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Demethoxyviridin and wortmannin block phospholipase C and
D activation in the human neutrophil
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1 The fungal metabolite, wortmannin, has recently been shown to inhibit fMet-Leu-Phe-stimulated
superoxide production and phospholipase D (PLD) activation in the human neutrophil.
2 We have found that a close structural analogue of wortmannin, demethoxyviridin, has a similar inhibi-
tory profile but in addition blocks phosphatidylinositol 4,5-bisphosphate-specific phospholipase C and
hence inositol 1,4,5-trisphosphate (1P3) formation.
3 Inhibition of fMet-Leu-Phe-stimulated PLD by demethoxyviridin was characteristically non-

competitive (IC50 = 31 + 10nM).
4 Inhibition of fMet-Leu-Phe-stimulated 1P3 formation required concentrations almost 10 times higher
(IC50 = 250 + 130 nM).
5 Surprisingly, demethoxyviridin only inhibited fMet-Leu-Phe-induced intracellular calcium mobi-
lization at concentrations 100 times greater than those needed to block IP3 formation.
6 Demethoxyviridin also inhibited PLD activation induced by sodium fluoride or phorbol myristate
acetate (PMA) but the concentrations required were 100 times those needed to block fMet-Leu-Phe-
stimulated PLD.
7 These observations support the contention that PLD plays an important role in signal transduction in
the human neutrophil and indicate that wortmannin and demethoxyviridin inhibit PLD activation at a
common step in the signalling pathway.
8 Furthermore, these results suggest that demethoxyviridin may block the interaction between the che-
motactic peptide receptor and a GTP-binding protein that is intimately involved in PLD activation.
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Introduction

There is now a considerable amount of evidence suggesting
that phospholipase D (PLD) plays an important role in intra-
cellular signal transduction (Pelech & Vance, 1989; Loffelholz,
1989; Exton, 1990). PLD is activated by a variety of stimu-
latory agonists in many different cell types (Kobayashi &
Kanfer, 1987; Bocckino et al., 1987; Pai et al., 1988a; Rubin,
1988; Liscovitch, 1989; Gelas et al., 1989; Ben-Av & Lisco-
vitch, 1989; Qian & Drewes, 1989; Gruchalla et al., 1990). The
major substrate for this enzyme appears to be phospha-
tidylcholine (PC), which is hydrolysed to phosphatidic acid
(PA). PA can be further metabolised by phosphatidate phos-
phatase to yield the second messenger, diacylglycerol, which
activates protein kinase C. PA may also serve a second mes-
senger function since it is known (i) to be mitogenic, (ii) to
increase intracellular calcium and guanosine 3',5'-cyclic mono-
phosphate (cyclic GMP) concentrations, (iii) to activate phos-
pholipase A2 and (iv) to inhibit cellular adenylate cyclase
(Moolenaar et al., 1986; Yu et al., 1988; Imagawa et al., 1989;
Ohsako & Deguchi, 1981; 1983; Harris et al., 1981; Van
Corven et al., 1989). The precise mechanism by which PLD is
activated is unclear, but it is known that calcium ionophores,
phorbol esters, unsaturated fatty acids and guanine nucleo-
tides will increase PLD activity in intact cells and isolated
membrane preparations (Bocckino et al., 1987; Qian &
Drewes, 1989; Billah et al., 1989; Anthes et al., 1989; Tetten-
born & Mueller, 1988). PLD activity can be readily quantitat-
ed in *intact cells by measuring the formation of
phosphatidylalcohols, which are produced by a unique PLD-
dependent transphosphatidylation reaction (Kobayashi &
Kanfer, 1987; Pai et al., 1988b). Recent work from this labor-
atory has indicated that in cytochalasin B-primed neutrophils,
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superoxide production stimulated by the chemotactic peptide,
fMet-Leu-Phe, is totally dependent on PLD activation
(Bonser et al., 1989).
The fungal metabolite, wortmannin, is a potent inhibitor of

