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Introduction

1.1 General aspect of connexins

In multicellular systems, proper organ and tissugcfion is sustained by signal transduction
from one cell to another that acts to coordinatefaaction by intercellular communication.
This cross-talk between cells can be achieveddimeet manner, by the transfer of signaling
molecules through a low resistance pathway of adll-connecting channels, called gap
junctions (Goodenought al, 1996a). The building units in vertebrates areghgrosylated
connexin proteins consisting of four membrane-spandomains (TM1-4), two extracellular
loops (EL1-2), a cytoplasmic loop (CL) and flankidgr and C-termini (NT and CT
respectively) also located at the intracellularesidt present, more than 20 connexin genes
have been identified in the mouse and human gen(iteerger et al, 2001). Newly
synthesized connexins are oligomerized into a hexanstructure referred to as connexin
hemichannels during the trafficking across the @takmic reticulum, the Golgi apparatus
and thetransGolgi network (Laird, 2006;Saeet al, 2003). Following insertion into the
plasma membrane, connexin hemichannels interatt thiir counterparts on neighboring
cells in a head-to-head arrangement, forming gagtjon channels that coalesce into
junctional plagues which allow the direct exchabgéveen cells of metabolic and signaling
molecules with molecular weight (MW) below 1-2 kiruzzoneet al, 1996). Intriguingly,
more than just a structural precursor to gap jonsti some connexin hemichannel may also
remain unapposed in the non-junctional plasma mengr When open, unapposed
hemichannels form a transmembrane conduit, allowlmegpassage of ions and hydrophilic
molecules with a similar size cut-off limit as fgap junction channel permeation. Cytosolic
signaling molecules including adenosine triphosphdATP), nicotinamide adenine
dinucleotide (NAD), glutamate, glutathione and prostaglandins trarsdiffuse through the
channel to reach the extracellular space, provo&isgread of the signal followed by binding
to receptors on surrounding cells and activatingyrddiream cellular responses. Pannexin
(Panx) proteins are orthologues of invertebratexmms and currently consist of 3 members:
Panxl, Panx2 and Panx3 (lglesasal, 2009;Penuelat al, 2013). They share no sequence
homology with connexins but have a similar struetand membrane topology (D'homdtal.,
2009). Pannexins are considered to predominantiy ftemichannels and not gap junctions
(Penuelaet al, 2007a;Sosinskegt al, 2011). For this reason it has been proposed Ito ca
pannexin channels just ‘channels’ and not ‘hemioletsi (Sosinskyet al, 2011). However,

because there is still some discussion about tissilpbty that pannexins might form gap
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junctions, and because this field is still in sfgr@nt expansion, we chose to safely keep using

the word ‘hemichannel’ for pannexins.
Nomenclature

In the literature, two nomenclature systems hamn laelopted to designate different connexin
subtypes. The most widely applied nomenclatureased on the molecular weight predicted
from the cDNA sequence (Sohl and Willecke, 2003)x &xample, Cx43 is named by the
molecular weight of 43 kDa. A corresponding ortdg® derived from a different species can
possess a diverse molecular weight, such as Cx#te6chicken ortholgos of mouse Cx50.
Alternatively, connexins could be grouped by homglof the gene sequence and length of
the cytoplasmic domain inta, (3, y, d and e subfamilies (Cruciani and Mikalsen, 2006). In
this way, a connexin protein can be denoted as f@Jjap junction protein, followed by the
gene subgroup and serially numbered in the ordés afiscovery. Thus Cx43 is also known
as Gal. For the sake of clarity, all connexin proteimnscdssed here will be named following
the former nomenclature system. Based on the ewohry relations, human Cx37, Cx40,
Cx43, Cx46, Cx50, Cx58, Cx59 and Cx62 belongotaonnexins; Cx25, Cx26, Cx30,
Cx30.3, Cx31, Cx31.1, Cx32 fBconnexins; Cx30.2, Cx45, Cx46.6 and Cx47 belonthéo

y- subfamily, Cx31.9, Cx36 and Cx40.1 to thgroup while Cx23 to the-group.

Channel structure

When a connexin hemichannel is composed of a stggkeof connexin protein, it is assigned
to the term ‘homomeric’ (Fig. 1). A hemichannel smting of more than one connexin
isoform is classified as ‘heteromeric’ hemichanielcordingly, gap junction channels can be
formed by two identical (homotypic) or differentefierotypic) hemichannels. Given more
than 20 connexin genes in mammals, it is not ssimqgito find an extensive collection of

divergent architectures of gap junction channels.
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Figure 1. Molecular basis of connexin channels. Connexiegdetra-spanning transmembrane proteins with four
a-helical domains spanning the plasma membrane ctethdy two extracellular loops (EL1 and EL2) ame 0
cytoplasmic loop (CL). Both the N- (NT) and C-temai region (CT) are facing the cytoplasm. Six afsth
connexins oligomerize into a connexon or connex@michannel. A connexin hemichannel at the junetion
membrane readily associates with its counterpdurio a gap junction. Taken from (Meseal, 2007).

Among the various connexin isoforms, the two ELd &our a-helical TM domains share the
highest level of sequence conservation whereas @I @L regions show remarkable
sequence variations. The earliest structural insigh a connexin channel was obtained from
the crystal structure of a recombinant Cx43 gagtjon at 7.5 A resolution (Ungest al,
1999;Yeager, 1998). General features of a junctiohannel include two rings grouped by
the total 24a-helical TM domains. One of the rings lines the emus pore and the other
exposes to the membrane lipids. To bridge the gatledlar gap, EL1 and EL2 of each
apposed hemichannel interact with the respectiventeoparts, forming an anti-parallpt
sheet stabilized by intramolecular disulfide bonAs30° rotational stagger between two
apposing hemichannels is necessary for formingtlyigdealed intercellular gap. Cysteine
mutagenesis studies were used to map the porgtlm@sidues but no consensus has been
reached. In Cx32 gap junctions, TM3 and TM2 weemntified as the primary and secondary
pore-lining segments respectively (Skermttal, 2002;Skerretet al, 2001). The pores of
Cx46 and chimeric Cx32 hemichannels, on the otlamdhappeared to be mostly lined by
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TM1 domain (Kronengolet al, 2003b;Zhotet al, 1997). More recently, crystal structure of
an open Cx26 gap junction at 3.5 A resolution sigantly improved our understanding of
the channel organization (Maedaal, 2009). It shows that the pore of Cx26 gap jumctio
adopts a funnel-shaped structure consisting ofde wytoplasmic entrance, narrowing of the
pore (named ‘funnel’) lined by NT and TM1/EL1 reg# spanning through the
transmembrane and again a widened extracellulatycavmed by EL1. The cut-off size of

the molecules which can go through the channettisrchined by the narrowed funnel.
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Figure 2. Overall structure of a Cx26 gap junction channéedained at 3.5 A resolution. A. Side view of the
gap junction structure. The corresponding protonoérsvo hemichannels are illustrated in the samercd.
Top view of the channel depicting-helical arrangement of the transmembrane domda&nsUpper panel
represents a cross-section of the junctional siracfeaturing a wide cytoplasmic entrance followsd a
narrowing of the pore through the transmembraneailond again a widened extracellular cavity. Lopenel
illustrates the domains lining the pore funnel ¢catode: red, NT; blue, TM1-TM4; green, EL1; yello&al 2).
Taken from (Maedat al, 2009).

1.2 Voltage-gating of connexin channels: where dfree voltage sensor and gate?

Gap junctions and unapposed hemichannels both iextuilbage-dependent channel gating:
gap junctions being mostly influenced by the transfional voltage () voltage difference

measured between the cells sharing a gap junc{ieig) 3A), and hemichannels by the
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transmembrane voltage {Ymembrane potential). Under normal conditions, miiee \f,, of
the coupled cells is similar, and ¥& Vi ez - Vmceld) 1S consequently close to zero, gap
junctions are open, allowing movement of ions, inelites and signaling molecules down
concentration gradients between adjacent cells. édew when the coupled cells develop
different Vs, V; will deviate from zero (either in positive or néiga direction) and the gap
junction conductance (Gsteady state junctional conductance) will seaudécrease (Fig. 3B).
In homotypic gap junctions, the-&; relation is typically bell-shaped with maximum & O
mV and lowering of ¢ when [ changes in positive or negative direction. Unapdos
hemichannels, by contrast, are typically closedeantbrmal resting conditions to prevent
dissipative ion fluxes and loss of essential mdteds Hemichannels can however be opened
by membrane depolarization and for some connexkias@x43), activation may only occur at

positive V.

Voltage-gating of connexin channels is mechanilijichistinct from voltage-gated NaC&*

and K channels, because there is no common voltagergensitif and it is not established
whether the voltage sensor and gate are distintttiesn(Horn, 2000). The argument, in
general, falls into two aspects: i) connexin pmudelack the S4-like domain, a conserved
membrane spanning segment rich in charged amins @cimary for other voltage-gated ion
channels and ii) an essential part of connexingimas believed to sense the voltage change
and in turn, moves at least in part as a gatingheh to convey opening or closure of the

pore.

Two gating mechanisms are identified in connexianttels (gap junction or hemichannel)
based on transitions between different conductatates as well as distinct time courses
(Bukauskas and Verselis, 2004a). One is referreastslow gating’ or ‘loop gating’ because
of the slow transitions between the fully open atased conductance states, which take on
average 11 ms and are typically observed as nteli-sansitions when two hemichannels
dock to form a gap junction (Bukauskas and Weinded94). In the second kind of gating,
termed ‘fast gating’, the channel rapidly switcl{gsl-2 ms) from the open state to one or
several long-lasting subconductance states (alfledcaesidual states). It was initially
proposed that Msensitive gating exclusively depended on the ¢ade, but it was rapidly
realized that slow gating also contributes, esplgaiathe process of channel closure. Further
insight and understanding ofj-8ensitive gating needs the consideration of gathghe
constituent hemichannels (apposed/junctional heamictls). In fact, } gating of a gap

junction is based on the intrinsic gating propertef the two constituent hemichannels

7
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(Bukauskast al, 2002a;Srinivagt al, 2005). This argument is supported by severatlofe
evidence: i) in homotypic gap junctions;-dependence of (Jeaks at Y0 and decays
symmetrically for both positive and negativg Mplicating operation of one hemichannel for
each of the polarities; ii) unitary conductance afhomotypic gap junction channel
approximates half of that of the hemichannel congmbnsuggesting series arrangement of
hemichannels and iii) fast and slow gates have lEEmumented in both unapposed and
apposed hemichannels. The scenario becomes moreglicated when considering
heterotypic gap junctions. In this case, an asymm&-V; relation is often observed, which
is not always well correlated to the intrinsic pagders of the constituent hemichannels. The
fast gating element of Cx43 hemichannels is forngda lost when docked with Cx45
hemichannels (Elenest al, 2001a). Additionally, the gating properties otdretypic gap
junctions formed by Cx26 and Cx30 do not resembée pgrofiles of any of the respective
homotypic channels (Yunet al, 2007). Collectively, these studies propose a aternn
which the gating of a hemichannel may change upmokidg, probably as a result of loop
interactions and consequent conformational chartbas lead to altered gating in the

ensemble of apposed hemichannels that form thgugagon.

It is important to realize that the assumption ofirdependent operation of fast/slow gate is
only valid as a first approximation. In fact, twatgs of each apposed/unapposed hemichannel
are more likely to be serially connected in theepdhereby operating in a contingent manner
(Bukauskast al, 2004a;Gonzaleet al, 2007;Harriset al, 1981). Opening/closure of each
gate would redistribute the electric field insithe pore, reshaping the voltage drop across the
other gates. As a consequence, operation of oeedgaiends on the state of the other gates as
well as its own intrinsic properties including \age sensitivity, gating polarity and unitary
conductance. Taking homotypic Cx43 gap junctionnclets as an example (Fig. 3B), the
maximal G at V; = 0 experiences a multiphasic decay which is tated with divergent
gating phenotypes in response to an increasjrggadient (Bukauskast al, 2004a). At small

Vj that is below a threshold of £50 mV, channel ciess dominated by slow gating. As such,
the slow gate must favor the closed conformatiotower V; as compared to the fast gate.
When the amplitude of \fises to an intermediate level between +60 and m8( the slow
gating component disappears and thed®ps sharply mainly through fast transitions to
residual states. In this case, closure of the dagt responds to a; Vhcrease more rapidly
because of its nature of fast kinetics, leavingtéohfraction of \f over the slow gate which is
below its operation threshold. When ¥xceeds 100 mV, an initial decay of ® the
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residual states is followed by slow transitionsttiiarther complete channel closure,
suggesting that the fraction of falling over the slow gate is sufficient to cldbe remaining
gates. Accordingly, Mgating in a heterotypic gap junction channel stidug¢ considered as
follows: the electric field along the length of apgjunction may strongly deviate from a linear
distribution (constant field approximation). Diféerces in unitary conductance of the two
constituent hemichannels will result in an unequaitage drop over the two hemichannels.
As a result, the apposed hemichannel experienbiadargest voltage drop will have a more
pronounced sensitivity to changes in(Rackauskast al, 2007). Computational stochastic
modeling derived from the contingent-gating theayrrently can provide an accurate
prediction of a heterotypic gap junction gating,emhgating parameters of the respective
homotypic gap junctions are given (Paulausiaal, 2012;Paulauskast al, 2009).

o -sq | ] 1[T]¢s0

V,=0mV  V,=100mV V,=100 mV

Negative V, Positive V,
G,,=0.2 +0.03 G,,=0.18 +0.03
V,=51+3mV V,=50+2mV
A=0.08 +0.02 mV' ; A=0.09 £0.02 mV"
Slow gating
1.0 | <
€
-
o 05
c
o)
0

-150 -100 -50

Figure 3. Vj-gating of gap junction channels. A. schematicsiitation of the presumed isopotential lines
distributed in the gap junction channel pore atedént . No V; is established (M= 0 mV) when the voltage
potential of the apposing cell membranes are bettl bt -50 mV. Hyperpolarizing one cell to -100 rmawd
depolarizing the other to 0 mV or holding one elt50 mV and depolarizing the other to +50 mV gateethe
same Y (100 mV). B. Normalized steady-state(G; norm) @s a function of Vor homotypic Cx43 gap junctions.
The G nomrV; relation can be well defined by a single Boltzmaiumction for either polarity of ¥

G, om =G, 1‘2;0?13) , where G i, depicts the normalized residual junctional condnce A reflects the Y

B ‘min l+e Vo

sensitivity (5 = 29 ; z the equivalent number of electron chacgiat moves through the transjunctional field;
KT

k, Boltzmann constant, absolute temperature) and &brresponds to the;ét which G nom reaches half of its
maximum value. The resulting; Gm— V; curve features a symmetrical bell-shaped proSiguares filled with
lines of different orientation denote the rdnge within which different gating mechanisms @éoeninant. Taken
from (Bukauskagt al, 2004a).
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Regarding W, slow gates of all connexin hemichannels favomaleh closure in response to
membrane hyperpolarization and remain open atengasitive 4, (Gonzalezet al, 2007).
Fast gates can close for either positive or negagpularity depending on the connexin
subtype. This diversity in gating polarity classgfihemichannels into two categories: unipolar
and bipolar. Voltage-dependent gating of a unipb&michannel composed of Cx32 (Gomez-
Hernandezt al, 2003), Cx43 (Contrerast al, 2003a) or Cx45 (Valiunas, 2002) features
progressively increased channel openings with mangrpolarization to positive VY
Channel currents are sustained at positiye $how no apparent inactivation and deactivate
upon hyperpolarization. Thus, in a given unipolamiichannel, both fast and slow gates close
at negative polarity. Typical bipolar hemichannelhose two gates operate at opposite
polarities include Cx26 (Verselist al, 1994), Cx37 (Ramanaat al, 1999) and Cx46
(Srinivaset al, 2005;Trexlert al, 1996) (Gonzaleet al, 2006). Such type of hemichannels
gates to the fully open state in response to memebdepolarization, having highest open
probability at \, ranging from 0 to +15 mV. Driving ¥ to more positive potentials will
trigger rapid closure of the channel to the rediduates. Distinct from any other voltage-
gated connexin hemichannels, a Cx50 hemichannséslto its residue state whep, ®ither
exceeds +20 mV or drops below -60 mV (Srinivasal, 2005). The question remains
whether the voltage sensor of its fast gate woeltbloe as a toggle switch in the center of the
open channel pore, shutting down the gate throitgeredirection of the movement (away or
towards the cytoplasmic side of the pore) @lal, 2004).

1.2.1 Voltage-dependent fast gating
Involvement of the NT domain

The NT domain as an integral component of the dast- voltage sensor was first suggested
by a gating model of heterotypic Cx26/Cx32 gap fioms. Unlike G-V; relation of either
homotypical gap junctions, asymmetries indépendence of Cx26/32 channels gating are
characterized by a reduction in @nly for one polarity of Y i.e. relative positivity on the
Cx26 side. Applying a positive;\o the Cx32 side intriguingly fails to affect thenctional
coupling (Verseliset al, 1994). This unexpected rectification can be erplh by the
opposite polarities of fast gating shared by the &pposed hemichannels: negativity for
Cx32 and positivity for Cx26. Accordingly, relatiymsitivity on the Cx26 side drives the
open Cx26 hemichannel to the residual states, whieapposed Cx32 hemichannel is in

favor for closed state at relative negative poténfiurning V of both sides to the opposite

10
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polarity keeps both hemichannels open. Mutagenssidies revealed that swapping of
specific domains effectively manipulated the paeaf fast gating in both apposed Cx32 and
Cx26 hemichannels. When a chimeric Cx26 hemichacomiining NT and TM1 domains of
Cx32 docked with a wild type Cx26 hemichannek\relation resembled the asymmetric
profile as observed in Cx26/Cx32 gap junctionsijdating polarity reversal of the fast gate in
the chimera. Conversely, docking between the chonemichannel and a Cx32 hemichannel
transformed the @/; relation to a symmetric pattern similar to thattlid homotypic Cx32
gap junction. The region of interest was furtherrmaed down to the first half of the NT
which is distinctly charged at the second positioegatively charged aspartic acid (D2) in
Cx26versusa neutral asparagine (N2) in Cx32. Mutating NZgB2 to a negatively charged
residue or D2 of Cx26 to an opposite charge wascgrit to reverse the polarity of each fast
gates. The presence of D2 in Cx26 essentially aétess the negative valence of the voltage
sensor in Cx26 channel. Charge residue is abseht aame position in Cx32, but might be
donated by the adjacefitiHs-group of methionine. The fact that fast gates obhapposed
hemichannels sense; Yather than absolute vembraces the idea that the voltage sensor
resides within the channel pore and close to ttragellular end of the pore where the electric
field of V; is dominant over that established by absolute (Marris, 2002a;Harriet al,
1981). Application of positive Mto Cx26 and negative;j\Mfo Cx32 would electrostatically
drive the movement of at least a part of the NTas the cytoplasmic side of each apposed

hemichannel.

As discussed precedingly, -dependent gating of a gap junction channel majecef
biophysical properties inherent to the constituestichannel. Then, would an unapposed
hemichannel adopt a similar gating model? Singkmaokel recordings of a chimeric Cx32
hemichannel having EL1 (E41-R75) replaced by tHa€Cx43 (E42-R76; Cx32*Cx43EL1)
provided earliest evidence at unitary current lendavor of this hypothesis (Gdt al, 2000).
Like its WT counterpart, a chimeric Cx32*Cx43EL1nfiehannel closes to both fully closed
state (slow gating) and residual states (fast gaimresponse to hyperpolarization. Mutating
the N2 residue to a negatively charged amino d&¢&E]) converted the Cx32 chimera into a
bipolar channel, with closure of the fast gate @gifive V;, and slow gating from open to
closed states unaffected. Remarkably, introducirgingle N2E subunit into a hexameric
hemichannel arrangement was adequate to initiaepttarity reversal. Deduced from the

stoichiometric analysis, independent motion of e@adividual subunit rather than a concerted
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action of all six subunits gates the channel clesorone or more residual states (€hal,
2000).

It was further suggested that gating charges nbghmnore dispersed through the first half of
the NT (Ohet al, 2004;Purniclket al, 2000b). For example, introducing a negative chag
5™ 8" or 10" position was sufficient to switch the fast gatipgjarity of an apposed Cx32
hemichannel from negativity to positivity. Similéindings were reported in the context of
unapposed hemichannel gating. In contrast to Snsic unipolar behavior, a chimeric
Cx32*Cx43EL1 hemichannel containing the G5E mutatiexhibits bipolar gating.
Conversely, substituting the neutral residue"ao68" position with a positive charge (G5R,
T8R or T8K) maintained the original fast gating quitly of the chimeric hemichannel. As
depicted by nuclear magnetic resonance (NMR) strastof Cx26 and Cx32 NT peptides
(Kalmatskyet al, 2009;Purnicket al, 2000a), a glycine residue (G12) which is consgrve
among the-connexins seems to be essential for the integfitthe channel structure, by
providing a flexible hinge that folds the first haf the NT deep into the channel pore. In V
dependent gating, this open turn configuration pnax to the initial part of the NT (also the
gating charge carrier) would therefore secure thgtion of the voltage sensor in the electric
field for a direct capture of V In the absence of a docking counterpart, the same
configuration will be attained which now respondghe absolute membrane potential as the
reference potential is replaced by extracellularmgartment. Mutagenesis studies
corroborated that substituting G12 with proline aiternative component of molecular hinges
could generate a mutant gap junction channel etxigbgating properties similar as the wild
type channel, whereas other mutant such as CxZ&I25 or G12Y lacking a typical hinge in
the NT failed to promote junctional currents whermxpressed in pairs enopusoocytes
(Purnicket al, 2000a).

Finally, electron crystallography of a mutant Cxg#p junction (Cx26M34A) reveals a plug-
like structure in the centre of the cytoplasmic thmde at each side of the apposed
hemichannel (Oshima&t al, 2007). The typical structural feature is correthtwith the
aberrant junctional coupling that is restricted ttte metabolite-impermeable but ion-
conductive residual states (Gassmanal, 2009;0shimaet al, 2003). Deleting the first half
of the NT domain (amino acid 2-7) accordingly reglliche density of the plug (Oshinea
al., 2008), suggesting that at least part of the Niisttutes the plug. A long-awaited crystal
structure at 3.5 A resolution has recently providedetter insight into the structural

arrangement of the open Cx26 gap junction, in @aldr in the cytoplasmic domain (Maeda
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et al, 2009). By means ofan der Waald$orces between W3 and M34 at the adjacent subunit,
the initial half of the NT appears to be locked iagathe channel wall, thus lining the
permeant pathway of the channel lumen. Collectivetsuctural characterization inspired a
‘gating plug’ model that at the fully open statke tvoltage sensor dispersed along the first
half of the NT protrudes into the channel pore beaible turn at G12 and is sequentially
immobilized at the inner wall of the channel vigersubunit W3-M34van der Waaldorces.
Increasing Y frees the voltage sensor by destabilizing thersteunit interaction and drives

it inwardly towards the cytoplasmic entrance of ploge. It is expected that the voltage sensor
would partially occlude the cytoplasmic entranaafming the ion conductive state into the

residual degree.

A guestion then arises as to whether all conneaduapt the same structural arrangement to
confer gating charge movement. Among the threadettular domains of all connexins, NT
is the most conserved region and is thus expecetbmfer a comparable voltage-driven
conformation in connexins other than Cx26 or Cx@28Himaet al, 2007). Indeed, for most
of the connexin channels possessing positive ylafi fast gating, such as Cx30 , Cx37,
Cx46 and Cx50 channels, a negatively charged Dduesis conserved at thé“2or 3¢
position of the NT (Gonzaleet al, 2007). Neutralizing D3 of Cx50 protein, reverdadt
gating polarity of Cx50 gap junction from positivito negativity (Peracchia and Peracchia,
2005). The identical mutation also removed theinsic fast gating in Cx50 and Cx46

unapposed hemichannels at inside positive potsr(tainivaset al, 2005).

As appealing as the favored argument is, some doahtain. Apposed Cx40 (Rackauskas
al., 2007) and Cx43 hemichannels are unipolar ydt batry a negatively charge at position
3 (D3), making the proposed gating model diffictdt reconcile exclusively with the NT
sequence (Harris, 2002a). Furthermore, in mosthefa-connexins, the position where
conserved G12 op-connexins would endow the hinge is occupied byaghic acid (E).
NMR studies showed that the entire NT domain of Ca8opts am-helical order that by no
means would fold itself into the channel pore (Kgteal, 2009). The structural discrepancy
between connexin suggests that the molecular coemperof fast gate may vary among

connexin isoforms.
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Involvement of the CT domain

Earlier macroscopic recordings of gap junction ents showed that the decay of junctional
currents () in response to increasing i composed of a fast and slow component (Reetlla
al., 1999). Single-channel recordings later attributed complex kinetics to the cooperative
actions of \-sensitive fast gate and slow gate (Bukausiaal, 2004a). CT truncation of
Cx43 gap junctions (at residue 257; C4237) successfully abrogated the fast component of
the descending, Iproviding the first evidence for a CT-constitutedt gate (Revillaet al,
1999). Single-channel recording later confirmed theappearance of the fast transitions
between fully open and residual states at>V+60 mV in the Cx48257 gap junctions
(Moreno et al, 2002). Changes in biophysical parameters furtheluded an increase in
dwell open time from ~126 ms to 2450 ms and a pig¢ol time course of the remaining
transitions, but the unitary conductance of themugien state was well preserved. Tagging a
bulky molecule such as green fluorescent proteirR)Gor V5/6-His to the CT end of Cx43
can impose the same effect (Bukauskasal, 2001;Desplantezt al, 2011). A similar
outcome was also acknowledged in CT truncated fasfm€x40 gap junctions (at residue
248; Cx4@A248) (Anumonwoet al, 2001). Co-expressing the respective CT as a atpar
segment restored the fast gating events in botlDK248 and Cx43M257 gap junctions and
more intriguingly, a fast gating behavior indiffatefrom that of wildtype gap junctions was
also achieved by a heterodomain interaction betwleernCx43CT segment and Cx40M248
(Anumonwo et al, 2001;Morenoet al, 2002). Multiple biophysical approaches such as
resonant mirror technology, enzyme-linked sorbastgs, and NMR have identified a direct
interaction between the CT and the second halh@efGL domain (dubbed ‘L2’; amino acid
119-144), which likely promotes the-dependent gating of Cx43 gap junctions to residual
states (Duffyet al, 2002a;Seket al, 2004b). Histidine 142 (H142) located at the distad

of L2 is a critical constrain of the fast gate,c&mmutating H142 to nonpolar or negatively
charged residues drastically influenced the CT+@kraction and the fast gating profile of the
channel (Shibayamat al, 2006). Notably, CT serving as a molecular integfathe V-
dependent fast gate is unique to Cx40 and Cx43jgagionss. CT truncated Cx50 arising
from calpain cleavage at position 290 or 300 fogas junctions whose voltage-gating profile
at single-channel level is identical to the wilgpeychannels (De Rosa al, 2006). Similarly,
fast gating is not abolished in channels compos$é&tiTaruncated Cx46 (Retamet al, 2009)

or Cx47 tagged by EGFP at CT end (Oderraatl, 2003).
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Strikingly, Cx43 hemichannels missing most of the @main (Cx434239 or Cx4A4257)
neither conducted ionic currents at positivig (Kanget al, 2008a), nor mediated release of
ATP in response to several potent hemichannel $itsnch as removal of extracellular €a
or moderate increase of intracellular?CéDe Vuystet al, 2007a;Ponsaerest al, 2010c).
Intriguing evidence is now available to supporegised picture of CT-CL interaction, which
differentially influences the Cx43 gap junction dmemichannels (further discussed in chapter
V).

