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I. Introduction

Connexins are the proteins that form the intercellular channels that compose gap junctions in
vertebrates. Connexin channels mediate electrotonic coupling between cells and serve
important functions as mediators of intercellular molecular signaling. Convincing
demonstration of the latter function has been elusive, as have the experimental tools required
for detailed functional study of the channels. Recently, substantial progress has been made on
both fronts. Connexin channels are now known to be dynamic, multifunctional channels
intimately involved in development, physiology and pathology, and amenable to study by
state-of-the-art approaches. A host of developmental and physiological defects are caused by
defects in connexin channels, and therefore in the intercellular molecular movement they
mediate. The channel structure has been determined to 7-5 A resolution within the plane of
the membrane. Experimental paradigms have been developed that enable application of the
tools of modern channel biophysics to study connexin channel structure—function. As a
result, the biophysical mechanisms and biological functions of connexin channels now enjoy
a vigorous and expanding experimental interest. This article focuses on the former, but with

attention to issues likely to have biological consequences.
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Connexin channels have historically been regarded by channel physiologists as poor
relations of ‘real’ channels. In part, this view developed because the chemical signaling
function of connexin channels (its function in most contexts) is less easily defined and less
likely to depend crucially on the intrinsically compelling properties of rapid channel gating
and selectivity among atomic ions that tend to motivate channel biophysicists. Moreover, with
the exception of electrotonic coupling, the study of connexin channels emerged from cell
biology and anatomy rather than physiology.

On the pragmatic side, the intercellular structure of gap junction channels makes them
difficult to study and requires analytical paradigms different from those applied to other
channels. Single-channel recordings of connexin channels were unavailable for many years
(and remain technically challenging), as were specific blockers and affinity reagents, which
have been immensely beneficial in the study of other channels. In addition, much of the
physiological data seemed contradictory or ambiguous, something we now know largely
results from diverse connexin channel physiologies, arising from approximately 20 connexin
isoforms and their ability to form heteromeric channels.

Much has changed in the last several years. Homomeric channels formed by several
connexin isoforms have been characterized in detail using variants of commonly applied
molecular and physiological approaches. In addition, new approaches have been
devised. The information coming from these studies provides a growing, credible and largely
self-consistent framework for understanding connexin channel structure—function. An
intriguing set of biophysical issues and questions are emerging from the recent data.

It is hoped that this review will address the (usually) unspoken questions that arise in the
minds of most channel physiologists when they hear about connexin channels: Are they real
channels? Do they do anything important? Do they do anything interesting from a
biophysical perspective? Is there an understanding of their structure—function analogous to
that for other channels? What does the terminology mean? What are the key issues? Why is

it so difficult to get answers to these questions?

I.I What? Terminology and general properties

Gap junctions are ubiquitous aggregates of intercellular channels found between most cells
across many phyla, from metozoa to chordates (Bennett e/ a/. 1994; Becker ez al. 1998). They
(a) span closely apposed plasma membranes, (/) provide pathways for direct current flow
between cytoplasms of coupled cells, and (¢) can be permeable to molecules the size of
cytoplasmic second messengers. Each gap junction channel is formed by two end-to-end
hexameric structures called hemichannels or connexons, each of which spans a single plasma
membrane and originates in the cell whose plasma membrane it spans (Goodenough, 1975;
Makowski ez a/. 1977; Unwin & Zampighi, 1980; Werner et a/. 1989). The intercellular,
double-membrane-spanning structures will bwe referred to in this article as junctional channels.
In chordates, junctional channels are composed of connexins (Beyer et al. 1990; Becker et al.
1998), currently believed to be a protein family of approximately 20 isoforms (Bennett ¢# a/.
1994; White ez al. 1995a; Beyer & Willecke, 2000). The isoforms have approximately 40 %
overall sequence identity, with much greater identity in the transmembrane and extracellular
domains. Many isoforms have species-specific orthologs, bringing the number of naturally
occurring connexin variants to over 40 (see Beyer & Willecke, 2000). Some isoforms are

restricted to specific species, and some to specific tissues. Most cells express more than one
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isoform. The different isoforms compose channels that have widely diverse unitary
conductances, permeabilities, subconductance characteristics, voltage sensitivities, and
sensitivities to modulatory agents. There is no significant sequence homology with other
membrane proteins.

Connexins have not been identified in any invertebrate species, despite many attempts, and
despite occasional reports of staining with connexin antisera (Fraser ez a/. 1987 ; Meiners ez al.
1991; Janssen et al. 1994; Mire et al. 2000), nor have connexin genes been found in the
completely sequenced genomes of C. elegans or Drosophila.

Gap junction channels in arthropods and nematodes are #of formed by connexins, but by
a distinct family of proteins called nmexins (Phelan ef al. 1998a, b; Phelan, 2000; Phelan &
Starich, 2001). It had been thought that innexins might be restricted to Ecdysozoa (the molting
clade), but innexin DNA sequences have now been identified in platyhelminthes and molluscs
(Alexopoulos ¢/ al. 2000; Panchin e/ a/. 2000). Their localization and function in those
organisms are not yet determined. Innexins have no sequence homology with connexins, but
do share several features with them, including four transmembrane domains and intracellular
N- and C-termini. A single proline at the extracellular end of a transmembrane domain is con-
served in all connexins and innexins. Connexins have three nearly invariant cysteines in each
extracellular loop; innexins have two (Phelan, 2000). In contrast to these similarities in the
proteins, the gene structure of innexins is quite different from that of connexins (Curtin e# al/.
1999). Because the discovery of innexins is recent there is a paucity of structure—function
information of identified forms.

Remarkably, channels formed by connexins and innexins have very similar properties in
terms of regulation by voltage, pH and lipophiles, and in terms of permeability (Bukauskas
& Weingart, 1994; Gho, 1994; Bukauskas ef a/. 1997; Landesman ez a/. 1999), though the
pores of innexin channels are likely wider, as a group (Schwarzmann ez a/. 1981). In spite of
their convergent functional and structural properties, this article will deal only with channels
formed by connexins; it will largely omit information from invertebrate systems.

The first evidence for a direct intercellular pathway permeable to molecules came in the
1920s from studies of dye spread in cardiac cells (Schmidtmann, 1925), and was confirmed 40
years later (Loewenstein & Kanno, 1964; Loewenstein, 1965). Evidence for direct
intercellular current flow was obtained in the early 1950s (Curtis & Travis, 1951; Weidmann,
1952), though it had been proposed in the 1870s on the basis of physiological and histological
studies (Engelmann, 1877). The electrophysiological property called electrotonic coupling’
was first characterized in the late 1950s (Sjostrand ez /. 1958; Watanabe, 1958 ; Furshpan &
Potter, 1959; Karrer, 1960). Soon thereafter, the morphological structure later called the ‘ gap
junction’ was described (Dewey & Barr, 1962; Robertson, 1963; Revel & Karnovsky, 1967;
Brightman & Reese, 1969). The morphology and physiology were correlated in the next
several years (Dewey & Barr, 1962; Bennett ez al. 1963 ; Barr ef al. 1965; Pappas & Bennett,
1966; Payton ef al. 1969). For most of the next two decades, the functional characterization
of gap junction channels was almost exclusively the province of neurophysiologists, who
described and analyzed intercellular current flow (Bennett, 1966) and speculated about the cell
biological and developmental consequences of an intercellular pathway for diffusion of small
cytoplasmic molecules (Bennett, 1966; Bennett & Trinkaus, 1970; Warner, 1973; Pitts, 1978;
Loewenstein, 1981). Connexin channels were recognized as dynamically regulated with the
demonstration of modulation of intercellular coupling in vertebrates by junctional voltage
(Spray ez al. 1979) and by cytoplasmic pH (Turin & Warner, 1977; Rose & Rick, 1978; Spray
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et al. 1981b). The former led to the application of voltage-clamp techniques to connexin
channels (Harris ez a/. 1981; Spray ez al. 1981a). The first cloning of a connexin in 1986
(Kumar & Gilula, 1986; Paul, 1986) led to an explosion of knowledge about connexins and
the identification of many connexin isoforms, which enabled application of the techniques
of genetic manipulation and heterologous expression. In conjunction with patch-clamp
electrophysiology, a wide diversity of connexin channel physiologies was discovered (see
Bennett & Verselis, 1992; Bennett ¢f a/. 1993; White ez a/. 1995a; Peracchia, 2000; Verselis
& Veenstra, 2000).

Several recent monographs and special journal issues review various aspects of the
physiology and function of connexin channels, as well as their genetics, biochemistry and cell
biology (Hertzberg, 2000b; Peracchia, 2000; Lo, 2000; Rozental & Campos de Carvalho,
2000; Rozental e a/. 2000). The following articles are particularly informative regarding
functional properties (Bargiello ef a/. 2000; Barrio e/ a/. 2000; Bukauskas & Peracchia, 2000;
Delmar ¢f a/. 2000; Ebihara & Pal, 2000; Peracchia ¢/ a/. 2000c; Skerrett ez a/. 2000; Veenstra,
2000; Verselis & Veenstra, 2000). Much of the material cited as ‘submitted’ or ‘personal
communication’ in this review will appear in the proceedings of the recent international
biannual meeting of connexin researchers to be published in Cel/ Communication & Adhesion,

8 (5/6), 2001.

I.2 Why? Reasons for biophysical study

Defects in molecular movement through connexin channels cause developmental defects,
physiological defects, and disease (Peracchia, 2000). Connexins are known or suspected to
be involved in a wide variety of biological processes including hematopoesis, regeneration,
cardiac development, lens transparency, fertility, immune system function, protection from
oxidative stress and, in some quarters, acupuncture (Mashanskii ez a/. 1983; Shang, 2001)
and telepathy (Gollub, 1997). The importance of connexins is underscored by that fact
that connexin genes contain IRES (internal ribosome entry site) elemens, which are typically
found in genes of transcription factors, growth factors, and other genes that need to be
specifically and rapidly regulated independently of cell cycle (van der Velden & Thomas,
1999; Werner, 2000).

Connexin channels present for biophysicists the usual kinds of biophysically interesting
issues, but each with a twist. They present unique issues as well.

Voltage gating. Hemichannels and junctional channels are voltage gated. The sensitivity to
voltage takes several forms, and varies among connexins. There is no S4 domain, so the
mechanism for sensing voltage must be different for connexin channels than for other non-
[-barrel channels. Junctional channels are typically sensitive to transjunctional voltage, and
some to membrane potential as well. Where/how is the voltage sensed?

Permeant selectivity. Many connexin channels exhibit substantial charge selectivity among
small permeants (e.g. atomic ions). How is this achieved? They also show remarkable
selectivity among larger permeants, including second messengers, that cannot be accounted
for solely on the basis of size and overall charge of the permeant. How is the molecular
selectivity achieved? Are there specific molecular binding sites in the lumen of the pore?

Channel diversity. Each connexin forms channels with distinct properties, such as selectivity
and voltage dependence. Hemichannels and junctional channels can be heteromeric —

composed of more than one isoform of connexin. What are the functional consequences?
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Substates. Hemichannels and junctional channels typically show substantial gating to
substates. What is the structural basis? How do the charge and molecular selectivities differ
for different conducting states?

Rectification. Connexin channels can show rectification of unitary conductance when in
symmetric solutions that contain no components large enough to block the pores. How does
this occur?

pH-dependent gating. Connexin channels have widely varied sensitivities to acidification. Is
this due to protonation of the connexin or interaction with a protonated cytoplasmic
modulator?

Hemichannels and junctional channels. Hemichannels can operate both as independent, single-
membrane channels in plasma membrane and as subunits of junctional channels. What
structural features allow this? How do the hemichannels in two cells find each other and
interact? What is the specificity of that interaction and what are the structures of the domains
that mediate the interaction? How are hemichannel properties modulated by end-to-end (and

side-to-side) interactions?

[.3 How? Special issues for study of connexin channels

Connexin channels pose challenges for experimentation and data interpretation beyond those
posed by other channels. These challenges have shaped the character and availability of
information about connexin function.

The most substantial experimental impediment is that junctional channels are
junctional — each channel spans two plasma membranes and both ends of the pore are
cytoplasmic. This configuration eliminates the most straightforward electrophysiological
approaches (on-cell or excised patch recording) and forces a reliance on various configurations
of dnal whole-cell voltage clamp, which at least squares the probability of success for any
given experiment. Single junctional channel recordings can be obtained under some
conditions and in some preparations (not paired Xenopus oocytes, however due to the high
nonjunctional conductance, which is effectively a “seal” conductance in this configuration (see
Section 3.1.1). Control of the ionic environment of the pore is possible only via single or dual
whole-cell dialysis. Thus for whole-cell voltage clamp and on-cell patch techniques, the
primary domain of modulatory action, the cytoplasmic surface of the channel, is not directly
accessible.

The other major impediment is the absence of specific or high-affinity toxins or blockers
for connexin channels. Compounds such as TTX and the conus toxins have been of
inestimable value in structure—function studies of other channels.

Standard patch-clamp techniques can be applied in those few cases where wild-type and
genetically altered connexins form hemichannels that are conductive and well-behaved in
plasma membrane. In most cases, however, the behavior of hemichannels, and the effects of
the end-to-end interactions between hemichannels in junctional channels, must be inferred
rather than directly observed. This problem is substantial, and unique to connexin channels.
It has led to conflicting conclusions regarding the character and basis for voltage and
chemical sensitivity of connexin channels and hemichannels, and to difficulty in elucidating
their molecular mechanisms.

The complexity becomes daunting when one considers that each type of hemichannel has

the potential to be modulated differently by its end-to-end interaction with every other type
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of hemichannel. In fortunate instances, the behavior of a hemichannel inferred from
junctional channel behavior compares well with its behavior when it is paired with other
types of hemichannels, and/or with its behavior as a single hemichannel in plasma membrane.
However the data are typically not so clear and the inferences about ‘intrinsic’ hemichannel
properties in the absence of hemichannel data can become quite model-dependent. Even so,
in some cases the properties of hemichannels have been accurately inferred from junctional

channel behavior, and vice versa.

2. Molecular and structural context
2.1 Biochemical features

The connexins are identified as a family of proteins by sequence similarity and inferred
transmembrane topology (Beyer ez a/. 1990). Despite significant variation in length, primarily
in the cytoplasmic domains, several features are common to all. Each connexin has four
predominantly hydrophobic, membrane-spanning regions (M1-M4) (Fig. 1). For Cx43, these
domains have been shown to be a-helical, on the basis of a 7-5 A structure (Unger et al. 1997).
By analogy, the corresponding domains in the other connexins are presumed to be a-helical
as well. The carboxy- and amino-domains (CT and NT, respectively) are accessible from the
cytoplasm, as is the hydrophilic cytoplasmic loop (CL) domain between M2 and M3. The
hydrophilic domains between M1 and M2 and between M3 and M4 are accessible from
extracellular space and form extracellular loops E1 and E2 (Zimmer ¢z a/. 1987 ; Goodenough
et al. 1988 ; Hertzberg et al. 1988 ; Milks ez al. 1988; Yancey ez al. 1989; Laird & Revel, 1990;
Yeager & Gilula, 1992). The length of the CT varies among connexins and is responsible for
most of the differences in molecular mass.

The transmembrane domains and extracellular loops are highly similar across connexins
(Fig. 2). E1 and E2 are each characterized by 3 cysteine residues with invariant spacing of
CX4CX,C and CX,CX,C, respectively (except for Cx31, for which the spacing in E2 is
CX;CX;C, and which does not form channels with any other connexin; Elfgang ez al. 1995).
E2 contains a conserved PCP motif. In spite of a high degree of amino-acid identity and
homology in M1-M4 and E1-E2, several key differences in functional properties can be
attributed to the few sequence differences in these domains (cf. Verselis e7 a/. 1994). The N'T's
are somewhat homologous, but the CTs and CLs show little homology across connexins.
The CT and CL domains contain phosphorylation sites and other sites involved in chemical
gating (for reviews, see Delmar e# /. 2000; Jongsma ez a/. 2000; Lau ef a/. 2000; Peracchia
et al. 2000; Yeager & Nicholson, 2000), as well as sites that may interact with other proteins
including v-src and ZO-1 (Giepmans e/ a/. 2001) via SH3/SH2 or PDZ-binding domains
(Swenson et al. 1990; Kanemitsu e# al. 1997; Giepmans & Moolenaar, 1998; Toyofuku et al.
1998b, 2001). In addition, certain connexins may interact with signaling systems as part of
complexes containing f-catenin (Ai e a/. 2000) and p120ctn, both of which have been co-
immunoprecipitated with connexin43 (Ai ez a/. 2000; C. Lo, personal communication) or
N-cadherin (Xu et a/. 20001).

It is intriguing to note that the transmembrane topology of connexin (four transmembrane
domains and cytoplasmic carboxy- and amino-termini) is shared by other proteins that mediate
close approach or adhesion of plasma membranes, in spite of an absence of amino-acid

sequence homology. These include the claudin and occludin proteins of tight junctions
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Fig. 1. Membrane topology of a connexin monomer. M1-M4 are transmembrane domains, E1 and E2
are extracellular loops, NT and CT are N-terminal and C-terminal domains, respectively, and CL is the
cytoplasmic loop. (Figure from Sosinsky, 2000.)

(Goodenough, 1999; Tsukita ez a/. 1999), and the myelin proteins PLP (Gow ¢/ a/. 1997) and
PMP-22 (D’Urso & Miiller, 1997), in addition to innexins. Connexins are not members of the
tetraspanin family of molecular mediators (Maecker ¢ al. 1997).

The most widely used nomenclature for connexins is based on predicted molecular
mass — Cx32 for a predicted mass of ~ 32 kDa, Cx43 for a predicted mass of ~ 43 kDa and
so on (Beyer et al. 1988). Where it is important to designate species-specific orthologs, a
lower-case prefix is added, as in cCx42 for chick Cx42, hCx46 for human Cx46.6, mCx32 for
murine Cx32, rCx206 for rat Cx26 or zCx45 for zebrafish Cx45. Despite the ease and descriptive
utility of this system, it may require modification as additional connexins and species
orthologs with similar predicted masses are identified.

Another system (Gimlich e7 a/. 1990) distinguishes 3 families of connexin genes and assigns
subscripts based on order of discovery: al for Cx43, £1 for Cx32, £2 for Cx26 and so on. The
a, f and y families are distinguished by a combination of gene structure, overall sequence
homology, and matching of specific sequence motifs. The length of the CL of the a connexins
is approximately double that of the f connexins. Distance matrix analysis of the sequences
confirms and extends this grouping, generally identifying the f connexins as Type I and a
connexins as Type II (Bennett ef a/. 1994). In the matrix analysis, the large difference between
the II/a and 1/ families compared with the differences between mammalian and amphibian
orthologs suggests that the families diverged early in vertebrate speciation. Table 1 identifies
known connexins using both nomenclatures.

In this article, the CxXX nomenclature will be used because of its ease and wider use in
the literature. Species prefixes will be used when necessary; designations without
prefixes generally refer to rat or mouse orthologs.

There are functional differences between some of the species orthologs, in spite of their
high sequence identity. The minor sequence differences underlying the functional differences

may prove to be quite informative. Among the more dramatic examples are:

(1) mCx50 and skate Cx35 form hemichannels in plasma membrane, but their species
orthologs hCx50 and mCx30, respectively, do not (Zampighi ez al. 1999; Valiunas &
Weingart, 2000; Al-Ubaidi ¢ a/. 2000; Ebihara, personal communication)
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Table 1. Connexin nomenclature

Species
Group Connexin  specificity™* Ortholog(s) Tissue*
Cx25 (Human only, to date)
p2 Cx26 Chick Cx31
p Cx27.5 Zebrafish (Mammal Cx26?) Retina, CNS
04 Cx29 Human Cx30.2 Glia
6 Cx30
p Cx30.2 Human Cx31.9
/5 Cx30.3
/3 Cx31
p4 Cx31.1
p1 Cx32 Xenopus Cx30
a Cx32.2 Atlantic croaker Ovary
a Cx32.7 Atlantic croaker Sea bream Cx32.3 Ovary
ab Cx33 Testis
0% Cx34.7 Perch Retina
a9 ory  Cx30 Skate/perch Cx35 Retina, CNS
a4 Cx37
a2 Cx38 Xenopus
Cx39 Human Cx40.1
ab Cx40 Chick Cx42
a Cx41 Xenopus
al Cx43
alory  Cx45 Zebrafish Cx43.4,
%) Cx46 Chick Cx56, Lens fibers
Cow, Sheep Cx44
04 Cx47 Human Cx46.6, Retina, CNS, PNS
a8 Cx50 Chick Cx45.6, Sheep Cx49,  Lens
Zebrafish Cx44.1
Cx55.5 Zebrafish Retina
al0 Cx57 Sheep, pig Cx60, Ovary
Human Cx62
Cx58 (Human only, to date)

Most connexins are widely distributed among vertebrate species, and in characteristic sets of tissues.
Those with highly restricted species/tissue distribution are noted. In some cases orthologs have different
names due to slighly different molecular mass. Some connexins have not been assigned to families or not
numbered. A comprehensive review of connexin cloning is found in Beyer & Willecke (2000).

* If highly restricted.

(2) rCx43 is regulated by PKG, but hCx43 is not, lacking the key serine (Takens-Kwak &

Jongsma, 1992; Moreno ef al. 1994b; Kwak e# al. 1995b);

3) rCx43 has main unitary conductance of 80 pS, and is slighly anion selective, but cCx43
Y p ghly

has a conductance of 198 pS and is reasonably cation selective (Veenstra e al. 1995);

(4) the sensitivity of Cx45 to membrane potential (not transjunctional voltage) decreases
dramatically in the order of: mCx45 > hCx45 > cCx45 > zCx45 (Barrio ef al. 1997);

(5) rCx46, like most connexins, is inhibited by octanol and low pH, but the chick ortholog
cCx506 is not sensitive to either (Bukauskas ez a/. 1997).

2.2 Structures

Structurally, connexin channels come in several flavors. The most commonly studied atre the
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Fig. 3. Connexin structures. Hemichannels span each plasma membrane, and interact across extracellular
space to form junctional channels. The hemichannels may be bomomeric or heteromeric. Junctional channels
formed by two hemichannels that are homomeric for different connexins are heferotypic channels.

(Modified from Sosinsky, 2000.)

simplest — homomeric junctional channels, which are two end-to-end hemichannels spanning two
membranes, entirely composed of a single connexin isoform. Heterotypic junctional channels are
end-to-end hemichannels in which each hemichannel is composed wholly of a single connexin
isoform, but different isoforms compose the two hemichannels. Heferomeric hemichannels are
hemichannels composed of more than one connexin isoform (Fig. 3). Junctional channels can
also be formed by heteromeric hemichannels. The structural variants provide cells with
opportunities for heterogeneous and highly controllable connexin channel physiologies —
allowing permeabilities and gating sensitivities specific to a given cell type, developmental
stage or physiological condition. Heterotypic and heteromeric channels have been used
extensively to investigate structure—function of connexin channels. The closely packed arrays
of junctional channels are commonly called plagues.

A standard set of abbreviations will be used in this review to denote various structural

forms of connexin:

Category Example Abbreviation
Connexin isoform Connexin 32 Cx32
Connexin domain N-terminal domain of Cx32 Cx32NT
Point mutation S to D change at position 11 of Cx32 Cx32511D
Chimeric connexin M1 domain of Cx26 replaced by that of Cx32 Cx32*Cx26M1
Heteromeric hemichannel Cx32 and Cx26 in the same hemichannel Cx26:Cx32
Heterotypic pairing Cx32 hemichannel paired with Cx26 hemichannel Cx26/Cx32

2.2.1 Junctional channels

The structure of connexin channels has been investigated by X-ray diffraction and image
processing of electron microscopic images of 2D crystals of junctional channels. The highest
resolution 3D map (75 A in the plane of the membrane) was derived from tilted low-dose
images of frozen-hydrated 2D crystals formed by a heterologously expressed CT-truncated
mutant of Cx43 (Unger ez al. 1997, 1999a, b; Yeager, 1998; Yeager ez al. 1998). This work

is the culmination of many years of structural work on 2D crystals of connexin. Previous
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putative
B-domain

o-helical
domain

Fig. 4. Connexin channel structure. (#) Reconstruction of junctional channel structure from 2D crystals
of junctional channels formed by CT-truncated Cx43. Lef?: cross-sectional view at 75 A resolution
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studies were limited to ~ 16 A resolution due to heterogeneity of the imaged channels
and their packing (likely due, in part, to the cytoplasmic CT domain) (Caspar et al.
1977; Makowski e al. 1977, 1982, 1984a, b; Unwin & Zampighi, 1980; Baker ez al.
1983; Unwin & Ennis, 1983, 1984; Wrigley ¢ a/. 1984; Baker ez al. 1985; Gogol
& Unwin, 1988; Sikerwar & Unwin, 1988; Sosinsky ez a/. 1988, 1990; Tibbitts e a/. 1990;
Yeager & Gilula, 1992; Yeager, 1994, 1995). The most recent advances were enabled by
the use of heterologously expressed connexin, along with advances in purification of regular
lattices of channels from cultured cells (Stauffer ef a/. 1991; Stauffer, 1995).

Homomeric junctional channels have sixfold symmetry around a central pore, indicating
that each hemichannel is a hexamer. Hemichannels are approximately 70 A across and
85-125 A long, depending on the isoform (i.e. length of the CT domain). It is estimated
that 15-20 A protrudes from the cytoplasmic face of the membrane for Cx32, and 50-60 A
for Cx43. Approximately 15-20 A extends from the extracellular face into the inter-
cellular gap. Neglecting the contribution of side chains, the hemichannel lumen is
~ 40 A at the cytoplasmic end, narrows to ~ 15 A, and then widens to ~ 25 A within the
extracellular vestibule (Yeager & Nicholson, 1996). On the basis of ~ 16 A resolution
reconstructions, it was proposed that hemichannel closure corresponded to rigid connexin
monomers undergoing a torsional tilt, sliding against each other and twisting to occlude the
lumen of the pore at the cytoplasmic end (Unwin & Zampighi, 1980; Unwin & Ennis, 1983,
1984).

From several lines of structural evidence, the transmembrane domains appear to be o-
helical. The published structure shows that the hemichannel is formed by 24 closely-packed
rods, corresponding to four a-helical transmembrane domains contributed by each monomer.
The a-helices have mixed right- and left-handed packing (Fig. 44). It is not clear whether the
imaged channels are in an open or a closed state. As of this writing, the correspondence
between the «-helices and the known transmembrane sequences comprising M1-M4 is a
matter of active speculation. The 3D map indicates that within the membrane the pore is lined
by parts of two a-helices from each connexin monomer. One tilted helix lines most of the
length of the pore and has a distinct kink near the extracellular end of the hemichannel, and
another lines the pore at the cytoplasmic end. A detailed analysis of connexin sequences and
the density within each subunit supports a model in which these helices correspond to M3
and M1, respectively (Unger & Yeager, personal communication). This subject is more fully
addressed in Section 4.1.

Structural data show that in junctional channels the two hemichannels are 7ot aligned so
that each connexin monomer is positioned directly above its positional homologue in the
apposing hemichannel. Instead, there is a 30° rotational stagger that brings each monomet

into direct apposition with parts of /we monomers in the apposing hemichannel (Unger ez al.

within the plane of the membrane. Right: end-on view indicating axial tilts of the resolved c-helices.
(From Sosinsky, 2000 as adapted from Unger e a/. 1999b.) (b) Schematic of alignment of connexin
monomers in junctional channels. Connexin monomers in each of two apposed hemichannels (red and
blue) are represented as rectangles, and two o-helices within each as circles. The figure on the right
illustrates the proposed rotational stagger between the two hemichannels, causing the a-helices of each
monomer to align with a-helices of two connexin monomers in the apposed hemichannel. (Figure from
Unger et al. 1997.) (¢) Reconstruction of the structures of hemichannels from 2D crystals of split
junctional channels of Cx32. From left to right: cytoplasmic surface, cross-section, and modeled docked
structure of junctional channel. (From Sosinsky, 2000.)
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1997; Perkins ef al. 1998a). Two of the transmembrane «-helices in each monomer are nearly
in axial alignment with two a-helices in the apposing hemichannel — but the helices are
contributed by two different monomers. Schematics of this arrangement (Fig. 40)
suggest a tight interlocking arrangement that could account for stability of the junctional
channel structure. However it is not likely that the ends of the imaged a-helices make
the interhemichannel contacts, but rather the extracellular loops E1 and E2. The density
map within the ‘extracellular’ region is not indicative of a-helical structure (Unger e al.
1999b), and mutagenesis studies suggest antiparallel f-sheet structures in this domain
(Foote et al. 1998) (see Section 4.2).

The end-to-end interactions of hemichannels are further informed by atomic force
microscopy (AFM) (Hoh ez al. 1993; Lal & Lin, 2001; Hand ¢/ a/., In Press) and by 3D
electron crystallographic studies (Perkins ez a/. 1997a, 1998a) of “split’ junctions of non-
truncated connexins —in which the junctional double-membrane structure is separated at
the hemichannel-hemichannel interface, allowing examination of the extracellular and
cytoplasmic surfaces of the hemichannels. These studies reveal that the extracellular surface
topology consists of six alternating peaks and valleys (Fig. 4¢). It is notable that essentially
the same topography was observed in the ‘mechanically-dissected” AFM images and the more
carefully controlled chemical splitting technique used in the crystallographic work. On the
basis of this structure, it was proposed that the peaks of one hemichannel fit into the valleys
of the other, which requires a 30° rotational stagger between the hemichannels, predicting
that seen in the higher-resolution frozen-hydrated images of junctional channels. Animations
of 3D reconstructions from electron crystallographic data of single hemichannels and

computer-modeled docked structutres are available at ncmitr.ucsd.edu/ ~ gina/images.html.

2.2.2 Hemichannels

A connexin hemichannel has the structure of a conducting membrane channel, being an
oligomeric, integral membrane protein with an aqueous pore in the center. It was formerly
believed that hemichannels could not or should not function as channels, that hemichannel
opening would be lethal, or would have to be artifactual, without biological relevance or
experimental utility. These beliefs are not supported by data. Many studies provide strong
evidence of single hemichannel function in native and heterologously expressing cells. For the
most part, junctional channels appear to behave as two hemichannels in series. This makes
hemichannels important in their own right, and studies of them directly relevant to junctional
channels.

The latter point is key — hemichannels can be studied by the techniques commonly applied
to other membrane channels, whereas there are powerful limitations on the direct
physiological study of junctional channels (see Sections 3.1.1 and 3.2.1). Understanding of
junctional channel physiology is facilitated by the ability to infer it from that of the
component hemichannels studied individually: In most cases, junctional channels gate
as if each hemichannel operates independently (e.g., Bennett e a/. 1988; Swenson et al.
1989; Werner e al. 1989; Ebihara er a/. 1995; Barrio et al. 1997; Verselis et al.
2000) though there can be some modification of voltage dependence, kinetics and modulatory
sensitivity (e.g. Hennemann ez a/. 1992; Bruzzone ef al. 1994a; White ez al. 1994,
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Ressot ¢t al. 1998; Hopperstad e7 a/. 2000; Elenes et al. 2001; Srinivas ez a/. 2001). Some
of these differences may not reflect allosteric effects as much as the superposition of the
two forms of junctional voltage dependence that exist in connexin channels. Also, some
differences in macroscopic voltage sensitivity in heterotypic channels that had been attributed
to structural interactions between hemichannels (Barrio ¢z a/. 1991) are now understood to
arise from rectification of single channel currents due to two dissimilar conductance pathways
in series [see Section 5.1; (Bukauskas e# a/. 1995; Oh ¢t al. 1999; Suchyna ¢ a/. 1999)]. There
are contradictory data on whether molecular permeabilities of hemichannels and the
corresponding junctional channels are different, but this may be due to differences in
experimental approaches (Bevans ez a/. 1998; Cao et al. 1998).

In native cells. To some, it is counter-intuitive for a hemichannel to open in a native cell
under non-pathological conditions. One could expect an open hemichannel to rapidly kill a
cell by destruction of the selective permeability of the plasma membrane. However, there are
many cases in which cells become permeable to molecules such as Lucifer Yellow (LY) for
minutes without lethal effect (Steinberg ez a/. 1987; Buisman ez al. 1988; Steinberg &
Silverstein, 1989). Also, several channels with pores at least as wide as connexin channels are
found in plasma membrane, e.g. MscL (Sukharev ¢z a/. 1997); VDAC (Buettner ¢z al. 2000);
P27 /P2X putinergic receptors (Surprenant e/ al. 1997). Under normal conditions, such
channels are not toxic; many plasma membrane channels would damage their host cells if they
were inappropriately regulated (e.g. the nicotinic acetylcholine receptor), apparently including
hemichannels.

The search for open hemichannels began with studies in which two coupled, current-
clamped cells were literally pulled apart while voltages and currents were measured (Bennett
& Spira, 1968). Within the time resolution of the recordings (~ 0-1s) there was no
discernible electrical leakage to the extracellular medium at the time of physical junction
separation, suggesting that junctions ripped apart this way do not yield conducting
hemichannels. In this study it was not established whether the hemichannels separated or the
junctional channels were pulled out of one of the plasma membranes. More recent studies
provide strong evidence that hemichannels originating under more favorable conditions can
conduct and gate normally in plasma membranes of single cells.

Compelling evidence for conducting hemichannels in the plasma membrane of native cells
was first obtained from the horizontal cells of catfish retina (DeVries & Schwartz, 1992).
Solitary horizontal cells, when in a low calcium medium, exhibit a plasma membrane
conductance that is permeable to LY. It is regulated by voltage, cAMP, cGMP, dopamine,
and intracellular pH in a manner similar to the regulation of gap junction channels in pairs
of the same cells. The voltage dependence, pH dependence and pharmacology of the
junctional current of paired horizontal cells are fully accounted for by the parameters
describing the plasma membrane current, assuming that the junctional channels are formed
by two end-to-end plasma membrane channels. Horizontal cells of the skate retina have
a similar LY permeable conductance that is consistent, by a variety of pharmacological
data, with being mediated by connexin hemichannels (Malchow e a/. 1993, 1994). As in
the catfish horizontal cells, the plasma membrane current in skate was enhanced by
low calcium. The hemichannel currents in both species are enhanced by quinine (Malchow
et al. 1994; Dixon et al. 1996). Likely candidates for the connexin(s) that form these
hemichannels are Cx35 and Cx34.7, which have been cloned from skate and perch, and
localize to the retina (O’Brien ez al. 1996, 1998). When expressed heterologously, Cx35
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produces hemichannel currents that also respond to quinine (White e a/. 1999). Activation
with low external calcium ion and long depolarizing voltages is a consistent feature of plasma
membrane hemichannels.

An endogenous membrane conductance in Xenopus oocytes that is inhbited by extra-
cellular calcium is now known to be due to hemichannels of Cx38 (Arellano e a/. 1995;
Ebihara, 1996; Zhang ez al. 1998), which is normally expressed in these cells (Ebihara e/ a/.
1989). This was shown by several physiological criteria, as well as complementary anti-sense
and sense RNA injections into oocytes. In rat lens fiber cells a plasma membrane current has
properties that correspond to the hemichannel properties of Cx46, or rather, more closely, to
heteromeric channels of Cx46 and Cx50, which are endogenously expressed in these cells
(Eckert ez al. 1998; Jiang & Goodenough, 1996). Homomeric Cx46 and heteromeric
Cx46:Cx50 can form conducting hemichannels when heterologously expressed (Paul e7 al.
1991; Ebihara & Steiner, 1993; Ebihara e a/. 1999). There is also evidence from dye-
uptake and antisense studies that Novikoff hepatoma cells express Cx43 hemichannels in the
plasma membrane (Li ez a/. 1996). Lastly, in astrocytes Cx43 hemichannels were visualized
with antibodies against E2, which also blocked dye uptake from the extracellular medium
(Hofer & Dermietzel, 1998).

In several cell types, connexins have been proposed to be responsible for plasma membrane
conductances and single channel activities with properties considered consistent with
hemichannels (large conductance, weak charge selectivity, permeability to dyes such as LY,
inhibition by octanol or low intracellular pH). Because other high conductance channels are
known to exist, one must be cautious in attributing such conductances or permeabilities to
connexins (this issue is addressed in detail in Section 3.2.2). Nevertheless, it is probable that
some of these currents are indeed mediated by hemichannels. Among the more suggestive
studies is work in epithelial urinary bladder cells of Necturus (Vanoye et al. 1999) rabbit
ventricular myocytes (John ez a/. 1999; Kondo et al. 2000) and perhaps horizontal cell
dendrites in fish (Kamermans ez a/. 2001).

The extracellular release of ATP and other nucleotides during ATP signaling and ‘calcium
waves’ in astrocytes, epithelia and other cells has been attributed to plasma membrane
hemichannels (Schlosser ¢z a/. 1996; Cao e al. 1997; Frame & Defeijter, 1997; Cotrina ef al.
1998, 2000; Evans & Sanderson, 1999; Guthrie e a/. 1999; Graff ¢f a/. 2000; Homolya ez a/.
2000; Jorgensen et al. 2000; Sauer ef al. 2000; Scemes ef al. 2000; Suadicani ez al. 2000;
Romanello & D’Andrea, 2001). It is clear that ATP is released and the magnitude of release
correlates with connexin expression (Cotrina ez /. 1998, 2000). However, it is not clear
whether the ATP is released through plasma membrane hemichannels or whether modulation
of connexin expression affects a downstream, non-connexin ATP-release mechanism. A
similar correlation with connexin expression has been found for calcium-dependent
modulation of cell volume in a variety of cells (Ngezahayo & Kolb, 1990; Quist e a/. 2000).

In such cases it is difficult to make a definitive case for functioning hemichannels due to
the necessity of distinguishing primary from secondary effects of alteration of connexin
expression and function. Induced expression of connexin can have dramatic downstream
effects that activate genes and cellular processes not directly mediated by connexin channels
(e.g. Lecanda e7 al. 1998). For example, relevant to the case of ATP permeability, expression
of connexin genes leads to the induction of several non-connexin genes (Naus e# a/. 2000) and
to a profound reorganization of the actin and myosin cytoskeleton that is required for the

ATP release (Cotrina et al. 2000). These possible effects of hemichannels are intriguing and
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Table 2. Connexins that form hemichannels in plasma membrane

Connexin Reference

Cx26 Barrio, petsonal communication*

Cx30 Valiunas & Weingart, 2000*

Cx32 Castro et al. 1999*

Cx32*Cx43E1 Pfahnl ¢z a/. 1997; Hu & Dahl, 1999*

Cx35 White e al. 1999*

Cx35 or 34.7 DeVries & Schwartz, 1992*

Cx37 Puljung ez a/. 2001

Cx38 Ebihara, 1996

Cx43 Li et al. 1996; John et al. 1999

Cx44 Gupta ef al. 1994

Cx46 Paul ¢ a/. 1991; Ebihara & Steiner, 1993; Trexler ¢t a/. 1996*; Pfahnl & Dahl,
1998*; Hu & Dahl, 1999*; Valiunas & Weingart, 2000*

mCx50 Ebihara et al. 1999 ; Zampighi et al. 1999; Eskandari & Zampighi, 2000%;
Valiunas & Weingart, 2000*

Cx56 Ebihara ef a/. 1995; Ebihara ez a/. 1999*

* Single hemichannel recordings.

potentially important, but may not be directly related to hemichannel function in plasma
membrane.

In heterologons excpression and bilayers. In heterologous expression systems, many connexins
form conductive plasma membrane channels, which has been a boon to their study. As for
hemichannels in native cells, their currents are typically activated by low external calcium ion
and long depolarizing voltages. In most cases the currents are identified by correlation with
levels of connexin expression and by modulation by one or more agents known to affect
junctional channels. The specifics and caveats of identifying hemichannel currents are
discussed in detail in Section 3.2.2. In some cases, single hemichannels have been studied
by on-cell and excised patch approaches, as summarized in Table 2.

To date, several connexins have been reconstituted into planar bilayers or liposomes with
enough reliability for their functional properties to be investigated: Cx26 (Buehler ef a/. 1995;
Falk et al. 1997; Bevans ez al. 1998; Bevans & Harris, 1999a, b), Cx32 (Young ez al. 1987,
Harris et al. 1992; Rhee et al. 1996; Bevans ez al. 1998; Bevans & Harris, 1999a, b) and Cx43
(Falk e al. 1997; Kam et al. 1998; Kim ez al. 1999). There have been many other reports of
bilayer and/or liposome conductances due to connexin channels. Some of them may indeed
be hemichannels, but in most cases it is difficult to argue definitively that the channels are
formed by connexin, and the data have been difficult to reproduce. Section 3.2.2 summarizes
the work and the problem.

The determinants of what allows some connexins to form open hemichannels are not clear.
One expects the extracellular loop domains to play a prominent role. However, inspection of
the extracellular loop sequences is not informative. In fact, the E1 and E2 sequences of
mCx50 and hCx50 are identical, but the former readily forms open hemichannels and the latter
does not. This suggests that the factors controlling hemichannel opening are not exclusively
localized to the loop domains, and may involve conformational changes in the transmembrane
and/or cytoplasmic domains. Supporting this idea is work showing that mutation of H161
in mCx50 eliminates the ability to form open hemichannels, but does not affect the ability to

form junctional channels (Beahm & Hall, In Press). Also, it is not clear that the ‘gate’ that
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Table 3. Heterotypic functional compatibilities among mammalian connexins

Cx26 Cx30 Cx30.3 Cx31 Cx31.1 Cx32 Cx33 Cx36 Cx37 Cx40 Cx43 Cx45 Cx46 Cx50 Cx57

+ o+ - - - + -
+ 4+ + -
_I_ — — — —

— + + —  Cx26
Cx30
- +  (Cx30.3
— — Cx31
— — — — — — — Cx31.1
+ - — - - - - + + -  (Cx32
— Cx33
— Cx36
Cx37
Cx40
Cx43
Cx45
+ + —  Cx46
+ — Cx50
Cx57

|+ + |
|+ + |
|+ + |
+
I

i
++
+ 4+ + |
+ 4+ + + |
+ 1
|
L+ |+

+

+, Forms heterotypic channels; —, does not form heterotypic channels, blank = not reported.

keeps hemichannels closed under normal conditions is physically located at the extracellular
end or composed of E1 or E2.

2.2.3 Heteromeric channels

Like other oligomeric channels, connexin channels can be heteromeric (composed of more
than one connexin type). Heteromericity occurs in both native connexin channels and in
heterologous expression systems. It can take the familiar form of multiple isoforms in a single
hemichannel [a structure analogous to the well-established heteromultimeric potassium
channel (Isacoff ez a/. 1990; Ruppersberg ez a/. 1990)]. Also similar to potassium channels,
study of heteromeric connexin channels provides insights into the determinants of channel
assembly, the structural determinants of channel function, and the allosteric and cooperative
intersubunit interactions that affect modulation of channel physiology.

For junctional channels, there are additional types of heteromeric structures in which the
subunit compositions of the two component hemichannels are different, called heterotypic
channels (see Fig. 4). In typical usage, this term refers to the case where each hemichannel
is composed of a single, different isoform. The more complex case, where the hemichannels
are themselves heteromeric, are called heferomeric heterotypic channels. Heterotypic channels
are useful for investigation of znterbemichanne! allosteric and cooperative effects.

Heterotypic junctional channels. Heterotypic junctional channels can form in heterologous
expression systems (cf. Swenson ez al. 1989 ; Werner ez al. 1989 ; Barrio ez al. 1991; Bukauskas
et al. 1995). The study of heterotypic channels has been particularly useful for understanding
the structural basis of voltage sensitivity and other properties. Homomeric hemichannels will
form heterotypic functional junctional channels with hemichannels of some other isoforms
and not others (see Yeager & Nicholson, 2000). Investigation of this selectivity is informative
as to the structural basis for inter-hemichannel docking (i.e. formation of junctional channels),
and may provide insight into functionally or evolutionarily related groups of connexins. Table

3 summarizes data on functional heterotypic formation and non-formation for the mammalian
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Table 4. Heterotypic functional compatibility groups

Group A Group B
Cx30.3 Cx26
Cx37 Cx32
Cx40 Cx46
Cx43 Cx50
Cx45

Cx57

connexins expressed in Xemopus oocytes or mammalian cell lines. Where there are
contradictory data, results from mammalian systems are given.

Table 3 makes clear that the o/ grouping only roughly cortesponds to functional hetero-
typic compatibility. From inspection of the table, a more useful grouping can be made
in this regard. One feature that emerges is that the pattern of heterotypic formation better
defines internally consistent groups than does the pattern of non-formation of such channels.
On this basis, two groups can be defined whose members more consistently form functional
heterotypic channels only within each group (Table 4). The exceptions are that Cx43 forms
channels with Cx46, Cx30.3 does not form channels with Cx45, and Cx57 does not form
channels with Cx40. Cx31, Cx31.1, Cx33 and Cx36 cannot be categorized by these criteria
since they apparently do not form heterotypic channels. Connexin 30 appears to be
compatible with both groups. There is insufficient information for the remaining
connexins.

A major caveat is that this grouping does not distinguish the ability to physically form
junctional channels from the ability of such channels to open under the normal conditions for
screening. That is, some of the pairs reported not to form heterotypic channels may, in fact,
form the heterotypic structure but not open. This may contribute to why the pattern of
non-formation is not as consistent as the pattern of formation, as noted above. The data to
identify the determinants of junctional channel formation as distinct from the determinants
of junctional channel opening do not yet exist.

Do heterotypic junctional channels occur 7z vivo? The more interesting biological
question is whether native junctional channels can be structurally (and therefore
physiologically) asymmetric due to dissimilar composition of paired hemichannels, either
homomeric or heteromeric. The answer is unequivocally positive, since native cells that
express non-overlapping connexins can be coupled to one another (e.g., Rash ez a/. 2001).
Even where coupled cells express overlapping connexins, structural and physiological
asymmetry could arise from a heteromeric hemichannel joined to a homomeric channel, or
two heteromeric hemichannels with different stoichiometries or arrangements of isoforms, or
even identical heteromeric hemichannels with a rotational displacement. Of course
asymmetric physiology (Robinson ¢ a/. 1993; Little ef al. 1995b; Venance ¢ al. 1995a; Chen
& DeHaan, 1996; Zhao, 2000; Zhao & Santos-Sacchi, 2000) may also arise from other
sources, such as differences in post-translational modification and interaction with signaling
systems in the two cells.

A well characterized case of coupling mediated by non-overlapping connexins occurs
between astrocytes and oligodendrocytes. Astrocytes express Cx43 and Cx30 (Dermietzel ez
al. 1989 ; Nagy et al. 1999, Rash ez al. 2000) whereas oligodendrocytes express Cx45 and Cx32
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(Dermietzel et al. 1997 ; Kunzelmann ef al. 1997 ; Li ez al. 1997). Cx32 does not form junctions
with Cx43 (Elfgang et al. 1995; White & Bruzzone, 1996), but can with Cx30 (Dahl ez al.
1996). Cx45 can form junctions with Cx43 (Elfgang ez a/. 1995) and with Cx30 (Manthey ef
al. 2001). It is unlikely that Cx32 and Cx45 form heteromeric hemichannels (the specificities
for heteromeric compatibility seem to match those for heterotypic compatibility; see below),
so it is probable that the hemichannels contributed from the oligodendrocytes are
homomeric, and that they interact with either homomeric or heteromeric hemichannels from
the astrocytes.

Since cells typically express more than one connexin isoform, it is more difficult to establish
in native cells the existence of the more simple case of heterotypic junctional channels
composed of homotypic hemichannels. Junctional plaques often contain more than one
connexin in the same plaque (Nicholson ef a/. 1987; Kuraoka ez al. 1993; Risek ez al. 1994,
1995; Little ez al. 1995a; Yeh ez al. 1998; Dahm et al. 1999), but optical resolution does
not permit direct identification of heterotypic channels as distinct from heteromeric
hemichannels.

The first indication of heterotypic channels in native cells came from mass distributions
obtained by scanning transmission electron microscopy (STEM) of intact and split liver
junctions (Sosinsky, 1995). More recently, double immunogold electron microscopy showed
that heterotypic Cx26/Cx32 gap junctions develop by day 7 after birth in the petiportal area
of rat liver (Iwai ez a/. 2000). The doubly labeled images clearly show Cx32 only on one side
of a junction, and Cx26 only on the other. It is particularly interesting that the heterotypic
junctions develop in a spatially and developmentally controlled manner. In the ciliary body
of the eye, the cells of the outer pigmented cell layer (which express Cx43) and the inner, non-
pigmented cell layer form heterotypic channels (Wolosin ez a/. 1997; Vaney & Weiler, 2000),
but the other isoform has not been identified.

Single-channel data show that a subpopulation of acutely dissociated pairs of mouse
hepatocytes has Cx26/Cx32 heterotypic channels (Valiunas ez a/. 1999b). Interestingly, the
heterotypic pairs were more common in neonatal than in adult hepatocytes. To date, this is
the only definitive physiological data for heterotypic channels from a native tissue.

Heteromeric hemichannels. Biochemical and physiological experiments have provided
substantial direct and indirect evidence for the formation of heteromeric hemichannels in
native cells and heterologous expression systems. The biochemical evidence typically involves
a combination of co-immunoprecipitation and size/mass characterization of the purified
material by velocity sedimentation and/or gel-filtration chromatography. Physiological
characterization is typically based on the finding of single-channel conductances and/or
voltage dependence that differ from those of the relevant homomeric channels. These
approaches have occasionally been supplemented by immunogold electron microscopy. It is
interesting to note that the known heteromeric forms are consistent with the known
heterotypic specificities of Table 3, suggesting that both helix—helix interactions and
extracellular loop interactions can segregate the isoforms.

The existence of heteromeric hemichannels in the cellular repertoire allows considerable
fine-tuning of junctional channel physiology (with the reasonable assumption, supported by
studies mentioned below in Section 6.2.1, that each connexin monomer within a junctional
channel contributes to some degree to the channel physiology). For two connexins, there are
5 possible heteromeric stoichiometries and 12 possible arrangements within a hemichannel.

Adding the 2 homomeric possibilities, a total of 14 structural hemichannel forms are possible.
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For a junctional channel, a lower limit for the number of possibilities is therefore 196 (14%),
assuming there are no rotary or structural preferences. Fortunately, inspection of the data
from heteromeric channels suggests that the number of actual different structures/
physiologies is much less.

Cx26 and Cx32. Hemichannels that contain both Cx26 and Cx32 were co-purified by
immunoaffinity chromatography from tissues that express both connexins (Harris & Bevans,
1997; Bevans et al. 1998; Diez ef al. 1999; Locke et al. 2000). Artifactual monomer exchange
between solubilized hemichannels was controlled by cross-linking of connexin structures in
native membranes (Kordel ez a/. 1993 ; Bevans e al. 1998 ; Diez et al. 1999). Gel filtration was
able to separate by mass the heteromeric structures from homomeric Cx32 and Cx26
hemichannels (Locke ez a/. 2000). The heteromericity had functional effects, altering the
selectivity among tracers and second messengers, as well as altering the modulation of
channel activity (Bevans ez a/. 1998; Bevans & Harris, 1999a).

Other data in support of heteromeric Cx26:Cx32 hemichannels come from a heterologous
expression system (Stauffer, 1995). Connexin structures were purified from singly- and co-
expressing Sf9 cells and then co-incubated in detergent. The mixed homomeric structures
segregated independently on a gel-filtration column, but the co-expressed connexin structures
tended to segregate together. A concern about this study is that the size of the homomeric
structures is very large and the distribution very broad (Cx32: 500-1000 kDa with peak
at 800 kDa; Cx26: broad peak centered at 550 kDa). These sizes are unreasonably
large for single hemichannels even if they bind substantial detergent. For Cx32, with a hemi-
channel mass of 192 kDa, the measured 800 kDa peak, corresponds to the structure binding
320% of its weight in detergent, whereas it is known that Cx43 hemichannels bind
~ 17% of their weight of LDAO. This raises a question about whether the structures
are in fact aggregates larger than hemichannels. Also, the apparent size of the Cx32-
containing structures did not change when heteromeric hemichannels were formed.
One expects that as the Cx26:Cx32 ratio increased, the apparent size would decrease and
approach that of Cx26 homomeric structures, but this is not the case. The data can be
accounted for if the connexin/hemichannel structures are significantly aggregated, and each
connexin aggregates primarily with its own kind, but is also capable of some degree of
aggregation with the other. The evidence counter to this interpretation is the observation
of single, unaggregated structures in the EM, but it is possible that the conditions
for EM sample preparation cause the aggregates to disassemble.

Two studies in which Cx26 and Cx32 were synthesized by 7 vitro translation also show the
formation of Cx26:Cx32 hemichannels. Size analysis and immunoprecipitation experiments
demonstrated that Cx26:Cx32 hemichannels can form when co-translationally inserted into
membranes (Falk ez a/. 1997; Ahmad e# a/. 1999) and that Cx32:Cx43 hemichannels do not
form (Falk e/ al. 1997). One of these studies (Falk ez a/. 1997) explicitly tested for monomer
exchange in detergent solution, and found no evidence for it.

STEM measurements on purified rodent hemichannels, while supporting homomeric and
heterotypic Cx26/Cx32 structutres, failed to treveal evidence of hemichannel masses
corresponding to heteromeric structures (Sosinsky, 1995). They may have been present to
some degree and masked by the statistical variations in the measurements or within slightly
asymmetric Gaussians of the mass distributions.

Cx46 and Cx50. Co-immunopurification studies (without cross-linking) in combination

with velocity sedimentation demonstrated that the lens connexins Cx46 and Cx50 (and their
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orthologs Cx56 and Cx45.6) form heteromeric channels (Jiang & Goodenough, 1996). When
these connexins are co-expressed heterologously, the resulting hemichannels display
macroscopic and single-channel behaviors that differ from those of the homomeric channels.
Specifically, expression of Cx46 with Cx50 shifts the voltage activation to more negative
potentials, and increases the unitary conductance and open probability (Ebihara ez a/. 1999).
The physiological evidence from junctional channels between HelLa cells co-expressing these
connexins also supports the presence of Cx46:Cx50 heteromers (Hopperstad ef a/. 2000).

Cx37 and Cx43. The first and most compelling demonstration of heteromeric channels by
electrophysiological means was obtained for Cx37 and Cx43 in transfected N2A cells (Brink
et al. 1997). In this system it was possible to directly compare homotypic and heterotypic
single-channel properties with those obtained when both connexins were co-expressed. The
resulting channels had conductance and gating properties that could not be predicted from
the properties of the two connexins expressed separately. There was a multiplicity of
conductances that could not be explained solely by the formation of heterotypic or homotypic
channels. This work was followed up by similar studies using Cx40 in addition to Cx37 and
Cx43 in transfected NRK cells. The data confirmed Cx37:Cx43 heteromers (as well as
Cx40: Cx43 heteromers) (Beyer ez a/. 2000).

Cx40 and Cx43. There is substantial evidence that Cx40 and Cx43 form heteromeric
channels in cardiovascular tissues. This was established in a vascular smooth muscle cell
line (A715) by a combination of co-immunopurification and assessment of single-channel
properties (He ef al. 1999). There were effects on unitary conductance, substate activity, the
parameters of voltage dependence and permeability to dye molecules. Not all of these effects
were readily predictable from the properties of the parent channels. Similar physiological
results were obtained from pairs of canine atrial cells and from pairs of transfected N2A cells
(Elenes e al. 1999). A study in rat basilar artery smooth muscle cells was less definitive, but
nonetheless strongly suggestive of heteromeric Cx40: Cx43 channels (Li & Simard, 1999). In
the Xenopus oocyte expression system, a functional interaction between Cx40 and Cx43 that
modulates the pH sensitivity of junctional channels is almost certainly explained by their
presence in the same hemichannels (Gu ez a/. 2000).

There are cases in native cells where some kind of heteromericity occurs, but it is not
possible to tell with confidence whether it takes the form of heterotypic junctional channels or
heteromeric hemichannels, or both: Cx40, Cx37 and Cx43: (Yeh et a/. 1998); Cx50 and Cx43
(Dahm e al. 1999); Cx43 and Cx45 (Koval ez a/. 1995); Cx43 and unknown connexin(s)
(Ochalski e# al. 1997).

Heteromeric interaction within hemichannels is a likely mechanism in cases where one
connexin exerts a negative-dominant effect on another expressed in the same cell. A Cx32
mutant interferes with the channel-forming ability of Cx26 but not Cx40, supporting
Cx26:Cx32 hemichannel heteromericity, and suggesting that Cx32 and Cx40 are not
heteromerically compatible (Bruzzone ez al. 1994b). A fusion protein of Cx43 and an
endoplasmic reticulum retention/retrieval signal exerts a dominant negative effect on Cx46
(Sarma ez a/. 2000). These results are consistent with the heterotypic specificities in Table 3.
However, wild-type Cx33 inhibits channel-forming ability of Cx37, but not of Cx32 or Cx43
(Chang ef al. 19906), suggesting an interaction between Cx33 and Cx37 not consistent with the
heterotypic specificities. A chimera of the compatible connexins Cx43 and Cx40 interferes
with junctional channel formation by Cx43, Cx38 and Cx40, but not Cx32 (Goliger ¢/ al. 19906)

consistent with heterotypic compatibilities. A chimera between the incompatible connexins



Connexin channels 347

Cx32 and Cx43 interferes with Cx38, Cx32 and Cx43, but not Cx37 or Cx46 (Goliger ef al.
1996). Since the two component connexins are heterotypically incompatible, and the chimera
interacts with the wild-type connexins of which it is composed, one might expect it to
be incompatible with all connexins. The fact that it is not may reflect the influence
of the different domains contributed by each connexin.

An interesting case occurs for several disease-causing mutations of Cx26. They appear to
exert a trans-dominant negative inhibition of Cx43 (Rouan e7 a/. 2001). Such an effect implies
that the mutations (which are in the E1 domain) permit Cx26 to interact directly with Cx43,

with which it normally does not.

2.2.4 Junctional plaques

Junctional channels are nearly always found in 2D arrays that can contain from just a few
channels to many thousands. The classical electron microscopic images of plaques — large
junctional areas in which the plasma membranes of two cells are drawn into close apposition
apparently linked by thousands of semi-crystalline intercellular proteins — give the impression
of static, stable, and immobile structures. Contrary to this impression, the half-life for
turnover of junctional connexin is only a few hours (Musil ez 4/ 1990; Fallon &
Goodenough, 1981; Traub ez a/. 1987; Laird ¢/ al. 1991; Laing & Beyer, 1995; Beardslee ez
al. 1998). Recently, time-lapse imaging of GFP-labeled connexin in living cells has not only
confirmed that turnover is a highly active process, but that junctional plaques themselves can
be highly mobile, moving about within the plasma membranes of coupled cells, budding off
and fusing with each other (Holm e a/. 1999; Jordan e al. 1999 ; Windoffer e a/. 2000). This
may account for the suggestion from a statistical analysis of plaque sizes in published images
that plaques grow or shrink by the accretion or removal of 200-300 channel aggregates
(Ryerse et al. 1984). The mobility of plaques raises questions about why/how the arrays form,
what keeps them (transiently) intact, and what causes them to move, bud off, and fuse. This
is all the more remarkable given that the plaques are extended regions of contact between
two cells.

Rotating 3D volume reconstructions of gap junction plaques formed by GFP tagged
connexin imaged by deconvolution microscopy from Falk (2000) are available at
www.biologists.org/cgi/content/full/113/22/4109/dcl. Videos of the dynamics of junc-
tional plaques formed by GFP- and EFGP-labeled connexins in live cells are available at
www.molbiolcell.org/cgi/content/full/10/6/2033 (from Jordan ez a/. 1999) and www.uni-
mainz.de/FB/Medizin/ Anatomie/Leube/connexin-movies.html (from Windoffer ez al.
2000). Videos of transport intermediates, endocytosis and degradation of the fluorescently
labeled connexin are also available at these sites.

Other membrane proteins that form 2D arrays typically do so only with the involvement
of accessory proteins, often linked to cytoskeletal elements (Kornau ez a/. 1997). Intense
scrutiny of junctional plaques has not revealed the obligatory association with cytoskeletal
structures seen for other proteins (e.g. Hirokawa & Heuser, 1982). An association of
Cx43 with ZO-1 via a PDZ-binding domain on the CT has been demonstrated in several cell
types and cell lines (Giepmans & Moolenaar, 1998; Toyofuku ez a/. 1998b), and linked to
stabilization of Cx43 at intercalated disks and in plasma membrane, possibly via o-actin
(Toyofuku ez al. 1998b). Actin is also associated with gap junctions in the inner layers of

primate lens fiber cells (Lo ez a/. 1996). However, plaque formation cannot require such
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interaction because truncation of the Cx43 CT does not inhibit plaque formation (Unger e#
al. 1997) and not all connexins have PDZ-binding domains. Therefore it seems that junctional
channels have an intrinsic tendency to aggregate into plaques in plasma membranes, and that
extrinsic factors may contribute to plaque structure or stability.

From a biophysical perspective, this indicates that the forces that cause and/or maintain
the lateral aggregation of connexin channels are intrinsic to the protein and its immediate
environment. The propensity of connexin channels to assemble into lateral aggregates is well
documented by self-assembly from solubilized hemichannels and junctional channels (Mazet
& Mazet, 1990; Lampe et al. 1991; Kistler e al. 1993, 1994). In cellular membranes, the
packing within plaques has been suggested to arise from trepulsive forces between the
channels that are opposed by lateral pressure transmitted within the plane of the membrane.
This lateral pressure could arise from the effects of intermembrane repulsion (electrostatic
and/or steric) whete junctional channels are absent, directly (Braun ez a/. 1984; Abney et al.
1987) and perhaps mediated by the bending rigidity of the membranes (Bruinsma e a/. 1994).
The membrane movement and undulation of living cells may facilitate the aggregation of
particles of similar, smaller diffusion constants that are not constrained by cytoskeletal links.

This view assumes that the individual channels are freely diffusing within the membrane.
The movement of channels within plaques has been explored recently by imaging the
junctions formed between cells transfected with YFP- and GFP-labeled connexins (Falk,
2000). These data and others (Risek e a/. 1994; Sosinsky, 1995) show that connexins known
to associate (e.g. heterotypically or heteromerically) can co-mingle homogeneously within a
plaque, and connexins that do not so associate can remain in separate domains within a
junctional plaque. This supports the idea of freely diffusing particles, but also suggests that
the inter-channel forces (whether they are attractive or repulsive) are a function of the
particular connexins involved. The basis for this is not known — possibilities include isoform-
specific organization of lipids around the channels and direct protein—protein interactions.
There is no evidence, yet, for the former. The only indication of direct contact comes from
supercooled freeze-fracture and rotary-shadowed freeze-etch studies, which yielded images
consistent with spoke-like extracellular bridges that connect one particle to another (Peracchia
& Peracchia, 1985; Rash & Yasumura, 1992). However, both reports admit the possibility
of artifact. Such features have not been seen by any of the other imaging approaches.

What are the functional consequences of the fact that junctional channels are found in
plaques? From a molecular signaling point of view, one may imagine that plaques would
facilitate the delivery of intercellular signaling molecules to specific sites on a cell’s periphery.
However the lack of association with cytoplasmic or organellar structure, and their mobility,
argue against this.

Aggregation might be thought to enhance the efficiency of chemical or electrical signaling.
However, the opposite seems to be the case. Due to overlapping access-resistance domains,
tightly packed junctional channels become less efficient mediators of charge and chemical
transfer (Hall & Gourdie, 1995). For molecular signaling, calculations show that scattered
junctional channels can be an order of magnitude greater in communication efficiency than
compact junctional plaques of an equal total number of channels (Chen & Meng, 1995).

The one advantage that plaques can confer is for the case where one cell undergoes a
relatively rapid, perhaps regenerative, change in the concentration of a signal, either electrical
or chemical. In this case, the density of the molecular signal (or charge) at the points of

coupling to the other cells will be greater than if the intercellular channels were dispersed.
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Thus, the presence of plaques enhances the ability to transmit transient signals for which there
are thresholds or that are regenerative. This has long been obvious for electrical signaling,
and is becoming mote obvious for chemical signaling (e.g. intercellular calcium waves). Such
considerations could apply whether the signal is either an increase or decrease of a chemical
signal.

The packing and center-to-center spacing of channels within junctional plaques can be
quite variable (Raviola ez a/. 1980; Sosinsky, 1992), but there is no obvious or reliable
correlation with conductance state (Miller & Goodenough, 1985). There is evidence for
functional junctional channels that are present as dispersed particles (Hilser ez a/. 1997). Some
have suggested that plaques facilitate cooperative gating interactions between adjacent
junctional channels (Chen & DeHaan, 1992; Manivannan ef a/. 1992; Veenstra ez al. 1994).
This idea is informed by recent work quantitatively correlating GFP-connexin fluorescence
with plaque size and junctional conductance (Bukauskas ¢ /. 2000). The data indicate that
(a) aggregates of junctional channels below a certain size do not contain functioning channels
(a minimum size of ~ 3 x 10* nm?, or 300 channels, is required) and (/) only a small fraction
of the channels in a plaque are functional (515 %), and the fraction increases with plaque size.
Curiously, the observed minimal size for function is the same as that proposed for the
aggregates from which plaques are assembled (see above; Ryerse ef a/. 1984). The mechanism
for this functional dependence on plaque size is unknown.

Recent work reports positive cooperativity of voltage-dependent gating between Cx30
junctional channels in plaques, based on comparison of steady state and kinetic data from
single and multichannel records (Valiunas ez a/. 1999; Valiunas & Weingart, 2001).
Multichannel records exhibited greater voltage-sensitivity and more rapid voltage-dependent
kinetics than did single channels. Positive cooperativity cannot be accounted for by the
considerations of series and access resistance outlined above, which would tend to produce
a negative cooperativity. The basis for this interaction between connexin channels is
unknown, but it may not be unique (Yeramian ez a/. 1986; Keleshian ez a/. 2000).

3. Experimental approaches and issues specific to the study of connexin
channel physiology

This section reviews experimental approaches unique to the study of connexin channels. They
are variants on standard techniques, but the differences shape the kinds of data that are
obtained and how they can be used. A comprehensive summary of experimental approaches

to the study of connexins is found in (Bruzzone & Giaume, 2001).

3.1 Macroscopic currents
3.1.1 Junctional channels

Recording of junctional current requires simultaneous voltage-clamp of two coupled cells.
The voltage of each cell of a coupled pair is initially clamped to a common potential so that
junctional voltage (17}) equals 0 mV (Fig. 5). Typically, voltage is imposed across the
junctional membrane by stepping the potential in one cell (I;) while holding that of the other
cell (I7,) constant. The current that flows through junctional channels (I;) as a result of the

non-zero 1/; (which equals 17, —17}) is measured as the current supplied to the cell whose
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a

Fig. 5. Equivalent circuit of dual whole-cell patch-clamp for recording junctional currents of two

spherical cells. I = voltage; I = current; I, = current through non-junctional membrane; R, = series

resistance including electrode resistance; R, = resistances of non-junctional membranes. R; and I; are
junctional resistance and junctional current, respectively. When 1/, = 1/}, I; = 0. If I/ is then stepped

b>

to a more positive potential and I/} held constant, —I, is recorded as the change in I,. (from van Rijen
et al. 1998.)

potential was unchanged (I,). Even though the currents provided by each circuit are
equivalent to the sum of the non-junctional membrane current of that cell plus the junctional
current (I, or I, plus I,), because the non-junctional potential (17,) is unchanged, AI, = 0 and
the current supplied by that clamp equals |I].

For patch clamp of a single cell the primary source of voltage error is the ratio of the
uncompensated electrode series resistance to the membrane resistance. The dual cell con-
figuration has an additional resistance equivalent to a leak resistance in a conventional circuit
that is, in fact, the one of interest: the junctional resistance. The error in voltage control due
to uncompensated series resistance can therefore be a function of the junctional resistance — the
larger the ratio of series resistance to junctional resistance, the greater the error. This error
causes underestimation of junctional conductance and its voltage sensitivity.

Another way to appreciate the problem is to recognize that accurate measurement of a
membrane conductance requires that the pipette seal conductance be much smaller than the
conductance of interest. This is usually not a problem for single-cell patch clamp. However,
for coupled cells the substantial nonjunctional membrane conductance contributes the same
kind of error for measurement of junctional conductance as the pipette seal conductance does
for the measurement of whole cell currents of single cells —it is in parallel with the
conductance of interest, and can be equal to it or greater (Moreno ef al. 1991; Veenstra &
Brink, 1992; Wilders & Jongsma, 1992). The lower the membrane resistance the greater the
error, and the greater the junctional conductance, the greater the error.

The best way to avoid these errors is to use high resistance, pootly coupled cells and low-
resistance electrodes. Failing this, the errors must be estimated, and if necessary,

computationally compensated for after the experiments. Equations to do so have been
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worked out, based on voltage clamp analysis of a dual whole-cell resistor circuit (Veenstra
& Brink, 1992) and on modeled whole-cell currents derived from Kirchoff’s Law (van Rijen
et al. 1998). Both methods require accurate estimation or measurement of the series resistance
and membrane resistance (Veenstra & Brink, 1992; van Rijen ¢/ a/. 1998). In general, the
measurement is the most accurate when junctional resistance is roughly equal to the input
resistance, which must be at least 20-fold greater than the uncompensated series resistance
(Verselis & Veenstra, 2000). Since the errors are functions of the junctional conductance, any
measurement in which junctional (or membrane) conductances change during an experiment
or voltage protocol may have variable accuracy. When determining the accuracy of a
measurement one must consider values for junctional conductance over the range anticipated
or recorded.

