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Nitric oxide-releasing compounds inhibit Dictyostelium discoideum 
aggregation without altering eGMP production 
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The effects of nitric oxide-releasing compounds on Dictyostdiunt discoideum cell development and guanylyl cyclase activity were studied. The 
addition of SN P (sodium nitroprasside) or  SIN-1 (3.morpholino-syndnonimine) to starved cells inhibited their differentiation and aggregation in 
a concentration-dependent manner. In contrast to mammalian ss'stems, SNP did not significantly affect guanylyl cyclase activity in cell ly~at~.~ of  
D. discoMeum, nor did it stimulate cGMP production in intact cells. The results suggest that lhe inhibitory effects of NO on D. discoidetan cell 

aggregation are through a mechanism independent of an elTeet on guanylyl c),clase activity. 
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1. INTRODUCTION 

In aggregating cells of Dictyostelium discoideum, ade- 
nylyl cyclase is responsible for the production of  the 
chemotactic signal, extracellular cAMP pulses [1,2]. 
Adenylyl cyclase also plays a prominent role in the 
phenomena of  signal relay. This refers to the synthesis 
and release of cAMP into the medium in response to cell 
stimulation by a pulse of cAMP [1,2]. Cells also respond 
to such stimulation with an activation of their guanylyl 
cyclase but the subsequently produced cGMP is re- 
tained within the cell [1,2]. Based on the phenotype of 
mutants defective in cGMP phosphodiesterase [3]° the 
changes in intracellular concentrations of cGMP are 
believed to be important in the regulation of the chemo- 
tactic response. These mutants show prolonged periods 
of chemotactic movement, which correspond with pro- 
longed periods of increased intracellular cGMP [3]. The 
regulation of guanylyl cyclase and the mechanism(s) of  
its activation in D. discoideum are poorly understood. 
Both soluble and membrane-associated guanylyl 
cyclase ,activities have been reported in these cells [4,5]. 
However, little progress has yet been made towards the 
purification and characterization of  the enzyme, most 
likely because of its relative instability in broken cell 
preparations. 

It has been well documented that soluble guanylyl 
cyclase in higher eukaryotes can be activated by nitric 
oxide (NO), which itself can be produced by a number 
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of vertebrate cells [6,7]. NO or NO-releasing com- 
pounds increase the production of  cGMP both in vitro 
and in vivo [6-8]. This action is generally believed to be 
the mechanism by which NO and NO-releasing com- 
pounds produce their wide variety of biological effects 
in mammalian systems [6]. Whether D. discoideum cells 
produce NO, and if NO could stimulate their guanylyl 
eyelase activity, is currently unknown. Our previous 
studies suggest that NO does alter another metabolic 
event in these cells. We have demonstrated that NO- 
releasing compounds activate an ADP-ribosyltrans- 
ferase activity that modifies a 41 kDa cytosolic protein 
[9]. However, cGMP or its analogues cannot stimulate 
the ADP-ribosylation of this protein, suggesting that 
guanylyl cyclase activation may not be required for this 
ADP-ribosylation to occur. In the present study, the 
effects of  NO-releasing compounds on D. discoicleum 
cell development and guanylyl cyclase activity are inves- 
tigated. The results indicate that NO can inhibit cell 
aggregation and that this effect appears to occur in the 
absence of  any changes in guanylyl cyclase activity. 

2. MATERIALS AND METHODS 

2.1. Cell culture conditions 
D. diseoldeum strain AX-2 was grown at 21°C to a density of 3 ;~ 

10 ~ celLs/ml in HL-5 medium [10l. Starvation was initiated by washing 
cells twice in 20 mM phosphate buffer, pH 6.4, and resuspending them 
at 10 ~ cells/ml [11]. Differentiation to aggregation competence oc- 
curred in spinner suspension, and the developmer, ml state ol'cells was 
determined microscopically as previously described [12]. Ceils were 
considered aggregation competent when most (>75%) of  the ceils 
displayed an elongated morphology and formed end-to-end contacts 
[!2]. This usual!y oeeur r~  in eoatroi cells after 4--5 h of starvation. 
Aggregation was considered to be inhibited ifeells did not show signs 
of al~greg, ation competence within 8 h of  starvation. 
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2.2. Guan.t,l.t,l cyelase assay 
Cells were washed with 10 mM Tris.HCI, pH 8.0, and resuspended 

