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ABSTRACT Many cells display directed migration toward
specific compounds. The best-studied eukaryotic models
of chemotaxis are polymorphonuclear leukocytes, which
respond to formylated peptides and Dictyosteium amoebas,
which respond to extracellular cAMP. In both cell types,
chemoattractants bind to surface receptors that contain
seven transmembrane domains and interact with G pro-
teins. Some cells, such as fibroblasts, undergo chemotaxis
toward compounds whose receptors lack this motif and
transmit their signals by other mechanisms. The cytosolic
changes elicited by chemoattractants include increased
levels of CAMP, cGMP, inositol phosphates, and calcium.
These changes are correlated with actin polymerization
and other cytoskeletal events that result in preferential
extention of pseudopods toward the chemoattractant.
Dictyostelium cell lines in which specific genes have been
disrupted have demonstrated the necessity of a CAMP re-
ceptor (CARl) and a G protein a-subunit (Ga2) for
responsiveness to cAMP. Other proteins, such as myosin
heavy chain and several actin binding proteins, are dis-
pensible although their absence does affect the details of
chemotaxis. The disruption of other relevant genes and
the genetic reconstitution of chemotaxis in cells lacking
crucial proteins should reveal many clues about this com-
plicated and fascinating process.-Caterina, M. J.;
Devreotes, P. N. Molecular insights into eukaryotic
chemotaxis. FASEB j 5: 3078-3085; 1991.
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CHEMOTAXIS, THE DIRECTED MIGRATION OF cells toward
regions of higher concentrations of a chemical attractant, is
a behavior that is probably exhibited by all motile cells. An
extensive genetic analysis has led to an elegant description of
the mechanism of chemotaxis in bacteria, but little is known
about the process in eukaryotes (1). Although many eukary-
otic cells exhibit this phenomenon, the most well-studied ex-
amples are polymorphonuclear leukocytes and Dictyostelium
discoideum ameobas (2). The former are mammalian phago-
cytic cells of myeloid origin that play a major role in defense

against infection. The latter are cellular slime molds that
normally live as unicellular amoebas but which, upon starva-
tion, aggregate to form a multicellular organism (2). Leuko-
cytes carry out chemotaxis in response to bacterial products
such as N-formylated peptides and paracrine factors such as
leukotrienes (2). Dictyostelium amoebas are attracted to
nutrients such as folic acid during the growth stage, but at
early stages in development they acquire sensitivity to

adenosine 3-5 cyclic monophosphate (cAMP)2. The nucleo-

tide is secreted from central points and directs the cells into

the aggregate (2). The dissection of some of the molecular

components of chemotaxis in these two cell types has begun

to shed light on the question of how eukaryotic cells are able
to sense chemical gradients and respond to them appropriately.

These chemotactically sensitive cells display remarkable,
quite similar properties. The accuracy of chemota.xis appears
to depend on the difference in the fraction of occupied recep-

tors at the ends of the cell, as it reaches an optimum when
the midpoint of the gradient is near the dissociation constant
for the binding of chemoattractant to the cell surface and is
highest in steep gradients. The cells are exquisitely sensitive:
a 10-gem cell can detect a concentration gradient of roughly
1%, which corresponds to a difference of only 250 occupied
receptors between its ends (3). The cells have a means for
background subtraction, which allows them to sense relative
rather than absolute levels of chemoattractant and to re-
spond to a wide range of gradients and to temporally in-
creasing gradients. This capacity is believed to depend on
cellular adaptation to the chemoattractant signals (2).

Chemotactic cells can sense a gradient even before they
have begun to move. If a cell is placed in an existing gra-
dient, its first pseudopod is extended up the gradient (4).

The subsequent translocation of the cell can then be viewed
in terms of error correction and suppression. Although the
frequency of turns is the same whether a cell is moving up
or down a gradient, the direction and magnitude of those

turns depends on the angle between its current direction and

that of the gradient. The more incorrect a cell’s direction of
migration, the more likely its next turn is to be in a direction
that compensates for that error; the more correct a cell’s
direction of migration, the smaller the magnitude of its next
turn is likely to be (4, 5). The result of these changes is that
individual cells move up the gradient. Moreover, the attrac-
tants have a chemokinetic effect; cells translocate more
rapidly in higher concentrations (5, 6).

These eukaryotic cells maintain a kind of dynamic polari-

zation. The cells move by rhythmically extending new

pseudopods about every 30 s. One region of the cortex ap-

pears to be less contracted than the rest, and therefore is

more likely within a given period to extend a new pseudopod.
Leukocytes are more rigidly polarized than the amoebas,
which often initiate new fronts (2). In the absence of a gra-
dient, the directions of polarization of the individual cells of
a population are random. Attractants modify the direction of
this dynamic polarization such that most cells become pola-
rized up the gradient of chemoattractant (4).

The manner in which attractants alter cell morphology is
dramatically illustrated by the sudden exposure of cells to a
uniform high concentration of chemoattractant, such as the
application of cAMP to Dictyostelium (Fig. 1). Upon adminis-
tration of chemoattractant, the cells initially freeze and then
undergo a rounding (or cringe) that lasts up to 30 s, followed
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2Abbreviations: cAMP, adenosine 3-5’ cyclic monophosphate;
cARl, cAMP receptor; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; PDGF, platelet-derived growth
factor; IP3, inositol, 1,4,5 trisphosphate; cGMP, guanylate 3-5’
cyclic monophosphate.
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Figure 1. Scanning electron micrograph of aggregation-competent D:ctyostelium amoebas fixed in osmium tetroxide before (left), at 25 s

(center), and 60 s (right) after application of 100 tM cAMP.

by the nearly simultaneous extension of pseudopods from
multiple points about the periphery of the cell. These events
cause a dramatic decrease in the rate of translocation. The
spreading response persists for several minutes and then the
cells adapt to the new level of chemoattractant, repolarize,
and resume a nearly normal pattern of pseudopod extension.
If the cells are then presented with a further increment in
chemoattractant concentration, the same series of events en-
sues. Leukocytes display a similar series of behavioral changes
in response to successive increments in the concentration of
chemotactic peptides (2). A parallel pattern of adaptation
occurs in the biochemical responses of Diciyostelium amoebas

and leukocytes to chemoattractants, and as discussed below,
this pattern may reflect the biochemical basis of the be-
havioral responses. Adaptation probably accounts for the
capacity of cells to carry out chemotaxis in gradients with
different mean concentrations and to respond to temporally
increasing gradients. It may also be required in the mecha-
nism of moment-to-moment sensing of the gradient.

