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Hyphenated Tools for Phospholipidomics
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The analysis of intact and underivatised lipids in body fluids as well as in cell and tissue extracts is of utmost
importance in the field of early diagnosis. Therefore, fast, reliable, and automated analytical methods are
needed to detect known as well as unknown species. The combination of solid phase extraction, high-perfor-
mance liquid chromatography, mass spectrometry, and nuclear magnetic resonance spectroscopy are best
at meeting this challenge. Herein, we show a workflow for the reliable analysis of individual components in
phosphatidylethanolamine extracts. The limitations and advantages of the individual methods are discussed.
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uclear magnetic resonance (NMR) spectroscopy

is arguably the most versatile analytical platform

for complex mixture analysis. Specifically, inter-
facing liquid chromatography (LC) with parallel NMR
and mass spectrometry (MS) (LC-NMR-MS) gives com-
prehensive structural data on metabolites of novel drugs.
Recent innovations to improve NMR detection limits
include CyroFlowProbes and on-line solid-phase extrac-
tion (LC-SPE-NMR). These state-of-the art analytical
platforms are widely applicable to identify novel candidate
drugs from diverse mixtures.!3

Modern NMR provides an enormously powerful tool
to probe molecular structure of organic compounds. The
advantages are manifold: NMR is a nonselective, nonde-
structive detector of low molecular weight molecules in
solution. NMR provides uniquely rich structural content:
chemical shifts, spin-spin coupling, multiplicity, quantifi-
cations, intra- and intermolecular relationships, and a wide
range of dynamic processes including molecular motions
in solution, chemical exchange, and ligand binding,

In addition, modern time-of-flight (TOF) MS allows
for the detection of extremely low concentrated analytes
over a wide dynamic range. Initial structural informa-
tion is obtained by MS/MS experiments. lon suppression
is still a problem in modern electrospray ionization MS
(ESI-MS) applications, but it can be compensated by sam-
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ple introduction via an high-performance liquid chroma-
tography (HPLC). So the combined liquid LC/MS is now
a standard technique for determining molecular masses
and structures.

The analysis of underivatised lipids within body fluids
as well as cell and tissue extracts is still a very challenging
task. Anomalous lipid concentrations are associated with
neoplastic and neurodegenerative diseases, diabetes, etc.
Structural diversity of each lipid or lipid class will have
a distinct effect on membrane properties (i.e., fluidity,
permeability, oxygen scavenging, etc.).*!> Therefore, the
potential advantage of the combined use of HPLC, MS,
and NMR spectroscopy should be explored. Many studies
have explored the analysis of lipids, but to our knowledge
a combinatorial approach has rarely been used.”»!

Gas chromatography,!’-1? thin layer chromatogra-
phy,2%-21 and HPLC!6:22-25 are well-established techniques
for the challenge of lipid analysis. Gas chromatography-
based techniques are quantitative but need time-consuming
sample preparation. Due to chemical hydrolysis of the lip-
ids, information about the fatty acid positional combina-
tion or isomerism is lost. The use of HPLC allows for the
separation of lipid classes in the normal phase mode?2-25;
additionally, separation according to the different fatty
acid composition of the individual lipids is possible in the
reversed-phase mode.!® Because of their sensitivity, MS-
based techniques are widely used.?*~%° Furthermore they
need only minor sample preparation.

In this study the ubiquitous membrane component
phosphatidylethanolamine (PE)3" is analyzed. PE con-
sists of the polar head group phosphoethanolamine
attached to the sn-3 position of glycerol. The sn-1 and
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sn-2 positions are esterified with varying saturated and
unsaturated (mostly sn-2 position) fatty acids. The cor-
responding plasmalogenes contain a long-chain alcohol
etherified to position sn-1 and varying fatty acids in posi-
tion sn-2. The molecular structure of every PE species
was identified by characteristic fragmentation and addi-
tionally by their molecular formula, which was obtained
by TOF-MS. HPLC was found to improve the selectivity,
and extra resolution was obtained because analytes of low
concentration were not suppressed during the ESI process.
NMR spectroscopy allowed for measurement of intact
biomaterials nondestructively without any preceding deri-
vatisation. 'H- and 3P-NMR!430-34 are well-established
quantitative techniques for lipid analysis and need mini-
mal sample preparation.

