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a b s t r a c t

Phosphoinositides (PIs) play fundamental roles as signalling molecules in numerous cellular processes.
Direct analysis of PIs is typically accomplished by metabolic labelling with 3H-inositol or inorganic 32P
followed by deacylation, ion-exchange chromatography and flow scintillation detection. This analysis is
laborious, time-consuming, and involves massive amounts of radioactivity. To overcome these limitations
vailable online 30 March 2010
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we established a robust, non-radioactive LC–ESI–MS assay for the separation and analysis of deacylated
PIs that allows discrimination of all isomers without the need for radioactive labelling. We applied the
method to various cell types to study the PI levels upon specific stimulation.

© 2010 Elsevier B.V. All rights reserved.
SI
eversed phase ion-pair chromatography

. Introduction

The inositol containing glycerophospholipids, collectively
nown as phosphoinositides (PIs), play a fundamental role in
iverse cellular functions such as cell growth and differentiation,
otility, calcium mobilisation and oncogenesis [1,2]. The family

f the phosphoinositides consists of the non-phosphorylated pre-
ursor phosphatidylinositol (PtdIns) and seven derivatives with
ifferent phosphorylation patterns on the myo-inositol ring, where
he 3-, 4- and 5-positions can be phosphorylated by specific kinases
Fig. 1A).

PIs derived from PtdIns and its phosphorylation pro-
ucts phosphatidylinositol-4-phosphate (PtdIns4P) and phospha
idylinositol-4,5-bisphosphate (PtdIns(4,5)P2) form the so called
anonical pathway [3] and are believed to be kept at constant
evels at the plasma membrane. The other PIs are considered to
e low-abundant signalling molecules that transiently appear
pon stimulation. Stimulation with growth factors or insulin

eads to increased PtdIns(3,4,5)P3 levels, which in turn produces

pecific cellular responses. The bisphosphorylated PIs containing
tdIns(3,4)P2, PtdIns(4,5)P2, and PtdIns(3,5)P2 moieties play dis-
inct roles in signal prolongation after PtdIns(3,4,5)P3 inducing
timuli, regulation of the actin cytoskeleton and vesicle transport,
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ern, Switzerland. Tel.: +41 31 344 40 48.

E-mail addresses: peter.kueenzi@cslbehring.com, peter.kueenzi@unibas.ch
P. Küenzi).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.03.029
respectively [4–8]. PIs containing phosphoinositide monophos-
phates were long thought to be mere intermediates in the pathway
but are now recognised to possess specific functions by themselves
in protein sorting, vesicular trafficking and in osmotic stress
response [9–12].

Analysis of PIs has been achieved in several ways. Most fre-
quently, metabolic radioisotope labelling with inorganic 32P or
3H-inositol, lipid extraction, hydrolysis followed by chromato-
graphic separation and radiographic analysis of phosphoinositides
has been used [13–15]. Metabolic labelling involves very high doses
of radioactivity (GBq), long labelling times and only detects the
turnover of PIs, whereas dormant pools of PIs remain unlabelled.
More recent approaches include fluorescent-labelled binding pro-
teins for specific PIs, and antibodies directed against PIs [16,17].
However, differentiation of all the mono- and bisphosphorylated
positional isomer PIs, has not been achieved yet.

Two fundamentally different approaches have been pursued in
PI analysis: (i) a comprehensive profiling of intact PIs [18–21] and
(ii) head group analysis after cleavage of the lipid moieties [22,23].
The first approach used in lipidomics leads to a highly complex
picture due to a plethora of closely related molecules that only
vary in their lipid moieties. This approach including quantification
has been successfully applied to cells producing phophoinositides
with limited complexity in their lipid residues, such as platelets

[24–26]. Even though the analysis of intact PIs would be the pre-
ferred approach, it is currently unsuitable for most cells due to
the overwhelming complexity of their PI patterns. Therefore, sep-
aration and detection of the head groups following deacylation
(Fig. 1B) is a more suitable approach if the focus lies on the detec-

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:peter.kueenzi@cslbehring.com
mailto:peter.kueenzi@unibas.ch
dx.doi.org/10.1016/j.jpba.2010.03.029
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ig. 1. (A) Structure of a typical PtdIns, sn-1-stearoyl-2-arachidonyl-phosphatidyli
tructure of phosphatidylinositol-3,4,5-trisphosphate (PtdInsP3); numbering of the

ion of the change in phosphorylation pattern that exerts the major
nfluence on the subsequently elicited signalling. Given the low
bundance of certain PIs, even the analysis of deacylated lipids is
ighly challenging.

