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Abstract

Gap junctions are polymeric assemblies of aligned pairs of interacting hexameric connexon hemichannel units facilitating direct

intercellular communication. The principal process leading to assembly of gap junctions involves the cotranslational insertion of connexin

(Cx) proteins into the endoplasmic reticulum, followed by their rapid oligomeric association into homo- or heteromeric connexons that are

trafficked via the Golgi apparatus to the plasma membrane. Oligomerisation is a high-fidelity process that determines connexon channel

stoichiometry and conductance characteristics. A large number of mutations in Cx26 and Cx32 detected in genetic diseases have emphasised

the requirement for precise oligomerisation of connexins into hexameric connexons that traffic to the plasma membrane. Mutations in Cx43

are rare, and in the cardiovascular system, where it is the dominant connexin, disease changes are linked to its abundance and to gap junction

remodelling. Connexins with short carboxyl tails may also be post-translationally inserted as oligomeric channels directly into plasma

membranes. This mechanism of channel assembly is highly dependent on microtubule integrity and may allow cells to rapidly modulate gap

junctional cross talk.

D 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The coordination of cellular events in tissues and organs

is mediated by intercellular communication across gap

junctions, tightly packed clusters of channels directly con-

necting the cytoplasms of adjacent cells. Gap junctions are

constructed of a multigene family of integral membrane

proteins, the connexins (Cx), with over 20 connexin iso-

forms extending from 25 to 60 kDa found in human and

mouse genomes [1]. Connexin 43 (Cx43) is the predominant

connexin expressed in the mammalian heart; Cx45 and

Cx40 are also present at lower levels at the nodal-crista

terminalis border [2] and in the atrium [3], respectively. Gap

junction channels connecting cardiac myocytes are mainly
0008-6363/$ - see front matter D 2004 European Society of Cardiology. Publishe
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interspersed among macula and fascia adherens junctions in

the intercalated disc of the cardiac myocytes plasma mem-

brane [4]. A low-resistance intercellular pathway for the

conduction of electrical impulses critical for ensuring the

synchronous beating of the myocytes extends across gap

junction channels and facilitates the propagation of voltage-

mediated signals across the heart [5]. In non-excitable cells,

gap junctions also provide a means for the exchange of

regulatory molecules less than 1 kDa including ATP, NAD,

IP3, cAMP and ions [6]. Gap junctions constructed of

different connexins have varying permselectivities to metab-

olites such as ATP [7]. A high-resolution model of Cx43 gap

junctions, 7A in the membrane plane and 21A in the vertical

plane, has been described [8].

Connexin proteins show a strong proclivity to form con-

nexon channels or unapposed hemichannels in which six

connexins are arranged around a central aqueous pore. Cells

may express more than one connexin isoform, which can

result in the formation of heteromeric Cx channels and

heterotypic gap junctions. Variation in connexin stoichiom-

etry provides a basis for the selectivity of channels and a

mechanism allowing cells to dynamically regulate their
d by Elsevier B.V. All rights reserved.
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intercellular communication properties [6]. In addition to the

modulation of channel composition and properties, cells

actively adjust the extent of intercellular coupling via gap

junctions by other mechanisms including changes in con-

nexin expression, regulation of connexin trafficking and

metabolic turnover.

This article focuses on mechanisms for the assembly of

connexins into gap junctions and discusses those protein

domains that regulate trafficking routes. This biogenetic

process commences as connexins, emerging from ribo-

somes, assume the characteristic membrane topography

displayed by all connexins. Connexins traverse the mem-

brane four times with the amino and carboxyl termini

accessing the cytoplasmic intracellular environment (Fig.

1). This arrangement in the lipid bilayer generates two

disulphide linked loops, EL1 and EL2, that are lumenal

when located inside the cell and face the external envi-

ronment at the plasma membrane and after assembly of

connexons into gap junctions. The loops have highly

conserved amino acid sequences, thus contrasting with

the highly variable amino acid sequences found in the

single intracellular loop. The amino terminus is probably

partially exposed to the cytoplasm and is well conserved

between connexins. Thus, connexins differ from each other

mainly in the amino acid sequences in the intracellular

loop and the variable length carboxyl terminal tail [9].

Many mutations in connexins lead to channelopathies,

and these have provoked studies that highlight the require-

ment for accuracy in the assembly of gap junction chan-

nels. Over 200 site-specific mutations scattered throughout

Cx32 are associated with Charcot Marie Tooth X linked

disease, a peripheral neuropathy [10]. Mutations detected

in Cx26, Cx30 and Cx31.1 are associated with non-

syndromal deafness [11,12] and inherited skin disorders

[13]. Mutations in Cx50 and Cx46 in the lens are linked to

cataract formation [14]. Although mutations in Cx43 have

been reported to be associated with hearing loss [15], they

are comparatively rare. The present position is that, para-

doxically, no mutation in the Cx43 gene seems to affect

the overall function of the heart. However, Cx43 expres-

sion is decreased and gap junctional coupling is impaired

in heart diseases and such changes have been implicated in

the pathogenesis of lethal ventricular arrhythmias associat-

ed with myocardial infarction, ischaemia and myocardial

preconditioning [16–18].
2. Biogenesis of connexons

Connexins are synthesised mainly by membrane-bound

ribosomes and are delivered from the endoplasmic reticulum

to the plasma membrane as connexons in membrane vesicles

that transit along the cell’s secretory pathway [19]. Cell-free

translation approaches showed that connexin polypeptides

were co-translationally integrated into the endoplasmic re-

ticulum [20,21]. In vitro protease protection and N-glyco-
sylation assays showed that membrane integration occurred

in the endoplasmic reticulum where the transmembrane

topology of the connexin is achieved although no crucial

chaperones have been identified [22]. Connexins do not

possess a signal peptide sequence and no amino acids are

glycosylated. As discussed below, Cx26 and possibly other

connexins are also integrated post-translationally into mem-

branes [23,24]. After integration into the endoplasmic retic-

ulum, connexins form hexameric connexons possibly via

dimeric and tetrameric oligomeric intermediates [21]. The

precise intracellular location of oligomerisation is unclear

and may differ between connexins and even cell types [25–

30]. This process is generally completed by the arrival of the

connexons in the Golgi apparatus [25,26]. In one study,

oligomers of Cx26 are detected earlier in the secretory

pathway than those of Cx32 and Cx43 [26,27], but others

point to the TGN as the site where oligomerisation of Cx43

and Cx46 is completed [28–30], with Cx32 oligomerisation

occurring earlier [30]. The general consensus emerging is

that trafficking of connexins to the plasma membrane first

requires their rapid oligomerisation into connexons [31]. In

vitro approaches have shown that oligomerisation of con-

nexins is a calmodulin-dependent step [32] since it interacts

with connexins at an early stage of gap junction assembly

[33] and may ‘‘plug’’ connexon channels during intracellular

transit [34]. During intracellular transit, connexons are

probably in a closed configuration in the membrane to

maintain steep ionic gradients between the cell’s lumenal

and cytoplasmic environs. However, connexons in an open

configuration have been detected at the plasma membrane

[35,36]. Such hemichannels have also been shown on the

basis of dye uptake and ATP release by a variety of cells

[37,38] that was blocked by connexin mimetic peptides [39].