1.2.2 Voltage-dependent slow gating

Given the fact that point mutations in the NT domanambiguously reverse polarity of fast
gating without having slow gating affected, voltagmsors of the two gates may be assigned
to separate entities. In contrast to the well ottaer&zed fast gating mechanisms, little is
known about the molecular determinant of the slategvoltage sensor. It is generally
believed that the voltage sensor of the slow giate r@sides within the pore, to ensure voltage
sensing in both open and closed conformations {$1&6009;Kronengolekt al, 2012;Kwon

et al, 2012). The resemblance of the slow gating pattenmnapposed hemichannels to the
step-wise appearance ¢fduringde novogap junction formation initially led to the idelaat
the two ELs serve as slow gating elements (Tregteal, 1996). The precise molecular
components of slow gating have remained mystenmtit recently Verseligt al. observed a
temporal correlation between the movement of Cx&@ibhannel pore-lining residues at the
TM1/EL1 border and slow gate closure (Verselisal, 2009). When subject to substituted-
cysteine accessibility methods (SCAM) and singlarctel recording, cysteine residues
substituting phenylalanine 43 (F43), glycine 46 §4nd aspartic acid 51 (D51) were
accessible to methane thiosulfonate (MTS) reaggmd® hemichannel activation, suggesting
all three residues lining the open pore. One padicfeature observed in the cysteine
mutagenesis is that extracellular “€dn conjunction with membrane hyperpolarization
impaired slow gating of Cx50F43C or Cx50G46C heraistels whereas the metal ions
merely altered the transmembrane currents at pesM,. Hemichannels containing a
cysteine substitution at D51 were affected by editalar Cd* to a lesser extent. If high
affinity binding between Cd and thiol groups of substituted cysteine readigynf
intersubunit metal bridges via S-€é5 bonds, it would implicate that maximum four
connexin subunits could be cross linked by the ngement of a tetradentate geometry
(Bargielloet al, 2012). A prerequisite to the coordination of S*QOuetal bridges is that the

cysteine side-chains of adjacent subunits move ant@arrowed spatial range that is optimal
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for binding to a mutual Cd ion (~3-4 A). Thus, the extracellular €dnduced hemichannel
block was deduced in a way that membrane hypeiipataon, a condition which favors
closure of slow gate triggers a pore constrictiorthe TM1/EL1 site, likely involves the
movement of pore-lining residues F43, G46 and D&hen any of the three residues is
replaced by cysteine, the narrowing of the porthatsite would confer a spatial organization
allowing the Cd" ions retained originally in the open pore to faross-linked metal bridges
with thiol groups, thus locking-up the channelsha closed state.

Data yielded from work on undocked Cx32*Cx43EL1 grannels confirm the importance
of TM1/ELL1 in pore-lining, yet propose a slow gatimechanism slightly different from that
of Cx50 hemichannels (Targ al, 2009). In this study, MTS reactivity was obserweith
cysteine mutagenesis at valine 38 (V38) and G4m@hoagous to G46 of Cx50) when the
channel resided in the open state. Strikingly, tthe flanked residues A40 and A43 by no
means line the open pore, but the respective eyswibstitutes could stabilize the channels
in the closed state by accommodating th&"@dordinated metal bridges. Assuming a perfect
o-helical structure sustained by the TM1/EL1 bordbke inferred slow gating mechanism
then differs from the set of Cx50 hemichannel diatduding an additional axial rotation and
an inward tilt at the pore-lining region where Ad@d A43, originally buried within the
protein core of the open hemichannel, transloaatbd narrowed extracellular vestibule.

In fact, the same lock-up phenomena could be rejexdin Cx26 hemichannels with G45C
substitution, well pointing to a conserved struaturearrangement that accounts for slow
gating (Sanchezt al, 2010). The crystal structure of the open Cx26nalea is mostly
convergent with the information obtained by thecetegphysiological approach, portraying an
open pore lined by TM1/EL1 domain (Maeekaal., 2009). However in contrast to the SCAM
studies, an important aspect of the structurehat the span of the TM1/EL1 transition
(residue E42-F51) is in fact packed into a parahelarrangement rather than a perfect
helix, in addition to a substantial bend angle 884*(Kwonet al, 2011;Kwonet al, 2012)
initiated at or near V43. Taken together, the ditamnieotation of A40 and A43 initially
predicted for the closure of Cx32*Cx43EL1 might betnecessary. Instead, the presence of a
parahelix is amenable for a greater flexibility the pore-lining region. Then, a more
energetically favored conformation involving a &tdened bend angle at TM1/EL1 is
expected to suffice the structural need for repmsitg A40 and A41 towards the narrowed
extracellular entrance. A recent computational $athon based on the crystal structure has
detailed the atomic interactions that stabilizedhen Cx26 hemichannel (Kwan al, 2012).
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In the model, two core elements were critical f@imaining the parahelical integrity and the
bend angle of TM1/EL1 border: i) intrasubuniin der Waalsforces extending from the

parahelix to the intracellular side of TM1 and @h intra- and intersubunit electrostatic
network derived from the charged residues lining parahelix. The electrostatic network
interconnecting all six subunits is in support oft@ncerted slow gating which requires
simultaneous motions of all six subunits. Chargedepining residues involved in the

electrostatic network are expected to dynamicalignge the structure of the parahelix in

response to voltage, thereby positioning themsedgest least part of the voltage sensor.

1.3 Chemical gating of connexin channels
Extracellular Ca**

Hemichannel activities are potentiated by loweritg extracellular G3 concentration
([Ca®"o; normal level 1-2 mM). Under physiological condits such as neuronal activity
(Torreset al, 2012), this change in [€3, can take place in a form of regional and rhythmic
fluctuations ranging from 200 pM to 1 mM (Brown, 919Quist et al, 2000). More
pronounced reduction down to 0.1 mM occurs uponhgagical insults including
hyperglycemia, ischemia and epilepsy. Over the gdasade, methods varying from atomic
force microscopy (AFM) imaging to single-channelas@rement have collectively provided

structural and mechanistic insights into the brefielct of C&", on connexin hemichannels.

The earliest report concerning structural detdilsemnichannel closure by €gis dated back
to an AFM imaging of Cx26 hemichannels. The hemicieds subject to the study were
dissected from gap junctions making use of the Adtus (Mulleret al, 2002). Application
of 0.5 mM [C&"], caused conformational changes at the extracellslde of the
hemichannels with the diameter of the extracellutstibule being reduced from 15A to 6A .
The effect was reversible and could not be mimickgdup to 2 mM extracellular Mg
Complementary to this finding, the same approacipleying reconstituted hemichannels
have detailed real-time transitions between cl@etiopen conformations of Cx40 and Cx43
hemichannels as a function of fCa (Allen et al, 2011;Thimmet al, 2005).Interestingly,
increasing [C&], expanded the population of Cx43 hemichannelsatiapted a constriction
of the pore diameter from ~2.8 nm (open) to 1.8 folose). Thus, Cd,-mediated
hemichannel closure can be marked as an all-or-efiret on the channel configuration. A
hydrophobic surface detected only at the open eafltdar vestibule prompts the authors to
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speculate that Gabinding at the extracellular face refolds the Hh® a tightly packed
conformation where the hydrophobic domains are eouri Comparable structural
rearrangements by &g were reported for reconstituted Cx40 hemichanmelsept this time,

changes were also caught on the intracellular éatiee channel (Allert al, 2011).

The mechanistic perspectives defined by electraplogical data, however, slightly diverge
from those by structural analysis. Unconditionaniehannel block by C4, has rarely been
observed in patch-clamp measurements and mosteofintierpretations favor a voltage-
dependent block. Evident from the whole-cell reauydof Cx46 hemichannels, 5 mM €a
completely blocked the hemichannel currents at ineg&, while had little effect at positive
potential (Pfahnl and Dahl, 1999). More importantg*, ions were shown to promote
Cx46 hemichannel closure in the same manner (Ebiledral, 2003). Removal of
extracellular C& and Md" virtually abolished the voltage gating propertiédoth Cx37 and
Cx46 hemichannels, generating a linear relatiorwéeh hemichannel currents and, V
(Ebiharaet al, 2003;Puljunget al, 2004). The initial explanation was that divaleations
attracted by negative resting,\énter the channel pore and bind to a channel lnigcite at
the cytoplasmic end (Puljureg al, 2004). Channel closure was anticipated as a qoesee
of steric block, thereby involving no conformatibnehange. A later study on Cx46
hemichannels however argued that'ganay bind to an extracellular side of the hemiclgnn
and lock the channel to a long-lived closed statemwmdulating the intrinsic slow gate
(Verselis and Srinivas, 2008a). In Cx32 hemichagsn@lring of 12 Asp residues residing at
the external vestibule of the channel pore has heentified as a Ca-binding site that
accounts for both steric occlusion of the lumen amatlulation of the slow gate (Gomez-
Hernandezt al, 2003). Interestingly, replacing external ‘Ngith other monovalent cations
such as K or C$ can reduce Cx50 hemichannel sensitivity to?[fzaimplicating binding
sites for monovalent and divalent cations lyingiose proximity at the extracellular side of
the channel (Srinivast al, 2006).

Above all, information yielded from the two distthapproaches need to be carefully
interpreted apart from each other (Bargiataal, 2012). A critical factor makes the two sets
of data incoherent: voltage-dependent channel blclboth extracellular Ga and Mdg*
clearly contrasts to the unique roles of Gén hemichannel configuration. Perhaps structural
reorganization by G4 alone and the modulation of voltage-gating by Eimacations reflect

two similar, yet not identical molecular mechanisms
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Intracellular Ca ?*

At rest, cytoplasmic calcium concentration (fGa is below 100 nM. An increase in [Eh
occurs through either &aentry down the concentration gradient or via reéeftom internal
stores. The earliest evidence for regulation of jgaptions by changes in [E& came from
studies of Loewenstein et al. in which electricalgling between insect gland cells were
suppressed upon microinjection of ~50 nM?TéLoewenstein and Rose, 1978;Rose and
Loewenstein, 1976). The effect was confined tod&k junctions exposed to the localCa
rise whereas junctions distant from the injectitia were not affected. To date, inhibition of
junctional coupling by a [CG4) increase has been confirmed in a variety of oges
including amphibian embryonic cells (Sprast al, 1982), cardiac cells (De Mello,
1975;Dekkeret al, 1996;Firek and Weingart, 1995;Maurer and Weingh®87), Novikoff
hepatoma cells (Lazrak and Peracchia, 1993a;Laetalll, 1994), astrocytes, lens cells
(Churchill et al, 2001;Crowet al, 1994;Lurtz and Louis, 2003;Lurtz and Louis, 2Q07)
pancreati3-cells (Mearset al, 1995), cochlear supporting cells (Lagostehal, 2001) and
cells stably transfected with connexin proteinsg@ét al, 2011;Xuet al, 2012). Despite of
all these findings, there is no consensus on tfectéfe range of [C4]i that blocks gap
junction channels. In some ruptured and internpélsfused cells, elevating [E% to 40-400
KM was necessary to uncouple gap junctions. Omtiner hand, sensitivity of gap junctions
to physiologically relevant [¢4; changes was observed during non-invasive measateme
patch-clamp recording that preserved most of theagellular integrity (Table 1). It is
reasonable to speculate that perfusing ruptureds oglth solutions of known Ca
concentration could significantly affect the “anomeostasis and dilute the intermediate
messenger that may be involved in the signalingamdes An alternative explanation for the
wide range of [C&]; threshold necessary to block gap junctions is dffieient internal
buffering equipped by the cell that slows down @&" diffusion in the cytosol and creates
large intracellular C4 gradients. Consistent with the idea, a local iaseeof [C4T; in
cultured rat aortic smooth muscle cells via infdsitof K/Na" pump or N&/C&* exchanger
reduced gap junction coupling whereas globaf{lzahange had no effect (Matchket al,
2007). In primary human fibroblast culture, neiti@mromycine-induced bulk [G§; rise nor
Cd*-release from internal stores by G-protein coupkszeptor (GPCR) activation affected
dye transfer (Dakiret al, 2005). In contrast, capacitive Tantry through store-operated
C&* channels profoundly blocked junctional couplingggesting the localization of &a

entry channels in a close proximity to gap jundid¢hurtz et al, 2007). However, similar
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ionomycine and high [G4, appeared to effectively block gap junction comroation in

these cells.
Gap Cell type [Ca™], Kinetics Stimulus Reference
Junction threshold
Innexin Amphibian embryonic cells 500-1000 uM 100 s Internal perfusion, Spray et al., 1982
Cx40 Purkinje cells ~150 pM ~ 5 min Ca* injection De Mello, 1975
Cx43
Cx43 Ventricular ~700 nM ~2.1 min lonomycine and Dekker et al., 1996
cardiomyocytes blockade of Na'/K*
exchanger
Cx43 Neonatal ventricular ~300 uM <4 min Ca”-EGTA delivered Firek and Weingart, 1995
cardiomyocytes to one side of a cell pair
via recording pipette
Cx43 Novikoff ~890nM  ~1.6 min Ca”-EGTA Lazrak et al., 1994
Heptoma cells L recor_dlng_ plpgtte Lazrak and Peracchia, 1993
or arachidonic acid ’
Cx40 Vascular smooth N.A. < 5min inhibition of Na"/K"pump Matchkov et al., 2007
Cx43 muscle cells A7r5 or Na'/Ca* exchanger
Cx43 Bovine lens cells ~400 nM < 15 min Ca*"-ionophore Crow et al., 1994
Cx43 Primary human fibroblasts  ~300 pM ~ 8 min Thapsigargin-induced Dakin and Li et al., 2006
capacitative calcium influx
Cx43 Sheep lens cells ~300 nM < 5 min ionomycine, 11.8 mM Ca™, Churchill et al., 2001
Lurtz and Louis, 2003
Cx43 HeLa-Cx43 ~400 nM < 5 min ionomycine, 20.1 mM Ca”™, Lurtz and Louis, 2007
Cx43 N2A-Cx43 400-800 nM 15 min ionomycine, 1.8 mM Ca”o Xu et al., 2012
Patch-clamp recording
Cx50 N2A-Cx50 ~400-800 nM <3 min ionomycine, 1.8 mM Ca™, Chen et al., 2011

Patch-clamp recording

Table 1 Overview of the effect of [G4; on gap junction communication in various cell typ&.A., not
applicable

It is unlikely that intracellular G4 affects gap junction gating via direct bindingcnnexin
proteins. A direct effect would require clustersefative charges residing at the cytoplasmic
side of the channel. Among all connexins, theniy one conserved acidic residue, glutamic
acid (E) at the TM4/CT border, giving rise to tosk negative charges per hexamer.
However, these are not sufficient to confer sevisftito physiological [C&]; changes. In
addition, electrostatic interaction would not alltkie channel to recognize the cytoplamsic
cd* from Mg® whose concentration is in the range of milimolarest. EF-hand binding
motif facing cytoplasm would be necessary for tighhaffinity C&*-binding, but has not

been identified in any of the connexin isoformsteatively, [C4"]; can reduce junctional
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coupling via an intermediate component. Consistéttt the idea, high [Cd]-induced gap
junction uncoupling can be prevented by calmod(@iaM) inhibitors such as calmidozolium
and W7 (Lurtzet al, 2003;Lurtzet al, 2007;Peracchia, 2004a). CaM is a ubiquitous prote
consisting of a C-lobe with higher €ainding affinity (Ks ~10° M) and a N-lobe with C&-
binding affinity one order of magnitude lower {(K-10° M). Upon activation by C3,
Cc&*/CaM complex could inhibit the electrical couplirgither by directly targeting the
receptor domain of a connexin channel or throughrdtream signaling mediators such as
Ccd'/CaM dependent kinases (CaMKI-V) and phosphatasgcifeurin). For a-group
connexin, a unigue CaM binding site has been itledtin the second half of intracellular
loop regions of Cx43 (residue 136-158;~H00 nM), Cx44 (residue 129-1504 K49 nM)
and Cx50 (residue 141-1664K5 nM) (Chenet al, 2011;Zhouet al, 2009;Zhouet al,
2007a). By delivering a peptide encompassing thheesgces of CaM binding domain into the
cell, the inhibitory effect of elevated [€% (400-800 pM) on Cx43 and Cx50 gap junctions
was alleviated (Cheet al, 2011;Xuet al, 2012) whereas inhibition of CaMKII failed to
exert the same effect (Luret al, 2007). Moreover, Cx40 gap junctions lacking aapiue
CaM binding site did not respond to [Ca changes. These findings inspired a ‘cork’ type
gating model, suggesting that upon binding to caimehannels, the G4CaM complex
either acts as a ‘cork’ or triggers conformationbnge in the CL domain that eventually
obstructs the intracellular vestibule of the pofe.similar gating mechanism was also
proposed for thg-group Cx32 gap junctions that contain three puta€aM binding sites
per monomer: two of them reside in the NT (resith#? and 18-22) and one is located at the
NT-end of the CT. It is important to note that aditcell receptor activations that mobilize
intracellular C&" uncouples gap junctions in a {J&€aM dependent manner. Extracellular
ATP can block gap junction communication througlpratein kinase C (PKC)-mediated
signaling pathway independent of{¥&aM activity (Lurtzet al, 2003). In addition, a local
depletion of phosphatidylinositol 4,5-bisphosphé®P2) from the plasma membrane can

readily close Cx43 gap junctions in response to BRCtivation (van Zeijet al, 2007).

Amounting evidence is available that connexin héxaimels also respond to [CJa changes.

In embryonic pigment epithelial cells, Cx43 hemichels-mediated ATP release was related
to spontaneous intracellular €atransients (Pearsoet al, 2005a). Approaches that
manipulate [C&]; such as photoactivaiton of caged inositol-1,4igptrosphate (IP3) or
exposing cells to C& ionophore or caffeine could also stimulate ATPeask in cells
expressing Cx32 or Cx43 (Bragtal, 2003a;De Vuyset al, 2009a;DeVuyset al, 2006). A
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bell-shaped profile describing both Cx32 and Cx48nithannel activities in function of
[Ca™]i has been delicately shown by De Vusyt et al. (Dgstet al, 2009a;DeVuyset al,
2006). The response curve consists of an activatfdmemichannels by a moderate {Ga
(~500 nM) and disappearance of the hemichanneligctipon further [C&]; increase
(named ‘inhibition’). The activation phase is meaddby a signaling cascade involving CaM,
CaMKII, p38 mitogen activated kinase and arachidoacid. Reactive oxygen species,
products of arachidonic acid metabolism, are potexd3 hemichannel modulators. The
compounds either directly induce membrane depa@taoz in favor for hemichannel
openings or indirectly mediate S-nitrosylation of4@ via activation of nitric oxide synthesis.
An interesting feature is that increasing CaM amtibrings Cx43 hemichannels to steady-
state activation, excluding its involvement in timhibition phase. A more recent study
suggests an impaired intramolecular interactiomeiation to Cx43 hemichannel closure at
high [C&"]; (Ponsaert®t al, 2010c). Disruption of the Cx43 CT-CL binding &4 of
~500 nM removed the potent effect of f§aon Cx43 hemichannel-mediated ATP release
while mimicking the CT-CL interaction prevented thiggh [C&']; provoked hemichannel
closure. (-)Blebbistatin, an inhibitor of the actgrsin contractility, imposed a similar effect,
recovering hemichannel activities at high {Ga Collectively, these findings suggest that the
CT-CL interaction is essential for hemichannel apgn Activation of the actomyosine
contractile system by [§; > 500 nM displaces the CT from the CL, therebypikeg Cx43

hemichannels closed.
Intracellular pH

Remarkable changes in concentration of intracell# ions can take place under
pathophysioclogical conditions such as organ iscaemepilepsy. The drastic drop in pltb

~ 6.1-6.5) exerts a negative impact on virtuallygalp junctions, shutting down the cell-to-
cell electrical and metabolic communications. Néwsess, the pH sensitivity varies among
connexin subtypes, ranging from pKa (the; pd which the @ reaches half maximal
reduction) of ~6.5 for Cx32 gap junctions to pKa~af.2 for Cx50 gap junctions. The pH
sensitivity of other gap junctions falling in bewvethis range is ranked in the following
orders: Cx46>Cx45>Cx26>Cx37>Cx43>Cx40 ((Stergiopeutt al, 1999); reviewed in
(Peracchia, 2004a)).;@educes rapidly following the onset of the cytsptéc acidification
and is completely reversible shortly after insatinsistent with a direct action of pehanges
on channel gating. Single-channel activity froml gelirs expressing Cx43 demonstrated a

complete channel closure in relation to increa$ig; through slow, occasionally resolvable
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step-wise transitions. Therefore, jp&hd \f seem to act on a common slow gate of gap

junctions (Bukauskast al, 2004a).

A genuine effect that would be provoked by increeé€]; is protonation of the histidine (H)
residues located at the intracellular side of caimeroteins. Replacing H95 of Cx43 which
is located at the NT end of CL domain with negat{i#®5D) or polar uncharged residue
(H95Y) drastically reduced the susceptibility ofetlyap junction channel to pHlecay
whereas mutation with positive charge such as é&ygiH95K) further enhances the pH
sensitivity (Ek et al, 1994). Succeeding studies reported a low-tplerant junctional
coupling recorded in Cx43 gap junctions lacking @esequence (Liet al, 1993;Morleyet
al., 1997). Over the past decade, a significant efiag been made towards understanding of
a concerted action of the CT and CL domains thramigich low pH closes the gap junctions.
In a proposed ‘ball-and-chain’ model, binding of A3LT to the second half of the CL
underlies the pHdependent gap junction closure (Dufy al, 2002a). Several factors are
critical for the this interaction: i) formation af-helix at L2 region promoted by histidine
protonations (Duffyet al, 2002a) and ii) dimerization of the CT domainat IpH (Sorgenret
al., 2004b). Conceptually, analogue models may beepp explain piHgating of Cx32 gap
junctions based on the finding that exchanging sédwlf of CL of Cx32 with that of Cx38
generated a mutant gap junction with the; gnsitivity enhanced to that of Cx38 gap
junction (Wang and Peracchia, 1996). Later stuldieBeracchia and his co-worker defined 5
positively charged arginines at the initial segmehCT aiding for pktsensing (Wang and
Peracchia, 1997;Wang and Peracchia, 1998). Upamcgitular acidification, disrupted
electrostatic interaction between all 5 arginine€® and negatively charged CL is expected

to confer the closure of Cx32 gap junctions (Pdrecand Wang, 1997).

Certainly not all gap junction channels obey thenqgple of particle-receptor binding to
convey the pHdependent channel closure. CT truncation merdgctf the pHsensitivity of
Cx37, Cx45, Cx46, and Cx50 gap junctions (De Resal, 2006;Stergiopoulo®t al,
1999;Trexleret al, 1999). In fact, channel closure in response tadellular acidification
can be reflective of the pidensitivity of the voltage gate (Peracchtaal, 2004;Peracchiat
al., 2003). Low pktuncoupled Cx45 gap junctions have been assocvitéda right shifted
G;-V; relation as well as reduced fractions of chanaetslable for opening (Palacios-Prado
et al, 2010a). Finally, several studies have engageducidating indirect effects of protons
on junctional coupling, involving intracellular €&aM as an intermediate factor. Increasing

cytoplasmic [H] promotes N& overload in the cell by hyperactivating Wa" exchangers,
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and in turn reverses Ni€a* exchange resulting in an elevation of {Ga There is evidence
emerging that the synergetic action of intracetl@a* and H or intracellular C& alone
accounts for the uncoupling process at low ({¢racchia, 2004a).

What do we know about piependent gating in connexin hemichannels? Adittfythe
cytoplasmic side of Cx46 hemichannels in the absesfcsoluble intermediate mediators
could rapidly suppress the hemichannel unitaryesusr (Trexleet al, 1999). Thus the effect
is most likely attributed to a direct titration loitidine and/or cysteine residues located at the
cytoplasmic side of the channel. Just on the opgoduring whole-cell recording of HelLa-
Cx43 cells, imposing MES-buffered acidic pipettéugion with [C&"]; equilibrated to 50 nM
failed to induce any changes of Cx43 hemichannekats at positive ), even though C®
induced intracellular acidification was able to gietely abolish the single-channel events
(Wanget al, 2012b). A side effect of CL&nduced pK decay is that low pH6.4-6.0 in the
study) would significantly reduce the affinity ofSHA in the pipette and cell, turning €a
EGTA complex into a Ca releasing agent. Therefore, it is possible that3kemichannel
inhibition by low pH is associated with a prominent increase of{fz@ 500 nM. Similarly,
lack of a direct action of protons has been suggefstr low pH-inhibited Cx26 hemichannels
(Bevans and Harris, 1999;Tao and Harris, 2004).tHis case, protonated forms of
aminosulfonates that buffer the pH such as HEPEESMnd taurine are the secondary
messengers involved in the ps€nsing. Locke et al. have delicately shown actiivending of
protonated taurine to the CL region of Cx26 hemmcleds. The interaction counteracted a low
pH;-strengthened CT-CL interaction which engages imibleannel activation. In consistent
with the functional assessment, AFM imaging wa® dbldetect a narrowed pore dimension
of Cx26 hemichannels at pH < 6.5 buffered by amitfosates (Yuet al, 2007). The
response is connexin specific because Cx32 hemelhariested in the same study was
aminosulfonate resistant at low pHDf note, connexin hemichannel activities are oy
affected by intracellular acidification, but alsp é&xtracellular alkalinization (Schalpet al,
2010a). A potent effect of increasing extracellyal on hemichannel currents was recently

identified in HeLa-Cx43 hemichannels, althoughthéerlying mechanisms remain elusive.
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CHAPTER II. Connexins in the heart

2.1 connexin channel organization and its site-sgaxc distribution in the normal adult

heart

In the normal adult heart, sarcolemmal connexiesexquisitely polarized to the intercalated
discs (‘nexus’) of the working myocardium (Sevetsal, 2008a). Immunostaining of Cx43,
the primary connexins in the ventricle clearly sbBow plaque-like aggregation of gap
junctions at the ends of cardiomyocytes and théiaparganization in relation to adherent
junctions and desmosomes have been largely depigtedectron microscopy (Fig. 1A). At
the periphery zone surrounding the gap junctioquyea, Cx43 proteins accrete in the form of
unapposed hemichannels (Fig. 1B) (Rle¢tal, 2011a). Within this region defined by Rhett
et al. as ‘Perinexus’, dynamic interaction betw€x#3 and the scaffolding protein zonula
occludin-1 (ZO-1) tightly controls the transitiof leemichannels from unapposed to apposed

configurations (further discussed in section 2.3).

A B
Perinexus model

Gap junction Connexin hemichannel _ .o
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Figure 1. Connexin organization at the intercalated digcsDistribution of sarcolemmal Cx43 in an isolated
mouse ventricular cardiomyocyte (upper panel). @aption organization within the intercalated dias
depicted by thin-section electron microscopy (lowanel). (Taken from (Seveet al, 2008a)) B. Cx43-Z0O-1
interaction extending into the periphery of gapcfion plagues named ‘perinexus’, a region whergppoaed
connexin hemichannels reside. Cx43-Z0O-1 complemeahe perinexus interact less with actin fibersth@ose
in the nexus. Taken from (Rhettal, 2011a).

Up to date, the presence of three principle com&exiCx40, Cx43 and Cx45 - has been well
established in the adult mammalian heart, eachacterized by a site-specific distribution
pattern (Fig. 2) (Giovannoret al, 2012;Janseat al, 2010a). Cx40 has been detected in the
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atrial cardiomyocytes, atrioventricular (AV) nodegeripheral conduction system and to a
lesser extent in the sinoatrial (SA) node (Dastsal, 1994;Daviset al, 1995;Groset al,
1994). Cx43 is the most abundantly expressed comnprotein in the heart, mainly
distributed in the atrial and ventricular workingymecardium and with a scant amount
restricted to the border zone between the periploérA node and the crista terminalis
(Coppenet al, 1999). Cx45 dominates the connexin expressioBAnand AV nodes. His-
bundles and bundle branches are also marked Cxgveowhereas the expression level in
the ventricle is tightly limited. A fourth cardiamnnexin, Cx30.2, recently added up to the
mouse model is mostly present in the SA and AV sd#@euzberget al, 2006b). However,
its human orthologue Cx31.9 was not detected inhtlian heart, raising a concern over

species-dependent connexin expressions (Kreuabexg 2009).