These chemotactic responses are characteristic of leuko-
cytes and amoebas. Whereas other cell types, such as fibro-
blasts and endothelial cells, have been reported to carry out
chemotaxis, the behavior of these cells differs in detail from
that of the phagocytic cells. For instance, unlike the pseudo-
pods extended by leukocytes and Dictyostelium amoebas, the
processes (lamellopodia) extended by fibroblasts and endo-
thelial cells often exhibit ruffling, a transient thickening of
their limiting plasma membrane. Furthermore, fibroblasts
and endothelial cells migrate about 10- to 20-fold more
slowly (6, 7). Whether these differences in behavior reflect
major differences in the underlying biochemical mechanism
of chemotaxis remains to be determined.

How do cells manage to sense chemoattractant gradients
and adjust their behavior accordingly? Three hypothetical
schemes (Fig. 2) can be used to illustrate possible ways by
which these tasks may be achieved (2). In the first model, the
occupancy of chemoattractant receptors on the cell surface is
directly coupled to a coordinated contractile apparatus. Be-
cause a greater contractile force will be generated at the end
of the cell facing the high end of the gradient, it will win the
“tug of war?’ In the second model, moving pseudopods detect
the rate of change of chemoattractant concentration with
time. Those extended up the gradient will encounter an in-
crease and be reinforced whereas those extended down the
gradient will encounter a decrease and be inhibited. In the
third model, occupancy of chemoattractant receptors elicits
both local excitatory and global inhibitory signals. The
balance at any one point will then determine whether pseu-
dopods will be extended from that region. The relative

strengths and weaknesses of these models have been de-
scribed and it is unlikely that any one completely describes
the sensing mechanism (2). Nevertheless, they provide a set

of functions that may be carried out by the chemotactic
machinery and therefore suggest functional assays in which
particular components can be tested.

CHEMOATTRACTANT RECEPTORS

The transduction of chemoattractant-elicited stimuli into the
cell is mediated by specific chemoattractant receptor mole-
cules on the cell surface. Recently, several of these proteins
have been identified, purified, and cloned. Sequence analysis
of the genes, in combination with biochemical analyses, has
suggested that the mechanisms by which eukaryotic cells
sense chemoattractants, hormones, and neurotransmitters
are very similar.

The predicted amino acid sequence of the cAMP receptor
(cARl) from Diciyostelium suggests it is topologically homolo-
gous to a host of mammalian hormone and neurotransmitter
receptors such as the /3-adrenergic receptor, muscarinic acetyl-
choline receptor, rhodopsin, and the luteinizing hormone!
thyroid-stimulating hormone/follicle-stimulating hormone
class of receptors that are proposed to span the membrane
seven times and to interact with and activate a variety of
membrane-associated G proteins (8-12). Another common
feature of these receptors, clusters of serine and threonine
residues, potential targets of phosphorylation, is especially
pronounced in cARl.

It has been definitively shown that cARl is a cell-surface

cAMP-binding protein and is required for chemotaxis. Ex-
pression of cARl in growth stage cells, which normally ex-
hibit only minimal binding, resulted in the appearance of
500,000 cAMP binding sites/cell (9). The expressed protein
is identical by multiple criteria to the receptor expressed in
wild-type cells. The necessity of cARl for chemotaxis has
been demonstrated by disruption of the cARl gene via
homologous recombination (13). The resulting cARl null
cells display negligible levels of cAMP binding sites, are in-
sensitive to cAMP, and fail to enter the developmental pro-
gram. The defect is specific for detection of cAMP, as the
cells retain chemotactic sensitivity to folic acid, the growth
stage attractant. Expression of an exogenous copy of the
wild-type cARl gene in the cARl null cells restores a wild-
type phenotype. These advances define a system for detailed

structure-function studies of a chemoattractant receptor. In
addition to cARl, the genes for three homologous cAMP re-
ceptors from Dictyostelium have been cloned (14). The most
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Figure 2. Three hypothetical models for gradient sensing. The
shaded bar at the bottom represents the concentration of chemoat-
tractant, which increases from left to right. For each model, a

hypothetical cell has been placed at two points in the chemical gra-

dient. The internal workings of the cell reveal how sensing is
achieved at both low and high mean attractant concentrations. A)
Each horizontal arrow represents the force elicited by the coupling
of an occupied receptor to the underlying contractile elements,
whereas vertical bars represent a common point within the cell at

which the forces are exerted and integrated; cells move in the direc-
tion of net force. B) Solid vertical bars represent initial cell bound-
aries. Horizontal arrows represent the direction of pseudopod ex-
tension. Pseudopods extended up the gradient experience an

increased receptor occupancy with time (dC/dt>0) and are rein-
forced whereas those extended down the gradient experience a
decrease (dC/dt<0) and are inhibited. The resulting cell bound-

aries are indicated by the dashed vertical lines. C) Receptor oc-
cupancy elicits an excitatory signal (E) that is strongest locally and
a global, uniform inhibitory signal (I). The points from which pseu-
dopods are extended, and thus the direction of migration, depend
on the difference E-I. See text for further details.

highly conserved sequences among the four subtypes are
clustered within the predicted transmembrane domains and
intracellular loops, whereas the COOH-terminal, putatively
cytoplasmic domains are completely divergent. Gene disrup-
tion and expression studies are under way to determine
whether the subtypes cAR2, cAR3, and cAR4 also serve as
chemoattractant receptors during other stages of the de-
velopment program.

