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Mono(ADP-ribosyl)transferases (E.C. 2.4.2.31) are
a family of enzymes which catalyse the hydrolysis of
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Abstract—Exposure of NG108-15 cells to 50 mM nicotinamide [an inhibitor of mono(ADP-
ribosyl)transferase] for 18 hr led to an increase in membrane associated Gsa measured either as cholera
toxin substrate or by immunoblotting with a specific antiserum. Prolonged exposure of NG108-15 cells
to iloprost is followed by homologous loss of iloprost sensitivity, and heterologous loss of fluoride-
dependent activation of adenylate cyclase. Nicotinamide reversed the loss of fluoride sensitivity, but
failed to restore iloprost-dependent activation of adenylate cyclase. These results with nicotinamide in
NG108-15 cells contrasted with those from platelets, which also exhibit heterologous desensitization of
fluoride sensitivity following prolonged exposure to iloprost. Treatment of platelets with 50 mM
nicotinamide for 18 hr led to an increase of 75.0 = 19.4% in the amount of membrane associated
cholera toxin substrate. However, there was no associated increase in the abundance of Gsa as
determined by immunoblotting. Furthermore, in platelets there was no restoration by nicotinamide of
the iloprost-dependent loss of fluoride-sensitive adenylate cyclase activity. It follows that heterologous
desensitization in platelets is accompanied by inactivation of Gsa, which is retained within the plasma
membrane in its inactive state..

The nicotinamide-dependent increase in the abundance of membrane associated cholera toxin
substrate and immunoreactive Gsa in NG108-15 cells is associated with an increase of 72.0 = 20.3% in
the levels of mMRNA encoding Gsa. The capacity of nicotinamide to increase the abundance of membrane
associated Gsa was reversed when the cells were cultured in the presence of 20 ug/mL cycloheximide.
These results suggest that the ability of nicotinamide to increase the abundance of Gsa in NG108-15
cells is mediated by de novo protein synthesis.
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benzamide [6], which affect
factor-induced cell apoptosis [12].

tumour necrosis
Meta-iodo-

NAD™ and the subsequent transfer of ADP-ribose
on to a suitable amino acid acceptor. Eukaryotic
mono(ADP-ribosyl)transferases have been reported
in many different cells and tissues including turkey
erythrocytes [1], skeletal muscle [2] and thyroid
membranes [3]. Although details have emerged
regarding the enzymology of purified mono(ADP-
ribosyl)transferases [4-7], rather less is known of
their intracellular substrates and physiological role.
There are reports of mono(ADP-ribosyl)ation of the
78 kDa glucose regulator protein [8], non-muscle
actin [7, 9] and EF-21 [10, 11]. It is proposed in each
case that the covalent modification alters the
biological activity of the acceptor protein. Additional
information has emerged from studies exploiting
inhibitors of  mono(ADP-ribosyl)transferase.
Examples include nicotinamide and 3-amino-
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+ Abbreviations: EF-2, elongation factor-2; PRP, platelet
rich plasma; PGE,, prostaglandin E,; PGL,, prostacyclin.
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benzylguanidine, another inhibitor of mono(ADP-
ribosyl)transferases [13] modifies calcium homeo-
stasis in rat liver [14].

ADP-ribosyltransferases may alter signal transduc-
tion, and bacterial exotoxins from Vibrio cholerae and
Bordetella pertussis possess mono(ADP-ribosyl)-
transferase activities that have the capacity to ADP-
ribosylate the a subunits of G-proteins and modify
adenylate cyclase activity. The a-subunit of the
stimulatory G-protein (Gsa) is a substate for cholera
toxin, and Gie is a substrate for pertussis toxin. The
possibility that G-proteins may be ADP-ribosylated
by eukaryotic mono(ADP-ribosyl)transferases was
suggested by the finding that a purified arginine-
specific mono{ADP-ribosyl)transferase from plate-
lets ADP-ribosylates exogenous Gsa and stimulates
adenylate cyclase [15]. A similar activity has also
been demonstrated in chicken spleen membranes,
where it was shown that a membrane bound enzyme
was involved in the ADP-ribosylation of a 45 kDa
protein leading to an increase in adenylate cyclase
activity [16]. Recently we have demonstrated that
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Gsa is an endogenous substrate for mono(ADP-
ribosyl)transferase in NG108-15 cells, and that
inhibition of the enzyme by nicotinamide was
accompanied by an increase in Gsa abundance and
activity [17]. The mechanism whereby Gsa levels
are regulated by ADP-ribosylation in these cells
remains obscure, and has now been further examined
in both platelets and NG108-15 cells.

