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ARTICLE INFO ABSTRACT

Keywords: Plasmalogens (Pls) levels are reported to be altered in several neurological and metabolic diseases. Identification
LC-MS/MS of sn-1 fatty alcohols and sn-2 fatty acids of different Pls species is necessary to determine the roles and mech-
Targeted multiplexed SRM/MS* anisms of action of Pls in different diseases. Previously, full-scan tandem mass spectrometry (MS/MS) was used
}ljifssmpiloolf;njs for this purpose but is not effective for low-abundance Pls species. Recently, multiplexed selected reaction
Identification monitoring MS (SRM/MS) was found to be more selective and sensitive than conventional full-scan MS/MS for
Quantification the identification of low-abundance compounds. In the present study, we developed a liquid chromatography

(LC)-targeted multiplexed SRM/MS system for the identification and quantification of different Pls choline (Pls-
PC) and Pls ethanolamine (Pls-PE) species. We determined five precursor-product ion transitions to identify sn-1
and sn-2 fragments of each Pls species. Consequently, sn-1 and sn-2 fatty acyl chains of 22 Pls-PC and 55 Pls-PE
species were identified in mouse brain samples. Among them, some species had C20:0 and C20:1 fatty alcohols at
the sn-1 position. For quantification of Pls species in mouse brain samples, a single SRM transition was employed.
Thus, our results suggest that the LC-targeted multiplexed SRM/MS system is very sensitive for the identification
and quantification of low-abundance lipids such as Pls, and is thus expected to make a significant contribution to
basic and clinical research in this field in the future.

1. Introduction

Plasmalogens (Pls) are important glycerophospholipids (PLs) with 1-
O-vinyl ether bonds at their sn-1 position (Fig. 1). The fatty alcohols of
Pls at the sn-1 position typically consist of C16:0 (palmitoyl), C18:0
(stearoyl), or C18:1 (oleoyl) carbon chains. The sn-2 position is occupied
by various fatty acids, including polyunsaturated fatty acids (PUFAs)
[1,2]. In mammalian cells, most of the Pls head groups are either
ethanolamine (Pls-PE) (Fig. 1B) or choline (Pls-PC) (Fig. 1A). Pls-PE

levels are higher than those of Pls-PC in most tissues except the heart
[3]. Recent studies have revealed that Pls are involved in many bio-
logical functions, such as membrane formation and fusion [4-6], anti-
oxidation [7,8], phagocytosis [9], neuronal and lymphatic cell
survivability [10,11], and organization and stability of lipid rafts [12].
Patients with peroxisomal diseases [13,14], neurodegenerative diseases
[15-17], and cancer [18,19] were shown to have altered levels of Pls.
Although the importance of Pls in biological systems is becoming
apparent, corresponding analysis at the molecular species level remains
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difficult.

In the past, Pls analysis was performed using gas chromatography
(GC) [20] or liquid chromatography (LC) [21,22]. However, these
methods do not offer the capability to distinguish individual molecular
species from other PLs or to identify the compositions of fatty acyl chains
at the sn-1 and sn-2 positions. Since 2004, full-scan tandem mass spec-
trometry (MS/MS) [16,23,24] has been used as an alternative to pre-
vious methods. Although full-scan MS/MS analysis has high resolution
and mass precision, it cannot characterize and quantify low-abundance
Pls species. For example, the amount of Pls-PC is 20-30 times less than
that of diacyl-PC in plasma [25], which makes corresponding analysis
difficult. Subsequently, selected reaction monitoring (SRM) analysis has
become popular for the quantification of Pls [26,27]. The low noise level
of this SRM analysis results in considerably higher sensitivity than that
of conventional full-scan MS/MS analysis [28]. However, this single
SRM analysis also presents some limitations. For example, the coexis-
tence of lipids with the same m/z in biological samples makes their
identification very complicated. Additionally, this analysis is unable to
distinguish diacyl-, alkyl-acyl-, and Pls-type species. To determine the
target identity, confirmation by full-scan MS/MS analysis [27] and/or
pretreatment with acid hydrolysis [24] are required. Therefore, it is
necessary to develop a simple method that can simultaneously identify
and quantify Pls species with multiple SRM/MS analyses.

