human homologs have already been
characterized, and they exhibit the ability to transport Ca2+ and/or Mn2+

ions across membranes [91] [92] [89] [90]. SynPAM71 contains six putative
transmembrane (TM) domains, including two highly conserved motifs
ExGD(KT)(RT) (Fig. 3.13), which are thought to be responsible for cation
binding and transport [91].

To investigate the function of SynPAM71, a knock-out mutant for sll0615
was generated via homologous recombination, substituting a kanamycin
resistance cassette for the wild-type gene (Fig. 3.14A). Complete segregation
of the mutant was obtained under LAHG (light-activated heterotrophic
growth) conditions (Anderson and McIntosh, 1991), and the genotype was
confirmed by PCR (Fig. 3.14B).

∆SynPAM71 cells exhibited a significantly slower growth rate than WT
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AtPAM71HL      VKGGPSSVLAAV--AKSGFTAAFSLIFVSEIGDKTFFIAALLAMQYEKTLVLLGSMGALSLMTILSVVIG 197  
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SynPAM71       QIFTFLPTRYIN-----------YAEVALFLIFGTKLLWDARRIKATAN-------LEEMEDAEKAIASG 108 

AtPAM71HL      KIFQSVPAQFQTTL-----PIGEYAAIALLMFFGLKSIKDAWDLPPVEAKNGEETGIELGEYSEAEELVK 262 

AtPAM71        RTFHYVDEVLPFRFGGTDLPIDDIAAVCLLVYFGVSTLLDAVSDEGKADE------EQKE--AELAVSEL 272 

 
 

SynPAM71       EKKLKIVPRGWGIVVESFALTFVAEWGDRTQIATIALAASNNAWGVSAGAILGHTICAVIAVMGGKFVAG 178 

AtPAM71HL      EKASKKLTNPLEILWKSFSLVFFAEWGDRSMLATVALGAAQSPLGVASGAIAGHLVATVLAIMGGAFLAN 332 
AtPAM71        SGNGAGIVAAANTIISTFALVFVAEWGDKSFFSTIALAAASSPLGVIAGALAGHGAATLLAVLGGSLLGN 342 

 
 

SynPAM71       RISEKTVTLIGGLLFYLFAVVSWWTKIA 206 
AtPAM71HL      YISEKLVGYVGGALFLVFAAATFFGVF  359 -  

AtPAM71        FLSEKAIAYVGGVLFLVFAAVTVAEIVT 370 

Figure 3.13: Sequence alignment of SynPAM71 with its (predicted) chloroplast-
localized homologs from A. thaliana, AtPAM71 and AtPAM71HL. Similar-
ity/identity of amino acids in at least 50% of the sequences is highlighted
in gray/black shading, respectively. Chloroplast target peptides predicted by
ChloroP [133] are indicated in lower case letters, the predictions for transmem-
brane (TM) domains and the soluble central loop (as predicted by TMHMM [137])
are indicated above the sequences. The two highly conserved E-x-G-D-(KR)(TS)
motifs are boxed.
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Figure 3.14: Generation of the ∆SynPAM71 strain. A. Suicide vector pK71 used
to knock-out sll0615. UR, upstream region of sll0615 (600 bp); DR, downstream
region of sll0615 (600 bp); nptI, kanamycin resistance. B. Schematic diagram of
the generation of ∆SynPAM71 by homologous recombination. The sll0615 gene,
which codes for SynPAM71, was knocked out with an nptI cassette coding for
kanamycin resistance. C. Genotyping of ∆SynPAM71. P1 (UR0615FW) and P2
(UR0615RV) primers (annealing positions depicted in A) were used to confirm the
sll0615 knock-out. Amplicon sizes: WT 1899 bp; ∆SynPAM71 3271 bp. S.m.: size
marker
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under the standard growth conditions used (Table 3.4). Their yellow-green
color suggested an imbalance in the chlorophyll a (Chla) to carotenoid ratio,
and indeed levels of light absorbance by whole cells at 480-500 nm (indica-
tive for carotenoids) were similar in WT and mutant, while the absorbance
in the interval indicative for Chla and phycocyanin was lower in the mutant
(Fig. 3.15A). Subsequent analysis by methanol extraction confirmed that
carotenoids accumulated to almost 90% of WT levels, whereas the amount
of Chla was reduced to about 60% relative to WT (Table 3.4). Pigment anal-
ysis was normalized on optical density, therefore the correlation between
OD750 and cell number in the two genotypes was verified with Thoma cell
counting chamber (around 1.8 x 105 cells/mL, OD750 0.1).

Furthermore, ∆SynPAM71 cells showed a five times slower growth rate
than WT under high light intensities (Fig. 3.15B), suggesting an impairment
of photoprotective mechanisms.

3.3.2 ∆SynPAM71 is sensitive to increased Mn2+ concentrations

Based on its homology to PAM71 (Fig. 3.13), we speculated that SynPAM71
could be involved in metal transport. Therefore, the effect of different diva-
lent metals on the viability of the mutant was investigated. ∆SynPAM71
was grown on BG-11 medium supplemented with 10-, 20- or 50-fold more
Ca2+, Zn2+, Cu2+, Mn2+, Fe2+, or Mg2+ than is present in standard growth
medium. ∆SynPAM71 proved to be extremely sensitive to Mn2+ supple-
mentation to the growth medium: cell death was observed even at 10-fold
increased Mn2+ concentrations (Fig. 3.15C). Sensitivity to particular ions
could be alleviated with the incubation in media limiting for the particular
ion. Therefore, WT and mutant were grown in Mn limiting conditions
(Fig. 3.15C, right panel). However, both WT and mutant maintained their
growth phenotype when incubated for 5 days in Mn limiting conditions
(Fig. 3.15C). WT growth is presumably sustained by the storage of Mn in
the periplasmic place [80]. Mn starvation in Synechocystis is indeed ob-
served only after six rounds of cell division when incubated in Mn-limiting
conditions (corresponding to around 5 days in our growth conditions, see
Table 3.4) [80]. The impaired growth of the mutant was also retained in
Mn-limiting condition, presumably because of the inability of the mutant
to re-allocate a possible detrimental Mn accumulation inside the cell in the
growth medium. The inability to expel Mn from cells was already observed
by Keren and coworkers [80].

Furthermore, the mutant was also slightly sensitive to Cu2+ supplemen-
tation when compared to WT (Fig. 3.15c). It has previously been shown
that Mn uptake into the cell is stimulated in the presence of Cu [84], which
in turn suggests that the externally added Cu could amplify the sensitivity
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Table 3.4: Growth rates and pigment analysis of WT and ∆SynPAM71. The
values are means of three independent experiments (± SD). Cells were cultured
under heterotrophic conditions at 22°C and illuminated with 50 µmol photons
m-2 s-1. Pigments were extracted from 1 mL of culture at OD750 0.5 corresponding
to equal cells number (data not shown) and to around 60 µg protein for both
genotypes. Values (± SD) are means of three experiments, each including three
replicates. Asterisks indicate statistical significance (t test, *** P < 0.001, ** P < 0.01)
of difference between WT and mutant. Chla: chlorophyll a.

Strain Duplication
time (h)

Chla
(µg mL-1)

Carotenoids
(µg mL-1)

Chla
/carotenoids

WT 21.68 ± 0.4 4.08 ± 0.2 0.95 ± 0.1 4.28
∆SynPAM71 43.57 ± 1.4*** 2.41 ± 0.1*** 0.84 ± 0.01** 2.25

of ∆SynPAM71 towards Mn.

3.3.3 Accumulation of photosynthetic supercomplexes is reduced
in the mutant

To further characterize the phenotype of ∆SynPAM71, the steady-state
levels of photosynthesis-related proteins were examined by SDS-PAGE
and immunoblot analysis (Fig. 3.16). Equal amounts of total proteins
were analyzed for each genotype, and PSI subunits (PsaB and PsaD) were
found to be reduced to about 65% of WT levels. The amount of the PSII
core subunits D1, CP47 and D2 was also reduced compared to WT level,
while the accumulation of CP43 and PsbO was not altered in the mutant
(Fig. 3.16). Interestingly, amounts of CyanoP increased by up to 4.5-fold
relative to the WT level (Fig. 3.16). Accumulation of allophycocyanin
(APC) – a component of phycobilisomes, the light-harvesting proteins of
cyanobacteria – was also reduced in the mutant, in accordance with the
absorbance spectrum profile (Fig. 3.16, 3.15A ).

To investigate the formation of thylakoid protein complexes in ∆SynPAM71,
thylakoids were isolated and solubilized, and an equal amount of thylakoid
proteins were separated by BN-PAGE (Fig. 3.17A). The BN-PAGE profile of
the mutant showed an overall decrease in protein complexes (Fig. 3.17A),
confirming the results of the immunoblot analysis (see Fig. 3.16). Due to
their inherently low abundance, altered steady-state levels of PSII super-
complexes could not be easily inferred from BN-PAGE profiles. Therefore,
protein complexes first separated by BN-PAGE were further fractionated on
a denaturing SDS-PAGE gel (2nd dimension) and subjected to immunoblot
analysis for PSII subunits (Fig. 3.17B). The analysis of CP47 and D2 in
thylakoid membranes of the mutant confirmed the decreases noted above
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Figure 3.15: Initial characterization of ∆SynPAM71. A. WT (black) and mutant
(orange) absorbance spectra profiles were recorded from cell suspensions at OD750
0.25. The spectra are means of three independent measurements, normalized with
respect to the value at 750 nm. Absorbance peaks at 440 nm and 675 nm correspond
to chlorophyll a, at 480-500 nm to carotenoids and at 625 nm to phycocyanin. B. WT
(black) and mutant cells (orange) were grown in normal and high light conditions
(NL and HL, 50 and 200 µmol photons m-2 s-1 respectively). The calculated
duplication time is the average of at least three independent experiments. Bars
represent mean values ± SD. C. ∆SynPAM71 cells are sensitive to Mn and are
not rescued by Mn depletion.(left panel) WT and mutant strains were grown in
24-well plates in the presence of increasing concentrations (10, 20 and 50 times that
found in standard BG-11 medium, as indicated) of different divalent cations. The
cultures were inoculated at OD750 0.05 and let grown for a week. (right panel) WT
and mutant were grown as in left panel in the presence of 0x, 1x and 10x Mn2+.
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Figure 3.16: A.Immunodetection of proteins from WT and the mutant strain
using different antibodies directed against individual subunits of PSI (PsaB, PsaD),
PSII (D1, D2, CP47, CP43, PsbO, CyanoP) and allophycocyanin (APC). Samples
equivalent to 30 µg of total protein were loaded in each lane, except for those
marked ”50% WT”, where half as much was loaded. As a loading control, Rubisco
was visualized by staining with Coomassie Brilliant Blue (CBB). B. Quantification
of steady-state levels of photosynthesis-related proteins of which representatives
immunoblots are shown in A. Bars represent mean values (± SD) of at least
three technical replicates. Mean values (%) are indicated. Steady-state levels of
∆SynPAM71 proteins are shown in percentage to steady-state levels of WT (100%).
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Figure 3.17: A. Separation of thylakoid membrane complexes obtained from
WT and ∆SynPAM71cells. Thylakoid membranes were solubilized with 2% β-
DM, and protein complexes were fractionated by Blue-Native gel electrophoresis
(50 µg of protein were loaded in each lane) (left panel) and then stained with
Coomassie (right panel) The positions of protein complexes (PSI(3)/(2)/(1) =
tri/di/monomeric PSI complexes, respectively, RC47 = CP43-free PSII complexes,
PSII(2)/(1) = PSII di/monomers complexes, respectively), are indicated, and were
verified by immunoblot analysis (Fig. 3.20B). Please note, the PSII(2) is not visible
due to low abundance, the ATP Synthase complex is more abundant and runs at
similar size (Fig. 3.20A) [138]. B. Thylakoid protein supercomplexes separated by
BN-PAGE (1D) were further analyzed on a denaturing SDS-PAGE gel, followed by
silver staining (2D silver). Immunodetection of PSII proteins was performed using
antibodies against CP47, CP43, CyanoP and D2 (2D blot). Exposure times for WT
and ∆SynPAM71 immunoblots were identical. FP: free proteins.

