1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

O

NIH Public Access

Author Manuscript

Published in final edited form as:
Anal Chem. 2012 July 17; 84(14): 5905-5912. d0i:10.1021/ac300254d.

Multiple Precursor lon Scanning of Gangliosides and Sulfatides
with a Reverse Phase Microfluidic Chip and Quadrupole Time of
flight Mass Spectrometry

Hyeyoung Lee?, Larry A. Lerno Jr.P, Youngshik Choe¢, Caroline S. ChuP, Laura A. Gillies?,
Rudolf Grimmd€, Carlito B. Lebrilla?"*, and J. Bruce German&9*

aDepartment of Food Science and Technology, University of California, Davis, CA 95616, United
States

bDepartment of Chemistry, University of California, Davis, CA 95616, United States
¢Department of Neurology, University of California, San Francisco, CA 94158, United States

dRobert Mondavi Institute for Wine and Food Science, University of California, Davis, CA 95616,
United States

€Agilent Technologies, Life Science Group, Santa Clara, CA 95051, United States

‘Department of Biochemistry and Molecular Medicine, University of California, Davis, CA 95616,
United States

9Foods for Health Institute, University of California, Davis, CA 95616, United States

Abstract

Precise profiling of polar lipids including gangliosides and sulfatides is a necessary step in
understanding the diverse physiological role of these lipids. We have established an efficient
method for the profiling of polar lipids using reverse-phase nano-HPLC-Chip Q-TOF/MS. A
microfluidic chip design provides improved chromatographic performance, efficient separation,
and stable nanospray while the advanced high resolution mass spectrometer allowed for the
identification of complex isobaric polar lipids such as NeuAc- and NeuGc-containing
gangliosides. Lipid classes were identified based on the characteristic fragmentation product ions
generated during data-dependent MS/MS experiments. Each class was monitored by a post
processing precursor ion scan. Relatively simple quantitation and identification of intact ions was
possible due to the reproducible retention times provided by the nano-HPLC-Chip. The method
described in this paper was used to profile polar lipids from mouse brain, which was found to
contain 17 gangliosides and 13 sulfatides. Types and linkages of the monosaccharides and their
acetyl modifications were identified by low energy collision induced dissociation (CID) (40V),
and the type of sphingosine base was identified by higher energy CID (80V). Accurate mass
measurements and chromatography unveiled the degree of unsaturation and hydroxylation in the
ceramide lipid tails.
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Introduction

Lipids are a vital class of biomolecules in living organisms from bacteria to humans that are
used as energy stores, as membrane components, and as signaling molecules.! 2 Lipid
functions remain poorly understood in molecular detail largely because they are structurally
and functionally diverse, with each class having a range of unique biological roles.
Membrane polar lipids are structurally composed of a discrete set of hydrophilic headgroups
that alter their biophysical properties in the membrane ensemble and also have the capability
to bind to exogenous compounds. These interactions are thought to have a range of
consequences from influencing their dynamics in the membrane to conferring various
biological properties.3~® Gangliosides and sulfatides are two of the less understood polar
lipids that appear to be involved in diverse biological processes that are mediated not only
by the carbohydrate head group structures but also complexities in the ceramide lipid tail.5: 7
The ceramide imbeds in the membrane and operates as a component of the functional
architecture and an intracellular regulator, while the saccharides interact with the
environment, serving in one sense as an identification tag. As gangliosides undergo changes
in a disease-specific as well as age dependent manner, they represent potential biomarkers of
risk and development of diseases and their resolution.8-10 It has also been reported that when
gangliosides are ingested, they may contribute nutritionally to the prevention of infection
and to the immune response.11

