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1. Introduction

1. Introduction

1.1 The Pannexin protein family

In the year 2000, Panchin and co-workers described a new family of proteins. This
family of proteins displays considerable structural homology to the well characterized
connexins as well as sequence homology to the innexins. Given the fact that these new
proteins are expressed in vertebrates as well as in invertebrates, they were termed
pannexins (Panxs). This name originates from the greek word “pan” to point out the
widespread expression of these proteins (Panchin et al. 2000).

The pannexin protein family consists of three members, namely Panx1, Panx2 and
Panx3. All three proteins are integral membrane glycoproteins and were suggested to
form hemichannels (Panchin et al. 2000; Dahl & Locovei 2006). In rat, Panx1 contains
426 amino acids and has a molecular weight of ~48 kDa. Panx2 consists of 674 amino
acids and is ~70 kDa in molecular weight and Panx3 has 392 amino acids resulting in
~44.7 kDa (Ambrosi et al. 2010a). Studies on tissue distribution reveal large differences
in the expression profiles for these three proteins. Panx1 is ubiquitously expressed in
different cell types and organs, while Panx2 is found mainly in the central nervous
system. Expression of Panx3 is restricted to the skin and cartilage tissue. (Baranova et
al. 2004; Dvoriantchikova et al. 2006a,b; Huang et al. 2007; Iwamoto et al. 2010; Ray et
al. 2005; Vogt et al. 2005; Zappala et al. 2007). During the past decade different
experimental approaches have been dedicated to highlight the function of the pannexin
proteins.
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1. Introduction

1.1.1 Pannexins and gap junction proteins

Given the homology to connexins, pannexins were considered to be capable of forming
gap junctions or hemichannels and could therefore contribute to the electrical synapses
in the central nervous system. In vertebrates, the electrical coupling is provided by
connexins exclusively, while in invertebrates the electrical synapse is constituted by the
innexins (Phelan & Starich 2001; Hua et al. 2003).

The topology of pannexins is similar to that of the larger family of connexin proteins,
which consists of 20 different members in human (Bruzzone et al. 2003). Both families
share common structural features in exhibiting intracellular amino and carboxyl termini,
four transmembrane domains, and, consequently, two extra- and one intracellular loop
(Baranova et al. 2004; Shestopalov & Panchin 2008).

CONNEXIN INNEXIN PANNEXIN
EL1 EL2 EL1 EL2

EL1 EL2
Extracellular cC ceC C c
Membrane I%%
. Q ( )
Cytoplasm %—‘ —
C

Cc

Figure 1.1: Structural comparison of connexins, innexins and pannexins. Gap junctions and
corresponding hemichannels are formed by six proteins comprising a hexameric channel. The three
protein types depicted exhibit intracellular amino and carboxyl termini (N and C, cytoplasmic), four
transmembrane domains (M1-4), two extracellular loops (EL1, EL2) and one intracellular loop. Note the
different number of cysteins (C) and glycosylation sites (N) conserved in the extracellular loops of
pannexins. (Artwork provided by H.Schulze)

Gap junctions are formed by two channels apposed in the plasma membranes of two
adjacent cells. In general, six monomeric proteins form a so called hemichannel,
alternatively pannexon, connexon or innexon, respectively. These hemichannels are
localized in defined regions in the plasma membrane, where they appear as clusters and
form a so-called gap junction plaque, which is shown in figurel.1 (Harris 2007; Scemes
et al. 2009). A specific characteristic of gap junctions is, that they are prone to form
heteromeric as well as heterotypic complexes (Elfgang et al. 1995; Werner et al. 1989).
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1. Introduction

For instance, a hexameric connexon can either be homo- or heteromeric, depending on
the types of connexin assembled to form a connexon (Fig. 1.2, examples 1 and 2).
Further, two heteromeric hemichannels or two different homomeric hemichannels can

form a heterotypic junction (Fig. 1.2, examples 2 and 3).

Cytoplasm

Extra-
cellular
space

Cytoplasm

Figure 1.2: Structural organization of gap junction plaques. A typical gap junction plaque is depicted.
Six connexin monomers assemble to a hexameric hemichannel, the connexon. Two apposing
hemichannels in adjacent cells can form a gap junction channel that allows molecular exchange.

The gap junction channel is either homotypic when formed by connexons of the same composition (1), or
heterotypic when composed of heteromeric connexons (2) or two different homomeric connexons (3).
(Artwork provided by H.Schulze.)

Prerequisite for this phenomenon is the expression of several connexins in one cell
depending on the cell type (Dermietzel & Spray 1993). The gating properties of
heteromeric and homomeric channels differ with regard to voltage dependence,
rectification, conductivity and gating kinetics (Bennett & Zukin 2004; Cao et al. 1998;
Harris 2001).

Regarding trafficking processes, connexins and pannexins can be retained in
intracellular membrane pools, but are both predominantly trafficked to the plasma
membrane (Penuela et al. 2007). While connexins form gap junction plagques, pannexins
do not accumulate in clusters in the cell membrane.

Electron microscopy of canine kidney cells overexpressing Panxl revealed a
localization in the plasma membrane, but the expression of Panx1 appeared rather
punctuate and did not reveal the plaque-like assembly that is typical for connexins
(Boassa et al. 2007; Penuela et al. 2007).

12



1. Introduction

This finding supports the hypothesis of pannexins being non-junctional channel
proteins. While connexins are mediators of cell-cell communication via molecular
transposition, pannexins are suggested to be involved in the molecular exchange of the
intracellular and extracellular space (Harris 2007; MacVicar & Thompson 2010;
Scemes et al 2009). Both protein families share a common trafficking pathway from the
assembly inside the endoplasmic reticulum to the Golgi apparatus, but for pannexins the
final target localization site in the plasma membrane is independent of the existence of
cell-cell contacts (Bhalla-Gehi et al. 2010).

1.1.2 Pannexins in the formation of channels or gap junctions

The existence of gap junctions formed by pannexins is discussed controversially. In the
following, a survey about the current state regarding the discussion of this topic is
given. In 2003, Panx1 was reported to form gap junctions in the Xenopus laevis oocyte
expression system. Qocytes overexpressing Panx1l, Panx2 or both proteins in
combination were used for recordings from paired oocytes and currents indicating gap
junction formation could be measured (Bruzzone et al. 2003). These studies were
followed by further experiments focusing on the influence of Panx1 on C6 glioma cells,
where stable expression of Panx1 exhibited increased intercellular coupling (Lai et al.
2007). The same observation was made for glioma cells expressing Panx2 (Lai et al.
2009). Furthermore, Panx1 is considered to have the ability to form gap junctions
mediating intercellular Ca®* exchange (Vanden Abeele et al. 2006).

Although the above observations point out a functional role for Panx1 in the formation
of gap junctions, there is far more evidence supporting the hypothesis that pannexins do
not form intercellular channels. A feasible explanation for the above described finding
of Panx1 to form gap junctions is that all data were obtained in pannexin overexpressing
heterologous systems, where inherent capabilities become uncovered.

Up to now, no stringent evidence has been presented to confirm a role for pannexins as
constituents of gap junction channels in vivo. Furthermore, Panx1 is expressed in cells
that lack cell-cell contacts such as erythrocytes, a cell type where gap junction
formation is negligible (Dubyak 2009). Therefore a non-junctional function of
Pannexins is more likely than a junctional one. It now is common opinion, that

pannexins, especially Panx1, form single membrane channels (Barbeet al. 2006; Boassa
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1. Introduction

et al. 2007; Dahl & Locovei 2006; Iglesias et al. 2008; Pelegrin & Surprenant 2006;
Penuela et al. 2007; Zoidl et al. 2007). Because pannexons seem to exhibit single
channel activity, the use of the term hemichannel must be regarded misleading;
therefore, the term “pannexin channel” will be used in the present thesis instead of

“pannexin hemichannel”.

1.1.3 The structure of the channel pore

To date, the topology of Panx1 is not fully understood. Further, only very few studies
focused on the channel structure of Panx2, while almost nothing is known about the
morphological characteristics of Panx3.

Ambrosi and collegues were able to determine the size of Panx1 and Panx2 channels by
electron microscopy. The study indicates that Panx2, with an oligomer diameter of ~183
and 190 A (values calculated from two channels), forms larger channels than Panx1,
that has an oligomer diameter of ~120 and 160 A. The actual pore diameter was
calculated as ~21 and 17 A for Panx1 and ~29.5 and 30.5 A for Panx2, respectively
(Ambrosi et al. 2010a). Furthermore, the same authors suggested that Panx2 possibly
forms an octameric channel instead of a hexameric channel like Panx1 (Ambrosi et al.
2010a; Boassa et al. 2007).

Recently, attempts were made to outline the topology of Panx1. Putatively pore lining
amino acid residues were identified by the substituted cysteine accessibility method
(SCAM). The study revealed that portions of the external part of the first
transmembrane domain and the first extracellular loop line the outer part of the pore of
Panx1 channels, which is a common feature in connexin hemichannels. (Wang & Dahl
2010). For connexons, a role of the first transmembrane domain and the first
extracellular loop in lining the outer part of the pore could be demonstrated by domain
swapping between different connexins, a phenomenon similar to Panx1 (Hu & Dahl
1999; Hu et al. 2006; Ma & Dahl 2006). Despite these similarities, in Panx1 channels
the inner part of the pore is lined, at least partly, by the C-terminus of the protein.
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1. Introduction

1.2 Functions and properties of Panx1

In the family of pannexins, Panx1 has been analyzed most extensively. In the following

passage, a survey about the functions of Panx1 shall be presented.

1.2.1 Regulation of pannexin channels

The functional regulation of Panx1 channels is mediated by a variety of different
stimuli. Thus, Panx1 channels are activated upon depolarization to membrane potentials
> -20 mV (Bruzzone et al. 2003) in response to an increase in the intracellular Ca?*
concentration (Locovei et al. 2006a; Kienitz et al. 2010). Also, mechanical stress (Bao
et al. 2004), elevation of the extracellular ATP concentration via the activation of
purinergic receptors (Locovei et al. 2006b) and elevated extracellular concentrations of
potassium ions (Silverman et al. 2009) activates Panx1 channels. Furthermore, Panx1 is
reactive to exposure to reducing agents like tris(2-carboxyethyl) phosphine (TCEP) and
the interaction with the potassium channel subunit Kvp3 regulates the sensitivity of
Panx1 channels to changes in the redox potential (Bunse et al. 2009).

To date, only one publication reports Panx2 to be a voltage-dependent functional
channel. Ambrosi et al.(2010a) postulate that Panx2 forms a channel which can be
activated by application of a voltage ramp shifting the membrane potential from -100
mV to +100 mV over a duration of 70s in Xenopus oocytes expressing Panx2.
Furthermore, when Panx2 proteins were purified and incorporated into vesicles, channel
opening could be monitored by intraliposomal reduction of cytochrome ¢ by ascorbate
after passing the bilayer through Panx2 pannexons (Ambrosi et al. 2010a). This reaction
was sensitive to Carbenoxolone (Chx), a commonly used unspecific gap junction
blocker. Surprisingly, Cbx did not reduce Panx2 mediated currents in
electrophysiological recordings.

While the authors did not find specific inhibitors of Panx2 in two electrode voltage
clamp (TEVC) measurements, Panx1l mediated currents can be blocked by several
agents. The Panx1 channel is inhibited by Cbx (Pelegrin & Surprenant 2006), mimetic
peptides (Pelegrin & Surprenant 2006; Thompson et al. 2008), the gout remedy
probenicid (Silverman et al. 2008), polyethylene glycol (PEG) with a molecular weight
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1. Introduction

up to 1500 kDa (Wang et al. 2007) and the antimalarial quinine derivative mefloquine
(Iglesias et al. 2009).

Of all the agents mentioned, only probenicid is considered to be specific for Panx1. All
other reagents are cross-reactive with connexin proteins and even the use of mimetic
peptides does not prevent cross-inhibition of both pannexin and connexin channels
(Wang et al. 2007).

1.2.2 Panx1 in Ca®* signaling

It also has been reported, that Panx1 is a mediator of the initiation and propagation of
regenerative calcium waves (Locovei et al. 2006b). The propagation of Ca®* waves
depends on two signaling pathways. Once a Ca** wave is initiated, calcium-mobilizing
second messenger molecules are following an intercellular route and pass through gap
junctions formed by connexins or innexins (Scemes et al. 2007). In addition, proteins
expressed on the cell surface can mediate an extracellular pathway by messenger
molecules to propagate Ca**waves. After an initiating stimulus, i.e. by mechanical stress
as depicted in figure 1.3, Panx1 channels open and ATP is released into the extracellular

space.

\'II'I’\\ ATP _—

A~ A~ J i, A~

}’,, \]i/ \*H’q b 4 \nh
| [Caz’flli,/ ——— [Cuz*]T | ‘ [Cﬂz*]T |
AN AN J/ A J
w? Purinergic receptor Pannexin 1 channel

= Gap junction (connexin/pannexin)

Figure 1.3: Possible involvement of Panxl in Ca®* waves. Upon stimuli like mechanical stress
(indicated by the hammer symbol), the cell releases ATP through Panx1 channels that binds to purinergic
receptors. A signal cascade leads to IP; synthesis, which causes Ca®* release from intracellular
compartments. IP; also passes gap junctions into adjacent cells. Here, the elevation of intracellular Ca®*
concentration leads to further opening of Panx1 channels, the signaling cascade is relayed. (Modified
from Locovei et al., 2006b)

There, ATP binds to purinergic receptors either in an auto- crine or in a paracrine

manner (Enkvist & McCarthy 1992; Hassinger et al. 1996). Recently, the ionotropic
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1. Introduction

P2X7 receptor (P2X;R) has been identified to be the main mediator of ATP release, a
purinergic receptor forming a large pore complex together with Panx1 (Suadicani et al.
2006; Scemes et al. 2009). Among others, the P2Y receptor is an additional receptor of
this class and therefore also involved in this signaling cascade. (Nishida et al. 2008).
The binding of ATP to P2X;R leads to a fast influx of extracellular Na* and Ca®* and
efflux of cytosolic K™ ions. This results in an enhanced membrane permeability by
opening of Panx1 and concurrent passage of molecules of < 900 Da molecular weight
(Dubyak 2009). This change in permeability evoked by P2X;R plays an important role
during the activation of leukocytes and therefore is involved in the regulation of the
innate and the adaptive immune system (Ferrari et al. 2006).

1.2.3 Panx1 in perception

During the last years, pannexins have been considered to play a role in perception given
their expression in peripheral sensory organs. Panx1 expression has been confirmed in
the retina of mouse and zebrafish (Zoidl et al. 2008) by RT-PCR and in situ-
hybridization. Further, Panx1 expression is validated for taste cells in the mouse (Huang
et al. 2007). Up to now, intercellular communication necessary for the processing of
taste signals prior to their transmission to the CNS was thought to be mediated by
connexins. More recent studies now identified Panx1 to serve a trigger function for the
initiation of Ca’"“waves and the ATP-mediated pathway described earlier. Studies on
mouse taste buds demonstrated that Panx1 channels are necessary for the release of
ATP from type Il receptor cells. These cells transmit gustatory signals via G-protein
coupled receptors for sweet, bitter and umami taste sensations. Previous studies showed
that ATP release from type Il receptor cells is not mediated by vesicular transmitter
transport (Clapp et al. 2004; DeFazio et al. 2006), or at least to a small extent only,
considering the presence of vesicular neurotransmitter transporters (Iwatsuki et al.
2009). Taken together, Panx1 has been identified as an important factor of ATP release
and mediator of Ca®* wave propagation in taste cells (Huang et al. 2007; Dando &
Roper 2009).

In contrast, in the visual system Panx1 could not be linked to a specific function. Panx1
expression varies strongly during development. While in the adult murine visual system

Panx1 is found mainly in retinal ganglion cells, in juveniles the expression is confirmed
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1. Introduction

for ganglion cells, amacrine cells and horizontal cells and in lens epithelial cells
(Dvoriantchikova et al. 2006; Ray et al. 2005). These results indicate that Panx1 has an
important role in the development of the visual system and, beyond that, for vision in
the adult.

1.2.4 Panx1 in the immune system

Panx1 has several roles in the regulation of the immune system, which will be
summarized in the following.