As alternatives to radioisotope labelling, analysis by mass
pectrometry [27], suppressed conductivity detection [28] and
vaporative light scattering detection (ELSD) [29] have been used.
nfortunately, none of these allowed a discrimination of all iso-
ers. An LC–ESI–MS method for separation of deacylated PtdInsP2

somers has been recently published [14]. However, chromatogra-
hy suffered from poor peak shape and co-elution of PtdIns(3,5)P2
nd PtdIns(3,4,5)P3.

Since the PtdIns moieties of PIs can be interconverted by specific
inases and phosphatases, inhibition, stimulation, modification, or
eletion of one of these enzymes may have profound implications
n the biological response. Therefore, separation and simultane-
us detection of all headgroups of PIs is of major importance for
better understanding of their biological roles, and a robust and

ensitive method is of general interest to researchers involved in
ell signalling.

. Experimental

.1. LC–MS instrumentation

HPLC separation was carried out on a series 1100 system
quipped with degasser, binary high pressure mixing pump, and
olumn thermostat (Agilent Technologies). A liquid handler 215
Gilson) was used as autosampler. The HPLC was coupled to an
squire 3000 ion trap mass spectrometer equipped with an elec-
rospray (ESI) interface (Bruker Daltonics). Data acquisition and
rocessing was performed using HyStar 3.0 software from Bruker
altonics.

.2. LC–MS method

.2.1. Ion-pair chromatography
N,N-dimethylhexylamine (DMHA; Acros, Thermo Fisher) was

sed as ion-pair reagent. Mobile phase A consisted of water con-
aining 5 mM DMHA and 4 mM glacial acetic acid (Sigma–Aldrich)
nd mobile phase B of acetonitrile or methanol with 5 mM DMHA
nd 4 mM glacial acetic acid. All solvents were from Scharlau
Scharlau, Barcelona, Spain).
.2.2. Columns
Various columns were tested for suitability in phosphoinosi-

ide analysis, including Atlantis C18 (150 mm × 4.6 mm, 5 �m)
nd T3 (150 mm × 3.5 mm, 3 �m; Waters, Baden, Switzerland),
l and the performed deacylation step, resulting in cleavage of the lipid moiety. (B)
inositol ring is indicated.

Nucleosil C100 (250 mm × 4.6 mm, 5 �m; Macherey-Nagel, Düren,
Germany), liChrospher diol (125mm × 4.0 mm, 5 �m; Merck,
Darmstadt, Germany) and Aqua C18 (250 mm × 4.6 mm, 5 �m and
75 mm × 2.0 mm, 3 �m; Phenomenex, Torrance, CA).

2.2.3. Separation of phosphoinositides
2.2.3.1. Method 1. Separation of deacylated PIs with different num-
bers of phosphorylations; PtdIns, PtdInsP, PtdInsP2 and PtdInsP3,
was achieved by ion-pair chromatography on a Aqua C18 column
(3 �m, 125 Å, 75 mm × 2.0 mm). A gradient from mobile phase B
(acetonitrile) 0.1 to 50% in 25 min and a wash step (50% B to 100%
B in 3 min, 100% B for 12 min, 100% B to 0.1% B in 5 min, 0.1% B for
5 min) was applied.

2.2.3.2. Method 2. Separation of deacylated PIs with different
numbers of phosphorylation plus additional separation of phos-
phoinositides bisphosphate isomers PtdIns(4,5)P2, PtdIns(3,5)P2,
PtdIns(3,4)P2, was achieved by ion-pair chromatography on an
Aqua C18 column (125 Å, 250 mm × 4.6 mm, 5 �m). A gradient from
mobile phase B (acetonitrile) 15 to 35% in 40 min followed by a wash
sequence (35% B to 100% B in 2 min, 100% B for 15 min, 100% B to
15% B in 3 min, 15% B for 5 min) was applied.

