Communication is the transfer of ions

Introduction: Intercellular Communication
Among the most studied cell-to-cell communication is the transfer of ions, second messenger signals and small metabolites mediated by intercellular channels called gap junctions. This type of intercellular communication allows for the functioning of coordinated cellular activity in tissue/organ homeostasis. As a result, intercellular channels are structurally more complex than ion channels due to the formation of a cell-to-cell channel linking the cytoplasm of two adjacent cells by the connection of two hemichannels or connexons (Bruzzone, et al., 1996). Current studies have shown that many cell types express these gap junctions throughout some point of development, thereby underscoring their importance in cellular homeostasis. Moreover, these gap junctions are present in both invertebrates and vertebrates ranging from mesozoa to mammals, respectively. Gap junctional communication therefore is an "essential for physiological events within the cell, differentiation and growth for a cell and coordination of avascular organs including epidermis and lens" (Mese, et al., 2006). The aim, thus, in this review is to discuss five specific subjects dealing with gap junctions: (1) the structure/assembly of gap junctions; (2) permeability of specific connexins; (3) synthesis/maturation or oligomerization of connexins; (4) connexin associated-interacting proteins that regulate cell function; (4) functions of connexin proteins (cell growth and differentiation) and (5) related diseases to connexin mutations.
Structure/Assembly of Gap Junction Channels
Gap junctions are specialized membrane structures that allow for the direct transfer of intercellular exchange of ions and various molecules through a cluster of channels/pores of interacting cells. The "gap" in gap junctions is spanned by channel-forming hexameric proteins called connexins, which collectively forms the connexon protein or hemichannels for each of the communicating cell. When the connexons in the plasma membrane of two adjacent cells in contact are aligned, they form a continuous aqueous channel which connects the two cell interiors. The resultant uniform gap of the two adjacent cells has been determined by thin-section electron microscopy as between 2-4 nm in size. Also, dye-injection experiments have revealed a maximal functional pore exclusion limit for the connecting channels of roughly 1.5 nm. In addition, florescent molecules of varying sizes have been injected into one of the two cells coupled by gap junctions, and current findings suggest that molecules with a mass of less than 1000 daltons can pass through channel-forming pores, whereas lager molecules are unable to diffuse across (Alberts, et al., 2002). Most cells, aside from skeletal muscle cells and erythrocytes communicate via gap junctions, and gives impetus to the essentiality of gap junction for coordinated function of cells.

The connexin gene encodes for a family of proteins that form gap junctional channels. Furthermore, connexin genes are abbreviated as Cx, which is followed by the molecular weight in kilodaltons denoting distribution in a cell. Most connexins share a similar gene structure, consisting of two exons separated by one intron sequence. The intron is positioned within the 5'-untranslated region (UTR), whereas the second exon contains the mRNA coding sequence and the 3'-untranslated region (Dbouk, et al., 2009). Connexins, additionally, have tissue specific promoters that regulate connexin transcription and intercellular communication which results in different transcription initiation sites, 5'-UTRs and expression patterns. Overall, evolutionary studies suggest that connexin genes are highly conserved and homologous.

Current research suggests certain connexins are specifically expressed in tissue-specific patterns, whereas other connexin genes are characterized by overlapping expression. Northern blot hybridization confirms that certain connexin genes have an exclusive pattern of expression. For instance, the tissue distribution of Cx30 and Cx31 are restrictively expressed in kidneys and epidermal layer. On the other hand, Cx43 is expressed in several organs by many cell types ranging from cardiac muscle, lens to mammary glands (Bruzzone, et al., 1996). A study of Cx43 showed that the promoter region of the Cx43 contains a TATA box and AP-1 and AP-2 sites as well as "a series of half-palindromic estrogen elements present within respective region" (Sullivan, et al., 1995). These findings demonstrate that connexins contain tissue-specific promoters, which contributes to the restricted tissue expression of connexins.

