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Abstract

RATIONALE—Structural analogs of the bioactive lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol, were synthesized with a xylitol polar headgroup and both diacyl and diether
radyl groups. Mass spectral characterization of xylitol phospholipids (PX) was carried out using
collisional activation and high resolution mass measurements of positive molecular ion species and
compared with the phosphatidylglycerol (PG) analogs.

METHODS—Xylitol phospholipids were synthesized using a transphosphatidylation reaction
catalyzed by phospholipase D and purified by HPLC. Compounds were subjected to electrospray
ionization and CID was performed using a tandem quadrupole mass spectrometer to generate
positive and negative molecular ions. Diether phospholipids were additionally analyzed by high
resolution mass spectrometry as protonated and sodiated molecular species in positive ion mode.

RESULTS—Ester linked xylitol phospholipid analogs behaved similar to PG after collisional
activation of [M-H]™. The product ions formed by CID of the diether PG and PX negative ions
only revealed information about the headgroup with no information about the aliphatic chains. In
contrast, CID of protonated and sodiated diether phospholipid positive ions, revealed reactions
corresponding to cleavage of the ether chain, likely occurring by charge driven reaction
mechanisms.

CONCLUSIONS—Novel xylitol phospholipid analogs with diacyl and diether radyl substituents
of the glycerol backbone were characterized by tandem mass spectrometry. These unique diether
phospholipid analogs enabled exploration of ether cleavage reactions of the positive molecular ion
species induced by collision induced decomposition.
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INTRODUCTION

Phospholipids are a large family of lipids that are the major structural constituents of nearly
all biological membranes. Phospholipids also play additional roles in living organisms
involving intracellular and extracellular signalling processes mediated by specific
interactions with proteins. One very specialized pool of phospholipids is located in the
extracellular alveolar compartment of the lung, in a lipid and protein complex known as
pulmonary surfactant. Pulmonary surfactant plays an essential role in lung homeostasis by
regulating both biophysical and innate immune properties in the alveoli.[!: 21 Pulmonary
surfactant consists of 90% lipid and 10% protein by weight.[3] The majority of lipids in
pulmonary surfactant are phospholipids with the most abundant class being
phosphatidylcholine (PC). The second most abundant phospholipid class in pulmonary
surfactant is phosphatidylglycerol (PG). Lung alveoli are the only tissue location where PG
is found abundantly in humans, reaching concentrations between 5 and 10 mg/mL.[4] Recent
studies have demonstrated that PG is an important regulator of the innate anti-viral defense
and inflammation.[5-10]

The molecule 1-palmitoyl-2-oleoyl-sr+glycero-3-phosphoglycerol (PG(16:0/18:1)) has been
previously found to have potent antiviral activity against respiratory syncytial virus (RSV)
and influenza A.[5 7-91 PG(16:0/18:1) also suppressed inflammation by antagonizing
multiple toll-like receptors (TLR).[6: 10. 111 The biological activity of PG(16:0/18:1) has
prompted studies to explore structure/function relationships of structurally related molecules
that might surpass PG(16:0/18:1) in efficacy, potency and biological half-life.[1%] This led to
the synthesis of novel phospholipid analogs of PG(16:0/18:1) with a xylitol head group
which we have termed phosphatidylIxylitol (PX).[22] Xylitol is a five-carbon sugar alcohol
approved for use by the FDA as a bulk sweetener and has a similar structure to glycerol. For
these reasons it was a favorable option as a substrate in a transphosphatidylation reaction.
The majority of these analogs, like PG(16:0/18:1), have ester-linked fatty acids, however two
compounds have long-chain alkyl radyl groups attached as ether moieties at the sn7-7 and
sn-2positions of the glycerol backbone. The dialkyl PG analogs are resistant to acyl
hydrolase degradation and could have an extended half-life in the lung as well as prolonged
biological activity. Only a few detailed mass spectrometric studies have been reported in the
literature that have focused on behavior of diether phospholipids by identifying the product
ions that reveal the methyl branching positions of the prenol-derived alkyl chains. [13-15]
The PX compounds reported here were not methyl branched and represent a novel class of
diether and diacyl xylitol phospholipids that have not been previously characterized by
tandem mass spectrometry.

