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REVIEWS

Chemotaxis is a fascinating phenomenon whereby
motile cells sense and respond directionally to chemical
gradients. Chemotactic phenomena have important
functions in inflammation and diapedesis, wound heal-
ing, angiogenesis, metastasis and axonal targeting,
Free-living cells of the simple eukaryote, Dictyostelium
discoideum, provide an excellent subject for genetic
analysis of this process. The chemotactic behavior dis-
played by these amoeboid cells is most similar to that
observed in mammalian phagocytic cells, such as neutro-
phils and macrophages!. The amoebae respond to
folic acid, platelet activating factor (PAF)?, lysophos-
phatidic acid (LPA)? and cAMP. Leukocytes respond to
PAF, LPA and a variety of polypeptide chemokines®5.
Remarkably, the spectrum of biochemical reactions
elicited by these diverse attractants are quite similar in
these evolutionarily distant cells. Moreover, both types
of cells utilize molecular components of a G-protein-
linked pathway to carry out the signal transduction
(Box 1; reviewed in Ref. 1).

This observation might indicate that many of these
signal transduction events are essential for chemotaxis.
However, some of the reactions initiated by chemo-
attractants are involved in processes that are designed
to serve particular physiological functions other than
chemotaxis. For example, in leukocytes chemoattrac-
tants cause granular secretion and activation of super-
oxide production, which help to achieve the maximum
efficiency in bactericidal and digestive activities!,
Because chemoattractants elicit a range of physiological
events, it is often difficult to determine which responses
are essential for the oriented movement of the cells. To

Signaling through
chemoattractant receptors
in Dictyostelium
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Dictyostelium discoideum displays chemoatiractant-
directed cell migration typical of many higher cell types.
Signaling through chemoatiractant receptors involves a
standard G-protein-linked pathway. Genetic analysis bas
distinguisbed essential and dispensable components and
demonstrated that some signaling events are independent
of G proteins. Genetic analysis bas also led to the
identification of additional genes involved in chemosensory
transduction. Furtber studies on the newly discovered
components and pathways should help in elucidating the
molecular mechanisms of eukaryotic chemotaxis.

add to the quandary, a variety of paracrine hormones
and growth factors (such as TGF-B, PDGF and FGF)
that do not signal through G proteins, can act as
‘chemoattractants’ when presented in gradients®5.
When the nutrient source is depleted, the sensitiv-
ity of Dictyostelium amoebae to compounds that aid
them in seeking bacteria disappears and a develop-
mental program is initiated. At many stages in this pro-
gram, extracellular cAMP acts not only as a chemo-
attractant but also as a mediator of cell—cell signaling.

Box 1. Chemoattractant receptors and G proteins

* CcAR1-4 in Dictyostelium and the 18 cloned chemokine receptors in leukocytes are G-protein-linked receptors. The several
hundred members of this superfamily; including many hormone and neurotransmitter receptors, all have a seven trans-
membrane helix topology. It is thought that the binding of ligands to sites on the extracelluar loops, or within a pocket
formed by the seven transmembrane domains, disrupts interactions between the helices and transmits a conformational
change to the cytoplasmic loops.

* The excited receptors catalyze the exchange .of GTP for GDP on the a-subunit of heterotrimeric G proteins. The a-subunit
dissociates from the By-subunit complex; each component can act on a variety of effectors, which, in turn, pass the signal
on and trigger a number of cellular events. A steady-state level of free a- and By-subunits is maintained as long as the
excited receptor is present. Ligand-induced phosphorylation ‘of the receptor by specific receptor kinases leads to its
inactivation. The a-subunit then hydrolyses the bound GTP and the subunits féassociate to return to its resting state, thus,
completing the cycle.

* In the absence of GTP, the receptor becomes lécked to the heterotrimeric G protein and displays higher affinity for its
ligand: Therefore, the capacity of GTP to decrease the affinity of agonist binding to the receptor is taken as a méasure of
G-protein—receptor coupling.

Copyright © 1996 Elsevier Science Lid. All rights reserved. (0168-9525790,515.00
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Propagated waves of extracellular
CAMP coordinate the movements
of up to 10 amoebae towards a
common center. The resulting
multicellular structure undergoes
morphogenesis to form a fruiting
body. The chemoattractant-recep-
tor-mediated events, thus, also
control differentiation and pattern
formation (reviewed in Refs 9, 10).

