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1.7 Objectives

1-

Aim 1: To design three variants according to sequence alignment of Cx40,
Cx43 and Cx26: (D55N, P193Q and N195D)

Aim 2: To examine the localization and the capability to form GJ plaque
structures at the cell-cell interfaces of the newly designed Cx40 variants, D55N,
P193Q, and N195D. The probability of forming homotypic and heterotypic
(with wildtype Cx43 and Cx40) morphological GJ plaque structures will be
quantified in HeLa and N2A cells.

Methods: In order to visualize the localization of Cx40 and its variants, HeLa
and N2A cells will be transiently transfected with Cx40-YFP, D55N-YFP,
P193Q-YFP and N195D-YFP to study their ability to form homotypic GJ
plaque-like structures. Their ability to form morphological heterotypic GJs will
be studied using Cx43-mRFP.

Aim 3: To measure the GJ coupling conductance (Gj) of these Cx40 variants
expressed in N2A cell pairs forming homotypic GJ channels or heterotypic GJ
with wildtype Cx43 or Cx40 using a dual whole patch clamp technique.
Methods: Dual whole-cell patch clamping will be used to examine the gap
junction function of homotypic channels formed of either Cx40, DS5N, P193Q
or N195D in N2A cells expressing these constructs. To examine the function of
heterotypic channels with Cx43, N2A expressing these Cx40 mutants will be

intermixed with Cx43-mRFP expressing cells. Both fusion fluorescent protein
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tagged and untagged constructs (using mutant-IRES-GFP and Cx43-IRES-
DsRed) will be used to the functional outcome of the heterotypic GJ channels.
Aim 4: To study transjunctional voltage-dependent gating (Vj-gating)
properties of tagged and untagged Cx40 variants in homotypic GJ channels and
heterotypic GJ channels with Cx43 in N2A cells.

Method: The techniques of Aim 4 will be the same as those used in Aim 3.



24

1.8 References

10.

11.

12.

Beyer, E.C., D.L. Paul, and D.A. Goodenough, Connexin family of gap junction
proteins. ] Membr Biol, 1990. 116(3): p. 187-94.

Bruzzone, R., T.W. White, and D.L. Paul, Connections with connexins: the
molecular basis of direct intercellular signaling. Eur J Biochem, 1996. 238(1):
p. 1-27.

Spray, D.C. and J.M. Burt, Structure-activity relations of the cardiac gap
Jjunction channel. Am J Physiol, 1990. 258(2 Pt 1): p. C195-205.

Patel, S.J., et al., DNA-triggered innate immune responses are propagated by
gap junction communication. Proc Natl Acad Sci U S A, 2009. 106(31): p.
12867-72.

Harris, A.L., Emerging issues of connexin channels: biophysics fills the gap. Q
Rev Biophys, 2001. 34(3): p. 325-472.

Peracchia, C., Chemical gating of gap junction channels; roles of calcium, pH
and calmodulin. Biochim Biophys Acta, 2004. 1662(1-2): p. 61-80.

Spray, D., A. Harris, and M. Bennett, Gap junctional conductance is a simple
and sensitive function of intracellular pH. Science, 1981. 211(4483): p. 712-5.

Lampe, P.D., et al., Analysis of Connexin43 phosphorylated at $325, S328 and
S$330 in normoxic and ischemic heart. J Cell Sci, 2006. 119(Pt 16): p. 3435-42.

Xin, L., X.Q. Gong, and D. Bai, The role of amino terminus of mouse Cx50 in
determining  transjunctional  voltage-dependent  gating and  unitary
conductance. Biophys J, 2010. 99(7): p. 2077-86.

Dong, L., et al., Role of the N-terminus in permeability of chicken connexin45.6
gap junctional channels. J Physiol, 2006. 576(Pt 3): p. 787-99.

Haubrich S, et al., Incompatibility of connexin 40 and 43 hemichannels in gap
Jjunctions between mammalian cells is determined by intracellular domains.
Molecular Biology of the Cell, 1996. 7(1995-2006,).

