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Abstract. New avenues of cytoskeleton research in Dictyostelium discoideum have opened up with the cloning of 
the ~- and/3-tubulin genes and the characterization of kinesins and cytoplasmic dynein. Much research, however, 
continues to focus on the actin cytoskeleton and its dynamics during chemotaxis, morphogenesis, and other motile 
processes. New actin-associated proteins are being identified and characterized by biochemical means and through 
isolation of mutants lacking individual components. This work is shedding light on the roles of specific actin 
assemblies in various biological processes. 
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Microtubulcs and associated proteins 
Microtubules have many essential roles in eukaryotic 
cells. They localize and organize organelles, including 
Golgi and endoplasmic reticulum, and play an impor- 
tant role in intracellular vesicle trafficking. Micro- 
tubules also are required for the formation of the 
mitotic spindle. In contrast to other organisms where 
the tubulins are products of multi-gene families, Dic- 
tyostelium e-and/~-tubulins are encoded by single genes 
~20. Diversity is most likely achieved by post-transcrip- 
tional modifications. Kinesin 85 and a cytoplasmic 
dynein heavy chain 78 have been identified and charac- 
terized as microtubule-based motors. These proteins 
probably support organelle movements along the exten- 
sive cytoplasmic microtubule network identified in D. 
discoideum m1,126. Comparison of the primary sequence 
of the Dictyostelium dynein heavy chain with those from 
sea urchin flagella suggests the locations of both con- 
served functional domains and regions specialized for 
axonemal or cytoplasmic roles 79. 

Actin and actin-related proteins 
Actin represents approximately eight percent of all cel- 
lular protein in Dictyostelium. Seventeen to twenty actin 
genes are present in the genome, and most are tran- 
scribed and translated 99,~~176 Although transcription of 
individual actin genes is developmentally regulated, the 
resulting proteins are essentially identical in primary 
sequence ~22, suggesting that this multiplicity of genes 
may regulate actin levels, rather than its interactions 
with other proteins, at different developemental stages. 
Diversity of Dictyostelium actin function may be con- 
ferred through post-translational modifications, which 
include fatty acid acylation and tyrosine phosphoryla- 
tion. Actin acylation was first observed in a study 
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of palmitic acid incorporation into membrane pro- 
teins 113,114. Although the role of this modification is 
unclear, actin is one of the major cellular proteins that 
covalently incorporates [3H]-palmitic acid during in 
vivo labeling of the suspension-developed cells. While 
palmitoylated actin does not cosediment with mem- 
branes in distilled water s~4, acylation might play a role 
in the regulation of actin interactions at the membrane 
or in the cytoplasm under more physiological condi- 
tions ~ 13. 
Tyrosine phosophorylation of actin has been correlated 
with shape changes. When Dictyostelium amoebae are 
transferred from starvation buffer to growth media 69,~~ 
or when oxidative phosphorylation is inhibited 73, these 
cells retract all pseudopods, round up, and become 
immobile. In both cases, the time course of the cell 
shape changes correlates with the appearance of a phos- 
photyrosine eptiope on actin 69,73,1~ In cells lacking the 
developmentally regulated tyrosine phosphatase PTP1, 
tyrosine phosphorylation on actin is rapid with a corre- 
spondingly accelerated rate of ceil rounding 69. PTPI-mi- 
nus cells also exhibit a prolonged response, suggesting 
that PTP1 is involved in tyrosine dephosphorylation. In 
agreement with this suggestion, overproduction of PTP1 
results in decreased tyrosine phosphorylation of actin 
after transfer from starvation to growth media. 
Actin-related proteins (Arps), which are generally 35- 
55% identical to conventional actin isoforms 1~ are also 
being characterized in Dictyostelium. So far, at least two 
genes encoding members of the Arp2 and Arp3 classes 
have been identified 2,s7. Although little is known about 
the proteins encoded by these genes, two are similar to 
unconventional actins that form a complex with profilin 
and conventional actin in Acanthamoeba 84. A mem- 
ber of the Arp3 family also encodes a protein that co- 
localizes and co-purifies with mitochondria 87, an associ- 
ation reminiscent of that observed between G-actin and 
mitochondria in skeletal muscle 95. Although not yet 
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described, Dictyostelium should also contain Arpl, and 
unconventional actin that facilitates movement of vesi- 
cles on microtubules by cytoplasmic dynein and which 
also implements mitotic spindle orientation and nuclear 
migration in yeast and filamentous fungi ~~ 
Motility in Dictyostelium is actin-based, and this organ- 
ism serves as a paradigm for other motile cells 16,28,~2~. 
Dictyostelium amoebae exhibit instantaneous velocities 
as high as 10-15 lam/min 123, placing them among the 
fastest cells that are also experimentally accessible. They 
are chemotactically active both in the growth phase and 
during development. The chemotactic receptors mediat- 
ing the cAMP response have been identified and their 
interaction with other components along the signal 
transduction cascade investigated 63. Linkages between 
cAMP binding to its receptor and subsequent cytoskele- 
tal rearrangements are being elucidated through an ele- 
gant combination of biochemical and molecular genetic 
approaches 27. Rearrangements in the cytoskeleton dur- 
ing chemotactic movements are an area of active re- 
search, and several reviews have been published 
covering this subject 15'j7'18'83'1~ Here, it is intended to 
extend these aspects and summarize data that describe 
the dynamics in the cytoskeleton during motility and in 
development. 

