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Far from being static, some types of cell are highly
motile. They can sense the presence of extracellular sig-
nals and guide their movement in the direction of the
concentration gradient of these signals. This process,
called chemotaxis, has a role in diverse functions such as
the sourcing of nutrients by prokaryotes, the formation
of multicellular structures in protozoa, the tracking of
bacterial infections by NEUTROPHILS, and the organization
of the embryo in metazoa1–4. To orientate its move-
ments, theoretically, a cell might use the spatial aspect of
the chemoattractant gradient or the temporal signals
that are generated when it moves in the static gradient.
Prokaryotes can only use the temporal component —
they are too small (1–2 µm) to process spatial informa-
tion. They undergo a ‘random walk’ with movement
steps in all directions that are interrupted by tumbles.
When they encounter an increase in chemoattractant
concentration — that is, when they move up the gradi-
ent — the frequency of tumbling decreases and move-
ment in one direction is prolonged5,6. Eukaryotic
chemotactic cells are larger (10–20 µm in diameter),
which allows them to process both spatial and temporal
information. They can measure the difference in
chemoattractant concentration between the ends of the
cell, and then move up this gradient7. Eukaryotic cells
can respond to differences in chemoattractant concen-
tration that are as small as 2–10% between the front and
the back of the cell, whether the average level of receptor
occupancy is small or large. The ability to sense and

respond to shallow gradients of extracellular signals is
remarkably similar in simple amoebae such as
Dictyostelium discoideum and mammalian neu-
trophils8–11. Although both organisms effectively sense
and respond to a spatial gradient, for optimal chemo-
tactic sensitivity they combine spatial and temporal
information. In the natural habitat, chemotactic gradi-
ents fluctuate, either because the bacterial source moves,
or because cells signal to each other using waves of
chemoattractant. Cells are usually more sensitive to a
spatial gradient when the mean concentration is con-
stant or increases with time. Cells therefore respond bet-
ter to ‘new’ gradients than to ‘dissipating’ gradients.

Chemotaxis is essential for survival — if cells fail to
reach their proper destinations they die, or the organism
dies — so it is expected that the mechanisms for pro-
cessing chemotactic signals have been optimized during
evolution. In prokaryotes, transduction of chemotactic
signals is mediated by a single pathway that involves just
six proteins, and the response that is elicited is the clock-
wise or counterclockwise rotation of the FLAGELLUM6,12. In
eukaryotes, the outcome of transducing information
regarding the spatial gradient is the extension of the cell
membrane — in the form of a pseudopod — at the
LEADING EDGE. At the same time, pseudopod formation is
suppressed elsewhere, and the UROPOD at the rear of the
cell retracts8,9,13–15. As the time spent by cells moving in
a spatial gradient of chemoattractants increases, their
polarity increases, the leading edge becomes more
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motile19–22. Starved, differentiated D. discoideum cells7

are more like neutrophils in that chemoattractant
induces polarity and increased motility23. In the absence
of a gradient of chemoattractant, unpolarized D. dis-
coideum cells extend pseudopodia in more or less ran-
dom directions (FIG. 1). Pseudopodia are periodically
induced at points on the cell periphery, as if driven by an
internal oscillator, and then follow a specific sequence of
events19,24. First, actin filaments are formed, and a
dynamic pseudopod, which lasts for about 60 sec-
onds25,26, is extended. Then, the pseudopod is either
retracted or it attaches to the underlying substratum
and pulls the remainder of the cell body towards it.
Without directional cues, D. discoideum cells can have
one or two pseudopods, as new extensions are formed
about every 30 to 60 seconds in a nearly random direc-
tion. Although chemoattractants increase the probabil-
ity that a pseudopod is formed at the leading edge, and
suppress the formation of lateral pseudopodia, they
have lesser effects on the properties of the pseudopod,
such as boundary, size, frequency and lifetime. The rela-
tive uniformity of pseudopodia supports the notion that
they are self-organizing structures26–32. The main advan-
tage of a switchable self-organizing element in motility
and chemotaxis is the ease with which it can be locally
triggered, which thereby simplifies the problems of inte-
grating cues from all over the cell26.

Polarization.When chemotactic cells become biochemi-
cally and functionally polarized33, they usually have only
one pseudopod at a time, which is formed close to the
previous one and in the same direction. The front of
the cell contains actin filaments, which induce the for-
mation of new pseudopodia, whereas at the back of the
cell the retracting uropod is enriched in myosin fila-
ments.As noted above, neutrophils and starved, differen-
tiated D. discoideum cells16,23,34 can have strong polarity.
In a uniform concentration of chemoattractant both
cell types are elongated and move in a persistent, but
random, direction. Changing the position of the source
of the chemoattractant usually leads to the formation of
additional pseudopodia at the old front of the cell,
which the cell then uses to make a U-turn towards the
new chemoattractant source7. In D. discoideum, polarity
is also gradually strengthened during prolonged chemo-
taxis33. Polarization might improve chemotaxis by
enhancing the persistence of movement towards the
source, but it would also make the cells less able to
respond to rapid changes in gradient direction.