Manjunath, C.K., G.E. Goings, and E. Page, Isolation and protein composition
of gap junctions from rabbit hearts. Biochem J, 1982. 205(1): p. 189-94.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

25

Valiunas, V., R. Weingart, and P.R. Brink, Formation of heterotypic gap
Jjunction channels by connexins 40 and 43. Circ Res, 2000. 86(2): p. E42-9.

Elfgang, C., et al., Specific permeability and selective formation of gap junction
channels in connexin-transfected HeLa cells. J Cell Biol, 1995. 129(3): p. 805-
17.

Rackauskas, M., et al., Gating properties of heterotypic gap junction channels
formed of connexins 40, 43, and 45. Biophys J, 2007. 92(6): p. 1952-65.

White, T.W., et al., Selective interactions among the multiple connexin proteins
expressed in the vertebrate lens: the second extracellular domain is a
determinant of compatibility between connexins. J Cell Biol, 1994. 125(4): p.
879-92.

Bruzzone, R., T.W. White, and D.L. Paul, Expression of chimeric connexins

reveals new properties of the formation and gating behavior of gap junction
channels. J Cell Sci, 1994. 107 ( Pt 4): p. 955-67.

Dupont, E., et al., Cross-linking of cardiac gap junction connexons by
thiol/disulfide exchanges. ] Membr Biol, 1989. 108(3): p. 247-52.

John, S.A. and J.P. Revel, Connexon integrity is maintained by non-covalent
bonds: intramolecular disulfide bonds link the extracellular domains in rat
connexin-43. Biochem Biophys Res Commun, 1991. 178(3): p. 1312-8.

Nakagawa, S., et al., Asparagine 175 of connexin32 is a critical residue for
docking and forming functional heterotypic gap junction channels with
connexin26. J Biol Chem, 2011. 286(22): p. 19672-81.

Gong, X.Q., et al., 4 mechanism of gap junction docking revealed by functional
rescue of a human-disease-linked connexin mutant. J Cell Sci, 2013. 126(Pt
14): p. 3113-20.

Falk, M.M., N.M. Kumar, and N.B. Gilula, Membrane insertion of gap junction

connexins: polytopic channel forming membrane proteins. J Cell Biol, 1994.
127(2): p. 343-55.

Laird, D.W., The life cycle of a connexin: gap junction formation, removal, and
degradation. J Bioenerg Biomembr, 1996. 28(4): p. 311-8.

Musil, L.S. and D.A. Goodenough, Multisubunit assembly of an integral
plasma membrane channel protein, gap junction connexin43, occurs after exit
from the ER. Cell, 1993. 74(6): p. 1065-77.

Thomas, T., et al., Mechanisms of Cx43 and Cx26 transport to the plasma
membrane and gap junction regeneration. J Cell Sci, 2005. 118(Pt 19): p.
4451-62.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

26

Lauf, U., et al., Dynamic trafficking and delivery of connexons to the plasma
membrane and accretion to gap junctions in living cells. Proc Natl Acad Sci U
S A, 2002. 99(16): p. 10446-51.

Laird, D.W., K.L. Puranam, and J.P. Revel, Turnover and phosphorylation
dynamics of connexin43 gap junction protein in cultured cardiac myocytes.
Biochem J, 1991. 273(Pt 1): p. 67-72.

Peters, N.S., et al., Reduced content of connexin43 gap junctions in ventricular
myocardium from hypertrophied and ischemic human hearts. Circulation, 1993.
88(3): p. 864-75.

Goldberg, G.S., P.D. Lampe, and B.J. Nicholson, Selective transfer of
endogenous metabolites through gap junctions composed of different
connexins. Nat Cell Biol, 1999. 1(7): p. 457-9.

Loewenstein, W.R., Junctional intercellular communication: the cell-to-cell
membrane channel. Physiol Rev, 1981. 61(4): p. 829-913.

Alexander, D.B. and G.S. Goldberg, Transfer of biologically important
molecules between cells through gap junction channels. Curr Med Chem, 2003.
10(19): p. 2045-58.

Wang, H.X., et al., Connexin expression and gap junctional coupling in human
cumulus cells: contribution to embryo quality. J Cell Mol Med, 2009. 13(5): p.
972-84.

