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Abstract . Evidence is presented for Ca and cyclic GMP being involved in signal
transduction between the cell surface cyclic AMP receptors and cytoskeletal myosin II
2+
involved in chemotactic cell movement. Ca is shown to be required for chemotactic
aggregation of amoebae. The evidence for uptake and/or eflux of this ion being regulated
2+
by the nucleotide cyclic GMP is discussed. The connection between Ca , cyclic GMP
and chemotactic cell movement has been explored using "streamer F" mutants. The primary
defect in these mutants is in the structural gene for the cyclic GMP-specific phosphodiesterase
which results in the mutants producing an abnormally prolonged peak of accumulation of
cyclic GMP in response to stimulation with the chernoattractant cyclic AMP. While events
associated with production and relay of cyclic AMP signals are normal, certain events
associated with movement are (like the cyclic GMP response) abnormally prolonged in the
2+
mutants. These events include Ca uptake, myosin II association with the cytoskeleton
and inhibition of myosin heavy and light chain phosphorylation. These changes can be
correlated with the amoebae becoming elongated and transiently decreasing their locomotive
speed after chemotactic stimulation. Other mutants studied in which the accumulation of
cyclic GMP in response to cyclic AMP stimulation was absent produced no myosin II
responses.
Models are described in which cyclic GMP (directly or indirectly via Ca2+) regulates
accumulation of myosin II on the cytoskeleton by inhibiting phosphorylation of the myosin
heavy and light chain kinases.
Keywords. Myosin II; cyclic GMP; calcium; myosin heavy chain kinase; myosin light
chain kinase.

1.

Introduction

The chernoattractant for amoebae of the cellular slime mould Dictyostelium discoideum
is cyclic AMP. This nucleotide is produced by the amoebae as they starve in order
to attract populations of independent cells to move into an organized aggregate.
This "instant organism" may contain up to 100,000 cells and is capable of making
coordinated movements on the substratum (like a slug) at speeds of about 1 mm
per hour. It is attracted towards light and heat sources and such movement is
important in the natural environment in forest soil to ensure that the site where
the fruiting bodies are formed is on the surface rather than underground. These
fruiting bodies are formed, after a few hours from the slug-like aggregate and
contain the heat and dessication-resistant spores. In the laboratory, the whole process
can be controlled by controlling the source of nutrients, removal of which rapidly
starts the chemotactic aggregation and subsequent developmental process. The
amoebae will aggregate on artificial substrata such as cellulose or nitrocellulose
filter paper or in aerated suspensions in a highly synchronous manner and this
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permits precise biochemical measurements to be made. When individual amoebae
are studied, the first major observable event in response to a cyclic AMP signal
is the formation of a Pseudopodium directed towards the signal source (Gerisch et
al 1975). This is correlated with changes in the actin content of the Triton-insoluble
cytoskeleton. Normally the cytoskeleton contains approximately a third of the cell's
actin but this doubles within 5 s after stimulation and then rapidly decreases again
(McRobbie and Newell 1983, 1984a,b, 1985; Newell 1986a; Condeelis el al 1988).
A few seconds later, another macromolecule, myosin II, is found to be increasingly
associated with the cytoskeleton (Berlot et al 1985; Liu and Newell 1988) and the
amoebae begin to elongate and move in the direction of the stimulus with the
myosin II mainly situated at the rear of the cell. However (and somewhat surprisingly),
myosin II has been shown not to be essential for Chemotaxis. Myosin II heavy
chain (MHC) null mutants have been isolated by gene disruption (De Lozanne and
Spudich 1987; Manstein et al 1989) and by anti-sense RNA (Knecht and Loomis
1987, 1988) and found to be still capable of chemotactic movement. However,
these mutants move at only half the rate of wild type strains on plain glass surfaces
(Jay et al 1995) and show lowered force generation during later multicellular
development (Shelden and Knecht 1995). Their lowered efficiency of chemotactic
locomotion and their more rounded shape (Wessels et al 1988) suggests that myosin
II is connected with cell polarity and the direction of cell movement during
Chemotaxis besides being one of the force-generating systems that propels the
amoebae forward.
A great deal of work by many workers has investigated the binding of the cyclic
AMP stimulus to specific binding sites on the outside of the amoebae and the
intracellular events that this binding provokes (see reviews by Devreotes 1983;
Nanjundiah 1985; Janssens and Van Haastert 1987; Newell 1986b; Newell et al
1987, 1988; Kessin 1988; Franke and Kessin 1992). This review is concerned with
the roles of calcium and cyclic GMP in the signal transduction pathway that leads
from the cell surface cyclic AMP receptors to the intracellular system for regulating
association of myosin II with the cytoskeleton during the chemotactic process.