Platelets and NG108-15 cells have similar responses
to prostacyclin (or its stable analogue iloprost),
which mediates activation of adenylate cyclase. In
both cell types, prolonged exposure to PGE; or
iloprost is followed by desensitization to PGE; or
iloprost-dependent responses and loss of prostacyclin
receptors [18-22]. In addition there is heterologous
loss of both adenosine (A;)-dependent responses
and sensitivity to sodium fluoride. The loss of fluoride
sensitivity and heterologous desensitization in
NG108-15 cells are explained by the finding that
prolonged exposure to iloprost or PGE; in these
cells is followed by elimination of Gsw from the
plasma membrane [21-24]. We have now performed
experiments to examine the role of endogenous
ADP-ribosylation of Gsa in these complex patterns
of desensitization. The experiments were performed
in both NG108-15 cells and platelets. There is
a substantial literature on PGE; and iloprost-
dependent responses in both NG108-15 cells [17-19,
22,24] and platelets [21, 23], and differences have
emerged in the events that accompany heterologous
desensitization in these two cell types. The effects
of nicotinamide [an inhibitor of mono(ADP-
ribosyl)transferase] have been examined in both
NG108-15 cells and platelets, and measurements
made of (i) the activity of Gsa, (ii) the abundance
of membrane associated Gsa and (iii) the synthesis
of new Gsa in NG108-15 cells.

MATERIALS AND METHODS

Materials. [o®’PINAD™* was obtained from New
England Nuclear (Stevenage, U.K.). [a®P]ATP,
[*H]cyclic AMP, deoxycytidine 5'[a*?P]triphosphate
and Hybond-C nitrocellulose were obtained from
Amersham International plc (Amersham, U.K.).
Anti-rabbit IgG conjugated to horseradish per-
oxidase was obtained from Dako Ltd (High
Wycombe, U.K.). Anti-Gsa and anti-Gio antibodies
were obtained from Biomac Ltd (Glasgow, U.K.),
and anti-GB antibody was obtained from Dupont
(Stevenage, U.K.). The following generous gifts
were received, Ro20-1724 from Roche Products Ltd
(Welwyn, U.K.), iloprost from Schering AG (Berlin,
Germany), Gsa common cDNA from Dr R Randall
Reed, Johns Hopkins University School of Medicine
(Baltimore, MD, U.S.A.) and a~actin cDNA from
Dr K Docherty, Department of Medicine, University
of Birmingham (U.K.). All other reagents were
obtained from Sigma (Poole, U.K.).

Cell culture. NG108-15 neuroblastoma X glioma
somatic hybrid cells [25] were cultured in 80 cm?
flasks in Dulbecco’s modified Eagle’s minimum
essential medium containing 10% (v/v) foetal. calf
serum, 1M aminopterin, 16 uM thymidine and
100 uM hypoxanthine. Cultures were maintained at
37° in a humidified atmosphere of 95% air and 5%

CO,. Membranes were prepared as described
previously [22] and stored at —80° until required.

Platelets. Platelets were isolated as described
previously [21]. Briefly, blood samples (50-150 mL)
were drawn from human volunteers and mixed with
3.15% (w/v) trisodium citrate (9: 1, v/v). The blood
was centrifuged for 15min at 500g, and the
supernatant PRP was retained. In all experiments
HEPES buffer, pH 7.4 was added to the PRP to
give a final concentration of 20mM. Platelet
membranes were prepared from PRP as described
previously [21] and stored at —80° until required.

Adenylate cyclase assay. Adenylate cyclase activity
was measured by a modification [26] of the method
of Salomon et al. [27]. Briefly, reaction mixtures of
100 uL. contained 50 mM Tris-HCl buffer pH 7.4,
5 mM MgCl,, 20 mM creatine phosphate disodium
salt, 10IU creatine kinase, 1mM cyclic AMP,
0.25 mM Ro20-1724 (a phosphodiesterase inhibitor),
1 mM [a*?P]ATP (2 uCi/tube), 4 uM GTP and 20—
70 ug membrane protein. The reaction was allowed
to proceed at 37° for 20 min, and then terminated
by the addition of 800uL of 6.25% (w/v)
trichloroacetic acid. [8-°H]Cyclic AMP (approx.
10,000 cpm in 100 ul. of water) was added to each
tube, and the mixtures centrifuged at 1500 g for
20 min. The [@?P]JATP and [*P]cyclic AMP were
then separated using a two-step chromatographic
procedure [27]. The losses of [*?Plcyclic AMP on
the columns were corrected for by measurement of
the recovery of [8-*H]cyclic AMP.

