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Introduction cellular (dys)functioning and signal transduction is the
topic of this review.

It is now 75 years ago that the lipid bilayer concept was
proposed by Gorter and Grendel (1925). Since then mankhospholipid Asymmetry
concepts about the organization of lipids and proteins in

the membrane have been proposed, including the milerpg hhospholipid classes in a biological membrane are
stone of the "fluid mosaic bilayer concept” of Singer and o randomly distributed over the two membrane halves
Nicolson (1972). In this concept (glyco)proteins can lat- 54 the concept of phospholipid asymmetry has first
erally diffuse within the fluid (glyco)lipid bilayer. This heen postulated by Bretscher (1972). Bretscher and also
concept is appealing in its simplicity, but it is now gen- Gorgesky and Marinetti (1973) based their concept of an
erally accepted that there can be many domains of proygymmetrical transbilayer lipid distribution on experi-
teins within the fluid bilayer. These include, interaction ,ants using chemical probes, which indicated that the
with cytoskeletal proteins, such as coated vesicles, or i%\mino-containing phospholipids, phosphatidylserine
cellular funptionalities such as gapjunctions an_d desmo(PS) and phosphatidylethanolamine (PE), reside pre-
somes, or in the well-known crystalline domain of the gominantly in the cytoplasmic leaflet of the plasma
purple membrane or under conditions where lipid phase,embrane. Using phospholipase @PLA,) and sphin-
transit_ions_ by solidification of lipids int_roduce pro_'gein gomyelinase C (Sphase) to hydrolyze the phospholipids
domains in the membranesde for review Verkleij, nresentin the outer monolayer, the complete transbilayer
1989). In the recent years it has been suggested that istribution of the phospholipids in the erythrocyte mem-
rafts and/or caveolae, which are enriched in sphingomyprane was elucidated (Verkleij et al., 1973). The clue of
elin, cholesterol and glycolipid, the lipids induce do- ynse experiments, which elucidated the asymmetric dis-
mains in which specific proteins are present (Pralle et al.yjption. was the sequential treatment of the erythrocyte
2000). These proteins fit in these domains because theyiin PLA, (Naja najd and Sphase C( aureu thus
match with theira-helices within the thickness of the reyenting any lysis of the cells to occur, despite the
lipid bilayer in these domains (for revieveeeKillian,  ggsentially complete hydrolysis of the phospholipids in
1998; Dumas et all., 1999),- the outer monolayer. Indeed, 48% of the total phospho-
_ Besides domains within the plane of the membrane|isiqs was hydrolyzed, comprising the major fraction of
differences in the two membrane halves exist, the Soge choline containing phospholipids, phosphatidylcho-
called lipid asymmetry. This asymmetry and its role injjne (PC) and sphingomyelin (Sph), whereas only a mi-
nor fraction of phosphatidylethanolamine (PE) was de-
graded. No degradation of the negatively charged phos-
phatidylserine (PS) and phosphatidylinositol (Pl) was
detected. The actual transbilayer distribution of the phos-
Key words: Phosphoinositides — Excitation-contraction — Ischemia Pholipids of the erythrocyte membrane is shown in Fig.
— Cytosolic phospholipase A 1. This figure also shows the average composition of the
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different Pls, with regard to the phosphorylation of its outer leaflet of a membrane leads to evagination,
inositol ring, present in the cytoplasmic leaflet (as dis-whereas insertion into the inner leaflet causes invagina-
cussed by Rameh and Cantley (1999)). The specific roléion. This has been exemplified with the erythrocyte
of these different PlIs will be discussed below. Membranenhere expansion of the outer leaflet results in creation
splitting analysis by Fisher confirmed the asymmetricaland expansion of the inner leaflet leads to stomatocyte
distribution of PC. Moreover it showed that the outer formation.
leaflet is enriched with cholesterol (Fisher, 1976). Com-
parable transbilayer distribution of the phospholipid
classes has also been demonstrated for the platelet (Chdgss of Membrane Phospholipid Asymmetry
Zwaal & van Deenen, 1977) the cardiac myocyte (Post et
al., 1988) and other cell types, as reviewed in Op derA rapid collapse of the phospholipid asymmetry in the
Kamp, 1979; Zachowski 1993, Deveaux 1992, Roelofserplasma membrane of blood platelets is observed upon
& Op den Kamp, 1994. The concept of lipid asymmetry activation of the cells, resulting in an exposure of PE and
is nowadays widely accepted as a general membraneS (as reviewed by Schroit and Zwaal (1991)). Other
phenomenon. conditions leading to a loss of asymmetry are: aging of
