





Actin-integrin linkage dynamics model

Figure 8. Effects of paxillin-mediated downmodulation of myosin-l activity, increasing with f,. (A) Steady-state number of full linkages. (B) Steady-state fraction

of connector proteins associated with actin.

full linkages, ACB and AC*B, can be dissociated into AC or CB, and
likewise AC and CB can return to their respective non-complexed
species.

The time-dependent concentration of each of the model species in
time is described by a differential equation containing terms for the
formation and dissociation of the relevant species; these equations can
be integrated to find concentrations of model species at steady state:
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The effects of force on linkages are incorporated in the following
manner. First, forces can affect linkages negatively by enhancing their
dissociation. We assume that all bonds feel the effect of force equally
and that the force increases the dissociation rate constants (k g .,
K tbaser Kogiar Kop) as originally proposed by Bell:3?
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Y is the characteristic length of the binding ¢, F is the force per
bond, kb is the Boltzmann constant, and T is the absolute temperature.
It is theoretically conceivable that catch bonds, for which the bond
strength increases upon increasing force,33 could be present in this
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system. However, previous evidence for catch bonds has been obtained
mainly for cell/substratum interactions, centrally via selectin receptors,
we will not consider their involvement in this current model.

Positive force feedback is incorporated based on the premise that
signaling induced by myosin-mediated stress on integrin bonds leads
to strengthening of the actin-ECM linkage. The forward reaction
rate for ACB to the reinforced AC*B complex depends on the ACB
concentration and contains a force term, such that the formation of
AC*B ceases in the absence of myosin-mediated stress:

k= okf[ACB](Z—F)

b

3)

This expression represents the net effect of force-induced signals
to enhance protein-protein docking interactions within the linkage
complex. This effect has not been characterized quantitatively, so
we employ a phenomenologically plausible form with first-order
dependence on the number of bonds that are stressed by myosin-
mediated force; the force effect might likely be linear, with n = 1 in
this expression, but we permit more generality because of the lack of
information concerning this process. O, is a factor that characterizes
the magnitude of force-induced complex reinforcement. The AC*B
complex dissociates into AC or CB, but at a much lower rate than
ACB dissociates. In principle there could be a purely biochemical
step dissociating AC*B to ACB with rate constant k, but we will
assume that this process is very slow on the time scale we are consid-
ering. The strengthened linkage can, however, still be broken in a
force-induced manner, with the corresponding alternative dissocia-
tion rates for the break-up of AC*B taking the following form:

kofta = O koffactin (4a)

ko = O kobase (4b)
G is a factor less than unity that characterizes how much stronger

the complex is than the normal ACB complex. For values of ¢ near
1, the outputs are similar to a scenario without positive feedback.
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For values of G that are much less than 1, the effect of positive feed-
back is more pronounced.

The myosin-mediated force on each linkage is also now appre-
ciated to be negatively modulated by a feedback loop operating
through linkage-mediated PAK phosphorylation of paxillin, leading
to increased PAK-mediated inhibition of myosin activity. This is
incorporated using a modulatory term diminishing F in manner
dependent on the number of linkages:

/,(LACB]+[AC*B)) 5)
F=F)|l-
1+ f,(IACB]+[AC * B])

F, is the constitutive myosin-mediated force, and f, characterizes
the modulatory PAK-Pax feedback loop. The denominator term
yields saturation of the feedback loop effect in order to prohibit a
negative force result, which obviously would be physically unreal-
istic.

Our model neglects receptor endocytosis and formation, secretion
of ECM ligands and integrin and cytoskeleton transport. We also
assume that each linkage is a single bond and not a cluster of many
cross-linked complexes.

Model analysis. The model equations can be scaled using the
following dimensionless parameters:
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[A] is the total concentration of actin in the system.
These yield the following set of dimensionless equations:

% =[AC’]-0,[A’][C’]+K,,,[ACB’]- O, [CB’][A’] +K,,[AC*B’]

% Ky [CB’]- Oy [C (B ] 4K, [ACB']- @, (B JIAC'] 4K, [AC*B’]
% =[AC’]-0,[A’][C’] +Kk,[CB’]-© [C’1[B’]

d[zrc’] =0, [A'1[C’]-[AC’]-©,, [AC’|[B’] +Kk,, JACB’ ] +k,,[AC*B’]

d[SlTB’] =0;[C’1[B’]- k5 [CB’ ] +K,;, [ACB’]- O, [CB*][A’] +K,,[AC*B’]
d[AdCTB’] =0, [AC’1[B’]- K\, [ACB’ ] +©,;, [CB’ |[A’ ] - Ko, [ACB’ ] - ©,[ACB’ |
% = ©,[ACB’] - K,,[AC*B’| -k [AC*B’]

(©6)

This set of equations was numerically integrated using MATLAB
(The MathWorks, Norwich, MA). Initial conditions were set to one
for A’, B’ and C’, and zero for the rest of the species. Steady-state
values were determined by integrating the system for reasonably long
times (tau of 80 or 90—all species no longer changing). Explicit
Runge-Kutta integration methods were used to numerically integrate
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the equations. When this became computationally intensive, a multi-
step solver based on the numerical differentiation formulas was used.
Figure 2A and B illustrate sample transient profiles of the normalized
concentrations of each of the model species with respect to T, for one
example 3T3 cell parameter value set and one example CHO cell
parameter value set, respectively. These example plots show that the
system can at least approach near steady-state behavior on the time
scale of T ~ 1 for both cell types; this is a typical result for the vast
majority of feasible parameter value sets. Thus, steady-state results
should generally have at least approximate utility for insight as long
as t > (koffAC)—l’ which is on the order of a few minutes for most
of the feasible parameter value sets and thus in the realm of lamel-
lipod extension and retraction time scales for fibroblast migration.
Accordingly, we will use steady-state results to describe the parameter
effects in our system.

