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Fatty-acyl chain profiles of cellular phosphoinositides
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Abstract

Phosphoinositides are rapidly turning-over phospholipids that play key roles in intracellular
signaling and modulation of membrane effectors. Through technical refinements we have
improved sensitivity in the analysis of the phosphoinositide PI, PIP, and PIP, pools from living
cells using mass spectrometry. This has permitted further resolution in phosphoinositide
lipidomics from cell cultures and small samples of tissue. The technique includes butanol
extraction, derivatization of the lipids, post-column infusion of sodium to stabilize formation of
sodiated adducts, and electrospray ionization mass spectrometry in multiple reaction monitoring
mode, achieving a detection limit of 20 pg. We describe the spectrum of fatty-acyl chains in the
cellular phosphoinositides. Consistent with previous work in other mammalian primary cells, the
38:4 fatty-acyl chains dominate in the phosphoinositides of the pineal gland and of superior
cervical ganglia, and many additional fatty acid combinations are found at low abundance.
However, Chinese hamster ovary cells and human embryonic kidney cells (tsA201) in culture have
different fatty-acyl chain profiles that change with growth state. Their 38:4 lipids lose their
dominance as cultures approach confluence. The method has good time resolution and follows
well the depletion in < 20 s of both PIP, and PIP that results from strong activation of Gg-coupled
receptors. The receptor-activated phospholipase C exhibits no substrate selectivity among the
various fatty-acyl chain combinations.
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1. Introduction

This paper analyzes three major classes of phosphoinositides and compares the profiles of
their fatty-acyl chains in several cell types. Phosphoinositide phospholipids are low-
abundance membrane lipids [1] used for signaling and as identity labels for different cellular
membranes. They participate in membrane trafficking, cell polarity, cytoskeletal regulation,
and ion channel function [2-4]. Thus far, almost all biological studies have focused on
signaling by the phosphorylated inositol ring that forms the polar head group of the lipid.
The unphosphorylated parent compound phosphatidylinositol (PI) gives rise to seven
phosphorylated forms when lipid kinases phosphorylate the inositol combinatorially on the
3-, 4-, and 5-positions. Each form is a signal for proteins that recognize this specific
headgroup. For example, phosphatidylinositol 4,5-bisphosphate (P1(4,5)P5), accumulates
uniquely in and identifies the plasma membrane (PM) where it localizes or activates
numerous membrane proteins. Some PM ion channels require P1(4,5)P, for full function [4].
We know little about the biological importance of the fatty acids attached to these lipids.

Quantitative analysis of phosphoinositide species across multiple cell types and conditions
can help reveal biological and pathophysiological mechanisms. The most powerful method
today uses liquid chromatography followed by mass spectrometry (MS). As instruments
improved, good results came from a combination of high performance liquid
chromatography (HPLC) with electrospray ionization (ESI) and tandem mass spectrometry
with multiple reaction monitoring (HPLC-ESI-MS/MS), achieving initial lower detection
limits for PIP and PIP, ranging from 50 to 250 pmoles [5, 6]. However, for
phosphoinositides, the many negative charges along with their relatively low abundance
relative to other lipids presented challenges for MS measurement. Derivatization,
neutralizing the negative charges by methylation, greatly improved the detection to 1 pmole
[7]. Here we continue with methodological refinements including adding sodium after the
HPLC column to achieve detection of 20 fmoles (~20 pg) of PIP and PIP, applied to the
column. This facilitated quantitative monitoring of rare fatty-acyl species and use of small
samples.

Past work revealed that different major membrane phospholipid classes contain different
combinations of fatty-acyl chains [8-16]. The distribution of acyl chains can differ between
tissues [17], it can change with dietary fatty acids [18], and it changes with disease
mutations or knockout of lipid metabolizing enzymes [5, 15]. The significance of having
different acyl species has yet to be elucidated except that arachidonyl lipids are essential as
precursors for the many signaling pathways based on arachidonic acid, and in a broad sense,
the chain length and unsaturation affect fluidity and melting temperature of the lipid bilayer.
The combination of fatty-acyl chains in phosphoinositides is unique. In primary mammalian
cells, 50-80% of the phosphoinositide molecules seem to be stearoyl/arachidony! (in the
sn-1 and sn-2 positions, respectively) designated C18:0/C20:4 (the number of
carbons:number of double bonds) or 38:4 for the whole molecule [5, 6, 17, 19]. Flies, yeast,
and Dictyostelium each use different dominant acyl species in their phosphoinositides; they
are not dominantly 38:4 [5, 14, 20, 21]. Our high detection sensitivity broadens the spectrum
of rarer fatty-acyl chains detectable in phosphoinositides of primary mammalian cells and
cell lines and leads to new insights.
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2. Materials and methods

2.1. Reagents and Lipid Standards

Modified Ringers Solution without HEPES buffer or glucose (160 mM NacCl, 2.5 mM KCl,
2 mM CaCl,, 1 mM MgCl,) was brought to pH 7.4 with NaOH immediately prior to the
extraction of lipid. Butanol, methanol, chloroform, dichloromethane, and acetonitrile
(Fisher) were all of mass spectrometry grade. Sodium formate and HCI were from Sigma,
and trimethylsilyldiazomethane (TMS-DM, 2.0 M in diethyl ether or hexanes) from Sigma-
Aldrich and Acros. The synthetic lipids were ammonium salts of 1,2-dioleoyl-sn-glycero-3-
phospho-(1"-myo-inositol-4”,5"-bisphosphate), (36:2 P1(4,5)P,); 1,2-dioleoyl-sr-glycero-3-
phospho-(1"-myo-inositol-4”-phosphate), (36:2 PI(4)P); and 1,2-dioleoyl-sn-glycero-3-
phospho-(1"-myo-inositol), (36:2 PI) from Avanti Polar Lipids. The three lipid analytical
internal standards were ammonium salts of 1-heptadecanoyl-2-(5Z,82,117,14Z-
eicosatetraenoyl)-sn-glycero-3-phospho-(1’-myo-inositol-4”,5’-bisphosphate) [17:0, 20:4
P1(4,5)P5]; 1-heptadecanoyl-2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phospho-(1’-
myo-inositol-4’-phosphate) [17:0, 20:4 P1(4)P]; and 1-heptadecanoyl-2-(5Z,82,11Z,14Z-
eicosatetraenoyl)-sn-glycero-3-phospho-(1’-myo-inositol) [17:0, 20:4 P1] from Avanti Polar
Lipids (LIPID MAPS MS Standards).

