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Abstract
The protein α-catenin is found as a monomer or homodimer. As a monomer,
α-catenin can bind to β-catenin, which localizes to the plasma membrane at
the site of Adherens Junctions (AJs) in polarized epithelial cells. As a dimer,
α-catenin can bind to actin filaments, affecting the organization of the actin
cytoskeleton. At usual cytoplasmic concentrations, α-catenin is found predominantly in monomeric form. It is currently thought that α-catenin can not simultaneously bind β-catenin and homodimerize, and that the dynamics of binding
and unbinding from β-catenin, possibly coupled with lower diffusion near an
AJ, are sufficient to locally accumulate α-catenin monomers and homodimers.
Using a mathematical model of α-catenin dynamics, I show that α-catenin must
transiently homodimerize while bound to β-catenin in order for homodimers to
form, even in the presence of a spatial diffusion gradient.
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1. Introduction
Sheets of multicellular tissues, such as epithelia that make up our skin and
the lining of our lungs, are constructed and maintained by cell-cell adhesion
(Ebnet, 2008). Cell adhesion is also important during embryonic development
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as cells join together and organize into different tissue types (Gumbiner, 2005).
Cell adhesion is mediated by adhesion complexes that span the plasma membrane and have both intra- and extra-cellular components (Knust and Bossinger,
2002). These complexes are dynamic and constantly remodeling in response to
changes in the cellular environment (Ebnet, 2008; Mège et al., 2006). Defects in
cell adhesion can have grave consequences, and are implicated in metastatic cancer and embryonic defects (Kametani and Takeichi, 2007; Benjamin and Nelson,
2008; Hirohashi and Kanai, 2003). Epithelial cells which are polarized along the
apical/basal axis (Wang and Margolis, 2007; Nelson, 2003) possess a particular
type of adhesion complex referred to as Adherens Junctions (AJs), which consist of the proteins E-cadherin, β-catenin and α-catenin (Knust and Bossinger,
2002; D’Souza-Schorey, 2005), shown schematically in Figure 1.

E-cadherin is a transmembrane protein whose extracellular domain binds to
E-cadherin on neighboring cells. The intracellular domain of E-cadherin strongly
binds to β-catenin, a cytoplasmic protein, forming a stable complex. α-catenin,
a cytoplasmic protein that is capable of homodimerizing, binds to β-catenin to
form the AJ (Drees et al., 2005; Gumbiner, 2005; Niessen and Gottardi, 2008).
Both α- and β-catenin are coiled-coil proteins, meaning their binding domains
are composed of α helices. These are secondary protein structures where the
amino acids are arranged in a helical configuration with every seventh amino
acid lining up along the side of the helix (heptad repeat). The order of the amino
acids determines various properties of the protein, including binding affinities.
The α helices of α- and β-catenin entwine with each other to form a dimer.

AJs are found on the lateral sides of polarized epithelial cells near the apical
surface and colocalize with the boundary between the biochemically distinct
apical and basolateral domains (Ebnet et al., 2008; Nelson, 2003). In the cytoplasm, α-catenin is predominantly a monomer, constituting 60-75% of cytosolic
α-catenin at a concentration of approximately 0.6 µM (Drees et al., 2005). The
relative proportion of homodimers to monomers increases as the concentration
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of α-catenin increases (Drees et al., 2005).

It has long been believed that α-catenin directly binds β-catenin and Factin, stabilizing and anchoring AJs and the cytoskeleton (Gates and Peifer,
2005; Takeichi and Abe, 2005), based on the fact that the amino acid sequences
corresponding to these functions do not overlap (Pokutta and Weis, 2000). However, recent work has demonstrated that α-catenin preferentially binds β-catenin
as a monomer and binds F-actin as a dimer (Drees et al., 2005), and that αcatenin does not simultaneously bind F-actin and β-catenin in the AJ (Yamada
et al., 2005; Miyoshi and Takai, 2008). It is also believed that α-catenin can
not homodimerize while bound to β-catenin since the amino acid sequences corresponding to these two functions overlap (Koslov et al., 1997). As a result of
these new findings, it was suggested that dissociation of α-catenin monomers
from β-catenin at AJs, possibly coupled with a zone of decreased diffusion near
an AJ, will generate a high local concentration of monomers and favor the formation of α-catenin homodimers (Weis and Nelson, 2006), shown schematically
in Figure 1.