Recently, SRM/MS analysis with multiple transitions, namely, LC-
targeted multiplexed SRM/MS systems, has received much attention
for both identification and quantification in MS-based targeted prote-
omics [29-31]. This analysis targets multiple preselected precursor-
product ion transitions for each analyte. Multiple filtering stages with
several structurally specific product ions of the target compound
improve the selectivity and reliability by reducing the probability of
false positive identification. Because compounds containing the same m/
z produce different structural ions due to differences in molecular
structure, only structure-specific ions are detected after multiple tran-
sitions analysis [32]. However, a previous study reported [28] that the
selection of multiple precursor-product ion transitions is the major
challenge for the development of this system. For this purpose,
laboratory-based discovery experiments are conducted to determine the
target analyte. However, this experiment-based method is not effective
for low-abundance compounds. The complex backgrounds of biological
samples compromise the reliability of MS/MS spectra of low-abundance
analytes. An alternative way to overcome this problem is through the
use of information collected in a database. Here, we selected five
precursor-product ion transitions for each Pls species based on the in-
formation in previous full-scan MS/MS-based studies [23,24] or in the
LipidBlast in-silico MS/MS database (MSMS-prediction-distribute-v49)
[2].

Many Pls molecules have the same molecular weight and composi-
tion as other PLs. The LC-targeted multiplexed SRM/MS system is ex-
pected to be useful for the identification and analysis of these low-
abundance lipids. In this study, we established and validated a method
for both the identification and quantification of Pls species using this
system.
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2. Material and methods
2.1. Chemicals and reagents

The commercial standards (CSs) 1-(1Z-octadecenyl)-2-oleoyl-sn-
glycero-3-phosphocholine (PC (P-36:1) (P-18:0/18:1) or C18(plasm-
18:1 PC) and the internal standards (ISs) 1-pentadecanoyl-2-oleoyl
(d7)-sn-glycero-3-phosphocholine (PC (d7-33:1)) and 1-pentadecanoyl-
2-oleoyl(d7)-sn-glycero-3-phosphoethanolamine (PE (d7-33:1)) were
purchased from Avanti Polar Lipids (Alabaster, AL). LC-MS grade
ammonium formate and ammonium acetate were purchased from
Sigma-Aldrich (St. Louis, USA). LC-MS grade methanol and methyl tert-
butyl ether (MTBE) were obtained from Wako Pure Chemical Industries
(Osaka, Japan).

2.2. Animal experiments

Male wild-type mice of AD model mouse, J20 [33] (3 months old)
were used in this study. These mice were kept in fasting for 6 h before
sample collection. The study was approved by the Ethical Committee of
Shimane University School of Medicine (approval number: [Z29-28). All
animal experimental procedures were performed following the guide-
lines and the regulations for experimentation at Shimane University.

2.3. Sample preparation

PLs were extracted according to a previously reported lipid extrac-
tion method with some modifications [34]. Briefly, 10 mg of weighed
white matter tissue from the mouse brain was homogenized in 462 pL
ice-cold methanol containing ISs (133 pmol PC (d7-33:1) and 282 pmol
PE (d7-33:1)). Each homogenized sample was centrifuged at 6000 rpm
for 2 min at 4 °C, and the supernatant was collected. Then, 1540 pL
MTBE was added and incubated overnight with shaking at room tem-
perature. Afterward, 128 pL of 0.15 M ammonium acetate solvent was
added to 1/3 of the supernatant and centrifuged at 3000 rpm for 15 min
at 4 °C. The upper organic layer was collected, and the bottom layer was
re-extracted with 411 pL solvent mixture (10:3:2.5 MTBE:meth-
anol:0.15 M ammonium acetate, by volume). Finally, the collected lipid
extract was dried under a vacuum evaporator and stored at —80 °C until
LC-MS analysis. The dried lipid extract was dissolved in 667.3 pL of
methanol/10 mM ammonium formate (9:1, by volume) before LC-MS
analysis.

