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Preface

The history of lipids spans almost four centuries, ever since Techenius Otto suggested the
presence of acidic compound in fat in 1673 (fatty acids: Otto found that the alkali is neu-
tralized by animal fat in the process of making soap). Lipids are the biomolecules that pro-
vide boundary to cells. They are also highly efficient signaling molecules. Every fragment
generated from a lipid can be used for ditferential signaling in a living cell. Indeed, all major
journals with biological chemistry mandate have a dedicated section for lipid biochemistry
and signaling. Despite a rich history of lipid research that includes perspectives from funda-
mental biology and synthetic organic chemistry, the lipids are not a dominant theme in
most biological laboratories. Only about a 10th or less of the laboratories engaged in bio-
medical research focus on lipid biochemistry. This is also partly due to the lack of easily
available reagents and otherwise due to the lack of awareness about tools, techniques, and
knowledge of protocols. For example, antibodies to most lipids are neither available nor
could be easily generated. However, in the last five years alone, there have been tremendous
advancements in lipid identification and quantification methods. This includes major
advancements in mass spectrometric and bioinformatic methods towards identification and
quantification of lipids. There have also been tremendous advancements in other tech-
niques as well as in generating mice models with specific alterations in lipid metabolizing
enzymes. A wealth of clones of different enzymes and lipid handling proteins also have been
accumulated over a number of years. This book presents an account of areas of utility, tech-
niques, and bioinformatic advancements. We expect this issue of the Methods in Molecular
Biology series to be useful to Biochemists, Molecular Biologists, and Neuroscientists with
interest in Neurology, Ophthalmology, and Vision Science as well as Mass spectrometrists
with interest in disease discovery. This issue includes protocols for lipid isolation for extrac-
tive as well as imaging mass spectrometry. The latter helps in localization of lipids in tissues
and is expected to address issues such as pathologic deposits and fluorescence in correct
cellular layers within the tissue. The protocols also include isolation of specific membranes
and specialized fractionation of subcellular compartments. A number of different high-
throughput mass spectrometric approaches, databases, and bioinformatic analyses methods
are included in protocols. These protocols have been complemented by utilization of meth-
ods in specific problems from fractionated organelles, cells to whole organism. A few pro-
tocols have dealt with computational and functional analysis of lipid metabolizing enzymes
while others about their interaction with proteins including an electrochemical method. It
is hoped that these protocols will come handy in the investigation of biological questions in
many biomedical research laboratories in ensuing future.

Miami, FL, USA Sanjoy K. Bhattacharya
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Chapter 1

Lipid Sample Preparation for Biomedical Research

Ravin Sajnani and Katyayini Aribindi

Abstract

We describe here a step-by-step protocol for extraction of lipids from tissue/cell samples for biomedical
research. The protocol described here works well for biological samples that contain lipids, which are less
than 2% of weight compared to total wet weight of tissue or cells. The protocols described here are suitable
and incremental modification of previously published protocols. These protocols have been developed
based on our experience with different tissues and cells, and yield estimates determined using class-specific
mass spectrometry either using direct infusion or after chromatographic separation.

Key words Lipid sample, Lipid extraction, Bligh and Dyer method, Protein quantification, Bradford
assay

1 Introduction

Lipid extraction allows for the identification and characterization
of lipid species even in tissues with a traditionally low lipid yield.
Lipids are normally extracted using one of three common meth-
ods: Folch, methyl tertiary-butyl ether (MtBE), and Bligh and
Dyer. The Folch method is considered the gold standard of lipid
extraction, regardless of lipid yield [1], but is considered time con-
suming to perform [2, 3]. The MtBE lipid extraction protocol was
found to be a suitable substitute for rapid lipid extraction for high-
throughput mass spectrometric analyses [2], and was considered
superior to the Bligh and Dyer method. However, in low lipid
yield tissues as in the eye (<2% lipid composition), the Bligh and
Dyer method is as effective and rapid as the Folch and MtBE lipid
extraction protocols, respectively [3]. We describe here the Bligh
and Dyer method with suitable modifications for low lipid yield
ocular tissues. Modifications include using an appropriate synthetic
standard for recovery purposes, while simultancously reducing
contamination for mass spectrometric analyses and minimizing
oxidation of lipids for increased accuracy of identification and
quantification [4-6]. Up to 99% recovery of synthetic standards

Sanjoy K. Bhattacharya (ed.), Lipidomics: Methods and Protocols, Methods in Molecular Biology, vol. 1609,
DOI 10.1007/978-1-4939-6996-8_1, © Springer Science+Business Media LLC 2017
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2 Ravin Sajnani and Katyayini Aribindi

can be obtained from this method [4-6]. To normalize the lipid
amount in ocular tissues, we determine the protein concentration
using a Bradford assay if the protein concentration is determinable
[7, 8] or PHAST gel densitometry protein quantification if the
protein yield is similarly low to the lipid yield [9, 10].

2 Materials

2.1 Tissue
Preparation

2.2 Lipid Extraction

Prepare all solutions using LC-MS grade quality unless otherwise
specified. Avoid polyethylene glycol (PEG) contamination as much
as possible. It is ubiquitous in solvents, plastic materials, dish wash
soap. Use glass and Eppendorf brand microcentrifuge tubes as
much as possible. Avoid autoclaved materials as the sterilization
techniques increase contamination in the mass spectrometer dur-
ing analysis. Use Thermo Scientific Finntip sterile pipette tips for
all aspects of lipid extraction for contamination reduction, they do
not need to be autoclaved and are not made of PEG.

1. Eppendorf Tubes 1.5 mL: tissue storage in —80 °C until ready
tor extraction.

2. Scissors sterilized with 70% ethanol to mince tissues.

3. Parafilm: use for wrapping tubes to prevent loss of tissue sam-
ple during tissue preparation phase.

4. Liquid nitrogen: store in insulating styrofoam bucket. Prepare
freshly at every round of lipid extraction.

5. 40 °C bath: prepare freshly at every round of lipid extraction.

6. Argon gas: use frequently during tissue preparation phase every
time tubes are opened to displace atmospheric air with a nonre-
acting gas to prevent lipid oxidation. Store the tank in a cool,
dry place on the ground at room temperature (se¢ Note 1).

1. Handheld homogenizer or Vortex machine: sterilize tips for
homogenizer with 70% ethanol, and use to mix tissues and
solutions further.

2. Small vortex machine suitable for 1.5 mL tubes.

3. Amber glass vials with caps 12 mL for solution storage: use to
store LC-MS grade solutions and protect for oxidation and
reactions caused by light (see Note 2).

4. External standard, e.g., PC (12:0/13:0) (Avanti Lipids:
LM-1000) for recovery purposes.

5. Extraction solution: methanol:chloroform (1:1) with 10 mM
butylated hydroxytoluene (BHT): all LC-MS grade solvents,
store at room temperature, prepare freshly during each round
of extraction (see Note 3).
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Lipid Sample Preparation 3

. Aqueous phase solution: LC-MS grade methanol.

. Organic phase solution: LC-MS grade chloroform.
. Antioxidant: butylated hydroxytoluene.

. Centrifuge: place in cold room at 4 °C.

10.
11.

Speed vacuum: at room temperature, no heat added.

Argon gas: Use frequently during lipid extraction every time
the tubes containing lipids are opened to displace atmospheric
air with a nonreacting gas to prevent lipid oxidation. Store
tank in cool, dry place on the ground at room temperature.

Protein Buffer: sodium dodecyl sulfate (SDS) and HPLC
water.

Protein Quantification Standard: Bovine Serum Albumin ana-
lytical standard 200 mg,/mL.

. ELISA 96-well plate.

. BSA standard: 0.1 pg/pL concentration.
. Bradford protein assay reagent.

. Aqueous phase of samples.

. Prepare standard according to Bradford et al. [7].

3 Methods

3.1 Tissue
Preparation

3.2 Lipid Extraction

. Mince the tissue with scissors sterilized with 70% ethanol for at

least 1 min. Flush with argon gas before closing the cap of tube
to prevent lipid oxidation.

. Wrap tubes containing weighed tissue samples in parafilm, so

the tube cap cannot open during the preparation phase.

. Using long tweezers, place tubes in liquid nitrogen for 10 min.
. Transfer tubes to heated water bath of 40 °C for 10 min.

. Repeat four more times. The process of a hot bath and liquid

nitrogen will flash freeze and melt the samples, thus facilitating
breaking the phospholipid bilayer cell membrane and allowing
for lipids to be more easily solubilized in the organic phase.

. Add 5 mL of LC-MS grade chloroform and 5 mL of LC-MS

grade methanol into an amber 12 mL glass vial for a 1:1 (v/v)
solution (see Note 4).

. Measure 220.36 mg of BHT in 10 mL of LC-MS grade water.

Take 1 pL of that solution and add it to the previous solution of
10 mL of LC-MS grade methanol:chloroform (1:1) for a final
concentration of 10 pM BHT in methanol:chloroform (1:1).

. Keep the tubes containing lipid samples in ice buckets.
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3.3 Protein
Quantification

4.

12.

13.
14.

15.
16.

Flush lipid samples with argon gas frequently to prevent lipid
oxidation.

. Sterilize handheld homogenizer tip with 70% ethanol.

. In order to ensure extraction efficiency, an external standard,

e.g., 10 pmol of PC (12:0,/13:0) can be premixed with sample
prior to lipid extraction (see Note 5).

. Add 500 pL of the methanol:chloroform (1:1) with 10 pM

BHT into the tubes containing samples. Homogenize for
2 min. Flush with argon gas afterward. Keep the sample in an
ice bucket for as much as possible.

. Add 300 pL of pure LC-MS grade chloroform to the sample.

Homogenize for another 2 min. Flush with argon gas. Keep
the sample in an ice bucket for as much as possible.

. Optional: vortex for 30 s.
10.
11.

Flush samples in argon gas before centrifugation.

Centrifuge samples at 13,000 RPM (11,337 x4) for 15 min.
When centrifugation is completed, there should be three layers:
the superior aqueous layer, the middle tissue layer, and the infe-
rior organic layer. The lipids are contained in the organic layer.

In four separate tubes, evenly split the organic layer. For the
solution above, there is a total of 550 pL of chloroform, so add
135 pL of the organic layer in each of the tubes. These are the
lipid aliquots. Because ocular tissue has a low lipid yield, four
aliquots of trabecular meshwork lipids allow for detectable
amounts, and keep mass spectrometer clean from excess lipids.
For brain, liver, or other tissues where lipid yield is expected to
be high, we recommend using either the Folch or MtBE method
of lipid extraction and increasing the number of aliquots as keep
the mass spectrometer analyses clean as possible (sec Note 6).

Flush each aliquot with argon gas.

Speed-vac with no heat to vaporize the remaining chloroform
in the organic layer, until lipid samples are completely dry.

Flush with argon gas (se¢ Note 7).

Store at —80 °C until mass spectrometric analysis (see Note 8).

. Speed-vac the tubes with the sample containing the aqueous

layer and the remaining tissue until the tissue is barely moist.
You may use the temperature up to 30 °C if desired, however,
be careful that the tissue is not burned from staying too long
in the heated Speed-Vac.

. Store at —80 °C until ready for protein quantification.
. Use 0.05% SDS as a butffer for protein extraction. To make:

Add 25 pL of sodium dodecyl sulfate to 49.975 mL of HPLC
water for a 0.05% SDS solution.
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. Keep tubes with samples in ice bucket as much as possible in

the protein extraction phase.

. Add 400 pL of 0.05% SDS butfter to samples with tissue.

. Homogenize with handheld homogenizer with tips sterilized

in 70% ethanol for 2 min.

. Vortex for 2 min.
. Centrifuge for 13,000 RPM (11,337 x4) for 15 min.

. Separate the supernatant or the top aqueous phase containing

the proteins into different tubes.

Speed-vac to less than 50 pl. with optional heat up to
30 °C. Because ocular tissues are small and have a low pro-
tein yield when compared to other common biological sam-
ples, our protein samples needed to be concentrated further,
down to 15-20 pL at times for protein quantification to be
done correctly.

Add 0.5 pL of BSA and add to 999.5 pL. of HPLC water to
create a 0.1 pg/pl. BSA standard solution.

Take a 96 ELISA well-plate and label the wells appropriately
with at least three separate readings per sample or standard.

Dilute the protein reagent assay 1:10 with distilled water. We
make 50 mL of protein reagent solution stock at a time, and
store in the 4 °C freezer by diluting 5 mL of reagent with
45 mL of distilled water.

By Bradford method [7, 8], a protein standard should encom-
pass concentrations from 0 to above the highest protein con-
centration contained in one of the samples to successtully
extrapolate the protein concentration of samples. Because if
the low protein concentration is expected in ocular tissues, we
use 0, 1, 2, 4, 6, and 8 pg/pl. BSA concentrations as a
standard.

To make the 1 pg/pL standard: add 0.4 pL of BSA standard
into 399.6 pL of diluted protein reagent in a tube. This solu-
tion now has a concentration of 1 pg/pL. For the 2 pg/pL
standard: add 0.8 pL of BSA standard into 399.2 pL of the
protein reagent. For the 4 pg/pL standard: add 1.6 pL. of BSA
standard into 398.4 pL of the protein reagent. For the 6 pg/
pL standard: add 2.4 pL of BSA standard into 397.6 pL of
protein reagent. For the 8 pg/pL standard: add 3.2 pL. of BSA
standard into 396.8 pL of protein reagent in a tube.

Add to each of the three wells designated as the 0 pg/pL,
100 pL of the protein reagent alone.

Add to three wells, 100 pL of the 1 pg/pL standard each. Add
to three more wells, 100 pL of the 2 pg/pL standard each.
Repeat for the 4 pg/pL standard, the 6 pg/pl standard, and
the 8 pg/pL standard.
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18.

19.

20.

21.

22.

23.
24.

25.

Add 99 pL of the protein assay reagent into three wells. Add
1 pL of the protein sample (the supernatant that has been con-
centrated by speed-vac and stored at —80 °C) to each of the
three wells for a total volume of 100 pL.

Repeat step 18 for each of the samples.

Repeating the absorbance three times will provide maximum
accuracy and precision of both the standard and the subse-
quent protein concentration of the samples.

Obtain the absorbance using instrumentation available (see
Note 9).

Create a curve with the concentration of the standards on the
x-axis and the corresponding absorbance on the y-axis.

Calculate the concentrations of the protein samples.

Multiply the concentrations in pg/pL by the total number of
pL for each supernatant. This is the total pg of protein in each
sample, and the normalization for the total amount of lipids
obtained from the mass spectrometric analysis, i.e., lipid
amounts are expressed as pmol of lipid /pg protein.

For even lower protein amounts unable to detect using a Bradford
method, we recommend the use of the PHAST gel densitometry
with a BSA standard for protein quantification [10].

4 Notes

. The argon gas is best administered through a tube taped to the

cut-off tip of a 20-200 pL pipette. Be sure not to increase the
pressure too high so as to cause spillage of tube contents.

. Use glass when handling tissues if they need to be dissected or

separated from other biological specimens further to avoid
contaminants by PEGs and other plastics.

. Butylated hydroxytoluene is an antioxidant used to prevent

lipid peroxidation.

. The chloroform is a volatile solution, and fumes can be toxic.

We advise to wear a mask to decrease chloroform fume
exposure.

. Any internal standard can be used, so long as it is synthetic in

nature to ensure the only source of the standard is the standard
itself, and can therefore allow for accurate calculation of
recovery.

. If the lipid extraction is being done on fluid tissues, i.c., ocular

aqueous humor, cerebrospinal fluid, joint aspirate, the three lay-
ers after centrifuging, i.e., the superior aqueous layer, the middle
tissue layer, and the lower organic layer may not be apparent. We
found that adding 100 pL of LC-MS grade water and after
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. Protein concentration through the Bradford method can be
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Chapter 2

Lipid Extraction Techniques for Stable Isotope
Analysis and Ecological Assays

Kyle H. Elliott, James D. Roth, and Kevin Crook

Abstract

Lipid extraction is an important component of many ecological and ecotoxicological measurements. For
instance, percent lipid is often used as a measure of body condition, under the assumption that those indi-
viduals with higher lipid reserves are healthier. Likewise, lipids are depleted in *C compared with protein,
and it is consequently a routine to remove lipids prior to measuring carbon isotopes in ecological studies
so that variation in lipid content does not obscure variation in diet. We provide detailed methods for two
different protocols for lipid extraction: Soxhlet apparatus and manual distillation. We also provide methods
for polar and nonpolar solvents. Neutral (nonpolar) solvents remove some lipids but few non-lipid com-
pounds, whereas polar solvents remove most lipids but also many non-lipid compounds. We discuss each
of the methods and provide guidelines for best practices. We recommend that, for stable isotope analysis,
researchers test for a relationship between the change in carbon stable isotope ratio and the amount of lipid
extracted to see if the degree of extraction has an impact on isotope ratios. Stable isotope analysis is widely
used by ecologists, and we provide a detailed methodology that minimizes known biases.

Key words Lipid extraction, Stable isotope analysis, Polar lipids, Neutral lipids, Soxhlet apparatus,
Ecophysiology, Ecotoxicology, Diet reconstruction

1 Introduction

Stable isotope analysis (SIA) can be used to determine what consti-
tutes a consumer’s diet [1-3]. As a consumer digests its food, the
nutrients are assimilated into the consumer’s tissues. Atoms from
the food are absorbed in the gut and used for metabolism and
repair in all tissues in the consumer’s body; thus, if the ratio of
heavy to light isotope (e.g., *C:'?C) is different for different prey
items, one can deduce what proportion of each prey was eaten by
the consumer. In particular, stable isotope ratios are often used to
disentangle variation in contaminant levels associated with diet

Electronic supplementary material: The online version of this chapter (doi:10.1007 /978-1-4939-6996-8_2)
contains supplementary material, which is available to authorized users.
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from variation associated with environmental factors [4-6]. A
continuous-flow stable isotope mass spectrometer measures the
weight of heavy and light isotopes of different elements from vari-
ous tissues relative to a standard reference material, resulting in the
stable isotope ratio of that individual [2, 3]. Difterent types of tis-
sues grow at different rates and during different times of year, so
different types of tissues can be used to get diet information from
different time periods [2, 3].

13C is depleted in lipids compared to proteins and variation in
lipid content can confound interpretation of diet [7-10]. To esti-
mate stable isotope ratios in proteins, it is therefore necessary to
chemically extract lipids from samples before measuring stable iso-
tope ratios, or to algebraically account for such effects for most
consumer tissues [11-20].

Several methods have been used to chemically extract lipids
from tissues. The most common method uses chloroform-metha-
nol as a solvent [21, 22]. However, sometimes petroleum ether,
hexane, and ethyl acetate /alcohol are used as alternative solvents
[6, 23]. As both chloroform—methanol and ethyl acetate are more
polar than petroleum ether or hexane, those compounds extract a
greater proportion of polar compounds, including proteins, than
petroleum ether or hexane [23-25]. In particular, nonpolar sol-
vents (e.g., hexane, petroleum ether) only remove neutral lipids
while polar solvents (e.g., chloroform-methanol) also remove struc-
tural lipids, such as phospholipids. As a result, stable isotope values
on tissue extracted with polar solvents tend to be more enriched in
13C and N than tissue extracted with nonpolar solvents [23, 25].

Here, we provide a detailed protocol for preparing tissues for
stable isotope analysis. We provide only the methods up to the
point of weighing and encapsulation. Samples are then sent to a
stable isotope laboratory for the measurement of stable isotope
ratios using an isotope ratio mass spectrometer. Various tissues can
be used for stable isotope analysis, and we provide representative
methods for muscle and hair. Most soft tissues (i.e., eggs, liver,
other internal organs) can be treated virtually identically to muscle.
Feathers can be treated very similar to hair. Most tissues can be
prepared with minor modification to these methods.

We focus on the lipid extraction step. Apart from stable isotope
analysis, lipid extraction is widely used to measure lipid content (see
Note 1). Percent lipid is often used as an index of body condition,
under the assumption that fatter individuals are healthier, and our
process could also be used to measure body condition. Percent
lipid is also used to normalize lipophilic contaminant concentra-
tions, as tissues that have higher lipids are likely to be more con-
taminated with lipophilic contaminants (e.g., PCBs, DDE, etc.).
For each of those applications, Subheading 3.2 or 3.3 can be used
to estimate lipid content. The lipid extraction technique
(Subheading 3.2 or 3.3) can be used in many ecological applica-
tions where lipid content is desired. For instance, such a procedure
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can be used to measure lipid content for contaminants analyses or
to measure body condition. Regardless, the Soxhlet apparatus is
preferable to manual washing because it automates the procedure
and improves reproducibility.

The solvent used clearly impacts carbon and nitrogen stable iso-
tope ratios (see Note 2). Nonpolar solvents (e.g., petroleum ether,
hexane) extract only the neutral lipids that store energy while polar
solvents (e.g., chloroform-methanol) extract structural lipids, such
as phospholipids, as well as neutral lipids. In most cases, the sim-
plest matrix possible is desired, to minimize variation associated
with matrix composition. In that case, the chloroform:methanol
method is likely preferable, as it completely extracts all lipids.
However, lipid extraction also alters nitrogen isotope ratios because
amino acids bound to phospholipids on cell membranes, and other
lipids are usually naturally depleted in ®N [26]. Thus, accurate
measurement of 8'°N requires a separate analysis of nonextracted
tissue. As an alternative to chemical lipid extraction, it is possible to
account for lipid content using the carbon to nitrogen ratio. Such
algebraic approximations have nearly five times as much error as
the chemical lipid extraction outlined in this protocol [20].

We provide a detailed, reproducible methodology for prepara-
tion of samples for stable isotope analysis, including lipid extrac-
tion. With minor modification, our protocol can be used for most
tissues. The carbonaceous exoskeleton of arthropods and some
other invertebrates must be removed using acid hydrolysis because
calcium carbonate is enriched in 3C, causing similar issues as lipids
[27]. Likewise, the removal of collagen from bone requires addi-
tional work and various washing techniques can be applied to
feathers to remove preen oils [28, 29]. However, our methods
work well for most tissues.

2 Materials

1. Disposable 2 mL microcentrifuge tubes along with permanent
markers to write on the tubes and fiberboard storage boxes and
dividers to store tubes, and kimwipes for cleaning.

2. Benchtop freeze dryer, standard lab oven with electronic con-
trol, drying chamber, and desiccator cabinet.

. Vacuum pump with pump oil.

. Soxhlet apparatus with Allihn condenser.

. Standard orbital shaker and centrifuge rotary evaporator.
. Glass microfiber filters (55 mm).

N QN U o W

. High performance cellulose extraction thimble (1 mm wall,
10 x 50 mm).

8. Multi extraction mantles—o6 recess, heating only, 250 mL.
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9.
10.
11.
12.
13.
14.
15.
16.
17.

Hook connector, 3-prong dual adjustment clamp.
Refrigerated bath circulator.

Microbalance (e.g., 5.1 g x 1.0 pg).

Petroleum ether or chloroform (99%) and methanol.
Clear PVS tubing 5/16"'-50"".

30 mm jar forceps.

20 mL glass screw thread scintillation vials.

Tin capsules 5 x 9 mm.

Flat-bottom plates with lids.

3 Methods

3.1 Subsampling
Tissue

1.

The protocol described here is specifically for muscle, but can
be used with little alteration for any other soft tissue, such as
egg contents, plasma, blood, liver, pancreas, stomach, or any
other internal organs. Digestive tract contents would need to
be emptied and rinsed prior to any analysis. Liquids (e.g.,
plasma, blood) are typically freeze-dried prior to any analysis,
to simplify homogenization. Subsampling of liquids would
occur with a pipette following vortexing.

. General sanitation. Preparing samples for stable isotope analy-

sis requires certain steps to be followed to ensure that accurate
results are obtained. Cross contamination is a serious concern
when preparing samples. Samples are measured in micro-
grams, so contaminants that might be negligible to other pro-
cedures can be highly influential to our results. To prevent
contamination, clean gloves should be worn at all times when
working with samples, to protect both the sample and the
researcher. In this protocol, we use a 70% ethanol (alcohol)
solution to clean and disinfect our tools, the counter, other
surfaces, our gloves, etc. Before working with each sample, the
workspace and tools should be wiped with a Kimwipe and eth-
anol. Do not forget to put everything away, especially samples,
which may become contaminated or start to decompose. Tools
should be washed with soap and water and dried or left to dry
(on the rack) before being put away. Make certain to create an
accurate labeling method so that each sample can be uniquely
identified throughout the process.

. Subsampling from muscles. Tools and supplies needed for

sampling include gloves, cutting board, scalpel or knife,
micro-centrifuge tubes and boxes, forceps, fine point marker,
kimwipes, and ethanol. In our lab, muscle samples are often
provided as pieces of frozen meat in a small container or bag,
usually far more sample than is needed for stable isotope
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analysis. Begin by cutting the sample into small (approxi-
mately grape-sized) pieces with either a scalpel or a knife.
Try to include only lean, red muscle, with as little fat and
connective tissue as possible. This may be difficult depend-
ing on the quality of the sample, so patience and attention to
detail are required. The sample run for stable isotope analysis
should consist of a 2 mLL micro-centrifuge tube filled about
half way with muscle. The tube should be labeled with a fine
point marker on the lid and side with the sample ID number.
Use forceps to pack the sample into the tube; avoid leaving
air pockets underneath the sample, as they may expand and
torce the sample out of the tube during freeze—drying (next
step). Once filled, these tubes should be placed in a micro-
centrifuge box to help avoid confusion should the samples
come out in the freeze dryer. Leave an empty space between
tubes in the micro-centrifuge box to prevent contamination
if a sample is forced out of its tube (covering the tube with
parafilm with perforations should further ensure that) dur-
ing freeze—drying. Additional samples can be archived for
future use or otherwise disposed appropriately.

. Freeze—drying. Prior to stable isotope analysis, samples must be
dried to remove all traces of water from the sample and prevent
decomposition during storage. Freeze—drying is the preferred
method for muscle samples or other soft tissues, but hair, feath-
ers, or plant samples can be dried in a drying oven. Samples
should be frozen before using the freeze dryer, as any liquid
material may foam and expand, causing cross-contamination
with neighboring samples. Ensure that all tube lids are open so
the vacuum reaches the sample. If necessary, several boxes of
samples can be stacked on top of each other. Grease the seals
with silicon to create a strong seal. Ensure that the air valve is
closed, and that the plastic end cap is inserted into the end of
the rubber drain hose attached to the bottom of the dryer. Turn
the dryer on. Samples typically need at least 48 h of freeze—dry-
ing to completely remove moisture and will not be affected by
freeze—drying for longer than is necessary. The freeze dryer can
be left running overnight or over the weekend. Once the sam-
ples have had at least 48 h in the dryer, end the freeze-drying.
Very slowly open the valve on the top to allow air into the
dome. It will be possible to hear the air rushing in. Once the air
can no longer be heard, take the samples out. Leave the dome
off so moisture from the freezer coils does not condense on the
inside. Take the end cap out of the drain hose to allow the lig-
uid to drain. Once the frost on the freezer coils has melted, use
paper towels to dry the inside of the freeze dryer. The samples
are now completely dehydrated and no longer need to be kept
frozen, and can be stored in a desiccator cabinet.
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3.2 Lipid Extraction 1. The soxhlet apparatus is commonly used in chemistry applica-

by Soxhlet Apparatus

tions for dissolving soluble substances from a solid matrix.
Freeze—drying has removed all the water from the sample, but
not the lipids (oils and fats). The Soxhlet removes lipids by
bathing the sample in a solvent that will dissolve and remove
lipids from the sample (e.g., petroleum ether or chloroform). A
heater under each of the Soxhlet extractors boils the solvent,
and the vapors rise and condense in the top section, which is
cooled by water. The freshly distilled solvent drips down from
the condenser to saturate the samples in the extractor, and
when the solvent level rises high enough, it fills a siphon and
drains back into the reservoir to be boiled again. Thus the sam-
ples are constantly bathed in fresh solvent, while the lipids
become concentrated in the bottom reservoir. The Soxhlet
apparatus should be set up in a fume hood, in case any solvent
escapes past the condensers. Before starting, the following tools
are needed: gloves, a set of cellulose thimbles in their beakers,
the corresponding data sheet, a pencil, a mortar and pestle,
55 mm glass microfiber filter papers, Kimwipes, and ethanol.

. Identifying thimbles. Each sample will be placed in a cellulose

thimble, and each extractor holds a set number of thimbles; in
our extractor it is six 10 x 50 mm thimbles. We use notches in
the top of each thimble to identify individual samples, which
correspond to a sample ID number indicated on the data sheet.
Thus, a set of six notched thimbles is needed for each
extractor.

. Breaking up the sample. Crushing the dried sample with mor-

tar and pestle for a few seconds will break up connective tissue
in muscle, make the sample easier to wrap in the filter paper,
and allow the solvent to penetrate more casily. Take the sample
out of the micro-centrifuge tube and put it into the mortar.
Crush the sample with the pestle for a few seconds. Ideally the
sample will break into small pieces, but some will not come
apart as casily. This should not matter, as long as the sample
can still be made to fit into the thimble later. Some samples
may appear greasy or even wet, most likely because the sample
might have excessive fat content; proceed with Soxhlet prepa-
ration like any other sample.

. Addition to filter paper. To prevent bits of cellulose shed from

the thimbles from contaminating the samples, each sample will
be wrapped in glass microfiber filter paper. Dump the sample
out of the mortar onto a filter paper. Carefully wrap the sample
in the filter paper by folding over each end and rolling it up like
a burrito. There may be more sample than can fit in a single
filter paper without ripping it, but one paper will hold plenty
tor stable isotope analysis. Before inserting the sample, check
the thimble for large pieces of paper or sample that may be
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stuck in the bottom, remove any such pieces, then slide the
rolled paper into the thimble. Forceps may be needed to insert
the paper completely. Be caretul not to rip the filter paper. If a
rip occurs, throw the paper out and rewrap the sample in a new
paper. Clean everything with ethanol and a Kimwipe. Make
sure the mortar is dry before adding a new sample.

. Preparing the Soxhlet. To remove neutral lipids a nonpolar sol-
vent such as petroleum ether or hexane can be used. To remove
all lipids (including phospholipids and structural lipids) a polar
solvent must be used, such as chloroform/methanol. However,
the latter will also remove a small amount of non-lipid mate-
rial. Check the solvent level in the flask. The volume of solvent
in the flask should be three to four times the volume of the
extractor chamber (usually about half full), with a few boiling
chips in the bottom of the flask. The solvent can be reused for
multiple extractions and slowly turns yellow as more lipid
becomes dissolved in it and eventually will need to be replaced
(we keep a waste ether jug stored in a flammables cabinet). The
boiling chips can be reused, so try not to dump them out of
the flask. Petroleum ether and other solvents are toxic and the
fumes are highly flammable, so when adding new solvent to
the flask only pour it under the fume hood and be careful not
to get it on exposed skin. Use a glass funnel to avoid spills. Fit
the Soxhlet sections back together and clamp them back into
place. Fill the other extractors in the same manner. Leave each
empty beaker beside the tube that contains the corresponding
thimbles, and leave the data sheet under the fume hood with
the samples to avoid confusion about what is in the Soxhlet.

. Loading the Soxhlet. Once all samples have been prepared, or
all 36 thimbles are full (for a 6-heater unit), begin loading
them into the Soxhlet. First unscrew the clamp at the top and
carefully slide the condenser (the top section) up and out of
the extractor (the middle section), then retighten the clamp to
hold the condenser in place. Slide the extractor out of the flask
(the bottom section). Use long forceps to slide the six thimbles
from one beaker into the extractor, all the way to the bottom.
If they are stacked on top of each other they will not become
tully immersed in the solvent and the Soxhlet will not be effec-
tive. Make sure the thimbles are not blocking the siphon as this
will not allow the solvent to drain back into the flask.

. Starting the Soxhlet. Before turning on the Soxhlet heater,
check the water level in the recirculating chiller by taking the
hatch oft the top. It should be full right to the very top. Add
more water if necessary. If the water runs out while running,
the coolant will fail and the Soxhlet will boil dry. Turn on the
chiller pump. Use the buttons to navigate the screen menu.
Adjust the temperature to 10°. High humidity sometimes
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3.3 Lipid Extraction 1.

with a Shaker
(If a Soxhlet Apparatus
is Not Available, Lipid

Extraction Must be 2

Performed Manually)

3.4 Unpacking 1.

and Homogenization

causes water to condense inside the Soxhlet, which interferes
with the solvent draining. Under these conditions a higher
water temperature may help avoid this moisture condensation,
but may slow the rate at which the solvent condenses.

. Extraction in the Soxhlet. Once the water reaches the desired

temperature, turn on each of the heaters under the flask hold-
ing the solvent (at a setting of approximately 4.5 on our unit).
Check the Soxhlet after a little while to ensure that the solvent
is at a slow, steady boil and that it is draining properly. Don’t
forget to close the fume hood to its operational level. Samples
need at least 8 h in the Soxhlet. It can be left running over-
night, but not for longer than 24 h or the solvent may boil dry.

. Removal from Soxhlet. After running, turn off the Soxhlet

heaters and remove the samples, placing them back into their
appropriate beakers with the long forceps. Place the beakers
with the samples into the drying oven set at 60 °C for at least
48 h. Keep the data sheet with the samples in the oven to avoid
losing it.