2.2.3.3. Method 3. Separation of PtdIns(3)P, PtdIns(4)P and
PtdIns(5)P, additionally to separation of all other PIs, was per-
formed with methanol as mobile phase B and a gradient from 15 to
50% in 60 min, followed by a wash step (50% B to 100% B in 2 min,
100% B for 15 min, 100% B to 15% B in 3 min, 15% B for 5 min).

2.3. Mass spectrometry

Negative ion LC–MS spectra on the ion trap instrument were
recorded after optimization of settings, under ion charge control
conditions (ICC 20000) at a scan speed of 13,000 m/z/s, using a gauss
filter width of 0.2 m/z. Nitrogen was used as a drying gas at a flow
rate of 10 l/min and as a nebulizing gas at a pressure of 30 psi. The
nebulizer temperature was set to 300 ◦C. Spectra were recorded in
the range of m/z 200–600 in negative mode. Capillary voltage was at
4500 V, endplate offset at −500 V, capillary end voltage at −115.0 V,
skimmer voltage −40.0 V and trap drive at 53.4.

2.4. Flow scintillation analysis
Levels of radioactively labelled intracellular phosphatidylinosi-
tides were determined essentially as described [30]. Briefly, 4
million cells were incubated with 500 �Ci 32Pi for 60 min at 37 ◦C.
After removal of non-incorporated 32Pi, cells were extracted as
described below. The column effluent was splitted and exam-
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ned online with a FLO-ONE A500 �-detector (Packard–Perkin
lmer).

.5. Chemicals and cell culture

Murine bone marrow cells were cultured in Iscove’s Modified
ulbecco’s medium (IMDM; Sigma–Aldrich) supplemented with
0% heat-inactivated fetal calf serum (FCS; Amimed, Basel, Switzer-

and), 100 U/ml penicillin/streptomycin and 2 mM l-glutamine
both from Invitrogen, Basel, Switzerland). Cells were grown in
umified atmosphere containing 5% CO2 and maintained with
ng/ml recombinant murine interleukin-3 (IL3; PeproTech EC Ltd.,
ondon, UK).

Human embryonic kidney cells HEK 293 were cultured in
ulbecco’s Modified Eagle’s Medium (DMEM; Sigma–Aldrich) sup-
lemented with 10% FCS, 100 U/ml penicillin/streptomycin and
mM l-glutamine. Cells were transfected with jetPEI cationic poly-
er transfection reagent (Polyplus-Transfection, Illkirch, France)

ccording to the manufacturers’ instructions. Twenty-four hour
efore transfection, cells were plated at 106 cells/25 cm2 flask, then
ransfected with 2.6 �g GST-Vps34 and 0.4 �g Myc-S6K. Thirty hour
fter transfection, cells were starved over night and experiments
ere performed the following day.

Platelets were isolated from blood of healthy donors. Blood sam-
les were mixed with acid citrate dextrose ACD (10.1 mM glucose,
0 �M citric acid, pH 6.5 in 0.9% NaCl, all from Sigma–Aldrich) and
entrifuged for 5 min at 1000 × g [31]. Platelet rich plasma was
ollected and washed in PBS.

Chemicals used for experiments were: adenosine (Ade),
-formyl-Met-Leu-Phe (fMLP), wortmannin (wort) (all from
igma–Aldrich).

Phosphoinositide standards used were: Phosphoinositides
odium salt from bovine brain (Sigma–Aldrich), PtdIns(3,4)P2,
tdIns(3,5)P2 and PtdIns(3,4,5)P2 as 1,2-dioctanoyl-sn-glycero-
-phosphoinositolphosphates ammonium salt and PtdIns3P and
tdIns5P as 1-heptadecanoyl-2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-
n-glycero-3-phosphoinositolphosphates ammonium salt from
vanti Polar Lipids (Avanti Polar Lipids, Alabaster, AL).

