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Summary

Neuronal calcium sensor 1 (NCS-1) belongs to a family of neurosecretory cells, endogenous NCS-1 and PIR4
EF-hand calcium-binding proteins and is mainly expressed interact to form a complex that can be immunoisolated
in neurons and neuroendocrine cells, where it causes from membrane as well as from cytosolic fractions.
facilitation of neurotransmitter release through unknown  Moreover, both proteins can be recruited to membranes
mechanisms. The yeast homologue of NCS-1 has beenwhen cells are treated with nucleotide receptor agonists
demonstrated to interact with and regulate the activity known to increase polyphosphoinositide turnover and
of yeast phosphatidylinositol 4-OH kinase3 (PI4Kp). concomitantly induce exocytosis of secretory vesicles.
However, in neurons and neurosecretory cells NCS-1 has Finally, in PC12 cells overexpressing NCS-1, the amount of
not unequivocally been shown to interact with PI4K3. Here ~ PI4K[3 associated with the membranes is increased
we have compared the subcellular distribution of NCS-1 concomitantly with the increased levels of NCS-1 detected
and PI4Kf( and investigated whether they are capable of in the same membrane fractions. Together, these findings
forming complexes. In neurons, both proteins are widely demonstrate that mammalian NCS-1 and PI48 interact
distributed and are present in perikarya and, to a lesser under physiological conditions, which suggest a possible
extent, in nerve terminals. A consistent portion of NCS-1 role for NCS-1 in the translocation of PI4KB3 to target
and PIK4f is cytosolic, whereas a portion of both proteins membranes.

appears to be associated with the membranes of the

endoplasmic reticulum and the Golgi complex. Very small ey words: Calcium-binding proteins, Neuronal calcium sensor 1,
amounts of NCS-1 and PI4i3 are present in synaptic  Phosphatidylinositol 4-OH kinase, Polyphosphoinositides,
vesicles. Our results further demonstrate that in  Membrane traffic

Introduction microvesicles (McFerran et al., 1998). The important function

Recent work has demonstrated that a family of myristoylate@f NCS-1 as a regulator of associative learning and memory
calcium-binding proteins (the so-called neuronal calciunhas recently been demonstrated in viv&Cinelegan{Gomez
sensor proteins) may play a role in a variety of processe¥ al., 2001). Moreover, NCS-1 has been described to play a
including phototransduction, neurotransmitter release, theole in the mechanisms underlying long-term neurotrophin
control of cyclic nucleotide metabolism, the regulationregulation of synaptic plasticity (Wang et al., 2001). Together,
of calcium channels and phosphoinositide metabolisnthese observations suggested an important function for NCS-1
(Braunewell and Gundelfinger, 1999; Burgoyne and Weisd Synaptic transmission. However, the mechanisms by which
2001). One member of this large family is neuronal calciunNCS-1 regulates neurotransmitter release and/or synaptic
sensor 1 (NCS-1), the mammalian orthologue of frequenin, plasticity remain poorly understood.

protein originally identified irbrosophila(Pongs et al., 1993). An interesting insight into the physiological role of NCS-1
Studies inDrosophila and in Xenopushave indicated that has come from recent data (Hendricks et al., 1999)
frequenin acts as a modulator of synaptic efficacy (Pongs et atlemonstrating that the yeast homologue of NCS-1 can
1993; Rivosecchi et al., 1994; Olafsson et al., 1995). In linassociate with and upregulate the activity of an isoform of
with these findings, overexpressed NCS-1 has been shown gbosphatidylinositol 4-OH kinase (PI4K) homologous to the
enhance regulated secretion from pheochromocytoma (PCl@jammalian Pl14R [a member of the so-called type Ill Pl4Ks
cells and to be, at least in part, localized to synaptic-lik¢Balla, 1998; Fruman et al., 1998; Hendricks et al., 1999)].
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The members of the PI4K family catalyze the first step imAntibodies

the synthesis of phosphoinositides and polyphosphoinositidgse rabbit polyclonal (44162) and monoclonal (3D5) antibodies
that are known to play a crucial role in exocytosis andhgainst NCS-1 were prepared as described (Werle et al., 2000).
intracellular traffic (for reviews, see De Camilli et al., 1996;The polyclonal antibodies against ribophorin, calreticulin and
Brodin et al., 2000; Huijbregts et al., 2000; Cremona and Dg&ynaptotagmin were kind gifts of G. Kreibich (New York University
Camilli, 2001). The first evidence that polyphosphoinositideschool of Medicine, New York), J. Meldolesi and A. Malgaroli
are important in vesicular trafficking reactions independentlyf2epartment of Neurosciences, San Raffaele Institute, Milan, Italy),
of their phospholipase C-mediated cleavage came from studi pectively. Polyclonal anti-Pl4Kantibodies were purchased from

f lated {0SiS | docri s (Holz et al state Biotechnology (Lake Placid, NY). Mouse monoclonal
of regulated exocytosis in neuroendocrine cells (Holz e Aantibodies against protein disulphide isomerase (PDI), anti-tubulin,

1989; Eberhard et al., 1990; Hay et al., 1995). In these studigfie TGN38 trans-Golgi network protein and synaptobrevin 2 were
Ce*-dependent neurotransmitter release has been showBtained from Stressgen Biotechnologies (Victoria, BC, Canada),
to require an ATP-priming step. Both a PI4K and aSigma Aldrich (Milan, Italy), Transduction Laboratories (Lexington,
phoshoinositide B 5-kinase [PI(4P5K] are required for the KY) and Synaptic Systems (Gottingen, Germany), respectively. The
priming reaction, suggesting that phosphoinositides, mainlperoxidase and gold-conjugated secondary antibodies were purchased
phosphatidylinositol(4,%%, may play a role in this process. from Jackson Immuno Research Laboratories (West Grove, PA) or
Interestingly, a PI4K activity has been detected or>igma. RabbitlgGs were purchased from Sigma.