In this paper, I use mathematical modeling to directly test the assumption
that dissociation of α-catenin monomers from AJs leads to a local accumulation of monomers and increased homodimer concentration. I construct the
model using experimentally determined interactions and use parameter values
derived from experimental data. I find that α-catenin association with AJs
will not increase the local cytoplasmic concentration of monomers, and a local
increase in homodimer concentration will occur only if α-catenin can homodimerize while bound to β-catenin, even with decreased diffusion near the AJ. It
is currently thought that α-catenin homodimerization occurs as the sequence of
events shown in Figure 2: α-catenin monomers dissociate from an E-cadherin/βcatenin complex at an AJ then bind together to form a homodimer. I propose
that α-catenin homodimerization while bound to β-catenin may occur as a result of the amino acid configuration in the α-helices, allowing for the transient
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formation of an α/β-catenin oligomer (Figure 3). Alternatively, α-catenin homodimerization while bound to β-catenin may occur through the association of
a weak homodimerization domain that is disjoint from the β-catenin binding
domain (Figure 4).

The proper dynamics, configuration (monomer or homodimer) and spatial
localization of α-catenin at AJs are crucial for the functioning and maintenance
of polarized domains in epithelial cells. However, there is a great deal that
remains unknown about the formation and maintenance of AJs in polarized
epithelial cells. Using mathematical modeling to explore the dynamics of components found in AJs may help shed light on how the individual kinetics of these
molecules give rise to stable but dynamic cell-cell adhesion that is crucial for
proper health and development in multicellular organisms.
2. The mathematical model
2.1. Model assumptions
A number of assumptions, based on experimental observations, were made
in constructing this model of α-catenin binding and homodimerization.
1. Only α-catenin monomers, not homodimers, can bind to β-catenin, and αcatenin homodimers that are formed while bound to β-catenin immediately
dissociate from β-catenin (Gates and Peifer, 2005; Koslov et al., 1997; Drees
et al., 2005; Pokutta and Weis, 2000).
2. The number of β-catenin monomers available to bind α-catenin monomers
is not limiting.
3. The complex of β-catenin and E-cadherin is stable compared to the association/dissociation kinetics of α-catenin (Drees et al., 2005).
4. α-catenin monomers and homodimers freely diffuse in the cytoplasm.
5. Cytoplasmic diffusion rates may decrease near an AJ, due to increased
crowding of molecules, the presence of the actin belt and/or other factors
(Garcı́a-Pérez et al., 1999; Dix and Verkman, 2008; Banks and Fradin, 2005;
Konopka et al., 2006).
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6. α-catenin bound to β-catenin diffuses along the membrane at a very slow
rate (approximately 0.005 µm2 /s, Kametani and Takeichi (2007)) and can
be ignored here.
7. All interactions, such as homodimerization and binding, are direct and can
be modeled using first order linear and mass action kinetics (Gates and
Peifer, 2005).
8. AJs are localized structures that are relatively stable (Assumption 6). Assuming that AJs have a nonzero width and the distribution of E-cadherin
and β-catenin within the AJ is homogeneous, the model equations can be
simulated in 1D, representing a transect of the cell. The transect is perpendicular to the membrane, positioned in the middle of the AJ far from
its edges, with the membrane located at x = 0 and the interior of the cell
located at x = +∞ (Figure 1).
2.2. Model variables
The mathematical model keeps track of three variables that change in time
and space:
Am (x, t)

cytoplasmic α-catenin monomers

Ad (x, t)

cytoplasmic α-catenin homodimers

Ab (t)

AJ bound α-catenin

2.3. Model equations
Based on experimental data concerning α-catenin dynamics and incorporating the assumptions listed above, the model equations describing α-catenin
dynamics are:
∂Am
∂t
∂Ad
∂t
dAb
dt

=
=
=



∂Am
∂
+ 2
−
Dm (x)
+ IAm − δAm Am − kdf
Am + kdf
Ad
∂x
∂x


∂Ad
∂
+ 2
−
Dd (x)
+ kdf
Am − kdf
Ad
∂x
∂x
+ 2
kon Am (0) − kof f Ab − kdb
Ab

(1a)
(1b)
(1c)

Equation 1a describes the dynamics of the cytoplasmic α-catenin monomer concentration. Monomers diffuse at a rate that may depend on space (Assumption
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5), and are produced and lost through decay or dimerization. Similarly, Equation 1b, which describes the dynamics of the cytoplasmic α-catenin dimer concentration, incorporates a space dependent diffusion rate and production and
loss by dimerization. The model is insensitive to the exact form of Dm (x)
and Dc (x) and in the results discussed here, I assume it can be modeled using a Hill function. Equation 1c describes the temporal dynamics of α-catenin
monomers bound to β-catenin at the AJ. Since we are ignoring diffusion of the
E-cadherin/β-catenin complex along the membrane (Assumption 6), the bound
monomers vary only in time and are gained through association from the cytoplasmic monomer pool and lost through dissociation or dimer formation.