Weighing the sample. Add freeze—dried and broken up tissue
(Subheading 2, steps 1 and 2) to a sample tube labeled with
the sample ID number. Weigh the tube before and after the
sample is added.

. Extraction. Add the solvent to the sample tubes, typically chlo-

roform/methanol (2/1), which is known as Folch’s reagent.
The final volume of the solvent should be 20 times the tissue
sample (50 mg of dried tissue in 1 mL of solvent mixture).
Place the box of sample tubes on a shaker and agitate the whole
mixture at room temperature for 15-20 min.

. Centrifugation. After shaking, centrifuge the samples for 3 min

to separate the sample tissue from the solvent. After centrifu-
gation, pour out the solvent and repeat Subheading 3.2. This
extraction step should be repeated three times.

. Evaporation. Evaporate the samples under vacuum in a rotary

evaporator for 45 min or under a nitrogen stream if the volume
is low. Reweigh the sample (the difference in weight will pro-
vide the lipid content of the original sample).

Once the samples have dried, they must be removed from the
thimbles or sample tubes and prepared for weighing. Before a
sample can be weighed, it must be reduced to a fine powder.
The following items will be needed: gloves, forceps, a
stainless-steel dissection probe, vials (such as scintillation vials),
a black permanent marker, Kimwipes, and ethanol.

. Label the vial with the sample ID number on the lid and also

on the sides of the vial (written twice, 90° apart to reduce the
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chance of smudging both labels by pinching between thumb
and forefinger). If lipids were extracted using the shaker
method, place the sample in the vial and proceed to step 3.5.
If using the Soxhlet method, continue with step 3.3.

. Carefully remove the sample from the thimble. Be gentle, as

the filter paper will be very delicate and can rip easily. Check
the thimble to make sure no sample or large chunks of filter
paper remain in the bottom. Put the thimble back in the cor-
rect beaker.

. Unwrap the filter paper, empty the sample into the vial, and

discard the filter paper. If small pieces of filter paper become
stuck to the sample, try to remove these with forceps. It may
not be possible to remove all traces of paper, while this is not
ideal, it is acceptable since the glass microfiber filter paper con-
tains no nitrogen or carbon that will affect the measured stable
isotope ratios (although it could affect the sample weight,
which would affect %C and %N estimates).

. Use the blunt handle end of the probe to homogenize the sam-

ple inside the vial. Be careful not to use too much force as the
glass vials are prone to breaking. If the vial breaks, transfer the
sample into a new vial, and carefully remove all traces of broken
glass from the sample. Pounding or grinding the sample should
reduce some of the sample into a fine powder, which is what is
weighed out and prepared for final analysis. Only a very small
amount of powder is needed; even a thin coating on the bot-
tom of the vial should be enough. Notice that the majority of
the sample will not become powder. Although this is mainly
due to connective tissue, the sample must be broken down as
much as possible. The point of homogenizing (crushing) the
sample is to have a representative subsample when weighed.

. Tighten the lid on the vial and place it back in the tray. Clean

the workspace and utensils with ethanol and Kimwipes before
moving on to other samples.

. A precise amount of sample must be weighed out on the

microbalance and carefully packaged in tin capsules for mass
spectrometer analysis. This final step of sample preparation
demands a great deal of precision, any mistake at this stage is
almost guaranteed to affect the accuracy of the final results.
Proper sterilization and cleanliness of workspace and materials
are particularly important to avoid contamination. The micro-
balance is a delicate and expensive instrument. It must be
handled carefully; even a vibration in the table may affect the
reading. After weighing and wrapping, the samples are sent to
a laboratory for analysis using a mass spectrometer. The results
are typically emailed back. The following equipment is needed:
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gloves, one or two sets of forceps, a well plate, tin capsules, a
stable isotope submission spreadsheet, a pencil, a red marker,
Kimwipes, and ethanol.

. Turn the Microbalance on. The balance will probably need to

be calibrated when turned on and after every few hours of
operation. If the calibration light flashes while weighing a sam-
ple, finish weighing it before starting calibration. Touch the
tab to begin calibration. Calibration is automatic and usually
takes 2 or 3 min. Once finished, press back on the screen to
return to weighing the sample.

. Open the balance door. Using forceps carefully place a tin cap-

sule on the raised center tray. Try to place it as close to the center
as possible, where the measurement will be the most accurate.
Close the balance door to prevent drafts from interfering with
the measurement (Yes—slight air drafts in the room can affect
the weight of the sample). The weight displayed on the screen
will fluctuate first, but it will settle on a weight after a few sec-
onds. In general, it has not settled until g appears after the
weight, and it may still change after. Once it has stopped fluctuat-
ing, press the zare button to zero the weight. From now on, it
will display the weight of the sample in the capsule only, not the
capsule itself. Every capsule will have a different weight, so it is
crucial to tare the balance with each new capsule.

. Open the door and remove the capsule. Close the door after-

ward to prevent powder from entering the balance because it
may affect the weight or contaminate the sample. Stand the
capsule on the sterilized lab bench to add sample. The forceps
can be used to gently open the rim of the capsule more. The
capsules are made of pure tin so that it does not contaminate
the sample. They are very thin and very fragile, so be careful
not to crush or tear them. If the tin is torn, discard the capsule
and begin again.

. Very carefully use the forceps to take some of the powdery

sample out of the vial and place it in the capsule. Very little is
needed (usually 0.4-0.6 mg for muscle, but consult the lab
where the stable isotope ratios will be measured). Only add the
fine powder, not chunks of sample as these chunks may not be
pure tissue (or may over-represent a certain period). When
enough sample is in the capsule, open the balance door and
place the capsule in the center of the tray like before. Be careful
not to spill. If the sample is stuck to the forceps or the outside
of the capsule, it should be gently wiped off with a Kimwipe
before entering the balance. Different tissues will have differ-
ent weight windows. If the weight is below this window, the
sample may not be detectable by the mass spectrometer, and it
it is higher, it may go off the calibrated scale.
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. If the weight is not correct, then add or remove sample. Be

very careful when removing the sample, as the point of the
forceps can easily tear the bottom of the capsule. If this hap-
pens, throw the capsule away and restart.

. Once the correct weight is obtained, roll or squeeze the cap-

sule into a tight ball or cube using two pairs of forceps or
gloved fingers. It is sometimes easiest to crimp the end closed
with forceps before rolling to prevent the sample coming out
while rolling. The ball or cube should be as small as possible
with no cracks, protrusions, or angular edges as these may
become caught in the mass spectrometer’s autosampler.

. Place the ball back in the balance, close the door, and record

the final weight in the data sheet. The weight will likely be
slightly different than the weight previously measured, and it
may even fall outside of the target window (typically 0.4—
0.6 mg for muscle, but it will depend on the lab). If'it is within
0.005 mg of the window, it is usually considered an acceptable
error. If it is oft by more than 0.005 mg then throw it away and
restart (aim for 0.5 mg when weighing muscle).

. Open the well plate and place the ball into the well indicated

by the data sheet. Make sure to replace the plate lid to keep
powder and other contaminants out. Use the marker to make
a small red dot on the lid of the vial to indicate that this sample
has been completed, as it is difficult to tell otherwise.

Be sure to wipe down all workspaces and utensils (including
hands) before moving on to the next sample. If powder or
spilled sample is on the central tray of the microbalance, wipe
it off with a Kimwipe. The glass door can be removed by lifting
straight up, make sure to line up the notch in the bottom of
the door with the peg on the balance when replacing it.

Once finished weighing samples, tape the plate lid closed at all
four sides, label the tray, and put the plate in the desiccator for
storage. Be sure to close the door before turning the microbal-
ance off.

Most mammals have two types of hairs: guard hair (overhairs),
which grow from primary follicles, and undertur (underhairs),
which grow from secondary follicles. These hair types often
grow at different times of year, so they can be separated to
provide more specific dietary information. Guard hair is long,
thick, and straight, like the bristles on a paint brush, while
underfur is short, thin and may be curly like a cotton ball. We
also collect an archive sample containing both types. The fol-
lowing items are needed: gloves, coin envelopes, vials (such as
scintillation vials), scissors, a black marker, petri dishes, one or
two pairs of forceps, a moustache comb, Kimwipes, and ethanol.
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The steps here are specifically for hair, but can be adopted
equally well for other external tissues, such as modified scales
or feathers. In the case of feathers, they should be washed with
detergent and then chloroform-methanol to remove preen oil
and other contaminants that would reflect current diet rather
than diet when the feather was grown [26].

. Labeling sample. Label one vial with the sample ID number

followed by GH for guard hair, and the other with the ID plus
UF for underfur. Label them on the lid and twice on the side.
Cut a chunk of hair off a sample as close to the skin as possible.
Place it in a petri dish to help contain the hair. The guard hair
should stick up above the undertur. Pinch the top of the guard
hair between fingers and run the mustache comb, or a set of
torceps through the fur. After a few passes, only guard hair will
be left in the hand. By the same token the hair that gets caught
in the comb will be mostly underfur. A few stray guard hairs
may need to be removed one by one.

. The hair needs to be washed to remove any traces of blood,

dirt, feces, or other contaminants. In addition to the tools pre-
viously listed, dish soap, a beaker, and a fine mesh tea strainer
will also be needed. Use about a tablespoon of dish soap to
make some soapy water in a large beaker. Pour about half a vial
full of soapy water into the scintillation vial containing the hair.
Close the lid and shake the sample vigorously for no less than
1 min. It is optimal to shake multiple samples at the same time
to speed the process up.

. Rinse the sample. Dump the sample into a tea strainer. Rinse

out the inside of the vial and lid under high pressure water.
Rinse the hair in the strainer under high pressure water. Use
the forceps to lift the hair above the strainer and rinse the hair
thoroughly. In the past, we have had problems with soap resi-
due being left on the vial or sample, which can confound the
stable isotope results. It is vital to rinse the vial, lid, and sample
very thoroughly. Once the samples are rinsed, put it back in
the appropriate vial and repeat the process, so each sample gets
washed and rinsed twice. After the second rinse, put the sam-
ple back in its vial and place it in the drying oven (place the lid
next to the vial in the oven). Let the sample dry for 48 h.

. Homogenizing. A representative sample of the hair is needed,

so the hair needs to be reduced to a powder or very small sec-
tions before it can be weighed.

. Method one: Scissors. Scissors may be used for small numbers

of samples, or samples with very little tissue. Simply use a pair
of'scissors to cut up a hair sample in its scintillation vial. Scissors
that pivot at the neck of the vial when the tips reach the bot-
tom are the ideal size. The hair needs to be cut into very small
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pieces, preferably into a powder consistency. Static may cause
sample to stick to the scissors and vial when humidity is low. It
may be necessary to stop homogenizing and come back to fin-
ish a sample later when the static has dissipated.

. Method two: Ball mill. The ball mill is a much more efficient

way of homogenizing large numbers of hair samples with
adequate sample weight. Samples are placed in a stainless-
steel grinding jar with a ball bearing. The mill shakes the cyl-
inder very rapidly and the ball bearing grinds the sample into
powder. In addition to the earlier tools, before a spatula,
paper towels, Kimwipes, and ethanol are needed. The ball
mill runs two samples at once, so a second person speeds up
this step.

. There are several different sizes of cylinders for the ball mill;

use the two largest sizes. The ball mill runs grinding jars at
once, and it is very important to keep it balanced. Always run
two jars of the same size at once, even if one jar is run empty.
There are also different sizes of ball bearings; use the largest
size.

. Turn the mill on. Dials control the frequency and duration of

shaking. Frequency should be set to 30 Hz and duration
depends on the amount of sample, but 2 min is standard.

Place the sample inside a jar with a ball bearing and close the
lid as tightly as possible. Larger samples should be placed in the
larger jars. Make sure someone knows which sample is in which
jar as the jars themselves are not labeled. Securely fasten a jar in
each clamp and tighten them as much as possible to ensure
that the jars do not come out while milling. Close the plastic
door to contain the jars. The mill will not run with the door
open. Press the start button to begin homogenizing.

Once the milling is complete, take the jars out and open them.
They may be difficult to open, so use the scoopula as a prying
implement. The sample should be reduced to powder, and if
not, it may need more time in the mill. Scoop the sample out
and place in the correct vial. Some time may be needed to
scrape sample off the inside of the jar to get enough. Running
a second set of jars while working with this set will allow speed
up workflow.

Clean the cylinders out with water and dry them with Kimwipes
before putting a new sample in. Be sure that the cylinders are
clear of all sample residue and other contaminants. Clean the
workspace and turn off the mill.

Weighing. Follow the same procedure (step 5) as weighing
muscle samples, except the weight window may be different.
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4 Notes

1. Typically, the sample can be weighed before and after lipid

extraction (Subheadings 2 or 3). In that case, the differ-
ence in weight is the weight of lipids. For stable isotope
analysis, the laboratory will report the weight of carbon
and nitrogen in the sample, and the stable isotope ratio
relative to a standard (8'3C or §'°N). Lipid extraction typi-
cally alters both carbon and nitrogen stable isotope ratios.
As the alteration in the nitrogen stable isotope ratio is
unrelated to lipid content, it is usually ideal to run two sets
of samples: one with lipid extraction for '3C and one with-
out lipid extraction for §°N.

. The type of solvent impacts lipid extraction (Fig. 1). Neutral

solvents, such as petroleum ether or hexane, do not extract all
polar lipids. Consequently, they do not increase 8C or
decrease the C:N ratio as much as polar solvents. In contrast,
polar solvents, such as chloroform:methanol, extract more lip-
ids, including polar lipids. However, they also remove a greater
proportion of non-lipid compounds.
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Fig. 1 The change in carbon stable isotope ratio following lipid extraction using
petroleum ether as a solvent and using chloroform:methanol as a solvent. Filled
symbolsare for petroleum ether while unfilled symbolsare for chloroform:methanol
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Chapter 3

Isolation of Lipid Raft Proteins from
CD133+ Cancer Stem Cells

Vineet K. Gupta and Sulagna Banerjee

Abstract

Pancreatic cancer cells expressing the surface markers CD133 have been widely reported as cancer stem
cells and mainly responsible for tumor recurrence and chemoresistance in pancreatic cancer. In spite of its
role as a stem cell marker in pancreatic cancer, its function remains elusive. CD133 (also known as prom-
inin-1) is a pentaspan glycoprotein predominantly localized in lipid rafts, specialized membrane microdo-
mains enriched in crucial signaling proteins. Coexistence of CD133 with these signaling proteins can
modulate various signaling pathways that might be responsible for aggressive phenotype of CD133+ cells.
This chapter describes a detailed protocol to isolate lipid rafts from CD133+ tumor initiating cells. Purified
lipid rafts can be investigated further for protein or lipid composition by mass spectrometry that can shed
some light on functional role of CD133 protein in these cancer stem cells.

Key words CD133, Lipid rafts, Tumor Initiating Cells, Pancreatic cancer, Cancer stem cells

1 Introduction

Pancreatic cancer is the third most common cancer-related cause of
death in the United States, with 50,000 patients being detected
each year and almost as many succumbing to the disease. The
major reasons for poor survival are chemoresistance and tumor
recurrence. Both these phenomena have been attributed to a spe-
cialized population of cells within the tumor, the tumor initinting
cells or cancer stem cells. Over the years many markers have been
associated with the pancreatic tumor initiating cells [1-5]. One
such marker, CD133, is known to be consistent in giving rise to
tumors from a very low number of cells in multiple animal models
of this disease [4, 6]. Structurally, CD133 is a cholesterol-
interacting pentaspan membrane protein concentrated in plasma
membrane protrusions [7, 8]. Its unique distribution suggests
CD133 may be involved in membrane organization [8]. This idea
is supported by the fact that loss of CD133 from the plasma mem-
brane of human retinal cells causes retinal degeneration, possibly
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due to impaired generation of evaginations and /or impaired con-
version of evaginations to disks [9].

Topologically, CD133 is located in cholesterol-containing
lipid rafts in membrane microdomains, where it is involved in
mediating signaling cascades [10, 11]. Lipid rafts are small plat-
forms, composed of sphingolipids and cholesterol in the outer exo-
plasmic leaflet, connected to phospholipids and cholesterol in the
inner cytoplasmic leaflet of the lipid bilayer. These assemblies are
fluid but more ordered and tightly packed than the surrounding
bilayer. The difference in packing is due to the saturation of the
hydrocarbon chains in raft sphingolipids and phospholipids as
compared with the unsaturated state of fatty acids of phospholipids
in the liquid-disordered phase. The organization of the lipid rafts
is considered to play a significant role in regulating EMT (epithe-
lial mesenchymal transition) which is a hallmark of metastasis.
Concomitant with the acquisition of an aggressive phenotype, the
EMT is marked by a profound rewiring of the cell signaling pro-
grams that affect a multitude of pathways [ 12, 13]. Many pathways
are activated by extracellular ligands or receptors located at the
plasma membrane (PM), suggesting that changes in the properties
of the PM may facilitate the wholesale signaling network rear-
rangements associated with an EMT. Supporting this possibility,
the lipid compositions of cells in epithelial or mesenchymal states
have been shown to be distinct [14] and useful in distinguishing
cells with an EMT phenotype [15]. Further, alterations in the flu-
idity of the plasma membrane, e.g., by modulating cholesterol
content, can induce or inhibit an EMT [16].

The function of CD133 is even less clear in the context of can-
cer. Despite its ubiquitous presence on CSCs from various solid
tumors, it is unknown whether the intracellular signaling down-
stream of CD133 contributes to the maintenance of cellular stem-
ness. Clinically, strong CD133 expression correlates with chemo/
radio-resistance and a poor prognosis [17].

Interestingly, expression of CD133 has been closely correlated
with metastasis and aggressive biology of tumors [6]. Tumors hav-
ing high expression of CD133 are known to metastasize more than
those with lower CD133+ population. Thus, it is of utmost impor-
tance to understand the structural association of CD133 in the
lipid rafts of the plasma membrane, in order to evaluate the func-
tion of this critical TIC marker in pancreatic cancer. In this article,
we outline the protocol for isolation of lipid rafts from CD133+
cells from pancreatic tumors. Following isolation, the lipid rafts
can be analyzed further by proteomics or lipidomics methods to
evaluate the composition of these membrane structures. A com-
plete understanding of the protein and lipid components is required
to elucidate the function of this protein and how it may be involved
in invasion metastasis and chemoresistance.
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2 Materials

QN Ut B~ W

. Primary tumor from patients, spontaneous pancreatic cancer

mouse model (KRas%12P TP53R172H Pdx©re),

. RPMI 1640 medium, Fetal bovine serum (FBS).

. Phosphate Buffered Saline.

. Collagenase IV (Worthington Biochemicals).

. MACS column (Miltenyi Biotech).

. Anti-CD133 microbeads (human) or anti-CD133/PROMI1

microbeads (mouse).

7. Anti-CD133 antibody.

o)

10.

11.

12.

13.
14.

. OptiPrep (Sigma Aldrich).
. Isolation Buffer (IB): 150 mM NaCl, 5 mM dithiothreitol

(DTT), 5 mM EDTA, 25 mM Tris—-HCI, pH 7.4 supple-
mented with a cocktail of protease inhibitors.

Triton X-100.

Ultracentrifuge with any small volume (approx. 10-13 mL)
swinging bucket rotor (e.g., Beckman SW41Ti or
equivalent).

Syringe with metal cannula (for underlayering) or Pasteur
pipette (for overlayering).

40-micron nylon mesh, electric pipettor.

Dot-blot apparatus.

3 Methods

3.1 Preparation
of Single Cell
Suspension

. To generate single cell suspension, cut xenograft tumors from

mice or primary human tumors into small pieces with sterile
scissors in RPMI medium, and then mince the tissue mechani-
cally with scissors or scalpel until the pieces are 1 mm in size
(able to be pipetted without difficulty using 10 mL pipettes).
Wash the tissue with RPMI twice, centrifuge samples, and dis-
card the solution.

. Resuspend the minced tissue in 20-30 mL RPMI in a 50 mL

centrifuge tube depending on the amount of tissue. Large
amounts of tissue may require additional tubes.

. Digest minced tissue by adding ultrapure collagenase IV in

medium at a final concentration of 200 units/mL.

. Incubate the sample at 37 °C with shaking at a speed of

120 RPM for 1.5 h for first step enzymatic dissociation.
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5.

10.

3.2 MACS Sorting 1.

3.3 Cell Lysis 1.

Pipette the sample for 3 min using a 25 mL pipette to mechan-
ically dissociate the sample and put it back to 37 °C
incubation.

. Further mechanically dissociate the sample every 15-20 min

by pipetting with a 10 or 5 mL pipette until whole tumor is
dissociated.

. Add RPMI to a total volume of 50 mL and spin down at

800 RPM for 5 min.

. Discard the supernatant and resuspend the samples with RPMI

containing 2% FBS.

. Filter through a 40-micron nylon mesh to eliminate clumps

and debris.

Wash cells with RPMI /2% FBS twice to remove enzyme solu-
tion. Resuspend cells in RPMI/2% FBS and perform a cell
count. Cells are ready for sorting (see Note 1).

Prepare MACS mini/midi column by washing them with
RPMI /2% FBS while attached to magnetic stand.

. While the column is being washed add anti-CD133 micro-

beads to single cell suspension of tumor cells (human origin)
or anti-Prom1 microbeads to cells of murine origin.

. Incubate cells on ice for 20 min.
. Add cell-microbeads mix to column attached to magnetic stand.
. Collected flow through in a 15 mL tube (this is CD133— cells.

Once purity has been determined, this fraction can be discarded).

. Wash column with RPMI /2% FBS and pool with flow-through

to remove traces of CD133— cells.

. Remove column from magnetic stand and place on 15 mL

tube. Elute CD133+ cells using RPMI/2% FBS (this is
CD133+ fraction).

. Analyze 50 pL of elute of CD133+ cells and CD133— cells by flow

cytometry (using anti-CD133-PE antibody to confirm purity).

Wash CD133+ cell pellet from the tumor (~10-12 million cells
from the above mentioned tumor size) twice with PBS (five
times the cell pellet volume).

. Add 0.8 mL ofice-cold 0.1% Triton X-100 IB to the cell pellet

(see Note 2).

. Use an automatic pipet to resuspend cell pellet and vortex

breifly for 10 s (see Note 3).

. Pass solution through a 23 G needle using a 5 mL syringe 20

times (see Note 4).

. Centrifuge lysed cells in solution for 10 min at 112 x gat 4 °C.

. Carefully retrieve post nuclear supernatant from pellet of cell

debris (see Note 5).
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Table 1
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The density gradient is made of five layers of OptiPrep with differ-
ent concentrations: 35, 30, 25, 20, and 0%. The lower layer (35%
OptiPrep) contains the cell lysate (see Table 1). Work with pre-
cooled Lysis Bufter, OptiPrep (60% w/v), OptiPrep gradient lay-
ers, and 2 mL microcentrifuge tubes.

1.

Prepare the five solutions that will form the OptiPrep gradient
layers according to Table 1. Mix each one well by vortexing.
Keep the prepared solutions on ice (see Note 6).

. Put 2 mL of gradient layer 1 (35% OptiPrep containing the cell

lysate) at the bottom of the precooled ultracentrifuge tube.

. Place each OptiPrep gradient layer over the other in order (see

Fig. 1) using a Pasteur pipette. It is recommended to use an
electric pipettor. Gradient is visible to the naked eye.

. Spin the density gradient in ultracentrifuge at 200,000 x 4 for

4 hat4°C.

. Take the tubes carefully out of the ultracentrifuge and put

them on ice.

Preparation of OptiPrep density gradient layers

Final OptiPrep  Cell lysate Total volume
Gradient layer (%) (vol) IB (mL) OptiPrep (mL)  (mL)

1 (bottom) 35 0.84 0 1.16 2
2 30 - 1 1 2
3 25 - 1.16 0.84 2
4 20 - 1.3 0.7 2
5 (top) 0 - 1 0 1

0%

— 20%

T 25%

Gradient -

~30%
o 2 ml Optiprep

™

Fig. 1 Demonstration of setting up an OptiPrep gradient for lipid raft isolation
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3.5 Fractions
Collection

3.6 Gradient Fraction
Analysis

6.

Mark nine microcentrifuge tubes from 1 to 9. Tube number 1
will be used for the lowest % of the gradient (the top fraction
of the ultracentrifuge tube).

. CD133 lipid rafts are recovered as a fine dense band at the

border of 20 and 30% (w/v) OptiPrep layers after ultracentri-
fugation at ~200,000 x g for 4 h. Proteins that are part of the
rafts or bound to these structures are present in the rafts
enriched fraction.

. Mark a line on a Pasteur pipette to indicate a 1 mL volume.

Connect the pipette to an electric pipettor.

. Carefully collect 1 mL fractions from top to bottom of the ultra-

centrifuge tube and transfer each fraction to a marked microcen-
trifuge tube. The number of total collected fractions can vary
between 7 and 9. Number the topmost fraction 1 and so on.

. Keep the fractions on ice for later use.

. Fractions can be stored in —80 °C for up to 6 months.

. Perform dot-blot with 2—-3 pL of each gradient fraction as well

as original lysate on nitrocellulose membrane.

. Hybridize with CD133 antibody to detect fraction containing

lipid raft.

4 Notes

. Digestion of a 1 ¢m? xenograft tumor will typically result in

10-20 million cells. Excess cells may be frozen for future use
by placing cells in a solution of FBS with 10% DMSO.

. Lipid rafts have a unique feature of relative resistance to solu-

bilization in an ice-cold TRITON X-100 solution. This feature
is used for their isolation. Since the procedure is highly tem-
perature dependent, the work should be performed in the cold
room. Note that at 8 °C the Caveolae/Rafts proteins may
already be soluble in the TRITON X-100 solution and will not
float up in the gradient.

. Solution should appear homogeneous with no clumps of cells

in solution.

. Drawing solution into the syringe and then forcing it out

counts as 2x.

. Cell debris pellet will be soft and longer spin time may be

needed (up to 20 min). Do NOT spin at any higher speed or
membrane lipids will be lost.

. In order to create an OptiPrep layer, which contains precisely

35% OptiPrep, the volume of cell lysate in tube number 1
should be exactly 0.84 mL.
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Chapter 4

Isolation of Neuronal Synaptic Membranes
by Sucrose Gradient Gentrifugation

Blake R. Hopiavuori, Dustin R. Masser, Joseph L. Wilkerson,
Richard S. Brush, Nawajes A. Mandal, Robert E. Anderson,
and Willard M. Freeman

Abstract

Sucrose gradient centrifugation is a very useful technique for isolating specific membrane types based on
their size and density. This is especially useful for detecting fatty acids and lipid molecules that are targeted
to specialized membranes. Without fractionation, these types of molecules could be below the levels of
detection after being diluted out by the more abundant lipid molecules with a more ubiquitous distribu-
tion throughout the various cell membranes. Isolation of specific membrane types where these lipids are
concentrated allows for their detection and analysis. We describe herein our synaptic membrane isolation
protocol that produces excellent yield and clear resolution of five major membrane fractions from a starting
neural tissue homogenate: P1 (Nuclear), P2 (Cytoskeletal), P3 (Neurosynaptosomal), PSD (Post-synaptic
Densities), and SV (Synaptic Vesicle).

Key words Sucrose gradient centrifugation, Membrane fractionation, Neuronal lipids, Synaptic
membrane isolation, Neurosynaptosome isolation

1 Introduction

Sucrose gradient centrifugation has been used by biochemists
spanning the last several decades. It is an excellent approach for
isolating specialized lipid membranes based on their size and den-
sity. The most common variations of this method are performed
with either a continuous or discontinuous gradient of various
sucrose densities, depending on the application. Discontinuous
sucrose gradients allowed the isolation of rod photoreceptor outer
segments for characterization of the rod photopigment, rhodop-
sin, and many other specialized membrane proteins [1], as well as
the large lipid component of these membranes [2]. Redburn and
Thomas first described isolation of large (ribbon) and small (con-
ventional) synapses from rabbit retina [3]. Our group used a
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modified version of Redburn’s protocol to resolve these large and
small synapses from outer segments in bovine retina to show for
the first time, the presence of very-long chain (>26C) polyunsatu-
rated fatty acids in the synapses of the neural retina [4, 5]. Herein,
we describe a protocol for the isolation of five major membrane
fractions with clear resolution from a starting homogenate of neu-
ral tissue that uses a single density of 0.32 M sucrose and applies
varying degrees of centrifugal force on each supernatant to spin
down each subsequent fraction; a method that produces excellent
resolution and enrichment of synaptic membranes (Fig. 1). This is
a modification to the published work of VanGuilder et al., 2008
and 2010, in which this type of sucrose gradient centrifugation was
successfully used to isolate neurosynaptosomes from diabetic rat
retina and from aged rat hippocampus, respectively, for transcrip-
tomic and proteomic analysis [6, 7]. As the fields of lipid biochem-
istry and neuroscience continue to interact, these types of

H Pl P2 P3 PSD SV

| -k oed i“ |VGLUT2 (65 kDa)

Fig. 1 Synaptic membrane isolation from fresh baboon hippocampus. (a) Representative electron micrographs
of all five fractions (P1, P2, P3, PSD, SV) plus the starting hippocampal homogenate (H). (b) Western blot
immuno-labeling for the synaptic vesicle-associated protein VGLUT2 shows dramatic enrichment in the syn-
aptic vesicle membrane fraction (SV) compared to the original starting homogenate and compared to the P3
neurosynaptosomal fraction (15 pg of protein is loaded in each well, rabbit anti-VGLUT2 (Dcf68) 1:4000 was
used followed by ECL anti-rabbit secondary 1:2000 for detection)
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techniques will be paramount in identifying new lipid molecules
that, like docosahexaenoic acid and arachidonic acid, are playing
multifaceted roles in the central nervous system.

2 Materials

2.1 Solutions

2.2 Equipment

Prepare all solutions fresh the day before use with ultrapure water
(u.p.H,0O). Store at 4 °C (unless indicated otherwise). Follow all
waste disposal regulations when disposing of waste materials.

1. 0.32 M Sucrose/4 mM HEPES (300 mL): 32.86 g Sucrose,
0.285 g HEPES, 3 mL 100 mM Naz;VO, (tyrosine phospha-
tase inhibitor; see below for making sodium orthovanadate),
pH to 7.4 with either HCI or NaOH as required, make to
300 mL with u.p.H,O.

2. Lysis buffer (15 mL): 0.09 g HEPES, 0.3 mL 0.05 M EDTA
(Ca?* chelator), 0.088 g NaCl, 1.5 mL 10 mM DTT (sulfhy-
dryl reducing agent), 0.031 g NaF (phosphoseryl and phos-
phothreonyl phosphatase inhibitor), 150 pl. Tween 20 (mild
detergent), 150 pL 100 mM NazVO,, 2 Roche complete
EDTA-free protease inhibitor tablets, pH to 7.4 with either
HCI or NaOH as required, make to 15 mL with u.p.H,O.

3. Lysis Water (20 mL): 20 mL u.p.H,O, 2 Roche complete
EDTA-free protease inhibitor tablets.

4. Post-Synaptic Density (PSD) Resuspension Buffer (15 mL):
75 pL 10% Triton-X 100 (mild detergent), 30 pL. EDTA,
0.179 g HEPES, 2 Roche complete EDTA-free protease
inhibitor tablets, pH to 7.4 with either HCl or NaOH as
required, make to 15 mL with u.p.H,O.

5. HEPES-NaOH (pH 7.4) to stop Lysis (1 M): 0.19 g HEPES
in 800 pL u.p.H,O, pH with NaOH to 7.4, make to 1 mL
with u.p.H,O.

6.1 M Tris-HCI (pH 7.4) (1 L): 121.14 g Tris base in 800 mL
u.p.H,O, pH to 7.4 with HCI, make to 1 L with u.p.H,O.

7. Wash Buftfer (pH 7.4) (900 mL): 6 mL 1 M Tris-HCI (pH
7.4),45 mL 2 M NaCl (prepared fresh), 1.8 mL 0.5 M EDTA,
pH to 7.4 with HCl or NaOH, make to 900 mL with u.p.H,O.

8. Prepare a 100 mM solution of NazVO, (10 mL): adjust pH to
10.0 with NaOH, boil until solution is colorless, allow to cool
to room temp, repeat steps 1-3 until solution remains color-
less and pH is stable at 10.0, aliquot in 1 mL volumes and store
at —20 °C, thaw on ice on day of use.

1. Centrifuge: Beckman Coulter Optima L-80 XP Ultracentrifuge.

2. Rotors: Beckman SW 60 Ti swing-bucket rotor, SW 32 Ti
swing-bucket rotor.
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3. Swing-buckets: SW 32 Ti (50 mL), SW 32.1 Ti (17 mL), SW
60 Ti (4 mL).