chromaffin granules (Wiedemann et al.,, 1996) and synaptic

vesicles (Wiedemann et al., 1998). Besides exocytoSis,pcellular fractionation

phosphoinositides have also been implicated in other aspects ittarential centrifugation

of membrane traffic (e.g. synaptic vesicle endocytosis an&

tituti fi ting that thei thesis is hiah at brain fractionation was carried out essentially as described
constitutive secretion), suggesting that their synthesis is hig uttner et al., 1983). Cerebral cortices dissected from rat brains were

regulated. The molecular mechanisms underlying the synthegigmogenized in homogenization buffer (4 mM Hepes-NaOH, pH 7.3,
of different polyphosphoinositide pools, the subcellularang 0.32 M sucrose). The total homogenate was centrifuged for 10
localization of these pools and the PI4Ks involved are onlyninutes at 80@ and the post-nuclear supernatant (S1) was collected
partially known. The recent finding in yeast suggests that NCSnd centrifuged as described to yield a pellet corresponding to the
1 and PI43 may cooperate in modulating the exocytotic synaptosomal fraction (P2) and a supernatant (S2). The S2 containing
processes. However, it is still unclear whether endogenoule remaining organelles from the total homogenate was centrifuged
NCS-1 and PI4R interact in vivo. The two proteins were a 1650009 for 2 hours to yield a high-speed supernatant
found to form a complex after overexpression in epitheliaforesponding to the cytosol (S3) and a pellet (P3) enriched in
Madin-Darby canine kidney and COS-7 cells, but not i membrane-bound organelles of cell bodies. P2 was subjected to

- . lypo-osmotic shock by means of 10-fold dilution in 7.5 mM Hepes-
cultured DRG neurons (Weisz et al., 2000; Bartlett et al., 200Q5, 5 buffer, pH 7.2. The P2-lysate was centrifuged for 20 minutes

Zhao et al., 2001). ) _ at 25,000y to yield a lysate pellet (LP1) containing membrane-bound
In order to further study the function of NCS-1 in grganelles/vesicles larger than synaptic vesicles and a lysate
neurosecretory cells and its interaction with FB4kive  supernatant (LS1) that was further centrifuged at 165¢@fr 2
analyzed and compared the subcellular distribution of bothours. The resulting supernatant (LS2, the cytosolic fraction of the
proteins and tested whether they are capable of forming synaptosomal compartment) was removed and the pellet (LP2)
complex in neurons and neuroendocrine cells. Moreover, weontaining the small vesicles was resuspended in 40 mM sucrose,
investigated whether the membrane distribution of NCS-1 ani@aded on top of a linear sucrose gradient (50-800 mM sucrose) and
PI4KB was modulated in intact neuroendocrine cells undefentrifuged at 65,009 for 5 hours. After centrifugation, 20 fractions
conditions that are known to stimulate polyphosphoinositid f 500 ul were collected and those equilibrated in the 200-400 mM

. . ucrose region were pooled and centrifuged 1659000 5 hours to
turnover and neurotransmitter secretion (Raha et al., 199 ield a pellet, SG-V, highly enriched in synaptic vesicles. Equal

Murrin and Boarder, 1992; Koizumi et al., 1995). amounts of proteins from each fraction were separated on SDS-
polyacrylamide gels and analyzed by western blotting as described
(Rowe et al., 1999).

Materials and Methods

Cell cultures and electroporation Velocity gradient centrifugation

Primary neuronal cultures were prepared from the hippocampi g53 was resuspended with a dounce homogenizer in 250 mM sucrose,
embryonic day 18 rats as described (Verderio et al., 1995). PC12 cellsnm Mg-acetate, 2 mM EDTA and 10 mM Hepes-KOH, pH 7.4 and
were maintained in DME medium and electroporation was carried oyken loaded on top of a sucrose linear gradient (0.3-1.2 M). After
as previously described (Rowe et al., 1999) with minor modificationsgentrifugation at 75,009 for 20 minutes, 12 aliquots of 1 ml were
Cells from subconfluent cultures were trypsinized, resuspended bllected from the top of the gradient. Proteins from equal volumes
DME medium with 8ug of rat NCS-1 cDNA (in pcDNA3 vector) and  of each fraction (30Ql) were precipitated with acetone at —20°C and

8 pg of pEGFP-N1 vector (Clontech Laboratories, Heidelbergihen separated on SDS-polyacrylamide gels and analyzed by western
Germany) or with 8ug of pEGFP-N1 vector alone. Cells were pjotting.

electroporated with one shock at 250 mV, 960 mF, incubated on ice

for 10 minutes and then centrifuged for 10 minutes at 00 a ] ] ) ) ) )

cushion of Ficoll to separate the damaged cells. The live cells at the Discontinuous sucrose density gradient centrifugation

