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Phosphorylation of inositol phospholipids plays a key role in
cellular regulation via the generation of intracellular second mes-
sengers. In addition, it represents a mechanism to regulate inter-
actions of the lipid bilayer with proteins and protein scaffolds
involved in vesicle budding, cytoskeletal organization, and signal-
ing. Generation of phosphatidylinositol 4-phosphate [PI(4)P] from
phosphatidylinositol (PI) is an important step in this metabolic
pathway because PI(4)P is a precursor of other important phos-
phoinositides and has protein binding properties of its own. We
report here that a PI 4-kinase (PI4K) activity previously reported on
synaptic vesicles is accounted for by the � isoform of the recently
characterized type II PI4K (PI4KII) family. PI4KII�, which also ac-
counts for the bulk of PI4K activity in brain extracts, is concentrated
at synapses and in the region of the Golgi complex in neuronal
perikarya. Our results provide new evidence for the occurrence of
a cycle of phosphoinositide synthesis and hydrolysis nested within
the exo–endocytic cycle of synaptic vesicles and point to PI4KII� as
a critical player in this cycle.

Neurotransmitter-containing synaptic vesicles release their
content by exocytosis. After this reaction their membranes

are rapidly recaptured by endocytosis and recycled. At least a
major fraction of this recycling traffic occurs by clathrin-
mediated endocytosis (1, 2). The proper progression of mem-
brane in this pathway implies mechanisms that impart direction
and prevent retrograde membrane flow. Studies on a variety of
vesicle transport reactions, including the synaptic vesicle cycle,
have identified GTPases as critical regulator of vectoriality (3, 4).
In addition a role of phosphoinositide synthesis and hydrolysis in
this regulation has been proposed (5, 6).

An important first piece of evidence supporting a function of
phosphoinositides in the recycling of synaptic vesicles was the
identification of the polyphosphoinositide phosphatase synap-
tojanin 1 as a protein neighbor of dynamin (7). Dynamin, a
GTPase, plays a critical role in the fission of endocytic vesicles
from the plasma membrane (8). Investigations of synaptojanin in
various species provided functional and genetic evidence for its
function in the endocytic pathway at the synapse (9–12). These
studies have been convergent with the identification and char-
acterization of binding sites for phosphoinositides, primarily
phosphatidylinositol (PI) 4,5-bisphosphate [PI(4,5)P2], in endo-
cytic clathrin adaptors and in their accessory factors (13–16).
PI(4,5)P2 is selectively concentrated in the plasma membrane
(17), possibly explaining why the assembly of clathrin coats
on synaptic vesicle membranes occurs only after exocytosis.
Conversely, synaptojanin may contribute to clathrin adaptors
shedding immediately after the dynamin-dependent step, i.e., the
fission reaction of endocytosis. Disruption of synaptojanin func-
tion results in delayed uncoating of clathrin-coated vesicles and
in delayed reentry of newly internalized synaptic vesicle mem-
branes into a functional synaptic vesicle pool (9, 12). The
degradation of PI(4,5)P2 in the endocytic pathway must be
compensated by PI(4,5)P2 generation on the plasma membrane.
PIPKI�, i.e., a PI(4)P 5-kinase that may account for this com-

pensatory synthesis, is concentrated in nerve terminals and is
thought to act selectively on the plasma membrane or on plasma
membrane-derived membrane compartments from which
clathrin-coated vesicles originate (18).

An open question is the site of synthesis of the PI(4)P that
functions as substrate for PI(4)P 5-kinase action as well as the
identity of the corresponding PI 4-kinase(s). PI 4-kinase activity
had been detected on synaptic vesicles (19) but its molecular
identity has remained unknown. Because of its tight membrane
association, this kinase is unlikely to be accounted for by the
homologues of Saccharomyces cerevisiae Stt4 and Pik1 (20), the
only two classes of PI 4-kinases (collectively referred as type III
PI 4-kinases) molecularly characterized until recently (21–24). In
2001, a protein family that is responsible for an important
fraction of PI 4-kinase activity in a variety of tissues, and in
particular for membrane-bound activity, was identified (25, 26).
This family has now been shown to comprise two closely related
proteins in mammals, type II� and type II� PI 4-kinases
(PI4KII� and PI4KII�), respectively (25–28). [An activity orig-
inally identified as a type I PI 4-kinase was subsequently
identified as PI 3-kinase (24).]