The components of the aetin cytoskeleton 
Actin in Dictyostelium is present at a concentration of 
93 ( +  11) ~tm 96. In the resting cell, G- and F-actin are 
present in approximately equal amounts. In pioneering 
studies, McRobbie and Newel186 showed that the actin 
cytoskeleton undergoes dramatic rearrangements after 
chemotactic stimulation. Within a few seconds of stimu- 
lation of cells with high concentrations of chemoattrac- 
tant, F-actin increases by 50-60% and becomes 
incorporated into cytoskeletal structures 53'86. This peak 
of actin assembly is rapidly followed by a decrease to 
almost the initial level by 20 seconds. Then, starting at 
about 30 seconds post-stimulation, a longer-lasting 
phase of polymerization occurs that can persist for 
several minutes. These changes in actin assembly corre- 
late with morphological changes. The depolymerization 
of F-actin at 20 seconds coincides with a 'cringe' re- 
sponse during which pseudopods are retracted and the 
cells become completely rounded 49,s3, whereas the sec- 
ond increase in actin content parallels the extension of 
new pseudopods. 

Regulators of actin assembly and disassembly 
Actin-associated proteins involved in the regulation of 
such complicated responses have been isolated from 
many organisms. These proteins can be divided into two 
major classes, based on whether their primary interac- 
tions are with G- or F-actin. 
In Dictyostelium, the major proteins responsible for 
sequestering monomeric (G)-actin appear to be profilin 
I and profilin II. These proteins share 68 out of 126 

amino acids (55% identity) and are 62% identical at the 
DNA level 58. While both profilins reduce the rate and 
extent of actin polymerization in vitro, profilin II, which 
has a slightly higher affinity for G-actin ( K ,  of 