neutrophil activation. Wortmannin inhibits fMet-Leu-Phe-
stimulated superoxide production without affecting the mobi-
lization of intracellular calcium (Dewald et al., 1988). Further
information on its mode of action comes from the studies of
Reinhold et al. (1990) who have reported that wortmannin
blocks PLD activation induced by fMet-Leu-Phe. In this
study we have investigated the effects of a close structural ana-
logue of wortmannin i.e. demethoxyviridin, on signal trans-
duction events in the human neutrophil. Like wortmannin,
demethoxyviridin potently inhibits the respiratory burst in
neutrophils and blocks PLD activation in response to the che-
motactic peptide. Furthermore, demethoxyviridin is also able
to block fMet-Leu-Phe-stimulated inositol 1,4,5-trisphosphate
(1P3) formation. Evidence is presented which suggests that
wortmannin and demethoxyviridin act by a common mecha-
nism that may disrupt the interaction between the chemotac-
tic peptide receptor and a guanosine 5'-triphosphate (GTP)-
binding protein(s).

Methods

Human peripheral blood neutrophils were purified (Tateson et
al., 1988) and suspended in 30mm HEPES-buffered Hanks
balanced salt solution, pH 7.2 (Hanks & Wallace, 1949). fMet-
Leu-Phe- and phorbol ester-stimulated superoxide generation
were measured as described by Cohen & Chovaniec (1978).
PLD activity was estimated by measuring the incorporation
of high specific activity [3H]-butan-1-ol (12 Ci mmol 1, Amer-
sham International, Amersham, Bucks) into [3H]-phospha-
tidylbutanol (PBut) as described by Randall et al. (1990).
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Amounts of IP3 were measured by the method described by
Palmer et al. (1988) and levels of diradylglycerol (DRG) were
determined according to Preiss et al. (1986), except that mixed
micelles containing 5mol% of phosphatidylserine in Triton
X-100 (0.3%, w/v) were used in place of fi-octylglucoside/
cardiolipin. Release of intracellular calcium was measured
with the fluorescent probe fluo-3AM (Molecular Probes Inc.)
Fluo-3AM-loaded neutrophils were stimulated with fMet-
Leu-Phe in the presence of 4mm EGTA and fluorescence was
monitored with a Perkin-Elmer MPF2 spectrofluorimeter
with monochromators set at 506nm excitation and 526nm
emission. A Kd value of 4.5 x 10-7M for fluo-3 was used to
quantify the fluorescence (Minta et al., 1989).
Wortmannin was supplied by Sandoz, Basle, Switzerland

and demethoxyviridin was a gift from Dr J. Hanson, Sussex
University, Brighton, E. Sussex. Inhibitors were dissolved in
dimethylsulphoxide and the final vehicle concentration did
not exceed 0.2% by volume.

Results

The effects of wortmannin and demethoxyviridin on human
neutrophil activation are compared in Figure 1. Wortmannin
was found to be a potent inhibitor of fMet-Leu-Phe-stimu-
lated superoxide production, with an IC50 value
(concentration causing 50% inhibition) of 7 + 1 nm. Deme-
thoxyviridin was equally potent and blocked the respiratory
burst with an IC50 of 5 + 2 nm. At concentrations up to 1 pM,
wortmannin and demethoxyviridin had no effect on PMA-
stimulated superoxide production (results not shown).
Although wortmannin is a potent inhibitor of superoxide pro-
duction it is reported to have no effect on fMet-Leu-Phe-
induced intracellular calcium mobilization, even at concentra-
tions up to 1 ,M (Dewald et al., 1988). Figure 1 illustrates the
action of demethoxyviridin on chemotactic peptide-stimulated
intracellular calcium mobilization. Release of intracellular
calcium was inhibited by demethoxyviridin but only at con-
centrations several thousand times greater than were required
to block superoxide production. All of these observations
strongly suggest that wortmannin and demethoxyviridin
inhibit receptor-effector coupling by a common mechanism.

This mechanism was investigated further by monitoring the
effects of wortmannin and demethoxyviridin on fMet-Leu-
Phe-stimulated second messenger-diacylglycerol production.
Both inhibitors blocked diradylglycerol (DRG) generation
stimulated by the chemotactic peptide (Figure 2). Demethoxy-
viridin was approximately six times more potent than wort-
mannin as an inhibitor of DRG production (IC50 values for
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Figure 1 Effect of wortmannin and demethoxyviridin on fMet-Leu-
Phe-stimulated superoxide production and intracellular calcium
mobilization. Cytochalasin B-treated human neutrophils were stimu-
lated with 100 nM fMet-Leu-Phe in the presence of wortmannin (-) or