Here we show that PI4KII� accounts for the majority of PI
4-kinase activity in brain and that this enzyme is concentrated
both at the synapse and in the region of the Golgi complex in
neuronal perikarya. A pool of PI4KII� copurifies with synaptic
vesicles and is responsible for the PI 4-kinase activity present on
synaptic vesicle membranes. We suggest that generation of
PI(4)P by this enzyme on synaptic vesicles may be the first step
in the resynthesis of PI(4,5)P2 after the action of synaptojanin.

Materials and Methods
PI Kinase Assay. In vitro lipid phosphorylation assays on cytosol,
immunoprecipitated kinases, or recombinant purified kinases
were performed as described with minor modifications (18). In
a typical assay, the reaction mixture (50 �l) contained 30 mM
Hepes (pH 7.4), 100 mM KCl, 2 mM MgCl2, 1 mM EDTA, 10–20
�g of substrate lipid [synthetic short chain phosphoinositides
(Echelon, Salt Lake City) or a brain-derived phosphoinositide
mixture (Sigma P-6023)], and 0.2% Triton X-100. The reaction
was initiated by addition of 40 �M ATP (10 �Ci of [�-32P]ATP
per assay; 1 �Ci � 37 kBq) and performed for 10 min at 37°C.
Reaction products were extracted and subjected to TLC on silica
gel 60 plates and developed by using chloroform�acetone�
methanol�acetic acid�water (64:30:24:32:14) as a solvent. 32P-
labeled phosphoinositides were visualized by autoradiography.
Deacylation of phosphoinositides and HPLC were performed as
described (18). Although the presence of Triton X-100 drasti-
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cally stimulated PI4KII� activity, it inhibited PI(4)P 5-kinase
activity. Unless otherwise indicated, all essays were performed
in the presence of Triton X-100.

Antibodies. Polyclonal Abs directed against rat PI4KII� were
obtained by immunization of rabbits with purified Escherichia
coli-expressed full-length rat GST-PI4KII�. Polyclonal Abs di-
rected against mouse PI4KII� were obtained with a synthetic
peptide corresponding to residues 14–35 of mouse PI4KII� as
the immunogen. This sequence is unique to PI4KII� and is
conserved in human and mouse (81.8% identity). Abs directed
against synaptobrevin 2 (mouse monoclonal Cl 69.1) were a kind
gift of R. Jahn (Max Planck Institute for Biophysical Chemistry,
Göttingen, Germany). mAbs to amphiphysin 1 and synaptojanin
1 and polyclonal Abs to synaptophysin and PIPKI� were from
our laboratory. Antiactin Abs and monoclonal anti-Myc Ab were
purchased from Sigma, whereas polyclonal anti-Myc Ab was
purchased from Upstate Biotechnology (Lake Placid, NY).

Immunoisolation and Electron Microscopy. Monoclonal synaptobre-
vin 2 Abs Cl 69.1 were conjugated to Eupergit C1Z methacrylate
microbeads (1-�m mean diameter; Röhm Pharmaceuticals,
Darmstadt, Germany) as described (29). LP2, a crude synaptic
vesicle fraction (30), was incubated with beads for 2 h at 4°C with
constant rotation. After incubation, the beads were sedimented
by centrifugation at 9,500 � g for 1 min and washed three times
with PBS. For electron microscopy, washing steps were omit-
ted and beads pellets were directly fixed and processed as de-
scribed (31).