MATERIALS AND METHODS

Materials

Phospholipids purchased from Avanti Polar Lipids (Alabaster, AL) were: 1,2-di-O-
tetradecyl-sn-glycero-3-phosphocholine, PC(0-14:0/0-14:0); 1-palmitoyl-2-oleoyl-sr-
glycero-3-phosphocholine, PC(16:0/18:1); 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol, PG(16:0/18:1); and 1,2-di-O-(9Z-octadecenyl)-sr-glycero-3-
phosphocholine, PC(0-18:1/0-18:1). Xylitol, phospholipase D from cabbage, 8-anilino-1-

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2017 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fickes et al. Page 3

naphthalenesulfonic acid (ANSA) and diethyl ether were purchased from Sigma-Aldrich (St.
Louis, MO). All other solvents were HPLC grade and were purchased from Thermo Fisher
Scientific (Waltham, MA).

Transphosphatidylation reaction

A transphosphatidylation reaction with the enzyme phospholipase D (PLD) was utilized to
synthesize analogs of PG(16:0/18:1) for testing structural features of the lipid important for
immunoregulatory activity. PLD catalyzes the hydrolytic cleavage of terminal phosphate
ester bonds of glycerophospholipids with a choline head group; and in the presence of a
primary alcohol utilizes transphosphatidylation activity to exchange the choline head group
for that of the primary alcohol.[2] This method was used to synthesize analogs that contain
a xylitol polar head group and vary in their hydrophobic chains. Aliquots of 5 — 10 mg of
diacyl and dialkyl choline phospholipid species in chloroform were dried under a stream of
nitrogen gas. Diethyl ether was added to the dried PC species and once again dried using
nitrogen gas to eliminate all of the chloroform. Dried PC species were resuspended in 3.1
mL of diethyl ether. Xylitol 40%, w/v) was dissolved in pH 5.5 sodium acetate buffer that
contained 120 mM calcium chloride for a final volume of 500 pL. This aqueous solution was
then added to the ether phase of the reaction followed by the addition of PLD at a final
concentration of 120 units/mL which was empirically found to be optimal. The reaction
mixture was vigorously mixed using a Vortex apparatus for 18-24 hr, at temperatures
ranging from 22°C to 42.5°C. Reactions were stopped by the addition of 50 uL 0.5 M
EDTA. Ether was evaporated under a stream of nitrogen and the lipids were extracted using
the Bligh-Dyer method.[16] Reaction progress was assessed using thin layer chromatography
followed by spraying the plate with 0.1% aqueous ANSA and visualization using UV light.

High performance liquid chromatography (HPLC)

Normal phase HPLC was used to purify phosphatidyl xylitol phospholipids on a 150 mmx30
mm silica column. The HPLC solvents consisted of (solvent A) and (solvent B). Solvent A
contained hexane:isopropanol (3:4) and solvent B contained hexane:isopropanol:aqueous 1
mM ammonium acetate (3:4:0.7). The starting HPLC solvent consisted of 55% solvent A
and 45% solvent B. From 0 min to 20 min the % solvent B was increased incrementally to
60%. At 20 min, solvent B was increased to 100% until the end of the elution. A photodiode
array detector was used to monitor eluting lipid species at 200 nm. The desired xylitol
phospholipid peak was recovered, dried under nitrogen gas, and subjected to Bligh-Dyer
extraction.[16]

Mass spectrometry

Characterization of all phospholipids including the PX lipids were carried out on Applied
Biosystems (AB) Sciex QTrap 4000 (Thornhill, Ontario, Canada). Purified lipids were
infused into the mass spectrometer electrospray interface in a methanol:water (2:1) solution
containing 1 mM ammonium acetate. QTrap conditions for negative ion mode: declustering
potential =90 V, ion spray voltage —4000 V, entrance potential =10 V. The parameters for
positive ion mode were the same except for the ion spray voltage, which was 4500 V.
Collision energy for CID of PX lipids varied with each compound ranging from 10 V to 70
V for positive ions and =10 V to —40 V for negative ions.

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2017 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fickes et al.

Page 4

The high resolution analysis of PG and PX lipids was performed on the Synapt G2-S mass
spectrometer (Waters, Manchester, U.K.) in positive ion mode. Samples were infused
directly into the electrospray source at a concentration of 100 nM via a syringe pump (1 pL/
min). The settings for the mass spectrometer included setting the mass spectrometer to high
resolution mode, ESI voltage 3000 V, sampling cone 40 V, source offset 80 V, source
temperature 110°C, desolvation temperature 150°C, desolvation gas 500 L/h, nebulizer gas
6.0 bar and trap collision energy of 24 V for protonated ions and 38 V for sodiated ions.
Leucine enkephalin was used as the lockspray compound to calibrate each spectrum
obtained for high resolution analysis. Once the accurate mass was obtained for each ion in
the CID spectrum, a table was generated of possible identifications of each ion within a mass
range of + 5 ppm.