First, Panx1 has been shown to activate leukocytes, which in turn leads to an activation
of specific target cells. Depending on the type of leucocyte activated, different
responses can be induced: i.e. host defense against infections, allergic responses by
histamine release, activation of lymphocytes, monocyte migration or phagocytosis.
Furthermore, the release of ATP from the leukocyte results in an autocrine regulation of
the P2X; signaling pathway, as well as in paracrine activation of other immunologically
active cells (Bianco et al. 2005).

Second, the interaction of Panx1 with P2X;R leads to the release of interleukin-1p (IL-
1B) from immunologically active cells like macrophages and T-lymphocytes (Pelegrin
& Surprenant 2006; Schenk et al. 2008). IL-1B is regarded as an initiator of acute
inflammatory responses (Dinarello 2005). At sites of inflammation or injury, high
concentrations of ATP lead to an activation of P2X7R, which does not only result in an
opening of P2X5 itself, but also in a gradual opening of Panx1 channels over seconds to
minutes. In this context, Panx1 acts as an upstream protein in the pathway of activation
of the inflammasome. (Martinon & Tschopp 2004). Taken together, Panx1 can be
considered as a regulator of IL-1p release from macrophages after ATP-induced P2X7R-
activation (Pelegrin & Surprenant 2006; Locovei et al. 2007; Iglesias et al. 2008).

1.2.5 ATP-induced ATP release

ATP-induced ATP release is an exclusive function of Panx1. By this mechanism, cells
are able to respond to different types of environmental stimuli like metabolic inhibition
during ischemia, mechanical stress, and infection with microbes in response to bacterial

lipopolysaccharides via leukocyte activation. The reaction to these stimuli can take
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place very locally and can be restricted to the area of injury or inflammation (Scemes et
al. 2007). Because Panxl channels are large conduits for ATP, a mechanism is
suggested to regulate ATP efflux through Panx1 channels in order to sustain ATP

homeostasis.

Paracrine & autocrine activation of
purinergic receptors

Transcellular flux of ATP,
NAD, cAMP, IP;;
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Figure 1.4: Gating of connexin and pannexin channels by ATP. Panxl channels, like connexin
hemichannels, are permeable for ATP and other molecules. The gating of the channels induced by ATP
binding to purinergic receptors is shown. The mechanism of ATP-induced ATP-gating is marked (+),
while the negative allosteric function of ATP on Panxl channels is marked (-). (Picture taken from
Dubyak 2009).

Recently, Thompson and colleagues postulated that intracellular ATP would be
necessary for a suppression of Panx1 channel opening. The depletion of the intracellular
ATP reservoir is supposed to abrogate the suppressive effect and to therefore mediate
uncontrolled Panx1 opening (Thompson et al. 2006). Consistent with these findings it
was postulated, that intracellular ATP could pass Panx1 channels and accumulate at the
outer part of the pannexon, where it, once extracellulary, inhibits Panx1 opening
(Dubyak 2009).

In contrast, other groups did not observe any influence of the presence of intracellular
ATP on channel gating when analyzing the electrophysiology of Panx1 channels (Ma et
al. 2009). Nevertheless, the release of ATP due to the interaction of P2X;R and Panx1
would lead to a complete loss of the intracellular ATP stores and consecutively to cell

death if the mechanism was not inhibited. Recent studies revealed an inhibitory effect of
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ATP on the activity of Panx1 channels, where ATP is described as an allosteric
modulator of Panx1. Studies performed on Panx1 expressing Xenopus oocytes explored
ATP as a regulator of its own permeation pore (Qiu & Dahl 2009; Dubyak 2009). The
interaction of positive and negative regulation pathways of ATP on Panx1 channels is
summarized in figure 1.4. Further experiments were performed using mammalian
expression systems. Results from HEK293 cells expressing Panx1 confirmed the
inhibitory effects of ATP, but further unraveled that UTP and GTP also suppress Panx1
channel activity (Ma et al. 2009).

1.2.6 Panx1 and apoptosis

New findings reveal an important role for Panx1 in apoptosis. Apoptosis is one form of
programmed cell death, where so-called effector caspases play a crucial role.

Recently, experimental evidence indicated that during apoptosis cells release the
nucleotides ATP and UTP (Fig. 1.5). This release was observed at a time when the cells

were still intact and did not release other substances.

Nucleotides:
ATP o0
urr @ ‘ y ‘~
. ' Inhibitors:
e Carbenoxolone

Probenecid

Outside

Cytosol

Casp-3/7 ’ ‘

Figure 1.5: Panx1 in apoptosis. Cleavage of Panx1 by Caspases 3/7 lead to irreversible channel opening
and therefore to the release of the nucleotides ATP and UTP (Picture modified from Peter et al. 2010).

It was postulated that the nucleotide release must have been mediated through a channel

in the plasma membrane (Elliott et al. 2009). Only one year later, the same group was
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able to unravel Panx1 channels being responsible for the release of ATP and UTP.
Using proteom analysis tools, the authors identified two putative caspase cleavage sites
in the Panx1 amino acid sequence.

By mutagenesis studies a cleavage site in the protein’s C-terminal domain was
identified as a target for the caspases 3 and 7, two caspases known to be upregulated
during apoptosis The crucial cleavage site is located at aa 376 — aa 379 in the Panx1
sequence.

It turned out that the typical tetrapeptide sequence DXXD has been highly conserved in
Panx1during evolution, giving a hint for the importance of this mechanism.

Panx1 cleavage by caspase 3/7 leads to a constitutively open channel. The channel
cannot close anymore, the reaction is irreversible. The cell consequently releases ATP
and UTP through Panx1 channels, which both act as so-called “find-me” signals and
lead to phagocyte recruitment. Thus, monocytes, macrophages and dendritic cells
migrate to the site of impairment. The apoptotic cell can then be degraded and engulfed,
a process also known as phagocytic clearance (Chekeni et al. 2010a).

With these findings a main question in the understanding of apoptosis was answered. It
was well known before that apoptotic cells are able to influence their extracellular
environment by the release of nucleotides, but the underlying pathway was unknown.
Still, the mechanism of Panx1 channel gating remains unknown. The fact that cleavage
of the C-terminus at position aa378 by caspase3/7 results in an irreversibly open
channel leads to the question about the impact of the C-terminal sequence on channel

gating.

1.2.7 Panx1 in tumor suppression

Panx1 has been shown to be tumor-suppressive. In recent studies, a down-regulation of
all three pannexin proteins in rat C6 glioma cells has been shown. RT-PCR analysis of
primary astrocytes, the non-cancerogenic counterpart to C6 glioma cells has shown that
these cells are positive for pannexin genes. Therefore, the influence of Panx1 and Panx2
expression was investigated recently. The group of C. Naus was able to show an effect
of pannexin expression on tumor progression. In a first study, a stable overexpression of
Panx1 in C6 gliomas was induced and further assays on tumor growth induced by these

cells were done. Also, the effect of Panx1 on tumorgenicity was investigated in vitro.

21



1. Introduction

Taken together, the authors revealed that Panx1 expression in C6 glioma cells reduced
cell proliferation, altered cell morphology and reduced motility. In vivo tumor growth
was decreased significantly. Therefore it was postulated that Panx1 downregulation can
be linked to tumor development, while an artificial expression of Panx1 has a tumor-

suppressive role (Lai et al. 2007).

1.2.8 Panx1 in ischemia

Incidences like heart attack or stroke can lead to cerebral ischemia due to disturbances
in blood supply of the brain. This may lead to severe neuronal damage and tissue loss,
mainly caused by excitotoxicity. As a consequence, enhanced glutamate release leads to
an overactivation of NMDA and AMPA receptors and a large Na* and Ca®" influx into
the cells within the affected area causes membrane depolarization. Finally, a breakdown
of the cells ionic homeostasis may result in cell death.

Under ischemic conditions, the expression of Panx1 is upregulated and the channel is
activated under oxygen/glucose deprivation (OGD) (Thompson et al. 2006). The
opening of Panx1 channels leads to severe neuronal degeneration by providing a large
death pore. In this context the participation of Panx1 in redox regulation is of special
importance, because the redox potential changes under ischemic conditions (Bunse et al.
2009; Zhang et al. 2008). The occurrence of neuronal cell death caused by ischemic
conditions has been linked to elevated levels of reactive oxygen species like nitric oxide
(NO). Panx1 acts as a sensor for redox potential changes induced by OGD that occurs
during ischemia.

Therefore, Panx1 is an important factor in pathophysiological processes like stroke.

1.3 Functions and properties of Panx2

1.3.1 The size of Panx2

Until 2007, Panx2 was described as a protein consisting of 664 amino acids. In that
year, the protein sequence published on the website of the National Center for
Biotechnology Information (NCBI) was updated. The new Panx2 sequence contained
ten additional amino acids at the N- terminus. So far, there is a huge inconsistency in

literature regarding the use of the long version comprising 674 aa or the short version
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consisting of 664 residues. Until now, it is not clear whether the long version or the
shorter one is naturally expressed in vivo. In the following parts of this thesis Panx2 will
be referred to as either Panx2-664 or Panx2-674, whenever it is necessary to distinguish

between both forms.

1.3.2 The influence of Panx2 on Panx1 trafficking

Pannexins are glycoproteins and the glycosylation sites are found on their extracellular
loops (Boassa et al. 2008). Panx2 was shown to influence the trafficking of Panx1
depending on its glycosylation status. Studies addressing the reciprocal influence of
both proteins revealed that interactions are not or not only confined to the fully
glycosylated forms of Panx1 and Panx2, but also occur between certain intermediate
states.

Panx1 shows three glycosylation states, and only two of them, namely the core and
high-mannose forms of Panxl interact with the Panx2 protein, which leads to an
increased membrane localization of Panx2 (Penuela et al. 2009). Panx2 itself is
glycosylated to a high-mannose form and seems to be localized in intracellular
compartments when expressed in HEK293 cells, but co-expression with Panxl
increases the plasma membrane localization of Panx2 by two-fold (Penuela et al. 2009).
Thus, by use of immunolabeling and co-immunoprecipitation methods the evidence was

provided that Panx1 and Panx2 influence each other’s trafficking process.

1.3.3 Panx1 and Panx2 in the possible formation of heteromeric channels

In 2003, the possible formation of heteromeric channels consisting of both Panx1 and
Panx2 was investigated (Bruzzone et al. 2003). cRNAs encoding the two proteins were
injected into Xenopus oocytes and differences in electrophysiological properties were
examined. The authors were able to induce the formation of Panx1 channel expression,
but no signs for functional Panx2 channels were obtained. In TEVC measurements,
recordings from oocytes coinjected with both cRNAs showed current responses that
differed from oocytes expressing Panx1 only. Further, investigations on paired oocytes
lead to the conclusion that that a connection of both cells similar to gap junction

coupling was possible (Bruzzone et al. 2005). Based on this observation, the authors

23



1. Introduction

postulated that Panx1 and Panx2 are able to form heteromeric channels because an

attenuation of the current response was observed.

1.3.4 Panx2 in tumor suppression

Since Panx1l was shown to have tumor suppressive effects, Lai and colleagues
performed similar experiments on Panx2. Overexpression of Panx2 in C6 glioma cells
resulted in data comparable to the results obtained from Panx1 overexpression. In vitro
assays revealed a decrease in cell proliferation and growth, tumor growth was reduced
in vivo (Lai et al. 2007). Further evidence on tumor suppressive effects was given by
cDNA microarray analysis of human brain tumor tissue that revealed reduced gene
expression of Panx2 in glial tumors. Furthermore, an upregulation of Panx2 could be
linked to post-diagnosis survival in patients suffering from gliomas (Litvin 2006).
Interestingly, in both publications the authors reported about increased cell-cell contacts
and dye coupling induced by Panxl as well as by Panx2 expression. Also, an
intracellular localization of Panx2 was reported.

Taken together, Panx1 and Panx2 seem to have beneficial effects on the reduction of
tumor growth and progression. Both proteins are supposed to have tumor-suppressive

functions.
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2. Aims

The proteins Panx1l and Panx2 have been identified to play several roles in the
organism. Since most functional studies performed so far focused on Panxl, more
different functions have been attributed to this protein than to Panx2. Panx2 is shown to
be tumor suppressive when exogenously expressed in gliomas (Lai et al. 2009).
However, apart from that, Panx2 has been mainly described in correlation with Panx1.
Both proteins interact in trafficking processes. Furthermore, preceding this thesis, the
possible formation of heteromeric channels consisting of Panx1 and Panx2 was under
debate. While different interactions of both proteins such as heteromeric channel
formation or the reciprocal influence on trafficking were described (Bruzzone et al.
2003; Penuela et al. 2009), the interactions of Panx1 and Panx2 domains and subunits
on the level of quarternary structure have not been addressed. It was a main goal of this
thesis to focus on the reciprocal influence of Panxl and Panx2. The existence of
heteromeric channels should be studied and, if verified, the contribution of these
channels to cellular conductance should be ruled out.

Panx2 has been described to exert a potential inhibitory effect on Panx1 channel gating.
Coexpression of both proteins in Xenopus oocytes should highlight the possible
formation of heteromeric channels, and coexpression of both proteins in different ratios
should reveal a putative reciprocal inhibition or enhancement of cellular conductivity.

A second goal was to investigate the function of certain domains of both Panx1 and
Panx2. Therefore, transplantation of domains, the exchange of parts or the prolongation
or truncation of domains, were performed. Thus, the special focus of this part of the
thesis was on the impact of the huge difference in the size of the C-terminal domains of
Panx1 and Panx2 and the study of possible interactions between certain domains was
facilitated.

As a third aim, the formation of functional Panx2 channels was examined. Panx2 had
been postulated not to be capable of forming voltage or ligand gated channels. Apart
from that, during the experimental work of this thesis two sequences occurred in
literature, leading to proteins differing in the length of the N-termini. While a final
conclusion about which of these proteins represents the native form of Panx2 was not
possible, neither based on the nucleotide nor on amino acid sequence, a functional

differentiation was achieved. Furthermore, localization studies should highlight a
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putative involvement of the N-termini in trafficking, considering the localization of
signal sequences in this domain of integral membrane proteins in general. Finally, the
influence of the length of the C-terminal domain of Panx1 came into focus. At the same
time as experiments for this thesis were performed, the importance of this domain for
Panx1 channel function was addressed by others. Furthermore, recent publications
strongly suggested an involvement of Panx1 in apoptosis by caspase hydrolysis. The
influence of the size of the Panx1 C-terminal domain induced by this cleavage was
analyzed in the present thesis. Several truncations of the protein allowed to analyze the
function of domains and even just few residues on Panx1 channel formation, voltage
dependent gating, development and extent of mortality, and Cbx sensitivity.

In summary, this thesis was aimed to a better understanding of the function of Panx1

and Panx2 channels, with special regard to the importance of certain protein domains.

26



3. Material

3. Material

3.1 Organisms

3.1.1 Bacteria

Escherichia coli (E. coli) K-12: DH5a (Invitrogen):
F- ®80dZAM15 A(lacZY A-argF) U169 recAl hsdR17(rk-, mk+) phoA supE44 i- thi-1
gyrA96 relAl

E. coli: Turbo Competent E. coli “High Efficiency” (New England Biolabs)
F* proA™B* lacl® A lacZ M15/ fhud2 A(lac-proAB) ginV gal R(zgb-210::Tn10)Tet®
endAl thi-/ A(hsdS-mcrB)5

3.1.2 Eukaryotic cell lines

Neuro2A (N2A) cells are derived from a murine neuroblastoma (mus musculus) (Klebe
& Ruddle 1969). Cells have been kindly provided by Dr. David Spray (Albert Einstein
College, NY, USA).

3.1.3 Animals

The South African clawed frog Xenopus laevis was used for production of oocytes for
experiments with the Roboocyte® system. Therefore, defolliculated oocytes were
purchased from EcoCyte Bioscience.