2.2. Cells, animals, and sample preparation

We analyzed lipids in cell lines and primary cells. Experiments with cell lines used Chinese-
hamster-ovary (CHO)-M; cells (85-95% confluent), a line of CHO cells stably expressing
M1 muscarinic receptors [22], and tsA201 cells (transformed human embryonic kidney
cells), 40% or 85-95% confluent as indicated [3]. For each sample, cultured cells on one 35
mm tissue culture dish were gently washed twice with modified Ringers solution (2 x 1 ml).
In most cases, 1 ml of ice-cold modified Ringers solution was added to remove cells from
the dish, and cells were spun down (0.3-3 million) at 12,000 G for 3 min at 4°C and
resuspended in 40 pl ice-cold molecular-grade water. In other cases, 1 ml of ice-cold
methanol/1 M HCI (1:1 v/v) was added to the dishes instead of 1 ml modified Ringers
solution to terminate cellular reactions, and then cells were scraped, removed to a centrifuge
tube, and taken to dryness under N, prior to resuspension in 40 pl ice-cold water. For
primary tissues, the pineal glands and superior cervical ganglia (SCG) were obtained from
Male Sprague—-Dawley rats (7—12 weeks old) euthanized by CO, during the morning of their
circadian light cycle according to guidelines approved by the University of Washington
Institutional Animal Care and Use Committee. For each sample, five glands or two ganglia
were cut into small pieces before being suspended in 40 pl ice-cold water. For both cell lines
and primary tissues, the internal analytical standards (17:0-20:4 PI1(4)P and P1(4,5)P,, 10
ng) were added to each suspension in water. To normalize for cell numbers, 10% of each
sample was removed before lipid extraction, and genomic DNA was extracted with GeneJet
Genomic DNA Purification Kit (Thermo Scientific(TM), USA) according to the
manufacturer’s instructions. Total genomic DNA amounts were quantified by
spectrophotometry and used for normalization of lipid signal intensities.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 May 01.
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2.3. Modified lipid extraction, derivatization, and analysis by liquid chromatography and
mass spectrometry

The results of this paper required refinements of lipid extraction, liquid chromatography, and
mass spectroscopic analysis that permitted a higher resolution analysis of endogenous
phosphoinositides. We provide a detailed description of the development and validation of
our new methods in the Supplemental Methods and Data section. We simply list the
resulting protocol steps in brief here. Phosphatidylinositol lipid analytical internal standards
were added to the water-suspended biological samples. Endogenous lipids with the internal
standards were then isolated from each sample by extraction with acidic n-butanol and
chloroform [23-27]. Phosphate negative charges were neutralized by methylation with
trimethylsilyldiazomethane (TMS-DM) [7]. We introduce the symbol “D” for “derivatized”
in the following notation for the fully methylated phosphoinositides: D-PI for PI-CHg; D-
PIP for PIP-(CH3)3; and D-PIP, for PIP,-(CH3)s. An aliquot of the derivatized sample was
separated on a C4 column in an acetonitrile formic acid gradient and, for the figures in the
main text, monitored by a Waters XEVO TQ-S MS/MS in multiple reaction monitoring
mode (MRM) using electrospray and positive ion mode. An important step was to infuse Na
formate into the post-column eluate before entry into the mass spectrometer. This promoted
formation of positively charged sodiated adducts in the MS machine. The molecular
fragments chosen for quantitative analysis are described and validated in the Supplemental
Methods and Data. This method showed high sensitivity and many well-resolved peaks for
lipid species in the PI, PIP, and PIP; classes, as well as peaks for phosphatidylserine,
phosphatidylcholine and phosphatidic acid. However since we included internal standards
only for PI, PIP, and PIP,, we do not quantify the others further here.

2.4. Data Analysis

3. Results

Peak areas for lipid species and standards were quantitated by integrating curves like those
in Fig. S1 using Waters Quanlynx software. For absolute calibrations and comparisons of
different samples, peak areas were normalized to the synthetic 17:0, 20:4 PIP,, PIP, and PI
internal standards for calibration and lipid-collection efficiency and further corrected for cell
number using total genomic DNA. For rat tissues we could use the standard 2N genomic
size, but for human tsA201 cells, which are hypotriploid, we assumed a 2.5N genome size,
subject to some error. Statistics are given as mean + SEM. Student’s t test was used to test
for statistical significance. p values <0.05 were considered significant.

3.1. Calibration shows improved limits of detection

To determine absolute lipid amounts and sensitivity we calibrated signal intensities using the
synthetic analytical 37:4 lipid standards. These 37:4 lipids are not naturally occurring. The
PI1, PIP, and PIP, standards were spiked into samples containing in addition approximately 1
million tsA201 cells, then extracted and derivatized. Varying amounts were injected on the
UPLC column and peak areas were measured (Fig. 1). The lines plot the peak area of 37:4
Pl, PIP, and PIP, standards measured versus the predicted amount of standard in the injected
sample. The lowest points plotted correspond to injection of 0.02 ng of 37:4 standards onto
the column. This provided signals that were easily resolved, so our detection limit is below

Biochim Biophys Acta. Author manuscript; available in PMC 2018 May 01.
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20 pg lipid species per injection (~20 fmole), a significant improvement over previous
reports.