Ficoll interface were plated onto 35 mm petri dishes and used fofhe S2 fraction prepared by differential centrifugation was adjusted
biochemical analysis 48 hours after electroporation. Under thede 1.2 M sucrose containing 1 mM EDTA loaded into an SW 27 tube
experimental conditions transfection efficiency (calculated byand overlayed with 8 ml of 1.1 M sucrose, 10 ml of 0.85 M sucrose
counting the number of GFP-expressing cells per petri-dish) waand 8 ml of 0.25 M sucrose. The gradients were centrifuged at 100,000
54.5+14.8%. gfor 3 hours and the band at the 0.85-1.1 M sucrose interface (fraction
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1), a second band at the 1.1-1.2 M sucrose interface (fraction 2) a A B
the pellet were collected and analyzed by western blotting. 44162 IgG 44162
9T -
L . 65 - 3=
Immunoprecipitation
Brains from adult Sprague-Dawley rats (females) were homogenize  4s=
in ice-cold immunoprecipitation (IP) buffer (125 mM potassium-
acetate, 0.1% (w/v) Triton X-100, 20 mM Tris-HCI pH 7.2.@ml 1 21=
pepstatin, 2ug/ml aprotinin). When required, the IP buffer was 3=
supplemented with 1 mM Caflor 5 mM EGTA. The total -- }
homogenates were incubated for 1 hour on ice and then clarified | ~ 21=
centrifugation (30 minutes at 14,00§). Supernatant volumes R.B. HC. R.B. H.C R.B R.B
corresponding to 0.5-1 mg of protein were incubated for 1 hour witl o o o o NCS-1 - + )
50 pl of Protein A sepharose beads (Amersham-Pharmacia). Tt
beads were removed by centrifugation (10 minutes at §oaad the
‘precleared’ supernatants were added topb®f protein A beads 3D5 IgG no Ab
preincubated (2 hours at 4°C) with either the affinity purified anti- . |
NCS-1 1gG (2-4ug, polyclonal 44162), the anti-PI#dgG (2-4pug, [ il
Upstate) or rabbit IgG (2-4g, Sigma Aldrich) as a control. After 16 . |
hours at 4°C, the beads were collected by centrifugation (5 minute
at 3000 g) and extensively washed with IP buffer and then _
resuspended in Laemmli sample buffer (Laemmli, 1970). When th 31= _
immunoprecipitation was performed on rat brain membrane or solub! - : — —
protein fractions, the tissue was homogenized in 320 MM SUCIOSE, - W—_
mM Hepes-NaOH pH 7.3 supplemented with protease inhibitors. Th 2= 3
postnuclear supernatants (S1) were centrifuged at high speed (1 he
at 200,000g) in order to obtain total membrane pellets and soluble RB. HC RB HC RB HC
protein fractions. The S1, membrane (resuspended in sucrose bufféy. 1. Characterization of anti-NCS-1 antibodies. Total
to reconstitute the initial volume) and cytosol fractions were adjusteomogenates (40g) from rat brain (R.B.) and human cerebellum
to 1x IP buffer, incubated for 1 hour on ice and clarified by (H.C.) were analyzed by western blots using polyclonal (A, 44162;
centrifugation. Immunoprecipitation was carried out as describediluted 1:1000) or monoclonal antibodies (C, 3D5; diluted 1:5000)
above by using equal volumes of S1, membrane and cytosaiaised against recombinant NCS-1. Parallel samples were
Immunoprecipitated proteins were then analyzed by western blottingmmunostained with preimmune rabbit or mouse 1gG (IgG in A and
C) or with the anti-mouse IgG, omitting the primary monoclonal
o ) ] ) antibody (C, no Ab). In B, proteins from rat brain total homogenate
Uridine 5'-triphosphate (UTP) stimulation (R.B.) were labeled with anti-NCS-1 (44162) with (+) or without ()
PC12 cells were grown as described (Rowe et al., 1999). For UTjtre-adsorption with jug of purified recombinant NCS-1. In C, the
stimulation, subconfluent cell cultures (in 35 mm petri dishes) werarrow indicates the position of NCS-1; the bands of 55 and 28 kDa
incubated for 3 minutes at 37°C in 1 ml of Hepes-buffered externajorrespond to rat Ig heavy and light chains, respectively, which were
medium (Krebs-Ringer buffer; KRB) with €aor without C&* (+2 present in the brain extracts and were recognized by the secondary
mM EGTA) in the absence or presence of 800 UTP. Cells were  antibodies (no Ab).
then cooled on ice, scraped in ice-cold homogenization buffer (0.25
M sucrose, 1 mM Mg-acetate, 10 mM Hepes-KOH, pH 7 dg/nl
pepstatin and fig/ml aprotinin), pelleted, and homogenized in 150 small pieces of about 1 n¥nand fixed by immersion in the same
pl of homogenization buffer. The post nuclear supernatants(j20 fixative for 2 hours at 4°C. After fixation, the tissue pieces were
were centrifuged at 200,0@For 1 hour. The high-speed supernatantsextensively rinsed with phosphate buffer, infiltrated overnight with 2.3
(cytosolic fractions) were collected and solubilized in LaemmliM sucrose in PBS and then frozen in liquid nitrogen. Ultrathin frozen
sample buffer (final volume 180). The pellets (membrane fractions) sections were obtained by using a Reichert Jung Ultracut E
were resuspended in 180 Laemmli sample buffer. Equal volumes ultramicrotome equipped with a FC4 cryochamber and collected on
of cytosolic and membrane fractions were then analyzed by westefformvar-coated nickel grids. Immunolabeling experiments were
blotting. The levels of NCS-1, PI4K or synaptophysin were performed as described (Bassetti et al., 1995). The specificity of
quantified by measuring the density of the bands. Autoradiogransaining was tested by substituting normal rabbit or mouse 1gGs for
showing the appropriate band intensities were acquired by means gpecific antibodies as well as by omitting the primary antibody and
an ARCUS Il scanner (Agfa-Gevaert, Mortsel, Germany) and théncubating the grids with appropriate secondary antibody.
density of each band was quantitated using the NIH Image program
1.61 (National Technical Information Service, Springfield, VA).

Statistical analysis

. The density of the gold particles in the perikarya is expressed as the
Immunocytochemistry number of particles per square micrometer of the different organelle
Immunoelectron microscopy areas measured using the Image 1.61 analysis program. As specified
Adult Sprague-Dawley rats (females, 150 g) were deeplyn Table 1 a number of micrographs were acquired for each
anaesthetised with 2 mg xylazine and 5 mg ketamine and thefetermination using an Arcus Il scanner (Agfa-Gevaert). The data are
perfused transcardially with 20 ml of a solution containing 0.9%expressed as mean valueszs.e.m. The gold particle densities at the
NaCl, 0.025% heparin and 2.5% polyvinyl pyrrolidone 40,000,synapses were evaluated in two different experiments using the
followed by 100 ml of freshly prepared 4% paraformaldehyde andntibody against NCS-1 at a final dilution of 1:100, and detected using
0.2% glutaraldehyde in 0.12 M phosphate buffer pH 7.4. The braina secondary antibody conjugated to 12 nm colloidal gold particles.
were dissected and cerebral cortices and hippocampi were cut infkandomly chosen synapse-rich areas were directly evaluated under
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Fig. 2. Distribution of NCS-1 and P14Kin
subcellular fractions of rat brain.

(A) Differential centrifugation of rat brain

total homogenates. Equal amounts of proteins
(12 pg) from each fraction (defined as NCS-1
described in Materials and Methods) were
analyzed by SDS-PAGE and western blotting.
The blots were probed with antibodies
directed against PI4K(P14K, diluted

1:4000), NCS-1, synaptophysin (Syn, diluted Syt
1:2000) or synaptotagmin (Syt, diluted
1:1000). Note the presence of small amounts
of NCS-1 and PI4R in a fraction of purified
synaptic vesicles (SG-V). Both proteins are
present in large amounts in P3 containing
membrane-bound organelles of perikarya.
(B) Velocity sucrose gradient centrifugation of
the P3 (see A). Equal volumes (28] of

each fraction of the velocity gradients
(fraction 1=top) were analyzed by western
blotting using antibodies raised against A4k Cal
(P14K), NCS-1, calreticulin (Cal, diluted
1:2000), ribophorin (Ribo, diluted 1:250),
TGN38 (diluted 1:1000) and syntaxin 1 (Syx,

PI4K

Syn

PI4K

NCS-1

Ribo

A
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diluted 1:4000). (C) Fractionation of the S2 on - . - :
discontinous sucrose density gradients. EquaITGNs8 ” . L .e w swslp Ribo
amount of proteins from fractions 1, 2 and .

pellet (3) were analyzed by immunoblotting ~ S¥X - . - - - 12 3

using anti-NCS1, PI4g; ribophorin, TGN38

and GOS-28 (GS28, 1:100) antibodies. 1 2 3 4 5 6 7 8 9 10 11 12

the electron microscope at a magnification of 13&00ree hundred  antibody was then used in immunocytochemical and
synapses were analysed in samples immunolabeled with anti-NCSighmunoprecipitation studies. The monoclonal antibodies
polyclonal antibody and 200 in control sections incubated with rabbiépecifically recognized NCS-1 in the rat brain and weakly in
I9G. the human cerebellar extracts (Fig. 1C). The monoclonal anti-
NCS-1 antibody was used in western blot analysis of
Immunofluorescence immunoprecipitated proteins (see below). We also tested
After fixation with 3% paraformaldehyde, cells were processed fothe commercially available anti-PI£K antibody, which
immunofluorescence as previously described (Rowe et al., 1999pecifically recognized a band of approximately 110 kDa on
Images were collected on a MRC-1024 laser scanning microscopgestern blots (data not shown), similar to the predicted