Gaining mechanistic and predictive knowledge attainable from gangliosides first requires
analytical techniques, however, classical analytical work flow for this complex lipid class is
very involved, laborious, and time consuming.12 The structural complexity of these lipids is
an impediment to achieving accurate and precise analysis. They have characteristic amine
containing lipid backbones called ceramides, in which a fatty acid is linked to a sphingoid
base. An anionic carbohydrate headgroup containing sialic acid residues is attached at the
primary hydroxyl of the ceramide.13: 14 Considerable structural heterogeneity exists, arising
from the variation in the length of the ceramide tail and the composition and structure of the
saccharide moieties. The ceramides can have different total numbers of carbon atoms,
double bonds, and hydroxylations, as well as different positions for the unsaturation and
hydroxylation. While the number of saccharide residues in the polar head is generally small,
the types of saccharides, linkages, and the branching provides even more diversity.1®
Moreover, conventional lipid extraction methods such as Folch and Bligh Dyer rely on
extracting lipids into the organic methanol chloroform layer, whereas gangliosides and
likely a part of other very polar lipids are extracted into the aqueous layer, therefore
overlooking them as key polar lipids forming a subset of overall membrane lipids in
conventional profiling.16

Electrospray ionization mass spectrometry (ESI-MS) is an attractive analytical strategy for
the identification and quantitation of complex lipid molecules, offering the advantage of
generating profile information with high sensitivity. Mass spectrometry methods that
employ direct infusion target the analysis of crude extracts, mainly by ESI-MS and ESI-MS/
MS, without prior chromatographic separation. This approach is characterized by its
simplicity and high throughput potential.1”- 18 However, isobaric species overlap in the
spectra, which is more problematic in the case of complex lipids such as gangliosides.
Moreover, signal suppression effects may occur and some low level species may not be
detected. To overcome these limitations, liquid chromatography (LC) has been coupled
directly to MS. Recently, ESI nano-HPLC-Chip MS has been introduced providing high
sensitivity and reproducibility, as well as ease of use.19-22 The goal of the nano-HPLC-Chip
is to integrate the sample enrichment and separation columns of a nanoflow LC system with
the intricate connections and nanospray emitter used in nanospray MS directly on a polymer
chip. This design eliminates the traditional fittings, valves, and connections, providing
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improved chromatographic performance and a stable nanospray. The nanoLC can separate
compounds that may overlap in MS only, as well as helping characterize a compound by the
reproducible retention time provided by the chip design.

Reverse-phase chromatography has been used to separate gangliosides according to their
ceramide portions.23-25 The nano-HPLC-Chip LC provides a user friendly nanoL.C-MS for
sample limited applications requiring high sensitivity and efficient LC separation. Reverse
phase chromatography was employed since separation of individual molecular species in
each class is not effective by direct infusion and normal phase liquid chromatography
(NPLC). Even if each class is separated by NPLC, it is difficult to distinguish the minor
components from the major ones due to ion suppression.26 Moreover, the reverse-phase LC
was shown to be more effective due to the high reproducibility and the compatibility of the
mobile phase with ESI ionization. NanoLC employing the HPLC-chip packed with C18 has
been widely used in fields such as proteomics, glycomics, and lipidomics.2’-22 However, to
our knowledge, the HPLC Chip has not been used for the separation of very polar lipid such
as gangliosides.

Moreover, technologically advanced hybrid analyzers, such as quadrupole time of flight (Q-
TOF), provide high mass accuracy and resolution along with fast scan speed. In Q-TOF
instruments, the ions selected by the Q1 quadrupole go through the collision cell yielding
product ions that are then detected by a TOF mass analyzer. The fragment ion spectra
generated from individual precursor ions are detected the analyzer. Therefore, post
processing precursor ion scans over a single experimental run can be achieved during data
analysis.30 By the use of the high resolution multiple precursor ion scanning method, the
limitations of triple quadrupole precursor ion scan, such as low duty cycle and poor scan
sensitivity, have been overcome. Furthermore, the high mass resolution of the TOF analyzer
significantly increases the specificity and removes false positive molecular assignments.
This approach has been used for lipidomics studies by several groups.31-33

In this paper, we present a reverse-phase hano-HPLC-Chip Q-TOF MS strategy and apply it
to the identification of multiple classes of polar lipids from murine brain. Several mass
spectrometry approaches using imaging MALDI MS, triple quadrupole MS (precursor ion
scan and multiple reaction monitoring), high resolution MS (mass defect filter based
approach), and Chip ESI-MS have been reported for the analysis of polar lipids, including
gangliosides.24 34 35-39 |n addition, the combination of effective separation and high quality
spectra will provide a new tool for the profiling of complicated mixtures of polar lipids,
especially gangliosides and sulfatides, found in neurological tissues.