Parameter value constraints. Plausible ranges of estimates for
most model parameters were found in the literature (see Table 1),
and we reduced the breadth of these ranges by undertaking compu-
tational search for parameter combinations required to yield model
outputs that match germane previously published experimental
results. The initial force per linkage (F,) was set at either 5 x 101! or
5 x 10712 N. Roughly similar results were found for both, but most
behaviors were more consistent with experimental observations for
5 x 107! so our figures are plotted for this value (Suppl. Fig. can be
provided for the 5 x 10712 value). We examined model behavior for
various values of n (1-4), the force-dependence exponent for myosin
activity modulation, and chose the value n = 2 because it represents
the mildest force-dependence that consistently yields an increase in
adhesion turnover rate constant with increasing paxillin-mediated
signaling in accord with the experimental findings of Nayal®? (as will
be discussed later in the Results section).

The four theta parameters (@,¢, ©, ., Ocp, ©,,.) Were each
chosen randomly in the range from 1073 to 10° at order of magni-
tude intervals. The preexponential coefficients for the three kappa
parameters (K, ., Kcps K, were similarly sampled randomly in
the range of 0.1 to 10, and the remaining G parameter was sampled
in the range of 1 to 100. For the purpose of parameter selection,
f, was set to 10, which yields essentially complete myosin activity
modulation. Within these ranges, approximately 200,000 potential
combinations of parameter value sets exist; a random sampling of
sets was conducted from among these for simulation purposes. (x,,
and K, could be specified in terms of K,
chosen to be ¢ = 0.0001 so it was unnecessary to randomly sample
these parameters). Parameter value sets yielding steady-state model

and Koo with value

behavior consistent with experimental observations were determined
(see Table 2) by the following procedure.

Observations of fluorescently labeled focal adhesion proteins have
shown that connector proteins at the leading edge of cells are bound
to actin at varying levels across different cell types and ECM ligand
concentrations. Brown?! found that the connector proteins talin,
vinculin, paxillin and FAK are bound to actin filaments about 70%
of the time and that CHO cells on low concentrations of fibronectin
had connector proteins associated with actin less than 30% of the
time and the correlation of these proteins and actin increased on a
higher concentrations of fibronectin. This result corresponds to the
model output of the amount of total C found in the AC complex.
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This is:
AC/Croral = AC’/(C’+AC’+CB +ACB'+AC*B")

Parameter sets were identified with the 313 condition when
the steady-state value of AC/C _ ; was between 0.6 and 0.8. CHO
parameter sets, in contrast, were identified by first selecting sets that
met the condition of steady state AC/C_; between 0.1 and 0.3.
All sets that did not meet these conditions were rejected for further
study. Next, the remaining CHO parameter sets were screened for
sets that showed increasing values for AC/C _ ; with increasing initial
values of B’ (a positive difference between AC/C_ , at initial B” =
0.01 and AC/C__ ; at initial B” = 10). Figure 3 illustrates the varying
behavior of CHO parameter sets with respect to increasing initial B’,
demonstrating that some sets were consistent with the experimental
observation whereas some are not; we rejected for further study those
that were not.

Next, both conditions (CHO and 3T3) were screened for appro-
priate turnover rate behavior using the surviving parameter sets. The
rate at which linkages form and break apart, or turnover rate, is an
important variable in cell migration. In our model, we defined the
specific turnover rate constant as the rate of formation of full links
(which is equal to the rate of dissociation at steady state) divided by
the total number of full links:

9,.[AC'1[B']+0,,.[CB][B']
[ACB']+[AC* B']

Specific turnover rate constant =

Extremely motile cells exhibit adhesions that turn over rapidly,
whereas slower moving cells have adhesions that turn over less
rapidly.3 Therefore, the CHO parameter sets should exhibit the
behavior of high specific turnover rate constants while the 3T3
parameter sets should have lower specific turnover rate constants.
The 3T3 parameter sets were screened for values of specific turn-
over rate constants of less than 5 and CHO parameter sets were
constrained likewise to specific turnover rate constants of greater
than 1; all sets that conflicted with these requirements were rejected
for further study.

Thus, we have constrained our parameter sets with multiple
conditions, separately for the 3T3 cell type model and the CHO cell
type model. For both cell type models, criteria we applied concerning:
(a) the proportion of connector proteins associated with actin and
(b) the turnover rate constants. For the CHO cell type model, an
additional criterion was applied, that of increasing proportion of
actin-associated connector proteins as the number of integrin/ECM
bonds is increased. The combination of these conditions led to rejec-
tion of more than 95% of the parameter sets sampled randomly from
within the original parameter value ranges.
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