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Abstract

Arginine76 (R76) or the equivalent residue is highly conserved in most connexins, mutations on
this residue in six connexins have been linked to five different inherited diseases, indicating its
functional importance. Here we examined the functional status and properties of gap junctions
(GJs) containing R76 mutations in Cx50 (R76H and R76C), Cx45 (R75H) and Cx43 (R76H/S/C)
with an emphasis on GJ function by pairing the mutants with corresponding wildtype or another
docking compatible connexin. Cx50 R76H, R76C and Cx45 R75H failed to form functional
homomeric homotypic or heterotypic GJs. Cx43 R76H and R76S formed functional GJs by
themselves or paired with wildtype Cx43, but with altered properties. However, Cx43 R76C failed
to form functional GJs by itself or with Cx43. Interestingly all three Cx43 mutants formed
functional GJs when paired with Cx45. Our findings and homology structure models provide

molecular insights into the possible pathogenic mechanism of R76 mutants in these connexins.
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Summary for Lay Audience

Most tissue cells communicate directly with each other to maintain synchronized activities via
protein channels known as gap junctions (GJs). Each GJ is made up of two hemichannels and each
hemichannel is formed by the oligomerization of six connexin proteins. Tissue cells typically
express more than one connexin type and different tissues often express different types of
connexins. Thus, different types of GJs can be formed to synchronize cells in the same tissue or to
propagate signals between different tissues to meet physiological demands. The arginine residue
at the 76th position (R76) is at a critical structural junction in the GJ structure and this residue
never changes during the evolutionary process of different species and among different connexins.
Mutations at the R76 or equivalent residue in six different connexins have been associated with
five inherited diseases, although the molecular mechanisms have not been fully studied, especially
on GJs formed by mutant expressing cells paired with wildtype connexins. Here, we studied the
functional status and properties of R76 mutations in connexin 50 (Cx50), Cx45, and Cx43 with an
emphasis on mutant expressing cells paired with cells expressing wildtype connexin or another
connexin normally capable of forming functional GJs. We found that Cx50 R76H, R76C and Cx45
R75H were unable to form functional GJs in any of our tested pairings. Cx43 R76H and R76S
formed functional GJs as well as forming functional GJs when paired with wildtype Cx43, but
with altered channel properties. Cx43 mutants (R76H, R76S, and R76C) all formed functional GJs
when paired with Cx45. Our study indicated that most of the R76 mutations in these studied
connexins are loss-of-function mutations for GJ function, even when paired with wildtype or
different compatible connexins. We also developed molecular structure models to see possible
changes associated with each mutant on this residue. We revealed that mutations on R76 or
equivalent residue led to various degrees of loss in local molecular interactions within the same
connexin or between neighbouring connexins in a hemichannel, which could lead to impaired GJ

function and disease state for patients who carry mutations on this residue.
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Chapter 1
Introductions

Gap Junctions and Connexins

Gap junctions (GJs) provide direct passage of ions, nutrients, metabolic wastes, and small
signalling molecules less than one kiloDalton (kDa) between two adjacent cells (Kumar &
Gilula, 1996; Goldberg et al., 1999; Goodenough & Paul, 2009). GJs are formed from two
head-to-head docked hemichannels (or connexons), and each hemichannel is oligomerized
by six connexin subunits (Saez et al., 2003; Bai, 2016). There are 21 connexin genes in the
human genome, encoding connexins that share similar topological structures consisting of
four transmembrane domains (M1-M4), two extracellular loops (E1 and E2), one
cytoplasmic loop (CL), and amino terminus (NT) and carboxyl terminus (CT) in the
cytosol (Fig. 1-1A; Kumar & Gilula, 1996). As most tissue cells express more than one
type of connexin isoform, this leads to the formation of a homomeric hemichannel that
comprises six identical connexins or a heteromeric hemichannel that is formed by more
than one type of connexin isoforms. At the gap junctional level, two identical homomeric
hemichannels form homotypic GJs, and two homomeric hemichannels each with different
connexins could form functional heterotypic GJ if they are docking compatible (Fig. 1-1;
White et al., 1994; Saez et al., 2003; Koval et al., 2014). Gap junctions formed by different
connexins give rise to different channel properties, including different unitary channel
conductance (y;), channel open probability and stability, and transjunctional voltage-
dependent gating (known as Vj-gating), which could fine-tune the physiological processes
(Goodenough & Paul, 2009).
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Fig. 1-1. Gap junction structure models and nomenclature.

(A) A GJ channel consists of two docked hemichannels. Each hemichannel is formed by
six connexins. The topological structure of Cx43 showed a cytosolic amino terminus (NT),
four transmembrane domains (M1 — M4), two extracellular loops (E1 and E2), a
cytoplasmic loop (CL), and a carboxyl terminus (CT). (B) GJ channel nomenclature is
based on the composition of connexins and hemichannels. Modified from (Bai et al., 2018).

Different connexin isoforms are specifically expressed in different tissue cells of the body.
Therefore, heterotypic GJs could be formed at the boundary of two cell types to facilitate
intercellular communication. For example, Cx45 is primarily expressed in the sinoatrial
(SA) node of the heart, whereas the neighbouring atrial cardiomyocytes express Cx40 and
Cx43 (Gourdie et al., 1993; Kanter et al., 1993; Vozzi et al., 1999; van der Velden &
Jongsma, 2002). Thus, homomeric or heteromeric heterotypic GJs Cx43 / Cx45 or Cx40 /
Cx45 are likely to be found between the SA node and myocytes to maintain the rapid action
potential propagation (Severs et al., 2008; Davis et al., 1995; Gros & Jongsma, 1996;



Desplantez et al., 2007). Similarly, homomeric heterotypic GJ could be found between
astrocytes and oligodendrocytes in the mammalian central nervous system that exclusively
express Cx43, Cx30 and Cx26, and Cx47, Cx32, and Cx29, respectively (Orthmann-
Murphy et al., 2007; Magnotti et al., 2011; Kim et al., 2013). Given the high anticipation
of heterotypic GJ-mediated intercellular communication throughout the body, connexin

gene mutations are likely to disrupt heterotypic GJs and further lead to pathological states.

Each connexin domain is commonly associated with one or more specific GJ functions.
The NT domain of several connexins has been shown to play a critical role in GJ channel
biophysical properties, including unitary channel conductance (y;) and transjunctional
voltage-dependent gating (Vj-gating; Verselis et al., 1994; Oh et al., 2004). The charges in
the beginning part of the NT domain of Cx26 or Cx32 form a voltage-sensor for Vj-gating
(Verselis et al., 1994; Purnick et al., 2000; Oh et al., 2004). A near-atomic resolution
structure of human Cx26 supports the model that the NT domain could act as a gating
sensor and gating particle to ‘plug’ the channel pore preventing ion permeation during Vj-
gating (Maeda et al., 2009). Meanwhile, E1 and E2 domains are essential for the docking
process of hemichannels in Cx32, Cx40, Cx43, Cx46, and Cx50 (White et al., 1994;
Haubrich et al., 1996; Pfahnl et al., 1997; Foote et al., 1998). Studies involving the chimera
approach, by swapping the extracellular domains of one connexin with the corresponding
domains of another connexin, revealed a critical functional role of the E2 domain, but not
E1, in determining the heterotypic docking compatibility among lens connexins (White et
al., 1994, 1995). The structure model of human Cx26 GJ showed that both E1 and E2
participate in docking (Maeda et al., 2009). The docking of E1-E1 was found to be
staggered, with each E1 interacting with 2 E1s on the opposing hemichannel, likely playing
a role of the E1 domain in forming a seal to prevent leakage from the inner channel to the
extracellular space. In addition, there are 60 hydrogen bonds (HBSs) at the docking interface
of a Cx26 GJ; 24 of them at the E1-E1 docking interface and 36 at the E2-E2 interface
between two hemichannels (Maeda et al., 2009; Bai & Wang, 2014). The formation of
these non-covalent interactions between two hemichannels is likely a force to hold two
hemichannels together (Bai & Wang, 2014). Transmembrane domains, M1-M4, are
four a-helices membrane-spanning regions critical in intra- as well as inter-subunit

interactions and contribute to determining the transjunctional voltage-dependent gating and



the unitary channel conductance depending on their position relative to the permeation
passage (Jara et al., 2012). Lastly, the less conserved CL and CT domains differ in length
in each connexin isoform. The CT domain is important in trafficking and contains many
post-translational modulation sites (such as phosphorylation sites), which could also
modulate GJ channel clustering and interactions with other proteins (Lampe & Lau, 2004;
Leithe et al., 2018).

Transjunctional voltage-dependent gating

Gap junctions (GJ) function can be regulated by a variety of electrical and chemical factors,
including transjunctional voltage (Vj), membrane potential (Vm), pH, and intracellular
divalent cation concentrations, such as Ca?* and Mg?* (Spray et al., 1981). Vj is the
difference in electrical potential between two GJ-coupled cells, which can promote a GJ
channel from a fully open state to a much lower conducting state, known as Vj-dependent
gating or Vj-gating and it exists in all GJ channels investigated so far (Barrio et al., 1991;
Verselis et al., 1994; Revilla et al., 2000). Several connexin domains, including the NT,
E1, CL, and CT, have been suggested to be involved in Vj-gating (Nielsen et al., 2012). A
substitution in the M1/E1 border domain changed the Vj-gating and unitary channel
conductance of the Cx50 GJs (Tong et al., 2014). Negative charge substitutions in the NT
domain reversed the Cx32 Vj-gating polarity (Purnick et al., 2000). Moreover, variants at
S2 and R8 residues on the NT domain could result in significantly altered V-gating
properties with a longer deactivation process in Cx45 GJs (Santos-Miranda et al., 2020).
Truncations of the CT domain eliminated the Vj-gating of Cx32, Cx43, and Cx40 and it
has been proposed that the CT domain acts as a gating particle in these connexins to close
the channel pore when it binds to the CL domain to affect the Vj-gating (Revilla et al.,
1999; Anumonwo et al., 2001).

Vj-gating of a GJ can be studied using the dual whole cell patch clamp technique on GJ-
deficient cell lines (i.e., mouse neuroblastoma cells, N2A, or human cervical carcinoma
cells, HeLa) that are transfected with connexins of interest (Bai & Cameron, 2017). The

transjunctional currents (l;s) are recorded in response to the Vj pulses. The relationship of



the normalized steady-state junctional conductance, Gjss (Gjss iS the normalized steady-
state-to-peak-state conductance ratio), and Vj could be fitted with a two-state Boltzmann
equation at each V; polarity (Spray et al. 1981). The fitting parameters quantitatively
describe the GJ Vj-gating properties, including the normalized minimal residue
conductance (Gmin, reflecting the extent of Vj-gating), the normalized maximal
conductance (Gmax), half deactivation voltage (Vo, Gj;ss = (Gmax - Gmin)/2), and the slope of
the Boltzmann fitting curve (A, reflecting the V; sensitivity) (Spray et al., 1981; Harris et
al., 1981). Cx50 GJ exhibits prominent Vj-gating with a Vo of ~40 mV, a low Gmin (~0.2)
and an A value of ~0.1 (White et al., 1994, Srinivas et al., 1999). Whereas the Vj-gating of
Cx43 GJs is characterized by a big half deactivation voltage (Vo of 65-70 mV) and a
relatively bigger Gmin (0.35-0.4) and A value (~0.15). The Ijs of Cx43 GJs could show
slight asymmetry because of their dependence on the Vim (White et al., 1994). Unlike Cx50
and Cx43, Cx45 GJ has much lower Gmin (0.07-0.09) and Vo (18-23 mV) values and an A
of ~0.07, making it one of the most Vj-sensitive GJs with a fast deactivation at high levels
of Vjand a slow recovery (Desplantez et al., 2004; Rackauskas et al., 2007; Ye et al., 2017;
Santos-Miranda et al., 2020).

Connexins in the Lens

Connexin expression in the human lens and cataracts

In the mammalian eyes, the lens is a transparent avascular organ responsible for
transmitting light and focusing it on the retina (Goodenough, 1992). There are two cell
types in the lens: epithelial cells and lens fiber cells (Fig. 1-2). Epithelial cells form a single
layer at the anterior surface. Lens fiber cells are differentiated from epithelial cells through
cell elongation and nuclei and organelles degradation (Goodenough, 1992; Beyer et al.,
2013). GJ channels mediate the intercellular transfer of ions, nutrients, and metabolic
wastes between cells in this avascular organ. Cx43, Cx46 and Cx50 are the three connexins
expressed in the lens. Cx43 and Cx50 are expressed in the outer epithelial cells, while Cx46
and Cx50 are found in the mature lens fiber cells that make up the bulk of the lens (Beyer
et al., 1989; Paul et al., 1991; White et al., 1992). Because the mature fiber cells contain
minimal metabolism, the GJ-mediated circulation from the neighbouring compartments is

highly critical to the lens homeostasis (Mathias et al., 2010; Beyer et al., 2013).
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Fig. 1-2. Structure of lens and distribution of lens connexins, Cx43, Cx46, and Cx50.

Cx43, Cx46 and Cx50 are expressed within the human lens. Cx43 and Cx50 are mainly
expressed in the epithelial cells. Cx46 and Cx50 are co-expressed within the fiber cells.
Modified figure from (Mathias et al., 2010).

A cataract is an opacity or cloudiness in the lens. Patients with cataracts suffer from poor
vision, and it is a leading cause of blindness worldwide (Resnikoff et al., 2004).
Approximately 50% of cataract cases have a genetic root, and more than 30 genes were
involved in non-syndromic forms of congenital cataract (Khan et al., 2018). Mutations in
Cx46 and Cx50 genes account for about 20% of non-syndromic inherited cataract cases
with 116 reported variants, mainly in autosomal dominant inheritance mode (Bai et al.,
2021; Qiu et al., 2022). Mutations in Cx43 genes are primarily associated with
oculodentodigital dysplasia, which is rarely accompanied by cataracts and will be

described below (Paznekas et al., 2003a).



Cx46 and Cx50 knockout mouse models and functional studies of human
cataract-linked Cx46 and Cx50 mutations

Genetic studies in mice have demonstrated the importance of GJs and GJ-mediated
intercellular communication for normal lens growth and the maintenance of lens
transparency. Homozygous knockout (KO) mice of either Cx46 or Cx50 result in cataracts
with disrupted proteolysis and crystallite solubility (Gong et al., 1997; Xia et al., 2006).
The Cx46 KO mice developed nuclear cataracts with normal lens fiber cell differentiation
and early lens development. Whereas the Cx50 KO mice exhibited microphthalmia
accompanied with disrupted fiber cell formation, indicating that both Cx46 and Cx50 are
critical for lens transparency, but they have different roles pertaining to lens development
and physiology (Gong et al., 1997; Rong et al., 2002). Cx43 KO mouse embryos showed
normal eyes and lens development and transparency (White et al., 2001); however, Gao
and Spray (1998) have observed a more loose connection of epithelial cells and an apparent
dilation of extracellular spaces and intracellular vacuoles between fiber cells in those Cx43
KO newborn mice, which indicates an early stage of cataract (Gao & Spray, 1998). Overall,
genetic mice studies demonstrated the functional importance of each lens connexin isoform

for maintaining lens development and transparency.