A combination of HPLC separation power, MS sensi-
tivity with accurate mass measurement of molecular and
fragment ions, and NMR structure elucidation power was
found to meet most suitably the challenge of lipid analy-
sis. Furthermore, the low NMR sensitivity can be com-
pensated by preceding concentration steps via HPLC and
fraction sampling.

MATERIAL AND METHODS
Chemicals

Deuterated methanol and chloroform, methanol (LC-
MS grade), and egg yolk PE extract were purchased from
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
The double distilled water was taken from an in-house
system.

High-Performance Liquid Chromatography

An HP 1100 series HPLC system (Agilent Technologies,
Waldbronn, Germany) was used. A 3 mm or 8 mm Nucle-
odur Sphinx RP (Macherey-Nagel; Diren, Germany)
HPLC column was operated under isocratic conditions
with a mobile phase consisting of methanol and water
(90:10) for the analytical or semipreparative approach,
respectively. The flow rate was 0.6 mL or 4.1 mL, respec-
tively. To collect the individual species for NMR measure-
ments, a Gilson 215 liquid handler (Gilson International
BV, Bad Camberg, Germany) was used. The column tem-
perature was kept at 40°C in all cases.

Mass Spectrometry

A mircOTOF-Q equipped with the Apollo ESI ion
source (Bruker Daltonik GmbH, Bremen, Germany) was
used for precision mass detection. The capillary voltage
was set to 4500 V and the end plate offset to =500 V in
negative ion mode. The nebulizer gas was set to 1.4 bar,
dry gas and dry heat were set to 4 L/min and 200°C,
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respectively. For MS/MS experiments the collision
energy of the quardupole was —42 €V/z. The molecular
formula was generated by matching high-mass accuracy
and isotopic pattern (Sigmalit, Bruker Daltonik GmbH,
Bremen, Germany).

Nuclear Magnetic Resonance

All samples were stored at —80°C. Prior to NMR mea-
surements, samples were dissolved in CDCl;:CD;0D (2:1).
1D 'H and high-resolution 2D (HSQC, HSQC-TOCSY,
HMBC) NMR spectra with a digital resolution of 1k
data points in F1 and 4k data point in F2 dimension of
each separated species were acquired on a Bruker DRX
600 MHz NMR spectrometer equipped with 5 mm TXI
probe (Bruker BioSpin GmbH, Rheinstetten/Karlsruhe,
Germany).

RESULTS AND DISCUSSION
High-Performance Liquid Chromatography

All species of the PE egg yolk extract were baseline
separated and semiquantitative information about the
individual species in the extracts were obtained with the
new HPLC method described above. The elution order
depends on their effective carbon number (ECN: num-
ber of carbon atoms minus twice the number of double
bonds) and the degree of saturation. The chromatogram
showed “blocks” of well-separated PEs having the same
ECN interrupted by PEs having a high number of dou-
ble bonds (more than three). The retention times within
the same ECN increases by the number of double bonds,
because the p—p interactions with the phenyl groups of
the stationary phase become so strong that these com-
pounds clute as last compounds in the next higher ECN
group. Nine plasmogenes and 18 phosphatidylethano-
lamines were assigned and the retention times were
determined (Table 1).

Mass Spectrometry

All species were detected as [M-H]- ions in negative ESI
ion mode. The location of fatty acids with respect to posi-
tion sn-1 and sn-2 were identified by the relative intensity
of their [M-H]~ ions and the neutral loss of the fatty acid
ketene. The sn-2 fatty acid shows higher intensities for
the fatty acid ketene and lower intensity for the fatty acid
anion.

While mass spectra do not automatically convey ele-
mental information, analysis tools providing molecular
formula estimations are commonplace and widely avail-
able. These softwares typically combine measured mass
information and expected mass accuracy with valency and
electronic rules to produce a list of potential candidates
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TABLE 1
Retention Times and Peak Assignment of the Separated Egg Yolk Extract Phosphatidylethanolamine
Species