Directional sensing. Directional sensing refers to the
bias that is seen in the sites of pseudopod formation in
the presence of a chemotactic gradient. In such a gra-
dient, more pseudopodia are produced at the side of
the cell that faces the source of the chemoattractant —
that is, the side that is exposed to the highest chemoat-
tractant concentration. Retraction of a new pseudopod
is rarely observed; instead, the back of the cell con-
tracts. Even when movement and polarity are absent,
eukaryotic cells can still sense and amplify the spatial
gradient. This was evident in early experiments that

sensitive to chemoattractant, and the frequency of for-
mation of lateral pseudopods is suppressed16,17. To
accomplish these tasks, a complex network of interac-
tions between different signalling components and
cytoskeletal and regulatory elements has evolved, which,
together, provide the compass to orientate cells effec-
tively in chemotactic gradients14. These networks are
remarkably similar with respect to gradient sensing,
and regulation of myosin and the actin cytoskeleton in
neutrophils and in D. discoideum — which diverged
about 800 million years ago18. In this review, we discuss
how pseudopod formation is biased in chemotactic
gradients, how signalling molecules modulate actin
and myosin, and how actin and myosin filaments
direct cell locomotion.

Three phenomena and a forward movement
Chemotaxis can be broken down into three interrelated
phenomena (FIG. 1). These include the periodic exten-
sion of stereotypical pseudopodia, the establishment of
polarity, which enhances the relative sensitivity of the
cell at its anterior compared to its posterior end15, and
directional sensing, which constantly links the response
to the external gradient.

Pseudopod formation. Unstimulated neutrophils lack
polarity and fail to produce protrusions in the
absence of chemoattractants. But growing, undiffer-
entiated D. discoideum cells, even those that lack
cyclic AMP receptors or G-protein signalling — com-
ponents that detect and transduce the presence of the
chemoattractant — extend pseudopodia and are

UROPOD  

A slender appendage that is
formed at the trailing, rear edge
of fast-migrating cells such as
amoebae, neutrophils or
lymphocytes.

Figure 1 | Chemotaxis involves three interrelated phenomena. Chemotaxis is comprised of
three interrelated phenomena: the formation of periodic self-organizing pseudopodia, polarization
and directional sensing. The pseudopodia have a relatively well-defined size, shape, and duration
and are extended at roughly 60-second intervals at sites that are biased by the gradient of
chemoattractant. Polarization is evident in an elongate cell shape as well as in the tendency of a cell
to turn towards a new gradient because its anterior is more sensitive than its posterior. Directional
sensing is observed even in cells that have been immobilized by treatment with the inhibitor of actin-
filament polymerization latrunculin A. This is indicated by the accumulation of pleckstrin-homology
(PH)-domain-containing proteins on the membrane towards the side of the cell that is experiencing
the higher end of the gradient. These phenomena have overlapping, but distinct, properties, as listed
here and described in the text. PtdIns(3,4,5)P3, phosphatidylinositol-3,4,5-trisphosphate.

• Periodic
• Uniform chemoattractant
• G-protein independent
• PtdIns(3,4,5)P3 enhanced
• Actin/myosin required

• Persistent
• Uniform chemoattractant
• G-protein dependent
• PtdIns(3,4,5)P3 enhanced
• Actin/myosin required

• Persistent

Self-organizing pseudopodia Polarized sensitivity Directional sensing

• Gradient of chemoattractant
• G-protein dependent
• PtdIns(3,4,5)P3 independent
• Actin/myosin independent

Gradient
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and signal transducer and activator of transcription
(STAT) kinases49–51. Although they are typically associ-
ated with gene expression, it is conceivable that some of
these G-protein-independent responses contribute to
chemotaxis.

Surprisingly, none of these upstream components of
the signal pathways shows a specific localization in
chemotaxing or polarized cells (TABLE 2). In D. dis-
coideum and neutrophils, the chemoattractant receptors
are uniformly distributed along the cell perimeter and,
in D. discoideum, all of the G-protein subunits mirror
this localization. There is no modulation of receptor
affinity along the length of the cell; receptor occupancy
in D. discoideum reflects the shallow external gradient
of the chemoattractant. Furthermore, FRET analysis of
Gα

2
indicates that G-protein activation is proportional

to receptor occupancy. The upstream components of
the sensory system therefore remain distributed
along the membrane — poised to allow the cell to
respond rapidly to changes in the external gradient.