.6. Extraction, deacylation and sample preparation

Extraction of PIs was adapted from Ogiso et al. [27], who
escribed a modified acidic Bligh-Dyer extraction [32] with addi-
ion of NaCl to the aqueous phase to help reducing loss of PIs.
riefly, ca. 106 cells were extracted with 2 ml methanol, 2 ml 1 M
Cl, 0.15 ml 2 M NaCl and 2 ml chloroform (solvents from Scharlau,
ther reagents from Sigma–Aldrich). Methanol was supplemented
ith PhosSTOP (Roche, Basel, Switzerland), 1 mM NaF, 3 mM BHT

nd 0.5 mM phosphatidic acid (all from Sigma–Aldrich). The two
hases were mixed well and centrifuged shortly for separation.
he lower organic phase was removed, evaporated by nitrogen
tream and transferred to deacylation. Dried samples were incu-
ated with methylamine solution in water/methanol/n-butanol
43:46:11) at 53 ◦C for 50 min, all solvent was evaporated under
acuum, and then extracted with a mixture of n-butanol/petrol
ther 40–60◦/ethyl formiate (20:4:1) and water [33]. The water-
hase was dried in vacuum and the samples were dissolved in 40 �l
f solvent A for LC–MS analysis.

. Results and discussion
.1. Separation of phosphoinositides in order of increasing
hosphorylation

Separation of anionic or phosphorylated compounds is typi-
ally achieved by ion-exchange chromatography. However, typical
Biomedical Analysis 53 (2010) 552–558

ion-pairing reagents are not volatile and, hence, not compatible
with LC–MS. We tested several volatile and MS-compatible ion-
pairing reagents, such as formic acid, ammonium formiate and
N,N-dimethyl-hexylamine (DMHA) and applied them on various
columns (Nucleosil C100, LiChrospher Diol and Phenomenex Aqua
C18). The only acceptable separation of a phosphoinositide refer-
ence mixture was achieved on a short (75 mm) Phenomenex Aqua
C18 column with the addition of DMHA. Subsequently, we tested
different gradient profiles, column temperatures, pH and concen-
trations of DMHA to optimize separation. Column temperature had
a slight impact, and the best separation was obtained at 15 ◦C. In
contrast, pH of the mobile phase was critical. Best results were
obtained around pH 7, while lower pH values lead to peak tailing
and split peaks and higher pH resulted in shorter retention times.
Increase of DMHA concentration from 5 to 10 mM and 20 mM did
not enhance the quality of the separation. A water-acetonitrile gra-
dient was applied and the final gradient program was 0.1–50% ACN
(containing 5 mM DMHA) in 25 min, leading to the separation of a
PI standard mixture shown in Fig. 2A. Peaks shown resulted from
0.1 �g of deacylated PtdIns(3,4,5)P3 standard mixed with 4 �g of
deacylated phosphoinositde extract (mixture of PtdIns, PtdIns4P
and PtdIns(4,5)P2).

Separation of a mixture of PIs standards was also achieved under
isocratic conditions (27% ACN and 73% water) but separation of
biological samples, however, could not be achieved under these
conditions, probably due to interference with the biological matrix.

To test the applicability of our method to biological samples,
we analysed mast cell extracts. Mast cells are known to produce
large amounts of PtdIns(3,4,5)P3 upon activation that can be pro-
voked in vitro by stimulation with adenosine [30]. Murine bone
marrow derived mast cells (BMMCs) were stimulated with 5 �M
adenosine for 30 s, the lipids were extracted, deacylated and anal-
ysed with method 1. Our method clearly succeeded in reproducing
the increased amounts of PtdIns(3,4,5)P3 upon stimulation of mast
cells with adenosine, whereas peaks of PtdIns and PtdInsP remained
constant (Fig. 2B and C).

