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Efficient and reproducible construction of signaling and sorting
complexes, both on the surface and within the living cell, is contin-
gent on local regulation of biochemical reactions by the cellular
milieu. We propose that in many cases this spatiotemporal regula-
tion can be mediated by interaction with components of the
dynamic cytoskeleton. We show how the interplay between active
contractility and remodeling of the cytoskeleton can result in tran-
sient focusing of passive molecules to form clusters, leading to a
dramatic increase in the reaction efficiency and output levels.
The dynamic cytoskeletal elements that drive focusing behave as
quasienzymes catalyzing the chemical reaction. These ideas are
directly applicable to the cortical actin-dependent clustering of cell
surface proteins such as lipid-tethered GPl-anchored proteins, Ras
proteins, as well as many proteins that have domains that confer
the ability to interact with the actin cytoskeleton. In general such
cytoskeletal driven clustering of proteins could be a cellular me-
chanism to spatiotemporally regulate and amplify local chemical
reaction rates in a variety of contexts such as signaling, transcrip-
tion, sorting, and endocytosis.

active hydrodynamics | signal transduction

he living cell constructs and dissipates signaling and sorting

complexes at particular locations in space and at precise
times. This requires the regulated (de)activation, (dis)assembly,
and possibly spatial localization of specific molecular components
and regulatory elements and must occur with high efficiency,
reproducibility, and fidelity in a noisy and overcrowded cellular
environment. It is highly unlikely that the spatiotemporal control
of such multimolecular processes in the cell should depend on
thermal diffusive processes alone.

In this paper, we propose that the active local remodeling
of the cytoskeleton that pervades the cell—from the cell cortex,
to the cytoplasm, to within the nucleus—can spatiotemporally
regulate biochemical reactions leading to significantly higher
efficiency. We show how such constitutively active processes can
drive a unique molecular complexation, whose robustness can be
altered by tuning the local remodeling dynamics of the cytoske-
leton or by modulating the affinity of the reactants or their
regulators to the components of the cytsokeleton. Chemical re-
actions or signaling processes contingent on this complexation,
such as those involving allostery (1, 2), cooperative binding (3)
etc., will be strongly amplified by such active mechanisms, espe-
cially when the concentration of reactants is low. This is by no
means the only agency for spatiotemporal regulation and ampli-
fication—other mechanisms may act independent of or in con-
junction with the one proposed here.

Examples where these active mechanisms might be at work
are in the localization and activation of specific Rab-GTPases on
distinct endosomes in precise regions of the cytoplasm (4), and in
the localization and targeted movement of transcription factories
in the cell nucleus (5).

In the context of the two-dimensional cell surface, which will
largely be the focus of this paper, cell surface receptors, especially
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lipid-tethered signaling receptors, such as the outer leaflet CD-
59, a GPI-anchored protein (GPI-AP) (6) and the inner leaflet
Ras family of GTPases (7-9) form transient signaling platforms,
which are highly efficient in recruiting downstream components,
such as Src-family kinases. There is growing evidence that the
formation of transient signaling platforms and the recruitment
of the downstream effectors involves a coupling to the dynamic
cortical actin (CA) (8, 10).

This coupling between lipid-tethered proteins and the active
remodeling dynamics of CA has been made sharper by recent ex-
periments using a variety of FRET (10, 11) and high-resolution
imaging (8, 12), which show that these molecules form nanoclus-
ters harboring multiple species of the protein (11); the dynamics
of formation and breakup is controlled by the dynamics of remo-
deling of the adjoining CA. The nanoclusters, when they form,
are effectively immobilized by the local cortical actin (10).

In this paper we propose that the remodeling and contractile
dynamics of cytoskeletal filaments can transiently focus the orga-
nization of passive molecules (i.e., molecules that transiently
bind and unbind to the cytoskeletal filaments) to form dynamic
clusters (13). This active clustering of passive molecules can serve
as reaction platforms, leading to a significant enhancement of
chemical reaction rates, when the active Peclet number, defined
as the ratio of the advection to diffusion rates, is high. Optimal
efficiency occurs when a certain active resonance condition is
met : when the time scales of active advection along cytoskeletal
filaments are comparable to the active remodeling time. In such
situations the active cytoskeletal elements behave as a quasien-
zyme catalyzing the chemical reactions.

