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Summary 

Using the Geodia cydonium system, we showed that 
after incubation of competent sponge cells In the 
presence of lectln, phospholipase A2 was released 
from the cells. The substrates for this enxyme, phos- 
phatidylethanolamlne and phoaphatidylchollne, were 
identified in the extracellular material of sponge tissue. 
In addition, the phosphollpase A2 Inhibitor calelectrin 
was identified by lmmunoblochemical techniques; 
this molecule was associated with the aggregation 
factor. Reconstltutlon experiments strongly suggested 
that phospholipase A2 catalyzed the release of arach- 
idonic acid, which is then taken up by the cells. In- 
tracellularly, arachldonlc acid was metabolized prl- 
marily to prostaglandln EP. Inhibition studies revealed 
that prostaglandln E2 is involved in the ultimate in- 
crease of DNA synthesis. These findings suggest that 
the phospholipase Ararachldonlc acid system Is in- 
volved in the matrix-initiated signal transduction path- 
way in sponges. 

Introduction 

In the initial phase of reaggregation of sponge cells, the 
cells adhere to each other in a random fashion. In the sec- 
ond and third phase a sorting-out process occurs, during 
which the cells regain their ability to differentiate (Miiller, 
1982). These events are contingent on a multiplicity of pre- 

cisely coordinated intracellular signal transduction path- 
ways. Using the marine sponge Geodia cydonium we 
showed that the initial cell-cell contact is established by 
the interaction between the complex aggregation factor 
(AF) particle (Moller and Zahn, 1973) and the aggregation 
receptor (MOller, 1982). In a second phase, the cells pro- 
duce avast extracellular matrix composed primarily of col- 
lagen, glycoconjugates, and lectin (Miiller et al., 1988). 
Simultaneously, a switch of the cell adhesion mecha- 
nisms occurs during aggregate formation, from a cell-cell 
to a cell-matrix interaction (Gramzow et al., 1988). In 
previous studies we showed that during the initial phase 
of cell-cell contact AF causes a rapid stimulation of the 
phosphatidylinositol pathway (Miiller et al., 1987), result- 
ing in an activation of protein kinase C (Miiller et al., 1987) 
and a subsequent phosphorylation of DNA topoisomer- 
ase II (Rottmann et al., 1987). As one consequence of 
these processes, the cells undergo a phase of high DNA 
synthesis (Miiller et al., 1987). However, at a later stage, 
AF loses its mitogenic activity; this function is then taken 
over by the matrix lectin (Schrader et al., 1988a). During 
this switch, the lectin receptor (anti-aggregation receptor; 
Mijller et al., 1979) associates in the plasma membrane 
with the ras oncogene product (Schroder et al., 1988a). 

In the present study, we focused our efforts on the intra- 
cellular transduction pathway that originates in the inter- 
action of the lectin with its receptor and ultimately leads 
to a stimulation of DNA replication. Our findings indicate 
that phospholipase A2 is rapidly released from the cells 
into the extracellular matrix, where it cleaves phospha- 
tidylethanolamine and/or phosphatidylcholine as a sub- 
strate for the formation of arachidonic acid, which is then 
taken up by the cells. Evidence is presented that these 
events lead to enhanced formation of prostaglandin EZ 
followed by a subsequent rise in ornithine decarboxylase 
level and increased DNA synthesis. 

Results 

Distribution of Phosphollpase A2 and 
1,2-Diacylglycerol in Intact Sponge 
G. cydonium contained phospholipase A2 not only in the 
cellular compartment but also in the extracellular space 
(Table 1). In view of an earlier finding that phospholipase 
A2 activity is inhibited by calelectrin (Fauvel et al., 1987), 
we preincubated both the cell extract and the extracellular 
material with antibodies against calelectrin prior to the de- 
termination of enzyme activity. After this treatment, the ac- 
tivity increased 3.4-fold in the extracellular material, but 
only 1.15fold in the cellular extract (Table 1). In general, 
the phospholipase A2 activity was 15.3fold greater in the 
extracellular material than in the cellular extract. 

The substrates of phospholipase AZ, phosphatidylcho- 
line and phosphatidylethanolamine, are present in the ex- 
tracellular material of the sponge (see below), while the 
reaction product of phospholipase C, diacylglycerol, was 
not detectable in that compartment (Table 1). 



Table I. Distribution of Phospholipase A2 and 1 ,P-Diacylglycerol 
in Intact Sponge 

Extract 

Cellular Extracellular 

Phospholipase AZ (Ulmg) 
Without anti-calelectrin antibodies 2.7 + 0.2 13.9 f 0.9 
With anti-calelectrin antibodies 3.1 f 0.2 47.3 f 2.7 

1 ,P-Diacylglycerol (nmollmg) 131.9 + 10.4 <O.l 

Phospholipase As activity and the amount of 1,2diacylglycerol were 
determined as described in Experimental Procedures. Where indicat- 
ed, the material (5 mg) was preincubated (for 12 hr at 2%) with 3 mg 
of anti-calelectrin antibodies prior to determination of enzyme activity. 
The values given are based on milligrams of protein. The results are 
the means f SD of five independent experiments. 