2. Movement of calcium ions
2.1 A requirement for Cα2+ during chemotactic aggregation
Despite the evidence for the role of Ca2+ for the activity of components of the
signal transduction chain used for Chemotaxis and the evidence for Ca2+ movement
induced by cyclic AMP binding to the cell surface receptors, the literature over
the years has been contradictory in demonstrating a requirement for this ion during
chemotaxis. Part of the problem has undoubtedly the differing conditions used when
trying to remove Ca2+ by chelators-such us EGTA. For example, Mato et al (1977)
found that cell aggregation and Chemotaxis were "independent of the presence of
external Ca2+” as judged by the effect of EGTA on cells on a washed agar
substratum and this was confirmed by Saito (1979) who found that EGTA at 2
mM (with the extracellular Ca2+ estimated at lower than 10-7Μ) did not stop the
amoebae aggregating at the same time and with the same sensitivity to extracellular
cyclic AMP pulses as under plentiful Ca2+ supply. In contrast, Mason et al (1971)
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found that amoebae aggregating on dialysis tubing were inhibited by EGTA and
that the extent of aggregation was a function of the free Ca2+ over the range 10-6
to 10–4M. This requirement for Ca2+ was confirmed by Malchow et al (1982) who
found that, using amoebal suspensions (at low population density: 2 × 105 ml–1) that
were being attracted to cyclic AMP-filled capillaries, 1 mM EGTA inhibited amoebal
chemotaxis and that Ca2+ at 0·1–1 mM restored it completely.
The apparent discrepancy in the results may be understood from the work of
Europe-Finner and Newell (1984) who studied the effects of leaching out the Ca2+
stores in amoebae by repeated (5-fold) washing with 7 mM EGTA. Under conditions
of high population density, reduction of the level of intracellular Ca2+ seemed to
be essential to demonstrate a requirement for this ion during chemotactic movement
as the cells normally contain millimolar amounts of Ca2+ that rapidly equilibrate
with the extracellular medium and negate the effects of added chelators (figure 1).
Previous experiments had not taken account of the intracellular Ca2+ stores;
experiments successfully showing an inhibitory effect of added EGTA being those
using low cell population densities where the effect of the cellular stores titrating
out the added chelator would have been very small.
More recent experiments have focused on the question as to whether it is the
orientation or locomotion aspects of chemotaxis that show the requirement for Ca2+.
Van Duijn and Van Haastert (1922) used amoebae made permeable by electroporation
and “clamped” the intracellular Ca2+ concentration using 5·9 mM EGTA, the effect
of the EGTA on the intracellular Ca2+ concentration being assayed indirectly via
the activity of the Ca2+-sensitive enzyme guanylate cyclase. Observing the results
with individual amoebae on coverslips they found that, although lowered intracellular
levels of Ca2+ effectively blocked cell locomotion to a capillary filled with cyclic
AMP, these amoebae could, nevertheless, extend pseudopodia in the direction of
the capillary. Orientation by pseudopodia formation seemed therefore to have a
lowered requirement for Ca2+ compared to cell locomotion and the authors concluded
that the two events were independently regulated. More recently Schlatterer and
Malchow (1993) and Unterweger and Schlatterer (1994) further investigated the
problem using the Ca2+ chelator BAPTA and derivatives, “scrape-loaded” into
amoebae. They found that the lowered intracellular Ca2+ levels brought about by
this technique effectively inhibited not only cell locomotion but also the formation
of pseudopodia and filopodia. This difference in results from those of Van Duijn
and Van Haastert (1992) can be understood if the formation of pseudopodia and
filopodia require Ca2+ but at much lower concentrations than cell locomotion, the
technique of electroporation used by Van Duijn and Van Haastert (1992) possibly
producing incomplete buffering of the changes in intracellular Ca2+ brought about
by the chemotactic stimulus.
2.2 The role of membrane Ca2+ pumps
When cells are stimulated with cyclic AMP, a. rapid influx of Ca2+ is observed
(Bumann et al 1984). This is frequently preceded by a brief phase of Ca2+ extrusion
(Flaadt et al 1993b) and is followed by a more prolonged phase of extrusion.
These extrusion phenomena point to the existence of one or more plasma membrane
pump(s), and Ca-ATPase activities have been demonstrated in purified plasma
membranes (Bohme et al 1987). During Dictyostelium development, amoebae
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Figure 1. The requirement for Ca2+ during aggregation of starving Dictyostelium amoebae
plated as lawns on agar plates. The data shows that the need for Ca2+ during aggregation
is only clearly shown if the Ca2+ is both chelated (by EGTA) in the substratum and is
also leached from the amoebae by repeated washing with EGTA prior to their plating on
the agar.
The left-hand column of photographs show amoebae plated on control plates without
EGTA. Those on the right-hand side show amoebae on plates containing 7 mM EGTA.
(A, B) Amoebae were washed 5 times in buffer containing 2 mM Ca2+ prior to plating on
the agar surfaces. (C, D) Amoebae were washed 5 times in Ca2+-free buffer containing 7
mM EGTA prior to plating. (E, F) Amoebae were washed 5 times in buffer containing
7 mM EGTA followed by one wash in buffer containing 7 mM Ca2+ prior to plating (to
show that the EGTA effect was reversed by Ca2+). (The fields shown represent actual field
dimensions of 12mm× l6mm). From Europe-Finner and Newell (1984).
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increasingly sequester some of the Ca2+ taken up from outside the cells in response
to successive cyclic AMP signals and Flaadt et al (1993a, b) have identified a
Ca2+ sequestering activity in permeabilized amoebae that is activated by cyclic
AMP stimuli. This activity is insensitive to vanadate and therefore corresponds to
a P-type ATPase (figure 2). It is of interest that release of sequestered Ca2+ was
rapidly effected by 1 μΜ Ins(1,4,5)P 3, which was shown earlier to release Ca2+
from non-mitochondrial stores in permeabilized cells (figure 3). Another candidate
for a major site of Ca2+ sequestration is the “acidosome” vesicles isolated by
Rooney and Gross (1992) [so called because the vesicles are rich in H+-ATPase
and are rapidly acidified when incubated with ATP (Padh et al 1989)]. Rooney et