4. Centrifuge Tubes: Beckman, Thinwall, Ultra-Clear centrifuge
tube 4, 17, or 50 mL (Catalog #344062, 344061, 344058).

3 Methods

3.1 Isolation Steps

As a general rule, 1 mL of buffer is used per 15-20 mg wet weight of
tissue and this is considered one volume unit (se¢ Notes 1 and 2).
Always keep samples on ice, and prechill centrifuge and all rotors to
4 °C before beginning. Euthanize rodents in accordance with your
institutional guidelines for animal care and use, keeping in mind that
CO, and Halothane will rapidly change the structural and functional
integrity of neural membranes [8-11]. Our mice are euthanized by
cervical dislocation followed by decapitation, rats are euthanized by
decapitation. Our baboon brains were obtained post-mortem on ice
from the Department of Comparative Medicine Primate Research
Facility, University of Oklahoma Health Sciences Center, hippocam-
pus was dissected and processed using this protocol. Due to the larger
mass, the hippocampus from each hemisphere was cut into three
equal volumes and each of the six pieces were processed in separate
tubes before recombining like-samples at the very end before wash
and resuspension (Fig. 1). Perform all brain dissections on a cold
aluminum plate on ice, use a dissecting microscope to remove white
matter, as the myelin will disrupt the purity of the fractionation.
Avoid attempting this fractionation protocol on whole brain as there
is a dramatic loss in the quality of fraction resolution.

1. Place dissected tissue in one volume of ice-cold 0.32 M
Sucrose /4 mM HEPES buffer in a Beckman, Thinwall, Ultra-
Clear centrifuge tube 4 mL, 17 mL, or 50 mL, depending on
tissue weight (1 volume = approx. 1 mL buffer per 15-20 mg
tissue wet weight) (see Notes 1 and 2).

2. Incubate on ice for 20 min (allow tissue to sink to the bot-
tom). Pour off buffer and replace it with one volume of ice-

cold 0.32 M Sucrose/4 mM HEPES buffer and incubate on
ice for another 20 min.

3. Invert tube two to three times and incubate on ice for another
10 min.

4. After tissue settled to the bottom of the tube, replace buffer
with one volume of fresh ice-cold 0.32 M Sucrose/4 mM
HEPES bufter and repeat step 3.

5. Replace the bufter with one volume of fresh ice-cold 0.32 M
Sucrose /4 mM HEPES buffer and pour into homogenizer. Be
sure to leave enough room in the tube to accommodate the
homogenization pestle.
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11.

12.
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(a) With a motorized dounce pestle, keeping the samples on ice
(speed setting = 1+, use slow, up, and down motion), to
homogenize tissue using the full range of motion available
and holding for ~3 s at the bottom of the tube (5-10 times).

(b) With a glass teflon hand homogenizer, keeping the sam-
ples on ice, tissue is homogenized with 10-15 slow, even,
up and down strokes until the tissue has become homog-
enous; apply pressure and twist pestle back and forth at the
bottom of each stroke to better break up the tissue.

* See Note 3 before continuing.

. Transfer back to the Beckman ultracentrifuge tube and place

them in the prechilled rotor, making sure that all tubes are bal-
anced by weight (we use the following combination of
Beckman swinging bucket rotors: SW 28.1, SW 32.0 Ti, SW
32.1 Ti, SW 60 Ti).

. Spin 1 (RCF = 200 x g) (see Note 4 re: RCF) at 4 °C for

10 min to isolate the P1 nuclear fraction (this is a very low-
speed spin, so be careful not to resuspend the pellet while
removing the supernatant).

. Place P1 pellet on ice and transfer supernatant to a new

Beckman ultracentrifuge tube and balance by weight for the
next spin.

. Spin 2 (RCF = 800 x g) at 4 °C for 12 min to isolate the P2

cytoskeletal fraction.

Place P2 pellet on ice and transfer supernatant to a new
Beckman ultracentrifuge tube and balance by weight for the
next spin.

Spin 3 (RCF = 25,000 x g) at 4 °C for 14 min to isolate the
P3 neurosynaptosomal fraction.

Spin 4: Discard the supernatant from your P3 pellet (myelin,
microsomes, etc.) or keep for analysis if desired. Wash the P3
pellet in a fresh volume of ice-cold 0.32 M Sucrose/4 mM
HEPES buffer, balance by weight, and spin again at
RCF = 25,000 x g at 4 °C for 12 min, discard this
supernatant.

STOP: At this stage you have isolated your neurosynapto-

somes and can stop here if you do not need to perform the further
fractionation required to isolate PSDs and SVs; you may keep the
final supernatant from your P3 spin (myelin, microsomes, etc.) for
analysis, or discard and place your P3 pellet on ice. See Subheading
3.2 for final wash protocol for all pellets [OR] if you require
enrichment of PSD and/or SVs, then continue to step 13.

* See Note 3 before continuing. Your P3 pellet is now your

new starting material.
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3.2 Wash
and Storage Steps

13.

14.

15.

16.

17.

18.

19.

20.

Lyse P3 pellet by resuspending in 3.6 mL ice-cold Lysis
Water + 0.4 mL ice-cold 0.32 M Sucrose /4 mM HEPES buf-
fer (see Note 5) and after transferring to homogenization tube,
homogenize by either method (a) or method (b) using only
3-5 strokes this time.

Rapidly add 37.5 pL of the ice-cold HEPES-NaOH (pH 7.4)
buffer and incubate for 30 min on ice to stop lysis.

Spin 5: balance tubes by weight and spin again to pellet at
RCF = 25,000 x gat 4 °C for 20 min.

Transfer the supernatant from Spizn 5 to a new tube and set on
ice for later (SVs fraction isolation).

Resuspend the pellet from Spiz 5in 3 mL PSD Resuspension
Butffer and balance tubes by weight for the next spin.

Spin 6 (RCF = 32,000 x g) at 4 °C for 20 min to isolate the
PSD post-synaptic density fraction. Place this pellet on ice
until ready to begin final wash protocol. Discard supernatant
(myelin, microsomes, etc.) or keep for analysis if desired.

Take the supernatant from Spin 5 that you set aside earlier and
balance tubes by weight for the next spin with a pre-combined
3.6 mL Lysis Water + 0.4 mL 0.32 M Sucrose /4 mM HEPES
solution.

Spin 7 (RCF = 165,000 x g) at 4 °C for 120 min to isolate
the SV synaptic vesicle fraction in the pellet. Discard super-
natant or store for analysis if desired.

. Resuspend all pellets (P1 through SV) that have been kept on

ice until now in one volume each of ice-cold Wash Buffer. Do
the same for your starting homogenates as well (H alone or H
and P3 if you continued all the way through to SV isolation);
dilute with Wash Buffer to remove sucrose.

. Balance tubes by weight. If there is more than one tube for

each fraction for the same biological replicate, now is the time
to combine them before moving on (see Note 6).

. Spin 8 (RCF = 25,000 x g) at 4 °C for 20 min to remove all

excess sucrose. For washing SV use RCF = 160,000 x g.
Discard supernatants.

. Resuspend final pellets in an appropriate volume of Wash

Butffer + one Roach protease inhibitor tab (P.I.) per 10 mL of
Wash Buffer (see Note 7). Base the volume used on the size
of the pellet; SVs will usually require the smallest volume and
P1/P2 the largest (typically the range falls between 100 and
900 pL). This will depend on the amount of starting mate-
rial, yield obtained, and end-point experiments. We set aside
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a portion of this final suspension for membrane lysis and pro-
tein isolation for western blotting and use the rest for various
lipidomic analyses.

. Transfer into cryo-vials and snap-freeze in liquid nitrogen and

store at —80 °C until ready for lipidomic and proteomic
analyses.

4 Notes

. The volume unit can be adjusted if needed, lowering the tissue

weight closer to 10-15 mg per mL may improve separation.
Remember that in some cases the tissue may be too large to
combine all of the tissue from the same biological replicate
into one ultracentrifuge tube. If this happens, the tissue can be
blocked into more appropriate sizes and processed in more
than one tube within the same centrifuge. In this case, at the
very end, be sure to combine like fractions from the same bio-
logical replicate before doing your final wash spin to save your-
self time and to improve your final yield.

. Always keep an accurate account of your working volumes.

The scale of the experiment can vary dramatically when com-
paring the volumes needed to isolate synaptosomes from
baboon hippocampus vs. that of a mouse, so plan accordingly
and think through each step so that you do not get caught
with either too large or too small a volume.

. Always remember to set aside your starting material. It is

not sufficient to use dissected but un-fractioned tissue as a rep-
resentation of what you started with. You should set aside an
aliquot of your starting homogenate (H) before you proceed
to Spin 1 and again from your P3 pellet as a new starting mate-
rial before lysing for PSD and SV isolation. These aliquots will
remain homogenous on ice during the experiment and will be
spun down later during the wash phase into a pellet for resus-
pension and snap-freezing.

. Note that RCF is equal to the gravitational force and for each

rotor that you plan to use you will need to calculate the RPMs
that correspond to the RCF values reported here. Be sure to
balance tubes (by weight) that will oppose each other in your
rotor. We perform all fractionation with swinging bucket rotors
as they seem to produce a better yield with better resolution
than the fixed-angle rotors.

. Note that in step 13, 4 mL is being added in total to each P3

starting pellet (3.6 mL of Lysis Water + 0.4 mL of 0.32 M
Sucrose/4 mM HEPES). We use these volumes because our
centrifuge tubes for the SW 60 Ti only hold a volume of 4 mL,
if you are able to achieve 160,000 x g4 with tubes of a larger
volume, simply increase the total volume while keeping the
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ratio between the two buffers the same. Be sure that protease
inhibitors are present in your Lysis Water. Be careful not to
over-homogenize here, do not use more than five complete
strokes with either method of homogenization.

6. Washing will require several spins to work through all of the
samples depending on how many systems you are able to use at
once, your number of replicates, and how many fractions you

have generated.

7. When resuspending your final pellets for snap-freezing, remem-
ber that it is always easier to dilute your sample further than it
is to concentrate it down so, if in doubt, stick to the smaller
side when choosing your resuspension volumes.
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Chapter 5

Sample Preparation and Analysis for Imaging
Mass Spectrometry

Genea Edwards, Annia Mesa, Robert I. Vazquez-Padron,
Jane-Marie Kowalski, and Sanjoy K. Bhattacharya

Abstract

Imaging mass spectrometry (IMS) is a novel quantitative technique used to investigative diverse biomol-
ecules in tissue sections. Specifically, IMS uses analytical separation of mass spectrometry to determine the
spatial distribution of certain lipids and/or proteins located directly on biological sections from a single
tissue sample. Typically, IMS is combined with histological analysis to reveal additional distribution details
of characterized biomolecules including cell type and/or subcellular localization. In this chapter, we
describe the use of Matrix-Assisted Laser Desorption/Ionization (MALDI) Time-Of-Flight/Time-Of-
Flight (TOF/TOF) to analyze various cholesterol and phosphatidylcholine species in atherosclerotic
plaque of murine heart aortic valves. In particular, we detail animals used, tissue collection, preparation,
matrix application, spectra acquisition for generating a color-coded image based on IMS spectral
characteristics.

Key words Imaging mass spectrometry (IMS), Matrix-assisted laser desorption ionization (MALDI),
Time-of-flight (TOF), Metabolite, Biomarker

1 Introduction

Imaging mass spectrometry (IMS) is a growing analytical tech-
nique for studying the frequency, localization, and distribution of
biomolecules and their metabolites at the cellular levels in any sec-
tioned tissue sample [1]. Prior to IMS, autoradiography (ARG)
was the first molecular imaging technique used for the localization
of radioactivity in biological specimens [2]. This technique, based
on the analysis of the specific binding of radiolabeled compounds,
is limited by some technical problems, which mainly affect both
the type of compounds or biological substances that can be
detected and the image resolution [3]. IMS, on the other hand, is
capable of label-free and multiplex analyses of hundreds of
unknown compounds in a given sample.
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During IMS studies, sample preparation is a critical first step
for obtaining quality, reproducible spectra; therefore, the tissue
must be quickly preserved to reduce the molecular degradation
process [4]. Likewise, contamination during sample harvesting
and processing is a point of major concern given the high sensitiv-
ity of IMS. Consequently, tools and solutions used to harvest and
process the tissue should be carefully evaluated a priori sample
collection to minimize its contamination. In case solutions are
required for harvesting and/or processing the tissue, appropriate
controls should be included in the experimental design to correct
for noise (aka contamination) that will show in the IMS spectra.

MALDI TOF/TOF is the most widely used soft ionization
method for IMS in which the flight time of the ion from the source
to the detector is correlated to the mass-to-charge ratio (m/z) of
the ion. There are several factors that improve the quality of the
MALDI spectra including choice of matrix and selection of solvent
[5]. In any case, the mass of the lipid of interest is key in determin-
ing the preferred method of analysis. In this chapter, we describe
step by step a novel protocol to study lipid species distribution in
the atherosclerotic plaque of aortic valves from mice on high fat
diet. These steps include tissue collection, preparation, matrix
application, spectra acquisition, and confirmation of analytes.
These methods can be adapted for a given system.

2 Materials

2.1 Animals, Diet,
and Tissue Collection

2.2 Tissue
Preparation

1. Eight to ten weeks old apoliprotein E-deficient (ApoE~")
female mice (Jackson Laboratory, Bar Harbor, USA).

2. High-fat diet.
. Isoflurane.

4. Modified OCT medium (mOCT): 5 g Polyvinyl alcohol 6-98,
PVA, to a final concentration of 10% (w/v), 50 mL Hank’s
balanced salt solution, HBSS, 4 mL Polypropylene glycol,
PPG 2000, to a final concentration of 8% (w/v), 50 mg Sodium
azide, NaNj, to a final concentration of 0.1% (w/Vv).

w

. Liquid nitrogen.
. Cryotome.
. New, fine sectioning brushes.

. Indium tin oxide (ITO)-coated glass slides (Bruker Daltonik,
Bremen, Germany).

B N~

. Nitrogen gas.

N

. Flatbed scanner.

7. Hematoxylin & Eosin stain.



2.3 MALDI Mass
Spectrometer
Hardware

and Software

2.4 Matrix and
Standard Solutions
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. Home-built sublimation chamber.

. Hot plate.

. UltrafleXtreme MALDI TOF/TOF (Bruker Daltonik,

Bremen, Germany).

. FlexImaging ver. 4.1 software (Bruker Daltonik, Bremen,

Germany).

. 2,5-Dihydroxybenzoic acid, DHB: 300 mg for sublimation

and 20 mg/mL in methanol for standard spotting.

. Clozapine standard: 50% Acetonitrile in ultrapure water, 0.1%

Trifluoroacetic acid, TFA to a concentration of 300 pmol /pL.

. Caffeine standard: 50% Acetonitrile in ultrapure water, 0.1%

TFA to a concentration of 300 pmol /pL.

. Lyophilized peptide standard (Bruker Daltonics, Bremen,

Germany): 50% Acetonitrile in ultrapure water, 0.1% TFA for
a final concentration of' 5 pmol /pL for each peptide.

. Ovine wool cholesterol standard (386.7; catalog no. 700000)

(Avanti Polar Lipids Inc., Alabaster, AL): methanol, 20 mg/
mL DHB.

. Phosphatidylcholine standard (649.9; catalog no. 850340)

(Avanti Polar Lipids Inc., Alabaster, AL): methanol, 20 mg/
mL DHB.

3 Methods

3.1 Animals, Diet,
and Tissue Collection

. Eight to ten weeks old apoliprotein E-deficient (ApoE~")

mice [6] (n = 4) are fed at libitum high fat diet to induce ath-
erosclerosis development.

. Following 12 weeks of high-fat diet [7], animals are exsangui-

nated under anesthesia by drawing total blood from abdominal
aorta (see Note 1).

. Mice hearts are harvested after inducing animal euthanasia by

over-inhalation of isoflurane.

. Unflushed hearts are immediately frozen in liquid nitrogen

and kept at —80 °C until time of sectioning (se¢ Note 2).

. Tissue may also be embedded in mOCT if embedding must be

done for small tissue to provide support for sectioning (see
Note 3) [3].

. Prepare mOCT by adding 5 g of PVA 6-98 to 50 ml to make a

10% PVA 6-98 solution.

. Solution is microwaved and then stir to dissolve the PVA 6-98

into solution.
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9
3.2 Tissue 1.
Preparation

2

3

4

5
3.3 Matrix 1.
Application

. Once the solution has cooled to room temperature add 4 mL

of PPG 2000 and 50 mg of sodium azide (NaN3).

. Cover and store at room temperature.

A cryotome set at 10 pm thickness is used for tissue sectioning
of the heart aortic valves at an optimal temperature between
—20 °C and -27 °C.

. Sections are positioned on ITO-coated glass slides with a fine

bristle brush and kept at =80 °C until needed for IMS and/or
additional analyses (se¢ Note 4).

. Slides with tissue sections are removed from —80 °C and dehy-

drated by immediately placing in a Nitrogen box with a con-
tinuous sweeping gas flow for 20 min to remove moisture.

. A 2400 Dots per Inch (DPI) digital picture of the tissue sec-

tion is captured using a flatbed scanner (se¢ Note 5).

. Hematoxylin & Eosin (H&E) staining may also be performed

on a consecutive section of the same tissue to later superim-
pose against the IMS-derived color-coded image.

A home-built sublimation chamber configured with a vacuum
pump, cold trap, hot plate, and glass chamber depicted in
Fig. 1 is used to deposit matrix onto the tissue.

Fig.

1 Home-built sublimation chamber configured with a vacuum pump, cold

trap, hot plate, and glass chamber
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10.

11.
12.

13.
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. The tissue section is taped to the bottom of the chamber, to be

suspended approx. 2 inches above a uniform layer of dry DHB
matrix crystals.

. Adjust vacuum pressure to 50 mTorr, while the hot plate is

adjusted to reach a temperature of 150 °C.

. Once pressure and temperature are stabilized, place the subli-

mation chamber onto the hot plate filled with sand to help
distribute the heat transfer.

. Deposit DHB matrix onto tissue section by means of

sublimation.

. Sublimation is allowed to take place for a total time of 7 min

(see Note 6).

. An UltrafleXtreme MALDI TOF/TOF is used to acquire the

molecular images.

. The instrument is operated in reflector mode to generate positive

ions covering a mass range of 300-1000 atomic mass units (amu).

. Mix DHB matrix with peptide standard, caffeine, clozapine at

a volume ratio of (9:1:1:1) respectively.

. Hand spot 1 pL of mixture on a stainless-steel MALDI plate

and allow to air dry.

. Perform external mass calibration prior to initiating the imag-

ing experiment.

. The ion source accelerating voltage is set at 20 kV, ion source

2 voltage is 17.8 kV, lens voltage is 7.0 kV, and the delayed
extraction time is 120 ns.

. Operate the smartbeam II laser above threshold, at a repetition

ot 2000 Hz, accumulating 100 shots at every pixel.

. Set the laser beam diameter to 10 pm and set pixel step size to

10 pm, in order to uniformly ablate the entire tissue surface
(see Note 7).

. Dilute ovine wool cholesterol and a phosphatidylcholine stan-

dards and co-mix with DHB matrix (se¢ Note 8).

Hand spot 1 pLL of standard on a stainless-steel MALDI plate
and allow to air dry.

Select an intense pixel from the MS analysis (see Note 9).
Manual acquisition is performed utilizing an ion gate (+/—2 Da

window) to isolate the target analytes from surrounding sig-
nals (sec Note 10).

FlexImaging ver. 4.1 software is used to set up the analysis, as
well as post process the results.
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549.49

Merged .

Fig. 2 Imaging mass spectrometry of mouse vein with plaque on a Bruker UltrafleXtreme instrument. (a) The
bright field image with lasered area indicated by white boundary. (b—g) Images of different species of choles-
terol/lipid as indicated by different mass by charge ratios (m/z 369.25 to 603.55). (h) Heme (m/z 616.16).
(i) Image of a phosphatidylcholine (m/z 760.56) and (j) Merged image of (d-h) each using a different
pseudo-color

14. Activate normalization of spectra by using the Root Mean
Square (RMS) algorithm.

15. Select a desired m/z from the averaged spectrum window to
display single ion images (se¢ Note 11).

16. To display multiple single ions by selecting those of interest
(see Note 12).

As shown in Fig. 2, we have analyzed mouse arteries with a
plaque for various cholesterol and phosphatidylcholine species. In
Fig. 2a, a bright field image with imaged area is shown. In Fig. 2b,
we have identified the presence of cholesterol species 369.25 spe-
cifically in the plaque but not in the wall of the artery. All other
species of cholesterol (Fig. 2b—g) do not show their presence in the
plaque. The species with m/z= 369.25 was characterized using
MS/MS analysis confirming its identity as cholesterol.

In Fig. 3a, we present the spectra of parent and fragment ion
for phosphatidylcholine. This spectra was generated from MS/MS
analyses of ions (m/z 760.56) as depicted in image of Fig. 2i. The
fragmentation of phosphatidylcholine was performed in positive
ion mode with 7.5 KV collision energy and other well-established
parameters. Under these conditions released choline fragment

manifests with an m/z 184.07, which is a diagnostic fragment for
PCs (Fig. 3b).
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Fig. 3 A parent ion MS/MS spectra at a collision energy of 7.5 KV in positive ion mode to be identified parent
phosphatidylcholine (PC) species. (a) The fragment of 184.07 is present in the spectra. (b) lllustration of the
fragmentation of the PC parent ion in positive ion mode with a collision energy of 7.5 KV to generate fragment
ion (m/z 184.07). The parent ion is consistent with PC(16:0/18:1(92)) and was verified with a spotting of a PC
standard on the same slide

4 Notes

. Removal of blood before collecting vascular tissues is desired

to minimize nonspecific signal during subsequent IMS analy-
ses on tissue of interest.

. Due to the tissue size, optimal cutting temperature (OCT)
compound was not utilized and should not be utilized in IMS
analysis as it has been found to reduce ion formation and the
quality of the mass spectra.

. Embedding in mOCT compatible with IMS may be done.

4. Brand new brushes should be used while sectioning giving that

brushes employed in sectioning tissues embedding in parafilm
or OCT will contaminate the samples to be submitted for IMS
analysis.

. This high-resolution picture of the tissue section will aid in
acquisition setup and facilitate co-registration of the obtained
molecular image with the digital picture.

. A total of 10.2 mg of matrix is deposited on the ITO slide
when completed.

. TOEF/TOF mode is used to confirm anticipated intact molecu-
lar weights.
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10.

11.
12.

. Standards are used to obtain a reference for molecular weight

information for the parent ion and MS/MS fragment ions.

. On tissue TOF /TOF analyses are performed from known high

abundant locations on the tissue, as determined from prior MS
analysis of the same tissue section. The instrument XY motors
proceed to that corresponding location on the tissue, thus
allowing TOF/TOF acquisition to take place.

The presence of cholesterol and phosphatidylcholine lipids can
now be confirmed.

This case is +/—0.01%.

This can be useful when displaying colocalized molecular

analytes.
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Chapter 6

Direct Measurement of Free and Esterified Gholesterol
Mass in Differentiated Human Podocytes: A TLC
and Enzymatic Assay-Based Method

Christopher E. Pedigo, Sandra M. Merscher, and Alessia Fornoni

Abstract

Esterified cholesterol content is often lower than free cholesterol content in biological systems and thus
the determination of the esterified cholesterol content of cells is often challenging. Traditional methods
use enzymatic assays in which an indirect measurement of the esterified cholesterol content is obtained by
subtracting the measurements of the free from the total cholesterol content. However, this approach fails
in the case where the total cholesterol content of cells is unchanged while the ratio of free to esterified
cholesterol changes such that total and free cholesterol content are very similar and thus the difference may
fall within the background noise of the enzymatic assay. To overcome this challenge, we here describe a
method that utilizes a TLC-based technique to isolate esterified cholesterol. Isolated esterified cholesterol
can then be measured using traditional enzymatic methods. Therefore, this method provides a practical
and more sensitive assay to measure esterified cholesterol content in cellular extracts.

Key words Esterified cholesterol content, Esterified cholesterol mass, Podocyte cholesterol, Cellular
cholesterol

1 Introduction

In order to further our understanding of the influence of altered
cholesterol metabolism on cellular function, sensitive methods are
necessary for the detection and quantification of the cholesterol
content of cells. The observation that the esterified cholesterol
content of cells is often much lower than the free cholesterol ren-
ders the determination of the esterified cholesterol content often
challenging. Currently, esterified cholesterol analysis is achieved in
various ways including: (a) radiolabeled methods [1], (b) mass
spectrometry-based methods [2], or (¢) enzymatic assays [3, 4].
Established methods detecting esterified cholesterol were devel-
oped in the 1930s [5] and because variable and discrepant results
were reported using these methods, the need for more sensitive
methods remained. Progress was made that dramatically increased
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the sensitivity when compared to the original methods by includ-
ing saponification steps. This step is still utilized in some current
methods especially those requiring mass spectrometry analysis [6].
Later, the development of enzymatic methods utilizing the differ-
ence between free and total cholesterol for the determination of
esterified cholesterol was developed in tissue extracts [4]. Further
enhancement of the sensitivity of these methods was achieved by
the introduction of fluorescent probes such as Amplex Red Reagent
[3]. While each method is not without limitations as reviewed else-
where [7, 8], either requiring expensive specialized equipment or
being hampered by the lack of sensitivity, the development of
hybrid methods, similarly to the one described here, allows for a
more sensitive detection of the esterified cholesterol content in
cells where esterified cholesterol accounts for less than 10% of the
total cholesterol. The method presented here requires the isolation
of total cholesterol, followed by a TLC-based separation of esteri-
fied cholesterol. Esterified cholesterol is then converted to free
cholesterol by an enzymatic reaction and the cholesterol content is
measured using the sensitive Amplex Red-based cholesterol deter-
mination method.

2 Materials

2.1 Lipid Extraction

2.2 Protein Assay

2.3 Isolation
of Esterified
Cholesterol

1. 10x PBS: weigh 800 g NaCl, 20 g KCl, 144 g Na,HPO,*2H,0,
24 ¢ KH,PO, up to 8 L of deionized water. Adjust pH with
HCl to 6.8. Store at room temperature.

2. 1x PBS: add 100 mL of 10x PBS to 900 mL of deionized
water. Store at room temperature.

3. Extraction Solution: Hexane:Isopropanol (3:2, v/v). Add
30 mL of hexane to 20 mL of isopropanol. Store at room
temperature.

1. Lysis Buffer: 0.1% SDS in 0.1 M NaOH. Add 500 pL of 10%
SDS to 45 mL of deionized water. Then add 5 mL of 1 M
NaOH. Store at room temperature.

1. Chloroform.

2. TLC Solvent: Hexane:Ether:Acetic Acid (130:40:1.5). Add
130 mL Hexane, 40 mL Ether, and 1.5 mL Acetic Acid. Store
at room temperature.

3. TLC Plate: Silica-coated glass plates.
4. Iodine.

5. Cholesteryl Oleate. Add 1 mg cholesteryl oleate to 1 mL of
chloroform. Store at —20 °C.
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. 5x Assay Buffer: 0.5 M Potassium Phosphate pH 7.4, 0.25 M

NaCl, 25 mM Cholic Acid, 0.5% Triton X-100. Make 500 mL
of 0.5 M anhydrous K,HPO, (43.55 g) and 0.5 M anhydrous
KH,PO, (34.02 g). To 400 mL of the 0.5 M anhydrous
KH, PO, solution, gradually add the 0.5 M anhydrous K,HPO,
(43.55 g) until the pH reaches 7.4. Adjust with HCI if neces-
sary. Store solution at 4 °C.

. 1x Assay Buffer. Add 2.5 mL of 5x Assay Buffer to 10 mL of

deionized water.

. 20 mM Amplex Red Reagent. Add 200 pL. DMSO to 1 mg

Amplex Red.

. 200 U/mL Horseradish peroxidase. Dissolve HRP to 200 U/

mL in 1x Assay Buffer. Store at —20 °C.

. 200 U/mL Cholesterol oxidase. Dissolve cholesterol oxidase

to 200 U/mL in 1x Assay Buffer. Store at —20 °C.

. 200 U/mL Cholesterol Esterase. Dissolve cholesterol esterase

to 200 U/mL in 1x Assay Buffer. Store at —20 °C.

. Working Solution: 0.3 mM Amplex Red, 10 U HRP, 10 U

Cholesterol Oxidase, 1 U Cholesterol Esterase, 1x Reaction
Buffer. Add 75 pL. Amplex Red Reagent, 50 pLL horse radish
peroxidase, 50 pLL Cholesterol Oxidase and 5 pl. Cholesterol
Esterase to 4.82 mL 1x Assay Buffer (see Note 1).

3 Methods

3.1 Lipid Extraction

3.2 Protein Assay

Carry out all procedures under a ventilated hood unless specified.

1.

Differentiate normal human podocytes (approximately 2 x 10°
cells per 10 cm dish) for 14 days at 37 °C (see Note 2).

. Rinse cells with 1x PBS and remove all liquid (see Note 3).

. Add 5 mL of extraction solution to each dish and incubate for

30 min at room temperature.

. Collect the extraction solution from the plate and transfer to a

glass test tube.

. Repeat steps 3 and 4.

. Allow plates to dry for 5 min at room temperature (se¢ Note 4).

. Add lysis buffer to the plate and detach the cells using a cell

scraper. Transfer the cell lysate to an Eppendorf tube.

. Samples were centrifuged at 21,000 x g for 20 min.
. Transfer supernatants to a new eppendorf tube.

. Determine protein concentration for each supernatant using

standard BCA protein quantification (see Note 5).
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3.3 Isolation 1.

of Esterified
Cholesterol

Place samples from Subheading 3.1, step 5 in 37 °C water
bath and simultaneously dry lipids under a nitrogen (N,) gas
stream (see Note 6).

2. Dissolve lipids in 150 pL of chloroform in a glass test tube.

3. Centrifuge samples at 3000 x g for 5 min at room
temperature.

4. Spot the entire sample and reference sample (cholesterol ole-
ate) onto TLC plates (see Note 7).

5. Develop the TLC plate in Hexane:Ether:AceticAcid
(130:40:1.5) in TLC Chamber (see Fig. 1) until solvent reaches
approximately % up plate (see Note 8).

6. Remove the TLC plate from the chamber and allow solvents to
evaporate at room temperature.

7. Place open Iodine bottle and TLC plate into clean TLC cham-
ber until yellow spots are visible (see Note 9).

8. Mark the spots gently using a pencil.

9. Leave plate in a ventilated hood until the yellow color has
dissipated.

10. Scrape silica-containing spots off the plates using a razor blade
and transfer into glass test tubes.
11. Add 1 mL of chloroform to each test tube and incubate at
room temperature for 5 min.
12. Centrifuge samples at 3000 x g for 3 min at room
temperature.
13. Pipette supernatant to new test tube and repeat steps 11-13
(see Note 8).
14. Place samples in 37 °C water bath and simultaneously dry lip-
ids under nitrogen (N,) gas stream (se¢ Note 10).
3
| E
a G
< Q
F =
O OO0 Samples
Hexane:Ether:Acetic Acid

Fig. 1 Cholesterol ester isolation. The TLC chamber is pre-equilibrated chamber with TLC solvent. The TLC
plate is placed into the chamber, with the samples above the solvent. Allow the solvent to travel up the plate
until approximately 34 to the top at room temperature
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. Prepare a standard curve in 1x Assay Buffer with standards

ranging from 8 to 0.06 pg/mL.

. Dilute esterified cholesterol samples in 100 pL. of 1x Assay

Buffer.

. Add 50 pL of sample or standard to each well.
. Add 50 pL of working solution per well.
. Incubate at 37 °C for 30 min.

. Measure fluorescence on plate reader, Excitation 530-560 nm

and Emission 590 nm.

. Perform analysis utilizing standard protocol for the determina-

tion of analytes by standard curve.

4 Notes

10.

. The Amplex Red Cholesterol Assay Kit (Invitrogen) can be

used as it contains all elements necessary for quantification.

. At least 10 cm? area dish of differentiated normal human podo-

cytes is necessary for measuring esterified cholesterol content.

. If long-term storage of samples is required, the cell-containing

plates can be stored at —80 °C.

. If long-term storage of samples is required before proceeding

to protein extraction, the cell-containing plates can be stored
at =80 °C.

. Our experience shows no matrix interference using the Pierce

BCA protein assay kit.

. A water bath is not absolutely necessary in this step but will

significantly shorten the drying process.

. Use of'an AIS Analytical Instrument Specialties 4A TLC Multi-

Spotter will allow for higher sample throughput.

. The Hexane:Ether:Acetic Acid solvent solution should be

added to the TLC chamber prior to the addition of the TLC
plate. If necessary, line the inside of the TLC Chamber with
filter paper to ensure proper equilibration of solvent solution.
Additionally, upon addition of the TLC plate into the TLC
chamber, make sure the Hexane:Ether:Acetic Acid fills the
bottom of the chamber, but does not directly touch the
samples.

. Pre-equilibration of the TLC chamber with Iodine can reduce

the visualization time to less than 5 min.

If long-term storage of the samples is necessary before pro-
ceeding to the quantification, samples can be stored at —20°C.
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Chapter 7

High-Performance Chromatographic Separation
of Cerebrosides

Renaud Sicard and Ralf Landgraf

Abstract

High-performance thin-layer chromatography (HPTLC) is a very robust, fast, and inexpensive technique
that enables separation of complex mixtures. Here, we describe the analytical separation of glucosylce-
ramide and galactosylceramide by HPTLC. This technique can be used for quantitation purposes but also
with small modification for subsequent mass spectrum analyses for structural determination.