Miscellaneous Procedures. GST fusion PI4KII� was subcloned
from Myc-tag rat PI4KII�, which was a generous gift from J.
Albanesi (University of Texas, Southwestern Medical Center,
Dallas), expressed and purified from E. coli. Cell culture,
transfection, tissue homogenization, SDS�PAGE, immunoblot-
ting, Triton X-100 extractions, and immunoprecipitations were
performed by standard procedures. Subcellular fractionations of
rat brain were performed as reported by Huttner et al. (30).
Immunostaining was performed on rat brain (fixed by transcar-
dial perfusion) frozen sections as described (32).

Results
The goal of this study was to determine the identity of a PI
4-kinase activity present on synaptic vesicles. PI 4-kinases fall
into two classes, defined as type II and type III. Type III PI
4-kinases are inhibited by wortmannin (IC50 � 50–100 nM) and
high (�1 mM) concentrations of adenosine, whereas type II PI
4-kinases are sensitive to low doses of adenosine and are
insensitive to wortmannin. Both classes of kinases are more
active in the presence of Triton X-100 (24, 33). We examined the
properties of PI 4-kinase activity in a crude synaptic vesicle
fraction, the LP2 fraction described by Huttner et al. (30), in the
presence of Triton X-100. The kinase activity was insensitive to
wortmannin (10 �M) and strongly inhibited by 0.5 mM adeno-
sine, consistent with a type II activity (data not shown).

PI4KII� and PI4KII� have similar primary structures but
differ in tissue and subcellular distribution. PI4KII� is exclu-
sively membrane-associated, whereas PI4KII� is found in both
particulate and soluble fractions (27, 28). Based on Northern
blot analysis (26, 27), the isoform predominantly expressed in
brain is PI4KII�. Thus, we concentrated our analysis on
PI4KII�.

Rat PI4KII� was expressed in E. coli as a GST fusion protein
and purified from Triton X-100 lysates of bacteria by glutathi-
one-affinity purification. The purified protein, which had a
typical type II PI 4-kinase activity (data not shown), was injected
into rabbits to obtain polyclonal Abs. The affinity-purified
anti-PI4KII� Abs recognized primarily a major band at �55 kDa

in Western blots of HEK293 cells transfected with Myc-tagged
rat PI4KII�, in agreement with the expected molecular mass of
the kinase (Fig. 1A). A minor slower migrating band at �66 kDa
was also labeled by the Abs, although neither band was detected
in untransfected cells. The same two bands were detected by an
anti-Myc Ab (Fig. 1 A). Furthermore, anti-Myc and anti-PI4KII�
Western blots of immunoprecipitates generated from trans-
fected HEK293 cells by anti-Myc or anti-PI4KII� Abs, respec-
tively, revealed the same two bands (Fig. 1B). These results
confirm the reactivity and specificity of anti-PI4KII� Abs. The
minor band at �66 kDa may reflect a posttranslational modi-
fication of the protein, which was not further addressed in this
study.

We next investigated whether the affinity-purified Abs could
immunoprecipitate endogenous PI 4-kinase activity from a
Triton X-100 extract of rat brain postnuclear supernatant.
Anti-PI4KII� immunoprecipitates, and anti-PIPKI� immuno-
precipitates as a controls, were incubated with liposomes com-