Fatty Acid Position Double RT
m/z sn-1 sn-2 ECN Bonds (min)
736.48 Linolenic acid (18:3) Linoleic acid (18:2) 26 5 35.7
742.50 Oleic acid (18:1) Oleic acid (18:1) 32 2 37.6
712.49 Palmitic acid (16:0)  Linolenic acid (18:3) 28 3 38.5
688.49 Palmitic acid (16:0)  Palmitoleic acid (16:1) 30 1 39.8
738.50 Palmitic acid (16:0)  Arachidonic acid (20:4) 28 4 45.3
714.51 Palmitic acid (16:0)  Linoleic acid (18:2) 30 2 46.2
762.50 Palmitic acid (16:0)  Docosahexaenoic acid (22:6) 26 6 52.4
740.52 Oleic acid(18:1) Linoleic acid(18:2) 30 3 54.6
716.52 Palmitic acid (16:0)  Oleic acid (18:1) 32 1 58.6
764.52 Palmitic acid (16:0)  Docosapentaenoicacid (22:5) 28 5 61.5
724.52 O-linoleyl Linoleic acid(18:2) 28 4 66.0
742.50 Stearic acid (18:0)  Linoleic acid(18:2) 32 2 71.5
766.53 Stearic acid (18:0)  Arachidonic acid (20:4) 30 4 81.3
790.53 Stearic acid (18:0)  Docosahexaenoic acid (22:6) 28 6 83.8
726.54 O-oleyl Linoleic acid (18:2) 30 3 87.5
768.55 Stearic acid (18:0)  Eicosatrienoic acid (20:3) 32 3 88.4
744.55 Stearic acid (18:0)  Oleic acid (18:1) 34 1 92.0
792.55 Stearic acid (18:0)  Docosapentaenoic acid (22:5) 30 5 99.2
776.55 O-oleyl Docosapentaenoic acid (22:5) 28 6 100.2
794.50 Stearic acid (18:0)  Docosatetraenoic acid (22:4) 32 4 104.2
770.56 Stearic acid (18:0)  Eicosadienoic acid (20:2) 34 2 104.4
728.55 O-oleyl Oleic acid(18:1) 32 2 108.1
776.55 O-stearyl Docosahexaenoic acid (22:6) 28 6 111.6
730.50 O-stearyl Oleic acid (18:1) 34 1 113.0
778.57 O-oleyl Docosatetraenoic acid (22:4) 30 5 116.6
778.50 O-stearyl Docosapentaenoic acid (22:5) 30 5 123.0
780.58 O-stearyl Docosatetraenoic acid (22:4) 32 4 129.6

RT, retention time.
ECN, effective carbon number.

near the measured mass. Sufficient mass accuracy is
required to limit the number of potential candidates,
which can grow very large for heterogeneous atomic com-
positions and heavier molecules. A major limitation of this
type of elemental analysis is the lack of validation. Ideally,

an instrument providing both high mass accuracy and
stable, robust isotopic information yields greater struc-
tural information and more confident assignments. This
was achieved by using the ESI-TOF mass spectrometer
(microTOF-Q).
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FIGURE 1

HSQC NMR-spectra of the phosphatidylethanolamine eluting at
46.2 min [32 scans; solvent CDCI3/CD30D (2:1)].

A Platform for Molecular Formula Determination

High mass accuracy alone is not sufficient to generate con-
fident molecular formulae. An isotopic abundance pat-
tern filter is required to reduce the number of candidates
for an appropriate molecular formula (SigmaFit, Bruker
Daltonics). Therefore, the number of molecular formula
candidates for a confident determination of the elemental
composition of a given peak in LC-MS will depend upon
the mass accuracy of the MS instrument (ESI-TOF MS),
chemical knowledge, and the algorithm SigmaFit , which
combines accurate mass with the true isotopic pattern
analysis.

For this purpose, the Generate Molecular Formula
(GMF) tool (Bruker Daltonics) creates robust statistical
models using the masses and intensities of each isotope
in the measured distribution to provide all information
required to determine the correct elemental formula for
an unknown organic molecule. The GMF tool was used to
generate the molecular formula and determine the degree
of unsaturation of all detected PE species by match-
ing high mass accuracy and isotope pattern. The mass
accuracy window for data acquired on the ESI-TOF MS
(mictOTOF) used to reduce the number of potential can-
didates can be restricted to a narrow portion of the mass
range, in this case 1.5 ppm. The sigma value reported by
GMTF is simply the statistical variance between the mea-
sured and theoretical isotopic profiles. The sigma index
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is useful in absolute terms to indicate that a potential for-
mula can be considered. In relative terms, sigma provides
a quality factor for the top candidate such that a large dif-
ference between the first and second entry in a list sorted
by sigma is highly indicative that a proper assignment has
been made. Ranking by combined score utilizes all of
the figures-of-merit calculated by GMF such as distance
between peaks, which can indicate heteroatom content,
and SigmaFit, which purely considers peak magnitude
correlation with the calculated isotopic distributions of
all of the potential elemental formulae within the speci-
fied mass tolerance window.