Rats were used for the production of cryosections or for the generation of cDNA from

tissue. The strain Wistar was achieved from Charles River.
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3.2 Media, buffer and solutions

3.2.1 Solutions for cell culture

Growth medium

Phosphate
buffered saline (PBS)

Trypsin-EDTA

D-MEM (+ 4.5 g/l glucose, + L-glutamin, -
pyruvate; Gibco, Invitrogen,Carlsbad, CA, USA)
+ 1% L-glutamin

+ 1% non essential amino acids (NEA)

+ 1% penicillin/streptomycin (10.000U/ml / 10
mg/ml)

+ Na-pyruvate (1 mM)

+ 5% fetal calf serum (FCS) for N2A cells

138 mM NaCl, 2.8 mM KCI, 10 mM Na2HPO4,
1.8 mM KH,PO,, pH 7.4

0.05% trypsin, 0.02% EDTA

3.2.2 Solutions for molecular biology

RNA loading buffer

DNA loading buffer

TAE

LB medium

95% formamide

0.025% xylene cyanol, 0.025% bromophenol blue
18 mM EDTA

0.025% SDS

0,5M EDTA
66% glycerin
0.025% xylene cyanol, 0.025% bromophenol blue

1.0 MM EDTA, 40 mM Tris-acetate

1% tryptone, 0.5% yeast extract, 0.5% NaCl
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LB agar LB medium + 1 % agar

SOC medium 2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5
mM KCI, 10 mM MgClI2, 20 mM glucose

3.2.2 Solutions for protein biochemistry
Blocking solution for 1% BSA, 3% normal goat serum (NGS)
immunocytochemistry and in PBS

immunohistochemistry of tissues

Blocking solution for 10% NGS, 0.1% Triton X-100 in PBS

immunohistochemistry of oocytes

3.2.3 Solutions for electrophysiology

Normal frog ringer 90 mM NaCl, 2.0 mM KCI, 2.0 mM CaCl2,
(NFR; EcoCyte Bioscience) 1.0 MM MgCI2, 5.0 mM HEPES, pH 7.4

3.2.4 Compounds for electrophysiology and kinetics
ATP, Carbenoxolone, CoCl,, LaCls, Meflogquine, Octanol, and PEG 1500 have been
diluted in 1x NFR in concentrations ready to use depending on the experimental

situation.

3.2.5 Solutions for Freeze fracture replica immunogold labeling (FRIL)

TBS 150 mM NaCl, 50 mM Tris-HCI, pH 7.4

Blocking solution 5% donkey serum in TBS

Detergent solution 2.5% SDS, 30 mM sucrose, 10 mM Tris-HCI
pH 8.3
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3.3 Reagents, enzymes and antibodies

3.3.1 Reagents

Agarose FMC BioProducts
Ampicillin AppliChem
Ammonium chloride Merck

Blocking buffer Odyssey Licor Biosciences
Blocking reagent Roche

Bovine serum albumin (BSA) PAA
Bromphenol blue Riedel-de Haén
Calcium chloride Baker
Carbenoxolone (Cbx) Sigma
Chloroform Baker

Donkey serum Jackson ImmunoResearch

Laboratories

Ethanol Baker
Ethidium bromide Sigma
Ethylenediaminetetraacetic acid (EDTA) Merck

Fetal calf serum BiochromKG
Glucose Baker
Glycerol Baker
Glycine AppliChem
H,O Gibco
Hoechst 33342 Invitrogen
Kanamycin AppliChem
LB-medium and LB-agar AppliChem
L-glutamine PAA

MEM Non essential Amino Acids PAA
Methanol Baker
Nitrogen, liquid RUB chemical facility
Normal goat serum PAN Biotech
Paraformaldehyde Sigma
Penicillin PAA
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Phenol

Polyethylene glycol (PEG)
Potassium acetate

Potassium chloride

Potassium dihydrogen phosphate
ProLong Gold Antifade reagent
Propane, liquid

protease inhibitor

Streptomycin

Sodium chloride

Sodium hydrogen phosphate
Sodium pyruvate

Tissue freezing medium
Tris(hydroxymethyl)aminomethane (Tris)
Triton X-100

Trizol

Trypsin-EDTA

Tween 20

3.3.2 Reagent systems and kits

Effectene transfection kit

Phusion High Fidelity DNA Polymerase Kit

PrimeScript™ Rev. Transcriptase
Qiaquick Gel Extraction Kit
Plasmid DNA Minipreparation
Nucleobond Xtra Midi
Nucleobond Xtra Maxi EF

MMESSAGE mMACHINE SP6 or T7 Kit

AppliChem

Fluka

Baker

Merck

Baker

Molecular Probes, Invitrogen
RUB chemical facility
Sigma

PAA, Sigma

Baker

Baker

PAA

Leica Microsystems
AppliChem
AppliChem

Invitrogen

PAA

AppliChem

Qiagen

NEB

TAKARA

Qiagen

Fermentas
Clontech
Macherey & Nagel

Ambion
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3.3.3 Antibodies

Table 3.1 List of antibodies.

Name \ Species \ Origin \ Specificity
Primary antibodies
Aves Labs (Tigard,

Panx1 4515 chicken OR, USA); kindly mouse Panx1
provided by G. Dahl
Panx2 SB rabbit RUB, Dept. of rat Panx2
Neuroanatomy
c-myc (clone 9E10) mouse Sigma c-myc- tag
Secondary antibodies
Alexa Fluor 488 oat Molecular Probes, | against mouse with
anti mouse g Invitogen Alexa Fluor 488-tag
Alexa Fluor 568 oat Molecular Probes, | against rabbit with
anti rabbit g Invitogen Alexa Fluor 568-tag
Alexa Fluor 568 Molecular Probes, against chicken
- goat . with Alexa Fluor
anti chicken Invitogen
568-tag
: : against rabbit 19G
anti rabbit . .
18 nm gold donkey Dianova tagged with 18 nm

gold particles

3.3.3 Enzymes

All restriction enzymes used for molecular cloning were purchased from Fermentas and

used according to manufacturer’s instructions.

3.4 Nucleic acids

3.4.1 Oligonucleotides

Oligonucleotides used for molecular cloning or sequencing are listed in Table 3.2 and
were purchased from biomers. All primer sequences are depicted in 5 -3 direction.

Table 3.2 List of plasmids and respective oligonucleotides.

Recombinant Primer Primer
plasmid Primer sense Primer Overlap Overlap
vector reverse Extension Extension
sense reverse
gcatctcgagccaccatg
gcattctagattag
pCS2+rPanx1 gcc&;gggggacc caguatgaaticay
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gcatctcgagccaccatg

pCS2+rPanx2- cgtatctagattaaaactcc
caccacctcctggag - -
674 cantcag acagtactcacaactgttct
gcatctcgagecaccatg aaaatgaagttgctcttgeg
tctagaaaactcca cgcaagagcaacttcatttt
pCS2+Cl gccg;ggggacc cagtactcaca tgacaagctg gacgagg?ggacgtgta
gcatctcgagecaccatg tctacgcgcataatggecaga
pCS2+C2 gccatcgeecace tctaga}[aa?ctcca ctggccattatgcg(i[gtag gagcaggatgaattcagaa
ggccac cagtactcac aaaacagcaagactgag -
gcatctcgagecaccatg aaaatgaagttgctcttgcg
tctagactgctectt cgcaagagcaacttcatttt
2+ ccatcgeeeace acgaagagcgtgta
pCS2+C3 g tgg?:cac gaagggctgtg tgacaagctgcacaa gacg gtggag gtag
gcatctcgagccaccatg | atgctctagattagcagga cgtcttctgccggaacggga
pCS2+C4 caccacctcctgga tgaattcagaagtcg ccgttgcggcéa?aaga agatgaagaggtg
geagtegy ctggeg 994c9 gatgagg
pSC-myc.his- | 9eatctegageeaccatg | o oietagaccaaac
gecatcgeccace tccacagtactcac i )
Cl tggccac g
pSC-myc.his- gczté:égtg(%gcccfz:c:tg gcattctagaccaaactcc i )
C2 tqgecac acagtactcac
pSC-myc.his- | 9gcatctegageeaccaty | o oagacectgetect
gecatcgeccace - -
C3 tggccac tgaagggctgtgg
pPSC-myc.his- | 9catctegageeaccaty | atgetctagaccgeaggat
caccacctectggag gaattcagaagtc - -
C4 cagtcgg getggeg
pCS2+rPanx1- geatctcgagecaccatg gcattctagattataccttg
gecatcgeccace agaacatceatet - -
307 agcoac ggacgteeg
pCS2+ rPanx1- geatctegagceaccatg geattctagattacaagtc
97 gecatcgeccace attgtagecttcag - -
3 tggccac
pCS2+ rPanx1- geatctegagecaccatg gcattctagattaaagaca
gecatcgeccace cttatacaatitoa - -
347 gccac gtacgatttg
pCS2+ rPanx1- geatctegagceaccatg gcattctagattaagtcag
gecatcgeccace ~a0tancataaaate - -
367 ggccac gtaacatgggy
pCS2+ rPanx1- geatctegagccaccatg geattctagattagectag
gecatcgeccace ttateauan - -
370 ageoac gttgtcagaag
pCS2+ rPanx1- | gcatctegagecaccaly | oo eagattacatetta
374 gecatcgeccace atcatgectagg - -
tggccac
pCS2+ rPanx1- geatctegageeaccatg tctagattaaatgacgtc
geeategeccace catcttaatcatgc i )
377 tggccac g
pCS2+ rPanx1- | dcatctegagecaccaty | o cragattattttc
gecatcgeccace catcaatgacgtcca i )
380 tggccac gacg
pCS2+ rPanx1- | dcatctegageeaccatg | o ovieragattacatggg
383 gecategeecace gacttttccatcaatga i )
tggccac
pCS2+ rPanx1- geatctegageeaccatg gcattctagattaggtctgt
gecatcgeccace a0aacatagauac - -
387 \agcca gggacatgggy
pCS2+ rPanx1- | 9gcatetegageeaccatg gcattctagattatccctt
gecatcgeccace totatagaaaca - -
389 gocac ggtetgtagyg
_ | geatctcgagecaccatg | geattctagattagtectct ] ]
pCS2+ rPanx1 gecatcgeecace cecttggtetgtaggg
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391 tggccac
pCS2+ rPanx1- gczfégggccciﬁ:cgtg gcattctagattagece
393 tggccac tggtccteteectt
pCS2+ rPanx1- geatctegagecaccatg gcattctagattactgg
gecatcgeccace
395 tggecac ctgccctggtectct
pCS2+ rPanx1- gcztgé;?;gccciicstg gatctctagattacattctct
397 tqgecac ggctgecctggtecte
pCS2+ rPanx1- geatctegagecaccatg gcattctagattactcgctg
gecatcgeccace ctcaggtccaaatc
407 tggecac 99
Sequencing of gatcccatcgattc gotttgtccaaactca
pCS2+ gaattca tcaatg
3.4.2 Plasmids

Plasmid vectors used as backbone for molecular cloning are listed in table 3.3 .

Table 3.3 List of backbone vectors used for the generation of recombinant plasmids.

Backbone
Purpose Source
vector
Protein expression in mammallan_cel_ls and S. Bunse (Dept.
Xenopus oocytes, template for in vitro
pCS2+ o ) Neuroanatomy,
transcription for the generation cRNA over
RUB)
SP6 promoter
R. Bruzzone
(HKU-Pasteur
pRK5 Protein expression in mammalian cells Research
Centre, Hong
Kong)
Protein expression in mammalian cells,
template for in vitro transcription for the M. Tenbusch
pSC-mychis generation cRNA over T7 promoter, (Dept. of
vector provides a C-terminal c-myc-tag and Virology, RUB)
6His-tag

3.4.3 Standards

Standards used for analysis of DNA-fragments in agarose gels were the 1kb ladder Plus

and the 100 bp ladder Plus from Fermentas.
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3.5 Technical equipment

3.5.1 Equipment for cell culture and molecular biology

Incubator HeraCell

Laminar flow unit LaminAir 1.2

Bacterial shaker

Electroporation of E. coli cells MicroPulser
Incubator Kelvitron t

PCR PTC-200

Superspeed tabletop refrigerated centrifuge
Sorvall Super T21 centrifuge;

STH50 rotor, SL-205-T rotor

UV spectrometer Ultraspec 3000
UV/Visible spectrometer

UV gel documentation system
ImageMasterVDS

3.5.2 Equipment for microscopical analysis

Light microscope Olympus BH-2
Microscope digital camera Olympus DP71
Fluorescence microscope Axiophot
Axiovert 200M

Confocal Laser Scanning Microscope
LSM510-Meta

Cryostat Leica CM 3050 cryostat

Slides SuperfrostPlus slides

Microtome UltracutE Microtom

Electron microscope Philips EM 420
120KV transmission electron microscope
Grids for electron microscopy Nickel grids

Freezing device JFD 030 Cryo-jet

Heraeus
Heto-Holten
Thermo Forma
BioRad
Heraeus

MJ Research

Sorvall DuPont, Thermo Fisher

Amersham pharmacia biotech

Amersham pharmacia biotech

Olympus
Olympus
Zeiss
Zeiss

Zeiss

Leica Microsystems
Menzel
Reichert-Jung
Philips

Plano
Balzers AG
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Freeze fracture machine Balzers AG
Balzers™ freeze etching device

Grids for FRIL Formvar-coated copper grids Plano

3.5.3 Equipment for electrophysiology

Automated oocyte injection
and recording Roboocyte ® Multi Channel Systems
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4. Methods

4.1 Cytologic Methods

4.1.1 Cultivation of N2A cells

All cell lines were incubated in 10 ml of appropriate medium at 5% CO2-atmosphere,
90% relative humidity and 37°C. After microscopic estimation of cell density the cells
have been splitted in an 1:5 to 1:10 dilution consecutively all 48 to 72 hours.

For splitting, cells were washed with 1x PBS, detached from the cell culture plate by

addition of Trypsin/EDTA, resuspended and afterwards diluted in fresh medium.

4.1.2 Transfection of N2A cells

Transient transfection was performed by use of the Effectene Transfection Reagent Kit
from Qiagen according manufacturer’s instructions. For immuncytologic stainings
30.000 to 50.000 cells were transfected on poly-L-Lysin coated coverslips in 24-well-
plates. For FRIL-Experiments 6 x 500.000 cells were transfected in 6cm-dishes. For
FACS-analysis, 300.000 — 400.000 cells were transfected in 6-well-plates. In all cases
except FACS-experiments, medium was changed after 24 h to enhance transfection

efficiency.

4.1.3 Immunocytochemistry

N2A cells were fixed 48 h post transfection by incubation in 500 pl 4%
paraformaldehyde in PBS for 20 min at RT. After dual washing in 500 ul 1x PBS cells
have been permeabilized by use of 500 ul 0,2 % Triton X-100 for 10 min and washed
again twice with 1x PBS. Blocking of free accessible binding sites was performed with
600 pul 1 % BSA /3% NGS per well for 1h at RT.

The first antibody was diluted in blocking reagent and specimen were incubated for 1h
at RT or ON at 4°C. Following three washing steps with 1x PBS the incubation with a
species specific secondary antibody diluted in PBS or blocking reagent together with

Hoechst staining followed for 1h at RT. After two washing steps with 1x PBS, the cover
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slips were mounted in ProLongGold Antifade Reagent and afterwards stored in the dark
at 4°C until analysis at the confocal microscope.

4.1.4 Fluorescence activated cell sorting (FACS)

For the analysis of cells via FACS, 350.000 N2A cells have been transfected with
pEGFP and the plasmid vector encoding the protein of interest. Cells were collected 24h
post transfection with cell scrapers, resuspended in PBS and washed twice by
centrifugation and resuspension in fresh PBS. Then, 5 ul 7-AAD-solution was added to
Aml cell suspension and cells were sorted by the FACS machine.

4.2 Methods for the preparation and analysis of DNA

4.2.1 Polymerase chain reaction (PCR)

Polymerase chain reactions were performed by use of Phusion Taq High Fidelity
Polymerase from NEB following the manufacturer’s instructions. Reactions were
assembled according to the following scheme:

- 20ng template DNA

- 200 pmol dNTP

- 10 pl 5x PCR-buffer

- 0,01 U Phusion Tag-Polymerase

Table 4.1 Cycling protocol for PCR with the Phusion-Taq Polymerase.

) 2-step-protocol 3-step-protocol
cycling step : i cycles
temp. duration temp. duration
initial 98°C 98°C
) 30s 30s 1
denaturation
denaturation 98°C 5-10s 98°C 5-10s
hybridisation - - 55-65°C 10-30s 25-45
elongation 72°C 15-30s/1kb 72°C 15-30s/1kb
final 72°C 5-10min 72°C 5-10min .
elongation 4°C hold 4°C hold
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4.2.1.1 Overlap Extension (OE) PCR

Overlap Extension PCR was performed using a modified protocol from Wurch and

colleagues. Figure 4.1 gives an overview about the technique.