(Bio-Rad Laboratories, Munich, Germany) and analyzed using thgnolecular mass of the kinase (Nakagawa et al., 1996b; Meyers
Bio-Rad computer software. For comparison of double-stainingyng Cantley, 1997; Wong et al., 1997).

patterns, images from the FITC or TRITC channels were acquired
independently from the same area of the sample and then
superimposed. NCS-1 and PI4Kp subcellular distribution in rat neurons

In order to investigate the possible interaction between NCS-1
and Pl4K3 we decided first to investigate the distribution of
Results - both NCS-1 and PI4Kin rat brain by subcellular fractionation
Antibody specificity assays using a procedure originally designed for the isolation
Since NCS proteins are highly homologous, we characterizeaf synaptic vesicles from rat brain cortices (Huttner et al.,
the specificity of antibodies raised against rat NCS-1. Ig@983). During this procedure, synaptosomes (P2) were
fractions purified from rabbit antisera and ascite fluids werseparated from the homogenates (S1) by differential
used to probe protein extracts derived from rat brain ocentrifugation. The supernatants containing the remaining
human cerebellum by immunoblotting. A polyclonal antibodymembrane-bound organelles (S2) were centrifuged at high
raised against recombinant NCS-1 (Werle et al., 20003peed in order to obtain a cytosolic (S3) and a total membrane
immunostained a band of about 22 kDa, similar to the predictedaction (P3). The synaptic vesicles (SG-V) were partially
molecular mass of NCS-1, in rat and human tissue extracprified from the synaptosomal fraction (P2) by hypo-osmotic
(Fig. 1A). As a control for the specificity of the anti-NCS-1 lysis followed by differential centrifugation and separation on
polyclonal antibody, the blots were immunostained with eithea continuous sucrose density gradient. The fractions collected
rabbit IgG or the specific antibodies pre-adsorbed overnightturing the different steps were analyzed by western blotting by
with 1 pg of antigen. As shown in Fig. 1A,B, no using antibodies directed against NCS-1 and Bl4Khe
immunoreactive bands were detected in either case. Thesfectiveness of the purification procedure was demonstrated
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Fig. 3.NCS-1 immunoreactivity is associated with the ER. Ultrathin frozen sections from rat brain cortex (A,C,D) and hippocamgnes (B) w
immunostained for NCS-1 (A,B) or double immunolabeled (C,D) for NCS-1 (18 nm gold particles) and PDI (12 nm gold partigids). NC
immunoreactivity is visible in the cytoplasm and, to a lesser extent, on tubulovesicular structures (A-D, arrowheads3trinctbesg, NCS-1
(arrowheads) colocalizes with the ER marker PDI. No labeling is detectable on mitochondria (m), lysosmes (L) or nuckeiZoD Bar.

by the enrichment in the synaptic vesicle fraction (SG-V)vesicles (SG-V, Fig. 2A) as well as in a highly purified synaptic
of the synaptic vesicle membrane proteins synaptophysivesicle preparation (data not shown). Finally, NCS-1 was also
and synaptotagmin (Fig. 2A). NCS-1 was detected in théound in the fractions containing soluble proteins (S3 and LS2,
particulate fractions (P3) containing various membrane bouniig. 2A), indicating that a consistent portion of the protein is
organelles, other than synaptic vesicles, indicating itgytosolic. PI4K3 was also immunodetected in the fractions
widespread distribution. Furthermore, small but consistentontaining membrane-bound organelles but a larger portion of
amounts of NCS-1 were immunodetected in the synaptithe kinase was detected in the high-speed supernatants (S3 and
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Fig. 4.NCS-1 immunoreactivity in the Golgi area. Ultrathin frozen sections from rat brain cortices were labeled for NCS-1 (A) ah@C)GN3
or double-immunostained (D) for NCS-1 (6 nm gold particles, arrowheads) and TGN38 (12 nm gold particles, arrows). lloB, a secti
immunolabeled with rabbit IgG (control) is shown. NCS-1 immunoreactivity is present in the area of the Golgi complex &) TGN 38
antibody specifically immunostains tubular-like elements corresponding to the TGN (tgn, C). Some labeling for NCS-1 (Ddajriewhea
detectable on the tubular-like structures immunolabeled with the anti-TGN38 antibodies (D, arrows). Note the lack of fedreliog-w
immune rabbit IgGs are used for immunostaining (B). Bars, 200 nm.

LS2). A band corresponding to PIBKwvas identified in the protein) and the second comprising fractions 7-8. When the
synaptic vesicle fraction (SG-V) but only after long exposuredistribution of NCS-1 was compared with that of protein
indicating that only a small amount of the kinase may benarkers for the endoplasmic reticulum (ER, calreticulin and
associated with synaptic vesicles. ribophorin), TGN (TGN38) and the plasma membrane
To study the intracellular distribution of NCS-1 and PB4K (syntaxin 1), we found that NCS-1 was distributed similarly to
associated with membrane-bound organelles other thahe markers of the ER in the lighter fractions of the gradient
synaptic vesicles, we analyzed the high speed pellet P3 1§%-3) and to the TGN marker in the denser fractions (7-8).
using velocity centrifugation on a 0.3-1.2 M continuousPI4Kp was also present in the lighter fractions as well as in the
sucrose gradient in order to separate the organelles accordidgnser fractions (fractions 7-8). In contrast, the axonal
to their size. The fractions collected were assayed for thmembrane marker syntaxin 1 was more widely distributed in
presence of various proteins by western blotting. As shown ithe gradient than NCS-1, PI#kand the markers of ER and
Fig. 2B, NCS-1 was distributed in two peaks: the firstTGN (Fig. 2B).
comprising fractions 1-3 (which contain a larger portion of the Under our experimental conditions, however, TGN38 was
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Table 1. Quantitation of NCS-1 labeling in neuronal A 20
perikarya: gold particles/um?
Tubulovesicular
elements Mitochondria Lysosomes Nuclei
NCS-1 108+15.2 19+2.3 17+3.8 9+0.6
(0.77um?/7) (1.82um?/6) (L.2pm?/5)  1.77um?/3)

