PauL A JANMEY

CROSSTALK

Protein regulation by phosphatidylinositol lipids :
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Phosphatidylinositol lipids are best known as a source of the second messengers
inositol trisphosphate and diacylglycerol. Some phosphatidylinositol lipids may
directly regulate cytoskeletal events, however. To understand the
role of lipids in signaling, help from both synthetic chemists
and physical chemists is nceded.
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Phosphatidvlinesitol lipids, or polyphasphoinositides
(PPIs), constitute only a small traction (<1 %) of total
cell membrane lipid. They are disproportionately impor-
tant in biology, however; changes in the synthesis or dis-
tribution of PPIs appear to be involved 1o the signaling
pathways that trigger a wide range of cellular processes,
including cell division, sceretion, motility. and cyroskele-
wl reorganization. Most attention  has focused on
phosphatidylinositol 1,5 bisphosphate (PI{(4.5)P,: Fig. 1)
as a substrate for the phosphodiesterase phospholipase €
(PLCY. Cleavage of PI($.3)P, by PLC (Fig. 2) vields two
second messengers, inositol 14,5 trisphosphate (IP5) and
diacvlglycerol (DAG). TP; enters the cytosol, where it
opens channels that elevate cvtoplasmic Ca=* levels.
while DAG remains in the cell membrane, stimulating
the activity of protein kinase C (PKC) and possibly
other proteins that function in signal transduction or
cvroskeletal  changes [1]. In this
PI45IP, s only a precursor of the second messenger
molecules, 1P, and DAG. More recent work, however,
indicates that PU3)P, itself can act as a messenger,
directly activating PKC and other enzymes. These
observations are consistent with some of the earliest

series of events,

work on PPIs (originally called di- or tri-phosphoinosi-
tides [2]).which suggested that these membrane lipids
themselves bind to proteins |3

Direct effects of phosphatidylinositol lipids on

protein function

One clear example of a direct effect of phosphatidyl-
inosicol Tipids on protein function s their ability to
modulate the activities of components of the cytoskele-
ton. PIHP and PI(4,3)P, specifically mteract wich
several actin-binding pmtc';n& altering rtheir affinity for
actin. The first interaction of this kind to be identitied
was that of PI4,5)P, with profilin, a soluble protein
that sequesters actin monomers [4]. P1{4,3)1?, decreases
the affinity of profilin for actin and may thereby
promote actin polymerization, a process that is essential
for cell motiliey. [t was later found that gelsolin,which
severs and caps actin filaments and thus breaks up actin
networks, i inactivated by PI(#.5)P,. Gelsolin binds
extremely tightly to actin (K, <nM), and phosphatidyli-
nositol lipids are the only physiological agents known
to dissociate these complexes. Tt has been nearly ten

vears since these first reports that gelsolin and profilin,
both of which are presumably eytosolic proteins, might
be regulated by these rare plasina membrane lipids.
Since then. several lines of evidence have accumulated
which support this notion. First. despite much experi-
mentation, 1o agent has been found that 15 better than
PICHD or PIAS)

gelsolin or profilin. Sccond. stimulated polymerization

P, at inhibiting acenn binding by either

of actin n vivo appears to take plwe at the interface
of the cytoplasm with the plasma membrane, not
mainly in the cyvtosol, making the notion that the
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Fig. 1. Structure of the phosphatidylinositol lipid PI(4,5)P,. The
typical glycerol hackbone of a phospholipid ishown in black) is
linked by ester bonds to a saturated fatty acid itypically stearate,
shown in green) at the 1 position and an unsaturated fatty acic
ttypically arachidonate, shown in orange; at the 2 position. The 3
position is linked by a phosphodiester hond to inositol ishown in
blue). 1he parent phosphatidylinositol (PE is phosphorvlated by a
specific P14 kinase and a specitic FlidiP 5-kinase to obtain the
Plt4.5)F, species shown. Pl and its derivatives are substrates for
phospholipase A2, releasing arachidonic acid, which is further
processed to make a number of signaling molecules, including
prostaglandins, leukotricnes and hydroxycicosatetracnoic acid
derivatives (HETEs) by cellular lipoxygenases, oyclooxygenases,
and epoxygenases. PI(4,5)F,, is also a substrate for several types of
Pl-specific phospholipase C isoforms which respond to different
stimuli to hydrolyze the phosphodiester hond adjacent to glycerol
tarrow), releasing 1P, to the cytosol and leaving diacylglycerol in
the cell membrane. A different class of enzymes, the PI-3 Kinases,
which are implicated in cell growth and division, phosphorvlate
the inosital ring at the 3' position and can use PI, PP and
PIt4,5)P, as substrates. The resulting products appear not to he
substrates for phospholipase C.
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Fig. 2. Summary of phosphatidylinasitol lipid turnover.Phosphatidylinositol can be phosphorylated at the 4' position, leading to Pi(4)P
and subsequently to Pli4,5)F,, which is a substrate for phospholipase C (PLC}. Hydrolysis of Pli4,5)P, by phospholipase C produces
1P5, which triggers the release of Ca** from intracellular stores, and DAG, which activates protein kinase C to phosphorylale a number
of proteins. PI, PI(4)P and Pl(4,5)P, can also be phosphorylated at the 3' position, giving rise to PI(3)P and higher phosphorylated deriv-
atives, which are not substrates for PLC but instead appear to have direct effects on cytoskeletal organization, secretion, and DNA
synthesis. Not shown are the functions of specific and non-specific phosphatases. In resting cells, the opposing actions of the
phosphatases and kinases can produce a large flux within the pathway, without altering steady-state concentralions.

