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SUMMARY

Davis, C. W, AND J. W. DALY. Activation of rat cerebral cortical 3’,5'-cyclic
nucleotide phosphodiesterase activity by gangliosides. Mol. Pharmacol. 17: 206-211
(1980). .

Mixed brain gangliosides stimulated the activity of rat cerebral cortical calcium-dependent
and calcium-independent cyclic nucleotide phosphodiesterases in a concentration-de-
pendent manner. The extent of stimulation was similar with both enzymes, but calcium-
dependent enzyme was at least 10 times more sensitive to gangliosides. Activation
occurred rapidly and was readily reversible. The V., of the calcium-dependent enzyme
was increased, while the K, was unaffected. Maximal activation of the calcium-dependent
enzyme by gangliosides was only 50% of that elicited by lysolecithin or calcium-dependent
activator protein. Activation by lysolecithin and gangliosides was apparently additive,
while the activation by activator protein was slightly diminished in the presence of
gangliosides. Trypsin pretreatment of the calcium-dependent enzyme resulted in a loss of
sensitivity to subsequent activation by gangliosides or activator protein without altering
the activation by lysolecithin. Potassium ions inhibited basal activity of the calcium-
dependent phosphodiesterase but had no effect on enzyme activated by gangliosides,
activator protein, or lysolecithin. Phosphodiesterase in the membrane-bound state did

not appear to be affected by gangliosides.

INTRODUCTION

Intracellular concentrations of cyclic AMP and cyclic
GMP are regulated, in part, by hydrolysis to 5'-nucleo-
tides by 3":5’-cyclic nucleotide phosphodiesterases. Mul-
tiple forms of the enzyme have been shown to exist in
brain (1-6) as well as other tissues (1, 6-9). Both calcium-
dependent and calcium-independent enzymes are present
in rat brain (6, 10). The calcium-dependent phosphodies-
terases are stimulated by calcium ions only in the pres-
ence of a thermostable, low molecular weight protein
termed the calcium-dependent activator protein’ (11-14).
The calcium-dependent phosphodiesterase can be acti-
vated not only by calcium-dependent activator protein
but also phospholipids (15, 16), fatty acids (15, 16), and
proteolytic enzymes (11, 17, 18). In contrast to the cal-
cium-dependent enzyme, the calcium-dependent phos-
phodiesterase is insensitive to these activators. The pres-
ent investigation describes the activation by gangliosides
of the soluble calcium-dependent and calcium-independ-
ent enzymes from rat cerebral cortex.

MATERIALS AND METHODS
Materials. Cyclic [8-°H]GMP (21 Ci/mmol) and cyclic
! This protein has also been referred to as a calcium-dependent
regulator protein, modulator protein, and calmodulin.

[8-*H]JAMP were from Amersham; anion exchange resin
AG1-X8 (Cl™ form, 100-200 mesh) and 2-mercaptoetha-
nol were from Bio-Rad; snake venom ( Crotalus adaman-
teus), trypsin (bovine pancreas), trypsin inhibitor (soy-
bean), and mixed brain gangliosides (Type III) were from
Sigma Chemical Company; potassium chloride and so-
dium chloride were from Baker Chemical Company; ly-
solecithin (egg) was from Applied Science Laboratories;
Sephadex G-200 was from Pharmacia; various nucleo-
gides, nucleotides, and cyclic nucleotides were from
Sigma, Boehringer-Mannheim, or Plenum Scientific Re-
search.

Preparation of phosphodiesterases. The procedure for
separation of phosphodiesterase from rat cerebrum was
essentially that described by Kakiuchi et al. (6, 11).
Briefly, mature, female Sprague-Dawley rats (Taconic
Farms, Germantown, N. Y.) were sacrificed by decapi-
tation and the brains were immediately excised and
rinsed in ice-cold 20 mm Tris/Cl buffer, pH 7.5, contain-
ing 1 mM MgCl;, 3 mM 2-mercaptoethanol and 0.1 mM
EGTA? (extraction buffer). The tissue was homogenized
in 2 vol of the same solution using a motor-driven glass-
Teflon homogenizer. The homogenate was centrifuged at
105,000g for 60 min and the supernatant fluid (crude

*The abbreviations used are: EGTA, ethyleneglycol-bis(8-amino-
ethyl ether)-N’,N’-tetraacetic acid.
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extract) was filtered through glass wool to remove the
fat. The 105,000¢ pellet was used for the source of mem-
brane-bound phosphodiesterase (see below).