The complex process of chemo-
taxis is not readily amenable to in
vitro reconstitution; genetic analysis
is, at present, the most useful tool
for discovering the genes involved
in this phenomenon. Because there
appears to be an evolutionarily
conserved ‘package’ of responses
correlated with chemotaxis, studies
of free-living amoebae, such as
Dictyostelium, are applicable to the
chemotactic behavior of a variety of
eukaryotic cells. Considering that
many of the known genes in the
signal transduction pathways are
conserved, the novel genes found
by genetic analysis are expected to
be present in higher eukaryotes also.
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Chemoattractants elicit multiple
transient responses

Eukaryotic cells employ several
sensing mechanisms to orientate in
a chemical gradient. Responses to
chemoattractants are superimposed
on a basal motility whereby cells
extend pseudopods rhythmically at
30s intervals. The chemoattractant
elicits an immediate directional
response at the side of a cell facing
the higher concentration, rapidly
establishing an orientation. The cell need not move in
the gradient to determine the direction; it seems as if it
can simultaneously monitor and compare concentra-
tions at its ends. However, it is conceivable that unde-
tected subcellular structures rapidly move in the gradi-
ent, sample the environment at two points and times,
and make a comparison.

Chemotactic cells also have a capacity to keep track
of previous chemotactic stimuli. Increments in attractant
applied uniformly elicit a transient series of shape
changes and accompanying biochemical reactions.
Cells first ‘cringe’ or round up for about 20-30s, then
spread on the substrate by extending pseudopods in
many directions. After a few minutes, the cells resume
randomly motile behavior, even in the constant pres-
ence of the stimulus. Subsequent increments can elicit
further responses; smaller increments induce briefer
and smaller responses. These properties resemble those
of the response regulators that provide a ‘memory’ for
chemotaxis in bacteriall, although the molecular basis
is likely to differ. This system could serve to reinforce
the initially weak pseudopod excursions in the appro-
priate direction and extinguish those in the wrong

FiGuRe 1. Responses to the application of cAMP. The morphological changes that cells
undergo at given times after application of the stimulus are shown at the top. The profiles
below the different morphological stages show the approximate time courses of different
responses. Responses with similar kinetics are indicated by the same color.
Abbreviations: cGMP, accumulation of cGMP; IP3, accumulation of IP3;

MLC-P, phosphorylation of myosin light chains; MHC—cytoskeleton, association of myosin
heavy chain with the cytoskeleton; MHC-P, phosphorylation of myosin heavy chain;
F-actin, the fraction of actin found as F-actin; calcium, intracellular calcium levels;

cAMP, accumulation of cAMP or activation of adenylyl cyclase; Ga2-P, phosphorylation
of Ga2 subunit; CRAC-membrane, association of CRAC with the membrane fraction;
MAPK, activation of MAP kinase; cAR-P, phosphorylation of cAR1.

direction. The transient activity of a response regulator
can be considered to result from a balance between a
rapid excitation and a slower adaptation processes!.?:11,

Within a few seconds of addition of extracellular
cAMP to aggregation-competent amoebae, there occur a
large number of physiological changes and biochemical
reactions (Fig. 1) (Refs 1, 9, 12, 13; M. Maeda and
R. Firtel, pers. commun.). Some responses peak at 5-30s
and return to baseline within 1min, temporally corre-
lating with the cringe response. These include the el-
evation of intracellular levels of ¢cGMP and inositol
1,4,5-triphosphate (IP3), the phosphorylation of the light
chains of myosin I and II, translocation of myosin II to
the cytoskeleton where its heavy chain is phosphorylated
and a dramatic rise of the proportion of polymerized
actin (F-actin). Chemoattractants induce a calcium influx,
which begins after a 5s lag and reaches a steady-state
within 60s; there is a transient rise in cytosolic calcium
levels. Within 30s of stimulation by cAMP, a talin homo-
loguel2 has moved from cytosol to the tips of filopods.
Some responses peak at 1-2min and subside within
5min after adding stimulus, correlating with the growth
of new pseudopods and the transition from the cringe to

TIG FEBRUARY 1996 VoL. 12 No. 2

53



REVIEWS

cAR1
; Go2
2  Aiml
? Vagabond —GB
Pianissimo
Ca2* influx ERK2 — Actin polymerization

