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Rationale: Phospholipids are important components of cell membranes that are
linked to several beneficial health effects such as increasing plasma HDL cholesterol
levels, improving cognitive abilities and inhibiting growth of colon cancer. The role of
phospholipid (PL) regioisomers in all these health effects is, however, largely not
studied due to lack of analytical methods.

Methods: Electrospray ionization mass spectrometry in negative mode produces
structurally informative fragment ions resulting from differential dissociation of fatty
acids (FAs) from the sn-1 and sn-2 positions, primarily high-abundance [RCOO] ™ ions.
The fragment ion ratios obtained with different ratios of regiopure phospholipid
reference compounds were used to construct calibration curves, which allow
determination of regioisomeric ratios of an unknown sample. The method was
developed using both direct infusion mass spectrometry (MS) and ultra-
high-performance liquid chromatography and hydrophilic interaction liquid
chromatography mass spectrometry (UHPLC-HILIC-MS).

Results: The produced calibration curves have high coefficients of determination
(R? >0.98) and the fragment ion ratios in replicate analyses were very consistent. A
test mixture containing 60/40% ratios of all available regioisomer pairs was analyzed
to test and validate the functionality of the calibration curves. The results were
accurate and reproducible. However, regioisomeric quantification of certain
chromatographically overlapping compounds is restricted by the relatively wide
window in precursor ion selection of the MS instrument used.

Conclusions: This method establishes a framework for analysis of phospholipid
regioisomers. Specific regioisomers can be quantified using the existing data, and
method development will continue with improving chromatographic separation and
exploring the fragmentation patterns and efficiencies of different PL classes and FA
combinations, ultimately to refine this method for routine analysis of natural fats

and oils.
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1 | INTRODUCTION

Phospholipids (PLs) are a group of polar compounds that typically
consist of two fatty acid (FA) molecules and a polar head group
attached to the glycerol backbone. FAs are esterified to the sn-1
and sn-2 positions of the glycerol carbon chain and the polar
head group is connected to the sn-3 position via a phosphodiester
bond. PLs are divided into different classes based on the polar
head group, the most common examples being phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (Pl) and
phosphatidylserine (PS). The combination of different FA substituents
and polar head groups potentially results in hundreds of different PL
molecular species in natural samples. Additionally, changing the relative
positions of FAs on the glycerol backbone results in regioisomerism,
further increasing the potential complexity. Sphingomyelins (SMs)
containing an amino alcohol group, while classified as sphingolipids, are
often reported among phospholipids.

PLs are a vital structural component of cell membranes, arranged
as lipid bilayers, and there are well-documented beneficial effects of
dietary PLs. Milk fat globule membrane with high PL content® and PLs
of marine origin®® have been linked to growth inhibition of colon
cancer. Oral intake of PC has been shown to improve learning and
memory of people with cognitive disorders* and certain fish oils rich
in PLs, such as krill oil, have similar effects possibly due to better
incorporation of omega-3 FAs into membranes than triacylglycerol
(TAG)-rich fish oils.> Dietary PLs may have a beneficial effect on
plasma lipid and lipoprotein levels by increasing high-density
lipoproteins and reducing low-density lipoproteins, thus improving
blood cholesterol levels.*” PLs are also reported to reduce
rheumatoid arthritis symptoms® and may have a positive effect on
immune response.” The sn-positioning of FAs in TAGs, especially
palmitic acid, has been shown to affect absorption of FAs, influencing
the formation of insoluble calcium soaps that are excreted.l®-1?
However, while the evidence suggests that PLs have beneficial health
effects, the significance of different PL structural isomers in the diet
is still largely an unanswered question due to the lack of commercially
available regiospecific standards and routine analytical methods.

Traditional methods for phospholipid analysis include thin-layer
(TLC)*®  and
chromatography (HPLC) coupled to an evaporative light scattering
detector (ELSD).***> While these methods can quantify PLs on the

class level, they provide no information on individual molecular

chromatography high-performance liquid

species. The popularity of mass spectrometric applications for PL
analysis has increased greatly during the past decade due to easier
profiling of PL molecular species and potential for structural analysis
with tandem mass spectrometry (MS/MS). Hydrophilic interaction
liquid chromatography (HILIC) is the most commonly used technique
for separation of PL classes, where the separation occurs primarily
based on the polar head group of the PL compound, with electrospray
ionization (ESI) as the preferred ionization mode for MS
applications.'>2? Direct infusion without chromatography has also