Indeed, connexon hemichannels are increasingly associated

with pathophysiological conditions such as metabolic stress

in astrocytes [40] and in ventricular myocytes [41].
3. Trafficking of connexons to the plasma membrane

Electron microscopy and immunocytochemical approa-

ches have provided a static picture of the distribution of gap

junctions and precursors, or degradative products in a va-

riety of cell types. In cultured cells, especially those over-

expressing transfected connexins, intracellular stores are

identified immunocytochemically in the endoplasmic retic-

ulum–Golgi interfacial regions as well as by characteristic

punctate staining observed at points of cell to cell contact

that corresponds to gap junction plaques [42].
4. Chimeric connexins as trafficking monitors

Connexins tagged at the carboxyl terminus with chemi-

luminescent aequorin [43], autoflourescent Green Fluores-

cent Protein (GFP) and its cyan and yellow variants, have

http://cardiovascres.oxfordjournals.org/


Fig. 1. Functional map of gap junction assembly determinants. Connexins span the membrane four times with two highly conserved extracellular loops (EL1

and EL2) facilitating docking and recognition of compatible connexins. The amino, intracellular loop (IL) and carboxyl termini (COOH) interface with the

cytoplasm. Although most domain maps of connexin proteins have emerged through functional studies of naturally occurring mutations, especially in Cx32 and

Cx26, the highly conserved nature of the proteins can permit analogies to Cx43 to be made (see Table 1 and text). The two calmodulin binding sites at the

amino and carboxy termini and the six cysteine sites in the extracellular loops are indicated.

Fig. 2. The life cycle of gap junctions under different physiological conditions. Connexons are synthesised in the ER and occur as oligomers in the Golgi

apparatus. Under normal conditions, connexon hemichannels are carried, in a closed configuration, by small vesicles to the plasma membrane from the Golgi

with associated interactions with microtubules. Once inserted into the plasma membrane hemichannels diffuse laterally and dock with counterparts contributed

by a neighbouring cell to form functional gap junction units that interact to generate plaques. Hemichannels may, under certain physiological conditions, also

have a signalling role in the release of ATP leading to paracrine signalling via purinergic receptors in neighbouring cells. Enhanced assembly of gap junctions

occurs, for example, following hypertrophy or treatment with cAMP. An alternative gap junction assembly pathway that can account for enhanced synthesis is

highly dependent on intact microtubules. As discussed in the text, it may involve direct post-translational insertion of connexins into the plasma membrane.

Under conditions of stress, accelerated removal of gap junction units occurs mainly by phagocytosis from the centre of a plaque to form annular gap junctions

associated with large endocytic vesicles that are targeted to the lysosome.
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been used to track the movement of connexins to gap

junctions [44–46]. Short amino acid sequences incorporat-

ing tetracysteine residues [47] have also been used to

investigate intracellular trafficking events leading to func-

tional gap junction assembly [48]. High-resolution and time-

lapse microscopy has permitted spatial and temporal analy-

sis of connexins traversing the cell’s secretory pathway and

the kinetics of connexin turnover to be explored. Ultimately,

fluorescence energy transfer (FRET) will allow heteromeric

connexin interactions underpinning specific channel forma-

tion to be studied in live cells.

Protein reporter tags attached to the carboxyl terminal

tail of connexins approximately double the molecular mass

and can restrict the flexibility of the tail. However, they do

not significantly change trafficking characteristics (and thus

connexin oligomerisation events), nor docking of connex-

ons with partners in contacting cells, nor do they alter their

ability to pack into gap junction plaques. Connexin 43

when covalently linked to aequorin, GFP and tetracysteine

tags, oligomerises into channels that display conduction

properties similar to their wild-type counterparts in terms

of dye transfer, propagation of intercellular Ca2 + waves

and electrical coupling [43,49,50], although in some cases

subtle differences in channel conductance of chimeric gap

junctions have been detected [43,51]. Similar results were

obtained with Cx26 and Cx32 tagged with GFP [46,52]. In

contrast, fusion of Cx43 with large reporter proteins such

as h-galactosidase resulted in a chimeric construct that was

retained in the cytoplasm [53,54]. A red fluorescent Cx43

chimera was also non-functional in homomeric conforma-

tion but functionality was returned after co-oligomerisation

with wild-type Cx43 [55]. Cytoplasmic retention of chi-

meric connexins was probably due to incorrect oligomer-

isation. Cx26 fused to aequorin, a Ca2 +-sensitive reporter

protein, was also non-functional, probably because the

short 16 amino acid carboxyl tail prevented correct folding

of the reporter protein. Distancing of reporters as far as

possible from juxtamembrane areas favours optimal func-

tional outcomes [43].

Connexin-fluorescent proteins have enabled the life

cycle of gap junctions to be studied in live cells in real

time. The Golgi apparatus is an important transit station for

the transport of Cx43, as its disruption by brefeldin A

prevents delivery to the plasma membrane [26,45,56]. The

cytoskeletal network also plays a variable and often critical

role in connexin trafficking events [45,57,58]. Connexons

reside in highly mobile vesicular carriers that move to and

from the gap junction. Vesicles of < 0.5 Am traffic towards

the plasma membrane and larger vesicles 0.5–1.5 Am may

correspond to internalised gap junctions [44,59]. Insertion

of connexons into the plasma membrane occurs over large

areas of the cell’s surface where they diffuse laterally

joining the periphery of pre-existing gap junction plaques.

The dynamics of the generation and removal of gap

junctions has been highlighted using tetracysteine tags

attached to the carboxyl terminus of Cx43 that are succes-
sively labelled with either red or green biarsenical fluoro-

phores thus allowing differential labelling of ‘new’ and

‘old’ connexons [47]. The picture emerging is of a dynamic

assembly process as new channels are continuously added

to the edge of the gap junction plaque structure and older

paired connexons are removed from its centre area [47,59]

(Fig. 2). After disruption of the Golgi apparatus with

brefeldin A, gap junction plaque renewal continues for up

to 20 min presumably due to the arrival of new connexons

in transit in the plasma membrane [59]. Co-cultures of NRK

cells expressing Cx43GFP and cells endogenously express-

ing Cx43 internalised the fluorescently tagged variant into

non-Cx43GFP-expressing cells, thus showing that gap

junction plaques are internalised by only one cell partner

[60]. These >0.5 Am vesicles correspond to annular gap

junctions labelled by immuno gold electron microscopy

[61,62] (Fig. 2).

Proteosomal and lysosomal pathways account for the

degradation of Cx43 with the extent of their involvement

varying between cells. Proteosomal degradation is a general

mechanism for disposing of mutationally faulty or over-

produced connexins, and occurs at early points in the secre-

tory pathway [63–65].
5. Proteins associated with gap junction formation

Connexins interact with several other proteins and espe-

cially components of other intercellular junctions. This is

especially apparent in the heart where assembly and turnover

of gap junctions and the numerous other adhesion junctions

that characterise the intercalated disc are closely coordinated.

