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Abstract— Chemotaxis, the ability to move directionally in
response to external chemical gradients, is a process found
in many cell types. Individual bacteria and amoebae rely on
chemotaxis to hunt for food. In mammalian cells, chemotaxis is
crucial during development and as part of the immune system.
In this paper we show how control theory can be instrumental
towards the understanding of chemotaxis.

I. INTRODUCTION

Cellular signaling pathways are networks of interacting

biochemical compounds that form the circuitry regulating

cellular function. There are close analogs between many of

the systems found in biology and those classically studied

by control engineers. Our goal in this paper is to illustrate

how some of these concepts arise in one of the best-studied

forms of cellular function: directed cell migration.

Chemotaxis is the movement of cells guided by concen-

tration gradients of a diffusible chemical. These chemicals

can act as either attractants or repellents. Single-cell organ-

isms, including bacteria and amoebae use chemotaxis as a

way of seeking food.

In higher organisms, including mammalians, chemotaxis

is employed by different cell types. Perhaps the best un-

derstood chemotactic system in humans is the movement

of a type of white blood cell known as a polymorphonu-
clear neutrophil. These cells sense N-formylated peptides

secreted by bacteria. (These peptides are specific to bacteria

because only they use them to synthesize proteins [1]).

Neutrophils are able to interpret extracellular concentrations

of these peptides and move towards the source of the

bacterial infection.

There are cells which, though normally stationary, can

also migrate in response to external cues. These include so-

called border cells. During development of the Drosophila
(the common fruit fly) egg, a single layer of approximately

1000 follicle cells comprise the ephithelium [2]. A pair of

specialized cells, known as polar cells, differentiate at the

anterior end of the egg chamber. These cells, recruit four to

eight additional cells which form a border cell cluster. They

then migrate along the length of the egg (∼ 150 µm). This

migration is guided by chemoattractants that are secreted

from the developing egg.
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A similar transition from a usually-stationary cell to a

migratory cell is also observed, to deadly consequences,

in tumor cells. Cancer that has not spread can often be

treated successfully by the removal of the primary tumor;

once it has metastasized, however, treatment is considerably

more difficult. In fact, it is now appreciated that local

invasion and distant metastasis are lethal [3]; more than

90% of cancer deaths can be attributed to the development

of metastases [4].

It follows that there is considerable medical interest in

the study of chemotaxis. However, directed cell migration

is a process in which control theory plays a fundamental

role.

II. REQUIRED COMPONENTS

Cell migration involves the coordinated operation of

several subsystems.

A. Accurate sensors

To detect extracellular stimuli requires sensors for these

chemicals. Cells posses a variety of surface receptors,

specific for individual chemicals, that are connected across

the cellular membrane to intracellular signaling molecules.

When bound to extracellular molecules, these occupied re-

ceptors trigger pathways that lead to a cellular response. An

excellent reference for the analysis of receptor interactions

is the monograph by Lauffenburger and Linderman [5]. See

also [6]. In this section we introduce some basics.

Receptor-ligand binding is typically represented by a

deterministic differential equation

dC

dt
= −k−rC + kfRL (1)

Here C and R represent the concentration of bound and

unbound receptors, respectively, and L the concentration of

free chemoattractant, or ligand. Conservation requires that

RT = C + R be constant, so that

dC

dt
= − [k−r + kfL] C + kfRT L

more accurately represents the system. This equation clearly

shows how the cellular sensor can saturate for sufficiently

large concentrations of chemoattractant. Strictly speaking,

the ligand molecules are also conserved, so that L should
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be replaced by L0 − C. The resulting equation

dC

dt
= −k−rC + kf [RT − C][L0 − C]

is a Riccati differential equation for which analytic solutions

are possible [5]. Typically, however, the number of bound

ligand molecules is low relative to the concentration of free

ligand, ligand depletion plays little role, and Equation (1)

is sufficient to describe most systems.