3.2. Fatty-acid composition of phosphoinositides in resting pineal gland

Our method provided sufficient added resolution to detect many low-abundance
phosphoinositide species in cell extracts. We illustrate with extracts from rat pineal glands.
Lipids of glands with spiked-in analytical standards were extracted, derivatized, and
analyzed in MRM mode. Results were normalized to standards and then within each group,
to the extracted DNA—equivalent to the number of cells. Like other cell types that have been
studied, the pineal gland has much more of PI than of the downstream phosphorylated
products PIP and PIP, (Table 1). Recall here that mass spectrometry normally does not
distinguish regioisomers, so for example under PIP are included PI(3)P, P1(4)P, and PI(5)P,
of which PI(4)P is likely to be most abundant. Similarly, mass spectrometry typically reports
only the sums of the carbon atoms and of the double bonds in the lipid side chains rather
than differentiating the exact formulas of the individual chains. As is conventional in this
field, we refer to such results as “fatty-acid composition,” and we tacitly assume that the
composition 38:4 primarily reflects stearoyl/archidonyl side chains. Fig. 2 plots the relative
abundance of fatty-acyl side chains (total carbons:double bonds) within the PI, PIP, and PIP,
pools. Note that the vertical scale here is in logarithmic units to emphasize the wide dynamic
range of detection, 4-orders of magnitude for abundant PI. For each phosphoinositide class,
we chose to optimize detection for 13 or 14 species plus the standard. The species chosen,
not entirely the same for each phosphoinositide, were all determined during the same 17-min
run. As reported for several other native tissues, by far the most abundant fatty acid
combination in native pineal glands was 38:4 in each phosphoinositide class. The relative
abundance of 38:4 was 86 + 1%, 75 * 4%, and 66 + 8% for PI, PIP, and PIP, (n = 3).
However, several other unsaturated 38:.x compositions were present (38:1, 38:2: 38:3-second
most abundant, 38:4—most abundant, and 38:5), and among the rarer species were 36:1, 36:2,
36:3, and 36:4 as well as 40:4 and 40:5. Overall, lipids with multiple double bonds were
favored. The rough similarity of fatty-acid compositions seen for the three phosphoinositide
groups would be expected if the bulk of these lipid pools remains in a dynamic and rapid
precursor-product relationship through continual actions of lipid kinases and lipid
phosphatases.

3.3. Comparison of different cells and an effect of growth conditions

A similar analysis was repeated on three other cell types: native rat superior cervical ganglia
(SCG), cultured tsA201 cells, and cultured CHO cells. Like the pineal gland, each shows a
strong predominance of Pl over PIP and PIP, (Table 1). The fatty-acid chain distributions
are plotted in Fig. 3, this time on more familiar linear coordinates. The SCG
phosphoinositides resemble those of the pineal gland with 38:4 fatty acids dominating (29—
54%), 38:3 near the 10 % level, and the additional presence of several 36:x species,
especially in PIP. In contrast, for CHO and tsA201 cells the pattern is quite different. The
total of 34:x species exceeds that of 36:.x species, 38:4 is not dominant, and there was less
polyunsaturation. These cultured cells were harvested at 85-95% confluency as we have
ordinarily prepared them for electrophysiology [3], and the result was robust over several
repeats. We then compared an earlier stage of tsA201-cell cultures that would be in a

Biochim Biophys Acta. Author manuscript; available in PMC 2018 May 01.
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logarithmic growth phase with the late-stage confluent cultures closer to contact inhibition.
The early-stage cultures were much more like primary cells with 38:4 fatty-acids dominant
and higher degrees of unsaturation. There was a progression towards more saturation of
phosphoinositide fatty acids in late stages. If the cells were harvested at low confluency (40—
70%), the ratio of 38:4 to 36:1 fatty acid chains was 3.8 = 0.5 for D-PI, 2.2 + 0.2 for D-PIP,
and 1.7 £ 0.1 for D-PIP5. In contrast, if the cells were = 90% confluent, these ratios fell to
04+0.1,0.3+0.1,and 0.4 £ 0.1, respectively (Fig. 4). The ratios of 36:2 to 36:1 and of
38:4 t0 38.1, 38.2 and 38.3 (Fig. 4) fell as well. Thus, the predominance of arachidonyl and
polyunsaturated side chains in phosphoinositides was lost as cells reached confluency. These
changes were especially profound for Pl, the parent phosphoinositide that is about 50 times
more abundant than PIP and PIP, (Table 1).

3.4. Quantitation of phosphoinositides

We now illustrate lipid mass calculations. Samples to be analyzed were routinely spiked
with 10 ng of two analytical internal standards (PIP 37:4; PIP, 37:4) and sometimes also Pl
37:4, prior to extraction and derivatization. Then, 2% of the final sample was typically
injected over the LC/MS equating to 200 pg or approximately 200 fmoles of internal
standard per run. For each extraction, we calculated the quantity of 38:4 PIP, in a million
cells as follows: 10 ng [the amount of lipid standard] x (area of peak for 38:4 D-PIP,)/{(# of
millions of cells) x (area of peak for internal 37:4 D-PIP, standard)}. For the pineal, SCG,
and tsA201 cells, the results were 78 + 40, 49 + 14, and 10 + 3 ng/106 cells, respectively.
Here we chose the one lipid species (38:4) that most closely resembles the internal standard.
If we made the assumption that PIP, species with chain lengths different from 38:4 are
recorded with a similar efficiency (see e.g., [5, 28], we could estimate the aggregate pool
size for all PIP, species using their amplitudes relative to 38:4 in graphs like Fig. 2 and 3.
For pineal, SCG, and tsA201 cells as before, the results were 119, 93, and 64 ng total
PIP,/106 cells. Note that 38:4 is not the dominant fatty acid combination for tsA201 cells, so
the conversion from 38:4 to total for this cell type involved the largest correction. Repeating
the same kind of calculations but for total PIP using the 37:4 PIP internal standard and the
same assumptions gave roughly 1.2- to 3-fold higher numbers: 260, 304, and 76 ng total
P1P/108 cells. Such calculations have to be regarded as approximate considering that there
are numerous assumptions and noting that for the two primary tissues they average over
several cell types and sizes. Now we can estimate the PIP, density in pinealocytes, which are
the fairly uniform dominant cell type of the pineal gland and whose average plasma
membrane surface area (2,000 um2) we know from their 20 pF membrane capacitance [29].
There is approximately 114 fmole of PIP, per cell, which is 69 x 10% molecules per cell
making an estimated density of 34,000 PIP,/um? of plasma membrane in pinealocytes.