KI10
Guanylyl cyclase

¥ 7> 2

Gene expression* ¥
CRAC Chemotaxis
ACA Gene
¥ expression#
Signal relay

FI1GURE 2. Signal transduction pathways in Dictyostelium. Shown
are a standard G-protein-linked pathway, a cAR-mediated
G-protein-independent pathway and several newly identified
novel components that modulate the pathways. See text for
details. Symbols: #, genes that respond to pulsatile condition of
stimulation; *, genes that respond to continuous application

of the stimulus.

a flattened amoeboid morphology. These include a sec-
ond peak of F-actin content, the elevation of intracellular
CAMP levels, the phosphorylation of a G-protein a-sub-
unit, the recruitment of a cytosolic regulator of adenylyl
cyclase to the membrane fraction!3 and the activation
of a mitogen-activated protein kinase (MAP kinase)
(M. Maeda and R. Firtel, pers. commun.). Some responses
are persistent, including a proton release and the
phosphorylation of the chemoattractant receptors.

The intensities of all of these responses depend on
the increment in chemoattractant receptor occupancy.
For responses that are transient, further increments
induce subsequent responses; persistent responses are
driven to higher steady-state levels by increased occu-
pancyl?. It appears that these transient responses are
controlled by multiple excitation and adaptation
processes because they have different time courses, and
temperature and concentration dependencies. It is
likely that certain of these events — for instance, actin
polymerization — reflect the activity of the response regu-
lator that controls the transient cell shape changes.
Other events, such as the ¢cGMP increases and myosin
movements, might be part of the directional response
that establishes cell orientation. Of course, a number of
these responses could be expendable for chemotaxis.

Genetic analysis of the pathways leading to these
events

Which of the responses triggered by chemoattractants
are required for the various aspects of chemotaxis? In the
past several years, a combination of genetic and bio-
chemical studies have led to an understanding of some
of the gene products involved in the generation of these
chemoattractant-elicited responses. Figure 2 summarizes
the interactions of the essential components.

A cell-surface cAMP receptor (cAR) is required for
every response to extracellular cAMP. There are four

cARs (cAR1-4) whose mRNA and protein levels are
tightly regulated, and are transiently expressed at spe-
cific stages in the developmental programl®, In early
development, all the cells express cAR1 and cAR3;
these receptors are partially- overlapping in function.
Because cARI1 is the earliest expressed and the highest
affinity receptor, its deletion prevents spontaneous
aggregation. However, carl~ cells eventually express
cAR3 and, in order to ablate all responses to higher
concentrations of exogenous cAMP, it is necessary to
delete both genes!d. cAR2 and cAR4 are expressed in
the prestalk cells in the newly formed multicellular
structures!3.16, Cells lacking either of these receptors
aggregate normally and then arrest in the multicellular
stages of the developmental program!¢.17. cAR1, cAR2
and cAR3 (as well as a variety of cCAR1—cAR2 chimeras
and cAR1 point mutants) expressed constitutively in
the carl™ car3~ double mutant, are each capable of
restoring all of the cAMP-mediated responses (J. Milne,
M. Caterina, J-Y. Kim and P. Devreotes, unpublished).
The dose-response curves of all of the elicited responses
are shifted according to the affinity of the expressed
receptor. These observations strongly suggest that all of
the physiological responses, such as chemotaxis,
cell—cell signaling and gene expression (as well as all of
the known elicited biochemical reactions) can be medi-
ated by a single receptor. The observed differential
receptor expression appears to be designed to switch
the cellular sensitivity and the cell-type responding to
the external cAMP gradient.

Eight different G-protein a-subunits (Gal-8) and a
single B-subunit (GB) have so far been cloned in
Dictyostelium'8-20, There is presumably a y-subunit but
it has not been cloned. Ga2 and GB are required for
most, but not all, cAR-mediated responses. In the
absence of either subunit the cAMP-elicited responses in
c¢GMP, cAMP or IP; production, actin polymerization
and myosin phosphorylation, do not occur regardless of
the type or level of the expressed cAR. The typical high
affinity GTP-sensitive agonist-binding sites normally
associated with these G-protein-coupled receptors
(Box 1) are diminished or lost21:22, These mutants, of
course, are unable to carry out CAMP chemotaxis or the
cell-cell signaling response that underlies the propa-
gation of cAMP waves. The ga2~ cells, however, retain
sensitivity to folic acid?l. Deletion of the gene encoding
Ga4 yields a reciprocal phenotype: responses to folic acid
are lost and those to cAMP are retained?3. These obser-
vations suggest that G2 and G4 are specifically associ-
ated with the cARs and folic acid receptors, respectively.
In gB~ cells, chemotaxis to all chemoattractants is lost22,