Release of Phospholipase A2 from Intact Cells 
Dissociated G. cydonium cells released phospholipase 
A2 into the extracellular medium after addition of homolo- 
gous lectin (Figure 1). The extent of enzyme release was 
low if the ceils had been in contact with the cell binding 
fragment of AF for only 1 hr, in contrast to cells that had 
been preincubated for 10 hr. The maximal release was 
measured after the short incubation period of 1 min and 
amounted to 0.2 U/ml for 1 hr preincubated cells (1 ml con- 
tains 8.3 x 10s cells) and 1.4 U/ml for 10 hr preincubated 
cells. The extent of enzyme release was dose dependent. 
Using 10 hr preincubated cells, the following enzyme ac- 
tivities were determined in the extracellular medium: addi- 
tion of 5 kg/ml of lectin, 0.94 U/ml of enzyme released (1 
min after addition of the lectin stimulus); 1 pgglml, 1.42 
U/ml; 0.3 ug/ml, 0.71 U/ml; and 0.1 ug/ml, 0.26 U/ml. In one 
control experiment in which an antibody-adsorbed lectin 
preparatton was used instead of untreated lectin, it was 
established that the observed stimulation of enzyme re- 
lease is indeed due to the homologous lectin (Figure 1). 
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Figure 1. Release of Phospholipase A2 from G. cydonium Cells after 
Addition of Homologous Lectin 
Sponge cells preincubated with the cell binding fragment for 1 hr (open 
circles) or 10 hr (solid circles) were stimulated in the standard incuba- 
tion assay with 1 pglml of lectin. After an incubation time of 0.5-20 min 
the cell suspension was centrifuged (2000 x g at 2% for 10 min), and 
the phospholipase Aa (PLase Ad activity was determined in the super- 
natant. In one control assay, a lectin sample (1 &ml with respect to 
the lectin) that had been adsorbed with anti-lectin antibodies was 
added to 10 hr preincubated cells (open bar). 
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Figure 2. Release of Phospholipase A2 from Cells after Addition of 
Lectin or Aggregation Factor 

The cells were preincubated in the standard assay in the presence of 
the cell binding fragment (CM). Then 1 r(9/ml of lectin (solid circles) 
or 30 ug/ml of purified AF (open circles) was added to the cultures, and 
the activity of phospholipase A? (PLase A2) was determined 5 min 
later. 

The dependence of phospholipase A2 release from 
cells preincubated for l-20 hr with the cell binding frag- 
ment on the presence of the lectin stimulus is given in de- 
tail in Figure 2. It is striking that such a strong increase 
in the inducibility of phospholipase A2 release by the lec- 
tin occurred after a 5 hr preincubation period with the cell 
binding fragment. The plateau was reached after a 10 hr 
period. Replacing lectin by the purified AF particle did not 
result in an increased release of enzyme from the cells 
(Figure 2). In control experiments in which antibodies 
were used against calelectrin, it was established that this 
low enzyme level is not due to inhibition of the phospholi- 
pase A2 by the calelectrin-related protein that is associ- 
ated with the AF particle (see below) (data not shown). 

Association of Calelectrin with the AF Particle 
As summarized in Table 1, addition of anti-calelectrin anti- 
bodies to the extracellular fraction from the sponge led to 
a 3.5-fold increase in phospholipase AZ. This finding was 
our first evidence that calelectrin is present extracellularly 
in this organism. Next, we studied whether calelectrin is 
associated with G. cydonium AF, which is known to be 
composed of a series of polypeptides among which is the 
cell binding fragment (Gramzow et al., 1986). Then it was 
shown that the AF particles also contained a protein with 
an M, of 32,000 that was recognized in the immunoblot 
by antibodies against calelectrin (Figure 3, lane A). Apply- 
ing the same amount of protein from the cellular extract 
for the gel electrophoresis analysis (Figure 3, lane C), only 
a faint band was visualized with the antibodies towards 
calelectrin. No immune complexes could be detected on 
the blot of AF-free extracellular material (Figure 3, lane B). 

For further proof that the 32 kd polypeptide in the AF 
particle that reacted with anticalelectrin is presumably 
calelectrin, inhibition studies were performed. Three dif- 
ferent AF concentrations were added to increasing sub- 
strate concentrations (see Experimental Procedures). The 
highest substrate concentration of 10 FM was chosen in 
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Figure 3. Identification of Calelectrin in the Purified AF Particle 

The purified AF (50 ug of protein) was electrophoresed on a 15% poly- 
acrylamide gel under denaturing conditions; proteins were either 
stained with Coomassie brilliant blue (lane Aa) or transferred to 
nitrocellulose sheets (lane Ab) and incubated first with anti-calelectrin 
rabbit antibodies and second with anti-rabbit IgG (peroxidase con- 
jugated). In parallel experiments, 50 pg of extracellular material that 
had been freed from AF particles (B) and 50 ug of cellular extracts (C) 
were electrophoresed in the same way and subsequently blot-trans- 
ferred and antibody treated. Details are given in Experimental Proce- 
dures. Molecular weight standards were bovine serum albumin (66,000), 
ovalbumin (45,000) carbonic anhydrase (31,000), soybean trypsin in- 
hibitor (21,X0), and lysozyme (14,400). Arrow = p32 (protein with M, 
of 32,000). 

light of earlier findings revealing that only below con- 
centrations of 10 PM does phospholipase A2 follow the 
Michaelis-Menten kinetics (Lister et al., 1988). The results 
revealed the following kinetic data: Michaelis constant 
(K,) = 34.7 + 3.9 FM, maximal reaction velocity (V,,) 
= 353.7 pmol/min per mg of protein, and an inhibitor con- 
stant (Kr) = 52.4 + 2.9 uglml. Kinetic analysis using the 
Lineweaver-Burk method showed that the AF-caused inhi- 
bition was of the noncompetitive type. These data led us 
to believe that AF is associated with calelectrin or a 
calelectrin-like protein. 