Pelletier, R., The distribution of connexin 43 is associated with the germ cell
differentiation and with the modulation of the Sertoli cell junctional barrier in
continual (guinea pig) and seasonal breeders' (mink) testes. J Androl, 1995. 16:
p. 400-409.

Segal, S.S. and B.R. Duling, Conduction of vasomotor responses in arterioles:
a role for cell-to-cell coupling? Am J Physiol, 1989. 256(3 Pt 2): p. H838-45.

Saez, J.C., et al., Gap junctions in cells of the immune system: structure,
regulation and possible functional roles. Braz ] Med Biol Res, 2000. 33(4): p.
447-55.

Ohkusa, T., et al., Freeze-fracture and immunohistochemical studies of gap
Jjunctions in human gastric mucosa with special reference to their relationship
to gastric ulcer and gastric carcinoma. Microsc Res Tech, 1995(31): p. 226-
233.

Isakson, B.E., et al., Cell-cell communication in heterocellular cultures of
alveolar epithelial cells. Am J Respir Cell Mol Biol, 2003. 29(5): p. 552-61.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

27

Abraham, V., et al., Heterocellular gap junctional communication between
alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol, 2001. 280(6): p.
L1085-93.

Massey, S.C., et al., Multiple neuronal connexins in the mammalian retina. Cell
Commun Adhes, 2003. 10(4-6): p. 425-30.

Mesnil, M., et al., Defective gap junctional intercellular communication in the
carcinogenic process. Biochim Biophys Acta, 2005. 1719(1-2): p. 125-45.

Oh, S., et al., Changes in permeability caused by connexin 32 mutations
underlie X-linked Charcot-Marie-Tooth disease. Neuron, 1997. 19(4): p. 927-
38.

Henneke, M., et al., GJAI2 mutations are a rare cause of Pelizaeus-
Merzbacher-like disease. Neurology, 2008. 70(10): p. 748-54.

Orthmann-Murphy, J.L., et al., Hereditary spastic paraplegia is a novel
phenotype for GJA12/GJC2 mutations. Brain, 2009. 132(Pt 2): p. 426-38.

Common, J.E., et al., Functional studies of human skin disease- and deafness-
associated connexin 30 mutations. Biochem Biophys Res Commun, 2002.
298(5): p. 651-6.

Paznekas, W.A., et al., Connexin 43 (GJAI) mutations cause the pleiotropic
phenotype of oculodentodigital dysplasia. Am J Hum Genet, 2003. 72(2): p.
408-18.

Britz-Cunningham, S.H., et al., Mutations of the Connexin43 gap-junction gene
in patients with heart malformations and defects of laterality. N Engl J Med,
1995. 332(20): p. 1323-9.

Dasgupta, C., et al., Identification of connexin43 (alphal) gap junction gene
mutations in patients with hypoplastic left heart syndrome by denaturing
gradient gel electrophoresis (DGGE). Mutat Res, 2001. 479(1-2): p. 173-86.

Debrus, S., et al., Lack of evidence for connexin 43 gene mutations in human
autosomal recessive lateralization defects. J Mol Cell Cardiol, 1997. 29(5): p.
1423-31.

Wang, K.J. and S.Q. Zhu, 4 novel p.F2061 mutation in Cx46 associated with
autosomal dominant congenital cataract. Mol Vis, 2012. 18: p. 968-73.

Pal, J.D., et al., Molecular mechanism underlying a Cx50-linked congenital
cataract. Am J Physiol, 1999. 276(6 Pt 1): p. C1443-6.



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

28

Severs, N.J., et al., Immunocytochemical analysis of connexin expression in the
healthy and diseased cardiovascular system. Microsc Res Tech, 2001. 52(3): p.
301-22.

Hoyt, R.H., M.L. Cohen, and J.E. Saffitz, Distribution and three-dimensional
structure of intercellular junctions in canine myocardium. Circ Res, 1989.
64(3): p. 563-74.

Kreuzberg, M.M., K. Willecke, and F.F. Bukauskas, Connexin-mediated
cardiac impulse propagation: connexin 30.2 slows atrioventricular conduction
in mouse heart. Trends Cardiovasc Med, 2006. 16(8): p. 266-72.