3.5. Receptor-induced changes in phosphoinositides

Stimulation of G4-coupled G protein coupled receptors (GgPCRs), initiates phosphoinositide
breakdown by phospholipase CB (PLCP). To quantitate the resulting phosphoinositide
depletion by mass spectrometry, we activated stably expressed muscarinic type-1 receptors
(M4R) in CHO-M1 cells with a saturating concentration of the agonist oxotremorine (Oxo-
M, 10 pM). Stimulating this G4PCR initiates cleavage of plasma membrane P1(4,5)P; into
the canonical second messengers inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol
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(DAG) accompanied by background metabolic restoration of P1(4,5)P, from the PI1(4)P and
Pl pools (Fig. 5A). Responses from different dishes of cells were normalized by the spiked-
in analytical standards and by the measured genomic DNA. We wanted to determine the
extent of depletion of PIP and PIP, and the profile of lipid species during agonist
applications for times up to 60 s. The relative abundance of the phosphoinaositide types (D-
Pl, D-PIP, and D-PIP,) and their fatty acid compositions in resting, 85-95% confluent CHO
cells, are shown in (Table 1 and Fig. 3B). Activation of the muscarinic receptor had little
effect on the size of the total cellular PI pool, whereas the total PIP and PIP, pools declined
markedly in parallel for each time point (Fig. 5B). Overall, the PIP and PIP, pools were
reduced by ~80% following 60 s of Oxo-M, reflecting net receptor-induced depletion of
PI(4,5)P, by PLCB. The parallel decline of PIP most likely reflects ongoing re-equilibration
with the declining plasma membrane PIP, pool.

Pinealocytes, the dominant cell type of the pineal gland, normally secrete the night hormone
melatonin continuously in response to continuous norepinephrine signaling in parallel
through a1 and B adrenergic receptors throughout the night [30]. The a4 receptors are
GgPCRs that cleave PI(4,5)P, by activating PLCP. To see whether a net phosphoinositide
depletion occurs in long-term stimulation of whole pineal glands, we measured the lipid
content of pineal glands and the changes with adrenergic stimulation. We have already seen
the ratio of total phosphoinositides (D-P1:D-PIP:D-PIP;) and the fatty-acyl chain
composition of the three lipid classes for unstimulated pineal glands in Table 1 and Fig. 3.
Similar to what we saw with muscarinic action on the CHO cell line, when pineal glands
were incubated in 1 M norepinephrine, this time for a whole hour, their PIP, and PIP pools
were partially depleted (not as extensively), and Pl was unchanged (Fig. 5C). Thus
noradrenergic stimuli deplete membrane PIP; significantly in the (whole) pineal gland.

These experiments also suggest a test for a possible preference of PLC for lipid substrates
with specific fatty-acyl chains. One could imagine that helping to keep 38:4
phosphoinositides most abundant in primary cells, PLCB might have a preference to deplete
non-38:4 lipids. However, we did not find much evidence for such selectivity. As Fig. 2C
showed, the 38:4 species is present in 66 £ 8% (n = 3) of the total pineal gland PIP,. One
hour of NE reduces the mass of PIP, to 0.4 relative to control (Fig. 5C); nevertheless we
found that the percentage of 38:4 lipid is still 63% of total PIP,. This test can be criticized as
allowing too much time (1 h) for compensatory re-equilibration with the larger P1 pool, so
we looked also at the 60-s kinetic experiments with CHO cells harvested at 85-95%
confluency. Their resting fatty-acyl profiles were shown in Fig. 3B. We asked whether
during Oxo-M treatment 38:4 PIP, declined more slowly than 34:1, 36:0, 36:1, 36:2, 38:1,
or 38:3 (Fig. 6). However, the ratio of 38:4 to these other PIP, species is not markedly
changed during the kinetic experiment with the exception that for two of these comparisons,
there might have been a transient drop for the first 5-s point only, and for most, there might
have been a very slow upward drift. Overall, these experiments provide little evidence that
38:4 PIP, is spared or depleted significantly by PLCP over the other PIP, species. Any
effect is small.

To study dynamics of cellular free phosphoinositides, cell biologists often monitor the
localization of overexpressed fluorescent biosensors that bind to specific phospholipids.
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Analogously, electrophysiologists can monitor the ion current amplitude in P1(4,5)P,-
sensitive ion channels such as KCNQ. These indirect proxies for free phosphoinositide are
excellent for kinetics at the single-cell level although they provide neither absolute nor
relative measures of different lipids in the cell. We wanted to compare the responses of the
mass spectrometry method to both the optical and the electrical real-time methods. We start
with the commonly used P1(4,5)P, biosensor, the fluorescently labeled pleckstrin homology
domain of PLC81 (PHp cs1) [31, 32]. In resting cells, this biosensor accumulates
preferentially at the PM where P1(4,5)P, is localized (Fig. 7A, left image). Here, activation
of MR with Oxo-M increased the amount of cytoplasmic biosensor (Fig. 7A, middle image)
reflecting the hydrolysis and net depletion of plasma membrane P1(4,5)P,, which releases
bound fluorescent PHp| 51 to the cytoplasm. After removal of agonist, the probe slowly
returns to the membrane, reflecting net resynthesis of P1(4,5)P, from PI1(4)P and Pl. Changes
in fluorescence intensity in a cytoplasmic region of interest are often followed to monitor
changes of P1(4,5)P,. The time course of PHp| cg1 translocation is shown in Fig. 7B during a
60 s exposure to agonist. By 20 s, P1(4,5)P, depletion has reached a steady state, and over a
much longer time it recovers (Fig. 7A, right image). Rather than use this confocal
translocation method, our lab often uses photometry to measure loss of Férster resonance
energy transfer (FRET) between pairs of probes [33] or patch clamp to measure the decline
of ion current in P1(4,5)P,-dependent KCNQ ion channels (e.g. [34]. One potential
advantage is that both of these signals come directly from the PM. Fig. 7C compares the
time courses reported by these PM-directed methods, PH-probe FRET in CHO-M; cells
(this paper) and KCNQ channels expressed in tsA201 cells [34] with the cytoplasmic
fluorescence increase by the confocal translocation method (CHO-M; cells) from Fig. 7B
and the total D-PIP, decline (CHO-M1 cells) measured by our MS method. The mass
spectrometry data are in close agreement with the optical and electrophysiological methods.
The published electrophysiology [34] showed that transfection with PHp| cs; slightly slows
the rate of decline of KCNQ currents during Oxo-M treatment (Fig. 7C), and our new mass
spectrometry reveals that transfection with the PH probe increases the total masses of PIP,
and PIP in the cell by ~30% (Fig. 7D; see Discussion). This demonstrated concordance of
the total PIP, mass with the specific PM PIP(4,5)P, signals agrees with the conventional
notion that most of the PIP, in the cell is plasma membrane PI(4,5)P.