The significance of other G-protein a-subunits was
also assessed by gene disruption using homologous
recombination. Deletion of the genes for Gal, Ga5,
Ga7 and Ga8 each resulted in a cell line that has nearly
wild-type characteristics of growth and development
(Refs 20, 21, 24, 25; R. Firtel, pers. commun.). Often these
genes are expressed in a single cellular subtype. Only
subtle phenotypes and slight biochemical differences
have been reported. These observations suggest either
that each of these G-protein a-subunits is functionally re-
dundant with another a-subunit or that the physiological
role is too subtle to be easily detected under standard
laboratory conditions. It is noted that, consistent with
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the redundancy idea, overexpres- [

sion of activated forms of Gal and

Ga7 did result in organisms dis-
playing abnormal morphogenesis
or altered gene expression but this
finding has not been pursued?4.25.
For the majority of the G2-medi-
ated responses it is not known
whether it is the activated - or freed
By-subunits that carries the signal
downstream. That is, Ga2 might be
required merely to couple the

cAR1*
or Adenylyl
GTPYS cyclase

release of the By-complex to acti-
vation of the cARs and might not
directly interact with effectors. For
the adenylyl cyclase, ACA, the
following evidence suggests that it
is, indeed, the Pry-subunits that
transmit the signal for activation of
the enzyme. In vivo, Ga2 and G
are both required for cAMP-elicited production of
cAMP. However, in vitro, GTPYS can elicit activation of
ACA equally well in wild-type and ga2~ cells, presum-
ably by releasing By-subunits from other heterotrimeric
G-proteins. Consistently, deletion of the unique B-sub-
unit completely prevents GTPYS activation?2.

The involvement of G-protein By-subunits in acti-
vation of ACA is analogous to the participation of By-
subunits in activation of mammalian type II adenylyl
cyclase?6, However, the pathway linking the chemo-
attractant receptors to ACA displays unparalleled com-
plexity. Activation requires the additional participation
of the cytosolic regulator of adenylyl cyclase (CRAC)?’.
CRAC is soluble in lysates of resting cells but is
recruited to the membrane fraction in response to
brief pretreatment of the cells with cAMP or addition
of GTPyS to the lysates (Fig. 3)13. This translocation
requires the B-subunit but is independent of ACA itself.
CRAC contains a pleckstrin homology (PH) domain?8
and several PH-domain-containing proteins have recently
been reported to translocate to the membrane?9.30. Tt
remains to be seen whether there is a direct interaction
of CRAC with the G-protein y-subunits.

Interestingly, there appears to be another layer of
regulation that prevents the G protein from being acti-
vated or blocks between the activated G protein and
the formation of the CRAC-binding sites on membranes.
GTPvS does not stimulate the translocation of CRAC in
lysates of cells that have been adapted by chemoattrac-
tant pretreatment for 10min (Ref. 13). Therefore, the
response regulator involved in the transient activation
of ACA acts by controlling the transient appearance of
CRAC binding sites. The regulation of the CRAC-binding
sites might serve as an indicator of the activation of
the G-protein-coupled pathway linked to cell motility
and gene expression. Understanding the mechanisms
involved in the transient appearance of these sites
could provide an insight to the response regulator that
drives many of the transient responses.

Chemoattractant-elicited changes of intracellular cGMP
levels appear to play a significant role in chemotactic
orientation (Fig. 2). In a mutant lacking a cGMP-specific
phosphodiesterase (streamer F), cAMP elicits a large
and prolonged peak of ¢cGMP accumulation, which

FIGURE 3. A model for CRAC-facilitated activation of ACA. The activated cAR1 (CAR1*)
or GTPyS catalyzes the dissociation of By-subunits from the heterotrimeric G-protein
complex. The cytosolic CRAC translocates to the membrane and interacts with the freed
By-subunits. The By-subunits—CRAC complex then acts directly to activate adenylyl
cyclase. Other models requiring both By-subunits and CRAC are also possible (see text).

