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Subcellular localization of phosphatidylinositol 4,5-bisphosphate using the
pleckstrin homology domain of phospholipase C o,

Stephen A. WATT, Gursant KULAR, lan N. FLEMING, C. Peter DOWNES and John M. LUCOCQ'
School of Life Sciences, MSI/WTB Complex, University of Dundee, Dow Street, Dundee DD1 5EH, Scotland, U.K.

Ptd(4,5)P, is thought to promote and organize a wide range of
cellular functions, including vesicular membrane traffic and
cytoskeletal dynamics, by recruiting functional protein complexes
to restricted locations in cellular membranes. However, little is
known about the distribution of PtdIns(4,5)P, in the cell at high
resolution. We have used the pleckstrin homology (PH) domain
of phospholipase ¢, (PLC9,), narrowly specific for PtdIns(4,5)P,,
to map the distribution of the lipid in astrocytoma and A431
cells. We applied the glutathione S-transferase-tagged PLCS, PH
domain (PLC4,PH-GST) in an on-section labelling approach
which avoids transfection procedures. Here we demonstrate
PtdIns(4,5)P, labelling in the plasma membrane, and also in
intracellular membranes, including Golgi (mainly stack), endo-
somes and endoplasmic reticulum, as well as in electron-dense
structures within the nucleus. At the plasma membrane, labelling

was more concentrated over lamellipodia, but not in caveolae,
which contained less than 10 9, of the total cell-surface labelling.
A dramatic decrease in signal over labelled compartments
was observed on preincubation with the cognate headgroup
[Ins(1,4,5)P,], and plasma-membrane labelling was substantially
decreased after stimulation with thrombin-receptor-activating
peptide (SFLLRN in the one-letter amino acid code), a treat-
ment which markedly diminishes PtdIns(4,5)P, levels. Thus we
have developed a highly selective method for mapping the
PtdIns(4,5)P, distribution within cells at high resolution, and our
data provide direct evidence for this lipid at key functional
locations.

Key words: immunoelectron microscopy, immunogold, lipid
domains, localization, phosphoinositide.

INTRODUCTION

The minor membrane phospholipid PtdIns(4,5)P, has a long-
established role as a precursor of signalling molecules. These
include InsP, and diacylglycerol [1], generated after hydrolysis of
PtdIns(4,5)P, by phospholipases, and PtdIns(3,4,5)P, generated
by the phosphorylation of PtdIns(4,5)P, by phosphoinositide 3-
kinases downstream of membrane-bound receptors [2-4]. PtdIns
(4,5)P, has more recently been proposed to play a more direct
role as local organizer of diverse cellular activities, such as
membrane trafficking [5] and cytoskeleton dynamics [6,7]. The
emerging paradigm proposes that exquisite degrees of spatial and
temporal control are achieved when specialized membrane do-
mains contain high concentrations of PtdIns(4,5)P, [8,9]. These
domains act as foci for recruitment of functional protein com-
plexes and, depending on the process involved, may either cover
large portions of an organelle membrane or alternatively very
small submicron-sized patches also referred to as ‘microdomains’
or ‘rafts’ [10]. In this scheme, the spatial restriction is driven by
local synthesis or clustering of the lipid, followed by recruitment
of functional protein complexes by specific lipid-binding domains
such as pleckstrin homology (PH) [11], Fablp, YOTB, Vaclp
and EEA1 (‘“FYVE’) domains [12] or Phox homology (‘PX’)
domains [13].

While these mechanisms are attractive, there are still few
direct in situ data to support restricted distributions for signalling
lipids such as PtdIns(4,5) P,, especially on intracellular organelles.
Some evidence for restricted spatial distribution of PtdIns(4,5)P,
at the plasma membrane comes from localization studies utilizing
green fluorescent protein (GFP)-PH domain probes. These have
demonstrated spatially segregated pools of PtdIns(4,5)P, associ-
ated with sites of phagocytosis, exocytosis [14] or agonist-

stimulated ruffling activity [15,16]. In the case of phagocytosis
and ruffling, PtdIns(4,5) P, concentration occurs in large micron-
sized patches of cell membrane which recruit actin and
also PtdIns(4)P 5-kinases possibly engaged in local synthesis of
PtdIns(4,5)P, [17]. Biochemical experiments too have suggested
the existence of PtdIns(4,5) P, domains in which a high proportion
of hormone-responsive PtdIns(4,5)P, was found in caveolin-rich
detergent-insoluble fractions [18], implying that the PtdIns(4,5) P,
was located in caveolae. Consistent with this idea, depletion of
cholesterol disrupted the association of PtdIns(4,5)P, with these
complexes [19], although no direct evidence for large pools of
PtdIns(4,5)P, in caveolae has been forthcoming. Finally, at the
plasma membrane, there is also a strong expectation that focal
accumulations of PtdIns(4,5)P, promote recruitment of proteins
involved in the biogenesis and process of clathrin-coated-pit
endocytosis (including AP180, epsin and dynamin) [20,21],
but, again, the proposed domains have not been observed
directly.

Within the cell, spatially restricted PtdIns(4,5)P, may be
important in maintaining Golgi organization and facilitating
protein transport. The Golgi scaffold protein spectrin contains a
PtdIns(4,5)P,-binding PH domain, and overexpression of this
domain blocks transport through the Golgi [22]. Interestingly
some of the lipid kinases involved in PtdIns(4,5)P, synthesis are
recruited and activated by the small GTPase ARF (ADP
ribosylation factor). ARF is a key regulator of the COPI transport
vesicle formation that is restricted to specific locations on Golgi
membranes [23,24]. Finally, recent data has highlighted a role
for PtdIns(4,5)P, in transcript processing in the nucleus [25].
PtdIns(4,5)P, appeared to be localized to granular structures,
which displayed a marked cell-cycle dependent variation in
distribution.