Our proposal, although theoretical, is grounded in the well-
accepted formalism of active hydrodynamics for the coupled
dynamics of cytoskeletal filaments and motors (14-19) which has
been successfully applied in several cellular contexts such as
wound healing and the onset of cytokinesis (20) and cell polar-
ization (21).

Model

Molecular Clustering Induced by Cytoskeletal Remodeling. The active
remodeling and contractile dynamics of cyto(nucleo)-skeletal
filaments in two or three dimensions (2D or 3D), can be theore-
tically studied using a set of coarse-grained equations for the
local filament concentration ¢ and orientation field, which for
polar (apolar) filaments, is represented by a vector, n (tensor,
Qj). Activity, due to bound motors and/or treadmilling, induces
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contractile stresses 6®) « cnn (polar) or ¢Q (apolar), and currents
J «x cn (polar) or ¢V - Q (apolar) in the fluid medium (14-16).

For simplicity, we display only the dynamical equations for
active polar filaments in 2D and 3D. Numerical analysis of the
equations is restricted to the case of 2D, directly relevant to
the dynamics of cortical actin on the cell surface; however, our
qualitative findings carry through in 3D. We assume that the cy-
toskeletal mesh provides a momentum sink because of frictional
dissipation and so ignore the hydrodynamic velocity.

Activity originating from filament-motor contractility (acto-
myosin contractility in the case of CA) and possibly treadmilling,
induce relative motion of the polar filaments with respect to
the embedding medium, along the direction of polarization. Over
time scales smaller than filament turnover, the local filament
concentration ¢ is a conserved variable and obeys a continuity
equation,

oc=-V-J 1]
where J is the current given by the sum of an active advection
(with a speed v) along the polar filaments and filament diffusion
(Df is the trace of the filament diffusion matrix), J = ven — DyVe.

The coarse-grained dynamics of filament orientation n is given
by a generalization of the equations of liquid crystal hydrody-
namics to include activity (14-19),

om+ A(n-V)n =K,V’n+K,V(V - n)
—
active advection
+¢{Vc + an - fin|*n
actomyosin contractility

+... 41, [2]

where we have highlighted the active contributions coming from
actomyosin contractile forces; the “...” contain terms higher
order in the fields and gradients (13). The active noise f,,, repre-
senting the ambient stochasticity in the medium due to binding/
unbinding of motors, is spatiotemporally uncorrelated, with a
variance proportional to ¢7,, an activity temperature. The
“Frank constants” K, K, describe the scale over which the polar
filaments undergo splay and bend distortions. The coefficients
a.f > 0 ensure that the magnitude of n is nonzero. Finally, for
contractile actomyosin, {v > 0.

These sets of equations can be solved numerically within a
domain with periodic boundary conditions to obtain a phase dia-
gram of steady states (13). The steady state configurations in 2D
consist of a finite density of localized, inward-pointing “asters,”
which constantly remodel (break up and reform), as a conse-
quence of the active temperature 7,. At low T, aster remodeling
is negligible; the size of the localized asters is set by a competition
between active advection and filament diffusion, Dy /v, whereas
the scale between asters, and hence the aster density p,, is set
by K, /¢. At high T, remodeling is significant and the aster length
scales are sensitive to T,,. The remodeling times (lifetimes) show
an exponential distribution (13) with a mean 7, that goes as
exp(1/T,) over a wide range of parameters.

Before we move on, we make two observations: (i) Even if the
filaments are apolar, the steady state in 2D would still consist of
asters and (i) in 3D, the corresponding localized and transient de-
fect configurations are the active version of the inward-pointing
hedgehogs, a 3D generalization of asters (see ref. 22 for a descrip-
tion of hedgehog configurations in equilibrium spin systems).

We now study the influence of this dynamic patterning of
cytoskeletal filaments on the dynamics of passive molecules, de-
fined as molecules that transiently bind to the active filaments,
but do not influence the organization of the cytoskeleton. In gen-
eral, even without the aid of a detailed model, one would expect
that a gradient in active stresses would give rise to a passive
particle current, proportional to V - 6%, true for both polar and
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apolar filaments in two and three dimensions. This would lead to
a clustering at the sites of asters (hedgehogs), which would be
transient owing to the finite lifetime of the aster (hedgehog).