Change of the Association State of Calelectrin with 
the Cell Surface after Prolonged Reaggmgation 
To mimic natural conditions, the cells were incubated in 
the standard incubation assay with artificial seawater and 
intact AF and with the natural substrates for the cells to 
attach, collagen and glycoconjugates (Miiller et al., 1988). 
In the initial phase, after addition of intact AF to the dis- 
sociated cells, calelectrin could be detected by immuno- 
electron microscopy at high density on the cell surface 
(Figures 4A, 48, and 4C). At later stages (20 hr after incu- 
bation), the gold grains were completely absent (Figure 
40). This change (from the presence to the absence of 
calelectrin) on the cell surface of old aggregates corre- 
lates very well with earlier obsenrations (Gramzow et al., 
1988) that the association of AF with the cell membrane- 
bound aggregation receptor is no longer detectable after 

Figure 4. Association State of Calelectrin with the Cell Surface of G. 
cydonium Cells in Aggregates 

(A) Cross section through a 5-hr-old aggregate (survey). Cross section 
through 2-hr- (B), 4-hr- (C), and 26hr-old aggregates (D). The slices 
were immunostained with anti-calelectrin; the immune complex was 
visualized with colloidal gold-labeled anti-rabbit IgG as described in 
Experimental Procedures. e = extracellular space, i = intracellular 
space. For these studies the standard aggregation assay was sup 
plemented with 50 uglml both of homologous glycoconjugates and of 
homologous collagen. Magnification: A = 10,600x, B-D = 31,600x. 

a 20 hr incubation period and supports the finding that 
calelectrin is associated with intact AF (see above). 

Levels of Eicosanoids in Dissociated Cells 
Among the different eicosanoids determined, dissociated 
G. cydonium cells contain predominantly prostaglandin 
E2 (approximately 3 pg/lOs cells) and lower concentra- 
tions of prostaglandin D2 (1 pg1108 cells) and thrombox- 
ane D2 (0.2 pg/lOs cells) (Table 2). These levels were al- 
most id,entical in cells incubated for only 1 hr or as long 
as 10 hr in the presence of the cell binding fragment. Addi- 
tion of the homologous lectin resulted in no change in the 
thromboxane 82 or prostaglandin D2: concentrations, but 
there was a substantial increase in the prostaglandin E2 
concentration. The latter effect was observed only in 
those cell populations that had been preincubated for 10 
hr with the cell binding fragment; addition of 1 t.tg/ml of 
lectin to the cell suspension caused a 6.6~fold increase in 
the prostaglandin E2 level. This drastic change was pre- 
vented by coincubation of the lectin with the soluble lectin 
receptor (Muller et al., 1979) and by the cyclooxygenase 
inhibitor indomethacin (Otamiri et al., 1988) while the 
l ipoxygenase inhibitors BW755C (3-amino-l-l-[m-(trifIuo- 
romethyl)phenyl]-2-pyrazoline; Otamiri et al., 1988) and 
ETYA (5,8,11,1Ceicosatetraynoic acid; Gut et al., 1988) 
had no influence on the concentration of prostaglandin 
E2 (Table 3). 

Incorporation of Arachidonic Acid into Cellular 
and Extracellular Phospholipids 
The incorporation of [WJarachidonic acid into different 



Table 2. Alterations of the Levels of Selected Eicosanoids after Incubation of Dissociated Cetts in the Presence of Homologous Lectin 

Lectin Concentration of Eicosanoids (pg per IO8 ceils) 

Concentration Cells Pretreated with AF for: 
(rs/ml) 1 hr 10 hr 

Thromboxane 82 0 0.2 f 0.02 0.2 f 0.03 
1 0.2 f 0.03 0.3 f 0.03 

Prostaglandin D2 0 0.9 f 0.1 1.1 f 0.1 
1 0.0 f 0.1 1.4 f 0.2 

Prostaglandin E2 0 3.2 f 0.4 4.9 f 0.6 
0.1 2.9 f 0.3 0.3 f 1.3 
1 3.7 f 0.4 32.4 f 5.0 

10 4.1 f 0.6 27.0 f 4.3 
Additional components: 
Anti-aggregation receptor, 10 ug/ml 1 3.4 f 0.5 5.3 f 0.9 
Indomethacin. 10 uM 1 2.7 f 0.4 2.9 f 0.5 
BW755C, 100 PM 1 3.4 It 0.4 30.0 f 4.9 
ETYA, 100 nM 1 2.6 f 0.4 34.1 f 5.0 

Dissociated cells preincubated with the cell binding fragment (AF) for 1 or 10 hr in the standard incubation assay were stimulated with O-IO rig/ml 
of lectin for 30 min in the presence of 50 nM arachidonic acid. Where indicated, the additional components were added together with the lectin 
to the cell system. Then the cells were collected by centrifugation (5000 x g at 2% for 10 min), and a cell extract was prepared. The particle-free 
supernatant was prepared (100,000 x g at 2% for 30 min), and the concentrations of the eicosanoids were determined. The results are the means 
( f SD) of five parallel experiments. 

phospholipid species was determined both for the cellular 
as well as the extracellular compartment. After a pulse for 
20 min with the precursor [Wlarachidonic acid, the total 
incorporated arachidonate associated with individual phos- 
pholipids was determined after a 10,60, and 120 min chase 
in the absence of the labeled precursor (Figure 5). The 
results revealed that arachidonate underwent a differen- 
tial esterification into the different phospholipid classes in 
the cellular and extracellular compartments. In the cells, 
the highest incorporation was determined in the phospha- 
tidylinositol fraction, followed by phospohatidylcholine and 
phosphatidylethanolamine (Figure 5A). The extracellular 

Table 3. Reconstitution Assay to Demonstrate the Generation 
of Free Extracellular Arachidonic Acid 