1) Spatial considerations: Equation (1) is ubiquitous

in models describing cell surface binding, where concen-

trations are typically represented in fractions of a Molar

(abbreviated M). This is the concentration equivalent to

Avogadro’s number of molecules (6.02 × 1023) in a liter

(moles/liter). It is useful to keep in mind, however, that this

volumetric concentration is not accurate for representing

the cell surface receptors. The binding process described

by (1) represents the “capture” of a diffusible molecule in

3-D by an immobile (or mostly immobile) receptor which

is constrained to reside on the two-dimensional cell surface.

Thus, their concentration is properly represented in terms of

numbers/area. To represent this reaction accurately requires

that we compute the flux of the ligand through a given area.

The analysis for this type of reaction goes back to the

work of Berg and Purcell [7]; our exposition follows [5].

Specifically, assume that a cell of radius a is centered at the

origin and that L(r), r ≥ a, represents the concentration of

free ligand. At steady-state, the distribution of L obeys the

diffusion equation

D
1
r2

d

dr

(
r2 dL

dr

)
= 0 (2)

One boundary condition is obtained by noting that as r ↑ ∞,

L(r) → L0.

Following Fick’s law of diffusion, there is a flux of ligand

molecules to the receptor at the surface of the cell equal

to 4πa2D(dL/dr). This number must equal the rate at

which the ligand is absorbed by receptors and is given

by the association rate for each free receptor (kon) times

the number or free receptors on the cell surface (R̂; the

surface concentration R times the surface area 4πa2) times

the concentration of ligand at the cell surface. This leads to

the second boundary condition:

4πa2D
dL

dr

∣∣∣∣
r=a

= konR̂L(a)

The solution to (2) with the two boundary conditions is

L(r) =
4πDa + konR̂(1 − a/r)

4πDa + konR̂
L0

From this we obtain the equivalent forward reaction rate for

the cell

(kf )cell = konR̂
L(a)
L0

=
4πDskonR̂

4πDa + konR̂

which can be normalized, on the usual per-receptor level by

dividing by R̂. Note that the “constant” in (1) is actually a

function of the free receptor concentration.

2) Stochastic effects: A second way in which (1) is

an idealization is by ignoring the stochastic nature of

receptor-ligand interactions. The effect of these fluctuations

in experiments has been an important area of research

in systems biology recently and has led to considerable

theoretical work; see [8]–[10] and the references therein.

Stochastic deviations arise from the fact that reactions

represent the interaction of individual molecules. The state

of the system x = [x1, . . ., xn] is a random variable

describing the number of the “i” molecules in the system.

For each reaction j ∈ {1, . . . ,m}, there is an associated

propensity function aj(x), which may be a function of the

state, that when multiplied by dt describes the probability

that given x(t) = x, reaction j will occur in the time interval

[t, t + dt).
If we denote by P (x, t) the probability that the system

is at state x, then

∂P (x, t)
∂t

=
m∑

j=1

[aj(x − vj)P (x − vj) − aj(x)P (x, t)]

where vj denotes a stoichiometric vector that describes the

number of molecules created/destroyed by reaction j. By

multiplying this equation by x, and averaging, we obtain

the following equation for the mean of xi:

d〈xi(t)〉
dt

=
m∑

j=1

vji〈aj(x(t))〉

For example, for receptor binding, there are three species

C, R and L. Suppose that there are nR, nC , and nL

molecules of free receptor, bound receptor and free ligand

respectively. Let the random variable x := (nC , nR, nL)
represent the state of the system, and denote by P (x, t) the

probability distribution that the system is at this state at

time t.
There are two reactions,

1 : R + L → C, and 2 : C → R + L

with propensity functions a1(x) = k′
1nRnL = k′

1x2x3,

and a2(x) = k′
2nC = k′

2x1. Moreover, the stochiometric

vectors, which state how many molecules of x are pro-

duced/destroyed by each of the reactions, are

v1 =
[
1 −1 −1

]
, and v2 =

[−1 1 1
]

The resultant chemical master equation is therefore

∂P (x, t)
∂t
= a1(x − v1)P (x − v1, t) + a2(x − v2)P (x − v2, t)