Dobrzynski, H., et al., Site of origin and molecular substrate of atrioventricular
Jjunctional rhythm in the rabbit heart. Circ Res, 2003. 93(11): p. 1102-10.

Severs, N.J., et al., Remodelling of gap junctions and connexin expression in
diseased myocardium. Cardiovasc Res, 2008. 80(1): p. 9-19.

Gourdie, R.G., et al., The spatial distribution and relative abundance of gap-
Jjunctional connexin4(0) and connexin43 correlate to functional properties of
components of the cardiac atrioventricular conduction system. J Cell Sci, 1993.
105 ( Pt 4): p. 985-91.

Coppen SR1, et al., Connexin45, a major connexin of the rabbit sinoatrial

node, is co-expressed with connexin43 in a restricted zone at the nodal-crista
terminalis border. 1993. 47(7): p. 907-18.

Steven R. Coppen, Nicholas J. Severs, and Robert G. Gourdie, Connexin45 (a6)
expression delineates an extended conduction system in the embryonic and
mature rodent heart. 1999. 24(1-2): p. 82-90.

Vozzi, C., et al., Chamber-related differences in connexin expression in the
human heart. ] Mol Cell Cardiol, 1999. 31(5): p. 991-1003.

Reaume, A.G., et al.,, Cardiac malformation in neonatal mice lacking
connexin43. Science, 1995. 267(5205): p. 1831-4.

Gutstein, D.E., et al., Conduction slowing and sudden arrhythmic death in mice
with cardiac-restricted inactivation of connexin43. Circ Res, 2001. 88(3): p.
333-9.

Susanne Kirchhoff, et al., Reduced cardiac conduction velocity and
predisposition to arrhythmias in  connexind4(0-deficient mice. Brief
Communication, 1998. 8(5): p. Pages 299-302.

De Vuyst, E., et al., Pharmacological modulation of connexin-formed channels
in cardiac pathophysiology. Br J Pharmacol, 2011. 163(3): p. 469-83.



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

29

Kjolbye, A.L., et al., Pharmacological modulation of gap junction function
with the novel compound rotigaptide: a promising new principle for prevention
of arrhythmias. Basic Clin Pharmacol Toxicol, 2007. 101(4): p. 215-30.

Gollob, M.H., et al., Somatic mutations in the connexin 40 gene (GJAS5) in
atrial fibrillation. N Engl J Med, 2006. 354(25): p. 2677-88.

Simon, A.M., D.A. Goodenough, and D.L. Paul, Mice lacking connexin40 have
cardiac conduction abnormalities characteristic of atrioventricular block and
bundle branch block. Curr Biol, 1998. 8(5): p. 295-8.

Yang, Y.Q., et al., Novel connexin4() missense mutations in patients with
familial atrial fibrillation. Europace, 2010. 12(10): p. 1421-7.

Sun, Y., et al., An atrial-fibrillation-linked connexin4(0 mutant is retained in the
endoplasmic reticulum and impairs the function of atrial gap-junction
channels. Dis Model Mech, 2014. 7(5): p. 561-9.

Sun, Y., et al., Novel germline GJAS5/connexin4() mutations associated with

lone atrial fibrillation impair gap junctional intercellular communication. Hum
Mutat, 2013. 34(4): p. 603-9.

Lubkemeier, 1., et al., The Connexin40A96S mutation from a patient with atrial
fibrillation causes decreased atrial conduction velocities and sustained
episodes of induced atrial fibrillation in mice. J Mol Cell Cardiol, 2013. 65: p.
19-32.

Firouzi, M., et al., Association of human connexin4( gene polymorphisms with
atrial vulnerability as a risk factor for idiopathic atrial fibrillation. Circ Res,
2004. 95(4): p. €29-33.

Himi, M., et al., 4 case of oculodentodigital dysplasia syndrome with novel
GJAI gene mutation. Jpn J Ophthalmol, 2009. 53(5): p. 541-5.

He, D.S., et al., Formation of heteromeric gap junction channels by connexins
40 and 43 in vascular smooth muscle cells. Proc Natl Acad Sci U S A, 1999.
96(11): p. 6495-500.



