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Abstract

Connexins proteins associate with a variety of catalytic and non-catalytic molecules. Also, different domains of connexin can bind to each
other, providing a mechanism for channel regulation. Here, we review some of these associations, placing particular emphasis on the
intramolecular interactions that regulate Connexin4d3 (Cx43). We also describe some novel methods that allow for the characterization of
protein—protein interactions such as those observed in the cardiac gap junction protein Connexin43. Overall, intra- and inter-molecular
interactions may regulate gap junctions to filter the passage of molecular messages between cells at the appropriate time and between the
appropriate cells. As a potential area for future investigations, we also speculate as to whether some of the inter-molecular interactions
involving connexins lead to modifications in the function of the associated protein, rather than on the function of connexin itself.
© 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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The conventional “textbook™ picture of a gap junction
shows an oligomeric complex of connexin proteins embed-
ded in a lipid bilayer and making contact with a homologous
structure in the neighboring cell. This same picture would
probably show a rigid, hydrophilic pathway connecting both
cells and, if this is a cardiac electrophysiology text, it would
note that gap junctions provide a low-resistive pathway for
the transfer of electrical charges during action potential
propagation. The latter picture is correct but incomplete.
Recent studies suggest that connexins are not stand-alone
idle pores but rather highly dynamic structures that associate
with a variety of other catalytic [1] and non-catalytic
molecules [2,3]. Gap junctions are required not only for
the electrical function of the heart [4] but also for biological
processes, such as cardiac embryogenesis, that depend
largely on the synchronous function of non-excitable cells
[5]. Here, we review some recent concepts on the molecular
interactions that take place within the microenvironment of
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a gap junction. We place particular emphasis on the concept
that interactions within the connexin molecules (i.e., intra-
molecular interactions) may be essential for Cx43 regula-
tion. These interactions may regulate the permeability and
selectivity of the channel, as well as the ability of the
connexin molecules to interact with other partners. Given
the growing interest in the study of protein—protein inter-
actions as a mechanism of gap junction regulation, we also
discuss some novel methods that have been recently applied
to the identification and characterization of the inter- and
intra-molecular interactions involving gap junction proteins.
Molecular promiscuity may be a key mechanism by which
gap junctions filter the passage of information between cells
according to specific cues provided by changes in the
intracellular space.

1. Regulation of cardiac connexins

Given the diversity of connexin isotypes, and their
heterology in terms of regulatory functions, we will focus
the present article on one particular isotype, Connexin43
(Cx43). This is the most abundant connexin in the heart as
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well as other tissues such as brain. Moreover, there is a wide
variety of regulatory mechanisms that can alter the conduc-
tivity of gap junctions [6]. A thorough review of all those
different mechanisms is beyond the scope of this article.
Here, we will review some of the molecular interactions that
occur both inside a Cx43 molecule (intra-molecular) as well
as between connexins and other associated molecules (inter-
molecular) and that can modify channel function.

1.1. Structural bases for Cx43 regulation. The “ball-and-
chain” hypothesis

There is general consensus that the carboxyl terminal
(CT) region of Cx43 acts as the regulatory domain. Initial
studies showed that truncation of the CT domain at amino
acid 257 prevented acidification-induced uncoupling [7].
That work was followed by a study indicating that uncou-
pling could be restored if the CT domain was co-expressed
as a separate fragment [8]. Based on these and other data,
we proposed that pH regulation of Cx43 is consistent with a
“ball-and-chain” model of gating. This model, originally
proposed for voltage gating of the sodium channel [9] and
later demonstrated for the N-type inactivation of Shaker [10]
and other potassium channels, states that the channel is
blocked by the interaction between an intracellular particle
(a “ball”)—which is tethered to a flexible element (a
“chain”)—and a receptor affiliated with the pore. We
therefore proposed that pH gating of Cx43 functions as a
particle—receptor interaction, where the CT domain acts as a
gating particle (see Fig. 1). At normal pH, the gating particle
would be away from the pore and the channel would be
open. Upon acidification, the particle would bind to a
separate region of the protein (a “receptor”) affiliated with
the pore. The particle—receptor interaction would lead to
channel closure. Later on, studies from this and other
laboratories expanded this model by showing that it applies
to the regulation of Cx43 by insulin and insulin-like growth
factor [11] as well as by src [12]. Further studies have
shown that some (but not all) other connexins follow a
similar model of pH gating. In fact, the CT domain of Cx40
can regulate a truncated Cx43 channel, and the CT of Cx43
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Fig. 1. Diagram illustrating the concept of a ball and chain model for
chemical regulation of connexins. An intracellular flexible domain (the
carboxyl terminal domain) acts as a gating particle. Under normal
conditions, the gate is away from the pore. Under the appropriate stimulus,
the gate would swing toward the mouth of the channel, bind to a “receptor”
affiliated with the pore, and close (or modify) the channel.

can also rescue the pH sensitivity of a truncated Cx40
channel [13]. These heterodomain interactions may be more
efficient than homodomain interactions at closing the chan-
nel upon acidification [13,14]. A ball and chain-like mech-
anism seems to be responsible for the presence of the
residual state in both Cx43 and Cx40 [15,16].