The corresponding boundary conditions are:
−Dm

∂Am
∂x

−Dd

∂Ad
∂x

∂Am
∂x
∂Ad
∂x

=

(−kon Am (0) + kof f Ab )/η

(2a)

=

+ 2
(kdb
Ab )/η

(2b)

=

0

(2c)

=

0

(2d)

x=0

x=0

x=∞

x=∞

Equations 2a and 2b track the flux of α-catenin monomers and dimers at the
AJ: monomers are lost and gained by binding and unbinding to β-catenin, while
dimers are gained through homodimerization of bound monomers. The density
of α-catenin binding sites on the membrane is denoted by η. Once a homodimer
is formed, it immediately dissociates from the AJ (Assumption 1). Equations
2c and 2d impose no flux boundary conditions on α-catenin monomers and
homodimers far from the membrane.
2.4. Parameter values
A number of parameter values for this system have already been determined.
It is known that the approximate background concentration of α-catenin in the
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cell is A0 =0.6 µm (Drees et al., 2005). To determine cytoplasmic diffusion coefficients, note that actin monomers, which have an approximate molecular weight
of 40 kDa, have been demonstrated to have an approximate cytoplasmic diffusion rate of 5 µm2 /s (Dawes et al., 2006). Using the Stokes-Einstein relation
and the estimate that α-catenin has a molecular weight of approximately 100
kDa (Kobielak and Fuchs, 2004) (and assuming α-catenin dimers have double
that molecular weight), we can estimate the baseline diffusion coefficient of αcatenin monomers as Dm0 =3.7 µm2 /s and dimers as Dd0 =3.0 µm2 /s.

If we assume diffusion dominates over cytoplasmic production of α-catenin,
we find IAm = 12µM/s (discussed further in Appendix A) and in order to maintain a cytoplasmic concentration of A0 =0.6 µm, we must have δAm = 20s−1 .
The rate of α-catenin dimer formation has not yet been determined but is described as “rapid” (Drees et al., 2005), suggesting the rate of homodimer for+
mation in the cytoplasm is kdf
= 10 − 100s−1µM−1 . Using a simple model of

dimerization discussed in Appendix A, the homodimer dissociation rate is esti−
mated as kdf
=20 - 200s−1. I assume the rate of homodimer formation among
+
+
bound α-catenin monomers is the same as the rate for free monomers, kdb
= kdf
.

The rate of α-catenin association (kon =0.2 s−1 ) and dissociation (kof f =0.005
s−1 ) with β-catenin at the area of cell-cell contact can be determined using
FRAP and FLIP data, as discussed in Appendix A. The density of α-catenin
binding sites, η = 62.5 − 400µm−2 , is also discussed in Appendix A.

The parameter values, compiled in Table 1, are given in terms of concentrations. However, since there is binding and interactions between both cytoplasmic and membrane bound components, the model must use a volume conversion
term or track interactions in terms of number of molecules instead of concentrations. For simplicity, and since the relative volume of the cytoplasmic and
membrane compartments is not known, I chose to track the total number of
molecules. An epithelial cell has an approximate volume of V=103 µm3 (Fisher
et al., 1981), or equivalently, V = 10 × 10−12 L/cell. Since 1 µM = 6.022 ×1017
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molecules/L, we have the conversion factor for epithelial cells:
1µM = 6.022 × 106 molecules/cell.
Discretization and simulation procedures are discussed in Appendix B and all
simulations were performed with the converted rate constants.

3. Results
3.1. α-catenin dimer concentration will not increase above baseline if α-catenin
can not dimerize while bound to β-catenin
+
+
Consider Equation 1 at steady state, with no homodimerization (kdf
= kdb
=

0) and with constant diffusion (Dm (x) = Dm0 , Dd (x) = Dd0 ). Under these
conditions, it is possible to determine if the monomer pool will ever exceed the
usual cytoplasmic concentration, since there is no loss from the monomer pool
due to homodimerization. At steady state, the resulting equations are:

Dm

∂ 2 Am
+ IAm − δAm Am
∂x2
kon Am (0) − kof f Ab
∂Am
∂x

=

0

(3a)

=

0

(3b)

=

0

(3c)

x=0,∞

This system of equations has a unique analytic solution:
Am (x) =

IAm
kon IAm
, Ab =
δAm
kof f δAm

shown in Figure 5A. In this case, the monomer concentration tends to its usual
concentration everywhere in the cytoplasm and only the bound population of
monomers achieves an elevated concentration. When Equations 1 are simulated
+
+
numerically using kdf
6= 0, kdb
= 0, both the monomer and homodimer concen-

trations tend to their usual levels (Figure 5B).