Figure 2. The regulation of Ca2+ fluxes in Dictyostelium amoebae. On the left, cyclic
AMP is shown binding to cell surface receptors (which span the membrane 7 times) and
inducing Ca2+ entry into vesicular stores. These stores are sensitive to the inhibitors NBD-C1
and BHQ and release Ca2+ in response to InsP3. Other Ca2+ stores, termed “acidosomes”
which are not directly releasable by InsP 3 are thought to be emptied by an increase in
cytosolic calcium (denoted as " CICR" for calcium induced calcium release) and are sensitive
to vanadate and Bafilomycin.
At the top, cyclic AMP is shown binding to cell surface receptors and inducing guanytate
cyclase (GC) to produce cyclic GMP. This nucleotide enhances Ca2+ entry either (as in
visual transduction) by binding to the cytoplasmic side of the Ca2+ .ion channel, or by
inhibiting the Ca 2+ ATPase that pumps Ca 2+ out of the cell. After Flaadt (1993a).
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Figure 3. Release of Ca2+ from intracellular stores by lns(l,4,5)P3 (upper figure) but not
by its degradation product lns(4,5)P2. Amoebae permeabilized with saponin were incubated
in the presence of antimycin A (to inhibit mitochondrial uptake) and an ATP regenerating
system, and the free Ca2+ set at 180 nM using 1 mM EGTA buffer. At time zero 45Ca2+
was added (to 1 µCi per ml). After l0 min, ATP(l·5mM) was added and uptake of 45 Ca 2+
by amoebae was monitored. After 35 min, 100 µl of Ins(l,4,5)P3, or Ins(4,5)P2 were added
to- determine their ability to release the Ca2+ previously taken up. From Europe-Finner and
Newell (1986).