IgG 7438 7413 1155 1
0.91pm?/8)  (3.92um?/13)  (0.38um%6)  (0.77um?1)

l9G O
anti-NCS-13

=
4]

% of syngpses
5

[&)]

Values given are means+s.e.m. The apea?) analyzed and the number of 0372 35 6 7 8 9 10
micrographs used for quantitation are shown in brackets. Results are from a Number ofgold particles
least two separate experiments in which rat brain ultra thin sections were
immunolabeled using anti-NCS-1 antibody or non-immune IgG and revealed
by anti-rabbit IgG conjugated to 12 nm gold particles.

uy)

16

I9G O
anti-NCS-13

12

not only detected in the denser fractions, which are expecte
to contain large organelles (Tooze and Huttner, 1990), but als
at the top of the gradient. This altered distribution may be du
to fragmentation of the fragile reticular structure of the TGN
into smaller vesicles, which may have occurred during th o -
resuspension of P3 before centrifugation. Therefore, th 2 3 4 5 6 7 8 9 10
organelles contained in the S2 fraction obtained afte Number ofgold perticles
differential centrifugation were separated by discontinuousig. 5. Quantitation of NCS-1 in total synaptic profiles and
gradient centrifugation. After centrifugation, the two bands apresynaptic terminals. Thin sections were immunolabeled with rabbit
the 0.8-1.1 and 1.1-1.2 M sucrose interface and the pellet welgSs or anti-NCS-1 antibodies, followed by anti-rabbit IgG
collected and analyzed by immunoblotting with antibodiesonjugated to 12 nm gold particles. The gold particles were counted
against NCS-1, PI4g and markers for the ER (ribophorin), over 200 or 300 synaptic profiles, respectively. The values are
Golgi cisternae (GS-28) and TGN (TGN38). The results ofXpressed as the number of gold particles per percentage of synapses
western blots demonstrated that adequate fractionation wi®) and presynaptic profiles (B).
achieved: Golgi cisternae were mainly localized in fraction 1
(0.85-1.1 M interface), TGN membranes were enriched ishown), mitochondria, lysosomes or nuclei (Table 1; Figs 3, 4).
fraction 2 (1.1-1.2 M interface) and the ER membranes wergdnder control conditions (rabbit 1gGs or no primary
almost exclusively found in the pellet (Fig. 2C). NCS-1 andantibodies) very few gold particles were detected on the
P14KpB were clearly present in fractions containing TGN andultrathin sections (Table 1; Fig. 4B).
ER marker proteins (Fig. 2C). When NCS-1 immunostaining was analyzed in the synaptic
regions, not all of the synapses observed were equally
. . immunolabeled. About 40% of the synaptic profiles examined
Immunoelectron microscopy studies (n=300) were positive for NCS-1, with significant labeling
To further analyze the subcellular distribution of NCS-1 inranging from three to ten 12 nm gold particles/synaptic bouton
neurons, we performed high resolution immunoelectroragainst the background of less than two gold particles/bouton
microscopy studies on cryosections using colloidal goldFig. 5A). In the presynaptic compartment (significant labeling
labeling. Ultrathin frozen sections from rat brain cortices andanging from two to ten gold particles/presynaptic region; Fig.
hippocampi were immunolabeled using the specific NCS-BB), NCS-1 was observed in the cytosolic matrix, near small
polyclonal antibody followed by anti-rabbit IgG antibodies synaptic vesicles, and also on the synaptic vesicle membranes
conjugated to gold particles. Immunostaining for NCS-1 wagFig. 6A-C).
detected in the majority of neurons with gold particles being We next analyzed the intracellular distribution of Pbisy
mainly observed in the perikarya. NCS-1 staining wasmmunoelectron microscopy. Some PPRIKmmunoreactivity
dispersed in the cytoplasm and partially associated with theas detected in dendrites and in perikarya but very few, if any,
membrane of vesicular-like structures and stacks of tubulagold particles localized over the Golgi complex (data not
like cisternae (108 gold particlesh?; Fig. 3A,B; Table 1). shown). This result suggested that either the immunogold
In order to characterize this compartment, doubldabeling was not sensitive enough to detect the kinase localized
immunolabeling was performed using antibodies as markei@n the membranes or, more likely, that the anti-Bldktibodies
for different organelles. Double immunolabeling with awere working less efficiently in glutaraldehyde-fixed tissue.
monoclonal antibody directed against the luminal ER proteiTherefore, we decided to analyze the intracellular distribution
PDI demonstrated the localization of NCS-1 near to and on thef PI4K[B by confocal immunofluorescence in cultured
membrane of ER cisternae (Fig. 3C,D). NCS-1 was alsbippocampal neurons fixed with 3% paraformaldehyde. Under
localized in the proximity of the Golgi complex area (Fig. 4A),this condition PI4i8 immunoreactivity was very intense
and some gold particles were detected on a reticular-likhroughout the perikarya and dendritic trees (Fig. 7) but barely
structure that, by using double-immunolabeling with anti-detectable in the axon and axon terminals. No colocalization
TGN38 antibodies, was identified as TGN (Fig. 4D). Nowith the presynaptic marker synaptobrevin 2 was detected
significant labeling was observed on the plasma membrane (n@tig. 7D). In the perikarya, PI4Kimmunoreactivity had a

% of preynagpses
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Fig. 6. Localization of NCS-1 in
axon terminals. Ultrathin frozen
sections were labeled with anti-NCS-
1 antibody (A,B) or rabbit IgGs (C). E :
NCS-1 immunolabeling is detectable|
in the presynaptic region. Note the |
presence of gold particles on
synaptic vesicles (arrowheads); m,
mitochondria; ps, postsynaptic
region. Bars, 100 nm.

clustered perinuclear distribution that colocalized with thdocalized to the ER and the TGN with only minor amounts

immunostaining of the Golgi-marker TGN38 (Fig. 7B). present on synaptic vesicles.