For specificity, we focus on the dynamics of passive cell surface
molecules, such as GPI-AP or a transmembrane protein, whose
binding with the CA could be either a result of a direct interaction
or an indirect interaction mediated by other membrane mole-
cules (23, 24). In either case, the passive molecule once bound
will be advected along the active polar filament, while undergoing
thermal diffusion in the unbound state—this suggests the follow-
ing stochastic dynamics for the instantaneous position of the
passive molecule:

x(t) = x(0) + A v(t')dr 3

V(1) = p(Ove(x(@).On(x(0).1) + (1 = ¢(0)E(D),

where ¢ is a two-state random variable and takes values 1 (bound)
and 0 (unbound). We characterize this telegraphic noise (25)
by stochastic switching rates between these states k°" and k°f,
or the mean duty ratio, K = (¢) = /ﬁ and mean switching time,
taw = m ‘When unbound, the velocity of the passive molecule is
given by a thermal white noise f(¢) with zero mean and variance
proportional to D, the diffusion coefficient of the passive molecule.

If the time scales for particle advection are much shorter than
the remodeling time 7, of the actin asters, then passive molecules
with a high duty ratio K will be driven to the cores of the inward-
pointing asters (hedgehogs) by the dynamics Eq. 3. This is the
origin of the active actin based clustering of cell surface mole-
cules, observed and described in refs. 10 and 13. As the aster re-
models, the cluster of passive particle fragments only to reform
elsewhere. Because the active noise reduces the mean size R of
the aster (13), the time taken for a bound particle to advect over
the scale of the aster , reduces with 7 ,. Note that the aster size
can vary from many tens of nanometers to microns, depending on
the local cellular context.

Reaction Kinetics Affected by Active Stresses and Currents. Such tran-
sient, active localization of molecular clusters can have profound
implications for signaling and chemical reactions, as we explore
within simple biochemical reaction schemes. The influence of
activity on chemical reaction kinetics could appear at various
levels: (i) local active stress could induce conformation changes
or modulation of molecular flexibility, which changes the Arrhe-
nius factor, (if) active enhancement of molecular transport
(advection), focussing particle trajectories, localization, and
breakup, which increase the attempt frequency of the chemical
reaction, and (jii) cooperativity resulting in a high Hill coefficient
for the chemical reaction. In this paper we discuss mainly the
enhancement arising from active advection, localization, focus-
ing, and breakup and leave an exploration of the more general
issues to a later publication.

Because we are typically dealing with cell surface chemical
reactions involving low concentration of reactants, we need to
include the effects of stochasticity. This is conveniently done by
generalizing Eq. 3 to include chemical reaction dynamics, which
we solve using a Brownian dynamics simulation.

We point to a recent theoretical paper (26), which discusses the
general idea of enhancement of chemical reaction rates by active
transport along polar cytoskeletal filaments. However, these
authors treat the cytoskeleton as a meshwork of long, static fila-
ments that are randomly oriented in space. We will see that allow-
ing the polar filaments to obey their natural dynamics in a living
cell, Eq. 2, opens up an additional dimension in the spatiotem-
poral regulation of chemical reactions occurring in such a milieu.

Brownian Dynamics Simulation of Chemical Reactions. We introduce
N passive molecules (denoted by 4) onto a 2D domain of area
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L x L (representing, say, a patch of the plasma membrane); thus
the areal density of molecules is N /L2. To model the steady state
configuration of CA within the domain, we decorate the domain
with a uniform distribution of localized, inward-pointing asters of
size R and density p,. Strictly, we should have generated a spatial
distribution according to Eq. 2; however, we have checked that our
results do not depend on the precise form of spatial distribution.
In between asters, the filaments are oriented randomly with a
uniform distribution between [0,2z]. The asters are modeled by
polar filaments that point radially inward and terminate in a core
of size r, (Fig. 1). The concentration of filaments within the aster is
taken to be a constant ¢, (13); as we see below, our qualitative
results are independent of the form of the concentration profile.
The CA asters remodel (break up and reform elsewhere) in a time
taken from an exponential distribution with mean given by z,.