2.4. LC-MS/MS conditions

A Shimadzu HPLC system coupled to a triple quadrupole mass
spectrometer equipped with an electrospray ionization (ESI) source
(Nexera X2, LCMS-8030, Shimadzu Co., Kyoto, Japan) was used. The
chromatograph consisted of a DGU-14 AM degasser, an LC-10AD pump,
a SIL-HTC autosampler (held at 4 °C), and a thermostatted column
compartment. The ESI source settings were as follows: heat-block and
dissolved-line temperatures, 400 °C and 250 °C, respectively, and

B
sn-1 CHo— O—8H=CH— Ry

1]
sn-2 ?H =0-C~R;,

s1-3 CHo=0=P-0r(CHy)2-NH,8

Ethanolamine head group

Fig. 1. Chemical structure of target plasmalogen (Pls). Fatty alcohols are present in the sn-1 position, whereas the sn-2 position is occupied by fatty acids. The
structure of Pls-PC with a choline head group at the sn-3 position (A). The structure of Pls-PE with an ethanolamine head group at the sn-3 position (B).
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nebulizer and drying gas flow rates, 2 and 15 L/min, respectively. Ni-
trogen gas was used as the collision and nebulizer gas. The mobile phase
was 10 mM ammonium formate (solvent A) and 100% methanol (sol-
vent B). A sample was loaded onto a YMC-Triart C18 analytical column
(3 pm, 2.0 x 100 mm, YMC Co., Kyoto, Japan) with a guard cartridge
held at 40 °C. Separation was performed using a binary gradient system
at a flow rate of 0.2 mL/min. The gradient program was as follows: 0
min, 80% B; 8 min, 100% B; 15 min, 100% B; 15.1 min, 80% B; and 25
min, 80% B.

Data acquisition and analyses were performed using LabSolutions
software (version 5.60SP2 software; Shimadzu). The quantification of
Pls-PC and Pls-PE was performed with the calibration curves of PC
(d7-33:1) (753.6 > 184) and PE (d7-33:1) (711.6 > 570.5), respec-
tively. To eliminate the matrix effect, the area of each target was cor-
rected by the IS area ratio of sample to standard. The quantitative values
were determined using the corrected area with IS calibration curves. The
measurement point of PC (d7-33:1) was 6, from 0.00014 to 0.4256
pmol/2 pL injection, and that of PE (d7-33:1) was 5, from 0.00072 to
0.45120 pmol/2 L injection. The peak areas of all analyte Pls species
were within the range of the calibration curve. Finally, amounts were
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3. Results
3.1. Identification of Pls-PC by targeted multiplexed SRM/MS analysis

First, we identified and characterized the commercial standard (CS)
PC (P-36:1) (P-18:0/18:1) (Fig. 2). We selected the precursor ion m/z
772.6 [M + H] ™" in the positive mode (Fig. 2A) or m/z 816.6 [M + 45]~
in the negative mode (Fig. 2B), as previously reported [35]. Four
product ions of m/z 184.0, 504.4, 445.3, and 508.4 (Fig. 2Aa-d) in the
positive mode [23] and one product ion at m/z 281.2 (Fig. 2Be) in the
negative mode were chosen. These product ions were identified as
phosphate-choline, sn-1 ether loss, sn-1 loss —59, sn-2 acyl loss, and sn-2
fatty acid carboxylate ions in the LipidBlast in-silico MS/MS database
(MSMS-prediction-distribute-v49) (Fig. 2A and B) [2]. Next, the pa-
rameters for each transition, such as collision energy (CE), were opti-
mized (Table 1). Analysis of the CS with five SRM transitions showed

Table 1
SRM transitions of PC (P-36:1) (P-18:0/18:1) and PE (P-36:1) (P-18:0/18:1).

. Target Mode SRM transitions CE
expressed as nmol/mg of tissue sample.
Precursor ion Product ion
2.5. Statistical analysis PC (P-36:1) + 772.6 184.0 -32
(P-18:0/18:1) 504.4 -33
The collected data were analyzed using Microsoft Excel. All quanti- 445.3 -37
. . 508.4 -33
tative data are presented as the mean + SD (standard deviation). Ana- _ 816.6 281.2 42
lyses and figure preparation were performed using Microsoft Excel. PE (P-36:1) + 730.6 589.6 -20
(P-18:0/18:1) 462.3 22
392.3 —22
339.3 —-22
- 728.6 281.2 +30
Note: +, positive; —, negative; CE, collision energy.
C  (x100,000)
A  Positive mode 7.0] .
1 a. phosphate choline,
6.0] 772.6>184.0 (+)
Ce— 501 b. sn-1 ether loss,
b ! 772.6>504.4 (+)
CHoTO~CH=CH R, 4.0 ¢. sn-1 loss — 59,
CI:O_ETCH 30 772.6>445.3 (+)
R2 d l 9 4 1 d.sn-2 acyl loss,
CHy O-I?-O—(CHZ)z N(CH3 3 2.0 772.6>508.4 (+)
OH E .
a 1.0{ e.sn-2 fatty acid,
816.6>281.2(-)
PC (P-36:1) (P-18:0/18:1) 0.0
m/z772.6 120 125 130 135 140 145 150 155 min
D
(x1,000)
B Negative mode 7.0]
6.0
e CH,—0O~-CH=CH-R ]
I 5.0/
CO— H Q £
1 o |C 0 CH 4.0
R2 1 O; ]
CHz2=0-P-0-(CH2)2-N(CHy3 3.0
2.07
PC (P-36:1) (P-18:0/18:1) 1.0}
m/z 816.6 0.0
12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 min