Cα2+, cyclic GMP and myosin II during Chemotaxis

295

al (1994) have characterized a Ca2+-sequestering activity in partially purified
preparations of “acidosomes” and have found that Ca2+ uptake is inhibited by
vanadate, an inhibitor of ion pumps that characteristically form a phosphorylated
enzyme intermediate during their reaction cycle (Pederson and Carafoli 1987). The
uptake is also sensitive to 2,5-di-tert-butyl-1,4-benzohydroquinone (BHQ), one of
a group of recently identified inhibitors of mammalian sarcoplasmic and endoplasmic
reticulum Ca-ATPases (Foskett and Wong 1992). The sequestration and/or retention
of vesicular Ca2+ by this activity is sensitive to dissipation of the acidosomal proton
gradient by weak bases or by the vacuolar proton ATPase inhibitor bafilomycin
and is therefore (at least partially) dependent on the pH gradient across the vesicle
membrane (Rooney and Gross 1992). Ca2+ uptake in whole-cell lysates (Rooney
and Gross 1992) and filipin permeabilized cells (Milne and Coukell 1989) display
similar properties and are presumably due to the same activity. It seems likely that
acidosomes as isolated in vitro are derived from fragments of the contractile vacuole
complex, an organelle that is important in amoebae for osmotic regulation. The
fact that these complexes have a high calmodulin content as well as Ca2+ sequestering
activity is a strong indicator that these structures are active components of the
cellular calcium regulatory system (Zhu et al 1993).
A Dictyostelium gene that probably codes for a membrane Ca2+ pump has recently
been isolated by Moniakis J and Coukell Β (personal communication). This gene
(PMCA1) codes for a Ca2+-ATPase that is located in the vacuole but not in the
plasma membrane (Cunninham and Fink 1994). It shows 46% homology with the
mammalian plasma membrane Ca2+-ATPase that has recently been cloned and shows
a similar degree of homology with the PMC1 gene of Saccharomyces cerevisae,
which appears to code for a Ca2+-ATPase.
3. The involvement of cyclic GMP in signal transduction
3.1 Stimulation of guanylate cyclase and cyclic GMP phosphodiesterase
The nucleotide cyclic GMP is produced in response to chemotactic stimulation of
amoebae by stimulation of the enzyme guanylate cyclase, but unlike cyclic AMP,
it is found to be mainly intracellular rather than being secreted (Mato et al 1977;
Wurster et al 1977; Van Haastert and Konijn 1982). In the wild-type strains cyclic
GMP is transiently formed in response to a cyclic AMP signal with a peak at
10 s. In “streamer F” mutants, however, the cyclic GMP is not destroyed so rapidly
but persists for approximately 5-fold longer (Ross and Newell 1979, 1981) (figure
4A). The persistence of the cyclic GMP results from a defect in the structural
gene for the cyclic GMP-specific phosphodiesterase, and several independent isolates
in the same complementation group were found to have the same phenotype (Ross
and Newell 1981; Van Haastert et al 1982; Coukell and Cameron 1986).
The connection between the cell surface cyclic AMP receptors and guanylate
cyclase is not yet well understood. The notion that this connection might involve
the inositol pathway and Ca2+ comes from work showing that, when amoebae (made
permeable with saponin) were treated with 5 μΜ Ins(l,4,5)P 3 or 60μΜ Ca2+ , they
responded by forming a peak of cyclic GMP that closely resembled that produced
by cyclic AMP with non-permeabilized cells in both its timing and duration
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Figure 4. Effect of cyclic AMP stimulation of XP55 and a streamer F mutant on (A)
formation of cyclic GMP, (B) association of myosin II with the triton X-100 insoluble
cytoskeleton and (C) the rate of calcium uptake from the medium. From Newell and Liu
(1992). The data for cyclic GMP are the combined data taken from Ross and Newell,
(1981), .Van Haastert et al (1983) and Segall (1992). The myosin II figure is from Liu
and Newell (1988), and the calcium data from Menz et al (1991).
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(Europe-Finner and Newell 1985; Small et al 1986). However, guanylate cyclase
in vitro has been reported to be inhibited rather than activated by Ca2+ (Padh and
Brenner 1984; Janssens and Jong 1988). While this discrepancy could conceivably
be due to changes in a regulatory factor during the enzyme extraction procedure
or possibly be explained by another unknown step between Ca2+ and guanylate
cyclase, such explanations are rendered less likely by the more recent finding that,
with electro-permeabilized (rather than saponin-permeabilized amoebae) calcium
inhibited the basal level of cyclic GMP in vivo at similar concentrations to its
effects on guanylate cyclase in vitro (Van Duijn and Van Haastert 1992). Data of
Bominaar et al (1991), moreover, have shown that a mutani that was defective in
chemotaxis (due to a mutation in the fgdC gene) was fully able to respond to
cyclic AMP stimulation by accumulating cyclic GMP but failed to show the normal
accumulation of Ins (1,4,5)P3 (instead it showed a drop in the concentration of this
signalling intermediate). These data strongly suggest that guanylate cyclase must
be capable of being stimulated by a connection to the cell surface receptors other
that via the inositol phosphate pathway. The ability of Ins (1,4,5)P3 and Ca2+ to
activate cyclic GMP formation in saponin permeabilzed cells remains to be explained
but is presumably an indirect effect of Ca2+ on a Ca2+ -activated component of the
signal transduction system.