Cx43 interacts with tubulin and demonstrates cell type

specific interactions with actin. Nocodazole, a microtubule

dissociating drug, reduced but did not prevent trafficking of

Cx43 and Cx32 but stopped movement of Cx26 to the

plasma membrane [26]. Studies using glutathione-S-trans-

ferase fusion protein deletion constructs of the carboxyl

terminus of Cx43 showed that h-tubulin interacts directly

with a juxtamembrane domain of the carboxyl tail of Cx43

[57]. In cells co-transfected with Cx43 tagged to GFP and

tubulin tagged to a yellow fluorescent protein, connexin

transporting vesicles were tracked along microtubules, with

smaller vesicles trafficking towards the ends of the micro-

tubules and the cell periphery [59]. Cx43 also has indepen-

dent binding domains for cell junction proteins especially

ZO-1, a membrane associated guanylate kinase (MAGUK)

protein, proposed to link connexins to cytoskeletal actin.

Interaction of Cx43 with ZO-1 involves a carboxyl terminal

isoleucine and may generate a scaffold for recruiting other

regulatory proteins into the gap junction. In the heart, Cx43

interacts with alpha spectrin via ZO-1, possibly a key event

in localising Cx43 to myocyte-intercalated discs [66]. Such

interactions are thought to constitute a general adapter

mechanism for targeting connexins to specific domains in

polarised cells. Similar interactions between ZO-1 and Cx46
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and Cx50 occur in lens [67], and between Cx43 or Cx32 in

liver-derived cell lines [68]. The stoichiometry of associa-

tion of Cx43 with ZO-1 is also crucial for remodelling of

cardiac gap junctions [69]. Other proteins such as catenin

may also influence Cx43 trafficking and gap junction

formation [70,71].

Cx43 may associate with lipid rafts where it interacts

with caveolin 1 [72]. Cx32, Cx36 and Cx46 were also

targeted to these specialised lipid domains and interacted

with caveolin 1 but Cx26 and Cx50 were excluded. Phos-

phorylation of Cx43 is not involved since removal of the

carboxyl tail of Cx43 had no effect on targeting to lipid rafts

or its interaction with caveolin 1 [72].

PTX-sensitive G proteins have been implicated in Cx43

trafficking since inhibition of these G proteins results in a

decrease in the number of hemichannels at the cell surface

available for assembly into gap junctions [73]. The distri-

bution of Cx43 involved G1a proteins and may provide a

mechanism that can explain how enhanced forms of gap

junction assembly and communication between cells occurs

by a mechanism that complements transcriptional control.
 at Pennsylvania State U
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6. Phosphorylation of Cx43

An unresolved aspect of connexin biochemistry concerns

the functional role(s) of the extensive phosphorylation of

Cx43. Although the carboxyl tail of connexins with its

multiple phosphorylation sites is suggested to function as

a regulatory element in channel gating [74], phosphorylation

is unlikely to be a major requirement for trafficking since

connexins with short non-phosphorylated carboxyl tails are

efficiently assembled into functional gap junctions. The

precise biochemical composition of non-phosphorylated

Cx43 and polyphosphorylated isoforms especially in rela-

tion to the 21 serine and 2 threonine residues in the carboxyl

tail remains unclear. In a trafficking context, phosphoryla-

tion commences early in the secretary pathway [75], with

other phosphorylated isoforms predominantly associated

with gap junctional plaques. Such conclusions are collated

mainly on the basis of the insolubility of gap junction

plaques and the solubility of connexins and connexons in

Triton X-100 [76]. With the increasing appreciation that

connexon hemichannels constructed of Cx43 are involved in

the release of ATP by cells [39], it can be speculated that

Cx43 phosphorylation may regulate the operation of hemi-

channels residing in non-junctional regions of the plasma

membrane. Numerous protein kinases have been implicated

indirectly in Cx43 phosphorylation, and alterations in the

phosphorylation status of Cx43 correlate with a wide

number of connexin-mediated processes, but the results

vary especially between tissues [77]. Clarification of the

level of contribution of connexin phosphorylation to gap

junctional assembly and operation may require the study of

a series of specific connexin phosphorylation deficient

mutants as exemplified by the phosphorylation of Cx43
on serine 368 by protein kinase C and its effects on gap

junctional communication [78].
7. Remodelling of gap junctions

Rapid transcriptional modulation of connexin-mediated

communication occurs by acutely enhancing levels of

mRNA as exemplified in the uterus. Prior to parturition,

smooth muscle shows a 5–10-fold rapid increase in Cx43

and its mRNA and connexins are transported to the plasma

membrane where they are assembled into gap junctions that

underpin synchronised smooth muscle contraction [79].

Connexins present in cytoplasmic pools in uterine cells

allow for fast track assembly possibility utilising multiple

trafficking mechanisms. The short half-life of connexins

provides a means for regulatory intervention, as also seen

in the upregulation of Cx43 gap junctions during early

stages of human coronary atherosclerosis and changes in

connexin profiles observed during wound healing [80–82].

Cardiac myocytes regulate Cx43 expression over very short

time periods, as shown in conditions that stimulate a

hypertrophic response such as increased external load or

by treatment with chemical mediators such as cAMP [83]

or angiotensin II [84]. These mediators rapidly enhance

Cx43 synthesis and result in increased Cx43 levels at the

cell surface [85]. Indeed, treatment of cells expressing

Cx43GFP with cAMP increased the regulated aggregation

of gap junction plaques independently of Cx43 protein

synthesis and the kinetics of vesicular trafficking events

[86]. On the contrary, cardiac myocytes uncouple in acute

ischaemia and there is rapid translocation of Cx43 from the

cell surface into intracellular pools and Cx43 is dephos-

phorylated [87]. Shortly after ischaemia phosphorylated

Cx43 is again detected [88]. Further analysis of the traf-

ficking pathways and kinetics involved in the remodelling

of Cx43 in the heart during hypertrophic and ischaemic

conditions can provide a platform for the development of

pharmacological reagents that counter cardiac arrhythmia

(Dhein, this issue).

Emerging from a broad analysis of the rapid response of

gap junction assembly and turnover to a range of external

factors described above is the possibility that trafficking of

connexons to gap junctions via the secretory pathway is

supplemented by other assembly mechanisms. These may

be brought into play to allow rapid enhancement of inter-

cellular communication across gap junctions.
8. Are there multiple gap junction assembly

mechanisms?

Many lines of evidence accrued from different model

systems point to the existence of other independent routes

of gap junction assembly that complement the primary

mechanism described above. Cx26 is inserted into micro-

http://cardiovascres.oxfordjournals.org/
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somal membranes post-translationally by an ATP-depen-

dent process and Cx43 also exhibits this property but to a

lesser extent [23,24]. Substitution of microsomes (that

contain some plasma membrane vesicles) by liver plasma

membranes resulted in a two- to threefold increase in the

efficiency of connexin oligomerisation. The hemichannels

inserted into liposomes were permeable to ascorbic acid and

sucrose showing that connexins had integrated correctly

into membranes and oligomerised [23]. These results may

be explained in vivo by the involvement of free cytosolic

ribosomes in the synthesis of Cx26 followed by its direct

insertion and oligomerisation in plasma membranes (Fig.

