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Abstract Liquid chromatography—electrospray tandem
mass spectrometry (LC/ESI-MS/MS) was used to analyze
phospholipids from three species of the anaerobic beer-
spoilage bacterial genus Pectinatus. Analysis of total lipids
by HILIC (Hydrophilic Interaction Liquid Chromatogra-
phy) column succeeded in separating diacyl- and plas-
malogen phospholipids. Plasmalogens were then analyzed
by means of the ESI-MS/MS and more than 220 molecular
species of four classes of plasmalogens (PlsCho (choline
plasmalogen), PIsEtn (ethanolamine plasmalogen), PIsGro
(glycerol plasmalogen), and PlsSer (serine plasmalogen))
were identified. Major molecular species were c-p19:0/15:0
PIsEtn and PlsSer, which accounted for more than 4% of
the total lipids.
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Abbreviations

CID Collision-induced dissociation

DMSZ Deutsche Sammlung von
Mikroorganismen und Zellkulturen
(German Collection of Microorganisms
and Cell Cultures)

ECL Equivalent chain length

FA Fatty acid(s)

FAME Fatty acid methyl ester(s)

GC-MS Gas chromatography—mass
spectrometry

HILIC Hydrophilic Interaction Liquid
Chromatography

LC/ESI-MS/MS

Liquid chromatography—electrospray
ionization tandem mass spectrometry

PtdOH Phosphatidic acid

PtdIns Phosphatidylinositol

PIsCho Choline plasmalogen

PIsEtn Ethanolamine plasmalogen

PIsGro Glycerol plasmalogen

PlsSer Serine plasmalogen

RIBM Research Institute of Brewing and
Malting

RSD Relative standard deviation

TLC Thin layer chromatography

Introduction

Microbial contamination that can occur during the brewing
process can negatively affect the process of beer produc-
tion and the quality of the final product. The contaminants
can include, besides the so-called wild yeasts and molds, a
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number of bacterial genera [1-3]. Improvements in beer
handling and bottling technology have resulted in a sig-
nificant reduction in the oxygen content during the process
and in packaged beer, which has permitted the growth
of anaerobic beer-spoilage bacteria such as Pectinatus,
Megasphaera, Selenomonas and Zymophilus [1-5].

These anaerobic beer-spoilage bacteria belong to the
class Clostridia and the family Veillonellacea; despite their
phylogenetic affiliation to Gram-positive bacteria the cells
stain Gram-negative or Gram-variable [6, 7]. The bacteria
Pectinatus and Zymophilus have been isolated only from
breweries, and their natural environment is still unknown
[5, 6, 8].

The anaerobic beer-spoilage bacterium Pectinatus has
become a serious problem in the brewing industry because
it can cause strong turbidity and sediment in beer and
produces unpleasant volatile compounds, mostly acids, e.g.
acetic, propionic, succinic, butyric, valeric and caproic acid
and also acetoin and hydrogen sulfide [1-3]. As a result,
bacterial spoilage activity can completely damage the beer
taste and quality and thus cause serious financial problems
to the brewery.

Detection of these spoilage bacteria in breweries is still
based on traditional incubation on special diagnostic/
selective media [2, 3], which is very time-consuming. For
example, development of turbidity in beer forcing tests
takes 4-6 weeks [5, 6]. Using the SMMP-medium (a
selective medium for Megasphaera and Pectinatus) the
incubation takes up to 14 days [5]. Further alternatives are
fatty acids or O-alk-1'-enyl chains analysis [3], epifluo-
rescence microscopy, immunofluorescence [6] or modern
genetic methods such as PCR [5], fluorescence in situ
hybridization [6] or oligonucleotide microarrays [9].

Plasmalogen is any derivative of sn-glycero-3-phos-
phoric acid that contains an O-alk-1"-enyl residue (some-
times named vinyl ether moiety or enol ether moiety, see
Fig. 1) attached to the glycerol moiety at sn-1 position and
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Fig. 1 The structures of plasmalogens. The explanation is in the
abbreviations, the structures of the major ions is in Tables 2, 3, 4
and 5
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a polar head made of a nitrogenous base, a glycerol, ino-
sitol, etc. moiety.

Plasmalogens are among the most specific lipids since
their occurrence is limited to strictly anaerobic bacteria
[10] and they are not present in aerobic or facultatively
anaerobic bacteria. They have been exceptionally found
also in fungi [11] while their presence in higher plants is a
matter of contention [12, 13]. By contrast, they are com-
mon constituents of animal lipids from invertebrates to
humans [14]. They are found mostly as PlsCho (choline
plasmalogen), PIsEtn (ethanolamine plasmalogen), PIsGro
(glycerol plasmalogen), and PlsSer (serine plasmalogen),
etc. (Fig. 1).

Analysis of plasmalogens makes use of their vinyl ether
bond at the sn-1 position, which is liable to acid-catalyzed
hydrolysis. The presence of mere traces of an acid causes
hydrolysis resulting in a lysophospholipid and a fatty
aldehyde. Following their separation by, e.g., TLC, fatty
aldehydes can be determined by GC-MS. Another possi-
bility is the removal of the polar moiety of the molecule by
phospholipase C and identification of alkyl-acyl, alkenyl-
acyl and diacyl-glycerols by HPLC or, after derivatization
of the free hydroxyl group, by GC [15]. All these methods
are time- and labor-demanding. Another possibility, which
has rather rarely been mentioned in the literature, is the
separation of intact plasmalogens from diacylphospholipids
by HPLC on diol columns [15]. The authors [16—18] have
always used an HPLC column with a diol bonded sta-
tionary phase and a highly complex organic phase con-
sisting of up to six solvents [17] and, in addition, elution
with a nonlinear gradient. The mobile phase also contained
a buffer composed of an organic acid (acetic or formic) and
base (ammonia, ammonium acetate or triethylamine). The
elution order of individual phospholipids was different but,
fortunately, plasmalogen was always eluted ahead of the
corresponding diacyl-derivative.

Amphiphilic molecules such as phospholipids can be
separated on a HILIC (Hydrophilic Interaction Liquid
Chromatography) column, although it has more often been
used for separating water-soluble analytes [19]. Separation
of phospholipids on a HILIC column is described in only a
few papers, with relatively controversial results concerning
especially the elution of individual phospholipid classes.
Thus Schwalbe-Herrmann has described an elution order of
PtdGro, PtdEtn and PtdCho [20], whereas Kamleh reported
on the order PtdCh, PtdSer and PtdGro [21] and Scherer
obtained the sequence PtdGro and PtdOH [22]. To our
knowledge, our paper is the first to describe gradient HILIC
separation of at least five phospholipid classes including
plasmalogens.

Identification of intact plasmalogens has already been
described by, e.g., Hsu et al. [23-26] who reported on ESI-
MS or ESI-MS/MS identification as lithiated adducts, e.g.
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[M + Li]* molecular ions and their cleavage to give char-
acteristic fragments that allow identification of individual
molecular species. The CID spectra of [M + H]" and
[M + Na]™ ions of PtdCho and PtdEtn are rather uninfor-
mative regarding the nature and position of the fatty acyl
substituents in lipids [27]. In the presence of lithium salts,
PtdCho and PtdEtn form [M + Li]" ions which, upon CID,
produce product ion spectra that contain diagnostic fragment
ions for both the polar head group and the fatty acyl groups.

