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DESCRIZIONE RIASSUNTIVA ED INTRODUZIONE AL PROGETTO DI DOTTORATO
Versione in italiano

Il mio progetto di dottorato si e focalizzato sulla caratterizzazione, dal punto di vista biochimico ed
elettrofisiologico, di una proteina denominata TPK3 che e predetta di funzionare come canale
selettiva per il potassio (K*) ed essere localizzata nei cloroplasti nelle piante superiori,. Questa
proteina appartiene alla famiglia dei canali TPK (da Tandem-Pore K* channels) e mostra omologia
di sequenza a un altro canale del K" studiato nello stesso nostro laboratorio, denominato SynkK
(Zanetti et al., 2010), a localizzazione tilacoidale ed appartenente al phylum dei Cianobatteri. E
stato dimostrato in piu esperimenti che il canale SynK é fondamentale per la regolazione della
fotosintesi nei Cianobatteri, in considerazione del fenotipo fotosensibile mostrato dai mutanti per il
gene synk. Visto la localizzazione predetta del TPK3, e stato ipotizzato in partenza che TPK3
potesse svolgere un ruolo simile nelle piante superiori. Finora nulla si conosceva sulle proprieta di
TPKS, ne sui suoi ruoli fisiologici, ne su di un suo eventuale coinvolgimento nella fotosintesi nelle
piante superiori; il lavoro contenuto nel progetto presentato ha cercato di chiarire alcuni aspetti
salienti delle funzioni di TPK3.

Dopo studi di localizzazione subcellulare condotti con tecniche di biochimica e microscopia
confocale, il canale TPK3 e stato espresso in E. coli per la successiva caratterizzazione
elettrofisiologica in bilayer lipidico planare allo scopo di determinare la sua funzione come canale
di K. L’assenza di mutanti commerciali per il gene tpk3 ha necessitato la messa a punto del suo
silenziamento tramite RNA interference del messaggero per la proteina suddetta, al fine di
analizzarne 1 possibili ruoli fisiologici. Le piante silenziate risultanti, sottoposte a differenti
condizioni di crescita, sono state studiate in vari esperimenti atti a determinarne vari parametri
inclusi quelli fotosintetici.

Contemporaneamente allo studio del TPK3, quello di maggior rilievo nel mio dottorato, ho seguito
anche altri due filoni di ricerca principali, riguardanti I’uno I’approfondimento delle funzioni di due
membri dei Recettori di Glutammato vegetali (GIuRs) e I’altro la caratterizzazione degli omologhi
del recentemente identificato MCU (Mitochondrial Calcium Uniporter) di Mammiferi. Nella
presente tesi e inoltre incluso un manoscritto (Checchetto et al., 2012) per il quale ho collaborato
nell’espressione eterologa del canale di K™ calcio-dipendente (SynCaK) di Cianobatteri.

English version

My Ph.D. project has focused on the characterization of TPK3, a putative channel selective for
potassium (K*) with a predicted chloroplast localization in higher plants, from biochemical,
physiological and electrophysiological point of view. This protein belongs to the TPK channel
family (from Tandem-Pore K* channels) and displays amino acid sequence homology with another
K" channel studied in our laboratory, called SynK (Zanetti et al., 2010). SynK shows thylakoid
localization in Cyanobacteria. The SynK channel has been shown to be critical for photosynthetic
performances in Cyanobacteria, given the photosensitive phenotype displayed by the mutants
lacking the SynK protein. Given the homology, we hypothesized that similarly, TPK3 might be
involved in the regulation of photosynthetic processes in higher plants. So far, no information is
available about the properties of TPK3, nor about its physiological roles, neither about its possible
involvement in photosynthesis; the work presented in this thesis had the aim of clarifying some
important aspects of the functions of TPK3.

Following subcellular localization studies carried out using biochemistry and confocal microscopy
techniques, the TPK3 channel was expressed in E. coli cells for subsequent electrophysiological
characterization in a planar lipid bilayer setup in order to prove its function as K* channel. The
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unavailability of commercial mutants for tpk3 gene required setting up of a silencing procedure via
RNA interference of the messenger for the protein, in order to analyze the possible physiological
roles of TPK3. The resulting silenced plants have been studied under different growth conditions to
determine changes in physiology of the plants including their photosynthetic parameters.

In parallel with the TPK3 project, the most important part of my Ph.D., I also followed two other
major areas of research: one concerning the study of the functions of two members of plant
Glutamate Receptors (GIuRs) and the other one concerning the characterization of the plant
homologous of the recently identified MCU (Mitochondrial Calcium Uniporter) of mammals. This
thesis also includes a manuscript (Checchetto et al., 2012) to which | contributed with the
heterologous expression of a calcium-activated K* channel, SynCak, of Cyanobacteria.



Section 1






1. INTRODUCTION

The first ion channels have been studied and consequently to be the best known are those in
connection with the nervous system, especially those involved in the generation and propagation of
action potentials. However, now ion channels are also known to be involved in secretion,
endocytosis, muscle contraction, synaptic transmission, ciliary control and fertilization. lon
channels have been found in Bacteria, Archaea and Eukaryotes, indicating deep evolutionary roots.
For technical and historical reasons, studied channels are mainly those of the animal kingdom and
prokaryotic ones. In this work will be discussed the characteristics of AtTPK ion channels,
glutamate receptors (AtGIluRs) and MCU channels (that are calcium channels) identified in higher
plants (using Arabidopsis thaliana as a reference model). In particular, will be presented in detail
AtTPK3, that is a channel selective for potassium and is considered the hypothetical counterpart of
another channel located in the chloroplast of Cyanobacteria. It becomes necessary a brief
introduction of the potassium homeostasis and the regulation of its transport into cells, in particular
of prokaryotic and plant cells. So we will outline the photosynthetic process and the importance of
ion channels in the regulation of photosynthesis. For AtGluRs and MCU, which characterization is
still a work in progress, will be presented only general features.

1.1 The homeostasis of potassium (K*) in cells
1.1.1 The K" ion and the electrochemical gradient

Potassium (K") is the most abundant ion present in the cytosol of the cells. Escherichia coli, for
example, has a concentration of about 200 mM K™ internal, while the standard growth medium for
these bacteria (Luria-Bertani) contains K* at a concentration of about 7 mM (Kuo et al., 2003). This
so high internal concentration is maintained even when the bacteria are grown in a minimal
medium, containing submolar concentrations of K* (Schulz and Solomon, 1961). The enzymatic
and metabolic processes of the cell are generally better adapted to such high internal concentrations.
Unlike other cations, these concentrations of K* does not interfere with the structures and reactions
of macromolecules such as DNA, RNA and proteins in aqueous solutions. The consequence of this
abundance of K™ and its counterions (glutamate, organic phosphates, etc.) is that it serves as the
main osmolar component inside the cell. This and other neutral molecules, such as glycine and
betaine, favor the entry of water through the lipid bilayer in the cytoplasm, in order to maintain the
cell turgor that is necessary for the destruction of existing structures, so the material of new
synthesis can be added during the growth. Because of this critical role, it is believed that has been
evolved a feedback mechanism to adjust the internal concentration of K*, depending on the total
external osmolarity. The K* content in E. coli cells, for example, increases in a linear fashion from
200 to 1000 mM when the external osmolarity increases from 100 to 1200 mOsm (Epstein, 2003;
Bakker, 1993). The lipid bilayer of membranes maintains the difference in K* concentration and the
potential difference between the inside and the outside. The electrochemical gradient of K* through
the membrane, expressed in terms of energy, is:

ApK” = FAy +RT - In [K'Tin/[K Jout

where Ay is the membrane potential (for example, the electric potential of the cytoplasm respect to
the external environment), F is the Faraday’s constant, R is the gas constant and T is the absolute
temperature. As we saw earlier, the inner concentration of K* ([K']in) is greater than the outer one
([KTout), but very often the cytoplasm is electrically negative. The membrane potential of E. coli
grown aerobically, for example, is estimated to be between -94 and -157 mV when the external pH
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is changed from 6.25 to 8.25 (Harold, 1996; Kashket, 1982). The electrical component Ay therefore
tends to bring K" into the cell, while the chemical component of the equation (In [K]in/[K ]out)
tends to carry it out. The K* can then be driven passively towards the inside or the outside of the
cell depending on the relative importance of these two components in determining the driving force.

1.1.2 The movement of ions across cell membrane

The gradient of organic and inorganic ions through the membrane can be maintained thanks to the
hydrocarbons of the lipid bilayer, as they make the membrane significantly impermeable to ions. In
the absence of neutralizing counterions (NH,4", acetate, etc.), ions can pass through the membrane
through the lumen or the pore of various membrane proteins. There are three categories of proteins
that can regulate ion trafficking: the first two categories are constituted by carriers (ion pumps or
exchangers), while the third consists of ion channels. The transporter proteins move ions against
gradient with consumption of energy in terms of ATP hydrolysis (for pumps) or gradient of other
ions (for exchangers, both simporters and antiporters). E. coli, for example, has 3 systems to import
K" into the cell: Trk, Kdp and Kup (Epstein, 2003). The main system is Trk (Transporter of K), a
constitutive low-affinity and high-speed system, energized by the proton driving force and ATP
hydrolysis. The second one is Kdp (K*-dependent growth), a high-affinity and low-speed system,
inducible by the P-type ATPase pump. The third one, Kup, is apparently an alternative system to
Trk, and it works mainly when cells are grown at low pH values (Trchounian and Kobayashi,
1999). There is also an efflux mechanism for K* in these cells, which includes KefB and KefC
systems, that are apparently more similar to Na'/H" and K*/H" antiporters respect to K* channels. In
Synechocystis sp. PCC 6803 genome were identified three transport systems for K*: Ktr carrier,
Kdp carrier and K* channels. Ktr system, a Na'-dependent carrier, consisting of three subunits
(KtrA, KtrB and KtrE), seems to be predominant among the systems of K™ uptake in Synechocystis
(Berry et al., 2003; Matsuda et al., 2004; Matsuda et al., 2006). Recent studies have suggested that
this system is driven by a Ktr-ATPase and a Na'/H" antiporter, which are considered the most
responsible for the extrusion of Na™ in Synechocystis. In addition, other membrane proteins could be
involved in the formation of the proton gradient, as the extrusion induced by light of H* was
observed in several Cyanobacteria (Matsuda et al., 2006). All these influx and efflux systems have
not to be confused with K*-selective channels, which are members of the third class of proteins that
regulate the traffic of ions. lon channels are different from the previous two classes of carriers, as a
channel consists exclusively of an “open pore” through which ions can diffuse following their
electrochemical gradient. Unlike B-barrels, which form the porins of the outer membrane of Gram-,
subunits of ion channels of the plasma membrane are constituted by a-helices. These pores are
often formed when the helices of different identical or similar subunits are put together to surround
a passage for ions. The conformation of the pore allows these proteins to function in a completely
different way than that of the pumps or exchangers. When a channel is opened, when membrane
potential is equal to zero, the ions move passively according to the pre-existing concentration
gradient, dissipating this ionic gradient. As discussed above, the membrane potential and the
concentration gradient are the driving force (ApK™) and may have opposite effects on the direction
of the flow of K* ions. Thus, the flow of K* through the channels is inbound or outbound from the
cell depending on the balance of these two components. The functions of the passive fluxes of ions
through the channels in Prokaryotes, however, is not yet well known. Many K* channels in animals
are also able to maintain the rest membrane potential, or they can restore it quickly following a
depolarization event. Other K™ channels of animals regulate the resting membrane potential
according to different stimuli. The K™ channels are not generally suitable to conduct large amounts
of ions in animals; there are evidence of this type of transport in plants (Kwak et al., 2001; Hirsch et
al., 1998).



1.1.3 lon channels

lon channels are membrane proteins that form hydrophilic pores which facilitate the passage of ions
across cell membranes: they participate in many biological processes, from the transmission of the
excitatory signal to the modulation of behavior in mammals or of the swimming in Protozoa. They
allow the flow of more than a million ions per second from one side to the other of a biological
membrane.

Each ion channel presents its own particular behavior that distinguishes it: for each of them, it can
be evaluated conductance, selectivity, kinetics, mechanism of activation and pharmacology,
determining the typical properties of a channel. These properties, that will be now defined, can be
detected through analysis of single channel or all the channels in a cell.

Electrical conductance (measured in Siemens): measures the ease with which is realized a current
flow between two points; according to the Ohm’s law, is defined for the conductors as the
relationship between current and voltage difference through the conductor. The conductance is the
reciprocal of resistance. In practice, each channel acts as a primary conductor in the membrane,
which can have high (in the order of 1 nS) or low conductance (in the order of some pS).
Selectivity: ion channels are preferentially permeable to some ions and not for others. In general,
there are no channels perfectly selective for a single ion. The channels most studied are those
selective for K*, sodium (Na*), chloride (CI") and calcium (Ca?*): there are however also channels
that do not have a particular selectivity, as well as those that are selective in general for the cations
or anions without distinguish between them.

Kinetic: through a statistical analysis it is possible to evaluate the kinetic behavior of a channel, a
fundamental property that is often used to determine the sensitivity of a channel to different stimuli.
For example, an increase in the fraction of the overall time spent by the channel in the closed state
as effect of a drug, implies the channel inhibition by the drug itself, that is then defined inhibitor;
vice versa, the activators behave favoring the opened state. The probability of the opened state (Po,
open probability) is determined as the integral of the current that flows through all open channels
during a certain recording time, divided by the number of active channels during the same period,
divided by the current value that would pass through a single open channel during the same
recording time. The probability of the closed state is, instead, 1 - Po. Another parameter is the
average time of opening: it is calculated by dividing the sum of the duration of each opening by the
number of opening events. To obtain the average time of closing, the sum of the closed intervals has
to be divided by their number and by the number of channels.

Activation mechanism: the factors that modulate the activity of ion channels in the membrane may
be of various nature (Figure 1). We can distinguish between channels activated by changes of
membrane potential (voltage-gated), channels modulated by ligand (ligand-gated) and channels that
open as a result of applying a tension on the membrane (stretch-activated). The ligand-gated
channels can be modulated by various types of ligands, such as neurotransmitters, ions, nucleotides,
G proteins.

Pharmacology: this term refers to a set of substances that act on a specific channel, reducing or
increasing its activity. They are called inhibitors or activators of a channel: having a defined
pharmacological framework can be very useful to modulate its activity or even identify a channel.
To study the functioning of channels special tools are required, as the patch-clamp or the planar
lipid bilayer: these techniques allow to measure the current which permeates through the ion
channels at a given potential value, due to the passage of ions depending on their electrochemical
gradient through open channels.
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Figure 1 — Different activation mechanisms for ion channels (from the textbook “The essential of cell molecular
biology”, 11 edition, Alberts et al., 2005).

1.2 General characteristics of K™ channels
1.2.1 Basic structure and activity

K* channels are tetramers, generally consisting of identical subunits, even if animal channels
consisting of hetero-tetramers made of similar subunits exist. These subunits are also called a-
subunit being subunits that form the channel pore, to distinguish them from other associated
auxiliary subunits (B, vy, etc...) which serve to regulate the main a-subunit. The core of the a-
subunit of K* channels consists of two TM a-helices traditionally called TM1 and TM2 (TM:
transmembrane helical segment), flanking a short helix that forms the pore (P: pore helix and filter
loop) which contains the amino acid sequence defined K*-filter. The simplest TM1-P-TM2 subunits
is composed of only 94 amino acid residues encoded by a virus (PBCV-1) found in a green alga
(Chlorella) which is a symbiont of a Paramecium (Paramecium bursaria) (Kang et al., 2004). This
TM1-P-TM2 structure (2TM) without additional peptide domains appears to be the minimum
structure necessary for the permeation, the filtration and the opening. The crystallographic structure
of the K* channel of Streptomyces lividans, KcsA (Figure 2), shows that the C-terminus end of the 4
2TM subunits converges towards the cytoplasm and occludes the ion passage (Doyle et al., 1998;
Zhou et al., 2001). This convergence is also known as a gate which, in the crystallographic
structure, is found in the closed conformation (Jiang, 2002). This structure with two transmembrane
helices also exists in a class of channels called inward rectifyers (Kir) found in both Prokaryotes
and Eukaryotes. Kir channels have an architecture similar to that of the KcsA channel, with small
differences in the orientation of the helices and assembly (Kuo et al., 2003). Instead, a-subunits of
the type TM1-P1-TM2-TM3-P2-TM4, which form the K* channels with two pores, that have been
found in animals and plants, have not been found in the genomes of prokaryotic and eukaryotic
microbial organisms yet, in the case of these two pore channels (TPK), two subunits form a dimeric
channel. It seems evident that these TPK subunits owe their origin to a phenomenon of gene
duplication which allowed the formation of a (a-a.’), type hetero-tetramer. Another structural motif
common to a-subunits of K* channels is S1-52-S3-S4-S5-S6-P (S: transmembrane helical segment)
defined also 6TM type subunit. This structure is often called Shaker, a name due to a mutant of
Drosophila melanogaster, which corresponds to the first cloned gene for K™ channels (Papazian et
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al., 1987; Tempel et al., 1987). In this design, the fragment P-S5-S6 maintains the same
characteristics of the TM1-P-TM2 core, described previously. The helices S1-S2-S3-S4 act as
controllers of the core, e.g. if they harbor positively charged amino acids in the S4 segment, such
TM acts as voltage sensor. Different additional forms were discovered in studies of single-cell
Eukaryotes such as ciliates and fungi. For example, the fungi have K® channels with 8
transmembrane segments (S1-S2-S3-S4-S5-P1-S6-S7-P2-S8) and the Paramecium has K* channels
with 12TM pattern (S1-S2-S3-S4-S5-P1-S6-S7-S8-S9-S10-S11-S12-P2) (Ketchum et al., 1995;
Zhou et al., 1995). As a direct consequence of being an “open pore”, the activity of K* channels can
be directly measured using radioactive isotopes or electrophysiological techniques, such as patch-
clamp and planar lipid bilayer. The electrophysiological techniques allow to describe the particular
behavior that distinguishes one channel from the other: for each one is possible, therefore, to
evaluate conductance, selectivity, kinetics, mechanism of activation and pharmacology, as already
mentioned above.

Figure 2 — 3D-structure of KcsA K* channel of S. lividans. Left: view from extracellular side. Right: normal view
of left image. Green sphere represents K™ ion (from Doyle et al., 1998).

1.2.2 The selectivity filter (K*-filter) and its variants

The term “channel”, as mentioned above, refers to the way that allows a passive flow of solutes.
Channels are similar to enzymes in which there are sites that preferentially interact with specific
molecules or ions. The K* channels in general have the filter region (Figure 3) separated from the
region responsible for regulating opening and closing (gating). This has been verified at the atomic
level thanks to the determination of the crystallographic structure of KcsA. The mechanism of
filtration of ions in K* channels is highly efficient and discriminating at the same time. In contrast
to enzymes which have a turnover rate of approximately 10° molecules of substrate per second,
many types of channels have a higher speed, of 10 ions per second and, at the same time, maintain
high selectivity. A K" channel can have a permeability ratio of 300 to 1 in favor of the K* with
respect to Na’. This seems at odds with the principles of binding energy of ions. The
crystallographic structure of KcsA explained a part of this enigma (Figure 2). Each K" channel is
formed by a-helices deriving from 4 separated subunits to enclose an aqueous center, which
narrows in a selective filter of 2.0 A in diameter near the cytoplasmic surface (Doyle et al., 1998;
Zhou et al., 2001). The filter is characterized by the alignment of the carbonyl oxygens arranged
horizontally, belonging to the canonical amino acid sequence TXGYGD for each of the 4 subunits.
Pairs of these quartets of oxygens partially surround K* ions with greater efficiency compared to the
eight oxygens of hydration of the sphere surrounding it in aqueous solution. The removal of the
sphere of hydration requires a high energy cost, therefore, the selectivity filter is structured so as to
perfectly mimic the sphere of hydration of a K ion, minimizing the energy cost for each ion that
enters or leaves the filter. Cations of different sizes, such as Na* and Ca**, require substantially
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different energies for the passage. The structure, therefore, has allowed the understanding of the
high selectivity to K" and the permeation rate similar to that by simple diffusion. In the three-
dimensional structure of KcsA, the central filter is supported by 4 helices of the pore. Under the
cone formed by the 4 helices there is a cavity filled with water, which is sealed from the
cytoplasmic side by convergence of 4 TM2 helices when the channel is in the closed conformation.
The TM2 helices also form the gate (Jiang et al., 2002). The canonical sequence of the selectivity
filter, TXGYGD, shows small variations between described channels. In animal channels, for
example, sometimes the tyrosine (Y) is replaced with phenylalanine (F) and this substitution is
conservative because it preserves the aromatic group of the side chain that surrounds and supports
the filter. In both the channel Kch of E. coli and KcsA of S. lividans this substitution retains the
function of K™ filtration (Kuo et al., 2003; Splitt et al., 2000). The GFG sequence is present in the
selectivity filters of K* channels of some species of Bacteria, such as Thermoplasma volcanium,
Mycoplasma mobile, Magnetococcus sp. MC1 and others. Another variant which is often found in
the animal channels is the substitution of an aspartate residue (D) with a glutamate (E). Most likely
this substitution is permitted, as maintains the negative charge. In Prokaryotes this variant was
found only in (2TM)-KTN/RCK channels of many Cyanobacteria, some species of proteobacteria
and a few species of other phyla.
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Figure 3 — Schematic representation and structure of TM1-P-TM2 motif and of the region containing the
selectivity filter, typical of K channels. K* is highlighted in pink in the selectivity filter. O, coordination atoms
are also highlighted, they mimic the hydration sphere of the K* ion.

1.2.3 The mechanisms of regulation of opening/closing of channels

Channels are typically in the closed state, since the flow of ions through an open pore is unfavorable
to cell metabolism. The tetramer can exist, therefore, in at least two conformations: closed and open
(however, biophysical analysis have revealed that there are multiple states or open/closed so called
sub-states). Both in MscL and KcsA, the conformational changes of the subunits during the opening
of the channel show a mechanism similar to that of the aperture of a camera. lon channels can be
also considered as transducers which convert the binding energy of the ligand, the change in
voltage, or the mechanical work into the opening of the ion channel, transducing the external signal
(chemical, electrical or mechanical) into an electrical or chemical signal in the cytoplasm. The
different physical/chemical parameters that open channels are the so-called stimuli. In general, in
association with opening, the occurrence of an electric current through the channel due to a specific
stimulus, a phenomenon called “channel activation” can be described. The term *“activation” also
indicates the increase in the probability of channel opening. For many channels, the current
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decreases after the initial activation, even if the stimulus is maintained. This process is known as
inactivation which must not be confused with the deactivation, the process by which the current
disappears after removal of the stimulus. Many different additional molecular mechanisms were
determined to describe the activation, inactivation and deactivation (Hille, 2001). Activation can
depend on voltage, ligand binding and mechanical stimuli. In general, many proteins perceive the
electric field through their amino acid residues. The voltage-dependent channels often show
patterns of charged amino acids (in S1-S4 segments) and are particularly sensitive to changes in the
membrane potential. The voltage sensor is a region of the channel enriched in electrical charges that
can move in response to voltage changes, causing the opening or closing of the channel. The S4
helix of each subunit of different Shaker type channels contains a series of arginines (R) and lysines
(K) regularly spaced by 2 residues, such as in the pattern shown here:
RXXRXXRXXRXXKXXRXXKXX. This motif (or similar motifs with different number of
charged residues) has been shown in many K* channels activated by voltage and has been shown
that constitute the most important part of the voltage sensor. The positively charged residues at the
N-terminus constitute another important part of the voltage sensor (Seoh et al., 1996). Many
prokaryotic genomes contain genes that encode hypothetical K* channels of the Shaker type. Two
of these genes have been successfully cloned and their activity as voltage-dependent K* channels
has been demonstrated. The first of these is the KvAP channel of Aeropyrum pernix, which is a
specific K™ channel activated by depolarization, the second is MVP of Methanocaldococcus
jannaschii, a channel selective for K* activated by hyperpolarization (Ruta et al., 2003; Sesti et al.,
2003). As to class of the ligand-gated channels, their opening mechanism is very similar to that of
the activation of an enzyme. The binding of a ligand, in fact, induces a change from the closed
conformation (inactive) to the open one (active). Animal ion channels can be opened by different
types of ligands, those located externally (glutamate, acetylcholine, protons) and those that are
located internally (e.g. ATP, cyclic nucleotides, Ca®*). Finally, the mechanical forces can be
transmitted to the channels through the lipid bilayer to induce their opening. This type of
mechanism has been found in the bacterial channels MscL, MscS and in some animal channels
(Blount, 2003; Patel et al., 2001).

1.2.4 K* channels in Prokaryotes

Most of our knowledge on the structure and selectivity as well as gating mechanisms of ion
channels is due to studies on prokaryotic channels. In the study of prokaryotic K* channels it is of
interest that, in the genome of E. coli close to the trp operon sequence, there is an open reading
frame (Kch) which was identified as a sequence that could conceptually give rise to a protein with
the canonical sequence of the selectivity filter, similar to that of Shaker type K* channels of
Eukaryotes (Milkman, 1994). Although the patch-clamp technique was successfully applied to the
native membranes of E. coli, a specific electrical conductance of K* was not detected. The electrical
activity of the prokaryotic K™ channels has been successfully registered in 6 cases when the channel
proteins were expressed in heterologous systems, such as E. coli, yeast, Xenopus oocytes, cultured
mammalian cells or were reconstituted into artificial lipid membranes. However, the activity of
prokaryotic K* channels in their native membranes has never been reported. The analysis of the
information contained in gene sequences, currently provides information on the prevalence and
variability of K channel genes in Prokaryotes. To identify genes that encode for K* channels in the
genomes, in fact, bioinformatic programs are used, such as BLASTP and TBLASTN of the NCBI
website, which align the 270 totally or partially sequenced prokaryotic genomes. The translation
product of the open reading frame that conceptually meets the following criteria is considered a
counterpart of K channels. As a first step, the sequence of the selectivity filter of Kch
(TITTVGYGDITP) is used as a query in the alignment. Subsequently, the topology of the
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sequences obtained, containing indifferently GYG or GFG, are examined using the pattern of
hydropathicity to determine if the K'-filter sequence is localized, as expected, towards the C-
terminus fragment in a small hydrophobic fragment (the pore helix) between two 22-24 amino
acids-long transmembrane helices (according to the TM1-P-TM2 motif). The most similar
sequences, then, can be divided into 3 groups: those that have only two transmembrane segments
that flank the pore region, called 2TM, and those that have 4 or 2 TM upstream of the core region,
called respectively 6TM and 4TM. Among these K™ channels, some include only the region of the
TM helices, others also contain the extensions, both between the transmembrane helices and the N-
and C-terminus. Homologues of 2TM channels without extensions to the terminals, which include
the KcsA channel, are part of the core-type K*-channels. Many of the counterparts of 6TM channels
are also recognizable as they contain charged amino acid residues (arginine, lysine, histidine) in the
S4 helix, giving to the channel the characteristic voltage-dependence for adjusting the opening. To
determine the characteristics of the voltage-dependence, these sequences were aligned with
ClustalX bioinformatic software. In this way those proteins that showed charged amino acids in the
S4 segment were classified as voltage-dependent channels, while the remaining channels were
classified as type “6TM core only” (Kuo et al., 2005). All homologues of 4TM/1P channels that
have been found didn’t show long amino acid sequences at the N- and C-terminus. This type of
channel seems to be unique in prokaryotic cells. It has also been proposed that the pore segment and
other different parts (such as, for example, the gate region) of a-subunit of K* channels may result
from the association of two different peptides (whose genes are located in the same operon)
(Kumanovics et al., 2002). Eukaryotic Kir homologous, the “glutamate receptors” and “cyclic
nucleotides-binding channels” are all characterized by long peptide end chains, supporting the
above hypothesis. A high number of 2TM and 6TM K" channels found have a domain named KTN
(Rossmann fold or NAD-binding domain) or RCK (Regulating the Conductance of K*), among
which we find Kch and MthK (a channel of Methanobacterium thermautotrophicum), and are
classified as “KTN/RCK domain channels” (Rossmann et al., 1974). Some 2TM channels have a
long tail that is not homologous to any known type of domain, referred to as “unknown domain
channels™.

