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ABSTRACT In Dictyostelium, chemoattractants induce a fast cGMP response that mediates
myosin filament formation in the rear of the cell. The major cGMP signaling pathway consists
of a soluble guanylyl cyclase sGC, a cGMP-stimulated cGMP-specific phosphodiesterase, and
the cGMP-target protein GbpC. Here we combine published experiments with many unpub-
lished experiments performed in the past 45 years on the regulation and function of the
c<GMP signaling pathway. The chemoattractants stimulate heterotrimeric Gafy and mono-
meric Ras proteins. A fraction of the soluble guanylyl cyclase sGC binds with high affinity to
a limited number of membrane binding sites, which is essential for sGC to become activated
by Ras and Ga. proteins. sGC can also bind to F-actin; binding to branched F-actin in pseudo-
pods enhances basal sGC activity, whereas binding to parallel F-actin in the cortex reduces
sGC activity. The cGMP pathway mediates cell polarity by inhibiting the rear: in unstimulated
cells by sGC activity in the branched F-actin of pseudopods, in a shallow gradient by stimu-
lated cGMP formation in pseudopods at the leading edge, and during cAMP oscillation to
erase the previous polarity and establish a new polarity axis that aligns with the direction of
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the passing cAMP wave.

INTRODUCTION

Chemotaxis is important for Dictyostelium cells as it helps the cells
to find food using secretion products of bacteria, their prey (Konijn,
1969). It also helps them to survive periods of food deprivation
when they aggregate by means of chemotaxis to compounds se-
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creted by themselves (Bonner, 1947). In the multicellular structure,
cell movement organizes the tissue into regions of prestalk and pre-
spore cells guided by morphogens inducing chemotaxis and cell-
type-specific gene expression (Schaap et al., 1984; Bretschneider
et al, 1995). Some chemoattractants secreted by bacteria have
been identified as folate and pterins, but probably several still have
to be characterized (Pan et al., 1972). The chemoattractants used for
cell aggregation are partially species specific. The most widely stud-
ied species, Dictyostelium discoideum, uses cAMP as chemoattrac-
tant (Konijn et al., 1967), while Dictyostelium lacteum uses a pterin
derivative (Van Haastert et al., 1982b), Dictyostelium minutum a fo-
late derivative (de Wit and Konijn, 1983), and Polysphondylium vio-
laceum a dipeptide (Shimomura et al., 1982). About 45 years ago it
was discovered that cGMP is produced intracellularly upon stimula-
tion of cells with a chemoattractant. Probably the first experiment
was performed with the not-yet-characterized chemoattractant for
D. lacteum purified from yeast extract (Mato and Konijn, 1977). For
D. discoideum, which uses cAMP as chemoattractant, it was known
that cAMP induces the intracellular increase of cAMP, which is sub-
sequently secreted. The aim of the experiment with D. lacteum was



Condition

GCA (% of sum) sGC (% of sum)

1 h starved

Enzyme activity (pmol/min per mg)
cGMP response by folate (pmol/107 cells)
5 h starved

Enzyme activity (pmol/min per mg)
cGMP response by cAMP (pmol/107 cells)

5.8+ 1.7 (35%)
1.8+0.4 (18%)

11.0+ 1.1 (65%)
8.5+ 1.5(82%)

2.6 0.6 (13%)
1.5+£1.2(7%)

17.1+2.2 (87%)
18.7 £ 3.4 (93%)

sge-null and gea-null cells express only GCA or only sGC, respectively. Cells were starved for 1 h or 5 h to make them optimally sensitive to folate and cAMP,
respectively. Guanylyl cyclase enzyme activity was measured in cell lysates using Mg?*-GTP as substrate. Intact cells were stimulated with either 1 pM folate or 0.1
uM cAMP, and samples for cGMP determination were collected at 0 and 10 s after stimulation; the increase of cGMP levels at 10 s after stimulation is shown. Data
are means and SD of three independent experiments, each with triplicate determinations. The relative importance of GCA and sGC in enzyme activity and cGMP

responses is calculated as percentage of the sum of the activities.

TABLE 1: Contribution of GCA and sGC to guanylyl cyclase activity and chemoattractant-stimulated cGMP response.

to see whether a species that does not use cAMP as chemoattrac-
tant uses CAMP as second messenger. The result was negative; no
increase of cCAMP levels was detected. Because the samples were
already present, the levels of cGMP were determined, demonstrat-
ing a very fast and strong increase of cGMP levels. Soon thereafter
it was shown that a similar cGMP response was induced by the che-
moattractant cAMP in D. discoideum (Mato et al., 1977; Wurster
et al., 1977) and by the dipeptide in P. violaceum (De Wit et al.,
1988). Interestingly, a few years later it was shown that many che-
moattractants that do not induce cAMP levels during aggregation
do induce a cAMP increase during multicellular development
(Schaap and Wang, 1984, 1985; Schaap et al., 1984). The first 25
years of cGMP research has been reviewed by Bosgraaf and Van
Haastert (2002). This review describes for D. discoideum the identi-
fication and biochemical characterization of the guanylyl cyclases,
cGMP-binding proteins, and cGMP-phosphodiesterases, the regu-
lation of these enzymes in signal transduction pathways, the charac-
terization of several mutants defective in one of these enzymes or
their regulation, and finally the cloning of the genes encoding the
relevant enzymes.

The cGMP system in D. discoideum consists of two guanylyl cy-
clases, GCA with the topology of a membrane-bound adenylyl cy-
clase with 12 transmembrane segments (Roelofs et al., 2001c) that is
always membrane bound and sGC with the topology of a soluble
adenylyl cyclase that is found in the cytosol and is slightly enriched
at the boundary of the cell (Roelofs et al., 2001b). GCA and sGC are
both activated by the extracellular chemoattractants folate and
cAMP, but sGC has the largest contribution (Roelofs and Van Haas-
tert, 2002). The cGMP produced is mainly degraded by a cGMP-
stimulated cGMP-specific phosphodiesterase (GbpA, PDES5, or
PdeD, product of the stmF locus) (Van Haastert et al., 1982a; Bos-
graaf et al., 2002b; Meima et al., 2002). Minor contributions are by
the high-affinity cGMP-specific PDE3 (about 10%) and by secretion
followed by extracellular degradation by the nonspecific PDE1
(about 10%) (Bader et al., 2007). The cGMP produced can also bind
and activate its high-affinity target, GbpC (Bosgraaf et al., 2002a).
No evidence is available for other functional cGMP targets in Dic-
tyostelium. In gbpC-null cells all high-affinity (4 nM) binding is lost,
unveiling a low-affinity (300 pM) cGMP-binding protein (Bosgraaf
et al., 2002a; Van Egmond, 2010). This protein was purified and
identified as nucleotide diphosphokinase (NDPK) (Van Egmond,
2010): millimolar concentrations of ATP, ADP, GTP, and GDP com-
pete with [*H]-cGMP binding to the low-affinity cGMP-binding pro-
tein in gbpC-null cells, and submillimolar concentrations of cGMP
act as competitive inhibitors of the NDPK enzymatic activity (ATP +
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GDP — ADP + GTP) (Van Egmond, 2010); because cGMP may
mimic GDP, and because cGMP does not reach these high concen-
tration, we consider NDPK as not a relevant functional cGMP target.
Therefore, the main players are the guanylyl cyclase sGC, the phos-
phodiesterase PDES5, and the cGMP-target GbpC.

In the past 20 years many experiments have been performed on
the regulation of these enzymes using the cloned genes. These ex-
periments include localization with green fluorescent protein (GFP)-
tagged proteins, functional studies with null mutants, and investi-
gating specific regulatory processes by expressing mutated
proteins. Here we combine published and many unpublished ex-
periments on the regulation and function of this chemoattractant-
stimulated cGMP pathway.

RESULTS

Activation of sGC by cAMP/folate in vivo and by GTPyS

in vitro

Major contribution of sGC. Dictyostelium has two guanylyl cyclase,
GCA and sGC (Roelofs et al., 2001¢,b). GCA has the predicted
topology of a membrane-bound adenylyl cyclase with 12
transmembrane-spanning domains and is present only in the
membrane fraction of a cell lysate. sGC has the predicted topology
of a soluble adenylyl cyclase and is localized in the cytosol but also
at the boundary of the cell where the plasma membrane and cortical
F-actin are present. GCA is expressed maximally during growth and
multicellular development, whereas sGC is expressed maximally
during starvation (Roelofs and Van Haastert, 2002). The properties
of GCA and sGC were investigated in two cell lines: sGC is the only
guanylyl cyclase in gca-null cells, while sgc-null cells express only
GCA (Roelofs and Van Haastert, 2002). Here we analyzed these data
to establish the relative contribution of GCA and sGC to enzyme
activity and cGMP response (Table 1). Although GCA has its highest
activity in growing and 1-h-starved cells, its contribution to the total
GC activity is only 35% (Table 1). The contribution of GCA to the
folate-stimulated cGMP response is still smaller, only 18%, and sGC
provides by far the largest contribution to the folate-stimulated
cGMP response. In 5-h-starved cells, the activity of GCA has
declined and it contributes 13% to the total GC activity and just 7%
to the cAMP-mediated cGMP response. The results in Table 1
indicate that in 1-h- and 5-h-starved cells, sGC always is the major
contributor to guanylyl cyclase enzyme activity in vitro and
chemoattractant-stimulated cGMP response in vivo. In the next
Results sections, the large effects observed are interpreted as being
mediated by sGC; in the Discussion, the potential contribution of
GCA in some of the small effects observed is evaluated.