This report is part of our investigation of analysis bac-
terial lipids within the framework of a comprehensive
program on the analysis and biosynthesis of lipids [28, 29].

In this article, we present for the first time separation of
intact plasmalogen phospholipids from diacyl phospholip-
ids of anaerobic bacteria, and identification and quantita-
tion of individual molecular species of four plasmalogens,
i.e. PtdEtn, PtdGro, PtdSer, and PtdCho by LC-ESI/MS?
from the three strains of bacterium Pectinatus.

Experimental
Bacterial Strains

Pectinatus frisingensis DSM 20465 and P. cerevisiiphilus
DSM 20467 were purchased from the DSMZ Collection
(Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen, Braunschweig, Germany). P. frisingensis RIBM
2-86 was obtained from the RIBM Collection (Research
Institute of Brewing and Malting, Prague, Czech Republic).
All strains originated from brewery environment.

Cultivation and Extraction of Bacterium Strains

Pectinatus strains were grown in a modified MRS broth
(medium according to de Man, Rogosa, and Sharpe, Merck,
Darmstadt, Germany) supplemented with cysteine hydro-
chloride (0.5 g/L) and sodium thioglycollate (0.5 g/L), pH
5.6-5.7, for 48 h at 28 °C. Cultivation was performed
under aerobic conditions (300 mL of modified MRS broth
in 500-mL Erlenmeyer flasks, the surface of the medium
was covered with sterile mineral oil to ensure anaerobio-
sis). No anaerobic atmosphere is needed if the medium is
freshly prepared, is not stirred, the transfer of culture by
pipette is quick and the inoculum is placed in the bottom of
the test tube. After cultivation, the biomass was transferred
to new tubes, chilled on ice and harvested immediately by
centrifugation (10 min/6,000 rpm/0 °C). The tubes with
pellets were placed on dry ice and stored frozen until
freeze-dried. The yields of biomass and their lipid com-
ponents are given in Table 1.

The extraction procedure was based on the method
of Bligh and Dyer [30], except that 2-propanol was

Table 1 Yields of biomass, total lipids and phospholipids of Pec-
tinatus frisingensis DSM 20465, P. cerevisiiphilus DSM 20467, and
P. frisingensis RIBM 2-86

RIBM DSM DSM

2-86 20465 20467
Biomass in mg 306.0 407.0 469.0
Total lipids in mg 12.3 13.7 14.1
Total lipids in % 4.0 3.4 3.0
Phospholipids in mg 59 7.1 7.5
Phospholipids in % of total lipids 48.0 52.0 23.0

Data were obtained by weighing and by means of a Sep-Pak Cartridge
with an aminopropylsilica-based polar bonded phase

substituted for methanol, since 2-propanol does not serve
as a substrate for phospholipases [31]. The alcohol-water
mixture was cooled and one part chloroform was added and
the lipids were extracted for 30 min. Insoluble material was
sedimented by centrifugation and the supernatant was
separated into two phases. The aqueous phase was aspi-
rated off and the chloroform phase was washed three times
with two parts 1 M KCI each. The resulting chloroform
phase was evaporated to dryness under reduced pressure.

First, total lipid extracts were applied to the Sep-Pak
Cartridge Vac 35 cc (Waters; with 10 g of aminopropyl-
silica-based polar bonded phase), and from the cartridge
were subsequently eluted nonacidic lipids with 40 mL of
chloroform—methanol (7:3), and acidic lipids with 30 mL
of chloroform—methanol-concentrated aqueous ammonia
(70:30:2) containing 0.4% (w/v) ammonium acetate. The
eluate was reduced in volume and subjected to semipre-
parative HILIC or LC-MS. No alkyl acyl species were
present.

LC-MS Analysis and Semipreparative HILIC

The HPLC equipment consisted of a 1090 Win system, a
PV5 ternary pump and an automatic injector (HP 1090
series, Hewlett Packard, USA). Gradient chromatographic
separation was performed on a Merck ZIC®-HILIC HPLC
column, with 3.5 um 100 A and 2.1 x 250 mm. The
injection volume was 5 pL, and the column was main-
tained at 50 °C. The mobile phase consisted of (a) aceto-
nitrile/water (8:2) with buffer (10 mM ammonium formate,
0.5 mM LiOH and 0.5 mM AcOLi) and (b) acetonitrile/
water (5:5) with buffer (20 mM ammonium formate,
0.5 mM LiOH and 0.5 mM AcOLi). A gradient elution
was performed with 100% A for 1 min, a step to 75% A
until 5 min, a linear decrease to 50% A until 25 min, 50%
A up to 10 min, and re-equilibration to 100% A for less
than 5 min. The flow rate was set to 180 pL/min. The
efficiency of the column was approximately 25,000 plates/
250 mm.
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The detector was an Applied Biosystems Sciex API
4000 mass spectrometer (Applied Biosystems Sciex,
Ontario, Canada) using electrospray mass spectra. The
ionization mode was positive, the nebulizing gas (N»)
pressure was 345 kPa and the drying gas (N,) flow and
temperature were 9 L/min and 300 °C, respectively. The
electrospray needle was at ground potential, whereas the
capillary tension was held at 3,900 V. The cone voltage
was kept at 240 V. The mass resolution was 0.1 Da and the
peak width was set to 6 s. For an analysis, total ion currents
(full scan) were acquired from 200 to 1,100 Da.

CID ions mass spectra were acquired by colliding the
Q1 selected precursor ions with Ar gas as a collision target
gas and applying a collision energy of 50 eV in Q2. The
scanning range of Q3 was m/z 150-1,100 with a step size of
m/z 0.3 and a dwell time of 1 ms. A peak threshold of 0.3%
intensity was applied to the mass spectra. The instrument
was interfaced to a computer running Applied Biosystems
Analyst version 1.4.1 software.

The liquid chromatograph was the semipreparative
Gradient LC System G-1 (Shimadzu, Kyoto, Japan) with
two LC-6A pumps (0.5 mL/min), an SCL-6A system
controller, an SPD ultraviolet detector, an SIL-1A sample
injector and a C-R3A data processor, with semipreparative
normal phase HPLC ZIC®-HILIC 250 x 10 mm, 5 pm,
200 A column. The gradient was as described above, with
a flow rate of 4.5 mL/min, and was monitored by a variable
wavelength detector at 210 nm (HP 1040 M Diode Array
Detector).

Isolation of Aldehydes and Fatty Acids
from Plasmalogens

In order to hydrolyze plasmalogens, the eluted compounds
from semipreparative HILIC (~ 10-100 pg) were treated
with 90% acetic acid at 37 °C for 18 h and dried under
reduced pressure. The products were dissolved in a small
volume of chloroform and subjected to thin-layer
chromatography on silica gel G, eluted by chloroform—
methanol-7 M ammonia 60:35:5 (v/v/v) mixture and spots
were located by spraying with water. The aldehydes,
derived from the alk-lI-enyl groups, and lysophospholipids
were extracted from the plates with chloroform—methanol
1:2 (v/v). The fatty aldehydes were stored in hexane at
—20 °C until analyzed. The lysophospholipid was heated at
75 °C in the presence of 10% NaOH and 50% methanol
(1 mL) for 3 h. The hydrolysate was cooled, extracted
twice with petroleum ether, and then adjusted to pH 3 with
concentrated HCl. The acidified solution was extracted
three times with diethyl ether (1 mL) and the combined
extracts were then washed with water, and the sample was
concentrated under nitrogen. The fatty acids were then
methylated with diazomethane [32].