Indeed, studies from our laboratory looking at single
channel transitions between the closed, open and residual
states show that truncation of the CT domain eliminate the
residual state, whereas this state is restored after the CT is
coexpressed as a separate protein. These observations sug-
gest that the ball and chain model applies to the regulation
of Cx43 and of Cx40 not only by chemical factors, but by
transjunctional voltage as well [15,16].

The results outlined above strongly support the hypoth-
esis that the carboxyl terminal domain acts as a gating
particle that binds to a “receptor” affiliated with the pore to
regulate Cx43 channels. These data point to the existence of
an intra-molecular interaction regulating connexins. More-
over, the intra-molecular interactions may be concurrent
with changes in the association of connexins with other
molecules. Novel methods for characterization of protein—
protein interactions have become critical in understanding
the regulation of gap junctions. Because of their relevance,
some of these methods are reviewed below.

2. Identification and characterization of
connexin-interacting proteins

A number of connexin-interacting proteins have been
identified. A thorough characterization of the kinetic prop-
erties of those associations is a fundamental aspect of their
analysis. Here we review one additional method for the
screening of molecular partners and then we focus on a
series of novel spectroscopic methods for characterizing the
kinetics of interaction, the stoichiometry of association and
potentially, the specific amino acids that are structurally
involved in the association.

2.1. Antibody array: a screening method to search for
potential molecular partners

Antibodies are often used to detect the presence of a
protein within a complex. A limitation of conventional
methods (such as co-immunoprecipitation) to study pro-
tein—protein interactions is that the identity of the potential
partner needs to be known. Moreover, co-immunoprecipi-
tation is a slow and tedious process that cannot be used for
high-throughput screening of large numbers of potential
binding partners. The recent development of antibody arrays
has increased the speed at which previously unknown
partners can be identified. The arrays consist of up to 400
different antibodies that are immobilized on a nitrocellulose
membrane. A cell lysate is incubated with the array and then
washed. Proteins in the cell lysate whose antibodies are in
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Fig. 2. Schematic of antibody array. Antibodies (colored “Y” symbols) are
attached to a nitrocellulose membrane on which cell or tissue lysates are
incubated. Each antibody will capture the protein to which it is directed
against (color-matching circles). If the protein is part of a complex, the
whole complex may stay together (colored squares). Identification of the
protein of interest (e.g., connexin) as one of the members of the complex
can be achieved by incubating the membrane with an HRP-tagged anti-
connexin antibody, followed by standard radiography.

Antibody

the array are captured. Also captured (albeit indirectly) are
molecules that form a complex with the protein that is
bound to the array. Probing the array with the appropriate
antibody can assess the presence of a particular protein
within the complex. For example, one may be interested in
determining whether any of the 400 proteins represented in
the array binds, either directly or indirectly, to Cx43. Hence,
after exposing the array to a heart lysate (which contains
abundant Cx43), the array can be washed and then incubat-
ed with an HRP-conjugated Cx43 antibody. Positive binding
of the Cx43 antibody at specific locations on the array can
be detected by conventional autoradiography. Positive spots
would then represent the identity of a protein that complexes
with Cx43 (see Fig. 2). Control experiments can be per-
formed with lysates originated from tissues of Cx43 KO
animals. Intensity of the spots on the array can be analyzed
using densitometry with higher intensity spots suggesting an
interaction of potentially higher affinity. The advantage of
these experiments is the ability to screen for multiple
potential novel binding partners, without a preconceived
idea of what may or may not be important. The disadvan-
tage is that, as with most high throughput screening techni-
ques, there is a risk of false positives. All protein—protein
interactions determined from antibody arrays must be con-
firmed using more traditional techniques. Further details on
the use of this technique can be found in recent references
(see Refs. [17,18]).