Abbreviations used: PH, pleckstrin homology; GST, glutathione S-transferase; GFP, green fluorescent protein; PLCd,, phospholipase C d;; MVB,
multivesicular bodies; EM, electron microscopy; C.E., coefficient of error; ARF, ADP ribosylation factor; SFLLRN, one-letter amino acid code for

thrombin-receptor-activating peptide.
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Clearly at all these sites it will be crucial to map the distribution
of PtdIns(4,5)P, in fine detail. One of the current approaches for
localization of intracellular PtdIns(4,5) P, uses GFP-tagged pleck-
strin homology domain from the N-terminus of phospholipase C
0, (PLCs,). GFP-PH PLCS¢, binds strongly and specifically
to both PtdIns(4,5)P, and its soluble headgroup, Ins(1,4,5)P,
[11]. The GFP method used in combination with confocal or
deconvolution microscopy is a useful approach, but there are a
number of problems associated with its use. Firstly, it has limited
resolution (approx. 200 nm), even though the expected size of
membrane domains could be as small as 10-50 nm, depending on
the process. Secondly, GFP technology uses overexpression of
PH domains within the cytosol, which may have deleterious
effects on cell function either by sequestering lipid or by
promoting functionally important protein—protein interactions;
this is highlighted in studies showing that overexpressed GFP-
tagged oxysterol-binding protein blocks trafficking in the secre-
tory pathway [26]. For these reasons we have sought to apply
PH domains as probes for quantitative mapping of lipids on
ultrathin sections using electron microscopy (EM) combined
with immunogold methods.

Thus far only a few ultrastructural studies have addressed the
high-resolution localization of PtdIns(4,5)P, in cellular mem-
branes [27]. The main reason has been lack of specific probes for
EM localization and also that conventional EM may not fix and
immobilize lipids that can become extracted during processing
[28]. Here we use the recombinant tagged PLCd,PH as a probe
for PtdIns(4,5)P, in a low-temperature on-section immuno-
labelling procedure to map PtdIns(4,5) P, distribution. Our results
show that PtdIns(4,5)P, is present at high levels in the plasma
membrane, as expected. In addition we find that PtdIns(4,5)P,
becomes concentrated in lamellipodia, although not in caveolae.
Smaller intracellular pools were detected in Golgi, endosomes
and endoplasmic reticulum. In support of recent functional data
[25], the method also detects substantial pools of PtdIns(4,5)P,
in the nucleus. The present study therefore establishes low-
temperature immuno-EM microscopic methods for quantitative
fine structural localization of PtdIns(4,5)P,, which will become
useful for mapping other signalling lipids using suitable PH
domains and other lipid-binding protein domains.

MATERIALS AND METHODS
Materials

HEK-293 and 1321N1 astrocytoma cells were obtained from the
American Type Culture Collection. Cell-culture reagents were all
obtained from Life Technologies.
Thrombin-receptor-activating-peptide (SFLLRN in the one-
letter amino acid code) was synthesized by the MRC Protein
Phosphorylation Unit of this University. Inositol phosphates
were from Cell Signals (Lexington, KY, U.S.A.). Anti-[gluta-
thione S-transferase (GST)] antibody was obtained from
Chemicon International, Inc.(Temecula, CA, U.S.A.). Anti-GFP
antibody was a gift from Dr Ken Sawin (Institute of Cell and
Molecular Biology, University of Edinburgh, Edinburgh,
Scotland, U.K.), 2Cl11 anti-PtdIns(4,5)P, antibody was a gift
from Dr Giampetro Schiavo [Imperial Cancer Research Fund
Laboratories (now Cancer Research U.K.), London, U.K.].

Buffers

Buffer A comprised 19, Triton X-100, 150 mM NaCl, 50 mM
Tris/HCI, pH 7.4, 1mM EGTA, 1 mM EDTA, 10 xg/ml
antipain, 10 xg/ml leupeptin, 1 mM PMSF, 500 uM sodium
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orthovanadate, 10 mM NaF and 1 mM dithiothreitol. Buffer B
comprised 150 mM NaCl, 50 mM Tris/HCI, pH 7.4, | mM
dithiothreitol. TTBS comprised 50 mM Tris/HCI, pH 8.0, 0.1 %,
Tween and 150 mM NaCl.

Cell culture

HEK-293 and 1321N1 astrocytoma cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10 9
(v/v) fetal-bovine serum, 100 units/ml penicillin, 100 pg/ml
streptomycin and 2 mM L-glutamine at 37 °C in a humidified
atmosphere of 59, CO,. For stimulation of 1321N1 cells with
SFLLRN, the cells were grown to around 809, confluency on
10-cm-diameter plastic culture dishes. The cells were washed in
PBS and SFLLRN added in fresh medium at a final concentration
of 100 uM. After addition of SFLLRN, the cells were fixed at
time points between 0 and 5 min by adding twice-strength fixative
in 0.4M Pipes, pH 7.2, to the medium to achieve a final
concentration of 29, (v/v) glutaraldehyde (Agar Scientific,
Stansted, Essex, U.K.).