FRAGMENT A FRAGMENT B

PAsI PRst»
PAr By

Y step1 Y
—] ==

\ e

PAsP>

<A PEr
STEF 3

Figure 4.1: Model for the generation of chimeric genes. A first PCR leads to the creation of two
products, that can be assembled in a second PCR. PAs / PBs= primer for PCR product A/B sense, PAr /
PBr= primer for PCR product A/B reverse. (Picture from Wurch et al. 1998).

In a first PCR the fragments A and B are amplified. Primer PAs (formerly referred to as
OE1, see table 3.2) is designed having an overlapping sequence complementary to a
part of primer PBs (formerly referred to as OE2). In a second PCR, the PCR products A
and B are assembled. While Wurch et al. (1998) describe to amplify this fusion product
in a third PCR, during this thesis the assembly of A and B and the amplification of the

fused product was performed in the same PCR by addition of Primers PAs and PBr.
4.2.2 Agarose gel electrophoresis of DNA
The size of DNA fragments or the purification of fragmented DNA was performed via

horizontal gel electrophoresis. According to the size of investigated DNA, 0,7 — 2 %

Agarose in 1 x TAE buffer and 0,4 pg/ml ethidium bromide was used. After addition of
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1/10 Vol. loading buffer probes were loaded into the gels cavities and separated at a
constant voltage of 6 VV/cm electrode distance for a duration of 1-2 h. The estimation of
the DNA fragments was performed by the use of the DNA standards GeneRuler 1 kb
Ladder and 100 bp LadderPlus (Fermentas). The ImageMaster was used for digital

documentation.

4.2.3 Isolation of DNA from agarose gels

Gel fragments containing DNA of interest were excised from agarose gels under UV
light (A = 366 nm) with a sharp scalpell. Elution and purification was performed with

the QIAquick Gel Extraction Kit (Qiagen) according to manufacturer’s instructions.

4.2 .4 Ligation of DNA fragments

The ligation of DNA fragments was performed with a recombinant T4 DNA Ligase
(Fermentas) according to manufacturer’s instructions. For that purpose a 1:1 up to a 5:1
molar ratio of insert DNA to vector DNA was chosen, PEG 4000 was added for
increasing the rate of ligation efficiency at a concentration of 5% (w/v). The mixture
was incubated ON at 10°C or at RT for 1h.

4.2.5 Transformation of competent bacteria

For the preparative production of in vitro recombinated plasmid DNA the Escherichia
coli-strains NEB-TURBOcompetent and DH50 were used. Both strains had been made
competent via treatment with CaCl, in advance. Chemical transformation was
performed via heat shock at 42°C for 30 s. In 1 ml SOC medium an antibiotic resistance
could develop. Bacteria could be through resistance genes selected for a positive
transformation result on LB agar plates and via LB medium through the addition of an
appropriate antibiotic.

The incubation of agar plates was carried out ON at 37°C, while colonies transferred
into fluid LB growth medium were incubated in a horizontal shaker ON at 37°C and
225 rpm.
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4.2.6 Preparation of plasmid DNA

For analytic and preparative purposes, plasmid DNA was purified from E. coli cells by
the use of different isolation kits. The choice of the kit was given by the amount of
DNA to be preparated. The used kits for mini-, midi- or maxipreparation, which equals
20pg, 100ug or 500ug nucleic acid, were obtained from fermentas, clontech or
macherey & nagel, manufacturer’s instructions were followed. The purification method
Is based on an alcaline lysis of bacterial cells and a consecutive binding of the DNA to a

matrix of siliciumoxide

4.2.7 Restriction of DNA

For linearization of plasmids or for excision of defined fragments of interest specific
type Il restriction endonucleases were used. The analytic restriction was used for the
analysis of recombinant plasmids, while the preparative restriction was achieved when
the production of recombinant DNA was necessary. In the reaction assembly 1 unit
endonuclease was used per 1 pg DNA in the appropriate buffer and incubated at 37°C

for 5-30 min regarding manufacturers guidelines.

4.2.8 Determination of the concentration of nucleic acids

To assess the concentration of DNA or RNA the absorption at 260 nm (A260nm) was
measured. The concentration was calculated with the following formula:

¢ (nucleic acid) = absorption coefficient x A260nm x dilution x wg/ml while the
absorption coefficient at a path length of 1 cm equals 50 for dsDNA and 40 for ssRNA.
Contaminations with protein were determined by use of the quotient A260nm/A280nm.
At a quotient of > 1,8, solutions were considered to be not contaminated.

4.2.9 Sequencing of plasmid DNA

Sequencing of recombinant plasmid DNA was performed at the sequencing facility of
the Ruhr University of Bochum using the ABI PRISM 377 DNA Sequencer technology
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with BigDye Terminator v1.1 Cycle Sequencing Kits and appropriate analysis software
(Sequence Scanner; Applied Biosystems, Foster City, CA, USA).

4.3 Methods for the preparation and analysis of RNA

4.3.1 RNA isolation from tissue

RNA was isolated and purified from tissue via the trizol-method. 100mg tissue were
homogenized in 1ml Trizol. An addition of 1/5 Vol. chloroform followed. High speed
centrifugation separated the phase containing RNA from cellular protein. The RNA
precipitation was performed by use of isopropanol and a subsequent centrifugation step,

the pellet was washed with 70% ethanol and resuspended in RNAse free water.

4.3.2 Synthesis of cDNA by reverse transcription

The synthesis of DNA complementary to mRNA was performed by use of the Kit
PrimeScript from TAKARA according to manufacturers guidelines. In advance, 1jug of
the RNA intended for transcription was treated with 1 pg DNAse for 15 min at RT.
Afterwards the DNAse was inactivated through addition of 1ul EDTA and incubation at
65°C for 10 min.

4.3.3 in vitro transcription

The synthesis of CRNA for the injection into Xenopus oocytes was performed by use of

the mmessage mmachine Kit from Ambion according to manufacturers guidelines.

4.3.4 Agarose gelelectrophoresis of RNA

The analysis of RNA was performed with 1-2% agarose gels supplemented with 0,4
pg/ml ehidium bromide. Probes were provided with RNA loading buffer (1pl probe +
6ul buffer), heated to 95°C for 2 min and and separated at a constant voltage of 6 VV/cm
electrode distance for a duration of ~1h. The ImageMaster was used for digital

documentation.
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4.4 Protein biochemic methods

4.4.1 Immunohistochemistry

Xenopus oocytes were fixed in 2% PFA for 10 min 48-72h post injection of cRNA,
washed in PBS and embedded in tissue freezing medium. Cells were frozen quickly in
liquid nitrogen. Then, 12 um thick cryosections were cut with a cryostat and placed
onto microscope glass slides. Blocking of unspecific binding sites was performed in
blocking buffer for 1h at RT. The incubation with the primary antibody diluted
inblocking reagent was performed ON at 4°C. After three consecutive washing steps
with 1x PBS the incubation with secondary Alexa Fluor coupled species specific
antibodies was performed at RT for 1-2 h. After repeated washing steps oocytes were
mounted in ProLong Gold Antifade reagent.

All antibodies were diluted in blocking buffer. In all experiments, stainings omitting the
first or the second antibodies were performed to serve as negative controls.

4.4.2 Immunocytochemistry

Immunocytochemistry on transfected N2A was performed two days post transfection.
After removal of DMEM cells were fixed 4% PFA for 10 min at RT and washed with
1x PBS.

Afterwards, a permeabilization step followed by use of 1% Triton X-100 in 1x PBS for
10 min. Blocking of unspecific binding sites was performed in blocking buffer
(3%NGS/1%BSA) for 1h at RT. Incubation with the primary antibody was performed
ON at 4°C. After consecutive washing steps with 1x PBS, the incubation with
secondary Alexa Fluor coupled species specific antibodies was performed at RT for 1-2
h. After rinsing the cells with PBS, probes were mounted in ProLong Gold Antifade
reagent on glass coverslips.

All antibodies were diluted in blocking buffer. Hoechst 33342 staining dye was added
to the secondary antibody solution in a 1:10.000 dilution to achieve a staining of the cell

nuclei.
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4.4.3 Confocal microscopy

Confocal imaging was performed by use of a Laser scanning microscope LSM 510-
Meta from Zeiss. Pictures were obtained with argon and HeNe lasers, a laser diode
(emission wavelength: 405 nm), 20x, 40x and 63x (NA 1.4) objectives. If oil was used,
it was purchased from Zeiss. Picture analysis was done with the LSM 510 Meta
software, images were taken using the single track or multitrack mode as 512x512 or
1024x1024 pixels.

4.4.4 Freeze fracture immunogold labeling (FRIL)

For FRIL experiments, 5x 500,000 N2A cells were transfected with 2-4 ug plasmid
DNA in 6 cm dishes. Cells were collected 48 h post transfection by use of cell scrapers
after washing in PBS and pelleted by centrifugation. Then cells were either fixed with
1% PFA for 10 min or untreated. Cells were frozen in a JFD 030 Cryo-jet freezing
device in liquid propane at -180°C. Afterwards cells were freeze-fractured and
shadowed with platinum / carbon in a 45° angle. The replica was generated with carbon
in a Balzers' freeze-etching device and released from the device by thawing in PBS.
Afterwards the probe was incubated in detergent solution for 1-12 h under constant
shaking. Thereby, a film of macromolecules absorbs to the replica and is therefore
accessible for antibody staining and immunogold labeling. Then, replicas were washed
in TBS several times and incubated in blocking solution for 2 h afterwards. The
incubation of the first antibody was performed in 1% BSA in TBS for 1 — 2% h at RT
or ON at 4°C. Three subsequent washing steps in 1% BSA in TBS followed. A second
blocking in 5% donkey serum in blocking solution for 30 min was performed.
Immunogold labeling was done by incubation of the specimen with species specific
gold-labeled secondary antibodies in 1% BSA in TBS for 1 h at RT or 4°C ON.

After subsequent washing in TBS, replicas were fixed with 0.5% glutaraldehyde in 0.1
M phosphate buffer for 10 min. Two washing steps in A. dest. followed. Then, replicas

were mounted on formvar-coated copper grids and analyzed by electron microscopy.
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4.5 Methods for working with Xenopus laevis oocytes

4.5.1 Injection of Xenopus oocytes

All oocytes used in this work were obtained from EcoCyte Bioscience. The cells were
defolliculated and plated in 96-well plates ready to use. Injection of cDNA or cRNA
was performed by use of the Roboocyte® automated oocyte injection and recording
system. In case of injection of cDNA, 50 nl solution with a concentration of 250pug/ul
were injected into the oocytes nucleus. When cRNA was injected, 50 nl solution with a
concentration of 1 pg/ul was injected into the cells ooplasm. Preceding TEVC
recordings, an incubation time of approximately 60 hours was maintained, the oocytes
were kept in NFR at 17°C.

4.5.2 Kinetic studies of Xenopus oocytes

For generation of survival curves of oocytes expressing possibly harmful proteins,
oocytes were injected with corresponding cRNA and incubated in NFR or NFR
containing 50uM Cbx at 17°C. The oocytes were observed every 3 hours with help of a
binocular microscope. The protrusion of ooplasm from the oocyte was taken as marker

for cell death.

4.5.3 Electrophysiology

Xenopus oocytes were used for electrophysiological measurements by use of the two
electrode voltage clamp (TEVC) technique. Recordings were performed with the
Roobocyte ® system and Roboocyte TEVC measuring heads. Electrodes were filled
with 2.5 M potassium acetate providing an electrode impedance of ~1 MQ. During
recording, oocytes were superfused with NFR (3-4 ml/min). For pharmacological
treatment, substances were diluted in NFR and applied by use of a gravity based 8-
channel perfusion system. Recordings always took place at RT. In TEVC recordings,
oocytes were clamped to a voltage of -70mV, voltage steps were applied from -100 mV
to 60 mV in 20 mV increments with a duration of 2 sec / step and currents were
monitored by the Roobocyte® system.
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4.5.4 Data analysis

Data aquired in TEVC measurements were analyzed with the Microsoft Excel and the
GraphPad Prism5 software. Microsoft Excel was used for analyzing the maximum
current at +60mV in current voltage relationship curves, the calculation of the inhibitory
effects of pharmaceutics and for readout of the resting potential. Statistical analyses
were performed by use of the GraphPad Prism5 software. For the analysis of two groups
of samples, paired t-test (Mann-Whitney-test) was performed, for the analysis of three
or more groups One-way ANOVA (Kruskal-Wallis-test) was used. In all cases,

Gaussian distribution was not assumed.
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5. Results

5.1 Simultaneous expression of Panxl and Panx2 in Xenopus laevis oocytes for the

analysis of heteromeric channel formation

Pannexons are described to be multimeric protein channels (Boassa et al. 2007). The
formation of heteromeric pannexons consisting of both Panx1 and Panx2 in various
ratios was described to occur in Xenopus oocytes, but detailed analyses regarding
channel properties have not been performed. Furthermore, it has not been tested so far
whether the ratio of Panx1 to Panx2 protein forming the hexamer influences channel
gating. In order to verify the existence of heteromeric Panx1/Panx2 channels, CRNAs
were produced by in vitro transcription from the plasmids pRK5-rPanx1 and pRK5-
rPanx2 (kindly provided by R.Bruzzone, Institute Pasteur, Paris, France) and were
injected into Xenopus oocytes. To gain information about possible interactions of Panx1
and Panx2-664, cells were injected with both cRNAs in different ratios to perform
TEVC measurements. Thus, if heteromeric channels were formed, the influence of the
respective proteins on the pannexons channel properties could be investigated.
Regarding the amount of Panx1 and Panx2-664 cRNAs a constant total RNA quantity
of 50 ng per oocyte was maintained.

Current-voltage relationships (IV-curves) were recorded by using the Roboocyte®
system and the TEVC method. Oocytes were clamped to -70 mV and voltage steps were
applied in 20 mV increments resulting in membrane potentials from -100 mV to +60
mV. Cbx was used as an inhibitor for Panx1 evoked currents. With this protocol the
maximum current amplitude at +60mV was measured. Also, the remaining current after
Cbx application was calculated and the influence of heterologous protein expression on
the cells resting potential was investigated. In figure 5.1 A-D representative V-
relationships are shown for coinjected oocytes with cRNAs for Panx1 and Panx2-664 as
reference, for uninjected cells as a negative control, and for cells injected with cRNA
encoding Panx1 and Panx2 in a 1:1 ratio.

Oocytes expressing Panx1 were characterized by an exponential increase in the slope of
the IV-curve at membrane potentials of about > -20 mV. This is regarded as a result of

channel opening (Ma et al. 2009). The increase in conductance upon depolarization
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Figure 5.1: Representative 1V-curves of Panx1 and Panx2 expressed alone or simultaneously in the
Xenopus laevis oocyte system. Whole cell membrane currents from cRNA injected Xenopus laevis
oocytes were recorded using the TEVC technique. Oocytes were clamped to -70 mV, voltage steps
starting from -100 mV to +60 mV membrane potential were applied subsequently. 1VV-curves were
calculated from corresponding current responses. ni = not injected. (A,B) Representative IV-curves from
oocytes expressing either Panx1 or Panx2. After application of a first voltage step protocol, the influence
of 10 uM Chbx was documented in a second measurement. (C) IV-curve from an oocyte expressing both
Panx1 and Panx2. (D) IV-curve from a not injected oocyte as negative control. For potentials > -20 mV,
an exponential increase can be observed under control conditions in A, but not in B, C or D.

can be blocked by application of 10uM Cbx. In the presence of Cbx, the maximum
current at +60 mV on average is reduced to 73,4%. This is highly significant in
comparison to uninjected cells (Fig. 5.1). In these negative controls the slope of the IV-
curves is rather linear and constant throughout the membrane potential range tested
(Fig. 5.1 D). Similar to the uninjected oocytes, the slope of the IV-curve of Panx2
expressing oocytes is almost linear (Fig. 5.1 B). Simultaneous expression of Panx1 and
Panx2 did not alter the shape of the I\VV-curves (Fig. 5.1 C).