Released [‘%]Arachidonic Acid 
(dpm per 10s cells) 

Cells Pretreated with AF for: 
Additional Component 1 hr 10 hr 

None 4310*645 7360 f 685 
Anti-lectin antibodies 1240 f 220 2096 f 370 
AF particle 1730 f 250 2110 f 360 
AF particle plus anti- 3940 f 630 7570 * 940 

calelectrin antibodies 

Cells that were preincubated for 1 or IO hr in the standard incubation 
assay (3 ml) in the presence of 2 9g/ml cell binding fragment (AF) were 
incubated together with 20 pg/ml of extracellular homologous materi- 
al (AF particle free) containing 1.7 9glml of lectin and supplemented 
with 10 t&i of l-acyl-2-(l-1%]arachidonyl-glycerophosphoethanol- 
amine per 20 pg of extracellular protein. Where indicated, the extracel- 
lular material (20 t&g) was preincubated (for 24 hr at 4%) with 5 pg 
of anti-lectin antibodies, pretreated (for 5 min at 4%) with 2 ug of AF 
particie, or pretreated (for 24 hr at 4%) with 2 trg of AF particle together 
with 15 trg of anticalelectrin. Incubation was performed at 30°C for 
30 min. Then the released free [%]arachidonic acid was determined 
as described (Errasfa et al., 1986). The results are the means ( f SD) 
from five independent experiments. 

material contained arachidonate almost exclusively in the 
phosphatidylcholine and phosphatidylethanolamine frac- 
tions, and almost no incorporation was determined in the 
phosphatidylinositoi fraction (Figure 56). The total amount 
of arachidonate incorporation into phosphoiipids was 1.4 
f 0.4 nmol/106 cells (n = 5) after a 120 min period of 

chase. 

Reconstitution Assay for the Extracellular 
Generation of Arachldonic Acid 
The data to this point indicated that cells preincubated for 
10 hr in the presence of the cell binding fragment have the 
ability to release phospholipase A2 into the extracellular 
medium in response to a lectin stimulus (Figure 2) and re- 
spond with an increased prostaglandin E2 level (Table 2). 
Together with the finding that the sponge tissue contains 
phosphatidylcholine and phosphatidylethanolamine in 
the extracellular space (Figure 5), it is tempting to specu- 
late that these compounds are used by the extracellular 
phospholipase A2 as substrates to produce free arachi- 
donic acid, which penetrates through the cell membrane 
and ultimately gives rise to the production of prostagian- 
din E2. To test the latter assumption, a reconstitution as- 
say was performed. Dissociated cells, preincubated in the 
standard assay for 1 or 10 hr in the presence of 2 uglml 
of ceil binding fragment, were incubated with iectin-con- 
taining ceil-free extracellular material that had been de- 
pleted of AF particles in order to remove the AF-bound 
calelectrin. In addition, the assay was supplemented with 
the radioactively labeled phospholipase A2 substrate, 
l-acyi-2-[l-14C]arachidonyi giycerophosphoethanolamine 
(Table 3). 

The results revealed that especially in those assays 
containing cells that had been preincubated with the ceil 
binding fragment for 10 hr, almost 1% of the total amount 
of initially present enzyme substrate was converted to 
arachidonic acid and diacylglycerol. The fact that only half 



Phospholipase ATMediated Signal Transduction 
943 

50 

LO 

30 

20 
0 
ti 
E 
0 ‘0 Jz 
8 
i5 .! 0 

@  
cells 

Time of chase: 

II 10 min 

B 60 min 
g 120 min 

s+ 50 
‘j 

1 

@  

z 
extracellular 

- 40 material 

z 
D 

P 

30 

20 

10 

0 L 
PPC PPE PS PI PC PE 

Figure 5. Incorporation of [r4C]Arachidonic Acid into Phospholipids 

Sponge tissue cubes were incubated in the presence of [r4C]arachi- 
donic acid for 20 min, followed by a 10, 60, or 120 min chase in the ab- 
sence of the labeled precursor. Then the lipids were extracted from the 
cells (A) and from the extracellular material(B) essentially as described 
in Experimental Procedures. The values represent means from five in- 
dependent experiments; the standard deviation was less than 30%. 
PE, phosphatidylethanolamine; PC, phosphatidylcholine; PI, phos- 
phatidylinositol; PS, phosphatidylserine; PPE, ethanolamine plas- 
malogens; PPC, choline plasmalogens. 

as much arachidonic acid could be determined in those 
assays containing ceils that had only 1 hr of contact with 
the cell binding fragment as in the assays with cells prein- 
cubated for 10 hr indicates that the cells differentially re- 
spond with phospholipase A2 release to the lectin stimu- 
lus. To test this assumption, the extracellular homologous 
material was preincubated with anti-lectin antibodies prior 

Table 4. Distribution of Arachidonate in Nuclei and Nuclear 
Substructures 

Arachidonate in 
Subcellular Structures (%) 

Cells 100 
Nuclei 17.6 
Nuclear envelopes 13.6 
Pore-complex laminae 0.71 
Nuclear matrix <0.04 

Sponge cubes were incubated in the presence of [W]arachidonic acid 
for 20 min, followed by a 120 min chase. Then, cells were isolated, 
and nuclei and the nuclear substructures were prepared as described 
in Experimental Procedures. The values given are in percent and are 
correlated with the incorporation rate measured in total cells (= 100%). 
The data are the means from five independent experiments. 

to its addition to the reconstitution assay. Under these 
conditions, the extent of arachidonic acid release was 
strongly suppressed (Table 3). As mentioned below, one 
major extracellular component, the AF particle, is as- 
sociated with calelectrin, an inhibitor of phospholipase 
AZ. Hence, addition of an AF particle preparation to the 
reconstitution assay strongly inhibited the formation of 
arachidonic acid. The inhibition of phospholipase A2 
could be abolished by antibodies directed against calelec- 
trin (Table 3). 