An aliquot (3-6 ml) of the crude extract was applied to
a Sephadex G-200 column (2.5 X 40 cm) previously
equilibrated with extraction buffer containing 0.1 M NaCL
The column was eluted with the same buffer. The enzyme
activity eluting at V,/V, of 1.0 represented a high-K.,
calcium-independent phosphodiesterase. Peak enzyme
activity eluting at a V,/V, of 1.5 was used as the source
of calcium-dependent phosphodiesterase. The enzyme
was not inhibited by EGTA indicating the absence of
significant amounts of activator protein.

Further purification of the calcium-dependent enzyme
was achieved using activator protein-Sepharose affinity
chromatography as described by Miyake et al. (19). The
calcium-dependent enzyme was applied to the affinity
column (1.5 X 10 cm) previously equilibrated with 20 mm
Tris/Cl (pH 7.5) containing 1 mm MgCls, 3 mM 2-mer-
captoethanol and 1 mu CaCl,. The column was washed
with 2.5 to 3 column vol of the same buffer and then
eluted with 3 column vol of 20 mm Tris/Cl (pH 7.5)
containing 1 mM MgCl,, 3 mM 2-mercaptoethanol and 0.1
M EGTA. An aliquot of each fraction was assayed for
phosphodiesterase activity as described below. The cal-
cium-dependent enzyme so obtained showed two distinct
protein bands following sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.®

Particulate phosphodiesterase (membrane) was pre-
pared by two methods using the 105,000g pellet. In
method 1 the pellet was resuspended in 2 vol of extraction
buffer by gentle vortexing and was centrifuged at
105,000g for 10 min. This procedure was repeated five
times and the pellet was finally resuspended in the same
volume of extraction buffer using a glass-Teflon homog-
enizer. Method 2 was essentially the same but instead of
resuspending the pellet by gentle vortexing, the pellet
was resuspended after each wash by glass-Teflon ho-
mogenization. Both qualitative and quantitative differ-
ences in resulting membrane preparations were apparent
(see Results).

Assay of phosphodiesterase. The assay method for

phosphodiesterase was a modification (9, 20 21) of that
ongmal]y described by Thompson and Appleman (8).
The standard reaction mixture contained in a final vol-

ume of 0.1 ml: Tris/Cl buffer (pH 7.5) 5 umol; MgCl: 0.5
pmol; and enzyme as indicated. In most instances, 0.1
nmol cyclic [8-°’HJGMP, containing about 1.2 X 10° cpm,
was used as substrate. In experiments in which activator
protein was used, calcium ions (0.4 umol) were included
in the assay mixture unless otherwise noted. The reaction
was initiated by the addition of either substrate or
enzyme and was carried out at 37° for 4-10 min. The
reaction was terminated by heating the mixture at 98-
100° for 1 min. A second incubation was then carried out
in the presence of 5'-nucleotidase (C. adamanteus snake
venom, 75-100 ug) for 30 min at 37° and the reaction was

Q. terminated by heating. Unreacted nucleohdes were sep-
() arated from dephosphorylated

products using anion ex-
CU change chromatography (AG1-X8) as deecribed else-

3 C. R. Creveling, unpublished observation.
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where (9, 20, 21). Appropriate amounts of enzyme and
appropriate incubation times were used to limit hydrol-
ysis of substrate to less than 25% under the assay condi-
tions. All assays were performed in triplicate with a
variation of less than 8%. The values were adjusted for
blank values obtained in the absence of added phospho-
diesterase and corrected for 60-70% recovery of the nu-
cleoside.

Other methods. In some experiments the calcium-de-
pendent phosphodiesterase was pretreated with trypsin.
Under these conditions the enzyme was preincubated
with trypsin (30 ng/pg enzyme protein) for 5 min at 0°,
after which soybean trypsin inhibitor (240 ng/ug enzyme
protein) was added. Control preparations contained
either soybean trypein inhibitor alone or trypsin added

with an eightfold excess of trypsin inhibitor.

Mixed brain gangliosides and lysolecithin were exhaus-
tively dialyzed against 10 mm Tris/Cl, pH 7.5 containing
1 mm EGTA prior to use. This procedure effectively
removed calcium ions contained in the commercial prep-
aration of lysolecithin but was ineffective in removing
the calcium in mixed brain gangliosides. The latter still
contained 3 ng calcium/ug gangliosides as determined by
atomic adsorption spectrometry.

Activator protein was prepared from rat cortex
through the DEAE-cellulose step by the method of Lin
et al. (22). Protein was determined by the method of
Lowry et al. (23) using bovine serum albumin as stan-
dard.