(Fig. 3.17B). The two-dimensional BN/SDS-PAGE analyses also confirmed
that CyanoP over-accumulates in ∆SynPAM71, mostly as free protein. The
distribution of PSII protein complexes differs slightly between WT and mu-
tant. Whereas CP43 and CP47 behave similarly in WT and ∆SynPAM71, in
the latter CyanoP accumulates together with D2 in a small PSII subcomplex,
which might correspond to the recently characterized CyanoP-containing
RCIIa subcomplex [76].

3.3.4 Lack of SynPAM71 affects PSII photochemistry

The results described above indicate that ∆SynPAM71 is highly sensitive to
Mn2+ and impaired with respect to the accumulation of thylakoid mem-
brane protein complexes. Since Mn is of pivotal importance for PSII, the
consequences of the loss of SynPAM71 function on PSII photochemistry
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were measured by analyzing the rate of oxygen evolution using a Clark-
type electrode. In the absence of an artificial electron acceptor, ∆SynPAM71
showed a 50% decrease in oxygen evolution compared to WT (Table 3.5).
To investigate whether the diminished capability to evolve oxygen is due to
the decrease in PSI levels or to a specific defect in PSII photochemistry, the
analysis was performed in the presence of the artificial acceptors DMBQ
and ferricyanide. DMBQ can accept electrons from the QA/QB site of PSII,
thereby revealing defects on the PSII donor side, while ferricyanide keeps
quinones in the oxidized form. Indeed, when DMBQ and ferricyanide were
added, the rate of oxygen evolution for ∆SynPAM71 significantly dropped
to only 30% compared to the WT strain (Table 3.5).

To further exclude the possibility that the decreased amounts of PSI
might account for the observed drop in PSII activity, the rate of oxygen
evolution was determined for a PsaA knock-out strain (psaAprim, [7]) as
control. Although the psaAprim mutant was markedly affected in its overall
photosynthetic efficiency, its specific PSII activity (in the presence of the
two artificial acceptors) was even higher when compared to WT (Table 3.5).
PSII activity in psaAprim is uncoupled from the reduction in PSI abun-
dance, therefore for psaAprim an acceptor side limitation of PSII occurs, as
described before [139].

In addition, to test whether the effects of Mn toxicity and lack of Syn-
PAM71 are comparable, the WT strain was grown in a medium containing
20-fold additional Mn compared to normal medium (hereafter WT 20xMn).
As shown in Fig. 3.15C, the growth in 20xMn indeed triggers, in WT
cells, growth impairments and change in pigmentation. As in the case
of ∆SynPAM71, the reduced photosynthetic efficiency observed in WT
20xMn cells could be attributed to a specific defect in PSII photochemistry
(20% compared to WT, Table 3.5). Moreover, WT 20xMn cells displayed
∆SynPAM71-like reductions in the accumulation of photosynthetic proteins
and complexes (Fig. 3.18). Thus, it seems that the exposure of WT cells
to excessive levels of Mn in the medium results in the same physiological
defects, including PSI reduction, accumulation of CyanoP (albeit to a lesser
extent) and impairment of PSII activity, as lack of SynPAM71 in the mutant
cells. Thus, interestingly, the exposure of WT cells to excessive levels of Mn
in the medium results in the same physiological defects, including PSI re-
duction, accumulation of CyanoP (albeit to a lesser extent) and impairment
of PSII activity, as the lack of SynPAM71 in mutant cells.

Therefore, taking the reduced amount of PSII core subunits into account
(Fig. 3.16, 3.17), the specific activity of PSII is even more decreased in
∆SynPAM71 (Table 3.5), revealing an additional defect on the donor side of
PSII.
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Table 3.5: Rates of oxygen evolution in WT, ∆SynPAM71 and psaAprim strains,
and WT cells grown in 20-fold Mn (WT 20xMn). Each strain was harvested in late
exponential phase and concentrated to OD750 5. Rates of oxygen evolution are
means of at least three independent cultures (± SD) and are expressed in nmolO2
mL-1 (i.e., effectively on the basis of cell number). 1Electron transport between PSII
and ferredoxin was measured without acceptors. 2Electron transport between the
donor (OEC) and acceptor (QA/QB) sides of PSII was measured in the presence of
DCBQ/FeCN as electron acceptors. Values (± SD) are means of three replicates.
Asterisks indicate statistical significance (t test, *** P < 0.001) of difference between
WT and mutant strains or between WT and WT 20xMn.

WT ∆SynPAM71 psaAprim WT 20xMn

PSII to Fd1 33.2 ± 1.1 16.1 ± 1*** 8.2 ± 0.9 *** 0.95 ± 0.1***
PSII
to DCBQ2

52.3 ± 2.3 15.8 ± 0.8*** 70.8 ± 4*** 10.7***
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Figure 3.18: Analysis of protein complexes accumulation in Synechocystis WT cells
grown in toxic amounts of Mn. A. Immunodetection of proteins from WT and
∆SynPAM71 cells cultured in standard growth medium, and from WT grown in
20xMn medium. Each lane was loaded with 30 µg of total protein extract, except
those marked 5́0% WT,́ which contained 15 µg of protein. B. BN-PAGE profile of
WT cells grown in standard and in 20xMn medium.
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3.3.5 ∆SynPAM71 cytoplasm, thylakoids and PSII protein com-
plexes are enriched in Mn

In order to examine how and to what extent the absence of SynPAM71 af-
fects the subcellular allocation of Mn and other metals, the concentration of
Mn, Mg, Ca, Fe, Cu, and Zn in whole cells and isolated membrane fractions
from ∆SynPAM71 and WT were determined by ICP-MS (Fig. 3.19A, and
Tables B.1, B.2, B.3, B.4 in appendix B). Prior to the measurements, collected
cells were carefully washed with EDTA-containing buffer to remove the
Mn-rich pool present in the outer membrane and periplasmic space [80].
Whole cells (comprising cytoplasm, plasma membrane and thylakoids)
and isolated membrane fractions (plasma membrane and thylakoids) were
normalized based on protein concentrations, digested, and subsequently
analyzed by ICP-MS for total element concentrations (Fig. 3.19A, and Ta-
bles B.1, B.2 in appendix B). The amount of Mn was significantly increased
in ∆SynPAM71, in both whole cells and in the isolated membrane frac-
tions, whereas the concentrations of the remaining analyzed elements were
similar to WT levels, beside a small increase in Ca. For better visual inter-
pretation of the results, the ratio between mutant and WT for each element
is displayed in Fig. 3.19B. In whole cells of ∆SynPAM71, the Mn levels
were significantly increased up to 2.5-fold and by 2-fold in the isolated
membrane fraction, compared to WT (Fig. 3.19B, Table B.3, B.4).

To investigate Mn binding in PSII and the integrity of the inorganic
Mn cluster, solubilized thylakoids from ∆SynPAM71 and WT were first
fractionated using size-exclusion chromatography (SEC) and then ion in-
tensities for 48SO+, 55Mn+, 72FeO+ and 24Mg+ were analyzed by ICP-QQQ-
MS [140](Fig. 3.19C). SEC-ICP-QQQ-MS analysis has previously been suc-
cessfully employed for the quantification of Mn- and Fe-containing super-
and subcomplexes in barley and Arabidopsis thylakoids [140] [89]. Because
the 55Mn+ and 72FeO+ SEC-profiles from Synechocystis differed from the pre-
viously analyzed 55Mn+ and 72FeO+ profiles for higher plants, individual
fractions corresponding to the Mn and Fe main peaks (annotated as Mn1,
Mn2, Fe1 and Fe2 in Fig. 3.19C) were collected and loaded onto a BN-PAGE
gel for protein complex identification (Fig. 3.20). The Synechocystis 55Mn+

chromatogram revealed two major peaks, Mn1 and Mn2 (Fig. 3.19C). The
Mn1 peak co-eluted with a minor sulfur peak (proxy for proteins), did
not co-elute with any Mg peak (proxy for chlorophyll bound to protein
complexes) (Fig. 3.19C) and further overlapped with the phosphate P1 peak
(proxy for membrane phospholipids) (Fig. 3.21). Hence, the Mn1 peak
could not be ascribed to PSII supercomplexes, but could instead represent
Mn bound to the thylakoid membrane or membrane fragments. The second
eluting Mn peak (Mn2) included both PSII monomers and dimers (Fig.).
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The Mn1 and Mn2 peaks were both found to be increased in ∆SynPAM71
compared to WT (Fig. 3.19C), suggesting that accumulation of Mn occurs
in membrane fractions and in PSII protein complexes.

While thylakoid Mn is bound solely to PSII, Fe is enriched in PSI (12 Fe
atoms per monomer), PSII (3 atoms), cytochrome b6f (6 atoms) and NDH-1
protein complexes (12 atoms) [141] [142]. However, PSI is the most abun-
dant chlorophyll-containing protein complex in Synechocystis thylakoids;
therefore, the largest Mg- and Fe-containing fractions are here considered
as proxy for PSI complexes. The 72FeO+ size-exclusion profile of Synechocys-
tis revealed two major peaks, Fe1 and Fe2 (Fig. 3.19C). The Fe1 fraction was
enriched in PSI supercomplexes, trimers and dimers, while the Fe2 fraction
was enriched in PSI monomer complexes (Fig. 3.20A). The first Fe-eluting
fraction Fe1 of ∆SynPAM71 was strongly reduced compared to WT, whereas
the decrease in the Fe2 fraction was less pronounced (Fig. 3.19C). The total
Fe peak area in the SEC profile of ∆SynPAM71 is decreased to about 70%
of WT which is in good agreement with the observed reduction in the
amount of PSI subunits and complexes (Fig. 3.16, 3.17). Likewise, the total
peak area of the Mg profile of ∆SynPAM71 showed a decrease to around
70% compared to WT (Fig. 3.19C), which nicely supports the measured
reductions in Chla content of the mutant (Table 3.4).