Cholera toxin catalysed [*?P)ADP-ribosylation of
Gsa. NG108-15 cells and platelets were treated for
18 hr in the absence or presence of 10uM
iloprost = 50 mM nicotinamide, and membranes
prepared. Membranes were then subjected to cholera
toxin catalysed ADP-ribosylation using [a*?2P]NAD*
as reported previously [21]. Reaction mixtures
contained 1 mM ATP, 15 mM glycine, 25 mM MgCl,,
10 mM thymidine, 10 uM [**P]NAD (30 Ci/mmol),
10 ug cholera toxin subunit A, 100 uM GTP and
300 mM phosphate buffer pH 7.0. The labelled
proteins were resolved by 10% SDS-PAGE and
visualized using autoradiography. The relative
intensities of the bands were assessed using an LKB-
Ultroscan laser densitometer, and quantification
performed with the integration facility of Fig.P
graphics software (Fig.P. Software Corporation).

Immunoblot analysis. Immunoblots were per-
formed as described previously [17]. Briefly,
membrane proteins (50 ug) were resolved by 10%
SDS-PAGE and transferred to nitrocellulose
membranes. The nitrocellulose was blocked for 2 hr
with 3% (w/v) resuspended dried milk protein, and
washed three times with PBS containing 0.05% (w/v)
BSA and 0.05% (v/v) Tween-20. The nitrocellulose
was then incubated for 2hr with the primary
antiserum diluted in PBS containing 0.1% (w/v)
BSA, and the blots washed extensively. The blots
were then incubated for 1 hr with anti-rabbit IgG,
conjugated to horseradish peroxidase (1:1000
dilution) and washed again as above. The immuno-
reactive bands were visualized using 4-chloro-1-
naphthol as described previously [17]. The blots
were finally washed, dried and scanned as described
above.
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Table 1. Effect of 18 hr iloprost + nicotinamide pretreatment of NG108-15 cells on adenylate cyclase
activity

Adenylate cyclase activity
(pmol cyclic AMP/min/mg protein)

Treatment Basal 1 uM iloprost 10mM F
Control 139+ 1.1 69.2 £ 3.5% 30.9 = 2.85°
10 uM iloprost 11.0 = 1.0'? 335+4.4 20.6 = 1.15¢
10 uM iloprost + 50 mM nicotinamide 14.1 0.5 29.6 = 0.8 332+43°

NG108-15 cells were cultured for 18 hr in the absence or presence of 10 uM iloprost = 50 mM
nicotinamide. Cells were harvested, membranes prepared and adenylate cyclase activity measured as
described in Materials and Methods. The enzyme activities relating to measurements made in the
presence of 10 mM NaF or 1 uM iloprost are the dv values for the increase in enzyme activity above the
basal level. The results are expressed as the means * SEM, N =5, except * where N = 15. The shared
superscript numbers indicate differences between a pair of mean values (P < 0.05). P values were
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determined by unpaired, two-tailed #-tests.

The linearity of band density with protein
concentration for both cholera toxin [*P]JADP-
ribosylation and immunoblotting were confirmed by
resolution of selected concentrations of protein by
SDS-PAGE. The results presented in this paper
were within the linear range of both techniques.

Northern blot analysis. Total RNA was isolated
from NG108-15 cells using a single step procedure
[28]. Following denaturation of the RNA (10 ug)
with 1 M glyoxal at 50° for 1 hr, RNA was resolved
in 1.2% (w/v) agarose gels and transferred to
Hybond-C nitrocellulose filters by capillary blotting.
Ribosomal RNA (18 and 28S) markers from calf
liver were also subjected to gel electrophoresis to
determine the size of the hybridized bands. The
filters were pre-hybridized at 42° for 2hr in
50% (v/v) deionized formamide, 0.2% (v/v)
polyvinylpyrrolidone, 0.2% (w/v) BSA, 0.2% (v/v)
Ficoll, 1 M NaCl, 0.1% (w/v) sodium pyrophosphate,
1% (w/v) SDS, 10% (w/v) dextran sulphate, 0.05 M
Tris-HCI, pH 7.5 containing 100 ug/mL denatured
salmon sperm. The filters were then hybridized at
42° for 16 hr in the solution above containing *2P-
labelled fragments of Gsa common or a-actin. The
probes were prepared by oligolabelling of cDNA
using hexadeoxynucleotide primers and deoxy-
cytidine 5'[a-*?P]triphosphate (sp. act. 3000 Ci/
mmol). Following hybridization, the filters were
washed with 0.3 M NaCl, 30 mM trisodium citrate,
1% (w/v) SDS at 65° for 1hr. Blots were
then autoradiographed for 48hr at —80° before
development. The intensity of the bands obtained
from the autoradiographic plates were quantified by
densitometry using a Hoefer GS300 scanning
densitometer connected to a pen recorder. From the
resulting scan, Gsa-common peaks were cut out and
weighed.