RESULTS

The calcium-independent and calcium-dependent
phosphodiesterases were stimulated in a dose-dependent
manner by mixed brain gangliosides (Fig. 1). Both en-
zymes exhibited the same maximal degree of stimulation
(100-130%) by gangliosides. However, maximal activa-
tion of the calcium-dependent enzyme occurred with 1
pg gangliosides while for the calcium-independent phos-

phodiesterase 10 ug gangliosides were required. The stim-

ulatlon of the calc:mn-dependent enzyme rapidly de-
creased to the control values at higher concentrations of
nondialyzed gangliosides (data not shown). With dialyzed
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Fi1G. 1. Dose-dependent activation of calcium-independent and
calcium-dependent phosphodiesterases by gangliosides

The enzymes were assayed as described under Materials and Meth-
ods using 1 pM cyclic GMP as substrate. Control activities for the
calcium-independent (O, 1.4 pg) and calcium-dependent (®, 0.05 ug)
enzymes were 1.24 and 1.50 pmol/min, respectively.
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gangliosides the inhibition of higher concentrations was
less pronounced (Fig. 1). Quantitatively identical stimu-
lation of cyclic AMP hydrolysis by the enzymes was also
observed (data not shown). Activation of both enzymes
was readily reversible, i.e., enzyme preincubated with 5
ug of gangliosides and then diluted prior to assay ex-
hibited no change in activity. A subsequent activation of
both enzymes to mixed brain gangliosides was unaltered
(data not shown).

The activation of the calcium-dependent phosphodi-
esterase was confirmed using a highly purified enzyme
preparation obtained following activator protein-Sepha-
rose chromatography (Fig. 2). The enzyme was eluted by
0.1 mm EGTA as a sharp peak. Gangliosides in amounts
of 0.1 and 1 ug stimulated the activity of these fractions
55 and 120%, respectively.

Reaction kinetics as a function of enzyme protein
amount and incubation time are shown'in Fig. 3. A
twofold activation of the calcium-dependent phosphodi-
esterase occurred irrespective of enzyme amount up to
100 ng protein but decreased above this amount as the
reaction in the presence of gangliosides became nonlin-
ear. The activation was rapid, occurring within 45 sec,
and remaining constant for incubation times up to 5 min.
Kinetic analysis revealed that the stimulation of the
enzyme occurred through an increase in V., without
significantly affecting the K, for cyclic GMP (Fig. 4).

The effects of calcium-dependent activator protein,
mixed brain gangliosides, and lysolecithin on the activity
of the calcium-dependent enzyme were examined. Acti-
vator protein (1.3 pg), gangliosides (0.5 pg), and lysoleci-
thin (100 uM) stimulated the enzyme activity 200, 95, and
220%, respectively (Fig. 5). The stimulation by activator
protein was slightly decreased in the presence of ganglio-
sides. In contrast, activation by a combination of lyso-
lecithin and gangliosides was additive, attaining a value
300% above control. There was no evidence for a direct
interaction of gangliosides and activator protein. Thus,

’
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F1G. 2. Affinity chromatography of the calcium-dependent phos-
phodiesterase

Chromatography was on activator protein-Sepharose 4B (1.5 X 10
cm) with a flow rate of 0.3 ml/min and fraction size of 0.8 ml. An aliquot
(2.5 ul) from each fraction was assayed for phosphodiesterase activity
in either the absence (@) or presence of 0.1 ug (O) or 1 ug (A)
gangliosides as described under Materials and Methods using 1 pm
cyclic GMP as substrate. Fractions 1-60 were eluted with extraction
buffer containing 1 mM calcium with subeequent fractions eluted with
extraction buffer containing 0.1 mmM EGTA.
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F16. 3. Dependency of phosphodiesterase activity on protein con-
centration and time in the presence and absence of mixed brain
gangliosides

(A) Dose-dependent hydrolysis of cyclic GMP (1 uM) by calcium-
dependent phosphodiesterase. The enzyme was assayed as described
under Materials and Methods in the absence (@) or presence of 1 ug
gangliosides (O). Incubation time was 3 to 5 min. (B) Time course of
the hydrolysis of cyclic GMP (1 um) by calcium-dependent phospho-
diesterase in the absence (@) or presence (O) of 1 ug gangliosides. The
enzyme (50 ng) was assayed as described under Materials and Methods.

activation by gangliosides was unaffected by the presence
of activator protein in absence of calcium ions (data not
shown). Furthermore, gangliosides do not cause a change
in the potency of the activator protein (data not shown).

