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How a gap junction
maintains its structure
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In gap junctions, identical membrane proteins are linked up in
pairs (dyads) that bridge the extracellnlar space between two
apposed cell membranes’?. Typically, several thousand of these
dyads are aggregated in the plane of the membranes and form a
junctional plaque with a distinct boundary. The question thus arises
as to what maintains the dyads in an aggregated state. From a
statistical mechanical analysis of the positions of dyads in a
freeze-fracture electron micrograph, we report here that the aggre-
gates are not maintained by an attractive force between pairs of
dyads, but probably by the minimization of the repulsive force
between apposed membranes. On the basis of this analysis we
present a model for the structure of mature gap junctions as well
as certain aspects of the formation and disassembly of gap junc-
tions.

Freeze-fracture electron microscopy of tissue that has been
rapidly frozen by the method of Heuser and Reese® reveals to
a good approximation the in vivo distribution of intramembrane
particles®. Figure 1 shows a part of the electron micrograph of
a gap junction in mouse liver that forms the basis of our analysis.
As there is strong evidence against cytoskeletal attachment to
dyads®”, it is plausible to assume that dyads are free to move
laterally in the two junctional membranes and that aggregation
into plaques is an equilibrium condition that reflects attractive
forces among dyads. But before such a ‘fluid mosaic’ model can
be satisfactory, the nature of the forces that maintain the aggre-
gated state must be elucidated.

There is a rigorous and well developed theory of fluids that
relates the forces between particles (molecules) to statistical
distributions of relative particle positions®. In our statistical-
mechanical analysis we have used the pair distribution function,
g(r), which is a measure of the frequency of finding a second
particle at a point a distance r away from a given first one.
Previous studies of electron micrographs to determine interac-
tions between membrane proteins have been limited to analyses
of g(r)®>*'. As g(r) does not in practice uniquely determine the
pair force, these studies have necessarily been qualitative and
indirect.

To overcome this difficulty, we have in addition used a triplet
distribution function, p(s, 6; r), which measures the frequency
of encountering a particle at polar coordinates (s, 8) with respect
to a given pair of particles separated by r. (See the insert in Fig.
1 for the coordinate system.) )

The relation between the pair and triplet functions and the
effective force between pairs of particles, f(r), is given by the
Born-Green-Yvon (BGY) equation®:
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The left-hand side of the BGY equation may be seen to represent
the statistical mean force, F(r), acting on a particle when there
is a second particle a distance r away by relating g(r) to a
potential, W(r), according to the Boltzmann distribution, g(r) =
exp (—W(r)/kT); then

dW(r) _ - dlin (g(r))]
dr dr

The BGY equation states that this total force arises from two
sources: the direct force between the two particles, f(r), and
the forces from all other particles (the integral). The integrand
weights the component along r of the force exerted on the first
particle from these other particles, f(s) cos (8), by their average

F(r)y=-

(2

Fig. 1 Freeze-fracture electron micrograph of part of a gap
junction from mouse liver, in the open conducting state. This
micrograph was made as part of a study by Raviola et al*. The
gap-junction proteins are seen to be aggregated into a plaque
(arrow), at a density of 9,330 particles per pm® and an average
separation of ~10 nm. Particles of similar size in the neighbouring
membrane are much more disperse. The inset shows the polar
coordinate system used in the analysis of triplet molecular distribu-
tions.

number at (s, 8), p(s, 8; r). The integral extends over the whole
membrane, but contributions to it are small for s larger than a
few molecular diameters.

The integral over 6 can be performed as part of the data
acquisition; this reduces the term to a function of r and s that
is then tabulated over bins of non-zero width (the integral over
s is then approximated as a Riemann sum). The BGY equation
reduces to a system of linear equations with the tabulated force
as its unique solution. Tabulating the many triplet configurations
is a formidable computational task, but it can be made manage-
able by using suitable algorithms (J.B., JR.A. and J.C.O,, in
preparation). To test our method, we performed a Monte Carlo
simulation of a simple two-dimensional fluid and recovered the
correct forces (attractions as well as repulsions) from samples
of the molecular positions (J.B., J.R.A. and J.C.O., in prepar-
ation). For the gap junction, the calculated force contains the
influences of unobserved degrees of freedom (for example, lipid
positions and dyad orientations) and multi-body interactions
among dyads in an averaged manner. To reflect this fact, we
refer to it as an effective pair force.