1.2.5 SynK K" channel

A sequence of 234 amino acids which seems to encode a voltage-dependent K* channel, resembling
members of the Shaker family has been identified in the proteome of Synechocystis sp. PCC6803,
using bioinformatic programs (BLAST algorithm). The protein was named SynK. The alignment
was obtained between TMTTVGYGD motif, characteristic of the selectivity filter of K* channels,
against the whole proteome of Synechocystis. The identified putative channel, according to the
bioinformatic software Hierarchical Neural Network (HNN, by Qian and Sejnovski), consists of six
transmembrane segments (S1 to S6) and a pore region (P between S5 and S6). The pore region
contains the TLTTLGYGD motif, which is characteristic of the selectivity filter of K* channels
(valine and leucine are similar amino acids). The predictions on the three-dimensional structure of
the protein and the amino acid sequence alignment indicates a high similarity of the SynK channel
with the KvAP K" channel of Aeropyrum pernix, for which three-dimensional structure (obtained
by crystallography and X-ray analysis) and activity in vitro (obtained using planar lipid bilayer
technique) (Jiang et al., 2003; Ruta et al., 2003) are known. On the basis of the similarity between
these two channels it is also proposed that the channel of Synechocystis is constituted by 4
monomers. In order to determine the functionality of the SynK protein in vitro, its expression in a
heterologous system and its analysis using electrophysiological techniques were carried out in our
laboratory. In particular, we have chosen to express the protein in mammalian cells (CHO-K1) as its
expression in E. coli has proved impossible due to the toxicity of the protein for bacteria. The
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expression system used therefore was a transient transfection system in CHO-K1 cells, carried out
with the system of the cationic lipids leading to the expression of the SynK-EGFP fusion product.
The presence of the fluorescent protein EGFP at the C-terminus of the protein has allowed us to
monitor the expression and localization of the recombinant protein within CHO cells. The images
obtained with fluorescence microscopy show that a part of the fusion product is localized in the
plasma membrane of CHO-K1 cells (Zanetti, 2004, thesis). The immunoblot experiments with anti-
EGFP, performed on total lysates of transfected cells, showed that a part of the protein was
expressed with the molecular weight predicted for the fusion protein, 54 kDa (26 kDa for SynK and
28 kDa for EGFP). The localization in the plasma membrane of mammalian cells of the fusion
product SynK-EGFP was a necessary condition to be able to perform the subsequent
electrophysiological studies with the patch-clamp technique in the whole-cell configuration. This
way, it was possible to determine the protein activity in vitro. Data obtained showed that the
protein, in this system, mediated the efflux of K™ ions outward from the cell (positive current, in
accordance with the convention and illustrated as upward current) when positive, depolarizing
potentials, were applied through the membrane and the intra- and extracellular concentrations of K*
were 140 and 5 mM, respectively. SynK shows homology to the higher plant channel TPK3, the
subject of my work, however the evolutionary step linking the two proteins is not clear. Data
suggest that SynK may be an ancestor of AtTPK3, a member of the tandem-pore potassium channel
family in Arabidopsis (Maser et al., 2001). When BLAST search is performed, AtTPKS3 results as
the closest homolog of SynK in the whole Arabidopsis genome and vice versa, according to
Aramemnon. The evolutionary origin of eukaryotic tandem-pore channels is still vague but
according to one hypothesis, 6TM prokaryotic PNBD-less potassium channels (like SynK) might
have given origin to TPK channels (Derst and Karschin, 1998). A conserved pore region feature
(presence of YF residues) in both SynK and plant TPK channels represents an additional point to an
evolutionary link between the two proteins. Findings indicate the presence of AtTPK3 protein in the
thylakoid membrane (Zanetti et al., 2010). Independently of whether SynK is the precursor of
AtTPK3 or not, this is the first thylakoid-located cation channel identified from molecular point of
view in higher plants (in addition to proton-conducting FO/F1 ATP-ase). The thylakoid localization
of this protein opens the way to functional characterization of this still putative channel.

1.2.6 SynCaK K" channel

Recently a so-far uncharacterized putative potassium channel (NP_440478, encoded by the open
reading frame sll0993) named SynCaK was identified in Synechocystis. This protein shares
sequence homology with MthK, a Ca®*-activated K* channel of the archaeon Methanobacterium
thermoautotrophicum. The structure of MthK in an open conformation has been determined (Jiang
et al., 2002). The MthK subunit has two transmembrane segments and one pore region (TM1-P-
TM2), followed by an extension of approximately 200 amino acid residues which contains a region
called the RCK (for Regulator of the Conductance of K*) domain. RCK of MthK binds divalent
cations, such as Ca®* or Cd®* (Jiang et al., 2001, 2002). Various studies led to a model in which the
channel is a heterooctamer, where the MthK transmembrane tetramer assembles with eight RCK
domains: four covalently linked to the four TM2 helices and four additional ones assembled onto
them at the cytoplasmic side. The physiological meaning of the activation of MthK with millimolar
Ca® is unclear, since Ca** as a second messenger operates at micromolar concentrations in
Eukaryotes, and the possible signaling roles of Ca?* in Prokaryotes are still unclear.

SynCaK resembles some of the electrophysiological activity properties of MthK: in fact, similarly to
MthK, also SynCaK could be activated by Ca*". Actually it was find an increased activity when
changing the intracellular concentration from 0 to 10 mM Ca®* in inside-out excised patches
(Checchetto et al., 2012). The properties of the channel could not be studied in the whole-cell
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configuration given that cells cannot withstand such a high intracellular Ca** concentration.
However, in the same paper it was demonstrated that SynCaK works as K* channel, in accordance
with the bioinformatic predictions.

1.2.7 K* channels in plants

In plants evidence that K™ plays an important role in a large number of functions such as the
elongation of cells, movement of the stomata, regulation of gas exchange and transduction of
various signals has been obtained during the last 30 years (Clarkson and Hanson, 1980;
Zimmermann and Sentenac, 1999; Véry and Sentenac, 2003). Sequencing of the entire Arabidopsis
genome has allowed the identification, by studies of sequence similarity with the animal channels,
of 15 putative K* channels (Figure 6). These can be divided into three main groups, which take their
names from their counterparts in animals: Shaker, KCO (or KCNK or TPK according to the new
nomenclature) and Kir (Figure 4). In plants, as in animals, the activity of K* channels determines
the electrical properties of the membranes. Their physiological function has been clarified through
analysis of expression patterns and mutational analysis. Through the use of yeast mutants defective
for K* uptake, in 1992 a French group has cloned from Arabidopsis thaliana, the first plant ion
transport systems: KAT1 and AKT1 (Sentenac et al., 1992). Structural studies have shown that
these inward rectifying channels, are structurally very similar to the animal Shaker K* channels.

K* channels
Shaker: 9 proteins KCNK: 5 proteins Kir: 1 protein
—~ 0P P P P
vy . MM v
CNBD J
4 Inward rectifiers 1 Ca2*-activated
1 Weak inward rectifier outward rectifier

2 Outward rectifiers

Figure 4 - Different families of putative K* channels in the Arabidopsis genome: Shaker, KCNK (or KCO) and
Kir (++: positively-charged residues in the voltage sensor; CNBD: putative cyclic nucleotide binding domain; P:
pore domain) (from Véry and Sentenac, 2002).

1.2.8 Shaker channels in plants

Shaker channels (Figure 5) in plants are similar to animal Shaker channels with six transmembrane
segments. The better characterized channels in animals are those of the Kv family (Shaker voltage-
dependent), both from a structural point of view and functional. The homology between plant and
Kv channels is limited to the core and in particular to the pore region. The animal channels that are
more similar to those of plants are the EAG Shaker channels (EAG, ELK, ERG, HCN and CNG). In
plants, usually, the Shaker type channels show a shorter region (of about 60 residues) at the N-
terminus domain, followed by a hydrophobic core composed of six transmembrane helices (S1 to
S6, with the domain of the pore between S5 and S6), and a long cytoplasmic region. The fourth
transmembrane segment contains positively charged amino acids (R and K) and is expected to act
as voltage sensor. The highly conserved pore domain, containing the GYGD/E motif, is present
between S5 and S6. The C-terminus region contains a putative binding site for cyclic nucleotides
and, in most cases, an ankyrin repeat domain, potentially involved in protein-protein interactions
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(Chérel, 2004). At the C-terminus there is the Kya region (rich in hydrophobic and acid residues),
which may be involved in tetramerization of the subunits. In addition to the a-subunit, plant Shaker
channels can have B-subunits, the function of which in plants is currently uncertain. In Arabidopsis,
for example, kab1 genes, coding for proteins that are homologous to the animal Kv -subunits have
been identified. There is the possibility that the 3-subunits are associated with other types of non-
Shaker channels, such as those with outward rectification (as KCO and SKOR). As in animals, also
plant inward rectifying o-subunit channels form homo- and hetero-tetramers. In plants, the
composition of hetero-tetramers seems to be more determined by the expression of tissue-specific
genes for channels rather than by the sequence. In Arabidopsis 9 proteins belonging to the Shaker
family were characterized and divided into three subfamilies depending on their rectification
properties: inward, outward and weakly inward rectifyer (Schachtman, 2000). Although the
molecular mechanism that determines the rectification is not well understood yet, the experiments
show that it can be due to an intrinsic process of gating, rather than to the locking part of Mg?®* ions,
as occurs in animal inward rectifying channels. In KAT1, for example, inward rectification is due to
the N-terminal region and to the first 4 transmembrane segments. The involvement of the N-
terminus region in rectification is in contrast with what occurs in animal inward rectifying channels,
in which the C-terminus region seems to be involved (Véry and Sentenac, 2002). In addition to
Shaker channels with inward rectification, electrophysiological techniques have demonstrated the
presence of Shaker channels with outward rectification, as SKOR. This channel is involved in the
release of K* in the xylem. Shaker channels are expressed in different tissues. The available
information suggests that these channels are involved in nutrition and regulating the osmotic state of
the cell. A multidisciplinary approach, comprising the expression in heterologous systems,
electrophysiological characterization and the production of knockout mutants, allowed to unravel
the role of some Shaker channels. For example, AKT1 is an inward rectifyer channel found to be
the major system for K™ uptake in roots and mesophyll (Hirsch et al., 1998; lvashikina et al., 2001;
Dennison et al., 2001), while SPIK (Shaker Pollen Inward K* channel) is involved in K* uptake in
pollen. Its activity is necessary for the correct development of pollen tubes (Mouline et al., 2001).
KAT1, KAT2 and GORK (plant Shaker channel that functions as outward rectifyer) are expressed
in guard cells (Nakamura et al., 1995; Pilot et al., 2001; Szyroky et al., 2001). AtKC1 is expressed
in peripheral root cells where it could play a role in K* uptake (Véry and Sentenac, 2003). Finally,
analysis of mutants unraveled that AKT2 is involved in the control of membrane potential of
phloem cells and in the transport of sucrose in the phloem (Deeken et al., 2002).

Q Cytosol

Figure 5 — Structure of a Shaker channel (© Addison Wesley Longman, Inc.).
1.2.9 Other K" channels in plants

Studies of sequence similarity with animal channels have led in Arabidopsis to the identification of
15



other gene families encoding K* channels, such as KCNK and Kir channels (K™ inward rectifying).
Plant KCNK channels have a hydrophobic core consisting of four transmembrane segments,
containing two P domains and are devoid of the voltage sensor. In Arabidopsis five channels which
have structural similarity with these animal channels were identified, three of which also have a
binding site for Ca** at the level of the C-terminus region. Recent studies have demonstrated their
activity in the vacuolar membrane (Schonknecht et al., 2002). The Kir channels were observed in
root plasma membrane, they are characterized by a hydrophobic core consisting of only two
segments and a transmembrane P domain (Very and Sentenac, 2002). Reporter genes, used to study
the localization of K™ channels in plants, have demonstrated their presence at the level of different
compartments such as the plasma membrane, the tonoplast and the Golgi apparatus of different
tissues such as roots, leaves, seeds and flowers (Schachtman, 2000). For example, Shaker channels
like AtKC1, KAT1 and KAT2 are localized at hydathodes, trichomes, guard cells and roots
(Jeanguenin et al., 2011), AtKCO1 of Arabidopsis thaliana is expressed in leaves (at the level of
vascular tissue and guard cells, in particular), in the root and a little bit in pollen grains (Czempinski
etal., 2002).

1.2.10 TPK channels

In 2000 the Arabidopsis genome became available and were identified also 5 tandem-pore K*
channels (AtTPK1, 2, 3, 4 and 5) (Figure 6, violet panel). In an introductory insight into the role of
TPK channels in plants, the genomes of 19 fully sequenced plants were screened for homologues of
Arabidopsis TPK/KCO channels. TPK-coding sequences were identified in 12 genomes.
Homologues of A. thaliana AtKCO3 were only found in the related specie A. lyrata, suggesting that
AtKCO3 developed through a recent evolutionary event involving gene duplication followed by a
partial deletion. In phylogenetic analysis, the AtKCO3 protein clusters closely with AtTPK2 and the
corresponding proteins from A. lyrata. In algal genomes TPK family members were only detected
in the two Ostreococcus species, although with distinct insertions/deletions that locate them outside
the tree that groups TPK/KCO from land plants.
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Figure 6 — Phylogenetic tree of the relationships between all Arabidopsis thaliana K* channels (15) and a non-
selective cation channel (AtTPC1). AtTPK channels are positioned in the violet panel, the Kir like outsider
AtKCO3 channel is evidenced in red (modified from Hedrich, 2012).
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1.2.11 Structural insights of TPK channels

Channels of the TPK family are characterized by a duplicated KcsA-like structure with four
transmembrane domains and two-pore domains. TPK channels were proposed to form dimers
consisting of two identical subunits (Voelker et al., 2006). Notably, both KCO3 and members of
TPKs contain N-terminal binding sites for 14-3-3 proteins and putative Ca** binding EF hands in
the cytosolic C-terminal parts, indicating that the channels can be regulated by similar biochemical
mechanisms. The exception is represented by TPK4, which lacks these regulatory and protein
interaction motifs (Czempinski et al., 1999; Becker et al., 2004). Another tandem-pore channel with
structural analogies with TPK members is a channel of the vacuolar membrane, named TPC1 (Two-
Pore Channel 1) showing a duplicated Shaker-like structure with a total of 12 transmembrane
segments and two pore loops. TPCL1 is a voltage-dependent channel (Peiter et al., 2005; Ranf et al.,
2008) that mediates slow-activating (SV) currents through the tonoplast. The SV channel is
ubiquitous in plants and is believed to play a role in cation homeostasis and Ca?* signalling.

1.2.12 TPK channels interact with 14-3-3 proteins

In animals, the activity of two-pore channels has been shown to be regulated through an interaction
with 14-3-3 proteins. Likewise, in plants 14-3-3 proteins interact with plasma membrane K*
channels (Sottocornola et al., 2006). In barley radicle protoplasts, for example, Shaker-like
outward-rectifying (K™ out) and inward-rectifying (K" in) channels are under the control of 14-3-3
proteins, increasing the activity of K* in channels but decreasing that of K* out channels (Van den
Wijngaard et al., 2005). Vacuolar channels are also regulated by 14-3-3 proteins; for example, 14-3-
3 proteins down-regulate K* channel activity at the vacuolar membrane of barley mesophyll cells
(de Boer, 2002). It was also demonstrated that HvTPKZ1, a barley homologue of Arabidopsis TPK1,
interacts with 14-3-3 proteins (Sinnige et al., 2005). Similar results were obtained for Arabidopsis
TPKSs, indicating their interaction with 14-3-3 proteins in vitro and in vivo. As mentioned before,
the cytosolic N-terminal regions of most TPKs exhibit a classical type | binding motif
(RSXpS/TXP) for 14-3-3 proteins, with a serine or threonine residue acting as potential
phosphorylation site. Phosphorylation of this residue appears to be a prerequisite for protein-protein
interaction. In plant cells, wt TPK1 and GRF6 co-localize at the vacuolar membrane; this co-
localization is lost when a mutant of TPK1 (S42A) is co-expressed with GRF6 (Latz et al., 2007).
The protein interaction affects channel activity. Addition of 14-3-3 protein (GRF6) to TPK1-
expressing yeast cells strongly increases TPK1 activity in a dose-dependent manner (Latz et al.,
2007). However, the TPK/14-3-3 interaction appears not to influence protein targeting. By deleting
the cytosolic N-terminal domain including the 14-3-3 binding site, TPK1 was still partially
transported to the vacuolar membrane, but was mainly retained in the ER. When the N-terminal of
TPK1 was replaced by that of TPK4, which lacks a 14-3-3 binding motif, the chimeric channel was
clearly detected at the tonoplast, indicating that the N-terminal part including its 14-3-3 binding site
is not essential for vacuolar targeting (Dunkel et al., 2008).

1.2.13 TPK channels: homomers or heteromers?

As said before, four P-domains are needed to form the permeation path, implying that functional K*
channels can theoretically consist of a combination of the different structural elements. Very likely
K* channels are formed by: two TPK channel o-subunits; or four KCO3 subunits. It might,
however, also be possible that a TPK subunit combines with two KCO3 subunits. However, it is not
necessarily true that a channel functions as a homomer formed by identical subunits (i.e., proteins of
identical sequence and structure). For Shaker-like K* channels, it is well known that different o-
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subunits have the potential to assemble into heteromeric channel complexes, consisting of proteins
of different sequences but similar structures (Dreyer et al., 1997, 2004; Jeanguenin et al., 2008),
and this process also occurs in vivo (Lebaudy et al., 2008). In contrast, for TPK and Kir-like
channels, the informations about channel assembly are still elementary. However, important
information became available through the application of optical methods (Lalonde et al., 2008).
TPK and KCO3 channels were tagged with yellow and blue-shifted variants (YFP, CFP) of the
green fluorescent protein (GFP), and the proximity of the two fluorescent proteins was measured
using Fluorescence Resonance Energy Transfer (FRET). FRET analysis resulted in positive signals
for TPK1, TPK5 and KCO3 homomeric subunit interactions, whereas FRET signals at background
level were detected for heteromeric combinations (TPK1/TPK5; TPK1/KCO3; TPK5/KCO3).
These background signals were interpreted as the result of dimer formation of the fluorophores at
very high protein concentration (Voelker et al., 2006). Results obtained with FRET were completed
by Bimolecular Fluorescence Complementation (BiFC) experiments. Split-YFP analysis of TPK1,
TPK2, TPK5 and KCO3 indicated a clear vacuolar targeting of the channels when homomeric
subunit combinations were tested. In contrast, expression of heteromeric protein combinations
resulted in diffuse signals in non-target compartments (ER, cytosol) and, in part, in the vacuolar
membrane, but a distinct signal exclusively associated with the vacuolar membrane was never
observed. The fluorescence signal detected in heteromeric TPK/KCO3 combinations may result
from an initial (unspecific) protein association due to high concentration in the ER and subsequent
permanent coupling via the restored YFP attached to the channel subunits. Such erroneously
assembled protein multimers may be recognized by the cellular quality control system, leading to
degradation of the false protein complex on its way to the vacuole (Voelker et al., 2006). Both
FRET and BIFC analysis strongly support the existence of homomeric TPKKCO3 channels,
specifically dimers in the case of TPK1 and TPK5, and tetramers in the case of KCO3. To date,
there is no convincing evidence for the existence of heteromeric TPK/KCO3 channels. However,
the results obtained so far do not fully exclude the possibility that TPK/KCO channel subunits may
assemble into heteromeric channels in vivo (Voelker et al., 2006).

1.2.14 The putative physiological function of plant TPK channels

There is still a huge gap in knowledge about the physiological roles of TPK channels in plants.
Therefore, some information can be obtained from the homologous channels in mammalians. Here,
two-pore domain K* (K2P) channels are extensively distributed in the central nervous system and
peripheral tissues. The crystallographic structure of one of K2P channels (TRAAK) was determined
in 2012 (Brohawn et al., 2012). K2P channels are largely voltage-independent and generate well-
modulated background K™ currents across the plasma membrane. These channels act in concert with
other membrane transporters and play key roles in fine-tuning of the resting membrane potential
and cell excitability. Interestingly, the activity of K2P channels is strongly modulated by signalling
molecules (for example, hormones, pH, O,, CO,, NOx, ROS) or physical factors, like temperature
or pressure. Due to this physicochemical sensory function, K2P channels are primary targets for
external or internal stimuli. Modulation of background K* currents can have a strong influence on
the electrical properties of a cell. Inhibition of K2P channels, for instance, causes membrane
depolarization. This, in turn, increases the electrical activity in excitable cells, improves sensitivity
to other inputs and enhances Ca** entry to incite hormone and/or transmitter release from secretory
cells or contraction in smooth muscle cells. Activation of K2P channels, in contrast, hyperpolarizes
the membrane and reduces cell excitability and responsiveness. Based on analogy, it might
therefore be speculated that plant TPKSs are also targets of external and internal stimuli to fine-tune
the electrical properties of the membrane (mostly the tonoplast) for specialized transport tasks.
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1.2.15 Summary on TPK channels

Arabidopsis thaliana genome harbors six genes coding for putative voltage-independent K*
channels but, till now, only for TPK1 and TPK4 are available detailed informations about their
activity and physiological roles. TPK1 shows all the marks of the electrophysiologically well-
characterized VK channel; it has voltage-independent gating, K* selectivity, a vacuolar localization
and regulation by cytosolic Ca®* and 14-3-3 proteins. There are many evidences that TPK1 is
necessary and sufficient in vacuolar K* release, especially in guard cells (MacRobbie, 1998), where
ABA-induced TPK1-mediated K" release from the vacuole is important in stomatal closure. This
channel is also important during seed germination and in turgor-guided cell expansion in roots
(Gobert et al., 2007). TPK4, the TPK channel of the plasma membrane, located in particular in the
pollen tube membrane, is also voltage-independent and highly selective for K* ions. TPK4 is
sensitive to external Ca?* and to cytoplasmic acidification (Becker et al., 2004). It seems that this
ion channel is able to integrate the properties of another plasma membrane K* channel, named
SPIK1. In fact, SPIK1 has the opposite features described for TPK4 (SPIK1 is sensitive to external
pH but not to external Ca**), so the coupling of these functions may regulate pollen tube membrane
potential and physiology in a wide range of conditions (Becker et al., 2004). Functional data for
TPK2, TPK3, TPK5 and KCO3 gene products are still missing (for TPK3 is presented, in the
second section of this thesis, a submitted paper that describes, for the first time, the biochemical and
electrophysiological characterization of this channel and its possible involvement in the regulation
of photosynthesis in higher plants). Chimeric approaches in the TPK4 background involving the P-
loops of different TPK channels, however, suggest that other members of the Arabidopsis TPK
family act as K*-selective channels (Voelker et al., 2010). The weak expression of genes coding for
tonoplast ion channels and their partially tissue-specific expression domains are certainly problems
that need to be solved in future experiments. Besides functional studies of TPK/KCO channels, a
more detailed analysis of their structural features will provide valuable information about how they
exercise their biological roles. The diacidic ER export motif present in TPK1 is conserved among
its plant homologues, but is absent from other members of the TPK/KCO family, suggesting
divergent targeting strategies. The targeting mechanisms of plant ion channels and tonoplast
proteins in general still have to be clarified in detail. An essential milestone towards uncovering the
physiological roles of tonoplast-located TPK, KCO or TPC subunits lies further in searching for the
possibility of homo- or heteromeric channel formation and the possible interaction with other
regulatory proteins under various environmental conditions. The different experimental approaches
will further improve our understanding of transport processes across the vacuolar membrane, which
encloses up to 90% of the cell volume.
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1.3 Photosynthesis

The photosynthetic organisms use light energy for the production of reducing equivalents and
energy necessary to organicate carbon. Photosynthesis is a very important biological process
because it is capable of supporting life on Earth. It is a complicated process that requires the
involvement of several protein complexes: in general, during the photosynthetic activity, the light
energy is absorbed by the antennas (protein-pigment complexes) of photosystems and used for the
reduction of CO, to carbohydrates. The entire process can be represented schematically by the
following equation:

CO; +H70 + LIGHT === CH,0 + 0O,
where CH,0 is the carbohydrate formed.

Photosynthesis is divided into two main phases, the light phase and the dark phase (or assimilation)
(Figure 7).
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Figure 7 — Schematic representation of light phase and dark phase (C assimilation) in the photosynthetic process
(http://lwww.shmoop.com/photosynthesis/inputs-architecture.html).

In the reactions of photosynthetic electron transport (light phase), solar energy energizes an electron
in chlorophyll, making it able to move along a chain of redox reactions in the thylakoid membranes.
This process of electron transport generates high energy electrons that can reduce the NADP™ and at
the same time determines a proton gradient across the membrane which is used for the synthesis of
ATP. In the phase of assimilation NADPH and ATP are used, respectively, as a source of reducing
equivalents and of energy for the reactions that determine the conversion of carbon dioxide into
carbohydrates, in a series of reactions known as the Calvin cycle. The reactions of the light phase
are performed by multi-protein complexes localized in the thylakoid membrane that, in
photosynthetic Bacteria, is constituted by a “specialization” of the plasma membrane, while in
plants is localized in the chloroplast, the intracellular organelle deputed to photosynthesis. The
chloroplast is bounded by a double membrane: the inter-membrane space between the two
membranes is greatly reduced, while the space delimited by the inner membrane, the stroma, is
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much greater. The stroma contains the third system of membranes, the thylakoids. The continuous
space inside the whole body of thylakoid membranes takes the name of lumen. In oxygenic
photosynthetic organisms, like higher plants, algae and Cyanobacteria, the first phase of
photosynthesis is carried out by protein complexes of the thylakoid membrane: the Photosystem 11
(PSII) and the relative antenna apparatus or Light Harvesting Complex (PSII-LHCII), cytochrome
bef (cyt bef), Photosystem | (PSI) with its antenna (PSI-LHCI) and the ATP-synthase. The reactions
of the dark phase takes place in the stroma of chloroplasts or in the cytoplasm in the lower
organisms.

1.3.1 The chloroplasts: structure and function
The chloroplast (Figure 8) is an autonomous organelle, being a site of fundamental biosynthetic

functions in plants. It is delimited by an envelope, composed of two independent lipid membranes,
physically separating the internal environment of the plastid from the cytoplasm.

Outer membrane

Inner membrane
Thylakoids
Granum

Stroma

Figure 8 — Schematic representation of chloroplast structure and of its membrane composition (© Pearson
Prentice Hall, Inc., modified).

Both membranes of the envelope are distinct in structure, function and biochemical properties, but
at the same time they cooperate in several important physiological processes, such as the synthesis
of lipids or the translocation of proteins in the chloroplast. The inner membrane delimits an aqueous
space, called stroma: in this environment, there are the plastid genome, a complete apparatus for the
transcription and translation, starch granules and lipid bodies. The stroma contains also a third
membrane system, the thylakoids (collected in stacked tank structures, called grana, interconnected
by stromal lamellae), which accommodate the protein complexes responsible for the photosynthetic
process. As it is evident from electron microscope photographs (Figure 9), the outer and the inner
membranes are extremely close to each other and run in parallel: only at the level of the contact
sites these two membranes are joined. Chloroplasts are the sites of reduction and assimilation of
carbon dioxide into carbohydrates, amino acids, fatty acids and terpenes. All these biosynthetic
functions require the existence of different mechanisms for the selective transport through the
membranes of the envelope, in order to provide to the cell carbohydrate and compounds, Fe,
nitrogen and sulfur (Neuhaus et al., 2000). Chloroplasts require inorganic cations (K*, Na*, Mg,
Ca®*, Mn* and Zn?"), anions (NO,", SO4%, PO,*) and a variety of organic intermediates of
biosynthetic pathways, such as phosphoenolpyruvate, dicarboxylic acids, acetate, amino acids and
ATP, to achieve correct function of their biosynthetic pathways.
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Figure 9 — TEM micrography of a region of a chloroplast (CS: contact site; T: thylakoids; G: granum; I: inner
envelope; O: outer envelope; S: stroma; P: plastoglobule).

1.3.2 Photosystems

The Photosystems can be divided into two parts, one formed by the antenna (chlorophyll-protein
complexes with light energy collection function) and the other consisting of the reaction centers
with the dual function of electron transport chain and generation of proton gradient. The
Photosystem | presents a set of pigments that are preferentially excited by light at a wavelength of
700 nm while the Photosystem Il is energized more efficiently by light at a wavelength of 680 nm.

1.3.3 The “Z pattern”

In 1960 it was proposed by Hill and Bendall that the two Photosystems cooperate in determining
the electrons’ transfer from water to carbon dioxide. According to this model, called “Z pattern”,
the activity of the two coupled Photosystems allows to overcome the jump of redox potential
existing between the water oxidation and reduction of NADP”, not otherwise surmountable with the
activity of a single Photosystem. The PSII, following the absorption of a photon, produces an
oxidation potential sufficient to split water into oxygen and reducing equivalents transferred then to
the cyt bgf. When, instead, the PSI is energized, it produces the low redox potential necessary to
reduce the NADP® to NADPH, via the ferredoxin. The two Photosystems are dipped in the
thylakoid membrane and are connected by an electron carrier chain, the plastoquinone (PQ) and the
plastocyanin (PC), and cofactors of the cyt begf complex (Figure 10). The primary event of the
whole process is the excitation of PSII by light. In the excited state, PSII is able to extract an
electron from the water, producing a molecule of oxygen every two molecules of water. This
electron is ripped to replace the one given by excited PSIlI to cyt bgf. The electron is then
transferred through a chain of redox reactions, where each element of the path is reduced and then
returns to the oxidized state by transferring the electron to the next element. The charge separation
catalyzed by light at the level of the PSIlI and the PSI, simultaneously with electron transfer
processes, generates a transmembrane proton gradient that feeds the phosphorylation of ADP to
ATP by the ATP-synthase complex. This type of energy production in which the two Photosystems
are involved is called non-cyclic phosphorylation, in opposition to the process of cyclic
phosphorylation. In this latter process ATP is produced by generation of a proton gradient using
only the cyt b6f complex and PSI. In this case the transferred electron does not originate from
water, but from the PSI and is recycled to the same PSI.
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Figure 10 — The “Z pattern”, representative of electron transfer and of various photosynthesis redox processes
(© Pearson Education, Inc.).

1.3.4 Light absorption and electron transport

The fundamental event of photosynthesis consists in the absorption of light and in transfer of energy
by pigment molecules. The photon absorption by a pigment causes the transition of an electron from
the normal state to the excited, high-energy, singlet state. In the PSI and PSII the photon absorption
by a pigment of the antennae is followed by a rapid transfer of excitation energy to the reaction
center, where charge separation occurs. This initial event is stabilized and neutralized by subsequent
redox reactions in the electron transfer chain. Optimized organization of the pigments of the
antenna-proteins and cofactors in the reaction center allows to obtain a high capture efficiency and
limits the loss of energy from other relaxation mechanisms. The antenna complex (LHC), moreover,
allows the system to operate in a wide range of light intensities and wavelengths, thus increasing the
overall efficiency. The key step for energy capture is the photo-induced charge separation between
a primary donor (P) and a primary acceptor (A). Both in PSI and in PSII, the primary donors are
chlorophyll molecules. After being excited by light, P becomes a powerful reducing agent (P*) and
interacts with an acceptor (A) determining the primary event of the electron transfer:

Light
P+A = P*+A =p P*+A

The chlorophyll of PSII reaction center, called P680, is oxidized and the electron is transferred to
the pool of plastoquinones. The P680 is reduced by the WOC complex (Water Oxidation Complex)
with consequent oxygen production. Similar events, occurring at the PSI, result in the reduction of
ferredoxin, and then of NADP® to produce NADPH, and the oxidation of plastocyanin or
cytochrome ¢ (cyt c) by the chlorophyll of the P700 reaction center. For both the PSI and PSII,
inorganic and organic cofactors are used for the electron transfer. The process of electron transfer
between PSI and PSII involves the cyt bef complex, a protein complex containing membrane-
embedded cytochromes and iron-sulfur center, called Rieske. The cyt begf complex catalyzes the
oxidation of plastoquinol and the reduction of plastocyanin or cyt c. At the same time, cyt bef
complex pumps protons into the thylakoid lumen, generating a H* electrochemical gradient then
used by ATP synthase to synthesize ATP. This complex is also involved in cyclic electron flow
around PSI. The complex of PSII contains more than 20 different polypeptides and cofactors. The
reaction center is formed by membrane proteins DI and D2 and cyt b559, that is closely associated
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with the internal antennae, consisting of complexes of chlorophyll a and CP47 and CP43 proteins.
The PSII is completed with an external antenna (LHCII, Light Harvesting Complex I1), consisting
of chlorophyll a/b binding proteins. Associated with the reaction center, on the lumenal side, is also
present the WOC complex, where takes place the photolysis of water molecules.

