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Abstract. The molecular mechanism of membrane-asso- 
ciated reactions induced by auxin was investigated in 
membranes isolated from cultured cells of soybean 
( G l y c i n e  m a x  L.). Auxins increased the activity of phos- 
pholipase A 2 in microsomes isolated from suspension- 
cultured soybean cells. The reaction was measured as the 
accumulation of radioactive lysophosphatidylcholine hy- 
drolyzed from radioactive phosphatidylcholine in mem- 
branes which had been prelabelled with [14-C]choline in 
vivo. Stimulation by auxin was detectable after 1 min and 
was auxin-specific in that weak auxins had little effect. 
Auxin concentrations as low as 2.10-SM and up to 
2.10 3M ~-naphthaleneacetic acid already stimulated 
the phospholipase A 2 activity. Guanosine and adenosine 
diphosphate at 100 gM, if applied during homogeniza- 
tion of cells, completely abolished the stimulation of 
phospholipase A 2 by auxin and, when applied after ho- 
mogenization, had no effect. Guanosine and adenosine 
5'-O-thiotriphosphate, uridine 5'-diphosphate, and 
uridine 5'-triphosphate, all at 100 gM, had no effect in 
either treatment, suggesting that only nucleotides en- 
trapped in the vesicles could exert an effect. The effect of 
auxin on phospholipase A2 had an optimum at pH 5.5 
and was abolished completely by an antibody against the 
membrane-associated auxin-binding protein from maize 
coleoptiles, applied after homogenization. This antibody 
recognized a 22-kDa polypeptide in highly purified plas- 
ma membranes from cultured soybean cells. This sug- 
gests a receptor function for this auxin-binding protein 
and a role for a cytosolic nucleotide-binding protein in 
the activation of phospholipase A 2 by auxin. It is con- 
cluded that phospholipase A 2 has a function in plant 
signal transduction. 

Abbreviations: ABP = auxin-binding protein; ATP 7 S = adenosine 
5'-O-thiotriphosphate; 2,4-D=2,4-dichlorophenoxyacetic acid; 
GYP 7 S -- guanosine 5'-O-(thiotriphosphate); IgG = immunoglo- 
bulin G; LPC =lysophosphatidylcholine; ~-, fl-NAA = ~, fl-naph- 
thaleneacetic acid; P L A  2 = phospholipase A 2 
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Introduction 

Growth media for cultured plant cells contain auxin, and 
cultured plant cells usually completely depend on auxin 
to sustain growth. Recent observations also show that 
membranes from cultured plant cells bind and respond 
to auxin (LaSchiavo et al. 1991) so that they can be 
expected to exhibit basic membrane-associated responses 
which may occur in many plant tissues. We have inves- 
tigated the response of cultured soybean cells and of 
membranes isolated from them, and of rapidly growing 
zucchini hypocotyl tissue and found in both a rapid 
activation of phospholipase A 2 by auxin (Scherer and 
Andr6 1989; Andr6 and Scherer 1991). The use of cul- 
tured plant cells as a source to isolate membranes en- 
abled us to further analyse details of the auxin activation 
of phospholipase A2 (PLA/) in plant membranes. 

Phospholipase A2 is part of the signal-transduction 
pathways in animal cells (Burch et al. 1986; Jelsema 
1987; Jelsema and Axelrod 1987; Burch et al. 1988; 
Brooks et al. 1989; Murayama et al. 1990; Narasimhan 
et al. 1990; Silk et al. 1990; Teitelbaum et al. 1990). In 
animals the physiologically important metabolite is 
arachidonic acid generated by PLA2 which is a precursor 
of prostaglandins and leucotrienes which have many 
physiological roles, e.g. in inflammatory reactions 
(Chang et al. 1987; Samuelson and Funk 1989). For 
plants we have postulated that lysophospholipids can act 
as second-messenger-like lipid mediators since these lip- 
ids and the structurally similar platelet-activating factor 
activate a membrane-associated protein kinase (Martiny- 
Baron and Scherer 1988; Martiny-Baron and Scherer 
1989) and H +-ATPase (Scherer 1985; Martiny-Baron 
and Scherer 1989; Palmgren and Sommarin 1989) so that 
in principle, a chain of reactions could lead from auxin 
to the plasma-membrane H+-ATPase, involving the 
membrane-associated auxin receptor, PLAz and a lipid- 
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activated protein kinase (Scherer 1990; Scherer et al. 
1990; Andr6 and Scherer 1991). 

Moreover, recent experiments have shown that a fatty 
acid, linolenic acid, is the precursor to a plant hormone, 
jasmonic acid, with a biosynthetic pathway reminiscent 
of leukotrienes (Anderson 1989), and that both this fatty 
acid and jasmonic acid have striking biological effects in 
wounding responses (Farmer and Ryan 1992), in tendril 
coiling (Falkenstein et al. 1991) and in accumulation of 
secondary plant metabolites (Gundlach et al. 1992). The 
fatty-acid-releasing enzyme has not yet been identified 
but, conceivably, it could be a PLA2 so that the similari- 
ties to animal systems would extend even further. Since 
cultured soybean cells are a convenient experimental 
system we present here some properties of the auxin- 
d e p e n d e n t  P L A  2 reaction in membranes isolated from 
them. We found that it is receptor-mediated and influ- 
enced by nucleotides, suggesting that a nucleotide- 
sensitive protein might take part in the signal-transduc- 
tion pathway proposed by us. 

Preparation of membranes by free-flow electrophoresis. Plasma mem- 
branes were prepared by two-phase partitioning and subsequent 
free-flow electrophoresis (Scherer et al. 1992). 

