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SUMMARY

GENTLEMAN, SUSAN, ABRAHAMS, SANDERS, L. & MANSOUR, Tag, E. (1976) Adeno-
sine cyclic 3',5'-monophosphate in the liver fluke, Fasciola hepatica. II. Activation
of protein kinase by 5-hydroxytryptamine. Mol. Pharmacol., 12, 59-68.

Adenosine cyclic 3',5'-monophosphate (cAMP)-dependent protein kinase activity has
been found in both the 27,000 X g particulate and supernatant fractions of homogenates
from the liver fluke, Fasciola hepatica. The enzyme activity was 2-5 times greater in
the anterior end (“head”) of the fluke than in the posterior end. Half-maximal activation
of the protein kinase in both fractions was obtained at 0.1-0.4 uM cAMP. When the
enzyme was assayed in the presence of cyclic nucleotide, the apparent K, for protamine
was 0.1 mg/ml and the apparent K ,, for MgATP was 20-50 uM in the two homogenate
fractions. Incubation of fluke heads for 5 min with 1 mm 5-hydroxytryptamine resulted
in an increase in protein kinase activity of both homogenate fractions when assayed in
the absence of added cAMP. The protein kinase activity assayed in the presence of 5 um
cAMP was increased in the particulate fraction and decreased in the supernatant
fraction. The degree of activation of the enzyme by the cyclic nucleotide was markedly
reduced in both homogenate fractions from heads that had been incubated with 5-
hydroxytryptamine. The time course of accumulation of endogenous cAMP correlated
with activation of protein kinase, except during the first minute of incubation with 5-
hydroxytryptamine. The degree of activation of protein kinase by added cAMP was
inversely correlated with endogenous cyclic nucleotide during incubation with 5-hydrox-
ytryptamine. Incubation of fluke heads with both 5-hydroxytryptamine and p-lysergic
acid diethylamide together reduced the activation of protein kinase by 5-hydroxytrypt-
amine. Incubation of fluke heads with only p-lysergic acid diethylamide had no effect on
protein kinase activity. c(AMP increased phosphorylation of fluke protein in both frac-
tions of the homogenate. This phosphorylation was less sensitive to activation by the
cyclic nucleotide when the fluke heads had been incubated with 5-hydroxytryptamine.
Thus 5-hydroxytryptamine can stimulate protein kinase activity toward endogenous
proteins. The results indicate that the physiological effects of 5-hydroxytryptamine are
mediated by cAMP activation of protein kinase.
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INTRODUCTION

Hormonal regulation of cellular func-
tions which are mediated by cAMP? is of-
ten achieved by activation of protein ki-
nases, which phosphorylate specific pro-
teins (1). The classical example of this type
of hormonal regulation is the activation of
glycogen phosphorylase by epinephrine.
The hormonal activation of cAMP-depend-
ent protein kinase was reported recently in
several mammalian tissues, both in vitro
(2, 3) and in vivo (4, 5). It has been sug-
gested that the hormonal effect is not only
to activate protein kinase but also to
change the distribution of the enzyme ac-
tivity in the cell (2, 5). Subcellular localiza-
tion of protein kinase in membrane frac-
tions has been implicated in the regulation
of synaptic transmission, ion transport,
and membrane permeability in several tis-
sues (6-9). Thus the distribution of cAMP-
dependent protein kinase in the particu-
late and soluble cell fractions may be a
mechanism for mediating the diverse ef-
fects of a hormone on the cell.

Previous work in our laboratory showed
that 5-HT was a potent stimulator of motil-
ity (10, 11) and carbohydrate metabolism
(12, 13) in the liver fluke, Fasciola hepatica
(Platyhelminthes: Trematoda). 5-HT was
also shown to activate adenylate cyclase
and to increase accumulation of endoge-
nous cAMP in liver flukes (14, 15). Thus,
in these organisms, 5-HT appears to have
a role similar to that of epinephrine in
mammals. In this paper we have investi-
gated the effect of 5-HT on protein kinase
activity in the liver fluke. We also studied
the effect of LSD, a drug which stimulates
motility (11) and metabolism (13) in the
fluke but which antagonizes 5-HT activa-
tion of adenylate cyclase (15).

