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Phosphoinositide signaling regulates events in endocytosis and
exocytosis, vesicular trafficking of proteins, transduction of extra-
cellular signals, remodeling of the actin cytoskeleton, regulation of
calcium flux, and apoptosis. Obtaining mechanistic insights in
living cells is impeded by the membrane impermeability of these
anionic lipids. We describe a carrier system for intracellular delivery
of phosphoinositide polyphosphates (PIP,s) and fluorescently la-
beled PIP,s into living cells, such that intracellular localization can
be directly observed. Preincubation of PIP,s or inositol phosphates
with carrier polyamines produced complexes that entered mam-
malian, plant, yeast, bacterial, and protozoal cells in seconds to
minutes via a nonendocytic mechanism. Time-dependent transit of
both PIP,s and the carrier to specific cytosolic and nuclear com-
partments was readily visualized by fluorescence microscopy.
Platelet-derived growth factor treatment of NIH 3T3 fibroblasts
containing carrier-delivered phosphatidylinositol 4,5-bisphos-
phate [PtdIns(4,5)P,]-7-nitrobenz-2-oxa-1,3-diazole resulted in the
redistribution of the fluorescent signal, suggesting that fluores-
cent Ptdins(4,5)P, was a substrate for phospholipase C. We also
observed a calcium flux in NIH 3T3 cells when complexes of carrier
and PtdIns(4,5)P, or inositol 1,4,5-trisphosphate were added ex-
tracellularly. This simple intracellular delivery system allows for the
efficient translocation of biologically active PIP,s, inositol phos-
phates, and their fluorescent derivatives into living cells in a
physiologically relevant context.

hosphatidylinositol polyphosphates (PIP,s) and inositol

polyphosphates (IP,s) serve as signaling molecules in nu-
merous eukaryotic cellular processes (1-5), including tyrosine
kinase growth factor and G-protein receptor signaling pathways
(6, 7). PIP,s are crucial components for endocytic, exocytic, and
Golgi vesicle movement (8), and in remodeling of the actin
cytoskeleton (9). Moreover, cellular phosphoinositide composi-
tion is dynamic in time and space. An ideal technique would
permit visualization of both exogenously introduced and endog-
enously synthesized PIP,s in membrane-associated, nuclear, and
cytosolic domains.

Investigators have sought cell-permeant derivatives to deliver
active PIP,s or IPys intracellularly without disruption of the cell
membrane. Several lipid-soluble analogs of inositol trisphos-
phates [Ins(1,3,4)P3, Ins(1,4,5)P3] and phosphoinositides
[PtdIns(3,4,5)P3] (10-12) and ‘“‘caged” Ins(1,3,4,5)P4,
Ins(1,4,5)P5;, and InsPs have been synthesized and used in
cellular studies (13). Extensive chemical synthesis (11) was
required, and deprotection by light and/or esterase action was
necessary to release the free IP, or PIP,. Because multiple
protecting groups were attached to each cell-permeant molecule
(13), the rate of release of the active chemical signal could not
be readily controlled, and a heterogeneous mixture of potential
agonists was produced.

The ability to monitor changes in cellular localization of
phosphoinositides as the physiology of the cell is altered has been
significantly improved by the use of green fluorescent proteins
(GFPs) fused to PIP,-specific pleckstrin homology (PH) do-
mains (14). These chimeras are produced intracellularly and
migrate to membrane sites when cells are stimulated. The
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GFP-PH proteins have three deficiencies that limit their gener-
ality. First, PH domains often bind to soluble IP,s with similar
affinities as for the parent PIP, (15,16). Second, the GFP-PH
constructs have not been reported to enter the nucleus or to
traverse intracellular membranes. Indeed, antibodies to liposo-
mal PtdIns(4,5)P; detect substantial nuclear PtdIns(4,5)P, (17)
in mammalian cells. Finally, GFP-PH constructs are unable to
affect intracellular delivery of exogenously applied PIP,s.

To address these drawbacks, we have devised a simple pro-
cedure to deliver fluorescently labeled PIP, and IP, analogs into
living eukaryotic cells and to monitor their subcellular localiza-
tion. This approach offers an alternative to both the use of caged
probes (13) and the liposome-membrane fusion method used for
direct observation of activation of the protooncogene Akt (18)
and a protein kinase C isoform (19). In this approach, a complex
of the anionic PIP, or IP, derivative with a cationic polyamine
carrier was internalized within minutes in a variety of cell types.
The details of this intracellular delivery strategy and its appli-
cations in PIP,, localization, PIP, activation of calcium flux, and
PIP, redistribution after stimulation are described herein.

