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G protein-independent stimulation of human myocardial

phospholipase C by mastoparan

'Petra Schnabel, Heidi Gés, Theo Nohr & Michael B6hm

Klinik III fiir Innere Medizin, Universitit zu K6ln, Germany

1 Phosphoinositide-specific phospholipase C (PLC) is involved in the regulation of many cellular
functions. In the myocardium, PLC-generated second messengers play a role in the regulation of
contractile function and in the pathophysiology of myocardial hypertrophy.

2 In the present study, the effect of mastoparan, a tetradecapeptide which is capable of activating
heterotrimeric G proteins by mimicking the action of an activated receptor, on membrane-bound
human myocardial PLC, was investigated in a cell-free assay with exogenous phospholipids as a
substrate.

3 Mastoparan stimulated human myocardial PLC approximately two fold with a half-maximal effect at
approximately 2 uM and a maximal effect at 10 uM. The peptide did not alter the dependence of PLC on
free calcium ions. In order to exclude non-specific effects of mastoparan due to its amphiphilic
properties, different mastoparan derivatives were used as positive and negative controls. Masl7, an
inactive mastoparan analogue with phsyical properties very similar to mastoparan, did not induce
substantial PLC stimulation in human myocardial membranes. In contrast, Mas7, the most active
mastoparan derivative known, caused a more pronounced PLC activation compared with the mother
compound indicating that the effect was sequence-specific. Human myocardial PLC stimulation was
pertussis toxin-insensitive and could not be abolished by addition of excess a-subunits from purified
retinal transducin or by excess GDP or GDPfS. In order to investigate whether mastoparan stimulated
PLC via pertussis toxin-insensitive o, a deletion mutant of PLCp, deficient of the site of interaction with
ag-subunits was expressed in COS-1 cells. Both wild-type and mutant PLCS, were similarly sensitive to
stimulation by mastoparan.

4 It is concluded that mastoparan stimulates human myocardial PLC by a mechanism distinct from

heterotrimeric G proteins.
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Introduction

Phosphoinositide-specific phospholipase C (PLC) generates
two intracellular second messengers, diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (InsP;) by hydrolysis of phospha-
tidylinositol 1,4,5-bisphosphate (PtdInsP,). DAG stimulates
protein kinase C (PKC) and thus initiates a complex phos-
phorylation cascade (Nishizuka, 1992 for review), while InsP;
releases calcium from intracellular stores (Berridge, 1993 for
review). Many extracellular signalling molecules like hor-
mones, neurotransmitters and growth factors induce their
biological response via activation of PLC enzymes. In the
mammalian heart, PLC takes part in the regulation of con-
tractile force by influencing intracellular calcium homeostasis
through InsP;. The most widely studied receptor coupling a
stimulus (noradrenaline) to a positive inotropic response is the
a-adrenoceptor (Terzic et al., 1993 for review). Moreover,
signal transduction of o-adrenoceptor-mediated stimuli by
PLC appears to be an important mechanism in the patho-
genesis of myocardial hypertrophy (Simpson, 1983). A number
of additional hypertrophic stimuli such as angiotensin II and
endothelin are also coupled to PLC.

To date, the cDNAs of ten PLC isozymes have been
cloned from mammalian tissues (Rhee & Choi, 1992 for re-
view). All of them contain two highly homologous regions of
170 and 250 residues, respectively, which are designated X
and Y and believed to correspond to the catalytic domain.
According to their similarity outside the X and Y regions
PLC isozymes are divided into three families designated
PLCpB, PLCy and PLCo. The PLCf family comprises four

' Author for correspondence at: Klinik III fiir Innere Medizen,
Universitdt zu Koln, Joseph-Stelzmann-Str. 9, 50924 K6ln, Germany.

members which are regulated by heterotrimeric G proteins.
PLCp, is the most distantly related isozyme and is expressed
mainly in the retina and in neuronal tissues (Kim et al., 1993;
Lee et al., 1993; 1995). In contrast, PLCf, ; are more closely
related with respect to their amino acid sequence and their
sensitivity to stimulation by both G protein o- and fy-sub-
units amino acid sequence and their sensitivity to stimulation
by both G protein a- and fy-subunits (Camps et al., 1992a, b;
Katz et al., 1992; Park et al., 1993; Smrcka & Sternweis,
1993). In human myocardium, PLC activity has recently been
shown to be stimulated by G protein «- and fy-subunits
(Schnabel et al., 1996).