Mutations in human Cx46 and Cx50 genes have been associated with human cataracts of
various phenotypes. These mutations potentially affect different biochemical and
physiological processes of GJ-mediated communication in the human lens. To reveal the
molecular and cellular mechanisms of Cx46 and Cx50 mutants leading to cataracts, studies
used various model cells to investigate the defects associated with the mutants. For
example, Cx50 D47N was identified in a family with autosomal dominant nuclear
pulverulent cataracts (Arora et al., 2008). The anti-Cx50 immunoreactivity was restricted
to the endoplasmic reticulum (ER) of HelLa cells transfected with Cx50 D47N indicating
that Cx50 was unable to form GJ plaques at the cell-cell junctions. Cx50 D47N did not
form functional GJ channels when expressed in Xenopus oocyte pairs. In addition, the
mutant did not act in a dominant-negative manner to inhibit the function of co-expressed
wildtype Cx50 (Arora et al., 2008). Another Cx50 mutation, Cx50 P88S, could not form
functional GJ channels when paired oocytes homotypically but functioned in a dominant-



negative manner to impair wildtype Cx50 in co-expressed wildtype Cx50 (Pal et al., 1999).
These two loss-of-function mutations in Cx50 reduced intercellular communication and
thus would be anticipated to reduce the circulation of ions and molecules between lens
cells (Beyer et al., 2013).

Functional studies using model cells have increasingly emerged to reveal the molecular
and cellular mechanisms of cataracts-linked mutants in Cx46 and Cx50 mostly in
homotypic GJ channel function (Pal et al., 1999; Arora et al., 2008; Minogue et al., 2009).
Because of the expression of Cx50 in both epithelial cells and fiber cells and the specific
expressions of Cx43 and Cx46 in epithelial cells and fiber cells, respectively. It is likely to
have homomeric heterotypic GJs formed from two different connexins, including Cx43 /
Cx46 GJs between lens fibre cells and epithelial cells and Cx46 / Cx50 GJs between lens
fibre cells (Fig. 1-2.). Interestingly, functional studies using oocyte expression of these lens
connexins showed that both Cx46 / Cx43 and Cx46 / Cx50 heterotypic GJs, but not Cx50
/ Cx43 GJs, are functional (White et al., 1994). However, how cataract-linked connexin
mutants affect homomeric heterotypic GJ channel function and channel properties have not
been fully studied, leaving a knowledge gap in GJ-mediated cataract pathophysiology.

Cx43 expression and its mutations in oculodentodigital
dysplasia (ODDD)
Cx43 is the most widely expressed connexin in various organs of the human body,
including the brain, heart, stomach, intestine and bone (Laird, 2006). Mutations in the Cx43
gene linked to oculodentodigital dysplasia (ODDD) and ~89 ODDD-linked mutations were
identified in Cx43 (Paznekas et al., 2003b, 2009; Bai et al., 2021). The majority of the
identified mutations are autosomal dominant missense mutations that occur in the first half
of the protein, including the highly conserved domains (NT, M1-4, E1 and E2) (Bai et al.,
2021). Because of the wide expression of Cx43 throughout the body, ODDD patients show
disease symptoms including teeth and eyes abnormalities, craniofacial deformities, and
digital malformations involving multiple digits (Boyadjiev et al., 1999). ODDD patients
can also show symptoms such as neuropathies, skin disease, bladder incontinence and other
conditions (Loddenkemper et al., 2002; De Bock et al., 2013). There are only a few

mutations in Cx43 that have been identified with ocular complications of ODDD, most



commonly glaucoma, possibly due to the expression of Cx43 in the eyes, including the
lens, ciliary body, and retina (Musa et al., 2009). Surprisingly, it is rare for ODDD patients
with Cx43 mutations to bear a severe heart defect, although Cx43 is highly expressed in
the heart (Izumi et al., 2013; Laird, 2014).

Functional studies of ODDD-linked Cx43 mutations

Several ODDD-linked Cx43 mutations have been functionally studied for localization and
electrical coupling using a combination of different techniques and various model cells.
The initial functional studies of ODDD-associated mutations were conducted on three
mutations of the CL domain, 1130T, K134E, and G138R. All three mutants impaired the
GJ function differently, including reduced GJ plaques formation, low or no electrical
coupling and reduced unitary conductance as compared to the wildtype Cx43 (Seki et al.,
2004). Another study examined the functional properties of two additional ODDD-
associated mutations, Cx43 G21R and G138R. Both mutants were able to transport to the
plasma membrane and form GJ plaques (Roscoe et al., 2005). However, neither one of the
mutants formed functional GJ channels and exhibited a dominant-negative effect on
wildtype Cx43 (Roscoe et al., 2005). In a separate study, eight mutations were examined
for localization and GJ electrical coupling analysis. Three of those mutations have been
investigated in the two prior studies. Among the rest of them, a codon duplication of the
E1 domain, Cx43 F52dup and a missense mutation in the E2 domain, R202H produced
full-length connexins but failed to form GJ plaques. Y17S, A40V, and L90V mutants
formed GJ plaques but had little or no electrical coupling compared to the wildtype Cx43
(Shibayama et al., 2005). Overall, these functional studies demonstrated the variable
functional consequences of homotypic GJ channels formed by connexins with ODDD-
linked mutations and the dominant-negative effect of these mutations on co-expressed
heteromeric Cx43 GJs, which could be the reason for the pleiotropic nature of ODDD
clinical symptoms. In the physiological context, the impairments of heterotypic GJ
channels formed by Cx43 mutants and other docking compatible wildtype connexins could
also contribute to the complexity of ODDD symptoms. It is imperative that further
functional studies are conducted in order to gain a better understanding of the

pathophysiological mechanisms of ODDD.
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Connexins in the heart
Connexins expression in the human heart

There are three major connexin isoforms in the human heart: Cx40, Cx43 and Cx45. Cx45
is predominantly expressed in the conduction system, including the sinoatrial (SA) or
atrioventricular node (AV) and the His-Purkinje system, but in low quantities in ventricles
and atria (Fig. 1-3. Bao et al., 2011). Cx43 is the most abundant cardiac connexin that is
primarily expressed in the atrial and ventricular cardiomyocytes and is less expressed in
the conduction system (Fig. 1-3. Desplantez, 2017). Cx40 is specifically expressed in the
atrium and the ventricular conduction system (Fig. 1-3. van der Velden & Jongsma, 2002).

Atria
Cx40,Cx43

SA node
Cx45
AV node

Cx45 &

VCS S
Cx40,Cx45,Cx43

Fig. 1-3. Cardiac connexins distribution in the heart.

There are three connexin isoforms abundantly expressed within the human heart. Cx45 is
mainly expressed within the sinoatrial (SA) and the atrioventricular (AV) nodes. Cx40 and
Cx43 are expressed within the atria, and all three connexins are expressed in the ventricular
conducting system (VCS). Cx43 is also abundantly expressed in the ventricles. Modified
from (Severs et al., 2008).



11

Genetic knockout (KO) or mutations in genes encoding Cx40, Cx43, and Cx45 indicate
that these connexins play an important role in normal heart physiology. In the mouse
model, cardiomyocyte-specific Cx43 gene KO mice exhibited slow action potential
propagation and ventricular arrhythmia, implying the importance of Cx43 in ventricular
conduction (Gutstein et al., 2001). Germline or myocardium-specific Cx45 gene KO mice
had AV nodal conduction block and embryonic death around embryonic day 10 (Kruger et
al., 2000; Nishii et al., 2003). Mutations in the cardiac connexin genes were identified in
various heart diseases. Mutations in Cx40 were associated with the early onset of atrial
fibrillation (AF), a common cardiac arrhythmia (Goldberg et al., 1999; Bai, 2014). Two
missense mutations in Cx45 have also been linked to progressive atrial conduction defect
and atrial fibrillation (Seki et al., 2017; Li et al., 2021). Mutations in Cx43 are commonly
associated with a pleiotropic disease, ODDD, in which cardiac abnormalities could be
rarely seen in ODDD patients (Paznekas et al., 2003b). More recently, several Cx43 single-
nucleotide polymorphisms (SNPs) were identified and could be potentially related to the
risk of AF (Sinner et al., 2014; Ladenvall et al., 2015; Chen et al., 2020; Okamura et al.,
2021).

Mutations in Cx45

Cx45 is essential for embryonic survival and abundant at the early stage of cardiac
development but decreases drastically in the adult heart (Kumai et al., 2000; Kruger et al.,
2000; Nishii et al., 2003). Despite the low expression, a mutation in Cx45 was identified
by Seki et al. (2017) in two unrelated families who presented with progressive AV block,
which resulted in the atrial standstill without ventricular conduction abnormalities. This
mutation, Cx45 R75H, was able to form GJ plaques; however, dye transferring and
electrophysiology studies showed that homotypic Cx45 R75H GJs and GJ formed from co-
expressed R75H with wildtype Cx45 were severely affected compared to the wildtype
Cx4b5, indicating this mutant acts in a dominant-negative manner (Seki et al., 2017). The
homomeric heterotypic GJs Cx45 / Cx43 are likely to be found between the cardiac
conduction system to the cardiomyocytes, but the formation of homomeric heterotypic GJs

Cx43/ Cx40 and Cx45 / Cx40 showed contradicting results in different studies (Bruzzone
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et al., 1993; White et al., 1994; Valiunas et al., 2000; Cottrell & Burt, 2001; Jassim et al.,
2016; Yeetal., 2017).

Python-based statistical coupling (pySCA) of the connexins
from different species

For years, biologists have tried to decode what information amino acid sequences carry
and the relation between the primary sequence of a protein and its function and tertiary
structure. Alignment of the primary sequences of a protein family tells us the level of
sequence conservation at each amino acid position, and high conservation at a given
position indicates the presence of selective pressure and is most likely to be functionally
significant (Schneider et al., 1986; Zvelebil et al., 1987). When a larger set of protein
sequences from many species becomes available, higher-order statistics such as the
correlation between the amino acids found at two sequence positions can be calculated.
Highly correlated pairs of amino acid positions are likely to evolve together. This means
that a mutation at one position of a protein has to be coupled to another mutation at a
different position to survive during evolution selection pressure. Pairwise correlation
reveals information about the structure and function of a protein (Russ et al., 2005;
Socolich et al., 2005; Weigt et al., 2009). Statistical coupling analysis (SCA) allows the
identification of groups of coevolving residues that are functionally important, with
different groups controlling different biochemical properties of the protein (Tesileanu et
al., 2015; Rivoire et al., 2016).

The connexin protein family is a group of highly conserved transmembrane proteins
essential for intercellular communication throughout the human body. Their channel
properties were studied through various functional studies and homology modelling of the
resolved connexin isoform structure. To better understand the connexin structure and
function, our lab previously performed SCA on the connexin protein family (a total of 9201
sequences) using a python-based SCA package (Halabi et al., 2009; Rivoire et al., 2016).
A co-variation matrix combing the conservation and correlation information for each
residue was generated from a multiple sequence alignment of connexin sequences.

Eventually, two sectors that were grouped from eight independent components, including



13

96 positions, were identified through the spectral analysis (Bai et al., 2021). Interestingly,
one sector has residues that map at the interface of intra- and inter-subunits, therefore likely
serving a role in the connexin folding and inter-subunit interaction (Bai et al., 2021). The
other sector contains residues clustered at the E1 and E2 domains in the primary structure,
including the three cysteine residues that form strong disulfate bonds between E1 and E2
domains (Fig. 1-4. C54, C61, and C65 in Cx50) and two HB forming residues in the E1
domain (N55 and Q58 in Cx50). Thus, residues in this sector are likely to be critical for
the docking process between two hemichannels and the formation of functional GJs (Bai
et al., 2021). Several residues (i.e., P71, S73, H74, R76 and W78 shown in Fig. 1-4)
belonging to this sector do not directly lie on the docking interface but could potentially
form a strong network with the docking-relevant residues in the 3D structure. SCA
uncovered hidden information about amino acid residues in the connexin sequence.
Mutagenesis experiments can be conducted to further characterize the functional

importance of these residues.

HB forming
A
000 0000 0000

Disulfide bond forming

Fig. 1-4. Sequence logo analysis of E1 domain containing triple cystines and the HB-
forming residues.

Part of the E1 domain containing triple cystines, HB-forming residues, and residues
identified from pySCA analysis from 19 connexins of all available species are aligned with
the ClustalO algorithm in the Jalview program (version 2.11.2), and the sequence logo was
generated with WebLogo. The triple cystines and docking HB-forming residues are
indicated in the figure. They are the C54, C61, C65, N55, and Q58. The closed circles are
the indication of residues identified by the pySCA in this part of the E1 domain.
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Rationale and hypothesis

It has been found that missense mutations of different amino acid substitutions at Arg 76
(R76 or the equivalent residue) are associated with at least five diseases in six different
connexins, indicating that this residue plays an important role in connexin function (Fig.
1-5). Functional studies carried out on Xenopus oocytes or model cells expressing these
R76 mutants of different connexins showed different degrees of cellular transport and GJ
coupling impairments in homotypic mutant GJs (Chen et al., 2005; Huang et al., 2013;
Abrams et al., 2013, 2018; Seki et al., 2017); however, the detailed pathophysiological
mechanisms of R76 mutations remain unclear in two unstudied connexins, including the
congenital cataract-linked mutations, R76H and R76C in Cx50 and the ODDD-linked
mutations R76S and R76C in Cx43. Furthermore, it is unclear whether homomeric
heterotypic GJs, which are formed when a mutant hemichannel docks with a wildtype
hemichannel, are involved in the etiology of various diseases, such as congenital cataracts,
ODDD, and progressive atrial conduction defects. Our pySCA analysis of the connexins
from many species revealed a cluster of amino acid residues that are covaried with those
residues on the docking interface between two hemichannels. Some of the residues in this
cluster, including R76, are physically quite distant from the docking interface from the
high-resolution structure models (Fig. 1-4), which implies a potential functional role of
R76 in the formation of functional homotypic or heterotypic GJ channels (Bai et al., 2021).
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Fig. 1-5. R76 mutations and their associated diseases in different connexins.

Thirteen mutations at R76 or the equivalent residue in six different connexins that associate
with five diseases, including hearing loss with palmoplantar keratoderma (PPK), type 1 X-
linked Charcot-Marie-Tooth disease (CMT1X), ODDD, congenital cataracts, and
progressive atrial conduction defects.

Abram et al. (2018) have shown that the variants at R76 residue (including two cataract-
linked mutations and two un-naturally occurring variants) in Cx46 formed GJs with
reduced electrical coupling but normal hemichannel functions. Their homology modelling
and in silico mutagenesis further demonstrated that R76 residue is in strong dynamic
motion with other residues at the docking interface to stabilize the extracellular domain
confirmation in Cx46, inferring the reduced electrical coupling observed in mutant GJs was
due to the failure of hemichannel docking or formation of functional GJs (Abrams et al.,
2018). Together with our pySCA results, R76 is likely a critical residue in the formation of

functional GJs in most connexins. To further test this idea and gain insights into cellular
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and molecular mechanisms of pathogenic mutations at this well-conserved residue in three
connexins, we used dual whole cell patch clamp to examine the functional status of N2A
cells transfected with GFP-untagged constructs of cataract-linked mutations, Cx50 R76H
and R76C, the ODDD-linked mutations, Cx43 R76H, R76S, and R76C, and the progressive

atrial conduction defect-associated mutations, Cx45 R75H.