− (a1(x) + a2(x))P (x, t)
= k′

1(x − v1)P (x − v1, t) + k′
2(x − v2)P (x − v2, t)

− (k′
1 + k′

2)xP (x, t)

By multiplying by xi, and averaging, one can obtain a
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differential equation for the mean of xi. For example, this

leads to the following equation for the mean value of

x1 = nC :

d〈x1〉
dt

= −k′
2〈x1〉 + k′

1〈x2x3〉
≈ −k′

2〈x1〉 + k′
1〈x2〉〈x3〉 (3)

Dividing this equation by the cellular volume Ω (and

possibly converting units from number/volume to M) one

finds that the deterministic equation (1) is equivalent to that

for the mean (3) with kf = k′
1/Ω and kr = k′

2/Ω.

To obtain distributions of the random variable x requires

the solution of the master equation. Except for the simplest

of systems, however, direct computation of the master

equation is intractable. Instead, it is customary to obtain

distributions by repeated Monte Carlo simulation of the

system. A popular method for accurate simulation is known

as the Gillespie algorithm [11].

An alternative approach is by simulation and analysis

through a stochastic differential equation (known in the field

as the chemical Langevin equation [9], [12]). This equation

consists of the deterministic equation for the mean (3) with

an additive, state-dependent, noise term. In general it is

given by

dxi

dt
=

m∑
j=1

vjiaj(x(t)) +
m∑

j=1

vji

√
aj(x(t))wj(t)

where wj(t) are two independent Gaussian white noise

processes. In the case of receptor binding, the Langevin

equation is given by

dC

dt
= −krC + kfRL +

√
krCw1(t) −

√
kfRLw2(t)

Note that the last two terms can be combined by introducing

a new Gaussian white noise process v(t):

dC

dt
= −krC + kfRL +

√
krC + kfRLv(t)

B. Guidance mechanism

Once the external chemoattractant field has been sampled,

the cell must interpret this information and make a decision

as to the direction of migration. Chemotaxing organisms

can be separated into two broad groups, depending on the

mechanism by which they detect external chemoattractant

gradients: temporal vs. spatial sensing.

1) Temporal sensing: Cells that employ a temporal

sensing mechanism continuously move and sample their

environment (a technique properly referred to as klinotaxis).

They detect temporal changes in the concentration of the

sensed chemical to determine the nature of the external

chemoattractant field and guide their locomotion. The best-

studied chemotactic organism, the bacterium E. coli relies

on such a mechanism [13]. Other multicellular organisms,

including the nematode C. elegans also rely on temporal

sensing [14].

A cell can obtain an estimate of the concentration gra-

dient by simple differentiating over time the sensed signal.

Suppose that the location of the cell in the environment is

x ∈ R3 and that L(x), denotes the concentration field of

chemoattractant. Assuming that receptor binding is fast, so

that (1) can be assumed to be in equilibrium, the sensed

signal equals

C(t) =
kfL(t)

kfL(t) + kr
RT

Differentiation this with respect to time leads to

dC

dt
=

kr

(kr + kfL)2
RT

dL

dt

Moreover, the time derivative of the ligand concentration

to which the cell is exposed is given by the Lie derivative

along the cell’s trajectory:

dL

dt
=

∂L

∂x

dx

dt
+

∂L

∂y

dy

dt
+

∂L

∂z

dz

dt
= ∇L︸︷︷︸

gradient

· dx
dt︸︷︷︸

velocity

(4)

It follows that the change in receptor occupancy over time

is proportional to the gradient and cellular velocity and to

their respective spatial alignments.

Of course, simple differentiation is not advisable in a

noisy environment. Noise can enter the system in two ways.