Materials and Methods

Reagents. The dendrimer amine with 12 primary amines was
prepared by the reduction of 12-cascade:amino(3):1-azapropy-
lidene:(1-azabutylidene):2-propanenitrile with di-isobutylalumi-
num hydride in CH,Cl,. Other dendrimeric amines, including
DAB-Am-32, are commercially available (Aldrich). Rhodamine
B isothiocyanate (Aldrich), 7-nitrobenz-2-oxa-1,3-diazole
(NBD)-X-SE, and rhodamine X isothiocyanate (XRITC) (Mo-
lecular Probes), type III-S histone from calf thymus (Sigma), and
dipalmitoyl (di-C;6) PtdIns(4,5)P, and PtdIns(3,4,5)P3 (Echelon
Research Laboratories, Salt Lake City, UT) were used as
supplied.

Synthesis of Fluorescent PtdInsP, Derivatives. sn-2-O-Stearoyl
PtdIns(4,5)P,-NBD (Cig) and sn-2-O-palmitoyl PtdIns(3,4,5)P3-
NBD (Ci¢) were synthesized as described (20-22). A shorter
chain sn-1-O-(6-aminohexanoyl)-sn-2-O-hexanoyl PtdIns(4,5)P,
derivative was prepared analogously; reaction with NBD-X-SE
was performed (21) as described to produce the PtdIns(4,5)P»-
NBD (Cg), which was characterized by proton NMR.
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Ins(1,4,5)P5-XRITC was prepared following literature proce-
dures (23) and characterized spectroscopically.

Synthesis of Polyamine-Fluorophore Shuttles. Fluorescent deriva-
tives of polyamines were synthesized from the amine and either
the isothiocyanate or succinimidyl ester derivatives of the fluo-
rescent reagent in 1.0 M TEAB (aqueous triethylammonium
bicarbonate, pH 7.5). All compounds were purified by Cig
HPLC, and structures were confirmed by NMR and electron
spray mass spectrometry. Dendrimeric polyamines and histone
were fluorescently labeled by standard protocols.

Delivery of Analogs to Cells. COS-7, Madin-Darby canine kidney
(MDCK), NIH 3T3 mouse fibroblasts, and 3T3-L1 preadipocyte
cells were cultured (90% DMEM, 10% calf serum) on 10-mm
diameter cover slips for 12-24 h before PIP, delivery experi-
ments. Chinese hamster ovary (CHO) cells were cultured on
cover slips in Ham’s F-12 medium with 5% calf serum. Yeast
(Saccharomyces cerevisiae) was grown in yeast extract/peptone/
dextrose medium, and bacteria (Escherichia coli) was cultured in
LB medium. Cryptosporidium parvum was cultured on bovine
epithelial cells (24). For the PIP, delivery experiments, dyes were
added to the medium on cover slips that were mounted directly
onto slides or glass plates. Images were collected without wash-
ing the dye from the medium.

Intact 1- to 2-week-old Arabidopsis thaliana plants grown in
liquid medium were placed in glass plate wells (200 ul), fluo-
rescent carrier-cargo complexes were added, and images of plant
cells were collected 10 min later.

Microscopy. Cells were examined by using an inverted microscope
(Nikon) and a Bio-Rad laser scanning confocal microscope
system (MRC 1024) with LASERSHARP acquisition software. The
488-nm laser line was used for excitation of NBD-conjugated
PIP,s. The 568-nm laser line was used for neomycin (Neo)-
XRITC, Neo-rhodamine B (RB), and Ins(1,4,5)P3-XRITC. Im-
ages of animal cells were collected by using a X60 oil immersion
objective, and a X40 objective was used for the plant cell images.
No postacquisition enhancement of images was performed,
except for gray-scale conversion to color using LASERSHARP
software or CONFOCAL ASSISTANT software.

Organelle-Specific Stains and Endocytosis. Intracellular localization
of the PIP, and carrier fluorophore bioconjugates was deter-
mined by colocalization with commercially available organelle-
specific fluorescent dyes (Molecular Probes): DiOCq [endoplas-
mic reticulum (ER)], BODIPY-TR ceramide (Golgi), acridine
orange (nucleic acids), 4’,6-diamidino-2-phenylindole (DNA),
Sytol1 (nucleic acids), and FM 4-64 (plasma membrane, endo-
somes, and lysosomes).

Endocytosis was slowed or blocked as follows: CHO and
MDCK cells were incubated in low pH medium (5.5-6.0) or at
low temperature (4°C). Localization of FM 4-64 in the plasma
membrane and its movement into cells was monitored via
time-course optical section collection. When cells were released
from either endocytic block by returning them to standard
growth medium, FM 4-64 was detectably endocytosed within 5
min.