Phosphoinositide signalling. During chemotaxis in both
D. discoideum and neutrophils, several proteins that con-
tain PLECKSTRIN-HOMOLOGY (PH) DOMAINS translocate from the
cytosol to the plasma membrane at the leading edge of
the cell (TABLES 1,2)36,52,53. These proteins include the
cytosolic regulator of adenylyl cyclase (CRAC) and pro-
tein kinase B (PKB; also known as Akt). Binding to the
membrane of fusion proteins that comprise the PH
domain of these proteins joined to green fluorescent
protein (GFP) reflects the local accumulation of

were conducted in neutrophils, which are rounded in
the absence of chemoattractant7, or electropermeabi-
lized D. discoideum cells in Ca2+-free buffers35. When a
chemotactic gradient was applied, both cell types
extended the first pseudopod in the ‘correct’ direction
towards the higher concentration. Furthermore, cells
treated with inhibitors of actin polymerization such as
latrunculin A become rounded, stop moving and lose
polarity, yet continue to sense the direction of chemo-
tactic gradients nearly as well as untreated cells. As
described in further detail below, this is evident from
the accumulation of phosphatidylinositol-3,4,5-
trisphosphate (PtdIns(3,4,5)P

3
), and the enzymes that

regulate it, at distinct places on the membrane relative
to the gradient36 (FIG. 2).

Signalling events that set direction
Receptors and heterotrimeric G proteins. D. discoideum
undergoes directed cell migration in response to nutri-
ents, platelet-activating factor (PAF) and cAMP, whereas
neutrophils respond to formylated Met-Leu-Phe
(fMLP), the complement factor PAF, and chemokines
that are released from sites of inflammation (TABLE 1).
These chemoattractants are detected by SEVEN-TRANS-

MEMBRANE-SPANNING ‘SERPENTINE’ RECEPTORS, which couple
to HETEROTRIMERIC G PROTEINS and also signal directly to
downstream events37–41. In D. discoideum, four cAMP
receptors have been identified. They can all support
chemotaxis, but they have different affinities for
cAMP42,43. Lower affinity is conferred when a few
residues in the second extracellular loop are substituted
with charged amino acids. The affinity of the receptors
for the ligand and certain aspects of the behaviour of the
receptor itself — such as trafficking within the cell —
are also regulated by robust chemoattractant-induced
phosphorylation on the divergent cytoplasmic tails.
These phosphorylations, however, have little direct
influence on chemotaxis44. Furthermore, the chemokine
receptors of neutrophils undergo chemoattractant-
induced phosphorylation, but this modification also
does not seem to be important in chemotaxis45.

Chemoattractant receptors in both D. discoideum
and neutrophils signal through similar G proteins. D.
discoideum contains one G-protein β and one γsubunit,
and this βγ-complex is absolutely essential for chemo-
taxis. Although there are at least 11 α subunits, which
are about 45% identical to each other and to mam-
malian Gα

i
21,46, genetic studies and fluorescence reso-

nance energy transfer (FRET) experiments imply that it is
mainly Gα

2
that is linked to the cAMP receptors.

However, the signalling downstream is mediated by
βγ47. In neutrophils, chemoattractant receptors are pre-
dominantly linked to Gα

i
and Gα

12/13
(REF. 48). Signalling

through Gα
i

also seems to be mediated by βγ, but
Gα

12/13 
might directly signal to events that occur at the

rear of the cell. Although heterotrimeric G proteins are
essential for chemotaxis, chemoattractant–receptor
binding also induces responses that do not depend on
functional G proteins — for example, receptor phos-
phorylation, the opening of Ca2+ channels, and the acti-
vation of mitogen-activated protein kinases (MAPKs)

SEVEN-TRANSMEMBRANE-

SPANNING RECEPTOR  

A receptor that contains seven
membrane-spanning helices and
usually transmits signals to the
inside of a cell by activating
heterotrimeric G proteins.

HETEROTRIMERIC G PROTEIN  

A protein complex of three
proteins (Gα, Gβ, and Gγ).
Whereas Gβ and Gγform a tight
complex, Gα is part of the
complex in its inactive, GDP-
bound, form but dissociates in
its active, GTP-bound, form.
Both Gα and Gβγcan transmit
downstream signals after
activation.

FRET

(fluorescence resonance energy
transfer). A method to identify
the proximity of two proteins,
each of which is labelled with a
different fluorescent group.

PLECKSTRIN-HOMOLOGY (PH)

DOMAIN  

A sequence of 100 amino acids
that is present in many signalling
molecules and binds to lipid
products of phosphatidylinositol
3-kinase. Pleckstrin is a protein
of unknown function that was
originally identified in platelets.
It is a principal substrate of
protein kinase C.