Mastoparan, a tetradecapeptide isolated from wasp ve-
nom, activates G proteins by catalyzing guanosine 5'-dipho-
sphate/guanosine 5'-triphosphate (GDP/GTP) exchange.
Thus the compound mimics the action of activated G pro-
tein-coupled receptors (Higashijima et al., 1988). Mastoparan
is a widely used tool to study G protein-mediated signal
transduction events (Ross & Higashijima, 1994 for review).
The peptide has been shown to stimulate PLC in certain
cellular systems like rat mast cells (Mousli er al., 1989), rat
hepatocytes (Tohkin et al., 1990; Garcia-Sainz et al., 1991),
human HL-60 leukaemia cells (Gusovski et al., 1991; Nor-
gauer et al., 1992), and rat PC-12 phaeochromocytoma cells
(Choi et al., 1992). In contrast, inhibition of PLC by mas-
toparan has been demonstrated in SH-SYS5Y human neuro-
blastoma cells (Wojcikiewicz & Nahorski, 1989) and in
human astrocytoma cells (Nakahata ez al., 1990). The present
study was initiated to investigate whether mastoparan induces
inhibition or stimulation of PLC in human myocardium, and,
in addition, to elucidate the mechanism by which the peptide
exerts its effect. In our experiments, a stimulating effect of
mastoparan on human myocardial PLC was established.
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Surprisingly, this stimulation appeared to be independent of
G protein «- and fy-subunits.

Methods

Myocardial tissue

Human myocardial tissue was obtained during cardiac trans-
plantation of patients with terminal heart failure due to dilated
cardiomyopathy. Cardiac surgery was performed on cardio-
pulmonary bypass. Cardioplegia was induced by a modified
Bretschneider solution (mM: NaCl 15, KCI1 10, MgCl, 4, his-
tidine HCI 180, tryptophan 2, mannitol 30 and potassium di-
hydrogen oxoglutarate 1). Explanted hearts were transported
from the operation room to the laboratory within five minutes
and snap-frozen in liquid nitrogen. Medical therapy of the
patients consisted of digitalis, diuretics, nitrates and angio-
tensin converting enzyme inhibitors. None of the patients had
received catecholamines or ff-blockers.

Membrane preparation

Left ventricular myocardial tissue was thawed on ice, minced
with scissors and homogenized in 10 volumes TED buffer
(50 mMm Tris-HCI pH 7.5; 1 mm EDTA; 1 mM dithiothreitol)
by a polytron for 30 s. This homogenate was centrifuged at
480 x g in a Beckman JA-20 rotor at 4°C for 15 min. The su-
pernatant was incubated with TED buffer containing a final
concentration of 500 mM KClI on ice for 30 min. Subsequently,
the homogenate was centrifuged at 48,000 x g in a Beckman
JA-20 rotor at 4°C for 30 min. The pellet was resuspended in
the same volume of TED buffer without KCl and recentrifuged
at 48,000 x g at 4°C for 30 min. This washing step was repeated
twice. The final pellet was resuspended in 1 volume TED buffer
and snap-frozen in liquid nitrogen.

Purification of o, and [y,

The purification of o, and Sy, from bovine rod outer segments
has been described previously (Camps et al., 1992b). Briefly,
heterotrimeric tranducin was eluted from rod outer segment
membranes with hypotonic buffer containing 100 uM GTP and
separated into o and fy subunits by chromatography on Blue
Sepharose CL-6B (Pharmacia-LKB). The purity of the pro-
teins was at least 95%, as judged by analysis of silver-stained
sodium dodecyl sulphate (SDS)/polyacrylamide gels.

Culture and transfection of COS-1 cells

COS-1 cells were grown in Dulbecco’s modified Eagle Medium
supplemented with 10% foetal calf serum and transfected with
plasmid DNA by lipofection with Transfectam (Promega) as
described previously (Camps et al., 1992a; Schnabel et al.,
1993). Forty eight hours after transfection, cells were harvested
and cholate extracts were produced as described previously
(Camps et al., 1992a; Schnabel et al., 1993).

