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SUMMARY

LEVIN, ROBERT M. & WEISS, BENJAMIN (1977) Binding of tnifluoperazine to the
calcium-dependent activator of cyclic nucleotide phosphodiesterase. Mol. Pharma-

col. , 13, 690-697.

The activity of one form of cyclic nucleotide phosphodiesterase is increased over 10-fold
by the addition of an endogenous, calcium-dependent protein activator. This activation
of phosphodiesterase is selectively inhibited by phenothiazine antipsychotics such as
tnifluoperazine. To gain insight into the specific mechanism of this inhibition, we
examined the binding of tnifluoperazine to various proteins, including the endogenous
cyclic nucleotide activator prepared from bovine brain. Using equilibrium dialysis, we
found that tnifluopenazine binds to proteins at two distinctly different types of sites: a

high-affinity, calcium-dependent binding site (K,, = 1 jAM, N = 2) and a low-affinity,
calcium-independent binding site (K,, = 5 m�, N = 24). All proteins examined, includ-
ing catalase, cytochrome c, aldolase, chymotrypsinogen, egg albumin, bovine serum

albumin, and the cyclic nucleotide activator, gave evidence of having low-affinity sites
for tnifluoperazine. However, only the activator had the calcium-dependent, high-
affinity binding sites for the phenothiazine. At low concentrations of tnifluoperazine
(less than 1 jAM), binding to the activator was 10-fold higher in the presence of calcium
than in its absence. The binding of tnifluoperazine to the other proteins showed no

calcium dependence, and the degree of binding to these proteins was similar to the
binding of trifluoperazine to activator when measured in the absence of calcium. The
binding of trifluopenazine to activator in the presence of calcium markedly decreased
when the pH was raised from 7.5 to 8.0, whereas the nonspecific binding was not altered

by changes in pH between 6.5 and 8.5. A study of other divalent cations showed that
calcium could be replaced by strontium, nickel, cobalt, zinc, and manganese in promot-
ing the binding of trifluoperazine to activator; barium and magnesium were ineffective.
These results suggest that the selective inhibition of the activatable form of phosphodi-

esterase by trifluoperazine is due to specific binding of the phenothiazine to the calcium-
dependent protein activator of cyclic nucleotide phosphodiesterase. Since this activator

apparently is identical with the activator of adenylate cyclase, our results might also
provide the mechanism by which phenothiazines inhibit adenylate cyclase activity and
might, in fact, provide a common explanation for some of the diverse physiological and
pharmacological actions of the phenothiazine antipsychotics.
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phodiestenase (1-5). These forms ofthe en-
zyme are distributed in the various brain

areas in a specific pattern and ratio (3-5),

and each has its own peculiar physical and
chemical characteristics. The multiple
forms of the phosphodiesterases differ in
molecular weight (1, 2), substrate specific-
ity (1, 2), stability (1, 3, 4), and response to
inhibitors (3, 5, 6) and activators (3-5).

One form of phosphodiestenase is of partic-
ular interest, since it appears to be the
predominant one in most areas of the

brain, and its activity can be increased
over 10-fold by an endogenous, calcium-
dependent protein activator also found in

brain (3-5, 7-10).
Recent reports suggest that this same

protein activator, which was shown mi-
tially to activate phosphodiestenase (7),
may also be an important regulator of

adenylate cyclase activity (11, 12). More-
over, as in the activation of phosphodies-
terase, the response of adenylate cyclase to
activator is completely dependent on the
presence of calcium. These results suggest
that the activator ofadenylate cyclase may
be identical with the activator of phospho-
diestenase.

The activation of phosphodiesterase by
this endogenous activator can be selec-
tively inhibited by clinically effective
phenothiazine antipsychotic agents, such

as chlorpromazine and tnifluoperazine (3-
6). The inhibition of phosphodiesterase by

the phenothiazines can be reversed by in-
creasing the concentration of activator,

but not by increasing the concentration of

calcium. This suggests that the drugs
might act by binding to the activator or to

the enzyme rather than to calcium (6).
In order to investigate further the inter-

action of antipsychotic agents with the
cyclic nucleotide system, we have studied
the characteristics of binding of tnifluo-
perazine to several proteins, including the
purified, calcium-dependent activator pre-
pared from brain.