2.2. Kinetics, stoichiometry and amino acid identity in
protein—protein interactions

2.2.1. Enzyme-Linked Sorbent Assay (ELSA)

A novel way of determining the concentration depen-
dence of association between two proteins is by an assay
that we refer to as Enzyme-Linked Sorbent Assay
(ELSA). This colorimetric method (similar to the conven-
tional “ELISA”) takes advantage of the property of many
proteins to non-specifically bind to plastic dishes. The
ligand of interest (e.g., the carboxyl terminal of Cx43; see

Ref. [19]) is immobilized to the surface of Immulon
plates (Thermo-Electron) and a potential ligate (i.e., a
molecule capable of interacting with the ligand) is bio-
tinylated. The ligate is presented to the ligand and the
non-bound molecules are washed. The bound ligate is
then detected using horseradish peroxidase-conjugated
streptavidin and enzymatic conversion of ABTS (2,2 -
azino-bis [3-sulfonic acid]) (Rockland Immunochemicals).
Emission of color light can then be measured on a plate
reader (Molecular Devices VMAX). This system was
used to confirm the pH dependent binding of the carboxyl
terminal of Cx43 to a peptide corresponding to the
cytoplasmic loop [19]. Alternatively, the potential ligate
is produced as a recombinant protein fused to the maltose
binding protein (MBP) using the pMAL system (New
England Biolabs). MBP acts both as a handle for purifi-
cation and a target for analysis. After allowing the ligate
(i.e., the MBP-fused protein) to bind to the ligand (e.g.,
the Cx43CT), the excess is washed away and the bound
ligate tagged with HRP-conjugated anti-MBP. Detection is
then based on colorimetry as described above. This ELSA
assay is amenable to automation with the use of auto-
mated plate washers and plate readers thus making it
potentially useful as a high throughput system for the
study of protein—protein interactions.

2.2.2. Surface plasmon resonance

Surface plasmon resonance (SPR) is a spectroscopic
method to determine binding amplitude and kinetics in real
time. The ligand of interest (in our case the carboxyl
terminal domain of Cx43) is covalently bound to a carbox-
ylmethyl dextran matrix. The matrix is attached to a thin
film of gold (see diagram in Fig. 3). A beam of incident
laser light is focused on the metal film, and a sensor collects
the light reflected off the metal film. Various angles of
incidence of light are scanned. There is a particular angle of
incidence at which the photons in the light resonate with the
electrons in the gold. This resonance creates a thin electro-
magnetic film that dissipates within a short distance from its
source. The device detects the angle of incidence suited for
resonance as a decrease in the amplitude of the reflected
light. More importantly, the angle of incidence at which
resonance occurs is highly sensitive to changes in the
molecular content occurring in the immediate vicinity of
the matrix [20]. Thus, binding of a ligate (added to the flow
chamber) to the matrix-bound ligand is immediately sensed
as a shift in the angle of incidence required for resonance.
As aresult, a plot of angle of incidence (in arc seconds) as a
function of time directly represents the amplitude and
kinetics of ligate—ligand binding in real time. This method
represents a powerful approach to the study of protein—
protein interactions (see, e.g., Ref. [21]). An alternative
method, which we have used in the past, [19] is called
Mirror Resonance Spectroscopy. We have previously vali-
dated this technique using antibodies specific (or not) to
Cx43CT [22].
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2.2.3. Mirror resonance spectroscopy

Mirror resonance spectroscopy takes advantage of the
change in direction suffered by a light wave when moving
between two media of different refractive indices. For waves
traveling from high to low refractive index materials, there
is a particular incident angle at which the wave is com-
pletely reflected (total internal reflection). However, the
electromagnetic field penetrates into the low refractive index
material. This “evanescence field”” dies away exponentially
with distance. If a region of high refractive index material
(n,) is bounded on both sides (“cladded”) by low index
material (n,), the light will be constrained within the high
index material through successive total internal reflections.
This “guiding” will occur only at a discrete angle 6, which
is in turn extremely sensitive to the physical parameters of
the system. The principle of this biosensor is that protein
binding at or near the surface of the cladding material
changes the value of 0. Under this principle, a ligand
(Cx43CT in our case) is immobilized to the surface of a
cuvette. A potential binding partner is added. If the two
molecules do bind, this is reported as a change in the value
of 0 (in arc-sec). This method allows for real time measure-
ment of protein—protein interactions and a direct measure-
ment of binding kinetics. From concentration-dependence
curves, the dissociation constants can be calculated. Results
obtained using this technique can be found in previous
references [19,22].

2.2.4. Sedimentation equilibrium

Sedimentation equilibrium is a method for the direct
measurement of molecular weight of a protein or a protein
complex in its native state in solution. One of the most
powerful advantages of sedimentation analysis is that mol-
ecules that are non-covalently bound are detected as a
complex. The method allows for identification of the
complex as well as characterization of the stoichiometry,
the strength of the interaction between subunits, and the
thermodynamic nonideality of the solution. Sedimentation
equilibrium is capable of analyzing protein—protein inter-
actions over a wide range of solute concentrations without
perturbing the chemical equilibrium.