Statistical analysis. Data were quantified from both
autoradiographs and blots as described earlier, and
the effect of any treatment was expressed as a
percentage of the control value for each experiment.
Data were compared using a Mann—Whitney non-
parametric test (or r-tests where indicated) and
expressed as the mean value + SEM.

RESULTS
Treatment of NG108-15 cells with 10 uM iloprost

for 18 hr resulted in a significant decrease in basal,
agonist (iloprost) or fluoride-stimulated adenylate
cyclase activity when compared to control values
(Table 1). When the cells were pretreated (18 hr)
with both 10 uM iloprost and 50 mM nicotinamide,
the decrease in iloprost-stimulated adenylate cyclase
activity was maintained, but basal enzyme activity
and sensitivity to fluoride were restored to control
levels. Nicotinamide treatment alone led to a small
but significant (P < 0.05) increase in iloprost-
stimulated adenylate cyclase activity (V=
69.2 = 3.5 compared with 84.9 = 4.5, N =5 pmol
cAMP/min/mg protein), with a significant increase
(P<0.05) in basal adenylate cyclase activity
13.8 £ 1.1, N = 15 compared with 20.7 £2.5, N =
15 pmol cAMP/min/mg protein) and no change in
fluoride-sensitive activity.

In order to ascertain whether the reversal of
iloprost-dependent loss of fluoride activity by
nicotinamide was due to changes in the levels of
Gsa, the abundance of Gsa was measured both as
cholera toxin substrate and by immunoblotting. We
have reported previously [17, 22] that treatment of
NG108-15 cells with iloprost leads to a reduction in
cholera toxin substrate within cell membranes, and
the result is confirmed in Fig. 1. The results in Fig.
1 have been taken from an earlier report [17], and
are reproduced here for clarity and comparison with
data derived from platelets. Treatment of cells
with both iloprost and nicotinamide restored the
abundance of cholera toxin substrate back to control
levels, and treatment of NGI108-15 cells with
nicotinamide alone was followed by a significant
increase in cholera toxin substrate above the basal
level. Immunoblotting of proteins from NG108-15
cell membranes using an antibody raised to
the C-terminal decapeptide of Gsa produced
qualitatively similar results (Fig. 2). The statistical
significance of the results in Fig. 1 have been reported
previously [17]. The abundance of immunoreactive
Gia or Gf was unchanged following exposure of
NG108-15 cells to iloprost and/or nicotinamide (Fig.
3).

The effect(s) of nicotinamide on the iloprost-
dependent loss of both fluoride-stimulated adenylate
cyclase activity and membrane associated Gsa was
investigated further in platelets. Exposure of platelets
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Fig. 1. Cholera toxin [#P]ADP-ribosylation of NG108-15 membranes. NG108-15 cells were cultured

in the absence (control, 1), or presence of 10 uM iloprost (2), 50 mM nicotinamide (3) or both

10 uM iloprost and 50 mM nicotinamide together (4) for 18 hr. Cells were harvested and membranes

prepared as described in Materials and Methods. The membranes were then subjected to cholera

toxin [?PJADP-ribosylation and the labelled proteins resolved by 10% SDS-PAGE and autoradiography
as described in Materials and Methods. This result is a representative of six experiments,

to 10 uM iloprost for 18hr led to a significant
reduction in both agonist and fluoride-stimulated
adenylate cyclase activity (Table 2). In contrast to
NG108-15 celils, these changes in adenylate cyclase
activity were maintained when platelets were treated
with iloprost and nicotinamide together (Table 2).
Pretreatment of platelets with nicotinamide alone
had no effect on basal, fluoride-stimulated or
iloprost-stimulated adenylate cyclase activity. The
apparent inability of nicotinamide to restore iloprost-
dependent loss of fluoride-stimulated adenylate
cyclase activity was investigated further by examining
the abundance of Gsa in platelets following the
various treatments.