MATERIALS AND METHODS

Preparation of activator. Activator was
purified from bovine brain by the method
described by Teo et al. (8). Briefly, fresh

bovine brains, obtained from a local

slaughterhouse, were homogenized in 0.1
M Tnis-HC1 buffer containing 1 mr��i Mg2�,

pH 7.5. The homogenate was centrifuged
at 3000 x g for 20 mm, and the activator in
the supernatant fluid was purified by am-
monium sulfate precipitation, DEAE-cel-
lulose anion-exchange chromatography,
and column chromatography using Sepha-
dex G-100. Homogeneity of the activator

preparation was confirmed by analytical
gel electrophoresis; the molecular weight
was estimated to be approximately 20,000.

Activator activity. Activator activity
was assessed as the ability to increase the

activity of an activator-deficient phospho-
diestenase prepared from bovine brain (6).
One unit of activator is defined as the
amount necessary to produce 50% of the

maximum activation of this activator-defi-
cient phosphodiesterase attainable under

standard experimental conditions, de-
scnibed previously (6). The specific activity

ofthe purified preparation of activator was
100,000 units/mg of protein, which repre-
sents approximately a 6000-fold increase
over that found in the whole homogenate.

Phosphodiesterase activity. Phosphodi-
esterase activity was measured by the lu-
cifenin-luciferase method as previously de-
scnibed (13). Each reaction vessel con-
tamed 50 mM glycylglycmne buffer, pH 8.0,

25 m� ammonium acetate, 3 m�i MgCl2,
0. 18 unit of myokinase, 0. 2 unit of pyru-
vate kinase, 0.4 m� cyclic 3’,5’-AMP, 0.1
mM CaCl2, and the phosphodiesterase

preparation in a total volume of 160 pi.

Equilibrium dialysis. In general, di-
alysis baths contained 500 ml of 5 m�i Tnis-
HC1, pH 7.0, containing 1 m� Mg2� and

either 0.1 m�i Ca2� or 0.3 m�i EGTA’ and
various concentrations of [3H]tnifluopena-
zine. Seamless cellulose dialysis tubing
(Fisher) having a molecular weight cutoff
of 12,000 was filled with 0.5 ml of water,
on solutions of activator or other proteins.
Dialysis was carried out for 18 hr at room
temperature with constant stirring. A por-
tion of the contents of the dialysis mem-
brane and a portion of the bath were

‘The abbreviations used are: EGTA, ethylene

glycol bis(�3-aminoethyl ether)-N,N-tetraacetic acid;

BSA, bovine serum albumin.
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counted in a liquid scintillation spectro-

meter.
During the course of these experiments

we observed that the dialysis membrane
bound substantial quantities of tnifluopen-
azine, thereby reducing the concentration
of free tnifluoperazine in the bath. Accord-
ingly, the concentration offree trifluopera-
zine at the end of the incubation period
was used in all calculations. The mem-
branes did not bind any of the proteins

studied, nor did the binding of tnifluopera-
zine to the dialysis membrane affect the
equilibration of free drug inside and out-

side the membranes.
Protein . Protein concentration was de-

termined by the method of Lowry et al.

(14).
Materials . Pyruvate kinase, myokinase,

phosphoenolpyruvate, and the purified

proteins used in these studies were ob-
tamed from Boehningen/Mannheim, and

firefly lucifenin and luciferase, from du
Pont. Tnifluopenazine and tnitiated tnifluo-

penazine (specific activity, 39.8 mCi/
mmole) were generously supplied by Dr.

Harry Green of Smith Kline & French
Laboratories. Other reagents were ob-
tamed from general commercial sources.