The maintenance of the asymmetrical phospholipiderythrocytes (Diaz & Schroit, 1996), sickle cell anemia
distribution is believed to be attributable to two pro- (Franck et al., 1985), maturation of sperm cells (Nolan et
cesses: (i) an ATP dependent translocation of the amial., 1995), the apoptotic process (Fadok et al., 1992) and
nophospholipids towards to cytoplasmic leaflet, as origi-metabolic inhibition or simulated ischemia of myocardial
nally described by Seigneuret and Deveaux (1984), andells (Post, Clague & Langer, 1993, Musters et al.,
(i) an interaction between the membrane cytoskeletorl993). Exposure of PS at the surface of cells can activate
and the head groups of the aminophospholipids, as sugrocesses such as blood coagulation (Schroit & Zwaal,
gested first by Haest et al. (1978). As reviewed by R0-1991) and macrophage recognition and subsequent fago-
elofsen and Op den Kamp (1994) a loss of phospholipictytosis (Fadok et al., 1992). As will be discussed later,
asymmetry only occurs when both of these processes atbe presence of PS in the cytoplasmic leaflet plays a
malfunctioning. crucial role in excitation contraction coupling and acti-
Lipid asymmetry is not restricted to the polar headvation of enzymes.
group of the phospholipids, but also includes asymmetry  With regard to the loss of the asymmetry in myo-
of the hydrophobic parts. Exemplified, it is found that the cardial cells, it is of interest to note that at the plasma
phospholipids in the inner leaflet of the plasma mem-membrane only a loss of the asymmetrical distribution of
brane of myocardial cells are enriched in plasmalogen®E is observed (Post et al., 1993; Musters et al., 1993),
and in unsaturated fatty acids, such as arachidonic acidefore cell lysis occurs. The outward flow of PE, al-
(Post et al., 1988 Matos et al., 1990). The latter makes though reversible provided that energy supply is restored
sense in the light of being the substrate of cytosolic phosin time (Musters et al., 1996), seems to be involved in
pholipase A, seebelow. subsequent cell death. This might be due to the fact that
A consequence of the above described lipid asymthe outward movement of PE is not compensated for by
metry is the bilayer couple theory, proposed by Sheetan influx of other membrane components, which results
and Singer in 1974. They realized that the two halves ofn an increased pressure in the extracellular leaflet. This
a membrane respond differently to a perturbation, resultwill, according to the bilayer couple theory, lead to
ing in alterations in the curvature of the membrane. In-evagination of the membrane, which is indeed found by
sertion of additional hydrophobic molecules into the electron microscopy (Musters et al., 1991). Recent ex-
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periments showed that compensation of this increase iby neuraminidase or protease treatment and was lost
pressure in the outer monolayer attenuates evaginatiompon phospholipase C treatment or lipid extraction (Post
and cell lysis during simulated ischemia (Steenbergen e& Langer, 1992), again indicating the sarcolemmal phos-
al., in preparatior). These evaginations may induce pholipids as the molecular sites for the sarcolemmal Ca
shedding off of vesicles by the cells and upon sheddinginding sites. The earlier described asymmetrical distri-
of these vesicles also PS asymmetry is lost, resulting imution of the sarcolemmal phospholipids places those
an exposure of PS (M.C.A. Stuart and J.A. Pasipub-  phospholipids representing the calcium binding sites at
lished resulty Also during apoptosis and blood platelet the cytoplasmic leaflet. However, it is to be noted that
activation shedding of vesicles occurs accompanied withhe maximal cytosolic calcium concentration in a myo-
a subsequent exposure of PS, which is shown using aardial cell at rest is in the range of 100-20@ and
nexin-gold labeling at the electron microscopic Ievelduring contraction will not exceed 2m, and thus very
(Stuart et al., 1995,1998). Using this approach no initialjjttie calcium will be bound to these low affinity binding
PS exposure is seen at the plasma membrane itself angtes. This, unless they would be present in a subsarco-
thus it is of interest to speculate that the initial loss of PSigrnmal microenvironment with a much higherCaon-
asymmetry is limited to vesicles which have lost their contration than the average cytoplasmic concentration. A

functional relation with the cell, although maybe still .5ngigate for this microenvironment is the so called di-
attached. This means that ATP levels cannot be main;

. ; X X adic cleft, a 12—15 nm space between the junctional sar-
tained and the interaction of the cytoskeleton with thecqpiasmic reticulum (JSR) membrane and the inner leaf-
membrane lipid is decreased.