Platelets were treated for 18 hr with 10 uM iloprost
or carrier alone, and measurements made of the
[**P]ADP-ribosylation of the platelet membrane
proteins in the presence of cholera toxin. The results
revealed a significant (P < 0.05) loss of cholera toxin
substrate (44.9 +7.2%, N = 4) after exposure to
iloprost. In contrast, treatment of platelets with
nicotinamide resulted in a significant (P < 0.05)
increase in membrane associated cholera toxin
substrate (75.0 = 19.4%, N =4). Furthermore,
nicotinamide appeared to restore the iloprost-
dependent loss of cholera toxin substrate from
platelet membranes (Fig. 4). These apparent changes
in the abundance of cholera toxin substrate were
investigated further by immunoblotting of Gsa.
Immunoblots of membrane proteins prepared from

platelets that had been treated with iloprost,
nicotinamide, or iloprost and nicotinamide together
revealed no change in membrane associated Gsa
(Fig. 5).

The results in platelets suggested the possibility
that the effect of nicotinamide on the activity and
abundance of membrane associated Gsain NG108-15
cells might not be to prevent its elimination, but
rather might reflect an increase in de novo protein
synthesis of Gsa. In order to examine this possibility,
NG108-15 cells were treated for 18 hr in the absence
or presence of 50 mM nicotinamide, and the
abundance of mRNA coding Gsa examined. The
abundance of mRNA coding actin was also
determined from the samples as a marker of the
loading of the gel. Treatment with nicotinamide
resulted in a significant (P < 0.05) increase in Gsw
mRNA (72.0+20.3%, N =06) (Fig. 6). Finally,
experiments were performed to examine the
nicotinamide-dependent increase in immunoreactive
Gsa in the absence or presence of an inhibitor of
protein synthesis. NG108-15 cells were treated for
9hr in the absence or presence of 50mM
nicotinamide =+ 20 uyg/mL cycloheximide, and the
abundance of membrane associated Gsa measured
by immunoblotting. Treatment of NG108-15 cells
with nicotinamide for 9 hr resulted in an increase
(P <0.05) in Gsa (88.5+44.0%, N =35), which
was reversed by the addition of cycloheximide.
Cycloheximide treatment alone had no significant
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Fig. 2. Gsa immunoblotting of NG108-15 membranes.
NG108-15 cells were cultured in the absence (control, 1),
or presence of 10 uM iloprost (2), 50 mM nicotinamide (3)
or both 10 uM iloprost and S0 mM nicotinamide together
(4) for 18 hr. The membrane proteins were resolved by
10% SDS-PAGE and transferred to nitrocellulose and
blocked with 3% (w/v) resuspended milk protein for 2 hr.
The blots were incubated for 2 hr with anti-Gsa antiserum
(1:200 dilution) for 2 hr. The blots were exposed for 1 hr
to anti-rabbit IgG (1:1000 dilution) conjugated to horse-
radish peroxidase and the blots developed as described in
Materials and Methods. This result is a representative of
six experiments.

effect on the abundance of membrane associated
Gsa. The abundance of Gsa was measured as
immunoreactivity within individual lanes loaded with
equal amounts of NG108-15 cell membrane protein,
and all results were normalized to total cell protein.

We also examined the capacity of cycloheximide
to inhibit the increase in fluoride-sensitive adenylate
cyclase activity of NG108-15 cells following exposure
to nicotinamide. Cells were cultured for 8 hr in the
absence or presence of 50 mM nicotinamide, 20 ug/
mL cycloheximide or both together. The fluoride-
dependent increase in the adenylate cyclase activity

Gia

Goa

GB

Lane 1 2 3 4

Fig. 3. Gie and Gf immunoblotting in NG108-15
membranes. NG108-15 cells were cultured in the absence
(control, 1), or presence of 10 uM iloprost (2), 50 mM
nicotinamide (3) or both 10uM iloprost and 50 mM
nicotinamide together (4) for 18 hr. The membrane proteins
were resolved by 10% SDS-PAGE and transferred to
nitrocellulose and blocked with 3% (w/v) resuspended milk
protein for 2 hr. The blots were incubated for 2 hr with
either anti-Gia antiserum (1:200 dilution) or anti-Gf
antiserum (1:1000) for 2 hr. The blots were exposed for
1hr to anti-rabbit IgG (1:1000 dilution) conjugated to
horseradish peroxidase and the blots developed as described
in Materials and Methods. This result is a representative
of three experiments.