been used for PL class and molecular species identification.2°

Previous studies suggest that PLs produce structurally
informative fragments in negative ionization mode. FA anions
[RCOO]™ cleaved from the sn-1 or sn-2 positions are observed from
fragmentation of PC, PE, Pl and PS, which allows the structural
characterization of the precursor ion.?'™?°> The fragmentation
pathways for these PL classes have also been explored
previously.??2573% While several studies have identified FAs in PL
molecular species,”217253031 the regioisomeric distribution of sn-1
and sn-2 FAs in natural samples still remains mostly unexplored. An
analytical method for lysophosphatidic acid regioisomers has been
developed utilizing adequate chromatographic separation of the
sn-1 and sn-2 regioisomers.3? Another method has been developed
for analysis of PC regioisomers based on partial separation of the
regioisomers with reversed-phase (RP) chromatography and
identification of the front and tail ends of the split peaks with
ESI-MS/MS.3% A different type of approach for PL regioisomer
analysis has been reported, utilizing minor differences in the
retention times of PL regioisomers and the change in the [RCOO]~
fragment ion ratios as the PL regioisomers of interest are
coeluting.3* Differential ion mobility spectrometry (DMS) with
electron-impact excitation of ions from organics (EIEIO) mass
spectrometry has also been applied to comprehensive identification
of lipids, including PL regioisomers.®> DMS separates ions in the gas
phase based on small differences in their structures, which allows
one additional orthogonal separation step for isobaric compounds
and has the future potential to be very useful in structural
characterization of lipids. It does, however, require somewhat
more specialized and expensive instrumentation compared with
ESI-MS/MS systems.

In this study we present an accurate and reproducible method for
calculating specific PL regioisomers utilizing calibration curves based
on the product ion ratios of PL reference standard compounds. The
method was tested with both direct infusion and HILIC/ESI-MS/MS
and will provide a basis for further method development and

optimization for complex natural samples.

2 | MATERIALS AND METHODS

2.1 | Abbreviations and nomenclature

Abbreviations for individual FAs are denoted as 20:4 = arachidonic,
18:3 = a-linolenic, 18:2 = linoleic, 18:1 = oleic, 18:0 = stearic,
16:1 = palmitoleic, 16:0 = palmitic and 14:0 = myristic acid. ACN:
DB = the ratio of the number of acyl carbons/number of double
bonds. Regioisomers of PLs are denoted as PL A/B, where A and B are
different FAs esterified to the sn-1 and sn-2 positions on the glycerol
backbone, respectively, and PL indicates the phospholipid class. For
example, sn-1-palmitoyl-sn-2-oleoyl-glycero-sn-3-phosphatidylcholine
is denoted as PC 16:0/18:1. PLs with known FAs, but unknown
sn-positioning, are denoted as PL A_B. No distinction is made between

the locations of double bonds in FA carbon chains.
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2.2 | Materials

HPLC-grade chloroform and LC/MS grade methanol were purchased
from VWR International (Radnor, PA, USA). LC/MS grade acetonitrile
and water were purchased from Fisher Chemical (Waltham, MA,
USA). LC/MS grade ammonium formate and formic acid were
purchased from Sigma-Aldrich (St Louis, MO, USA). All regiospecific
PL standards were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Regioisomeric pairs consisted of PC 14:0/16:0 / PC 16:0/14:0;
PC 14:0/18:0/ PC 18:0/14:0; PC 16:0/18:0/ PC 18:0/16:0; PC
16:0/18:1 / PC 18:1/16:0; PC 16:0/18:2/ PC 18:2/16:0;
PC 16:0/18:3/ PC 18:3/16:0; PC 16:0/20:4/ PC 20:4/16:0; PE
16:0/18:1/PE 18:1/16:0 and PS 16:0/18:1/PS 18:1/16:0. Natural Pl
(from soybean) and SM (from egg) extracts were purchased from
Larodan (Malmo, Sweden). Additionally, non-regiospecific monoacid
PC, PE and PS reference standards for initial chromatographic method
development were purchased from Avanti Polar Lipids. For a
complete list of all used reference standards, see Table S1 (supporting
information).