Limited proteolysis of calcium-dependent phosphodi-
esterase from rat brain has been shown to concomitantly

Vm(pmol/min)

Control - 43
0.1ug
Ganglioside - 7.1

[cyeuc GMP, um)

F16. 4. Double reciprocal plot of the hydrolysis of cyclic GMP by
the calcium-dependent phosphodiesterase from rat cerebral cortex

The enzyme (45 ng) was assayed in the absence (A) or presence of
0.1 g (@) or 1 pug (O) gangliosides as described under Materials and
Methods. Substrate concentration ranged from 0.5 to 10 uM.
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F16. 5. Effect of various agents on the activity of the calcium-
dependent phosphodiesterase preincubated in the absence or presence
of trypsin

Assay conditions and trypsin pretreatment were as described under
Materials and Methods. Cyclic GMP (1 uM) was used as substrate.
Where indicated the amounts of the agents were 1.3 ug, 1 pg, and 100
um for activator protein, gangliosides, and lysolecithin, respectively.
Values represent the mean + SEM from at least three separate exper-
iments. Control activity for the untreated phosphodiesterase (45 ng)
was 1.37 pmol/min.

activate the enzyme, while desensitizing the enzyme to
further stimulation by activator protein (11). Similarly,
the calcium-dependent phosphodiesterase, after treat-
ment with trypsin, was no longer sensitive to activation
by mixed brain gangliosides (Fig. 5). In contrast, activa-
tion of the trypsin-pretreated enzyme by lysolecithin was
not affected.

Potassium ions have recently been observed to cause
profound inhibition of basal calcium-dependent enzyme
activity without affecting activator protein-stimulated
activity (24). Mixed brain gangliosides and lysolecithin
were able to overcome the inhibition of enzyme activity
produced by potassium (Table 1). Potassium had no
effect on the activity of trypsin-treated enzyme under
any condition.

Activator protein-Sepharose affinity chromatography
of the trypsin-treated enzyme revealed qualitative
changes in the enzyme (data not shown). The enzyme
was no longer bound to the column but eluted as a sharp
peak in the presence of 1 mM calcium. No activity was
observed in the EGTA-eluted fractions. A similar obser-
vation has been reported by Sakai et al. (25). Enzyme
activity eluted in the calcium wash was unresponsive to
activator protein and mlxed brain gangliosides (data not
shown).

Activation of the calcmm-dependent enzyme by gan-
gliosides was independent of calcium (Fig. 6). At higher
concentrations of calcium the activity of the enzyme in
the presence of gangliosides was slightly diminished. In
marked contrast the activator protein showed a marked
dependence on calcium for activation, which is consistent
with previously reported data (11-14).
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TasBLE 1
Effect of various agents on the activity of the calcium-dependent
Pphosphodiesterase
Assay conditions and trypsin-pretreatment were as described under
Materials and Methods. Cyclic GMP (1 uM) was used as substrate.
Values presented are the means of triplicate assays from at least two
separate experiments.

Calcium-dependent
phosphodiesterase ac-
tivity (pmol/min)
No
pretreat-  pretreat-
ment ment
Control 1.06 3.28
Potassium, 55 mM 0.20 3.08
Activator protein, 1.3 ug 3.18 341
Gangliosides, 1 pg 231 3.26
Lysolecithin, 100 um 3.36 9.13
Activator protein + potassium 299 3.36
Gangliosides + potassium ' 2.19 324
Lysolecithin + potassium , 3.25 8.94

The effect of mixed brain gangliosides on membrane-
bound phosphodiesterase* activity was found to vary
according to the method of preparation of the membrane
fraction (Fig. 7). Enzyme activity in membranes prepared
by method 1 (see Materials and Methods) was stimulated
in a dose-dependent manner by gangliosides with near
maximal stimulation (100%) at 10 ug. In marked contrast
the phosphodiesterase activity in membranes prepared
by method 2 showed very minimal effects of gangliosides
in amounts up to 100 ug. When the final washed mem-
brane homogenates from method 1 were centrifuged at
105,000¢g and enzyme activity of the recovered superna-
tant was measured in the presence of mixed brain gan-
gliosides, results virtually identical to those of the ho-
mogenate were obtained (data not shown). The results
suggest that phosphodiesterase activity, loosely bound to
the membrane, must be “released” during homogeniza-
tion before activation by gangliosides can be observed.

DISCUSSION

Relatively low concentrations of mixed brain ganglio-
sides stimulated the activity of both the calcium-depend-
ent and calcium-independent phosphodiesterases from
rat cerebrum (Fig. 1). At higher concentrations, the
mixed gangliosides inhibited the calcium-dependent en-
zyme. The inhibition was much more profound prior to
dialysis of gangliosides, suggestive of the presence of
dialyzable inhibitory components or the loss of stimula-
tory components.® Phosphodiesterases in the membrane-

* Sonication of initial membrane preparations yielded two enzymes
with chromatographic properties corresponding to calcium-independ-
ent and calcium-dependent enzymes of soluble preparations. The en-
zyme eluting at the void volume was the major enzyme, i.e., the enzyme
corresponding to the calcium-independent enzyme.