To model the stochastic dynamics of passive molecules (simu-
lation details in SI 7ext), note that the filament concentration pro-
file within the aster appears as an effective capture cross-section,
% ~ KR?cyp,, of passive particles; once bound to the filaments in
the aster, the molecules are advected toward the core with a
speed v. Because the filaments in between asters are randomly
oriented, even the dynamics of bound molecules in this region
is diffusive, with an active diffusion coefficient set by the orienta-
tional correlation between filaments. For simplicity, we combine
the active and thermal diffusion together in a single effective dif-
fusion coefficient D. We perform Brownian dynamics updates on
the passive particle positions (27),

vii(x;) if bound, ¢; = 1

f; if unbound, ¢; =0’ [4]

Xir1 = X; -+ Vl*At V; = {
where the notation is the same as Eq. 3. We work in dimension-
less units, where length is measured in units of the smallest scale,
the size of the passive molecule ¢, and time is set by the diffusion
time, 7, = 62/D, and /\t = 0.17,.

Having set up the advection-diffusion dynamics of the passive
molecules 4, we now apply it to chemical kinetics. In this paper,
we consider simple generic reaction schemes of the kind
displayed in Fig. 2 A-D, which can take place in two or three
dimensions.

In general, these chemical reactions could be either irreversi-
ble or reversible, with forward rates k; and backward rates k.
Molecules engage in a chemical reaction when brought to within
a reaction radius of each other, which we take to be r.—thus the
cores of aster become reaction zones (Fig. 1). In all cases we ask
how fast and to what extent does the reaction proceed.

We list all time scales in units of z;: (i) z,, advection time; (if)
7,, aster remodeling time; (iii) koi, ko, the binding/unbinding
times, or alternatively, the duty ratio K and the switching time,

%
%

=

p—

Fig. 1.

tw; and () kr !, k;', forward/backward reaction times. The
range of molecular diffusion coefficients D = [0.01 — 1]um? /s
(28); thus in units of z; = ¢*/D, the range of 7, = [0.1,10*] and
7, = [10,10°].

Results

Second-Order Chemical Reactions: Cell Surface Signaling. Consider
simple second-order chemical reactions, such as Fig. 24, which
describes a state change of the reactant A to its activated homo-
logue, A*, which could be allosterically enhanced. Alternatively,
the activation could be modulated by the concentration of an ef-
fector molecule or enzyme B. In either case, the output A* could
result in a downstream signal.

The CA activity induced enhancement of chemical reactions is
best studied when the reactions are irreversible, k;, = 0. As “con-
trol,” we consider freely diffusing molecules 4 (and 4*) that do
not interact with the CA, i.e., the duty ratio K = 0, and react
irreversibly upon collision. Define M (t) = N 4-(t) /N, the instanta-
neous fraction of the activated population A*, from the dynamics
we can compute the mean activation time t and the saturation out-
put M, (here M, = 1)—for free diffusion dynamics, 7 ~ 7,L>/N.
We plot the gain in activation rate due to CA activity, G, =
Tgitt / Tact Where 74 and 7, are the mean activation times for free
diffusion and active dynamics, respectively, versus various dynami-
cal parameters (Fig. 3), for fixed aster density p, and size R.

The relative contribution of active advection to the chemical
reaction can be parametrized by a dimensionless active Peclet
number, P, = KRt;/t,6 = KvR/D (29), the ratio of the rates
of advection versus diffusion over the size of the aster. When
P, > 1, the chemical kinetics should be dominated by active
advection. This is indeed what we observe in our simulations
—keeping all other parameters fixed, we observe a sharp transi-
tion at P, ~ 10 to a dynamical regime where the activation rate
shows significant gain, G, > 1 (Fig. 34). We find that typically
G, increases monotonically with K, and asymptotes to
G.(K = 1) «x 7;! in contrast to ref. 26, and is a direct conse-
quence of the dynamical steady states of the CA actin arising
from Egs. 1 and 2.

On the other hand, the behavior of G, with the active remo-
deling time 7, shows a nonmonotonic behavior. For values
of 7, corresponding to enhanced gain, G (7, » 0)~ 1+
G(r,)7,4 + .... The gain reaches a maximum, which can be very
large for small 7, (Fig. 3B), and asymptotes to G,(z, » o)~
G, + G_jexp(—a(z,)7,) + ..., where G, is independent of z,.
The maximum gain occurs when the 7, = Ko7, /R and represents
a condition of active resonance; smaller asters need to be more
frequently remodeled to meet this resonance. This is the active
analogue of the well-known phenomenon of stochastic resonance