This suggests that β-catenin binding alone is insufficient to accumulate αcatenin monomers near an AJ to promote homodimer formation.
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3.2. A spatial gradient of α-catenin dimers is seen when α-catenin dimerizes
while bound to β-catenin
Consider Equations 1 with homodimerization of both free and bound α+
+
catenin monomers (kdf
6= 0, kdb
6= 0) and with constant diffusion everywhere in

the cytoplasm (Dm (x) = Dm0 , Dd (x) = Dd0 ). Numerical simulations result in
a spatial gradient of homodimers originating from the AJ, as shown in Figure
6. These results suggest that in the absence of a zone of decreased diffusion
near an AJ, a spatial gradient of dimers near an AJ can be formed only when
α-catenin can simultaneously dimerize while bound to β-catenin.
3.3. α-catenin dimers do not accumulate near an AJ in the presence of a diffusion gradient if α-catenin can not dimerize while bound to β-catenin
Next consider the case with a diffusion gradient near the AJ (Dm (x), Dd (x)
+
not constant) and α-catenin homodimers can form only in the cytoplasm (kdf
6=
+
0, kdb
= 0). A diffusion gradient is characterized by a decrease in the cytoplas-

mic diffusion rate near the location of an AJ (Assumption 5). Figure 7 shows
some typical spatial profiles of diffusion gradients used in the simulations here.

When numerical simulations of Equations 1 in the presence of a diffusion gradient are performed, where α-catenin monomers are only allowed to dimerize
in the cytoplasm, there is again no additional production of α-catenin homodimers above the usual cytoplasmic level, resulting in spatial profiles similar to
those shown in Figure 5. This suggests that a diffusion gradient coupled with
β-catenin binding is still insufficient to raise the cytoplasmic level of α-catenin
monomers high enough for local accumulation of homodimers.
3.4. A diffusion gradient affects the spatial profile of α-catenin monomers and
dimers when α-catenin can dimerize while bound to β-catenin
When all aspects of the model are combined together (diffusion gradient near
the AJ, Dm (x), Dd (x) not constant, dimerization of cytoplasmic and bound
+
+
monomers, kdf
6= 0, kdb
6= 0) and Equations 1 are simulated, the spatial profiles

shown in Figure 8 are produced. These plots show the spatial distribution of
α-catenin monomers and dimers in the presence of a diffusion gradient that
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decreases diffusion by various amounts. A spatial gradient of α-catenin dimers
near an AJ is seen only when α-catenin can dimerize while bound to β-catenin.
A diffusion gradient near the AJ qualitatively modifies the spatial profile of both
monomers and dimers, with a greater accumulation of α-catenin dimers near the
AJ as the diffusion rate in the gradient decreases. These results indicate that it
is crucial for α-catenin monomers to dimerize while bound to β-catenin at AJs,
and a diffusion gradient near an AJ serves only to modify the spatial profile of
α-catenin monomers and homodimers.
4. Discussion
The cadherin/catenin complex that localizes to AJs at cell-cell contacts is
required for building and maintaining various types of multicellular tissues, including epithelia (Ebnet, 2008; Gumbiner, 2005; Knust and Bossinger, 2002).
However, many details about how this complex is formed and stably maintained
remain unclear. Recent work has demonstrated that α-catenin preferentially
binds to β-catenin as a monomer, and binds to F-actin as a dimer to locally
remodel the actin cytoskeleton (Drees et al., 2005). It has been suggested that
exchange of α-catenin with its cytoplasmic pool in the vicinity of AJs will cause
a local accumulation of α-catenin monomers which would favor the formation
of α-catenin homodimers (Weis and Nelson, 2006). The mathematical model
of α-catenin dynamics near an AJ developed and analyzed here argues against
that scenario and indicates that association with an AJ does not promote a
high local cytoplasmic concentration of monomers. Instead, the model results
indicate that α-catenin homodimers will form only if dimerization can occur
while α-catenin is bound to β-catenin. With this model, only a de novo source
of α-catenin monomers at an AJ would allow for the accumulation of homodimers near an AJ if the monomers are unable to homodimerize while bound to
β-catenin.

To understand why α-catenin binding to AJs does not lead to a local monomer
accumulation, consider the flux of monomers at a stable AJ. It has been observed
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that α-catenin monomers bound to AJs maintain a non-zero steady-state concentration (Miyoshi and Takai, 2008; D’Souza-Schorey, 2005). To maintain that
concentration, the same number of α-catenin monomers must bind to the AJ
as are released. Otherwise, if AJs bind more monomers than they release,
the bound monomer concentration would continue to increase over time. Conversely, if less monomers bind than are released, the bound monomer concentration would decay to zero, provided there was an initial bound population. In
other words, a stable AJ must continually bind as many α-catenin monomers
from the cytoplasm to replace monomers that unbind, resulting in a zero net
flux of monomers. Without a source of α-catenin monomers at an AJ, binding
kinetics can not lead to a local accumulation of α-catenin monomers sufficient
to promote homodimerization, even in the presence of a spatial diffusion gradient. It has long been assumed that α-catenin homodimerization and binding to
β-catenin are mutually exclusive since the sequence domains corresponding to
these functions overlap (residues 82-279 and 54-148, respectively, Koslov et al.
(1997); Kobielak and Fuchs (2004)). However, I propose two possible mechanisms that may allow α-catenin to dimerize while bound to β-catenin.