1.8 ~tM vs. ~ 5.1 gM), may be somewhat more effec- 
tive. The resulting inhibition of spontaneous nucleation 
of new actin filaments may be the chief intracellular 
function of profilin. However, other roles for profilin 
during actin polymerization also are possible 5~ In 
addition to its G-actin binding activity, profilin has 
been shown to bind PIP2, to potentiate ADP/ATP 
exchange on actin monomers, and to promote the 
efficient addition of ATP-actin to the fast-assembling 
ends of filaments. Dictyostelium mutants lacking both 
profilins contain proportionately less unpolymerized cy- 
toplasmic actin and proportionately more F-actin, 
demonstrating a role for profilin in maintaining the 
normal ratio of G- to F-actin 59. Loss of the profilins 
also resulted in altered growth in shaking suspension, 
decreased rates of motility, and defects in cytokinesis 
and development. These phenotypic defects are likely 
consequences of the altered ratio of G- to F-actin and 
the reduced amounts of available G-actin. Interestingly, 
the profilin double mutants still contained about 55 gm 
unpolymerized actin, suggesting the presence of yet- 
undetermined additional actin-sequestering proteins. 
Functional analogues of fi-thymosins, which sequester 
actin monomers in sea urchins and vertebrates aS, are 
obvious candidates for this additional sequestering ac- 
tivity, but such proteins have not yet been described in 
Dictyostelium 59. 
As other amoeboid cells 115, Dictyostelium contains a 
large number of F-actin binding proteins that control 
the localization, length, and stability of actin filaments. 
Due to the presence of monomer-sequestering proteins, 
localization of actin assembly in the cell is controlled by 
proteins that regulate elongation at the fast-growing 
"plus" ends of actin filaments. Such localized actin 
assembly is required for pseudopod formation during 
chemotaxis and for regulation of other three-dimen- 
sional actin based structures, such as filopodia and 
membrane ruffles. 
Sites of actin filament assembly in the cell are regulated 
by proteins that promote the nucleation of new actin 
filaments and by proteins that control the number of 
accessible fast-growing "plus" ends on existing 
filaments through regulated capping and/or filament 
severing activities. The major membrane-associated 
actin nucleating protein in Dictyostelium appears to be 
ponticulin, a protein of unusual structure that spans the 
plasma membrane 64,~29. Ponticulin binds to the sides of 
actin filaments and nucleates actin assembly by potenti- 
ating the formation of trimeric actin nuclei that are free 
to elongate from both ends ~2'~1~ Deletion of ponticulin 
from the plasma membrane by immunological and ge- 
netic methods leads to a loss of membrane-mediated 
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actin binding and nucleation, demonstrating that ponti- 
culin is a major high affinity link between the membrane 
and the actin cortex in Dictyostetium 65"110. The presence 
of an immunologically crossreactive protein of similar 
size in plasma membranes from polymorphonuclear 
leukocytes suggests the existence of a mammalian 
analog ~3~ 
Hisactophilin is a peripheral membrane protein that 
binds actin and mediates actin nucleation, at least in 
low ionic strength solutions T~ First identified in a gel 
overlay assay with radioactively labeled actin mono- 
mers ~~ hisactophilin is a protein with 31 surface ex- 
posed histidines that also binds F-actin at pH values 
below 7.552,1~ Each of the two isoforms of hisac- 
tophilin is myristoylated and capable of associating with 
the plasma membrane 55, where histactophilin may func- 
tion as a pH-sensitive actin binding protein. Association 
with the membrane also may be regulated by phospho- 
rylation and/or formation of homo- and heterodimers 
of the two isoforms 55. 
Dictyostelium also contains a homologue of talin 8~ a 
cytoplasmic protein that in mammalian cells binds 
actin, nucleates actin assembly at high concentrations, 
and localizes to sites of actin attachment to substra- 
tum 4. Dictyostetium talin, previously called filopodin, is 
24% identical to mouse talin overall and contains 
amino- and carboxy-terminal domains that are 44% and 
52% identical, respectively, to the corresponding se- 
quences in the mouse protein s~ In Dictyostelium, talin 
exhibits a diffuse cytoplasmic localization with concen- 
trations at the tips of filopodia and at the leading edges 
of polarized cells. 
The rapid polymerization of F-actin following a chemo- 
tactic stimulus has been proposed to result from the 
uncapping of malay short actin filaments 9,54. In this 
model, growth of filaments in the unstimulated cell is 
inhibited by capping proteins that are bound to the 
fast-growing ends of filaments; chemoattractants act by 
inducing the release of the cap, permitting rapid elonga- 
tion to occur. The agonist-regulated activity responsible 
for inhibiting actin elongation in the resting cell has 
been named aginactin 1~ Aginactin activity is associated 
with Hsc7033, a heat shock cognate protein involved in 
proper folding of proteins. Interestingly, Hsc70, which 
contains an aminoterminal ATPase domain with struc- 
tural similarity to the actin monomer 42, co-purifies with 
Dictyostelium cap32/346~, a highly conserved hetero- 
dimeric capping protein that binds to the fast-growing 
ends of actin filaments and efficiently inhibits filament 
elongation 56"57. Hsc70 and cap32/34 co-sediment after 
immunoprecipitation with antibodies against either sub- 
unit of the capping protein, suggesting the existence of a 
ternary complex. Hsc70 not only promotes the correct 
folding of cap32/34, but the actin-like amino-terminal 
domain of Hsc70 also appears to directly stimulate 
cap32/34 activity 61. Like its mammalian homologue 62, 