Figure 2 | Directional sensing in immobilized cells. The
image shows a field of wild-type Dictyostelium discoideum cells
that are expressing the pleckstrin-homology (PH) domain of
cytosolic regulator of adenylyl cyclase (Crac) fused to green
fluorescent protein (GFP). The cells are rounded and
immobilized owing to treatment with the actin-polymerization
inhibitor, latrunculin A. A micropipette that releases Cy3-labelled
cyclic AMP (red) was positioned among the cells to provide a
chemoattractant gradient. The green crescents that are seen to
align on the edges of the cells that are facing the pipette are
representative of steady-state levels of phosphatidylinositol-
3,4,5-trisphosphate in the membrane. Note that cells that are
closer or further away from the pipette, and that are therefore
experiencing gradients of higher or lower midpoints, respond
equally well. Image courtesy of C. Janetopoulos, Johns
Hopkins University School of Medicine, Baltimore, USA.
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membrane bind PI3K or Pten. The internal gradients of
these molecules are steeper than the external chemoat-
tractant gradient and the distributions readjust dynami-
cally when the stimulus is repositioned. In neutrophils
and other cells, PtdIns(3,4,5)P

3
also accumulates at the

leading edge but the mechanisms of localization have
not been determined. The localization of PtdIns(3,4,5)P

3

is expected to depend on the distributions or activities of
PI3Ks, PTEN, and 5-phosphatases, but might also
depend on the availability of the substrate PtdIns(4,5)P

2
.

D. discoideum cells that are stimulated with a uni-
form increase in cAMP undergo biphasic PH–GFP
localization, cell-shape changes, and actin-polymer-
ization responses (FIG. 3). First, there is a uniform
translocation of PH–GFP to the cell boundary, which
is followed by a second prolonged translocation of
PH–GFP to smaller patches on the membrane26,34.
During the first phase, the cell ‘cringes’ or rounds and,
during the second, it extends pseudopodia. The
patches of PH–GFP mark the pseudopodia and have
essentially the same properties with respect to size, life-
time and intensity as those formed on pseudopodia at
the leading edge of cells that have been exposed to a
concentration gradient. The uniform stimulus
increases their number26 and the patches occur
around the entire periphery of the cell. In suspensions
of D. discoideum cells, uniform concentrations of
chemoattractant induce two phases of actin polymer-
ization: a very brief large spike, and a more prolonged
smaller peak (FIG. 3). These two phases undoubtedly
correspond to the ‘cringe’ and ‘patch/extension’
responses that are seen in individual cells. Disruption

phosphatidylinositol-3,4-bisphosphate (PtdIns(3,4)P
2
)

and, in particular, PtdIns(3,4,5)P
3
. (See also the article by

Paul A. Janmey and Uno Lindberg in this issue.)
PtdIns(3,4,5)P

3
is generated from PtdIns(4,5)P

2
by phos-

phatidylinositol 3-kinases (PI3Ks), including PI3K1 and
PI3K2 in D. discoideum, and by PI3Kγ as well as other
class-I PI3Ks in neutrophils54–56. It is degraded by the
lipid 3-phosphatase PTEN (phosphatase and tensin
homologue)57 and by several 5-phosphatases58,59. In
D. discoideum cells that lack Pten, the absence of 3-phos-
phatase activity leads to an increase in the proportion of
the membrane area to which PH

Crac
–GFP binds, and

simultaneous expansion of the region from which fila-
mentous (F)-actin-filled pseudopodia are extended. This
indicates that PtdIns(3,4,5)P

3
enhances actin polymer-

ization and pseudopod formation. In a gradient of
chemoattractant, cells that lack Pten extend two or three
pseudopods simultaneously, which impairs progress
towards the chemoattractant57. Normally when D. dis-
coideum cells are exposed to a gradient, PI3K1 and
PI3K2 translocate from the cytosol to the front of the
cell, whereas Pten detaches from the anterior membrane
and becomes localized to the back of the cell. This pro-
vides a robust mechanism to generate PtdIns(3,4,5)P

3

locally at the leading edge57,60. These gradient-induced
localizations of PI3K and Pten to the front and back of
the cell, respectively, do not depend on the activities
of the enzymes, the actin cytoskeleton or the absolute
intracellular level of PtdIns(3,4,5)P

3
, which indicates that

events controlling the localization of PI3K and Pten
occur upstream of phosphoinositide signalling60,61. It is
unknown which protein or lipid components of the

Table 1 | Chemotaxis components in Dictyostelium discoideum and mammalian neutrophils

Component Sensory molecules of Sensory molecules of neutrophils References
Dictyostelium discoideum

Attractants Nutrients, cAMP, PAF fMLP, C5a, chemokines, PAF

Receptors FAR*, PAFR*, cARs fMLPR, C5aR, PAFR, chemokine receptors 37–41

G-proteins G2, βγ Gi, G12/13, βγ 21,46,48

G-protein signalling βγ βγ(for Gi), 48,98
α 12/13 (for G12/13)