Detection of Calcium Flux in NIH 3T3 Fibroblasts. The calcium
indicator dye Fluo-3 (Fluo-3 acetoxymethyl ester, Molecular
Probes) was used to measure intracellular calcium concentra-
tions by using standard curves of Fluo-3 fluorescence intensity
versus calcium concentration. All calcium concentrations were
measured by using confocal microscopy, glass slides, and a
commercially available kit and free Fluo-3 for calibration.
Intracellular pixel intensities were collected for non-nuclear
portions of the cells (50 um? area per collection).
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Fig. 1. Fluorescent PIP, and IP,, analogs are rapidly delivered to cells by a
polyamine carrier. (a) Structures of chemical probes used in this study. Left to
right: fluorescent Ptdins(4,5)P; and PtdIns(3,4,5)P; analogs, fluorescent
Ins(1,4,5)P3, and two fluorescent Neo derivatives. The open arrows indicate
the two primary aminomethylene (-CH,NH,) substituents that could be mod-
ified by the fluorophore. (b) NIH 3T3 mouse fibroblast cells with internalized
Ptdins(4,5)P,-NBD-histone complex; in the no-carrier control (/nset) the green
fluorescence of PtdIns(4,5)P>-NBD is extracellular. (¢) Ins(1,4,5)P3-XRITC was
delivered to NIH 3T3 cells by using histone as carrier; (Inset) the no-carrier
control. (d) PtdIns(3,4,5)P3-NBD was delivered into NIH 3T3 mouse fibroblasts
by using histone as carrier; (Inset) a higher-magnification image. Images were
collected 30 min after fluorescent probe addition for no-carrier controls (b
Inset and ¢ Inset) and 5 min (b) or 10 min (c and d) after the complexes were
added to the cells. See http: www.biology.usu.edu/pipncells/. Magnifica-
tions: b and ¢, X240; b and c Insets, X100; d, X100; and d Inset, X360.

Before the experiment, NIH 3T3 fibroblasts were cultured on
cover slips for 12-24 h. Cover slips were mounted to a glass plate
forming a well, and 0.5 ul of cell-permeant Fluo-3 acetoxymethyl
ester in DMSO was added to 20 ul of medium in the well. The
cells were maintained at 22°C for 15 min in the Fluo-3 solution.
Then, the Fluo-3-containing medium was removed and 20 ul of
fresh medium was placed in the well. Identical optical sections
were collected every 30 sec for approximately 5 min to confirm
that fluorescence intensity was stable, and then either an
Ins(1,4,5)Ps-histone complex (concentrations 77 uM and 50 uM,
respectively) or a PtdIns(4,5)P,-histone complex (40 uM and 50
uM, respectively) was added to the cells. Optical sections then
were collected every 30 sec for 20 min.

Results

The structures of the fluorescent phosphoinositides
PtdIns(4,5)P,-NBD (25) and PtdIns(3,4,5)Ps-NBD (22), the
fluorescent inositol trisphosphate Ins(1,4,5)P3-XRITC, and two
fluorescent Neo carriers are shown in Fig. 1a. The fluorescent
PIP,s are water soluble at the concentrations used, as indicated
by high-resolution NMR spectra in water. Moreover, the attach-
ment of the fluorophore to the acyl chain does not interfere with
recognition of either the IP, head group or the attached
diacylglyceryl moiety by most target proteins (20, 22, 26). All of
the fluorescent and nonfluorescent carrier and PIP,, derivatives
have been chemically synthesized (27) and are readily available.
Each of the images presented herein used the Cg PtdIns(4,5)P»-
NBD material, although experiments with the C;s analog in
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CHO and MDCK cells gave identical results. Only the C;4 analog
of PtdIns(3,4,5)P5-NBD was used in these experiments.

A number of polybasic compounds were selected as potential
“charge-neutralization” species that could deliver the anionic
PIP,s in a manner analogous to intracellular delivery of oligo-
nucleotides. Previous studies have shown that aminoglycosides
interact specifically with PtdIns(4,5)P, (28-30) and RNA sub-
structures (31, 32). We initially examined Neo and five other
aminoglycosides as potential carrier molecules for transmem-
brane delivery of the fluorescent probe PtdIns(4,5)P,-NBD (20).
Certain aminoglycosides (e.g., Neo) have a relatively high affin-
ity (Kp of =1 uM) (16) for PtdIns(4,5)P,, similar to that of the
GFP-PH fusion construct used to monitor intracellular translo-
cation of PtdIns(4,5)P, (14, 33). In addition, we evaluated
synthetic “spherical” dendrimeric polyamines with 12 or 32
primary amines and a polybasic nuclear protein, histone. Poly-
ethylenimine and several amphiphilic lipofection reagents were
investigated, but these were either ineffective carriers or exhib-
ited significant cytotoxicity.