cap32/34 also may be regulated by anionic phospho- 
lipids since preincubation of cap32/34 with phos- 
phatidylinositol 4,5-bisphosphate (PIPs) inhibits its 
actin binding and capping activities in vitro 6~ 
Capl00 (protovillin) is a second capping protein found 
in Dictyostelium. Capl00 also binds to and blocks the 
fast-growing ends of actin filaments in a PIP2-in- 
hibitable manner 67. Conceptual translation of the 
cap100 coding sequence reveals that this protein is very 
similar to villin 68, a vertebrate protein that bundles actin 
filaments in the microvilli of epithelial cells and, in the 
presence of Ca 2+, severs actin filaments 43. Capl00 lacks 
the Ca2+-senstivity and F-actin bundling, nucleating, 
and severing activities of villin 67, probably due to the 
absence of 8 amino acids from a region that, in villin, 
mediates F-actin binding in the presence of Ca 2+ 44 
Because it appears that a capping protein like capl00 
was the evolutionary precursor of vertebrate villin, this 
protein has been renamed "protovillin ''68. 
Reorganization of actin-based cytoskeletal structures 
often requires the fragmentation of existing filaments 
and filament bundles. In Dictyostelium, the principal 
severing protein is called severin 8,131. In the presence of 
micromolar Ca 2+, severin cuts actin filaments, binds 
tightly to the fast-growing filament ends, and nucleates 
actin assembly. Actin binding, capping, and severing 
activities are inhibited by PIP2 and other negatively 
charged phospholipids 36, ~33. Structurally, severin resem- 
bles other calcium-activated actin-severing proteins, 
such as fragmin from Physarum and gelsolin and villin 
from higher organisms 1. These severing proteins are all 
built from three (severin, fragmin) or six (gelsolin, 
villin) highly homologous domains. In severin, the first 
domain is responsible for the capping activity, whereas 
domains 2 and 3 contain binding sites for the sides of 
actin filaments 3s,36. Domain 2 of severin, which contains 
a Ca2+-dependent actin-binding site, exhibits a three 
dimesional structure similar to that of profilin and do- 
main I of gelsolin 97,1~ These similar structures are 
stabilized by highly conserved residues. 
Three-dimensional cortical networks are stabilized by 
actin crosslinking and bundling proteins. In Dictyo- 
stelium, these stabilizing proteins include the highly 
conserved proteins, filamin (ABP-240), gelation factor 
(ABP-120), c~-actinin, fodrin (ABP-220, spectrin), EF-la 
(ABP-50), p30a, and comitin (reviewed in refs 17, 18, 83, 
106). ABP-240 and ABP-120 (gelation factor) are, as the 
names imply, actin binding proteins with apparent sizes of 
240,000 and 120,000, respectively. Both are dimeric actin 
crosslinking proteins with structural similarites to verte- 
brate filamin j4,66,89. These similarities include an actin- 
binding consensus sequence near the aminoterminus 6 that 
is also found in other, more distant members of the 
spectrin superfamily, including the dimeric actin bundling 
protein ~-actinin and the mammalian actin-membrane 
linking proteins, spectrin and dystrophin3L 
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Elongation factor-la (EF-la) was isolated from Dic- 
tyostelium as a 50 kDa actin filament-binding and 
bundling protein that is localized in filopodia extended 
in response to chemoattractant 26,29,132. Besides its well- 
recognized role in protein biosynthesis, EF-la also 
may affect cortical structure by organizing actin 
filaments into close-packed bundles that exclude other 
actin binding proteins 93 and/or through a recently de- 
scribed microtubules-severing activity 11~. 
The 30 kDa actin-bundling protein (p30a) is a highly 
conserved filopodial protein that crosslinks actin 
filaments in the presence of low, but not high (micro- 
molar), concentrations of Ca 2+ 38.47,70. This protein is 
unique in that it also inhibits disassembly from both 
ends of the actin filament without blocking filament 
elongation or affecting the critical concentration of 
actin monomers needed for assembly 135. Thus, p30a 
may both bundle actin filaments and protect them 
from disassembly, thereby promoting the formation of 
localized filament arrays with enhanced stability. The 
deduced sequence of p30a is novel but contains two 
EF-hands that are probably responsible for the 
protein's Ca2+-sensitivity and a short segment that is 
homologous to sequences in ezrin and caldesmon 39. 
Based on its concentration in filopodia and at sites of 
cell-cell association 4~ p30a is thought to participate in 
the bundling and stabilization of the filaments at these 
sites. 
Comitin (p24), a 24-kDa G- and F-actin binding 
protein isolated by Stratford and Brown ~16, is a 
filament-crosslinking protein associated Golgi and 
vesicle membranes 9~ The basis for comitin binding 
to membranes is not yet characterized. Comitin con- 
tains a series of carboxy-terminal glycine-tyrosine-pro- 
line repeats similar to those found at the amino- 
terminus of annexin VII, a conserved protein impli- 
cated in membrane fusion events required for secre- 
tion in DictyosteIium and vertebrates 3~. 
Most of the actin-binding proteins described above 
are structurally and/or functionally similar to cognate 
proteins described in vertebrates. F-actin binding 
proteins that, so far, are unique to Dictyostelium in- 
clude hisactophilin, coronin, coactosin, and p30b. 
Both coronin and coactosin have been isolated from 
actomyosin complexes 23'24. Localized in cell surface 
projections, coronin is a 49 kDa protein that contains 
a WD40-motif found in other proteins, including the 
/~-subunits of heterotrimeric G-proteins 23. Coactosin is 
a 17 kDa protein that exhibits structural similarities 
(24-26% identity) with vertebrate cofilins and with se- 
quences in mammalian drebrin and yeast ABPlp, 
actin-binding proteins involved in cell shape regula- 
tion 24. P30b is a Ca 2 § actin-bundling 
protein that is diffusely distributed in the cyto- 
plasm 7,91" 