The recent cloning of the cDNA encoding the formyl pep-
tide receptor from rabbit neutrophils and the complement
factor C5a receptor from a leukemic cell line have revealed
that as with cARl, they are also predicted to contain seven
transmembrane domains and multiple clusters of serine
residues in their cytoplasmic COOH-terminal domains (15,
16). Thus, these chemoattractant receptors are also likely to

be coupled to G proteins, as further suggested by the bio-
chemical evidence described below. In terms of sequence
identity, however, these receptors are more closely related to
mammalian peptide hormone receptors than they are to
cARl; there is no discernible region that might provide a sig-
nature for a chemoattractant receptor.

Similar forms of regulation of chemoattractant receptor

function are seen in Dictyosteliuin amoebas and leukocytes. In
both cell types, continuous exposure to a fixed concentration
of chemoattractant results in a reversible decrease in respon-
siveness, termed desensitization. Three ligand-induced alter-
ations of cARl play a role in this process: phosphorylation,
loss of ligand binding, and decrease in cARl protein levels.

cARl undergoes a time-dependent shift in mobility on
E sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS/PAGE), due to ligand-activated serine phosphorylation
on the cytoplasmic COOH-terminal portion of the molecule
(2, 17). The kinetics and dose-response of cARl phosphoryl-
ation correlate closely with adaptation of the receptor-
mediated activation of adenylate cyclase and of the chemo-
attractant-elicited cell shape changes described previously. A
similar phosphorylation mechanism is thought to regulate
the activities of the 13-adrenergic receptor and rhodopsin
(18). The adaptation of chemotactic responsiveness by the
reversible covalent modification (methylation) of chemo-
attractant receptors is an essential feature of chemotaxis in
bacteria (19). The phosphorylation/dephosphorylation reac-
tions may similarly regulate chemotactic responsiveness in
eukaryotic cells. For cARl in Dictyostelium, there is evidence
that although an increase in the fraction of receptors oc-
cupied leads to an increase in the fraction of receptors
modified, a given receptor need not be occupied to be
modified (2). Such a mechanism could thus provide the
global inhibitory signal described previously. It will be in-
teresting to learn whether the other chemoattractant recep-
tors undergo a ligand-induced phosphorylation/dephospho-
rylation reaction. Chemoattractant pretreatment has been
shown to attenuate ligand-mediated responses in leukocyte
membranes, but the basis of this desensitization is not
understood (20).

In many G protein-coupled receptor systems, exposure of
cells to ligand leads to a rapid, reversible loss of surface binding
sites (2). Half-maximal stimulation of this loss occurs at chemo-
attractant concentrations near the dissociation constants for

these attractants. Thus, loss of ligand binding requires at-
tractant concentrations about 10-fold higher than those re-
quired to stimulate increases in cAMP or inositol phosphates
(21-24). Maximal stimulation results in a 70% decrease in
the number of binding sites without change in the affinities
of the remaining sites. The 1,,, for the loss of ligand binding
is on the order of 2 mm, whereas the half-time of reappear-
ance of sites upon removal of ligand is 1 h in amoebas and
10 mm in leukocytes (2). Immunofluorescence studies have
shown that cARl staining rapidly changes from a diffuse dis-
tribution about the periphery of the cell to a collection of
condensed pockets or patches (2). In leukocytes, formyl pep-
tide receptors shift from a plasma membrane fraction to one
that cosediments with the golgi (2). Further studies are re-
quired to determine whether these receptors become in-
ternalized or clustered in a domain of the plasma membrane.
Nevertheless, it is conceivable that these changes in receptor
distribution play a role in chemotaxis. The ability of leuko-

cytes to orient in a gradient is correlated with the number of
receptors available for occupancy, whereas the recovery of
chemotactic ability after preincubation with peptide is tem-
porally correlated with the recovery of available binding sites
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(25, 26). The loss of binding sites could serve as a coarse ad-
justment of sensitivity, allowing cells to detect gradients that
vary widely in mean attractant concentration.

A third point of control is the ligand-induced increases or
decreases in the amount of receptor protein caused by
changes in receptor protein stability or mRNA levels (P. Van
Haastert, personal communication). Although such regula-
tion is likely to be important for assembly of the chemotactic
apparatus, its slow kinetics (minutes to hours) suggests that
it does not play a direct role in the sensing response.

Not all chemoattractant receptors are necessarily G
protein-coupled receptors containing seven transmembrane
domains. Platelet-derived growth factor (PGDF) stimulates
chemotaxis in a variety of cell types, including Swiss 3T3
cells (27). PDGF receptors are heterodimers or homodimers
of polypeptides that cross the plasma membrane once and
bear intracellular tyrosine kinase domains (28). Transfection
of a wild-type cDNA for PDGF receptors into endothelial
cells, which normally lack this receptor, renders these cells
chemotactically responsive to the growth factor. Mutant
PDGF receptors lacking tyrosine kinase activity are inactive,
suggesting that the tyrosine kinase domain is essential for
this process (29). Among the other receptors that reportedly
mediate chemotaxis are those for nerve growth factor, fibro-

blast growth factor, and fibronectin (30-32). Thus, it is pos-
sible that multiple types of receptors can mediate chemo-
taxis. The structures of these receptors suggest that they
transmit their signals through a variety of mechanisms
(33-35). As pointed out previously, the chemotaxis exhibited
by fibroblasts and endothelial cells differs from that exhibited
by the highly motile, amoeboid phagocytic cells. It is there-
fore tempting to speculate that different styles of chemotaxis
might be mediated by different classes of receptors. An initial
step in testing this hypothesis will be to determine whether
these various receptor classes activate completely indepen-
dent signaling pathways or all link to a common pathway.