2). Post-translational protein assembly mechanisms are

recognised as contributing to the polarised distribution of

proteins in embryonic cells, where turnover is extremely

rapid and crucially dependent on microtubules [89]. Indeed,

‘non-classical’ pathways of protein targeting and membrane

insertion may occur more widely than previously thought

[90]. For example, co- and post-translational translocation

mechanisms regulate transmembrane assembly of the cystic

fibrosis conductance regulator [91]. Alternative biogenesis

pathways have been intensively investigated in the context

of organelle biogenesis in yeast where proteins synthesised

on free ribosomes are inserted into peroxisome membranes

in a similar post-translational manner to Cx26 [92,93].

Other mechanisms of protein trafficking assuming insertion

into endoplasmic reticulum but adopting a direct route into

the plasma membrane should not be disregarded, especially

with connexins, proteins that are not glycosylated. Excep-

tions to traditional trafficking routes via the secretory

pathway are being described as biochemical and proteomic

analysis approaches unfold a direct route from the endo-

plasmic reticulum to the plasma membrane [94]. Also

emphasising the presence of undiscovered minor trafficking

routes is a direct connection between the endoplasmic

reticulum and peroxisomes in splenic cells [95]. Such

new and poorly mapped routes out of the endoplasmic

reticulum and to the plasma membrane would allow rapid

connexin recycling and breakdown and implicating lyso-

somal structures.

Liver tissue expresses Cx26 and Cx32, and in guinea pig

liver, these connexins are expressed in equal abundance as

shown by analysis of plasma membrane fractions and gap

junctions [27]. Surprisingly, in intracellular membranes,

Cx26 expression was low compared to that of Cx32. It

was concluded that the low Cx26 levels detected in Golgi

vesicles reflected its incorporation into heteromeric connex-

ons detected in liver [96]. The independence of Cx26 and

Cx32 trafficking routes to gap junctions was also shown in

hepatocytes from Cx32 knockout mice [97].

The use of tagged connexins has also shown differences

in trafficking between Cx26 and connexins 32 and 43. In

summary, these show that Cx32 and 43 are trafficked via

the secretory pathway whereas Cx26 continued to be

inserted into gap junctions after disruption of the Golgi

apparatus or exposing cells to 15 jC [26]. Substitution of
the carboxyl tail of Cx26 by the tail of Cx43 fused to

aequorin did not change the Golgi bypassing mechanism for

insertion into gap junctions [26]. These studies were cor-

roborated by using connexins fused to GFP variants, where

it was shown that Cx26GFP was inserted into gap junctions

after disruption of the Golgi apparatus but this was pre-

vented after disassembly of microtubules, although insertion

of Cx32 and Cx43 continued but at lower efficiency [45,52]

(Fig. 2).

A microtubule-dependent mechanism for direct insertion

of connexins into gap junctions would generate homomeric

connexons in the plasma membrane and could operate during

cell division when the Golgi is dispersed and non-functional.

This could explain the rapid synthesis of Cx26 relative to

other connexins in brain [98], liver [99], during wound

healing in keratinocytes [100] and lactating breast tissue

[101]. In a cardiovascular context, the enhanced synthesis

of gap junctions may involve the switching on of these

alternative mechanisms leading to additional Cx43 gap

junctions. Indeed, stimulation of cells with forskolin or

IBMX, resulting in elevation of cAMP levels, caused in-

creased intercellular communication and incorporation of

Cx43 from intracellular stores into gap junction plaques at

the plasma membrane [102,103]. Disruption of the microtu-

bular network with nocodazole blocked this additional incor-

poration of Cx43 into gap junctions suggesting that

microtubules facilitate gap junction growth [103]. Clearly,

these examples show that Cx43 levels at the plasma mem-

brane can be modulated by fast track assembly pathways that

operate independently of the Golgi and that require an intact

microtubular network [59,103] (Fig. 2).
9. Connexin domains implicated in the assembly of gap

junctions

Genetic mutations are rarely detected in Cx43 and most

connexin functional domain maps are associated with Cx32

and Cx26. However, the similar topography in the mem-

brane and high amino acid sequence homology allows

analogies to be made. Many naturally occurring mutations

in connexins display functional and assembly defects and

often show dominant negative characteristics [104,105].

A generalised connexin is shown in Fig. 1, and functions

associated with the major domains are shown in Table 1. A

range of properties has been assigned to the amino terminal

domain. A calmodulin binding site identified in Cx32 may

be one of the oligomerisation determinants [32,33]. This

region of the protein is important in membrane insertion

and/or trafficking, since several diseases exist in which

mutations at amino acid position 12 result in intracellular

accumulation of the protein [106]. Some mutant proteins

oligomerised but are incorrectly folded and accumulate in

intracellular stores corresponding mainly to the Golgi ap-

paratus region [106,107]. Amino acids 12 and 13 in Cx43

may contribute to the oligomerisation incompatibilities of

http://cardiovascres.oxfordjournals.org/


Table 1

Functional domains of connexins

Domain Function Reference

Amino Calmodulin binding site [32,33]
terminus Membrane insertion and targeting domain [105]

Oligomerisation compatibility [107]

TM1 Regulation of trafficking pathways [45]

Post-translational insertion [45]

Site-specific mutations cause

trafficking and assembly problems

[103,104]

Partial pore lining

Membrane anchoring

Extracellular

loops

Facilitate docking and

recognition of compatible connexins

[112,113]

Pore extension [8]* [110]

Site-specific mutations cause trafficking

and assembly problems

[103]

TM2 Membrane anchoring [110]

Pore lining

Intracellular Chemical (pH) gating [8]*

loop Voltage gate

TM3 Pore lining [8]* [110]

Oligomerisation domain [32,54]

Oligomerisation compatibility [107]

Site-specific mutations cause trafficking

and assembly problems

[103]

Membrane anchoring

TM4 Membrane anchoring

Carboxyl

tail

Gap junction targeting domain

(juxtamembrane sequence) and essential

role in oligomerisation

[64,109]

Calmodulin binding domain [33]

Protein/protein interactions, e.g., ZO-1, tubulin [57,66]

Channel regulation, e.g., fast junctional

gating of Cx43

[6]*

Phosphorylation [77]*

Not required for trafficking but involved

in the formation of heteromers

[26]

Functional properties of the different domains of connexins are outlined and

referenced. The majority of this information is accrued from studies of

Cx32 and Cx26; however, as discussed in the text, analogies with Cx43 can

be made.

* Indicates review articles.
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alpha and beta categories of connexins [108]. The N

terminal region is also associated with the entrance to the

channel adopting a helical conformation, with residues 12–

15 forming an open turn with mutations at the G12 position

affecting the flexibility of this locus [109].

All the transmembrane domains may be regarded as

membrane anchoring. Deleting the first transmembrane

region prevented overall membrane insertion [110] and a

mutation Cx32I28L adopted the post-translational and

microtubular dependent trafficking pathways associated

with Cx26 [45]. This region may determine how connexins

are targeted to gap junctions and the extent of post-

translational insertion properties observed. Interestingly,

Cx43 possesses a leucine at position 28, which may partly

explain its ability to follow a rapid microtubular dependent
pathway to gap junctions under enhanced assembly con-

ditions as discussed above [103]. The third transmembrane

region is a major contributor to the channel wall especially

the extracellular aspect, with the first transmembrane

region contributing to the intracellular side of the channel

[111]. The voltage gate is also located in the vicinity of the

first transmembrane region [112] and the same region is

also reported to be a crucial regulator of connexin oligo-

merisation [32,54].

