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Activation of GTP Formation
and High-Affinity GTP Hydrolysis
by Mastoparan in Various Cell Membranes

G-PROTEIN ACTIVATION VIA NUCLEOSIDE DIPHOSPHATE
KINASE, A POSSIBLE GENERAL MECHANISM OF MASTOPARAN ACTION
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ABSTRACT. The wasp venom, mastoparan (MP), is a direct activator of reconstituted pertussis toxin-sensitive
G-proteins and of purified nucleoside diphosphate kinase (NDPK) [E.C. 2.6.4.6.]. In HL-60 membranes, MP
activates high-affinity GTPase [E.C. 3.6.1.-] and NDPK-catalyzed GTP formation, but not photolabeling of
G-protein d-subunits with GTP azidoanilide; this suggests that the venom activates G-proteins in this system
indirectly via stimulation of NDPK. Moreover, the MP analogue, mastoparan 7 (MP 7), is a much more effective
activator of reconstituted G-proteins than MP, whereas with regard to NDPK and GTPase in HL-60 membranes,
the two peptides are similarly effective. In our present study, we investigated NDPK- and G-protein activation
by MP in membranes of the human neuroblastoma cell line, SH-SY5Y, the human erythroleukemia cell line,
HEL, the rat basophilic leukemia cell line, RBL 2H3, and the hamster ductus deferens smooth muscle cell line,
DDT,MF-2. All these membranes exhibited high NDPK activities that were increased by MP. Compared to
basal GTP formation rates, basal rates of high-affinity GTP hydrolysis in cell membranes were low. MP activated
high-affinity GTP hydrolysis in cell membranes but did not enhance incorporation of GTP azidoanilide into
G-protein ¢-subunits. As with HL-60 membranes, MP and MP 7 were similarly effective activators of NDPK and
GTPase in SH-SY5Y membranes. Pertussis toxin inhibited MP-stimulated GTP hydrolyses in SH-SY5Y- and
HEL membranes, whereas NDPK activations by MP were pertussis toxin-insensitive. Our data suggest that
indirect G-protein activation via NDPK is not restricted to HL-60 membranes but is a more general mechanism
of MP action in cell membranes. Pertussis toxin-catalyzed ADP-ribosylation of d-subunits may inhibit the
transfer of GTP from NDPK to G-proteins. NDPK may play a much more important role in transmembrane
signal transduction than was previously appreciated and, moreover, the GTPase of G-protein ¢i-subunits may
serve as GDP-synthase for NDPK. BIOCHEM PHARMACOL 51;3:217-223, 1996.
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Heterotrimeric G-proteins consist of an ¢t-subunit and a By-
complex and mediate transmembrane signal transduction from
agonist-occupied heptahelical receptors to cellular effector sys-
tems [1, 2]. It is generally assumed that the release of GDP
from ot-subunits is the rate-limiting step in G-protein activa-
tion [1, 2]. In their activated state, G-protein o-subunits are
GTP-liganded. Termination of G-protein activation is
achieved by the high-affinity GTPase [EC 3.6.1.-] residing in
a-subunits.

NDPK+ [EC 2.6.4.6.] catalyzes the reaction N, TP + N,DP
— N;DP + N, TP {3, 4]. By virtue of its function as a GTP
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synthase, NDPK has been suggested to play a role as GTP-
supplying or regulatory enzyme in G-protein activation [3, 4].
In the early studies on G-protein regulation of adenylyl cyclase
[EC 4.6.1.1], it had already been observed that not only GTP,
but also other purine- and pyrimidine base-containing NTPs,
possess the ability to support agonist-induced activation of this
effector system [5-7]. Much later, there arose a debate as to
whether or not NDPK phosphorylates free GDP or GDP bound
to G-protein o-subunits [8-11]. This debate was, however, not
crucial for elucidating the functional role of NDPK in G-protein
activation. In fact, substantial evidence has accumulated for
such an involvement of NDPK in G-protein activation. For
example, NDPK regulates agonist binding to chemoattractant
receptors in membranes of HL-60 leukemia cells [12], recep-
tor-mediated phospholipase C [EC 3.1.4.10.] activation [13],
and arachidonic acid-stimulated NADPH oxidase [EC
1.6.99.6.] activity [14] in these membranes. In platelets,
NDPK-mediated phosphotransfer reactions are involved in
phospholipase D [EC 3.1.4.4.] stimulation [15] and in receptor-
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regulation of adenylyl cyclase [16, 17]. Additionally, NDPK is
involved in activation of potassium channels by receptor ag-
onists in the guinea pig atrium [18], activation of exocytosis in
PC12 pheochromocytoma cells {19], and regulation of agonist
binding to cholecystokinin receptors in pancreatic membranes
{20]. Taken together, it appears that NDPK is of general im-
portance in the regulation of G-protein activity. Unfortu-
nately, studies on this issue have been hampered by the non-
availability of NDPK activators. Evidence for regulation of
NDPK by heptahelical receptors is scarce [16, 21].