Both methods of off-line compensation assume that the electrical, ionic and structural
conditions across the junctions are identical. This is not the case when the cells have different
intrinsic resting potentials, the junctional channels are heterotypic, the solutions on either side
of the channels are different, and the characteristics of voltage clamp are different. A recent
comprehensive analysis shows that these factors can affect the accuracy of measurement of
junctional voltage dependence and provides an experimental protocol and equations that
correct and compensate for such asymmetries (Veenstra, 2001). Because these asymmetries
can affect the initial I; transient when 1] is stepped, and thereby the time constant of
subsequent changes in g, a ramp-based protocol is proposed as a reliable alternative to the
standard step-based method of assessing voltage-dependent properties. These kinds of
considerations may contribute to the variability in published kinetic and steady state
parameters of voltage dependence.

An alternative to dual whole-cell patch clamp is dual single-electrode voltage clamp, in
which each voltage clamp is achieved with a single microelectrode that is rapidly switched
between voltage-measuring and current-applying modes (Brennecke & Lindemann, 1974;
Wilson & Goldner, 1975; Finkel & Redman, 1984). This eliminates the direct error due to
electrode resistance and has the profound advantage of requiring only one impalement per
cell. Such clamps have the disadvantages of greater noise, and require careful adjustment to
ensure that the switching frequency is fast enough to record the conductance kinetics
faithfully, while slow enough to allow a steady-state potential to develop during the current-
injection phase (time constant of the cell) and be measured during the voltage phase (time
constant of the electrode). The electrode resistance can constrain the latter. Nevertheless, this
approach is useful in cells where the membrane resistance is low and junctional resistance
high, or vice versa (Miller et a/. 1999), or where high temporal resolution of junctional
currents is not important.

An additional source of error arises from the fact that junctional channels are closely packed.
Calculations show overlap between the cytoplasmic access resistance domains of channels that
are as closely packed as junctional channels [as are endplate acetylcholine receptor channels
(Matthews-Bellinger & Salpeter, 1983), which ought to be subject to the same considerations].
This effectively leads to an additional access resistance due to flux interaction at the pore
openings, even when electrode resistance is fully compensated (Wilders & Jongsma, 1992;
Ramanan ez al. 1994). This can cause underestimation of macroscopic conductance and of
voltage dependence. The effect increases with the increased size of junctional plaques. In fact,
this effect has been suggested to be responsible for reports of decreased voltage-sensitivity of

junctional channels with growth of plaque size (Rook ez a/. 1988, 1990). Of course this does
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not apply if the fraction of functioning channels in a plaque is small (Lin & Faber, 1988;
Bukauskas ¢z a/. 2000).

For large cells, voltage-clamp is most reliably achieved by a two-microelectrode voltage
clamp for each cell, which avoids the error due to uncompensated pipette resistance (the other
sources of error remain, of course). Because it is simple and eliminates electrode series
resistance problems, this is the preferred configuration whenever possible. It is well-suited to
studies of macroscopic junctional currents in Xenopus oocytes and other large cells, such as
the blastomeres of early cleavage-stage embryos of amphibians and teleosts (Harris ez a/. 1981
Spray ez al. 1981a; Dahl ez al. 1987). Due to the large area of membrane surface being clamped,
junctional currents are not typically resolved within 5-10 ms after the onset of a voltage
pulse.

For the Xenopus system, pairs of oocytes expressing the connexin(s) under study are
devitellinized and manipulated into contact. Junctional channels form in several hours or
overnight (Ebihara, 1992). The oocyte system does not permit recording of single junctional
channel currents due to the low input impedance of the cells, but it is useful for
characterization of macroscopic junctional conductance and voltage sensitivity. The primary
technical liability is that the junctional conductance can be quite large relative to the
membrane conductance, causing errors in voltage control as outlined above.

Another potential problem, not specific to connexins, is that the properties of channels may
differ in unexpected ways when expressed in different systems. For example, some aspects of
voltage sensitivity differ when the same connexin is heterologously expressed in Xenopus
oocytes and in mammalian cells (see Section 6 and Anumonwo ez a/. 2000).

A variant of the paired oocyte system has been developed that permits perfusion of the
cytoplasm of one of the coupled oocytes (Skerrett ef al. 2001a). The oocytes are paired in
chambers separated by a coverslip in which there is a small hole. After coupling develops
through the hole, and the plasma membranes seal adequately to the coverslip, one oocyte is
cut open and exposed to the bulk solution on that side, allowing dialysis of the diffusable
components. The ability to resolve junctional current is limited by the stability of the system
and tightness of the seals, but this approach enables investigation of chemical modulation of
junctional conductance and assessment of molecular permeability that would otherwise be
impossible. A similar approach was applied to Fundulus blastomeres to obtain early data on
pH dependence of junctional conductance (Spray ez al. 1982).

For smaller cells, the technical difficulty of initiating and maintaining four simultaneous
microelectrode impalements requires use of either dual whole-cell patch clamp or dual single-
electrode voltage clamp. The latter does not permit one to alter the cytoplasmic ionic
environment. Currently, the dual patch method is the one of choice for mammalian cells,
including primary cultures and cell lines expressing exogenous connexins, having the well-
known advantages of whole-cell patch clamp (e.g. fewer electrodes, more stable recordings,
some ability to alter cytoplasmic constituents).

As mentioned above, the primary caution is that accuracy of junctional current
measurement is affected by the relative values of uncompensated electrode resistances, non-
junctional resistances, junctional resistance and seal resistances. For example, if the
uncompensated electrode resistance is significant relative to the junctional resistance (R;;
which can be low), a significant portion of the clamp potential develops across the electrode
rather than the junctions, artifactually decreasing the apparent junctional conductance and its

voltage sensitivity. Therefore, if R; (or non-junctional resistance) changes significantly during
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an experiment or experimental treatment, the fitness of the voltage control may be
compromised. For this reason, careful attention must be paid to these parameters, and it is
common to report the relative values of uncompensated electrode resistance, minimal
junctional resistance and input resistances. Detailed analyses of the circuitry, sources of error
and methods of compensating for them are found in (Rook ¢ a/. 1988; Giaume, 1991;
Veenstra & Brink, 1992; Wilders & Jongsma, 1992; van Rijen ef a/. 1998, 2001; Veenstra,
2001).

The whole-cell patch approach is particularly well-suited for dye-passage experiments due
to the low diffusional barrier of the patch pipette. In cases where the concentrations of ions
or other cytoplasmic factors must be accurately controlled, the whole-cell patch method is
subject to the usual limitations. In particular, differences between pipette concentration of an
ion and its steady-state concentration in the cell are functions of the ion’s membrane
permeability, its diffusion constant, and the electrode resistance (Pusch & Neher, 1988;
Mathias ez a/l. 1990), as well as the effects of charged components of the cytoplasm that remain.

Primary mammalian cells can be studied as pairs isolated from tissue, or as pairs formed
by manipulation into contact following dissociation into single cells. Transfected cells are
grown in culture, and pairs identified for physiological study. In these systems, single
junctional channels can be recorded using the techniques outlined in Section 3.2.1 below.

Under certain circumstances, intercellular currents do not require intercellular
channels — single-membrane channels in closely apposed plasma membranes could give rise
to ‘intercellular’ currents. Whether this occurs depends on the relative values of the
conductances of the channels, the plasma membrane, the intercellular space and the access to
the appositional region via the extracellular space. Ephaptic current flow between neurons is
well-known (Arvanitaki, 1942; Faber & Korn, 1989; Jeflerys, 1995). Calculations for paired
apposed cells show that significant intercellular coupling occurs for the case in which the
appositional membrane is significantly more conductive than the non-appositional membrane
(Barr, 1963; Bennett & Auerbach, 1969; Heppner & Plonsey, 1970). When this is not the
case, low levels of coupling (1-3 %) can be attained with interdigitation, and this may be
sufficient for entrainment of oscillatory firing of neurons (Vigmond & Bardakjian, 1995).
However, the levels of electrical coupling typically generated by this mechanism are quite
low.

A key descriptor of junctional conductance is its dependence on junctional voltage. The
steady-state parameters of the voltage dependence provide a standard way to compare
junctional channels. Essentially, the response of each hemichannel to transjunctional voltage
is modeled as if it is a first-order, two-state process in which the energies of the states are
exponential functions of voltage (Miller & Rudin, 1963; Ehrenstein et a/. 1970). This
enables fitting to a form of the Boltzmann relation, which yields parameters of voltage
sensitivity (#; number of charges needed to move through 17 to account for the
voltage-dependent change in energy) and for the difference in conformational energy at zero
voltage (AE). While this simplistic view is almost certainly inaccurate, for steady state
modeling it provides adequate descriptive fit to the data (discussed in detail in Section 6.1).
The steady state data for each polarity of voltage (i.e. closing of each hemichannel) can be
modeled independently or as the product of two Boltzmann relations (Spray e a/. 1981;
Revilla ez al. 1999). A recent implementation incorporates nonlinearities of channel
conductance into macroscopic modeling (Vogel & Weingart, 1998).

The conformational energy term AE is commonly, and confusingly, expressed as AE /g,
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the voltage at which the voltage-sensitive component of the conductance is half-maximal, 17,
where ¢ is the electronic charge. 17, and 7 are often treated inappropriately as independent
descriptors of the voltage sensitivity.

Two often overlooked factors can significantly affect the calculation of these descriptive
parameters. For the calculation to be correct, the voltage-dependent component of the
junctional conductance must be accurately determined. This component is the maximal

junctional conductance (G,,,,) minus the voltage-insensitive component of the conductance

max.
(Gpin)- Giax 1s often not a measurable parameter since at zero voltage some channels can be

closed, depending on the values of AE and 7. Also, G,,;, can be measured only when the data

extend beyond voltages where the steady state conductance no longer decreases, which is
often not the case.

In the first implementation of this analysis, the system was sufficiently voltage-sensitive that
the G,,;, could be obtained directly (Harris ez a/. 1981; Spray et al. 1981a). Also the kinetics
of the conductance changes were sufficiently close to first-order that it was justified to
max DY explicitly testing for linearity of the log[(Gax — GV D/ (G(V) — G in)]
versus 1/ relation for different values of G

determine G
max- Fitting to a line rather than a curve allows simple
and accurate estimation of 17 and # as long as the linear regression incorporates a correction
for the greater uncertainty of the larger values of log[(G.x— GV D/[(G(V)— Gl
max (Bevington, 1969; Harris, 1994). In some cases G,;
from the available data, and G,,, fixed at the highest recorded conductance. This can
max and G

be determined along with 7 and 17, (Revilla e7 a/. 1999). This is more justified, but has the

that occur near G . 1s estimated

lead to significant error. In other cases, G are treated as free variables to

min
potential for substantial inaccuracy, especially where the character of the data does not

sufficiently constrain the parameters (e.g. large G small 7).

min>

3.1.2 Hemichannels

Macroscopic hemichannel currents can be studied by conventional whole-cell voltage-clamp
techniques. Under normal conditions, hemichannels do not open except at sustained positive
membrane voltages. The development of the outward current is slow, developing over many
seconds. Reduction of extracellular calcium ion to 1 mm or less shifts the activation to more
negative potentials, and dramatically increases the magnitude and rate of rise of the current
(Paul ez a/. 1991; DeVries & Schwartz, 1992; Ebihara & Steiner, 1993; Zampighi et a/l. 1999;
Ebihara & Pal, 2000). These macroscopic currents are inhibited by alkanols (Li e a/. 1996;
Zampighi ef al. 1999; Valiunas & Weingart, 2000). The primary challenge is to identify the
currents as arising specifically from connexin hemichannels and not from other plasma
membrane channels. This caution applies to all studies of hemichannels, whether macroscopic,
single channel, or dye permeability studies.

The problem hinges on the fact that there is little to positively identify, by physiological
means, a particular membrane current as arising from hemichannels. What were previously
thought to be immutable, if not unique, properties of connexin channels are not necessarily
reliable identifiers (e.g. permeability to LY, pH sensitivity, calcium sensitivity, charge non-
selectivity, sensitivity to octanol). [An early seminal review of gap junction physiology states:
A defining characteristic of the electrotonic junction is that junctional resistance is constant’
(Bennett, 1977).] There is no factor that wniguely characterizes, activates or inhibits all
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connexin channels, other than the ability to form channels through two membranes, which
is irrelevant to the problem of identifying hemichannels.

Pharmacological identification is problematic since agents that commonly affect junctional
conductance between cells (e.g. pH, calcium, octanol, halothane) affect other channels as well
(cf. Hirche, 1985; Quastel & Saint, 1986; Karon ez a/. 1994), do not act on all connexin
channels (Rup ez a/. 1993), and, where they do affect connexin channels in cells, may not act
on the connexin channel itself but rather via cytoplasmic or membrane components that
are dependent on the specific cellular milieu. It was formerly assumed that connexin
channels would be non-selective for charge (due to wide pore diameter), but data from
heterologous expression systems indicate dramatic differences among connexins in size
and charge selectivity as well as unitary conductance (cf. Beblo ez a/. 1995). As
mentioned previously, non-connexin protein can also form channels that are permeable
to large molecules (Sukharev et al. 1997; Surprenant es al. 1997; Buettner ez al. 2000)
and that have high conductance and low selectivity (Blatz & Magleby, 1983; Chesnoy-
Marchais & Evans, 1986; Young ez al. 1986; Fox et al. 1988).

For these reasons, identification of hemichannel currents in native cells is difficult, and each
attempt must be evaluated on its own merits. Fortunately, most studies of macroscopic
hemichannel currents are done in cells in which connexin is heterologously overexpressed.
Hemichannel currents can then be identified by dependence on transfection with cDNA
encoding for connexin, and changes in the currents with mutations in or suppression of the
transfected gene. The only caveat is one that applies to all such studies of transfected
cells — the possibility that expression of exogenous connexin (indirectly) affects expression of
other proteins, including membrane channels, that alter endogenous currents. It is known
that transfection with connexin cDNA can induce expression of several unrelated genes (Naus
et al. 2000) and can affect cellular processes apparently unrelated to connexin expression
(Cotrina ez al. 1998, 2000; Sahenk & Chen, 1998; Scemes ¢ a/. 2000). The reverse has also
been shown — that induced expression of non-connexin genes can affect regulation of
connexin channels (Chanson ez a/. 1999, 2001). The problem of identifying single hemichannel

currents is even more complex (see Section 3.2.2).

3.2 Single-channel currents
3.2.1 Junctional channels

Currents through single junctional channels between mammalian cells can be recorded by
dual voltage-clamp in cases where the number of functioning channels is sufficiently small
(Neyton & Trautmann, 1985; Veenstra & DeHaan, 1986; Weingart, 1986; Chow & Young,
1987; Rook et al. 1988). Because the current being measured is through only a few channels,
the problems due to series resistance mentioned above ate not an issue. This can be achieved
by selection of highly resistive cells with very low junctional conductance (Veenstra e al.
1992), study of newly forming junctional channels (Nishimura ez a/. 1981; Chow & Young,
1987; Rook et al. 1988 ; Bukauskas & Weingart, 1993), or by treatment of coupled cells with
agents that close junctional channels. For the latter case, the conditions most often used to
reversibly reduce the number of active junctional channels to only a few are cytoplasmic
acidification or exposure to any of several lipophilic agents known to reduce open probability

of most junctional channels, usually heptanol, octanol or halothane (Turin & Warner, 1977,
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1980; Spray ez al. 1981b; Bernardini ef a/. 1984; White ef a/. 1985; Burt & Spray, 1988, 1989;
Rudisuli & Weingart, 1989; Rozental ez a/. 2001). Where examined, acidification has little
effect on unitary conductance (Hermans ez a/. 1995). However cytoplasmic acidification has
effects on many cytoplasmic constituents and processes, so the lipophilic agents are preferred.
To the extent these agents have been characterized, they seem to affect open probability of
connexin channels without obvious effect on permeability or conductance (Veenstra &
DeHaan, 1988; Burt & Spray, 1989; He & Burt, 2000). Their disadvantages include effects on
other membrane proteins (cf. Hirche, 1985; Quastel & Saint, 1986; Karon ef a/. 1994), likely
mediated by alteration of lipid bilayer properties and some toxicity. Also, the single-channel
activity remaining may not be representative of the entire population of the junctional
channels. For example, halothane, has dose-dependent specificities among homomeric
channels, and is preferentially less effective on heteromeric channels (He & Burt, 2000).
Potential mechanisms of action of these agents are discussed in Section 7.4. Where possible,
it is preferable to study cells that are stably but poorly coupled (Veenstra ef al. 1992).

Under dual whole-cell clamp, junctional channel current is reflected in the clamp current
for each cell, but with opposite sign; current entering one cell through a junctional channel
perforce leaves the other (Fig. 6). When single junctional channel transitions occur, the clamp
current for each cell changes the same magnitude but in opposite directions. This will not
occur for conductance transitions of channels in the non-junctional membranes (these
transitions will be seen in the clamp current of one cell only). Therefore, even though both
clamps record single-channel transitions in non-junctional membranes, junctional channel
events can be readily and unambiguously identified. This is aided by the fact that the unitary
conductance of connexin channels is typically much larger than that of other membrane
channels. This approach has been successfully applied to a variety of native and transfected
cells.

Reconstitution of junctional channels in a double bilayer configuration would be
advantageous. However it is technically challenging. An attempt to do so was reported 10
years ago, but the absence of follow-up indicates it was either impractical or artifactual
(Brewer, 1991). To achieve a double bilayer reconstitution it may be possible to take
advantage of the experimental configurations used to study bilayer—bilayer interactions and
membrane fusion, in which bilayers are formed across apposed apertures and bulged toward
each other by hydrostatic pressure (Neher, 1974; Fisher & Parker, 1984; Fisher et a/. 1986;
Lucy & Ahkong, 1986, 1995). Other technologies may be useful, such as nanofabrication,
supported bilayers (Butt ez al. 1993; Seifert e al. 1993; Lu et al. 1996) or the use of
polymerizable lipids (cf. Buschl ef a/. 1982; Benz ez al. 1986; Higashi ez a/. 1987).

Formally, analysis of single junctional channel data does not differ from that of other
single-channel data. The main limitation is the substantially greater noise in the records (due
to the large amount of non-junctional membrane being clamped), instability of the
preparation due to two simultaneous patch electrodes, and, where pharmacological treatments
are used to reduce the number of channels, instability in the number of active channels. The
fact that junctional channels tend to have noisy open-channel currents and prominent gating
to substates makes the analysis more difficult and complex.

The dual whole-cell patch clamp method for recording single-channel currents is useful for
determination of junctional channel ionic permeability and selectivity. Manipulation of ions
must be achieved by dialysis of both cytoplasms via the patch pipettes, and not be toxic to

the cells. This imposes substantial technical challenges, which have been admirably met
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Fig. 6. Single junctional channel currents recorded by dual whole-cell voltage-clamp. I, and I, are
clamp currents for two coupled cells, where 17; is maintained at 40 mV. With the opening of a junctional
channel, the current enters one cell and leaves the other, resulting in changes in clamp currents of equal
magnitudes in opposite directions. The initial slow opening corresponds to the opening of a newly
formed junctional channel. This opening is followed by rapid transitions between a high conductance
state and a subconductance state, typical of 17, gating’ as described in Section 6. (From Valiunas

et al. 1999a.)

(Veenstra, 2001). Some of the special challenges for selectivity measurements in this system

are:

(1) The ionic replacements required for true bi-ionic experiments (A*B™ versus C*B7) cannot
be done in living cells, so it is necessary to assess the contribution to the reversal potential
of the asymmetrically distributed ions against a background of symmetrically distributed,
but differentially permeable, ions. Therefore one must determine the permeability of each
ion in the pipette solutions relative to an anion present in all experiments. Because
connexin channels are typically permeable to both anions and cations, the reversal
potential due to a salt gradient must also be assessed, and the system osmotically balanced
with an uncharged junction-impermeant molecule, such as raffinose.

(2) Each circuit clamps a cell, not the junction. Therefore a junctional reversal potential is
not diretly referred to ground or the extracellular medium but to both clamp circuits.
Both (voltage-recording) patch electrodes are independently offset from ground by the
input resistances and membrane potentials of each cell, which are being dialyzed with
non-identical solutions.

(3) For a junctional channel reversal potential to be measured accurately, the ratios of series
resistance to input resistance must be equal for the two cells. Special care must be taken
regarding junction potentials at the electrode and solution interfaces of the two (different)

internal solutions and the bath solution.

It is easy to see that unless one is careful and confirms before and after each measurement
that all the required conditions are being met, errors can be made. This is a primary reason
why few groups attempt this kind of measurement, and why ionic selectivity data for
connexin channels are not more common.

Because the methods for controlling the number of active junctional channels are indirect,
and not as straightforward as simply trying another patch, it is often the case that several
junctional channels are recorded from, resulting in ambiguity of gating behavior of the

individual channels. To address this, a model-independent method for extracting single-
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channel mean, open and closed times from heterogeneous multichannel records has been
developed (Manivannan ef a/. 1992; Ramanan ez a/. 1992, 1995; Ramanan & Brink, 1993). The
method allows the derivation of information about the number of types of channels present,
the number of channels present, and cooperativity between channels (Veenstra ez a/. 1994a;
Brink ez al. 1996). Substate activity and mode-shifting can also be teased out. These statistical
methods require recording at least 1000 gating transitions per channel type, and more if there
are subtle processes such as mode shifting. This approach makes it possible to characterize
a set of channels from long records, which is particularly useful when recordings of single

channels are difficult to obtain.

3.2.2 Hemichannels

With the notable exception of 3D structures from crystallography or NMR spectroscopy,
most advances in understanding channel structure-function in the last 15 years have derived
from the ability to record single-channel currents from genetically manipulated proteins in
an accessible configuration (i.e. one that allows application of reagents to one or both sides
of the channel). The approaches outlined above for obtaining recordings of single junctional
channels are technically demanding and afford limited accessibility to the channel.
Fundamental advances in understanding connexin channel biophysics are likely to rely on the
ability to record single hemichannel currents.

The electrophysiological techniques for recording single hemichannel currents are the
same as those for recording other single channel currents — on-cell patch, excised patch and
reconstitution in liposomes or bilayers. The ability to apply these techniques to hemichannels
has had two major limitations, both of which are now being overcome. One is that only a
subset of wild-type connexins form well-behaved conducting hemichannels (see Table 3). The
other is that identifying the channels as formed by connexin protein can be difficult in native
cells and in reconstituted systems.

The first problem has been addressed by the use of connexins genetically modified to form
conductive hemichannels. The most popular is the chimeric connexin Cx32*Cx43E1 (Cx32 in
which the E1 extracellular loop is replaced by that of Cx43) (Pfahnl ef a/. 1997 ; Oh e# al. 2000).
It forms well-behaved hemichannels that can be studied by on-cell and excised-patch
approaches. The liability of such a structural alteration is that it may alter function in ways
other than increasing the open probability of the hemichannel — there could be effects on ionic
selectivity, molecular selectivity, voltage sensitivity, ligand sensitivity, and kinetics.
Comparison of the macroscopic voltage sensitivity of homotypic Cx32 channels and
Cx32*Cx43E1 channels indeed shows that the voltage dependence is substantially altered
(Oh et al. 2000; Purnick ez a/. 2000b).

If the goal is to understand function of a wild-type connexin that does not form well-
behaved hemichannels, care must be taken to ascertain the extent and effect of such changes.
This can be difficult, since by definition the individual wild-type hemichannel cannot be
characterized. The most appropriate comparison is between the single junctional channel
behavior of the wild-type and of the mutant connexin being studied. This requires that the
mutant form junctional channels as well as hemichannels, and leaves unaddressed whether
differences are due to altered hemichannel properties or altered allosteric interactions between
the hemichannels. Formally, these effects cannot be deconvoluted, so it is hoped that the two

channel behaviors match well.
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For studies in native cells, the problem of identifying the channels as hemichannels persists
unimproved. The difficulties outlined in Section 3.1.2 for identification of macroscopic
hemichannel currents apply to identification of single hemichannels as well. Identification is
difficult, and most commonly relies on detailed comparison of the behavior of the single
channels with that of putative macroscopic hemichannel currents and with the properties of
junctional channels in the same cells. Such correlation is difficult to establish, and fortuitous
when it occurs (e.g. DeVries & Schwartz, 1992).

For heterologous expression of connexins in Xenopus oocytes or mammalian cells,
connexins that form conducting hemichannels can be identified by correlation with the genetic
manipulations mentioned above in Section 3.1.2. If expression is low, there may be a
statistical sampling problem in showing that expression of a particular single channel
correlates sufficiently with sense or antisense effects to identify it as a connexin channel. On-
cell and excised patch recordings of single hemichannel currents have been obtained from
several wild-type and altered connexins expressed in Xenopus oocytes and cultured cells (see
Table 3).

Reconstitution of hemichannels into planar bilayers or liposomes offers additional
accessibility and potentially enables application of experimental paradigms not easily carried
out in cells or patches. Prior to the advent of reliable methods for highly specific purification
of arbitrary membrane proteins (e.g. tagging with antibody epitopes or polyhistidine), it was
extremely difficult to identify a channel in a bilayer as formed by connexin — substantially
more difficult than for most other channels, due to the absence of uniquely defining connexin
channel physiology. Pharmacological agents that affect connexin channels in cells may
not act on the connexin channel itself but rather on cytoplasmic or membrane components
not present in the reconstituted system.

In addition, the sensitivity of the bilayer approach makes it particularly prone to reporting
the activity of contaminating channels. In bilayer studies, the ratio of channels added to the
bilayer chamber to channels observed is often greater than 10'° (i.e. 1 pg of protein
corresponds to over 10" channels with the mass of a Cx32 hemichannel). Thus extremely
minor, but readily reconstituted, contaminant channels can produce significant and misleading
channel activity (Lektin & Osmol, 1986). This concern is particularly valid for reconstitution
from preparations of junctional membrane obtained by subcellular fractionation, whose
connexin purity may be only one part in 10-100. These numbers also place extremely
stringent requirements on the use of polyclonal antisera to identify connexin channels, since
a small number of antibody molecules with errant specificity could misidentify the small
number of channel molecules active in a bilayer.

Reconstitution into liposomes offers an advantage because there is a discrete number of
active units (liposomes) — to present a problem, there must be enough of a minor contaminant
to account for the number of liposomes that are permeable. However, excluding this
possibility is difficult, and rarely attempted (but see Zampighi ez a/. 1985; Harris e al. 1992).
Identification of connection channels in liposomes typically relies on liposome permeability
to large molecules. Several innovative approaches have been applied (Claassen & Spooner,
1988; Scaglione & Rintoul, 1989; Ghosh ez al. 1994; Diez & Villalobo, 1996) but
compromised by false positives (Jarvis & Louis, 1992) or lack of adequate controls.

Most published reconstitutions of connexin are subject to the concerns described above.
One historical class of studies utilizes membrane preparations from native cells enriched for

junctional structures. This starting material is morphologically pure (i.e. composed of
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junctional membranes as viewed by electron microscopy) but not biochemically pure (i.e.
containing only connexin). Such material is reconstituted and the properties of the resulting
channels (in bilayers) or permeability (in liposomes) ate compared with those of in situ
junctional channels. On the basis of correspondence of properties, to the extent that it occurs,
and in most cases the predominance of connexin in the starting material, the channels are
asserted to be formed by connexin. Because of the presence of non-connexin protein, these
studies are compromised by the sensitivity of reconstituted systems to channel-forming
agents. Furthermore, any deviation from expected properties could be interpreted to indicate
either (@) an intrinsic connexin property unmasked by removal from the cellular milieu, or (4)
a property of contaminating protein. In this way, almost any channel behavior seen can be
justified as connexin-based. In addition, the certainty with which connexin channel properties
can be inferred from cellular coupling studies is often questionable (e.g. does pH act via a
cellular intermediate or by a direct titration of the connexin?). In some cases, effects of anti-
connexin immunoglobulins have been used to aid the identification, but the specificity and
purity of the antibody must conform to the strict standards mentioned above, which is rare,
even for affinity-purified antisera. It is therefore difficult to be confident that an observed
channel activity originates from connexin protein sole/y on the basis of enrichment for
junctional membrane by sub-cellular fractionation techniques, or on the basis of the physio-
logical criteria mentioned above.

The early work on reconstitution of channels from lens gap junctions is a case in point
(Girsch & Peracchia, 1985; Nikaido & Rosenberg, 1985). MIP26 [lens major intrinsic
polypeptide (Broekhuyse ez a/. 1976; Goodenough, 1979)] was believed to form gap junction
channels in the lens. Its properties in bilayers were characterized as such, using
morphologically pure lens junctional membranes as the starting material. MIP26 was
suspected not to be a component of gap junctions (Paul & Goodenough, 1983) and was later
identified as an aquaporin (AQP0) (Mulders ez al. 1995; Zampighi et al. 1995). The MIP26
bilayer literature prior to Zampighi ez a/. (1989) illustrates the ease with which bilayer and cell
fractionation results can be misleading.

Studies in this class reporting connexin channel activity in reconstituted systems have
appeared over the last 15 years, using starting material from liver (Lynch e a/. 1984; Spray
et al. 1986; Walter ef al. 1986; O’ Terminus & Benefit, 1987; Young ez a/. 1987; Campos de
Carvalho e al. 1991, 1992; Mazet ¢t al. 1992; Diez & Villalobo, 1994, 1996; Ghosh ¢t al.
1994), lens (Donaldson & Kistler, 1992; Jarvis & Louis, 1992; Kistler e a/. 1995) and heart
(Claassen & Spooner, 1988, 1989). These studies vary in the rigor of identification of the
channel-forming protein.

This review will include data only from reconstitutions in which connexin was positively
identified as the channel-forming protein. This means either an appropriate functional assay
correlated with antibody identification, or connexin overexpressed in a heterologous system
with exclusion of endogenous contaminants.

In general, the channels reported in such bilayer studies are of high conductance and
weakly charge-selective, with various degrees of sensitivity to voltage, pH and calcium.
From comparison of channel properties with hemichannel records from cells, and the
reconstitutions mentioned below, it is likely that some of the studies listed above do indeed
report the activity of connexin channels.

Cx26 expressed in insect cells has been reconstituted (Buehler e a/. 1995). Hemichannel

structures were biochemically purified from the cells, solubilized and then incorporated
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into bilayers. Control protein from non-infected cells did not show the channel activity.
Though it is formally possible that the connexin mRNA induced synthesis of a distinct,
highly active channel-forming protein isolated by the conditions used to purify the hemi-
channels, it is unlikely. It has also been reported that several connexins produced by cell-
free translation produced channel activity in bilayers (Falk ez a/. 1997).

One set of studies utilized a novel combination of physiological and immunological criteria
to show that a permeability to large molecules induced in liposomes is due to Cx32 (Harris,
1991; Harris ef al. 1992; see Section 3.4). Protein from junctional membrane was reconstituted
into liposomes, which were then fractionated on the basis of permeability to sucrose. The
proteins in the two liposome populations were analyzed by Western blotting and stained
with a monoclonal antibody. Cx32 in the liposomes was specifically correlated with the
permeability to sucrose, and was anti-correlated with impermeability. In addition, no other
protein was present in sufficient amounts to account for the number of permeable liposomes.
The liposomes were then fused with planar bilayers for direct examination of single-channel
properties.

Cx32 and heteromeric Cx26:Cx32 hemichannels have also been immunopurified from
native tissue and functionally incorporated into liposomes (Harris, 1991, 1994; Hong e al.
1996; Rhee ¢t al. 1996; Harris & Bevans, 1997; Bevans ¢t a/. 1998). Permeability to labeled
di- and tri-saccharides was demonstrated. More importantly, it was shown that the
permeability of the channels to large molecules could be altered by altering the isoforms that
composed the channels. This is compelling evidence that the channel activity is due to
connexin. A similar approach has been applied to Cx43 (Kam ez a/. 1998; Kim ez a/. 1999).

None of these studies explicitly establishes that the conducting structures are single-
membrane channels, though there is evidence that the connexin is in a hexameric single-
membrane-spanning form prior to reconstitution. Though possible, it is unlikely that a
double-membrane channel structure would functionally reconstitute in a single bilayer; it is
more likely that the structures that were reconstituted were hemichannels rather than

junctional channels.

3.3 Molecular permeability

A key characteristic of connexin channels is their permeability to molecules that cannot pass
through most other channels (nominal pore diameter 12-14 A). Intercellular diffusion of
fluorescent tracers such as LY is commonly used as an indicator of the presence of functional
junctional channels. Tracers are also used to characterize the molecular selectivity of connexin
channels for size, charge and molecular species. In some cases the intercellular movement of
radiolabeled cytoplasmic molecules is used to characterize the channels. These studies show
that the channels formed by the different connexin isoforms have distinct limiting pore
diameters, charge preferences and molecular selectivities (Elfgang ef a/. 1995; Veenstra, 1996;
Bevans ez al. 1998; Cao et al. 1998 ; Goldberg ez al. 1999). Detailed analysis of these differences
will undoubtedly lead to clues about their unique structural features.

3.3.1 A selection of tracers

A wide variety of molecular tracer molecules have been used to establish junction channel
function. The most common are LY (Stewart, 1978), calcein, neurobiotin, and fluorescein

and its derivatives. For systematic exploration of pore properties, one would like a set
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of probes for which the relevant dimensions vary in a known fashion, and whose
charge and chemistry are similar. Several families of such tracers have been used for
this purpose.

The first such family of tracers was a series of fluorescently labeled amino acids and linear
peptides that vary in length and charge (Simpson ez al. 1977; Flagg-Newton ez al. 1979).
Microinjected into cells, these probes provided the fundamental characterization of connexin
and innexin channels. They provided the initial estimates of pore diameter, and indications
of differences in diameter between connexin and innexin channels, and among connexins
(though they were not identified as such). These tracers were later supplemented with linear
oligosaccharides and branched glycopeptides (Schwarzmann es a/. 1981). Because of the
variation in structure, chemistry and flexibility of the probes, their utility for more detailed
probing of pore properties is limited.

More recently, another set of uncharged probes was developed (Bevans ef a/. 1998). A set
of oligomaltoses were labeled at the reducing end with an aminopyridyl group (PA), which
is fluorescent, uncharged, and not wider than the diameter of the sugar. The a1l — 4 linkages
between the saccharide units result in a rigid helical structure for which a full turn requires
six saccharide units. Because of this, the axial cross-sectional areas of the oligosaccharides
increase with oligomeric number, up to 6 (nomenclature: #-PA, where # is the number of
saccharide units). These probes are thus chemically identical, relatively rigid, uncharged,
fluorescent, and of a range of sizes. They have been used in reconstituted systems, but may
not be suitable for injection into cells since endogenous maltases (x-glucoside hydrolases)
may break down the saccharide linkages. This may be prevented by the simultancous
injection of the pseudo-tetrasaccharide acarbose (glycoamylase), which is a high-affinity
inhibitor of the a-glucoside hydrolases (Hata ez a/. 1992; Sigurskjold ez a/. 1994). Acarbose
is unlikely to permeate connexin channels.

A set of commercially available fluorescent probes, the Alexa family (Molecular Probes,
Inc., Eugene, OR), has been successfully employed to compare permeability properties of
several connexins (Nicholson e a/. 2000). This series of dyes was designed to fluotresce at
different wavelengths. To achieve this with the same fluorochrome moiety, different carrier
structures were generated using conjugated aromatic rings. This resulted in a series of fluores-
cent structures of different molecular dimensions. However, their structures do not vary
systematically and are chemically distinct. Also, although the overall charge is —1, they carry
different numbers of discrete charges at different positions. In spite of this chemical variability,
their use as probes of pore size has given systematic and interpretable results.

A set of biotinylated probes has been used recently to distinguish several sizes of connexin
channel pores (Mills & Massey, 2000). These are derivatives of biotin ethylenediamine
(Neurobiotin; Vector Labs, Burlingame, CA) with different spacer linkages. The structure
of the linked ethylenediamine groups is unknown, but their utility as empirical probes of pore
size is clear. These molecules are not fluorescent, but are imaged after fixation with a
fluorescent streptavidin derivative. These probes have the advantages of being of the same
chemistry and charge. At present, only a few members of the series are available

commercially.

3.3.2 Junctional channels

A direct and obvious approach to assess molecular permeability of junctions is to inject
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fluorescent tracer into a cell through a microelectrode or patch pipette and note whether
it spreads to adjacent cells (Loewenstein & Kanno, 1964; Pappas & Bennett, 1966;
Furshpan & Potter, 1968). A video of fluorescent dye being injected into a cell and
spreading to neighboring cells via junctional channels is available at www.uni-
stuttgart.de/bio/biophysik /avi_gap.htm.

This approach has been widely used due to its relative ease, ready application to
monolayers of cells, and rapid results. A recent variation is to load a monolayer of cells with
Fura-2 and inject Mn®" into a single cell (Niessen es a/. 2000). Mn*" passing through
junctional channels quenches the resting Fura-2 fluorescence in them. The extent of the
quenching is an index of junctional permeability to Mn?".

Cells can also be loaded with tracer by a technique known as ‘scrape-loading’ (el-Fouly e#
al. 1987) in which a confluent layer of cultured cells is mechanically scored with a rubber
policeman in the presence of tracer, which is taken up by injured cells along the score and
spreads through junctional channels away from it. Intercellular diffusion of the tracer
indicates non-zero junctional permeability. The virtues of scrape-loading are its ease and
speed. However, it is difficult to determine accurate absolute or relative permeabilities in
this manner. A refinement is to note the number of cells to which the dye spreads during a
given time after injection, or to compare the number of ‘dye-coupled’ cells when different
dyes are used. A useful improvement is to load two dyes simultaneously so that differences
in the extent of dye-spread through the same junctions can be assessed. A review of these
types of approaches is found in (Meda, 2001).

Flow cytometry has been used to determine the extent of dye coupling in populations of
cultured cells (cf. Rabito e al. 1987 ; Tomasetto ez al. 1993; Fick ez al. 1995; Koval ez al. 1995;
Martin et al. 1998a; Czyz et al. 2000; Oviedo-Orta e a/. 2000). The basic paradigm is to label
one population of cells with a fluorescent membrane marker (such as Di-I) and another
population with a fluorescent cytoplasmic tracer, such as calcein-AM (Tsien ef al. 1982). After
co-culture, the cells are analyzed by fluorescence-activated cell sorting (FACS) to identify cells
that contain both fluorescent markers. Coincidence of both markers in the same cell is taken
to indicate that the cytoplasmic tracer passed through the junctional channels while the cells
were co-cultured. Controls are required to rule out cell fusion, and cell disruption and uptake
of tracer by neighboring cells. An advantage of this approach is that analysis is done on large
numbers of cells. A disadvantage is that kinetic channel permeability data cannot be obtained,
and the extent of transfer cannot be directly normalized to take into account extent of
coupling, number of junctional channels, etc.

An assay that is rapid and can give some temporal information is the ‘parachute’ assay, in
which a suspension of cells labeled with a dye such as calcein-AM is pipetted directly onto
a monolayer of target cells (Ziambaras e a/. 1998; Durig e a/. 2000). Dye spread can then be
monitored starting at a roughly synchronous starting point.

These approaches can establish that coupling occurs, and that a dye is permeable, but
cannot accurately determine relative permeabilities. This requires examining rates of
intercellular diffusion, which is most accurately done in an isolated, two-cell system (Verselis
et al. 1986b; Imanaga et al. 1987). However, even in this case, quantitation can be difficult. The
rate of transfer reflects the ‘permeability” of the coupled cell system, not exclusively that of
the channels. The rate of dye appearance in a coupled cell reflects the number of junctional
channels and their open probability, and can be strongly affected by cytoplasmic or nuclear

binding as well as cell volume. Unless these factors are controlled for, relative permeabilities
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cannot be meaningfully assessed in terms of understanding mechanisms of molecular
selectivity. For these reasons, kinetic data are generally more sensitive, trustworthy and
informative than steady-state or single time-point measurements.

The channel number and open time variables can be somewhat controlled for by
simultaneously co-injecting two tracers into the same cell and monitoring the relative spread
of the two tracers. Relative junctional permeabilities to two tracers can be determined by this
means, but only if the movement through junctional channels is independent (i.e. the
movement of one molecular tracer through the pore does not interfere with the movement
of the other), which is not likely for large tracers.

A better approach is to determine the ratio between the measured junctional molecular
permeability (P;) and electrical conductance (g;; i.e. permeability to K¥, CI7, Na*) (Verselis
et al. 1986b). The P,/g; ratio normalizes for junctional area, number of channels, and
proportion of open channels. Also, because the atomic ions are small, the condition of
independence is more likely to be met. The two parameters can be measured simultaneously
for a single tracer, and the results compared between tracers. This approach is limited to
measurements between two isolated, coupled cells, but with some modification and
approximations it has been applied to monolayers of HeLa cells with surprisingly reasonable
agreement with cell pair data (Cao e a/. 1998). When g; is very low, it can be difficult to
determine whether the permeability per channel is also low — the question is how long to wait
for a detectable signal in the coupled cell. This problem has been analytically treated for the
two-cell system in Perez-Armendariz ez al. (1991).

Molecular permeability is difficult to assess even qualitatively in multicellular systems (such
as pieces of tissue or sheets of cultured cells). Dye spread under ideal circumstances —a 2D
isotropic sheet of identical and equally coupled cells —is a complex process shaped by
parameters such as the dye delivery function, cytoplasmic mobility of the dye, junctional per-
meability of the dye, leakage of the dye across plasma membrane, and binding of the dye in
cytoplasm or nucleus. Dye spread in realistic circumstances involves additional parameters
such as differences in cell volume and shape, differences in extent and location of coupling
to other cells, and heterogeneity of cells regarding metabolism, health and connexin ex-
pression. Dye spread in a sheet of cells has been treated analytically in several contexts
(Brink & Ramanan, 1985; Safranyos e¢f a/. 1987; Ramanan & Brink, 1990; Christ ef al.
1994).

Analysis of dye coupling in 3D tissues is more complex. Models of dye spread in the 3D
tissues have been used to estimate intercellular dye diffusion coefficients from confocal
and non-confocal images (Rae ez a/. 1996; Eckert et al. 1999). To facilitate the targeting of
specific cells for dye injection in 3D tissues, an automated system based on image analysis
of vitally stained tissue and confocal reconstruction has been described (Kurata ef al.
1997).

An example of the complexity of interpreting dye-coupling studies in whole tissues was
provided by reports that gap junctions between bipolar and amacrine II cells (Vaney, 1997)
and between oligodendrocytes and astrocytes (Robinson ez a/. 1993 ; Zahs & Newman, 1997)
were permeable to tracers only in one direction — that there was unidirectional passage of dye
through the junctional channels. Indeed the raw data give that impression, but Maxwell may
object (Finkelstein e/ al. 1994), and in the former case closer study has shown that dye passage
is indeed bidirectional (Trexler ez a/. 2001).

The ease of artifactual findings in whole tissues was recently demonstrated in a study that



Connexin channels 365

compared two methods of assessing junctional dye coupling in early whole Xenopus embryos
(Landesman ez /. 2000). Following injection of LY, fluorescence microscopy of whole-mount
embryos routinely and erroneously indicated dye coupling. Inspection of fixed and sectioned
embryos showed this to be artifactual. The reason for the false positive in the whole mounts
is the optical artifacts due to reflected and scattered light, and non-homogeneous pigmentation
of the cells. In this case, the more accurate data required a re-thinking of the role of gap
junctions in dorso-ventral patterning.

A technique with high potential for accuracy and sensitivity is a variant of the fluorescence
recovery after photobleaching (FRAP) method of determining lateral mobility in cell
membranes (Peters ¢z al. 1974; Axelrod et al. 1976; Edidin ez al. 1976; Koppel, 1979; Déleze
et al. 2001). The basic paradigm is to load cultured cells with dye, typically by use of
acetoxymethyl (AM) ester derivatives of fluorescent tracers (Tsien er al. 1982) or 5,6-
carboxyfluorescein diacetate (Rotman & Papermaster, 1966; Goodall & Johnson, 1982),
which atre then removed from the extracellular medium. The fluorescence signal in a cell is
rapidly photobleached with a laser. The rate at which fluorescence returns to the bleached cell
(i.e. the rate that dye diffuses into that cell from its neighbors through junctional channels) is
measured. An effective transfer constant can be determined from this rate. This technique is
called ‘Gap-FRAP’ (Wade ez a/. 1986; Suter e/ al. 1987; Miller, A., 1995; Déleze ez al. 2001),
and has been applied with various degrees of care. It has been adapted to 3D structures (lens)
by application of confocal microscopy (Miller, A., 1995; Miller & Hall, 1996). The Gap-FRAP
method is essentially a way to perform a dye-spread experiment in a tissue or sheet of cells,
in which the time of initiation of dye flux and dye concentration in the source(s) can be
measured. Quantitative analysis of rates of recovery usually assume that all the neighbors of
the bleached cell have the same number of junctional channels and the same volume. Sources
of error include dye leakage to the bath, bleaching during the measurement of fluorescence
recovery, and the possibility of photodynamic damage to the cell, all of which can be
controlled for.

An imaginative and biologically useful method of assessing junctional channel molecular
permeability is to label endogenous cytoplasmic molecules and then trap and identify the ones
that pass to other cells (Kolodny, 1971; Goldberg & Lampe, 2001). This unlikely approach
has been successfully applied to show transfer of molecules such as ATP and glutathione
through junctional channels (Goldberg e al. 1998, 1999; Nicholson e a/. 2000). In brief, the
approach is to metabolically label cells (e.g. with [**C]glucose), identify them by membrane
staining with Di-I, and culture them with unlabeled cells. After culture, the unlabeled cells
are separated out by FACS, and the labeled molecules analyzed and identified (e.g. by HPLC
and TLC). To confirm the validity of the results, the conditions for intercellular diffusion can
be tested using a fluorescent dye such as calcein, and coupling can be inhibited by the use of
inhibitors of junctional channels. The ‘captured’ metabolites may be analyzed on any of
several specialized HPLC columns with appropriate standards, and, if necessary, further
separated by TLC and stained for specific compounds.

Another approach has been developed recently that uses endogenous or exogenous
channels to report the intercellular flux of second messengers (Qu & Dahl, In Press).
Junctional cAMP flux can be assessed by microinjecting it into one oocyte of a pair that is
expressing the connexin of interest. The other oocyte is additionally transfected to express the
CFTR protein, which produces a chloride current in response to a rise in cAMP. Thus the

appearance of a chloride current in the second cell following cAMP injection into the first can
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indicate flux of cAMP through the junctional channels. A similar protocol can be used to
detect intercellular IP3 flux, using the calcium-activated chloride current that is endogenous

in Xenopus oocytes.

3.3.3 Hemichannels

The tracer permeability of hemichannels in plasma membrane is usually assessed by the ability
of cells to become loaded with tracer when it is present in the extracellular medium. This
method has been applied to hemichannel studies in Xenopus oocytes (Paul ez a/. 1991) and
cultured cells (Li e a/. 1996). The primary concern is the potential of other plasma
membrane channels to mediate the tracer permeability. Until a few years ago, it was nearly
axiomatic that only connexin channels would be permeable to tracers such as LY or 6-
carboxyfluorescein. Now it is known that several types of membrane channels can be
permeable to relatively large tracers and amino acids: several varieties of anion or ‘chloride’
channels (Bosma, 1989), channels activated by extracellular ATP (Steinberg ez a/. 1987 ; Nuttle
& Dubyak, 1994; Surprenant ez a/. 1997), plasma membrane VDAC (Dermietzel ef al. 1994),
and complement channels (Sauer ez a/. 1991). Therefore determination that dye permeability
is due to hemichannels must rely on connexin-specific modulation of the permeability, specific
inhibition by antibodies, or tight correlation with the properties of junctional channels in the
same cells. The caveat mentioned above (Section 3.1.2) regarding the possibility of connexin
expression altering membrane permeability by indirect means also applies here.

The potential for misleading results regarding hemichannels is demonstrated by the story
of Cx43 hemichannels in a macrophage cell line. It was found that J774 cells that expressed
Cx43 responded to extracellular ATP by activation of a plasma membrane permeability to LY
and other large molecules. J774 cells that did not express Cx43 did not show this effect. It was
reasonably proposed that plasma membrane permeability to LY was due to the opening of
Cx43 hemichannels (Beyer & Steinberg, 1991). It has now been shown that ATP-activated
LY-permeable channels are not hemichannels (Alves ef a/. 1996), and that, at least in other
cells, it is a purinergic receptor (P2Z/P2X; Sutrprenant et a/. 1997). In the meantime, it was
noted that Hel.a cells have a similar response to ATP, and that it correlates with the level of
junctional coupling between the cells. This led to the suggestion that cells that express
junctional channels at high levels also express an enhanced level of connexin hemichannels
in their plasma membrane, which are activated directly or indirectly by extracellular ATP.
This was taken as supportive of other data indicating that hemichannels were active in these
cells (Liu e# al. 1995). In fact, it looks like they are (Li ¢f a/. 1996), but that the correlation
between coupling and the ATP-induced conductance has nothing to do with it, since the ATP
flux occurs through purinergic receptors. Curiously, it has been shown by another group that
the ability of cells to release ATP correlates with connexin expression, but the release is not
necessarily through hemichannels (Cotrina ez a/. 1998, 2000). These studies point out the need
to characterize plasma membrane permeabilities thoroughly before attributing them to
connexin.

The FACS-based approach outlined in the previous section can also be used to assess for
the presence of hemichannels. A suspension of single cells whose plasma membrane are
stained with Di-I, for example, can be loaded with a cytoplasmic tracer, and treated in ways

that should allow hemichannels to open, and the ratio of the two tracers in single cells
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determined by flow cytometry in the experimental and control populations. The approach
using endogenous and exogenous reporter currents outlined above can also be applied to the

study of hemichannel permeability to second messengers.

3.4 Other

A technique called transport-specific liposome fractionation (TSF) that can assess aspects of
both channel activity and molecular permeability was developed for the study of connexin
channels, and can also be applied to other channels (Harris ez a/. 1989, 1992; Sugawara &
Nikaido, 1994; Rhee ¢ al. 1996; Harris & Bevans, 2001).

Purified connexin is incorporated into unilamellar liposomes by gel-filtration of a mixture
of octylglucoside-solubilized connexin and lipid. The liposomes are fractionated on the basis
of permeation of osmolytes (urea and sucrose) through the reconstituted channels.
Specifically, TSF employs buoyant density sedimentation of liposomes by ultracentrifugation
through an iso-osmolar density gradient formed of urea- and sucrose-containing buffers. This
procedure separates, into distinct bands, liposomes with open channels permeable to urea,
and sucrose from liposomes that are without such channels. Liposomes that do not contain
open connexin channels (i.e. are not permeable to urea and sucrose) migrate to an equilibrium
position in the upper part of the gradient. For liposomes that contain open connexin channels,
the osmolytes exchange through the channels and the liposomes migrate to a lower position
determined only by lipid density (Fig. 7). Any significant channel open probability (P,) results
in sufficient osmolyte exchange to cause the required change in density. TSF is therefore an
all-or-none assay of per-liposome channel activity.

Effects of test compounds on channel activity are assessed by exposing connexin or
connexin-containing liposomes to the compounds prior to or during a TSF centrifugation.
Effects on channel activity are quantified as changes in the fraction of liposomes in the lower
band relative to that for connexin or liposomes not exposed to the test compound. The
fractional change in distribution of liposomes between the two bands is a quantitative
measure of the fractional change in activity of the population of the channels, after statistical
correction for liposomes containing more than one channel. The change in liposome density
can result from brief channel openings, so only when P, changes above or below a low
threshold value are changes in channel activity detected (typically P, between 0-01
and 0-001).

TSF is also used for studies of molecular permeability by loading tracers into the
liposomes. After TSF, the tracer:liposome ratio in each population (i.e. upper and lower
bands) is determined. Tracers retained in the lower band are impermeable through the
reconstituted, functional channels that caused the change in liposome density. The
tracer:liposome ratio in the upper band serves as a positive control for tracer loading and
non-specific tracer leakage.

This technique can be applied in a variety of ways to obtain information about
reconstituted channels. Its limitations are that it does not allow kinetic measurements of
gating or assessment of relative (non-zero) permeabilities. It is an equilibrium measurement

that reflects essentially all-or-none phenomena.
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Fig. 7. Schematic of transport specific fractionation (TSF). Urea and sucrose exchange through
reconstituted open hemichannels, causing the liposomes that contain the hemichannels to become more
dense and move to a lower position in the density gradient. Liposomes in the lower band lose entrapped
tracers that permeate the hemichannels.

4. Structural issues
4.1 What lines the pore?

Among channels with the same ionic selectivity, the key pore-lining amino acids — those
that determine selectivity — can be identified as highly conserved across isoforms (e.g.
as for potassium channels). However, since different connexins form channels with different
molecular and charge selectivities, this approach is not available. In fact, it is likely that the
amino acids responsible for selectivity are those that are anti-conserved across connexins.
This does not aid in identifying pore-lining regions. One hopes that the structural scaffold
of the pore is conserved, but this does not require a strict amino-acid identity.

The third transmembrane domain of connexins, M3, contains polar or charged residues at
every fourth position, similar to the amphipathic helical motif thought to form the pore-
lining domain of the nicotinic acetylcholine receptor (nAChR) and other channels (Karlin &
Akabas, 1995). In further analogy with the nAChR, the pattern is of small polar residues
flanked by larger, non-polar residues. Over the displacement of nearly 6 regular turns, the
hydrophilic residues form a stripe that sweeps through an angular displacement of ~ 250°.
Given these features and the conservation of this pattern in all connexins, M3 was proposed
to be the primary structural determinant of the pore, prior to the availability of experimental
data (Milks ez a/l. 1988).

A peptide corresponding to the N-terminal segment of the E2 domain of Cx32 that could not
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be externally labeled was found to permeabilize Xenopus oocytes and induce channel activity
in bilayers, leading to the suggestion that it forms part of the channel pore (Dahl ez a/. 1994).
This suggestion draws on analogy with the pore-forming P-region of voltage-gated ion
channels. In this view, all or part of the sequence LYPGYAMVRLVK (positions 156-167)
forms an extended f structure within the membrane, perhaps in concert with M3. While an
intriguing suggestion, that a peptide containing ~ 60 % non-polar residues forms channels
does not compellingly argue that it forms the pore of a native connexin, only raises the
possibility. There is no homology with the much more hydrophobic Shaker channel P-region,
and the pattern of polar, charged and non-polar residues is not similar. Nevertheless, it is
notable that of the several published antibodies against E2 that bind to extracellular
locations, none significantly overlap the region defined by this peptide. The one report of an
antibody raised against this domain gave binding too weak for investigative purposes (Milks
et al. 1988).

The first experimental, though indirect, evidence for channel-lining positions was obtained
from studies exploring the determinants of the polarity of voltage sensitivity (Verselis e al.
1994; Oh ez al. 2000). These studies showed that residues at the NT (N2 for Cx32; D2 for
Cx26) and at the M1/E1 border (E41 and S42 for Cx32; K42 and E43 for Cx20) interact to
determine the voltage polarity to which the hemichannel responds (in bold type in the

sequences below).

Cx32NT: 1 MNWTGLYTLLSGVNRHSTAIGR 22
Cx32M1: 23 VWLSVIFIFRIMVLVVAA 40
Cx32E1: 41 ESVWGDEKSSFICNTLQPGCNSVCYDHEFFPISHVR 75
Cx20NT: 1 MDWGTLQOSILGGVNKHSTSIGK 22
Cx26M1: 23 IWLTVLFIFRIMILVVAA 40
Cx26E1: 41 KEVWGDEQADFVCNTLQPGCKNVCYDHHFPISHIR 75
Cx46E1: 42 EEVWGDEQSDFTCNTQQPGCENVCYDRAFPISHIR 76

These positions are known to be localized at least some of the time on opposite sides of the
membrane, and mutations at them act as intragenic ‘suppressors’ of changes in polarity of
voltage sensitivity (di Rago ef a/. 1990; Papazian ez al. 1995). This functional linkage suggests
either that they interact directly or experience the same voltage field. Either possibility can
be accommodated if they both lie close to or in the aqueous pore, consistent with the
early suggestion based on kinetic analysis of macroscopic junctional currents that charge-
sensing residues lie within the aqueous pore (Harris e a/. 1981). This placement implicates
M1 as a pore-lining domain in Cx32 hemichannels.

More direct evidence for M1 involvement came from SCAM (scanning cysteine
accessibility mutagenesis; Akabas e al. 1994) applied to hemichannels formed by Cx46 and
a mutant of Cx32 (Cx32*¥Cx43E1) expressed in oocytes (Zhou ef al. 1997). Plasma membrane
conductance induced by these hemichannels was substantially and specifically reduced by
reaction with maleimido-butyryl-biocytin (MBB; 537 Da) at two positions in M1 (I33 and
M34) in Cx32 and the corresponding positions (134 and L35) in Cx46. Three positions in M3
and at the M3/E2 border showed significant, but smaller, effects (S138, E146 and M150) in
Cx32*Cx43E1. This was the first direct evidence for the involvement of M1 in the pore
lining.
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Cx32M1: 23 VWLSVIFIFRIMVLVVAA 40
Cx46M1: 24 VWLTVLFIFRILVLGAAA 41
Cx32M3: 131 LWWTYVISVVFRLLFEAVF 149
Cx32E2: 150 MYVEYLLYPGYAMVRLVKCEAFPCPNTVDCEVSRPTEKT 188

This study looked only at effects on macroscopic plasma membrane conductance, not
single hemichannels, and MBB was applied only from the outside. Thus the interpretation is
complicated by the possibility that modification at the accessible positions modified properties
other than permeation, and that some of these effects are due to modification at externally
accessible sites that are not part of the pore. Negative findings could result from the large size
of MBB restricting complete entry into the pore.

A different kind of evidence for M1 involvement in the pore was obtained from studies of
a CMTX-inducing mutation at position 26 of Cx32. Access resistance measurements
demonstrated that a S26L, mutation had little effect on channel function except to narrow the
pore near the cytoplasmic opening (Oh ez a/. 1997). This could suggest that M1 contributes
to the pore lining of Cx32, but could also mean that the S — L change altered the tilt of

another helix to narrow the pore.
Cx32M1: 23 VWLSVIFIFRIMVLVVAA 40

Pursuing the potential involvement of M1, the Cx32 M1 was replaced by the Cx46 M1 in
Cx32*Cx43E1 chimeric hemichannels. This chimera and Cx46 hemichannels have different
unitary conductances and gating properties (Hu & Dahl, 1999). While there was not a clean
and complete exchange of permeability properties, the trends were in the correct direction.
Specifically, the unitary conductance of the Cx32*Cx46M1*Cx43E1 channels was identical to
that of wild-type Cx46 channels. More recent work showed that the reciprocal swap (M1 of
Cx46 replaced by that of Cx32) produced channels with Cx32-like conductance. Furthermore,
swap of only the C-terminal half of M1 produced the effect (positions 33-41 of Cx40),
whereas swap of only the N-terminal half of M1 had no effect on conductance (Dahl,
personal communication). These are compelling data that M1 lines at least part of the pore.
The absence of effect of the N-terminal half of M1 of Cx32 is inconsistent with the suggestion
from the earlier work that S26 is physically in the pore.

Single channel data also suggest that part of E1 lines the pore. A series of domain swaps
demonstrate that the E1 domain of Cx46 hemichannels defines in large measure the charge
selectivity and single-channel I-17 relations of the pore [Trexler ez a/. 2000; see Section
5.1.3(a)]. Mutagenesis of the N'T of Cx32 suggests that up to 10 residues from the N-terminus
may affect polarity of ;-gating (see Section 6) (Purnick e# /. 2000b). An NMR solution
structure of the N'T domain suggests that the N'T could bend into the vestibule of the
channel (Purnick ez a/. 2000a). In addition, recent SCAM studies show that modification of
several positions in the N-terminal end of E1 of Cx46 (E43, G46, E48, D51; in bold above)
with MTSET or MTSES alters the I-1" relations in a way consistent with the charge difference
in these reagents (Kronengold e/ a/. 2001; Kronegold, Trexler, Bukauskas, Bargiello &
Verselis, personal communication). Furthermore, D51 was accessible for this modification
from either end of the pore. These data make a compelling case for the N- terminal
portion of El being exposed to the pore in Cx46.

The data described thus far, all derived from hemichannels with the exception of the S26L
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study, suggest that M1 and E1 contribute to the pore, presumably in the transmembrane and
extracellular regions, respectively. In particular, replacing either the M1 or the E1 domain of
Cx46 with that of Cx32 yields hemichannels with pore properties resembling that of Cx32.
This implies that either the results are coincidental, that the pore properties are determined
by M1-E1 interactions (with either Cx32 domain able to induce functionally equivalent
changes to the other domain of Cx406) or that either Cx32 domain has a dominant effect on
the Cx46 pathway.

Unpublished data from point mutations in these domains also support the involvement of
M1 and El. An M1 L35G mutation in Cx46 hemichannels both increases the unitary
conductance 35% and induces a wider pore (Dahl, personal communication), and an El
E48K mutation in Cx43 junctional channels increases the unitary conductance 2-6-fold
without apparent effects on other properties (Brink, Kumari & Valiunas, personal
communication).

Another SCAM study suggests otherwise (Skerrett, Ahmed, Shin, Kasparek & Nicholson,
submitted). In this work, cysteine substitutions were made at a substantial fraction of the
positions in the transmembrane domains of Cx32. MBB was applied to the cytoplasmic
face of oocyte junctions via the perfused oocyte technique. Modifiable cysteines were
considered to be in the pore if MBB was effective from the cytoplasmic side but not from
the outside of the oocytes, and also if the character of the voltage sensitivity was not
dramatically altered (taken to indicate a change not specific to the pore). Using these criteria,
2 sites in the cytoplasmic half of M2 were identified, 1 site in M4, and 6 sites in M3, 34
positions apart that form a stripe on one face of the helix. On the basis of these findings,
it was proposed that M3 forms most of the transmembrane pore. M1 sites identified by
previous SCAM studies were accessible for modification from the outside and therefore
discounted. In the previous work, the N2 position in the N'T, and E41 and S42 positions in
E1 were suspected to be in the pore precisely because of dramatic effects on voltage gating,
so it is likely that this study discarded changes at those sites. Given this, and the fact
that the size of MBB could limit its accessibility, only the positive results of this study are
meaningful, and argue strongly for the substantial contribution of M3 to the pore lining,
and possibly a contribution from M2. The primary caveat to this work is the difficulty
in controlling for MBB accessibility at non-pore sites from the cytoplasmic face of the
channels.

Several studies report effects on unitary conductance of modification of the cytoplasmic CT
and/or CL domains (cf. Fishman ez a/. 1991; Spray ez a/. 1992; Kumati ez a/. 2000; Manthey
et al. 2001). These changes could be effected by allosteric effects on other transmembrane
domains or by affecting entry into the pore, but are unlikely to line the pore in the usual sense.

The published 7-5 A resolution structure of a CT-truncated Cx43 channel shows that 2 of
the 4 transmembrane helices line the pore (Unger ef a/. 1997, 1999; Yeager, 1998). One of
these helices (‘helix B”) is virtually perpendicular to the plane of the membrane. The other
(‘helix C”) is tilted through the plane of the membrane ~ 24°, narrowing the pore at the
extracellular domain. Near the boundary with the extracellular gap, helix C bends to become
nearly perpendicular with the plane of the membrane. The trajectory and positioning of the
four helices suggest that there is no direct connectivity between helix A and helix B at the
cytoplasmic end of the channel, whereas the cytoplasmic ends of helices B, C and D appear
to cluster.

Taking this structural information from a truncated Cx43 with the suggestions from the
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data summarized above for Cx32 and Cx46 as a basis for speculation, several possible
assignments for the identification of the helices may be made.

If the kink in helix C is produced by the highly conserved proline at position 86, the only
proline in a membrane-spanning region, then helix C corresponds to M2 (also suggested in
Ri et al. 1999; Purnick ez al. 2000a). If the suggestion from the data indicating involvement
of M1 is correct, then helix B must correspond to M1. The inferred absence of direct
connectivity between the cytoplasmic ends of helices A and B, and the clustering of
cytoplasmic ends of B, C and D permits the suggestion that helix D corresponds to M3 and
helix A to M4. In this view, moving from the cytoplasmic end of a hemichannel toward the
extracellular end, the pore is first lined primarily by M1 (possibly up to residue M34) then by
M2 (R75 to T80).

This configuration is not supported by the data from the Cx32*Cx46 chimeras indicating
a strong influence of the extracellular half of M1, or the MBB accessibility of M3 in
the perfused system. Also, the proline in M2 is two-thirds of the way toward the cytoplasm,
inferred from its sequence position, yet the bend in helix C is at the extracellular
end of the hemichannel.

Alternatively, if helix C is M2, but the MBB data implicating M3 are considered, then
helix B would correspond to M3. This is inconsistent with any of the data implicating M1,
and is contradicted by first-order calculations of energies based on pair potential functions
between residues for different helix-packing arrangements (Nunn ez a/. 2001).

If, however, the kink in helix C does not correspond to the proline in M2, the constraints
are relaxed. The MTSET and MTSES data on Cx46 hemichannels would then favor the pore
being lined at the cytoplasmic end by M1 (helix B) and the MBB data on Cx32 junctional
channels would suggest M3 (helix C) lining the pore for most of the length of the membrane
region, moving from the cytoplasm outward. This is the conclusion based on inferences from
an unpublished 6 A resolution density map (Unger & Yeager, personal communication). That
work relies primarily on the above data to define M1 and M3 as composing helices B and
C, and then identifies helix D as M4 on the basis having the greatest exposure to lipid and
by far the least conserved residues exposed to it. This forces the assignment of helix A as M2.
Given this, the trajectories of the cytoplasmic densities extending from helices B and C (not
sufficiently resolved in the 75 A structure), specifically the appearance of a lack of direct
connectivity between helices A and B at the cytoplasmic end, suggests that they correspond
to the separate structures M1/NT and M2/CL rather than M2 and M3, which are joined by
the CL.

Another possibility is that helix B, contributing to the cytoplasmic end of the lumen, is M2.
This is based on a bend in helix B near the extracellular end that is not clear in the 7-5 A
structure, but is resolved in the 6 A structure. This would make helix C correspond to M3.
This incorporates the positive SCAM results at two positions in M2, but ignores the
data implicating M1.

There are several loose ends with the last two assignments. The criterion used to identify
helix D as M4 would also identify M2 as not exposed substantially to lipid, since its sequence
is the most highly conserved of all the transmembrane domains. Also, the proline kink in M2
is ignored, in spite of the necessity of proline generating a kink and the compelling argument
made for its role in gating, based on mutagenesis and Monte Carlo structural simulations (Ri
et al. 1999), discussed in Section 6.2.2. There is heavy reliance on SCAM data using MBB as
a probe, but one must consider that MBB is large enough that its accessibility may be
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restricted (though there is evidence it can permeate some connexin channels; Skerrett,
Ahmed, Shin, Kasparek & Nicholson, submitted), and that reactivity in crevices accessible
from the cytoplasm are not excluded. If this pillar supporting M3 is removed, the assignments
mentioned first above become possible.

These considerations are based on structural data largely confined to the protein domains
within the membrane. They are not informative regarding the pore-lining domains that lie
in the extracellular gap, where the two hemichannels are joined, and are exposed to
extracellular space rather than membrane lipid. The actual intercellular structure is
presumably formed by the 24 E1 and E2 domains of the two hemichannels, and as mentioned
above and in Section 5.1.3, E1 likely lines the pore in this region.

Clearly, no single assignment is consistent with all the data. In part, this no doubt arises
because the data is from hemichannels and junctional channels, and from several connexins.
Aside from the cautions about interpretation of SCAM data mentioned above, other factors
may play a role, including fluctuations between channel conductance states, whether the 7-5 A
map is of an open or closed channel, the effects of truncation on that structure, and the fact
that the data come from different connexins. At the present time, one way to tresolve the
conflicts is to consider that the amino acids exposed to the pore differ substantially in the
vatrious conductance states, possibly due to a combination of helical/connexin rotations and
tilts. Such movements could translate a particular residue from the pore to a crevice or an
inaccessible or differently accessible site. It is possible that this can be accounted for by the

rotation and tilt model of gating originally proposed by Unwin (Unwin & Ennis, 1984).

4.2 Docking between hemichannels

The mechanism by which two hemichannels dock end-to-end to form junctional channels is
not understood. Hemichannels protrude only about 20 A from the plasma membrane
(Yeager, 1998). Connexins are not glycosylated, eliminating the possibility that apposed
hemichannels initially interact via extended glycosides. In cells, other membrane associated
molecules presumably interact and bring the membranes into close apposition. Altering
intercellular adhesion, either up or down, has profound effects on the efficacy of gap junction
formation (Mege ez al. 1988 ; Musil ez a/. 1990; Meyer ¢t al. 1992). To date, there is no evidence
for the direct involvement of a facilitating extracellular factor (a ‘dockase’) in the docking and
binding process.

The binding reaction must involve several elements. It must be initiated by contact
between connexin domains exposed to the extracellular aqueous environment. This contact
must lead to a stable protein—protein seal that excludes ions, and must enable or allow the
opening of the pore. This process could proceed in any of several ways.

One possibility is that the domains that seal off the extracellular end of the hemichannel
are the same domains that interact across the junction. One could envision domains that seal
against each other to close the pore and then rotate outward to seal against the corresponding
domains of the apposed hemichannel, simultaneously de-occluding the lumen. A potential
triggering step is that the close approach of the extracellular domains of the hemichannels
displaces a postulated calcium ion(s) that keeps the extracellular end sealed. In this scenario,
docking and opening of the gate that normally keeps hemichannels closed would be part of
the same process.