Fig. 1. Characterization of anti-PI4KII� Abs. (A) HEK293 cells were tran-
siently transfected with myc-tagged PI4KII� and analyzed by Western blot-
ting. Both anti-myc and anti-PI4KII� Abs recognized a major band at �55 kDa
and a minor band at �66 kDa in transfected cells. (B) Triton X-100 extracts of
transfected and mock-transfected cells were immunoprecipitated (IP) with
either anti-myc or anti-PI4KII� rabbit polyclonal Abs. Immunoprecipitates
were then subjected to Western blotting (WB) with either mouse monoclonal
anti-myc Abs or biotin-labeled anti-PI4KII� Abs followed by streptavidin. (C) A
Triton X-100 extract of rat brain was immunoprecipitated with anti-PI4KII� or
anti-PIPKI� Abs. The immunoprecipitates (IP) were subjected to a PI kinase
assay, and the products were analyzed by TLC and autoradiography. (D)
Anti-PI4KII� immunoprecipitates generated from rat brain Triton X-100 ex-
tract were analyzed by the PI kinase assay in the presence of the indicated
compounds. (E) TLC analysis of reaction products generated by anti-PI4KII�
immunoprecipitates from Triton X-100 brain extracts in the presence of
several synthetic PI substrates. X denotes an unidentified spot.
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posed of a brain-derived phosphoinositide mixture and
[�-32P]ATP. The resulting reaction products were analyzed by
TLC. Anti-PI4KII� Abs pulled down a PI kinase activity,
whereas anti-PIPKI� immunoprecipitated a PIP kinase activity
as expected (Fig. 1C). Furthermore, the activity of immunopre-
cipitated PI 4-kinase activity was strongly stimulated by the
presence of Triton X-100 in the reaction, inhibited by 0.5 mM
adenosine, and insensitive to 10 �M wortmannin (Fig. 1D), as
typically expected for a type II activity (24). Incubation of the
immunoprecipitates with synthetic inositol phospholipids and
[�-32P]ATP further confirmed the high selectivity of this kinase
for the conversion of PI to PIP (Fig. 1E).

Western blot analysis of several mouse tissues with anti-
PI4KII� Abs revealed prominent immunoreactivity at the ex-
pected molecular mass in brain, liver, and testis and at much
lower levels in other tissues (Fig. 2A). An abundant faster-
migrating band (�45 kDa) present in muscle was not further
characterized. Another Ab raised to an amino acid sequence
specific of PI4KII�, which selectively recognized PI4KII�, la-
beled bands at a similar molecular mass in kidney, liver, and testis
but not in brain (Fig. 2 A). Although it remains to be established
whether our anti-PI4KII� Ab, which was raised against the
full-length protein, also recognizes PI4KII�, and may account
for some of the immunoreactivity seen in nonneuronal tissues,
the absence of PI4KII�-specific immunoreactivity in brain
strongly suggests that PI4KII� is the main type II PI 4-kinase
present in neurons. When immunoprecipitates from Triton
X-100 extracts of brain postnuclear supernatants were generated
with excess anti-PI4KII� Abs, analysis of the supernatants
revealed a dramatic reduction of PI kinase activity, which
correlated with the depletion of PI4KII� (Fig. 2B). The level in
the supernatant of a control protein, amphiphysin, was not
affected by the depletion of PI4KII�. This result demonstrates
that the predominant PI kinase activity in brain is a PI 4-kinase
activity and, more specifically a type II activity. It remains
possible that type III PI 4-kinases may have an important role in
brain but require appropriate stimulation. For example, there is
evidence that PI 4-kinase type III�, the brain homologue of yeast
Pik1, is stimulated by frequenin (34–37).

We next investigated the subcellular distribution of PI4KII�
immunoreactivity in brain, with emphasis on its potential local-
ization on synaptic vesicles. The distribution of the kinase in rat

brain subcellular fractions (30) roughly paralleled the distribu-
tion of the synaptic vesicle marker synaptophysin (38). It was
slightly enriched in P2 (synaptosomal fraction) over the homog-
enate, absent from LS2 (the soluble fraction of synaptosomes),
and enriched in LP2, the crude synaptic vesicle fraction (Fig. 3A).
This distribution, which agrees with the reported 100% mem-
brane association of PI4KII� in nonneuronal cells, was quite
different from that of synaptojanin and PIPKI�, which were also
present in the soluble fraction LS2. The subcellular fractionation
profile of PI4KII� immunoreactivity was in good agreement with
the property of the various fractions to generate labeled PIP
during an incubation with a brain phosphoinositide mixture and
[�-32P]ATP (Fig. 3B). The PIP spot generated by LP2 (Fig. 3B)
was further analyzed by deacylation followed by HPLC and
shown to be represented by PI(4)P. In all fractions, the gener-
ation of the PIP spot was stimulated by Triton X-100 and was
insensitive to 10 �M wortmannin (data not shown), further
confirming that PI4KII� is the dominant PI 4-kinase activity in
brain. In contrast, the greatest accumulation of PIP2 was ob-
served in the LS2 fraction, which did not accumulate PIP (Fig.
3B). It has been shown that PIP2 production in this fraction is
accounted for primarily by PIPKI� and that the interaction of
PIPKI� with membranes is subjected to regulation, including
regulation by guanyl nucleotides (M. Krauss, M. Kinuta,
M.R.W., P.D.C., K. Takei, and V. Haucke, unpublished
observations).