The first mechanism, shown schematically in Figure 3, relies on thermal fluctuations of neighboring α-catenin monomers bound to β-catenin, and the structure of the coiled-coil domains of α and β-catenin. The wheel diagram, Figure
9, shows the amino acid arrangement of α-catenin bound to β-catenin, with
hydrophobic amino acids shown in red. Under the “Peptide Velcro” hypothesis,
hydrophobic interactions between amino acid residues at the a and d positions
coupled with charged residues at the e and g positions stabilize a dimer (Mason
and Arndt, 2004). Clearly the residues at the e and g positions corresponding to
the α2 helix of α-catenin are hydrophobic and do not meet these requirements,
making the α/β-catenin dimer unstable. With this α/β-catenin dimer instability, it is possible that thermal fluctuations of neighboring α-catenins bound
to β-catenin could expose the homodimerization domain, allowing for the transient formation of a β/α/α/β-catenin oligomer. The α-catenin homodimer thus
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formed would rapidly dissociate from β-catenin and diffuse into the cytoplasm.
It may be possible to test this mechanism experimentally by altering the amino
acid sequence in the α2 helix of α-catenin so that the e and g residues are either
hydrophilic or charged to form a more stable α/β-catenin dimer. The model
predicts a decrease in α-catenin homodimer formation under those conditions.

The second mechanism (Figure 4) relies on the M fragment of α-catenin
(residues 377-633), which is a sequence disjoint from the homodimerization and
β-catenin binding domains, and which can weakly homodimerize (Yang et al.,
2001; Imamura et al., 1999). It may be possible for a weak α-catenin homodimer to form through M fragment association while monomers are bound to
β-catenin. This weak homodimer would dissociate from β-catenin, exposing the
strong homodimerization domain. There is experimental support for this mechanism, as adhesion is weak when the M fragment is missing, which was thought
to result from the absence of actin-based interactions modulated by the M fragment. However, recent work shows that α-catenin does not simultaneously bind
β-catenin and F-actin (Yamada et al., 2005). The model analyzed here suggests
a possible alternate function for α-catenin’s M fragment: it transiently homodimerizes α-catenin while it is bound to β-catenin which could cause cells that
express α-catenin with a non-functional M fragment to show weak adhesion due
to lack of homodimer formation. This mechanism can be tested experimentally
using cells expressing GFP-α-catenin with a non-functional M fragment. According to the model predictions, the spatial profiles of α-catenin monomers
and homodimers should appear similar to those in Figure 5, with no increased
homodimer formation near an AJ.

Regardless of the mechanism for homodimerization, the model results suggest a possible sequence of events that agree with experimental findings of Yamada et al. (2005) and Drees et al. (2005). α-catenin monomers diffuse past
actin filaments due to low binding affinity and eventually reach an AJ at the
membrane where they bind to a β-catenin/E-cadherin complex. Pairs of bound
12

α-catenin monomers are brought into close physical proximity due to homodimerization and clustering of E-cadherin at AJs (Pertz et al., 1999; Troyanovsky
et al., 2007). While bound to β-catenin, α-catenin pairs form homodimers,
which then quickly dissociate due to a lowered binding affinity. The α-catenin
dimers do not rebind to β-catenin but diffuse away from the membrane to associate with actin filaments to regulate filament assembly.

The model developed here is generic and the mechanism may be applicable
to other molecules that require a higher local concentration and specific localization for activation, dimerization or other activity. As mentioned, in this model
only de novo production of α-catenin monomers at an AJ would raise the local concentration of homodimers. Since this is not biologically reasonable, this
makes the model robust to both changes in the form of the model and variations in parameter values. Changing the form of the model, including modifying
the spatial dependence of the diffusion coefficients, does not change the flux of
monomers at the membrane: the E-cadherin/β-catenin complex must still bind
as many monomers as it releases to maintain a steady-state concentration, resulting in zero net flux of monomers. Variations in parameter values will also
not change the qualitative properties of the model, only quantitatively modify
the spatial profiles. However, this model does not take into account other processes such as non-specific binding to other proteins near an AJ that could be
responsible for accumulation of α-catenin monomers. The model discussed here
was investigated using a simplified 1D geometry. Extending the simulations to
2D or 3D does not alter any of the results discussed here and provides a simulation framework for future extensions of this work, including explorations of
AJ formation and actin filament reorganization.