Moreover, both in perikarya and dendrites the kinase showed a

patchy/punctate signal that partially colocalized with the ) )

immuno-signal of the ER marker PDI (Fig. 7C). These resultdiCS-1 interacts with P14Kf3

are in line with our biochemical data and with previousAlthough NCS-1 and PI4& have been shown to form a

immunocytochemical studies in rat brain neurons showing theomplex in vitro and, after overexpression in epithelial Madin-

partial distribution of PI4R at the Golgi complex as well as at Darby canine kidney and Cos-7 cells (Weisz et al., 2000; Zhao

the membranes of the ER (Balla et al., 2000). et al., 2001), it was still unclear whether endogenous NCS-1
In  conclusion, the subcellular fractionation andand PI4K3 interact in neuronal cells under physiological

immunocytochemical data indicate a similar widespreadonditions (Bartlett et al., 2000). Therefore we examined

distribution of NCS-1 and PI4Kin neurons. Both proteins are whether the two mammalian proteins can be

partly cytosolic, whereas the membrane-bound portions am@immunoprecipitated from neurosecretory cell extracts. We
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Fig. 7. P14Kp in hippocampal neurons. The distribution of PI4Kb in 15-day-old neurons was analyzed by confocal fluorescence microscopy.
(A) Neurons immunolabeled with anti-Plgkantibodies. (B-D) Superimposed images (merge) of optical sections collected from neurons
doubly immunostained for P14K(red, B-D) and TGN38 (green, B), PDI (green, C) or synaptobrevin 2 (green, D). Note that immunolabeling
for PI4Kp partially overlaps with that for the Golgi complex marker TGN38 or for the ER marker PDI (B,C). Barg, 10

incubated rat brain and PC12 cells extracts with anti-NCS-ih Materials and Methods, and equal volumes of both cytosolic
antibodies, anti-PI14R antibodies or rabbit IgGs and analyzedand membrane fractions were analyzed by immunoblotting
the immunoprecipitated proteins on western blots by usin@rig. 10B). Quantitative analysis of the blots obtained from
antibodies against NCS-1 or PIBKAs shown in Fig. 8, NCS- non-stimulated cells revealed that 68.4+2.6%7) of total
1 and Pl4K3 were specifically coimmunoprecipitated. When NCS-1 was found in the membrane fractions and 31.6+2.6%
non-immune rabbit IgGs were used for immunoprecipitationn the cytosolic fractions (Fig. 10A), which is similar to
purposes, no specific bands were detected. previous results (McFerran et al., 1999). On the contrary, upon
We next examined whether the interaction between NCS-dtimulation with UTP about 95% (94.9+01657) of the total
and P14K3 occurs preferentially in the cytosol or in membranesNCS-1 was detected in the membrane fractions. Recruitment
P14K[B was co-precipitated with NCS-1 from both rat brainof NCS-1to membranes was also observed after ATP treatment
cytosol (high speed supernatants) and membrane fractiofdata not shown). This process appeared to be dependent on
(Fig. 9A). To analyze whether the interaction between thextracellular C& since upon treatment with UTP or ATP (data
two proteins could be modulated, coimmunoprecipitatiomot shown), in the absence of extracellular2Ca-66%
experiments were carried out in the absence or presencétof C&5.7+5.4,n=3) of total NCS-1 was detected in the membrane
(Fig. 9B). Only a very small increase in the amounts of botffractions (Fig. 10A). To test for the specificity of the membrane
NCS-1 and PI4R was observed in immunoprecipitates translocation of NCS-1 after UTP treatment, we analyzed the
performed in the presence of 1 mM2Caompared with those cytosol and membrane distribution of tubulin in the same blots.
performed in the presence of EGTA. Thus, NCS-1 and PI4KAs shown in Fig. 10B, UTP treatment did not affect the
specifically interact with each other in both cytosol andcytosolic localization of the cytoskeletal protein that always
membrane fractions and, as described in yeast (Hendricks et @ppeared only in the cytosolic fractions. Together, these results
1999), C&* does not increase the binding of NCS-1 to F84K indicate that stimulation of nucleotide receptors induces the
translocation of NCS-1 to membranes.

NCS-1 and Pl4K(3 membrane recruitment following UTP

stimulation IP NCS-1 Ig6 PHK IgG NCS-1 IgG
It has been suggested that increases in cytosoft @ay - 116 “115
influence the translocation of NCS-1/PBKo membranes PHKR— b — .97 IS -97

(Meyer and York, 1999). Since our data demonstrating th
presence of a NCS1/PIf<complex in the cytosol strengthen

that hypothesis, we investigated the possible membrar NCS.1— . L -
recruitment of NCS-1 and PI4K using the PC12 I -2l
neuroendocrine cell line as a model system. The distributio

of NCS-1 in cytosol and membrane fractions was analyze Rat Brain PCI2-251

upon Stlmulat_lon with 30qJM UTP’. a _G-proteln_-coupled Fig. 8. Association of NCS-1 with P14 Triton X-100 rat brain
receptor agonls_t knp\_/vn to '“duc‘? anse |n2[Y]]aan incréease 600ug) or PC12 cell (1 mg) extracts were immunoprecipitated (IP)
in ponphgsph0|n03|t|de metabolism and concomitant (elea ith antibodies against NCS-1, PIBKPI4K) or non-immune rabbit
of dopamine from PC12 cells (Raha et al., 1993; Murrin angyG (1gG). The immunoprecipitated proteins were analyzed by
Boarder, 1992; Koizumi et al., 1995). Upon stimulation,western blotting using rabbit anti-PIBKHgG or polyclonal anti-
membrane and cytosol fractions were separated as describedS-1 antibodies.
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Fig. 10.NCS-1 distribution in UTP-stimulated PC12 cells. The cells
- 116 grown on petri dishes were incubated for 3 minutes at 37°C in KBR

PI4K o 97 in the absence (CON) or presence of @BOUTP (UTP) or in KBR
i minus C&* supplemented with 2 mM EGTA and UTP (UTP-
Ca*our). The cells were homogenized and the and cytosolic (C) and
-31 membrane (M) fractions were obtained. Equal volumes of the
fractions were analyzed by western blotting using anti-NCS-1 or
NCS-1 === —_ s .21 anti-tubulin antibodies and the amount of NCS-1 in the cytosol or in

the membrane were quantified. (A) Data are expressed as a
percentage of total NCS-1 measured in the cytosolic and membrane
fractions after no treatment (CON) or treatment with UTP or UTP
minus C&*. The results represent the meanzs.e.R<(t001