at 2.5 × 10" cells/ml in buffer containing 2 mM HEPES. pH 7.4, 70 mM 
sucrose, 220 mM t>mannitol, 1 mM EDTA, 1 mM EGTA, and 0.5 
mM albumin. Cells were lysed at 4°C by passage through a 5.0/am 
polycarbonate filter [13]. Guanylyl cyclase activity was measured as 
described with minor modifications [14]. For measurement of the 
Mg=*-dependent activity, we used a reaction mixture (0.1 ml) contain- 
ing 50 mM Tris-HCl, pH 7.4, 5 mM MgCI> 10 mM dithiothreitol, 0.2 
mM GTP, 2-3 /aCi [~-~2PIGTP, and 20 ,ul cell lysate. The Mn:"- 
dependent activity was assayed as described above except that 2 mM 
MnCI, was included in the reaction mixture. The mixture was incu- 
bated at 21°C for 2 min and the react,.'on was terminated by adding 
0.1 ml of a solution containing 2% of SDS, 1,4 mM cGMP and 30,000 
cpm [8-~H]cGMP, and boiling for I rain. [.~-'P]eGMP formed was 
isolated by sequential chromatography on Dowex-I and neutral alu- 
mina, and quantified by liquid scintillation counting. The recovery of  
cGMP ranged from 40% to 55%. Enzyme activity was linear with 
incubation time for up to 3 rain, and with inereasin~ amounts of  
homogenate up to 30 #1. The preparation and assay of  soluble gua- 
nylyl oyelase from rat liver were as described [15]. 

2.3. Cyclic' GM P measurements 
Alter 3.5-4 h of starvation, ceils were washed and resuspended at 

2 x 10 ~ eell~rni in l 0 mM Tris-HCl, pH 7.4, 2 mM EDTA, and divided 
into four group~: no addition, addition of  10 -7 M cAMP, or  0.2 mM 
SNP, or both. At the times indicated, an aliquot of  cells was mixed 
with TCA (final 5%), and immediately frozen in dry-ice. The frozen 
samples were then thawed at room temperature and centrifuged. Sa- 
pernatants were extracted 10 times with 2 vols. of  water-saturated 
ether, and lyophilized. Cyclic GMP was measured in duplicate by a 
radioimmunoassay. 

2.4. Materials 
[g-~-"P]GTP was purchased from ICN. The cGMP RIA kit was 

obtained from Amersham. Polycarbonate filters were from Nucleo- 
pore, and neutral alumina was from Calbioehem. All other chemicals 
were from Sigma. 

3. RESULTS A N D  DISCUSSION 

The effects of  different concentrations of  the NO- 
releasing compound, sodium nitroprusside (SNP), on 
the development of  aggregation competence were exam- 
ined. Ceils were starved in spinner suspension for 2 h, 
at which time SNP was added. Concentrations of SNP 
less than or equal to 0.1 mM did not visibly alter the 
time-course of  cell aggregation compared to untreated 
cells. In both cases, cells were generally aggregation 
competent by 4-5 h of starvation. In contrast, the addi- 
tion of  0.2-0.5 m M  SNP to cells delayed the expression 
of  aggregation competence by approximately 2 h, while 
higher concentrations (e.g. 1-5 mM SNP) completely 
inhibited cell differentiation and aggregation. The ef- 
fects o f  1 mM SNP were reversible. Cells that had been 
treated with SNP for 6-8 h were transferred to buffer 
devoid o f  SNP. After an additional 8-12 h, the cells had 
fully recovered and had formed aggregates. K4Fe(CN)6, 
a compound that is structurally similar to SNP but 
devoid of  the ability to release NO, had no effect on cell 
aggregation at concentrations up to 5 raM. Another NO 
releasing compound, 3-morpholino-syndnonimine 
(SIN-l), also affected aggregation bat  higher concentra- 
tions than SNP were required. SIN-1 at 1 mM did not 

alter aggregation, but 10 mM led to a delay of  aggrega- 
tion of  several hours, while 30 mM was required for 
total inhibition. Together, these observations indicate 
that NO is the inhibitor of  cell aggregation. 

We next assessed the effects of  1 mM SNP on cells 
that had been starved for increasing periods of  time 
prior to this addition. The addition of  SNP at the time 
starvation was initiated, or within tile first hour of  star- 
ration, produced only a delay (approximately 1 h) in the 
development of aggregation competence. When SNP 
was added at 2 h of  starvation, cell differentiation was 
not observed during the 7-8 h period of the experiment. 
The addition of SNP to cells that had been starved 3-4 
h, and which displayed early signs of  aggregation com- 
petence, again were only delayed 1--2 h in their aggrega- 
tion program. Once the majority of  the cells had 
achieved aggregation competence, the addition of  SNP 
appeared to have little or no effect on their develop- 
ment. Thus° SNP could inhibit cell aggregation in a 
dose-dependent manner and seemed to be most effective 
when cells had been starved for 2 h but had not yet 
begun to display the morphology characteristic of  ag- 
gregation competence. It is of interest to note that it is 
at this time that cells become responsive to the addition 
of  exogenously supplied cAMP pulses [16]. In response 
to such pulses, ceils advance their differentiation to ag- 
gregation competence [16,17]. 