Immunoblotting. Membrane protein was solubilized by 2 min boil- 
ing in 125 mM Tris-HC1 pH 6.8, 8% (w/v) sodium dodecyl sulfate, 
20 % (v/v) glycerol, and 0.01% (w/v) bromophenol blue and subject- 
ed to sodium dodecyl sulfate gel electrophoresis in a 12.5% gel 
10 • 10 cm 2. Immunoblotting was done for 1 h at 10 V (constant 
voltage) onto nitrocellulose sheets. The nitrocellulose was blocked 
for 2 h with 0.5% hemoglobin in TBS (50 mM tris(hydroxyami- 
nomethyl)aminomethane-HCl, pH 8.0 in 150 mM NaCI) and then 
incubated overnight at 4 ~ C and for 2 h at room temperature with 
primary antibody in TBS with 0.5% hemoglobin, followed by four 
washing steps in TBS: once in TBS (5 min), twice in TBS with 0.5% 
Triton X-100 (5 min each) and in TBS with 0.5% hemoglobin 
(5 min). Incubation with phosphatase-coupled anti-rabbit im- 
munoglobulin-G (IgG) antibody was for 2 h in TBS with 0.5% 
hemoglobin followed by the same four washing steps as above in 
TBS, then once in borate buffer (60 mM borate, 5 mM MgSO4, pH 
9.5 (NaOH), and colour was developped in Fast Blue B and 13-naph- 
thyl acid phosphate (0.25 mg. ml-1 each) in borate buffer. 

Materials and methods 

Preparation of radioactive membranes. Soybean (Glycine max. L.) 
cells were grown in suspension culture as previously described 
(Scherer and Nickel 1988) in Gamborg B5 medium. Five days after 
inoculation, 50 ml of cell suspension was transferred into 200 ml of 
fresh auxin-free medium and used for experiments after 4 d. Cells 
were transferred into fresh auxin-free medium and 0.1%0.37 MBq 
[14C]choline (1.85-2.2 GBq .  mmol-1;  Amersham, Braunschweig, 
FRG) was added. After 3 h the medium was removed by gentle 
suction. The cells were transferred in homogenization buffer con- 
sisting of 0.5 M sucrose, 1 mM ethylenetetraacetic acid (EDTA), 
1 mM dithioerythritol and 15 mM tris(hydroxymethyl)amino- 
methane-HC1 (Trizma; pH 7.5), and homogenized for 10 min on ice 
with a mortar and pestle. The homogenate was filtered through 
Miracloth (Calbiochem, La Jolla, Calif., USA), centrifuged for 10 
min at 5000 �9 g and the resulting supernatant centrifuged again for 
30 rain at 50000 - g. The pellet was resuspended in 1.5 ml incubation 
buffer consisting of 250 mM sucrose, 200 mM N-morpholinoeth- 
anesulfonic acid(Mes)/Na + pH 5.5 (or of other desired pH values), 
and 1.5 mM MgCI/. Other compounds were added as indicated in 
the figure legends. 

Phospholipase A 2 assay. To 80 gl of microsomal fraction (contain- 
ing 80 gg protein), 20 gl of  incubation buffer, containing auxin and 
other additions, or incubation buffer containing the same amount 
of ethanol alone (controls), was added. In experiments with anti- 
body to the membrane fraction the antibody was added and the 
reaction started after 5 min preincubation on ice by addition of 
auxin. The final ethanol content was always 1% and the incubation 
temperature was 25 ~ C. The assays were stopped at the desired time 
with 0.4 ml chloroform:methanol (1:2, v/v) and the lipid was 
extracted (Bligh and Dyer 1959). The whole chloroform phase was 
submitted to thin-layer chromatography in a solvent system of 
chloroform: methanol: acetone: acetic acid: water 106: 28 : 40: 20:10 
(by vol.) on silica gel plates. Chromatograms were stained with 
iodine vapour and relevant lipids were identified by co-chromatog- 
raphy of standards. The silica gel was scraped off after the complete 
evaporation of iodine and the radioactivity was counted in a liquid 
scintillation counter. Experiments were either performed with dif- 
ferent membrane preparations and one out of a set of two to four 
experiments is shown (Fig. 1, 2, 4, 7, 10) or repeats with the same 
or several preparations were made and the statistical treatments are 
indicated in the legends or by the figures themselves (Fig. 3, 5, 6, 
8, 9). 

Results 

In order to investigate the PLA 2 response to hormones 
in vitro, cultured soybean cells were labelled with 
[14C]choline and microsomes, which contained phospha- 
tidylcholine (PC) and lysophosphatidylcholine (LPC) as 
the only radioactive lipids (Scherer and Andr6 1989), 
were isolated from them. Phospholipase A2 activity can 
be determined by the accumulation of radioactive LPC 
(Fig. 1). In order to avoid pipetting errors it is more 
accurate to express the amount of LPC as a percentage 
of the total radioactive lipid. However, in all experiments 
an accumulation of radioactive LPC with time was found 
(not shown) even though there was some influence of 
phospholipase D (Fig. 2b) which can hydrolyze both PC 
and LPC (Yang et al. 1967; Witt et al. 1987). In the 
experiments shown here, phospholipase D had no appar- 
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Fig. l .  Hormone specificity of the stimulation by auxins of PLA 2 
in microsome prepared from cultured soybean cells. Hormones 
were added to the PLA2 assays at a concentration of 20 ~tM to test 
the hormone specificity. Both IAA and 2,4-D are active auxins; 
2,3-D is a weakly active auxin in growth tests (Penny and Penny 
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[3-NAA see Fig. 2a 
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Fig. 3. Dependence of the percentage stimulation of PLA2 activity 
on the percentage of radioactive LPC at the beginning of the assay. 
All experiments in which a 10-min datum point was taken are 
included in this graph. Control PLA2 activity was set as 100% and 
each dot represents a single experiment. When the data were plotted 
as maximal percentage activation, more experiments could be in- 
cluded but the graph was essentially the same (not shown) 

ent differential effect on the hydrolysis of PC or LPC. An 
even greater difficulty is the presence of at least three or 
more different PLAz activities (Hirayama et al. 1975; 
Huang 1987; Brglez et al. 1992; Kim et al. 1992), only 
one of which is probably the hormone-sensitive PLA2. 
Hence, the true extent of stimulation by hormone cannot, 
at present, be determined in a realistic manner (see also 
Fig. 3) because the fraction of hormone-sensitive PLAE 
in the control assays cannot be determined. Values given, 
therefore, are relative values, mostly for a single experi- 
ment, but trends were always similar. Because of the 
rapid degradation of membrane lipids, no membrane 
purification was attempted. 