5 Structure-activity relationships for the activation of various gan-
gliosides present in brain require investigation. Commercial prepara-
tions of purified gangliosides afforded marked differences in terms of
potency for activation of calcium-dependent phosphodiesterase. GM,
was relatively pure and was about 50-fold more potent than the mixed
brain gangliosides. GD; and GT, were relatively impure: the-former
activated the enzyme, while the latter profoundly inhibited the enzyme.
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bound state appeared to be unaffected by gangliosides,
although after release of phosphodiesterase from mem-
branes a ganglioside activation was clearly manifest (Fig.
7). The activation of phosphodiesterases by gangliosides
was immediate and readily reversible. In contrast, acti-
vation of brain adenylate cyclase by gangliosides was
irreversible and required 40- to 50-fold higher concentra-
tions of gangliosides (26).

Activation of the calcium-dependent phosphodiester-
ase by gangliosides appeared in some respects similar to
activation by calcium-dependent activator protein. For
example, pretreatment of the calcium-dependent phos-
phodiesterase with trypsin resulted in a loss of subse-
quent sensitivity to activation by either gangliosides or
activator protein. Furthermore, both gangliosides and
activator protein were effective in restoring the fully
activated state to potassium-inhibited enzyme activity.
Finally, kinetic analysis revealed that the primary effect
of ganglioside activation results from an increase in Vmex
of the enzyme. Similar effects on the enzyme using sat-
urating amounts of activator protein have been reported
(27). Differences between activation of phosphodiester-
ase by gangliosides or activator protein did pertain. Thus,
the maximal stimulation of the calcium-dependent en-
zyme by gangliosides was only 50% of that by activator
protein. However, combinations of activator protein and
ganglioside had effects on enzyme activity less than ac-
tivator protein alone (Fig. 5), suggesting a common site
at which the ganglioside had partial agonist activity.
Activation of the enzyme by activator protein was strictly
dependent on calcium ions, while the activation by gan-
gliosides was unaffected or slightly diminished by calcium
in concentrations up to 100 uM (Fig. 7). It should be noted
that the ganglioside preparation contained small
amounts of calcium (3 ng calcium/ug ganglioside), follow-
ing extensive dialysis against EGTA which may have
been sufficient for activation. The most striking differ-
ence between the activation of phosphodiesterase activ-
ity by these two agents is the relative specificity. Acti-
vator protein had little or no effect on the activity of the
calcium-dependent enzyme while gangliosides were effec-
tive in stimulating either the calcium-independent or

T pp——
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Fi1G. 6. Effect of calcium on the activity of the calcium-dependent
phosphodiesterase
The enzyme (40 ng) was assayed in either the absence (O) or
presence of 1 ug gangliosides (@) or 1.3 ug activator protein (A) as
described under Materials and Methods. The concentration of cyclic
GMP was 1 uM.
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Fic. 7. Effect of gangliosides on particulate (membrane) phospho-
diesterase activity

Particulate phosphodiesterases were prepared by either method 1
(@) or method 2 (O) as described under Materials and Methods. The
enzymes prepared by method 1 (13.2 xg) and method 2 (12.9 ug) were
assayed using 1 um cyclic GMP and had control activities of 1.91 and
1.15 pmol/min, respectively.

calcium-dependent enzyme activities to the same maxi-
mal degree. Neither activator protein (28) nor ganglio-
sides (Fig. 7) appeared to activate membrane-bound
phosphodiesterase. The physiological significance of ac-
tivation of membranal adenylate cyclase (26) and soluble
phosphodiesterases by brain gangliosides is unknown.
However, gangliosides might, like the calcium-dependent
activator protein, be involved in a subtle control of cyclic
AMP-generating systems. Both activator protein and

iogide can, in brain membranes, activate adenylate
cyclase and both could, if released into cytosol,® activate
soluble phosphodiesterases. The release of activator pro-
tein has been proposed to be a cyclic AMP-dependent
phenomenon (30), and might thus provide a control
mechanism for regulating cyclic nucleotide levels. Fac-
tors that might affect release of gangliosides from neu-
ronal membranes are unknown. However, in view of the
differential effects of gangliosides—high concentrations
required to activate adenylate cyclase and 40- to 50-fold
lower concentrations required to activate phosphodies-
terase—it is possible that release of only minor amounts
of ganglioside might serve to activate the degradation of
cyclic nucleotides.
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