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Abstract

Understanding how biological molecules are generated, metabolized and eliminated in living
systems is important for interpreting processes such as immune response and disease pathology.
While genomic and proteomic studies have provided vast amounts of information over the last
several decades, interest in lipidomics has also grown due to improved analytical technologies
revealing altered lipid metabolism in type 2 diabetes, cancer, and lipid storage disease. Mass
spectrometry (MS) measurements are currently the dominant approach for characterizing the
lipidome by providing detailed information on the spatial and temporal composition of lipids.
However, interpreting lipids’ biological roles is challenging due to the existence of numerous
structural and stereoisomers (i.e. distinct acyl chain and double-bond positions), which are often
unresolvable using present approaches. Here we show that combining liquid chromatography (LC)
and structurally-based ion mobility spectrometry (IMS) measurement with MS analyses
distinguishes lipid isomers and allows insight into biological and disease processes.
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INTRODUCTION

Lipids are the primary component of the cell membrane and play a vital role in regulating
many cellular processes. While traditional lipidomic research has focused on characterizing
cell membranes to determine their various biological roles, more recent studies have
centered on unraveling lipid functions for development of novel disease treatment therapies
[1, 2]. Understanding the biological mechanisms of lipids however, has proven to be quite
difficult since lipids are not polymers with distinct repeating subunits like many other
biomolecules such as carbohydrates, nucleic acids and proteins which have monosaccharide,
nucleotide and amino acid subunits. Instead, lipids are composed of simple hydrocarbon
backbones and fatty acid chains arranged at distinct positions (i.e. sn-1 versus sn-2) with
intra-structural orientation differences in double bonds and functional groups (Figure 1). A
vast array of lipid stereoisomers results from these small variations in structure with unique
roles in lipid homeostasis and pathology [3]. However, the physiological roles and functions
of these many structural and stereospecific lipid isomers remain understudied and largely

unknown.

Most lipidomic studies currently leverage the sensitivity and specificity of LC-MS and LC-
MS/MS measurements [4]. LC-MS analyses have been somewhat successful in resolving
isomeric standards, such as those that differ by only a sn-1/sn-2 fatty acid position [5, 6] or
have cis/trans alkenes [7]. However, confidently discerning lipid isomers in complex
biological matrices has often been problematic since many cannot be effectively
distinguished [8], consequently, hindering our understanding of the mechanisms by which
lipid structures affect biological processes. Significant advancements have been made in the
MS-based characterization of lipid isomers using charge reversal and switching techniques
[9, 10], radical-directed dissociation [11], low-energy collision induced dissociation [12],
electron impact excitation of ions from organics (EIEIO) [13], and ozone induced
dissociation [14, 15], but improved isomer separations are still needed. One appealing
technique for lipidomic analyses is integrating ion mobility spectrometry (IMS) between LC
and MS separations to obtain a third analytical dimension and add new structural
information to the measurements. IMS-MS studies have previously been utilized to show
differences in lipid categories, subclasses and isomeric standards [16-23], but have been less
successful at distinguishing double bond positions or fatty acid orientations in complex
mixtures since some need adducts for separation or are slow and can’t be coupled with LC
gradients, restricting the total measurement peak capacity. Herein, we utilize
multidimensional LC-IMS-MS measurements to effectively distinguish lipid isomers in
standards, tissue extracts, and cell lines and to identify isomeric changes occurring under
distinct biological conditions.
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Separation of double bond locations and orientations in fatty acid isomers

To understand how the IMS structural separation aids in distinguishing lipid isomers, distinct
double bond locations and orientations were studied in free fatty acid (FA) standards having
16, 18 and 22 carbons. FAs were chosen for the initial analyses since they are the simplest
lipid components, yet exist in the structure of each lipid categories (Figure 1a) [24]. In all
IMS-MS measurements, monounsaturated FAs were observed to be more compact (smaller)
than saturated FAs, and FAs with cis-double bond orientations were smaller than those with
trans-orientations. Gas phase structures of the 18 carbon FA isomers were modeled using
AMBER14 [25] to understand their IMS structural data. The lowest energy family of each
isomer clearly showed how the double bond kinks the backbone in monounsaturated FAs,
generating more compact structures than the saturated FAs (Figure 1b). The cis- and trans-
orientations for the monounsaturated FAs were also distinguishable as the cis-orientation
double bonds curved the backbone more than those with trans-orientations. IMS also
distinguished cis-double bonds at different positions on the FA backbone as those further
from the carboxyl end curled the backbone more, causing smaller FA conformations.
However, the trans-positional double bonds separated by 2 mid-chain carbons could not be
distinguished since the small kink induced by the trans-double bond did not generate enough
change in the FA size.