The extracellular loops are highly conserved in connex-

ins and are linked by disulphide bonds [113,114]. These

are crucial for the docking of hemichannels and a number

of genetic mutations with functionality and trafficking

disorders have emphasised the importance of these loops

[115,116].

The intracellular loop and the carboxyl tail constitute the

most non-homologous regions of the connexin family sug-

gesting that many of the functional differences between

connexins reside here. Sequential truncation of the carboxyl

tail of Cx32 had little effect on assembly of gap junctions

[117]. Furthermore, exchanging the carboxyl tail of Cx26

for that of Cx43 did not alter the different trafficking

pathways or the kinetics observed for Cx26, reinforcing

the conclusion that at least the bulk of the carboxyl tail is not

involved in trafficking [118]. Nevertheless, other studies

have suggested that the carboxyl tail is required for the

formation of heteromeric connexons [21] and that it con-

tributes to differences in gating characteristics in hetero-

meric channels [118]. The carboxyl tail of Cx32 also

contains a second calmodulin binding domain and a short

juxtamembrane region within this domain incorporates a

crucial gap junction targeting motif [110]. The carboxyl tail

of Cx43, is modified post-translationally by phosphorylation

[77] and interacts with other associated proteins such as

microtubules and ZO-1 [57,69]. Undoubtedly, the carboxyl

tail is an important determinant of gap junction operation

[119] with extensive evidence that it interacts with the

intracellular loop via a ‘ball and chain’ mechanism allowing

chemical gating of the channel [120].

It is apparent that no clearcut single domains or motifs

regulate assembly and trafficking of connexins to gap junc-

tions. Indeed, extremely minor amino acid sequence changes

anywhere in connexins may have critical consequences on

the generation and functioning of these dynamic intercellular

communication channels. The challenge now is to use current

knowledge of the mechanisms of assembly of connexins into

functional gap junctions to help develop therapeutic tools

to overcome connexin-mediated communicationopathies

[121,122].
Acknowledgements

We thank Dr. P Anning, Department of Medical Bio-

chemistry and Immunology, UWCM, for the preparation of

the figures.

http://cardiovascres.oxfordjournals.org/


P.E.M. Martin, W.H. Evans / Cardiovascular Research 62 (2004) 378–387 385
References
 at Pennsylvania State U
niversity on February 21, 2013

http://cardiovascres.oxfordjournals.org/
D

ow
nloaded from

 

[1] Willecke K, Eiberger J, Degen J, et al. Structural and functional

diversity of connexin genes in the mouse and human genome. Biol

Chem 2002;383:725–37.

[2] Coppen SR, Kodama I, Boyett MR, et al. Connexin45 a major

connexin of the rabbit sinoatrial mode is co-expressed with con-

nexin43 in a restricted zone at the nodal-crista terminalis border.

J Histochem Cytochem 1999;4:907–18.

[3] Kanagaratnam P, Severs NJ, Peters NS. Relative expression of con-

nexins 40 and 43 correlates with human atrial conduction properties.

Circle 1999;100:4436–40.

[4] Peters NS, Severs NJ, Rothery SM, et al. Spatiotemporal relation

between gap-junctions and fascia adherens junctions during postna-

tal-development of human ventricular myocardium. Circle 1994;90:

713–25.

[5] Kanno S, Saffitz JE. The role of myocardial gap junctions in elec-

trical conduction and arrhythmogenesis. Cardiovasc Pathol 2001;10:

169–77.

[6] Saez JC, Berthoud VM, Branes MC, Martinez AD, Beyer EC. Plas-

ma membrane channels formed by connexins: their regulation and

functions. Physiol Rev 2003;83:1359–400.

[7] Goldberg GS, Moreno AP, Lampe PD. Gap junctions between cells

expressing connexin 43 or 32 show inverse permselectivity to aden-

osine and ATP. J Biol Chem 2002;277:36725–30.

[8] Unger VM, Kumar NM, Gilula NB, Yeager M. Three-dimensional

structure of a recombinant gap junction membrane channel. Science

1999;283:1176–80.

[9] Evans WH, Martin PEM. Gap junction structure and function. Mol

Membr Biol 2002;19:121–36.

[10] Bergoffen J, Scherer SS, Wang S, et al. Connexin mutations in

X-linked Charcot-Marie-Tooth disease. Science 1993;262:2039–42.

[11] Kelsell DP, Dunlop J, Stevens HP, et al. Connexin 26 mutations in

hereditary non-syndromic sensorineural deafness. Nature 1997;387:

80–3.

[12] White TW, Deans MR, Kelsell DP, Paul DL. Connexin mutations in

deafness. Nature 1998;394:630–1.

[13] Richard G, Smith LE, Bailey RA, et al. Mutations in the human

connexin gene GJB3 cause erythrokeratodermia variabilis. Nat Ge-

net 1998;20:366–9.

[14] Shiels A, Mackay D, Ionides A, Berry V, Moore A, Bhattacharya S.

A missense mutation in the human connexin50 gene (GJA8) under-

lies autosomal dominant ‘‘zonular pulverulent’’ cataract on chromo-

some 1q. Am J Hum Genet 1998;62:526–32.

[15] Liu XZ, Xia XJ, Adams J, et al. Mutations in GJA1 (connexin 43)

are associated with non-syndromic autosomal recessive deafness.

Hum Mol Genet 2001;10:2945–51.

[16] Jongsma H, Wilders R. Gap junctions in cardiovascular disease. Circ

Res 2000;86:1193–7.

[17] Peters NS, Green CR, Poole-Wilson PA, Severs NJ. Reduced content

of connexin43 gap junctions in ventricular myocardium from hyper-

trophied and ischemic human hearts. Circle 1993;88:864–75.

[18] Yellon DM, Downey JM. Preconditioning the myocardium: from

cellular physiology to clinical cardiology. Physiol Rev 2003;83:

1113–51.

[19] Evans WH, Ahmad S, Diez J, et al. Trafficking pathways leading to

the formation of gap junctions. Gap junction-mediated intercellular

signalling in health and disease. Novartis Found Symp 1999;219:

44–54.

[20] Falk MM, Kumar NM, Gilula NB. Membrane insertion of gap junc-

tion connexins—polytopic channel-forming membrane-proteins.

J Cell Biol 1994;127:343–54.

[21] Ahmad S, Diez JA, George CH, Evans WH. Synthesis and assembly

of connexins in vitro into homomeric and heteromeric functional gap

junction hemichannels. Biochem J 1999;339:247–53.

[22] Falk MM, Gilula NB. Connexin membrane protein biosynthesis is
influenced by polypeptide positioning within the translocon and

signal peptidase access. J Biol Chem 1998;273:7856–64.

[23] Ahmad S, Evans WH. Post-translational integration and oligome-

risation of Cx26 in plasma membranes and evidence of formation

of membrane pores. Implications for the assembly of gap junctions.

Biochem J 2002;365:693–9.

[24] Zhang JT, Chen MG, Foote CI, Nicholson BJ. Membrane integration

of in vitro-translated gap junctional proteins—co- and posttransla-

tional mechanisms. Mol Biol Cell 1996;7:471–82.

[25] Kumar NM, Friend DS, Gilula NB. Synthesis and assembly of hu-

man beta(1) gap-junctions in BHK cells by DNA transfection with

the human beta(1) cDNA. J Cell Sci 1995;108:3725–34.