PI3K PI3K1–PI3K3, PI3Kγ, PI3Kα, PI3Kδ 54,55,99

PTEN PTEN orthologue PTEN 57,73,100

SHIPS Dd5P2, Dd5P3 SHIP1 58,59

PAK PakA PAK 73,85

Rho NI Rho 48

Rac 15 Rac-family members Rac1, Rac2 71

Cdc42 NI Cdc42 67–70

Messengers elevated PtdIns(3,4,5)P3 PtdIns(3,4,5)P3 56,101
cGMP cGMP not elevated 89
cAMP cAMP 102,103
InsP3 InsP3 104,105
NI DAG 105
Ca2+ Ca2+ 105,106
Receptor phosphorylation Receptor phosphorylation 45,107

*Genes for these receptors have not been identified. C5a, complement factor C5a; cAMP, cyclic adenosine monophosphate; cAR, cAMP
receptor; cGMP, cyclic guanosine monophosphate; DAG, diacylglycerol; Dd5P, D. discoideum PI-5 phosphatase; FAR, hypothetical folic
acid receptor; fMLP, formylated Met-Leu-Phe peptide; InsP3, inositol-1,4,5-trisphosphate; NI, not identified; PAF, platelet-activating
factor; PAFR, hypothetical PAF receptor; PAK, p21-activated kinase; PI3K, phosphatidylinositol 3-kinase; PtdIns(3,4,5)P3,
phosphatidylinositol-3,4,5-trisphosphate; PTEN, phosphatase and tensin homologue; R, receptor; SHIP, Src-homology-2 (SH2)-domain-
containing PI5-phosphatase.
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Activation of the Arp2/3 complex is induced by
Wiskott–Aldrich syndrome protein (WASP) and the
related WAVE/SCAR (suppressor of cAR (cAMP recep-
tor)) proteins63, and recent evidence indicates that acti-
vation of Wave/Scar proteins in D. discoideum enhances
the production of actin-filled pseudopods64–66.
Surprisingly, however, although elimination of
Wave/Scar might alter pseudopod formation, it does
not effect the ability of chemoattractant to regulate
actin polymerization in D. discoideum 65,66, which is in
contrast to the strong effects that eliminating
WAVE/SCAR has in mammalian cells63.

It is thought that RHO-FAMILY GTPases13,15,67 activate
WAVE/SCAR, and so the chemotactic signal that biases
sites of pseudopod formation might localize the activity
of exchange factors for these small G proteins68–70. Both
D. discoideum and neutrophils contain tens of small
GTP-binding proteins67,71,72 (TABLE 1). Most prominent
are members of the Rac subfamily — Rac and Cdc42 —
although the precise orthologues have not been identi-
fied in D. discoideum13,48. Cdc42 seems to function as a
master regulator of polarity in eukaryotic cells, from
yeast to humans, and in vivo assays have shown that
Cdc42 is active towards the front of migrating neu-
trophils69. A feedback loop that could determine where
pseudopodia are formed in neutrophils consists of
p21-activated kinase-1 (PAK1), a target of Cdc42,
which, in turn, stimulates Cdc42 (REF. 73). The key event
that determines where actin polymerization occurs
seems to be defining where Rac is active in the cell. This
is probably achieved by locally activating GUANINE

NUCLEOTIDE-EXCHANGE FACTORS (GEFs) for Rac or by deliver-
ing activated Rac GEFs, either by locally produced
PtdIns(3,4,5)P

3
or by direct receptor activation74.

PREX1 and PAK-interacting exchange factor (PIX) are
two Rac GEFs that are regulated by PtdIns(3,4,5)P

3
in

mammalian cells75,76. Once Rac activation is initiated,
several feedback loops have been identified that help
to amplify and maintain local Rac activation and sub-
sequent membrane protrusion. Rac might stimulate
or recruit PI3K at the membrane, which produces
PtdIns(3,4,5)P

3
, which, in turn, locally activates an

of Pten and elevation of PtdIns(3,4,5)P
3

preferentially
increase the second phase of the response. Moreover,
treatment with the PI3K inhibitor LY294002, or simul-
taneous deletion of PI3K1 and PI3K2 completely block
the second phase of actin polymerization but have lit-
tle effect on the initial spike.

These data imply that a new pseudopod is preferen-
tially made at a position on the membrane that contains
a patch of PtdIns(3,4,5)P

3
, which might also subtly

enhance the size or lifetime of the pseudopod.
Considering these strong links between PtdIns(3,4,5)P

3
,

actin polymerization and pseudopod extension, it is sur-
prising that the chemotactic defect of D. discoideum
pi3k1–/pi3k2 – or mammalian PI3Kγ-null cells is not
more severe. Both types of mutant cell show reduced
directionality and speed of movement, although the
chemotactic response still occurs. These modest defects
are also observed in wild-type cells that have been treated
with moderate concentrations of the PI3K inhibitors
LY294002 and wortmannin26,34,56,57,60,62. Apparently, in
the near absence of the PI3K pathway, cells rely on
underlying mechanisms for gradient sensing to induce a
chemotactic response. These unknown biochemical
events might trigger the initial spike in actin polymeriza-
tion in the absence of PtdIns(3,4,5)P

3
and might also

support rudimentary chemotaxis in gradients.