Throughout all Xenopus oocyte measurements a variability in the current amplitude
could be observed, which did not correlate with heterologous protein expression,

because this variance occurred in uninjected cells as well.
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Figure 5.2: Electrophysiological characterization of Panxl and Panx2 expressed alone or
simultaneously in the Xenopus laevis oocyte system. (A) Quantitative analysis of the maximum current
measured at a membrane potential of +60 mV. Currents were normalized to negative controls. (B)
Quantitative analysis of the remaining current after inhibition of channel activity with Cbx (in % of
control). (C) Quantitative analysis of the resting membrane potential. Panx1 n=232, Panx2-664 n=59,
Panx1: Panx2 1:3 n=21, Panx1l: Panx2 1:1 n=19, Panxl: Panx2 3:1 n=32, ni n=106. ***P<0.001
**P<0.01 *P<0.05, SEM, significance vs. ni

In fact, variations correlated with the day of recording. Possible explanations for this
phenomenon were general differences in oocyte quality or an inconstant temperature of
the NFR used, which could not be controlled during recording due to the experimental
setup.

To avoid inconsistencies between different experimental days, the currents recorded

from uninjected oocytes on a specific experimental day were averaged and subtracted
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from all currents recorded from injected oocytes of the particular day. Thus, the currents
for uninjected cells are normalized to zero and currents from injected oocytes are
plotted as Al/nA.

Figure 5.2 shows that a significant increase of maximum currents was observed for
Panx1 expressing oocytes only. Consequently, a significant Cbx inhibition can also be
observed for Panx1 expressing oocytes only. As far as resting membrane potential is
concerned, a significant change can be observed only for a Panx1:Panx2 ratio of 1:3.
However, this change is in a range of ~5 mV, which suggests that this difference is not

biologically relevant.

5.2 Pannexin 2

5.2.1 Comparison of Panx2-664 and Panx2-674

The genomic nucleotide sequence encoding the Panx2 protein contains two putative
start codons, resulting in two different possible open reading frames (ORF). A first
ATG, which could be used as start codon for translation, is localized 30 nucleotides
upstream a second ATG, which could be used as start codon as well.

The Panx2 protein originally was described as a protein consisting of 664 amino acids
(Bruzzone et al. 2003). After an update of the NCBI and ensembl databases in 2007, the
revised sequence occurred to be ten amino acids longer, a phenomenon that can be
ascribed to a usage of the first codon mentioned. The experiments described in chapter
5.1 (see above) regarding possible interactions of Panx1 and Panx2 expression, when
expressed at different ratios, were performed using the shorter version of Panx2,
referred to as Panx2-664. A possible functional difference between Panx2-664 and the
longer version, Panx2-674, was investigated by electrophysiological measurements in
Xenopus oocytes. Additional experiments were performed to address the question if the
prolonged N-terminus of Panx2-674 alters the intracellular localization of the protein, if
it influences membrane trafficking efficiency, and which of the possible two isoforms
are naturally occurring.

The start codons for Panx2-674 and for Panx2-664 are both localized on exon2 in the

MRNA. Therefore, it is not possible to use common techniques like RT-PCR or RACE-
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PCR for discrimination on mRNA level or cDNA level, respectively (Buettner et al.
2000).

rPanx2-664
™M1 T™M2 ™3 ™4
23aa 23aa 23aa 23aa
v, I N | oon
NT EL1 IL EL2 cT
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Figure 5.3: Comparison of Panx2-664 and Panx2-674. Definition of domain borders for both Panx2
forms corresponding to ensembl data. Note the difference in the N-terminus of the proteins (indicated by
arrows). Linear representation of the protein domains are drawn to scale, the lengths reflect actual amino
acid numbers. The transmembrane domains (TM), the extra- and intracellular loops (EL, IL) as well as
the amino and carboxyterminal domains (NT, CT) are indicated.

Therefore, these methods are not appropriate for discrimination and since antibodies for
immunocytochemical detection are not available, a functional comparison between the
two differently sized Panx2 proteins was used. mMRNA was purified from rat whole
brain tissue via the trizol/chloroform-method and transcribed into cDNA. This cDNA
was applied as template for PCR to amplify the ORF of Panx2-674. Afterwards, this
sequence was used as an insert for molecular cloning into the plasmid vector pCS2+,
which allows expression in mammalian cells as well as in vitro transcription for the

generation of cRNA used for oocyte injection.

5.2.2 Localization of Panx2-664 and Panx2-674 in N2A cells by immunocytochemistry

In general, the N-terminus of proteins localized in cellular membranes is responsible for
a correct trafficking to the target compartment by comprising arbitrative signal
sequences (Blobel et al. 1984). Because the difference in length between the two Panx2
forms is found in the N-terminal domain, possible differences in membrane

internalization have to be analyzed when Panx2-664 and Panx2-674 are expressed. In a
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first experiment, both proteins were overexpressed in N2A cells and visualized by
immunocytochemical staining.

The immunocytochemical stainings of both Panx2 forms reveal a different labeling.
Panx2-664 was found to be localized in the cytoplasm of transfected cells. In contrast,
Panx2-674 was primarily localized the cell membrane, a cytoplasmic localization was

less evident.

A) rPanx2-664 B) rPanx2-674

Figure 5.4: Expression analyses of Panx2-664 and Panx2-674 in N2A cells. N2A cells were
transfected with pRK5-rPanx2-664 or pCS2+rPanx2-674 and stained against Panx2 48h post transfection.
Images were taken with a confocal microscope. The signal derived from staining of the Panx2 proteins is
depicted in red. The cell nuclei are stained with Hoechst 33342, the signal resulting is shown in blue. Bars
as indicated, 10um.

These results suggested that the prolonged N-terminus of Panx2-674 seems to be

necessary for an appropriate trafficking of the protein to the cell membrane.

5.2.3 Localization of Panx2-664 and Panx2-674 in N2A cells via Freeze-fracture replica

immunogold labeling (FRIL)

The FRIL technique allows the combination of freeze-fracture electron microscopy with
the specificity of an immunocytochemical staining. In the standard freeze fracture
preparation, cells are frozen quickly after collection and subsequently broken. The

fracture is irregular and occurs along lines of weakness like the plasma membrane or
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surfaces of organelles. By breaking the lipid bilayer, two monolayers with associated
proteins termed P-face (protoplasmic leaflet) and E-face (extraplasmic leaflet) occur. A
thin layer of carbon is evaporated onto the surface of the specimen, later on the surface
is shadowed with a platinum vapor. To allow a staining of proteins with first antibodies
of choice and immunogold labeled secondary antibodies, in FRIL the probe is not

digested completely when generating the replica.

A) rPanx2-664 B) rPanx2-674

Figure 5.5: Analysis of the membrane localization of rPanx2 forms by FRIL.
N2A cells were transfected with pRK5-rPanx2-664 (A) or pCS+rPanx2-674 (B) and subjected to FRIL
two days after transfection. Bars as indicated, 200 nm.

By that treatment, proteins still remain on the surface of the replica and are accessible
for antibody staining techniques.

To further investigate the membranous localization and the structural organization of
Panx2, N2A cells were transfected with pRK5-rPanx2-664 and pCS2+rPanx2-674.
Stainings were performed by use of a rabbit-anti-Panx2 antibody generated in the
department (Bunse 2009). Figure 5.5 shows representative membranes patches from
N2A cells expressing either the long or the short version of Panx2. In both micrographs,
P-faces are stained.

A quantification of the expression rate of Panx2-674 and Panx2-664, indicated by the
density of gold particles calculated with respect to the analyzed region , is given in
figure 5.6 A.
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Figure 5.6: Analysis of the cell surface localization of rPanx2 forms by FRIL. Electron microscopic
micrographs showing immunogold labeling of either Panx2-664 or Panx2-674 were used for
quantification of the expression rate and clustering of both proteins. (A) Immunogold labeled proteins
were counted / region (statistic: mean, SEM). (B) The number of particles / cluster was counted. Note the
tendency of Panx2-674 to form more clusters with higher particle number. Panx2-664 n= 6 pictures,
Panx2-674 n=7 pictures.

The average expression rate for Panx2-664 is 80,01 particles / region, while the
expression rate of Panx2-674 is 117,15 particles / region. Resulting from a high
variance in particle density / region a statistical significance could not be calculated,
however, a tendency of Panx2-674 to show a higher particle density / region is evident.
Furthermore, the micrographs in figure 5.5 demonstrate that the Panx2 protein is
organized in clustered structures. A quantification (Fig. 5.6 B) reveals a tendency of
Panx2-674 to form more clusters, that, at least in parts, are consisting of more proteins
than Panx2-664 clusters. A significant difference could not be detected, the results
obtained from the FRIL analysis of Panx2-664 and Panx2-674 are comparable.

Considering the results obtained by analysis of the confocal imaging (Fig. 5.4), the

similarity in the expression rate on the cell surface is an intriguing finding.

5.2.4 Electrophysiological properties of Panx2-664 and Panx2-674

The ability of Panx2 to form functional channels has been elusive. Instead, it was
supposed to serve accessory functions in Panxl trafficking (Penuela et al. 2009b).
Recently, Ambrosi and collegues postulated that Panx2-mediated currents can be
observed, when a voltage ramp protocol from -100 mV to +100 mV with a duration of
70 s is applied to Xenopus oocytes expressing Panx2-674. Furthermore, the authors
were able to reconstitute Panx2-674 channels in vesicular structures, and channel

activity could be recognized via monitoring molecules passing from the outside to the
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Figure 5.7: Comparison of the IV-relationship in Xenopus laevis oocytes expressing Panx2-664 and
Panx2-674. Whole cell membrane currents from cRNA injected Xenopus laevis oocytes were recorded
using the TEVC technique. Oocytes were clamped to -70 mV, voltage steps starting from -100 mV to +60
mV membrane potential were applied subsequently. 1V-curves were calculated from corresponding
current responses. ni = not injected. (A) Representative 1\VV-curves from oocytes expressing Panxl or
under control conditions and Cbx inhibition as a reference curve (B) IV-curve from a uninjected oocyte as
negative control (C) IV-curves from oocytes expressing rPanx2-664. Currents are small, the slope of the
curve is linear (D) 1V-curves from oocytes expressing rPanx2-674. Current amplitude is higher, the slope
of the curve is exponential. Chx application, however, does not influence Panx2-674 mediated currents.

inside of these vesicles (Ambrosi et al. 2010a). Up to now, Panx2 channel activity could
not be measured using standard depolarization protocols. In the present work, however,
current responses to the commonly used standard depolarization protocol were
recorded, and Panx2-664 and Panx2-674 were compared with respect to their ability to
form functional channels.

Application of depolarizing voltage steps to oocytes expressing Panx2-664 (see Fig. 5.7
C and 5.1 B) does not lead to current responses different from those recorded from
uninjected cells (Fig. 5.7 A). The slope of the IV-curves is always linear and does not
reveal a voltage gated channel activation. Oocytes expressing Panx2-674 show a
distinctly different pattern: the slope of the IV-relationship increases exponentially at
holding potentials ~ > -20 mV (Fig. 5.7 D). This resembles an activation pattern similar
to Panx1 (Fig. 5.7 B).
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Figure 5.8: Comparison of the electrophysiological properties of Panx2-664 and Panx2-674 in
Xenopus laevis oocytes. (A) Quantitative analysis of the maximum current measured at a membrane
potential of +60 mV. The average maximum current of Panx2-674 expressing oocytes is three times
higher than in Panx1 expressing oocytes. Currents were normalized to negative controls. (B) Quantitative
analysis of the remaining current after inhibition of channel activity with Cbx (in % of control). Cbhx
sensitivity cannot be observed for Panx2.674, Panx2-664 and ni. (C) Quantitative analysis of the resting
membrane potential. Panx1 n=232, Panx2-674 n=47, Panx2-664 n=54, ni n=106. ***P<0.001 **P<0.01
*P<0.05, SEM, significance vs. ni.

This observation leads to the conclusion that Panx2-674 forms functional, voltage gated
channels. Interestingly, the currents measured in oocytes expressing Panx2-674
channels are ~ three times larger than Panx1 evoked currents (average currents: Panx1 =
972,9 £145,2 nA , Panx2-674 = 2780,4 + 468,5 nA, normalized to ni). This raises the
same questions about differences between Panx1 and Panx2-674 channels: (i) are there
differences in channel gating? (ii) Is inactivation of Panx2-674 channels slower? (iii)

Do they differ in response to Chx? While Panx1 mediated currents can be inhibited to
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an extent of 26,6% on average by Cbx application (Fig. 5.8 B), Panx2-674 mediated
currents are Chx-insensitive. Because the exact mechanism of Cbx inhibition is not
known yet it is impossible to search for Cbx binding domains probably missing in

Panx2. Anyway, other inhibitors have to be examined.

5.2.5 Panx2-674 pharmacology

Identification of agonists for channel proteins provides a useful tool for functional
analysis of investigated proteins. An identified inhibitor allows to verify that measured
effects can be subscribed to a specific protein, or to separate the participation of a
certain channel to the current response in complex systems. Panx2-674 was shown to be
insensitive to Cbx (Fig. 5.8 B). Therefore, several additional compounds were tested for
possible inhibitory effects on currents recorded from Panx2-674 expressing oocytes.

CoCl, was chosen because an inhibitory effect of cobalt ions on hemichannel activity in
the zebrafish retina has been reported (Fahrenfort et al. 2004). LaCl3 also is known to be
a connexin hemichannel blocker (Anselmi et al. 2008), while the antimalarial quinine
derivative mefloquine is described to block Panx1 (Iglesias et al. 2009). Octanol, a long

chain alcohol, is a common gap junction inhibitor (Johnston et al. 1980)
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Figure 5.9: Effect of different compounds on Panx2-674. Current responses were recorded in Xenopus
laevis oocytes expressing Panx2-674 before and after application of different compounds, uninjected
oocytes were used as negative controls. A quantitative analysis of the remaining current after application
of possible inhibitors was performed (in % of control).
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Figure 5.10: Effect of different compounds on resting potential. Xenopus laevis oocytes expressing
Panx2-674 were incubated with different compounds, TEVC measurements were performed and the
resting membrane potential was calculated before and after application of substances. ***P<0.001
**P<(.01 *P<0.05, SEM, significance Panx2-674 vs. ni.

Finally, PEG 1500 has been shown earlier to be able to block Panx1 induced currents
(Bunse et al. 2009; Wang et al. 2007). Significant inhibition of Panx2-674 mediated
currents could not be achieved with any of the compounds tested. Next, an endogenous

inhibitor of pannexin channel activity was tested for possible inhibitory effects on
Panx2-674.

Table 5.1: Inhibitory effect of different compounds. I1V-curves were recorded from oocytes expressing
Panx2-674 and uninjected cells before and after drug application. The average remaining current after
drug application recorded in Panx2-674 expressing oocytes in comparison to uninjected cells is given,
values in % of predrug.

Compound Max. current after application of

compound ( % of predrug)
Panx2-674 uninjected oocytes

1mM CoCl;, 77,90 88,04
500 uM LaCls; 70,84 88,95
50 nM Mefloquine 79,47 86,60
5 uM Mefloquine 81,66 104,78
1 mM Octanol 76,42 89,99
2 mM Octanol 77,59 86,73
200 uM PEG 1500 91,17 62,84
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Figure 5.11: Effect of ATP on Panx2-674 mediated currents. Current responses were recorded in
Xenopus laevis oocytes expressing Panx2-674 before and after application of ATP at different
concentrations, uninjected oocytes were used as negative controls. Quantitative analysis of the remaining
current after application of possible inhibitors was performed (in % of control). ***P<0.001 **P<0.01
*P<0.05, SEM, significance Panx2-674 vs. ni.

resting membrane potential
VimV

40 - =3 PP control
=3 PP pharma
301 | | | | L
-204
=104
0 T T T T
& & & &
.-L_\ .-L\ Q)\ Q)\
Q" YV be

Figure 5.12: Effect of ATP on resting potential (A) Xenopus laevis oocytes expressing Panx2-674 were
incubated with ATP at different concentrations, TEVC measurements were performed and the resting
membrane potential was calculated before and after application of substances.

Therefore, the Panx1 channel modulator ATP (Dubyak 2009) was used as a potential
inhibitor of Panx2-674 mediated currents in TEVC measurements. Figure 5.11
demonstrates that the application of ATP to oocytes expressing Panx2-674 at a
concentrations of 0,2 or 2uM did not induce an inhibition of Panx2 mediated currents in

response to depolarization. Application of 20 uM ATP slightly decreased current
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amplitudes in comparison to control measurements before ATP application (81,7% vs
100,7% remaining current on average) with a significance of P <0,5 while the
application of ATP in a concentration of 40 UM does not lead to a significant decrease.
The application of ATP did also not cause a shift in the cells membrane resting potential
at all concentrations tested (Fig. 5.12). Because a mean reduction of 20% of the
maximum current recorded in TEVC measurements at 20 pM, but not at 40 uM, is not
sufficient to convincingly regard ATP as an inhibitor of Panx2 mediated currents, the

search for an appropriate Panx2 channel blocker must be continued in the future.