3.2 Cyclic GMP and the regulation of myosin Π heavy chain kinase
Evidence for cyclic GMP being a regulator of myosin II interaction with the
cyloskeleton comes from work using the streamer F mutants which, as stated above,
form cyclic GMP that is not destroyed rapidly as in the wild type cells but persists
for approximately 5-fold longer. The most obvious effect of this defective gene on
the visible phenotype is that the amoebae remain in the elongated state during
chemotaxis for approxmately 5-fold longer than the parental strain XP55. Surprisingly,
this elongated period is not correlated with a longer period of cell movement but
with the converse: amoebae show a marked drop in speed after stimulation with
cyclic AMP, their speed recovering in the wild type within 60–70 s, while in
streamer F mutants recovery does not occur until about 300 s (Segal 1992) (figure 5).
The phenotype of the streamer F mutants with their prolonged cyclic GMP
response and prolonged period of elongation of the streamer F cells suggested that
this nucleotide might affect some event connected with the (Triton-insoluble)
cytoskeleton. The most obvious candidate to be affected in the mutants was actin,
but this was found to be normal. However, when myosin II was studied (Liu and
Newell 1988) it was found that its association with the cytoskeleton was dramatically
different in the streamer mutants compared to the parental or wild type strains.
After an initial small drop (seen in both mutants and parental strain) the myosin
II association with the cytoskeleton rapidly increased and in the parental and wild
type strains formed a peak at about 25 s. In the streamer mutants, however, this
peak was persistent and only slowly declined to basal values. such changes correlate
well with the changes in cyclic GMP formation (figure 4A. B).
Further studies have suggested that the connection between cyclic GMP formation
and movement of the myosin II to the cytoskeleton may be connected with
phosphorylation οf the myosin heavy chain. Earlier studies by Malchow et al (1981)
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Figure 5. Cell speed in response tο cyclic AMP stimulation for parental strain XP55 and
a streamer F mutant. Cells were incubated in a flow cell and 1 µM cyclic AMP introduced
at time 0. Data are the mean and SEM (for XP55) of 119 cells from 14 flows on 3
different days and (for NP368) 140 cells from 15 Hows on 5 different days. From Newell
and Liu (1992). The data were redrawn from Segall (1992),

and Berlot et al (1985, 1987) shown that the myosin II heavy chain is phosphorylated
(on threonine residues) in response to a cyclic AMP stimulus. More recent3 studies
by Liu and Newell (1994) have indicated that phosphorylation of the myosin heavy
chain is abnormal in the streamer F mutants and is considerably delayed compared
to the parental strain, with the major peak at 60s rather than 25–30s (figure 6).
It has been found that myosin II in the phosphorylated state is bent, which would
greatly reduce its ability to associate in the form of thick filaments (Kuczmarski
and Spudich 1980; Kuczmarski et at 1987; Côtè and McCrea 1987; Pasternak et
at 1989; Egethoff et al 1993) and phosphorylation of the myosin heavy chain may
therefore remove it from the cyloskeleton. In support of this notion, Liu and Newell
(1991) found that very little of the myosin II that was on the cytoskeleton was
phosphorylated compared to that in the soluble cell fraction. A model was proposed
in which (in the parental strain) the enzyme that phosphorylates the myosin II
(myosin heavy chain kinase) is transiently inhibited by a peak of cyclic GMP
formed in response to a chemotactic cyclic AMP pulse. In the unstimulated cell
the addition of myosin II to the cytoskeleton is in equilibrium with its removal.
Transient inhibition of its removal by inhibition of myosin heavy chain kinase by
cyclic GMP would have the effect of allowing more myosin II to be added than
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Figure 6. Changes in phosphorylation of myosin II heavy chains after cyclic AMP
stimulation of parental strain XP55 (A) and a streamer F mutant (B). Results are expressed
as percentage change over prestimulus value. Error bars represent SEM. From Liu and
Newell (1991).