Organizing the cytoskeleton
Localizing actin filaments. Actin filaments have an
inherent polarity, which is used to drive membrane
protrusions (see also the article by Daniel Louvard and
colleagues in this issue). This is probably not by elon-
gation of the actin filaments per se, but by an elastic
Brownian-motion mechanism — thermal energy
bends the filament and thereby stores energy, whereas
unbending against the leading edge of the cell provides
the driving force for protrusion15; or alternatively, the
membrane might bulge, allowing the filament to elon-
gate and support the extension. In vitro studies indi-
cate that actin polymerization is probably mediated by
the Arp2/3 COMPLEX, which binds to the sides of pre-exist-
ing filaments and induces the formation of branches.

Arp2/3 COMPLEX  

A complex that consists of two
actin-related proteins, Arp2 and
Arp3, along with five smaller
proteins. When activated, the
Arp2/3 complex binds to the
side of an existing actin filament
and nucleates the assembly of a
new actin filament. The resulting
branch structure is Y-shaped.

RHO-FAMILY GTPases

Ras-related small GTPases that
are involved in controlling the
polymerization of actin.

GUANINE NUCLEOTIDE-

EXCHANGE FACTOR (GEF) 

A protein that facilitates the
exchange of GDP for GTP in the
nucleotide-binding pocket of a
GTP-binding protein.

Table 2 | Localization of signalling components and events in chemotaxing cells

Component Localization in Localization in References
Dictyostelium discoideum neutrophils

Receptors Uniform (cARs) Uniform (C5a) 108,109

G-protein subunits Uniform (α, β, γ) NL 98

G-protein activation Similar to gradient NL 47

Small G proteins NI Anterior membrane (Rac, Cdc42) 68,69

PI3K Anterior membrane NL 60

PTEN Posterior membrane NL 57,60,61

PtdIns(3,4,5)P3 Anterior membrane Anterior membrane 36,52,53

F-actin Anterior cortex Anterior cortex 15

Myosin Posterior cortex Posterior cortex 78,79

PAK Posterior Anterior 73,85

C5a, complement factor, C5a; cAR, cyclic AMP receptor; NI, not identified; NL, not localized; PAK, p21-activated kinase; PI3K,
phosphatidylinositol 3-kinase; PtdIns(3,4,5)P3, phosphatidylinositol (3,4,5)-trisphosphate; PTEN, phosphatase and tensin homologue.
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Localizing myosin filaments. In randomly moving D.
discoideum cells, myosin-II filaments are present pre-
dominantly at the cortex in the back and at the sides of
the cells, as well as in retracting pseudopodia78,79. In a
chemotactic gradient, however, new pseudopods are
generally not retracted, and myosin-II filaments are
rarely observed in pseudopodia (FIG. 4). Furthermore,
more myosin-II filaments are present in the uropod in
a gradient of chemoattractant than are present in ran-
domly moving cells. Both observations indicate that a
gradient of chemoattractant regulates the back as well
as the front of a moving cell. Finally, the region of the
cell that contains myosin-II filaments extends more
along the sides of the cell in a gradient of chemoattrac-
tant, and thereby provides the mechanism to suppress
lateral pseudopodia in chemotaxing cells — both in
D. discoideum and in neutrophils48,78–81. The myosin-II
filaments at the back of migrating cells therefore pro-
vide the power to retract the uropod. The myosin-II fil-
aments at the sides of these cells suppress the formation
of lateral pseudopodia, which otherwise would induce
deviations of the cell trajectory. And filaments at both
locations support cell polarity.

Early observations indicated that the intracellular
cyclic GMP that is produced on chemotactic stimula-
tion mediates the formation of myosin filaments in
D. discoideum (TABLE 1)82. The genes that encode guany-
lyl cyclases (which generate cGMP), phosphodiesterases
(which hydrolyse cGMP) and proteins that are targets of
cGMP have recently been identified, and have been used
to resolve the function of cGMP in regulating
myosin81,83,84. Cells that lack two cGMP phosphodi-
esterases have very high levels of cGMP and increased
levels of myosin filaments in the cortex, and lateral
pseudopodia are suppressed81,83,84. Cells that lack guany-
lyl cyclases or cGMP targets have less myosin filaments
in the cortex, which results in the formation of many
lateral pseudopodia and poor chemotaxis81,85. Elevated
levels of cGMP also activate myosin-light-chain kinase A
(Mlcka), which phosphorylates myosin regulatory light
chain (Mlc) and thereby increases the motor activity of
myosin II (REF. 86).