First, as argued above, receptor-ligand binding can give

rise to considerable stochastic fluctuations in the perceived

signal. This prevents the cell from having an exact picture

of the external chemoattractant field. This can be a serious

problems for E. coli. Because of their size, the number of

chemotactic receptors on the surface of E. coli is relatively

small; approximately 10,000. (For comparison, larger eu-

karyotic cells like D. discoideum have approximately 80-

100 thousand chemoattractant receptors.) Moreover, these

receptors tend to be found in several different conforma-

tions. For example, a possible model of receptor activation

could separate receptor dimers (where two receptors are

interacting) into 256 states depending on which methylation

sites are occupied [15]. When distributed evenly amongst all

256 states, the average number of receptor dimers per state

is no more than about 20. For this number of molecules,

the stochastic deviations can be large.

Second, changes in the cellular velocity will also be

amplified by temporal differentiation. Thus, abrupt changes

in the direction of the cell can give rise to significant

changes in the perceived field. This is also of importance in

the motion of E. coli. The small size of a bacterium, a rod

approximately 1 µm in diameter and 2 µm in length, leads

to considerably noisy movement [13]. When swimming it

is subject to rotational diffusion; when not swimming, it

is affected by translational diffusion. Both of these imply

that a stochastic fluctuation in the velocity relative to the

gradient (in the last term of (4).

It follows that straight differentiation of the measured

signal C(t) is not possible. Instead, the bacteria relies on a

low-passed filtered derivative to guide its motion.
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A model of the signaling mechanism is given in Appen-

dix A. In transfer function terms, the signaling pathway can

be represented by

G(s) =
k1

s + a1︸ ︷︷ ︸
Receptor

binding

× k2s

s + a2︸ ︷︷ ︸
Low pass filtered

differentiation

Evidence of this form of the transfer function can be

found in experiments in which the ligand concentration

is changed in step-like fashion. The observed response

(described below) first experiences a transient, but recovers

to its prestimulus level — a process known to biologists as

perfect adaptation.

In both biology and control engineering, there has been

considerable interest in this adaptation mechanism. It has

been demonstrated experimentally as well as theoretically

that the adaptation mechanism is robust [16]–[18]. Specif-

ically, changes in the concentration of the key enzymes

regulating chemotactic signaling do not affect the perfect

adaption property. Moreover, it has been demonstrated that

this robustness is a consequence of an integral control

mechanism [18], [19].

Less attention has been placed on the effect of varying

the enzyme concentrations on the noise filtering properties

of the cell, and the effect that they have on chemotaxis.

Using models of the signaling pathway, it is possible

to show that the filter bandwidth greatly influences the

chemotactic behavior of the cell. Mutant cells that have

too low a bandwidth respond sluggishly to changes in the

sensed concentration, and therefore does not allow them

to chemotax as well. On the other hand, cells in which

the bandwidth is too high tend to respond too much to

noise leading them astray. Again, these cells do not move

as far along the chemoattractant field as a cell with the

optimal bandwidth. Using a model of the the noise that is

present in the system of wild-type cells it is also possible to

show that the filtering bandwidth present in E. coli is near

optimal [20].

2) Static spatial sensing: A second technique by which

cells interpret directions is by simultaneously comparing

the chemoattractant concentrations at different parts of the

organism (referred to as tropotaxis).

One way of testing whether the system is able to detect

gradients spatially is to observe the response of an im-

mobilized cell to an external chemoattractant gradient. For

several cell types, including the amoeba D. discoideum and

neutrophils, this is possible by tagging intracellular proteins

with fluorescent markers [21]. These markers go to the

anterior or posterior of a migrating cell. For immobilized

cells in a static chemoattractant gradient, however, these

markers also polarize. This is evidence that the cell can

compare chemical concentrations across the length of the

cell.

At the cellular level, this technique is typically favored by

larger eukaryotic cells. There are several reasons why these

cells may favor this approach. They are significantly larger

and so the difference in concentration between two sides

of the cell is greater than for a smaller cell. On the other

hand, they are also considerably slower cells. Neutrophils,

which are some of the fastest mammalian cells, move at

approximately one body length per minute. Fibroblasts,

which are another chemotactic cell of the immune system

move only about a body length per hour. In contrast,

bacteria can swim at ten body lengths per second. Thus,

in a given time interval, slow moving cells are not able to

sample enough of their environment to be able to employ

a temporal sensing mechanism.