1.3.5 lon channels of chloroplasts

The presence of ion channels in the membranes of chloroplasts has been known for many years
thanks to the application of electrophysiological techniques, however in almost all cases the
molecular identity of the proteins diving rise to these activities is unknown. There are numerous
activities that have been attributed to various channels in different membranes of chloroplasts. Over
the years, the different ionic conditions used by various authors and the limited pharmacology made
it difficult to understand if all these activities described are due to different proteins, or if some
activities correspond to those already described above. For example the channel of 1016 pS (in 100
mM KCI) described by Pottosin (1992) in the outer membrane could correspond to the channel of
730 pS (in 100/50 mM KCI) described by Muniz (1995). While taking account of these limitations,
it can be assumed that there are a number of separate selective or non-selective channels. Most of
these measurements were performed on chloroplasts of higher plants, when the genome of
Arabidopsis thaliana was not sequenced completely yet, thus preventing an albeit hypothetical
molecular identification of the relevant activities. A further complexity is given by the fact that
organellar ion channels in mammals as well as in plants are encoded by nuclear genes, therefore
limits in the accuracy of targeting prediction programs leads to the requirement of experimental
evidences when it comes to determination of the localization of ion channels.

1.3.6 The role of ion channels in the regulation of photosynthesis

In the “70s a few studies suggested an important role for ion channels in the regulation of
photosynthesis. Unfortunately, at that time, the pharmacology and genetics of the channels were
still at the initial state, therefore it was not possible to use drugs, inhibitors or activators of specific
channels. Furthermore, the molecular identity of plant channels was rather obscure because, with
very few exceptions (Schulenburg et al., 1992), the use of more specific inhibitors has not been
taken in consideration until the 80s. Nevertheless, there are old works (one of these is Deamer and
Packer, 1969) from which the existence of chloride channels and cationic channels selective for K*
and Mg®*, proposed to play an important role in the regulation of photosynthesis emerged. In
particular, it was suggested, that these channels might be involved in the electric counterbalance.
During photosynthesis, a light-driven flux of protons from the stroma to the lumenal side of the
thylakoid membrane occurs via photosytem PSII water splitting, plastoquinone reduction and cyt
bef turnover. These processes lead to the formation of a pH gradient and to the development of a
transmembrane electrical potential. lon fluxes across thylakoid membranes might contribute to
regulation of photosynthesis and respiration by modulating the electric component of the
transthylakoid proton motive force (pmf, composed of osmotic component ApH and of electric
component A¥). Recent works indicate an approximate 50% contribution of the electric field to
steady-state transthylakoid pmf in higher plants and eukaryotic algae (Cruz et al., 2005; Kramer et
al., 2003). In higher plants, it has been postulated that the efflux of cations from the lumen toward
the stroma or flux of anions in the opposite direction (Schonknecht et al., 1988; Barber et al., 1974)
would permit dissipation of the transmembrane electrical potential while conserving the pH gradient
(Checchetto et al., 2012). If this does not happen would develop a membrane potential, as in fact
happens in the case of the mitochondrial membrane, where the effective permeability to various
cations and anions is less than what is found in the thylakoid membrane. Also, the control of Ca**
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levels in the chloroplast has become increasingly important as it has been proposed that Ca®* can
regulate the activity of key enzymes in the assimilation of CO, and the activity of the oxygen
evolving complex (Brand and Becker, 1984; Grove and Brudvig, 1998; Loll et al., 2005).
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1.4 Glutamate lonotropic Receptors (iGIURs)
1.4.1 Animal ionotropic receptors

lonotropic receptors are ion channels activated by the binding of their ligand: in animals, they
mediate the majority of excitatory nerve transmission in the brain, but they also seem to have
different functions outside of the nervous system, such as the secretion of insulin, bone resumption,
cardiac pacemaking and tactile sensation (Ault and Hildebrand, 1993; Carlton et al., 1995; Chenu et
al., 1998; Gill et al., 1998; Inagaki et al., 1995; Jorgensen et al., 1995; Patton et al., 1998; Weaver
et al., 1996). They’re also thought to be involved in learning and memory. Many of their failure are
connected to several diseases, such as epilepsy, ischemic damage and are also implicated in pain
perception (Dingledine et al., 1999). There are two classes of glutamate receptors: ionotropic and
metabotropic ones. lonotropic receptors are ion channels. Instead, metabotropic receptors activate G
proteins: they have not their own channel, but possess transmembrane segments similar to those of
receptors coupled to G proteins, but with an extracellular domain that is more similar to the domain
for the binding of ligand in ionotropic receptors (O’Hara et al., 1993). In mammals more than 20
different ionotropic GIuR subunits, encoded by 6 gene families have been identified; on the basis of
activation by various agonists, ionotropic GIluRs can be divided into three categories: kainate
receptors, the AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionate) and NMDA (N-
methyl-D-aspartate) (Figure 11). The kainate receptors are activated by seaweed toxin and
glutamate: both induce a full activation and rapid desensitization (closure of the pore, although it is
still tied to the agonist) for this class of iGIuRs. AMPA receptors are activated and desensitized
quickly and completely by AMPA and glutamate, but only partially by kainate. Finally, the NMDA
receptors comprise two subtypes (NR1 and NR2), have a slow activation and desensitization, and
need both glycine and glutamate for the complete activation, respectively bound to the NR1 and
NR2 subunits. The ion selectivity is generally cationic in these receptors: Na* and K* permeate
similarly; only Ca®* permeates more in NMDA receptors. In addition to the described receptors,
there are two orphan subunits in mammals (61 and 62): they have a low amino acid identity (18-
25%, Lomeli et al., 1993) with iGIuR, they don’t themselves form a channel, nor can modulate the
activity of iGIuR; mutation in a 82 subunit, however, leads to neurological pathology associated
with the “Lurcher” phenotype in mouse (Zuo et al., 1997; Kashiwabuchi et al., 1995). Finally,
homologous of iGIUR were cloned from Prokaryotes organisms (Chen et al., 1999; Kuner et al.,
2003; Mayer et al., 2001), from various invertebrates (Schuster et al., 1991; Maricq et al., 1995)
and plants (Lam et al., 1998; Davenport, 2002; Kang and Turano, 2003; Kim et al., 2001; Lam et
al., 1998). In addition to the agonists discovered so far, numerous other modulators have been
developed, displaying different efficiency and specificity (Brauner-Osborne et al., 2000), but none
with a specificity directed to a single subunit. Despite pharmacological differences, all of glutamate
ionotropic receptors share the same basic structure.
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Figure 11 — Representation of various types of ionotropic iGIuRs receptors (modified from Cryan and Kumlesh,
2008).

1.4.2 Structure of animal ionotropic glutamate receptors

The structure of ionotropic glutamate receptors (Figure 12) has the characteristic of being built in
modules, with an extracellular N-terminus and a cytosolic C-terminus:

» Membrane portion: has four helices, three helices are transmembrane segments (M1, M3 and M4)
the fourth is partially surrounded by the cytosolic side (M2), it participates in the formation of the
pore because there are key residues for the control of permeability of these channels;

* ATD domain (amino-terminal domain): is involved in binding of modulators of many receptors
and has been implicated in the modulation of desensitization in NMDA receptors (Krupp et al.,
1998; Choi and Lipton, 1999; Fayyazuddin et al., 2000; Zheng et al., 2001); in non-NMDA, it
seems to contribute to the assembly of the receptor (Ayalon and Stern-Bach, 2001);

* Ligand binding domain (LBD or S1S2 domain): has a structure of two lobes (S1 and S2), formed
by different portions (the loop between helices M3-M4 and the portion between the helices and the
M1 ATD domain);

» The flip/flop region: is an a-helical structure present on the opposite side with respect to the
opening of S1S2 domain, which can exist in two different forms, or flip/flop (the result of
alternative splicing, Sommer et al., 1990) and which may confer different properties of
desensitization to receptors (Mosbacher et al., 1994);

» C-terminus domain: is the most variable portion of the receptors; may be a short sequence of 50
amino acids or an entire domain, capable of interacting with other proteins containing PDZ domains
(domains of interaction between peptides, Bolton et al., 2000).

Regarding the ATD domain, there is no structural information, although sequence similarity
suggests that it may be related to the LIVBP (leucine-isoleucine-valine binding protein, structure of
two lobes, each with a-helices and a central p-core) and to the domains of the metabotropic
receptors (O’Hara et al., 1993). In this case, this would suggest a bilobated structure for the ATD
domain, though a specific ligand for this domain has not been identified yet. As already mentioned,
the iIGIUR channels are activated by the binding of specific ligands: currently, crystallographic
structures of S1S2 domains for numerous receptors, such as the iGIuR2 (Armstrong et al., 1998;
Armstrong and Gouaux, 2000; Hogner et al., 2002, 2003; Jin and Gouaux, 2003; Jin et al., 2003;
Lunn et al., 2003), GIuRO (Mayer et al., 2001) and NR1 (Furukawa and Gouaux, 2003), complexed
with various agonists and antagonists are available. This has allowed to understand in greater detail
the structure and the mechanism of function. The structures of the S1S2 domain of iGIuR2 without
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ligand and complexed with an antagonist and an agonist, partial or complete, have highlighted how
the two lobes can be close to each other: this mechanism, called “Venus-flytrap”, allows the
complete closure of the two lobes as a result of the binding of a full agonist; on the contrary, in the
ligand-free form the two lobes are open. Binding of an antagonist stabilizes the domain in this open
form. The partial closure of the two lobes by partial agonists leads to an incomplete activity of the
channel as well. In practice, the level of closure of the lobes differs not only between agonists and
antagonists, but also between partial/total agonists (Armstrong and Gouaux, 2000). However,
despite the many details of the S1S2 domain it is still unclear how the closure of the two lobes can
result in the opening of the channel; according to some models (Armstrong and Gouaux, 2000;
Mayer et al., 2001), closing the gap between the two lobes in a subunit would push the
transmembrane domain of the same subunit off the pore axis, resulting in the opening. The binding
of the agonist leads to the opening (middle part) through a conformational change that is transmitted
by the S1S2 domain to the transmembrane pore domain. Subsequently, a slip of the subunits would
allow the pore to close again, while the S1S2 domain remains in the closed conformation with the
attached ligand (desensitization).

> ATD domain

> S1S2 domain

> Membrane domain

Figure 12 — 3D structure of a iGIuR receptor (modified from Sobolevsky et al., 2009).
1.4.3 Stoichiometry and assembly

Despite the numerous studies on S1S2 domain, the spatial arrangement of the domains, as well as
the structure of individual subunits, remains to be clarified. Even the proposed stoichiometry, i.e. a
tetramer, was highly discussed. (Kuusinen et al., 1999; Ayalon and Stern-Bach, 2001; Rosenmund
et al., 1998; Laube et al., 1998; Safferling et al., 2001). In 2001 the first evidence was provided on
the assembly of tetrameric iGIuRs (Ayalon and Stern-Bach, 2001) as dimers of dimers:
tetramerization occurs primarily by an initial dimerization via ATD domain, these dimers then take
part to a second dimerization mediated by S2 and/or the transmembrane domains. The AMPA and
kainate channels are homo- or hetero-multimers, unlike the NMDA that are homo-multimers. In any
case, the iGIUR subunits can co-assemble with multiple subunits of the same family, giving
different combinations. In addition, alternative splicing, RNA editing, and post-translational
modifications may contribute to increase the variability of the structure of these channels.
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1.4.4 Pore structure

The crystallographic structure of glutamate ionotropic receptors has been obtained only for the
S1S2 domain: with regard to the pore, the structure can only be inferred through homology
modeling softwares (Chohan et al., 2000) basing the analysis on a comparison with the structure of
K* channels (Doyle et al., 1998; Jiang et al., 2002, 2003). When the transmembrane topology
outlined (Wo et al., 1995; Wood et al., 1995), it became clear that there is a structural homology of
the P-loop (the loop forming the pore) of K* channels with the pore of iGIuR receptors: a consensus
motif (tryptophan, phenylalanine, tryptophan, 8X, G, 3-5X, proline) has been identified that is
common to the regions of the pore of the two channels. In the case of K* channels, however, this
loop is inserted into the membrane from the extracellular side, while in the receptors is inserted
from the cytosolic side, suggesting that receptors and K" channels have a similar structure, but
reversed. Scanning mutagenesis experiments carried out on both channels confirmed their structural
similarity: the accessibility of specific amino acids (cysteine, alanine and tryptophan) show a
similar pattern for the two classes of channels (Kuner et al., 1996, 2001; Panchenko et al., 2001;
Kurz et al., 1995; Pascual et al., 1995). In conclusion, the homology modeling and experimental
evidences agree with a domain structure for receptors that similar to that of K* channels, but with
inverted membrane topology. With regard to the M3 helix, this seems to have an important role in
the gating: mutations in this helix (responsible for the “Lurcher” phenotype in mouse) convert for
example the 62 receptor in a constitutively active form (Zuo et al., 1997). Similar mutations are
responsible for constitutively active forms in other receptors (Kohda et al., 2000). These data
suggest that this helix is involved in gating, also because it is the most highly conserved
transmembrane domain between the glutamate receptors; this domain also presents homologies with
the helix positioned after the P-loop (Kuner et al., 2003) in K* channels: in these channels, two
glycines positioned on this propeller, appear to be fundamental for the gating (Jiang et al., 2002),
but mutations in glycines of M3 helix of glutamate receptors have no effects on gating (Sobolevsky
et al., 2003), suggesting that, despite the structural similarity, the mechanism which regulates the
opening/closing of these receptors is different from that of the K* channels.

1.4.5 Plant ionotropic glutamate receptors

In plants, the information for this class of channels is still limited and the first receptors in plants
have been characterized only recently (Kim et al., 2001; Kang and Turano, 2003; Kang et al., 2004;
Meyerhoff et al., 2005, Li et al., 2006). The discovery of these channels in plants became possible
only after the complete sequencing of the genome of Arabidopsis: subsequent bioinformatic
analysis have in fact identified 15 genes for putative K channels, a gene for a channel similar to a
voltage-dependent Ca?* channel and 40 genes that encode for many cation-selective channels
(Demidchik et al., 2002). Surprisingly, these 40 genes are correlated with ion channels already
known and characterized in animals, but for which no physiological evidence had been detected in
plants: these are cyclic nucleotide-binding dependent ion channels and ionotropic receptors for
glutamate. The first group collects inward rectifying K* channels, whose opening is dependent on
cyclic nucleotides (Leng et al., 1999, 2002). With regard to the iGIuR receptors, sequence similarity
searches have identified 20 genes in Arabidopsis that encode for putative receptors (Lacombe et al.,
2001; Chiu et al., 2002). The first evidence on the existence of these channels in plants was
obtained already in 1998 (Lam et al., 1998). Phylogenetic analysis of the Arabidopsis receptor
genes has allowed to divide these into three distinct clades. This analysis is based on the current
nomenclature of ionotropic receptors: for each clade is assigned a number X (from 1 to 3) and for
the genes within a clade a growing number Y, so that any single gene may have a name
AtGIuRX.Y. The identification of these 20 putative receptors in plants suggests that a primitive
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signaling mechanism that would involve excitatory amino acids or similar small molecules existed
before the divergence between animals and plants (Chiu et al., 2002).

1.4.6 Structure of plant ionotropic glutamate receptors

Plant receptors have a primary structure that is similar to that of the animal receptors with the
highest amino acid sequence identity at the level of the ligand binding domain (S1S2 domain) and
the transmembrane domain between the helices M1, M2 (P-loop) and M3. In particular, the M3
helix is the most conserved, although in plants lacking two residues (proline and lysine/arginine)
highly conserved in animal receptors except in & ones (61 and 62 iGIluRs). The most significant
difference is in the M2 helix, that forms the pore: the unusual sequence of the pore therefore
suggests a selectivity mechanism that is different from that of animals (Lam et al., 1998). Plant
ionotropic receptors (Figure 13) therefore are hypothesized to occur with 4 transmembrane helices
(M1-M4) of which the second is only partially in membrane, a ligand binding domain (formed by
the two regions S1 and S2, separated by M1-M3 helices), and a long N-terminus domain of unclear
function (possible role in the allosteric modulation of Ca** and other metabolites).

Out

Figure 13 — Transmembrane topology of a plant iGIuR receptor (modified from Lam et al., 1998).
1.4.7 Tissue-specific expression

Arabidopsis has a large family of receptors that may be involved in many functions. To understand
if the three clades represent functionally distinct classes of proteins, the pattern of mRNA
expression of all 20 genes must be examined. Since the receptors function as hetero-multimers,
determining the specific tissue and cell type expression pattern, it will be maybe also possible to
determine which gene products can potentially interact in vivo. This aspect is particularly interesting
considering that the hetero-multimeric co-assembly can deeply influence the function of these
proteins (Nitabach et al., 2001). By RT-PCR, it was possible to obtain the profile of mMRNA
expression of 20 genes in four different organs (Chiu et al., 2002), namely in leaf, root, flower and
siliqua. The expression profiles show an overlap between the three clades: while the genes of clades
I and 111 are expressed in a more ubiquitous manner, the genes of clade Il are more specific for the
roots. The three clades are not functionally distinct classes and may contain genes with similar
functions in vivo. Five of nine clade Il genes are expressed exclusively in roots suggesting that only
this could be a functional class of receptors. In the same work, the expression of receptors in
different cell lines was also evaluated the expression of receptors in different cell lines, preparing
transgenic plants that express a construct with promoter/reporter gene.
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1.4.8 Intracellular localization

Another much debated point is the intracellular localization, although the general idea is that they
are mainly present in the plasma membrane. According bioinformatics softwares, most of the
Arabidopsis receptors are directed towards the secretory pathway, which includes all the proteins
processed in the endoplasmic reticulum and subsequently transported to the plasma membrane, to
the tonoplast or to peroxisomes (Johnson and Olsen, 2001). Only two receptors seem to have a
different target: they are the AtGIuR3.3 and AtGIuR3.4, whose predicted location are the
mitochondria and chloroplasts, respectively. In 2011 was confirmed the subcellular localization for
AtGIuR3.4 in chloroplasts and plasma membrane (Teardo et al., 2011). Also for another IGIuR,
AtGIuR3.5, is predicted a mitochondrial and plastidial localization (according to Aramemnon,
http://aramemnon.botanik.uni-koeln.de/) for the two splicing variants detected. In the second
section of this thesis is presented a submitted work regarding the splicing variants for Atglr3.5 gene,
responsible for its double-localization pattern.

1.4.9 Gating of plant ionotropic GLR channels by glutamate

A controversial point on the mechanism of receptor functioning in plant is the ability to bind
glutamate or other agonists. The high similarity of S1S2 domain between plants and animals would
suggest a dependence of these channels from their agonist: there are many evidences that confirm
this point, but no direct evidence has been reported yet. The possibility that glutamate could open
Ca®*-permeable channels in the plasma membrane was initially assessed by measuring the
concentration of cytosolic Ca®* in transgenic plants that express aequorin, a Ca’*-dependent
luminescent protein (Knight et al., 1991). With this system, Dennison and Spalding (2000) have
seen that the application of 1 mM glutamate in the growth medium of Arabidopsis leads to a rapid
increase in the concentration of cytosolic Ca®* and causes depolarization of the membrane of root
cells. The addition of arginine, aspartate, D-glutamate or agonists of animal NMDA receptors and
AMPA didn’t give results comparable to those of glutamate, while pretreatment with La**, an
inhibitor of Ca®*-channels, prevents the increase of Ca?* and the depolarization of the membrane.
These effects are attributed to the activation of glutamate-dependent Ca** channels of the plasma
membrane, although we cannot exclude that may be due to the activation of secondary flows of
Ca®" uptake as a result of glutamate. In similar experiments, exposure of root protoplasts of
Arabidopsis to millimolar concentrations of glutamate induces an increase in non-selective cationic
currents (Na* and Ca**, Demidchik et al., 2004). In mesophyll cells of transgenic Arabidopsis plants
(which express aequorin), the application of glutamate induces a depolarization of the membrane
potential and dose-dependent Ca®* transients (Meyerhoff et al., 2005): both responses to glutamate
are also sensitive to inhibitors of ionotropic receptors. The capacity of glutamate to evoke Ca®*
transients is only an indirect evidence of the involvement of ionotropic receptors: currently, there
are two works in which Ca?* transients induced by glutamate are connected directly to a specific
receptor. Qi et al. (2006) showed that the Ca** influx and membrane depolarization is missing in the
AtGIuR3.3 gene knockout mutants. Finally, transgenic lines of Arabidopsis, overexpressing an
ionotropic receptor of Raphanus sativus (radish), showed stronger transient changes in the
concentration of cytosolic Ca?* induced by glutamate if compared to wild-type plants (Kang et al.,
2006). One aspect in the plants is the possibility that glutamate is not the only natural ligand: in
fact, plant receptors resemble especially animal NMDA receptors. These, for their complete
activation, need both glutamate and glycine. Always using transgenic plants that express aequorin,
Dubos (2003) has shown that glutamate and glycine act synergistically to mediate Ca®* flows and to
adjust the hypocotyl elongation, phenomena both inhibited by DNQX, an inhibitor of ionotropic
receptors. Although it has been suggested (Chiu et al., 1999) that some plant receptors can be
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constitutively active (and therefore insensitive to agonists), it is nonetheless clear that glutamate
acts on these channels leading to a whole series of responses ranging by variations in the
concentration of Ca’* in the regulation of various physiological processes. In support to this last
statement, in Vincill et al., (2012) is reported that iGIuR3.4 is activated by glutamate (and at least
by other three structurally-different amino acids, like serine, glycine and asparagine) and shown
high selectivity for Ca®* ions in standard HEK cells patch clamp recording conditions.

1.4.10 Physiological roles

Glutamate has always been considered as an important molecule for signaling in animals, where it
assumes the role of excitatory neurotransmitter. The glutamate signaling, initially deemed exclusive
of animal systems, is becoming increasingly important in plants because of the broad phylogenetic
distribution of ionotropic receptors. The presence of animal homologous receptors in plants,
invertebrates and Prokaryote organisms leads us to believe that the role of glutamate as a signalling
molecule has very ancient origins. Only recently, as we saw in the previous section, the first
evidence of the physiological function of glutamate and ionotropic receptors appeared. However,
much remains to understand about the physiological roles of these channels and their involvement
in glutamate signaling. The ability of the iGIUR receptors to form channels is still under discussion,
as it is very difficult to clone and express them in heterologous system. In E. coli, the genes for the
plant receptors encode proteins that cause an ion imbalance that is toxic. Problems of expression
have also been seen with eukaryotic systems: toxicity of the channel, incorrect folding, post-
translational modification or the need for several other subunits for the correct assembly of these
channels are the main causes. Two cases of receptors expressed in Xenopus oocytes have been
reported: the expression of AtGIUR3.7 gives rise to a non-selective cation channel permeable to
Ca®* and constitutively active; also the expression of AtGIuR3.4 in oocytes or HEK cells (Human
Embryonic Kidney) leads to a voltage-dependent cationic current and insensitive to glutamate
(Lacombe et al., 2001). In whole plants there are many indications that iGIUR receptors may
mediate ion fluxes, especially of Ca** through the plasma membrane, but the significance of these
concentration changes is still unclear (Demidchik et al., 2004; Dubos et al., 2003; White et al.,
2002; Dennison and Spalding, 2000, Meyerhoff et al., 2005). The functions attributed to date to
iIGIuR receptors are based especially on pharmacological studies. The use of B-Methylamino-L-
Alanine (BMAA), an agonist of mammalian iGIluRs, was shown to inhibit Arabidopsis root growth
and cotyledon opening, and to stimulate elongation of light-grown hypocotyls (Brenner et al.,
2000). On the contrary, when Arabidopsis seedling were light-grown in a medium containing
DNQX, an antagonist of iGIuRs, a long-hypocotyl phenotype was detected, suggesting a possible
role of iGIuRs involvement in light-signal transduction (Lam et al., 1998). The intracellular
distribution of glutamate is critical for its various roles (Davenport, 2002): in this context ionotropic
receptors localized in endomembrane may signal local concentrations of nitrogen, N. In plants, in
fact, the amino acid signalling has evolved in different directions to become important as a sensor
for the N and the ratio N:C. For example, the presence of endogenous glutamine at high
concentrations has been associated with a feedback inhibition of N uptake in the roots (Rawat et al.,
1999; Zhuo et al., 1999). The key amino acids of the N assimilation, storage and long-distance
transport are glutamate and glutamine (the first product of assimilation of N) and aspartate and
asparagine (synthesized from glutamate and glutamine). Glutamate is synthesized in the cytosol, in
the plastids and probably in mitochondria, and it works as an intermediate in the photorespiration
cycle in peroxisomes. The contribution of the different organelles to N metabolism varies
depending on the type of tissue, exposure to light and nutrient status in the plant: any receptor
localized in internal membranal systems may then release Ca?* from intracellular stores to change
the expression of genes involved in the assimilation of N in response to different intracellular levels
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of glutamate. More generally, Ca** transients may represent the first step in the process of
transduction of environmental stimuli in physiological responses mediated by ionotropic receptors
for glutamate. For example, using transgenic plants of tobacco which express aequorin in the
chloroplasts, flow of Ca?*, induced by stromal light-dark transition in plants were observed (Sai and
Johnson, 2002). Alternatively, the ionotropic receptors may also function as glutamate-dependent
channels for NH;". NH," is absorbed by plant roots and is also the main intermediate in the
assimilation of N (from the reduction of NO3’) and in its re-assumption during photorespiration, in
the recirculation of proteins and seed germination. NH," is assimilated into amino acids for long-
distance transport, but inside the cell it travels between the chloroplasts, the mitochondria and the
cytosol during release and uptake, and then is retained within the vacuoles. Receptors localized in
the plasma membrane or in endomembrane may participate in the transport of NH;" between cells
or between intracellular compartments in response to changes in the level of amino acids that signal
the request for a greater assimilation or deposit of N (Davenport, 2002). Plants have then developed
mechanisms that allow them to sense and respond to changes in the level of C and N: these
mechanisms regulate the expression of genes and the activity of proteins involved in the transport
and metabolism of these two elements, allowing the plant to optimize the use of energy resources
(Dubos et al., 2005). In fact, sources of reduced N, as NH,4", glutamate or glutamine, negatively
regulate the transcription and the activity of the transport systems of nitrates (Coruzzi et al., 2001).
Furthermore, using an “antisense” strategy (Kang and Turano, 2003; Dubos et al., 2005), it has been
shown that the receptor AtGIuR1.1 is involved in the perception of C:N ratio. The germination of
anti-AtGluR1.1 plants is inhibited by sucrose, but recovered in presence of NO3™: this receptor also
regulates the accumulation of enzymes of the metabolism of C and N. Subsequently (Kang et al.,
2004), it was seen that the same receptor regulates biosynthesis and signalling related to abscissic
acid, suggesting that the AtGIuR1.1 receptor can integrate and regulate various aspects of the
amount of C and N in order to ensure the normal development of the plant. Initially the receptors
have been linked to photomorphogenesis (Lam et al., 1998; Brenner et al., 2000): Arabidopsis
plants grown in a medium containing DNQX, a kainate receptor antagonist’/AMPA, showed a
phenotype similar to that of etiolated plants (hypocotyl elongation and low levels of chlorophyll) in
a light pattern and in a dose-dependent manner. The same treatment does not cause any effect on
plants grown in the dark, suggesting that the DNQX influenced the light signalling. As already
mentioned, plant ionotropic receptors participate in the signalling of Ca®*: in some cases, however,
these channels may also affect its homeostasis. In Arabidopsis mutants that overexpress AtGIuR3.2
(Kim et al., 2001), the total content of Ca®* does not change, but the plant requires three times more
Ca®* for optimal growth, suggesting that the distribution of Ca®*, rather than the uptake, would be
affected. Following the expression of the promoter it was seen that this receptor is present in star
cells surrounding the vascular system of roots and shoots, giving to this receptor a role in Ca?*
discharging from the xylem. The author also proposed that overexpression of AtGIuR3.2 can
interfere with the stoichiometry of hetero-multimers native receptor and reduce their ability to
transport Ca’*. Another aspect of the growth of a plant related with ionotropic receptors is the
development of the roots: the main objective of the roots is to explore the soil to search water and
nutrients. To achieve this goal, the roots are able to discriminate between the different nutrients,
including those (such as NO3™ and glutamate) that provide the same element (N) in different forms,
and to modify their growth (Zhang et al., 1999; Linkohr et al., 2002; Filleur et al., 2005; Walch-Liu
et al., 2006). At the molecular level the ability to distinguish NO3™ and glutamate resides in the cells
at the tip of roots: features of sensors for NO3™ are not known, but for the glutamate ionotropic
receptors are the best candidates (consider that almost all receptors are expressed in root, Chiu et
al., 2002; Birnbaum et al., 2003). The application of exogenous glutamate to the roots shown
specific and very evident effects in the development of the roots of Arabidopsis (Filleur et al., 2005;
Walch-Liu et al., 2006): the growth of the primary root is strongly inhibited, and, in a second time,
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also the secondary side. Altogether, the root is shorter and more branched. This effect is specific for
this amino acid: aspartate, glutamine and glycine do not give the same effects, even at high
concentrations. Furthermore, it was seen that the root responds to glutamate applied on the tip, but
not in other parts: the cells of the root tip are then able to sense the presence of extracellular
glutamate and to induce the reduction of the growth of the root itself. In line with these data is a
work made of rice plants (Oryza sativa): an insertional mutant for AtGIuR3.1 receptor shown a
phenotype with short roots, altered activity of root meristems and an increase in programmed cell
death (Li et al., 2006). This receptor AtGIuR3.1 in rice plays a crucial role in the maintenance of
cell division and in promoting the survival of cells of the root apical meristems. Finally, the
presence of receptors in the roots was also associated with the response to toxic elements by the
plant (Sivaguru et al., 2003): at radical level, the aluminum (Al) depolymerizes the cortical
microtubules and depolarizes the plasma membrane. Through a pharmacological approach, it is
shown that the response to Al may also depend on Ca** transients mediated by glutamate receptors:
the advanced hypothesis is that the signalling in response to Al is started from an efflux of a ligand
similar to glutamate through an Al-dependent anion channel and the subsequent binding of this
ligand to glutamate ionotropic receptors.
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1.5 MCU and calcium signalling
1.5.1 Ca?* compartmentalization in plant cells

Plants respond to environmental changes, to quickly adapt their metabolism to the new external
conditions. They react through different signal transduction pathways, but the most used for this
purpose is the one that uses Ca** as a second messenger. In the cytoplasm of the cell, the Ca**
concentration is maintained at levels much lower than the extra-cytoplasmic compartments (about
10000-fold difference) in order to not interfere with the phosphate metabolism; for this reason that
ion must be compartmentalized. The compartmentalization occurs at the level of different
organelles in plant cells and the maintenance of this difference in concentration leads to the
generation of signals mediated by Ca**, in response to biotic and/or abiotic stimuli or stresses,
thanks to the use of Ca** carriers or channels situated on cell membranes (Figure 14). In plant cells,
as in those of animals, the compartments for the storage of Ca®* ions are the endoplasmic reticulum
and mitochondria; moreover, plant cell has the apoplast (the space between the cell walls) and the
vacuole, the main retention compartment for Ca** in plants. In addition, calcium is accumulated
also in chloroplasts where the major part of it becomes bound and only a small portion of calcium is
free.