Objectives

a. To study the GJ functional status of the congenital cataract-linked Cx50 mutations
R76H and R76C in homotypic GJs, as well as the mutant hemichannel docked with
wildtype Cx50 or Cx46 hemichannels.

b. To study the GJ functional status and Vj-gating properties of the ODDD-associated
Cx43 mutations R76H/S/C in homotypic GJs, as well as the mutant hemichannel
docked with wildtype Cx43 or Cx45 hemichannels.

c. To study the GJ functional status of the progressive atrial conduction defect-linked
Cx45 mutation R75H in homotypic GJ, as well as the mutant hemichannel docked
with wildtype Cx45 or Cx43.

d. To investigate whether a lower intracellular or extracellular solution pH (to 6.8) has
any effects on GJ coupling status and coupling conductance of Cx45 R75H and
Cx50 R76H.

e. To construct homology structure models of these connexin mutants to explore

possible structural defects in these mutant GJs.
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Chapter 2
Manuscript

Abstract

Connexins are a group of integral membrane proteins that form gap junctions (GJs) through
the docking of two hemichannels between opposed cells, mediating direct intercellular
communication and maintaining homeostasis within tissues and organs. Mutations in genes
encoding connexins are frequently associated with inherited diseases, however the
underlying molecular and structural mechanisms have not been fully studied. The arginine
residue at the 76th (R76) position in connexin50 (Cx50) and the equivalent position in
other connexins is fully conserved across the entire connexin family, and is a hot spot for
at least five connexin-linked inherited diseases. To better understand the molecular and
structural mechanism of mutations on this conserved residue in different connexins, we
examined the functional status and properties of GJs containing R76 mutations in Cx50
(R76H and R76C), Cx45 (R75H) and Cx43 (R76H/S/C) with an emphasis on homomeric
heterotypic GJs formed by pairing mutant expressing cells with docking compatible
connexins. Our data indicated that all tested mutants showed a significantly decreased
percentage of coupled cell pairs and a lowered coupling conductance (G;j), except for Cx43
R76H and R76S, but had altered channel gating properties. Most of our tested mutants also
showed reduced % of coupled cell pair and G;j when paired with corresponding wildtype
or a docking-compatible connexin. Our homology structure models indicated that mutants
on R76 or the equivalent residue in these connexins led to a loss of intra- or inter-connexin
non-covalent interactions (salt bridges) at the sidechain of this residue, which could
contribute to the observed GJ impairments and/or functional changes of the mutants

leading to diseases.
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Introduction

Gap junctions (GJs) are clusters of intercellular channels that provide direct passage of
ions, nutrients, metabolic wastes, and small signaling molecules between two adjacent
cells (Kumar & Gilula, 1996; Goldberg et al., 1999; Goodenough & Paul, 2009). Each GJ
is formed from two head-to-head docked hemichannels (or connexons), of which each
hemichannel is comprised of six connexins (Goodenough & Paul, 2009). A total of 21
connexin genes are found in the human genome, encoding for connexins that share similar
topological structures consisting of four transmembrane domains (M1-M4), two
extracellular loops (E1 and E2), one cytoplasmic loop (CL), and amino terminus (NT) and
carboxyl terminus (CT) in the cytosol (Kumar & Gilula, 1996). Connexin expression is
tissue- and cell-specific and each tissue cell expresses one or more connexin isoforms,
leading to the formation of homotypic, heterotypic, and/or heteromeric GJs (Saez et al.,
2003; Goodenough & Paul, 2009). GJs of different connexins display different channel
properties, including distinct sensitivity to pH changes, different rates of ion permeation
(also known as single channel conductance) as well as channel open stability, various
permeability, and transjunctional voltage-dependent gating (also known as Vj-gating)
(Goodenough & Paul, 2009; Bargiello et al., 2018).

Connexin 43 (Cx43), Cx46 and Cx50 are expressed in the lens of the mammalian eyes
within the lens epithelial cells and the lens fiber cells, to facilitate ion and nutrient
circulation as well as maintain lens homeostasis and transparency (Goodenough, 1992).
Cx43 and Cx50 are expressed in the epithelial cells that form a single layer at the anterior
surface of the lens, while Cx46 and Cx50 are found in the mature lens fiber cells that make
up the bulk of the lens (Beyer et al., 1989; Paul et al., 1991; White et al., 1992). In the
human heart, Cx40, Cx43 and Cx45 are predominantly expressed. Cx40 is mainly
expressed in the atria and the ventricular conduction system. Cx43 is found in the atrial
and ventricular cardiomyocytes, and the Cx45 is expressed in the sinoatrial (SA) node,
atrioventricular (AV) node, and the ventricular conduction system (van der Velden &
Jongsma, 2002; Bao et al., 2011; Desplantez, 2017). The intercellular communication
mediated by cardiac GJs is critical to the rapid propagation of action potentials and for

maintaining a synchronized myocardial contraction (Guo & Yang, 2022). Given the
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specific expression patterns in the lens and the heart as well as many other organs in the
human body, both homomeric homotypic and heterotypic GJs could be formed from
different connexins; these GJs are expected to participate in various biological processes,
such as development, differentiation, and the synchronized electrical activities, such as the
GJs within the heart (Goodenough & Paul, 2009).

The importance of the extracellular loop domains (E1 and E2) in hemichannel docking and
formation of functional GJs are predicted as they are the only extracellular domains for all
connexins. Both connexin E1 and E2 domains showed many conserved residues among
different connexins, including regularly spaced triple cysteine residues in both E1 and E2
which form intra-connexin disulfide bonds between E1 and E2, which are likely important
for the connexin to fold into a proper structure capable of oligomerization into
hemichannels (Dahl et al., 1991; Foote et al., 1998; Bao et al., 2004; Tong et al., 2007).
High-resolution GJ structures provide excellent experimental evidence for the critical role
of several key residues in E1 and E2 for docking interactions, specifically 60 hydrogen
bonds (HB) could be formed between two docked hemichannels at the E1-E1 and E2-E2
docking interface (Maeda et al., 2009; Bai & Wang, 2014). Mutations on some of these
HB-forming residues impaired formation of morphological and functional GJs in Cx26,
Cx32, and Cx46 (Nakagawa et al., 2011; Gong et al., 2013; Schadzek et al., 2016b, 2016a;
Karademir et al., 2016). For example, a variant of Cx32, N175D on the E2 domain is
predicted to lose most of the HBs at the E2-docking interface, which failed to form GJ-
plaques and functional GJs. However, designed complementary Cx26 variants could
restore a sufficient number of the HBs and the GJ channel functions, indicating that this
HB forming residue of Cx32 is critical in the docking process to form functional homotypic
Cx32 and heterotypic Cx32 / Cx26 GJ channels (Gong et al., 2013). Some of these HB-
forming residues in the E1 and E2 have also been shown to be important for heterotypic
docking compatibility in cardiac and vascular connexins (Jassim et al., 2016; Ye et al.,
2017; Kimetal., 2019). More importantly these docking HB-forming residues are hot spots
for inherited human disease-linked connexin mutants (Bai et al., 2018), arguing their
importance for normal GJ function. In addition to these residues’ direct contribution to
docking at the docking interface, several other residues in E1 are also well conserved

among different connexins and are hotspots for inherited human diseases linked to
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connexin mutants. One such residue is arginine76 (R76) which is located at the end of the
E1 domain (near the M2 domain) quite distant from the hemichannel docking interface.
Thirteen mutations at the R76 or equivalent residues in six connexins have been found in
five different inherited diseases (Richard et al., 1998; Uyguner et al., 2002; Yum et al.,
2002; Paznekas et al., 2003; Pizzuti et al., 2004; Burdon et al., 2004; Devi et al., 2005;
Reisetal., 2013; Izumi et al., 2013; Yu et al., 2016). However, the molecular and structural
mechanisms of the mutations at R76 or equivalent residues have not been fully studied,
while some of the recently identified connexin mutants on this residue have not been

characterized at all.

Two independent approaches have shown some evidence that R76 or equivalent residue in
different connexins may correlate with those HB-forming residues at the docking interface.
First, Abram et al. (2018) demonstrated the importance of the R76 residue in forming
functional homotypic Cx46 GJs. The two cataract-linked R76 mutations, R76H and R76G
in Cx46 formed GJ with reduced GJ coupling conductance as well as the GJ plagues. Their
Cx46 GJ homology models based on a crystal structure of Cx26 GJ revealed that R76
residue could form intra- and inter-subunit salt bridges to stabilize the extracellular domain
conformation and dynamics affecting hemichannel docking. Thus, the R76 mutants in
Cx46 greatly affected the Cx46 hemichannel docking to form a GJ channels (Abrams et
al., 2018). Next, we had previously performed a python-based statistical coupling analysis
(pySCA) on over 9000 connexin protein sequences and identified a group of residues,
including R76, that are co-evolving during evolution. Most importantly, R76 or equivalent
residue co-varies (or co-evolves) with those HB forming residues and several other
residues near the hemichannel docking interface (Bai et al., 2021). These pySCA results
provided further evidence that R76 may be important in hemichannel docking and GJ
formation. In the present study, we tested this idea in a total of six disease-linked mutations
in three connexins, including the cataract-linked mutations, Cx50 R76H and R76C (Reis
et al., 2013; Yu et al., 2016; Wang et al., 2020), ODDD-linked mutations, Cx43 R76H,
R76S, and R76C (Paznekas et al., 2003; Pizzuti et al., 2004; Izumi et al., 2013), and a
progressive atrial conduction defect-linked mutation, Cx45 R75H (Seki et al., 2017). We
examined the functional status and properties of cell pairs both expressing the R76 mutants

or cell pairs with one expressing the mutants and the other expressing the wildtype docking
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compatible connexins, as most of these R76 mutants are linked to autosomal dominantly
inherited diseases. Our results showed that out of all the connexin mutant expressing cell
pairs, only the Cx43 R76H and R76S formed functional homotypic GJs as well as
functional homomeric heterotypic GJs with wildtype Cx45. Our results suggest that
inherited disease-linked mutants Cx45 R75H, and Cx50 R76H, R76C showed impaired GJ
function in mutant GJs and GJs between cell pairs with one expressing mutant and the other
expressing corresponding wildtype or docking compatible connexins. The functional status
of Cx43 R76S and R76H appeared to be similar to wildtype Cx43, but the Vj-gating
properties were partially altered. In addition, our preliminary data indicates that the unitary
channel conductance (y;) of GJs formed by R76S mutants was decreased. Such
impairments in these mutants on homomeric homotypic or heterotypic GJs may play a role
in the pathogenesis of mutant-associated diseases.

Method

Plasmid construction

We used expression constructs (pIRES2) with an untagged fluorescent reporter gene,
encoding either GFP or DsRed. Sheep Cx50-IRES-GFP (also known as Cx49 or sCx50)
and Cx50-IRES-DsRed, Cx46-IRES-GFP (sCx46, also known as Cx44) and Cx46-IRES-
DsRed, human Cx45-IRES-GFP, Cx45-IRES-DsRed, and human Cx43-IRES-GFP and
Cx43-IRES-DsRed were generated as previously described (Ye et al., 2017; Yue et al.,
2021). Briefly the cDNAs of Cx50 or Cx46 were synthesized and each of them was inserted
into the expression vector at the restriction enzyme sites, Xhol and EcoRI (NorClone
Biotech Laboratories, London, Ontario). The cDNAs of Cx43 and Cx45 were inserted at
the restriction enzyme sites, EcoRI and BamHI (Cx43) and Sacl and EcoRI (Cx45). These
vectors were used as templates to generate point mutations at R76 (or R75 in Cx45)

position. The following primers were used:

Cx50 R76H: forward 5°C ATC TCC CAC ATC CATCTC TGG GTC CTG3’ and reverse
5’CATC TCC CAC ATCCATCTCTGG GTC CTG3’
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Cx50 R76C: forward 5°C ATC TCC CAC ATC TGT CTC TGG GTC CTG3’ and reverse
5’CAG GAC CCA GAG ACA GAT GTG GGA GAT G¥»

Cx45 R75H: forward 5> CTC TCC CAT GTA CAC TTC TGG GTG TTC 3’ and reverse
5 GAA CAC CCAGAAGTGTAC ATG GGA GAG ?

Cx43 R76H: 5°CCA ATC TCT CAT GTG CAC TTC TGG GTC CTG3’ and reverse
5’CAG GAC CCA GAA GTG CAC ATG AGA GAT TGG3’

Cx43 R76S: forward 5’°CCA ATC TCT CAT GTG AGC TTC TGG GTC CTG3’ and
reverse 5’CAG GAC CCA GAA GCT CAC ATG AGA GAT TGG3’

Cx43 R76C: forward 5’CCA ATC TCT CAT GTG TGC TTC TGG GTC CTG3’ and
reverse 5’CAG GAC CCA GAA GCA CAC ATG AGA GAT TGG3’

Cell culture and transient transfection

Gap junction deficient neuroblastoma (N2A) cells (American Type Culture Collection,
Manassas, VA) were cultured and grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing 4.5 g/L D-(+)-glucose, 584 mg/L L-glutamine (4 mM), 110 mg/L
sodium pyruvate, 10% fetal bovine serum (FBS), 1% penicillin (100 units/mL), and 1%
streptomycin (100 pg/mL or 172 uM), in an incubator with 5% CO at 37°C (Sun et al.,
2013). N2A cells at ~60% confluence were transfected with 1.0 pug of a cDNA construct
and 2 pL of X-tremeGENE HP DNA transfection reagent (Roche Diagnostics GmbH,
Indianapolis, IN, USA) in Opti-MEM + GlutaMAX medium for 5 hours following the
manufacture’s guidelines. The medium was changed back to FBS-containing DMEM after
transfection and cells were incubated overnight. For cells expressing connexin mutants for
homotypic GJ studies, the transfected cells were replated onto glass coverslips for 5 hours
for Cx50 mutants, 2 hours for Cx45 mutant, and 40 minutes for Cx43 mutants, before being
transferred to the recording chamber. For studies involving cell pairs with one expressing
GFP and the other expressing DsRed, independent transfections were performed and then
the cells with different transfections were mixed during the replating step after 5 hours for
Cx50 mutants, 2 hours for Cx45 mutants (in some cases 12 hours was required to allow for

sufficient GJ formation), and 40 min for Cx43 mutants.
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Electrophysiological recording

Glass coverslips with transfected cells were placed into a recording chamber on an upright
microscope (BX51WI, Olympus). The chamber was filled with extracellular solution (ECS)
at room temperature (21 - 24 °C). The ECS contained (in mM): 135 NaCl, 2 CsCl, 2 CaCly,
1 MgCly, 1 BaCly, 10 HEPES, 5 KCI, 5 D-(+)-glucose, 2 Sodium pyruvate, pH 7.4 or 6.8
with 1M NaOH, and had an osmolarity of 310-320 mOsm. Patch pipettes were pulled using
a micropipette puller (PC-100, Narishige International USA Inc., Amityville, NY, USA)
and filled with intracellular solution (ICS) containing (in mM): 130 CsClI, 10 EGTA, 0.5
CaClz, 5 Na2ATP, 10 HEPES, adjusted to pH 7.2 (or 6.8 in some experiments) with 1 M
CsOH, and an osmolarity of 290-300 mOsm. Cell pairs both expressing reporter gene
(GFP) for studying homotypic GJ function green fluorescent or one with GFP (green) and
the other with DsRed (red) for studying mutant / wildtype GJs under a fluorescent
microscope were selected for dual whole cell patch clamp recordings. For cell pairs both
expressing GFP, cells with different intensities of fluorescence were selected to improve
the success rate of obtaining meaningful data. For Cx43 and its mutants, cell pairs
expressed low levels of fluorescence were in favour to avoid high Gj as Cx43 forms GJ in
less than 40 mins. During whole cell patch clamp, both cells were initially voltage clamped
at 0 mV, then a series of voltage pulses (20 to £100 mV with 20 mV increment) were
administrated to one of the cells to establish transjunctional voltage (Vj). The other cell
was held at 0 mV to record transjunctional current (1;) with a MultiClamp 700A amplifier
(Molecular Devices, Sunnyvale, CA, USA). The ljwas low-pass filtered (cut-off frequency
at 1 kHz) and digitized via an AD/DA converter at a sampling rate of 10 kHz (Digidata
1550, Molecular Devices, Sunnyvale, CA, USA).