Phospholipase C assay

Inositol phosphate formation was assayed for 30 min at 25°C
by use of exogenous phospholipid vesicles containing [*H]J-
phosphatidylinositol 4,5-bisphosphate (PtdInsP,) as substrate
(Camps et al., 1992b; Schnabel ef al., 1993; 1996). The reaction
mixture (70 ul) contained 280 uM phosphatidylethanolamine,
28 uM [*H]-PtdInsP, (5 Ci mol™'), 50 mM Tris/maleate pH
7.0, 10 mm LiCl, 10 mMm 2,3-diphosphoglycerate, 3 mM
EGTA, 5 mm MgCl,, 1 mm ATP and 0.9 mM sodium deoxy-
cholate unless indicated differently in the figure legends. The
free Ca®>" concentrations are given in the figure legends. The
reaction was terminated by addition of 350 ul chloroform/
methanol/concentrated HCI1 (500/500/3 by volume) and vor-
texing. Subsequently, 100 pl 1 M HCI containing 5 mMm EGTA

were added. Phase separation was accelerated by centrifuga-
tion at 12,000 x g for 1 min in an Eppendorf microfuge; 200 ul
of the aqueous phase were counted in a Beckman scintillation
counter in Zinsser Quicksafe scintillation fluid.

Miscellaneous

SDS-polyacrylamide gel electrophoresis (PAGE) and immu-
noblotting were performed as described previously (Camps et
al., 1992a; Schnabel et al., 1993) with rabbit antisera raised
against the carboxy terminal pentadecapeptide of PLCP..
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Figure 1 (a) Concentration-dependence of effect of mastoparan on
inositol phosphate formation by human myocardial membranes.
Membrane preparations from human myocardium (2 ug protein/
tube) were incubated with phospholipid vesicles containing PtdInsP,
for 30 min at 25°C in the presence of 100 um Ca®*. The values
correspond to means of triplicate determinations; vertical lines show
s.d. (b) Concentration-dependence of effect of free Ca®* on inositol
phosphate formation by human myocardial membranes. Membrane
preparations from human myocardium (2 pug protein/tube) were
incubated with phospholipid vesicles containing PtdInsP, for 30 min
at 25°C in the absence and presence of 10 uM mastoparan at the
Ca®" concentrations indicated on the abscissa scale. The values
correspond to the means of duplicate determinations. In (a) and (b):
the experiments shown are representative of three experiments
performed.
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Proteins were visualized by means of the ECL Western blotting
detection system. Protein concentrations were determined ac-
cording to Lowry et al. (1951) with bovine serum albumin as
standard.

Materials

Mastoparan was purchased from Bachem (Heidelberg,
F.R.G), Mas7 from Biomol (Hamburg, F.R.G.) and Mas 17
from Peninsula (Heidelberg, F.R.G.). All other materials were
obtained from standard vendors or from sources previously
described (Camps et al., 1992a; Schnabel et al., 1993).

Results

Phospholipase C activity present in human myocardium has
previously been shown to be regulated by heterotrimeric G
proteins (Schnabel et al., 1996). In order to characterize the
stimulation of myocardial PLC by G protein subunits in more
detail, the effects of mastoparan, a tetradecapeptide from wasp
venom, was investigated. Mastoparan is known to activate
heterotrimeric G proteins, particularly G; and G,, by mi-
micking the action of an activated receptor (Higashijima ef al.,
1988; 1990). Membrane preparations from human left ventri-
cular myocardium were incubated with exogenous phospholi-
pid vesicles containing [*H]-PtdInsP, as substrate and with
increasing concentrations of mastoparan (Figure la). There
was a concentration-dependent stimulating effect on PLC with
the maximal effect observed with 10 uM mastoparan. At 10 uM
mastoparan, stimulation of myocardial PLC was about two
fold. The stimulation was statistically highly significant
(21.942.3 nmol min~" mg~"' protein at 10 uM mastoparan vs
11.74+1.6 nmol min~! mg~"' protein in the absence of masto-
paran; n=9; P=0.0022 by two-tailed Student’s ¢ test for un-
paired observations). The half-maximal effect was reached at
about 2 uM of the peptide.