-

Vacuole
[Ca*], =80 mM
[Ca*]:=0.2-5mM

,/ Nucleus \\ 150nM / 2uM *)
| [Ca*],=100nM |
\

/
\\.LL/

[Ca* ], =2mM*
[Ca® ] = 0.05 - 0.5 mM*,

[Ca*],=15mM
[Ca”]. =150 nM
-

Apoplast [Ca*],=~1mM [Ca*”]-=0.33mM

Figure 14 — Compartmentalization of Ca®* in different cell organelles and its concentrations (from Stael et al.,
2012).

Vacuolar concentration of Ca?* is comprised between 200 uM and 5 mM, to reach the maximum
total Ca** (chelated and free) of 80 mM (Conn and Gilliham, 2010). A large amount of Ca*" ions is
chelated stably or is transiently bound to proteins, therefore not available to be used immediately in
the signalling. In addition to the signalling, vacuolar Ca?* can also regulate the activity of tonoplast
channels or transporters (Peiter, 2011), like voltage-dependent Ca?* channels that carry Ca®* ions
into the cytosol (Sanders et al., 2002).

Little is known about endoplasmic reticulum and its use in plants as one of the main system for
compartmentalization or for signalling usage of Ca®*, given the lack, to date, of molecular
information about ER ion channels involved in Ca** signaling. Some data concern the calreticulin,
an ER protein capable of Ca?* binding, important for regulating ion homeostasis in plants. Its
overexpression in tobacco leads to greater retention of Ca** in ER, while its down-regulation in
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Arabidopsis leads to a higher sensitivity to low concentrations of Ca?* by the plant (Persson et al.,
2001). From a comparison between Ca®*-binding proteins in animals and plants, probably the
calreticulin is the system of choice for the storage of Ca?* in the ER (Nagata et al., 2004).

The apoplast is another major storage compartment for Ca®*. It serves as a path for transfer of Ca**
ions between the cells. The Ca’* concentration must be strictly controlled, since at high
concentrations does not allow the movement of stomata (Kim et al., 2010) with a resulting loss
adjustment of gas exchanges; Ca?* regulates also the rigidity of cell wall (Hepler, 2005).

In plants, the concentration of Ca?* in mitochondria is approximately 200 nM (Logan and Knight,
2003), in the form of amorphous phosphate salt and ready to be released during the signalling
(Chalmers and Nicholls, 2003; Starkov, 2010). In Arabidopsis mitochondria were observed
different Ca’* transients, due to responses to different types of stimuli (Logan and Knight, 2003).
Some stimuli produce very similar Ca** gradients, for other ones Ca®* flows represent a signature
for that specific stimulus. So the mitochondria cannot be considered as simple reservoirs of Ca®*
available for signaling, but they may adjust their flows of Ca** to modulate a specific response.

1.5.2 MCU channels and mitochondrial calcium signalling

Mitochondrial Ca®* uniporter (MCU) transports Ca®* into mitochondria from confined areas at very
high concentrations of cytosolic/ER Ca?*. To date, various informations on the characteristics of
MCU from bioenergetic experiments are available: 1) the ionic transport is drivenby the negative
inner membrane potential, 2) it has low affinity for Ca*"; 3) it is blocked by Lanthanides and
ruthenium red. The molecular features of MCU have been described in several works (Perocchi et
al., 2010; Baughman et al., 2011; De Stefani et al., 2011); in a study of integrated genomics and
proteomics, a protein with EF-hand and targeted to the inner mitochondrial membrane has been
found, and later it has been shown that it allows allows Ca®*-dependent Ca?* flow into the
mitochondria. The protein has been called MICU1, but probably represents only the Ca** sensor
(the regulator of MCU). Recently, a negative regulatory role has been proposed for MICU1,
although direct, electrophysiological evidences are still missing (Mallilankaraman et al., 2012).
Subsequent experiments, based on the characteristics and distribution of MICU1, as well as on
search in the Mitocarta database, have identified a protein of about 40 kDa, identified as the Ca®*
channel called responsible for MCU activity. MCU consists of 2 transmembrane helices, connected
by a loop containing the conserved amino acid sequence DIME (Figure 15).
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Figure 15 — Representation of MCU channel, according to De Stefani ef al., 2011. The amino acid residues D and
E are responsible of Ca®* selectivity (re-adapted from Drago et al., 2011).

In Arabidopsis thaliana genome there are six genes encoding for putative proteins which show ,
homology to the mammalian MCU counterparts, sharing the transmembrane domains, the pore-loop
domain and the conserved DVME signature sequence (Figure 16). It seems that Arabidopsis MCU
isoforms are localized at the level of mitochondria, except for At5g66650, which seems to have a

OMM

IMS

IMM

Matrix

mitochondrial and plastidial dual localization (Schwacke et al., 2003).

A

MCU(H.sapiens)

At1g57610
At1g09575
At2g23790
Atdg36820
At5g66650
At5g42610

Figure 16 — A) Sequence alignment for human MCU and the 6 Arabidopsis MCU isoforms. Identities are shown

in violet.

B) The 6 Arabidopsis MCU isoforms, their predicted subcellular localization and tissues of expression (according

[DVME ]

aal Aramemnon Cvagatsy (TR0}
At1g57610 (5e-23) mito (15.7) low 18
At1g09575 (2e-20) mito (20.1) global 8
At2g23790 (1e-16) mito (16.5) flower 83
Atd4g36820 (3e-15) mito (16.6) low 46
At5g66650 (3e-13) chloro (8.5)/mito (8.8) guard cell/root 16
At5g42610 (3e-11) mito (15.6) low 10

to Genevestigator) (from Stael ef al., 2012).
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ABSTRACT

Photosynthetic organisms have developed different strategies to cope with excessive light
intensity which may cause severe photoinhibition. In the present work we define a novel
component of the thylakoid membrane which contributes to the regulation of transmembrane
proton gradient, the two-pore potassium channel TPK3. We show that recombinant TPK3 gives
rise to a calcium- and proton-sensitive, potassium-selective channel activity in
electrophysiological experiments. Localization of TPK3 in chloroplasts and in stromal lamellae in
the Arabidopsis model plant is indicated by fluorescence microscopy and biochemistry.
Arabidopsis, stably silenced for TPK3, displayed enhanced anthocyanin accumulation, reduced
growth and altered thylakoid membrane organization, already at moderate growth light
intensity. The capacity of the silenced lines to build a ApH and consistently, to increase its non-
photochemical quenching when shifted from low to higher light, was lower than in the wt Col0.
Our results thus provide a genetic proof for an important role of a thylakoid-located potassium
channel in regulation of photosensitivity.

Under submission to Plant Cell

INTRODUCTION

TPK channels (for Tandem-Pore K* Channels) are the plant counterparts of animal leak
TWIK/TREK channels (Enyedi and Czirjak, 2010). The first plant TPK member, TPK1, was
identified by in silico searches and was later proposed to contribute to the vacuolar VK
conductance (Schonknecht et al., 2002, but see Bihler et al., 2005) in terms of activation
properties, ion selectivity and Ca2* sensitivity (Czempinski et al, 1997; 2002).
Characterization of transgenic plants showed that TPK1 has a function in intracellular K*
homeostasis, affecting germination, seedling growth and stomatal movement (Gobert et al,
2007). In addition to TPK1, the only other plant TPK channel electrophysiologically
characterized by far is TPK4 which is targeted to the plasma membrane, where it establishes a
voltage-independent K* channel. Hyperpolarizing as well as depolarizing membrane voltages
elicited instantaneous K* currents, which were blocked by extracellular CaZz* and cytoplasmic
protons (Becker et al, 2004). TPK4 operates as a so-called “open rectifier” exhibiting
saturating currents at depolarizing membrane potentials. Although reminiscent of the
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rectification properties of animal Kir channels, the molecular mechanism of rectification in
TPK4 is currently unknown.

So far the biophysical properties and physiological roles of the other Arabidopsis vacuolar TPK
channels (Voelker et al., 2006, Dunkel et al., 2008), TPK2, TPK3, and TPKS5, remain unknown
(Voelker et al., 2010). In order to characterize functional domains of these vacuolar TPKs,
domain-swapping experiments with TPK4 and vacuolar TPKs have recently been performed.
Employing TPK channels of A. thaliana for pore-domain swapping experiments, the second
pore of TPK4 by the second pore of all other TPKs and that of the one-pore channel KCO3 was
replaced (Marcel et al., 2010). The obtained results indicated that the vacuolar TPK2, TPK3
and TPK5 are potassium channels with a similar selectivity and instantaneous activity as
TPK4. The prediction of a single Ca?* binding EF-hand in TPK2 and TPK3 suggest a regulation
of TPK2/3 by Ca2+ similarly to that of TPK1. However, nor the biophysical characteristics of
TPK3 homomeric channel, neither its physiological functions have been determined up to
now.

We have recently reported detection of AtTPK3, a putative two-pore potassium channel
protein with relatively high probability of targeting to chloroplast, in isolated thylakoid
membrane obtained from Arabidopsis plants, by using a specific monoclonal antibody, 3A8
(Zanetti et al, 2010). Given that these plants were not manipulated genetically, possible
overexpression-induced mistargeting can be excluded.

In the present work we describe the successful expression of TPK3 in E. coli, its purification
and the biophysical characteristics of the channel studied in planar lipid bilayer experiments.
Furthermore, we determined the physiological role of TPK3 by using silenced plants.

RESULTS AND DISCUSSION

In order to confirm the subcellular localization of TPK3 channel also in intact leaves, we used
AtTPK3-DsRed2 fusion protein and visualized DsRed2 fluorescence in agro-infiltrated
Arabidopsis leaves. Co-localization with chloroplasts was proved by merging DsRed2 image
and chlorophyll autofluorescence (Fig. 1A). Further, we studied localization of the protein in
leaves from wt Col0 plants: immunoblotting with specific monoclonal anti-TPK3 antibody
revealed this protein in the lamellae fraction (Fig. 1B). Western blots using specific antibodies
against markers of districts of the thylakoid membrane confirm lack of cross-contamination of
the purified fractions (e.g. PSI component PsaD, PSII internal antennae CP43, HMA1 Cu-
ATPase and KARI ketol-acid reductoisomerase).

Next, in order to investigate whether AtTPK3 gives rise to channel activity, the protein was
expressed, purified and studied in electrophysiological planar lipid bilayer (BLM)
experiments. AtTPK3 was expressed in fusion with N-terminal Hiss TAG in E. coli. As
illustrated in Fig. 2A, the anti-His¢ TAG antibody recognized a 51 kDa band only in the cells
transfected with pET28a carrying the tpk3 gene and only following induction of expression
with IPTG. The observed apparent molecular weight is in good agreement with the predicted
one (54 kDa) indicating that the protein does not undergo degradation in this expression
system. Bacteria expressing the proteins were used for subsequent purification of the protein.
As shown in Fig. 2B, the eluted protein was recognized by three different antibodies: anti-Hise
TAG antibody, a specific monoclonal antibody raised against TPK3 and a general antibody
able to recognize the highly conserved selectivity filter region of all potassium channels. The
same band was recognized in the eluted fraction and in A. thaliana thylakoids (Fig. S1). Given
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that all three antibodies recognize the same protein of 51 kDa, strongly indicating successful
purification of AtTPK3, we used the eluted protein fraction for functional analysis.

The purified protein was added to artificial planar bilayer to study its channel activity. Fig. 3.
shows representative current traces recorded at +80 and -80 mV under symmetrical
potassium gluconate solution (A) and the current-voltage relationship recorded under the
same conditions, yielding a slope conductance of 35 pS and a slight rectification (B). Channel
activity required calcium, in accordance with the EF-hand present in the protein. In particular,
calcium induced an increase of the open probability as observable in the current traces as well
as the amplitude histograms in Fig. 4. In order to study the selectivity of the observed activity,
asymmetrical ionic conditions were used (500 mM KCI on the cis side, while 100 mM KCI on
the trans side of the chamber). Fig. 5 illustrates the channel activity at various potentials and
the single channel current-voltage (i-V) curve. Under these ionic conditions a reversal
potential of -40,6 mV is expected for a perfectly selective potassium channel. The observed
value of -26 mV in our experiments indicates a Px/Pc value of approx. 4. In accordance with
the selectivity of the channel for potassium, we observed activity with 30-35 pS also in
potassium gluconate solution where gluconate is used as an impermeant anion (Fig. 5A and
B). Interestingly, the channel adopted a half conductance state in several experiments (Fig.
5B). Next, we studied the effect of classical potassium channel inhibitors on TPK3 activity. As
shown in Fig. 6A, barium added to the cis side was able to cause a fast block of the activity
already at 5 mM concentration, while tetraethylammonium did not affect activity even at 100
mM concentration added to both sides (Fig. 6B). Given that AtTPK1 can be activated by
protons and proton concentration changes in the lumen and in the stroma during
photosynthesis, we investigated the effect of protons on AtTPK3 activity. As shown in Fig. 6C,
the open probability of the channel increased upon acidification of the cis compartment as
indicated by an increased current level in the amplitude histogram.

In order to investigate the physiological role of AtTPK3, plants lacking the channel protein
were obtained. Given that T-DNA insertion lines are not available in current seed banks
(Zanetti et al., 2010), we constructed silenced Arabidopsis lines. Silencing was obtained using
a strategy consisting in floral-dip-mediated transformation of wt Col0 plants with
Agrobacterium tumefaciens carrying a pBIN Rolc plasmid containing a kanamycin resistance
cassette and a 200 bp-long sequence equivalent to the 5’-UTR region of the TPK3 messenger
RNA, linked to an antisense sequence of the same portion of mRNA (Molesini et al., 2009). Fig.
7A illustrates that in 3 independent lines successful silencing was obtained, while in 3 other
lines mRNA coding for TPK3 was still detectable. Selection of silenced plants was obtained on
kanamycin-containing agar plate (Fig. S2). The successful silencing was further confirmed by
Western blot using the specific monoclonal anti-TPK3 antibody on thylakoids isolated from wt
Col0 plants as well as from a pool of the silenced plants lacking TPK3 transcripts (Fig. 7B).
This result further confirmed, also by biochemical means, the presence of TPK3 in thylakoids.
Plants effectively lacking the AtTPK3 channel protein were cultured under different
conditions to visualize any phenotype. wt Col0 and silenced seedlings, grown on agar plate,
did not show any difference in germination (Fig. S3). Plants grown in soil and cultured under a
light regime of LD 12:12 photoperiod at 40 pmol m=2 s1 photons intensity showed no
difference with respect to wt Col0 (Fig. 8A). However, when light intensity was increased to 90
umol m-2 s-1 photons during growth, the silenced plant showed a decreased rosette size with
respect to wt Col0 (Fig. 8A and B). Examples of rosettes from one representative experiment
are shown in Fig. 8A. Difference in growth was statistically significant (for rosette size) and
was reproduced other 5 times. Furthermore, the silenced plants cultured under this condition
were reproducibly characterized by an altered pigmentation due to accumulation of
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anthocyans (Fig. 8A and Fig. 8C). No significant differences could be observed in the content of
other photosynthetic pigments (Table I). Please note that plants transformed with the same
strategy but not successfully silenced, did not show significant difference with respect to wt
Col0 (Fig. S4), indicating that the silencing construct itself was not responsible for the
observed phenotype. Given the thylakoid location of AtTPK3 and the light-dependent
phenotype, we investigated the ultrastructure of TPK3-less plants and highlighted a dramatic
change in the organization of the thylakoids. In particular, membranes in grana regions were
not stacked in all three silenced lines, but only in those cultured at 90 pmol m-2 s-1 photons
light intensity (Fig. 9A). These data further confirm that the silencing construct was not
determining the phenotype, rather, the higher light intensity caused its appearance.

The observed thylakoid disorganization might a priori result from an altered overall
photosystem composition. Therefore we’ve tested the intactness and relative quantity of the
photosynthetic complexes using non-denaturing Deriphat PAGE (e.g. Teardo et al., 2007). No
differences could be observed indicating that the lack of the channel itself did not have an
impact on PSI/PSII complex organization (Fig. 9B). On the other hand, such an altered
thylakoid structure is expected to affect photosynthetic efficiency in TPK3-less plants. In
accordance, chlorophyll fluorescence measurements of variable/maximal fluorescence, a
parameter related to efficiency of charge separation at Photosystem II, highlighted that this
value was significantly lower in silenced plants cultured at 90 pmol m2 s photons (Fig. 9C).
The observed light-sensitive phenotype as well as the decrease of Fv/Fm values might a priori
be due to degradation of some PSII components. Thus, we investigated the protein content for
some of the main components of PSI, PSII, ATP synthase and cyt bef complexes (Fig. S5),
revealing no gross alterations.

In oxygenic photosynthesis, light drives photosynthesis mostly via linear photosynthetic
electron transfer, which occurs via the in-series activity of the two photosystems (PS). This
process generates an electrochemical proton gradient (Apu* or pmf), which is used to produce
ATP, which is used along with the reducing power (NADPH) for proper carbon assimilation in
Benson-Bassham Calvin cycle. Moreover, generation of the electrochemical proton gradient is
required for proper stress response, because it modulates capacity to dissipate excess light as
heat via NPQ (Szabo et al., 2005). This term describes thermal dissipation of absorbed energy
that occurs in the pigment-containing proteins of Photosystem II (PSII), and is controlled by
lumen acidification via its activation of the xanthophyll cycle (XC) and of the NPQ effector
PsbS. To see if TPK3 could be involved in the modulation of the pmf in vivo, and in the plant
acclimation capacity, we compared wt Col0 and mutant lines grown at 40 pumol m2s-1 photons
and at higher light intensity (90 umol m-2s-1 photons). While no difference were found at the
lower intensity a clear phenotype was seen at 90 pmol m2 s1 photons, where TPK3 as
displayed enhanced antocyanin accumulation, a partially chlorotic phenotype and a reduced
growth capacity (Fig. 8). We therefore investigated their ability to build a pmf in the light
taking advantage of the relationship existing between the Auy* and the electrochromic shift
(ECS). This signal stems from a change in the absorption spectrum of specific pigments
embedded in the thylakoids upon exposure to the electric field component of the Apn* (Witt,
1979). Upon illumination with continuous light, the ECS signal can be used to assess the
absolute size of the proton motive force, and that of its two components, AW and ApH though
the utilization of the "Dark Induced Relaxation Kinetics" (DIRK) approach (Kramer and
Sacksteder 1998; Kanazawa and Kramer, 2002; Cruz et al,, 2001, 2004). In particular, when
the light is switched off during steady state photosynthesis, a fast decay is seen, which reflects
H* leak through the ATP synthase (gu*), and is followed by a slower inversion of the ECS. This
signal has been interpreted in terms of the transient inversion of the membrane potential due
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to a difference in the relaxation rates of the ApH and AW. The faster relaxation rate of the
electric component of the pmf, due to the low dielectric constant of the thylakoid membranes
(Vredenberg, 1976), the high H* buffering capacity of the lumen (Junge and McLaughlin,
1987), and the slow rate of charge redistribution along the membranes (Cruz et al., 2001)
leads to a membrane potential depolarisation until a negative value is attained, which is
proportional to the size of the steady state ApH. Again, no differences were found between the
two genotypes at low light while at higher light both the size of the pmf, as well as the proton
conductivity of the membranes (gu*) were reduced in the mutant (Fig. 10A). Moreover, as
judged by the extent of the inversion of the ECS, its capacity to build a ApH was lower in
silenced plants as than in the wt Col0 (Fig. 10B). Consistent with this conclusion, while the wt
Col0 was able to increase its NPQ capacity when shifted from low to higher light, NPQ
remained lower in the mutant despite of the fact that its xanthophyll cycle capacity was the
same (Fig. 10A and Table I). This lower capacity to dissipate thermally the absorbed energy
could be one of the elements responsible for the enhanced photosensitivity observed in tpk3-
silenced plants. In both cases, infiltration of mutant and wt Col0 leaves with a solution
containing saturating concentration of the ionophore nigericin (which exchanges H* with K+
and therefore collapses the ApH without affecting the AW) removed all the differences
measured though the ECS spectroscopy (gu*, ECS inversion), confirming that they related to
differences in the ApH.

The above experiments were performed on plants acclimated to different light intensities
from the beginning of germination. To further confirm the photosensitive phenotype of the
TPK3-knock-down plants, we treated the plants with high, 1500 pumolm-2 s-1 photons intensity
for the indicated times and observed a dramatic decrease in Fv/Fm value in the silenced
plants with respect to wt Col0, where an initial decrease was followed by recovery (Fig. 11A).
Also in these samples however, degradation of the PSII component known to be principally
affected during photoinhibition, i.e. D1, was not significantly higher than in wt Col0 plants
(Fig. 11B and S6). Furthermore, addition of lincomycin, which inhibits protein synthesis and
therefore D1 turnover, prevented recovery of the Fv/Fm value in both wt Col0 and silenced
plants to a similar extent, indicating that the observed photoinhibitory phenotype was
probably not due to the damage of recovery mechanisms in the silenced plants (Fig. S7).

In summary, this is the first work demonstrating by genetic means the importance of a
thylakoid-located channel in the regulation of photosynthesis in higher plants.

MATERIALS AND METHODS

Heterologous expression of tpk3

tpk3 gene was expressed in C41(DE3) E. coli cells. These cells were transformed with tpk3
gene in pET28a vector (in frame with a Hisg TAG at the N-terminus): 100 ng of DNA were used
to transform competent cells by heat shock. After transformation, cells were selected on LB
kanamycin plates (50 pg/mL) overnight at 37°C. Next day a single colony was picked up and
inoculated in 5 mL of liquid LB medium supported with kanamycin (50 pg/mL) and grown
overnight at 37°C in constant agitation (180 rpm).

On the third day 2 mL of the pre-inoculum were inoculated in 98 mL of fresh liquid LB
medium with kanamycin (50 pg/mL); bacteria were grown in constant agitation at 37°C until
the ODeoo reached a value between 0.900 and 1.000. 0.7 mM IPTG (Sigma-Aldrich®) and 10
mM BaCl; (to guarantee a better growth of cells) was added to bacteria, grown at 37°C for a
maximum of 19 hours.
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Bacteria were collected at various times (0, 1, 3, 5, 19 hours after induction) by centrifugation
at 6000 g for 10 minutes, 4°C (Allegra™ 25R, Beckman Coulter; TS-5.1-500 swinging bucket
rotor, Beckman Coulter) and stored at -20°C.

Purification of AtTPK3

Cells collected by centrifugation were resuspended in sonication buffer (250 mM NaCl, 25 mM
TRIS, pH 8.0) added with protease inhibitors (1 pg/mL leupeptine and pepstatine) and then
processed by sonication (cells were sonicated in ice to avoid heating in 6 cycles of 10 seconds
each with 15 seconds of pause between cycles). After sonication, sample was centrifuged at
15000 g for 30 minutes, 4°C (5417R centrifuge, Eppendorf), to separate membrane fraction
(pellet) from soluble fraction (supernatant).

Pellet was resuspended in 2.5% decyl-B-D-maltopyranoside solution (Sigma-Aldrich®) in
sonication buffer and solubilized for 3 hours at room temperature in constant agitation. After
a centrifugation at 15000 g for 30 minutes, 4°C (5417R centrifuge, Eppendorf), were obtained
2 fractions: a pellet from detergent treatment (called Pp) and a supernatant from detergent
treatment (called Sp).

Sp was loaded on a Ni resin (HIS-Select® Nickel Affinity Gel, Sigma-Aldrich®) in a batch
configuration and put in agitation at room temperature for 1 hour. After 3 washes in
equilibration buffer (50 mM sodium phosphate, pH 8.0, 300 mM sodium chloride), AtTPK3
was eluted from the resin in 3 consecutive steps with 250 mM imidazole solution (Sigma-
Aldrich®) in equilibration buffer.

All the fractions were collected and tested in SDS-PAGE analysis.

SDS-PAGE and Western blot analysis

To test the presence of the channel and the district of accumulation in bacteria we performed
an SDS-PAGE protein separation followed by a Western blot and immunodetection with anti-
His¢ TAG antibody (Sigma-Aldrich®). Whole cells, pellet, supernatant from sonication
treatment and (after verifying the localization of channel) other fractions collected were
solubilized in SB buffer (300 mM TRIS/HCI pH 6.8, 11,5% w/v SDS, 50% w/v glycerol, 500
mM DTT, 0,1% w/v blue bromophenol) and loaded in a 10% acrylammide-6 M urea gel. After
separation, proteins were transferred overnight on a PVDF membrane (BioTrace® PVDF
Membrane, VWR).

Immunodetection of His¢-TPK3 was performed as reported: membrane was blocked in 10%
milk solution in TBS buffer (10 mM TRIS pH 7.4, 150 mM NaCl), incubated for 2 hours with
anti-Hiss TAG antibody diluted 1:1000 in TTBS buffer (10 mM TRIS pH 7.4, 150 mM Nacl,
0.05% v/v Tween 20), washed 6 times for 5 minutes each with TTBS buffer, incubated with
HRP-conjugated secondary antibody (diluted 1:10000 in TTBS buffer), washed 6 times for 5
minutes each with TTBS buffer and then exposed to HRP substrate (SuperSignal® West Pico,
Thermo Scientific) for 5 minutes in agitation. Signal was detected with autoradiography films
(Amersham Hyperfilm ECL"™, GE Healthcare).

Activity of AtTPK3 in planar lipid bilayer

Planar lipid bilayer experiments were carried out to determine electrophysiological activity of
AtTPK3 as previously described (e.g. Teardo et al, 2011; De Stefani et al, 2011). It was used an
asolecitin solution in decane/chloroform with a 100:1 ratio per mg of lipids. A membrane of
150 mV/pF was constructed between 2 compartments (cis/trans) and 3 mL of K gluconate
(250 mM K gluconate, 10 mM HEPES, pH 7.4, 5 mM EDTA for calcium test; 250 mM K
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gluconate, 10 mM HEPES, pH 7.4, 100 uM CaCl; for pH test) were added in cis and trans
compartments.
Defined volumes of CaClz 1 M (or H3PO4 2% v/v, to obtain defined concentrations of free
calcium/pH) were added alternatively in both compartments to test the possible modulation
of the channel.

Subcellular localization of AtTPK3
The subcellular localization of AtTPK3 channel was studied by agroinfiltration of Arabidopsis

thaliana wt Col0 plant leaves with a suspension of Agrobacterium tumefaciens carrying
pGREAT-DsRed2 vector with tpk3 gene in the MCS.

A. tumefaciens strain, transformation and preparation for agroinfiltration

A. tumefaciens GV3101 strain, carrying the pSoup vector, was used for transformation of
plants. This strain was transformed with pGREAT vector containing tpk3 gene in frame with
DsRed?2 sequence, and used for the infiltration of A. thaliana 4-weeks-old plants leaves.

A. tumefaciens was transformed using the freeze-thaw method as described in Jyothishwaran
et al, 2007, and then plated in LB agar medium (10 g/L Tryptone, 5 g/L yeast extract, 10 g/L
Na(l, 15 g/L Bacto-agar) with antibiotics.

Two days before infiltration, a single colony of transformed A. tumefaciens grown on agar
plates was inoculated in 5 mL of YEP liquid medium (10 g/L Bacto-Tryptone, 10 g/L yeast
extract, 5 g/L NaCl, pH 7.0) supplemented with specific antibiotics. Bacterial culture was
incubated for 2 days at 30°C at 180 rpm on an orbital shaker.