Sedimentation equilibrium analysis is performed using
an analytical ultracentrifuge (ex. Beckman Optima XL-A)
fitted with a high-intensity xenon flash lamp optical system
to provide light. Typically, ~ 100 pl of purified protein
(A>30=0.5) and 125 pl of buffer are placed in a two sector
cell. Readings are obtained by a photomultiplier tube, which
detects light absorbance through the sample sector relative
to the reading from the reference sector. The ultracentrifuge
is ran at a low rotor speed (ex. 18,000 rpm) so as not to
pellet the protein at the bottom of the cell, but to allow
for a gradient of increasing concentrations of the protein
as the distance from the center of rotation increases. After
an initial period of time, sedimentation and diffusion reach
an equilibrium and no apparent movement of solute
occurs throughout the cell. The equilibrium distribution

depends on the buoyant weight of the molecules regard-
less of the shape of the protein. Typically, multiple scans
are taken for each sample at 22 and 24 h to ensure
equilibrium has been reached. Data is represented as radial
distance as a function of protein concentration. Algorithms
for curve-fitting are performed using the Beckman XL-A/
XL-I software package within Microcal, ORIGIN v4.
Values for buffer density and protein partial specific
volume are calculated using a Mettler DE40 density meter
and the program Sednterp v1.03, respectively. Since the
method does not require the denaturation of the proteins,
molecular complexes are not disrupted and are detected
because of the added molecular weights of the individual
components. A number of studies have applied this
technique to the detection of molecular complexes (see,
e.g., Ref. [23]).

2.2.5. Translational diffusion analysis

An alternative approach to determine the molecular
weight of a protein or a protein complex is by translational
diffusion analysis using nuclear magnetic resonance
(NMR). This technique characterizes the diffusion coeffi-
cient (Dg) of a given molecule within a pulsed magnetic
field gradient, based on the size of the molecular complex.
A basic premise in this method is that smaller molecules will
move further than larger molecules along the gradient. The
faster the protein diffuses, the greater the defocusing and
weaker the measured signal. The rationale is similar to that
of proteins moving along an electric gradient in conven-
tional SDS-PAGE. The key difference (for the purpose
discussed in this chapter) is that proteins do not need to
be denatured and so complexes remain intact, as in the
native solution. Hence, if two molecules are non-covalently
bound the diffusion rate of the molecule that is being
monitored will be much slower than the one expected for
the single unit. It is fundamental for the appropriate appli-
cation of this method that the resonance peak that is
followed corresponds to a single molecule of the complex,
so that its diffusion properties can be monitored when in the
presence of a potential associated molecule. This will allow
for a direct comparison between control (only one protein)
and experimental (protein—protein) spectra. Translational
diffusion coefficients are measured by a bipolar pulse pair
longitudinal-eddy-current delay experiment [24]. We have
applied NMR translational diffusion analysis to the interac-
tion between the carboxyl terminal domain of Cx43 and a
peptide corresponding to the cytoplasmic loop [19]. Further
details on those results are discussed in a separate section of
this chapter.

2.2.6. '°N-Heteronuclear Single Quantum Coherence
(HSQC)

An NMR application that is very effective at detecting
protein—protein interactions is Heteronuclear Single Quan-
tum Coherence (HSQC) of I>N-labelled proteins. The I5N-
HSQC spectrum of a protein provides a fingerprint for each
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Fig. 4. Binding of a peptide corresponding to amino acids 119—144 of
Cx43 to the carboxyl terminal domain of Cx43. Concentration-dependence
curves obtained by mirror resonance spectroscopy. The data show that the
amplitude of the binding increased at low pH.

amino acid except proline. (There are excellent textbooks
that provide a general introduction to the concepts of NMR;
see, e.g., Ref. [25]) Specifically, the spectra display the
chemical shift of the amide protons as a function of the
amide nitrogens. If the chemical environment around a
residue is disturbed (because of the presence of a partner
molecule), the fingerprint resonance signal for that particu-
lar residue would decrease in intensity and/or would be
shifted in the '"N-HSQC spectra. We have applied this
technique to demonstrate that a dimer of Cx43CT is able
to bind to two well-known binding partners of Cx43: the
second PDZ domain of ZO-1 and the SH3 domain of c-Src
(unpublished).

Application of the techniques detailed above have
allowed us to further our understanding of the intra- and
inter-molecular interactions that regulate Cx43. Below, we
describe some of the results that have led us to better
understand the structures involved in Cx43 regulation.