Taken together, the results demonstrate that Mn accumulates within
∆SynPAM71 cells, and in particular in the thylakoid membranes. Moreover,
the Mg and Fe profiles support the reduction in PSI amounts as also
deduced from protein analysis (Fig. 3.16, 3.17).

3.3.6 SynPAM71 is predominantly located in the plasma mem-
brane of Synechocystis

Synechocystis possesses an outer membrane, an inner (or plasma) membrane
and thylakoid membranes. In order to identify the subcellular localization
of SynPAM71, a tagged version of SynPAM71 (FLAG:SynPAM71:6xHis,
hereafter FSynPAM71H) under control of the cytochrome c6 promoter
(PpetJ) was generated and introduced into ∆SynPAM71 to generate the
strain FSynPAM71H. Strikingly, FSynPAM71H not only complemented
∆SynPAM71, it also conferred a higher degree of resistance to Mn toxicity
than that exhibited by WT cells (Fig. 3.22A). Indeed, FSynPAM71H was
able to survive in growth medium containing 100-fold Mn2+, while the WT
could not tolerate manganese concentrations above 20-fold (Fig. 3.22A).
This suggests that FSynPAM71H is functional and its increased activity
might be due to the enhanced efficiency of the PpetJ promoter used to drive
FSynPAM71H expression. In Synechocystis the PpetJ promoter drives the
expression of cytochrome c6, which replaces plastocyanin under conditions
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Figure 3.19: A. Analysis of total element concentrations in WT and ∆SynPAM71
whole cells (comprising cytoplasm, plasma membrane and thylakoids) (upper
panel) and isolated membrane fractions (plasma membrane and thylakoids) (lower
panel). Bars represent mean values (± SD) of two experiments, including six and
three replicates. Asterisks indicate statistical significance (t test, *** P < 0.001, **
P < 0.01) of difference between WT and mutant. Numerical values are given in
Table B.1, B.2. TM: thylakoid membranes; PM: plasma membranes. B. Columns
represent the ratio of ∆SynPAM71 to WT for the indicated element. Values were
calculated from Table B.1, B.2. Asterisks indicate significant differences to a ratio
of one (two-way ANOVA, *** P < 0.001, * P < 0.05, Table B.3, B.4). TM: thylakoid
membranes; PM: plasma membranes. C. SEC-ICP-QQQ-MS profiles for WT and
∆SynPAM71. Thylakoids were solubilized with 2% β-DM, loaded onto a SEC
column and the metal-binding profiles of the eluting separated protein complexes
were analyzed by ICP-QQQ-MS. Size-exclusion profiles were recorded for 48SO+,
24Mg+, 55Mn+ and 72FeO+ ions for WT (black lines) and ∆SynPAM71 (orange lines)
and expressed as ion intensities (counts s-1). Individual Mn and Fe peaks (Mn1,
Mn2, Fe1, Fe2) were annotated using BN-PAGE for identification (Fig. 3.20). Mn1:
thylakoid membrane fraction; Mn2: PSII(2) and PSII(1); Fe1: PSI supercomplexes,
PSI(3) and PSI(2); Fe2: primarily PSI(1). The profile of the 48SO+ signal verifies
equal loading of solubilized proteins.



76 Results

Retention time (s)

7
2

+
Io

n
 i
n

te
n

s
it
y
 
F
e
O

4
-1

(c
o

u
n

ts
 x

1
0

 s
)

//

4

8

12

16

370 470

Fe1

Fe2

570 670

Retention time (s)

5
5

+
Io

n
 i
n

te
n

s
it
y
 
M
n

4
-1

(c
o

u
n

ts
 x

1
0

 s
)

//

0.2

0.6

1.0

1.4

1.8

370 470 570 670

Mn1

Mn2

A

Mn1 Mn2 Fe1 Fe2 C

PSI(3)

PSI(SC)

PSI(2)

PSI(1)
PSII(1)
RC47

PSII(2)
ATP Synthase

PSI(3)

PSI(SC)

PSI(2)

PSI(1)
PSII(1)
RC47

PSII(2)

BN
-P

AG
E

D
1-

N
te

rm

Psa
A

B
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recorded for 55Mn+ and 72Fe+. Middle panel: BN-PAGE gel of the individual Mn
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indicated in the chromatograms), concentrated on 100K spin-filters and loaded (15
Âţg protein per sample) onto a BN-PAGE gel for protein complex identification.
No visual protein bands for the Mn1 peak were observed. Since the Mn1 peak
does not overlap with any Mg peak (Fig. 5) but does overlap with the P peak
(Fig. 3.21), Mn1 cannot be derived from any PSII supercomplex. Instead, it could
represent the membrane fraction. Mn2 is the major Mn-containing fraction, and is
enriched in both PSII dimers and monomers. The Fe1 subfraction is enriched in
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of copper deficiency in cyanobacteria, and this gene is activated in growth
medium devoid of copper. However, its basal expression (as in the normal
BG-11 medium used in our study) has been shown to be sufficient for the
complementation of null mutants [118]. The protein SynPAM71 has so far
been elusive in proteomic studies on membranes of Synechocystis [143] [144].
Only recently it was detected in small amounts in thylakoids membranes
in an extensive proteomic study on membrane fractions from Synechocys-
tis [145], suggesting that SynPAM71 is present only in low concentrations
in vivo. Therefore, despite the relatively weak promoter employed to drive
the FSynPAM71H expression (in normal BG-11 medium), the actual protein
accumulation in FsynPAM71H strain might be higher compared to WT,
enhancing its resistance to Mn toxicity.

In order to clarify the membrane localization of SynPAM71, membranes
of FSynPAM71H were separated on a sucrose step gradient as described
previously [146] (Fig. 3.22). Solubilized proteins corresponding to plasma
membrane and thylakoid membrane fractions were normalized to protein
concentration, subjected to SDS-PAGE and blotted onto a nitrocellulose
membrane, which was then probed with antibodies raised against D2,
SbtA, PratA and His-tag. The D2 and SbtA signals confirmed the purity of
thylakoid and plasma membrane fractions, respectively, while the PratA
antibody was used to identify the fraction enriched in thylakoids biogen-
esis centers [147]. Based on the His-tag signal, FSynPAM71H was found
primarily in the plasma membrane fraction, although a minor portion of
the protein was detected in the thylakoid membrane fraction (Fig. 3.22B),
indicating that FSynPAM71H is present in both membrane systems.
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Chapter 4

Discussion

4.1 Shotgun functional complementation of Synechocys-
tis photosynthetic mutants with a cDNA library
from Arabidopsis

A method to construct and express a cDNA library in the model cyanobac-
terium Synechocystis is described in this work. A tailored replicative vector,
named pUR2L, was constructed for the expression of cDNA libraries in
Synechocystis. The cDNA cloning strategy involved the conjugative transfer
of an Arabidopsis cDNA library from an E. coli donor strain into the final
Synechocystis host. Exploiting the efficiency of conjugation was indeed
possible to transform a sufficient number of Synechocystis cells to obtain a
representative cDNA library from Arabidopsis.

So far, a successful complementation was observed only for the Syne-
chocystis ∆psaD mutant, and only from two out of five rounds of com-
plementation. Albeit ∆SynPAM71 was a promising candidate to isolate
complemented transconjugants due to its robust and selective screening, it
was not possible, to date, to isolate a complemented clone.

Taken all together, these results suggest that the described method to
obtain a cDNA library to complement Synechocystis still lacks the quality
necessary to isolate complemented clones of low transcribed genes, such
as genes encoding for regulatory factors. PsaD is indeed a small, highly
transcribed gene encoding for a structural subunit of PSI. The robustness of
the cDNA library is pivotal when the goal is to isolate genes taking part in
assembly or regulatory pathways, since these genes are indeed much lower
expressed than genes encoding structural proteins [148]. Nevertheless,
various improvements could still be addressed to better achieve the required
cDNA library quality.

First, the high throughput of the library preparation was hampered by
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the laborious plasmid preparation and handling during the cloning proce-
dures (see section 2.2.2). Library trials have indeed frequently failed due to
the low quality of plasmid preparation (e.g. the aversion to subsequent SfiI
restriction [42]). Putative targets for plasmid processing improvements are
i) inscreasing the copy number and ii) decreasing the size of the pUR2LT
vector. The copy number of pUR2LT is dictated by the origin of repli-
cation oriV (and its trans-acting rep genes), which are required for the
broad-host range replication of the plasmid and therefore restricted from
further modification. The backbone of pUR2LT could be shortened by
around 3.5 kb. Theoretically, if a replicative plasmid has to be mobilized,
it must contain the origin of transfer oriT and mobilization proteins that
recognise this site, given that the oriT differs from the oriT of the helper
plasmid. Hence, if the oriT of the mobilizable plasmid is identical to the
one from the helper plasmid, the mobilizable plasmid can undergo con-
jugation without requiring additional mob genes. The oriT from pUR2LT
comes from RSF1010 and requires mob genes to be trans-conjugated by
RP4 (helper plasmid). Hence, exchanging the RSF1010 oriT with the oriT
from RP4 would allow the removal of the mob genes from the pUR2LT
backbone. Together with the reduction to one antibiotic resistance cassette,
this deletion would shrink the backbone to around 6.5 kb, improving the
processing of the plasmid together with releasing the bacterial cells from
additional metabolic burdens.

Second, the cDNA expression could be improved, as well as its tran-
script stability. The PPetJ promoter, initially chosen for its inducible proper-
ties, could be exchanged with the strong PPsbA2 and the transcript stability
could be enhanced through the introduction of a hairpin structure at the 5’
of the transcript, in order to prevent its degradation [149].

Furthermore, increasing the relative presence of rare transcripts could
be achieved by library normalization [150] [151]. Otherwise, commercially
kits are available for the the construction of Arabidopsis normalized cDNA
libraries which are suitable for Gateway cloning (e.g. Thermo Fischer
Scientific # 19625011). To employ the latter approach, the SfiI restriction
sites of the pUR vector would be substituted by Gateway recombination
sites and the LR recombinase reaction would be performed in the place of
the ligation reaction. Another way to increase the presence of certain cDNA
sequences in the library, could be achieved inducing the production of the
specific mRNA of interest directly from the source of RNA (in this case,
Arabidopsis). For example, to induce the production of Mn transporters
mRNAs, the RNA pool would be extracted from plants grown in Mn-
toxic or Mn-deficient conditions in order to induce the transcription of
transporters involved in Mn homeostasis.
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Lastly, the isolation Synechocystis strains which are able to reconstitute
whole plant-like photosynthetic machineries would probably require many
rounds of complementation since more than one unknown plant-specific ac-
cessory factor is missing. To identify assembly intermediates that increase
but still do not completely recover the viability of Synechocystis photo-
synthetic mutants, bimolecular fluorescence complementation (BiFC) [51]
could be employed.