Key words High-performance thin-layer chromatography, Cerebrosides, Galactosylceramide,
Glucosylceramide, Orcinol reagent

1 Introduction

Thin-layer chromatography (TLC), despite being one of the old-
est methods in the analytical chemistry field, remains widely used
tor routine separation and identification of individual lipids such
as cerebrosides [1]. Convenience, low-cost reagents, and equip-
ment in comparison to HPLC, robustness of the method, and the
emergence of high-performance TLC (HPTLC) are some of the
reasons for its durability. HPTLC plates deliver higher efficiency
in the separation of compounds due to the smaller particle size
and thinner layers. Although HPTLC does not allow exact struc-
tural analysis of cerebrosides (degree of saturation, length of car-
bon chain, etc.), orcinol reagent reactivity with glycolipids and
comparison of chromatographic mobility with standards allows
their quantitation. More recently, coupling of HPTLC with mass
spectrometry using desorption techniques, such as desorption
electrospray ionization (DESI) and matrix-assisted laser desorp-
tion/ionization (MALDI), has been implemented allowing com-
bining ease of use and convenience of the HPTLC method and
the resolving power of mass spectrometry for structural

Sanjoy K. Bhattacharya (ed.), Lipidomics: Methods and Protocols, Methods in Molecular Biology, vol. 1609,
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Table 1
Overview of the detection limits, applications, and scales of processing of the main techniques for
cerebrosides analysis

Techniques Detection range Level of identification  Scale of processing
High-performance thin-layer Staining and Hexose identification Microliters of plasma;
chromatography Immunostaining: several millions of
(HPTLC) nanomoles cells.
High-performance liquid femtomoles Structure analysis Microliters of plasma;
chromatography (HPLC) several thousands of
coupled to MS cells.
Gas chromatography (GC)/ femtomoles Fatty acyl compositions  Microliters of plasma;
GC/MS several hundred of
thousands of cells.
Soft ionization mass femtomoles Structure analysis Microliters of plasma;
spectrometry thousand of cells.
'H/3C NMR micromoles Structure analysis Microliters of plasma;
several millions
of cells .

characterization [2, 3]. Depending on the analysis and the rarity
of the sample, other techniques may be more appropriate but
usually require expansive instrumentation (Table 1).

The objective of this chapter is to provide beginners in the
TLC field with an easy-to-follow protocol that generates reproduc-
ible and high-quality data for cerebroside separation and analysis
(Figs. 1 and 2). Isolation and purification techniques will not be
covered in this chapter due to the diversity of sources and proto-
cols. It usually involves lipid extraction using a mixture of chloro-
form and methanol (2:1 for the Folch method [6] or 1:1 for Bligh
and Dyer method [7]) and subsequent chromatographic steps to
extract and purify cerebrosides. For more general information on
lipid purification techniques, the reader is encouraged to consult
Isolation of Glycosphingolipids by R. Schnaar [8] and Lipid Analysis-
Lsolation, Separation, Identification and Lipidomic Analysis by
W. Christie and X. Han [9].

2 Materials

All solvents used should be at least of reagent grade, preferably
analytical grade. Milli-Q water is used for aqueous solutions. All
solvent mixtures can be prepared at room temperatures and be
stored as mentioned. All operations must be done under a chemi-
cal hood to avoid exposure to solvent fumes.
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Fig. 1 Comparison of GlcCer and GalCer expression in A. fumigatus and A. nidu-
lans showing temperature dependence. Lower section of orcinol-stained analyti-
cal HPTLC plate compares crude neutral lipids extracted from A. fumigatus
strains 9197 (lanes 1 and 2) and 237 (lanes 3 and 4), and A. nidulans strain A28
(lanes 5 and 6). Mycelia were cultured at 30 °C (lanes 1, 3, and 5) or 37 °C (lanes
2,4, and 6). Lanes S1 and S2, standards of GlcCer and GalCer from A. fumigatus
strain 9197 previously characterized by NMR and *ESI-MS. Bracketed band
appearing in A. nidulans strain A28 only at 30 °C (lane 3) is sterol glucoside. Lane
7, putative GlcCer purified from A. nidulans, 37 °C culture (reprinted from [4] with
permission from Elsevier)

Fig. 2 HPTLC of S. apiospermum ceramide monohexosides (CMH) (spots a,b,c),
which was developed in CHCl;: MeOH: 2 M NH40H (40:10:1 v/v). Lane 1: stained
with orcinol/ H,SO,; lane 2: immunostaining with the anti-CMH MADb (reprinted
from [5] with permission from PLOS One)

1. HPTLC plates: Precoated Silica gel 60 Glass-Backed HPTLC
Plates (EMD Millipore, Darmstadt, Germany) are often used
for sphingolipid resolution but other brands such as Macherey-
Nagel (Diiren, Germany) are good alternatives (see Note 1).

2. TLC developing tank with lid: any rectangular glass chambers
can be used.

. Fine mist sprayer.

. Glass capillaries or gel-loading tips.

. Handheld hair-dryer with cold air option.
. Heating plate or oven.

. TLC spray box.

N O\ Ul W
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2.2 HPTLC

1.

Developing Solvent: chloroform:methanol:2 M ammonium
hydroxide solution in a 50:10:1 volume ratio. Prepare 100 mL
of'a 2 M ammonium hydroxide solution by adding 13.5 mL of
a 28-30% ammonium hydroxide solution to 86.5 mL of water
in a glass beaker with magnetic stirring. In a glass bottle, mix
100 mL of chloroform, 20 mL of methanol, and 2 mL of the
prepared 2 M ammonium hydroxide solution. Mix well to
ensure that reagents form one phase and close the bottle until
use (see Note 2).

. Orcinol Reagent: dissolve 0.2 g of orcinol in 100 mL ofa2 M

solution of sulfuric acid H,SO, which can be prepared by add-
ing carefully and slowly 11.1 mL of concentrated H,SO, to
distilled water under magnetic stirring to a final volume of
100 mL (see Note 3).

. Glucosylceramides and galactosylceramides can be purchased,

e.g., from Matreya LLC (State College, PA, USA).

3 Methods

3.1 HPTLC
Development Tank
Setup

3.2 HPTLG Setup

3.3 Sample Loading

All procedures should be carried out at room temperature unless
otherwise specified.

1.

Add freshly prepared Developing Solvent to the bottom of the
tank to a depth of about 1 cm (usually 30-50 mL).

. Close the tank using the fitted glass lid and allow the solvent

system to equilibrate for at least 1 h (see Note 4).

. Always handle HPTLC plates with gloves to avoid any con-

tamination that could interfere with TLC staining.

. HPTLC plates should be kept in a dry environment, if it is not

the case the plates can be placed in an oven for about 10 min
at 60-70 °C.

. Use a soft pencil to indicate the sample position on the

HPTLC. Samples and standards should be located at 1.5-2 cm
above the bottom of the plate and at least 2 cm from each side
to avoid any edge effects. Samples and standards (0.5-1 cm)
should also be separated 1 cm from each other.

. To improve repeatability between separate plates, a line is

drawn at 1-1.5 cm from the top of the HPTLC plates and will
be used to remove the plate when the solvent front reaches this
line (Fig. 3).

. Ifusing dried samples, resuspend them in chloroform:methanol

solution in 2:1 volume ratio.
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Fig. 3 Representation of HPTLC setup. Samples and standards should be located at 1.5-2 cm above the bot-
tom of the plate and at least 2 cm from each side of the plate. An interval of 1 cm between samples should be
respected. The solvent front line allows reproducibility between each experiment

3.4 Chromatogram
Development

3.5 Visualization
and Quantitative
Determination

2.

Load your standards and samples using microcapillaries or fine
gel-loading tips. Between each application evaporate the sol-
vent using hair-dryer (see Note 5). Load samples evenly along
the marked line drawn to improve reproducibility. Depending
on the concentration of the sample a volume between 10 and
50 pL can be deposited.

. After removing the lid, carefully place the plate into the devel-

oping chamber (see Note 6). The solvent (or mobile phase) is
drawn through the plate by capillary action and hence should
start uniformly to avoid differences in running behavior
between samples.

. Remove the plate once the solvent front reaches the upper line

of the HPTLC.

. Dry the HPTLC plate using the hair dryer using cold air.

. Place the HPTLC plate upright in a TLC spray box under a

chemical hood.

. Apply Orcinol Reagent (see Note 7) using the fine mist sprayer

in a zigzag pattern from one edge to another until the whole
surface is covered (see Note 8).

. Caretully remove the HPTLC from the spray box and place it

on the heat plate or the oven at 150 °C for about 10 min.

. Scan the HPTLC plate for further quantitation and analysis

(see Note 9).
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4 Notes
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cerebroside analysis [5, 10-12]. However, a mixture of chloro-
form, methanol, and ammonium hydroxide is the most widely
used solvent mixture.

. Do not add water to concentrated H,SO,, the reaction is

extremely exothermic and may cause explosion. The use of a
cold water bath is recommended.
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Chapter 8

Lipid Identification by Untargeted Tandem Mass
Spectrometry Coupled with Ultra-High-Pressure
Liquid Chromatography

Gabriel B. Gugiu

Abstract

Lipidomics refers to the large-scale study of lipids in biological systems (Wenk, Nat Rev Drug Discov
4(7):594-610, 2005; Rolim et al., Gene 554(2):131-139, 2015). From a mass spectrometric point of
view, by lipidomics we understand targeted or untargeted mass spectrometric analysis of lipids using either
liquid chromatography (LC) (Castro-Perez et al., ] Proteome Res 9(5):2377-2389, 2010) or shotgun
(Han and Gross, Mass Spectrom Rev 24(3):367—412, 2005) approaches coupled with tandem mass spec-
trometry. This chapter describes the former methodology, which is becoming rapidly the preferred method
for lipid identification owing to similarities with established omics workflows, such as proteomics (Washburn
et al., Nat Biotechnol 19(3):242-247, 2001) or genomics (Yadav, ] Biomol Tech: JBT 18(5):277, 2007).
The workflow described consists in lipid extraction using a modified Bligh and Dyer method (Bligh and
Dyer, Can J Biochem Physiol 37(8):911-917, 1959), ultra high pressure liquid chromatography fraction-
ation of lipid samples on a reverse phase C18 column, followed by tandem mass spectrometric analysis and
in silico database search for lipid identification based on MSMS spectrum matching (Kind et al., Nat
Methods 10(8):755-758, 2013; Yamada et al., ] Chromatogr A 1292:211-218, 2013; Taguchi and
Ishikawa, ] Chromatogr A 1217(25):4229-4239, 2010; Peake et al., Thermoscientifices 1-3, 2015) and
accurate mass of parent ion (Sud et al., Nucleic Acids Res 35(database issue):D527-D532, 2007; Wishart
et al., Nucleic Acids Res 35(database):D521-D526, 2007).

Key words Lipids, Lipidomics, Lipid extraction, LCMS, UHPLC, Tandem mass spectrometry, Lipid
identification, MS/MS, MS?

1 Introduction

Lipidomics [1, 2] is a relatively new field, which developed later
than proteomics along with new mass spectrometric techniques
and technologies allowing the investigation of structural and bio-
logical diversity of lipids [3].

The main relational database of lipids containing the structure
and annotation of biologically relevant lipids is Lipid Maps structural
database (LMSD) [4] from the lipid maps project. The human

Sanjoy K. Bhattacharya (ed.), Lipidomics: Methods and Protocols, Methods in Molecular Biology, vol. 1609,
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metabolome database (HMDB) also contains many lipid structures
and annotations [5]. From the point of view of polarity lipids can be
classified into nonpolar lipids (such as triacylglycerol, cholesterol,
cholesteryl esters, etc.) and polar lipids (phospholipids, sphingolip-
ids, glycolipids). Based on their chemical structure, lipids are devi-
ded in classes with precise nomenclature [6, 7]. Most of these are
abundant lipids while others are lipid metabolites (lipids produced
by action of enzymes in biological systems, DG, MG, FA, S1D, etc.)
[8]. Untargeted lipidomics aims to comprehensively measure lipids
in a sample encompassing all the above-mentioned classes of lipids
by omic workflows similar to proteomics [9] and genomics [10].
For certain lipids, such as lipid metabolites specific, targeted
methods are normally used due to their low abundance [8, 11].

2 Materials

Optima grade LCMS solvents chloroform, methanol, water.
Deionized water with a conductivity of 18 MQ-cm at 25 °C can be
used instead of optima grade LCMS. To prevent lipid oxidation
during sample processing a metal ion chelator and a radical oxida-
tion inhibitor will be added to the extraction solvent: 2 mM ethyl-
enediaminotetraacetic acid (EDTA) and 100 pM butylated
hydroxytoluene (Sigma-Aldrich). A Kinetex 1.7 pm 100A,
100 x 2.1 mm UHPLC column (Phenomenex, Torrance, CA,
USA), Thermo-Dionex Ultimate 3000 UHPLC, Thermo Orbitrap
Fusion Tribrid mass spectrometer (Thermo, West Palm beach, FL,
USA), nitrogen gas evaporator (Organomation, Catalog #11250).
Phosphate buffer saline or Tris bufter saline can be purchased from
Sigma-Aldrich.

3 Methods

3.1 Lipid Extraction

Various methods for lipid extraction were described in the literature
from Folch extraction [12] and Bligh and Dyer [13] to MTBE [14].
Here, a modified Bligh and Dyer method is described. In order to
prevent unsaturated lipid oxidation during sample handling in the
air, a cocktail of inhibitors is usually added prior to lipid extraction.
Such inhibitors include chelators like ethylene-diaminotetraacetic
acid (EDTA, 2 mM final concentration) and butylated hydroxytolu-
ene (BHT, 100 pM final concentration) [11]. To prevent unwanted
lipase activity tissue samples should be flash frozen in liquid nitrogen
and minimally handled before lipid extraction (i.e., weighing). Cell
pellets frozen or fresh can be directly extracted to avoid further alter-
ation of lipid composition and the dry lipid samples can be kept at
—80 °C under argon until analysis (se¢ Note 1).

To a lipid sample, for example, 100 mg flash frozen tissue homog-
enate or 1 x 107 cells suspended in 500 pl. of 10 mM phosphate
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buffer saline (PBS), Tris buffer saline (TBS), or other aqueous buffer
containing appropriate oxidation inhibitors (as described above), an
equal volume of methanol is added and the mixture is vortexed for a
minute and then extracted with chloroform (typically a volume equal
to that of buffer plus methanol). The extraction is repeated three
times. No plastic containers/vials can be used with chloroform since
plasticizers from the material can leach out and contaminate the lipid
samples, HPLC column, and mass spectrometer; only glass tubes or
vials and preferably a Hamilton syringe or glass pipette should be
used. After each extraction (1 min vortexing) a centrifugation at 4 °C
for 10 min at 3500 RCF may be required to separate the organic and
aqueous phases. The lower chloroform phases are collected, com-
bined, and evaporated to dryness, typically using a nitrogen gas evap-
orator. When samples are dry the nitrogen can be switched to argon,
which is heavier than air. That insures the samples are sealed under a
blanket of argon and then can be stored at —80 °C until analysis.
Parafilm can be used to seal the vials. This extraction procedure can be
applied to cells in suspension, cell pellets, or homogenized tissue.

Owing to their great structural diversity lipids have varied chemical
properties and polarities and a single system for lipid separation is
challenging [ 1]. An example of'a chromatographic separation method
involves either HPLC or UHPLC on a reverse phase C18 column
using as bufter system; A—10 mM ammonium acetate or formate
solution in 40% acetonitrile in water and as buffer B—10 mM ammo-
nium acetate or formate solution in 10% acetonitrile in isopropanol
[15]. A typical 27 min separation method, which achieves lipid class
separation and some species separation, is provided in Table 1 [15].
Example base peak chromatograms collected in either positive- or
negative-ion modes are given in Figs. 1 and 2 and identification
information is shown in Figs. 3 and 4 respectively (see Note 2).

A variety of instrumentation can be used for mass spectrometric
detection of lipids. However, typically a tandem mass spectrometer

Table 1
Example gradient for chromatographic separation of lipid mixtures on a
reverse phase G18 column

Time (min) Buffer A (%) Buffer B (%)
0 60 40
1 60 40
16 0 100
20 0 100
22 60 40

27 60 40
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Fig. 1 Example Base peak chromatograms acquired on Thermo Orbitrap Fusion Tribrid of a mouse liver lipid
mixture in positive ion mode (upper). Mass spectrum of peak eluted at 15.47 min showing lipid ion with m/z
872.7700 (lower). Lipid Search identification information for this peak is shown in Fig. 3

is used which can acquire full MS, fragment the most intense lipid
ions, and acquire fragment ion information on the measured lipids.
The most popular instruments for lipid analysis are Orbitraps
(Q-Exactive, Orbitrap Fusion) and Q-TOFs (Agilent, Waters,
Sciex, Bruker, etc.). A triple quadrupole instrument is usually used
for targeted analyses of specific lipids [11, 16].

Herein, the acquisition method on a Thermo Orbitrap Fusion
will be described in detail (see Note 3).

Examples of base peak chromatograms of a lipid mixture
extracted from mouse liver and analyzed on a Thermo Orbitrap
Fusion mass spectrometer fitted with a Dionex Ultimate 3000
UHPLC system in positive- and negative-ion mode are shown in
Figs. 1 and 2. The acquisition method for a data-dependent analy-
sis (DDA) workflow is shown in Table 2.
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Fig. 2 Example Base peak chromatograms acquired on Thermo Orbitrap Fusion Tribrid mass spectrometer of
a mouse liver lipid mixture in negative ion mode (upper). Mass spectrum of peak eluted at 7.76 min showing
lipid ion with m/z 857.5210 (lower). Lipid Search identification information for this peak is shown in Fig. 4

3.4 Data Analysis

Several software packages are available for the analysis of mass
spectrometric data for lipid identification and quantitation such as
Lipid Search (Thermo Fisher) [17-19], Lipidblast [20], Simlipid
(Premier Biosoft) [21]. Matching the MS/MS experimental data
with spectra from various databases provides the identification.
Historically, this used to be done based on accurate mass search
due to lack of MS/MS databases. Currently, MS/MS matching
against an experimental [4, 5] or in silico [17, 20, 22 ] database is
the preferred identification method used in combination with
parent ion accurate mass.

An example of data analysis parameters for Thermo Lipid Search
4.1 is given in Tables 3-9. In Tables 5-8 where multiple options are
possible the parameters used are in bold letters (sec Note 4).
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Fig. 3 Thermo Lipid Search identification of lipid ion with m/z 872.7699 (Fig. 1, lower). (a) Extracted ion chro-
matogram; (b) MS? spectrum with matched fragment ions
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Fig. 4 Thermo Lipid Search identification of lipid ion with m/z 857.5210 (Fig. 2, lower). (a) Extracted ion chro-
matogram; (b) MS? spectrum with matched fragment ions
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Table 2

Acquisition method for data-dependent analysis (DDA) on the Thermo

Orbitrap Fusion for lipid analysis in positive-ion mode

Method duration
Ton Source type
Spray voltage
Positive ion (V)
Negative ion (V)
Sheath gas (Arb)
Aux Gas (Arb)
Sweep Gas (Arb)

Ton Transfer Tube Temp (°C)

Vaporizer temp (°C)
MS

Pressure mode

Default charge state
Internal mass calibration
Internal mass calibration
Divert valve

0 min

0.5 min

27.5 min

Experiment 1

Start time (min)

End time (min)

Master scan

MS OT

Detector type

orbitrap resolution

mass range

use quadrupole isolation
scan range (m/z)

S-lens RF level (%)
AGC Target

Max injection time (ms)

28 min
HESI
Static
3500
2500
50

25

325
320

Standard
1

TRUE
EASY-IC

1-6
1-2
1-6

28

Orbitrap
60,000
normal
TRUE
210-1410
60
2.00E+05
100

(continued)



Untargeted Lipidomics 73

Table 2

(continued)
Microscan 1
Data type Profile
Polarity Positive
Source fragmentation Disabled
Use EASY-IC TRUE
Filter
MIPS
Use MIPS on
Dynamic exclusion
Exclude after n times 1
Exclusion duration 6
Mass tolerance ppm
Low 10
High 10
Perform dependent scan on single charge state per BAILLSE

precursor

Decision
DDA Top speed

Precursor priority
No. of scan events
Scan event type 1

Condition

ddMS2 OT HCD

MSn Level

Isolation mode

Use isolation m/z offset
Activation type

HCD collision energy (%)
Stepped collision energy
Detector type

Scan range mode

Orbitrap resolution

Most intense

1

Intensity greater
than 1000

2

Quadrupole
FALSE

HCD

30

FALSE

Orbitrap

Auto m/z normal

15,000

(continued)
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Table 2
(continued)
First mass m/z 75
AGC target 5.00E+04
Inject ions for all available parallelizable times FALSE
Maximum injection time (ms) 35
Microscans 1
Data type Profile
Use EASY-IC TRUE
Table 3

Match detail for TG(16:0/18:1/18:3) from Lipid Search 4.1

Delta

ObsMz Type It. (%) Frag. (Da)

67.0546 MS2 31.833 CsH» 0.0003
69.0702 MS2 2BB7E CsHy 0.0003
71.0857 MS2 19.358 CsHpy 0.0002
79.0545 MS2 17.06 C¢H> 0.0003
81.0702 MS2 64.851 C¢Ho 0.0003
83.0859 MS2 41.006 CeHpy 0.0004
85.1016 MS2 22.246 Ce¢Hiz 0.0005
93.0703 MS2 41.373 C,;Ho 0.0005
95.086 MS2 100 C,Hyp, 0.0005
97.1017 MS2 40.084 C,Hi; 0.0005
107.0859 MS2 32.748 CgHpy 0.0004
109.1017 MS2 58.582 CgH 3 0.0005
111.1172 MS2 13.818 CgHis 0.0003
121.1016 MS2 64.659 CoH3 0.0004
123.1173 MS2 35.808 CoH 5 0.0004
125.1331 MS2 2.742 CoH 7 0.0006
135.1174 MS2 49.767 CioHis 0.0006
137.133 MS2 22.931 CioHy7 0.0005
147.117 MS2 14.303 CnhHis 0.0002
149.1328 MS2 26.261 CpHy, 0.0003

(continued)
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Table 3
(continued)
Delta
ObsMz Type It. (%) Frag. (Da)
161.1327 MS2 17.878 CpHy, 0.0003
239.2374 MS2 19.438 FA(16:0)-OH 0.0004
243.211 MS2 23.515 C18H27 0.0003
261.2226 MS2 19.213 FA(18:3)-OH 0.0013
265.2533 MS2 30.098 FA(18:1)-OH 0.0008
313.275 MS2 45.927 MG(16:0)-OH 0.0013
339.2903 MS2 22.187 MG(18:1)-OH  0.0009
573.4883 MS2 17.33 NL[FA(18:1)— 0.0006
H+NH4]|
577.52 MS2 24.137 NL[FA(18:3)- 0.001
H+NH4]|
599.5074 MS2 15.117 NL[FA(16:0)— 0.004
H+NH4]|
Table 4
Match detail for P1(16:0/20:4) from Lipid Search 4.1
ObsMz Type It. (%) Frag. Delta (Da)
51.0978 MS2 5.695
54.1288 MS2 5.042
67.3232 MS2 5.785
72.4691 MS2 5.571
75.0886 MS2 5.024
82.6744 MS2 5.988
89.5469 MS2 5.29
89.6753 MS2 5.638
131.2233 MS2 6.969
152.9967 MS2 22.715 GP-H30 0.0009
163.4947 MS2 5.702
173.4847 MS2 15.43
223.0038 MS2 10.089
241.0125 MS2 64.953 PH(inositol)- 0.0006
H20-H

(continued)



76 Gabriel B. Gugiu

Table 4
(continued)
ObsMz Type It. (%) Frag. Delta (Da)
255.2344 MS2 85.784 FA(16:0)-H 0.0014
303.234 MS2 100 FA(20:4)-H 0.0011
314.9033 MS2 6.987
315.0512 MS2 7.034
383.8999 MS2 5.848
391.2292 MS2 22.117
555.9779 MS2 6.088
695.7428 MS2 6.019
Lipid Ion M-Sc. T-Sc. St.
Occ.
PI(16:0/20:4)-H 0 66.7
26.7
Table 5

Identification parameters in Thermo Lipid Search 4.1

Batch

Job Name
Comment

Search options
Search Type

Exp Type

Precursor tolerance
Product tolerance
Merge Range (Min)
Min Peak Width (Min)
Intensity threshold
Threshold type

m-Score Threshold
Database

Target Database

Test search

product ion 1%

Product

LC

5

8

0

0

0.01

Relative absolute
1

3

General

BRI
ppm

Parent ion

Product ion

Q Exactive

Orbitrap

(continued)
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(continued)
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Peak detection
Recalc Isotope
R.T. interval(Min)
R.T. Range(Min)

Oxid. GPL

Labeled GPL,
GL, SP, ChE

Table 6

Quantitation parameters in Thermo Lipid Search 4.1. This is useful for
determining the ratio between different sample categories such as

normal and disease

Quantitation

Execute Quantitation On off

Mz tolerance -5 5

Tolerance Type Da ppm

Rt range (min.) -1 1
Table 7
Display filter in Thermo Lipid Search 4.1

Display Filter

Toprank filter On off

Main node filter Off Main isomer peak

All isomer peaks

m-Score Threshold 3

c-Score Threshold 2

FA Priority On off

ID Quality filter ABCD

4 Notes

Potential problems with the method:

1. Very little lipid extract is obtained during the lipid extraction
step (Subheading 3.1). Typically, you would need at least 1
million cells or a few mg of tissue samples to be able to success-
fully extract lipids for this analysis.
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Table 8
lons detected (depends on experimental conditions—polarity, solvent
additives, pH)

Polarity Name

Negative -H
+HCOO
+CH3COO
+Cl
-2H

Positive +H
+NH4
+Na
+Li
+K
CH;CH,);NH
+2H

Table 9
Classes of lipids used for identification in Lipid Search 4.1

Group classKey Lipid Name

P-Choline LPC lysophosphatidylcholine
PAF platelet-activating factor

PC phosphatidylcholine

P-Ethanol Amine LPE lysophosphatidylethanolamine
LdMePE lysodimethylphosphatidylethanolamine

PE phosphatidylethanolamine

dMePE dimethylphosphatidylethanolamine

P-Serine LLPS lysophosphatidylserine
RS phosphatidylserine

P-Glycerol LPG lysophosphatidylglycerol
PG phosphatidylglycerol

P-Inositol LPI lysophosphatidylinositol
PI phosphatidylinositol

PID, PIP2, PIP3

phosphatidylinositol phosphates

(continued)
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Table 9
(continued)

Group classKey Lipid Name

P-Ethanol ILIPIE]; lysophosphatidylethanol

IRE phosphatidylethanol

P-Acid LPA lysophosphatidic acid

PA phosphatidic acid

cPA cyclic phosphatidic acid

P-Methanol LPMe lysophosphatidylmethanol

PMe phosphatidylmethanol

Sphingolipids SM sphingomyelin

LSM lysosphingomyelin

phSM sphingomyelin(phytosphingosine)

Neutral glycerolipid MG monoglyceride

DG diglyceride

TG triglyceride

Fatty Acid FA fatty acid

OAHFA (O-acyl)-1-hydroxy fatty acid

Cardiolipin CL Cardiolipin

Sphingoid base So Sphingoshine

SoP

Sphingoshine phosphate

Neutral Glycosphingolipids SoG1

Cer(Gl1, G2, G3,
G2GNAcl, G2GNAc2)

Glycosphingolipids
CerP

GM(1, 1a, 1b, 2, 3),
GT(1a, 1b, 1c, 2, 3),
GQ(1c, 1b)

Steroid
ZyE
StE

SiE
D7ChE

Simple Glc series

Cer
Ceramides phosphate
Gangliosides

ChE
zymosteryl
Stigmasteryl ester

Sitosteryl ester

Deuterated Cholesteryl Ester

Glucosylsphingoshine

Ceramides

Cholesteryl Ester

(continued)
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Table 9
(continued)
Group classKey Lipid Name
Coenzyme Co Coenzyme
Glycoglycerolipid MGMG Monogalactosylmonoacylglycerol
MGDG Monogalactosyldiacylglycerol
DGMG Digalactosylmonoacylglycerol
DGDG Digalactosyldiacylglycerol
SQMG Sulfoquinovosylmonoacylglycerol
SQDG Sulfoquinovosyldiacylglycerol
Neutral glycerolipid D5DG Deuterated diglyceride
(deuterated)
D5TG Deuterated triglyceride

2. It you have chromatographic (Subheading 3.2) problems
always make sure your column is well equilibrated, the solvents
you are using are fresh and the LC pump/system was purged
and equilibrated properly. Typically, the example given would

work on most reverse phase C18 columns.

3. You think you have adequate amount of lipid but observe very
little signal in the mass spectrometer above the noise (Subheading
3.3). It is strongly recommended to purchase some synthetic
lipid standards to optimize the mass spectrometer’s acquisition
parameters as well as LC gradient if required. These lipid stan-
dards should preferably be stable isotope labeled and can be
used also for within class lipid quantitation when spiked into the
lipid mixture to be analyzed, at a known concentration. Check
the presence in Lipid Search stable isotope database before
ordering labeled lipids. If they are not in the database, they will

not be identified or used for ratiometric quantification.

4. You identify very few lipids with the typical data analysis
(Subheading 3.4) parameters given. Make sure your mass spec-
trometer can produce data with the mass accuracy in the range
described. If not you may want to widen the mass errors for
MS and MS/MS and use the General database. Lipid Search
manual and Thermo application notes could be very useful to

troubleshoot your data analysis issues.
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Chapter 9

Utility of Moderate and High-Resolution Mass
Spectrometry for Class-Specific Lipid Identification
and Quantification

Maria del Carmen Piqueras

Abstract

The study of lipidomics has been dramatically enhanced by using mass spectrometry techniques.

With the purpose of identification and /or quantification of the lipids object of study, mass spectrom-
etry has been proven to be the best approach, where three main techniques are currently being used:
clectrospray ionization (ESI), liquid chromatography (LC/MS), and matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry (Han et al. Mass Spectrom Rev 31:134-178, 2012). In order to
avoid the problems generated by gradient concentration using liquid chromatography, here we describe
the method used for the lipidomics analysis using moderate and high-resolution mass spectrometry for
class-specific lipid identification and quantification for phospholipid species using ESI-MS /MS.

Key words Lipidomics, Mass spectrometry (MS), Lipids, Phospholipids, Electrospray ionization
(ESI), Orbitrap

1 Introduction

Lipidomics, a relatively recent field of study part of metabolomics,
is focused in the analysis of cellular lipids in biological systems.
Lipids play an essential role as structural and functional compo-
nents of cells, being extremely dynamic in function and composi-
tion, and vulnerable to environmental changes [1]. The unique
collection of lipid species at any organic level constitutes its lipi-
dome. Studying lipidomics establishes a point of reference for the
study of diseases based in an altered qualitative or quantitative lipid
composition.

Lipids include a great variety of molecules such as sterols, waxes,
fats, glycerides, phospholipids, etc., each one with a distinct struc-
ture. Although lipids can be categorized in several ways, eight main
categories have been established: fatty acyls (FA), glycerolipids
(GL), glycerophospholipids (GP), sphingolipids (SP), sterol lipids

Sanjoy K. Bhattacharya (ed.), Lipidomics: Methods and Protocols, Methods in Molecular Biology, vol. 1609,
DOI 10.1007/978-1-4939-6996-8_9, © Springer Science+Business Media LLC 2017
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(ST), prenol lipids (PR), saccharolipids (LP), and polyketides (PK)
[2]. This classification is chemically based, considering the distinct
polarity of the constituents of the lipid molecules. According to the
structure and nature of each class, different mass spectrometry
modes are set to analyze them in tandem mass spectrometry (MS/
MS): product-ion analysis mode, precursor-ion scanning mode,
neutral-loss scanning mode or selected reaction monitoring mode
[2]. Setting different parameters for each lipid class allows specifi-
cally targeting the lipid object of interest, due to the specific chemi-
cal structure of each one, which renders a particular and definite
pattern of fragmentation that will be recognized for identification
purposes in the bioinformatics analysis. In order to illustrate it, let
us take phospholipids, for example. Phospholipids belong to a lipid
class that is glycerol-based, composed by a glycerol backbone linked
to a phosphate group, and bonded to several aliphatic chains and a
polar head, mainly covalently linked. The polar head can be phos-
phoetanolamine, phosphocholine, hydrogen, etc. One of the con-
stituents of the lipid molecule is the fatty acyl moiety, while the
other is linked through a C-C bond, aliphatic chain containing dif-
ferent number of carbons. Overall, we could consider them gener-
ally formed by three distinctive parts [1] that are linked to the
glycerol backbone (Fig. 1).

For mass spectrometry analysis purposes, each one of the three
parts described before can be represented by distinctive moieties of
individual lipid classes. For phospholipids, in this case, two main
tandem MS techniques are used: Precursor Ion Scan (PIS) and

Polar head
/ Phosphate grOup\
5
1
I —

o
% ;Cl‘/" \ /
S
o} < \
NS

Fatty acyl chains

Fig. 1 General structure of glycerophospholipids. Polar heads and fatty acyl chains vary



Mass Spectrometry for Class-Specific Lipid Identification 85

Precursor lon Scan (PIS)
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Fig. 2 Schematics of two main tandem MS techniques: Precursor lon Scan (PIS) and Neutral Loss Scan (NLS).
In the first one, after fragmentation, the fragment ions are monitored and the precursor ion is scanned. In the
second, both fragment and precursor ions are scanned

Neutral Loss Scan (NLS). The latter mode sets a specific loss of a
neutral fragment, while the first is set to scan a specific fragment
ion (Fig. 2).