2.3 | Sample preparation

All PL reference standard compounds were shipped in CHCI3 solution.
All subsequent dilutions were made with CHCls/MeOH (2:1, v/v).
Five mixtures of the PL regioisomer pairs at different ratios (100:0,
75:25, 50:50, 25:75 and 0:100) were prepared in order to construct
the calibration curves. The final concentration of each mixture was a
combined total of 10 pg/mL. A test mixture containing all
regiospecific pairs at 60:40% ratios with a total concentration of
10 pg/mL for each pair was prepared for method validation.
Reference compounds were analyzed without further pretreatment
and filtered with a 0.2 pm Acquity column in-line filter (Waters Corp.,
Milford, MA, USA) during the analysis right before being introduced

into the ion source.

24 | UHPLC/MS/MS system and analysis
conditions

PL regioisomers were analyzed either with the direct infusion
MS/MS or UHPLC/MS/MS system. The UHPLC system consisted of
a Cortecs UPLC HILIC 1.6 pm column ((2.1 x 150 mm; Waters
Corp.) and an Elute HPG 1300 pump unit (Bruker Corp., Billerica,
MA, USA). The binary solvent gradient consisted of (A): H,O/ACN
(80:20, v/v) with 5 mM ammonium formate and (B): ACN/H,O
(95:5, v/v) with 5mM ammonium formate. A stock solution of
100 mM ammonium formate in H,O (pH 3.0, adjusted with formic
acid) was used when preparing the mobile phase solvents. The
mobile phase gradient was as follows: initial solvent composition
was 6% A, 6 to 9% A (0-20 min), 9 to 20% A (20-40 min), 20 to
70% A (40-41 min), held at 70% A (41-48 min), 70 to 6% A
(48-49 min) and held at 6% A (49-65 min). Total solvent flow rate

= TWiass Spectrometry

was 0.15 mL/min from O to 41 min, then changed to 0.3 mL/min
during the column flushing and equilibration phase from 41 to
62 min and changed back to 0.15 mL/min at 62 min before the next
injection. The injection volume for all samples was 2 pL. Direct
infusion of the PL standards was performed using a syringe pump
(model 300; New Era Pump Systems, Farmingdale, NY, USA) with a
T-split connecting the syringe pump flow to the LC mobile phase
flow. The syringe pump flow was set at 5 pL/min and the LC flow
rate at 0.15 mL/min 15% A/85% B.

MS/MS analyses were performed with an Impact Il quadrupole
time-of-flight (QTOF) tandem mass spectrometer (Bruker Corp.) using
an electrospray ionization (ESI) source. The capillary voltage was set
at 3500V and the end plate offset at 500 V. The nebulizer gas
pressure was set at 2 bar, drying gas flow rate at 8 L/min and drying
gas temperature was at 300°C. The collision energy was set at 40 eV
for all studied samples. For direct infusion analyses product ion scans
were used for the selected precursor ions of the PL reference
standards and the data was recorded from a 10 s window after the
syringe pump flow had stabilized. For the UHPLC/MS/MS analyses a
non-targeted approach (autoMS/MS) was used, which selects
precursor ions for fragmentation when the intensity exceeds a set
threshold. The precursor ion intensity threshold for autoMS/MS
fragmentation was set at 600 counts, which was slightly above
background noise levels. The maximum number of simultaneous
product ion scans was set at five, meaning that the autoMS/MS
prioritizes fragmentation of the five most abundant ions at any given
time. MS scan time was 0.25 s and autoMS/MS total cycle time for

five consecutive scans was 1.4 s.

3 | RESULTS AND DISCUSSION

3.1 | Method optimization

Initial testing was performed in positive ionization mode to confirm
the previous observations of lack of structurally informative fragment
ions. 2325 All subsequent analyses were performed using negative
ionization mode. Depending on class, PLs were detected as
deprotonated molecular [M - H]™ or as formate adduct
[M + HCOO]™ ions. Optimization of MS and MS/MS instrument
parameters was performed with direct infusion of PC 16:0/18:1, PE
16:0/18:1 and PS 16:0/18:1 reference standards. Capillary voltage,
end plate offset voltage, nebulizer gas pressure and drying gas flow
rate were manually optimized with the goal of having the highest
possible precursor ion sensitivity. Lowering the drying gas flow rate
and increasing the temperature showed improved sensitivity
compared with default values. Quadrupole settings were adjusted
with a tuning function, which automatically tests the settings one by
one and shows a graph of the intensity response with different values
tested. For each setting, the value producing the highest amount of
precursor ions was selected. All optimized MS settings can be found
in Table S2 (supporting information). Effects of optimization on mass

resolution were negligible for the purposes of this study. The collision
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energy for MS/MS fragmentation was tested in the 10-60 eV range.
In most cases a collision energy of 40 eV produced abundant FA ions
[RCOO]~ and smaller quantities of lysophospholipid-like fragment
ions. Both of these can be used for structural analysis, but FA ions
were the preferable option due to higher sensitivity. The collision
energy did not seem to have a major effect on the relative
proportions of these structurally informative fragment ions, resulting
in the primary criterion for collision energy selection being the highest
possible abundance of these fragment ions.