removed during this time (figure 7). After the cyclic GMP is hydrolyzed the original
state would be rapidly restored as phosphorylation restarted and removed the excess
myosin II from the cytoskeleton. In the streamer mutants, the extended period
during which cyclic GMP is present would delay this renewed phosphorylation of
the myosin II and would extend and period during which myosin II was associated
with the cytoskeleton, as observed.
Evidence that inhibition of myosin II heavy chain phosphorylation can indeed
cause accumulation of myosin II on the cytoskeleton, as indicated in the model,
has recently been produced by Gerisch et al (1993). In this study, the myosin II
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Figure 7. A model for cyclic GMP regulation of the phosphorylation/dephosphorylation
cycle of myosin II heavy chain kinase (MHC kinase). The phosphorylated myosin II heavy
chain molecules are presented as bent monomers while the dephosphorylated MHC are in
the farm of parallel dimers involved in the formatiom of thick filaments. Cyclic GMP is
shown inhibiting phosphorylation via (i) a Ca2+/calmodulin sensitive heavy chain kinase or
(ii) via a direct effect on the kinase, or (iii) via effects on myosin II light chain kinase,
It is postulated that inhibition of myosin II heavy chain phosphorylation induces a shift
towards the accumulation of myosin II on the cytoskeleton.

null mutant was transformed with a plasmid bearing a mutated myosin II gene that
coded for myosin II that had its three phosphorylatable threonine amino acids
converted to non-phosphorylatable alanines (triple Ala) (Lück-Vielmetter 1990). As
seen in figure 8, the loss of threonines causes the myosin II to collect on the cell
periphery, in contrast to the parental wild type and the transformants bearing the
normal myosin II heavy chain gene, which show a nearly uniform distribution of
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myosin II in the unstimulated cells. Such triple ala cells showed strongly impaired
motility and precision of chemotactic response, as was observed for myosin II null
cells.

3.3 Ca 2+ and the regulation of myosin II heavy chain kinase
It is conceivable that cyclic GMP regulates myosin II phosphorylation by means
of its effects on a cyclic GMP-dependent protein kinase, and such an enzyme has
recently been identified in Dictyostelium (Wanner and Wurster 1990) although its
substrate is unknown. Another possibility, however, is that the connection is more
indirect via Ca 2+ movements. Evidence in favour of this connection comes from
the report of Menz et al (1991) with the streamer mutants showing that the rate
of uptake of calcium from the medium in response to stimulation of amoebae with
cyclic AMP was much greater in the streamer F mutants than their parental wild
type strain with a peak occurring at about 50 s rather than the normal 25 s (figure
4C). It is of interest in this connection that Milne and Coukell (1991) using a
different calcium-uptake assay, did not observe any difference in calcium uptake
between the streamer mutant NP368 and its parental strain. The reason for their
different results is likely to be due either to the different assays employed or the
timing of the measurements. Whereas the assay of Milne and Coukell (1991)
measured the initial rate of uptake of 45Ca radioactivity into the cells after stimulation,
Menz et al (1991) used a calcium electrode assay which measured calcium
concentration changes in the medium around the cells. As the latter technique
monitors the net effect of uptake and extrusion by the cells the different results
may be explained if the effect of cyclic GMP is on inhibition of the Ca2+ extrusion
system rather than stimulation of the uptake system. The time of development of
the cells used for study may also be important, however, as Schaloskc R and
Malchow D (unpublished) have recently found that the prolonged Ca2+ uptake peak
seek in the streamer F mutants was very much stronger between 4 and 6 h of
development. This result might be significant as the cells used by Menz et al
(1991) were at 5 h of development whereas those used by Milne and Coukell
(1991) were at approximately 9 h. The effect of cyclic GMP on Ca2+ uptake
measured by the Ca2+ electrode assay has more recently been confirmed by Flaadt
et al (1993b) using the cell permeant cyclic GMP derivative Sp-8-Br-cyclic GMPS
on wild type amoebae. With intact cells this compound increased the magnitude
of the net cyclic AMP Ca2+ uptake response by 1·5-fold. This effect was shown
to be at the plasma membrane (rather than on intracellular vesicles) from the
finding that treatment of filipin-permeabilized cells produced no stimulatory response.
The correlation between the cyclic GMP, myosin II and calcium uptake effects
suggests that cyclic GMP might affect myosin II via its effects on calcium uptake.
The presence of increased calcium ions in the cell might inhibit myosin
phosphorylation by inhibiting myosin heavy chain kinase. Such a kinase enzyme
(which phosphorylated threonines on the myosin II heavy chain) has been reported
by Maruta et al (1983) to be inhibited by low concentrations of calcium in the
presence of calmodulin in aggregation-competent cells. However, more recent reports
by Ravid and Spudich (1989) have described the isolation of a developmentally
regulated myosin II heavy chain kinase from amoebal membranes that was not (in
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the purified form) regulated by Ca2+, Ca2+/calmodulin, cyclic AMP or cyclic GMP,
The corresponding cDNA clone (Ravid and Spudich 1992) showed some similarity
tο members of the protein kinase C family but only a modest degree of homology
with the DNA region that corresponds to the putative Ca 2+ -binding domain that
is conserved among protein kinase C subspecies. While this evidence suggests that
Ca2+ does not regulate myosin II heavy chain kinase, it seems curious that the
purified kinase enzyme shows no obvious regulation by second messengers. As
several mammalian protein kinase C proteins do not demonstrate Ca2+, phospholipids
or diacylglycerol regulation after purification from cell extracts (Ravid and Spudich
1992), the lack of Ca2+ or cyclic GMP regulation of the Dictyostelium heavy chain
kinase could similarly be lost during purification.

