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Table S1. Probabilities of homotypic and heterotypic coupling in cell pairs expressing

Cx40 variants

A: homotypic cell pairs

coupled  pairs not coupling  different from  different from
veetor pairs coupled  percentage Cx40' N2AT
Cx40 15 3 83% YES#**
D55N 4 11 27% YES** YES**
P193Q 7 6 54% NO YES*#*
N195D 0 8 0% YES*** NO
Cx43 12 3 80% NO YES*#*
N2A 0 32 0% YES***
B: heterotypic cell pairs
heterotypic coupled  pairs not coupling  different from  different from
pair pairs coupled  percentage Cx40/Cx43" N2AT
Cx40/Cx43 7 21 25% YES**
D55N/Cx43 23 5 82% YES#** YES#**
P193Q/Cx43 14 6 70% YES** YES#**
D55N/Cx40 5 7 42% NO YES#**
P193Q/Cx40 10 1 91% YES#** YES#**

"Fisher’s exact tests were performed between each combination with their respective
controls (Cx40, Cx40/Cx43, or N2A cell pairs) and the statistical significant difference

is indicated YES (**P < 0.01 or ***P < 0.001) or NO.
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Table S2. Boltzmann fitting parameters for homotypic and heterotypic GJ channels of

Cx40 variants

vectors Vi Gmin Vo (mV) A
Cx40 + 0.19 £0.02 53.7£1.3 0.15+0.02
(tagged) i 0.19+0.02 51.041.5 0.18+0.03
Cx40 + 0.22+0.02 48.5+1.2 0.22+0.03
(untagged) - 0.21+0.02 50.4+1.3 0.19+0.02
D55N/Cx43 + 0.44+0.05%* 72.4+3 .4%* 0.11+0.03
(tagged) i 0.19+0.04 54322 0.1520.04
D55N/Cx43 + 0.62+0.08** 47.3+11.5 0.08+0.07
(untagged) i 0.30£0.02%*  54.9+1.7 0.15:0.03
P193Q/Cx43 + 0.32+0.04* 82.3£16.6** 0.06+0.04
(tagged) i 0.20+0.03 54.042.1 0.11£0.02
P193Q/Cx43 + 0.48+0.05%* 70.5+4.1 0.07+0.01*
(untagged) - 0.20+0.04 52.843.2 0.20+0.07

Data are presented as mean + SEM and V, are absolute values. Student’s #-test was
used to compare the Boltzmann fitting parameters of the mutants against those of
the wildtype Cx40-YFP with the same V; polarity. The statistical difference levels

are shown * P <0.05 or ** P < (.01.
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3.1 The main points of the study

The present study identified specific amino acid residues that can foster the
formation of functional heterotypic Cx40/Cx43 GJ channels. Three variants (D55N,
P193Q and N195D) of Cx40 were designed and tested individually for their abilities to
form functional heterotypic GJ with Cx43. The functions of homotypic (mutant to
mutant) or heterotypic (mutant to wildtype Cx43) GJ channels were investigated using a
dual whole-cell patch clamp technique using N2A cells. The ability of these proteins to
form morphological GJ plaques at the cell boundaries was examined by the fluorescent
microscopy with fluorescently tagged connexin mutants using both N2A and HeLa cells.
My results showed that two variants (D55N and P193Q) were capable of forming GJ
plaque-like structures in cell pairs expressing homotypic DSSN/D55N, P193Q/P193Q,
D55N/Cx40, P193Q/Cx40 GJ channels. However, the third mutation (N195D) failed to
show any GJ plaque-like structures at the plasma membranes of the apposing cells
expressing this mutant. Morphological heterotypic GJ plaque-like structures at the cell
boundaries were readily identifiable in cell pairs expressing DS55N/Cx43 and
P193Q/Cx43 but were absent in cell pairs expressing wild-type Cx40/Cx43.
Electrophysiological results showed that gap junctional conductance, G;, was significantly
increased when Cx43 cell was paired up with Cx40-D55N cell compared to when Cx43
cells was paired up with wild type Cx40. Similarly, G; was also increased in the
heterotypic GJ of cell pairs expressing P193Q/Cx43 compared to the G;jof cell pairs
expressing Cx40/Cx43. These observations indicate that Cx40-D55N and Cx40-P193Q

were able to form functional heterotypic gap junction channels with wild-type Cx43.
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3.2 Why were extracellular loop domains chosen to improve the docking interaction

over other domains?