It has been argued that even for small bacteria, spatial

sensing may be advantageous for chemotaxis, particularly

if the chemoattractant gradients are small [22]. This is true

if, in contrast to E. coli, the bacteria swim along their short

axis. Recently, experimental evidence has shown that at

least one type of bacteria, the bipolar flagellated vibrioid

bacteria, does rely on spatial sensing [23]. These cells

ellipsoids in shape, approximately 2 × 6 µm. They swim

in the direction of their short axis but can sense gradients

perpendicular to their axis of motion. Their ability to sense

gradients spatially can be explained by a system in which

there are sensors at either end of the long axis.

Static spatial sensing is sometimes found in cells that

also have the ability to sense gradients temporally. Both

neutrophils and D. discoideum can detect spatially homo-

geneous, temporal changes in the external chemoattractant

concentration. The response to this stimulus is reminiscent

of that of E. coli. In particular, a transient response is

followed by perfect adaptation to the cell’s prestimulus

state. However, this response is not used to guide the

cells. Instead, its role is to filter out the mean level of

chemoattractant. Thus cells sense gradients equally well in

gradients where the number of occupied receptors varies

from 100–200 or 1100–1200 [24].

However, not all of the eukaryotic cells that are able to

perform chemotaxis have this ability to adapt perfectly. For

example, when fibroblasts, which are connective tissue cells

that are used during wound healing, are stimulated by a

uniform stimulus, their responses are not adaptive [25].

To perform spatial sensing requires that information from

receptors at different locations be integrated, and a pre-

ferred directional decision be made. In fact, neutrophils and

D. discoideum have receptors evenly spaced along the cell

membrane. Moreover, these cells can chemotax accurately

even in shallow gradients where the concentration differ-

ences between front and back differ by no more than 1–2%.

The development and analysis of models of static sensing

mechanisms is a particularly active field; a model that has

been used to explain the combination of perfect adaptation

and static spatial sensing is found in Appendix B. For other

models and further study see [25]–[30] and the references

therein.
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C. Amplification Mechanism

The chemotaxis systems of both E. coli and D. dis-
coideum are exquisitely sensitive. That is, cells can respond

accurately to very small gradients. This requires that the

cells amplify the signals obtained by receptor occupancy.

In bacterial chemotaxis the amplification seems to oc-

cur at two steps along the sensing pathway. Receptors

are clustered tightly. Moreover, these receptors work in a

highly cooperative manner [31]. Thus, ligand binding to one

receptor can not only change the activity of that receptor,

but that of neighboring receptors [32]. At the level of the

output the flagellar motor is also highly cooperative so that

the input-output characteristic is switch-like [33].

The nature of the amplification step found in the chemo-

taxis pathway of neutrophils and D. discoideum is still not

well understood. There is evidence that cells amplify the

spatial heterogeneity in receptor occupancy by regulating

complementarily the spatial distribution of several mole-

cules [29], [34]. Excitatory enzymes are segregated from

inhibitory enzymes, creating a biological push-pull ampli-

fier. Relative to receptor occupancy, this complementary

regulation leads to amplified localization.

III. CONNECTED PROBLEMS

So far we have focused on the motion response of cells to

chemoattractant stimuli. However, cells are typically mobile

even when not sensing chemoattractant. Several of the

interesting open problems in understanding the signaling

pathways regulating chemotaxis lie in understanding how

this guided locomotion is coupled to the undirected motility

mechanism.

Over time, cells that are moving in a chemoattractant

gradient acquire a polarized morphology. That is, over time,

differences are formed between the parts of the cell closest

to and farthest away from the chemoattractant source. These

differences, however, remain even if the chemoattractant

gradient is removed. How is this polarization established

and maintained? In particular, cells seem to polarize even

when no gradient is present. It has been conjectured that

this polarization may be the product of a change of equilib-

ria [26]. However, the precise mechanism is not understood.