proteins responsible might interact with lipids more
reasonable. And finally, more than a dozen actin-binding
proteins have now been found to bind to PPIs, notably
filament-severing - proteins and  proteins  that  are
imvolved in forming adhesion sites, where actin fila-
ments are attached to the cell membrane. Binding to
PPIs sometimes enhances and sometimes inhibits the
interaction between actin and the protein - question
(reviewed in |5]). Although both PI4)P and P1(4.5)P,
interact with actin-binding proteins, the fact that PI(4H)P
5-kinase is a target of Rho, a small G-protein whose
activation lies upstream of signals leading to actin poly-
merization and formation of protein complexes in
adhesion sites [6], suggests that PI(4,5)P, is the more
important signal for actin polymerization.

At least some types of phosphatidvlinositol lipids,
notably phosphatidylinositol-3-phosphate (P1(3)P) and
its hlght‘,r phosphorylated derivatives P1(3.4)P, and
PI(3,4,5)P; (Fig. 2, appear not to be substrates for
PLCs and thus cannot be precursors of 1P, or DAG.
The enzyme that makes PI(3)P. phosphqtldvlmontol
(PI) 3-kinase, is required for DNA synthesis and ccll
growth {7], suggesting that PH3)P itself also has a target,
as yet unknown, in the signaling pathway leading to cell
dvision. ln the discussion below, PP, will be used to
designate PI derivatives whose phosphorylation struc-
ture is cither not known, or not important for the
biological eftect discussed.

PPI-binding sites on proteins

Three structures ot PPI-binding domains have been
determined by X-ray or NMR analysis (Fig. 3), and
they appear to bind PPIs m different ways. Two sites in
gelsolin (one in segment 1. the other in segment 2)
bind PIP, micelles as well as PIP, incorporated into
phosphatidylcholine vesicles, and this binding dissoci-
ates gelsolin—actin complexes. One of these sites
appears to be at or near residues 135-142. A recombi-
nant gelsolin segment 1 mutant lacking residues
135-142 (FKSGLKYKK) binds actin but, unlike its
counterpart, is not regulated by PIP,.
Furthermore, a synthetic peptide based on this
sequence competes with intace gelsolin for PPIs [8]. In
1. this linear

normal

the erystal structure of gelsolin segment
sequence spans a coil and B-strand exposed near the
gelsolin—actin interface |9] (Fig. 3a). A peptide based
on the second PPI-binding site of gelsolin (residues
150-169) undergoes a coil-helix transition in vitro
upon binding P1{4.5)P, [10].

The pleckstrin homology domain is a motif found in
several proteins and is thought to anchor them to the
cell membrane. Pleckstrin also binds PI(4,5)1%,, diluted
in sniall detergent micelles, but the structural motif
responsible for binding is fundamentally different from
that of gelsolin [11]. NMR studies suggest that the
amino acids that contact the lipid lie at the edges of
turns forming a P-barrel in the pleckstrin structure.
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Fig. 3. Structures of Plt4,5)P -hinding protein domains. (a) Gelsolin segment 1. Twa PIi4,51P ; sites are found in gelsolin, one at residues
1335142 joutlined in white}, the other at residues 130169 tfound in gelsolin segment 2, whose structure is unknown, but probably
homologous to that of segment 1. (b) Pleckstrin. The PIt4,5)P,-hinding site is formed by amino acids at the edges of a series of turns
fonming a f-barrel in the pleckstrin structure. The side chains of the six 1ys residues at the PIt4,51P, binding site are highlighted in blue
and the residues thal show chemical shift changes upon hinding Plid, 5P, are shown in red. (€) Profilin. The white circles indicate the

proposed PIi4,5)P -binding site, which comprises a number ot basic residues in the carboxy-terminal helix that Torms parl of profilin®s
actin-binding site thsted on the righl in mauver and o clusler of hydrophobic residues that are tound close by at the base of the protein

icolor-coded 10 their position in the structure).