We further investigated the distribution of PI4KII� in sub-
fractions of LP2. LP2 was fractionated on a sucrose gradient, and
a pooled synaptic vesicle-enriched fraction obtained from the
gradient was subjected to controlled-pore glass chromatography
(CPG). CPG yields two major protein peaks, the second peak
being represented by small homogeneously sized vesicles, pri-
marily synaptic vesicles, whereas the first peak (flow-through) is
heterogeneous and contains larger membrane fragments (30).
Western blotting of the CPG fractions revealed a coenrichment
of PI4KII� with the synaptic vesicle marker synaptophysin
(38) in the second protein peak (Fig. 4A), which also coincided
with the major peak of PI kinase activity. This activity was

Fig. 2. PI4KII� accounts for the majority of PI(4)P-synthesizing activity in
brain Triton X-100-soluble extracts. (A) Western blot analysis of total homog-
enates from mouse tissues with Abs directed against the proteins indicated.
PI4KII� is by far the predominant PI4KII expressed in brain. (B) Immunodeple-
tion of PI4PKII� from rat brain Triton X-100 extracts results in a dramatic
reduction of PI 4-kinase activity. (Upper) Western blots for PI4KII� and for the
control protein amphiphysin 1 (Amph) in the starting material (SM), as well as
in the corresponding extracts after immunoprecipitation with anti-PI4KII� Ab,
or with control IgGs. (Lower) The immunodepleted extract has lost nearly all
PI kinase activity as revealed by TLC. Under our assay conditions, the bulk of PIP
generated by the starting extract was found to be PI(4)P.

Fig. 3. Subcellular distribution of PI4KII� and lipid kinase activities. (A)
Western blot analysis of subcellular fractions from a rat brain homogenate (H)
with Abs directed against PI4KII� and other neuronal proteins. Fractions were
prepared according to Huttner et al. (30). The P2 fraction represents crude
synaptosomes, which after lysis yield quickly and slowly sedimenting mem-
brane fractions denoted LP1 and LP2, respectively. The LP2 fraction, which is
highly enriched in synaptic vesicles (crude synaptic vesicle fraction), also
contains a large pool of PI4KII�. Note the absence of synaptophysin (a synaptic
vesicle membrane marker) and PI4KII� in the LS2 fraction, which contains only
soluble proteins. (B) TLC analysis of 32P incorporation into PIP and PIP2 after
incubation of the fractions with a brain phosphoinositide mixture, [32P]ATP,
and Triton X-100. X denotes an unidentified spot.
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wortmannin-insensitive (maximum concentration tested � 10
�M) and adenosine-sensitive (0.5 mM), and its product was
determined to be PI(4)P by deacylation followed by HPLC
analysis (data not shown). Furthermore, immunodepletion of
PI4KII� from a Triton X-100 extract of the pooled synaptic
vesicle fractions resulted in a nearly complete depletion of PI
4-kinase activity (Fig. 4B). These results indicate that PI4KII�
accounts for the bulk of the PI 4-kinase activity present on
synaptic vesicles. The presence of a low amount of PI4KII�,
together with a corresponding small peak of PI kinase activity,
in the flow-through fractions indicates that this kinase is not
restricted to synaptic vesicles, consistent with its presence in the
Golgi complex area (see next section and ref. 28) and in other
membranes of the endocytic pathway (27, 28). This activity as
well could be immunodepleted by anti-PI4KII� Abs.