correlates with an exaggerated persistent polarization of
the celis3!. A series of mutants, obtained by chemical
mutagenesis in a screen for defects in chemotaxis both to
cAMP and to folic acid, also strongly point to cGMP as
an intermediate in chemotaxis32:33, One of the mutants,
designated KI-8, contains little or no ¢cGMP; another,
designated KI-10, does not elevate cGMP in response to
chemoattractant stimulation. As a consequence, the
stimulus does not trigger a translocation of myosin II to
the cell cortex in these mutants. Both mutants elevate
cAMP in response to cAMP and attain some of the prop-
erties of aggregation competence. Importantly, they gen-
erate a polymerization of actin in response to stimulation.
Thus, the mutants appear to have a functional response
regulator but this alone is not sufficient for chemotaxis.
They might be defective in the directional response.

A single phospholipase C (PLC) that resembles
mammalian PLCg has been cloned in Dictyostelium34.
This PLC is apparently an effector of Ga2 (see above).
Disruption of the plcd gene resulted in cells that cannot
elevate IP; in response to chemoattractants, yet there
are no physiological consequences: the cells display an
essentially wild-type developmental phenotype3435.

G-protein-dependent versus -independent pathways
Does all signaling via seven transmembrane recep-
tors require G proteins? The long standing dogma
(Box 1) suggests that it must. However, analysis of
the G-protein-subunit mutants has shown that certain
cAR-mediated responses occur in the absence of func-
tional G proteins. The first of these responses was
the chemoattractant-receptor-operated calcium influx
discovered by Milne and Coukell36. Since then, several
additional responses have been observed to occur
in these mutants. For instance, cAR-mediated activation
of a MAP kinase occurs in the ga2~ and gB~ cells
(M. Maeda and R. Firtel, pers. commun.). Several different
receptor-mediated gene expression events are also rela-
tively unimpaired. A recent study shows that two key
genes expressed at the onset of development, encoding
the phosphodiesterase that degrades cAMP and a pro-
tein that inhibits its activity, are regulated by cAMP in a
similar way in wild-type, ga2~ and gB~ cells’’. More-
over, in cells constitutively expressing a multicellular stage
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transcription factor, the G-box binding factor (GBF),
continuous application of cAMP will elicit the preco-
cious expression of the early intermediate genes. This
response, which essentially bypasses the early stages of
the developmental program, occurs in both the ga2~
and the g8~ cells38.

Among these phenomena, the response to the
receptor-operated calcium influx is the most fully inves-
tigated39.49. The most compelling evidence for G-protein
independence relies on the gB~cells. While most of the
responses both to folic acid and to cAMP are ablated in
these mutants, the agonist-activated calcium influx per-
sists. Several lines of evidence suggéest that the recep-
tors are not coupled to G proteins in these mutants.
First, as noted previously, there are no GTP-sensitive
high affinity cAMP-binding sites in membranes. Second,
the EC;, for the cAR-mediated calcium influx response
closely matches the dissociation constant for the bind-
ing to the lower affinity sites. These observations sug-
gest that it is the uncoupled form of the receptor that
mediates the influx. It is important to note that the maxi-
mal responses are typically 50% lower in the absence of
the Ga2 or GB, suggesting that there is some contribu-
tion from the G2 pathway. Nevertheless, these findings
suggest that the activated cARs can act as transducers
coupling directly, or through intermediates that are
not typical heterotrimeric G proteins, to effectors. The
activated state of the receptor that couples to both
pathways appears to be the same because an extensive
series of point mutations in the third intracellular loop
of cAR1 has not produced a mutant that is specifically
blocked either in calcium influx or in any G-protein-
dependent response (Ref. 41; J. Milne, M. Caterina and
P. Devreotes, unpublished).

Novel components of the signaling pathways

How can investigators make further progress in
understanding chemotaxis in eukaryotic cells? The
development of restriction-enzyme-mediated integration
(REMD2 has allowed Dictyostelium geneticists to carry
out direct phenotypic screens. In REMI, a linearized
plasmid is co-electroporated into the cell along with a
restriction enzyme, which enhances the transformation
efficiency more than 20-fold and generates insertions
of the plasmid into genomic restriction sites in an
apparently random manner. The genomic DNA is
digested with a different enzyme, circularized and trans-
formed into Escherichia coli; only the regions flanking
the integrated plasmid are cloned. These sequences
serve as a probe to identify a cDNA that is then used to
rescue the phenotype of the original mutant.