RESULTS AND DISCUSSION

Positive ion

The tandem mass spectrometry of PG molecular species has been well documented for both
positive ions and negative ions.[17] Collisional activation of molecular anions from diacyl PG
yield abundant carboxylate anions at /772255 and 281 (Figure 1A) as previously reported, as
well as loss of the fatty acyl group at the s+2 position as a neutral ketene and free
carboxylic acid from the sn-1 position (/772483 and 491, respectively).[18] The
corresponding PX analog of the same phospholipid molecular species behaved in an almost
identical fashion with abundant carboxylate anions from each of sn-1 and sn-2 positions of
the glycerol backbone (Figure 1B). In contrast to the CID behavior of diacyl PG and diacyl
PX, the negative ion collisional activation of the diether analogs of both PG (Figure 1C) and
PX (Figure 1D) display very different collision induced decomposition reactions. The most
abundant high mass product ion corresponded to the neutral loss of the polar head group,
which was 74 Da for PG and 134 Da for PX. The ion corresponding to the cleavage of the
phosphodiester bond immediately adjacent to the alkyl chain followed by loss of water to
form a cyclic phosphodiester ion were also abundant product ions for both the diether PG
and PX at m/z 153 (Figure 1C) and /m/z 213 (Figure 1D). These latter phosphate ester
cleavage reactions were present but not abundant in the product ion spectra of diacyl PG and
PX (Figures 1A and 1B) and represent a reaction pathway of product ion formation that was
less favorable because it competed poorly with carboxylate anion formation. No information
was obtained from the negative product ion spectra concerning the nature of the ether-linked
groups at sn-1 and sn-2positions and one could only assume, from the measured mass of the
[M-H]~, the total number of alkyl carbon atoms and double bonds. It was clear from the
negative ion spectra of the diether analogs that no ester moieties were present in these
phospholipid species, due to the absence of carboxylate anions in the product ion spectra.

[M+H]* and [M+Na]* collisional activation

Considerably more fragmentation was observed when the positive ions corresponding to
either the protonated or sodiated adducts of the diether PG and PX analogs were
collisionally activated. High resolution analysis of the major product ions following
collisional activation of the diether PG(0-18:1/0-18:1) [M+H]* at m/z 747.590 did yield
interesting information concerning the nature of the alkyl chains (Figure 2A). Likely, this
was due to a population of ions with a protonated charge site on either of the two ether
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moieties. With charging at these sites, charge-remote fragmentation reactions could be
observed corresponding to loss of the phosphate and polar head group from both the
protonated (/7/z2575.577) (C3gH7505)* and sodiated species (17/2597.559, C3gH74NaO,*)
(Figure 2A and 2B) which provided evidence that the charge site was on the alkyl portion of
these diether phospholipids. There were other differences in CID behavior of the protonated
and sodiated diether species that were observed in the mass spectra. An interesting ion at
m/z 497.325 (C,4H500gP)* corresponded to loss of one of the fatty alkyl groups likely as a
charge-driven product, as suggested in Scheme 1. This would be a valuable fragmentation to
ascertaining the exact nature of each of the fatty alkyl groups and in this case with
symmetrical phospholipid, where both of the fatty alkyl radyl groups were identical, led to a
single product ion. The protonated species had the most abundant ion appearing at m/z
307.300 (Cy1H390)*, most likely consisting of one of the alkyl ether chains which retains
the 3-carbon atoms of glycerol. This involved dehydration of m/z497.325 (Co4H500gP)*
followed by charge driven rearrangement of the molecule; the proposed structure for m/z
307.300 (Scheme 1) was consistent with the high resolution analysis.

The high resolution analysis of product ions obtained after collisional activation of the
diether PG analog as a sodium adduct also generated an ion corresponding to the loss of the
polar head group, in this case being m/z695.535 (Figure 2B). The most abundant product
ion appeared at /7/2615.569 (CagH76NaO3) * and likely corresponded to a loss of the polar
head group plus the phosphodiester as a neutral cyclic phosphate. Formation of such a cyclic
phosphate neutral has been described previously as a common reaction product of most
phospholipids, but in particularly PG.[28] The structure of this ion consistent with high
resolution mass spectra data is shown in Scheme 2. The ion at /7/2427.259 (C,1H41NaOsP)*
is an interesting product ion corresponding to the loss of one of the alkyl groups, likely the
one that is not charged by the sodium attachment site, but leads to formation of
monoalkylphosphate ester (Scheme 2). Most likely this originates from the ion at m/z
695.535, since it does not contain the elements of the polar head group. The sodiated
glycerophosphate cation is also an abundant product ion (/772 195.004, C3HgNaOgP™).