These data strongly suggest that free arachidonic acid 
is also produced in in vivo conditions in the extracellular 
space in sponges from phosphatidylethanolamine and/or 
phosphatidylcholine by phospholipase A*. 

Incorporation of Arachidonic Acid into Nuclei 
and Nuclear Substructures 
For further clarification concerning the cellular compart- 
ment where arachidonic acid undergoes the incorporation 
into phospholipids, subcellular fractionation experiments 
were performed. Under the assay conditions summarized 
in Table 4, 1.3 f 0.4 nmol of [14C]arachidonate per lo6 
cells was incorporated into phospholipids; this value was 
set at 100%. A subsequent subcellular fractionation re- 
vealed that 17.8% of the total [14C]arachidonate was re- 
covered in the nuclear fraction: 75% of that was present 
in the nuclear envelope preparation, and a significant 
amount (4%) could also be identified in the pore-complex 
laminae, while the nuclear matrix fraction was obviously 
free of incorporated arachidonate. 

Differential Stimulation of Mitogenesis 
by Free Arachidonic Acid 
Our  results suggested that arachidonic acid is produced 
extracellularly in sponge tissue from phosphatidylethano- 
lamine by phospholipase A2 hydrolysis. Moreover, the re- 
lease of higher amounts of this enzyme occurs only after 
a 10 hr preincubation period in the presence of the cell 
binding fragment and a subsequent lectin stimulus. There- 
fore, we speculated that arachidonic acid is mitogenic to 
sponge cells, as already shown for vertebrate cells in ear- 
lier studies (Takuwa et al., 1988; Skouteris et al., 1988). 

To test this possibility, sponge cells preincubated for 1 
or 10 hr in the presence of the cell binding fragment were 
subsequently incubated with arachidonic acid (Figure 6). 
The mitogenicity was measured by determination of both 
ornithine decarboxylase activity and thymidine incorpora- 
tion rate. The experiments revealed that after a 2 hr incu- 
bation period, the ornithine decarboxylase level increased 
3.2-fold in cells preincubated with the cell binding frag- 
ment for 10 hr and 15fold in 1 hr preincubated cells. The 
onset of the increase of thymidine incorporation was 3 hr 
after addition of arachidonic acid, and it reached a plateau 
2 hr later; incorporation was stimulated 7.1-fold (10 hr 
preincubated cells) and 2.6-fold (1 hr preincubated cells) 
after a 5 hr incubation period. 

The stimulatory effect of arachidonic acid was dose de- 
pendent (Table 5). At concentrations lower than 10 PM, the 
compounds caused a smaller stimulation. The cyclooxy- 
genase inhibitor indomethacin, as well as the irreversible 



0 i 2 3 L 5 

lime after arachidonic acid 
addition (h] 

Figure 6. Time Course of Changes in Ornithine Decarboxylase Activ- 
ity and Thymidine Incorporation Rate after Addition of Arachidonic 
Acid 

Cells preincubated with the cell binding fragment for either 1 hr (open 
circles; open squares) or 10 hr (solid circles; solid squares) were in- 
cubated in the standard incubation assay (in the absence of the AF par- 
ticles) in the presence of 1 ug/rnl lectin and 10 uM arachidonic acid for 
the indicated periods of time. Then the cells were harvested and as- 
sayed for ornithine decarboxylase activity (open circles; solid circles), 
or the incorporation of 13H]thymidine into acid-precipitable material 
was measured (open squares; solid squares) as described in Ex- 
perimental Procedures. The means from five parallel experiments are 
given; the standard deviations were less than 8% (ornithine decarbox- 
ylase) and 10% (incorporation). 

inhibitor of ornithine decarboxylase, a-difluoromethylorni- 
thine (Pegg et al., 1988) drastically suppressed the arach- 
idonic acid mitogenicity. A dose-response curve was per- 
formed at an arachidonic acid concentration of 50 nM 
(Figure 7). A 50% inhibition of prostaglandin Ez produc- 
tion was obtained at approximately 3 f.tM indomethacin. 
Reduction of the [sH]thymidine incorporation by 50% was 
found at nearly the same inhibitor concentration (approxi- 
mately 5 FM). These data strongly suggest that arachi- 
donic acid has to be metabolized to eicosanoids prior to 
its modulating influence on DNA synthesis and that the or- 
nithine decarboxylase activity is tightly coupled to the pro- 
liferation state of the cells. 

Table 5. Effect of Arachidonic Acid on Sponge Cell Growth 

ODC Activity 13H]thymidine 
(nmolll 0s Incorporation 

Arachidonic Acid cells/hr) (dpm x 10-3/108 cells) 

0 wM 7.1 * 0.7 1.9 f 0.2 
10 pM 17.8 f 1.3 11.8 f 1.0 

1 PM 12.3 2 1.0 0.5 f 0.7 
0.1 uM 9.0 2 0.8 2.7 k 0.2 

10 uM plus: 
10 nM indomethacin 10.7 f 1.0 4.1 f 0.3 
200 ufvf DFMO 5.3 -c 0.4 2.5 f 0.2 

Cells were preincubated for 10 hr in the presence of the cell binding 
fragment and then for 5 hr with lectin and arachidonic acid as described 
in Figure 6. Then the cells were analyzed for ornithine decarboxylase 
(ODC) activity and thymidine incorporation. Where indicated, indo- 
methacin or a-difluoromethylornithine (DFMO) was added with arachi- 
donic acid. Further details are given in Experimental Procedures. 
Values are the means f SD from three independent experiments. 