This approach has led to the discovery of some
novel and surprising genes that appear to modulate or
interact with the G-protein pathways. Because signal
transduction events are involved throughout the devel-
opmental program, alterations in phenotypes are
expected at many stages. Mutants that cannot aggregate
or do so aberrantly are likely to be of interest. Such
mutants are next examined for the expression of all of
the known components of the signal transduction path-
ways, an indication of a relatively specific novel defect.

Four mutants, designated erk2 (erkB™), aimless
(aleA™), vagabond (vagA™) and pianissimo (piaA~)
were isolated in a screen for the aggregationless

phenotype (Fig. 2). Although the phenotypes of these
mutants are quite similar — impaired both in the acti-
vation of adenylyl cyclase and in chemotaxis — these
are completely independent loci. ERK2 is one of sev-
eral Dictyostelium MAP kinase homologs#. Aimless is
a homolog of Cdc25p, the Saccharomyces cerevisiae
Ras exchange factor (R. Insall and P. Devreotes,
unpublished). The genomic sequences flanking the
REMI insertion sites in vagA~ and piaA~ are very simi-
lar to ORFs of novel genes in human and yeast, respec-
tively (M-Y. Chen and P. Devreotes, unpublished).

Further characterization of the first two mutants has
been carried out (Ref. 43; M. Maeda and R. Firtel, pers.
commun.; R. Insall and P. Devreotes, unpublished).
Both in erkB~ and aleA™ cells, CRAC activity is similar
to that in the wild type, suggesting that the lesion is ear-
lier in the pathway. GTPvS stimulation of ACA in lysates
is severely impaired, a defect that cannot be corrected
by the addition of excess CRAC. This suggests that the
mutants are defective in the generation of CRAC-bind-
ing sites or in the capacity of membrane associated
CRAC to stimulate the enzyme. Interestingly, in wild-
type cells, ERK2 is acutely activated by chemoattrac-
tants. As noted above, this stimulation is a G-protein-
independent response: it still occurs in ga2~ and in
gB~ cells. Thus, appropriate activation of the adenylyl
cyclase might require dual inputs: one G-protein-
dependent and the other G-protein-independent
through the MAP kinase. However, it is not yet known
whether these novel genes are integral components of
the signal transduction pathway. It is conceivable that
the effects of the mutations on adenylyl cyclase acti-
vation and chemotaxis are because of a failure to express
another essential component, for instance, an enzyme
required for the modification of the - or y-subunit.

Several conclusions can be drawn from the pheno-
types of these recently isolated mutants. First, the
mechanism of regulation of ACA appears to be more
complex than the current views of regulation of the
mammalian adenylyl cyclases. However, it is worth
pointing out that there are many types of mammalian
cyclases and all of the modes of regulation are not yet
known. Second, although intracellular cAMP is not
necessary for chemotaxis, the pathways leading to acti-
vation of adenylyl cyclase and chemotaxis appear to be
intertwined — multiple genes affect both. This could be
because these gene products regulate the activity of
common G-protein subunits that, in turn, regulate effec-
tors involved in each response. In effect, the same
response regulator could drive both responses. Third,
because many of the novel genes are developmentally
regulated, it is unlikely that they are also involved
in chemotaxis to the growth stage attractants, such as
folic acid.

Conclusions

The G-protein-linked signal transduction paradigm
appeared early in the evolution of eukaryotic cells.
Components of these pathways are essential for chemo-
taxis, cell-cell signaling and gene expression processes
that mediate morphogenesis and pattern formation dur-
ing the developmental program of Dictyostelium. The
general features of chemotaxis in these amoeboid cells
are similar to those in mammalian leukocytes. This
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genetically tractable system, thus, offers the possibility

of

using random mutagenic approaches to study the

structure and function of receptors, G-protein subunits
and effectors, as well as to discover novel genes and
linkages that might not readily present themselves in
biochemical studies. For example, these genetic analy-
ses have led to the discovery of G-protein-independent
signaling pathways, and several novel and ubiquitous
genes involved in chemotaxis. Further genetic and bio-
chemical dissection of components of the chemoattrac-
tant receptor-mediated signaling pathway promises
new insights into this interesting process of directed
cell migration.
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