CON  +Ca +EGTA compared with control). (B) Immunoblots showing the relative

. . . membrane/cytosol distribution of NCS-1 and tubulin (TUB) in
Fig. 9. Association of NCS-1 and Pl4Xoccurs in the cytosol and : -
membrane fractions and is not influenced b§*Cla A, equal membranes and cytosol of control and stimulated cells in the

proportions of Triton X-100 extracts prepared from total rat brain presence or absence offCa
postnuclear supernatant (S1), membrane (Mem) or cytosol (Cyt) were

immunoprecipitated (IP) with anti-NCS-1 antibodies, or rabbit I9G  yntreated cells or cells upon UTP treatment in the absence of
(I9G). In B, equal amounts (6Q@ proteins) of rat brain extracts extracellular Cat.
e e iy We then analyzed whether overexpression of NCS-L may
antibodies or rabbit IgG (IgG). The immunoprecipitates were analyzeél‘nOdUI"jlte the mem_brane translocf’:ltlon of FA4RC12 cells
by western blotting using anti-PI14or anti-NCS-1 antibodies. were transfected W'th cDNAs coding for NCS-1 an_d GFP'or
GFP alone, respectively. Cells were used for biochemical
analysis when the transfection efficiency (determined in live
We next determined the effects of UTP-treatment on theells by counting the percentage of GFP-expressing cells per
membrane distribution of PI4K As found for NCS-1, UTP petri dish) was about 50%. Cytosol and membrane fractions
treatment affected the membrane translocation of Plifka  were separated and analyzed by western blotting. In
Ca*-dependent way (Fig. 11A). Since at steady state theverexpressing cells, the levels of NCS-1 associated with the
largest amount of PI4K was soluble, it was difficult to membrane fractions were largely increased (at least ten times
compare in control samples the levels of kinase in the cytosolimore than in control cells, Fig. 12B). When PfKdssociated
fractions with those in the membrane fractions because of rapwith the membrane was quantified, the levels of the kinase
saturation reach by NCS-1 signals in autoradiograms of contrdetected in the membrane fractions of NCS-1-overexpressing
cytosolic fractions. Therefore we quantified and compared theells were five- to six-times higher than those detected in GFP-
level of enzyme present in the membrane fractions of contratansfected cells (Fig. 12A). In NCS-1-overexpressing cells,
or UTP-stimulated PC12 cells. Equal aliquots of membran&TP-treatment was unable to further induce an increase in the
fractions were analyzed by immunoblotting using antibodiegevels of PI4K3 (Fig. 12A) as well as of NCS-1 (data not shown)
directed against PI4K or synaptophysin (an integral in the membrane fractions, suggesting that the membrane-
membrane protein of synaptic vesicles completely recovered trinding sites for NCS-1 and/or PIfivere saturated.
the membrane fractions; not shown). The Hi&fgnals were
normalized to those of synaptophysin in the same blots and the )
data of multiple experiments were averaged. As shown in Figiscussion
11B, levels of Pl4B in the membranes after UTP treatmentAlthough NCS-1 and its orthologue frequenin play an
were about two- to threefold higher than those detected in thmportant role in regulating synaptic vesicle and dense-core
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Fig. 11.PI4Kp distribution in UTP-stimulated PC12 cells. The cells GFP GFP+NCS-1

grown on petri dishes were incubated for 3 minutes at 37°C in KBR P e :
inthe absence (CON) or presence of BY0UTP (UTP) or INKBR Gl e elecraparated with coNAS coning fof NCS1 and GFP
i Ca&* supplemented with 2 mM EGTA and UTP (UTP- b 9 :
minus (GFP+NCS-1) or GFP alone (GFP). 48 hours after transfection, the

Ca"our). The cells were homogenized and cytosolic (C)and — ¢g)5 \yere incubated for 3 minutes at 37°C in KBR in the absence or
membrane (M) fractions were obtained. Equal volumes of the Var'ou?)resence of 300M UTP (+UTP) and then homogenized. The

fractions were analyzed by western blotting using anti-BlI4K) cytosolic (C) and membrane (M) fractions were prepared and

Immunoblots showing the di§tribution of Plplih the membranes analyzed by western blotting using anti-Pgi&r NCS-1 antibodies.
and cytosol of control and stimulated cells in the presence or absence, A “the amounts of PI4Kin the membrane fractions were

of C&*. (B) The amounts of PI4Kin the membrane fractions were quantified as described in Fig. 11 and the results are expressed as a

analyzed by immunoblotting and the signals for F4¥ere percentage of the control (GFP-transfected cells) and represent the
normalized to those of synaptophysin present in the same blots. Themeanis.e.m.r(=6, *P<0.002 compared with GFP-transfected cells).

results are expressed as a percentage of the control and represent tfcg) Immunoblots showing the distribution of NCS-1 in the
meanzs.e. mnE14, *P<0.005 compared with control). membranes and cytosol of GFP and NCS-1+GFP-transfected cells.

granule exocytosis, the underlying molecular mechanisms are
not clearly understood. NCS-1 was suggested not to directlyybridisation data indicate that NCS-1 is expressed in many
act on the secretory machinery, but to exert its action oregions of the brain (Jeromin et al., 1999; Martone et al., 1999;
signaling pathways. It has been proposed to modulate tHeaterlini et al., 2000; Werle et al., 2000), less is known about
functions of various molecules, including NO synthases ands subcellular localization. We used subcellular fractionation
calcineurin (Braunewell and Gundelfinger, 1999; Burgoyneand immunoelectron microscopy to investigate the subcellular
and Weiss, 2001), and recent data demonstrated a possible riolealization of NCS-1 and both methods revealed that it is
for frequenin in directly regulating Pik, the yeast orthologue opartially cytosolic and partially associated with different
mammalian P14R (Hendricks et al., 1999). In order to obtain membrane-bound organelles. NCS-1 was distributed in several
insights into the function of NCS-1 in mammalian cells, we(but not all) synaptic boutons, where it was also localized on
investigated the subcellular distribution and interaction obynaptic vesicles. The presence of NCS-1 in a subpopulation
NCS-1 and PI4R in neurons and neuroendocrine cells. of synapses may be related to the different physiological
The following main findings are reported: (1) NCS-1 andproperties of these synapses. Interestingly, in crustacean
P14Kp show a similar widespread subcellular distribution; (2)neuromuscular junctions, NCS-1 appears more predominantly
endogenous NCS-1 interacts with PRIk form a complex expressed in the phasic nerve terminals that are capable of
that is immunoprecipitated from rat brain and PC12 celfeleasing more neurotransmitter at low frequencies than their
extracts using anti-NCS-1 or anti-Pl@kantibodies; (3) the tonic counterparts (Jeromin et al., 1999). Our results show that
NCS-1/PI4K3 interaction occurs in membranes as well as ilfmost NCS-1 was distributed in the perikarya, where it could
the cytosol; and (4) stimulation of regulated secretiorbe detected near to or associated with the membranes of the
facilitates the translocation of NCS-1 and PBKrom ER and the TGN. A consistent amount of NCS-1 was also
cytosolic to membrane fractions, suggesting a role for NCS-found in dendrites. Although the physiological significance of
in the recruitment of the kinase onto target membranes. this complex NCS-1 distribution is unclear, the absence of any
specific compartmentalisation suggests that it may have a
general function in controlling signaling and/or vesicle
NCS-1 and PI14Kp show a similar widespread subcellular  trafficking events.
distribution in neurons Although PI4K activity has been detected in many cellular
Although limited immunohistochemistry and in situ compartments including plasma membrane (Cockcroft et al.,