Experimental Section

Chemicals and Materials

HPLC grade methanol and isopropanol were purchased from Sigma (St. Louis, MA).
Ammonium acetate and acetic acid were of analytical reagent grade quality from Merck
(Darmstadt, Germany). Ganglioside standards GM3 and GD3 from bovine buttermilk and
GT1b and GQ1b from bovine brain were purchased from Matreya (Pleasant Gap, PA).
Bovine milk gangliosides were prepared as described in Lee et al.*0 Mouse brain polar lipids
were extracted by the process described in S-Experimental Section.

Instrumentation

A nano-HPLC-Chip Q-TOF system using the Agilent 1200 series microwell plate
autosampler, capillary pump, nano pump, HPLC Chip interface, and the Agilent 6520 Q-
TOF MS (Agilent Technologies, Inc., Santa Clara, CA) was used.
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A nano-HPLC-Chip (G4240 62001, Agilent Technologies, Inc., Santa Clara, CA) with a 40
nL enrichment column and 43 x 0.075 mm ID analytical column was used. Both the
enrichment and analytical columns were packed with ZORBAX C18 (5 Km pore size)
stationary phase. The nano-HPLC-Chip has been previously described.#? The mobile phases
used are water (solvent A) and 15% isopropanol in methanol (v/v) (solvent B), with both
containing 20 MM ammonium acetate and 0.1% acetic acid. For loading of the sample onto
the enrichment column, the capillary pump was operated at 3 KL/min using 70% solvent B.
A gradient based chromatographic separation of the polar lipids was performed on the
analytical column and was driven by the nanoliter pump running at 300 nL/min. The
gradient used for this separation is as follows: 70% of B until 1 minute after sample
injection followed by a linear increase to 80% B after 3 minutes. The gradient further
increased over 40 min to 100% B in a linear manner and was kept at 100% B for 5 min.
After this time, the amount of solvent B was decreased to 70% and was maintained at this
level until completion of the run. The working samples were diluted in water/methanol (1:1,
v/v) to corresponding concentrations for injection.

The Agilent 6520 Q-TOF MS was operated in the negative ion mode for MS scans and in
both positive and negative ion modes for the MS/MS. The drying gas temperature and gas
flow were 325°C and 4 L/min, respectively. Capillary voltage was 1850V for the entire LC
run. Fragmentor voltage, the voltage applied to the exit end of the capillary, was set to
175V. The source and ion optic parameters were optimized for minimal in source
fragmentation and for the best quality of data. Recorded mass ranges were /2500 2500 for
MS only and /250 1500 for MS/MS. Acquisition rates were 1 spectrum/s for MS and 3
spectra/s for MS/MS. All mass spectra were internally calibrated using the G1969 85000
ESI tuning mix (Agilent Technologies, Inc., Santa Clara, CA), with reference masses at /m/z
680.036 and 1279.995 for negative mode, at /m/z622.029 and 1221.991 for positive mode,
chosen to insure the highest mass accuracy. Data dependent MS/MS analysis was performed
with collision energies set at 40V for the lower collision energy and 80V for the higher
collision energy. The optimum conditions for collision induced dissociation (CID) were
selected through the preliminary experiments (S-Experimental Section and S-Figure 1). The
precursor ions with 1000 counts/s ion intensity or more were automatically selected for MS/
MS.

Data Analysis

Data analyses were performed with the MassHunter Qualitative Analysis software ver. B.
03.01 (Agilent Technologies, Inc., Santa Clara, CA). Molecular Feature Extraction (MFE)
was performed through a mode of the “Find by Molecular Feature” function for non targeted
approach. The focused post processing precursor ion scan type analysis was performed
through a mode of the “Find by Auto MS/MS”. The software was capable of generating a
peak list (17/z, retention time and peak area) taking all ions into account exceeding 1000
counts. For the focused analysis, specific fragment ion masses were selected. For example,
in the negative ion mode, NeuAc ions (/7/2290.095) and sulfatide ions (/7/z96.960) were
the fragment ions used to determine the Q1 masses representing gangliosides and sulfatides,
respectively. The putative target lipids were then confirmed and their structures are
elucidated from the corresponding MS and MS/MS data acquired in either negative ion or
positive ion mode. The sequential collection and parallel alignment of MS and MS/MS
chromatograms made it possible to locate molecules with their molecular ions and
fragments. This method results in multiple levels of information, which is extremely useful
when trying to confirm the identities of compounds.
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Results and discussion