&\ Springer ANOCS &

GC-MS

Gas chromatography-mass spectrometry of FAME and
free aldehydes was done on a GC-MS system consisting of
a Varian 450-GC, a Varian 240-MS ion trap detector with
electron impact ionization, and a CombiPal autosampler
(CTC, USA). The sample was injected onto a 25 m X
0.25 mm x 0.1 pm Ultra-1 capillary column (Supelco,
Czech Republic) under a temperature program: 5 min at
50 °C, increasing at 10 °C/min to 280 °C and 15 min
at 280 °C. Helium was the carrier gas at a flow of
0.52 °C/min. All spectra were scanned within the range
m/z 50-500.

Results

Cells of three strains of genus Pectinatus were cultivated as
described in Experimental and were harvested in log phase
when the optical density of the culture was maximal. The
time of cultivation was 48 h. The yield of lyophilized cells
is shown in Table 1, which also gives the yield of lipids
obtained by the Bligh—Dyer [30] extraction of lyophilized
cells. Part of total lipids was fractionated by means of
cartridges with aminopropyl silica-based polar bonded
phase, which were rinsed in a chloroform-methanol mix-
ture and phospholipids were further eluted by a mixture of
chloroform—methanol—concentrated aqueous ammonia.

The HILIC employing a column with sulfobetaine group
(3-(trimethylammonio)propane-1-sulfonate) with a zwit-
terionic character phase is suitable for separating phos-
pholipids as well as their plasmalogen forms thanks to the
use of an appropriate mobile phase, i.e. a buffer containing
ammonium formate. This prevents acid hydrolysis of the
enol bonds. Baseline resolution was achieved between all
identified lipid classes, with partial resolution between al-
kenylacyl and diacyl phospholipids (Fig. 2) and Fig. 1 in
Supplemental, describing the separation of five standards
(16:0-18:1 PtdCho, 16:0-18:1 PtdEtn, 16:0-18:1 PtdSer,
16:0-18:1 PtdOH, and 16:0-18:1 PtdGro). The identities of
alkenylacyl- and diacyl-phospholipid peaks were con-
firmed after HILIC separation followed by ESI-MS/MS,
see below.

Baseline was stable and retention times of all identified
classes of phospholipids were well reproducible, with
standard deviations = 0.05 min for the commercially
obtained standards 1-O-1'-(Z)-octadecenyl-2-(9Z-octade-
cenoyl)-sn-glycero-3-phosphoethanolamine (p18:0/9Z-18:1-
PtdEtn) and & 0.07 min for 1-0-1'-(Z)-octadecenyl-2-(9Z-
octadecenoyl)-sn-glycero-3-phosphocholine (p18:0/9Z-18:1-
PtdCho).

Under these conditions, the main phospholipid classes
were separated well. PtdGro was eluted first, followed by
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Fig. 2 HILIC/APCI-MS
chromatogram of the
phospholipids from Pectinatus
frisingensis DSM 20465,
analyzed by a linear gradient
semipreparative normal phase 75
HPLC ZIC®-HILIC

250 x 10 mm, 5 pm, 200-A
column, with a flow rate of

4.5 mL/min, and monitored by a
variable wavelength detector at
210 nm
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PtdEtn, PtdCho, PtdSer, PtdOH, and PtdIns (Fig. 2).
Because different molecular species within a class have the
same polar head, their retention times in HILIC are very
similar. The differences in retention times for compounds
within one class are less than that between two different
classes. The different molecular species can be determined
by MS/MS.

As mentioned in the Introduction, mass spectrometry
fragmentation of diacylphospholipids has already been
described but the situation with plasmalogen phospholipids
is different. ESI tandem mass spectra of phospholipids as
monolithiated [M + Li]" adduct molecular ions, arising at
about 1 mM lithium salt concentrations in the mobile
phase, show rich fragmentation, i.e. loss of some different
neutral moieties, chiefly substituents at sn-3 or sn-2 posi-
tion, exceptionally sn-1 (1-O-alk-1"-enyl) of plasmalogen.
The corresponding ions are given in Tables 2, 3, 4 and 5.
Apart from these ions that occur regularly in all four
plasmalogens, some plasmalogens give rise to specific ions
that can serve for direct identification of the given plas-
malogen. Fast and exact identification was based on the
separation by HILIC column and identification of phos-
pholipids as monolithiated adducts, which allows for a
ready identification of plasmalogens even in very low
concentrations of about ~0.7 ng/pl.

The most abundant phospholipid was PtdEtn (29.7%
total lipids) including its plasmalogen form (PIsEtn;
24.2%). Structural characterization of PIsEtn is complicated
by numerous homologues that consist of various isomers
(Fig. 3). Identification of individual molecular species was
based on tandem MS. For example, the MS/MS spectrum of
ion at m/z 678 of lithiated molecular species c-p17:0/15:1
PlIsEtn showed the most abundant ion at m/z 635 (M +

20 25 time (min) 30

Li—43]+), i.e. ion with the structure shown in Fig. 4 and
Table 2. Other ions present in the spectrum are formed by
cleavage of neutral molecules, see e.g. ions at m/z 555
M + Li-123]", m/z 549 [M + Li-129]%, m/z 532
[M + Li-141]" and m/z 531 [M + Li-147]", arising from
neutral losses; for structures see Table 2.

Two ions with moderate abundance at m/z 383, repre-
senting combined losses of aziridine and the sn-1 alk-1'-
enyl as an alcohol, i.e. C;sH,yCH = CHOH and ion at m/z
291, representing the combined losses of lithium 2-ami-
noethyl hydrogenphosphate (for the structure see Table 2)
and the sn-2 fatty acid, i.e. pentadecenoic acid, were
identified. The nature of the fatty acid at sn-2 was further
verified by the presence of the acylium ion at m/z 240.
Based on the above ions it is thus possible to determine in
this plasmalogen the bond of the alkenyl ether at sn-I as
well as the fatty acid at sn-2. The mass spectrum displays,
below m/z 200, a dominant ion at m/z 148, which, though it
does not provide information about the pPE structure, is
nevertheless characteristic for PIsEtn and naturally also
PtdEtn. This ion is not shown in the spectrum.