k
o0

K,
f
o+0 —00

Steady state configurations of active polar filaments in 2D (such as cortical actin at the cell surface) whose dynamics is given by Egs. 1 and 2, consist of a

distribution of inward-pointing asters that stochastically remodel. The schematic shows the effect of having such asters on the kinetics of chemical reactions
involving a state change from A (red) to A* (green). The reactants can bind and unbind to the CA with rates k,,, and k¢, respectively. Unbound reactants diffuse
on the cell membrane with effective diffusion coefficient D, whereas bound reactants are advected toward the aster core with velocity v (magnified schematic
(Left). Typical reactions occur with a forward rate ks and backward rate k;. The output A* results in a downstream signal. Note that the essential feature of the
active cytoskeletal dynamics that we exploit is the ability to transiently focus molecules, which can be achieved by both the aster-forming polar filaments
above, or apolar filaments that drive bound molecules by active contractile stresses (as described later).
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Fig. 2. Generic reaction networks that result in a downstream signal (output). (A) A<A*, a reaction involving a state change of A to its activated homologue
A*. The forward rates can be either allosterically enhanced by the presence of the output k¢(A*) or modulated by the concentration of an effector molecule or
enzyme k¢(B). The reverse rate is k;,. (B) AsA?=...A", where the species A" alone gives rise to a downstream signal. Such a higher-order reaction acts a signal
integrator. (C) A + B — AB, where A forms a complex with B, and B=B?=...B™, where B gets cross-linked to each other via a multivalent antibody. Once the
cross-linked aggregate reaches a size m, it loses its ability to complex with A. Such a higher-order reaction leads to sorting. (D) B=B*, A + B*<AB* the inactive
cytoplasmic molecule B gets activated to B*, a membrane bound molecule whose interaction with the cell surface signaling receptor A produces a downstream

signal. The activation is typically enzymatically catalyzed.

(30) and may be a general mechanism of cellular fine-tuning to
obtain optimal efficiency in chemical reactions. Further, for fixed
7,, the gain shows a sharp transition to G, < 1 for larger values of
7, (Fig. 3B); active remodeling can lead to anticlustering when the
advection velocities are low compared to remodeling rates (13).

These two features are highlighted in a phase diagram (Fig. 3C)
in the 7, — 7, plane.

Note that had we taken the active diffusion coefficient of
bound particles in the region between asters to be larger than
the thermal diffusion coefficient of the unbound particles (31),
or if we had increased the aster density p,, then the enhancement
in the gain would be much more significant. As we show in ref. 13,
the molecules once bound to the filaments are rapidly funneled
into the cores of the asters.

We extend the above analysis to include a finite backward
reaction rate, k;, > 0, allowing for spontaneous reversible confor-
mation changes, A* — A, a requirement when the reaction dy-
namics obeys detailed balance. This is relevant to the dynamics
of conformational changes of cell surface receptors induced by
cooperative ligand binding. An immediate consequence of such

spontaneous reversibility is that the saturation output M, < 1,
for both free diffusion and active dynamics. We therefore define
two gains in the active dynamics compared to free diffusion—(7)
G, (gain in activation rate) and (i) Gy = M /M3 (gain in
saturation output). The qualitative features of G, are the same
as in the irreversible case.

A qualitative new feature in the analysis of reversible reactions
shows up in the behavior of G,, (Fig. 3D), where the backward
reaction brings in another time scale k!, whose intervention
produces the two branches, characterized by Gy, > 1 at low
values of 7,, and Gy, < 1 at large 7,. This provides a unique
mechanism for switching by modulating the local activity of CA,
either via alterations in K or by affecting the binding affinities or
processivity of myosin motors.

Higher-Order Reactions: Integration, Resetting and Sorting. The
enhancement of reaction rates will be much more significant
for higher-order reactions involving multimolecular collisions,
Fig. 2 B and C. For diffusion limited processes, the probability of
n-particle coincidences needed to facilitate higher-order chemi-

A 10° B 10
L o "W
. o,
°a

1 AAA.z. a 1 \ ° . . . . . .
10 f L oomm 3 10| - ~ Fig. 3. Irreversible reaction kinetics. (A) Gain G, ver-
o S :." o “" .ﬁlﬂ.- sus Peclet number P, for 7z, =1 (red square), 10
© o seottoamese s oo d © -~ ot “ (green circle), 102 (blue triangle), 105 (pink diamond).