Another possibility is that the binding and the opening are two distinct processes, mediated
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by distinct but allosterically related structural elements. This scenario permits docking
without opening of the pore; docking would enable opening, but not require it. There is
evidence for a dissociation between docking and opening (Hiilser ez a/. 2001; Zhu, Weber,
Ciuotaru, Kasparek & Nicholson, personal communication). In this view, the physical gate
need not be at the extracellular end of the hemichannel, and could even be identical
with the gates that respond to voltage or other modulators. If the ‘docking gate’ is deep
in the pore, one expects some pore-lining residues to be accessible from the outside even
when the hemichannels are closed. At the present time, there are no direct data on this
point, but it is known that the gate that keeps hemichannels closed is extracellular to
position 35 in Cx46 hemichannels (Pfahnl & Dahl, 1998).

There are fragmentary data on the postulated docking-enabled hemichannel gate.
Replacing the E1 of Cx32 with that of Cx43 allows hemichannels to open (Pfahnl ef a/. 1997),
suggesting E1 involvement. Also, heterotypic docking of wild-type Cx45 with CT-truncated
Cx45 (which does not form homotypic functional junctional channels) seems to enable the
truncated Cx45 hemichannel to open (Hiilser ez a/. 2001), a ‘dominant positive’ effect. Cx35
forms functional hemichannels but its rodent ortholog does not, with essentially no difference
in E1, but minor differences in E2 (Al-Ubaidi ez a/. 2000). On the other hand, mCx50 and
hCx50 have identical E1 and E2 sequences, but the former forms open hemichannels and the
latter does not (Zampighi e a/. 1999; Valiunas & Weingart, 2000; Ebihara, personal

communication).

4.2.1 Structural and molecular basis

What is the structural basis for end-to-end interactions between hemichannels — recognition,
binding and connexin specificity? These interactions must involve the extracellular domains
of hemichannels, composed of the two extracellular loops (E1 and E2) of each connexin
monomer. At the highest available resolution, there is little structure to the extracellular
domains of hemichannels. The limitation on resolution in these studies is disorder in the
arrays and the necessity of reconstructing the interacting extracellular domains of two end-
to-end hemichannels. Studies of chemically split junctions permit imaging of the extra-
cellular face by deep-etch freeze fracture, but no significant structural features were revealed.
The extracellular surface of hemichannels has been explored by atomic force microscopy
following ‘force dissection’ of the gap junctions, in which the AFM probe literally
strips off one layer of hemichannels from an isolated junctional membrane (Hoh ¢z a/. 1991,
1993; Lal et al. 1995; Hand e# al., In Press). Direct imaging by this technique reveals a central
pore formed by a hexagonal protein structure. There is also an indication of modulation in
the height of the protein at the periphery, which could contribute to a ‘locking together’ of
the hemichannels in a junctional structure (Hoh e a/. 1993).

In several reports, purified junctional structures show a remarkable ability to spontaneously
form end-to-end structures. Solubilized connexin incorporated into liposome membranes
show particles apparently causing aggregation of the liposomes (Mazet & Mazet, 1990).
When dialyzed in the absence of lipid, double-layered connexin structures formed (Lampe e#
al. 1991). In the most dramatic illustration, purified recombinant hemichannels formed long
filaments composed of end-to-end hemichannels, which under other conditions coalesced into

2D sheets of filaments (Stauffer ez a/. 1991). Filament formation was promoted by oxidizing
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agents. The end-to-end interactions can occur in the absence (Stauffer ez a/. 1991) or presence
(Kistler ef al. 1993) of lipids.

What is the nature of the chemical interaction between hemichannels? Studies that
investigate the formation or splitting of channels between cells to address this question are
necessarily indirect and limited by the inability to distinguish modulation of chemical
interactions between the hemichannels from the host of biological processes that could
influence their interaction. For example, perfusion of liver with hypertonic solutions causes
splitting of junctions, but this is most likely a cellular or tissue response to hypertonicity
rather than a specific and direct disruption of the interhemichannel contact; exposure to the
same solutions following homogenization of the tissue does not result in splitting
(Goodenough & Gilula, 1974). Perfusion with calcium-free solutions enhances splitting
(Peracchia, 1977); simple incubation of liver pieces in calcium-free medium also splits
junctions (Hirokawa & Heuser, 1982). On the other hand, studies that examine interactions
between purified hemichannels may be criticized for (a) using material subjected to harsh
conditions during purification, () using a non-representative (i.e. damaged, immature, about
to be internalized) population of channels, and (¢) studying a process that in cells may involve
factors other than connexin (e.g. adhesion molecules).

For the formation studies, extracted lens junctional membranes were solubilized with
octylpolyoxyethylene (8-POE) into a population of single hemichannels. Some assembly of
single hemichannels into end-to-end pairs was induced by exchange of the 8-POE with
octylglucoside or decylmaltoside (Kistler ez a/. 1994). This process was unaffected by presence
of 5 mmM DTT or 500 mm NaCl, suggesting that ionic interactions and disulfide exchange are
not involved under these conditions. Studies that characterize the conditions of splitting of
junctional channels have typically used as starting material the small fraction of a tissue’s
junctional membranes that are resistant to solubilization by ionic detergent (Fallon &
Goodenough, 1981; Baker ez a/. 1983), high pH (pH 12) (Hertzberg, 1984), or lower pH (9-5)
with 4 m urea (Kistler ef a/. 1994). Conditions used to split isolated junctions include exposure
to 8 M urea at pH 10 (Manjunath ez a/. 1984; Goodenough ef a/. 1988), 8 M urea at
pH 12 (Goodenough & Gilula, 1974; Milks ef al. 1988; Zhang & Nicholson, 1994), and pH 2
(Goodenough & Gilula, 1974). The harshness of these conditions limits their value as probes
of molecular interactions, but the data are consistent with hydrophobic interactions
stabilizing the end-to-end hemichannel interactions.

A parametric study investigated minimal conditions required for substantial splitting of
junctions without membrane disruption (Ghoshroy ez a/. 1995). Exposute to 4 m urea at pH 8
in the presence of EGTA reliably split junctions without destruction of the hemichannels or
the membrane, perhaps suggesting the contributions of hydrogen bonding to the stability of
the junctional structure. Less concentrated urea, lower pH or omission of EGTA substantially
reduced the splitting; 5 mm DTT was without effect. Since a chaotropic agent is required for
disruption, these data strongly indicate that hydrophobic forces play a major role in
stabilization of end-to-end interactions. Splitting under these conditions is not reversible;
removal of urea does not cause reassembly. This may mean that the hydrophobic domains
involved in the interaction become inaccessible to the aqueous environment, perhaps forming
a ‘gate’ on the extracellular end of the pore (suggested in Peracchia ez a/. 1995). Potential
hydrophobic domains involved in such a process are reviewed in Peracchia ez a/. (1995) and
Ghoshroy ez al. (1995).

The enhancing effect of EGTA on splitting supports suggestions from cellular work that
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calcium stabilizes the end-to-end interactions (Peracchia, 1977). If so, it is important to
explore by site-directed mutagenesis the roles of conserved potential calcium-binding sites in
E1 and E2 (e.g. the three conserved aspartate and glutamate residues). It should be noted that
low pH, which would neutralize such sites, is effective in breaking junctional channels apart,
even in the absence of chaotropic agents. On the other hand, high pH is also effective, and
EGTA alone has no effect (Zimmer ¢t a/. 1987; Ghoshroy e# al. 1995).

A scenario emerges from these studies in which calcium ions coordinate the structure of
interhemichannel hydrophobic domains. These interactions can be disrupted by removal of
the calcium or by presence of chaotropic agents. Once disrupted, the hydrophobic domains
interact within a hemichannel and become inaccessible from the aqueous environment, and
are therefore unable to readily reassemble into junctional channels. Hydrophobic interactions
are known to play key roles in dimerization reactions of proteins (Divita et a/. 1995; Larsen
et al. 1998 ; Koltzscher & Gerke, 2000). Intriguingly, there may also be a role for calcium in
stabilizing the ‘closed’ structure, since removal of extracellular calcium causes hemichannels
of some connexins to open in plasma membrane, as previously noted. Thus calcium, normally
present at millimolar concentrations outside of cells, would also assist in stabilizing
conformations favorable to intrahemichannel hydrophobic interactions.

Strictly speaking, these considerations apply only to disruption of interactions between
hemichannels that have survived the conditions involved in purifying junctional membranes
from cells. In fact, connexin structures the size of hemichannels can be immunopurified
from plasma membrane solubilized by non-ionic detergents such as octylglucoside; these
channels are undoubtedly solubilized by the ionic detergent and the alkali extraction methods,
and discarded (Harris, 1994; Rhee ¢z al. 1996). The yield from such studies is up to
40% of the total connexin in a tissue. Therefore conclusions drawn about the nature
of the hemichannel interactions from studies using purified junctions may only apply to
the fraction of junctional channels that survive the junction isolation procedures. That
a substantial fraction of junctional channels can be broken apart by mild, non-ionic
detergents implies that a substantial fraction of junctional channels are held together by
more moderate forces.

On the other hand, freeze-fracture and thin section studies of dissociated cardiac cells
showed junctions that remained attached to one of the separated cells (Mazet e7 a/. 1985), and
it has been reported recently that junctional channels can be internalized intact into one cell
of a coupled pair (Jordan ez al. 2001), suggesting remarkable stability under normal
conditions.

Another approach to analyzing the docking interactions is to examine the effects of
extracellular application of synthetic peptides whose sequences correspond to the extracellular
loops E1 and E2 on the formation and stability of functional junctional channels (reviewed
in Berthoud e a/. 2000). Several such peptides have been shown to have precisely this
effect, as if they mimic the homophilic-binding domains, whereas peptides corresponding to
cytoplasmic regions did not (Dahl e a/. 1994; Eugenin e al. 1998; Kwak & Jongsma,
1999). A detailed study found that for both loops, the peptides most effective in
blocking formation were those toward the C-terminal ends of the loops (Warner e a/. 1995).
The proposed mechanism is that the peptides interact with the loop domains of the
hemichannels that can potentially form junctional channels, blocking their interaction with
the loop domains of an apposed hemichannel. It is tempting to think that in doing so the

peptides assume the conformation they would have if part of an apposed hemichannel. How-
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ever, none of the peptides appeared to be able to effect hemichannel opening, though this was
not tested explicitly in some of the studies. There was no synergy between the effects of
peptides directed against each loop, suggesting that each loop interacts with domains of the
other loop (e.g. E1 with E2 and vice versa) in the apposing hemichannel. The sequences
were: CNTLQPGC for Cx32 E1 (53-60), SHVR for both Cx32 (72-75) and Cx43 El,
and SRPTEK for Cx32 (182-187) and Cx43 (204-209) E2.

In an intriguing set of studies it was shown that peptides containing these sequence motifs
were also effective in disrupting electrical coupling between cells already joined by gap
junctions (Chaytor ez a/. 1997, 1998 ; Boitano & Evans, 2000) with a rate at least 4-fold greater
than the most rapid reported turnover of plasma membrane connexin (time constant of
20-30 min as opposed to 120 min) (Laird e# a/. 1991; Beardslee ¢ al. 1998; Berthoud e al.
1999). This raises the intriguing possibility that the homophilic binding between hemichannels
is dynamic, and that the peptides interfere with ongoing binding and unbinding reactions.
Such postulated reactions could occur in ‘stable’ junctional channels, or be part of the rapid
turnover of junctional channels (i.e. the docking of new pairs of hemichannels, undocking of
hemichannels fated for internalization, and possible re-docking). It is also possible that the
peptides interact with exposed regions of the patent junctional channels and disrupt the
junctional structures. These possibilities suggest that junctional channels are more plastic
than previously thought.

What are the structures of the extracellular domains of hemichannels? As mentioned
previously, each extracellular loop contains 3 cysteine residues with identical spacing across
all connexins except one. It is well-established that disulfide linkages are not made between
end-to-end hemichannels or adjacent hemichannels (Dupont ez a/. 1989), or between connexin
monomers within hemichannels (John & Revel, 1991), despite an earlier report to the
contrary (Manjunath & Page, 1986). There is positive evidence from studies using very
different approaches that there are disulfide linkages between the two extracellular loops of
a connexin monomer (John & Revel, 1991; Rahman & Evans, 1991), probably initially
formed in the ER (Rahman ez a/. 1993). There is also evidence for disulfide-exchange reactions
taking place during junctional channel formation (John & Revel, 1991). It has been suggested
that these linkages stabilize the structure of these domains so that the inter-hemichannel
adhesion can be achieved. Substitution of any of the cysteines with serine inhibits formation
of junctional channels in the paired Xenopus oocyte system (Dahl ez a/. 1991, 1992), though
in these studies the possibility of a disruption of connexin processing, assembly, or insertion
prior to hemichannel docking remains.

The most informative data about the structure of the extracellular loops in junctional
channels comes from innovative work in which the invariant cysteines in E1 and E2 were not
eliminated, but displaced (Foote ez a/. 1998). The first and third cysteines within each loop
were displaced sequentially in the same direction and then in opposite directions, and the
ability to form functional junctional channels was assessed. Displacements of one position
eliminated functional activity, as expected. However the surprising result was that function
was rescued only when the first cysteine of one loop was displaced in one direction and the
third cysteine in the other loop was displaced in the ozber direction. Furthermore, junctional
channel activity occurred only when the cysteines were displaced in steps of two (e.g. the first
cysteine of E1 moved back two positions and the third cysteine of E2 moved forward two
positions). Function was not seen when the displacements were in the same direction. The

periodicity of the mutations with recovered function suggests a [ structure, and the
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restoration of function with opposite displacements suggest interactions between anti-parallel
strands. These findings and others are best explained if the two loops are in stacked [
structures stabilized by inter-loop disulfide bonds between the first and third cysteines in each
loop. Presumably there is a third inter-loop disulfide between the second cysteine of each loop
(Fig. 84). The anti-parallel £ loops contributed by apposing and adjacent connexin monomers
would interact to form f-barrel structures. CD spectra support the presence of some [
structures in isolated junctional membranes, but not in the transmembrane domains (Cascio
et al. 1990). Furthermore, 6 A maps show vertical ‘threads’ of density on the perimeter of
the channel, consistent with £ structure (Unger & Yeager, personal communication).

These data suggest that the two hemichannels interact to form a junctional structutre via
formation of inner and outer anti-parallel £ barrels composed of interdigitating loops from
each hemichannel (Fig. 84). Each barrel would be formed by 24 strands of either E1 or E2
loops. The disulfide bonds would link the two barrels, connecting the E1 and E2 contributed
by the same connexin monomer. This model of the junctional channel, when taken with the
evidence that, at least for some connexins, E1 plays a large role in defining pore selectivity
(Sections 4.1, 5.1.3), suggests that the f barrel formed by the E1 loops would be innermost.
The pattern of disulfide linkages is most readily accommodated if the E1 and E2 loops are
stacked in an anti-parallel configuration, as shown in Fig. 84. It is less likely that the disulfide
linkages between the first and third cysteines in each loop would have to cross one another
as shown in one of two possible arrangements in (Perkins ¢/ a/. 1998a), forming a cysteine-
knot structure often found in growth factors (Sun & Davies, 1995).

A concentric double f-barrel structure has not been observed in other proteins to date. A
[ barrel formed from strands entering the barrel from opposite ends of the barrel has not been
reported either, however the efficacy and strength of this kind of interaction is demonstrated
in the lateral interaction between [ strands that mediate cadherin homophilic binding
(Leckband & Sivasankar, 2000). The channels of bacterial porins are formed by single £
barrels (Jap ez al. 1991; Weiss ez al. 1991); in that case the barrel is monomeric (all strands
are part of the same peptide). A closer analogy is with the f barrel of a-hemolysins in which
each pair of strands of the barrel is contributed to by each of seven subunits (Song e al. 1996;
Gouaux, 1998). Stacked f sheets are common in several structural proteins (cf. Parkhe ¢# a/.
1997) and are seen in dimerization interfaces as well; the homodimerization of the DNA-
binding domain of HIV-1 integrase is mediated by two stacked f structures stabilized by
hydrophobic interactions and hydrogen bonding (Lodi e a/. 1995; Eijkelenboom ez a/. 1999),
as is the interaction between oppositely oriented £ sheets in TGF-f2 dimers (Sun & Davies,
1995). Dimerization by the double, edge-to-edge extension of anti-parallel £ sheets is seen in
the gelation factor of Dictyostelium (McCoy et al. 1999) and in the dimerization of transthyretin
(Blake ef al. 1974, 1978).

In other f-barrel channels, channel selectivity is determined by strands that dip into the
lumen (MacKinnon, 1995; Schirmer ez a/. 1995; Phale ¢z al. 1997; Wang et al. 1997), some as
short as 9-16 amino acids (Schirmer ez a/. 1995; Phale ef al. 1997). If the analogy is carried
further in connexins, one may look for the involvement of strands of similar length, perhaps
contributed by the regions N-terminal to the first cysteines of E1 or perhaps E2. Inspection
of the sequences shows that there are 12 and 18 residues, respectively, between the extra-
cellular ends of M1 and M3 and the first cysteine of E1 and E2, respectively. The fantasy
is that a component of residues 41-52 of the El of Cx32 dip into the pore to affect

charge selectivity and also interact with N2 to mediate voltage gating. This could include
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®)

Fig. 8. Proposed docking domain structures. (2) Schematic of proposed relations between f§ structures
formed by the extracellular loops (E1 and E2) of a single connexin, based on the work of Foote ¢/ a/.
(1998). Each loop forms a pair of anti-parallel f strands internally stabilized by hydrogen bonds. The
two pairs of strands (E1 and E2) are stabilized relative to each other by disulfide bonds. In this model,
immediately in front of (and behind) these two pairs of strands are two more pairs contributed by the
apposing hemichannel (originating from the right in this diagram), with the Els adjacent to each other
and the E2s adjacent to each other. This interdigitated structure is extended by alternating contributions
from each of the apposed hemichannels to form two concentric f structures, as illustrated in (). The
data from Foote e al. (1998) do not address which ting of f structures is innermost (that formed by
E1 or E2), but other data (Trexler ez a/. 2000) suggest that it is E1. (From Foote e al. 1998.)

D51 and the three other positions in the El1 of Cx46, shown to influence charge
selectivity (Kronengold ez a/. 2001; Kronengold, Trexler, Bukauskas, Bargiello & Verselis,
personal communication), and E41 and S42 of Cx32, shown to affect voltage sensitivity
(Verselis ef al. 1994), and possibly E48 of Cx43, which strongly affects unitary conductance
(Brink, Kumari & Valiunas, personal communication); more C-terminal regions of E1 have
not been directly implicated in these properties.

A cautionary note is that the data upon which this interpretation is based do not
distinguish between the formation of junctional channels per se, and the formation of
junctional channels that are open. For this distinction to be made, biochemical or structural

information must be obtained in addition to functional information.



380 Andrew L. Harris

Table 5. Determinants of heterotypic specificity

K167 equiv. Charge N175 equiv. Charge
Group A
Cx30.3 A Non-polar H* 10% +
Cx37 v Non-polar H 10% +
Cx40 Y Non-polar H 10% +
Cx43 T Polar H 10% +
Cx45 C Polar H 10% +
Cx57 K + N Polar
Group B
Cx26 K + N Polar
Cx32 K + N Polar
Cx46 R + N Polar
Cx50 R + N Polar

* Histidine is approximately 10 % protonated at physiological pH.

4.2.2 Determinants of specificity of interaction

What determines the specificity of interhemichannel interactions — whether a hemichannel
composed entirely of one connexin can form a heterotypic junctional channel with a
hemichannel composed of a different connexin? Specificity of heterotypic channel formation
is readily determined by pairing Xenopus oocytes expressing different connexins (although it
is probable that non-connexin factors (e.g. adhesion molecules) help to define coupling
specificity between cells expressing endogenous connexins). Table 3 summarizes the known
specificities. The E2 extracellular loop is thought to be the primary structural component
responsible for the specificity. This is based on studies in which chimeric connexins with
substituted E2 domains were constructed. In every case, the origin of the E2 sequence
determined the selective affinity of the connexin (Bruzzone ez a/. 1994a; White ez a/. 1994a).
Sequence alignments for E2 of groups A and B reveal that the groups can be distinguished
by the charge character at positions corresponding to K167 and N175 of Cx32 (Table 5).

Recent unpublished studies take advantage of this correlation and show by mutagenesis that,
at least for Group B, the specificity is determined by these two positions (Zhu, Weber,
Ciubotaru, Kasparek & Nicholson, personal communication). By changing the character of
these residues to be more hydrophobic, Cx32 can be made to couple heterotypically like a
Group A connexin (Cx32A). If the loop domains of apposing hemichannels are anti-parallel
as suspected, one can postulate that ionic interactions between apposing 167 and 175 positions
(K and N for Cx32) favor interaction, and that the more hydrophobic interactions between
the corresponding positions in Group A (V and H for Cx40) favor their interaction. Thus
changing the residues in Cx32 to be more hydrophobic would allow interactions with Group
A, and disfavor interactions with Group B.

Interestingly, hemichannels of the altered Cx32 (Cx32A) and wild-type Cx32 can form
heterotypic structures but do not function. This suggests either that the specificities above are
really about the ability to open, not to dock per se, ot that the Cx32A /Cx32 docking occurs
via an abnormal structure that does not permit opening.

The compatibility determinants described above do not tell the whole story; other
positions or structural factors may play a role. By sequence, Cx57 should be in
Group B, but its compatibility is that of Group A. Cx30, which by sequence is also in
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Group B, is unique in forming heterotypic channels with both compatibility groups.
Furthermore, peptides corresponding to regions of E2 of Cx40 seem to inhibit the formation
of Cx40 junctional channels but not Cx43 channels, and vice versa (Kwak & Jongsma, 1999),
even though the E2 sequences should be compatible by the scheme described above.

Sequence comparison also offers an explanation for one of the exceptions noted in the
compatibility group in Table 4, the absence of coupling between Cx30.3 and Cx45. Cx45 has
a positive charge immediately adjacent to its position 175 equivalent (K217) that is unique to
this position in either group. Cx30.3, three positions before the position 167 equivalent, has
a positive charge unique within Group A (R160). If the strands from the apposed
hemichannels have an anti-parallel orientation, the two unique positive charges could interact
to inhibit binding.

In Cx31 the spacing between the first and second cysteine in E2 is greater by one than for
all other known connexins. This may contribute to its apparent inability to form channels
with any other connexin. Variant cysteine spacing cannot, however, account for the other
cases where heterotypic channels do not function (Cx31.1 and Cx30).

In addition to the sequence determinants, the structure of the contacting domains is
expected to have an influence. The displacement of a single cysteine in the E2 of Cx32 not
only disrupts the ability to form functional channels, as expected, but enables formation of
channels with a connexin with which it normally does not (Foote ¢t a/. 1998). Further
evidence for the role of structure comes from studies of chimeric proteins showing that
cytoplasmic domains can affect heterotypic coupling specificity (Haubrich ez a/. 1996).

As for the previous section, these compatibilities and incompatibilities do not distinguish

junctional channel formation from junctional channel opening.

5. Permeability and selectivity

More than other properties, permeability and selectivity are at the core of connexin channel
function. A large literature documents a wide variation of conductance, ionic selectivity and
molecular permeability of channels formed by the various connexin isoforms. These
properties are investigated in two major ways.

One is via electrical measurements, which reveal what can be inferred about the permeation
pathway and process from unitary conductances, reversal potentials and single-channel I-17
relations. This approach draws on the highly evolved analytical framework applied to other
channels.

Another approach is via measurements of molecular flux, which reveal what can be
inferred about the permeation pathway and process from knowing which molecules move
through the pore, and how well. This approach is less rich analytically, but draws in
interesting ways on classical flux studies. It addresses directly the property of connexin
channels most central to their biological function in inexcitable cells.

Given the latter, one may ask if it is worthwhile to understand the determinants of
electrical conductance — the selectivity and permeation of atomic ions — of a channel whose
function in most tissues is the selective permeation of much larger cytoplasmic molecules.
Rephrased, why seek to understand the permeability to K* or CI™ if the permeation pathway
is designed to select for or against specific molecules, and not atomic ions? Will not the
electrical measurements be informative only of an epiphenomenon — the largely irrelevant ion

flux through a pore designed for another function?
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This view is short-sighted for several reasons. One is that the role of connexin channels
in nerve and muscle is sufficient justification; the character of electrical signaling in excitable
tissues may depend crucially on the details of how atomic anions and cations permeate the
pore and interact with each other while doing so. For example, as described below, the I-17
relations for several junctional channels and hemichannels rectify in symmetric salt.
Understanding how this occurs addresses a fundamental mechanism of electrical signaling in
nerve and muscle.

Another reason is that the mechanisms of ionic selectivity and interactions in a large pore
are likely to be reprised in other macromolecules. Fundamental mechanisms of electrostatic
interaction in this pore will be relevant to mechanisms in other constrained, yet minimally
dehydrated environments such as access pathways to active sites of enzymes and the catalytic
and binding clefts of enzymes and nucleic acids, as well as the inner and outer vestibules of
ion-specific ion channels, and other channels with wide pores. Most ion channels are charge-
selective, being highly permeable to either cations or anions. Understanding how anions and
cations move through the same pathway, perhaps in opposite directions, requires a different
analytic formalism. Such an understanding will also be relevant to the operation of other
wide pores, such as porins, VDAC, and several channels that mediate toxicity (e.g. colicins,
tetanus toxin, diphtheria toxin, botulinum toxin). In a reductionist view, ionic and
intermolecular interactions in a wide pore, as in a connexin channel, are intermediate between
those that occur on planar, fully hydrated surfaces and those that occur in narrow, ‘de-
hydrated’ pores — which describes interactions on the surfaces of most macromolecules.

Several features of connexin channels warrant special attention in this regard. Permeation
of small atomic ions through them is fundamentally different from that through narrow pores
such as Shaker or KesA, in which the selectivity region is as long as connexin pores are wide
(12 A). To permeate those pores, an ion must interact at a specific site (e.g. the GYG region
of KesA). If its interactions at that site are not sufficiently favorable, the ion will not permeate.
The same ion permeating a connexin channel does not need to bind to a specific site in
the pore to pass through. It will experience a spectrum of forces as it permeates, but
binding to a specific site is not obligatory for the ion to permeate. The mechanism
that underlies much of our thinking about ionic selectivity is precisely the requirement to
bind to an unavoidable site in a pore. This means that while the conductance and
permeability of atomic ions through connexin channels will be informative, they do not arise
from the kind of interactions that occur in narrower pores.

A second feature of connexin pores that requites some conceptual adjustment is that they
are substantially permeable to both cations and anions. This adds a complex set of intra-pore
electrostatic interactions that affect flux — attractive interactions between the mobile ions.

Both features are shared with several other channels, for which the classical GHK
formulations of permeability do not hold (Borisova ez a/. 1986; Zambrowicz & Colombini,
1993; Franciolini & Nonner, 1994b). For these channels, as for connexin channels,
conductance measurements are not faithful predictors of permeability.

Connexin pores have an additional feature not shared with other channels. In extracellular
solutions the anions and cations are roughly the same size, and therefore are able to either
enter or not a plasma membrane channel to roughly equal degrees. In cytoplasm, the concen-
tration of anions small enough to enter a connexin pore is much less than the concentration
of cations able to do so — ~ 3.5 mm ClI™ versus ~ 140 mm K* (Adrian, 1961; McDonald &
DeHaan, 1973; Maughan & Godt, 1989). This means that the normal charge-screening that
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Table 6. Approximate unitary conductances of junctional channels

pS (in 120-150 mwm salt)

Cx26 140
Cx30 180
Cx31 100
Cx32 60
Cx36 15
Cx37 310
Cx40 175
Cx43 100
Cx45 30
Cx46 140
Cx50 220
Cx57 27

is a function of ionic strength is strongly skewed within connexin pores, which are accessible
only by cytoplasmic ions; potassium ions and chloride ions can enter freely, but the
concentration of K is more than 10-fold that of Cl™. Though this has not been treated
analytically, a consequence must be to amplify the relative influence of positive charges
inside the pore, if they are not part of charge-pairs. This implies that ionic replacement
experiments during whole-cell dialysis (where small anions and cations are present in equal
concentrations) may produce an electrostatic environment in and around the pore that does
not reflect the native situation. The same situation may apply to sites of restricted access (e.g.

crevices) of any protein (or nucleic acid) exclusively exposed to cytoplasm.

5.1 Among the usual ions
5.1.1 Unitary conductance

Recordings of single junctional channels in native and heterologous systems reveal a wide
range of maximal single-channel conductances and subconductance states (for a recent
compilation, see Verselis & Veenstra, 2000). The maximal conductances are referred
to as ‘main-state’ conductances, whether or not they are the most occupied. In
native tissues, main-state conductances of junctional channels range between ~ 20 and
~ 300 pS. Most junctional channels have several subconductance states, but several have
none. The subconductance states can be as small as one-tenth of the main-state conductance.
The magnitude of the unitary conductance may be influenced by surface charge, even where
the channel is not charge-selective (Banach es a/. 2000). A selective summary of the
approximate conductances of main states of homomeric wild-type connexin channels
determined in heterologous expression systems under roughly comparable conditions is
given in Table 6.

In any given experiment, the recorded unitary conductances of homomeric channels
typically have a broader variance about the mean than do most other channels. The reasons
for this are unclear, but may reflect the inherent noisiness of such recordings (due to voltage
clamp of two whole cells as a requirement for obtaining single-channel records; see Section
3.2.1). Most of the differences in reported mean values can be accounted for by differences in

the species orthologs used, or by investigator experimental technique.
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The unitary conductances of some hemichannels are somewhat rectifying, decreasing in a
curvilinear fashion with positive potentials. Though first documented in excised patches in
symmetric salt for Cx46 (Trexler ef al. 1996; Pfahnl & Dahl, 1998, 1999 ; Trexler ez al. 2000),
a similar rectification is seen for Cx30, Cx46 and Cx50 in on-cell recordings (Valiunas &
Weingart, 2000). Not surprisingly, the rectification is greater in the asymmetric conditions of
the on-cell recordings. Accordingly, for Cx30 the on-cell data predicted a somewhat greater
rectification than was seen in the (symmetric conditions of) junctional channel recordings.

Where there are single-channel data for hemichannels and for homotypic junctional
channels formed by the same connexin, the conductances of the hemichannels predict the
conductances of the corresponding junctional channels quite well (for Cx30, Cx46 and Cx50)
with one exception (Cx32). There are fewer data for heterotypic unitary conductances, and
they are complicated by the fact that heterotypic channels rectify strongly, due to the two
hemichannels having different ionic selectivities (see Section 5.1.3 below). Nevertheless,
conductances near I = 0 of heterotypic channels calculated from conductances of homotypic
channels (where the conductivity of a homomeric hemichannel is presumed to be twice that
of the homomeric junctional channel) correspond roughly for most cases for which there are
data (predicted — actual in pS: 84 —>48 and 100 for Cx26/Cx32; 127 — 100-150 for
Cx40/Cx43; 85 — 56 for Cx32/Cx46; 75 — 120 for Cx43/Cx46; 51 — 52 for Cx43/Cx44).

Serine phosphorylation can affect the distribution between main state and the substate

occupancies of certain connexins. This is a gating effect, and is covered in Section 7.3.

5.1.2 Selectivity

On the basis of permeability to large tracers such as LY, it was believed for many years that
connexin channels were so wide that they would be essentially non-selective among ions and
molecules whose size allowed them to enter the pore. This idea persisted despite the fact that
an informed consideration of the effect of charge on the walls of a ~ 15 A pore predicts at
least moderate charge selectivity. Experimental data on ionic selectivity for junctional
channels similar to that routinely obtained for other channels was difficult to obtain before
the era of dialysis through patch electrodes.

The presence of negative charge in the pores of connexin channels was inferred from dye-
coupling studies (Flagg-Newton ef a/. 1979), as it had been for innexin channels (Brink &
Dewey, 1980). Differential staining by anionic and cationic negative stains in electron
microscopy of rat liver junctions (primarily Cx32) also suggested anionic charge in the pore
(Baker et al. 1985). Measurement of charge selectivity by more conventional means (dual
dialysis through patch electrodes) was first achieved in mammalian cells in 1985, when
reversal potential experiments suggested a Py+/ P~ ratio of 145 (Neyton & Trautmann,
1985) for junctional channels likely formed either by Cx26 or heteromers of Cx26:Cx32
(Meda ef al. 1993) based on unitary conductance, also implying negative charge. However,
an early reconstitution study showed an anionic selectivity for Cx32 (Harris ef al. 1992)
implying positive charge in the pore. It has since become clear that Cx32 is indeed a mildly
anion-selective channel (Suchyna e a/. 1999). Nevertheless, most junctional channels have a
preference for cations, consistent with slight fixed negative charge in the pore. The first
systematic examination of selectivity of an identified connexin expressed in mammalian cells
(Cx37) showed a cation selectivity of 2.3 [(Veenstra e a/. 1994b); later revised to 3.5
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(Veenstra, 1996b)]. This was particularly notable since the unitary conductance was large,
even for a junctional channel (300 pS).

Charge selectivity varies substantially with connexin isoform. Most data are conductance-
mobility ratios derived from experiments in which symmetric ion substitutions were made via
patch pipettes. Selectivity measured in this way varies over at least an order of magnitude,
from nearly 10:1 for chick Cx45 to ~ 1:1-1 for rat Cx32 (Veenstra et al. 1995; Veenstra,
1996). The magnitude of the selectivity is nof inversely correlated with unitary
conductance — that is, selectivity is not greater in channels with smaller conductance as would
be expected for a simple narrowing of a pore with charged walls. In the two cases where
selectivity has been determined from reversal potentials in asymmetric salt solutions,
P+ / P~ is much greater than that calculated from conductance-mobility ratios (77 instead
of 23 for cCx43, and 69 rather than 34 for rCx40) (Beblo & Veenstra, 1997; Wang &
Veenstra, 1997). It has been proposed that this difference arises due to the presence of Donnan
potentials generated by fixed charges in the pore, and that they dominate the conductance
ratios (Veenstra, 2000). The Py+: P~ for Cx46 was recently determined to be 7:1 (Trexler
et al. 2000).

The information on selectivity among cations or among anions is sparse, but intriguing.
Overall, the selectivities determined from reversal potentials in asymmetric solutions are not
dramatic. For rCx43, and for rCx46 hemichannels (Trexler ef a/. 1996), relative selectivities
among cations cortelated with aqueous mobility except for a preference for Rb*™ over Cs™,
which suggests a weak anionic site (Wang & Veenstra, 1997). The selectivity sequence among
anions roughly follows their aqueous mobilities. However, the experimentally measured
reversal potentials for anions could not be described by the GHK equation using the
P+ / P - ratio determined from a single asymmetric salt reversal potential. This implies an
interaction between anions and cations that influences selectivity (Wang & Veenstra,
1997).

A more dramatic example of this occurs for rCx40, where the cation sequence follows the
aqueous mobilities, but the anion sequence does not match either the aqueous mobilities or
an Eisenman sequence (Beblo & Veenstra, 1997). The permeabilities are equal for all the non-
atomic anions tested, and that of the atomic anions vary znversely with their aqueous mobilities.
That is, the electrical conductance of the pore is reduced by anion permeation. This is a
complex form of the anomalous mole fraction effect — one that effectively involves different
affinities for anions and cations. One explanation for this behavior is that complexes of
permeant anion—cation pairs form in the pore and interact with fixed anionic sites (Beblo &
Veenstra, 1997). In this case, the selectivity among anions and the component of the current
carried by anions would be functions of salt concentration and the specific cation present.
Similar mechanisms have been proposed to account for interactions between permeant anions
and cations in certain other channels (Borisova ef a/. 1986; Franciolini & Nonner, 1994a, b).
This kind of interaction can only occur in wide pores, and can be viewed as a localized, intra-
pore charge screening effect.

The selectivity of subconductance states has not been extensively explored. Where it has,
the data are consistent with a narrowing of the pore (i.e. reduced permeability to molecules
that permeate the main state) and/or an enhanced charge selectivity (see Veenstra ez a/. 1994b;
Trexler ef al. 1996; Valiunas ¢t al. 1997; Oh ¢t al. 1999; Qu & Dahl, In Press). Future studies

may address whether unexpected ionic or molecular selectivities appear in the substates.
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5.1.3 Nonlinear single-channel |-V relations and their molecular determinants

As expected for channels composed of two oppositely oriented subunits in symmetric
solutions, homotypic junctional channels show single-channel I-17 relations that are
symmetric around 17 =0 (e.g. Veenstra ef al. 1994b; Beblo & Veenstra, 1997; Wang &
Veenstra, 1997; Suchyna ef al. 1999; Valiunas ez a/. 1999b; Trexler et al. 2000). They also
retain the charge selectivity of the component hemichannels (cf. Trexler ef a/. 2000). However,
rectifying single-channel I-1” relations are observed in currents through single hemichannels
as noted above (Trexler ez a/. 1996; Pfahnl & Dahl, 1998, 1999; Trexler e# a/. 2000; Valiunas
& Weingart, 2000) and through some heterotypic junctional channels in symmetric solutions
(Bukauskas ez a/. 1995; Brink ez al. 1997; Oh ez al. 1999; Suchyna ez a/. 1999; Valiunas
et al. 1999b, 2000), but not others (Elenes ez /. 2001). Exploration of the origins of
these rectifications have been informative as to their thermodynamic basis, the molecular
determinants of selectivity, and identification of pore-lining amino acids. The two most
extensively studied instances are described below.

In one case, a homomeric junctional channel (Cx30) has been reported to have a slightly
rectifying unitary conductance (Valiunas e a/. 1999a). The basis for this is not clear, though
it is suggested to follow from detailed modeling of unitary conductances (Vogel & Weingart,
1998).

(a) Cx46 and its E1. The main state of rCx46 hemichannels is largely cation selective
(Pg+:Pg-::10:1), high conductance (~ 300 pS) and inwardly rectifying in symmetric
physiological saline (Trexler e a/. 1996). The rectification takes the form of sublinear
conductance at positive voltages and supralinear conductance at negative voltages. Cation
selectivity and inward rectification can be accounted for by fixed negative charges near the
extracellular end of the pore (impeding anion flux in both directions, and depressing entry of
anions into the pore from outside). High salt on the outside reduces the cation selectivity to
a greater degree than high salt on the inside, as if it screens fixed negative charges near the
extracellular end of the pore (Green & Andersen, 1991). It also tends to linearize the single-
channel -1 relation (Trexler ¢ al. 2000), as expected.

These data were modeled using a form of Poisson—Nernst—Planck (PNP) theory (Chen es
al. 1997b, 1999; Nonner ez al. 1998 ; Nonner & Eisenberg, 1998). PNP theory is a continuum
model of the distribution of ions within a right cylindrical pore for a given charge profile of
the pore wall under a given set of ionic and voltage conditions. When calculations are made
at different voltages, the results can be transformed into a predicted I-1” relation. As it
is a continuum model, it ignores the physical properties of the permeating ions except for
charge and mobility. Because of this, it may be somewhat more applicable to wide pores than
narrow ones [in which there is specific ion coordination as in the Shaker channel selectivity
region (Roux & MacKinnon, 1999)]. Even so, PNP theory has reasonably accounted for the
shapes of I-1” relations of several ion channels, including a heterotypic junctional channel,
discussed below (Chen ef al. 1997a, b; Oh et al. 1999 ; Suchyna ez al. 1999).

The version used to model the Cx46 hemichannel data was the 1D form, and did not
include the modified Poisson equation that incorporates induced charge effects (Trexler e# al.
2000). In this context, the modeling is more a test of the PNP theory than of the hypothesis of
negative charge near the external mouth of the pore. Nevertheless, PNP calculations for a
single, fixed negative charge near the extracellular end of the pore (0-25 pore length wide,
centered 025 of the pore from the extracellular end) match the I-17 relations and

selectivity of the rCx46 hemichannels under symmetric and asymmetric salt conditions.
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Studies of Cx46 junctional channels showed that the cationic selectivity was preserved
when the hemichannels were joined, indicating that the end-to-end interactions between
hemichannels in the dimerization reaction did not alter the charge selectivity. PNP
calculations for two end-to-end hemichannel profiles accounted reasonably for the I-17
observed under asymmetric conditions.

Studies of chimeric hemichannels in which portions of Cx46 (140 pS; Py+:P,-::7:1) were
replaced by the corresponding portions of Cx32 (50 pS; Py+: P,-::1:1-2) argue strongly that
the E1 domain is a major determinant of the charge selectivity and thus is exposed to the
permeation pathway (Trexler es a/. 2000). Specifically, the Cx46*32E1 hemichannel has an
outward rectification, a lower conductance and a slight anion selectivity. Higher salt on the
inside tends to linearize the -1 relation (there are no data on the effect on selectivity). On
this basis it was proposed that in Cx46 the E1 domain forms a functionally significant portion
of the pore lining, that it contains the negative charges that define selectivity, and that the E1
of Cx32 does not replace them.

Changing the sign and reducing the magnitude of the charge of the PNP model accounted
for the anionic selectivity, but no amount of manipulation of the position or magnitude of
the single charge could account for the I-1” relations. It is concluded that other factors,
presumably also structurally contributed by the E1 of Cx32, play a role.

The effects of predicted asymmetric charge distributions in heterotypic channels were
examined as well. Cx32/Cx46 channels have a dramatic outward rectification, as would be
expected for hemichannels with pore charges of opposite sign (see Section 5.3.2 below
for a detailed consideration). Rat Cx43 homotypic channels are essentially non-selective
regarding charge. Cx43/Cx46 channels have an outward rectification as well as that
expected for an asymmetric charge distribution in the pore (negative on the Cx46 side, zero on
the Cx43side), but of smaller magnitude. The results of PNP calculations for these
heterotypic channels mimic the experimental findings.

What features of the E1 domains of Cx46 and Cx32 might be responsible for the observed

differences in I-17 relations? The relevant sequences are compared below:

CX32El: 41 ESVWGDEKSSFICNTLQPGCNSVCYDHFFPISHVR 75

P + pn n PP ?n n
s oskokskskok ok ok skokok skokokk kokokk skkskokok
- P—P P —-P +n n
CX46E1: 42 EEVWGDEQSDFTCNTQQOPGCENVCYDRAFPISHIR 76
*: identical; n: non-polar; p: polar; +, —: charge differences as noted; underlined: partially charged
at pH 7.0.

Comparison of the amino-acid sequences shows that the Cx46E1 could present a
more negative charge to the pore than Cx32E1; it has 3 more negative charges and 1
less partially ionized group. Both E1 domains contain 4 other residues that are partially
charged at neutral pH, and whose protonation near physiological pH is therefore most
readily modifiable by the local environment (Perutz et a/. 1969, 1971). The positioning
of the polar groups offers additional opportunities for effecting differences in charge
selectivity, in addition to those due to the additional negative charges in Cx46E1 and
the modifiable protonation of cysteine and histidine residues.

Of the amino acids that change when the Cx46E1 is replaced by Cx32El, all but two
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Fig. 9. Single-channel basis of macroscopic rectifying junctional currents. (#) Normalized macroscopic
steady-state G-17 relations for homomeric Cx26, homomeric Cx32 and heterotypic Cx26/Cx32
junctional channels expressed in oocytes. Lines are calculated from equations in Barrio ef a/. (1991) that
closely fit the data. The asymmetry of the Cx26/Cx26 G—17 relation is due to voltage dependence of
initial conductance commonly seen for Cx26 in oocytes. (4) Single-channel conductances for Cx26/Cx32
junctional channels. The single channel I-1" relations for homomeric Cx32 and Cx26 channels are linear.
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change to smaller or similar-sized R groups, and those that are larger (T — I; A — F) are
uncharged and non-polar. In every case where there is a charge change from negatively
charged to uncharged but polar, the polar residue is smaller (E - S; D— S; E — N). In the
one case of a polar residue changing to one positively charged (Q — K), the positively
charged residue is larger. These changes are consistent with the changes in selectivity. The
sole exception to this trend of potentially decreased negativity in the pore is the R —H
change (H is ~ 10% protonated at pH 7-0, and smaller).

Recent work shows that the Cx46 conductance phenotype can be largely restored to the
Cx46*32E1 chimera by making the point mutations K49Q and S51D — that is, by changing
only the residues in those two positions back to what they are in Cx46 (Kronengold e al.
2001; Kronengold, Trexler, Bukauskas, Bargiello & Verselis, personal communication).
These changes replace a positive charge with a polar residue (K — Q), and a polar residue with
a larger, negatively charged residue (S — D). It was shown that an S51C change largely
restored the phenotype as well. This cysteine was accessible by MSTET and MTSEA from
either the extracellular or cytoplasmic side of the channel, and alter the single-channel I-1”
relations in a manner consistent with their respective charges. Thus the mutagenesis and the
modeling converge to a common mechanism and structural element.

(b) Cx32 and Cx26. The Cx32 homotypic junctional channel has a main state conductance
of approximately 60 pS in physiological salt, and is somewhat anion selective. The Cx26
homomeric junctional channel has a main state conductance of ~ 140 pS and is somewhat
cation selective. Both homotypic junctional channels have linear I-1" relations. However, the
heterotypic Cx26/Cx32 junctional channel has a strongly rectifying main-state conductance
in symmetric solutions (Bukauskas ez a/. 1995). The conductance increases with positive
potentials on the Cx32 side of the junctional channel (1-7-fold between —50 and +50 mV;
2-3-fold between —100 and +100 mV) (Fig. 9). The basis for this rectification has been
explored theoretically by two groups, and experimentally by one of them. It is likely that
single-channel currents through Cx30/Cx32 channels show similar rectification, by
extrapolation from macroscopic data (Dahl ez a/. 1996).

In one case, a variant of the PNP theory was applied in which the charge selectivity of the
component hemichannels was modeled either as due to difference in bulk-pore partition
coefficient and intra-pore diffusion constant, or as a difference in Donnan-induced surface
potentials at the mouths of the pore (Suchyna ez a/. 1999). In either case, when a potential is
applied, there is an initial mismatch between the anion and cation fluxes, due to the different
selectivities of each half of the pore. The requirement that the ionic fluxes in each half of the
junctional channel be equal induces both a distortion of the potential within the pore and an
accumulation or depletion of anions and cations within the pore, depending on the direction
of current flow. These flux-induced field distortions are required to equalize the currents in
the two halves of the channel. For the case where the selectivity is due to intra-pore diffusion
constants, not surface charge at the entrance, the rectification arises because one voltage
polarity causes an accumulation of ions (both cations and anions) in the pore, and the other

polarity a depletion of them.

(From Bukauskas ez a/. 1995.) (¢) Single-channel I-1” relations for Cx26/Cx32 junctional channels
obtained with a voltage ramp. (From Oh ez a/. 1999.) (d) Comparison of macroscopic and single-channel
I-17 relations of Cx26/Cx32 junctional channels. The macroscopic behavior is accounted for by the

rectification of the single-channel conductance. The oocyte macroscopic data are from Barrio ez al.
(1991). (From Suchyna ez a/. 1999.)
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When the experimentally measured values for selectivity are incorporated, both
implementations predict a rectification of the same shape as that observed experimentally, but
of a somewhat smaller magnitude. Interestingly, when the I-1" relation is calculated imposing
a constant field (an unrealistic constraint in this system), the fit is better. The deviations from
the data may be explained by the simplifications of the modeling, which include assuming
a physically and electrically featureless, cylindrical pore, the mobile charges as points
occupying no physical space, and an absence of hemichannel-chemical interactions.

This implementation of PNP theory did not permit determination of the relative roles of
the differences in selectivity and conductance in producing the rectification, nor did it address
whether the rectification requires that the selectivities of the two halves of the pore be different
for anions and cations. Nevertheless, the fundamental character of the rectification is
accounted for by the properties of the component hemichannels, as inferred from their
properties in homotypic channels.

The other application of PNP theory to Cx26/Cx32 channel rectification is less analytic but
takes advantage of a series of mutants to establish its utility in accounting for the character
of a variety of shapes of I-1" relations, as well as identifying potentially influential amino-acid
positions (Oh ez al. 1999). For Cx32 and Cx26 homotypic channels, symmetric charge profiles
were generated for which the PNP predictions for I-1” relations, unitary conductance and
charge selectivity matched those of the experimental data. The simple series combination of
these charge profiles for a Cx32 hemichannel and a Cx26 hemichannel produced I-17
relations, conductance and selectivity that closely matched those of Cx26/Cx32 heterotypic
single channels.

Studies on determinants of the polarity of 17} gating of Cx32 and Cx26 had suggested that
charges at positions 1 and 2 (including the positive charge of the N-terminal methionine) in
both connexins, and position 42 in Cx26, and possibly position 41 in Cx32 (both in E1), sense
the junctional voltage (summarized in Section 4.1). Given that these positions are not in the
explicit transmembrane domains, it was proposed that they sense the field by virtue of being
in the aqueous pore (Verselis ez al. 1994). Charges at these positions were therefore good
candidates for determinants of charge selectivity as well. Studies of single-channel [-1~
relations of chimerae and point mutations support this idea. A series of chimeric channels
demonstrated (#) symmetric =17 relations for all homotypic channels, (4) symmetrically
rectifying relations for homotypic channels where the charges were changed from wild type,
(¢) slight asymmetric rectification when a charge-changed connexin is heterotypically paired
with the wild type of the other, (4) strong rectification when such a connexin is (now,
heterotypically) paired with its own wild type.

On the basis of these studies, the charge profiles used initially in the PNP calculations
incorporated charges of the appropriate polarities near the ends of the junction channels, and
a positive charge deeper in the pore for Cx26 (corresponding to E42). In addition, the profile
for Cx32 included a small negative baseline charge, corresponding to a smeared charge along
the length of the pore (possibly due to backbone carbonyls). The profile of Cx26 required a
much smaller baseline charge of opposite polarity. These charge distributions accurately
reproduced the rectification of wild-type Cx26/Cx32 channels. However, they could not
account for the shape of the I-1" relations for one set of chimerae. To simultaneously match
the shapes of the I-17 relations of the mutants and the degree of rectification of the
Cx26/Cx32 channel, two additions were made to the charge profiles —a negative charge at
W3 of both connexins, possibly provided by the quadropole moment of the aromatic ring,
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and a negative charge in Cx32 corresponding to E41. With these changes, reasonable fits to
all the [-17 relations were obtained. To summarize, the I-1 relations of the Cx26/Cx32
channels could be accounted for by incorporation of charges corresponding to those at
positions 1, 2, 3, 41 and 42, plus smeared charge.

As for the implementation of PNP to the Cx46 hemichannels in Section 5.1.3(«), one must
keep in mind the well-known limitations of the PNP theory (Miller, 1999). In addition, while
each of the elements of the charge profiles in this study has a basis in structure, the relative
magnitudes, widths, and to some extent, positions, of the fixed charges, as well as the
magnitude of the baseline charge, are all adjustable parameters, as are the ionic mobilities
within the pore. On the other hand, the criteria for an acceptable fit to the data include shape
of I-17 over +£150 mV, correct charge selectivity in 1:10 salt gradient, and correct channel
conductance. Given these criteria and the variety of structural mutants the model was
required to fit, and given the simplifications of the PNP approach, the explanation appears
robust.

52 Among large permeants

The studies described above are not very informative as to the internal structure of the
connexin pore or its interactions with large molecules, yet these properties are the primary
determinants of the intercellular molecular signaling function of connexin channels. Connexin
channels vary greatly in their permeability to molecular tracers, but the mechanisms of
discrimination are unexplored. Permeant molecules can be considered in three categories.

For uncharged permeants (i.e. cytoplasmic molecules such as sugars), in addition to
diffusion constant, the primary determinants of absolute and relative permeability are the
minimum diameter of the pore and how long it is, respectively. For these permeants, the
absolute selectivity is based on entry into the pore, and relative permeability roughly
determined by size (as reflected in intra-pore diffusion constant) with larger permeants
diffusing somewhat more slowly within the pore due to ‘frictional’ forces (see Renkin, 1954;
Verselis & Veenstra, 2000).

At the other extreme are molecules for which the determining factor is a specific molecular
interaction with the pore (e.g., site-specific, thermodynamic binding). This could produce
selectivity among second messengers of similar size. Such effects could take the form of an
absolute selectivity [in which a permeant must interact with the channel to permeate,
analogous to the requirement that an ion must interact strongly at the ‘selectivity filter” of
an ion-selective channel in order to permeate (Hille, 1975; Doyle ¢z a/l. 1998)], or a relative
selectivity [in which the permeation of a particular cytoplasmic molecule is substantially
enhanced over that of others of similar size, analogous to the facilitated but not exclusive
permeability of maltose through maltoporin (Freundlieb ef /. 1988; Klebba ez al. 1994;
Schirmer ez al. 1995)].

The intermediate class of permeants (large and charged but interacting with the pore only
via non-specific means, such as local charge field effects) likely includes most potential
cytoplasmic permeants. The primary determinant of selectivity would be interactions between
the permeant and charge on the wall or mouth of the pore, to which it would come into
closer approach than would an atomic ion.

It is therefore important to know three kinds of information about connexin pores: their

limiting diameter, their charge selectivity among large molecules, and their ability to select
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or facilitate the passage of specific cytoplasmic molecules. The data on this subject have not
generally been gathered in a way that readily distinguishes among these classes of potential

molecular selectivity. The discussion that follows attempts to do so.

5.2.1 Uncharged molecules

For the most part, estimates of limiting pore diameter have been inferred from studies using
charged, heterogeneous tracers. Uncharged probes have been utilized for only a few identified
connexins. They offer the most direct way to separate the influence of size from other
parameters affecting permeability; they can define the limiting diameter of a connexin
channel, independent of charge. They have been successfully employed in two ways. One is
to use uncharged molecules whose flux through the pore can be monitored by chemical
detection, fluorescence or radioactivity. The other is to use uncharged molecules to affect the
flux of atomic ions through the pores.

A set of oligomeric, uncharged, fluorescent sugars (described in Section 3.3.1) was used
with the TSF system described in Section 3.4 to characterize the pore size of homomeric Cx32
and heteromeric Cx26:Cx32 hemichannels (Bevans ¢ a/. 1998). The tracers were loaded into
a population of liposomes, of which a large fraction contained immunopurified hemichannels.
The TSF fractionated the liposomes into two populations, one composed of liposomes with
functional hemichannels, and one without. By HPLC analysis of the tracers retained in the
liposomes in each population, it was determined which tracers were permeable; permeable
tracers diffuse out through the hemichannels soon after loading, and the tracers retained in
the liposomes without functional channels serve as internal controls for trapping and leakage.
The data showed that tracers 3-PA and smaller (i.e. derived from trisaccharide, or smaller)
were permeable through Cx32 channels (and larger ones were impermeable), whereas only
tracers 2-PA and smaller were permeable through heteromeric Cx26:Cx32 channels. The
presence of Cx26 clearly reduced the diameter of the pore. Since the population of Cx26: Cx32
channels used was heterogeneous and uncharacterized (i.e. the stoichiometries of the isoforms
composing the channels in the population were variable and unknown), it was not possible
to say how many Cx26 monomers were required in a hemichannel to exclude the 3-PA tracer.
The difference between the minimum axial van der Waals cross-sectional dimensions of 2-PA
and 3-PA in projection is about 0-5 A in the smaller axis (44 x 34 A versus 44 %38 A)
Hydration, molecular flexibility, and other factors prevent a precise determination of the
cross-sectional pore dimensions, but it is significant that such a small difference in size could
be distinguished. It is also significant that the difference in size is in the minor axis, which
suggests that the outline of the pore of the Cx26:Cx32 heteromeric channels at the narrowest
point is not circular, consistent with the different (heteromeric) monomers protruding
differently into the pore rather than a symmetrical, cooperative narrowing with
heteromericity.

A more elegant approach examined the effects of non-electrolytes of several sizes
[including a series of polyethylene glycols (PEGs)] on the unitary conductance of junctional
channels formed by wild-type Cx32 and a S26L Cx32 mutant (Oh ef /. 1997). With 50 mm
of a PEG too large to enter the pore (PEG 900), the unitary conductance of wild-type Cx32
was essentially unchanged from that in normal saline. With successively smaller PEGs, the
unitary conductance remained constant until the change from PEG 400 (hydrodynamic radius
7 A) and PEG 300 (hydrodynamic radius of 5.8 A), with which the conductance dropped to
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nearly one-half its former value. It stayed at this level with smaller non-electrolytes down to
the size of glycerol. The change in unitary conductance occurs when the non-electrolyte is
small enough to enter the pore, where it impedes ion flux (Krasilnikov ez a/. 1992; Bezrukov
& Vodyanoy, 1993). These data place the limiting pore diameter roughly between 6 and 7 A,
if the hydrodynamic radius is the relevant size. The S26L mutant, which causes peripheral
demyelination in humans (see Section 8), did not show a corresponding drop in conductance
even with nonelectrolytes down to the size of glycerol (hydrodynamic radius of 3 A) This
suggests that the S — L substitution narrows the pore substantially so that it excludes even
glycerol (on the basis of these studies it was proposed that the S26L. mutation would cause
cyclic nucleotides to be excluded, as a molecular basis for the pathology).

Large, uncharged molecules are used to maintain osmotic balance in asymmetric dual
internal dialysis experiments. From these studies, it is clear that mannitol and stachyose
(radius ~ 64 A) are not permeable through Cx40 channels (Beblo & Veenstra, 1997), but
that mannitol is permeable through rCx43 channels, which are impermeable to raffinose
(radius ~ 56 A) and stachyose (Wang & Veenstra, 1997). This indicates that the limiting
diameter of rCx43 channels is greater than that of tCx40 channels. Recently it has been shown
that sucrose can reduce the unitary conductance of Cx46 hemichannels (Dahl, personal
communication).

Unpublished work with PEGs and mannitol shows that Cx26 and Cx37 are not permeable
even to PEG 200, but are permeable to mannitol (Gong & Nicholson, In Press).

These studies suggest the following rankings in terms of limiting diameter:
Cx32 > Cx26 ~ = Cx37 and rCx43 > rCx40.

5.2.2 Charged molecules

Large charged probes of connexin channels have also been utilized in two ways. One is to
electrically measure the charge carried through the pore by large organic ions such as tetra-
alkylammonium derivatives. The other is to examine the flux of charged fluorescent tracers
such as LY.

The tetra-alkylammonium derivatives have a long and respected history as probes of ion
channels (Hille, 1975; Dwyer ¢f al. 1980; Hess et al. 1986). TMA, TEA and TPA, but not
TBA have been shown to be permeable through gap junctions composed of unidentified
connexins in several systems (Weingart, 1974; Verselis ez a/. 1986a, b; Kurjiaka ez a/. 1998).
Tetra-alkylammonium ions have been applied to three identified connexins to date.
Junctional channels of rCx40 were permeable to TMA (radius 3-47 A) and TEA (radius
4-00 A), but increasingly blocked in a concentration and voltage dependent manner by TBA
(radius 494 A) (Beblo & Veenstra, 1997), TPeA (radius 525 A) and THxA (radius 575 A)
(Musa & Veenstra, 1999). Channels formed by rCx43 were permeable to TMA and
TEA (TBA experiments were unsuccessful; Wang & Veenstra, 1997). Hemichannels formed
by Cx46 were permeable to both TMA and TEA (Trexler ez al. 1996).

Data from studies of fluorescent tracers are difficult to interpret in terms of pore properties
because, with some obvious exceptions, the molecules differ in shape, flexibility, charge,
charge distribution, and chemical interactions. Thus, when differences in permeability are
seen, inferences about which property of the tracer made the difference must be made with

care. Ideally, to examine charge selectivity one would like a set of probes of equal size,
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Table 7. Tracers mentioned

MW Size
Tracer (Da) (A) Charge
Alexa350 349 141 x137x81 —1
Alexa488 570 141x137x 115 —1(=2, +1)
Alexa594 759 174 x17x 148 —1(=2, +1)
Calcein 623 —4 (—06,+2)
Calcein blue 321
6-carboxyfluorescein (6-CF) 376 126 x 127 x 85 (Brink & Ramanan, 1985) —2
4,6-diamidino-2-phenyl-indole 279 154 x 6:0 (Elfgang ez a/. 1995) +2

dihydrochloride (DAPT)
Dichlorofluorescein (DCF) 401 12:3x12'7x5'5 (Brink & Ramanan, 1985) —1

Ethidium broimide (EB) 314 116 x93 (Elfgang et al. 1995) +1
Hydroxycoumarin carboxylic 206 —6
acid (HCCA)
Lucifer yellow (LY) 443 10-6 x 9'5 (Elfgang et al. 1995), -2
12:6 x 14 x 5'5 (Brink & Ramanan, 1985)
Neurobiotin (NB) 287 127 x 54 (Elfgang et al. 1995) +1
Propidium iodide (PI) 441 129 x93 (Elfgang et al. 1995) +1

structure and comparable chemistry, yet differing in the magnitude of evenly distributed
charge.

The initial characterization of connexin pore diameter was carried out with a set of
fluorescently labeled amino acids, linear peptides and sugars (Flagg-Newton ez al. 1979;
Schwarzmann ef a/. 1981). Several mammalian cell types were studied. Two points were
noted: (1) that the different cells had different permeability profiles to the tracers, and (2) that
the cut-off was between 16 and 20 A diameter, based on Corey—Pauling models of the probes.
The data also suggested that the more negatively charged the probe, the less the permeability.

Since that early work, a vast literature has reported the use of charged, usually fluorescent,
molecular tracers to establish and characterize junctional coupling. The discussion here is
limited to those cases where a systematic effort was made either to characterize the pore of
an identified connexin with several tracers, or to compare the permeability properties of
several connexins to one or more tracers. These criteria exclude a large body of data in which
single tracers were tested in single connexins in a variety of systems, assessed idiosyncratically.
They also avoid the confusions that would result from comparing data from different systems
gathered in different ways. The properties of the dyes used in the discussed studies are
summarized in Table 7

The first study to systematically and definitively show connexin-specific molecular
permeabilities used four fluorescent tracers of different charges and sizes compared side by
side (Elfgang ef a/. 1995). The tracers LY, propidium iodide (PI), ethidium bromide (EB) and
4,6-diamidino-2-phenyl-indole dihydrochloride (DAPI) were microinjected into single cells
of Hela cell lines individually transfected to express each of seven connexins. A rough
electrophysiological estimate of junctional conductance showed that it was within a factor of
2 across the cell lines. The degree of permeability was taken as the number of cells to which
the dye spread under standard conditions. Each connexin had a characteristic ‘fingerprint’ of
relative permeabilities to the tracers, establishing clear distinctions among the permeation

pathways. However, given the differences in the probes and the possible interactions between
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size and charge selectivity, it was difficult to conclude much about the specific nature
of the pores from these data. However it was clear that the permeability profile of each
connexin was distinct.

A more recent study extended this analysis to a comparison of wild-type and chimeric Cx26
and Cx30 permeabilities to LY and neurobiotin (NB). In HeLa cells, Cx26 is permeable to LY
while Cx30 is not. A chimeric Cx26 containing the CL and CT of Cx30 (Cx26*Cx30CLCT)
was not permeable to LY, while the reciprocal exchange (Cx30*Cx26CLCT) was permeable.
The data indicate that whatever else may play a role in determining permeability to large
anions, the CL. and CT domains can have a defining effect, whether direct (as a filter at the
pore opening) or indirect (by affecting the structure of transmembrane domains). These
domain swaps affected unitary conductance in a similar manner (voltage dependence was also
altered, but not in a readily explainable manner).

In another study, the permeability to several dyes of cells expressing Cx43 and both Cx43
and Cx45 were compared (Koval e a/. 1995). When normalized to conductance, compared
to the permeability of Cx43 channels, the co-expression of Cx45 had no effect on the
permeability of hydroxycoumarin carboxylic acid (HCCA) and calcein blue, but substantially
reduced the permeability to calcein and LY. All the dyes were negatively charged. This
indicates that the Cx45 contributes to channels that are narrower and/or more cation
selective.

The first attempt to control for probe size while changing charge compared the
permeabilities to two structurally similar molecules of different charge, 6-CF (6-
carboxyfluorescein) and DCF (dichlorofluorescein) (Veenstra ez a/. 1995). Molecular modeling
shows their van der Waals surfaces to be nearly identical, yet their electrostatic potential
contours are very different, with 6-CF carrying an additional exposed negative charge. By
comparing the extent of dye coupling in transfected cells, it was possible to establish a ranking
of permeability for large, negatively charged permeants: rCx43 > cCx43 > rCx45 > Cx37 =
Cx40. This sequence does not match the sequence of cation/anion selectivity from the
conductance-mobility data above (Section 5.1.2), which would have predicted the sequence
rCx43 > cCx43 > hCx37 > Cx40 > Cx45. Greater selectivity than expected from the
conductance-mobility data could indicate a narrower pore in a charged region. This would
suggest that Cx37 and Cx40 had the narrowest pores.

A more quantitative analysis was carried out in HelLa transfectants. The permeability to LY
and DAPI, two oppositely charged tracers, was assessed by the kinetics of dye spread and
normalized to an indirect index of the channel number [this approximates a P,/g; ratio
normalized across connexins (Verselis ¢ al. 1986b)]. The calculated LY permeability
decreased in the order of Cx32 > Cx26 > Cx45. This would not be informative of itself, but
it was also found that the permeability to DAPI increased with the opposite order
Cx32 < Cx26 < Cx45 (Cao et al. 1998; Nicholson e a/. 2000). This strongly suggests that
these sequences are dominated by charge, not size. The greater LY permeability for Cx32 over
Cx26 was confirmed by kinetic analysis of LY spread in paired Xenopus oocytes.

The same system was used to assess the sizes of the pores for Cx32, Cx26 and Cx43
(Nicholson e# al. 2000) using three Alexa probes. The probes differ from each other by
the number of conjugated aromatic rings and the number of fixed charges, but have the same
overall charge of —1; they are not ideal probes, but better than many. The permeability of
each probe was assessed for each connexin by the same analysis and normalization as

previously. Size of probe did not matter for permeability through Cx43 or Cx32, with
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somewhat increasing permeability to the smaller probes. Cx26 showed the same permeability
as Cx32 to the smallest probe, and drastically reduced permeability to the larger ones.
The simplest explanation is that the limiting diameter of Cx43 is wider than that of Cx32,
which is wider than that of Cx26. This inference is bolstered by the data from uncharged
tracers that Cx26 hemichannels are narrower than Cx32 hemichannels (Bevans ef a/. 1998).
Unpublished work has extended this study to several other connexins (Gong & Nicholson,
In Press). In terms of limiting diameter, the combined results may be summarized as:
Cx43 > Cx32 » Cx26 ~ = Cx40 ~ Cx45 > Cx37.

In another study, the permeability of Cx43 and Cx32 channels to calcein was assessed on
a rough per-channel basis. It was found that the permeability though Cx43 channels was
slightly greater than that through Cx32 channels, ratio of 1:08:1-:0 (Goldberg ¢z a/. 1995,
1999).

A recent study directly compared the DAPI and LY permeabilities of Cx32, Cx43 and
Cx406, normalized for junctional conductance. Cx46 was impermeable to LY and permeable
to DAPI, whereas the opposite results were found for Cx32. Cx43 channels were permeable
to both dyes (Trexler ef a/. 2000). This is in accord with Cx46 being relative cation selective
and Cx32 being relatively anion selective [supported by hemichannel data (Harris ef a/. 1992)
and junctional channel data (Oh e/ a/. 1997)].

The conclusions from these studies are self-consistent. The fact that the experiments used
very different methods and probes lends credence to their summative conclusions. Although

it is not much to show for such difficult and tedious work, these studies suggest that:

(1) for limiting diameter: Cx43 > Cx32 » Cx26 ~ = Cx40 ~ Cx45 > Cx37;

(2) Cx43 is wider and/or less cation selective than Cx45;

(3) Cx43 is wider and/or less charge selective than Cx32 and Cx46;

(4) for permeability to large anionic molecules: Cx32 > Cx26 > Cx45 > Cx37, Cx40
Cx32 > Cx46
Cx43 > ~ Cx32;

(5) for permeability to large cationic molecules: Cx45 > Cx26 > Cx32 Cx46 > Cx32.

For comparison, these connexins ranked by decreasing unitary conductance are:
Cx37 > Cx40 = Cx46 > Cx43 = Cx26 > Cx32 > Cx45

and by decreasing selectivity for cations are:
Cx40 > Cx46 = Cx43 > Cx45 = Cx37 = Cx26 > Cx32.

These data also show that the characterization of the permeability of the connexins to large
molecules bears little relation to their unitary conductances or to their charge selectivity

among atomic ions.

5.2.3 Cytoplasmic/signaling molecules

One of the first functional descriptions of gap junctions was their ability to mediate
intercellular movement of metabolites (Subak-Sharpe ef a/. 1966, 1969; Gilula ez al. 1972).
That cytoplasmic molecules diffuse through junctions is a trivial point. That dzfferent connexin
channels allow different cytoplasmic molecules to diffuse from cell to cell, or favor the

movement of specific cytoplasmic molecules where the discrimination is not simply due to
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size and overall charge, is not. The mechanisms of such discrimination are of acute
biological and medical interest.

The movement of cAMP and RNA through junctional channels was demonstrated nearly
30 years ago (Kolodny, 1971; Tsien & Weingart, 1974; Lawrence ez al. 1978). Since
then, evidence has been gathered strongly indicating that junctional channels or hemichannels
junctions can be permeable to IP3 (Sdez er al. 1989; Charles ez al. 1992; Christ et al.
1992; Kam et al. 1998), nucleotide triphosphates and cyclic monophosphates (Tsien &
Weingart, 1976; Pitts & Simms, 1977; Yamamoto & Kataoka, 1985; Brissette ef al.
1994; Bevans et al. 1998; Kam ¢t a/. 1998), amino acids (Alvarez, 1973; Brissette ef al.
1994; Wang & Veenstra, 1997; Vaney ¢ al. 1998), glucose and its metabolites (Tabernero
et al. 1996; Giaume et al. 1997), and calcium ion (Sdez e al. 1989; Christ ez al. 1992,
Tabernero et al. 1996; Giaume ¢ a/. 1997). The summary below will focus on some recent
data for which the connexin involved was positively identified, or that allow comparisons
between connexins.