The primary goal of the liquid chromatographic method
optimization was good PL class separation. Non-regiospecific
monoacid PL standards were used for initial chromatography
optimization. The gradient was further optimized for increased
molecular species separation, which to some degree worked for PC,
PE and SM, but in general is quite challenging for the HILIC column
due to the separation being mostly affected by the polar head group
and only to a lesser extent by the attached FAs. All tested PS
standards exhibited poor peak shape, which did not seem to be
affected by changing the gradient or flow rate, but the PS class
cluster was reasonably well separated from other PL classes
(Figure 1). Compared with a more traditional timed multiple reaction
monitoring (MRM) method, autoMS/MS allows for a more robust
analytical method that does not require the user to know
beforehand what precursor ions to monitor and is useful when
analyzing complex natural samples. HILIC columns are typically quite
sensitive and highly susceptible to shifting retention times over
subsequent analyses. This was also the case during our testing.
There was noticeable peak drifting in our early method development,
and only after extensive testing and long equilibration phase with
higher flow rate, was the effect somewhat reduced. Subsequent
analyses during a single day were fairly consistent, but noticeable
weekly variance in retention times was observed. The autoMS/MS is
a good tool in mitigating the effects of shifting retention times as it
does not require strict time windows for specific precursor ions.
Additionally, the user can manually add a list of precursor ions that
the autoMS/MS prioritizes over others, or exclude certain ions,
which reduces the effect of high-abundance background ion
interference.

3.2 | lonization and fragmentation of different PL
classes
3.2.1 | Phosphatidylcholine

PCs produced abundant [M + HCOO]™ ions and lesser quantities of
[M + HCOO + 68]7, [M + HCOO + 136] and other similar higher
mass adducts 68 Da apart from each other (see Figure 2a for more
information). The 68 Da mass difference likely corresponds to sodium
formate (HCOONa), cluster adduct ions. While sodium is not
intentionally present in the mobile phase or sample, it is commonly
described as a contaminant that can originate for example from
glassware or solvents, and is difficult to get rid of.3¢ Only the [M
+ HCOO]~ ions were used for quantification purposes and
subsequent fragmentation. Collision-induced dissociation (CID) at
40 eV collision energy produced FA ions [R;COQO]~ and [R,COO] ™ in
abundant quantities (Figure 3a). For PC 16:0/18:1, the 18:1 FA ion
was the most abundant and the 16:0 ion had roughly 30% intensity of
the 18:1 ion (Figure S1, supporting information). With the other
regioisomer PC 18:1/16:0, the ratios of FA ions were practically
reversed, indicating that the FA is more easily cleaved from the sn-2
position. This fragmentation behavior has been reported by others as
well. Lisa et al®” and Han et al®® have also analyzed PC 16:0/18:1,
both studies showing very similar [RCOO]~ fragment ion ratios using
ESI-MS/MS in negative ionization mode compared with our study. A
similar pattern was observed with all other investigated PC
regioisomer pairs. While there were some differences in the FA ion
ratios with PCs containing different FAs, the sn-2 FA always produced
the most abundant ions. Preference of FA cleavage from the sn-2
position has also been documented previously and it was also noted
that the ratio is dependent on the FA chain length and degree of
saturation.?2 This FA ion ratio can be used to construct calibration
curves for the reference standards, allowing quantification of
regioisomer ratios of an unknown sample. In addition to the FA ions,
lower quantities of other higher mass ions tentatively identified as
[M 4+ HCOO - RCOOH - 42]~ and [M + HCOO - RCOOH - 60]~
were detected. The ratios of [M + HCOO - RCOOH - 42]  ions

followed similar behavior compared with [RCOO]~ ions, where

PI PE PS PC
| ]