Molecular Biology of the Cell
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FIGURE 1: Stimulation of sGC in vivo by cAMP. The increase of cGMP
levels at 10 s upon stimulation of the mutant is presented as %
relative to the increase of cGMP levels upon stimulation of the
parental strain of that mutant. The dominant negative RasG-S17N was
expressed in rasC-null cells under the control of an inducible
promotor that is activated by doxycycline (dox). Data are the means
and SEM of two to nine experiments with triplicate determinations.
Significance: *, different from response in control; #, different from 0;
* or #, significant at P < 0.05; ** or ##, significant at P< 0.01; *** or
###, significant at P < 0.001; ns, not significant at P> 0.05.

Activation of sGC by cAMP in vivo requires Go.2py and Ras. The
cAMP-induced cGMP accumulation after stimulation of starved Dic-
tyostelium cells has been investigated in several signaling mutants.
The results are presented as the increase of cGMP levels in the mu-
tant relative to the increase of cGMP levels of the parental strain of
that mutant (Figure 1). Null mutants of cAR1/3, ga2, and g8 do not
exhibit a cAMP-induced cGMP increase, indicating that the cAMP
receptors cAR1/3 and the heterotrimeric G-protein subunits Go.2
and Gy are essential components of the signaling pathway (Kes-
beke et al., 1988; Kumagai et al., 1989, 1991; Sun et al., 1990; Wu
et al., 1995; Kuwayama and Van Haastert, 1998b). The role of the
monomeric Ras family members is more complex: The cGMP re-
sponse is 75 £ 7% in rasC-null cells and 52 * 6% in rasG-null cells
relative to the response of their parental strain JH10 (Bolourani
et al., 2006, 2008) (mean and SEM). These responses are both sta-
tistically significant above 0% and significant below 100% (P <
0.001). The cGMP response of rasC/rasG-null cells is only 15.8 +
1.2%. It should be noted that this strain is difficult to use because it
has growth and developmental defects with reduced expression
cAR1 and Go2 (Bolourani et al., 2006). Furthermore, the strain is
unstable because it recovers wild-type properties after culture for a
few weeks, probably due to the premature and enhanced expres-
sion of RasD (Khosla et al., 2000; Bolourani et al., 2010; Chattwood
et al., 2014). Therefore, we have measured the cGMP response in
rasC-null cells expressing the dominant negative RasG-S17N from a
tetracycline-inducible expression system that is activated by doxycy-
cline (+Dox) (Veltman et al., 2009b). We previously have shown that
these cells expressing the dominant negative RasG-S17N do not
show Ras activation upon cAMP stimulation as measured with the
sensor Raf-RBD-GFP (Kortholt et al., 2013). The results show that
without induction the cGMP response is similar to that of rasC-null
cells. Upon induction of RasG-S19N expression, the cGMP response
of the obtained rasC-null/RasG-S17N cells is only 18 + 2%. The re-
sults suggest that besides the heterotrimeric Ga2fy a small G-pro-
tein is required to activate sGC. Both RasC and RasG can fulfill this
role. Because the small cGMP response of rasC-null/RasG-S17N is
still significant above 0, probably other small G-proteins such as
RasD may contribute to the response in the absence of RasC and
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FIGURE 2: Stimulation of sGC in vitro by GTPyS. Guanylyl cyclase
was measured in lysates with Mg?*-GTP in the absence or presence of
50 pM GTPyS. The increase of activity by GTPYS in the mutant is
presented as % relative to the increase by GTPYS in the parental strain
of that mutant (see Materials and Methods for definition). Data are
the means and SEM of two to five experiments with triplicate
determinations. See Figure 1 caption for indications of significance.

RasG. Together the data suggest that the cAMP-mediated cGMP
signaling pathway in vivo is predominantly cAMP — cAR1/3 —
Go2By — RasC/G — sGC — cGMP.

Regulation of sGC in vitro by GTPYS in cell lysates is mediated by
Ras. sGC in vitro is active with Mn?-GTP and Mg?-GTP as sub-
strate (Janssens et al., 1989; Schulkes et al., 1992). Based on the
required millimolar concentrations of Mn2* and Mg?* in combination
with the cellular concentration of 10 uM Mn?* versus 3 mM Mg?*, it
was concluded that Mg?*-GTP is the physiological substrate (Jans-
sens et al., 1989; Roelofs and Van Haastert, 2002). The Mg?-GTP-
dependent guanylyl cyclase activity is activated by micromolar con-
centrations of GTPYS, resembling the mode of action of
heterotrimeric or monomeric GTP-binding proteins (Janssens et al.,
1989). The GTPyS-mediated activation of guanylyl cyclase activity in
vitro has been investigated in several signaling mutants. The results
are presented as the fold activation by GTPYS in the mutant relative
to the fold activation by GTPYS in the parental strain of that mutant
(Figure 2). GTPyS-mediated activation of sGC is normal in cell ly-
sates prepared from gfnull, ge2-null, god-null, and go2/ged-null
cells, suggesting that heterotrimeric G-proteins do not mediate the
effect of GTPYS (Wu et al., 1995; Roelofs et al., 2001a). Activation of
sGC by GTPYS is still 70 + 8% in lysates from rasC-null and 26 +2 %
in lysates from rasG-null cells (Bolourani et al., 2008). However, acti-
vation by GTPYS is strongly reduced to 14 £ 1% in lysates from rasC/
rasG-null cells (Bolourani et al., 2008) and to only 9 + 0.5% in lysates
from rasC-null with induction of the dominant negative RasG-S17N
(rasC-null/RasG-S17N + Dox; Figure 2).

Regulation of sGC in vitro by reconstitution with purified pro-
teins. To directly establish the regulation of sGC in vitro, a lysate of
wild-type cells containing sGC was incubated with purified and sta-
ble GTP-binding proteins. In this lysate GTPYS stimulates sGC activ-
ity 55% (Figure 3). Purified active Gaid-GppNHp has no effect on
sGC activity. Purified GBy also does not activate the enzyme and
even slightly but significantly inhibits sGC activity. Purified active
Rap1-GppNHp has no effect. Importantly, purified active RasG-
GppNHp stimulates sGC activity to a similar level as GTPYS, whereas

c¢GMP in Dictyostelium chemotaxis | 3
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FIGURE 3: Reconstitution of sGC with purified proteins. A lysate
from wild-type AX3 cells was reconstituted with the indicated purified
protein for 60 s on ice and then assayed for guanylyl cyclase activity at
room temperature. The activity is presented relative to the control
without purified protein or GTPYS added. The data shown are the
means and SEM of 12 (control) or four (all others) independent
reconstitutions with triplicate time points. Significance: different from
control at *, P < 0.05 or ***, P < 0.001; ns, not significant at P> 0.05.

the inactive RasG-GDP does not activate the enzyme. Unfortunately,
we were not able to purify Ga2-GppNHp and RasC-GppNHp in a
stable form.

The combined experiments with mutants and reconstitutions
strongly suggest that GTPYS stimulation of sGC activity is mediated
predominantly by RasG and partly by RasC, whereas heterotrimeric
G-proteins do not have a direct effect on sGC activity. This suggests
that the cAMP-mediated activation of sGC in vivo is a two-step reac-
tion: first the activation of RasG and RasC by cAMP, which absolutely
requires cAR1/3 and Ga2By, and the activation of sGC by activated
RasG/RasC.