Fig. 2. Identification of PC (P-36:1) (P-18:0/18:1) by LC-targeted multiplexed SRM/MS. The structure of PC (P-36:1) and the fragmentation pattern in the positive
(A) and negative (B) modes. Identification of the PC (P-36:1) peak by matching the RT of five SRM transitions from the commercial standard (C) and brain samples
(D). Note, Ry: CyHas (m/z 225.2582); Ry: Cy7H3s (m/z 237.2582). Here, the mentioned intensity of the 772.6 > 184.0 transition was 1/20th of the original intensity.
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that all peaks were detected at the same retention time (RT) (Fig. 2C).

In mouse brain samples, the transition 772.6 > 184.0 produced three
peaks (Fig. 2D). Among those three peaks, only the RT of the third peak
matched that of the other four SRM transitions. Furthermore, the RT
matched that of the standard (Fig. 2C). Thus, the 3rd peak was
confirmed as PC (P-36:1) in the mouse brain sample.

To identify different Pls-PC species from the mouse brain sample,
first, a precursor ion scan between m/z 400.0 and m/z 900.0 for the
product of m/z 184.0 was performed. Most of the expected precursor
ions from this scan were not found (data not shown here). Consequently,
the precursor ions of Pls-PC molecular species containing sn-1 C16:0,
C18:0, and C20:0 were selected from the database, and transitions with
respect to their common product ion 184.0 were determined. The pre-
cursor ions for target candidates of identification were selected from the
transitions [M + H]" >184.0, which produced good peak intensity. For
these precursor ions, respective product ions were chosen from the
database following PC (P-36:1). After the same analysis as that for PC (P-
36:1), the correct peak for each Pls-PC species from mouse brain samples
was identified by matching the RTs of at least two of the five SRM
transitions, and the corresponding peak was quantified. This identifi-
cation method allowed us to identify 22 Pls-PC species from mouse brain
samples (Table S1). Among these species, the percentages of sn-1 C16:0,
C18:0 and C20:0 Pls-PC species were 50%, 41%, and 9%, respectively
(Fig. 3A).

3.2. Identification of Pls-PE by targeted multiplexed SRM/MS analysis

Since PIs-PE concentrations are higher than those of Pls-PC in brain
tissue, we did not use the CS to develop a method for Pls-PE detection,
but instead utilized five transitions for PE (P-36:1) (P-18:0/18:1) using
brain tissue in the same way as for PC (P-36:1). Identification of PE (P-
36:1) is shown in Fig. 4. First, we selected the precursor ion, m/z 730.6
[M + H]" in the positive mode (Fig. 4A) or m/z 728.6 [M—H]~ in the
negative mode (Fig. 4B), as previously reported [35]. Then, the four
product ions m/z 589.6, 462.3, 392.3, and 339.3 in the positive mode
(Fig. 4Aa-d) [23] and one product ion m/z 281.2 in the negative mode
(Fig. 4Be) were selected. These product ions were identified as neutral
loss of m/z 141.0, sn-1 ether loss, sn-1 ether + CoHgNO3P, neutral loss of
sn-1 ether + CoHgNOsP and the sn-2 fatty acid carboxylate ion in the
database (Fig. 4A and B) [2]. Next, we optimized the parameters of
transitions directly using the brain sample (Table 1). During brain
sample analysis, three peaks appeared at the 730.6 > 589.6 transition,
but the RT of only the 3rd peak was matched with the peaks of four other
SRM transitions (Fig. 4C), which allowed for the correct identification of
PE (P-36:1).