For ESI, we work with direct infusion (Triversa nanomate by
Advion Bioscience Ltd., Ithaca NY) which injects the lipids into
the ion source directly (Shotgun lipidomics) coupled to a TSQ
Quantum Access Max Mass Spectrometer. This approach has the
advantage over LC-MS of avoiding the problems originated by the
gradient in concentration, among others while rendering high sen-
sitivity. Besides, the procedure is easier and faster [1]. Other
authors agree in the fact that maintaining a constant concentration
achieved by Shotgun Lipidomics is a critical point for identification
and quantification [3]. However, each run is set to detect one spe-
cific lipid class, for which the scan parameters are specifically
designed. Other approaches in Shotgun Lipidomics, like those
including Q-TOF or Orbitrap mass spectrometers, like Q-Exactive
from Thermo Fischer, are able to run several PIS simultaneously,
with higher mass resolution and accuracy typical to those instru-
ments (0.1 amu).
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High resolution and mass accuracy are features especially
important in lipidomics. For example, the significant remark made
by Schwudke [4] in a paper about high-resolution mass spectrom-
etry, a mass difference between a certain species of PC and a certain
species of PS is only 1.9429 Da. This small difference could be
isobaric (same nominal mass) in case they have the same number of
carbon atoms in their fatty acid moieties and the PS has one double
bond more compared to the PC. However, even with the same
nominal mass, they state, their exact mass diverges by 0.0726 Da,
and it is precisely this fact the reason for which it will be possible to
distinguish them in high-resolution mass spectra. Exact masses of
lipids from each group do not overlap and their peaks in MS spec-
tra are unique [4].

Our instrument is coupled to an ESI source, a TSQ Quantum
Access Max from Thermo Scientific, primarily designed to achieve
maximum sensitivity, accuracy, precision, and linear dynamic range.
The TSQ Quantum has true hyperbolic electrodes, large field
radius, high frequency and voltage, and a long length (25 cm) and
hence has the ability to achieve high mass resolution, as by their
technical specifications.

2 Materials

2.1 Resuspension of
Samples and
Standards

2.2 Lipid Standards
(Avanti Polar Lipids,
Alabaster, AL)

2.3 Mass
Spectrometry Analysis

2.4 Other

1. Acetonitrile: LC/MS Suitable for UHPLC-UV.

2. 2-Propanol: LC/MS Packaged under Nitrogen, 0.2 pm fil-
tered suitable for LC/MS.

1. 1,2-ditridecanoyl-szn-glycero-3-phosphocholine (MW 649.89)
(PC).
2. 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (MW 810.03) (PS).

3. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (MW 744.04)
(PE).

4. 1,2-dioleoyl-sn-glycero-3-phospho-(10-myo-inositol) (MW
880.15) (PI).

1. 2.0 TSQ Quantum Access Max triple quadrupole electrospray
mass spectrometer (Thermo Fisher Scientific, Pittsburgh, PA).

2. Triversa nanomate (Advion Bioscience Ltd., Ithaca NY) for
direct infusion of the samples and the standards.

1. Argon gas.
2. Nitrogen, compressed, ultra-high purity.
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3 Methods

Before running the lipid samples, the lipid standards are run
beforehand separately to ensure efficiency and that they render the
proper chromatogram and spectra. After this step, run the samples
with and without every standard for quantification purposes.

1. Preparation of lipid samples and lipid standards.

(a) Dilute each standard to the desired concentration, typically
10 pmol/puL, in a mix of acetonitrile and isopropanol (1:1).

(b) Resuspend the dried lipid samples from tissues (obtained
using the Bligh and Dryer method, stored at —80 °C) in
acetonitrile:isopropanol (1:1). Divide the lipid samples
into five aliquots each.

2. Run a solvent aliquot in the mass spectrometer to note the
most abundant peaks present only in the solvent, in order to
obtain a spectra under every set of parameters that will be
adjusted for every class of lipids (see step 3).

3. Set the different class parameters in Thermo Xcalibur and
Tunes Software, which are the following:

(a) For Phosphocholine (PC) (Fig. 3a).
e Set collision energy to 35 V.
e Set positive mode.
e Set PIS mode.
e  Set Product ion mass to 184.0 m/z.
e Set Mass range: 200-1020 m/z.
(b) For Phosphoserine (PS) (Fig. 3b).
e Set collision energy to 24 V.
e Set negative mode.
e Set NLS mode.
e Set Product ion mass to 87.1.
e Set mass range: 400-1000 /=
(c) For Phosphoinositol (PI) (Fig. 3c).
e Set collision energy to 45 V.
*  Set negative mode.
e Set PIS mode.
e  Set Product ion mass to 241 m/z.
e Mass range: 500-1000 2/z.
(d) For Phosphoetanolamine (PE) (Fig. 3d).
e Set collision energy to 50 V.
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Fig. 3 (a) Mass spectrum obtained in TSQ Quantum Access Max set in parent ion scan (PIS) positive mode for
1,2-ditridecanoyl-sn-glycero-3-phosphocholine (PC). (b) Mass spectrum obtained in TSQ Quantum Access
Max set in neutral loss scan (NLS) negative mode for 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (PS). (c)
Mass spectrum obtained in TSQ Quantum Access Max set in parent ion scan (PIS) negative mode for 1,2-diol
eoyl-sn-glycero-3-phospho-(10-myo-inositol) (Pl). (d) Mass spectrum obtained in TSQ Quantum Access Max
set in parent ion scan (PIS) negative mode for 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE)
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(d) Set +1.3 kV ionization voltage for positive mode an
—1.2 kV for negative.

(e) Set 0.3 units of gas pressure.

5. Use 5-10 pL of sample or standard per run. That will depend
on the available amount of sample object of study. Repeat this
process ten times to ensure repeatability.

6. Run every standard separately for identification purposes.
7. Run the samples separately, with and without every standard.

8. For quantification purposes, add 1 pL of each standard to each
sample aliquot and run it. Quantification of the different spe-
cies will be determined by proportionally comparing the peak
area of the standard in the spectra with the rest of peaks in the
bioinformatics analysis.

4 Notes
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Chapter 10

A Robust Lipidomics Workflow for Mammalian Cells,
Plasma, and Tissue Using Liquid-Chromatography
High-Resolution Tandem Mass Spectrometry

Candice Z. Ulmer, Rainey E. Patterson, Jeremy P. Koelmel,
Timothy J. Garrett, and Richard A. Yost

Abstract

Lipids have been analyzed in applications including drug discovery, disease etiology elucidation, and natural
products. The chemical and structural diversity of lipids requires a tailored lipidomics workflow for each
sample type. Therefore, every protocol in the lipidomics workflow, especially those involving sample prepa-
ration, should be optimized to avoid the introduction of bias. The coupling of ultra-high-performance
liquid chromatography (UHPLC) with high-resolution mass spectrometry (HRMS) allows for the separa-
tion and identification of lipids based on class and fatty acid acyl chain. This work provides a comprehen-
sive untargeted lipidomics workflow that was optimized for various sample types (mammalian cells, plasma,
and tissue) to balance extensive lipid coverage and specificity with high sample throughput. For identifica-
tion purposes, both data-dependent and data-independent tandem mass spectrometric approaches were
incorporated, providing more extensive lipid coverage. Popular open-source feature detection, data pro-
cessing, and identification software are also outlined.

Key words Lipidomics, Ultra-high performance liquid chromatography (UHPLC), High-resolution
mass spectrometry, Sample preparation, Biomarker discovery

1 Introduction

Lipids are analyzed in numerous settings including synthetic and
natural products industries [1-6] and medical fields [7-10]. The
diverse biological functions and ubiquitous occurrence of lipids
highlight their potential as clinical biomarkers and as indicators of
pathways perturbed by disease or environmental exposure. Lipid
diversity in function is enabled by lipid diversity in structure, with
over 180,000 possible lipid species at the level of fatty acid con-
stituents [11]. Lipid structural diversity, amphiphilic nature, and
concentrations range several million-fold [12], all pose unique ana-
lytical challenges in the field of lipidomics.

Sanjoy K. Bhattacharya (ed.), Lipidomics: Methods and Protocols, Methods in Molecular Biology, vol. 1609,
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Fig. 1 Lipidomics workflow including the components for bioanalysis, chemometrics with open-source soft-
ware, and biochemical interpretation of lipid extracts

The most comprehensive lipidomics workflows in terms of the
number and accuracy of lipid species analyzed include sample
homogenization and extraction, separation by liquid chromatogra-
phy, ionization and detection by electrospray ionization high-
resolution tandem mass spectrometry (ESI-HR MS/MS), feature
detection and identification, and statistical analysis (Fig. 1). Because
lipids encompass a broad range of chemical and physical proper-
ties, lipidomics sample preparation workflows have not been stan-
dardized in the literature. In addition, every step of the sample
preparation workflow (e.g., storage, sample handling, homogeni-
zation, and lipid extraction) may bias the results. Therefore, the
lipidomics sample preparation workflow should be tailored to the
sample type. The amphiphilic lipids are amenable to reverse phase
(RP) chromatography, where research has shown these lipids under
RP conditions to separate based on class, fatty acid constituents,
and even by sz1 and s»2 positional isomers and double bond posi-
tions [13]. Chromatographic separation enhances specificity,
reduces ion suppression in ESI-HRMS /MS, and aids in the iden-
tification of lipid species. High-resolution tandem mass spectra of
precursor ions and fragment ions containing information on lipid
class and fatty acid acyl chain information can be used to confi-
dently identify lipid structures.



Robust LC/HRMS Lipidomics Workflows 93

Here, we describe a workflow that is optimized for various
sample types (mammalian cells, plasma, and tissue), which balances
extensive lipid coverage and specificity with high sample through-
put. In addition, quality control procedures are included to char-
acterize any introduction of non-biological variability. The
workflow provides semi-quantitative lipid concentrations using
available lipid class-representative standards, allowing comparison
of lipid data between different techniques and labs. For identifica-
tion purposes, both data-dependent and data-independent tandem
mass spectrometric approaches are used, providing more extensive
lipid coverage. Popular open-source feature detection and identifi-
cation software are described in the notes with suggested parame-
ters. Data-processing and interpretation strategies are outlined to
reduce the chance of false positives and false negatives, providing
as much information on up- and down-regulated lipids and lipid
signatures as possible. In addition, multivariate statistical tech-
niques and open-source software for predicting and categorizing
biological perturbations based on lipid profiles are described.

2 Materials

2.1 Sample
Preparation

Prepare all solutions using LC-MS grade solvents. Refrigerate sol-
vents used for sample preparation and store all samples in tempera-
tures at —80 °C or below. For the purpose of this study, analytical
grade solvents (formic acid, chloroform, and methanol) were pur-
chased from Fisher-Scientific (Fairlawn, NJ). Mobile phase solvents
were Fisher Optima LC/MS grade (acetonitrile, isopropanol, and
water). Triacylglyceride lipid standards (TG 15:0,/15:0/15:0 and
TG 17:0/17:0/17:0) were purchased from Sigma-Aldrich (St.
Louis, MO). Exogenous lysophosphatidylcholine (LPC 17:0 and
LPC 19:0), phosphatidylcholine (PC17:0,/17:0and PC 19:0,/19:0),
phosphatidylethanolamine (PE 15:0,/15:0 and PE 17:0/17:0),
phosphatidylserine (PS 14:0,/14:0 and PS 17:0,/17:0), and phos-
phatidylglycerol (PG 14:0,/14:0 and PG 17:0,/17:0) lipid standards
were purchased from Avanti Polar Lipids (Alabaster, AL) (se¢e Note
1). All lipid standards were diluted prior to analysis in 1:2 (v/v)
chloroform:methanol (CHCIl;:MeOH) and a working standard mix
was then prepared by diluting the stock solution with the same sol-
vent mixture. Butylated hydroxytoluene (BHT) was purchased from
Sigma Aldrich. All protein and DNA assay measurements were
obtained using a Qubit 3.0 Fluorometer purchased from Thermo
Fisher Scientific. Lipid extracts were dried down using a MultiVap
118 nitrogen dryer set at 30 °C (Organomation Associates, Inc.).

1. Mammalian cells: minimum of 10° cells, cell rinsing solution:
deionized water with ammoniated cell washing buffer (see
Note 2).
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2.2 Sample-
Dependent Folch Lipid
Extraction

2.

Tissue: liquid nitrogen-pooled mortar and ceramic pestle, liquid
nitrogen, homogenization beads (zirconium oxide or ceramic
for soft tissue, and stainless steel for muscle and harder tissues).

. Plasma collected using EDTA anticoagulant. Stored for long

term at —80 °C in polypropylene Eppendorf tubes.

4. Centrifuge (sec Note 3).

. Polypropylene Eppendort tubes (1.5 mL and /or 2 mL), poly-

propylene conical tubes (5 mL and/or 15 mL) (see Note 4).

. Lipid internal standard mix: create a stock solution [1:2 (v/v)

chloroform: methanol] of the following lipids: PC 17:0,/17:0,
PC 19:0/19:0, PE 15:0/15:0, PE 17:0/17:0, PS 14:0,/14:0,
PS 17:0/17:0, PG 14:0/14:0, PG 17:0/17:0, TG 15:0/
15:0/15:0, and TG 17:0/17:0/17:0 (see Note 1).

. Folch lipid extraction solvents: methanol with 1 mM butylated

hydroxytoluene (BHT), chloroform, water (se¢ Note 5).

3. Re-extraction solvent: 2:1 (v/v) chloroform/methanol (see
Note 6).
4. Vortex.
5. Nitrogen dryer.
2.3 UHPLC-HRMS 1. UHPLC C18 column (see Note 7).
Data Acquisition 2. Reconstitution solvent: 100% isopropanol.
3. Solvent A: acetonitrile:water (60:40, v/v) with 10 mM ammo-
nium formate and 0.1% formic acid (se¢ Note 8).
4. Solvent B: isopropanol:acetonitrile:water (90:8:2, v/v) with
10 mM ammonium formate and 0.1% formic acid (see Note 8).
5. UHPLC system coupled to a high-resolution mass spectrom-
eter capable of employing positive and negative ionization with
a heated electrospray probe (see Note 9).
6. Glass vials with 200 pL inserts.
3 Methods
All samples and solvents during the Folch lipid extraction should
be kept on ice. Avoid exposing samples to room temperature for
more than 5 min.
3.1 Sample 1. Cell preparation: Pellet mammalian cells in a 15 mL conical
Preparation tube at 311 x g for 5 min at 4 °C. Wash cell pellet 2—3 times by

adding 1 mL of the cell rinsing solution. During the last wash-
ing step, reconstitute the cells in the rinsing solution and
obtain a 5 pL aliquot for each assay (protein and/or DNA
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measurement). Store the cell pellet at —80 °C or perform the
lipid extraction (see Note 10).

. Plasma preparation: Thaw plasma samples on ice before pipet-

ting 40 pL into a 2.0 mL centrifuge tube prior to the Folch
extraction. Maintain samples on ice for the remainder of extrac-
tion (sec Note 11).

. Tissue Pulverization/Homogenization: Flash freeze tissues in

liquid nitrogen quickly after collection and store at
—80 °C. Further pulverize individual tissue samples in a liquid
nitrogen-cooled mortar with a ceramic pestle. Weigh the fine
powder into a homogenization tube using balance tared with
homogenization beads (ceramic or zirconium oxide for soft
tissues, and stainless steel for muscle or harder tissues). Aim for
50 mg of tissue. Record the weight of the tissue powder as
further extraction volumes will be adjusted based on weight of
tissue. Add internal standard to the tissue (125 pL of 160 ppm)
and homogenize tissues for lipid extraction in the Folch sol-
vents [ chloroform:methanol, (2:1, v:v)] at a volume (pL) at 20
times the weight (mg) (see Note 12).

. Create a pooled sample group quality control (se¢e Note 13)

and/or use a standard reference material (SRM) (e.g., Red
Cross Blood Plasma or National Institute of Standards and
Technology (NIST) SRM) as a quality control (se¢ Note 14).

. Spike in an aliquot of the lipid internal standard mix into

plasma or mammalian cells and an empty Eppendort/conical
tube as an extraction blank (se¢ Note 15).

. Add ice-cold methanol with 1 mM BHT and chloroform (1:2,

v/v) directly to the sample.

. Incubate on ice for 30 min and vortex occasionally.

. Add ice-cold water to a final ratio of chloroform/methanol /

water (8:4:3, v/v/v) and incubate on ice for an additional
10 min.

. Centrifuge the sample at 311 x g for 5 min at 4 °C to separate

the aqueous and organic layer.

. Pipette through aqueous layer (upper phase) and transfer the

organic layer (lower phase) to a separate Eppendorf/conical
tube without contaminating the organic phase with the pro-
tein layer.

. Re-extract on the remaining aqueous layer by adding the re-

extraction solvent, vortexing, and centrifuging for 5 min at 4 °C.

. Dry down the organic layer under nitrogen at 30 °C (see Note 16).
. Reconstitute the dried lipid extract with 100% isopropanol (see

Note 17).
Transfer lipid extract to an LC vial with a 200 pL glass insert.
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3.3 UHPLC-HRMS
Data Acquisition

3.4 HRMS Lipidomic
Data Processing

1.

1.

Create an instrument sequence that begins with solvent and
extraction blanks to give time for column and instrument
equilibration (se¢ Note 18).

. Equilibrate the UHPLC C18 column at 50 °C with starting

percentages of Solvent A and B as mobile phases (sec Note 19).

. Apply the following LC gradient: 32% B at 0 min, 40% B at

1 min, a hold at 40% B until 1.5 min, 45% B at 4 min, 50% B
at 5 min, 60% B at 8 min, 70% B at 11 min, and 80% B at
14 min at a flow rate of 0.5 mL/min (see Note 20).

4. Maintain the autosampler at 5 °C.

. The following heated electrospray ionization (HESI) parame-

ters were used in positive ion mode: spray voltage at 3.3 kV,
sheath gas and auxiliary nitrogen pressure at 30 and 5 arbitrary
units, respectively, and capillary and heater temperatures at
300 °C and 350 °C, respectively. HESI parameters that dif-
fered in negative ion mode were sheath gas and auxiliary gas at
25 and 15 arbitrary units, respectively, and a capillary tempera-
ture of 250 °C.

. The tollowing full-scan MS conditions were used with polarity

switching (see Note 21) following calibration of the instru-
ment (see Note 22): S-lens RF level at 35 V, a resolution of
70,000 with an automatic gain control of 5 x 10° ions, and
maximum injection time of 256 ms, scanning from m,/z 200-
1500 (see Note 23). All data were acquired in profile mode.
See Fig. 2 for the TIC of lipid extracts from mammalian cells,
tissue, and plasma collected in positive ion mode.

. For identification (see Note 24 ), pooled samples from each sam-

ple group were analyzed in both polarities separately using alter-
nate full scans and all ion fragmentation (AIF) scans with AIF
parameters as follows: a resolution of 70,000 with an automatic
gain control of 5 x 10° jons and maximum injection time of
256 ms, scanning from /2 100-1500 with a stepped normal-
ized collision energy (NCE) of 15, 20, and 25 (see Note 25).

. Fragmentation of ions obtained in each polarity separately in

pooled samples was acquired using data-dependent toplO
(ddMS?-topl0) analysis as well. Tons were isolated using a
1 amu window, and isolation was triggered using an intensity
threshold of 5 x 10* (setting the underfill ratio to reach this
desired target), an apex trigger of 10-20 s, isotope exclusion
on, and a dynamic exclusion of 4 s. Ions were fragmented by
HCD using NCEs of 15, 20, and 25, and fragments were mea-
sured with a resolution of 35,000 with an automatic gain con-
trol of 5 x 10° ions and maximum injection time of 175 ms.

Convert .raw files to an mzXML output using software such as
ProtecoWizard MSConvert (see Note 26).
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Fig. 2 Total ion chromatogram of the reverse-phase endogenous lipid elution profile for extracted (a) Jurkat T
lymphocyte cells, (b) skin tissue, (¢) plasma in positive ion mode using a Supelco Analytical Titan C18

column
2. Process the mzXML files using a feature detection and align-
ment software (see Note 27).
3. Export the peak-picked data as a .csv file that can be imported
for data analysis and interpretation.
3.5 Dala Analysis 1. Apply a univariate and/or multivariate statistical analysis soft-
and Interpretation ware to the peak-picked data (see Note 28).

2. Match features that significantly differ between predefined
sample groups from feature detection and alignment software
to a database or in-house library for annotation. Confidence
in annotation increases with information including m/z,
adduct, retention time, and fragmentation pattern (see Notes

24 and 29).
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4 Notes

10.

11.

12.

. Other lipid internal standards that represent common lipid

classes that can be purchased from Avanti Polar lipids include
diacylglyceride (DG  14:0/14:0), sphingomyelin SM
(d18:1/17:0), and ceramide Cer (d18:1,/17:0).

. A minimum of 10° suspension and/or adherent cells are

needed for lipidomic studies to ensure a sufficient instrument
signal (107108 peak intensity). Cells should be washed with an
ammoniated cell washing buffer as these rinsing solvents are
compatible with ESI-LLC-MS conditions [14].

. For mammalian cell lipidomics studies, a centrifuge is needed

that can support 5 or 15 mL conical tubes. For plasma and tis-
sue lipidomics studies, a centrifuge is needed that can support
1.5 or 2 mL Eppendorf tubes.

. Polypropylene tubes should be used when working with

chloroform.

. The methanol contains 1 mM BHT to minimize oxidation of

lipid species [15].

. Because 1 mM BHT was added during the initial steps of the

extraction, it is not needed here.

. Options for a UHPLC C18 columns include: Supelco

Analytical Titan C18 (2.1 x 75 mm, 1.9 pm) and Waters
Acquity™ BEH C18 column (2.1 x 50 mm, 1.7 pm). Polar
lipid species can be separated on a HILIC column such as the
Agilent HILIC Plus RRHD column (2.1 x 150 mm, 1.8 pm).

. Use glass pipettes to aliquot formic acid into mobile phases. A

1 mL ampule of formic acid for each liter of mobile phase can
be used to avoid contamination.

. This work incorporated a Dionex Ultimate 3000 UHPLC

system coupled to a Q Exactive Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA).

If possible, normalize all samples using the cell count before
performing sample preparation. If the cell count information is
unavailable, data can be normalized to DNA or protein con-
centrations post-data acquisition [16].

Typically, a consistent volume used for plasma is adequate;
however, protein content may be assessed to provide an alter-
native method of normalization. Another extraction method
that works well for lipids from plasma is the Matyash MTBE
method [17]. Notes comparing the two methods were pub-
lished by Patterson, et al. [18].

Maintain tissue weight:homogenization solvent ratio at
1 mg:20 pL to avoid tissue weight normalization post-data
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acquisition and differences in extraction efficiencies based on
lipid concentrations. For example, 50 mg of tissue will require
1000 pL of Folch solvent. Alternatively, tissue can be homog-
enized in an aqueous buffer (ammonium formate, etc.) and
then aliquoted like plasma; however, we have found most effi-
cient homogenization for lipid analysis occurs with organic sol-
vents during homogenization. If the tissue is to be homogenized
in the Folch solvents, continue with Subheading 3.2, step 3.

Sample pools can be created before or after extraction depend-
ing on the sample type. If pooled before extraction, an even
aliquot from all samples in the experiment or group should be
pooled. For plasma, 10 pL. (for example) can be pooled from
each sample and combined into one Eppendorf tube. Once
mixed well, that pooled sample can be prepared alongside the
other samples in the experiment. For tissue, equal weights of
pulverized powder can be combined in a separate tube. Once
mixed well, this pooled powder can be weighed out and pre-
pared alongside other samples in the experiment. For cells, a
reconstituted aliquot of cells (in an ammoniated buffer) can
be pooled for each sample group. The advantage of pooling
before extraction is that the sample can be maintained as a QC
for future experiments using the same samples. If samples are
pooled after extraction and reconstitution, an even volume from
each sample can be pooled in to a separate LC vial prior to analy-
sis. A dilution series of the pooled sample (e.g., 1:1, 1:2, 1:4,
1:8) analyzed at the end of a sequence can enable discrimination
between artifacts and features of biological origin [19]. These
samples are made post reconstitution and each contains an ali-
quot of the pooled QC with increasing amounts of isopropanol.

The standard reference material (SRM) can be used in addition
to the pooled sample group QCs. The SRM can be prepared
alongside samples every day of sample preparation. This SRM
provides injections for inter- and intra-day variability compari-
sons and consistency of instrument and column quality. If
pooled QCs are not made, representative samples from each
sample group can be used to obtain lipid identification using
MS/MS, see Subheading 3.3, steps 7 and 8.

The amount of internal standard spiked in should be compa-
rable to the intensity level of endogenous lipids in the sample.
The concentration of the internal standard required varies with
the sample type but should be close to 10-15 ppm. The pur-
pose of the extraction blank is to monitor the sample prepara-
tion reproducibility and to identify background interferences
due to the sample preparation process. The volume of the
Folch extraction solvents is dependent on the sample type.
However, the final ratios of the solvents should be chloro-
form/methanol /water (8:4:3, v/v/V).
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17.

18.

19.

20.

If the samples cannot be processed on the instrument on the
same day, store the dried lipid extract at —80 °C until analysis.

Lipid extracts reconstituted with 100% IPA should undergo
data acquisition on the same day to avoid sample degradation
and lipid oxidation. Mammalian cell extracts containing 10°-
107 cells should be reconstituted in 50 pL of IPA. Plasma
extracts (from 40 pL of plasma) should be reconstituted in
100 pL IPA. Tissue extracts (from 50 mg of tissue) should be
reconstituted in 500 pL IPA. Do not use inserts in vials in this
case. For HILIC analysis, the lipid extract should be reconsti-
tuted in no less than 80% acetonitrile.

Following initial blanks, two solvent blanks followed by QCs
should be run and incremented every 10—-15 sample injections.
Sample injections must be randomized throughout the
sequence. The sequence ends with the dilution series of the
pooled sample, if available.

The column temperature was increased to 50 °C to reduce the
column back pressure when the gradient increases to 100%
IPA.

In order to increase throughput for large-scale lipidomic stud-
ies, we recommend shorter chromatographic runs. Be aware
that lipids with different fatty acid constituents, but the same
total number of carbons and degrees of unsaturation are iso-
meric and will often coelute. This is especially problematic for
triacylglycerides where over ten species identified by MS/MS
for a given feature have been determined in our previous work
(unpublished). Fig. 3 shows an example for TG(50:6) where
increasing the time for chromatographic separation shows
multiple peaks (Fig. 3b) which were indistinguishable in
shorter chromatographic runs (Fig. 3a). Therefore, changes in
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Fig. 3 Reconstructed ion chromatograms of ammoniated TG(50:6) ions using an 18 min chromatographic run
(@) and a 45 min chromatographic run (b) on a Waters™ Acquity BEH C18 column. Short chromatographic runs
exhibit features that often represent not one, but multiple lipid species
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concentrations across sample groups for one feature might
represent changes in an average of various lipid species. Even at
longer (e.g., 70 min) chromatographic runs, TGs molecular
species will often overlap.

Polarity switching reduces the number of scans across a peak
significantly as it takes 1 s to switch between polarities for
which time nearly four full scans can be acquired. In the case
that more scans are desired across a peak (e.g., to improve
deconvolution of closely eluting peaks), samples can be run in
both positive and negative polarity separately, although this
nearly doubles data acquisition time. In addition, lipid ions in
negative mode are often at least an order of magnitude lower
in signal than respective lipid ions in positive mode. In the case
where the negative ion mode signal must be increased without
increasing positive ion mode signal (due to saturation effects at
high concentrations), separate negative mode analysis of more
concentrated samples or separate analysis with higher injection
volumes for negative mode can be performed. Note that higher
injection volumes should not exceed 10 pL, as this could shift
retention times.

For external calibration, less than a 3 ppm error in mass accu-
racy should be obtained in positive and negative polarity, with
our lab consistently obtaining less than a 1 ppm error in mass
accuracy. Lock masses greatly increase the accuracy of mass
measurements. Lock masses used for positive ion mode were
diisooctyl phthalate (m/z 391.2842) and polysiloxanes (m/z
371.1012 and 445.1200). No known background ions with
stable signal across the entire chromatographic region are
available to be used as lock masses in negative ion mode.

The m/z scan window was increased to m/z 1500 in order to
include the [M—H]~ adduct of the cardiolipin species.

When identifying features, assumptions should be clearly indi-
cated in assigning a specific level of structural resolution. Note
that not all lipid identification software annotates lipid struc-
tures based on MS/MS data properly, with the danger of over
reporting structural resolution. Exact mass alone only gives
tentative identification of lipid class and total carbons and dou-
ble bonds, with class-specific fragments giving more confi-
dence in identifications. If fragments containing fatty acid
constituents occur, care should be taken in identifying lipids at
this level. Using nominal mass isolation, fatty acid fragments
could come from multiple coeluting species, including those
without the same exact mass and from different lipid classes. A
table of currently accepted notation for lipid assignment with
the structural resolution determined by information obtained
using mass spectrometry is provided for reference (Table 1).
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Table 1

Lipid assignments using tandem mass spectrometry should take into
account the structural resolution known. One problem in the field of
lipidomics is over reporting structural resolution

Structural resolution Example

Carbons and double bonds PC(34:2)

Fatty acid constituents PC(16:0_18:2)

Positional isomers PC(16:0/18:2)

Double bond position PC(16:0,/18:2(9,12))

Double bond cis (Z) or trans (E) PC(16:0/18:2(9Z, 12E))
25. The injection volume will change depending on the sample

26.

27.

type. Inject at least 5 pL for the mammalian cell lipid extracts.
Because of the lower ion intensity observed in negative ioniza-
tion mode, a larger injection volume may be required in which
case, polarity switching cannot be used (see Note 21).

Files should be converted to an mzXML format to centroid
the data and reduce the file size. The mzXML files can be
directly uploaded to peak picking/detection software.

(1) XCMS [20] has an online and R script workflow that can be
used for data processing. The built-in workflow was developed
for filtering, peak picking/integration, peak matching, RT
alignment, and gap filling. (2) The MZmine 2 [21] workflow
used in our lab consists of creating a mass peak list, building
chromatograms, smoothing chromatograms, peak deconvolu-
tion and integration (using a local minimum algorithm), deiso-
toping peaks, peak list alignment, gap filling, and filtering. A
batch-processing file for MZmine containing optimized param-
eters for column-dependent lipidomic analysis can be created
and applied to all samples. (3) MS-DIAL [22] can also be used
with the same steps above as in MZmine for feature detection.
In our lab MS-DIAL often crashed or outputted erroncous
peak picking results when samples sizes greater than eight were
used. The advantage of MS-DIAL is that it also incorporates
the identification of the lipids using LipidBlast [23] libraries
and either data-dependent fragmentation spectra or data-inde-
pendent fragmentation spectra. While originally designed for
SWATH, a text file containing AIF parameters can be used in
conjunction with MS-DIAL to identity lipids from AIF data.
Both MS-DIAL and MZmine provide user interfaces to view
peaks and the resulting peak integration, while XCMS does not.
Manual quality control of feature detection is an important step
for insuring the correct parameters are used and data quality is
sufficient for research goals.
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MetaboAnalyst is an online processing and bioinformatics tool
used to analyze and visualize statistical differences in complex
lipidomic datasets [ 24, 25]. Options for univariate statistical anal-
ysis in MetaboAnalyst include fold change, #test, volcano plots,
ANOVA, correlations, and significance analysis of microarrays
(SAM). Multivariate analysis platforms available include principal
component analysis (PCA), partial least squares-discriminant
analysis (PLS-DA). Clustering/classification options include, but
are not limited to, random forest, K-means clustering, and hier-
archical clustering. Additional data analysis/identification pro-
grams include the web-based MeltDB [26], commercial
SIMCA-P software [27], and commercial SAS software.

Examples of lipidomic databases used for lipid identification
include LIPID MAPS [28], the Human Metabolome Database
(HMDB) [29], Metlin [30], vendor software, and in-house
libraries. Software for annotating lipid structure based on frag-
mentation for LC-MS/MS data (see Note 22) includes
LipidSearch [31, 32], MS-DIAL [22], and LipidMatch [33] or
an in-house fragmentation library/software. The lipid identifica-
tion software, LipidMatch [33], provides additional unique fea-
tures in comparison to MS-Dial, including the ability to
incorporate MZmine and XCMS outputs, to obtain structurally
defined lipid assignments, and to mine simulated MS /MS librar-
ies for oxidized lipids. Table 2 provides a list of 31 of the 56 lipid
types with in silico fragmentation libraries in LipidMatch for
identification of various lipid species. It is common to have less
than 50% of features match annotations in databases, depending
on thresholds used in peak detection and depth of libraries.