Cell-cell adhesion mediated by AJs is an important biological phenomenon
and many aspects of AJ activity remain unclear. Further work, both experimentally and theoretically, is needed to continue untangling the activity and
localization of components in AJs.
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A. Determination of parameter values
As discussed in Section 2.4, a number of parameter values for this system
are found in the experimental literature. However, the rate of α-catenin binding
and unbinding from β-catenin at AJs, as well as the rate of cytosolic α-catenin
production and decay, are not currently known. Here, I use simple models with
experimental data to determine approximate values for these unknown parameters.
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A.1. Cortical association and dissociation rates of monomeric α-catenin
To estimate α-catenin binding and unbinding rates, I use FLIP (Fluorescence
Loss In Photobleaching) data from Drees et al. (2005) and FRAP (Fluorescence
Recovery After Photobleaching) data from Yamada et al. (2005), along with a
simple model of photobleached and fluorescent α-catenin. This simple model
ignores cytoplasmic production and decay of GFP-α-catenin, as well as lateral
diffusion of bound GFP-α-catenin in AJs. The cytoplasm is assumed to be
well-mixed, allowing diffusion to be ignored. I also assume the total amounts of
cytoplasmic GFP-α-catenin (AmT ) and β-catenin bound GFP-α-catenin (AbT )
are conserved.

In FLIP experiments, a portion of the cytoplasm is photobleached and the
corresponding loss of fluorescence in both the cytoplasm and the membrane
is observed. By conservation, we only need to consider the dynamics of the
unbleached cytoplasmic (Am ) and AJ-associated (Ab ) α-catenin monomers. The
equations are:
dAm
dt
dAb
dt

=

−rb Am

(4a)

=

kon Am − kof f Ab

(4b)

Since fluorescence is reported in dimensionless intensity units, Equations 4 must
be scaled. Let Am be the characteristic (dimensional) scale of the unbleached
cytoplasmic monomer concentration and let A∗m be the dimensionless variable,
such that Am = Am · A∗m , and similarly for Ab . The scaled equations are then:
dA∗m
dt
dA∗b
dt

= −rb A∗m

(5a)

= kon A∗m − kof f A∗b

(5b)

where rb = rb , kof f = kof f , kon = kon Am /Ab .

Equation 5a can be solved explicitly:
A∗m (t) = e−rb t
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where A∗m (0) = 1 before photobleaching. We can fit this equation to the FLIP
data presented in Figure 4E of Drees et al. (2005), giving the value
rb ≈ 0.74min−1 .
The analytic expression for A∗m can be substituted into Equation 5b, which can
also be solved explicitly:
A∗b (t) =



kon
kon
e−kof f t
e−rb t + 1 −
kof f − rb
kof f − rb

(6)

using A∗b (0) = 1. As indicated in Figure 4E of Drees et al. (2005), the fluorescence level on the membrane decreases by approximately 10% over 9 minutes,
making A∗b (9) ≈ 0.9A∗b (0), which can be substituted into Equation 6 and rearranged into an explicit expression for kon in terms of kof f :
kon =

(0.9 − e−9kof f )(kof f − rb )
.
e−9rb − e−9kof f

(7)

FRAP data from Yamada et al. (2005), where a portion of the cell-cell
contact area is photobleached and the subsequent fluorescence recovery is observed, suggests the half-time of fluorescence recovery for GFP-α-catenin in
AJs is approximately 0.43 minutes. Using Equation 5b but assuming the pool
of unbleached α-catenin monomers is unaffected by the small number of photobleached monomers unbinding from AJs so that A∗m (t) = 1, we find the following
explicit expression for A∗b (t):
A∗b (t) =


kon
1 − e−kof f t
kof f

(8)

where A∗b (0) = 1 before photobleaching. Using A∗b (0.43) = 0.5A∗b (0) and rearranging the equation, we arrive at another expression for kon :
kon =

0.5kof f
1 − e−0.43kof f

(9)

Simultaneously solving Equations 7 and 9, we find
kon

=

1.2min−1

(10a)

kof f

=

0.13min−1

(10b)
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Converting these to dimensional parameters for use in simulations,
rb

=

0.74min−1

(11a)

kof f

=

0.13min−1

(11b)

kon

=

12min−1

(11c)

where I assumed Ab ≈ 10Am , since the concentration of α-catenin monomers at
AJs is much higher than the cytoplasmic concentration (Imamura et al., 1999;
Kobielak and Fuchs, 2004; Weis and Nelson, 2006).

A.2. Cytoplasmic production and decay rates of monomeric α-catenin
To determine approximate cytoplasmic source and decay rates for α-catenin
monomers, I assume that diffusion from and to other parts of the cell would act
faster than de novo production and decay of α-catenin, so that the monomer
source term used here reflects redistribution by diffusion. While the de novo
production of α-catenin monomers is likely not constant in space, I assume it
is not spatially coincident with an AJ and therefore does not interfere with the
flux of monomers at an AJ. In addition, redistribution of monomers by diffusion
will dominate over de novo production further smoothing any spatial inhomogeneities in monomer production. The maximum “source” rate due to diffusion
can be determined by considering a cube with 1 µm edge length that is initially empty and surrounded by a pool of α-catenin monomers at concentration
A0 =0.6 µM. If monomers are allowed to diffuse into the empty cube at the
rate Dm0 (and assuming monomers are prevented from diffusing back out) and
assuming the monomer pool outside the cube does not get depleted, the source
rate of α-catenin monomers across all six faces is:
IAm = 6