The native auxin, indol-3-ylacetic acid (IAA), stim- 
ulated LPC accumulation in prelabeled microsomes 
by 80% compared to the control after 7 rain treatment 
(Fig. 1). The active analogue, 2,4-dichlorophenoxyacetic 

acid (2,4-D), stimulated LPC accumulation by 100% 
whereas the weakly active auxin analogue, 2,3-dichloro- 
phenoxyacetic acid (2,3-D), stimulated only by 37 % (Fig. 
la). Typically, after a linear rise for about 10-15 min the 
velocity of LPC accumulation decreased, perhaps, be- 
cause of degradation of LPC by phospholipase D and-or 
phospholipase C (Scherer and Morr6 1978a), or degrada- 
tive processes other than those induced by phospho- 
lipases. Rapid unspecific degradation of phospholipids in 
plants is also observed with PLA2 (Scherer and Morr6 
1978b) and could explain the high apparent basal activity 
of PLA2 in control assays without auxins, resulting in a 
low percentage of stimulation. Another active auxin 
analogue, ct-naphthaleneacetic acid (a-NAA), also stim- 
ulated PLA2 (Figs. 2-6) and [3-naphthaleneacetic acid 
(I3-NAA) the inactive stereoisomer, was inactive (Fig. 
2a). This hormone specificity reflects the in-vivo auxin 
specificity of PLA2 stimulation in soybean cells (Scherer 
and Andr6 1989; Scherer 1990) and of growth stimulato- 
ry activity in zucchini hypocotyls (Andr6 and Scherer 
1991). The stimulation of PLAz by auxin was rapid (Fig. 1 ; 
see also Fig. 2a; Fig. 5a, b; Fig. 7) and after 3 min of 
incubation with 2,4-D or IAA the amount of LPC was 
increased over the controls. In vivo, PLA2 stimulation is 
also seen after 1 min (Scherer 1990) so that, in principle, 
this reaction is likely to precede growth stimulation by 
auxin which typically has a lag time of 1 0-15 min (Penny 
and Penny 1978). The sometimes longer time spans 
needed to observe PLA2 activation (Fig. 8) are inter- 
preted to be due to interfering unspecific degradative 
processes, as also discussed for Fig. 3. 

When phospholipase D or, indistinguishably, phos- 
pholipase C in combination with phosphatidic-acid 
phosphatase activity, was measured as the release of 
radioactive choline metabolites into the water phase of 
lipid extracts, phospholipase D or an equivalent activity 
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was quite active but no auxin sensitivity was found 
(Fig. 2b). In an average of four experiments the influence 
of 20 pM ~-NAA on the release of polar radioactive 
choline metabolites into the aqueous phase was 
- 4 % +  16% (SD). 

An inherent property of the assay is that we cannot 
start the reaction at a defined percentage of radioactive 
LPC because this is determined after the assay. However, 
when the stimulation of PLA2 by a-NAA was plotted as 
a function of the initial percentage of radioactive LPC 
(Fig. 3) it clearly became less, on average, as the LPC 
content of the membranes increased, which we interpret 
as indicative of unknown degradative processes. 

The pH dependence of the assay showed that the 
PLAa activity probably was heterogeneous, as also de- 
scribed by Kim et al. (1992), and the stimulation by auxin 
was found preferentially at acidic pH values at around 
pH 5.5 (Fig. 4). 

The stimulation of PLA2 by auxin was dependent on 
the concentration of a-NAA (Fig. 5) with an increase in 
PLA2 activity from 2 .10  -8 M to 2" 10 -4  M hormone 
and a decrease at an auxin concentration of 2 �9 10- 3 M 
a-NAA. This concentration dependency of the stimula- 
tion of PLA2 activity is similar to the concentration 
dependency of the growth-stimulatory effect of ~-NAA 
(Schneider and Wightman 1978; Andre and Scherer 
1991). 

In order to test whether GTP-binding proteins (G 
proteins) might be involved in plant signal transduction 
via PLA2, we tested the influence of nucleotides on the 
stimulatory effect of auxin on PLA/activity. As nucleo- 
tides cannot be expected to diffuse through the mem- 
brane, we tested the effects of nucleotides added after 
vesicle preparation or during homogenization in order to 
trap the nucleotides in the vesicles. Different effects were 
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Fig. 6a-d. Effects of guanosine nucleotides on the hormonal stimu- 
lation of PLA 2. a After preparation of microsomal vesicles from 
cultured soybean cells, either 100 laM GDP or 100 pM GTPyS was 
added directly to the assay vesicles which were from the same 
preparation, c Activation of PLA: by 20 laM et-NAA. The value of 
LPC content at t = 0 was set as 100% and all values were calculated 
relative to this to allow comparisons. Values for t=  5 rain are 
shown. Error bars: SD, n=3 .  b Either 100 ~tM GDP or 100 ~tM 
GTPyS was added prior to homogenization to the buffer in which 
two equal aliquots of [14C]choline-prelabelled cells from the same 
batch were homogenized. The microsomes of both aliquots were 
prepared in parallel, d The LPC content at t = 0 was set as 100% and 
all other values were calculated relative to this to allow comparison 
of experiments done with three different preparations each for e and 
d. Values for 10 min are shown. Error bars." SD, n = 3  

found in both treatments (Fig. 6, 8). When guanosine 
5'-O-(thiotriphosphate) (GTPyS), a non-hydrolyzable 
analogue of GTP, or GDP were added after the homoge- 
nization of [14C]choline-labelled cells no significant effect 
of either GTPyS or GDP was found (Fig. 6a, c). When 
these nucleotides were added prior to homogenization, 
so that the nucleotides should be enclosed in membrane 
vesicles during their preparation, GDP prevented the 
stimulatory effect of auxin on the PLA 2 activity almost 
completely (Fig. 6b, d). In the presence of hormone, 
GTPyS enclosed in the vesicles allowed full stimulation 
of PLA 2. From this we conclude that the nucleotide- 
sensitive protein must reside inside the vesicles. This was 
further supported by a control experiment in which the 
nucleotides were added after homogenization but togeth- 
er with the detergent digitonin (Fig. 7). In this case, GDP 
was active in preventing the PLA2 stimulation by auxin. 