Each connexin protein is composed of nine domains: (1) the N-terminus; (2) two extracellular loops; (3) four transmembrane domains that constitute the pore of gap junction channels; cytoplasmic loop and (4) C-terminus. The four transmembrane domain regions play an integral role in cell-to-cell recognition and the docking process, and are stabilized by intermolecular disulfide bridges from three conserved cysteine residues present in each loop (Dbouk, et al., 2009). Furthermore, the connexin proteins have cytoplasmic N- and C- termini and a cytoplasmic loop domain that connects the second and third transmembrane domains (Mese, et al., 2006). The N-terminus, cytoplasmic loop and C-terminus are orientated towards the cytoplasm and allow for the interaction of these domains, in particular, the C-terminal domain with connexin-associated interacting proteins that are essential for modulating connexin activity and function.

The N-terminus is highly conserved sequence. Conversely, the cytoplasmic loop and C-terminus domain show great variation in regards to the length of amino acid sequence (Dbouk, et al., 2009). In order to categorize these varying cytoplasmic domains, a nomenclature system is based upon sequence similarity and length that classifies them into a, � and ? subgroups. In addition, the cytoplasmic tail and loop are vulnerable to a myriad of post-translational modifications (i.e. phosphorylation) shown to have strong regulatory roles.

There are at least 21 connexin isoforms in the human genome, each encoded by a separate gene and each having a distinctive function. Most cell types express more than one type of connexin; coexpression of many genes within a single cell influence the arrangement of the connexins and thus intercellular channels aligned from respective cells. This allows for several possible arrangements of connexins in a gap junction channel. Connexons, accordingly, can be organized from either a single type of connexin or from more than one type of connexin, resulting in the formation of homomeric or heteromeric hemichannels, respectively. Moreover, different arrangements are therefore observed during the formation of the channels: homotypic channels are formed from either homomeric or same heteromeric connexons, while heterotypic channels are comprised of different homomeric or same heteromeric connexons (Mese, et al., 2006). These complex arrangements increase the structure/function range of gap junctions, and thereby affecting the permeability of certain molecules shared between cells (Evans, et al., 2002).
Permselectivity of gap junctions
The early theory that gap junctional communication functioned as nonspecific passive pores has slowly been overturn in light of recent developments, which highlights that channels formed by different connexin arrangements are distinctive in terms of their permeability, conductance and gating (Mese, et al., 2006). In addition, the association of specific connexin diseases has immensely underscored the importance of each protein in the formation of gap junction channel; since the loss of isoforms cannot be balanced by the presence of other connexin proteins within the same tissue/organ.

Old theories suggest that the ionic permeability of gap junctions comprised of different connexins has little variance and presents only minor alterations on gap junctional communication (Nicholson, et al., 2000). However, many new studies indicate that different connexin arrangement affects the exchange of larger metabolites and second messenger signals between adjacent cells (Weber, et al., 2004). Bevans et al. (1998) was one of the first studies to demonstrate this phenomenon of distinct and specific permeability of connexins to signaling molecules. The authors constructed liposomes with either Cx32 homomeric or Cx26/Cx32 heteromeric hemichannels and then loaded the liposomes with tritiated cAMP and cGMP. Furthermore, by "using transport-specific fractionation, they revealed the permeabilities of these second messenger signals through the reconstituted channels and observed that Cx32 homomeric channels were equally permeable to both cAMP and cGMP, whereas the Cx26/Cx32 heteromeric channels preferentially favored the exchange of cGMP over cAMP" (Mese, et al., 2006).