Identification of molecular species with the same
molecular mass, i.e. isobaric species, was more compli-
cated but not unfeasible, see Fig. 5. This can be best
illustrated on two cases. First the mixture of two molecular
species, i.e. c-pl7:0/c-19:0 (5.5% of total PIsEtn) and
c-pl19:0/c-17:0 (4.8% of total PlsEtn), exhibits ions
[M + Li-neutral molecules]™, i.e. ions at m/z 691, 673,
611, 605, 593, and 587, which only confirm the structure of
both molecular species and do not permit an even semi-
quantitative estimate of their abundances. This estimate
was only possible based on the cluster of cluster of
four ions, i.e. two pairs (losses of aziridine with the sn-/

&) Springer AOCS &
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Table 2 Some important ions
observed in the product ion

m/z for c-p17:0/15:1-PlsEtn

spectrum of the [M + Li]t of
molecular species c-p17:0/15:1-
PIsEtn at m/z 678

Though Hsu and Turk [24]
describe a linear structure of
neutral fragments, i.e.
(HO)P(O)(OCH,CH,NH,), a
cyclic structure gives a better fit
(see the neutral loss products in (o]
the paper by Zemski Berry and ||
Murphy [50])

Data were obtained by RP-
HPLC/ESI-tandem MS/MS
operated in positive ionization
mode

[M+Li]*- OH

[M+Li]*- OH
R,CO™

NH
[M+Li]"- I> -R;CH=CHOH

678 — 43 =635

678 — 43 — 18 = 617

678 — 123 = 555

678 — 129 = 549

678 — 141 = 537

678 — 147 = 531

P NH
o™ |\o/\/ ’

678 — 43 — 252 = 383

678 — 147 — 240 = 291

P NH
o™ |\o/\/ ’

-R,COOH
223

alk-1"-enyl and combined losses of lithium 2-aminoethyl
hydrogen phosphate with the sn-2 fatty acid. The abun-
dance of ions at m/z 439 and 409, or those at m/z 319 and
291, enabled us to determine the semiquantitative abun-
dances of individual molecular species.

The same holds for four molecular species, i.e. a most
complex mixture of positional isomers containing these
four molecular species, i.e. pl15:0/c-17:0, pl17:0/15:1,
c-p17:0/15:0, and c-p19:0/13:0. Based on losses of aziri-
dine with the sn-1 alk-1’-enyl and combined losses of
lithium 2-aminoethyl hydrogen phosphate with the sn-2
fatty acid we could again determine the percent abun-
dances. Further molecular species of next plasmalogens
were identified similarly.

Like with the PlsEtn, also the tandem MS/MS spectrum
of p17:0/15:0-PlsSer having [M + Li]" ion at m/z 726
contains prominent ions at m/z 541 and at m/z 535 arising
from loss of phosphoserine as free acid and as a lithium
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salt, respectively (see Table 3). ESI spectrum of PlsGro is
shown in Fig. 2 in Supplemental. The ion at m/z 639 (726-
aziridine carboxylic acid) having medium abundance, and
ions at m/z 397 (639-R,COOH) and at m/z 415 (639-
R,’CH = CO) resulting from loss of the 15:0-fatty acid
moiety and the corresponding loss of fatty acyl ketene,
respectively, provide information needed for assignment of
the sn-2 position of the fatty acyl substituents on the
glycerol backbone. The ion at m/z 628 corresponding to
loss of the phosphoric acid originated by rearrangement in
which the anionic site of the serine head group makes a
nucleophilic attack on C-3 of the glycerol backbone, fol-
lowed by expulsion of the phosphoric acid. The mass
spectrum also features an ion at m/z 484 arising from
[M + Li] " loss of the fatty acid group. The presence of ion
at m/z 281 confirms the position of the alkenyl ether at
sn-1. The structure of fatty acid bonded to glycerol back-
bone was again confirmed by the presence of ion [R,CO]*
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Table 3 Some important ions

observed in the product ion PlsSer

m/z for p17:0/15:0 PlsSer

spectrum of the [M + Li]t of
molecular species p17:0/15:0
PlsSer at m/z 726

HN

L:>>———COOH
[M+Li]*-

[M + Li]"-H;PO,

HOOC
[hd+1j]+— NH,

HOOC
[hd+1j]f- NH,
[M + Li]"-R,COOH

HN

%COOH
[M+Li]*- R",CH=C=0

HN

726 — 87 = 639
726 — 98 = 628
|C|) 726 — 185 = 541
/T\OH
OH
ﬁ 726 — 191 = 535
/T\OLi
OH

726 — 242 = 484
726 — 87 — 224 = 415

726 — 87 — 242 = 397

\}COOH
[M+Li]*- “R,COOH

HOOC

Data were obtained by RP-
HPLC/ESI-tandem MS/MS
operated in positive ionization
mode

[M+Li]"- NH,

R,CO*

726 — 191 — 214 = 321

o
I

-R",CH=CHOH
225

at m/z 225. Further, the spectrum displayed an ion at m/z 192
corresponding to a lithiated phosphoserine ion via cleavage
of the C3-OP bond. This ion (not shown in our spectrum) is
characteristic only for PtdSer and therefore also for PlsSer.
The qualitative and quantitative abundance of molecular
species having the same summary formula and thus the
same molecular weight, i.e. c-p19:0/18:1 and p18:1/c-19:0,
was analyzed as described with PlsEtn. Hence we can
determine the abundance of two ions at m/z 423 and at
miz 409, i.e. ion with structure [M-aziridine carboxylic
acid-fatty acid]™ and two appropriate ions at m/z 335 and at
m/z 321 with structure [M-phosphoserine as lithium salt-
R,/CH = CHOH]". Semiquantitative abundance of three
or four molecular species with the same summary formula,
e.g. ¢-pl9:0/15:0, pl18:1/16:1, c-p17:0/17:0, and pl17:0/
c-17:0, was estimated as described above with PIsEtn.
The c-p17:0/15:1 PlsCho molecular species having
[M + Li]* ion at m/z 720 yields a prominent product ion at
m/z 661 caused by loss of N(CH3); (Table 4). For the ESI

spectrum of PIsCho from Pectinatus frisingensis see Fig. 3
in the Supplemental Material. This m/z 661 [M 4+ Li-59]"
ion yields ions of m/z 537 [M + Li-183]" and m/z 531
[M + Li-189]" resulting from losses of ethylene phosphate
and lithium ethylene phosphate, respectively. Identification
of the fatty acid substituent at sn-2 is based on the occurrence
of the m/z 472 ion [M + Li-R,COOLi]™ that is produced by
loss of lithium pentadecanoate from m/z 720, and a promi-
nent ion of m/z 291 [531-C¢H3;COOH] " caused by loss of
pentadecenoic acid from m/z 531. The pentadecanoate
moiety is clearly identified by the presence of the acylium
ion at m/z 223 [C,cH3,CO]". Weak ions at m/z 468 and 409,
which identify the 1-O-heptadecenyl moiety, arise by loss of
the 1-alkenyl moiety as an alcohol (Cy3H,,CH = CHOH)
from m/z 720 and 661, respectively, and further dissociation
of the latter ion yields a weak ion at m/z 395.