[ |

SM FIGURE 1  Chromatogram of a PL
reference standard mixture, PC (12:0/12:0,
L 14:0/14:0, 14:1/14:1, 16:0/16:0,
16:1/16:1, 18:0/18:0, 18:1/18:1,
18:2/18:2, 18:3/18:3, 20:0/20:0 and
22:0/22:0; 10 pg/mL each), PE (14:0/14:0,
16:0/16:0, 18:0/18:0 and 18:1/18:1;

10 pg/mL each), PS (14:0/14:0, 16:0/16:0,
18:0/18:0 and 18:1/18:1; 10 pg/mL each)
and natural extracts of Pl from soybean

|
5 10 15 20 25

30 Time (min) and SM from egg (20 pg/mL each)
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[M+HCOO]|™

(A) PC 16:0/18:1 804.56

[M+HCOO+68]™

872.54 [M+HCOO+136]~

I

[M-H]™

(C) PS 16:0/18:1 760.52

[M-H+Na+68]~
850.49

[M—H+Na[~
782.51

N

RN

(E) SM extract from egg,
most abundant peak,
SM 16:0/d18:1

918.48

FIGURE 2
from soybean, and (e) SM extract from egg

[M 4+ HCOO - R,COOH - 42]° was always more abundant
than [M + HCOO - R;COOH - 42] . While the abundance of
[M + HCOO - RCOOH - 42]™ ions is significantly lower compared
with FA ions, it is possible to construct another set of calibration
curves which can be used for quantification independently from the
FA ion calibration curves. There was also a relatively high abundance
of [M + HCOO - 60] ions detected in the MS/MS spectra, but these

are not structurally informative.

3.2.2 | Phosphatidylethanolamine

PEs were mainly detected as [M-H]~ ions. Similarly to PCs, smaller
quantities of possible sodium formate adduct cluster ions 68 Da apart
from each other were detected in the MS spectra (Figure 2b).
Abundant FA ions [R{COO]~ and [R,COO]  were detected in the
MS/MS spectra and the ratios of FA ions behaved very similarly
compared with PCs and can be used for structural characterization
(Figure 3b). Han et al®® reported that fragmentation of PE 16:0/18:1

[M—H+Na+136]"

= 7 “Wiass Spectrometry

[M+HCOO]~

(B) PE 16:0/18:1 716.51

[M+HCOO+204]~
920.47

[M+HCOO+136]™

[M+HCOO+68]~ 852.48

784.49

[M-H]™
(D) PI extract from soybean, 833.50

most abundant peak, PI 34:2

[M—H+136]"
969.48

)

[M-H+68]~
901.49

[M+HCOO|~
747.55
[M+HCOO+68]~
815.54
[M+HCOO+136]~
$83.52

lonization and adduct formation of different PL compounds: (a) PC 16:0/18:1, (b) PE 16:0/18:1, (c) PS 16:0/18:1, (d) Pl extract

produced sn-2 FA fragments at a ratio of approximately 3:1 compared
with sn-1 FA fragments, a result very similar to our own findings.
They also observed that this ratio close to 3:1 was true for several
other investigated PEs (16:0/18:2, 16:0/20:4, 18:0/18:1, 18:0/18:2,
18:0/20:4 and 18:1/20:4) with FAs containing up to 20 carbon
atoms. However, the ratio was dramatically different (1-1.5:1) when
one of the FAs was highly polyunsaturated with at least 22 carbon
atoms.®8

Additionally, minor quantities of higher mass fragments were

detected in  our analyses, which were identified as
[M - H - RCOOH] and [M - H - RCH=C=0]" based on the
fragmentation pathways explored in earlier studies.®°

The fragmentation behavior of the [M - H - RCOOH]~ ions was
similar compared with the [M + HCOO - RCOOH - 42]~ fragments
from PCs and the ratios were logical as the abundance of
[M - H - R,COOH]~ was higher than [M - H - R{COOH]~, again
indicating that the FAs are more easily cleaved from the sn-2 position.
In addition to the FA fragment ions, also [M - H - RCOOH]~ could be
used for structural characterization when the sensitivity allowed it.
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[R,COO]~
28124 | [M+HCOO-R,COOH—60]" (A) PC 16:0/18:1
462.28
[M+HCOO-R,COOH—42]~
480.29
[M+HCOO-R,COOH-60]
488.30
[R,COO] [M+HCOO-R,COOH-42|~
2155.22 506.31
[M+HCOO0-60]
< 744.53
[M+HCOO]~
\ 80456
R,COO]”
ey [M-H-87-R,COOH]” (C) PS 16:0/18:1
391.23
[M-H-87-R",CH=C=0] "
409.24
[M-H-87-R,COOH]~
[R,COO]” 417.25 [M-H-87]
281.25 [M-H-87-R',CH=C=0] " 673.49
435.26
[M-H]
760.53
(E) SM extract from egg,
most abundant peak,
SM 16:0/d18:1
[M+HCOO-R,COOH—42]
449.30
FIGURE 3