Recently, the cationic-amphiphilic tetradecapeptide from
wasp venom, MP, has been shown to be an activator of puri-
fied NDPK and of NDPK in HL-60 membranes and rat islet
homogenates [22-24]. The MP analogue, MP 7, is a similarly
effective NDPK activator [23, 24]. However, MP also activates
purified G-proteins and low-molecular mass GTP-binding pro-
teins [25, 26]. Unlike NDPK, MP 7 is much more effective
than MP at activating reconstituted pertussis toxin (PTX)-
sensitive G-proteins [24, 25]. Thus, despite certain limitations,
MP and MP 7 are useful experimental tools for studying NDPK
involvement in G-protein activation.

In our recent study, we presented evidence that MP acti-
vates PTX-sensitive G-proteins in HL-60 membranes in a
largely indirect manner (i.e. via stimulation of NDPK [24]).
This hypothesis is supported by the fact that MP effectively
activates high-affinity GTP hydrolysis, whereas it is ineffective
in enhancing incorporation of the photoreactive GTP ana-
logue, GTP azidoanilide, into G-protein o-subunits. Most im-
portant, under experimental conditions very similar to those
employed for measurement of GTP hydrolysis, MP effectively
increases NDPK-catalyzed GTP formation in HL-60 mem-
branes.

To address the question as to whether or not G-protein
activation via NDPK is a more general mechanism of MP
action, we studied the effects of the venom on GTP formation
and GTP hydrolysis in various cell membranes.

MATERIALS AND METHODS
Materials

All cell culture media were obtained from Biochrom {Berlin,
Germany). MP and MP 7 were from Saxon Biochemicals
(Hannover, Germany). DADLE was obtained from Sigma
Chemie (Deisenhofen, Germany). Stock solutions of MP, MP
7, and DADLE (1 mM each) and dilutions were prepared in 1
mM sodium acetate, pH 5.0, and stored at —20°. Sources of
other materials have been described elsewhere [14, 24, 27-29].

Cell Culture and Membrane Preparation

All cell lines were cultured under the conditions described by
Hageliiken et al. [27]. PTX (25 ng/mL, SH-SY5Y cells; 100
ng/mL, HEL cells) or its carrier (control) was added to cell
cultures 24 hr before membrane preparation. Under these con-
ditions, virtually all a-subunits of PTX-sensitive G-proteins
were ADP-ribosylated as assessed by subsequent ADP-ribosy-
lation of membranes with activated PTX and [*?PINAD (data
not shown). Cell membranes were prepared as described [28].
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Before experiments, membranes (100-500 pg of protein) were
resuspended in 1.5 mL of 10 mM triethanolamine/HCI, pH
7.4, and were centrifuged for 10 min at 30.000 x g at 4° to
remove residual cytosolic NDPK. Thereafter, membranes were
resuspended at various protein concentrations in the above
buffer and immediately used for experiments.

GTPase Assay

High-affinity GTP hydrolysis was determined as described
[24]. Reaction mixtures {100 pL) contained 5.0-15.0 ug of
membrane protein/tube, 0.5 uM [y-**PIGTP (0.1 uCi/tube)
0.5 mM MgCl;, 0.1 mM EGTA, 0.1 mM ATP, I mM aden-
osine 5’-[B,y-imido]triphosphate, 5 mM creatine phosphate,
40 pg of crearine kinase, 1 mM dithiothreitol, and 0.2% (w/v)
bovine serum albumin in 50 mM triethanolamine/HCI, pH
7.4, and substances at various concentrations. Reactions were
conducted at 25° for 15 min.