Along similar lines, the Goldberg et al. (2002) study compared the permeability of Cx32 and Cx43 to various metabolites such as: AMP, ADP, ATP, adenosine, glucose and glutamate. In order to accomplish this experiment, the authors developed a layered culture system that separated donor and receiver cells, while at the same time, allowed for the formation of gap junctions. The findings of this particular study divulged that Cx32 gap junctions have a 10-fold higher permeability to adenosine than Cx43 channels. Alternatively, the phosphorylation of the adenosine shifted its selectivity towards Cx43 away from Cx32 channels. The Cx43 channels were shown to be eight times more permeable to AMP and ADP and ATP than those formed by Cx32 channels. These findings, therefore, confirm that the presence of certain connexin proteins affects gap junctional permselectivity of metabolites and second messenger signals (Mese, et al., 2006). Overall, the selective permeability of connexin proteins provides an important underlying framework to study the regulation of cell-to-cell communication involved in tissue/organ homeostasis.
Synthesis/Maturation of connexins
Gap junctions have a short half-life of a few hours; therefore the assembly of gap junction is coupled by rapid connexin internalization and degradation. Originally, the oligomerization of the hexameric connexin proteins into hemichannel was reported to happen in the ER. Nevertheless, current research indicates that connexins remain as monomers until reaching the Golgi apparatus wherein they oligomerize into connexons. Connexin oligomerization after entering the endoplasmic reticulum does not follow the classical endomembrane pathway for transmembrane protein oligomerization (Koval, et al., 2006). As a result, connexins oligomerize into multimeric proteins before delivery to the plasma membrane, and in so doing are analogous to channel-forming proteins (Koval, et al., 2006). However, depending on the connexin, oligomerization has shown to occur in either the endoplasmic reticulum-golgi intermediate compartment (ERGIC) as demonstrated by Cx32, or the trans-Golgi Network in Cx43. In the same vein, Cx26 may post-translationally insert into the ER or directly into the plasma membrane without passing via Golgi apparatus (Dbouk, et al., 2009). In spite of the ongoing controversy as to the regulated pathway of connexin oligomerization, the following basic process is elucidated below.

The process of biosynthesis is initiated when connexin polypeptide synthesized on ER-bound ribosomes are cotranslationally inserted into lumen of the endoplasmic reticulum via Sec61 complex or translocon (Koval, et al., 2006). Upon oligomerizing connexin proteins, the connexons are subsequently packaged in vesicles and transported by a actin or microtubule network to the plasma membrane. At the cell-to-cell interface, the connexons interact with adjacent cells through their extracellular loops to from complete intercellular channel. The channels at the plasma membrane aggregate and form plaques containing thousands of intercellular channels whereby they are termed gap junctions (Mese, et al., 2006). Recent findings suggest that newly delivered connexons forming the gap junctions localize near the outside of preexisting gap junction plaques; while, older connexons are present at the center of plaques ready for lysosomal/proteasomal degradation (Dbouk, et al., 2009).

The final step in gap junction assembly is post-translational modification of connexins, including phosphorylation, disulfide bonding and acetylation. Among the most studied and important post-translational modification is phosphorylation. This is required for proper folding and functioning of connexin proteins as observed in Cx31, 32, 37, 40, 43, 45, 46, 50 and 56 (Dbouk, et al., 2009). Moreover, phosphorylation by kinases is very specific and affects the cellular function of connexins, including assembly, disassembly, degradation and gating (open/closed position) of gap junctions.
Connexin associated-interacting proteins
Instead of solely forming gap junctional channels, research over the past ten years has shown that connexins are involved with a myriad of interacting proteins that regulate gap junction complex function. The main interacting proteins that associate with connexin proteins are cytoskeletal elements, junctional proteins and enzymes. In some of the following studies, researchers utilized Cx43 to study the affect of C-terminal, N-terminal cytoplasmic loop interaction with these respective associated-interacting proteins (Dbouk, et al., 2009).

The interaction of connexins with these cytoskeletal elements is integral for the transportation of connexins to the plasma membrane, and provides a means for their rapid biosynthesis, degradation and replacement. A co-immunoprecipitation experiment evinced that Cx43 directly interacts with a- and �-tubulin monomer of microtubules at the cell-periphery of gap junctions (Giepmans, et al., 2001). Moreover, multiple alignment studies have shown the presence of a tubulin-binding site in Cx46 and Cx41 of Xenopus oocytes (Dbouk, et al., 2009). Therefore, this interaction of connexin proteins with microtubules has shown to be critical for directed transport of connexon hemichannels to the plasma membrane. In addition, these microtubules also interact with cadherin proteins of tight/adherens junctions, which increase the specificity of connexins (Giepmans, et al., 2001). On the whole, this shows that the interaction between connexins and associated-interacting proteins is essential for the proper functionality of gap junctions.