Transfections and microscopical analysis

HEK-293 cells were plated out either on 15-mm-diameter cover-
slips in six-well tissue-culture dishes (for light microscopy) or
on 10-cm-diameter plastic culture dishes (for EM) and grown to
10-209, confluency before being transfected by calcium phos-
phate precipitation, essentially as described previously [29]. A
10 pg portion of DNA (5 ug for 6-well plates) was added to each
dish along with buffer for calcium phosphate precipitation
[Hepes-buffered saline (1.5 mM Na,HPO,-H,0/137 mM NaCl/
0.55 mM Hepes, pH 7.0)/100 mM CaCl,, dissolved in MilliQ-
generated pure water]. The cells were left overnight at 37 °C
for about 16 h before washing with warm PBS, adding fresh
medium and then leaving for approx. 24 h. The cells were then
washed with ice-cold PBS and then fixed. For immunofluores-
cence cells were fixed with 49, (w/v) paraformaldehyde/PBS,
and for immunoEM cells were fixed with 89, (w/v) parafor-
maldehyde in 0.2 M Pipes, pH 7.2. All coverslips were mounted
on slides using Hydromount mounting medium (National Diag-
nostics, Atlanta, GA, U.S.A.) containing 1,4-diazadicyclo[2.2.2]
octane (‘DABCO’) and viewed on a Zeiss 410 laser scanning
confocal microscope.

For immunoEM, cells were scraped from the dish using a
rubber policeman and pelleted at 12000 g for 30 min (in fixative)
before being infiltrated in 2.1 M sucrose overnight. Small frag-
ments of pellets were then mounted on iron panel pins and frozen
in liquid nitrogen before cutting ultrathin cryosections on a Leica
EM FCS ultracut UCT microtome. Sections were picked up on
droplets of 2.3 M sucrose and mounted on Pioloform (polyvinyl
butyral)/carbon-coated 150-mesh hexagonal support grids and
immunolabelled with affinity-purified rabbit antibodies against
GFP, followed by 8 nm-particle-diameter Protein A—gold [30],
essentially as described by Cheung et al. [31]. Sections were then
contrasted using methylcellulose/uranyl acetate (1.8 and 0.3 9%,
respectively). Sections were viewed, and photographs taken, on
a JEOL 1200EX electron microscope at 80 kV.

Preparation, expression and purification of the GST-PH domain

PCR primers were designed as described in [26] to amplify the
N-terminal PH domain of PLCd, (amino acids 15-180) from
skeletal-muscle cDNA libraries (Clontech). The resulting PH
domain contained flanking EcoRI and Xbal restriction sites to
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allow directional cloning into appropriate expression vectors.
The construct was verified by nucleic acid sequencing, then
subcloned into a pGEX-4T vector (Pharmacia) to allow ex-
pression of GST-tagged protein in Escherichia coli, and into a
pEGFP vector to allow expression of GFP-tagged PH domain in
mammalian cells.

pGEX-4T constructs encoding the PH domain of PLC4, were
transformed into BL21 (DE3) pLys s E. coli cells and a 500 ml
culture was grown in Luria broth containing 100 xg/mlampicillin
at 37 °C to an attenuance (D,,,) of 0.6. Isopropyl g-D-thiogalac-
toside (0.25 mM) was added and the cells were cultured for a
further 16 h at 26 °C. The cells were resuspended in 25 ml of ice-
cold Buffer A, freeze-thawed once, and lysates prepared by
sonication. The lysates were clarified by centrifugation (20000 g
for 30 min at 4 °C) and the supernatants rocked with 1 ml of
GSH-agarose beads for 1 h. Beads were collected by centrifu-
gation (5 min at 3000 g), then washed three times with Buffer A
containing 0.5 M NaCl, and then a further three times with
Buffer B. GST—proteins were eluted from the beads with Buffer
B containing 20 mM glutathione. Eluted proteins were dialysed
and snap-frozen.

Protein/lipid overlay assay

To assess the phosphoinositide-binding properties of each PH
domain, a protein/lipid overlay assay was performed using GST-
fusion proteins as described previously [32]. A 1 ul portion
of lipid solution, dissolved in chloroform/methanol/water
(1:2:0.8, by vol.), and containing various amounts of the indi-
cated lipids (between 1 and 250 pmol), was spotted on Hybond-C
extra nitrocellulose membrane and allowed to dry at room tem-
perature for 1 h. The membrane was blocked in 2 9, (w/v) fatty-
acid-free BSA in TTBS for 1h. The membrane was then
incubated overnight at 4 °C with gentle stirring in the same
solution containing 0.2 ug/ml of the indicated GST-fusion
protein. The membranes were then washed six times over the next
30 min in TTBS, then incubated for 1 h with anti-GST mono-
clonal antibody (Sigma) (1:1000). Membranes were washed as
described above, then incubated for 1 h with a 1:5000 dilution
of anti-mouse IgG-horseradish peroxidase conjugate (Pierce).
Finally, the membranes were washed 12 times over 1 h in TTBS.
GST-fusion proteins bound to the membranes were then visual-
ized by enhanced chemiluminescence (ECL®, Amersham). For
competition experiments, the procedure was carried as described
above, except 20 uM of the indicated inositol headgroup was
added at the same step as the GST-fusion protein.

Labelling Ptdins(4,5)P, using PLCO,PH—GST in ultrathin
cryosections

The principle of this approach was to prepare ultrathin thawed
cryosections and incubate them with PLCS,PH-GST, followed
by antibodies against GST and Protein A—gold. Initial studies
showed that, when grid-mounted sections were exposed to room
temperature at any time, there was significant staining of the grid
film outside the cell profiles. This labelling could be inhibited
specifically by InsP, headgroups and was likely due to PtdIns-
(4,5)P, release from the membranes. This effect could be com-
pletely abolished by using a modified pick up method [33] and
by labelling and contrasting at ice temperature as follows. The
sections were transferred to the grid within the microtome
chamber (at about — 100 °C) and the pick-up solution allowed to
freeze on the wire pick-up loop. The droplet of pick-up solution
was allowed to thaw to just above 0 °C and the grids transferred

to ice-cold distilled water in porcelain dishes kept on ice, and the
whole immunolabelling procedure was carried out on ice or in a
cold room, making sure all solutions were pre-chilled. The grids
were incubated first on 0.1 M NH,Cl in PBS (10 min), PBS con-
taining 0.59, fish-skin gelatin (Sigma) for 10 min and then
on droplets of PLCS, PH-GST (approx. 5 pg/ml) in PBS contain-
ing 0.5 9, fish-skin gelatin for 20 min. Following washes in PBS,
the GST was localized using anti-GST antibodies and Protein
A-—gold essentially as described in [31].