To complement these results, we performed organelle immu-
noisolation experiments. LP2 fractions were used as starting ma-
terial. In addition to synaptic vesicles, LP2 fractions contain other
small vesicles and medium-sized vesicular structures such as endo-
somes and plasma membrane fragments. Methacrylate beads
coated with Ab directed against the synaptic protein synaptobrevin
2�VAMP2 (39) nearly completely depleted the starting fraction of
synaptobrevin 2 (data not shown) and synaptophysin and were
heavily decorated by synaptic vesicles when observed by electron
microscopy. These beads also pelleted a large pool of PI4KII� (Fig.
5 A and B). A fraction of synaptobrevin 2, synaptophysin, and
PI4KII� was recovered in the pelleted fraction of control beads as
well (Fig. 5B). However, the surfaces of these beads were devoid of
associated vesicles (Fig. 5A). The partial pelleting synaptic proteins
with control beads could be explained by some membrane aggre-
gation and spontaneous fusion of vesicles into larger membrane
structures (unpublished observations) during immunoisolation,
thus leading their nonspecific sedimentation (data not shown).
Collectively, these results prove the existence of a PI 4-kinase
activity tightly associated with synaptic vesicles and strongly suggest
that PI4KII� accounts for this activity.

Finally, the localization of PI4KII� in brain was investigated
by immunofluorescence on rat brain frozen sections. In all brain
regions examined two major patterns of immunoreactivity were
observed. One pattern was coincident with the fluorescence
produced by Abs directed against nerve terminal markers, such
as synaptobrevin 2�VAMP2 and synaptojanin 1 (Fig. 6 A and B),

consistent with a concentration of PI4KII� on synaptic vesicle
membranes. The other predominant pattern was represented by
a Golgi complex-like staining (Fig. 6 A and B). Double immu-
nofluorescence for the cis-Golgi marker GM130 (40) revealed
that PI4KII� immunoreactivity was not precisely overlapping
with this marker, yet it was always tightly apposed to GM130-
positive structures (Fig. 6C and Insets).

Discussion
Our results confirm the existence of a PI 4-kinase activity on
synaptic vesicles (19) and identify the enzyme responsible for this
activity as PI4KII�. We further show that this enzyme accounts
for the bulk of the PI 4-kinase activity in a brain extract and is
present at high concentration at synapses. Although it remains
possible that the predominance of this activity in an extract may
be accounted for by the assay conditions that favor type II kinase
activity and by the dependence of other PI 4-kinases on activa-
tion mechanisms disrupted by homogenization, our findings are
consistent with a major role of PI4KII, and more specifically of
PI4KII�, in brain phosphoinositide metabolism.

Brain PI4KII� is not selectively localized on synaptic vesicles,
as demonstrated, for example, by the presence of a pool of this
enzyme in the flow-through of the CPG. The material present in
this fraction is expected to contain heterogeneous structures
such as endosomal membranes, fragments of the plasma mem-
brane, and possibly also of other intracellular organelles such as
Golgi complex elements (30). In addition, PI4KII� was clearly
detectable in the region of the Golgi complex by immunofluo-
rescence. Thus, PI4KII� may have pleiotropic functions in
neurons. The localization in the Golgi complex area and in
synaptic vesicles is consistent with previous studies of this kinase

Fig. 4. PI4KII� accounts for the great majority of the PI 4-kinase activity
present on synaptic vesicles. (A) CPG leading to a highly purified synaptic
vesicle fraction (30). (Upper) Protein content (A280 readings) and the PI kinase
activity (TLC analysis) of the fractions in arbitrary units. (Lower) Levels of
PI4KII� and synaptophysin in the same fractions (Western blotting). (B) Syn-
aptic vesicle-containing fractions were pooled, solubilized in Triton X-100 (SM,
starting material), and subjected to immunoprecipitation with anti-PI4KII�
Abs or control IgGs. (Upper) Depletion of PI4KII�, but not of the control
protein synaptophysin, from the extract as revealed by Western blotting.
(Lower) Drastic decrease in PI kinase activity in the PI4KII�-depleted extract. X
denotes an unidentified spot.