The last plasmalogen was identified as PlsGro; its ESI
spectrum is shown in Fig. 4 in Supplemental. The tandem
MS/MS spectrum of an ion [M + Li]* at m/z 793 indicates
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Table 4 Some important ions

observed in the product ion PlsCho

m/z for c¢-p17:0/15:1-PlsCho

spectrum of the [M + Li]t of
molecular species c-p17:0/15:1-
PIsCho at miz 720 |

[M + Li]*-NMe;

N* (o}
[M+Li]*- |
0, 0
L4
AN
[M+Li]*-NMes- g o
O, 0
\P/
/ ot

[M+Li]*-NMes- ¢

O\P//o
- / o
[M+Li]"-NMes- o -H,O

[M + Li]*- R",CH = CHOH
[M + Li]*-R,COOLi

[M + Li]"-NMes- R’,CH = CHOH

N _°

[M+Li]"- |

0, 0
N/
Data were obtained by RP- P
HPLC/ESI-tandem MS/MS
operated in positive ionization
mode

[M+Li]*-NMe;- o
R,CO™

/ \OLi

720 — 59 = 661
720 — 103 = 617

720 - 59 — 124 = 537

720 - 59 — 130 = 531

720 - 59 — 130 — 18 =513

720 — 252 = 468
720 — 248 = 472
720 — 59 — 252 = 409
720 — 103 — 222 = 395

-R"CH=C=0

720 — 59 — 130 — 240 = 291

-R,COOH

223

the structure of p19:0/c-19:0 PlsGro. Loss of dihydroxy-
cyclopropane from this [M + Li]* ion gives rise to a
prominent ion at m/z 719, see Table 4. Loss of fatty acid
from this ion yields in turn an ion at m/z 423, which is
important for the diagnostics of the structure of fatty acid at
sn-2. Also the ion at m/z 497, arising by a mere loss of fatty
acid from the [M + Li]", determines the structure of fatty
acid at sn-2. Like PtdSer, also PtdGro molecule undergoes
a rearrangement with a concomitant expulsion of phos-
phoric acid, giving rise to the ion [M + Li-H3PO4]" at
m/z 695. As mentioned in the Introduction, many ions are
common for all phospholipids; in the case of PtdGro these
are the ions arising by splitting of the polar part of mole-
cule form sn-3 of glycerol backbone, i.e. ions at m/z 621
and at m/z 615. These ions arise by the splitting of glyc-
erophosphoric acid (systematic name is 2,3-dihydroxypro-
pyl dihydrogen phosphate) or its lithium salt [M + Li-172]"
and [M + Li-178]", respectively. For structure of both ions
see Table 5.

The remaining two phospholipids, i.e. PtdOH and
PtdIns, in which no plasmalogens have been found, were
identified based on literature data, see below. After iden-
tifying all four plasmalogens we performed quantitation of
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fatty acids and phospholipids in the three strains of genus
Pectinatus.

Phospholipids were further separated by semipreparative
HILIC, see Experimental. The major phospholipids were
PtdGro, PtdEtn, PtdCho, and PtdSer, including their plas-
malogens; PtdIns was present in minor amounts. Five
peaks were not identified, see Fig. 3.

The content of fatty acids determined by GC-MS in the
three species of Pectinatus is given in Table 6. The fatty
acids included saturated ones from C11 to C18, as well as
monoenoic ones and also two acids having a cyclopropane
ring in the midchain position. The quantitative proportion
of FA in different phospholipids of one species, as well as
in individual strains did not substantially differ.

A similar situation was found in the case of aldehydes
arising by mild acidic hydrolysis; an interesting feature was
the minor proportion of octadecenal in all three PIsEtn.

Discussion

The comparison of our results with the literature data is
difficult or nearly impossible. As was found already in the
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Table 5 Some important ions

m/z for p19:0/c-19:0-PIsGro

observed in the product ion PlsGro
spectrum of the [M + Li]t of
molecular species p19:0/c-19:0- OH
PIsGro at m/z 793
[M+Li]*-  on

[M + Li]"-H;PO,

[M+Li]*- OH
[M + Li]™-R,COOH

793 — 74 =719

793 — 98 = 695
793 — 172 = 621

793 — 178 = 615

793 — 296 = 497
793 — 74 — 296 = 423

OH
Data were obtained by RP- .
HPLC/ESI-tandem MS/MS [M+Li]"™- o©H -R,COOH
operated in positive ionization R,CO* 279
mode
Fig. 3 ESI spectrum of PIsEtn 100 T
from Pectinatus frisingensis
DSM 20465. MS was run by
using the electrospray mode and 680.5
set to scan from 200 to 1
1,100 kDa. Only the most 75 4
relevant part of the mass P
. \0 652.5
spectrum is shown e 7346
(550-800 kDa). Adduct ions in 2
the form of [M + Li]" are seen 5 E
throughout the spectrum § 50 4
]
=
k&
0]
x 25: 63.6
64.6
598.4 I8 |
567.4  584.40 614620 4f11°" Hl >
o -

550 600

1960s, fatty acids with a cyclopropane ring are very sus-
ceptible to acidic conditions that cause cleavage of the ring.
This was documented in 1965 by Nesbitt and Lennarz [33]
who therefore saponified cells of the genus Proteus by 10%
NaOH and methylated free FA by diazomethane. This
approach, which was used also by other authors [34],
avoided the cleavage of the cyclopropane ring. As noted in
1989 by Christie in his book, “Cyclopropane fatty acids of
bacterial origin are more susceptible to chemical attack,
e.g. cyclopropane ring is disrupted by acidic conditions,

650 700 750 m/z 800

and lipid samples containing such acids are best transe-
sterified with basic reagents; the free fatty acids can be
methylated safely with diazomethane” [35]. The dramatic
drop in the content of cyclopropane FA under acidic con-
ditions when preparing FAME was recently amply docu-
mented by Basconcillo and McCarry [36]. The table
published in their paper shows that basic hydrolysis and
acid esterification of FA from the bacterium Sinorhizobium
meliloti brings about a drop of cis-11,12-C19:0.y, from 31
to 2.5% total FA, i.e. by more than one order of magnitude.
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Fig. 4 The MS/MS spectrum of 100
lithiated molecular species

c-p17:0/15:1 PIsEtn obtained in

ESI. The ion at m/z 678.6 was

selected for fragmentation. This

ion was further fragmented with 75 4
CID resulting in the presented

spectrum. Fragment identities <
. S
and their structures are =
explained in Table 2 5 1
c
[ 50 e 2913
£
o
=
K
0]
o
25 4

2232

1721 124.2

150 250

531.5

636.6

383.4

678.6

350 450 550 650 m/z 750

Fig. 5 Tandem MS/MS of the 100
mixture of two molecular 1
species—c-p17:0/c-19:0 and
c-p19:0/c-17:0 PIsEtn.
Quantification of isobaric
species of plasmalogens was 75 1
based on six ions, i.e. ions at
mlz 251 and 279 [RCO]™,
m/z 291.3 and 319.3 [M +
Li-147-R’2COOH] ", and
mf/z 411.4 and 439.4 [M +

50 1 291.2
Li-43-R’1CH = CHOH]" ]

Relative response (%)

251.2 279,

Accordingly, Moore et al. [37], who used basic hydrolysis
and acid-catalyzed esterification, found no cyclopropane FA
in Pectinatus. Gonzalez et al. [38], who erroneously iden-
tified the species P. portalensis, also failed to find any cyclo-
FA, not even in the previously described P. frisingensis or
P. cerevisiiphilus. Moreover, their data showed completely
baffling differences between the contents of FA in individual
species. Johnston and Goldfine [39], who analyzed the
related genus Megasphaera, realized that the chromato-
graphic peak of monoenoic FAME could contain cyclo-
propane FAME and found that, following catalytic reduction
that disrupts the cyclopropane ring, major c-17:0 acyl chain
peak decreased from 60.5 to 2.9% of total FA. This means
that it was in fact a mixture of two FA, i.e. cyclo-17:0 and
17:1 in a ratio of about 20:1, not a pure 17:1.
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91.6

587.5 926

319.3

20.3 734,

350 450 550 650 m/z 750

Unusual ions arising from 9-methoxy acids and found in
the MS spectrum by Helander and Haikara [3] led to the
conclusion that these acids were artificially created during
methanolysis from cyclopropane acids. The substantial
differences between FAME prepared by methanolysis and
those prepared by saponification can thus be explained by
the degradation of cyclopropanoic acids.