When ischemia | d and/or is foll db let of the transverse (T) tubular membrane (Langer &
en ischemia IS prolonged andjor 1S Tolowed By peg) ot 1996). Itis into this cleft that calcium is released
reperfusion, the increase in cytosolic calcium leads to

. . . rom its sarcotubular storage site to initiate contraction.
destruction of the plasma membrane, in which severa On the basis of the cleft structure. T-ahannel and
processes are |.nvoIved, suph as phosp.hol|p|d phase SCHfe Na/cR* exchange function and th’e inner sarcolem-
ration, expression of nonbilayer behavior of PE, genera- L

mal membrane characteristics a model fof Ceoncen-

tion of reactive oxygen species and activation of phos-_ .
pholipase A (Musters et al., 1993; Steenbergen et al, tration and movements has been constructed (Post et al.,

1997). This important role of PE is clearly illustrated by 1992; Langer & Peskoff, 1996; Peskoff & Langer, 1998).

the fact that lowering the PE content indeed diminishedThe model indicates that calcium is released upon exci-

cell death during simulated ischemia and reperfusiontatlon from. e SRand V.VOUId result in a local calcium
(Post, Bijvelt & Verkleij, 1995) concentration above 1 win the cleft. In the absence of

the subsarcolemmal phospholipid calcium binding sites
the calcium concentration falls rapidly (<3 msec) to con-
Phospholipid Asymmetry and Excitation trol levels once release from the SR has ceased. Insertion
Contraction Coupling in the Heart of the lipidic C&* binding sites in the model results in a
somewhat lower calcium concentration (60Q), due to

The negatively charged phospholipids present in the cythe buffering capacity of the sites. More strikingly, upon
toplasmic leaflet could serve as ion binding sites and a§essation of the release from the JSR calcium concen-
such might serve as a storage site fof C&xperimental ~ tration in the cleft remains above 20v for up to 200
data and mathematical modeling, as discussed belownsec.

suggest an important role for negatively charged phos-  Does this have any physiological implications? The
pholipids, in the cytoplasmic leaflet of the plasma mem-major system responsible for removing “Cdrom the
brane of myocardial cells, in the process excitation-myocardial cell, the Na/C4 exchanger, is preferentially
contraction coupling of these cells. Functional studies orlocalized to that part of the sarcolemma where also the
calcium compartmentation in single myocardial cells re-above-mentioned diadic clefts are present (Frank et al.,
vealed a very rapid exchangeable pool of calcium, with a1992). Reported values for tlig, -, for activation of this