Next, to identify Pls-PE molecular species other than PE (P-36:1)
from the sample, a precursor ion scan between m/z 400.0 and m/z 900.0
for the product neutral loss of m/z 141.0 was performed. However, most
of the expected precursor ions were not found like Pls-PC. Next, five
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SRM transitions of Pls-PE species containing sn-1 C16:0, C18:0, and
C20:0 were obtained using the database in the same manner as for PE (P-
36:1). For the Pls-PE species containing sn-1 C18:1 and C20:1, product
ions m/z 390.0 and m/z 418.0, respectively [24], were selected. Other
product ions of these species were theoretically calculated. The target
Pls-PE species were identified by matching the RTs of these five SRM
transitions. This analysis allowed us to identify 55 Pls-PE species from
mouse brain samples (Table S2). The percentages of sn-1 C16:0, C18:0,
C18:1, C20:0 and C20:1 Pls-PE species were 35%, 25%, 24%, 11%, and
5%, respectively (Fig. 3B).

3.3. Comparison of RTs for Pls with the same carbon number according to
the difference in the degree of fatty acyl chain unsaturation

We evaluated the effect of double bonds on the elution of the same
carbon-containing Pls species. Fig. 5 shows the RT trend for five mo-
lecular species with the same carbon number and different degrees of
saturation in Pls-PC (Fig. 5A) and PIs-PE (Fig. 5B). In the cases of both
Pls-PC and PIs-PE, the RTs were shorter with a higher degree of unsa-
turation (Tables S1 and S2).

3.4. Quantification of Pls-PE and Pls-PC in mouse brain samples

After identification of the Pls, we quantified them by a single SRM/
MS method. Pls-PC species were quantified using the transition [M +
H]" >184.0, which had the highest intensity among the five transitions.
This product ion was derived from phosphate-choline, a common
structure among PC group PLs [36]. On the other hand, Pls-PE species
were quantified using the transition [M + H]" > neutral loss of m/z
141.0. This product ion was derived from ethanolamine phosphate, a
common structure of PE-type PLs [36]. Through these standard transi-
tions, Pls having the same molecular weight can simultaneously be
detected independently of their fatty acyl chain composition.

The major Pls-PC species in the mouse brains were PC (P-32:0), PC
(P-34:1), PC (P-34:0), PC (P-36:3), PC (P-36:1) and PC (P-38:5)
(Fig. 6A). On the other hand, the major Pls-PE species were PE (P-36:2),
PE (P-36:1), PE (P-38:5), PE (P-38:4), PE (P-38:3) and PE (P-40:5)
(Fig. 6B). Many PIs-PE species have positional isomer species, and the
relative abundance of these isomer species was determined (data not
shown) [37]. Most species were PUFAs containing Pls (Fig. 6B and
Table S2). The concentration of total Pls-PE (1.89 + 0.14 nmol/mg tis-
sue) was much higher than that of Pls-PC (0.71 + 0.12) (Fig. 6C).

4. Discussion

In the present study, we developed an LC-targeted multiplexed SRM/
MS system for both the identification and quantification of different Pls
species. It was reported that Pls identification, especially that of Pls-PC,
is difficult in the absence of alkali metal adducts due to the little

A B
€20:0 €20:1
9% _ C20:0 50,
\ C16:0
50%
X
| Cl16:0
\ | 3%
CI80 ci8:1
41% 24% C18:0
25%

Fig. 3. Summary of identified Pls-PC and Pls-PE species. The percentages of sn-1 C16:0, C18:0, and C20:0 Pls-PC species (A) and sn-1 C16:0, C18:0, C18:1, C20:0, and

C20:1 PIs-PE species (B) are shown.
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C (x100,000)

a. Neutral loss of m/z 141.0,
730.6>589.6 (+)

730.6>462.3 (+)

c. sn-1 ether + C,HgNO,P,
730.6>392.3 (+)

d. Neutral loss of (sn-1 ether +
C,HgNO,P),
730.6>339.3 (+)

e. sn-2 fatty acid,
728.6>281.2 (-)

sn-1 ether loss,

VAN

A Positive mode
3.0
b.
2.5
2.0
PE (P-36:1) (P-18:0/18:1) —
m/z 730.6
1.5
B  Negative mode
1.0
CIIHZ—O-CH=CH—R1
(4 ]
O=9-O}CH
R2 I C“) 0.5
CHZ—O-FI>—O—(CH2) 2-NH»
PE (P-36:1) (P-18:0/18:1)
m/z728.6 0.0
12.0

125 13.0 135 140 145 150 155 min

Fig. 4. Identification of PE (P-36:1) (P-18:0/18:1) by targeted multiplexed SRM/MS. The structure of PE (P-36:1) and the fragmentation pattern in the positive (A)
and negative (B) modes. Identification of the PE (P-36:1) peak by matching the RTs of five SRM transitions from brain samples (C). Note, R;: C;6H33 (m/z 225.2582);

Ro: Ci7Hss (m/z 237.2582).