Myosins 
Dictyostelium contains 10 to 13 myosin heavy chain 
genes identified by molecular cloning and physical map- 
ping 72'119. Of these, one is a conventional non-muscle 
myosin II that oligomerizes into bipolar filaments dur- 
ing localized cortical contractions involved in cytokine- 
sis, morphogenesis, and capping of cell surface 
receptors (reviewed in ref. 112). The assembly of myo- 
sin II into filaments is inhibited by phosphorylation of 
three threonines in the carboxy-terminal tail of the 
protein 34,8~. Conversely, phosphorylation of the regula- 
tory 18 kDa light chain stimulates the actin-activated 
ATPase and motility activities of myosin II in vitro sl. 
However, light phosphorylation is apparently not re- 
quired for myosin II function in vivo 92. At least five of 
the myosin heavy chains known from DNA sequencing 
are myosin Is. These myosins are single-headed, nonfi- 
lamentous proteins with a highly conserved amino-ter- 
minal motor domain containing the actin-activated 
ATPase but with distinct carboxy-terminal tails. Con- 
sensus motifs, called tail homology domains, are re- 
sponsible for binding to membranes, for an ATP- 
independent actin-binding site, and/or for binding to 
proline-rich sequences in other proteins. Individual 
myosin isoforms have been immunolocalized to extend- 
ing pseudopods 45,72. However, mutant amoebae lacking 
either myosin IA or myosin IB form many more pseu- 
dopodia directed away from the source of a chemo- 
attractant and exhibit increased frequencies of turn- 
ing ~18,125, suggesting that these proteins normally play 
a role in the repression of pseudopod extension. Anti- 
bodies that inhibit the in vitro activity of myosin IC, 
an isoform concentrated at the periphery of the contrac- 
tile vacuole TM, block the function of this organelle in 
living cells 3~ Thus, the myosins Is apparently mediate 
cortical structure, contractile or signaling processes at 
the plasma membrane, and/or vesicle motility. While 
some of the uncharacterized myosin heavy chain genes 
may encode additional myosin I isoforms, it is likely 
that some represent members of the five other known 
classes of unconventional myosins ~. 