# pH 6.5
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A405/A405max

0 5 10 15 20
[Cx43L2] (UM)
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3. Intra-molecular interactions in the chemical
regulation of Cx43

We used resonance mirror spectroscopy as well as
translational diffusion analysis and ELSA to test whether
Cx43CT binds in a pH-dependent manner to other intracel-
lular regions of Cx43 (see Ref. [19] for a detailed descrip-
tion of these results). All three methods converged in
demonstrating that Cx43CT binds in vitro, in a pH depen-
dent manner, to a peptide corresponding to the second half
of the cytoplasmic loop (Cx43L2). Fig. 4 shows the con-
centration-dependence of the binding as determined under
resonance mirror spectroscopy. The consistency of these
results is demonstrated by confirming the binding using the
ELSA method (Fig. 5). Recombinant Cx43CT was used as a
ligand. Clearly, the amplitude of the binding responses
obtained at low pH was significantly higher than those
recorded at a higher pH. Table 1 shows the results obtained
from translational diffusion. Three specific non-overlapping
resonances (A, B and C in Table 1) of Cx43L2 were
followed both in the absence and in the presence of
Cx43CT. The diffusion coefficient obtained from a Cx43CT
resonance is shown for comparison (D). No pH dependent
differences in mobility were detected for either Cx43CT or
Cx43L2 alone. However, the Cx43L2 diffusion coefficient
decreased in the presence of Cx43CT at low pH (0.59, 0.56,
0.51 x 10~ ¢ cm?/s for resonances A, B and C, respectively)
when compared to the data obtained at pH 7.4 (1.62, 1.45,
1.52x 10~ ¢ cm?/s). Altogether, the results demonstrate
selective, pH-dependent and concentration-dependent bind-
ing between the carboxyl terminal domain and the second
half of the cytoplasmic loop of Cx43.

Our studies on CT-L2 interaction so far have been
conducted in vitro, using recombinant protein fragments
and synthetic peptides. Whether these interactions occur
within the environment of a functional channel remains to
be determined. Yet, preliminary data from our laboratory
show that a peptide from the L2 region, delivered via the
patch pipette, can modify channel function. This observa-
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0-0 T bd T T T T T
0 5 10 15 20
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Fig. 5. Binding of peptide 119—144 of Cx43 (peptide “Cx43L2”) to the carboxyl terminal domain of Cx43. Data obtained by an Enzyme-Linked Sorbent
Assay. Together with data obtained by translational diffusion analysis, these results show that there is a pH dependent association of the carboxyl terminal

domain with a region of the cytoplasmic loop of Cx43.
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Fig. 3. Diagram illustrating the principle of surface plasmon resonance. The
ligand (red “Y”” symbols) is covalently bound to a matrix, which is attached
to a thin film of gold. The gold is illuminated with a laser beam at various
angles of incidence. There is a particular angle of incidence at which the
photons in the light resonate with the electrons in the gold. This angle of
incidence for resonance changes depending on the mass of the molecules
within the immediate surface of the gold. Therefore, binding of a ligate
(yellow circles) to the ligand is detected as a change in the angle of
resonance. This method allows for detection of binding kinetics in real time.
Reproduced from Biacore. URL: www.Biacore.com.
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tion supports the notion that the L2 region binds to a
separate region of the connexin molecule and by this
interaction can modify the activity of the gap junction pore.
We propose that the L2 region is the receptor that binds to
the gating particle during channel regulation.

4. Structure of the Cx43 pore and pH gating

The data described above strongly suggest that pH gating
results from an interaction between the carboxyl terminal
domain, acting as a gating particle, and the second half of the
cytoplasmic loop, acting as a receptor for such particle (see
Fig. 1). The question remains as to whether this interaction
interrupts cell—cell communication by inducing a transfor-
mation of the pore structure, or by placing a “plug” on an
otherwise unaltered channel pore. A wooden model of Cx43
introduced by Unwin and Zampighi [26] and later applied
the regulation of a gap junction channel by calcium [27]
suggested that the channel opens and closes by a coordinated
tilting and sliding motion of the protein subunits along their
lines of contact. This observation, however, was not con-
firmed by the X-ray diffraction analysis of Makowski [28].
This author proposed instead a model by which channel
regulation would be mediated by intracellular, flexible
domains present at the mouth of the channel that would
interfere with the channel pore. Similarly, based on their X-
ray diffraction analysis, Tibbitts et al. [29] concluded that

Table 1
Translation diffusion coefficient (Dy)
Cx43L2 Cx43 Cx43L2/Cx43

pH 58 pH3.0 pH58 pH38.0 pH 58 pH8.0
A 145" 1.24 D 037 0.40 A 059 1.62
B 137 1.40 B 0.56 1.45
C 148 1.35 C 051 1.52

3(Dg) X 10 ° cm?/s.