Ras activation by cAMP or folate in vivo is not sufficient for sGC
activation. In Dictyostelium, Ras proteins are present uniformly at
the plasma membrane as was deduced from the localization of GFP-
RasG (Sasaki et al., 2004). Stimulation of cells with cAMP does not
change this localization of Ras but converts Ras from the inactive
Ras-GDP state into active Ras-GTP. This activation can be measured

with the sensor RBD-Raf-GFP. The RBD domain of mammalian Raf
binds specifically to the GTP form of Ras, mainly RasG. Upon cAMP
stimulation, free RBD-Raf-GFP in the cytoplasm translocates to the
cell boundary, where it binds to Ras-GTP. As mentioned above, the
activation of sGC in vivo is absent in ga2-null and gf-null cells
(Kesbeke et al., 1988; Kumagai et al., 1989, Wu et al., 1995;
Kuwayama and Van Haastert, 1998b). Interestingly, cAMP induces a
partial activation of Ras in go2-null cells: RBD-Raf-GFP shows a sig-
nificant, fast, and transient translocation from the cytoplasm to the
plasma membrane in cAMP-stimulated go2-null cells (Kortholt
et al, 2013). We have carefully explored here the responses of
gornull and gBnull cells. The Ras response in ga2-null cells is about
55% of the response in wild-type cells (Table 2). In addition, cAMP
induces a significant 18% stimulation of F-actin in go2-null cells as
measured with the sensor LImE-GFP (Table 2). In contrast, the in-
crease of cGMP levels in ga2-null cells is undetectable, indicating
that it is less than 5% compared with the response of wild-type cells.
Importantly, none of these cAMP-induced responses is significant in
gpnull cells (Table 2).

Vegetative cells are chemotactic to folate, which is detected by
the folate receptor fAR1 and mediated by Go4fy (Hadwiger et al.,
1994; Pan et al., 2016). Folate does not induce a cGMP response in
god-null and gBnull cells (Hadwiger et al., 1994; Pan et al., 2018).
However, the Ras activation (Kataria et al., 2013) and F-actin forma-
tion by folate are essentially normal in ge4-null cells (about 95% of
those of wild type; see Table 2). In gB-null cells folate does not in-
duce Ras activation, F-actin formation, or a cGMP response.

Figure 1 reveals that the cAMP-induced cGMP response in vivo
is strongly diminished in rasG-null cells, while Figure 3 shows that
active RasG can activate sGC in vitro. To directly test whether RasG
activation in vivo is sufficient for the activation of guanylyl cyclase,
we expressed dominant active RasG-G12V under a tetracycline-in-
ducible promotor in wild-type cells. The results reveal that upon in-
duction of RasG-G12V expression, basal cGMP levels and cAMP-
stimulated cGMP levels do not change: basal cGMP levels are 0.68
+0.12 pmol/107 cells after induction of RasG-G12V and 0.79 + 0.21
pmol/107 cells before induction; cAMP-stimulated cGMP levels are
12.66 +5.21 pmol/107 cells after induction of RasG-G12V and 14.81
+4.97 pmol/107 cells before induction. In contrast to the absence of
an effect of dominant RasG-G12V on the cGMP response, the simi-
lar dominant active RasG-G12T exhibits increased PI3K activation
and protrusions (Sasaki et al., 2004; Zhang et al., 2008).

These results lead to several conclusions. First, Go.2 for cAMP
and Ga4 for folate are not essential for Ras activation, but GBy is

Strain Stimulus Raf-RBD-GFP/Ras LimE-GFP/F-actin cGMP response
WT cAMP 100 (12) 100 (12) 100 (6)

gfnull cAMP 8.1+8.4(4) NS 3.9+7.1 (4 NS 2.6£4.5(3) NS
go2-null cAMP 55.3+£21.3(6) 19.2£10.0 (9) 1.7 £4.0(9) NS
WT Folate 100 (16) 100 (8) 100 (6)

gfnull Folate 3.3+£23.3(4)NS -5.0 £ 30 (4) NS 23£6.1(3)NS
god-null Folate 92.7 £41.1 (16) 94.9 £16.2 (13) 3.1£9.9(3) NS

Starved cells were stimulated with 0.1 uM cAMP and vegetative cells with 1 uM folate. The depletion of Raf-RBD-GFP and LimE-GFP in the cytosol was measured as
indicator for the activation of Ras and F-actin, respectively. The response in the mutants is presented as the % stimulation in the mutant relative to the % stimulation
of the parental wild type (WT) run in parallel. The data are the means and SD with n in parentheses the number of experiments. For Ras and F-actin response, n in
parentheses refers to the number of cells analyzed in two independent experiments. For cGMP response, n in parentheses refers to the number of independent
experiments with triplicate determinations. Data in green, the response is significant above 0 at P <.0.01; data in purple, the response is not significant (NS) above 0
at P> 0.05. It appeared to be difficult to obtain many transformants in gf-null cells, explaining the low number of cells analyzed.

TABLE 2: Activation of Ras, F-actin, and sGC in vivo in G-protein mutants.
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Haastert, 2006). Recently we observed (Van
Haastert, 2020) that branched F-actin and
parallel F-actin may have very different
functions in the regulation of pseudopods
and cell movement (see also Davidson and
Wood, 2016; Rottner et al., 2017). Therefore,
the localization of sGC-GFP was quantified
in detail in pseudopods and the cortex
(Figure 4, B and C). In unstimulated starved
wild-type cells, sGC-GFP in pseudopods
and the cortex is about 0.57- and 0.25-fold
above sGC-GFP in the cytosol, respectively.
Upon stimulation with cAMP, the sGC-GFP
intensity in pseudopods does not change
significantly, while the sGC-GFP intensity in
the cortex increases about twofold from
0.25 to 0.57, all relative to the sGC-GFP
intensity in the cytosol before stimulation
(Figure 4C). This increase of sGC-GFP in the
cytoskeleton is associated with a 21%
decrease of sGC-GFP in the cytosol (Veltman
et al., 2005; Veltman and Van Haastert,
2006; see also Figure 5 kinetics). In LatA,
cAMP does not induce any detectable
increase of sGC-GFP localization in the
cortex or a detectable depletion from the

buffer

cAMP

sGC-GFP in cortex or pseudopod
(fold above cytosol)

buffer
cortex

distance (um)

FIGURE 4: Localization of sGC-GFP in the cytoskeleton in pseudopods and the cortex.

(A) Typical images of cells in buffer and at 10 s after stimulation with uniform 100 nM cAMP.
Scale bars =5 um. (B) Quantification of sGC-GFP in buffer along the lines a to a’, b to a’, and
after cAMP stimulation along the lines c to ¢’ and d to d'. Presented is the fluorescence intensity
along the lines relative to the fluorescence intensity of the cytosol before stimulation.

(C) sGC-GFP levels in the cortex at the boundary of the cell and in pseudopods of wild-type
AX3 cells in buffer and after cAMP stimulation. The data shown are normalized to the GFP
intensity of the cytosol before stimulation and are means and SEM with 14 cells analyzed.

*** significantly different at P < 0.001; ns, not significant at P> 0.1.

essential. cAMP activates besides Ga2fBy also Ga1py and Ga9By
(Kumagai et al., 1989; Bominaar and Van Haastert, 1994,
Dharmawardhane et al., 1994; Brzostowski et al., 2002; Kataria
et al., 2013), and folate activates besides Go4Py also Ga5By
(Hadwiger et al., 1994; Hadwiger, 2007). This suggests that Ras
activation is mediated by the subunit GBy that is released in small
amounts from Ga1By or Ga9By in cAMP-stimulated ga2-null cells
or is released in larger amounts from Ga5By in folate-stimulated
god-null cells. Second, Ras activation in ga2-null and god-null
cells is not sufficient for sGC activation. This suggests that sGC
activation requires an activated Ras protein and an activated Ga.
subunit.

Interaction of sGC with the cytoskeleton

Localization of sGC-GFP in the cytoskeleton. In cells sGC-GFP is
localized partly at the boundary of the cell, partly in protrusions, and
mainly in the cytosol (Figure 4A). Upon the addition of the F-actin
inhibitor latrunculin A (LatA) sGC-GFP becomes cytosolic, suggesting
that sGC-GFP is enriched in the branched F-actin of pseudopods
and the parallel F-actin of the contractile cortex immediately under
the plasma membrane (Veltman et al., 2005; Veltman and Van
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cytosol (Figure 4A; Veltman and Van
Haastert, 2006).