The literature states that heterotypic gap junction formations are possible in cell
pairs expressing docking compatible connexins, but not possible in cell pairs expressing
docking incompatible connexins. For example, homomeric Cx43 connexons can
successfully form efficient docking interactions with homomeric Cx30.3, Cx37, Cx45 and
Cx46 connexons but not with Cx31, Cx31.3, Cx32, Cx33, Cx40 or Cx50. Homomeric
Cx40 connexons are able to dock with Cx37 and Cx45 to form functional homomeric
heterotypic channels, but not with Cx31, Cx31.1, Cx32, Cx43, Cx46, or Cx50 [1]. The
mechanisms of docking incompatibility between connexins are not fully understood, but
have been proposed as relating to the extracellular loop domains. Chimeras with switched
extracellular domains were used to study which extracellular domain (E1 or E2) is critical
for heterotypic docking in the non-compatible connexins [2] [3]. For example, a chimeric
connexin in Cx50 was generated, Cx50E2Cx46, in which the E2 of Cx50 was switched
with the E2 of Cx46. This chimera successfully docked with Cx43, a docking
incompatible connexin to Cx50, and this successful docking indicates that E2 plays an
important role in docking compatibility [2]. In another study, exchanging both the E1 and
E2 domains of Cx40 with those of Cx43 allowed the formation of functional heterotypic
Cx40/Cx43 GJ channels, suggesting that both E1 and E2 may play a role in docking
between Cx40 and Cx43 [4]. Based on these early studies, we aligned the extracellular
loops (E1 and E2) of Cx40, Cx43, and Cx26 to identify possible residues responsible for

docking compatibility (Figure 2.1). In general, both extracellular loops are highly
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conserved among connexins, although E2 displayed more sequence variability than El

[5].

The crystal structure model of Cx26 with a resolution of 3.5 A and the homology
model of Cx26/Cx32 show a total of sixty hydrogen bonds (HBs), which are found at the
El and E2 interfaces with the docked hemichannels [6] [7] [3]. The total number of inter
E1-E1 HBs is 24 or 4 per pair of docked Els. Similarly, 36 HBs are found between E2-E2
docking interfaces or 6 per pair of docked E2s. Further studies with mutants on the key
HB-forming residues in Cx26 and Cx32 indicated that the minimum number of E2 HBs
has to be four or higher (per pair of docked E2s) to form functional homotypic and
heterotypic GJ channels [8]. The docking mechanisms of other connexins, including
Cx40 and Cx43, are unknown, but may use residues equivalent to the E1 and E2 HB-
forming residues in Cx26 or Cx32. This was our rationale to generate point mutations
(variants) at the Cx40 residues equivalent to the docking HB-forming residues in Cx26.
Compared with Cx43 and other connexins, three of these putative docking relevant
residues (one is on El and two are on the E2 domain) were selected to generate the

mutants used in my thesis.

3.3 Why did particular amino acid residue mutations make two different connexons

dock and form functional heterotypic GJs?

The specific goals of this study are to determine whether Cx40 and Cx43 can form
a functional heterotypic gap junction (GJ) and to characterize the functional properties of
these GJs. The most interesting subject of this project is the controversial aspect behind

the docking interaction of Cx40 and Cx43 in forming a functional heterotypic GIJ.
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Several previous studies have suggested the formation of functional heterotypic
Cx40/Cx43 GJ channels [9-11]. However, the obtained G; levels of heterotypic
Cx40/Cx43 GJs were low. Perhaps due to the different procedures and different cell types
used in these experiments, the measured Gjs were not consistent and the probabilities of
observing coupling were also different among these studies [9-11]. A few other studies,
on the other hand, observed extremely low levels of coupling and low probability of
coupling between Cx40 and Cx43 expressing cells, leading to the conclusion that it is

impossible to form functional heterotypic GJs between these connexins [12-14].

To visualize the expression and subcellular distribution of Cx40 variants, we
generated fused fluorescent proteins at the carboxyl terminus of the mutations and they
are identified as tagged (YFP or RFP). To confirm that our results were not affected by
the fused protein, we have generated another set of cDNA vectors identified as untagged
mutants (via an IRES-EGFP or IRES-DsRed vectors). The answer to the above question
of why specific amino acid residues of Cx40 were chosen over others is dependent on the
particular type of amino acid and its location. The first variant was chosen because it is
an HB-forming residue in Cx26 and located on the extracellular loop 1 (E1) and is named
D55N-YFP. At 55 position of Cx40 and equivalent residues, all connexins have a well-
conserved amino acid residue, a polar amino acid Asparagine (N). Cx40 is the only
connexin at this position with a charged amino acid residue, D (aspartic acid or Asp). The
other position, the 193" amino acid residue on extracellular loop 2 (E2), is selected to
generate a variant P193Q-YFP. This position has the hydrophobic amino acid Proline (P)
in Cx40 and was chosen because its equivalent in Cx26 is one of the docking HB-forming