In each case, a preformed polyamine-PIP,, complex was added
to the extracellular medium, and the localization of both the
polyamine carrier and the cargo PIP, or IP, was followed by
monitoring fluorescent tags using laser scanning confocal mi-
croscopy. In a preliminary survey of fluorescently modified
PIP,s and IP.s, the efficiency of fluorophore-PIP, delivery
depended on the polyamine carrier, the PIP, analog, and the cell
type. In the absence of a polyamine carrier, the PIP, and IP,
analogs (at concentrations of 10-30 uM) failed to enter CHO,
COS-7, MDCK, 3T3-L1 preadipocytes, or NIH 3T3 mouse
fibroblast cells to detectable levels within 30 min. Thus,
PtdIns(4,5)P,-NBD remains outside of NIH 3T3 cells after 30
min (Fig. 1b Inset). When a complex of PtdIns(4,5)P,-NBD and
histone protein was added to the medium, the PtdIns(4,5)P»-
NBD entered each of the cell types within 30 sec with saturation
within 5 min (Fig. 1b). Similarly, a complex of Ins(1,4,5)Ps-
XRITC and histone entered cells rapidly (Fig. 1c) with maximal
accumulation at ca. 10 min, whereas the fluorescent inositide
alone remained extracellular at 30 min (Fig. 1c Inset). Both
PtdIns(4,5)P>-NBD and Ins(1,4,5)P3-XRITC possess the same
P-1 phosphodiester linkage of a lipophilic moiety to the inositol-
4,5-bisphosphate head group, and both derivatives show nuclear
as well as cytosolic localization.

Importantly, this approach is not restricted to PtdIns(4,5)P»
derivatives. When a complex of PtdIns(3,4,5)P3-NBD and his-
tone was added to NIH 3T3 fibroblasts, the PtdIns(3,4,5)P3-NBD
was detectable in cells within 2 min, with saturation at 10 min
(Fig. 1d). No uptake into cells was observed in the absence of the
histone or other suitable carrier polyamine. The intracellularly
delivered PtdIns(3,4,5)P3-NBD fluorescence localized to the
plasma membrane, ER, and Golgi structures. However, unlike
the PtdIns(4,5)P,-NBD, the 3-phosphorylated lipid was excluded
from the nuclei (Fig. 1d Inset).

These complexes could, in principle, enter by passive or active
mechanisms. To test the hypothesis that cellular entry occurred
by passive movement across the membrane, endocytosis was
slowed (CHO cells) or blocked (MDCK cells) before addition of
the carrier-PIP,-NBD complex or a membrane-specific fluoro-
phore as a control. Blocking or slowing endocytosis in MDCK or
CHO cells had no discernible effect on the kinetics of accumu-
lation of the polyamine carrier-PtdIns(4,5)P,-NBD complex in
these cell types. These data thus support passive movement
across eukaryotic membranes. The efficiency of this process is
evident from the absence of extracellular PIP,-NBD after ca.
2-min incubation of cells with the PIP,-NBD-carrier complex.

Intracellular delivery into prokaryotic cells and a spectrum of
eukaryotic cell types can be achieved as illustrated in Fig. 2.
Distinct cellular destinations for the carriers and PIP, cargo
molecules were observed in three mammalian cell types (Fig. 2
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Fig. 2. Delivery of PtdIns(4,5)P,-NBD into eukaryotic and prokaryotic cells.
All images shown were recorded at 10 min after addition of the carrier-cargo
complex. (a) The uptake of complexes of PtdIns(4,5)P,-NBD and Neo-RB by
CHO cells. (b) Uptake of Ptdins(4,5)P,-NBD-Neo-XRITC complexes by a 3T3-L1
preadipocyte. (c) Uptake of Ptdins(4,5)P,-NBD-Neo-RB complexes by MDCK
cells. (d) Uptake of PtdIns(4,5)P,-NBD (histone carrier) by E. coli cells. (e)
Uptake of Ptdins(4,5)P,-NBD (histone carrier) by S. cerevisiae cells. The red
fluorescence in the plasma membrane is a result of FM 4-64 staining after
analog delivery. (f) Uptake of PtdIns(4,5)P,-NBD-Neo-RB complexes by A.
thaliana root-tip cells. (g) Uptake of PtdIns(4,5)P,-NBD (histone carrier) by C.
parvum cells on a field of epithelial cells (background). For each image, the
green fluorescence is caused by the PtdIns(4,5)P,-NBD, the red fluorescence is
emitted by either Neo-RB or Neo-XRITC (except €), and the yellow regions are
caused by colocalization of red and green fluorophores. Magnifications: a,
X260; b and d, X600; ¢, X400; e and g, X160; and f, X480.