Isomer separation of sn-positions, cis/trans orientations, and R/S hydroxyl groups

Since IMS-MS was able to distinguish FA isomers, more complex and biologically relevant
lipid isomer standards were studied. A majority of lipid isomers occur when the acyl chains
are at distinct locations along the lipid backbone (sn-1, sn-2, or sn-3), the double bonds have
different positions and orientations (cis or trans), or functional groups along the backbone
have unique orientations (R versus S). To further understand these lipid isomers with IMS-
MS, pairs having sn-1/sn-2 versus sn-2/sn-1 acyl differences (Figures 2a); distinct sn-
backbone structures (Figure 2b); cis- and trans-oriented double bonds (Figure 2¢); and
ceramides with R and S orientations of the 2-hydroxyl group (Figure 2d) were studied. The
schematics in Figure 2 highlight the differences in each pair, and the 3D lowest energy
structures generated with AMBER simulated annealing and molecular dynamics represent

the predicted gas phase conformations.

Initially, lipids with transposed sn-1/sn-2 FA positions (i.e. PC(16:0/18:0) versus
PC(18:0/16:0)) were analyzed since the acyl position in membrane lipids is known to
influence the type of enzymes (e.g., phospholipase A2) that act upon the structure [26].
IMS-MS analyses of the different structural pairs illustrated that when the longer acyl chain
is in the sn-1 position, the lipid is more elongated (larger) due to the additional carbon from
the glycerol subunit on the sn-1 chain, i.e. PC(18:0/16:0) > PC(16:0/18:0) as shown in
Figure 2a. This was consistent for all pairs studied when no double bonds were present
PC(16:0/14:0) > PC(14:0/16:0) and PC(20:0/18:0) > PC(18:0/20:0). However, a double
bond’s presence introduced a different trend as monounsaturated double bonds decreased the
acyl chain size compared to the saturated version. For example, PC(16:0/18:1(9Z)) >
PC(18:1(9Z)/16:0) since 18:1(9Z) is smaller in size than 16:0 due to the cis-oriented double
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bond kinking the backbone, which also agrees with the protonated work by [23]. Thus, if the
FA in the sn-1 position is longer than the FA in the sn-2 position, the total IMS lipid size is
greater. The total number of FA carbons can be used to determine the acyl chain size if there
are no double bonds present or if both acyl chains have the same number and orientation of
double bonds. Next, we studied the sn-positional isomers, diacylglycerophosphoglycerol
(PG) and bis(monoacylglycero)phosphate (BMP), which are indistinguishable by LC-
MS/MS (Figure 2b). Differentiating PGs and BMPs is essential since both are present in
mammalian tissues but each has a different biological role and cellular location [27]. BMPs
play an important role in endosomal pathways and differ from all animal phospholipids
since they have two glycerol groups and an atypical sz-1-glycerophospho-sn-1"-glycerol
(snl:snl”) backbone configuration. This backbone difference causes a wider spread in the
acyl chains of BMPs and allows separation from the PGs in the IMS measurements (Figure
2b).

Following the sn-backbone analyses, cis- and trans-double bond orientations for complex
lipids were studied since they influence the fluidity and thickness of lipid bilayers. It is
known that a majority of mammalian lipids have mainly cis-double bond orientations for
more fluidic and thinner lipid membranes [1]. IMS readily separated the cis- and trans-
isomers since the acyl chains with cis-double bonds curled more, inducing smaller structures
(Figure 2c). The final standards studied were the R and S orientations of the 2-hydroxyl
group in ceramides (i.e. Cer(d18:1/18:0(2R-OH)) and Cer(d18:1/18:0(2S-OH))) which are
thought to be formed from different hydroxylases and be important in membrane fluidity
[28]. In the IMS-MS analyses, the R and S isomers did not separate in the negative mode,
but in positive mode upon sodium ion binding, structural differences were observed. When
the sodium binds to the hydroxyl groups of the S oriented ceramide, the 2-OH group points
away from the long acyl chain allowing the acyl chains to be close and have a compact
structure, whereas the R 2-OH group points toward the long acyl chain repelling the chains
and creating a larger structure (Figure 2d).