4. Discussion

Through technical refinements we have achieved greater sensitivity in the analysis of
phosphoinositide lipids from living cells. We described the distributions of summed fatty-
acyl chains in the phosphoinositides of several cell types, finding that they can be different
for different cells and for different growth states. We calculated the absolute number of
phosphoinositide molecules per cell. We compared the rapid real-time kinetics of receptor-
induced depletion of phosphoinositides as reported by mass spectrometry with those
reported by PH-domain optical indicators and by a P1(4,5)P,-dependent ion channel. We
found no systematic preference of the PLCP enzyme for substrates with different fatty-acyl
chains. Each of these points is now discussed.
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4.1. Measurement technique

The lipid analysis requires preparation of the lipid sample, chromatography, and mass
spectrometry. For lipid preparation, we reverted to butanol extraction of an acidified sample
[23-27]. Then we adapted the protocol of Clark and coworkers [7] who used TMS-DM to
methylate phosphoinositide phosphate groups and improve volatility. We took the lipid
extract to dryness prior to addition of 20 pl of TMS-DM and used 60 min incubation, in
contrast to the Clark procedure where 50 pl TMS-DM is added to the final organic extract
solution and incubated for 10 min prior to quenching. Subsequently, and key to our method
was to promote the formation of sodiated adducts. Hsu and coworkers had added LiOH to
the mixture for infusion into the ESI source of a Finnigan TSQ-7000 triple stage quadrupole
spectrometer to generate lithiated adducts of phosphatidylcholine and later extended this
technique to include phosphatidylethanolamines [35, 36] and by others to
polyphosphoinositides [37]. The post-column infusion option of the Waters Xevo TQ
bypassed the need for adding sodium to the mobile phase. This avoids effects on the
chromatography and minimizes the sodium included in chromatographic runs so as not to
coat the source. Therefore we infused Na formate post column continuously, immediately
before the sample entered the MS machine. The sodium adducts of the phosphoinositides
varied inversely with the number of phosphates on the inositol ring and the sodiated forms
fragmented at collision energies suitable for MRM quantitative analysis. The parent sodiated
adducts fragmented with a different fragmentation pattern. The dominant fragments from
sodiated derivatized phosphoinositides were the sodiated headgroups rather than the
diacylglycerol fragments seen with protonated adducts. Altogether, with these methods, we
achieved a detection limit below 20 pg (~20 fmole) injected into the MS machine. We have
used these methods in several recent papers [38—40].

In this paper we compared relatively abundant PI with less abundant PIP and PIP, (Fig. 2),
but did not discuss still rarer PIP3. At rest, when no lipid 3-kinase stimulus is applied, the
P1P3 abundance would be expected to be only a few percent that of PIP,, near the detection
floor of our usual experiments that analyze 2% of the derivatized extract from 10 cells.
Included in all our experiments was analysis for 38:4, 36:1, and 36:2 PIP3, but without any
PIP3 analytical standard. All those species were in the noise level except for protonated (M
+H™) 38:4, for which the putative signals were at the 0.6 to 2% level compared with 38:4
PIP,. We would have to stimulate lipid 3-kinases, increase the number of cells extracted, or
increase the injected sample fraction to raise the putative PIP3 signal in resting cells into a
reliable range.

While our paper was under review, a new mass spectrometry method for
polyphosphoinositides was published [37]. The technique was shotgun lipidomics that did
not use liquid chromatography but rather multiple sequential extractions, methyl
derivatization, and 5-min continuous infusion into a nanospray triple-quadrupole mass
spectrometer running both in positive ion mode and in negative ion mode. The extraction,
derivatization, and mass spectrometry were different from ours. They found that lithiated
adducts could be used, giving results like ours with sodiated adducts. This nice work offered
solutions to two important problems: (i) ability to distinguish P1(3)P from P1(4) and PI(5)P
(together) and PIP(3,5)P,, PIP(3,4)P,, and PIP(4,5)P, from each other (from their different
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patterns of methylation and hypermethylation), and (ii) ability to identify the individual fatty
acid chains (in negative ion mode) rather than the sum of the two fatty acids. A histogram
they provide suggests that there is much more P1(4,5)P, than P1(3,5)P, or P1(3,4)P5 in
mouse brain cortex, and that the 38:4 lipids are most abundant and made up from 18:0 and
20:4 fatty acids both as anticipated. Unlike our results in pineal and SCG, their histogram
suggests that 36:1 is the second most abundant lipid combination in polyphosphoinositides
of brain cortex. Their extraction technique did not permit comparison with PI species or
neutral lipids in the same samples.