RESULTS

Time course of equilibrium between tn-

fluoperazine and activator or BSA. Figure
1A and B shows the rates at which

[3H]tnifluoperazine added to the bath
equilibrated with water, activator, or BSA
maintained within dialysis bags. In the

bath containing calcium (Fig. 1A) all sam-
ples, i.e., water, BSA, and activator,
reached equilibrium by 6 hr and remained

unchanged for over 20 hr. The concentra-
tion of radioactivity in the water and BSA
samples at equilibrium was equal to that
of the bath, whereas the radioactivity as-
sociated with the activator at equilibrium
was significantly higher than that associ-
ated with either the water or BSA sam-
ples. In the bath containing EGTA (Fig.
1B) all samples reached equilibrium by 6
hr and remained constant for over 20 hr.
There was only a slight difference between
the radioactivity associated with the acti-
vator or BSA samples and that of the wa-
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FIG. 1. Rate of equilibrium between trifluopera-

rifle and activator or BSA

Each dialysis bath contained 2 liters of 5 mr�e Tris

(pH 7.0), 1 mM Mg2�, and either 0.1 mess Ca2� (A) or

0.3 m� EGTA (B). Dialysis membranes contained

0.5 ml ofwater, BSA (25 �g/ml), or activator (25 �g/

ml). [3H]Trifluoperazine (25 j�Ci) was added to each

bath to give a final concentration of free drug equal

to 0.6 /.LM. At various times, one membrane of each
group was removed and the radioactivity within the
dialysis membranes was determined in a liquid scm-

tillation spectrometer. After 20 hr calcium chloride

was added to the bath in Fig. lB to give a final

concentration of free Ca2� of 0.5 mr�t.

ten samples. After 20 hr of dialysis, cal-

cium was added to the bath containing
EGTA to give a final concentration of 0.5
mM free Ca2� . The addition of calcium did
not affect the quantity of radioactivity as-
sociated with either the water or BSA
samples but increased the radioactivity as-
sociated with the activator samples to the
same level as that of the bath containing
calcium but no EGTA (compare Fig. 1A
and B).

At the conclusion of the dialysis, we
measured the ability of the activator to

activate phosphodiesterase. We found only

a 10% loss in activator activity over the

course of the experiment. These results
indicate that tnifluopenazine binds to the
phosphodiestenase activator and that this
binding is dependent on the presence of
calcium.

Binding of tnifluoperazine as a function

of concentration of activator. Figure 2
shows that the binding of tnifluoperazine

to activator was linear with increasing
concentrations of activator when mea-
sured in the presence of 0.1 m� calcium

on 0.3 m� EGTA. However, the binding of
tnifluoperazine to activator in the presence
of calcium was nearly 6 times greaten than
in the presence of EGTA.
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FIG. 3. Effects ofvarious divalent cations on binding oftrifluoperazine to activator and BSA

Dialysis baths contained 0.5 liters of 5 mM Tris (pH 7.0), 1 mM Mg2, 0.1 mM EGTA, and a 0.3 mM

concentration ofone ofthe following salts in the divalent form: calcium chloride, magnesium chloride, zinc

chloride, cobalt chloride, strontium chloride, nickel chloride, barium chloride, and manganese chloride. The

dialysis membranes contained either 0.5 ml of water, BSA (20 �g/ml1, or activator (20 �g/ml).

[3HlTrifluoperazmne (8 MCi) was added to the baths to give a final concentration offree trifluoperazine of 0.2

MM. The samples were dialyzed for 18 hr, after which time radioactivity was determined. Each value is the
mean of three samples. Vertical brackets indicate standard errors.
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Effect of cations on binding of tnifluo-

perazine to activator and BSA. Figure 3

shows the influence of several divalent cat-

ions on the binding of tnifluoperazine to
the cyclic nucleotide activator or to BSA.

20 30

OCT�V4T0R

FIG. 2. Binding of trifluoperazine as a function of

concentration of activator

Each dialysis bath contained 2 liters of 5 m�i Tris

(pH 7.0), 1 mM Mg2�, and either 0.1 mr�i Ca2� or 0.3

mM EGTA. The dialysis membranes contained

either water or different concentrations of activator.