Table 2

Number of simulated fragments for selected lipid classes used by the
LipidMatch software [33]

Class Adducts Species
Ac(2,3,4)PIM(1,2) [M—H]- 22,621
AcCa [M+H|* 53
(L)PC [M+H]*, [M+Na]*, [M+HCO, | 779
LPC(O-34:2) [M+H]*, [M+HCO,]~ 114
LPC(P-36:3) [M+H]*, [M+HCO,]~ 228
(L)PE [M+H]*, [M+Na]*, [M—H]" 779
(L)PE(O- [M+H], [M—-H]" 114
(L)PE(P— [M+H]*, [M—-H]" 228
(L)PI [M—H], [M+H]*, [M+NH,]* 779
CE [M+NH,]* 38

(continued)
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Table 2
(continued)
Class Adducts Species
Cer [M+H|* 1445
CerG [M+H|* 30
CerP [M+H][", [M-H] 169
CL [M-2H] 3065
CoQ [M+NH,]* 5
DG [M+NH, |* 741
DGDG [M+HCO, | 780
Ganglioside [M-H]- 1353
LipidA_PP [M-H]" 15,625
MMPE [M-H] 742
DMPE [M-H]- 742
MG [M+NH, | 50
MGDG [M+NH,]*, [M+H]", [M+NH,-COJ* 2305
Ox(L)PC [M+HJ*, [M+Na]*, [M+HCO, ]~ 31,326
Ox(L)PE [M+H]*, [MH]|~, [M+Na]* 31,326
OxTG [M+NH, |* 8557
PA [M-H], [M+H]+ 741
PG [M—H], [M+NH,]*, [M+Na]* 741
PS [M-H]-, [M+H]*, [M+Na]* 741
PS(O- [M+H]*, [M=H]|" 114
PS(P- [M+H]*, [M-H] 228
SM [M+H]* 1445
So [M+H]* 13
Sulfatide [M-H]- 169
TG [M+NH,]* 115,520
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Chapter 11

Combined Use of MALDI-TOF Mass Spectrometry
and *'P NMR Spectroscopy for Analysis of Phospholipids

Jenny Schroter’, Yulia Popkova’, Rosmarie SiiB, and Jiirgen Schiller’

Abstract

Lipids are important and abundant constituents of all biological tissues and body fluids. In particular,
phospholipids (PL) constitute a major part of the cellular membrane, play a role in signal transduction, and
some selected PL are increasingly considered as potential disease markers. However, methods of lipid
analysis are less established in comparison to techniques of protein analysis. Mass spectrometry (MS) is an
increasingly used technique to analyze lipids, especially in combination with electrospray ionization (ESI)
MS which is the so far best established ionization method. Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) MS has itself proven to be also useful in the field of lipid analysis. *'P nuclear
magnetic resonance (NMR) spectroscopy is another powerful method of PL analysis, represents a direct
quantitative method, and does not suffer from suppression effects.

This chapter gives an overview of methodological aspects of MALDI-TOF MS and *'P NMR in lipid
research and summarizes the specific advantages and drawbacks of both methods. In particular, suppres-
sion effects in MS will be highlighted and possible ways to overcome this problem (use of different matri-
ces, separation of the relevant lipid mixture prior to analysis) will be discussed.

Key words Glycerophospholipids, Lipid analysis, MALDI-TOF MS, Lipid extracts, Matrix, *'P NMR
spectroscopy

1 Introduction

1.1 Lipids and Lipid Lipids were over decades primarily considered as (1) energy
Analysis source in nutrition, (2) an effective way to store superfluous
energy, and (3) the cellular packing material of more important
contents, particularly proteins and nucleic acids, withina cell [ 1, 2].
Nowadays, however, some lipids and particularly PL such as
phosphatidic acids or polyphosphoinositides are known to repre-
sent important second messenger molecules involved in cellular
communication and inflammation [3]. Additionally, lipids such
as lysophosphatidylcholines (LPC), which are derived from
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phosphatidylcholine (PC) by the removal of one fatty acyl resi-
due, were also recognized as important disease markers, for
instance, in atherosclerosis or rheumatoid arthritis [4, 5]. LPC is
also increasingly discussed as a measure of the fertilizing ability of
human spermatozoa [6]. Accordingly, in addition to terms such
as proteomics, genomics, or metabolomics, the term lipidomics
[7, 8] was also introduced. In a nutshell, the interest in PL and
their analysis has significantly increased in this millennium.

Protocols of lipid analysis are less developed compared to pro-
tein analysis. One potential reason is the considerable diversity of
lipids which comprises differences in the headgroup (e.g., choline
or ethanolamine), the linkage type between the apolar alkyl chains
and the glycerol (diacyl, alkyl-acyl- or alkenyl-acyl), and, finally, the
large variability of potential fatty acyl or alkyl residues [9].
Therefore, very complex lipid patterns must be expected if crude
biological extracts are analyzed.

Although both chromatographic techniques, high-performance
liquid chromatography (HPLC) [10] and thin-layer chromatogra-
phy (TLC) [11], are well established, in the majority of cases a
two-dimensional approach (different stationary phases) is neces-
sary: normal phase chromatography is required for the separation
of lipids according to their headgroups, whereas reversed phase
chromatography is regularly used for the differentiation of lipids
according to their fatty acyl or alkyl compositions [11]. Another
problem is the detection of lipids within the obtained fractions. If,
for instance, an ultraviolet (UV) detector is used, lipids with unsat-
urated fatty acyl residues are primarily detected, whereas UV detec-
tion is not suitable for the detection of lipids with saturated residues
because there is no significant UV absorption [1].

Mass spectrometry is increasingly used for the analysis of lipid
mixtures [12]. Although ESI MS [13] (either combined with
HPLC or as shotgun approach) is the method of choice for lipids,
there is increasing evidence that MALDI-TOF MS is also a useful
method [2]. The particular advantages of MALDI MS are the con-
venient handling and the high sensitivity which enables (at least in
selected cases) the detection of just a few lipid molecules [14]. The
use of MALDI-TOF MS for lipid and PL analysis has been recently
reviewed [2, 15] and compared with other MS methods of lipid
analysis [16].

Of course, there are also useful spectroscopic methods of lipid
analysis, whereby NMR is in our opinion the most powerful
method [17]. We will focus here on *'P NMR spectroscopy because
this method has some significant advantages in comparison to 'H
and 3C NMR which are summarized in Table 1 and compared
with other methods of lipid analysis.
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1.2 Strengths
of MALDI-TOF MS
and ¥'P NMR

in Lipidomics

Since MALDI MS and 3'P NMR are very different analytical meth-
ods, there were so far not many attempts to compare and to discuss
the individual strengths and weaknesses of both techniques [18,
19]. A comprehensive treatise of all related methodological aspects
is surely beyond the scope of this short contribution. Therefore,
we will focus here on a very few selected aspects: (1) sensitivity—
there is no doubt that MS is much more sensitive than NMR!
Samples in the pg range (or even lower) are typically used in MS
while mg amounts are normally required for successful NMR
experiments. This limits the application of NMR to samples which
are available in relatively large amounts. (2) Resolving power—MS
is surely capable of resolving very small molecular weight differ-
ences (at high resolution mass spectrometers less than 1 mDa) but
fails to resolve isomeric compounds which have identical masses. If
the analysis of isomeric lipids is relevant, previous HPLC separa-
tion, tandem MS or combination between MS and ion mobility
spectrometry (IMS) [20] is required. We will show here that iso-
meric PL can be differentiated by 3'P NMR already in a simple
one-dimensional spectrum. (3) Mixture analysis—This is the most
important advantage of NMR! While MS may suffer (depending
on the composition of the sample) from strong ion suppression
effects [21 ], NMR is affected only to a minor extent by the sample
composition. That is, all relevant PL classes will be detectable in a
mixture—at least if the spectral resolution is sufficiently high to
enable the differentiation of the individual resonances.

2 Materials

2.1 MALDI-TOF MS

2.2 3P NMR
Spectroscopy

1. Bruker Autoflex MALDI-TOF mass spectrometer (Bremen,
Germany) equipped with reflectron, delayed extraction (DE)
facility and N, laser emitting at 337 nm. The capability
to record positive and negative ion spectra must be available
(see Note 1).

2. MALDI targets made from stainless steel or from aluminum
with gold-coated surface (see Note 2).

3. Micropipettes (see Note 3).
4. Glass (Hamilton) syringes of different sizes.

5. Small, single-use glass vessels for mixing matrix and sample or
for diluting stock solutions of lipids (e.g., Knauer, Berlin,
Germany).

6. Heat gun or common hair dryer (see Note 4).

1. High resolution NMR spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany). In the optimum case, the device
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should be equipped with a narrow bore magnet and the field
strength should be at least 7 T (i.e., the 'H resonance fre-
quency is 300 MHz and that of 'P 121.5 MHz) (see Note 5).

. Three channel NMR probe tunable to the resonance frequency

of 3P (first channel). A lock (*H) channel should be available
and 'H decoupling should be possible. Additionally, a thermo-
stat which warrants that all spectra can be recorded at identical
temperatures is mandatory.

. NMR sample tubes with a diameter of 5 mm (se¢ Note 6).
4. Micropipettes (see Note 3).

. Sonifier or ultrasound bath.

. Stock solutions of 1-palmitoyl-2-oleoyl-sz-phosphatidylcho-

line (POPC), -ethanolamine (POPE), and -glycerol (POPG)
in chloroform (e.g., Avanti Polar Lipids, Alabaster, AL, USA).
These stock solutions should be diluted with chloroform to a
concentration of 1 mg/mL.

. 2,5-Dihydroxybenzoic acid (DHB) and 9-aminoacridine

(9-AA) of highest available purity as MALDI matrices (see
Note 7). DHB is dissolved in methanol (0.5 M) whereas a
10 mg/mL solution of 9-AA is prepared in isopropanol/ace-
tonitrile (60,/40 volume ratio). All solvents should be of the
highest commercially available quality (see Note 8).

. 50 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid

(HEPES) buffer (pH 7.65) containing 200 mM sodium cho-
late (to suppress the aggregation of PL) and 5 mM ethylenedi-
aminetetraacetic acid (EDTA, disodium salt) (to reduce the
line-broadening etfects of paramagnetic ions such as iron or
copper which may be bound to negatively charged PL). This
solution is best prepared in D,O to provide a sufficient field
frequency lock [22].

. A small amount of hen egg yolk or any other biological fluid or

tissue extract. The hen egg yolk can be prepared as follows:
Break the eggshell and separate yolk and egg white. Treat the
egg yolk with the about twentyfold amount (by weight) of
Bligh & Dyer solvent [23 ] mixture (chloroform:methanol:water
in 1:1:0.9 volume ratio) and vortex the resulting turbid mix for
a few minutes. Subsequently centrifuge the sample (10 min,
2000 rpm (ca. 400 g), 20 °C) in order to improve the separa-
tion of the organic (bottom) and the water/methanol phase
(see Note 9). Remove the organic (lower) chloroform phase by
a Hamilton syringe and transfer it to another unused vial. Do
not try to get the complete organic phase in order to avoid the
introduction of impurities from the aqueous layer. The lipid
concentration (which can be obtained by weighing) is of the
order of 15-25 mg,/mL.
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3 Methods
3.1 Sample 1.
Processing

2
3.2 Preparation 1.
of the 3'P NMR
Samples

MALDI-TOF MS of artificial lipid samples of known
composition

(a) If sufficient amounts of samples are available, the use of
stock solutions in the mg/mL concentration range is rec-
ommended—although MS is actually much more sensi-
tive. Therefore, dilute the available lipid samples to about
1 mg/mL with chloroform. Mix one equivalent of the
lipid standard solution with either one volume equivalent
of DHB or 9-AA matrix solution.

(b) Apply the prepared samples to the MALDI target. Do not
be surprised if a very large spot is formed and the sample
spreads out over the sample plate. This is caused by the
smaller surface tension of organic solvents (methanol
~23 x 1073 N/m; acetonitrile ~29 x 1073 N /m; isopropa-
nol ~22 x 1072 N/m) in comparison to water
(~73 x 107 N/m). Avoid touching the MALDI target
with the pipette tip or the needle of the Hamilton syringe
because this might negatively affect homogeneous crystal-
lization. The MALDI target should also not be touched
with the fingers (but gloves should be worn) to avoid
potential contaminations with skin lipids.

(c) Evaporate the solvent quickly by drying the sample plate
with a hairdryer and load the prepared sample plate directly
into the mass spectrometer. Avoid long-term exposition to
air: Due to the large surface of the lipid film on the MALDI
target, unsaturated lipids may be oxidized (see Note 10).

. MALDI-TOF MS of the lipids in the hen egg yolk extract

(a) The obtained crude hen egg yolk lipid extract may be
directly used for MALDI-TOF MS by simple dilution of
the organic solution with the prepared matrix solution
(about 1:10 volume ratio).

(b) Use the same method of sample preparation as described
in the context of the artificial lipids.

Take 100 pL of the obtained, original, concentrated egg yolk
extract and evaporate the organic solvent under reduced
pressure.

. Resolubilize the lipid residue in about 600 pL of the detergent

solution described above (Subheading 2.3). Vortex the sample
until all the material has dissolved. If the sample remains
opaque, use a sonifier and/or slight heating to convert the
obtained suspension into a clear so/ution. This sample can be
directly used for NMR but should be allowed to equilibrate for
a few hours at room temperature (see Note 11).
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MALDI-TOF Mass
Spectra

3.4 3P NMR
Spectroscopy
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. Due to the large number of MALDI mass spectrometers that are

available from different suppliers, it is impossible to describe the
necessary experimental parameters in detail. Therefore, please
consult the manual of your device for a suitable data file to start
with. You should start with DE conditions and use the reflectron
of the device. This results in higher resolution which is particu-
larly beneficial if relatively small compounds are analyzed.

. It is recommended to start in all cases with the analysis of a

known sample of known concentration in order to check if the
MS device is properly working and if all parameters are ade-
quately set. This known sample may also be used to check the
mass accuracy, i.c., the quality of the applied mass calibration
file, as well as the resolution achievable at these instrumental
settings. The applied laser fluence normally has the most pro-
nounced effect on the spectral quality [24]. The laser fluence
should be set as low as possible.

. Take always care that the MALDI target is carefully dried

before it is inserted into the mass spectrometer in order to
avoid a significant decrease of the vacuum—and waiting time
until the necessary vacuum is re-established.

. It is not true that the signal-to-noise (S/N) ratio may be

enhanced by increasing the laser fluence. Although absolute
signal intensities may be enhanced at elevated laser intensities,
the quality of the baseline simultaneously gets poor since more
fragment ions are generated. Therefore, the laser intensity
should be set as high as needed but as low as possible.

. Try to move the laser randomly over the sample plate in order

to average nonhomogeneous spots resulting from the sample
preparation. It is, however, not possible to improve the S/N
ratio by averaging a larger number of individual laser shots
[25] because the level of unspecific chemical background noise
forms the limiting criterion.

. Try to optimize the required parameters always with a known

sample and use these parameters afterwards for the unknown
samples, i.e., the organic hen egg yolk extract.

. Load the sample into the magnet of your NMR spectrometer.
2. Set T = 310 K and allow the sample to equilibrate for at least

30 min.

. Find the lock (*H) signal of the deuterated solvent and lock in.
4. Tune and match the probe to 3P (first channel) and 'H (decou-

pler channel).

. Load a suitable dataset for 3.
6. Determine the 90° pulse for *'P and the decoupler (*H) pulse.

Follow the instructions given in your NMR spectrometer
handbook or in [26].
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3.5 Results

7. Determine the most suitable receiver gain and record a one-
dimensional 3P (*H decoupled) spectrum. Ensure that the
number of points (time domain) is high enough to record the
entire free induction decay (FID).

8. Use Fourier transformation to convert your data from inten-
sity versus time to intensity versus frequency, i.e., generate a
spectrum. Apply a line-broadening factor of not more than
2 Hz. Phase correct your spectrum and set the resonance of
PC (normally the most intense one at the right end of the spec-
trum) to —0.65 ppm.

9. Integrate all observed resonances.

A coarse overview about the shape of the positive and negative ion
MALDI-TOF mass spectra of different PL (as well as their charac-
teristic headgroups) in the presence of two different matrices is
shown in Fig. 1. The polarity of the measurements (positive or
negative) is indicated directly in the spectra. POPC (Fig. la),
POPE (Fig. 1b, ¢), and POPG (Fig. lc, f) were chosen as typical
PL because they are abundant in biological materials but differ in
their charge states: POPC and POPE are zwitterionic (but overall
neutral) phospholipid, whereas POPG is negatively charged at
physiological pH 7.4. In Fig. 1d, g the positive and negative ion
spectra, respectively, of 1:1:1 mixtures of these PL are shown to
illustrate the problems of mixture analysis by MALDI-TOF
MS. However, the situation would be very similar it ESI MS instead
of MALDI would be used.

It is evident that the spectra differ significantly: POPC gives—
in the presence of the DHB matrix—two signals at /2 760.6 and
782.6 in the positive ion mode corresponding to the generation of
the H* and the Na* adduct (Fig. 1a). Due to the permanent posi-
tive charge of the quaternary ammonia group [27], PC is not (or
only with very low intensity) detectable as negative ion under the
applied conditions (data not shown) [28].

It is important to note that the PC does not give any fragmen-
tation products under these conditions. In contrast, the PE
(Fig. 1b) and the PG (Fig. 1¢) give significant yields of a fragment
ion that corresponds to the loss of the polar headgroup [2]. As the
fatty acyl composition is identical, both compounds give the same
fragment at m/z 577.5. Additionally, it is evident that the POPE
with a monoisotopic neutral mass of 717.5 g/mol gives only rather
small yields of the H* adduct (/2 718.5) but significant amounts
of the Na* adduct (m/z 740.5) as well as the Na* adduct subse-
quent to the exchange of one H* by one Na* (m/z 762.5) [28].
The latter adduct is caused by the exchangeable protons of the
-NH;* group but not seen in the case of PC. The reason why POPE
and POPG give more pronounced fragmentation products (#2/z
577.5) than POPC is not yet known. However, it is possible that
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the stability of the H* adduct of POPE is not high enough to allow
these ions to reach the mass analyzer. A similar observation was
already made in the case of triacylglycerols [29], where no H*
adducts were detectable at all, even if the spectra were recorded
from acidified solutions.

Using 9-AA as an alkaline matrix [28], POPE is also detectable
as negative ion at #/z 716.5 (Fig. le). Note that the detectability
of POPE as negative ion (data not shown) in the presence of DHB
would be very low due to the acidic properties of this matrix.
POPG can be detected as negative ion in the presence of DHB
(data not shown) as well as 9-AA (Fig. 1f; m/z 747.5) as negative
ion because of its enhanced acidity in comparison to POPE.

Significant differences are obtained between the positive and
the negative ion spectra regarding mixture analysis: in the positive
ion mode (Fig. 1d), the spectrum of the POPC/POPE/POPG
mixture is clearly dominated by the POPC (m,/z760.6 and 782.6).
The POPE is only detectable with low intensity (m/z 740.5 and
762.5) although it is present in the same amount as the
POPC. POPG is (due to its negative charge) not detectable at all
under these conditions. Therefore, the presence of PC prevents the
detection of other PL species in mixtures [21, 30].

In contrast, the POPC is completely absent in the negative ion
spectrum (Fig. 1g) and only POPE and POPG are detectable in
the mixture. Although this is indeed a very simple example, it is
evident that mixture analysis by MALDI-TOF MS must be
regarded with great caution—at least if only one polarity mode is
considered.

The problem of signal suppression is even more evident if the
organic hen egg yolk extract is investigated (Fig. 2). The hen egg yolk
extract was chosen as an educational example because it can be easily
prepared with good reproducibility and is available in huge amount.

The polarities of the measurements and the used matrices are
directly indicated in the spectra (Fig. 2) and the most intense peaks
are directly assigned to the corresponding PL. The positive ion
spectra recorded in the presence of either DHB or 9-AA are similar:
the by far most intense peaks correspond to the H* adducts of PC
16:0/18:2 (m/z 758.6) and PC 16:0/18:1 (m/z 760.6).
Unfortunately, the assignments of some smaller peaks are not
straightforward. For instance, /2 810.6 might be stemming from
the H* adduct of PC 18:0,/20:4 or the Na* adduct of PC 18:0,/18:1.
This assignment problem can be overcome, without the need to use
tandem MS (MS/MS) or more sophisticated MS methods, when
the 9-AA spectrum is considered because 9-AA is known to gener-
ate nearly exclusively the H* adducts [31]. Therefore, m/z 788.6
(Fig. 2b) can be unequivocally assigned to the H* adduct of PC
18:0,/18:1. This simple approach makes assignments possible even
if only a mass spectrometer with a limited resolution is available.
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Fig. 2 Positive and negative ion MALDI-TOF mass spectra of an organic hen egg yolk extract (a positive ion,
DHB; b positive ion, 9-AA; ¢ negative ion, 9-AA). Polarities of the measurements, the used matrices, and
assignments of the most prominent peaks are given at the relevant spectra. Note the complete suppression of
PE and Pl in the presence of PC in the positive ion mode spectra

Anyway, the positive ion spectra seem to suggest the exclusive
presence of PC species and neither PE nor phosphatidylinositol
(PI) can be detected, because these species are completely sup-
pressed by the PC [21]. However, this problem can be overcome
by using the negative ion spectrum which is shown at the top of
Fig. 2 (trace 2c¢). The presence of different PE and PI species is
obvious and assignments are straightforward because each PL spe-
cies results in just a single peak and interferences with PC species
can be completely excluded. Using these data, the relative compo-
sitions of PLL mixtures can be easily determined by using the inten-
sity of a dedicated peak and dividing this intensity by the sum of
the intensities of all peaks of a dedicated PL class. However, what
can be done if absolute concentrations and not only relative
amounts are required?
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Fig. 3 High resolution 3'P NMR spectrum of a total hen egg yolk extract. The spectrum was recorded in aque-
ous sodium cholate (pH 7.65) in order to suppress PL aggregation and, thus, to maximize resolution. All peaks
are assigned to the corresponding PL class, and the relative contributions of the individual resonances with
reference to the total phosphorus content are also provided. Please note that some PL classes give rise to more
than one resonance. Additionally, migration of the fatty acyl residue in lysophospholipids occurs in protic sol-
vents and detergents. Thus, LPE and LPC show two resonances each. Sphingomyelin (SM) results in two reso-
nances due to differences in the chain lengths of the different species

If absolute data are required, the addition of internal standards
(in the optimum case the addition of one deuterated lipid per each
lipid class) is mandatory. Unfortunately, this is quite expensive and
requires a first rough knowledge about the amounts of lipid to
avoid the addition of an excess of the standard.

It NMR is available, absolute quantitative information can be
also obtained in the presence of just a single PL standard. This is
illustrated by the *'P NMR spectrum of hen egg yolk in Fig. 3. As
it can be easily seen each PL is characterized by a dedicated chemi-
cal shift which makes spectral separation of the PL quite simple.
The relative contributions of the different PL classes can be easily
calculated into absolute amounts as soon as there is one internal
standard which is present in a known concentration. It is also obvi-
ous that some PL resonances do not appear as singlets but are split
into two resonances. This is caused by differences in the fatty acyl
compositions which can be, however, only partially resolved [32].

4 Notes

1. Of course, all commercially available MALDI-TOF MS devices
can be used independent of the company. If product or com-
pany names are provided here, this only means that these dedi-
cated products were used for performing the illustrated
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experiments. This is sometimes important as different nomen-
clatures are used. For instance, DE and energy lag focusing are
synonyms and mean the same—improvement of resolution.
However, MALDI-TOF mass spectrometers which are exclu-
sively capable of recording linear mode spectra are less suitable
for lipid analysis because resolution as well as mass accuracy is
reduced in comparison to reflector mode spectra.

. Under the conditions described here, the co-crystals between
matrix and analyte give a relatively thick layer (about 100 pm)
on the target. Only the upper layers are ablated by the laser
because UV irradiation does not penetrate deeply into the
sample. Therefore, the MALDI target material is not very
important. We are using by default gold-coated targets as they
are expected to have a lower content of catalytically active tran-
sition metals (such as Fe?*) than stainless steel which may
reduce unwanted lipid oxidation processes.

. Normally, the use of plastic pipettes (as well as other plastic
material) is strongly discouraged because chloroform is a rather
aggressive solvent that leaches impurities such as plasticizers or
antioxidants from the plastic material that may interfere with
the lipid signals. However, according to our experience grey
original Eppendorf pipette tips (up to a volume of 20 pL) may
be used without problems. It is, however, recommended to
check the potential contribution of impurities by using a sam-
ple of known composition.

. Different solvents are normally required to dissolve matrix and
lipid. In the majority of cases, the lipid stock solutions will be
prepared in chloroform or chloroform/methanol mixtures.
Unfortunately, the most common MALDI matrix—DHB—is
nearly insoluble in chloroform, but well soluble in methanol.
Due to the different volatilities of both solvents (the boiling
point of chloroform is 61.2 °C and that of methanol 64.5 °C,
respectively) the lipid will crystallize prior to the DHB result-
ing in inhomogeneous co-crystals. This problem can be mini-
mized by drying the native matrix/sample mixtures rapidly
under a warm stream of air. The extent of lipid oxidation
induced by air-drying of the sample is (according to our expe-
rience) negligible.

. The use of low-field NMR spectrometers has two important
disadvantages: on the one hand, the achievable spectral resolu-
tion is reduced. On the other hand, the sensitivity of the NMR
spectrometer correlates directly with the field strength of the
magnet. Thus, more instrument time (a larger number of
scans) is needed at a low-field NMR spectrometer to obtain
the same S/N ratio.
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6.

8.

10.

11.

10 mm NMR sample tubes were formerly widely used at older
NMR spectrometers because an enhanced sample size increases
the achievable sensitivity. However, this normally compromises
the achievable resolution. Modern probes are nowadays nearly
exclusively designed for 5 mm tubes. This sample size should
be sufficient because 3'P is a very sensitive nucleus.

. Special attention should be paid to the salt content of the

matrix as well as the solvents. Changes of the salt content may
lead to changes of the peak patterns and aftfect the ratio between
H* and Na* adducts. Additionally, the peaks stemming from
the DHB matrix (or cluster ions derived thereof) are also influ-
enced by changes of the salt content and their intensities are
tavored by high salt concentrations: note that a spectrum of
DHB crystallized from pure methanol differs from that in the
presence of salts.

All used solvents should be of highest quality! Due to the high
sensitivity of MS, even very minor impurities within the sol-
vents can be detected: The detection of small amounts of the
analytes of interest is normally a minor problem than NOT
detecting impurities stemming from the solvents or the used
reagents.

. It is not implied that under the used experimental conditions

all lipids are completely extracted: some lipids may stick to the
proteins that precipitate at the interphase between the aqueous
and the organic layer and are, thus, lost. If protein-rich samples
are investigated, higher ionic strengths, i.e., a high salt concen-
tration (0.14 M or higher) are recommended in order to
reduce the loss of lipids due to the binding to the protein.
Complete extraction of lipids from biological tissues is a sci-
ence of its own!

Unwanted lipid oxidation first leads to the generation of per-
oxides which decay (under scission at the position of the origi-
nal double double) into aldehydes or carboxylic acids. This
leads to characteristic mass differences which are summarized
in [33]. For instance, oxidation of POPC (m/z 760.6 and
782.0) is reflected by the characteristic aldehyde peaks at /%
650.5 and 672.5 [33].

It is very important to have a significant excess (about 100:1)
of the detergent over the PL. Sodium cholate forms very small
micelles which consist of just about 4 cholate molecules [34].
In the best case, one single PL molecule is entrapped in each of
these small micelles—and this requires a considerable excess of
the detergent.
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Chapter 12

Global Monitoring of the Mammalian Lipidome
by Quantitative Shotgun Lipidomics

Inger Odum Nielsen, Kenji Maeda, and Mesut Bilgin

Abstract

The emerging field of lipidomics presents the systems biology approach to identify and quantify the full
lipid repertoire of cells, tissues, and organisms. The importance of the lipidome is demonstrated by a number
of biological studies on dysregulation of lipid metabolism in human diseases such as cancer, diabetes, and
neurodegenerative diseases. Exploring changes and regulations in the huge networks of lipids and their
metabolic pathways requires a lipidomics methodology: Advanced mass spectrometry that resolves the
complexity of the lipidome. Here, we report a comprehensive protocol of quantitative shotgun lipidomics
that enables identification and quantification of hundreds of molecular lipid species, covering a wide range
of lipid classes, extracted from cultured mammalian cells.

Key words Global monitoring, Lipidomics, Shotgun lipidomics, Quantification, Mammalian cells,
Mass spectrometry, Lipid extraction, Systems biology

1 Introduction

Every living organism from bacteria to mammals is equipped with
metabolic pathways that produce structurally and functionally
diverse lipids. Lipids are essential components of cells, assembling
lipid bilayers and determining the architecture of cellular mem-
branes. Lipids orchestrate numerous biological processes taking
place at cellular membranes by participating in complex networks
of physical interactions with each other and with other macromol-
ecules. Besides forming membranes, lipids play other roles such as
serving as storage compounds, sources of energy, and signaling
molecules [1]. The regulation of lipid metabolism is poorly illumi-
nated, yet of pivotal importance since imbalances in the lipid
metabolism have been linked to the pathophysiology of cancer and
other discases [2].

Lipids have been divided into eight categories based on their
core structures: fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, prenol lipids, saccharolipids, and
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polyketides [3]. The great diversity of lipids arises from the myriad
of different combinations of building blocks: Lipids differ in terms
of headgroups, the presence, length and number of fatty acyl
chains, the numbers and positions of double bonds, the presence
of additional modifications such as hydroxylation or glycosylation,
to name a few. From the combinations of these, many thousands of
structurally diverse lipid species may be generated [4]. The entire
lipid repertoire of cells, tissues, or organisms is referred to as the
lipidome and the systems biology approach to identity and quan-
tify the lipidome is termed lipidomics. The emerging field of lipi-
domics has experienced rapid progress in the past decade, mainly
through advances in mass spectrometry technologies and applica-
tions delivering sensitive and accurate quantitative lipid analysis
[1, 5, 6]. Lipid studies increasingly contribute to the integrated
picture presented in life science, showing how genes, proteins, and
metabolites work together to perform cellular functions.

This protocol presents a methodology of mass spectrometry-
based quantitative shotgun lipidomics on cultured mammalian
cells. A mass spectrometer separates charged molecular ions (e.g.,
lipids) based on the mass-to-charge ratio (m/z, expressed in amu
or Da) and measures the intensity of each ion. The signals obtained
in the mass analyzer are translated into m,/z values and intensities
[7]. The m/z value and intensity peak of each lipid ion are used for
identification and quantification of specific lipid species.

Shotgun lipidomics is a mass spectrometry-based direct analy-
sis of crude lipid extracts from various biological materials [1, 8-12]
without prior chromatographic lipid separation. Lipidomics setups
in which mass spectrometry is coupled to upstream chromato-
graphic lipid separation procedures such as gas chromatography
and liquid chromatography may have drawbacks and limitations in
lipidome-wide analysis (reviewed in [13]). Shotgun lipidomics is
advantageous in that it requires small sample amounts and in being
a simple and fast procedure that is easily automated for high-
throughput analysis. It detects and quantifies hundreds of lipid
species covering 15-20 lipid classes in a single shotgun lipidomics
experiment [11, 14-16]. With the high resolution and high sensi-
tivity of modern mass spectrometers, shotgun lipidomics enables
global monitoring of the cellular lipidome [13].

The protocol presented here combines a two-step lipid extrac-
tion with direct lipid infusion into a hybrid quadrupole-Orbitrap
mass spectrometer for analysis (see Fig. 1). Lipids are analyzed by
an optimized high resolution (HR) MS*! a tandem mass spec-
trometry approach starting with a MS scan that detects all lipid
ions within a broad m/z range, ¢.g., 335-1215. Subsequently, lipid
ions are subjected to an MS/MS scan, where they are fragmented
and the resulting fragment ions are detected in the Orbitrap mass
analyzer. The combination of precursor ion m2/z values obtained in
the MS scan and the m/z values of their corresponding fragment
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Fig. 1 The protocol workflow. (a) Lipids are extracted by a two-step lipid extraction, separating the nonpolar
lipids in the first chloroform/methanol extraction (fraction 10:1) from the polar lipids in the second chloroform/
methanol extraction (fraction 2:1). (b) Lipids from fraction 10:1 and fraction 2:1 are separately mixed with
either positive or negative ionization solvent in a 96-well PCR plate, from which the samples are ionized and
infused with positive or negative automated robotic nanoelectrospray ionization. (¢) Lipids are detected by the
hybrid quadrupole-Orbitrap mass spectrometer. AA ammonium acetate, C chloroform, HR high resolution,
IS mix internal standard mix, M methanol

Table 1
Separation of lipid classes by lipid fraction and ionization mode

lonization mode Lipid fraction Lipid class
Positive mode 10:1 CE, Cer, Chol, DAG, HexCer,
LCB, LSM, SM, TAG
20l diHexCer, triHexCer
Negative mode 10:1 PG, PG O—, LPG, LPG O-
Al LCBP, CerP, SHexCer, PA,

PA O—, LPA, LPA O—, DI,
PI O—, LPI, LPI O, PS,
PS O—, LPS, LPS O—

Both positive and 10:1 PC, PC O—, LPC, LPC O—,
negative mode PE, PE O—, LPE, LPE O—
2:1 -

This is a list of lipids, separated by the fraction in which they are extracted and the ion
mode in which they are detected. O— indicates a glycerophospholipid with one fatty
alcohol chain attached to the glycerol backbone. The lipids that are detected in both
positive and negative ionization modes can be analyzed in either modes for quantifica-
tion (see Note 21)

ions obtained in the MS/MS scan is used for lipid identification. In
the following section, details of the protocol are described.