LC-IMS-MS separates lipid classes and subclasses

Interfacing reversed phase LC with IMS-MS measurements in lipidomic analyses is
powerful for distinguishing isomers since it increases the overall peak capacity and allows
separation in 3-dimensions: LC (polarity), IMS (structure and size) and MS (mass to charge
ratio). To understand the orthogonality of LC and IMS lipid measurements, the
monoisotopic masses of the lipid standards and lipids detected in mouse tissue extracts were
plotted as a function of LC and IMS. Figure 3 shows that the three lipid categories,
glycerophospholipids, glycerolipids and sphingolipids, clustered differently in the LC and
IMS comparisons indicating the orthogonality and complementarity of the two techniques.
In the reversed phase LC separation, a gradient of progressively more non-polar solvents
was utilized so the lyso-phospholipids (lyso-PL or monoacylglycerolphospholipids) eluted
early and triacylglycerides (TGs) eluted towards the end of the analysis (Figure 3a - left).
Lipid class separation was observed in the LC analysis; however, subclass separation (Figure
3a —right), especially for the different diacylglycerophospholipids (diacyl-PLs), was
challenging since many have similar acyl chains and masses leading to co-elution or
incomplete separation of the LC chromatographic peaks. Tandem mass spectrometry
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assisted in distinguishing the co-eluting species through production of diagnostic fragment
ions, but instances of two diagnostic ions in a single MS/MS scan were very common and
precluded confident lipid identifications in some cases. In the IMS separation (Figure 3b -
left), the lipid classes clustered with distinct trendlines for each lipid class. Subclass
separation was also observed, and the diacyl-PLs, glycerophosphoethanolamine (PE) and
glycerophosphocholine (PC), which are notoriously difficult to separate with LC, were
baseline separated with IMS in some cases (shown in Figure 3b — right and the example in
Figure 4).

Identification of lipid isomers in complex biological samples

After successful isomer separations were achieved with LC-IMS-MS in the standard
analyses, its ability to distinguish isomers in complex biological samples was tested with
pregnant mouse uterine tissue extracts (Figure 4). To separate as many lipid isomers as
possible prior to the IMS separation and MS detection, a 90-min LC gradient optimized for
high peak capacity separations was utilized. Over 180 lipids were identified in the tissue
extract using both LC-MS/MS and LC-IMS-MS measurements. However, even with the long
LC gradient, co-eluting structural isomers were still observed for ~20% of the lipids. Co-
eluting nominal mass isobars, which could not be isolated in the MS/MS analyses were also
observed and drift time separated as shown in Figure 4. IMS-MS/MS studies were then
utilized to target each lipid separately and since the PE and PC head group fragments were
separated, each identification had higher confidence.

The significance of the lipid isomers observed in the LC-IMS-MS studies was initially
examined by studying the lysophospholipids, lysoPC16:0 and lysoPC16:1. Both lysoPC16:0
and lysoPC16:1 are considered potential disease biomarkers [5, 29] and only have a single
acyl chain allowing for simpler analyses. Extracted ion chromatograms (XICs) for
lysoPC16:0 were compared for different human and mouse biological samples ranging from
plasma to cell lines. In all samples studied, the XICs for lysoPC16:0 had two distinct LC
peaks with virtually the same MS/MS profile (Figure 5a top). To assign the observed peaks,
standards with different acyl chain positions were analyzed since lysoPC16:0 does not have
any double bonds or other possible isomer arrangements. The later-eluting most abundant
peak in the XIC correlated with a sn-1 acyl chain position, while the smaller peak
corresponded had a sn-2 acyl chain position. This elution order has previously been noted
for lyso-PLs in reversed phase LC-MS [5, 6]. The different sn-positions also had distinct
IMS gas phase conformational sizes, since when the acyl chain was in the sn-2 position, the
lipid was slightly larger than when it was in the sn-1 position (Figure 5c). This trend is
especially important to note for future studies when shorter LC gradients are utilized that
don’t separate the isomers. The LC chromatogram ratio of these two peaks was very similar
for all the mammalian samples studied, with the sn-1 position normally representing at least
80-90% of the lysoPC16:0 isomers. However, differences were observed in the lysoPC16:0
isomer ratios in fungal and bacterial samples.