Interactions of connexins with actin cytoskeleton provide stability to gap junction at the plasma membrane. This is confirmed by immuno-histochemical analysis that suggests Cx43 and actin colocalize in various cell types (Wall, et al., 2007). Moreover, co-immunoprecipitation has shown that a-spectrin co-precipitates with gap junctional channels, thereby confirming a gap junction interaction with cytoskeletal proteins. Overall, this interaction might provide more information and a better understanding of the gap junction's life cycle at the plasma membrane.

The following interaction between gap junctions, tight junctions and adheren junctions has given rise to the concept of a large protein intercellular complex that regulates connexin assembly (localization), channel gating and degradation in the connexin life span (Dbouk, et al., 2009). Several studies have shown that a tight junction membrane-associated guanylate kinase protein, zonula occludens-1 (ZO-1) is implicated in the organization and trafficking of gap junctions (Dbouk, et al., 2009). A study by Laing et al. (2005) showed that ZO-1 regulates Cx43 gap junctional communication. Moreover, these findings indicate that ZO-1 mediates the transfer of Cx43 from lipid raft membrane domains to gap junction plaques. Another possible role of the interaction between ZO-1 and Cx43 is as a scaffold for other proteins and bringing them in contact with gap junction. For instance, ZO-1 binds catenins in the epithelium and acts to deliver Cx43 for gap junction formation (Wu, et al., 2003). Also, studies have demonstrated that Cx32 colocalizes with tight junction ZO-1 and ZO-2 in rat hepatocytes. Further confirmation arose when small gap junction plaques were present within tight junctions. Occludin, similar to connexin is a four transmembrane domain protein. Recent studies demonstrate that occludin co-precipitates with gap junctional protein, especially Cx32. In addition, Cx32 has been reported as interacting with claudin-1 (tight junction protein) in hepatocytes, whereas Cx26 has shown to colocalize with claudin-14 in epithelial cells (Dbouk, et al., 2009). This suggests that Cx32 can contribute to the formation of a functional tight junction.

Several reports recently suggest that connexin colocalize with cadherin proteins. A study by Wei et al. (2005) showed that Cx43 co-precipitated with N-cadherin and other N-cadherin associated proteins. Another study by Xu et al. (2001) demonstrated that the interaction between cadherins and connexins is vital for structure integrity. Thus, this close linkage between gap junction and adherens junction formation "reflects the close membrane-membrane apposition required for junction formation [...] and provides evidence for the assembly of multi-adhesion molecule complexes between cells and how that mediates proper intercellular interactions in tissues to allow enhanced and optimal signaling between cells" (Dbouk, et al., 2009).

The post-translational modification of connexin proteins, shown in the phosphorylation process reveals that connexins interacts heavily with kinases as well as phosphatases. The involvement of tyrosine kinases has been shown in gap junction formation. For instance, studies have delineated that Cx43 is a v-Src (oncogene) substrate, and mutations in the v-Src phosphorylation site results in the absence of gap junction formation in Xenopus oocytes. Additional studies showed that "phosphorylated Tyr265 in Cx43 forms a docking site for SH2 domain of v-Src can bind to a proline rich stretch in Cx43" (Giepmans, et al., 2004). Similarly, serine/threonine kinases phosphorylate gap junctions. One example is protein kinase C acting on Ser368 of Cx43, which has shown to modify single channel behavior by the inhibition of gap junction intercellular communication. Related findings from a study by Seo et al. (2006) showed that Cx26, 32, and 43 are controlled by MAP kinases during differentiation of rat epithelial cells.

