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1. Introdunetion

cAMP is thought io be the patural attractant for
chemotaxis in amoebae of Dictyostelium discoideumn
[1--3]. During growth, amoebae secrete a cAMP-
hydrolyzing phosphodigsterase into the ¢ulture medium
14—6] and at the end of growih a macromolecular
Aeatstable phosphodiesterase-inhibitor is also released
vy the amoebae [6—8}. During differentiation io
agpregation—comp~ tence a phosphcediesterase is
Jetecied on the celi surface, exhibiting its highest
Actvity during aggregation. This cell-bound phospho-
diesterase has been suggested to function as part of
the chemotactic receptor system [9].

* Presert address: Universitdl Bremen, NW1, 28 Bremen 33,
W. Germany.

Abbreviations:
eAMP = adenosine-3’,5’-cyclic phosghate; ¢GMP = puano-
sine-3',5"-cyclic phosphate; 5'-CH,-AMP = 3'-methylene-
5’~d¢ oxy-adenosine 3',5-cyclic phosphate; 3'-CHy-cAMP =
3-m:thylene-3'-deoxy-adenosine 3,5’ -cyclic phosphate;
5°-NA-cAMF = 5 -amino-3’-deoxy-adenosine-3’.5"~cyclic
phosphate; 5°-NH-cAMPS = #’-amino-5"-deoxy-adenosine-
3,5 cyclic phosphothioate (diasterenimers I and 11, the
absclute configurations are not knowr. at present);
“NCH3z-cAMP = 5-N-methylamino-5'-fleoxy-adenosine-
3',5"-cyclic phosphate; 5'-NCgHj cAMP = 5°-H-n-ociyl)-
2mino-5’-deoxy-adenosine-3',5’-cyclic phosphates Enzymes:
adenosine deaminase (EC 3.5.4.4); ulkaline shosphatase
(EC 3.1.3.1).
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Recently cAMP-analogues have been tested for their
chemotactic achvitiss [10—12]. We selected several
analogues with differsnt biojogical activities and deter-
mined the analogue specificity of cAMP-phosphiodi-
esterase in order to answer the following guestions:

1) Does the anslogue specificity of the phesphodiesier-
ase corralate with the chemoiactic activity of the
analognes; 2) How is the substrate specificity affect:d
by stereochemical alterations of the cAMP molesule
and 3} Do the extracellular and the particle-bound
phosphodiesierase possess e same substrate specifi-
city?

2. Mat:rials and methods

Culture conditions of Dictyosteliim discotdeum
strains Ax-2, mntant aggr 50 and mutant 73 wers as
described previously [9, 13]. Dialyzed culturs super-
natant from mutant agg: 50 was used as 2 sourze for
extracellular phosphodiesterase [8] except for those
analogues “which were difficult it hydrolyze (fig. 1¢,
d, T). These were izsted with cencentrated phospho-
diesterase from agyr 75 purified on DEAE-cellulose
[8]. Particle-bourd phosphodiesterase was prepared
from Ax-2 and the phosphodiesterase assays were per-
formed as described elsewhere {9, 13],

inhibition of cAMP-hydroly sis by analogues was
carried out using the assay coniiticns of particle-bound
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Fig. 1. Chemical structure of cAMP-analogues, modified in
the phosphate meoiety.

phosphodiesterase [9). The reuction was startes by
enzyme,

Hydrelysis of analogues was performed at a sub-
strate concentration of 6 X 10-% M with phosphosi-
estzrase in 50 mM Tris—HCl, vH 7.4, at 36°C (pH 8.4

wasused for 5-NCH3-cAMP because of the bette:
stability of this analogue at alkaline pH). 1f possitas=

the enzyme activity was chosen to yield 50% hydrolysis
within 1—4 hr of incubation. The exient of hydrolysis
was evaiuated at various time intervals by thin-layer
chromatography of the products on cellulose-F plates
(Merck, Darmstadt, W. Genmany). Solvents nsed were
95% ethanol;1 M ammonium acetate 7:3 and
n-propanol/fammonia/water 7: 1:2. Hydrolysis of 6-

and 8-substituted cyclic nucleotides was tested by
phosphate liberation using phosphodiesterase in
presence of 20 ug/ml alkaline phosphatase (EC 3.1.3.1,
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Boehringer, Mannheim, W. Germany) and 8 mM
MgS0, in 50 mM Tris--HCl buffer, pH 7.4 at 36°C.
Rate of hydrolysis at nucleotide concentrations of 1
and 2 mM was not significantly different which indi-
cates that ¥ .. was1eached at these corcentrations.

Inorganic phosphate was assayed according to Asmes
and Dubin [14]. Control tubes were incubated with
alkaline phosphatase only to correct for free 5" mucleo-
tides.

Methylene-cAMP-analogues were kindly provided
by Dr. J.G. Moffat (Syntex Research Center, Palo
Alio, Calif., USA) and 6- and 8-substituted cyclic
nucleotides by Boehringe., Mannheim, W. Germany.
The synthesis and characterization of the 5™-amido-
analogues of tAMP have been described elsewhere
[15, 16).