Quantification of immunolabelling

To assess the proportion of gold labelling found over intracellular
structures, EM support grid squares containing optimally pre-
served and labelled pellet profiles were selected and scanned
systematically at a primary magnification of 20000 x (final
magnification 200000 x ) with a random start at the corner of the
EM support grid. Gold particles were assigned to compartments
and the percentage over each compartment calculated. Approx.
200 gold particles were counted for each condition. To assess
labelling densities over compartments, the pellet profile was
scanned as described above, but in this case intersections of
compartment membranes with the top edge of a clearly defined
feature on the viewing screen were also counted (magnification
was 20000x, but in the case of SFLLRN experiments,
40000 x was used). Gold particles were related to the number
of intersections over each compartment (total 150-300 inter-
sections per condition) to give a measure of labelling density.
In the case of lamellipodia, micrographs were taken at a
primary magnification of 15000 x and scanned on a flat-bed
scanner at 1200 dpi (dots per inch) and overlaid with a 0.5 ym-
square lattice grid in Adobe Photoshop 5.5. Gold and inter-
sections with plasma membrane/lamellipodia were counted and
the boundary length estimated using formulae as described by
Lucocq [34]. To estimate gold labelling density over nucleoplasm
and cytosol, micrographs were taken at a magnification of
12000 x , scanned into Adobe Photoshop 5.5 and square lattice
grids applied as described for lamellipodia above. Grid corners
(points) falling over compartments of interest were counted
and areas estimated from the product of the sum of these point
hits and the real area of each grid lattice square (0.25 ym?).

RESULTS
Localization of expressed GFP-tagged PLCo,PH

In order to determine the cellular distribution of the PtdIns
(4,5)P,-binding PH domain from PLC4,, we transiently expressed
the PH domain fused to GFP (PLCo,PH-GFP) in HEK-293
cells. As described previously [35], confocal microscopy (Figure
1A) revealed fluorescence limited to the periphery of transfected
cells, consistent with the large pool of PtdIns(4,5)P, known to
exist in the plasma membrane. However, this fluorescence method
did not provide evidence for smaller intracellular pools which
may be present. To address this question we localized the
expressed PLCS,PH-GFP by quantitative immunoEM on
thawed cryosections using polyclonal antibodies to GFP followed
by Protein A—gold (Figure 1B). We found gold labelling mainly
located on the plasma membrane, but in this instance smaller
amounts of PLC§, PH-GFP were also detected over intracellular
structures. Quantification of gold labelling (Figure 2), done by
systematically scanning grid cell profiles and assigning gold
particles to specific cellular compartments, showed that between
60 and 709%, of gold labelling was present in the plasma
membrane, with smaller proportions present over the nucleus,
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Figure 1 Localization of PLCO,PH-GFP by confocal and immunoEM
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PLCA;PH-GFP was expressed in HEK-293 cells and visualized using confocal microscopy (A) or immunoEM (B) as described in the Materials and methods section. For immunoEM, ultrathin
thawed cryosections were incubated with affinity-purified rabbit anti-GFP antibodies, followed by detection of bound antibodies using 8-nm-diameter Protein A—gold particles. Scale bars 10 xM in

(R) and 200 nm in (B).
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Figure 2 Quantification of PLCO,PH-GFP labelling over cellular com-
partments

PLCS,PH-GFP was expressed in HEK-293 cells and the cells processed for immunoEM.
Randomly selected grid squares were scanned, and gold particles were assigned to specific
cellular compartments as described in the Materials and methods section. Abbreviations: PM,
plasma membrane; Cyt, cytosol; ER, endoplasmic reticulum; Golgi Stack, stacked Golgi
cisternae; Per Tub, peripheral tubules (putative early endosomes); MVB, multivesicular bodies
(limiting and internal membranes); Nuc, nucleus; NE, nuclear envelope; Mit, mitochondria;
Unassigned, gold particles associated with indistinct structures. Values are the mean of three
independent experiments (error bars represent S.E.M. values).

cytosol, endoplasmic reticulum, endosomes and Golgi. These
results demonstrate that, in vivo, PLC5,PH-GFP localizes to
membranes of intracellular membranous organelles and to the
nucleus, in addition to the plasma membrane.

Phosphoinositide localization using an on-section labelling
approach

Overexpression of the GFP chimaeras within cells may have
effects on the levels or distribution of endogenous lipids, and

© 2002 Biochemical Society
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Figure 3 Demonstration of the phosphoinositide-binding specificity of
PLCo,PH-GST

The binding specificity of PLCS,PH—GST was determined using a protein/lipid overlay assay.
Serial dilutions of the indicated lipids were spotted on to nitrocellulose membranes that were
then incubated with the purified PLCO,PH-GST. The membranes were washed, and bound
PLCS,PH-GST detected using a rabbit anti-GST antibody as described in the Materials and
methods section. Lanes: 1, Ptdins; 2, Ptdins3P; 3, PtdIns4P; 4, PtdinsSP; 5, PtdIns(3,4)F;
6, Ptdins(3,5)P,; 7, Ptdins(4,5)P,; 8, Ptdins(3,4,5)F.