G PROTEINS

The structure of the chemoattractant receptors in phagocytic
cells suggests that they couple to G proteins. Consistent with
this finding, cAMP can enhance both GTP[yS] binding to
and GTPase activity of membrane preparations from
Dictyostelium (36). In addition, GTP and GDP decrease the
affinity of CAMP for its receptors in such preparations (2).
Taken together, these data indicate that chemotaxis in
response to cAMP is mediated by receptor/G protein inter-

actions. Dictyostelium amoebas express five homologous G
protein a subunits at different stages of the developmental
program, and mutant cell lines have been generated by gene-
directed homologous recombination (37-39; M. Pupillo,
personal communication, J. Hadwiger, personal communi-
cation). The Ga2 null mutants display a phenotype similar
to that of the cARl null cells in the sense that they are unable
to carry out most cAMP-elicited responses, though their
ability to carry out chemotaxis to folic acid is unaltered. In
addition, membranes from Ga2 null cells show a decreased
cAMP-mediated GTP hydrolysis and greatly diminished
GTP inhibition of cAMP binding. The Gal and G03 pro-
teins, which overlap in expression with Ga2, are present in
the Ga2 null cells but cannot substitute for its function. Res-
cue of Ga2 null cells with a wild-type copy of the Ga2 gene
reverses all the phenotypic alterations. Together, these results
suggest that signals necessary for chemotaxis to cAMP are
transduced through cARl to G02. There may be a distinct

G protein for the folic acid pathway, as the Ga2 null cells
can sense this attractant.

Several lines of evidence also support a role for G proteins
in leukocyte chemotaxis. First, in membrane preparations,
formyl peptide induces GTP binding and hydrolysis, and its
affinity for its receptor is reduced by GTP (2). Second, pre-
incubation with pertussis toxin, which is known to inactivate
some classes of G protein a subunits, inhibits chemotaxis in
leukocytes (2). Third, the formyl peptide receptor has been
shown to copurify with two putative GTP binding pro-
teins - a 40-kDa pertussis toxin substrate and a 26-kDa pro-
tein that is not modified by pertussis toxin (40, 41). Analogs
of GTP such as GTP[’yS] or AIF4 elicit a pertussis toxin-
insensitive increase in cytoplasmic polymerized actin in per-
meabilized leukocytes, also suggesting a role for a G protein
(42). These results support the conclusion that in leukocytes
as well as in Dictyostelium, chemoattractant receptors transmit
their signals by coupling to one or more G proteins.

SECOND MESSENGERS

As illustrated in Fig. 3, a characteristic spectrum of changes
in the levels of intracellular second messengers and in the
modification or redistribution of transmembrane signaling
and contractile proteins occurs in response to persistent
stimulation with the chemoattractant, cAMP, in Diclyosielium.
A similar set of changes occurs in leukocytes in response to
chemoattractants (2). It is possible to roughly classify these
changes kinetically as: rapid transient, slow transient, and
persistent. These patterns are illustrated in Fig. 3 and seen
to parallel the cAMP-induced changes in shape, shown di-
agramatically. However, the available data are derived from
a variety of cell strains and experimental conditions.

There are several peaks in the fractional amount of actin
in its polymerized form at 3 and 15 and 60-120 s after appli-
cation of the stimulus (43). Intracellular inositol, 1,4,5
trisphosphate (IP3), Ca2, and cGMP increase to peak levels
within the first few seconds (2, 44). At 10-15 s, there is a
rapid decrease in the extent of myosin heavy-chain phos-
phorylation, an influx of extracellular Ca2, and efflux of K
(2, 45, 46). During the slower phase of actin polymerization,
myosin heavy and light chains are transiently phosphoryl-
ated, and a transient activation of adenylate cyclase produces
intracellular and secreted cAMP (45, 47). There is also a
concurrent transient phosphorylation of Ga2 (48). The
point within the GTP hydrolysis cycle at which Ga2 is phos-
phorylated and the role of this modification (if any) in
chemotactic responsiveness are not yet clear. As all these
changes are occurring, cARl becomes gradually phospho-
rylated and the responses subside as this modification
reaches a new steady-state level (2).

These biochemical changes seem to correlate kinetically
with the series of chemoattractant-elicited cell shape changes
illustrated in Fig. 1 and Fig. 3. The rapid freeze, then cringe,
responses end as the rapid biochemical changes subside and
the subsequent prolonged pseudopodial extension phase oc-
curs concurrently with the slow, transient biochemical
changes. After a few mintues of continuous stimulation, and
corresponding to the time at which cARl phosphorylation
plateaus, the cells repolarize and resume their prestimulus
translocation behavior.

At present very little evidence bears on which of these bio-
chemical changes are essential to and which are merely in-
cidental to the cell shape changes and chemotactic response.
It is clear from gene disruptions in Diciyostelium and pertussis
toxin treatment in leukocytes that a surface chemoattractant
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Figure 3. Responses of Dictyosielium amoebas to the sudden applica-
tion of cAMP. The time after application of the stimulus is shown

on the bottom. The graph shows the approximate times at which

different biochemical responses reach their maxima. The drawings
above the graph schematize the morphological changes the cells
undergo at given times after application of cAMP. F-actin 1 and
F-actin 2: the first and second peaks of actin polymerization.
MHC-cytoskeleton: association of myosin heavy chain with the
cytoskeleton. MHC-P: phosphorylation of myosin heavy chain.
MLC-P: phosphorylation of myosin light chain. Gcr2-P: phospho-
rylation of Ga2. cARl-P: phosphorylation of cARl. See text for

further details.

receptor and its target G protein are essential components of
the pathway (Fig. 4). The relevant target of the G protein is,
at this point, unclear. A somewhat unique characteristic of
these chemoattractants is the capacity to trigger activation of
both phospholipase C and adenylate cyclase. Mutation or
modification of a critical G protein blocks both of these acti-
vations in vivo. Thus there are a variety of alternatives to
evaluate in defining the link between the G protein and the
motile apparatus.

There is strong evidence that the observed activation of
adenylate cyclase represents a limb that diverges from the
chemotaxis pathway as the synag 7 mutation in Dictyostelium

(which blocks activation) and adenylate cyclase inhibitors in
leukocytes enhance rather than inhibit chemotactic respon-

siveness (2). Similarly, chemoattractant-elicited changes in
ion channel activity may not be relevant because cells with
collapsed membrane potential perform accurate chemotaxis
(49). The potential role of the inositol pathway is more
difficult to assess. Phospholipase C is a target of the chemoat-
tractant receptor-activated G proteins, as Ga2 null mutants
in Dictyosielium and pertussis toxin-treated leukocytes fail to
elevate IP3 or cytoplasmic Ca2 (50). However, in leukocytes
the clamping of cytoplasmic Ca2 pools (by incubating cells
in Ca2-EGTA buffers in the presence of ionophore) fails to
inhibit either receptor-mediated actin polymerization, motil-
ity increases or chemotaxis (2, 26). A potential role for minor
or ionophore inaccessible Ca2 levels cannot be excluded as

it is not possible to completely deplete cells of Ca2.