b a
1k ..” ¢ ‘;.‘I. ) 1k s 2t Note the change in the trends for smaller z, due to
RaERmaaa mlmga st & ‘. anticlustering. The saturation value increases as 7, in-
o see® creases from 1 to 10. (B) G, as a function of active re-
B , modeling time for 7, =0.1 (red circle), 1 (green
10 e ; - e e 10 e 10‘_2 FE 1(‘)2 10t square), 10 (blue ID‘cria;ngle)l. (C)d Phase hdiagram . in
versus , both evaluated over the aster size
P, KO Ta/RTv 7d/Ty 74/%a

R, where the color bar indicates the value of the gain

a

I.a. ..‘.
Ly

a

G,. The “phase boundary” G, = 1 (thick black line) se-
parates the region of high gain from low. The dashed
line is the mean field estimate, Koz,/7,R = 1, of the
active resonance line where G, is a maxima. The lower
right corner, where G, < 1 when z, is small, represents
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the anticlustering phase. (D) Reversible reaction ki-
netics. Gain Gy, versus active remodeling time z,,
for 7z, = 0.1 (red circle), 1 (green square), 10 (blue
upper triangle),10% (pink lower triangle), 103 (cyan
diamond), with K = 0.9, shows appearance of two
branches at high and low advection velocities, sug-
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gesting the possibility of switching as a function of
Ta myosin processivity.
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cal reactions scales as ¢ < 1, where c is the local concentration.
The creation and remodeling of asters can enhance multiparticle
encounters, by entrapping a few molecules that seed the further
growth of the cluster. We list some of the consequences of the
active remodeling dynamics of CA on cell function involving
higher-order chemical reactions :

Integration. If the lifetime of the aster is large, then it would be
able to recruit and trap multiple molecular species in the cores
of asters. This could lead to signal integration and thresholding,
desirable features of a signaling process to convey information
downstream in a noisy environment (Fig. 2B).

Resetting. After acting as signaling platforms/catalytic centers, the
aster breakup dynamics provides a natural mechanism for reset-
ting the system to its presignaling state. This actin-dependent re-
setting could be relevant for the signaling specificity of the
promiscuous Ras-family proteins that make actin-dependent
clusters (8). Individual Ras proteins can potentially engage with
multiple downstream effectors based on the configuration
adopted by the Ras molecule in the cluster (32). Actin-dependent
remodeling would provide a mechanism to reset the configura-
tion of Ras to its presignaling state for it to engage anew with
another downstream effector.

Sorting. Consider two molecules A and B that cohabit the same
cluster, with B capable of binding with high affinity to a multiva-
lent antibody. As an example, we consider the coclustering of two
different species of GPI-APs on the cell surface, GFP-GPI and
DAF (decay activating factor), where DAF is capable of being
cross-linked by an antibody (11). Here we found that although
the two GPI-APs cohabit in the same nanocluster, cross-linking
one species with an antibody was able to segregate the cross-
linked species from the other species. In our model, the high
binding affinity aggregation of B can be viewed as a chemical re-
action, where the interaction of B with the k-valent antibody pro-
duces higher-order aggregates, denoted by B2,B%,...B* (Fig. 2C).
It is reasonable to expect that the aggregate breaks away from the
aster when its size is larger than a threshold m < k. This could be
either because the effective unbinding rate to the cytoskeleton is
large or that the underlying aster gets destabilized. This ulti-
mately leads to a sorting out of the cross-linked species, providing
a natural explanation of the results of antibody-induced segrega-
tion (11).

Aster as an Enzyme with a High Hill Coefficient. When the lifetime of
the aster is of the order of the typical reaction time or larger, then
the aster can be thought of as an enzyme, catalyzing the chemical
reaction. We will call this a quasienzyme, because the aster is a
defect configuration of the active filaments with a finite lifetime.
The interaction range of this quasienzyme is the aster size R and
the interaction strength is related to KcyR>.