Transjunctional voltage-dependent gating

For each selected cell pair, a series of voltage pulses was applied to one cell (£20 to £100
mV. In experiments with Cx45 mutants, Vj pulses of £5 mV were also used because Cx45
is the most sensitive connexins which exhibit Vj-gating at £20 mV.), while transjunctional

current (I;) was obtained from the other cell. In most cases, |j peaked at the beginning of a
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7-second V;j pulse, then declines to a steady state at the end (more pronounced with high
Vj, £40 to £100 mV). The gap junctional coupling conductance (G;) was calculated by G;
=1;/ Vjand a steadier current point towards the last 3 S of a protocol was selected usually
the first trace (i.e., £20 mV for Cx50 and Cx43, and £5 mV for Cx45). Only cell pairs that
have Gj lower than 50 nS were selected for the percentage of coupled cell pairs and the
coupling conductance calculations to avoid cytoplasmic bridges. Recordings with bad seals
were eliminated by examining the current response to a 10 mV pulse before the protocol
(current responses over 50 pA were eliminated). Only cell pairs that have G; lower than 9
nS were selected for the transjunctional voltage-dependent gating (Vj-gating) study to
avoid voltage clamp errors. The steady-state G; was normalized to the peak G;jto obtain a
normalized steady-state junctional current (Gjss) for each Vj. A Gjssto Vj plot was then
generated and fitted with a two-state Boltzmann equation for both V; polarity to obtain
gating parameters. The Boltzmann equation is:

Gmax — G'min
Gj,ss T 1+exp [A(Vj-Vo)] + Gin

Vo is the voltage at which the conductance, Gjss is reduced by half [(Gmax - Gmin)/2]. Gmax

is the normalized maximum conductance, while Gmin is the normalized minimum

conductance. “A” is the slope of the fitted curve that represents the Vj-gating sensitivity

(Spray et al., 1981).

Unitary channel analysis

We recorded unitary channel currents (ijs) in cell pairs that showed 1-2 functional GJ
channels. The recorded currents were filtered using a lowpass Gaussian filter (200 Hz) in
Clampfit10.3 (Molecular Devices, Sunnyvale, CA, USA). All-point histograms were
generated for a portion of ijs in response to Vjs and used to determine the amplitude of the
open state and the subconductance (also known as substate or residue state) state after
fitting these histograms with two or more Gaussian functions. The ijs at each V; (regardless
of V;j polarity) of different cell pairs were plotted against Vj to generate the ij—V; plot.
Unitary channel conductance (y;) was determined by the slope of linear regression of ij-V;
plot using GraphPad Prism (version 9.3.1, San Diego, California, USA).
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Homology structure modelling

Homology structure models of human Cx43 and Cx45 were generated based on the sheep
Cx50 GJ cryogenic electron microscopy (Cryo-EM)-derived structure (7JJP) (Flores et al.,
2020) using Modeller (version 9.17, Andrej Sali Lab, San Francisco, CA, USA). The Cx50
R76H/C, Cx43 R76H/S/C or Cx45 R75H mutants’ structures were generated using the
mutagenesis tool in pyMOL (version 2.4.1). We chose the side chain orientations that had
low level clash with the neighbouring residues and also tried to keep similar orientation to

the wildtype arginine orientation.

Statistical analysis

All bar graphs of the percentage of cell pairs coupled (% cell pairs coupled) and coupling
conductance (G;j) are expressed as median (interquartile range, 1QR). Kruskal Wallis
followed by an uncorrected Dunn’s post-hoc test was used to compare % cell pairs coupled
and G; for Cx50, Cx43, and their mutant cell pairs. For analyses of % cell pairs coupled
and G;j of Cx45 and its mutant, a Mann-Whitney test was used. For analyses of Vj-gatings
of the Boltzmann fitting parameters for mutants to compare with the wildtype, an unpaired
t-test was used and the mean +SEM. Statistical significance is indicated with the asterisks
on the graphs only for biologically meaningful group comparisons (*P < 0.05; **P < 0.01;
or ***pP < 0.001).

Results

Cx50 mutants, R76H and R76C showed decreased percentages of cell pairs
coupled and coupling conductance (G;) than those of the wildtype
Cx50

To study the functional status of two cataract-linked mutants, Cx50R76H and R76C,

isolated N2A cell pairs expressing Cx50-IRES-GFP, Cx50-R76H-IRES-GFP, or Cx50-

R76C-IRES-GFP were selected for dual whole cell patch clamp. The transjunctional

currents (l;s) of cell pairs expressing one of the mutants or wildtype Cx50 were recorded

in response to a 20 mV V; pulse. Representative Ijs are shown in Fig. 2-1A (left panel). On
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average more than half of the tested cell pairs expressing wildtype Cx50 showed ;s in 9
different transfections (50 (50-87.5)% cell pairs coupled, N =9), while cell pairs expressing
either R76H or R76C showed no coupling in 7 out of 8 transfections for each of these
mutants (Fig. 2-1B left panel). In one transfection, I; was only observed in one of 5 recorded
cell pairs for each of these mutants. The average percentages of cell pairs coupled for these
mutants were significantly reduced from that of wildtype Cx50 (0 (0)% for R76H, 0 (0)%
for R76C, ***P < 0.001 for both mutants). In addition, coupling conductance (G;j) was
measured for each cell pair expressing R76H or R76C (Fig. 2-1C left panel). The average
Gjs were 0 (0) nS for R76H (n = 30) and 0 (0) nS for R76C (n = 36), which were
significantly lower than the G;j of wildtype Cx50 (0.85 (0-4.02) nS, n = 32, ***P < 0.001

for both mutants).

Cx50 mutants, R76H and R76C pairing with wildtype Cx50 and Cx46

Similar experiments were conducted on cell pairs with one expressing R76H (or R76C)
and the other expressing either wildtype Cx50 or Cx46 each with an untagged red
fluorescent reporter (i.e., Cx50-IRES-DsRed or Cx46-IRES-DsRed). Representative Ijs are
shown in Fig. 2-1A middle and right panels. As shown in Fig. 2-1B middle and right panels,
these cell pairs showed a significantly reduced percentage of cell pairs coupled (12.5 (0-
35)%, N = 10, *P = 0.027 for R76H / Cx50; 20 (0-25)% for R76C / Cx50, N = 9, *P =
0.02; 20 (0-25)% for R76H / Cx46, N = 7, *P = 0.015; 8.35 (0-25)% for R76C / Cx46, N
=14, ***P < 0.001) comparing with those of wildtype Cx50 or Cx50 / Cx46 (

). Moreover, Gj was measured
for these cell pairs (Fig. 2-1C middle and right panels). The average G;js for cell pairs with
one R76H (or R76C) and the other one with either wildtype Cx50 or Cx46, were
significantly reduced (0 (0) nS for R76H / Cx50, n = 40, *P = 0.012; 0 (0) nS for R76C /
Cx50, n =31, **P =0.002; 0 (0) nS for R76H / Cx46, n = 34, *P = 0.02; 0 (0) nS for R76C
/ Cx46, n =50, **P = 0.001) when compared with those of wildtype Cx50 and Cx50 / Cx46
( ). These results
indicate that both Cx50 R76H and R76C when paired with wildtype Cx50 or Cx46 showed
reduced functional coupling (G;j) and decreases in % of cell pair coupled for R76C / Cx50
and R76C / Cx46.
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Fig. 2-1. Representative junctional current (l;s) and bar graphs to show percentages (%) of
cell pairs coupled and coupling conductance (G;) of homotypic Cx50 mutant GJs, and
mutant expressing cells paired with cells expressing wildtype Cx50 or Cx46.

(A) Dual whole cell patch clamp technique was used to measure junctional current (1;) in
response to indicated Vj in N2A cell pairs expressing homotypic wildtype and mutant GJs
(left panel), mutant expressing cell paired with wildtype Cx50 (middle panel) or Cx46
(right panel) expressing cell. Representative ljs are shown, and the text colour indicates the
untagged reporter fluorescent proteins, green (GFP) and red (DsRed). (B) Bar graphs
summarize the average percentage of coupled cell pairs (% cell pairs coupled) expressing
homotypic wildtype and mutant GJs (left panel), mutant expressing cell paired with
wildtype Cx50 (middle panel) or Cx46 (right panel) expressing cell. Data points represent
the number of transfections, and the error bars are + standard deviation (SD). (C) Bar
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graphs illustrate the average coupling conductance (Gj £ SD) of cell pairs examined
expressing homotypic wildtype or mutant GJs (left panel), mutant expressing cell paired
with wildtype Cx50 (middle panel) or Cx46 (right panel) expressing cell as indicated.
Kruskal-Wallis test followed by uncorrected Dunn’s post hoc test was used to compare
each mutant with their respective controls for all bar graphs. The statistical significance
was indicated (* P <0.05, ** P <0.01, and *** P <0.001).

Vj-gating properties of homotypic Cx50 and heterotypic Cx50 / Cx46 GJ
channels

Cell pairs expressing wildtype Cx50 or cell pairs expressing Cx50 in one and Cx46 in the
other were selected for dual whole patch clamp study on homotypic Cx50 GJs or
heterotypic Cx50 / Cx46 GJs, respectively. ljs were recorded in response to a series of V;
pluses from £20 to £100 mV (20 mV increment as shown in Fig. 2-2A). The I;s of both
homotypic Cx50 and heterotypic Cx50 / Cx46 GJs showed near symmetrical Vj-dependent
deactivation (Fig. 2-2A). l;s showed strong deactivation to Vj values in the range from +40
to £100 mV and no deactivation when Vj absolute values were < 20 mV (Fig. 2-2A). The
normalized steady state conductance (G;jss) was plotted as a function of Vj, which could be
fitted by a Boltzmann equation for each V; polarity (Fig. 2-2B). The Boltzmann fitting
parameters of homotypic Cx50 GJs or heterotypic Cx50 / Cx46 GJs are listed in Table 2-
1. Vj-gating analysis for cell pairs expressing mutants GJs, or mutants paired with wildtype
Cx50 or Cx46 are not shown, as the majority of them did not demonstrate functional

coupling (Fig. 2-1B).
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Fig. 2-2. Vj-gating of homotypic Cx50 and heterotypic Cx50 / Cx46 GJs.

(A) Superimposed junctional currents (l;js) recorded from cell pairs expressing wildtype
Cx50 or cell pairs expressing Cx50 in one and Cx46 in the other in response to a series of
Vj pulses (shown on the top, 7 seconds Vj pulse from +20 to +100 mV with 20 mV
increment). (B) Normalized steady state junctional conductance, Gjss of homotypic Cx50
GJs or heterotypic Cx50 / Cx46 GJs were plotted as a function of Vjs. A Boltzmann
equation was used to fit Gjss— V;j plot for each Vj polarity (smooth lines). Error bars on the
plots represent SD and the number of cell pairs is indicated.

Cx43 mutants R76C, but not R76H or R76S showed decreased percentages
of coupled cell pairs and coupling conductance (G;) than those of
the wildtype Cx43

To investigate the functional status of ODDD-linked Cx43 mutations, R76H, R76S, and

R76C, we used the dual whole cell patch clamp technique to study cell pairs expressing

Cx43-IRES-GFP, Cx43-R76H-IRES-GFP, Cx43-R76S-IRES-GFP or Cx43-R76C-IRES-

GFP. The Ijs of cell pairs expressing one of the mutants or wildtype Cx43 were recorded

in response to a 20 mV V;j pulse. Representative ljs are shown in Fig. 2-3A left panel. The

percentage of cell pairs coupled for R76C was significantly reduced (0 (0)%, N =7, **P =
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0.002) compared to wildtype Cx43 (58.4 (47.5-100)%, N = 6), but not for R76H (60 (42.5-
70.9)%, N = 5, P = 0.837) and R76S (60 (42.5-83.4)%, N = 5, P = 0.915). The G; was
measured for each cell pair expressing one of these mutants (Fig 2-3C left panel). The
average Gj was 0 (0) nS for R76C (n = 23), which was significantly lower than wildtype
Cx43 (4 (0-25.1) nS, n = 24, ***P < 0.001). Neither R76H nor R76S showed any change
in Gj from Cx43 G;j (6.3 (0-24.3) nS, n =19, P = 0.804 for R76H and 0.7 (0-6.7) nS, n =
22, P =0.229 for R76S).

Cx43 mutants, R76H, R76S and R76C pairing with wildtype Cx43 or Cx45

We conducted similar experiments on cell pairs with one expressing R76H (or R76S,
R76C) and the other expressing either wildtype Cx43 or Cx45 with an untagged DsRed
(i.e., Cx43-IRES-DsRed or Cx45-IRES-DsRed). Representative Ijs are shown in Fig. 2-3A
middle and right panels. The percentage of cell pairs coupled were calculated and
summarized in Fig. 2-3B middle and right panels. Cell pairs with one expressing R76C and
the other expressing wildtype Cx43 showed a lower percentage of cell pairs coupled (0 (O-
19)% for R76C / Cx43, N = 8, **P = 0.003) compared to its control (67 (50-90)%, N =5,
Fig. 2-3B middle panel). However, when R76C expressing cells paired with Cx45
expressing cells, the % of cell pairs coupled (40 (29.2-80)%, N =5, P = 0.252, Fig. 2-3B
right panels) was not different from Cx43 / Cx45 cell pairs (58.4 (48.2-100)%, N = 6). In
addition, no changes in % cell pairs coupled were observed for R76H or R76S when paired
with wildtype Cx43 or Cx45 (Fig. 2-3B middle and right panels). The G;j of cell pairs with
one expressing R76C and the other expressing wildtype Cx43 (0 (0) nS, n = 31, ***P <
0.001) were significantly lower than those of its control (3.5 (0-21.1) nS for Cx43, n = 18)
but the G; of R76C / Cx45 (0.05 (0-1.80) nS, n = 24, P = 0.084) was not significantly
different from the wildtype Cx43 / Cx45 (7.5 £ 12 nS, n = 20) (Fig. 2-3C middle and right
panels). Lastly, the Gjs of R76H (or R76S) / Cx43 and R76H (or R76S) / Cx45 were not
statistically different from the respective wildtype controls (0.4 (0-10.9) nS, n =18, P =
0.338 for R76H / Cx43; 4.8 (0-28.1) nS, n = 20, P = 0.819 for R76S / Cx43; 0 (0-4.8) nS,
n =24, P =0.233 for R76H / Cx45; 0.35 (0-8.98) nS, n = 22, P = 0.745 for R76S / Cx45).
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Fig. 2-3. Representative junctional current (ljs) and bar graphs to show percentages (%) of

cell pairs coupled and coupling conductance (G;j) of homotypic Cx43 mutant GJs, mutant

expressing cells paired with cells expressing either wildtype Cx43 or Cx45.
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(A) Dual whole cell patch clamp technique was used to measure junctional current (l;) in
response to indicated Vj in N2A cell pairs expressing homotypic wildtype or mutant GJs
(left panel), mutant expressing cell paired with either wildtype Cx43 (middle panel) or
wildtype Cx45 (right panel) expressing cell. Representative ljs are shown, and the text
colour indicates the untagged fluorescent proteins, green (GFP) and red (DsRed). (B) Bar
graphs summarize % cell pairs coupled expressing homotypic wildtype or mutant GJs (left
panel), mutant expressing cell paired with either wildtype Cx43 (middle panel) or Cx45
(right panel) expressing cell. Data points represent the number of transfections, and the
error bars are £ SD. (C) Bar graphs illustrate the average coupling conductance (G; £ SD)
of cell pairs examined expressing homotypic wildtype or mutant GJs (left panel), mutant
expressing cell paired with wildtype Cx43 (middle panel) or Cx45 (right panel) expressing
cell as indicated. Kruskal-Wallis test followed by uncorrected Dunn’s post hoc test was
used to compare each mutant with their respective controls for all bar graphs. The statistical
significance was indicated (* P < 0.05, ** P < 0.01, and *** P < 0.001).