The association of sGC to the cytoskele-
ton requires the N-terminal segment. The
truncation AN-sGC-GFP is cytosolic and not
enriched in pseudopods or in the F-actin cor-
tex at the boundary of the cell (Figure 4A,;
Veltman and Van Haastert, 2006). Conversely,
the N-terminal segment fused to GFP
(NT-1010-sGC-GFP) is localized in pseudopods
and at the boundary (Veltman and Van Haas-
tert, 2006), indicating that this N-terminal
segment is essential and sufficient for the lo-
calization of sGC in the cytoskeleton.

buffer  cAMP
pseudopod

Kinetics of sGC activation and translocation to the cytoskele-
ton. Stimulation of cells with cAMP leads to the rapid translocation
of sGC-GFP to the cortex, where it is in the vicinity of the plasma
membrane containing the activators Go.2 and RasC/G. To under-
stand the role of sGC-GFP translocation to the cortex for its activa-
tion, we measured the kinetics of this translocation in relation to the
kinetics of sGC activation. For sGC activation, we reused the origi-
nal data on the increase of cGMP levels at a very short time after
cAMP stimulation (Van Haastert, 1987). This reveals that the increase
of cGMP levels is constant between 1.5 and 7 s after stimulation
with cAMP (Figure 5A); the onset time of the cGMP increase is T =
0.85 + 0.32 s after stimulation with cAMP (optimal value and 95%
confidence level of the linear fit of cGMP levels; Figure 5C). sGC
activity is proportional to the increase of cGMP levels (dcGMP/dlt);
this indicates that sGC is fully activated at 2 s after the addition of
cAMP and that activation of sGC has an onset time of T = 0.81 +
0.45 s (Figure 5, A and C). Translocation of sGC-GFP to the cortex
was measured as the depletion of sGC-GFP from the cytoplasm,
because these measurements are very robust and sensitive (Veltman
and Van Haastert, 2006). The depletion of sGC-GFP from the cyto-
plasm is relatively slow: it starts at T = 3.38 £ 0.51 s after cAMP
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FIGURE 5: Kinetics of cGMP-related responses. (A, B) Kinetics of the responses. Prestimulus
levels are set at 0% and the maximal response at 100%. The data between 10% and 75% were
subjected to linear regression. The intersection with the x-axis is 7, the onset time of the
response in seconds. (C) Table showing the optimal values of T and the 95% confidence levels.
The cGMP response, sGC activity, and sGC-GFP translocations are real-time determinations. In
contrast, Ras activation and the formation of F-actin are indirect measurements using sensors
that translocate from cytosol to the boundary of the cell. These indirect assays have a delay that

is estimated to be 0.75 s (see Supplemental Figure S1).

stimulation (Figure 5, B and C). Thereby, translocation of sGC-GFP
to the cytoskeleton occurs well after activation of sGC. We conclude
that translocation of sGC-GFP to the cortex near the plasma mem-
brane is not involved in the activation of sGC-GFP by membrane-
localized Ras and Ga.2.

In these experiments we also collected kinetic data on the
activation of Ras and the formation of F-actin. The activation of
Ras and the formation of F-actin cannot be monitored in real
time directly but was measured by specific sensors: RBD-Raf-GFP
for the active Ras-GTP (Kortholt et al., 2013) and LimE-GFP for
both branched and parallel F-actin (Kamp, 2019). The results re-
veal that depletion of RBD-Raf-GFP occurs rapidly with an onset
time of 1=1.15+0.49 s (Figure 5, B and C). Depletion of LimE-
GFP is slightly slower with an onset time of 1 = 1.68 + 0.43 s.
These two sensors translocate to the boundary of the cell be-
cause Ras-GTP levels and F-actin levels increase, which must im-
ply that there is a small time delay between the increase of Ras-
GTP or F-actin and the depletion of the sensors from the
cytoplasm. Calculations using fast but realistic binding kinetics of
these sensors suggest that the delay may be between 0.5 and
1.5 s (see Supplemental Figure S1). Assuming a time delay of
0.75 s between the increase of Ras-GTP/F-actin and the deple-
tion of the sensors, we deduce the following onset times in sec-
onds after cAMP stimulation: Ras at 0.4 £ 0.5 s, sGC activation at
0.8 £ 0.4 s, cGMP increase at 0.8 £ 0.3 s, and F-actin at 0.9 +
0.4 s, which are all fast and statistically not significantly different
(P>0.1); however, sGC-GFP translocation at 3.4 £ 0.5 s is signifi-
cantly slower at P< 0.01.
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increased ¢cGMP synthesis, probably be-
cause pseudopod-associated sGC exhibits
increased Mg?-dependent guanylyl cyclase
activity.

cAMP does not induce an increase of
sGC-GFP localization in pseudopods but a
strong increase of sGC-GFP in the contrac-
tile cortex (Figure 4, B and C). This translo-
cation of sGC-GFP does not occur in LatA
and is also absent in gc-null cells expressing
AN-sGC-GFP (Figure 4A). In these cells, with lower basal cGMP lev-
els, cAMP induces a strong cGMP response that reaches higher
maximal levels. Furthermore, these maximal levels are reached later
and cGMP declines more slowly than in control cells; half-maximal
recovery occurs at 20 s in wild type, at 30 s in AN-sGC, and at 50 s
in LatA (Figure 6B). In wild-type cells cAMP-induced association of
sGC to the cortex starts at 3.3 s after stimulation, at which time the
enzyme is already fully activated. The cGMP response in LatA or gc-
null cells expressing AN-sGC-GFP starts to become larger than the
cGMP response of control wild-type cells beyond 5 s after stimula-
tion, thus at the moment sGC-GFP in control cells associates to the
cytoskeleton. This suggests that the association of sGC-GFP to the
cortex actually inhibits sGC activity.

Regulation of sGC by GbpC, membrane interaction,

and Ca?

Membrane interaction. In cells, sGC-GFP protein as detected by
confocal microscopy is localized for about 80% in the cytosol and
20% at the boundary of the cell at or near the plasma membrane
(Veltman et al., 2005). The sGC activity measured with the substrate
Mn2+-GTP is also present mainly in the soluble fraction of the lysate
(Table 3), confirming the general notion that Mn?* uncovers intrinsic
cyclase activity (Tesmer et al., 1999; Roelofs et al., 2001b). In con-
trast, guanylyl cyclase activity measured with the physiologically
more relevant Mg?*-GTP is detectable predominantly in the pellet
fraction (Table 3). The pellet fraction may contain membranes, or-
ganelles, and cytoskeleton. In conclusion, it is unclear whether sGC
in the pellet of a cell lysate or at the boundary of the cell in vivo is
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FIGURE 6: Potential role of sGC association to the cytoskeleton. (A) Basal cGMP levels in
buffer. The interaction between sGC and F-actin is mainly to branched F-actin in pseudopods,
which is absent in LatA and in AN-sGC, which both show reduced cGMP levels. (B) cAMP-
stimulated cGMP levels. During cAMP stimulation the interaction between sGC and F-actin is
mainly to parallel F-actin in the cortex, which is absent in LatA and in AN-sGC, which both show
increased cGMP levels. The data shown are the means and SEM of six determinations;

significantly different from wild type at **, P <0.01 or ***, P < 0.001.

associated to the plasma membrane or to the F-actin cortex. There-
fore, cells were incubated with 7.5 uM LatA for 15 min to deplete the
cells of F-actin. In vivo all sGC-GFP becomes cytosolic (Veltman and
Van Haastert, 2006; Figure 4A). Interestingly, the distribution of
Mn2*-GTP- and Mg?-GTP-dependent guanylyl cyclase activity in
the supernatant and pellet fraction of LatA-treated cells is similar to
the distribution between pellet and supernatant in a lysate from con-
trol cells (Table 3). Furthermore, similar results were obtained with
AN-sGC-GFP expressed in ge-null cells: In cells AN-sGC-GFP does
not bind to the F-actin cytoskeleton of the cortex (Figure 4A), but in
lysates AN-sGC-GFP protein and Mn?*-GTP activity are localized in
the pellet and supernatant fraction as for the wild-type protein (Table
3). In addition, sGC from LatA-treated cells or AN-sGC-GFP is still
activated by GTPYS in the pellet fractions (Table 3). This suggests
that sGC localization in the pellet fraction is probably due to interac-
tion with the membrane, not to association with the cytoskeleton.
The association of sGC to the membrane was analyzed in recon-
stitution experiments using membranes from gc-null cells (that do
not contain sGC) with the supernatant of wild-type cells (that do
contain sGC and Mn?*-GTP activity, but no Mg?*-GTP activity)
(Veltman et al., 2005). The results (Figure 7) show that incubation of

supernatant of wild-type cells translocated
to the pellet fraction of gc-null cells (Velt-
man et al., 2005). Very similar results were
obtained when mixing the supernatant of
AN-sGC-GFP expressed in gc-null with the
pellet of gc-null cells: low activity in the sep-
arate fractions and high activity in the mix-
ture that is activated by GTPYS, indicating
that AN-sGC-GFP can associate with the
membrane binding sites to generate Mg?*-
GTP-dependent guanylyl cyclase activity
that can now be stimulated by GTPyS.