The [M+H]" of the diether PX lipid appears to lose the polar head group in a much more
facile reaction than the glycerol polar head group (Figure 3), likely a consequence of the
additional hydroxyl moieties in the polar head group, which could facilitate rearrangement
reactions with loss of the neutral sugar species. There were ions directly analogous to the PX
and PG molecular species, including m/z 467 (Figure 3A) which would be identical to the
ion annotated as /m/z575.577 in the diether PG(0-18:1/0-18:1) molecular species (Figure
2A). Just as the decomposition mechanisms appear to be charge-remote fragmentations
where the protonation of the ether group tags the fragment ion for detection in the mass
spectrometer, the PX(0-14:0/0-14:0) major fragment ions at /m/z 351 and 369 could be
suggested to be formed by a mechanism similar to that described for PG(0-18:1/0-18:1) at
m/z 479 and 497, respectively. These ions were likely derived from the abundant fragment
ion corresponding to the loss of the polar head group (7/2565, [M+H-134]*) or directly
from the molecular ion (Scheme 3). These were interesting ions because they would contain
only one of the alkyl groups and in the case of m/z 369 retained the hydroxyl group
corresponding to one of the ether positions in PX(0-14:0/0-14:0). The loss of water from
this ion at /m/z 369 would yield the ion at /7/z351. This ion was abundant and likely the
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result of phosphate ester participation, which facilitated the loss of water which normally is
very difficult to achieve by dehydration mechanisms.

The sodiated adduct of the diether PX readily lost the polar head group as observed as the
ion at 77/2587 ([M+Na-134]*). This ion appeared to further lose neutral HPOg3 in a very
common neutral loss mechanism observed for phosphopeptides,[2°! phosphohistidines,[20]
and other phosphorylated biomolecules. This finding reinforces the likelihood that the
charge site is remote from the phosphate diether. The ion at /m/z373 could result from
favorable cyclic phosphate ester formation (Scheme 4). The more abundant formation of m/z
373 likely represents the stability of the phospholipid fragment ion when sodium is attached
to one of the alkyl ether groups. These are very informative ions concerning the nature of the
diether analogs since they involve loss of one of the alkyl chains and thus can provide
information as to the nature of the alkyl chain that is lost as well as the alkyl chain remaining
as this ion.

The tandem mass spectrometry of diacyl PX lipids are quite similar to that known for diacyl
PG molecular species.[1%] The major product ions following collisional activation of the
molecular anions [M-H]~ correspond to stable carboxylate anions as expected for the
negative ion tandem mass spectrum of virtually all diacyl phospholipids.[?1 22 There were
additional product ions corresponding to the loss of the xylitol head group to form a
phosphatidic acid-like product ion. The negative ion tandem mass spectrum of diether PG
and PX phospholipids did not yield information about the alkyl chain but only information
about the polar head group being either glycerol or xylitol attached to the phosphate ester
moiety. Specific information about the nature of the alkyl ether groups was obtained by
positive ion collisional activation of either the protonated [M+H]* or sodiated positive ions
[M+Na]*. Both cations yield abundant ions corresponding to the loss of one of the alkyl
chains following collisional activation. This behavior had been reported for the alkyl, acyl
phospholipids such as 1-O-alkyl-2-acyl-phosphatidylcholine which is a relatively abundant
phospholipid found in many cells.[23] Considering the report that other diether
phosphonolipids have been reported as useful synthetic surfactants, [24] the unique
collisional activated ion transitions for dialkyl PX as well as dialkyl PG from both positive
and negative molecular ions could be used in further studies to monitor metabolism and
distribution of other bioactive ether lipids in vivo.
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Electrospray ionization (positive ions) and tandem mass spectrometry of diether PG
phospholipids. (A) Product ion spectrum following collisional activation of [M+H]* of
PG(0-18:1/0-18:1). (B) Product ions obtained following collisional activation of the
sodiated adduct [M+Na]* of PG(0-18:1/0-18:1).
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Electrospray ionization (positive ions) and tandem mass spectrometry of diether xylitol
glycerophospholipids. (A) Product ions obtained following the collisional activation of
PX(0-14:0/0-14:0). (B) Product ions obtained following collisional activation of the

sodiated adduct of PX(0O-14:0/0-14:0).
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