These residues, which lie close together in space, are far
apart e the animo acid sequence (Fig. 3b).

The third PPI-binding protein whose structure is known,
profilin [12].is not quite so informative. The PP binding
site on this protein is not known with certainty, bue there
are several plausible candidates. One is a linear sequence
with some similarity to gelsolin residues 135-142, which
lics on an o-hehx that constitutes part of the actin

binding site (Fig. 3¢). Other surfaces with positive charge
have also been proposed to be the PPI-binding sice [13].

Structures of PP] lipids bound to proteins

PP] binding to profilin and gelsolin is not exclusively
electrostatic. The proteins have lictle affinity for water-
soluble denvatives lacking acyl chains. and binding to
PIP, is strong over a pH range where at least one of the
phosphomonoesters of PIP, becomes protonated, reduc-
ing the charge. There is also only a modest difference in
the binding of PPIs to profilin isoforms that ditfer radi-
cally in isoelectric point. Instead, binding of these proteins
1s very sensitive to the physical state of the lipid (Fig. 4). A
variety of studies suggest that clusters of PIP or PII, con-
taining berween 5 and 10 PPI-headgroups must form to
stabilize the protein-lipid complex. For example, gelsolin
is not atfected by PIP, meorporated at below 10 mol % in
cither triton micelles or phosphatidylcholine vesicles [ 14].
Therefore. the distribution of lipids in the biological
membrane mayv be at least as importanc as ther bulk con-

packing geometry for PIP, function in vive is illustrated
bv what happens when a ]5()1;11' derivative of arachidonic
acid (15-HETE) is substituted in the pool of cellular PIP,,
In neutrophils, 15-HETE selectively enters the PPL podl

ntration for biological activity. The importance of

and replaces arachidonate at the 2 position of the glycerol
backbone. In cells carrving these modified PPIs, stimula-
tion by inflammatory agents no longer leads to hydrolysis
of PI(#.5)P, by PLC, and the neutrophils no Jonger re-
organize their cytoskeleton or migrate actoss endothelial
cell boundaries when stimulated to do so [15]. Since the
phosphadiester bond from glyeerol to mositol cleaved by
PLC 15 still abundant. the inability to generate TPy appears
to be due to an effeet of the 13-1IETE on the way in
which the PIP, is presented to the enzyme on the cvto-
plasmic surface of the membrane.

Next steps: synthetic chemistry

Progress in this arca has been made ditficult by the lack of
sutficient amounts of lipids with defined structure and
stercochemistry to allow biochemical tests. For example,
although it seems clear that PI(3)P functions differently
tronm PLEHY i vive, it has not been practical to determine
the effects of PI3)P on cytoskeletal protein function in
vitro because insufficient amounts of the lipid can be
made. The obvious synthetic route for a biologist is to use
purified or recombinane P1 3-kinusc; however, the enzyme
stops working once it has phosphorylated 10% of its sub-
strate, even though 1t retains activity when presented with
a fresh supply of P1 (C.L. Carpenter and L.C. Cantley, per-
sonal communication). This result probably has inportant
nuplications for the role of surface charge or curvature in
controlling PI-3 kinase activity, but is also a strong barrier
to making pure PI3)2 A more promising route 15 the
complete synthesis of phosphorylated inositol lipids.

Synthetic phosphatidylinosito] and some derivatives were
first reported in 1970 [16]. Once example of the use of
synthetic Pls to shed light on lipid—protein interactions
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PIP, dispersed dilutely in a lipid bilayer has no effect on gelsolin or profilin

Clustering of PIP allows interaction with proteins and perturbs the bilayer
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Fig. 4. Hypothetical role of membrane
curvature or PPI clustering in binding to
proteins. Using gelsolin as an example,
a membrane with PI(4,5)P, widely dis-
persed has little or no affinity for the
positively charged PPl-binding sile of
the protein ttop). A rearrangement that
concentrates the phosphorylated inos-
itol rings stabilizes the lipid-protein
interaction and induces a slructural
rearrangement  within - the  protein
(bottom). Aggregation of PIP, head-
groups which are oo large 10 form
stable flat bilayers would tend to
deform the membrane locally, possibly
contributing to binding.

is a study of four stereoisomers of dihexadecanoyl PI.
I'his study showed that the chirality of the inositol ring
is important for the activity of PI 4-kinase, but that this
enzyme can tolerate changes in the stereochemistry of
the glycerol backbone and the nature of the acyl chains
[17]. In light of the biological importance of isomers of
Pl-monophosphates, it is interesting to note that syn-
thetic PI(2)P was reported in 1970, and PI(5)P was pro-
duced by alkaline phosphatase treatment of PI(4,5)P, in
1968 [18]. Neither of these 1somers has been studied in
vive or with purified proteins.