“...it appears unlikely that gating involves twisting and
tilting of the transmembrane part of the connexin molecules
as previously inferred from... electron microscopy data”
[26,27]. Instead, it was the authors’ contention that “Some
portions of the connexon near the cytoplasmic membrane
surface and facing the transmembrane channel may be more
mobile, in particular, the part forming the gating structure
identified at the mouth of the channel” [28]. These results
would tend to support the notion of chemical gating as
mediated by channel block, such as it may occur in a ball-
and-chain type of interaction. The high resolution structure
of Unger et al. [30] presents only one configuration. Whether
an alternative structure is present, corresponding to a channel
in a different conductive state, remains to be determined. Our
results do suggest that a starting point for better understand-
ing the structural bases for the chemical regulation of gap
junctions may be the characterization of the two structures
that seem to be involved: the cytoplasmic loop and the
carboxyl terminal domain.

4.1. The structure of the cytoplasmic loop

Our results led us to characterize the secondary structure
of the Cx43L2 peptide (amino acids 119—144 in the Cx43
sequence) by means of NMR. A key finding was the fact
that acidification of the solvent had a dramatic effect on the
structural organization of this region. At pH of 7.5 the
peptide was mostly a random coil, whereas at pH of 5.8,
structural order was observed [19]. The solution to the
structure is presented in Fig. 6. The amino acid sequence
of the Cx43L2 region is presented on the top. The sequence
of the alpha-helical regions is indicated in red. The position
of the imidazole rings in H126 and H142 are noted in the
structure. These amino acids are protonated upon acidifica-
tion, likely enhancing the ability of the molecule to acquire
its alpha-helical structure.

The structure shown was obtained from an isolated
peptide in solution. Whether this is the structure of the
same fragment when integrated in the whole protein remains

119 144
DGVNVEMHLKQIEIKKFKYGIEEHGK

Fig. 6. Secondary structure of a peptide corresponding to amino acids 119—
144 of Cx43, as solved by nuclear magnetic resonance. We propose that this
structure acts as a receptor for the gating particle during chemical regulation
of Cx43 channels.
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to be determined. The solved structure of the gap junction
channel mostly reveals the transmembrane domains [30].
Yet, the images do show an alpha-helical cytoplasmic region
that projects as a continuation of the “C” transmembrane
domain. Some have speculated that the “C” helix in the
structure of Unger et al. [30] corresponds to the region of
the primary sequence identified as the third transmembrane
domain [31]. If that is indeed the case, then the cytoplasmic
extension of the C helix may correspond to the “L2” region
as characterized by NMR.

4.2. The carboxyl terminal domain

We have applied NMR to the study of the carboxyl
terminal domain [19,32]. Resonance assignments were
recently published and deposited in the protein data bank
[32]. Recombinant Cx43CT was produced using a bacterial
system, purified on a glutathione column and then concen-
trated by filtration. The structural analysis suggests two
regions of high order, likely alpha-helical, flanked by areas
of random coil. It is interesting to note that changing the pH
of the solvent from 8.0 to 5.8 did not cause a substantial
modification on the predicted structure. Moreover, unpub-
lished data from our laboratories suggest that the CT domain
dimerizes, leading to the interesting possibility that the
hexameric connexon may in fact be a “trimer of dimers.”
This would be consistent with other transmembrane protein
complexes that organize as “dimers of dimers” [33-35].
Our early indications suggest that one of the areas of
dimerization may include the PDZ binding domain, used
to bind to the second PDZ domain of ZO-1.

5. Inter-molecular interactions

Since the early reports on the primary sequence of Cx43,
it has been thought that the carboxyl terminal region might
be involved in the regulation of the channel, given the
number of putative consensus sites for phosphorylation.
Moreover, truncation of the CT domain prevented the
closure of the channel upon intracellular acidification [7].
More recently it has been shown that Cx43 binds (directly or
indirectly) to a number of intracellular proteins including
Z0O-1, [3] src, [36] caveolin, [37] P-catenin, [38] pl20-
catenin [39] and tubulin [2]. At least in the case of tubulin
and ZOl, the binding domain of Cx43 is thought to be
contained within the carboxyl terminal region. Techniques
such as NMR, SPR and ELSA will be fundamental in
characterizing the nature of these interactions and the
structural modifications that may come about as a result.