[26] George CH, Kendall JM, Evans WH. Intracellular trafficking path-

ways in the assembly of connexins into gap junctions. J Biol Chem

1999;274:8678–85.

[27] Diez JA, Ahmad S, Evans WH. Assembly of heteromeric connexons

in guinea-pig liver en route to the Golgi apparatus plasma membrane

and gap junctions. Eur J Biochem 1999;262:142–8.

[28] Musil LS, Goodenough DA. Multisubunit assembly of an integral

plasma-membrane channel protein gap junction connexin43 occurs

after exit from the ER. Cell 1993;74:1065–77.

[29] Koval M, Harley JE, Hick E, Steinberg TH. Connexin46 is retained

as monomers in a trans-Golgi compartment of osteoblastic cells.

J Cell Biol 1997;137:847–57.

[30] DasSarma JD, Wang F, Koval M. Targeted gap junction protein

constructs reveal connexin-specific differences in oligomerization.

J Biol Chem 2002;277:20911–8.

[31] Koval M. Sharing signals: connecting lung epithelial cells with gap

junction channels. Am J Physiol, Lung Cell Mol Physiol 2002;283:

L875–93.

[32] Ahmad S, Martin PEM, Evans WH. Assembly of gap junction hemi-

channels. Effects of calmodulin inhibitors and deletion of the cyto-

plasmic tail on connexin oligomerisation. Eur J Biochem 2001;268:

4544–52.

[33] Torok K, Stauffer K, Evans WH. Connexin 32 of gap junctions

contains two cytoplasmic calmodulin-binding domains. Biochem J

1997;326:479–83.

[34] Peracchia C, Sotkis A, Wang XG, Peracchia LL, Persechini A. Cal-

modulin directly gates gap junction channels. J Biol Chem 2000:

26220–4.

[35] Ebihara L, Berthoud VM, Beyer EC. Distinct behaviour of con-

nexin56 and connexin46 gap junctional channels can be predicted

from the behaviour of their hemi-gap-junctional channels. Biophys J

1995;68:1796–803.

[36] John D, Cesario D, Weiss JN. Gap junction hemichannels in the

heart. Acta Physiol Scand 2003;179:23–31.

[37] Li HY, Liu TF, Lazrak A, Peracchia C, Goldberg GS, Lampe PD,

et al. Properties and regulation of gap junctional hemichannels in

the plasma-membranes of cultured-cells. J Cell Biol 1996;134:

1019–30.

[38] Quist AP, Rhee SK, Lin H, Lal R. Physiological role of gap-junc-

tional hemichannels: extracellular calcium-dependent isosmotic vol-

ume regulation. J Cell Biol 2000;148:1063–74.

[39] Braet K, Vandamme W, Martin PE, Evans WH, Leybaert L. Photo-

liberating inositol145 trisphosphate triggers ATP release that is

blocked by the connexin mimetic peptide gap 26. Cell Calcium

2003;33:37–48.

[40] Contreas JE, Sanchez HA, Eugenin EA, et al. Metabolic inhibition

induces opening of unapposed connexin 43 gap junction hemichan-

nels and reduces gap junctional communication in cortical astrocytes

in culture. Proc Natl Acad Sci 2002;99:495–500.

[41] Kondo RP, Wang SY, John SA, Weiss JN, Goldhaber JI. Metabolic

inhibition activates a non-selective current through connexin hemi-

channels in isolated ventricular myocytes. J Mol Cell Cardiol 2000;

32:1859–72.

[42] Laird DW. The life-cycle of a connexin-gap junction formation re-

moval and degradation. J Bioenerg Biomembr 1996;28:311–8.

http://cardiovascres.oxfordjournals.org/


P.E.M. Martin, W.H. Evans / Cardiovascular Research 62 (2004) 378–387386

 at Pennsylvania State U
niversity on February 21, 2013

http://cardiovascres.oxfordjournals.org/
D

ow
nloaded from

 

[43] Martin PEM, George CH, Castro C, et al. Assembly of chimeric

connexin-aequorin proteins into functional gap junction chan-

nels—reporting intracellular and plasma membrane calcium environ-

ments. J Biol Chem 1998;273:1719–26.

[44] Jordan K, Solan JL, Dominguez M, et al. Trafficking assembly and

function of a connexin43-green fluorescent protein chimera in live

mammalian cells. Mol Biol Cell 1999;10:2033–50.

[45] Martin PEM, Blundell G, Ahmad S, Errington RJ, Evans WH. Mul-

tiple pathways in the trafficking and assembly of Connexin 26 32

and 43 into gap junctional intercellular communication channels.

J Cell Sci 2001;114:3845–55.

[46] Falk MM. Connexin-specific distribution within gap junctions

revealed in living cells. J Cell Sci 2000;113:4109–20.

[47] Gaietta G, Deerinck TJ, Adams SR, et al. Multicolor electron micro-

scopic imaging of connexin trafficking. Science 2002;296:503–7.

[48] Evans WH, Martin PEM. Lighting up gap junctions in a Flash.

BioEssays 2002;24:876–80.

[49] Paemeleire K, Martin PEM, Coleman SL, et al. Intercellular calcium

waves in HeLa cells expressing GFP-labelled connexin 43, 32 or 26.

Mol Biol Cell 2000;11:1815–27.

[50] Bukauskas FF, Jordan K, Bukauskiene A, et al. Clustering of con-

nexin 43-enhanced green fluorescent protein gap junction channels

and functional coupling in living cells. Proc Natl Acad Sci U S A

2000;97:2556–61.

[51] Bukauskas FF, Angele AB, Verselis VK, Bennett MV. Coupling

asymmetry of heterotypic connexin 45/ connexin 43-EGFP gap

junctions: properties of fast and slow gating mechanisms. Proc Natl

Acad Sci U S A 2002;99:7113–8.

[52] Martin PEM, Errington RJ, Evans WH. Gap junction assembly:

multiple connexin fluorophores identify complex trafficking path-

ways. Cell Adhes Commun 2001;8:243–8.

[53] Sullivan R, Lo CW. Expression of a connexin-43 beta-galactosidase

fusion protein inhibits gap junctional communication in NIH3T3

cells. J Cell Biol 1995;130:419–29.

[54] DasSarma J, Meyer RA, Wang F, et al. Multimeric connexin inter-

actions prior to the trans-Golgi network. J Cell Sci 2001;114:

4013–4.

[55] Lauf U, Lopez P, Falk MM. Expression of fluorescently tagged con-

nexins: a novel approach to rescue function of oligomeric DsRed-

tagged proteins. FEBS Lett 2001;498:11–5.

[56] Laird DW, Castillo M, Kasprzak L. Gap junction turnover, intra-

cellular trafficking, and phosphorylation of connexin43 in brefel-

din A-treated rat mammary tumor cells. J Cell Biol 1995;131:

1193–203.

[57] Giepmans BN, Verlann I, Hengeveld T, et al. Gap junction protein

connexin-43 interacts directly with microtubules. Curr Biol 2001;11:

1364–8.

[58] Johnson RG, Meyer RA, Li XR, et al. Gap junctions assemble in the

presence of cytoskeletal inhibitors but enhanced assembly requires

microtubules. Exp Cell Res 2002;275:67–80.