AV node
Cx45, Cx30.2, Cx40

SA node
Cx45,
Cx30.2, Cx40
His bundle
Cx40, Cx43, Cx45
Atrium
Cx40, Cx43

Bundle branches
Cx40, Cx43, Cx45
Ventricle

Cx43, Cx45 | L
~——+— Purkinje fiber
| Cx40,Cx43, Cx45

Figure 2. An overview of site-specific distribution of coexins in the mouse heart. Arrows indicate the
propagation of the electrical activities in the theAn electrical impulse initiated in the SA nodetransmitted
through the atria, delayed in the AV node and setjaléy activates the ventricular myocardium throuthe
specialized conduction system. Taken from (Giovaems al, 2012).

Impulse propagation in cardiac tissue is determimechultiple factors: i) cellular excitability
dependent on the Naand C&" channel currents; ii) gap junctions providing ietdlular
pathway for cell-to-cell electrical transmissiondaii) cardiac tissue architecture. The
diversity of connexin expressions at least partgeta the disparate conduction profiles of the
different cardiac sites (Giovannome al, 2012;Kleber, 2011). The primary role of cardiac
connexins under physiological conditions is to fogap junctions, but the biophysical
properties of junctional channels substantiallyfedifamong connexin isoforms. Given the
presence of more than one connexin subtype exprésseach compartment, the picture is
only complicated further when all possible apposeeteromeric hemichannels and
heterotypic gap junctions are taken into considanafreviewed in (Desplantet al, 2007)).
To simplify the argument, unitary conductance ofnlatypic gap junctions alone is ranked in
the following order: Cx40 (~180 pS) > Cx43 (~115 pSCx45 (~40 pS) > Cx30.2 (-9 pS).
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Then, it is not surprising to find a dominant distition of Cx45 and Cx30.2 in SA and AV
nodes where the conduction velocities are an avtleragnitude lower than in the atria and
ventricles. Low-conductance gap junctions compase@x45 and Cx30.2 could limit the
electrical coupling between pacemaker cells to aimmim level that is still sufficient for
synchronizing the pacemaker activities (Verheigtkal, 1998). Similarly, activation delay
between the atria and the ventricles necessitagepresence of this high-resistance coupling
which would slow down the conduction through AV Bods one moves to the ventricular
conduction system, the remarkable fraction of highductance Cx40 gap junctions is
reflective of the fast conduction through His-Puj&isystem which coordinates the triggering
events at the ventricular myocardium (Hamitsal, 2012). Finally, leading gap junctions
comprising Cx40 and Cx43 mediate the spread oft@xmn in the atria while electrical
propagation over a wide range of working ventricufgyocytes are best conducted by high-

conductive state of Cx43 gap junctions.

Over the past decade, development of geneticallgifred mice has further provided an in-
depth understanding towards diverse roles of cansei impulse propagation. Cx30.2
deficient mice showed no structural abnormalitiest exhibited a shortened PQ interval
(Kreuzberg et al, 2006a;Kreuzberget al, 2006b). The unique pattern reflecting an
accelerated impulse propagation through the AV nofis to a dominant negative influence
of Cx30.2 in electrical coupling between AV nodalls (Kreuzberget al, 2005). Germline
ablation of Cx45, the other connexin abundanthsent in the SA and AV nodes, gave rise to
a high mortality rate of the transgenic animalseatly embryonic stage. These Cx45-/-
animals died of heart failure arising from endocardushion defects, marking a vital role of
Cx45 in the early cardiac morphogenesis (Kuneai al, 2000). To circumvent the
developmental defects, transgenic mice were suligectardiac-directed deletion of Cx45.
Surprisingly, no prominent change of electrophysyatal properties was detected in the
conditional knockout (KO) except a limited restioct of AV nodal conduction (Baet al,
2011;Frank et al, 2012). On the other hand, overexpression of Ce#hanced the
susceptibility of the animals to ventricular tachsaia, by restraining the size of Cx43 gap
junction plaques and electrical coupling (Betsuyatual, 2006;Grikscheitet al, 2008).
Conceivably, determined by the divergent conducpattern of each chamber, high-level
expression of Cx45 can be beneficial at AV nodef detrimental for the ventricular
activation. More profound consequences have beandfan mice lacking cardiac Cx40
protein. The homozygous Cx40-/- mice were generphgdisposed to arrhythmia and a
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primary change discovered in electrocardiograpltjuotes a prolonged PR interval, mainly
attributed to the impaired conduction at AV node &his-Purkinje system (Bevilacque al,
2000;Hagendorfet al, 1999;Kirchhoffet al, 1998;Simonet al, 1998;VanderBrinket al,
2000;Verheuleet al, 1999). Sequentially, bundle branch block altetleel temporal and
spatial activation of the working ventricular myodiam, whereas the electrical coupling
between ventricular myocytes was not affected byd@Cxdeficiency (Simonet al,
1998;Tamaddomet al, 2000;van Rijeret al, 2001;Verheuleet al, 1999). In some but not all
cases, prolonged P-wave duration was detected (@agwal, 2005;Kirchhoff et al,
1998;Schrickelet al, 2009;Verheuleet al, 1999), in line with the reduced conduction
velocity located within the right atrium. It shoute borne in mind that a high incidence of
developmental and congenital defects has been ifigentin  Cx40-/- mice, including
pathologic hypertrophy, common AV junction and vantlar septal defects which may by
themselves cause conduction disturbances (Kirchétotil, 2000). Homozygous germline
Cx43 null mice like the Cx45-/- mice, was practigadifficult to sustain because of high
neonatal mortality rate associated with malformmated the right ventricular outflow tract
(Reaumeet al, 1995). An inducible KO model by tamoxifen injesti (Cx43™ERMM one
Cx43 coding region replaced by tamoxifen induciBke recombinase and the other flanked
by two separate loxP sites) achieved up to 90%tidel of Cx43 proteins in the adult mouse
heart (van Rijeret al, 2004). The Langendorff-perfused heart exhibieduced conduction

velocity and increased dispersion of velocity, botspontaneous conduction block.
2.2 Connexin remodeling in diseased myocardium

The connexin KO models may have strengthened tipertance of site-dependent connexin
expression, but the fact that a complete condudtimtk was never reached in various
connexin KO models pointed to a long-standing daestare gap junctions necessary for
impulse propagation in the heart? Long dated back960s, Sperelakis et al. proposed an
electric field effect by means of which action putal could propagate without gap junction
coupling (Sperelakis, 2002;Sperelakis and Mann, 1B77). The close apposition of two
intercalated discs creates a narrow junctionak,clefiere an electric filed can be developed
by the prejunctional upstroke. The resulting negaticleft potential would induce
depolarization of the postjunctional membrane whithurn activates the inward sodium
currents and subsequent excitation. Several stindies recently revisited the theory arguing
that sodium currents-mediated ephaptic electrie@asimission can occur under the following

conditions: i) junction cleft resistance is smaibagh and ii) the density of N@&hannels at
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the intercalated disc is high enough (Kucetaal, 2002;Moriet al, 2008). However, one
caveat to keep in mind is that most of the thecaétmodels assume a uniform change in
junctional coupling whereas disease myocardium fseno marked with profound

downregulation of connexins and heterogeneouslolisiton.

In overall, Cx43 remodeling consisting of alterexpression, redistribution and reduced
phosphorylation status is a hallmark of most cardigeases associated with arrhythmogenic
disorders. In ischemic heart, redistribution of @¥dom the intercalated disc to the lateral
margins of the cardiomyocytes (‘lateralization’}caoed at 1 h post coronary occlusion and
further proceeded over the course of 3h (Duffy,Z20Immunohistochemistry showed that
Cx43 proteins accreted at the intercalated discse waeostly phosphorylated while those
residing at the lateral cell border were markedigltbsphorylated (Lampet al, 2006). In the
healing infracted canine heart, Cx43 lateralizatwas identified at the epicardial infarct
border zone of surviving cardiomyocytes and wadiaiba correlated with reentry circuits
(Peterset al, 1997). In canine ventricles with nonischemic tith cardiomyopathy, Cx43
lateralization and significantly reduced phosphatipih were associated with conduction
velocity slowing and enhanced susceptibility totvienlar tachycardia (Akaet al, 2004). A
mouse model of pressure overload hypertrophy additly proposed a tight link of
heterogeneous distribution of ventricular Cx43nbanced susceptibility to arrhythmogenesis
(Boulaksil et al, 2010). Consistently, lateralized Cx43 accompaiigdeduced expression
and spatial heterogeneity has been characterizgzhtients diagnosed with ischemic and
nonishemic cardiomyopathy (Fontetsal, 2012;Severst al, 2008a).

Apart from its direct contribution to reduced contion velocity, remodeled Cx43 can exert a
dominant negative effect on the intrinsic heteragiges in Cx43 expression. Connexin
expressions across the left ventricular wall do netessarily follow a uniform pattern

(Poelzinget al, 2004;Poelzing and Rosenbaum, 2004;Yanetda., 2004). Several species

including rodents and canine, exhibit a coheremtiapheterogeneity in Cx43 expressions
with more abundant Cx43 protein content expressetdd midmyocardium and endocardium
than in the epicardium. Thus, one would expect #mathanced heterogeneity in Cx43
distribution would additionally alter transmural pggunction coupling and create marked
dispersion of repolarization that leads to reentaarhythmia.
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2.3 Molecular mechanisms of connexin remodeling

The life cycle of a sarcolemmal connexin channeistsis of a dynamic process balanced
between forward trafficking of the newly synthesizmnnexins, transition from perinexus to
nexus and internalization (Heskethal, 2009;Smyth and Shaw, 2012). Disturbance at any of
these phases would account for altered pools ofokanmal channels and/or surface

redistribution.

It all starts at the beginning. Cardiac connexiot@ns have a rapid turn-over rate of 1-3
hours (Beardsleet al, 1998;Darrowet al, 1995). In ventricular cardiomyocytes, newly
oligomerized Cx43 hemichannelde( novohemichannels) at the trans-Golgi network are
transported to the sarcolemma in forms of vesidlesachieve a targeted delivery towards the
intercalated disc region, the vesicles are loadatb anicrotubules (Giepmanst al,
2001;Thomaset al, 2005) whose polarized structure contains a meng-stabilized to the
centrosomal microtubule organizing center and dadiplus-end switching between the
polymerization (grow) and depolymerization (cataglre). The plus-end interacting protein
EB1 stimulates and guides the growth of microtubulkerough docking with adherent
junction proteing3-catenin and N-cadherin (Shaat al, 2007). By doing so, microtubule-
based trafficking machinery accomplishes a ‘highwé&yr targeting de novo Cx43
hemichannels to the discrete microdomain at thergatated disc. Oxidative stress in
ischemic human heart has been shown to dislodg&mBieprotein from the plus-end of the
microtubules, limiting the growth of the microtubulSmythet al, 2010). As a consequence,
de novoCx43 hemichannels are retained in the intracello@mpartment, giving rise to
impaired gap junction plaque formation. The suctegdstudies included a second
cytoskeleton component in the forward traffickingachinery and further revealed its
involvement in Cx43 remodeling (Smytkt al, 2012). In adult mouse ventricular
cardiomyocytes, a remarkable fraction of Cx43 \Jesiavas associated with nonsarcomeric
actin filaments which paused or slowed down Cx4hdport. Latrunculin A selectively
interfering with actin polymerization perturbed tthieect delivery of endogenous Cx43 to the
plasma membrane. It looks likely that actin mideofient tightly controls the forward
trafficking by serving as a transition hut for Cx¥8sicles on their way to the intercalated
discs. Disrupted Cx43 vesicles/actin complexes veengfirmed in mouse heart subject to
acute ischemia, thereby being addressed as anocaddlitontributor to the deficient Cx43
trafficking. Finally, there is evidence emergingtlaberrant forward trafficking accounts for

Cx43 lateralization (Chkourkaeet al, 2012). In pressure overloaded sheep ventricles,
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microtubule associated proteins EB1 and kinesineprdKif5b were co-localized with Cx43
at the lateral membrane of the cardiomyocytes. Negkess, a complete understanding
towards the molecular mechanism by which celluleess impairs forward trafficking is still
lacking. Little is known about how EB1 binding tdug-end of microtubule and complex
formation between Cx43 vesicles and actin filamemesdisrupted in diseased myocardium.
Reduced phosphorylation status of remodeled Cx43ble@n put forward as an additional
factor affecting the forward trafficking machinemtypophosphorylation at Serine 325, 328,
330, CKD-dependent target site was associated with enriCh@® at the lateral side of the
membrane in a mouse model of pressure overloadrtngphy (Remoet al, 2011).
Transgenic mice in which the three consensus sft€¥K16 were mutated to phosphomimetic
glutamic residues (S3E) became resistance to Gx#ddeling during the pathological insult,

displaying normal pattern of gap junctional orgaitizn at the intercalated discs.

Being successfully delivered to the sarcolemma,3@michannels interact directly with the
PDZ-2 domain of ZO-1 and is stabilized at the ‘perus’ adjacent to the gap junction
plaques (Gaiettat al, 2002;Hunteret al, 2005;Rhettet al, 2011a). ZO-1 at the perinexus
controls the transition between unapposed and appésctions of Cx43 hemichannels.
Disturbing the Cx43-ZO-1 interaction increased thee of gap junction plaques in the
exogenous system. When the same intervention waeedpo the cryo-injured mouse heart,
the size of gap junction plagues was restored ard3Qedistribution was prevented.
Interestingly, enhanced fractions of Cx43 bound@1 were also identified in the human
ventricles with dilated or ischemic cardiomyopaiBruce et al, 2008). This may suggest
that in the failing heart, binding of ZO-1 to Cx#&3upregulated, limiting the recruitment of
nonjunctional hemichannels to the nexus. Intriglyingn interplay between Cx43 and ZO-1
imposed an opposite effect on Cx43 residing ineghieedial infarct border zone (Dufét al,
2004;Kiekenet al, 2009;Sorgenet al, 2004a). Intracellular acidification secondary to
ischemia promotes translocation of endogenousitygdsnase c-Src to the intercalated discs
and phosphorylates the protein at tyrosine 416 Gy4The resulting active form of c-Src
leads to phosphorylation of Cx43 which closes tae jgnctions and concomitantly, competes
with Cx43 located at the junctional membrane fa binding site at ZO-1. Once unhooked
from ZO-1, Cx43 is no longer tethered to the jumdl microdomains and could freely
diffuse to the lateral membrane followed by intdizaion. Similar mechanistic basis was
proposed for aberrant Cx43 expression in transgaoigse heart overexpressing angiotensin

converting enzyme (ACE) (Soveet al, 2011). ACE cleaves decapeptide angiotensin | to
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short peptide angiotensin Il which in turn upregesathe c-Src activities and Cx43
remodeling. An alternative mechanism by which Cxd3lateralized involves Nysine
acetylation of Cx43 (Colusset al, 2011). In both mice and patients with Duchenne
cardiomyopathy, lateralized Cx43 proteins were pnaidantly found in the Nlysine
acetylated form and co-immunoprecipitated with gese P300/CBP-associated factor,
although the precise mechanism is yet no clear.
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Aim of the study

At the start of this PhD thesis work, work from thest lab and others demonstrated that
connexin-targeting peptides like Gap26 and Gap2ibited connexin hemichannels, in
addition to their well documented inhibitory effesnt gap junctions. A major problem with
these data was that the hemichannel-inhibitorycefé these peptides was based on indirect
measures of hemichannel function, the release d? Al hemichannels or the uptake of
hemichannel-permeable fluorescent indicators. Thet aim of my work was to
unequivocally demonstrate that Gap26 and Gap27 inbit connexin hemichannels To
this purpose, | decided to approach this aim bggisingle channel studies on hemichannels.
As there are no specific inhibitors of hemichanrelailable as of now, the only way to
indisputably demonstrate that a certain candidatéecnle inhibits these channels, single
channel analysis is the only approach possibleusecauch analysis gives information on the

single channel conductance which is typical for indiannels composed of a certain connexin

type.

Electrophysiological analysis at the single chareetl requires hemichannel opening to be
triggered via voltage steps to positive membraneng@ls. In most cases, in particular for
non-excitable cells, the voltage steps necessaaygttoate the opening of Cx43 hemichannels,
the target connexin of this PhD thesis, are vesitp@ and strongly above potentials that can
realistically be attained in such cells. Previouzkvfrom the host lab has demonstrated that
increases of the cytoplasmic Caconcentration promoted the opening of hemichannels
without associated voltage changes to unrealisfiqgadsitive potentials. Thusny second
aim was to investigate, again at the single chanwel |¢heeffect of changes in cytoplasmic
Ca”* concentration on hemichannel openingTo this purpose and as a first move, we
investigated whether cytoplasmic Calevation influenced single channel currents tghou

hemichannels triggered by positive voltage steps.

Most of the work performed previously in the hcab lwas done on cell lines or exogenous
overexpression of Cx43 in C6 glioma or HelLa celisthe start of my PhD research work,
there was accumulating evidence for a role of Cikd@ichannels in brain astrocytes and in
cardiac myocytes. | decided to further exploredage and evidence of Cx43 hemichannels in
the heart, mainly because in this organ and inetleedls, the plateau phase of the action
potentials attains levels that come close to thétage activation threshold of Cx43
hemichannels This is not the case for astrocytashndre electrically non-excitable cells. As
a consequence, thbkird aim of my work was tanvestigate whether Cx43 hemichannels

do play a role in cardiomyocytes especiallyin the context of ischemia/hypoxiavhich is a
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condition demonstrated by others to activate heamobl opening. Ventricular
cardiomyocytes have a particularly dominant expoesef Cx43 and we therefore chose
those cells for this particular analysis. Moreovere investigated both the effect of
cytoplasmic C& elevation and ischemia-mimicking conditions on evannel unitary

(single channel) current events.

Last but not least, previous work from the host les demonstrated that L2 peptide,
mimicking a domain located on the intracellular doof Cx43 had a selective Cx43
hemichannel inhibitory effect and based on obsematof theirs, this was associated with
slight potent effects on gap junctions. Thus, lided as aourth aim, to investigate the
effect of L2 peptide and a small peptide identtoah subdomain of the L2 region, Gap19, on
single channel analysis of Cx43 hemichannels. Samchlysis was performed on both
expression systems and endogenously Cx43 expregsmigcular cardiomyocytes.

Work from several groups had, at the start of myestigations, demonstrated that Cx43
hemichannels open under ischemia/hypoxia condimasconsequently, | included affth
aim to determine whether selectiwéibition of Cx43 hemichannels would have benefiai
effects on cardiomyocyte viability and infarct sizeafter cardiac ischemiaappliedin vivo

in mice. The central hypothesis tested here washiloaking the putative toxic pore formed
by open Cx43 hemichannels, would have a benefeffalct on cardiomyocyte viability and

cardiac infarct size.
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Abstract
Connexin mimetic peptide®xMPs) like Gap26 and Gap27 are known as inhibitdrgap

junction channels but evidence is accruing thasehgeptides also inhibit unapposed/non-
junctional hemichannels (HCs) residing in the plasmembrane. We used voltage clamp
studies to investigate the effect of Gap26/27 atdimgle channel level. Such an approach
allows unequivocal identification of HC currents their single channel conductance that is
typically ~220 pS for Cx43. In Hela cells stablyarsfected with Cx43 (HeLa-Cx43),
Gap26/27 peptides inhibited Cx43 HC unitary cusenter minutes and increased the voltage
threshold for HC opening. By contrast, an elevatbintracellular calcium ([C&];) to 200-
500 nM potentiated the unitary HC current actiatyd lowered the voltage threshold for HC
opening. Interestingly, Gap26/27 inhibited the®Qaotentiated HC currents and prevented
lowering of the voltage threshold for HC openingpEriments on isolated pig ventricular
cardiomyocytes, which display strong endogenous3Caxdpression, demonstrated voltage-
activated unitary currents with biophysical prostof Cx43 HCs that were inhibited by
small interfering RNA targeting Cx43. As observedHelLa-Cx43 cells, HC current activity
in ventricular cardiomyocytes was potentiated by[ elevation to 500 nM and was
inhibited by Gap26/27. Our results indicate thadempathological conditions, when [Chis
elevated, Cx43 HC opening is promoted in cardiorgigscand CxMPs counteract this effect.

Key words: connexin 43, connexin hemichannel, mienpeptides, cardiomyocytes, single

channel
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Introduction

In vertebrates, connexin (Cx)-based hemichannelSsjHembedded in the plasma membrane
interact with their counterparts on neighborings<él a head-to-head arrangement, forming gap
junction channels that coalesce into junctionalqpés that allow the direct exchangé
metabolic and signaling molecules with molecularighe below 1kDa between cells
(Goodenougtret al, 1996b;Matsuyama and Kawahara, 2009;Willeekal, 2002). On the
other hand, unapposed/undocked HCs present inummtignal plasma membrane can open
and form a conduit between the cell’s interior @mel extracellular milieu, allowing Naand
C&" to enter the cell and'Kand messengers like ATP, glutamate and otheesatcelthe cell
(Kanget al, 2008b;Kondcet al, 2000a;Liet al, 2001;Schalpeet al, 2010b;Yeet al, 2003).

Cx HCs are typically closed under resting condgiofut may open under ischemic
conditions (Clarkest al, 2009a;Johansest al, 2011a;Orellanat al, 2009;Shintani-Ishidat

al.,, 2007a) by alterations in the redox status (Retaetaal, 2007b), the connexin
phosphorylation status (Baat al, 2004;Kimet al, 1999a) or by an increased presence of
these channels in the plasma membrane (Reteinad) 2006a;Sanchezt al, 2009a).

Cx mimetic peptides (CxMPs) are peptides identioatequences located on one of the two
extracellular loops of the Cx protein (Evagisal, 1992). They were introduced in the 90’s
based on the hypothesis that such peptides coelkept the docking of two HCs, thereby
preventing the formation of GJCs (Evans and Boit@@®1a;Warneet al, 1995a). Among
them, Gap26 and Gap27, mimicking sequences on the firdts'econd extracellular loop
regions of Cx43 respectively (see Online Resourice $1), have been most extensively
investigated and used as gap junction blockerstéBoi and Evans, 2000;Chaytet al,
1997;Samoilovat al, 2008;Wrightet al, 2009a). Recent evidence raised the possibildy th
CxMPs may also affect the function of HCs (Braeal, 2003b;Evan®t al, 2001a), and to
date, they have become a frequently applied pharogical tool to explore new functions of
the Cx HC signaling pathway. CxMPs like Gap26 arapZ¥ have been applied to establish
the contribution of HCs in cell death propagatideg¢rocket al, 2009c). In embryonic neural
retina, these peptides have been used to demansinaessential role of HCs as an ATP
release pathway in the development of neural rginegenitor cells (Pearsaet al, 2005b).

In the context of cardiac ischemia, targeting o48HC at the cell surface by Gap26/27
showed cardioprotective effect in both primary mytes culture and intact heart (Havett
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al., 2010a;Johansest al, 2011a;Shintani-Ishidat al, 2007a). Further work with CxMPs has
suggested a role of HCs in a variety of patholdgitsults ranging from amyloi@-mediated
neuronal death to hypoxia-induced inflammation Z&thig et al, 2006;Karpuket al,
2011;Orellanaet al, 2011). Intriguingly, despite the growing interéstCxMPs-based HC
studies, no conclusive arguments are availablaippat a direct action of the peptides on
HCs. Short exposure to CxMPs has been reportethtbii indirect measures of HC function
based on ATP release or dye uptake studies. Epgotsiological studies further indicated
that Gap26 rapidly diminished macroscopic curremt€x43 expressing cells (Hawat al,
2010a;Hawatt al, 2012a;Romanoet al, 2008a). Studies performed in the Xenopus oocyte
expression system, however, failed to demonstriar énhibition of macroscopic currents:
limited inhibition was only observed with long exqupes (3 h) and appeared to depend on
peptide size rather than sequence (Wangl, 2007a). Due to the lack of studies at single
channel level, it remains uncertain whether CxMIBskoHC openings and if so, whether this

effect is sequence-specific or merely the consecpiehsteric occlusion.

Here, we investigated the effect of Gap26 and Gaakie level of unitary currents through
Cx43 HCs, allowing detailed analysis at the highesolution. In HelLa cells expressing
exogenous Cx43, unitary events associated with G*@3opening can be unambiguously
identified by the single channel conductance thatypically ~220 pS. Our data show that
HC-based unitary events are inhibited by Gap26/&invseveral minutes, by shifting the
voltage-dependence of Cx43 HC opening to more ipesitansmembrane potentials (M In
addition, moderate elevation of the intracellulaicium concentration ([G;) to 200-500
nM shifted the Vi,-dependence of HC opening to lower, Values (shift to the left) while
Gap26/27 fully prevented this shift. Interestinglgpyw pH induced HC inhibition was also
found to depend on [GH; changes, with HC closure being mediated by (sirdfgf’];
elevation to micromolar concentrations. In isolatefl ventricular cardiomyocytes of adult
pig, single channel openings triggered by steppindo positive potentials were abolished by
short interfering RNA (siRNA) against Cx43. Thegetary current activities were promoted
by 500 nM [C&"]; and inhibited by Gap26/27. We conclude thatyi)ctional Cx43 HCs are
present in ventricular cardiomyocytes, (ii) wher{{; is moderately elevated, these channels
open at V, = +40 mV, and (iii) CxMPs prevent €aand voltage dependent HC activation.
These effects are likely to play a prominent rol¢he protective effect of CxMPs on cardiac

ischemia.
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Materials and Methods

Chemical reagents

Gap26 (VCYDKSFPISHVR) and Gap27 (SRPTEKTIFII), twonnexin mimetic peptides
corresponding to a sequence in the first and se@xtchcellular loop regions of Cx43
respectively were used in the study. Two associasedambled peptides SGap26
(PSFDSRHCIVKYV) (Pearsomt al, 2005b) and SGap27 (TFEPIRISITK) (Wrigét al,
2009a) were applied in some experiments as inaatwetrols (overviewed in Online
Resource Table S1). All peptides were synthesiaedpurity > 90 %.

Cell culture

HelLa-wild type (HeLa-WT) cells were cultured in Datco’s modified Eagle’s medium
(Invitrogen, Gent, Belgium) supplemented with 20 fétal bovine serum (FBS), 2 mM
glutamine, 10 U/ml penicillin, 10 pg/ml streptomycand 0.25 pg/ml fungizone (Invitrogen,
Gent, Belgium). Cells stably transfected with Cx@dfgang et al, 1995) grown in the

medium with additional 1pug/ml puromycin (Sigma-Atdr, Bornem, Belgium). Mouse Cx43
gene was cloned into the Eco RI/Bam HI restrictexhing site of the expression vector
pMJgreen. CytoMegalovirus (CMV) promoter was usedhe vector also contains a

puromycin N-acetyl-transferase (Pac) gene encaodigmpn.

Calcein efflux

Subconfluent cultures of HelLa-Cx43 seeded on glesserslips (Knittel, Novolab,

Geraardsbergen, Belgium) were loaded with 10 pMetalacetoxymethyl ester (calcein-
AM) for 1h at room temperature. Thereafter, celyewashed and left for another 30 min to
allow for de-esterification. Cultures were thennsferred to an inverted epifluorescence
microscope (Eclipse TE300, Nikon Belux, Brusselg|gigim) equipped with a x 40 oil-

immersion objective and an electron-multiplying CCBamera (Quantem 512SC,
Photometrics, Tuscon, AZ, USA). Calcein was excisd482 nm by a Lambda DG-4
filterswitch (Sutter Instrument, Novato, CA, USA).505 nm long-pass dichroic mirror and a
535 nm bandpass filter (35 nm bandwidth) were usedapture calcein emission light.
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Fluorescent images were recorded every secondrenfluorescent decay as a function of
time was quantified as described in (De Bocketal, 2011).

Cardiomyocyte isolation

Left ventricular cardiomyocytes from adult domespigs were enzymatically isolated as
previously described (Stankovicowet al, 2000b). Briefly, the left anterior descending
coronary artery was cannulated, and the cells Wesociated by enzymatic tissue digestion
through Langendorff perfusion at 37°C. The cellsenthen filtered and resuspended in a low
C&* Tyrode solution containing (in mM): 130 NaCl, X€l, 1.2 KHPQ, 1.2 MgSQ, 0.18
CaCb, 6 HEPES, 10 glucose, pH 7.2.%G#olerant cells were stored at room temperature and

used within 8-10 h after isolation.