METHODS

Fasciola hepatica were collected from
fresh beef livers and maintained in the
laboratory as previously described (16). Be-
fore being used in an experiment, the
flukes were rinsed in warm (37°) saline
solution (16). Unless otherwise indicated,

3 The abbreviations used are: cAMP, adenosine
cyclic 3’,5'-monophosphate; 5-HT, 5-hydroxytrypt-
amine (serotonin); LSD, p-lysergic acid diethylam-
ide.

the anterior portion of the fluke (“head”)
was then severed from the posterior por-
tion (“tail”) just below the posterior
sucker. The heads, tails, or intact flukes
were placed in fresh warm saline solution
and used within 30 min. Protein kinase
activity in fluke heads which had been
preincubated for up to 30 min did not
change significantly. The experiment was
initiated by the addition of 1 mm 5-HT and/
or 10 um LSD to the incubation solution.
After 5 min the tissues were removed from
the solution, drained, and frozen with alu-
minum clamps chilled in Dry Ice. The tis-
sues were homogenized by hand (10
strokes) in a conical glass homogenizer
with 20 volumes of cold 50 mm glycylgly-
cine (pH 7.5) containing 10 mMm NaF and 5
mM theophylline. Tissue from two animals
was used for each preparation. The homog-
enate was centrifuged at 27,000 X g for 30
min. The supernatant fraction was re-
moved, and the pellet (particulate frac-
tion) was resuspended to the initial vol-
ume with cold homogenizing solution. The
protein concentration of each fraction was
determined by the method of Lowry et al.
an.

Protein kinase activity of the superna-
tant and particulate fractions was assayed
by the method of Miyamoto et al. (18). The
standard 0.2-ml reaction volume contained
50 mm sodium glycerol phosphate (pH 6.5),
10 mM magnesium acetate, 10 mm NaF, 2
mM theophylline, 0.3 mM EDTA, 40 ug of
protamine chloride, 2.5 uMm [y-**P]JATP
(specific activity, 0.5-5.0 mCi/umole), and
25 ul of fluke supernatant or particulate
fraction (15-25 ug of protein). Each frac-
tion was assayed with and without 5 um
cAMP. After 5 min at 25°, the reaction was
stopped by the addition of 1.8 ml of cold 10
mM EDTA containing 1 mm unlabeled
ATP. To precipitate the protein, 2 ml of
cold 20% (w/v) trichloroacetic acid were
added. After 15-30 min the precipitate was
collected on a Millipore filter (HAWP
02400) and washed three times with 5 ml of
5% trichloroacetic acid. The filters were
air-dried and counted in toluene-based
scintillation fluid. Protamine was quanti-
tatively precipitated by this procedure over
the concentrations used. Two types of
blanks were used for each assay. The zero-
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time blank was obtained by adding the cold
EDTA-ATP solution before the addition of
the fluke preparation and contained less
than 0.001% of the total counts in the assay
solution. The second blank was incubated
without protamine and permitted the de-
termination of phosphate incorporation
into the fluke preparation. The value of
this blank was 25-30% of that obtained in
the presence of protamine. The net 2P
bound to protamine was calculated by sub-
traction of this latter blank. A unit of
protein kinase activity is defined as 1
pmole of phosphate transferred from ATP
to protamine per minute. Under the assay
conditions given, the reaction was linear
with time up to 10 min and linear with
fluke protein concentration up to 125
png/ml of reaction volume. Duplicates of
the protein kinase assay differed by no
more than 5%. The specific activity of pro-
tein kinase was dependent on the length of
time the flukes had been maintained in
the laboratory. Heads of freshly collected
flukes had a specific activity of 30-40
units/mg of protein (assayed in the pres-
ence of 5 uM cAMP). After 2 weeks in the
laboratory, the specific activity was 3—4
units/mg. However, the responses of pro-
tein kinase to 5-HT and LSD were ob-
served in all flukes regardless of the
length of time they had been kept in the
laboratory.

The concentration of cAMP in fluke tis-
sues and in the homogenate fractions was
determined as previously described (15).

A modification of the method of Kennell
(19) was used to determine the distribution
of the 3P label among phospholipid, poly-
nucleotide, and protein in the trichloroa-
cetic acid precipitates. Fluke homogenate
fractions were precipitated with 10% tri-
chloroacetic acid after incubation in the
protein kinase assay solution without prot-
amine. The precipitates were washed three
times with cold 5% trichloroacetic acid and
once with cold 70% ethanol and collected
on Nucleopore filters (N 300 CPR 02500).
The filters were then washed twice with
warm (40°) 70% ethanol, twice with 70%
ethanol-diethyl ether (1:1), and once with
diethyl ether to extract phospholipids. The
washes were collected, evaporated, and
counted in Instagel. The filters were put