[3H}Trifluoperazine (8 MCi) was added to the bath to

give a final concentration of free trifluoperazine of

0.2 MM. The samples were dialyzed at room tempera-

ture for 18 hr, after which time the contents were

removed and radioactivity was determined in a liq-

uid scintillation spectrometer. Each point is the

mean value of four samples. Vertical brackets indi-

cate standard errors.

In the absence of any divalent cation, tn-
fluoperazine was equally bound to activa-
tor and BSA. At the concentrations used,
none of the divalent cations examined af-

fected significantly the binding of tnifluo-
penazine to BSA. However, several ions
increased the binding to activator: cal-
cium was the most effective, increasing
the binding to activator over 9-fold; stron-

tium, nickel, zinc, and manganese also
promoted the binding of tnifluoperazine to

activator, but barium and magnesium

failed to alter the binding at these con-
centrations.

Binding of tnifluopenazine to various
proteins. Figure 4 shows the influence of

50 calcium on the binding of tnifluoperazine
to activator and several other proteins
with molecular weights ranging from
12,000 to 240,000. Whereas calcium mark-
edly increased the binding of tnifluopera-

zine to activator, it failed to increase the
binding of the phenothiazine to any of the

other proteins examined.
Effect of pH on binding of tnifluopera-

zine to activator and BSA. The binding of
tnifluoperazine to activator in the presence
of EGTA was unaffected by changing the
pH from 6.5 to 8.5 (Fig. 5). However, there

was a marked reduction in the calcium-
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2� the binding of the phenothiazine to activa-
ton in the presence of EGTA (data not
shown).

Binding of tnifluoperazine to activator

and BSA as a function ofconcentnation of
tnifluoperazine. Significant calcium-spe-

cific binding was evident at concentrations
of free tnifluoperazine as low as 0.002 �M

� �- (Fig. 6A). The ratio of calcium-specific to
#{128}:� � � 8�0 85 calcium-independent binding progres-

pH sively decreased until, at concentrations of

tnifluoperazine above 100 j�M, there was no
significant difference between binding in
the presence and absence of calcium. The
binding of tnifluoperazine to BSA in the
presence and absence of calcium was simi-
lan to the binding of tnifluopenazine to acti-
vator in the absence of calcium (Fig. 6B).

The data on the binding of tnifluopera-
zine to activator in the presence of calcium
were plotted according to the Scatchard

equation (Fig. 7). Two types of binding
sites were revealed: high-affinity, low-ca-
pacity binding with a dissociation constant
for tnifluopenazine (Kr,) of 1 1IAM and two

binding sites per molecule (based on a mo-
lecular weight of 20,000 for activator), and

low-affinity, high-capacity binding with a
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FIG. 4. Binding of trifluoperazine to various proteins

The dialysis baths contained 2 liters of 5 ms� Tris (pH 7.0), 1 m�s Mg2�, and either 0.1 mM Ca#{176}�or 0.3 mM

EGTA. The dialysis membranes contained 0.5 ml of each of the following proteins at a concentration of 50

�g/ml: cytochrome c (mol wt 12,500), activator (20,000), chymotrypsinogen (25,000), egg albumin (45,000),

bovine serum albumin (67,000), aldolase (158,000), and catalase (240,000). [3H}Trifluoperazine (8 MCi) was

added to give a final concentration of free trifluoperazine of 0.2 MM. The samples were dialyzed for 18 hr,

after which time radioactivity was determined. Each value represents the mean of three samples. Vertical

brackets indicate standard errors.

�- +�TA- � - - - - -f I-

FIG. 5. Effect of pH on binding of trifluoperazine

to activator and BSA

The dialysis baths contained 0.5 liters of 5 mM

Tris at various pH values, 1 m�i Mg2�, and either 0.1

mM Ca2� or 0.3 mr�i EGTA. The dialysis membranes

contained 0.5 ml of water, BSA (20 �g/ml), or acti-

vator (20 �g/ml). [3H]Trifluoperazine (12 MCi) was

added to give a final concentration of 0.3 m�. Sam-

ples were dialyzed for 18 hr, after which time radio-

activity was determined. Each point represents the

mean of three samples. Vertical brackets indicate

standard errors.

specific binding of tnifluoperazine to acti-
vator above pH 7.5.