As a direct proof (not shown) that prostaglandin E2 dis- 
plays a stimulatory effect on DNA synthesis in the sponge 
system, G. cydonium cells that had been pretreated with 
the cell binding fragment for 10 hr were incubated in the 
standard assay in the presence of exogenously added 
prostaglandin E2 (0.1 f.rg/ml) for 4 hr. Under these condi- 
tions, the incorporation rate of [sH]thymidine increased 
from 1.2 f 0.1 (absence) to 7.5 +: 0.8 dpm x 10-3/10* 
cells (presence of prostaglandin E2) (n = 5). 

Discussion 

In the sponge model system, diacylglycerol plays a central 
role as second messenger. Using the sponge G. cydo- 
nium, we established that diacylglycerol is formed in- 
tracellularly in response to the extracellular AF stimulus 
and activates protein kinase C (Miiller et al., 1987; Rott- 
mann et al., 1987). This rapid process leads to cell prolifer- 
ation during the early phase of cell-cell aggregation (until 
approximately 5 hr after the addition of AF). Then this pro- 
tein kinase C-mediated intracellular signaling pathway is 
down-regulated (Gramzow et al., 1988; Schriider et al., 
1989). In the later phase of cell aggregation (5 hr later), the 
AF loses its mitogenic activity and is replaced by the ex- 
tracellularly localized lectin (Schroder et al., 1988a). 

In the present report, experimental evidence is pre- 
sented that the interaction between the lectin and the lec- 
tin receptor results in the release of phospholipase A2 
into the extracellular space-a process that initiates a sec- 
ond signaling pathway. In contrast, phospholipase A2 is 
apparently either spontaneously released from vertebrate 
cells (Pruzanski et al., 1988) or the stimuli are not yet 
known. The function of the extracellular sponge phos- 
pholipase A2 is very likely to hydrolyze phosphatidyleth- 
anolamine and hence to release arachidonic acid. This 
assumption is corroborated by the analytical data reveal- 
ing that both phosphatidylethanolamine and phosphati- 
dylcholine are present in the extracellular material and by 
the results showing that incubation of exogenously added 
1-acyl9-arachidonyl glycerophosphoethanolamine to the 
lipase-containing extracellular fraction gave rise to free 
arachidonic acid. 

Interestingly, the extracellular compartment of the sponge 
also contains the inhibitor of phospholipase API calelec- 
trin (Fauvel et al., 1987). We found that this protein is as- 
sociated with the sponge AF particle and noncompeti- 
tively inhibits the homologous enzyme. From a previous 
study it is known that the AF particle is associated with the 
cell membrane only during the early phase of reaggrega- 
tion (Gramzow et al., 1988). At later stages, AF is localized 
in the bulky extracellular matrix, and there it is associated 
with the collagen fibrils. Essentially, the same transloca- 
tion of calelectrin was observed during the aggregation 
phases-a finding that strongly indicates that calelectrin 
remained AF-associated. One plausible interpretation rec- 
onciling these data is that calelectrin displays its inhibitory 
function on phospholipase A2 only during the early phase 
of reaggregation, while at later stages the enzyme in the 
vicinity of the cell membrane is functionally active and 
hence releases arachidonic acid. 
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lndomethacin lpMl 

Figure 7. Dose Dependence of the Effect of lndomethacin on Lectin- 
Stimulated Prostaglandin E2 Production and DNA Synthesis 

Cells pretreated for IO hr in the presence of the cell binding fragment 
were stimulated with 1 @ml of lectin for 30 min in the presence of 50 
nM arachidonic acid and the indicated concentrations of indometha- 
tin. Then the amount of released prostaglandin Es (PGE2) (solid cir- 
cles) as well as the incorporation rate of [3H]thymidine (open circles) 
was determined as described in Experimental Procedures. The means 
from five parallel experiments are given; the standard deviations were 
less than 8% (prostaglandin E2) and 10% (incorporation). 

This assumption was corroborated by the finding that 
the cells in the initial phase of reaggregation show a low 
capacity to metabolize arachidonic acid to prostaglandin 
E2 in the presence of homologous lectin. However,  when 
the cells were preincubated for 10 hr with AF, they dis- 
played a 7-fold increase of prostaglandin E2 synthesis in 
response to the lectin stimulus. The conversion of the 
arachidonic acid to prostaglandin E2 was inhibited by the 
cyclooygenase inhibitor indomethacin (Sung et al., 1988); 
no effect was observed with the l ipoxygenase inhibitors 
DW755C (Otamiri et al., 1988) and ETYA (Gut et al., 1988). 
Our  working hypothesis is that at the later stage of cell 
aggregation, lectin displays its mitogenic effect, as de- 
scribed earlier (SchrCider et al., 1988a), via a dual in- 
fluence on the cells. Binding of lectin to the lectin receptor 
cau8eS an increased release of phospholipase A2 in the 
extracellular space, resulting in an enhanced production 
of arachidonic acid, which is taken up by the cells and 
then ultimately metabolized to prostaglandin EP. 

At present we do not yet know in which cellular compart- 
ment prostaglandin E2 is formed. Our  data show that af- 
ter incubation of the cells with arachidonic acid, 18% of 
the imported material became associated with the nuclei- 
more precisely, with the nuclear envelope, a component 
containing two enzyme8 in the arachidonatelicosanoid 
pathway, cyclooxygenase (Rollins and Smith, 1980) and 
prostaglandin I2 synthetase (Smith et al., 1983). Hence it 
appears to be likely that prostaglandin E2 is formed either 
in the cytosol or in the nuclear envelope compartment and 
then enters the nuclei, and perhaps there it displays its 
growth-inducing effect. At present it is not yet known if this 
mechanism involves the binding of prostaglandin E2 to 
specific receptors in the nuclear membrane. 