5.3 Chimeras

5.3.1 Comparison of Panx1 and Panx2 protein structure

When comparing the protein structure of Panx1 and Panx2, alignment studies calculate
a sequence homology of about 16% only. However, taking into account the different
length of specific domains, obvious similarities remain. Both proteins have an
intracellular aminoterminal domain of similar size, and both the extracellular and the
intracellular loops as well as the four transmembrane domains are also comparable in
length. The most striking difference is found in the size of the C-terminus. While Panx1
consists of 130 intracellular amino acids downstream TM4, the Panx2 proteins C-
terminal tail consists of 358 aa, which is nearly three times the length of the respective

Panx1 domain.

Panx1
™1 T™M2 ™3 ™4
23aa 23aa 23aa 23aa
W . N | coom
NT EL1 IL EL2 cT
37 aa 47 aa 8l aa 39aa 130 aa
Panx2
™M1 ™2 ™3 ™4
23aa 23aa 23aa 23aa
w—I |
NT EL1 IL EL2 CcT
47 aa 53aa 80aa 44 aa 358 aa

Figure 5.13: Comparison of the Panx1 and Panx2 protein length. Definition of domain borders for
Panx1 and Panx2 corresponding to ensembl data. Linear representation of the protein domains are drawn
to scale, the lengths reflect actual amino acid numbers. The transmembrane domains (TM), the extra-and
intracellular loops (EL, IL) as well as the amino- and carboxyterminal domains (NT, CT) are indicated.
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5.3.2. Construction of the Panx1-Panx2 chimeras

The protein sequences of Panx1 and Panx2-674 do not give any hint about the domains
necessary for an efficient channel function. Which parts of the proteins are necessary for
gating of the channel?

Therefore, a further aim of this thesis was to investigate, if an exchange of the C-termini
of Panx1 and Panx2 in total or in parts would result in gain or loss of channel function,

further attempt on the importance of length of the C-terminus was intended.

Chimera C1 (653aa): Panx1.1-296/Panx2.317-674

™M1 TM2 M3 T™M4
- |
2 NT EL1 IL EL2 cT CooH
37aa 47 aa 8l aa 39aa 358 aa

Chimera C2 (653aa): Panx1.1-426/Panx2.427-653

™M1 TM2 T™M3 T™M4
23aa 23aa ﬁa 23aa
W . || I |
2 NT EL1 I EL2 cT COOH
37 aa 47 aa 8laa 39aa 358 aa

Chimera C3 (426aa): Panx1.1-296/Panx2.317-447

™1 TM2 T™M3 T™M4
ﬁa 23aa ﬁa Zﬁl
- || |
2 NT EL1 L EL2 cT COOH
37aa 47 aa 8laa 39aa 130 aa

: Panx2.1-316/Panx1.297-426

™1 ™2 ™3 ™4
23aa 23aa 23aa 23aa
w1 . ]
2ONT ELL L EL2 cT CcooH
47 aa 53 aa 80aa 44 aa 130 aa

Figure 5.14: Design of the Panx1/Panx2 chimeras. lllustration of the chimeric proteins built from
Panx1 and Panx2. Chimeras Cland C2 (upper lanes) both start with Panx1 and are of the same size. In C1
the C-terminus of Panx1 is exchanged against the C-terminus of Panx2, while in C2 the Panx1 protein is
prolonged by a part of Panx2. Chimera C3 (third lane) consists of Panx1 from N-terminus to TM4 and is
prolonged by Panx2 to its original length of 426 aa. In Chimera C4 (bottom lane) the Panx2 C-terminal
domain is exchanged against the respective Panx1 domain. For other conventions see Fig. 5.13

For this purpose, C-terminal domains were swapped via overlap extension PCR right
behind the proteins’ fourth transmembrane domains or further downstream. One

experimental approach was to investigate the function of the C-terminal domain after a
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complete exchange by using electrophysiological methods. For this purpose Chimeras
Cl(see Fig. 14, indicated in red) and C4 (yellow) were designed: C1 starts with Panx1
aal- aa296 and is prolonged by the Panx2 C-terminus, which equals aa317- aa674. The
resulting size of C1 was 653aa. The design of the 446 aa long chimeric protein C4 was
inverted, the proteins starts with Panx2 aal- aa316 which is extended by Panx1 aa297-
aa426, resulting in a total length of 446aa. To answer the question whether Panx2
channel function depends on the specific length of the C-terminus or whether it depends
on the amino acid sequence, chimera C2 (green) was designed. This protein has the
same size as C1, but contains the full length Panx1 protein. It is extended with Panx2
aa427-aa653. To have a closer look on the influence of the size of the C-terminus, the
Panx2 C-terminal domain was exchanged against the Panxl respective domain and

shortened to its length of 130 aa in chimera C3 (blue).

5.3.3 Expression of the chimeras in N2A cells and Xenopus laevis oocytes

To ensure that the chimeras are fully processed in common heterologous expression
systems, evidence for expression had to be provided for all constructs. Therefore,
oocytes that were injected with cDNA encoding chimeric proteins followed by

cryosectioning and immunohistological staining.

C1 (oy] Panxlwt-myc

20x

C3

Figure 5.15: Expression analyses of Panx1/Panx2 chimeras in N2A cells. Cells were transfected with
pSC-C1, pSC-C2, pSC-C3, pSC-C4 or pRK5rPanx1 and stained against c-myc 48h post transfection.
Images were taken with a confocal microscope. The nuclei were stained with Hoechst 33342, the derived
signal is shown in blue. Bars represent 20 um in the upper, 10 um in the lower panel.
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Furthermore, all chimeras were cloned into plasmid vectors providing c-myc-tags and
transfected into N2A cells, to confirm their expression in a mammalian system and to
analyze protein trafficking and membrane internalization via immunocytochemical
staining. Expression could be confirmed for all chimeric proteins, providing an
important prerequisite for electrophysiological measurements. The expression rate is
comparable to cell culture standards (Fig. 5.15 upper panel). High magnification images
revealed an expression of all chimeras in the cell membrane, while C1, C3 and C4 show
a cytosolic/ intracellular localization as well. From the immunostaining experiments, it
is not possible to decide whether the protein is located in intracellular compartments
such as the ER or Golgi apparatus or if it is dissolved in the cytosol or accumulated in
vesicles. In micrographs of cells expressing C1 and C2 a localization in cellular

processes can be observed.

Panx1

Panx2-674

Figure 5.16: Expression analyses of Panx1/Panx2 chimeras in Xenopus laevis oocytes. cDNA injected
oocytes were fixed with 2% paraformaldehyde and frozen. 12 pum thick cryostat sections were used for
immunohistochemistry and confocal fluorescence microscopy. Due to protein domains containing antigen
sequences that could be recognized by antibodies, aPanx1,0Panx2 or a-c-myc antibodies have been used.
Bars as indicated, 10 um. Note the staining of the cell membrane (white arrows), which can be separated
from cytoplasmic staining (region indicated by black arrows).

63



5. Results

5.3.4 The role of the C-terminus of Panx1 and Panx2 for channel gating

For an electrophysiological characterization all chimeric proteins were expressed in

Xenopus oocytes. I\V-curves were recorded under control conditions and in response to

Cbx application. Panx1 wildtype and Panx2-674 (wildtype) were used as reference

controls, for statistical analyses uninjected cells were used as negative control.
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Figure 5.17: Representative IVV-curves of Panxl/Panx2 chimeras 2 expressed in Xenopus laevis
oocytes. Whole cell membrane currents from cDNA injected Xenopus laevis oocytes were recorded using
the TEVC technique. Oocytes were clamped to -70 mV, voltage steps starting from -100 mV to +60 mV
membrane potential were applied subsequently. 1V-curves were calculated from corresponding current
responses. ni = not injected. (A,B) Representative 1\VV-curves from oocytes expressing either Panx1 or
Panx2-674 under control conditions and in the presence of Cbx. Large outward currents can be achieved,
but Cbx effects can be observed in A only. (C) IV-curve from a non injected oocyte as negative control
(D-G) IV-curves from oocytes expressing one of four different chimeric proteins. Note the different

scales.
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Figure 5.18: Electrophysiological characterization of chimeras of Panx1l and Panx2 expressed in
Xenopus laevis oocytes. (H) Quantitative analysis of the maximum current measured at a membrane
potential of +60 mV, currents were normalized to negative controls (1) Quantitative analysis of the
remaining current after inhibition of channel activity with Cbx (in % of control). (J) Quantitative analysis
of the resting membrane potential. Panx1 n=232, Panx2-674 n=47, C1 n=45, C2 n=79, C3 n=76, C4
n=17, ni n=106. ***P<0.001 **P<0.01 *P<0.05, SEM, significance vs. ni

Oocytes expressing chimera C1 (Panx1.1-296/Panx2.317-674) did not show current
responses significantly different from uninjected cells. Although the slope of the IV-
curves is not perfectly linear (5.17 D), the maximum current amplitude is comparable to
negative controls. Furthermore, expression of C1 does not induce Chx sensitivity or
alterations in resting membrane potential. The replacement of the Panx1 C-terminus
with the Panx2 C-terminal domain leads to a complete loss of voltage dependent gating.
Channels formed by chimera C2 (Panx1.1-426/Panx2.427-653) alter the current-voltage
relationship of recorded oocytes dramatically. First, the exponential slope of the 1V-

curve reveal very large outward currents, the current amplitude increase is highly
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significant compared to negative controls. The channel responds to Cbx, the cells’
resting membrane potential is altered slightly, but again in a range of nonbiological
relevance. The current amplitude is even higher than the amplitude evoked by Panx1 or
Panx2. Thus, the extension of Panxl by a part of Panx2 leads to a gain in channel
function. Oocytes expressing chimera C3 (Panx1.1-296/Panx2.317-447) seem to have a
phenotype comparable to uninjected cells. No significant difference of any of the
parameters analyzed could be observed. The exchange of the Panx1 C-terminal domain
by the respective Panx2 sequence reduced in length to the original Panx1 C-terminus
size of 130 aa also leads to a complete loss of channel function.

Expression of chimera C4 (Panx2.1-316/Panx1.297-426) also does not cause a change
of the IV-curve, maximum currents, Cbx sensitivity or the cells resting potential. This
shows that the Panxl C-terminal domain, which is necessary for Panxl channel

function, loses its functionality when transferred to Panx2.

5.4 Truncation of the Panx1 C-terminal domain

The investigation of the chimeric proteins leads to the conclusion, that the C-terminal
domain of Panx1 is crucial for the formation of a functional channel. Therefore, it was
obvious to have a closer look at the properties of this domain, which consists of aa 297-
426. Truncation of a protein provides the possibility to get insight into the functionality
of the impaired domain. The Panx1 protein’s intracellular C-tail consists of 130 aa in
length. A shortening of this domain was achieved to address the following questions: (i)
How long is the region of the C-tail, which is crucial for the formation of a functional
channel? Assuming that a loss of function is caused if truncation of the C-terminal
domain passes a critical limit, channel function could disappear when a certain length is
reached. (ii) How does C-terminus truncation influence channel gating? (iii) Is Cbx
sensitivity impaired when the C-tail domain is truncated and do Cbx induced effects
disappear when a certain length is reached by truncation?

Beyond that, recent studies revealed a crucial role for Panx1 in apoptotic processes
(Chekeni et al. 2010). When a cell undergoes apoptosis, caspase 3 and caspase 7 are
activated. These caspases induce cleavage of Panx1 at two positions: the first cleavage
site is located in the intracellular loop. The second cleavage site is located in the C-
terminal domain at amino acid position 378. The respective motif recognized by
caspases 3/7 consists of the four amino acids DxxD and is conserved through evolution
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in vertebrates as well as in invertebrates. Cleavage at this position leads to a
constitutively open Panxl channel, that releases ATP and UTP to activate immune
responses. Furthermore, because this channel opening is irreversible, Panx1 contributes
to cell death itself, apart from activating phagocytes. It was a major aim of this thesis to
define the region where Panxl truncation leads to a constitutively open channel.
Regarding caspase cleavage and the function of Panx1 in apoptosis, a truncation of the
protein can be considered an analogue to mimicking a cleavage by effector caspases.

5.4.1 Design of Panx1 truncated versions

Truncations were performed by use of specific PCR primers, which were designed to

amplify products of the intended size.
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Figure 5.19: Position of the amino acids chosen for truncation of Panxl. (A) The graph depicts the
topology of rPanx1. The amino acids forming the transmembrane domains are marked in green. The
amino acids marking the truncation sites are depicted in yellow. (B) The amino acid sequence of rPanx1-
wt. Amino acids providing transmembrane domains are encased, according to (A), the amino acids
marking the end of a truncation construct are indicated in yellow.
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The plasmid pCS2+ was used as vector backbone for all constructs to allow expression
in mammalian cells as well as in vitro transcription for the generation of cRNA for
injection into Xenopus oocytes.

rPanx1 was shortened to the denoted lengths depicted in figure 5.19.

5.4.2 Electrophysiological characterization of truncated Panxl-forms in Xenopus

laevis oocytes

After injection of cRNA, oocytes were incubated for ~60 hours to allow expression of
the constructs investigated. During this time, oocytes expressing some of the truncated
versions showed signs of severe cell degeneration. Therefore, it was not possible to
electrophysiologically characterize these cells. Only oocytes expressing truncated forms
of Panx1 which did not show signs of degeneration were chosen for TEVC recordings.
The analysis of the maximum current evoked by expression of the different truncated
versions differed significantly. Panx1-307 evoked average maximum currents of 5742,6
+- 948,2 nA which is significantly higher than those of uninjected cells or Panxl
mediated currents. Interestingly, the expression of the 20 aa longer protein Panx1-327
significantly reduces average maximum currents (512,1+117,6 nA). Panx1-347 and
Panx1-367 evoked maximum currents comparable in size (1513,6 £ 938,4 nA and
1342,6 + 340,7 nA). Oocytes expressing Panx1-truncated versions larger than 367 aa
and smaller than 397 aa could not be measured, because cells did not survive
expression.

Surprisingly, while cells expressing Panx1-397 survive and evoke currents in a range of
three times the magnitude of Panxl evoked currents (2652,9 +886,9 nA vs. 972,9
+145,2 nA), the addition of 10 aa to obtain Panx1-407 leads to even higher currents
(6878,6 +- 522,1+ nA).

Regarding Cbx sensitivity, it turned out that three out of six truncated Panx1-forms
tested were inhibited by Cbx. Inhibition of currents induced by Panx1-347, Panx1-397
and Panx1-407 was considerably stronger than Panx1l mediated currents (average
reduction 46,2%, 68,2% and 52,7% vs. 28,8%, respectively).

