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Gap junctions — from vertebrates and invertebrates are similathese genes. Some of the diseases have
in both structure and function, but the a significant impact on the human
cell to molecule former are composed of the connexinpopulation, with Cx26 mutations
Bruce J. Nicholson family (Eiberger et al., 2001; Willecke et accounting for over 50% of the cases of
Department of Biological Sciences, University of al., 2002), while the latter are composedinherited asymptomatic sensoneural
Buffalo, SUNY, 619 Cooke Hall, NY 14260 USA of members of a topologically similar deafness (Kelsell et al., 1997). Among
(e-mail: bjin@acsu.buffalo.edu) but unrelated family called the innexins the  phenotypic  consequences  of
(Phelan and Starrich, 2001). Recently,connexin loss, some appear to reflect the
Journal of Cell Science 116, 4479-4481 © 2003 The however, three ‘pannexin’ genes role of gap junctions as ion conductors,
Company of Biologists Ltd . . . . . .
d0i-10.1242/j¢5.00821 displaying distant homology to the such as the loss of retinal rod signaling,

innexins, but of as yet unknown cortical asynchrony (Cx36), partial
Gap junctions were first defined function, have been found in vertebratesconductance  block  (Cx40) and

morphologically as specialized contacts (Panchin et al., 2000). ventricular arrhythmias (Cx43) in the
between cells that mediate the direct heart, and Krecycling in the ear (Cx26
exchange of small molecules needed to_. i and Cx30). Others are likely to result
coordinate behavior of multicellular Diverse functions from interruption of nutrient transfer

systems. As a functional entity, they The ubiquitous presence of gap junctionsbetween cells, as in the avascular eye lens
have evolved independently three times,in the metazoa has suggested that theyCx46 and Cx50) and placental transfer
if one includes plasmodesmata in plants,are essential for multicellular life — a to the fetus (Cx26 and Cx31). Yet other
which are structurally very distinct from conclusion that is supported by the arraydefects illustrate the probable role of gap
gap junctions but mediate similar of different human diseases and mousgunctions in mediating intercellular
functions. The gap junctions of phenotypes that arise from defects insignaling, such as coordination of neural
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crest migration  (Cx43), oocyte exclusion limits that vary from 7 to 15A Channel gating and regulation
maturation (Cx37 and Cx43), myelin (200 to over 800 in molecular weight), Gap junction channels are unusual
development (Cx32 and Cx47), depending on the connexin compositionamong ion channels in that they typically
coordination of hepatic sympathetic of the channel (reviewed by Harris, remain open at rest, and only close under
responses (Cx32) and morphogenesis 0p001). Rates of dye flux through specific circumstances. However, the
the heart, blood, bone, vasculature (Cx43ndividual channels were 1-3 orders gating of these channels is among the
and Cx45) and skin (Cx26, Cx30 and of magnitude higher than those most complex of any ion channel. They
Cx30.3). A summary of connexin predicted by diffusion, indicating a close in response to a number of stimuli
diseases and mouse gene ablation studieggnificant affinity between the dyes that generally reflect the poor health of a
appears in Willecke et al. (Willecke etal., 5ng the pore wall (B. J. Nicholson and cell, including low pH, high intracellular
2002). J. Nitsche, unpublished). This is C&* concentration, and voltage
consistent with findings that different differences between cells {Mreviewed
connexins can impart selectivity levels Py Harris, 2001). Some channels are

—— : , . of 10-100-fold for natural permeants S€nsitive to transmembrane voltagen|V
Gap junctions form punctate ‘plaques’at . "~ " Tp  AMP adenposine and @s well, but this is more common among

the interfaces between cells, althoughglutathione (Goldberg et al., 1999) the invertebrate innexins. Gap junction

protein is often seen trapped in the ER . channels also close in response to a
and Golgi in some disease-associated”3 (Niessen et al., 2000) and even number of physiological stimuli,

mutants. Although not glycosylated, different cyclic nucleotides (Bevans et typically associated with increased cell

Formation and degradation

most connexins do pass through t_heal" 1998). division. These include growth factors
Golgi, and oligomerize late in their such as PDGF and EGF, oncogenes such
biosynthesis (Musil and Goodenough, Heterologous interactions as v-Src, and PKC and Cdc2 kinases