possibly disturb cellular functions dependent on phosphoino-
sitides. In order to avoid such problems, we developed an in situ
labelling approach that localizes the lipid present in structures
displayed on ultrathin sections of untransfected cells. To this end
we used PLC§,PH-GST as a probe for PtdIns(4,5)P,. We first
examined the specificity of this probe using protein/lipid overlay
assay, and this analysis showed that PLCé, PH-GST was highly
specific for PtdIns(4,5) P,, and displayed no significant binding to
any of seven related phosphoinositides (Figure 3). We next
applied the PLCS PH-GST to ultrathin sections of 132INI
astrocytoma and A431 cells and detected the probe using an
antibody to GST followed by electron-dense Protein A—gold.
The probe was applied to thawed ultrathin frozen cryo-
sections and also sections of freeze-substituted cells embedded
in the methacrylate/acrylate Lowicryl resin (HM23). Both
methods produced labelling over membrane structures, but in
the present study we concentrated on thawed cryosections on
which the signals were higher and the display of intracellular
membrane structures was more clearly defined. Lipids may not
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Figure 4 PLCo,PH-GST immunogold labelling on ultrathin thawed cryosections of 1321N1 astrocytoma cells

In (A) PLCO,PH-GST labelling (arrows) is visualised on the plasma membrane (PM), caveolae (CAV) and lamellipodia (L). In (B) PLCA,PH-GST labelling (arrowheads) is located on the internal
vesicles of multivesicular bodies (MVB) and in (C) over cisternae of the Golgi stack (arrowheads). Arrows in (D) and (E) indicate PLCS,PH—GST labelling of the endoplasmic-reticulum membrane
(ER) and electron-dense nuclear structures respectively. In (F) labelling is shown over a mitochondrion profile, both on the outer membrane (arrows) and on inner membrane and cristae (arrowheads).

Scale bars: (A, G, D and F), 100 nm; (B), 250 nm ; (E), 200 nm.

be fully immobilized after aldehyde fixation, and so an important
methodological modification was to limit the movement of lipids
in the sections by carrying out the labelling procedure close to
0 °C (see the Materials and methods section). In 1321N1 astro-
cytoma cells, (Figure 4), gold labelling for PLCS,PH-GST was

present over a variety of organelles, including plasma membrane,
Golgi, endoplasmic reticulum, multivesicular bodies, mitochon-
dria, nucleus and also caveolae which were identified by labelling
with anti-(caveolin-1) antibodies (results not shown). Similar
qualitative results were obtained in A431 cells (results not
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Figure 5 Quantification of PLCo,PH-GST immunogold labelling over
cellular compartments

The proportion of PLCA; PH-GST labelling over individual compartments by on-section labelling
is shown in (A) as percentages of the total gold particles counted, estimated by scanning cell
profiles and assigning gold particles to compartments (see the Materials and methods section).
The results are the means for three independent experiments, with approx. 200 gold particles
counted for each experiment. Abbreviations, PM, plasma membrane; Cyt, cytosol; ER,
endoplasmic reticulum; Golgi St, Golgi stack; Golgi Ves, Golgi vesicles; Per Tub, peripheral
tubules (putative early endosomes); MVB OM, multivesicular-body outer limiting membrane;
MVB Ves, multivesicular-body inner vesicles; MLB, multilamellar body; Nuc, nucleus; NE,
nuclear envelope; Cav, caveolae; Mit OM, mitochondrial outer membrane; Mit Cristae,
mitochondrial cristae; Mit Matrix, mitochondrial matrix. The labelling densities over membrane
compartments are shown in (B), in which the number of gold particles were related to the
number of intersections a scanning line makes with membranes from each compartment, as
described in the Materials and methods section. The results are means for three independent
experiments, in which 150-300 intersections were counted per experiment. Data for inner
vesicles of MVBs are not reported because these structures are too small for reliable estimates
to be obtained. Error bars in (A) and (B) are the S.EM.s.

shown). Quantification revealed similar distributions of labelling
in 1321N1 astrocytoma and A431 cells, with the highest propor-
tion of labelling over the plasma membrane (Figure SA; ~ 409,
of total gold labelling). Nuclear labelling was also substantial,
(17-21 9, of total) and was particularly concentrated on electron-
dense patches of heterochromatin. Lower proportions of labelling
were also detected on other membranous structures, including
endoplasmic reticulum, nuclear envelope, Golgi, caveolae-like
structures, peripheral endosome-like tubules, multivesicular
bodies (829, labelling over internal vesicles and 189, over the
limiting membrane, n =95 gold particles) and mitochondria
(51 9%, on outer membrane and 49 9, on inner membrane, n = 39
gold particles). A count of gold particles over the Golgi apparatus
of 1321N1 astrocytoma cells showed 77 9, of gold particles were
found on the cisternae of the Golgi stack, with 23 9, found on the
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membranes of Golgi-associated tubulovesicular profiles (n = 87
gold particles).

Under homogeneous labelling conditions the proportion of
gold labelling reports on the relative amounts of available
PtdIns(4,5)P, in organellar membranes. However, the local
concentration of the lipid is likely to be a key factor in generating
PtdIns(4,5)P,-related effects within cells. We therefore also
estimated the densities of labelling over membrane profiles in
various cell compartments. The plasma membrane had the
highest density of labelling, with significant densities observed
over endoplasmic reticulum, nuclear envelope, endosomes,
caveolae and mitochondrial membranes (Figure 5B), suggesting
significant concentrations of PtdIns(4,5)P, in these organelles.
Interestingly, in 1321N1 astrocytomas, the concentration of
labelling over both the Golgi and the limiting membrane of multi-
lamellar endosomes was lower than over other organelles,
although this effect was not so marked in A431 cells.