Assay for Photolabeling of Membrane Proteins

Cell membranes (50 ug of protein in a total volume of 60 uL)
were incubated at 30° in a buffer consisting of 0.1 mM EDTA,
10 mM MgCl,, 10 uM GDP, and 30 mM Hepes/NaOH, pH
7.4. Following exposure to various substances for 5 min, sam-
ples were incubated for another 3 min with 10 nM [o->?P]GTP
azidoanilide (1 uCiftube). Stopping of reactions, irradiation of
samples, and autoradiography were performed according to
Laugwitz et al. [29].

Assay for PHIGTP Formation

For determination of [PH]JGTP formation in cell membranes,
reaction mixtures (50 pL) contained 0.5 ug of membrane pro-
tein/tube, 0.5 uM [PHIGDP (1 uCiftube), 10 uM NTP, 0.5
mM MgCl,, 0.1 mM EGTA, 1 mM adenosine 5”-[B,y-imido]-
triphosphate, 5 mM creatine phosphate, 40 ug of creatine
kinase, 1 mM dithiothreitol, and 0.2% (w/v) bovine serum
albumin in 50 mM triethanolamine/HCl, pH 7.4 [24]. Reac-
tions were conducted for 10 min at 25°. Stopping of reactions,
separation of nucleotides by TLC, and nucleotide elution from
TLC plates were performed as described [14].

RESULTS

First, we studied the effects of MP and MP 7 on [PHIGTP
formation from [PH]JGDP and GTP and on high-affinity GTP
hydrolysis in membranes of the human neuroblastoma cell
line, SH-SY5Y. Under the experimental conditions employed,
basal [PHIGTP formation rates were 13-fold higher than the
rates of GTP hydrolysis (Table 1). MP (10 uM) increased
[PH]GTP formation by 36.6-76.1% (see Tables 1-4). The cor-
responding values for MP 7 (10 pM) were 47.2-80.1% (see
Tables 1 and 3). PTX had no effect on basal [PH]JGTP forma-
tion and did not reduce the stimulatory effect of MP on
PHJGTP formation (see Table 2). MP and MP 7 (10 uM
each) increased GTP hydrolysis by 68% and 75%, respectively
(see Table 1). Unlike what occurred with PH]GTP formation,
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TABLE 1. Effects of various substances on [?H]GTP formation and GTP hydrolysis in cell membranes

[*H]GTP formation

GTP hydrolysis

Addition (pmol mg™"' min~1) (pmol mg™! min~!)
SH-SY5Y membranes
Solvent (basal) 327x15 252+14
MP (10 pM) 474 %28 423+0.6
MP 7 (10 uM) 493+ 25 44.1+0.7
DADLE (10 uM) 314+23 38.6+0.9
HEL membranes
Solvent (basal) 441 £ 35 243£3.6
MP (10 uM) 551+ 17 31311
RBL 2H3 membranes
Solvent (basal) 2279 67103
MP (30 uM) 465 + 34 13.6+1.0
DDT;MF, membranes
Solvent (basal) 204+ 18 11.7+0.7
MP (30 pM) 288+ 17 16.1+0.5

[*HIGTP formation and high-affinity GTP hydrolysis were determined in the presence of various substances at the indicated concentrations as described in Materials and Methods. Data
shown are the means + SD of assay quadruplicates. Similar results were obtained in 3-6 independent experiments.

PTX reduced basal GTP hydrolysis and abolished the stimu-
latory effect of MP on GTPase (see Table 2).

NDPK does not show strict base specificity [3]. Therefore,
we assessed the effectiveness of various NTPs as phosphoryl
group donors for PHJGTP formation in SH-SY5Y membranes.
In agreement with the fact that purine nucleotides are better
substrates for NDPK than pyrimidine nucleotides [30, 31],
basal [PHJGTP formation rates with GTP and ATP were
higher than with CTP and UTP (see Table 4). With all NTPs
studied, MP effectively enhanced PH]GTP formation.

For comparison with MP, we studied the effect of DADLE,
a - and & opoid receptor agonist, on [PH]GTP formation and
GTP hydrolysis in SH-SY5Y membranes. DADLE (10 uM)
did not increase [PH]JGTP formation, but was as effective an
activator of hydrolysis as MP (10 uM) (see Table 1). The
stimulatory effect of DADLE on GTP hydrolysis in SH-SY5Y
membranes was abolished by PTX treatment (data not
shown).