In a liposome system analyzed by TSF, Cx32 hemichannels purified from native cells were
shown to be permeable to both cAMP and cGMP (Bevans ez a/. 1998). Using the same
approach, the results for a heterogeneous population of Cx26:Cx32 heteromeric channels
also purified from native cels gave unexpected results. In a typical sample, approximately
one-fourth of the channels were permeable to cAMP, and the rest were not. This suggested
that some of the stoichiometries and/or arrangements of Cx32 and Cx26 in the hemi-
channels in this population permitted cAMP to permeate, but most did not. Since
these were native channels, these data provided evidence that control of connexin
stoichiometry/arrangement in channels could control whether cAMP was able to diffuse
from cell to cell. A more surprising result was that for the same liposome population,
approximately two-thirds of the hemichannels were permeable to cGMP. Clearly some of the
stoichiometries/arrangements of isoforms could allow cGMP to permeate, but the more
interesting finding was that in the same population of hemichannels, different subsets
of the hemichannels were permeable to the two different second messengers. This strongly
suggests that at least some of the hemichannels were permeable to ¢cGMP but not to
cAMP.

This finding has several implications. One is that control of connexin stoichiometry/
arrangement can not only determine whether cyclic nucleotides can pass from cell to cell,
but which one. Support for this was gained by demonstration that the hemichannel popu-
lations with increased proportions of Cx26 had decreased cGMP permeability. A study in
cells has demonstrated that molecular permeability through junctional channels can be quite
sensitive to the ratio of expression of two isoforms with different selectivities (Burt et al.
2001). Furthermore, the discrimination between cAMP and ¢cGMP is unlikely to be on
the basis of size or charge, and more likely to involve chemical recognition (perhaps
of hydrogen-bonding ability, in which these two molecules differ). It is congruent that
Cx32, which has a wider pore limiting diameter, does not make this discrimination.
The exploration of the basis of this important discrimination will be interesting on several
levels.

Calcium and IP3 can pass between rat hepatocytes, for which the predominant connexin is
Cx32 (Saez et al. 1989). Such IP3 flux is thought to be partially responsible for the intercellular
propagation of calcium waves seen in several systems. The cell-to-cell signal can have a

paracrine component, involving extracellular release of ATP and its subsequent inter-
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action with purinergic receptors (Jorgensen e a/. 2000; Paemeleire ef a/. 2000), in addition to
a gap junction-mediated IP3 pathway (Jorgensen e/ a/. 2000; Scemes e# al. 2000; Newman,
2001; Romanello & D’Andrea, 2001).

It has been demonstrated in transfected cells that Cx43 can support such calcium waves
(Chatles ez al. 1992; Toyofuku e al. 1998a). In airway cells, intracellularly applied antibodies
against Cx32 but not Cx43 domains inhibited the endogenous calcium waves, suggesting that
Cx32 is also permeable to IP3. Both Cx32 and Cx43 can support IP3-mediated calcium waves
in transfected C6 glioma cells (Boitano ef a/. 1998; Fry ez al. 2001).

The relative ability of several connexins to support IP3-mediated calcium waves was tested
in Hela transfectants (Niessen e a/. 2000). The data from the different cell lines was
normalized to a novel index of junctional coupling — the extent of Mn*"-induced quenching
of Fura-2 fluorescence in confluent cells. The data show that Cx32 channels were able to
support calcium waves 2-5 times better than did Cx43 channels, and 3—4 times better than did
Cx26 channels. Compared to cells that normally express both Cx32 and Cx20, cells that were
lacking Cx32 had a 25 times greater IP3 threshold for initiation of intercellular calcium
waves (Niessen & Willecke, 2000).

To directly determine which cytoplasmic molecules have different permeabilities through
different connexins, the ‘metabolite capture’ approach was applied to cells transfected
to express Cx43 and Cx32 (Goldberg et al. 1995, 1999) (see Section 3.3.2). The rates
of transfer of 'C-labeled metabolites were adjusted for the different levels of coupling
in the two cell lines (assessed by calcein transfer, shown to be equally permeable through Cx32
and Cx43 channels). The data show that glutathione and glutamate were approximately an
order of magnitude more permeable through Cx43 channels than Cx32 channels. Furthermore,
ATP and ADP were substantially more permeable than glutathione/glutamate through Cx43
channels, but only minimally permeant through Cx32.

This experiment shows that not only can these compounds pass through connexin
channels, but the two connexins discriminate differently among this set of permeants. It
should also be noted that the permeability assessed by charged tracer (calcein) bears no
relation to the permeabilities to the endogenous permeants.

Recent work using the CFTR-mediated chloride current as a sensor for cAMP (described
in Section 3.3.2) indicates that cAMP has a substantial permeability through Cx46 hemi-
channels and through heterotypic Cx43/Cx46 junctional channels (Qu & Dahl, In Press). The
same study shows that increasing the occupancy of the conductance substate induced by ;-
gating (see Section 6) substantially reduces the macroscopic flux of cAMP through both the
Cx46 hemichannels and Cx43/Cx46 junctional channels, despite an increased voltage driving
force. This is a proof-of-principle that the [”;-gating mechanism can modulate flux of second
messengers while retaining electrical coupling. Table 8 summarizes data on cytoplasmic
permeability through channels formed by identified connexins.

Regarding the main conductance state, one may question the biological utility of an
intercellular pathway that can discriminate among second messengers only pootly (i.e.
less than a factor of 10). What difference would it make whether cAMP permeates a
junctional channel several times better than IP3? Such a difference would be important
for any signaling with a temporal component. A growing literature supports the idea that
oscillatory changes in signaling molecules convey information distinct from changes in
steady-state levels (Rothman & Lenard, 1977; Hajnéczky et al. 1995; Jafri & Keizer,

1995; Dupont et a/. 2000) and relative rates of permeation across junctions would have
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Table 8. Permeability fo cytoplasmic molecules

Connexin Permeable to Much less permeable to Impermeable to
Cx32 hemichannels cAMP, cGMP, Ca, IP3 Glutamate, glutathione ADP, ATP
Cx26:Cx32 hemichannels cAMP*, cGMP* 1P3 cAMP*, cGMP*
Cx32 1P3 Glutamate, glutathione,
ADP, ATP

Cx40 Glutamate
Cx43 Glutamate, glutathione, 1P3

ADP, ATP
Cx46 hemichannels cAMP
Cx46 cAMP
Cx43/Cx46 cAMP

* Permeable or not depending on stoichiometry/arrangement of subunits.

a defining effect on how well such signals are transmitted. In addition, second-messenger
molecules can have constrained lifetimes and diffusional persistence. The lifetimes of cAMP
and IP3 in cytoplasm are ~ 60 s (Bacskai ez a/. 1993) and from 9 to 60 s depending on cell
type (Kasai & Petersen, 1994; Wang ez a/. 1995; Sims & Allbritton, 1998), respectively.
Regenerative waves of calcium ion, IP3 and cGMP (Honda ¢7 a/. 2001) have been observed.
Due to these factors, even modest selectivity at cellular junctions could have a major impact
on the strength, character and location of the transmitted signal. The effect of signaling
molecule lifetime on transmission of signals in coupled systems has been treated analytically
(Klein & Mayer, 1997; Ramanan ¢/ a/. 1998; Dupont e a/. 2000) and support the importance
of relative permeabilities in intercellular molecular signaling.

Some of the compounds that pass through junctional channels can affect junctional
conductance directly or indirectly (such as cAMP). The effective intercellular diffusion
constant of such a compound can have a key role in the recruiting of coupled cells into
a syncytial unit (Christ ez a/. 1994). Thus there are ways that differences in molecular
selectivity that are small by biophysical standards can have large consequences in biological

contexts.

6. Voltage sensitivity

Connexin channels have several voltage-sensitive processes. The most prominent and well-
characterized is the sensitivity of macroscopic junctional conductance to the magnitude of
transjunctional voltage (17;) (Fig. 10). The conductance is typically maximal at [”; = 0 and
relaxes symmetrically and slowly (over hundreds of milliseconds to seconds) for
hyperpolarizations or depolarizations of either cell. Usually a small portion of junctional
conductance is Ij-insensitive. Nearly all naturally occurring connexins form channels with
some degree of this type of voltage sensitivity, with widely varying parameters.

A single-channel basis of 17 sensitivity has been proposed from the behavior of single
junctional channels and single hemichannels. It is called ‘1/-gating’ and involves rapid
voltage-sensitive transitions between a primary open state and one or more subconductance
states, but not to a fully closed state.

In addition to I";-gating, a second gating process dependent on junctional voltage is seen

in single-channel currents (Trexler ez a/. 1996). Unlike 1”;-gating, it involves slow transitions
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Fig.11. Membrane potential (I,)) dependence of steady-state junctional conductance. (From Barrio ez /.

2000.)

into and out of a fully closed state. It is termed ‘loop gating’ because the transitions resemble
the slow initial opening transitions seen when insect gap junction channels (composed of
innexin) first form (Bukauskas & Weingart, 1994), presumably initiated by contact between
the extracellular loops E1 and E2. Loop gating can also contribute to 1} dependence of
macroscopic junctional conductance. This is an area of ambiguity and controversy. The loop
gating process may be related to what is termed ‘chemical gating’ (gating by ions and
ligands), discussed in Section 7.

Several connexins show a sensitivity of the steady-state junctional conductance to the
membrane potentials of the cells, as distinct from 17} (Barrio e /. 2000) (Fig. 11). This has
been called ‘1]

i, sensitivity’ (for ‘inside-outside’) or ‘17

-gating’. When the holding

potentials of two coupled cells are simultaneously depolarized while maintaining I/; = 0, the
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Fig.12. Voltage sensitivity of instantaneous conductance. Upper curved lines illustrate forms of voltage
sensitivity of initial (‘instantaneous’) junctional conductance. Dotted line is steady-state G—1” relation,
for comparison.

junctional conductance changes with a time constant of seconds, as opposed to fractions of
a second for 17, sensitivity. 17 sensitivity of this kind increases conductance with
depolarization for some connexins, and decreases it for others. Recent work has started to
elucidate the molecular determinants of 17 -gating, but single-channel correlates have not yet
been identified. Macroscopic 1/,,- and ";-gating appear to be independent. To date, this type
of 17, sensitivity has been reported almost exclusively for connexins expressed heterologously
in oocytes, and not for the same connexins expressed in mammalian cells.

In addition to the bona fide voltage-dependent channel gating described above, macroscopic
junctional currents have been described as having apparent [/} sensitivity of the initial
or instantaneons junctional conductance. Historically this voltage sensitivity was attributed to
gating transitions with kinetics too rapid to resolve under dual whole cell clamp. It appears
that this is not the case. Initial conductances that increase or decrease symmetrically about
= 0 (see Fig. 12) occur only when certain connexins are expressed in coupled Xenopus oocytes
(see Oh ez al. 1999 ; Teubner ez al. 2000) and therefore likely to be either specific to the oocyte
system or to the experimental constraints they impose (see Section 3.1.2).

A more interesting case occurs where the initial conductance is monotonically dependent
on I and has been termed ‘fast 17, ;” or “fast 17, ” voltage dependence. As illustrated in Fig.
12 (solid line), fast 17, sensitivity is an apparent decrease of initial junctional conductance with
hyperpolarization of either cell and an increase with depolarization of either cell. A slight 17
sensitivity of this type is seen in homotypic channels formed by Cx26 expressed in Xenopus
oocytes (but not in N2A cells; Oh ez a/. 1999), where it is superimposed upon a I/} sensitivity
(Barrio et al. 1991b; Rubin e a/. 1992b). Similar 17 sensitivity is seen in Cx30 channels
expressed in Hela cells (Valiunas e a/. 19992) and in heterotypic Cx43/Cx45 channels
expressed in N2A cells (Elenes ef a/. 2001). Its mechanism is unknown.

A more dramatic form of apparent 1/,

o sensitivity of initial conductance occurs in most

heterotypic channels containing Cx32 independent of expression system (Rook er al.
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1988; Barrio et al. 1991; Rubin et al. 1992a; Suchyna ez a/. 1993, 1999; Bruzzone et al.
1994a; White ez al. 1995b; Dahl ef al. 1996; Oh et al. 1999; Valiunas ez al. 1999b). Recordings
of single junctional channels show that these rectifying macroscopic currents are due to non-
linearity (i.e. rectification) of currents through single junctional channels (Bukauskas e a/.
1995; Oh et al. 1999; Suchyna ez a/. 1999), not to voltage-dependent gating. Analysis of this
rectification of unitary conductance of Cx26/Cx32 heterotypic channels has led to informative
quantitative modeling of permeation (Oh ¢/ a/. 1999; Suchyna ez a/. 1999) discussed in Section
5.1.3, and a possible mechanism for classical rectifying electrical synapses (Furshpan &
Potter, 1959; Auerbach & Bennett, 1969).

I, sensitivity of initial conductance is also seen in many invertebrate coupled systems
(Obaid ez al. 1983; Spray ez al. 1984 ; Verselis ez al. 1991; Bukauskas ez /. 1992, 1997 ; Churchill
& Caveney, 1993; Bukauskas & Weingart, 1994; Chanson ¢/ a/. 1994b; Gho, 1994) where
the junctional channels are presumably formed by innexins. Not all innexins have 17
sensitivity, however (see Jaslove & Brink, 1986; Giaume ez a/. 1987; Phelan ez al. 1998b;
Landesman ez a/l. 1999).

I/, and 17, sensitivity of znitial conductance will not be considered further in this review.

As should be clear from the summary above, description and analysis of connexin voltage
sensitivity is complex. Each isoform makes channels with distinct voltage sensitivities, the
parameters of which can vary with the cell in which it is expressed, several isoforms can co-
mingle in the same junctional channel, and end-to-end interactions between hemichannels can
modify voltage gating. For these reasons, and because of the additional voltage-dependent
phenomena described above, the typical analysis is complex, jargon-intense and seldom
understood by those not actively working in the field.

One way to view |”-sensitive behavior of junctional channels, and to appreciate the unique
features and challenges to its study, is to imagine two generic voltage-sensitive channels in
adjacent cells with their extracellular ends tightly glued together. Allow their oppositely
oriented S4 domains to sense only the field developed across the dimer, not the field between
the inside and outside of the cells. Now replace the S4 domains with generic, uninformative
sequences, and allow each of the two physical voltage gates to only partially close the channel.
Permit each isoform of the channel-forming protein to form channels with different polarities
and degrees of voltage sensitivity, and where the gates close to different partial degrees. To
make analysis challenging, limit most experimental manipulation to the study of the dimeric
channel, not the single-membrane components, but allow a few of the isoforms to form
functional single-membrane channels, without knowing how the absence of end-to-end
contact affects gating or voltage-sensing. For good measure, add a second voltage-sensitive
gate that completely closes the channel at the extracellular end of each single-membrane
subunit and eliminate the use of open-channel blockers and specific toxins as investigative
tools. This now approximates the situation for study of voltage sensitivity in connexin
channels. For a more complete understanding, sensitivity to 17, should be added to the
mix, in some cases.

Due to this situation, analysis of connexin voltage-dependence and its structural basis is
largely indirect, and therefore prone to error. Much of the information about hemichannel
function is inferred from comparison of the properties of homotypic channels with those of
various heterotypic channels, yet each different end-to-end interaction (e.g. a Cx32
hemichannel paired with a Cx32 hemichannel versus a Cx26 or a Cx46 hemichannel) can

differently alter gating properties of each component hemichannel. One cannot assume that
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all properties seen in single hemichannels are retained in the corresponding junctional
channels, and vice versa.

This complexity presents substantial challenges. Key issues are highly controversial and
the direct information to resolve them is lacking. The discussion that follows will not attempt
a summary and synthesis of all known facts about the I”; and 1/ dependencies of all
connexins in all their forms. Instead it will focus on key issues that may help to elucidate how
voltage-driven conformational transitions occur in connexins, and thus provide an alternative
to the S4 motif for voltage sensitivity in proteins with «-helical transmembrane domains.

As mentioned above, at the single-channel level, in the connexin literature *17-gating’
refers to the rapid transitions to and from a small subconductance state and ‘loop gating’
refers to the slower transitions to and from a fully closed state (Trexler ez a/. 1996; Banach
& Weingart, 2000; Brink, 2000) (Fig. 13). It appears that each hemichannel possesses these
two gating mechanisms. Both can be voltage sensitive. The polarities of gating have been
shown to be the same in homomeric junctional channels and in the corresponding
hemichannels (Bukauskas ez 2/. 2001). For a given hemichannel, loop gating closes with
hyperpolarization, but 1”;-gating can close with either polarity of voltage. This can result in
bipolar gating of single hemichannels (Oh e a/. 2000). Macroscopic 1”; dependence is likely to
include contributions from both processes. T'o minimize confusion this review will continue
to use the term ‘ 17;-gating’ as defined above, but the reader is cautioned that this does not
imply that 17;-gating is necessarily the basis for, or even a contributor to, any given instance
of macroscopic 1} sensitivity. The reader is also cautioned that for nearly every statement
regarding voltage sensitivity of connexins there is at least one counter-example.

Because of the existence of two types of 17} sensitivity observable at the single-channel
level (I7;- and loop gating), it is often difficult to attribute macroscopic voltage-dependent
changes to one or the other; assignment is made with greatest certainty in single-channel
recordings. However, most data on the molecular bases of the voltage sensitivities are from
the macroscopic junctional currents readily obtainable from the Xenopus oocyte preparation.
In most cases, changes in macroscopic voltage sensitivity due to mutagenesis and/or
heterotypic pairings have been attributed without justification to changes in ;-gating. This
is likely the cause of much of the controversy in this area.

Credible assignment of macroscopic voltage sensitivity to one or the other mechanism
requires that the range of transjunctional voltages tested be sufficient to reveal whether the
conductance goes to a non-zero value, or if the conductance continues to drop toward zero
with larger voltages. The former case (as in the figures above) is indicative of 1”}-gating (as
it does not involve transitions to a fully closed state), and the latter indicates loop gating.
When they superimpose, one expects an inflection at the extremes of the G—17 relations.
When there is neither an inflection nor a leveling-off of the conductance, one cannot draw
conclusions about the dominant mechanism involved. This view requires a re-evaluation of
the published data regarding molecular mechanisms.

Recently, modifications of the CT have been shown to apparently eliminate |”-gating
while leaving loop gating intact, permitting the two processes to be dissociated (Bukauskas
et al. 2001; Moreno, Chanson, Anumonwo, Scerri, Gu & Delmar, submitted).

It has been proposed to refer to the single-channel 1/j-sensitive processes as ‘fast 1/-
gating” and ‘slow [/j-gating’ for the processes defined above as ‘17-gating” and ‘loop
gating’, respectively (Bukauskas ez a/. 2001). This makes descriptive sense in the modern

age, but may be confusing since in the past these terms have referred to other phenomena.



404 Andrew L. Harris

L T |4 pA

100 ms

Fig.13. 17-and loop gating in a Cx30 junctional channel. Channel is open at onset of each current trace,
and the first upward transition in each trace reflects the imposition of a junctional voltage. Following
this, in each current trace the transitions are (from left to right): Upper trace: rapid transition to
subconductance state (17;-gating) — slow transition to closed state (loop-gating). Middle trace: rapid
transition to subconductance state (I7-gating) — rapid transition to fully open state (17;-gating) — rapid
transition to subconductance state (I7-gating) — slow transition to fully closed state (loop-gating).
Lower trace: rapid transition to subconductance state (17-gating) — transition to fully open state (17}
gating) — transition to subconductance state (17-gating) — slow transition to fully closed state (loop-
gating). (From Valiunas ez a/. 1999a). Loop-gating opening transitions are seen in Fig. 6, which is from
the same cell pair.

6.1 Macroscopic transjunctional voltage sensitivity

Dependence of junctional conductance on I} has been described for many connexins (cf.
Spray & Bennett, 1985; Bennett & Verselis, 1992; White ¢z /. 1995a). For homotypic
channels, steady-state junctional conductance is typically maximal at I”; =0 and relaxes
symmetrically to lower values with junctional polarizations of either polarity (Spray e al.
1981a). Even at high voltages, there is usually a voltage-insensitive component of the
junctional conductance (G,,;,). For each voltage polarity, the steady-state G—1 relation for
the voltage-sensitive component is roughly sigmoid and can be fitted to a first approximation
by a model in which the open and closed states of junctional channels are described by a

Boltzmann distribution, where the energies of the states are exponential functions of voltage
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(Harris ez al. 1981). The voltage-dependent behavior of the conductance changes is
characterized by two parameters: the limiting steepness of the G—17 relation (reflected in the
n parameter of the Boltzmann formulation; see below) and by the transjunctional voltage
required to cause the voltage-sensitive component of the conductance to be reduced to one-
half of its maximal value (the I7, term). The voltage-induced conductance relaxations
typically occur over hundreds of milliseconds to several seconds. It is recognized that in most
cases the use of the Boltzmann distribution to describe the changes is only a convenient
descriptor of the phenomenology, and not an appropriate representation of mechanism, since
relaxations often cannot be fitted by a single exponential (Willecke ¢z a/. 1991; Revilla ez al.
1999) and more than one closed state is required to fit kinetic data for some connexins
(Ramanan ez a/. 1999). The parameters are defined below.

Parameters describing junctional voltage-dependence of macroscopic junctional conductance (all
voltages are Vs

G o maximal junctional conductance
Goin -insensitive component of the junctional conductance
max — Gmin I"-sensitive component of the junctional conductance
G =G()+G,,;, Junctional conductance at a given voltage 17 (sum of ["-dependent and -

independent components)

For a single polarity of junctional voltage
G(1V) = (G — Guin)/ (1 +exp(— A¥(1V=T17))) conductance of the ["-sensitive component
at voltage 17
G = (Gpax— Guin)/ (1 Fexp(— A1V =17)))+ G,,;,  total conductance at voltage 17 (includes T~

sensitive and [7-insensitive components)

A = (n*q)/(k*f) energy term expressing voltage sensitivity (voltage-dependent component
of energy difference between open and closed states)

" equivalent number of charges ¢ moving through voltage field 1

q unitary charge

£ Boltzmann’s constant

t temperature

v, voltage at which voltage-induced change in conductance is half-maximal
(i.e. where energies of open and closed states are equal). = AE/(n*q)
where AE is the energy difference between open and closed states at
V=0

For all junctional voltages (assuming a homotypic junctional channel)
G = [(Gmax - Gmin)/<1 + CXP( - A*(V_ Vo))) + Gmixj< [(Gmax - ijn)/(l + CXP(A*(V+ Vo))) + G

min]

Every parameter of 17 sensitivity (n, 17, G,;,) is different for channels formed by each
connexin isoform (e.g. White e/ a/. 1995a). For some connexins, the # is as great as that of
neuronal sodium channels, and 17, sufficiently small that under some conditions coupling and
uncoupling among cells can be regenerative, have thresholds and can be bistable (i.e. cells can
be stably coupled or uncoupled, depending on the prior voltage history) (Harris ez a/. 1983;
Baigent ez al. 1997). G, often cannot be experimentally observed, since there may be some
voltage-sensitive closure of channels even at 17 = 0; it is calculated as a free variable, as are
the other parameters, in fitting the above equations to data (see Section 3.1).

For homotypic channels the symmetry of the G-1” relations around 1} = 0 reflects the

action of identical /j-sensitive gating mechanisms in each of the oppositely oriented
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Table 9. Polarity of V'; gating

Closes with inside

Positivity /depolarization  Negativity /hyperpolarization

Cx26 Cx30
Cx37 Cx32
Cx38 Cx43
Cx40 Cx45
Cx46
Cx50

hemichannels that compose each junctional channel (Harris ¢ a/. 1981). From such relations
one can infer apparent voltage-gating parameters for each hemichannel, at least as exhibited
when the hemichannels are in junctional channels.

To a first approximation, 17 sensitivity of junctional channels is wholly a property of the
component hemichannels. That is, in a junctional channel the hemichannels function largely
independently in series; the /-sensitive changes in macroscopic junctional conductance
reflect the combination of I”j-sensitive properties inferred for each hemichannel from
their behavior in homotypic channels (Ebihara ef a/. 1995; Barrio ez al. 1997). Most data
supporting this are indirect, coming from studies in which connexin isoforms that form
homotypic channels with different 1 properties are studied in heterotypic configurations.
The typical experimental protocol is to measure the 17, properties in junctions formed
between two Xenopus oocytes, each heterologously expressing a different connexin isoform.

For example, homomeric Cx40 channels have a symmetric, moderate voltage sensitivity
and homomeric Cx37 channels a steeper and faster sensitivity. When a heterotypic channel
is formed, one polarity of junctional voltage induces a response like that of Cx40 and the other
like that of Cx37 (Hennemann ef a/. 1992; Bruzzone ef al. 1993). This kind of result led to the
view that 17, sensitivity of junctional channels is mediated by a sensor/transduction
mechanism integral to each hemichannel, not one formed by the interaction of two
hemichannels. There is evidence for modulatory end-to-end interactions in some cases
(Hennemann e# al. 1992; Bruzzone et al. 1994a; White ez al. 1994; Hopperstad e/ al. 2000;
Elenes ¢ al. 2001).

As indicated above, each hemichannel of a junctional channel appears to close in response
to a single polarity of voltage. However the polarity to which it closes is different for different
connexins — some close with depolarization (referred to as ‘positive gaters’) and some close
with hyperpolarization (called ‘negative gaters’) (Table 9). These polarities have been
established by non-systematic study of the macroscopic I/; behavior of homotypic and hetero-
typic channels, initially based on a mutational analysis of Cx32 and Cx26 channels showing
that wild-type Cx32 closes with hyperpolarization and Cx26 with depolarization (Verselis ez al.
1994). There is consensus on these polarity assignments, with the exception of Cx30, for
which the data are ambiguous (Dahl ¢ a/. 1996; Valiunas & Weingart, 2000), but more
consistent with closing with negativity in the view of the author. On the other hand, loop
gating seems to close with hyperpolarization for all connexins.

As alluded to above, the character of 17; dependence can be complex. A fundamental
complexity is the relationship between the voltage-sensing abilities of the two hemichannels.

Where the 17 sensitivity appears to be primarily first-order for each polarity, there is
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evidence that the operation of the 1”;-gating mechanism in one hemichannel can be affected by
the position of the gate in the other (Harris ez a/. 1981). It appeared that one 1/; mechanism
did not respond substantially to I unless the ;-gate of the other hemichannel was open.
This was termed ‘contingent gating’, and has since been observed for several other connexins
(Chanson ef al. 1993; Steiner & Ebihara, 1996), but not others (Wang ez a/. 1992). It was
originally proposed that the mechanism for contingency was that the voltage being sensed by
the 1/ sensors was that within the lumen of the pore, so that when one gate was closed, most
of the 1] field within the pore dropped across that gate, dramatically reducing the fraction
of the field sensed by the other. This mechanism is unproven, but the involvement of NT and
proximal E1 domains in I;-gating, outlined below, supports the idea that 17 is sensed within
the pore.

6.2 Microscopic voltage sensitivity — V-gating

At the level of the single junctional channel, I;-gating mediates transitions between a fully
open maximally conducting ‘main’ state and a low-conductance substate (Veenstra es al.
1994b; Bukauskas & Peracchia, 1997; Oh et a/. 1997; Valiunas ¢/ a/. 1999b). These
transitions are rapid, and there can be intermediate substates. The lowest conductance
substate gives rise to the voltage-insensitive G,;, component of the macroscopic conductance
(Bukauskas & Weingart, 1994; Moreno ef al. 1994; Perez-Armendariz et al. 1994; Oh ef al.
1999; Valiunas ez al. 1999a). These properties are carried through to the level of single
hemichannels (Trexler ez 2/. 1996). In the discussion below, closing due to /j-gating refers

to transition to the lowest substate, not to the fully closed state.

6.2.1 Molecular basis — voltage sensor

The amino-acid sequences of connexins have no homology with the S4 domain of other non-
[-barrel voltage-sensitive channels, even though gating of connexin channels can be quite
voltage-sensitive. The 17; dependencies of Cx32 and Cx26 have been examined in detail by
combined molecular and physiological approaches. Study has focused on this pair of
connexins because they readily form heterotypic and heteromeric channels, and, more
importantly, because they form homomeric hemichannels that gate with opposite 1/; polarity
(Barrio et al. 1991; Verselis et al. 1994). That is, Cx32 hemichannels close when their
cytoplasmic side is negative and Cx26 hemichannels close when their cytoplasmic side is
positive. This was shown in an elegant series of studies of heterotypic channels formed by
wild-type Cx32 and Cx26 and mutants of them with altered voltage-sensitivity (Verselis ez al.
1994).

By exploiting the fact that these polarities of response are retained in junctional channels,
mutational analysis showed that the polarity of the voltage sensitivity can be determined by
the polarity of the second amino acid of the NT (N2 in Cx32; D2 in Cx26) (Verselis et al.
1994). When the amino acid at this position is negatively charged (e.g. N2E or N2D for Cx32;
D2 for Cx26) the hemichannel closes with inside positivity. When the amino acid is uncharged
(e.g. N2, N20Q, A, R or K for Cx32; D2N, Q, R or K for Cx206) the hemichannel closes with
inside negativity, whether the rest of the molecule is Cx32 or Cx26. These data are consistent
in every instance with this position («) sensing the field and therefore residing within the
membrane, and (/) moving toward the cytoplasm with channel closing. This is remarkable

in suggesting that a portion of the NT domain is inside the pore when the channel is open,
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Table 10. Determinants of polarity of V' i-gating

Charge at positions

2 41 42 Net charge Closes with voltage inside

Wild-type Cx32 0 - 0 —1 Positive
— — 0 -2 Negative
0 + — 0 Enhanced positive
- + - —1 Positive
0 — — -2 Negative
Wild-type Cx26 - + — —2 Negative

and is driven in the direction of the cytoplasm by voltage to cause channel closure. This is
reminiscent of the proposed movement in VDAC of the voltage-sensing N-terminal domain
that occupies a pore-lining position in the open state, and whose movement out of the pore
leads to a closed state (Mannella, 1998).

How much of the NT senses the field has not been well-defined. Charge changes at
positions up to position 11 have effects on the voltage dependence, indicating an upper bound
of 10 residues (Oh ez a/. 2000; Purnick ef a/. 2000a, b). However, double mutant studies
showed that position 2 has the greatest single effect (Oh ez a/. 2001). In addition, these charge
changes have effects, as yet uncharacterized, on conductance and selectivity, consistent with
exposure to the pore lumen.

Cx32NT: 1 MNWTGLYTLLSGVNRHSTAIGR 22
Cx26NT: 1 MDWGTLQSILGGVNKHSTSIGK 22

While the charge at position 2 can determine polarity of response, the reversed-polarity
mutants were not as steeply voltage-sensitive as the wild-type channels. This suggests that
other charged residues are involved in sensing voltage. It has been proposed that charged
residues at the M1/E1 border (positions 41 and 42) are directly involved, since making them
more negative in Cx26 (K41E and E42S) enhances the voltage sensitivity. Making them less
negative in Cx32 (E41K and S42E) enhances the voltage sensitivity of Cx32, consistent with
the polarity of the changes at position 2. This suggests that residues at both the N'T and the
M1/E1 border sense voltage. Presumably the positive charge required to establish the normal
gating polarity (closure for cytoplasm positive) is contributed by the N-terminal methionine.
Furthermore, making the M1/E1 residues of Cx32 less negative (E41K and K41E) suppresses
the ability of the N2D mutation to change polarity of gating. Though not arising from as
quantitative an analysis, this result is similar to the intragenic suppression paradigm applied
to the Shaker channel to identify direct interaction of residues that are not adjacent in the
sequence (Papazian ef a/. 1995). Even more compelling, retaining the wild-type negative
charge E41 and making an S42E mutation (adding a negative charge) reverses the gating
polarity, as did the N2D change. These data are summarized in Table 10.

These findings make a straightforward story in which polarity and steepness of voltage
sensitivity are determined by additivity of charges at these three positions. This seems to hold
for Cx26 and Cx32 as well as Cx37, Cx40, Cx46, Cx50 and Cx45, but cannot be generalized
to all connexins. For example, Cx38 has the same charges as Cx32 at these positions, yet seems
to gate with opposite polarity (Bradshaw ef a/. 1993; Dahl e a/. 1996), and Cx43 has two

negative charges at these positions and gates with the same polarity as Cx32 (Werner e7 al.
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1989). This scheme is consistent with the uncertain assignment of Cx30 as closing with
negative voltages.

To observe /;-gating of Cx32 at the single hemichannel level, a chimeric connexin was
generated in which the E1 of Cx43 replaced that of Cx32 (Cx32*Cx43E1) (Oh et al. 2000).
This chimera forms functional hemichannels amenable to patch-clamp in oocyte plasma
membrane (Pfahnl ez a/. 1997). While the gating was not identical to that of wild-type Cx32,
it was possible to identify the /j-gating transitions. On this background, an N2E mutant
(which reverses [7j-gating polarity) was made. Different ratios of RNA coding for
Cx32*Cx43E1 and Cx32N2E*Cx43E1 were co-injected into oocytes and the 1/;-gating
observed at the single hemichannel level. The formation of heteromeric hemichannels
(hemichannels containing monomers with and without the mutation) was clear from the
observation that the channels now displayed 1/; closure to substates at borh polarities.
Furthermore, the results from the injection of different ratios of the RN As demonstrated that
each connexin monomer was capable of causing 1”;-gating independent of the other subunits
forming the hemichannel. The extent of reversed polarity gating of the channels was roughly
accounted for by a binomial distribution of reversed-gating connexin monomers — /;-gating
is not concerted within a hemichannel, but can be initiated individually by each monomer.
These are remarkable findings.

It was asserted that these findings argue against voltage-sensing charges being anywhere
except at the N'T (i.e. that the M1/E1 charges are not involved). This assertion would be
supported by (2) an analysis of the steepness of the voltage dependence of the individually
gating monomers, and (b) recordings from single hemichannels in which the M1/E1 charges
were altered (though this may not be possible since the hemichannels open only if the native
E1 is replaced by that of Cx43, and E1 begins at position 41). It would be satisfying (and
fortuitous) if the voltage sensitivities for the monomers were as predicted — establishing that

no other charges were directly involved.

6.2.2 Molecular basis — transduction and/or state stability

Amino acids at other positions can also affect voltage gating, but cannot be considered
‘sensors’ since they are not charged. For example, in Cx26, substitution of a P at position 87
with G, L, or A produces a dramatic change in voltage response such that the altered
hemichannel is closed at 17 = 0 and open at the same high voltages at which it normally closes
(Suchyna ez al. 1993). On first inspection it appears as if the polarity to which the
hemichannel responds is changed. However this would produce a junctional channel that is
open at =0 and closes only with one polarity (both hemichannels having opposite
orientations and opposite polarities of voltage sensitivity). It is as if the voltage sensor was
unaltered but the effect of its motion in the field reversed so that the movement that formerly
closed the channel now opens it, and vice versa. On this basis it was proposed that P87 in
Cx26 is involved in the transduction between voltage sensing and the gate. The other
possibility is that the mutation dramatically stabilizes the closed state so that the G—1" relation
is shifted along the voltage axis. In either case there must be interference with the
mechanism in the other hemichannel that would normally close at the voltages at which the
mutated hemichannel opens.

P87 is located in M2, conserved in all known connexins, and the only proline predicted to

lie in a transmembrane domain. The presence of proline in transmembrane a-helices induces
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‘proline kinks’ consisting of a bend and a twist in the helical backbone (Barlow & Thornton,
1988; Ballesteros & Weinstein, 1995). This kink is a locus of flexibility in the o-helix —a
proline kink disrupts the stabilizing hydrogen bonds internal to the helix, and allows a
portion of the helix to interact with and move among other nearby regions of the protein,
with which it may interact (Pastore ef a/. 1989; Williams & Deber, 1991; Ballesteros &
Weinstein, 1992; Konvicka ¢/ a/. 1998). This property makes proline-containing
transmembrane o-helices useful elements for the transduction of molecular movement
induced by signal reception (e.g. voltage, ligand, light) into movements that alter the
properties of the protein.

However, in Cx32 a P87G substitution gates normally (Verselis ez a/. 1994), suggesting that
the mechanism of transduction is different. But if this change is accompanied by two other
charge-neutral changes in M2 that do not alter polarity of gating by themselves (S78A and
LL83M; which convert the M2 sequence of Cx32 into that of Cx26), the voltage gating is
altered in the same way as for the P87G or P87L change alone in Cx26 (Ri ef a/. 1999). These
changes suggest that P87, S78 and L83 are either involved in the transduction of a voltage-

driven change into the movement of a gate, or in the stabilization of the open state.

Cx32M2: 76 LWSLOLILVSTPALLVAM 93
Cx26M2: 76 LWALQLIMVSTPALLVAM 93

Is there a fundamental difference in the 17-gating transduction between Cx32 and Cx26?
To answer this question, the detailed role of P87 and its neighbor T86 in voltage transduction
was explored in Cx32 (Ri ez al. 1999; Bargiello e al. 2000). P87A results in a slight shift in
the conductance-voltage relation to favor the closed state, and P87V does not express
functional channels. From Monte Carlo simulations of the structure of M2 containing these
mutations it was clear that the magnitude of the functional changes did not correlate with the
proline-induced bend per se (since all three mutations eliminate it) but rather with increased
flexibility in bending and solvent accessibility of the adjacent carbonyls.

Modeling of the M2 of wild-type Cx32 revealed two features of interest: an average bend
angle of 37°, in contrast to the 26° bend seen in proline kinks of other known structures, and
a hydrogen bond between the hydroxyl side chain of T86 and the backbone carbonyl of I82.
Computationally, it was shown that substitutions of A, N, V or L at position 86 would
disrupt this link and S and C would partially compensate. Actual mutations of T86 showed
that the voltage dependence of the conductance and kinetics shift progressively toward lower
potentials in a manner roughly correlated with the degree to which hydrogen bonding
potential at this position was disrupted. This shift corresponds to a relative destabilization of
the open state. Remarkably, the mutation that produced the greatest shift (T86L) produced
a G117 relation that closely resembled that of the P87G mutation in Cx26. This suggests a
common mechanism for both connexins — that in Cx206, the bend in M2 required to keep the
channel open is provided by P87, and without substantial contribution from the T86-182
hydrogen bond. Therefore elimination of P87 would shift the G-17 relations. For Cx32, the
T86-I82 hydrogen bond serves to enhance the bend caused by P87, and that greater bend

angle correlates with relative stabilization of the open state.

Cx32M2: 76 LWSLOLILVSTPALLVAM 93
[
H-bond
Assuming that the closed state(s) induced by the mutations at T86 correspond to the closed
states induced by 1}, the following mechanism was proposed for Cx32 /;-gating: /; causes
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a voltage sensor at the NT (and possibly at the M1/E1 interface) to move toward the
cytoplasmic end of the channel. This movement disrupts the H-bond between T86 and I82
in M2. Without this bond, the proline kink reverts from 37° to something substantially less
(~ 20°). This reduction in bend angle results in the movement of the C-terminal part of M2
(the part toward the cytoplasm) to narrow the pore at the cytoplasmic end. This type of
molecular switch based on proline-induced kinks has been seen in several membrane
proteins (Sansom & Weinstein, 2000). For Cx26, which closes with opposite 17} polarity, the
sensor may move in the other direction to decrease the bend in M2 by other means. Recent
unpublished work shows that elimination of the corresponding proline in Cx43 (P88S)
destabilizes both the open and closed states, corresponding to a decrease in the energy of the
transition state separating them (Brink, Kumari & Valiunas, personal communication).

This view is consistent with one interpretation of the 7-5 A structure (Unger et al. 1999Db).
If the kinked helix C corresponds to M2, its extracellular end is perpendicular to the plane
of the membrane, but bent (presumably at P87) so that it passes through most of the
membrane at an angle oriented away from the pore’s central axis. If the extracellular end of
M2 remains in place, a decrease in the bend angle will move the region on the other side of
the bend at P87 (toward the cytoplasm) to close in toward the central axis of the pore. A
narrowing at the cytoplasmic end of the pore by /;-gating is also suggested by data showing
that the 1”;-induced substate of Cx32 has an enhanced rectification, which can be most readily
explained by increased charge density near the cytoplasmic mouth (Oh e# a/. 2000). In this
view the mutations at P87 exert their effect by enabling the relaxation of the bend, favoring
the closed state. In the absence of the proline the bend is presumably partially maintained by
other interactions.

Given that M2 may not correspond to helix C, it is important to note that the fact that the
C-terminal part of M2 moves to close the pore is not to say that it lines the pore itself — as
noted above, there is strong evidence that M1 lines the pore in this region (see above and
Krasilnikov ef al. 1995; Zimmermann & Walz, 1997). The proposed mechanism is that the
centripetal movement of the cytoplasmic part of M2 displaces other domains, perhaps M1,
that physically occlude the pore.

A phenotype similar to that of the Cx26 P87G mutation is produced by homotypic
channels in which E1 and E2 of Cx40 are replaced by those of Cx43 (Cx40*Cx43E1,E2)
(Haubrich ez a/. 1996). The macroscopic conductance is minimal at 17, =0 and increases
with voltages of either polarity. There is no ready explanation for this behavior, pat-
ticularly since heterotypic channels formed with wild-type Cx40 or Cx43 show no
no indication of altered 1”-gating.

Mutagenesis and SCAM studies have identified positions in several transmembrane
domains that affect voltage sensitivity whose accessibility differs with the conductance state
of the channel (Skerrett ef a/. 2000, 2001b; Skerrett, Ahmed, Shin, Kasparek & Nicholson,
personal communication). The ways in which voltage sensitivity is affected varies, but taken
as a whole the data suggest that voltage-induced gating involves rotation of M1, and a host
of changes in interactions between the transmembrane a-helices. As for the data on pore-
lining positions summarized in Section 4.1, these data also support the ‘tilt and rotate’ model
of gating proposed by Unwin and colleagues many years ago (Unwin & Ennis, 1984).

The voltage dependence of a Cx26*32N'T-M2 chimera is identical to that of native Cx32,
suggesting that for these connexins the [/j-sensing/transduction mechanism is wholly
contained within the N'T-M2 domain and does not involve the CL, E2 or CT domains
(Verselis ez al. 1994). However, noting that Cx26 does not have much of a CT, other data
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suggest that the CT of Cx32 can affect some aspects of 17;-gating (Martin e 2/. 1998b; Revilla
et al. 1999).

Recent data support involvement of the CT domain in the I;-gating mechanism of Cx43.
Addition of EGFP to the CT of Cx43 completely eliminates 17-gating, as seen at both
macroscopic and single-channel levels, leaving loop gating and chemical gating intact
(Bukauskas ¢# a/. 2001). This suggests that the CT of Cx43 participates in 1/} sensing or
transduction, or forms part of the physical gate. Truncation of the CT of Cx43 or of Cx40
eliminates the residual state that is characteristic of 1/-gating (Anumonwo e/ al
2001; Moreno, Chanson, Anumonwo, Scerri, Gu & Delmar, submitted). It is not clear
whether the effect is due to an elimination of 1”j-gating or an elimination of a structural
element that normally keeps the 1”}-gate from fully occluding the pore, though inspection
of the Cx40 single channel records appears to favor the latter. The most surprising
element of this study is that adding back the truncated domains as free peptides
restores the residual conductance state, and the CT of Cx43 did so for truncated Cx40
as well (Anumonwo et a/. 2000, 2001). Furthermore, the CT of Cx43 could restore the normal
gating of Cx40 whether added as a free peptide or concatenated to the CT-truncated Cx40
(Anumonwo ef a/. 2001). This recapitulates the effects of this truncation and peptide on pH
sensitivity (see Section 7.2). The data are consistent with the peptide associating with a
cytoplasmic domain to either enable 1/;-gating, or to keep the 1/j-gate from occluding the
lumen completely. This mechanism cannot account for the presence of a residual conductance
state in Cx26 (Valiunas ef a/. 1999b), which has almost no CT domain. Also, several
modifications to the CT domain of Cx37 (addition of GFP, and several kinds of truncations)
had little effect on j-gating (Kumari ez a/. 2000).

In yet another twist on this issue, it was recently reported that heterotypic pairing of Cx45
and Cx43 also eliminates the prominent residual state of Cx43, and alters its voltage
sensitivity, in similar fashion to that produced by the CT truncation above (Elenes e al.
2001). This suggests an effect on [/;-gating mediated by heterotypic, but not homotypic,

hemichannel docking.

6.3 Microscopic voltage sensitivity — loop gating

As mentioned above, several wild-type connexins form functional hemichannels in cell
membranes. The typical protocol for revealing them, either by macroscopic currents or dye
uptake/leakage, involves reduced extracellular calcium ion and prolonged depolarization.
This result seems counterintuitive for hemichannels inferred from junctional channel
behavior to open with cytoplasmic negativity, such as Cx46. Detailed examination of the
gating of single Cx46 hemichannels in cell-attached and excised patch recordings reveals
bipolar gating (Trexler e/ al. 1996). At inside-positive voltages the channels undergo rapid
transitions between a fully open and a small subconductance state, typical and consistent with
/-gating observed in junctional channels. At inside-negative voltages the channels undergo
slow (tens of milliseconds) irregular transitions between fully open and fully closed states that
can include sojourns in several conducting substates. Thus the channels tend to be closed at
negative potentials, open to a substate at high positive potentials, and fully open at
intermediate voltages.

The slow, ill-defined transitions to and from the closed state are dubbed ‘loop gating’.
Despite the implication, there is no evidence that E1 and/or E2 are directly involved in loop
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gating. In all connexins studied, loop gating has the same polarity of voltage sensitivity,
closing with hyperpolarization, no matter what the polarity of 1;-gating in the same channels.
Slow transitions that may correspond to loop gating were first observed in cardiac cells
(DeHaan, 1988; Veenstra & DeHaan, 1988).

Detailed studies of [”-gating and loop gating in single channels of wild-type Cx43 and
channels in which 17-gating is eliminated by addition of EGFP to the CT indicate that the
operation of the two gates is contingent (Bukauskas e# a/. 2001). The data suggest that the
two sensors are in series in the lumen of the pore, and that the sensitivity of each to ]
changes with the position of the other gate. This is reminiscent of the mechanism proposed
for contingency of macroscopic 17j-gates in each hemichannel (Harris ez a/. 1981).

There is some reason to think that the loop gate is physically located toward the
extracellular end of the hemichannel. It had been previously shown by cysteine scanning
mutagenesis followed by reaction with the large thiol reagent MBB that L35 of Cx46 appeared
to lie in the pore (Zhou et al. 1997). It has been demonstrated that when Cx46L35C
hemichannels are closed by inside-negative voltages (the polarity that closes the loop gate, but
not the 1”j-gate of Cx46) L35C is accessible by MBB from the cytoplasmic but not the
extracellular end of the channel (Pfahnl & Dahl, 1998). This is strong evidence that the loop
gate is extracellular to the L35 position. It also indicates that the pore occlusion in the loop

gate closed state is focal, not along the whole length of the pore.
Cx40M1: 24 VWLTVLFIFRILVLGAAA 41

Recent work from the same laboratory investigated the effect of calcium ion on loop gating
(Pfahnl & Dahl, 1999), defined as opening of Cx46 hemichannels in oocytes with
depolarization (the opposite polarity from [} gating in Cx46). As mentioned above, opening
of hemichannels in the plasma membrane requires low calcium and prolonged depolarization.
The data show that at a depolarization to —10 mV, Cx46 hemichannels are open at 1 mm
calcium and largely closed at 2 mm, though complete inhibition requires up to 5 mm calcium.
Hyperpolarization (the polarity that closes the loop gate and opens the [7-gate of Cx40)
increases the sensitivity to extracellular calcium, but intracellular calcium has no effect.
Depolarization (which opens the loop gate and closes the 17;-gate) reduces the sensitivity to
extracellular calcium, but the channels become sensitive to intracellular calcium. The previous
work had shown that residue L35C can be modified by intracellular MBB when the channel
is closed by depolarization and intracellular calcium. When the channel is closed by calcium
at —10 mV, L35 is not accessible from outside by MBB. These data indicate that, like the
loop gate, the site of calcium action to close single Cx46 hemichannels is extracellular to
position 35 and to the [;-gate. The kinetics of calcium-induced closure were not examined,
so it cannot be established whether calcium induces loop gating closure, or if the calcium gate
is distinct from the loop gate.

The relation between the voltage-sensitive loop gate and other forms of gating in connexin
channels is unclear. Slow transitions to closed states from subconductance states are often
seen in response to exposure of junctional channels and hemichannels to a variety of chemical
agents, including CO, (Bukauskas & Peracchia, 1997) and several lipophilic compounds
(Weingart & Bukauskas, 1998). If the sensor and /ot closing mechanism are the same, studies
of regulation by these agents could reveal structural information about the loop-gating
mechanism. However, at this time the correlation is only on the basis of similar irregular,

slow transitions. For example, a detailed study of pH gating in Cx46 hemichannels showed
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that it is strongly modulated by a voltage-induced change in accessibility of or affinity for
protons (Trexler et al. 1999). This raises the possibility that the two gating processes are
linked; ‘normal’ loop gating may be mediated or modulated by the proton concentration at
‘normal’ pH.

The precise relationships between microscopically described 17-gating and loop gating and
the voltage sensitivity of macroscopic junctional and hemichannel conductances are
ambiguous. On one hand, there seems to be a clear criterion for assigning microscopic
mechanisms to macroscopic conductance changes: the presence of a G,;, indicates 17;-gating,

min

and absence of a G,;,, indicates loop gating. On this basis one would assign most macroscopic

min
junctional conductances to 1”;-gating. In addition, based on analysis of the gating behavior
of single Cx46 hemichannels one would infer that each hemichannel in a homotypic Cx46
junctional channel would close in response to cytoplasmic positivity. However, recordings of
macroscopic currents through Cx46 hemichannels show strong activation of the conductance
with depolarization, the polarity of response appropriate for loop gating. Furthermore, these
depolarization-induced macroscopic currents through hemichannels largely account for the
macroscopic voltage dependence seen in the junctional currents, implying that the
macroscopic voltage sensitivity for Cx46 junctional channels is in fact mediated by loop
gating. The situation is further complicated by the observation that the junctional currents
show a G, (indicating 1”;-gating) whereas the plasma membrane currents do not (consistent
with loop gating, as is the polarity of response). The size of the Cx46 hemichannel
subconductance state predicts a limiting G,,;, of 0-4 for the junctional channels, not the 0-24
that is observed. Yet, for Cx46 the polarity of hemichannel closure inferred from its behavior
in heterotypic channels is the same as the polarity for [7-gating in the single hemichannel
records (Werner et al. 1989; Bruzzone ef al. 1994; White ez al. 1995a, b). How can these
findings be reconciled? It is not easy. Some options are that when hemichannels form

junctional channels:

e the loop-gating voltage sensors operate the 1”;-gate, and the 17} sensors are disconnected
from a gate;

e loop gating shifts to much larger potentials along the voltage axis or is disabled, leaving
I/;-gating that just happens to have very similar parameters;

e there is no real G, ;, in the junctional currents (e.g. with high voltages the conductance

n

continues to drop).

None of these explanations are satisfying, or even consistent with all the existing data. It
is interesting to note that a hint of bipolar gating is seen in some records of macroscopic
hemichannel currents of other lens connexins (Ebihara e a/. 1999). This ambiguous
situation is likely to persist until experiments are carried out in which gating is quantitatively
compared for single hemichannels, macroscopic hemichannel currents and junctional currents
formed by the same connexin, under comparable conditions, preferably accompanied by

mutational analysis.

6.4 V_-gating

Though initially described some time ago for innexins (Verselis e# a/. 1991) and connexins
(Barrio et al. 1991), quantitative and molecular analysis of 17 -gating has been recent.

The most well-described cases are for several Cx45 species orthologs, which open upon
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depolarization (Barrio et al. 1997), as does Cx57 (Manthey e# a/l. 1999) (see Fig. 11). Several
other connexins close with depolarization [Cx26, Cx43 and Cx30 (White e# a/. 1994; Jarillo e al.
1995; Barrio ef al. 2000)] and several are insensitive to 17, Cx32, Cx40, Cx42, Cx46, Cx56,
Cx38 (Barrio et a/. 2000). The magnitude and 17, sensitivity of the conductance changes vary
greatly among connexins, from 10 to 250% over 100 mV, and 0-5-0-8 gating charge,
respectively. The 1, and 1/; gating processes do not seem to interact, suggesting
independent sensors and gating mechanisms. To reveal 17 -gating, a specific voltage protocol
must be used in which junctional conductance is assessed at relatively long times (tens of
seconds) following displacement of both coupled cells to identical depolarizing and/or
hyperpolarizing potentials. Experimentally it is readily distinguished from 17} sensitivity by
this protocol and its much longer time-course.

The structural basis of steady-state 17, sensitivity in Cx43 was investigated (Revilla ez a/.
2000), and the findings have implications for the relationship between this form of gating and
the others exhibited by connexin channels. Truncation of the CT at position 242 but not 257
eliminated 17 -gating. Furthermore, removal of charges at the two positions in the
intervening positions that are charged in the wild-type channel has self-consistent effects on
I a-gating. Specifically, elimination of the positive charge at position 243 (R243Q) reduces the
sensitivity, and elimination of the negative charge at 245 (D245Q) enhances the sensitivity.
Removal of both charges achieved the same effect. These changes had no effect on I;-gating.
Other studies support the idea that the 17- and 1/;-gates are distinct, but can interact at large
7. Because I, could reduce the conductance below the G ;, achieved by 1/;-gating it was
inferred that 17 -gating could mediate transitions into and out of a fully closed state. There
is no evident correlation between 1, sensitivity and any other functional property of the
channel.

These findings suggest that closure by depolarizing 17, is mediated by outwardly directed
movement of a positively-charged voltage sensor that includes positions 243 and 245. This
could imply that this part of the CT senses the field in the pore. Because the R243Q0 mutation
did not eliminate 17, -gating, other charges must be involved as well. The fact that this
domain is physically close to domains thought to be involved in chemical gating of Cx43 (see
Section 7) allows speculation that the influence of 17 on these charges interacts with

i

chemical gating and vice versa. This relationship is as yet unexplored.

7. Direct chemical modulation

Direct gating of connexin channels by ligands is of key importance in intercellular signaling.
Except in excitable tissues, the voltage sensitivity of connexin channels in most cases is not
of a character readily seen to play a biological role (i.e. it is not significant at voltages near
normal transjunctional potentials). The intercellular channel location and the cytoplasmic
location of the modulatory sites make it difficult to identify ligands that directly regulate
junctional channels. These factors also present problems for applying ligands and assessing
their effects — junctional channels cannot be studied in excised patches, and cytoplasmic
application of ligands via patch electrodes can cause cellular effects that complicate assessment
of direct effects on the channels. Identification of endogenous ligands of connexin channels
is required to understand the physiology of intercellular signaling, and is important for
biophysical investigations because it can lead to the use of affinity reagents to explore

connexin structure—function. Unfortunately, the biophysical study of connexin channels has
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been hindered by the absence of specific affinity reagents or toxins, which have been vitally
important in elucidating molecular mechanisms of other channels (Strichartz, 1987; Miller,
C., 1995).

Junctional coupling is reduced by exposure of cells to various compounds (reviewed in
Spray, 1994; Bruzzone et al. 1996; Goodenough ¢z al. 1996; Kumar & Gilula, 1996; Alves
et al. 2000; Rozental ef a/. 2001). Data on the actions of ligands on connexin channels come
from a spectrum of experimental approaches that differ in the ways ligands are applied and
their effects assessed. Accordingly, there are apparent contradictions and the validity of the
conclusions vary. Modulation of junctional properties due to extracellular application of
membrane-impermeant drugs (e.g. acetylcholine) or to manipulation of second messengers
(e.g. cAMP) rarely reflects direct action of the drug on connexin channels; an agent
applied intracellularly could act directly on the channel or via signaling systems. Agents
can be applied to connexin channels by (#) intracellular application via patch electrode
or microelectrode, (/) use of membrane-permeant agents, (¢) perfusion of the cytoplasmic face
of junctions, (d) exposure to hemichannels in an excised patch configuration, or (¢) exposure
to hemichannels reconstituted into liposomes or bilayers. The perfused cell and excised patch
methods preserve the channels in their native membrane environment and presumably with
membrane-associated components that may be involved in modulation of channel properties.
The reconstituted systems can unambiguously show direct effects, but the channels are
separated from cellular elements that may determine the character of modulation in cells.

Methods of assessing drug effects on connexin channel gating are also varied. They
include all the approaches outlined in Section 3, and their attendant limitations. For example,
single time-point studies of dye coupling cannot distinguish with confidence whether a
decrease in dye coupling results from reduced channel open time or reduced permeability to
the dye due to a narrowed pore.

Intriguing, indirect evidence of an endogenous modulator of connexin channel has been
described recently (Le & Musil, 2001). In the chick lens, up-regulation of ERK (extracellular
signal-regulated kinase; part of the MAP kinase cascade) increases dye-coupling between lens
cells without affecting junction formation, assembly or turnover, or the levels, synthesis or
level of phosphorylation of any of the three connexins expressed in these cells. The apparent
dye permeability per channel structure increases, indicating an increase in the fraction of
active channels, the open probability or the width of the pore. The effect of ERK activity on
dye coupling takes many hours to become evident, suggesting that it does not occur via
modulation or modification of pre-existing cellular components, but rather by a change in the
level or activity of a direct or indirect modulator of connexin channel function. A possible
mode of action is reduction of the level of an inhibitor that tonically interacts with voltage
or chemical gating mechanisms to keep low the fraction of active channels in a plaque (as
described in Section 2.2.4). Difference between Cx43 species orthologs (their amino acid
sequences are 92% identical) and in the cellular milieu may account for the apparently
different actions of ERK on the chick lens Cx43 and the rodent Cx43 described above. The
modulation of intercellular molecular permeability by ERK in the lens has clear biological
relevance; the ERK activity is stimulated by FGF (fibroblast growth factor) in a way that
accounts for the characteristic patterns of dye coupling and fluid flow that maintain lens
transparency.

The discussion below considers modulators that are either commonly used experimentally,

or may act directly on connexin channels.
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At the single-channel level, the transitions described in Section 6 as loop gating (slow
transitions between the fully closed state and an open state) closely resemble the transitions
induced by certain ligands. The similarity of the transitions suggests similar or shared
molecular mechanisms for the effects of these ligands. Whether or not this is so, at this time
it is convenient to speak of ‘chemical’ gating as a class of transitions (slow transitions that
completely close a channel; 7 ~ 9-30 ms) that may be related to the voltage dependent loop
gate, in distinction from 1”j-gating transitions (rapid transitions that close only to a non-zero
conductance state; 7 < 2 ms) (Bukauskas & Peracchia, 1997, 2000; Bukauskas ez a/. 2001).
It is particularly noteworthy that channel closing due to chemical gating can be reversed by
voltage (Peracchia et a/. 1999).

On the basis of single-channel recordings, chemical gating includes the effects of pHi, #-
alkyl alcohols, halothane, fatty acids and calcium ion. On the basis of elimination of detectable
macroscopic currents, other lipophiles can be tentatively considered to operate by this
mechanism as well. Glycyrrhetinic acid and its analogs, however, do not completely eliminate
coupling and so may operate by a distinct mechanism, as may cyclic nucleotides.
Phosphorylation can affect substate occupancy, and may cause full closing as well, but there

is no indication that it involves either [/} or chemical gating mechanisms.

7.1 Phosphorylation

Phosphorylation of proteins is a widespread mechanism of functional modulation. Effects of
phosphorylation on channel function include stabilization of open or closed states and
alteration of kinetics of transitions between states (Levitan, 1999). Most connexins contain
likely sites of phosphorylation in the cytoplasmic CT domain, and all connexins examined
except for Cx26 have been demonstrated to be phosphoproteins, either 7z vivo or in vitro
(Jongsma e/ al. 2000; Laird & Sdez, 2000). The most thoroughly studied connexin, Cx43, can
be phosphorylated at multiple sites by multiple kinases, and contains three tandem PKA /PKC
consensus motifs in the CT (positions 362-373). An extensive literature describes the possible
role of phosphorylation in regulation of trafficking of connexin to the plasma membrane,
assembly into junctional plaques and degradation (Musil & Goodenough, 1991; Brissette ez
al. 1994; Lampe, 1994; Laird ez a/. 1995). This literature, as well as the more restricted
literature dealing with possible direct effects on channel function, were recently reviewed in
(Lampe & Lau, 2000; Lau ef a/. 2000).

In many cases, it is difficult to discern whether phosphorylation affects junctional coupling
by a direct effect on channel gating or permeation, or by effects on the trafficking, assembly
or turnover of junctional channels.

Injection of the free catalytic subunit of PKA can cause a rapid increase in junctional
communication mediated by Cx43, possibly indicating a direct effect on either gating or
permeability (Nnamani ez a/. 1994). In cells expressing a S364P mutation, coupling
was not affected by PKA, in contrast to controls, making S364 a required locus for
PKA modulation (Britz-Cunningham e# a/. 1995). Intriguingly, somatic mutations at S364
or at R362, which is part of the same consensus phosphorylation site, are specifically
correlated with cardiac developmental defects in humans (Dasgupta e a/. 2001).

One well-established direct functional effect of connexin phosphorylation is that serine
phosphorylation of human or rat Cx43 by PKC but not PKA alters the frequency of

entering the dominant unitary conductance state, favoring instead one of substantially
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lower conductance and low permeability to LY (Moreno e a/. 1992, 1994; Takens-Kwak &
Jongsma, 1992; Kwak et al. 1995b; Lampe e/ a/. 2000). Specifically, the reduction of unitary
conductance and permeability that follows treatment with TPA requires phosphorylation at
S368 (Lampe ef al. 2000). If S368 is changed to another amino acid, TPA has little
functional effect. Analysis of single channel records indicate that the effect is to favor
transition to a substate rather than to physically alter the conductance pathway. Modulation
of substate occupancy by phosphorylation has also been seen in other channels (Lee
et al. 1995).

Rat Cx43 (+Cx43) can also be phosphorylated by a G kinase (PKG), which similarly shifts
the occupancy toward lower conductance states. Treatment with phosphatase has the opposite
effect. The only PKG consensus phosphorylation site is in the CT. Interestingly, human Cx43
(hCx43) does not show this modulation by G kinase — and differs from rCx43 by the absence
of S§257 in the PKG consensus phosphorylation site (Kwak ez a/. 1995b).

Thus it appears that phosphorylation at distinct sites by distinct kinases has similar effects
on substate occupancy. The molecular mechanism of this modulation is not known.

The bulk of the work on regulation of connexin gating via phosphorylation deals with
modulation of Cx43 by the MAP kinase ERK and by the oncogene products v-Src and
c-Src. For both kinase systems, the evidence is indirect (there are no single channel records),
but suggestive.

In mammalian cells, ERK activation by EGF can reversibly disrupt junctional
communication within minutes, without obvious disruption of plaques (Lau et a/. 1992;
Gourdie et al. 1993; Warn-Cramer e/ al. 1996, 1998). To have the full effect, it must
phosphorylate the CT of Cx43 at 5255, 5279 and S282. The speed of the response suggests
a direct effect on gating. A direct action of purified ERK on Cx43 was supported by
liposome studies (Kim e# a/. 1999).

In both oocytes and in mammalian cells it has been known for some time that activation
of the v-S7¢ oncogene leads to a rapid reduction of junctional communication (Atkinson ez
al. 1981; Swenson ez a/l. 1990). Early work in the oocyte system indicated that v-Src-induced
inhibition of coupling required phosphorylation of Y265 (Swenson ¢z a/. 1990). Later work
strongly indicated that the rapid inhibitory effect of v-Src was mediated by a downstream
activation of ERK, and that phosphorylation of Y265 was not required (Zhou et a/. 1999).
The inhibition of channel activity required the portion of the CT domain that includes the
three ERK serine sites mentioned above, and occurred in the absence of Y265. This suggested
that, in oocytes, phosphorylation of Y265 resulted in altered trafficking or assembly rather
than direct effects on channel gating.

Truncation of the CT at position 245 eliminated the v-Src effect, but a surprising finding
was that adding back the truncated domain as a free peptide (by co-injecting the appropriate
cDNA) restored it. This suggests that ERK-mediated inhibition is mechanistically similar to
the pH; inhibition described below in Section 7.2, in which the CT domain (albeit a somewhat
different part of it) acts as a blocking particle. In one case the association is promoted by
serine phosphorylation, and in the other by protonation of a connexin site and/or soluble
factor. Recent studies of the voltage dependence of the effect support the idea that the
blocking particle enters the junctional voltage field, suggesting it acts as an open-channel
blocker (Moreno & Nicholson, personal communication). Single-channel analysis should be
most informative. This mechanism may account for similar effects of truncation and

replacement of CT peptide on insulin-induced uncoupling (Homma e# a/. 1998)
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In mammalian cells, however, the v-src-induced inhibition appears to operate by a different
mechanism — inhibition of Cx43 channel activity requires direct, processive phosphorylation
of Y265 and Y247 by v-Src without apparent involvement of the MAP kinase pathway (Lin
et al. 2001). Similar effects have been reported for the action of ¢-Src (Giepmans ez a/. 2001,
Toyofuku ef a/. 2001), also in mammalian cells. The reason for the different results in the
mammalian and amphibian systems is unclear, but may arise from differences in the cell types,
related differences in expression mechanisms protocols or differences in the timing of
connexin and sr¢ expression in the various studies.

Effects of phosphorylation of other connexins are less well-characterized. Activation of
PKC causes phosphorylation of rat Cx45 and the appearance of a new conductance state
(Kwak et al. 1995a) but phosphorylation of mouse Cx45 increases the occupancy of existing
open states (van Veen ef a/. 2000). Activation of PKA seems to favor the higher conductance
states of Cx40 (van Rijen ¢ a/. 2000), whereas PKC phosphorylation of Cx32 is reported to
induce a new, higher conductance state (Sdez e al. 1986; Chanson ef al. 1994a).

7.2 Cytoplasmic pH and aminosulfonates

Changes in intracellular pH (pH,) can affect junctional conductance (Turin & Warner, 1977;
Spray ez al. 1981b). The sensitivity to changes in pH; varies with cell type and connexin isoform
(Campos de Carvalho, 1988; Liu e al. 1993; Spray, 1994; Delmar e/ a/. 1995; Hermans et al.
1995). Decrease of pH; from physiological levels typically produces a decrease in junctional
conductance (Iwatsuki & Petersen, 1979; Turin & Warner, 1980; Spray ez a/. 1981b) and
in permeability to large tracers (Schuetze & Goodenough, 1982; Connors ez a/. 1984). The
reduction of junctional conductance can be to zero, and is typically reversible with return of
pH; to normal values. Though it is clear that the CL. and CT are involved, the precise
molecular mechanisms are not fully understood, and may differ among connexin isoforms.
They have been proposed to involve direct protonation of connexin (Spray ez a/. 1981b), pH-
facilitated interaction between connexin cytoplasmic domains and/or cytoplasmic factors
(Delmar ef al. 1995; Bevans & Harris, 1999a), indirect effects of undissociated weak acids in
the membrane (Rudy, 1995; Dunina-Barkovskaya ez a/. 2000), changes in ionized calcium
concentration, and/or activation of calmodulin (Rink es a/. 1980; Peracchia ez a/. 1996,
2000a; Peracchia & Wang, 1997; Torok ez al. 1997). At the single-channel level, low pH
clearly induces full channel closure by the slow mechanism alluded to above (Bukauskas &
Peracchia, 1997).

For Cx43, Cx40 and Cx32, work in the paired Xenopus oocyte expression system suggests
a molecular mechanism for pH sensitivity. In these studies, pH; and junctional conductance
were monitored continuously while controlled, slow, pseudo-steady-state acidification and re-
alkalization of the cytoplasm was carried out. The fundamental finding is that truncation of
the CT effectively eliminates the pH sensitivity, and adding back the CT as a free peptide (by
co-injection of cDNA) restores it (Morley ez a/. 1996). In fact, the Cx43 CT can induce pH
sensitivity in truncated (pH insensitive) Cx40, and vice versa (Stergiopoulos ez a/. 1999). The
histidine at position 95 (H95), which is in the CL of nearly all connexins, was proposed to be
part of the receptor, since mutation of it eliminates pH sensitivity (Ek ez a/. 1994). The
proposed mechanism is that low-pH facilitates interaction of the cytoplasmic Cx43 CT with

a receptor domain elsewhere in the connexin molecule, causing the channel to close (Liu e#



420 Andrew L. Harris

al. 1993; Ek ef al. 1994; Ek-Vitorin ef al. 1996; Motley et al. 1996, 1997). The mechanism is
analogous to the ball-and-chain N-type activation mechanism of voltage-dependent potassium
channels (Armstrong & Bezanilla, 1977; Hoshi e al. 1990; Zagotta et al. 1990). Studies using
a perfused double-oocyte preparation indicate that a cytoplasmic component is required for
the pH sensitivity of Cx43 (Nicholson ez a/. 1998). On the other hand, Cx46 hemichannels
appear to be directly gated by protonation, without a cytoplasmic requirement (Trexler ez al.
1999). pH sensitivity is intrinsic to hemichannels, since the pH sensitivity of homotypic
hemichannels of Cx46 and Cx38 accounts fully for the pH sensitivity of the corresponding
homomeric junctional channels (Francis ez a/. 1999). In the same study, heterotypic pairings
of connexins with dissimilar pH sensitivities indicated that the pH sensitivity could be affected
by hemichannel-hemichannel interaction.