Dynamics of actin-binding proteins during chemotaxis 
Many cytoskeletal components are abundant and local- 
ized throughout the cytoplasm without obvious enrich- 
ment in specific structures or regions of the cell. For 
instance, immunolocalization of severin, c~-actinin, or 
gelation factor reveals a diffuse cytoplasmic distribu- 
tion. However, many of these proteins become relocated 
in response to extracellular stimuli or during develop- 
ment. Chemotactic stimulation, for example, leads to an 
enrichment of the gelation factor in extending pseu- 
dopods, an observation that has been suggested to 
indicate the involvement of this protein in pseudopod 
extension following stabilization of the three-dimen- 
sional actin network 19. Similarly, the bundling protein 
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p30a associates with the actin cytoskeleton within 5 to 
10 seconds after a chemotactic stimulus 91, talin relocates 
to the front of the celt within about 30 seconds 8~ and 
the bundling protein ABP50 incorporates into filopodia 
by 90 seconds post-stimulation 29. Myosin II association 
with the cytoskeleton increases at about 20 seconds 
after stimulation during the 'cringe', and then disassoci- 
ates before directional pseudopod extension at 60 to 90 
seconds post stimulation z9. 

Aetin and aetin-binding proteins in phagoeytosis 
The actin-based cytoskeleton plays a major role during 
the initial stages of phagoctyosis, which is the engulf- 
ment of particles by ceils. Actin filaments are recruited 
to the cytoplasmic membrane surface at the site of 
attachment s, and cytochalasins, which disassemble actin 
filaments, block particle internalization 3. The recruit- 
ment of actin to the membrane surface is defective in 
recently described phagocytosis mutants generated by 
chemical mutagenesis of Dictyostelium 13. These cell 
lines, which grow in liquid culture but not when cul- 
tured on bacteria, bind normally to bacteria but do not 
exhibit the localized polymerization of actin filaments 
required for ingestion. 
The bundling protein p30a may be involved in actin-me- 
diated particle internalization because of a monoclonal 
antibody that blocks p30a binding to F-actin in vitro 
decreases phagocytosis after introduction into Dictyo- 
stelium by controlled sonication 46. Localized around the 
food particles during the initial stages of engulfement, 
p30a dissociates from the phagosome before internaliza- 
tion is complete. By constrast, c~-actinin is initially re- 
cruited to the phagocytic cup later in the process but 
remains associated with the maturing phagosome after 
p30a has disassociated 48. These studies demonstrate 
spatial and temporal differences in the actin assemblies 
that participate in phagocytosis. 
Dictyostelium mutants that lack individual, well-charac- 
terized actin-binding proteins have, so far, not indicated 
a strict dependence of phagocytosis on any of these 
particular proteins. However, myosin I mutants exhibit 
slight defects in phagocytosis 7~, and mutants lacking 
both profilin isoforms show a significant growth reduc- 
tion when cultured on a lawn of bacteria sg. On the other 
hand, uptake of latex beads in suspension is not im- 
paired in the profilin double mutants. 

Aetin-binding proteins in eytokinesis 
The cleavage furrow is another cytoskeIetal structure 
that is accessible to analysis by immunological tech- 
niques. During cytokinesis, cleavage of the cell occurs 
by the contraction of actin and myosin II filaments at 
the cell equator 4~,"~2. The resulting cleavage furrow is a 
transient structure with an array of actin filaments that 
appear to be attached at or near their fast-polymerizing 
ends to plaques associated with the plasma membrane. 
The interaction of these actin filaments with myosin II 