To corroborate the hypothesis that parallel NDPK- and
GTPase-stimulations by MP occur generally in cell mem-
branes, we studied the effects of MP on PH]GTP formation
and high-affinity GTP hydrolysis in membranes of three ad-

ditional cell lines: the human erythroleukemia cell line, HEL,
the rat basophilic leukemia cell line, RBL 2H3, and the ham-
ster ductus deferens smooth muscle cell line, DDTMF-2.
These membranes showed NDPK activities within the same
order of magnitude as that in SH-SY5Y membranes (see Table
1). Compared to basal [PH]JGTP formation rates, those of high-
affinity GTP hydrolysis in HEL-, RBL 2H3-, and DDT,-MF,
membranes were 17-34-fold lower. In HEL-, RBL ZH3-, and
DDT;MEF-2 cells, MP stimulated PHIGTP formation by 23.9-
59.4%, 37.9-104.8%, and 19.6-47.4%, respectively (see Ta-
bles 1 and 3). Similar to SH-SY5Y membranes (see Table 4),
MP stimulated PH]JGTP formation in HEL-, RBL 2H3, and
DDT,MF-2 membranes with various NTPs as phosphoryl
group donors (data not shown). In these cell membranes, MP
stimulated GTP hydrolysis by 29%, 102%, and 38%, tespec-
tively (see Table 1). Similar stimulatory effects of MP on GTP
hydrolysis in various cell membranes as in our present study
were reported in our recent paper [27]. The stimulatory effect
of MP on PHIGTP formation in HEL membranes was PTX-
insensitive, whereas stimulation by MP of GTP hydrolysis was
PTX-sensitive (see Table 2).

To determine whether or not MP interacts with G-protein

TABLE 2. Effect of PTX on basal and MP-stimulated [’ H]JGTP formation and GTP hydrolysis in SH-SY5Y- and HEL membranes

[’H]GTP formation (pmol mg~! min~?)

GTP hydrolysis (pmol mg™' mg™')

Addition Control PTX Control PTX
SH-SY5Y membranes
Solvent (basal) 313+35 328+ 19 249+1.5 9.5+08
MP (10 uM) 428 £ 39 443 £27 41.1+£10.0 10.0£0.5
HEL membranes
Solvent (basal) 432118 405+ 25 19.9+2.5 17.0+ 1.8
MP (10 uM) 535+25 514 +£32 255%1.3 16.9£0.7

[PHIGTP formation and high-affinity GTP hydrolysis were determined in the absence or presence of MP as described in “Materials and Methods.” Treatment of cells with carrier (conrol)
or PTX was performed as described in “Materials and Methods.” Data shown are the means + SD of assay quadruplicates. Similar results were obtained in three independent experiments.
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TABLE 3. Stimulatory effects of MP and MP 7 on [)H]GTP formation in cell membranes: comparison of the results obtained in

various experiments

[*HIGTP formation (% stimulation)

SH-SY5Y membranes

Experiment HEL membranes RBL 2H3 membranes DDT,MF, membranes
no. MP MP 7 MP MP MP

1 76.1 80.1 239 104.8 41.2

2 449 50.7 59.4 96.6 19.6

3 36.6 47.2 249 379 47.4

4 72.7

5 473

6 64.7

The stimulatory effects of MP and MP 7 on PHIGTP formation in various cell membranes were determined as described in “Materials and Methods.” In experiments performed with
SH-SY5Y and HEL membranes, the concentration of MP and MP 7 was 10 uM each. In experiments performed with RBL 2H3 and DDT;MF, membranes, the concentration of MP was
30 M. Values for basal PHIGTP formation in cell membranes are given in Tables 1, 2, and 4.