Subdomains labelling for PtdIns(4,5)P, at the plasma membrane

Caveolae are specialized invaginated domains of the plasma
membrane enriched in cholesterol and implicated in transmem-
brane signalling [36]. Previous studies suggested that substantial
proportions of PtdIns(4,5)P, are concentrated in these structures,
and so we carried out a quantitative analysis of PLCS,PH-GST
labelling in caveolae. This showed that caveolae of 1321NI1
astrocytoma cells (identified by immunogold labelling for caveo-
lin 1; results not shown) held only 3.6 9%, of the total labelling,
and 89, of labelling over the plasma membrane and caveolae
combined (corresponding data for A431 cells were 2.5 and 5.9 9
respectively). The labelling density over caveolaec was roughly
similar to that over putative endosomes (peripheral tubular
structures and multivesicular-body limiting membranes), but
was markedly lower than over the plasma membrane, arguing
against the notion of high concentrations of PtdIns(4,5)P, in
these structures (Figure SB).

Previous studies using PLCo,PH-GFP have indicated that
PtdIns(4,5)P, is concentrated in specialized regions of the plasma
membrane, such as membrane ruffles /lamellipodia. Since 1321N1
astrocytoma cells appear to undergo constitutive formation of
lamellipodia, we estimated the immunogold labelling density
over plasma membrane and lamellipodia-like profiles using the
PLCo,PH-GST probe. We found that lamellipodia-like cell
extensions had a labelling density of 6.7 gold particles/pum
[coefficent of error (C.E.) 13.59%,; n = seven micrographs],
whereas the rest of the plasma membrane had a density
of 3.34 gold particles/um (C.E. 11.99,; n=seven micro-
graphs). Lamellipodia-like profiles contained 39 9, of the total
plasma-membrane labelling (see Figure 4).

Inhibition of lipid binding with inositol headgroups

To test the specificity of the labelling with the PLCS,PH-GST
fusion protein, we carried out competition experiments by pre-
incubating PLC,PH-GST with the soluble inositol lipid head-
group of PtdIns(4,5)P,, Ins(1,4,5)P,. Previous studies indicated
that Ins(1,4,5)P, binds around 8-fold more strongly to PLC4,
than does PtdIns(4,5)P, (K, 0.21 xM versus 1.7 uM; [11]) and in
protein/lipid overlay assay this head group completely prevented
binding (Figure 6, upper panel). Preincubation of PLCS, PH-GST
with Ins(1,4,5)P, resulted in drastic reductions in gold labelling
over all labelled intracellular membranes and, for 1321Nl1
astrocytoma cells, quantification of this effect is displayed in
Figure 6 (lower panel) (results for A431 cells not shown). This
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Figure 6 Inhibition of PLCo,PH-GST binding by inositol phosphate head-
group competition

Upper panel: the effect of inositol phosphate headgroups on PLCJ,PH-GST binding to
Ptdins(4,5)P, was assessed by performing a protein/lipid overlay assay. Serial dilutions
of PtdIns(4,5)P, were spotted on to nitrocellulose membrane, which was incubated with
PLCO;PH-GST (control) or PLC&,PH-GST pre-mixed with various inositol headgroups.
Membranes were washed and bound PLCS;PH—GST detected using an anti-GST antibody.
Lower panel: ultrathin cryosections were prepared as described in the Materials and methods
section and labelled using PLCJ,PH-GST, followed by rabbit anti-GST antibodies and Protein
A—gold. In control incubations PLCA,PH-GST was preincubated with either 1 mM Ins(1,4,5)7;
or Ins(1,3,4)7; (a non-cognate headgroup) prior to the labelling sequence. As a further test of
specificity the 2C11 anti-PtdIns(4,5)~, antibody was preincubated on ultrathin cryosections
before incubating with PLCS; PH—GST. Labelling densities were then estimated by relating gold
particles and intersections over specific compartments. Results for each condition are the means
for three independent experiments done on 1321N1 astrocytoma cells. Error bars represent
SEMs.

headgroup also reduced labelling over cytosolic and nuclear
compartments. For cytosol, labelling was 4.91 (S.E.M. 0.64, n =
10) gold/um?* with PLC8, PH-GST alone and 1.03 (S.E.M. 0.2,
n=10) gold/um* with PLC3,PH-GST/Ins(1,4,5)P,. For nu-
cleus, labelling was 18.132 (S.E.M. 2.08, n = 10) gold/um?* with
PLCs,PH-GST alone and 0.2 (S.E.M. 0.2, n = 10) gold/um?
with PLC$,PH-GST/Ins(1,4,5)P,. To rule out a general in-
hibitory effect of negatively charged headgroups, we also used
Ins(1,3,4)P,, the headgroup of PtdIns(3,4)P,. This headgroup
did not inhibit binding of PLCd, PH-GST to cellular membranes
(Figure 6, lower panel), cytosol or nucleus (results not shown) or
to PtdIns(4,5)P, in the protein/lipid overlay assay (Figure 6,
upper panel). Lack of inhibition on protein/lipid overlay and on
ultrathin sections was also observed for the headgroup Ins(1,4)P,
(results not shown) and for InsP,, which has been reported to
bind weakly to PLCS, [37] (Figure 6, upper panel; results for on-
section labelling not shown).

An additional test of the specificity of the probe was to pre-
incubate sections with the anti-PtdIns(4,5)P, antibody 2C11 in

Table 1 Decrease in endogenous Ptdins(4,5)P, levels in the plasma
membrane using SFLLRN

1321N1 cells were stimulated for various times (0—300 s) with SFLLRN in order to decrease
PtdIns(4,5)F, levels. These cells were then processed for ultrathin cryosectioning and incubated
with PLC&; PH—GST by the on-section labelling procedure. Labelling densities over the plasma
membrane were then calculated by relating the number of gold particles to the number of
intersections over the plasma membrane for each condition (see the Materials and methods
section). Three grid squares were scanned for each condition and approx. 50 intersections
counted. Values are means + S.E.M. for three experiments. Gold labelling density is expressed
as particles/intersection (a) or as a percentage of the untreated value (b).