The XICs for lysoPC16:1 revealed four different isomers in most of the human and mouse
systems (Figure 5a bottom). Two dominant isomers occurred when the double bond was in
the center of the lipid with a cis-orientation and the acyl chain was either in the sn-1 or sn-2
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position (denoted as sn-1 and sn-2). The two smaller peaks (denoted with circles in the
bottom panel of Figure 5a) were found to correlate with the trans-orientation of the double
bond and eluted directly after their cis counterparts. Similar to lysoPC16:0, the cis/sn-1
position again had a higher occurrence than the others. While four isomers were
predominant in most mammalian systems studied, a human hepatoma cell line (Huh7.5.1)
[30] behaved differently with seven LC peaks detected for lysoPC16:1 (Figure 5b). Four of
the peaks corresponded to the same double bond position observed in the other systems, but
three new peaks represented a new double bond position with the same cis/trans-double
bond orientations and sn-1/sn-2 acyl chain positions. The IMS dimension was also able to
distinguish two isomers that now co-eluted in the LC peak shown in purple in Figure 5b,
illustrating that four new isomers occurred in this sample. Since these four new isomers were
all structurally larger in the IMS dimension than the previously identified four lipid isomers
(Figure 5c), the double bond was thought to be closer to the lipid head group as seen from
the FA positional analyses in Figure 1. Isomeric differences were also observed when the
hepatoma cell line was treated with silymarin (Figure 5b bottom). Silymarin is an extract
from milk thistle seeds, containing a mixture of flavonolignans such as silibinin, isosilibinin,
silicristin, and silidianin, among others. It has antioxidant and anti-inflammatory properties
and has been suggested to protect the liver from viruses and chronic inflammation damage
[31]. Twenty-four hours after treatment with a non-toxic 80 uM dose of silymarin, the sn-2
peak for the new double bond position dropped dramatically, indicating that silymarin
affected only one specific isomer (the peak is shown in gray in Figure 5b) with virtually no
effect on the others. If all lysoPC16:1 isomer intensities were combined as in most LC-MS
analyses, the decrease in the sn-2 isomer represents only a small reduction in the combined
intensity (<2-fold change) and lysoPC16:1 is not deemed statistically significant upon
silymarin treatment. Therefore, LC-IMS-MS is the first to illustrate silymarin may affect
cells by interacting with specific lipids, and since lipids are important in hepatitis C virus
entry and virus assembly, new understandings may be gained. Further, all three dimensions
(LC, IMS and MS) were necessary for the isomer analyses since MS and MS/MS identified
the lipids, LC separated most of the isomers, and IMS was able to distinguish the two LC
co-eluting isomers, determine the gas phase conformation of each lipid, and identify the
double bond position change (Figure 5b and 5c). While the LC dimension did distinguish
most of the isomers in this case, it is difficult to understand what the isomers corresponded
to without the IMS structural information since buying lipid standards with different double
bond positions is very difficult and expense if they exist, and in this case most weren’t
available for purchase.

Since the lysophospholipids isomers illustrated such interesting changes, we examined more
complex lipids in pregnant mouse uteri using both LC-IMS-MS and MALDI-FTICR
imaging to locate and quantitate lipid distributions in early pregnancy. A previous imaging
study showed that the spatial distribution of select phospholipids surrounding the developing
embryo on day 8 of pregnancy markedly changed between distinct cellular areas (Figure 6a)
[32]. Some of these changes correlated with the dynamic spatiotemporal expression profiles
of cytosolic phospholipase Ay, (cPLA,) cyclooxygenases (Cox-2) and Cox-1 in the mouse
uterus at specific stages of pregnancy [33-35]. Arachidonic acid (20:4) liberated from
membrane phospholipids by cPLA;, is catalyzed by cyclooxygenases to generate
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prostaglandins. It is well established that prostacyclin and prostaglandin E; derived by
Cox-2 are essential for ovulation, fertilization, implantation, and decidualization [34, 36-39].
These studies highlight the interplay of lipids in uterine biology and embryo implantation.
To compare the LC-IMS-MS platform with the MALDI-FTICR images, three implantation
sites from two mice on day 8 of pregnancy were microdissected into mesometrial (M, top)
and antimesometrial (AM, bottom) poles (Figure 6-left) and analyzed individually. In the
MALDI-FTICR studies, ~30 lipids were identified with high confidence by utilizing the
occurrence of multiple adducts. However, in the LC-IMS-MS and LC-MS/MS analyses,
>300 lipids were identified, and thus more comprehensive lipidomic information was
available for comparison.