3.2. Positional isomer separation of phosphatidylinositol
bisphosphates

To achieve separation of PtdInsP2 positional isomers vari-
ous columns were tested, including Nucleosil C100, Atlantis C18,
Atlantis T3 and Phenomenex Aqua C18. The separation was only
achieved on a Phenomenex Aqua column (column length 250 mm)
and a water–acetonitrile gradient (containing 5 mM DMHA as ion-
pair reagent) (method 2). A mixture of standards of all PtdInsP2
isomers was separated in the elution order of PtdIns(3,4)P2,
PtdIns(4,5)P2 and PtdIns(3,5)P2 (Fig. 3A and B). Peaks shown
resulted from 0.1 �g of deacylated PtdIns(3,5)P2 and PtdIns(3,4)P2
standard mixed with 4 �g of deacylated phosphoinositde extract
(mixture of PtdIns, PtdIns4P and PtdIns(4,5)P2). Several other sol-
vent mixtures and addition of modifiers were tested. A separation
with a different elution order (PtdIns(3,4)P2, PtdIns(3,5)P2 and
PtdIns(4,5)P2) was obtained with a water–methanol gradient (con-
taining 5 mM DMHA) (method 3) (Fig. 3C and D).

Vps34 transfected HEK 293 cells under hyperosmolar stress
were used as a model to test the analysis of PtdIns(3,5)P2 from
biological samples. The PI3-kinase Vps34 is known to stimulate
osmotic stress related production of PtdIns(3,5)P2 in yeast [22,28].
HEK Vps34 were incubated for 10 min in a medium supplemented

with 1 M NaCl solution to induce stimulation of Vps34, and gen-
eration of PtdIns3P leading to production of PtdIns(3,5)P2. As can
be seen in Fig. 4A and B, the transfection with Vps34 already
induced some production of PtdIns(3,5)P2, which was then further
increased upon NaCl hyperosmotic stimulation.
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Fig. 2. (A) Extracted ion chromatogram (EIC) of deacylated phosphoinositide stan-
dards (PtdIns, PtdInsP, PtdInsP2 and PtdInsP3) mixture. (B) EIC of cell samples from 4
mio BMMC and standards. Cells were stimulated with adenosine (Ade) 5 �M for 30 s
to induce production of PtdInsP3. (C) Peaks of PtdInsP2 and PtdInsP3 from control
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major concern. As extensively discussed by Ogiso et al. [27], recov-
ells in relation to stimulated cells, levels of PtdInsP3 increased after stimulation
ith adenosine. Column: Phenomenex Aqua C18 (75 mm × 2 mm, 3 �m). Solvent A:
2O (+5 mM DMHA), solvent B: acetonitrile (+5 mM DMHA). Gradient: 0.1% B to 50%
in 25 min.

Analysis of PtdIns(3,4)P2 in biological samples was tested with
uman blood platelets. In comparison to many other cell mod-
ls, platelets produce PtdIns(3,4)P2 in relatively large amounts
pon activation. PtdIns(3,4,5)P3 is degraded to PtdIns(3,4)P2 by
he 5-phosphatase SHIP1 [34]. PtdIns(3,4)P2 is responsible for the
ersistence of the signal induced by PtdIns(3,4,5)P3 [8,35]. For
etection of PtdIns(3,4)P2, platelets were stimulated for 90 s with
MLP. This resulted in elevated amounts of PtdIns(3,4)P2 which
ere not present in control cells (Fig. 4C and D).

.3. Positional isomer separation of phosphatidylinositol
onophosphates
Separation of the mono-phosphorylated isomers was only
chieved with methanol–water mixtures as mobile phase (Fig. 5A
nd B), whereas the use of acetonitrile resulted in co-elution of
tdIns3P and PtdIns5P.
Biomedical Analysis 53 (2010) 552–558 555

The method was applied to Vps34 transfected HEK cells as
model. Vps34 is stimulated by amino acid addition through a yet
unknown mechanism [36]. Starvation and subsequent amino acid
supplementation stimulates Vps34 and induces the generation of
PtdIns3P [37,38]. Thus, HEK Vps34 cells were serum and amino
acid starved for 12 and 2 h, respectively. By addition of serum and
amino acids, cells were stimulated for 30 min prior to extraction
of lipids, deacylation and analysis. The stimulation with serum and
amino acids induced production of PtdIns3P, which, in contrast, was
inhibited by incubation with the PI3-kinase inhibitor wortmannin
15 min prior to and during stimulation with amino acids and serum
(Fig. 5C and D).

