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Multiple effects of differentiation-inducing factor 
on prespore differentiation and cyclic-AMP signal transduction 
in Dictyostelium 
Mei Wang*, Peter J.M. Van Haastert, and Panline Scbaap 
Cell Biology and Morphogenais Unit, Zoological Laboratory, University of Lciden, Kaiserstraat 63, NL-2311 GP Leiden, 
The Netherlands 

Abstract. The effects of the differentiation inducing factor 
(DIF) on several CAMP-induced responses in Dictyosteliwn 
were investigated. It was found that DIF reduces the appar- 
ent affinity of cell-surface cAMP receptors. DIF does not 
affect the CAMP-induced cGMP response, but it is a potent 
inhibitor of the CAMP-relay response. DIF also inhibits 
the induction of prespore differentiation by cAMP in aggre- 
gation-competent cells. We also compared the effects of 
DIF on CAMP-induced responses with those of the relay 
inhibitor, caffeine, and the morphogen, adenosine. 

Introduction 

During the development of Dictyosteliwn discoidewn, 
cAMP functions both as a morphogen and as a chemoat- 
tractant. Upon depletion of food, some cells start to secrete 
pulses of CAMP. Surrounding cells detect the cAMP signal 
by means of cell surface receptors and respond with a short 
transient increase of intracellular cGMP levels [lo. 391 and 
transient synthesis and secretion of cAMP (16, 231. The 
cGMP response is most likely involved in transduction of 
the cAMP signal to chemotaxis [lo, 17, 34, 391, while the 
cAMP response causes relay of the initial cAMP pulse to 
more distally located cells [see 41. The cells aggregate to 
form multicellular structures, which assume the shape of 
a slug and ultimately culminate to form a fruiting body 
consisting of stalk cells and spores. Cell movement in the 
multicellular stage is controlled by a small group of cells, 
the tip [15], which continue to secrete cAMP pulses autono- 
mously [19, 211. 

Spore specific gene expression occurs shortly after com- 
pletion of aggregation [1, 12, 131. This type of gene expres- 
sion can be induced by micromolar cAMP concentrations 
[1 1, 18, 271; this effect of cAMP is also mediated by surface 
cAMP receptors [ 181. Micromolar cAMP concentrations 
are considered to accumulate in multicellular structures by 
continued cAMP signalling [18, 201. 

Three other compounds produced by D.  discoideum are 
known to control cell type specific differentiation. Firstly, 
a differentiation inducing factor, DIF, induces stalk cell 
differentiation in submerged monolayers of D.  discoideum 
V12M2 [3,8] and in D. discoideurn NC-4 slugs (unpublished 
results). DIF also inhibits prespore differentiation in sub- 
merged monolayers and in slugs [8]. Secondly, ammonia, 
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an end-product of protein degradation in D. discoidewn, 
promotes spore differentiation in submerged monolayers 
of V12M2 [I. Ammonia was also reported to inhibit the 
cAMP relay response [39]. Thirdly, adenosine, a cAMP 
hydrolysis product prevents the conversion of prestalk into 
prespore cells [37] and inhibits cAMP induced prespore 
differentiation (201. Adenosine also inhibits cAMP relay, 
the cAMP induced cGMP response and the binding of 
cAMP to surface cAMP receptors [14. 25, 281. The inhibi- 
tion of cAMP binding is considered to be the cause of 
the inhibition by adenosine of cAMP induced prespore dif- 
ferentiation and cAMP relay [25, 351. 

In  this study we investigated the effects of DIF on 
cAMP binding and several cAMP induced responses. We 
found that DIF inhibits cAMP induced prespore differenti- 
ation and reduces the apparent affinity of the surface cAMP 
receptor. DIF does not affect the cGMP response, but is 
a potent inhibitor of the cAMP relay response. 