6. Conclusions and potential future directions

The image of a gap junction as an inert, passive pore for
the passage of electrical charge is slowly being replaced for

that of a highly regulatable filter that controls the traffic of
molecular information between cells. The properties of the
filter are likely to be modified according to complex intra-
and inter-molecular interactions that occur in response to
changes in the microenvironment. As such, a gap junction
is better described as a multi-molecular complex of con-
stantly changing composition. All of these interactions, so
far, focus on the connexin molecule as a substrate, a
recipient of regulatory messages, catalytic or not. Still to
be determined is whether by associating to a molecule, the
function ascribed to such a molecule changes as well.
Though no catalytic activity has ever been assigned to
connexins, it is hard to imagine a functional structure that
only receives and responds, without also giving and com-
manding. The field of gap junction regulation may one day
be extended to understand not only how gap junctions are
regulated by other molecules, but how other molecules
change their function consequent to their interaction with
connexins.

References

[1] Lampe PD, Lau AF. Regulation of gap junctions by phosphorylation
of connexins. Arch Biochem Biophys 2000;384:205—15.

[2] Giepmans BN, Verlaan I, Hengeveld T, et al. Gap junction protein
connexin-43 interacts directly with microtubules. Curr Biol 2001;11:
1364-8.

[3] Toyofuku T, Yabuki M, Otsu K, Kuzuya T, Hori M, Tada M. Direct
association of the gap junction protein connexin-43 with ZO-1 in
cardiac myocytes. J Biol Chem 1998;273:12725-31.

[4] Gutstein DE, Morley GE, Tamaddon H, et al. Conduction slowing and
sudden arrhythmic death in mice with cardiac-restricted inactivation
of Connexin43. Circ Res 2001;88:333-9.

[5] Lo CW, Wessels A. Cx43 gap junctions in cardiac development.
Trends Cardiovasc Med 1998;8:264—9.

[6] Harris AL. Emerging issues of connexin channels: biophysics fills the
gap. Q Rev Biophys 2001;34:325-472.

[7]1 Liu S, Taffet S, Stoner L, Delmar M, Vallano ML, Jalife J. A struc-
tural basis for the unequal sensitivity of the major cardiac and liver
gap junctions to intracellular acidification: the carboxyl tail length.
Biophys J 1993;64:1422-33.

[8] Morley GE, Taffet SM, Delmar M. Intramolecular interactions medi-
ate pH regulation of Cx43 channels. Biophys J 1996;70:1294—302.

[9]1 Armstrong CM, Bezanilla F. Inactivation of the sodium current: II.
Gating current experiments. J Gen Physiol 1977;70:567-90.

[10] Zagotta WN, Hoshi T, Aldrich RW. Restoration of inactivation in
mutants of Shaker potassium channels by a peptide derived from
ShB. Science 1990;250:568—71.

[11] Homma N, Alvarado JL, Coombs W, et al. A particle—receptor model
for the insulin-induced closure of Connexin43 channels. Circ Res
1998;83:27-32.

[12] Zhou L, Kasperek EM, Nicholson BJ. Dissection of the molecular
basis of pp60(v-src) induced gating of connexin 43 gap junction
channels. J Cell Biol 1999;144:1033—-45.

[13] Stergiopoulos K, Alvarado JL, Mastroianni M, Ek-Vitorin JF, Taffet
SM, Delmar M. Hetero-domain interactions as a mechanism for the
regulation of connexin channels. Circ Res 1999;84:1144—55.

[14] Gu H, Ek-Vitorin JF, Taffet SM, Delmar M. Coexpression of con-
nexins 40 and 43 enhances the pH sensitivity of gap junctions: a
model for synergistic interactions among connexins. Circ Res 2000;
86:¢98—-103.

[15] Moreno AP, Chanson M, Anumonwo J, et al. Role of the carboxyl



[16]

[17]

(18]

[19]

[20]

(21]

[23]

[24]

[25]
[26]

[27]

M. Delmar et al. / Cardiovascular Research 62 (2004) 268-275 275

terminal of Connexin43 in transjunctional fast voltage gating. Circ
Res 2002;90:450-7.

Anumonwo JMB, Taffet SM, Gu H, Chanson M, Moreno AP, Delmar
M. The carboxyl terminal domain regulates the unitary conductance
and voltage dependence of Connexin40 gap junction channels. Circ
Res 2001;88:666—73.

Kukar T, Eckenrode S, Gu Y, et al. Protein microarrays to detect
protein—protein interactions using red and green fluorescent proteins.
Anal Biochem 2002;306:50—4.

Lueking A, Horn M, Eickhoff H, Bussow K, Lehrach H, Walter G.
Protein microarrays for gene expression and antibody screening. Anal
Biochem 1999;270:103—11.

Duffy HS, Sorgen PL, Girvin ME, et al. pH-dependent intramolecular
binding and structure involving Cx43 cytoplasmic domains. J Biol
Chem 2002;277:36706—14.