3.4. Comparison with radiolabelling method

For comparison with the standard detection method of scin-
tillation analysis, we applied radiolabelled samples to the newly
developed HPLC method combined with subsequent scintillation
analysis. This also gave a reconfirmation of the peaks measured
with MS. The large loop size of 1 ml within the flow scintilla-
tion analyser and a flow rate of only 0.5 ml/min resulted in very
broad and asymmetric peaks. Nevertheless, peaks of the major PIs
could be detected (Fig. 6A and B). A radioactive labelled cell sample
showed all major PI peaks (Fig. 6C) at the same retention times as
when detected with MS. So did a radioactive labelled standard of
PtdIns3P (Fig. 6C) that was clearly different to the retention time of
the cellular PtdIns4P peak.

3.5. Discussion

The separation of PIs differing in number of phosphorylations
was successfully achieved with method 1 and applied to analysis
of phosphoinositides in cell samples. For analysis of PtdIns(3,4,5)P3
this method offers a good alternative to the assay involving radi-
olabelling and anion-exchange HPLC. The short analysis time
facilitates handling of large sample numbers.

Separation of isomers was achieved on the same column type,
but of longer size and hence increased separation capacity (method
2). This assay offers new perspectives for research on phosphoinosi-
tide signalling. The low-abundant PtdInsP2 isomers can now be
separated and analysed without the need for radioactive labelling.

Replacing acetonitrile by methanol enabled the separation of
PtdIns3P, PtdIns4P and PtdIns5P (method 3). This isomer sepa-
ration has not been possible before. Also the PtdInsP2 isomers
could be separated with method 3, albeit in a different elution
order when compared to method 2. This hampered a complete
separation of the highly abundant PtdIns(4,5)P2 from the trace iso-
mer PtdIns(3,5)P2. Therefore, analysis of the biologically important
PtdIns(3,5)P2 should be performed with method 2.

Separation of PtdInsP2 isomers has been shown before on a
cyclodextrin column [14], but co-eluting peaks of PtdIns(3,4,5)P3
and PtdIns(3,5)P2 limited the usefulness of the method. Also, sep-
aration of PtdInsP isomers was neither shown nor discussed in
that publication. Compared to a cyclodextrin column the polar
endcapped RP-column used here exhibits a more predictable
chromatographic behaviour, offers more options for method refine-
ment, and is widely applicable. Furthermore, robustness of the
column and reproducibility and stability of separations are very
high.

The methods presented here were successfully applied to rele-
vant biological samples. The extraction procedure of PIs remains a
ery rates of PIs are generally poor and decrease with increasing
phosphorylation. Due to the amphiphilic properties these lipids
are difficult to extract. The ionic headgroup adsorbs easily to glass
surfaces, whereas the lipid moiety adsorbs to plastic. However,
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ig. 3. (A and B) Separation of a standard mixture of PIs containing all PtdInsP2

tdIns(4,5)P2 and PtdIns(3,5)P2. Column: Phenomenex Aqua C18 (250 mm × 4.6 mm
n 40 min. (C and D) Separation of a standard mixture of PIs containing all PtdInsP2 re
nd PtdIns(4,5)P2. Column: Phenomenex Aqua C18 (250 mm × 4.6 mm, 5 �m). A: Me

easures can be taken to reduce loss of analytes, such as use of
ilanized glassware to prevent adsorption at glass surfaces [26],
nd lipid pre-treatment of plastic surfaces with lipids as adsorption

rotectants. We used plastic tubes, added lipids as adsorption pro-
ectants, and phosphatase inhibitors to prevent hydrolysis. These
ombined measures noticably increased extraction yields. How-
ver, further optimization is needed towards a robust and fully
alidated quantitative analysis of PI headgroups. This could be