Chapter 2: Article

30



31

Engineered Cx40 variants increased docking and function of heterotypic Cx40/Cx43

gap junction channels

Arjewan Jassim', Hiroshi Aoyama®, Willy G. Ye', Honghong Chen' and Donglin Bai'

'Department of Physiology and Pharmacology, University of Western Ontario,

London, Ontario, Canada

Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, Japan

Keywords: gap junction channel, docking mechanism, connexin40, connexin43,

heterotypic docking

Author of correspondence:

Dr. Donglin Bai, Dept. Physiol. and Pharm., University of Western Ontario, London,

Ontario, N6A 5C1, Canada. Tel. 519-850-2569; Email: donglin.bai@schulich.uwo.ca




32

2.1 Abstract

Gap junction (GJ) channels provide low resistance passage for rapid action potential
propagation in the heart. Both connexin40 (Cx40) and Cx43 are abundantly expressed
in and frequently co-localized between atrial myocytes, possibly forming heterotypic
GJ channels. However, conflicting results have been obtained on the functional status
of heterotypic Cx40/Cx43 GJs. Here we provide experimental evidence that the
docking and formation of heterotypic Cx40/Cx43 GJs can be substantially increased by
properly designed Cx40 variants where the extracellular domains (E1 and E2) have
been modified. Specifically, Cx40 D55N and P193Q; substantially increased the
probability to form GJ plaque-like structures at the cell-cell interfaces with Cx43. More
importantly the coupling conductance (Gj) of D55N/Cx43 and P193Q/Cx43 GIJ
channels are significantly increased from the G; of Cx40/Cx43. Our homology models
indicate the electrostatic interactions and surface structures at the docking interface are
key factors preventing Cx40 from docking to Cx43. Improving heterotypic G; of these
atrial connexins may be potentially useful in improving the coupling and

synchronization of atrial myocardium.

Abbreviations Cx40, connexin4(; Cx43, connexin43; E1, the first extracellular
domain; E2, the second extracellular domain; GJ, gap junction; G;ss, normalized
steady-state junctional conductance; Ij, macroscopic junctional current; Vj,

transjunctional voltage;
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2.2 Introduction

Gap junction (GJ) channels are intercellular channels that provide a direct
electrical and metabolic passage between adjacent cells to synchronize many
physiological activities. Each gap junction channel is formed by docking of two
hemichannels at their extracellular domains. Hemichannels are homo- or hetero-
oligomeric proteins of 21 homologous connexins in human [1, 2]. All connexins are
predicted to share similar structural topology with four transmembrane domains linked
by the first and the second extracellular loop domains (E1 and E2, respectively) and
one cytoplasmic loop with both amino-terminus and carboxyl-terminus residing in the
cytosol [1, 3]. Both connexin40 (Cx40) and Cx43 are abundantly expressed in the
human cardiovascular system, including the atria and the ventricular conduction
system of the heart [4-7] as well as the endothelial/smooth muscle cells in the
vasculature [8, 9]. In the atria of the heart, Cx40 and Cx43 are co-expressed and
frequently co-localized, which give the possibility of forming heterotypic GJ channels
[7, 10, 11]. However, conflicting results were obtained on whether Cx40 hemichannels
are capable of docking with Cx43 hemichannels to form functional heterotypic
Cx40/Cx43 GJ channels [9, 12-16]. Irrespective to the differences in the detailed
experimental conditions and the expression model cells used, all of these studies are
consistent on that the GJ coupling conductance (G;) of the heterotypic Cx40/Cx43 GJs
is much lower than that of the homotypic GJs containing Cx40 or Cx43. The
probability of observing coupling at heterotypic Cx40/Cx43 GJs are from as high as
their homotypic GJs [12, 13], less than half [17], or to a very low level

indistinguishable to the background coupling of the expression system [9, 14]. The
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mechanisms of low efficiency in forming functional heterotypic GJ channels are

unknown, partially due to the lack of high resolution structural information for both

Cx40 and Cx43 [18].