Guanylate 3-5’ cyclic monophosphate (cGMP) may play

an important role in the dynamic polarization of chemotaxis.

Streamer mutants of Dictyostelium are chemotactically respon-
sive to cAMP but exhibit a prolonged polarization phase when
the gradient is withdrawn. Biochemically, these mutants are
defective in cGMP phosphodiesterase and consequently ex-
hibit prolonged elevations in cGMP when stimulated with

chemoattractant (2). Furthermore, 8-bromo-cGMP and
agents that increase intracellular cGMP increase the polari-
zation of monocytes and leukocytes (2). By inference, one
might expect guanylate cyclase mutants, when available, to
lack polarization and exhibit impaired chemotaxis.

The other product of phospholipase C-mediated cleavage
of phosphatidylinositol bisphosphate is diacylglycerol. In
leukocytes, two different attractants - formyl peptide and
leukotriene B4-both elicit rapid transient elevations in cel-
lular diacylglycerol levels (51). Micromolar levels of diacyl-
glycerol have been shown to stimulate chemotaxis of leuko-
cytes using two different chemotaxis assays (52). This finding
is suggestive of a role for diacylglycerol in chemotaxis and
warrants further.study in both systems. It may be important
to assess whether chemoattractants stimulate the cleavage of
phosphatidylcholine. In other cells, changes in diacylglycerol
derived from this phospholipid appear to persist after the
transient breakdown of phosphatidylinositol bisphosphate
(53). Such slower changes could underlie the slower changes

cAR1-cAR1-P-
II Lossof

Binding I

Inhibition of
Pseudopod
Extention

Myosin lI-P.. Myosin II

Polarization
Figure 4. Schematic diagram of signal transduction events poten-
tially leading to chemotaxis. The specific molecules indicated are
those from Dzctyosielium, but similar components are presumed to
regulate PMN chemotaxis. Arrows originating on the box indicate

that although Ga2 activates phospholipase C and is necessary for
the indicated downstream processes to occur, the signals from Ga2
are not known. Dashed arrows represent speculative interactions.
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in actin polymerization, myosin heavy and light chain, and
G protein phosphorylation that correlate with the multiple
pseudopod extension (spreading) phase.

Other intracellular signals have been suggested to play a
role in chemotaxis. NaVH exchange through an antiport
system has been correlated with chemotaxis to formyl pep-
tides in leukocytes (2). In Dictyoslelium amoebas, cAMP can
evoke transient H efflux, possibly via activation of an
H-ATPase (54). Although this remains a potentially impor-
tant signaling mechanism, Na-free medium inhibits leuko-
cyte chemotaxis only partially, and permeabilizing Dic-
tyostelium amoebas by electroporation does not inhibit
chemotaxis (49, 55). The significance of other signals such as
phospholipid methylation, phospholipase A2 activation, in-
creases in the levels of novel inositol phosphate species, and
phosphorylation of a number of cellular proteins also re-
mains to be determined (2).

LINK TO MOTILE APPARATUS

Regardless of the nature of the second messengers employed
by chemotactic cells, they must ultimately regulate the cell
motility apparatus. Our understanding of cell motility at a
mechanistic level is advancing, but many questions remain
unresolved (56). The components of the locomotive machin-
ery that are currently receiving the most scrutiny are myosin
heavy and light chains, actin, and various actin binding and
modifying proteins. In response to cAMP, myosin heavy
chain transiently becomes associated with the cytoskeleton.
Phosphorylation of this molecule subsequently reverses the
equilibrium between the cytoskeleton-bound and free cyto-
plasmic forms. In the streamer mutants mentioned previous-
ly, the phosphorylation of myosin heavy chain and its conse-
quent dissociation from the cytoskeleton is delayed, in
parallel with the delay in cGMP degradation (44). Thus, this

cycling of myosin heavy chain between compartments ap-
pears to be under at least partial control of cGMP levels.
However, it has been recognized that myosin heavy chain is
dispensible for chemotaxis (56). Myosin heavy-chain null
cells, created by homologous recombination, are still chemo-

tactically response to cAMP, although their polarization,
average velocity of translocation, and accuracy of chemotaxis
are markedly compromised (57). More recently it has been
demonstrated that cells lacking either myo I or abm A, mem-
bers of a family of small myosins, also retain chemotactic
responsiveness even though the rate of cell motility is
reduced (56, 58).

It seems likely that an essential target of chemoattractant-
elicited signals is the polymerization of pseudopodial actin.
Lysates of Diciyostelium amoebas and leukocytes catalyze the
polymerization of pyrene-actin in a chemoattractant-specific
manner, whereas inhibition of actin polymerization by cyto-
chalasin completely blocks chemotactic responsiveness (2,
59). In Dictyostelium, this activity depends on the presence of
Ga2 (60). Conversely, removal of chemoattractant acceler-
ates the depolymerization of pseudopodial but not cortical
actin in leukocytes (61). However, all Dictyostelium mutants

created so far that lack specific actin binding proteins retain
chemotactic responsiveness (56, 62, 63). One such mutant
that lacks the l20-kDa actin binding protein exhibits an ab-
normal morphological response to the sudden application of
cAMP, but can still undergo chemotaxis in a cAMP gra-
dient (63). It has been suggested that the ability of mutants
lacking some cytoskeletal components to carry out chemo-
taxis is due to redundancy in function, and double mutants

are being constructed to test this possibility. Recently, a solu-
ble cAMP-regulated inhibitor of actin polymerization has
been identified in Dictyostelium (59; J Condeelis, personal
communication). The disruption of the gene for this protein
may shed some light on this issue.