A 6,

15.5 1
15 -
14.5
14
13.5 1
13 : . . . .

Retention time (min)

Degree of fatty acyl saturation

B 165 -
Tg 16
=15.5 A
Q
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5145 A
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2135 -
13 : . . . .
%@\ %‘dﬁ')\ %@\ %6'\\ %6'®
g & K
EOMIF NI I S

Degree of fatty acyl saturation

Fig. 5. The RTs of Pls with the same carbon number depend on the degree of unsaturation of the fatty acyl chain. The RT tendencies of the five species of Pls-PC (A)

and PIs-PE (B) are shown.

fragmentation pattern in full-scan MS/MS analysis. Some studies have
used alkali metal adducts to solve this problem, but high alkali metal
adduct concentrations can damage MS instrumentation, and low con-
centrations may cause poor Pls peak separation [23]. However, here, we
applied an LC-targeted multiplexed SRM/MS system and successfully
identified sn-1 and sn-2 fatty acyl chains of 22 Pls-PC and 55 Pls-PE
species using ammonium formate as the elution buffer in one run.
Thus, targeted identification in multiplexed SRM/MS analysis does not
require full-scan MS/MS analysis, pretreatment with acid hydrolysis or
the use of an alkali metal. This system allows for relatively simple,
specific, and sensitive analysis.

To develop a multiplexed SRM/MS system, five product ions were
selected from a database. The regulatory body provides a guideline [38]
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for LC-MS/MS analysis which states that the RTs of at least two of
multiple transitions should be matched for identification of a compound.
A previous study [30] also reported that the same RT of peaks from
multiple transitions for the same precursor ion ensured correct identi-
fication of a compound. We identified individual species by matching
the RTs of at least two of five SRM transitions for Pls-PC and all five SRM
transitions for Pls-PE.

Importantly, among the identified Pls species, we detected C20:0
fatty alcohols at the sn-1 position in Pls species such as PC (P-36:0) (P-
20:0/16:0), PE (P-36:1) (P-20:0/16:1), PE (P-36:0) (P-20:0/16:0), PE (P-
38:2) P-(20:0/18:2), PE (P-40:4) (P-20:0/20:4), and PE (P-40:3) (P-
20:0/20:3) (Tables S1 and S2). These species were reported in the
database [2], not in Pls analysis-related studies [26]. We also detected
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Fig. 6. Quantification of Pls species from mouse brain samples. Concentrations of individual molecular species of Pls-PC (A) and Pls-PE (B). The total concentrations
of Pls-PC and Pls-PE were also calculated (C). The data represent the means + SD (standard deviation) obtained from 4 mice.

some low-abundance species containing C20:1 fatty alcohols at the sn-1
position, such as PE (P-40:5) (P-20:1/20:4), PE (P-40:4) (P-20:1/20:3),
and PE (P-40:3) (P-20:1/20:2) (Table S2). The low abundance of these
species might be the reason for their not being reported in full-scan MS/
MS analysis. However, this system allowed us to detect such low-
abundance Pls species from mouse brain tissue. This result suggests
that the LC-targeted multiplexed SRM/MS system can be used for the
characterization of low-abundance lipid molecules in lipidomic studies.

Previously, quantification of Pls by a single SRM/MS analysis was
reported [26,27]. Although several peaks were detected by this analysis,
identification of correct peaks of individual species is necessary. For
example, our results showed that the transition used for quantification
with product ions at m/z 184.0 for Pls-PC and the neutral loss of m/z
141.0 for Pls-PE produced multiple peaks. However, after analysis with
five transitions, only one peak was identified for individual Pls species.
Thus, this system selectively and specifically identified Pls from complex
biological samples. The use of multiple transitions for the same pre-
cursor ion increased the selectivity and reliability of SRM/MS analysis
and reduced the possibility of false positive identification. In addition,
this identification system provides a simple means of validating many
Pls species that can be false positively identified by a single SRM/MS
analysis.