4.2. Fatty-acyl chain composition

Consistent with previous work on other mammalian primary cells, we found that 38:4 fatty
acids dominated in the phosphoinositides of the rat pineal gland and of rat superior cervical
ganglia (SCG). Many other fatty-acyl combinations were also present but at lower
abundance (38:4 >> 38:1, 38:2, 38:3 38:5 > 36:1, 36:2, 36:3, 36:4, 40:4, and 40:5). A
dominance of 38:4 (>60%) in phosphoinositides is reported for rodent or human brain, heart,
intestine, stomach, kidney, liver, pancreas, spleen, lung, skeletal muscle, primary
neutrophils, and fibroblasts [5, 7, 17, 19]. This would make phosphoinositides good
precursors for arachidonic acid signaling including by endocannabinoids such as 2-
arachidonyl glycerol. The dominance of this unique fatty-acyl combination in
phosphoinositides contrasts sharply with the situation in pools of phosphatidylserine and
phosphatidylcholine (and in some cases, phosphatidylethanolamine) in the same mammalian
tissues [17, 19]. In these other classes of phospholipids, no one fatty-acyl combination
stands out prominently, and 38:4 is always less abundant than several others. The
approximate fatty-acid uniformity of phosphoinositides suggests that much of cellular PI,
PIP, PIP,, and PIP3 acts as a single rapidly interconverting metabolic pool. Three interesting
hypotheses, each with partial support, have been discussed for the “purity” of the fatty acid
chains unique to phosphoinositides [19]: (i) There is strong selection favoring 38:4
diacylglycerol when Pl is being made at the level of diacylglycerol kinase, cytidine
diphosphate-diacylglycerol synthase, or Pl synthase. (ii) There is ongoing “correction” or
remodeling of existing fatty acid content of phosphoinositides by phospholipases followed
by acyl-transfer reactions such as lysophosphatidylinositol-acyltransferase. (iii) There are
small substrate preferences at the level of one or more lipid kinases and lipid phosphatases
that after hundreds of cycles of inositol phosphorylation and dephosphorylation
cumulatively result in a selective increase of abundance of 38:4. In this paper we looked for
evidence that PLCP has a substrate preference for or against 38:4 lipids. Had there been a
bias, the bars (ratios) of Fig. 6 should have shown a progressive increase or decrease with
time. If there is any trend it might be towards a slow increase of the residual 38:4, but any
net effect is too subtle to be statistically reliable or perhaps biologically meaningful.

There are several circumstances where 38:4 lipids are not the majority species in
phosphoinositides. One clear variation is across taxonomy. Fly-head phosphoinositides are
dominated by 36:2 and 36:3 [14]; yeast has 32:1 > 36:1 [5], and Dictyostelium has ether-
linked 34:1 lipids (plasmany! inositides, [21]. In 6 tissues of a marine fish, the Pl contains 40
+ 5% of 38:4 lipids, and in chicken eggs, 49% [41, 42], so possibly all vertebrates use 38:4,
but the taxonomic range for 38:4 dominance in phosphoinositides seems not yet well
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delimited. Surprisingly, transformed cell lines in culture, even though they are mammalian,
have diminished 38:4 in their phosphoinositides. We showed this here for nearly confluent
CHO and tsA201 cells (both having 36:1 and 36:2) [38], and a similar “arachidonic acid
deficiency” has been reported before for RAW264.7 cells, MCF10a breast cancer cells, and
HelLa cells [7, 16, 18]. Then we found in rapidly growing, 40% confluent tsA201 cells, that
38:4 is in fact dominant in the phosphoinositides, as it is in mammalian primary cells, and
that the shift to shorter chain and less unsaturated fatty acids develops subsequently.
Irrespective of the underlying mechanisms, this points to a need to control for cell density
when measuring phosphoinositides in lipid extracts from cells grown in tissue culture or
when studying phospholipid-dependent physiological functions. Since cell density impacts a
number of cell functions, a possible connection to membrane lipids deserves further study.
In our culture conditions, we are talking about a time scale of only a few days so the fatty
acid composition can change within 24 hours. Cells that are nearly confluent (low 38:4) are
replated at ~10% density. They grow to 40% confluence (high 38:4) in 2 days and to near
confluence (low 38:4) in one more day. Since fresh medium is supplied only at the time of
replating, the cultures might run low on some metabolites or lipid precursors that favor long
fatty acid chains and unsaturation. Alternatively there may be signals related to contact
inhibition, growth, or “aging” that change lipid metabolism. Such losses of the more highly
unsaturated fatty-acyl chains could result in more rigid membranes in confluent cells and
possibly could be linked to the reduction in growth rate. The dynamic nature of the lipid
pools is evidenced in other kinds of experiments. We have shown that the total mass of PIP
and PIP, can more than double in tsA201 cells exposed overnight to a culture medium
containing elevated levels of myo-inositol and transfected with the Na*-coupled myo-
inositol transporter SMIT1 [40]. Nasuhoglu et al. [43] have reported that PIP and PIP, can
increase in 3 min upon exposure of cells to hypertonicity. Both in RAW264.7 cells and in
flies, adding polyunsaturated fatty acids to the diet will increase the prevalence of
unsaturated acyl chains in glycerophospholipids [14, 18]. The relative amounts of different
phosphoinositide classes are changed in cells expressing mutant or transfected lipid
phosphatases [5, 38]. Finally rapid changes of phosphoinositide signaling, inositol phosphate
abundance, and membrane viscosity occur during the cell cycle perhaps through an increase
of cells in GO/G1, and conversely, the cell cycle may be altered by phosphoinositides [44—
49]. All these results emphasize that not only can the phosphorylation state of the inositol
headgroup change in seconds during activity, but also the fatty-acid side chains can change
at least within hours.

4.3. Quantitation

Through use of internal standards and normalization by DNA content, it was possible to
make our phosphoinositide measurements quantitative. In one already published study with
this method [40], the ability to normalize to DNA gave us confidence to state that treatment
with myo-inositol plus transfection with SMIT1 more than doubled the mass of PIP and
PIP, per cell. In the present paper, we have calculated for pineal, SCG, and tsA201 cells,
119, 93, and 64 ng total P1P,/10° cells and 260, 304, and 76 ng total PIP/10° cells. These
numbers compare well with estimates of 130 ng of PIP and 110 ng of PIP, per 10° cells in
Balb/c/3T3 cells by monoclonal antibody assay of lipid extracts [50]. Averaging, they
correspond to 110 and 55 x 106 molecules of PIP and PIP, per cell, respectively. For
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pinealocytes we were able to translate this into a surface density of 34,000 PIPo/um? of
plasma membrane. This compares reasonably with PIP, densities discussed in the literature
[1]: Hilgemann [51] estimates >20,000/um?, we have assumed 15,000/um? in previous
modeling [52], and Xu et al. [53] assumed 4,000/um2. For determining the mole fraction of
P1P, molecules, we can estimate the total number of phospholipids that would fit on 1 pm?
of one leaflet of a lipid bilayer. Assuming a standard area per phospholipid head group of
0.68 nm? (68 A2), one leaflet of a bilayer can accommodate 1.47 x 108 phospholipids/um?
(The area is for dioleyoylphosphatidylcholine bilayers [54].). If only 60% of the inner leaflet
area were available for lipids because of the presence of membrane proteins, for a density of
34,000 PIP,/um?, the P1P, mole fraction would be very approximately 0.04 in the
cytoplasmic leaflet of the plasma membrane. About 33% of them would be free and in
continuous rapid equilibrium with a larger pool that is bound to various PM molecules [52,
55].