By mixing different amounts of supernatant and pellet, it was
deduced that the binding sites saturate with Mg?-GTP activity at a
1:1 ratio of supernatant and pellet (Veltman et al., 2005). At this 1:1
mixture, we estimate that approximately 20% of the sGC molecules
from the supernatant have associated with the pellet fraction (esti-
mate based on Mn?-GTP activities in the original wild-type super-
natant and in the pellet obtained after centrifugation of the mixture),
suggesting that a cell contains about fivefold more sGC molecules
than membrane binding sites for sGC. The formation of Mg?*-GTP
activity in these reconstitutions is not enhanced by GTPyS (Veltman
et al., 2005).

time (s)

Regulation by Ca? ions. Micromolar concentrations of Ca?
strongly inhibit sGC activity (Janssens et al., 1989; Roelofs and Van
Haastert, 2002): Lysis in the presence of 10 uM Ca?* leads to full in-
hibition of GC activity (experiment 2 in Table 4). This inhibition is
reversible, because the addition of EGTA to reduce free Ca? to
<1 nM leads to the recovery of sGC activity and its activation by
GTPYS (experiment 3). In a series of centrifugation and reconstitu-
tion experiments, the mechanism of how Ca?* may inhibit sGC was
investigated (Veltman et al., 2005). In experiment 3, lysis of cells in

sGC activity (pmol/min per equivalent of 107 cells)

Enzyme Substrate Pellet Supernatant % in pellet

sGC MnZ-GTP 12.6+3.5(8) 30.9+4.4(8) 29+9
Mg?*-GTP 24.9 + 3.4 (9) 45104 (9 85+ 13
Mg?-GTP + GTPYS 50.1+£3.9 (9) 4.2+0.7 (9)

sGC in LatA Mn%-GTP 12.0+5.2 (8) 30.7+£7.5(8) 28+ 14
Mg?*-GTP 17.6 4.8 (6) 2.6+0.5 (6) 87 £ 28
Mg?*-GTP + GTPyS 37.2+£4.6(6) 2.7 £0.8 (6)

AN-sGC MnZt-GTP 8.9+4.9 (9 28.6+4.2(9) 24 £5
Mg?-GTP 18.5+£3.5(8) 2.8+£0.3(8) 87 +19
Mg?*-GTP + GTPyS 36.4+1.4(8) 3.1+£0.6(8)

Data are means and SD with n the number of determinations in parentheses.

TABLE 3: Membrane association and activity of sGC.
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FIGURE 7: Reconstitution of sGC and AN-sGC with membranes. The
supernatant of a lysate of sGC or AN-sGC cells was reconstituted with
the pellet of ge-null cells and assayed with Mg?*-GTP in the absence
or presence of 50 pM GTPYS. The mixture has increased activity, which
is further increased by GTPyS. Data shown are the means and SEM of
five experiments with triplicate reconstitutions (n = 15).

Ca?" and the addition of EGTA to the lysate, followed by centrifuga-
tion, lead to recovery of sGC activity in the pellet. This indicates that
in EGTA sGC remained associated with the membrane binding
sites. In experiment 4, cells were also lysed in Ca?", but EGTA was
now added after centrifugation; the data show that no sGC was re-
covered in the pellet or supernatant. This indicates that in Ca?*, sGC
has dissociated from the membrane binding sites. Finally in experi-
ment 5, this pellet prepared in Ca?" was reconstituted with a fresh
supernatant prepared in EGTA, leading to the recovery of sGC activ-
ity and its activation by GTPyS. This indicates that the sGC-binding
sites in the membrane were not lost by centrifugation in Ca?* and
can still bind sGC in EGTA. Together the experiments suggest that
1) sGC binds to membrane binding sites, which supports Mg?*-
GTP-dependent guanylyl cyclase activity and activation by GTPYS;
2) in the presence of Ca?*, sGC dissociates from these membrane
binding sites and loses Mg?*-GTP-dependent activity and activation
by GTPgS, but the binding sites remain present in the membrane; 3)
upon removal of Ca?*, sGC can reassociate to the membrane bind-
ing sites and become active with Mg?*-GTP and activated by GTPyS.

The role of Ca? in vivo was investigated for the cAMP-stimulated
cGMP response in cells that were permeabilized by electroshock
(Valkema and Van Haastert, 1992, 1994; Schoen et al., 1996). The
conditions used generate small holes that allow the transport of
molecules smaller than about 300 Da. ATP and GTP do not pass, but
ions such as Ca?* can equilibrate with the external medium (Van Haas-
tert et al., 1989). Electroporation in the presence of 1 pM extracellular
free Ca?" using a EGTA/Ca?" buffer leads to the rapid decline of basal
cGMP levels with a half-time of about 30 s (Figure 8A). The cAMP-in-
duced cGMP response of permeabilized cells in EGTA is larger than
the cGMP response of control cells, whereas the cGMP response is
strongly inhibited in buffered 1 uM and 1 mM extracellular Ca?*
(Figure 8B). Furthermore, the decline of cAMP-stimulated cGMP lev-
els to basal levels between 10 and 45 s after stimulation shows a half-
time of about 10 s for control cells and cells in EGTA and a half-time
of about 6 s for permeabilized cells in 1 uM and 1 mM extracellular
Ca?* (Figure 8B). The experiments reveal that elevated concentrations
of intracellular Ca?* inhibit basal and cAMP-stimulated sGC activity.
The extent and timing of the observed inhibition are similar to those
of the expected inhibition that was predicted using a model that in-
cludes the biochemical properties of sGC and the cAMP-mediated
increase of cellular Ca?* (Valkema and Van Haastert, 1994).

Regulation of sGC by GbpC. The cGMP produced by sGC binds to
GbpC, a large 294 kDa protein with multiple domains including a
kinase domain (Bosgraaf et al., 2002a; Kortholt et al., 2012). Previ-
ously we have shown that a partially purified cGMP-binding activity
regulates guanylyl cyclase activity in lysates of starved cells (Ku-
wayama and Van Haastert, 1996). Now we know that GbpC is the
only high-affinity cGMP-binding protein of Dictyostelium (Van Eg-
mond, 2010) and essentially all guanylyl cyclase activity of starved
cells is attributed to sGC (Roelofs and Van Haastert, 2002). There-
fore, these experiments are interpreted in the context of the regula-
tion of cGMP-synthesizing enzyme sGC by the cGMP-target GbpC.
With this interpretation, the results of Kuwayama and Van Haastert
(1996) indicate that in vitro GbpC activates sGC to about 150% of
control values when its kinase activity is inhibited by AppNHp; this
activation is independent of the presence of cGMP. In contrast, in
the presence of ATP, which allows kinase activity, GbpC inhibits sGC

Activity (pmol/min per equivalent of 107 cells)

No Experiment GTPyS Lysate Pellet Supernatant
1 Lysis in EGTA, centrifugation, assay in EGTA - 12.31+£4.53 12.77 £3.77 1.00 £ 0.49
+ 32.31+4.14 41.01 £ 8.57 1.12+0.51
2 Lysis in Ca?, centrifugation, assays in Ca®* - 1.38 £0.37 1.31+0.56 0.43+0.39
+ 0.92+0.34 1.72+£0.39 0.44 +£0.95
3 Lysis in Ca?", EGTA added, centrifugation, assay in EGTA - 12.46 £5.27 11.54 £5.66 0.93+0.27
+ 2496 +5.93 27.23+2.16 1.12+0.27
4 Lysis in Ca®", centrifugation, assay in EGTA - 1.92+0.93 1.19+£0.56
+ 2.41+£1.10 1.11£0.51
5 Reconstitution pellet 4 with supernatant 1, assay in EGTA - 9.98+1.79
+ 18.81+£2.16

Cells were lysed at 4°C in either 1.5 mM EGTA or 10 pM added Ca?*; the lysate was centrifuged at 4°C for 1 min at 14,000 x g. Guanylyl cyclase activity was mea-
sured at 22°C in the lysate, the supernatant fraction, or the pellet fraction with Mg?-GTP in the absence or presence of 50 pM GTPYS. Data shown are the means
and SD of two independent experiments in triplicate (n = é). Experiment 5 is the reconstitution of the pellet of experiment 4 with the supernatant of experiment 1

(all indicated in yellow).

TABLE 4. Regulation of sGC-membrane interaction by Ca?".
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FIGURE 8: Regulation of sGC by Ca?". Cells were permeabilized by electroporation and
incubated in Ca?/EGTA buffers. (A) Basal cGMP levels in 1 uM free Ca?*; cells were
electroporated at t=0's, and samples were taken at the times indicated (mean and SEM, n = 4).
The sample at t = 0 was taken just before electroporation. (B) Cells were electroporated and
incubated for 45 s at the indicated Ca?* concentrations. Then the cells were stimulated at t=0s
with 100 nM cAMP; control is the cGMP response of nonpermeabilized cells. Data are the

means of two experiments with duplicate determinations.

activity to 60%; this inhibition is potentiated in the presence of cGMP
to 36% of the control activity. Furthermore in the chemotaxis mutant
KI-7, binding of cGMP to GbpC has altered affinity (Kuwayama et al.,
1995), and the cGMP/ATP-mediated inhibition of guanylyl cyclase is
completely lost (Kuwayama and Van Haastert, 1996).