into test tubes with 2 ml of 5% trichloroa-
cetic acid and heated in a water bath at
80% for 30 min to solubilize polynucleo-
tides. The tubes were then placed in an ice
bath for 30 min. The contents of the test
tubes, including the filters, were collected
on fresh Nucleopore filters and washed
three times with cold 5% trichloroacetic
acid and once with cold 70% ethanol. The
washed were pooled, and the tricholora-
cetic acid was removed with three ether
rinses. Aliquots were taken and counted
in Instagel. The filters were incubated in 1
ml of 1 N NaOH for 30 min at 37° to solubil-
ize the protein. Aliquots were taken for
counting in Instagel. Protein, as deter-
mined by the method of Lowry et al. (17),
was present exclusively in the material
solubilized from the filters by NaOH. The
Ajg:Agy ratio of the material solubilized
with hot trichloroacetic acid was 1.8-2.0,
indicating the presence of nucleotides.
[y-*2P]ATP was prepared by the method
of Post and Sen (20). Disodium ATP,
cAMP, and protamine chloride were ob-
tained from Sigma Chemical Company. 5-
HT (B grade, creatinine salt) was obtained
from Calbiochem, and theophylline, from
Merck. The p-tartrate of LSD-25 was a
product of Sandoz and was obtained from
the National Institute of Mental Health.

RESULTS

Effect of substrates and cAMP concentra-
tions on protein kinase activity. Figure 1
shows protein kinase activity of the partic-
ulate and supernatant fractions with re-
spect to protamine concentration in the
presence of cAMP. The apparent K, of the
enzyme for protamine was 0.1 mg/ml in
both fractions. The V,,, was 91 units/mg
in the particulate fraction and 80 units/mg
in the supernatant fraction. In the absence
of cAMP, maximal activity in both frac-
tions was obtained at 0.1 mg/ml of prota-
mine and was only 20% of that obtained in
the presence of cAMP. Because of this low
activity, it was not possible to obtain repro-
ducible kinetics at nonsaturating prota-
mine concentrations. The protein kinase
activity of the particulate and supernatant
fractions of fluke head homogenates with
respect to MgATP at a saturating prota-
mine concentration is shown in Fig. 2. In
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Fi1G. 1. Activity of protein kinase in homogenate
fractions from fluke heads as a function of protamine
concentration

Fluke heads were homogenized and centrifuged as
described in METHODsS. Protein kinase activity of
each fraction was assayed with 5 um cAMP at var-
ious protamine concentrations. Slopes and inter-
cepts of the lines were determined by the method of
least squares. The correlation coefficient r was
+0.93 or greater. O, particulate fraction; A, super-
natant fraction.
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FiG. 2. Protein kinase activity in homogenate frac-
tions from fluke heads as a function of MgATP con-
centration

Homogenate fractions of fluke heads were pre-
pared and assayed for protein kinase activity as
described in METHODS, except that the MgATP con-
centration was varied. Slopes and intercepts of the
lines were determined by the method of least
squares. The correlation coefficient r was +0.95 or
greater. O and @, particulate fraction; A and A,
supernatant fraction; ® and A, assayed without
cAMP; O and A, assayed with cAMP.
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the absence of cAMP, the apparent K, for
MgATP of both fractions was about 23 um.
The V.« values of the supernatant and
particulate fractions were 45 and 100
units/mg, respectively. In the presence of

cAMP, the apparent K, for MgATP was 20
uM in the particulate fraction and 45 um
in the supernatant fraction. The V,, val-
ues were 200 and 400 units/mg in the partic-
ulate and supernatant fractions, respec-
tively. Thus the data from the representa-
tive experiments shown in Figs. 1 and 2
indicate that the kinetic properties of pro-
tein kinase from the two fractions are simi-
lar. This similarity was observed in both
the presence and absence of cAMP. In both
the particulate and supernatant fractions,
0.1-0.4 uMm cAMP caused 50% activation of
the enzyme. Maximum activation of the
protein kinase in both fractions was ob-
tained in the presence of 1-3 um cAMP.
Thus there does not appear to be any sig-
nificant difference in kinetic properties of
protein kinase between the two fractions
with respect to cAMP.

Distribution of protein kinase activity in
liver fluke. Table 1 summarizes a repre-
sentative experiment showing the distribu-
tion of protein kinase activity between the
particulate and supernatant fractions of
homogenates from heads, tails, and whole
flukes. The specific activity of homogenate
fractions from heads was 2-5 times greater
than that of fractions from tails or from
whole flukes. It was considered possible
that this difference between the heads and
tails was due to a greater phosphodiester-
ase activity in the tails during the protein
kinase assay. However, determination of
the cAMP concentration at the end of the
protein kinase assay showed that there
was no loss of cAMP. The distribution of
protein kinase activity between the frac-
tions of fluke head homogenates was about
60% in the supernatant and 40% in the
particulate fraction. The protein kinase in
both fractions was activated by cAMP. In
the particulate fraction the activation by
cAMP was 4.3-fold, and in the supernatant
it was 5.5-fold (means of 10 experiments).