The opposing polarities of head groups and lipid moieties of these lipids required finely
balanced proportions of organic solvents to concomitantly meet the requirements for
efficient solubilization, chromatographic separation, and ionization. The mixture of 15%
isopropanol and methanol (v/v), as the organic mobile phase, provided the best
chromatographic performance with gradient. The nano LC chromatograms of gangliosides
GM3, GD3 and GT1b, which have one, two and three sialic acids, respectively, are shown in
Figure 1(A). The samples were obtained commercially, however the compounds are only
available as mixtures with varying lipid chains. The mass chromatograms and mass spectra
of the individual peaks indicate that the sample was separated on the basis of the ceramide
chain length and the degree of saturation. The detailed assignment of each peak is shown in
S-Table 1. In Figure 1(A), the right panel shows one representative spectrum of ganglioside
(d38:1) from each species. Accurate identification and quantitation often suffers from
uncontrolled sialic acid fragmentation, which is problematic to the identification of their
individual species.*2 However, we found no sialic acid fragments, indicating little or no in
source fragmentation, as shown in Figure 1(A).

Figure 1(B) shows that the gangliosides with long ceramide chains elute later than those
with short chains. For the molecules with different CH, groups either on the fatty acid chain
or on the alkyl chain of the sphingoid base, the retention time was shown to vary linearly
with the number of carbon atoms. The length of the ceramide tail mainly influenced the
retention behavior with a minor contribution by the oligosaccharide structure. Triplicate
experiments were conducted within a single day to study the reproducibility of the method
on a run to run basis. The retention time variation was less than 0.3 min in 40 minute runs,
and the peak areas differed less than 1% RSD (data not shown).

The sensitivity of the nano-HPLC-Chip Q-TOF MS method for the analysis of gangliosides
is shown in S-Figure 2(A). As little as 30 fmol of GT1b yielded a peak from the extracted
ion chromatogram supporting the high detection sensitivity that can be obtained through a
stable plug-and-play nanospray LC-MS operation. This feature is critical for applications
requiring high sensitivity, low sample consumption, and a robust analytical platform. One
advantage of the TOF analyzer over other high resolution mass analyzers is its broad linear
dynamic range, which is 4-5 orders of magnitude as shown in S-Figure 2(B).

When samples contain lipids with different degrees of unsaturation, the lipid peaks may
overlap with the peaks from isotopic species of other lipids. For example, in the case of a
lipid with one double bond versus one with two double bonds, the second 13C isotope of that
of two double bonds overlap with the mono isotopes of that of one double bond. This is
more problematic when the sample contains much greater amounts of lipids with a greater
degree of multiple bonds because the overlap interferes with quantitation. To overcome this
problem, LC methodology was developed to separate lipids with different degrees of
unsaturation. Figure 2(A) shows that the two peaks which correspond to GD3(d41:1) and
GD3(d41:2) are baseline resolved. This makes it possible to characterize and quantify the
two different compounds accurately. Gangliosides also vary in their carbohydrate moieties
as well, which may be composed of different types of monosaccharides. For instance, two
kinds of sialic acids, AV acetylneuraminic acid (NeuAc) and A glycolylneuraminic acid
(NeuGc), exist in nature, with NeuGc found primarily in non human mammals. These
structures differ only in that NeuGc has an additional oxygen atom. Here, bovine milk
gangliosides that contain both NeuAc and NeuGc were separated and identified (Fig. 2(B)).
For example, the calculated /m/z for NeuGc-NeuAc GD3 (d40:1) and NeuAc-NeuAc GD3
(d41:1) are 770.941 and 769.952 respectively. Therefore, the third isotope of NeuAc-NeuAc
GD3 (d41:1) is not distinguishable from the monoisotope of NeuGc NeuAc GD3 (d40:1) on
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lower resolution mass spectrometers. An EIC having a mass window of 10 ppm shows a
distinct peak, which corresponds to NeuGc NeuAc GD3 (d40:1). The structures of two
gangliosides with different sialic acids were further elucidated by tandem MS (S-Figure 3).
Fragments at /m/z290.086 for NeuAc and 306.078 for NeuGc were observed. The human
body does not have intrinsic NeuGc except possible in the case of cancer cells. It has been
proposed that metabolic incorporation of NeuGc from meat and milk from non human
sources may contribute to chronic inflammation, perhaps contributing to the increased risks
of cardiovascular disease and carcinomas associated with these foods. Therefore, an in depth
profiling method provides the necessary analytical tool for understanding the physiological
effects of gangliosides in animal products and milk in the human body.*3