To compare the MALDI-FTICR and LC-IMS-MS data, lipids changing between the M and
AM poles were evaluated (Figure 6a). Similar to the MALDI-FTICR study, LC-IMS-MS
analyses found that PC16:0/18:1, PE16:0/18:1, PE18:1/20:4 and PI18:1/20:4 predominately
localized to the M pole, the presumptive site for placental development; conversely
PC16:0/18:2, PI16:0/18:2, PC18:0/22:6, PI18:0/22:6, PC 16:0/20:4, and PC18:0/20:4
predominately localized to the decidual cells at the AM pole where the embryo first
implants. We also analyzed whether arachidonic acid localized at the sn-1 or sn-2 position of
each target lipid. MALDI-FTICR could not discriminate the sn-1/sn-2 arachidonic lipid
isomers based on mass and they also co-eluted in the LC dimension (Figure 6b) [32], so no
separation was possible with either technique. However, IMS was able to distinguish the
isomers (Figure 6¢) and illustrated that the 20:4 acyl chain preferred the sn-2 position, but
also occurred in the sn-1 site 10-30% of the time. This fits the generally accepted principle
that highly unsaturated acyl chains predominantly occupy the sn-2 position, but minor sn-1
subpopulations exist. Since complex lipids provide a cellular reservoir for specific FAs and
the pathways metabolizing these into vital signaling molecules contain lipid-modifying
enzymes with sn-1/sn-2 position and head group specificity [40, 41], the IMS-MS spectra
will give insight into sn-1/sn-2 isomer distributions upon different biological conditions.
Perturbed systems can also have a high degree of selective FA incorporation into complex
lipids [42], which is important to understand. Thus, LC-IMS-MS analyses provide
opportunities to study the biological significance and offer a window into the mechanistic
roles of complex lipids in biological samples.

DISCUSSION

The present work illustrates that LC-IMS-MS enables more in-depth characterization of
complex lipid samples and provides new insights into important biological changes,
currently indiscernible with existing LC-MS technologies. Application of LC-IMS-MS to
human cell lines and pregnant mouse uterine tissues provides evidence that specific isomeric
populations exist in many different sample types and understanding their variations will help
to explain enzymatic activity and mechanisms behind disease treatment and progression.
While these initial results are very insightful, we also feel that this is just the beginning of
the technology developments needed to understand the role of lipid isomers, especially since
many of the lipid isomers observed in this manuscript were not baseline separated but
generally occurred as shoulders due to their structural similarity. A drift time reference
approach, which corrects slight differences in peak apex positions by alternating between the
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sample and an internal standard, would be very useful for obtaining accurate drift times from
traditional IMS measurements and correcting run-to-run and inter-lab variability. We also
expect that in the near future even faster and more sophisticated isomer separations will be
possible from recent developments in structures for lossless ion manipulation (SLIM)
technology [43]. SLIM technology enables the construction of serpentine extended path IMS
drift regions, significantly boosting current capabilities by allowing lipid isomers with
limited separation in current platforms to be baseline separated while also reducing the need
for long LC gradient times. Thus, while the current LC-IMS-MS platform demonstrates a
key foundational benchmark, we expect that anticipated advances will enable the ability to
fully distinguishing all lipid isomers, providing a dramatically enhanced basis for
understanding their roles in biological systems.

ONLINE METHODS

Methods and any associated references are available in the online version of the paper.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a) Importance of fatty acids on lipid types

_Head Gmup;

HO

................. Eicosanoids ./ N Sterls
b) Fatty acid IMS-MS analyses
18:1
[ S - ,
e e I e |
Y cis 11 trans 11
N
s __,__-_,_-'\
- y —
s cis9 > trans 9
5o 18:0 "
f e e
16:1 18:1 .
cisg trans9or 11 424
cisg [cisll ¢ cis 13 22:0
. cis9 N 18:0 WA A
N : I\
s 1
E \
- 1
§ '.\ \
z
1] - ' i - — 4 N\
17.75 1825 1875 1925 18.75 20.25 20.75 2125 2175 2235 2275

Drift Time {ms)