t,,» of less than 1 sec and the rapidity of this exchangeaxchanger vary between 6 and 2@ (Nicoll et al., 1991;
placed this calcium pool at or near the plasma membrangliigemann et al., 1992 ) and thus, were the exchanger to
of the myocardial cell, the sarcolemma (Kuwata & face the average cytoplasmic Taoncentration, little
Langer, 1989). Comparison of the amount ofOaound  calcium would be removed from the cell during the car-
to isolated sarcolemmal vesicles and to lipidic vesiclesdiac cycle and calcium overload would be the final con-
made out of lipid extracts of these vesicles revealed thasequence. The increased?Caoncentration, as modeled
up to 80% of the sarcolemmal bound calcium could bein the dyadic cleft, exposes the exchanger to &"Ca
accounted for by the sarcolemmal phospholipids (Phil-concentration well above its, for a relatively prolonged
ipson, Bers & Nishimoto, 1980). Of the two classes of period, thus allowing optimal operation of the NafCa
sarcolemmal C&-binding sites the low affinity, high exchangers and removal of amounts of Cfeom the cell
capacity onel{, 1.1 mv, 84 nmol/mg) was not affected sufficient to maintain steady-state intracellular levels of
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calcium. In this way, the negatively charged phospholip-to this, PI (4,5) Ris also shown to play an important role
ids, present in the cytoplasmic leaflet, would play a cru-in membrane localization of molecules, including signal
cial role in maintenance of Gahomeostasis during ex- transduction molecules by their ability to bind proteins
citation-contraction coupling. It might also explain the containing a pleckstrin homology domain (PH) specific
observed stimulation of both the Na/%l‘aaxchanger and for Pl (4,5) B (Lemmon et al., 1996, 1997). Pl (4,5) P
Ca&*-ATPases by anionic lipids (Roelofsen & van js constitutively present, exclusively at the cytosolic leaf-
Deenen, 1973; Niggli et al., 1984; Vemuri & Philipson, |et in the plasma membrane and comprises about 5% of
1989). Also PI products have been shown to affect thaotal phosphoinositides.
Na/C&* exchanger activity (He et al., 2000). In contrast to this, the products of Pl 3-kinase are
present only in trace amount and upon activation of the
tyrosine kinase receptor class | Pl 3-kinase is activated
and PI-3 products are generated. Pl (3,4,5) is proposed to
bind PLCy2 in vitro by its PH domain, which can be
inhibited by the PI 3-kinase inhibitor wortmannin (Grata-
Signal transduction via membrane receptors starts withg, et al., 1998) and PlyChas been found to bind with
binding of the ligands to their receptors which results injts pH domains to PI (3,4,5);Pwhich mediates PLE
activation of the receptors. In the case of tyrosine kinasg,snsiocation to the plasma membrane in response to
receptors (TKR) this occurs by dimerization or oligomer- growth factors (Falasca et al., 1998). PI (3,4)x8n bind
ization of the receptors which lead to auto/cross phosz, gther proteins, such as PKB, which have PH domains
phorylation of the TKR (Heldin et al., 1995), whereas in 40 gpecific for these PI3 kinase products (Andjelkovic
case of the sevea helix receptor binding of the ligand o 5 "1997; Franke et al., 1997). In vitro experiments
with its receptor leads to a conformational change of the . ’shown’ that PI (3,4) F’activates PKB. whereas PI