Methods 

Materials 

CAMP, 2'-deoxy-adenosine 3'5'-monophosphate (dcAMP), 
and dithiothreitol (DTT) were obtained from Sigma (St. 
Louis, USA); 2,8-3H-cAMP and cGMP radioimmunoassay 
(RIA) kits were purchased from Amersham (UK). Lichro- 
sorb IORPB was obtained from Chrompack Middelburg 
(The Netherlands). The MUD-1 monoclonal antibody [5] 
was kindly supplied by Dr. Marianne KrefFt (Wuppertal. 
FRG). 

Culture conditions 

Dictyostelium discoideurn NC-4 was cultured in association 
with Escherichia coli 281 on glucose/peptone agar [28]. Ve- 
getative cells were separated from the bacteria, placed on 
nonnutnent agar at a density of 2.5 x lo6 cells/cm2, and 
incubated for 16-20 h at 6" C. After this, the cells had segre- 
gated into aggregation tenitones; they were fully aggrega- 
tion competent, but had not yet started to aggregate. The 
cells were harvested and resuspended in 10 mM Na/K phos- 
phate buffer (PB) pH 6.5. 

Purification and assay of DJF 
DIF was purified from D. discoideum AX-2 cells essentially 
according to the procedure described by Kay et al. 191, ex- 
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cept that a Lichrosorb-lORPB column was used for both 
high-performance liquid chromatography (HPLC) purifica- 
tion steps. In the second HPLC step, isocratic elution using 
50% acetonitrile and 5% acetic acid was applied instead 
of gradient elution. The eluent of the second HPLC purifi- 
cation step contained several fractions exhibiting DIF activ- 
ity. We used the fraction exhibiting the highest peak of 
DIF activity, which according to Kay et al. 191, is DIF-1. 
Three independently isolated and purified DIF preparations 
were used and gave similar results. 

Effects of DIF on c A M P  binding, c A M P  relay, 
and cGMP response 

Aggregation-competent cells that had been resuspended in 
PB at a density of 5 x lo7 cells/ml were aerated for 10 min 
and then incubated with various amounts of DIF for 
10-16 min at  22" C. cAMP relay was measured by stimulat- 
ing 13.5-pl aliquots of DIF-treated cclls with 1.5 pi 50 p M  
dcAMP and 50 mM DTT in PB. After 2 min, the cells were 
lysed with perchloric acid, and the cAMP content of the 
neutralized lysate was determined using a CAMP-isotope 
dilution assay 16, 301. 

The cGMP response was measured by stimulating simi- 
lar amounts of DIF-treated cells with 0.1 p M  cAMP (final 
concentration) and lysing the cells 10 s after the addition 
of the stimulus 1331. The level ofcGMP was measured using 
a commercially available cGMP RIA kit. 

The effects of DIF on cAMP binding were measured 
by two different methods. In the first method 40-pl aliquots 
of DIF-treated cells were incubated for 45 s at 20" C with 
10 pI 'HcAMP at various concentrations and 5 mM DTT. 
The cells were then separated from the incubation mixture 
by centrifugation through silicone oil, and the radioactivity 
of the pellet was measured [32]. In  the second method, 
40yl  aliquots were incubated for 1 min at 0" C with various 
concentrations of 'HcAMP and S m M  DTT. Subse- 
quently, 0.5 ml saturated ammonium sulfate and 25 pI 10 
mglml bovine serum albumin were added. After a further 
5 min of incubation at  0" C, the cells were centrifuged, and 
the radioactivity of the pellet was measured [31]. 

Induction and assay of prespore d$ferentiation 

Aggregation-competent cells were suspended at a density 
of lo7 cells/ml in PB, and 10O-pI aliquots were incubated 
at 22" C 1351. Every 60 min, 1 pI lo-* M cAMP was added 
to the cell suspensions. After 6 h, the cells were lysed by 
freezing/thawing, and the levels of the MUD-1 antigen were 
measured using an ELISA assay [I 81. 