a—c). An equimolar mixture of PtdIns(4,5)P,-NBD and Neo-RB
was added to the media immediately before recording confocal
images of the cells. Uptake of the PtdIns(4,5)P,-NBD-Neo-RB
complex is shown for CHO (Fig. 2a) and MDCK (Fig. 2c),
whereas the complex of Neo-XRITC and PtdIns(4,5)P,-NBD
was delivered to 3T3-L1 preadipocytes (Fig. 2b). Fig. 2 shows the
fluor localization after 10 min, but equilibrium was reached in
less than 5-min incubation for most cells and complexes tested.
In the three mammalian cells, the red Neo-RB (or Neo-XRITC)
appeared to be concentrated in the ER and the nucleoli,
consistent with its complexation to transfer RNA and ribosomal
RNA subunits. The green fluorescing PtdIns(4,5)P,-NBD can be
seen in the plasma membrane and (for the mammalian cells) in
intracellular patterns consistent with its presence in the ER,
Golgi, the nuclear membrane, and substructures within the
nucleus. The punctate staining in the nucleus is reminiscent of
the mammalian cell nuclear speckles containing type I and type
IT PIP kinases (34) colocalized with PtdIns(4,5)P, (35). The
dramatic colocalization (yellow color) of the PtdIns(4,5)P,-NBD
and Neo-RB in nucleoli and the ER is particularly noteworthy.
The colocalization suggests that either the components migrate
separately to the nucleus or that some intact complex migrates
through the cytosol, across the nuclear membrane, and into the
nucleoli. The kinetics of carrier-cargo interactions and an un-
derstanding of the mechanism of internalization are the subjects
of ongoing research.

Intracellular delivery of PtdIns(4,5)P,-NBD also is shown for
a selection of nonmammalian cells. Thus, uptake of a histone-
PtdIns(4,5)P,-NBD into the Gram-negative bacteria E. coli is
illustrated in Fig. 2d; without a carrier, no uptake was observed
within 30 min. Similarly, in the budding yeast S. cerevisiae (Fig.
2e), the histone-PtdIns(4,5)P,-NBD complex delivered the PIP,
into cells, whereas no uptake was observed with PtdIns(4,5)P»-
NBD alone. The red fluorescence in the plasma membrane
results from rapid FM 4-64 staining after analog delivery.
Carrier-mediated uptake is considerably slower in yeast cells
than in animal or plant cells. Fig. 2f shows uptake of a
PtdIns(4,5)P,-NBD-Neo-RB complex into root-tip cells of the
model plant (36), A. thaliana (Fig. 2f). The Neo-RB was
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Fig. 3. PDGF stimulation of NIH 3T3 fibroblasts causes a relocalization of
PtdIns(4,5)P,-NBD. Serum-starved (3 h) NIH 3T3 cells were treated with a
complex of PtdIns(4,5)P,-NBD (10 uwM) and histone (3 uM). After 10 min, cells
were stimulated with 380 ng/ml PDGF; the medium was not changed subse-
quently. (a) An image before PDGF addition (t = 0), using the 488-nm laser
line. The same optical section (Z-section) was collected for 20 min at 10-sec
intervals. b and ¢ were obtained at t = 3 min and 15 min, respectively. (d) A
difference image calculated by using the t = 0 and t = 3-min data, in which
fluorescence intensity corresponds to movement of the Ptdins(4,5)P, or its
metabolic products. Thus, purple represents a decrease in fluorescence and
yellow represents an increase in fluorescence in the 3-min image relative to
the zero-time image. (e) A difference image comparing the 15-min data with
the zero-time data. Magnifications: a-c, X240; and d and e, X360.

localized primarily in the cell wall, whereas the PtdIns(4,5)P»-
NBD appears to be sequestered in the plasma membrane. This
is readily seen in the partially plasmolyzed cell at center. Finally,
we observed uptake of PtdIns(4,5)P,-NBD as the histone com-
plex into both host bovine fallopian tube epithelial cells and the
pathogenic protist C. parvum (Fig. 2g). Interestingly, the uptake
into the roughly spherical C. parvum pathogen was more efficient
than uptake into the host cells.