Dm0 A0
≈ 12µM/s.
1µm2

(12)

In order to maintain a steady state cytoplasmic concentration of A0 , the decay
rate must be:
δAm =

IAm
≈ 20s−1 .
A0
20

(13)

A.3. α-catenin homodimerization and dissociation rates
I use a simple model of α-catenin dimerization in the cytoplasm to determine approximate kinetic rates for dimer formation and dissociation. I ignore
spatial variation and consider only temporal dynamics, and ignore all terms
except those involved with dimerization. I further assume the total amount of
α-catenin (AT ) is conserved, leading to the following model:

dAm
dt
dAd
dt
At steady state,

dAd
dt

+ 2
−
= −kdf
Am + kdf
Ad

(14a)

+ 2
−
= kdf
Am − kdf
Ad

(14b)

= 0 ⇒ Ad =

+
kd
A2
f m
−
kd
f

. By conservation, AT = Am +Ad ⇒

Am = AT − Ad , and thus

⇒

Ad

=

Ad
AT

=

+
kdf
Am (AT − Ad )
−
kdf

Am
−
+
kdf
/kdf
+ Am

(15a)
(15b)

This relation tells us the proportion of homodimers we have as a function
of the concentration of α-catenin monomers. If we choose the half maximal
−
+
concentration kdf
/kdf
= 2µM, then at a monomer concentration of 0.6 µM, the

usual cytoplasmic level, approximately 23% of the total α-catenin concentration
will be in dimer form, while raising the monomer concentration to 6 µM will lead
to 75% of the total concentration in dimer form, in agreement with experimental
observations (Drees et al., 2005).
A.4. Density of α-catenin binding sites on the membrane
The parameter η is the ratio of the number of α-catenin binding sites per µm2
of membrane. This factor is required in the boundary conditions (Equations 2)
as α-catenin associates and dissociates from the E-cadherin/β-catenin complex.
The surface density of E-cadherin has been estimated as 2.5 - 16 × 104 molecules
per cell (Duguay et al., 2003). Using a cell surface area of 400 µm2 (Perez et al.,
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2008), and assuming that each E-cadherin binds to one β-catenin molecule and
is available for binding to α-catenin, then
η

=

2.5 − 16 × 104 binding sites/cell
400 µm2 /cell

=

62.5 − 400 binding sites/µm

2

(16a)
(16b)

A.5. Sensitivity to parameter values
The model results are not sensitive to the exact choice of parameter values
and the model behavior is not qualitatively altered by varying any of the parameters by several orders of magnitude. The model results are insensitive to the
exact form of the spatial dependence of the diffusion coefficients, as this does
not affect the flux of monomers at the AJ. The model results are also insensitive
to small spatial variations in the rate of monomer production since cytoplasmic
diffusion is relatively fast (∼3 µm2 /s) and would smooth out any spatial variation in monomer concentration. The only instance where the model would be
significantly affected by spatial variation of monomer production is if monomers
were produced only at or near the site of an AJ. In that case, there would be a
flux of monomers into the cell, producing a spatial gradient and the possibility
of increased homodimer production. However, it is not biologically reasonable
that monomers would be produced only at spatial locations coincident with AJs
and I do not consider that possibility here.
B. Discretization and numerical simulations
For numerical simulations, Equations 1 were discretized on a one-dimensional
domain with the appropriate boundary conditions using the Forward Time Centered Space (FTCS) (in the case of constant diffusion) and a modified FTCS for
the case of non-constant diffusion, as discussed in Press et al. (2002). Initially
all values were set to their usual cytoplasmic levels everywhere on the domain,
as discussed in Section 2.4. The discretized equations were coded using the C
programming language and simulated on a 10 µm grid with a space step size
of 0.01 µm. The time step size was chosen for numerical stability. Simulations
were run until the system achieved steady state.
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Table legends
Table 1: Parameters used in the models discussed here.

Figure legends
Figure 1: Schematic of polarized epithelial cell and molecular components
that make up adherens junctions (AJs). β-catenin is localized to AJs by binding
to the transmembrane protein E-cadherin. The E-cadherin/β-catenin complex
(red rectangle) has both intracellular and extracellular domains and crosses the
membrane (thick vertical line). There is a zone of decreased diffusion near the
membrane (grey area), which may be the result of crowding or non-specific
binding. α-catenin monomers (green) bind to β-catenin with high affinity while
α-catenin homodimers bind to polymerized actin with high affinity. In the
cytoplasm, α-catenin is predominantly monomeric, suggesting the need for a
mechanism to accumulate homodimers near AJs.

Figure 2: Sequence of events currently thought to lead to increased concentration of α-catenin homodimers near an AJ. A. α-catenin monomers (green)
bind to β-catenin/E-cadherin (red) at an AJ. The plasma membrane is grey,
and here the outside of the cell is below the membrane. B. α-catenin monomers
are released from the AJ and diffuse into the cytoplasm. C. α-catenin monomers
bind to form a homodimer that diffuses into the cell.