ig. 4. Analysis of phosphoinositide cell samples. (A and B) Extracted ion chromatogra
hat were further increased by stimulation with 1 M NaCl for 10 min. (C and D) EIC of lip
timulation induced generation of PtdIns(3,4)P2 that was not present in the control sam
MHA), B: acetonitrile (+5 mM DMHA). Gradient: 15% B to 35% B in 40 min.
isomers. (B) Elution of the isomers of PtdInsP2 in following order: PtdIns(3,4)P2,
). A: H2O (+5 mM DMHA), B: acetonitrile (+5 mM DMHA). Gradient: 15% B to 35% B

mers. (D) Separation of PtdInsP2 isomers in sequence of PtdIns(3,4)P2, PtdIns(3,5)P2

l (+5 mM DMHA), B: acetonitrile (+5 mM DMHA). Gradient: 15% B to 50% B in 60 min.

achieved by spiking with suitable internal standards at the begin-
ning of the extraction procedure which ideally should be a PI with
a stable-isotope labelled headgroup. However, such standards are

not commercially available. An issue is the efficiency of extrac-
tion of phospholipids with different degrees of phosphorylation.
There are clear indications that replacing the widely used extrac-
tion with chloroform/methanol by butanol increases the yield of
highly phosphorylated PtdIns isoforms ([26], Traynor-Kaplan and

ms (EIC) of HEK Vps34 cell samples showed increased amounts of PtdIns(3,5)P2,
ids extracted from platelets, control sample and stimulated with fMLP for 1 min.
ple. Column: Phenomenex Aqua C18 (250 mm × 4.6 mm, 5 �m). A: H2O (+5 mM
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Fig. 5. (A and B) Extracted ion chromatogram (EIC) and base peak chromatogram
(BPC) of mixed standards of phosphoinositide monophosphates separated accord-
ing to method 3. Separation of PtdIns3P, PtdIns4P and PtdIns5P was achieved. (C)
BPC and EIC of a HEK Vps34 cell sample. (D) EIC of HEK Vps34 cell samples that were
amino acid stimulated and incubated with wortmannin 15 min prior to and during
amino acid stimulation. The increase in PtdIns3P following amino acid starvation
and subsequent stimulation was blocked by addition of wortmannin. Column: Phe-
nomenex Aqua C18 (250 mm × 4.6 mm, 5 �m). A: H2O (+5 mM DMHA), B: methanol
(+5 mM DMHA). Gradient: 15% B to 50% B in 60 min.

Fig. 6. (A and B) Total ion chromatogram (TIC) and extracted ion chromatogram
(EIC) of a HEK Vps34 control cell sample separated according to method 3. (C)

Chromatogram of parallel online flow scintillation analysis of the same HEK
Vps34 cell sample and a standard of PtdIns3P. Column: Phenomenex Aqua C18
(250 mm × 4.6 mm, 5 �m). A: Methanol (+5 mM DMHA), B: acetonitrile (+5 mM
DMHA). Gradient: 15% B to 50% B in 60 min.

Küenzi, unpublished data). Thus, a semi-quantitative analysis that
compares peak intensities of highly variable (e.g. PtdIns(3,4,5)P3)
and basically unvaried (e.g. PtdIns(4,5)P2) headgroups is currently
the most suitable approach.

The direct parallel analysis with online flow scintillation and
mass spectrometry showed the comparability of the two meth-
ods. The LC–MS assay presented here offers a superior approach
for analysis of intracellular PI levels including differentiation of the
biologically relevant PtdInsP and PtdInsP2 isomers.

Further development of the method can be envisaged by a trans-
lation to UPLC, thereby taking advantage of shorter analyses and
equal or superior chromatographic resolution. There is a general
need for further improvement of sample workup in PI analysis,
as isolation and deacylation of the PtdIns is time-consuming and
difficult. Also, the issue of possible discriminatory extraction of cer-
tain PtdIns needs further investigation. Nevertheless, the LC–MS
methods presented here enable simultaneous analysis of all cur-
rently known deacylated PtdIns and thus are a useful tool for cell
signalling studies.
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