In D. discoideum, chemoattractants also induce a
reaction that counteracts the formation of myosin-II fil-
aments — the phosphorylation of myosin II at three
threonine residues in the tail region, which bends the
coiled-coil structure and depolymerizes the filament86. It
is thought that this chemoattractant-induced phosphory-
lation of myosin II reflects the increased turnover of
myosin-II filaments that occurs in retracting uropods.
Alternatively, it has been proposed that the rapidly diffus-
ing cGMP induces the formation of myosin-II filaments
throughout the cell whereas phosphorylation by myosin-
heavy-chain kinase A and subsequent depolymerization
is restricted to the leading edge, thereby coordinating
chemotaxis14,87.

In neutrophils, the formation of myosin filaments is
regulated in a similar way, but other signalling mole-
cules are involved. The function of myosin-II is regu-
lated by MLC phosphorylation through MLCK that is
activated by Ca2+ and by a Rho-stimulated kinase

as-yet-unknown Rac GEF74,77. In addition, actin and
myosin filaments at the leading and trailing edges,
respectively, might stabilize the association of PI3K and
Pten with the membrane and thereby stimulate
PtdIns(3,4,5)P

3
production in D. discoideum (P.N.D.,

unpublished observations).
In contrast to the well-defined roles of Rac and

Cdc42 in neutrophil chemotaxis, so far, genetic studies
in D. discoideum have failed to uncover a specific small
GTP-binding protein that mediates chemotaxis.
Instead, studies that use cells with DOMINANT-NEGATIVE or
constitutively active GTP-binding proteins or GEFs,
or cells in which these proteins have been deleted, indi-
cate that several small GTP-binding proteins are
involved71. This situation might reflect the level at
which these proteins function: heterotrimeric G pro-
teins function at the beginning of the sensory trans-
duction pathway, whereas small GTP-binding proteins
are important further downstream after bifurcation of
the pathway. In D. discoideum, identification of the
pathways between heterotrimeric G proteins and effec-
tor enzymes such as PI3K and Pten should help to
understand how these enzymes become localized and
activated.

DOMINANT-NEGATIVE 

A defective protein that retains
interaction capabilities and so
distorts or competes with
normal proteins.

Figure 3 | Uniform chemoattractant increments trigger biphasic responses.
Actin-polymerization responses in suspensions of Dictyostelium discoideum cells. Cells that are
suddenly exposed to a uniform increase in chemoattractant show a biphasic increase in actin
polymerization. The initial phase peaks in 4–8 seconds and is followed by a round of
depolymerization. During this time, the cell freezes motion and rounds up or ‘cringes’. The
second, broad, low phase peaks at 90 seconds. During this time the cell is seen extending
filamentous (F)-actin-filled pseudopodia in restricted regions along the perimeter. A schematic
representation of the changes in morphology of the D. discoideum cells during the response is
depicted and corresponding images of wild-type D. discoideum cells during the response to a
uniform increase in cyclic AMP are shown below these diagrams. The changes in morphology
from the resting state through to when the cells adapt are clearly visible. The red staining shows
the relative distribution of phosphatidylinositol-3,4,5-trisphosphate, which was measured using
red fluorescent protein fused to the pleckstrin-homology domain of Crac (cytosolic regulator of
adenylyl cyclase). The green staining, which is generated by green fluorescent protein fused to
coronin, shows the relative distribution of actin. The images are reproduced with permission from
REF. 110 © (2003) The American Society for Cell Biology. Pten, phosphatase and tensin
homologue; PI3K, phosphatidylinositol 3-kinase.
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chemotactic signalling in D. discoideum is similar to
the adaptation that is seen in the temporal mechanism
of chemotaxis in prokaryotes5. For eukaryotic cells,
adaptation is used to sense the spatial gradient as well
as temporal signals.

The molecular mechanism of adaptation in
eukaryotes is poorly understood. In prokaryotes,
adaptation takes place at the level of receptor methyla-
tion92. In eukaryotes, adaptation of a signalling cas-
cade might be the result of several reactions. For
example, in D. discoideum, chemoattractant-stimu-
lated cGMP formation is negatively controlled by
receptor phosphorylation. This leads to a reduced
affinity of the receptor for the ligand93, inhibition of
guanylyl cyclases by receptor-stimulated influx of Ca2+

and by the cGMP-occupied target protein94,95, and
activation of cGMP phosphodiesterases by cGMP96.
All these reactions lead to a decline of the cGMP
response after prolonged stimulation, but still might
not be sufficient to explain the observed perfect adap-
tation97. Adaptation of chemoattractant-induced for-
mation of PtdIns(3,4,5)P

3
obviously involves the

chemoattractant-induced movements of PI3K and
PTEN onto and off the membrane, but the regulation
of these events is still under investigation.