Figure 3: First possible mechanism for α-catenin homodimerization while
bound to β-catenin. α-catenin, β-catenin/E-cadherin and the membrane are
as described in Figure 2. A. α-catenin monomers are bound to β-catenin/Ecadherin at an AJ. B. Homodimerization of E-cadherin brings α-catenin monomers
into close proximity, and fluctuations in the position of α-catenin relative to βcatenin allows α-catenin to homodimerize while still bound to β-catenin. C.
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The α-catenin homodimer dissociates from β-catenin and diffuses into the cell.

Figure 4: Second possible mechanism for α-catenin homodimerization while
bound to β-catenin. α-catenin, β-catenin/E-cadherin and the membrane are as
described in Figure 2. A. The M fragment of α-catenin monomers bound to βcatenin/E-cadherin weakly homodimerize. B. The weak α-catenin homodimer
dissociates from β-catenin, allowing binding of the strong homodimerization domain. C. The weak homodimerization domain unbinds, and the strongly bound
homodimer diffuses into the cell.

Figure 5: A) Analytic solution of Equation 3 at steady state and B) numeric
solution of Equation 1 with constant diffusion and α-catenin homodimerization only in the cytoplasm, showing cytoplasmic monomer concentration (—),
cytoplasmic dimer concentration (· · ·), and membrane bound monomer concentration (•). When α-catenin bound to β-catenin can not homodimerize and
there is no spatial diffusion gradient near the AJ, the cytoplasmic concentration
of α-catenin monomers will never exceed the usual cytoplasmic concentration
or increase the production of homodimers near an AJ.

Figure 6: Steady state solution of Equation 1 with constant diffusion and
homodimerization of cytoplasmic and bound α-catenin monomers, showing A)
cytoplasmic monomer concentration and B) cytoplasmic homodimer concentration. A spatial gradient of α-catenin dimers are found in the cytoplasm when
monomers bound to β- catenin are allowed to dimerize.

Figure 7: Spatial profile of sample diffusion gradients, with the rate of
monomer diffusion decreasing close to the membrane (x = 0). Shown here are
diffusion gradients that decrease the usual diffusion rate to 1/10 within 0.2 µm of
the membrane (—) and 1/100 the usual rate within 5 µm of the membrane (· · ·).

Figure 8: Numeric solution of Equations 1 in the presence of a diffusion gra24

dient when both bound and cytoplasmic α-catenin monomers can homodimerize, showing A) cytoplasmic monomer concentration and B) cytoplasmic dimer
concentration (membrane-bound monomer concentration not shown). When
α-catenin can dimerize while bound to β-catenin, the spatial profile of cytoplasmic monomers and dimers depends on the size of the diffusion gradient and how
much it slows diffusion. Shown here is a diffusion gradient that extends 1 µm
into the cell and decreases monomer diffusion by a factor of 2 (—), 10 (· · ·) and
100 (– – –).

Figure 9: Wheel diagram of the amino acid sequence in the α-helical coiledcoil domains of α- catenin bound to β-catenin. Shown here are the α0 (amino
acids 59-81), α1 (89-116) and α2 (124-144) helices of α-catenin, which include both the β-catenin binding (54-143) and homodimerization (82-279) domains (Koslov et al., 1997; Kobielak and Fuchs, 2004; Pokutta and Weis, 2000),
along with the α-catenin binding domain of β-catenin (118-141). Hydrophobic
residues are shown in red. Hydrophobic residues at the e and g positions of the
α2 helix of α-catenin suggest the α/β-catenin dimer is unstable.
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Tables
Parameter
A0

Meaning
Cytoplasmic monomer
concentration
Monomer diffusion coefficient
Dimer diffusion coefficient
Rate of monomer production
Rate of monomer decay
Rate of cytoplasmic homodimer
formation
Rate of cytoplasmic homodimer
dissociation
Rate of bound homodimer
formation
Rate of monomer binding
at AJ

Value
0.6 µM

Reference
Drees et al. (2005)

3.7 µm2 /s
3.0 µm2 /s
12 µM/s
20 s−1
10-100 s−1 µM−1

this paper
this paper
this paper
this paper
Drees et al. (2005)

20-200 s−1

this paper

10-100 s−1 µM−1

this paper

0.2 s−1

kof f

Rate of monomer dissociation
from AJ

0.005

η

Number of binding sites
per µm2 of membrane

62.5 - 400 µm−2

Drees et al. (2005),
Yamada et al. (2005),
this paper
Drees et al. (2005),
Yamada et al. (2005),
this paper
this paper

Dm0
Dd0
IAm
δAm
+
kdf
−
kdf
+
kdb

kon

Table 1:
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