To apply our method to a biological sample, we used samples from mouse brain, as it is
known that neurological tissues are enriched with complex polar lipids.#4 The chemically
diverse brain membrane lipids are thought to play important roles in various functions. MS
was used for untargeted profiling of the polar lipid fraction combined with accurate, mass
based quantitation. Positive mode 40V and 80V CID provided the structures of both the
headgroup and the ceramide tails. Post processing precursor ion scan of fragment ions
allowed detection of major classes of the polar lipids in a single low CID energy experiment
in the negative ion mode. The multiple precursor ion scans and reproducible retention time
made accurate identification possible.

As many as 510 compounds from the mouse brain polar lipid fraction were revealed by the
“Find Molecular Feature” algorithm. Figure 3(A) is a two dimensional representation with
the mass spectra (m/z) on the y-axis and retention on the x-axis. A vertical line contains the
mass spectra obtained at a specific retention time. Figure 3(B) is the base peak
chromatogram (BPC) illustrating the approximate profile of the mixture. Due to the high
mass accuracy and resolution, it was possible to extract an exact mass ion chromatogram
with a narrow mass window of 10 ppm for the diagnostic ions of ganglioside, sulfatide and
phosphatidylinositol headgroups. Sialic acid ions (/7/2290.095), bisulfate anions (m/z
96.960) and cyclic inositol phosphate ions (/7/z 241.011) were used for ganglioside,
sulfatide and phosphatidylinositol scans, respectively, allowing a focused investigation when
searching for certain lipid classes. 17 ganglioside ions, 13 sulfatide ions and 15
phosphatidylinositol ions were detected and identified. Gangliosides, which are the most
polar lipids in the sample, eluted early in the chromatogram (12 20min). Reproducible
retention time allowed both quantitation and structural analysis with consecutive sample
injections. Quantitation was performed in the MS mode based on the deprotonated
molecular ion, while fragmentation patterns were obtained with MS/MS for the profiling and
identification of the polar lipids. Lists of mouse ganglioside, sulfatide, and
phosphatidylinositol with the ion intensities are summarized in Table 1 and S-Table 2.
Ganglioside profiles showed that GD1 and GT1b are abundant ions in mouse brain. The
presence of the O acetyl forms of the GD1, GT1b and GQ1b gangliosides is consistent with
the results reported in previous research.3* The major ceramide portions were d18:1/18:0
and d20:1/18:0. GD1 is typically found as two glycan isomers, GD1a and GD1b. We could
not separate these two species fully, although tandems MS indicate there are two isomeric
glycan species (data not shown). Sulfatide species were also observed by the scan at m/z
96.960. The ceramide portions of sulfatides were unlike those of gangliosides. Both
hydroxylated and non hydroxylated sulfatides, which are known to be involved in myelin
stability, were observed in the mouse brain.*°