In order to investigate whether mastoparan altered the af-
finity of human myocardial PLC for calcium, the concentra-
tion-dependence of human myocardial PLC on free calcium
ions was assessed in the absence and presence of 10 uM mas-
toparan. Under both conditions, PLC activity was strictly
dependent on and substantially stimulated by calcium (Figure
1b). Maximal PLC activity was observed at 1 uM calcium with
half-maximal activity at approximately 200 nM calcium. These
results indicate that mastoparan does not influence the affinity
of human myocardial PLC for calcium.

Mastoparan is a tetradecapeptide with amphiphilic prop-
erties. In order to distinguish whether the stimulant effect of
mastoparan was due to its amphiphilicity or a specific effect
of the peptide, a positive and a negative control were inclu-
ded in the experiments. Mas7 is the most active mastoparan
analogue known (Ross & Higashijima, 1994 for review),
while Masl7 is inactive. Both have amphiphilic properties

Table 1 Stimulation of PLC activity from human myocar-
dial membranes by mastoparan and its derivatives

Inositol phos{)hate formation
(nmol min~" mg~" protein)
Control 10.04+0.5
Mas 29.8+1.0
Mas7 35.040.6
Masl7 143+1.5

Preparations from human myocardial membranes (1 ug
protein/tube) were incubated with phospholipid vesicles
containing PtdInsP, for 30 min at 25°C at 1 um Ca®™
under control conditions, in the presence of mastoparan
(Mas; 10 pm), the active analogue Mas7 (10 um) or the
inactive analogue Mas17 (10 um). The values correspond to
means+s.d. of triplicate determinations. The experiment
shown is representative of three experiments performed.

similar to the original peptide. Human myocardial mem-
branes and the peptides (10 uM each) were incubated with the
phospholipid substrate under the same conditions (Table 1).
Mas7 stimulated human myocardial PLC more noticeably
than mastoparan. In contrast, Masl7 was unable to induce a
marked stimulation of PLC. These results indicate that
mastoparan exerts a sequence-specific stimulant effect on
myocardial PLC.

The stimulant of PLC by mastoparan was not abolished by
pertussis toxin treatment indicating that the mastoparan effect
is not mediated by pertussis toxin-sensitive G proteins (Table
2). As pertussis toxin-sensitive PLC activation observed in a
variety of cell lines such as HL-60 cells was suggested to be due

Table 2 Effect of pertussis toxin on stimulation of human
myocardial PLC by mastoparan

Inositol phosphate formation
(nmol min~! mg~! protein)

Control Mastoparan
Control 12.74+0.5 209+4+1.3
Pertussin toxin 16.540.3 27.1+1.1

Human myocardial membranes (1 pg protein/tube) were
treated with preactivated pertussis toxin (1 pg/tube) or
control buffer in the presence of 50 mMm, 2 mm ATP,
1 mM GTP and 3 mMm NAD for 1 h at 37°C. Subsequently,
the membranes were incubated with phospholipid vesicles
containing PtdInsP, for 30 min at 25°C at 1 um Ca®" in the
absence or presence of mastoparan (10 um). The experiment
shown is representative of three experiments performed.

Table 3 Effect of o on stimulation of human myocardial
PLC by mastoparan

Inositol phoslphate formation
m,

(nmol min~" mg~! protein)
Control Mastoparan

Control 11.5+0.6 23.440.6
oy 12.0+0.9 249+1.3

Preparations from human myocardial membranes (1 pug
protein/tube) were incubated with phospholipid vesicles
containing PtdInsP, for 30 min at 25°C at 1 uM calcium
under control conditions, in the presence of o 4 um) alone,
in the presence of mastoparan (10 uM) and in the presence
of both o, and mastoparan. The values correspond to
means+s.d. of triplicate determinations. The experiment
shown is representative of three experiments performed.