cytosolic loops of the receptor, which leads to binding(3 4.5) B slightly inhibitszPKB (seerevieV\,/ Rameh &
and activation. of G-proteins by an exchange of GDP byCe’m,tIey,31999). The suggestion that PKB can be acti-
GTP (see.Efern.dg'e, 1993.)' . . vated directly by PI (3,4) Pis based on the observation
¢ SpetC|_f|(_: bmdmr? mor:n‘s |Intth§tact|v_ated TRIEre_cep- that binding of PI (3,4) RPto the PH domain of PKB in
or, containing a phosphorylated tyrosine as a basic mo-. A .
tive, bind their substrates through src homology 2 (SH2)\|;':£% c_ause? actt|v(;:1t|_on of the kmaze (Frr]ech ﬁt gl., 1?37)
domains geefor review Cohen, Ren & Baltimore, 1995). IS aclivaled In any case by phosphoinositide
Examples of these substrates are Pl 3-kinase\RIcE dgpe.ndent kmase .1 (PDK1) (Alessi et al., 19.98)’ a con-
Src, GAP and the adaptor proteins Grb2 and Shc. In cas%t'tuuve'y act|ve_ k'nase that become; Io_callzed at the
of the severw-helix receptors PLE; and Pl 3-kinase are me.mb.rane by binding to Pl (3’4_'5)3 ,m'th its PH do-
bound to and activated by G-proteins. Activation of theMaiN, in response to receptor activation (Anderson et al.,
docked enzymes occurs by phosphorylation in case of998)- Recently it has been reported that PDK1 is maxi-
the tyrosine kinase receptor substrates or by the binding'a/ly activated by sphingosine, a breakdown product of
to activated G-proteins. In the next pages the involve-SPingomyeline and ceramide (King et al., 2000). Upon
ment of the phospholipids classes present in the cytof€ceptor activation PI (3,4,5)/s increased first after 30
plasmic leaflet of the plasma membrane and involved irs€conds and is likely dephosphorylated subsequently by
transduction of the signal will be discussed. We will limit Phosphatase 2A to PI (3,4),/t the moment that PKB
this discussion to concepts on the topology and tempordPecomes activated (Franke et al., 1997).
aspects of the phospholipids present, or generated, in the It is relevant to speculate where and when these
cytoplasmic leaflet of the membrane, since extensive reinteresting phosphorylated Pl products are present and
views have been written on the role of lipid second mes-generated. Pl (4,5),Pthe substrate of PLC, is constitu-
sengers in activating signal transduction cascades (Nishfively present in the cytoplasmic leaflet and most likely
zuka, 1992; Berridge, 1993; Liscovitch & Cantley, 1994; homogeneously distributed. Moreover, it is supposed to
Rameh & Cantley, 1999). be bound with pleckstrin homology (PH) domain con-
taining proteins, like pleckstrin, spectrin, but also BLC
Pleckstrin and spectrin bind with low affinityK(, > 30
THE ROLE OF PHOSPHORYLATED Pl PRODUCTS puM (Harlan et al., 1994). However, they can be present at
high concentrations since they also bind via protein-
The classical role for phosphorylated Pl products is atprotein interaction with transmembrane proteins, for in-
tributed to PI (4,5) B, which is the substrate for PhQr  stance spectrin binds to band 3 in the case of the eryth-
B in the tyrosine kinase and G-protein-coupled receptorocyte (Branton, Cohen & Tayler, 1981) and thereby the
pathway respectively (Berridge, 1993). Pl (4,5 -  membrane skeleton can interact with Pls and other nega-
drolysis by PLC starts within seconds upon receptor actively charged phospholipids (Isenberg & Niggli, 1998).
tivation producing diacylglycerol (DAG) and JPNext What about the PI 3-kinase products? In the resting