The structures of two peaks elucidated with 40V and 80V CID are shown in Figure 4. In the
case of GT1b with sphingosine (d18:1) and palmitic acid (18:0), the glycan and ceramide
structures were revealed in the lower and the higher energy CID spectra, respectively.
Negative mode MS/MS spectra showed the diagnostic ion at /7/2290.091 had the greatest
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abundance, which is indicating the presence of sialic acieds. The ion is used for the post
processing precursor ion scanning. Tandem MS in the positive mode provides more
structural information. Positive mode low energy CID shows the cleavage at the glycosidic
linkages, generating B type ions. Positive mode higher energy CID fragmentation was used
for the identification of the sphingosine base and fatty acid backbone chains as the positive
charge remains on the ceramide moieties. The 80V CID experiments yielded the ion at m/z
264.270, which corresponds to the sphingosine base ion. The product ion analysis revealed
that the amide bond and dehydration of the sphingosine base are the most abundant fragment
ions. From this product ion data information regarding the number of carbon atoms in the
chain, degree of hydroxylation and unsaturation could be determined. With this knowledge
about the sphingosine base composition and the original precursor ion /m/z, the identity of
the fatty acids was determined. For sulfatides, a diagnostic ion was observed at /7/z96.963
in the negative mode low energy CID, while higher energy CID yielded information about
the sphingosine base.

Conclusion

A nano-HPLC-Chip Q-TOF/MS was selected for this study due to the high retention time
reproducibility and outstanding abundance reproducibility necessary for successful profiling
experiments. While mass accuracy and resolution are important, so are dynamic range,
sensitivity, and spectral acquisition speed. The Q-TOF used in this research routinely
delivers excellent performance in all of these dimensions simultaneously without the
requirement of compromise. To our knowledge, this is the first report to describe the
separation of polar lipids through nano-HPLC-Chip in the negative ion mode. Interestingly,
in order to reveal the complexity of the mouse brain polar lipids in a relatively accurate and
simple manner, we further strengthened the method to include post processing multiple
precursor ion scans. This proposed approach allowed for the quantitation and identification
of intact polar lipids, including gangliosides, sulfatides, and phosphatidylinositols, opening a
promising analytical strategy to uncovering the information hidden within complex lipid
signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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(A) Base peak chromatograms (left panel) and mass spectra (right panel) of ganglioside
standards GM3, GD3 and GT1b. A C18 analytical column was used as reverse-phase mode
for the separation of ceramide moieties. 20-50 ng samples were injected. Inserts are the
sugar structures of each ganglioside. Right panel mass spectra show gangliosides with
ceramide d38:1 from LC separation, which is indicated by arrows on the left panel.
Ganglioside subspecies and their assignments are shown in S-Table 1. (B) Retention time vs.
my/z plot of the ganglioside standards. Ganglioside separation mainly depends on the

hydrophobicity of ceramide moieties.
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Figure2.

Separation of complex gangliosides on the nanoHPLC chip. (A) EIC of bovine milk
ganglioside GD3 (d41:1) at m/z769.952. Separation of the monoisotopic peak of NeuAc-
NeuAc GD3 (d41:1) and the third isotopic peak of NeuAc-NeuAc GD3 (d41:2) was
achieved. The contribution of 13C was removed by the LC. (B) EIC of NeuGc NeuAc GD3
(d40:1) at m/z770.941. The separation of NeuAc containing gangliosides and NeuGc
containing gangliosides was achieved. The first peak and second peak correspond to the
monoisotope of NeuGc NeuAc GD3 (d40:1) and the third isotope of NeuAc-NeuAc GD3
(d41:1), respectively. All the ions are doubly depronated. The isotopic peaks of other
compounds are indicated by asterisks (*). Inserts are the spectrum at each retention time.
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Figure 3.

Detection and identification of individual classes of polar lipids in mouse brain extracts. (A)
A two dimensional plot of m/zvs. retention time for mouse brain polar lipids. (B) Base peak
chromatogram (BPC) from MS analysis, (C) post processing precursor ion scan for m/z
290.095 (gangliosides), (D) for m/296.960 (sulfatide), and (E) for m/2241.011
(phosphatidylinositol). The fragment ions for the individual headgroup being characteristic
of their species can be used for identification of their lipids within one class, followed by
alignment with the BPC. Gangliosides, which are the most polar lipids, eluted early in the
chromatography. EICs with 10 ppm window were used for the scans. Both BPC and EICs
were obtained in the negative ion mode. Details are described in the experimental section.
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Low (40V) and higher (80V) collision energy MS/MS spectra of (A) ganglioside GT1b
(d18:1/18:0) and (B) sulfatide (d18:1/16:0). Low energy spectra and high energy spectra

contain various diagnostic ions for the headgroup and ceramide tails, respectively.
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