RNA interference

Acutely isolated cardiomyocyte suspension was daged at 300 rpm for 5 min. The cell
pellets containing both cardiomyocytes and fibretdawere resuspended in Medium 199
(Sigma-Aldrich) supplemented with 10% FBS, 10 Upehicillin and 10 pg/ml streptomycin.
After 2-h incubation at 37°C in 5% GQcardiomyocytes remained suspended in the medium
while fibroblasts adhered to the bottom of the ptjsene flask. The fibroblast-depleted
suspension was again collected and cultured ansitgieof 2 x 10 cells/cnf in a Petri dish
(9.2 cnf; TPP Techno Plastic Products AG, Trasadingen,z8wind) or glass coverslip (2.5
cn?) coated in advance with natural mouse lamininiftogen).

Cultured cardiomyocytes were transfected the falgwday with sSIRNA using DharmaFECT
lipid reagent (Dharmacon, Thermo Fisher Scient#ialst, Belgium). siRNA duplex targeting
the porcine Cx43 gengial (5-GAAAGAGGAGGAACUCAAA-dTdT-3’) was synthesized
and annealed by Eurogentec (Luik, Belgium). Culuransfected with scrambled sequence
(siCx43°": 5-AGAGAUACGAACAAGAGAG-3’) or lipid reagent alondMOCK) were used
as negative controls. The transfection mixture we&rmoved from the cultures after 24-h

treatment.
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Western Blot analysis

Whole cell lysates were prepared by treating camflicell culture with RIPA buffer (25 mM
Tris, 50 mM NaCl, 0.5% NP-40, 0.5% deoxycholaté%0.SDS, 5.5%p-glycerophosphate, 1
mM dithiothreitol, 10 pL/mL protease inhibitor cdek (Sigma-Aldrich), 30 pL/mL
phosphatase inhibitor cocktail (Sigma-Aldrich), add pL/mL mini EDTA-free protease
inhibitor cocktail. Proteins were resolved by 10%SSpoly-acrylamide (SDS-PAGE) gel and
transferred to a nitrocellulose membrane (Amershaotkinghamshire, United Kingdom).
Blots were probed with a rabbit polyclonal anti-Gxdntibody (Sigma-Aldrich) or a rabbit
anti-Panx1 (a gift kindly provided by Dr. Dale Waikd, University of Western Ontario,
Canada) followed by alkaline phosphatase-conjuggted anti-rabbit IgG antibody (Sigma-
Aldrich). The blots were then developed with nitslue tetrazolium/5-bromo-4-chloro-3-
indolyl-phosphate reagent (Zymed, Invitrogen). Tqteotein stains by SYPRO Ruby
(Invitrogen) prior to antibody staining or detectiovith a rabbit antp-tubulin antibody
(Abcam, Cambridge, United Kingdom) was used asditay control.

Triton X-100 (Tx-100) insoluble fraction was obtathby harvesting cells in 1% Trixton X-
100 supplemented with 50 mM NaF, 1 mMsM@,, 10 pL/mL protease inhibitor cocktail, 30
pnL/mL phosphatase inhibitor cocktail. Samples wastrifuged at 16,000 g for 10 min and
the Triton X-100 insoluble pellets were resuspenaed x Laemmli buffer (10% glycerol,
2.3% SDS and 125 mM Tris pH 6.8).

Detection of the fraction of unapposed Cx43 inglesma membrane was achieved by biotin-
labeling of surface protein with the Pierce celfface protein isolation kit (Thermo Scientific,
Erembodegem, Belgium). Confluent cultures were Ikated with 0.25 mg/ml
sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithioppionate (Sulfo-NHS-SS-Biotin)
phosphate-buffered saline for 2h at 4 °C. This mamd-impermeable, thiol-cleavable and
amine-reactive reagent labels free surface memigmaoteins including unapposed Cx43 HCs
that have their extracellular domains unoccupieg.cBntrast, HCs incorporated into gap
junctions have no accessible extracellular domantsthe amine-reactive sites are effectively
sealed. Unreacted biotin was quenched by glycisedaolution and the cells were lysed
immediately. Cell extracts were then mixed with Mavidine™ agarose for purification of

biotin-labeled proteins. Biotinylated proteins aining the pool of unapposed HCs were
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subsequently eluted from the Neutravidihagarose and separated by a 10% SDS-PAGE gel
for further immunoblotting with Cx43 antibody (SigrAldrich).

Electrophysiological recording

Hela-Cx43 cells were bathed in a recording chanfiied with a modified Krebs-Ringer
solution consisting of (in mM): 150 NaCl, 6 CsCICAC}E, 2 MgCh, 1 BaC}, 2 pyruvate, 5
glucose, 5 HEPES and pH adjusted to 7.4. The stdrvdaole-cell recording pipette solution
was composed of (in mM): 130 CsCl, 10 Na-aspartat6 CaCl, 1 MgCh, 2 EGTA, 5
tetraethylammonium (TEA)-Cl and 5 HEPES; pH wasistdjd to 7.2 and [¢§ was 50 nM
as calculated with Webmax Standard software appica

http://www.stanford.edu/~cpatton/webmaxcS.htEstimations of attained [€% mentioned

in the text were also calculated using this sofewamtracellular acidification was applied via
the patch pipette; to this purpose, HEPES was ceplay MES (5 mM) and pH was adjusted
to 6.4 or 6.0 (Lewandowslat al, 2008).Pipette resistance was 1-2MA 3 M KCI agar

bridge connected the recording chamber to a grogncbmpartment.

For the experiments on cardiomyocytes, cells watally perfused with the standard Tyrode
solution (in mM): 137 NacCl, 5.4 KClI, 1.8 Caf0.5 MgC}, 10 glucose, 11.8 HEPES and pH
adjusted to 7.4. When recording unitary HC curretits solution was switched to a solution
with the same composition but with all’ Kkeplaced by Cs In addition, 1 mM BaGlwas
added to the external solution to further inhibit Kurrents. The pipette solution was
composed of (in mM): 120 CsCl, 5 NaCl, 10 TEACICAC)E, 1 MgCh, 2 MgATP, 10 EGTA,
10 HEPES and pH adjusted to 7.2.

Single channel recordings were performed by makisg of an EPC 7 PLUS patch-clamp
amplifier (HEKA Elektronik, Lambrecht/Pfalz, GermgnData were acquired at 4 kHz using
a NI USB-6221 data acquisition device from Natiomatruments (Austin, TX) and Clampex
10.2 acquisition software (Axon instruments). Alirnents in whole-cell configuration were
filtered at 1 kHz (7-pole Besselfilter). Liquid jotion potentials were measured in current
mode by placing pipette solution or bath solutierhie recording pipette and the other in the

bath. Membrane potentials were corrected for tpgidi junction potentials.
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For single-channel analysis, holding currents waubstracted from the recorded current

traces, giving traces that only contained unitangrent events. Unitary conductances were
Ai

¥ = Um. From these data, we

calculated from the elementary current transitidmsas:
constructed all-point conductance histograms thegplayed one or more gaussian
distributions. These were fit by a probability diéngunction assuming independent channel
opening (Ramanan and Brink, 1993;Waat@l, 2001). Channel activity was quantified from
the charge transfer Qassociated with unitary currents; this was doneiridggrating the
unitary current tracesi.¢., a function of time) over the duration of the wagié step as:

O = J.L'Cit
Statistical analysis
Data are expressed as mean * S.E.M. with n denatweg number of independent

experiments. Multiple groups were compared by oag-WNOVA with Bonferroni post-test,

Two groups were compared with an unpaired studéést and two-tail p value.
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Results

Single channel unitary currents in HelLa cells stabtransfected with Cx43

Previous studies revealed that unitary Cx43 HCstsvappeared upon depolarizing the
membrane potential ¢ to > +50 mV (Contrerast al, 2003b). Fig. 1a illustrates single
channel openings observed with whole-cell patcmplaecording from a solitary Hela-Cx43
cell upon stepping ¥ from -30mV to +70 mV. Recordings were performedha presence of
extracellular C& and Md* and under conditions of ‘channel blockade with ¢sB&* and
TEA" (see Materials and Methods). Transitions betwberctosed and fully open state were
characterized by a unitary conductangg 6f ~ 220 pS (Fig. 1a). Transitions from the open
state occasionally occurred to a sub-conductarate sharacterized by a unitary conductance
(ysun of ~58 pS (Fig. 1b), as reported by Contreragle{Contreraset al, 2003b). Such
transitions were not frequent and event histograbtained from recordings of 30 s typically
did not show a resolvable subconductance peak waerol conditions. The typical 220 pS
opening activity was not observed in single HeLa-¥é&lls (Online Resource Fig. S2a). In
HelLa-Cx43 cells, unitary current activity inducegl W, = +70 mV rapidly disappeared
following application of carbenoxolone (100 pM)gap junction and HC blocker (Online

Resource Fig. S3).

V, =+70 mV

a 4 [0 I L ET R B e
] Oy cvee- L .. L TR P
nu c M”MWLJMNWWWW N L

a

Figure 1. Unitary currents recorded in HelLa-Cx43 cel®. $ingle-channel events were activated by stepping
Vn, from -30 mV to +70 mV. The vertical graph at te& represents an all-point histogram illustratthg ~220
pS unitary conductance of a fully open chanr®l.Ifustration of two fully open channels closing & substate

of ~58 pS as shown in the expanded traces
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Gap26 and Gap27 inhibit Cx43 hemichannel unitaryrcants

We tested whether Gap26 and Gap27 inhibited undament events recorded in HeLa-Cx43
cells at concentrations commonly used to inhibg ganctions. Pre-incubation of cells for 30
min with Gap26 (160 pM) or Gap27 (200 uM) reducedary events typically observed at
Vm = +70 mV (Fig. 2a and 2b). The conductance ofrémeaining events showed a peak at
~220 pS, indicating that Gap26/27 did not influertike y,. Experiments with scrambled
versions of Gap26 and Gap27 (SGap26 and SGap2éctesy) did not reveal any
inhibition of HC-mediated unitary events (Fig. 2ada2c). Unitary current activities were
guantified by integrating the current traces (hwddcurrent subtracted) over the time of V
step, giving the charge transfer{Qvia open HCs. Fig. 2c shows a more than 3-foldtekese

in Qn by Gap26/27, whereas,Qecorded in cells exposed to SGap26/27 was nterdift
from control. Western blot analysis of Cx43 expi@ssdemonstrated that the density of
membrane-located biotin-labeled Cx43 HCs relatovéhe total membrane Cx43 pool (Triton
X-100 insoluble fraction) was not influenced by Gégreatment (Fig. 2d), in line with the
findings reported by others (Martat al, 2005).

Figure 2. Cx43 HC unitary current events are inhibited byp@B&and Gap27 in HeLa-Cx43 cella) Example
traces depicting unitary current activities indudgdstepping Y, to +70 mV (30 s) in control and after addition
of Gap26/27 or scrambled sequencéy. All-point histograms determined from the corresging traces in
panel a. Dashed vertical lines through the peakseach separated by ~220 p§. $ummary data of Q
illustrating significant inhibition by Gap26/27 buiot by the scrambled sequences. **p<0&lControl;
##p<0.01vs scrambled peptidesd) Biotin-labeling studies illustrating that Gap2éshno effect on the fraction
of unapposed HCs. For assessment of unapposedagtidbfr present in the plasma membrane, the biatieled
fraction was normalized to the total protein stdifey SYPRG Ruby. Membrane-associated Cx43 was
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estimated by the Tx-100 insoluble fraction propmrél to the total lysatélreatment with Gap26 (160 uM, 30
min) did not influence the biotin-labeled Cx43 miotfraction, indicating that the number of HCghe plasma

membrane is not altered (n = 4).
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Gap26/27 inhibition of Cx43 HC unitary currents isoncentration-dependent and occurs
within minutes

We examined the Kkinetics of Gap26/27 inhibition wfitary current activity. In this
experiment, we applied repeated (every 40,sk¥ps from -30 to +70 mV (30 s) over a time
period of 10 min and calculated thg, @ different time points. Fig. 3a illustrates aample
recording, showing a decrease qf @ith time after addition of Gap26 (250 uM). Thevas
some inherent variability in these recordings, teglato shot noise associated with low
probability events (Kangt al, 2008b). Fig. 3b represents changes of curreng¢ruocantrol
conditions and 240 s after exposure to Gap26. Boyshows averaged Qchanges in
experiments similar to the one illustrated in F@a. After addition of Gap26,
progressively decreased with a time constahtof 148 s (determined by fitting the data
points to a mono-exponentially decaying functioA}. steady-state conditions, [Qwas
reduced to ~35 %. In contrast, SGap26 did not cange), decay. We further examined the
concentration-dependence of Gap26 inhibition (14 gosure time) and found ans§of
~81 uM and a Hill coefficient () = 2 (Fig. 3d). SGap26 did not exhibit inhibitoeffects
over the concentration range at which Gap26displayehibition. Only when the
concentration of SGap26 was increased to 1 mM,

Strong inhibition was observed (Fig. 3e). Fig. Wstrates a similar set of experiments
performed with Gap27 (300 uM). Inhibition was sorhetvslower { = 223 s) while the
steady-state reduction of,Qvas stronger (reduction to ~15 %) compared to G4pRy. 4c).
Concentration-dependent inhibition of,(223 s exposure time) was characterized by an IC
of ~161 pM and n = 2 (Fig. 4d). As expected, SGap27 did not aff@gtunless it was
applied at 1 mM concentration (Fig. 4e). The abkipk in the Q, curve at 1 mM with both
scrambled peptides (SGap26 and SGap27) indicateapibearance of steric occlusion of the

channel pore.

We tested whether Gap27 could also inhibit the gugesf larger molecules through Cx43
HCs. To that purpose, we used calcein (MW 623 Bag BIC-permeable fluorescent reporter
dye (Anselmiet al, 2008) and quantified the loss of fluorescencenfpyeloaded HelLa-Cx43
cells, as previously done (De Bock kt al, 2011). The calcein efflux rate increased upon
exposure to nominal divalent free (NDF, nd*Car Mg®* added) solution and the efflux rate-
increase was inhibited by Gap27 (300 uM) (Fig. Biy. 4g illustrates the effect of NDF and
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NDF + Gap27 on unitary HC currents, demonstratiogngarable effects as observed in the
calcein experiments. Thus, Gap27 has comparal@etefon calcein passage and current flow
through Cx43 HCs.

a b
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Figure 3. Gap26 inhibition occurs within minutes and is camication-dependenta) Q, for repeated Y, steps

to +70 mV before and after application of Gap 26Q(21M) in HeLa-Cx43 cells.b) Example traces and all-
point histograms before and after addition of Gagagints indicated as 1 and 2 respectively in pa)eic)
Average data illustrating the kinetics of Gap26ilition (n = 5). For SGap26, the curve remainedtilating
around 100 % (n = 3). Lwas expressed as a percentage normalized to ¢hegeed measurement before Gap26
addition. *p<0.05 Gap26s SGap26. ) Concentration-dependence of Gap26 inhibitiop;v@s normalized to
data values obtained without peptidg). Experiment as in panel d but with the scrambkgugsnce.

Gap26 and Gap27 increase the,Viecessary to open HCs

Gap26 and Gap27 had no effect gn therefore, we examined whether they exerted their
effect through a change in the voltage gating. 5&gshows an I-V plot obtained by applying
voltage ramps from -40 to +80 mV (1.8 mV/s). Unjtaurrent events started to appear from
Vm = +50 mV while after addition of Gap26/27, unitagyents appeared at more positive
potentials. A similar influence was observed on pigts derived from slower voltage ramps
(0.5 mV/s; Online Resource Fig. S4). By applying &teps from -30 mV to voltages in the
range of +40 to +80 mV, we observed that Gap26 @ap27 (for concentrations and
exposure times see Fig. 5b) significantly shifted ¥, dependence of HC opening to the

right over ~15 mV, i.e. they increased thg fér HC activation (Fig. 5c).
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Figure 4. Gap27 inhibition occurs within minutes and is camication-dependenta) Q, for repeated Y, steps

to +70 mV before and after application of Gap 200(3M). p) Example traces and all-point histograms before
and after addition of Gap27 (points indicated and 2 respectively in panel a) Average data illustrating the
kinetics of Gap27 inhibition (n = 5). For SGap2Te turve remained fluctuating around 100 % (n XB)was
expressed as a percentage normalized to the adenag@surement before Gap27 addition. **p<0.01 Ga27
SGap27.q) Concentration-dependence of Gap27 inhibitiog;w@s normalized to data values obtained without
the peptide. ) Experiment as in panel d but with the scrambleduence. fj Gap27 inhibits dye transfer
triggered by exposure to nominally divalent-freeDf solution. NDF triggered the efflux of calceirefpaded

in HeLa-Cx43 cells and this was inhibited by Gag2@0 uM; n = 31 cells from 5 experients). *** p<0D
NDF vs baseline. ) Gap27 inhibits NDF-promoted HC currents in HeLe4® cells. Traces show unitary
current activity upon stepping from -30 to +60 n0 (s) that was strongly promoted by NDF conditidbap27
(300 uM, added just after the 225 s trace) inhib® F-potentiated currents (300 uM).
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64



Experimental work

[Ca®"])i-dependent modulation of Cx43 HC unitary currentsnder control/normal
conditions and in the presence of Gap26/27

Unitary Cx43 HC currents appear only at strong thasiVy, as reported earlier (Contreras
al., 2003b;Kanget al, 2008b) and confirmed here. Previous studies dstreted that an
elevation of [C&]; stimulates HC-mediated ATP release and dye up2ke/uyst E.et al,
2006;De Vuystet al, 2009b;Ponsaertst al, 2010a;Schalpeet al, 2008). We investigated
whether [C4']; elevation alters the properties of unitary HC ents in HeLa-Cx43 cells. For
this purpose, the pipette solutions used for witele+ecordings were buffered to different
[Ca®"] of 50 (standard pipette solution), 200, 500, 4000 nM. Fig. 6a demonstrates that
unitary current activity measured at,\ +60 mV was clearly potentiated at moderately
elevated [C#]; levels of 200 and 500 nM, while the effect disappe with further elevation
to 1 uM. Fig. 6b shows the corresponding all-ptiistograms, demonstrating an increased
frequency of ~220 pS openings and less activityhim closed state. Average data of such
experiments are shown in Fig. 6c¢, illustratinggngicant increase of Qat 200 and 500 nM
(compared to 50 nM) while this potentiation disagmeel at 1 uM. HeLa-WT cells exhibited
no unitary current activities upon [€h elevation to 500 nM (Online Resources Fig. S2b).
The bell-shaped profile of these responses in Hex43 cells is very similar to previously
reported results that were based on indirect measemts of HC activity (De Vuyst Et al,
2006;De Vuyset al, 2009b). Moreover, we found that [€Ja elevation from 50 to 200 and
500 nM significantly altered the V¥ dependence of HC opening by shifting it ~15 mV
leftwards, i.e. 200-500 nM [G8; decreased the Vfor HC opening (Fig. 6d). The effect of
[Ca®™]; elevation to 200 nM was stronger than for 500 n®E[]; elevation had no effect on
the reversal potential of the unitary current rdaogs (O mV; Online Resource Fig. S5).
Interestingly, Gap26 (250 uM) and Gap27 (300 uMjibited the @, increase mediated by
[C&®"]; elevation to 200/500 nM (Fig. 6¢) and completelsevented changes of ,V
dependence induced by [€Rincrease (Fig. 6d).

Figure 6. Effect of [C&']; elevation on Cx43 HC unitary currents recordedHalLa-Cx43 cells. &)
Representative current traces obtained by volttgms stepping Y to +60 mV (30 s). 10 consecutive runs were
recorded and the beginning of each 30-s exampie inas separated by 40 s. The varioug Cdepicted were
applied via the whole-cell recording pipettB) All-point histograms of each set of recordingpide=d in panel

a. [C&"]; elevation to 200 and 500 nM increased the numbeeaks and reduced the frequency of the closed
state while elevation to 1 pM had no effec). $ummary data illustrating the effect of vario@s]; levels on
Qn (n = 8). Gap26 (250 pM) significantly attenuatbe C&"-promoted @ (n =5); Gap27 had similar effects
(data not shown). **p<0.0¢s 50 nM [C&];. #p< 0.05vs 200 or 500 nM [C&];. (d) Effect of [C&"]; elevation

to 200 and 500 nM on the,Mlependence of HC activation {& ., normalized to control value at +90 mV). The
curve was left-shifted and this was completely pragd by Gap26 (250 uM, 150 s) and Gap27 (300 |2d,s2

(n = 5). *p<0.05, **p<0.01 and ***p<0.001 for 20G 600 nM [C&"]; vs50 nM [C&]..
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[Ca?"];-dependent modulation is involved in acidificatidnduced Cx43 HC closure
Acidification is known to inhibit gap junction chaels (Bukauskas and Verselis,
2004b;Palacios-Pradet al, 2010b) and it has been suggested that this efigoeénds on a
[C&®"]; elevation (Cotrinaet al, 1998;Lazrak and Peracchia, 1993b;Peracchia, 200db
further tested whether HCs close witH lowering and whether a [€% increase is involved
in this. Intracellular acidification from pH 7.2 &4 induced by 2% Cf{XPalacios-Pradet
al., 2010b) rapidly inhibited Cx43 HC unitary curre(sg. 7a and b). Because pldwering
decreases the affinity of EGTA present in the pgand cell, it is possible that inhibition is
partly caused by an associated and prominent (>n®)JC&’"]; elevation. Calculation of the
expected [CH]; increase (making use of the Webmax program — s&é&Mndeed indicated
a micromolar increase of [€% in response to C&nduced pH lowering to 6.4. We therefore
performed experiments with MES-buffered acidic pipsolutions with defined [G§. When
[C&®"]; was 50 nM, pHlowering to 6.4 or 6.0 did not inhibit HC currer{tsaces shown in
Fig. 7c; summary data given in Fig. 7d). Howevemnew [C&"]; was set to 6 pM, HC currents
were strongly inhibited by the pH 6.0 conditionthsy were at pH 7.2 (Fig. 7d). Thus, large
[C&®"]; elevations can be involved in the low pH closufeCa43 HCs. Of notice, Fig. 6¢c
indicates that HC activity at 1 uM [€% is slightly lower than at 50 nM while Fig. 7d &ir
two bars) shows that HC activity is significantlgpiessed by further elevating fGato 6
UM.
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Figure 7. Role of[Ca®]; in acidification-induced Cx43 HC closure) (Intracellular acidification triggered by
2% CGQ abolished HC unitary current activities in HeLa4@x ) Corresponding time evolution of single-
channel activities of the experiment demonstrateganel a. ) Example unitary current traces recorded in
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Gap26/27 inhibits [CATi-dependent modulation of Cx43 HC unitary currentsn i
ventricular cardiomyocytes

In a next step, we examined whether we could regr@dhe modulation of Cx43 HC opening
by [C&"]; and Gap26/27 measured in Hela transfectants Wwiket obtained from primary
cardiomyocytes, acutely isolated from the left viele of pigs. In these experiments,
perfusion conditions were similar to those usedHeta-Cx43 cells. Stepping the,\from -

70 mV to +80 mV demonstrated the appearance camynturrent events characterized by, a
of ~200 pS (Fig. 8a, left panel). These unitaryrentr events were not influenced by a low
concentration of carbenoxolone (20 uM) that is kndavblock Panx1 HCs but not Cx43 HCs
(Bruzzoneet al, 2005) (Fig. 8a middle panel). Carbenoxolone ghér concentration (100
pKM) acted inhibitory, as expected for Cx43 HCs (Mg, right panel). Western blot analysis
(Online Resource Fig. S6) showed no Panx1 signatimricular cardiomyocytes, in line with
a recent report by Penuela et al. (Peneel, 2009a). Thus, the ~200 pS opening events are
likely to be mediated by Cx43 HCs. To further camfithis, we used an SiRNA approach to
silence Cx43 expression: this led to ~50 % knockdaivCx43 expression in cultured pig
ventricular cardiomyocytes (Fig. 8b). Unitary cumreactivities were present in MOCK-
treated cultured cardiomyocytes (Fig. 8c), althotighactivities were less frequent compared
to those in acutely isolated cells. Histogram asialyindicated ay, of ~220 pS, which
suggests that culturing of cardiomyocytes sligligreases the, to the levels recorded in
cultured HelLa-Cx43 cells. The bar chart in Fig. 8emmarizes average nQdata,
demonstrating that current activity was signifitannhibited by siRNA directed against
Cx43 (siCx43) while scrambled siRNA (siCx4Bhad no effect. We next tested the effect of
[C&®"]; elevation and Gap26/27 on unitary HC current dgtiin freshly isolated
cardiomyocytes. Fig. 8d shows that aifia@ncrease from 50 to 500 nM reduced the voltage
threshold for HC opening from +60 mV to +40 mV. thermore, we found that Gap26 (160
1M, 5 min) reduced the amediated enhancement of unitary current activityisimilar
fashion as it was observed in HeLa-Cx43 cells (B&). Average @ data (Fig. 8f) obtained
from such cardiomyocyte recordings, demonstratedngt inhibition of CA&'-potentiated
Cx43 HC activity by Gap26 (160 uM, 5 min) and Gag2d0 uM, 5 min).
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Figure 8. Effect of [Ca’"]; elevation and Gap26/27 on unitary current acésitin isolated pig ventricular
cardiomyocytes(a) Representative traces illustrating single-chaenehts triggered by stepping,¥ +80 mV.
The all-point histograms at the right illustratetththe distribution peaks are separated by af ~200 pS.
Carbenoxolone had no effect when applied at 20 uitlkearly inhibited the currents at 100 uM) Treatment
of cultured ventricular cardiomyocytes with siRNAretted against Cx43 (siCx43) brought down Cx43
expression to 50 % of control (MOCK) while scrantb&ERNA (siCx43%) had no effect. *p<0.05 siCx43s
siCx43“ and MOCK. ¢) Example traces depicting unitary currents recgideMOCK-, siCx43- and siCx43-
treated cells. The bar chart summarizes averagefdaCx43 HC currents activated at +70 mV (MOCK: 8;
siCx43: n =9; siCx4%" n =6). All-point histogram depicting thg of the unitary current activities recorded in
cultured cardiomyocytes treated with siCx43scr BI@QICK, *** p< 0.001 siCx43 vaMOCK and siCx4%" (d)
Elevating [C&]; to 500 nM resulted in increased activity and adoed \, for channel activation.gf Unitary
current events triggered by, steps to +60 mV (30 s) were potentiated by 500[6kf]; and the increased
activity was inhibited by Gap26 (160 pM, 5 min).€Mbeginning of each trace is separated by 35 sallm®int
histograms at the right illustrate the effect omductance distributionsf)( Average data of [C4; and
Gap26/27 effects on Q[C&]; elevation to 500 nM strongly and significantly ieased @ and this effect was
completely prevented by Gap26 (160 pM, 5 min) amghZ¥ (200 pM, 5 min). **p<0.00¥s 50 nM [C&"];;
###p<0.00vs 500 nM [C&']; without peptides

Discussion

Gap26/27 and related peptides, have been repartedhibit HC-related ATP and dye uptake
(Braetet al, 2003b;Polloket al, 2011;Robertsort al, 2010;Shintani-Ishidat al, 2007a)
and have been frequently applied to interfere W@ function under various conditions (De
Bock M. et al, 2011;Eltzschiget al, 2006;0'Carrollet al, 2008;Oviedo-Ortaet al,
2010;Pearsoret al, 2005b;Vermaet al, 2009). Macroscopic current studies have been
inconclusive, with some reports showing inhibitiodoy Gap26/27 (Hawatet al,
2010a;Romanowet al, 2008a) and others claiming that inhibition isatetl to non-specific
pore block (Wanget al, 2007a). Here, we demonstrate at single chanwel khat these
peptides inhibit function of Cx43 HCs and that tbffect is sequence specific. Moreover, we
show that the peptides also inhibit Cx43 HC opesimng acutely isolated ventricular
cardiomyocytes, including HC currents promoted hyderate € 500 nM) [C&']; elevation.
Interestingly, the Cd-mediated potentiation of HC function indicatesttBa43 HCs can be
opened at physiologically relevant,(+40 mV) and Gap26/27 antagonizes this*’Ca
promoted HC opening.