After 48 hours, 2 mL of culture were transferred to Eppendorf tubes and pelleted by
centrifugation at 3000 g for 5 min at room temperature (5417R centrifuge, Eppendorf).
Bacterial pellet was resuspended in 1 mL of induction medium (10.5 g/L K2HPOg4, 4.5 g/L
KH2PO4, 1 g/L (NH4)2S04, 0.5 g/L Na citrate, 1 g/L glucose, 4 g/L glycerol, 1 mM MgSO0y4, 10
mM MES, pH 5.6) and then transferred in 3 mL of induction medium supplemented with 100
UM acetosyringone (Sigma-Aldrich®) and grown for 6 hours at 30°C. Bacteria were pelleted at
3000 g for 5 minutes at room temperature (5417R centrifuge, Eppendorf), resuspended in
infiltration medium (10 mM MgS0O4, 10 mM MES, pH 5.6) to a final ODesoo of 0.400 and
supplemented with 200 uM acetosyringone. This suspension was used for infiltration.

Agroinfiltration of Arabidopsis thaliana leaves

Agroinfiltration was conducted by infiltration of agrobacterial suspension in infiltration
medium into intercellular spaces of fingernail-sized leaves of 4-weeks-old plants.

Plants used were kept in constant darkness for at least 16 hours before infiltration and
without water supply. Leaves were infiltrated in the late afternoon in the abaxial side, using a
needleless plastic syringe. Plants were then transferred in a growth room with controlled
climatic conditions and tested for transformation after 4 days.

Confocal microscopy for infiltrated leaves in planta

Infiltrated leaves were observed after 4 days with the confocal microscope Leica TCS SP5 II
(Leica Microsystems) mounted on a Leica DMI6000 CS inverted microscope with automated
programmable scanning stage and motorized lens turret.

The images were collected with the Leica Application Suite software (LAS AF, Leica
Microsystems). For the excitation of chlorophyll was used an Ar laser (wavelength: 488 nm)
and, for DsRed2, a HeNe laser (wavelength: 543 nm); for fluorescence emission were used
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Leica pre-setted filters (“Leica EGFP”, 500-520 nm; “Leica DsRed”, 570-620 nm; “Chlorophyll”,
680-720 nm).

Post-transcriptional silencing of tpk3 gene

Because of the unavailability of commercial mutants to permit the study of tpk3 gene function
was decided to silence the gene by a post-transcriptional system based on siRNA. Stable
silenced plants were obtained with the floral dip method. Inflorescence of wt Col0 plants were
immerged in a suspension of A. tumefaciens carrying pBIN RolC vector (Molesini et al., 2009).
Seeds collected from these plants were spread on MS-1/2 plates added with kanamycin (50
ug/mL), because of the presence of a kan resistance cassette in the silencing construct. Plants
grown on kanamycin were transferred to Jiffy-7® substrate (Jiffy Group), grown and tested for
silencing by mRNA extraction.

Test of silencing success

Plants grown on kanamycin plates were tested for post-transcriptional silencing of tpk3 gene
by mRNA extraction. mRNA was extracted from a single leaf of each 4 weeks-old wt Col0
(controls) and putative silenced plant, to verify the presence/absence of tpk3 messenger.
Leaves were collected and immediately frozen in liquid nitrogen and pulverized. 1 mL of
TRIzol® (Invitrogen) was added to the powder, then mixed vigorously for 5 minutes and
centrifuged for 5 minutes at 14000 rpm at room temperature (5417R centrifuge, Eppendorf).
Supernatant was transferred in new Eppendorf tubes, were added 200 pL of chloroform and
the samples were mixed for 5 minutes, then left at room temperature for 10 minutes. After a
centrifugation at 13000 rpm for 5 minutes (5417R centrifuge, Eppendorf) and the recovery of
the clear supernatant were added 0.7 volumes of isopropanol and the samples were mixed
and kept at -20°C for 10 minutes. After a centrifugation at 14000 rpm for 10 minutes (5417R
centrifuge, Eppendorf) were done 2 washes with 70% v/v ethanol solution, followed by RNA
quantification. 5 pg of total RNA were used for DNase treatment and subsequent
retrotranscription; after retrotranscription the final volume of cDNA was brought to 100 pL
with ddH20 and 5 pL of each sample was used for PCR analysis.

Test of photosynthetic efficiency of silenced plants

Silenced plants were tested by PAM analysis (WALZ Dual PAM 100, Heinz Walz, GmbH) to
determine their photosynthetic efficiency (e.g. Teardo et al, 2010). It were determined
parameters like Fv/Fm, ETR(II) and NPQ after dark adaptation of 20 minutes.

Growth conditions

Experiments were carried out on 4 to 12 week old wt Col0 (control) and silenced tpk3 lines.
All genotypes were grown on Jiffy-7® substrate (Jiffy Group) in a phytotron at two different
light intensities, 40 and 90 pmol m~2 s-1 photons, with a 12 hours photoperiod at 20°C and a
65% relative humidity. Plant was dark-adapted for at least 1hour prior to taking
measurements. For visualization of photosynthetic phenotype in silenced plants, wt Col0
(controls) and silenced lines tested seeds were spread on Jiffy-7® substrate (Jiffy Group) and
grown in 2 different irradiation conditions (40 and 90 pmol m~2 s-1 photons, respectively
“low” and “high” light conditions) in the same humidity conditions and photoperiod (70% RH,
LD 12:12).
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Transmission Electron Microscopy (TEM) on leaves of silenced plants

wt Col0 (controls) and silenced lines leaves were collected from 4-weeks-old plants and
processed for TEM analysis.

Leaf samples were collected at midday and fixed overnight in 2.5% v/v glutaraldehyde
solution in 100 mM sodium cacodylate pH 7.2, 4°C. Were done 3 washes of 7 minutes each in
100 mM sodium cacodylate pH 7.2 and a post-fixation in a 1% 0sO4 solution in 100 mM
sodium cacodylate pH 7.2, 4°C in the dark for 1 hour. The de-hydration of samples was
conducted through a graded ethanol series (25, 50, 70, 95, 100% v/v in ddH:0) in 3 steps of
15 minutes for each concentration, followed by 3 steps of 15 minutes each in propylene oxide
(the first one at 4°C, the other two at room temperature). The impregnation of samples was
done at 45°C in 3 steps of 1 hour each with Epon resin solutions in propylene oxide (Sigma-
Aldrich®) with different resin:propylene oxide proportions (1:3 for the first step, 1:1 for the
second step, 3:1 for the third step), followed by 2 steps of 1 hour each in pure Epon resin
(Sigma-Aldrich®) at 37°C. The polymerization was carried out putting samples in an heater
for 3 days at different temperatures from day to day (day 1: 37°C; day 2: 45°C; day 3: 60°C).
Samples were cut in 80 nm slices with the Ultrotome V ultramicrotome (LKB). Sections were
collected on copper support grids and then contrasted with an uranyl acetate saturated
solution in 100% ethanol for 15 minutes followed by an incubation in a 1% w/v lead citrate
solution in 100% ethanol for 7 minutes. Samples were observed with the Tecnai G? Spirit
Transmission Electron Microscope (Fei™ Electron Microscopes), operating at 100 kV.

Isolation of thylakoids and test for photosystems proteins

Thylakoids from wt Col0 and tpk3-silenced plants (in low and high light conditions) were
isolated to test the amount of photosystems’ proteins.

Leaves were ground with a pestle in liquid nitrogen to obtain a fine powder, then
homogenized with B1 buffer (400 mM sodium chloride, 200 mM magnesium chloride, 0.5%
milk, 20 mM tricine/KOH pH 7.8, 2 mM benzamidine, 1 mM [-amino caproic acid).
Homogenate was then filtered through a nylon muslin and collected in a tube, then
centrifuged at 1200 g for 12 minutes, 4°C (5417R centrifuge, Eppendorf). After discarding the
supernatant, chloroplast pellet was gently resuspended in B2 hypotonic solution (15 mM
sodium chloride, 5 mM magnesium chloride, 20 mM tricine/KOH pH 7.8, 2 mM benzamidine, 1
mM (-amino caproic acid), to break the chloroplast envelope. Samples were centrifuged at
4000 g for 12 minutes, 4°C (5417R centrifuge, Eppendorf), to obtain a pellet composed of
thylakoid membranes. After a wash of pellet in B2 buffer and a second centrifugation at 6000
g for 12 minutes, 4°C (5417R centrifuge, Eppendorf), thylakoids were resuspended in B4
buffer (400 mM sorbitol, 15 mM sodium chloride, 5 mM magnesium chloride, 20 mM
HEPES/KOH pH 7.5).

Thylakoids were diluted in 80% acetone, chlorophyll concentration was measured
spectroscopically (Porra, 1974).

Differential amounts of thylakoids (as pg of chlorophyll or total proteins) were loaded in SDS-
PAGE gel, then were performed a Western blot and immunodetection with antibodies specific
for photosystems proteins (D1, D2, LHC, etc...), as reported in “SDS-PAGE and Western blot
analysis” section.

Biochemical characterization of TPK3 localization

For immunoblot analyses, leaves were harvested and chloroplast fractions were purified
according to Salvi et al.,, (2011).
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The fractions collected were solubilized in SB buffer, loaded in a 12% acrylammide-6 M urea
gel and transferred on a nitrocellulose membrane (Whatman, Germany). In the Western blot
analyses each fraction contained 6 pg of proteins.

Replicate filters were incubated with antibodies specific for different marker proteins (anti-
HMA1, anti-PsaD, anti-KARI and anti-CP43) and a specific antibody for the interested channel
(anti-TPK3). Signals were detected using the Enhanced Chemiluminescence Western Blotting
Kit (GE HEALTHCARE, UK). anti-HMA1 1:1000, anti-PsaD 1:3000 , anti-KARI 1:15000, anti-
CP43 1:10000 and anti-TPK3 1:1.

Spectroscopic measurements

Spectroscopic measurements were performed on intact leaves with a flash
spectrophotometer (JTS-10, BioLogic France).

The induction of NPQ was determined sing the (Fm-Fm’)/Fm’ formula (Bilger and Bjorkman,
1991), where Fm is the maximum fluorescence emission in the dark (Qa reduced) while Fm’ is
the maximum emission measured upon steady state illumination. Changes in the pmf were
evaluated form signals reflecting membrane potential changes (ECS) at 520-545nm to
deconvolute the ECS signal from redox changes associated with the cytochrome bsf complex.
A white LED source filtered through appropriate interference filters. The photodiodes were
protected from actinic light by a BG 39 filter.

At the beginning of each experiment, fluorescence parameters (Fv/Fm) were measured to
verify the physiological status of the plant.

FIGURE LEGENDS

Figure 1. TPK3 is located to stromal lamellae thylakoid membrane.

A) Localization of AtTPK3 in chloroplasts of infiltrated leaves. Left panel: chlorophyll signal;
middle panel: DsRed2 signal; right panel: merged image. Yellow arrows show the AtTPK3-
DsRed2 fluorophore in chloroplasts, white arrow shows non-transformed chloroplasts. B)
Localization of TPK3 in Arabidopsis thaliana leaves. Lamellae (L), BBY (BBY), margin (M),
thylakoids (TH), chloroplasts (CHL), stroma (S), envelope (E) and thylakoids (THY) fractions
were isolated from Arabidopsis thaliana wt Col0 leaves. Purity of the employed fractions was
tested using antibodies against proteins known to be mostly localized in the grana inner part
(BBY) and margins (PSII, CP43) or in the stroma lamellae (PS], PsaD) (Albertsson, 2001), in
the chloroplast envelope (HMA1)(Segneurin-Berny et al, 2006) or in the stroma (Kari)
(Dumas et al., 1994).

Figure 2. Expression and purification of AtTPK3 protein from E. coli.

A) Expression of AtTPK3 in E. coli C41(DE3) cells, Western blot and immunodetection with
anti-Hiss TAG antibody (T: entire bacteria; P: pellet after sonication; S: supernatant after
sonication). The first set represents bacteria transformed with empty pET28a vector and
induced for 19 hours, as negative control. The other 4 sets represent bacteria transformed
with pET28a::tpk3 vector and induced for 0, 1, 3 and 5 hours. IPTG used for induction was
added at final concentration of 700 mM to cell culture at ODe¢oo = 0,800. B) Purification of
AtTPK3, Western blot and immunodetection with anti-Hise TAG antibody, 3A8 monoclonal
serum and anti-KPORE antibody (D-T P: detergent-treated pellet after sonication; SDT:
supernatant from detergent treatment; FT: column flow-through; Wgg: column wash with
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equilibration buffer; Wi: column wash with 5 mM imidazole; E1, E2, E3: elution fractions in
250 mM imidazole). AtTPK3 is showed by arrows.

Figure 3. Recombinant TPK3 induces channel activity in planar lipid bilayer.

A) Representative current traces recorded at the indicated voltages in symmetrical 250 mM K
gluconate solution in the presence of 100 pM calcium. Amplitude histograms were obtained
from 100 second-long traces and were fitted using the Origin 6.1 program set.

B) Single channel i-V curve obtained from different experiments (N = 5). Mean current +SD
are shown. Fitting revealed a chord conductance of 35 pS.

Figure 4. Calcium-sensitivity of TPK3 activity.
Activity was recorded as in Fig. 3, before and following the addition of calcium to the cis side
resulting in the indicated calcium concentrations.

Figure 5. TPK3 is selective for potassium.
A) Upper part: representative traces recorded in asymmetrical KCI solution at the indicated
voltages (cis: 500 mM KCl; trans: 100 mM KCI). Lower part: i-V curve obtained from 2
different experiments. B) Exemplificative current trace showing transitions to half-
conductance sub-state recorded at +100 mV.

Figure 6. Pharmacological characterization of TPK3 activity.

Addition of barium (A) to the cis side resulted in fast block of the activity, while TEA*, even at
50 mM does not reduce activity (B). C) decrease of pH from 7.4 to 6.5 increased activity as
observable from the amplitude histograms.

Figure 7. Stable silencing of tpk3 gene results in lack of TPK3 protein in thylakoids.

A) PCR on ¢DNA retro-transcribed from total mRNA extracted from wt Col0 and 6 putative
silenced lines for tpk3 messenger. The band corresponding to tpk3 messenger is clearly
shown in wt Col0 plant and in tpk3- #4, #5 and #6 (non-silenced lines, n-s.l.). In Arabidopsis
lines called tpk3- #1, #2 and #3 the mRNA is not present (silenced lines, s.l.). Below there is
the amplification of actin as control (1st lane: molecular markers). B) Western blot and
immunodetection with 3A8 monoclonal serum of thylakoid fractions of wt Col0 and tpk3-
silenced lines. Total protein amount per lane is 200 pg. AtTPK3 and ATP-synthase bands are
shown by arrows. ATP-synthase was used as loading control.

Figure 8. Plants lacking TPK3 display reduced growth and increased photosensitivity.
A) The «macroscopic» phenotype of wt Col0 and tpk3-silenced plants, in «low» light
conditions (40 pmol m-2 s-1 photons) and «high» light conditions (90 pumol m-2 s-1 photons).
tpk3-silenced plants in high light conditions shown a clear photosynthetic phenotype respect
to wt Col0 in all irradiation conditions and tpk3-silenced plants in low light conditions. B)
Comparison between rosette dimension of wt Col0 and tpk3-silenced plants. At 40 pumol m2s-1
photons there are no significative differences in rosette diameter, whereas at 90 umol m2 s-1
photons rosette dimension is reduced (N = 5 plants per genotype). C) Antocyanin absorbance
value/x pg of isolated thylakoid. Antocyanin content was measured as described in Stettler et
al,, (2009).
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Figure 9. Lack of TPK3 results in altered thylakoid membrane organization in plants
cultured at 90 pmol m-2s-1 photons.

A) The «microscopic» phenotype of wt Col0 and tpk3-silenced lines. Micrographies show
chloroplasts of wt Col0 and tpk3-silenced 6-weeks-old plants in «low» light conditions (40 pmol
m-2s-1 photons) and «high» light conditions (90 umol m-2 s-1 photons). Chloroplasts of wt Col0,
in all irradiation conditions, were normal and showed good thylakoids and grana (like tpk3-
silenced plants in low light conditions), whereas tpk3-silenced plants in high light conditions
showed abnormal thylakoid structures and no grana. B) Deriphat-PAGE of wt Col0 and tpk3-
silenced thylakoids for visualizing entire photosynthetic complexes. No differences can be
detected between samples (30 mg of chlorophyll per lane loaded). C) Comparison between
Fv/Fm values of wt Col0 and tpk3-silenced plants grown in 40 and 90 pumol m2 s photons.
Only for plants grown in high light conditions are shown significative differences (N = 9 plants

per genotype).

Figure 10. Functional characterization of wt Col0 and tpk3- plants under low and
moderate light intensities.

A) Upper panel: visible phenotype of wt Col0 and mutant plants grown at 40 and 90 umol m-2
s'1 photons. Middle panel: H* conductivity of the ATP synthase (gu*) in the presence and
absence of the H*/K* exchanger nigericin. Proton permeability was evaluated form the decay
of the ECS signal upon dark adaptation of leaves exposed to 1100 umol m-2 s'1 photons. (gu* =
1/7) after fitting the decay kinetics with a single exponential (see following figure); fitting the
traces with two exponential did not improve the quality of the fit; data +s.e. (N = 4-10). Lower
panel: NPQ capacity; NPQ was estimated according to the formula Fm-Fm’/Fm’ (Bilger and
Bjorkman, 1991); maximum NPQ capacity was estimated upon exposure to saturating light
for 10 minutes using a fluorescence imaging device). Data +s.e. (N = 20-25). Deconvolution of
ECS signals (B) revealed a decreased proton conductance and NPQ in silenced plants. Data are
from 24 curves obtained with all three silenced lines.

Figure 11. Strong photoinhibition is associated with lack of TPK3.

A) Time trend of Fv/Fm values for wt Col0 and tpk3-silenced lines, after photoinhibition
treatment. Plants were conditioned in «low» light conditions (40 umol m-2 s1 photons) for 1
hour and then exposed to 1500 pmol m-2 s-1 photons from 0 to 24 hours. Fv/Fm values were
collected at 0, 1, 2, 3, 4, 5, 6, 8 and 24 hours of photoinhibition treatment and after a 20
minutes dark adaptation (N = 25 plants per genotype). B) Western blot on total extracts of wt
Col0 and 2 of the 3 tpk3-silenced lines and immunodetection with anti-D1 (strip 1) and anti-
PsaA (strip 2). Arrows indicate proteins recognized by the antibodies. Total extracts were made
after 1 hour of irradiance at 40 pmol m-2s-1 as control (Time: 0 hours PI) and after 6 hours of
photoinhibitory treatment (Time: 6 hours PI). 2 plants per genotype were tested.

SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Western blot and immunodetection with 3A8 monoclonal serum of thylakoid
fraction and E; elution fraction.
AtTPK3 is showed by arrows (200 ug of protein loaded).

Figure S2. Selection of seeds on kanamycin plates. Only transgenic seeds can give rise to
silenced plants.
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Figure S3. Agar-plate germinated 2-weeks-old seedlings of wt Col0, silenced (s.l.) and
non-silenced (n-s.l) lines for tpk3 messenger.
For all the genotypes, no differences in germination were observed.

Figure S4. Comparison of phenotypes between wt Col0 and silenced and non-silenced
plants.

Silenced line (for example, is shown tpk3- #1) has the already described phenotype, with
reduced rosette diameter and brown leaves. Non-silenced lines (tpk3- #4, #5 and #6) are very
similar to wt Col0 ones. All plants were grown at 90 pumol m-2 s-1 photons.

Figure S5. Western blot and immunodetection with antibodies specific for proteins of
the photosysnthetic apparatus.

1st strip: D1, 0,1 pg of chlorophyll loaded; 2nd strip: D2, 1 ug of chlorophyll loaded; 3rd strip:
LHCII, 0,5 ug of chlorophyll loaded; 4t strip: cytochrome f, 5 ug of chlorophyll loaded; 5t strip:
AtpB, 1 ng of chlorophyll loaded; 6t strip: PsaA, 5 ug of chlorophyll loaded.

Figure S6. Densitometry dataset for Western blot of Fig. 11B. Values represent the intensity per
mm? of all bands quantified for wt Col0 controls and 2 of the 3 tpk3-silenced lines. 2 plants per
genotype were tested.

Figure S7. Lincomycin treatment of wt Col0 and tpk3- #1 and #2 lines. All the lines behavior
similarly before and after the antibiotic treatment, suggesting the absence of turnover
problems for photosystems’ proteins.
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Figure 6
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Table I

Irradiance
Genotype

Pigment
Neoxantin
Violaxantin
Anteraxantin
Lutein
b-chlorophyll
a-chlorophyll

B-carotene

wt
Col0

3,08 +
0,31
1,71
0,27
0,07 £
0,04
12,5 +
2,39
10,1 £
0,86
29,4
0,16
571+
0,38

40 pE
tpk3- tpk3-
#1 #2
4,47+ 4,69 +
0,04 0,13
321+ 398+
0,29 0,79
020+ 0,15%
0,00 0,07
11,6+ 158%
0,71 0,50
866+ 11,7+
0,35 0,68
235+ 386+
1,93 2,36
335+ 3,66+

0,21

0,33

tpk3-
#3

3,55 %
0,34
2,58 £
0,21
0,05 £
0,04
13,0 +
0,37
9,60
0,10
279 £
2,38
3,37 £
0,97

wt
Col0

5,19 +
0,30
3,81 +
0,16
0,12 +
0,00
17,1 +
1,01
13,2 +
0,14
43,8 +
3,69
3,83 =
0,23

90 HE
tpk3- tpk3-
#1 #2

455+ 543+
0,36 0,51
4,43+ 507+
0,47 0,25
0,16+ 0,17 %
0,07 0,10
169+ 17,2+
0,53 1,41
11,3+ 115%
0,26 0,16
30,2+ 339+
3,05 2,66
527+ 3,20%
1,44 0,14

tpk3-
#3

4,64 +
0,06
4,89 =
0,29
0,21+
0,00
16,4 +
0,34
10,1 +
0,44
26,7 £
2,46
3,89 £
0,13
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Figure S1

Figure S2
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Figure S3
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Figure S4
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Figure S6

Photoinhibition time | Genotype De?::tg?slt‘l(;{;:;lue
wt Col0-1 278,52
wt Col0-2 249,67
tpk3 #1-1 229,78
0 hours tpk3 #1-2 226,78
tpk3 #2-1 258,67
tpk3 #2-2 266,85
wt Col0-1 229,18
wt Col0-2 239,06
tpk3 #1-1 244,71
6 hours tZkS" #1-2 245,82
tpk3 #2-1 269,30
tpk3 #2-2 291,31
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Figure S7
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ABSTRACT

There are twenty genes in plants encoding for putative glutamate receptors. For most of these
receptors neither their channel-forming and/or physiological function nor their localization
within the plant cells are known and up to now only one member was found in intracellular
membrane, namely in chloroplast. Here we report an unexpected dual localization of one
member of the subfamily 3, GLR3.5. This glutamate receptor is transcribed in two splice variants,
one of which harbours an N-terminal peptide predicted to target the protein to the
mitochondria. Using a novel pGREAT vector designed for expression of fusion proteins in plants,
we located the G3.5v1-DsRed2 to mitochondria in Arabidopsis plants, while the other splicing
variant product was detected in chloroplasts. Importantly, GLR3.5 was found also in
mitochondria isolated from non-manipulated wt Col0 plants by Western blot. In accordance with
mitochondrial localization of GLR3.5v1, two independent lines of knockout mutant plants
displayed a strikingly altered mitochondrial ultrastructure. Our data thus identify for the first
time a mechanism leading to dual, organellar targeting of two products of the same gene and
identifies the first bona fide cation channel in plant mitochondria from molecular point of view.

Under submission to EMBO reports

INTRODUCTION

In vertebrates, ionotropic glutamate receptors (iGluRs) are ligand-gated cation channels that
mediate the majority of the excitatory neurotransmission in the central nervous system.
Mammalian iGluRs are grouped into four subfamilies according to pharmacological properties
and sequence similarities: a-amino-3-hydroxy-5- methyl-4 isoxazole propionate (AMPA)
receptors, kainate (KA) receptors, N-methyl-D-aspartate (NMDA) receptors, and delta
receptors.

In the model plant Arabidopsis thaliana, 20 genes encoding homologues of animal iGluRs have
been identified (Lam et al, 1998). According to phylogenetic analyses, the A. thaliana
glutamate receptor homologues can be subdivided into three separate subgroups (Chiu et al,,
1999; Chiu et al., 2002). Clear-cut evidence for channel-forming capability by plant iGLRS has
been obtained only recently, and only for AtGLR3.4 expressed in a heterologous system. The
authors studies with transgenic plants suggested roles of members of the plant GLR family in
Ca2+ fluxes (AtGLR2) (Kim et al., 2001), coordination of mitotic activity in the root apical
meristem (Li et al, 2006), regulation of abscisic acid biosynthesis and water balance
(AtGLR1.1) (Kang and Turano, 2003; Kang et al., 2004), carbon/nitrogen sensing (AtGLR1.1)
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(Kang and Turano, 2004) and resistance against fungal infection (Kang et al, 2006).
Application of antagonists and agonists of animal iGluRs revealed that plant GLRs might be
involved in regulation of root growth and branching (Walch-Liu et al., 2006), in light signal
transduction (Lam et al, 1998; Brenner et al, 2000), and the response to aluminium
(Sivaguru et al., 2003). In various cell types of plants, the agonists glutamate and glycine
induced depolarisation and a rise in intracellular Ca2* concentration that were inhibited by
blockers of non-selective cation channels (NSCCs) and by antagonists of animal iGluRs
(Dennison and Spalding, 2000; Dubos et al., 2003; Meyerhoff et al., 2005; Krol et al., 2007).
Furthermore, glutamate-activated cation currents in patch-clamped root protoplasts were
inhibited by NSCC blockers such as La3* and Gd3* (Demidchik et al., 2004). Therefore, it was
proposed that plant iGLRs can form Ca2*-permeable NSCCs, are inhibited by animal iGLR
antagonists and contribute to the shaping of plant Ca2+ signalling (McAinsh and Pittman,
2009).

Studies using AtGLR3.3 mutant plants showed that intracellular Ca2* rise and membrane
depolarization induced by glutamate in Arabidopsis hypocotyls and root cells are correlated
with the presence of AtGLR3.3 (Qi et al., 2006; Stephens et al., 2008). However, most plant
iGLRs, when expressed in heterologous system, do not give rise to any current (oocytes) or
are toxic for host cells (e.g. in mammalian cells) (Davenport, 2002). Recently, in order to
examine whether AtGLR homologues possess functional ion channel domains, Tapken and
Hollmann (Tapken and Hollmann, 2008) transplanted the pore loop together with the two
adjacent intracellular loops of 17 AtGLR subunits into two rat iGluR subunits and tested the
resulting chimaeric receptors for ion channel activity in the heterologous expression system
Xenopus oocyte. They showed that AtGLR1.1 and AtGLR1.4 have functional ion pore domains.
The AtGLR1.1 pores are permeable to Na*, K*, and Ca?* and are blocked by the non-specific
cation channel blocker La3* (Tapken and Hollmann, 2008).

Various localization prediction tools suggest that some of the plant iGLRs might have
chloroplast and mitochondrial targeting sequences. However, no experimental evidence has
been presented up to now concerning a possible intracellular localization of iGLRs. In general,
determination of the subcellular localization of a protein is an important step toward
understanding its function. We have recently reported localization of GLR3.4 to the inner
chloroplast membrane (Teardo et al., 2011), which was also shown to harbour a DNQX-
sensitive, calcium-permeable channel activity (Teardo et al, 2010). No other studies
addressed eventual subcellular localization of other putative glutamate receptors.

In the present study we show that an isoform of GLR3.5 is efficiently targeted to
mitochondria. Functional expression of the channel in this organelle is indicated by the fact
that its lack in knockout plants leads to a dramatically altered ultrastructure of mitochondria.

RESULTS

Cloning of the two splicing variants of Atglr3.5

The Arabidopsis glutamate receptor AtGLR3.5 is encoded by the At2g32390 gene that is
transcribed in two splice variants, NM_128798 (isoform 1) and NM_001036387 (isoform 2)
(sequence similarity is shown in Fig. 1), corresponding to the genes At2g32390.1 and
At2g32390.2 respectively. Although recently a third gene model has been created in the
TAIR10 version of the Arabidopsis genome database, only two isoforms have been
demonstrated to be expressed so far (i.e. is found in EST database): AF170494 and AY495449.
At the protein level, the isoform 1 (NP_565743.1) shows a putative signal peptide for the
localization into the mitochondria that is missing in the isoform 2 (NP_001031464.1)
(Aramemnon database: http://aramemnon.uni-koeln.de). Interestingly, both isoforms of
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Atglr3.5 shows homology to cyanobacterial receptors (Table I). The predicted MWs are 100,9
kDa and 98,1 kDa for the full-length and the processed forms, respectively, for the isoform
predicted to localize to mitochondria. The second, shorter form which may be targeted to
chloroplasts has predicted MWs of 95,5 and 86,6 kDa for the full-length and the processed
forms, respectively, according to ChloroP. To confirm the predicted localization of the two
isoforms to the respective organelles, a previously described antibody against amino acids
933-947 of GLR3.5 (anti-933/947 antibody) was used, which, a priori may recognize also
AtGLR3.5 given that this latter protein displays a stretch of amino acids identical to those in
the peptide used for immunization. By using the above antibody, we were able to visualize an
approximately 85 kDa band in both isolated chloroplasts and mitochondria in the wt Col0
plants. While the chloroplast preparation was not contaminated by mitochondria (no
cytochrome c was present), the mitochondria preparation contained PsaA of Photosystem I.
Nevertheless, the 85 kDa band in the mitochondria could not be merely due to contamination
by the chloroplasts. We have previously shown that GLR3.4 in isolated chloroplasts was
recognized indeed at 85 kDa, given that AtGLR3.4-less chloroplasts lacked this band. In order
to answer the question whether the 85 kDa band in the mitochondria contains AtGLR3.5, we
first checked if recombinant AtGLR3.5 could be recognized by the anti-933/947 antibody. Fig.
2 illustrates that this is indeed the case: AtGLR3.5 was successfully expressed using an in vitro
transcription-translation system and was specifically recognized by the used antibody. Next,
we’'ve checked whether the 85 kDa band is present in mitochondria from mutant plants
lacking AtGLR3.5 (see below). The clear lack of this band in the knockout plants indicates that
AtGLR3.5 is located to mitochondria.