Now we briefly consider quantitative aspects of expressing of PHp| cg1 probes. In earlier
quantitative work with tsA201 cells, we estimated that in a typical transfection, cells would
express the equivalent of 6,400 PH-probe molecules/um? of plasma membrane and that
about 50% of them would be bound to the PM in complex with P1(4,5)P,. Thus a fraction of
the cellular P1(4,5)P, would become buffered by PH domains. Since the rates of enzymes of
phosphoinositide metabolism are governed by the free phosphoinositide levels, the
expectation would be that they will restore the normal setpoint of free lipid even when an
additional portion of the PI(4,5)P5 is bound to PH probes. Thus methods like mass
spectrometry measuring total PIP, would report elevated total amounts as in Fig 7D, and
methods measuring the rate of depletion by PLC like the KCNQ experiments of Fig. 7C
would show kinetic slowing of depletion. In qualitative agreement, both methods suggest a
30% augmentation of total PIP,, and they are consistent with the expectation that a modest
portion of the available PI(4,5)P, becomes bound to PHp| cs1. The mass spectrometry
experiments show unexpectedly that the total PIP also rises with PH-probe expression. That
would suggest that there has been some compensatory increase of Pl-4-kinase or slowing of
P1(4)P-4-phosphatase rates.

4.4. Depletion by receptor activation

In a previous HPLC study we found that 60 s of Oxo-M strongly depleted PIP, and PIP
levels in CHO-M cells [22]. As others observed using radioactive labeling in SH-SY5Y
cells and HEK cells, strong activation of PLCP allows net hydrolysis of PI(4,5)P, as well as
loss of PI(4)P faster than they can be resynthesized [56, 57]. The same idea for P1(4,5)P, at
the PM has been documented many times using the fluorescent PHp| cg;1 translocation or
FRET reporters [31, 34, 53, 58]. Operationally, using mass spectrometry, we can now assert
that 75-80% of all forms of cellular PIP, and PIP can be hydrolyzed in <20 s when PLC is
activated at the PM. The deep depletion of PIP, implies that most PIP, in the cell is the
P1(4,5)P, regioisomer rather than PI(3,4)P, or PI(3,5)P,. The depth and speed of the decline
of the monophosphate PIP imply that nearly all cellular pools of PIP communicate with the
plasma membrane PI1(4,5)P, in <20 s and they are likely comprised mainly of the P1(4)P
regioisomer. Thus, even though a significant fraction of cellular PI(4)P is associated with the
Golgi, that pool is in remarkably rapid metabolic exchange with PM pools of PI(4,5)P, (c.f.
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[59]). We found that the kinetics of PIP, depletion reported by three methods, mass
spectroscopy, PHp( cs1 translocation or FRET at the PM, and KCNQ ion channels were
virtually the same. Some authors suggest that the PHp| cg1 probe might give artifacts
because it binds to IP3 in addition to P1(4,5)P, ([60]. The Tubby probe has been called more
specific and preferable [58, 61]. In our experience with several cell types, these two probes
give the same time courses in response to muscarinic receptor stimulation [39]. The
agreement of mass spectrometry with the other methods reinforces the ability of mass
spectrometry faithfully to follow phosphoinositide changes over time periods as short as 5—
10 s. With the small cells we use, the time course of PH-probe translocation is apparently
not greatly delayed by a need to diffuse a few micrometers into the cytoplasm, a problem
that does become significant in larger cells such as oocytes (c.f. [62]) Similarly, with pineal
glands we observed that norepinephrine, the major sympathetic night signal for melatonin
production, induces ~50% depletion of PIP, and PIP. The experiment shows in this tissue
both that the endogenous PLCP can be activated enough to induce significant net P1(4,5)P;
depletion and that the endogenous a4 adrenergic receptors are not fully desensitized by
exposure to high norepinephrine concentration for as long as an hour.

4.5. Pros and cons of methods

We end by comparing the advantages of the mass spectrometry method with the advantages
of using pleckstrin homology domain indicators or ion channels to measure P1(4,5)P,. Only
the MS method can give total absolute lipid pool sizes (mass), and only the optical and
electrical signals can relate to subcellular localization. The MS method is best with tens of
thousands of cells but can be referred to absolute standards and has the clear advantage of a
broader dynamic range and linearity starting from a defined zero. The optical signal, by
contrast, starts from a significant non-zero level and varies with the concentration and
saturation of the probe, but it is attractive because it offers a continuous real-time record
with even single cells, often can distinguish individual regioisomers readily, and it uses
much simpler apparatus at much less expense. Optical methods readily distinguish local
lipid depletion in part of a single cell and not in others [63], and they can track asynchronous
oscillations in individual cells that would be obscured by averaging responses from
thousands of cells. They can monitor onset and recovery nondestructively from a stimulus in
the same specimen. The electrical methods are similar to the optical method. The mass
spectrometric analysis cannot be beat for more absolute quantitation and is the only method
that reports fatty-acyl chain composition.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary figures and tables to this article can be found online at http://dx.doi.org/......

Abbreviations

DAG diacylglycerol

D-PI, D-PIP, D-PIP, derivatized PI, PIP, and PIP,

IP3 inositoltrisphosphate

MRM multiple reaction monitoring

Pl phosphatidylinositol

PIP phosphatidylinositol phosphate
PIP, phosphatidylinositol bisphosphate
PLC phospholipase C

SCG superior cervical ganglion

TQ triple quadrupole
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Highlights
. Refined quantitative mass spectrometry of cell phosphoinositides
. Resolution of many fatty-acyl chain combinations in phosphoinositides
. Dominance of 38:4 lipids in mammalian primary cells but not in cultured
cells
. Change of fatty-acyl profile with culture conditions
. Fast kinetics (<10 s) of phosphoinositide depletion after receptor activation
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Fig. 1.