In order to test the nucleotide specificity of this effect 
similar experiments were carried out with ADP and 
adenosine 5'-O-thiotriphosphate (ATPTS), and with 
UDP and UTP (Fig. 8). Surprisingly, ADP, when added 
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during homogenization, had an effect similar to GDP 
whereas UDP clearly did not. Both ATPTS and UTP had 
no apparent effect. This result, and the observation that 
GTPTS alone cannot significantly stimulate PLA2, pre- 
cludes to some extent the assumption that typical trimer- 
ic GTP-binding proteins are involved in this type of 
nucleotide sensitivity. 

Both the orientation of  the known membrane-asso- 
ciated auxin-binding protein (ABP) from maize and its 
participation in the auxin-dependent PLA2 reaction were 
tested with antibodies against this ABP (L6bler and 
K1/imbt 1985; Tillmann et al. 1989). Increasing con- 
centrations of a polyclonal anti-ABP antibody (total IgG 
fraction) were used (Fig. 9). More than 90% inhibition 
was found at a concentration of 2.1 mg �9 ml-1 anti-ABP 
IgG. In the control, 2.1 mg .  ml-1 IgG from non-im- 
munized rabbits inhibited only by 16%. 

Since we found a clear optimum for the stimulation 
of PLA2 by auxin at pH 5.5 (Fig. 4), which is the pH 
optimum of auxin binding (L6bler and K1/imbt 1985), we 
take both experiments as indicating the participation of 
the ABP in the stimulation of PLA2 by auxin and its 
function as an auxin receptor (Barbier-Brygoo et al. 
1989; K1/imbt 1991 ; Napier and Venis 1991). 

In order to identify the ABP in the microsomes of the 
cultured soybean microsomes they were purified by the 
two-phase partitioning method and subjected to free- 
flow electrophoresis. Two pooled fractions, a plasma- 
membrane fraction and a microsomal fraction contain- 
ing ER, Golgi membranes and tonoplast, were obtained, 
(Fig. 10a; for marker studies see Scherer et al. 1992). 
Both fractions were probed with the polyclonal antibody 
used for the PLA2 experiments and showed a signal in 
a Western blot, the plasma membrane fraction at 22 kDa, 
the microsomal fraction at 20.5 kDa (Fig. 10b). Molecu- 
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Fig. 8a--d. Effects of ADP or ATPTS and UDP or UTP on PLA2 
stimulation by 20 HM a-NAA. Nucleotides were added prior to 
homogenization at 100 gM each. a Control with 20 gM c~-NAA 
alone for the experiments shown in panels b and c. b Homogeniza- 
tion of cells with 100 HM ADP suppressed the PLA 2 stimulation. 
c Homogenization with 100 HM ATPyS did not affect the PLA2 
stimulation, d Control with 20 laM ct-NAA alone for the experi- 
ments shown in panels e and f. e Homogenization of cells with 
100 pM UDP did not suppress tha PLA 2 stimulation as much as 
100 laM UTP shown in f 

lar isoforms of the ABP have been described, but their 
functional significance is not clear (Tillmann et al. 1989; 
Napier and Venis 1990; Feldwisch et al. 1992). Several 
cross-reacting bands were also apparent in the 66-kDa 
region, both in the Western blot of  the soybean mem- 
branes and, relatively weaker, in Western blots of  the 
crude maize ABP. It was often found that monoclonal or 
polyclonal antibodies prepared against maize ABP 
stained bands unspecifically in the 66-kDa region of 
Western blots when membrane fraction were used for gel 
electrophoresis, and these stained bands were only absent 
in blots from highly purified ABP (Napier et al. 1988; 
Tillmann et al. 1989; Napier and Venis 1990; Feldwisch 
et al. 1992). The ABP from soybean may be only distant- 
ly related to the maize ABP, as was found for the Ara- 
bidopsis and strawberry ABPs (McDonald et al. 1991; 
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(two right-hand bars). Increasing antibody concentrations were in- 
hibitory to the PLA2 stimulation. Incubation time was 20 min. 
Values are averages from triplicate determinations (:t:SD) done 
with one membrane preparation 
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Feldwisch et al. 1992), so that a weak signal in the 20- 
to 22-kDa region of  the blot would result, and the un- 
specific signals could be relatively stronger than those 
from maize preparations (Fig. 10b). 

Discussion 

The response of  PLAz to auxin in isolated membranes 
from cultured soybean cells reported here was rapid, 
dependent on the auxin concentration, auxin-specific, 
and pH-dependent.  We found an equally rapid response 
of  PLA2 to auxin in viva in cultured soybean cells 
(Scherer and Andre 1989; Scherer 1990). The concentra- 
tion dependence for the auxin ct-NAA and the auxin 
specificity of  the PLA2 stimulation in vitro were more 
distinct than in viva (Scherer and Andr6 1989; Scherer 
1990) and resembled the auxin sensitivity and specificity 
of  growth tests (Schneider and Wightman 1978; Andr6 
and Scherer 1991). 

The instability of  the lipid composition of  isolated 
plant membranes (Scherer and Morr6 1978a, b), due to 
the presence of  phospholipase D activity and multiple 
PLA2 activities (Brglez et al. 1992; Cho and Boss 1992; 
Kim et al. 1992), and the deleterious consequences for the 
PLA2 response (Fig. 3) is a serious obstacle to further 
analysis. Both unspecific vacuolar PLA2 (Kim et al. 
1992) and phospholipase D (Yang et al. 1967; Witt et al. 
1987) are very active at the optimal assay pH of  pH 5.5 
so that a membrane purification was not attempted. 