In Xenopus, Cx32 channels are weakly pH sensitive (Liu e/ a/. 1993; Wang & Peracchia,
1996). From studies of chimerae of Cx32 and Cx38 (which is more pH sensitive than Cx32),
a model of pH sensitivity has been proposed (Wang e# al. 1996; Wang & Peracchia, 1996,
1997; Peracchia & Wang, 1997) that is mechanistically similar to that proposed for Cx43,
though it differs in some details. It involves a receptor domain in the N-terminal half of the
CL that interacts competitively in a pH-sensitive manner either with the C-terminal half of
the CL to close the channel, or with a proximal region of the CT, which does not close the
channel. A Cx43 CT peptide can enhance the degree of pH sensitivity of Cx32 channels,
suggesting conservation of receptor structure across connexin isoforms (Morley ez al. 1996).
Several CMTX mutations in the CL and CT, but not in E1, alter pH sensitivity as well (Ressot
et al. 1998).

In both these models from Xenopus data, interactions between cytoplasmic domains of
connexins are favored by protonation —a region of the CT interacts with a receptor region
of the CL in a pH-dependent manner to close the channels.

At the single-channel level, the opening and closing CO,-induced transitions have similar
kinetics. The transitions are often irregular, perhaps indicating the reconfiguring of several
structural elements. The channels behave as if each hemichannel contains a j-gate and a
chemical gate that operate concurrently. Channels in the substate induced by one polarity of
17, could be moved to the fully open state by a rapid change in 1”; polarity, but if the channel
was in the fully closed state induced by low pH, changing the 1/ polarity had no effect
(Bukauskas & Peracchia, 2000), suggesting that the gates are in series.

A TSF study using purified and reconstituted homomeric Cx32 and heteromeric
Cx26/Cx32 investigated the direct effects of pH on connexin hemichannel activity in
liposomes (Bevans & Harris, 1999a). Activity of the heteromeric channels was affected
by changes in pH, but not in the manner anticipated from cellular studies. The pH
effect was strongly modulated by and dependent on the pH bufler present. Investigation
showed that pH sensitivity was in fact a sensitivity to the concentration of the protonated
form of aminosulfonate pH buflers, including HEPES, MES, TAPS and taurine, and not to
pH per se. Experiments that used the non-aminosulfonate pH buffers maleate, bicarbonate or
Tris instead showed negligible pH sensitivity, as did experiments using derivatives of taurine
lacking an aminosulfonate moiety. The sensitivity to aminosulfonate depends on isoform
composition of the channels, being essentially absent in homomeric Cx32 hemichannels, and
present in hemichannels that also contained Cx26.

These data show a direct modulatory effect of protonated aminosulfonates on connexin

channel activity. The significance is twofold: (@) it provides a molecular mechanism by which
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changes in pH; can affect connexin channel activity, and (/) it identifies a class of cytoplasmic
compounds that directly and reversibly regulates connexin channel activity. The active
compounds share a common structural motif: a protonatable amine moiety separated from
an ionized sulfonate moiety by 2 or 3 methylene groups. Of the aminosulfonates tested, TAPS
appeared to have the greatest efficacy. TAPS is the only compound tested with three
methylene groups between the protonatable amine and the ionized sulfonate moiety. It is
possible that this structural difference contributes to the increased efficacy.

The data also suggest that at least some of the effects on connexin channels that have been
attributed to direct action of low pH;, are mediated (or modulated) by endogenous protonated
aminosulfonates or related compounds, rather than by protonation of connexin. pH may also
have effects not revealed in the TSF system, and it could act directly on other connexins, as
is the case for Cx46 hemichannels (Trexler ez al. 1999).

Taurine is a ubiquitous aminosulfonate. It interacts with many proteins, the most
prominent of which are the inhibitory glycine receptor (GlyR) (Young & Snyder, 1974;
Akagi & Miledi, 1988; Schmieden ef a/. 1992) and several amino-acid transporters (Chesney
et al. 1990). Though the structure of the taurine-binding site on the GlyR is not known, the
most important sequence elements have been defined (Schofield e7 al. 1996). The site is
thought to be formed by parts of at least two non-contiguous segments. The segments are:
(a) an aromatic-small-aromatic sequence (159-161; ‘loop-27), and (b) a cationic-X-aromatic-
X-small sequence (200-204; “loop-37). Cx32 and Cx26 each have four loop-2-like motifs and
three loop-3-like motifs, all in the putative transmembrane and extracellular domains.
However Cx26 contains an additional loop-2-like motif, that Cx32 lacks, in its small C-terminal
cytoplasmic domain (YLF, 212-214). Also, one of the loop-3-like motifs of Cx26 partially
extends into the cytoplasmic N-terminal (NT) domain (K-W-T, 22-26), unlike that
of Cx32.

These similarities are not striking, but suggest the possibility that the CT and/or NT
regions of Cx206, but not Cx32, interact with taurine or similar compounds, perhaps in concert
with other domains. If so, a taurine-binding site could be composed of the CT domain
(providing a loop-2-like motif) and the region of the transition between the NT and M1
(providing a loop-3-like motif). The NT-to-M1 transition is thought to be at the mouth of
the pore (Oh es al. 1997), possibly providing a direct site of action. Intriguingly, the
CT peptide of Cx43 that is required for its pH sensitivity and can confer some pH
sensitivity on Cx32 (Morley ez al. 1996), contains two loop-2-like motifs, one of which
is precisely aligned with that of Cx26 (YVF; 230-232), and the other of which has been
positively identified as essential for pH modulation (YAY, 265-267) (Ek-Vitorin ez al.
1996).

It is thus possible that aminosulfonates regulate some connexin channels by occupying a
binding site composed of a part of the CT domain and another domain, perhaps at the
NT-MT1 boundary. The effect on channel activity could be due to occupancy of the site, or
the conformational changes caused by coordination of disparate parts of the connexin
molecule.

The amino-acid sequences of several high-affinity taurine transporters have been
determined, but the residues that interact with taurine have not yet been identified (Liu ¢/ a/.
1992; Smith ez /. 1992; Uchida e a/. 1992; Ramamoorthy ez al. 1994; Vinnakota ez al. 1997).
The affinities of these transporters for taurine range from 4 to 40 pM, and there are several

regions of potentially significant homology with connexins. An invertebrate odorant receptor
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Fig. 14. Two possible mechanisms for aminosulfonate action. Lef?: aminosulfonate and CT domain of
connexin independently interact with a receptor domain in the CL to effect channel closure. Right:
aminosulfonate and the CT domain form a complex that interacts with other connexin domains to effect
channel closure. (From Bevans & Harris, 1999a.)

has been shown to have two high-affinity binding sites for taurine (K, of 18 pm and 6 pm),
but the amino-acid sequence has not yet been determined (Olson & Derby, 1995).

The consensus view of pH sensitivity of Cx43 and Cx32*Cx38 chimerae from the Xenopus
system is that a pH-dependent interaction between segments of the CT domain and the CL
inhibits channel activity (Delmar ef a/. 1995). There is now evidence from combined surface
plasmon resonance and NMR studies that the Cx43 CT interacts with the C-terminal half
of the CL in a pH-dependent manner, albeit in the presence of the aminosulfonate HEPES,
and that this involves histidines at positions 126 and 142 (Duffy ez a/. 2001). The CL-CT
interaction is not inconsistent with the aminosulfonate interaction with heteromeric
Cx26:Cx32 channels described in the TSF system. Two mechanisms can be proposed that
incorporate both sets of data.

One mechanism is that e/fher protonated aminosulfonate or competent CT (i.e. that of Cx43
or Cx38, but not Cx32) can bind to the receptor domain to close the channel. The other is
that to close the channel a complex must form between a// three elements — protonated
aminosulfonate, competent CT, and receptor. Each hypothesis is consistent with much of the
data and has distinct consequences and predictions (Fig. 14).

In cells, the first mechanism involves a competition between the available CTs and the
available cytoplasmic protonated aminosulfonates. Interaction between the CT and receptor
would be pH-sensitive and involve protonation of at least one connexin site. An ineffective
Cx32 CT would account for the relative pH insensitivity of homomeric Cx32 channels (Liu
et al. 1993; Wang & Peracchia, 1996), behaving as a competitive blocker in binding to the
receptor but not effecting channel closure. The increased pH sensitivity with Cx26 content
would be due to the very short CT of Cx26 — with increased Cx26 in Cx26:Cx32 heteromeric
hemichannels, the number of bulky Cx32 CTs present decreases and access to the receptor
increases, permitting aminosulfonates in the solution or cytoplasm to interact with the
receptor and effect closure. In this view, Cx26 subunits would effectively decrease the local
Cx32 CT ‘blocket’ concentration, and /ot act as “spacets’ to alleviate steric ctowding by Cx32
CT and prevent access by aminosulfonates.

It is possible that the CT interacts with the connexin pore in a manner analogous to that
of N-type inactivation of potassium channels, in which a single bound CT particle’ occludes

the pore, interacting with ‘receptor’ regions from several subunits (MacKinnon ez a/. 1994).



Connexin channels 423

For K* channels, one particle-receptor complex is sufficient to block the channel. It is
unlikely that a single taurine could serve the same steric function in a connexin pore.
Therefore, for the analogy to hold, either it would have to occlude the pore in association
with cytoplasmic domains, or several molecules of taurine would have to bind to several
subunits and collectively occlude the pore.

For the second mechanism, pH-dependent channel closure requires both aminosulfonate
and competent CT. The aminosulfonate could interact directly with both other elements, or
could bind to one to enable binding of the resulting two-element complex to the remaining
element to form a ternary complex. In this case the pH insensitivity of homomeric Cx32
would arise from an inability of the Cx32 CT to form this complex, rather than from steric
crowding or occupancy of the receptor as above. In cells, pH sensitivity of Cx32 would be
enhanced by co-expression of the Cx43 CT, providing a competent CT domain that effectively
interacts with both the receptor and cytoplasmic aminosulfonate. For this mechanism to
account for the pH sensitivity of the Cx26:Cx32 channels one must postulate that the small
Cx26 CT participates in this complex formation (perhaps via the loop-2-like motif mentioned
above), if the aminosulfonate site is similar to the taurine site of the GlyR.

These hypotheses predict that since Cx26 lacks a bulky CT, channels formed by homomeric
Cx26 in cells should be pH-sensitive (i.e. allow free access to the receptor by cytoplasmic
modulators). The model for pH sensitivity of C43, which relies exclusively on a full-length
CT for pH sensitivity (Ek-Vitorin ef a/. 1996), if applied to Cx32 and Cx26, predicts that
homomeric Cx26, lacking most of the CT, would be pH insensitive. Recent work has
established that homomeric Cx26 channels are in fact highly pH sensitive (Stergiopoulos ez
al. 1999), as both models proposed here predict. CT-truncated Cx32 is not as pH sensitive as
Cx26 (Werner ef al. 1991). This suggests that for these two isoforms the properties of the
receptor domains differ, or the short CT of Cx26 plays a role that the Cx32 CT cannot. Also,
junctional channels formed by tandem Cx32-Cx32 dimers, in which three of the CTSs are not
free but linked to the N'T of the adjacent subunit, are more pH sensitive than channels formed
by unlinked subunits (Peracchia ez a/. 1999).

These hypotheses also predict that cellular junctions would lose their pH sensitivity if
maleate, for example, were perfused or dialyzed into the cytoplasm instead of an aminosulfonate
buffer, and that it would be modified by the substitution of TAPS or MES.

Functional interaction between aminosulfonate and CT does not require that they act at the
same site — the possibility of homotropic or heterotropic cooperative linkages allows for
interaction of ligands’ effects without requiring competition for the same binding site. For
either mechanism, ‘pH regulation’ of connexin channels between cells would be modified by
application of exogenous aminosulfonates.

That the naturally occurring amino-acid taurine directly modulates connexin channel
activity is intriguing. Taurine is found in many different mammalian tissues, where it can be
found at relatively high cellular concentrations (Green ez a/. 1991; Huxtable & Michalk,
1994). At physiological pH, essentially all taurine is fully protonated, so changes in overall
taurine concentration could affect activity of aminosulfonate-sensitive channels. Even so,
there is no evidence that taurine is an endogenous modulator of connexin channels in cells.
Other cytoplasmic aminosulfonates, of which there are many, may be more effective, and
therefore act over different ranges of pH.

The preceding discussion is based on the idea that the mechanisms of pH sensitivity are

common across the connexins, which may not be the case. Truncation of the CT of Cx37,
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mCx50, Cx45 (Stergiopoulos e al. 1999), Cx32 (Werner et al. 1991; Wang & Peracchia, 1997)
or Cx46 (hemichannels) (Trexler e al. 1999) has little effect on pH sensitivity assessed in
oocytes. Curiously, truncated hCx50 is pH insensitive when expressed in N2A cells (Xu e a/.
2001), which could reflect differences in species orthologs or in expression systems. For these
connexins, pH dependence may rely exclusively on soluble factors, such as aminosulfonates
or pH-dependent kinase activity (Yahuaca ¢z a/. 2000), or on direct protonation of other
domains, as for Cx46 (Trexler et al. 1999).

7.3 Calcium ion

Calcium has a long and contentious history as a modulator of connexin channels. It is clear
that increased cytoplasmic calcium can cause junctional channels to close. It is not clear
whether the effect is due to calcium ion directly, to concomitant changes in pH, or to calcium
action on other cytoplasmic elements, such as calmodulin, as is the case for L-type calcium
channels (Zuhlke & Reuter, 1998; Peterson ez al. 1999; Qin e al. 1999) and at least one type
of calcium-activated potassium channel (Fanger ez a/. 1999). If raised calcium ion levels are
sufficient to close the channel, either directly or via calmodulin, one would expect the effect
to be reversible, and reasonably independent of pH. It is likely that the role of calcium ion
in gating of connexin channels differs among connexins.

In several cellular systems there is an apparent interaction between the effects of calcium
and pH on coupling (De Mello, 1980; Lazrak & Peracchia, 1993; Firek & Weingart, 1995).
If pH is maintained near neutrality, near millimolar levels of calcium ion are required to close
the channels. It is clear that in some cases low pH can have effects independent of changes
in calcium levels (Spray ez a/. 1982; Noma & Tsuboi, 1987). On the other hand, the effects
of low pH can be lessened if the calcium buffer present does not release calcium when the pH
is lowered (Lazrak & Peracchia, 1993). The one single-channel study of closure by calcium
ions provides an explanation for some of these results, indicating that a site sensitive to neat-
millimolar calcium in the extracellular part of the pore can be accessed from either end of the
pore, depending on the voltage (Pfahnl & Dahl, 1999). Since this study was carried out on
hemichannels, this site may be the one at which calcium ion acts to keep plasma membrane
hemichannels closed (see Sections 2.2.2, 3.1.2, 3.2.2, 4.2), and which may also correspond to
the loop/chemical gate. There is no clear demonstration that in the documented absence of
a pH change that calcium ion levels below millimolar can reversibly close connexin channels.
This is not to say that calcium ion is not involved or an important modulator of effects on
connexin channels. For example, manipulation of calmodulin expression in oocytes can
dramatically alter the sensitivity of junctions to pH changes (Peracchia ef a/. 1996, 2000a, b),
but it is not clear whether this is due to direct interaction of calmodulin with connexin, ot

downstream affects of the global alteration of calmodulin-mediated processes in the cells.

74 Lipophiles

Several classes of hydrophobic compounds reduce connexin channel activity (Bernardini
et al. 1984; White et al. 1985; Davidson er al. 1986; Burt & Spray, 1988, 1989;
Davidson & Baumgarten, 1988; Rudisuli & Weingart, 1989; Guan et a/. 1997; Rozental

et al. 2001). These compounds are commonly used to reduce macroscopic junctional
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conductance so that single junctional channels can be recorded. Where their actions have been
studied in detail they reduce the open probability of junctional channels without affecting
unitary conductance (Veenstra & DeHaan, 1988; Burt & Spray, 1989; He & Burt, 2000).
Their specific mechanisms of action may not be identical but they likely act via partitioning
into the plasma membrane and affecting the physical properties of the bilayer, such as fluidity,
stiffness, and local curvature, and/or of the lipid microenvironment of the connexin channels.
Given their diverse chemical structures and similarity of effects, it is not likely that they
interact with specific receptor sites. All these agents exert effects on other membrane
proteins (cf. Hirche, 1985; Quastel & Saint, 1986; Karon ef a/. 1994), so they cannot be used
as sole identifiers of junctional channels. In addition to the lipophiles discussed below,
inhibitory effects have been noted for gossypol (Ye ez al. 1990), ginseng saponin (Hong ez al.
1996) and arachidonic acid (Giaume e# a/. 1989 ; Schmilinskyfluri ef a/. 1997) [which can exert
its effects by other mechanisms as well (Fluri ef a/. 1990; Massey ¢f al. 1992; Polonchuk ef a/.
1997; Martinez & Sdez, 1999)]. Where lipophile effects on membrane proteins have been
studied, their effects strongly correlate with mole fraction in the bilayer and with the ability
to induce disorder in the lipid acyl chains (Anel ez a/. 1993; Mitchell e/ al. 1996). Both
properties can be strongly modulated by the specific lipid composition of the membrane (e.g.
saturation, acyl chain length, presence of cholesterol). Furthermore, increasing chain length
of n-alkyl alcohols or fatty acids can have a biphasic effect on acyl chain disorder, with shorter
lengths increasing disorder and longer lengths decreasing it. These membrane composition-
dependent effects are superimposed on the inherent chemical and structural differences of each
lipophile.

Given this, the specificity of lipophile effects is likely to be mediated not by global changes
in membrane properties (though they can occur), but by alteration of the acyl chains of the
boundary lipids that are specifically associated with the connexins (Burt, 1989; Burt et al.
1991). With this in mind, one should not be surprised to find that different fatty acids, for
example, affect different connexins in a differential manner — this likely reflects the ability of
the fatty acids to have different efficiencies in acyl chain disruption for different lipids, and the
possible preference of different connexins to have different lipids around them. These
considerations no doubt contribute to the apparently contradictory claims and reports for the
effectiveness or ineflectiveness of specific fatty acids in inhibiting connexin channels. The
same logic follows for other lipophiles, offering the possibility, but not requirement, for a
degree of specificity among connexin isoforms, and for connexin channels.

It is interesting to think that the same factors account for the enbancement of connexin
junctional channel activity reported for y-linolenic acid (Jiang ez a/. 1997) and hemichannel
activity repotrted for quinidine/quinine (Malchow ef a/. 1994). Investigation of the ways in
which acyl chains are disrupted by lipophiles that have opposite effects on the same connexin

may be informative as to molecular mechanism.

7.4.1 Long chain n-alkyl alcohols

The #-alkyl alcohols heptanol and octanol produce a well-characterized, rapid, and reversible
inhibition of gap junctional conductance (Déleze & Hervé, 1983; Spray & Burt, 1990). At
the single-channel level, they reduce open-channel probability with little other effect
(Veenstra & DeHaan, 1988; Spray & Burt, 1990; Bastiaanse ez a/. 1997). The potency of

the effect of alkanols is inversely related to chain length. Hexanol is inactive at concen-
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trations at which alkanols with longer chains are active, and is used as a control (Spray,
1994). These alkanols are effective on almost all known connexins, the one exception being
cCx56, which is also unaffected by cytoplasmic acidification (Rup ef a/. 1993). Fluorescence
anisotropy experiments showed that the effects were specifically correlated with a decrease in
the fluidity of the cholesterol-rich membranes in which junctional channels reside, in spite of
an increase in bulk membrane fluidity elsewhere (Bastiaanse e a/. 1993). Use of an agent that
alters fluidity only of non-cholesterol-rich regions had no effect on the junctional channels.
These studies, and most applications of the #-alkyl alcohols, use concentrations of 1-2 mu.
At such concentrations, they inhibit a variety of membrane proteins (Armstrong & Binstock,
1964; Upreti et al. 1980; McLarnon & Quastel, 1984 ; Hirche, 1985; Quastel & Saint, 19806;
Llinds ez al. 1987; Takens-Kwak ef al. 1992; Garcia-Dorado ez al. 1997), and likely affect other
processes as well. However, recent studies in smooth muscle and cardiac myocytes make a
strong case for the selective action of the alkanols on connexin channels when used at
concentrations between 20 and 300 pum (Garcia-Dorado ez a/. 1997 ; Christ ef a/. 1999). In this
work, effects on other membrane and cellular processes did not occur below 1 mwm. It is
possible that this specificity occurs due to the localization of junctional channels in

cholesterol-rich membranes.

7.4.2 Fatty acids and fatty acid amides

Oleamide (¢is-9-octadecenamide) and anandamide (arachidonoyl-ethanolamide) are recently
described reversible inhibitors of gap junction communication (Venance ¢z a/. 1995a; Guan
et al. 1997; Boger et al. 1998a). They are fatty acid amides, members of a growing class of
membrane-localized signaling molecules (Devane ez a/. 1992; Di Marzo et al. 1994; Collin ez
al. 1995; Cravatt ef al. 1995; Maurelli ef a/. 1995; Giang & Cravatt, 1997). The cis-isomers
have more potent effects on coupling and greater membrane solubility than do the #rans-
isomers (Guan et al. 1997). These compounds have direct or indirect effects on many other
proteins, including 5-HT receptors (Huidobro-Toro & Harris, 1996; Boger e al. 1998b),
GABA receptors (Yost ef al. 1998), sodium channels (Verdon ez a/. 2000), calcium channels
(Gebremedhin e7 a/. 1999) and cannabinoid receptors (Collin ez a/. 1995). However, the effects
on coupling require substantially higher concentrations (um zersus 10-100 na) than for
effects on other channels. In addition, the structural requirements for activity are much less
specific (Boger ¢z al. 1999). Where investigated, the effects on connexins appear to be mediated
by G-protein-coupled receptors, rather than cannabinoid receptors (Venance ef al. 1995b;
Sagan et al. 1999), and may be dependent on cell type (Venance ef al. 1995b; Guan e al.
1997b). In some systems oleamide has been shown to have more specific effects than 40 pm
GA (glycyrrhetinic acid; see below) or 3 mu heptanol (Guan e# al. 1997). At present there are
no reported single-channel studies of fatty acid amide action. It was initially reported from
a projection map that oleamide induced a substantial change in connexin channel structure.
However, a preliminary report from a somewhat lower resolution 3D structure does not
reveal significant changes (Cheng ez a/. 2001).

A variety of fatty acids have inhibitory effects on junctional channels (Giaume ez a/. 1989;
Fluri et al. 1990; Burt ef a/. 1991; Hirschi ez al. 1993; de Haan ¢t a/. 1994 ; Lavado ¢t al. 1997).
Fatty acids, and particularly cis-unsaturated fatty acids, affect a wide variety of cellular
functions (cf. Ordway ez a/. 1989; Xiao et al. 1995, 1997 ; Xiao-Xian ef a/. 1998). In general,

activity is positively correlated with the degree of cZs-unsaturation and negatively correlated
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with chain length. The ability of fatty acids to affect the function of membrane proteins is a
function of their ability to induce disorder in the lipid acyl chains of the membrane (Anel ez
al. 1993). Thus the fact that #rans-oleamide is less effective than cis-oleamide may not reflect
specificity of action for connexins, only that the #rans isomer does not disrupt acyl chains as

much.

7.4.3 Halothane

The inhalation anesthetic halothane is widely used to inhibit junctional communication
(Palmer & Slack, 1969; Burt & Spray, 1989; Spray & Burt, 1990). It is the most
common agent used to reduce junctional conductance so that single-channel currents can
be recorded. Its effects are rapid, reversible and nontoxic. The effect at the single-
channel level is purely on gating; unitary conductance is not affected (Burt & Spray, 1988;
He & Burt, 2000). Where tested, different connexins (Cx40, Cx43) have slightly different
sensitivities to halothane (He & Burt, 2000). Surprisingly, heteromeric channels were sig-
nificantly less sensitive than either of the corresponding homomeric channels. This could
indicate that the structural changes induced by halothane are somewhat different for each
connexin, and that they can interfere with each other when in a heteromeric configuration.
Halothane appears to be effective on all connexins. As expected, its action is not specific for
connexin channels; it affects a large number of channels and receptors (reviewed in Rozental
et al. 2001). There is no reason to think that its mechanism of action on connexin channels
is different from its mechanism of action on other membrane proteins, or separate from its
actions as an anesthetic. Effects may be mediated by alteration of acyl chain packing, as for
the alkanols (Baber ¢ a/. 1995). On the other hand, recent work with model proteins shows
that halothane can bind with high affinity to appropriately sized hydrophobic cavities in

proteins to stabilize helix—helix configurations (Johansson e# a/. 2000).

7.5 Glycyrrhetinic acid and derivatives

The a and f stereoisomers of 18-glycyrrhetinic acid (GA) and a related compound, 18-
carbenoxolone (CA; GA-34-O-hemisuccinate) are naturally found in licorice, and reversibly
inhibit gap junction communication in long-term culture at low concentrations without
apparent toxicity at concentrations of 10-75 pm (Davidson ef al. 1986; Davidson &
Baumgarten, 1988; Goldberg ez al. 1995). These triterpinoid saponins can have toxic effects
at higher concentrations in long-term culture (Le & Musil, 1998). The reduction in coupling
is never complete; electrical coupling is reduced only about 25% and there is residual dye
coupling even at toxic concentrations (Martin e a/. 1991; Goldberg ¢ al. 1996). This could
indicate partial pore block or closure. There are no reported direct effects of either compound
on other ion channels. However several reports indicate nonspecific effects at concentrations
greater than 40 pm (Taylor ef al. 1998; Santicioli & Maggi, 2000) or even lower (Coleman ez
al. 2001). GA was noted to affect only junctional conductance at 10 pm, but affected connexin
phosphorylation patterns at the higher concentrations often used (Le & Musil, 1998). In one
study the effects of 10 pm GA on uncoupling were not accompanied by effects on other
channels, as was the case with lipophiles (Venance ez a/. 1998). There is some variability in
the effectiveness of GA on different connexins. It may therefore have a greater degree of
specificity for connexins or among connexins than other uncoupling agents. Aside from their

effects on connexin channels, GA and CA inhibit 114- and 3a-hydroxysteroid dehydrogenases,
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which metabolize cortisol to its inactive forms (Monder ¢ a/. 1989 ; Akao ez al. 1992), and are
responsible for the adverse effects of licorice abuse (Epstein e# a/. 1977; Cugini et al. 1983;
Benediktsson & Edwards, 1994; Kelly ¢z a/. 1998). The enzyme inhibitory effects and the
connexin inhibitory effects are both sensitive to isomeric structure and occur at similar
concentrations. The metabolic precursor, glycyrrhizic acid, can be used as a control. In the
absence of general or non-specific effects via the above enzymes, it seems likely that these
compounds act directly on connexin channels (Davidson & Baumgarten, 1988). There are no
reports of junctional insensitivity to these compounds, nor are there single-channel records
of their effects. The uncoupling is not accompanied by a change in connexin expression, but
is accompanied by disruption of the physical packing of the channels as seen by electron
microscopy and freeze-fracture. There are conflicting data on whether this change is
accompanied by phosphorylation in all connexins (Goldberg ez a/. 1996; Guan ef al. 1996), and
it clearly affects Cx26 channels, which lack CT phosphorylation sites (Zhang & Nicholson,
1989; George et al. 1998).

7.6 Cyclic nuclectides

An intriguing direct modulatory action of cAMP and ¢cGMP on hemichannels formed by
Cx32 and Cx26 has been demonstrated in the TSF system (Bevans & Harris, 1999b). The
effect is not mediated by a protein kinase, as in Section 7.1 above, but rather by direct
nucleotide interaction with a selective, high-affinity site on connexin itself; the effect occurs
in purified and reconstituted connexin, in the absence of cytoplasmic or native membrane
constituents. Accessibility to the site is apparently limited when the hemichannels are in
liposome membranes, where action requires millimolar concentrations. However, when
hemichannels in lipid-detergent micelles are exposed to nanomolar concentrations of the
nucleotides, channel activity was inhibited following incorporation into liposomes. This
inhibition was not reversible in the liposomes. The possibility of kinase activity is excluded
by the absence of ATP, divalent cations or native membrane components. The modulatory
sensitivity is specific for purine cyclic monophosphates (cPMPs), not occurring with
nanomolar levels of AMP, ADP, ATP, cTMP, or cCMP. It is not likely that the inhibition
of channel activity by cPMPs is due to physical occlusion of the pore, since cPMPs can
permeate reconstituted Cx32 channels (Bevans ef a/. 1998). The chemical specificity and
nanomolar affinity suggest a biological role.

These data are the first evidence of a modulatory high-affinity binding site for a second
messenger on connexin channels. Fitting of the dose-response data to the Hill equation
indicated subnanomolar K, and 7y between 1 and 2. The properties of homomeric Cx32 and
heteromeric Cx26:Cx32 channels were distinct but similar.

That activity inhibition persists in the absence of free nucleotide after reconstitution
suggests that once the cPMP is bound and the channel is incorporated into a membrane, it
is unable to dissociate. This ‘locking-in’ may occur by conformational changes secondary
to binding. Examples include the conformational changes that occur in calmodulin (Ikura ez
al. 1992; Meador ¢/ al. 1992) and the molecular chaperone DnaK (Zhu ef a/. 1996) upon
binding of peptide ligands. Binding at an active site can involve conformational changes that
stabilize the bound complex (Joseph e al. 1990; Jia et al. 1995), and render it inaccessible to
bulk solvent (Wierenga e al. 1992). Alternatively, dissociation of ligand may be blocked by
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membrane lipids, where the bound ligand is shielded from the aqueous phase by the
phospholipid bilayer following reconstitution.

Cyclic nucleotides can permeate some junctional channels (Tsien & Weingart, 1976; Pitts
& Simms, 1977; Lawrence et al. 1978; Murray & Fletcher, 1984; Piccolino e¢f a/. 1984;
Fletcher & Greenan, 1985; Qu & Dabhl, In Press) as well as hemichannels (Bevans ez a/. 1998),
so the inhibition at subnanomolar levels seems paradoxical. However, to inhibit the channels
already in membranes, millimolar levels are required, which are well above cytoplasmic
concentrations (Rich ez a/. 2000).

The activity of cyclic nucleotide analogs is informative regarding the nature of the binding
site and the structural requirements for ligand activity. Two fluorescent analogs, e-cAMP
(1,N®-etheno-cAMP) and MANT-cGMP (2’-(N-methylanthraniloyl)-cGMP, and the
photoaffinity reagent 8-azido-cAMP, were effective at the same concentrations as the parent
compounds. Since e-cAMP and 8-azido-cAMP are derivatized on the purine ring, and
MANT-cGMP derivatized on the ribose sugar, and all three are effective at nanomolar levels,
it appears that additions to the 2, 8, N® and 2"-hydroxyl groups do not preclude efficacy or
steric fit into the binding site.

There are several classes of cyclic nucleotide-binding sites. The most well-known is the
CAP family, which includes the E. co/i catabolite activator protein (CAP), cyclic nucleotide-
dependent protein kinases and cyclic nucleotide-gated ion channels (Weber e a/. 1989 ; Shabb
& Corbin, 1992). However, Cx32 and Cx26 do not contain the amino-acid sequences that
are strictly conserved at the cyclic nucleotide-binding domains of the CAP family. Neither is
there obvious sequence similarity with the postulated cGMP-binding domain of cGMP-
specific phosphodiesterases (PDE) (McAllister-Lucas ez a/. 1995).

Unlike the CAP and PDE families of cyclic nucleotide receptors, which have micromolar
affinities, the cAR1 and cAR3 chemoattractant receptors of Dictyostelium have nanomolar
affinities for cyclic nucleotides (Johnson ef a/. 1992), and mediate physiological responses at
subnanomolar levels (VanHaastert, 1995). Further analogy with the cAR family is provided
by the finding that MANT-cGMP is as effective on connexin as cGMP, suggesting that
substitutions at the ribose 2’-OH position do not intetfere with binding. An unsubstituted
ribose 2’-OH group is required for binding of cGMP by the CAP family of receptors (Francis
et al. 1990), but not for cAR1 receptors (VanHaastert & Kien, 1983).

The amino acids involved in the cyclic nucleotide binding to cAR1 have not yet been
identified. However, a region of 26 amino acids (148-173) thought to control access to the
binding pocket (Kim & Devreotes, 1994; Kim ¢/ a/. 1997) shows ~ 25% identity and
~ 60 % homology with a region of Cx32 and Cx26 that spans the cytoplasmic loop and the
third transmembrane domain (M3). The same level of identity and homology extends through
the 8 positions N-terminal to this sequence before dropping off. This sequence similarity is
only suggestive — further analogy with the cAR family must await positive identification of
the relevant amino acids.

+ x4+ X * o ++ X +k 4+ k4t
Cx26: 123-130: TQKVRIEG 131-155: SLWWTYTTSIFFRV-IFEAVFMYVFY
cAR1: 140-147: KNTVQFVG 148—-173: NWCWIGVSFTGYRFGLFYGPFLFIWA
Cx32: 122-129: RHKVHISG 130-154: TLWWTYVISVVFRL-LFEAVFMYVFY

+4+ k4 X k0 k4 kb kK 4 kb4

M3 domain of connexin

(*, Identity; +, homology; alignment and homologies from Align using BLOSUMS50)
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That connexin channels have subnanomolar specific affinities for cAMP and ¢cGMP and
that binding of these cyclic nucleotides closes connexin channels is likely to be of
physiological importance. One possible function is to keep hemichannels closed while they
are in Golgi or ER membranes. The binding site may be accessible during initial membrane
insertion and/or channel assembly, when cytoplasmic cPMPs could bind and thus ensute that
connexin hemichannels remain closed during trafficking to the plasma membrane. Docking
of apposed hemichannels to form the full intercellular channel could cause dissociation of
these nucleotides from connexin channels.

The apparent low affinity for cPMPs in liposomes could arise from restricted accessibility
to a high-affinity site, as would occur if the binding site were partially obscured by membrane
lipids, or if the reconstituted channel was only rarely in a conformation that enabled access
to the site. Cx32 is co-translationally inserted into ER membrane (Zhang ef a/. 1996; Falk ez
al. 1997). Intriguingly, it has been shown that during co-translational insertion of polytopic
membrane proteins, the transmembrane segments inserted through the ER membrane are
stabilized in a salt-accessible compartment, apparently not interacting directly with lipid
(Borel & Simon, 1996; Hanein ez al. 1996). Thus regions of a folded membrane protein that
will be later blocked from aqueous access by membrane lipid appear to be transiently
accessible to cytoplasmic components.

The fact that the cyclic nucleotide sensitivity is enhanced at least six orders of magnitude
by detergent leads to the suggestion that the micellar environment renders the cPMP binding
site(s) accessible. NMR studies show that non-denaturing detergent such as that used in the
TSF studies increases molecular motion of and accessibility to protein domains that are
exposed to lipid when in bilayers (Stopar ¢z a/. 1996 ; Kdlmdn ef al. 1997). There is particularly
enhanced accessibility to residues at the membrane-water transition (Spruijt ez a/. 1996; Stopar
et al. 1997). There is evidence that non-denaturing detergents do not fully coat the
hydrophobic surfaces of proteins (unlike SDS), leaving a somewhat open structure (Makino
et al. 1975; Cavalieti ez al. 1976) accessible to small, hydrophilic ligands.

Furthermore, the predicted number of amino-acid residues for connexin transmembrane
helices suggests that the hydrophobic core of the protein is relatively short, composed of five
helical turns (28 A) (Yeager & Gilula, 1992) rather than the six or more typical of a-helical
transmembrane segments of channel proteins (Bowie, 1997). Junctional channels may
require cholesterol or specific lipids to accommodate this reduced axial hydrophobic distance,
yet not occlude modulatory sites. In other systems, differences in membrane lipid composition
are known to affect accessibility to binding sites as well as other aspects of channel function
(Matthews, 1982; Reynolds, 1982; Devaux & Seigneuret, 1985; Conforti et a/. 1990; Ryan es
al. 1996; Zanello e¢f al. 1996; Bastiaanse ef al. 1997).

7.7 Other candidates

A recent paper describes a potentially direct gating effect of retinoids on junctional channels
and hemichannels in bass horizontal cells (Zhang & McMahon, 2000). All-#rans retinoic acid
produced a reversible drop in junctional conductance within minutes at 10 M concentrations
applied to the outside of the cells, but not from the inside. The bleached form had no effect.
The inhibition was unaffected by alteration of cytoplasmic ATP or GTP, addition of G-
protein inhibitor, non-specific and specific kinase inhibitors or phorbol ester. There was no

effect on normal non-junctional currents or glutamate- or kainate-induced currents. Effects
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were also seen in macroscopic hemichannel currents and on single hemichannels in excised
patches. The pharmacological profile suggests similarity to the retinoic acid receptor of the
f or v subtypes. The action in cells and in patches develops slowly (over minutes), which
could indicate an indirect action via membrane-delimited receptor-mediated effects.
Quinine and quinidine have enhancing effects on hemichannel currents of teleost Cx35
(Malchow et al. 1994; Dixon et al. 1996; White ez al. 1999; Al-Ubaidi et a/. 2000). The
mammalian (rodent) ortholog, Cx36, does not form functional hemichannels (Al-Ubaidi e# a/.
2000), but recent unpublished work shows that quinine has a reversible /nhibitory effect on
Junctional channels formed by rat Cx30, teleost Cx35, as well as Cx50 and perhaps Cx45
(Srinivas ef a/. 2001). No effect was seen on junctional channels formed by Cx26, Cx32, Cx40
or Cx43. Effects were seen at macroscopic and single-channel levels, and were consistent with
access from the cytoplasm. The EC50 was approximately 50 pm. The mechanism of channel
block /closure is unclear, but the rapid onset indicates a direct interaction between quinine
and the connexin channel. These data make clear that modulatory sensitivity (to quinine, in

this case) can differ for the hemichannel and junctional channel structural forms.

8. Connexinopathies

A rapidly growing literature documents physiological and developmental abnormalities
arising from defects in connexin expression and mutations in the connexin coding sequences.
These data come from human genetic studies and from studies of transgenic mice in which
connexin sequence or expression is altered. This literature has been reviewed and summarized
recently (Abrams & Bennett, 2000; Kelsell ¢7 a/. 2001a, b) and compilations of connexin
polymorphisms and disease-causing mutations can be found at www.iro.es/deafness.html,
www.uia.ac.be/dnalab/hhh/main.html, molgen-www.uia.ac.be/CMTMutations and at
NCBI's Online Mendelian Inheritance in Man server (www3.ncbi.nlm.nih.gov/omim/
searchomin.html). Syndromes associated with defects in specific connexins are listed in
Table 11.

Since most cells express more than one connexin, Table 11 makes clear that in most cases
one connexin cannot functionally compensate for the absence of another. This is confirmed
in studies showing that replacement of the expression of Cx43 with either Cx32 or Cx40 under
the control of the same promoter (a ‘knock-in’) results in partial rescue of the embryonic
lethal ‘knockout’ phenotype, but that isoform-specific developmental defects remain (Plum
et al. 2000). This is a clear demonstration of the specificity of the biological function of each
isoform. Other studies have shown that expression of Cx26 can exert negative growth control
of HeLa cells whereas expression of Cx40 or Cx43 cannot, even though all three successfully
mediate electrical coupling (Mesnil ¢# a/. 1995). Expression of Cx32 in pancreatic f-cells,
which endogenously express several other connexins, causes reduced glucose-induced release
of insulin (Charollais ez a/. 2000). On the other hand, Cx43 rescues an embryonic lethal
phenotype of a Cx31 knockout (Plum ez /. 2001), and either Cx43 or Cx45 can compensate
for the other to permit bone formation iz vitro (Minkoff et al. 1999).

For connexins, as for most membrane proteins, most mutations result in defects in
trafficking, folding or assembly (see VanSlyke ez a/. 2000). These defects typically produce a
functional knock-out of the affected connexin. They can also inhibit functional expression of
other connexins by a ‘dominant negative’ effect via heteromultimerization with non-mutant

connexins. In addition, by analogous mechanism it is possible that mutant connexins could
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Table 11. Connexinopathies

Connexin Pathology System Possible mechanism
Cx26 Recessive non-syndromic deafness (DFNB1)  Human Impaired circulation of
(Kelsell et al. 1997) K* to endolymph via
sensory hair cells,
supporting cells and
fibrocytes in cochlea
Dominant non-syndromic deafness (DFNA3)  Human
(Kelsell et al. 1997)

Palmoplantar keratoderma (PPK) (mutational Human

overlap with DFNA3; abnormal callusing
of palms and soles) (Kesell ez a/. 2000)

Vohwinkel syndrome (VS) (mutational Human

overlap with DFNA3; deafness and
callusing of digits leading to
autoamputation) (Maestrini e a/. 1999)

Embryonic lethal (Gabriel e# a/. 1998) Mouse KO Impaired transfer of
glucose across the
trophoblast layers of
the placenta

Cx30 Dominant nonsyndromic deafness (DFNA3)  Human
(Grifa ez al. 1999)
Clouston’s hidrotic ectodermal dysplasia Human
(HED) (palmoplantar hyperkeratosis, hair
and nail defects) (Lamartine ez a/. 2000)
Cx30.3 Ethrythrokeratoderma variabilis (EKV) Human
(hyperkeratosis and red patches in skin)
(Macati et al. 2000)
Cx31 Progressive high-tone deafness (Xia e# al. Human
1998)
Ethrythrokeratoderma variabilis (EKV) Human
(hyperkeratosis and red patches in skin)
(Richatd ez al. 1998)
Dominant and recessive nonsyndromic Human
deatness (Coucke ¢7 al. 1999; Liu et al.
2000)
Peripheral neuropathy (Lopez-Bigas ez al. Human
2001)
60 % embryonic lethal due to placental Mouse KO Reduced labyrinth and
dysmorphogenesis (Plum ef a/. 2001) spongiotrophoblast size
Cx32 X-linked form of Charcot-Marie—Tooth Human Impaired function of
disease (CMTX), peripheral demyelinating reflexive junctions
neuropathy) (Bergoffen ez a/. 1993) between myelin layers
(Scherer et al. 1995)
Late-onset disorganization of peripheral Mouse KO Impaired function of
myelin (Anzini ez al. 1997 ; Scherer et al. reflexive junctions
1998) between myelin layers
(Scherer et al. 1995)
Enhanced susceptibility to hepatic tumors Mouse KO
(Temme ez al. 1997)
Compromised hepatic glucose mobilization Mouse KO
(Chanson ef al. 1998)
Enhanced susceptibility to chemical Mouse
hepatocarcinogenesis; delayed liver liver KO
regeneration (Omori e a/. 2001)
Cx36 Cortical asynchrony; defect in retinal Mouse KO Disrupted electrical

processing (Guldenagel ez al. 2001)

coupling
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Connexin Pathology System Possible mechanism
Cx37 Polymorphic marker for atherosclerotic Human
plaque development (Boerma e a/. 1999)

Infertility (Simon ez a/l. 1997) Mouse KO Arrested oocyte
maturation due to
impaired coupling
between oocytes and
granulosa cells

Cx40 Cardiac conduction defects and impaired Mouse KO Impaired cardiac
regulation of vasodilation (Kirchhoff ez a/. clectrical coupling
1998 ; Simon e al. 1998)
Cx43 Visceroatrial heterotaxia (defect in left-right Human
asymmetry leading to cardiac malformations
and multiple organ defects) (Britz-
Cunningham ez /. 1995) and hypoblastic
left heart syndrome (Dasgupta ez a/. 2001)
Perinatal lethal: defects of conotruncus and Mouse KO Disruption of neural
right ventricle leading to obstruction of crest cell migration
cardiac outflow (Reaume ef a/. 1995;
Sullivan et al. 1998)
Craniofacial abnormalities and delayed Mouse KO Osteoblast defect
skeletal ossification (Lecanda ez /. 2000)
Small gonads, paucity of germ cells and Mouse KO
immature follicles (Juneja et a/. 1999)

Structural defect in lens (Gao & Spray, 1998) Mouse KO  Altered osmotic balance
in the lens

Diverse congenital abnormalities (spina Mouse,

bifida, anencephaly, myeloschisis, limb embryonic-
malformation, cleft palate, failure of knockdown
hematopoiesis, cardiovascular deformity)
(Becker et al. 1999)
Defects in hematopoesis (Montecino- Mouse KO
Rodriguez ez a/l. 2000)
Sudden cardiac death due to ventricular Mouse Slowed ventricular
arrhythmia (Gutstein ef /. 2001) cardiac KO  conduction velocity
and increased
anisotropy
Hypotension and bradycardia (Liao e# al. Mouse Elevation of plasma
2001) endothelial NO
KO
Cx45 Embryonic lethal: defective cardiogenesis and  Mouse KO
vasculogenesis (Kruger ez 2/. 2000; Kumai
et al. 2000)
Cx46 Autosomal dominant zonular pulverulent Human
cataract (Mackay e a/. 1999)
Nuclear cataracts at 2-4 wk (Gong ez al. Mouse KO Altered calcium
1997) homeostasis
Cx50 Autosomal dominant zonular pulverulent Human
cataract and microphthalmia (Berry e# al.
1999)
Autosomal dominant zonular pulverulent Mouse KO
cataract and microphthalmia (White ez a/.
1998)
Nuclear opacity cataract (Steele ef al. 1998) Mouse KO
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disrupt the function of other proteins with which they interact directly. When the mutants
form functional channels, the pathology could be caused by altered permeability properties
or by altered channel regulation. While the information in Table 11 makes clear the medical
importance of appropriately functioning connexin channels, and facilitates funding of
connexin research, it is not informative regarding the molecular bases of the pathological
conditions — What are the molecules that must permeate junctional channels to produce a
normal phenotype? What are the molecular signals that erroneously or abnormally pass
through connexin channels to cause problems? How does the biophysics of connexin channels
determine the changes in intercellular signaling that produce pathology? What are the
downstream molecular events that are disrupted because of defects in connexin channel
function?

To answer these questions it may be useful to examine the properties of mutated
connexins that form functional channels yet cause physiological or developmental defects. By
such examination one can hope to infer the molecular basis of the defect, or at least to identify
the functional property of the connexin that is responsible. Unfortunately, for most
connexins, at this time the number of identified mutants that form functional channels is small.
Naively, one expects the mutations in the CL and CT domains to primarily affect channel
regulation, and mutations in the other domains to affect the pore or voltage dependence
directly or indirectly, and chemical regulation indirectly.

Cx32 mutants are the most widely studied, due to the extraordinary number of CMTX-
inducing human mutations, which are distributed across the entire coding sequence. As will
probably be the case for other connexins, there is good evidence that mutations in Cx32 cause
other, perhaps subclinical, syndromes in addition to CMTX (Abrams ez a/. 2000). Several
CMTX Cx32 mutants form functional channels in oocytes and/or transfected mammalian
cells (comprehensively reviewed in Abrams e# a/. 2000). Point mutations are located in M1,
E2 and CL. One mutation produces a 5-residue deletion in the CL, and several mutants lead
to truncation of the CT from C217 onward. Some of the mutants show a shift in the
conductance-voltage relations so that the occupancy of the low-conductance 1”-induced
substate is favored (e.g. Oh ef a/. 1997). Presumably this substate permits electrical coupling
but inhibits most molecular movement. Other mutants show enhanced sensitivity to
cytoplasmic acidification [e.g. E102G and Del111-116 in the CL and R220stop in the CT
(Ressot e al. 1998)]. However, the behavior of some mutants is only minimally altered,
showing no significant alteration of steady-state G-I properties or pH sensitivity, e.g. L56F
(Ressot ez al. 1998). One of these is the S26L mutant described in Section 4.1, which seems
to narrow the pore (Oh ef a/. 1997). It is noteworthy that moderate narrowing of Cx32
channels correlates with reduced permeability to cyclic nucleotides (Bevans e a/. 1998).

Most of the mutations of Cx26, Cx30.3 and Cx31 known to cause deafness and skin
disorders are early truncations. The missense mutations that have been functionally
characterized do not form channels and can act as dominant negatives (Richard ez a/. 1998,
2000; White, 2000).

The polymorphism of Cx37 reported to be a marker for atherosclerotic plaque development
(P319) was studied at the single-channel level expressed in RIN cells. The plasma
membrane expression, junctional channel formation, unitary conductance and voltage
dependence was unaltered compared with S319, which is not correlated with plaque
development (Kumari e a/. 2000). This suggests that the P319 polymorphism, which is in the

CT domain, affects modulation of channel gating by factors other than voltage.
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The somatic point mutation in Cx43 that appears to cause the laterality defects in humans
(S364P) is also located in the CT domain (Dasgupta ef a/. 2001). Removal of the wild-type
serine at this position alters the modulatory effects of phosphorylation at this site.

In Cx46, the point mutation N63S in E1 is sufficient to cause cataracts in humans (Mackay
et al. 1999). It does not form junctional channels in Xenopus oocytes (Pal ez al. 2000).

The P88S mutation in Cx50 (in M2; see Section 6.2.2) that causes cataracts in humans does
not form junctional channels in the Xenopus system, and functions as a dominant negative (Pal
et al. 1999). The D47A mutation in E1 that causes cataracts in mice does not form functional
channels in the Xenopus system (Xu & Ebihara, 1999).

The use of pathology-producing mutations to explore connexin structure—function is still
in its infancy. One hopes that as more of the mutations are screened functionally that
promising candidates for study will be identified.

9. Summary

This summary is a proposed synthesis of available information for the non-specialist. It does
not incorporate all the published data, is inconsistent with some, and reflects the biases
of the author.

Connexin proteins have a common transmembrane topology, with four o-helical
transmembrane domains, two extracellular loops, a cytoplasmic loop, and cytoplasmic N- and
C-terminal domains. The sequences are most conserved in the transmembrane and
extracellular domains, yet many of the key functional differences between connexins are
determined by amino-acid differences in these largely conserved domains. Each extracellular
loop contains three cysteines with invariant spacing (save one isoform) that are required for
channel function.

The junctional channel is composed of two end-to-end hemichannels, each of which is a
hexamer of connexin subunits. Hemichannels formed by some connexin isoforms can
function as well-behaved, single-membrane-spanning channels in plasma membrane. In
junctional channels, the cysteines in the extracellular loops form intra-monomer disulfide
bonds between the two loops, not intermonomer or inter-hemichannel bonds. The end-to-
end homophilic binding between hemichannels is via non-covalent interactions. Mutagenesis
studies suggest that the docking region contains f structures, and may resemble to some
degree the f-barrel structure of porin channels. The two hemichannels that compose a
junctional channel are rotationally staggered by approximately 30° relative to each other so
that the a-helices of each connexin monomer are axially aligned with the a-helices of two
adjacent monomers in the apposed hemichannel. At present there is a published 3D map with
7:5 A resolution in the plane of the membrane, based on electron cryomicroscopy of 2D
crystals of junctional channels formed by C-terminal truncated Cx43. The correspondence
between the imaged transmembrane a-helices and the known transmembrane amino-acid
sequences is a matter of debate.

Each of the approximately 20 connexin isoforms produces channels with distinct unitary
conductances, molecular permeabilities, and electrical and chemical gating sensitivities. The
channels can be heteromeric, and subfamilies among connexins largely determine heteromeric
specificity, similar to the specificities within the voltage-dependent potassium channel

superfamily. The second extracellular loop contains the primary determinants of the
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specificity of hemichannel-hemichannel docking (analogous to the tetramerization domain of
potassium channels).

The 7-5 A map shows that each monomer exposes only two transmembrane a-helices to
the pore lumen. However the conductance state of the imaged structure and the effects of
the C-terminal truncation are unknown, so it is possible that other transmembrane domains
contribute to the lumen in other functional states of the channel.

In the transmembrane region, SCAM and mutagenesis data suggest that parts of the first
three transmembrane a-helices are exposed to the lumen. Some of these data are contradictory,
but may reflect conformational or isoform differences. There is reason to think that the first
part of the N-terminal cytoplasmic domain can line the pore in some conformations. In the
extracellular part of junctional channels, the N-terminal portion of the first extracellular loop
is exposed to the lumen.

The unitary conductances through connexin channels vary over an order of magnitude,
from 15 pS to over 300 pS. There is a range of charge selectivities among atomic ions, from
slightly anion selective to highly cation selective, which does not correlate with unitary
conductance. There appear to be substantial ion—ion interactions within the pore, making the
GHK model of assessing selectivities of limited value. Pores formed by different connexins
have a range of limiting diameters as assessed by uncharged and charged probes, which also
does not correlate with unitary conductance (i.e. some have high conductance but have a
narrow limiting diameter, and vice versa). Channels formed by different connexins have
different permeabilities to various cytoplasmic molecules. Where it has been assessed, the
selectivity among cytoplasmic molecules is substantial and does not correlate in an obvious
manner with the size selectivity data derived from fluorescent tracer studies, suggesting there
are chemical specificities within the pore that enhance or reduce permeability to specific
cytoplasmic molecules, functionally analogous to the ability of some porins to facilitate
transport of specific substrates. For example, heteromeric channels with different
stoichiometries or arrangements of isoforms can distinguish among second messengers. The
differences in permeability to cytoplasmic molecules have biological consequences; in most
cases one connexin cannot fully substitute for another.

Voltage and chemical gating mechanisms largely operate within each hemichannel, though
there is evidence for inter-hemichannel allosteric effects as well. There are at least two distinct
gating mechanisms. One (I/;-gating) is a voltage-driven mechanism that governs rapid
transitions between conducting states. Its voltage sensor involves charges in the first several
positions of the cytoplasmic N-terminal domain and possibly in the N-terminal part of the
first extracellular loop, which may both be exposed to the lumen of the pore in some states.
The polarity of 17-gating sensitivity is connexin-specific, closing with depolarization for
some connexins and with hyperpolarization for others. The polarity can be reversed by point
mutations at the second position. The lower conductance states induced by I7-gating
correspond to physical restrictions of the pore, and thus restricted or eliminated molecular
permeation. Since the channels are not fully closed by 1;-gating, it can be seen as a way to
eliminate molecular signaling while leaving electrical signaling operational.

A second, independent gating mechanism mediates slow transitions (~ 10-30 ms) into and
out of non-conducting state(s). These transitions can occur in response to voltage (‘loop
gating’), chemical factors such as pH and lipophiles (‘chemical gating’), and the docking of
two hemichannels (sometimes called the ‘docking gate’). These slow transitions may reflect

a common structural change induced by these several effectors (electrical, chemical and
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homodimerization). Alternatively, they could reflect distinct gating processes responding to
one or more of these effectors, that are indistinguishable at the single-channel level and
have yet to be resolved mechanistically.

The slow or loop gate closes with hyperpolarization. As a result, where 17;-gating closes
with depolarization, individual hemichannels can close in response to both polarities of
voltage (but only to a subconductance state for the 1/;-gating polarity). Because of this, it is
difficult to assign a macroscopic voltage sensitivity, or its modification due to mutagenesis,
chemical modification or heteromeric interactions, to one or the other of these very distinct
voltage-sensitive processes. This distinction can be made reliably only at the single-channel
level.

The 17;-gating voltage sensor and the loop-gating voltage sensor appear to be independent
structures, since the 1/;-gating voltage sensitivity can modified without effect on loop gating.
For some connexins, certain modifications of the C-terminal domain seem to interfere with
the operation of the /;-gate while leaving loop gating unaffected.

In some connexins, but not all, the chemical sensitivity to pH can involve interactions
between regions of the C-terminal domain and cytoplasmic loop. Whether these regions exert
their effects directly by physically blocking the pore, or by allosteric mechanisms (which may
be more consistent with the relatively long time-course of closure) is not clear. For several
connexins, truncation of the C-terminal domain eliminates the pH sensitivity, and co-
expressing the domain with the truncated connexin restores the pH sensitivity. This has a
functional resemblance to the particle-receptor mechanism for N-type inactivation of Shaker
channels. What is being protonated is not clear, and may involve cytoplasmic factors, such
as endogenous aminosulfonates. For other connexins, the action of pH does not involve the
C-terminal domain and seems due to direct protonation of connexin.

PKC phosphorylation of serine(s) in the C-terminal domain can affect the substate
occupancy of at least one connexin. Phosphorylation of serines in the C-terminal domain by
MAP kinase appears to facilitate an interaction between it and an unknown receptor domain
to eliminate coupling. This process has yet to be studied at the single-channel level. It also
has a functional analogy to the particle-receptor model of channel inactivation. Both MAP
kinase phosphorylation-induced and pH-induced inhibition can be mediated in truncated
connexins by the corresponding free peptide. However, the relation between these two
mechanisms are unexplored, as are specific mechanisms of direct endogenous regulation of
connexin channel activity.

Major questions include:

(1) What are the pore-lining sequences and how do they change in the different conductance
states?

(2) What are the determinants of molecular permeability among cytoplasmic molecules?

(3) How does heteromericity influence channel function?

(4) What are the structural gating elements and conformational changes that underlie the
rapid transitions of [”-gating?

(5) What is the relationship between the loop, chemical and docking gating processes, and
what are the conformational changes that accompany each?

(6) What is the structural basis of hemichannel-hemichannel docking and its relation to
opening of hemichannels?

(7) What are the cytoplasmic ligands that regulate connexin channel function?
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(8) Are there fundamental mechanistic or structural differences in the gating and permeability

processes of different connexins?

The stage is set for direct, molecular analysis of these issues. One looks forward to the
application of the approaches that reveal structural interactions and dynamics that have
been applied recently to other channels, and to higher resolution structural maps. Information
from such studies, guided by an awareness of the intimate and fundamental biological
function of connexin channels, will help us to understand the link between molecular

mechanisms and what cells are able to do if they talk to each other.

10. Acknowledgements

The author thanks the many investigators who provided the results of unpublished studies.
Thanks are also due to the following people for their critical reading of all or part of the
manuscript: Ted Bargiello, Peter Brink, Douglas Fambrough, Daniel Goodenough, Jim
Hall, Bruce Nicholson, David Paul, Vytas Verselis and Mark Yeager. The author also
expresses his appreciation to the instigator of this review, Chris Miller, who was so
patient with the delay in its completion that he is no longer on the Editorial Board
of this Journal. This article was written with the financial support of NIH grants GM36044

and GM61406.

Il. References

ABNEY, J. R., Brauvn, J. & Owicki, J. C. (1987). Lateral
interactions among membrane proteins. Implications
for the organization of gap junctions. Biophys. J. 52,
441-454.

ABrawms, C. K. & Bexxerr, M. V. L. (2000). Hereditary
human diseases caused by connexin mutations. In
Gap Junctions: Molecular Basis of Cell Communication in
Health and Disease (ed. C. Peracchia), pp. 423-459. San
Diego: Academic Press.

Asrams, C. K., On, S., R1, Y. & Barcrerro, T. A.
(2000). Mutations in connexin 32: the molecular and
biophysical bases for the X-linked form of Charcot—
Marie—Tooth disease. Brain Res. Rev. 32, 203-214.

AbriaN, R. H. (1961). Internal chloride concentration
and chloride efflux of frog muscle. J. Physiol. (Lond.)
156, 623-632.

AnMmap, S., Diez, J. A., Georcg, C. H. & Evans,
W. H. (1999). Synthesis and assembly of connexins in
vitro into homomeric and heteromeric functional gap
junction hemichannels. Biochem. ]. 339, 247-253.

A1, Z. W., FiscHER, A., Spray, D. C., BRown, A. M. C.
& Frsuman, G. 1. (2000). Wnt-1
connexin43 in cardiac myocytes. J. ¢lin. invest. 105,
161-171.

AxkaBas, M. H., Kaurmann, C., ARCHDEACON, P. &
KarLiN, A. (1994). Identification of acetylcholine

regulation of

receptor channel-lining residues in the entire M2
segment of the alpha subunit. Newron 13, 919-927.

AxAct, H. & MicLepr, R. (1988). Expression of glycine
and other amino acid receptors by rat spinal cord
mRNA in Xenopus oocytes. Neurosci. Lett. 95,
262-268.

Axkao, T., Terasawa, T., Hiar, S. & Kosasur, K.
(1992). Inhibitory effects of glycyrrhetinic acid deriva-
tives on 11 beta- and 3 alpha-hydroxysteroid dehydro-
genases of rat liver. Chem. Pharm. Bull. 40, 3021-3024.

Avr-Usarpi, M. R., Warrg, T. W., Rieps, H., Poras, 1.,
AvNERr, P., GowmEes, D. & Bruzzong, R. (2000).
Functional properties, developmental regulation, and
chromosomal localization of murine connexin36, a
gap-junctional protein expressed preferentially in
retina and brain. J. neurosci. Res. 59, 813-826.

H., Dvykes, I.M., Bacon, J.P. &
Daviges, J. A. (2000). Novel innexins in snails and
leeches. Eur. ]. Neurosci. 12 (Suppl. 11), 15.

ALVAREzZ, ]. (1973). Transfer of material from cell to
cell. Acta Physiol. Lationoamer. 23, 597-598.

Avves, L. A., CountiINHOSILVA, R., PERSECHINT, P. M.,

ALEXOPOULOS,

Seray, D. C., Savino, W. & Camros DE CARVALHO,
A. C. (1996). Are there functional gap junctions or
junctional hemichannels in macrophages? Blood 88,
328-334.

Avrves, L. A., Nruez, O. K., Fonseca, P. C., CaMPOSs DE
Carvarno, A. C. & Savivo, W. (2000). Gap junction
modulation by extracellular signaling molecules: the
thymus model. Braz. J. med. biol. Res. 33, 457-465.



ANEL, A., Ricuieri, G. V. & KLEINFELD, A. M. (1993).
Membrane partition of fatty acids and inhibition of T
cell function. Biochemistry 32, 530-536.

ANUMONWO, J. M. B., TarrET, S. M., Gu, H., CHANSON,
M., Moreno, A.P. & DEermar, M. (2001). The
carboxy terminal domain regulates the unitary con-
ductance and voltage-dependence of connexin40 gap
junction channels. Circ. Res. 88, 666-673.

AnziNi, P., Neuserg, D. H. H.,
NeLLes, E., WILLECKE, K., ZIELASEK, ]., Toyka,
K. V., Suter, U. & MarTing, R. (1997). Structural

abnormalities and deficient maintenance of peripheral

SCHACHNER, M.,

nerve myelin in mice lacking the gap junction protein
connexin 32. J. Newurosci. 17, 4545-4551.

AreLLANO, R. O.; Woopwarp, R. M. & Mirepi, R.
(1995). A monovalent cationic conductance that is
blocked by extracellular divalent cations in Xenopus
oocytes. J. Physiol. (Lond.) 484, 593—604.

ArMSTRONG, C. M. & Bezanrmira, F. (1977). Inac-
tivation of the sodium channel. II. Gating current
experiments. . gen. Physiol. 70, 567-590.

ARMSTRONG, C. M. & Binstock, L. (1964). The effects
of several alcohols on the properties of the squid giant
axon. J. gen. Physiol. 48, 267-277.

ArvaNITAKI, A. (1942). Effects evoked in an axon by the
activity of a contiguous one. J. Neurophysiol. 5, 89—
108.

ATkINsON, M. M., Menko, A.S., JonnsoN, R.G.,
SuePPARD, J. R. & SuEerIDAN, J. D. (1981). Rapid
and reversible reduction of junctional permeability in
cells infected with a temperature-sensitive mutant of
avian sarcoma virus. J. Cell Biol. 91, 573-578.

AuerBAcH, A.A. & Benxxerr, M. V. L. (1969). A
rectifying electrotonic synapse in the central nervous
system of a vertebrate. J. gen. Physiol. 53, 211-237.

AXELROD, D., KorpEL, D. E., SCHLESSINGER, ]., ELSON,
E. & Wess, W. W. (1976). Mobility measurement by
analysis of fluorescence photobleaching recovery
kinetics. Biophys. J. 16, 1055-1067.

Baser, J., ErLexa, J.F. & Cariso, D.S. (1995).
Distribution of general anesthetics in phospholipid
bilayers determined using 2H NMR and 1H-1H NOE
spectroscopy. Biochemistry 34, 6533-6539.

Bacskar, B.J., HocuxEer, B., Manaur-Smrta, M.,
Apawms, S. R., Kaang, B. K., Kaxper, E.R. &
Tsien, R. Y. (1993). Spatially resolved dynamics of
cAMP and protein kinase A subunits in Aplysia
sensory neurons. Science 260, 222-226.

Bargent, S., Stark, J. & WaRNER, A. (1997). Mod-
elling the effect of gap junction nonlinearities in
systems of coupled cells. J. #heor. Biol. 186, 223-239.

BakERr, T. S., Caspar, D. L. D., HoLLinGsHEAD, C. ] &
GoopenouGH, D. A. (1983). Gap junction structures.
IV. Asymmetric features revealed by low-radiation
microscopy. J. Ce// Biol. 96, 204-216.

Connexin channels 439

Baker, T. S., SosiNnsky, G. E., Caspar, D. L. D., GaLr,
C. & GoopenoucH, D. A. (1985). Gap junction
structures. VII. Analysis of connexon images obtained
with cationic and anionic negative stains. J. molec. Biol.
184, 81-98.

BaLLestEROS, J. A. & WEINSTEIN, H. (1992). Analysis
and refinement of criteria for predicting the structure
and relative orientations of transmembrane helical
domains. Biophys. ]. 62, 107-109.

BaLLESTEROS, J. A. & WEINSTEIN, H. (1995). Integrated
methods for modeling G-protein coupled receptors.
Meth. Neurosci. 25, 366-428.

Banach, K., Ramaxan, S. V. & Brixg, P. R. (2000).
The influence of surface charges on the conductance
of the human connexin37 gap junction channel.
Biophys. . 78, 752-760.

Banach, K. & WEINGARrT, R. (2000). Voltage gating of
cx43 gap junction channels involves fast and slow
current transitions. Pfligers Arch. 439, 248-250.

BarcGreLro, T. A., On, S., Ry, Y., Purnick, P. E. M. &
VEerseLts, V. K. (2000). Molecular determinants of
voltage gating of gap junctions formed by connexin32
and 26. In Gap [Junctions: Molecular Basis of Cell
Communication in Health and Disease (ed. C. Peracchia),
pp- 297-313. San Diego: Academic Press.

Barrow, D.J. & TaorxtON, J. M. (1988). Helix
geometry in proteins. J. molec. Biol. 201, 601-619.
Bargr, L. (1963). Propagation in vertebrate visceral

smooth muscle. J. theor. Biol. 4, 73-85.

Barr, L., DEwey, M. M. & Bercer, W. (1965).
Propagation of action potentials and the structure of
the nexus in cardiac muscle. . gen. Physiol. 48,
797-823.

Barrro, L. C., CapEL, J., JariLro, J. A., Castro, C. &
ReviLLa, A. (1997). Species-specific voltage-gating
properties of connexin-45 junctions expressed in
Xenopus oocytes. Biophys. J. 73, 757-769.

Barrio, L. C.,, REviLLa, A., GOMEzZ-HERNANDEZ, |. M.,
DE MiGueL, M. & GonzaLez, D. (2000). Membrane
potential dependence of gap junctions in vertebrates.
In Gap Junctions: Molecular Basis of Cell Communication
in Health and Disease (ed. C. Peracchia), pp. 175-188.
San Diego: Academic Press.

Barrrio, L. C., Sucuy~Na, T., BarcieLro, T. A., Xu,
L. X., Rocinskr, R.S., Bexnerr, M.V.L. &
Nicuowrson, B. J. (1991). Gap junctions formed by
connexins 26 and 32 alone and in combination are
differently affected by applied voltage. Proc. natn.
Acad. Sci. USA 88, 8410-8414.

Bastraansg, E. M., HoLp, K. M. & VAN DER LAARSE,
A. (1997). The effect of membrane cholesterol content
on ion transport processes in plasma membrane.
Cardiovasc. Res. 33, 272-283.

Bastiaaxse, E. M., Jongsma, H. J., VAN DER LAARSE,
A. & Takens-Kwaxk, B. R. (1993). Heptanol-induced
decrease in cardiac gap junctional conductance is

mediated by a decrease in the fluidity of membranous



440 Andrew L. Harris
cholesterol-rich domains. J. Mewbr. Biol. 136, 135~
145.

Beanm, D. L. & Havr, J. E. (In Press). Hemichannel
and junctional properties of connexin 50. Biophys. ].

BearpsLee, M. A., LaiNng, ].G., Bever, E.C. &
Sarrrrz, ]. E. (1998). Rapid turnover of connexin43
in the adult rabbit heart. Circ. Res. 83, 629-635.

BesLo, D. A. & VEENsTRA, R. D. (1997). Monovalent
cation permeation through the connexin40 gap
junction channel. J. gen. Physiol. 109, 509-522.

Besro, D. A., WaNG, H. Z., BEver, E. C., WESTPHALE,
E. M. & VEExsTtrRA, R.D. (1995). Unique conduc-
tance, gating, and selective permeability properties of
gap junction channels formed by connexin40. Cire.
Res. 77, 813-822.

BeckEer, D. L., Cook, J.E., Davies, C.S., Evaxs,
W. H. & Gourprg, R. G. (1998). Expression of major
gap junction connexin types in the working myo-
cardium of eight chordates. Ce// Biol. Int. 22, 527-543.

BeckEr, D. L., McGo~NELL, 1., MAKARENKOVA, H. P.,
Parter, K., Tickrg, C., LorRIMER, J. & GREEN,
C. R. (1999). Roles for alpha 1 connexin in morpho-
genesis of chick embryos revealed using a novel
antisense approach. Dev. Genet. 24, 33-42.