We next explored changes in intracellularly delivered
PtdIns(4,5)P,-NBD when the physiology of NIH 3T3 fibroblasts
cells was altered. Fig. 3 shows PtdIns(4,5)P,-NBD redistribution
in platelet-derived growth factor (PDGF)-activated cells. Thus,
a complex of PtdIns(4,5)P,-NBD (10 uM) and histone (3 uM)
was delivered to cells; after 10 min, cells were stimulated by
treatment with 380 ng/ml PDGF, and images were obtained at
10-sec intervals for 20 min. At 0 sec, the equilibrium localization
of PtdIns(4,5)P,-NBD to the plasma membrane and to diffuse
punctate and filamentous structures in the cytosol was evident
(Fig. 3a). After 3 min, modest decreases in the plasma membrane
staining and relocalization of the fluorophore in the cytosol were
observed (Fig. 3b). At t = 15 min after addition of PDGF,
nuclear and plasma membrane staining was substantially de-
creased, and redistribution of the fluorophore in the cytosol
reached a maximum (Fig. 3¢). In the cytosol, the NBD fluoro-
phore relocalized in a bright punctate pattern that was consistent
with ER/Golgi staining. These changes are most dramatically
illustrated in the pseudocolored difference images generated
from the t = 0 and 3-min data (Fig. 3d) and from the # = 0 and
15-min data (Fig. 3e). A similar set of experiments used insulin-
stimulated 3T3-L1 preadipocytes (see http://biology.usu.edu/
pipncells/).

The delivery of both soluble IP, and PIP, species into cells
caused changes in intracellular calcium flux. In Fig. 4, NIH 3T3
fibroblasts were loaded with the calcium indicator, Fluo-3, which
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Fig.4. Carrier-delivered Ins(1,4,5)P3 and PtdIns(4,5)P, caused calcium flux in
NIH 3T3 cells. Fibroblasts were loaded with Fluo-3; after 15 min, a time course
of images was collected. After an additional 2 min, either an Ins(1,4,5)Ps-
histone or a PtdIns(4,5)P,-histone complex was added to the cells, and in-
creased intracellular calcium was detected by increased green fluorescence.
(a—d) t =0, 4,7, and 15 min after addition of the Ins(1,4,5)P3-histone complex;
calcium concentrations were 81 nM, 362 nM, 133 nM, and 164 nM, respec-
tively. (e-h) t = 0, 4, 7, and 15 min after addition of the PtdIns(4,5)P,-histone
complex; calcium concentrations were 88 nM, 171 nM, 430 nM, and 191 nM,
respectively. () A time course of subcellular pixel intensities, in min, after
addition of the Ins(1,4,5)Ps-histone and PtdIns(4,5)P,-histone complexes. The
same optical section was collected for each time point by using the 488-nm
excitation line (laser power 0.3%). Magnifications: a-h, X240.

exhibits a green fluorescence proportional to calcium binding.
Medium was exchanged and cells were observed until no changes
in fluorescence were evident. Then, a complex of 77 uM
Ins(1,4,5)P3 and 50 uM histone was added to the medium. A
time-course collection of images (Fig. 4 a—d) showed that cells
exhibited significant increases in cytosolic calcium, with a max-
imum increase in Fluo-3 fluorescence in the cytosol of the
treated cells occurring at 4 min. After 15 min (Fig. 4d) the green
fluorescence of the calcium-Fluo-3 complex had decreased from
a calibrated peak calcium concentration of 362 nM to a value of
164 nM. Fig. 4i presents quantitative data for the calcium flux in
the cytosol. The efficiency of cellular uptake of carrier-IP,
complexes is substantially lower than that for carrier-PIP, or
carrier-Ins(1,4,5)P3-XRITC complexes (Fig. 2). The PIP,-
carrier system currently favors inositides with P-1 diesters that
contain lipophilic moieties.

We thus examined the ability of carrier-delivered
PtdIns(4,5)P, to cause changes in intracellular calcium. An
extracellular concentration of 40 uM of a PtdIns(4,5)P,-histone
complex was added to NIH 3T3 fibroblasts (Fig. 4 e-h), and
calcium flux was observed. PtdIns(4,5)P, delivered into cells by
this method can serve as a substrate for phospholipase C (PLC);
the enzymatic release of Ins(1,4,5)Ps; then can produce the
observed changes in intracellular calcium levels. In cells receiv-
ing carrier-delivered PtdIns(4,5)P., cytosolic calcium concentra-
tions increased from 88 nM to over 430 nM at 7 min (Fig. 4g).
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The calcium flux observed depended on PLC activity (37)
because preloading of cells with the potent PLC inhibitor
U73122 prevented flux in response to intracellular delivery of
PtdIns(4,5)P, but not for intracellular delivery of Ins(1,4,5)P;
(data not shown).