Phosphatases interact with connexins; however, the significance of connexin regulation is rather controversial and unclear. The role of serine/threonine phosphatases is to restrict gap junctional conductance and communication. On the other hand, tyrosine phosphatases might enhance gap junction intercellular communication and decrease inhibitor effects from serine/threonine phosphatases (Dbouk, et al., 2009). In general, phosphorylation and dephosphorylation are essential for connexin function and assembly of gap junctions.
Functions of connexin proteins
Researchers, of late, have increased the scope of connexin roles in the cell. Many studies have implicated that connexins are involved in normal development and differentiation of tissues. A study by Lee et al. (1991) identified Cx26 as a putative tumor suppressor. This finding was later confirmed by demonstrating that Cx26 inhibits cell migration as well as reverses the malignancy of MCF-7 breast cancer cells (Dbouk, et al., 2009). Similar results have been shown in Cx32, which suppresses growth and invasion of renal cell carcinoma cell lines (Sato, et al., 2007). Connexins and their associated-interacting proteins have also shown to play a part in mammary gland differentiation.

Additionally, a myriad of studies have shown that changes in connexin gene expression, whether over-expression or under-expression lead to drastically different gene expression patterns in transcription, cell-to-cell/ECM adhesion, cell cycle/division and cellular signaling. One particular example is via the connexin-responsive elements (CxRE), in which "gap junctional communication elicits recruitment of sp1 and sp3 transcription factor to the CxRE through the ERK/PI3K pathway" and thereby regulates expression of genes under this promoter (Dbouk, et al., 2009). Cell differentiation, likewise, is mediated by connexin formation. A study by Xu et al. (2006) demonstrated that Cx43 regulates directional motility of cardiac neural crest cells.
Connexin mutations
Mutations in connexin genes have been related to various human diseases, including those of neuropathic, skin disease, atrial fibrillation and nonsyndormic and syndormic deafness. These mutations cause alterations in intercellular communication that affect various processes of the connexin life cycle and/or channel structure/function. The Charcot-Marie-Tooth disease was the first disease to be associated with Cx32 mutations, which affects the central nervous system leading to reduced axon myelination and therefore enhanced excitation of action potentials (Dbouk, et al., 2009). On a similar note, the first hereditary skin disease associated with connexin genes was erythrokeratodermia variabilis (EKV) caused by a mutation in Cx31 or Cx30.3 (Mese, et al., 2006). This disease is a rare autosomal dominant disorder present at birth or early years of life, it is characterized by hyperkeratosis plaques.

Idiopathic atrial fibrillation, on the other hand, is caused by mutations in Cx40 which results in aberrant gap junction intercellular communication through the inability to form gap junction plaques. On another note, mutations in Cx26 have been implicated has accounting for over 30 inherited nonsyndormic deafness (Evans, et al., 2002). In addition, mutations in Cx30, 30.3 and Cx31 have also been shown to result in a hearing loss phenotype. Connexins, recently, have been demonstrated to be involved in the carcinogenic process. For example, breast cancers in humans exhibit down-regulation of connexin expression; moreover, altered structure of Cx43 gap junction is used as a marker for breast cancer tumors. Gap junction communication has been correlated to the formation of "heterocellular gap junctions between tumor cells and cells of secondary tumor site or lymph nodes, while other studies state that repression of connexins in metastatic tumor cells results in decreased tumor metastatic potential" (Dbouk, et al., 2009). Hopefully, these recent developments in connexin genetics will lead to future therapeutic interventions and pharmacological advances.
Conclusion
Connexins have been discovered as performing important function in cellular homeostasis and tissue organization, included are the following functions: (1) provides proper structure/function relationship for the formation of gap junctions; (2) direct transfer of ions, second messenger signals and small metabolites; (3) interaction between associated-interacting proteins and connexins which regulate connexin assembly and (4) affecting stability of gap junction at the plasma membrane. All of these functions demonstrate that gap junction intercellular communication is vital for proper cell growth, and reflects the complexity of the multifarious connexin functions and its ramifications on a variety of diseases. Therefore, understanding these regulatory mechanisms might provide further information for the physiological affects of the protein-protein interaction of gap junctions within the environment of a cell.
Bibliography
· Alberts, Bruce., Johnson Alexander et al. 2002. Molecular Biology of the Cell. Fourth edition. Garland Science, New York.