Although incubation of fluke heads with
5-HT strongly activated protein kinase, in-
cubation of the tails had no effect on pro-
tein kinase activity (Table 1). These results
correlate well with the localization of 5-
HT-activated adenylate cyclase in the
head of the fluke (15). In all the experi-
ments described below, only the the iso-
lated heads of flukes were used.
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5-HT activation of protein kinase in
fluke heads. 5-HT has been shown to in-
crease endogenous cAMP levels in the
fluke (15). We hypothesized that such an
increase in cAMP would lead to activation
of protein kinase in the intact cell. Table 2
shows a statistical analysis of the changes
in protein kinase activity in the particu-
late and supernatant fractions from fluke
heads incubated in 1 mm 5-HT. Although
there was an increase in the protein ki-
nase activity of both fractions assayed
without added cAMP, the increase in su-
pernatant activity was not statistically sig-
nificant. This activated protein kinase
would be expected to be less sensitive to
further activation by cAMP added to the
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assay solution. Thus the degree of activa-
tion by cAMP in the particulate fraction
decreased from 4.3-fold in the absence of 5-
HT to 1.6-fold with 5-HT. In the superna-
tant fraction the degree of activation de-
creased from 5.5-fold to 2.5-fold. Incuba-
tion of the fluke heads with 5-HT also ap-
peared to affect the distribution of protein
kinase activity between the particulate
and supernatant fractions when assayed
in the presence of cAMP. As shown in
Table 2, incubation with 5-HT caused a 2-
fold increase in protein kinase activity in
the particulate fraction and a 33% de-
crease in the activity in the supernatant
fraction (see also Table 1). These data may
reflect a translocation of protein kinase

TABLE 1
Distribution of protein kinase activity in liver flukes

Heads, tails, and whole flukes were incubated for 5 min in the presence and absence of 5-HT. The tissue
was then homogenized and centrifuged as described in METHODS. Protein kinase activity in the 27,000 x g
particulate and supernatant fractions was assayed with and without 5 um cAMP.

Body part  Addition to Protein kinase activity
incubation
solution Particulate fraction Supernatant fraction
Without cAMP With cAMP Without cAMP With cAMP
units/mg units/mg

Heads None 5.0 23.2 4.2 28.4
Heads 1 mmM 5-HT 17.2 29.3 5.4 10.6
Tails None 1.6 10.9 0.7 5.8
Tails 1 mm 5-HT 2.3 7.0 0.5 3.8
Whole None 1.3 9.2 0.9 6.7

flukes
Whole 1 mmM 5-HT 2.4 9.8 0.8 5.0

flukes

TABLE 2

Effect of incubation with 5-HT on protein kinase activity in fluke heads
Fluke heads were incubated in the presence and absence of 5-HT. The tissues were prepared and assayed

for protein kinase as described in Table 1. Values

given are means * standard errors. The degree of

activation by cAMP is the ratio of protein kinase activity obtained in the presence of 5 uM cAMP to the

activity obtained without added cAMP.

Addition to | No. of ex- Particulate fraction Supernatant fraction
incubation peri-
solution ments Protein kinase activity | Degree of ac-| Protein kinase activity | Degree of ac-
tivation tivation
Without With Without With
cAMP cAMP cAMP cAMP
units/mg units/mg
None 11 35+1.0 |11.8 +3.6 4.3+ 0.9 3.2+08| 14.2 +22 5.5 0.7
1 mm 5-HT 10 12.3 = 3.9 | 19.0 = 3.2*] 1.6 = 0.1¢ 45+1.0| 10.2 = 1.2°| 2.5+ 0.5*

 Significantly different from means of untreated
tailed).

fluke heads (p < 0.01 by the paired-value ¢-test, one-
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activity from the supernatant to the partic-
ulate fraction. However, the total increase
in the specific activity of the particulate
fraction was greater than can be accounted
for by the decrease in the activity of the
supernatant fraction. These changes in the
specific activity represent changes in activ-
ity per original wet weight, since the differ-
ent fractions were diluted to the same ex-
tent. The above effects of 5-HT on protein
kinase activity in fluke heads appear to
have been mediated by endogenous cAMP.