In order to prove localization of GLR3.5 in mitochondria, we isolated the cDNAs
corresponding to transcripts NM_128798 and NM_001036387 from leaf RNA by RT-PCR using
primers listed in Table 1. As the sequence recognized by the primer, corresponding to the
beginning of CDS of isoform 1, is present also at the 5" UTR of isoform 2 transcript, the PCR
product resulted in a pool of the two ¢cDNAs. In order to discriminate between the two
isoforms, we designed a primer spanning the 8 nucleotides in position 150-158 of the isoform
2 that are missing in the isoform 1. This primer has been used to find the clones containing
the isoform 2 and eliminate them. We also observed that the isoform 1 was more abundant
than the isoform 2. In fact, 9 clones to 10 harboured the isoform 1 ¢cDNA (data not shown).
This might be due to a tissue specificity of the two transcripts: in fact while microarray data
suggest a ubiquitous expression profile for At2g32390 gene throughout the plant (eFP
browser at www.arabidopsis.org), a previous work assigned the highest expression level in
roots by qRT-PCR. We actually don’t know if this difference is accountable to the diverse
techniques or to the different probe used.

Two constructs, pGREAT- DsRed2-N1 and pGREAT- EGFP- N1, based on the backbone of the
pGreen0029 binary vector and the T-DNA cassette of pSAT6 series, have been designed for “in
planta” expression of fusion proteins. First the Agel restriction site has been inserted
upstream of the Kpnl site in the MCS of pGreen0029 to obtain pGreen0029mut; then the “35S
dual promoter-MCS-DsRed2-35S terminator” cassette from pSAT6-DsRed2-N1 vector has
been cloned between Agel-Notl sites in the pGreen0029mut to obtain pGREAT-DsRed2-N1
vector. The EGFP coding region has been sub-cloned from pSAT6-EGFP-N1 vector between
BamHI and Notl sites. Finally, the coding sequences of the two isoforms have been cloned into
the above mentioned vectors (pGREAT-g3.5v1::DsRed2/EGFP and pGREAT-
g3.5v2::DsRed2 /EGFP) and transformed into Arabidopsis mesophyll protoplasts or into A.
tumefaciens strain GV3101 for subsequent Arabidopsis leaf agroinfiltration.
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AtGLR3.5 isoform 1 is located in mitochondria

The analysis of the subcellular localization of the two isoforms in mesophyll protoplasts (Fig.
3) by confocal microscopy revealed the presence of the fluorescence signal in small highly
mobiles structures into the cytoplasm for G3.5v1-DsRed2 fusion protein. The co-localization
of the fluorescence red signal with that of the mitochondrial marker B-GFP demonstrated the
localization of the long isoform in mitochondria.

The second isoform seems to be located in chloroplasts, as we can appreciate from the overlay
between the red signal due to the fusion protein and the blue signal due to the chlorophyll
into the chloroplasts. Moreover, a faint and uniform fluorescence can be noticed at the plasma
membrane. To further confirm the subcellular plastidial location of AtGLR3.5 splicing variant
2, confocal microscopy was used in a homologous expression system. Arabidopsis cultured
cells were transformed with a plasmid encoding predicted signal peptide of AtGLR3.5 splicing
variant 2 in fusion with YFP (Green-G3.5SP::YFP). N-terminal signal peptides have been
shown to be necessary and sufficient for chloroplast targeting of various proteins (e.g. Chen et
al., 2004; Zybailov et al., 2008). Chloroplast stroma-targeted soluble fluorescent amylase
(Green-TR-BAMY::GFP) was used as positive control (Fig. 4) and was present in plastids and
stromules. The AtGLR3.5 fusion protein was clearly located in plastids and stromules (Fig. 4).

Knockout mutants harbour mitochondria with altered ultrastructure

Two knockout homozygous mutant lines have been purchased from NASC stock center:
N656359 (SALK_035264C, atglr3.5-1) and N661846 (SALK_023880C, atglr3.5-2). Both lines
have been tested first for kanamycin resistance and then for T-DNA insertion (Fig. S1) and
lack of At2g3290 gene expression.

We investigated the ultrastructure of mitochondria in 6 weeks old plants by TEM and we
observed that some mitochondria are less electron-dense, swollen and lack the cristae (Fig. 5).
A similar pattern has been observed during senescence. This phenotype is more evident in 6
weeks old plants and can explain the accelerated senescence observed after flowering.
Importantly, the altered mitochondrial ultrastructure is observable in both independent
mutant lines while, for comparison, AtGLR3.4-less mitochondria were as those of wt Col0. No
evident alterations are noticeable for chloroplasts or plasma membrane were the isoform 2 is
located. This might be due to the presence of other members of the GLR family as the
AtGLR3.4 that has a similar subcellular localization and might compensate for the lost
function.

DISCUSSION

The results shown a dual targeting of AtGLR3.5, when studied in a homologous system.
Although we do not know the reason of dual targeting, possible explanations can be put
forward. For example, it has been reported that several members of the cytochrome P450
family (CYP) are targeted to both the ER and mitochondrial compartments
(Anandatheerthavarada et al., 1999; Robin et al., 2001). Dual targeting of CYP apoproteins to
the ER and to mitochondria is modulated by an amino-terminal bipartite signal, which
includes an ER targeting sequence followed by a cryptic mitochondrial targeting sequence.
Activation of the cryptic signal is mediated through post-translational modification. The
relative affinities of the targeting signals to the ER versus mitochondria for this protein are
regulated through cellular cAMP levels and phosphorylation of an internal site. By analogy, it
can be hypothesized that effective targeting of AtGLR3.4 depends on e.g. cAMP levels, which
may vary from cell to cell in Arabidopsis cell culture as well as in a plant. Targeting may also
depend on other kind of post-translational modifications or partnership. The chloroplast
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proteome has been shown to contain N-glycosylated proteins that are transported though the
endoplasmic reticulum (ER) to chloroplasts (Villajero et al., 2005) and direct contact as well
as biochemical interactions between ER and chloroplast membrane systems have been
demonstrated (Moreau et al., 1998; Xu et al., 2003). Concerning AtGLR3.5, which has a clear
mitochondrial targeting in the splicing variant 1 but less clear in splicing variant 2, it can be
mentioned that several proteins are targeted to both mitochondria and chloroplasts because
they have an ambiguous signal that can be recognized by both import systems (Silva-Filho,
2003). Dual targeting by ambiguous signals appears to be achieved by combining distinct
targeting instructions in a single N-terminal peptide (Karniely and Pines, 2005). In
mammalian system, several ion channels are located in multiple membranes within the cell
(e.g. Siemen et al., 1999; Shoshan-Barmatz and Israelson, 2005; Kottgen et al., 2005; Szabo et
al., 2008).

MATERIALS AND METHODS

Plant material

A. thaliana plants used for the experiments were grown in a growth room with controlled
climatic conditions (photoperiod: LD 12:12; relative humidity: 70%; night temperature:
18,0°C; day temperature: 20,0°C). Protoplasts were collected from wt Col0 ecotype plants; for
the agroinfiltration experiments were used wild-type Col0 and B-GFP plants for co-localization
studies.

Seeds of Arabidopsis thaliana ecotype Columbia were sterilized, incubated for 3 days at 4°C in
the dark and allowed to germinate in Murashige and Skoog medium (Murashige and Skoog,
1962) (Duchefa, The Netherlands) solid medium (0.8% plant agar, Duchefa) supplemented
with 30 g/L sucrose in a growth chamber (24°C, 8/16 hours light/dark photoperiod, 70%
RH). Seedlings were picked and grown in soil in a growth chamber (22°C, 8/16 hours
light/dark photoperiod, 70% RH). Rosette leaves from two weeks old plants were harvested
and immediately powdered in liquid nitrogen for total RNA extraction.

Shoots of 5 days old seedlings were transferred on MSR2 medium (MS salts, 4.5 mg/L
nicotinic acid, 10.9 mg/L thiamine HCI, 9.5 mg/L pyridoxal HCl, 200 mg/L KH2PO4, 0.5 g/L
malt extract, 30 g/L sucrose, 1 mg/L 6-benzyl-aminopurine, 2 mg/L 24-
dichlorophenoxyacetic acid, pH 5.7) for callus regeneration and cell cultures preparation. Cell
lines were maintained in a growth chamber shaking at 80 rpm and sub-cultured weekly at
1.5/50 (v/v) in MSR2 medium.

Purification of chloroplasts

Chloroplasts were isolated on a discontinuous (10/40/75%) Percoll gradient (Prombona et
al., 1988) in order to separate intact chloroplast. Chlorophyll concentration was measured
after washing out Percoll.

Cloning and analysis

Total RNA was extracted from 100mg of powdered leaves using the TRIzol reagent (Gibco brl.,,
Germany). After treatment with RNase-free DNase I (Ambion Ltd., UK), first strand cDNA was
synthesized starting from 5ug of total RNA using the PowerScript™ Reverse Transcriptase
(Clontech, USA).

Atglr3.5 signal peptide (SP) cDNA was isolated by RT-PCR using primers designed on the first
300 nucleotides of a splicing variant of the Arabidopsis At2g32390 gene (NP_001031464.1)
and cloned into the pGreen0029 vector (28) fused to the YFP at the Ncol site: forward primer
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5-ATCCCATGGATCATATGGGAGCTTTGCAGCTAAT-3’ and reverse primer 5-
ATCCCATGGCCATATGATCACCTAATACAGATATT-3".

Sequence analysis

Bioinformatics analysis were performed using ChloroP and TargetP tools
(http://www.cbs.dtu.dk/services), PCLRv_0.9 (http://andrewschein.com/pclr/) as well as
BlastP (http://www.ncbi.nih.gov).

Subcellular localization

The Atglr3.55P cDNAs were fused to YFP and cloned into the pGreen0029 vector (28). The
pGreen-Atglr3.4::YFP and pGreen-Atglr3.5SP::YFP constructs were transformed in Arabidopsis
(ecotype Columbia) cell protoplasts to follow the intracellular localization of YFP. The signal
peptide of Arabidopsis thioredoxin-regulated (3-amylase (TR-BAMY; At3g23920), fused to YFP
(pGreen-TR-BAMY::YFP) has been used as positive control (29).

Protoplast isolation and transformation

Protoplasts of cultured Arabidopsis cells have been isolated and transformed following the
Bregante et al. (30) protocol with some modifications. Briefly, 2 mL (packaged volume) of 5
days old suspension cultured cells have been washed once in K3 medium (3/1 v/v) (0.4 M
sucrose, 1.67 mM xylose, 5 mM CaClz, 3 mM NH4NO3, 1X Gamborg B5 salts, 1X Kao and
Michayluk organic acids, 5 uM a-naphthalene-acetic acid, 4.4 uM 6-benzyl-aminopurine, pH
5.8 and filter sterilized) and incubated 4 hours at 25°C in the dark at 80 rpm in
plasmolyzation buffer (4/1 v/v) (MS*%, 0.5 M mannitol, 13.5 mM CaClz, 44 uM 6-benzyl-
aminopurine, pH 5.8 and filter sterilized) containing 0.5% macerozyme R10 (Yakult
Pharmaceutical, Japan) and 1% cellulase Onozuka R10 (Yakult Pharmaceutical, Japan) (filter
sterilized). Then protoplasts have been filtrated through 170 um and 50 um nylon meshes and
centrifuged 5 minutes at 100 g at RT. The filtered protoplasts were washed three times with
W5 solution (4/1 v/v) (154 mM NaCl, 5 mM KCl, 125 mM CaClz, 5 mM glucose, pH 5.8 and
filter sterilized) and centrifuged 5 minutes at 100 g then resuspended in an appropriate
volume of MaCa buffer (0.5 M mannitol, 20 mM CaCl;, 0.1% w/v 2-[N-
morpholino]ethanesulfonic acid (MES), pH 5.8 and filter sterilized) to obtain a final
concentration of 106 protoplasts/mL.

For the Polyethylene-glycol (PEG) mediated transformation, 15 pg of plasmid’s DNA (7 pg for
positive control) were added to 3.0-10° protoplasts and mixed with an equal volume of PEG
solution (40% w/v PEG4000, 0.4 M mannitol, 0.1 M Ca(NO3)z, pH 8 and filter sterilized). The
protoplast suspension was gently mixed and left in the dark for 30 minutes at RT. The PEG
was washed out with 5 mL of W5 solution then protoplasts were collected by 5 minutes
centrifugation at 100 g and resuspended in 2 mL of K3 solution. The protoplasts were
incubated at 20°C in the dark for at least 16 hours before the microscopy analysis.

A. tumefaciens strain, transformation and preparation for agroinfiltration

A. tumefaciens GV3101 strain, carrying the pSoup vector, was used for transformation of
plants. This strain was transformed with pGREAT vector containing Atglr3.5v1 gene in frame
with DsRed2 sequence, and used for the infiltration of A. thaliana 4-weeks-old plants leaves.

A. tumefaciens was transformed using the freeze-thaw method as described in Jyothishwaran
et al, 2007, and then plated in LB agar medium (10 g/L Tryptone, 5 g/L yeast extract, 10 g/L
NaCl, 15 g/L Bacto-agar) with antibiotics.

Two days before infiltration, a single colony of transformed A. tumefaciens grown on agar
plates was inoculated in 5 mL of YEP liquid medium (10 g/L Bacto-Tryptone, 10 g/L yeast
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extract, 5 g/L NaCl, pH 7.0) supplemented with specific antibiotics. Bacterial culture was
incubated for 2 days at 30°C at 180 rpm on an orbital shaker.

After 48 hours, 2 mL of culture were transferred to Eppendorf tubes and pelleted by
centrifugation at 3000 g for 5 min at room temperature. Bacterial pellet was resuspended in 1
mL of induction medium (10.5 g/L K2HPOg4, 4.5 g/L KH2PO4, 1 g/L (NH4)2S04, 0.5 g/L Na
citrate, 1 g/L glucose, 4 g/L glycerol, 1 mM MgS04, 10 mM MES, pH 5.6) and then transferred
in 3 mL of induction medium supplemented with 100 uM acetosyringone (Sigma-Aldrich®)
and grown for 6 hours at 30°C. Bacteria were pelleted at 3000 g for 5 minutes at room
temperature, resuspended in infiltration medium (10 mM MgSO4, 10 mM MES, pH 5.6) to a
final ODegoo of 0.400 and supplemented with 200 uM acetosyringone. This suspension was
used for infiltration.

Agroinfiltration of Arabidopsis thaliana leaves

Agroinfiltration was conducted by infiltration of agrobacterial suspension in infiltration
medium into intercellular spaces of fingernail-sized leaves of 4-weeks-old plants.

Plants used were kept in constant darkness for at least 16 hours before infiltration and
without water supply. Leaves were infiltrated in the late afternoon in the abaxial side, using a
needleless plastic syringe. Plants were then transferred in a growth room with controlled
climatic conditions and tested for transformation after 4 days.

Confocal microscopy for protoplasts

Transformed protoplasts were observed after a maximum of 24 hours with the confocal
scanning system Radiance 2000 (Bio-Rad) mounted on a Nikon Eclipse E600 optical
microscope. The images were collected with the LaserSharp 2000 software (Bio-Rad). For the
excitation of GFP and chlorophyll was used an Ar laser (wavelength: 488 nm) and, for DsRed2,
a HeNe laser (wavelength: 543 nm); for fluorescence emission was used a HQ515/30 filter
coupled with a 500 DCLP dichroic mirror.

Confocal microscope analyses were performed using a Nikon PCM2000 (Bio-Rad, Germany)
laser scanning confocal imaging system with an excitation wavelength of 488nm and
detection at 530/560nm or 515/530nm for YFP and GFP respectively. The images acquired
from the confocal microscope were processed using the software Corel Photo-Paint (Corel
Corporation, Dallas, TX, USA).

Confocal microscopy for infiltrated leaves in planta

Infiltrated leaves were observed after 4 days with the confocal microscope Leica TCS SP5 II
(Leica Microsystems) mounted on a Leica DMI6000 CS inverted microscope with automated
programmable scanning stage and motorized lens turret.

The images and videos were collected with the Leica Application Suite software (LAS AF, Leica
Microsystems). For the excitation of GFP and chlorophyll was used an Ar laser (wavelength:
488 nm) and, for DsRed2, a HeNe laser (wavelength: 543 nm); for fluorescence emission were
used Leica pre-setted filters (“Leica EGFP”, 500-520 nm; “Leica DsRed”, 570-620 nm;
“Chlorophyll”, 680-720 nm).

Transmission Electron Microscopy (TEM) on leaf samples

A TEM investigation on leaf samples was carried out to understand if the mutations in GluR
genes were able to modify the mitochondrial and/or plastidial ultrastructure.

Leaf samples were collected at midday and fixed overnight in 2.5% v/v glutaraldehyde
solution in 100 mM sodium cacodylate pH 7.2, 4°C. Were done 3 washes of 7 minutes each in
100 mM sodium cacodylate pH 7.2 and a post-fixation in a 1% 0sO4 solution in 100 mM
sodium cacodylate pH 7.2, 4°C in the dark for 1 hour. The de-hydration of samples was
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conducted through a graded ethanol series (25, 50, 70, 95, 100% v/v in ddH20) in 3 steps of
15 minutes for each concentration, followed by 3 steps of 15 minutes each in propylene oxide
(the first one at 4°C, the other two at room temperature). The impregnation of samples was
done at 45°C in 3 steps of 1 hour each with Epon resin solutions in propylene oxide (Sigma-
Aldrich®) with different resin:propylene oxide proportions (1:3 for the first step, 1:1 for the
second step, 3:1 for the third step), followed by 2 steps of 1 hour each in pure Epon resin
(Sigma-Aldrich®) at 37°C. The polymerization was carried out putting samples in an heater
for 3 days at different temperatures from day to day (day 1: 37°C; day 2: 45°C; day 3: 60°C).
Samples were cut in 80 nm slices with the Ultrotome V ultramicrotome (LKB) equipped with a
diamond blade. Sections were collected on copper support grids and then contrasted with an
uranyl acetate saturated solution in 100% ethanol for 15 minutes followed by an incubation
in a 1% w/v lead citrate solution in 100% ethanol for 7 minutes. Samples were observed with
a Tecnai G2 Spirit Transmission Electron Microscope (Fei™ Electron Microscopes), operating
at 100 kV.

Protein extraction and precipitation, cellular fractionation, SDS-PAGE and Western blot
A week after infiltration, leaves were collected and frozen immediately in liquid nitrogen. We
made a total protein extract, grinding leaves in a mortar with buffer A (50 mM TRIS/Acetate
pH 7.5, 250 mM sorbitol, 2 mM EGTA, 2 mM DTT) added with protease inhibitor (1 ug/mL
leupeptine and pepstatine, 20 uM PMSF). The mush was filtered with a nylon membrane (@:
250 um) and collected in eppendorf tubes. A little volume of total extract was tested for the
presence of DsRed2 protein. 100 pL of total extract was precipitated in a -20°C chilled 5:4
chloroform:methanol solution on ice in agitation for 20 minutes. Sample was centrifuged at
15000 g for 20 minutes, 4°C (5417R centrifuge, Eppendorf) and the pellet was solubilized in
SB buffer (300 mM TRIS/HCI pH 6.8, 11,5% w/v SDS, 50% w/v glycerol, 500 mM DTT, 0,1%
w/v blue bromophenol) for SDS-PAGE analysis.

The remaining total extract was centrifuged at 10000 g for 10 minutes, 4°C (5417R centrifuge,
Eppendorf) and the resulting supernatant loaded in ultracentrifuge (Optima™ LE-80K
Ultracentrifuge, Beckman Coulter) at 100000 g for 30 minutes, 4°C (70 Ti fixed-angle rotor, 8
x 39 mL, Beckman Coulter) to collect organelles (pellet). Pellet was resuspended in 300 pL of
buffer B (10 mM Tricine/KOH pH 7.5, 5% w/v sucrose, 1 mM EGTA, 2 mM EDTA) and loaded
at the top of a 11 mL continuous 15-45% sucrose gradient (10 mM Tricine/KOH pH 7.5, 1 mM
EGTA, 2 mM EDTA, 15 and 45% w/v sucrose). Sample was ultracentrifuged at 77000 g for 19
hours, 4°C, in a swinging rotor (SW 41 Ti swinging bucket rotor, 6 x 13.2 mL, Beckman
Coulter); all the gradient was collected in separated 450 uL fractions.

Fractions from 3 to 20 (in order from the top) were solubilized in SB buffer and then loaded in
a 7.5%, 6 M urea SDS-PAGE gel. After separation, proteins were blotted overnight on PVDF
membrane (BioTrace® PVDF Membrane, VWR).

FIGURE LEGENDS

Figure 1. DNA sequence of the two GLR3.5 isoforms.
Nucleotide sequences are shown.

Figure 2. Anti-933-947 antibody localizes AtGLR3.5 to mitochondria.
Western blots using specific antibody on isolated chloroplasts and mitochondria from wt Col0
and knockout plants as well as on the channel expressed in vitro.

Figure 3. Subcellular localization of the two GLR3.5 isoforms.
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Two series of images are shown for the expression of the two constructs, pGREAT-35s-
glr3.5v1::DsRed2 and pGREAT-35S-glr3.5v2::EGFP, in 4 weeks old Arabidopsis leaves. Upper
panel: the isoform1-DsRed2 fusion protein is located in highly motile structures that look like
mitochondria. Lower panel: the isoform2-EGFP fusion protein is detectable in chloroplasts,
as demonstrated by the co-localization of the chlorophyll signal. Bar: 20 pm.

Figure 4. Subcellular localization of AtGLR3.5 to chloroplast is guided by signal peptide.
Subcellular localization of AtGLR3.5SP-YFP and TR-BAMY-GFP (positive control) fusion
proteins expressed in Arabidopsis (wt Col0) cell protoplasts. Images came from non-
autofluorescent protoplasts. (A-C) GFP signal detected in protoplasts transformed with the
pGreen-TR-BAMY::GFP construct. Arrows indicate plastids and stromules. (H-J) YFP signal
detected in protoplasts transformed with the pGreen-Atglr3.5SP::YFP construct. The protein is
located in plastids. Higher magnification of protoplasts and stromules are showed for each
construct in (C), (G) and (J). p], plastids; pm, plasma membrane; st, stromule. Bar: 10 pm.

Figure 5. TEM micrographies of mitochondria of wt Col0 plants and GLR mutants.

Upper panel: wt Col0 mitochondria in whole cell (left) and in detail (right). Central panel:
mitochondria of GLR3.5 N656359 mutants: organelles appear empty, without cristae. Lower
panel, left: also in GLR3.5 N661846 mutants mitochondria appear more empty respect to wt
Col0 ones; thylakoids in chloroplast are intact. Right: in GLR3.4 N579842 mutants (control)
mitochondria are intact, like in wt Col0 plants.
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Table I

Table 1
AtGloE3 4, AtGIoR3 5 and cranobacterial glotamate receptors share sequence similarity

ArGIR3 5 (Atlg32300)

Symechacystis 5p. POC 6503 izlg™
GIRY, skr 1257 (gi 1652033) 731204 (24%)
Nostoc punctiforme PCC 73102 4x10™
GREGA (= 13126503 73201 (25%)
Magnetospirilium magnetotactioum M-I 5xlg™
GRRG3 (46202017 74327 (22%)

Amingacid sequences of GLEs channels (GI- Accession Mes. in WCHI data bank)) wers compared
pairwise by BLASTP alzonthm (www nchi nih pow’). E valoes: number of hits expected to be foumd
by chance. % of identity is shown and length of alizned sequence reported in brackets. Similarity is
considered to be of higher degres when E valus i= lowsr and percentaze of identify is higher over a
longer regmon.
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ABSTRACT

Despite the important achievement of the high-resolution structures of several prokaryotic
channels, current understanding of their physiological roles in bacteria themselves is still far
from complete. We have identified a putative two transmembrane domain-containing channel
(SynCaK) in the genome of the freshwater cyanobacterium Synechocystis sp. PCC 6803, a model
photosynthetic organism. SynCaK displays significant sequence homology to MthK, a Ca?*-
dependent potassium channel isolated from M. thermoautotrophicum and to some members of
two-pore potassium channels of higher plants. Expression of SynCaK in fusion with EGFP in
mammalian Chinese Hamster Ovary (CHO) cells’ plasma membrane gave rise to a calcium-
activated, potassium-selective activity in patch clamp experiments. In cyanobacteria, Western
blotting of isolated membrane fractions located SynCaK mainly to the plasma membrane. In
order to understand its physiological function, a SynCaK-deficient mutant of Synechocystis sp.
PCC 6803 (ASynCaK) has been obtained. Although the potassium content in the mutant
organisms was comparable to that observed in wild-type, ASynCaK was characterized by a
depolarized resting membrane potential as determined by a potential-sensitive fluorescent
probe. Growth of the mutant under various conditions revealed that lack of SynCaK does not
impair growth under osmotic or salt stress, that SynCakK is not involved in the regulation of
photosynthesis. Instead, its lack conferred an increased resistance to the heavy metal zinc, an
environmental pollutant. Our findings thus indicate that SynCaK is a functional channel and
identify the physiological consequences of its deletion in cyanobacteria.

Submitted to Plant Physiology

Keywords: lon transport; Cyanobacteria, potassium transport, calcium-dependent potassium
channel.
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INTRODUCTION

Detailed structural and mechanistic data that now exist for many prokaryotic channels, but
their physiological roles remain largely unclear (Martinac et al., 2008). This is especially true
for potassium channels. Potassium (K*) is the most abundant cation in organisms and in
general it plays a crucial role in the survival and development of cells, by regulating enzyme
activity and tuning electrochemical membrane potential. Potassium channels in prokaryotes
have been hypothesized to contribute to the setting of membrane potential rather than to
high-affinity potassium uptake, normally achieved thanks to specific ATP-dependent
potassium transporters (Kuo et al, 2005). K* channel genes are found in almost every
prokaryotic genome that has been sequenced, but in most of the few studies where their
deletion was obtained, no specific phenotype has been observed. For example, deletion of
KcsA in Streptomyces lividans or deletion of the 6-TM KCh in E. coli did not produce obvious
phenotype, suggesting either functional redundancy or that these channels are only required
in case of rather specific environmental stresses. Gain of function (GOF) Kch mutants however
failed to grow in millimolar added K* but not Na* (Kuo et al, 2003) and external H*
suppressed the GOF phenotype, supporting the hypothesis that KCh might function to regulate
membrane potential. However, a clear-cut role of prokaryotic potassium channels by genetic
deletion was demonstrated only in a few cases.

Synechocystis sp. PCC 6803 harbors an intracellular membrane system, the thylakoids, where
both photosynthesis and respiration take place; it can grow in the absence of photosynthesis
if a suitable carbon source such as glucose is provided, it is spontaneously transformable and
able to integrate foreign DNA into its genome by homologous recombination. In the present
work we have identified in Synechocystis a so-far uncharacterized putative potassium channel
(NP_440478, encoded by the open reading frame sl/0993) with sequence homology to MthK, a
Ca2+-activated K* channel of the archaeon Methanobacterium thermoautotrophicum. The
structure of MthK in an open conformation has been determined (Jiang et al., 2002). The MthK
subunit has two transmembrane segments and one pore region (TM1-P-TM2), followed by an
extension of approximately 200 amino acid residues which contains a region called the RCK
(for regulator of the conductance of K*) domain. RCK of MthK binds divalent cations, such as
Ca2+ or Cd?* (Jiang et al.,, 2001, 2002). Various studies led to a model in which the channel is a
hetero-octamer, where the MthK transmembrane tetramer assembles with eight RCK
domains: four covalently linked to the four TM2 helices and four additional ones associated at
the cytoplasmic side. The physiological meaning of the activation of MthK with millimolar Ca2*
(Jiang et al., 2002) is unclear, since Ca2* as a second messenger operates at micromolar
concentrations in eukaryotes, and the possible signaling roles of Ca2* in prokaryotes are still
unclear. Another RCK-containing K* channel from the archaeon Thermoplasma volcanium,
TvoK, has also been cloned and reconstituted into planar lipid bilayers for functional analyses
(Parfenova et al, 2007). The channel, with a proposed hetero-octameric structure and
displaying 160-pS conductance was also found to be activated by millimolar Ca2+.

Here we report evidence that, similarly to MthK, also SynCaK can be activated by calcium.
Furthermore we show localization of the protein in cyanobacteria and describe a phenotype
associated with the lack of the channel in SynCaK-less mutant Synechocystis cells.
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RESULTS

Predicted structural features of the SynCaK channel

A search in the non-redundant protein database at the National Center for Biotechnology
Information, using the W-BLAST algorithm and the amino acid sequence (T-X-G-[Y-F]-G-[D-
E]) as query, revealed in Synechocystis sp. PCC 6803 a protein classified as a putative
potassium channel (NP_440478). Until now, there is no experimental evidence about the
function of this protein but bioinformatic analysis underlines a sequence homology with
MthK, a calcium dependent potassium channel from the archeon Methanobacterium
thermoautophicum (Jiang et al., 2002) (Fig. 1). In silico analysis of the primary sequence of
NP_440478, denominated SynCakK, indicates that the protein contains two membrane
spanning segments, a recognizable K* channel selectivity filter signature sequence with only
conservative substitutions, and a regulatory sequence for K* conductance (RCK), similarly to
MthK (Fig. 1 and Fig. S1). The RCK region contains two conserved domains, TrkA-N and TrkA-
C, which occur in many potassium channels and transporters (Durrel et al, 1999). TrkA-N
contains an alternating fafof Rossmann-fold motif, which may bind to nicotinamide adenine
dinucleotide (NAD) or reduced NAD (NADH), thereby may mediate conformational switches
(Roosild et al., 2002). Since TrkA-N and TrkA-C are also present in the MthK channel, a
similarity in domain organization between MthK and SynCaK is probable. Structural studies of
MthK revealed the presence of an octameric gating ring, composed of eight intracellular
ligand-binding RCK domains. Binding of Ca2* to RCK has been shown to regulate the gating
ring conformation that in turn leads to the opening and closing of the channel (Jiang et al.,
2002).