3.4 Cyclic GMP and myosin II light chain kinase
Evidence has also recently been reported indicating that phosphorylation of the
regulatory myosin II light chain (and regulation of this phosphorylation by cyclic
GMP) are also involved in the control of myosin II interaction with the cytoskeleton
via regulating movement of the myosin II molecules to cytoskeletal foci before
liberation to the cytosol (Liu and Newell 1994). In a manner similar to that seen
for myosin heavy chain phosphorylation (figure 6), phosphorylation of myosin II
light chain is biphasic, with minor and major peaks (figure 9). The major peak is
delayed in streamer F mutants compared to parental controls. Unlike the case of
the minor peak, where phosphorylation is associated with a rise in cyclic GMP,
phosphorylation of the major peak is correlated with a decrease in the level of
cyclic GMP and with the dissociation of the myosin II from thick filaments on
the cytoskeleton. As mentioned above, the role of heavy chain phosphorylation is
thought to be due to bending of the myosin tail, as such bent myosin II molecules
cannot participate readily in thick filaments. A corresponding role for phosphorylation
of the regulatory light chain is, however, unlikely as Griffith et al (1987) found
that phosphorylation of the light chain had no effect on the ability of the myosin
II to form thick filaments in vitro. It is more likely that the role is connected
with the actin-aclivated Mg2+ ATPase, as this is activated 5- to 6-fold by
phosphorylation of the light chain (Griffith et al 1987). In an in vitro (Nitella)
motility assay, Griffith et al (1987) also found that myosin II that had been
phosphorylated by myosin light chain kinase moved rapidly (at about 1·4 µms s–1)
compared to phosphatase-treated myosin II which moved slowly or not at all. The
significance of this effect may be seen in conjunction with the results of the
immunoelectron microscopic study of Yumura and Kitanishi-Yumura (1992, 1993)
who showed that the mechanism of dissociation of myosin II from the cytoskeleton
is more complex than that of simply induced tail bending. They found that addition
of ATP to membrane-cytoskeleton preparations of Dictyostelium caused contraction
of the cytoskeleton with aggregation of part of the actin into foci within the actin
network and movement of the myosin II towards these foci before it dissociated.
They postulated that myosin II filaments slide on actin filaments in the direction
of the foci where the myosin heavy chain kinase is localized and, after addition
of phosphates to the heavy chain, the molecules leave the cytoskeleton. A model
of myosin II relay, that incorporates the immunocytochemical findings and the
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Figure 9. Changes in phosphorylation of myosin II light chains after cyclic AMP stimulation
in parental strain XP55 and a streamer F mutant. Results are expressed as percentage
change over restimulus value. Error bars represent SEM. From Liu and Newell (1994).
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results of Griffith et al (1987) on activation of actin-activated Mg2+-ATPase, suggests
that the phosphorylation of the light chain stimulates this movement of the myosin
II over the actin network towards the foci (figure 10). The myosin heavy chain
kinase at the foci then brings about dissociation of the myosin II as previously
postulated. Inhibition by cyclic GMP of the light chain phosphorylation (seen for
an extended period in the streamer mutants) inhibits the movement towards the
foci and causes an accumulation of myosin II on the cytoskeleton as dissociation
slows but association continues. Support for this model is provided by the finding