More importantly, how this mechanism is coupled to the

directional sensing system is not understood.

IV. CONCLUSIONS

In this paper we have introduced chemotaxis or directed

cell migration. As we have argued, this is an extremely im-

portant cellular process. Moreover, it is a process in which

knowledge of control system can be used to understand the

system.

APPENDIX

A. Temporal sensing via receptor modification

Here we illustrate a simple model, originally from [19]

that can explain how temporal sensing is mediated in E. coli.
The model is a modified form of that used in [5], [35], [36].

Both free and bound receptors are found in two states: R1

and R2, and C1 and C2 respectively. Two enzymes mediate

reversible transitions between states. The inhibitory enzyme

I catalyzes the modification from R1 (RL1) to R2 (C2),

whereas the reverse process is catalyzed by the excitation

enzyme E.

For example, in E. coli receptors can be methylated (R1,

C1) or not (R2, C2). Demethylation is catalyzed by the

methylesterase CheB whereas methylation is catalyzed by

the methyltransferase CheR.

A scheme for robust adaptation for E. coli was suggested

in [16]. It makes use of several key “structural” assumptions

about the system. The first is that only fractions of the un-

modified receptors, α1R1 and α2R2, are “active.” Moreover,

the inhibitor enzyme I acts only on these active states.

The kinetic constants for both these states are otherwise

the same. The second assumption concerns the regimes

in which the two enzymatic reactions are operating: The

forward reaction (mediated by I) is occurring in the linear

regime, whereas the reverse reaction (regulated by E),

occurs at saturation. Using these assumptions we can write

the following equations to describe the system replaced by

d

dt

⎡
⎢⎢⎣

R1

C1

R2

C2

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

k−1E − k1Iα1R1 − krR1L + k−rC1

k−2E − k1Iα2C1 + krR1L − k−rC1

−k−1E + k1Iα1R1 − kdR2L + k−dC2

−k−2E + k2Iα2C1 + kdR2L − k−dC2

⎤
⎥⎥⎦

Note that the first two equations are decoupled from the

second two; this is a consequence of the assumption that

E acts at saturation. We now perform a state-variable

transformation. Define states x1 = α1R1 + α2C1, (which

corresponds to the activity) and x2 = (R1 + C1)/k1I . This

leads to

d
dt

[
x1

x2

]
=

[−a1(L, I) a0(L, I)
−1 0

]
x +

[
b1(I)

1

]
r (5)

where

a0(L, I) = (α1k−r + α2krL + α1α2k1I)k1I

a1(L, I) = krL + k−r + (α1 + α2)k1I

b1(I) =
(α1k−1 + α2k−2)k1I

k−1 + k−2

with r = κ(E/I) and κ = (k−1 + k−2)/k1.

The differential equation for x2:

dx2

dt
= −x1 + r (6)

demonstrates the integral control. Specifically, at steady-

state the activity x1 is independent of ligand concentration.

Moreover, this property does not depend on any of the

parameter values.

B. Spatial sensing: Local excitation-Global Inhibition

Our model is based on the general principle that the

cellular response is regulated by the balance between a local

excitation and a global inhibition. Both these processes are

2330



regulated by receptor occupancy. Details are found in [19],

[28], [30].

We assume that a molecule whose presence is related to

the response of the system is found in one of two states:

active, R, or inactive (RT − R). As with the previous

general model, excitation and inhibition processes regulate

the change:

dR

dt
= −k−rIR + k′

rE[RT − R] (7)

≈ −k−rIR + krE (8)

Note that, as in the bacterial chemotaxis model, the re-

sponse is proportional to the ratio E/I . Activation of

these processes is assumed to be regulated by the occupied

receptor.

dE

dt
= −k−iI + kiC (9)

∂I

∂t
= −k−iI + kiC + D∇2I (10)

Note that the latter equation is a reaction-diffusion equation.

When the input is spatially homogeneous the diffusion

term is zero. At steady-state, E and I are both proportional

to C and so cancel out in the steady-state equation for R.