was 47.5 = 6.2, N = 5 pmol cAMP/min/mg protein
in control membranes and 72.3 = 7.1 pmol cAMP/
min/mg protein in nicotinamide-treated cells
(P < 0.05). In cells treated with cycloheximide alone,
there was no change in fluoride-sensitive adenylate
cyclase activity (39.0 = 2.4pmol cAMP/min/mg
protein) when compared to control. In those cells
treated with both cycloheximide and nicotinamide
together, the nicotinamide-dependent increase in
fluoride-sensitive adenylate cyclase activity was
eliminated (52.3 % 5.6 pmol cAMP/min/mg protein).

Nicotinamide at a concentration of 50mM
inhibits not only the activity of the mono(ADP-
ribosyl)transferase, but also that of the poly(ADP-
ribosyl)transferase. The K; values of nicotinamide
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Table 2. Effect of 18 hr iloprost = nicotinamide pretreatment of platelets on adenylate
cyclase activity

Adenylate cyclase activity
(pmol cyclic AMP/min/mg protein)

Treatment Basal 1 uM iloprost 10mMF

Control 98.5 = 20.6 684 = 7712 153 = 33%4
N=6 N=6 N=6

10 uM iloprost 82.4+22.9 321 £ 43! 40.2 = 1.6°
N=5 N=S5 N=5

10 uM iloprost + 105 =32 328 + 647 32.6+7.3
50 mM nicotinamide N=35 N=5 N=4

Platelets were prepared in platelet rich plasma and maintained in the absence or
presence of 10 yM iloprost = 50 mM nicotinamide for 18 hr. Platelets were harvested,
membranes prepared and adenylate cyclase activity measured as described in Materials
and Methods. The enzyme activities relating to measurements made in the presence
of 10 mM NaF or 1 uM iloprost are the év values for the increase in enzyme activity
above the basal level. The results are expressed as the means + SEM, where the
shared superscript numbers indicate differences between a pair of mean values
(P < 0.05). P values were determined by unpaired, two-tailed r-tests.

kDa

66 —

45 —
36 —

29 —
24 —

1 2 3 4

Fig. 4. Cholera toxin [*?P]JADP-ribosylation of platelet membranes. Platelets were maintained in the
absence (control, 1), or presence of 10 uM iloprost (2), 50 mM nicotinamide (3) or both 10 uM iloprost
and 50 mM nicotinamide together (4) for 18 hr. Cells were harvested and membranes prepared as
described in Materials and Methods. The membranes were then subjected to cholera toxin [*P]JADP-
ribosylation and the labelled proteins resolved by 10% SDS-PAGE and autoradiography as described
in Materials and Methods. The additional lanes show the absence of labelling in parallel experiments
performed in the absence of cholera toxin. This result is a representative of four experiments.

for the two enzymes are however different. NG108-15 Treatment of cells with 0.5, 1.0, 5.0 or 10 mM
cells were therefore cultured for 18 hr in selected nicotinamide had no effect on the abundance of
concentrations of nicotinamide, and the abundance of immunoreactive Gsa compared with the control,
membrane associated Gsaexamined byimmunoblot.  while exposure of cells to 50 mM nicotinamide
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Fig. 5. Gsa immunoblotting of platelet membranes.
Platelets were maintained in the absence (control, 1), or
presence of 10 uM iloprost (2), 50 mM nicotinamide (3) or
both 10 uM iloprost and 50 mM nicotinamide together (4)
for 18 hr. The membrane proteins were resolved by 10%
SDS-PAGE and transferred to nitrocellulose and blocked
with 3% (w/v) resuspended milk protein for 2 hr. The blots
were incubated for 2 hr with anti-Gse antiserum (1:200
dilution) for 2 hr. The blots were exposed for 1 hr to anti-
rabbit IgG (1:1000 dilution) conjugated to horseradish
peroxidase and the blots developed as described in Materials
and Methods. This result is a representative of four
experiments.

resulted in a significant (P <0.05) increase
(108.2 £ 33.7%, N = 10) above the control.