Table 4 Effect of guanine nucleotides on stimulation of
human myocardial PLC by mastoparan

Inositol phos{)hate formation
(nmol min~" mg~" protein)

Control 11.84+0.3
GDP 11.3+0.7
GDPSS 11.040.4
Mas 21.74+0.6
Mas+ GDP 20.6+1.0
Mas + GDPfS 22.1+1.3

Preparations from human myocardial membranes (1 ug
protein/tube) were incubated with phospholipid vesicles
containing PtdInsP, for 30 min at 25°C at 1 um Ca®"
under control conditions, in the presence of GDP (100 um),
GDPSS (100 upm), mastoparan (10 uM), mastoparan in
combination with GDP and mastoparan in combination
with GDPPS. The values correspond to means+s.d. of
triplicate determinations. The experiments shown are
representative of three experiments performed.
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Figure 2 (a) Schematic representation of wild-type PLCf, and
PLCB,A (PLCBLA[F819-E1166]). The region deleted in PLCpLA
contains the site of interaction with oy. The shaded areas represent
the two domains of high sequence homology which are found in all
PLC isozymes known. The amino acid (aa) numbering is given
below. (b) Immunochemical analysis of PLCf, and PLCf,A. COS-1
cells were transfected with the expression plasmid pMT2 without
insert (lane 1), or pMT2 containing the cDNA of PLCf, (lane 2;
~ 150 kDa) and PLCf,A (lane 3; ~ 100 kDa). Detergent extracts of

to G protein fy-subunits (Camps et al., 1992b), the question of
whether fy-subunits mediate mastoparan stimulation was ad-
dressed directly (Table 3). PLC activation by mastoparan was
not abolished by 4 uM o, a scavenger of free fy-subunits,
suggesting the mastoparan effect is not due to stimulation of G
protein fy-subunits. As a control for the functionality of
purified o, PLC stimulation by purified exogenous fy-subunits
was reversed by addition of a two fold excess of o, (not shown).
As shown in Table 4, neither GDP nor guanosine-5'O-(f-
thiodiphosphate) (GDPfS) were able to prevent mastoparan
stimulation of myocardial PLC, although GDP has previously
been shown to abolish G protein-dependent stimulation by
GTPyS (Schnabel et al., 1996). These results argue against the
involvement of G proteins in the mediation of the mastoparan
effect observed.

In order to clarify whether o, proteins are involved in
mastoparan stimulation of PLC enzymes, a deletion mutant of
PLCP, lacking the site of interaction of the enzyme with o
(Schnabel et al., 1993; Park et al., 1993; Wu et al., 1993a, b)
was constructed. Although the predominant PLCS isozyme
present in human myocardium is PLCf,, the deletion mutant
was derived from PLCp, for methodological reasons. How-
ever, the sites of interaction of PLCf, and PLCp,, respectively,
are located at corresponding regions of the enzymes (Schnabel
et al., 1993; Park et al., 1993; Wu et al., 1993a, b). COS-1 cells
were transiently transfected with the wild-type and mutant
PLCp, cDNA (Figure 2a). Expression was verified by immu-
noblotting with rabbit antibodies reactive against the carboxyl-
terminal pentadecapeptide of PLCp, (Figure 2b). As a negative
control, mock-transfected cells were investigated and exhibited
no immunoreactive band in the Western blot (Figure 2b). The
deletion mutant (PLCpS,A) was stimulated by mastoparan to a
similar extent as the wild-type enzyme (Figure 2c), indicating
that this effect is not mediated by a, subunits. PLC activity in
the control lysates was less than 5% of the activity in lysates
from transfected cells, indicating that the activity measured
corresponded to recombinant PLC enzymes and not to the
background activity present in COS-1 cells.

Taken together, stimulation of human myocardial PLC by
mastoparan is most likely due to either a direct interaction of
the peptide with the enzyme or to a mechanism involving
mediators distinct from heterotrimeric G proteins.

Discussion

In the present study, we have provided evidence for a se-
quence-specific and G protein independent stimulation of hu-
man myocardial PLC by the wasp venom peptide mastoparan.