In higher eukaryotes, it is generally believed that the 
effects of  NO and of  NO-releasing compounds are the 
result of  a stimulation of  the soluble guanylyl cyclase 
and the subsequent increase in intracellular c G M P  ac- 
cumulation [6]. Given the probable role of c G M P  in D. 
discoMeum aggregation [1-3] and the fact that NO-re- 
leasing compounds inhibit that process, we examined 
the effects of SNP on guanylyl cyclase activit), (Fig. 1). 
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Fig. 1. Effects of $NP on 6uanylyl ¢yelase activity in D. dtscoideum 
cell lysates and rat liver eyto~ol. Guanyll¢l cyclase activity was meas- 
ured in the presence or absence of 0.2 mM SNP as describ~.xl in the 
text. Mg2~-dependent activity of untreated samples in each ~ s c  is 
considered as basal activity with a value of  1. The data are expressed 
as fold increase above this level. The data are representative of  thr~  

experiments. 
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Fig. 2. Effects of cAMP and SNP on cGMP production in D. discoi- 
dettm cells. Cells were starved lbr 3.5--4 h and treated with 10 -7 M 
cAMP (o), 0.2 mM SNP (D), or both cAMP and SN P (I). Control cells 
( , )  received no treatment. Cyclic GMP levels were measured as de- 
scribed in the text. The data are expressed as the fold increase in cG MP 
production at the time after treatment compared with that at time 0. 
The levels indicated by the symbols at the right of the diagram repre- 
sent those seen after approximately 2, 5, 10, 15, 20 and 30 rain. The 

data are representative of five experiments. 

As has been reported in mammalian systems, the addi- 
tion of SNP to rat liver cytosol greatly stimulates gua- 
nylyl cyclase activity [15]. As shown in Fig. 1, SNP 
addition to rat liver cytosol resulted in a 17-18-fold 
increase in the Mg~-÷-dependent activity and an 8-9-fold 
increase in the Mnl*-dependent activity. D. discoideum 
also displays both types of  activities, the latter being 
1.8-2-fold greater than the Mgl*-dependent activity. 
However, in contrast to the rat liver system, neither 
activity was significantly altered by the addition of  SNP. 
Concentrations of  SNP between 0.2-1 mM produced 
only a slight (l.5-fold) increase in the Mgl+-dependent 
enzyme and no changes in the Mn~-+-dependent activity. 
The experiment shown in the figure used cells that had 
developed aggregation competence, but similar results 
were obtained using preparations from growing and 
from 3-4 h starved cells. We did attempt to fractionate 
lysates into crude membrane and eytosolic fractions 
prior to SNP addition, but the enzyme rapidly lost activ- 
ity during the procedure. 

The above data would indicate that SNP does not 
affect guanylyl cyclase in D. discoideum. To confirm this 
finding and to eliminate possible artefacts due to the 
instability of the enzyme in cell lysates, we determined 
the effects of  SNP treatment on cGMP production of  
intact cells (Fig. 2). Treatment of  cells with SNP had no 
effoet on cGMP production, either within the first min 
after addition, or after longer periods up to 30 min. 
Concentrations of  SNP that inhibit (1 mM) or delay (0.5 
mM) the development of aggregation competence were 
tested and yielded the same results. A number ot" differ- 
ent laboratories have shown that a pulse of submicro- 
molar concentrations of cAMP results in a transient 

increase in intracellular cGMP concentration within 10 
s o1" stimulation [1,2,18]. Therefore, we tested the possi- 
bility that SNP inhibits cell aggregation by inhibiting 
cAMP-induced cGMP production. As shown in this 
figure, both SNP-treated and untreated ceils responded 
to a pulse of  10 -7 M cAMP by increasing their eGMP 
production. 

The results reported in this study indicate that the 
NO-releasing compounds, SNP and SIN-I,  inhibit cell 
aggregation. This inhibition does not appear to be medi- 
ated by a stimulation o f  cGMP production, the more 
commonly observed effect of  this compound in other 
systems. SNP also did not interfere with the ability of  
cAMP to stimulate eGMP production. This lee, ds us to 
consider alternative mechanisms for the action of SNP 
in this system. In a previous manuscript, we have re- 
ported that SNP and SIN-l,  added to cell lysates, stim- 
ulate the ADP-ribosylation of a 41 kDa protein, the 
nature of  which is currently unknown [9]. SNP stimu- 
lates the ADP-ribosylation of a protein of  similar mo- 
lecular mass in human platelets and various rat tissue 
[19]. It is well known that NO or SNP can inhibit the 
aggregation and adhesion of  platelets [6]. It is generally 
assumed that NO elicits its physiological effects by stim- 
ulating the soluble guanylyl cyclase in those cells [6]. 
The role of  the NO-stimulated ADP-ribosylation has 
remained obscure. As reported in this present study, no 
obvious effect of  SNP on guanylyl eyclase in D. discob 
deum was observed. Thus, the inhibitory effects of  SNP 
on cell aggregation in our  system, and perhaps platelets 
as well, may reflect changes in ADP-ribosylation. It is 
of interest to note that the relative potency of  SNP and 
S1N-I on D. diseoideum aggregation are mirrored by 
their same relative effectiveness in stimulating p41 
ADP-ribosylation [9]. Preliminary evidence also suggest 
that intact D. discoideum cells may respond to SNP 
treatment by enhancing the ADP-ribosylation of  p41 
[9]. Continued efforts are directed toward identifying 
p41 and investigating a potential role for its ADP-ri- 
bosylation itt vivo. 
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