Expression and functional analysis of SynCaK in CHO cells

To prove that SynCaK forms a calcium-sensitive potassium channel, as expected, we used
heterologous expression in mammalian cells, followed by electrophysiological analysis. Such
approach has been successfully applied by various groups for the study of prokaryotic and
even viral channels. To verify the plasma membrane localization of the channel protein
expressed in Chinese Hamster Ovary (CHO) cells, a pre-requisite for the analysis of protein
function by patch-clamp, SynCaK was expressed in fusion with EGFP (SynCaK-EGFP), a red-
shifted variant of wild-type GFP which has been optimized for brighter fluorescence and
higher expression in mammalian cells. Targeting of the channel to the plasma membrane (PM)
was tested by examining co-localization of EGFP with a specific plasma membrane fluorescent
dye (FM 4-64). Figure S2 shows fluorescence microscopy analysis of transfected CHO cells
indicating that at least a part of the fusion protein reaches the PM. In the inside-out excised
patch configuration SynCaK-EGFP-transfected cells displayed an ion channel activity, however
only in the presence of Ca2* in the bath in the millimolar range. Fig. 2A upper traces show
representative consecutive current traces recorded with the voltage ramp indicated after
addition of 2 mM calcium to the cytoplasmic face, i.e. to the bath (N = 15). Cells transfected
with the control vector encoding only for EGFP did not display any current at different
potentials under the same ionic conditions (N = 50) (Fig. 24, lower trace). These experiments
were conducted in potassium gluconate, allowing to state that the slightly rectifying channel
we observe is permeable to potassium, given that gluconate does not permeate across
chloride channels in CHO cells. Channel conductance was 45 + 7 pS at positive voltages while
at negative voltages we observed 29+9 pS. To further prove the selectivity of SynCakK, we
performed experiments under asymmetric ionic conditions with Na gluconate in the pipette
and K gluconate in the bath always in the presence of 2 mM calcium (N = 7). The observed
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reversal potential (-77 £ 12 mV) is close to the predicted reversal potential for a perfectly
selective potassium channel (value of -87 mV, as calculated from Nernst equation). Figure 2B
shows a representative current trace under these conditions and show channel activity on an
extended time scale as well. To further prove that the observed channel activity was due to
SynCakK, patch clamp experiments were performed also with cells expressing the mutant
SynCaKF68A-EGFP fusion protein: the introduced single point mutation did not alter PM
targeting (Fig. S3) but changed a very conserved amino acid of the pore region which in
general is essential for potassium conduction; K* channels with GAGD sequence are known to
be expressed, but are unable to conduct a current (e.g. Heginbotham et al., 1994). The mutant
protein did not give rise to channel activity, even at 10 mM calcium (N = 5). Given the
presence of the RCK domain in SynCak, its sequence similarity to the calcium-activated MthK,
and the observation that the channel was not active in the absence of calcium, we finally
tested channel activity at 10 mM Calcium (Fig. 2C). SynCaK activity was increased when
cytoplasmic calcium concentration was increased to 10 mM. In summary, these data indicate
that SynCaK indeed is able to function as calcium-activated potassium channel, and in
accordance with reports on MthK, a high calcium concentration in the mM range is required
for full activation (Jiang et al., 2002).

Localization of SynCaK channel in Synechocystis membranes

To determine the subcellular localization of SynCak, a specific antibody was raised against 15
amino acids of the protein. First, we tested for the specificity of the antibody by expressing
SynCaK in E. coli. Fig. S4 shows that the antibody recognized a 43 kDa protein only in
transfected E. coli where expression was induced by IPTG, proving that the antibody indeed
recognizes the recombinant protein. In whole cyanobacteria cell extracts, the antibody
recognized three bands (see Fig. 4C), including a band with the predicted MW of the
monomer, i.e. 40,5 kDa. Subfractionation of cyanobacteria was performed as previously
described (Zanetti et al, 2010) and revealed the presence of an approx. 41 kDa protein in the
plasma membrane (PM) (Fig. 3A). We could also observe a fainter 41 kDa band in the
thylakoid fraction (TH), whose intensity was consistent with residual contamination during
purification of the fractions. Indeed, the plasma membrane marker NrtA was found also in the
isolated thylakoid, indicating contamination of thylakoid by PM. Vice versa, CP43, a protein of
Photosystem II, which is present only in the TH membrane (Zanetti et al, 2010), was not
revealed in our experiment in the PM fraction (Fig. 3B). Thus, the presence of SynCaK in the
PM cannot be due to contamination by thylakoids, while the observed band in thylakoids is
most likely due to contamination by PM. A protein with approx. 45 kDa weight was also
strongly recognized in the soluble fraction, indicating unspecific cross-reaction of our
antibody. For this reason, our attempts to localize the protein also by electron microscopy did
not give reliable results (not shown).

SynCaK-less mutant is characterized by altered membrane potential and resistance to
zinc

Synechocystis sp. PCC 6803 is capable to integrate exogenous DNA into its genome (present in
a dozen of copies) by homologous recombination, thus allowing targeted gene replacement.
Almost the entire ORF 5110993, encoding the SynCaK potassium channel, was substituted by a
kanamycin resistance cassette (Figure 4A). Knock-out mutants were recovered after ten
rounds of sub-cloning and complete segregation was verified by PCR on purified genomic
DNA. Sites of insertion of the KanR cassette and correctness of flanking regions (ORFs 5110994
and slr1022) were verified by sequencing the products of amplification. Fig. 4B shows that,
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according to PCR analyses, no wild-type DNA molecules were retained in the final clones In
accordance, the absence of the 41 kDa band in the mutant confirmed the lack of SynCaK
protein expression (Fig. 4C). Therefore the produced mutant was suitable for further studies
to evaluate the physiological role played by SynCaK in this photosynthetic organism.

In most microorganisms, high affinity K* uptake occurs through ATP-dependent transport
systems and indeed in Synechocystis the KtrB transporter was shown to prevalently mediate
K* uptake (Matsuda et al, 2006). However, at higher concentrations of K*, uptake could a
priori be mediated through K+*-selective channels due to the very negative membrane
potential (about -200 mV). In fact, KirBac6.1 has recently been proposed to contribute to such
low affinity K* uptake in Synechocystis (Paynter et al, 2010) In the case of SynCaK, no
significant difference could be observed in the potassium content between wild-type and
ASynCaK organism, as determined by atomic absorption spectroscopy, indicating that the
channel does not normally contribute to K* uptake (Fig. S5). Next, we checked whether
growth deficiency could be observed in the mutant with respect to wild-type under various
conditions, typically used to characterize cyanobacterial transporter mutants, including
increasing light intensity (Fig. S6), salt stress at 100 mM KCI, osmotic stress with 0.5 M
sorbitol, lack of glucose, alkaline external pH (pH 10) and 10 mM calcium in the growth
medium (Fig. S7). None of these conditions evidenced any significant difference in growth,
indicating that this channel is not involved in protection against osmotic and alkaline stress
and is not indispensable for phototrophic growth. Involvement of the channel in the
regulation of photosynthesis was further excluded by analysis of chlorophyll fluorescence
using PAM. No differences in Fv/Fm (variable fluorescence/ maximal fluorescence) were
revealed between wild-type and mutant organisms indicating that photosynthetic efficiency
was not dependent on the presence of the channel (not shown).

Proton pumping and sodium-motive force are crucial in determining the resting membrane
potential in bacteria, but K* gradient across the cell membrane is also expected to contribute
to membrane potential, since intracellular K*is rather high (from 200 and 700 mM depending
on species). At the very negative membrane potential in bacteria, a strong driving force allows
flux of potassium ions through channels. Given the very small capacitance of the cytoplasmic
membrane of bacterial cells, only a very small number of ions flowing through an ion channel
would be sufficient to cause a substantial change in the resting membrane potential (Martinac
et al, 2008). To test the hypothesis that the lack of SynCaK might alter the membrane
potential, we used the ratiometric fluorescent cyanine dye 5,59,6,69-tetrachloro-1,19,3,39-
tetraethylbenzimidazolocarbocyanine iodide (JC-1), efficiently exploited to measure very
negative membrane potentials in mitochondria and bacteria (Novo et al, 1999). JC-1 is a
cationic dye that exhibit potential-dependent accumulation in bacteria, indicated by a
fluorescence emission shift from green (~525 nm) under blue light excitation, to red (~590
nm) under green light excitation. Consequently, membrane depolarization is indicated by a
decrease in the red/green fluorescence intensity ratio. The potential-sensitive color shift is
due to concentration dependent formation of red fluorescent J-aggregates. Our
measurements, shown in Fig. 5, suggest that the ratio between green versus red forms of the
dye is significantly different between wild-type and mutant cells, indicating a depolarized
membrane potential in the mutants. The ratio of green to red fluorescence is dependent only
on the membrane potential and not on other factors such as size, shape, and density that may
influence single-component fluorescence signals (see JC-1 data sheet of Invitrogen). The use
of fluorescence JC-1 ratio detection therefore allowed us to make comparative measurements
of membrane potential. The exact extent of depolarization cannot be estimated by any of the
currently used methodologies to our knowledge.
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According to the current hypotheses, most microbial channels might be called to function
upon peculiar environmental stresses. Zn is an essential metal but is toxic at high
concentrations. Zrt-Irt-like proteins (ZIPs) represent a major route for entry of zinc ions into
prokaryotic cells and a recent work demonstrated that bacterial ZIP is a selective electro-
diffusional channel (Lin et al, 2010)). Thus, ZIPB facilitates passive zinc uptake driven by zinc
concentration gradients and electrical driving force. Instead, ZitB was proposed to act as an
efflux pump, since its overexpression increased zinc tolerance and reduced zinc uptake in E.
coli (Grass et al., 2001). ZitB function depends on K* and H* fluxes (Guffanti et al, 2002) and
indeed this molecule was identified as Zn%*/H* antiporter (Chao and Fu, 2004). In light of
these reports, we tested whether the SynCaK strain, having a decreased membrane potential
might become more resistant to zinc. The concentrations tested were in the range of the ECsg
for the acute toxicity of Zn2+* in the cyanobacteria Anabena (Barran-Berdon et al, 2010).
Results of Fig. 6A demonstrate that increasing concentration of Zinc compromised growth of
the wild-type cyanobacteria, in accordance with results of toxicology studies (Zeng and Wang,
2011). SynCaK-less organisms were more resistant with respect to wild-type cells. Resistance
to Zn?* was observed also in cells cultured in liquid medium for two independent SynCaK-less
mutant clones, confirming that the phenotype is indeed related to the lack of the channel (Fig.
6B).

DISCUSSION

In the present work we have identified a new putative channel in the genome of Synechocystis,
demonstrated that it functions as potassium channel, constructed a knock-out strain and
identified a growth condition under which the mutant shows a clear phenotype. Our results
suggest that SynCaK might be involved in the regulation of membrane potential in
cyanobacteria and its lack confers an increased resistance to Zn2*, an environmental pollutant.
A function related to ion homeostasis has been elucidated only in the case of very few
bacterial ion channels. Mechanosensitive channels serve for fast release of osmolytes and ions
in bacteria challenged with osmotic stress (e.g. Berrier et al, 1992; Martinac et al.,, 2008) and
MscL was proposed to mediate also calcium efflux in cyanobacteria (Nazarenko et al.,, 2003).
The bacterial CIC are implicated in proton equilibrium maintenance (lyer et al, 2002), Kch
K* channel of Helicobacter pylori has been shown to play an essential role for the ability of this
organism to colonize the murine gut and to play an important role in K* uptake at low [K*]
(Stringl et al, 2007). In a recent study, a K*-dependent slight growth defect was observed
when the cyanobacterial homologue of KirBac6.1 was deleted from Synechocystis, suggesting
that KirBac might contribute to low affinity uptake of K* (Paynter et al, 2010). A cyclic
nucleotide-gated channel, when expressed in E. coli, rendered the cells sensitive to external
potassium (Kuo et al., 2007). Finally, a recent study from our laboratory provided genetic
evidence that the voltage-dependent 6TM channel SynK, located in thylakoid membranes in
Synechocystis (Zanetti et al., 2010), is required for efficient photosynthesis. In particular, the
lack of the channel led to an altered partitioning of the proton motive force across thylakoids
between the electric and the osmotic component. As a consequence, the SynK-less mutant
showed high photosensitivity (Checchetto et al.,, 2012). In summary, evidence is accumulating
on the physiological role of bacterial ion channels. Furthermore, in some cases, evolutionary
conserved channels play a role in ion homeostasis in higher organisms as well. For example,
mechanosensitive channel homologs in plastids have recently been shown to protect these
organelles from hypoosmotic stress (Veley et al, 2012). As to SynCak, it shows the highest
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homology among all potassium channels in Arabidopsis to AtTPK1, a two-pore potassium
channel (e value: 8e-06, sequence identity: 35%). This latter channel, although having
chloroplast targeting sequence, is located in the vacuolar membrane, where it has a role in
intracellular K* homeostasis, thereby affecting seedling growth at different K* levels (Gobert
et al., 2007). The homology to the PM-targeted AtTPK4 is also considerable (e value: 7e-06,
identity: 35%). Interestingly, SynCaK shows 43% identity (with an e value of Ze-04) to two
putative TPK channels from Zea mays. SynCakK, a 2 TM protein might a priori be the precursor
of these higher plant 4TM TPK channels, however the localization of these proteins within the
plant cells is not fully consistent with this idea. Whether the putative homologs of SynCaK in
Arabidopsis indirectly contribute to Zn2+* homeostasis also in plants is an open question and
might worth future investigation.

As to the channel activity of SynCak, it resembles some of the properties of MthK, a calcium-
dependent potassium channel. In particular, MthK has been shown to function also at low
calcium concentration but its open probability sharply increased upon addition of calcium up
to 25 mM in bilayer experiments to the internal side (Jiang et al, 2002). In accordance, Zadek
and colleagues observed activation by calcium in the millimolar range. In the case of SynCak,
we also find an increased activity when augmenting the intracellular concentration to 10 mM
calcium in inside-out excised patches. The properties of the channel could not be studied in
the whole-cell configuration given that cells cannot withstand such a high intracellular
calcium concentration. The conductance of the MthK channel was 200 pS in 150 mM KCI at -
100 mV when reconstituted into an artificial bilayer (Jiang et al, 2002). In another report, the
chord conductance was 240 pS at -200 mV in 200 mM KCl (Zadek and Nimigaen, 2006). In
both reports a strong rectification was observed, probably due to a fast block by calcium or to
an electrostatic screening effect. However, when expressed in E. coli cytoplasmic membrane,
MthK displayed an inward rectification and approximately 50 pS conductance in 150 mM KCl
(Kuo et al, 2007). SynCaK, when expressed in CHO cells, displays a slight rectification and
45pS conductance at positive voltages. The reason for the lack of strong rectification is not
clear. MthK was shown to be inhibited by Charybdotoxin (ChTx) (e.g. Jiang et al., 2002; Zadek
and Nimigaen, 2006). ChTx inhibit activity by binding to the pore region of the channel which
faces the extracellular solution (in our experimental set-up facing the pipette). A more
detailed electrophysiological/pharmacological characterization is beyond the scope of the
present manuscript which aimed at defining the physiological function of such channel. In any
case, we show that the overall behavior of SynCaK is compatible with this protein being a
calcium activated potassium-selective channel.

Cyanobacteria are the most abundant photosynthetic organisms on Earth. They share a wide
range of genes in common with plants, since they are the likely ancestor of chloroplast
according to the endosymbiontic hypothesis. Thus, information about stress responses in
cyanobacteria might also facilitate to understand how plant cells cope with environmental
challenges. Zn2+* has been reported to be toxic to plants as well and might impair
photosynthesis (Sagardoy et al., 2010), although Zn?* uptake systems in the chloroplasts have
not been identified (Nouet et al., 2011). In general, photosynthetic organisms are increasingly
challenged by heavy metals, which cannot be degraded. In this respect it is interesting to note
that cyanobacteria are also suitable for biosensor and/or bioremediation applications. In the
case of SynCaK-less mutant, our tentative explanation for its increased resistance to Zinc
derives from the observed depolarized cytoplasmic potential, which in turn can cause a
decreased electrical gradient for Zn2* uptake and might instead favor Zn2+ efflux. However,
our results do not exclude other possible explanations. Unfortunately, the exact mechanisms
leading to Zn?* resistance in cyanobacteria are still not completely understood and both
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decreased (Zeng and Wang, 2011) or increased Zn2* accumulation/compartmentalization
have been proposed to lead to resistance toward this heavy metal. In any case, active
regulation of Zn2* transport rather than genetic adaptation has been proposed to be the most
important mechanism for Zn2+ detoxification (Zang et al., 2009). Earlier studies showed that
metal efflux was an important mechanism to regulate the intracellular metal content in
bacteria (Hassler et al,, 2005; Nies, 2003). Furthermore, the internal metals were found to be
partitioned in different subcellular compartments and to be sequestered by metallothioneins
(Turner and Robinson, 1995), which may affect the tolerance capability (Wang and Rainbow,
2004; Wang and Wang, 2008). Our attempts to reveal a large difference in Zn2+ content as
determined by atomic absorption spectroscopy were unsuccessful (not shown), The situation
is further complicated by the fact that our knowledge on the physiological function of
potassium channels in bacteria is very limited, so it cannot be excluded that they have an
impact e.g. on signaling pathways, on enzyme activity, on redox state and on proliferation,
similarly to animal cells. Thus, the lack of SynCaK may impact on Zn2* homeostasis by a more
indirect way. In conclusion, further advance in the field is necessary to understand the exact
mechanism by which SynCaK regulates tolerance to Zn2+.

In summary, our work demonstrates that SynCaK works as potassium channel, in accordance
with the bioinformatic predictions. Furthermore, we highlight the role of SynCaK in regulating
membrane potential, a hypothesis forwarded long ago concerning the function of prokaryotic
potassium channels but, to our knowledge not proved by far by genetic means. SynCak,
although contributing to the maintenance of membrane potential, does not compromise
survival of Cyanobacteria and apparently is not involved in protection from various stresses.

MATERIALS AND METHODS

Construction of pSynCaK-EGFP vectors

The SynCaK gene was amplified by PCR from genomic DNA and cloned into pEGFP-N1 vector
(Clontech). Primers were designed to introduce a HindIlI site at the initiation codon and a
BamHI site abolishing the stop codon, so that the gene could be expressed as fusions to the N-
terminus of EGFP (SynCaK::EGFP). The Hindlll-BamHI restriction fragment of PCR product
was introduced into the pEGFP-N1 multiple cloning site, to give plasmid pSynCaK-EGFP. The
single point mutation F68A was obtained by using the QuikChange II Site Directed
Mutagenesis Kit (Stratagene), to obtain plasmid pF68ASynCaK::EGFP. The recombinant
construct was then verified by DNA sequencing. The wild-type and mutant fusion proteins
SynCaK-EGFP were expressed in Chinese Hamster Ovary (CHO) cells and used in
electrophysiological analysis, the mutant form being used as negative control.

CHO cell culture and transfection

CHO cells were maintained at 37°C, 5% CO2 in culture medium (DMEM, 10% fetal bovine
serum, 1% penicillin/streptomycin and 1% non-essential amino acids). Cells were treated by
standard trypsinization at 70-80% confluence. Culture medium was changed every 2 or 3
days to maintain good growth condition. One day prior to transfection, the cells were
trypsinized and counted; confluent layers of cells were grown on coverslips and were
transiently transfected with lipofectamine 2000 (Invitrogen) according to the manufacturer's
instructions. Cells were transfected with 0,5 pg of DNA.
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Confocal microscopy

After transfection (48 hours), CHO cells were incubated with FM® 4-64 dye (Invitrogen), a
dye specific for plasma membrane, and analyzed using a Nikon PCM2000 (Bio-Rad, Germany)
confocal microscope. We prepared a working staining solution of 5 pg/mL dye in ice-cold
HBSS (Invitrogen). The coverslip with the cells was washed once in HBSS and immersed in the
ice-cold staining solution for 30 seconds. After removal from the staining solution, cells were
then mounted on glass slides and observed with a laser-scanning confocal microscope.
Fluorescence filters set was: excitation 488 nm for EGFP and 543 nm for FM 4-64; emission
515/530 for EGFP and 570 long pass for FM 4-64. Observations were made with a Plan Apo
63X oil immersion objective with a numerical aperture of 1.4. Image analysis was done with
the Image] bundle software (http://rsb.info.nih.gov/ij/).

Patch clamp analysis

Patch clamp experiments were performed in inside-out patch configuration on control or
transfected CHO cells as previously described (Szabo et al, 2000). Bath solution: 150 mM K
gluconate, 10 mM KCl, 2 mM CaClz, 10 mM HEPES, pH 7.2 if not otherwise specified. Pipette
solution: 150 mM Na-gluconate, 1 mM CaClz, and 10 mM HEPES, pH 7.2. Transmembrane
voltages were applied and currents were monitored using an EPC-7 amplifier (HEKA-List).
Pulse protocol was applied and data analysis was performed using the pClamp8 program set
(Axon). The pipette resistance was 2-5 MegaOhm. Data were low pass-filtered with an eight-
pole Bessel filter with a cut-off frequency of 0.5 kHz and analyzed off-line.

Production of anti-SynCak antibody
Anti-SynCaK antibody was produced against the synthetic peptide EQKVIERLADHYILC,
corresponding to a specific sequence of SynCak, by Agrisera (Sweden).

Cyanobacterial strains and growth conditions and isolation of plasma membrane,
soluble and thylakoid membrane fractions from Synechocystis

Strains were cultured in BG11 medium (Ono & Murata, 1982) supplemented with 20 mM TES-
KOH (pH 8.2) (referred to as BG11). The mutant strain grows in BG11 containing 50 ug/ml
kanamycin at 30°C under continuous illumination (20 pmol m2 s-1 photons) with rotary
shaking. Growth on agar plate was obtained under the indicated conditions. Cyanobacteria
cells were fractionated as described in Zanetti et al, (2010).

Determination of chlorophyll and protein concentration

Pigments were extracted with 100% (v/v) methanol (Lichtenthaler, 1987). The extracts were
mixed, and the concentration of chlorophyll a was measured according to the method
described by MacKinney (1941). Total protein concentration was determined by the
bicinchoninic acid (BCA) protein assay.

SDS-polyacrylamide electrophoresis (SDS-PAGE) and Western blotting

The electrophoretic separation of proteins in denaturing polyacrylamide gels was carried out
as previously described (Bergantino et al, 2003). For immunodetection, proteins were
transferred onto a PVFD membrane. The membranes were incubated with diluted primary
antibody (1:2500 for SynCakK, 1:2000 for anti-His¢ TAG) in blocking solution for 2 hours at RT.
HRP-conjugated goat anti-rabbit antibody was used as secondary antibody. Proteins were
visualized with ECL Western Blot Detection Kit (Pierce).
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Expression in E. coli

SynCaK gene was amplified by PCR and cloned into pEGFP-N1 vector (Clontech). This
construct was used as template in two separate PCRs with primers C-G_FOR (5'-
ATTAATTGTGGGCCCGATGGGG-3") and pEGFP_Crick (5-GACACGCTGAACTTGTGG-3’), or
pEGFP_Watson (5’-TGTACGGTGGGAGGTCTA-3%) and C-G_ REV (5-
CCCCATCGGGCCCACAATTAAT-3’), and high fidelity polymerase (Finnzyme). A following
overlapping PCR was performed using VC7 (5’- CGAGCTCAAGCCCATGGGATTGG-3’, inserting a
Ncol site) and CV8 (5’-GACCGGTGGCTCGAGATGGTTTTT-3’, inserting a Xhol site) and both
previous amplimers as template. The PCR product and the expression plasmid pET28a(+)
were digested with Ncol and Xhol, and ligated with T4 ligase. The resulting clone pET28a(+)-
SynCaK was subjected to DNA sequencing and espressed in C41(DE3) cells (Miroux and
Walker, 1996). For protein expression, 1 mL pre-culture from one freshly transformed colony
was grown overnight and used to inoculate 25 mL LB medium containing 50 pg/mL
kanamycin at 37°C. Culture was grown under continuous shaking to Aeoo = 1, expression was
induced by 0.7 mM IPTG, then culture was divided and further grown for 24 hours. Aliquots of
cells equal to Aeoo = 1 were harvested at different times for each culture. Samples were
centrifuged at 14000 g for 3 minutes, recovered pellets were solubilized in Laemmli loading
buffer (Laemmli, 1970). Yield of expression was evaluated by Western blot using specific
antibodies: anti-His¢ TAG (SIGMA) and anti-SynCaK (Agrisera).

Determination of potassium concentration in cell extracts and culture medium

K* concentration was determined by atomic absorption spectroscopy with a model Analyst
100 spectrophotometer (PerkinElmer Life), in using an acetylene/air burner for flame
analyses. Cell suspensions of 50 mL were centrifuged (5000 rpm, 10 minutes). The pellet was
resuspended in a final volume of 2 ml with water and then treated with 1 ml of nitric acid
overnight at 80°C. After the incubation, the potassium concentration was measured. The
amount of K* was normalized to the chlorophyll concentration of the respective cultures.

Production of a SynCaK-less Synechocystis mutant

Forward VC9 (5-GGGCTGTCCATCGCTGTCGGGGT-3’) and reverse CV10 (5
ACGCCCCCGGCCAGACCCTT-3’) primers were used to generate a PCR product including the
part of the sll0994, the sll0993 and the slr1022 open reading frames. The Smal_FOR (5’-

TGGGCGATCGCCCGGGAAGCAAG-3’) and Smal_REV (5-
TGGCGGTGAGAATCCCGGGCTGTTCGAG-3’) nested primers, both introducing a restriction site
Smal, were used in combination with primers Mut22_REV (5-
TGGGATTGGGATCCCATGGGGGACACCCATT-3’) and Mut33_FOR (5’-

CCCCCATGGGATCCCAATCCCATCCTAAA-3’) with the VC9/CV10 amplimer as template in two
separate amplifications, generating two PCR products (604 and 619 bp long respectively).
Oligonucleotides Mut22_REV and Mut33_FOR had been projected with overlapping 5’
extension containing a BamHI restriction site. The two fragments were purified from agarose
gel and used together as template in an amplification with primers Smal_FOR and Smal_REV.
The single, 1202 bp long, obtained fragment was introduced in the pGEM®-T Easy vector
(Promega). A kanamycin-resistance cassette (KanR), derived by BamHI digestion from
plasmid pUC4K, was cloned into the unique BamHi site of the latter plasmid, to give the final
plasmid pSynCaKKO_20. In the new plasmid, the entire insert was completely sequenced to
verify that no undesired mutation had been introduced. Lastly, the new plasmid was used to
transform wild-type Synechocystis sp. PCC 6803 (Zang, Liu, Liu, Arunakumara, and Zhang,
2007). Transformants were selected by screening for antibiotic-resistance on BG11 plates
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containing 10 pg/mL kanamycin. After repeated subcloning steps, complete segregation of
recombinant chromosomes in mutant strain was tested by PCR with primers: VC9, CV10,
DISP2-rev (5’-ATAAATGGGCTCGCGATAATGTCGG-3") and DISP3-for (5-
CCGTCAAGTCAGCGTAATGCTCTGC-3").

Membrane potential analysis in Synechocystis

The dye ]JC-1 (5,5'6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolcarbocyanine iodide;
Molecular Probes, Germany) was used to label cyanobacteria in transmembrane potential
dependent manner. A stock solution of JC-1 was prepared at a concentration 1.5 mM in
dimethyl sulfoxide (Sigma) and stored at -20°C. Fresh staining solution (7.5 [M) was
prepared each time before application by diluting the stock solution in a buffer containing 1
mM CaClz, 1 mM MgClz, and 10 mM N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)
(HEPES) at pH 7.2 (Simeonova et al, 2004) and added 1:1 to suspension cultured
cyanobacteria (ODeoo = 0.5). After 10 minutes of incubation in the dark the cells were imaged
by using a Leica LCS-SP5 confocal microscopy (Leica Microsystems, Heidelberg, Germany).
Observations were made with a Plan Apo 63X oil immersion objective with a numerical
aperture of 1.4. The filters set was: for the green fluorescent monomers, excitation at 488 nm
and emission at 515/545 nm; for the red fluorescent J-aggregates, excitation at 543 nm and
emission at 560/590nm; the chlorophyll was detected at 680/720 nm. In order to eliminate
the bleed through of the chlorophyll signal into the green emission range, we imaged the cells
in sequential mode, using one laser at a time. The laser power was 30% for the 488 nm line
and 70% for the 543 nm line. Image] software was used to analyse the fluorescence of the dye.
ROIs (Region Of Interest) of the same shape and area have been used.

FIGURE LEGENDS

Figure 1. Predicted primary structure of SynCakK.

ClustalW alignment of SynCaK amino acid sequence (accession number NP_440478) with that
of potassium channel protein MthK of Methanobacterium thermoautotrophicum (accession
number 027564). The highly conserved selectivity filter of potassium channels (TXXTGFGE) is
highlighted with a box.

Figure 2. SynCaK functions as a potassium channel when expressed in CHO cells.

A) Representative current traces recorded under symmetrical ionic conditions (150 mM K
gluconate on both sides, plus 2 mM CaCl; in the bath) in the inside-out excised patch
configuration. The voltage ramp protocol shown in the upper panel was used to elicit channel
activity. Representative, two consecutive current traces are shown. The lower panel shows
activity recorded at -170 mV on an extended time scale. Under these conditions reversal
potential is at 0 mV. B) Upper panel: Representative current trace recorded under
asymmetrical ionic conditions (150 mM K gluconate solution with 2 mM CacCl; in the bath,
150 mM Na gluconate solution in the pipette). Middle panel: current recording on extended
time scale from the indicated part of the upper panel. Lower panel: Representative trace
recorded under the same ionic condition from CHO cells transfected with mutant SynCaK. No
activity can be recorded, the observed current is due to leak. C) Upper panel: Current trace
recorded under the same ionic conditions except that bath, i.e. the intracellular side contained
10 mM CaCl;. Lower traces show activity on extended time scale from the indicated region
and at +100 mV.
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Figure 3. Localization of SynCaK in Cyanobacteria.