BexeDIKTSSON, R. & EpWARDS, C. R. (1994). Apparent
mineralocorticoid excess. J. Hum. Hypertens. 8, 371—
375.

BexxerT, M. V. L. (1966). Physiology of electrotonic
junctions. Amn. NY Acad. Sci. 137, 509-539.

BexxerT, M. V. L. (1977). Electrical transmission: a
functional analysis and comparison to chemical
transmission. In Cellular Biology of Neurons, Handbook
of Physiology: The Nervous System (ed. E. R. Kandel),
pp- 357-416. Baltimore: Williams and Wilkins.

Bennerr, M. V. L., Arjurg, E., Nakajma, Y. &
Parras, G. D. (1963). Electrotonic junctions between
teleost spinal neurons: electrophysiology and ultra-
structure. Science 141, 262-264.

Bennerr, M. V. L. & AuersacH, A. A. (1969). Cal-
culation of electrical coupling of cells separated by a
gap. Anat. Rec. 163, 152.

BexxerT, M. V. L., RuBiN, J. B., Barcrerro, T. A. &
VERseLts, V. K. (1993). Structure-function studies of
voltage sensitivity of connexins, the family of gap
junction forming proteins. Jpn. J. Physiol. 43 (Suppl.),
S301-8310.

Bexnerr, M. V.L. & Spira, M. E. (1968). Rapid
changes in electrotonic coupling between blastomeres
of Fundulus eggs. J. Cell Biol. 67, 27a.

BexneTT, M. V. L. & TRINKAUS, J. P. (1970). Electrical
coupling between embryonic cells by way of extra-
cellular space and specialized junctions. J. Ce// Biol. 44,
592-610.

BexnerT, M. V. L. & VErseLs, V. K. (1992). Bio-
physics of gap junctions. Semin. Cell Biol. 3, 29-47.
BenxerT, M. V. L., VErsELIs, V. K., WhrtE, R. L. &

Seray, D. C. (1988). Gap junctional conductance:

gating. In Modern Cell Biology, V'ol. 7: Gap Junctions
(eds. E. L. Hertzberg & R. G. Johnson), pp. 287-304.
New York: Alan R. Liss.

BenneTT, M. V. L., ZHENG, X. & SoGIN, M. L. (1994).
The connexins and their family tree. Soc. gen. Physiol.
Ser. 49, 223-233.

Bexz, R., ErserT, R.; Prass, W. & Rixcsporr, H.
(1986). Polymerization in black lipid membranes.
Influence on ion transport. Eur. Biophys. . 14, 83-92.

BERGOFFEN, J., ScHERER, S.S., Wang, S., Scorr,
M. O,, Bong, L. J., Paur, D. L., CuenN, K., LExscH,
M. W., Caaxce, P. F. & Fiscaseck, K. H. (1993).
Connexin mutations in X-linked Charcot—Marie—
Tooth disease. Science 262, 2039-2042.

BerNaArDINI, G., PERACCHIA, C. & PErRAcCcHIA, L. L.
(1984). Reversible effects of heptanol on gap junction
structure and cell-to-cell electrical coupling. Eur. ].
Cell Biol. 34, 307-312.

Berry, V., Mackay, D., KnaLriq, S., Francis, P. J.,
Hameep, A., ANwar, K., Menb, S. Q., NEWBOLD,

T &

BraTTACHARYA, S. S. (1999). Connexin 50 mutation

R. J., Tonipes, A., SuieLs, A., MOORE,
in a family with congenital ‘zonular nuclear’ pulver-
ulent cataract of Pakistani origin. Hum. Genet. 105,
168-170.

BerTHOUD, V. M., BAssNETT, S. & BEYER, E. C. (1999).
Cultured chicken embryo lens cells resemble differen-
tiating fiber cells in vivo and contain two kinetic pools
of connexin56. Exp. Eye Res. 68, 475-484.

BerraOUD, V. M., BEYER, E. C. & Seur, K. H. (2000).
Peptide inhibitors of intercellular communication.
Am. . Physiol. Physiol. 279,
L619-1.622.

Bevans, C. G. & Harris, A. L. (1999a). Regulation of

connexin channels by pH: direct action of the

Lung  cell.  molec.

protonated form of taurine and other amino-
sulfonates. J. biol. Chem. 274, 3711-3719.

Bevans, C. G. & Harris, A. L. (1999b). Direct high
affinity modulation of connexin channel activity by
cyclic nucleotides. [. biol. Chem. 274, 3720-3725.

Bevans, C. G., Korper, M., Rueg, S. K. & HARRIs,
A. L. (1998). Isoform composition of connexin
channels determines selectivity among second
messengers and uncharged molecules. |. biol. Chem.
273, 2808-2816.

BeviNngroN, P.R. (1969). Data Reduction and Error
Apnalysis for the Physical Sciences. New York: McGraw-
Hill.

Bever, E. C., GEmELL, ]., SEuL, K. H., LarsoN, D. M.,
Banach, K. & Brink, P. R. (2000). Modulation of
intercellular communication by differential regulation
and heteromeric mixing of co-expressed connexins.
Braz. J. med. biol. Res. 33, 391-397.

Bever, E.C., Goopexough, D. A. & Paur, D. L.
(1988). The connexins, a family of related gap junction

proteins. In Modern Cell Biology, 170l. 7: Gap Junctions



(eds. E. L. Hertzberg & R. G. Johnson), pp. 167-175.
New York: Alan R. Liss.

Bever, E.C., Pauvr, D.L. & GoobeNouGH, D. A.
(1990). Connexin family of gap junction proteins. J.
Membr. Biol. 116, 187-194.

BEevER, E. C. & STEINBERG, T. H. (1991). Evidence that
the gap junction protein connexin-43 is the ATP-
induced pore of mouse macrophages. J. biol. Chem.
266, 7971-7974.

Bever, E. C. & WirLeckg, K. (2000). Gap junction
genes and their regulation. In Gap Junctions (ed. E. L.
Hertzberg), pp. 1-30. Stamford: Jai Press.

Bezrukov, S. M. & Vobvanoy, 1. (1993). Probing
alamethicin channels with water-soluble polymers.
Effect on conductance of channel states. Biophys. ]. 64,
16-25.

Brakg, C. C., Gersow, M. J., OartLEY, S. J., RErAT, B.
& Rerar, C. (1978).
secondary, tertiary, and quaternary interactions de-

Structure of prealbumin:

termined by Fourier refinement at 1.8 A. J. molec.
Biol. 121, 339-356.

Braxke, C. C. F., Gesow, M. J., Swan, I. D., Rerar, C.
& REerat, B. (1974). Structure of human plasma
prealbumin at 2-5 A resolution. J. molec. Biol. 88,
1-12.

Brarz, A. L. & MacLesy, K. L. (1983). Single voltage-
dependent chloride-selective channels of large con-
ductance in cultured rat muscle. Biophys. ]. 43,
237-241.

Boerma, M., ForsBerG, L., Van ZEerjL, L., MoRrG-
ENSTERN, R., DE FaAIrg, U., LEMNE, C., ERLINGE, D.,
TauLiN, T., Hoxg, Y. & CorGREAVE, L. A. (1999). A
genetic polymorphism in connexin37 as a prognostic
marker for atherosclerotic plaque development. J. Inz.
Med. 246, 211-218.

Boger, D. L., PaTTERSON, J. E., Guax, X. J., CRAVATT,
B.F.,, Lerxer, R.A. & Girura, N.B. (1998a).
Chemical requirements for inhibition of gap junction
communication by the biologically active lipid
oleamide. Proc. natn. Acad. Sci. US A 95, 4810-4815.

Boger, D. L., Parrerson, J. E. & Jmx, Q. (1998b).
Structural requirements for 5-HT2A and 5-HTI1A
serotonin receptor potentiation by the biologically
active lipid oleamide. Proc. natn. Acad. Sci. USA 95,
4102-4107.

Boger, D. L., Sato, H., LERNER, A. E., Guan, X. J. &
Grirura, N. B. (1999). Arachidonic acid amide in-
hibitors of gap junction cell-cell communication.
Bioorg. med. Chem. Lett. 9, 1151-1154.

Borrano, S., DirkseN, E. R. & Evans, W. H. (1998).
Sequence-specific antibodies to connexins block in-
tercellular calcium signaling through gap junctions.
Cell Calcinm 23, 1-9.

Borraxo, S. & Evaxs, W. H. (2000). Connexin mimetic
peptides reversibly inhibit Ca®" signaling through gap
junctions in airway cells. Am. J. Physiol. Lung cell.
molec. Physiol. 279, 1L.623-1630.

Connexin channels 441

Borer, A.C. & Smvuox, S. M. (1996). Biogenesis of
polytopic membrane proteins: membrane segments
assemble within translocation channels prior to
membrane integration. Ce// 85, 379-389.

Borrisova, M. P., Bruryvan, R. A. & Ermisakin, L. N.
(1986). Mechanism of anion—cation selectivity of
amphotericin B channels. . Membr. Biol. 90, 13-20.

Bosma, M. M. (1989). Anion channels with multiple
conductance levels in a mouse B lymphocyte cell line.
J. Physiol. (Lond.) 410, 67-90.

Bowre, J.U. (1997). Helix packing in membrane
proteins. |. molec. Biol. 272, 780-789.

Brapsuaw, S. L., Nauvs, C.C., Zuu, D., KIDDER,
G. M., D’Ercore, A.]J. & Hax, V.K. (1993).
Alterations in the synthesis of insulin-like growth
factor binding proteins and insulin-like growth factors
in rat C6 glioma cells transfected with a gap junction
connexin43 cDNA. Regul. Pept. 48, 99-112.

Braun, J., ABNEY, J. R. & Owicki, J. C. (1984). How
a gap junction maintains its structure. Nature 310,
316-318.

BRENNECKE, R. & LiNnpEMANN, B. (1974). Theory of a
membrane-voltage-clamp with discontinuous feed-
back through a pulsed current-clamp. Rev. sci. Instrum.
45, 184-188.

BrREWER, G. J. (1991). Reconstitution of lens channels
between two membranes. In Biophysics of Gap Junction
Channels (ed. C. Peracchia), pp. 301-316. Boca Raton:
CRC Press.

BrigurmaN, M. W. & REgesg, T. S. (1969). Junctions
between intimately apposed cell membranes in the
vertebrate brain. J. Ce// Biol. 40, 648-677.

Brixk, P. R. (2000). Gap junction voltage dependence:
a clear picture emerges. J. gen. Physiol. 116, 11-12.
Brink, P. R., CroNiN, K., BanacH, K., PETERSON, E.,
WesTPHALE, E. M., SEuL, K. H., Ramanan, S. V. &
Bever, E. C. (1997). Evidence for heteromeric gap
junction channels formed from rat connexin43 and
human connexin37. Awm. ]. Physiol. 42, C1386—C1396.

Brink, P.R. & Dewey, M. M. (1980). Evidence for
fixed charge in the nexus. Nature 285, 101-102.

Brixnk, P. R. & Ramanan, S. V. (1985). A model for the
diffusion of fluorescent probes in the septate giant
axon of earthworm. Biophys. J. 48, 299-309.

Brixk, P. R., Ramanan, S. V. & Curist, G. . (1996).
Human connexin43 gap junction channel gating:
evidence for mode shifts and/or heterogeneity. Am.
J. Physiol. Cell Physiol. 40, C321-C331.

BrissertE, J. L., Kumagr, N. M., Girura, N. B, HaLr,
J. E. & Dorro, G. P. (1994). Switch in gap junction
protein expression is associated with selective changes
in junctional permeability during keratinocyte differen-
tiation. Proc. natn. Acad. Sci. US A 91, 6453—6457.

S. H., Sman, M. M., Zurran,

C. W. & Frercuer, W. H. (1995). Mutations of the

connexin43 gap-junction gene in patients with heart

Brrrz-CUNNINGHAM,



442 Andrew L. Harris
malformations and defects in laterality. New Engl. ].
Med. 332, 1323-1329.

BrorkHuYSE, R. M., E.D. & Sros,
A. L. H. (1976). Lens membranes. II. Isolation and
characterization of the main intrinsic polypeptide
(MIP) of bovine lens fiber membranes. Exp. Cell Res.
23, 365-371.

Bruinsma, R., Gouriax, M. & Pixcus, P. (1994). Self-
assembly of membrane junctions. Biophys. . 67,
746-750.

Bruzzong, R. & Gravme, C. (Eds.). (2001). Connexin

Methods and Protocols. Totowa: Humana Press.

KunLMmAN,

BruzzonEg, R., HAEFLIGER, J. A., GmruicH, R. L. &
Paur, D. L. (1993). Connexind0, a component of gap
junctions in vascular endothelium, is restricted in its
ability to interact with other connexins. Molec. biol.
Cell 4, 7-20.

Bruzzong, R., Whrte, T. W. & Pauvr, D. L. (1994a).
Expression of chimeric connexins reveals new proper-
ties of the formation and gating behavior of gap
junction channels. J. Ce// Sci. 107, 955-967.

Bruzzong, R., Warrg, T. W. & Paur, D. L. (1996).
Connections with connexins: the molecular basis of
direct intercellular signaling. Ewur. ]. Biochem. 238,
1-27.

BruzzonNg, R., T.W., ScHERER, S.S.,
Frscuseck, K. H. & Paur, D.L. (1994b). Null
mutations of connexin32 in patients with X-linked
Charcot—Marie—Tooth disease. Nexron 13, 1253-1260.

Buenrer, L. K., Stavurrer, K. A., Groura, N. B. &
Kumar, N. M. (1995). Single channel behavior of
recombinant beta(2) gap junction connexons reconsti-
tuted into lipid bilayers. Biophys. ]. 68, 1767-1775.

BuerTNER, R., Paroursocrou, G., Scemes, E., Spray,
D.C. & Dermrerzer, R. (2000). Evidence for

secretory pathway localization of a voltage-dependent

WHITE,

anion channel isoform. Proc. natn. Acad. Sci. US A 97,
3201-3206.

Buisman, H.P., SteiNserG, T.H., FiscuBarg, J.,
SteverstEIN, S. C., Vogerzang, S. A., Incg, C.,
Yrey, D. L. & Lerjn, P. C. J. (1988). Extracellular
ATP induces a large nonselective conductance in
macrophage plasma membranes. Proc. natn. Acad. Sci.
US A 85, 7988-7992.

Bukauskas, F.F., Evrrcang, C., WiLLEckg, K. &
WEemNGARrT, R. (1995). Heterotypic gap junction
channels (connexin26—connexin32) violate the para-
digm of unitary conductance. Pfligers Arch. 429,
870-872.

Bukauskas, F.F., Jorpan, K., BUKAUSKIENE, A.,
BexnerT, M. V. L., Lampg, P. D., Larp, D. W. &
VerseLts, V. K. (2000). Clustering of connexin 43-
enhanced green fluorescent protein gap junction
channels and functional coupling in living cells. Proc.

natn. Acad. Sci. USA 97, 2556-2561.

Bukauskas, F. F., Kempr, C. & WEINGART, R. (1992).
Electrical coupling between cells of the insect Aedes
albopictus. |. Physiol. (Lond.) 448, 321-337.

Bukauskas, F. F. & Peracchia, C. (1997). Two distinct
gating mechanisms in gap junction channels: CO,-
sensitive and voltage-sensitive. Biophys. J. 72, 2137—
2142.

Bukauskas, F. F. & Peraccura, C. (2000). Distinct
behaviors of chemical and voltage sensitive gates of
gap junction channel. In Gap Junctions: Molecular Basis
of Cell Communication in Health and Disease (ed. C.
Peracchia), pp. 207-221. San Diego: Academic Press.

Bukauskas, F.F., Suao, Q., BUKAUSKIENE, A.,
BexnerT, M. V. L., LatrD, D. W. & VERSELIS, V. K.
(2001). Gating properties of gap junction channels
assembled from connexin43 and connexin43 fused with
green fluorescent protein. Biophys. J. 81, 137-152.

Bukauskas, F. F., VoGeL, R. & WEemNGart, R. (1997).
Biophysical properties of heterotypic gap junctions
newly formed between two types of insect cells. J.
Physiol. (Lond.) 499, 701-713.

Bukauskas, F.F. & WEeINGarT, R. (1993). Multiple
conductance states of newly formed single gap
junction channels between insect cells. Pfligers Arch.
423, 152-154.

Bukauskas, F.F. & WEeINGart, R. (1994). Voltage-
dependent gating of single gap junction channels in an
insect cell line. Biophys. J. 67, 613-625.

Burr, J. M. (1989). Uncoupling of cardiac cells by doxyl
stearic acids : specificity and mechanism of action. A.
J. Physiol. 256, C913-C924.

Burt, J. M., FLETCHER, A. M., StEELE, T. D., WU, Y.,
CortrELL, G. T. & Kurjraka, D. T. (2001). Alter-
ation of Cx43:Cx40 expression ratio in A7r5 cells.
Am. ]. Physiol. Cell Physiol. 280, C500-C508.

Burt, J. M., Massey, K. D. & Min~ich, B. N. (1991).
Uncoupling of cardiac cells by fatty acids: structure—
activity relationships. Awm. J. Physiol. 260, C439—C448.

Burt, J. M. & Spray, D.C. (1988). Single-channel
events and gating behavior of the cardiac gap junction
channel. Proc. natn. Acad. Sci. US A 85, 3431-3434.

Burt, J. M. & Spray, D. C. (1989). Volatile anesthetics
block intercellular communication between neonatal
rat myocardial cells. Cire. Res. 65, 829-837.

Biscur, R., Hurrer, B. & Rincsporr, H. (1982).
Mixed monolayers and liposomes from natural and
polymerizable lipids. Makromol. Chem. 3, 589-596.

Burr, H.J., Serrert, K. & BawmBerg, E. (1993).
Imaging molecular defects in alkanethiol monolayers
with an atomic force microscope. J. phys. Chem. 97,
7316-7320.

Camros DE CarvaLHO, A. C. (1988). Regulation of gap
junctional channels. Braz. ]. med. biol. Res. 21, 177—
188.

Campros DE CArvALHO, A. C., E1ras, L. A., WALTZMAN,

D.C. (1992).

Properties of channels from rat liver gap junction

M., Herrzeerg, E.L. & Spray,



membrane fractions incorporated into planar lipid
bilayers. Brag. |. med. biol. Res. 25, 81-92.
Camros DE Carvarvo, A.C., HertzBERG, E.L. &
D.C. (1991).

recorded from rat liver gap junctional membranes

SPRAY, Complex channel activity
incorporated into lipid bilayers. Braz. J. med. biol. Res.
24, 527-537.

Cao, F. L., Eckert, R., ELFGANG, C., NI1TSCHE, J. M.,
SnypER, S. A., HUuser, D.F., WiLLecke, K. &
Nicnowrson, B. J. (1998). A quantitative analysis of
connexin-specific permeability differences of gap
junctions expressed in HeLa transfectants and Xenopus
oocytes. J. Cell Seci. 111, 31-43,

Cao, D. R., LiN, G., WestpHALE, E. M., BEver, E. C.
& StEmNBERG, T.H. (1997). Mechanisms for the
coordination of intercellular calcium signalling in
insulin-secreting cells. J. Ce/l Sei. 110, 497-504.

Cascro, M., Gogor, E. & WaLLacg, B. A. (1990). The
secondary structure of gap junctions. Influence of
isolation methods and proteolysis. J. biol. Chem. 265,
2358-2364.

Cascro, M., Kumar, N. M., Sararik, R. & GiruLra,
N. B. (1995). Physical characterization of gap junction
membrane connexons (hemi-channels) isolated from
rat liver. J. biol. Chem. 270, 18643—18648.

Casragr, D. L. D., GoopexoucH, D. A., Makowskr, L.
& Purrrres, W. C. (1977). Gap junction structures: L.
Correlated electron microscopy and X-ray diffraction.
J. Cell Biol. 74, 605-628.

Castro, C., GoMEZ-HERNANDEZ, J. M., STLANDER, K. &
Barrio, L. C. (1999). Altered formation of hemi-
channels and gap junction channels caused by C-
terminal connexin-32 mutations. J. Newrosci. 19,
3752-3760.

CavaLreri, S. J., Gouprawarr, D. A. & Neer, K. E.
(1976). The isolation of a dimer of gene 8 protein of
bacteriophage fd. J. molec. Biol. 102, 713-722.

CHANG, M., WERNER, R. & Danr, G. (1996). A role for
an inhibitory connexin in testis. Dev. Bio/. 175, 50-56.

CuaNsoN, M., Bercraz, P. Y., Scerri, I., DubEez, T.,
WerRNKE-DorLLriES, K., Przurki, L., Pavirant, A.,
FrepLer, M. A. & Suteg, S. (2001). Regulation of
gap junctional communication by a pro-inflammatory
cytokine in cystic fibrosis transmembrane conductance
regulator-expressing but not cystic fibrosis airway
cells. Am. J. Pathol. 158, 1775-1784.

Cuanson, M., Cuanpross, K. ]J., Rook, M.B.,
KessLer, J. A. & Spray, D.C. (1993). Gating
characteristics of a steeply voltage-dependent gap
junction channel in rat Schwann cells. J. gen. Physiol.
102, 925-946.

Cuanson, M., Fanjur, M., Bosco, D., NELLEs, E.,
Suter, S., WiLLeckg, K. & Mebpa, P. (1998).
Enhanced secretion of amylase from exocrine pan-
creas of connexin32-deficient mice. J. Ce// Biol. 141,
1267-1275.

Connexin channels 443

Cuaxson, M., HErmans, M. M. P. & Jongsma, H. J.
(1994a). Modulation by phosphorylation of Cx32 gap
junction channel expressed in SKHepl cells. . Physiol.
(Lond.) 479, 117P-118P.

Cuanson, M., Roy, C. & Spray, D. C. (1994b). Voltage-
dependent gap junctional conductance in hepato-
pancreatic cells of Procambarus clarkii. Am. J. Physiol.
266, C569-C577.

CHANsON, M., Scirrr, I. & SuTkg, S. (1999). Defective
regulation of gap junctional coupling in cystic fibrosis
pancreatic duct cells. ]. c/in. Invest. 103, 1677-1684.

Cuarvces, A. C., Naus, C. C., Zuu, D., Kipper, G. M.,
Dirksen, E.R. & Saxperson, M. J. (1992). In-
tercellular calcium signaling via gap junctions in
glioma cells. J. Cell Biol. 118, 195-201.

Cuarorrars, A., GjiNover, A., HuarTE, J., Bauqurs, J.,
Napar, A., MartiN, F., Axpreu, E., SAncuEZz-
ANDRES, J. V., CALABRESE, A., Bosco, D., Soria, B.,

& Mepa, P.

(2000). Junctional communication of pancreatic beta

WorLuemn, C.B., Herrera, P. L.

cells contributes to the control of insulin secretion and
glucose tolerance. J. c/in. Invest. 106, 235-243.

Cuavyror, A.T. Evans, W.H. & Grrrrrra, T. M.
(1997). Peptides homologous to extracellular loop
motifs of connexin 43 reversibly abolish rhythmic
contractile activity in rabbit arteries. J. Physiol. (Lond.)
503, 99-110.

Cuayror, A.T., Evans, W. H. & Grrrrrra, T. M.
(1998). Central role of heterocellular gap junctional
communication in endothelium-dependent relaxations
of rabbit arteries. J. Physiol. (Lond.) 508, 561-573.

CHeN, D., Lear, J. D. & FEisenBerag, R.S. (1997a).
Permeation through an open channel: Poisson—
Nernst-Planck theory of a synthetic ionic channel.
Biophys. . 72, 97-116.

CueN, D., TriraTHY, A., MEISSNER, G. & EISENBERG,
R. S. (1997b). Permeation through the calcium release
channel of cardiac muscle. Biophys. J. 73, 1337-1354.

CueN, D. P., Xu, L., TrieaTHY, A., MEISSNER, G. &
ErsenBERG, R. S. (1999). Selectivity and permeation
in calcium release channel of cardiac muscle: alkali
metal ions. Biophys. |. 76, 1346-1366.

CuEN, L. & MENG, M. Q. (1995). Compact and scattered
gap junctions in diffusion mediated cell-cell com-
munication. J. theor. Biol. 176, 39-45.

CHEN, Y. H. & DEHaaN, R. L. (1992). Multiple-channel
conductance states and voltage regulation of em-
bryonic chick cardiac gap junctions. J. Membr. Biol.
127, 95-111.

CueN, Y. H. & DeHaan, R. L. (1996). Asymmetric
voltage dependence of embryonic cardiac gap junction
channels. Am. J. Physiol. 39, C276-C285.

CuenG, A., UNGER, V.M., ScHWEISSINGER, D. L.,
ExrtrikiN, D. W., Kumagr, N. M., Gicora, N. B, &
YEAGER, M. (2001). Effects of oleamide, a sleep-



444 Andrew L. Harris

inducing lipid, on the three-dimensional structure of
a gap junction channel. Biophys. J. 80, 372a.

CHEsNEY, R. W., ZEL1kOVIC, 1., JOoNES, D. P., BuDREAU,
A. & Jorry, K. (1990). The renal transport of taurine
and the regulation of renal sodium-chloride-depen-
dent transporter activity. Pediatr. Nephrol. 4, 399-407.

D. & Evans, M.G. (1986).
Nonselective ionic channels in Aplysia neurones. J.
Membr. Biol. 93, 75-83.

Crow, I. & Young, S. H. (1987). Opening of single gap

CHESNOY-MARCHATS,

junction channels during formation of electrical
coupling between embryonic muscle cells. Dev. Biol.
122, 332-337.

Curist, G. J., BrINk, P. R. & Ramanan, S. V. (1994).
Dynamic gap junctional communication: a delimiting
model for tissue responses. Biophys. J. 67, 1335-1344.

Curist, G. J., Morexo, A. P., MELMAN, A. & Spray,
D. C. (1992). Gap junction-mediated intercellular
diffusion of Ca®" in cultured human corporal smooth
muscle cells. Am. J. Physiol. 263, C373-C383.

Curist, G. J., SPEKTOR, M., BrRINK, P. R. & BaRrg, L.
(1999). Further evidence for the selective disruption
of intercellular communication by heptanol. Aw. J.
Physiol. Heart circ. Physiol. 45, H1911-H1917.

CuurcHiLL, D. & CAVENEY, S. (1993). Double whole-
cell patch-clamp characterization of gap junctional
channels in isolated insect epidermal cell pairs. J.
Membr. Biol. 135, 165-180.

CraasseN, D. E. & Srooner, B.S. (1988). Reconsti-
tution of cardiac gap junction channeling activity into
liposomes: a functional assay for gap junctions.
Biochem. biophys. Res. Commun. 154, 194-198.

CraasseN, D. E. & SpooNEer, B.S. (1989). Effects of
microgravity on liposome-reconstituted cardiac gap
junction channeling activity. Biochem. biophys. Res.
Commun. 161, 358-362.

CorLemAN, H. A., Targ, M. & ParkiNngronN, H. C..
(2001). K* currents underlying the action of endo-
thelium-derived hyperpolarizing factor in guinea-pig,
rat and human blood vessels. J. Physiol. (Lond.) 531,
359-373.

CoruiN, C., Devang, W. A., Danr, D., Leg, C. ],
AxELROD, ]. & AvrkoN, D. L. (1995). Long-term
synaptic transformation of hippocampal CA1 gamma-
aminobutyric acid synapses and the effect of anan-
damide. Proc. natn. Acad. Sci. US A 92, 10167-10171.

Conrorri, G., ZANETTI, A., PAsQuaLi-RoncHETTT, 1.,
QuacgriNo, J. D., NEvroz, P. & Dejana, E. (1990).
Modulation of vitronectin receptor binding by mem-
brane lipid composition. J. biol. Chem. 265, 4011-4019.

ConnNors, B. W., BeExarpo, L.S. & PriNnce, D. A.
(1984). Carbon dioxide sensitivity of dye coupling
among glia and neurons of the neocortex. J. Ne#rosci.
4, 1324-1330.

CorriNa, M. L., LiN, J. H. C., ALvEs-RoDRIGUES, A.,
L, S., L1, J., Azm1-Guapivi, H., Kang, J., Naus,
C.C. G. & NEDERGAARD, M. (1998). Connexins

regulate calcium signaling by controlling ATP release.
Proc. natn. Acad. Sci. US.A 95, 15735-15740.
CorriNa, M. L., Lin, J. H. C., Lorez-Garcia, J.C.,
Navs, C. C. G. & NEDERGAARD, M. (2000). ATP-
mediated glia signaling. J. Newrosci. 20, 2835-2844.
Couckk, P. J., Vaxn Havuwe, P., KeLLey, P. M., Kuxsr,
H., ScuaTTEMAN, 1., VAN VELZEN, D., MEYERS, ].,
R. J.,
Marres, H., Kastury, K., Buasin, S., McGuirT,
W. T., Smrrn, R. J. H., Cremers, C. W. R. J., Vax
DE HEYNING, P., WiLLEMS, P. J., SmrTh, S. D. & VAN
Cawmp, G. (1999). Mutations in the KCNQ4 gene are
responsible for autosomal dominant deafness in four
DFNA2 families. Hum. molec. Genet. 8, 1321-1328.
Cravarr, B. F., ProspERO-GARCIA, O., Stuzpak, G.,
GrLura, N. B., Hexriksen, S. J., BoGer, D. L. &

LERNER, R. A. (1995). Chemical characterization of a

ExsiNg, VERSTREKEN, M., Decrau, F.,

family of brain lipids that induce sleep. Science 268,
1506-1509.

Cucini, P., GentiLE, R., ZarD, A. & Roccui, G.
(1983). Hypertension in licorice abuse. I7al. Cardiol.
13, 126-128.

CurtiN, K. D., ZHANG, Z. & Wyman, R. J. (1999).
Drosophila has several genes for gap junction proteins.
Gene 232, 191-201.

Curtis, H. J. & Travis, D. M. (1951). Conduction in
Purkinje tissue of the ox heart. Awm. J. Physiol. 165,
173-178.

Czyz, ]., IrmER, U., Scaurz, G., MINDERMANN, A. &

D.E. (2000).
measured by flow cytometry. Exp. Ce// Res. 255,
40-46.

D’Urso, D. & MoLLEr, H. W. (1997). Ins and outs of

peripheral myelin protein-22: mapping transmem-

HULSER, Gap-junctional  coupling

brane topology and intracellular sorting. J. Newurosci.
Res. 49, 551-562.

DanL, E., ManthEY, D., CHEN, Y., Schwarz, H. J.,
Cuang, Y. S., LaLiey, P. A., Nicnouson, B. J. &
WiLLEckE, K. (1996). Molecular cloning and func-
tional expression of mouse connexin-30, a gap
junction gene highly expressed in adult brain and
skin. J. biol. Chem. 271, 17903-17910.

Damnr, G., LEviNE, E., RaBapaAN-Drent, C. & WERNER,
R. (1991). Cell/cell channel formation involves
disulfide exchange. Eur. J. Biochem. 197, 141-144.

Danwr, G., MiLLer, T., Pauvr, D. L., VoeLLmy, R. &
WERNER, R. (1987). Expression of functional cell-cell
channels from cloned rat liver gap junction com-
plementary DNA. Science 236, 1290-1293.

DanL, G., NonNER, W. & WERNER, R. (1994). Attempts
to define functional domains of gap junction proteins
with synthetic peptides. Biophys. ]. 67, 1816-1822.

Dant, G., WERNER, R., LEVINE, E. & RABADAN-DIEHL,
C. (1992). Mutational analysis of gap junction
formation. Biophys. J. 62, 172-180.



DanM, R., Vax Mareg, J., Prescorr, A.R. &
Quinecan, R.A. (1999). Gap junctions containing
alpha 8-connexin (MP70) in the adult mammalian lens
epithelium suggests a re-evaluation of its role in the
lens. Exp. Eye Res. 69, 45-56.

Dascurra, C., MARTINEZ, A. M., ZurpaN, C. W., SHAH,
M. M., Bamey, L. L. & Frercuer, W. H. (2001).
Identification of connexin43 (alpha 1) gap junction
gene mutations in patients with hypoplastic left heart
syndrome by denaturing gradient gel electrophoresis
(DGGE). Mut. Res. Fund. molec. mech. Mut. 479,
173-186.

Davibson, J. S. L M. (1988).

Glycyrrhetinic acid derivatives: a novel class of

& BAUMGARTEN,

inhibitors of gap-junctional intercellular communi-
cation. Structure-activity relationships. J. Pharm. exp.
Therap. 246, 1104-1107.

Davipson, J. S., Bavmcarten, I. M. & Harrey, E. H.
(1986). Reversible inhibition of intercellular junction-
al communication by glycyrrhetinic acid. Biochem.
biophys. Res. Commun. 134, 29-30.

De Haan, L. H., BosseLagrs, 1., JoNceEn, W. M. F.,
ZwijseN, R. M. & Koewman, J. H. (1994). Effect of
lipids and aldehydes on gap-junctional intercellular
communication between human smooth muscle cells.
Carcinogen. 15, 253-256.

De Merro, W. C. (1980). Influence of intracellular
injection of H' on the electrical coupling in cardiac
Purkinje fibres. Cel/ biol. Int. Rep. 4, 51-58.

DeHaax, R. L. (1988). Dynamic behavior of cardiac gap
junction channels. In Modern Cell Biology, 1'0l. 7 : Gap
Junctions (eds. E. L. Hertzberg & R. G. Johnson), pp.
305-320. New York: Alan R. Liss.

DEcize, J., Devace, B., Hexrtar-Ksmi, O,
VERRECCHIA, F. & HERVE, J. C. (2001). Fluorescence
recovery after photobleaching. In Methods in Mol-
ecular Biology : Connexin Methods and Protocols (eds. R.
Bruzzone & C. Giaume), pp. 313-327. Totowa:
Humana Press.

DeLezE, ]J. & Hervg, J. C. (1983). Effect of several
uncouplers of cell-to-cell communication on gap
junction morphology in mammalian heart. J. Mewbr.
Biol. 74, 203-215.

DeLmar, M., L, S., Moriey, G.E., Ex, J.F,
PerTsova, R. N., ANumoxwo, J. M. & TAFFET, S. M.
(1995). Toward a molecular model of the pH
regulation of intercellular communication in the heart.
In Cardiac Electrophysiology : From Cell to Bedside (eds.
D. P. Zipes & ]. Jalife), pp. 135-143. New York:
W. B. Saunders.

DevLmar, M., Stercrorouros, K., Homwva, N., CALERO,
G., MorLEY, G., Ek-VrrorIN, J. F. & TArrET, S. M.
(2000). A molecular model for the chemical regulation
of connexin43 channels: the ‘ball-and-chain’ hypo-
thesis. In Gap Junctions: Molecular Basis of Cell
Communication in Health and Disease (ed. C. Peracchia),
pp. 223-248. San Diego: Academic Press.

Connexin channels 445

DerMIETZEL, R., FAROOQ, M., KESSLER, J. A., ALTHAUS,
H., Herrzerg, E.L. & Seray, D.C. (1997).
Oligodendrocytes express gap junction proteins
connexin32 and connexind6. Glia 20, 101-114.

DerMreTzEL, R., HwaNG, T. K., BUETTNER, R., HOFER,
A., Dorzrer, E., KremMeEr, M., DrurzmManNN, R.,
Tumwnges, F. P., Fisumanx, G. 1., Seray, D.C. &
SiemEN, D . (1994). Cloning and 7n sitn localization of
a brain-derived porin that constitutes a large-conduct-
uctance anion channel in astrocytic plasma membrane.
Proc. natn. Acad. Sci. USA 91, 499-503.

DEermieTzEL, R., TraUB, O., Hwang, T. K., BEYERr,
E. C., Bexnerr, M. V. L., Spray, D. C. & WILLECKE,
K. (1989). Differential expression of three gap junction
proteins in developing and mature brain tissues. Proc.
natn. Acad. Sci. US A 86, 10148-10152.

Devane, W. A., Haxus, L., BREUER, A., PERTWEE,
R. G., Stevensox, L. A., GrrrriN, G., GissoN, D.,
ManpeLBAUM, A., ETINGER, A. & MEcHOULAM, R.
(1992). Isolation and structure of a brain constituent
that binds to the cannabinoid receptor. Science 258,
1946-1949.

Devaux, P. F. & SeroNEURET, M. (1985). Specificity of
lipid—protein interactions as determined by spec-
troscopic techniques. Biochim. Biophys. Acta 822,
63-125.

DeVRriEs, S. H. & Scuwartz, E. A. (1992). Hemi-gap-
junction channels in solitary horizontal cells of the
catfish retina. J. Physiol. (Lond.) 445, 201-230.

DewEY, M. & BarR, L. (1962). Intercellular connections
between smooth muscle cells: the nexus. Science 137,
670-672.

D1 Marzo, V., Fontana, A., Capas, H., ScHINELLL, S.,
CivNo, G., Scawartz, J. C. & ProMeLLr, D. (1994).
Formation and inactivation of endogeneous canna-
binoid anandamide in central neurons. Nature 372,
686—691.

D1 Raco, J.-P., NETTER, P. & Svonimskr, P. P. (1990).
Intragenic suppressors reveal long distance inter-
actions between inactivating and reactivating amino
acid replacements generating three-dimensional con-
straints in the structure of mitochondrial cytochrome
B. J. biol. Chem. 265, 15750-15757.

Diez, J. A., Anmap, S. & Evaxs, W.H. (1999).
Assembly of heteromeric connexons in guinea-pig
liver en route to the Golgi apparatus, plasma
membrane and gap junctions. Eur. |. Biochem. 262,
142-148.

Drrz, J. A. & ViLLaroso, A. (1994). Reconstitution of
rat liver gap junctions into liposomes. Biochen. Soc.
Trans. 22, 373S.

DiEz, J. A. & ViLraroso, A. (1996). Reconstitution of
gap junction channels: liposomes as tools to assay the
activity of channel-forming proteins. In Handbook
of Nonmedical Applications of Liposomes (eds. Y.
Barenholz & C. C. Lasic), pp. 261-270. Boca Raton:
CRC Press.



446 Andrew L. Harris

Divita, G., RrrTINGER, K., RESTLE, T., IMMENDORFER,
U. & Gooby, R.S. (1995). Conformational stability
of dimeric HIV-1 and HIV-2 reverse transcriptase.
Biochemistry 34, 16337-16346.

D. B, K. I, Biepa, M. &

CoPENHAGEN, D. R. (1996). Quinine, intracellular pH

Dixon, TAKAHASHI,
and modulation of hemi-gap junctions in catfish
horizontal cells. 177sion Res. 36, 3925-3931.

DonaLpson, P. J. & KisTLER, J. (1992). Reconstitution
of channels from preparations enriched in lens gap
junction protein MP70. J. Membr. Biol. 129, 155-165.

DovirE, D. A., CaBraL, J. M., PruerzNEr, R. A., Kuvo,
A., Guusrs, J. M., Conkn, S. L., Cuaarr, B. T. &

(1998). The
potassium channel: molecular basis of K* conduction
and selectivity. Science 280, 69-77.

Durry, H. S., SorGeN, P., GrrviN, M., DELMAR, M. &

Seray, D. C. (2001). Intramolecular interactions in

MackmnNoN, R. structure of the

connexin43: a structural basis for pH-dependent
connexin43 gating. Circulation. 104, 11-310.

Dunina-Barkovskaya, A. Y., Bujurina, L M.,
Prvovarov, V. S. & Frovrov, V. A. (2000). Effects of
transmembrane gradients of bicarbonate and am-
monium on junctional and non-junctional membrane
conductances in bhk cells. Biologicheskie Membrany 17,
637-652.

Duronr, E., EL AouMart, A., BR1anD, J.-P., FROMAGET,
C. & Gros, D. (1989). Cross-linking of cardiac gap
junction connexons by thiol/disulfide exchanges. J.
Membr. Biol. 108, 247-252.

Duroxt, G., TorDjMANN, T., CLAIR, C., SWILLENS, S.,
Crarer, M. & ComBETTES, L. (2000). Mechanism of
receptor-oriented intercellular calcium wave propa-
gation in hepatocytes. FASEB J. 14, 279-289.

Durig, J., RosentHAL, C., HALFMEYER, K., WIEMANN,
M., Novorny, J., Binemaxy, D., Dunrsen, U. &
ScHIRRMACHER, K. (2000). Intercellular communi-
cation between bone marrow stromal cells and
CD34(+) haematopoietic progenitor cells is mediated
by connexin 43-type gap junctions. Brit. |. Haematol.
111, 416-425.

DwyEer, T. M., Apams, D. J. & Hrrrg, B. (1980). The
permeability of the endplate channel to organic cations
in frog muscle. J. gen. Physiol. 715, 469-492.

Epraara, L. (1992). Expression of gap junctional
proteins in Xenopus oocyte pairs. Methods Enzymol.
207, 376-380.

Esrnara, L. (1996). Xenopus connexin38 forms hemi-
gap junctional channels in the nonjunctional plasma
membrane of Xenopus oocytes. Biophys. ]. 71, 742-748.

EBruara, L., BErTHouD, V. M. & BEYER, E. C. (1995).
Distinct behavior of connexin56 and connexin46 gap
junctional channels can be predicted from the
behavior of their hemi-gap-junctional channels.

Biophys. J. 68, 1796-1803.

EBruara, L., BEver, E. C., Swexson, K. L., Pavr, D. L.
& GoopenouGH, D. A. (1989). Cloning and ex-
pression of a Xenopus embryonic gap junction protein.
Science 243, 1194-1195.

EBraara, L. & Par, J. (2000). Biophysical properties of
hemi-gap-junctional channels expressed in Xenopus
oocytes. In Gap Junctions: Molecular Basis of Cell
Communication in Health and Disease (ed. C. Peracchia),
pp. 357-367. San Diego: Academic Press.

Epraara, L. & SteNer, E. (1993). Properties of a
nonjunctional  current expressed from a rat
connexin46 cDNA in Xenopus oocytes. . gen. Physiol.
102, 59-74.

Esiaara, L., Xu, X., Oserti, C., Bever, E.C. &
BerTHOUD, V. M. (1999). Co-expression of lens fiber
connexins modifies hemi-gap-junctional channel
behavior. Biophys. ]. 76, 198-200.

Eckert, R., Apams, B., KIstLER, J. & DoNaLDsON, P.
(1999). Quantitative determination of gap junctional
permeability in the lens cortex. J. Membr. Biol. 169,
91-102.

EckkerT, R., DoNALDsON, P., GoLpig, K. & KISTLER, J.
(1998). A distinct membrane current in rat lens fiber
cells isolated under calcium-free conditions. Imvest.
Ophthalmol. vis. Sci. 39, 1280-1285.

EckerT, R., DoNarLpson, P., Lin, J.S., Bonp, J.,
GreEeN, C., MERRIMAN-SMrTH, R., TuNstaLL, M. &
KisTLER, J. (2000). Gating of gap junction channels
and hemichannels in the lens: a role in cataract? In
Gap Junctions: Molecular Basis of Cell Communication in
Health and Disease (ed. C. Peracchia), pp. 343-356. San
Diego: Academic Press.

EprpiN, M., ZAGYANsKY, Y. & LARDNER, T. J. (1976).
Measurement of membrane protein lateral diffusion in
single cells. Science 191, 466-468.

EnrenstTEIN, G., LECAR, H. & Nossar, R. (1970). The
nature of the negative resistance in bimolecular lipid
membranes containing excitability-inducing material.
J. gen. Physiol. 55, 119-133.

ErjkeLeEnBooM, A. P. A. M., SPRANGERS, R., Harp, K.,
Lurzke, R. A. P., Prasterk, R. H. A., BoeLens, R.
& KarreN, R. (1999). Refined structure of the C-
terminal DNA-binding domain of human immuno-
virus-1 integrase. Proteins 36, 556-564.

Ek, J. F., DELMAR, M., PErRzOVA, R. & TarreT, S. M.
(1994). Role of histidine 95 on pH gating of the
cardiac gap junction protein connexin43. Circ. Res. 74,
1058-10064.

Ek-Vrroriy, J. F., CaLErO, G., MORLEY, G. E., CooMBs,
W., Tarrer, S.M. & DeLmar, M. (1996). pH
regulation of connexin43: molecular analysis of the
gating particle. Biophys. J. 71, 1273-1284.

EvL-FouLry, M. H., Trosko, J. E. & Caaxg, C. C. (1987).
Scrape-loading and dye transfer. A rapid and simple
technique to study gap junctional intercellular com-
munication. Exp. Cell Res. 168, 422-430.



Erexes, S., MartiNEz, A.D., DELMAR, M., BEYER,
E. C. & Moreno, A. P. (2001). Heterotypic docking
of Cx43 and Cx45 connexons blocks fast voltage
gating of Cx43. Biophys. ]. 81, 1406-1418.

ELENEs, S., Rusarr, M. & Moreno, A.P. (1999).
Junctional communication between isolated pairs of
canine atrial cells mediated by homogeneous and
heterogeneous gap junction channels. J. cardiovasc.
Electrophysiol. 10, 990-1004.

Evrrcang, C., Eckirrt, R., LICHTENBERGFRATE, H.,
BurtERWECK, A., TrRAUB, O., KLEIN, R. A., HULSER,
D. F. & WiLLEckE, K. (1995). Specific permeability
and selective formation of gap junction channels in
connexin-transfected Hela cells. J. Cel/ Biol. 129,
805-817.

EnGeLMANN, T. W. (1877). Vergleichende Untersuch-
ungen zur Lehre von der Muskel- und Nervenelek-
tricitat [Comparative investigation of muscle and
nerve electricity]. Pfliigers Arch. 15, 116-148.

EpstEIN, M. T., EspiNer, E. A., DonaLp, R. A. &
Hucaes, H. (1977). Liquorice toxicity and the renin-
angiotensin-aldosterone axis in man. Brit. med. . 1,
209-210.

EskANDARI, S. & ZampiGHI, G. A. (2000). Properties of
connexin50 hemichannels expressed in Xenopus laevis
oocytes. In Gap Junctions: Molecular Basis of Cell
Communication in Health and Disease (ed. C. Peracchia),
pp. 369-388. San Diego: Academic Press.

Eucenin, E. A., GonzaLez, H., SAez, C. G. & S4Ez,
J.C. (1998). Gap junctional communication co-
ordinates vasopressin-induced glycogenolysis in rat
hepatocytes. Awm. J. Physiol. gastro. Liv. Physiol. 37,
G1109-G1116.

Evans, J. H. & SanpersoN, M. J. (1999). Intracellular
calcium oscillations induced by ATP in airway
epithelial cells. Am. J. Physiol. Lung cell molec. Physiol.
21, L30-L41.

FaBegr, D. S. & Korx, H. (1989). Electric field effects:
their relevance in central neural networks. Physiol.
Rev. 69, 821-863.

FaLk, M. M. (2000). Connexin-specific distribution
within gap junctions revealed in living cells. J. Ce//
Sei. 113, 4109-4120.

Fark, M. M., Buenrer, L.K., Kumar, N. M. &
Grrura, N. B. (1997). Cell-free synthesis and assembly
of connexins into functional gap junction membrane
channels. EMBO J. 16, 2703-2716.

Farron, R.F. & GoobenouGH, D. A. (1981). Five-
hour half-life of mouse liver gap-junction protein. J.
Cell Biol. 90, 521-526.

FANGER, C. M., GHANsHAN, S., Logspon, N. J., RAUER,
H., Kawmax, K., Znou, J., Beckinghuam, K.,
Cuanpy, K. G., CanaraN, M. D. & Arvar, J. (1999).
Calmodulin mediates calcium-dependent activation of
the intermediate conductance K—Ca channel, IKCal.
J. biol. Chem. 274, 5746-5754.

Connexin channels 447

Fick, J., BARKER, F. G., DaziN, P., WestpHALE, E. M.,
Bever, E. C. & IsraeL, M. A. (1995). The extent of
heterocellular  communication mediated by gap
junctions is predictive of bystander tumor cytotoxicity
in vitro. Proc. natn. Acad. Sci. US A 92, 11071-11075.

Finker, A.S. & Repman, S. (1984). Theory and
operation of a single microelectrode voltage clamp. J.
Neurosci. Meth. 11, 101-127.

FINKELSTEIN, A., MeistEr, M., Buenrer, L.K.
Rosinson, S.R. & Hawmpson, E.C. (1994). Gap
junctions and intercellular communications (letters).
Science 265, 1017-1019.

Firex, L. & WEINGART, R. (1995). Modification of gap
junction conductance by divalent cations and protons
in neonatal rat heart cells. J. molec. cell. Cardiol. 27,
1633-1643.

FrsuEr, L. R. & PARkER, N. S. (1984). Osmotic control
of bilayer fusion. Biophys. ]. 46, 253-258.

FrsHER, L. R., PARKER, N. S. & Haypox, D. A. (1980).
Interferometric studies of lipid bilayer interactions.
Faraday Discuss. Chem. Soc. 81, 249-256.

G. 1, A. P, D.C. &

Lemwwanp, L. A. (1991). Functional analysis of

Frsaman, MoreNo, Spray,
human cardiac gap junction channel mutants. Proc.
natn. Acad. Sci. US A 88, 3525-3529.

Fracg-NEwrToN, J., Stmpson, I. & LoewexsTEIN, W. R.
(1979). Permeability of the cell-to-cell membrane
channels in mammalian cell junction. Science 205,
404-408.

FrLercuer, W. H. & Greenax, J. R. (1985). Receptor
mediated action without receptor occupancy. Endo-
crinol. 116, 1660-1662.

Fruri, G. S., Ruprsurr, A., WriLer, M., Rougr, S. &
WEINGART, R. (1990). Effects of arachidonic acid on
the gap junctions of neonatal rat heart cells. Pfligers
Arch. 417, 149-156.

Foore, C. 1., Zuou, L., Zuu, X. & NIcHOLSON, B. J.
(1998). The pattern of disulfide linkages in the
extracellular loop regions of connexin32 suggests a
model for the docking interface of gap junctions. J.
Cell Biol. 140, 1187-1197.

Fox, J. A., PFEFFER, B. A. & Faix, G. L. (1988). Single-
channel recordings from cultured human retinal
pigment epithelial cells. J. gen. Physiol. 91, 193-222.

Frame, M. K. & DererjTER, A. W. (1997). Propagation
of mechanically induced intercellular calcium waves
via gap junctions and ATP receptors in rat liver
epithelial cells. Exp. Cell Res. 230, 197-207.

FrancroLing, F. & NonNEer, W. (1994a). Anion—cation
interactions in the pore of neuronal background
chloride channels. J. gen. Physiol. 104, 711-723.

Francrorint, F. & Noxner, W. (1994b). A multi-ion
permeation mechanism in neuronal background
chloride channels. J. gen. Physiol. 104, 725-746.

Francis, D., Stercrorouros, K., Ex-Vrtorin, J.F.,
Cao, F. L., Tarrer, S. M. & DEeLmAR, M. (1999).



448 Andrew L. Harris

Connexin diversity and gap junction regulation by
pH(). Dev. Genet. 24, 123-136.

Francrs, S. H., THomas, M. K. & CorsiN, J. D. (1990).
In Cyclic Nucleotide Phosphodiesterases: Structure, Regu-
lation and Drug Action (eds. J. Beavo & M. D.
Houslay), pp. 118-140. Chichester: John Wiley and
Sons.

Fraser, S. E., Greex, C. R., Bopg, H. R. & GiruLa,
N. B. (1987). Selective disruption of gap junctional
communication interferes with a patterning process in
hydra. Science 237, 49-55.

Freunbpries, S., Erumaxn, U. & Boos, W. (1988).

Facilitated diffusion of p-nitrophenyl-o.-p-malto-
hexoxide through the outer membrane of Escherichia
coli. . biol. Chem. 263, 314-320.

Fry, T., Evaxs, J. H. & Sanperson, M. J. (2001).
Propagation of intercellular calcium waves in C6
glioma cells transfected with connexins 43 or 32.
Microscop. Res. Tech. 52, 289-300.

Fursuran, E. J. & Porrer, D. D. (1959). Transmission
at the giant motor synapses of the crayfish. J. Physiol.
(Lond.) 145, 289-325.

Fursapan, E.J. & Porrer, D.D. (1968). Low-
resistance junctions between cells in embryos and
tissue culture. Curr. Top. dev. Biol. 3, 95-127.

Gasrier, H. D., Jung, D., BurzLer, C., TEMME, A.,
Traus, O., WINTERHAGER, E. & WiLLECKE, K.
(1998). Transplacental uptake of glucose is decreased
in embryonic lethal connexin26-deficit mice. J. Ce//
Biol. 140, 1453-1461.

Gao, Y. & Seray, D. C. (1998). Structural changes
in lenses of mice lacking the gap junction protein
connexin43. Imvest. ophthalmol. 1is. Sci. 39, 1198—
1209.

Garcia-Dorapo, D., INSErRTE, J., Ruizmeana, M.,
GonNzALEZ, M. A., SOLARES, ]., JuLiA, M., BARRABES,
J. A. & SoLERSOLER, ]. (1997). Gap junction un-
coupler heptanol prevents cell-to-cell progression of
hypercontracture and limits necrosis during myo-
cardial reperfusion. Circulation 96, 3579-3586.

GEBREMEDHIN, D., Laxcg, A.R., CampseLL, W. B.,
Hireiarp, C. J. & Harper, D. R. (1999). Canna-
binoid CB1 receptor of cat cerebral arterial muscle
functions to inhibit L-type Ca®* channel current. Am.
J. Physiol. 276, H2085-H2093.

GEeorGE, C. H., Martin, P. E. M. & Evans, W. H.
(1998). Rapid determination of gap junction for-
mation using Hela cells microinjected with cDNAs
encoding wild-type and chimeric connexins. Biochem.
biophys. Res. Commun. 247, 785-789.

GHo, M. (1994). Voltage-clamp analysis of gap junctions
between embryonic muscles in Drosophila. . Physiol.
(Lond.) 481, 371-383.

GuosH, P., SingH, U. N. & Das, S. (1994). Studies on
functioning of reconstituted gap junctional channels.
Biochem. molec. biol. Int. 32, 149—158.

GHOSHROY, S., GoopExoUGH, D. A. & Sosinsky, G. E.
(1995). Preparation, characterization, and structure of
half gap junctional layers split with urea and EGTA.
J. Membr. Biol. 146, 15-28.

Giang, D. K. & Cravarr, B.F. (1997). Molecular
characterization of human and mouse fatty acid amide
hydrolases. Proc. natn. Acad. Sci. USA 94, 2238-2242.

Gravmg, C. (1991). Application of the patch clamp
technique to the study of junctional conductance. In
Biophysics of Gap Junction Channels (ed. C. Peracchia),
pp. 175-190. Boca Raton: CRC Press.

GrauMme, C., Kapo, R. T. & Korx, H. (1987). Voltage-
clamp analysis of a crayfish rectifying synapse. J.
Physiol. (Lond.) 386, 91-112.

Graume, C., Ranpriamamerra, C. & TRAUTMANN, A.
(1989). Arachidonic acid closes gap junction channels
in rat lacrimal glands. Pfligers Arch. 413, 273-279.

GrauMmE, C., TABERNERO, A. & MEDINA, J. M. (1997).
Metabolic trafficking through astrocytic gap junc-
tions. Glia 21, 114-123.

Grepvans, B. N. G., HexGgeveLD, T., Postma, F. R. &
MoorLeNaARr, W. H. (2001). Interaction of c-sr¢ with
gap junction protein connexin-43 -role in the regu-
lation of cell-cell communication. J. biol. Chem. 276,
8544-8549.

Griepmans, B. N. G. & MooLeNaaRr, W. H. (1998). The
gap junction protein connexin43 interacts with the
second PDZ domain of the zona occludens-1 protein.
Curr. Biol. 8, 931-934.

Grirura, N. B, Reeves, O. R. & Sremnsach, A. (1972).
Metabolic coupling, ionic coupling and cell contacts.
Nature 235, 262-265.

Gmurich, R. L., Kumar, N. M. & Girura, N. B. (1990).
Differential regulation of the levels of three gap
junction mRNAs in Xenopus embryos. J. Cel/ Biol. 110,
597-605.

GirscH, S. ]. & PEraccHia, C. (1985). Lens cell-to-cell
channel protein: I. Self-assembly into liposomes and
permeability regulation by calmodulin. J. Membr. Biol.
83, 217-225.

Gogor, E. & Uxwin, P. N. T. (1988). Organization of
connexons in isolated rat liver gap junctions. Biophys.
J. 54, 105-112.

GOLDBERG, G. S., BECHBERGER, ]. F. & Naus, C. C. G.
(1995). A pre-loading method of evaluating gap
junctional communication by fluorescent dye transfer.
BioTech. 18, 490-497.

GOLDBERG, G.S. & Lawmpg, P. (2001). Capture of
transjunctional metabolites. In Methods in Molecular
Biology: Connexin Methods and Protocols (eds. R.
Bruzzone & C. Giaume), pp. 329-340. Totowa:
Humana Press.

GOLDBERG, G.S., Lampg, P. D. & Nichorson, B. J.
(1999). Selective transfer of endogenous metabolites
through gap junctions composed of different con-
nexins. Nature Cell Biol. 1, 457—459.



GOLDBERG, G. S., LampE, P. D., SHEEDY, D., STEWART,
C. C., Nicnowrson, B. J. & Naus, C. C. G. (1998).
Direct isolation and analysis of endogenous trans-
junctional ADP from Cx43 transfected C6 glioma
cells. Exp. Cell Res. 239, 82-92.

GOLDBERG, G. S., MorENO, A. P., BECHBERGER, ].F.,
Hearn, S.S., Survers, R.R., MacPurg, D. ],
ZHANG, Y. C. & Naus, C. C. G. (1996). Evidence
that disruption of connexon particle arrangements in
gap junction plaques is associated with inhibition of
gap junctional communication by a glycyrrhetinic
acid derivative. Exp. Cell Res. 222, 48-53.

GOLIGER, J. A., BruzzoNE, R., WaITE, T. W. & PaUL,
D. L. (1996). Dominant inhibition of intercellular
communication by two chimeric connexins. Clin. exp.
pharm. Physiol. 23, 1062—-1067.

Gorrus, D. (1997). Speculations about the neuro-
physiological basis of telepathy. Psychology 34, 58-59.

Gong, X. H., L1, E., KuiEr, G., Huang, Q. L., Wu, Y.,
Ler, H., Kumagr, N. M., Horwrrz, J. & GILULA,
N. B. (1997). Disruption of alpha(3) connexin gene
leads to proteolysis and cataractogenesis in mice. Ce//.
91, 833-843.

Gong, X.-Q. & NicnousoN, B. J. (In Press). Size
selectivity between gap junctional channels composed
of different connexins. Cel/ Commun. Adhes.

GooparL, H. & Jounson, M. H. (1982). Use of
carboxyfluorescein diacetate to study formation of
permeable channels between mouse blastomeres.
Nature 292, 524-526.

GoopenougH, D. A. (1975). The structure of cell
membranes involved in intercellular communication.
Am. J. clin. Pathol. 63, 636-645.

GoopexouGH, D. A. (1979). Lens gap junctions: a
structural hypothesis for nonregulated low-resistance
intercellular pathways. Invest. Ophthalmol. vis. Sci. 18,
1104-1122.

GoopexouGH, D. A. (1999). Plugging the leaks. Proc.
natn. Acad. Sci. US A 96, 319-321.

GoopeNouGH, D. A. & GrLura, N. B. (1974). The
splitting of hepatocyte gap junctions and zonulae
oocludentes with hypertonic disaccharides. J. Cel/
Biol. 61, 575-590.

GoopeNouGH, D. A., GoLIGER, J. A. & Paur, D. L.
(1996). Connexins, connexons, and intercellular com-
munication. Annu. Rev. Biochem. 65, 475-502.

GoobeNouGH, D. A., PauL, D. L. & Jrsarrrs, L. (1988).
Topological distribution of two connexin32 anti-
genic sites in intact and split rodent hepatocyte gap
junctions. J. Cell Biol. 107, 1817-1824.

Gouauvx, E. (1998). Alpha-hemolysin from Staphy-
lococcus aurens: an archetype of beta-barrel, channel-
forming toxins. J. struct. Biol. 121, 110-122.

Gourbig, R. G., SEVERs, N. J., GREEN, C. R., ROTHERY,
S., GErmroTH, P. & TnompsoN, R. P. (1993). The
spatial distribution and relative abundance of gap-

junctional connexin40 and connexin43 correlate to

Connexin channels 449

functional properties of components of the cardiac
atrioventricular conduction system. J. Ce// Sci. 105,
985-991.

Gow, A., GraGeErov, A., GarD, A., CoLmAN, D. R. &
LazzariNi, R. A. (1997). Conservation of topology,
but not conformation, of the proteolipid proteins of
the myelin sheath. J. Neurosci. 17, 181-189.

GrarF, R. D., Lazarowskr, E. R., Banes, A. J. & LEE,
G. M. (2000). ATP release by mechanically loaded
potcine chondrons in pellet culture. Arzh. Rbeum. 43,
1571-1579.

Grrira, A., C. A,
MEeLcHIONDA, S., BErRNARDI, F., Lorez-Brgas, N.,

WAGNER, D’AwmBrosio, L.,
Rasroner, R., ArBonEs, M., DeELra Monica, M.,
Estiviey, X., ZeLantg, L., Lang, L. & GASPARINI,
P. (1999). Mutations in GJB6 cause nonsyndromic
autosomal dominant deafness at DFNA3 locus.
Nature Genet. 23, 16-18.

Grekn, T. R., FELLMAN, J. H., Eicuer, A. L. & Prarr,
K. L. (1991). Antioxidant role and subcellular location
of hypotaurine and taurine in human neurophils.
Biochim. Biophys. Acta 1073, 91-97.

GreeEN, W.N. & ANDErson, O.S. (1991). Surface
charges and ion channel function. Awnu. Rev. Physiol.
53, 341-359.

Gu, H., Ek-Vrrorin, J. F., TAFreT, S. M. & DELMAR,
M. (2000). Coexpression of connexins 40 and 43
enhances the pH sensitivity of gap junctions: a model
for synergistic interactions among connexins. Cire.
Res. 86, E98-E103.

Guan, X., Cravarr, B. F., EnriNg, G. R., HaLw, J. E.,
Boger, D. L., LerNer, R. A. & Grirura, N.B.
(1997). The sleep inducing lipid oleamide decon-
volutes gap junction communication and calcium
wave transmission in glial cells. J. Ce// Biol. 139,
1785-1792.

Guan, X. J., WiLson, S., ScHLENDER, K. K. & RucHh,
R. J. (1996). Gap-junction disassembly and connexin
43 dephosphorylation induced by 18-beta-gly-
cyrrhetinic acid. Molec. Carcin. 16, 157-164.

GULDENAGEL, M., AMMERMULLER, J., FEIGENSPAN, A.,
TEUBNER, B., DEGEN, ]., S6HL, G., WILLECKE, K. &
WEILER, R. (2001). Visual transmission deficits in
mice with targeted disruption of the gap junction
gene connexin36. J. Neurosci. 21, 6036-6044.

Gurra, V. K., BErTHOUD, V. M., ATAL, N., JARILLO,
J. A, Barrio, L. C. & Bever, E. C. (1994). Bovine
connexin44, a lens gap junction protein: molecular
cloning, immunologic characterization, and func-
tional expression. Invest. Ophthalmol. vis. Sci. 35,
3747-3758.

P. B,

BennerT, M. V. L., Caarces, A. C. & KaTEer, S. B.

GUTHRIE, KNAPPENBERGER, ., SEGAL, M.,
(1999). ATP released from astrocytes mediates glial

calcium waves. J. Newurosci. 19, 520-528.



450 Andrew L. Harris

GursteIN, D. E., Morcrey, G.E., Tamappon, H.,
Vaipya, D., ScuNemer, M. D., CHEN, ]., CHIEN,
K. R., StunLmanN, H. & Frsaman, G. 1. (2001).
Conduction slowing and sudden arrhythmic death

with cardiac-restricted
connexin43. Circ. Res. 88, 333-339.

Hajnoczky, G., RoBe-Gaspers, L. D., Serrz, M. B. &
Tuomas, A. P. (1995). Decoding of cytosolic calcium
oscillations in the mitochondria. Ce// 82, 415-424.

Harr, J.E. & Gourbig, R.G. (1995). Spatial
organization of cardiac gap junctions can affect access
resistance. Microscop. Res. Tech. 31, 446-451.

G. M., D.]J., B. J.,

ENGEL, A. & Sosinsky, G. E. (In Press). Isolation

in  mice inactivation of

Hanp, MULLER, NICHOLSON,
and characterization of gap junctions from tissue
culture cells. J. molec. Biol.

HanewN, D., Martvack, K. E.S., JuxeNIckEL, B,
Prata, K., Kavrries, K., MiLrLer, K., RArororT,
T. A. & Axkgy, C. (1996). Oligomeric rings of the
sec61lp complex induced by ligands required for
protein translocation. Ce// 87, 721-732.

Hagrris, A. L. (1991). Connexin32 forms ion channels in
single artificial membranes. In Biophysics of Gap
Junction Channels (ed. C. Peracchia), pp. 373-389. Boca
Raton: CRC Press.

Harris, A. L. (1994). Connexin32: a protein that can
form channels through one or two membranes. In
Biomembrane Electrochemistry (eds. M. Blank & 1.
Vodyanoy), pp. 197-224. Washington, DC: American
Chemical Society.

Harris, A.L. & Bevans, C.G. (1997). Molecular
selectivity of homomeric and heteromeric connexin
channels. In Gap Junctions (ed. R. Werner), pp. 60-64.
Amsterdam: IOS Press.

Harris, A.L. & Bevans, C.G. (2001). Exploring
connexin permeability in vitro. In Methods in Molecular
Biology:  Connexin  Methods and Protocols (eds. R.
Bruzzone & C. Giaume), pp. 357-377. Totowa:
Humana Press.

Harris, A. L., Seray, D.C. & Bexnerr, M. V. L.
(1981). Kinetic properties of a voltage-dependent
junctional conductance. J. gen. Physiol. 77, 95-117.

Harris, A. L., Seray, D.C. & Bexnerr, M. V. L.
(1983). Control of intercellular communication by
voltage dependence of junctional conductance. J.
Neurosci. 3, 79-100.

Harris, A. L., WALTER, A., Paur, D. L., GOODENOUGH,
D. A. & ZiMMERBERG, J. (1992). Ion channels in
single bilayers induced by rat connexin32. Molec. Brain
Res. 15, 269-280.

Hagrris, A. L., WALTER, A. & ZIMMERBERG, J. (1989).
Transport-specific purification of large channels in-
corporated into lipid vesicles. [. Membr. Biol. 109,
243-250.

Hara, Y., Tanaka, T., Suizu, T., Kawaro, A., ABE,
Y., Imavasu, S., Oxo, K. & Oxka, S. (1992). Rapid

assay of glucoamylase using a fluorescence-labeled
y g Y g

glucoamylase inhibitor, acarbose. Biosci. Biotech.
Biochem. 56, 1345—-1346.

HausricH, S., Scuwarz, H. J., Bukauskas, F.F.,
LicHTENBERGFRATE, H., TrRAUB, O., WEINGART, R.
& WrLLECKE, K. (19906). Incompatibility of connexin-
40 and -43 hemichannels in gap junctions between
mammalian cells is determined by intracellular
domains. Molec. biol. Cell 7, 1995-2006.

He, D.S. & Burt, J. M. (2000). Mechanism and
selectivity of the effects of halothane on gap junction
channel function. Cire. Res. 86, E104-E109.

He, D. S., Jiang, J. X., Tarrer, S. M. & BurT, J. M.
(1999). Formation of heteromeric gap junction
channels by connexins 40 and 43 in vascular smooth
muscle cells. Proc. natn. Acad. Sci. US.A 96, 6495-6500.

HennNEMANN, H., Sucay~naA, T., LICHTENBERG-FRATE,
H., JuncsrLurh, S., Danr, E., Scuwarz, J.,
Nrcuowrsox, B. J. & WrLLECKE, K. (1992). Molecular
cloning and functional expression of mouse
connexin40, a second gap junction gene preferentially
expressed in lung. J. Cell Biol. 117, 1299-1310.

HeppNER, D. B. & Pronsey, R. (1970). Simulation of
electrical interaction of cardiac cells. Biophys. ]. 10,
1057-1083.

Hermans, M. M. P., KorTEKAAs, P., JonGsma, H. J. &
Rook, M. B. (1995). pH sensitivity of the cardiac gap
junction proteins, connexin45 and -43. Pfliigers Arch.
431, 138-140.

HertzBERG, E.L. (1984). A detergent-independent
procedure for the isolation of gap junction from rat
liver. |. biol. Chem. 259, 9936-9943.

HEerTzBERG, E. L. (Ed.). (2000). Gap Junctions. Stamford:
Jai Press.

HertzBERG, E. L., Drsurer, R. M., TirLer, A. A.,
Znou, Y. & Cook, R. G. (1988). Topology of the M,
27,000 liver gap junction protein. Cytoplasmic
localization of amino- and carboxyl termini and a
hydrophilic domain which is protease-hypersensitive.
J. biol. Chem. 263, 19105-19111.

Hess, P., Lanxsman, J.B. & Tsiex, R.W. (19806).
Voltage and concentration dependence of single
channel current in ventricular heart cells. J. gen.
Physiol. 88, 293-319.

Higasni, N., Kajrvama, T., Kunrrakg, T., Prass, W.,
RiNGgsporF, H. & Takamara, A. (1987). Cast
multibilayer films from polymerizable lipids. Macro-
mol. 20, 29-33.