The two-step lipid extraction separates lipids based on their
physicochemical properties, extracting nonpolar and polar lipids in
the first and second step, respectively (see Table 1). This increases
the analytical sensitivity of the method compared to one-step lipid
extraction [11]. Ionization of the lipids is a crucial step to the pro-
cedure. Lipids form different adduct ions depending on their ion-
ization polarity and solvent system [11, 17, 18]. To maximize the
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Table 2

m/zranges used for optimized HR MS"* settings

lonization Lipid Low High
mode fraction Scan type range, m/z range, m/z Inclusion list, m/z
POS 10:1 MS 400-730 575-1,050 -
SIM 402410 - -
tPRM - - 404.3887,408.4138
MS/MS - - 400.3000-1050.8200
2:1 MS - 790-1,215 -
MS/MS - 806.6248-1,185.9280
NEG 10:1 MS 400-675 500-1,025 -
MS/MS - - 400.2000-1,000.6800
2 MS 335-675 500-1,000 -
MS/MS - - 335.1480-1,000.6800

Here the specific /2 ranges used for the optimized HR MS* are presented. The ranges are chosen to encompass the
lipids isolated in each fraction. Analyzing the 2:1 fraction in positive ionization mode only includes a high range m/z
MS scan. In tPRM only 2 m/z values are chosen for analysis, specific for cholesterol and the cholesterol internal

standard

number of detected lipid ions, samples are divided and mixed with
either positive or negative ionization solvent (we use ammonium
acetate and triethylamine, respectively), enhancing the formation
of positive and negative lipid ions, respectively. Lipids are ionized
through automated robotic nanoelectrospray ionization and deliv-
ered to a hybrid quadrupole-Orbitrap mass spectrometer. The
samples dissolved in positive ionization solvent are analyzed by the
mass spectrometer in positive ion mode, detecting positive ions,
while samples dissolved in negative ionization solvent are analyzed
in negative ion mode, detecting negative ions. The initial MS scans
an interval of m/z values expected to cover most lipid ions (e.g.,
335-1215) (see Table 2). Following the MS scan, ions in a selected
m/z range (see Table 2) are sequentially subjected to fragmenta-
tion. The m/z window changes stepwise and allows for MS/MS
scans to be acquired separately for all ions. Fragmentation is
achieved by higher-energy collisional dissociation (HCD), a type
of collision-induced dissociation specific to the Orbitrap mass
spectrometers.

Due to difficult ionization, the shotgun approach may leave
some lipid species undetected. Cholesterol ionizes suboptimally
without derivatization [19, 20]; therefore the optimized HR
MSALL is adjusted by including selected ion monitoring (SIM): a
MS scan on a small m/z range centered around the m/z value of
cholesterol is performed. This enhances the detection sensitivity by
increasing the relative amount of cholesterol ions within the MS
scan. Following the SIM, we perform a targeted parallel reaction
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monitoring (tPRM), where MS/MS is done on specific ions with
the m/z value of cholesterol.

The lipids detected in the positive ion mode mainly form
[M+H]® and [M+NH,]* adducts, while the lipids detected in the
negative ion mode mainly form [M—H]~ and [M—CH;OCOO]~
adducts (see Tables 3 and 4). Identification is done by matching
theoretical m,/z values with the observed. A lipid is identified if the
m/z value in MS matches the theoretical m/z value of a lipid ion,
and if the corresponding fragment ion(s) #2/z value(s) observed in
MS/MS match the theoretical fragment ion(s). For quantification
of'individual lipid species, known and appropriate amounts of spe-
cific lipid species (internal standards) are added to the biological
sample prior to lipid extraction. The peak intensities of lipid ions in
the MS scans are then compared to those of the corresponding
internal standards. The internal standard mixture is a collection of
lipids representing the common lipid classes present in mammalian
cells without the specific species being present.

This protocol presents a methodology of quantitative global
profiling of the mammalian cell lipidome by combining a two-step
lipid extraction with shotgun lipidomics, performed using an opti-
mized HR MSA. The methodology is not limited to mammalian
cells, but can be adapted for quantitative global lipid profiling of
other organisms such as bacteria, yeast etc. The protocol presented
here is a generic approach that can readily be applied using other
platforms and serve as an additional routine in the repertoire of
mass spectrometry applications for lipidome-wide quantification
[11,12,21].

2 Materials

2.1 Sample
Preparation

Throughout this procedure it is paramount to keep all solvents,
pipette tips, tubes, and plates cool and clean to prevent contamina-
tion and degradation of lipids. Clean all glassware with chloroform/
methanol 1:1 (v/v) before use. Avoid using plasticware as the
organic solvents may dissolve plastic polymers, which will affect the
quality of the mass spectrometry data.

1. Chloroform/methanol 1:1 (v/v): Mix 10 mL chloroform with
10 mL methanol in a 20 mL graduated cylinder.

2. Chloroform/methanol 10:1 (v/v): Mix 90 mL chloroform
with 9 mL methanol in a 100 mL graduated cylinder.

3. Chloroform/methanol 2:1 (v/v): Mix 60 mL chloroform with
30 mL methanol in a 100 mL graduated cylinder.

4. Chloroform/methanol 1:2 (v/v): Mix 30 mL chloroform with
60 mL methanol in a 100 mL graduated cylinder.
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5.

10.
11.
12.
13.
14.
15.

155 mM ammonium acetate in H,O: Add 25 mL water to a
100 mL graduated cylinder. Weigh 0.597 g ammonium acetate
and add to the graduated cylinder. Add 25 mL water, and mix
gently until ammonium acetate is fully dissolved.

. Positive ionization solvent, 13.3 mM ammonium acetate in

isopropanol: Pour 25 mL isopropanol into a 100 mL blue cap
bottle. Weigh 0.102 g ammonium acetate and add it to the
bottle, followed by 75 mL of isopropanol. Close the cap and
heat the bottle to 50 °C till the ammonium acetate is com-
pletely dissolved.

. Negative ionization solvent, 0.2% triethylamine in chloro-

form/methanol 1:5 (v/v): Mix 15 mL chloroform, 75 mL
methanol, and 180 pL triethylamine in a 100 mL graduated
cylinder.

. 10x Internal Standard Mix (10x IS mix), 30 pM cholesteryl

ester (CE 15:0-D7), 20 pM ceramide (Cer 18:1;2 /12:0;0), 20
pM ceramide phosphate (CerP 18:1;2,/12:0;0), 200 pM cho-
lesterol (Chol-D4), 10 pM diacylglycerol (DAG 12:0,/12:0),
20 pM dihexose ceramide (diHexCer 18:1;2 /12:0;0), 25 pM
hexose ceramide (HexCer 18:1;2/12:0;0), 20 pM long-chain
base (LCB 17:0;2), 20 uM long-chain base phosphate (LCBP
17:0;2), 25 pM lysophosphatidic acid (LPA 17:0), 20 pM lyso-
phosphatidylcholine (LPC 17:1), 25 pM lysophosphatidyleth-
anolamine (LPE 13:0), 15 uM lysophosphatidylglycerol (LPG
17:1), 20 pM lysophosphatidylinositol (LPI 13:0), 20 pM
lysophosphatidylserine (LPS 17:1), 20 uM lysosphingomyelin
(LSM 17:1;2), 25 pM phosphatidic acid (PA 12:0,/12:0), 20
puM phosphatidylcholine (PC-OO 18:1/18:1), 25 pM phos-
phatidylethanolamine (PE 12:0,/12:0), 15 pM phosphatidylg-
lycerol (PG 12:0/12:0), 15 pM phosphatidylinositol (PI
8:0/8:0), 20 uM phosphatidylserine (PS 12:0,/12:0), 20 pM
sulfatide (SHexCer 18:1;2/12:0;0), 20 pM sphingomyelin
(SM 18:1;2/12:0;0), 10 pM triacylglycerol (TAG
17:0/17:0/17:0), and 20 uM trihexose ceramide (triHexCer
18:1;2/17:0;0) dissolved in chloroform/methanol 1:1 (v/v)
(see Notes 1-2). Store 10x IS mix at —80 °C in small aliquots
in glass ampules.

. IS mix (1x): Dilute 100 pL 10x IS mix with 900 pL chloro-

form/methanol 1:1 (v/v). Ampules of IS mix are saved
(siphoned with N, before closing) at —80 °C until use.

1.5 mL and 2 mL tubes.

96-well PCR plate (see Note 3).
Aluminum sealing tape (see Note 4).
Table centrifuge.

Thermomixer.

Vacuum centrifuge (see Note 5).
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2.2 Mass 1. TriVersa NanoMate, an automated robotic nanospray ioniza-
Spectrometry tion source (Advion, Ithaca, NY, USA).

2. Tonization nozzles (D-Chip).

3. Q-Exactive, a hybrid quadrupole-Orbitrap mass spectrometer

(Thermo Fischer Scientific, Waltham, MA, USA).

3 Methods
3.1 Sample Keep everything at 4 °C or on ice during this procedure, unless
Preparation otherwise specified. For a list of lipids extracted during the two-

3.2 Two-Step Lipid

Extraction

step extraction (see Table 1).

1.

Cells are prepared according to standard procedures (adherent
cells are, e.g., trypsinized and resuspended in media) and
counted.

. Prepare 3e5 cells as a minimum for lipidomics analysis

(see Note 6).

. Centrifuge cell suspension in a tube for 5 min at 500

RCF. Discard media.

4. Wash cells with 155 mM ammonium acetate in H,O.

. Centrituge cells for 5 min at 500 RCF and discard the

supernatant.

. Repeat Subheading 3.1, steps 4 and 5 twice (to a total of three

washes).

. Add 155 mM ammonium acetate in H,O to a final concentra-

tion of 3,000 cells/pL.

. If the samples are not to be subjected to lipid extraction imme-

diately, freeze as fast as possible and store at —80 °C.

(See Fig. 1 for overview)

1.

First Step: Extracting the nonpolar lipids from the sample (see
Table 1 for a list of lipids extracted in this step and sec Note 7).

(a) Mix 990 pL freshly prepared chloroform/methanol 10:1
(v/v) with 10 pL IS mix, 33 pL sample (corresponding to
le5 cells), and 167 pL. 155 mM ammonium acetate in
H,0, in 2.0 mL tubes.

(b) Shake the samples in the Thermomixer for 60 min at
2,000 rpm and 4 °C.

(c) Centrifuge samples at 2,000 RCF for 2 min at 4 °C.

(d) Transfer the lower organic phase to new 1.5 mL tubes.
Store these at —20 °C until the second extraction step is
done.



132 Inger @dum Nielsen et al.

3.3 lonization
and Mass
Spectrometry

2. Second Step: Extracting the polar lipids from the sample (see

Table 1 for a list of lipids extracted in this step).

(a) Mix 990 pL of freshly prepared chloroform/methanol
2:1 (v/v) with the upper phase from Subheading 3.2,
steps 1d.

(b) Shake the samples on Thermomixer for 60 min at
2,000 rpm and 4 °C.

(c) Centrifuge for 2 min at 2,000 RCF and 4 °C.

(d) Transfer the lower organic phase to new 1.5 mL tubes.

. Both the organic phases from the first and second extraction

steps: Open the tubes and carefully place them in a vacuum
centrifuge for evaporation of solvent for approximately 60
min, until all solvent is evaporated and the lipids are dry
(see Note 8).

. Dissolve the dried lipids in 100 pL chloroform/methanol 1:2

(v/V).

. Place the samples in Thermomixer, and shake them for 120 s

at 2,000 rpm and 4 °C.

. Centrifuge the samples for 3 min at 13,000 RCF and 4 °C to

pellet insoluble materials.

In this protocol, the extracted lipids are analyzed by direct infusion
mass spectrometry. The lipid extract is analyzed in conditions opti-
mal for either positive or negative lipid ionization. This involves
mixing lipid extract with either positive or negative ionization sol-
vent, specific settings for either ionization types during nanoelec-
trospray ionization, and performing mass spectrometry analysis in
positive and negative ion mode (see Figs. 1 and 2 for overview and
Notes 9 and 10).

1. Set up a 96-well PCR plate and keep it cool in a cool rack or

freeze system.

(a) To all wells analyzed in positive mode: Load 15 pL posi-
tive ionization solvent in a well, followed by loading of
11.7 pL extract (dissolved in chloroform/methanol 1:2
(v/v)) to the same well. The final solvent composition is
7.5 mM ammonium acetate in chloroform/methanol/
isopropanol 1:2:4 (v/v), which is optimal for positive
mode shotgun lipidomics (for lipid species detected in this
mode see Table 2).

(b) To all wells analyzed in negative mode: Load 14 pL nega-
tive ionization solvent in a well, followed by loading of 14
pL extract (dissolved in chloroform/methanol 1:2 (v/v))
to the same well. The final solvent composition is 0.1%
triethylamine in chloroform/methanol 1:3.5 (v/v), which
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Fig. 2 The MS workflow and examples of the acquired spectra of HR MS and HR MS/MS. (a) The optimized HR
MSAt comprises the elements presented here. For HR MS analysis of fraction 2:1 in positive ion mode (fraction
2:1 POS) and 10:1 and 2:1 in negative ion mode (fraction 2:1 and 10:1 NEG), lipid ions are subjected to alter-
nating HR MS analysis in the low and high m/z range. This is followed by sequential HR MS/MS that uses
quadrupole isolation of precursor ions followed by higher-energy collision dissociation (see Table 2 for the
specific m/z ranges and inclusion lists). HR MS analysis of fraction 10:1 in positive ion mode includes an addi-
tional step of selected ion monitoring (SIM) on a small m/z range of 10 Da, followed by targeted parallel reac-
tion monitoring (tPRM) of two specific precursor ion masses. (b-d) Examples of acquired spectra from extract
10:1 in positive ionization mode. R indicates the resolution of the peak at a given m/zvalue. (b) Low m/zrange
positive ion mode HR MS spectrum. (c) High m/z range positive ion mode HR MS spectrum. (d) HR MS/MS
spectrum of the precursor ion of m/z612.47 (DAG 34:1). Based on the fragments indicated in the figure, this
lipid is annotated and identified as DAG 16:0/18:1 and DAG 16:1/18:0. The arrows annotate the high intensity
peaks of fragment ions [M—FA16:0+NH;]* (m/z 339.2897) and [M—FA18:1+NH,]* (m/z 313.2737) with lower
peak intensities of fragment ions [M—FA16:1+NH,]* (m/z 341.305) and [M—FA18:0+NHs]* (m/z 311.2580).
This indicates that although both species are present in the sample, DAG 16:0/18:1 is more abundant than
DAG 16:1/18:0

is optimal for negative mode shotgun lipidomics (for lipid
species detected in this mode see Table 2).

2. Seal the plate with aluminum sealing tape to decrease evapora-
tion and risk of contamination.

3. Insert the 96-well PCR plate into the TriVersa NanoMate, the
automated robotic nanospray ion source used for sample
infusion.
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(a) TriVersa NanoMate settings (see Note 11): Allow the
TriVersa NanoMate to cool to a temperature of 5 °C (see
Note 12 for optional settings) before use. Use 10 pL as
sample volume. Unused sample should not be returned to
the well following injection.

(b) For positive mode sample delivery, gas pressure should be
1.25 psi, and applied voltage 0.96 kV.

(c) For negative mode sample delivery, gas pressure should be
0.7 psi and applied voltage —1.06 kV.

. Perform optimized HR MSA' consisting of MS and MS/MS

(see Fig. 2 for overview). For positive mode MSAM) we
include a SIM with tPRM to enhance the detection sensitiv-
ity of cholesterol. Therefore the positive mode MS* method
lasts 11 min, while the negative mode MSA method takes
10 min (se¢ Note 13).

(a) Mass spectrometer source settings: Set the capillary tem-
perature to 200 °C and the S-lens RF level to 80.

. Start with MS scans using alternating HR MS in low and high

m/z range (see Table 2).

(a) MS settings in both positive and negative ion modes:
Average 3 pscans per scan. Lock masses are used if there are
known masses that can be utilized for internal calibration
(see Note 14). Use le6 as automatic gain control (AGC)
target. Set resolution to 140,000 and use a maximal injec-
tion time of 150 ms.

. SIM and tPRM (see Table 2 and Fig. 2): To obtain good sig-

nals on cholesterol, we optimize the settings for this particular
species by doing a specific MS scan of precursor ions in a small
range of m/z values, followed by tPRM of the exact m/z values
of cholesterol and its internal standard. These additional steps
are only added to the positive ion mode MSA] as cholesterol
is detected in positive ion mode.

. Perform a 30 s MS scan on a small 10 Da window centered

around the m,/zvalue of cholesterol (see Table 2 and Note 15).

(a) SIM settings: Average 3 pscans per scan. Use 1e6 as AGC
target. Resolution is set to 140,000.

. Perform tPRM for 30 s (see Table 2 for the m/z inclusion list).

(a) tPRM settings: Use an isolation window width of 1.2 Da
and normalized stepped collision energies of 12, 18, and
23 (see Note 16). Set resolution to 35,000 and the AGC
target to le5 and 1 pscans per scan.

. Following the SIM /tPRM scan, perform HR MS/MS analysis

on all ions within the selected m/z range (see Table 2 for the
inclusion list ranges in positive or negative mode). Use an iso-
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10.

11.

1.

3.

x spiked | pmol] x

lation window width of 1.2 Da for each scan, sequentially step-
ping by 1.008 Da.

(a) MS/MS settings in positive mode: ACG target is 5e4 and
the resolution 35,000, with only 1 pscan being performed.
Normalized collision steps should be 15, 20, and 25.

(b) MS/MS settings in negative mode: ACG target is 5e4 and
the resolution 35,000, with only 1 pscan being performed.
Normalized collision steps should be 18, 28, and 38.

Precursor ions, fragment ions, and neutral loss used for the
identification of sample lipids are listed in Tables 3 and 4.

Spectra assessment: Look carefully through the spectra of each
sample as soon as possible following the MS scan. Use the total
ion intensities in both high and low ,/z range MS scans and in
the MS/MS scan of a few internal standard species to assess the
quality (see Note 17 for our assessment thresholds).

For data extraction, we use LipidXplorer [22], a python based
program that extracts and processes spectra data, and identifies
specific molecular species of ionizable lipid classes by compar-
ing the obtained MS and MS/MS spectra with known or
assumed lipid fragmentation patterns (sec Note 18).

. Quantification is done by comparing peak intensities of the

endogenous lipid with that of its corresponding internal stan-
dard with known quantity, e.g., internal standard PS 12:0,/12:0
represents all endogenous PS and PS O— species (see Notes 2,
19-21).

p endogenous lipid
pIS lipid

= endogenous lipid | pmol]

This calculation includes the isotope correction factor p endog-
enous lipid/p IS lipid, where p is the intensity of the mono-
isotopic peak relative to the total intensity of peaks in the
isotopic cluster. In most lipid analysis software this correction
factor however is not necessary, as the ion intensity output is
often including isotope correction.

4 Notes

. The internal standards should be chosen based on prior analy-

sis of the cells /tissuc used to ensure that the chosen standards
are not found as endogenous species.

. In case an internal standard is isobaric with endogenous lipid(s)

from different classes, the lipid ion species can often be distin-
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10.

11.

12.

13.

14.

guished by either using the fragment ion(s) or a different ion-
ization mode (where they are not isobaric).

. Use of Eppendorf twin.tec PCR Plate 96, skirted, is recom-

mended to avoid plastic material contamination.

. Use of aluminum foil from Corning Incorporated, Costar, and

Thermowell is recommended to minimize plastic
contamination.

. Use of a vacuum centrifuge, Christ, RVC, 2-25 CD plus is

recommended. Make sure the inner material is resistant to
organic solvents.

. The minimum amount of cells used for lipid extraction should

ensure enough samples for technical triplicates. For the actual
extraction sample (each replicate) we consider 50,000-150,000
cells to be sufficient.

. It is possible to do a single step extraction only using chloro-

form/methanol 2:1 (v/v); however this has limitations as the
fractionation of the lipids enhances the sensitivity.

. All liquid should have evaporated before continuing from this

step. However, try to minimize the time of vacuum centrifuga-
tion to avoid plastic contamination.

. The solvent system should be chosen to increase the ionization

efficiency of the samples upon sample infusion in either posi-
tive or negative ion mode. Other solvent systems include
methyl amine and ammonium formate.

Some low abundant lipid species, e.g., LCB, are not easily
detected in either positive or negative ion modes. For better
quantification of these species, chemical derivatization can be
performed with, e.g., methane iodide before MS scan [23, 24].

Direct infusion of lipid samples can also be done using a capil-
lary, nano needles, syringe, flow injection, etc.

We program the TriVersa NanoMate to move to a new nozzle,
if the spray current drops below 5 nA or rises above 7,000 nA
for more than 30 s. This helps to minimize loss of sample
analysis.

The lipids detected in the 2:1 fraction analyzed in positive ion
mode are primarily di- and triHexCer. The m,/z range of this
scan is therefore changed to a smaller /z interval, 790-1215,
increasing the sensitivity of the detection of these specific lipids
and shortening the acquisition time (to 6 min).

We use the following lock masses: 529.4626 and 1175.7766
for negative ion mode and 388.2541, 680.48022, and
1194.8179 for positive ion mode. For other locked masses,
please see [14].
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15. The 10 Da window used for SIM of cholesterol covers both
the m/z values of cholesterol and its internal standard.

16. To achieve the optimal fragmentation of ions in MS/MS we
use stepped collision energy, which applies three different ener-
gies, normalized to the m,/z value of the precursor ion.

17. The assessment of the spectra quality depends on the sample
and lipid species in question. We consider the total ion inten-
sity threshold to be 1e6 in both low and high m/z range MS. If
values are lower, the sample should be run again or prepared
anew. For the quality of the MS/MS scans, the fragment ions
of a few internal standard species are assessed and a total ion
intensity of minimum le3 is considered the threshold.

18. For an overview of software available, please see: omictools.
com/lipid-identification-category.

19. The obtained lipid quantities in pmol can be converted to mol
% to account for changes caused by different cell amounts.

20. Before quantification, it is important that potential isobaric
overlaps are considered: As an example, PC O- and PS
detected in negative ion mode can have some isobaric overlap
with the ion species [PC O-32:4—H-CH;OCOO]~ and [PS
36:2—H]~, both with m/z 786.5290. To solve this problem,
the MS/MS fragmentation spectra can be used for individual
quantification. On the other hand, as PC O—-32:4 is not a lipid
species commonly occurring in biological systems, this prob-
lem could also be ignored. Another example is the isobaric
overlap of primary and secondary adducts of PC, e.g., [PC
36:5+H]* and [PC 34:2+Na]* with m/z 780.5538 and
780.5513 respectively. With a difference of 25 mDa, in silico
simulation shows that their separation requires a resolving
power of 1,000,000 (not common in mass spectrometers). To
solve the problem, quantification of the species can be done in
negative ion mode or using MS/MS fragmentation spectra.
Since sodiated PC molecules do not produce the same
headgroup-specific fragment ion of m/z 184.0733 as proton-
ated PC does [25].

21. In the special circumstances, where MS ion spectra are not suf-
ficient for lipid detection and quantification, we use the MS/
MS spectra of the fragment ions for identification and quanti-
fication, see [10, 24].
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Chapter 13

Bioinformatics Pertinent to Lipid Analysis in Biological
Samples

Justin Ma, Ulises Arbelo, Yenifer Guerra, Katyayini Aribindi,
Sanjoy K. Bhattacharya, and Daniel Pelaez

Abstract

Electrospray ionization mass spectrometry has revolutionized the way lipids are studied. In this work, we
present a tutorial for analyzing class-specific lipid spectra obtained from a triple quadrupole mass spectrom-
eter. The open-source software MZmine 2.21 is used, coupled with LIPID MAPS databases. Here, we
describe the steps for lipid identification, ratiometric quantification, and briefly address the differences to
the analyses when using direct infusion versus tandem liquid chromatography—mass spectrometry (LC—
MS). We also provide a tutorial and equations for quantification of lipid amounts using synthetic lipid
standards and normalization to a protein amount.

Key words Bioinformatic analysis, Lipidomic analysis, Lipid profile, Standards, Ratiometric quantifi-
cation, MZmine 2.21

1 Introduction

Lipids are biomolecules that play essential roles in cell structure
and homeostasis. As structural components, they influence cellular
transport, signaling, and membrane elasticity. The cellular lipi-
dome is composed of thousands of different lipid molecules that
are classified according to their backbone structure, head groups,
or aliphatic chain linkages [1]. Based on their functional backbone
structure, lipids are divided into eight classes: fatty acyls, polyketides,
glycerolipids, sphingolipids, glycerophospholipids, sterol lipids,
prenol lipids, and saccharolipids [2]. Lipidomics is a subfield of
metabolomics that specializes in the characterization of lipid spe-
cies within cells, tissues, and other fluids. Changes in the lipid pro-
file occur during cell growth, adherence, apoptosis, and migration;
and have been linked with disturbances that lead to disease and
have potential applications as biomarkers and in clinical usage [3].
Bioinformatics for lipids aims to identity and quantity these changes
efficiently and reliably. Although extensive research has been done
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in lipidomics, accurately identifying and quantifying individual spe-
cies remains a challenge.

Lipid extraction is the first step in lipidomics, in which lipids
are recovered from the nonpolar fraction of a liquid-liquid extrac-
tion procedure. One extraction method commonly used is a modi-
fied Bligh and Dyer method [4] where lipids and proteins are
separated into two distinct phases. The recent availability of sensi-
tive analytical platforms has allowed for the detection and quantifi-
cation of many intact lipid species. Mass spectrometry (MS),
fluorescence spectroscopy, and magnetic resonance (NMR),
among other techniques, are currently used to determine lipid pro-
files. Electrospray ionization mass spectrometry (ESI-MS) has rev-
olutionized the way lipids are studied [5] and consists of two main
approaches, shotgun and liquid chromatography (LC). The shot-
gun approach offers a constant lipid concentration while the con-
centration with LC varies over time.

Data analysis and interpretation follows MS experiments. The
LIPIDMAPS website is a free resource founded by the National
Institute of General Medical Sciences (NIGMS) that facilitates
lipid research [6, 7]. The website offers structural databases, a clas-
sification system, pathways, and a mass-to-charge (m/z) calculator.
In this work, we present a tutorial guide for analyzing class-specific
lipids obtained by LC-MS. The open-source software MZmine
2.21, coupled with LIPID MAPS databases, is used to identify
lipid species [8, 9]. Further analysis can be conducted for quantifi-
cation with the ion intensity (peak area) for each identified lipid
species and the calibration curve of the internal standard.

2 Materials

This open-source software, designed specifically for mass spec-
trometry data, allows for processing of a variety of vendor-specific
formats. The software’s primary capabilities include processing
spectra and building chromatograms for identification and export.
1. MZmine 2.21.
2. Sample Spectra Data.

3. Custom Database (Optional).

3 Methods

3.1 Raw Data Import

1. Raw Data Methods > Raw Data Import. The software sup-
ports such vendor-specific formats as mzXML, NetCDEF,
Waters Raw, Agilent CSV, and Thermo CSV.



3.2 Mass Detection

3.3 Chromatogram
Builder (See Note 1)
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2. Select and open the desired spectra. The spectra selected
should appear in the left half of the interface (Raw Data Files)
once successfully imported.

The purpose of this step is to create a list of masses for each raw file.
The settings depend on how the data was acquired and the scan qual-
ity. For centroided data, the Centroid Mass Detector is applied and
assumes that every signal above the specified noise level is a peak.

1. Raw Data Methods > Peak Detection > Mass Detection.

2. Adjust the parameters according to data resolution and
precision:

(a) MS level: depends on type of scan. 2 for NLS and 1 for PIS
or full MS1 scans.

(b) Polarity: depends on type of ionization.
(c) Mass Detector: Centroid.

(d) Noise level = 0.

(e) Mass list name: masses.

3. Other mass detectors may be used as the exact mass detector:
local maxima, recursive threshold, or wavelength transform
mass detectors.

After running the mass detection, the chromatogram builder makes
a constant chromatogram across the scans for each mass. While
ideal setting for each chromatogram may change depending on the
data set, common baseline settings for several classes are given.

The min time span parameter specifies the minimum duration
of time over which a peak must be detected to be included in the
chromatogram. Min height is determined by the least possible
intensity of the highest data point. Any chromatogram found
below the set level is rejected as noise. The m/z tolerance is the
greatest allowed m /z difference between data points to be grouped
into the same chromatogram.

1. Raw Data Methods > Peak Detection > Chromatogram
Builder.

2. Parameters:

(a) Mass list: masses.

(b) Set filters (MS level and polarity should be the same as the
parameters for mass detection):

PC
e Min time span: 0.
*  Min height: 5.00E3.

e m/z tolerance 0.3.
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3.4 Isotopic Peak
Correction

3.5 Identification

PS, PE, PI
e Min time span: 0.
e Min height: 1.00E2.

e m/z tolerance 0.3.

. The completed chromatograms should now appear under the

Peak List column on the right side of the interface. Clicking on
a completed chromatogram should display a window with the
1D, average m/z, retention time, peak shape, height, and area
in table form.

. Troubleshooting.

(a) If the chromatograms do not appear, an error was made in
file selection or in applying the settings.

(b) If the chromatogram table appears blank, the parameters
may have been set too high, causing all data to be dis-
counted as noise.

The isotopic peaks grouper leaves one representative peak for a
group of isotopes.

1. Peal List Methods > Isotopes > Isotopic Peak Grouper.

(a) m/z tolerance: 0.05.

(b) RT tolerance: entire duration of analysis.
(¢) Monotopoic shape: checked.
(d) Maximum charge: 1.
(¢)

¢) Representative isotope: Lowest m/z.

Identification of the generated peaks is done using either custom
databases or those provided by the software. Below are the instruc-
tions for identifying lipids from a custom database. If no custom
database is available, the software provides an adduct ion search, a
peak complex search, and an online database search. Note that a
custom database may be created by the user (see Subheading 3.7).

1. Peak list methods > Identification > Custom Database

Search > Select the correct database to which you are analyzing.

2. Parameters:

(a) Field separator: , (comma).

b) Field order: ID, m/z, Retention time, Identity, Formula.

d) m/z tolerance: 0.3 (see Note 2).

¢) RT tolerance: the entire duration of the direct infusion
analysis.

(
(c¢) Ignore First List: Checked.
(
(



3.6 Export
of CSV File

3.7 Creating
a Class-Specific
Database (See Note 3)

3.8 Post-MZmine
Analysis

1.

2.
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Select file (individually) > Peak list methods > Export/
Import > Export to CSV.

Parameters:
(a) Filename.
(b) Field separator: , (comma).
(c) Export common elements: Export row m/z only.
(d) Export identity elements: Name only.
(e) Export data file elements: Export peak area only.
. After the files are exported, they can be combined and further

analyzed and quantified outside of MZmine if needed (see
Subheading 3.8). However, Mzmine offers several analysis and
visual representation methods. Other export formats can be
selected, such as MzTAB, XML and SQL that may open alter-
natives for later analysis.

Each lipid class will require a corresponding database that contains
the attributes to each species. These databases can be obtained
from a variety of Internet sources, such as ThermoFisher’s Lipidlizer
or the NIH’s LIPIDMAPS. Guidelines for using LIPIDMAPS are

given.

1

. Visit LIPIDMAPS website > Resources > Classification.
2.
3.

Open the desired main class from the eight categories.

At the bottom of the list find the Download results tab, choose
the CSV format and all pages.

. Open the file in excel and place the columns in the order of ID,

m/z, Retention Time, Identity (Common name), Formula.

. Save as .csv.

. The new custom database can now be selected in the custom

data base search interface for identification.

For experimental purposes it is often useful to organize and ana-
lyze the data as presented in the MZmine-exported file. Further
manipulation is often required to analyze data from large experi-
ments or for selecting species for a detailed study.

1.

Ratiometric Quantification: If a standard of known amount
was used during mass spectrometry, its peak area can be
assigned as the standard area. The ratio becomes a known
amount of standard with a known peak area of the standard,
compared to an unknown amount of lipid species with a known
peak area of the lipid species. The radiometric quantification
can be outlined in the following mathematical equations:
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Known amount of standard =~ unknown amount of lipid species

Known peak area of standard ~ known peak area of lipid species

where

Known amount of standard ( pmol of lipid )
= concentration of standard x volume of sample injected

The amount of lipid species obtained from the ratiometric
quantification analyses above should be divided by the total
amount of protein in the sample for normalization with regard
to differences in tissue size. The Bradford method is used as a
method of protein concentration as described elsewhere [10].
The final amount of lipid is expressed in pmol of lipid /pg pro-
tein amount.

. Multi-sample analysis: The nature of experimentation often

requires manipulations of parameters across different sheets to
obtain a single data point. For lipidomics this may include select-
ing the lowest m/z and manually averaging the associated peak
areas for a single species in many data sheets in tandem, quickly
becoming a very time-consuming task. Third-party software
exists but may be difficult to locate and secure. As such, it can be
necessary to design simple programs (e.g., in Excel’s VBA lan-
guage). Some useful program schematics follow:

. Programs that will average the m/z and peak area values for

each occurrence of a certain named species, assigning results to
a new sheet.

. Programs that can indicate the frequency of occurrence of iden-

tified peaks across multiple sheets from different replicates.