Discussion

Phosphoinositides have been implicated in diverse cellular pro-
cesses that include proliferation, vesicle-mediated protein traf-
ficking, cytoskeletal reorganization, and survival (1-3). The PIP,
kinase products PtdIns(3)P, PtdIns(3,4)P,, PtdIns(4,5)P,, and
PtdIns(3,4,5)P; serve as “second messengers” (4, 5) by localizing
and/or activating PIP,-binding proteins, thereby providing a
crucial link in the transmission of cellular signals. To fully
understand the roles of PIP,s, changes in their localization and
metabolism and identification of specific cellular changes elic-
ited by particular molecular species must be documented. Efforts
directed toward these goals include sensitive (but laborious)
biochemical quantitation with [*H]inositol-loaded cells, con-
struction and cellular expression of GFP-PH domain fusions to
determine PIP;, localization (33, 38, 39), and cellular delivery of
PIP,s and IP,s to study physiology (13, 18, 19). We have
described an approach that permits intracellular delivery of
PIP,s, visualization of subcellullar PIP,, localization, and deter-
mination of PIP, changes during specifically induced changes in
cell physiology.

Three carrier molecules delivered the PtdIns(4,5)P,-NBD and
PtdIns(3,4,5)P5-NBD into mammalian, plant, bacterial, proto-
zoal, and yeast cells. Neither the carriers nor the PIP,s alone
showed significant intracellular uptake within 20 min. However,
preincubation of the PIP, with a dendrimeric polyamine, an
aminoglycoside antibiotic, or the polybasic protein histone gave
complexes that rapidly entered the cells. Internalization oc-
curred primarily via a nonendocytic mechanism, and the time-
dependent transit of both the PIP, and the carrier to specific
cytosolic and nuclear compartments could be readily visualized.
Delivery of Ins(1,4,5)P;, PtdIns(4,5)P,, PtdIns(3,4,5)Ps, and
fluorescently tagged analogs into cells also was achieved with
histone. The delivery of Ins(1,4,5)P3 and PtdIns(4,5)P, into NIH
3T3 fibroblasts resulted in an increased calcium flux, as visual-
ized by Fluo-3 fluorescence.

The carrier-PIP, complexes were preformed before addition
to the extracellular medium; localization of both the polyamine
carrier and the cargo PIP, was followed by monitoring fluores-
cent derivatives with confocal microscopy. The efficiency of
fluorophore-PIP,, or fluorophore-IP, delivery depended on the
polyamine carrier, the PIP, or IP,, and the cell type. For the five
mammalian cell lines examined, the most rapid and efficient
cellular delivery of PtdIns(4,5)P, and PtdIns(3,4,5)P; analogs
was achieved by using small aminoglycoside antibiotics such as
Neo and kanamycin. Dendrimeric amines were nearly as effi-
cient as Neo, but caused cell detachment over several hours.
Polyethylenimine was a partially effective carrier, but its cellular
toxicity precluded its use. Other lipid transfection agents, e.g.,
vectamidine, did not cause intracellular delivery of PIP,-NBD or
Ins(1,4,5)P5-XRITC. Several histones were evaluated, and each
was found to be effective and essentially nontoxic as a carrier.
Type III-S histone was selected for use in the majority of the
intracellular delivery experiments, as it had minimal adverse
effects on cell physiology.

We examined the delivery of PIP,-NBD and other fluorescent
analogs to yeast cells, an important model system for phosphoi-
nositide-regulated vesicle-mediated protein trafficking (40), and
stress responses (41). Although delivery of PIP, into yeast was
significantly slower and less efficient than into mammalian cells,
PtdIns(4,5)P,-NBD nonetheless entered the cytosol and accu-
mulated in punctate cytosolic structures. Although the nature of
these sites of PtdIns(4,5)P,-NBD accumulation is unknown,

11290 | www.pnas.org

detailed studies of the role of PIP,s in yeast protein trafficking
and environmental stress response are underway.

Delivery of PtdIns(4,5)P,-NBD into A. thaliana root-tip cells
also was achieved, albeit at lower efficiency than into mammalian
cells. PtdIns(4,5)P,-NBD localized in the plasma membrane of
plant cells and to a lesser degree in cytosolic compartments.
Combining this approach with biochemical analyses should
advance our understanding of PIP, signaling in plant cells (42).