The experiments with added anti-ABP antibody and 
with nucleotides prior or after homogenization allow 

Fig. 10a, h. Probing of purified membranes from cultured soybean 
ceils with a polyclonal rabbit antibody against maize ABP. a The 
free-flow-electrophoresis profile of a plasma-membrane fraction 
prepared by two-phase partitioning is shown (see Scherer et al. 
1992). Plasma membranes constitute the most cathodic fraction 1 
(pooled as indicated by bracket 1) and the other membranes (ER, 
Golgi, tonoplast) constitute the anodic fraction 2 (pooled as in- 
dicated by bracket 2). b Western blot of fractions 1 and 2 (50 lag 
protein per lane) and a crude maize ABP preparation probed with 
the polyclonal antibody against maize ABP. The purified plasma 
membrane (lane 1) gave a signal at 22 kDa and the contaminants 
(lane 2) a signal at 20.5 kDa (arrowheads) 

conclusions about the membrane topology of  these key 
components but no clear decision about  the membrane 
compartment  of  the hormone-sensitive PLAE. Due to 
this uncertainty, also no clear decision can be made 
whether or not outside-out plasma membrane vesicles or 
inside-out ER vesicles could be the hormone-sensitive 
type of  vesicles. Since the antibody recognizes the ABP, 
this must be located at the outside of  the respective 
vesicle whereas the nucleotide-sensitive site is located on 
the inside of  the vesicle. The ABP is a glycoprotein with 
no apparent membrane-spanning domain (Hesse et al. 
1989; Tillmann et al. 1989) so that it must be located at 
the extracytosotic leaflet of  the respective vesicle, and the 
nucleotide-sensitive site and the PLA2 must be located on 
the inside and, hence, at the cytosolic leaflet. Also, no 
residual antibody-insensitive, hormone-sensitive PLAz 
was found (Fig. 9a; Andr6 and Scherer 1991) but, if the 
binding site was inside the vesicle, one would expect that 
auxin would permeate the membrane and trigger the 
reaction. In addition to this, one has to consider that 
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vesicles, independent of origin, could loose key com- 
ponents if isolated in the cytosolic-side-out orientation so 
that they would be auxin-insensitive. The experiment in 
Fig. 10a shows that both on the plasma membranes and 
on other membranes, presumably on the ER as in other 
systems (Ray 1977; Ray et al. 1977; Jones et al. 1989), 
an ABP serologically related to the maize ABP is present 
in soybean cells so that both plasma membrane and ER 
could be a compartment for the PLA2 response. These 
uncertainties preclude conclusions about the type of 
membrane that harbours the hormone-sensitive PLA2 
although, of all vesicle types, outside-out plasma- 
membrane vesicles would most easily fulfill this con- 
dition. The isolation of the hormone-responsive mem- 
brane(s) will, however, only be possible with selective 
inhibition of hormone-insensitive PLA2 and of other 
membrane-degrading enzymes. Then this open question 
can be solved and, moreover, the function of the appar- 
ently different ABPs can be further resolved. 

The nature of the nucleotide-sensitive site or protein 
can only be speculated about. Though tempting as an 
hypothesis, our experiments do not necessarily indicate 
a trimeric G protein (Ma et al. 1990) to be this nucleo- 
tide-sensitive site in the PLA2 response. Firstly, in this 
case, one would expect GTPTS alone to activate PLA2, 
as has been observed in animal systems (Murayama et al. 
1990; Narasimhan et al. 1990; Teitelbaum 1990) and, 
secondly, one would not expect an effect of ADP since 
in plant membranes adenine nucleotides do not compete 
for GTP-binding sites very efficiently (Blum et al. 1988; 
Droeback et al. 1988; Jacobs et al. 1990; Zbell et al. 1989, 
1990a; Perdue and Lomax 1992). Only in membranes 
from Neurospora has binding of both GTP and ATP 
been observed, but the functional context remained un- 
clear (Hasanuma 1991). 

A relationship to other signal-transduction pathways 
in eucaryotic cells is clearly indicated by our results. In 
animal cells, where a PLAz-signalling pathway is estab- 
lished (Burch et al. 1986, 1988; Jelsema 1987; Jelsema 
and Axelrod 1987; Brooks et al. 1989; Silk et al. 1989; 
Murayama et al. 1990; Narasimhan et al. 1990; Teitel- 
baum et al. 1990), arachidonic acid is liberated as a 
metabolite which is then turned-over into several biolog- 
ically active metabolites (Samuelson and Funk 1989). 
Very recently, it has been found that linolenic acid is 
liberated in plants by signals typical of wounding, such 
as cutting and insect bites (Farmer and Ryan 1992), and 
touching of tendrils (Falkenstein et al. 1991), and is then 
turned-over to the plant hormone jasmonic acid. The 
similarity is obvious but the relevant (phospho)lipase A 
has not yet been identified. Moreover, the peptide mas- 
toparan, an activator of G proteins and-or PLA2 activity 
in animal systems (Higashijima et al. 1988), also ac- 
tivated PLAz and growth in plant systems (Scherer 
1992). 

We think that the activation of P L A  2 by auxin is 
intimately involved in the activation of the plasma mem- 
brane H+-ATPase (Scherer and Nickel 1988; Scherer 
1990; Nickel et al. 1991) by either binding of the liberated 
lysophospholipids to the H+-ATPase or by activating a 
membrane-associated protein kinase or, perhaps, even by 

both (Schaller and Sussman 1988; Martiny-Baron and 
Scherer 1989; Palmgren 1991). Evidence for this latter 
possibility has already been obtained in earlier experi- 
ments on the activation of ATPase by auxin (Scherer 
1981, 1984) as well as in more recent ones (Santoni et al. 
1990, 1991). Patch-clamp studies with maize protoplasts 
showed that a rather direct pathway for the activation of 
plasma-membrane H +-ATPase must exist, which is ob- 
servable after only a 1-min lag phase and involves the 
known maize ABP (Rfick et al. 1992). We also interpret 
the stimulation of proton extrusion by the lysophospho- 
lipid-like platelet-activating factor in cultured soybean 
cells as an auxin-mimicking effect, indicating a second- 
messenger-like biological activity for lysophospholipids 
(Scherer and Nickel 1988; Nickel et al. 1991). Since the 
activity of the plasma-membrane H+-ATPase can be 
increased by several mechanisms (Palmgren 1991), other 
types of regulation of its activity, e.g. by exocytosis, must 
be envis~tged (Hager et al. 1991). Regulation of the essen- 
tial transport activity of the H +-ATPase may be one of 
the functions of auxin in sustaining growth of cultured 
plant cells. 
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D. Kl~imbt and the help by H. Ordowski (both Botanisches Institut, 
Universit/it Bonn) with the immunoblotting experiments. This work 
was supported by the Deutsche Forschungsgemeinschaft. 