3920 Journal of Cell Science 115 (20)

1985), secretory granules (Wiedemann et al., 1996), synapticembrane and a €sinduced-conformational change triggers
vesicles (Wiedemann et al., 1998), Golgi (Jergil and Sundleits interaction with and activation of a membrane-pre-bound
1983; Cockcroft et al., 1985) and glucose transporter 4pool of PI4KB; in the second, Ga binding triggers the
containing transport vesicles (Del Vecchio and Pilch, 1991)exposure of the myristoyl group and the concomitant
little is known about the subcellular localization of PI4K translocation of the NCS-1/Pl4<complex to the membrane.
proteins in neurons and neuroendocrine cells (Balla et alQur present data showing that the NCS-1/BB4&¢mplex is
2000). Different types of Pl4Ks have been cloned andilso present in the cytosol and that both proteins are
characterized from yeast and mammalian cells (Balla, 1998;anslocated to membranes upon a secretory stimulus support
Fruman et al., 1998; Nakagawa et al., 1996a; Nakagawa et ahe second mechanism.
1996b; Meyers and Cantley, 1997) and it is clear from these At steady state, PI4Kis mainly found in the cytosol and
studies that different isoforms of the PI4K family maymay thus require protein-carrier(s) to be translocated to
synthesize different pools of polyphosphoinositides that in turpossible sites of action. Recent studies have demonstrated that
modulate different cellular functions (De Camilli et al., 1996;the small GTP-binding protein ARF-1 is involved in the
Anderson et al., 1999; Balla, 2001; Cremona and DeCamilliranslocation of PI4R to Golgi membranes (Godi et al., 1999),
2001). The localization of distinct kinase isoforms to specifiavhere the PI4K activity is important for cisternae organization
sites in cellular compartments helps to explain the differerénd constitutive protein trafficking from the Golgi to the cell
roles that phosphoinositides play in cells. Therefore we hawsurface. However, at present no ARF proteins have been shown
characterized the distribution of PIBkand compared it with to be concentrated at the synapse (Cremona and De Camilli,
that of NCS-1. Although PI4f is mainly enriched in the 2001). We suggest that NCS-1, which is mainly expressed in
cytosolic fraction after rat brain differential centrifugation, ourneuronal and neuroendocrine cells, may modulate the
results demonstrate that PIBKs also present on membranes localization and activity of PI4& and thereby the level of a
of the ER and the late Golgi complex. This latter result igphosphoinositide pool required for intracellular trafficking
consistent with previous data obtained in mammalian cell-freevents that specifically occur in neurosecretory cells. Neurons
systems and yeast cells, respectively (Godi et al., 1999; Walchnd neuroendocrine cells express two types of secretory
Solimena and Novick, 1999; Audhya et al., 2000), whichvesicles specialized in storage and release of neurotransmitters:
showed that PI14R plays an essential role in Golgi complex the dense core vesicles (or secretory granules) produced from
organization and protein secretion. Our data indicate thahe TGN (for reviews, see Eaton et al., 2000; Tooze et al.,
P14Kp is also associated with synaptic vesicles, albeit in verg001), and the small synaptic vesicles (or synaptic-like
small amounts and, to our knowledge, this is the first reporhicrovesicles) that are derived from a recycling compartment
showing the physical presence of an isoform of the Pl4Kear, or at, the plasma membrane (Hannah et al., 1999; Slepnev
family on synaptic vesicles. However, the small amount ond De Camilli, 2000). Upon regulated exocytosis and
P14Kp associated with the synaptic vesicles suggests that tht®nsumption of either secretory vesicles, the NCS-1/R14K
enzyme might not be the only PI4K isoform responsible for theomplex may be translocated and stimulate the synthesis
P14K activity detected on synaptic vesicles (Wiedemann et aif phosphoinositide pools involved in the generation of
1998). In addition, or alternatively, other kinases may beeurosecretory vesicles. In line with this model, we found that
involved since several P14K activities have been characterizeafter NCS-1 overexpression in PC12 cells, the amount of
and recently a PI4K type Il has been discovered on secretomyembrane-associated PIgkhcreases concomitantly with the
granule membranes (Barylko et al., 2001; Wenk et al., 2001)ncrease of NCS-1 in the membrane fractions. Moreover,
NCS-1 overexpression enhances ATP-stimulated release from
. . ] ] ] PC12 cells (McFerran et al., 1998) and the levels of
Interaction of NCS-1 with PI4Kp and its possible function  phosphatidylinositol 4-phosphate and phosphatidylinositol
The observed presence of both proteins on membrane-bou@5)-bisphosphate in PC12 cells (Koizumi et al.,, 2002).
organelles, together with the observed interaction of NCS-Although further work is required to identify the membrane
with PI4KpB strongly suggests that NCS-1 could function intargets of NCS-1/PI4& and to fully understand their role in
regulating Pl4K3 activity and/or localization. Recent data membrane traffic, our data demonstrate that NCS-1/p bt
have described that myristoylated NCS-1, but not itdranslocated to membranes and suggest that the two proteins
unmyristoylated form, is capable of stimulating the kinasemay regulate the levels of phosphoinositides involved in
activity of recombinant PI4Kin vivo (Balla, 200). Similarly,  regulated secretion processes; for example, by modulating the
a significant increase in P14K activity was observed when botformation of neurosecretory vesicles. This action could lead to
NCS-1 and PI4R were exogenously expressed in COS-7 cellslownstream effects on neurosecretion, and in turn could also
(Zhao et al., 2001). Thus the molecular interaction with NCSbhe modulated by Gaand thus by the secretory activity of the
1 appears to be important for activation of the kinase. Less datalls.
are available on the possible role of NCS-1 in the targeting of o ) ) _
PI4KB. Our results showing that endogenous NCS-1 and.We thank G'. Kreibich, J. Meldole§| and A. Malgarqll for the kind
PI4Kp can form a complex in the cytosol and that both protein ift of antibodies and F. Benfenati and M. Matteoli and S. Coco

- : r generously providing highly purified synaptic vesicles and
can be translocated to membranes upon stimulation c%ltured hippocampal neurons, respectively. We are indebted to F.

exocytOS|s_ strongly suggest that NCS-1 modul_ates th@Iementi and N. Borgese for helpful discussions and comments
translocation of PI4R to membranes. Two mechanisms by on the manuscript. This work was supported by grants from
which NCS-1 may function in PIgKmembrane localization the Consiglio Nazionale delle Ricerche (Target Project on
or activation have recently been proposed (Meyer and Yorlgiotechnology) to P.R. and the Medical Reseach Council of Canada
1999). In the first model, NCS-1 is prelocalized on theo A.J. and J.R.
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