R,COO||
I2281.24] (B) PE 16:0/18:1
[M-H-R,COOH]
434.25
[M-H-R',CH=C=0]
45226
[M-H-R,COOH]~
_ 460.27
[R;Scs(;(;] [M-H-R',CH=C=0]~

478.28
[M-H|™
716.51
| /

T IM-H]”

(D) PI extract from soybean, 833.50

most abundant peak, PI 34:2

[M-H-R,COOH-162]"

- _ 391.22
[R,COO] [R,COO] [M-H-R,COOH-162]
25522\ 279.23 415.22
24101} / [M-H-R,COOH] "~
553.26
223.00 297.03 .
[M-H-R,COOH]
/315.04 57727
[M+HCOO0-60]~
687.53
[M+HCOO]| ™~
747.55

/

Fragmentation of PL test samples showing the m/z ratio of each major fragment ion and tentative identifications: (a) PC 16:0/18:1,

(b) PE 16:0/18:1, (c) PS 16:0/18:1, (d) Pl extract from soybean (most abundant peak, Pl 34:2 molecular species), and (e) SM extract from egg

(most abundant peak, SM 16:0/d18:1)

3.2.3 | Phosphatidylserine

The PS 16:0/18:1 reference standard produced abundant [M - H]~
ions and smaller quantities of sodium formate adduct cluster ions
(Figure 2c). For the purposes of regioisomer analysis, only the
fragments of the [M - H]™ ions were investigated. Again, CID at
40 eV produced abundant FA ion fragments which can be used for
quantification, but the ratios were noticeably different compared with
the PC and PE reference standards with the same FA configuration
(Figure 3c). With PS 16:0/18:1, the 16:0 FA fragment from the sn-1
position was more abundant than the 18:1 FA fragment from the sn-2
position. Other product ions resulting from neutral loss of the serine
group [M - H - 87]7, neutral losses of serine and acyl ketenes
[M - H - 87 - RCH=C=0]~ and neutral losses of serine and FAs
[M - H - 87 - RCOOH]~ were detected as identified earlier.??
The [M - H - 87 - RCOOH]™ ions were nearly as abundant as the
FA ion fragments, also enabling regioisomeric quantification.
However, the relative proportions of [R;COO] /[R,COO]  and

[M - H - 87 - RRCOOH] /M - H - 87 - R,COOH]™ were
somewhat unexpected compared with PC and PE; while the
[R{COO]™ ions were more abundant than [R,COO]  ions, the
[M - H - 87 - R,COOH]  ions were more abundant than
[M - H - 87 - Ri{COOH]". Based on this information alone it is
difficult to determine whether CID favors fragmentation of FAs from
the sn-1 or sn-2 positions within PS molecular species. A similar
fragmentation behavior has been documented earlier by Hsu and
Turk,2® where the product ion spectra of the [M - H]~ ion of PS
16:0/18:1 was very similar compared with our current study; the sn-1
FA fragment was more abundant than the sn-2 FA fragment, and
[M - H - 87 - R,COOH]  ions were more abundant than
[M - H - 87 - R{COOH]". Additionally, another study by Larsen

et al®®

reported similar fragment ion ratios from PS 18:0/18:1. One
possible explanation on the unusual ratios of the fragment ions was
given by Hvattum et al,?2 who suggested that PS fragmentation
behavior is quite similar to phosphatidic acid (PA), and that the

formed [M - H - 87 - RCOOH] ions may undergo further
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fragmentation processes, resulting in an increased [R,COO] /
[R,COO]~ abundance ratio at higher collision energies. Regardless of
which sn-position CID favors, it is possible to construct calibration

curves using the regiospecific reference standards.