(ROCK), which are both stimulated by chemoattrac-
tant receptors; ROCK also inhibits an MLC phos-
phatase48,88. Although these pathways are very different
in neutrophils and D. discoideum, the end result is
essentially identical — myosin filaments are formed
at the back and at the sides of the cell, and this mediates
the contraction of the posterior and inhibits the forma-
tion of lateral pseudopodia.

Adaptation responses
Many chemoattractant-mediated responses undergo
adaptation. Cells respond only to increments in the
chemoattractant concentration. In D. discoideum,
chemoattractant-induced PtdIns(3,4,5)P

3
accumula-

tion, actin polymerization, cGMP formation and
myosin-filament formation are regulated in this
way44,89–91 (FIG. 3). These regulatory events could be very
important for chemotaxis. As long as cells encounter
increases in the concentration of chemoattractants, or
are exposed to a gradient, responses are likely to be
persistently elevated (or depressed in cases where a
stimulus induces a downward response). When the
chemoattractant concentration no longer changes
temporally or spatially, or when the gradient reverses,
the responses subside. This adaptive component of

Figure 4 | Myosin-II filaments in chemotaxis. a | The image shows the localization of green fluorescent protein (GFP)-tagged
myosin II in the posterior of a Dictyostelium discoideum cell that is moving in the direction of the arrow. b | The myosin-II protein
exists in different forms. Phosphorylated (P) myosin II is bent, which inhibits dimerization and filament formation. Phosphorylated
regulatory light chain (RLC) increases the motor activity of myosin II. c | Regulation of myosin function by cyclic GMP in D.
discoideum81. Activation of the cyclic-AMP receptor cAR1 by the chemoattractant cAMP signalling through Gα2βγactivates two
guanylyl cyclases — soluble guanylate cyclase (Sgc) and guanylyl cyclase A (Gca) . The resulting cGMP that is generated activates a
complex target protein GbpC (cGMP-binding protein C), which mediates two functions. First, the formation of myosin-II filaments in
the cortex at the rear of the cell inhibits pseudopod formation here. Second, phosphorylation of Rlc through the activity of myosin-
light-chain kinase A (Mlcka) enhances the traction force of myosin filaments, which thereby causes the uropod to retract. Filament
formation is inhibited by several myosin-II-heavy-chain (MHC) kinases. In D. discoideum, cGMP is a main regulator of myosin-II
function, but p21-activated kinase a (Paka) also controls it85. The myosin-II filaments have a similar role in neutrophil chemotaxis, but
are regulated by Rho kinases48,88 rather than by cGMP.
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was retracted and pseudopodia at the sides of the cell
were suppressed. This is mediated by myosin filaments
that are formed in these regions of the cell. In neu-
trophils and D. discoideum this occurs in a similar way,
with essentially the same functions, but probably arises
by the use of very different signalling molecules —
ROCK and a cGMP-dependent kinase, respectively,
both of which activate an MLCK.

Research into the molecular basis of chemotaxis has
progressed quickly over the past few years. Intricate net-
works of key regulatory molecules have been identified.
However, there are still many unresolved issues regard-
ing how and where pseudopodia are formed, how the
spatially and temporally segregated molecular processes
are integrated, and especially how a shallow gradient of
chemoattractant can be processed to generate the initial
localized response at the leading edge. Investigation of
these issues requires methods to visualize the dynamics
of activated components of larger complexes in moving
cells. Ultimately we will have to accumulate quantitative
kinetic data with sufficient temporal and spatial resolu-
tion to develop models that can integrate the various
aspects of chemotaxis.

Conclusions
Knowledge from different systems such as mammalian
neutrophils and protozoan amoebae indicates that gra-
dient sensing during chemotaxis does not depend on a
single molecular mechanism, but consists of several
modules of interconnected signalling networks. These
networks achieve periodic pseudopod extension,
directional sensing and polarization. They direct actin
polymerization at the anterior, and cortical-myosin
formation at the posterior, of the cell. The
PtdIns(3,4,5)P

3
system probably functions as a strong

amplifier, sensitizer, and director of chemoattractant-
induced pseudopod formation. When a new pseudo-
pod is to be formed, it is preferentially induced at places
with elevated PtdIns(3,4,5)P

3
levels. In a chemoattrac-

tant gradient, PtdIns(3,4,5)P
3

is highly localized
towards the edge of the cell that is exposed to the high-
est concentration of chemoattractant owing  to recipro-
cal distributions of PI3K and PTEN. These signalling
molecules help to shape the actin-filament system at the
leading edge, although the initial asymmetry is deter-
mined upstream. The protrusion at the leading edge
would not be very effective unless the back of the cell
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