residues [6]. Proline has a cyclic side chain that might be able to restrict the main peptide
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chain of E2 in Cx40 in the three-dimensional structure of the Cx40 docking surface,
restricting its ability to dock with Cx43. The other proposed site located on E2 is the 195™
position. The equivalent residue of N195 of Cx40 in Cx26 is also involved in the docking
HB formation. Nearly all connexins possess an Asp (D) residue at this position, except
Cx40, which is Asn (N). Therefore, point mutation (N195D) in Cx40 was generated to
test if this residue is responsible for preventing the formation of heterotypic GJ channels
with Cx43. Dual whole voltage was used to measure the G;j of the N2A cells expressing
homotypic Cx40/Cx40, D55N/D55N, P193Q/P193Q and Cx43/Cx43 GJ channels and
heterotypic GJ of DS5N/Cx43 and P193Q/Cx43. From the electrophysiological data, cells
expressing D55N or P193Q variants when paired with Cx43 expressing cells were able to
show prominent GJ coupling with much-elevated Gjs compared to that of the wildtype
Cx40/Cx43. For the tagged and untagged versions of each mutant, we obtained similar
results, confirming the ability of these variants to form functional interactions with Cx43.
This study is unique because we were able to identify which amino acid residue when

mutated can form functional interactions with Cx43.

3.4 Does the docking incompatibility between Cx40 and Cx43 play a role in reducing

the level of GJ coupling in atrial myocardium?

Generally, remodeling of the gap junctions that would affect or change cell-cell
communication is considered a viable factor for arrhythmogenesis [15]. Functional
properties and relative levels of expression of connexins are thought to influence the GJ
coupling levels and the resultant action potential conduction velocity and any alteration in

the propagation may prompt cardiac arrhythmias [16-18]. Atrial myocytes express Cx40
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and Cx43 abundantly. The endothelial cells of the blood brain barrier (BBB) also express
both Cx40 and Cx43 [19]. The endothelial cells of the arteries and veins also express
Cx40. Alongside Cx40, Cx43 is expressed by the smooth muscles of the vascular walls
[20]. It has been suggested that Cx40 and Cx43 based on GJ coupling are important
components to ensure rapid action potential conduction velocity in the atrial myocardium.
A single cell that expresses two connexins can form up to fourteen possible homomeric
and heteromeric hemichannel configurations. This cell, when paired up to form a GJ
channel with another adjacent cell that expresses two connexins, can form nearly 200
different heterotypic and heteromeric GJ configurations [21]. However, the nature of
these GJ configurations in the native atrial cardiomyocytes is unclear. In theory, the Cx40
and Cx43 expressed in atrial myocytes can form homomeric homotypic, homomeric
heterotypic and heteromeric heterotypic GJ channels. These GJs would have distinct
channel properties with different levels of coupling and sensitivity to the transjunctional
voltage changes (Vj-gating properties), which could make atrial tissue much more
heterogeneous in GJ coupling and possibly alter the action potential propagations. This
could be an important contributing factor to explain why atria are much more vulnerable
to arrhythmias than ventricles [22]. Heterozygous Cx43 knockout mice showed
significant effects in the conduction velocity of the ventricle but not the atrium [23]. In
early studies, homozygous Cx40 knockout mice had reduced atrial conduction velocity,
whereas heterozygous Cx40 mice revealed a normal conduction velocity [24, 25].
Another study implied the loss of interatrial conduction velocity heterogeneity in
heterozygous Cx40 knockout mice [26]. Clinically, somatic and germ-line mutations of

Cx40 were found to be associated with the AF incidence [27-29].
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3.5 Future studies

My study assessed if the artificial DS5N and P193Q mutations formed functional
gap junctions using connexin-deficient neuroblastoma cells (N2A). This study was
limited by the use of only one cell line. Future studies should use/progress towards atrial
cardiomyocytes, as these are more physiologically relevant. Several obstacles could be
encountered when dealing with adult atrial myocytes, including low transfection
efficiency. Because adult atrial cardiomyocytes are flat and elongated, performing the
dual whole-cell patch clamp technique on these cells can be difficult and result in a lower

yield.