Caglibration curves shown as responses to analytical internal standards for 37:4 PI, PIP, and
P1P, spiked into 108 tsA201 cells. Cells combined with internal standards were extracted
and derivatized. Different quantities of extract were injected, specified as nanograms of the
standard actually injected onto the C4 UPLC column. We used post-column sodium infusion
(50 uM at 5 pl/min) and monitored the effluent with the Waters Xevo TQ MS/MS run in
MRM mode using the fragmentation transitions identified in Fig. S3. (n = 3)

Biochim Biophys Acta. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Traynor-Kaplan et al.

A

100 —

10

o3

0.1

0.01

percent of total Pl

0.001 -

percent of total PIP
]

0.1 m
0.01 T

Frrrrr T

NETUTNN - N-O—0O0 TN AN TN O

OO OW O o000 OO OO

b i o o o T o T T T o T B o A TOOOOMOOOMmOMmoNom
Pl species PIP species

Fig.2.

Page 20

100 o
EN
o
= 10 T T
5 TS
B L [P I
c
8 014 h
[s}]
o

0.01

PIP, species

Fatty-acyl chains in phosphoinositide lipids of rat pineal glands. Mass spectrometry analysis
of the fatty-acid composition of D-PI, D-PIP, and D-PIP, in derivatized extracts from
untreated pineal glands expressed as percent of the total pool of each major lipid type.
Horizontal red lines are at 10% abundance. Note that bars are drawn here on a logarithmic
scale to emphasize the broad dynamic range of detection of minor species and the
dominance of 38:4 fatty acids in all three phosphoinositide classes. Each result is pooled
from 5 pineal glands with three repeats (n = 3). Values are displayed as mean £ SEM.
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Fatty acid compositions of phosphoinositides in SCG neurons compared with CHO and
tsA201 cell lines. Experimental protocol and display are as for Fig. 2, but the results are
shown on linear axes here. Red lines are at 10% abundance. (A) Superior cervical ganglia:
data from four independent extractions, two ganglia per extraction. (B) CHO-M; cells: ~108
cells harvested at 85-95% confluency (n = 3). (C) tsA-201 cells: ~108 cells harvested at 85—
95% confluency (n =7)
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Fig. 4.

Fa%ty—acid unsaturation of phosphoinositides decreases as cultured cells become confluent.
Phosphatidylinositides were extracted from tsA201-cells harvested at 40-70% confluency
(“low confluency,” black) or >90% confluency (“high confluency,” gray) and analyzed in
MRM mode for different fatty-acid compositions. (A) Bar graphs show ratio of peak areas
(more-saturated:less-saturated). for 38:4 versus 36:1 and 36:2 versus 36:1 in PI, PIP, and
PIP, (B) Similar comparisons of the ratios of 38:4 versus 38:1, 38:2, and 38:3. Numbers in
brackets indicate number of experiments. *: p <0.05 (t-test).
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Fig. 5.

UIgLC mass spectrometry detects cellular depletion in total PIP and PIP, pools following
activation of phospholipase C (PLC) in CHO-M; cells. (A) Schematic of cellular
phosphoinositide metabolism and the actions of PLC. (B) Summary histograms of the total
PI1, PIP, and PIP, signals in control (0 s) and following 5 — 60 s oxotremorine-M (Oxo-M, 10
UM) to activate a stably expressed M1R receptor in the CHO cells (n = 5). Bars are sums of
all fatty-acid species in their sodiated and protonated forms. (C) Changes in
phosphoinositide lipids of rat pineal glands after stimulation by norepinephrine showing
percent remaining in P, PIP, and PIP, pools after a 60 min incubation with 1 uM
norepinephrine at 37°C compared to untreated control.
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Fig. 6.
Relative constancy of fatty-acyl chain distribution in PIP, as PIP, is being depleted by Oxo-

M-activated PLC. Lipids are analyzed in CHO-M; cells at time points during activation of
M1 muscarinic receptors by 10 uM Oxo-M (n = 5). Plotted are the ratios of 38:4 lipids to the
indicated species. Same experiment as in Fig. 5B.
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Fig. 7.

Cgmparison of four methods for monitoring kinetics of PIP, depletion in cultured cells. (A)
Inverted confocal micrographs from two CHO-M; cells expressing the fluorescent YFP-

PH pcs1 biosensor (dark in this negative image) before (Control), after 60-s in Oxo-M (10
UM), and after 180 s of washout. (B) Normalized time courses of YFP-PH p cs1
fluorescence from a region of interest in the cytoplasm, with application of Oxo-M (10 uM),
a confocal experiment as in (A) (mean + SEM, n = 7). Up in the graph indicates PIP,
depletion at the PM. (C) Normalized time courses of PIP, depletion following 60 s
application of Oxo-M (10 uM) as measured by three methods in CHO-M, cells: mass
spectrometry (open circles, n = 5), cytosolic translocation of YFP-PH p|_cs1 (filled triangles
from (B)), and FRET measurements of RFP-PH p cs1 probes (open diamonds, n = 5). These
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data are compared with the time course of KCNQ current amplitude in receptor-transfected
tsA201 cells (orange and blue lines) (published KCNQ data from Jensen et al, 2009). For
KCNQ currents, one group of cells was cotransfected with RFP-PHp| cs1 (orange line) and
another was not (blue line). (D) Summary comparison of total resting PI, PIP, and PIP,
measured by mass spectrometry in CHO-M; cells untransfected (black) or transfected with
RFP-PH p|_cs1 probes (gray) (n = 3).
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Table 1

Percentage of PI, PIP, and PIP, relative to total phosphoinositides in different cell types

Cell or tissue PI PIP PIP, Number of experiments:
Pineal gland 96.9+1.6% 0.7x03% 24*13% 3
SCG 96.2+12% 18+0.6% 2.1+0.6% 4
tsA201 96.9+09% 15+03% 1.7+0.7% 7
CHO 905+09% 20+01% 7.5+0.9% 3

Page 27

Measured with post-column infusion of 50 pM sodium formate. Each column includes the sum of all measured species of that lipid. tsA201 and
CHO cells were harvested at 85-95% confluency.
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