Figure 2 shows g(r) calculated for the dyads in the plaque
in Fig. 1. Its functional shape is typical of simple fluids. The
calculated force between dyads, given in Fig. 3, is entirely
repulsive (that is, positive); its range is ~12 nm, well beyond
the distance at which dyads are in direct contact, which we
estimate at no more than 7 nm, based on electron microscopy'”.
Several contributions to this force are conceivable, including
the effects of intervening lipids. However, volume exclusion at
5-6 nm, together with electrostatic repulsion due to the order
of 10 elementary charges per dyad, provides the simplest and
best quantified accounting of the observed force; it is also
consistent with the suggestion’ that the tighter aggregation and
crystallization observed when the dyads bind cations and close
their pores is due to a reduction of electrostatic repulsion.

The fact that our analysis leads to a simple, physically inter-
pretable force is in itself significant. If the distribution of dyad
positions were the result of cytoskeletal anchoring, the calcu-
lated force would probably be highly unphysical. Our results
thus provide additional evidence that gap junctions represent
the equilibrium state of dyads and reflect the forces that act
between them. At the same time, our result rules out effective
attractions between individual dyads (such as the proposed
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Fig. 2 Pair distribution function, g(r), for dyads inside the plaque
in Fig. 1. The uncertainties in digitizing the positions of the centres
of the dyads lie in the range 0.5-1.0 nm. The error envelope (dotted
line) represents the standard deviations obtained by performing
the analysis separately on two parts of the plaque, containing a
total of 4,319 dyads. Information contained in g(r) includes the
effective diameter of the dyads (the range where g(r) is close to
0), the predominant first neighbour separation (the position of the
first peak), and the radial decay of order in successive shells of
neighbours about each dyad (the damped oscillatory behaviour

of g(r)).
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Fig. 3 Effective pair force, f(r) (@), between dyads in the plaque
in Fig. 1, computed using the BGY equation. The force was divided
by the thermal Boltzmann energy, kT, where T ~310 K. The error
bars for the force were obtained as in Fig. 2. In the range 25-50 nm
(not shown) the force is small; the extremes are —0.2]1 and
+0.17 nm™", with error bars ~0.1 nm~". Considering the statistical
fluctuations in the data and the accuracy of the numerical methods,
there is little evidence that the true force differs significantly from
zero in the extended range. The dotted line shows the effective
pair potential, u(r), obtained by integrating the force over r; this
is the pair energy required to compress two dyads from a reference
separation of 25 nm in the plaque.

specific binding between gap-junction proteins)” that could have
explained why dyads are aggregated in plaques. One can,
however, imagine several ways in which dyads could aggregate
without pair attractions acting inside the plaque. Such mechan-
isms might arise from the bending elasticity of membranes' or
from egtx;zsictions between proteins due to perturbations of nearby
lipids'>~">.

The mechanism that we find most satisfactory is illustrated
schematically in Fig. 4: when a dyad is formed by linking
gap-junction proteins in two apposed membranes, surrounding
areas of membrane are drawn to within 2 nm of each other'®.
In the process, the mutual repulsion of the membranes, partly

Fig. 4 Hypothetical mechanism of dyad cohesion (schematic).

The escape of a dyad from an aggregate (a - b) increases the area

of energetically unfavourable close apposition of the membranes.

This provides the driving force for the cohesion. For dyads within
the aggregate, however, the force largely vanishes.

electrostatic in nature, must be overcome'’. The total energy
expended in overcoming this repulsion is minimized when the
area of close apposition is minimized—that is, when the dyads
aggregate. We estimate that the electrostatic repuisions alone
are sufficiently strong to maintain the observed density of dyads
(1.B, J.R.A. and J.C.O,, in preparation).

The total area of closely apposed membrane would, however,
be largely independent of the positions of the individual dyads
in the junction. Accordingly, dyads in the bulk of the junction
would not experience this attraction. Isolated pairs of dyads
would experience it, as would dyads crossing the boundary of
the junction.

This mechanism requires that the two halves of a dyad be
bonded quite strongly. The anosed halves of gap junctions are,
in fact, difficult to separate's.

Our model can also explain certain aspects of the formation
and disassembly of gap junctions: the formation of conducting
dyads precedes the appearance of aggregates of intramembrane
particles in Novikoff hepatoma cells that have been dispersed
and then allowed to reaggregate'®. In the same system, disperse
assemblies of intramembrane particles appear to develop into |
aggregated ones'®. After dissociation of the cells, gap junctions
in which the second membrane is still present (albeit torn loose
from its cell) remain intact for some time, whereas intramem-
brane particle assemblies apparently disperse where dyads have
been split'®.

Based on our knowledge of the emective force with which
dyads interact, we have outlined how gap junctions may main-
tain their structure: dyads that repel each other remain aggre-
gated because of a requirement to minimize the area where
membranes approach each other closely. Finally, we note that
gap junctions vary considerably among tissues and species'?.
It remains to be seen to what extent the forces that we have
observed in a mouse liver gap junction operate elsewhere.
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