To address the regulation of sGC by GbpC in vivo, cGMP re-
sponses in relevant mutants (Kuwayama et al., 1993; Bosgraaf et al.,
2002a) were analyzed. Basal cGMP levels of gbpC-null and KI-7 cells
are not significantly different from that of their wild-type parental
cells (Figure 9A). In contrast, the cAMP-induced cGMP responses in
gbpC-null and KI-7 cells are elevated, with higher cGMP levels that
reach maximal levels and recover basal cGMP levels later than in the
wild-type parental cells; half-maximal recovery is 20 s in wild-type
and 30-40 s in gbpC-null and KI-7 cells. The prolonged cGMP re-
sponse of gbpC-null cells in vivo is consistent with the in vitro inhibi-
tion of sGC by cGMP-occupied GbpC.

DISCUSSION
The major guanylyl cyclase of starved Dictyostelium cells, sGC, is a
largely soluble enzyme that is also associated to the F-actin cyto-
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F-actin is not required for its activation by
cAMP in vivo or by GTPYyS in vitro. First, the
association of sGC with the F-actin cortex is
relatively slow, with an onset time of about 3
s after stimulation. At that time moment,
sGC is already fully activated (Figure 5). Sec-
ond, depletion of the F-actin cytoskeleton
with LatA or deletion of the N-terminus of
sGC both inhibit translocation of sGC-GFP
to the cortex but do not inhibit activation of
the enzyme by cAMP (Figure 6).

In cell lysates sGC is present in both the pellet and the super-
natant fraction, but only the enzyme in the pellet fraction is active
with the physiologically relevant substrate Mg?*-GTP and can
then be activated by GTPyS. In lysates prepared from LatA-
treated cells, the distribution of sGC protein between the pellet
and soluble fraction is the same as in control cells, indicating that
sGC in the pellet is attached to membrane, not to F-actin. Also
AN-sGC, which does not bind to F-actin, still has a normal distri-
bution between the pellet and supernatant (Table 3). Importantly,
in the pellet fraction both sGC in LatA and AN-sGC are activated
strongly by GTPYS, indicating that these enzymes not only inter-
act normally with membranes but are also activated by the target
of GTPYS that appears to be RasC/G (see below). The interaction
of sGC with the cytoskeleton therefore does not play a role in its
activation either in vivo by cAMP or by GTPYS in vitro.

Activation pathway of sGC by cAMP

The activation of sGC in mutants reveals a signaling pathway by
cAMP in vivo that consists of cAR1, Ga2By, and RasC/G (Figure 1).
Reconstitution of sGC with purified proteins
in vitro shows that sGC is activated by GTP-
bound active RasG, but not by inactive
RasG-GDP, Go, or Gy (Figure 3). This
means that the acceptor protein for GTPyS-
mediated activation of sGC in membranes is
not a heterotrimeric G-protein but the mo-
nomeric RasC and RasG. Interestingly, acti-
vation of RasC/G is not sufficient for activa-
tion of sGC. This conclusion comes from
two types of experiments. First, induced
expression of dominant active RasG-G12V

-— WT
=@ gbpC-null
== KI-7

WT  gbpC-null KI-7 0 20

FIGURE 9: Regulation of sGC by its target protein GbpC. (A) Basal cGMP levels in buffer.

(B) cAMP-stimulated cGMP levels. Mutant KI-7 has a defect in the regulation of sGC by GbpC
(Kuwayama and Van Haastert, 1996). The data shown are the means and SEM of six
determinations; significantly different from wild type at *, P <0.05 or ***, P < 0.01; ns, not

significant.
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does not lead to an increase of basal or
cAMP-stimulated cGMP levels. Second, ex-
periments with cAMP stimulation of go2-
null cells and folate stimulation of go4-null
cells show a significant activation of Ras and
F-actin formation, but no cGMP formation.
In gBnull cells, neither cAMP nor folate in-
duces any of these responses (Table 2). This

40 60
time (s)
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FIGURE 10: Model of the regulation of the cGMP pathway. (A) cGMP signaling pathway.
Activation of cGC by cAMP in starved cells requires Go:2 and RasC/G, and activation by folate in
vegetative cells requires Goi4 and RasC/G. The produced cGMP activates the cGMP-binding
protein GbpC that induces myosin filament formation in the rear of the cell. The activity of sGC
is regulated by multiple processes: inhibition by cAMP-stimulated and cGMP-potentiated Ca?*
increase, inhibition by parallel F-actin in the cortex, stimulation by branched F-actin in
pseudopods and cGMP is degraded by a cGMP-stimulated phosphodiesterase. (B) Localization
of sGC. Confocal images reveal that sGC-GFP is localized predominantly in the cytoplasm.
sGC-GFP is enriched in pseudopods and at the cell boundary of the cell that is composed of the
plasma membrane and the F-actin cortex. cGMP and guanylyl cyclase assays reveal that sGC in
the cytoplasm is in equilibrium with association to branched F-actin in pseudopods and with
association to the plasma membrane. sGC can also bind to parallel F-actin in the cortex that is
formed upon cAMP stimulation. sGC associated to branched F-actin in pseudopods has
increased activity. sGC associated to the membrane can be activated by Ras/Go2; Ca?" ions
induce the dissociation of sGC from the membrane and thereby its inhibition. sGC associated to
parallel F-actin in the cortex has reduced activity.

suggests that in vivo Ras is activated by GBy; in wild-type cells this is
predominantly liberated from Ga:2py by cAMP and from Ga4By by
folate. In ga2-null cells, GBy can be liberated by cAMP from Ga1By
or Ga9By; and in god-null cells, GBy can be liberated by folate from
Goa5By (Figure 10). Therefore, we conclude that the activation of
sGC by chemoattractants requires both Ras and Ga2 for cAMP, or
Ras and Goi4 for folate. The requirement for the activation of Gy,
Ras, and Go2/Ga4 for the induction of a cGMP responses is also
observed for TorC2 activation, PI3K activation, and chemotaxis (Kes-
beke et al., 1988; Liao et al., 2013).

In lysates sGC in the soluble fraction can translocate to the
pellet of gc-null cells and become activated by GTPYS (Figure 7).
These membrane binding sites are half-maximally saturated at
20-fold-diluted lysates (compared with intact cells), and satura-
tion occurs at equal amounts of pellet and cytosol fraction (on a
cell lysate basis). Approximately 25% of sGC protein is found in
the pellet fraction, suggesting that the number of binding sites
is only one-fourth the number of sGC molecules. These data
also suggest that in cells, in which the protein concentration is
much higher than in a lysate, all binding sites are occupied with
sGC. The nature of these sGC-binding sites in the membrane is
currently unknown. Ca?* inhibits binding of sGC to the mem-
brane, which is reversible. Binding of sGC to the membrane is
required for its activation by GTPYS, because GTPYS does not
activate sGC in the presence of Ca?* (Table 4). Furthermore, cells
with holes made by electroporation exhibit a very good cAMP-
induced cGMP response in EGTA but not in the presence of
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teins (Bosgraaf et al.

1 uM free Ca?* (Figure 8). cAMP induces
the rapid rise of intracellular Ca?* concen-
tration from about 50 to 200 nM (Abe
et al., 1988). This Ca?* comes from uptake
and from release of intracellular Ca%
stores (Europe-Finner and Newell, 1986;
Milne and Coukell, 1991) and is enhanced
by cGMP (Kuwayama and Van Haastert,
1998a). The combined results suggest a
model in which sGC reversibly binds to a
limited number of membrane binding
sites in a Ca?-dependent manner. This
membrane binding of sGC is essential for
Mg?*-GTP-dependent activity, for stimu-
lation by GTPYyS/Ras in vitro and by cAMP
in vivo. The cAMP-mediated increase of
Ca?" induces the dissociation of sGC from
the membrane, leading to a loss of Mg?-
GTP-dependent guanylyl cyclase activity.
The detection of sGC-GFP in membranes
of live cells is complicated for several rea-
sons. First, sGC-GFP is about twofold
overexpressed (Veltman et al, 2005),
while the binding sites are very limited
(20% of endogenously expressed sGC),
suggesting that only ~10% of sGC-GFP
can be found at the membrane. Second,
in cells sGC-GFP is also associated with
the cortex, which spatially cannot be dis-
tinguished from the plasma membrane in
confocal images. cAMP is shown to in-
duce a 20-30% increase of sGC-GFP as-
sociation to the cortex, while at the same
time cAMP is expected to induce a Ca?*-
mediated dissociation of sGC-GFP from

the membrane. We have reinvestigated the potential associa-
tion—dissociation of sGC-GFP to the membrane in specifically
designed experiments to have maximal relative binding to the
membrane; these experiments include relatively low expression
of AN-sGC-GFP that does not bind to the cortex or LatA-treated
cells expressing sGC-GFP and cytosolic RFP to obtain a very
sensitive assay for the localization of membrane-associated pro-
, 2008). At these conditions, we observed
that maximally 3% of AN-sGC-GFP or sGC-GFP is present at the
boundary of the cell, which is at the limit of sensitivity of the
experiment (Bosgraaf et al., 2008). We conclude that in vivo less
sGC-GFP is associated with the membrane than expected from
the in vitro experiments.