DISCUSSION

Prostacyclin receptors are eliminated from the cell
membrane of NG108-15 cells following prolonged
exposure to iloprost or PGE,. In the same cells
there is an accompanying loss of Gsa [17-
19,21, 22,24, 29]. In the present experiments, the

iloprost-dependent loss of membrane associated Gsar
in NG108-15 cells was reversed by simultaneous
exposure to nicotinamide, an inhibitor of
mono{ADP-ribosyl)ation. This was confirmed by
measurement of Gsa as cholera toxin substrate and
by immunoblotting using a specific Gsa antiserum.
The restoration of Gsa following nicotinamide
treatment was also accompanied by restored fluoride-
stimulated adenylate cyclase activity. However,
nicotinamide was unable to restore iloprost-
dependent loss of iloprost-stimulated adenylate
cyclase activity. The homologous desensitization of
iloprost responsiveness reflects loss of PGI, receptors
[19, 20, 29] rather than reduced abundance of Gsa,
and is not affected by nicotinamide [17].

Exposure of platelets to iloprost is also followed
by loss of cholera toxin substrate [21, 23]. We have
shown that nicotinamide treatment of platelets led
to an increase in cholera toxin substrate, confirming
the results of other workers [23]. The increase in
cholera toxin substrate was similar to that seen in
NG108-15 cells. However, in platelets nicotinamide
alone had no effect on adenylate cyclase activity
which contrasts with results from NG108-15 cells, in
which nicotinamide treatment led to an increase in
both basal and agonist-stimulated adenylate cyclase
activity [17]. Exposure of platelets to iloprost and
nicotinamide together appeared to restore the
abundance of Gsa (measured as cholera toxin
substrate) towards control levels, which confirms a
previous report [23]. The increase in cholera toxin
substrate in both platelets and NG108-15 cells
following exposure to nicotinamide was unaffected
by the simultaneous addition of iloprost. The reason
for this is at present unclear, but we infer that the
predicted loss of cholera toxin substrate due to
iloprost has no capacity to modify the availability of
cholera toxin substrate following inhibition of the
endogenous  (eukaryotic) mono(ADP-ribosyl)-
transferase.

The iloprost-dependent reduction in cholera toxin
substrate seen in platelets was not associated with
changes in the abundance of Gsa when measured
by immunoblotting, which again confirms the earlier
report [23]. This was interpreted at that time as
reflecting iloprost-dependent stimulation of ADP-
ribosylation of Gsa by an endogenous enzyme,
which leads to the subsequent unavailability of Gsa
as cholera toxin substrate. Since the abundance of
immunoreactive Gsa in platelets is unaltered by
exposure to iloprost, there was clearly no associated
removal of Gsa from the plasma membrane as seen
in NG108-15 cells. The platelet data are of interest
in this study because the observed changes in cholera
toxin substrate following iloprost exposure cannot
be explained solely in terms of Gsa abundance. This
implies that Gsa is less available as a substrate for
cholera toxin after iloprost exposure (perhaps by
ADP-ribosylation during desensitization), although
this is not the mechanism of heterologous desen-
sitization. When platelets were treated with iloprost
in the presence of nicotinamide, there was no
restoration of the iloprost-dependent heterologous
loss of fluoride-sensitive adenylate cyclase. Thus,
the inactivation of Gsa by iloprost appears to involve
a mechanism other than ADP-ribosylation.
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28—

18—

Lanes 1

Fig. 6. Northern blot of NG108-15 cells for mRNA encoding Gsa and a-actin. NG108-15 cells were
cultured in the absence (1 and 3) or presence (2 and 4) of 50 mM nicotinamide for 18 hr. The cells
were harvested and total mRNA extracted as described in Materials and Methods. Total RNA was
resolved in a 1.2% (w/v) agarose gel and transferred to nitrocellulose. The filters were pre-hybridized
as described in Materials and Methods and finally hybridized with ¥P-labelled fragments of Gsa
common cDNA (1 and 2) or a-actin cDNA (3 and 4). The blots were washed as described in Materials
and Methods and subjected to autoradiography. This figure is a representative of six experiments.

The observation that nicotinamide increased the
abundance of Gsain NG108-15 cell membranes and
reversed iloprost-dependent loss of Gsa, suggested
initially that ADP-ribosylation of Gs& by a eukaryotic
enzyme might target Gsa for removal from the cell
membrane. This would be consistent with the finding
that persistent cholera toxin ADP-ribosylation of
NG108-15 cells is followed by the removal of Gsa
from the cell membrane [30,31]. However, in
platelets nicotinamide had no effect on the abundance
of immunoreactive Gsa, although nicotinamide
treatment increased cholera substrate (presumably
by inhibiting endogenous ADP-ribosylation of
membrane bound Gsa). Furthermore, treatment of
platelets with iloprost had no effect on the abundance
of membrane associated immunoreactive Gsa. Thus,
it seems improbable that ADP-ribosylation by a
eukaryotic enzyme targets Gsa for removal from
platelet membranes, but remains a possible mech-
anism in NG108-15 cells.