We developed a single SRM/MS method for quantification using ISs.
Validation guidelines [38] recommend independent methods to confirm
the identity of an analyte in LC-MS analysis. Previous studies as well as
regulatory guidelines recommend IS addition-based matrix effect
correction [39]. In this study, protonated Pls-PC and Pls-PE were
quantified with transitions using common product ions at m/z 184.0 and
neutral loss of m/z 141.0, respectively. Although the transition using the
neutral loss of m/z 141.0 did not show the highest peak intensity among
the five transitions, it was chosen to be the same transition as that of the
IS PE (d7-33:1). Thus, we could quantify positional isomer species
having the same molecular weight by one transition. For example, PE (P-
36:1) (m/z 730.6) has four positional isomer species: P-16:0/20:1, P-
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18:0/18:1, P-18:1/18:0 and P-20:0/16:1. We quantified the total con-
centration of PE (P-36:1) (0.18 + 0.009 nmol/mg tissue) through this
system. In addition, the purpose of this study was to check the changes of
Pls species levels in clinical diseases, not to quantify the absolute con-
centration of Pls molecular species. Thus, we followed a semi-
quantitative method using a few internal standards previously
described [40]. In our future study, we are planning to quantify the
individual concentrations of these positional isomer species by moni-
toring unique transitions. Our result that the concentrations of Pls-PE
were higher than those of Pls-PC in the mouse brain was supported by
previous studies [3]. Our calculated Pls concentrations were almost the
same as those in previous reports [40,41].

It was found that the more saturated fatty acyl chains there were with
the same carbon number, the greater the RT [42,43]. In this study, we
tried to confirm that the respective RTs of the same carbon-containing
Pls species will depend on the number of double bonds of the fatty
acyl chains [44]. We found that the RTs of Pls-PC and Pls-PE species with
the same carbon number depended on the number of double bonds
present in the fatty acyl chain. Thus, determination of the elution order
for Pls species with the same carbon number aided in their
identification.

We identified and quantified C16:0, C18:0, and C20:0 fatty alcohols
at the sn-1 position in Pls species as targeted products and found them in
the database (MSMS-prediction-distribute-v49). However, information
about C18:1 and C20:1 fatty alcohols at the sn-1 position in Pls species
was not found in the database. A previous full scan MS/MS study re-
ported product ions of Pls-PE species having C18:1 and C20:1 fatty al-
cohols at the sn-1 position were 390.0 and 418.0, respectively [24].
Based on this information, we identified Pls-PE positional isomer species
containing C18:1 and C20:1 fatty alcohols at the sn-1 position
(Table S2). Further studies are warranted to determine the targeted
product ions and to identify C18:1 and C20:1 fatty alcohols at the sn-1
position in Pls-PC species. In addition, alkyl-acyl-PC and alkyl-acyl-PE
are intermediate products of the Pls biosynthesis pathway. The



AK. Azad et al.

difference in the alkyl-acyl-type structure with respect to the Pls-type
structure is the presence of only the ether (instead of vinyl ether) link-
age at the sn-1 fatty acyl chain. Product ions, such as those used for Pls-
PC and PIs-PE identification, are not found in the database (MSMS-
prediction-distribute v49). In this study, the precursor ions of alkyl-acyl-
PC and alkyl-acyl-PE were selected from the database, and their targeted
product ions were theoretically calculated. After analysis, five alkyl-
acyl-PCs and two alkyl-acyl-PEs were identified (data not shown
here). More detailed studies are warranted to differentiate the charac-
teristics such as elution order and the effects of different linkages at the
sn-1 fatty acyl chain on the RT among diacyl-, alkyl-acyl- and Pls-type
lipids. Nevertheless, this study will be of importance to identify and
quantify additional Pls species as well as low-abundance PLs species
using lipidomic database information.

In conclusion, our results suggest that this system is a very sensitive
identification and quantification method for Pls. The developed method
can be applied not only to Pls analysis but also to other lipid analyses,
and is expected to fuel research in the lipidomics field. Moreover, this
method will help to build understanding of the physiological roles of Pls
in different clinical diseases.
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