Inhibition of HC currents by Gap26/27 occurring oaetime span of minutes was incomplete
and not associated with alterations in single ckheonductance or number of unapposed
HCs in the plasma membrane. Currently, the mechanias to how CxMPs inhibit the

function of HCs are not known. We assume that G&¥2peptides bind to as yet undefined

domains in the extracellular loops of Cx43 resgltim HC inhibition (Berthougkt al, 2000).
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For Gap26, evidence is available that this peptideed interacts with the extracellular Cx43
domains (Liuet al, 2006a). If CxMPs inhibit HCs by interacting wifreely accessible,
unoccupied extracellular domains of Cx43, thenitinbition kinetics in duration of minutes
appears to be slow. In fact, this suggests thatinteraction site is less accessible than
hypothesized, either as a consequence of beingetbakeeper in the channel pore or being
only accessible when the channel is open. We damadasthat Gap26/27 reduces HC
opening by shifting the \/ dependence of opening to more positive voltagght(shift). This
may be mediated by the shielding of a charged aragid residue, as a consequence of the
interaction, that changes the local electricaldfisénsed by the voltage-sensor and alters the
activation threshold, as has been suggested fasHifiein voltage-dependence of Nand K
channels by a variety of stimuli (Thibaektal, 1993;Zhanget al, 1999).

Millimolar extracellular C&" concentrations normally keep Cx43 HCs closed bherw
extracellular C& decreases, for example during ischemia (Silver Emetinska, 1990), HCs
open and HC currents at positive, \are promoted (Contrerast al, 2003b). It has been
proposed that divalent cations such as*@ad Md" influence the intrinsic voltage-gating
and lock the channel in the closed state by intergowith the extracellular side of the
channel (Verselis and Srinivas, 2008b). We fourat tBap27 inhibited the passage of the
fluorescent dye calcein triggered by exposure tminally C&*- and Md*-free extracellular
conditions. Thus, CxMPs inhibit currents equallylives the passage of larger molecules
through Cx43 HCs.

In addition to extracellular Gaalso intracellular Cd modulates Cx43 HC function. Here,
we show that a moderate increase of’[;@romotes HC unitary current activity while this
effect disappears upon further elevation to 1 phd.(Bc), as reported in previous studies
based on dye transfer or ATP release (De Veysil, 2006;Ponsaertst al, 2010a). These
indirect measurements of HC opening have suggettad increased HC opening with
moderate [C&]; elevation is dependent on T&almodulin signaling (De Vuyset al,
2009b); Cx43 contains several putative calmodulinding sites located on the amino
terminus and cytoplasmic loop (Toro&t al, 1997;Zhouet al, 2007b). We further
demonstrate here that increasing {fiao micromolar concentrations not only removes the
[C&®"]i-promotion effect (1 pM) but also actively inhibi4C opening at 6 pM (Fig. 7d).
Apparently, this inhibitory effect also plays aegadh the low pH closure of HCs. It is very

much likely that the transient nature of hemicharopening reported imn vitro simulated
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ischemia, is caused by the dual effects (stimuatirsusinhibition) of [C&"]; on Cx43 HC
opening (Shintani-Ishidat al, 2007a). Interestingly, the HC-stimulation by made [C&";
elevation was related to a left-shift of thg Wependence and this shift along the voltage axis
was completely reversed by Gap26/27. Thus, Gap2p&htides inhibit HC function by
interacting with extracellular domains of Cx43, {eh[C&']; potentiates HC function by
interacting with intracellular Cx43 domains, botifliences possibly acting on a common
target that is the voltage sensor (Bukaus&bsl, 2002b;Harris, 2002b). While HCs are
activated from +40 mV on in the presence of a mae[C&"]; increase, Online Resource
Fig. S7 clearly demonstrates that unitary curreapgpear at +30 mV upon exposure to
chemical ischemia conditions applied by metabolnhibition. These potentials can
realistically be attained during the plateau phafdbe cardiac action potential.

In the heart, Cx43, predominantly expressed innarar cardiomyocytes, is an important
determinant of myocardial ischemic injury (Ruiz-Meat al, 2008). Cx43 proteins form gap
junction channels that are clustered in the newtinsch is one of major components of the
intercalated disks. Non-junctional (unapposed) CKE3E reside in the zone surrounding the
junctional nexus area, called the perinexus (Rétetl, 2011b). As discussed above, Cx43
HC opening may be triggered under ischemic conasti@ontrerast al, 2002a;Schulet al,
2003;Shintani-Ishidaet al, 2007a), and this has been associated with caydioyte cell
swelling in response to simulated ischemia (Scktll, 2007a). When exposed to metabolic
inhibition, rabbit ventricular myocytes have alseeh reported to display a [Ep-dependent
non-selective current which may be attributed tagl€¥XC opening (Kondet al, 2000a).
Here, we demonstrate, for the first time, unitanyrents in acutely isolated left ventricular
cardiomyocytes from pig, that are characterizedabyactivation thresholgd +50 mV and a
single channel conductance of ~200 pS. These bsigdlyproperties are similar to those of
mouse Cx43 HCs observed in HelLa transfectants50 mV, ~220 pS). Moreover, the
unitary current activity was also promoted by matefC&]; elevation and was inhibited by
Gap26 and Gap27. A recent study has proposed Pdf@slas the conductance pathway
exhibiting large unitary conductance and iiadependent currents in cultured atrial
cardiomyocytes from rat (Kienitzt al, 2011a). Panx1 HCs can, however, be ruled outdbase
on the following arguments: i) Panx1 proteins caudd be detected in acutely isolated pig left
ventricular cardiomyocytes, ii) the recorded unjitaurrents were not affected by 20 uM
carbenoxolone which is known to inhibit Panx1 H@Hd &i) a specific SIRNA targeting Cx43

abolished the single channel activities. An absevfc®anx1l expression and therefore of
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Panx1 HC function in cardiomyocytes used in oudigtsl may be related to differences in cell
preparation (acutely isolated cellsrsuscultured cells), differences in tissue types (iel#s

versusatrium) and species (pigersusrat).

In summary, our data show that Cx43 HCs in venlaicaardiomyocytes can be activated by
positive Vi, (> +30 mV) and [C&]; elevation (~500 nM). As a consequence, this magea
leakage of ions and metabolites that may reduceadity, safety of signal transfer between
the cardiomyocytes and contribute to arrhythmogendgsap26 and Gap27 inhibit these
V/C&*-mediated HC currents and thus open a new pathveaynbvel therapeutic

approaches in treating cardiac arrhythmia.
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Table S1. Overview of the peptides tested in thdyst

Peptide Sequence

Gap 26 VCYDKSFPISHVR
Gap27 SRPTEKTIFII
Scrambled Gap26 PSFDSRHCIVKYV
Scrambled Gap27 TFEPIRISITK
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Figure S1. Topology of Cx43 protein showing theexitinal (NT), the first and second
extracellular loops (EL1 and EL2), intracellulaojp (IL) and the C-terminal region (CT).
Sequences of the Gap26/27 and the domains of Gx48hich they correspond are also
indicated.

Figure S2. HeLa-WT cells do not display unitaryreat activity. &) Stepping W, to +70 mV
(30 s) did not induce any single channel openingsm{C&']; was 50 nM. f) No single
channel openings were observed wherf{gawas 500 nM (V, steps to +60 mV).

Figure S3. Example traces showing unitary currerents triggered in HeLa-Cx43 cells by
stepping \, to +70 mV (30 s). The expanded traces below sHosing of the channels upon
switching back to -30 mV. The gap junction blockarbenoxolone suppressed the unitary
current activity.

Figure S4. Voltage ramp |-V plots in HeLa-Cx43 selillustrating that Gap26/27 inhibit
unitary current activities, with the first unitagyents appearing at +65 mV and above.
Figure S5. [C&]; changes had no influence on the reversal potesftiamichannels currents
in HeLa-Cx43 cells.q) Vi, was stepped to +70 mV (30 s) to activate currefiss was
followed by a fast ramp, repolarizing to -40 mVphed to investigate the reversal potential
of open HCs. Expanded traces show the region ofdberding demarcated by dotted lines,
illustrating current evolution during the fast ramp) |-V plot of the fast repolarization
currents, indicating a reversal potential of apprately zero mV for both 50 and 500 nM
[CaT,.

Figure S6. Western blot analysis illustrating Cxgtein expression in pig ventricular
cardiomyocytes. C6 glioma cells stably transfectedh Cx43 (C6-Cx43) and cells
transfected with empty vector alone (C6-pLTR) waesed as positive and negative controls
respectively. Panx1 protein was not detected iseteells. C6 glioma cells stably transfected
with Panx1 (C6-Panx1) were used as a positive abodondition.

Figure S7. Metabolic inhibition (MIl) augments Cx43C unitary current activity in
ventricular cardiomyocytesa) Typical traces recorded in a cardiomyocyte beftond after
exposure to mitochondrial uncoupler carbonyl cyarperifluoromethoxyphenylhydrazone (5
KM) combined with the glycolysis inhibitor sodiundibacetate (1 mM) (‘chemical ischemia).
Vm was stepped from -70 to +30 mV for 30 s. Wholé-cefrents at positive ¥ were
substantially increased in Mi-treated cardiomyosy{®) Summary bar chart illustrating
charge transfer (Q before and 350 s after Ml treatment (n =4). *0p3l Mlvsbaseline.
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ABSTRACT

Connexin-43 (Cx43), a predominant cardiac connefamms gap junctions (GJs) that
facilitate electrical cell-cell coupling and unagpd/nonjunctional hemichannels that provide
a pathway for the exchange of ions and metabobttsveen cytoplasm and extracellular
milieu. Uncontrolled opening of hemichannels in fflasma membrane may be deleterious
for the myocardium and blocking hemichannels mayfeocardioprotection by preventing
ionic imbalance, cell swelling and loss of criticaletabolites. Currently, all known
hemichannel inhibitors also block GJ channels, dbger disturbing electrical cell-cell
communication. Here, we aimed to characterize aapeptide, called Gapl19, derived from
the cytoplasmic loop (CL) of Cx43 as a hemichanslecker and examined its effect on
hemichannel currents in cardiomyocytes and itsuerfte in cardiac outcome after
ischemia/reperfusion. We report that Gap 19 inkiBix43 hemichannels without blocking GJ
channels or Cx40/pannexin-1 hemichannels. Hemiadanhibition is due to the binding of
Gapl9 to the C-terminus (CT) thereby preventingamblecular CT-CL interactions. The
peptide inhibited Cx43 hemichannel unitary curreimisboth Hela cells exogenously
expressing Cx43 and acutely isolated pig ventricadadiomyocytes. Treatment with Gap19
prevented metabolic inhibition-enhanced hemicharmpenings, protected cardiomyocytes
against volume overload and cell death followinthesmia/reperfusiom vitro and decreased
the infarct size after myocardial ischemia/repadasin mice in vivo. In conclusion,
preventing Cx43 hemichannel opening with Gapl9 eenfprotective effects against
myocardial ischemia/reperfusion injury.

Key word: connexin, hemichannel, gap junction, single clehmrmyocardial injury
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INTRODUCTION

Gap junction (GJ) channels are essential for timetfon of the heart and blood vessels by
providing electrical coupling and direct cell-célansfer of chemical/metabolic signals (de
Wit and Griffith, 2010;Janseet al, 2010b;Miuraet al, 2010;Veenstra and DeHaan, 1986).
They are composed of two docked hemichannels (camms¢ oligomerized from six connexin
molecules. The 43-kDa connexin protein (Cx43) isnajor connexin in the heart and is
especially abundant in ventricular cardiomyocyt®ar(k et al, 2004). Aging and cardiac
disease are associated with alterations in Cx43resgn, its localization and its
phosphorylation status, and changes of GJ propethat, collectively, are thought to
contribute to myocardial infarction injury and ahmogenesis (Kalcheveet al,
2007a;Severset al, 2008b;Tribulovaet al, 2009). Beyond GJs, emerging evidence has
suggested novel roles of Cx43 hemichannels in tlieeaded myocardium. These
unapposed/nonjunctional hemichannels reside inztime surrounding the GJ nexus area,
called the perinexus (Rhedt al, 2011c). They are typically closed under normadditions,
but may open in response to ischemic insults riespiih ATP leakage, excessive entry of'Na
and C&" and the loss of essential metabolites from this ¢Baezet al, 2010). Uncontrolled
activation of hemichannels may potentially introewsignificant changes in cardiamyocyte
homeostasis that are expected to cause dysfuratidriinally irreversible injury. Currently,
there are no tools available that allow selectiaegdting of hemichannels as all known
pharmacological blockers inhibit both GJs and héamnels (Evangt al, 2006;Harris,
2001;Sprayet al, 2006). Furthermore, connexin knockout (KO) tedbgy abolishes
hemichannels as well as GJ channels, making thpsoaph inappropriate to determine the

role of hemichannels in cardiovascular disease.

Connexins are tetraspan membrane proteins that haweextracellular loops and one
intracellular loop (CL). Synthetic peptides likeiz®& and Gap27 that mimic a short stretch of
amino acids (AAs) on the extracellular loops hagerbintroduced more than 15 years ago to
inhibit GJs (Warneet al, 1995b). These peptides are thought to interaitt yat undefined
sequence on the extracellular loops of the conngpeatein, thereby preventing the docking of
two hemichannels (Evans and Boitano, 2001b). Gag2® Gap27 peptides also inhibit
unapposed hemichannels (Waetgal, 2012a); because the extracellular loops of unsggbo
hemichannels are unoccupied and freely availabteirteractions with these peptides,

hemichannel inhibition often occurs before inhinitiof GJs. Here, we report on a peptide,
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called Gap19, that is identical to a short sequgmesent on the intracellular (cytoplasmic)
loop of Cx43. Peptides mimicking cytoplasmic lodpL] sequences have been used in the
past as control peptides that do not inhibit GJad@b-Ortaet al, 2002a). In agreement, we
found that Gap19 did not reduce GJ coupling as aredswith dual whole-cell voltage-clamp
and dye transfer assays. Surprisingly, Gapl9 dtyomiibited plasma membrane Cx43
hemichannels as exemplified by ATP release/dyekeptiudies and unitary hemichannel
current measurements. Surface plasmon resonancaireepts demonstrated that Gapl9
interacts with the Cx43 C-terminus (CT) and hemcte inhibition was counteracted by a
peptide identical to the last 10 AAs of the CT, igading that Gapl9 inhibition of
hemichannels is caused by preventing intramoledcak@ractions of the CT with the CL,
which are essential for Cx43 hemichannel activi{flesnsaertet al, 2010b;Ponsaeret al,
2012). Moreover, Gapl19 inhibited the potentiatibmmitary hemichannel currents in acutely
isolated ventricular cardiomyocytes exposed to bwia inhibition. In line with this finding,
the peptide protected against myocardial cell smgelnd cell death inn vitro cardiac
ischemia/reperfusion studies and modestly limitké infarct size inin vivo cardiac
ischemia/reperfusion in mice. Importantly, Gapl1® mo effect on pannexin-1 (Panx1) or
Cx40 hemichannels. Thus, Gapl9 emerges as a nowkltd specifically block Cx43
hemichannels without inhibiting GJs, allowiimgvitro andin vivo work aimed at determining
the role of hemichannels in cardiac disease maelsell as in other tissues and organs that

display a prominent Cx43 expression.

METHODS

An expanded Methods section is provided in the f@nResource.

GJ coupling studies

GJ coupling was investigated by dye coupling ardtebphysiological studies. Dye coupling
was assessed by fluorescence recovery after blepdRRAP) and scrape loading of dye
transfer (SLDT) (Decroclkt al, 2009b). For FRAP, confluent cell cultures weraded with
5-carboxyfluorescein diacetate acetoxy methyleg@FDA-AM, 20 uM). Fluorescence
within a single cell was photobleached by spot sxpe to 488 nm Argon laser light. The
fluorescent intensity in the bleached cell wasdiekd over a 5 min period and quantified at

the end of this period as the percentage of regoweative to the starting level before

88



Experimental work

bleaching. SLDT was performed by making a lineaatet across a confluent monolayer of
cells in the presence of 6-carboxy fluorescein §-0.4 mM). A fluorescence diffusion
profile perpendicular to the scratch was recordetithe spatial constant of mono-exponential
fluorescence decrease was determined as a medstdecoupling. The junctional electrical

conductance between cells was measured as described

Hemichannel studies

Hemichannel opening was investigated by ATP relestsielies and electrophysiological

measurements of unitary hemichannel activity. AT&lease was detected using a
luciferin/luciferase assay kit (product no. FL-A8igma) as previously described (De Vuyst
et al, 2006b). Hemichannel unitary currents were measasedescribed . For measurements

in cardiomyocytes, KCI in the pipette solution waplaced by CsCl (Kondet al, 2000b).

Preparation of cardiomyocytes

Cardiomyocytes for patch-clamp experiments weréisd from left ventricles of domestic
pigs (14-17 weeks) by enzymatic digestion (Stantmxa et al, 2000c). The mouse
cardiomyocytes used fan vitro ischemia/reperfusion studies were isolated by exgis
C57/BL6 mice (<3 months) hearts followed by candjocyte isolation as described in ref.
41.

In vitro cardiomyocyte ischemia/reperfusion

Primary cardiomyocytes were isolated from mice escdbed by (Let al, 2004). Cells were
dispersed in isolation solution (0.025 mM%)ay gentle agitation. Gain the solution was
then gradually increased in small steps to 1 mMdi@anyocytes, sedimented to the bottom
of a 10 ml tube, were exposed during 120 min toolip (N>-gassed), glucose-deprived
acidic (pH 6.5) solution (oxygen-glucose deprivatigDGD]/acidosis solution) on top of
which a layer of mineral oil was added. Reperfustonsisted of removing the mineral oil
and replacing the OGD/acidosis solution by a noimawlution (pH 7.4) for 3 min. After
normoxia or OGD/acidosis, a 10 ul cell sample walsen and resuspended for 5 min in
control solution with 0.5 % trypan blue. Imagescefl morphology were obtained at x100

magnification on a Leica DMLB microscope (Leica,fBeeim, Germany). Cell viability was

89



Experimental work

guantified as the percentage of rod-shaped, urstaialls over the total cell population by an
examiner blinded to the different conditions. Aalodf at least 1000 cells were counted per
group.

For volume measurements, the cardiomyocytes wemdelb with 2 uM calcein-AM in
normoxic solution (15 min, 35° C) and were themseal with a confocal microscope (Zeiss
axiovert 100M, Jena, Germany) at x40 magnificadod Z-stacks were taken every 2 um in
15 cells per group. The cell volume was expresskdive to the cell volume under normoxic
conditions. Exposure to OGD/acidosis was 60 min #rednormoxia/reperfusion condition

was applied 15 min in these experiments.

In vivo mouse model

The experiments were approved by the regional @&tlitommittee. C57/BL6 mice were

subject to 30 min ischemia and 120 min reperfugRoengleret al, 2008a). The area at risk

was determined by Evans Blue and the ischemic zwa® visualized by 2,3,5-triphenyl

tetrazolium chloride staining. Gapl19 (MW 1161.44) Beas intravenously administered at a
concentration of 25 mg/kg, which corresponds to0~42¥4, assuming distribution in the blood

volume that is approximately 8% of the body weifiiilobod volume values were in the 1.6-2
mL range). The 250 pM concentration gives an exgue8 % inhibition based on the data
presented in Fig. 1D.

Data analysis and statistics

The data are expressed as mean * s.e.m., witheh®tidg the number of independent
experiments. In then vitro andin vivo ischemia experiments ‘n’ corresponds to the number
of animals. Comparisons between two groups weree duoith a two-tailed unpaired t-test;
comparison of more than two groups was done witthway ANOVA and a Bonferroni post-
hoc test; in then vivo ischemia experiments a Fisher's Least Signifi€afference test was
used. A p value < 0.05 was considered as indicatagstical significance. In the graphs,
statistical significance is indicated with a singigmbol (* or #) for p<0.05, two symbols for

p<0.01 and three symbols in case of p<0.001.
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RESULTS

Gapl9 inhibits Cx43 hemichannel activity but not @dupling

Gapl9 is a synthetic nonapeptide correspondingAte 228-136 in the second half of the CL
of Cx43 and is part of the so-called L2 region (Sekal, 2004a) (Fig. 1a and Online
Resource Table S1). Furthermore, AAs 130-136 aregba sequence (AAs 130-139) that is
important for CL interactions with the CT tail ox€3 (Bouvieret al, 2009a;Duffyet al,
2002b;Hirst-Jenseat al, 2007a). Gapl9 contains the KKFK sequence thatksown cell-
membrane translocation motif that facilitates plasmembrane permeability (Carrigan and
Imperiali, 2005). This may explain the higher umgtatf Gapl9 tagged with fluorescein
isothiocyanate (FITC) in C6 glioma cells stablynstected with Cx43 (C6-Cx43) compared
to fluorescein alone (Fig. 1b). We determined tifiece of Gapl9 on ATP release triggered by
an elevation of the cytoplasmic €aconcentration ([Cd];) caused by exposing C6-Cx43
cells (plated at low density) to the Téonophore A23187 (2.2 uM, 5 min, Fig. 1c, left$ar
which, as reported, results in transient elevatériCa"]; to ~500 nM (De Vuyset al,
2009c;Ponsaertst al, 2010b). [C&]i-triggered ATP release in C6-Cx43 cells depends on
Cx43 hemichannels because Cx43 knock down (De \atyait, 2009c¢) or transfection of C6
cells with the empty vector (pLTR) do not displdese responses (Fig. 1c, middle bar).
Online Resource Fig. S1A shows Cx43 expression@plCTR and C6-Cx43 cells. Gapl9
inhibited [C&"]i-triggered ATP release (Fig. 1c, right bars) in anaentration-dependent
manner with a half-maximal effect @3¢ of ~47 uM (Hill coefficient = 2) (Fig. 1d). Gap19
(400 uM applied via the pipette solution) did naihibit the junctional conductance
determined in Novikoff cell pairs (endogenously mgsing Cx43) making use of dual-cell
voltage-clamp (Fig. 1le). Cell-to-cell dye transtudies with fluorescence recovery after
photobleaching (FRAP) in C6-Cx43 cells confirmedttBO min exposure to Gap19 (200 pM)
had no effect on dye coupling (Fig. 1f and g). Waified higher Gap19 concentrations in
FRAP experiments and found that 1 h exposure tecergnations of 10 uM to 1 mM Gap1l9
had no effect on dye coupling (Online Resource EiB). In fact, 24 to 48 h exposure to 200
UM Gapl9 was found to promote dye coupling in FRARIies (Fig. 1g). ATP release was
still completely blocked following 24 h incubatiamith 200 uM Gapl9 (inset to Fig. 1g).
Gapl9 did not inhibit ATP release triggered by estype of C6 cells stably transfected with
pannexin-1 (C6-Panx1) to high extracellular potassconcentration ([Ke = 143 mM) (Fig.
1h). High [K']e is a known stimulus for Panxl hemichannel opeflingnd control

experiments confirmed that the triggered ATP redeaas suppressed by low concentrations
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of carbenoxolone (10 pM, 30 min) afPanx1 peptide (200 uM, 30 min), two blockers of
Panx1l hemichannels (Locovet al, 2006;Pelegrin and Surprenant, 2006), but not by
scrambled'®Panx1 (ScdPPanx1) (Thompsoret al, 2008;Wanget al, 2007b) (Fig. 1h).
Exposure of C6 wild type (WT) cells to high K did not trigger ATP release above baseline
(Fig. 1h — Online Resource Fig. S1A illustrates ¥arexpression in the cells used).
Furthermore, Gap19 did not influence fQatriggered ATP release in HeLa cells expressing
Cx40 (Fig. 1i), a major Cx expressed in the atramad cardiac conducting system (Sewars
al., 2008Db).

Figure 1. Gap19 inhibits [Ca®]i-triggered ATP release in C6-Cx43 cells(a) Topology of Cx43 and location
of Gap19 in the L2 domain, part of the CL. The ufided sequence is a putative membrane translocatiotif
and the greyed zone is crucial for CT-CL interawsio p) Confocal micrographs of C6-Cx43 cells,
counterstained for F-actin (red fluorescence)sitlating cellular uptake of fluorescein-labelede@y) Gapl9
(FITC-Gap19), Gap14i®* (FITC-Gap1$*™) and fluorescein only (Fluo). Scale bar is 20 [iihe bar chart
below reports fluorescence intensities (A.U., adbjt units) measured in the cells. Uptake of flsosin-labeled
peptides was significantly stronger as compardtutoescein only (n = 4). Stars indicate significarcompared
to Fluo. €) Inducing [C&"]; changes with the Gaionophore A23187 (inset shows experimental apgrpac
triggered significant ATP release in C6-Cx43 but moC6 cells stably transfected with the emptytee¢C6-
PLTR) (n = 12). Gap19 (200 uM, 30 min) stronglyilsited [C&*]i-triggered ATP released) Gap19-inhibition
of triggered ATP release was concentration-depen@en 6). €) Junctional conductance jjGneasurements in
Cx43 expressing Novikoff cell pairs at differemhé points in the absence or presence of Gap19(¥)dn the
recording pipette solution.;Gvas normalized to the corresponding values atodginning of the experiment.
Gapl9 had no effect on; & = 4-16). {) Representative images of a FRAP experiment in €&3Ccells
preloaded with CFDA. Images were acquired beforetqitleaching (pre-bleach), just after photobleagtiire
cell marked with the dotted line (bleach) and 5 tater to assess fluorescence recovery in the indehcell. §)
Quantification of the fluorescence recovery 5 miteraphotobleaching: 30 min Gapl19 (200 uM) had no
influence while 24-48 h incubations promoted dymsfer (n = 5). Inset above illustrates that 2édubation
with Gap19 inhibited ATP release equally stron@@snin incubation (n = 12)hj Exposure of C6-Panx1 cells
to 143 mM [K]. triggered ATP release that was blocked by carbelooe (Cbx, 10 uM, 30 min) dfPanx1
(200 pM, 30 min), and absent in C6-WT cells. Gapfi8cr*®Panx1 had no effect on high {K-triggered ATP
release (n = 12)i)(Gap19 (200 uM, 30 min) did not inhibit [Ef-triggered ATP release (brought about by 2
UM A23187 applied during 5 min) in HeLa-Cx40 cdlis= 6). Stars indicate statistical significancenpared to
the neighboring grey baseline bar (except in bjniner signs mark comparisons to the black contrgl diae
symbol p < 0.05, two symbols p < 0.01, three symipok 0.001.
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Amino acids 1130 and K134 are important for Gapl6teity

Gapl9 contains two AAs known to be mutated in aetgpes of oculodentodigital dysplasia
(ODDD), a Cx43-linked genetic disease (Sekial, 2004a;Shibayamat al, 2005). 1130T
mutation is linked to neurological abnormalitiesdaassociated with decreased GJ dye
transfer and non-functional hemichannels (leti al, 2006a;Shibayamat al, 2005).
Moreover, 1130 is involved in the formation of hgden bonds (Duffyet al, 2002b),
indicating that this AA might be important for G&activity. K134E mutation decreases the
single channel conductance of GJ channels andfenésrwith normal GJ plaque formation
(Seki et al, 2004a;Shibayamat al, 2005). We found that Gapl9 containing the 1130A

§39* concentrations as for Gap19) failed to inhibig{{}-triggered ATP

modification (Gapl
release (Fig. 2a). The cellular uptake of FITC-GH3Y* was comparable to the uptake of
FITC-Gapl9 as illustrated in Fig. 1b. To determiine importance of neighboring AAs, we
measured the effect of Gaft¥” and found it equally active as Gapl9 (Fig. 2apc8i
mutations of K134 may alter the membrane permeglufi Gap19, we constructed a plasmid
encoding Gap19 coupled via its N-terminus to a FHAG (pFLAG-Gapl9). In contrast to
C6-Cx43 cells expressing pcDNA5S/FRT-eGFP (emptytargc C6-Cx43 cells expressing
PFLAG-Gapl19 displayed no significant [€ktriggered ATP release (Fig. 2b) and
maintained normal GJ coupling measured with SLDif.(Ec and d), similar to the results
obtained with exogenously applied Gapl9 peptideline with the results obtained with
Gapl%% (Fig. 2a), pFLAG-Gap18°* failed to suppress ATP release (Fig. 2e). pFLAG-
Gap1®****inhibited ATP release like pFLAG-Gap19, furthepparting the notion that AAs
neighboring 1130 are not essential for hemichannbkibition (Fig. 2e). Finally, pFLAG-
Gapl1%'3** was ineffective as an inhibitor of ATP releasgy(Fde). Thus, 1130 and K134 are
important AAs in the inhibitory effect of Gap19 &P release.