The binding of tnifluopenazine to BSA in
the presence of calcium or EGTA was un-
affected by changes in pH and was equal to
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FIG. 6. Binding of trifluoperazine to activator

and BSA as a function ofconcentration of trifluoper-

azine

The dialysis baths contained 0.5 liters of 5 m�.i

Tris (pH 7.0), 1 mM Mg#{176}�,and either 0. 1 m�s Ca#{176}�or

0.3 me.i EGTA. The dialysis membranes contained

0.5 ml ofwater, activator (25 �g/ml) (A), or BSA (25

�g/ml) (B). [3H] Trifluoperazine and unlabeled tn-

fluoperazine were added to the baths to give final

concentrations of free drug ranging from 0.002 to 500

MM. Samples were dialyzed for 18 hr, after which
time radioactivity was determined. Each point rep-
resents the mean value of three samples. Vertical
brackets indicate standard errors.

K,, of 5 m� and 24 binding sites pen mole-
cule.

The binding of tnifluoperazine to activa-
tor when measured in the presence of
EGTA or the binding of tnifluoperazine to
BSA when measured in the presence of
either calcium or EGTA showed only the
low-affinity, high-capacity sites.

DISCUSSION

Despite the long and successful use of

phenothiazine antipsychotics in the treat-
ment of certain forms of mental disease,

the mechanism by which these agents act
is still poorly understood. One current
hypothesis that has received extensive
review recently is that these compounds

act by interfering with the cyclic nucleo-

activator.
Our results show that tnifluoperazine

does bind to this activator protein at two
types of binding sites: (a) calcium-depend-
ent binding which is specific and satura-
ble, with a dissociation constant of approx-

imately 1 �tM and apparently two binding
sites for tnifluoperazine per molecule, and
(b) calcium-independent binding which
has a dissociation constant of 5 m� and

about 24 sites per molecule. Of several
other proteins examined, only the activa-
tor possessed the high-affinity, calcium-
dependent sites; the other proteins had the
low-affinity, calcium-independent sites

only.

The specific binding of tnifluoperazine to
activator can be affected not only by cal-
cium but by other divalent cations as well.

Calcium can be replaced by strontium,
nickel, zinc, and manganese, but not by
magnesium or barium. In general, the

-.

FIG. 7. Scatchard plot of binding of trifluopera-

zine to activator

The data obtained in Fig. 6A were plotted using

the Scatchard equation, where r = moles of tnifluo-

perazine bound per mole of activator and lx) =

concentration of free tnifluopenazine at equilibrium.
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tions.

same ions which can replace calcium in
the binding of tnifluoperazine to activator
can also replace calcium in the activation

of phosphodiestenase (9).
These results suggest that phenothia-

zines inhibit the activation of phosphodies-
tenase by selectively binding to the cal-
cium-dependent phosphodiesterase activa-
ton. This suggestion is supported by the
evidence showing that the activation of
phosphodiesterase and the binding of tn-
fluopenazine to activator are calcium-de-

pendent and that several other ions can
replace calcium for the activation of phos-
phodiesterase (9) as well as for the binding

of trifluoperazine to activator (Fig. 3). A

comparison of the K,, value for the specific

binding of tnifluopenazine to activator and
the K1 (5) on 15(1 values (6) for the inhibition

of the activation of phosphodiesterase by
trifluoperazine shows that the 154 and K�
values for phosphodiesterase inhibition
were about 10 times greater than the K,,
values for binding. It should be noted,
however, that the ‘5 and K values are
dependent upon the concentration of acti-
vator present. In these studies supramaxi-
mal amounts of activator were added.
When the experiments are performed with

subsaturating concentrations of activator,

considerably lower 15() and K. values re-

sult.2 That the binding of tnifluoperazine
to activator constitutes the mechanism by