Association of sGC to the cytoskeleton inhibits the enzyme
The association of sGC to the cortex starts relatively late at about 3 s
after cAMP stimulation and lasts long (half decline at about 20 s). In
LatA or with AN-sGC, the cGMP response starts as in control cells
but reaches a larger maximum that is obtained later, and cGMP lev-
els decline much slower than in control cells. This suggests that the
association of sGC to the cytoskeleton actually inhibits enzyme ac-
tivity. This inhibition contributes to the multiple feedback mecha-
nisms responsible for the rapid decline of cGMP to basal levels.
These mechanisms include the above-mentioned Ca?*-mediated
inhibition of sGC, the stimulation of a cGMP phosphodiesterase by
cGMP (Van Haastert et al., 1982a), and inhibition of sGC by the
cGMP-target GbpC (see below).
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Regulation of sGC activity and localization by its target
GbpC

Mutant gbpC-null cells exhibit an increased and prolonged cGMP
response. This observation is compatible with the in vitro observa-
tion that GbpC, in a cGMP- and ATP-dependent manner, inhibits
sGC activity. This would lead to a delayed negative feedback loop
of inhibition of further cGMP synthesis by the cGMP-stimulated tar-
get. No evidence is available for other potential explanations of the
prolonged response in gbpC-null cells; no evidence for altered
cGMP-PDE activity in gbpC-null cells (Bosgraaf et al., 2002a) and no
evidence for decreased association of sGC to the cortex in gbpC-
null cells (that would lead to decreased inhibition). Actually, sGC-
GFP appears to be stronger associated to the cortex in gbpC-null
cells in buffer and upon cAMP stimulation (Tanabe et al., 2018).

Function and regulation of sGC in buffer

In cells in buffer, sGC is present predominantly in the cytosol, and
partly in the membrane and in the branched F-actin in pseudopods.
Patches of activated Ras induce branched F-actin and new pseudo-
pods. Although sGC in the membrane is activated by Ras in vitro,
this probably does not occur in vivo because sGC activation requires
the costimulation by a Go. protein that is likely not to be activated in
the absence of cAMP. Conversely, sGC in the branched F-actin is
likely to have enhanced activity, because inhibition of the cytoskel-
etal localization of sGC, either by LatA or in AN-sGC, leads to a 40%
reduction of basal cGMP levels. This would suggest that strong
pseudopod activity in the front of the cell would lead to enhanced
cGMP levels (Van Haastert, 2020). cGMP mediates myosin |lfila-
ment formation in the rear of the cell, leading to a front-to-rear po-
larization of that cell (Bosgraaf and van Haastert, 2006). New pseu-
dopods are suppressed in the rear by which they preferentially are
formed in the current front of the cell. As a consequence, cells tend
to continue movement in the same direction. This persistence en-
hances the dispersion of cells over larger distances for optimal food
searching.

Function and regulation of sGC in a shallow gradient of
cAMP

Cells in a shallow cAMP gradient can be regarded as cells in buffer
with a weak activation of cAMP receptors that is slightly stronger in
the front than in the rear of the cell. For sGC regulation the descrip-
tion above for buffer still holds but with one important addition:
cAMP induces the activation of Go2Byin an intracellular gradient that
is proportional to the gradient of cAMP (Janetopoulos et al., 2001).
Therefore, the activated Go2-GTP in the front of the cell can now
synergize with Ras-GTP patches to activate sGC. Thus in a shallow
cAMP gradient, sGC is still activated in the branched F-actin of pseu-
dopods and is activated additionally in the membrane in Ras-GTP
patches. This likely will lead to a stronger cGMP response in the front
of the cell than in buffer and therefore in a stronger cell polarity.

Function and regulation of sGC in cAMP oscillations

In buffer and in a shallow stable cAMP gradient, regulation of sGC
by feedback loops such as Ca?, GbpC, and PDE5 is probably not
very pronounced, because sGC is only weakly activated leading to
a small but persistent increase of basal cGMP levels. In contrast,
during cAMP oscillations sGC becomes fully activated as well as the
other signaling pathways, leading to the full spectrum of regulatory
processes. The activation of sGC by Ras/Go.2 occurs within 1 s of
cAMP addition (Figure 5). Subsequently, sGC translocates to the
cAMP-induced F-actin in the cortex, leading to reduced sGC activ-
ity. In addition, cAMP induces an increase of intracellular Ca?* that
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inhibits sGC activation through dissociation of sGC from the mem-
brane. Intracellular cGMP enhances the Ca?* response. Further-
more, the produced cGMP binds to GbpC, leading to the further
reduction of sGC activity. Finally, the produced cGMP activates the
cGMP-PDE, leading to the fast degradation of cGMP levels. These
combined activities during the rising phase of a cAMP oscillation
lead to a short burst of cGMP, which leads to the complete disas-
sembly of myosin Il in the cortex (Bosgraaf and van Haastert, 2006).
The cell cringes and loses all polarity (Futrelle et al., 1982; Varnum
and Soll, 1984; Berlot et al., 1985). Then the cell recovers by extend-
ing a new pseudopod that is induced by a patch of activated Ras-
GTP at the side of the cell exposed to the highest cAMP concentra-
tion (Sasaki et al., 2004; Xiong et al., 2010; Kortholt et al., 2013).
While the cell extends a new pseudopod, myosin Il filaments are
formed in the cortex at the rear of the cell providing a new polarity
axis of the cell.

Function of the sGC protein sensu stricto

The above discussion describes the function of cGMP produced by
sGC. However, the sGC protein itself supports chemotaxis, as was
deduced from a point mutation in the catalytic domain mutant (Velt-
man and Van Haastert, 2006). This mutant sGC protein cannot pro-
duce cGMP, but otherwise is localized as the wild-type protein. Cells
lacking guanylyl cyclases (gc-null cells) do not produce cGMP, have
poor polarity with the extension of pseudeupods from the rear, and
orient poorly in the direction of the cAMP gradient. ge-null cells
expressing this catalytically inactive sGC mutant also have very poor
polarity and extend pseudopods in the rear, but now the pseudo-
pods in the front are much better oriented toward the cAMP gradi-
ent. This function of the sGC protein therefore does not require the
catalytic domain, but absolutely requires the N-terminal part that is
responsible for localization on the F-actin cytoskeleton. This func-
tion of sGC also requires the C-terminal AAA-ATPase domain (Velt-
man and Van Haastert, 2006).

Conclusions

The regulation of sGC during Dictyostelium cell movement and che-
motaxis has multiple layers. The enzyme can be associated to the
membrane where it is activated by Go-GTP and Ras-GTP, which re-
quires the activation of a GPCR by the chemoattactant cAMP or fo-
late. The enzyme can also be associated with the branched F-actin
in pseudopods where it has increased activity, or with the parallel
F-actin in the cortex of the rear of the cell where it has reduced activ-
ity. sGC functions as enzyme producing cGMP that induces myosin
Il filaments in the cortex of the rear of the cell, thereby stabilizing the
front-to-rear polarity axis. sGC also functions as a protein indepen-
dent of its cyclase activity to regulate the formation of branched F-
actin and pseudopods in the front of the cell. It is currently not
known whether cGMP that is formed in the front of the cell has a role
at its place of formation before it diffuses into the cell and regulates
myosin in the rear of the cell. Similarly, it is unknown whether the
sGC protein has a function in the cortex of the rear of the cell, beside
inhibition of cyclase activity. Other open questions are how sGC in-
teracts with the membrane, whether it is regulated by phosphoryla-
tion, or whether it is functional in a complex with other proteins.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell lines and plasmids
The cell lines used are the strains mentioned in the text with refer-
ences. In all cases the parental strain of the mutant was used as
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control, as indicated in the figure legends. Strains rasC-null/RasG-
S17N (Kortholt et al., 2013) and RasG-G12V were made as follows:
RasG-S17N was amplified by PCR, sequenced, and ligated into the
Bglll site of the previously characterized Dictyostelium extrachromo-
somal Tet-ON plasmids pDM310 (Veltman et al., 2009b); the plas-
mid was transformed to a rasC-null strain (Bolourani et al., 2006).
RasG-G12V was amplified by PCR, sequenced, ligated into the Tet-
ON plasmids pDM310 and transformed to AX3 cells.

Cells were grown in HL5-C media (Formedium, Norfolk, UK) ei-
ther on Nunclon-coated Petri dishes or in shaking flasks. For selec-
tion, the medium was supplemented with the appropriate antibiot-
ics; 10 ug/ml G418, 50 pg/ml hygromycine B, or 10 pg/ml blasticidine
S. Induction of RasG-S17N or RasG-G12V was with 10 pg/ml doxy-
cycline during the last 24 h of growth.