4.2 Expression and stabilization of functional LHCII
in Synechocystis

The genes for Lhcb1 and the SRP pathway constituents (cpSRP43, cpSRP54,
Alb3 and cpFtsY) from Arabidopsis have been introduced into Synechocystis.

Initially, the genes were introduced into Synechocystis genome by a
two-step transformation (Fig.3.8). However, the completion of this strategy
was prevented by i) the successful construction of the second vector p54Y
and ii) the transcript instability of the genes from the first cloned construct
(pDS433, see Fig.3.8).

Hence, a tailored gene cluster containing Lhcb1 and the genes from the
SRP pathway (LHCgc) was designed to be synthesized and introduced into
Synechocystis with a replicative vector (pURCLHC, Fig.3.9). The LHCgc
was divided in three independent transcriptional units in order to help
identifying the position of a possible failure in transcription or translation
within LHCgc. Furthermore, the sequence for each gene was optimized for
protein production in Synechocystis. Analysis of Synechocystis LHCs strain
revealed that protein and transcripts accumulate from the first (cpSRP43,
cpSRP54) and last transcriptional unit (Alb3), while protein and transcripts
from the second transcriptional unit (Lhcb1, cpFtsY) were not detected in
Synechocystis WT_LHCgc strains (see Figs.3.10 and 3.11).

Interestingly, the expression profile of WT_LHCgc mirrored the expres-
sion profile of the E. coli LHCgc strain (containing pURCLHC Fig.3.12A),
suggesting that the Synechocystis chassis could be excluded as the cause of
the absence of transcript, or, at least, the transcript reduction could be due
to molecular mechanisms contained by both Synechocystis and E. coli. Given
the faster time in duplication, further analysis were performed on E. coli
strains. The expression of the Lhcb1 gene was investigated in different
genetic contexts, and the results suggested that the sequence optimization
of Lhcb1 could be ascribed for the transcript accumulation impairment (Fig.
3.12B).

The accumulation of a transcript is influenced by the rates of synthesis
and degradation. Transcripts synthesis rate is decided by transcription



82 Discussion

initiation and elongation mechanisms, which involved the nature of pro-
moter sequences and therefore the binding of RNA-polymerase, which are
additionally regulated by trans- or cis-acting factors (such as regulators ,
transcript secondary structure and metabolites). Transcript degradation is
instead influenced by the action of ribonucleases (RNases) which can be
either endoribonucleases, that cleave internally the RNA chain, or exori-
bonucleases, that degrade the RNA from either the 5’ end or the 3’ end. The
susceptibility of a transcript to degradation depends on the accessibility of
sites at which RNAses can act (influenced by the RNA structure). Transcript
degradation is also coupled to efficient translation, since mRNA that are
most efficiently transcribed (and therefore densely covered with ribosomes)
are more stable than transcripts that are not efficiently translated.

Synthesis of Lhcb1 transcript could be excluded as the cause for the
loss in Lhcb1 transcript accumulation. Indeed, as shown in Fig. 3.12B, the
promoter PpetJ induced the expression of the psaD gene, while the optimized
sequence of Lhcb1, cloned downstream the same promoter, still remained
unexpressed. The expression level of Lhcb1 from the PpetJ promoter resulted
lower when compared to the expression produced by the Prbcl promoter
(from the pURCLHC vector, in the E. coli LHCgc strain, Fig. 3.12B, upper
panel). The difference could be ascribed to the dissimilar promoter strength
(Prbcl is a strong promoter while PpetJ is a weak promoter).

The accumulation of the Lhcb1 transcript was probably prevented by its
degradation. Indeed, when a non-optimized version of the Lhcb1 gene was
cloned downstream the PpsbA2 promoter (having a comparable strength to
the Prbcl promoter) the transcript accumulation was observed (Fig. 3.12B,
lower panel). This result suggested that the optimized sequence of Lhcb1
could expose cryptic RNA sequences recognised by RNases.

Notably, the detection of Lhcb1 by immunoblot analysis from the E. coli
pDESTLhcb1 strain resulted unsuccessful (data not shown). Although this
finding is in line with what was previously observed in Synechocystis [36],
it is in contrast with the reported expression of Lhcb1 in E. coli [67], where
the Lhcb1 protein was shown to accumulate up to 20% of the total protein
pool, as inclusion bodies [67]. This latter discrepancy could be again due
to the different promoters used to drive the Lhcb1 expression. Previously,
Lhcb1 was expressed by the strong promoter PN25 (derived from the T5
bacteriophage) [67] while the expression from pDESTLhcb1 Lhcb1 was
driven by the PpsbA2 promoter, which is orders of magnitude weaker than
the PN25 promoter. Possibly, since Lhcb1 would be an insoluble and futile
protein for the cellular functions of E. coli, Lhcb1 is sequestrated in inclusion
bodies when it is expressed by the PN25 promoter, whereas the slower
expression driven by PpsbA2, allows the Lhcb1 degradation by cellular
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proteases.
The prediction of the transcriptional outcome for a combination of

promoter, 5’ untranslated region (UTR) and CDS in a chassis is not an easy
task. An ideal promoter (and its 5’ UTR) would drive a certain level of
transcription, independently on the CDS it express. However, promoters
are rarely well defined, and this lead to unpredictable effects on the stability
of certain mRNA species. The interaction between the promoter, the 5’ UTR
and the CDS could lead to the formation of a ribosome-blocking secondary
structure [152] [153]. Indeed, a combinatorial study in which different
promoters and 5’ UTRs were used to drive the expression of reporter genes,
found the junction between translation initiation elements and CDSs as
the major source of irregular gene expression [154]. An approach that
prevents the cross-talk between genetic parts in prokaryotes could exploit
the bicistronic system that Mutalik and co-workers had established for
E. coli [154]. Another way to decouple 5’-UTR and CDS would be the
introduction of a self-cleaving ribozyme to the RBS that would cleave
the mRNA from the 5’-UTR [155]. Otherwise, a method to enhance the
transcript stability would be the introducion of a hairpin structure at the 5’
of the transcript, to hamper its degradation [149].

In general, improving the prediction of how the combination of genetic
parts (promoters and CDSs) behave in Synechocystis would be important to
implement future SynBio approaches in this chassis. However, predictions
are intrinsically biased by the degree of knowledge of a bacterial chassis.
Indeed, bacterial chassis behave mostly as black-boxes, in which even the
best-thought genetic constructs could fail in giving the expected output.
The in vivo testing of complex genetic constructs scales poorly, and although
large-scale successes have been accomplished, significant time cost is due
to the in vivo testing. For instance, the industrial production of artemisin
has costed 150 person-years of work, of which much time has been spent
on genetic construct testing (developing or refining genetic parts and
testing their expression) [156]. Recently, to overcome this problem, a
procedure for the assembly and testing of complex genetic constructs
in a E. coli S30-based transcription-translation system (TX-TL) has been
successfully established [157]. This cell-free expression system is designed
to behave as a ”biomolecular breadboard”, mirroring the E. coli in vivo state
while preserving protein production molecular mechanisms [157] [158].
Prototyping of genetic constructs in TX-TL systems could decrease the
testing time (down to 8h [157]) and therefore increase iteration speed for
complex genetic constructs of which predictions behave poorly.
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4.3 The transporter SynPAM71 is required to main-
tain Mn homeostasis in Synechocystis

The various impairments observed in ∆SynPAM71 can all be attributed
to Mn toxicity. ∆SynPAM71 is very sensitive to Mn supplementation to
the growth medium (Fig. 3.15C). This finding is in sharp contrast to the
Arabidopsis mutant pam71, whose growth and development is boosted by
added Mn [89].

∆SynPAM71 is also characterized by a lower chlorophyll content (Table
3.4) and a decrease in PSI complex accumulation (Fig. 3.16,3.17). Both
symptoms have previously been associated with Mn toxicity in plants
[159] [160] [161]. However, the effects of Mn vary greatly among plant
cultivars [162] [163] [161] [164] [165]. Chlorophyll and PSI deficiencies have
furthermore been linked to Mn-induced Fe starvation, in which Mn could
compete with Fe for protein binding. The correlation between Mn and
Fe homeostasis has been demonstrated in several organisms [166] [167]
[168] [169]. Indeed, in various plant species, Mn and Fe toxicity can be
corrected by addition of Fe or Mn, respectively [166] and in Synechocystis
an increased Mn-to-Fe ratio reveals symptoms of iron starvation [169]. The
ICP-MS analysis showed that ∆SynPAM71 accumulated 2 - 2.5 times more
Mn than WT, in both whole cells and in isolated membrane fractions (Fig.
3.19A,B). Concomitantly, Fe accumulation was decreased (Fig. 3.19A,B),
confirming that Mn-induced Fe starvation indeed ensues in the mutant.

The observed sensitivity of ∆SynPAM71 cells to high light (Fig. 3.15B)
can also be explained by Mn toxicity. It has been demonstrated that Mn
toxicity increases susceptibility to photodamage in plants [162], [161] [164]
and in Synechocystis [170]. In particular, Synechocystis ManSR mutants
exhibit stable overexpression of the mntCAB operon under normal growth
conditions. The resulting continuous uptake of Mn from the periplasm into
the cytoplasm eventually triggers symptoms of Mn toxicity in the cell [170]
and these mutants display reduced resistance to high light. Interestingly,
concomitantly with the overexpression of the mntCAB operon, the ManSR
mutant also overexpresses D1 and D2 transcripts, suggesting a correlation
between Mn toxicity and PSII core turnover [170].

PSII is the primary sink for Mn in oxygenic photosynthetic organ-
isms. Taking the reduced amount of PSII core subunits into account
(Fig. 3.16,3.17), the specific activity of PSII is even more decreased in the
∆SynPAM71 (Table 3.5), revealing an additional defect on the donor side of
PSII.