Vj-gating properties of homotypic Cx43 and heterotypic Cx43 / Cx45 GJ
channels

Cell pairs with one expressing wildtype Cx43 (with untagged GFP) and the other one
expressing either Cx43 (with untagged DsRed) or Cx45 (with untagged DsRed) were
selected for dual whole cell patch clamp study on homotypic Cx43 GJs or heterotypic Cx43
| Cx45 GJs, respectively. Ijs were recorded in response to a series of Vjpulses from 5 to
+100 mV as shown Fig. 2-4A. The ljs of homotypic Cx43 GJs showed apparent
symmetrical Vj-dependent deactivation, and substantial deactivation could be observed
from +80 to £100 mV (Fig. 2-4A). The Ijs of heterotypic Cx43 / Cx45 GJs showed
asymmetrical Vj-gating, with strong Vj-dependent inactivation of ljs when the Cx43-
expressing cell with +V;js (or the Cx45-expressing cell with -V;js), while no Vj-dependent
inactivation of Ijs or in this case apparent Vj-dependent activation of Ijs at Vjs of -60 to -
100 mV was observed at opposite Vj polarity (Fig. 2-4A). The normalized steady state
conductance (Gjss) was plotted as a function of V; for homotypic Cx43 and heterotypic
Cx43 / Cx45 GJs (Fig. 2-4B). The Gjss — Vj plot for homotypic Cx43 were well fitted by a
Boltzmann equation for each Vj polarity, but the Gjss — Vj plot for heterotypic Cx43 / Cx45
GJs could only be well fitted when Cx43 cells with +Vjs (Fig. 2-4B). Boltzmann fitting
parameters of homotypic Cx43 GJs or heterotypic Cx43 / Cx45 GJs are listed in Table 2-
2.



A v +100 mV B Giss

-100 mV
( Cx43/Cx43 | 200 pA
htwum il

NGt sV s i

L b e T
. i, -~ T rarmwesminireve iy
0

+100 mV
\ 0mvV

Cx43 / Cx45 ;7

100 pA I : ;
1s pA 50 100

—
o
o
]
a1
o
o

Fig. 2-4. Vj-gating of homotypic Cx43 and heterotypic Cx43 / Cx45 GJs.

(A) Superimposed junctional currents (1;s) recorded from cell pairs with one expressing
wildtype Cx43 (with untagged GFP) and the other expressing either Cx43 (with untagged
DsRed) or Cx45 (with untagged DsRed) in response to a series of V; pulses (shown on the
top of Fig 2-4A, £20 to 100 mV for Cx43 / Cx45 GJs +5 mV to £100 mV was used). (B)
Normalized steady state junctional conductance, Gjss of homotypic Cx43 GJs or
heterotypic Cx43 / Cx45 GJs were plotted as a function of Vjs. A Boltzmann equation was
used to fit Gjss— Vj plot for each V; polarity. Error bars represent SD, and the number of
cell pairs is indicated.

Vj-gating properties of Cx43 R76H and R76S GJs

To investigate whether cell pairs expressing R76H or R76S GJs had alternated Vj-gating
properties, their I;s were recorded in response to a series of Vjpulses from £20 to +100 mV
(Fig. 2-5A). The ljs of R76H and R76S showed near symmetrical Vj-dependent I;
deactivation, and strong deactivation could be observed from 80 to 100 mV (Fig. 2-5A).
The normalized steady state conductance (G;jss) was plotted as a function of V; for R76H
and R76S GJs (Fig. 2-5B). The Gjss — V;j plot for R76H were well fitted by a Boltzmann
equation for -Vj (Fig. 2-5B top panel). The Gjss — Vj plot for R76S were well fitted by a
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Boltzmann equation for both V; polarities (Fig. 2-5B bottom panel). Boltzmann fitting
parameters of R76H and R76S GJs are listed in Table 2-2. There were no significant
differences observed for all Boltzmann parameters between mutants and wildtype Cx43
GJs, except for the Gmin and Vo values for the negative polarity of R76S GJs (Table 2-2).
Vj-gating properties for Cx43 R76C GJs were not studied because most cell pairs

expressing R76C did not exhibit GJ coupling (see Fig. 2-3A).
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Fig. 2-5. Vj-gating of homotypic Cx43 R76H and R76S GJs.

(A) Superimposed junctional currents (I;s) recorded from cell pairs expressing Cx43 R76H
or R76S in response to a series of V; pulses (shown on the top, £20 to £100 mV with 20
mV increment). (B) Normalized steady state junctional conductance, Gjss of Cx43 R76H
or R76C GJs were plotted as a function of Vjs. Boltzmann equations were used to fit Gjss
— Vj plots. Error bars represent SD and the number of cell pairs is indicated.
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Vj-gating properties of R76H / Cx43 and R76S / Cx43 GJs

lis were also recorded in cell pairs expressing R76H (or R76S) in one and wildtype Cx43
in the other in response to a series of Vjpulses from +20 to £100 mV (Fig. 2-6A). The ljs
of both R76H / Cx43 and R76S / Cx43 GJs were asymmetrical with strong Vj-gating
observed only when the mutant cell (R76H or R76S) with +V;js (or the wildtype Cx43 cell
with -V;js) from +60 to +100 mV (Fig. 2-6A). The normalized steady-state conductance
(Gjss) was plotted as a function of Vj and the Gjss — Vj plots for R76H / Cx43 and R76S /
Cx43 were fitted well by a Boltzmann equation for the +V;j polarity (Fig. 2-6B). Boltzmann
fitting parameters of R76H / Cx43 and R76S / Cx43 GJs are listed in Table 2-2. For each
Boltzmann fitting parameter, no significant differences were observed when compared to
those of wildtype Cx43, except for the Vo values for the +Vj polarity of R76S / Cx43 GJs
(Table 2-2). Vj-gating properties for R76C/Cx43 GJs were not studied because most cell
pairs expressing R76C in one and wildtype Cx43 in the other did not exhibit GJ coupling
(see Fig. 2-3A).
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Fig. 2-6. Vj-gating of R76H / Cx43 and R76S / Cx43 GJs.
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(A) Superimposed junctional currents (1;s) recorded from cell pairs expressing R76H /
Cx43 or R76S / Cx43 in response to a series of Vj pulses (shown on the top of Fig 2-6A,
+20 to +100 mV with 20 mV increment). (B) Normalized steady state junctional
conductance, Gjss of R76H / Cx43 or R76C / Cx43 GJs were plotted as a function of V;js.
A Boltzmann equation was used to fit Gjss— Vj plot on the +Vjs. Error bars on the plots
represent SD and the number of cell pairs is indicated.

Vj-gating properties of R76H / Cx4-, R76S / Cx45 and R76C / Cx45 GJs

Cell pairs with one expressing R76H (or R76S or R76C each with untagged GFP) and the
other expressing wildtype Cx45 (with untagged DsRed) were selected to study R76H /
Cx45, R76S / Cx45 or R76C / Cx45 GJs. ljs were recorded in response to a series of Vj
pluses from £5 to £100 mV, showing asymmetrical Vj-dependent deactivation (Fig. 2-7A).
Strong Vj-gating was observed when the mutant-expressing cell was with +Vjs (or when
the Cx45-expressing cell was in -V;js, Fig. 2-7A). The normalized steady state conductance
(Gj,ss) was plotted as a function of Vj for R76H / Cx45, R76S / Cx45 or R76C / Cx45 GJs
(Fig. 2-7B). The Gjss— Vjplots were fitted well by a Boltzmann equation for the
+Vjpolarity (Fig. 2-7B). Boltzmann fitting parameters of R76H / Cx45, R76S / Cx45 or
R76C / Cx45 GJs are listed in Table 2-2. No significant differences compared to the
heterotypic Cx43 / Cx45 GJs were observed for every corresponding parameter (Table 2-
2).
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Fig. 2-7. Vj-gating of heterotypic R76H / Cx45, R76S / Cx45 and R76C / Cx45 GJs.

(A) Superimposed junctional currents (l;s) were recorded from cell pairs expressing R76H
/ Cx45, R76S / Cx45 or R76C / Cx45 GJs in response to a series of Vj pulses (shown on
the top). (B) Normalized steady state junctional conductance, Gjss of R76H / Cx45, R76S
/ Cx45 or R76C / Cx45 were plotted as a function of Vjs. A Boltzmann equation was used
to fit Gjss— V;j plots. The Gjss— Vj curve of wildtype heterotypic Cx43 / Cx45 GJ channels
were indicated in a grey dashed line. Error bars on the plots represent SD, and the number

of cell pairs is indicated.
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Unitary channel conductance of Cx43 R76S GJs

To investigate how the mutant Cx43 R76S affects the rate of ion permeation for individual
GJ channels, we found a cell pair with two apparent functional GJ channels at different V;js
(Fig. 2-8A). All point histograms of a stretch of the current recordings were used to
measure the current amplitudes of different main opening levels (O1 and Oy, Fig. 2-8A).
Half of the current amplitude of two main openings (O2) was used as amplitude of a single
GJ current, ij, which was plotted against different levels of Vjs. Linear regression of ij — V;j
plot was used to obtain slope single channel conductance (y;) for R76S (78 pS) GJs (Fig.
2-8B). Various levels of subconductance states (white arrows on Fig. 2-8A left panels and
‘s’ on the right panels) were also observed, likely due to the combinations of the following
factors: 1) different levels of subconductance for each of these GJ channels; 2) 1 or 2 GJ

channels in the subconductance state.
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Fig. 2-8. Unitary channel properties for Cx43 R76S GJs.

(A) Unitary channel currents (ijs) of R76S GJs were recorded as a response to the
administration of negative V; pulses (-V;j) as indicated. Two channels were identified, and
the fully open states are indicated as O: and Oz for one or two channels opening,
respectively. After the channels are fully open (O: or O2), they go to either a
subconductance state (open arrows) or to a fully closed state (indicated as c¢). Rectangle
areas outlined represent the region used to create the corresponding all-point histograms
shown on the right for each V;. All-point histogram (grey lines) and Gaussian fits (smooth
black lines) for ijs of R76S at -60, -80 and -100 mV V; pulses. They show the ijamplitude
at the main open state of two channels (02), the open state of a single channel (O1), the
subconductance states (s), and the fully closed state (c). (B) The amplitude of ijs (O level
devided by 2) for the main open state at each tested V; was plotted against Vj. Linear
regression of data on the ij— V;j plot for R76S GJs was used to obtain slope unitary channel
conductance (Yyj).



49

Cx45 mutant, R76H showed a decreased percentage of cell pairs coupled
and coupling conductance (G;j) than those of the wildtype Cx45
To investigate the functional states of the progressive atrial conduction defect-associated
Cx45 mutant, R75H, isolated N2A cell pairs expressing Cx45-IRES-GFP or Cx45-R75H-
IRES-GFP were selected for dual whole cell patch clamp. The Ijs of cell pairs expressing
R75H or wildtype Cx45 was recorded in response to a 5 mV V; pulse. Representative ljs
are shown in Fig. 2-9A (left panel). None of the R75H GJs exhibited I;s in response to V;js
(N =7), which was significantly different from the wildtype Cx45 GJs (50 (33.3-66.7)%,
N =7,***P <0.001). Moreover, Gj was measured for each cell pair expressing R75H (Fig.
2-9B left panel). The average Gj was 0 (n = 30) for R75H GJs, which was significantly
different from the wildtype Cx45 (0 (0-3.6) nS, n = 34, ***P < 0.001).

Cx45 mutant, R75H pairing with wildtype Cx45 or Cx43

Similar experiments were conducted on cell pairs expressing mutant R75H in one cell and
the wildtype Cx45 or Cx43 in the other cell. Representative Ijs are shown in Fig. 2-9A
middle and right panels. The percentage of cell pairs coupled were measured as shown in
Fig. 2-9B middle and right panels. Cell pairs with one expressing R75H and the other
expressing wildtype Cx45 showed no coupling at all from six independent transfections
(Fig. 2-9B middle panel, % cell pairs coupled = 0, N = 6), which was significantly lower
than the wildtype Cx45 GJs (66.7 (50-75)%, N = 7, ***P < 0.001). Cell pairs expressing
R75H in one cell and wildtype Cx43 in the other cell showed a percentage of cell pairs
coupled at 0 (0-27.5)% (N = 6), and it was decreased compared to the wildtype Cx45 /
Cx43 (Fig. 2-9B right panel, 75 (68.8-100)%, N = 6, **P = 0.004). The G;js were measured
of cell pairs expressing one R75H and the other expressing either wildtype Cx45 or Cx43
(0 (0) nS, n =25, ***pP <0.001 for R75H / Cx45; 0 (0) nS, n = 24, ***P < 0.001 for Cx75H
/ Cx43) were also significantly lower than that of their respective controls (2.3 (0-6.4) nS,
n = 32 for Cx45 GJs; 11.3 (0.2-22.6) nS, n = 26 for Cx45 / Cx43 GJs; Fig. 2-9C middle
and right panels).
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Fig. 2-9. Representative junctional current (l;s) and bar graphs to show percentages (%) of
cell pairs coupled and coupling conductance (G;) of homotypic Cx45 R75H GJs, R75H
expressing cell paired with cell expressing wildtype Cx45 or Cx43.

(A) Dual whole cell patch clamp technique was used to measure junctional current (l;) in
response to indicated Vj in N2A cell pairs expressing homotypic wildtype and mutant GJs
(left panel), mutant expressing cell paired with wildtype Cx45 (middle panel) or Cx43
(right panel) expressing cell. Representative Ijs are shown, and the text colour indicates the
untagged fluorescent proteins, green (GFP) and red (DsRed). (B) Bar graphs summarize
the average % cell pairs coupled expressing homotypic wildtype and mutant GJs (left
panel), mutant expressing cell paired with wildtype Cx45 (middle panel) or Cx43 (right
panel) expressing cell. Data points represent the number of transfections, and the error bars
are * standard deviation (SD). (C) Bar graphs illustrate the average coupling conductance
(Gj £ SD) of cell pairs examined expressing homotypic wildtype or mutant GJs, mutant
expressing cell paired with wildtype Cx45 or Cx43 expressing cell as indicated. A
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nonparametric Mann-Whitney test was used to compare R75H with their respective
controls for all bar graphs. The statistical significance was indicated (* P < 0.05, ** P <
0.01, and *** P < 0.001).

Vj-gating properties of homotypic Cx45 GJ channels

Cell pairs expressing wildtype Cx45 were selected to study homotypic Cx45 GJs. The Ijs
were measured in response to a series of Vj pluses from £5 to £100 mV, displaying
symmetrical Vj-dependent deactivation (Fig. 2-10A). Ijs showed strong deactivation to V;
values in the range 20 to £100 mV and no apparent deactivation when V; absolute values
were at 5mV (Fig. 2-10A). The normalized steady state conductance (Gjss) was plotted as
a function of Vj, which could be fitted by a Boltzmann equation for each V; polarity (Fig.
2-10B). Boltzmann fitting parameters of Cx45 GJs are listed (Table 2-1.). Vj-gating

analysis for cell pairs expressing R75H or expressing R75H in one cell and wildtype Cx45

or Cx43 in the other was not shown as the majority of the cell pairs could not form
functional GJs (Fig. 2-9).

Fig. 2-10. Vj-gating of homotypic wildtype Cx45 GJs.

(A) Superimposed junctional currents (l;s) were recorded from cell pairs expressing Cx45
GJs in response to a series of Vj pulses (shown on the top of Fig 2-9A, +5 to £100 mV).
(B) Normalized steady state junctional conductance, Gjss of Cx45 were plotted as a
function of Vjs. A Boltzmann equation was used to fit Gjss— Vj plots. Error bars represent
SD and the number of cell pairs is indicated.
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Table 2-1. Boltzmann fitting parameters for homotypic Cx50, homotypic Cx45, and

heterotypic Cx50 / Cx46 GJs.