· Bevans, CG., Kordel, M et al. 1998. Isoform composition of connexin channels determines selectivity among second messengers and uncharged molecules. J Biol Chem, 273:2808-16

· Bruzzone, Roberto., White, Thomas and Paul, David. 1996. Connections with connexins: the molecular basis of direct intercellular signaling. J. of Biochemistry, 238:1-27.

· Dbouk, Hashem et al. 2009. Connexins: a myriad of functions extending beyond assembly of gap junction channels. Cell Communication and Signaling, 7:1-17.

· Evans, Howard and Martin, Patricia. 2002. Gap Junctions: structure and function. Molecular Membrane Biology, 19:121-136.

· Giepmans, BN et al. 2004. Gap junctions and connexin-interacting proteins. Cardiovascular Research, 62:233-245.

· Giepmans, BN et al. 2001. Gap junction protein connexin-43 interacts with ZO-1 and alpha- and beta-tubulin. Cell Commun Adhes, 8:219-223.

· Goldberg, GS., Moreno, AP and Lampe PD. 2002. Gap junctions between cells expressing connexin 43 and 32 show inverse permselectivity to adenosine and ATP. J. of Biol Chem, 277:36725-30.

· Koval, M. 2006. Pathways and control of connexin oligomerization. Trends Cell Biology, 16:159-166.

· Mese, Gulistan., Richard, Gabriele and White, Thomas. 2006. Gap Junctions: Basic Structure and Function. J. of Investigative Dermatology, 127:2516-2524.

· Musil, LS and Goodenough DA. Multisubunit assembly of an integral plasma membrane channel protein, gap junction connexin43, occurs after exit from the ER. Cell, 74:1065-1077.

· Nicholson, BJ., Weber, PA et al. 2000. The molecular basis of selective permeability of connexins is complex and includes both size and charge. Braz J Med Biol Res, 33:369-78.

· Lee, SW et al. 1991. Positive selection of candidate tumor-suppressor genes by subtractive hybridization. Proc Natl Acad Sci USA, 88:2825-2829.

· Sato, H et al. 2007. Regulation of renal cell carcinoma cell proliferation, invasion and metastasis by connexin 32 gene. J Membr Biol, 216:17-21.

· Seo, MS et al. 2006. Expression of MAP kinases and connexins in the differentiation of rat mammary epithelial cells. J Vet Med Sci, 68:567-571.

· Sullivan, R and Lo. CW. 1995. Tissue-specific of Connexin 43. J. Cell Biol, 130:419-429.

· Wall, ME et al. 2007. Connexin 43 is localized with actin in tenocytes. Cell Motil Cytoskeleton, 64:121-130.

· Weber, PA et al. 2004. The permeability of gap junction channels to probes of different size is dependent on connexin composition and permeant-pore affinities. Biophys J, 87:958-73.

· Wei, CJ et al. 2005. Connexin43 associated with an N-cadherin-containing multiprotein complex is required for gap junction formation in NIH3T3 cells. J Biol Chem, 280:19925-19936.

· Wu, JC., Tsai, RY and Chung TH. 2003. Role of catenins in the development of gap junctions in rat cardiomycocytes. J. of Cell Biochemistry, 88:823-835.

· Xu, X et al. 2006. Connexin 43-mediated modulation of polarized cell movement and the directional migration of cardiac neural crest cells. Development, 133:3629-3639.

· Xu, X et al. 2001. N-cadherin and Cx43alpha1 gap junctions modulates mouse neural crest cell motility via distinct pathways. Cell Commun Adhes, 8:321-324.