Determination of Mn extracted from chromatographically size-fractionated
membrane protein complexes showed that in ∆SynPAM71 cells more Mn is
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associated with the membrane fraction overall (Fig. 3.19C, Mn1 peak) and
specifically with PSII monomers, dimers and subcomplexes (Fig. 3.19C,
Mn2 peak). How might the additional Mn be bound to PSII, and can
this Mn pool account for the observed decrease in PSII photochemistry?
There is normally little, if any, free Mn2+ inside the cell [80]. It is therefore
unlikely that the accumulation of Mn observed in PSII complexes and in
the membrane fraction in ∆SynPAM71 (Fig. 5c) is derived from unbound
Mn2+. Most of the extra Mn should be bound to protein, most probably
to metallochaperones. Indeed, it is conceivable that, during membrane
fractionation, Mn bound to metallochaperones might have been released
and then trapped by the negative charges of phospholipids, which could (in
part) account for the prominent Mn1 peak (Fig. 3.19C). One candidate for
such a metallochaperone is CyanoP, which was found to be overexpressed
both in ∆SynPAM71 and WT 20xMn (although to a lesser extent) (Fig.
3.16,3.14) and it resides in the thylakoid lumen presumably attached to the
membrane [171]. ∆SynPAM71 cells accumulate over four times as much
CyanoP as WT (Fig. 3.16). When the macro-organization of photosynthetic
complexes was analyzed by two-dimensional BN/SDS-PAGE separation
gel (Fig. 3.17), most of the excess CyanoP was found as the free protein,
while the rest was found in a PSII subcomplex together with D2, which
accumulates in ∆SynPAM71 (Fig. 3.17). However, if CyanoP could accumu-
late as free protein in vivo has to be further elucidated since it was reported
that CyanoP could be readily solubilized from protein complexes during
detergent treatments [172]. The molecular role of CyanoP has been debated,
but evidence has been presented for its involvement in the early stages of
PSII assembly [76]. Specifically, CyanoP was found in a PSII subcomplex
named RCIIa, which contained D2, D1 and PsbO subunits, besides other
assembly factors (Knoppova et al., 2016). The current model proposes that
CyanoP binds to the luminal side of D2 and CP43, and remains bound to
PSII subcomplexes until PsbO takes its place in order to form the final OEC
(Cormann et al., 2014; Knoppova et al., 2016). CyanoP is the ancestral form
from which the PsbP family of proteins in land plants evolved (Bricker et
al., 2013). Notably, it was recently demonstrated that purified PsbP from
Spinacia oleraea contains two specific Mn2+ binding sites in its structure,
with one site having a relatively low affinity for Mn2+, which would make
it a suitable chaperone for Mn donation (Cao et al., 2015). A putative role
for PsbP as a metallochaperone for Mn2+ storage and subsequent delivery
to the newly assembled OEC was therefore suggested (Cao et al., 2015;
Schmidt et al., 2016). CyanoP has five potential binding sites for divalent
metals (Michoux et al., 2010) making it a promising candidate as a Mn
chelator/chaperone.
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On the basis of the subcellular localization of SynPAM71 and the pheno-
type of ∆SynPAM71, a working model can be developed for Mn homeostasis
in Synechocystis, depicted in Fig.4.1. In this model, SynPAM71 serves to
balance the otherwise harmful effects of Mn accumulation in the cytoplasm.
It was previously reported that under Mn-sufficient conditions Synechocystis
stores as much of the Mn as possible in the periplasmic space [80]. The
stored Mn is then gradually delivered to cellular sinks for Mn (foremost
PSII) and diluted when the cells divide [80]. Therefore, once the cells have
established a store of Mn in the periplasmic space, it must be properly
delivered to the thylakoid lumen, retained and recycled. Considering that
PSII is the major sink for Mn in photosynthetic organisms, Mn homeostasis
and PSII assembly and repair (turnover) must be tightly coordinated and
regulated. Although still debatable, multiple lines of evidence support the
idea that PSII assembly in cyanobacteria is distributed between plasma
membrane and thylakoid centers, while PSII repair processes occur pri-
marily in thylakoid membranes [130] [173] [174] [175] [176]. Very little is
known about how Mn is delivered, allocated and recycled during these
processes. Part of the Mn used in the Mn cluster is delivered to D1 by
PratA in thylakoid centers [147]. Whether this is the only mode of delivery
of Mn to newly assembled PSII and how the Mn is inserted into the final
OEC remains an open question. Furthermore, during repair of photodam-
aged D1, the core of PSII is partially disassembled together with the OEC,
which means dismantling the Mn cluster. How this Mn is sequestered and
possibly recycled into a new OEC remains unknown. Considering the data
presented in this work, two ways of handling the Mn released from the
OEC can be envisioned: 1) It is exported to the cytoplasm and returned to
the periplasmic storage pool by SynPAM71, and/or 2) the released Mn2+
is bound and neutralized by a Mn chelator/chaperone, perhaps CyanoP,
which could possibly sequester it for subsequent reassembly of the OEC
during PSII repair. In the absence of SynPAM71, Mn released from PSII
accumulates in the cytoplasm and in thylakoids, inducing symptoms of
Mn toxicity, which are exacerbated in high-light conditions.

Taken together, the data suggest that SynPAM71 plays a crucial role in
Mn homeostasis in Synechocystis, most probably involved in the export of
Mn2+ from the cytoplasm into the periplasmic space, thus mitigating the
noxious effects induced by an accumulation of Mn. Intriguingly, a novel
role for CyanoP in Mn homeostasis in Synechocystis is emerging, which
might involve buffering of surplus Mn ions inside the thylakoid lumen.



4.3 The transporter SynPAM71 is required to maintain Mn homeostasis in Synechocystis 87

T
h

yl
a

ko
id

s 
B

io
g

e
n

e
si

s 
C

e
n

te
rs

?

?

h
ν

?

M
a

n
g

a
n

e
se

M
n

cA

P
ra

tA

C
yt

o
p

la
sm

ic
 

M
n

-b
in

d
in

g
 

p
ro

te
in

S
yn

P
A

M
7

1

F
u

n
ct

io
n

a
l P

S
II

F
u

n
ct

io
n

a
l O

E
C

P
h

o
to

d
a

m
a

g
e

d
 P

S
II

D
is

a
ss

e
m

b
le

d
 O

E
C

C
ya

n
o

P

O
M P
M

T
M

Fi
gu

re
4.

1:
Sc

he
m

at
ic

vi
ew

of
M

n
ho

m
eo

st
as

is
in

Sy
ne

ch
oc

ys
ti

s
gr

ow
n

in
M

n-
su

ffi
ci

en
t

co
nd

it
io

ns
.

M
n

is
st

or
ed

in
th

e
p

er
ip

la
sm

ic
sp

ac
e

ei
th

er
bo

u
nd

to
th

e
ou

te
r

m
em

br
an

e
or

to
sp

ec
ia

liz
ed

M
n-

bi
nd

in
g

p
ro

te
in

s,
su

ch
as

M
nc

A
[8

0]
.

M
n

is
d

el
iv

er
ed

to
th

e
ne

w
ly

as
se

m
bl

ed
O

EC
of

PS
II

,w
hi

ch
is

lo
ca

te
d

in
th

e
th

yl
ak

oi
d

lu
m

en
,w

ith
th

e
he

lp
of

Pr
at

A
,t

ha
tp

re
-l

oa
d

M
n

to
th

e
D

1
pr

ec
ur

so
r

(p
D

1)
in

th
e

th
yl

ak
oi

d
bi

og
en

es
is

ce
nt

er
s

[8
8]

.T
he

fin
al

as
se

m
bl

y
of

th
e

O
EC

M
n

cl
us

te
r

oc
cu

rs
in

to
pr

op
er

th
yl

ak
oi

ds
[1

77
].

C
ya

no
P

is
kn

ow
n

to
in

te
ra

ct
w

it
h

D
2,

an
d

re
m

ai
ns

as
so

ci
at

e
w

it
h

th
e

ne
w

as
se

m
bl

ed
PS

II
co

m
pl

ex
un

ti
lP

sb
O

ta
ke

it
s

pl
ac

e
in

th
e

O
EC

[7
7]

[7
6]

.I
n

th
is

sc
he

m
e,

C
ya

no
P

is
de

pi
ct

ed
bi

nd
in

g
M

n.
D

ur
in

g
re

pa
ir,

th
e

O
EC

an
d

it
s

M
n

cl
us

te
r

ar
e

di
sm

an
tl

ed
.

T
he

M
n

co
ul

d
be

re
cy

cl
ed

in
si

de
th

e
th

yl
ak

oi
d

lu
m

en
an

d
/

or
re

le
as

ed
in

to
th

e
cy

to
p

la
sm

.
Sy

nP
A

M
71

he
lp

s
p

re
ve

nt
in

g
th

e
ac

cu
m

u
la

ti
on

of
M

n
in

to
th

e
cy

to
p

la
sm

,
de

liv
er

in
g

M
n

ba
ck

to
th

e
pe

ri
pl

as
m

ic
sp

ac
e

or
in

to
th

e
lu

m
en

.I
f

th
is

pr
oc

es
s

co
ul

d
be

m
ed

ia
te

d
by

a
cy

to
pl

as
m

ic
M

n-
bi

nd
in

g
pr

ot
ei

n,
as

ha
pp

en
fo

r
A

tx
1

an
d

C
u2+

io
ns

[1
78

],
re

m
ai

ns
to

be
in

ve
st

ig
at

ed
.



Chapter 5

Conclusion

In the work presented here, in line with the previous works of Viola [37]
and Vamvaka [38], Synechocystis has been exploited as a synthetic biology
chassis to study plant photosynthesis.

Tailor-made vectors and improved transformation efficiency made Syne-
chocystis suitable to be used as the final host for heterologous functional
complementation with cDNA libraries from Arabidopsis. Although further
improvements can be pursued, the availability of this method offer an in-
valuable tool for the isolation of unknown accessory factors involved in the
regulation of the plant photosynthetic apparatus. Furthermore, Synechocys-
tis ∆PsaD mutant could be rescued by the Arabidopsis homologous protein
PsaD. This functional complementation adds another example of the high
degree of similarity existing between the photosynthetic machineries of
cyanobacteria and plants.

The reconstitution of LHCII from Arabidopsis in Synechocystis has been
attempted by the introduction of an operon carrying the Arabidopsis SRP
pathway. The ease in handling of the Synechocystis chassis allowed the inves-
tigation two approaches to integrate the operon in Synechocystis. However,
the reconstitution of LHCII in Synechocystis was unsuccessful. The issue
was identified in the partial transcript instability of the operon, probably
due to the codon optimization of the Lhcb1 gene. The introduction of a
Lhcb1 wild-type DNA sequence which, in contrast with the optimized
Lhcb1 sequence, was successfully transcribed in E. coli, would be the next
step to investigate the LHCII reconstitution in Synechocystis. The outcome
of complex genetic constructs is difficult to predict. The implementation
of new methods for the high-throughput screening of complex genetic
constructs (e.g. the in vitro transcription-translation cell-free systems in
combination with microfluidic devices) would be particularly beneficial to
identify the best combination of genetic modules to be subsequently tested
in vivo.
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Last, the characterization of a Synechocystis mutant for SynPAM71, a
cation transporter involved in Mn homeostasis, highlighted the differences
between Synechocystis and Arabidopsis in Mn transport. A family of five
proteins homolog to SynPAM71 has been found in Arabidopsis, two of
which (PAM71 and PAM71-HL) possess a N-terminal chloroplast target
peptide [179]. Arabidopsis PAM71, the only protein of this family that has
so far been characterized in Arabidopsis, is a thylakoid integral membrane
protein responsible for the Mn uptake in the lumen. Whether the remain-
ing chloroplast-localized SynPAM71 homolog, PAM71-HL, catalyzes the
export of Mn2+ from the chloroplast stroma, completing the functions that
SynPAM71 alone fulfill in Synechocystis, remains to be investigated.