3.24 | Phosphatidylinositol

For Pl we did not have pure reference standards, and for testing we
used a commercial Pl extract from soybean. The dominating peak in
this sample was m/z 833.50, which was studied in detail (Figure 2d).
The detected ion at m/z 833.50 corresponds to the [M - H]™ ion of
the Pl 34:2 molecular species. In the MS/MS spectra we can see 16:0
and 18:2 FA fragment ions, which corresponds to an ACN/DB ratio of
34:2 (Figure 3d). Additionally, close to the usual m/z range of FAs
we can see several other unidentified ions, which do not
correspond to any FA. Higher mass [M - H - RCOOH]  and
[M - H - RCOOH - 162] fragments were also detected, where the
ion at m/z 162 is likely the result of cleavage of the inositol group.
Hsu and Turk?® have investigated the fragmentation patterns of Pl
16:0/18:2 at 40 eV collision energy, a very similar setup to our
experiments. The fragment ion spectra in their study were quite
comparable to ours, yielding all of the same structurally informative
fragment ions. The [M - H - RCOOH]™ and [M - H - RCOOH-162]~
ions were slightly more abundant in our experiments, but otherwise
the relative abundances of the sn-1/sn-2 fragment ion ratios were
similar.28 Loss of the sn-2 FA is reported to be preferential compared
with sn-1 FA, but, in a similar way to PS, the lysophospholipid-like
[M - H-RCOOH] and [M - H - RCOOH - 162] ions may undergo
further fragmentation processes, resulting in a somewhat higher
[R4CO0] /[R,COO]~ abundance ratio.22 While it is not possible to
quantify ratios of regioisomers without reference standards and
calibration curves, it is possible to qualitatively identify the molecular

species based on the FA fragments.

3.2.5 | Sphingomyelin

For SM we had a commercial extract from egg for testing purposes
instead of a pure reference standard. The SM molecular species in the
extract are separated into five distinct peaks in the chromatogram,
and clearly the most abundant one is at m/z 747.55 (Figure 2e), which
corresponds to a [M + HCOO]™ adduct ion of SM 34:1. CID at 40 eV
produces a high abundance of [M - H - 60]~ ions and only very low
abundance of structurally informative [M + HCOO - RCOOH-42]~
ions (Figure 3e). However, even the low abundance of
[M 4+ HCOO - RCOOH-42]" ions provides useful structural
information on the SM molecular species as there is only one FA
linked to the amino alcohol group, most commonly sphingosine. By
looking at the precursor mass and the [M + HCOO - RCOOH - 42]~
fragment we can determine what the cleaved FA was. In this example,
m/z 747.55 is identified as containing palmitic acid and sphingosine
(SM 16:0/d18:1).

= TWiass Spectrometry

3.3 | Determination of PL regioisomer composition
PLs having a maximum of only two different FAs means that while the
number of possible combinations is very large, different PL molecular
species with the same precursor m/z ratio do not have common FAs.
For example, the PC 34:1 molecular species could consist of PC
16:0_18:1, PC 16:1_18:0, PC 14:1_20:0, etc. This means that even
with the same precursor ion m/z ratio, the structurally informative FA
fragments do not overlap with each other, and each precursor
produces unique fragments, allowing the regioisomeric quantification

by using calibration curves.

3.3.1 | Calibration curves

The reference standard mixtures consisting of five different
concentrations of each PL regioisomer pair were used to construct
the calibration curves. The five-point calibration data of the [RCOO]~
fragment ion ratios was fitted to a trendline using the exponential
function in Microsoft Excel 2016. The -calibration curves are
presented in Figure 4 and the coefficient of determination for each
curve is very good (R? >0.99), indicating that there is a very strong
correlation between the regioisomeric ratio and the [RCOO]™
fragment ion ratio. As was noted earlier, the [RCOQ]~ fragment ratios
of the PS reference standards were noticeably different compared
with the others, which is also reflected in the calibration curve. All PC
and PE reference standards behaved fairly similarly, but there were
some differences in the [RCOQO]~ fragment ion ratios. The degree of
unsaturation in the FAs and the carbon chain length seem to play a
role in the fragment ion ratios, influencing the equation to some
extent. When comparing the calibration curves of PC 16:0/18:0/ PC
18:0/16:0, PC 16:0/18:1/ PC 18:1/16:0, PC 16:0/18:2/PC 18:2/16:0
and PC 16:0/18:3/PC 18:3/16:0, where the only difference is the
degree of saturation in one FA, the presence of more unsaturated FAs
seems to cause stronger differentiation in fragmentation of
FAs between the sn-1 and sn-2 positions. In order to establish some
general rules for the fragmentation behavior, further investigation is
still needed. The mass response and subsequent correction factors for
each [RCOQ]~ fragment should be established for example by
analyzing equimolar concentrations of PLs containing only one type of
FA in both sn-positions (PC 16:0/16:0, PC 18:1/18:1, PC 18:2/18:2,
etc.). By correcting the over- or underrepresented [RCOO]™ ions, it
could be possible to adjust the calibration curves to find some
patterns that might help in extrapolating additional calibration curves,
for which there are no regiospecific reference standards available.
Having additional reference standards would of course be very useful;
unfortunately, however, they are either not commercially available or
extremely expensive to synthesize.