demethoxyviridin (0, *) and superoxide production (0, *) or intra-
cellular calcium mobilization (*) measured as described in Methods.
Results are the mean from three separate experiments with neutro-
phils from different donors; vertical bars show s.e.mean.
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Figure 2 Inhibition of fMet-Leu-Phe-stimulated diradylglycerol
(DRG) formation by wortmannin or demethoxyviridin. Human neu-
trophils pretreated with cytochalasin B were incubated with different
concentrations of wortmannin (N) or demethoxyviridin (0) for 5 min
at 37°C. fMet-Leu-Phe (100 nM) was then added and DRG production
measured by radioenzymatic assay. Results are the mean from three
separate experiments with neutrophils from different donors; vertical
bars show s.e.mean. Resting DRG levels were 111 lOpmol per IO0
cells (n = 36) and increased after 5min to 573 ± 44pmol per 107 cells
(n = 36) in the absence of the inhibitors.

wortmannin and demethoxyviridin were 110 + 45 nm and
15 + 3 nM, respectively). Since wortmannin is reported to
block fMet-Leu-Phe-induced PLD activation (Reinhold et al.,
1990), it was necessary to explore the effect of demethoxyviri-
din on PLD. Demethoxyviridin inhibited the PLD-dependent
formation of phosphatidylbutanol (PBut) in chemotactic
peptide-stimulated human neutrophils at concentrations
similar to those needed to block DRG formation (Figure 3).
This observation provides further evidence that the PLD-
phosphatidate phosphatase pathway is the major source of
DRG in activated neutrophils. The mode of action and selec-
tivity of demethoxyviridin as an inhibitor of phospholipase
activation was examined by measuring its effect on chemotac-
tic peptide-stimulated inositol 1,4,5-trisphosphate (1P3) pro-
duction (Figure 3). Surprisingly, phospholipase C-dependent
1P3 formation was blocked by demethoxyviridin at concentra-
tions that were only 10 times higher than those needed to
inhibit PLD activation (Figure 3). More importantly, the con-
centrations of demethoxyviridin that almost totally abolished
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Figure 3 Effect of demethoxyviridin on fMet-Leu-Phe-stimulated
1,4,5-trisphosphate (OP3) production and [3H]-phosphatidylbutanol
([3H]-PBut) formation. Cytochalasin B-pretreated human neutrophils
were incubated with demethoxyviridin for 5 min at 370C then stimu-
lated with l00nM fMet-Leu-Phe and phospholipase D (PLD)-depen-
dent [3H]-PBut formation measured after a further 5 min (A). 1P3
production induced by fMet-Leu-Phe (300nM) was monitored at 20s
in the absence of cytochalasin B (U). Results are the mean for three
separate experiments with neutrophils from different donors; vertical
bars show s.e.mean. Basal [3H]-PBut values were 1893 + 528d.p.m.
(n = 3) and increased to 5749 + 2778d.p.m. (n = 3) in the absence of
demethoxyviridin. Resting 1P3 levels were 13.3 + 2.0pmol per 107
cells (n = 13) and reached 50.3 + 8.1 pmol per 107 cells in the absence
of the inhibitor.
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Figure 4 Time courses for phorbol myristate acetate (PMA)- and
sodium fluoride-induced [3H]-plbosphatidylbutanol ([3H]-PBut) for-
mation in human neutrophils. Neutrophils pretreated with cyto-
chalasin B were incubated with lOOnM PMA (@) or 20mM sodium
fluoride (A) and phospholipase D-dependent [3H]-PBut formation
measured as described in Methods. Results are the mean for three
separate experiments with neutrophils from different donors; vertical
bars show s.e.mean.

IP3 formation had no effect on intracellular calcium mobi-
lization (Figures 1 and 3).
The site of interaction of demethoxyviridin with the

receptor-linked PLD-dependent signalling pathway in the
neutrophil was investigated by monitoring its effects on PMA-
and sodium fluoride-stimulated PBut formation. PMA-
stimulated transphosphatidylation was slow and still increas-
ing after 45 min (Figure 4). In contrast, PLD activation
induced by fluoride displayed a distinct lag period of 1-2 min
followed by a rapid response that was complete within 10min
(Figure 4). Demethoxyviridin inhibited PMA-stimulated PLD
activity in a concentration-dependent manner (IC50 = 4
+ 1 uM) and blocked fluoride-activated PLD at concentra-
tions above 300 nm (Figure 5). It should be noted that these
concentrations are much greater than are required to inhibit
fMet-Leu-Phe-stimulated PBut formation (Figure 3).
The type of inhibition exhibited by demethoxyviridin in