Surprisingly, the intermediate form Panx1-367 did not respond to Chbx. Resting
membrane potentials of oocytes expressing Panx1-307 and Panx1-367 were

significantly more positive than those of uninjected cells (-6,5 + 2,04 mV and -12,1 £
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0,83 mV vs. -17,9 = 0,98 mV), while Panx1 expression does not alter resting potential (-
16,9 + 0,6 mV). Further, oocytes expressing Panx1-397 had membrane potentials
significantly more negative than uninjected oocytes (-24,3 £ 1,19 mV). All other

constructs investigated did not affect the cells resting membrane potential.
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Figure 5.20: Comparison of the electrophysiological properties of truncated versions of Panx1 in
Xenopus laevis oocytes. Whole cell membrane currents from cRNA injected Xenopus laevis oocytes
were recorded using the TEVC technique. Oocytes were clamped to -70 mV, voltage steps starting from -
100 mV to +60 mV membrane potential were applied subsequently. IV-curves were calculated from
corresponding current responses. ni = not injected. (A) Quantitative analysis of the maximum current
measured at a membrane potential of +60 mV, currents were normalized to negative controls. The
maximum currents show a high variation in comparison to Panx1 expressing oocytes. (B) Quantitative
analysis of the remaining current after inhibition of channel activity with Cbx (in % of control). Cbx
sensitivity was observed in oocytes expressing Panx1-347, Panx1-397 and Panx1-407. (C) Quantitative
analysis of the resting membrane potential, which is altered through expression of Panx1-307, Panx1-327
and Panx1-397. Panx1l n=232, Panx1-307 n=15, Panx1-327 n=41, Panx1-347 n=27, Panx1-367 n=43,
Panx1-397 n=17, Panx1-407 n=37, ni n=106. ***P<0.001 **P<0.01 *P<0.05, SEM, significance vs. ni.
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5.4.3 The role of Panx1 truncation for cellular survival in Xenopus laevis oocytes

The expression of truncated versions of Panx1 with sequences longer than 367 aa and
shorter than 397 aa lead to oocytes, that either showed degeneration after incubation of
60 hours or were severely damaged by penetration with the recording electrode when
trying to perform TEVC measurements, indicating an increase of fragility of the plasma
membrane. In order to investigate the influence of a certain length of the Panx1 protein
on cellular survival, truncated Panx1 forms with lengths spanning the range that was
considered crucial for cellular survival were expressed in Xenopus oocytes. Oocyte
viability was continuously monitored over a period of 96 hours after the injection of
cRNA by visual inspection. The use of Xenopus oocytes has the advantage to allow
inspections over a long time period due to their size and their general viability. Figure
5.21 shows oocytes expressing either the wildtype form of Panx1 or Panx1-387 as an
example for protein-induced cell degeneration. Following an incubation period of 72
hours after cRNA injection, yolk is protruding from the ooplasm. This was regarded as
a marker for cell death in the survival curves (Fig. 5.22). Furthermore, the rescue of cell

degeneration by the presence of Chx is illustrated.

NFR 50 uM CBX

Panx1

Panx1-387

Figure 5.21: Morphological appearance of Xenopus laevis oocytes after expression of Panxl-
truncated versions. Panx1 wt or Panx1-387 expressing oocytes, incubated either in Normal Frog Ringer
(NFR, no treatment) or in NFR solution containing 50 uM Cbx 72 h after injection. An oocyte was
considered dead, when yolk was protruding from the ooplasm, as depicted in the lower left panel.
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To improve presentation, the survival curves of oocytes expressing Panxl truncated

versions inducing cell death of >25%/96 hours are depicted in separate diagrams.
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Figure 5.22: Induction of cell death by expression of truncated versions of Panx1. The oocytes were
examined microscopically at four time points/day, the viability was determined according to
morphological criteria. An oocyte was considered dead when yolk was protruding from the ooplasm. All
oocytes were incubated in NFR and in NFR containing 50uM Cbx. (A) Panx1 injected and uninjectied
oocytes were used as controls.
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The survival curves (Fig. 5.22 A-J) reveal specific differences regarding viability and
Cbx sensitivity. Generally, cell degeneration starts to occur at about 48 h after injection,
but only some constructs lead to rapid and substantial degeneration.

After 48h, degeneration started to progress differently for different constructs. In most
oocytes, the breakdown of cellular homeostasis was decelerated by incubation with
50puM Cbx. However, degeneration could not be affected for some of the constructs. In
conjunction with the results from the electrophysiological recordings, these findings
indicate that Panx1-307, Panx1-327, Panx1-367, Panx1-370, Panx1-380 and Panx1-383
appeared Chx insensitive (Fig. 5.22 and 5.23).

Data for oocyte survival when expressing truncated Panx1 channels are given in Table
5.2. Surprisingly, the amount of degenerated oocytes did not directly correlate with the

length of the C-terminus.
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Figure 5.23: Induction of cell death in Xenopus laevis oocytes by expression of Panxl-truncated
versions. Cell death of oocytes expressing truncated forms of Panx1 after 48 hours (grey) and 96 hours
(blue). Panx1-347 n=67, Panx1-367 n=54, Panx1-370 n=111, Panx1-374 n=127, Panx1-377 n=145,
Panx1-380 n=74, Panx1-383 n=67, Panx1-387 n=266, Panx1-389 n=86, Panx1-393 n=88, Panx1-397
n=131, Panx1-407 n=68, Panxl n=96, ni n=270, results obtained in n > 2 independent experiments /
construct.

For a demonstration of the influence of the position of the truncation, the mean
percentage value obtained in the survival experiments (n > 2) is given in figure 5.23.
Obviously, a symmetry in curve distribution is not given, indicating that there is no
single peak in cell death increase. Starting with Panx1-347, successive elongation of the
amino acid sequence does not impair oocyte viability at regular intervals up to a

maximum of mortality followed by a stepwise reduction of cell death. Instead,
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expression of Panx1-370 leads to 66,0% dead oocytes after 96h, which is one third more
than in Panx1-347 expressing oocytes. Further elongation by only four amino acids

reduces mortality in Panx1-374.

Table 5.2: List of constructs leading to breakdown of cellular homeostasis. Constructs leading to
>25% cell death are listed, sensitivity to Cbx inhibition is indicated in the last column.

% dead oocytes / Cbx
Construct 96h sensitive
Panx1-347 40,6 +
Panx1-370 66,0 )
Panx1-374 25,6 +
Panx1-377 34,0 +
Panx1-380 958 -
Panx1-383 85,0 -
Panx1-387 7,2 +
Panx1-389 717 +
Panx1-393 54,5 +

Expression of Panx1-377, which marks the cleavage site for caspase 3 and 7, leads to an
induction of cell death of 34,0 % only. The addition of three more amino acids leads to
breakdown of homeostasis of nearly all cells (Panx1-380, 95,8% dead oocytes). Residue
380 seems to represent a critical point, since further addition of amino acids leads to
stepwise decrease in mortality (85,0% to 54,5% in oocytes expressing Panx1-383 to
Panx1-393 and intermediate forms). A total rescue of the lethal effect on Xenopus

oocytes is provided at expression of Panx1-397.

5.4.4 The role of Panx1 truncation for cellular survival in N2A cells

From a comparative point of view, it is of interest to study the effect of Panxl
truncation also in a mammalian cell system. The differences observed by expression of
the shorter Panx1 versions in oocytes provide an important insight into the function of
domains of Panx1l. Anyway, Xenopus oocytes are large and robust cells, that allow

studying harmful proteins over a time period which is not comparable with the behavior
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of mammalian cell systems. Therefore is of interest, if the expression of the truncated
Panx1 forms evokes a comparable gradual effect regarding cellular survival in N2A
cells.

For this reason, N2A cells were cotransfected with constructs encoding the truncated
Panx1 versions and pEGFP, with Panx1 and pEGFP as positive control and pEGFP as
negative control to adjust background. 24h post transfection, cells were collected and
suspended in PBS.
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Figure 5.24: Induction of cell death in N2A cells by expression of Panxl-truncated versions. The
percentage of cells sorted by FACS flow cytometry positive for either 7-Aminoactinomycin (7-AAD) or
GFP are depicted. Cells positive for 7-AAD are considered dead, while cell populations positive for GFP
are still alive. 10.000 cells counted / transfection, results obtained in two independent experiments.

Then, the fluorescent dye 7-Aminoactinomycin (7-AAD) was added to the cell
suspension to stain dead cells, and afterwards cells were analyzed in the FACS flow
cytometer. The measurement of GFP and 7-AAD is reciprocal, which provides an
internal control for experimental conditions. The FACS analysis revealed a phasic
behavior starting with a maximum of survival at Panx1-307 and a nadir at Panx1-387.
Elongation from position Panx1-387 on provides a continuous rescue effect which at
position Panx1-407 is identical with the wildtype Panx1 survival rate. Insofar the
analyses of survival exploiting N2A cells is in total agreement with the data obtained in

the oocyte expression system.
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6. Discussion

6.1 Panx1 and Panx2 do not form functional heteromeric channels

When pannexins were first described by Panchin and collegues (Panchin et al. 2000),
Panx1 and Panx2 were assumed to form functional heteromeric channels. In the first
study that experimentally addressed this issue, both proteins were expressed in Xenopus
oocytes (Bruzzone et al. 2003), which resulted in a difference in current response when
compared with oocytes expressing Panx1l only. From these results, the authors
postulated that both proteins form heteromeric hemichannels that reveal functional
differences in comparison to Panx1 homomeric channels.

In the present thesis a possible reciprocal influence of Panx1 and Panx2 on each other’s
channel properties was re-investigated. To achieve this goal, the results obtained by
Bruzzone et al. (2003) should be confirmed and extended. As a first step, the existence
of heteromeric Panx1/Panx2 channels were intended to be verified. As method of
choice, Xenopus laevis oocytes were used as expression system and the use of the
Roobocyte® system provided high throughput standardized TEVC measurements.
Xenopus oocytes were injected with cRNA encoding either Panx1, Panx2-664 or both
CRNAs. For these experiments, Panx2-664 was chosen to allow a comparison with
results from the original publication by Bruzzone's group. Both cRNAs were injected in
three different ratios to possibly affect the composition of the hexameric pannexon. A
3:1 ratio of Panx1 and Panx2 should represent the properties of channels formed mainly
by Panx1 and less Panx2 or formed by Panx1 only. In case of injecting two cRNAs in
an unequal ratio, the formation of homomeric channels cannot be excluded, nevertheless
the existence of both types of pannexons, homomeric as well as heteromeric, in the
oocyte is most likely.

The expression of both proteins in similar quantities should be achieved by injection of
both cRNAs in an equal ratio, and the injection of a ratio 1:3, which is in favor of Panx2
expression, should allow recordings from oocytes expressing channels formed by Panx2
mainly or exclusively.

As a first result, it was successfully demonstrated that Panx1 expression in Xenopus
oocytes leads to the formation of functional channels which are voltage gated and
sensitive to inhibition by the gap junction blocker Cbx. In contrast, oocytes expressing
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Panx2-664 did not show currents in response to depolarization; Panx2-664 does not
form functional voltage gated channels. These findings are in line with results published
previously, providing a stable control condition for the analysis of the recordings of
heteromeric channels (Bruzzone et al. 2003; 2005).

Based on the working hypothesis that, depending on the ratio of RNAs injected,
Panx1/Panx2 heteromeric channels could be forced to build hexamers consisting of
varying amounts of Panx1 vs. Panx2, a decrease in current response was expected with
decreasing amounts of Panx1 in the heteromer. The analysis of the maximum current
recorded from oocytes expressing both proteins revealed that the Panxl-mediated
current response disappeared completely upon co-expression of Panx1 and Panx2 at any
ratio tested. Cells that were dedicated to express heteromeric channels did not show
currents different from uninjected oocytes which were recorded as negative controls.
Current amplitudes were not found to represent a function of the expected relative
amount of Panxl expressed. This is confirmed by a recent study, where after
coexpression of Panx1 and, in this case, Panx2-674, current responses could not be
evoked by depolarization, indicating an inhibitory effect of Panx2 on Panx1. It remains
unclear, however, whether this inhibitory effect is caused by deficiencies in trafficking
of Panx1/Panx2 channels or whether these channels are not functional, even when they
are inserted into the cell membrane (Penuela et al. 2009).

It has been shown that Panx1 forms hexameric channels (Boassa et al. 2007), and Panx2
was reported to form octamers. This observation provides a likely explanation for the
inability of Panx1 and Panx2 to form functional heteromeric channels, due to the
differences in symmetry of the homomers (Ambrosi et al. 2010a). Furthermore, the
authors purified Panx1/Panx2 heteromeric channels from overexpressing Sf9 cells.
These cells were infected with baculovirus encoding Panx1 tagged with hexahistidine
(6His) and untagged Panx2 protein, and protein complexes were purified over affinity
columns binding the 6His-tagged Panx1. This approach allowed to isolate Panx1/Panx2
heteromeric channels. Interestingly, the authors could demonstrate that Panx1/Panx2
heteromers are very unstable and disaggregate after a few hours (Ambrosi et al.
2010a;b).

The described finding is of special interest, because the half-life of connexins can be
very short, similarly to gap junctions which have been shown to have a half-life of ~2
hours only (Laird 2006; Crow et al. 1990). In contrast, Panx1l channels could be
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followed up for ~15-18 hours before lysosomal degradation occurred (Boassa et al.
2007).

TEVC measurements performed during this thesis work provide no clue for the
existence of functional heteromeric channels consisting of Panx1 and Panx2. Together
with the published findings, these observations suggest that Panx1/Panx2 channels are
non-functional when formed and are degraded very fast. This makes
electrophysiological recordings in Xenopus oocytes impossible, when an incubation
time of about 60 hours for stable protein expression is maintained.

Therefore, heteromeric channel formation between Panx1 and Panx2 can be considered
to happen accidentally. A functional relevance for heteromeric Panx1/Panx2 channels in

naturally existing biological systems can be excluded.

6.2 Panx2-674 forms functional, voltage gated channels

Panx2 is an integral membrane protein (Panchin, 2000, Dahl & Locovei 2006). This
means that during or after synthesis, the protein has to be packed in a correct way, and
trafficked to its target compartment. For this purpose, proteins in general contain target
sequences that provide protein sorting and shuttling. It is well known that signal
sequences for membrane transport are often localized in the amino terminus (Blobel et
al. 1984). The genomic DNA encoding the Panx2 protein is located on chromosome 7
in the rat genome, the coding region is built by four exons. At mRNA level it is hard to
distinguish between two possible start codons which could be used as a start site for
gene expression, because both are localized on exon 2 and sequences that would hint on
a particular start codon used for gene expression are not obvious. A Kozak sequence
could not be found upstream the prospective start codons. To allow an experimental
discrimination between the two ATG chosen for gene expression, they would have to be
located on different exons. In that case, it would be possible to distinguish whether two
different or only one isoform were expressed by use of alternative start codons on
different exons. The fact that both prospective start codons are localized on the same
exon makes discrimination via PCR-techniques, as demonstrated before, impossible
(Buettner et al. 2000).

In this context, the strategy chosen in this thesis to determine the native form of Panx2

was a comparison of localization and function of both proteins, e.g. Panx2-664 and
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Panx2-674. It was therefore intended to uncover if the elongation of Panx2-664, the
Panx2 form formerly used in the literature, by ten amino acids to achieve the Panx2-674
form, leads to differences in localization and function.

In a first attempt, both proteins were expressed in N2A cells, and immunostained
afterwards to allow an analysis via confocal microscopy.

In this experiment, differences in the expression pattern could be demonstrated
successfully. Panx2-674 is localized in the plasma membrane. A cytosolic localization
could not be detected. N2A cells expressing Panx2-664 showed a clear intracellular
staining, with retain in intracellular compartments such as the endoplasmatic reticulum
and Golgi. Shuttling to the plasma membrane is hardly visible under light microscopical
conditions.

This result provides first evidence, that the N-terminus of Panx2-674 exhibits a signal
sequence crucial for a targeting to the cell membrane, which is probably missing in
Panx2-664.

To further investigate the localization of Panx2 in the cell membrane, FRIL experiments
were performed. In the protocol commonly used to obtain FRIL specimen, cells are
frozen quickly, fractured and shadowed with platinum/carbon layers to generate a
replica. After this step, digestion of the sample from the replica is provided by addition
of SDS detergent solution. For the staining of Panx2-664 and Panx2-674, this digestion
was performed incompletely, resulting in a replica bound to one lipid monolayer, that
still contains proteins accessible for antibodies.

N2A cells were transfected with plasmids encoding either Panx2-664 or Panx2-674 and
subjected to FRIL. Electron microscopy of the cell's outer membrane allowed counting
of gold particles / area. Thus, the rate of expression of Panx2-674 could be compared to
the expression rate of Panx2-664.

Surprisingly, the quantification obtained by analysis of the EM pictures revealed a
comparable density of protein internalized into the plasma membrane for both proteins,
unless a tendency towards a higher Panx2-674 density was observed. As stated above,
after analysis of the confocal images, it was assumed that the localization of Panx2-664
in the membrane would be significantly lower than for the longer Panx2-674 protein.
Taken together, the confocal imaging revealed that Panx2-674 was localized mainly

inside the plasma membrane and less in the cytosol, while Panx2-664 was
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predominantly localized in the cytoplasm or in intracellular compartments (which
cannot be distinguished).

The quantitative analysis of the FRIL data revealed a surface localization for both
proteins. It is an important finding to note, that both proteins seem to be targeted to the
cell membrane to the same extent.

This means: (i) the N-terminus of Panx2-674 is not needed for internalization into the
plasma membrane (ii) the difference in the N-terminus of the Panx2 forms does not
influence the extent of internalization. Although confocal imaging revealed that a large
part of Panx2-664 is retained intracellularly, still, the amount of particles in the
membrane remains comparable to Panx2-674 expressing cells.