In addition to the [RCOO]~ ions, another set of calibration
curves using the lysophospholipid-like fragment ions (PC
[M +HCOO - RCOOH - 42]7, PE [M - H - RCOOH]™ and PS
[M - H - RCOOH-87]") was constructed (Figure 5), also with a good
coefficient of determination (R >0.98) in each case even though their
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sensitivity was generally much lower than the sensitivity of [RCOO]~
ions. This is just to demonstrate that the calculations can be done
using also these fragment ions, but we will continue our further
method development primarily with the [RCOO] ™ ions due to higher
sensitivity.

3.3.2 | Analysis of reference standard mixtures

In order to test and validate the functionality of the calibration curves,
a mixture of each regioisomer pair was prepared at 60/40% ratios.
Each regioisomer pair was analyzed as an individual sample using
direct infusion, and in a complex mixture containing all the reference
standard pairs using the HILIC method. Reproducibility of the
fragment ion ratios was good for both the direct infusion and HILIC
methods. The quantification results for individual 60/40% regioisomer
pairs were very close to the actual ratios using both sets of calibration
curves (Table 1), but regioisomeric quantification of certain
chromatographically overlapping compounds would require better
accuracy for precursor ion isolation, which is not possible with
the current instrumentation. The quadrupole responsible for
the precursor ion selection is not capable of distinguishing ions +2 Da
apart. This poses some challenges with our current HILIC method,
because in some cases the only difference between the compounds is
one double bond, resulting in 2 Da mass difference. For example,
in the test sample regiopure standards of
phosphatidylcholines, PC 16:0/18:1/ PC 18:1/16:0, PC 16:0/18:2/PC
18:2/16:0 and PC 16:0/18:3/PC 18:3/16:0 were partially overlapping

in the chromatogram. All these regioisomer pairs have a common 16:0

mixture of

FA and they are 2 Da apart from each other, which causes distortions
in the fragment ion ratios. Using another mass spectrometer with
better precursor ion isolation capabilities would solve this challenge.
Additionally, changing the chromatography to reversed phase would
likely bypass the issue. With HILIC, most PL molecular species within
one class are clustered relatively close to each other and some
are partially overlapping with each other. Reversed-phase
chromatography would separate the PL molecular species primarily
based on the attached FAs, and according to our preliminary
experiments, resulting in better chromatographic separation of the

molecular species within a class.

4 | CONCLUSIONS

In the current study, we present a novel ESI-MS/MS method for
analysis and quantification of regioisomers of phospholipids utilizing
calibration curves obtained with pure reference standards. While
there are still further improvements to be made, the method
described herein shows that both the FA fragment ions and the
lysophospholipid-like fragment ions can be used to determine
the regioisomeric

composition of glycerophospholipids. The

calibration curves constructed using regiospecific reference

compounds of PC, PE and PS showed excellent coefficiency and high

= TWiass Spectrometry

reproducibility for accurate determination of PL regioisomer ratios.
Establishing correction factors for the FA fragment ions is one of the
next steps in our studies, which might help with finding patterns and
rules behind the fragmentation and the effect of different FA
combinations. This could allow us to extrapolate new calibration
curves from the existing data for other PL compounds that we do not
have the reference standards for. Further, the method provides
characteristic fragment ions for determination of molecular species of
sphingomyelins. Accuracy of the precursor ion isolation is a challenge
that could be solved by changing chromatography from HILIC to
reversed phase or using another mass spectrometer. With reversed-
phase chromatography we would lose the clear separation of PL
classes, but gain significantly better separation for molecular species
within a class. All things considered, the method shows great promise
and establishes a framework for PL regioisomer analysis. We will
continue working on and improving this method into a routine

method for analysis of PLs in natural samples.
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