3. Resulis

3.1. Substrate specificity and chemotactic activity of
the cAMP-analogues

The chemical structures of cAMP-analogues modi-
{ied in the phosphate moiety are shown in fig. 1 and
their chemotactic activities as measured by T.M.
Konijn [11, 12] are presented in table 1.

Since it is nearly impossible to determine the
Michaelis constants for the non-radioactivity labeled
analogues, we measured as a rough estimate for binding
the inhibition of cAMP hydrolysis using particle-bound
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.Fig, Z. Inhibition of cAMP-hydrolysis by cAMP-analogues. Hydrolysis was performed at 5 X10~7 M cAMP using particle-bound
-phosihodiesterase. 0: §'-NH-cAMP; o1 §'-CHy-cAMP; #: ¢cGMP; w: 5'-NCH3-cAMP; X: 5’-NCgH,+cAMP; &: 3'—_CHTCAMP.
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Tdble 1
Rates of hyd:rolysis of cAMP-arialcgues by extraceliular and
particle-bound phosphodiesterase.

Cyclic Chemotaclic 50% Hyd-otysis?
nucleotide acrivity! 5003 by phospacdiesterase
of popula-
Bons react extracelinlar particle-
positively ¢hn) bound
between: {hr)
[e3)
cAMP 10-3_1p~% 1 1
5’-CHg-cAMP 1p-%_1p-% 3 4
5 -NH-cAMP 30781977 $ S
5"NH-cAMPS J 196-1p77 8 3
5.NH-cAMPSI1  10~5-30-% 8 B
£GMP 190733975 1 1
3'-NCHgz-tAMP 13303 200D > 1503
3-NCgH;cAMP  1073-19~¢ 12000% > 150°
3'-CH4-cAMP 1072-307° > 18000 > 13D%

1) Data for chermotactic activities were taken from Koniin ot
al. {10, 127]. 2) Hydrolysis was evaluated by thin layer chrom-
atography of the reaction products. Relative rates are shown.
50% Hydrolysis of cAMP was set 1o 1 hz. 3) The specific
activity of particle-bound phosphodiesterase was too low to
obtain hydrolysis within reasonable incubation times. 4) The

time for 50% hydrolysis was calcuiated from the lime required
forx 2:5% hydrolysis assuming a inear relationship. 5) No

hydrolysis was observed for both enzymes with 3'-CHp-tAMP.

phosphodiesterase (fig. 2). Hydrolysis was performed
at 5 X10~7 M cAMP which corresponds to the lowest
Micvhaelis constant mersured for particle-bound phos-
phidiesterase. This enzyme shows an anomalous kinetic
indicating either negative cooperativity or a set of
en::ymes with different X, -values (Malchow et al., in
preparation). In addition we determined the time
regnired for 50% hydrolysis of the znalogous relative
to cAMP hydrolysis using extracellular phosphodiesier-
252 and particle-bound phosphodiesterase at substrate
conrentrations which were in the range of ¥V, for
cA1AP (table 1).

Fig. 2 shows that 5.NH-cAMP (fig. 1b) wasa power-
ful inhibitor of cAMP-hydrolysis ylelding a 45% inhibi-
tio:: at a 1:1 analogue/cAMP ratio. Substitution of the
amino group by a methylamino- (fig. 1c) oran
n-ostylamino-group (fig. 14) shifted the 50% inhibition
to :n analogue/cAMP ratio of 400 or 2000:1. 5™-CH,-
cAMP (fig. 1a) was a 100-fold better inhibitor than

3"-CH,-cAMP (fig. 1f) yielding a 5C% inhibition at an
80:1 analogue/cAMP ratio.
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As thown in tati: 1 all cAMP-pnalogues were
nydrolyzed by the phosphodiesterase excent 3'-CH,-
cAMP. The vreakly inhibiting analogues 5'-NCH -cAMP

and 5°-NCgH;5-cAMP were slowly hydrolvzed and
were relatively inactive in chemotaxis whereas the

strong inhiditing 5-NH-cAMP was easily hydrolyzed
having the same biological activity as cAMP.

Anvther anulogue which is as active as ctAMP in
chemotaxis, 53'-CHo-cAMP is 106-fold more active
than its isomer 3"~CH,-cAMP. This large difference
may be mainly due to the fact that the 3’-compowd
is not hydrolyzed, since the weaker binding of 3'-CH,-
cAMP alone conld not account for the drastic differ-
snce in the biological aclivities of the iwo analogues.