Figure 10. A model for regulation by cyclic GMP of the dissociation of myosin II from
the cytoskeleton incorporating data from both myosin heavy and light chain studies. The
model proposes that cyclic GMP (directly or indirectly) inhibits myosin II light chain and
heavy chain phosphorylation, thereby inducing a shift in the equilibrium in favour of
association of myosin II on the cytoskeleton. In the absence of cyclic GMP, the action of
myosin II light chain kinase (MLC kinase) promotes the actin-activated Mg2+-ATPase by
phosphorylation of the myosin regulatory light chain and hence stimulates the movement
of the myosin II molecules on cytoskeletal actin molecules to foci on the cytoskeleton
where myosin heavy chain kinase is present, the phosphorylation of the heavy chain then
bringing about myosin II dissociation. During the cyclic GMP peak that is induced by
chemotactic cyclic AMP stimulation, the rate of myosin II dissociation is decreased.
Following the peak of cyclic GMP there is a transient increase in the rate of phosphorylation
of light and heavy chains that had accumulated on the cytoskeleton, and the normal
equilibrium is re-established. In streamer F (stmF) mutants, the period of cyclic GMP
formation in response to chemotactic cyclic AMP stimulation is prolonged (due to failure
to hydrolyse the cyclic GMP) leading to a prolonged association of myosin II with the
cytoskeleton and a delay in the transient increase in rate of phosphorylation of the myosin
light and heavy chains, as observed. From Liu and Newell (1994).
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that in the chemotactic mutants KI-10 and SA219 (which are unable to produce a
peak of cyclic GMP in response to cyclic AMP stimulation) no peaks of heavy
or light chain phosphorylation are observed in response to chemotactic stimulation.
This result would be expected from the model because in these mutants no build
up of myosin II on the cytoskeleton would occur and hence the subsequent peak
of myosin II phosphorylation that is normally seen in the wild type strains during
myosin II dissociation would also be absent.
How inhibition of the light chain phosphorylation is achieved is unknown. Griffith
et al (1987) found that the purified light chain kinase was unaffected by cyclic
nucleotides, although it was inhibited by high concentrations (1 mM) of Ca2+. It is
also apparently unaffected by calmodulin in vitro and, while it has some sequence
homology to the calcium/calmodulin binding domain of other myosin light chain
kinase enzymes, it is thought that this binding region does not satisfy the criteria
of forming the basic amphophilic alpha-helical structure that is essential for
calcium/calmodulin binding (Tan and Spudich 1990, 1991). It differs, therefore,
from the light chain kinase from some other systems such as smooth muscle (Nishikawa
et al 1984, 1985) and further studies are needed to establish the connection between
cyclic GMP and the regulatory light chain kinase in vivo in this system.
4. Conclusion
While the need for Ca2+ in the mechanism of chemotactic signal transduction seems
clear, and the regulation of its uptake by cyclic GMP is, at least in some hands,
demonstrable, its precise role in regulating myosin II interaction with the cytoskeleton
is still subject to some uncertainty. Until the heavy and light chain myosin kinases
have been further studied and their cofactor requirements fully understood, it will
be difficult to ascertain whether there is any scope for Ca2+ regulation of myosin
It phosphorylation by effects on myosin heavy and light chain kinases. The
involvement of cyclic GMP seems on a firmer foundation in that it is supported
not only by the work with the streamer F mutants which show similarly large and
prolonged cyclic GMP and myosin responses, but also from data derived using the
mutants such as KI-10 and SA219 which are unable to form a peak of cyclic
GMP in response to cyclic AMP stimulation and which fail to show any myosin
II response. The model (figure 10) derived from the data described here suggests
that the role of cyclic GMP is to inhibit the light and heavy chain myosin kinases
and thereby bring about the observed transient accumulation of myosin II on the
cytoskeleton. However, whether this effect of cyclic GMP is a direct one on the
heavy and light chain kinases or is indirect remains to be elucidated.
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