Results 

Effects of DIF on CAMP-induced prespore dij"ererentiation 

cAMP induces prespore differentiation in aggregation-com- 
petent cells after 6-8 h of incubation (181. We measured 
the effects of different amounts of DIF on the induction 
of prespore-specific antigen by 0.1 and 1 mM cAMP 
(Fig. 1). The induction of prespore antigen by 0.1 m M  
cAMP was completely inhibited by DIF at a concentration 
of 10,00OU/ml and was reduced by about one-half by 
3,000.IU/mI DIF. In the case of induction by 1 mM CAMP. 
the inhibitory effect of DIF was much less, which suggests 
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Fig. 1. Effects of DIF on CAMP-induced prespore differentiation. 
Aggregation-competent cells (10' cells/ml) were incubated for 6 h 
with 0.1 m M  cAMP (T) or 1 mM cAMP (m) and 0-10,OOO U 
DIF per milliliter. Prespore-antigen levels were measured using 
the MUD-1 monoclonal antibody 151. The data are expressed as 
percentages of the prespore-antigen levels induced by 0.1 m M  
cAMP in the absence of DIF. All data are the means of the r s u l ~ s  
of three experiments performed in triplicate 
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Fig. 2. Effects of DIF on cAMP relay and the cGMP response. 
Aggregation-competent cells (5  x lo' cells/ml) were treated for 
10-15 min with 0--30,000 U DIF per milliliter. cAMP accumula- 
tion was measured 2 niin after stimulation with 5 )IM dcAMP and 
5 m M  DTT (T). and cGMP accumulation was measured 10 s after 
stimulation with 1 )IM cAMP (0).  The data are expressed as per- 
centages of the cAMP or cGMP accumulation indued in the ab- 
sence of DIF. cAMP (v) and c G M P  (0) accumulation after treat- 
ment with the vehicle of DIF (i.e., 0.4% ethanol for 30,000 U/DIF 
per milliliter DIF) are also shown. The means of the results of 
three experiments are presented 

that the effects of cAMP and DIF on prespore differentia- 
tion are mutually antagonistic. 

Eflects of DIF on cAMP relav and cGMP response 

Aggregation-competent cells were preincubated with DIF 
at concentrations of 3,00&30,000 units/ml. The cells were 
then stimulated with 1 p M  cAMP or 5 p M  dcAMP/DTT 
to allow measurement of the cGMP response and the 
CAMP-relay response, respectively. cGMP levels were mea- 
sured 10 s after stimulation with CAMP, and cAMP levels 
were measured 2 min after stimulation with dcAMP/DTT 
(Fig. 2). 
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Fig. 3A-C. Effects of DIF on ' H c A M P  binding activity. Aggregation-competent cells were incubated for 15 min in PB in the presence 
(0) or absence (D) of 10,OOO U/DIF per milliliter. The cells were then incubated with 2-200 nM ' H c A M P  for 1 min, and the radioactivity 
associated with the cell surface was measured by centrifuging the cells through silicone oil (A, 9) or by precipitating the cells in 
ammonium sulfate (C). Scatchard plots; B the binding activity of DIF-treated cells was plotted as a percentage of the binding activity 
of control cells. The means o f  the results of two experiments are shown 

DIF did not significantly affect the cGMP response. 
The small amount of inhibition observed at the highest 
DIF concentration was also induced by the vehicle of DIF, 
Le., ethanol (final concentration 0.4%). In this experiment, 
nearly saturating concentrations of the stimulus were used. 
Also. at subsaturating cAMP concentrations, DIF did not 
affect the cGMP response (data not shown). 

DIF was found to have very pronounced effects on the 
CAMP-relay response. DIF strongly inhibited the accumu- 
lation of cAMP induced by 5 pM dcAMP. The inhibition 
was about 80% at a DIF concentration of 30,000 U/ml 
and was 50% when 10,OOO U/ml DIF  was applied. Ethanol 
(0.4%) induced minor inhibition of CAMP relay. Preincuba- 
tion with DIF did not affect the basal cAMP levels of un- 
stimulated cells (data not shown). 