(@)

Time after SFLLRN
stimulation (s)

Density (gold particles
per intersection)

Untreated 8.9+1.56
10 714084
30 5.85+0.44

300 1012+16

(b)

Time after SFLLRN
stimulation (s)

Density (% of
untreated value)

Untreated 100£17.5
10 798+94
30 65.7+4.9

300 113+17.9

order to block potential binding sites for the PH domain [25]. By
protein/lipid overlay, this antibody has specificity for both
PtdIns4 P and PtdIns(4,5) P, (results not shown) and labels plasma
membrane and intracellular structures by EM (results not
shown). Preincubation of ultrathin sections with this antibody
again resulted in a substantial reduction of labelling on all
labelled membrane-bound compartments (Figure 6, lower panel)
as well as cytosol and nucleus. Together the data presented here
therefore provide strong evidence that the labelling on EM
sections is related to PtdIns(4,5)P,.

Modulation of endogenous Ptdins(4,5)P, levels

In order to assess further the specificity of the PH-domain probe
we performed an experiment to modulate the endogenous levels
of PtdIns(4,5)P, and correlate quantities of labelling with PLC
0,PH-GST. 132IN1 astrocytoma cells were stimulated for vari-
ous times (between 0 and 5 min) with SFLLRN before fixation.
Stimulation of the thrombin receptor with SFLLRN activates
phospholipase C enzymes, which hydrolyse PtdIns(4,5)P,. Pre-
vious work has demonstrated that SFLLRN evokes a transient
decrease in PtdIns(4,5)P, levels over a 30s period before
returning to resting levels over the subsequent 5 min [38].
Stimulated cells were cryosectioned, labelled with PLCs PH—
GST as described above, and then labelling densities over the
plasma membrane estimated. As can be seen in Table 1,
stimulation with SFLLRN resulted in a decrease in the density of
labelling, which was at its lowest after 30 s of stimulation and
gradually returned to pre-stimulation levels after 5 min — essen-
tially the same pattern as seen in previous experiments [38]. The
maximum fall in labelling density was approx. 359,. These
results provide additional support for the view that the on-
section labelling detects PtdIns(4,5)P, and further demonstrate
the suitability of this PH-domain probe as a tool for phosphoino-
sitide localization.

© 2002 Biochemical Society
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DISCUSSION

We have developed an in situ high-resolution approach for the
localization of PtdIns(4,5)P, using lipid-binding PH domains.
Following aldehyde fixation, ultrathin sections are affinity decor-
ated with the epitope-tagged PH domain, followed by localizing
antibodies and electron-dense Protein A—gold. Such an on-
section labelling approach has a number of distinct advantages.
First, sectioning is an efficient way of presenting the membranes
of intracellular compartments and their component lipids directly
to the labelling system without permeabilization of the cells.
Secondly, it avoids transfection with fluorescent tagged PH
domains, a strategy which can alter cell function by sequestering
lipid or by promoting/interfering with protein—protein interac-
tions, as exemplified in studies on oxysterol-binding protein [26]
and PLC9, [39]. Thirdly, on-section labelling is not dependent on
transfection to introduce lipid probes, and the lipid distribution
can now be studied in any cell or tissue that can be adequately
fixed and sectioned. One potential problem with the method is
that many lipids, including phosphoinositides, may not be well
immobilized after aldehyde fixation [28]. However this problem
appears to be resolved by keeping the sections near to ice
temperature throughout the handling and labelling procedures —
a strategy that reduces diffusion of the lipid to a minimum, as
evidenced by the lack of spreading of specific labelling out from
the plasma membrane.

Our results are consistent with major pools of PtdIns(4,5)P,
both at the plasma membrane and also in intracellular organelles.
But how specific is the labelling? The PH domain of PLC4, has
high affinity and selectivity for PtdIns(4,5)P, (K, = 1.7 uM;
[40]), suggesting that it is highly specific for PtdIns(4,5)P, in
membranes exposed on our sections. To confirm further the
specificity we preincubated the GST-tagged PH domain with the
cognate headgroup possessing phosphorylations at the 4- and 5-
positions of the inositol ring [Ins (1,4,5) P,]. Ins(1,4,5) P, abolished
interaction in protein/lipid overlays and was extremely potent
in reducing subsequent labelling on-sections. InsP, with phos-
phorylations at the 3- and 4-positions [Ins (1,3,4)P,] did not
inhibit labelling. Significantly, an antibody raised against
PtdIns(4,5)P,, which in lipid/protein overlays binds to
both PtdIns(4,5)P, and PtdIns4P, was also able to reduce inter-
actions of the GST-labelled PH domain with the sections.

Further evidence for the validity of the PtdIns(4,5) P, labelling
approach comes from SFLLRN stimulation experiments. Pre-
vious work has shown that such treatment of astrocytoma cells
causes a transient decrease in PtdIns(4,5)P, labelling at the
plasma membrane, which returns to pre-stimulation levels after
about 5 min [38]. As reported here, the PLC3,PH-GST labelling
densities showed a similar pattern at the plasma membrane after
treatment with SFLLRN, suggesting that PLCé, PH-GST label-
ling may be useful as a quantitative estimator of local PtdIns
(4,5)P, concentrations. In this regard it is worth emphasizing this
method is likely to detect only PtdIns(4,5)P, available to the label-
ling system and not necessarily PtdIns(4,5)P, already bound to
proteins. Thus, depending on the proportion of PtdIns(4,5)P,
bound to proteins, there is a potential for the labelling approach
used here to under-report on amounts of PtdIns(4,5)P,. Never-
theless, taken together our results indicate the method suc-
cessfully labels those intracellular pools of PtdIns(4,5)P,
accessible to the labelling system on the surface of ultrathin
cryosections. Interestingly, the experiments with SFLLRN may
suggest an explanation for the observed cytosolic labelling using
the PLCO1PH-GST probe. The cytosolic signal could be due to
tangentially sectioned membrane structures not visible in the
section, or to small amounts of lipid relocated during or after
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sectioning. Alternatively it could represent InsP3 generated by
hydrolysis of plasma-membrane-located PtdIns(4,5)P, [41]. This
possibility is consistent with a small, but reproducible, increase
in labelling we have observed over the cytosol (but not
nucleus) during thrombin-receptor stimulation (J. M. Lucocq and
S. Watt, unpublished work). However, this needs further investi-
gation, because InsP, is soluble and unlikely to be cross-
linked by aldehydes and would need to be complexed to cytosolic
proteins or other components to be retained in ultrathin
sections.