STRATEGIES TOWARD FURTHER
UNDERSTANDING OF CHEMOTAXIS

Despite advances in our understanding of eukaryotic chemo-
taxis, many issues remain unresolved. For instance, how

many components comprise the chemotactic machinery?
What is the relationship of the sequential series of shape
changes elicited by a stimulus increment to the orientation
of a cell in a gradient? Where do the biochemical pathways
controlling chemotactic and nonchemotactic motility con-
verge? How is pseudopodial actin polymerization controlled
by the stimulus? What is the biochemical basis of adapta-
tion? Because of developments in the application of molecu-
lar genetics to the study of chemotaxis, the answers to many
of these questions are now within reach.

Inactivation of specific genes by homologous recombination
will elucidate the roles of effectors of the activated G proteins
such as phospholipase C, protein kinase C, guanylate cyclase,
and other proteins thought to be involved in chemotaxis. Is
phospholipase C the immediate target for Ga2 and the
analogous G protein in leukocytes? Is activation of protein
kinase C part of the excitation pathway? Are cells lacking
cGMP unpolarized? Is the actin polymerization inhibitor
identified in Dictyostelium the sought-after link between cARl
and actin polymerization? Given the unexpected results of
many of the genetic disruptions created thus far, this line of
experimentation promises to yield some interesting surprises.

Null cell lines could also be complemented with mutant
forms of the genes of interest in order to study both
structure-function relationships and the physiological roles
of different protein activities. One could, for instance, com-
plement cARl null Dictyostelium amoebas with mutant forms
of cARl. What would be the effects on chemotaxis of a cARl
that could not be phosphorylated or did not lose ligand bind-
ing in response to cAMP? Would such a cell lose its ability
to sense a cAMP gradient? Can other cARs substitute for

cARl? In G02 null cells, what would be the consequences of
the expression of a Ga2 that could not be phosphorylated or
could not couple to phospholipase C? Can other G protein-
coupled receptors serve as chemoattractant receptors in the
proper contexts? Can mammalian proteins substitute for
Dictyosielium proteins at any point (or points) in the
chemotactic signal transduction pathway?

Little is known regarding the spatial distribution of the
key proteins and second messengers involved in chemotaxis.
For example, how are cARl molecules distributed in the
presence and absence of cAMP? Does this distribution
change during chemotaxis? Do intracellular waves of Ca2
emanate from a region of occupied receptors as they do in
some cell types (64, 65)? The combination of video image
analysis with immunological methods and with the employ-
ment of fluorescent Ca2 binding compounds could be used
to answer these questions.

Finally, it is likely that crucial players are missing. More
chemotaxis-deficient Diciyostelium cell lines need to be mapped
to complementation groups and characterized. The recent
advent of methods to efficiently transform Dictyostelium
amoebas with genomic DNA libraries has made the rescue
of these mutants, and consequently the isolation of their
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defective genes, imminent (66). The future prospects for
understanding this fundamental and fascinating process at a
molecular level are now very strong.

The authors would like to thank Dr. Sally Zigmond and Dr.
William Earnshaw for critically reading this manuscript and
providing many helpful suggestions. This work was supported by
the National Institutes of Health grants GM28007 and GM39933
to P. N. D.

REFERENCES

1. Boyd, A., and Simon, M. (1982) Bacterial chemotaxis. Annu.

Rev. Physiol. 44, 501-517
2. Devreotes, P., and Zigmond, S. (1988) Chemotaxis in eukary-

otes: a focus on leukocytes and Dictyosielium. Annu. Rev. Cell Biol.

4, 649-686
3. Mato,J. M., Losada, A., Nanjundiah, V., and Konijn, T. (1975)

Signal input for a chemotactic response in the cellular slime
mold Diciyosielzum discoideum. Proc. Nail. Acai. Sci. USA 72,
4991-4993

4. Zigmond, S. H. (1974) Mechanisms of sensing chemical gra-
dients by polymorphonuclear leukocytes. Nature (London) 249,
450-452

5. Fisher, P. R., Merki, R., and Gerish, G. (1989) Quantitative
analysis of cell motility and chemotaxis in Diciyosielium dis-
coideum by using an image processing system and a novel
chemotaxis chamber providing stationary chemical gradients.
j Cell Biol. 108, 973-984

6. Zigmond, S. H. (1977) Ability of polymorphonuclear leukocytes
to orient in gradients of chemotactic factors. j Cell Bid. 75,
606-616

7. Abercrombie, M., Heaysman, J. E. M., and Pegrum, S. M.
(1970) The locomotion of fibroblasts in culture. I. Movements
of the leading edge. Exp. Cell Res. 59, 393-398

8. Dohlman, H., Caron, M., and Lefkowitz, R. (1987) A family of
receptors coupled to guanine nucleotide regulatory proteins.
Biochemistry 26, 2664-2668

9. Klein, P., Saxe, K., Sun, T., Johnson, R., Kimmel, A., and
Devreotes, P. N. (1988) cDNA cloning of a cAMP receptor of
Dictyostelium. Science 241, 1467-1472

10. Nagayama, Y., Kaufman, K. D., Seto, P., and Rapoport, B.
(1989) Molecular cloning, sequence, and functional expression
of the cDNA for the human thyrotropin receptor. Biochem.
Biophys. R#{128}s.Commun. 165, 1184-1190

11. McFarland, K. C., Sprengel, R., Phillips, H. S., Kohler, M.,
Rosemblit, N., Nickolics, K., Segaloff, D. L., and Seeburg,
P. H. (1989) Lutropin-choriogonadotropin receptor: an unusual
member of the G-protein-coupled receptor family. Science 245,
494-499

12. Loosfelt, H., Misrahi, M., Atger, M., Salesse, R., Vu Hai Luu
Thi, M. T., Jolivet, A., Guichon-Mantel, A., Sar, S., Jallal, B.,
Gamier, Jr., and Milgrom, E. (1989) Cloning and sequencing
of porcine LH-hCG receptor cDNA: variants lacking trans-
membrane domain. Science 245, 525-528

13. Sun, T., and Devreotes, P. N. (1991) Gene targeting of the
aggregation stage cAMP receptor (cARl) in Dictyostelium. Genes