Vj
Gnmin Gmax Vo A
Polarity
Cx50 + 0.18 £ 0.05 1.05+£0.05 38625 | 0.09+0.02
(n=4) - 0.15+0.03 1.02 £ 0.06 405+27 |0.13+0.05
Cx50 / Cx46 + 0.23+£0.04 1.04 £ 0.06 37.8+24 | 018+0.12
(n=4) - 0.17 £ 0.02 1.01 £ 0.04 36.3+1.6 | 0.18+0.06
Cx45 + 0.09 £0.03 1.23+£0.16 23.4+49 | 0.07+0.02
(n=4) - 0.07 +0.03 1.26 +£0.19 18.8+53 | 0.07+£0.02

Data is presented as mean + SEM, and Vo and A are absolute values.
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Table 2-2. Boltzmann fitting parameters for homotypic Cx43 and mutants GJs, heterotypic
Cx43 | Cx45 GJs, and mutants expressing cell paired with wildtype Cx43 or Cx45

expressing cell.

Vi
Gmin Gmax Vo A
Polarity
Cx43 [ Cx43 + 0.26 + 0.05 1.03 +0.03 65.6 £ 2.2 0.16 % 0.05
(n=3) - 0.37 £0.05 1.02 +0.02 71227 0.14 +0.03
R76H + N/A N/A N/A N/A
(n=5) - 0.48 +0.07 1.02 +0.03 759+ 4.1 0.12 +0.06
R76S + 0.23 +0.04 1.04 +0.02 59.2+ 1.9 0.12 +0.03
(n=6) - 0.19+0.03* | 099002 | 56.9+1.7** 0.13 +0.03
R76H / Cx43 + 0.31+0.03 1.01 £0.03 58.6 + 3.1 0.28 + 0.60
(n=23) - N/A N/A N/A N/A
R76S / Cx43 + 0.29 + 0.04 1.03 +0.04 53.8 + 3.2* 0.19 +0.08
(n=4) - N/A N/A N/A N/A
Cx43 ] Cx45 + 0.02 £0.02 291+295 85+215 0.08 £0.02
(n=5) - N/A N/A N/A N/A
R76H / Cx45 + 0.02 +0.03 1.22+0.16 17.8+3.9 0.09 + 0.02
(n=5) - N/A N/A N/A N/A
R76S / Cx45 + 0.02 +0.02 1.22 +0.02 12.8+4.3 0.12 +0.03
(n=4) - N/A N/A N/A N/A
R76C / Cx45 + 0.03 +0.02 1.1+01 142+2.1 0.17 +0.04
(n=4) - N/A N/A N/A N/A
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Data are presented as mean = SEM. Vo and A are absolute values. Unpaired t-test was used
to compare the Boltzmann fitting parameters of each mutant against those of wildtype at
the corresponding V; polarity. N/A, not applicable. * P < 0.05 and ** P < 0.01.

The effect of net charge at the R76 residue for Cx50 R76H and Cx45 R75H
GJ channel function

Under physiological conditions the intracellular and extracellular pH are around 7.2 and
7.4, respectively, the arginine (R or Arg) residue carries a +charge at these pH values.
However, when the arginine residue mutated to histidine (H or His), such as R76H in Cx50
(or R75H in Cx45), the probability of H76 (or H75 in Cx45) carrying a +charge is very
low (only about 10% of His will be protonated; Betts & Russell, 2003). The loss or
substantial reduction of +charge on this residue could play a role in our observed
impairment of GJ function. To test this idea further, we manipulated our experimental
conditions by decreasing the pH values for either the intracellular solution or the
extracellular solution to 6.8 to increase the probability of histidine carrying a +charge and

hopefully that one of these manipulations could functionally rescue the mutant GJs.

The GJ functional status of cell pairs expressing Cx45 R75H (or Cx50 R76H) was tested
with lower intracellular pipette solution pH of 6.8 and the extracellular pH was kept at 7.4.
The l;s of cell pairs expressing Cx45 R75H (or Cx50 R76H) and wildtype Cx45 (or Cx50)
were recorded as shown in Fig. 2-11A. No GJ coupling was observed for Cx45 R75H
expressing cell pairs in 5 independent transfections (Fig. 2-11B, N = 5), while cell pairs
expressing wildtype Cx45 were frequently coupled with an average % cell pair coupled
(50 (45-75)%, N =5, **P = 0.008, Fig. 2-11B). Similarly, cell pairs expressing Cx50 R76H
also showed no GJ coupling in 5 independent transfections (Fig. 2-11B, N = 5), which is
significantly different from cell pairs expressing wildtype Cx50 (50 (40-87.5)%, N = 5,
**P = 0.008). The G; of cell pairs expressing Cx45 R75H was significantly different from
the Gj of cell pairs expressing wildtype Cx45 (1.4 (0-8.8) nS, n = 19, ***P < 0.001).
Similarly, the G; of cell pairs expressing Cx50 R76H was also significantly lower than that
of wildtype Cx50 cell pairs (0 (0-2) nS, n =19, **P = 0.001).
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Similar results were obtained for Cx45 R75H and Cx50 R76H with extracellular pH
reduced to 6.8 while maintaining the intracellular pH at 7.2. As shown in Fig. 2-12, both
the % cell pairs coupled and G; of either Cx45 R75H or Cx50 R76H were significantly
reduced from those of Cx45 (For Cx45 % cell pair coupled: 57.5 (22.5-93.8)%, N = 4 and
for Cx45 Gj: 0.2 (0-11.5) nS, n = 19) or Cx50 (For Cx50 % cell pair coupled: 80 (62.5-
100)%, N =5 and for Cx50 Gj: 1.6 (0.3-19.5) nS, n = 17), respectively (For Cx45 R75H
% cell pair coupled: N =5, **P = 0.008 and for Gj: n =19, ***P < 0.001; For Cx50 R76H
% cell pairs coupled: N =5, **P = 0.008 and for Gj: n = 19, ***P < 0.001, see Fig. 2-12B,
C). In summary, reducing either intracellular or extracellular pH to 6.8 failed to rescue the
% cell pair coupled or G;j of Cx45 R75H and Cx50 R76H function.
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Fig. 2-11. Representative junctional current (l;s) and bar graphs to show percentages (%)
of cell pairs coupled and coupling conductance (G;j) of homotypic Cx45 and its mutant
R75H GJs, and Cx50 and its mutant R76H GJs. The intracellular pH (pH;) and the
extracellular pH (pHe) were 6.8 and 7.4, respectively.

(A) Dual whole cell patch clamp technique was used to measure junctional current (1;) in
response to indicated Vj in N2A cell pairs expressing homotypic Cx45 wildtype and R75H
GJs (left panel), and Cx50 wildtype and R76H GJs (right panel). Representative Ijs are
shown, and the text colour indicates the untagged fluorescent proteins in green (GFP). (B)
Bar graphs summarize the % cell pairs coupled expressing homotypic Cx45 wildtype or
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R75H GJs (left panel), and Cx50 wildtype or R76H GJs (right panel). Data points represent
the number of transfections, and the error bars are £ SD. (C) Bar graphs illustrate the
average coupling conductance (Gj = SD) of cell pairs examined expressing homotypic
Cx45 wildtype and R75H GJs (left panel) and Cx50 wildtype and R76H GJs (right panel)
as indicated. A nonparametric test Mann-Whitney test was used to compare each mutant
with their respective controls for all bar graphs. The statistical significance was indicated
(* P<0.05, ** P <0.01, and *** P < 0.001).
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Fig. 2-12. Representative junctional current (l;s) and bar graphs to show percentages (%)
of cell pairs coupled and coupling conductance (G;j) of homotypic Cx45 and its mutant
R75H GJs, and Cx50 and its mutant R76H GJs. The intracellular pH (pH;) and the
extracellular pH (pHe) were 7.2 and 6.8, respectively.

(A) Dual whole cell patch clamp technique was used to measure junctional current (l;) in
response to indicated Vj in N2A cell pairs expressing homotypic Cx45 wildtype and R75H
GJs (left panel), and Cx50 wildtype and R76H GJs (right panel). Representative ljs are
shown, and the text colour indicates the untagged fluorescent proteins in green (GFP). (B)
Bar graphs summarize the % cell pairs coupled expressing homotypic Cx45 wildtype or
R75H GJs (left panel), and Cx50 wildtype or R76H GJs (right panel). Data points represent
the number of transfections, and the error bars are £ SD. (C) Bar graphs illustrate the
average coupling conductance (Gj = SD) of cell pairs examined expressing homotypic
Cx45 wildtype and R75H GJs (left panel) and Cx50 wildtype and R76H GJs (right panel)
as indicated. A nonparametric test Mann-Whitney test was used to compare each mutant
with their respective controls for all bar graphs. The statistical significance was indicated
(* P<0.05, ** P <0.01, and *** P < 0.001).

Structure modes of wildtype Cx50, Cx43 and Cx45 and their mutants at the
R76 (or R75) residue

In order to gain further insights into the structural mechanisms of the R76 mutants, we
developed homology models for Cx43 and Cx45 GJs, using the newly resolved high-
resolution Cx50 GJ structure as a template (Flores et al., 2020), then performed
mutagenesis analysis using PyMOL (Fig. 2-13). A side view of Cx50, Cx43 and Cx45 GJ
structures are shown on the left panels of Fig. 2-13. Zoom-in views of R76 residues in each
of these wildtype GJs are shown as indicated. In all cases, the R76 (or R75 in Cx45) side
chain showed similar non-covalent interactions, specifically salt bridges with E48 (or E47
in Cx45) of the same subunit (intra-subunit interaction) and salt-bridge interactions with
E208 in Cx50, E205 in Cx43, or E227 in Cx45 in the next subunit (inter-subunit
interaction) as shown with yellow dashed lines in Fig. 2-13. Substitution of arginine with
histidine (R76H) in Cx50, Cx43, and Cx45 (in this case R75H) could maintain similar salt-
bridge interaction (between the side chains of H76 and E208 in Cx50, H76 and E205 in
Cx43, or H75 and E227 in Cx45). However, the intra-subunit salt-bridge interactions are
lost as the H76 is too far away from E48 (or E47 in Cx45) in Cx50 and Cx43. Lastly, the
R76C in Cx50 as well as both R76S and R76C substitutions in Cx43 showed a completely
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loss of both intra- and inter-subunit salt-bridge interactions at the respective C76 or S76
sidechains (Fig. 2-13).

Fig. 2-13. Structural models of Cx50, Cx43, and Cx45 and their mutants.

The wildtype (WT) Cx50 GJ model was based on Cryo-EM determined structure (PDB:
7JJP) (Flores et al., 2020) and is presented on the left with a side view. The homology
models of wildtype (WT) Cx43 GJ and Cx45 GJ were created based on the Cx50 GJ
structure (7JJP) and are both presented in a similar side view as that of Cx50 GJ. The
mutagenesis modelling of mutations at the 76th residue in these GJs was performed using
PyMOL. The zoom-in views of all the mutants at R76 residue in Cx50, Cx43 and Cx45 are
shown as indicated. The yellow dashed lines on each panel represent possible salt-bridge
interactions with an estimated distance under 4 A.
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Discussion

This present study is to investigate the functional status and properties of GJs formed by
the disease-linked R76 mutants in Cx50 (R76H, R76C), Cx43 (R76H, R76S, and R76C)
and Cx45 (R75H) with a particular focus on the formation of functional heterotypic GJs.
Our results showed that most of the studied mutants at this residue were unable to form
functional GJs except Cx43 R76H and R76S, which formed functional GJs with some
altered Vj-gating properties. Interestingly, all three Cx43 mutants, R76H, R76S and R76C
were able to form functional GJs when paired with the docking compatible Cx45, but only
R76H and R76S formed functional GJs with wildtype Cx43. Our preliminary data
suggested a decreased unitary channel conductance (y;) for R76S GJ. The homology
structure models on these mutants predicted a partial or complete loss of intra- and/or inter-
subunit non-covalent interactions (salt bridges) at the arginine residue sidechain in each
mutant model, presumably these intra- and inter-subunit interactions are critical for
connexin subunit folding and/or oligomerization into proper hemichannel structure that is

required for the formation of functional GJs in these and possibly other connexins.

Arg76 is highly conserved and its interactions within and between connexin
subunits likely play an important role in GJ function

Several independent lines of evidence argue that arginine76 (Arg76 or R76) or its
equivalent residue in connexins are critical for biological function. First, R76 in Cx50 and
its equivalent residue in other connexins are fully conserved in the same connexin of
different species and also across different connexin families (Fig. 2-14) indicating that this
connexin residue is likely to play an important role in biology during the evolution process
and cannot tolerate for changes to other residues, which exist in many connexin residue
positions (Fig. 2-14). Second, several high-resolution crystal and Cryo-EM structure
models have been developed for Cx26, Cx46, and Cx50 GJs and all of them showed that
R76 is located at the junction of E1 and M2 domains displaying multiple non-covalent
interactions with residues of the same subunit and/or from the neighbouring subunit
(Maeda et al., 2009; Bennett et al., 2016; Myers et al., 2018; Flores et al., 2020), suggesting
that this residue may be important for connexin subunit folding as well as assembling into

a hexameric hemichannel. Interestingly, two Cx26 R75 (equivalent to R76 in Cx50)
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interacting residues, E42 and E47, have also been proposed to be the key residues for Ca?*-
binding in Cx26 GJs. Ca?" is a well-known GJ modulator, and elevation of intracellular
Ca?* concentrations could promote gating (closing) of the channel in several GJs (Rose &
Loewenstein, 1975; Peracchia, 1978, 2004; Lurtz & Louis, 2007). Third, R76 in Cx50,
Cx43, Cx46 or equivalent residue in other connexins is an inherited disease-linked
mutation hot-spot. Five inherited human diseases are linked to mutations in six connexin
genes, including genes encoding Cx26, Cx32, Cx43, Cx45, Cx46, and Cx50 (Richard et
al., 1998; Uyguner et al., 2002; Yum et al., 2002; Paznekas et al., 2003; Pizzuti et al.,
2004; Burdon et al., 2004; Devi et al., 2005; Reis et al., 2013; Izumi et al., 2013; Yu et al.,
2016). Most of these R76 connexin mutation-linked diseases are inherited in an autosomal
dominant fashion in patients and their families and in one case in Cx43 autosomal recessive
inheritance was also observed (Pizzuti et al., 2004). Co-segregation of the connexin R76
mutants with relevant diseases argues strongly that the mutants at this position are most
likely pathogenic and unlikely to be coincidental. Finally, previous functional studies on
disease-linked connexin R76 mutants in some connexins, including Cx26 (R75Q and
R75W), Cx32 (R75P, R75Q and R75W), and Cx46 (R76H and R76G) in recombinant
expression studies showed that all these mutants impaired GJ function in cell pairs
expressing the mutants (Chen et al., 2005a; Piazza et al., 2005; Abrams et al., 2013, 2018).
Our present study characterized several recently identified mutants on this residue in Cx50
(R76H, R76C) and Cx43 (R76S, R76C). Homotypic combinations of these mutants,
including Cx50 R76H and R76C as well as Cx43 R76C, showed impaired GJ function,
consistent with those previous findings in Cx26, Cx32, and Cx46. Homotypic Cx43 R76S
and R76H displayed functional GJs in our model cells but with some altered Vj-gating
properties and/or unitary channel conductance. The impairment of GJ is not restricted to
homotypic mutant GJs, when mutant expressing cells paired with either corresponding
wildtype or a docking compatible connexin, Cx50 R76H (or R76C) and Cx45 R75H also
show impaired GJ function. Interestingly, Cx43 R76S showed altered Vj-gating properties
when paired with wildtype Cx43. Cx43 R76C showed GJ functional impairments when
paired with wildtype Cx43 but not with Cx45, suggesting that Cx43 R76C could form
hemichannels with an altered structure which is unable to form functional GJs with Cx43,

but capable forming heterotypic GJs with Cx45. In summary, the total impairments of GJs
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function or alteration of GJ channel properties observed in the R76 or equivalent residue

mutants could play a role in their pathogenesis in patients carrying these mutants.
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Fig. 2-14. Sequence logo of 19 connexins in all available species including 1656
sequences.