We reasoned that these effects might be
mimicked by homogenization of control
fluke heads in a concentration of cAMP
equal to that achieved within the head in
response to 5-HT. Assuming a uniform in-
tracellular distribution of the nucleotide,
we calculated a minimal value of 5 um
cAMP. As shown in Table 3, this concentra-
tion of cAMP, when added to the homoge-
nizing solution, caused an increase in pro-
tein kinase activity, a reduction in the
degree of activation by cAMP in the assay,
and a redistribution of enzyme activity be-
tween the two fractions. These effects oc-
curred to about the same extent as they
did when the fluke was incubated in 5-HT.
We also determined that the concentration
of cAMP carried over into the crude homog-
enate of fluke heads which had been incu-
bated in 5-HT was about 0.1 uM. When
control heads were homogenized in this
latter concentration of cAMP, there was
no effect on protein kinase activity. These
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results support the hypothesis that the ef-
fects of 5-HT on protein kinase activity
occur before homogenization as a result of
high concentrations of cAMP in vivo. A
remaining possibility was that the effects
of 5-HT on protein kinase activity were
due to a carryover of cAMP into the assay
solution. Measurement of the cAMP car-
ried over showed that its concentration
was less than 15 nM, a value too low to
account for the observed effects. It may
also be seen in Table 3 that the presence of
theophylline in the homogenizing solu-
tion preserved the effects of 5-HT on pro-
tein kinase activity, since the effects were
reduced when this phosphodiesterase in-
hibitor was omitted.

Relationship between protein kinase ac-
tivity and time of incubation with 5-HT . In
these experiments fluke heads were incu-
bated with 5-HT for several time intervals.
At the end of each interval the endogenous
cAMP level and protein kinase activity
were determined.

Figure 3A summarizes a representative
experiment showing changes in protein ki-
nase activity in the supernatant fraction of
head homogenates. When assayed in the
absence of cAMP, the enzyme activity in-
creased 2-fold during the first 5 min of incu-
bation with 5-HT. After incubation times.
longer than 5 min this protein kinase ac-
tivity was reduced. These changes in en-
zyme activity corresponded to the changes
in endogenous cAMP level. When assayed

TABLE 3
Effect of homogenization of fluke heads with cAMP and theophylline on protein kinase activity
Fluke heads were incubated for 5 min in the presence and absence of 5-HT. They were then homogenized
in the standard solution (50 mm glycylglycine, pH 7.5, containing 10 mM NaF and 5 mm theophylline) with
and without 5 uM cAMP, or in the standard solution without theophylline. The homogenates were
centrifuged and assayed for protein kinase activity as described in Table 1.

Addition to Homogenizing solution

Protein kinase activity

fluke incuba-

tion solution Particulate Supernatant
Without With Without With
cAMP cAMP cAMP cAMP
units/mg units/mg
None Standard 6.3 23.8 10.8 55.6
1 mm 5-HT Standard 34.2 55.6 16.1 20.2
None 5 uM cAMP added 35.6 4.4 20.0 20.4
1 mMm 5-HT Theophylline omitted 13.7 39.7 8.1 37.8
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FiGc. 3. Protein kinase acitivity and endogenous
cAMP level in fluke heads as a function of incubation
time in the presence of 5-HT

Fluke heads were incubated for varying lengths of
time in the presence of 1 mm 5-HT. At each time
interval, homogenate fractions of heads were pre-
pared and assayed for protein kinase activity and
endogenous cAMP as described in METHODS.

A. Protein kinase activity of the supernatant frac-
tion. A, activity assayed without cAMP; A, activity
assayed with cAMP; O, endogenous cAMP concen-
tration.

B. Protein kinase activity of the particulate frac-
tion. @, activity assayed without cAMP; O, activity
assayed with cAMP; O, endogenous cAMP concen-
tration.

C. Degree of activation of protein kinase by 5
uM cAMP. The correlation coefficient r between
degree of activation and endogenous cAMP level is
—0.89 for each homogenate fraction. O, particulate
fraction; A, supernatant fraction; O, endogenous
cAMP concentration.
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in the presence of cAMP, the supernatant
activity was decreased to 50% of the initial
activity after 5 min of incubation with
5-HT. At intervals longer than 5 min the
protein kinase activity increased, until it
returned to the initial level by 20 min of
incubation. These changes in enzyme ac-
tivity assayed in the presence of cAMP
correlated inversely with the changes in
endogenous cAMP level.