Hiceg, B. (1975). Ionic selectivity of Na and K channels
of nerve membranes. In Lipid Bilayers and Biological
Membranes : Dynamic Properties (ed. G. Eisenman), pp.
255-323. New York: Marcel Dekker.

HircuE, G. (1985). Blocking and modifying actions of
octanol on Na channels in frog myelinated nerve.
Pfliigers Arch. 405, 180-187.

Hrrokawa, N. & Heuser, J. (1982). The inside and
outside of gap-junction membranes visualized by deep
etching. Ce// 30, 395-406.



Hirscur, K. K., Min~icH, B. N., Moorg, L. K. &
Burt, J. M. (1993). Oleic acid differentially affects
gap junction-mediated communication in heart and
smooth muscle cells. Am. J. Physiol. 265, C1517—
C1526.

Horer, A. & DerMIETZEL, R. (1998). Visualization and
functional blocking of gap junction hemichannels
(connexons) with antibodies against external loop
domains in astrocytes. Glia 24, 141-154.

Hown, J.H., Lar, R., Jonn, S.A., Rever, J.P. &
ARNsDORF, M. F. (1991). Atomic force microscopy
and dissection of gap junctions. Science 253, 1405
1408.

Hon, J. H., Sosinsky, G. E., REVEL, J. P. & HaNswma,
P. K. (1993). Structure of the extracellular surface of
the gap junction by atomic force microscopy. Biophys.
J. 65, 149-163.

Howrwm, I., Mikuarcov, A., JiLson, T. & Rose, B.
(1999). Dynamics of gap junctions observed in living
cells with connexin43-GFP chimeric protein. Eur. ].
Cell. Biol. 78, 856-860.

HomMma, N,

ALVARADO, Coowmss, W.,

JL,
SterGrorouros, K., Tarrer, S. M., Lau, A.F. &
DeLMAR, M. (1998). A particle-receptor model for the
insulin-induced closure of connexin43 channels. Cire.
Res. 83, 27-32.

Howmovrya, L., SteinBerG, T. H. & Boucuer, R.C.
(2000). Cell to cell communication in response to
mechanical stress via bilateral release of ATP and
UTP in polarized epithelia. . Cell. Biol. 150,
1349-1359.

Honpa, A., Apawms, S. R., Sawyer, C. L., LEv-Rawm, V.,

R.Y. & Dostvann, W.R.G. (2001).

Spatiotemporal dynamics of guanosine 3’,5-cyclic

Ts1EN,

monophosphate revealed by a genetically encoded,
fluorescent indicator. Proc. natn. Acad. Sci. US.A 98,
2437-2442.

Hoxg, E. J., Hun, K. & RuEg, S. K. (1996). Effect
of ginseng saponin on gap junction channel re-
constituted with connexin32. Arch. Pharm. Res. 19,
264-268.

HorprerstaDp, M. G., Srintvas, M. & Seray, D.C.
(2000). Properties of gap junction channels formed by
Cx46 alone and in combination with Cx50. Biophys. ].
79, 1954-1966.

Hosur, T., Zacorra, W. N. & AvrpricH, R. W. (1990).
Biophysical and molecular mechanisms of Shaker
potassium channel inactivation. Science 250, 533-538.

Hu, X.G. & Danr, G. (1999). Exchange of con-
ductance and gating properties between gap junction
hemichannels. FEBS Lezt. 451, 113-117.

Hurposro-Toro, J. P. & Harrrs, R. A. (1996). Brain
lipids that induce sleep are novel modulantors of 5-
hydroxytryptamine receptors. Proc. natn. Acad. Sci.
USA 93, 8078-8082.

Connexin channels 451

Huiser, D. F., EckerT, R., IRMER, U., KRISCTUKATTIS,
A., MINDERMANN, A., Prrmss, J., Reknopr, B,
SuarOVsKAYA, J. & Traus, O. (1998). Intercellular
communication via gap junction channels. Bio-
electrochem. Bioenerg. 45, 55—65.

Huwvser, D. F., Rurz, M. L., EckerT, R. & TrAUB, O.
(2001). Functional rescue of defective mutant con-
nexons by pairing with wild-type connexons. Pfligers
Areh. 441, 521-528.

Hovuser, D. F., Reknorr, B. & Traus, O. (1997).
Dispersed and aggregated gap junction channels
identified by immunogold labeling of freeze-fractured
membranes. Exp. Cell Res. 233, 240-251.

Hurcainson, R. W., Barnouwmr, R., Mitgs, J. M. &
BurGgHarDT, R. C. (1998). Attenuation of gossypol
cytotoxicity by cyclic AMP in a rat liver cell line.
Toxicol. appl. Pharmacol. 151, 311-318.

Huxrasrg, R. J. & Micuavk, D. (Eds.) (1994). Taurine
in Health and Disease. New York: Plenum Press.

Ikura, M., CLORE, G. M., GRONENBORN, A. M., ZHU,
G., KiEg, C. B. & Bax, A. (1992). Solution structure
of a calmodulin-target peptide complex by multi-
dimensional NMR. Science 256, 632—638.

Imanacga, 1., Kameyama, M. & Irsawa, H. (1987).
Cell-to-cell diffusion of fluorescent dyes in paired
ventricular cells. An. J. Physiol. 252, H223-H232.

Isacorr, E.Y. Jan, Y.N. & Jan, L.Y. (1990).
Evidence for the formation of heteromultimeric
potassium channels in Xenopus oocytes. Nature 345,
530-534.

Iwar, M., Harapa, Y., MuramaTsU, A., TANAKA, S.,
Mori, T., OkaNoug, T., Katon, F., Oukusa, T. &
Kasuma, K. (2000). Development of gap junctional
channels and intercellular communication in rat liver
during ontogenesis. J. Hepatol. 32, 11-18.

Iwarsuki, N. & Pererson, O. H. (1979). Pancreatic
acinar cells: the effect of carbon dioxide, ammonium
chloride and acetylcholine on intercellular communi-
cation. . Physiol. (Lond.) 291, 317-326.

Jarri, M. S. & KEizer, J. (1995). On the roles of Ca**
diffusion, Ca®* buffers, and the endoplasmic reticulum
in IP3-induced Ca*" waves. Bigphys. J. 69, 2139-2153.

Janssen, M., Hunte, C., LEINEWEBER, K., Kxor, M.,
CraMER, H., Traus, O. & Scuurz, M. (1994).
Tissue- and cell-specific distribution of connexin32
and connexin26 related proteins from 17ia faba.
Botan. Acta 107, 468-472.

Jar, B. K., WaLman, P.J. & Genrig, K. (1991).
Structural architecture of an outer membrane channel
as determined by electron crystallography. Nature
350, 167-170.

JariLro, J. A., Barrio, L. C. & GimricH, R. L. (1995).
Voltage dependence and kinetics of Xenopus connexin
30 channels expressed in Xenopus oocytes. In Gap
Junctions (ed. Y. Kanno), pp. 399-402. Amsterdam:
Elsevier Science.



452 Andrew L. Harris

Jarvrs, L. J. & Lours, C. F. (1992). The permeability of
reconstituted liposomes containing the purified lens
fiber cell integral membrane proteins MP20, MP26
and MP70. J. Membr. Biol. 130, 251-263.

Jascove, S. W. & Brink, P. R. (1986). The mechanism
of rectification at the electrotonic motor giant synapse
of the crayfish. Nature 323, 63-65.

JEeFFERYS, J. G. R. (1995). Nonsynaptic modulation of
neuronal activity in the brain: electrical currents and
extracellular ions. Physiol. Rev. 75, 689-723.

Jia, Z., Barrorp, D., Fruint, A. J. & Tonks, N. K.
(1995). Structural basis for phosphotyrosine peptide
recognition by protein tyrosine phosphatase 1B.
Science 268, 1754-1758.

Jiang, J. X. & GoobpenouGH, D. A. (1996). Hetero-
meric connexons in lens gap junction channels. Proc.
natn. Acad. Sci. US A 93, 1287-1291.

Jiang, W. G., Brycg, R. P. & Maxser, R. E. (1997).
Gamma linolenic acid regulates gap junction com-
munication between endothelial cells and their in-
teraction with tumor cells. Prostagland. Leukot. Essent.
Fatty Acids 56, 307-316.

Jonansson, J. S., Scuarr, D., Davies, L. A., REppy,
K. S. & Eckexnorr, R. G. (2000). A designed four-
alpha-helix bundle that binds the volatile general
anesthetic halothane with high affinity. Biophys. ]. 78,
982-993.

Jonn, S. A., Konxpo, R., WanG, S.Y., GOLDHABER,
J.I. & Waerss, J.N. (1999). Connexin-43 hemi-
channels opened by metabolic inhibition. J. biol. Chem.
274, 236-240.

Jonn, S. A. & RevEL, J. P. (1991). Connexon integrity
is maintained by non-covalent bonds: intramolecular
disulfide bonds link the extracellular domains in rat
connexin-43. Biochem. biophys. Res. Commun. 178,
1312-1318.

Jonnson, R. L., VanxHaastert, P.]J. M., KimwmEL,
A. R., Saxg, C. L., Jastorrr, B. & DEvREOTES, P. N.
(1992). The cyclic nucleotide specificity of three
cAMP receptors in Dictyostelium. J. biol. Chem. 267,
4600-4607.

Jongsma, H. J., vax Rijen, H. V. M., Kwak, B. R. &
CHANSON, M. (2000). Phosphorylation of connexins:
consequences for permeability, conductance, and
kinetics of gap junction channels. In Gap Junctions:
Molecular Basis of Cell Communication in Health and
Disease (ed. C. Peracchia), pp. 131-144. San Diego:
Academic Press.

Jorpan, K., Cuobock, R., Hanp, A.R. & LAIRD,
D. W.. (2001). The origin of annular junctions: a
mechanism of gap junction internalization. J. Cel/ Sci.
114, 763-773.

Jorpaxn, K., Soraxn, J. L., DomINGUEZ, M., S1a, M.,
Haxp, A., Lampe, P. D. & Lamrp, D. W. (1999).
Trafficking, assembly, and function of a connexin43-
green fluorescent protein chimera in live mammalian

cells. Molec. biol. Cell 10, 2033-2050.

JorGENSEN, N. R., HENRIKSEN, Z., Bror, C., ERIKSEN,
E. F., SorenseN, O. H., CrviterLi, R. & STEINBERG,
T. H. (2000). Human osteoblastic cels propagate

intercellular calcium = signals by two different
mechanisms. J. Bone Miner. Res. 15, 1024-1032.

Josepn, D., Persko, G. A. & Karprus, M. (1990).
Anatomy of a conformational change: hinged ‘lid’
motion of the triosephosphate isomerase loop. Science
249, 1425-1428.

Jungja, S. C., Barr, K. J., ExpErs, G. C. & KIDDER,
G. M. (1999). Defects in the germ line and gonads
of mice lacking connexin43. Bio/. Reprod. 60, 1263~
1270.

KALmAN, L., Gajpa, T., SesBaN, P. & Marori, P.
(1997). pH-metric study of reaction centers from
photosynthetic  bacteria in micellular solutions:
protonatable groups equilibrate with the aqueous
bulk phase. Biochemistry 36, 4489-4496.

Kay, Y., Kiv, D. Y., Koo, S. K. & Jog, C. O. (1998).
Transfer of second messengers through gap junction
connexin43 channels reconstituted into liposomes.
Biochim. Biophys. Acta Biomembr. 1372, 384-388.

Kaneurrsu, M. Y., Loo, L. W. M., Smvon, S., Lau,
A.F. & Ecknarr, W. (1997). Tyrosine phos-
phorylation of connexin 43 by v-SRC is mediated by
SH2 and SH3 domain interactions. J. biol. Chem. 272,
22824-22831.

KamerMANs, M., Fanrexrorrt, I., Scaurrz, K.,
JanssEn-BrenHOLD, U., SJoERDSMA, T. & WEILER, R.
(2001). Hemichannel-mediated inhibition in the outer
retina. Science 292, 1178-1180.

KarLin, A. & Akasas, M. H. (1995). Toward a
structural basis for the function of nicotinic acetyl-
choline receptors and their cousins. Neuron 15,
1231-1244.

Karon, B. S., ManANEY, J. E. & TraowMmas, D. D. (1994).
Halothane and cyclopiazonic acid modulate Ca-
ATPase oligomeric state and function in sarcoplasmic
recticulum. Biochemistry 33, 13928-13937.

KARRER, H. (1960). The striated musculature of blood
vessels. II. Cell interconnections and cell surface. J.
Cell Biol. 8, 135-150.

Kasar, H. & PererseN, O. H. (1994). Spatial dynamics
of second messengers: IP3 and cAMP as long-range
and associative messengers. Trends Nenrosci. 17,
95-101.

Kevesuian, A. M., Epsson, R.O., Liu, G.-L. &
MapseN, B. W. (2000). Evidence for cooperativity
between nicotinic acetylcholine receptors in patch
clamp records. Biophys. J. 78, 1-12.

Kerry, J.J.,, Maxcos, G., WiLLiamson, P. M. &
Warrworts, J. A. (1998). Cortisol and hypertension.
Clin. exp. Pharm. Physiol. 25, S51-856.

KerseLr, D. P., D1, W. L. & Houseman, M. J. (2001a).
Connexin mutations in skin disease and hearing loss.

Am. J. Hum. Genet. 68, 559—-568.



KerseLr, D. P., DuNvop, J. & Hopcixs, M. B. (2001b).
Human diseases: clues to cracking the connexin code?
Trends Cell Biol. 11, 2—6.

Kerserr, D. P., DuNvop, J., Stevens, H. P., LeEncH,
N. J., L1axg, J. N., MUueLLER, R. F. & LEeign, I. M.
(1997). Connexin26 mutations in hereditary non-
syndromic sensorineural deafness. Nature 387, 80—
83.

Kerserr, D. P., WiLGoss, A. L., Ricuarp, G., STEVENS,
H. P., Munro, C. S. & Leigh, I. M. (2000). Connexin
mutations associated with palmoplantar keratoderma
and profound deafness in a single family. Ewur. J. Hum.
Genet. 8, 141-144.

K, D. Y., Kam, Y., Koo, S. K. & Jog, C. O. (1999).
Gating connexin 43 channels reconstituted in lipid
vesicles by mitogen-activated protein kinase phos-
phorylation. J. biol. Chem. 274, 5581-5587.

Kim, J.-Y., CareriNna, M. J., Mmxg, J.L.S., LN,
K. C,, Borress, J. A. & Devreorss, P. N. (1997).
Random mutagenesis of the cAMP chemoattractant
receptor, cAR1, of Dictyostelium. J. biol. Chem. 272,
2060-2068.

Kmv, J.-Y. & Devreores, P.N. (1994). Random
chimeragenesis of G-protein-coupled receptors. J.
biol. Chem. 269, 28724-28731.

Kircunorr, S., NELLES, E., HAGENDORFF, A., KRUGER,
O., Traus, O. & WrLLECKE, K.. (1998). Reduced
cardiac conduction velocity and predisposition to
arrhythmias in connexin40-deficient mice. Curr. Biol.
8, 299-302.

KisTLER, J., BoxD, J., DoNALDSON, P. J. & ENGEL, A.
(1993). Two distinct levels of gap junction assembly 7z
vitro. ]. struct. Biol. 110, 28-38.

KistLER, J., Evaxs, C., DonaLpson, P., BuLLivanr, S.,
Bonp, J., Easrwoob, S., Roos, M., Doxg, Y. M.,
Grurjrers, T. & ENGEL, A. (1995). Ocular lens gap
junctions: protein expression assembly, and structure—
function analysis. Microscop. Res. Tech. 31, 347-356.

Kistrer, ., Gorpig, K., DoNaLpson, P. J. & ENGEL,
A, (1994).
crystalline lens fiber gap junctions from isolated
hemichannels. J. Ce// Biol. 126, 1047-1058.

Kiressa, P. E., HorNuNG, M. & CHarsrt, A. (1994). A
model of maltodextrin transport through the sugar-

Reconstitution of native-type non-

specific porin, LamB, based on deletion analysis.
EMBO . 13, 4670-4675.

Krem, C. T. & Maver, B. (1997). A model for pattern
formation in gap-junction coupled cells. |. zheor. Biol.
186, 107-115.

Korop~y, G. M. (1971).
macromolecular RNA between mammalian cells in
culture. Exp. Cell Res. 65, 313-324.

KovrzscHER, M. & GERKE, V. (2000). Identification of
hydrophobic amino acid residues involved in the

Evidence for transfer of

formation of S100P homodimers in vivo. Biochemistry
39, 9533-9539.

Connexin channels 453

Koxpo, R. P., Wang, S. Y., Joun, S. A., WErss, J. N.
& GoLpHABER, J.I. (2000). Metabolic inhibition
activates a non-selective current through connexin
hemichannels in isolated ventricular myocytes. J.
molec. cell. Cardiol. 32, 1859-1872.

Konvicka, K., Guarnieri, F., BALLESTEROS, J. A. &
WeNsTEIN, H. (1998). A proposed structure for
transmembrane segment 7 of G protein-coupled
receptors incorporating an Asn-Pro/Asp-Pro motif.
Biophys. J. 75, 601-611.

Korrer, D. E. (1979). Fluorescence redistribution after
photobleaching: a new multipoint analysis of mem-
brane translational dynamics. Biophys. . 28, 281-292.

KorpeL, M., NicHoLsoN, B. J. & Harris, A. L. (1993).
Crosslinking studies of rat and mouse liver connexins
in purified form and in plasma membranes. Biophys. J.
54, A192.

Kornau, H. C., SeeBurG, P. H. & KEenxNEDY, M. B.
(1997). Interaction of ion channels and receptors with
PDZ domain proteins. Curr. Opin. Neurobiol. 1,
368-373.

Kovar, M., Gerst, S. T., WestpHALE, E. M., KEMENDY,
A. E., Cwvrrerer, R., Bever, E. C. & STEINBERG,
T. H. (1995). Transfected connexind5 alters gap
junction permeability in cells expressing endogenous
connexin43. J. Ce// Biol. 130, 987-995.

Krasiunikov, O. V., Sasirov, R. Z., TERNOVSKY, V. 1.,
Merzriak, P. G. & MURATKHODJAEV, J. N. (1992).
A simple method for the determination of the pore
radius of ion channels in planar lipid bilayer mem-
branes. FEMS Microbiol. Immunol. 5, 93—100.

Krasienikov, O. V., YurLpasueva, L. N., NOGUEIRA,
R. A. & RobriGuss, C. G. (1995). The diameter of
water pores formed by colicin Ia in planar lipid
bilayers. Brag. |. med. biol. Res. 28, 693—698.

KroNENGOLD, J., TREXLER, E. B. & Bukauskas, F. F.
(2001). The D51 residue in the E1 domain of Cx46
resides in the pore. Biophys. ]. 80, 11a.

KruGer, M., Nsurr, K., Nakamura, K., Takepa, N.,
Suzukr, M. & SuisaTa, Y. (2000). Loss of connexin45
causes a cushion defect in early cardiogenesis.
Development 127, 3501-3512.

KRruGer, O., PLum, A., Kiv, . S., WINTERHAGER, E.,
MAXEINER, S., Havrras, G., KiRcHHOFF, S., TRAUB,
O., Lamers, W. H. & WiLLeckE, K. (2000). Defec-
tive vascular development in connexind5-deficient
mice. Development 127, 4179-4193.

Kumar, M., Nisurr, K., Nakamura, K., Takepa, N.,
Suzukr, M. & SuiBaTa, Y. (2000). Loss of connexin45
causes a cushion defect in early cardiogenesis.
Development 127, 3501-3512.

Kumar, N. M. & Grrura, N. B. (1986). Cloning and
characterization of human and rat liver cDNAs coding
for a gap junction protein. J. Ce// Biol. 103, 767-776.

Kumar, N. M. & Groora, N.B. (1996). The gap
junction communication channel. Ce// 84, 381-388.



454 Andrew L. Harris

Kumari, S. S,
Ramanan, S. V., CuristeNseN, E. A., Bever, E. C.
& Brink, P.R. (2000). Functional expression and

Varaparaj, K., VavmoNnas, V.,

biophysical properties of polymorphic variants of the
human gap junction protein connexin37. Biochem.
biophys. Res. Commun. 274, 216-224.
KunzeLmann, P, Traus, O.,
R. & WirLeckg, K. (1997). Co-
expression of connexind5 and -32 in oligodendro-
cytes of rat brain. J. Neurocytol. 26, 17-22.
Kuraoxa, A., Iipa, H., Hatag, T., Suisarta, Y., Iton,

Brumcke, 1.,
DERMIETZEL,

M. & Kurrra, T. (1993). Localization of gap junction
proteins, connexins 32 and 206, in rat and guinea pig
liver as revealed by quick-freeze, deep-etch immuno-
electron microscopy. . Histochem. Cytochem. 41,
971-980.

Kurara, H., Taxanasai, A., Yokovama, K.,
Ovamapa, M. & Takamarsu, T. (1997). A new auto-
manipulation system for three dimensional micro-
injection assisted by a confocal laser scanning micro-
scope. Acta Histochem. Cytochem. 30, 389-394.

Kurjraka, D.T., Steece, T.D., Ousex, M. V. &
Burt, J. M. (1998). Gap junction permeability is
diminished in proliferating vascular smooth muscle
cells. Am. ]. Physiol. Cell Physiol. 44, C1674—-C1682.

Kwaxk, B. R., HeErmans, M. M. P., DeJo~nGE, H. R,
Lonmanyn, S. M., Jonesma, H. J. & CHAaNsoN, M.
(1995a). Differential regulation of distinct types of
gap junction channels by similar phosphorylating
conditions. Molec. biol. Cell 6, 1707-1719.

Kwak, B.R. & Jonesma, H.J. (1999). Selective
inhibition of gap junction channel activity by synthetic
peptides. J. Physiol. (Lond.) 516, 679-685.

Kwaxk, B. R., S4Ez, J. C., WirpEers, R., Craxsox, M.,
Frsaman, G. 1., HErtzBERG, E. L., Spray, D. C. &
Jonagsma, H. J. (1995b). Effects of cGMP dependent
phosphorylation on rat and human connexin43 gap
junction channels. Pfligers Arch. 430, 770-778.

LaNg, J. G. & Bevegr, E. C. (1995). The gap junction
protein connexin43 is degraded via the ubiquitin pro-
teasome pathway. J. biol. Chem. 270, 26399-26403.

Lamp, D. W., CastiLo, M. & Kasprzak, L. (1995).
Gap junction turnover, intracellular trafficking, and
phosphorylation of connexin43 in brefeldin A-treated
rat mammary tumor cells. J. Ce// Biol. 131, 1193-1203.

Lamp, D. W., Purananm, K. L. & ReveL, J. P. (1991).
Turnover and phosphorylation dynamics of con-
nexin43 gap junction protein in cultured cardiac
myocytes. Biochem. J. 273, 67-72.

Lamrp, D. W. & ReveL, J. P. (1990). Biochemical and
immunochemical analysis of the arrangement of
connexin43 in rat heart gap junction membranes. J.
Cell Sei. 97, 109-117.

Lamrp, D. W. & Saez, ]. C. (2000). Post-translational
events in the expression of gap junctions. In Gap
Junctions (ed. E. L. Hertzberg), pp. 99-128. Stamford:
Jai Press.

Lar, R., Jonn, S. A., Lairp, D. W. & ArRNSDORF, M. F.
(1995). Heart gap junction preparations reveal hemi-
plaques by atomic force microscopy. Awm. J. Physiol.
37, C968-CI77.

Lar, R. & Lix, H. (2001). Imaging molecular structure
and physiological function of gap junctions and
hemijunctions by multimodal atomic force micro-
scopy. Microscop. Res. Tech. 52, 273-288.

G. M,

LanNELuc, 1., CaLrouer, E., Laoupj, D., LEMAITRE,

G., Hanp, C., S.J., ZoNana, ],

ANTONARAKIS, S., Rapnakrinsua, U., KELSELL,

A. L., Prravar, A., Der
KavousTiaN, V., Fraser, C., BLaANcHET-BARDON, C.,
Roureau, G. A. & WaksmaN, G. (2000). Mutations
in GJB6 cause hidrotic ectodermal dysplasia. Nature
Genet. 26, 142-144.

Lawmpg, P. D. (1994). Analyzing phorbol ester effects on

LAMARTINE, ]., ESSENFELDER, KrBar, Z.

>
HavyFLICK,

D. P., CHRISTIANSON,

gap junctional communication: a dramatic inhibition
of assembly. J. Ce// Bio/. 127, 1895-1905.

Lampe, P.D., KistLer, J., Herri, A., Bonp, J.,
MULLER, S., Jounsox, R. G. & ENGeL, A. (1991). I
vitro assembly of gap junctions. J. struct. Biol. 107,
281-290.

Lamrg, P. D. & Lau, A. F. (2000). Regulation of gap
junctions by phosphorylation of connexins. Arch.
Biochem. Biophys. 384, 205-215.

Lawmpg, P. D., TExBrOEK, E. M., Burrt, J. M., KurATa,
W. E., R.G. & Lau, A.F. (2000).
Phosphorylation of connexin43 on serine368 by

Jonnson,

protein kinase C regulates gap junctional communi-
cation. J. Cel// Biol. 149, 1503-1512.

Laxpesmax, Y., GoopeNouGH, D. A. & Paur, D. L.
(2000). Gap junctional communication in the early
Xenopus embryo. |. Cell Biol. 150, 929-936.

LANDESMAN, Y., Warte, T. W., StraricH, T. A., SHAW,
J. E., GoopexoucH, D. A. & Paur, D. L. (1999).
Innexin-3 forms connexin-like intercellular channels.
J. Cell Sci. 112, 2391-2396.

Larsen, T. A., Orson, A. J. & GoobstLL, D. S. (1998).
Morphology of protein—protein interfaces. Structure 6,
421-427.

Lau, A.F. Kaxemrrsu, M.Y. Kurata, W.E.
Daxesn, S. & Boynton, A. L. (1992). Epidermal
growth factor disrupts gap-junctional communication
and induces phosphorylation of connexin43 on serine.
Molec. biol. Cell 3, 865-874.

Lau, A.F., Warn-CraMER, B. & LiN, R. (2000).
Regulation of connexin43 by tyrosine protein kinases.
In Gap Junctions: Molecular Basis of Cell Communication
in Health and Disease (ed. C. Peracchia), pp. 315-341.
San Diego: Academic Press.

Lavapo, E., Sancuez-ABarca, L. 1., TABERNERO, A.,
Boraxos, J. P. & MepiNa, J. M. (1997). Oleic acid
inhibits gap junction permeability and increases
glucose uptake in cultured rat astrocytes. J. Neurochem.
69, 721-728.



Lawrence, T.S., Beers, W.H. & Grrura, N. B.
(1978). Transmission of hormonal stimulation by cell-
to-cell communication. Nature 272, 501-506.

Lazrak, A. & Peraccuia, C. (1993). Gap junction
gating sensitivity to physiological internal calcium
regardless of pH in Novikoff hepatoma cells. Biophys.
J. 65, 2002-2012.

LE, A. C. N. & Musit, L. S. (1998). Normal differen-
tiation of cultured lens cells after inhibition of gap
junction-mediated intercellular communication. De.
Biol. 204, 80-96.

LE, A. C. N. & Musit, L. S. (2001). A novel role for
FGF and extracellular signal-regulated kinase in gap
junction-mediated intercellular communication in the
lens. J. Cell Biol. 154, 197-216.

LecanDa, F., Towrer, D. A., Ziamsaras, K., CHENG,
S. L., Kovar, M., SteiNBERG, T. H. & Crvrrerer, R.
(1998). Gap junctional communication modulates
gene expression in osteoblastic cells. Molec. biol. Cell 9,
2249-2258.

Lecanpa, F., Warrow, P. M., SueikH, S., FurLan, F.,
StemnsErRG, T.H. & Crvrreri, R. (2000). Con-
nexin43 deficiency causes delayed ossification, cranio-
facial abnormalities, and osteoblast dysfunction. J.
Cell Biol. 151, 931-943.

LeckBAND, D. & S1vAsaANKAR, S. (2000). Mechanism of
homophilic cadherin adhesion. Curr. Opin. Cell Biol.
12, 587-592.

LEE, J. W., ZHANG, Y., WEAVER, C. D., SHOMER, N. H.,

C.F. & Roserts, D.M. (1995). Phos-

phorylation of nodulin 26 on serine 262 affects its

Lours,

voltage-sensitive activity in planar bilayers. ]. biol.
Chem. 270, 27051-27057.

LekTIN, A. & Osmor, M. (1986). Self-replication of a
channel-forming protein in vitro. Biophys. . 49, 414a.

Levrran, 1. B. (1999). Modulation of ion channels by
protein phosphorylation: how the brain works. Adp.
Sec. Mess. Phosphoprot. Res. 33, 3-22.

Li, H. Y., Liu, T.F., Lazrak, A., PeEraccuia, C.,
GoLpBERG, G. S., Lamrg, P. D. & Jonnson, R. G.
(1996). Properties and regulation of gap junctional
hemichannels in the plasma membranes of cultured
cells. J. Cell Biol. 134, 1019-1030.

L1, J., E.L. & Nacy, J.I (1997).

Connexin32 in oligodendrocytes and association with

HERTZBERG,

myelinated fibers in mouse and rat brain. J. Comp.
Neurol. 379, 571-591.

L1, X. & S1marD, J. M. (1999). Multiple connexins form
gap junction channels in rat basilar artery smooth
muscle cells. Cire. Res. 84, 1277-1284.

Liao, Y., Day, K. H., Damoxn, D. N. & DuLing, B. R.
(2001). Endothelial cell-specific knockout of con-
nexin43 causes hypotension and bradycardia in mice.
Proc. natn. Acad. Sci. USA 98, 9989-9994.,

LN, J. W. & FaBeg, D. S. (1988). Synaptic transmission
mediated by single club endings on the goldfish
Mauthner cell. 1. Characteristics of electrotonic and

Connexin channels 455

chemical postsynaptic potentials. J. Nexrosci 8, 1302~
1312.

Lix, R., WARN-CRAMER, B. J., KuraTta, W. E. & Lau,
A. F. (2001). v-SRC phosphorylation of connexin43
on Tyr247 and Tyr265 disrupts gap junctional com-
munication. J. Ce// Biol. 154, 815-827.

Lrrreg, T. L., Bever, E. C. & DuLing, B. R. (1995a).
Connexin30 and connexin43 gap junctional proteins
are present in arteriolar smooth muscle and en-
dothelium in vivo. Awm. J. Physiol. 37, H729-H739.

Lrrreg, T. L., X14, J. & DuLixg, B. R. (1995b). Dye
tracers define differential endothelial and smooth
muscle coupling patterns within the arteriolar wall.
Circe. Res. 76, 498-504.

Lru, Q.-R., Lorez-Corcuera, B., NEewson, H.,
Manryan, S. & Newson, N. (1992). Cloning and
expression of a cDNA encoding the transporter of
taurine and beta-alanine in mouse brain. Proc. natn.
Acad. Sci. USA 89, 12145-12149.

Liu, S., TAFrET, S., STONER, L., DELMAR, M., VALLANO,
M. L. & JALIFE, J. (1993). A structural basis for the
unequal sensitivity of the major cardiac and liver gap
junctions to intracellular acidification: the carboxyl
tail length. Biophys. J. 64, 1422-1433.

L, T.F., L1, H. Y., Arkinson, M. M. & JOHNSON,
R. G. (1995). Intracellular Lucifer Yellow leakage
from Novikoff cells in the presence of ATP or low
extracellular Ca: evidence for hemi-gap junction
channels. Meth. Find. exp. clin. Pharmacol. 17, 23-28.

Liv, X. Z., X1a, X. J., Xu, L. R, Panpya, A., L1aNG,
C. Y., Braxrton, S.H., Brown, S.D. M., SrtEeEeL,
K. P. & Nance, W. E. (2000). Mutations in con-
nexin31 underlie recessive as well as dominant non-
syndromic hearing loss. Hum. molec. Genet. 9, 63-67.

Lrinas, R., ParE, D., DescueNES, M. & STERIADE, M.
(1987).

dling and PGO wave generation demonstrated by

Differences between thalamocortical spin-

low-threshold calcium current blockage by octanol.
Sei. Nenrosci. Abstr. 13, 1012.

Lo, C. (guest editor) (2000). Structure and Function of
Gap Junctions (Special Issue). Microscop. Res. Tech. 52,
239-352.

Lo, W.K, A. P, L.J.,
Grossnikraus, H. E. & Ticees, M. (1996). Gap
junction structures and distribution patterns of

46 and 50 in
regrowths of Rhesus monkeys. Exp. Eye Res. 62,
171-180.

Lockkg, D., PERUSINGHE, N., NEwWMAN, T., JAYATILAKE,
H., Evans, W. H. & MonNaguax, P. (2000). De-

velopmental expression and assembly of connexins

SHAW, TAKEMOTO,

immunoreactive connexins lens

into homomeric and heteromeric gap junction hemi-
channels in the mouse mammary gland. J. Ce// Physiol.
183, 228-237.

Lop1, P. J., Ernst, J. A., Kuszewskr, J., HICkMAN,
A. B., ExGELMAN, A., Cralcrg, R., CLorg, G. M. &



456 Andrew L. Harris
GRONENBORN, A. M. (1995). Solution structure of the
DNA binding domain of HIV-1 integrase. Biochemistry
34, 9826-9833.

LoewensTEIN, W. R. (1965). Intercellular communi-
cation: renal, urinary bladder, sensory, and salivary
gland cells. Science 149, 295-298.

LoewenstEIN, W. R. (1981). Junctional intercelluar
communication: the cell-to-cell membrane channel.
Physiol. Rev. 61, 829-913.

LoewensTEIN, W. R. & Kanno, Y. (1964). Studies on
an epithelial (gland) cell junction. I. Modification of
surface membrane permeability. [. Ce// Biol. 22,
565-586.

Lorez-Bigas, N., Orivé, M., Rasroner, R., Bex-
Davip, O., MartiNnez-Matos, J. A., Bravo, O.,
Baxcus, 1., Vorrintg, V., GaspArINT, P., AVRAHAM,
K. B., FERRER, 1., ARBONES, M. L. & EstivirL, X.
(2001). Connexin31 (gjb3) is expressed in the peri-
pheral and auditory nerves and causes neuropathy and
hearing impairment. Hum. molec. Genet. 10, 947-952.

A.L. & Tiex, H.T. (1996).

Biophysical aspects of agar-gel supported bilayer lipid

Lu, X., Orrova,

membranes: a new method for forming and studying
planar bilayer lipid membranes. Bivelectrochen. Bioenerg.
39, 285-289.

Lucy, J. A. & Anxong, Q.F. (1986). An osmotic
model for the fusion of biological membranes. FEBS
Lert. 199, 1-11.

Lucy, J. A. & AHKONG, Q. F. (1995). Membrane fusion:
fusogenic agents and osmotic forces. In Artificial and
Reconstituted Membrane Systems (eds. ]J. R. Harris &
A.-H. Etemadi), pp. 189-228. New York, London:
Plenum Press.

Lyxch, E. C., Harris, A. L. & Paur, D. L. (1984). Ton
channel phenomenology reconstituted from liver gap
junction preparations. Biophys. J. 45, 61a.

Macari, F., Laxnpau, M., CousiN, P., MEvoraH, B.,
BrENNER, S., Panizzon, R., Scuorperer, D.F.
Honr, D. & Huser, M. (2000). Mutation in the
gene for connexin 30.3 in a family with erythro-
keratodermia variabilis. Am. J. Hum. Genet. 67, 1296~
1301.

Mackay, D., Tonimpes, A., KiBar, Z., RouLeau, G.,
BERRY, V., MOORE, A., SHIELS, A. & BHATTACHARYA,
S. (1999). Connexin46 mutations in autosomal domi-
nant congential cataract. Am. J. Hum. Genet. 64,
1357-1364.

MacKinNon, R. (1995). Pore loops: an emerging theme
in ion channel structure. Nexron 14, 889-892.

MacKinnon, R., ALprich, R. W. & Leg, A. W. (1994).
Functional stoichiometty of Shaker potassium channel
inactivation. Science 262, 757-759.

MaEecker, H. T., Topp, S. C. & Levy, S. (1997). The

facilitators.

tetraspanin  superfamily:  molecular

FASEB J. 11, 428-442.

MagestrINI, E., KorGg, B.P., Ocaxa-SiErra, J.,

Cavzorart, E., CamBracui, S., SCupper, P. M.,

HovNaniax, A., Mo~aco, A.P. & Mu~ro, C. S.

(1999). A missense mutation in connexin26, D66H,

causing mutilating keratoderma with sensorineural

deafness (Vohwinkel’s syndrome) in three unrelated

families. Hum. molec. Genet. 8, 12371243,

J. L., C. &
WEBSTER, R. E. (1975). Interaction of deoxycholate
and of detergents with the coat protein of bac-
teriophage f1. J. biol. Chem. 250, 4327-4332.

Maxkowskr, L., Caspar, D. L. D., Goobexouch, D. A.

MakimNo, S., WoOOLFORD, TANFORD,

& Parrrres, W. C. (1982). Gap junction structures.
III. The effect of variations in the isolation procedure.
Biophys. J. 37, 189-191.

Makowskr, L., Caspar, D.L.D., PurLres, W. C,,
Baker, T.S. & GoobenoucH, D. A. (1984a). Gap
junction structures. VI. Variation and conservation in
connexon conformation and packing. Biophys. J. 45,
208-218.

Makowskl, L., Caspar, D. L. D., Pariies, W. C. &
GoopeNouGH, D. A. (1984b). Gap junction struc-
tures. V. Structural chemistry inferred from X-ray
diffraction measurements on sucrose accessibility and
trypsin susceptibility. J. molec. Biol. 174, 449-481.

Maxkowskr, L., Caspar, D. L. D., Purures, W. C. &
GoopeNoUGH, D. A. (1977). Gap junction structures.
II. Analysis of the X-ray diffraction data. J. Ce/l. Biol.
74, 629-645.

Marcuow, R.P., Qian, H. & Rreps, H. (1993).
Evidence for hemi-gap junctional channels in isolated
horizontal cells of the skate retina. J. Neurosci. Res. 35,
237-245.

Marcuow, R. P., Qran, H. H. & Rireres, H. (1994). A
novel action of quinine and quinidine on the
membrane conductance of neurons from the ver-
tebrate retina. J. gen. Physiol. 104, 1039-1055.

MantvanNaN, K., Ramanax, S. V., Mararas, R. T. &
Brink, P. R. (1992). Multichannel recordings from
membrane which contain gap junctions. Biophys. ]. 61,
216-227.

ManjunaTh, C. K., Goings, G. E. & Pace, E. (1984).
Detergent sensitivity and splitting of isolated liver
gap junctions. |. Membr. Biol. 78, 147-155.

Maxjunath, C. K. & Pace, E. (1986). Rat heart gap
junctions as disulfide-bonded connexon multimers:
their depolymerization and solubilization in deoxy-
cholate. J. Membr. Biol. 90, 43-57.

ManxeLLA, C. A. (1998). Conformational changes in the
mitochondrial channel protein, VDAC, and their
functional implications. |. struct. Biol. 121, 207-218.

Ma~tHEY, D., Banacu, K., DesprantEz, T., LEE,
C. G., Kozak, C. A., Traus, O., WEINGART, R. &
WiLLEckE, K. (2001). Intracellular domains of mouse
connexin26 and -30 affect diffusional and electrical
properties of gap junction channels. J. Mewbr. Biol.
181, 137-148.



MantHEY, D., Bukauvskas, F. F., Leg, C. G., Kozak,
C. A. & WiLLECKE, K. (1999). Molecular cloning and
functional expression of the mouse gap junction gene
connexin-57 in human HeLa cells. J. biol. Chem. 274,
14716-14723.

MarTiN, C. A., Ewrsassan, M. E., Znao, L.M.,
Burakorr, R. & Homaipax, F. R. (1998a). Adhesion
and cytosolic dye transfer between macrophages and
intestinal epithelial cells. Ce// Adhes. Commun. 5,
83-95.

MarTIN, P.E. M., C. H., Castro, C.,
Kenparr, J. M., Carer, J., CawmpBern, A.K.,
REvILLA, A., BarrIO, L. C. & Evans, W. H. (1998b).
Assembly of chimeric connexin-aequorin proteins

GEORGE,

into functional gap junction channels — reporting
intracellular and plasma membrane calcium environ-
ments. J. biol. Chem. 273, 1719-1720.

MarTiN, W., ZempEL, G., HOLSER, D. F. & WILLECKE,
K. (1991). Growth inhibition of oncogene-trans-
formed rat fibroblasts by cocultured normal cells:
relevance of metabolic cooperation mediated by gap
junctions. Cancer Res. 51, 5348-5351.

MarTiNEz, A.D. & S4Ez, J. C. (1999). Arachidonic
acid-induced dye uncoupling in rat cortical astrocytes
is mediated by arachidonic acid byproducts. Brain Res.
816, 411-423.

Masuanskir, V. F., Markov, 1. V., Surunt, V. K., L1,
S. E. & MirkixN, A. S. (1983). Topography of the gap
junctions in human skin and their possible role in the
nonneural transmission of information. Arkh. Anat.
Gistol. Embriol. 84, 53—60.

Massey, K. D., MinNicH, B. N. & Burt, J. M. (1992).
Arachidonic acid and lipoxygenase metabolites un-
couple neonatal rat cardiac myocyte pairs. Am. J.
Physiol. 263, C494-C501.

Marnias, R.T., Conen, I.S. & Orrva, C. (1990).
Limitations of the whole cell patch clamp technique in
the control of intracellular concentrations. Biophys. J.
58, 759-770.

Marruews, B. W. (1982). Lipid-protein interactions
in a bacteriochlorophyll-containing protein. In Lipid—
Protein Interactions (eds. P. C. Jost & O. H. Griffith),
pp. 1-23. New York: John Wiley and Sons.

J. A, & SavpETER, M. M.

(1983). Fine structral distribution of acetylcholine

MATTHEWS-BELLINGER,

receptors at developing mouse neuromuscular junc-
tions. J. Newurosci. 3, 644—657.

MaucHAN, D. W. & Gobr, R. E. (1989). Equilibrium
distribution of ions in a muscle fiber. Biophys. J. 56,
717-722.

MaurerLi, S., Bisogyo, T., DE PerrociLLs, L., Dr
Luccia, A., MarNo, G. & Dr Marzo, V. (1995).
Two novel classes of neuroactive fatty acid amides are
substrates for mouse neuroblastoma ‘anandamide
amidohydrolase’. FEBS Lezt. 377, 82-80.

Mazer, F. & Mazer, J.-L. (1990). Restoration of gap

junction-like structure after detergent solubilization

Connexin channels 457

of the proteins from liver gap junctions. Exp. Cell
Res. 188, 312-315.

Mazgr, J.-L., Jarry, T., Gros, D. & Mazer, F. (1992).
Voltage dependence of liver gap-junction channels
reconstituted into liposomes and incorporated into
planar bilayers. Eur. . Biochem. 210, 249-256.

Mazer, F., WirTeNBERG, B. A. & Spray, D C. (1985).
Fate of intercellular junctions in isolated adult rat
cardiac cells. Cire. Res. 56, 195-204.

McAvrLister-Lucas, L. M., Hark, T.L., COLBRAN,
J. L., SonNENBURG, W. K., SEGER, D., Turko, 1. V.,
Beavo, J. A., Fraxcrs, S. H. & Corsix, J. D. (1995).
An essential aspartic acid residue at each of two
allosteric ¢<GMP-binding sites of a cGMP-specific
phosphodiesterase. |. biol. Chem. 270, 30671-30679.

McCoy, A. J., Fucing, P., NOEGEL, A. A. & STEWART,
M. (1999). Structural basis for dimerization of the
Dictyostelinm gelation factor (ABP120) rod. Nature
struct. Biol. 6, 836-841.

McDoxarp, T. F. & DeEHaax, R. L. (1973). Ion levels
and membrane potential in chick heart tissue and
cultured cells. J. gen. Physiol. 61, 89—-109.

McLarxoN, J. G. & Quaster, D. M. J. (1984). Ther-
modynamic parameters of end-plate channel blockade.
J. Neurosci. 4, 939-944.

Meapor, W. E., Means, A.R. & Qurocui, F.A.
(1992). Target enzyme recognition by calmodulin:
2.4 A structure of a calmodulin-peptide complex.
Science 257, 1251-1255.

MEeDpA, P. (2001). Assaying the molecular permeability of
connexin channels. In Methods in Molecular Biology :
Connexcin Methods and Protocols (eds. R. Bruzzone & C.
Giaume), pp. 201-224. Totowa: Humana Press.

Mepa, P., Peerer, M. S., TrauB, O., WiLLECKE, K.,
Gros, D., Beyer, E. C., Nicuorson, B. J., Paur,
D. L. & Orcr, L. (1993). Differential expression of
gap junction connexins in endocrine and exocrine
glands. Endocrinol. 133, 2371-2378.

MeGe, R.M., Marsuzakl, F., Ww. J.,
GOLDBERG, ]J. 1., CUNNINGHAM, B. A. & EDELMAN,
G. M. (1988). Construction of epithelioid sheets by
transfection of mouse sarcoma cells with cDNAs for

GALLIN,

chicken cell adhesion molecules. Proc. natn. Acad. Sci.
USA 85, 7274-7278.

MEemNers, S., Xu, A. & ScHNpLER, M. (1991). Gap
junction protein homologue from Arabidopsis thaliana :
Evidence for connexins in plants. Proc. natn. Acad. Sci.
USA 88, 4119-4122.

Mes~iL, M., Piccorr, C,
Frrcang, C., K. &
Yamasakr, H. (1995). Negative growth control of

V. A,
O., WILLECKE,

KRUTOVSKIKH,
TRAUB,

HeLa cells by connexin genes

specificity. Cancer Res. 55, 629-639.
MEYER, R. A., Larp, D. W., REVEL, J. P. & JoHNSON,

R. G. (1992). Inhibition of gap junction and adherens

connexin species

junction assembly by connexin and A-CAM anti-
bodies. J. Cell Biol. 119, 179-189.



458 Andrew L. Harris

Mrrks, L. C., Kumar, N. M., HougHtEN, R., UNWIN,
P.N.T. & Girura, N.B. (1988). Topology of
the 32-kD liver gap junction protein determined by
site-directed antibody localizations. EMBO ]. 17,
2967-2975.

MiLLER, A. (1995). Quantitative junctional permeability
measurements using the confocal
Microscop. Res. Tech. 31, 387-395.

MiLLer, A.G. & Harr, J.E. (1996). Junctional
permeability measurements in the embryonic chick
lens. Exp. Eye Res. 62, 339-349.

MiLLer, C. (1995). The charybdotoxin family of K*
channel-blocking peptides. Nexron 15, 5-10.

MILLER, C. (1999). lonic hoping defended. J. gen. Physiol.
113, 783-787.

MiLLer, T. M. & GoobeNoucH, D. A. (1985). Gap

junction structures after experimental alteration of

microscope.

junctional channel conductance. . Ce// Biol. 101,
1741-1748.

Micrs, S.L. & Massey, S.C. (2000). A series of
biotinylated tracers distinguishes three types of gap
junction in retina. J. Neurosci. 20, 8629-8636.

Minkorr, R., Bargs, E.S., Kerr, C. A. & StrUSS,
W. E. (1999). Antisense oligonucleotide blockade of
connexin expression during embryonic bone form-
ation: evidence of functional compensation within a
multigene family. Dev. Genet. 24, 43-56.

MIRE, P., NassE, J. & VENABLE-THIBODEAUX, S. (2000).
Gap junctional communication in the vibration-
sensitive response of sea anemones. Hearing Res. 144,
109-123.

MirrcueLL, D. C., LAwRreNCE, J. T. R. & Lrryan, B. J.
(1996). Primary alcohols modulate the activation of
the G-protein coupled receptor rhodopsin by a lipid-
mediated mechanism. J. biol. Chem. 271, 19033-19036.

MonpER, C., StEwART, P. M., Laksawmr, V., Burt, D.
& Epwarbs, C.R. (1989). Licorice inhibits corti-
costeroid 11 beta-dehydrogenase of rat kidney and
liver. Endocrinol. 125, 1046-1053.

MonNTECINO-RODRIGUEZ, E., LEATHERS, H. & DORSH-
kIND, K. (2000). Expression of connexin43 (Cx43) is
critical for normal hematopoiesis. Blood 96, 917-924.

Moreno, A.P., EcuaLri, B. & Seray, D. C. (1991).
Connexin32 gap junction channels in stably trans-
fected cells. Equlibrium and kinetic properties.
Biophys. J. 60, 1267-1277.

MorexNo, A. P., Fisuman, G. I. & Seray, D. C. (1992).

shifts

voltage dependent

Phosphorylation unitary conductance and

modifies kinetics of human
connexin43 gap junction channels. Biophys. ]. 62,
51-53.

MoreNo, A. P., Rook, M. B., Fisumax, G. 1. & Spray,
D.C. (1994a). Gap

voltage-sensitive and -insensitive conductance states.

Biophys. J. 67, 113-119.

junction channels: distinct

Moreno, A. P., SAez, J. C., Fisuman, G. I. & Spray,
D. C. (1994b).
channels. Regulation of unitary conductances by
phosphorylation. Cire. Res. 74, 1050-1057.

MorcrEey, G. E., Ek-Vrrorin, J. F., Tarrer, S. M. &
DeLMar, M. (1997). Structure of connexin43 and its

Human connexin43 gap junction

regulation by pH(®). . cardiovasc. Electrophysiol. 8,
939-951.

Mortey, G. E., TarrerT, S. M. & DELMAR, M. (1996).
Intramolecular interactions mediate pH regulation of
connexin43 channels. Biophys. ]. 70, 1294-1302.

MuEeLLER, P. & RubiN, D. O. (1963). Induced excit-
ability in reconstituted cell membrane structure. J.
theor. Biol. 4, 268-280.

Murpers, S. M., Preston, G.M., Deenx, P. M. T.,
GucaiNno, W. B., Vax Os, C. H. & AGrE, P. (1995).
Water channel properties of major intrinsic protein of
lens. . biol. Chem. 270, 9010-9016.

MULLER, A., Lauven, M., Berkers, R., DuriN, S,
Porper, H. R. & Kraus, W. (1999). Switched single-
electrode voltage-clamp amplifiers allow precise
measurement of gap junction conductance. Am. J.
Physiol. Cell. Physiol. 45, C980-C987.

Murray, S. A. & Frercuer, W. H. (1984). Hormone-
induced intercellular signal transfer dissociates cyclic
AMP-dependent protein kinase. J. Ce/l Biol. 98,
1710-1719.

Musa, H & VEENsTRA, R. D. (1999). Ionic blockade of
rat connexin40 ionic permeation pathway by tetra-
alkylammonium ions. Biophys. ]. 76, A221.

Musir, L. S., CunniNGHAM, B. A., EpELman, G. M. &
GoopENOUGH, D. A. (1990). Differential phosphoryl-
ation of the gap junction protein connexin43 in
junctional communication-competent and -deficient
cell lines. J. Cel/ Biol. 111, 2077-2088.

Musiz, L. S. & GoopexoucH, D. A. (1991). Biochemi-
cal analysis of connexin43 intracellular transport,
phosphorylation, and assembly into gap junctional
plaques. J. Cell Biol. 115, 1357-1374.

J. 1, P.AY. &

SteLmack, G. L. (1991). Connexin30 in rodent, cat

NaAGy, Parer, D., OcCHALSKI,
and human brain: selective expression in gray matter
astrocytes, co-localization with connexin43 at gap
junctions and late
Neurosci. 88, 447-468.

Naus, C. C. G., Bonp, S. L., BEcHBERGER, J.F. &

Rusurow, W. (2000). Identification of genes differen-

developmental — appearance.

tially expressed in C6 glioma cells transfected with
connexin43. Brain Res. Rev. 32, 259-266.

NenEer, E. (1974). Asymmetric membranes resulting
from the fusion of two black lipid bilayers. Biochim.
Biophys. Acta 373, 327-336.

Newwman, E. A. (2001). Propagation of intercellular
calcium waves in retinal astrocytes and Miiller cells.

J. Neurosci. 21, 2215-2223.



NEyTON, J. & TRAUTMANN, A. (1985). Single-channel
currents of an intercellular junction. Nature 317,
331-335.

NGEzanavo, A. & Kows, H. A. (1990). Gap junctional
permeability is affected by cell volume changes and
modulates volume regulation. FEBS Letz. 276, 6-8.

Nricnorson, B. J., Dermierzer, R., Teerow, D.,
Traus, O., WiLLeckg, K. & REever, J. P. (1987).
Two homologous protein components of hepatic gap
junctions. Nature 329, 732-734.

Nricnouson, B. J., WeBer, P. A., Cao, F., ChHaNG,
H. C., Lamrg, P. & GorpBerG, G. (2000). The
molecular basis of selective permeability of connexins
is complex and includes both size and charge. Braz. J.
med. biol. Res. 33, 369-378.

NicHoLsoN, B. J., Znou, L., Cao, F., Znu, H. & CHEN,
Y. (1998). Diverse molecular mechanisms of gap
junction channel gating. In Gap Junctions (ed. R.
Werner), pp. 3-8. Washington, DC: 1OS Press.

Nressen, H., Harz, H., BepnNer, P., Kramer, K. &
WicLecke, K. (2000). Selective permeability of
different connexin channels to the second messenger
inositol 1,4,5-trisphosphate. J. Ce// Sci. 113, 1365—
1372.

NrEssex, H. & WriLLECKE, K. (2000). Strongly decreased
gap junctional permeability to inositol 1,4,5-tris-
phosphate in connexin32 deficient hepatocytes. FEBS
Lert. 466, 112-114.

Nrkampo, H. & RosexBerG, E. Y. (1985). Functional
reconstitution of lens gap junction proteins into
proteoliposomes. J. Membr. Biol. 85, 87-92.

Nisaimura, Y., Smrra, R. L. & Samvar, K. (1981).
Junction-like structure appearing at apposing mem-
branes in the double cone of chick retina. Ce// Tissue
Res. 218, 113-116.

Nnawmani, C., GopwiN, A. J., Ducsay, C. A., Loxco,
L. D. & FLErcHER, W. H. (1994). Regulation of cell-
cell communication mediated by connexin43 in rabbit
myometrial cells. Bio/. Reprod. 50, 377-389.

Noma, A. & Tsusor, N. (1987). Dependence of
junctional conductance on proton, calcium and
magnesium ions in cardiac paired cells of guinea-pig.
J. Physiol. (Lond.) 382, 193-211.

Noxxer, W., CHEN, D. P. & EisenNsBerG, R. S. (1998).
Anomalous mole fraction effect, electrostatics, and
binding in ionic channels. Biophys. ]. 74, 2327-2334.

NoNNER, W. & EISENBERG, R. S. (1998). Ion permeation
and glutamate residues linked by Poisson—Nernst
Planck theory in L-type calcium channels. Biophys. J.
75, 1287-1305.

Nunn, R. S., Mackg, T. J., Ouson, A. J. & YEAGER,
M. (2001). Transmembrane alpha-helices in the gap
junction membrane channel: systematic search of
packing models based on the pair potential function.
Microscop. Res. Tech. 52, 344-351.

Nurree, L. C. & Dusvak, G. R. (1994). Differential

expression of cation channels and non-selective pores

Connexin channels 459
in macrophage P2z purinergic receptors expressed in
Xenopus oocytes. . biol. Chem. 269, 13988-13996.

OBaID, A. L., SocoLAR, S. J. & Rosk, B. (1983). Cell-to-
cell channels with two independently regulated gates
in series: analysis of junctional conductance modu-
lation by membrane potential, calcium and pH. J.
Membr. Biol. 73, 69-89.

O’Brien, J., Avrusampi, M. R. & Rreps, H. (19906).
Connexin35: a gap junctional protein expressed
preferentially in the skate retina. Molec. biol. Cell 7,
233-243.

O’BrieN, J., BrRuzzoNE, R., WHITE, T. W., ALUBAIDI,
M. R. & Rrrps, H. (1998). Cloning and expression of
two related connexins from the perch retina define a
distinct subgroup of the connexin family. J. Newurosci.
18, 7625-7637.

OCHALSKI, P. ALY, FRANKENSTEIN, U. N,
HErTZBERG, E. L. & Nagy, J. I. (1997). Connexin-43
in rat spinal cord: localization in astrocytes and
identification of heterotypic astro-oligodendrocytic
gap junctions. Nexurosci. 76, 931-945.

Omn, S., ABrawms, C. K., VErseLts, V. K. & BARGIELLO,
T. A.  (2000).

voltage-gating polarity reversal by a negative charge

Stoichiometry of transjunctional
substitution in the amino terminus of a connexin32
chimera. J. gen. Physiol. 116, 13-31.

Omn, S., Ri, Y., Benxerr, M. V. L., TrRexrer, E. B.,
VERsELIs, V. K. & BarGIELLO, T. A. (1997). Changes
in permeability caused by connexin32 mutations
underlie X-linked Charcot-Marie-Tooth disease.
Neuron 19, 927-938.

Omn, S., RivkiN, S., Verserss, V. K. & BARGIELLO,
T. A. (2001). Polarity reversal of 17} gating of gap
junction hemichannels. Biophys. ]. 80, 127a.

Omn, S., RusiN, J. B., BENNETT, M. V. L., VERSELIS,
V. K. & Barcierro, T. A. (1999). Molecular deter-
minants of electrical rectification of single channel
conductance in gap junctions formed by connexins 26
and 32. J. gen. Physiol. 114, 339-364.

Orson, K. S. & Dersy, C.D. (1995). Inhibition of
taurine and 5’AMP olfactory receptor sites of the
spiny lobster Panulirus argus by odorant compounds
and mixtures. J. comp. Physiol. (A) 176, 527-540.

Y., Dacu, M.L.Z., Yamakacge, K. &

Yamasakr, H. (2001). Involvement of gap junctions

OMORI,

in tumor suppression: analysis of genetically-manip-
ulated mice. Mut. Res. Fund. molec. mech. Mut. 477,
191-196.

Orbpway, R.W., Wawsn, J.]J.V. & SINGER, ].].
(1989). Arachidonic acid and other fatty acids directly
activate potassium channels in smooth muscle cells.
Science 244, 1176-1179.

O’TerMINUS, A. & BeNEFIT, M. I. P. (1987). Immuno-
dissection of gap junctional communication in de-

velopment. 7987 Int. Gap Junction Mtg. Abstr.



460 Andrew L. Harris

Oviepo-Orta, E., Hoy, T. & Evaxs, W. H. (2000).
Intercellular communication in the immune system:
differential expression of connexin40 and 43, and
perturbation of gap junction channel functions in
peripheral blood and tonsil human lymphocyte
subpopulations. Immunol. 99, 578-590.

PaemeLerre, K., MarTiN, P. E. M., CoLeEmaN, S. L.,
Focarry, K. E., CARRINGTON, W. A., LEYBAERT, L.,
Turr, R.A., Evaxs, W. H. & Saxperson, M. J.
(2000). Intercellular calcium waves in Hela cells
expressing GFP-labelled connexin43, 32, or 26. Molec.
biol. Cell 11, 1815-1827.

Par, J. D., BErtnoup, V. M., Bever, E. C., Mackay,
D., SuieLs, A. & Esiaara, L. (1999). Molecular
mechanism underlying a Cx50-linked congenital cat-
aract. Awm. J. Physiol. Cell Physiol. 45, C1443-C1446.

Par, J.D., Lw, X.Q., Mackay, D., SHIeLs, A.,
BerTHOUD, V.M., BEYER, E.C. & EBrHara, L.
(2000). Connexin46 mutations linked to congenital
cataract show loss of gap junction channel function.
Am. ]. Physiol. Cell Physiol. 279, C596—C602.

PaLMER, J. F. & Srack, C. (1969). Effect of ‘halothane’
on eclectrical coupling in pregastrulation embryos of
Xenopus laevis. Nature 223, 1286-1287.

PaxcHiN, Y., KeLmanson, 1., Marz, M., LukyaNov,
K., Usman, N. & Lukyanov, S. (2000). A ubiquitous
family of putative gap junction molecules. Curr. Biol.
10, R473-R474.

Parazian, D. M., Suao, X. M., Seon, S. A., Mock,
A.F., Huaxg, Y. & Wainsrock, D. H. (1995).
Electrostatic interactions of S4 voltage sensor in
Shaker K* channel. Neuron 14, 1293-1301.

Parras, G. D. & Bennerr, M. V. L. (1966). Specialized
junctions involved in electrical transmission between
neurons. Amn. N.Y. Acad. Sci. 137, 495-508.

A.D., SeerLey, S.K. ~GarbpnNer, K.,
TuompsoN, L. & Lewrs, R. V. (1997). Structural
studies of spider silk proteins in the fiber. J. molec.
Recog. 10, 1-6.

PASTORE,

PARKHE,

A., Harvey, T.S., C.E &

CawmpBeLL, 1. D. (1989). The dynamic properties of

DEewmpsEy,

melittin in solution. Investigations by NMR and
molecular dynamics. Exr. ]. Biophys. 16, 363-367.

Paur, D. L. (1986). Molecular cloning of cDNA for rat
liver gap junction protein. J. Ce// Bio/. 103, 123-134.

Paur, D. L., EBraara, L., Takemoro, L. J., SWENSON,
K. I. & GoopexouGH, D. A. (1991). Connexin46, a
novel lens gap junction protein, induces voltage-gated
currents in nonjunctional plasma membrane of
Xenopus oocytes. J. Cell Biol. 115, 1077-1089.

Pavr, D. L. & GoopexoucH, D. A. (1983). In vitro
synthesis and membrane insertion of bovine MP26, an
integral protein from lens fiber plasma membrane. J.
Cell Biol. 96, 636-638.

Pavron, B. W., Bexxerr, M. V. L. & Parras, G. D.

(1969). Permeability and structure of junctional

membranes at an electrotonic synapse. Science 166,
1641-1643.

PeraccHIa, C. (1977). Gap junctions: structural changes
after uncoupling procedures. J. Cel/ Biol. 72, 628-641.

Peraccuia, C. (Ed.) (2000). Gap Junctions: Molecular
Basis of Cell Communication in Health and Disease. San
Diego: Academic Press.

PeErAccHIA, C., Lazrak, A. & PEraccHIA, L. L. (1995).
Molecular models of channel interaction and gating in
gap junctions. In Handbook of Membrane Channels :
Molecular and Cellular Physiology (ed. C. Peracchia), pp.
361-377. San Diego: Academic Press.

Peraccuia, C. & Peraccuia, L. L. (1985). Bridges
linking gap junction particles extracellularly: a freeze-
etching rotary-shadowing study of split junctions.
Eur. J. Cell Biol. 36, 286-293.

PeraccHiIa, C., Sorkis, A., WaNG, X. G., PERACCHIA,
L. L. & PrrsecHINI, A. (2000a). Calmodulin directly
gates gap junction channels. J. biol. Chem. 275,
26220-26224.

Peraccuia, C. & Wang, X.G. (1997). Connexin
domains relevant to the chemical gating of gap
junction channels. Brag. J. med. biol. Res. 30, 577-590.

PeraccHIA, C., WaNG, X. G, L1, L. Q. & PERACCHIA,
L. L. (1996). Inhibition of calmodulin expression
prevents low pH-induced gap junction uncoupling in
Xenopus oocytes. Pfliigers Arch. 431, 379-387.

Peracchia, C., Wang, X.G. & Peracchia, L. L.
(1999). Is the chemical gate of connexins voltage
sensitive? Behavior of Cx32 wild-type and mutant
channels. Awm. J. Physiol. Cell Physiol. 45, C1361—
C1373.

Peraccura, C., Wang, X. G. & Prracchra, L. L.
(2000b). Slow gating of gap junction channels and
calmodulin. J. Membr. Biol. 178, 55-70.

Peraccuia, C., Wang, X.G. & Peracchria, L. L.
(2000c). Behavior of chemical and slow voltage-
sensitive gates of connexin channels: the ‘cork’
gating hypothesis. In Gap Junctions : Molecular Basis of
Cell  Communication in Health and Disease (ed. C.
Peracchia), pp. 271-295. San Diego: Academic Press.

PerEZ-ARMENDARIZ, E. M., Romano, M. C., Luna, J.,
MiraNDA, C., BEnnerT, M. V. L. & MoRrENO, A. P.
(1994). Characterization of gap junctions between
pairs of Leydig cells from mouse testis. An. |. Physiol.
267, C570-C580.

PerEZ-ARMENDARIZ, E. M., Roy, C., Seray, D. C. &
BexnerT, M. V. L. (1991). Biophysical properties of
gap junctions between freshly dispersed pairs of
mouse pancreatic beta cells. Biophys. J. 59, 76-92.

PerkiINs, G., GoobeENoUGH, D. & Sosinsky, G. (1997).
Three-dimensional structure of the gap junction
connexon. Biophys. J. 72, 533-544.

Perkins, G. A., GoopenouGH, D. A. & SosiNsky,
G. E. (1998a). Formation of the gap junction in-
tercellular channel requires a 30-degree rotation for



interdigitating two apposing connexons. . molec. Biol.
277, 171-177.

Perkins, G. A., GoopeNouGH, D. A. & SoSINsSKYy,
G. E. (1998b). Structural considerations for connexon
docking. In Gap Junctions (ed. R. Werner), pp. 13-17.
Amsterdam: TOS Press.

M. F., MuirHeEaD, H., MazzarReLrLA, L.,

CrOWTHER, R. A., GREER, J. & Kirmartin, J. V.

PERUTZ,

(1969). Identification of residues responsible for the
alkaline Bohr effect. Nature 222, 1240-1243.

Perutrz, M. F., PuLsiNeLLr, P., Evck, L. T., KILMARTIN,
J. V., Sumsara, S., Tuchr, 1., Mivaj1, T. & Hamivton,
H. B. (1971). Haemoglobin Hiroshima and the mech-
anism of the alkaline Bohr effect. Nature New Biol.
232, 147-149.

Perers, R., PerErs, J., Tews, K. H. & Banr, W.
(1974). A microfluorometric study of translational
diffusion in erythrocyte membranes. Biochim. Biophys.
Acta 367, 282-294.

PeTERSON, B. Z., DEMARIA, C. D. & YUg, D. T. (1999).
Calmodulin is the calcium sensor for calcium de-
pendent inactivation of L-type calcium channels.
Neuron 22, 549-558.

Prannr, A. & Danr, G. (1998). Localization of a
voltage gate in connexin46 gap junction hemi-
channels. Biophys. J. 75, 2323-2331.

PranNL, A. & Danr, G. (1999). Gating of Cx46 gap
junction hemichannels by calcium and voltage. Pfliigers
Areh. 437, 345-353.

Prannt, A., Zuou, X. W., WerNER, R. & Dawnt, G.
(1999). A chimeric connexon forming gap junction
hemichannels. Pfligers Arch. 433, 773-779.

PuALE, P. S., ScHIRMER, T., PriLivov, A., Lou, K.-L.,
HARDMEYER, A. & RosexsuscH, J. P. (1997). Voltage
gating of Escherichia coli porin channels: role of the
constriction loop. Proc. natn. Acad. Sci. USA 94,
6741-6745.

PreLan, P. (2000). Gap junction communication in

In Gap

Junctions: Molecular Basis of Cell Communication in Health

and Disease (ed. C. Peracchia), pp. 389-422. San Diego:

Academic Press.

invertebrates: the innexin gene family.

PueLan, P., Bacox, J.P., Davies, J. A., STEBBINGS,
L. A., ToomaN, M. G., Avery, L. & Baixes, R. A.
(1998a). Innexins: a family of invertebrate gap-
junction proteins. Trends Genet. 14, 348-349.

PueLAN, P. & StaricH, T. A. (2001). Innexins get into
the gap. Bioessays 23, 388-396.

PueLaN, P., StesBINGs, L. A., Bamxes, R. A., Bacon,
J. P., Davies, J. A. & Forp, C. (1998b). Drosophila
Shaking-B protein forms gap junctions in paired
Xenopus oocytes. Nature 391, 181-184.

Piccorino, M., NEyToN, J. & GERSCHENFELD, H. M.
(1984). Decrease of gap junction permeability induced
by dopamine and cyclic adenosine 3’:5"-mono-
phosphate in horizontal cells of turtle retina. J.
Neurosci. 4, 2477-2488.

Connexin channels 461

Prrrs, J.D. (1978). Junctional communication and
cellular growth control. In Intercellular Junctions and
Synapses. Receptors and Recognition (eds. ]J. Feldman,
N. B. Gilula & J.D. Pitts), pp. 63-79. London:
Chapman and Hall.

Prrrs, J.D. & Smvms, J. W. (1977). Permeability of
junctions between animal cells. Intercellular transfer
of nucleotides but not of macromolecules. Exp. Cel/
Res. 104, 153-163.

Prum, A., Harras, G., Macin, T., Domsrowskr, F.,
Hacexporr, A., ScuumacHEer, B., Wovreert, C.,
Kim, J.S., Lamers, W. H., Evert, M., MEDA, P.,
Traus, O. & WiLLeckg, K. (2000). Unique and
shared functions of different connexins in mice. Curr.
Biol. 10, 1083-1091.

Prum, A., WINTERHAGER, E., PEsch, J., LAUTERMANN,
J., Harras, G., RoOSENTRETER, B., Trave, O.,
Herseruorp, C. & WiLLEckg, K. (2001). Con-
nexin31-deficiency in mice causes transient placental
dysmorphogenesis but does not impair hearing and
skin differentiation. Dev. Bio/. 231, 334-347.