Connexin sequences were downloaded from the OMA Orthologous Matrix browser for 19
connexins of different species to have a total of 1656 connexin sequences and imported
into Jalview. Sequence alignment was performed using ClustalOmega with default
settings. The Arg 76 (R76) is fully conserved in this collection of connexins as a single
large letter R. Several other residue positions are also fully conserved (the 65th, 67th, 71st,
78th, 88th), but other residue positions have two or more residues with different
probabilities reflected by the height of the letters.

The functional status and properties of GJs formed by six R76 mutants

In line with the previous functional studies of disease-linked mutations at the R76 residue
in Cx26, Cx32, Cx43, Cx45 and Cx46, the majority of the mutants in Cx43, Cx45 and
Cx50 we have examined were unable to form functional GJs, indicating the prevalence of
loss-of-function mutations at the R76 residue (Chen et al., 2005a; Huang et al., 2013;
Abrams et al., 2013; Seki et al., 2017; Abrams et al., 2018). Among the mutants, Cx50
R76H and R76C, Cx43 R76C and Cx45 R75H were all unable to form functional
homotypic GJs, only Cx43 R76H and R76S could form functional homotypic GJs.
Interestingly, we found that a substitution of arginine with serine at the 76th position
(R76S) resulted in a functional GJ that had reduced vy; (78 pS) from our preliminary data.
At the macroscopic level, the R76S had lower Gmin (increased extent of Vj-gating) and
lower level of half deactivation voltage (Vo) for one V; polarity as compared with the Vj-
gating properties of wildtype Cx43 GJs. The Vj-gating properties in R76H GJ were likely
changed as well as for one V;j polarity as we were unable to fit the Boltzmann equation with
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meaningful parameters (e.g., at +Vjthe Gmin Showed negative values out of the expected
range between 0 — 1). We believe that this is likely due to an increased Vo, which cannot
be estimated properly with our tested V;j range. Our previous study on a tagged Cx43 R76H
showed a decreased vyj (41 pS) (Huang et al., 2013). The differences in the functional
properties of these two mutations could be explained by structural changes caused by
different amino acid substitutions at the R76 residue. Based on our homology model of
Cx43, R76 side chain interacts (forming salt bridges) with two residues, E48 of the same
subunit and E205 of the neighbouring subunit in Cx43 GJ and these intra- and inter-subunit
interactions are likely facilitating subunit folding and oligomerization to form the
hemichannel structure and may also affect proper docking between the two hemichannels.
The substitution to histidine (R76H) resulted in a loss of the intra-subunit salt bridge and
may also alter the inter-subunit salt bridge at this site, whereas both intra- and inter-salt
bridges were likely disrupted in the case of R76S. It is possible that these inter- and intra-
subunit interactions are critical to maintain the channel structure for proper Vj-gating,
partial or complete modification of these interactions could modify the Vj-gating
parameters, such as Vo. Our current study and previous study also showed a reduction of
unitary channel conductance (y;) in both R76S and R76H, which could also change the Vj-
distribution along the GJ channel and indirectly modify the Vj-gating properties, giving
rise to asymmetrical G;jss— Vj curves. Even though both salt bridges were lost in R76S and
R76C mutants, R76C was incapable of forming functional GJs in contrast to R76S. This
indicates the requirement of specific amino acids appearing at the 76th position of Cx43 or
the R76C could form an abnormal disulfide bridge within E1 or between E1 — E2 domains
altering those normally formed triple disulfide bridges between E1 — E2. High resolution
Cx43 and Cx45 GJ structures are currently not available, that is the reason we used the
homology models for these two connexins. With sequence identity at 60% to Cx43 and
55% to Cx45 for the structural resolved domains, we believe that the Cx50 GJ structure is
a great template for these homology models, but we cannot rule out the possibility that
these connexins could have different GJ structures from that of Cx50. A recent unpublished
study (in bioRxiv) showed a Cryo-EM resolved Cx43 GJ structure (Qi et al., 2022), but the
detailed structure coordinates are not currently available, and we could not use that to

develop structure models for our studied mutants on R76 in Cx43. Perhaps this and future



64

Cx43 GJ structure models will help to explain why R76 in this connexin could tolerate

some mutations and still show GJ function but with altered properties.

The functional status and properties of GJs formed by pairing R76 mutants
and wildtype connexins

As a highlight of this study, we characterized the GJs function formed by the mutants paired
with the wildtype docking compatible connexins, providing new mechanistic insights into
the mutations at this well-conserved residue in different connexins. Most of the R76 (or
R75 in Cx45) mutants impaired GJ function in a dominant-negative manner on homomeric
homotypic or heterotypic wildtype connexins, such as Cx50 R76H (or R76C) / wildtype
Cx50 (or Cx46), Cx45 R75H / wildtype Cx45 (or Cx43), or Cx43 R76C / wildtype Cx43.
Cx43 R76H and R76S formed functional GJs when paired with Cx43, but R76C / Cx43
did not. R76S / Cx43 showed altered Vj-gating properties with a lower level of half
deactivation voltage (Vo) as compared to Cx43. Interestingly, all three Cx43 mutants
formed functional GJs when paired with Cx45, indicating that the R76C mutant could be
biosynthesized and trafficked to the plasma membrane when making contact with cells
expressing Cx45, allowing for the formation of functional heterotypic GJs at the cell
junctions. We believe that the Cx43 R76C hemichannel structure is likely altered
substantially so that they lose the ability to dock and form functional channels with cells
expressing either the same mutant or wildtype Cx43, but Cx45 hemichannels could be
adapted to the structural change on Cx43 R76C. We have obtained some morphological
data (H. Chen and D. Bai unpublished observations) that showed a higher probability of
observing GJ plaque-like structures between cell pairs expressing Cx43 R76C-GFP and
Cx45-RFP than those expressing wildtype Cx43-GFP and Cx45-RFP, indicating that Cx43
R76C is easier to form morphological GJs with wildtype Cx45 than Cx43.
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Possible pathophysiological mechanisms of R76 mutant-linked diseases in
different connexins

The pathophysiological significance of the R76 residue is supported by numerous inherited
disease-linked mutations at this residue (or the corresponding one) in at least six connexins:
hearing loss and palmoplantar keratoderma (PPK)-linked mutations in Cx26 (Yum et al.,
2010), Charcot-Marie-Tooth disease-linked mutations in Cx32 (Yum et al., 2002), ODDD-
linked mutations in Cx43 (Paznekas et al., 2003; Pizzuti et al., 2004; l1zumi et al., 2013),
progressive atrial conduction defect-linked mutation in Cx45 (Seki et al., 2017), and
congenital cataract-linked mutations in Cx46 and Cx50 (Burdon et al., 2004; Reis et al.,
2013; Yu et al., 2016; Wang et al., 2020). A summary of disease-linked mutations at the
76/75 residue in these connexins and a summary of studies of their functional status is
shown in Table 2-3. The majority of the mutants failed to form functional GJs in
recombinant expression studies. For example, Cx26 R76W, Cx46 R76H and R76G were
all unable to form functional GJs (Chen et al., 2005b; Abrams et al., 2018); Cx32 R75P,
R75Q and R75W formed GJ channels with low or no coupling (Abrams et al., 2013). It
has not been well studied whether heterotypic GJs formed by R76 mutants when paired
with docking-compatible connexins may play a role in pathogenesis. Lens connexins form
GJs which are important in the lens circulation of ions, nutrients and metabolic (Beyer et
al., 2013). Impairment of GJ function is a common molecular mechanism for cataract
formation. One study has shown that a point mutation (D47A) in mouse Cx50 led to a
reduction in lens circulation that reduced water and ion outflow, resulting in cataracts
(Berthoud et al., 2013). This mutation was also predicted to have a dominant-negative
effect on co-expressed Cx50 and Cx46 as the GJ coupling was more severely decreased in
D47A than that in Cx50 knockout mouse lenses, in which only the Cx50 abundance was
affected (Berthoud et al., 2013). Here, we showed that Cx50 R76H (or R76C) expressing
cells paired with wildtype Cx50 or Cx46 expressing cells failed to form functional GJs,
suggesting a potential etiology of congenital cataracts by the dominant-negative behaviour
of R76 mutations in homomeric homotypic and heterotypic GJs leading to impaired
intercellular communication. Connexins in the heart are essential for rapid action potential
propagation. Because of the cardiac connexin expression pattern, where Cx43 and Cx40

are expressed in the atria and Cx45 is expressed only in the sino-atrial (SA) and atrio-
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ventricular (AV) nodes and the ventricular conduction system, heterotypic Cx45 / Cx43
GJs could be formed between SA node and Cx43-expressing cardiomyocytes as well as
between the Cx43-abundant atrial cardiomyocytes and the Cx45-abundant SA or AV nodal
cells to mediate electrical coupling (Ye et al., 2017). We have demonstrated that Cx45
R75H / Cx45 (or Cx43) GJs were not functional. This could eliminate the action potential
propagation within the SA and AV nodes as well as from the SA node to atrial
cardiomyocytes and/or from atrial cardiomyocytes to the AV node. It is possible that this
impairment plays a role in the development of AV block observed in patients carrying
R75H mutation as reported by Seki et al. (Seki et al., 2017). It has been reported that the
affected family members with R75H mutation also had an atrial standstill (a total
elimination of the atrial electrical activity) (Seki et al., 2017). We speculated that this could
be due to the impaired Cx45 R75H / Cx43 GJs formed at the boundary between the SA
node and atrium and prevented electrical signal transmission from the SA node to the
atrium. In conclusion, the impairments of heterotypic GJs formed by R76 (or R75) mutants
when paired with docking-compatible connexins, could participate in the pathophysiology
of congenital cataracts and progressive atrial conduction defects.
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Table 2-3. Summary of disease-linked mutations at the 76/75 residue in Cx26, Cx32, Cx46,
Cx43, Cx45 and Cx50 and summary of in vitro functional studies.

Conn-

exins

Linked
diseases

Mutations

References
(identification)

Functional data

References

R7SW Richard et al., 1998) -Normal expression in the PM using Western blot (Richard ez al., 1998)
Sensori-neural (AD) -Non-functional GJs (Chen et al., 2005b);
Cx26 hearing loss -Dominant-negative effect on co-expressed wt Cx26 GJ function. (Deng et al., 2006)
(with PPK) R75Q Uyguner ef al., 2002); | -Able to form morphological GJ plaques (HeLa) (Piazza et al., 2005)
(AD) Feldmann et al., 2005) | -Non-functional GJs
Bone et al., 1997) -Localized at Golgi (HeLa) (Yum et al., 2002);
R75P -Able to form morphological GJ plaques (N2A)
(X-linked) -GJ function reduced (Abrams et al., 2013)
-Altered Vij-gating when paired with wt Cx32
Silander et al., 1997): Same defects as Cx32 R75P (Yum et al., 2002);
x32 CMTIX RYSQ Tan et al., 1996) (Wang et al., 2004);
(X-linked) (Abrams et al., 2013)
Bone et al., 1997) Same defects as Cx32 R75P (Abrams et al., 2013)
R75W Latour et al., 1997)
(X-linked) Silander et al., 1997)
R76H Burdon ez al., 2004) -Morphological GJ plaque reduced/eliminated (N2A) (Abrams ez al., 2018)
Cxd6 Congenital (AD) -GJ function reduced
cataracts -
R76G (AD) Devi et al., 2005) Same defects as Cx46 R76H (Abrams et al., 2018)
Pizzuti et al., 2004) -Able to form morphological GJ plaques (HeLa and NRK) (Huang et al., 2013);
R76H -GJ function reduced or normal when paired with wt Cx43 and Cx45, | Current study
(AR) but Vj-gating property altered in R76H
-y; reduced
Paznekas et al., 2003) | -Able to form morphological GJ plaques Current study
Cxd3 ODDD R76S -GJ function normal when paired with wt Cx43 and Cx45, but with
(AD) Vij-gating property altered in R76S/Cx43
-yj reduced
Izumi et al., 2013) -Morphological GJ plaques reduced (HeLa) Current study
R76C -Non-functional GJs
(AD) -Non-functional GJs paired with wildtype Cx43
-GJ function normal when paired with wtCx45
e Seki et al., 2017) -Able to form morphological GJ plaques (N2A) (Seki et al., 2017);
ftrial R75H -Unable to form morphological GJ plaques (HeLa)
Cx45 ondto (AD) -Non-functional GJs Current study
& g ;“ : i Non-functional GJs paired with wtCx45 and wtCx43
£ -Dominant-negative effect on heteromeric wtCx45
Wang et al., 2020); -No GJ plaque (HeLa) (Wang et al., 2020) (Wang et al., 2020);
R76H Yuet al., 2016) - Able to form morphological GJ plaques (Hek293) (Yu et al., 2016) (Yuet al., 2016);
Congenital (AD) -Non-functional GJs Current study
Cx50 cataracts -Non-functional GJs paired with wildtype Cx50 or Cx46
R76C Reis et al., 2013) -Non-functional Gls. Current study
(AD) -Non-functional GJs paired with wt Cx50 or wt Cx46

AD autosomal dominant; AR autosomal recessive. CMT1X: Type 1 X-linked Charcot-
Marie-Tooth disease; PPK: palmoplantar keratoderma; ODDD: Oculodentodigital
dysplasia; GJ/GJs: gap junctions; wt: wildtype; Vj-gating: transjunctional voltage
dependent gating; y;j: unitary channel conductance.

Molecular and structural insights on mechanisms of R76 mutants

Our homology structure models based on the recently resolved high resolution structure

model of Cx50 (Flores et al., 2020) showed salt bridges could be formed between Cx50

R76 (or equivalent residue in Cx43 and Cx45) and E48 (or equivalent residue) of the same

subunit and E208 (or equivalent residue) of a neighbouring subunit. In the case of Cx45

homology model, an additional salt bridge could be formed between the S42 of the
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neighbouring subunit and of R75 as the distance is around 3.5 A (Fig. 2-15). Previous
studies developed their homology models of Cx32 and Cx46 using the Cx26 (PDB: 2ZW3)
structure as a template, which showed an additional inter-subunit salt bridge between R75
(or R76) and E42 in Cx26 (or S42 in Cx32, D43 in Cx46) in close proximity (Fig. 2-15A)
(Abrams et al., 2013, 2018). In contrast, this inter-subunit salt bridge does not exist
according to our homology Cx50 and Cx43 structure models but a similar interaction could
be identified in the Cx45 structure. As shown in Fig. 2-15A, the corresponding residues of
E42 in Cx26 are F43 in Cx50, S43 in Cx43, and S42 in Cx45 (grey arrow). The amino acid
serine in Cx43 and Cx45 contains a hydroxyl group, which is possible to form a salt bridge
with R76/75; However, the structure model of Cx43 illustrated that the corresponding
residue of S43 is less likely to establish a salt bridge as the distance between the side chains
was at least 4.6 A away from R76 sidechain (Fig. 2-15B, white line) while Cx45 S42 is 3.5
A from R75 sidechain and has the potential to form a salt bridge with R75 to stabilize the
protein structure. Nonetheless, it was not included in the structure models in the Results as
this interaction is likely to be much weaker. The intra-subunit salt bridge may be important
in folding the connexins structures at the E1 domain, while the inter-subunit interaction is
likely to contribute to the oligomerization of six connexin subunits into a hemichannel and
maintain a proper structure of the docking interface. The mutagenesis analyses
demonstrated that different R76 mutations lead to a partial or complete loss of these
interactions. Note that the disruption of these salt bridges in different mutants does not
necessarily correspond to the functional status of the mutant GJs. For example, although
some (or all) salt bridges were disrupted in Cx43 R76H, R76S and R76C, R76H and R76S
could still form functional GJs, but not Cx43 R76C.