Salamon Z, Brown MF, Tollin G. Plasmon resonance spectroscopy:
probing molecular interactions within membranes. Trends Biochem
Sci 1999;24:213-9.

MacLeod TJ, Kwon M, Filipenko NR, Waisman DM. Phospholipid-
associated annexin A2-S100A10 heterotetramer and its subunits:
characterization of the interaction with tissue plasminogen activator,
plasminogen, and plasmin. J Biol Chem 2003;278:25577—84.
Duffy HS, Delmar M, Coombs WC, et al. Functional demonstration
of connexin—protein binding using surface plasmon resonance. J Cell
Adhes Commun 2001;8:225-9.

Sorgen PL, Bubb MR, McCormick KA, Edison AS, Cain BD. For-
mation of the b subunit dimer is necessary for interaction with F1-
ATPase. Biochemistry 1998;37:923—-32.

Wu D, Chen A, Johnson Jr CS. An improved diffusion-ordered
spectroscopy experiment incorporating bipolar-gradient pulse.
J Magn Reson, Ser A 1995;115:260—4.

Macomber RS. A complete introduction to modern NMR spectrosco-
py. New York: Wiley; 1998.

Unwin PN, Zampighi G. Structure of the junction between commu-
nicating cells. Nature 1980;283:545-9.

Unwin PN, Ennis PD. Two configurations of a channel-forming mem-
brane protein. Nature 1984;307:609—13.

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Makowski L. Structural domains in gap junctions: implications for the
control of intercellular communication. In: Bennett MVL, Spray DC,
editors. Gap junctions. New York: Cold Spring Harbor Laboratory;
1985. p. 5—12.

Tibbitts TT, Caspar DL, Phillips WC, Goodenough DA. Diffraction
diagnosis of protein folding in gap junction connexons. Biophys J
1990;57:1025-36.

Unger VM, Kumar NM, Gilula NB, Yeager M. Three-dimensional
structure of a recombinant gap junction membrane channel. Science
1999;283:1176—-80.

Skerrett IM, Aronowitz J, Shin JH, et al. Identification of amino acid
residues lining the pore of a gap junction channel. J Cell Biol
2002;159:349—-60.

Sorgen PL, Duffy HS, Cahill SM, et al. Sequence-specific resonance
assignment of the carboxyl terminal domain of Connexin43. J Biomol
NMR 2002;23:245-6.

Safferling M, Tichelaar W, Kummerle G, et al. First images of a
glutamate receptor ion channel: oligomeric state and molecular
dimensions of GluRB homomers. Biochemistry 2001;20(40):
13948-53.

Galvan DL, Mignery GA. Carboxyl-terminal sequences critical for
inositol 1,4,5-trisphosphate receptor subunit assembly. J Biol Chem
2002;277:48248—-60.

Matulef K, Zagotta W. Multimerization of the ligand binding domains
of cyclic nucleotide-gated channels. Neuron 2002;36:93—103.
Giepmans BN, Hengeveld T, Postma FR, Moolenaar WH. Interaction
of c-Src with gap junction protein connexin-43. Role in the regulation
of cell—cell communication. J Biol Chem 2001;276:8544-9.
Schubert AL, Schubert W, Spray DC, Lisanti MP. Connexin family
members target to lipid raft domains and interact with caveolin-1.
Biochemistry 2002;41:5754—64.

Ai Z, Fischer A, Spray DC, Brown AMC, Fishman GI. Wnt-1 regu-
lation of Connexin43 in cardiac myocytes. J Clin Invest 2001;105:
161-71.

Xu X, Li WE, Huang GY, et al. Modulation of mouse neural crest cell
motility by N-cadherin and Connexin43 junctions. J Cell Biol
2001;154:217-30.



	Structural bases for the chemical regulation of Connexin43 channels
	Regulation of cardiac connexins
	Structural bases for Cx43 regulation. The ball-and-chain hypothesis

	Identification and characterization of connexin-interacting proteins
	Antibody array: a screening method to search for potential molecular partners
	Kinetics, stoichiometry and amino acid identity in protein-protein interactions
	Enzyme-Linked Sorbent Assay (ELSA)
	Surface plasmon resonance
	Mirror resonance spectroscopy
	Sedimentation equilibrium
	Translational diffusion analysis
	15N-Heteronuclear Single Quantum Coherence (HSQC)


	Intra-molecular interactions in the chemical regulation of Cx43
	Structure of the Cx43 pore and pH gating
	The structure of the cytoplasmic loop
	The carboxyl terminal domain

	Inter-molecular interactions
	Conclusions and potential future directions
	References


