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1. INTRODUCTION

Chemotaxis is very important during the whole
life cycle of the cellular slime molds. In the vegeta-
tive stage the amoebae have to find their bacterial
food in the soil which they inhabit. At this time,
the amoebae are chemotactic to folic acid and
pterin [1,2], both of which are excreted by bacteria;
therefore it seems probable that this mechanism is
used to find food [1]. When the food source is ex-
hausted the amoebae aggregate to form a multi-
cellular slug which then differentiates into a fruit-
ing body. Different species of slime mold use dif-
ferent compounds as the chemoattractant for this
aggregation. The best studied system is Dic-
tyostelium discoideum which utilizes pulsatile sig-
nals of cAMP [3]; however, chemoattractants from
other species have been partially purified [4,5].

Since 1977 evidence has been accumulating for
the involvement of ¢cGMP in the transduction of
the chemotactic signal [6—12], particularly as all
chemoattractants induce a similar accumulation of
c¢GMP in sensitive cells. This increase in cGMP is
transitory, peaking at 10s and returning to the
basal level by 30 s after stimulation. In addition to
the well-documented non-specific phosphodiester-
ase, D.discoideum has an intracellular PDE specific
for cGMP [8,13—15]. This enzyme is activated 4-
fold by concentrations of cGMP within the range
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of the change during chemotactic stimulation
[14,15] which suggests that it may play an impor-
tant role in the transduction of the signal.

A group of chemotactic mutants of D.discoideum
(stmF ‘streamer’ mutants) have been isolated
which show an alteration in the cGMP response to
cAMP [12]. In these strains the increase in cGMP
reaches a higher level than in the wild type and
attainment of the peak is delayed until —20s. Pre-
stimulation levels are not recovered within 2 min.
Here we show that the chemotactic stimulation of
c¢GMP by folic acid is also altered in stmF mutants,
and that the change in cGMP response can be ac-
counted for by a defect in the specific cGMP PDE:
one of the mutants tested does not have measur-
able levels of the enzyme (<0.4% that of wild
type), the other has low levels (-2% wild type)
and stimulation of this enzyme requires 10-times
the cGMP concentration of the wild type.

2. MATERIALS AND METHODS

c¢GMP, 8-bromoguanosine 3’,5’-monophosphate
(8-bromo-cGMP), and cAMP were purchased
from Boehringer; folic acid from Sigma; c[8-3H]-
GMP (0.55 TBq/mmol, c[8-3HJAMP (0.9 TBq/
mmol) and the cGMP radioimmunoassay kit were
from Amersham. Concanavalin (con) A—Sephar-
ose was obtained from Pharmacia.

2.1. Culture conditions
Dictyostelium discoideum XP55 (wild type) and
NP 368 and NP 377 (stmF mutant strains) were
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grown in association with Escherichia coli B/t on
0.1% lactose—peptone. Cells were harvested in
10 mM phosphate buffer (pH 6.5) and freed from
bacteria by repeated centrifugations at 100 X g for
4 min. The isolation and characterization of the
mutants was described in [12,16]. Growth condi-
tions for folate stimulation experiments were as in
[16].

2.2. Isolation of the cGMP-phosphodiesterase

The enzyme was isolated as in [15]. Briefly, cells
were starved in suspension for 2 h, collected in
10 mM phosphate buffer (pH 7.2) at 108 cells/ml
and homogenized at 0°C by sonication (Branson
B12 with microtip; 2 X 55 at 50 W). The homoge-
nate was centrifuged at 48 000 X g for 10 min, and
the supernatant at 48 000 X g for 60 min. Non-
specific phosphodiesterase was removed by chro-
matography of 2 ml of the newly obtained super-
natant through con A—Sepharose (column dimen-
sions 120 X 9 mm i.d.). The non-retarded fractions
were diluted to 10 ml (wild type) or concentrated
by Minicon B15 to 1ml (mutants). Phosphodi-
esterase activity was measured as in [15].

3. RESULTS

Dictyostelium discoideum cells contain 2 classes
of PDE. One class hydrolyzes cAMP and cGMP at
approximately the same rate. These enzymes are
located extracellularly, on the cell surface and in-
tracellularly. They are inhibited by DTT and bind
to con A-Sepharose columns [15,17,18]. The sec-
ond class apparently comprises only one enzyme
which is specific for cGMP and is located intra-
cellularly. This enzyme is not inhibited by DTT
and does not bind to con A—Sepharose [8,13—15].
The isolation of the cGMP-specific PDE used in
this study is based on the differential lectin-bind-
ing properties of the 2 types of enzyme.

The ¢cGMP PDE of the wild type XP55 (from
which the mutant strains were derived) is essen-
tially identical to the enzyme of other wild type
strains of D.discoideum [15]. It is activated by low
c¢GMP concentrations (10-8—10-6 M) and activa-
tion is complete at —10~6 M cGMP. The Ky of
the activated enzyme is —~5.5 uM and the Vipqay is
—~90 pmol ¢cGMP hydrolyzed . min~! . (107
cells)~! (fig.1).