Figure 2. Gapl9 activity depends on AA 130 & 134 and is couatacted by adding CT10 peptide. (a)
Gap19°* (200 uM, 30 min) had no effect on [Ektriggered ATP release in C6-Cx43 while Gap't8* acted

as Gap19. Combining the 1130A/E131A modificatiomwe results as for Gapt¥” (n = 12). b) Amino acid
substitutions in the putative membrane translooatiwtif of Gapl9 were tested using the pFLAG-Gapl9
plasmid. [C&"]-triggered ATP release was absent in C6-Cx43 telissiently transfected with pFLAG-Gap19
(n = 12). €) Example traces of SLDT dye (6-CF) spread experimmanC6-Cx43 cells (empty vector) and C6-
Cx43 cells transfected with pFLAG-Gap18) Quantification of the spatial constant of dye sprérom SLDT
experiments, demonstrating no effect of pFLAG-Gaml® dye spread (n = 3; p = 0.6337e) pFLAG-
Gapl1%°° acted as Gap¥8®* and did not inhibit [C&];-triggered ATP release while pFLAG-GaXt$” acted
inhibitory. pFLAG-Gap19™** did not inhibit [C&"]-triggered ATP release; the combined 1130A/K134A
mutant acted as the single mutants (n = 2)CT10 peptide counteracts Gapl9 effects. In C6-@ell3 pre-
incubated with TAT-CT10 (100 pM, 30 min), Gap19@30M, 30 min together with TAT-CT10) did not inhibi
ATP release while TAT-CT1®**®had no effect. The two aspartate and two proksidues in CT10 are crucial
for this effect (n = 12). Stars compare to the hbaing grey baseline bar; number signs compatbedlack
control bar in a and f, and to the black empty @ebtr in b and e.
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Gapl9 inhibition of hemichannels involves directteractions with the CT tall

Since intramolecular interactions of the last teks/f the CT with the CL are important for
Cx43 hemichannel function (Ponsaestsal, 2010b) and AAs 130-136 in the CL are involved
in CT binding, we investigated whether Gapl9 (AA28-1.36) blocks hemichannels by
binding to the CT, thereby preventing CT-CL intéi@t. Pre-incubating C6-Cx43 cells with
membrane-permeable TAT-CT10 (100 puM, 30 min), aligepcorresponding to the last ten
AAs of the Cx43 CT (Online Resource Table S1),dekd by co-incubation with Gapl9,
completely abolished Gap19 inhibition of [Catriggered ATP release, while the peptide
with reversed CT10 sequence (TAT-CTI®®§ did not (Fig. 2f). Mutant versions of TAT-
CT10 were designed to determine the residues aritar neutralizing Gapl19 activity. The
choice for particular mutants was based on the ofakirst-Jensen et al. (Hirst-Jensetnal,
2007a) pointing to the importance of residues & 3f6-379 domain for CT-CL interactions.
Modifying D378 and D379 to alanine residues (TAT408?**) or P375 and P377 to glycine
residues (TAT-CT1U7°9Y resulted in peptides that failed to abolish Gaptvity, while
modifying R374 and R376 to alanine residues (TATEET*) had no effect (Fig. 2f).
Similar results were obtained with pFLAG-Gap19 egsion studies instead of exogenously
applied Gap19 peptide (Online Resource Fig. S2s&hesults indicate that the two aspartate
and two proline residues present in the last 10sttatch of the CT are critical for Gap19-
inhibitory actions.

It is known that the L2 region of the CL, in whishquence of Gapl9 is located, is important
for interactions with the CT (Duffet al, 2002b;Hirst-Jenseat al, 2007a;Ponsaerest al,
2010b). We further explored Gapl19-CT interactionthwurface plasmon resonance (SPR)
and monitored the association of purified Cx43 @I (AAs 255-382) with biotin-Gapl19
immobilized to a streptavidin-coated sensor chipmbbilized biotin-L2 (AAs 119-144) and
its reversed sequence version were used as poaittv@egative controls respectively. These
experiments displayed a clear association of theéalith Gap19 and L2. Interestingly, the
binding of the CT tail to Gap19 seemed strongecaaspared to L2 (Fig. 3a and b). The CT-
Gapl9 association signal increased at higher coratems of the CT tail, indicating a bona
fide specific interaction. From these results, atingated kK of ~2.5 uM was obtained (Fig.
3c and d).
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Figure 3. SPR experiments demonstrating Cx43 CT thibinding to biotin-Gap19 immobilized to a
streptavidin-coated sensor chip. (alypical sensorgrams showing the association @ngiw) and dissociation
(second arrow) between purified CT tail (Cx43CTHM) or purified GST (7 uM) and biotin-Gap19 or nt.2
immobilized to the streptavidin-coated sensor chiipe ordinate is calibrated in resonance unity afberection

for background binding to the control peptide (leXerse). §) Summarized average data of experiments shown
in a measured at maximal response (second arrow) 3 demonstrating significantly stronger assiaia
between Cx43CT and Gap1l9 as compared to GST-G&xH3CT-Gapl9 association was also stronger than for
Cx43CT-L2. €) Sensorgrams for Cx43CT-Gapl9 and Cx43CT-L2 associat different concentrations of
purified Cx43CT. ) Summary of data shown in C, demonstrating a cdration-dependent increase in the
association signal with half-maximal effect at ~@M¥ for both Gap19 and L2 (n = 3).

Gapl9 inhibits hemichannel unitary current activityn Cx43 expressing Hela cells

We used Hela cells stably transfected with Cx43L@4€x43) to determine whether Gap19
inhibits unitary currents through hemichannelsaitage-clamp experiments (Contrestsal,
2003c), performed on solitary non-coupled cellsttia presence of extracellular ¢and
Mg?*, and under conditions of ‘kchannel blockade (Fig. 4a). Application of voltagenps
showed that hemichannel currents appeared at pteabove +50 mV (Fig. 4b) and we

chose +70 mV as a command voltage for subsequeariexents. Applying a depolarizing
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voltage step from -30 mV to +70 mV triggered unitaurrent events characterized by a
conductance of ~220 pS (Fig. 4c and d), which spwads to the single channel conductance
of Cx43 hemichannels (Contrerasal, 2003c). The activity of unitary events was redlice
when Gap19 (400 puM) was present in the pipettetisoluwhile Gap18°®* had no effect
(Fig. 4c). Unitary event activity often displayedultiple superimposed stepwise channel
openings, which were less frequent with Gap19. #ag(graphs in left column) illustrates that
Gapl9 decreased the number of peaks in the comagcthistograms and increased the
frequency of the closed state. Fig. 4d (graphsght rcolumn) demonstrates that Gap19 did
not influence the time constant of open dwell-tidigtributions while clearly decreasing the
number of channel openings. Integration of theentrversus time traces, which yields the
membrane charge transfer(Qassociated with unitary current activity, showhdt Gap19
significantly suppressed Qo ~25 % of the control level, whereas GapPd had no effect
(Fig. 4e). Online Resource Fig. S3A illustratest tthe effect of Gapl9 was rapid, within 1
min. Gapl19 inhibited R in a concentration-dependent manner with ap ¢€~6.5 uM (Hill
coefficient = 2) (Fig. 4f). By contrast, GapgT®" had no effect unless applied at 1 mM
concentration at which point the flat,Q@urve displayed a sharp decrease, presumably as a
result of steric block of the channel pore (Fig).48 separate set of experiments was
performed in cell-attached patch mode, in ordetetermine the effect of Gapl19 on the open
probability (Rpen Of single hemichannels. Thg,B,was 0.01 + 0.0004 for control recordings
(Vm steps to +70 mV) and 0.0009 * 0.0003 with GapE3@nt in the bath (200 uM, 30 min
pre-incubation) demonstrating a significant ~1@faduction by Gap19 (p<0.0001, n = 5).

Figure 4. Gap19 inhibits unitary hemichannel currers in HeLa-Cx43 cells.(a) Whole cell voltage-clamp
recording conditionsh| 1,,-V, plot illustrating voltage ramp experiments (-40+H80 mV, 70 s). Unitary current
activity started to appear at +50 mV (control) amals enhanced by further increasing. \Experiments with
Gap19 or Gap1¥ in the pipette solution (400 pM) are also showa). Typical traces of unitary currents
activated by stepping yfrom -30 mV to +70 mV for 30 s. Ten consecutivagtraces) were recorded over 7
min under control conditions (top) and when theeftip solution contained Gap19 (middle) or Gapid
(bottom). €l) Left: All-points histograms determined from each setemfordings depicted in ¢. Dashed vertical
lines mark peaks in the histograms separated by 2 Gapl9 reduced hemichannel activity as can be
appreciated from the decreased number of peakfarehsed frequency of the closed state. RightnQjveell-
time histograms determined from the recordings.iGapl9 decreased the frequency of openings buhbad
effect on the time constant)(of the mono-exponential distribution of open dwighes. Distributions with
Gap19*°* were as observed in control. Data in ¢ and d epeesentative for 3 different experiments) Bar
chart summarizing the results of integrating theremt traces over time, giving the membrane chanaesfer
(Qu), for the different conditions applied. Gap19 sigantly suppressed Qto ~¥ of control while Gap1§**
had no effect (n = 6 for control, 8 for Gap19 antb6Gap1¥3%Y). (f) Gap19 inhibited Q in a concentration-
dependent manneg) Q. was not influenced by Gapt¥” unless it was applied at 1 mM concentration.
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Gapl9 inhibits hemichannel unitary currents in vemtular cardiomyocytes

We sought to identify single-channel Cx43 hemictlghnractivity in ventricular
cardiomyocytes acutely isolated from adult pig haearder recording conditions as applied in
the experiments on HeLa-Cx43 cells but with Cs@ltead of KCI as the main pipette salt.

Voltage steps from -70 mV toVin the range of +10 to +100 mV triggered singlesuel
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current activity from VW, = +30 mV on, with a single-channel conductance-200 pS as
judged from conductance histograms (Fig. 5a). WGap19 was added to the recording
pipette (100 uM), unitary current activity was sigty decreased and voltage steps to more
positive i, were necessary to observe unitary events (Fig.F@) 5b illustrates that, under
control conditions without Gap19, stepping backrfrpositive \, (applied 30 s) to -70 mV
caused clearly discernible single-channel actititgt was present during 100-200 ms; all-
point histogram analysis indicated a ~200 pS upitanductance (Fig. 5b). The recordings of
single-channel activity at positive (during the, 8tep) and negative (tail currents) voltages
allowed to construct a plot of unitary membranerenir (I,) as a function of ¥ (Fig. 5c).
This open hemichannehV, plot demonstrated a linear relation characterizg@ reversal
potential of ~0O mV and a single-channel slope catahce of 196 + 3.8 pS (n = 7) (Fig. 5¢).
We analyzed the voltage-dependence of unitary osu@etivation under control and in the
presence of Gap19 (100 uM) and found that the @b curve was shifted to the right by
~30 mV (Fig. 5d). Gapl9 thus significantly increagbe \f, threshold for hemichannel
activation. Although the unitary activity was stgiyndepressed by Gapl9, sufficient data (at
strong positive ¥, and in the tails at negative,ywere available to construct agVn, plot
(Fig. 5e). This analysis revealed a reversal pa@knf ~0 mV and a single-channel slope
conductance that were very similar to the onesiodtafrom control conditions (204 + 10.4
pS; n = 6). Thus, Gapl9 inhibits unitary currenys dhifting the voltage-dependence of
hemichannel opening without affecting the open deamproperties. Hemichannel inhibition
by Gap19 in cardiomyocytes was slower as compareddordings obtained in HeLa-Cx43
and it took several minutes to attain maximal gft@mline Resource Fig. S3B). This is likely
caused by the lower concentration of Gap19 (100 vyekus400 uM for Hela Cx43), the

larger cell size of cardiomyocytes and a possibtyamwestricted intracellular diffusion.

Metabolic inhibition (MI) with mitochondrial uncolgr carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP) combinedhwihe glycolysis inhibitor sodium
iodoacetate (IAA) (‘chemical ischemia’) activatesntichannel-related macroscopic currents
and dye uptake in various cell types endogenousgjyessing Cx43 (Contrerast al,
2002b;Johret al, 1999;Kondeet al, 2000b;Retamadt al, 2006b). We applied FCCP/IAA (5
MM and 1 mM respectively) and found it to stronglygment the unitary current activity
recorded with V, steps to +40 mV (Fig. 5f). Most notably, when Gaptas added in the
pipette (100 uM), unitary activity was completelysant. Fig. 5g summarizes average data

from such experiments and shows that unitary ctupesgressively increased upon prolonged
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exposure to MI while intrace

throughout the recording.

llular application ofa@l9 abolished single channel events
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Figure 5. Gapl9 inhibits hemichannel unitary currens in ventricular cardiomyocytes. (a) Whole cell
recording performed in acutely isolated ventriciardiomyocytes revealed a,\dependent activation of Cx43
hemichannels (30 s voltage steps - traces repasentfor 7 similar recordings). The all-point ligtam
illustration below the traces indicates a ~200 plany conductance aty= +30 mV. In the presence of Gap19
(100 uM in the pipette), ¥ steps to more positive potentials were necesseages representative for 6 similar
recordings). I§) Example traces illustrating that unitary curreciivaties was still present after repolarizing to -
70 mV. The all-point histogram below indicates #63S unitary conductance of the unitary tail coirevents.
(c) Im-Vm plot of open hemichannels demonstrating a revarstdntial of ~0 mV and a single channel slope
conductance of ~196 pSli)(Voltage dependent activation of hemichannels, destnating that Gap19 (100 pM)
shifted the activation curve to more positive ptisds. The quantity @V, was calculated by dividing the
integrated unitary current activity by the corresgiog V,, and represents the integrated single channel
conductance over the 30 s voltage steps (n®§)G4p19 inhibition of unitary events did not infleenthe open
hemichannel }-V, plot (~0 mV reversal potential and 204 pS sindiarmel slope conductance, not different
from control). ) Example traces recorded in a cardiomyocyte bedackafter exposure Ml (5 uM FCCP and 1
mM IAA). Voltage steps from -70 mV (5 s) to +40 n{80 s) were repetitively applied. Unitary currentiaty
was completely absent with Gapl9 in the recordimetpe. ) Summary graph illustrating progressively
increasing unitary current activity after applicatiof Ml (n = 4). Stars indicate statistical sigraince compared
to baseline before MI induction. Recordings withp&@ in the pipette were flat, lacking any unitaofiwty,
also after Ml induction (filled squares on the abciGapl9 completely suppressed Ml-promoted hemiudla
activity. Number signs indicate statistical sigeéfnce compared to the corresponding open squaresdes
without Gap19 in the pipette.

Gap19 protects against myocardial ischemia/reper@usinjury in vitro and in vivo

It has been reported that ischemic conditions &iggx43 hemichannel opening, possibly
mediated by changes in the phosphorylation statuSxd3 and the generation of reactive
oxygen and nitrogen species (Hawatal, 2010b;Ramachandraet al, 2007;Retamaét al,
2007e;Shintani-Ishidat al, 2007b). We explored whether Gapl9 could prevessiple
deleterious effects of uncontrolled opening of hdrannels, thereby reducing
ischemia/reperfusion damage to the myocardiunminitro andin vivo studies. Exposing
isolated cardiomyocytes to 120 min oxygen-glucaserigtation (OGD) and acidosis (pH 6.5)
followed by a switch to control/normoxic solutio® nin) to simulate reperfusion, resulted in
extensive cell death (example image shown in OrfResource Fig. S4) with 10.9 % of the
cardiomyocytes remaining viable (Fig. 6a). Cardiooyes exposed to normoxic solution
over the same time period as OGD/acidosis showedeatine in survival (Fig. 6a). Pre-
treatment of the cells with Gap19 (250 uM, 30 nigllowed by OGD/acidosis (with Gap19
present) and reperfusion (normoxia) increased thbility to 14.6 %, thus enhancing the
viability by approximately one third compared t®datment with vehicle-only (Fig. 6a).
Exposing isolated cardiomyocytes to OGD/acidosi3 if6in) followed by reperfusion (15
min) resulted in significant cell swelling that wesunteracted by Gapl19 (treatment as in the
viability assays) (Fig. 6b). Gap19 did not affdee tcell volume under normoxic conditions
(99.1 + 1.8 % compared to 100 + 2.2 % in contret, ). Gapl9*** exhibited some
protective effect against cell death and cell swglbut the effect of Gap19 was significantly

stronger (Fig. 6a and b). We performed myocardiegthémia/reperfusion experiments in mice
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in vivo, by applying a 30 min ligation of the left anteralescending (LAD) coronary artery
followed by reperfusion (120 min). Gapl19 was in&mwusly injected 10 min before ligation
at a dose of 25 mg/kg, corresponding to an estun2% LM concentration when distributed
in the blood volume. This significantly reduced thfarct size to 51.2 %, compared to 63.8 %

infarct size in vehicle-treated control animal®, ia reduction by approximately one fifth.
Gap1%°* had no significant effect compared to control (fig).
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Figure 6. Gapl19 improves cardiomyocyte viability flowing ischemia/reperfusionin vitro and in vivo. (a).

In vitro simulated ischemia/reperfusion of isolated cardiocytes. Gap19 (250 uM, 30 min pre-incubation and
present during OGD/acidosis) improved cardiomyocyigbility after 120 min OGD/acidosis (ischemia)
followed by 3 min normoxia (reperfusion) comparedcontrol cells treated with vehicle only; Gapi¥ had
less effect (n = 6).b) OGD/acidosis + normoxia caused significant swgllof cardiomyocytes compared to
normoxia. Pre-incubation of cardiomyocytes with G&peduced the degree of cell swelling while Gap1d
had less effect (250 uM, 30 min) (n = A) kn vivo experiments in mice with LAD ligation for 30 minlfowed
by 120 min reperfusion. Images of a representaiperiment, illustrating a reduction of the infaacta marked
white (TTC staining). Red color indicates viablestie and blue represents perfused tissue. Red kitelaones
together form the area at risk. Scale bar is 1 (@nSummary data of experiments illustrated in c. irtarct
size, relative to the area at risk, was reduce@hygl19 injected intravenously (25 mg/kg) 10 min ptm the
ligation, while Gap18%*** had no significant effect (n = 11 for control,ds 5ap19 and 8 for Gap1¥”).
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DISCUSSION

Our data show that Gap19 blocks Cx43 hemichanniglout inhibiting GJs, at micromolar
concentrations (165 of 6.5 M) when applied intracellulary. This capends well to the ~2.5
UM Kp value for interaction of Gapl19 with its intracédlutarget, which is the Cx43 CT tail.
The 1Go of extracellulary applied Gapl9 is higher, preshipabecause of incomplete
permeation through the plasma membrane. Online Resd-ig. S5 shows that the s§of
Gapl9 linked to the TAT translocation motif, tother improve its membrane permeability,
is ~7 uM. Thus, micromolar intracellular Gap19 ocemications interact with the CT and
inhibit hemichannels. Hemichannel inhibition is reatused by steric block of the channel
pore by the peptide, because (i) the mutant pe@aiel9*** had no effect unless applied at
1 mM concentration, (i) CT peptide (TAT-CT10) remeal Gapl9 inhibition, (iii) the single
hemichannel conductance was not altered by Gaptf, (&) Cx43-based GJs were
unaffected. The effect of Gapl9 was selective &adt no effect on hemichannels composed
of Cx40 or Panx1. Cx40 is a major Cx in the atwéh a long CT as Cx43 and a slightly
lower MW; Panxl hemichannels have also been repotte be expressed in atrial
cardiomyocytes (Kienitzet al, 2011b). The selectivity of Gap19 probably relateshe fact
that the intracellular domains of the Cx proteia #re least conserved region in contrast to
the extracellular domains (Abascal and Zardoya2201

The molecular basis of the differential effect @9 on hemichannels and GJs is related to
the binding of this peptide to the CT tail, whicteypents CT-CL interaction. Disrupting CT-
CL interaction results in reduced hemichannel apgsiand ATP release as demonstrated
here, while avoiding closure of GJ channels asrtedoby others (Seket al, 2004a) and
confirmed in the present experiments. The mechanisgmaerlying this differential regulation
of hemichannels and GJs by CT-CL interactions @illeusclear. However, it is important to
notice that disrupting CT-CL interactions by CTrecation of Cx43 has similar
consequences: GJs remain functional (Magisal, 2007), while hemichannels become
resistant to activation (De Vuyst al, 2007b;Ponsaertst al, 2010b). We anticipate that
nonjunctional hemichannels (closed) may adopt ifieconformations as compared to those
incorporated into GJs (open) (Unwin and Ennis, 198%in and Zampighi, 1980).
Interactions between subunits during docking of hemichannels are indeed likely to result
in conformational changes of the Cx protein andretbg alter gating (Chen-lzet al,
2001;Elene®t al, 2001b). Another element that may contribute esfdct that hemichannels

and GJ channels are differentially distributed oplasma membrane domains with slightly
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different properties, for example lipid rafts (Baret al, 2005;Lockeet al, 2005a).
Alternatively, Gapl9 treatment may result in a oiun of the hemichannel population in the
nonjunctional plasma membrane, e.g. due to acdteterancorporation into GJs or
internalization. However, we found that the densityinapposed/nonjunctional hemichannels
rather increased upon ectopic expression of pFLAPRIS in C6-Cx43 cells (Online
Resource Fig. S6). This figure also demonstrategeased phosphorylation of the
hemichannel population with pFLAG-Gap19, which magll contribute to hemichannel
inhibition®* and may counteract decreased phosphorylation iagstavith ischemia (Johet
al., 1999;Kondcet al, 2000b;Shintani-Ishidat al, 2007b).

Limited data are currently available demonstratitigat non-junctional membrane
hemichannels in cardiomyocytes can open underigectanditions. The observation of a
[Ca®']i-dependent non-selective, macroscopic membraneerdurin rabbit ventricular
myocytes in response to Ml initially suggested Cké8nichannel opening in the heart (John
et al, 1999;Kondoet al, 2000b). More recent findings report a marked ease of cell
permeability based on ATP release and dye uptad@ceded with activated hemichannels in
simulated ischemia of neonatal cardiomyocytes Elagt al, 2009b;Johansert al,
2011b;Shintani-Ishidat al, 2007b). Here, we demonstrate in ventricular cangiocytes
single channel plasma membrane currents with aynitonductance of ~200 pS in response
to stepping W, to +30 mV and above. The biophysical propertieshef observed unitary
activity point to Cx43 hemichannels: (i) the singlgannel conductance determined from
histogram analysis or#V,, plot measurements was similar as observed in Hdels
overexpressing Cx43 and corresponds to approxignatete the single-channel conductance
of Cx43 GJ channels; (ii) currents reverse arounth\d, indicating a non-selective ion
channel; iii) unitary currents are inhibited by G8pas in HeLa-Cx43 cells. Interestingly,
unitary hemichannel activity was also present i tdil currents during repolarization from
positive voltage steps which may be caused by @ser@ [C4]; that is known to potentiate
hemichannel opening if < 500 nM (De Vuyst al, 2009c) or slow deactivation kinetics.
Gapl9 inhibited unitary hemichannel opening everid this was mainly related to an
increased (more positive) voltage threshold for lsbannel opening and not the consequence
of channel pore block (no change in the single nkhoonductance). Thus, Gapl9 appears to
alter the voltage-sensitivity of Cx43 hemichannatimg as a consequence of disrupted CT-

CL interactions.

106



Experimental work

Of note, Gap19 inhibition of ATP release was congl&ig. 1d) while inhibition of unitary
hemichannel currents was incomplete at high conggoms (Fig. 4f). This may point to a
more pronounced inhibitory effect on the passag&mfe MW substances as compared to
ions. Such differences in the potency of inhibitibave been reported by others: PKC
phosphorylation of Cx43 hemichannels limits thespgg of sucrose (MW 342 Da — MW of
ATP is 507 Da) but not of the smaller ethylenegly(dW 62) (Bao et al, 2007). An
alternative explanation is that ATP release mayalehn a non-linear manner (for example
by Cd&*-or ATP-induced ATP release) as suggested by puevistudies demonstrating
complete inhibition of ATP release with only a 50rétluction in Cx43 expression (De Vuyst
et al, 2009c).

The unitary hemichannel currents were strongly maeed by imposing MI. Earlier
observations in a variety of primary cells endogety expressing Cx43 have suggested
elevated hemichannel activities during chemicahesaia (Contrerast al, 2002b;Retamadt

al., 2006b;Vergaraet al, 2003). These studies are however less concl@svine evidence
was based on hemichannel-permeable dye uptakeest(xdl KDa) or macroscopic current
measurements. Here, we provide detailed analysishat highest resolution in intact
ventricular cardiomyocytes, demonstrating activatid hemichannel unitary currents under
MI. Interestingly, our data demonstrate stimulat@ttary Cx43 hemichannel activity at +30
mV and above, which is in the range of the +30-40 attained during the plateau phase of
the cardiac action potential. Several molecularhmasms have been put forward to underlie
increased hemichannel activity: (i) ATP depletionmetabolically inhibited cells affects the
phosphatase/kinase balance, leading to Cx43 depbodation which favors an open channel
conformation (Baocet al, 2007;Kim et al, 1999b); (ii) S-nitrosylation may contribute to
enhanced channel activities (Retansdl al, 2006b;Retamakt al, 2007c) and (iii)) an
increased fraction of hemichannels at the cellag@fas observed for both Cx32 and Cx43
hemichannels within minutes after Ml could also aast for stimulated unitary current
activities (Retamalet al, 2007c;Sanchezet al, 2009b). Most notably, the unitary
hemichannel currents activated by depolarizationt40 mV and promoted by MI were
completely blocked by Gapl19. This complete blockiksly the result of a Gapl9-induced
increase in activation potential for hemichanneéropg, which is shifted ~30 mV in the
positive direction and therefore results in conpléisappearance of current activity at +40
mV. Thus, ischemic conditions and depolarizatiotivate hemichannels and this is inhibited

by Gapl19. Then vitro andin vivo cardiac ischemia/reperfusion experiments demaestra
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that Gap19 significantly counteracted cell swelliogll death and development of myocardial
infarction. Taking together the facts that excessipening of hemichannels may accelerate
cell death (Contrerast al, 2004;Sae=zt al, 2010) and that Gap19 counteracts hemichannel
opening in cardiomyocytes, suggests that the ingatautcome after ischemia/reperfusion is

related to inhibition of Cx43 hemichannels preseribhe sarcolemma.