which this drug inhibits the activation of
phosphodiesterase is also supported by
other recent observations (22). The anti-
psychotic agents pimozide and penflunidol,
which are potent antagonists of the activa-
tion of phosphodiesterase (6), also show
calcium-specific binding to the activator.
On the other hand, the benzodiazepine
chlordiazepoxide, which is relatively inef-
fective in blocking the activation of phos-
phodiesterase (6), failed to exhibit cal-

cium-specific binding to the activator.
The studies on the influence of pH on

binding and phosphodiestenase activation
are difficult to interpret, since the activity

of phosphodiestenase itself, as well as its
activation, is altered by pH. A change in
pH, which may alter the binding of the

2 R. M. Levin and B. Weiss, unpublished observa-

activator to the enzyme, may be unrelated
to the binding of tnifluopenazine to activa-
ton. The data showing that the binding of

tnifluopenazine to activator markedly de-
creased at pH values above 7.5, however,
do suggest that the binding sites on the
activator molecule may be altered at these
pH values.

Whether tnifluoperazine and phosphodi-

estenase bind to the same sites on the acti-
vator is still an open question. Similar

concentrations of calcium are required for
the activation of phosphodiesterase and for
the binding of tnifluopenazine to activator
(8, 23). Moreover, there are two high-affin-

ity binding sites per molecule of activator

for both calcium (23) and tnifluoperazine,

and the association constants ofthe activa-
ton for calcium and tnifluoperazine are

similar (23).
Our results showing the specific binding

of tnifluoperazine to the cyclic nucleotide
activator may help to explain the opposing
actions of phenothiazines on the cyclic nu-
cleotide system. On the one hand, these
agents block the elevation ofcyclic AMP in
specific brain areas induced by decapita-
tion (17), nonepinephnine (17, 18), and do-
pamine (19-21); on the other, they increase
the intracellular concentration of cyclic
AMP (24, 25) and cyclic GMP (26) in cen-
tam brain areas. These effects of phenothi-

azines are not contradictory if one consid-
ens the complexity of the cyclic nucleotide
system in the central nervous system.
Both the nucleotide cyclases and the cyclic
nucleotide phosphodiesterases exist in sev-
eral molecular forms, and different brain
areas have different patterns and ratios of
these enzymes. Since phenothiazine anti-

psychotics specifically inhibit the catechola-

mine-sensitive adenylate cyclase and the

activator-sensitive cyclic nucleotide phos-
phodiestenase, the net effect of these anti-

psychotics on the cyclic nucleotide concen-
tration in each specific region of the brain
would depend on the relative activities of
the specific forms of each of these enzyme

systems. In an area rich in activator-sensi-
tive phosphodiestenase, phenothiazines
would be expected to increase the intracel-
lular concentration of cyclic AMP or cyclic

GMP, whereas in an area rich in catechol-
amine-sensitive adenylate cyclase, pheno-
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thiazines would produce a decrease in

cyclic AMP.
The significance of the same protein ac-

tivator influencing both adenylate cyclase
and phosphodiesterase has been discussed
by Gnegy et al. (27). They demonstrated
that membrane-bound activator can be ne-
leased from particulate preparations of
brain by a cyclic AMP-dependent protein
kinase. Accordingly, the stimulation of
adenylate cyclase would raise the intracel-
lular concentration of cyclic AMP, which

in turn could cause the release of mem-
brane-bound activator by a cyclic AMP-
dependent protein kinase. The release of
bound activator could then stimulate the
activator-sensitive phosphodiestenase,
thereby causing the hydrolysis of cyclic

AMP.
In conclusion, the evidence that the

cyclic nucleotide activator modulates the
activity of both phosphodiestenase and
adenylate cyclase as well as our demon-
stration that tnifluoperazmne and other an-
tipsychotic agents (22) bind in a highly
specific fashion to this activator, suggests
a common mechanism for explaining the
inhibition by antipsychotics of selective

forms of these enzymes and a common
mechanism for explaining some of their
diverse pharmacological effects.
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