Physical chemistry

Tt seems likely that the interesting biological functions of
PPIs are connected to their unusual physical properties.
PIP, is unique among common phospholipids with two
acyl chains in that it forms small micelles instead of bilayer
vesicles in water, because of the large electrostatic charge
(-4 to —5) of the headgroup. PIP,, whose synthesis in vive
correlates with cytoskeletal changes, would presumably be
cven more water-soluble, but this has not yet been tested
with the native lipid. For PIP, or PIP, to be stable in a
cell membrane, their large charged headgroups must pre-
sumably be compensated for by other phospholipid types.
Divalent cations also bind avidly to these phasphorylated
headgroups. Such binding would be strongly enhanced by

the electrostatic potential of a large cluster of like-charged
lipids in the inner leaflet of the cell membrane [19,20].
Understanding how charged lipids like PPIs distribute in
domains in the cell membrane and how to relate such
macroscopic surface features to protein-lipid interactions
remains a challenge to cell biology and chemistry.

The roles of PI phosphorylation in cell signaling might
be difticult to define using only a single purified lipid,
since the context int which the lipid is found may also be
extremely impaortant. A naive analogy might be madc
with protein tyrosine phosphorylation, which places a
single phosphomonocster on a hydroxyl group of a six-
membered carbon ring similar in size to mositol.
Tyrosine phosphorvlation can be the *switch’ that makes
a protein into a target for the next protein in the
signaling pathway. typically a protein that contains a Src
homology 2 (SH2) domain. The binding specificity of
SH2 domains for phosphotyrosines is dictated by the
topography of the surrounding polypeptide chain,
however, and, although the SH2 domain will not bind to
its ligand in the absence of tyrosine phosphorylation, the
presence of phosphotyrosine is not enough to lead to
binding. The binding of individual proteins to PI(3)P or
PI(4,5)P, might similarly depend on the nature of the
surface on which the phosphorylated PI ring is found.



The radical changes that occur in stimulated PI turnover
i vivo, in which 30°% of the cell’s PIP, is hydrolyzed and
reformed within seconds, could cause large changes in
membrane potential and eurvature, which might be
important for signaling to intracellular proteins. Modeling
such eftects theoretically or experimentally by conseruct-
ing synthetic surtaces and linear polymers bearing mult-
ple inositol phosphates would begin to address these
issues. [n addition, the thermodynamies of hydration and
divalent cation binding to PPI-rich surfaces are complex
121]. and the steric and clectrostatic eftects of placing
multiple phosphates on the small inositol ring cannot be

neglected. For example, direct measurements suggest that
the free energy change of hydrolysis of the 5' phosphate
trom PI{#.5)1°, is more negative than that for hvdrolysis
of ATP |22]. Whether this large free energy change is
exploited by the cell is unknown.

Practical uses of synthetic PPl analogs and PP1 ligands

PPI derivatives have potential use as antiproliferative
agents and other pharmaceuticals based on modulating
cell signaling by PPIs. For example, thiophosphate
4] and deoxy [25] analogs of PI have been synthe-
sized and have biological actvity, and phosphonate
substrate analogs can inhibit PPl-specific PLC [26].
Sulfated analogs might alse be useful. Such agents. as
well as peprides that bind to PPIs, might be able to
modulate PPL turnover i vive, Some attempts o this
direcion have already been made, with surprising
results; although  PPI-binding  peptides  would  be
expected to imhibit the access of enzymes to PPls, in
one case a peptide based on a sequence of phaspholipase
C-B, with similarity to one of the PPI-binding sites of
gelsolin, strongly accelerated rather than inhibited
wydrolysis of P1{4.5)P, by this enzyme [27]. These results
again emphasize the probable relevance of the physical
packing of PPIs to their biological function. A colla-
boration between synthetic organic chemists, physical
chemists, and cell biologists will prabably be required to
understand the function of PPIs completely.
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