The plasma membrane is a primary site of PtdIns(4,5)P,
synthesis, but the precise distribution of the lipid within
the membrane is currently unclear. We therefore analysed the
labelling distribution and density in plasma-membrane domains
that could be distinguished in sections, including caveolae [42]
and lamellipodia. Previous data have suggested that caveolae,
defined as detergent-insoluble lipid domains enriched in caveolin,
might contain a substantial proportion of cellular PtdIns(4,5)P,
and that this PtdIns(4,5)P, is hormone-responsive [18]. Further
studies also indicated that PtdIns(4,5)P, was associated with
caveolin and that the association could be disrupted using
cholesterol-sequestering agents such as cyclodextrin [19]. Our
PtdIns(4,5)P, localization study detected less than 109, of the
total cell-surface labelling in caveolae and found no evidence for
concentration of labelling within these structures in either A431
or astrocytoma cells. It is therefore unlikely that the majority of
PtdIns(4,5)P, resides in caveolar cholesterol-rich domains and
points more towards the existence of non-caveolar domains
containing PtdIns(4,5)P,. It will now be important to map the
distribution of PtdIns(4,5)P, in the plane of the membrane using
freeze—fracture techniques and attempt to identify such domains.
We also found increased concentrations of PtdIns(4,5)P, in
lamellipodia of 1321N1 astrocytoma cells, and this is consistent
with previous work indicating a role for the lipid in agonist-
stimulated ruffling and resulting phagocytosis [15-17]. The quan-
titative read-out provided by this lipid labelling method should
provide novel correlative insights into the location of PtdIns
(4,5)P, and its effectors on ruffling structures.

We also found PLC§,PH-GST labelling on the rough en-
doplasmic reticulum, Golgi structures and endosomes, providing
direct in situ evidence for pools of PtdIns(4,5)P, in the secretory
and endocytic pathways. Our endoplasmic-reticulum data are
consistent with studies showing phosphatidylinositol synthase
activity and PtdIns(4,5)P, synthesis [43,44] in microsomal frac-
tions. More specifically, phosphatidylinositol 4-kinase a, as well
as a novel phosphatidylinositol-5-phosphate 4-kinase (phospha-
tidylinositol-phosphate kinase I1), has been identified on endo-
plasmic-reticulum membranes [45,46], and a yeast PtdIns(4,5)P,
S-phosphatase Inp54 located on the endoplasmic reticulum exerts
negative control of secretion [47]. Studies are in progress to
analyse the role of PtdIns(4,5)P, in the early secretory pathway
in mammalian cells. In the Golgi we found 25 9, of PtdIns(4,5)P,
labelling was located over tubulovesicular structures, with a
major proportion (759,) over the cisternal stack. The tubulo-
vesicular structures most likely contain a population of COPI-
coated transport vesicles whose formation may depend on
PtdIns(4,5)P,. PtdIns(4,5) P, isis an activator of the small GTPase
ARF, which drives recruitment of COPI coats and also promotes
further rounds of PtdIns(4,5) P, via recruitment and activation of
PtdIns(4,5)P,-synthesizing enzymes [23,24]. We are currently
searching for small microdomain platforms involved in vesicle
biogenesis within the Golgi membrane reticulum [8]. Interest-
ingly, the high proportion of labelling on the Golgi stack may
indicate a role for PtdIns(4,5)P, in maintenance of Golgi
structure, perhaps by regulating scaffold proteins such as
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spectrin, which is known to possess a PtdIns(4,5)P,-binding
PH domain [48].

Here we also demonstrate a significant proportion of labelling
for PtdIns(4,5)P, over the nucleus, mitochondria and, to a lesser
extent, over the cytosolic compartment (discussed above). The
nuclear label corresponds to about 20 %, of the total PtdIns(4,5) P,
labelling in the cell and is in line with previous studies dem-
onstrating that both phosphoinositides and their biosynthetic
machinery are found in the nucleus [25,49,50]. A number of
roles have been assigned to nuclear phosphoinositides, including
chromatin remodelling, pre-mRNA splicing or as precursor of
signalling intermediates such as diacylglycerol or InsP,. We have
not analysed the distribution of PtdIns(4,5)P, labelling in detail,
but the labelling of electron-dense structures in the nucleoplasm
is in agreement with a recent report using the 2C11 antibody [25].
The exquisite specificity of the PLCS,-PH domain should make
it a valuable tool for analysing the role of PtdP-like molecules
in nuclear function. Finally, the mitochondrial labelling is
intriguing, because reports of PtdIns(4,5)P,-like lipids or
PtdIns(4,5)P,-synthesizing enzymes in mitochondrial membranes
are at present very limited indeed [51,52].

In summary, we have developed a method for mapping
PtdIns(4,5)P, in eukaryotic cells using the PH domain of PLC§,,
and demonstrated that PtdIns(4,5)P, is distributed both on the
plasma membrane and in localized intracellular pools. The
further development of such tools [53] in affinity localization of
phosphoinsitides at high resolution, combined with methods for
studying membranes in three dimensions, should provide a much
deeper understanding of how local concentrations of these lipids
drive and organize key intracellular processes such as membrane
traffic and cytoskeletal dynamics.
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