Phospholipid Asymmetry and Receptor-Mediated
Signal Transduction
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state only trace amounts of these molecules are preserihe same mechanism actin may locally and temporarily
Since the enzymes that are necessary for their biosyrstabilize the active signal transduction membrane com-
thesis are activated near the receptor, immediately upoplex, in order to enhance the signal of the lipid second
receptor activation, it is reasonable to assume that Pmessenger, which is necessary for binding and activation
(3,4) B, and PI (3,4,5) RPare synthesized near the acti- of PKC and PKB. In that respect it is of interest to
vated receptor and form a dynamic lipid microdomain, mention that the destruction of the actin filament system
exclusively in the cytoplasmic leaflet of the membraneby cytochalasin B inhibits the translocation of PKC to
for a limited amount of time (sec-min). As discussed the membrane and subsequent desensitization of the EGF
above, these products serve as docking sites for sign&gceptors (Rijken et al., 1998).
transduction molecules as Piy@nd PKB, which have a In conclusion both PLC and PI 3-kinase are re-
preferential interaction with PI (3,4,5);Pand PI (3,4) cruited to the membrane by docking with phosphorylated
P,, respectively. Of importance are the concentrationdyrosines at the receptor by their SH2 domains. This in
and the affinity of the PH containing proteins which bind concert with actin polymerization to which these proteins
to the polyphosphoinositides. The question is whethe@r® bound. Subsequently, PH domain containing signal
the concentration of these molecules, for instance®LC fransduction molecules can bind to their specific poly-
which has a relatively high affinity(, = 1.7 um) for Pl ph_osphomosmdes in the inner leaflet of the membrane
products (Lemmon et al., 1995), is high enough to resul{F19- 2)-
in binding. For that, the polymerization of actin-
cytoskeleton at the site of activated receptors is of rel-THe RoLE oF CERAMIDES
evance. PL@, Pl 3-kinase, PI 4-kinase and PI 5-kinase
and many others can bind indirectly with the actin- The degradation of sphingomyeline, which is present in
cytoskeleton and thereby increase in concentration athe cytoplasmic leaflet to a small extent, leads to forma-
those sites. Upon activation of membrane receptors actition of ceramides. Ceramides affect various cellular re-
polymerization is found at the site of the receptor acti-sponses (Hannun, 1996) and recently it has been found
vation, including membrane ruffles, with activated EGF that the production of ceramides in the inner leaflet may
receptor, and focal adhesions with activated integrinesnegatively regulate the activity of PKB by activating a
Most of the receptors can bind actin either directly, suchphosphatase which dephosphorylate PKB on Ser 473
as EGF-receptor (Den Hartigh et al., 1992) or indirectly,(Schubert, Scheid & Duronio, 2000). Furthermore, ce-
for example via talin in case of the integrin receptorramides induce phosphorylation of PK@ cells and
(Jockush et al., 1995). This polymerized actin, as visu-activates the enzyme in vitro (Muller et al., 1994).
alized by immunofluorescence using phallocidin, ap-Doornbos found that PKB is negatively regulated by
pears within seconds upon activation of the receptor an®KC (Doornbos et al., 1998) and recently Doornbos and
disappears after about 10 min from the activated regioryan Bergen en Henegouwen in our laboratory found that
of the membrane. Colocalization is found for the acti- ceramides induces inhibition of PKB, which is mediated
vated receptor, actin and PkOwith immunofluores- By PKC (Doornbos, 2000). In Fig. 2, a schematic rep-
cence (Diakonova et al., 1992). In fibroblasts, immuno-résentation of a membrane ruffle cont_almng a_ctlvated
fluorescence microscopy showed that endogenous Akfeceptors, where Pl products and ceramides are mcr_eased
PKB localized to membrane ruffles at the outer edge of© regulate PL§ and PKB, as examples of signaling
the cell following mitogen stimulation, as did the PH molequles actliv_ated at thg cytoplasmic leaflet in micro-
domain of PKB, fused to GFP protein (Watton & Down- domains, stabilized by actin skeleton, near the receptor.
ward, 1999). Similar results were obtained in our labo-
ratory (Doornbos, 2000). Biochemical fractionation THe CA LiPiD BINDING DOMAINS
showed that the activity of the PI-cycle enzymes, Pl 3-ki-
nase, Pl 4-kinase, DAG-kinase, and PLC are associateMext to the role of phosphorylated PI products in the
with actin filament and that their activity is 2—3 times cytoplasmic leaflet of the membrane other lipids are in-
increased upon EGF receptor activation (Payrastre et alvolved both in binding and activation of signal transduc-
1991). PI 4-kinase and PIP 5-kinase, which are also intion enzymes. The most classical is the activation of
volved in the Pl metabolism, are also activated by thePKC. Most of the PKCs are activated upon the formation
activated EGF receptor (Payrastre et al., 1990). of diacylglycerol, generated in the cytoplasmic leaflet
What is then the role of actin there during receptorupon activation of PLC. Most of the PKC isoforms also
activation? First of all as discussed above, it could beneed PS, constitutively present in the cytoplasmic leaflet,
involved in the recruitment of signal transduction en-and calcium for their activation (Nishizuka, 1992). This
zymes, which bind to the actin filament system, to theactivation also involves the formation of microdomains
membrane area with activated receptors, where they binth the cytoplasmic leaflet containing PS (Yang & Glaser,
to the receptors with their SH2 domains. Secondly, byl1996).
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Fig. 2. PanelA shows the organization of the
membrane at rest. ParBlshows that upon