To keep up with the increasing complexity of the biological processes
that remain to be investigated of plant photosynthesis, plant scientist must
develop new research tools. Despite the challenge, the methods described
and discussed here suggested that Synechocystis is a valuable chassis to
implement SynBio approaches to study plant photosynthesis.



Appendix A

Complete sequence of the
synthetic construct used for
LHC reconstitution in
Synechocystis

Names of genes and promoters appearing in the DNA sequence are indi-
cated on the page margins. The CDSs are delimited by yellow highlighted
Start and stop codons. The RBSs present in the promoters and in front of
the genes are underlined. The viral terminators OOP are shown in bold.
Introduced unique restriction sites (KpnI at the 5’ and BamHI at the 3’ end
of the sequence) are shown in bold and italics.

GGTACCTGGTTCCCTAGGCAACAGTCTTCCCTACCCCACTGGAAACTAAAAAAACGAPcpc

GAAAAGTTCGCACCGAACATCAATTGCATAATTTTAGCCCTAAAACATAAGCTGAACGAA

ACTGGTTGTCTTCCCTTCCCAATCCAGGACAATCTGAGAATCCCCTGCAACATTACTTAA

CAAAAAAGCAGGAATAAAATTAACAAGATGTAACAGACATAAGTCCCATCACCGTTGTAT

AAAGTTAACTGTGGGATTGCAAAAGCATTCAAGCCTAGGCGCTGAGCTGTTTGAGCATCC

CGGTGGCCCTTGTCGCTGCCTCCGTGTTTCTCCCTGGATTTATTTAGGTAATATCTCTC

ATAAATCCCCGGGTAGTTAACGAAAGTTAATGGAGATCAGTAACAATAACTCTAGGGTC

ATTACTTTGGACTCCCTCAGTTTATCCGGGGGAATTGTGTTTAAGAAAATCCCAACTCAT

AAAGTCAAGTAGGAGATTAATTCAATGGCCGCCGTGCAGCGCAATTACGAAGAAACCACCcpSRP43
AGTAGCGTTGAAGAAGCCGAAGAAGACGACGAAAGCAGTTCCTCCTATGGAGAAGTGAAT

AAAATTATTGGCTCCCGGACCGCTGGTGAAGGTGCTATGGAATACTTGATTGAATGGAAA

GATGGTCATTCCCCCAGTTGGGTGCCCTCCAGTTATATTGCCGCCGATGTGGTGTCCGAA

TATGAAACTCCCTGGTGGACCGCTGCTCGTAAAGCTGATGAACAAGCCTTAAGTCAATTG

TTAGAAGATCGGGATGTGGATGCCGTGGATGAAAATGGCCGCACCGCCTTGTTATTTGTG

GCCGGCTTGGGTAGTGATAAATGTGTGCGCTTGTTAGCCGAAGCCGGGGCCGATTTAGAT

CATCGTGATATGCGGGGCGGTTTGACCGCCTTACATATGGCCGCCGGCTATGTGCGTCC
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CGAAGTGGTGGAAGCCTTGGTGGAATTAGGGGCCGATATTGAAGTGGAAGATGAACGCG

GCTTGACCGCCTTGGAATTAGCCCGTGAAATTTTAAAAACCACTCCCAAAGGTAATCCC

ATGCAATTTGGCCGTCGGATTGGTTTGGAAAAAGTGATTAACGTGTTGGAAGGGCAAGTG

TTTGAATATGCCGAAGTGGATGAAATTGTGGAAAAACGTGGGAAAGGCAAAGATGTGGAA

TATTTGGTGCGGTGGAAAGATGGGGGCGATTGTGAATGGGTGAAAGGTGTGCATGTGGCC

GAAGATGTGGCCAAAGATTATGAAGATGGTTTGGAATATGCCGTGGCCGAATCCGTGATT

GGGAAACGTGTGGGTGATGATGGGAAAACCATTGAATACTTGGTGAAATGGACCGATATG

AGTGATGCCACCTGGGAACCCCAAGACAATGTGGATAGCACCTTAGTTCTGTTATACCAG

CAGCAGCAGCCCATGAATGAATAAAGGAGATTAATTCAATGATTTGGTCCTGGGTGAAAA cpSRP54
GTAAAACCGTGGTGGGGCATGGTCGTTATCGGCGTAGTCAAGTGCGTGCTGAAATGTTTG

GGCAGTTGACCGGCGGTTTAGAAGCCGCCTGGTCCAAATTGAAAGGCGAAGAAGTGTTAA

CCAAAGATAATATTGCCGAACCCATGCGTGATATTCGTCGGGCCTTGTTAGAAGCCGATG

TTAGTTTGCCCGTGGTGCGTCGGTTTGTGCAATCCGTGAGTGATCAAGCCGTGGGGATGG

GCGTGATTCGGGGTGTGAAACCCGATCAACAATTGGTGAAAATTGTGCATGATGAATTG

GTGAAATTGATGGGCGGCGAAGTGTCCGAATTGCAATTTGCCAAAAGTGGGCCCACCGTG

ATTTTGTTAGCCGGCTTACAAGGTGTGGGGAAAACCACCGTGTGTGCCAAATTGGCCTGT

TACTTGAAAAAACAGGGTAAATCCTGTATGTTGATTGCCGGGGATGTGTATCGCCCCGCC

GCCATTGATCAATTGGTGATTTTAGGGGAACAAGTGGGCGTGCCCGTGTATACCGCTGG

CACCGATGTGAAACCCGCCGATATTGCCAAACAAGGTTTGAAAGAAGCCAAGAAAAATAA

TGTGGATGTGGTGATTATGGATACCGCCGGTCGTTTACAAATTGATAAAGGGATGATGGA

TGAATTGAAAGATGTGAAAAAATTTTTGAATCCCACCGAAGTGTTGTTAGTGGTGGATGC

CATGACCGGCCAAGAAGCCGCCGCCTTGGTGACCACCTTTAATGTGGAAATTGGCATTAC

CGGTGCCATTTTGACCAAATTAGATGGTGATAGTCGGGGTGGGGCCGCCTTATCCGTGAA

AGAAGTGAGTGGGAAACCCATTAAATTGGTGGGCCGCGGTGAACGTATGGAAGATTTAGA

ACCCTTTTATCCCGATCGGATGGCCGGCCGCATTTTGGGGATGGGCGATGTGTTATCCTT

TGTGGAAAAAGCCACCGAAGTGATGCGGCAAGAAGATGCTGAAGATTTGCAAAAGAAAAT

TATGAGTGCCAAATTTGATTTTAACGATTTTCTGAAACAAACCCGCGCCGTGGCCAAAAT

GGGCTCCATGACCCGTGTGTTGGGTATGATTCCCGGTATGGGGAAAGTGAGTCCCGCCC

AAATTCGCGAAGCCGAAAAGAATTTGTTGGTGATGGAAGCCATGATTGAAGTGATGACTC

CCGAAGAACGTGAACGGCCCGAATTGTTAGCCGAATCCCCCGAACGCCGTAAACGGATTG

CCAAAGATTCCGGGAAAACCGAACAACAAGTGAGTGCCTTGGTGGCCCAAATTTTTCAAA

TGCGCGTGAAAATGAAAAATTTAATGGGCGTGATGGAAGGCGGTTCCATTCCCGCCTTGA

GTGGCTTAGAAGATGCCTTAAAAGCCGAACAAAAAGCCCCTCCCGGCACCGCTCGTCGG

AAACGTAAAGCCGATAGTCGGAAAAAATTTGTGGAATCTGCTTCTTCTAAACCCGGACCC

CGTGGCTTTGGGAGTGGAAACTAACAACGCTCGGTTGCCGCCGGGCGTTTTTTCACCATT Prbcl

TGGACAAAACATCAGGAATTCTAATTAGAAAGTCCAAAAATTGTAATTTAAAAAACAGTC

AATGGAGAGCATTGCCATAAGTAAAGGCATCCCCTGCGTGATAAGATTACCTTCAGAAAA

CAGATAGTTGCTGGGTTATCGCAGATTTTTCTCGCAACCAAATAACTGTAAATAATAAC

TGTCTCTGGGGCGACGGTAGGCTTTATATTGCCAAATTTCGCCCGTGGGAGAAAGCTAGG

CTATTCAATGTTTATGGAGGACTGACCTAGATGGCCTCTGAAGTGTTAGGAAGCGGGCGT Lhcb1
GTGACTATGCGTAAAACTGTGGCTAAACCCAAAGGTCCCTCTGGCTCCCCCTGGTATGG
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CTCCGATCGGGTGAAATATTTAGGCCCCTTTAGTGGTGAATCCCCCAGTTATTTGACCG