o-subunits or low-molecular mass GTP-binding proteins, we
studied the incorporation of the photoreactive GTP analogue,
GTP azidoanilide, into cell membrane proteins. Figure 1 shows
the effects of MP, MP 7, and DADLE on photolabeling of
G-protein o-subunits in SH-SY5Y membranes. DADLE sub-
stantially increased photolabeling of proteins with apparent
molecular masses of 41.5 kDa (corresponding to the a-subunits
of G;; and G3), 40/40.5 kDa (corresponding to the o-subunits
of G;; and G,,) and 39 kDa (corresponding to the a-subunit
of G_,) [29]. By contrast, MP and MP 7 had no stimulatory
effects on photolabeling of G-protein ¢-subunits in SH-SY5Y
membranes. Additionally, no stimulatory effects of MP and
MP 7 on labeling in the 20 kDa region (i.e. where labeling of
low-molecular mass GTP-binding proteins would have been
expected [26], were evident. As in SH-SY5Y membranes, MP
did not enhance incorporation of GTP azidoanilide into
G-protein ¢-subunits in membranes of HEL-, RBL 2H3-, and
DDT;MF, membranes (data not shown). Under experimental
conditions similar to those employed by us, Fields et al. [32]
reported on a stimulatory effect of MP on the labeling of
G-protein o-subunits with GTP-azidoanilide in bovine brain
membranes. Except for the fact that different membranes were
employed, we have no explanation for the divergent results.

DISCUSSION

Membranes of SH-SY5Y-, HEL-, RBL 2H3-, and DDT,MF,
cells exhibit high NDPK activities as assessed by [PHIGTP

TABLE 4. [*H]GTP formation with various NTPs as phos-
phoryl group donors in SH-SY5Y membranes: stimulatory
effect of MP

GTP formation (pmol mg™"' min™")

NTP basal MP
GTP 315+ 21 555+ 24
ATP 270+ 18 479+ 19
CTP 191+6 359+30
UTP 200+ 14 4105

[BH]GTP formation from [*H]JGDP and various NTPs (10 pM each) in SH-SY5Y mem-
branes was determined as described in “Materials and Methods.” The concentration of
MP was 10 uM. Data shown are the means £ SD of assay quadruplicates. Similar results
were obtained in three independent experiments.

formation from [PHJGDP and NTP (see Tables 1 and 4 and
Fig. 2A). Under experimental conditions similar to those em-
ployed by us, Kowluru and Metz [23] reported comparably high
NDPK activities in homogenates of rat and human pancreatic
islet cells and insulin-secreting cell lines (294-560 pmol mg™
min~'). MP increased [PH]JGTP formation in SH-SY5Y-,
HEL-, RBL 2H3-, and DDT;MF, membranes by 19.6-104.8%,
depending on the specific experiment and type of membrane
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FIG. 1. Effects of MP, MP 7, and DADLE on incorporation of
GTP azidoanilide into G-protein a-subunits in SH-SY5Y mem-
branes. Photolabeling of membrane proteins was performed as
described in “Materials and Methods.” The autoradiography of
an SDS gel containing 6 M urea and 9% (w/v) acrylamide is
shown. Lane 1, solvent (control) (c); lane 2, DADLE (10 uM)
(DA); lane 3, MP (10 pM); lane 4, MP 7 (10 pM). Numbers on
the left, molecular masses of marker proteins (kDa). The au-
toradiography is representative for three independent experi-
ments.
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FIG. 2. Schematic presentation of the functional interaction of
NDPK with G-protein a-subunits in cell membranes. (A) Re-
actions taking place in the NDPK assay (measurement of
[PHIGTP formation from [PH|GDP and NTP). Accumulation
of [’H]GTP and its stimulation by MP is assessed. Degradation
of [PH]GTP to [*H]GDP and P, does not mask the stimulatory
effect of MP on NDPK. (B} Reactions taking place in the
GTPase assay (measurement of GTP hydrolysis). In cell mem-
branes, no direct interaction of MP with G-protein a-subunits
can be detected, as assessed by photolabeling with GTP azido-
anilide. Thus, stimulation by the venom of GTPase presum-
ably occurs indirectly via NDPK activation and not via the
classical GDP/GTP exchange. According to the latter model,
GDP is first phosphorylated to [v->2P]GTP with [y-3*P]GTP as
phosphoryl group donor. This new [y->*’P]GTP, after transfer
to G-protein a-subunits, is cleaved to GDP and [*’P]P,. For
further explanations and interpretations, see Discussion. a,
G-protein a-subunit.

studied (see Table 3). Stimulatory effects of MP on NDPK
activity were also reported for HL-60 membranes [24, 33] and
homogenates of insulin-secreting cells [23]. These data show
that stimulation of NDPK by MP is a process occurring in all
cell types studied until now.