Even when using reaction conditions preventing degra-
dation of cyclopropane FA, the experimenter is faced with
two other problems. As has been known for several dec-
ades [35], the ECL values of C18 cyclopropane FAME and
corresponding C18 monoenoic methyl esters are approxi-
mately equal, see, e.g., Fig. 2 in the paper by Helander and
Haikara [3]. Moreover, cyclopropanoid FAME are not
readily distinguished by MS from monoenoic FAME with a
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Table 6 Fatty acid content of the three strains of Pectinatus frisingensis DSM 20465, P. cerevisiiphilus DSM 20467, and P. frisingensis RIBM

2-86
P. frisingensis RIBM 2-86 P. cerevisiiphilus DSM 20467 P. frisingensis DSM 20465
PIsEtn PlsSer PIsGro PIsCho PIsEtn PlsSer PIsGro PIsCho PIsEtn PlsSer PIsGro PIsCho

11:0 18.1 16.4 16.5 22.6 17.4 16.8 17.1 21.1 14.7 12.2 14.2 13.8
12:0 0.8 0.3 0.4 0.8 1.2 0.0 0.0 1.5 0.8 0.3 0.8 0.4
13:0 6.2 6.8 53 8.6 6.3 6.7 5.1 8.5 6.5 6.9 8.2 5.6
14:0 1.7 0.6 1.0 1.6 2.1 0.2 0.5 2.2 1.8 0.6 1.5 1.1
15:0 27.1 26.2 17.6 15.1 25.9 27.2 18.3 14.3 26.3 314 27.5 28.6
16:0 1.8 0.3 2.2 1.5 2.2 0.0 1.8 2.2 1.9 0.3 1.4 2.3
17:0 5.0 39 4.7 2.0 5.2 37 4.5 2.6 53 4.0 1.9 5.0
18:0 1.2 2.0 1.6 1.7 1.6 1.6 1.1 2.3 1.3 2.0 1.6 1.7
15:1 5.9 3.0 5.8 7.4 6.0 2.7 5.7 7.4 6.2 3.0 7.1 6.1
16:1 0.8 1.1 1.3 4.0 1.2 0.7 0.8 44 0.8 1.1 3.8 1.4
c-17:0 10.6 16.0 14.9 16.6 10.4 16.5 15.4 15.7 10.5 12.2 11.4 11.6
18:1 4.8 8.7 6.2 5.7 5.0 8.8 6.1 5.9 5.0 8.8 54 6.6
c-19:0 16.0 14.7 22.5 12.4 15.5 15.1 23.6 11.9 18.9 17.2 15.2 15.8
p15:0 4.6 0.0 5.3 2.3 32 2.1 7.2 24 4.9 0.0 2.4 5.5
pl7:0 16.0 11.2 18.7 12.4 14.8 18.6 6.8 10.6 27.8 11.4 12.8 22.7
c-pl7:0 342 33.2 20.9 23.8 259 25.8 29.7 30.1 27.6 254 24.6 21.6
pl8:1 0.0 20.2 3.6 19.4 4.9 10.2 12.6 6.3 0.2 20.5 20.0 3.7
c-p19:0 45.2 354 51.5 42.1 51.2 433 43.7 50.6 39.5 42.7 40.2 46.5

0.0 = less than 0.1%

Data were obtained by GC-MS of fatty acid methyl esters, the structure of unsaturated fatty acids was determined by the mass spectra of

picolinyl esters

similar total number of carbon atoms, apparently because
on ionisation the cyclopropane ring opens up to form some
degradation products [40, 41]. Much better results are
obtained with picolinyl ester derivatives (see Harvey [42]
and also our two mass spectra given in Figs. 5 and 6 of
Supplemental).

Most authors analyzing the Pectinatus FA failed to
employ optimum conditions and the reliability of their data
is therefore questionable. The same holds for monoenoic
and cyclopropanoic aldehydes.

Quantification of individual classes of phospholipids
including plasmalogens is based on the total ion current of
commercially available standards. The calibration curves
of four standards, i.e. PtdCho, PlsCho, PtdEt and PIsEtn
(9Z-18:1/9Z-18:1-PtdCho, p18:0/9Z-18:1-PIsCho, 92-18:1/
9Z-18:1-PtdEtn, and p18:0/9Z-18:1-PIsEtn) showed that
these molecular species have a linear response in the range
of nearly four orders of magnitude, i.e. from 1 pmol/mL to
10 mmol/mL (i.e. ~0.7 pg/mL to ~7 mg/mL). The worst
values of % RSD (relative standard deviation) were
obtained for the lowest and the highest chromatographic
peaks. This could be due to the signal being too weak (a
low signal to noise ratio) or to a charge space phenomenon
caused by the accumulation of too many ions in the mass
spectrometer (in the case of the highest chromatographic

peak, i.e. at a high concentration of the compound). The
samples were therefore appropriately diluted to an optimal
concentration (100 umol/mL) to avoid the loss of signal
from the lowest chromatographic peak and limit the charge
space phenomenon for the highest chromatographic peak.
This compromise maximizes reproducibility. Unfortu-
nately, PlsGro and PlsSer are not commercially available
but both these plasmalogens can be assumed to have a very
similar mechanism of ionization (see above) allowing thus
also the same quantification by means of the total ion
current. Comparison of relative concentrations of individ-
ual FAME calculated from GC/MS and from HPLC/MS-
APCI of TAGs is given in Table 1 in Supplemental.

The quantification of single ion molecular species was
much more complicated. Based on the measurements of
commercially available standards PlsCho and PlsEtn
and the corresponding homologs PtdCho and PtdEtn
(i.e. 9Z-18:1/9Z-18:1-PtdCho and 9Z-18:1/9Z-18:1-PtdEtn,
respectively) we found that the abundant ions at m/z 425
[M + Li-43-R’;CH = CHOH]" and at m/z 305 [M + Li-
147-R’;,COOH]™" in PIsEtn and ions at m/z [M + Li-43-
R;COOH]" and [M + Li-43-R,COOH]" in PtdEtn, and
also ions [M + Li-59-R;COOH]" and [M + Li-59-R,
COOH]" in PtdCho and ions at m/z 465 ([M + Li-59-R/,
CH = CHOH]") and at m/z 395 (IM + Li-103-R/,
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CH = C=0]") in PIsCho show a linear response in an
interval of more than three orders of magnitude, i.e. from 5
to 10 mmol/mL. Individual molecular species of plasmal-
ogens were therefore quantified based on the above ion.
Because of the lack of commercial standards of PlsGro and
PlsSer we again used the assumption of a very similar
mechanism of ionization. More exact quantification would
require either the use of two-dimensional HPLC (normal
and reversed phase HPLC) or acquisition (synthesis) of
appropriate standards, i.e. different molecular species of
PlsSer and PlsGro.