GGGAATTTCCCGGGGATTATGGCTGGGATACCGCCGGCTTATCCGCCGATCCCGAAACC

TTTGCCCGGAATCGCGAATTGGAAGTGATTCATAGTCGTTGGGCCATGTTGGGTGCCTTA

GGGTGTGTGTTTCCCGAATTGTTAGCCCGGAATGGGGTGAAATTTGGCGAAGCCGTGTG

GTTTAAAGCCGGTTCCCAAATTTTTAGTGATGGCGGTTTGGATTATTTAGGGAATCCCTC

CTTAGTGCATGCCCAAAGTATTTTGGCCATTTGGGCCACCCAAGTGATTTTAATGGGTG

CTGTGGAAGGTTATCGGGTGGCTGGTAATGGGCCCTTGGGCGAAGCCGAAGATTTGTTAT

ATCCCGGGGGCTCCTTTGATCCCTTGGGTTTAGCCACCGATCCCGAAGCCTTTGCCGAAT

TGAAAGTGAAAGAATTGAAAAATGGCCGTTTGGCCATGTTTAGTATGTTTGGCTTTTTCG

TGCAAGCCATTGTGACCGGCAAAGGTCCCATTGAAAATTTGGCCGATCATTTAGCCGACC

CCGTGAATAATAATGCCTGGGCTTTTGCCACTAACTTTGTTCCCGGTAAATAAATGGCC

TCTGAAGTGTTAGGAAGCGGGCGTGTGACTATGCGTAAAACTGTGGCTAAACCCAAAGGT

CCCTCTGGCTCCCCCTGGTATGGCTCCGATCGGGTGAAATATTTAGGCCCCTTTAGTGG

TGAATCCCCCAGTTATTTGACCGGGGAATTTCCCGGGGATTATGGCTGGGATACCGCCGG

CTTATCCGCCGATCCCGAAACCTTTGCCCGGAATCGCGAATTGGAAGTGATTCATAGTC

GTTGGGCCATGTTGGGTGCCTTAGGGTGTGTGTTTCCCGAATTGTTAGCCCGGAATGGG

GTGAAATTTGGCGAAGCCGTGTGGTTTAAAGCCGGTTCCCAAATTTTTAGTGATGGCGG

TTTGGATTATTTAGGGAATCCCTCCTTAGTGCATGCCCAAAGTATTTTGGCCATTTGGGC

CACCCAAGTGATTTTAATGGGTGCTGTGGAAGGTTATCGGGTGGCTGGTAATGGGCCCTT

GGGCGAAGCCGAAGATTTGTTATATCCCGGGGGCTCCTTTGATCCCTTGGGTTTAGCCAC

CGATCCCGAAGCCTTTGCCGAATTGAAAGTGAAAGAATTGAAAAATGGCCGTTTGGCCAT

GTTTAGTATGTTTGGCTTTTTCGTGCAAGCCATTGTGACCGGCAAAGGTCCCATTGAAAA

TTTGGCCGATCATTTAGCCGACCCCGTGAATAATAATGCCTGGGCTTTTGCCACTAACTT

TGTTCCCGGTAAATAAAGGACTGACCTAGATGTGCTCCGCTGGTCCCTCTGGGTTCTTTAcpFtsY
CTCGGTTGGGTCGGTTGATTAAAGAAAAAGCCAAATCTGATGTTGAAAAAGTGTTTTCC

GGTTTTAGTAAAACCCGGGAAAACTTGGCCGTGATTGATGAATTGTTGTTGTTTTGGAAC

TTGGCCGAAACCGATCGCGTGTTAGATGAATTGGAAGAAGCCTTATTGGTGTCCGATTTT

GGCCCCAAAATTACCGTGCGGATTGTGGAACGGTTACGCGAAGATATTATGAGTGGTAAA

TTGAAATCCGGGAGTGAAATTAAAGATGCCTTAAAAGAATCCGTGTTGGAAATGTTGGCC

AAGAAAAATAGTAAAACCGAATTGCAATTGGGGTTTCGCAAACCCGCCGTGATTATGATT

GTGGGCGTGAATGGCGGTGGGAAAACCACCAGTTTGGATAGTGGCTTTTGTTTTTCCGG

TAAATTAGCCCATCGTTTGAAAAACGAAGGCACCAAAGTGTTGATGGCTGCTGGTGATAC

CTTTCGTGCTGCTGCCAGTGATCAATTGGAAATTTGGGCCGAACGGACCGGCTGTGAAAT

TGTGGTGGCCGAAGGTGATAAAGCCAAAGCCGCCACCGTGTTATCCAAAGCCGTGAAACG

CGGGAAAGAAGAAGGCTATGATGTGGTGTTATGTGATACCAGTGGCCGTTTGCATACCAA

CTACAGTTTGATGGAAGAATTGATTGCCTGTAAGAAAGCCGTGGGGAAAATTGTGAGTG

GCGCCCCCAACGAAATTTTGTTGGTGTTGGATGGTAACACCGGGTTAAATATGTTGCCC

CAAGCCCGTGAATTTAATGAAGTGGTGGGCATTACCGGTTTAATTTTGACCAAATTGGAT

GGTAGTGCTCGGGGCGGTTGTGTGGTGAGTGTGGTGGAAGAATTGGGGATTCCCGTGAAA

TTTATTGGGGTGGGCGAAGCCGTGGAAGACTTACAGCCCTTTGACCCCGAAGCCTTTGTG

AACGCTATTTTTAGTTAACAACGCTCGGTTGCCGCCGGGCGTTTTTCCCATGGAAAAAACPpsbA2
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GACAATTACAAGAAAGTAAAACTTATGTCATCTATAAGCTTCGTGTATATTAACTTCCTG

TTACAAAGCTTTACAAAACTCTCATTAATCCTTTAGACTAAGTTTAGTCAGTTCCAATCT

GAACATCGACAAATACATAAGGAATTATAACCAAATGTTTAGTCTGAACGAAATTCCGCC Alb3
CTTTCACGGGTTAGATAGCAGTGTGGACATTGGTGCCATTTTTACTCGGGCTGAATCCTT

ATTGTATACCATTGCCGATGCCGCCGTGGTGGGCGCCGATAGTGTGGTGACCACCGATAG

TTCCGCCGTGCAAAAATCCGGCGGTTGGTTTGGCTTTATTTCCGATGCCATGGAATTGGT

GTTGAAAATTTTGAAAGATGGCTTGAGTGCCGTGCATGTGCCCTATGCCTATGGGTTTG

CCATTATTTTGTTAACCATTATTGTGAAAGCCGCCACCTATCCCTTGACCAAACAACAAG

TGGAATCCACCTTAGCCATGCAAAATTTGCAACCCAAAATTAAAGCCATTCAACAACGGT

ATGCCGGTAATCAAGAACGGATTCAATTGGAAACCAGTCGGTTATATAAACAAGCCGGGG

TGAATCCCTTAGCCGGCTGTTTACCCACCTTGGCCACCATTCCCGTGTGGATTGGCTTAT

ATCAAGCCTTGTCCAATGTGGCCAATGAAGGCTTGTTTACCGAAGGCTTTTTCTGGATTC

CCTCCTTGGGTGGGCCCACCAGTATTGCCGCCCGGCAAAGTGGTTCCGGTATTTCCTGG

TTATTTCCCTTTGTGGATGGTCATCCCCCGTTAGGCTGGTATGATACCGTGGCCTATTTG

GTGTTACCCGTGTTATTGATTGCCTCCCAATATGTGTCCATGGAAATTATGAAACCGCC

CCAAACCGATGATCCCGCCCAAAAGAATACCTTATTGGTGTTTAAATTTTTACCCTTGAT

GATTGGGTATTTTGCCTTGAGTGTGCCCTCCGGTTTATCCATTTATTGGTTGACCAATAA

TGTGTTGTCCACCGCCCAACAAGTGTATTTACGCAAATTGGGTGGCGCCAAACCCAATAT

GGATGAAAATGCCTCCAAAATTATTTCCGCCGGTCGTGCCAAACGGAGTATTGCCCAACC

CGATGATGCCGGCGAACGCTTTCGGCAATTGAAAGAACAAGAAAAACGGTCCAAAAAGAA

TAAAGCCGTGGCCAAAGATACCGTGGAATTGGTGGAAGAATCCCAAAGTGAATCCGAAGA

AGGGTCCGATGATGAAGAAGAAGAAGCCCGGGAAGGTGCCTTAGCCTCCAGTACCACCAG

TAAACCCCTGCCCGAAGTGGGTCAGCGGCGGTCTAAACGGAGCAAACGGAAACGGACTGT

GTAACAACGCTCGGTTGCCGCCGGGCGTTTTTGGATCC



Appendix B

Raw data for element analysis
in WT and ∆SynPAM71
Synechocystis strains

In the following pages are reported the raw data for element analysis in
whole cells and isolated membrane of Synechocystis WT and ∆SynPAM71
mutant and the two-way ANOVA analysis calculated for element ratios of
WT and ∆SynPAM71 Synechocystis strains.
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Table B.1: Raw data for element analysis in whole cell samples of Synechocystis
WT and ∆SynPAM71 mutant. Analysis of total elements in WT and ∆SynPAM71
whole cells comprising cytoplasm, plasma membrane and thylakoids. Element
concentrations are given in µg element g-1 protein. The two datasets (#1 and #2)
were derived from independent grown cultures of WT and ∆SynPAM71. Mean
values (± SD) were calculated and are highlighted in bold.

Strain Mg Ca Mn Fe Cu Zn

WT #1 286.5 19.3 5.5 17.0 0.8 2.9
252.2 24.3 1.9 17.1 0.6 2.3
186.1 21.6 4.2 16.4 0.9 2.0
252.6 27.0 1.9 18.1 0.6 2.2
238.6 21.2 4.5 19.0 0.8 2.4
239.8 23.6 5.0 18.0 0.8 2.2

WT #2 308.5 27.0 2.9 35.3 1.1 3.3
373.5 19.8 2.3 30.8 1.9 4.8
330.7 29.2 2.7 34.8 1.0 4.0

WT 274.27 23.65 3.44 22.94 0.94 2.92
± 56.50 ± 3.50 ± 1.39 ± 8.13 ± 0.4 ± 0.95

∆SynPAM71 #1 220.5 24.5 10.5 21.5 1.0 2.5
147.6 31.7 4.8 13.4 0.8 1.8
171.9 33.0 4.3 10.2 0.8 1.8
180.6 26.6 6.8 11.5 0.7 1.7
165.1 33.6 5.6 13.3 0.8 1.9
188.0 28.7 9.9 19.0 0.8 2.0

∆SynPAM71 #2 447.1 33.3 11.0 29.4 0.9 3.5
405.0 27.9 11.6 24.8 0.9 2.9
439.0 37.7 11.2 28.5 1.0 3.1

∆SynPAM71 262.77 30.78 8.42 19.08 0.85 2.37
± 127.71 ± 4.15 ± 3.00 ± 7.37 ± 0.09 ± 0.68
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Table B.2: Raw data for element analysis in isolated membrane fractions of
Synechocystis WT and ∆SynPAM71 mutant.Analysis of total elements in WT and
∆SynPAM71 membrane fractions comprising plasma membrane and thylakoids.
Element concentrations are given in µg element g-1 protein. The two datasets (#1
and #2) were derived from independent grown cultures of WT and ∆SynPAM71.
Mean values (± SD) were calculated and are highlighted in bold.