Intriguingly, the product formed in the NDPK reaction,
PHIGTP, is not stable but may be cleaved to PH]JGDP and P,
by the GTPase of G-protein o-subunits (see Fig. 2A). The fact
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that stimulation of PH]JGTP formation by MP in cell mem-
branes was detected, although concomitant GTP hydrolysis
took place, indicates that the activity of NDPK is higher than
that of GTPase (see Fig. 2ZA). In fact, under the conditions
employed, basal PH]JGTP formation rates were 13-34-fold
higher than basal GTP hydrolysis rates (see Table 1). In future
studies, detailed analyses of the kinetic properties of GTPase
and NDPK in cell membranes under exactly the same exper-
imental conditions will have to be performed. It should be
noted that, as in HL-60 membranes [24, 33], MP-induced
NDPK stimulations in SH-SY5Y-, HEL-, RBL 2H3-, and
DDT MF, membranes were observed in the presence of a
NTP-regenerating system consisting of creatine kinase and
creatine phosphate (see Materials and Methods). This indi-
cates that GTP formation by NDPK takes place in a micro-
compartment deeply buried in the plasma membrane and un-
accessible to the regenerating system.

MP and MP 7 not only stimulated PH]GTP formation in
the various cell membranes studied, but also stimulated high-
affinity GTP hydrolysis (see Tables 1 and 2) [24, 33]. In SH-
SY5Y- and HEL membranes, we studied the effect of PTX on
GTP hydrolysis. In both cell membranes, the stimulatory ef-
fects of MP on GTPase were abolished by the toxin (see Table
2). The PTX substrates in SH-SY5Y cells are G;- and G-
proteins (see Fig. 1) [29] and, in HEL cells, the toxin substrates
are G;-proteins [34]. These data show that in SH-SY5Y mem-
branes, MP activates the GTPase of G;- and G_-proteins and,
in HEL membranes, MP stimulates the GTPase of G;-proteins.

The question arises as to whether these GTPase activations
are achieved by direct interaction of MP with G-protein
o-subunits or indirectly via NDPK stimulation. According to
the latter model {see Fig. 2B), MP would first stimulate the
conversion of endogenous GDP (e.g. GDP released from
G-protein -subunits) and [y-*?PJGTP to new [y-**PIGTP
and GDP. The newly synthesized [y->*PJGTP would then be
transferred to, and cleaved by, G-protein o-subunits, resulting
in the formation of GDP and [32P]Pi. The latter product is
measured in the GTPase assay. To discriminate between these
two possibilities, we studied the effects of MP and MP 7 on
incorporation of GTP azidoanilide into G-protein o-subunits
in cell membranes. This GTP analogue, like GTP, is ex-
changed for GDP and can be covalently attached to o-sub-
units following UV irradiation of membranes {24, 29]. Ago-
nists at heptahelical receptors cause parallel increases in GTP
hydrolysis (reflecting GDP/GTP exchange) and incorporation
of the photoreactive GTP analogue into PTX-sensitive G-pro-
teins in HL-60 and SH-SY5Y membranes (see Table 1 and Fig.
1) [24]. However, MP failed to stimulate incorporation of
GTP-azidoanilide into G-protein d-subunits in SH-SY5Y-,
HL-60, HEL-, RBL 2H3-, and DDT,;MF, membranes, al-
though the venom induced substantial increases in GTP hy-
drolysis (see Table 1 and Fig. 1). As is the case for HL-60
membranes [24], MP and MP 7 are similarly effective activa-
tors of GTPase on the one hand and of NDPK, on the other,
in SH-SY5Y membranes (see Tables 1 and 3). With respect to
purified NDPK and NDPK in homogenates of insulin-secret-
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ing cells, MP and MP 7 are also similarly effective stimuli
[22-24]. Moreover, MP 7 failed to stimulate photolabeling of
G;- and G, -protein o-subunits in SH-SY5Y membranes al-
though MP 7 is a very effective activator of these G;- and
G, -proteins in a reconstituted system (see Fig. 1) [24, 25].
Taken together, all these data indicate that MP and MP 7
activate high-affinity GTPase in cell membranes indirectly via
NDPK stimulation (see Fig. 2). Thus, not only GDP release
but also GTP availability may be a rate-limiting factor in
G-protein activation.