Our  data show that after incubation of cells from lo-hr- 
old aggregates, they respond to lectin and arachidonic 
acid stimuli with a rapid increase in the ornithine decar- 

bOXyla8e level, followed by a strong rise in DNA synthesis. 
At present, one can only speculate about the role of pros- 
taglandin E2 in this signal transduction chain. In view of 
earlier reports, it is possible that prostaglandin E2 stimu- 
lates c-fos expression (Kacich et al., 1988) followed by or- 
nithine decarboxylase expression (Cosenza et al., 1988), 
which ultimately leads to DNA synthesis (Pisano and 
Greene, 1987). However,  available experimental evidence 
for such a definitively programmed order of gene expres- 
sion during the progression of cells out of G O  through Gl 
to S phase is fairly well established only in the latter step 
of this sequence. 

Experimental Procedures 

l-Stearoyl-2-]l-14C]arachidonyl-sn-glycerol (57 mCi/mmol), DL-[~-~~C]- 
ornithine (50 mCi/mmol), [3H]thymidine (5.0 Ci/mmol), I-acyl-2-[V4C]- 
arachidonyl glycerophosphoethanolamine (55 mCi/mmol), sn-1,2-di- 
acylglycerol assay reagents system, [VCjarachidonic acid (65 mCi/ 
mmol), and radioimmunoassay systems for thrombaxane B2 and bicy- 
clic prostaglandin E, and D2 were from Amersham Int., Amersham 
(United Kingdom). Phospholipase Aa (from porcine pancreas; P6534), 
prostaglandin Ea, and colloidal gold-labeled (IO nm) secondary anti- 
rabbit IgG from goat (G 3768) were from Sigma Chemical Co., St. 
Louis, MO. 

Live specimens of G. cydonium were collected near Rovinj (Yugo- 
slavia). 

The G. cydonium AF particle was isolated and purified as described 
(MSller and Zahn, 1973; Conrad et al., 1984); it had a specific aggrega- 
tion-promoting activity of 3.9 x IO6 aggregation units per mg (1.6 mg/ 
ml). The definition of aggregation units has been given previously 
(Miller and Zahn, 1973). The specific cell binding fragment was iso- 
lated from purified AF (Gramzow et al., 1988). 

The G. cydonium lectin with an M, of 38,500 was isolated and puri- 
fied by affinity chromatography (Mtiller et al., 1983). Where indicated, 
30 pglml of lectin solution was adsorbed with anti-lectin antibodies (5 
mglml) for 24 hr at 2oC. Then the sample was centrifuged (100,000 x 
g at 5OC for 30 min), and the supernatant was used for the experiments. 

The G. cydonium glycoconjugates and homologous collagen were 
prepared as described (Conrad et al., 1964; Diehl-Seifert et al., 1965). 

The lectin receptor was isolated and purified as described (Miiller 
et al., 1979). 

Buffers 
The descriptions of the compositions of Ca2+- and Mg2+-containing 
artificial seawater and Ca2+- and Mg*+-free seawater were given ear- 
lier (Rottmann et al., 1967). 

Antibodies 
Antibodies to calelectrin, purified from Torpedo marmorata (Fritsche et 
al., 1988), were raised in rabbits and were enriched by precipitation 
with ammonium sulfate (Miiller et al., 1985). The antibodies cross- 
reacted with 67 kd, 32 kd, and 34 kd caleledrin (Saitoh and Miret, 
1987). 

Antibodies to G. cydonium lectin were prepared as described (Con- 
rad et al., 1982). 

Cells and lncubatlon Assay 
A description of the preparation of viable sponge cells was given ear- 
lier (Miller and Zahn. 1973); mucoid cells, archaeocytes, and choano- 
cyte clusters were prepared from the total cell populations (Rottmann 
et al., 1987). Six hours after dissociation, the cells were used for the 
experiments. 

In the standard incubation assay (3 ml volume) (Miiller and Zahn, 
1973), a suspension of 25 f 5 x lo6 cells per ml of Ca2+- and Mg2+- 
free seawater was placed into glass tubes and rolled at 35 rpm at 20°C. 
Unless stated otherwise, 2 &ml of cell binding fragment or 30 pg/ml 
of AF particle was added. The suspension was incubated for a period 
of 60 min. Then the assays were incubated for a period of up to 20 hr 
without moving. 
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Where indicated, 1 @ml of untreated lectin or adsorbed lectin was 
added to the cell suspension. 

In the studies that determined, by immunocytological techniques, 
the distribution of calelectrin in aggregates as a function of incubation 
time, the standard incubation assay consisted of 25 +Z 5 x lo6 cells 
per ml in artificial seawater, 50 pglml of homologous glycoconjugates, 
50 pglml of homologous collagen, and 30 &ml of AF particles. Incu- 
bation was performed for up to 20 hr. Aggregates were taken at the ap 
propriate incubation times and worked up for immunoelectron micros- 
copy inspection. 

Cell Extract and Extracellular Material 
Cells were extracted as follows: 0.5 g of packed cells was suspended 
in 1 ml of Ca*+- and Mg2+-free seawater and homogenized with 10 
strokes of a Dounce homogenizer. The homogenate was centrifuged 
at 20,000 x g for 30 min at 2oC. The supernatant (0.3 mg protein/ml) 
was collected and dialyzed against the phospholipase As assay 
buffer. 