& Dev. 5, 572-582
14. Saxe, C. L., III,Johnson, R. L., Devreotes, P. N., and Kimmel,

A. R. (1991) Expression of a cAMP receptor gene of Dictyostelium
and evidence for a multigene family. Genes & Dev. 5, 1-8

15. Thomas, K. M., Pyun, H. Y., and Navarro, J. (1990) Molecular
cloning of the fmet-leu-phe receptor from neutrophils. j Biol.
Chem. 265, 20061-20064

16. Gerard, N. P., and Gerard, C. (1991) The chemotactic receptor
for human C5a anaphylatoxin. Nature (London) 349, 614-616

17. Vaughan, R. A., and Devreotes, P. N. (1988) Ligand-induced
phosphorylation of the cAMP receptor form Dictyostelium dis-
coideum. j Biol. Chein. 263, 14538-14543

18. Hausdorff, W. P., Caron, M. G., and Lelkowitz, R. J. (1990)
Turning off the signal: desensitization of 13 adrenergic receptor

function. FASEBJ 4, 2881-2889

19. Weiss, R. M., Chasalow, S., and Koshland, D. E. Jr. (1990) The
role of methylation in chemotaxis: an explanation of outstand-
ing anomalies. j Biol. Chem. 265, 6817-6826

20. Wilde, M. W., Carlson, K. E., Manning, D. R., and Zigmond,
S. H. (1989) Chemoattractant-stimulated GTPase activity is
decreased on membranes from polymorphonuclear leukocytes
incubated in chemoattractant. j Biol. Chem. 264, 190-196

21. Van Haastert, P. J. M. (1987) Down-regulation of cell surface
cyclic AMP receptors and desensitization of cyclic AMP in
Dictyostelium discoideum. Kinetics and concentration dependence.
j Biol. Chem. 262, 7700-7704

22. Van Haastert, P. J. M., and Van der Heijden, P. R. (1983) Exci-
tation, adaptation, and deadaptation of the cAMP-mediated
cGMP response in Dictyosielium discoideum. j Cell Biol. 96,
347-353

23. Theibert, A., Palmisano, M., Jastorif, B., and Devreotes, P.
(1986) The specificity of the cAMP receptor mediating activa-
tion of adenylate cyclase in Dictyosielium discoideum. Dev. Biol.
114, 529-533

24. Zigmond, S. H., Sullivan, S. J., and Lauffenberger, D. A. (1982)
Kinetic analysis of chemotactic peptide receptor modulation.

j Cell Biol. 92, 34-43
25. Zigmond, S. H. (1981) Consequences of chemotactic peptide

receptor modulation for leukocyte orientation. j Cell Biol. 88,
644-647

26. Perez, H. D., Elfman, F., Marder, S., Lobo, E., and Ives, H. E.
(1989) Formyl peptide-induced chemotaxis of human polymor-
phonuclear leukocytes does not require either marked changes
in cytosolic calcium or specific granule discharge: role of formyl
peptide receptor reexpression (or recycling). J. Clin. Invest. 83,
1963-1970

27. Ross, R., Raines, E. W., and Bowden-Pope, D. F. (1986) The
biology of platelet-derived growth factor. Cell 46, 155-169

28. Seifert, R. A., Hart, C. E., Phillips, P. E., Forstrom,J. W., Ross,
R., Murray, M. J., and Bowden-Pope, D. F. (1989) Two different
subunits dimerize to create isoform-specific platelet-derived
growth factor receptors. j Biol. Chem. 264, 8771-8778

29. Westermark, B., Siegbahn, A., Helden, C., and Claesson-
Welsh, L. (1990) B-type receptor for platelet-derived growth fac-
tor mediates a chemotactic response by means of ligand-
induced activation of the receptor protein-tyrosine kinase. Proc.
NatI. Acad. Sci. USA 87, 128-132

30. Gunderson, R. W., and Barrett, J. N. (1979) Neuronal chemo-
taxis: check dorsal root axons turn toward high concentrations
of nerve growth factor. Science 206, 1079-1080

31. Burgess, W. H., and Maciag, T. (1989) The heparin-binding
(fibroblast) growth factor family of proteins. Annu. Rev. Biochem.
28, 575-606

32. Gauss-Muller, V., Kleinman, H. K., Martin, G. R., and
Schiffman, E. (1980) Role of attachment factors and attractants
in fibroblast chemotaxis. j Lab. Clin. Med. 96, 1071-1080

33. Chao, M. V., Bothwell, M. A., Ross, A. H., Koprowski, H.,
Lanahan, A. A., Buck, C. R., and Sehgal, A. (1986) Gene trans-
fer and molecular cloning of the human NGF receptor. Science
232, 518-521

34. Lee, P. L., Johnson, D. L., Cousens, L. S., Fried, V. A., and
Williams, L. T. (1989) Purification and complementary DNA
cloning of a receptor for basic fibroblast growth factor. Science
245, 57-60

35. Hynes, R. 0. (1987) Integrins: a family of cell surface receptors.
Cell 48, 549-554

36. Snaar-Jagalska, B., Jakobs, K., De Witt, R., and Van Haastert,
P. (1988) Agonist-stimulated high-affinity GTPase in Diciyo-
stelium membranes. FEBS Leti. 236, 139-144

37. Pupillo, M., Kumagai, A., Pitt, G. S., Fimtel, R. A., and
Devreotes, P. N. (1989) Multiple a subunits of guanine
nucleotide-binding proteins in Dictyostelium. Proc. Nail. Acad. Sci.
USA 86, 4892-4895

38. Kumagai, A., Pupillo, M., Gunderson, R., Miake-Lye, R.,
Devreotes, P. N., and Firtel, R. A. (1989) Regulation and func-
tion of Ga protein subunits in Dictyostelium. Cell 57, 265-275

39. Kumagai, A., Hadwiger, J. A., Pupillo, M., and Firtel, R. A.
(1991) Molecular genetic analysis of two Ga protein subunits in
Diclyosielium. j Biol. Chem. 266, 1220-1228



CHEMOTAXIS IN EUKARYOTES 3085

40. Polakis, P. G., Uhing, R. J., and Snyderman, R. (1988) The
formylpeptide chemoattractant receptor copurifies with a GTP-
binding protein containing a distinct 40-kDa pertussis toxin

substrate. J. BioL Chem. 263, 4969-4976
41. Polakis, P. G., and Snyderman, R. (1988) Evidence for the regu-

lation of chemoattractant receptors by distinct 26 and 40-kDa
Ga proteins. FASEBJ 2, A669 (abstr.)