References 

Anderson, J.M. (1989) Membrane-derived fatty acids as precursors 
to second messengers. In: Second messengers in plant growth 
and development, pp. 167-178, Boss, W.F., Morrr, D.J. eds. 
Alan Liss, New York 

Andrr, B., Scherer, G.F.E. (1991) Stimulation by auxin of phospho- 
lipase A in membrane vesicles from an auxin-sensitive tissue is 
mediated by an auxin receptor. Planta 185, 209-214 

Barbier-Brygoo, H., Ephritikine, H., K1/imbt, D., Ghislain, M., 
Guern, J. (1989) Functional evidence for an auxin receptor at 
the plasmalemma of tobacco mesophyll protoplasts. Proc. Natl. 
Acad. Sci. USA 86, 891-895 

Bligh, E.G., Dyer, W.J. (1959) A rapid method of total lipid extrac- 
tion and purification. Can. J. Biochem. Physiol. 37, 911-917 

Blum, W., Hinsch, K.D., Schultz, G., Weiler, E.W. (1988) Identif- 
ication of GTP-binding proteins in the plasma membrane of 
higher plants. Biochem. Biophys. Res. Comm. 156, 954-959 

Brglez, I., Kuralt, M.-C., Boss, W.F. (1992) Purification and 
characterization of phospholipase A isolated from culture 
medium. Plant Physiol. 99, 120 (Abstract 717) 

Brooks, R.C., McCarthy, K.D., Lapetina, E.G., Morell, P. (1989) 
Receptor-stimulated phospholipase A2 activation is coupled to 
influx of external calcium an not to mobilization of intracellular 
calcium in C62B glioma cells. J. Biol. Chem. 264, 20147-20153 

Burch, R.M., Connor, J.R., Axelrod, J. (1988) Interleukin amplifies 
receptor-mediated activation of phospholipase A 2 in 3T3 cells. 
Proc. Natl. Acad. Sci USA 85, 6306-6309 

Burch, R.M., Luini, A., Axelrod, J. (1986) Phospholipase A2 and 
phospholipase C are activated by distinct GTP-binding proteins 
in response to ct-adrenergic stimulation of FRTL5 thyroid cells. 
Proc. Natl. Acad. Sci. USA 83, 7201-7205 

Chang, J., Musser, J.H., McGregor, H. (1987) Phospholipase A2: 
function and pharmacological regulation. Biochem. Pharmacol. 
15, 2429-2436 

Cho, M.H., Boss, W.F. (1992) Phospholipase A (PLA) and D 
(PLD) activity are associated with plasma membranes. (Abstr.) 
Plant Physiol. 99, Suppl., 121 



522 G.F.E. Scherer and B. Andr6: Auxin-stimulated phospholipase A 2 

Droeback, B.K., Allan, E.F., Comerford, J.G., Roberts, K., Daws- 
on, P. (1988) Presence of a guanine nucleotide-binding protein 
in a plant hypocotyl microsomal fraction. Biochem. Biophys. 
Res. Comm. 150, 899-903 

Falkenstein, E.F., Groth, B., Mith6fer, A., Weiler, E.W. (1991) 
Methyljasmonate and a-linolenic acid are potent inducers of 
tendril coiling. Planta 185, 316-322 

Farmer, E.E., Ryan, C.A. (1992) Octadecanoid precursors ofjas- 
monic acid activate the synthesis of wound-inducible proteinase 
inhibitors. Plant Cell 4, 129-134 

Feldwisch, J., Zettl, R., Hesse, F., Schell, J., Palme K.K. (1992) An 
auxin-binding protein is localized to the plasma membrane of 
coleoptile cells: identification by photoaffinity labelling and 
purification of a 23-kDa polypeptide. Proc. Natl. Acad. Sci. 
USA 89, 475-479 

Gundlach, H., Mfiller, M.J., Kutchan, T.M., Zenk, M.H. (1992) 
Jasmonic acid is a signal transducer in elicitor-induced plant cell 
cultures. Proc. Natl. Acad. Sci. USA 89, 2389-2393 

Hager, A., Debus, G., Edel, H.-G., Stransky, H., Serrano, R. (1991) 
Auxin induces exocytosis and the rapid synthesis of a high- 
turnover pool of plasma-membrane H+-ATPase. Planta 185, 
527 537 

Hasanuma, K. (1991) Nucleoside triphosphate (NTP)-binding pro- 
teins and endogenous ADP-ribosyl transferase in Neurospora 
crassa. Plant Cell Physiol. 32, 653-664 

Hesse, T., Feldwisch, J., Balshiisemann, D., Bauw, G., Puypa, M., 
Vanderkerkhove, J., L6bler, M., Klfimbt, D., Schell, J., Palme, 
K. (1989) Molecular cloning and structural analysis of a gene 
from Zea mays (L.) coding for a putative receptor for the plant 
hormone auxin. EMBO J. 8, 2453-2461 

Higashijima, T., Uzu, S., Nakajima, Y., Ross, E.M. (1988) Mas- 
toparan, a peptide toxin from wasp venom, mimicks receptors 
by activating GTP-binding regulatory proteins (G proteins). 
J. Biol. Chem. 263, 6491-6494 

Hirayama, O., Matsuda, H., Takeda, H., Maenaka, K., Takatsuka, 
H. (1975) Purification and properties of a lipid acylhydrolase 
from potato tubers. Biochim. Biophys. Acta 384, 127-137 

Huang, A.H.C. (1987) Lipases. In: The Biochemistry of Plants, 
vol. 9, pp. 9-120, Stumpf, P.K., ed. Academic Press, Orlando, 
Florida, USA 