Some bacterial and protozoan pathogens exploit mammalian
host cell functions, including PIP, signaling (43). For example,
activation of host cell phosphatidylinositol 3-kinase (PI3-kinase)
and cytoskeletal remodeling are responses to Listeria monocyto-
genes (44) and C. parvum infection (24). PtdIns(4,5)P,-NBD was
preferentially incorporated into the protozoan pathogen, C. par-
vum, relative to the cocultured bovine epithelial host cells. The
PIP,-carrier system can be used to probe the basis of invasion and
alteration of host cell signaling by pathogens, leading to potential
applications in the discovery of new antibiotics.

Changes in localization and metabolism of PtdIns(4,5)P, as a
result of PDGF receptor activation was examined in serum-
starved NIH 3T3 fibroblasts preloaded with a PtdIns(4,5)P»-
NBD/histone complex. PtdIns(4,5)P,-NBD was chosen because
activation of receptor tyrosine kinases and PI3-kinase could lead
to conversion of PtdIns(4,5)P, to PtdIns(3,4,5)P5 by PI3-kinase,
or PtdIns(4,5)P could act as a substrate for PLC isozymes. Both
enzymatic activities are modulated by PIP, binding in these
cells. The redistribution of the NBD fluorophore in Fig. 3 sug-
gests two possible interpretations. The PI3-kinase product
PtdIns(3,4,5)Ps-NBD could be formed and move from the
plasma membrane to intracellular sites. Alternatively, the diffuse
perinuclear-localized fluorophore could be diacylglyceryl-NBD,
derived from action of PLC on PtdIns(4,5)P,-NBD. We favor the
latter hypothesis, and chemical evidence supports this assign-
ment. In addition, PIP,s may recruit PLC isoforms to the plasma
membrane in fibroblasts where a readily available pool of
substrate exists (45, 46). Importantly, the use of PLC inhibitors
(data not shown) coupled with this PIP, delivery method further
support the idea that PtdIns(4,5)P,-NBD is acting as a substrate
for PLC in the stimulated cells.

Because Ins(1,4,5)P3 and PtdIns(4,5)P, have roles in calcium
mobilization in mammalian cells, we examined the capacity of
carrier-delivered PIP,s and IP,s to induce changes in cytosolic
calcium concentrations (47). Indeed, both Ins(1,4,5)P; and
PtdIns(4,5)P, delivery into NIH 3T3 cells resulted in cytosolic
calcium mobilization. The Ins(1,4,5)Ps-induced calcium mobili-
zation into the cytosol of fibroblasts was rapid (within 1.5 min),
and calcium concentrations returned to pretreatment levels after
7 min. When PtdIns(4,5)P, was delivered into cells, significant
calcium mobilization into the cytosol was observed with a time
delay that may correspond to hydrolysis of PtdIns(4,5)P, to
Ins(1,4,5)P5 (47) by PLC (37). Suppression of calcium mobili-
zation in cells preloaded with a PLC inhibitor further supported
this interpretation. Taken together, the calcium mobilization
results illustrate that significant and meaningful changes in
cellular physiology could be manifested by the carrier-mediated
intracellular delivery of Ins(1,4,5)P5; or PtdIns(4,5)P-.

The link between PIP, metabolism and second-messenger
calcium production is only one downstream effect on cell
physiology that can be scrutinized by using this approach. First,
it will be possible to study colocalization of PIP,-binding protein
PH domain/GFP fusions with specific delivered PIP,s. Some of
the important signaling molecules that are PIP,-binding proteins
include Akt/protein kinase B (38, 39, 48), phosphoinositide-
dependent protein kinases (49), and ARNO (ADP-ribosylation
factor nucleotide-binding-site opener) (39). Second, this ap-
proach also will prove valuable for the study of PIP,-binding
proteins in the absence of tyrosine kinase growth factor receptor
activation to study specific branches of signaling pathways. Third,
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delivery of PIP, can “biochemically complement” cells express-
ing dominant negative PI3-kinase or other PIP, kinase mutant
proteins. Finally, delivery of PtdIns(3,4,5)P3 could be used to
rescue wortmannin-treated cells in which PI3-kinase has been
chemically inactivated.

In summary, the use of the carrier-cargo system to ferry
affinity-tagged or native PIP,s into living cells provides a simple
method to examine the action, localization, and metabolism of
PIP,s involved in signal transduction pathways in the context of
changes in cell physiology. An important corollary is that PIP,s
and IP,s may be used to deliver aminoglycosides, including
fluorescent or synthetic analogs of antibiotics, specifically into
eukaryotic cells. Given the current critical need for new antibi-
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