filaments applies tension to the membrane. Myosin II 
relocation during cytokinesis is highly dynamic in Dic- 
tyostelium 7s. Mutants lacking the myosin II heavy chain 
cannot undergo cytokinesis in suspension culture 25,76, 
confirming previous evidence that myosin II is the mo- 
tor for the process 1~ An identical phenotype is ob- 
served upon inactivation of either the myosin II 
regulatory or essential light chain genes 1~ Like the 
heavy chain mutants, these cells fail to form cleavage 
furrows and thus become highly multinucleated in sus- 
pension. However, on solid substrates, all three types of 
myosin II mutants are able to divide into daughter cells 
by a mechanism termed 'traction-mediated cytofission'. 
Other actin-associated proteins that appear to play a 
role in cytokinesis include p30a, profilin, and coronin. 
The involvement of p30a is suggested by its localization 
to the cleavage furrow in immunofluorescence mi- 
croscopy4L Roles for profilin and coronin have been 
demonstrated by mutant analyses 24,59. Although profilin 
is not obviously concentrated in cleavage furrows, profi- 
lin minus double mutants are unable to divide in shak- 
ing suspension and form large multinucleated cells 59. 
This defect is overcome by attachment to a solid sub- 
strate, implying that the cells probably divide by trac- 
tion-mediated cytofission, as described above for 
myosin II-minus cells. Thus, it appears that regulation 
of the G- and F-actin ratio, or another function of 
profilin s~ is required for normal cytokinesis. Dic- 
tyostelium mutants lacking coronin also are defective 
for cytokinesis in liquid suspension 24. Since this protein 
is localized in distal regions of the dividing cell and is, in 
fact, depleted from the cleavage furrow 23,24, an involve- 
ment in generating traction forces can be envisioned. 

Aetin-binding proteins in development 
In general, message levels of the actin-binding proteins 
analyzed so far are not strongly regulated during devel- 
opment, although many of these proteins increase in 
amount during early development z27. Regulation of the 
ponticulin transcript is unique in this respect because 
the transcripts decrease dramatically after aggregation, 
whereas the protein remains present albeit at lower 
levels 64. Alterations in the localizations of actin-binding 
proteins during cell shape changes and development 
also have been observed. For instance, the bundling 
protein p30a is enriched at sites of cell-cell contact 
during streaming and early aggregation 4~ 

Insights from mutants 
Insights from Dictyostelium mutants lacking one or 
more cytoskeletal proteins have contributed signifi- 
cantly to our understanding of the cytoskeleton in living 
cells. One of the great strengths of Dictyostelium as an 
experimental system is the relative ease with which 
mutants defective in motile functions can be generated 
and analyzed 74,~2. Among the most obvious phenotypes 
of these mutants are defects in cell patterning and 
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multiceltular development. Fo r  instance, ceils lacking 
ponticutin aggregate faster than wild-type ceils but  be- 
come highly asynchronous during later development, 
although viable spores eventually form 6s. Loss of  the 
myosin II heavy chain or either myosin II light chain 
leads to a developmental  block after aggregation 1~ 

Mutants  lacking the myosin II heavy chain show 
chemotaxis and form two-dimensionsal aggregation 
streams. However, cell movement is chaotic, and the 
ensuing loose aggregates lack the morphological  ' t ips '  
found on mounds of wild-type cells. The failure of  
myosin II mutants  to develop beyond the mound 
stage may be caused by the loss of  intracelluIar forces 
needed for coordinated movement and/or  by defective 
chemotactic signaling within the cell mass 37. Develop- 
ment is also impaired in profilin double mutants  and 
in mutants  lacking two actin filament crosslinking 
proteins (c~-actinin and the gelation factor)s9,~28. These 

mutants  differentiate into prestalk and prespore cells, 
but  no further morphogenesis occurs. In many cases, 
mutant  cells complete development when mixed with 
wild-type cells. In such co-aggregation studies, the 
profilin mutants and the crosslinkers double mutants 
preferentially develop into spores. This observation 
may indicate that  a highly dynamic cytoskeleton is 
required for the motile activities of  prestalk cells. 
Fur ther  advances in understanding the role of the cy- 
toskeleton in cell movement and development will re- 
quire identification of  the biochemical pathways 
through which extracellular signals induce cytoskeletal 
changes. These analyses will be aided by defined con- 
ditions that  permit  the experimental isolation of  spe- 
cific signaling events 73. Also, new proteins will arise 
from the combinat ion of conventional biochemical 
techniques and mutant  analyses that  is almost 
uniquely possible in Dictyostelium. Furthermore,  the 
availability of  physical maps and YAC libraries repre- 
senting most of  the Dictyostelium genome permit the 
identification of  novel members of multigene 
families 1~9. These technical advantages facilitate the 
identification, cloning, and functional characterization 
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