The raie of hydrolysis of the cyelic nuclentides ar
¥ ax cayp 4id not in each cose correspend to the
threshold concentrations for chemotactic activity
{1able 1). Becanse o3 low concentrations binding rather
than hydrolysis would be expected 10 be the limiting
factor for chemotactic aciivity, the latier shonld be
reflected more accurately by the X, values. T'o some
gxeni this is the case for cGMP whach 1s far less active
in chemotaxis than cAMP bui i3 hydrolyzed a: the
same rate as cAMP. The K, value of sxiraceliniar
phosphodiesterase for cGMP is 10-fpld higher than for
cAMP I8]. Unfortunately, radic-labeled analo mes 1o
desemmine their X, values are not available.

3.2, Structure dependency of phosphodiesizrase-
Frydrolysis

Exchange of the oxygen atom at the 37 position of
thz cAMP molecu:e by NH- or CH,-groups did not
significantlv alter the rates of hydrolysis and 5-NH-
<2 MP proved 1o be a powerfnl inhibitor {1ablk 1. fig.
2) However, substitution by protruding groups within
tr2 phosphate ring, drastically reduced ihe ratzs of
hydrolysis (table 1) and similarly dacreased thz amount
of inhibition {fig. 2).

ixchange of the oxygen atomn at the 3’ position by

2 ‘"Ho-group completely abolished hydrolysis by phos-
phodiesterase and inhibition of cAMP-hydrolysis
oucurred only at high analogue concentrations, It seems
it.erefore that not only for hydrolysis of the analogue
but also for good competiiion of cAMP-hyarclysis,
1ke cyclic ring must be chemically reactive at the 3
position.

6- Or 8-substitution of cyclic nuelectides by pro-
tmding groups dig not greatly affect the rates of
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Table 2

Rates of hydrolysis of, and inhibition of nAM“»hydro;yms by
6- and 8-substituted cyclic nucleotides.

Cyclic Hydrclysis Inhibition
nucleotide by phos- of cAMP-
phodizster- Iydrolysis?
ase!
extra- particle~
cellninr  bound
{7) {7 {95
cAMP 100 100
cAMP-derivatives
$-Benzoyl 104 97 72
6-Benzyl - 102 115 &7
8-Bromo 138 137 52
B-Piperidinn &0 59 20
cGMP-derivatives
8-Benzylamino 51 162 19
B-Bromo 106 128 32
cIMP-derivatives
B-Benzylamino 83 P 11
8-Bromo 147 150 28

1) The xate of hydrolysis was determined a1 1 and 2 mM
nuclectide concenirations by phosphate liberation in presence
of alkaline phosphatase. Data are presented as percent hydrol-
ysis of cAMP (= 100%). 2) Inhibition of cAMP-hydrolysis nsing
extracellular phosphodiesterase was assayed at 7 X107° M
CAMP and 2 %X 10~% M cyclic nudleotide conceniration.

hydrolysis at ¥, -ayp (able 2). Inhibition of
cAMP hydrolysis revealed that 8-substitution reduced
the inhibiting activity much more than 6-substitution
(table 2).

3.3. Substratre-spezificity of extracellular and particle-
bound phosphodiesterase
The rates of hydrolysis of cyclic nucleotides and
their analogues, were found to be the same for extra-

cellular and particle-bound phosphodiesterase (flabﬂes 1
and 2).

4, Conclusions

of cAMP-analoges to particle-bound phosphodiester-
ase — as measurzd by ‘nhibition of cAMP-hydrolysis —
was fairly well vorseiated with the ability of these.

analogucs to ’tn #ger 2 chamotactic Iesponse in amoebae. -
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Additionally, all analogues were ] hydrolyzed by phos-
phodiesterase except 3'-CH,-cAMP. This analogue -
howevar, is 10°-fold iess acnve in chemotaxis fhan

5".CH;-cAMP [10]. Thus, the results are in accord
with the idea that for adeguate biological function the-

eyclic nucleotide has to be hydrolyzed 1o ensure a
continuous measurement of its concentration and
hence, a correct orientation of the cell Wmthm the

morphngenetic field (9]

Koniin et al., nsing their biclogical assay system,
found that the cAMP receptor was highly sensitive to
stereochemical modifications at the 5’ position of the
cyelic phosphate ring [12]. This sensitivity to chemi-
cal alterations by protruding groups at the 5’ position
was 4ls0 observed for the rate of nydrolysis and for
the inhibition of cAMP-hydrolysis. Furthermore, we
have shown that 8-substituted cyclic nucleotides were
less inhibiting than the &-substituted ones, indicating
a stronger steric hindrance for binding of the 8-snb-
stituted analogues. In agreement with this observation,
Michal 1 al. found that B-substituted cyelic nucleotides
were worse subsirates for bovine heart muscle phos-
phodiesterass than 6-substituied ones [17]

One pertinent question in the phosphodiesterase
regulation is whether the cell-bonnd phosphodiesterase
and the extracellular one are modifications of one and
the same enzyme. Though this guestion will be solved
only by solubilization and purification of the particle-
bound phosphodiesterase, the finding that both
snzymes exhibited the same substrate specificity at
Vinax eaxp With all analoguss tested may favour the
idea of their identity.
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