Not only Cx43 proteins embedded in the sarcolenbutalso those reported in mitochondria
have been proposed to contribute to the cardiopiiaee effect of ischemic preconditioning
(Heinzelet al, 2005;Schwanket al, 2002a), a procedure of repeated exposure toetbbat
ischemic conditions (Miuraet al, 2004;Rodriguez-Sinovagt al, 2011;Schulzet al,
2007b;Yanget al, 2010). Located in the inner mitochondrial membprgBoengleret al,
2005;Boengleret al, 2009;Miro-Casast al, 2009;Rodriguez-Sinovast al, 2006), these
proteins influence mitochondrial'Kluxes in a process that is modulated by connekamnel
blockers and linked to cardioprotection (Miro-Casasal, 2009). It is important to realize
that involvement of mitochondria Cx43 in protectiblas only been demonstrated after
ischemic preconditioning (Schulet al, 2007b). It is unlikely that mitochondria Cx43-
mediated K influx would be affected by a single episode chismia/reperfusion as applied
here. It remains to be determined whether presgrnJ coupling and promoting
mitochondria Cx43-associated Kiptake, in combination with inhibition of plasmambrane

hemichannels would confer additional cardioprotecti

Considering all the evidence, the present datanglyopoint to the inhibition of plasma
membrane hemichannel opening by Gapl9 as the meohaasponsible for its protective
effects against cardiac ischemia/reperfusion injufirie degree of protection, however,
appears to be modest as opposed to recent evidedwating a drastic effect of two
extracellular loop mimetic peptides, Gap26 and Gaff2awatet al, 2010b;Hawatet al,
2012b). These peptides target Cx43 channels butatsayinfluence those composed of Cx37
and Cx40 (De Bockt al, 2011a;Evanst al, 2012a;Wrightet al, 2009b). The lesser degree
of specificity towards different connexins is reldtto the fact that the extracellular loop
sequence they mimic is highly conserved among miffe connexins. Thus, Gap26/27
peptides may have targets other than Cx43 hemieanhat confer additional protective
potential. Alternatively, Gapl9 may affect mitocdoa Cx43 hereby counteracting
endogenous protection mechanisms activated by nach@reconditioning. In any case,

Gapl9 does not inhibit GJs and thereby circumvpatsential pro-arrhythmogenic effects of
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decreased GJ coupling during ischemia/reperfusiamdenet al, 2010b;Sancheet al,
2011).

The distinctive effects of Gapl9 on GJs and hemmiobb are of fundamental importance:
GJs and hemichannels are composed of the same ixigiand KO animal technology
influences both channel types equally. Here, givenlimited feasibility inin vivo recording

of Cx43 hemichannel currents due to the low opevbability, we report Gapl9 as an
alternative and novel tool allowing selective sasdon the role of Cx43 hemichannels in
normal and diseased heart. In addition, blockinghefmichannels with Gapl9 opens an
avenue for therapeutic applications, limiting clatuinjuries during ischemia/reperfusion
while preserving electrical and metabolic cell-aammunication that are vital for the normal

function of the myocardium.
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Online Figure S1. A.Western blotting demonstrating Cx43 and Panx1 expigsion in the C6 cell lines used
B-tubulin was the loading control for Cx43 and GADRH Panx1B. Gapl9 does not inhibit dye coupling in
C6-Cx43 cells.Exposing C6-Cx43 cells to different concentratiofssap19 (10-1000 uM) during 1 h had no
effect on dye coupling measured with FRAP. The ®&Ker carbenoxolone (Cbx, 25 uM, 1 h) was used as
positive control (n = 5). *** indicates significdgitdifferent from control with p < 0.001.
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Online Figure S2. The effect of pFLAG-Gapl9 is rewsed by the CT10 peptide. ATransientlytransfecting
C6-Cx43 cells with pFLAG-Gap19 completely abolisti€d*];-triggered ATP release. CT10 peptide (100 uM,
30 min) partially reversed the pFLAG-Gap19 inhibjteffect, while CT16Y*"**had no effect. The two aspartate
and the two proline residues are crucial for thel@€ffect (n = 12)B. The partial reversal of pFLAG-Gap19
inhibitory effects by TAT-CT10 becomes completehnliigher concentrations of TAT-CT10 (n = 12). Thetf
that higher concentrations were necessary to olstainplete reversal (compared to Fig. 2F) indictibes the
plasmid expression system generates higher Gapd€entrations in the cell as compared to extraceiul
added Gapl9. Star signs indicate significantlyedéht from baseline, number signs indicate sigaifity
different from control.
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Online Figure S3. Unitary current activities as a @inction of time. A. Data from C6-Cx43 cells. Graph
depicting @, as a function of time in voltage-clamp experimer@s was normalized to the average value
recorded in control. After formation of a gigasdhk membrane was disrupted giving access to thdtioee
zero). Depolarizing voltage steps to +70 mV (3Weje repeatedly applied over a total recordinggaeof 360 s
and the corresponding,Qvas quantified. The effect of Gap19 (400 uM, pnése the pipette) was apparent
from the start of the recording (1 min after rupigrthe plasma membrane in whole-cell recording) e Q,
trace remained stable over the entire recordingp@edemonstrating ~75 % inhibition of the cont@@), trace.
Taken together, this suggests that Gap19 actsnmthmin. The lower variability of the currents wiBapl9 is
related to inhibition of unitary event activity tHees at the basis of the noise observed in timrobrecording (n

= 6 for control and 8 for Gap19B. Data from acutely isolated pig ventricular myocytExample traces
recorded at different points in time with Gap19q10M) in the recording pipette. Isolated cardiomytes were
stepped to positive yranging from +10 mV to +90 mV (30 s) in 10 mV iaorents. Time O indicates onset of
recording just after patch break. Effect of Gapl® wltage-dependence of hemichannel openings was
progressively enhanced over time and reached st&tatky within 8 min.
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Online Figure S4. Example image illustrating a typtal trypan blue cell viability staining. After exposure to
in vitro ischemia/reperfusion, rounded cardiomyocytes vetaged by trypan blue while rod-shaped healthy
cells were trypan blue negative. Bar = 100 um.
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Online Figure S5. Concentration-dependent inhibition of hemichannel ativities by TAT-conjugated
Gap19. Inhibition of [C&"]i-triggered ATP release by TAT-Gap19 was charaadrizy an IG, of ~7 pM (Hill

coefficient = 2). ATP release in ordinate expreds&seline-subtracted measurements; data obtain€é-bx43
cell cultures (n = 5). Compare to Fig . 1d.
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Fig. S6
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Online Figure S6. pFLAG-Gap19 increases the hemiclmmel fraction. Transient transfection of C6-Cx43
cells with pFLAG-Gap19 increased the hemichanredtion (Biotin fraction) present at the plasma meanb,
while the inactive mutants pFLAG-Gapt¥* and pFLAG-Gaj*** had no effect (data shown representative of
3 different experiments). The Biotin fraction shalvelearly increased phosphorylation, especiallyhat P1

band.
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TABLES

Table S1.0Overview of the different peptides used in thigdgt

Peptide Sequence

Gap1l9 % QIEIKKFK *°°

Gap19=** KQAEIKKFK

Gap1§h# KQIAIKKFK

Gaplg oVEIA KQAAIKKFK

FLAG-Gap19 DYKDDDDK -GGSGGS**QIEIKKFK 3
TAT-Gap19 YGRKKRRQRRR**KQIEIKKFK %
TAT-CT10 YGRKKRRQRRR?"*'SRPRPDDLE}*

TAT-CT10%"®

YGRKKRRQRRR-IELDDPRPRS

TAT-CT10PPAA

YGRKKRRQRRR-SRPRPAALEI

TAT-CT1077¢C

YGRKKRRQRRR-SRGRGDDLEI

TAT-CT10"* | YGRKKRRQRRR-SAPAPDDLE!
Ppanx1 "WRQAAFVDSY®®
Scr®Panx1 FSVYWAQADR

Table S2.DNA sequences cloned in the pcDNA5/FRT-EGFP vector

Mutation

Forward primer

Reverse primer

Q129A

5-GGCTCGGGCGGCTCCAAGGCG
ATCGAGATA-3

S-CTTGAACTTCTTTATCTCGATC
GCCTTGGA-3

[130A | 5-AAGGCGGCTCGGGCGGATCCA| 5’-TCTCTGCCTGCTTGGATCCGCA
AGCAGGCAGAGATA-3 CGAGCCGCCTTTG-3

K134A | 5-CCAAGCAGATAGAGATAAAGG | 5-GACTCGAGTTACTTGAAGGCC
CCTTCAAGT-3 TTTATCTCT-3

1130A/ | 5-GGCTCCAAGCAGGCAGAGATA | 5-AGTTACTTGAAGGCCTTTATCT

K134A | AAGGCCTTCAAGTA-3 CTGCCTGCTTGGA
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SUPPLEMENTAL MATERIALS AND METHODS
An expanded methods section

Synthetic peptides,

Synthetic peptides used in this study were all iobth from Lifetein (Edison, New
Jersey, USA). The identity of the peptides was icovdd by mass spectrometry and
purity was> 90 %.

Gapl9 coding plasmids

The DNA sequence encoding Gap 19, separfted an N-terminal FLAG-tag by a double
Gly-Gly-Ser linker, was cloned in a dual expressiector, pcDNA5/FRT-eGFP, which was
modified with a second expression cassette allowitggration BamH-Xhd) of annealed
oligos encoding FLAG-2x(GGS)-Gapl19 under control aofsecond CMV promoter; 5'-
GATCCACCATGGACTACAAAGACGACGACGACAAAGGCGGCTCGGGCGGCTCCA
AGCAGATAGAGATAAAGAAGTTCAAGTAAC -3 and 5-TCGAGITACTTGAACTTC
TTTATCTCTATCTGCTTGGAGCCGCCCGAGCCGCCTTTGTCGTCGTCGTTIGTA
GTCCATGGTG?3'. Several mutated versions of thipFLAG-Gap 19 construct were
generated using the Quikchange Site-directed mnoemie kit © (Stratagene, La Jolla,
California, USA). The primer sequences used to ggadhe mutations are shown in Online
Resource Table S2. All primers contained extraricdin sites to check the quality of the
mutagenesis (Q129APvu; 1130A: BamH; K134A: Std and 1130A/K134A: Std). All
constructs were verified by DNA sequence analy$imnsfection with the Transfecfin
reagent (Biorad) was done 6 h after seeding this aela density of 50000 cells/énThe
transfection efficiency was about 70 %. ATP releasasurements were performed 24 h after

transfection and SLDT 48 h after transfection.

Uptake studies of labeled Gapl19 peptide

Peptide uptake studies were performed on C6 glioatla stably transfected with Cx43 (C6-
Cx43) (Zhuet al, 1991). The cells were incubated with 200 uM fasmein isothiocyanate
(FITC) coupled Gap1l9, FITC-coupled Gap191130A aofescein alone for 30 min at 37 °C.

Subsequently, cells were washed extensively witls[PBo remove excessive fluorescence
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and fixed with 4 % paraformaldehyde (in PBSD; 20 mi room temperature). After fixation

the cells were exposed to phalloidin coupled toxAl&46 (0.165 puM, 20 min at room

temperature; Invitrogen, Merelbeke, Belgium) toelab-actin. After washing, the cells were
mounted with Vectashield (Vector Laboratories, Laisult, Brussels, Belgium) and imaged
with a confocal microscope (LSM510, Carl Zeiss, &#em, Belgium) equipped with a x63

objective using 488 nm (fluorescein) or 543 nm (loiidin) excitation lasers. Z-stacks were
taken every 100 nm and the average intensity pioje¢the projection of the 3D Z-stacks on
a 2D image) was calculated with ImageJ softwarea@@d 1.44; NIH, Bethesda, Maryland,
USA,; http://rsb.info.nih.gov/ij). In this image, dhregions of interest (ROI) were defined in
the cytoplasm of each cell, based on the phallastiiming, making use of ImageJ software.
All cell ROI had the same surface area.

ATP release experiments

ATP release experiments were performed on C6-Ce#l8 (Zhuet al, 1991), C6-Panx1 cells
(Lai et al, 2007) and Hela cells (Traudt al, 1994). C6-Cx43 and C6-Panxl cells were
maintained in DMEM:Ham’s F12 (1:1 - Invitrogen, Méreke, Belgium) and HelLa-Cx40
cells were grown in DMEM, all supplemented with 188tal bovine serum, 2 mM glutamine,
10 U/ml penicillin, 10 pg/ml streptomycin and 0.28/ml fungizone. Cells were seeded at a
density of 50000 cells/cm? and used for experimémsnext day (non-confluent low density
cultures).

ATP release was measured directly in the mediunvalbioe cells using luciferin-luciferase
and luminometric measurements with a plate read#ogol as previously described in (De
Vuyst et al, 2006c). Baseline measurements were carried ouseparate cultures with
HBSS-HEPES (Hanks’ balanced salt solution - pH ¥ebicle only. All applied agents were
added to the medium of the cell cultures in the @@ubator at 37 °C, for the times indicated
in the text, and were not present during stimufatmd measurement to avoid interference

with luminometry.

Junctional conductance measurements

Experiments were performed on a Novikoff rat hepwtocell line that endogenously
expresses wild-type Cx43. These cells were growBwim’s S-77 medium supplemented

with 4 mM glutamine, 20 % horse serum and 5 % fetaline serum. Junctional conductance
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was measured in cell pairs (cell-1 and -2) usingl dehole-cell patch-clamp. Each cell was
voltage clamped with separate amplifiers (EPC-8KHMHnstruments, Bellmore, NY, USA)
and data were digitized and acquired with a BNGEA/D converter (National Instruments,
Austin, TX, USA). Analysis was performed with custaleveloped software (Trexler
Technologies). Cells were grown onto glass coyessknd placed on an experimental
chamber mounted on the stage of an Olympus IX78rted microscope (Olympus America,
Center Valley, PA, USA). Cells were continuouslyrfpsed (at room temperature) with
modified Krebs-Ringer solution that contained (iMjnNaCl, 140; KClI, 4; CaG| 2; MgCh,

1; glucose, 5; pyruvate, 2; Hepes, 5 (pH 7.4). tpsolution, with or without 40QM of
Gap1l9, contained (in mM): KCI, 140; NaAsp, 1GAKP, 3; MgC}, 1; CaC}, 0.2; EGTA, 2;
Hepes, 5 (pH 7.2). Transjunctional voltage)(Was applied by varying the voltage in cell-1
with repeated ramps of £10 mV in amplitude and 6@0in duration, and keeping the voltage
constant in cell-2. Junctional curren) (las measured as the change in current in cel-3, (
and becauseg lhas the same orientation asavhegative sign is used, thys I-Al,. Junctional
conductance (pwas calculated as;G [;/V;. Octanol (5 mM) was perfused at the end of

every experiment to completely block @&hd rule out the presence of cytoplasmic bridges.
Gap junction dye transfer

GJ dye transfer was investigated with FRAP (fluoees recovery after photobleaching) and
SLDT (scrape loading and dye transfer) methods. FRAP, confluent C6-Cx43 cultures
grown on plastic Petri dishes (Becton Dickinsorgribodegem, Belgium) were loaded with
5-carboxyfluorescein diacetate acetoxy methyle@@#DA-AM, 20 uM) in HBSS-HEPES
for 1 h at room temperature, followed by 30 minedterification. Fluorescence within a
single cell was photobleached by spot exposurédat88 nm line of an Argon laser (10 s).
Fluorescence imaging (at 488 nm excitation) wafopmed using a custom-made video-rate
confocal laser scanning microscope with a x40 waenersion objective (CFI Plan Fluor,
NA 1.4, Nikon Benelux, Brussels, Belgium) and flescence recovery was measured over a 5
min time period after photobleaching.

For SLDT, confluent monolayer cultures were washéth nominally C&'-free HBSS-
HEPES and then incubated for 1 min in this solutmntaining 0.4 mM 6-carboxy
fluorescein (6-CF). A linear scratch was made actbse culture using a syringe needle and
the cells were left for another minute in the sawolaition. Cultures were then washed 4 times

with HBSS-HEPES, left for 15 min at room temperatand images were taken with a Nikon
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TE300 inverted microscope with FITC excitation/esios settings, a x10 objective and a
Nikon DS-5M camera (Analis, Namur, Belgium). A fhescence diffusion profile was
extracted from the images, fitted to a mono-exptiakmecaying function and a spatial

constant of intercellular dye spread was determined

Unitary current hemichannel measurements

Hela-Cx43 cells were placed in a recording chanabetaining a bath solution composed of
(in mM) 150 NaCl, 4 KCI, 2 MgGl 5 glucose, 5 HEPES, 2 pyruvate, 2 GaQlCsCl, 1
BaCk (pH = 7.4). Recording pipettes contained (in mi¥30 KCI, 10 Na-aspartate, 0.26
CaCb, 5 HEPES, 2 EGTA, 5 TEACI, 1 Mg&(pH = 7.2). The free Gaconcentration of the
pipette solution was estimated to be ~50 nM as utatled with WEBMAX

(http://www.stanford.edu/~cpatton/webmaxcS htm

For the experiments on pig cardiomyocytes, lefttvemlar cardiomyocytes from adult
domestic pigs were enzymatically isolated (Stantmva et al, 2000a). Briefly, the left
anterior descending coronary artery was cannuladed, the cells were dissociated by
enzymatic tissue digestion throughout Langendceffysion at 37°C. During the recording,
isolated cells were initially perfused with therstard Tyrode solution (in mM): 137 NacCl,
5.4 KCI, 1.8 CaGl 0.5 MgC}, 10 glucose, 11.8 HEPES and pH adjusted to 7.4erWh
recording unitary hemichannel currents, the sofutweas switched to one with the same
composition but with all K replaced by Csand additional 1 mM B4 During the 30s
depolarization steps, the time dependent curranth as Naand C&" did not contaminate
the observation of connexin hemichannel openinge Btandard pipette solution was
composed of (in mM): 120 CsCl, 5 NaCl, 10 TEACICAC), 1 MgChb, 2 MgATP, 10 EGTA,
10 HEPES and pH adjusted to 7.2. The freé" @ancentration of the pipette solution was
estimated to be ~50 nM as calculated with WEBMAXiriDg metabolic inhibition, myocytes
were dialyzed by pipette solution with slight machtions: 120 CsCl, 3 NaCl, 10 TEACI, 1
CaCb, 2 MgCbh, 2 MgATP, 1 NaHPQ,, 5 sodium pyruvate, 1 NaADP, 10 HEPES, 10 EGTA,
pH 7.2. Pyruvate,PMg and ADP that are metabolic substrates for atweé phosphorylation
in control were included to allow ATP depletion ithgr metabolic inhibition.

Single channel recordings in Hela cells and cargmeytes were performed as previously
described (Contrerast al, 2003d), making use of an EPC 7 PLUS patch-clampliéier
(HEKA Elektronik, Germany) and Axon Axopatch 200Bxpn Instruments/Molecular
Devices, USA) respectively. Data were acquired akHE using a NI USB-6221 data
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acquisition device from National Instruments (AostifX) and Clampex 10.2 acquisition
software (Axon instruments/Moleuclar Devices, USAAIl currents in  whole-cell
configuration were filtered at 1 kHz (7-pole Be&ttel). Membrane potentials were corrected

for the liquid junction potentials.

Surface plasmon resonance (SPR)

SPR experiments were performed using a Biacore 298tem. Equal amounts of > 95 %
pure biotinylated peptides (biotin-gapl19, biotin-&&2d biotin-L2-reverse) were immobilized
on flow cells of a streptavidin-coated sensor cfiR-1000-32, Biacore AB, Uppsala
Sweden) using HEPES buffer (in mM: 10 HEPES, 1 EDI®@0 NaCl) with 0.005 % P-20 at
pH 7.4. Measurements with analyte were done aiva fate of 30 pl/min in HEPES running
buffer at pH 6.8. Binding of analyte was verifigdd#ferent concentrations, in random order
(injection volume 120 pl). The chip-surface wasemgyated by injection of 10 pl of alkalic
buffer (50 mM NaOH, 1 M NaCl) at 10 pl/min. The @il of Cx43 was used as analyte and
measured in analytically prepared buffers. Backgdosignals obtained from the reference
flow cell, containing immobilized L2-reverse pemjdvere subtracted to generate response
curves. For quantification of resonance signalegfeated measurements, the resonance unit
value recoded at 1 second before the stop of injeclvas taken for each sensorgram
(acquisition at 1 Hz), corresponding to the lasbrence unit value in the association phase

of the sensorgram.

Purification of the CT tail of Cx43

The complete CT tail of Cx43 was recombinantly esged in BL21(DE3) and purified as
GST-fusion protein. Briefly, the pGEX6p2-Cx43CT cBNAA 255-382) plasmid construct,
obtained from P. Sorgen (Hirst-Jensenal, 2007b), was transformed into BL21(DE3)
bacteria. Protein expression was induced by 0.1 lRVIG at 28 °C for 4 h in diluted
overnight-grown bacterial cultures when the OD6€&ched 0.6 to 0.8. Bacterial cells were
lysed using sonication and the soluble fraction wallected by centrifugation for further
purification on glutathione Sepharose 4B. GST warsaved from the immobilized GST-
Cx43CT protein by using 40 U PreScission protease 4 h (GE Healthcare,
Buckinghamshire, United Kingdom) and the solubbefion containing the purified CT tail
was collected, dialysed against PBS using Slidey2ek (cutoff: 3 kDa) and stored at -80 °C
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awaiting further analysis. Protein concentrationswietermined using the BCA method.
Protein purity and cleavage efficiency was analymethg SDS-PAGE, followed by total
protein staining using Gelcode Bflf stain reagent (Thermo Scientific). All samples

contained at least 10 uM of the complete CT taitgin with a purity of > 90 %.
In vivo cardiac ischemia/reperfusion

Eight to 10 week old C57/BI6 mice were subjectedB@omin ischemia by LAD coronary
artery ligation followed by release of the ligataed 120 min reperfusion (Boenglet al,
2008b;Schwanket al, 2002b). The area at risk was measured by Evams iBtracardially
injected after ischemia/reperfusion and the sizéh@fischemic zone was determined by 2,3,3-
triphenyl tetrazolium chloride (TTC) staining. G&br Gap19*®* were injected in the
jugular vein 10 min prior to ischemia dissolvedOi® % NaCl solution. All procedures were
approved by the Bioethical Committee of the distoicDisseldorf, Germany, and conformed
to the Guide for the Care and Use of Laboratorywvais (NIH publication No. 85-23, revised
1996).

Western blotting

Cell lysates were extracted by treatment of comflweltures with RIPA buffer (25 mM Tris,
50 mM NacCl, 0.5 % NP-40, 0.5 % deoxycholate, 0.5BES, 5.5 %f3-glycerophosphate, 1
mM dithiothreitol, 2 % phosphatase inhibitor codktand 2 % mini EDTA-free protease
inhibitor cocktail) and sonicated by three 10 sspal Protein concentration was determined
with a Biorad DC protein assay kit, and absorbamas measured with a 590 nm long-pass
filter. Proteins were separated by electrophoresisa 10 % SDS-poly-acrylamide gel and
transferred to a nitrocellulose membrane (GE Heal#). Blots were probed with a rabbit
polyclonal anti-rat Cx43 antibody (1/10000; Signma)a rabbit polyclonal anti-rat Panx1
(Penueleet al, 2007b) (1/1000) followed by alkaline phosphatesejugated goat anti-rabbit
lgG (1/8000, Sigma) and detection was done wittorbtue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate reagent (Zymed, Invitrogen). NMiét bands on the Panxl blots are
probably the consequence of different glycosyldechs (Penuelat al, 2009b).
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Isolation of the Cx43 hemichannel fraction

The Cx43 hemichannel fraction was isolated fronoafloent monolayer of C6-Cx43 cells
with the Pierce cell surface protein isolation (Rihermo Scientific, Erembodegem, Belgium)
according to the manufacturer’s instructions. Byieh monolayer of C6-Cx43 cells was
exposed to PBS containing 0.25 mg/ml sulfo-NHS-&fitbfor 2h at 4 °C. The biotinylation
reaction was stopped by adding quenching solutiod mcubated for 5 min at room
temperature. Subsequently, the cells were scrapddyaed with the provided lysis buffer,
mixed with Neutravidin®! agarose and incubated overnight at 4 °C with ert-end
mixing. The biotinylated proteins were eluted fratre Neutraviding! agarose through
heating of the mixture in SDS-PAGE sample buffeap&ation of the biotinylated proteins
was done on a 10 % SDS-PAGE, followed by Westenttibh and detection of Cx43.
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4.1. Gap26/27 locks Cx43 hemichannels into the eldstate

Suppression of specific connexin isoform expressiaking use of small interfering RNA
technology or knock out (KO) animals are cruciahtp distinguishing hemichannels from
other molecular uptake/release pathways. Howeveritiaal limitation of these genetic tools
is that such approaches deplete both gap junctimmrel and hemichannel populations,
challenging the validity of the conclusions drawonfi such experiments. Further work with
more refined models making use of inducible knackechnology to switch on the expression
of mutant connexins that lack the extracellulapl@ysteines and therefore are unable to pair
up as gap junctions may be an interesting apprd@chrmacological interventions making
use of peptides targeting connexin hemichannedsmather approach (reviewed in (Evaats
al., 2012)). The peptides most frequently in use iheftiGap26 (VCYDKSFPISHVR) and
Gap27 (SRPTEKTIFIl) which are derived from highlyonserved regions located
respectively on the first and second extracellidaps of Cx43In vitro, Gap26/27 assisted to
determine the involvement of connexin hemichannelsa variety of cellular processes
including dynamic C& signals (C& waves and Ca oscillations) (Braeet al, 2003;De
Bock et al, 2011), release of neurotransmitters (Romaetasd, 2007) as well as propagation
of cell death (Decrockt al, 2009). Invivo, these peptides, by targeting Cx43 hemichannels,
conferred cardioprotection against ischemia/re#fy reduced tissue damage secondary to
spinal cord injury and rescued vascular permegbibtlowing retinal ischemia (Danesh-
Meyeret al, 2012;Hawaet al, 2012;0'Carrolkt al, 2013). Intriguingly, despite the growing
interest and wide use of Gap26/27 in hemichanneliess, no conclusive data and arguments
are available to support a direct action of thedgestances on hemichannels. Initial studies of
our group reporting hemichannel block by Gap26/Zfeabased on ATP release/dye uptake
measurements. This work is complemented by eldeyplogy studies in Cx43 expressing
taste bud cells (Romanat al, 2008), but contrasts to other findings perfornmreXenopus
oocyte claiming little effect of Gap26 on macroscopemichannels currents (Wameg al,
2007).

To address the controversy, we investigated thecetif Gap26/27 at single-channel level
which allows an unequivocal identification of Cx4f@michannels by a typical unitary
conductance of ~220 pS and conductance-voltagelgrdi HelLa cells expressing Cx43,
Gap26/27 inhibited the unitary current activitigspasitive membrane potential (+70 mV)
within 4 min. The effect was Gap26/27 sequence iBpewhen applied at hundreds of

micromolar concentrations. A striking finding castsi of a right-shifted voltage dependence
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of Cx43 hemichannels by Gap26/27. However, if thieikition is merely a result of an
elevated voltage threshold for hemichannel actwatit simply could not reconcile with the
Gap26/27 effect previously observed in electricalby-excitable cells or when stimuli other
than voltage were used. In C6 glioma cells overesging Cx43, Gap26/27 abolished the
potent effect of increased intracellular’Caoncentration ([Cd];) on hemichannel responses.
In cytokine treated astrocytes, enhanced dye pdiititgahrough open hemichannels was
prevented by Gap26/27 (Retanelal, 2007a). A similar effect of Gap26 was captured in
astrocytes treated with dithiothreitol that lowetkd intracellular redox potential (Retaneal
al., 2007b). In retinal pigment epithelial cells, ATélease through Cx43 hemichannels was
stimulated by spontaneous elevation of {Gabut disappeared in the presence of Gap26
(Pearsonet al, 2005). Up to now, most of the evidence supporegp26/27-mediated

hemichannel inhibition without documented voltabamges.