Strain Mg Ca Mn Fe Cu Zn

WT #1 3458.7 252.9 25.7 421.8 11.0 28.7
3907.1 203.8 21.1 1262.7 9.0 60.8
3968.2 630.9 48.1 911.2 23.8 34.5
2355.5 245.4 14.3 364.8 6.5 19.7
5324.1 447.2 42.5 733.7 19.2 39.3
4858.9 314.3 27.3 781.8 16.0 32.7

WT #2 5327.9 121.6 13.6 914.1 9.3 25.3
6890.1 378.7 10.3 955.8 21.8 41.5
9124.0 161.9 15.4 1051.8 7.7 27.9

WT 5023.84 306.29 24.26 821.96 13.81 34.48
± 2013.58 ± 159.14 ± 13.26 ± 287.24 ± 6.52 ± 11.99

∆SynPAM71 #1 5731.2 642.5 71.7 669.0 12.2 30.3
4851.2 393.0 41.9 622.5 9.8 48.0
4713.3 291.8 35.4 524.7 9.4 37.2
4221.4 311.9 37.2 472.3 7.0 34.2
6126.7 444.8 58.5 709.0 16.8 50.1
4532.8 475.0 59.9 977.5 12.6 48.6

∆SynPAM71 #2 9654.8 241.1 31.9 755.4 9.2 28.0
5804.1 148.9 25.1 646.5 8.1 20.2
15415.2 459.7 74.3 750.5 10.6 28.5

∆SynPAM71 6783.41 378.74 48.43 680.82 10.64 36.12
± 3621.09 ± 147.37 ± 18.02 ± 146.54 ± 2.94 ± 10.63
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Table B.3: ANOVA P-values calculated for element ratios in whole cell samples of
WT and ∆SynPAM71 Synechocystis strains. Two-way ANOVA analysis is based on
data derived from element measurements in whole cells comprising cytoplasm,
plasma membrane and thylakoids (Table B.1). Significant differences to a ratio of
’one’ of the ∆SynPAM71 to WT ratios are indicated in bold. SS, sum of squares;
MS, mean square.

Element Source of SS df MS F P- F crit
Variation value

Mg Sampling 553018.44 1 553018.44 103.02 0.00 5.32
Genotypes 612.35 1 612.35 0.52 0.63 5.32
Interaction 46051.36 1 46051.36 16.73 0.04 5.32
Within 72534.66 8 9066.83
Total 672216.81 11

Ca Sampling 26.45 1 26.45 1.47 0.30 5.32
Genotypes 161.64 1 161.64 9.65 0.02 5.32
Interaction 3.25 1 3.25 0.20 0.74 5.32
Within 138.53 8 17.32
Total 329.87 11

Mn Sampling 9.49 1 9.49 7.29 0.21 5.32
Genotypes 104.01 1 104.01 54.82 0.0003 5.32
Interaction 23.59 1 23.59 14.23 0.02 5.32
Within 18.75 8 2.34
Total 155.85 11

Fe Sampling 628.71 1 628.71 93.75 0.00 5.32
Genotypes 62.88 1 62.88 10.32 0.04 5.32
Interaction 9.36 1 9.36 1.02 0.44 5.32
Within 65.25 8 8.16
Total 766.20 11

Cu Sampling 0.35 1 0.35 4.97 0.06 5.32
Genotypes 0.11 1 0.11 1.52 0.26 5.32
Interaction 0.20 1 0.20 2.83 0.14 5.32
Within 0.56 8 0.07
Total 1.20 11

Zn Sampling 6.56 1 6.56 34.52 0.00 5.32
Genotypes 1.18 1 1.18 6.09 0.04 5.32
Interaction 0.15 1 0.15 0.77 0.42 5.32
Within 1.59 8 0.20
Total 9.49 11
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Table B.4: ANOVA P-values calculated for element ratios in isolated membrane
fractions of WT and ∆SynPAM71 Synechocystis strains. Two-way ANOVA analysis
is based on data derived from element measurements in isolated membrane
fractions comprising plasma membrane and thylakoids (Table B.2). Significant
differences to a ratio of ’one’ of the ∆SynPAM71 to WT ratios are indicated in bold.
SS, sum of squares; MS, mean square.

Element Source of SS df MS F P- F crit
Variation value

Mg Sampling 53205060.94 1 53205060.94 7.40 0.03 5.32
Genotypes 13456552.12 1 13456552.12 1.87 0.21 5.32
Interaction 3538144.18 1 3538144.18 0.49 0.51 5.32
Within 57587624.11 8 7198453.01
Total 127787381.35 11

Ca Sampling 59060.80 1 59060.80 2.70 0.17 5.32
Genotypes 19505.13 1 19505.13 1.06 0.50 5.32
Interaction 6652.93 1 6652.93 0.33 0.65 5.32
Within 176911.17 8 22113.90
Total 262130.03 11

Mn Sampling 468.39 1 468.39 1.74 0.29 5.32
Genotypes 1991.21 1 1991.21 7.39 0.04 5.32
Interaction 125.10 1 125.10 0.45 0.62 5.32
Within 2213.97 8 276.75
Total 4798.67 11

Fe Sampling 83167.50 1 83167.50 3.01 0.31 5.32
Genotypes 103683.62 1 103683.62 3.08 0.22 5.32
Interaction 38735.22 1 38735.22 1.56 0.46 5.32
Within 291458.68 8 36432.34
Total 517045.02 11

Cu Sampling 18.50 1 18.50 0.70 0.56 5.32
Genotypes 38.22 1 38.22 1.27 0.35 5.32
Interaction 4.64 1 4.64 0.18 0.72 5.32
Within 236.95 8 29.62
Total 298.31 11

Zn Sampling 349.90 1 349.90 4.14 0.16 5.32
Genotypes 14.59 1 14.59 0.18 0.74 5.32
Interaction 115.49 1 115.49 1.83 0.33 5.32
Within 707.41 8 88.43
Total 1187.39 11
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and carotenoids concentration in cyanobacteria. Bio-protocol, 5:e1467, 2015.

[105] Alan R Wellburn. The spectral determination of chlorophylls a and b, as well as total
carotenoids, using various solvents with spectrophotometers of different resolution.
Journal of plant physiology, 144(3):307–313, 1994.

[106] Carl R Merril, David Goldman, and Margaret L Van Keuren. [17] silver staining
methods for polyacrylamide gel electrophoresis. Methods in enzymology, 96:230–239,
1983.

[107] Thomas Hesselhøj Hansen, Thomas Christian de Bang, Kristian Holst Laursen, Pai
Pedas, Søren Husted, and Jan Kofod Schjørring. Multielement plant tissue analysis
using icp spectrometry. Plant Mineral Nutrients: Methods and Protocols, pages 121–141,
2013.

[108] John M Grange, KR Fox, and Neil L Morgan. Genetic manipulation: techniques and
applications. John Wiley & Sons, 2009.

[109] Ronald D Porter. Transformation in cyanobacteria. CRC Critical reviews in microbiology,
13(2):111–132, 1986.

[110] F Chauvat, P Rouet, H Bottin, and A Boussac. Mutagenesis by random cloning of an
escherichia coli kanamycin resistance gene into the genome of the cyanobacterium
synechocystis pcc 6803: selection of mutants defective in photosynthesis. Molecular
and General Genetics MGG, 216(1):51–59, 1989.

[111] Galyna I Kufryk, Monika Sachet, Georg Schmetterer, and Wim FJ Vermaas. Trans-
formation of the cyanobacterium synechocystis sp. pcc 6803 as a tool for genetic
mapping: optimization of efficiency. FEMS microbiology letters, 206(2):215–219, 2002.

[112] Larry Snyder, Joseph E Peters, Tina M Henkin, and Wendy Champness. Molecular
genetics of bacteria. American Society of Microbiology, 2013.

[113] Keith M Derbyshire, Graham Hatfull, and Neil Willetts. Mobilization of the non-
conjugative plasmid rsf1010: a genetic and dna sequence analysis of the mobilization
region. Molecular and General Genetics MGG, 206(1):161–168, 1987.



Bibliography 107

[114] MegaX DH10 T1R Electrocompetent Cells Thermo Fisher Scientific.

[115] Richard J Reece. Analysis of genes and genomes. John Wiley & Sons Hoboken, NJ, 2004.

[116] Sabine Kreps, Fabrice Ferino, Christine Mosrin, Jozef Gerits, Max Mergeay, and Pierre
Thuriaux. Conjugative transfer and autonomous replication of a promiscuous incq
plasmid in the cyanobacterium synechocystis pcc 6803. Molecular and General Genetics
MGG, 221(1):129–133, 1990.

[117] Honda Yoichi, Sakai Hiroshi, and Komano Tohru. Two single-strand dna initiation
signals located in the oriv region of plasmid rsf1010. Gene, 68(2):221–228, 1988.

[118] Enrico Peter, Annabel Salinas, Thomas Wallner, Danny Jeske, Dennis Dienst, An-
negret Wilde, and Bernhard Grimm. Differential requirement of two homologous
proteins encoded by sll1214 and sll1874 for the reaction of mg protoporphyrin
monomethylester oxidative cyclase under aerobic and micro-oxic growth conditions.
Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1787(12):1458–1467, 2009.

[119] Irena Lisitsky, Petra Klaff, and Gadi Schuster. Addition of destabilizing poly (a)-rich
sequences to endonuclease cleavage sites during the degradation of chloroplast mrna.
Proceedings of the National Academy of Sciences, 93(23):13398–13403, 1996.

[120] Parag R Chitnis, Patricia A Reilly, and Nathan Nelson. Insertional inactivation of the
gene encoding subunit ii of photosystem i from the cyanobacterium synechocystis sp.
pcc 6803. Journal of Biological Chemistry, 264(31):18381–18385, 1989.

[121] Svetlana Ermakova-Gerdes and Wim Vermaas. Inactivation of the open reading frame
slr0399 in synechocystis sp. pcc 6803 functionally complements mutations near the qa
niche of photosystem ii a possible role of slr0399 as a chaperone for quinone binding.
Journal of Biological Chemistry, 274(43):30540–30549, 1999.

[122] Galyna I Kufryk and Wim FJ Vermaas. Sll1717 affects the redox state of the plas-
toquinone pool by modulating quinol oxidase activity in thylakoids. Journal of
bacteriology, 188(4):1286–1294, 2006.

[123] Galyna I Kufryk and Wim FJ Vermaas. Slr2013 is a novel protein regulating functional
assembly of photosystem ii in synechocystis sp. strain pcc 6803. Journal of bacteriology,
185(22):6615–6623, 2003.

[124] Galyna I Kufryk and Wim FJ Vermaas. A novel protein involved in the functional
assembly of the oxygen-evolving complex of photosystem ii in synechocystis sp. pcc
6803. Biochemistry, 40(31):9247–9255, 2001.

[125] Tina C Summerfield, Julian J Eaton-Rye, and Louis A Sherman. Global gene expres-
sion of a δpsbo: δpsbu mutant and a spontaneous revertant in the cyanobacterium
synechocystis sp. strain pcc 6803. Photosynthesis research, 94(2-3):265–274, 2007.

[126] Hadar Kless and Wim Vermaas. Tandem sequence duplications functionally com-
plement deletions in the d1 protein of photosystem ii. Journal of Biological Chemistry,
270(28):16536–16541, 1995.

[127] Takafumi Midorikawa, Rei Narikawa, and Masahiko Ikeuchi. A deletion mutation in
the spacing within the psaa core promoter enhances transcription in a cyanobacterium
synechocystis sp. pcc 6803. Plant and Cell Physiology, 53(1):164–172, 2012.

[128] Tanya Z Berardini, Leonore Reiser, Donghui Li, Yarik Mezheritsky, Robert Muller,
Emily Strait, and Eva Huala. The arabidopsis information resource: making and min-
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