Figure 3B shows the changes in protein
kinase activity in the particulate fraction
of fluke head homogenates. When assayed
in the absence of cAMP, the enzyme activ-
ity increased 3-fold during the first minute
of incubation with 5-HT and then de-
creased slightly after 2 min. After incuba-
tion for more than 5 min the enzyme activ-
ity was decreased to only twice the initial
value. These changes in protein kinase ac-
tivity corresponded to the changes in en-
dogenous cAMP levels. Protein kinase ac-
tivity assayed in the presence of cAMP
was decreased 2-fold at 1 min of incubation
with 5-HT. After incubation for more than
1 min, enzyme activity in the presence of
cAMP was decreased to about 120% of the
initial activity and did not correlate with
the changes in endogenous cAMP level.
The 2-fold increase of protein kinase activ-
ity during 1 min of incubation with 5-HT
was apparently not due to activation of
cAMP-dependent protein kinase. This in-
creased activity of the particulate fraction
could not be obtained by the addition of
cAMP to fractions from heads incubated in
the absence of 5-HT. The increased en-
zyme activity could not have been due to
transfer of activity from the supernatant
fraction, since during this minute no
change in the amount of activity in the
supernatant fraction was observed (see
Fig. 3A). Thus the effect of 5-HT on protein
kinase activity in the particulate fraction
may involve other means in addition to
activation by cAMP.

The relationship between the degree of
activation of protein kinase by cAMP and
the level of endogenous cAMP is shown in
Fig. 3C. The degree of activation of both
fractions decreased during the first 5 min
of incubation and then increased during
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the next 15 min. These changes in the de-
gree of activation by cAMP corresponded
inversely with the changes in the level of
endogenous cCAMP. The results provide fur-
ther evidence for the role of cAMP as a
mediator of the activation of protein ki-
nase by 5-HT.

LSD antagonism of 5-HT activation of
protein kinase. The effect of LSD on 5-HT
activation of protein kinase in fluke heads
is shown in Table 4. The values in this
table are presented as the ratio of the en-
zyme activity in heads incubated with 5-
HT and/or LSD to the enzyme activity in
heads incubated in the saline solution. In
Table 4, 5-HT is shown to cause an in-
crease in protein kinase activity as de-
scribed above. When fluke heads were in-
cubated with 10 um LSD alone, no signifi-
cant effect on protein kinase activity was
observed. However, when LSD was added
to incubation solutions containing 1 mm 5-
HT, a reduction of the 5-HT activation of
protein kinase was seen. This antagonism
of 5-HT by LSD was significant except in
the supernatant fraction assayed without
cAMP. The order of addition of 5-HT and of
LSD made no difference in the protein ki-
nase activity of either fraction. LSD,
which mimics some of the effects of 5-HT
on the fluke (11, 13, 15), has been shown to
antagonize the 5-HT-stimulated increase
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in endogenous cAMP (15). It appears from
these data that LSD antagonized the acti-
vation of protein kinase by 5-HT through
its effects on adenylate cyclase and endoge-
nous cAMP accumulation. When added di-
rectly to the protein kinase assay solution,
neither LSD nor 5-HT had any effect on
protein kinase activity.

Phosphorylation in particulate and su-
pernatant fractions of fluke head homoge-
nates. In the protein kinase assays done in
this study, we used blanks which con-
tained fluke homogenate fractions but not
protamine. It was noted that a significant
amount of phosphate (about 25% of that
bound to protamine) was incorporated into
the trichloroacetic acid precipitate from
these blanks. Seventy per cent of the radio-
active phosphate in this precipitate could
not be extracted with hot 5% trichloroa-
cetic acid or ethanol-ether, indicating that
the phosphate was bound to protein rather
than polynucleotides or phospholipids.
Thus the incorporation of phosphate in the
absence of protamine appears to be due to
protein kinase activity using fluke protein
as the substrate. Both particulate and su-
pernatant fractions assayed in the pres-
ence of 5 uM cAMP showed increased phos-
phate incorporation into fluke protein. The
mean activation by cAMP (+ standard er-
ror) was 1.4 + 0.1-fold in the particulate

TABLE 4
Effect of LSD on 5-HT activation of protein kinase
Fluke heads were incubated with 1 mm 5-HT and 10 uM LSD, either separately or in combination. The
heads were homogenized, centrifuged, and assayed for protein kinase activity as described in Table 1. The
protein kinase activity of these heads was always compared with that from fluke heads incubated with no
additions in the same experiment. Values are expressed as the ratio of protein kinase activity after
incubation with effectors to the activity obtained in the absence of effector.