The first high resolution (at 3.5 A) crystal structure of human Cx26 GJ channel
was resolved in 2009 revealing a total of 60 hydrogen bonds (HBs) at the docking
interface between two hemichannels [19, 20]. Twenty-four of them are found between
docked E1-E1 and 36 HBs are located at the E2-E2 docking interface [19, 20].
Mutations on the E2 docking HB-forming residues in Cx26 and Cx32 (a docking-
compatible connexin to Cx26) are predicted to reduce the number of inter E2-E2 HBs,
and often lead to impairment in forming functional homotypic and heterotypic GJ
channels [21, 22]. Restoration of the lost HBs at the E2 docking interface in the Cx26
and Cx32 mutants resulted in rescuing the docking and formation of functional GJ
channels [21]. These results indicate that the HBs at the docking interface of E2 play
an important role in docking and formation of functional homotypic/heterotypic GJ

channels in these connexins.

It is well documented that both Cx40 and Cx43 are docking incompatible to
Cx26 [23], but it is not clear if Cx40, Cx43 and other docking incompatible connexins
also use HBs at the docking interface of their homotypic and heterotypic GJs.
Sequence alignment of Cx40 and Cx43 with Cx26 at the E1 and E2 domains showed
many conserved amino acid residues, including triple cysteines in both E1 and E2
forming intra-subunit disulphide bonds [20, 24]. The docking HB-forming residues in
E1 and their equivalent residues are well conserved, but the HB-forming residues in E2

and their equivalents are not conserved which could alter their ability to form HBs at
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the docking interface (Fig. 2.1). We hypothesize that Cx40 and Cx43 have a similar
structure at the docking interface comparing to that of Cx26 and they use similar
residues (equivalent to those HB-forming residues in Cx26) for their docking. Key
differences in these putative docking residues between Cx40 and Cx43 prevent
efficient docking and formation of functional heterotypic GJ channels. Our homology
structure models predict that electrostatic repulsion and docking surface structural
differences between Cx40 and Cx43 are important factors preventing the docking and
formation of functional heterotypic Cx40/Cx43 GJ channels. Accordingly, we
predicted that single missense variants in Cx40 E1 and E2 domains (Fig. 2.1) are able
to significantly increase the formation of GJ plaque-like structures and the coupling
conductance (Gj) with Cx43. Increasing heterotypic coupling between Cx40 and Cx43
might improve atrial myocytes coupling and synchronization, which could be useful in

controlling atrial arrhythmias. Part of this study was published as an abstract [25].
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2.3 Results

2.3.1 Sequence alignment of Cx40, Cx43 and Cx26 at E1 and E2

Cx40 and Cx43 are homologous to Cx26 with an overall protein sequence
identity at 44.6% and 44.7%, respectively. We aligned part of the E1 and E2 domains
of Cx40 and Cx43 with those of Cx26 (Fig. 2.1). The alignment showed high sequence
identity, suggesting that Cx40 and Cx43 may share similar structures in these domains
as those of Cx26. Looking further into the sequence logo for these domains from all the
human connexins capable of making functional GJ channels revealed many well-
conserved residues (large letters in the logos, Fig. 2.1), indicating they might be
important for GJ structure and function. The hydrogen bond (HB)-forming residues at
the docking interface of Cx26 GJ channel are indicated (arrows in Fig. 2.1 A and B)
and those on the E2 have been shown to play an important role in docking and
formation of functional GJ channels [21, 22]. We hypothesize that the HB-forming
residues in Cx26 and their equivalents are important for homotypic and heterotypic
docking in Cx40 and Cx43. The differences in one or more of these residues between
Cx40 and Cx43 influence their heterotypic docking efficiency. Based on the sequence
alignment and the logo, we designed three point mutations in Cx40, DS5N, P193Q and
N195D (circles in Fig. 2.1A and B). D55N was selected since the equivalent residues
among all the connexins are a well-conserved non-charged Asn (N), but in Cx40 a
negatively charged Asp (D) is found. For the same reason, we generated the mutant
N195D. The position P193 is not well-conserved among connexins. In Cx40 proline
(P193) has a non-polarized circle side chain restricting its main chain peptide bond

angle, but at the corresponding position in Cx43 is a Gln (Q), which has a long