[59] Lauf U, Giepmans BN, Lopez P, 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:

10446–51.

[60] Jordan K, Chodock R, Hand AR, Laird DW. The origin of annular

junctions: a mechanism of gap junction internalisation. J Cell Sci

2001;114:763–73.

[61] Naus C, Hearn S, Zhu DG, Nicholson BJ, Shivers RR. Ultrastruc-

tural analysis of gap-junctions in C6 glioma-cells transfected with

connexin43 cDNA. Exp Cell Res 1993;206:72–84.

[62] Severs NJ, Shovel KS, Slade AM, Powell T, Twist VW, Green CR.

Fate of gap junctions in isolated adult mammalian cardiomyocytes.

Circ Res 1989;65:22–42.

[63] Laing JG, Tadros PN, Westphale EM, Beyer EC. Degradation of

connexin 43 gap junctions involves both the proteasome and the

lysosome. Exp Cell Res 1997;236:482–92.

[64] VanSlyke JK, Deschenes SM, Musil LS. Intracellular transport as-
sembly and degradation of wild-type and disease linked mutant gap

junction proteins. Mol Biol Cell 2000;11:1933–46.

[65] Qin H, Shao Q, Igdoura SA, Alaoui-Jamali MA, Laird DW. Lyso-

somal and proteasomal degradation play distinct roles in the life

cycle of Cx43 in gap junctional intercellular communication-defi-

cient and -competent breast tumor cells. J Biol Chem 2003;278:

30005–14.

[66] Toyofuku T, Yabuki M, Otsu K, Nishida M, Tada M. Direct associ-

ation of the gap junction protein connexin-43 with ZO-1 in cardiac

myocytes. Circle 1998;98:52–8.

[67] Nielsen PA, Shestopalov VI, Giepmans BN, et al. Lens connexins

alpha3Cx46 and alpha8Cx50 interact with zonula occludens protein-

1 (ZO-1). Mol Biol Cell 2003;14:2470–81.

[68] Kojima T, Spray DC, Kokai Y, et al. Cx32 formation and/or Cx32-

mediated intercellular communication induces expression and func-

tion of tight junctions in hepatocytic cell line. Exp Cell Res 2002;

276:40–51.

[69] Barker RJ, Price RL, Gourdie RG. Increased association of ZO-1

with connexin43 during remodeling of cardiac gap junctions. Circ

Res 2002;90:317–24.

[70] Govindarajan R, Zhao S, Song XH, et al. Impaired trafficking of

connexins in androgen-independent human prostate cancer cell

lines and its mitigation by alpha-catenin. J Biol Chem 2002;277:

50087–97.

[71] Wu JC, Tsai RY, Chung TH. Role of catenins in the development

of gap junctions in rat cardiomyocytes. J Cell Biochem 2003;88:

823–35.

[72] Schubert A, Schubert W, Spray DC, Lisanti MP. Connexin family

members target to lipid raft domains and interact with caveolin-1.

Biochemistry 2002;41:5754–64.

[73] Lampe PD, Qiu Q, Meyer RA, et al. Gap junction assembly: PTX-

sensitive G proteins regulate the distribution of connexin43 within

cells. Am J Physiol, Cell Physiol 2001;281:C1211–22.

[74] Harris AL. Voltage-sensing and substrate rectification: moving parts

of connexin channels. J Gen Physiol 2002;119:171–85.

[75] Puranam KL, Laird DW, Revel JP. Trapping an intermediate form of

connexin43 in the Golgi. Exp Cell Res 1993;206:85–92.

[76] Musil LS, Goodenough DA. Biochemical-analysis of connexin43

intracellular-transport phosphorylation and assembly into gap junc-

tional plaques. J Cell Biol 1991;115:1357–74.

[77] Lampe PD, Lau AF. Regulation of phosphorylation of connexins.

Arch Biochem Biophys 2000;384:205–15.

[78] Lampe PD, TenBroek EM, Burt JM, et al. Phosphorylation of con-

nexin43 on serine368 by protein kinase C regulates gap junctional

communication. J Cell Biol 2000;149:1503–52.

[79] Ou CW, Orsino A, Lye SJ. Expression of connexin-43 and connexin-

26 in the rat myometrium during pregnancy and labor is differen-

tially regulated by mechanical and hormonal signals. Endocrinology

1997;138:5398–407.

[80] Blackburn JP, Peters NS, Yeh HI, Rothery S, Green CR, Severs NJ.

Upregulation of connexin43 gap junctions during early stages of

human coronary atherosclerosis. Arterioscler Thromb Vasc Biol

1995;15:1219–28.

[81] Kretz M, Euwens C, Hombach S, et al. Altered connexin expression

and wound healing in the epidermis of connexin-deficient mice.

J Cell Sci 2003;116:3443–52.

[82] Coutinho P, Qiu C, Frank S, Tamber K, Becker D. Dynamic changes

in connexin expression correlate with key events in the wound heal-

ing process. Cell Biol Int 2003;27:525–41.

[83] Darrow BJ, Fast VG, Kleber AG, Beyer EC, Saffitz JE. Functional

and structural assessment of intercellular communication-increased

conduction-velocity and enhanced connexin expression in dibutyryl

cAMP-treated cultured cardiac myocytes. Circ Res 1996;79:174–83.

[84] Dodge SM, Beardslee MA, Darrow BJ, et al. Effects of angiotensin

II on expression of the gap junction channel protein connexin43 in

neonatal rat ventricular myocytes. J Am Coll Cardiol 1998;32:

800–7.

http://cardiovascres.oxfordjournals.org/


P.E.M. Martin, W.H. Evans / Cardiovascular Research 62 (2004) 378–387 387

 at Pennsylvania State U
niversity on February 21, 2013

http://cardiovascres.oxfordjournals.org/
D

ow
nloaded from

 

[85] Pimentel RC, Yamada KA, Kleber AG, Saffitz JE. Autocrine regu-

lation of myocyte Cx43 expression by VEGF. Circ Res 2002;90:

671–7.

[86] Holm I, Mikhailov A, Jillson T, Rose B. Dynamics of gap junctions

observed in living cells with connexin43-GFP chimeric protein. Eur

J Cell Biol 1999;78:856–66.

[87] Beardslee MA, Lerner DL, Tadros PN, et al. Dephosphorylation and

intracellular redistribution of ventricular connexin43 during electri-

cal uncoupling induced by ischemia. Circ Res 2000;87:656–62.

[88] Turner M, Haywood GA, Discher DJ, et al. Different regulation of

Connexin 43 in cardiac myocytes by hypoxia and ischemia. Circu-

lation 2001;104(Suppl. I):II-43.

[89] Palacious IM, StJohnston D. Getting the message across. Annu Rev

Cell Dev Biol 2001;17:569–614.

[90] Kim J, Scott SV, Klionsky DJ. Alternative protein sorting pathways.

Int Rev Cytol 2000;198:153–201.

[91] Yun L, Xiong X, Helm A, et al. Co- and posttranslational translo-

cation mechanisms direct cystic fibrosis transmembrane conductance

regulator N terminus transmembrane assembly. J Biol Chem 1998;

273:568–76.