Figure 1.
a) A schematic illustrating fatty acids are essential components of the different lipid

categories as well as eicosanoids. b) IMS analyses of fatty acid standards with different
double bond locations and orientations illustrating that double bonds with a cis-orientation
have a smaller structure than those with trans-orientations, while saturated FAs have the
largest structure. The 3D lowest energy structures of the 18:1 and 18:0 FAs show how the
double bond position and orientation impact the size of the FA chain.
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IMS separation of lipid isomers representing &) sn-1/sn-2 and sn-2/sn-1 acyl chain positions,

b) sn-backbone differences, €) cis- and trans-double bond orientations and d) R and S

orientations of the 2-hydroxyl group on ceramides. The chemical differences in each isomer

pairs are highlighted with red boxes on the 2D schematics and 3D structures of each lipid

species represent their lowest energy gas phase conformations. The sodium ion on the

ceramides is shown as a purple ball.
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280 lipids identified from standards and mouse uterine tissue from three lipid categories

(glycerophospholipids, glycerolipids and sphingolipids) were plotted as a function of
monoisotopic mass versus a) LC and b) IMS (right). Both LC and IMS showed distinct
clusters of the main lipid classes. 137 lipids from six subclasses within the diacyl-PL class

were examined further (left). Most of the diacyl-PLs eluted at similar LC elution times,

while IMS could distinguish several of the subclasses, especially the PEs (yellow box) and
PCs (blue box) which overlap in the LC dimension. Each point has 1% drift error.
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Figure 4.
LC-IMS-MS data for lipids in mouse uterine decidua tissue. A 1-sec IMS-MS nested

spectrum is extracted from the LC peak at 45-min and shows the many lipid peaks observed
for a 200 m/zrange (top-left). Co-eluting lipid isomers and nominal mass isobars were

observed in many of the spectra, examples of each are shown on the right.
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a) Embryonic Epithelial Kidney Cell Line b} Huh7.5.1 Human Hepatoma Cell Line
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c) IMS Separations
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Figureb.
XICs are shown for a) PC16:0 and PC16:1 in a human embryonic epithelial kidney cell line

and b) PC16:1 in a Huh7.5.1 hepatoma cell line. ¢) IMS separations are also extracted from
a) and b) for different 16:0 and 16:1 isomer pairs to better illustrate their differences. In most
mammalian systems studied, PC16:0 has 2 peaks corresponding to the sn-1 and sn-2
attachment of the acyl chain, and PC16:1 has 4 peaks with the two main isomers occurring
when the double bond is in the center of the lipid with a cis-orientation and the acyl chain is
at either the sn-1 or sn-2 position (denoted as sn-1 and sn-2) as shown in a). The other two
minor peaks represent the trans-orientation of each form (denoted with dots) and elute
directly after their cis counterparts. The Huh7.5.1 human hepatoma cell lines behaved
differently than most systems studied with 8 peaks observed for lysoPC16:1 as shown in b).
The peaks labeled in blue are the same as those observed in the kidney cell line (from the
bottom a) panel), but the peaks in red represent a new double bond position closer to the
lipid head group. Upon treatment with silymarin, the boxed red sn-2 peak (highlighted in
gray) dramatically decreases while most other peaks did not change. IMS was also able to
resolve 2 of the isomers that co-eluted in the LC dimension (purple peak in b) panel) and
their IMS separation is shown on the far right side of the c) panel).
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Figure6.
a) LC-IMS-MS data from implantation sites on day 8 of pregnancy correlate well with

previously published MADLI-FTICR images [32]. (Left) Workflow for microdissection of
top (M pole) and bottom (AM pole) of uteri. (Right) Images and corresponding LC-IMS-MS
quantitative results for selected phospholipids between the top and bottom of day 8
implantation sites. b) XICs for lipids with a 20:4 acyl chain and the same MS/MS spectra
showing co-elution in the LC dimension for all cases. ¢) IMS spectra for the lipids with 20:4,
where the most intense peak corresponds to 20:4 in the sn-2 position and the shoulders
illustrate its quantity in the sn-1 position. The MALDI images were originally published in
the Journal of Lipid Research. Burnum, K. E.; Cornett, D. S.; Puolitaival, S. M.; Milne, S.
B.; Myers, D. S.; Tranguch, S.; Brown, H. A.; Dey, S. K.; Caprioli, R. M. Spatial and
temporal alterations of phospholipids determined by mass spectrometry during mouse
embryo implantation. J Lipid Res. 2009; 50: 2290-8. © the American Society for
Biochemistry and Molecular Biology.
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