Dissociations between stimulations of GTP hydrolysis and
labeling of G-protein o-subunits with GTP-azidoanilide are
not restricted to MP. Specifically, synthetic lipopeptides de-
rived from bacterial lipoprotein stimulate the GTPase of G;-
proteins, but not photolabeling of G;-protein o-subunits in
HL-60 membranes [33, 35]. Thus, by analogy to MP, NDPK
activation presumably accounts for the stimulatory effects of
lipopeptides on GTP hydrolysis in HL-60 membranes [33].

The receptor agonist, DADLE, substantially stimulated
GTPase but was, unlike MP, without effect on PH]GTP for-
mation (see Table 1). These findings, however, do not rule out
the possibility that stimulation of opioid receptors induces
NDPK acrivation. Possibly, receptor agonists stimulate the
formation of as much GTP as is subsequently hydrolyzed by
GTPase. Under such conditions, a net stimulation of NDPK is
very difficult to detect. In this context, it should be empha-
sized that MP is a venom and does not mimic G-protein ac-
tivation by heptahelical receptors [24]. Thus, one could imag-
ine that the clearly measurable NDPK stimulation by MP re-
flects a toxic effect and is not physiological. It is also possible
that we did not employ the correct assay conditions for de-
tecting a stimulatory effect of DADLE on NDPK. Specifically,
we used GTP as phosphoryl group donor (see Table 1).
Wieland and Jakobs [16] observed NDPK stimulation by pros-
taglandin E; in platelet membranes with adenosine 5-0-(3-
thiotriphosphate) as thiophosphoryl group donor. In Dictyos-
telium, receptor-stimulation of NDPK is readily observed with
ATP as substrate [21]. Thus, much more effort is required to
understand regulation of NDPK by heptahelical receptors.

In marked contrast to MP-stimulated GTP hydrolyses, MP-
induced GTP formations in SH-SY5Y- and HEL membranes
were completely PTX-insensitive (see Table 2). In addition,
we failed to obtain evidence for a direct interaction of MP
with G-protein ¢-subunits in the photolabeling experiments
(see Fig. 1). From these findings, it may be concluded that
PTX-catalyzed ADP-ribosylation of G;- and G,-protein ot-sub-
units inhibits the transfer of GTP from NDPK to G-proteins.

Our present data and those of our recent studies [24, 33, 35]
raise a number of important questions as to the role of NDPK
in transmembrane signal transduction. Specifically, is NDPK
an enzymatically active “MP receptor” whose functional in-
teraction wirth PTX-sensitive G-proteins, like that of hepta-
helical receptors, is inhibited by ADP-ribosylation of a-sub-
units? Is NDPK a novel G-protein-regulated effector system
that, in turn, regulates the activity of G-proteins? Interest-
ingly, heptahelical receptors possess the ability to mediate ac-
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tivation of effector systems in Dictyostelium in the absence of
G-proteins [36] and, in these cells, stimulation of NDPK by
heptahelical receptors has been reported [21]. Thus, can
NDPK mediate coupling of receptors to effector systems (i.e.
act as substitute for G-proteins)? It is generally assumed that
NDPK plays a role in G-protein activation, but is it not pos-
sible that G-proteins play a role in NDPK activation? Accord-
ing to such a model, the GTPase of G-protein o-subunits
would function as GDP-synthase for NDPK, and the end point
of a signal transduction cycle (“NDPK cycle”) would be GTP
formation rather than GTP hydrolysis (see Fig. 2). We cannort
exclude the possibility that the GTPase cycle and the NDPK
cycle operate in parallel and have distinct functions in trans-
membrane signal transduction.

In conclusion, our results suggest that indirect activation of
G-proteins by MP wia stimulation of NDPK is a general mech-
anism of venom action in cell membranes. PTX-catalyzed
ADP-ribosylation may interfere with the transfer of GTP from
NDPK to G-protein o-subunits. The role of NDPK in trans-
membrane signal transduction processes may be much more
complex than was previously appreciated, and the GTPase of
G-protein o-subunits may serve as GDP-synthase for NDPK.
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