Jacobs, M., Thelen, M.P., Farndale, R.W., Astle, C., Rubery, P.H. 
(1988) specific guanine nucleotide binding by membranes from 
Cueurbita pepo seedlings. Biochem. Biophys. Res. Commun. 
155, 1478-1484 

Jelsema, C.A. (1987) Light induced changes of phospholipase AE 
in rod outer segments and its modulation by GTP-binding 
proteins. J. Biol. Chem. 262, 163-168 

Jelsema, C.L., Axelrod, J. (1987) Stimulation of phospholipase Az 
activity in bovine outer rod segments by the 13 subunit of 
transducin and its inhibition by the ct-subunit. Proc. Natl. Acad. 
Sci. USA 84, 3623-3627 

Jones, A.M., Lamerson, P., Venis, M.A. (1989) Comparison of site 
I auxin binding and a 22-kilodalton auxin-binding protein in 
maize. Planta 179, 409-413 

Kim, D.K., Lee, H.J., Lee, Y. (1992) Identification and charac- 
terization of two phospholipase A z activities in leaves of Vicia 
faba. (Abstr.) Plant Physiol. 99, Suppl., 75 

K1/imbt, D. (1990) A view about the function of auxin-binding 
proteins at the plasma membranes. Plant Mol. Biol. 14, 
1045-1050 

LaSchiavo, F., Filippini, F., Cozzani, F., Vallone, D., Terzi, M. 
(1991) Modulations of auxin-binding proteins in cell suspen- 
sions. I. Differential responses of carrot embryo cultures. Plant 
Physiol. 97, 60-64 

L6bler, M., K1/imbt, D. (1985) Auxin-binding protein from coleop- 
tile membranes of corn (Zea mays L.) I. Purification by immu- 
nological methods and characterization. J. Biol. Chem. 260, 
9848-9853 

Ma, H., Yanowsky, M.F., Meyerowitz, E.M. (1990) Molecular 
cloning and characterization of GAPI, a G protein subunit gene 

from Arabidops& thaliana. Proc. Natl. Acad. Sci. USA 87, 
3821-3825 

Martiny-Baron, G., Scherer, G.F.E. (1988). A plant protein kinase 
and plant microsomal H § transport are stimulated by the ether 
phospholipid platelet-activating factor. Plant Cell Rep. 7, 
579-582 

Martiny-Baron, G., Scherer, G.F.E. (1989) Phospholipid- 
stimulated protein kinase in plants. J. Biol. Chem. 264, 
18052-18059 

McDonald, H., Yu, L.-X., Lazarus, C. (1991) Auxin-binding pro- 
tein genes from mono- and dicotyledonous plants. 14th Interna- 
tional Conference on Plant Growth Sustances, Amsterdam, The 
Netherlands, Abstr. TU-SZ-P10 

Murayama, T., Kajiyama, Y., Nomura, Y. (1990) Histamine- 
stimulated and GTP-binding protein-mediated phospholipase 
A 2 activation in rabbit platelets. J. Biol. Chem. 265, 4290-4295 

Napier, R.M., Venis, M.A. (1990) Monoclonal antibodies detect an 
auxin-induced conformational change in the maize auxin-bind- 
ing protein. Planta 182, 313-318 

Napier, R.M., Venis, M.A. (1991) From auxin-binding protein to 
plant hormone receptor? Trends Biochem. Sci. 16, 72-75 

Napier, R., M., Venis, M.A., Bolton, M.A., Richardson, L.I., 
Butcher, G.W. (1988) Preparation and characterization of 
monoclonal antibodies to maize membrane auxin-binding pro- 
teins. Planta 176, 519-526 

Narasimhan, V., Holowka, D., Baird, B. (1990) A guanine nucleo- 
tide-binding protein participates in IgE receptor-mediated ac- 
tivation of endogenous and reconstituted phospholipase A 2 in 
a permeabilized cell system. J. Biol. Chem. 264, 1459-1464 

Nickel, R., Schfitte, M., Hecker, Scherer, G.F.E. (1991) The phos- 
pholipid platelet-activating factor stimulates proton extrusion in 
cultured soybean cells and protein phosphorylation and ATPase 
activity in plasma membranes. J. Plant Physiol. 139, 205-211 

Palmgren, M.G. (1991) Regulation of plant plasma membrane H +- 
ATPase activity. Physiol. Plant. 83, 314-323 

Palmgren, M.G., Sommarin, M. (1989) Lysophosphatidylcholine 
stimulates ATP-dependent proton accumulation in isolated root 
plasma membrane vesicles. Plant. Physiol. 90, 1009-1014 

Palmgren, M.G., Sommarin, M., Ulskov, P., J6rgensen, P.L. 
(1988). Modulation of plasma membrane H +-ATPase from oat 
roots by lysophosphatidylcholine, free fatty acids and phospho- 
lipase Az. Physiol. Plant. 74, 11-19 

Penny, P., Penny, D. (1978) Rapid responses to phytohormones. In: 
Phytohormones and related compounds - Comprehensive treat- 
ise, vol. I, pp. 537-597, Letham, D.S., Goodwin, P.B., Higgins, 
T.J.V. eds. Elsevier Publishing, North Holland, Biomedical 
Press 

Perdue, D.O., Lomax, T.L. (1992) Characterization of GTP binding 
and hydrolysis in plasma membranes of zucchini. Plant Physiol. 
Biochem. 30, 163-173 

Ray, P.M., (1977) Auxin-binding site of maize coleotiles are local- 
ized on membranes of the endoplasmic reticulum. Plant Physiol. 
59, 594-599 

Ray, P.M., Dohrmann, U., Hertel, R. (1977) Characterization of 
naphthalenic acid binding to receptor sites on cellular mem- 
branes of coleoptile tissue. Plant Physiol. 59, 357-364 

Rfick, A., Oldenburg, A., Felle, H.H. (1992) Perception of the auxin 
signal at the plasma membrane of maize coleoptile protoplasts. 
J. Exp. Bot. 43, 27 

Samuelsson, B., Funk, C.D. (1989) Enzymes involved in the syn- 
thesis of leukotriene B4. J. Biol. Chem. 264, 19469-19472 