Of note, Gap26/27 in our work, prohibited the fudlgening events of Cx43 hemichannels
without affecting subconductance states (60.3 xi@.4ontrol versus60.3 + 2.1 pS with
Gap26/27 (n = 15)). Thus, Gap26/27 is likely todl the fully open hemichannels, leaving
the residual state unaffected. Owing to the redactf opening events in Gap26/27 treated
cells, the subconductance events became more apparthe all-point histogram (Chapter
lll, Fig. 2b). Conceivably, reduced open probabiliather than unitary conductance is the
primary cause of Gap26/27-suppressed charge tratséeigh Cx43 hemichannels (Chapter
lll, Fig. 2). Currently, little is known about thprecise domains of Cx43 to which the peptides
bind. For Gap26, imaging with atomic force micrgsgaletected a specific interaction with
the extracellular side of a Cx43 hemichannel (&fiwal, 2006). Because the blocking kinetics
over a time span of minutes seem relatively slow dodirect binding, we had initially
proposed a limited accessibility of the target ®tther as a consequence of being only
reached while a channel is open (open channel plockeing buried deep in the external
channel structure. Open channel block accountsaadétions of many local anesthetics and
quaternary ammonium derivatives ori ghannels. The typical feature of ionic block a th
channel open state has guided the identificatiopasé-lining residues of Cx46, Cx50 and
chimeric Cx32*Cx43EL1 hemichannels (Kronengo&d al, 2003a;Kronengoldet al,
2003b;Tanget al, 2009;Verseliet al, 2009). Nevertheless, there are at least thres lof
evidence arguing against the hypothesis. Firstllptygical features of open channel block
include flickering open channels and reduced upitanductance (Hurtt al, 1995), which

was not detected in any single-channel traces &p26/27 application. Secondly, the
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peptides carry net positive charges. If the bindsitg resided within the open channel,
Gap26/27 would need to traverse the electricatl fielthe pore upon binding, resulting in a
voltage-dependent block (Jackson, 2010). The henioél activity in function of ¥ was
right-shifted by Gap26/27, but did not show anynKiat high \, which would implicate
electrical repulsion. Thirdly, exposing typicalljosed Cx43 hemichannels at resting
extracellular Gap26/27 for 30 min, readily achiewednaximal inhibition of hemichannel
currents by 70% in the followingsteps to +70 mV. Taken together, Gap26/27 is drgdec
to interact with closed hemichannels that expose kimding site outside the permeation
pathway. Peptide binding would favor channel rasigen the closed configuration, locking
any Gap26/27-bound hemichannels in the originaketo state. This so called ‘state-
dependent lock of closed channels’ was originafifroduced to resolve the slow gating
mechanism of Cx32*Cx43EL1 hemichannels (see secfi¢h2) and is similar to the
modification of voltage-gated *Kchannels by many peptide toxins (Swartz, 2007) Th
proposed model may explain the effect of Gap26f2#the variety of tissue and organ
systems, particularly those electrically non-exdacells. In this case, Gap26/27 would bind
to closed hemichannels under resting conditioniaris turn keep the channel resistant to the

diverse stimuli ranging from increasing fClato reduced redox potential.

Two key findings may shed light on the peptide-imgdsite: i) the inhibition of the fully open
hemichannels is a consequence of impaired slomgadind ii) the peptides shift the voltage-
dependence of hemichannel activation to more pesi}, (Chapter Ill, Fig. 4). As such, the
peptide targeting site facing the extracellular panment would lie within or near the
voltage sensing domain of the slow gate. In Cx26idues R75 and R784 are components of
the electrostatic network which stabilizes the openformation of the slow gate (Kwaet

al., 2012). As inferred by the molecular dynamic siation, these residues form inter- and
intrasubunit salt bridges with residue E42 and Et7the TM1/EL1 domain of Cx26
hemichannel. Location of E42 and E47 at the paomedi parahelix region underlines a critical
role of the electrostatic network in both voltagesing and gating (see section 1.2.2). Of
note, TM1/EL1 region also accounts for the slowrgpelement of chimeric Cx32*Cx43EL1
and Cx50 hemichannels (Targal, 2009;Verseli®t al, 2009). Because the gating polarity
of slow gate is unique among connexins (closurentegativity), conserved E47, R75 and
R184 residues (Fig. 1) may constitute a commorageltsensor and gate shared by different
connexin channels. Likewise, a recent attempt tdrakze R75 of Cx32 caused a right-shift
in voltage-dependence of the mutant Cx32 chanasdely due to the disturbed interaction
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between E47 and R75 (Abrarasal, 2013).In Cx43, homologues residues to the Cx26 R75
and R184 (R76 and R202 respectively) are covere®Gay26 and Gap27 regions. Taken
together, these findings prompt us to speculaté R#6/R202 in Gap26/27 respectively
guides the peptide binding towards TM1/EL1 regidnGx43 predominantly through an
electrostatic interaction with E48 (homologous t®2& E47), and on its turn, hinder the
movement of the voltage sensor for establishmetii@klectrostatic network. Lack of effect
by scrambled peptides suggests a highly sequenmdent cross-linking between Gap26/27
and Cx43. In fact, Gap26/27 does block conneximobE formed other than Cx43 (De Bock
et al, 2011;Evanst al, 2012;Wrightet al, 2009), exhibiting a non-specificity that may be
related to both conserved sequences of the pepdiniddarget sites. To verify the potential
binding site, follow-up studies will be necessaoy determine whether Gap26/27 peptide
interacts with the TM1/EL1 sequence by means ofasar plasmon resonance. Mutant
Gap26/27 peptides containing neutral or negatigkbrged amino acids at position R76/R202
will be included.

TM1/EL1
* * * * % * * * *
Cx26 30IFRIMILVVA 490AK/ [VWGD |QASODFVCNTLQPGC
Cx50 3IIFRILILGTA 41AEF[IVWGDE|QS 5SIDFVCNTQQPGC
Cx32*Cx43EL1 30IFRIMVLVV A 40AESJAWGDE|QS S0AFRCNTQQPGC
Cx37 30IFRILILGLA 40GESVWGDEQS S0DFECNTAQPGC
Cx43 BIIFRILLLGT A 41VESAWGDEQS S5IAFRCNTQQPGC
Gap26 domain Gap27 domain
Cx26 63VCYDHHFPISHIRT75 183 SRPTEK TVFTV 191
Cx50 64VCYDEAFPISHI R 76 204 SRPTEKTIFIL 213
Cx32*Cx43EL1 63VCYDK SFPISHVR 75 200 SRPTEKTIFI I 209
Cx37 64VCYDQAFPISHI R 76 201l SRPTEKTIFI 1210
Cx43 64VCYDKSFPISHVR76 201l SRPTEKTIFI 1210

Figure 1. Sequence alignment of mouse Cxs in thd/EML region and extracellular loop domains corntajn
sequences of Gap26 and Gap27. Of note, Cx37 henmielsacan also be inhibited by Gap27 peptiierisks
indicate pore-lining residues in the crystal stuuetof Cx26 channel. Box: parahelix proposed aw gjating

element. Green: residues forming an electrostaiwork with arginines located in the Gap26/27 danthiue).

Identical residues have been shown to stabilizeofhen conformation of Cx26 hemichannels. Red: tesid
predicted for cross-linking with Gap26/27 domaiis electrostatic andan der Waaforces.
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4.2 Gapl9 selectively inhibits Cx43 hemichannelsdogventing CT-CL interaction

A selective hemichannel blocker should comply viitlo requirements: i) only hemichannels
composed of a designated connexin are inhibited igngunctional coupling remains
unaffected. Since Gap26/27 are not complying with last requirement, a next challenge for
our study was to characterize a potential took&lective hemichannel interference consisting
of a nonapeptide, Gapl9 (KQIEIKKFK) that correspoma the CL domain of Cx43. In the
past, peptides containing sequences of the CL domaie used as controls that do not inhibit
gap junctions (Evanet al, 2012;0Oviedo-Ortat al, 2002). From our work which included
ATP release and dye uptake in conjunction with mesmment of unitary hemichannel
currents and gap junctional coupling, Gap19 emeggethe first pharmacological approach
available to specifically block Cx43 hemichannelghaut downregulating gap junction
coupling. As exemplified from the surface plasm@&sonance experiments, the selective
effect is due to direct binding of Gapl9 to thet 1a® amino acids of the CT thereby
preventing an intramolecular CT-CL interaction.wlas later identified that the 1130 and
K134 residues located in the Gapl9 sequence fonm monds with D378 and D379 in the
CT tail while prolines at position 375 and 377 aboate the binding (D'hondit al, 2013).
The notion that CT-CL interaction could differetiifaaffect hemichannels and gap junctions
was originated from the observation that bindinghaf CT to the second half of CL (further
called ‘L2 domain’) in which the Gapl9 sequencelasated, underlies the intracellular
acidification-induced gap junction closure (Fig.(Ruffy et al, 2002). The Cx43 CT domain
has been proposed to host at least two L2-bindteg at low intracellular pH (Bouvieat al,
2009;Ek-Vitorinet al, 1996;Hirst-Jensept al, 2007). One site is contiguous to the TM4,
comprising amino acids 261-300 while the otherdesiin the CT end (376-379). Later
studies with a peptide containing the L2 sequersee ldiscovered that CT-CL interaction
might also be essential for-dependent fast gating. L2 peptide, when delivenéal N2A-
Cx43 cell pairs via a whole-cell recording pipetbplished fast gating transitions between
the open and residual state at high=\#60 mV, while also slightly increasing the mezpen
time (Sekiet al, 2004). Over the past decade, a ‘ball-and-chawdeh has been proposed to
explain the plisensitive chemical gating (reviewed in (Delnedral, 2004)) as well as vV
dependent fast gating. The idea involves movemérth® Cx43 CT, as a freely mobile
particle towards a receptor site at L2 domain. dwithg the CT-CL interaction, a change in
channel geometry is expected to take place, wimi¢brin keeps the Cx43 gap junctions in the
‘closed’ configuration. Beyond its importance inadmel function, the L2 domain seems to
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preserve the integrity of the Cx43 gap junctiomcture. Partial deletion of the L2 sequence
(1130-K134 or 1139-G143) attained normal gap jumictassembly, but gave rise to impaired
electrical coupling (Selket al, 2004). Our collaborative work with the BultynckdaRetamal
groups has recently demonstrated an apparentherdiffial effect of L2 peptide on
hemichannels. When linked to the TAT membrane-tomasion sequence, L2 peptide
inhibited Cx43-related ATP release and dye uptakereisponse to elevation of [€R
(Ponsaertet al, 2010). The surface plasmon resonance approactesha direct interaction
between a peptide corresponding to the last 10 @aids of the CT (CT10) and the biotin-
labeled L2 peptide, in compliance with the previgysedicted L2-binding site. TAT-CT10
successfully alleviated the inhibition of L2 pegtidn Cx43 hemichannels, and rescued the
opening of a mutant hemichannel whose function silasced by CT truncation (Cx4239)
(Kang et al, 2008). These findings collectively underpinned emsential need of CT-CL

binding for Cx43 hemichannel activation and estditdd the theoretical basis for our present
work.

DGVNVEMHLKQIEIKKFKYGIEEHGK
| f f
a |
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Figure 2. Structure of the L2 peptide determinephinsphate buffered solution (pH 5.8) by nucleagmegic
resonance. Red, Gap19 domain linking the twltelixes. Taken from (Duffet al, 2002).

Knowledge on the connexin channel gating mediate@B-CL binding is limited because of
undefined positions of connexin the CT and CL re¢ato the channel pore. Both domains are
extremely flexible (Bennett, 2011;Liet al, 2006), thereby remaining elusive in the crystal
structure (Maedat al, 2009). One interesting observation in our presiawrk and others is
that although TAT-CT10 peptide restored the respons Cx43257 hemichannels to
elevation of [C4];, it did not acutely affect the basal activity ofldvtype hemichannels
(Ponsaertset al, 2010;Rhettet al, 2011). It may suggest that in a closed channel
configuration, the L2 domain either is located aéshe intracellular vestibule or conforms
to a less ordered structure, so that the CT-bindomys cannot be accessed. Of note,
decreasing neutral pH to 5.8 promotes a structtirahge of the L2 peptide from a random
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coil to two a-helixes linked by a less defined central regionwinich Gapl9 sequence is
encompassed (Fig. 2) (Dufét al, 2002;Seket al, 2004). The organized secondary structure
increases the binding affinity of Cx43 CL to L2 iceges 1130-1139 (Bouvieret al,
2009;Duffyet al, 2002). A stronger interaction between Gapl9 deptind CT tail detected
at normal pH comes along to support the hypothbsisGapl9 sequence when embedded in
a random coiled L2 region is less accessible by3CX¥4(Chapter 1V, Fig.3). Taken together,
stimuli such as stepping,\to positive voltage or increasing [€h (binding of calmodulin to
CL,; further discussed in section 4.3) are necessapyomote a conformational change at the
L2 domain, exposing the receptor site for the sgbset CT-CL interaction. The fact that
Gapl9 readily blocked Cx43 hemichannels prior tanctel activation follows the idea that
Gapl9 stabilizes the closed channel conformationplgventing a CT-CL interaction.
Assuming a cooperative binding, the hill coeffidierstimates that two CT subunits upon

peptide binding would suffice the entry to the eldstate.

Importantly, three point-mutations identified in OD syndrome, a Cx43-linked genetic
disease reside in the L2 region and are assocwtbdaberrant connexin channel functions.
130T impairs both Cx43 hemichannel and gap jumctioctions (Kalchevat al, 2007;Lai

et al, 2006) whereas G138R and G143S produce leaky hammels and deficient junctional
coupling (Dobrowolskiet al, 2008;Dobrowolsket al, 2007). The dominant negative effect
of 1130T strengthens its indispensible role in $h@ctural organization of both hemi- and gap
junction channels. On the other hand, G138R and3&Idutations are anticipated to promote
a conformation change at L2 domain in favor for @E-CL binding. In fact, the typically
reduced phosphorylation status observed in Cx4381881 G143S could be ascribed to the
enhanced CT-CL interaction that masks phosphooylatites at the CT tail. Surface plasmon
resonance and electrophysiological studies wilphel further verify whether these mutants
indeed promote tbinding to the CT and form hemidedsthat are constitutively open or that
exhibit increased open probability. It is importéminote that interdomain interactions are not
Cx43 hemichannel-specific. A similar role has beproposed for closure of Cx26
hemichannels in relation to intracellular acidifioa (Lockeet al, 2011). As introduced in
section 1.3, the protonated aminosulfonate bindsieoCL domain of Cx26, and disrupts an
acidification-favored interaction between CT and, @sulting in hemichannel closure.

Last but not the least, the mechanisms proposedeatimould not be confused with the ‘ball-
and-chain’ model suggested for gap junction gatiDgspite the identical binding sites

delineatedn vitro, the functional consequences of a CT-CL interactice distinct between
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two types of Cx43 channels: upon binding, gap jionst are gated either to complete closure
or residual state whereas hemichannels are drivéinet fully open state. The reason for this
differential regulation is not clear. Of note, cexin hemichannels are located in ‘lipid rafts’,

which are membrane microdomains enriched in sphipigs and cholesterol, while gap

junction plaques are not in lipid rafts (Lockeal, 2005). Being distributed over membrane
domains with slightly different physiochemical pespes, connexin hemichannels and gap
junctions would interact with distinct connexin hiehrannels and gap junctions which on

their turn affect structures and functions of tharmels (Locke and Harris, 2009).

4.3 CT-CL interaction underlies the biphasic effectf [Ca&’]i on Cx43 hemichannel

opening

As mentioned preceedingly, intracellular fJais a potent modulator of Cx43 hemichannels.
Previous work of our group has outlined a bell-gthpesponse profile with a moderate
[C&®"]; elevation (~500 nM) promoting hemichannel operamgl higher [C&]; preventing
hemichannel opening. Functional data available a&o argues that the activation phase
requires an intracellular binding of Cx43 CT to @bssibly acting via an intermediate
signaling cascade including €&CaM, C&*/CaM-dependent protein kinase Il (CaMKII) and
p38 mitogen-activated protein kinase (MAPK) (De Sust al, 2009;Ponsaertst al, 2010).
The inactivation mechanisms have been reporte@daralue to high [Cd] activation of the

actomyosin contractile system which in turn diskesithe CT from the CL.

In the present work, we sought to study the eftgcfCa’"]; on voltage-dependent Cx43
hemichannel gating and found a similar bimodal@ft# C&* on Cx43 hemichannel unitary
currents: elevating [G4; from 50 to 200-500 nM potentiated the single-cleractivities
while this potentiation disappeared at 1 uM (Chafite Fig.6). By including peptides that
intervene with a CT-CL interaction in the wholeicetcording pipette, we have further
demonstrated that L2 peptide suppressed-p@moted unitary currents while CT9 peptide
containing the last 9 amino acids of the Cx43 Cdvpnted the hemichannel closure at high
[Ca™i (Fig. 3). Collectively, our electrophysiologicaitd confirm the interesting cross-talk
between [C&]; signaling and the intramolecular binding of the ®TCL. In fact, the rapid
onset of the potentiation observed in our studygssts that Ca-enhanced hemichannel
openings are mediated by a direct interaction of/CaM with Cx43 rather than being
mediated via a CaMKIl-involved complex pathway. TB&*/CaM complex was previously

reported to directly interact with the cytoplasmide of at least 3 connexins, Cx32, Cx44 and
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Cx50 and in turn to modulate the gap junction gatMore recently, a G4CaM binding site
at the CL domain of Cx43 has been identified (KE3%8) (Zhouet al, 2007). As
demonstrated by dual-patch clamp recordings of KLX43 cell pairs, both the CaM inhibitor
calmidazolium and a peptide mimicking the sequeonéethe C&'/CaM binding site
(Cx43Clyzs-159 could successfully alleviate junctional uncouglim response to a sub-
micromolar increase in [¢§; (400-800 nM). Furthermore, structural analysisigsiuclear
magnetic resonance detected conformational chanfdsoth Cx43CLss.153 peptide and
ca*/CaM following the complex formation. It is impontato note that the CaM-binding
locus is contiguous to the Gapl9 domain and spaesigh part of the L2 region (Fig. 4).
Gapl9, preventing CT-CL interaction shifts the ag#-sensitivity of Cx43 hemichannels
towards more positive voltages, i.e. in oppositeation of the effect of [Cd]; elevation that
lowers the voltage threshold for activation. Théstf brings up the possibility that €a
triggered signaling pathways (the activation phaseyerge on the Cx43 CL domain. Direct
binding of C&"/CaM to Cx43 could promote a structural rearrangeréthe second half of
the CL, which is likely to expose the target site the CT binding. Follow-up studies will be
necessary to investigate a direct role of '@aM on hemichannel gating and its tight link to
the CT-CL interaction.

Figure 3. Effect of L2 and CT9 peptides on unitary currertivétly of Cx43 3 hemichannel#\. Representative
whole-cell patch clamp traces recorded in HeLa CodBs, illustratingunitary currents induced by Vm steps to
+60 mV. The [C&T; in the recording pipette was 5®. The all-point histogram (right of the tracelf)strates a
~220 pS unitary conductantgpical for Cx43 hemichannelB. Increasing [C&]; to 500 nM strongly promoted
currentactivity and this effect disappeared upon increp$®e’]; to 1 uM. L2 (100 uM added viarecording
pipette) removed current-promotion by 500 nM{iaand CT9 (10Q:M) preventeccurrent inhibition by JuM
[Ca®™];. C. All-point histograms illustrating the effect of l#hd CT9on unitary conductance distributioD. Bar
chart summarizing L2 and CT9 effect on unitanyrrent-associated charge transfef,X@t different [C&;
levels.E. Graph illustrating théiphasic effect of [CZ]; on hemichannel opening and the effect of L2 an@.CT
** n<0.001 compared to 50 nM [Ca2+]i; $$$ p<0.001 cared to 500 nM [CE]; without L2; ##p<0.001 for
compared 1M [Ca?"]; without CT9.
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Figure 4. An overview of the domains of domains of Cx43 toickhthe targeting peptides correspond. Pink,
Gap26 sequence; Blue, Gap27 sequence; Purple, &jl@sce, Red, Gapl9 sequence; Green, L2 sequdree. T
arrows indicate the G4CaM binding domain.

4.4 Roles of Cx43 hemichannels in ischemia/repertusinjury

In acutely isolated ventricular cardiomyocytes, &xmichannels unitary current activities
appeared only in response to membrane polarizébictrong positive membrane potentials
(> +60 mV). This voltage threshold for activatioamncbe hardly attained under physiological
conditions, suggesting that unapposed hemichamaslding at the perinexus are typically
closed in healthy myocardium. However, slightlyveling [C&"]; to a steady state of ~500
nM effectively shifts the voltage threshold for hehannel activation to less positive,V
which can realistically be reached in the elecliycaxcitable cardiomyocytes. Based on this
finding, we anticipated that cytoplasmic ‘Gaverload, a hallmark of ischemia/reperfusion
could promote Cx43 hemichannel activities. Indeeatdiomyocytes subject to metabolic
inhibition exhibited a substantial increase in CxX#&michannels unitary current activities.
More importantly, Gap19 peptide recued cell deatth lmited the infarct size aften vitro
andin vivo cardiac ischemia/reperfusion respectively. Therdmution of Cx43 hemichannels
to myocardial injury may be ascribed to its noresgVe nature. An open Cx43 hemichannel

provides a non-selective, large-conductance cormiiiween the cytoplasm and extracellular
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fluid, promoting entry of NEC&*/CI" and liberating essential metabolites such as AGm f
the cell. The resulting collapse in ionic homeastagould eventually lead to myocardial
edema following unregulated water uptake throughapqrin. A close functional link of
Aquaporin-4 to Cx43 has been recently reported ause astrocytes (Nicchet al, 2005),
but little is known about any cross-talk betweertevahannels and Cx43 in cardiomyocytes.
As exemplified from the cell volume measurementqrened by us and others (Scheizal,
2007), interfering Cx43 hemichannels indeed attestl@ell volume increases of isolated
cardiomyocytes subject to simulated ischemia/reiseoh. A second possible mechanism
consists of Nhand C&" overload secondary to Cx43 hemichannels openifigs.process
would intensify the Cd-dependent cell death including hypercontracure mitdchondria
permeability transition (reviewed in (Garcia-Doraghoal, 2012). Finally, extensive loss of
intracellular ATP through Cx43 hemichannels codsiult in rapid development of secondary

necrosis and membrane permeabilization (Kalvedyia,, 2003).

Of note, excessive hemichannel openings may aggraaahythmogenesis of reperfused
heart beyond its impact on infarct size. There ngple evidence that open hemichannels
decrease the space constant and slow the conduetbocity (Kreuzberget al,
2006a;Kreuzbergt al, 2006b). Opening of hemichannels would also craeaten-selective
‘'sink’ that attracts ¥, towards 0 mV thereby entirely changing the setpaf plasma
membrane excitability. In a conditional mouse mazetying G138R mutation, spontaneous
ventricular arrhythmia is caused by a concertetbaadf impaired junctional coupling and
leaky connexin hemichannels (Dobrowolski al, 2008). Ventricular arrhythmias usually
arise from premature ectopic heartbeats that mgyger re-entrant mechanisms which are
important for sustaining the arrhythmia. A commaiggering event is associated with
increased C4 loading of the cell, which promotes Carelease from the sarcoplasmic
reticulum outside the normal cardiac cycle, as onMesk in reperfused heart following
ischemia. Spontaneous release activates an inwardent causing a delayed
afterdepolarization (DAD). We anticipate that themee several ways through which
hemichannel opening could contribute to arrhythmeges during ischemia/reperfusion. (i)
Enhanced hemichannel activity at resting ivf response to spontaneous’Caelease would
produce an inward current facilitating DADs andggered activity. (ii) Adrenergic
stimulation upon ischemic insults also increasestalig C&* release and subsequent
hemichannel opening during the action potentiatgala phase would generate net outward
current, shortening the action potential duratiod ¢ghus reducing refractoriness of cardiac
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tissue (iii) Increased hemichannel opening fornmsakage pathway that may decrease the
spatial constant of current spread in ventricudmmyocytes that may further promote re-
entry by reducing the conduction velocity. To wetiiese possibilities, we will use Gap19 as

a valuable tool for further studies aiming at imigegting the role of Cx43 hemichannets
myocardial injury associated with ischemia/repddns
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In vertebrates, connexin hemichannels in the plasmabrane dock head-to-head with their
counterparts in adjacent cells to form gap junctibannels, allowing direct cell-cell transfer
of electric and chemical/metabolic signals. Eachmibbannel comprises a hexamer of
connexin proteins which consist of four membranassing domains, two extracellular
loops, a cytoplasmic loop (CL) and flanking N- (Nand C-termini (CT) in the cytoplasmic
side of the cell. Accumulating evidence has suggksbovel functions of connexin
hemichannels beyond gap junction communications&haapposed hemichannels can open
and form a conduit between the intracellular cormpant and the extracellular milieu,
allowing N& and C4" to enter the cell and’Kand paracrine messengers like ATP, glutamate
and others to leave the cell. A frequently applgthrmacological tool to explore new
functions of the connexin hemichannel signalinghpay consists of connexin targeting
peptides like Gap26 and Gap27, which are ident@alequences located respectively on the
first and second extracellular loop regions of Cx#&iguingly, despite the growing interest
and wide use of connexin mimetic peptides in heamciel studies, no conclusive data and
arguments are available to support a direct aadiothese substances on hemichannels. In
chapter Il we aimed to investigate the effect of Gap26/27Cx43 hemichannels at the
single channel level. Such an approach allows uwmeqal identification of hemichannel
currents by their single channel conductance thatpically ~220 pS for Cx43. In HelLa cells
stably transfected with Cx43 (HeLa-Cx43), Gap2gi2ptides inhibited Cx43 hemichannels
unitary currents over minutes at concentrationthan 100-200 uM range and increased the
voltage threshold for hemichannel opening. By amstiran elevation of intracellular calcium
([Ca?"];) to 200-500 nM potentiated the unitary hemicharmetent activity and lowered the
voltage threshold for hemichannel activation. lestingly, Gap26/27 inhibited the €a
potentiated hemichannel currents and prevented riogeof the voltage threshold for
hemichannel activation. Experiments on isolated yémptricular cardiomyocytes, which
display strong endogenous Cx43 expression, denatedtioltage-activated unitary currents
with biophysical properties of Cx43 hemichannelat tvere inhibited by small interfering
RNA targeting Cx43. As observed in HelLa-Cx43 celigmichannel current activity in
ventricular cardiomyocytes was potentiated by?[G&levation to 500 nM and was inhibited
by Gap26/27. Our results indicate that under patjioal conditions, when [G§; is elevated,
Cx43 hemichannel opening is promoted in cardiomigxyand Gap26/27 counteracts this
effect.
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In the mammalian heart, Cx43 is the primary conmexipressed in the working ventricular
myocardium. Emerging evidence has suggested noled of Cx43 hemichannels in cardiac
homeostasis. Residing in the periphery of gap jancplaques termed ‘perinexus’, these
unapposed hemichannels are typically closed undatra conditions, but may open in
response to ischemic insults. Uncontrolled actratof hemichannels provides a non-
selective conduit between the cytoplasm and extwdaefluid, introducing a current leakage
pathway and liberating essential metabolites frbendell. Thus, excessive openings of Cx43
hemichannels may be deleterious for the myocard@untently, there is no pharmacological
tool available that allows selective targeting efrichannels without inhibiting junctional
coupling. Thus, in chapter [\Mve aimed to characterize a nonapeptide derived the CL of
Cx43 (further called ‘Gapl9’), which inhibits Cx4%michannels without blocking gap
junctions or Cx40/pannexin-1 hemichannels. As eXdieg by surface plasmon resonance,
the selective effect on hemichannels is due toctlibinding of Gapl19 to the end of CT
thereby preventing intramolecular CT-CL interactionvhich are essential for Cx43
hemichannel activation. The peptide inhibited Cx#8nichannel unitary currents in both
HelLa cells exogenously expressing Cx43 and acigelsited pig ventricular cardiomyocytes.
Treatment with Gapl9 counteracted the effect ofabmdic inhibition on hemichannel
openings, protected cardiomyocytes against volumerlaad and cell death following
ischemia/reperfusion in  vitro and reduced the infarct size after myocardial
ischemia/reperfusion in mida vivo. Collectively, preventing Cx43 hemichannel aciiwat

by Gap19 confers protective effects against myaahisthemia/reperfusion injury.

In summary, the present doctoral work addressesfthet of several Cx43 targeting peptides
and intracellular [CA]; on Cx43 hemichannels at the single-channel |&e. understanding
towards the mechanistic basis of these hemichanoeulators provides novel insights into
the functional regulation of connexin hemichannéldditionally, Gap19 which selectively
targets connexin hemichannels without inhibiting ganctions emerges as a valuable tool for

further studies aiming at investigating the rol€Ca#3 hemichannels in cardiac injury.
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