[92] Lazarow PB. Peroxisome biogenesis: advances and conundrums.

Curr Opin Cell Biol 2003;15:489–97.

[93] Purdue PE, Lazarow PB. Peroxisome biogenesis. Annu Rev Cell

Dev Biol 2001;17:701–52.

[94] Yoo JS, Moyer BD, Bannykh S, et al. Non-conventional trafficking

of the cystic fibrosis transmembrane conductance regulator through

the early secretory pathway. J Biol Chem 2002;277:11401–9.

[95] Geuze HJ, Mark JL, Stroobants AK, et al. Involvement of the en-

doplasmic reticulum in peroxisome formation. Mol Biol Cell 2003;

14:2900–7.

[96] Lee MJ, Rhee SK. Heteromeric gap junction channels in rat hepa-

tocytes in which the expression of connexin26 is induced. Mol Cells

1998;8:295–300.

[97] Kojima T, Fort A, Tao M, Yamamoto M, Spray DC. Gap junction

expression and cell proliferation in differentiating cultures of Cx32

KO mouse hepatocytes. Am J Physiol, Gastrointest Liver Physiol

2001;281:G1004–13.

[98] Nadarajah B, Jones AM, Evans WH, Parnavelas JG. Differential

expression of connexins during neocortical development and neuro-

nal circuit formation. J Neurosci 1997;17:3096–111.

[99] Kojima T, Sawada N, Oyamada M, et al. Rapid appearance of con-

nexin 26-positive gap-junctions in centrilobular hepatocytes without

induction of messenger-RNA and protein-synthesis in isolated-per-

fused liver of female rat. J Cell Sci 1994;107:3579–90.

[100] Labarthe MP, Bosco D, Saurat JH, Meda P, Salomon D. Upregula-

tion of connexin 26 between keratinocytes of psoriatic lesions.

J Invest Derm 1998;111:72–6.

[101] Locke D. Gap junctions in normal and neoplastic mammary gland.

J Pathol 1998;186:343–9.

[102] Atkinson MM, Lampe PD, Lin HH, Kollander R, Li XR, Kiang DT.

Cyclic AMP modifies the cellular distribution of connexin43 and

induces a persistent increase in the junctional permeability of mouse

mammary tumor cells. J Cell Sci 1995;108:3079–90.

[103] Paulson AF, Lampe PD, Meyer RA, et al. Cyclic AMP and LDL

trigger a rapid enhancement in gap junction assembly through a

stimulation of connexin trafficking. J Cell Sci 2000;113:3037–49.

[104] Martin PEM, Evans WH. Trafficking and targeting of Connexin 32

mutations to gap junctions in Charcot-Marie-Tooth-X Linked dis-

ease. Curr Top Membr 1999;49:461–81.

[105] Gottfried I, Landau M, Glaser F, et al. A mutation in GJB3 is

associated with recessive erythrokeratodermia variabilis (EKV)
and leads to defective trafficking of the connexin 31 protein. Hum

Mol Genet 2002;11:1311–6.

[106] Martin PEM, Mambetisaeva ET, Archer DA, George CH, Evans

WH. Analysis of gap junction assembly using mutated connexins

detected in Charcot Marie Tooth X linked disease. J Neurochem

2000;74:711–20.

[107] Deschenes SM, Walcott JL, Wexler TL, Scherer SS, Fischbeck KH.

Altered trafficking of mutant connexin32. J Neurosci 1997;17:

9077–84.

[108] Lagree V, Brunschwig K, Lopez P, et al. Specific amino-acid resi-

dues in the N-terminus and TM3 implicated in channel function and

oligomerization compatibility of connexin43. J Cell Sci 2003;116:

3189–201.

[109] Purnick PE, Benjamin DC, Verselis VK, Bargiello TA, Dowd TL.

Structure of the amino terminus of a gap junction protein. Arch

Biochem Biophys 2000;381:181–90.

[110] Martin PEM, Steggles J, Wilson C, Ahmad S, Evans WH. Targeting

motifs and functional parameters governing the assembly of conne-

xins into gap junctions. Biochem J 2000;349:281–7.

[111] Skerrett IM, Aronowitz J, Shin JH, et al. Identification of amino acid

residues lining the pore of a gap junction channel. J Cell Biol 2002;

159:349–60.

[112] Qu Y, Dahl G. Function of the voltage gate of gap junction channels:

selective exclusion of molecules. Proc Natl Acad Sci U S A 2002;99:

697–702.

[113] Rahman S, Evans WH. Topography of connexin32 in rat-liver gap-

junctions—evidence for an intramolecular disulfide linkage con-

necting the 2 extracellular peptide loops. J Cell Sci 1991;100:

567–78.

[114] Foote CI, Zhou L, Zhu X, Nicholson BJ. The pattern of disulfide

linkages in the extracellular loop regions of connexin 32 suggests a

model for the docking interface of gap junctions. J Cell Biol 1998;

140:1187–97.

[115] Bakirtzis G, Choudhry R, Aasen T, et al. Targeted epidermal expres-

sion of mutant Connexin 26(D66H) mimics true Vohwinkel syn-

drome and provides a model for the pathogenesis of dominant

connexin disorders. Hum Mol Genet 2003;12:1737–44.

[116] Marziano NK, Casalotti SO, Portelli AE, Becker DL, Forge A.

Mutations in the gene for connexin 26 (GJB2) that cause hearing

loss have a dominant negative effect on connexin 30. Hum Mol

Genet 2003;12:805–12.

[117] Yum SW, Kleopa KA, Shumas S, Scherer SS. Diverse trafficking

abnormalities of connexin32 mutants causing CMTX. Neurobiol Dis

2002;11:43–52.

[118] George CH, Kendall JM, Campbell AK, Evans WH. Connexin-

aequorin chimerae report cytoplasmic calcium environments along

trafficking pathways leading to gap junction biogenesis in living

COS-7 cells. J Biol Chem 1998;273:29822–9.

[119] Anumonwo JM, Taffet SM, Gu H, et al. The carboxyl terminal

domain regulates the unitary conductance and voltage dependence

of connexin40 gap junction channels. Circ Res 2001;88:666–73.

[120] Stergiopoulos K, Alvarado JL, Mastroianni M, et al. Hetero-domain

interactions as a mechanism for the regulation of connexin channels.

Circ Res 1999;84:1144–55.

[121] Weng S, Lauven M, Schaefer T, Polontchouk L, Grover R, Dhein S.

Pharmacological modification of gap junction coupling by an anti-

arrhythmic peptide via protein kinase C activation. FASEB J 2002;

16:114–6.

[122] vanderVelden HM, Jongsma H. Cardiac gap junctions and conne-

xins: their role in atrail fibrilation and potential as therapeutic targets.

Cardiovasc Res 2002;54:270–9.

http://cardiovascres.oxfordjournals.org/

	Incorporation of connexins into plasma membranes and gap junctions
	Introduction
	Biogenesis of connexons
	Trafficking of connexons to the plasma membrane
	Chimeric connexins as trafficking monitors
	Proteins associated with gap junction formation
	Phosphorylation of Cx43
	Remodelling of gap junctions
	Are there multiple gap junction assembly mechanisms?
	Connexin domains implicated in the assembly of gap junctions
	Acknowledgements
	References