Additiontoincu- No. exper- Protein kinase activity
bation solution iments
Particulate fraction Supernatant fraction
Without cAMP With cAMP Without cAMP With cAMP
x control + SEM x control + SEM

1 mmMm 5-HT 11 4.25 = 0.81 1.82 + 0.22 1.41 = 0.23 0.64 = 0.10
10 uMm LSD 4 0.96 + 0.20° 1.20 = 0.13¢ 1.05 + 0.09° 1.32 + 0.16°
1 mMm 5-HT, 10

uM LSD 6 1.55 = 0.24° 1.64 = 0.13° 1.48 + 0.23 1.38 * 0.04°

* Not significantly different from untreated flukes by the ¢-test.
b Significantly different from values obtained with 5-HT (p < 0.05 by the ¢-test).
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fraction and 2.5 + 0.7-fold in the superna-
tant fraction (N = 10). Incubation of the
heads with 5-HT resulted in a decreased
degree of activation by cAMP (1.2 = 0.2-
fold in the particulate fraction and 1.1 +
0.1-fold in the supernatant fraction). Incu-
bation with 5-HT also caused a 50% in-
crease in the specific activity of the particu-
late fraction assayed in the presence of
cAMP, but caused no significant change in
the activity of the supernatant. As shown
in Table 2, when protamine was used as
the substrate, a similar reduction in the
degree of activation by cAMP and an in-
crease in the particulate activity were
found after incubation of the fluke heads
with 5-HT. These results suggest that the
activity of protein kinase using protamine
as a substrate is a valid model for activity
toward its natural substrate(s) in the
fluke.

DISCUSSION

cAMP-dependent protein kinases have
been demonstrated in a variety of inverte-
brate species (21). For example, the trema-
tode Schistosoma mansoni contains this
enzyme as well as adenylate cyclase and
cAMP phosphodiesterase (22). Hormonal
regulation of the protein kinase in inverte-
brate tissues has not been reported. In
previous studies Mansour et al. (14) re-
ported that 5-HT activated glycogen phos-
phorylase and adenylate cyclase in Fas-
ciola hepatica. In the accompanying paper
(15) it was shown that incubation of the
liver fluke with 5-HT increased the endoge-
nous level of cAMP. In this paper we have
demonstrated a cAMP-dependent protein
kinase which is activated upon incubation
of the tissue with 5-HT. The activation of
protein kinase by 5-HT appears to be me-
diated by activation of adenylate cyclase.
This is supported by the finding that the
activation of protein kinase was accompa-
nied by a marked increase in the endoge-
nous cAMP level. Second, the decreased
degree of activation of protein kinase by
cAMP after incubation with 5-HT was
strongly correlated with the endogenous
cAMP level. Third, LSD, which was shown
to antagonize 5-HT activation of adenylate
cyclase, also antagonized activation of pro-
tein kinase. These results provide further

evidence for the role of cAMP as a media-
tor of the effects of 5-HT in the liver fluke.
Activation of the protein kinase by cAMP
was demonstrated with fluke protein as
well as with protamine as the substrate.
Phosphorylation of these endogenous pro-
teins could alter their functional state,
thus producing the physiological effects of
5-HT in the fluke.

The presence of cAMP-dependent pro-
tein kinase in both the supernatant and
particulate fractions of fluke homogenates
is similar to that reported in many other
tissues. The range of cAMP concentrations
required for activation of the protein ki-
nase in both homogenate fractions is com-
parable to that reported for this enzyme
from other organisms (17, 22) and could be
achieved intracellularly in the fluke follow-
ing incubation with 5-HT (15). The appar-
ent loss of activity from the supernatant
fraction after 5 min of incubation with 5-
HT is similar to that reported in response
to various other effectors in several mam-
malian tissues (2-5, 23). For example, a
time-dependent decrease in the protein
kinase activity of the supernatant fraction
from rat liver was noted in response to
glucagon (5). Keely et al. (24) have pre-
sented evidence for translocation of protein
kinase in rat heart. Their results indicate
that the translocation of the enzyme is due
to preferential binding of the kinase cata-
lytic subunit to the particulate fraction
under conditions of low ionic strength dur-
ing homogenization. A similar interpreta-
tion can be made from the results with the
liver fluke, since redistribution of enzyme
activity was obtained by homogenization
in low ionic strength buffer containing 5
uM cAMP.

In several tissues the presence of cAMP-
dependent protein kinase in the particu-
late cell fraction has been correlated with
regulation of ion transport and membrane
permeability (6-9, 25-27). For example, in
bovine cardiac muscle (9, 25) and in rat
liver (26), protein kinases phosphorylate
specific proteins which are implicated in
calcium uptake. Control of protein kinases,
resulting in dephosphorylation of mem-
brane proteins involved in sodium and po-
tassium transport, has also been reported
(7, 27). In several invertebrates, 5-HT and
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cAMP have been shown to alter membrane
permeability to specific ions (28, 29). We
have shown that fluke protein is phospho-
rylated by cAMP-dependent protein ki-
nase in the particulate fraction. Thus, in
the liver fluke, one of the results of 5-HT
activation of protein kinase could be regu-
lation of ion transport. Characterization of
the natural substrate(s) of protein kinase
should further elucidate the mechanism of
5-HT stimulation of motility (10) and me-
tabolism (16) in the liver fluke.