In contrast, a spatially heterogeneous distribution of lig-

and give also gives rise to a spatial distribution of C. At

steady-state, this will be mirrored by the distribution of E.

Diffusion, however, blurs the distribution of I . In the limit

of infinite diffusion, the concentration of I will be spatially

homogeneous, at a level proportional to the mean level of

receptor occupancy.

REFERENCES

[1] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, and P. Walter,
Molecular Biology of the Cell. New York: Garland, 4th ed., 2002.

[2] D. J. Montell, “Border-cell migration: the race is on,” Nat Rev Mol
Cell Biol, vol. 4, pp. 13–24, 2003.

[3] M. B. Sporn, “The war on cancer,” Lancet, vol. 347, pp. 1377–1381,
1996.

[4] F. Entschladen, T. L. Drell 4th, K. Lang, J. Joseph, and K. Zaenker,
“Tumour-cell migration, invasion, and metastasis: navigation by
neurotransmitters,” Lancet Oncol, vol. 5, pp. 254–258, 2004.

[5] D. A. Lauffenburger and J. J. Linderman, Receptors: models for bind-
ing, trafficking, and signalling. New York, NY: Oxford University
Press, 2nd. ed., 1993.

[6] M. Chaves, E. D. Sontag, and R. J. Dinerstein, “Steady-states of
receptor-ligand dynamics: a theoretical framework,” J Theor Biol,
vol. 227, pp. 413–428, 2004.

[7] H. C. Berg and E. M. Purcell, “Physics of chemoreception,” Biophys
J, vol. 20, pp. 193–219, 1977.

[8] H. H. McAdams and A. Arkin, “Simulation of prokaryotic genetic
circuits,” Annu. Rev. Biophys. Biomol. Struct., vol. 27, pp. 199–224,
1998.

[9] C. V. Rao, D. M. Wolf, and A. P. Arkin, “Control, exploitation and
tolerance of intracellular noise,” Nature, vol. 420, pp. 231–237, 2002.

[10] R. Tomioka, H. Kimura, T. Kobayashi, and K. Aihara, “Multivariate
analysis of noise in genetic regulatory networks,” J. Theor. Biol.,
vol. 229, pp. 501–521, 2004.

[11] D. T. Gillespie, “Exact stochastic simulation of coupled chemical
reactions,” J. Phys. Chem., vol. 81, pp. 2340–2361, 1977.

[12] D. T. Gillespie, “The chemical Langevin equation,” J. Chemical
Physics, vol. 113, pp. 297–306, 2000.

[13] H. C. Berg, Random Walks in Biology. Princeton: Princeton Univer-
sity Press, expanded ed., 1993.

[14] J. T. Pierce-Shimomura, T. M. Morse, and S. R. Lockery, “The fun-
damental role of pirouettes in Caenorhabditis elegans chemotaxis,” J
Neurosci, vol. 19, pp. 9557–9569, 1999.

[15] T. S. Shimizu, S. V. Aksenov, and D. Bray, “A spatially extended
stochastic model of the bacterial chemotaxis signalling pathway,” J
Mol Biol, vol. 329, pp. 291–309, 2003.

[16] N. Barkai and S. Leibler, “Robustness in simple biochemical net-
works,” Nature, vol. 387, pp. 913–917, 1997.

[17] U. Alon, M. Surette, N. Barkai, and S. Leibler, “Robustness ib n
bacterial chemotaxis,” Nature, vol. 397, pp. 168–171, 1999.

[18] T.-M. Yi, Y. Huang, M. I. Simon, and J. Doyle, “Robust perfect
adaptation in bacterial chemotaxis through integral feedback control,”
Proc. Natl. Acad. Sci. USA, vol. 97, pp. 4649–4653, 2000.

[19] P. A. Iglesias and A. Levchenko, “A general framework for achieving
integral control in chemotactic biological signaling mechanisms,” in
IEEE Conf. Dec. Contr., (Orlando, FL), pp. 843–848, 2001.