As an example we consider the simplest chemical reaction,
Fig. 24; denoting the quasienzyme as E, we have,

k. w
E+A k#EAk—“>A* +E 5]

or even E+A+B = EAB — A* + E. The stochastic breakup
and reformation of the quasienzyme does two things—(i) the
number of enzymes is conserved in the mean and (i) during re-
modeling events, the aster can be viewed as undergoing long-
range uncorrelated hops. The reaction schematized in Eq. 5
can then be analyzed by Michaelis—Menten kinetics—in the limit
of large capture cross-section %, k. ~ 7! and k_ ~ 77! + ¢3!, and
the product formation rate is given by
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d[/l*} _ kcal[E}tolal[‘A} , [6]

dt [A] + Ky

where Ky, = (k_ + k¢ )/k is the usual Michaelis-Mentin con-
stant and increases with increasing aster concentration p,. Note
that the reaction rates here are not “hardwired” molecularly,
but are regulated by the local actin dynamics. The remodeling
dynamics makes the effective concentration of the quasienzyme
larger than its bare value, i.e., the difference between the free and
total enzyme concentration is negligible. In general, increasing
the number of asters increases the probability of capture for
advection into the core and hence the collisional probability
for enzymatic reaction.

In the limit that [4] < K}, the rate of product formation is
given by (kca /Ky)[El o [A]- For kinetically perfect enzymes, this
rate is determined by the collisional probability between enzyme
and substrate. For inert molecules, this is given by the diffusion
rate 7! over the scale of the aster R, whereas for passive molecules
this is given by 7;;!. Again, for a high Peclet number we obtain a
significant gain in reaction rate due to the advection into asters.

However, the real import of such an active recruitment me-
chanism is as natural facilitators of reaction cascades such as

E+A :El —)E+A* El +A :Ez _)El +A*...,
where the resulting cooperativity could result in a high Hill
coefficient and consequent switch-like behavior desirable in many
signaling processes.

Discussion

In this paper we have proposed a mechanism whereby a living cell
can spatiotemporally regulate and enhance chemical reactions by
locally modulating the active remodeling dynamics of the cytos-
keleton and its binding to molecules involved in the reaction.
Even though our detailed quantitative analysis has been carried
out in the context of chemical reactions where the reactants are
advected by polar active filaments on the cell surface, the quali-
tative results should be valid in a more general setting within the
cell. Indeed, the most relevant feature of the active cytoskeletal
dynamics that we exploit is the ability to transiently focus mole-
cules. This can be achieved by polar filaments forming asters that
drive bound molecules by active advection (Fig. 1) or apolar fila-
ments that drive bound molecules by active contractile stresses
(Fig. 4). As mentioned in Model, the filament current generated
by active stresses is given by J = -WcV - cQ = -WVc + ... (16).
For contractile stresses, W < 0 (16), resulting in a negative diffu-
sion-like term that brings molecules together (Fig. 4).

‘We highlight the unique concepts that emerge from our study
of chemical reactions in the living state. For instance, we have
defined an active Peclet number as a useful measure of the relative
contribution of active advection to chemical reaction rates. We
have introduced the concept of active resonance, arising as a con-
sequence of the competition between active advection and active
remodeling of the contractile elements, at which the gain in the
rates of chemical reactions is maximal. This suggests that the cell
can locally fine-tune the activity so as to meet the resonance con-
dition. The competition between remodeling of and advection
along active filaments can even lead to local anticlustering of mo-
lecules; this and the active switching discussed in the context of
reversible chemical reactions can contribute to local regulation
of chemical reactions. These ideas will have an impact on our
understanding of the spatial control of signaling reactions and
their dynamics (33).

The spatial organization of active contractile elements on the
cell surface or in the interior of the cell could have implications in
the conformational spread by allosteric modification of receptor
proteins—in the context of chemotactic receptors on the bacter-
ial cell surface, it has been suggested that receptors organize in a
fixed two-dimensional lattice in order for conformation changes
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Fig. 4. The schematic shows how transient focusing of bound molecules can
be achieved by an apolar filament mesh. Myosin motors (inward double ar-
rows) bound to actin filaments (lines) apply active contractile stresses upon
activation, which locally compress the mesh. Reactant molecules (dots) bound
to the meshwork will be brought together for chemical reaction by such local
contractile stresses. The mesh can locally remodel due to myosin turnover.
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dence for this comes from recent experiments in our laboratory,
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tein confers an ability to be patterned by the underlying cortical
actin dynamics, similar to that observed for GPI-anchored pro-
teins (13). These results suggest that the capacity to engage with
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capacity (35). These properties will hugely enhance the scope and
influence on CA on the dynamics of signaling conceived as a
series of assembly reactions.
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