Effects of DIF on cAMP binding 

The effects of DIF on cAMP relay and on the cGMP re- 
sponse were similar to those of caffeine, which also inhibits 
cAMP relay, while not affecting the cGMP response [2, 
24, 32). The binding properties of cell-surface cAMP r e c e p  
tors appear different when measured by precipitating cells 
in ammonium sulfate than when cells were sedimented 
through silicone oil [31]. Caffeine (10 mM) induces a 
marked decrease in the apparent affinity of 'HcAMP bind- 
ing when measured using ammonium sulfate, but only a 
small effect is observed when binding is measured using 
silicone oil [2, 31, 321. In order to further compare the 
effects of DIF and caffeine, we measured the effects of 
DIF (10,ooO U/ml) on the binding of 2-200 n M  'H-CAMP 
using both binding assays (Fig. 3). 

Surprisingly, the effects of DIF on cAMP binding were 
more-or-less opposite to those of caffeine. DIF was found 
to have no effect when binding was measured with ammoni- 
um sulfate (Fig. 3C). However, when measured with sili- 
cone oil, DIF induced marked inhibition of the binding 
of low concentrations of CAMP, whereas the binding of 
high cAMP concentrations was much less affected (Fig. 3A, 

B). Scatchard plot analysis of the binding data indicated 
that DIF decreases the apparent affinity of 'HcAMP bind- 
ing (Fig. 3A). 

Discussion 

In the present study, the effects of DIF on several CAMP- 
induced responses were investigated. It was found that DIF 
inhibits CAMP-induced prespore differentiation in aggrega- 
tioncompetent cells, and that it reduces the apparent affini- 
ty of CAMP for the surface receptor when measured using 
silicone oil, although not when measured using ammonium 
sulfate. DIF does not affect CAMP-induced guanylatecyc- 
lase activation. but it is a potent inhibitor of CAMP-induced 
adenylatecyclase activation : half-maximal inhibition of the 
latter response occurred at a DIF concentration of 10,OOO 
U/ml, which is equivalent to about 200 nM DIF [9]. In 
order to exert effects on cAMP relay, cAMP binding, and 
CAMP-induced prespore differentiation, higher amounts of 
DIF are required than those necessary to affect stalk-cell 
differentiation, which is 50% inhibited by a DIF concentra- 
tion of 50 U per 2 ml of 0.75 x lo4 cells/ml [3]. This obser- 
vation may be related to the fact that DIF, which is a 
very lipophylic compound, is taken up by cells, thus causing 
DIF depletion in the extracellular medium. Calculated on 
a per cell basis, half-maximal inhibition of stalkcell differ- 
entiation occurs at a DIF concentration of 6,500 U per 
lo6 cells, and the same degree of inhibition of cAMP relay 
and CAMP-induced prespore differentiation is produced by 
concentrations of 200 and 300 IU per lo6 cells, respectively. 

Causal relationships between DIF-inhibited responses 

The activation of adenylate cyclase by cAMP involves the 
binding of cAMP to surface receptors [26] and, probably, 
the interaction of receptors with a guanine-nucleotide regu- 
latory protein [29] as well as the interaction of this protein 
with adenylate cyclase (unpublished results). It is unlikely 
that DIF inhibits cAMP relay solely by reducing the appar- 
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Table 1. Effects of adenosine, caffeine, and DIF on CAMP-induced 
responses and morphogenesis 

Response Adenosine Caffeine D1 F 

cAMP binding: 

ammonium sulfate - (25, 351 
cAMP relay: 

silicone oil - 1141 

excitation - (24, 2.51 
adaptation - (24,251 

cGMP response - I281 
cA M P-i nduced - (201 

p r es p o r e 
differentiation 

differentiation 

(CAMP oscillators) 

Stalk-cell w 

Multiple tips - 1201 

o/- [2. 32) 0 - 
- (311 

- [2, 241 - 
0 1241 ND 
0/+ (2, 321 0 

01- (221 - 

ND + (3.81 

+' (361 +. 

+. induces or promotes; -, inhibits; 0, no effect; ND, not deter- 
mined. Square brackets indicate references 
a Unpublished data 

ent affinity of the cAMP receptor, because the relay re- 
sponse was measured using a saturating concentration of 
the stimulus. It has previously been shown that the affinity 
of cAMP receptors is modulated by guanine nucleotides 
[29]. It is possible that DIF alters the receptor G-protein 
or G-protein/adenylate-cyclase interaction, resulting in 
both the inhibition of adenylate-cyclase activation and the 
reduction of receptor affinity. 