Cells were harvested, washed, and starved in 10 mM KH,POy4/
NayHPOy, pH 6.5 (PB). Generally, cells for biochemical experiments
were starved in suspension by shaking in PB at a density of 107 cells/
ml for 5 h. For microscopy, cells were starved on plates at a density
of 2.5 x 10° cells/cm?.

Protein purification

GST-RapA, GST-RasG, and GST-Goi4 were expressed in Rosetta DE3
cells (Novagen) from a pGEX4T1 plasmid containing an N-terminal
GST and TEV cleavage side (Kataria et al., 2013; Liu et al., 2016).
GST-GP and Gy were coexpressed in Dictyostelium from a pDM314
plasmid (Veltman et al., 2009a). Proteins were isolated by GSH affin-
ity chromatography and cleaved with TEV protease (Kortholt et al.,
2006). The G-proteins were loaded with GppNHp or GDP by incu-
bating them in the presence of 10 mM EDTA and a 20-fold excess
of the nucleotide for 2 h at room temperature; the excess of nucleo-
tide was removed by size exclusion chromatography (Kortholt et al.,
2006). The purified proteins were analyzed by SDS-PAGE, and the
concentration was determined by Bradford's method (Bio-Rad).

c¢GMP formation

Cells were harvested, washed, and starved in suspension by shaking
in PB at a density of 107 cells/ml for 5 h. After starvation, the cells
were washed in PB, resuspended to a density of 1 x 108 cells/ml in
PB, and aerated for at least 10 min. Cells were stimulated by adding
10 pl of cAMP solution to 40 pl of cell suspension, yielding a final
concentration of 100 nM cAMP. The reaction was stopped at the
indicated time points by adding 50 pl of 3.5% perchloric acid to the
cell suspension. Samples were neutralized by adding 25 pl of 50%
saturated KHCO3 and incubated for 5 min at room temperature to
allow the CO; to escape. After checking the correct pH, the samples
were centrifuged for 5 min at 14,000 x g and the cGMP levels of the
supernatant were determined by isotope dilution assays, using
commercial kits (cGMP-[>H] Biotrak Assay kit [Amersham] or a direct
c¢GMP Enzyme Immunoassay Kit [Sigma-Aldrich]) or using a home-
made kit with anti-cGMP antibody AB99 (Janssens et al., 1989) as
described in detail in Van Haastert (2006). Generally, triplicate time
points were taken in each experiment and experiments were per-
formed at least three times.

Guanylyl cyclase assay

Cells were harvested, washed and starved in suspension by shaking
in PB at a density of 107 cells/ml for 5 h. Starved cells were washed
and resuspended in 10 mM Tris, pH 8.0, to a density of 2 x 108
cells/ml. All subsequent steps were performed at 4°C and are de-
scribed below for the standard procedure; deviations from this pro-
tocol are described in the legends to the figures and tables. One
volume of cell suspension was mixed with one volume of lysis buf-
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fer, yielding 15 mM Tris, 250 mM sucrose, and 3 mM EGTA, pH 8.0,
and the cells were lysed through a 3-um Nuclepore polycarbonate
membrane (Whatman). Guanylyl cyclase assays were performed at
22°C in a total volume of 150 pl with 75 pl of cell lysate and 75 pl of
assay mixture, yielding final concentrations of 15 mM Tris, pH 8.0,
250 mM sucrose, 0.5 mM GTP, 10 mM 1,4-dithiothreithol, 1.5 mM
EGTA, and 2.5 mM MnCl, or 2.5 mM MgCl; in the absence or pres-
ence of 50 uM GTPYS to activate G-proteins. Reactions were termi-
nated after 20, 40, and 60 s by the addition of 40 pl of assay mix-
ture to an equal volume of 3.5% perchloric acid. A 0 s time point
was taken by adding 20 pl of lysate to a tube containing 40 pl of
perchloric acid and 20 pl of assay buffer. Samples were neutralized
by adding 20 pl of 50% saturated KHCO3 and incubated for 5 min
at room temperature to allow the CO; to escape. Samples were
then centrifuged 5 min at 14,000 x g, and the cGMP levels of the
supernatant were determined as described above. Activation by
GTPyS in mutants (Figure 2) is expressed as the fold stimulation by
GTPYS in the mutant relative to fold stimulation by the GTPYS pa-
rental strain, that is, (activity mutant with GTPyS/activity mutant
without GTPYS —1)/(activity parental in GTPyS/activity parental with-
out GTPyS -1).

For reconstitution experiments of guanylyl cyclase with purified
proteins (Figure 3), starved AX3 cells were resuspended to a density
of 4 x 108 cells/ml and lysed on ice. The lysate (25 pl) was incubated
for 45 s on ice with 25 pl of lysis buffer, purified proteins, or GTPYS.
Then tubes were transferred to 22°C, and 30 s later the guanylyl as-
say was started at 22°C by the addition of 50 pl of assay mixture. The
final concentrations in the guanylyl cyclase assay were 15 mM Tris,
pH 8.0, 250 mM sucrose, 0.5 mM GTP, 10 mM 1,4-dithiothreithol,
1.5mM EGTA, 2.5 mM MgCly, and 5 pM activator proteins or 50 pM
GTPYS. Reactions were terminated after 30 and 60 s by the addition
of 40 pl of assay mixture to an equal volume of 3.5% perchloric acid.
The O s time points were taken by adding 10 pl of lysate to a tube
containing 40 pl of perphloric acid, 10 pl of activator protein, and 20
ul of assay buffer.

For reconstitution of sGC or AN-sGC with membranes (Figure 7),
the following three cell lines were used: sGC expressed in ge-null,
AN-sGC expressed in gc-null, and ge-null cells. Cells were starved
and lysed following the standard procedure. The lysates were cen-
trifuged at 4°C for 1 min at 14,000 x g. The experiment uses the
supernatants of sGC and AN-sGC lysates and the pellet of gc-null
lysate resuspended to the original volume in lysis buffer. The guany-
lyl cyclase assay was performed at 22°C in 15 mM Tris, pH 8.0, 250
mM sucrose, 0.5 mM GTP, 10 mM 1,4-dithiothreithol, 1.5 mM EGTA,
and 2.5 mM MgCl, and contained in a total volume of 150 pl: 37.5
pl of supernatant from sGC or AN-sGC lysate and/or 37.5 pl of re-
suspended pellet from ge-null lysate and 50 uM GTPYS as indicated
in the figure.

Microscopy

Cells were transformed with plasmids for the expression of sGC-
GFP (Veltman and Van Haastert, 2006), AN-sGC-GFP (Veltman and
Van Haastert, 2006), RBD-Raf-GFP/cytosolic RFP (Kortholt et al.,
2013), or LImE-GFP (Kortholt et al., 2011). Cells were harvested,
washed, and starved in PB on plates at a density of 2.5 x 10° cells/
cm?. For optimal development, ga2-null and gfB-null cells express-
ing GFP markers (Table 2) were mixed 1:1 with unmarked AX3 cells
during starvation (Kortholt et al., 2013). Starved cells were harvested
and suspended in PB and used for microscopy recordings, using
confocal laser scanning microscopy (Zeiss LSM800; 63x numerical
aperture 1.4 objective). The images were recorded at a rate of 1
frame per second and an x,y-resolution of 63 or 198 nm.
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Statistics and reuse of data

The data presented are often composed of the original data ob-
tained from different published sources as indicated in the text,
supplemented with unpublished experiments. Data of a mutant
were always analyzed with its own parental stain. For instance, the
data for ga2-null cells in Figure 1 are composed of mutant fgdA
strain HC85 with parental XP55 (Kesbeke et al., 1988), ga2-null
strain JH104 with its parental JH130 (Kumagai et al., 1991), the simi-
lar ga2-null strain MP2 with its parental HSP400 (Kuwayama and Van
Haastert, 1998b), and the go2-null strain DBS0236575 with its pa-
rental DH1 (Kumagai et al., 1989) and supplemented with not previ-
ously published data on cGMP response using the go2-null strains
JH104 and DBS0236575. In a typical experiment the cGMP levels
were measured in triplicate. The average response at t= 10 s after
cAMP stimulation minus basal in the mutant is presented relative to
the response in its parental strain. Reported are the means and SEM
in figures and means and SD in tables (Cumming et al., 2007). The
number of independent observations (n) is the number of individual
experiments, which for ga2-null cells (n = 9) is composed of three
experiments with HC85, one experiment with JH104, three experi-
ments with MP2, and two experiments with DBS0236575. The result
for go2-null cells is 1.7% £ 4.0% (mean and SD, n = 9) compared
with the cGMP response of the parental strains.

Statistical significance was tested with the Student's t test; two
tests were performed: comparison with the 100% response of the
parental strain and comparison with 0% response. For the cGMP
response of go2-null cells, 1.7% £ 4.0% (mean and SD, n = 9) is
highly significantly different from 100% at P < 0.001 but is not signifi-
cantly different from 0% at P> 0.1.
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