The values obtained for Gsa molecular weight
(Figs 1, 2, 4 and 5) appear to be somewhat higher
than those quoted in certain papers [29,30] and
predicted by the primary sequence, although they
are consistent with the finding of a 52 kDa species
in other reports (17, 32]. This topic was discussed by
Gilman [33] who concluded that the electrophoretic
behaviour of the larger form of Gsa is anomalous
in SDS polyacrylamide gels, and may well reflect its
post-translational modification in intact cells.

An important difference between NG108-15 cells

and platelets in the context of these experiments is
the inability of platelets to synthesise new protein.
We considered the possibility therefore, that the
observed differences between NG108-15 cells and
platelets were the result of de novo protein synthesis
in NG108-15 cells. Treatment of NG108-15 cells with
nicotinamide was followed by a selective increase in
the abundance of both Gsa and the Gsa transcript,
with no change in the abundance of Gia and Gg.
However, the observed increase in the Gsatranscript
following nicotinamide treatment would not necess-
arily lead to increased synthesis of Gsa, which
prompted experiments which showed that cyclo-
heximide (an inhibitor of protein synthesis) reversed
the capacity of nicotinamide to increase membrane
associated Gsa, with an accompanying loss of the
capacity of nicotinamide to increase the fluoride-
sensitive adenylate cyclase.

A eukaryotic mono(ADP-ribosyl)transferase has
been shown to ADP-ribosylate EF-2 [11,34] and
inhibit protein synthesis, which suggests the
possibility that nicotinamide might reverse this
effect. However, this would not readily explain the
nicotinamide-dependent increase in Gsa mRNA,
nor indeed the selective effect on Gsa expression.
The identity of the particular ADP-ribosyltransferase
involved in the control of Gsa expression in
NG108-15 cellsremains obscure, butit is provisionally
identified as a mono(ADP-ribosyl)transferase on the
basis of the concentrations of nicotinamide required
to inhibit the enzyme (>10 mM) and elevate both
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Gsa abundance and specific mRNA in these
experiments. The ICs of nicotinamide for poly(ADP-
ribosyl)transferase is 30 uM [6], from which it follows
that at concentrations of nicotinamide of 1-10 mM,
the poly(ADP-ribosyl)transferase would be totally
inhibited. In contrast, the 1Csy of nicotinamide for
mono(ADP-ribosyl)transferase is 3.4 mM, and thus
greater concentrations of nicotinamide are required
to inhibit the enzyme. We propose that the increase
in abundance of both immunoreactive Gsw and its
transcript following exposure of NG108-15 cells to
50 mM nicotinamide may involve inhibition of a
mono(ADP-ribosyl)transferase, although clearly
other effects of nicotinamide at this concentration
might contribute to the effect.

We conclude that mono(ADP-ribosyl)ation of
Gsa within the membrane of NG108-15 cells or
platelets by a eukaryotic enzyme reduces the capacity
of Gsa to serve as a substrate for cholera toxin.
Although ADP-ribosylation of Gsa by cholera toxin
appears to trigger the elimination of Gsa from the
plasma membrane [30, 31], the eukaryotic enzyme
appears not to fulfil a similar role in either platelets
or NG108-15 cells. The abundance of Gsa within
the plasma membrane is tightly regulated, but may
be reduced by chronic exposure of NG108-15 cells
to iloprost. The elimination of Gsa from the plasma
membrane of these cells may be invoked to
explain the heterologous loss of fluoride-dependent
activation of adenylate cyclase, or indeed activation
by other agonists such as adenosine [21,22]. In
NG108-15 cells, inhibition of ADP-ribosylation
[most probably a mono(ADP-ribosyl)transferase]
during iloprost exposure restores the level of Gsa
within the plasma membrane, and reverses the loss
of fluoride sensitivity. The mechanism however is
unrelated to the elimination pathway(s) for Gsa
from the membrane, and involves rather a selective
increase in the de novo synthesis of Gsa. In platelets,
the inactivation of Gsa following exposure to iloprost
is not followed by loss of Gsa from the cell surface,
and implies that inactive Gsa may be retained within
the plasma membrane.
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