1993). There is also some evidence forbetween connexins
non-Golgi transport of Cx26 (Martin et o — directly, or indirectly, phosphorylate the
al., 2001). Hexameric connexons, or Ihe diversity of gap junction channel c yoming tail (reviewed by Lampe and
hemichannels, are inserted into theProperties, defined above for channels, 5, >00).

membrane, where they remain in acomposed of one connexin, is further

predominantly closed state (but seeincreased by the expression of multiple

below) until recruited to the outside of connexin isotypes in most cells. Both Hemichannels

existing plaques within the membrane heterotypic (different connexins in Prior to incorporation into gap junctions,
(Gaietta et al., 2002). Removal of old opposed cells) and heteromeric hemichannels are typically kept closed
connexins can occur through ‘budding- (different connexins in the same cell) through a combination of extracellular
off" of whole pieces of the plaque, to channels have been documentedCa* and \in gates. On docking with a

form annular gap junction vesicles (reviewed by Harris, 2001). Generally, compatible hemichannel in the other
within one cell (Jordan et al., 2001). heterotypic channels behave consistentell, intercellular channels are triggered
Both lysosomal and proteasomal with an in-series combination of to open (loop’ gating). Some

degradation pathways for connexins homomeric channels, although hemichannels (e.g. Cx38, Cx46 and
have been reported (Laing et al., 1998).rectifying channels can be producedCx50) can be opened by membrane
Surprisingly, connexins themselves are(sychyna et al, 1999). Interactions depolarization and reduced extracellular
turned over very rapidly, with a half-life petween connexins seem to be somewhae@* concentration. However, significant
of 1-5 hours (reviewed by Saffitz et al., sejective. Heterotypic coupling tends to Circumstantial evidence has implicated
2000). occur, with some notable exceptions, OPeN hemichannels of other connexins in

within an homology group [i.ex or B physiological processes as varied as

Channel permeability properties (Harr'|s, 2001)], dictated by seque.nces,extracellUIarIy propagated .@a.VV"?YeS
. : : possibly as few as a couple of residues (DY release of ATP or NAD, inhibition
The primary function ascribed to gap ; ° d lular | H. 7hy Of @Poptosis in osteocytes (both Cx43),
junctions has been the transfer of ions'" the second extracellular loop (. -~ and center surround inhibition of cones
and metabolites under about 1000 D an_d . B. ‘] Nicholson, unpubllsheql). by horizontal cells (through local
between cells in contact. Although this _|th|n a single pla_que, SOME CONNEXINS oy iyacellular  currents  from Cx26)
may seem to be a ‘housekeeping’W'" segregate, while others mix (_Falk, (Goodenough and Paul, 2003).
function, several recent studies have2000), which suggests that formation of
revealed a surprising diversity in the heteromerlp c;hannels is also selective,
permeability properties of gap junctions Probably within homology classes basedMolecular structure of the pore
composed of different connexins. lon On  several  biochemical  studies |mproved microscopic, biophysical and
substitution experiments show that the (reviewed by Harris, 2001). Other than mutagenic strategies have led to recent
anion/cation preferences of connexinsthe  preferential interactions  just advances in our understanding of the
can differ by up to tenfold, while larger described, no common properties link structural basis of gap junction function.
permeants (cationic tertiary amines,the members of connexin groupings, Atomic force microscopy has provided
neutral polyethylene glycols and which have been derived from sequencea dynamic view of conformational
anionic Alexa fluorophores), show alignments of the connexins. changes in the hexameric channels

associated with mitosis that either
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during gating, but at limited resolution but who could not be mentioned here because 0f{1996). Intramolecular interactions mediate pH
(Muller et al 2002) However. a major space constraints. Sincerest thanks go to Jinregulation of connexin43 channeBiophys. J70,

b kth hi lving the struct fStamos who pieced together the collage in the1294-1302.
reakinrougn in resolving tne structure o accompanying poster. Muller, D. J., Hand, G. M., Engel, A. and

the pore came with the reconstruction of Sosinsky, G. E.(2002). Conformational changes
electron diffraction images of isolated in surface structures of isolated connexin 26 gap
Cx43 gap junctions (Unger et al., 1999). References junctions.EMBO J.21, 3598-3607
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