Mastoparan is able to stimulate heterotrimeric G proteins
by promoting the GDP/GTP exchange at the a-subunit (Hi-
gashijima et al., 1988; 1990), by a mechanism similar to that of
G protein-coupled receptors. Evidence for a direct interaction
of mastoparan with G protein a-subunits has been provided by
crosslinking of iodinated mastoparan to the amino-terminal
region of o, (Higashijima & Ross, 1991). Mastoparan exerts
the strongest effects on the pertussis toxin-sensitive G proteins
G; and G,, but has been shown to interact with pertussis toxin-

transfected cells were subjected to SDS/PAGE (150 pg protein/lane)
and Western blotting was performed with antibodies raised against
the carboxy terminal pentadecapeptide of PLCf,. Immunoreactive
proteins were visualized by chemoluminescence as described in
Methods. The positions of the molecular-mass standards are
indicated. (c¢) Stimulation of PLCf, and PLCS,A by mastoparan.
Detergent extracts (0.3 ug protein/tube) of COS-1 cells expressing
PLCf, and PLCf,A, respectively, were incubated with phospholipid
vesicles containing PtdInsP, for 30 min at 25°C in the absence and
presence of mastoparan (10 um) at 1 um free calcium. The values
correspond to means+s.d. of triplicate determinations. The experi-
ment shown is representative of three experiments performed. The
background of COS-1 cell PLC was less than 5% of PLC activity
measured in the lysates shown.
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insensitive G proteins as well, albeit with a lower efficiency
(Ross & Higashijima, 1994). Thus it is not surprising that
mastoparan stimulates PLC in certain cellular systems like rat
mast cells (Mousli ef al., 1989), rat hepatocytes (Tohkin et al.,
1990; Garcia-Sainz et al., 1991), human HL-60 leukaemia cells
(Gusovski et al., 1991; Norgauer et al., 1992), and rat PC-12
phaeochromocytoma cells (Choi et al., 1992). In contrast to
these findings, inhibition of PLC by mastoparan has been
described in human SH-SYSY neuroblastoma (Wojcikiewcz &
Nahorski, 1989) and astrocytoma (Nakahata et al., 1990) cells.
In the membrane preparation used for the assessment of PLC
activity in the present study, there was a marked and repro-
ducible stimulation of the enzyme by mastoparan. This could
be due to (i) activation of heterotrimeric G proteins, (ii) in-
teraction with the phosphlipid substrate, (iii) direct interaction
with the PLC molecule, or (iv) mediation by factors other than
heterotrimeric G proteins. In our system, mediation of the
mastoparan effect by heterotrimeric G proteins appears unli-
kely for several reasons: firstly, the PLC stimulation was per-
tussis toxin-insensitive, repudiating the involvement of G; and
G,, the proteins on which mastoparan is most effective. The
pertussis toxin-resistance of the effect provides indirect evi-
dence against an involvement of fy-subunits as G; proteins are
highly abundant in the human heart and could theoretically
release enough fy-subunits to activate PLC. More direct evi-
dence against a fy-mediated effect is provided by the control
experiment showing that mastoparan stimulation is not abol-
ished by addition of an excess of GDP-bound o, which is a
well-established scavenger of free fy-subunits (Camps et al.,
1992a, b; Schnabel et al., 1996). A third line of evidence re-
futing the involvement of heterotrimeric G proteins in mas-
toparan stimulation of myocardial PLC is provided by the
observation that the mastoparan effect is also present in the
cytosolic fraction of human myocardium where G; and G
proteins are not present, as assessed by Western blotting (not
shown). Moreover, PLC stimulation by mastoparan was not
abolished by addition of GDP or GDPSS. However, one could
still argue that the lack of a GDP effect does not exclude the
involvement of o, in PLC-stimulation by mastoparan, as the
guanine nucleotide turnover of G, proteins is lower than that
of most other G proteins known (Pang & Sternweis, 1990).
PLCp isozymes are stimulated by o, through a protein-protein
interaction in the carboxyl-terminal region of the molecule.
Removal of most of the amino acid residues downstream of the
putative catalytic domain Y either by limited proteolysis (Park
et al., 1993) or by site-directed mutagenesis (Wu et al., 1993a,
b; Schnabel et al., 1993) results in a preserved catalytic and fy-
subunit-stimulated activity, but in a loss of o, sensitivity.
PLCp,, PLCf, and PLCf; are all sensitive to stimulation by
oq- as well as fBy-subunits (Smrcka et al., 1993). Although
PLCp, is not present in human myocardium (Schnabel ef al.,
1996), but evidence for PLCf, expression has been provided, it
is reasonable to assume that a deletion mutant of PLCp, de-
ficient of the carboxyl-terminal region of the molecule is an
appropriate control for o, interaction with PLCf isozymes.
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