Santoni, V., Vansuyt, G., Rossignol, M., (1990) Differential auxin 
sensitivity of proton translocation by plasma membrane H+- 
ATPase from tobacco leaves. Plant Sci. 68, 33-38 

Santoni, V., Vansuyt, G., Rossignol, M. (1991) The changing sen- 
sitivity to auxin of the plasma membrane H § relation- 
ship between plant development and ATPase content of mem- 
branes. Planta 185, 227-232 

Schaller, G.E., Sussman, R.M. (1988) Phosphorylation of the plas- 
ma membrane H +-ATPase of oat roots by a calcium-stimulated 
protein kinase. Planta 173, 509-518 



G.F.E. Scherer and B. Andr6: Auxin-stimulated phospholipase A2 523 

Scherer, G.F.E. (1981) Auxin stimulated ATPase in membrane 
fractions from pumpkin hypocotyls (Cucurbita maxima L.). 
Planta 151, 434-438 

Scherer, G.F.E. (1984) Stimulation of ATPase activity by auxin is 
dependent on ATP concentration. Planta 161, 394-397 

Scherer, G.F.E. (1985) 1-O-alkyl-acetyl-sn-glycero-3-phosphocho- 
line (platelet-activating factor) stimulates plant H § transport 
and growth. Biochem. Biophys. Res. Commun. 133, 1160-1167 

Scherer, G.F.E. (1990) Phospholipid-activated protein kinase in 
plants: Coupled to phospholipase A2 ? In: Plant signal percep- 
tion and transduction, (NATO-ASI Series H, vol. 47), pp. 
69-82, Ranjeva, R., Boudet, A.M., eds. Springer, Berlin, Heidel- 
berg New York 

Scherer, G.F.E. (1992) Stimulation of growth and phospholipase 
A2 by the peptides mastoparan and melittin and by the auxin 
2,4-dichlorophenoxyacetic acid. Plant Growth Reg. 11, 153-157 

Scherer, G.F.E., Andrr, B. (1989) A rapid response to a plant 
hormone: auxin stimulates phospholipase A2 in vivo and in 
vitro. Biochem. Biophys. Res. Commun. 163, 111-117 

Scherer, G.F.E., M orrr, D .J. (1978a) Action and inhibition of plant 
phospholipases. Plant Physiol. 62, 933-937 

Scherer, G.F.E., Morrr, D.J. (1978b) In vitro stimulation by 2,4- 
dichlorophenoxyacetic acid of an ATPase and inhibition of 
phosphatidate phosphatase of plant membranes. Biochem. 
Biophys. Res. Commun. 84, 238-247 

Scherer, G.F.E., Nickel, R. (1988) The animal ether phospholipid 
platelet-activating factor stimulates acidification of the incuba- 
tion medium by cultured soybean cells. Plant Cell Rep. 7, 
575-578 

Scherer, G.F.E., Martiny-Baron, G., Stoffel, B. (1988) A new set of 
regulatory molecules in plants: a plant phospholipid similar to 
platelet-activating factor stimulates protein kinase and proton 
translocating ATPase in membrane vesicles. Planta 175, 
241-253 

Scherer, G.F.E., Andrr, B., Martiny-Baron, G. (1990) Hormone- 
activated phospholipase A z and lysophospholipid activated pro- 
tein kinase: a new signal transduction chain and a new second 
messenger system in plants? In: Current topics in plant bio- 
chemistry and physiology, vol. 9, pp. 190-218, Randall, D.G., 

Blevins, D, eds. University of Columbia-Missouri, Columbia, 
Missouri 

Scherer, G.F.E., vom Dorp, B., Sch611mann, C., Volkmann, D. 
(1992) Proton-transport activity, sidedness, and morphometry 
of tonoplast and plasma-membrane vesicles purified by free- 
flow electrophoresis from roots of Lepidium sativum L. and 
hypocotyls from Cucurbita pepo L. Planta 186, 483-494 

Schneider, E.A., Wightman, F. (1978) Auxins. In: Phytohormones 
and related compounds - Comprehensive tJeatise, vol. II, pp. 
96-106, Letham, D.S., Goodwin, P.B., Higgins, T.J.V., eds. 
Elsevier Publishing, North Holland, Biomedical Press 

Serrano, R., Montesinos, C., Sanchez, J. (1988) Lipid requirements 
of the plasma membrane ATPase from oat roots and yeast. 
Plant Sci. 56, 117-122 

Silk, S.T., Clejan, S., Witkom, K. (1989) Evidence of GTP-binding 
protein regulation of phospholipase A2 activity in isolated hu- 
man platelet membranes. J. Biol. Chem. 264, 21466-21469 

Teitelbaum, I. (1990) The epidermal growth factor receptor is cou- 
pled to a phospholipase A2-specific pertussis toxin-inhibitable 
guanine nucleotide-binding regulatory protein in cultured inner 
medullary collecting tubule cells. J. Biol. Chem. 265, 4218-4222 

Tillmann, U., Viola, G., Kayser, B., Siemeister, G., Hesse, T., 
Palme, K., L6bler, M., Kl/imbt, D. (1989) cDNA clones of the 
auxin binding protein from corn coleoptiles (Zea mays L.): 
isolation and characterization by immunological methods. 
EMBO J. 8, 2463-2467 

Witt, W., Yelenowski, G., Mayer, R.T. (1987) Purification of phos- 
pholipase D from citrus callus tissue. Arch. Biochem. Biophys. 
259, 164-170 

Yang, S.F., Freer, S., Benson, A.A. (1967) Transphosphatidylation 
by phospholipase D. J. Biol. Chem. 242, 477-484 

Zbell, B., Paulik, M., Morr6, D.J. (1990) Comparison of 
35S-GTPTS binding to plasma membranes and endomem- 
branes prepared from soybean and rat. Protoplasma 154, 74-79 

Zbell, B., Schwendemann, I., Bopp, M. (1989) High-affinity GTP- 
binding on microsomal membranes prepared from moss 
protonema of Funaria hygrometriea. J. Plant Physiol. 134, 
639-641 