One possible future study would be to introduce the Cx40 variants capable of
docking with both Cx43 and Cx40 into the atria in animal models. These animal models
are expected to serve as represent important tools to study atrial fibrillation and can give
more detailed information on the outcome these ‘super’ compatible Cx40 variants have
on atrial arrhythmias. Electrophysiological recordings, such as the ECG, can be obtained

to monitor atrial arrhythmias.

The promising findings of this study, in fact, open the way for several future
projects. First, the variants that were engineered and tested were located on Cx40 only. It
would be exciting to have these variants switched over at the same locations in Cx43 and
examine whether the results are identical or absolutely inverse. One of the variants is
located at 55 where the D amino acid mutated into the N amino acid. Experiments can be

conducted on Cx43 mutated at location 55 by having amino acid N switch to D. In vivo
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and in vitro studies can be conducted to further examine the behaviors of the mutations of

both Cx40 and Cx43.

3.6 Limitations

The study of the docking interactions between Cx40 and Cx43 used the sequence
alignments of these connexins with Cx26 and relied on the crystal structure of Cx26. This
approach was greatly informative as it revealed some critical docking residues, including
the amino acid residues located at the 55™ and the 193" position of Cx40. Our homology
structure models are powerful in revealing the structural mechanisms of why Cx40 is
unable to dock with Cx43. Ideally, we would like to know the experimentally determined
high-resolution crystal structures of either Cx40 or Cx43 to confirm if our homology
model predictions are accurate. The availability of these Cx40 or Cx43 crystal models
will also help us to design other variants to improve docking or other inter molecular

interactions.

One other limitation of this study is the limited knowledge of the co-localization
of Cx40 and Cx43 occurs in the human atrium. Atrial myocytes express both Cx40 and
Cx43, but there is little known on how they change and regulate the composition of the
gap junctions, as any alteration in the propagation of the action potential through the gap
junctions can increase the probability of arrhythmia. In turn, modifications in the
expression of the Cx40 have been connected to atrial arrhythmogenesis. Improving the
coupling of heterotypic Cx40/Cx43 GJ channels could be useful for treatment of atrial
arrhythmias. In fact, how the atrial cardiomyocytes govern and regulate the compositions

of connexins forming the gap junction channels is not clear. A probability calculation for
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the formation of gap junction channels types has been estimated for Cx40/Cx40 and
Cx43/Cx43 homotypic GJ channels [30]. Because atrial cardiomyocytes express Cx40
and Cx43 with possibility of detecting 194 different type of GJ, then the probability of
observing homomeric homotypic GJ would be 0.024% (that is in case of prevalence of
50% for both connexins). On the other hand, if the prevalence of expression by the atrial
cardiomyocytes were shifted towards Cx40 over Cx43, the incidence of observing Cx40
homomeric/homotypic channels would increase to 0.77%, which is 32-fold increase and
130-fold decrease for Cx43 homotypic GJ. Nevertheless, the coupling conductance of
heteromeric GJ channels of cardiac connexins (Cx40 and Cx43) was lower than their
homotypic counterparts, which suggest that some heteromeric heterotypic Cx40/Cx43 GJ
were non-functional [9]. Unlike heterotypic studies, both in vitro and in vivo studies
heteromeric GJ channels are non-distinguishable from homotypic and heterotypic GJ
channels. In pathological condition such as hypertension, atherosclerosis and ischemia,
the regulation of the connexins expression during these disease cases will be dynamically
altered. Study in vivo the electrical coupling of atrial myocytes through different type of

gap junction channels has not yet been clearly demonstrated.

3.7 Summary

In short, this study aimed to solve the controversial aspect of whether Cx40 and
Cx43 can form functional heterotypic GJs and aimed to design specific variants that can
make a better docking interaction between these two atrial connexins. The Cx40 variants
that were chosen are important residues in heterotypic Cx40/Cx43 docking. The variants

were tested using a dual whole-cell patch clamp technique separately and paired with
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Cx43. Two (D55N, P193Q) out of three (N195D) Cx40 variants were able to form GJ
plaque—like structures at the cell-cell interfaces in HeLa and N2A cells. Functional
studies carried out using the two successful variants only and excluding N195D. Using
N2A and the patch clamp technique, voltage steps were applied on one cell and the
amounts of current passed through the GJs were recorded on the other cell. D55N/Cx43
and P193Q/Cx43 had G;j that was significantly higher than the Gj of Cx40/Cx43 GJ,
which is very close to the baseline. In conclusion, we were successful at determining
which amino acid residues are responsible for the docking interaction between the two

cardiac connexins.
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