LSD mimics the effects of 5-HT on fluke
motility and carbohydrate metabolism (11,
13) but has been shown to antagonize the
activation of adenylate cyclase by 5-HT
(15). Furthermore, LSD blocks activation
of protein kinase by 5-HT, apparently
through antagonism of adenylate cyclase.
Thus the effects of LSD on the motility and
metabolism of the liver fluke do not appear
to be mediated by cAMP-dependent pro-
tein kinase.

REFERENCES

1. Walsh, D. A. & Krebs, E. G. (1973) in The
Enzymes (Boyer, P. D., ed.), Vol. VIII, pp.
555-581, Academic Press, New York.

2. Korenman, S. G., Bhalla, R. C., Sanborn, B. M.
& Stevens, R. M. (1974) Science, 183, 430-432.

3. Walaas, O., Walaas, E. & Grgnnergd, O. (1973)
Eur. J. Biochem., 40, 465-477.

4. Ichii, S., Murakami, N. & Ikeda, A. (1974) Acta
Endocrinol., 75, 325-332.

5. Sudilovsky, O. (1974) Biochem. Biophys. Res.
Commun., 58, 85-91.

6. Ueda, T., Maeno, H. & Greengard, P. (1973) J.
Biol. Chem., 248, 8295-8305.

7. DeLorenzo, R. J., Walton, K. G., Curran, P. F.
& Greengard, P. (1973) Proc. Natl. Acad. Sci.
U.S.A., 70, 880-884.

8. Chang, K.-J., Marcus, N. A. & Cuatrecasas, P.
(1974) J. Biol. Chem., 249, 6854-6865.

9. Kirchberger, M. A., Tada, M. & Katz, A. M.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

26.

27.

GENTLEMAN ET AL.

(1974) J. Biol. Chem., 249, 6166-6173.

Mansour, T. E. (1957) Br. J. Pharmacol. Chemo-
ther., 12, 406-409.

Beernink, K. D., Nelson, S. D. & Mansour, T.
E. (1963) Int. J. Neuropharmacol., 2, 105-112.

Mansour, T. E. (1962)J. Pharmacol. Exp. Ther.,
135, 94-101.

Mansour, T. E. & Stone, D. B. (1970) Biochem.
Pharmacol., 19, 1137-1146.

Mansour, T. E., Sutherland, E. W., Rall, T. W.
& Bueding, E. (1960) J. Biol. Chem., 235,
466-470.

Abrahams, S. L., Northup, J. K. & Mansour, T.
E. (1976) Mol. Pharmacol., 12, 49-58.

Mansour, T. E. (1959) J. Pharmacol. Exp. Ther.,
126, 212-216.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. &
Randall, R. J. (1951)J. Biol. Chem., 193, 265-
275.

Miyamoto, E., Kuo, J. F. & Greengard, P. (1969)
J. Biol. Chem., 244, 6395-6402.

Kennell, D. (1967) Methods Enzymol. 12A, 686-
693.

Post, R. L. & Sen, A. K. (1967) Methods En-
zymol., 10, 773-775.

Kuo, J. F. & Greengard, P. (1970) J. Biol.
Chem., 245, 2493-2498.

Higashi, G. I., Kreiner, P. W., Keirns, J. J. &
Bitensky, M. W. (1973) Life Sci., 13, 1211-.
1220.

Keely, S. L., Corbin, J. D. & Park, C. R. (1975}
J. Biol. Chem., 250, 4832-4840. .

. Keely, S. L., Corbin, J. D. & Park, C. R. (1975)

Proc. Natl. Acad. Sci. U.S. A., 72, 1501-1504.

. Tada, M., Kirchberger, M. A., Repke, D. E. &

Katz, A. M. (1974) J. Biol. Chem., 249, 6174-
6180.

Shlatz, L. & Marinetti, G. V. (1971) Biochem.
Biophys. Res. Commun., 45, 51-56.

Tria, E., Luly, P., Tomasi, V., Trevisani, A. &
Barnabei, O. (1974) Biochim. Biophys. Acta,
343, 297-306.

. Prince, W. T., Berridge, M. J. & Rasmussen, H.

(1972) Proc. Natl. Acad.Sci.U.S. A., 69, 553-
557.

. Maddrell, S. H. P., Pilcher, D. E. M. & Gardi-

ner, B. O. C. (1971)J. Exp. Biol., 54, 779-804.