In contrast, mutant strain NP 368 has no mea-
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Fig.1. Kinetics of cGMP-phosphodiesterase activity
from wild type and mutant D.discoideum cells. cGMP-
specific phosphodiesterase was isolated from wild type
XP 55 (o), and mutant NP 377 (a) as in section 2. En-
zyme activity was measured over 10-8—10—4 M. Mutant
NP 368 does not have measurable enzyme activity.
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Fig.2. Activation of the hydrolysis of c[3H|GMP by 8-

bromo-cGMP. The isolated cGMP-phosphodiesterase

from XP 55 (e) and NP 377 (a) were incubated with

10-8 M ¢[3HJGMP and different concentrations of 8-

bromo-cGMP. The hydrolysis of ¢[*HJGMP in the pres-

ence of 10~ M 8-bromo-cGMP was set at 100% for both
strains.
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Table 1

Kinetic constants of c¢GMP-phosphodiesterase from
wild type and mutant D.discoideum cells

Strain ApPP. Vimax App. Km K,
(pmol . min—!, (uM) (nM)
107 cells—1)
Wild types
NC,4(H) 70 45 50
XP 55 90 5.5 40
Mutants
NP 368 <04 nd. n.d.
NP 377 2 3 500

a K, is the concentration of 8-bromo-cGMP which in-
duces half-maximal activation of the hydrolysis of
[3H]GMP.

n.d., not detectable

surable cGMP-specific PDE activity. The sensitiv-
ity of the assay is such that the maximum possible
activity in this strain is 0.4% that of wild type cells.
In some experiments with purified preparations of
the mutant strain very low levels of cAMP hydro-
lyzing activity were seen (—1% of the specific
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Fig.3. cAMP and folic acid mediated cGMP accumula-

tion in wild type and mutant cells: (A) cells starved for

4 h were stimulated at 0 s with 16 uM folic acid; (B) cells

starved for 8 h were stimulated at 0 s with 50 nM cAMP.

The experiment was done as in [12]. () wild type XP 55;
(a) mutant NP 377.
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c¢GMP hydrolyzing activity of the wild type and
001% of the cAMP hydrolyzing activity of the
original homogenates). In these experiments, small
amounts of cGMP hydrolyzing activity were also
detected, but all activity -disappeared on addition
of 2mM DTT. This suggests that the activity was
due to small impurities of non-specific cyclic
nucleotide PDE which had not been completely
removed by con A—Sepharose column chromatog-
raphy.

Mutant strain NP 377 consistently shows levels
of cGMP-specific PDE which are only 2% of those
of wild type cells. Another unusual feature is that
the Eady-Hofstee plot (fig.1) shows almost normal
Michaelis-Menten kinetics for this enzyme. This
implies either that cGMP does not activate the en-
zyme, or that activation occurs at higher cGMP
concentrations than in the wild type. 8-Bromo-
c¢GMP was used to determine which of these pos-
sibilities is correct. Low concentrations of 8-bro-
mo-cGMP will activate the enzyme but this mole-
cule does not bind effectively to the catalytic site of
the wild type enzyme [14,15]. Half-maximal activa-
tion of the hydrolysis of cGMP by 8-bromo-cGMP
occurs at —4 X 10-3 M for the wild type enzyme
but at about 5 x 10~7 M for the NP 377 enzyme
(fig.2), showing that activation does occur but with
abnormal kinetics.

Clearly the symF mutants have altered cGMP-
specific PDE activity (table 1). If these abnor-
malities are the principal cause of the altered
cAMP-stimulated cGMP response seen in the mu-
tants [12] then it would be expected that alt chemo-
tactic stimuli should give rise to excessive levels of
c¢GMP. Fig.3 shows that this is true for the other
major chemoattractant for D.discoideum, folic acid.

4. DISCUSSION

Chemotactic stimulation of D.discoideum cells
induces a fast round-up of the cell, which is fol-
lowed by the protrusion of a pseudopod [10,19].
During cell aggregation the period of directed lo-
comotion lasts —100s in wild type cells [20]. The
stmF mutants used in this study are probably fully
able to detect chemotactic signals [12]. However,
directed cell locomotion does not stop after 100 s
but can last as long as 500 s. These mutants have
an altered chemoattractant-mediated cGMP re-
sponse; cGMP levels increase to higher values, and
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basal levels are recovered only after 2—3 min,
which is 5—10-times more slowly than in wild type
cells [12].

PDE specific for cGMP is activated by low lev-
els of cGMP within 10-8—10-6 M. Because intra-
cellular levels of cGMP vary within this range after
chemotactic stimulation it seemed possible that
this enzyme might play a crucial role in the trans-
duction of chemotactic signals in D.discoideum.
This report considerably strengthens that hypothe-
sis by showing that the altered cGMP accumula-
tion patterns, and therefore, presumably, the al-
tered chemotactic behaviour, seen in mutants of
the stmF complementation group can be ac-
counted for by defects in the cGMP-specific phos-
phodiesterase.
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