The cell-free extracellular material was isolated from sponge cubes 
essentially as described (Reuter et al., 1987). The material obtained 
was dialyzed against the phospholipase A* assay buffer and con- 
tained 1.7 mg/ml of protein; the DNA and RNA concentrations were 
less than 5 ug/ml. Where indicated, the AF particle was removed from 
the extracellular material by Sepharose 48 gel filtration as described 
(Miiller and Zahn, 1973). The cell-free extracellular material contained 
0.065 pg of lectin per ug of extracellular protein (Miiller et al., 1963). 

Preparation of Nuclear Substructures 
The details of the preparation are given elsewhere (SchriSder et al., 
1988b). In brief, nuclei were isolated according to Blobel and Potter 
(1966) nuclear envelopes were prepared from them (Kaufmann et 
al., 1983) and subsequently pore-complex laminae were isolated 
(Schriider et al., 1988b). Nuclear matrices were prepared according to 
Comerford et al. (1986). 

Phosphollpase Az Assay 
The assay was carried out in a final volume of 300 ul of 50 mM Tris-HCI 
buffer (pH 6.5) 5 mM Ca *+, 10 pM l-acyl-2-(l-14C]arachidonyl glycero- 
phosphoethanolamine, and the enzyme preparation. The incubation 
was performed at 3oOC for O-15 min. The reaction was stopped by ad- 
dition of Dole’s reagent (Dole and Meinertz, 1960) and the released 
free fatty acid was extracted and quantified (Horigome et al., 1987). 
One enzyme unit corresponds to 1 nmol of fatty acid released per min. 

Phosphollpase AZ inhlbltlon Studies 
For these studies the phospholipase A2 in the above mentioned assay 
was supplemented with 5 mM Ca*+, m addition to 50 U of bovine pan- 
creas phospholipase AZ, 3-10 pM l-acyl-2-[l-14C]arachidonyl glycero- 
phosphoethanolamine, and 0, 5, 10, or 20 ug of AF particle. After incu- 
bation at 3ooC for 15 min, the released fatty acid was determined. The 
data were plotted according to Lineweaver and Burk (1934). 

Determinatlon of 1,2-Dtacyiglycerol 
Diacylglycerol was determined according to Preiss et al. (1986) using 
a radioenzymatic assay system (Amersham). 

incorporation of Arechldonic Acid into Phosphoiipids 
One-half gram of sponge tissue cubes (2 x 2 x 2 mm3 was in- 
cubated in 2 ml of artificial seawater for 20 min with 10 uM [“C]arachi- 
donic acid. Then the medium was changed, and incubation proceeded 
for up to 120 min. At the time indicated, the tissue was transferred into 
Ca*+- and M4+-free seawater (2oC) containing trypsin (Miiller and 
Zahn, 1973) to obtain single cells and the extracellular material. The 
single-cell suspension (0.5 ml) and the obtained extracellular material 
(0.5 ml) were supplemented with 2 ml of chloroform and 12 ul of con- 
centrated HCI (Capriotti et al., 1968). The lipid extracts were resus- 
pended in chloroform and analyzed by two-dimensional TLC, essen- 
tially as described (Capriotti et al., 1988). for the following lipid species: 
phosphatidytethanolamine, phosphatidytchotine, phosphatidylinositol, 
phosphatidylserine, ethanolamine plasmalogens, and choline plas- 
malogens. 

Gel Elecbuphoresls and Protein Blotting Procedure 
One-dimensional NaDodSO&olyacrylamide gel electrophoresis was 

performed as described by Laemmli (1970); the resolving gel contained 
15% acrylamide. Either the gels were stained with Coomassie brilliant 
blue, or the proteins were transferred from the gels to nitrocellulose 
sheets according to the method of Towbin et al. (1979). To identify 
calelectrin, the blots were sequentially treated with anti-calelectrin and 
anti-rabbit IgG (peroxidase conjugated), essentially as described (Bach- 
mann et al., 1966). 

immunoeiect~n Microecopy Studies 
The detailed description was given earlier (Gramzow et al., 1966). In 
brief, the aggregates were fixed in 2% glutaraldehyde, dehydrated with 
dimethylformamide, and embedded in Lowicryl. After sectioning, the 
specimens were incubated with antitatelectrin antibodies (I:500 diiu- 
tion) and then with colloidal gold-labeled (10 nm) secondary anti-rabbit 
IgG (1:50 dilution). Finally, the material was counterstained, and obser- 
vation was made with a Zeiss EM 9A electron microscope. Controls 
were performed with an IgG preparation from a nonimmunized rabbit, 
which gave no reaction with the sponge material. 

Further Analytical Pnxedu~s 
For protein determination, the Fluoram method was used (Weigele et 
al., 1973); the standard was bovine serum albumin. DNA and RNA 
were determined according to published procedures (I-San-Lin and 
Schjeide. 1969; Kissane and Robins, 1958). 

Eicosanoid concentrations (thromboxane 82, bicyclic prostaglandin 
E2 and Ds) were determined according to the manufacturer’s instruc- 
tions (Amersham). 

The activity of ornithine decarboxylase was measured as described 
(O’Brien and Diamonds, 1977) using oL-[l-14C]ornithine as the sub- 
strate. Enzyme activities are expressed as nanomoles of CGs liber- 
ated in 60 min per 10s cells. 

Incorporation studies were performed as described previously 
(Miiller et al., 1987). In brief, after the indicated incubation period, cell 
suspensions were supplemented in the standard incubation assay with 
13H]thymidine (5 uCi/ml = 1 PM). After a further incubation period of 
30 min at 2oOC, the radioactivity in the acid-precipitable material was 
measured. 
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