It may be speculated, that due to overexpression of the proteins a maximum of protein
internalized into the cell surface is achieved. Given that the N-terminus does not
influence the process of internalization into the plasma membrane, both proteins can be
detected at the cell surface to the same extent. However, the fact that Panx2-664 is
partly retained inside the cell while Panx2-674 is not, leads to the conclusion that (iii)
the ten additional amino acids in the N-terminus of Panx2-674 leads to a more efficient
protein shuttling and membrane targeting. This may also explain why Panx2-664 is
localized intracellularly as well as on the cell surface. Possibly, a shuttling pathway
from the ER via the Golgi apparatus to the membrane may be impaired in the short
form. In Panx1, shuttling to the plasma membrane is mediated by glycosylation of the
protein, as shown by Boassa et al., who postulated that N-glycosylation of Panx1 at
residue 254 is necessary for membrane targeting, a finding validated by site directed
mutagenesis studies (Boassa et al. 2007). In any case, the results of the present thesis
identify the N-terminus of Panx2-674 as a crucial region for membrane targeting. It is of
further interest, if glycosylation deficient mutants of Panx2-674 would also alter the
spatial expression pattern.

A localization of Panx2-674 in the plasma membrane has not always been confirmed in
the literature. Panx2-674 localization seems to be dependent on the cell type used for
analysis. After expression in HEK 293T or NRK cells, Panx2-674 was localized in
intracellular compartments, showing only little cell surface localization (Penuela et al.
2009). In contrast, transfection of HeLa cells resulted in a clear membranous staining in

confocal imaging (Zappala et al. 2007).
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6.2.1.Electrophysiology of Panx2

Here, it is shown that Panx2-674 is capable of forming functional channels which open
to a standard depolarization protocol, a phenomenon not observed so far (Ambrosi
2010a).Starting from a holding potential of -70 mV, voltage steps were applied from -
100 mV to +60 mV in 20 mV increments and currents were recorded from Xenopus
oocytes using the Roboocyte® system. The applied protocol is commonly used in
electrophysiology and was sufficient to evoke Panx2-674 mediated currents. For a
proper analysis of the currents, it was important to include a mathematical correction of
the current amplitude with respect to a negative control in order to allow the
background current of the oocytes to be evaluated. Therefore, it was important to also
record from uninjected oocytes on every experimental day. The uninjected oocytes
represent the background conductivity and a reference or background current can be
calculated and subtracted from the currents recorded from oocytes expressing Panx2-
674 (or every other protein of interest, respectively). This method allows to analyze the
contribution of Panx2-674 to the total current response.

In general, when channel proteins are analyzed IV-relationships before and after
application of an activating agonist are recorded. This allows to calculate and subtract
the background conductivity individually for every single oocyte (Cavara et al. 2010).
This method cannot be used for analysis of currents obtained from oocytes espressing
pannexins, because specific agonists are not available. Furthermore, because channel
gating by voltage is rather slow for pannexins, it is not possible to induce an on-off
effect that allows separating an intrinsic background current from the current evoked by
the pannexins. Therefore, currents were recorded from uninjected oocytes as a reference
negative control and average background currents were calculated from these results.
During this thesis, Panx2-664 and Panx2-674 were compared. As revealed from TEVC
recordings, only Panx2-674 formed functional voltage gated channels. Together with
the results from the FRIL experiments it is likely that Panx2-664 can be considered not
to be the native Panx2 protein, a conclusion consistent with recent findings (Ambrosi et
a. 2010a). Membrane targeting of Panx2-664 seems impaired, but not disabled
completely. The protein is incorporated into the plasma membrane, but seems not to
form functional voltage gated channels. On the contrary, voltage gated channels are
formed by Panx2-674, implicating that the N-terminus of Panx2-674 may have a
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functional role in pore formation and/ or gating. The maximum currents mediated by
Panx2-674 channels exceed the Panx1 evoked currents by a factor of three (2780,4 *
468,5 nA vs. 972,9 £ 145,2 nA on average). This finding provides a completely new
insight into the importance of Panx2-channels in cellular conductance and excitability
of the nervous system, given the expression of Panx2 in the CNS. Up to now, Panx2
was considered to mainly have accessory functions in Panxl trafficking. Recent
findings, however, demonstrated that Panx2 forms a channel with a pore diameter of
~30 A, while the pore diameter of Panx1 is 19 A (Ambrosi et al. 2010a). Panx1 is
capable of releasing molecules of up to 1 kDa in size, and it is obvious to assume that
Panx2 may release even bigger molecules and/or similar sized molecules at a higher
rate. The observation, that Panx2 is able of forming channels exhibiting large currents is
of special importance regarding excitability and also exchange of molecules.
Interestingly, Panx2-674 is not sensitive to any of the substances tested as possible
channel blockers. Cbx, CoCl,, LaCls;, Mefloquine, PEG 1500 and Octanol were
analyzed for inhibitory effects on Panx2-674, and none of these commonly used gap
junction or Panx1 channel blockers was able to induce a significant inhibition. A first
impression of LaCls or Mefloquine being possible candidates for blocking Panx2-674
could not be confirmed.

Considering the large impact of Panx1 in ATP-mediated ATP-release (Thompson et al.
2006, Dubyak 2009, Qiu & Dahl 2009) and the regulation of Panxl by ATP in a
negative feedback loop, ATP was also tested as a compound that might have been
capable of blocking Panx2-674 activity. Panxl is activated by high levels of
extracellular ATP as, for example, found under ischemic conditions and inactivated by
rather low levels of ATP accumulating at the outside of the channel pore. Thus, in
experiments on inhibitory effects on Panx2-674, ATP was tested at different
concentrations (0,2uM to 40uM). As for the compounds described earlier, only a small
inhibitory effect could be observed. The application of 20 uM ATP led to a slight
decrease in Panx2-674 evoked current. This decrease, although significant, still
demonstrates an inhibition of only 20% of the maximum current. Therefore, it is
difficult to postulate that ATP can be used as an inhibitor of the Panx2-674 protein. The
search for a substance capable of blocking Panx2-674 mediated currents remains a

fascinating question that may be solved in future studies.
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6.3 Transplantation of domains of Panx1 and Panx2 causes loss of function, whereas

prolongation of Panx1 by a domain of Panx2 leads to gain of function

To understand the molecular mechanisms underlying voltage-dependent gating of
Panx1 and Panx2 channels, the interaction of different protein domains in forming the
pore is of special interest. Domain swapping is an appropriate method to address this
issue, as demonstrated in various experiments regarding the functionality of protein
domains (Stern-Bach et al. 1994, Strutz-Seebohm et al. 2003)

During this thesis, four chimeric proteins have been designed. Expression was verified
for all chimeras in N2A cells as well as in Xenopus oocytes, reflecting an adequate
translation of the proteins. Further, confocal microscopy confirmed that all chimeras
were internalized into the cell membrane or were expressed at the surface of Xenopus
oocytes, respectively. These findings indicate, that non-functionality of chimeric
proteins is not caused by insufficient expression or trafficking. It is necessary to
mention, that the creation of chimeric proteins always bears a risk of losing
functionality by the technique itself, because it can never be excluded that the borders
chosen for exchanging domains are the reason for loss of function.

Our observations indicate, that only one out of four chimeras was capable of building a
functional channel. In the following, the results obtained by TEVC recordings from
oocytes expressing chimeras are discussed one by one.

Chimera C1 (653aa): Panx1.1-296/Panx2.317-674.

This chimera consists of the Panx1 aa sequence from the N-terminus to the predicted
fourth transmembrane domain. The intracellular C-terminal part is taken from Panx2.
This protein did not form functional channels, which could be activated by
depolarization. Assuming that Panxl and Panx2-674 are forming voltage gated
channels, the results lead to the conclusion that (i) the N-terminal part of Panxl
(residues1-296) does not build functional channels with the C-terminus of Panx2, and
(i) vice versa, the C-terminus of Panx2 (residues 317-674) is not sufficient to form

functional channels without at least parts of the internal N-terminal sequence.
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Chimera C2 (653aa): Panx1.1-426/Panx2.427-653.

The design of this chimera was based on the entire Panx1 protein extended by a
carboxyterminal part of Panx2. For extension, residues 427-653 of Panx2 were chosen,
because they refer to the sequence starting right behind the respective length of Panx1.
Furthermore, the length of C2 is adapted to the length of C1 to allow a comparison of
the influence of the length of the C-terminal part. TEVC recordings revealed the
formation of a functional channel that mediates large currents and is sensitive to Cbx.
On average currents recorded from Xenopus oocytes expressing chimera C2 were even
~1,7 times larger than Panx2-674 evoked currents. Different explanations can be
assumed for this channel behavior.

(@) The pore size could be influenced leading to an increase in channel conductance. (b)
The channel’s opening probability could be altered. (¢) Channel closing could be
inhibited by steric interaction of the elongation of the Panx1 wildtype protein by a part
of the C-terminus of Panx2. Although the experiments do not give any clue about the
reasons for the enlarged current response, it is a remarkable result that the extension of
Panx1 by a part of Panx2 leads to a gain in function. This also indicates that this part of
Panx2 does not have an inhibitory effect on Panx1 channel function, referring to
published data where an inhibitory effect of Panx2 on Panxl1 channel function is
postulated (Penuela et al.2009).

Comparing these findings with the results obtained from chimera C1, it is now
confirmed that Panx1 residues 297-426 are necessary for Panx1l channel formation.
Furthermore, the missing functionality of C1 is not a consequence of the extended

length of the C-terminus, since the C-termini of C1 and C2 are of the same length.

Chimera C3 (426aa): Panx1.1-296/Panx2.317-447.

The third chimera investigated was designed similar to chimera C1, but in this case the
C-terminus was truncated so that a protein with the respective size of Panxl was
generated. Expression of chimera C3 did not lead to the formation of functional
channels. An important consequence of this result, together with the findings described
earlier, is that Panx1 can only form channels with its own C-terminus. Furthermore, the
non-functionality of C1 is not caused by the length of the protein or, alternatively,

shortening of C1 to the length of Panx1 does not lead to a rescue in function.
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Chimera C4 (446aa): Panx2.1-316/Panx2.297-426.

The fourth chimera was designed to start with Panx2 from the amino terminus to the
fourth transmembrane domain and the intracellular C-terminus taken from Panxl.
TEVC measurements revealed that this chimera does not lead to the formation of
functional channels. Obviously, although Panx1 and Panx2 are both capable of forming
functional homomeric pannexons, expression of a chimera consisting of the N-terminus
of one protein and the C-terminal part of the other protein leads to a complete loss of
function, as can be seen from the results obtained from chimeras C1 and C4. This
means, that in both proteins a functionally important interaction of the C- and the N-
terminal part must take place that cannot be mimicked by the respective part of the other

protein.

6.4 Truncation of Panx1 leads to differential effects on channel properties

As an important consequence of the results achieved with the chimeric proteins, the
residues 297-426 of Panx1 moved into focus. Obviously, the C-terminal domain of
Panx1 was necessary for channel function, and the question arose, which parts were
crucial for channel formation and which parts were responsible for gating, voltage
dependence and Cbx sensitivity. Further, the truncation of Panx1 by caspases 3/7 is part
of apoptotic processes and causes recruitment of phagocytes by release of “find-me”
signals from the cell (Chekeni et al. 2010). It was a main goal of this thesis to map the
region of the aa sequence, where Panx1 truncation leads to cell death. In this context, it
has to be considered that upon truncation and expression in Xenopus oocytes or
mammalian cell culture the artificially open Panx1 channels cause cell death per se. In
both heterologous expression systems, the immunologic response is not present, which
means that after expression of truncated Panx1 forms a possible cell death is always
mediated by altered channel properties. This allows to explore the Panx1 contribution
solely, unaffected by influences of other processes.

Within the scope of this thesis, 16 truncated versions of Panx1 have been generated.
Two different expression systems were used to analyze the effect of these proteins on
cell viability as well as electrophysiological channel properties.

Expression of some proteins led to cell death in mammalian cells as well as in Xenopus

oocytes, while others could be expressed in oocytes without causing degradation and
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were used for TEVC recordings. In the following, the influence of the length of Panx1

on cellular survival and on channel gating properties will be discussed.

6.4.1 Electrophysiology of truncated proteins not lethal after expression in oocytes

First, truncation of Panx1 resulted in specific effects on channel gating depending on
the site of truncation. A stepwise reduction of the length of the C-terminus did not
simply lead to a loss of function. Instead, the results are far more irregular: the
expression of Panx1-307, the shortest form generated, led to very large Chx-insensitive
currents. This result is likely to expect, considering that nearly the entire C-terminus is
missing. Taking the survival of oocytes expressing Panx1-307 into account, a
constitutive, permanent opening of the pore can be excluded. Thus, it may be assumed
that the C-terminus is involved in closure of the pore after voltage gated opening. Upon
truncation at residue 307, a part of the sequence crucial for subsequent closing of the
channel is missing. One further important conclusion can be drawn from the finding that
Panx1-307 is voltage gated: the voltage sensor of Panx1 seems not to be located in the
C-terminal domain, but rather in the N-terminal part and/or the extra- and intracellular
loops, considering that Panx1-307 is truncated only ten residues behind the fourth
transmembrane domain.

Interestingly, currents recorded from oocytes expressing Panx1-327, -347 and -367 did
not show large differences to currents recorded from oocytes expressing the full length
Panx1 protein. This leads to the conclusion, that residues 308-327 are necessary and
sufficient for proper channel gating. The addition of 20 to 40 residues does not inhibit
this function.

In contrast, expression of Panx1-370 leads to significant cell death (66% dead oocytes
on average). In this protein, only 3 aa more than in Panx1-367 are expressed and,
obviously, the addition of residues 368-370 is sufficient to induce a conformational
change causing a complete loss of channel regulation and breakdown of cellular
homeostasis.

Next, stable current responses were obtained from oocytes expressing Panx1-397, while
oocytes expressing Panx1 truncated forms between aa 367 and aa 397 did not survive

and could not be used for electrophysiological measurements.
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Oocytes expressing Panx1-397 exhibit large voltage gated current responses to
depolarizing voltage steps of ~two times the magnitude of Panx1 mediated currents. It
may be speculated that Panx1-397 is capable of forming a functional channel that can
be gated and does not lead to cell death. The expression of Panx1-393 led to cell death
of almost 54,5 % injected oocytes on average. This means that residues 394-397 are
sufficient for a rescue of oocyte survival, the channel can be closed again, although
complete channel function is not restored.

Surprisingly, oocytes expressing Panx1-407 show a very high current response with an
average magnitude of nearly 7 pA. It would have been reasonable to expect that an
addition of further amino acids would cause stabilization of channel function and result
in channel properties more similar to the full length Panx1 protein.

The difference of 10 residues between Panx1-397 and Panx1-407 leads to formation of
a channel that does not cause cell death, but a conformational change must be induced
that prevents proper channel gating.

6.4.2 Mortality induced by truncation of Panx1

The expression of truncated versions of Panx1 with lengths ranging from 370-393 aa
show lethal effects upon expression in Xenopus oocytes as well as in N2A cells. In N2A
cells, all 16 truncated versions of Panx1 were expressed and viability was investigated
24 hours post transfection. The FACS analysis revealed that, starting with Panx1-307,
mortality increases with increasing prolongation und reaches a peak in cells expressing
Panx1-387. Further prolongation of Panxl-constructs results in a steady decline of
mortality until full length protein is reached. Interestingly, even expression of the
wildtype Panx1 protein leads to a population of dead cells. One possible reason for this
could be the procedure of collecting cells in preparing the samples for the FACS
analysis, possibly Panx1 reacts to this mechanical stress. Further, impairment of the
healthiness of cultured cells i.e. by transfection procedure, may lead to apoptosis in a
small cell population, which results in Panx1 channel opening.

Regarding the truncated versions, it is remarkable that in N2A cells the length of Panx1
truncation is reflected in an almost symmetric distribution. This is given by the analysis
of 7-AAD fluorescence which marks dead cells and which is reciprocal to the curve

obtained from GFP fluorescence marking living cells. It is intriguing to note that Panx1-
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377, the protein with the length that mimics a caspase cleaved channel, is not the most
lethal protein. Instead, expression of Panx1-380, Panx1-383, Panx1-387 and Panx1-393
results in a slightly higher mortality, even though the differ