fMet-Leu-Phe-stimulated neutrophils was examined by moni-
toring its effects on the chemotactic peptide dose-response
curve for PBut formation (Figure 6). Increasing concentra-
tions of demethoxyviridin progressively depressed maximum
PBut formation in response to fMet-Leu-Phe with little indi-
cation of a rightward shift in ED50 values, consistent with a

non-competitive type of inhibition.
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Figure 5 Effect of demethoxyviridin on phorbol myristate acetate
(PMA)- and sodium fluoride-stimulated [3H]-phosphatidylbutanol
([3H]-PBut) production in human neutrophils. Neutrophils (0.5 ml at
2 x 107 cells per ml) were preincubated with cytochalasin B and dif-
ferent concentrations of demethoxyviridin for 5min at 37°C then
treated with 100nM PMA (A) or 20mM sodium fluoride (M) and
[3H]-PBut formation quantitated. PMA- and sodium fluoride-
induced PBut formation was measured after 30min and 20min,
respectively. Results are the mean from three experiments with neu-

trophils from different donors; vertical bars show s.e.mean.

Figure 6 Inhibition of fMet-Leu-Phe (FMLP-stimulated [3H]-
phosphatidylbutanol ([3H]-PBut) formation by demethoxyviridin.
Concentration-effect curves for fMet-Leu-Phe-stimulated [3H]-PBut
formation were generated in the absence (-) or presence of 20nM (U)
and 50nM (A) demethoxyviridin, according to the procedure outlined
in the legend to Figure 3. Results are from a single representative
experiment.

Discussion

Recent work has suggested that the fungal metabolite, wort-
mannin, may inhibit chemotactic peptide-stimulated super-

oxide production by blocking the activation of PLD (Dewald
et al., 1988; Reinhold et al., 1990). The formation of phospha-
tidylalcohols is a specific indicator of PLD activity and pro-
vides a simple means of monitoring PLD activity in intact
cells (Kobayashi & Kanfer, 1987; Pai et al., 1988b). We have
used the formation of [3H]-PBut from high specific activity
[3H]-butan-1-ol to investigate the inhibitory action of a close
analogue of wortmannin, i.e. demethoxyviridin, in the human
neutrophil. We have found that demethoxyviridin and wort-
mannin inhibit superoxide production at similar concentra-
tions. Furthermore, demethoxyviridin blocked PLD-
dependent phosphatidylalcohol formation at concentrations
similar to those reported for wortmannin (Reinhold et al.,
1990), suggesting that these fungal metabolites act at a
common step in the signal transduction pathway. The inhibi-
tion of fMet-Leu-Phe-stimulated [3H]PBut formation was
characteristically non-competitive, suggesting that demethoxy-
viridin does not block the interaction of the chemotactic
peptide with its receptor. This observation also reinforces the
view that these inhibitors block signal transduction events.

Information on the site of action of wortmannin has been
obtained from studies that have bypassed receptor events and
activated PLD directly. It is reported that wortmannin does
not inhibit phosphatidylethanol (PEt) formation stimulated by
PMA (Reinhold et al., 1990). In agreement with this, we found
that PMA-induced transphosphatidylation was only inhibited
by demethoxyviridin at high concentrations. These observa-
tions indicate that wortmannin and demethoxyviridin are not
active site inhibitors and that inhibition probably occurs at a

point along the signalling pathway that lies between the che-
motactic peptide receptor and PLD. Interestingly, Reinhold
and co-workers (1990) reported that PMA was a weaker
stimulus than fMet-Leu-Phe for PLD activation in the neu-

trophil. It is worthwhile noting that this group measured
PMA-induced PEt formation after 5 min. Our data show that
this period of incubation would only detect a fraction of the
PLD activity stimulated by PMA.