Fig. 5. Recovery of PI4KII� and PI 4-kinase activity on synaptobrevin�VAMP2-
positive organelles by immunoisolation. Anti-synaptobrevin 2�VAMP2 Abs or
control IgGs were conjugated to methacrylate beads and used for organelle
immunoisolation from an LP2 fraction. (A) Electron microscopy of the material
bound to control beads (Left) and to the anti-synaptobrevin 2�VAMP2 beads
(Right). Arrows point to synaptic vesicles, which are not present on the control
beads. (B Left) A Western blot analysis of the starting material (LP2) and of the
material bound (B) and unbound (U) to the beads. Note that the nearly
complete recovery of synaptophysin on the beads correlates with a similar
recovery of PI4KII�. (Right) Similar results were obtained for the PI kinase
activity. The partial recovery of synaptic vesicle antigens and PI4KII� in control
IgG bead pellets is due to nonspecific sedimentation of larger membrane
fragments present in LP2.
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in nonneuronal cells where PI4KII� was detected in the Golgi
complex, in the plasma membrane, and in membranes of the
endosomal system (27, 28, 41). Synaptic vesicles, specialized
recycling organelles, share functional similarities with endoso-
mal membranes (31). The concentration of PI4KII� at one side
only of GM130-positive elements in the Golgi complex (40) is
likely to reflect its predominant localization in the ‘‘trans’’ side
of this organelle, where exit sites form the Golgi complex
interface with recycling membranes of the endosomal system.

We suggest that PI4KII� is a key component of an enzymatic
machinery that mediates synthesis and metabolism of a pool of
PI(4,5)P2 involved in the regulation of the synaptic vesicle cycle.
PI4KII� may act in concert with a plasma membrane PI(4)P
5-kinase, primarily PIPKI� (18), to regenerate the PI(4,5)P2 pool
hydrolyzed by synaptojanin at each round of endocytosis (9, 12).
By means of its two distinct inositol-phosphatase domains (42),
synaptojanin can remove both phosphates of PI(4,5)P2, thus
implying generation of PI(4)P from PI as the first step in

PI(4,5)P2 resynthesis. Although PI4KII� lacks a transmembrane
region, it is tightly associated with membranes (25, 26, 28). Thus,
in contrast to PIPKI� and synaptojanin 1, which are soluble
enzymes recruited to membranes in a regulated fashion only at
specific stages of the vesicle cycle (7, 18, 43), PI4KII� is expected
to be a permanent component of the vesicle membrane. In fact,
we also found it in brain clathrin-coated vesicle fractions (data
not shown). It will be of interest to determine whether its activity
is controlled by excitatory or inhibitory factors at specific
stations of the cycle. We speculate that a major site of action of
the kinase is the newly reformed synaptic vesicle and that the
PI(4)P pool present on synaptic vesicles may be rapidly phos-
phorylated to PI(4,5)P2 by the type I PIP kinases, primarily
PIPKI�, after exocytosis (18) (Fig. 7). If PI(4)P is generated
on synaptic vesicles, it may play a critical role in some aspect of
synaptic vesicle function, for example, in the recruitment of
synaptic vesicle-associated proteins.

We have discussed here the potential involvement of PI4KII�
in the regulation of synaptic vesicle traffic. The major role of
PI4KII� in the generation of PI(4)P in brain strongly suggests
that this enzyme may have a more general function in phospho-
inositide metabolism in this tissue and may generate a significant
fraction of the PI(4)P that functions as precursor of PI(4,5)P2
and indirectly of PI(3,4,5)P3 (45, 46). Thus, this enzyme is likely
to also have a major role in intracellular signaling. An important
avenue for future research is the elucidation of the interplay of
phosphoinositide pools involved in the regulation of membrane
traffic, actin dynamics, and signaling.
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