A) Plasma membrane (PM), soluble (S), thylakoid membrane (TH) and outer membrane (OM)
fractions were isolated from Synechocystis (2 pg of proteins/lane). The channel protein was
detected using anti-SynCaK antibody at the expected molecular weight of 41 kDa. B) The
purity of PM and TH fractions were checked by using antibodies against the plasma
membrane marker NrtA, and the thylakoid marker CP43 (2 pg of proteins/lane).

Figure 4. Construction of a SynCaK-deficient Synechocystis strain.

A) Schematic diagram of construction of the mutant organism. ASynCaK was obtained by
inserting a kanamycin-resistance cassette into the Synechocystis genome. Forward and
reverse primers, introducing mutagenic sites, were used to generate a PCR product containing
the SynCaK gene in the central position and two flanking regions (see Experimental
Procedures section for details). B) PCR analyses indicated lack of WT gene and correct
insertion of the KanR gene in the mutant organism. Agarose gel electrophoresis of analytical
PCR amplifications, performed on genomic DNAs from kanamycin-resistant control and
ASynCaK strains [1: Molecular Mass marker (1 Kb ladder, Promega); 2: wild-type DNA
amplified with VC9 and CV10 primers; 3: ASynCaK DNA amplified with VC9 primers: 4: wild-
type DNA amplified with VC9 and DISP2 primers; 5: ASynCaK DNA with VC9 and DISP2
primers; 6: wild-type DNA with DISP3 and CV10 primers; 7: ASynCaK DNA with DISP3 and
CV10 primers; 8: wild-type DNA amplified with DISP2 and DISP3 primers; 9: ASynCaK DNA
with DISP2 and DISP3 primers]. C) Western-blotting of protein extracts (0.3 OD730) using the
anti-SynCaK antibody, showing no detection of SynCaK channel (41 kDa, see arrow) in the
mutant strain. Aspecific recognition of two other bands indicate equal loading.

Figure 5. Membrane potential analysis in wild-type and SynCaK-deficient Synechocystis
strain.

The JC-1 (5,5,6,6'-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide) cationic
carbocyanine dye has been used to highlight membrane potential differences between wild
type and mutant Synechocystis strains. A) Confocal microscope analysis of the JC-1
fluorescence. The green fluorescence belongs to the monomer form of the dye; the red
fluorescence is due to the J-aggregates that form at high dye concentration, i.e. high
membrane potential; chlorophyll is pseudo-coloured in blue. Two series of images are shown
for each strain. B) Green/red fluorescence ratio of the dye in mutants is higher than in wild-
type bacteria (three independent experiments, N = 20). Difference is statistically significant
(p<0.05).

Figure 6. SynCaK-deficient Synechocystis strain is more resistant to ZnZ+ than wild-type.
A) Growth of wild-type (W) and mutant (M) cells on agar BG11 medium with 5 mM glucose, at
the indicated concentrations of ZnCl,. Duplicates are shown. Photos were taken at day 5.
Optical densities (at 730 nm) at 0 time point are indicated. At the two highest concentrations
of Zn%* (corresponding to 22 and 44 puM Zn?2+, respectively), spots obtained at 0.01 starting OD
were omitted, due to lack of spots under these conditions characterized by lack of growth.
Spot tests repeated other 3 times gave the same results. B) OD of liquid culture measured
after 24 hours of growth in the absence or presence of 2 uM or 4 pM Zn?2* added to BG11.
Values are normalized to OD under control condition.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Bioinformatic analysis of SynCaK.

A) Domains of SynCaK (http://blast.ncbi.nlm.nih.gov/Blast.cgi). B) Hydropathy plot
highlighting the presence of two predicted transmembrane domains. C) Different functional
regions can be distinguished in the primary sequence: TM1

TrkA_N (YILCGYGRTGQQIAFEFAVENIPFVVIDASPEVIIQAKLRDYAVLQGDATLDEILLAAHIERAI

CIVSALSSDAENLYTVLSAKTLNPKIRAIARASSEEAVQKLKRAGADE); GLICINE DOMAIN,_typical
of TrkA  N_____(GYGRTG); ____TrkA  C_____(EEFRIGAEDCPYIGQTLREAQLRA

Figure S2. Expression of SynCaK in CHO cells.

SynCaK-EGFP fusion expression in CHO cell plasma membrane as revealed by confocal
microscopy. Co-localization of fusion proteins and plasma membrane-specific dye, FM 4-64
was observed. Overlapping is indicated by analysis of ROIs (Regions of interest). Images were
analyzed using Image] (http://rsb.info.nih.gov/ij/index.html), in green EGFP and in red the
PM dye. Representative images are shown.

Figure S3. Expression of single point pore mutant of SynCaK in CHO cells.
As in Fig. S2.

Figure S4. Anti-SynCaK specifically recognizes SynCaK protein expressed in CD41(DE3)
E. coli cells.

Induction at T = 0 with 0.7 mM IPTG. (A) PVDF membrane decorated with His tag antibody
(1:2000), (B) PVDF membrane decorated with SynCaK antibody (1:2500). Control cells were
transformed using the empty pET28a vector. T, whole cells; P, pellet; S, supernatant fractions.

Figure S5. wild-type and mutant organisms do not differ in potassium content.
The potassium concentration was determined by atomic absorption spectroscopy. The
amount of K* was normalized to the chlorophyll concentration of the respective cultures.

Figure S6. Growth of mutant cells is not altered at various light intensities.

Growth of wild-type and SynCaK-less cells were grown on solid BG11 medium supplemented
with 5 mM glucose (except when indicated No Glc: without glucose) at the indicated light
intensities. Photos were taken at day 4. The experiment was repeated other two times giving
similar results.

Figure S7. Growth of mutant cells is not altered under osmotic and salt stress.

Results are shown as in Fig. S6.
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ABSTRACT

The mitochondrial calcium uniporter (MCU) has been identified from molecular point of view
only very recently, in the mammalian system. A 40-kDa protein that works as Ca?* channel was
identified as MCU. Thus far, no information is available on Ca?* uniporters in higher plants.
Arabidopsis thaliana genome harbors 6 different genes, codifying for as many proteins, with
significant sequence homology to the mammalian mcu gene. We started to investigate the
properties of two AtMCU channels, with predicted mitochondrial or plastidial localization. First,
to prove the subcellular localization, A. thaliana were transformed with vectors containing two
different mcu genes in frame with EGFP. A clear mitochondrial or plastidial location was
observed respectively using confocal microscopy. In vitro-expressed and solubilized proteins
were also studied in planar lipid bilayer experiments, to examine their electrophysiological
activity, showing a conductance of 85 pS in 150 mM Na gluconate and Gd3* sensitivity, in
accordance with data published for animal channels.

Work in progress

INTRODUCTION

Plants respond to environmental changes, to quickly adapt their metabolism to the
new external conditions. The ability of a plant to react appropriately to a given stimulus is of
vital importance. They react through different signal transduction pathways, but the
most used for this purpose is the one involving Ca2* as a second messenger. The main
question is: how can a plant use a single second messenger, like Ca2+, to discriminate on a big
variety of external stimuli? The hypothesis has been proposed that this kind of signalling is
based on a “Ca2*-signature”, meaning a different Ca2+-elevation, intensity and duration profile
to decode a specific information (McAinsh & Pittman, 2009; Dodd et al.,, 2010). For example,
Ca2+is subjected to circadian oscillations to specify cell timing processes (Love et al., 2004).

In the cytoplasm of the cell, the Ca2* concentration is maintained at levels much lower than
the extra-cytoplasmic compartments (about 10000-fold difference) in order not
to interfere with the phosphate metabolism; for this reason, ions
must be compartmentalized. The compartmentalization occurs at the level
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of different organelles in plant cells and the maintenance of this difference
in concentration leads to the generation of signals mediated by Ca2*, in response to biotic
and/or abiotic stimuli or stresses, thanks to the wuse of Ca2* carriers
or channels situated on cell membranes. In plant cells, as in those
of animals, the compartments for the storage of Ca2* ions are the endoplasmic
reticulum and mitochondria; moreover, plant cell has the apoplast (the space between the cell
walls) and the vacuole, the main retention compartment for Ca2* in plants and has been
shown to accumulate calcium in their chloroplasts as well.

In animal cells, the mitochondrial CaZ* uptake and release has a fundamental role in the
control of physiological processes; among these are the Ca2* signaling in the entire cell.
Furthermore, deregulation of mitochondrial Ca2+ fluxes starts the cascade of events that lead
to cell death. Ca2* homeostasis mechanisms have been already studied and recognized, but the
identity of channels responsible for Ca2* uptake and release was mysterious until recent time.
Recently, in two separate works (Baughman et al, 2011; De Stefani et al, 2011), the
identification of a protein, called MCU was reported, that seems to be the Ca2* uniporter of the
inner mitochondrial membrane.

MCU is a 40-kDa protein, composed of two transmembrane domains, its down-regulation by
siRNA reduces mitochondrial Ca2* uptake in living HeLa cells and in isolated mitochondria,
whereas its over-expression increased Ca2* accumulation in mitochondria (De Stefani et al.,
2011). MCU protein showed channel activity in planar lipid bilayers, with electrophysiological
properties and inhibitor sensitivity of the uniporter (to ruthenium red and La3+), previously
identified as a calcium-selective ion channel in patch clamp experiments on mitoplasts
(Kirichok et al., 2004). An MCU mutant, with two negatively charged residues in the putative
pore-forming region replaced, had no channel activity.

In the Arabidopsis thaliana genome six genes are present which can be identified as putative
MCU channels, since they are homologues of human MCU counterparts sharing
the transmembrane domains, the pore-loop domain and the conserved DVME
signature sequence. According to bioinformatics prediction, Arabidopsis
MCU isoforms are localized at the level of mitochondria, except for At5g66650, which seems
to have a double, mitochondrial and plastidial localization (Schwacke et al., 2003). The
possibility that this isoform has plastidial localization is suggested by the observation that
light-mediated Ca?* influx into chloroplasts takes place, which can be strongly inhibited
by ruthenium red (Kreimer et al., 1985), and displays kinetics and properties similar to those
observed for mammalian MCU in bioenergetics experiments.

RESULTS AND DISCUSSION

Subcellular localization of two putative MCUs

The subcellular localization of two of the six MCU isoforms in Arabidopsis thaliana, called
“mito-MCU” (At1g09575) for its purely mitochondrial prediction, and “CHL-MCU”
(At5g66650), for its plastidial localization prediction was determined. These proteins show
high sequence similarity to that of the two transmembrane segments and the pore region of
mammalian MCU (Fig. 1). Furthermore, according to the Aramemnon database
(aramemnon.botanik.uni-koeln.de), they both have two predicted transmembrane segments
and clear mitochondrial targeting (for At1g09575) and possible dual targeting for
At5g66650)(see Fig. S1 and S2). Leaves of 4-weeks-old wt Col0 plants were transformed with
Agrobacterium, carrying the pGREAT::mcu::EGFP construct by agroinfiltration and were
observed after 2 days in confocal microscopy. As shown in Fig. 2A, the EGFP fluorescent
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protein localized in small organelles close to the plasma membrane due to the presence of the
large central vacuole, which were identified as mitochondria.

The evidence that these organelles were indeed mitochondria derives from a second
transformation ~ with  the  pBIN20::mito-mCherry = CD3-991  construct  (ABRC,
http://www.arabidopsis.org/servlets/TairObject?type=stock&id=3001623330) by
agroinfiltration (Fig. 1B), in which the mCherry red fluorescent protein presents, at the N-
terminus, the sequence for mitochondrial translocation. Leaves transformed with this
construct shown, in confocal microscopy, a signal that was of identical dimension and shape
to that previously seen with the EGFP. In addition, the velocity of movement of organelles
registered with the microscope in both experiments, was comparable.

A subsequent localization study, carried out by transforming Arabidopsis leaves with both
constructs (Fig. 2C, D and E) showed perfect co-localization between mCherry and AtMCU-
EGFP, confirming the mitochondrial site for this isoform.

The same approach was applied for the plastidial-predicted isoform of MCU (At5g66650), that
is the only MCU isoform that seems to have a potential double localization to both
mitochondria and plastids.

As observable in Fig. 2F, G and H there is a perfect signal overlay between AtMCU-EGFP and
chlorophyll in chloroplasts, confirming the chloroplast targeting for the At5g66650 isoform.
In contrast with the bioinformatics prediction, no EGFP signals in mitochondria were
detected.

In vitro-expression of plastidial and mitochondrial AtMCUs

Both CHL- and mito-AtMCUs were succesfully expressed in an in vitro system, as described in
the “Material and methods” section. The same procedure was already applied with success in
the case of the mammalian MCU (De Stefani et al., 2011).

Reaction mixtures (indicated as RM) were treated with seven different detergents to test their
capability to solubilize AtMCU proteins. We wanted to verify which of these detergents
solubilize better both AtMCUs, to obtain a large amount of protein to be used then in planar
lipid bilayer experiments.

In Fig. 3A Western blot and immunodetection with anti-His¢ TAG antibody of all the fractions
collected from the solubilization process are shown. For both isoforms we observed a good
solubilization with LysoPC, SDS and 3-DM, whereas the other detergents used didn’t provide a
sufficient or complete solubilization of the proteins. LysoPC and SDS are unfortunately strong
detergents and do not assure the native conformation of the protein. Furthermore, the use of
these detergents is not compatible with the electrophysiological experiments, given their
membrane-destabilizing effect.

Instead, B-DM gave an optimal result in solubilization and being this a weak-denaturing
detergent, we can presume that the major part of the channel is in the correct and active
tridimensional structure. For these reasons, 3-DM was selected as the best detergent for our
purposes.

Planar lipid bilayer experiments

When mammalian MCU currents were recorded in a sodium-gluconate low divalent solution
(10 pM calculated [Ca2*], 100 mM Na gluconate), channel activity with a conductance of 55 pS
(vs 6.2 pS as previously reported in De Stefani et al., 2011) could be observed at negative
voltage ranges applied to the cis compartment, in accordance with the known characteristic of
calcium channels to allow the passage of Na* upon removal of Ca2+ (e.g. Talavera and Nilius,
2006). Indeed, in both voltage-gated and CRAC calcium channels, selection against
monovalents is due to binding of Ca2* to sites within the ion conduction pathway with
micromolar affinity (Hess and Tsien, 1984; Lepple-Wienhues and Cahalan, 1996). In
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accordance with results on MCU studied in mitoplasts (Kirichok et al., 2004), the conductance
of the channel was significantly higher in the low-divalent solution than in 100 mM calcium
(De Stefani et al, 2011), and even a small increase of calcium concentration resulted in
decrease of the unitary sodium current (Szabo I, personal communication, unpublished
result). In light of these data with mammalian MCU; we decided to study activity of the plant
MCUs in low divalent solution. Preliminary experiments show an activity recorded in two
different experiments at -60 and -40 mV, respectively (shown in Fig. 4A and Fig. 4B) when the
mitochondria-targeted isoform was incorporated into the asolectine membrane. The
conductance was approximately 85 pS in both cases. Future experiments will be performed in
order to prove that this protein allows the passage of calcium, however the ability of Gd3* to
block activity in both experiments (Fig. 4A-C) strongly suggests that the protein we are
studying has characteristics compatible with those of the mammalian MCU activity. Our
attempts to reveal channel activity by the CHL-MCU under the same conditions was
unsuccessful by far.

CONCLUSIONS

In summary, in this work we present the first experimental evidence for the effective
localization of two isoforms of putative MCU proteins within the plant cells and show
experiments suggesting that also these proteins might indeed work as ion channels. Further
study is necessary to confirm these data and to access the regulation of plant MCUs. In the
animal system, MCU activity measured as calcium uptake into mitochondria has been shown
be regulated by MICU1 (Mallilankaraman et al.,, 2012), an EF hand protein and the coiled-
coiled protein cdc90a (Mallilankaraman et al., 2012). Interestingly, proteins showing
homology with MICU1 can be identified in the Arabidopsis genome with predicted targeting to
both chloroplasts and mitochondria. If this prediction was correct, it would further point to
the chloroplast observed localization of one MCU isoform. While the role for MCU in
mitochondrial calcium uptake has been extensively studied in the mammalian system
(Rizzuto et al, 2012), no information is available on this point for plant cells. A recent
methodological advance using mitochondria-targeted Cameleon fluorescence probe (Loro et
al., 2012) should permit to measure calcium uptake in plants lacking AtMCU isoforms. To this
end, we have already obtained homozygous knock-out plants for both isoforms and started a
collaboration with the group of Dr. Costa in Milan. Crossing of knockout plants with those
expressing mitochondrial Cameleon is under way and hopefully would reveal an important
physiological role for plant MCUs as well.

In light of the determination of the possible physiological roles of these proteins, it is
worthwhile to look up databases concerning their expression in various tissues and phases of
development. While little information is available on the mito-MCU, for CHL-MCU a clear
tissue-dependent expression can be observed (at least at the mRNA level) according to
Genvestigator site (https://www.genevestigator.com/gv) (Fig. S3).

MATERIALS AND METHODS

Agrobacterium tumefaciens strain and transformation of plants

For transformation of plants A. tumefaciens GV3101 strain, carrying the pSoup vector, was
used. This strain was transformed with a pGreen-derived vector containing mcu
(mitochondrial and plastidial-predicted) genes in frame with EGFP sequence, used for the
infiltration of A. thaliana 4-weeks-old plants leaves.
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A. tumefaciens was transformed using the freeze-thaw method as described in Jyothishwaran
etal., (2007), and then plated in LB agar medium (10 g/L Tryptone, 5 g/L yeast extract, 10 g/L
NaCl, 15 g/L Bacto-agar) with antibiotics.

Two days before infiltration, a single colony of transformed A. tumefaciens grown on agar
plates was inoculated in 5 mL of YEP liquid medium (10 g/L Bacto-Tryptone, 10 g/L yeast
extract, 5 g/L NaCl, pH 7.0) supplemented with specific antibiotics. Bacterial culture was
incubated for 2 days at 30°C at 180 rpm on an orbital shaker.

After 48 hours, 2 mL of culture were transferred to Eppendorf tubes and pelleted by
centrifugation at 3000 g for 5 min at room temperature. Bacterial pellet was resuspended in 1
mL of induction medium (10.5 g/L K2HPO4, 4.5 g/L KH2PO4, 1 g/L (NH4)2S04, 0.5 g/L Na
citrate, 1 g/L glucose, 4 g/L glycerol, 1 mM MgS04, 10 mM MES, pH 5.6) and then transferred
in 3 mL of induction medium supplemented with 100 uM acetosyringone (Sigma-Aldrich®)
and grown for 6 hours at 30°C. Bacteria were pelleted at 3000 g for 5 minutes at room
temperature, resuspended in infiltration medium (10 mM MgSO4, 10 mM MES, pH 5.6) to a
final ODegoo of 0.400 and supplemented with 200 uM acetosyringone. This suspension was
used for infiltration.

Confocal microscopy on leaves

Infiltrated leaves were observed after 2 days with the confocal microscope Leica TCS SP5 II
(Leica Microsystems) mounted on a Leica DMI6000 CS inverted microscope with automated
programmable scanning stage and motorized lens turret.

The images and videos were collected with the Leica Application Suite software (LAS AF, Leica
Microsystems). For the excitation of EGFP and chlorophyll was used an Ar laser (wavelength:
488 nm); for fluorescence emission were used Leica pre-setted filters (“Leica EGFP”, 500-520
nm; “Chlorophyll”, 680-720 nm).

In vitro-expression of AtMCU

mcu genes for plastidial and mitochondrial-predicted proteins cloned in pIVEX 1.4 vector (5
Prime) were expressed in an in vitro system based on the continuous exchange cell-free
(CECF) technique, using the RTS 100 Wheat Germ CECF Kit (Roche). Synthesis was conducted
as described by Roche protocol for 24 hours at 24°C in continuous agitation (900 rpm) on a
Thermomixer comfort unit (Eppendorf).

The resulting proteins in the reaction mixture were then solubilized with 7 different
detergents (LysoPC, Triton X-100, SDS, decyl-B-D-maltopyranoside or [B-DM, dodecyl-
maltosyde or DM, OG and CHAPS) added at final concentration of 2%. Fractions of solubilized
proteins selected for electrophysiological characterization were diluted 10 times in HEPES 10
mM, pH 7,4 and then used in planar lipid bilayer experiments.

SDS-PAGE and Western blot analysis

To test the solubilization process, we performed an SDS-PAGE protein separation followed by
a Western blot and immunodetection with anti-His¢ TAG antibody (Sigma-Aldrich®). Reaction
mixtures from in vitro-expression (indicated as “RM”) and supernatants from solubilization
treatment (named “S”) were solubilized in SB buffer (300 mM TRIS/HCI pH 6.8, 11,5% w/v
SDS, 50% w/v glycerol, 500 mM DTT, 0,1% w/v blue bromophenol) and loaded in a 10%
acrylammide-6 M urea gel. After separation, proteins were transferred overnight on a PVDF
membrane (BioTrace® PVDF Membrane, VWR).

Immunodetection of Hise-TPK3 was performed as reported: membrane was blocked in 10%
milk solution in TBS buffer (10 mM TRIS pH 7.4, 150 mM NaCl), incubated for 2 hours with
anti-Hiss TAG antibody diluted 1:1000 in TTBS buffer (10 mM TRIS pH 7.4, 150 mM Nacl,
0.05% v/v Tween 20), washed 6 times for 5 minutes each with TTBS buffer, incubated with
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HRP-conjugated secondary antibody (diluted 1:10000 in TTBS buffer), washed 6 times for 5
minutes each with TTBS buffer and then exposed to HRP substrate (SuperSignal® West Pico,
Thermo Scientific) for 5 minutes in agitation. Signal was detected with autoradiography films
(Amersham Hyperfilm ECL"™, GE Healthcare).

Bilayer experiments

Planar lipid bilayer experiments were carried out to determine electrophysiological activity of
mitochondrial and plastidial-predicted AtMCU from the in vitro-expression. An asolecitin
solution in decane/chloroform with a 100:1 ratio per mg of lipids was used for artificial
membrane construction. A membrane of 100 mV/pF was constructed between 2
compartments (cis/trans) and 3 mL of Na gluconate (150 mM Na gluconate, 10 mM HEPES, pH
7.4) were added in cis and trans compartments.

Defined volumes of 100 mM GdClz were added alternatively in both compartments to test
channel sensitivity.

FIGURE LEGENDS

Figure 1. Sequence alignment between mammalian and two plant MCU proteins.

TM1 and TM2 are shown in yellow, the region between the two transmembrane segments
contains the pore loop. Alignment was obtained with ClustalW, * : identical amino acids; :
conservative substitutions.

Figure 2. Localization of two isoforms of plant MCU by confocal microscopy.

At1g09575 and At4g66650 isoforms of MCU were expressed in fusion with EGFP in
Arabidopsis thaliana. A and B: signals for EGFP and mCherry fluorescent proteins,
respectively, in separated leaves transformation experiments shown an identical dimension
and shape, suggesting a real mitochondrial localization for the At1g09575 isoform. In C and D
are shown the signals of AtMCU-EGFP (At1g09575) and mito-mCherry in a co-transformation
experiments; in E there is the overlay of the previous images. Signals are perfectly overlapped,
confirming the mitochondrial site for this isoform. The representative image shown was
obtained in a cell where mobility of mitochondria was low for unknown reason.

In F is shown AtMCU-EGFP (At4g66650) signal in a single-agroinfiltration experiment, in G is
shown the chlorophyll in chloroplast, used as fluorochrome for co-localization. Signals
overlaid in H, suggesting a plastidial localization of At4g66650 MCU isoform. No signals in
mitochondria were detected for this double-located predicted MCU.

Figure 3. In vitro-expression and solubilization of putative MCU proteins.

Western blot and immunodetection with a-Hises TAG antibody for At1g09575 and At4g66650
isoforms of MCU in Arabidopsis thaliana.

Please see text and “Materials and methods” section for detailed description.

Figure 4. Electrophysiological activity of in vitro-expressed mito-targeted plant MCU.
Representative current traces recorded at -60 (A) or -40 (B) mV are shown from two
different experiments. C) shows amplitude histograms obtained from experiment shown in A)
beofe and after addition of 100 microM Gadolinium to the cis side. Histograms were fitted
using the Origin6.1 program set. Single channel current is approximately 5 pA at -60 mV,
yielding a conductance value of 83 pS.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1. Predicted membrane topology and organellar targeting of At1g09575.
Source: Aramemnon database.

Figure S2. Predicted membrane topology and organellar targeting of At5g66650.
Source: Aramemnon database.

Figure S3. Expression profile of At5g66650 transcripts.
Source: Genvestigator database.
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Figure S2

Arabidopsis thaliana (Thale Cress)
At5g66650 (putative membrane protein of unknown function)

transmembrane spans

subcellular location

| A5066650 .1
I :lpha helix TM span with low...high average hydrophobicity
Alpha helix TM spans Il consensus alpha helix TM span with weak..strong score
(N4n) / (N-out)  cytoplasmic(=in) / non-cytoplasmic({=out) orientation of N-terminus
Alom_v2 none
DAS-THFilter none
Eiconda_vi 2 tm
HnmTop_v2 —r—————— 2 tn (N-in)
MemSat_v3 ——— 2 tm (N-in)
Minnou 2 tm
PHOhtm none
Phobius 2 tn (N-in)
PredTmr_vi 2 tn
S=Tmhmm_v0.9 2 tn (N-in)
Scampi 3 ——— 2 tm (N-in)
SosuiG_vl.l none
SWMtm_v3 none
THUMBUP _v1 73— 2 tn (N-in)
TwHMM_v2 —————— 2 tm (N-in)
THMOD 2 tn (N-in)
TmPred 2 tn (N-in)
TopPred_v2 2 tm
ConPred_v2 B —— -, T U
TmHultiCon a2 0
TnConsens ——a— 2 tn
< <
T T T T T T T
50 100 150 200 250 300
Phobius SignalP HMM(anchor) SosuiSignal
N-terminal TM anchor
I first T™ span (if at position < ~30 aa) is negatively...positively predicted as anchor TM
BOMP MCMEB TMB-hunt TMB-KNN TMbeta-net ImBetalisc
Betz barrel TM spans

Subcellular location

BaCello

ChloroP_vi.1

iPSort

Mitopred

MitoProt_v2

Multiloc

PA-SUB_v2.5

PCLR_w0.9 .
PPruwler_vi.1l

PrediSi

Predotar_vl

PredsL '
SignalP_HMM_v3
SignalP_NN_v3
SLP-Local

TargetP_vi

WolLF-PSort a8

outer membrane protein is weakly...strongly predicted

I chloroplast location is weakly...strongly predicted
mitochondrion location is weakly...strongly predicted
I sccetory pathways location is weakly...strongly predicted

mitochondrion  secr.pathways comment

chloroplast

SigConsens 8.5 8.8 0.0 -

SubCellular Proteomic Database (SUBA)

194



S6T

Arabidopsis eFP Browser at bar.utoronto.ca
Winter et al,, 2007. PLoS Or (8):

€S 2.1ngd1 g



96T

Tﬁémmw

Arabidopis eFP Browser at bar. toront.
P

=JiY

= 06006000

€G 3.IN3I




RINGRAZIAMENTI

E a conclusione di questa lunga tesi e di questo mio altrettanto lungo percorso di formazione, il
quale mi ha permesso di arricchire le mie conoscenze e la mia professionalita in ambito biochimico
e biofisico, giunge il momento di manifestare i miei piu sentiti ringraziamenti, innanzitutto alla
Prof.ssa Ildiko Szabo, per avermi offerto I’opportunita di svolgere il dottorato nel Suo laboratorio,
nel “Gruppo Fotosintesi” del Prof. Giorgio Mario Giacometti, e per avermi costantemente seguito,
consigliato e supportato in ogni singola fase dell’intero progetto.

Un ringraziamento non meno importante é rivolto al Dott. Enrico Teardo ed alla Dott.ssa Elide
Formentin, i quali mi hanno materialmente introdotto ed addestrato a tutte le tecniche necessarie,
affinché potessi portare a termine con successo il mio lavoro.

Ringrazio inoltre tutte le altre straordinarie persone del gruppo Giacometti, con cui ho stretto un
ottimo rapporto di amicizia e di collaborazione e che in questo triennio mi hanno sempre sostenuto
e, soprattutto, sopportato.

197



	Materiale per indice
	UNIVERSITÁ DEGLI STUDI DI PADOVA
	Functional characterization of AtTPK3 potassium channel of Arabidopsis thaliana
	Direttore della Scuola: Ch.mo Prof. Giuseppe Zanotti

	INTRODUCTION               138
	Results                139

	Luca Carraretto TUTTA LA TESIv1
	 Becker D., Geiger D., Dunkel M., Roller A., Bertl A., Latz A., Carpaneto A., Dietrich P., Roelfsema M.R.G., Voelker C., Schmidt D., Mueller-Roeber B., Czempinski K., Hedrich R. (2004) – AtTPK4, an Arabidopsis tandem-pore K+ channel, poised to contro...
	 Checchetto V., Segalla A., Allorent G., La Rocca N., Leanza L., Giacometti G.M., Uozumi N., Finazzi G., Bergantino E., Szabò I. (2012) – Thylakoid potassium channel is required for efficient photosynthesis in Cyanobacteria. PNAS vol. 109(27), 11043-...
	 Gobert A., Isayenkov S., Voelker C., Czempinski K., Maathuis F.J.M. (2007) – The two-pore channel TPK1 gene encodes the vacuolar K+ conductance and plays a role in K+ homeostasis. PNAS vol. 104(25), 10726-1073

	iGLRs project
	Sequence analysis
	Subcellular localization
	Protoplast isolation and transformation

	SynCaK project
	INTRODUCTION
	Results

	AtMCU project
	RINGRAZIAMENTI