As already mentioned in the Introduction and in the
paragraph describing the occurrence of fatty acids in Pec-
tinatus and related bacteria, the determination of both
qualitative and quantitative proportions of FA is highly
questionable. To our knowledge, no paper devoted to
identification and quantitation of molecular species of
plasmalogens in Pectinatus has as yet been published. The
results of our analyses of these molecular species are

shown in Table 7. Although the molecular species of
individual classes of phospholipids have been described in
bacteria such as Escherichia coli [43] or Corynebacterium
[44], these bacteria are taxonomically relatively distant
from Pectinatus. The taxonomically nearest bacterial genus
that has been described in the literature is Clostridium,
which also belongs to anaerobes and is taxonomically
classed to the same order (Clostridiales), although to a
different family (Clostridiaceae) [45].

Both our literature survey and a recent review [15] point
to the scarcity of data on the analysis of molecular species
of phospholipids, especially of plasmalogens in bacteria.
Only a single study by Hsu and Turk [43] reported on the
analysis of cardiolipin from E. coli using modern tech-
niques, identified cardiolipin and described the quantitative
analysis of isobaric molecular species.

Only six molecular species of O-alanylphosphatidyl-
glycerol and six molecular species of phosphatidyletha-
nolamine were identified in the genus Clostridium, which

Table 7 The content of molecular species of plasmalogens in the three strains of Pectinatus frisingensis DSM 20465, P. cerevisiiphilus DSM

20467, and P. frisingensis RIBM 2-86

Molecular species P. frisingensis RIBM 2-86

P. cerevisiiphilus DSM 20467

P. frisingensis DSM 20465

PIsEtn  PlsSer PIsGro PlsCho PlsEtn PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro  PlsCho
p15:0 /11:0 0.8 0.0 0.0 0.5 0.0 0.7 0.3 0.8 0.6 0.4 1.2 0.5
pl7:0 /11:0 2.9 1.8 1.8 2.8 1.4 4.1 1.8 3.1 2.6 3.1 1.2 22
c-pl7:0 /11:0 6.2 5.4 54 54 3.1 4.1 3.5 3.0 4.5 43 5.1 6.4
pl8:1 /11:0 0.0 33 33 44 2.5 0.0 2.8 0.5 0.9 1.7 2.2 1.3
c-p19:0 /11:0 8.2 5.8 5.8 9.5 52 5.8 5.7 6.4 8.9 7.3 7.5 10.7
pl15:0 /12:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
pl7:0 /12:0 0.1 0.0 0.0 0.1 0.0 0.2 0.1 0.1 0.2 0.0 0.0 0.2
c-pl7:0 /12:0 0.3 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.3 0.0 0.0 0.5
pl8:1 /12:0 0.0 0.1 0.1 0.2 0.1 0.0 0.2 0.0 0.1 0.0 0.0 0.1
c-p19:0 /12:0 0.4 0.1 0.1 0.3 0.1 0.3 0.3 0.2 0.6 0.0 0.0 0.8
pl15:0 /12:0 0.3 0.0 0.0 0.2 0.0 0.3 0.2 0.3 0.2 0.1 0.4 0.2
pl7:0 /13:0 1.0 0.8 0.8 1.1 0.8 1.8 1.0 1.3 0.9 1.2 0.3 0.9
c-pl7:0 /13:0 2.1 2.3 2.3 2.0 1.8 1.8 2.0 1.2 1.6 1.7 1.5 2.6
pl8:1 /13:0 0.0 1.4 1.4 1.7 1.4 0.0 1.6 0.2 0.3 0.7 0.6 0.5
c-p19:0 /13:0 2.8 2.4 2.4 3.6 2.9 2.6 33 2.6 32 2.9 2.2 43
p15:0 /14:0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.1
pl7:0 /14:0 0.3 0.1 0.1 0.2 0.1 0.5 0.2 0.2 0.3 0.0 0.0 0.2
c-pl7:0 /14:0 0.6 0.2 0.2 0.4 0.2 0.5 0.4 0.2 0.5 0.1 0.1 0.7
pl8:1 /14:0 0.0 0.1 0.1 0.3 0.1 0.0 0.3 0.0 0.1 0.0 0.1 0.1
c-p19:0 /14:0 0.8 0.2 0.2 0.7 0.3 0.7 0.6 0.5 1.1 0.1 0.2 1.1
pl15:0 /15:0 1.2 0.0 0.0 0.3 0.0 1.3 0.7 1.6 0.8 0.6 1.3 0.3
pl7:0 /15:0 4.3 2.9 2.9 1.9 3.6 7.3 35 6.5 3.8 5.1 1.2 1.5
c-pl7:0 /15:0 9.3 8.7 8.7 3.6 8.0 7.3 6.8 6.2 6.7 7.0 54 4.3
pl8:1 /15:0 0.0 53 53 2.9 6.4 0.1 5.5 1.1 1.3 2.8 2.3 0.9
c-p19:0 /15:0 12.2 9.3 9.3 6.4 13.4 10.4 11.1 13.3 13.3 11.8 8.4 7.2
pl15:0 /16:0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.1 0.1
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Table 7 continued
Molecular species P. frisingensis RIBM 2-86 P. cerevisiiphilus DSM 20467 P. frisingensis DSM 20465