Phorbol esters and fMet-Leu-Phe stimulate the release of
large amounts of DRG from cytochalasin B-treated neutro-
phils (Honeycutt & Niedel, 1986; Bonser et al., 1989; Dough-
erty et al., 1989). There is now strong evidence indicating that
the hydrolysis of phosphatidylinositol 4,5-bisphosphate by
PLC cannot be the sole source of this lipid and that the
majority of the DRG released is probably derived through the
PLD-phosphatidate phosphatase pathway (Pelech & Vance,
1989; Loffelholz, 1989; Bonser et al., 1989; Exton, 1990). The
inhibitory effects of wortmannin and demethoxyviridin on

DRG production observed in this study provides further
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support for this pathway as the major source of second
messenger-diacylglycerol in the neutrophil. It has been report-
ed by Reinhold et al. (1990) that wortmannin does not block
fMet-Leu-Phe-stimulated diacylglycerol production. We can
offer no explanation for their failure to observe any effect,
since in our experiments significant inhibition of DRG pro-
duction (i.e. 40-50%) was observed with wortmannin at the
concentrations used by these investigators.

Activation of PLD may involve a GTP-binding protein
since non-hydrolysable GTP analogues (e.g. GTPyS) have
been shown to stimulate PLD in membranes isolated from
brain, liver and HL60 cells (Bocckino et al., 1987; Qian &
Drewes, 1989; Tettenborn & Mueller, 1988; Anthes et al.,
1989). There are several examples where G-protein activation
has been mimicked by high concentrations of fluoride
(Eckstein et al., 1979; Sternweis & Gilman, 1982; Bigay et al.,
1985; Gabig et al., 1987). Fluoride was able to activate PLD
in cytochalasin B-treated neutrophils but this response was
not inhibited by demethoxyviridin at concentrations that
completely inhibited fMet-Leu-Phe-stimulated PBut forma-
tion. These observations suggest that demethoxyviridin does
not block GTP-binding protein function but may interfere
with the interaction between the GTP-binding protein and the
chemotactic peptide receptor.

Mobilization of intracellular calcium is mediated by the
second messenger 1P3, produced by a receptor-coupled, phos-
phatidylinositol 4,5-bisphosphate-specific PLC (Berridge &
Irvine, 1989). Wortmannin is reported not to inhibit fMet-
Leu-Phe-stimulated calcium release at concentrations which
completely block superoxide production, suggesting that it
does not inhibit IP3 formation (Dewald et al., 1988). Deme-
thoxyviridin did inhibit 1P3 formation induced by the chemo-
tactic peptide but the concentrations required were 10-20
times greater than those needed to block PLD activation and
DRG production. More surprisingly, inhibition of intracellu-
lar calcium mobilization by demethoxyviridin occurred at

concentrations 100 times greater than those required to
inhibit IP3 formation. It is possible to envisage several expla-
nations for this discrepancy. The most likely possibility is that
only a fraction of the 1P3 that is formed is required to mobi-
lize intracellular calcium. Alternatively, a separate mechanism
for mobilizing intracellular calcium may exist that is indepen-
dent of lP3 production.
PA is reported to increase cellular calcium concentrations

and evoke calcium-mediated physiological responses (Salmon
& Honeyman, 1980; Ohsako & Deguchi, 1981; 1983; Harris
et al., 1981). It has been suggested that PA may function as an
endogenous calcium ionophore, although it is also known to
enhance the production of 1P3 (Putney et al., 1980; Jackowski
& Rock, 1989). Mobilization of intracellular calcium is unaf-
fected by wortmannin and demethoxyviridin at concentrations
that totally inhibit PLD activation. It is clear, therefore, that
PA generated by PLD activation does not contribute to the
release of intracellular calcium in the neutrophil. It is evident
from these studies that demethoxyviridin displays little selec-
tivity for PLD over PLC and consequently blocks both PLC-
and PLD-derived second messenger production, yet is able to
discriminate between the functional responses that are depen-
dent on these second messengers.

In summary we have found that a close structural analogue
of wortmannin, demethoxyviridin, inhibits fMet-Leu-Phe-
stimulated superoxide production in the human neutrophil by
blocking the activation of PLD. Wortmannin and demethoxy-
viridin probably act at the same site in the signal transduction
pathway and may block the interaction between the receptor
for fMet-Leu-Phe and a GTP-binding protein that is inti-
mately involved in PLD activation. Interestingly, demethoxy-
viridin does not inhibit intracellular calcium mobilization at
concentrations that almost completely inhibit IP3 formation.

We would like to thank Mr C. O'Neil and Miss I. Acevedo for their
assistance.
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