Poroncuuk, L. O., Frorov, V. A., YuskovicH, A. K.
& DuNINABARKOVSKAYA, A. Y. (1997). The effect of
arachidonic acid on junctional conductance in isolated
murine hepatocytes. Biologicheskie Membrany 14, 184
199.

Purjung, M. C., Bertaoup, V. M., Bever, E. C. &
Haxck, D. A. (2001). Hemichannel behavior of
human connexin37 expressed in Xenopus oocytes.
Biophys. J. 80, 126a.

Purnick, P. E. M., BenjamiN, D. C., VerseLrs, V. K.,
Bargierro, T. A. & Downp, T. L. (2000a). Structure
of the amino terminus of a gap junction protein. Arch.
Biochem. Biophys. 381, 181-190.

Purnick, P.E. M., On, S.H., Asrams, C. K.,
VErseLss, V. K. & Barcrerro, T. A. (2000b). Re-
versal of the gating polarity of gap junctions by
negative charge substitutions in the N-terminus of
connexin 32. Biophys. J. 79, 2403-2415.

Pusca, M. & NEner, E. (1988). Rates of diffusional
exchange between small cells and a measuring patch
pipette. Pfligers Arch. 411, 204-211.

QiN, N., Owcesg, R., Bransy, M., Lin, T. &
BIrNBAUMER, L. (1999). Ca**-induced inhibition of
the cardiac Ca®* channel depends on calmodulin. Proc.
natn. Acad. Sci. US A 96, 2435-2438.

Qu, Y. & Danr, G. (In Press). Function of the voltage
gate of gap junction channels: selective exclusion of
molecules. Proc. natn. Acad. Sci. USA.

QuastiL, D. M. J. & Saint, D. A. (1986). Modification
of motor nerve terminal excitability by alkanols and
volatile anaesthetics. Br. J. Pharmacol. 88, 747-756.

QuastiL, D. M. J. & Saint, D. A. (1986). Modification
of motor nerve terminal excitability by alkanols and
voltatile anaesthetics. Br. J. Pharmacol. 88, 747-756.



462 Andrew L. Harris

Quist, A. P., Rueg, S. K., Lix, H. & Lar, R. (2000).
Physiological role of gap-junctional hemichannels:
extracellular calcium-dependent isosmotic volume
regulation. J. Ce// Biol. 148, 1063-1074.

Rasrro, C. A., JARRELL, J. A. & Scorr, J. A. (1987).
Gap junctions and synchronization of polarization
process during epithelial reorganization. Am. J.
Physiol. 253, C329-C336.

RaEg, J. L., BartrLING, C., RaE, J. & Matnias, R. T.
(1996). Dye transfer between cells of the lens. J.
Membr. Biol. 150, 89-103.

Ranman, S., Carvuice, G. & Evaxs, W. H. (1993).
Assembly of hepatic gap junctions. Topography and
distribution of connexin 32 in intracellular and plasma
membranes determined using sequence-specific anti-
bodies. J. biol. Chem. 268, 1260-1265.

Ranmaxn, S. & Evans, W. H. (1991). Topography of
connexin32 in rat liver gap junctions. Evidence for an
intramolecular disulphide linkage connecting the two
extracellular peptide loops. J. Ce// Sci. 100, 567-578.

Ramamoorthy, S., Lemach, F. H.,, Mauesn, V. B,
Hax, H., Taxc-Feng, T., Brakerey, R.D. &
GanaratHY, V. (1994). Functional characterization
and chromosomal localization of a cloned taurine
transporter from human placenta. Biochem. ]. 300,
893-900.

Ramanax, S. V. & Bring, P. R. (1990). Exact solution
of a model of diffusion in an infinite chain or
monolayer of cells coupled by gap junctions. Biophys.
J. 58, 631-639.

Ramanax, S. V. & Bring, P. R. (1993). Multichannel
recordings from membranes which contain gap junc-
tions. II. Substates and conductance shifts. Biophys.
J. 65, 1387-1395.

Ramanax, S. V., Brink, P. R. & Caurist, G. J. (1998).
Neuronal innervation, intracellular signal trans-
duction and intercellular coupling: a model for
syncytial tissue responses in the steady state. J. zheor.
Biol. 193, 69-84.

Ramanan, S. V., Brink, P. R. & MaTnias, R. T. (1995).
Analysis of multichannel records. Axobits 11, 12-14.

S. V., P. R,

PrrErsoN, E., ScHiRrRMACHER, K. & Banacu, K.

RAMANAN, Brink, VaraDARAJ, K.,
(1999). A three-state model for connexin37 gating
kinetics. Biophys. . 76, 2520-2529.

Ramanan, S. V., Fax, S.F. & Brink, P.R. (1992).
Model invariant method for extracting single-channel
mean open and closed times from heterogeneous
multichannel records. J. Newurosci. Meth. 42, 91-103.

Ramanax, S. V., MesivEerss, V. & Brink, P. R. (1994).
Ion flow in the bath and flux interactions between
channels. Biophys. J. 66, 989-995.

Rasn, J. E. & Yasumura, T. (1992). Improved struc-
tural detail in freeze-fracture replicas: high-angle
shadowing of gap junctions cooled below —170
degrees C and protected by liquid nitrogen-cooled
shrouds. Microscop. Res. Tech. 20, 187-204.

Rash, J. E., Yasumura, T., Dubkk, F. E. & Nagy, J. L.
(1992). Cell-specific expression of connexins and
evidence of restricted gap junctional coupling be-
tween glial cells and between neurons. J. Newuosci. 21,
1983-2000.

Raviora, E., GoooexoucH, D. A. & Ravriora, G.
(1980). Structure of rapidly frozen gap junctions. J.
Cell Biol. 87, 273-279.

RenkiN, E. M. (1954). Filtration, diffusion, and mol-
ecular sieving through porous cellulose membranes.
J. gen. Physiol. 38, 225-243.

Ressor, C., Gomes, D., DautioNy, A., PuampiNg, D.
& Bruzzong, R. (1998). Connexin32 mutations
associated with X-linked Charcot-Marie-Tooth dis-
ease show two distinct behaviors —loss of function
and altered gating properties. J. Neurosci. 18, 4063
4075.

Reaume, A. G., Desousa, P. A., KurLkagrnt, S., LANG-
ILLE, B. L., Znu, D. G., Davies, T. C., Jungja, S. C,,

G. M. & Rossant, J. (1995). Cardiac
malformation in neonatal mice lacking connexin43.
Science 267, 1831-1834.

ReveL, J. P. & Karnovsky, M. J. (1967). Hexagonal
array of subunits in intercellular junctions of the
mouse heart and liver. J. Cel/ Biol. 33, C7T-C12.

ReviLra, A., Benxnerr, M. V. L. & Barrro, L.C.
(2000). Molecular determinants of membrane po-

KIDDER,

tential dependence in vertebrate gap junction
channels. Proc. natn. Acad. Sci. USA 97, 14760—-14765.

RevicLa, A., Castro, C. & Barrio, L.C. (1999).
Molecular dissection of transjunctional voltage de-
pendence in the connexin-32 and connexin-43
junctions. Biophys. J. 77, 1374-1383.

Rey~noLps, J. A. (1982). Interactions between proteins
and amphiphiles. In Lipid—Protein Interactions (eds.
P. C. Jost & O. H. Griffith), pp. 193-224. New York:
John Wiley & Sons.

Rueg, S. K., Bevans, C. G. & Harris, A. L. (1996).
Channel-forming activity of immunoaffinity-purified
connexin32 in single phospholipid membranes. Bio-
chemistry 35, 9212-9223.

Ri, Y., BaLresteros, J. A., Asrams, C. K., On, S,
VEeRrseLts, V. K., WeINsTEIN, H. & BarGIiELLO, T. A.
(1999). The role of a conserved proline residue in
mediating conformational changes associated with
voltage gating of Cx32 gap junctions. Biophys. ]. 76,
2887-2898.

RrcH, T. C., Facan, K. A., Nakara, H., Scuaack, J.,
Coorer, D. M. F. & Karrex, J. W. (2000). Cyclic
nucleotide-gated channels colocalize with adenylyl
cyclase in regions of restricted cAMP diffusion. J. gen.
Physiol. 116, 147-161.

RicuarD, G., BRown, N., Smrth, L. E., TERRINONI, A.,
MEeLiNo, G., Mackig, R. M., Batg, S. J. & Urrro, J.
(2000). The spectrum of mutations in erythro-
keratodermias: novel and de novo mutations in GJB3.
Hum. Genet. 106, 321-329.



Ricuarp, G., Smrrh, L. E., Baey, R. A, Itix, P,
Honr, D., EpsteiN, E.H, Dicrovanna, J. ],
CowmproN, J. G. & BaLg, S. J. (1998). Mutations in
the human connexin gene GJB3 cause erythro-
keratoderma variabilis. Nature Genet. 20, 366-369.

Ricuarp, G., Wurre, T. W., Smrrh, L. E., BAILEy,
R. A., ComrroON, J.G., Pavur, D. L. & BatLg, S. J.
(1998). Functional defects of Cx26 resulting from a
heterozygous missense mutation in a family with
dominant deaf-mutism and palmoplantar kerato-
derma. Hum. Genet. 103, 393-399.

Rink, T.J., Tsien, R.Y. & Warxer, A. E. (1990).
Free calcium in Xenopus embryos measured with ion-
selective microelectrodes. Nature 283, 658-660.

Risek, B., Krier, F.G. & Groura, N.B. (1994).
Developmental regulation and structural organization
of connexins in epidermal gap junctions. Dev. Biol.
164, 183-196.

Risek, B., Kuier, F. G., Purrries, A., Haan, D. W. &
Grrura, N. B. (1995). Gap junction regulation in the
uterus and ovaries of immature rats by estrogen and
progesterone. J. Cell Sci. 108, 1017-1032.

RosErTSON, J. D. (1963). The occurrence of a subunit
pattern in the unit membranes of club endings in the
Mauthner cell synapses in goldfish brains. J. Ce// Biol.
19, 201-221.

Rosinsoxn, S. R., Hameson, E. C., Muxro, M. N. &
VanEy, D. 1. (1993). Unidirectional coupling of gap
junctions between neuroglia. Science 262, 1072-1074.

RomaneLLo, M. & D’Axprea, P. (2001). Dual mech-
anism of intercellular communication in HOBIT
osteoblastic cells: a role for gap-junctional hemi-
channels. J. Bone Miner Res. 16, 1465-1476.

Rook, M. B., DE JoNGE, B., JonGsma, H. J. & Masson-
Pever, M. A. (1990). Gap junction formation and
functional interaction between neonatal rat cardio-
cytes in culture: a correlative physiological and
ultrastructural study. J. Membr. Biol. 118, 179-192.

Rook, M. B., Joxgsma, H. J. & Van GINNEKEN, A. C.
(1988). Properties of single gap junctional channels
between isolated neonatal rat heart cells. Am. ].
Physiol. 255, H770-H782.

Rose, B. & Rick, R. (1978). Intracellular pH, in-
tracellular free Ca, and junctional cell-cell coupling.
J. Membr. Biol. 44, 377-415.

Roraman, J. E. & LeNarDp, J. (1977). Membrane
asymmetry. Science 195, 743-753.

Rorman, B. & PaAPERMASTER, B. W. (1966). Membrane
properties of living mammalian cells as studied by
enzymatic hydrolysis of fluorogenic esters. Proc. natn.
Acad. Sci. USA 55, 134-141.

Rouan, F., Wartg, T. W., BRown, N., TAYLOR, A. V.,
Luckg, T. W., Pau, D. L., Muxro, C. S., Urrro, .,
Hopcins, M. B. & Ricuarp, G. (2001). Trans-
dominant inhibition of connexin-43 by mutant con-

nexin-26: implications for dominant connexin dis-

Connexin channels 463

orders affecting epidermal differentiation. J. Cel/ Sci.
114, 2105-2113.

Roux, B. & MacKmwox, R. (1999). The cavity and
pore helices in the KesA K* channel: electrostatic
stabilization of monovalent cations. Science 285,
100-102.

RozenTar, R. & Campos pE Carvarno, A. C. (guest
editors) (2000). Gap Junctions in the Nervous and
Cardiovascular Systems (Special Issue). Brain Res. Rev.
32, 1-341.

Rozentar, R., Campros DE CarvarHo, A. C. & Spray,
D. C. (guest editors) (2001). Gap Junctions in the
Nervous and Cardiovascular Systems (Special Issue).
Braz. . med. biol. Res. 33, 365-465.

Rozentar, R., Srintvas, M. & Seray, D. C. (2001).
How to close a gap junction channel. In Methods in
Molecular Biology : Connexin Methods and Protocols (eds.
R. Bruzzone & C. Giaume), pp. 447-476. Totowa:
Humana Press.

Rusin, J. B., Versiuis, V. K., Benxerr, M. V. L. &
BarGieLro, T. A. (1992a). Molecular analysis of
voltage dependence of heterotypic gap junctions
formed by connexins 26 and 32. Biophys. . 62,
183-193.

RusiN, J. B., VEerseLts, V. K., Bexnerr, M. V. L. &
BarcieLro, T. A. (1992b). A domain substitution
procedure and its use to analyze voltage dependence
of homotypic gap junctions formed by connexins 26
and 32. Proc. natn. Acad. Sci. US A 89, 3820-3824.

A. & WEINGArT, R. (1989).

properties of gap junction channels in guinea-pig

RupisuLr, Electrical
ventricular cell pairs revealed by exposure to heptanol.
Pliigers Arch. 415, 12-21.

Rupy, Y. (1995). Reentry
simulations in a fixed pathway. J. cardiovasc. Elec-
trophysiol. 6, 294-312.

Rur, D. M., VeenstrA, R. D., Wang, H. Z., Brink,
P.R. & Bever, E.C. (1993). Chick connexin-56, a
novel lens gap junction protein. Molecular cloning
and functional expression. J. biol. Chem. 268, 706-712.

RuPPERSBERG, ].P., SHrROTER, K. H., Sakmann, B.,

(1990).

Heteromultimeric channels formed by rat brain

insights from theoretical

StockeEr, M., SEwiNng, S. & Poxcs, O.

potassium-channel proteins. Nazure 345, 535-530.

Ryan, S. E., DEmERs, C. N., CHEW, J. P. & BAENZIGER,
J. E. (1996). Structural effects of neutral and anionic
lipids on the nicotinic acetylcholine receptor. J. biol.
Chem. 271, 24590-24597.

RyERsE, J. S., NAGEL, B. A. & Hammer, 1. (1984). The
role of connexon aggregate fusion in gap junction
growth. J. submicrosc. Cytol. 16, 649—657.

S4Ez, J. C., CoNNOR, J. A., Seray, D. C. & BENNETT,
M. V. L. (1989). Hepatocyte gap junctions are pet-
meable to the second messenger, inositol 1,4,5-
trisphosphate, and to calcium ions. Proc. natn. Acad.
Sei. USA 86, 2708-2712.



464 Andrew L. Harris

S£ez, J. C., Seray, D. C., Namrn, A. C., HERTZBERG,
E. L., GREENGARD, P. & BennerT, M. V. L. (19806).
cAMP increases junctional conductance and stimu-
lates phosphorylation of the 27-kDa principal gap
junction polypeptide. Proc. natn. Acad. Sci. US A 83,
2473-2477.

SarraNYos, R.G., CavenEey, S., MiLLer, ].G. &
PeTERSEN, N. O. (1987). Relative roles of gap junction
channels and cytoplasm in cell-to-cell diffusion of
fluorescent tracers. Proc. natn. Acad. Sci. USA 84,
2272-2276.

SaGaN, S., VENANCE, L., TorreNs, Y., CORDIER, J.,
Growinskr, J. & Gravume, C. (1999). Anandamide
and WIN 55212-2 inhibit cyclic AMP formation
through G-protein-coupled receptors distinct from
CB1 cannabinoid receptors in cultured oocytes. Eur.
J. Neurosci. 11, 691-699.

SAHENK, Z. & CHEN, L. (1998). Abnormalities in the
axonal cytoskeleton induced by a connexin32 mu-
tation in nerve xenografts. . Neurosci. Res. 51,
174-184.

Sansom, M. S.P. & WemsteN, H. (2000). Hinges,
swivels and switches: the role of prolines in
signalling via transmembrane alpha-helices. Trends
Pharmacol. Sci. 21, 445-451.

SanricioLr, P. & Magar, C. A. (2000). Effect of 18 beta-
glycyrrhetinic acid on electromechanical coupling in
the guinea-pig renal pelvis and ureter. Br. J. Pharmacol.
129, 163-169.

SArRMA, J. S., WaNg, F., FrRankEL, J. M. & Kovar, M.
(2000). Dominant negative effect of an ER-retained
connexin43 construct. Molec. biol. Cell 11, 223a.

SAUER, H., HESCHELER, ]. & WARTENBERG, M. (2000).
Mechanical strain-induced Ca®* waves are propagated
via ATP release and purinergic receptor activation.
Am. . Physiol. Cell Physiol. 279, C295-C307.

Sauer, H., PratscH, L., FritzscH, G., Buakpi, S. &
PETERS, R. (1991). Complement pore genesis observed
in erythrocyte membranes by fluorescence micro-
scopic single-channel recording. Biochem. ]. 276,
395-399.

ScaGLIoNE, B. A. & Rinrtour, D. A. (1989). A fluo-
rescence-quenching assay for measuring permeability
of reconstituted lens MIP26. Invest. Ophthalmol. vis.
Sei. 30, 961-966.

ScemEs, E., Saupicant, S. O. & Seray, D. C. (2000).
Intercellular communication in spinal cord astrocytes:
fine tuning between gap junctions and P2 nucleotide
receptors in calcium wave propagation. J. Newurosci.
20, 1435-1445.

Scuerer, S.S., Descuenes, S. M. Xu, Y.T.,
GrinspaN, J. B., Fiscuseck, K. H. & Paur, D. L.
(1995). Connexin32 is a myelin-related protein in the
PNS and CNS. J. Neurosci. 15, 8281-8294.

ScHERER, S.S., Xu, Y.T. NeLrLes, E., FISCHBECK,
K. H., WiLLEckE, K. & Boxg, L. J. (1998). Con-

nexin32-null mice develop demyelinating peripheral
neuropathy. Glia 24, 8-20.
T. A, Wang, Y.-F. &

Rosenxsusch, J. P. (1995). Structural basis for sugar

ScuirMER, T., KELLER,
translocation through maltoporin channels at 31 A
resolution. Science 267, 512-514.

SCHLOSSER, S. F., BURGSTAHLER, A. D. & NATHANSON,
M. H. (1996). Isolated hepatocytes can signal to other
hepatocytes and bile duct cells by release of
nucleotides. Proc. natn. Acad. Sci. US.A93,9948-9953.

ScuMIDTMANN, M. (1925). Ueber die intracellulacre
Wasserstoffionenkonzentration unter physiologischen
und einigen pathologischen Bedingungen [About the
intracellular hydrogen ion concentration in physio-
logical and in some pathological conditions]. Z. ges.
Exp. Med. 45, T14-742.

ScuMIEDEN, V., Kunsg, J. & Berz, H. (1992). Agonist
pharmacology of neonatal and adult glycine receptor
alpha-subunits: identification of amino acid residues
involved in taurine activation. EMBO J. 11,
2025-2032.

ScHMILINSKYFLURI, G., VariuNnas, V., WiLLr, M. &
WEeINGART, R. (1997). Modulation of cardiac gap
junctions — the mode of action of arachidonic acid.
J. molec. cell. Cardiol. 29, 1703-1713.

ScHOFIELD, P. R., LyNcH, J. W., RAJENDRA, S., PIERCE,
K. D., Hanpororp, C. A. & Barry, P. H. (1996).
Molecular and genetic insights into ligand binding
and signal transduction at the inhibitory glycine
receptor. Cold Spring Harb. Symp. quant. Biol. 61,
333-342.

ScuueTzE, S. M. & GoobpeNouGH, D. A. (1982). Dye
transfer between cells of the embryonic chick lens
becomes less sensitive to CO, treatment with de-
velopment. J. Cel/ Biol. 92, 694-705.

ScuwaArzMANN,  G., WriecanpT, H., Rosg, B.,
ZIMMERMAN, A., Ben-Hamv, D. & LOEWENSTEIN,
W. R. (1981). Diameter of the cell-to-cell junctional
membrane channels as probed with neutral molecules.
Science 213, 551-553.

SerrerT, K., FENDLER, K. & Bawmserg, E. (1993).
Charge transport by ion translocating membrane
proteins on solid supported membranes. Biophys. J.
64, 384-391.

SHABB, ]. B. & CorsiN, J. D. (1992). Cyclic nucleotide-
binding domains in proteins having diverse functions.
J. biol. Chem. 267, 5723-5726.

SHANG, C. (2001). Electrophysiology of growth control
and acupuncture. Life Sci. 68, 1333-1342.

SicurskjoLp, B. W., Berranp, C. R. & Svenssoxn, B.
(1994). Thermodynamics of inhibitor binding to the
catalytic site of glucoamylase from Aspergillus niger
determined by displacement titration calorimetry.
Biochemistry 33, 10191-10199.

SIKERWAR, S.S. & Uxwin, P.N. T. (1988). Three-



dimensional structure of gap junctions in fragmented
plasma membrane from rat liver. Biophys. ]. 54,
113-119.

Sivmon, A. M., GoopeNouGH, D. A., Li, E. & Paui,
D. L. (1997). Female infertility in mice lacking
connexin 37. Nature 385, 525-529.

SmmoN, A. M., GoopenouGH, D. A. & Pauvr, D. L.
(1998). Mice lacking connexin40 have cardiac con-
duction abnormalities characteristic of atrioventricular
block and bundle and bundle branch block. Curr. Biol.
8, 295-289.

StmpsoN, 1., Rose, B. & LoewensteiN, W. R. (1977).
Size limit of molecules permeating the junctional
membrane channels. Sczence 195, 294-296.

Stms, C. E. & Arisrrrron, N. L. (1998). Metabolism of
inositol 1,4,5-trisphosphate and inositol, 1,3,4,5-tetra-
kisphosphate by the oocytes of Xenopus laevis. |. biol.
Chem. 213, 4052-4058.

SjostrAND, F., ANDERSSON-CEDERGREN, E. & DEWEY,
M. M. (1958). The ultrastructure of the intercalated
discs of frog, mouse and guinea-pig cardiac muscle.
J. Ultrastruct. Res. 1, 271-287.

SKERRETT, I. M., MERRITT, M., ZHou, L., Znu, H.,
Cao, F. L., Smrrh, J. F. & Nicnovrson, B. J. (2001a).
Applying the Xenopus oocyte expression system to the
analysis of gap junction proteins. In Methods in
Molecular Biology : Connexin Methods and Protocols (eds.
R. Bruzzone & C. Giaume), pp. 225-249. Totowa:
Humana Press.

SkeRRETT, I. M., SmrrH, J.F., Kasperek, E. M. &
NicnowrsoN, B. J. (2001b). Structural analysis of gap
junction voltage gating. Biophys. J. 80, 11a.

SkERRETT, 1. M., SmITH, J.F. & NicroLsoN, B. J.
(2000). Mechanistic differences between chemical and
electrical gating of gap junctions. In Gap Junctions :
Molecular Basis of Cell Communication in Health and
Disease (ed. C. Peracchia), pp. 249-269. San Diego:
Academic Press.

SmrrH, K. E., BorpENn, L. A., Wang, C. H., HARrTIG,
P. R., BrRancHEK, T. A. & WEINsSHANK, R. L. (1992).
Cloning and expression of a high affinity taurine
transporter from rat brain. Molec. Pharmacol. 42,
563-569.

Song, L., HosauGgu, M. R., Suustak, C., CHELEY, S.,
Baviey, H. & Gouvaux, J. E. (1996). Structure of
staphyloccal alpha-hemolysin, a heptameric trans-
membrane pore. Science 274, 1859-1866.

Sosinsky, G. E. (1992). Image analysis of gap junction
structures. Electron Microsc. Rev. 5, 59-76.

Sosinsky, G. E. (1995). Mixing of connexins in gap
junction membrane channels. Proc. natn. Acad. Sci.
USA 92, 9210-9214.

Sosinsky, G. (2000). Gap junction structure: new
structures and new insights. In Gap Junctions :
Molecular Basis of Cell Communication in Health and
Disease (ed. C. Peracchia), pp. 1-22. San Diego:
Academic Press.

Connexin channels 465

Sosinsky, G. E., Baker, T.S., Casear, D.L.D. &
GoopeNouGH, D. A. (1990). Correlation analysis of
gap junction lattice images. Biophys. J. 58, 1213-1226.

Sosinsky, G. E., JEesior, J.C., Casrar, D.L.D. &
GoopexNouGH, D. A. (1988). Gap junction structures.
VIII. Membrane cross-sections. Biophys. J. 53, 709—
722.

Seray, D. C. (1994). Physiological and pharmacological
regulation of gap junction channels. In Molecular
Mechanisms of Epithelial Cell Junctions : From Devel-
opment to Disease (ed. S. Citi), pp. 195-215. New York:
R. G. Landes.

Seray, D. C. & Bexnerr, M. V. L. (1985). Physiology
and pharmacology of gap junctions. Awnu. Rev.
Physiol. 47, 281-303.

Seray, D. C. & Burt, J. M. (1990). Structure-activity
relations of the cardiac gap junction channel. Am. J.
Physiol. 258, C195-C205.

Seray, D. C., Harris, A.L. & Bexnerr, M. V. L.
(1979). Voltage dependence of junctional conductance
in early amphibian embryos. Science 204, 432-434.

Seray, D. C., Harris, A.L. & Benxnerr, M. V. L.
(1981a). Equilibrium properties of a voltage de-
pendent junctional conductance. . gen. Physiol. 77,
77-93.

Seray, D.C., Harris, A.L. & Bexnerr, M. V. L.
(1981b). Gap junctional conductance is a simple and
sensitive function of intracellular pH. Science 211,
712-715.

Seray, D. C., Morexo, A. P., Ecusati, B., CHANsON,
M. & Frsuman, G. 1. (1992). Gating of gap junction
channels as revealed in cells stably transfected with
wild type and mutant connexin cDNAs. Biophys. |. 62,
48-50.

Seray, D.C., S&ez, J.C., Brosius, D., BexNErT,
M. V. L. & Hert1zBERG, E. L. (1986). Isolated liver
gap junctions: gating of transjunctional currents is
similar to that in intact pairs of rat hepatocytes. Proc.
natn. Acad. Sci. US A 83, 5494-5497.

Seray, D. C., SterN, J. H., Harris, A. L. & BENNETT,
M. V. L. (1982). Gap junctional conductance: com-
parison of sensitivities to H and Ca ions. Proc. natn.
Acad. Sci. US A 19, 441-445.

Seray, D. C., Wnrrg, R. L., Campros DE CARVALHO,
A. C., Harrrs, A. L. & Bennerr, M. V. L. (1984).
Gating of gap junction channels. Biophys. J. 45,
219-230.

R. B, C.J., J.W. &

Hemminga, M. AL (1996). Accessibility and environ-

SpruTjT, Wourrs, VERVER,
ment probing using cysteine residues introduced
along the putative transmembrane domain of the
major coat protein of bacteriophage M13. Biochemistry
35, 10383-10391.

SriNntvas, M., Horeperstap, M. G. & Seray, D.C.
(2001). Quinine blocks specific gap junction channel
subtypes. Proc. natn. Acad. Sci. USA 98, 10942
10947.



466 Andrew L. Harris

Staurrer, K. A. (1995). The gap junction protein
beta,-connexin (connexin-32) and beta,-connexin
(connexin-26) can form heteromeric hemichannels.
J. biol. Chem. 270, 6768-6772.

Staurrer, K. A.; Kumar, N. M., GrLura, N. B. &
Unxwin, P. N. T. (1991). Isolation and purification of
gap junction channels. J. Ce// Bio/. 115, 141-150.

SteELE, E. C., LyoN, M. F., Favor, J., GuiLLor, P. V.,
Bovp, Y. & CrurcH, R. L. (1998). A mutation in the
connexin50 (Cx50) gene is a candidate for the No2
mouse cataract. Curr. Eye Res. 17, 883-889.

STEINBERG, T. H., NEwMaN, A. S., SwaxsoN, J. A. &
SILVERSTEIN, S. C. (1987). ATP*" permeabilizes the
plasma membrane of mouse macrophages to fluor-
escent dyes. J. biol. Chem. 262, 8884-8888.

STEINBERG, T. H. & SiversteIN, S. C. (1989). ATP
permeabilization of the plasma membrane. Mezh. Cell
Biol. 31, 45-61.

STEINER, E. & EBraara, L. (1996). Functional charac-
terization of canine connexin45. J. Mewbr. Biol. 150,
153-161.

StERGIOPOULOS, K., ALVARADO, ]. L., MASTROIANNI,
M., Ex-VrTorIN, J. F., TAFFET, S. M. & DELMAR, M.
(1999). Hetero-domain interactions as a mechanism
for the regulation of connexin channels. Cire. Res. 84,
1144-1155.

StewarT, W.W. (1978). Functional connections be-
tween cells as revealed by dye-coupling with a
naphthalimide tracer. Ce// 14, 741-759.

Stoprar, D., Serutyt, R. B., WoLrs, C. J. & HEMMINGA,
M. A. (1996). Local dynamics of the M13 major coat
protein in different membrane-mimicking systems.
Biochemistry 35, 15467—-15473.

Stoprar, D., Serutjyt, R. B., WoLrs, C. J. & HEMMINGA,
M. A. (1997). In sitn aggregational state of M13
bacteriophage major coat protein in sodium cholate
and lipid bilayers. Biochemistry 36, 12268-12275.

StricHARTZ, G. (1987). An integrated view of the
molecular toxinology of sodium channel gating in
excitable cells. Annn. Rev. Neurosci. 10, 237-267.

Suaprcant, S. O., ViNk, M. J. & Seray, D. C. (2000).
Slow intracellular Ca®" signaling in wild-type and
Cx43-null neonatal mouse cardiac myocytes. Aw. J.
Physiol. Heart cire. Physiol. 279, H3076-H3088.

SuBak-SHARPE, H., BUrk, R. & Prrrs, J. D. (1960).
Metabolic cooperation by cell transfer between
genetically different mammalian cells in culture.
Heredity 21, 342-343.

SuBak-SHARPE, H., BUrk, R. R. & Prrts, J. D. (1969).
Metabolic co-operation between biochemically mark-
ed mammalian cells in tissue culture. J. Ce// Sci. 4,
353-367.

SucHyNA, T. M., Nrrscug, J. M., CHiLron, M. G,
Hagrris, A. L., VEENsTRA, R. D. & NicuoLson, B. J.
(1999). Different ionic selectivities for connexins 26
and 32 produce rectifying gap junction channels.
Biophys. ]. 77, 2968-2987.

Sucuy~a, T. M., Xu, L. X., Gao, F., FourTNER, C. R.
& Nrcnowrson, B. J. (1993). Identification of a proline
residue as a transduction element involved in voltage
gating of gap junctions. Nature 365, 847-849.

Sucawara, E. & Nikarpo, H. (1994). OmpA protein of
the Escherichia coli outer membrane occurs in open and
closed channel forms. J. biol. Chem. 269, 17981-17987.

SukHAREV, S. L., BLounTt, P., MarTINAC, B. & KuUNG,
C. (1997). Mechanosensitive channels of Escherichia
coli: the Mscl. gene, protein, and activities. Annu. Rev.
Physiol. 59, 633-657.

SurLivaN, R., Huang, G. Y., MEYER, R. A., WESSELS,
A, Lmask, KIK. & Lo, C.W. (1998). Heart
malformations in transgenic mice exhibiting dominant
negative inhibition of gap junctional communication
in neural crest cells. Dev. Biol. 204, 224-234.

Sux, P. D. & Davrss, D. R. (1995). The cystine-knot
growth-factor superfamily. Annu. Rev. Biophys. biomol.
Struct. 24, 269-291.

SURPRENANT, A., RaAsSENDREN, F., Kawasurma, E.,
NortH, R. A. & ButiLL, G. (1997). The cytolytic P2z
receptor for extracellular ATP identified as a P2x
receptor (P2x7). Science 272, 735-738.

SUTER, S., Trosko, J. E., EL-Foury, M. H., Lockwoob,
L. R. & KoEsTxER, A. (1987). Dieldrin inhibition of
gap junctional intercellular communication in rat glial
cells as measured by the fluorescence photobleaching
and scrape loading/dye transfer assays. Fundam. appl.
Toxicol. 9, 785-794.

Swenson, K. I., Jorpan, J. R., BeEver, E. C. & Paut,
D. L. (1989). Formation of gap junctions by ex-
pression of connexins in Xenopus oocyte pairs. Cell 57,
145-155.

Swenson, K. 1., PrwNica-Worwms, H., McNawmEeg, H. &
Paur, D. L. (1990). Tyrosine phosphorylation of the
gap junction protein connexin43 is required for the
pp60”*"“-induced inhibition of communication. Ce//
Regul. 1, 989-1002.

TaBERNERO, A., GiavmE, C. & MEDINS, J. M. (1996).
Endothelin-1 regulates glucose utilization in cultured
astrocytes by controlling intercellular communication
through gap junctions. Glia 16, 187-195.

Takens-Kwaxk, B. R. & Jongsma, H. J. (1992). Cardiac
gap junctions: three distinct single channel con-
ductances and their modulation by phosphorylating
treatments. Pfliigers Arch. 422, 198-200.

Takens-Kwak, B. R., Jonesma, H. J., Rook, M. B. &
Van GiNnNekeN, A. C. (1992). Mechanism of hep-
tanol-induced uncoupling of cardiac gap junctions: a
petforated patch-clamp study. Am. ]. Physiol. 262,
C1531-C1538.

TavrLor, H.]J., Cuayror, A.T., Evans, W.H. &
GrrrrrrH, T. M. (1998). Inhibition of the gap
junctional component of endothelium-dependent
relaxations in rabbit ilac artery by 18-alpha glycyr-
rhetinic acid. Br. J. Pharmacol. 125, 1-3.



TeMmME, A., Bucamann, A., Gasrier, H. D., NELLEs,
E., Scawarz, M. & WiLLeckg, K. (1997). High
incidence of spontaneous and chemically induced liver
tumors in mice deficient for connexin32. Curr. Biol. 7,
713-716.

TEUBNER, B., DEGEN, J., S6HL, G., GULDENAGEL, M.,
Bukauskas, F. F., TREXLER, E. B., VErseLs, V. K.,
De Zreuw, C. 1., C. G, C. A,
SchrLLing, K. & WiLLecke, K. (2000). Functional

LEE, Kozaxk,
expression of the murine connexin 36 gene coding for
a neuron-specific gap junctional protein. J. Membr.
Biol. 176, 249-262.

Tissrrrs, T. T., Caspar, D. L. D., Purcries, W. C. &
GoopeNouGH, D. A. (1990). Diffraction diagnosis of
protein folding in gap junction connexons. Biophys. ].
57, 1025-1036.

Tomaserto, C., NEVEU, M. J., DALEY, J., HoraN, P. K.
& SaGer, R. (1993). Specificity of gap junction
communication among human mammary cells and
connexin transfectants in culture. J. Ce// Biol. 122,
157-167.

Torok, K., Sravrrer, K. & Evans, W. H. (1997).
Connexin32 of gap junctions contains two cyto-
plasmic calmodulin-binding domains. Biochem. J. 326,
479-483.

Tovoruku, T., AkaMATSU, Y., ZHANG, H., Kuzuya, T.,
Tapa, M. & Hori, M. (2001). C-sr¢ regulates the
interaction between connexin-43 and ZO-1 in cardiac
myocytes. |. biol. Chem. 276, 1780-1788.

Tovoruku, T., Yasuki, M., Orsu, K., Kuzuya, T.,
Horri, M. & Tapa, M. (1998a). Intercellular calcium
signaling via gap junction in connexin-43-transfected
cells. J. biol. Chem. 273, 1519-1528.

Tovoruku, T., Yasuki, M., Orsu, K., Kuzuya, T.,
Horr, M. & Tapa, M. (1998b). Direct association of
the gap junction protein connexin-43 with ZO-1 in
cardiac myocytes. J. biol. Chem. 273, 12725-12731.

Traus, O., Look, J., Pavr, D. L. & WiLLECKE, K.
(1987). Cyclic adenosine monophosphate stimulates
biosynthesis and phosphorylation of the 26 kDa gap
junction protein in cultured mouse hepatocytes. Eur.
J. Cell Biol. 43, 48-54.

TREXLER, E. B., Bennerr, M. V. L., BARGIELLO, T. A.
& VErsents, V.K. (1996). Voltage gating and
permeation in a gap junctional hemichannel. Proc.
natn. Acad. Sci. US A 93, 5836-5841.

TrRexXLER, E. B., Bukauskas, F. F., Bennerr, M. V. L.,
BarcieLro, T. A. & VErseris, V. K. (1999). Rapid
and direct effects of pH on connexins revealed by the
connexin46 hemichannel preparation. . gen. Physiol.
113, 721-742.

TrREXLER, E.B., Bukauskas, F. F., KroNExGOLD, J.,
BaraieLro, T. A. & VErseLss, V. K. (2000). The first
extracellular loop domain is a major determinant of
charge selectivity in connexin46 channels. Biophys. ].
79, 3036-3051.

Connexin channels 467

TrexXLER, E. B., L, W., MrrLs, S. L. & Massey, S. C.
(2001). Coupling from AII amacrine cells to on cone
bipolar cells is bidirectional. ]. comp. Neurol. 437,
408-422.

Tsien, R. W. & WEeNGart, R. (1974). Cyclic AMP:
cell-to-cell movement and inotropic effect in ven-
tricular muscle, studied by the cut-end method. J.
Physiol. (Lond.) 242, 95P—-96P.

Tsiex, R. W. & WEemNGArT, R. (1976). Inotropic effect
of cAMP in calf ventricular muscles studied by a cut
end method. J. Physiol. (Lond.) 260, 117-141.

Tsien, R. Y., Pozzan, T. & Rink, T. J. (1982). Calcium
homeostasis in intact lymphocytes: cytoplasmic free
calcium monitored with a new, intracellularly trapped
fluorescent indicator. J. Cel/ Biol. 94, 325-334.

Tsukrra, S., Furusg, M. & Iron, M. (1999). Structural
and signaling molecules come together at tight
junctions. Curr. Opin. Cell Biol. 11, 628-633.

TuriN, L. & WarNER, A. E. (1977). Carbon dioxide
reversibly abolishes ionic communication between
cells of early amphibian embryo. Nazure 270, 56-57.

TuriN, L. & WarNER, A. E. (1980). Intracellular pH in
catly Xenopus embryos: its effect on current flow
between blastomeres. J. Physiol. (Lond.) 300, 489-504.

UcHipa, S., Kwon, H. M., Tamavcui, A., PRESTON,
A.S., Marumo, F. & HanpLERr, J. S. (1992). Mol-
ecular cloning of the cDNA for an MDCK cell Na*
and Cl™-dependent taurine transporter that is regu-
lated by hypertonicity. Proc. natn. Acad. Sci. US A 89,
8230-8234.

Uncger, V.M., Koumar, N. M. Grrora, N.B. &
YEAGER, M. (1997). Projection structure of a gap
junction membrane channel at 7 Angstrom resolution.
Nature struct. Biol. 4, 39-43.

UncGer, V.M., Koumar, N. M., Grrora, N.B. &
YEAGER, M. (1999a). Expression, two-dimensional
crystallization, and electron cryo-crystallography of
recombinant gap junction membrane channels. J.
struct. Biol. 128, 98—105.

Uxger, V.M., Kumar, N. M., Girura, N.B. &
YEAGER, M. (1999b). Three-dimensional structure of
a recombinant gap junction membrane channel. Science
283, 1176-1180.

Unwin, P.N.T. & Ennis, P.D. (1983). Calcium-
mediated changes in gap junction structure: evidence
from the low angle X-ray pattern. J. Ce// Biol. 97,
1459-1466.

Unwin, P.N.T. & Ennts, P.D. (1984). Two con-
figurations of a channel-forming membrane protein.
Nature 307, 609-613.

UxwiN, P.N. T. & Zawrercar, G. A. (1980). Structure
of the junction between communicating cells. Nature
283, 545-549.

Urrer1, G.C., Ramier, S. & JamN, M. K. (1980).
Intrinsic differences in the perturbing ability of

alkanols in bilayer: action of phospholipase A, on the



468 Andrew L. Harris
alkanol-modified phospholipid bilayer. J. Membr. Biol.
55, 97-112.

Vartunas, V., Bukauvskas, F.F. & WEemwcarT, R.
(1997). Conductances and selective permeability of
connexin43 gap junction channels examined in neo-
natal heart cells. Cire. Res. 80, 708-719.

Vavrronas, V., MaNTHEY, D., VoGEeL, R., WiLLECKE, K.
& WEINGART, R. (1999a). Biophysical properties of
mouse connexin30 gap junction channels studied in
transfected human HelLa cells. J. Physiol. (Lond.) 519,
631-644.

Vavronas, V., Niessen, H., WitLecks, K. &
WEINGART, R. (1999b). Electrophysiological proper-
ties of gap junction channels in hepatocytes isolated
from connexin32-deficient and wild-type mice. Pfliigers
Arch. 437, 846-856.

Varronas, V. & Wemwcart, R. (2000). Electrical
properties of gap junction hemichannels identified in
transfected HelLa cells. Pfliigers Arch. 440, 366-379.

Vavronas, V. & WEINGArT, R. (2001). Co-operativity
between mouse connexin30 gap junction channels.
Pfliigers Arch. 441, 756-760.

Vavrronas, V., WEINGAaRrT, R. & Brink, P. R. (2000).
Formation of heterotypic gap junction channels by
connexins 40 and 43. Cire. Res. 86, E42—-FE49.

VAN DER VELDEN, A. W. & Traomas, A. A. M. (1999).
The role of the 5" untranslated region of an mRNA in
translation regulation during development. Inz. J.
Biochem. Cell Biol. 31, 87-106.

vaN Rijen, H. V. M., van VEen, T. A. B., HERMANS,
M. M. P. H.J. (2000).
connexin40 gap junction channels are modulated by
cAMP. Cardiovasc. Res. 45, 941-951.

vax Rrjen, H. V. M., WiLpers, R., Rook, M. B. &
Jonagsma, H. J. (2001). Dual patch clamp. In Methods
in Molecular Biology : Connexin Methods and Protocols
(eds. R. Bruzzone & C. Giaume), pp. 269-292.
Totowa: Humana Press.

&  JonNGsma, Human

vaN Rrjen, H. V. M., WiLpERs, R., vAN GINNEKEN,
A.C.G. & Jonesma, H.J. (1998). Quantitative
analysis of dual whole-cell voltage-clamp determi-
nation of gap junctional conductance. Pfliigers Arch.
436, 141-151.

vaN VEEN, T. A. B,, vax Rijen, H. V. M. & JoNGsMma,
H. J. (2000).
connexin45 gap junction channels is modulated by
phosphorylation. Cardiovase. Res. 46, 496-510.

Vaney, D. L. (1997). Neuronal coupling in rod-signal
pathways of the retina. Imvest. ophthalmol. Vis. Sci. 38,
267-273.

Vaxey, D.I., Neuson, J.C. & Pow, D.V. (1998).
Neurotransmitter coupling through gap junctions in
the retina. J. Neurosci. 18, 10594-10602.

VanEy, D. I. & WEILER, R. (2000). Gap junctions in the

eye: evidence for heteromeric, heterotypic and mixed-

Electrical conductance of mouse

homotypic interactions. Brain Res. Rev. 32, 115-120.

VanNHaasterT, P. J. M. (1995). Transduction of the
chemotactic cAMP signal across the plasma mem-
brane of Dictyostelium cells. Experientia 51, 1144-1154.

VanHaasterT, P. J. M. & Kien, E. (1983). Binding of
cAMP derivatives to Dictyolstelinm discoidenm cells. J.
biol. Chem. 258, 9636-9642.

Vanove, C. G., VERGARA, L. A. & Reuss, L. (1999).
Isolated epithelial cells from amphibian urinary
bladder express functional gap junctional hemi-
channels. Am. J. Physiol. Cell. Physiol. 45, C279-C284.

VANSLYKE, J. K., Descuenes, S. M. & Musi, L. S.
(2000). Intracellular transport, assembly, and degra-
dation of wild-type and disease-linked mutant gap
junction proteins. Molec. biol. Cel/ 11, 1933-1946.

VEENsTRA, R. D. (2001). Voltage clamp limitations of
dual whole-cell gap junction current and voltage
recordings. I. conductance measurements. Biophys. ].
80, 2231-2247.

VEENsTRA, R.D. (1996). Size and selectivity of gap
junction channels formed from different connexins. J.
Bioenerg. Biomembr. 28, 327-337.

R.D. (2000).

connexin gap junction channels: effects on con-

VEENSTRA, Ion permeation through
ductance and selectivity. In Gap Junctions : Molecular
Basis of Cell Communication in Health and Disease (ed. C.
Peracchia), pp. 95-129. San Diego: Academic Press.

VEENsTRA, R.D. (2001). Determining ionic perme-
abilities of gap junction channels. In Methods in
Molecular Biology : Connexin Methods and Protocols (eds.
R. Bruzzone & C. Giaume), pp. 293-311. Totowa:
Humana Press.

VEENsTRA, R. D. & Brink, P. R. (1992). Patch-clamp
analysis of gap junctional currents. In Cel/~Cell
Interactions. A Practical  Approach (eds. B.R.
Stevenson, W. J. Gallin & D. L. Paul), pp. 167-201.
Oxford: IRL Press.

VEENsTRA, R. D. & DeHaax, R. L. (1986). Measure-
ment of single channel currents from cardiac gap
junctions. Science 233, 972-974.

VEENSTRA, R. D. & DEHaax, R. L. (1988). Cardiac gap
junction channel activity in embryonic chick ventricle
cells. Am. J. Physiol. 254, H170-H180.

VeenstrRA, R.D., Wa~xg, H.-Z., Brerso, D. A,
CuirtoN, M. G., Harrs, A. L., Bever, E.C. &
Brink, P. R. (1995). Selectivity of connexin-specific
gap junctions does not correlate with channel con-
ductance. Cire. Res. 77, 1156-1165.

VEENSTRA, R. D., WaNG, H. Z., BEYER, E. C. & BrINk,
P. R. (1994a). Selective dye and ionic permeability of
gap junction channels formed by connexin45. Cire.
Res. 75, 483-490.

VEeENsTRA, R.D., Waxg, H.Z., Bever, E.C,
Ramanan, S. V. & Brink, P. R. (1994b). Connexin37
forms high conductance gap junction channels with
subconductance state activity and selective dye and
ionic permeabilities. Biophys. . 66, 1915-1928.



VEENSTRA, R. D., Wang, H. Z., WestpHALE, E. M. &
E.C.

distinct regulatory and conductance properties of gap

BEYER, (1992). Multiple connexins confer
junctions in developing heart. Cire. Res. 71, 1277—
1283.

VENANCE, L., CorbpIiegr, J., MoxGe, M., Zarc, B.,
Growinski, J. & Grauvme, C. (1995a). Homotypic
and heterotypic coupling mediated by a gap junc-
tions during glial cell differentiation in vitro. Eur. ].
Neurosci. T, 451-461.

VENANCE, L., ProMELLI, D., GLOWINSKI, J. & GIAUME,
C. (1995b). Inhibition by anandamide of gap junctions
and intercellular calcium signaling in striatal astro-
cytes. Nature 376, 590-594.

VENANCE, L., PREMONT, ]., GLowINsKI, . & GIAUME,
C. (1998). Gap junctional communication and phar-
macological heterogeneity in astrocytes cultured from
the rat striatum. J. Physiol. (Lond.) 510, 429-440.

VERDON, B., ZHuENG, J., NicHoLsoN, R. A., GANELLI,
C. R. & Legs, G. (2000). Stereoselective modulatory
actions of oleamide on GABA(A) receptors and
voltage-gated Na* channels in vitro. Briz. |. Pharmacol.
129, 283-290.

Verserrs, V. K., Bennerr, M. V. L. & BARGIELLO,
T. A. (1991). A voltage-dependent gap junction in
Drosophila melanogaster. Biophys. ]. 59, 114-126.

VEerseLss, V. K., GiNter, C. S. & Barcierro, T. A.
(1994). Opposite voltage gating polarities of two
closely related connexins. Nature 368, 348-351.

V. K, D.C., Wurrg, R.L. &

BexnerT, M. V.L. (1986a). Comparison of gap

VERSELIS, SPRAY,
junctional conductance/permeability ratios among
early embryonic cells of frog, fish and squid. Biophys.
J. 49, 203a.

VEerseris, V. K., TRexrLER, E. B. & Bukauskas, F. F.
(2000). Connexin hemichannels and cell—cell channels:
comparison of properties. Braz. J. med. biol. Res. 33,
379-389.

VEerseLts, V. K. & VEeenstra, R.D. (2000). Gap
junction channels: permeability and voltage gating. In
Gap Junctions (ed. E.L. Hertzberg), pp. 129-192.
Stamford: Jai Press.

V.K., Wurrg, R.L., Seray, D.C. &
BenneTT, M. V. L. (1986b). Gap junctional con-
ductance and permeability are linearly related. Science
234, 461-464.

ViGMonD, E. J. & Barpaxjiax, B. L. (1995). The effect
of morphological interdigitation of field coupling

VERSELIS,

between smooth muscle cells. IEEE Trans. Biomed.
Eng. 42, 162-171.

VinNakora, S., Qian, X., Ecar, H., Sartny, V. &
Sarkar, H. K. (1997). Molecular characterization
and in situ localization of a mouse retinal taurine
transporter. J. Nuerochem. 69, 2238-2250.

Voger, R. & WeiNGarT, R. (1998). Mathematical

Connexin channels 469

model of vertebrate gap junctions derived from
electrical measurements on homotypic and heterotypic
channels. J. Physiol. (Lond.) 510, 177-189.

Wabg, M. H., Trosko, J. E. & ScHINDLER, M. (1980).
A fluorescence photobleaching assay of gap junction-
mediated communication between human cells. Science
232, 525-528.

WALTER, A., ZIMMERBERG, J., PauL, D. L. & HaRris,
A. L. (1986). Channels from isolated gap junctions
incorporated into planar lipid bilayers following
selection by a transport-specific density shift. Soc.
Neurosci. Abstr. 12, 1191.

WaneG, H. Z., L1, J., LEmanski, L. F. & VEENSTRA,
R.D. (1992). Gating of mammalian cardiac gap
junction channels by transjunctional voltage. Biophys.
J. 63, 139-151.

Wang, H. Z. & VEENstrRA, R. D. (1997). Monovalent
ion selectivity sequences of the rat connexin43 gap
junction channel. J. gen. Physiol. 109, 491-507.

WanNgG, S.S.-H., Avousi, A. A. & Twnowmrson, S. H.
(1995). The lifetime of inositol 1,4,5-trisphosphate in
single cells. J. gen. Physiol. 105, 149-171.

Wang, X.G., Li L.Q., L.L &
PerAccHIA, C. (1996). Chimeric evidence for a role of

PERACCHIA,

the connexin cytoplasmic loop in gap junction channel
gating. Pfligers Arch. 431, 844-852.

Waxe, X. G. & PeraccHhia, C. (1996). Connexin32/38
chimeras suggest a role for the second half of inner
loop in gap junction gating by low pH. Aw. J. Physiol.
40, C1743-C1749.

Wang, X. G. & PeraccHia, C. (1997). Positive charges
of the initial C-terminus domain of Cx32 inhibit gap
junction gating sensitivity to CO,. Biophys. J. 73,
798-806.

WaneG, Y.-F., Durzier, R., Rizkarvanm, P.]J.,
Rosexsusch, J. P. & ScHIRMER, T. (1997). Channel
specificity : structural basis for sugar discrimination
and differential flux rates in maltoporin. |. molec. Biol.
272, 56-63.

WARN-CRAMER, B. J., CortrELL, G. T., BurT, J. M. &
Lau, A.F. (1998). Regulation of connexin-43 gap
junctional intercellular communication by mitogen-
activated protein kinase. J. biol. Chem. 273, 9188-9196.

WarN-CrRAMER, B. J., Lampe, P. D., Kurata, W. E.,
Kanemrrsu, M. Y., Loo, L. W. M., Eckaarr, W. &
Lau, A. F. (1996). Characterization of the mitogen-
activated protein kinase phosphorylation sites on the
connexin-43 gap junction protein. J. biol. Chem. 271,
3779-3786.

WARNER, A. E. (1973). The electrical properties of the
ectoderm in the amphibian embryo during induction
and early development of the nervous system. J.
Physiol. (Lond.) 235, 267-286.

WaRNER, A., CLEMENTS, D. K., Parikn, S., Evaxs,
W. H. & DeHaan, R. L. (1995). Specific motifs in the

external loops of connexin proteins can determine gap



470 Andrew L. Harris

junction formation between chick heart myocytes.
J. Physiol. (ILond.) 488, 721-728.

WaranaBe, A. (1958). The interaction of electrical
activity among neurons of lobster cardiac ganglion.
Jpn. J. Physiol. 8, 305-318.

WeBER, 1. T., Smass, J. B. & CorpiN, J.D. (1989).
Predicted structures of the cGMP binding domains of
the cGMP-dependent protein kinase: a key alanine/
threonine difference in evolutionary divergence of
cAMP and c¢GMP binding sites. Biochemistry 28,
6122-6127.

WEmMANN, S. (1952). The electrical constants of
Purkinje fibres. J. Physiol. (Lond.) 118, 348-360.

WEeINGART, R. (1974). The permeability to tetracthyl-
ammonium ions of the surface membrane and the
intercalated disks of sheep and calf myocardium.
J. Physiol. (Lond.) 240, 741-762.

WEINGART, R. (1986). Electrical properties of the nexal
membrane studied in rat ventricular cell pairs. J.
Physiol. (Lond.) 370, 267-284.

WEINGART, R. & Bukauskas, F. F. (1998). Long-chain
n-alkanols and arachidonic acid interfere with the V, -
sensitive gating mechanism of gap junction channels.
Pfliigers Arch. 435, 310-319.

Werss, M. S., KreuscH, A., Scuirrz, E., NesteL, U.,
WEeLTE, W., WECKESSER, J. & ScuuLrz, G. E. (1991).
The structure of porin from Rbodobacter capsulatus at
1.8 A resolution. FEBS Lett. 280, 379-382.

WERNER, R., LEVINE, E., RaBADAN-D1EHL, C. & DAHL,
G. (1989). Formation of hybrid cell-cell channels.
Proc. natn. Acad. Sci. US.A 86, 5380-5384.

WERNER, R., LEVINE, E., RaBADAN-D1EHL, C. & DAHL,
G. (1991). Gating properties of connexin32 cell-cell
channels and their mutants expressed in Xenopus
oocytes. Proc. R. Soc. Lond. Ser. B 243, 5-11.

WERNER, R. (2000). IRES elements in connexin genes:
a hypothesis explaining the need for connexins to be
regulated at the translational level. I[UBMB Life 50,
173-176.

WHarte, R. L., Seray, D. C., Campros DE CARVALHO,
A. C., WrTTeNBERG, B. A. & Benxxerr, M. V. L.
(1985). Some electrical and pharmacological proper-
ties of gap junctions between adult ventricular
myocytes. Am. J. Physiol. 249, C447-C455.

Warte, T. W. (2000). Functional analysis of human
Cx26 mutations associated with deafness. Brain Res.
Rev. 32, 181-183.

T. W. (1996). Multiple

connexin proteins in single intercellular channels:

WHITE, & Bruzzong, R.
Connexin compatability and functional consequences.
J. Bioenerg. Biomembr. 28, 339-350.

Warre, T. W., Bruzzong, R. & Paur, D. L. (1995a).
The connexin family of intercellular channel forming
proteins. Kidney Int. 48, 1148-1157.

Warre, T.W., BruzzonNg, R., Worrram, S., Paur,

D. A. (1994).

interactions among the multiple connexin proteins

D. L. & GOODENOUGH, Selective

expressed in the vertebrate lens: the second extra-
cellular domain is a determinant of compatability
between connexins. J. Cel/ Biol. 125, 879-892.
Warre, T. W., DEans, M. R., O’BrIEN, J., AL-UBaAIDI,
M. R., GoopenouGH, D. A., Rreps, H. & BruzzoNE,
R.  (1999).

connexin35, a member of the gamma subfamily of

Functional characteristics of skate
connexins expressed in the vertebrate retina. Ewr. J.
Neurosci. 11, 1883-1890.

Wurre, T. W., GoopenoucH, D. A. & Paur, D. L.
(1998). Targeted ablation of connexin50 in mice
results in microphthalmia and zonular pulverulent
cataracts. J. Ce// Biol. 143, 815-825.

Wurre, T. W., Pavr, D. L., Goopenouch, D. A. &
BruzzonE, R. (1995b). Functional analysis of selective
interactions among rodent connexins. Molec. biol. Cell
6, 459-470.

WierenGga, R.K., Borcuerr, T.V. & NOBLE,
M. E. M. (1992). Crystallographic binding studies
with triosephosphate isomerases: conformational
changes induced by substrate and substrate-analogues.
FEBS Lett. 307, 34-39.

WiLpEeRrs, R. & Jonesma, H. J. (1992). Limitations of
the dual voltage clamp method in assaying con-
ductance and kinetics of gap junction channels.
Biophys. J. 63, 942-953.

WiLLECKE, K., HEYNKES, R., DAHL, E., STUTENKEMPER,
R., HENNEMANN, H., JunGBLUTH, S., SucHYNA, T. &
Nrcuowrsox, B. J. (1991). Mouse connexin37: cloning
and functional expression of a gap junction gene
highly expressed in lung. J. Ce// Biol. 114, 1049-1057.

Wireiams, K. A. & Deser, C. M. (1991). Proline
residues in membrane helices: structural or dynamic
role? Biochemistry 30, 8919-8923.

WiLson, W. A. & GorpNer, M. M. (1975). Voltage
clamping with a single microelectrode. J. Neurobiol. 6,
611-622.

WinpoFFER, R., Berrg, B., Lersorp, A., THOMAS, S.,
WirneLm, U. & Leusg, R. E. (2000). Visualization of
gap junction mobility in living cells. Ce// Tissue Res.
299, 347-362.

WorosiN, J. M., Scuurte, M. & Cuex, S. H. (1997).
Connexin distribution in the rabbit and rat ciliary
body: case for heterotypic epithelial gap junctions.
Tnvest. Ophthalmol. vis. Sci. 38, 341-348.

WriGLEY, N. G., BrRown, E. & CarLLingworTH, R. K.
(1984). Reversible structure transition in gap junction
under Ca*" control seen by high-resolution electron
microscopy. Biophys. J. 45, 201-207.

X1a, J. H, Ly, C. Y., Tang, B. S., Pan, Q., Huang,
L., Da1, H. P., Zuang, B. R., Xig, W., Hu, D. X,
ZuenG, D., Sur, X. L., Wang, D. A., Xi1a, K., Yu,
K. P.,, Liao, X. D., FExg, Y., Yang, Y. F., X1ao0,
J. Y., X1E, D. H. & Huaxg, J. Z. (1998). Mutations
in the gene encoding gap junction protein beta-3
associated with autosomal dominant hearing impair-
ment. Nature Genet. 20, 370-373.



Xr1ao, Y., GomEz, A. M., MorRGAN, ].P., LEDERER,
W. J. & Lear, A. (1997). Suppression of voltage-
gated L-type Ca®" currents by polyunsaturated fatty
acids in adult and neonatal rat ventricular myocytes.
Proc. natn. Acad. Sci. US A 94, 4182-4187.

X1ao, Y., Kaxg, J. X., MorGax, J.P. & Lgar, A.
(1995). Block effects of polyunsaturated fatty acids of
Na* channels of neonatal rat ventricular myocytes.
Proc. natn. Acad. Sci. US A 92, 11000-11004.

Xr1a0-X1aN, H., Wricar, S.N., Wang, G.K,
MorGaN, J.P. & Lear, A. (1998). Fatty acids
suppress voltage-gated Na' currents in HEK293t
cells transfected with the alpha-subunit of the human
cardiac Na*t channel. Proc. natn. Acad. Sci. US.A 95,
2680-2685.

Xu, X., BEyER, E. C. & EBruara, L. (2001). Functional
role of the carboxyl terminal domain of human Cx50
gap junctional channels. Biophys. J. 80, 126a.

Xu, X., L, W. E. 1., Huaxg, G. Y., MEYER, R., CHEN,
T., Luo, Y., Tuomas, M. P., Rapice, G. L. & Lo,
C. W. (2001). Modulation of mouse neural crest cell
motility by n-cadherin and connexin43 gap junctions.
J. Cell. Biol. 154, 217-229.

Xu, X. R. & EBraara, L. (1999). Characterization of a
mouse Cx50 mutation associated with the No2 mouse
cataract. Invest. Ophthalmol. vis. Sci. 40, 1844—1850.

Yanvaca, P., Ek-VrTorin, J. F., RusH, P., DELMAR, M.
& TarreT, S. M. (2000). Identification of a protein
kinase activity that phosphorylates connexin43 in a
pH-dependent manner. Brag. J. med. biol. Res. 33,
399-4006.

Yamamoro, M. & Karaoka, K. (1985). Large particles
associated with gap junctions of pancreatic exocrine
cells during embryonic and neonatal development.
Apnat. Embryol. (Berlin) 171, 305-310.

YaNcEy, S. B., Jonx, S. A,, Lar, R, AustiN, B. J. &
REVEL, J. P. (1989). The 43-kD polypeptide of heart
gap junctions: immunolocalization(I), topology(II),
and functional domains(IIT). J. Ce// Biol. 108, 2241~
2254.

YE, Y. X., Bousick, D., Hirst, K., Zua~g, G. X.,
Cuang, C. C,, Trosko, J. E. & AkEgra, T. (1990).
The modulation of gap junctional communication by
gossypol in various mammalian cell lines in vitro.
Fundam. appl. Toxicol. 14, 817-832.

YEAGER, M. (1994). In situ two-dimensional crystal-
lization of a polytopic membrane protein: the cardiac
gap junction channel. Acta Crystallogr. D50, 632-638.

YEAGER, M. (1995). Electron microscopic image analysis
of cardiac gap junction membrane crystals. Microscop.
Res. Tech. 31, 452—466.

YEAGER, M. (1998). Structure of cardiac gap junction
intercellular channels. J. stract. Biol. 121, 231-245.
YEAGER, M. J. & Grrura, N. B. (1992). Membrane
topology and quaternary structure of cardiac gap

junction ion channels. J. molec. Biol. 223, 929-948.

Connexin channels 471

YEAGER, M. & Nicnorson, B. J. (1996). Structure of
gap junction intercellular channels. Curr. Opin. struct.
Biol. 8, 183-192.

YEAGER, M. & NicHoLsoN, B. J. (2000). Structure and
biochemistry of gap junctions. In Gap Junctions (ed.
E. L. Hertzberg), pp. 31-98. Stamford: Jai Press.

YEAGER, M., UNGER, V. M. & FarLk, M. M. (1998).
Synthesis, assembly and structure of gap junction
intercellular channels. Cwurr. Opin. struct. Biol. 8,
810-811.

YEn, H. 1., RorHERY, S., Duront, E., CorpEN, S. R. &
SEvERs, N. J. (1998). Individual gap junction plaques
contain multiple connexins in arterial endothelium.
Cire. Res. 83, 1248-1263.

YErAMIAN, E., TRAUTMANN, A. & CLAVERIE, P. (19806).
Acetylcholine receptors are not functionally inde-
pendent. Biophys. J. 50, 253-263.

Yosr, C. S., Hampson, A. J., LEoNnoupakis, D., KosLIN,
D. D., Bornuemn, L. M. & Gray, A.T. (1998).
Oleamide potentiates benzodiazepine-sensitive gam-
ma-aminobutyric acid receptor activity but does not
alter minimum alveolar anesthetic concentration.
Anesth. Analg. 86, 1294-1300.

Young, A.B. & S~ypER, S.H. (1974). Strychnine
binding in the rat spinal cord membranes associated
with the synaptic glycine receptor: cooperativity of
glycine intractions. Molec. Pharmacol. 10, 790-809.

YouNg, J. D.-E., ConN, Z. A. & Girura, N. B. (1987).
Functional assembly of gap junction conductance in
lipid bilayers: demonstration that the major 27 kD
protein forms the junctional channel. Ce// 48, 733-743.

Young, J. D.-E., HENGARTNER, H., Popack, E. R. &
Conn, Z. A. (1986). Purification and characterization
of a cytolytic pore-forming protein from granules of
cloned lymphocytes with natural killer activity. Ce//
44, 849-859.

Zacorra, W. N., Hosur, T. & Avprich, R. W. (1990).
Restoration of inactivation in mutants of Shaker
potassium channels by a peptide derived from ShB.
Science 259, 568-571.

Zans, K. R. & NEwwmax, E. A, (1997). Asymmetric gap
junctional coupling between glial cells in the rat
retina. Glia 20, 10-22.

Zamsrowicz, E. B. & Coromsini, M. (1993). Zero-
current potentials in a large membrane channel: a
simple theory accounts for complex behavior. Biophys.
J. 65, 1093-1100.

ZawmrigHri, G. A., Hav, J. E., EariNng, G. R. & Sivon,
S. A. (1989). The structural organization and protein
composition of lens fiber junctions. J. Cell Biol. 108,
2255-2275.

ZamrigHi, G. A., Harr, J. E. & Kremanx, M. (1985).
Purified lens junctional protein forms channels in
planar lipid films. Proc. natn. Acad. Sci. USA 82,
8468-8472.

G. A, K. J.,

BezaniLra, F., Cuanpy, G., Hawr, J. E. & WriGHT,

Z.AMPIGHI, KreEmAN, M., BOORER,



472 Andrew L. Harris
E. M. (1995). A method for determining the unitary
functional capacity of cloned channels and trans-
porters expressed in Xenopus laevis oocytes. . Membr.
Biol. 148, 65-78.

Zawmrigui, G. A.,, Loo, D.D.F., Kremaxn, M.,
Eskanparg, S. & WricaT, E. M. (1999). Functional
and morphological correlates of connexin50 expressed
in Xenopus laevis oocytes. J. gen. Physiol. 113, 507-523.

ZaNeLro, L.P., Azriria, E., AntorriNi, S.S. &
Barrantes, F.J. (1996). Nicotinic acetylcholine
receptor channels are influenced by the physical state
of their membrane environment. Biophys. . 70,
2155-2164.

Zuang, D. Q. & McManon, D.C. (2000). Direct
gating by retinoic acid of retinal electrical synapses.
Proc. natn. Acad. Sci. USA 97, 14754-14759.

ZHANG, ]. T., CuEN, M. G., Footk, C. I. & NICHOLSON,
B.J. (1996). Membrane integration of in wvitro-
translated gap junctional proteins: co- and post-
translational mechanisms. Molec. biol. Cell 7, 471-482.

ZHANG, Y., McBripg, D. W. & Hawmrrr, O. P. (1998).
The ion selectivity of a membrane conductance
inactivated by extracellular calcium in  Xenopus
oocytes. [. Physiol. (Lond.) 508, 763-776.

ZHANG, ].-T. & Nicuorsox, B. J. (1989). Sequence and
tissue distribution of a second protein of hepatic gap
junctions, Cx26, as deduced from its cDNA. J. Ce//
Biol. 109, 3391-3401.

Zuaxe, J. T. & Nicuorsox, B. J. (1994). The topo-
logical structure of connexin 26 and its distribution
compared to connexin 32 in hepatic gap junctions. J.
Membr. Biol. 139, 15-29.

Zuao, H.B. (2000). Directional rectification of gap
junctional voltage gating between Dieters cells in the
inner ear of guinea pig. Newrosci. Lett. 296, 105-108.

Zuno, H.B. & Sanros-Saccur, ]. (2000). Voltage
gating of gap junctions in cochlear supporting cells:
evidence for nonhomotypic channels. J. Mewbr. Biol.
175, 17-24.

Znou, L., KaspErRek, E. M. & Nicuovrsox, B. J. (1999).
Dissection of the molecular basis of pp60 (v-sr¢)
induced gating of connexin 43 gap junction channels.
J. Cell Biol. 144, 1033-1045.

Zuou, X. W., Prau~t, A., WERNER, R., HUDDER, A.,
LiaNgs, A., A. & DanL, G. (1997).
Identification of a pore lining segment in gap junction
hemichannels. Biophys. J. 72, 1946-1953.

Zuu, X., Zuao, X., Burknorper, W. F., GRAGEROV,
A., Ocara, C. M., M. E. &
HenpricksoN, W. A. (1996). Structural analysis of

LUEBKE,

GOTTESMAN,

substrate binding by the molecular chaperone Dnak.
Science 272, 1606-1614.

ZiamBarAs, K., Lecanpa, F., SteinBerg, T.H. &
Crvrrernr, R. (1998). Cyclic stretch enhances gap
junctional communication between osteoblastic cells.
J. Bone Miner. Res. 13, 218-228.

ZimmER, D. B., Greex, C. R., Evaxs, W. H. & Girura,
N. B. (1987). Topological analysis of the major
protein in isolated intact rat liver gap junctions and
gap junction-derived single membrane structures. J.
biol. Chem. 262, 7751-7763.

ZIMMERMANN, B. & Wavrz, B. (1997). Serotonin-induced
intercellular calcium waves in salivary glands of the
blowfly Calliphora erthrocephala. ]. Physiol. (Lond.) 500,
17-28.

ZuaLkE, R.D. & REeuter, H. (1998). Ca**-sensitive
inactivation of L-type Ca®" channels depends on
multiple cytoplasmic amino acid sequences of the
alpha-1C subunit. Proc. natn. Acad. Sci. USA 95,
3287-3294.