[20] S. Strong, B. Freedman, W. Bialek, and R. Koberle, “Adaptation
and optimal chemotactic strategy for E. Coli,” Phys Rev E, vol. 57,
pp. 4604–4617, 1998.

[21] C. Parent, B. Blacklock, W. Froehlich, D. Murphy, and P. Devreotes,
“G protein signaling events are activated at the leading edge of
chemotactic cells,” Cell, vol. 95, pp. 81–91, 1998.

[22] D. Dusenberry, “Spatial sensing of stimulus gradients can be superior
to temporal sensing for free-swimming bacteria,” Biophys J, vol. 74,
pp. 2272–2277, 1998.

[23] R. Thar and M. Kuhl, “Bacteria are not too small for spatial sensing
of chemical gradients: an experimental evidence,” Proc Natl Acad
Sci USA, vol. 100, pp. 5748–5753, 2003.

[24] P. Devreotes and S. H. Zigmond, “Chemotaxis in eukaryotic cells: A
focus on leukocytes and dictyostelium,” Annu Rev Cell Biol., vol. 4,
pp. 649–686, 1988.

[25] J. M. Haugh and I. Schneider, “Spatial analysis of 3’ phosphoinosi-
tide signaling in living fibroblasts: I. Uniform stimulation model and
bounds on dimensionless groups,” Biophys J, vol. 86, pp. 589–598,
2004.

[26] P. A. Iglesias and A. Levchenko, “Modeling the cell’s guidance
system,” Sci STKE, vol. 2002, p. RE12, 2002.

[27] A. Levchenko and P. A. Iglesias, “Models of eukaryotic gradient
sensing: application to chemotaxis of amoebae and neutrophils,”
Biophys J, vol. 82, pp. 50–63, 2002.

[28] J. Krishnan and P. A. Iglesias, “Analysis of the signal transduction
properties of a module of spatial sensing in eukaryotic chemotaxis,”
Bull Math Biol, vol. 65, pp. 95–128, 2003.

[29] L. Ma, C. Janetopoulos, L. Yang, P. N. Devreotes, and P. A. Iglesias,
“Two complementary, local excitation, global inhibition mechanisms
acting in parallel can explain the chemoattractant-induced regulation
of PI(3,4,5)P3 response in Dictyostelium cells,” Biophys J, vol. 87,
pp. 3764–3774, 2004.

[30] B. Kutscher, P. Devreotes, and P. A. Iglesias, “Local excitation, global
inhibition mechanism for gradient sensing: an interactive applet,” Sci
STKE, vol. 2004, p. pl3, 2004.

[31] V. Sourjik and H. C. Berg, “Receptor sensitivity in bacterial chemo-
taxis,” Proc Natl Acad Sci USA, vol. 99, pp. 123–127, 2002.

[32] D. Bray, M. D. Levin, and C. J. Morton-Firth, “Receptor clustering
as a cellular mechanism to control sensitivity,” Nature, vol. 393,
pp. 85–88, 1998.

[33] P. Cluzel, M. Surette, and S. Leibler, “An ultrasensitive bacterial
motor revealed by monitoring signaling proteins in single cells,”
Science, vol. 287, pp. 1652–1655, 2000.

[34] C. Janetopoulos, L. Ma, P. N. Devreotes, and P. A. Iglesias,
“Chemoattractant-induced phosphatidylinositol 3,4,5-trisphosphate
accumulation is spatially amplified and adapts, independent of the
actin cytoskeleton,” Proc Natl Acad Sci USA, vol. 101, pp. 8951–
8956, 2004.

[35] B. Knox, P. Devreotes, A. Goldbeter, and L. Segel, “A molecular
mechanism for sensory adaptation based on ligand-induced receptor
modification,” Proc. Natl. Acad. Sci. USA, vol. 83, pp. 2345–49,
1986.

[36] L. Segel, A. Goldbeter, P. Devreotes, and B. Knox, “A mechanism
for exact sensory adaptation based on receptor modification,” J Theor
Biol, vol. 120, pp. 151–179, 1986.

2331


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