ligand binding receptors dimerize and
cross-phosphorylate and the actin-cytoskeleton is
increased. Pl 3-Kinase is recruited to the plasma
membrane and PI (3,4),Rand Pl (3,4,5) Rare
generated, which serve as binding sites for PKB,
PDK1 and PLG, via their PH domains. PL¢
leads to the formation of DAG and JPwhich

both are involved in the activation of PKC. PKB,
activated by the PI 3 kinase pathway via PDK1,
can be inactivated by the production of
ceramides. This activates a phosphatase (CAPP),
that dephosphorylates PKB, and activates RKC
which downregulates PKB activity (not depicted).

Another interesting membrane €4ipid-mediated  ing of PC in the presence of physiological calcium con-
binding signal transduction enzyme is cytosolic phos-centrations. Binding of the C2 domain occurred irrespec-
pholipase A (cPLA,). C&* and phosphorylation by tive of the saturation of acyl chains or the presence of
MAP kinase are the most prominent regulators of cBLA carbonyl oxygens an1 and -2 linkages. It has therefore
activity. Phosphorylation, which is found to be on Serinebeen suggested that the cPL&2 domain primarily in-
505 (Lin et al., 1993), has to precede the?Gimduced teracts with the headgroup of PC (Nalefski et al., 1998).
translocation for maximal EGF-induced activation of The crystal structure of the CalB domain, (Perisic et al.,
cPLA, (Schalkwijk et al., 1996). This phosphorylation 1998) of cPLA reveals an eiglg-strand (type Ill) to-
step is probably necessary to release monomeric gPLApology exposing two Cd ion-binding sites that are sur-
from the inactive cPLA clusters in the cytoplasma (Bunt rounded by three connecting loops (CBRS). In a model
et al., 2000). Submicromolar €aconcentrations induce for the membrane interaction of the CalB domain, CBR1
a translocation and binding of cPLAt0 membranes provides the initial binding by interaction with the hy-
thereby allowing access to its substrates. The binding androphobic portions of the lipid headgroup. CBR3
activation is mediated by the N-terminal €alependent strengthens this binding by insertion into the membrane.
phospholipid binding domain (CalB or C2-domain) (Wi- A path of basic residues is thought to interact (weakly)
jkander & Sundler, 1992; Nalefski et al., 1994; Perisic etwith the negatively charged headgroups and, together
al., 1998). This domain shares homology with the C2with CBR1 and CBRS3, constitutes the membrane-
domains first identified in the conventional isoforms of binding motif. One important feature of the membrane
PKC and is found in a range of proteins like Pi.@nd  binding by the cPLA-C2 domain, as compared to C2
synaptotagmin (Clark et al., 1995). The C2 domain ofdomains in other proteins, is that hydrophobic interac-
cPLA, was shown to preferentially bind vesicles consist-tions prevail over electrostatic interactions (Davletov,
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Fig. 3. CPLA, is present in the cytoplasm
predominantly in clusters of which the identity is
currently unknown. Upon activation of
MAPkinase via the RAS-Raf-Mek pathway.
CPLA, is phosphorylated at Ser505, which is
proposed to release cPLAs monomers, which
will be translocated to the membranes upon
binding of C&". It binds to the headgroup of
PC, upon which preferential hydrolysis starts of
arachidonic acid containing phospholipids.

Perisic & Williams, 1998). Notably, the cPLAisoform  present or they are locally induced in the cytoplasmic
lacks a C2 domain. Instead, membrane binding by thideaflet of the membrane upon receptor activation. We
isoform is mediated by prenylation of its C-terminus have exemplified this by the regulation of PLC, PKB and
(Underwood et al., 1998). In addition, the presence of e&cPLA,. Clearly, many other proteins and enzymes are
putative PH domain was proposed (Mosior et al., 1998)translocated and activated to the membrane by lipid mol-
The high affinity and specific binding of cPLAto PI  ecules, see for instance the reviews of Isenberg and Nig-
(4,5) B, in vitro and the accompanying increase in ac-gli (1998) and Liscovitch and Cantly (1994). It can be
tivity suggests the presence of such a domain. Amincstated that heterogeneity in time and space will be one of
acids 271-283 revealed similarity with a portion of the the most intriguing parameters in membrane molecule
PH domain of PLG and this region has been assumed tofunctioning.

be the responsible motif. However, the functional impli-

cations of this putative PH domain and PI (4,5)k#nd- We would like to thank Drs. P.M.P. van Bergen en Henegouwen, J.
ing remain to be established. In case of cBltFanslo-  Boonstra, R. Doornbos, G. Bunt and G.A. Langer for their stimulating
cation no role for the actin filament system could bediscussions.

found (Bunt et al., 1997). This is in line with the fact that

cPLA, has no actin binding domain. It is of interest to

note that the enzyme has a preference for arachidonoyteferences

phospholipids, which are enriched in the cytoplasmchlessi’ D.R., Kozlowski, M.T., Weng, Q.P., Morrice, N., Avruch, J.

leaflet. This selectivity for arachidonoyl phospholipids is  1998. 3-Phosphoinositide-dependent protein kinase 1 (PDK1)
caused either by the loose packing in the membrane due phosphorylates and activates the p70 S6 kinase in vivo and in vitro.
to a high degree of unsaturation, or by selective recog- Curr. Biol. 8:69-81
nition. Anderson, K.E., Coadwell, J., Stephens, L.R., Hawkins, P.T. 1998.
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