In conclusion, R76 in Cx50 or its equivalent residue in other family connexins is highly
conserved and mutations on this residue are frequently linked to inherited connexin
diseases. Our functional characterizations in mutants on this or equivalent residue in Cx50,
Cx43, and Cx45 revealed most of the mutants showed impaired GJ function and/or with
apparently normal GJ function but with altered Vj-gating or yj. Our homology models
indicate mutations on R76 or R75 could impair intra- and inter-subunit interactions, which

could lead to misfolding and/or improper oligomerization of the connexin to impair or alter
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GJ function in these and possibly other connexins to promote the as sociated connexin

diseases.

A 40 50 80 230

I I 1
Cx50 AABF VW LWV L
Cx43 AVES AW FWV L
Cx45 AV Yy FWV F

FV |
AFR |
FV L

Cx46 @AAABBVW d | | FWA L
Cx32 VVAABS VW F [
Cx26 VVAA ﬁvw . ABFvV |
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LWA L

- = —-

S ST ST UL ST ST

Fig. 2-15. Sequence alignments of six human connexins at R76 and nearby domains and
homology structure models of Cx26, Cx50, Cx43 and Cx45 GJs at R76 or equivalent R75.

(A) The sequence alignments of human Cx50, Cx43, Cx45, Cx46, Cx32 and Cx26 are
shown in three short stretches, near R76 at the junction of E1 - M2 domain, M1 - E1
domain, and the E2 - M4 domain. Each sequence was downloaded from UniProt
individually and imported into Jalview (2.11.2.4) for alignment using ClustalOmega with
default setting. The position number was labelled according to Cx50. R76 is indicated by
a black arrow, and the E48 and E208 that form salt bridges with R76 are indicated by red
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arrows. In addition, the grey arrow indicates the 43rd position or the equivalent that was
predicted by previous studies to form a salt bridge with R76/75 in Cx46, Cx32 and Cx26
(Abrams et al., 2013, 2018). (B) The structure models of Cx26 and Cx50 as well as the
homology structure models of Cx43 and Cx45 are presented in a zoom-in view of R76 (or
R75). These four connexin GJ structures all share similar R76 interactions with E48 and
E208 in Cx50, E48 and E205 in Cx43, and E47 and E227 in Cx45. R75 in Cx26 and Cx45
are likely to form an additional salt bridge with E42 of a neighbouring subunit in Cx26 and
S42 of a neighbouring subunit in Cx45, respectively (the distance between S42 to R75 in
Cx45 is 3.5 A). The distance between S43 and R76 side chains in Cx43 is over 4 A.
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Chapter 3

General Discussion

Overall study

This study aimed to address the knowledge gap on the functional status and properties of
GJs formed by connexins with disease-associated mutations, especially on the ability of
these mutants to form heterotypic GJs. We showed that most of the mutations in Cx50,
Cx43, and Cx45 were unable to form functional homotypic GJs, with the exception of Cx43
R76H and R76S where functional GJs were formed and both of them can also form
functional GJs when paired with wildtype Cx43. Surprisingly, all three Cx43 mutants,
R76H, R76S and R76C were able to form functional heterotypic GJs with Cx45. The
transjunctional voltage-dependent gating (Vj-gating) properties of the functional GJs were
compared with their respective controls, and R76H, R76S and R76S / Cx43 GJs exhibited
altered Vj-gating properties. Our preliminary data of the unitary conductance (y;) of the
Cx43 R76S GJ was lower than the wildtype Cx43 GJs. The homology structure models
and mutagenesis analysis illustrated that these mutants had different levels of disruption of
salt bridges of the R76 sidechain with neighbouring residues and were not necessarily
correlated to the functional data. Especially in the functional Cx43 R76H and R76S GJs,
the partial or complete loss of salt bridges on the sidechain of the 76" residue did not affect
the formation of functional GJs. The R76 residue is highly likely to be critical in connexin
subunit folding and the oligomerization into proper hemichannel structure. Finally, our
results showed that restoring the partial positive charge at the 76" position was not
sufficient to restore the function of Cx50 R76H and Cx45 R75H mutant GJs. Overall, this
study contributed to the understanding of the cellular and molecular mechanisms of
disease-linked mutations at R76 (or R75) residues in three common connexins. Our study
also highlighted the importance of R76 residue in forming functional GJs, which could

imply the pathophysiological mechanisms of the relevant connexin diseases.
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Potential role of the R76/75 residue in hemichannel docking

R76 is located on the border of E1 and M2 domains and is more than ten amino acid
residues away from the nearest triple cysteine residue in E1, which form disulfide bridges
with three cysteine residues on the E2. These intra-subunit disulfide bonds between E1 and
E2 domains are known to be important in folding a single connexin subunit (Bai et al.,
2018). From co-variation analysis, we have shown that R76/75 residue co-evolves with
those hydrogen bonds (HB) forming residues at the hemichannel docking interface, which
implies that despite R76/75 is not directly on the docking interface, it is a part of a network
with other docking residues on the E1 and E2 domains to mediate hemichannel docking
(Bai et al., 2021). In addition, Abram et al. (2018) demonstrated that R76 residue is
important in forming functional Cx46 GJs. Their homology structure model of Cx46 based
on the crystal structure of Cx26 revealed that the R76th residue forms one intra- and two
inter-subunit salt bridges, which might be critical to stabilize the conformation of the
extracellular loop domains that are required in the proper docking between two
hemichannels. Our current study on Cx50 and Cx45 also supports this idea, in which R76
or equivalent residue plays an important role in the formation of functional GJs and the
intra- and inter-subunit salt bridges at the R76 sidechain which might be important for the
connexin subunit folding to form a proper structured hemichannels to from functional GJs.
It is very interesting, but currently not clear how mutations in R76 in Cx43 GJ are still able
to form functional GJs, perhaps that Cx43 GJ structure is very different from those of Cx50
and Cx26, which could accommodate some structural changes around R76 and still able to
form homotypic functional GJs with the mutants (R76S and R76H) or only form
heterotypic GJs with Cx45 (R76C). More mutagenesis studies will be needed to explore
this further, but Cx43 and Cx45 GJs or their hemichannels displayed some structural

flexibility to adapt the structural changes associated with some mutations on R76 in Cx43.

The restoration of a positive net charge at the 76th residue did
not restore the Cx50 R76H and Cx45 R75H GJ function

We investigated whether the positive charge at the R76 residue is critical to establish the
intra- and/or inter-subunit salt bridges and whether it is possible to rescue GJ function of

Cx50 R76H and Cx45 R75H GJs under experimental conditions favouring protonation of
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the histidine. By lowering the pH of the intracellular or extracellular solution to 6.8, we
expected to have the histidine side chain partially protonated in R76H mutant GJs, restoring
the positive charge at the 76th residue at least in some of the GJs might be sufficient to
rescue their GJ function. Our electrophysiology results showed that lowering the pH of
intracellular (pH;) or extracellular (pHe) solution to 6.8 did not rescue mutant GJ function,
which suggested that the partially restored +charge at the 76™ position was insufficient to
restore the local interactions with neighbouring residues, thereby the mutant connexins
were unable to form functional GJs. Many factors could also play a role in the structural
interactions between residues in the 3-dimensional protein structure. Perhaps the size or
the conformation of the amino acid side chain is also important to stabilize the interactions

between R76 and others neighbouring residues.

Lens Cx46 and Cx50 orthologs in sheep, human and mouse

Our functional studies of pathogenic mutations at R76 (or 75 in some connexins) have
revealed the functional importance of R76 in connexin function and most importantly, the
importance of this residue in formation of functional GJs of Cx50. Sheep Cx50 and Cx46
were selected for our recombinant expression study because 1) we can directly align our
functional data with the high-resolution GJ structures (Myers et al., 2018; Flores et al.,
2020) and 2) human Cx46 cDNA construct is not expressed well in N2A cells and too
difficult to obtain experimental data routinely. The sheep Cx50 and Cx46 have 96% and
95% sequence identity to human Cx50 and Cx46 for the structural-resolved domains,
respectively (Fig. 3-1A, B). The sheep Cx50 and Cx46 have 97.4% and 95% sequence
identity to mouse Cx50 and Cx46 for the structure-resolved domains, respectively (Fig. 3-
1A, B). With the high level of sequence identities, we believe that sheep Cx50 and Cx46
GJ structures are good models for the homolog connexins from human to study disease-
linked mutations while providing structural insights. Furthermore, our functional study has
revealed similar Vj-gating properties to those previously reported on the mouse and human
Cx50 and Cx46 (White et al., 1994; Pal et al., 1999; Hopperstad et al., 2000; Xin et al.,
2010). The Vij-gating properties and the Boltzmann fitting curves of wildtype sheep Cx50

are also similar to previous functional studies using sheep Cx50, in which the wildtype
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Cx50 GJ has a lower Gmin, high sensitivity (big A value), and a half-deactivation voltage
of ~40 mV (Yue et al., 2021).
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Fig. 3-1. Sequence alignments and sequence logo of the structural-resolved domains of
Cx46 and Cx50.

(A) Sheep, human and mouse Cx46 sequences were downloaded from the Uniport website
and imported into Jalview (2.11.2.4) for sequence alignment. ClustalOmega with default
setting was used for the sequence alignment of the structural-resolved domains, including
NT, M1, E1, M2, M3, E2 and M4 domains. The sequence logo of Cx46 contains 68 species
for the corresponding domains are shown under the alignment. (B) Sheep, human and
mouse Cx50 sequences were downloaded from the Uniport website and imported into
Jalview (2.11.2.4) for sequence alignment. ClustalOmega with default setting was used for
the sequence alignment of structural-resolved domains, including NT, M1, E1, M2, M3,
E2 and M4 domains. The sequence logo of Cx50 contains 106 species for the
corresponding domains are shown under the alignment. The percentages of sequence
identity between sheep and human (or sheep and mouse) were calculated by dividing the
number of identical residues by the total number of residues within the entire structural-
resolved domains.

Limitations and future studies

Our study together with previous studies provided compelling evidence for the importance
of R76/75 residue in the formation of functional GJs (Chen et al., 2005; Huang et al., 2013;
Abrams et al., 2013, 2018). The results are mostly consistent with previous findings that
R76 mutations led to a loss-of-function of GJs as well as have dominant-negative effects
in GJs function formed by pairing the mutant connexin with its corresponding wildtype or
docking compatible connexins. Nevertheless, there are a few limitations in the
experimental condition of this study. First, our electrophysiological recordings on cell pairs
expressing Cx43 were technically difficult. Cx43 forms too many functional GJ channels
with a fast pace when expressed GFP-untagged Cx43 in N2A cells. Dual whole cell voltage
clamp recordings could have voltage clamp errors, especially those cell pairs with a high
level of GJ coupling conductance (Van Rijen et al., 1998). To ensure the quality of our
patch clamp recording (lower voltage clamp errors) for voltage-dependent gating (Vj-
gating) analysis, we shortened the replating time to as low as ~30 mins, a minimum time
for cells to be stably attached to the coverslip to allow us to perform patch clamp recording.
This allowed us to record cell pairs that were just adhered to the coverslip and not having
too high of a GJ coupling conductance, ideally with a Gj <9 nS for optimal voltage clamp.

However, the chance of obtaining analyzable results without having a too high level of G;
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in selected cell pairs (we set a cut-off to eliminate cell pairs that had G;j > 50 nS to avoid
cytoplasmic bridge) was relatively low, and it was even more difficult to acquire unitary
channel conductance (y;) from cell pairs that had one or two GJ channels. We have already
tried to look for cell pairs with a very low level of GFP expression. We still could not
obtain enough cell pairs with only 1-2 Cx43 or its mutants GJ channels to do proper
analyses. It would be ideal to obtain more unitary channel recordings for y; analysis of

Cx43 R76H and R76S GJ to consolidate our current preliminary findings.

We decided to investigate the effects of +charge on arginine or histidine at the 76" position
in establishing local salt bridges on their sidechain and whether it is necessary for the
function of Cx50 R76H and Cx45 R75H GJs by lowering the intracellular (pH;) or
extracellular pH (pHe) solutions to 6.8 in dual whole cell patch clamp experiments.
Previous studies showed that wildtype Cx50 and Cx45 GJs tend to close in low pHi. Cx50
GJs had a decreased Gj by 78% with a drop in pHi from 7.73 (the physiological pH; of
oocytes on average) to 6.83 (Peracchia & Peracchia, 2005), and the G; was reduced by 80%
in SKHepl cells when the pHi was dropped from 7 to 6.7 (Hermans et al., 1995). The side
chain of histidine has a pKa value of 6, so we decided to adjust the pHi or pHe to 6.8 to
slightly protonate the histidine side chain while making sure the channel remains open or
not gated by too low of a pH level. The high-resolution Cx50 GJ structure (PDB: 7JJP)
showed that the R76 side chain faces toward the channel pore; however, we could not rule
out the possibility that the R76H or R75H in Cx50 or Cx45 faces away from the
intracellular space in the undocked Cx50 R76H or Cx45 R75H hemichannel structures
(Cx50 R76H and Cx45 R75H were unable to form functional GJs). Thus, we changed the
pHi or pHe independently from 7.2 or 7.4 to 6.8 to study the charge effect at the 76th
residue. As indicated in our results, lowering the pHi or pHe to 6.8 did not restore the R76H
mutant channel function. It is possible that changing the pH to 6.8 is not acidic enough to
protonate the histidine side chain in the mutants and perhaps performing experiments with
pH at 6.5~6.8 is needed to further investigate the +charge effect at R76. Aside from this,
lowering the pH did not necessarily protonate the histidine at the 76th position specifically.
Many histidine side chains could be protonated and collectively affect the channel structure

and function.
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Lastly, the co-localization experiments using GFP-tagged connexin mutants were not
included in this thesis because of the restricted time frame (the co-localization study is
currently in progress and is performed by H. Chen and D. Bai). It has been described that
the docking of two hemichannels is an independent process from the formation of
functional GJs, because undocked hemichannels could open under certain experimental
conditions in most connexins, implying that the docking process is not a prerequisite for
the GJ function (L. Harris, 2001; Bai et al., 2018). Thus, it is possible that two docked
hemichannels could not open to form functional GJs. Morphological studies using
fluorescent protein-tagged connexins identify the GJ plaque-like structure at cell interfaces,
indicating the formation of functional GJs in most cases, but not always (Bai et al., 2018).
In addition, it also provides information on connexin biosynthesis and trafficking to the
cell plasma membrane, helping to rule out the possibility that a connexin mutant has not
been properly expressed in the plasma membrane. Hence, we are performing co-
localization experiments using fluorescent protein-tagged connexins (or mutants) to

provide additional evidence on the localization changes of the mutant connexins.

Summary

The extracellular loop domains of connexin play an important role in the docking and
formation of functional GJs. Several residues on both extracellular loop domains are found
to be docking relevant that form non-covalent interactions to stabilize connexin structures
for proper docking and forming functional GJs. Arg 76 (or 75 in some connexins) is located
at the boundary of the E1 and M2 domains and has been characterized to be important in
the docking and formation of function GJs in Cx26, Cx32 and Cx46 (Chen et al., 2005;
Piazza et al., 2005; Abrams et al., 2013, 2018). Here, we investigated the functional status
and properties of six additional R76 (or R75) mutants in Cx50, Cx43 and Cx45 that have
been associated with inherited diseases. We found that Cx50 R76H, R76C and Cx45 R75H
were unable to form functional GJs, nor to form functional GJs when paired with
corresponding wildtype or docking compatible connexins. Cx43 R76H and R76S formed
function GJs and formed functional heterotypic GJs when paired with Cx45. Nonetheless,
the channel properties (i.e., Vj-gating or y;) of Cx43 R76H, R76S, or R76S / Cx43 GJs were



84

altered. The homology structure models of different connexins imply a possible role of R76
residue in connexin folding (intra-subunit interaction) and oligomerization (inter-subunit
interactions) to establish a proper structure to have GJ channel function. Overall, our study
and previous studies formed a strong line of evidence that the R76 residue is critical in the
formation of functional GJs, and impairment of GJ function or altered GJ properties could

play a role in their respective connexin-linked human diseases.
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