Possible oxidation products were not observed. Plas-
mogenes show seven and PEs show eight oxygen atoms
in their molecular formula. In the MS/MS spectrum only
one fatty acid anion is observed for the plasmogenes.

Nuclear Magnetic Resonance

The separated fractions were assigned by means of the
1D- and 2D-NMR spectra to obtain further information
about the constitution of the phosphatidylethanolamines.
Saturated, monounsaturated, or polyunsaturated fatty
acids show zero, two, or four carbon signals between 120
and 130 ppm. The monounsaturated and polyunsaturated
fatty acids reveal unambiguously different chemical shifts
for the olefinic carbons. However, lipids with monoun-
saturateds have similar olefinic carbon shifts. Nonetheless,
a lipid with two monounsaturateds is deduced from the
intensity ratio of the olefinic protons with respect to the
glycerol protons. An example of a 2D-NMR spectrum is
shown in Figure 1 and the assignment is in Table 2. The
corresponding structure is shown in Figure 2. The NMR
data were also used to assign the Z-E configuration of
the C=C double bond, to locate the position of the double
bonds, or to identify unexpected fatty acids, e.g. branched
ones. All of the double bonds were Z and no branched
fatty acids were observed.

CONCLUSIONS

The new LC-NMR/MS technique takes advantage of mass
spectrometry’s rapid and ultra-sensitive screening capabili-
ties, which can identify peaks of interest in complex mix-
tures for further structural analysis by NMR spectroscopy.
Several improvements have been introduced to increase
the sensitivity of the NMR detection, bringing it more into
line with mass spectrometric sensitivity and permitting the
analysis of compounds at a low native concentration.

The molecular structure of a novel compound may
not be evaluated by NMR alone if the native concentra-
tion is very low. Conversely, MS data may give molecular
weight, fragmentation, and molecular formulae that may
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TABLE 2

Peak Assignment of the Phosphatidylethanolamine Eluting at 46.2 min

Glycerol Sn-2 Fatty Acid (Linoleic Acid)
Number 8 3C [ppml 8 'H [ppml Number 3 BClppml 8 'H [ppml]
1 62.8 4.37/4.13 1”7 174.4 —
2 70.6 5.18 2" 34.5 2.29
3 64.1 3.96 3" 251 1.57
8" 27.4 2.01
sn-1 Fatty Acid (Palmitic Acid) 9" 130.2 5.31
Number 8 3C [ppml 8 'H [ppml 10” 128.4 5.29
1 174.6 - 11” 259 2.74
2 34.3 2.27 127 128.2 5.29
3 25.1 1.57 13" 130.4 5.31
14 299 1.22 14" 27.4 2.01
15 229 1.26 15" 29.5 1.28
16’ 14.2 0.85 16" 299 1.22
17" 22.9 1.26
Phosphorylethanolamine 18" 14.2 0.85

Number 8 3C [ppm] 8 'H [ppml]
1 62.1 4.00
2" 41.1 3.06

be insufficient to unambiguously assign the molecular
structure of an unknown compound. However, on-line
NMR and MS detections in parallel provide complemen-
tary data and minimize ambiguities between LC-MS and
LC-NMR systems very efficiently.

The hyphenation of the LC-NMR system to a mass
spectrometer represents a step towards creating a com-
prehensive analytical system providing the complemen-
tary information of both NMR and MS in a single chro-
matographic run. The technique has mainly been applied
to pharmaceutical drug metabolism research.I-> Very
recently, the first applications concerning the analysis of
natural products or lipids!® were published.

HZT_O 2 4 14' CH3

FIGURE 2

Molecular structure of the phosphatidylethanolamine eluting at
46.2 min.
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The separation of lipids with the same ECN is possi-
ble by stationary phases of the newest generation offering
additional interactions. Furthermore, the identification
of individual species can be improved by a combination
of NMR structure elucidation power and MS sensitivity.
Consideration of all of these data allows identification of
the lipid class, reconstruction of the lipid structure, and
location of a double to the sn-1 or sn-2 position in the
glycerol moiety.
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