42. Bengtsson, T., Samndahl, E., Stendahl, 0., and Anderson, T.
(1990) Involvement of GTP binding proteins in actin polymeri-
zation in human neutrophils. Proc. Nail. Acad. Sci. USA 87,
2921-2925

43. McRobbie, S. J., and Newell, P. C. (1983) Changes in actin as-
sociated with the cytoskeleton following chemotactic stimulation
of Dictyosielium discoideum. Biochem. Biophys. Res. Commun. 115,
351-359

44. Newell, P. C., Eumope-Finner, G. N., Liu, G., Gammon, B., and
Wood, C. A. (1990) Signal transduction for chemotaxis in
Diciyostelium amoebae. Semin. Cell Biol. 1, 105-113

45. Berlot, C. H., Spudich, J. A., and Devreotes, P. N. (1985)
Chemoattractant-elicited increases in myosin phosphorylation
in Dictyostelium. Cell 43, 307-314

46. Milne, J. L., and Coukell, M. B. (1991) A Ca2 transport system
associated with the plasma membrane of Dictyostelium discoideum
is activated by different chemoattractant receptors. J. Cell Biol.
112, 103-110

47. Dinauer, M. C., Mackay, S. A., and Devreotes, P. N. (1980)
Cyclic 3’ ,5’-AMP relay in Diciyostelium discoideum. III. The rela-
tionship of CAMP synthesis and secretion during the cAMP sig-
nalling response. j Cell Biol. 86, 537-544

48. Gunderson, R. E., and Devreotes, P. N. (1990) In vivo receptor-
mediated phosphorylation of a G-protein in Dictyosielium. Science

248, 591-593
49. Van Dujin, B., Vogelzang, S. A., Ypey, D. L., Van Der Molen,

L. G., and Van Haastert, P. J. M. (1990) Normal chemotaxis in
Dictyostelium discoideum cells with a depolarized plasma mem-
brane potential. j Cell Sci. 95, 177-183

50. Bominaar, A., Van Der Kay, J., and Van Haastert, P. J. M.
(1991) Dynamics and function of the inositolcycle in Dictyostelium
discoideum. Dev. Gen. 12, 19-24

51. Truett, A. P., III, Verghese, M. W., Dillon, S. B., and Snyder-
man, R. (1988) Calcium influx stimulates a second pathway for
sustained diacylglycerol production in leukocytes activated by
chemoattractants. Proc. Nail. Acad. Sd. USA 85, 1869-1873

52. Wright, T M., Hoffman, R. D., Nishijima, J., Jakoi, L.,
Snyderman, R., and Shin, H. S. (1988) Leukocyte chemoattrac-

tion by 1,2 diacylglycerol. Proc. Nail. Acad. Sci. USA 85,
1869-1873

53. Exton, J. H. (1990) Signalling through phosphatidyicholine

breakdown. j BioL Chem. 265, 1-4
54. Aerts, R., Dc Wit, R., and Van Lookeren Campagne, M. (1987)

Cyclic AMP induces a transient alkalinization in Diciyostelium.
FEBS Leit. 220, 366-3 70

55. Simchowitz, L., and Cragoe, E. J., Jr. (1986) Regulation of
human neutrophil chemotaxis by intracellular pH. j Biol.
Chein. 261, 6492-6500

56. Egelhoff, T. T., and Spudich, J. A. (1991) Molecular genetics of
cell migration. Trends Genei. In press

57. Wessels, D., Soil, D. R., Knecht, D., Loomis, W. F., Dc
Lozanne, A., and Spudich, J. (1988) Cell motility and
chemotaxis in Dictyosteliurn amoebae lacking myosin heavy

chain. Dev. BioL 128, 164-177
58. Titus, M. A., and Spudich, J. A. (1990) Disruption of the

Dictyosielium myosin abmA gene. J. Cell Biol. 11, 168a (abstr.)
59. Hall, A. L., Warren, V., Dhammawardhane, S., and Condeelis,

J. (1989) Identification of actin nucleation activity and poly-
merization inhibitor in ameboid cells: their regulation by
chemotactic stimulation. j Cell Biol. 109, 2207-2213

60. HaIl, A. L., Warren, V., and Condeelis, J. (1989) Transduction
of the chemotactic signal to the actin cytoskeleton of Dzctyo-

stelium discoideum. Deo. Biol. 136, 517-525
61. Cassimeris, L., McNeill, H., and Zigmond, S. H. (1990)

Chemoattractant-stimulated polymorphonuclear leukocytes
contain two populations of actin filaments that differ in their
spatial distributions and relative stabilities. J. Cell Biol. 110,
1067-107 5

62. Walraff, E., Schleicher, M., Modersitzki, M., Rieger, D., Isen-
berg, G., and Gerish, G. (1986) Selection of Dictyosteliurn mu-
tants defective in cytoskeletal proteins: use of an antibody that
binds to the ends of a-actinin rods. EMBOJ 5, 61-67

63. Knecht, D., Kern, H., Wessels, D., Soil, D., Cox, D., and Con-
deelis, J. (1990) Targeted disruption of the ABP-120 gene leads
to cells with altered motility. j Cell Biol. 111, 7a (abstr.)

64. Meyer, T. (1991) Cell signalling by second messenger waves. Cell

64, 675-678
65. Leichleiter, J., Girard, S., Peralta, E., and Clapham, D. (1991)

Spiral calcium wave propagation and annihilation in Xenopus
laevis oocytes. Science 252, 123-126

66. Dynes, J. L., and Firtel, R. A. (1989) Molecular complementa-
tion of a genetic marker in Dzctyostelium using a genomic DNA
library. Proc. Nail. Acad. Sci. USA 86: 7966-7970