PIsEtn  PlsSer PlsGro PlsCho PlsEtn  PlsSer PlsGro PlsCho PlsEtn PlsSer PlsGro PlsCho
pl7:0 /16:0 0.3 0.0 0.0 0.2 0.0 0.5 0.2 0.5 0.3 0.0 0.1 0.2
c-pl7:0 /16:0 0.6 0.1 0.1 0.4 0.1 0.5 0.3 0.5 0.6 0.0 0.5 0.7
pl8:1 /16:0 0.0 0.1 0.1 0.3 0.1 0.0 0.3 0.1 0.1 0.0 0.2 0.1
c-pl19:0 /16:0 0.8 0.1 0.1 0.6 0.1 0.8 0.6 1.1 1.1 0.0 0.8 1.1
p15:0 /17:0 0.2 0.0 0.0 0.0 0.0 0.3 0.0 0.3 0.2 0.1 0.3 0.1
pl7:0 /17:0 0.8 0.4 0.4 0.2 0.5 1.5 0.2 1.1 0.8 0.7 0.3 0.3
c-pl7:0 /17:0 1.7 1.3 1.3 0.5 1.0 1.5 0.5 1.1 1.3 1.0 1.3 0.8
pl8:1 /17:0 0.0 0.8 0.8 0.4 0.8 0.0 0.4 0.2 0.3 0.4 0.6 0.2
c-p19:0 /17:0 2.3 1.4 1.4 0.8 1.7 2.1 0.8 2.3 2.7 1.6 2.0 1.3
p15:0 /18:0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.1 0.1
pl7:0 /18:0 0.2 0.2 0.2 0.2 0.2 0.4 0.2 0.4 0.2 0.3 0.1 0.2
c-pl7:0 /18:0 0.4 0.7 0.7 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.3 0.7
pl8:1 /18:0 0.0 0.4 0.4 0.3 0.4 0.0 0.3 0.1 0.1 0.2 0.1 0.1
c-p19:0 /18:0 0.5 0.7 0.7 0.7 0.9 0.5 0.6 0.8 0.8 0.7 0.5 1.2
p15:0 /15:1 0.3 0.0 0.0 0.2 0.0 0.3 0.2 0.3 0.2 0.1 0.4 0.2
pl7:0 /15:1 0.9 0.3 0.3 0.9 0.3 1.7 0.9 1.4 0.9 0.5 0.4 0.8
c-pl7:0 /15:1 2.0 1.0 1.0 1.8 0.8 1.7 1.7 1.3 1.6 0.7 1.7 22
pl8:1 /15:1 0.0 0.6 0.6 1.4 0.6 0.0 14 0.2 0.3 0.3 0.7 0.5
c-pl19:0 /15:1 2.7 1.1 1.1 3.1 1.3 24 29 2.8 3.1 1.2 2.5 3.7
p15:0 /16:1 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.1
pl7:0 /16:1 0.1 0.1 0.1 0.5 0.1 0.2 0.5 0.3 0.2 0.1 0.1 0.5
c-pl7:0 /16:1 0.3 0.4 0.4 1.0 0.3 0.2 0.9 0.3 0.3 0.2 0.2 1.3
pl8:1 /16:1 0.0 0.2 0.2 0.8 0.2 0.0 0.8 0.1 0.1 0.1 0.1 0.3
c-p19:0 /16:1 0.4 0.4 0.4 1.7 0.5 0.3 1.5 0.7 0.6 0.3 0.3 22
p15:0 /c-17:0 0.5 0.0 0.0 0.4 0.0 0.5 0.3 0.6 0.3 0.3 1.1 0.4
pl7:0 /c-17:0 1.7 1.8 1.8 2.1 14 2.9 1.5 2.6 1.5 3.1 1.0 1.7
c-pl7:0 /c-17:0 3.6 53 53 4.0 3.1 2.9 2.8 2.5 2.7 4.3 4.6 4.7
pl8:1 /c-17:0 0.0 32 32 32 2.5 0.0 2.3 0.4 0.5 1.7 1.9 1.0
c-p19:0 /c-17:0 4.8 5.7 5.7 7.0 52 4.1 4.6 54 53 7.1 6.7 7.9
pl15:0 /18:1 0.2 0.0 0.0 0.1 0.0 0.2 0.1 0.4 0.2 0.2 0.4 0.1
pl7:0 /18:1 0.8 1.0 1.0 0.7 1.0 1.4 0.7 1.5 0.7 1.6 0.4 0.6
c-pl7:0 /18:1 1.6 2.9 2.9 1.4 22 14 1.3 1.4 1.3 23 1.8 1.8
pl8:1 /18:1 0.0 1.8 1.8 1.1 1.8 0.0 1.1 0.2 0.2 0.9 0.8 0.4
c-pl19:0 /18:1 22 3.1 3.1 24 3.8 2.0 22 3.1 2.6 3.8 2.7 29
pl15:0 /c-19:0 0.7 0.0 0.0 0.3 0.0 0.9 0.4 0.9 0.5 0.3 1.7 0.3
pl7:0 /c-19:0 2.6 1.6 1.6 1.5 2.0 5.3 1.9 3.6 2.3 2.8 1.6 1.3
c-pl7:0 /c-19:0 5.5 4.9 4.9 3.0 4.4 52 3.7 34 39 39 7.0 3.6
pl8:1 /c-19:0 0.0 3.0 3.0 24 35 0.0 3.0 0.6 0.8 14 3.0 0.7
c-p19:0 /c-19:0 7.2 5.2 5.2 52 7.3 7.5 6.1 7.3 7.9 6.5 10.3 6.0

Data were obtained from ESI spectra

belongs to the same order as the genus Pectinatus,
although the polar lipids of C. perfringens were analyzed
by LC/MS with electrospray ionization. The assumed
presence of plasmalogens was based only on a TLC plate
treated with HCl vapors, lyso-phosphatidylethanolamine

being derived by acid hydrolysis of the plasmalogens of
PtdEtn [46].

A later work on C. tetani identified phospholipids such
as PtdEtn, PtdGro, cardiolipin and FEtnPGlcNAcdir-
adylglycerol. FA on sn-1/sn-2 were determined only in

&) Springer AOCS &
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seven out of 35 molecular species of PE and PG, no data on
their quantitative proportions being given [47].

The high variability of bacteria can be illustrated in the
paper [48] in which plasmalogens were identified in C.
tetani ATCC 454 but not in strain ATCC 10779. The
authors again identified plasmalogen forms of PtdEtn,
PtdGro, cardiolipin, etc., but acyls at the sn-1 and sn-2
positions were determined in only 7 of them, again with no
quantification.

An excellent paper on phospholipids and also plasmal-
ogens of lower organisms was published in Parasitology
[49]. Many hundreds of molecular species of phospholipids
were identified in parasitic protist species Trypanosoma
brucei, which included, e.g., 128 molecular species of
PtdEtn, out of which 15 were plasmalogens.

Conclusion

The HILIC/ESI-MS" method used here efficiently sepa-
rated plasmalogens and all other phospholipids usually
found in anaerobic bacteria by a single chromatographic
run. We determined more than 200 lipid molecular species
from four lipid classes with one injection on an HILIC
column, which is nearly ideal for separating amphiphilic
compounds such as phospholipids with excellent repro-
ducibility, high sensitivity (from 1 pmol/mL) and dynamic
range (4 orders of magnitude). This column was used for
both analytical determination and semipreparative isolation
of alkenyl-acyl- and diacyl-phospholipids. Irrespective of
the class of phospholipids, plasmalogen is eluted first and
this is followed by a nearly baseline-separated corre-
sponding diacyl-phospholipid. The elution can be per-
formed conveniently by an aqueous phase with a buffer
compatible with ESI.

Simultaneous detection of intact plasmalogens together
with other phospholipid classes (odd-chains fatty acids,
aldehydes) offers a valuable tool for the study of phos-
pholipids. The fragmentation processes observed by tan-
dem MS of plasmalogens generate unique determinants of
the identities of the 1-O-alk-1-enyl chains at the sn-1
position and the fatty acid esterified at the sn-2 position of
the glycerol backbone.

Tandem MS of plasmalogen molecules as lithiated
adduct ions offers an optimum means for structural char-
acterization. The structure of plasmalogen molecules can
be easily determined from the positive ESI showing
abundant fragment ions with different polar head groups,
fatty acid constituents and regiospecificity. The [M + Li]*
ions of plasmalogens that have undergone consecutive
losses of the fatty acid substituent at sn-2 and the polar
head group, ie. the [M 4+ Li-R,COOH-polar head
group]t ions greatly aid in the differentiation of the

&\ Springer ANOCS &

plasmenyl- and diacyl-phospholipid subclasses, including
PtdEtn, PtdCho, PtdGro and PtdSer. Thus, structures of
plasmalogens with isobaric isomers in mixtures can be
unambiguously unveiled.

We believe that the method will be valuable for studying
phospholipid profiles in different biological samples.
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