The effects of DIF on cAMP binding are probably not 
responsible for the inhibition of CAMP-induced prespore 
differentiation, since DIF specifically inhibits the binding 
of nanomolar cAMP concentrations (Figs. 3A, B), while 
prespore differentiation is induced by supramicromolar 
cAMP concentrations (Fig. 1). It is also unlikely that the 
inhibition of cAMP relay by DIF is directly responsible 
for the inhibition of CAMP-induced prespore differentia- 
tion, since high concentrations of another relay inhibitor, 
caffeine [2, 241, induce only minor inhibition of prespore 
differentiation [22]. Furthermore, prespore differentiation 
is induced by cAMP in a mutant in which the CAMP-relay 
response is virtually absent [22). 

In the physiological situation, i.e., prespore differentia- 
tion in slugs, the inhibitory effect of DIF on cAMP relay 
may indirectly inhibit prespore differentiation by decreasing 
cAMP levels in the slug. 

Comparison o$ the eflecfs of DIF, cafjeine. and adenosine 

The effects of DIF resemble, in some respects, the effects 
of the relay inhibitor, caffeine [2, 241, as well as those of 
the morphogen, adenosine [20, 371. The effects of DIF, 
caffeine, and adenosine on CAMP-induced responses, stalk- 
cell differentiation, and tip formation are summarized in 
Table 1. 

As is the case for DIF, caffeine inhibits cAMP relay 
[2, 241, it does not affect or slightly potentiates the cGMP 
response [2, 321, and it induces multiple tip formation ((361; 
unpublished results). In contrast to DIF, high concentra- 
tions of caffeine (10 mM) strongly reduce the aftinity of 
CAMP binding when measured using ammonium sulfate, 

but only weakly when measured using silicone oil [2, 311. 
Caffeine exerts only a minor inhibitory effect on CAMP- 
induced prespore differentiation [22]. It  has been suggested 
that the effect of caffeine on cAMP relay, which occurs 
at a concentration of 1 mM, is not due to inhibition of 
cAMP binding but is the result of the inhibition of a step 
occurring between the cAMP receptor and adenylate-cyc- 
lase activation [24]. 

Adenosine inhibits CAMP-induced prespore differentia- 
tion and cAMP relay (20, 251. Adenosine inhibits cAMP 
binding, but in contrast to DIF, the inhibition of binding 
is evident in both PB and ammonium sulfate [14. 25, 281. 
Additional differences between adenosine and DIF are that 
adenosine also inhibits the cGMP response [28], it does 
not induce stalkcell differentiation in submerged monolay- 
ers of D. discoideum V12M2 (unpublished data), and it re- 
duces the numbers of tips (autonomous cAMP oscillators) 
on aggregates [20], whereas DIF  induces multiple tip for- 
mation (unpublished results). In contrast to caffeine, which 
inhibits only excitation. adenosine inhibits both the excita- 
tion and adaptation of the CAMP-relay response [24, 251. 
Since adenosine inhibits cAMP binding under all tested 
conditions and inhihits all investigated responses to cAMP 
that are mediated by surface cAMP receptors, the effects 
of adenosine on cAMP relay, the cGMP response, and 
CAMP-induced prespore differentiation are considered to 
be a direct consequence of the inhibition of cAMP binding 
by adenosine [14, 25, 28, 351. 

Two important morphogens in Dictyostelium - DIF and 
adenosine - interfere with the transduction of cAMP in 
a specific manner. Adenosine probably acts by inhibiting 
cAMP binding, while DIF may interact with the functional 
coupling between the cAMP receptor and target proteins 
involved in further signal transduction. Since the specific 
effects of these compounds on morphogenesis and cell-type- 
specific differentiation may largely result from interactions 
with CAMP-signal transduction, further analysis of the 
transduction of cAMP to gene expression as well as of the 
modulating effects of DIF and adenosine on cAMP trans- 
duction pathway(s) is required. 
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