. Programs that conduct a search comparison between data

sheets, indicating the species that are unique to a set or present
in both sets.

. Programs that can carry out other statistical analyses.

4 Notes

. The chromatogram builder assumes a liquid chromatographic

separation has preceded the mass spectrometric analysis and
thus will analyze the data as a chromatogram (peak as a func-
tion of retention time). However, mass spectrometric analyses
using direct infusion will still allow for analyses and undergo a
psendochromatogram builder, with the understanding that the
retention time (RT) is the total analysis time and the peak
intensity at any time point has no bearing on identification or
quantification of the spectra.
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2. The mass spectrometer used for these analyses has a moderate
resolution instrument, meaning the accuracy of the m/z is

within +0.3 Da.

3. For accurate identification of peaks the custom database may
need to be altered to reflect mass changes in the species such as

adducts.
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Chapter 14

LC-MS-Based Lipidomics and Automated Identification
of Lipids Using the LipidBlast In-Silico MS/MS Library

Tomas Cajka and Oliver Fiehn

Abstract

This protocol describes the analysis, specifically the identification, of blood plasma lipids. Plasma lipids are
extracted using methyl zer#-butyl ether (MTBE), methanol, and water followed by separation and data
acquisition of isolated lipids using reversed-phase liquid chromatography coupled to quadrupole /time-of-
flight mass spectrometry (RPLC-QTOFMS) operated in MS/MS mode. For lipid identification, acquired
MS/MS spectra are converted to the mascot generic format (MGF) followed by library search using the
in-silico MS /MS library LipidBlast. Using this approach, lipid classes, carbon-chain lengths, and degree of
unsaturation of fatty-acid components are annotated.

Key words Liquid chromatography—mass spectrometry, Tandem mass spectrometry, Lipidomics,
Lipids, Identification, LipidBlast

1 Introduction

Advances in mass spectrometry have had a big impact on overall
lipidomics workflows over the last decade. Analytical protocols
were streamlined and fast data acquisition mass spectrometers were
introduced, enabling collecting multiple types of mass spectromet-
ric data within a single run [1-3]. One of the key advantages of
mass spectrometry is its ability to be used for quantification as well
as molecule identification. By utilizing tandem mass spectrometry
(MS/MS), the lipid class head group, the lengths of carbon-chains,
and the degree of unsaturation of fatty-acid components of these
acyl groups are annotated [4]. Licensed MS/MS repositories such
as Metlin and NIST14, as well as public libraries such as MassBank,
do not cover lipids well because these libraries are based on the
acquisition of MS/MS spectra of pure chemical standards. For
many lipids there are no commercially available lipid standards.
Fortunately, many lipids break in an MS/MS experiment in a pre-
dictable manner. Fragmentation rules were compiled from the
literature and from authentic standards for 29 lipid classes, and
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these rules were then applied to lipid structures that were gener-
ated using zn-szlico methods to yield a really comprehensive lipido-
mics library for compound annotations [5].

Generating an #n-silico MS /MS library consists of the following
steps: (1) selecting lipid classes of interest and defining structural
boundaries to exclude biologically improbable compounds; (2) gen-
erating all possible structures z-sifico within these structural bound-
aries; (3) interpreting experimental MS/MS spectra from literature,
other libraries, and authentic standards; (4) generating rules based
on characteristic fragmentations; (5) modeling MS/MS spectra
including ion abundances for each in-silico molecular species; (6)
validating the #n-silico MS/MS spectra with additional compounds
that were not included in the rule generation; (7) demonstrating the
applicability of such library in proof-of-principle studies (Fig. 1) [5].
Besides the protocol presented here, different software solutions for
lipid identification are available either from vendors (e.g., LipidView,
Lipid Search, SimLipid) or as independent platforms (e.g., Lipid Blast
[5],LipidXplorer[6],LipidQA[ 7 ])foruntargeted LC-MS /MS-basedlipi-
domics. However, no thorough comparison of advantages and disad-
vantages of these programs has been published.

Here, we present a protocol for using the n-silico MS/MS
library LipidBlast for the identification of blood plasma lipids sepa-
rated using reversed-phase liquid chromatography coupled to
high-resolution mass spectrometry with a quadrupole/time-of-
flight mass analyzer (RPLC-QTOFMS) (Fig. 2). With slight mod-
ifications, the protocol can be used also with high-resolution mass
analyzer such as a quadrupole /orbital ion trap, or unit resolution
mass spectrometers such as an ion trap or a single quadrupole.

2 Materials

2.1 Equipment

2.2 Reagents

. Calibrated pipettes 1-10 uL, 10-200 pL, and 100-1000 pL.
. Vortexer.

. Orbital mixing chilling/heating plate.

. Centrifuge.

. Centrifugal vacuum concentrator.

[© N 2 B G I S R

. Agilent 1290 Infinity LC system (Agilent Technologies, Santa
Clara, CA, USA) with a pump (G4220A), a column oven
(G1316C), and an autosampler (G4226A).

7. Agilent 6550 iFunnel QTOFEMS system (Agilent) with an electro-
spray ion source operated in positive and negative ion polarity.

1. LC-MS-grade solvents: water, acetonitrile, isopropanol.

2. Mobile-phase modifiers: formic acid, ammonium formate,
ammonium acetate.
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Blood plasma RPLC-QTOFMS Raw data conversion MS/MS TSV file with
extraction analysis to MGF file batch search annotated

lipids
My, |
B, |
'%%' '
wol '

Vendor software
or
ProteoWizard

MSPepSearch &
LipidBlast MSP
libraries

Insoluble

residue
Visualization of
MS/MS spectra

s

NIST MS search &

LipidBlast MSP
libraries

Fig. 2 Workflow of LC—MS-based lipidomics and automated identification of lipids using the LipidBlast in-silico
MS/MS library. (Legend: RPLC—-QTOFMS reversed-phase liquid chromatography coupled to quadrupole/time-
of-flight mass spectrometry, MGF mascot generic format, MSP text files containing spectra in the NIST MS
Search format, TSV tab-separated values, GUI graphical user interface)

3. Solvents for sample preparation: methanol, methyl zerz-butyl
cther, toluene, water.

2.3 Human Plasma 1. Disodium EDTA plasma, HMPLEDTA (Bioreclamation IVT,
Westbury, NY, USA) stored at —80 °C prior to analysis.
2.4 Supplies 1. 1.5 mL Eppendorf tubes, uncolored.
2. Tips for organic solvents such as acetonitrile, methanol, and

methyl zerz-butyl ether.
. Glass amber vials (2 mL volume).
. Glass inserts for 2 mL standard opening vial (50 pL volume).
. Screw caps for vials.

. Acquity UPLC CSH C18 column (100 x 2.1 mm; 1.7 pm)
(Waters, Milford, MA, USA).

7. Acquity UPLC CSH C18 VanGuard pre-column (5 x 2.1 mm;
1.7 pm) (Waters).

QN U1 W W

3 Methods

Blood plasma lipids are extracted using a biphasic solvent system of
methanol, methyl terz-butyl ether (MTBE), and water with some
modification [8]. This extraction protocol extracts all main lipid
classes in plasma with high recoveries, specifically phosphatidylcho-
lines (PC), sphingomyelins (SM), phosphatidylethanolamines
(PE), lysophosphatidylcholines (LPC), ceramides (Cer), choles-
teryl esters (CholE), and triacylglycerols (TG). The plasma lipids
are then separated using a short microbore column (100 x 2.1 mm
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1.D.) with 1.7 pm particle size with C18 sorbent, which represents
the currently preferred method in LC-MS-based lipidomics [1].
Using positive and negative electrospray ionization with different
mobile-phase modifiers for each polarity increases the coverage of
detected lipids [9]. Fig. 3 shows typical positive and negative elec-
trospray ionization chromatograms of plasma lipids.
High-resolution = mass  spectrometry  employing  a
quadrupole /time-of-flight mass analyzer is used for tandem MS/
MS spectra collection. For the system used, different fixed collision
energies (+20 eV and —40 eV for ESI(+) and ESI(—), respectively)
are used to obtain information-rich MS/MS spectra. After data
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Fig. 3 Total ion chromatograms of plasma lipids, highlighting retention time
ranges of particular lipid classes. (a) LC—ESI(+)-MS analysis; (b) LC-ESI(—)-MS
analysis. (Legend: Cer ceramides, CholE cholesteryl esters, DG diacylglycerols,
LPC lysophosphatidylcholines, LPE lysophosphatidylethanolamines, PC phos-

phatidylcholines, PE phosphatidylethanolamines, P/ phosphatidylinositols, SM
sphingomyelins, TG triacylglycerols)



154 Tomas Cajka and Oliver Fiehn

3.1 Sample
Preparation

3.2 LG-MS Analysis

3.2.1 Pre-Run
Procedures

acquisition, MS/MS spectra are converted to an MGF file. This
MGEF file is queried for lipid annotation using the #n-silico MS /MS
library LipidBlast [5].

1.

O 0 N N Ul R W

-
— O

12.

1.

Add 225 pL of cold methanol (see Notes 1 and 2) to a 10 pL
blood plasma aliquot (se¢ Note 3) in a 1.5 mL tube (se¢ Note 4).

. Vortex at maximum for 10 s.

. Add 750 pL of cold MTBE (see Note 1).

. Vortex for 10 s.

. Shake for 6 min at 4 °C in the orbital mixer.

. Add 188 pL of MS-grade water (se¢ Note 5).
. Vortex for 20 s.

. Centrifuge the sample for 2 min at 14,000 x 4.
. Collect two 200 pL aliquots (see Note 4).

. Evaporate the aliquots.

. For LC-ESI(+)-QTOFMS analysis:

(a) Resuspend dry extract using 150 pl. of a methanol /tolu-
ene (9:1, v/v) mixture (sec Note 4).

b) Vortex for 10 s.

)
)

(

(c

(d) Transfer 100 pL to a glass amber vial with a micro-insert.
(

(

Centrifuge the extract for 2 min at 14,000 x 4.
)
¢) Cap the vial.
f) Perform LC-ESI(+)-QTOEMS analysis.
For LC-ESI(—)-QTOEMS analysis:
(a) Resuspend dry extract using 50 pL. of a methanol /toluene
(9:1, v/v) mixture (see Note 4).
b) Vortex for 10 s.
¢) Centrifuge the extracts for 2 min at 14,000 x 4.

e) Cap the vial.

(
(
(d) Transfer 45 pL to a glass amber vial with a micro-insert.
(e)
(f) Perform LC-ESI(—)-QTOFEMS analysis.

Prepare the tuning solution: 10 mL Agilent Low Concentration
ESI Tuning mix (Agilent), 88.5 mL acetonitrile, 4.5 mL water,
3 pL 0.1 mM HP-0321. Make sure to add the components in
the order listed to avoid precipitation of any components of
the tuning mix.

. Tune the instrument in both polarities using tuning solution.

. Prepare the reference ion mass solution: 95 mL acetonitrile,

5 mL water, 100 pL 5 mM 921 Reference Ion, and 100 pL
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10 mM Purine Reference Ion. This solution is used for mass
correction during the analyses (lock mass).

(a) In ESI(+), check the intensity of ions m2/z 121.0509 and
m/2922.0098, which should be between 5000 and 50,000
with 0.6 mL/min column flow rate. Adjust recipe to attain
this intensity.

(b) In ESI(—), check the intensity of ions m/z 119.0363 and
m/2980.0164, which should be between 5000 and 50,000
with 0.6 mL/min column flow rate. Adjust recipe to attain
this intensity.

. Check the backpressure of the LC column. Backpressure

should be within the range 500-580 bar at the beginning of
each run [elution at 15% of the mobile phase (B)] and should
not exceed the range 850-1000 bar [elution at 99% of the
mobile phase (B)].

. Use a new column after approximately 1000 sample injections.

The LC column must be coupled to a VanGuard pre-column.
The VanGuard pre-column is replaced after approximately 330
sample injections.

. Prepare mobile phases: (A) 60:40 (v/v) acetonitrile:water with

10 mM ammonium formate and 0.1% formic acid; (B) 90:10
(v/v) isopropanol:acetonitrile with 10 mM ammonium for-
mate and 0.1% formic acid (se¢ Note 6).

. LC gradient: 0 min 15% (B); 0-2 min 30% (B); 2-2.5 min 48%

(B); 2.5-11 min 82% (B); 11-11.5 min 99% (B); 11.5-12 min
99% (B); 12—-12.1 min 15% (B); 12.1-15 min 15% (B).

. Column flow and temperature: 0.6 mL/min; 65 °C.

. Injection volume: 3 pL (see Note 4).

. Sample temperature: 4 °C.

. MS conditions: MS!' mass range, m/z 100-1700; MS/MS

mass range, #/z 100-1700; collision energy, +20 ¢V; capillary
voltage, +3.5 kV; nozzle voltage, +1 kV; gas temperature,
200 °C; drying gas (nitrogen), 14 L /min; nebulizer gas (nitro-
gen), 35 psi; sheath gas temperature, 350 °C; sheath gas flow
(nitrogen), 11 L/min.

. MS data acquisition: MS!, 10 spectra/s (100 ms); MS/MS, 13

spectra/s (77 ms); total cycle time, 0.508 s; number of precur-
sor ion per cycle, 4; mass range for selection of precursor ions,
m/z 300-1200; isolation width, narrow (1.3 m/2); precursor
threshold, 2000 counts; active exclusion, excluded after 3
spectra, released after 0.07 min.

. Reference masses: m,/z 121.0509, m,/z922.0098.
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3.2.3 Analysis in ESI(-)

3.2.4 Reducing
Carryover between Sample
Injections

3.3 Conversion
of MS/MS Spectra
to an MGF File

1. Prepare mobile phases: (A) 60:40 (v/v) acetonitrile:water with
10 mM ammonium acetate; (B) 90:10 (v/v) isopropanol:aceto-
nitrile with 10 mM ammonium acetate (se¢ Note 6).

2. LC gradient: 0 min 15% (B); 0-2 min 30% (B); 2—2.5 min 48%
(B);2.5-9.5 min 76% (B); 9.5-9.6 min 99% (B); 9.6-10.5 min
99% (B); 10.5-10.6 min 15% (B); 10.6-13.5 min 15% (B).

. Column flow and temperature: 0.6 mL/min; 65 °C.

. Injection volume: 5 pL (see Note 4).

. Sample temperature: 4 °C.

. MS conditions: MS' mass range, m/z 100-1700; MS/MS
mass range, 7,/z 100-1700; collision energy, —40 eV; capillary
voltage, —3.5 kV; nozzle voltage, —1 kV; gas temperature,
200 °C; drying gas (nitrogen), 14 L/min; nebulizer gas (nitro-
gen), 35 psi; sheath gas temperature, 350 °C; sheath gas flow
(nitrogen), 11 L/min.

7. MS data acquisition: MS', 10 spectra/s (100 ms); MS/MS, 13

spectra/s (77 ms); total cycle time, 0.508 s; number of precur-

sor ion per cycle, 4; mass range for selection of precursor ions,

m/z 250-1100; isolation width, narrow (1.3 m/z); precursor

threshold, 500 counts; active exclusion, excluded after 3 spec-

tra, released after 0.07 min.

8. Reference masses: m/z 119.0360, m/z 980.0164 (acetate
adducts).

QN Ul W

Carryover between sample injections represents a critical point
during LC-MS-based lipidomics analysis (se¢ Note 7). For the LC
system used we set up Injector Cleaning option in MassHunter
Data Acquisition software.

1. Gradient for LC-ESI(+)-MS: Time 1: 0.1 min (bypass), Time
2: 11.6 min (mainpass/bypass), Time 3: 13.0 min (mainpass/
bypass).

2. Gradient for LC-ESI(—)-MS: Time 1: 0.1 min (bypass), Time
2:10.1 min (mainpass/bypass), Time 3: 11.5 min (mainpass/
bypass).

Mascot generic format (MGF) files are a common standard for
MS /MS searches for small molecules. Each MS/MS scan is defined
with the precursor ion (PEPMASS=), charge (CHARGE=) and
m/z—abundance pairs (Fig. 4). Multiple product ion scans are usu-
ally combined into a single MGF file.

MGEF files can be created either using vendor software or open
software such as ProteoWizard.

1. Agilent .D format: Use MassHunter Qualitative Analysis
software.
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BEGIN IONS
PEPMASS=874.7866
CHARGE=1+
TITLE=CSH_pos_plasma_MSMS.d, MS/MS of 874.7866 1+ at 10.41 mins
RTINSECONDS=624.627
549.4851 416
575.5002 1693
576.1730 149
577.5222 347

578.5131 171

601.5133 440

603.5312 828

604.5497 104
857.7447 129
874.7862 750

875.7847 531

END IONS

Fig. 4 Example of a product ion scan in mascot generic format (MGF)

2. Thermo .raw format: Use extractMSn and MSFilereader plus

dependency libraries.

. SCIEX .wiff format: Use PeakView software and installation of

MS Data Converter (downloadable at http://sciex.com/
software-downloads-x2110).

4. Alternatively, ProteoWizard software can be used to create

MGEF files (Fig. 5).

(a) Download and install the latest version of the ProteoWizard
from the following website: http: //proteowizard.source-
forge.net.

b) Run MSConvert.exe from ProteoWizard folder.

(b)

(¢) Browse and add files using MSConvert application.
(d) Select output directory.
(¢)

e) Select output format: mgf; binary encoding precision:
32-bit.

(f) Select appropriate filters such as MS Level to work with
MS/MS data only, Peak Picking to centroid data, and
Threshold Peak Filter (count; most intense; 50).

(g) Start conversion using Start, check the progress and create
the MGEF file.

. Download the latest version of the LipidBlast from the follow-

ing website: http://fiehnlab.ucdavis.edu/projects /Lipid Blast
(section Download LipidBlast)

. Unzip the file. The LipidBlast folder contains several

sub-folders:


http://sciex.com/software-downloads-x2110
http://sciex.com/software-downloads-x2110
http://proteowizard.sourceforge.net
http://proteowizard.sourceforge.net
http://fiehnlab.ucdavis.edu/projects/LipidBlast
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E® MSConvert (64-bit)

' Lstof Fles C File of file names

Fle: |

&mel About MSConvert

C\Metabolomcs\Data\CSH_pos_plasma_MSMS mgh [z
C:\Metabolomics\Data\CSH_neg_plasma_MSMS mgf |Thn=sholc| Peak Fiter 'l
i »
| 2 Treshodipe: [Cort 1]
Qutput Directory: A 5
Orientation: |Mnm1 v|
|C:\Metabolomics\Data Browse I o
R = Vaue: [50
Output format: |m¢ "'l Extension: |
Binary encoding precision: ( 64bt ' 326 &, —I
Witeindex: [~ Use zlib compression: ™ Fitee | Parameters
TPP compatibity: [ Packagein gzip: I
Use numpt Sion
Use a0
Use numpress sion r
Use these settings next time | start MSConvedGUI weh | st |

Fig. 5 MSConvert (ProteoWizard) settings for converting raw MS/MS data files to MGF files

34.2 MS/MS
Batch Search

a) LipidBlast-ASCII-spectra.
b) LipidBlast-Development.
¢) LipidBlast-Examples.

d) LipidBlast-HandBook.

¢) LipidBlast-MSSearch.

f) LipidBlast-mz-lookup.
g) LipidBlast-Paper.

h) LipidBlast-Validation.

o~ o~ o~ o~ o~ o~~~

. Download MS PepSearch software from this website: http://

chemdata.nist.gov,/dokuwiki/doku.php?id=peptidew:mspeps
earch.

. Unzip 2013_11_14_MSPepSearch_x32.zip file to \\Lipid Blast-

Full-Release-3\ 2013_06_04_MSPepSearch_x32 folder.

. Run MSPepSearchGUI_x64.exe or MSPepSearchGUI_x32.exe

from \\LipidBlast-Full-Release-3\2013_06_04_MSPepSearch_
x32 and follow settings in Figs. 6 and 7 based on polarity used.

2. Upload MGF file: Input — O File — Open — Select MGF file.
. Set up Output directory path.
4. Upload MS/MS libraries to search — Select — Select MS /MS

library in MSP format from folder \\Lipid Blast-Full-Release-3\
LipidBlast-MSSearch. Name of MSP libraries, ionization
mode, lipid class, and molecular species covered are listed in


http://chemdata.nist.gov/dokuwiki/doku.php?id=peptidew:mspepsearch
http://chemdata.nist.gov/dokuwiki/doku.php?id=peptidew:mspepsearch
http://chemdata.nist.gov/dokuwiki/doku.php?id=peptidew:mspepsearch
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! MSPepSearch

Input (MGF Mascot generic or MSP NISTMS4ype) & Fle ( Folder Open |  Remove selected | |
[C-\Metabolomics\Data'\CSH_pos_plasma_MSMS mgf

: o

Output directory path: Select I
|C:\Metabolomics\Data
MS/MS libraries to search Select |  Remove selected |

C:\Metabolomics\LipidBlast-Full-Release-3\LipidBlast-MSSearch'\LipidBlast-pos
C:\Metabolomics'\Lipid Blast-Full-Release-3\LipidBlast-MS Search\CE+NH4pos
C:\Metabolomics\Lipid Blast-Ful-Release-3'\Lipid Blast-MS5 Search'\Cer-d-Hpos

Reset to defaults
— Onti
P h mode [~ m/z limits
 Fast * Standard | Min. ID Maxx. IZOOO -1 = infintty
r— Search tolerance settings
Precursor ion tolerance, m/z unts  |0.01 ¥ Ignore peaks around precursor Fragment peak m/z tolerance |0.01

Min. match factor (MF)to output (2999 [100 ¥ include He-Unknown precursor m/z dfference | Use number of replicates

Min. peak intensty (1-999) |1 ¥ Include precursor m/z in the output ¥ Calculate rev-dot
Max number of output hits [T =] P Ouputthe input spectrum number " Q-ToF
Show spectra without matches [ ¥ Set program priority above nomal I Load ibrariesin memory | |
| Run ose |
p/hd|

Fig. 6 General settings for MSPepSearch for ESI(+)
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Table 1. A maximum of four MSP libraries can be uploaded for

one search (see Note 8).

5. Change Options for Presearch mode from Fast to Standard.
6. Adjust Search tolerance settings:

(a) Precursor ion tolerance, m2/z units: 0.01 (see Note 9).
(b) Fragment peak /% tolerance: 0.01 (see Note 9).
(¢) Ignore peaks around precursor: keep checked.

7. Adjust other Options parameters:

(a) Match factor (MF) to output (0-999): 100.
(b) Min. peak intensity: 1.
(¢) Max. number of output hits: 1.
(d) Load libraries in memory: unchecked.
8. Click Run bottom to start MS/MS library search.
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™ MsPepSearch

Inpt (MGF Mascot genedc or MSP NISTMStype) & Fle  Folder Open | Removeselected | |
C:\Metabolomics\Data\CSH_neg_plasma_MSMS mgf

‘ o
Output directory path: Select |

|C:\Metabolomics\Data

MS/MS lbraries to search [[sekct | _ Remove selected |
C-\Metabolomics\LipidBlast-Full-Release-3\LipidBlast-MSSearch'\LipidBlast neg
C:\Metabolomics\LipidBlast-Ful-Release-3\LipidBlast-MSSearch\PC-Ac neg msp
C:\Metabolomics\LipidBlast-Ful-Release-3\LipidBlast-MS Search\Cer-d-Hneg

Reset to defauts
e

Presearch mode m/z ks
(t‘m @ Standard (m,lo_ m.Wmm‘
- Search tolerance settings
{mmm.mm 0.01 [ lgnore peaks around precursor  Fragment peak m/z tolerance  [0.01 ‘

Min. match factor (MF) to output (0-999) ||00 ¥ Include He-Unknown precursor m/z dfference | Use number of replicates

Min. peak intensity (1-999) [ ¥ Include precursor m/z in the output V' Calculate rev-dot
Max number of output hits II 'l ¥ Output the input spectrum number ™ a-ToF
Show spectra without matches [ ¥ Set program priorty above nomal I Load ibraries nmemory | |
| An | o |
y/hd|

Fig. 7 General settings for MSPepSearch for ESI(—) (see Note 8 for selecting MSP libraries)

9. For selected MGF file the MSPepSearch program will create TSV
(tab-separated values) file containing results of MS /MS search.

10. Open TSV file in Excel for manual inspection (Fig. 8). Use Dot
Product and Rev.-Dot scores for further filtering of data set.

(a) Spectral dot product (Dot Product) calculation uses the

cosine of the angle between the unknown and library spec-
tral vectors.

(b) Reverse dot product (Rev-Dot) scores are calculated in a
similar manner but ignore all ions that are present in the
sample spectrum but absent from the library spectrum.

As a general guide for reverse dot product scores, a match
>900 is an excellent match; scores between 800 and 900 are good
matches; scores between 700 and 800 are fair matches. Scores
less than 600 are regarded as very poor matches. MS/MS spectra
with many peaks will tend to yield lower spectral dot products
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(Dot Product) than similar spectra with fewer peaks. This can be
the case when using higher collision energy leading to extensive
fragmentation of precursor ion (Fig. 9).

11

12.

. If lipid annotations occur multiple times, there can be two rea-
sons: (1) a true separation of isomers, as in Fig. 10, where two
triacylglycerols have the same precursor mass and the same
number of acyl carbons and double bonds, however, differ in
acyl chain lengths. (2) If MS/MS spectra are annotated with
identical isomeric structures, peaks should be at least one peak
width apart from each other to exclude erroneous MS/MS
selection of the same peak.

Some lipids may have lower dot product score because their
MS /MS spectra represent a mixture of two or even more lipid
isomers having the same number of carbon and double bonds
but differ in acyl chain lengths (Fig. 11). Such coelutions
unavoidably occur during LC-MS-based lipidomic profiling of
complex samples. In this case, the particular lipid is annotated
using both species (e.g., TG 52:3; TG 16:1_18:1_18:1 and
TG 16:0_18:1_18:2). To get these annotations in TSV file
change the Max number of output hits parameter from 1 to 2 or
3 in the MSPepSearch (Figs. 6 and 7).

878.8157
CE: 10 eV
579.5346 605.5500 Dot Prod.: 820
5"""-52”3” 861.775 Rev-Dot: 967
577.5181
579.5308 .
605.5516 CE: 30eV
Dot Prod.: 711
[ 1yl Rev-Dot: 961
71.0856
CE: 50 eV
579.5340
577 5188 | 605.5535 Dot Prod.: 329
1 | Rev-Dot. 964
|
8618144 | ipidBlast
MS/MS spectrum
577.5193
579534 || g0 coos TG 16:0_18:0_18:1
150 300 450 600 750
miz

Fig. 9 Experimental MS/MS spectra of TG 16:0_18:0_18:1 (a, b, ¢) with a precursor ion m/z 878.8172
[M+NH,]*) and LipidBlast MS/MS spectrum (d). Using different collision energies (CE) yields more fragment
ions and thus impacts calculating spectral dot products (Dot Prod.) and reversed dot products (Rev-Dot)
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TG 54:5 TG 54:5
(TG 18:1_18:2_18:2) (TG 16:0_18:1_20:4)
5005024  001.5206 577.5172
Acquired Acquired
MS/MS 625.5156 ps/ms
spectrum 590.4925 | spectrum
. J |
LipidBlast LipidBlast
MS/MS MS/MS
spectrum spectrum
5995036 601.5193 577.5193 599.5036  625.5193
600 602 580 600 620
miz miz

AN

604 €08 612 616 620 624 628
Retention time (s)

Fig. 10 Extracted ion chromatograms of TG 54:5, m/z 898.7859 [M+NH,]* with marked data points per peak:
@ MS/MS spectrum acquired, ¥ no MS/MS data acquired

575.5037 576.5037

o
8
o
g

603.5328

Dot prod.: 674
Rev-Dot: 949

Dot prod.: 642
601.5158 Rev-Dot: 924

577.5286
! L

8
8

LipidBlast
MS/MS spectrum
TG 16:1_18:1_18:1
50 530 5% 600 610 570 530 5% 630 610

miz miz
Fig. 11 MS/MS spectrum of TG 52:3 (precursor ion m/z 874.7859 [M+NH,]*) with two different MS/MS anno-
tations from the LipidBlast library

LipidBlast
MS/MS spectrum
TG 16:0_18:1_18:2

g

Relative intensity (%)
—
Relative intensity (%)
g o

13. Each identified lipid can be manually inspected based on scan
number using MS/MS Graphical User Interface (GUI)-based

search.
3.4.3 MS/MS Graphical 1. Run nistms.exe from \\LipidBlast-Full-Release-3\LipidBlast-
User Interface (GUI)-Based MSSearch folder.
Search 2. Upload MGEF file: File - Open — Choose file for spectra/

structures import with files of type MGF.
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Library Search Options x| Library Search Options x|
Search | MS/MS | Lieares | Ausomaton | Limts | Constrants | "Search  MS/MS | Libraries | Automation | Limts | Constrants | Search | MS/MS  Libxaries | Automation | Lmes | Constrarts |
Spectnum Search Type = i Smiaie e ncuded Lbs: X[ 2]
£ oy, ¢ l MS/MS Search m/z Tolerance cerdbre kit £
IMWS v| ¥ nspectum | | cerdhpos cerdhneg B
L. eel— ) Pracursor = iU o customysopc oo dhpos
--'gm Search Options | - Other Options ——| Productions = [001 cutemamstoos |55 add 5| m“"“‘:m
= et I Automation customoc snapon n (uiompc pos e
Pemslize 1ove corponrids %
el s ot ] St ==
©Delmk CFam O Of ||| Aopiy Limas .:"’”""Iw-*.i'-”j\m’ E scps-hpos msp
eww I Use Constraints s o =7
:
> 240313 Specira in 13 Libraies 240313 Spectrain
™ Match Numbar of Rings
OK | Coced | B | Ok | Cope | H | [k ] coxe Heb
v
fPepudecpions |
C
Cystene modficaton [ None =
- Scoing + Displary 1 Scoms Threshold
™ Omssa ™ T/F gy tog) ILM\‘ "I
™ & Repicates ™ EOmssa fog)
{Prob. only) ™ T/F-ib fog)
I Qe ¥ Reverse/impure
oK | Cancel | |

Fig. 12 Settings for MS/MS searches in the NIST MS graphic user interface

3

. Check or change LipidBlast libraries including the settings and

precursor and product ion window (Fig. 12):

(a) Options — Library Search Options — Search — Identity
(MS/MS).

(b) Options — Library Search Options —» MS/MS — MS/MS
Search m/z Tolerance — Precursor +0.01; Product ions
+0.01.

(c) Options — Library Search Options - MS/MS — Peptide
MS /MS Options — Cysteine modification: None; Display:
Reverse /Impure; Score Threshold: Low.

(d) Options — Library Search Options — MS/MS — Libraries
— Add all libraries from Available Libs to Included Libs.

. Double click on m/z value at a particular retention time to
check if there is an MS/MS match with the LipidBlast MS/
MS library (Fig. 13).
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4 Notes

. Store solvents (methanol, MTBE) in the —20 °C freezer to

prechill.

. To prevent contamination disposable material is used. To pre-

vent inhalation of organic solvent vapor, use fume hood during
lipid extraction.

. Thaw each plasma sample on ice. During the extraction keep

the Eppendorf tubes either on ice or use prechilled (=20 °C)
block.

. This extraction procedure has been optimized for the Agilent

6550 iFunnel QTOEMS system. For other LC-MS systems dif-
fering in their sensitivity the protocol can be modified including
(1) volume of blood plasma for analysis (10-30 pL), (2) aliquot
taken during the extraction (up to ~700 pL MTBE /methanol
layer), (3) volume of resuspension solvent, and (4) volume
injected. To avoid band broadening during LC-MS analysis, we
recommend a maximum volume of 5 pL. during injection.

. Store water in the +4 °C fridge to prechill.

6. To enhance solubilization of ammonium formate and ammo-

nium acetate after their addition in the mobile phase, dissolve
these salts in a small volume of water before their addition in
the mobile phases (0.631 g ammonium formate or 0.771 g
ammonium acetate,/1 mL water/1 L. mobile phase). Mix each
mobile phase with modifiers, sonicate them for 15 min to
achieve complete dissolving of modifiers (salts), mix them
again, and then sonicate for another 15 min.

. Run plasma extract followed by injection of solvent mixture

(methanol:toluene, 9:1, v/v) for checking the carryover. The
carryover effect is observed mainly for triacylglycerols. Check
the most intensive species such as TG 52:2 (m/z 876.802
[M+NH,[*) and TG 52:3 (m/z 874.786 [ M+NH,[*) to evalu-
ate the carryover. Carryover <0.2% for these most abundant
lipid species is acceptable. If possible use different wash solvents
during the sample injections, for instance, weak wash solvent:
acetonitrile /water (50:50, v/v) followed by a strong wash sol-
vent: isopropanol. If only one solvent for washing is available,
use isopropanol and also check a software option to clean the
injector using valve switching (e.g., Agilent) at the different
composition of mobile phase to release adsorbed lipids.

. [M+Li]* ions are observed if a base such as LiOH is used as a

mobile-phase modifier or coinjected during ionization. For
phosphatidylcholines, the formation of [M+HCOO]~ and
[M+CH;COO]~ adducts depends on mobile-phase modifier
used. Use PC-Ac-neg.msp library if using ammonium acetate
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(i.e., acetate adducts) and PC-Form-neg.msp library if using
ammonium formate (i.e., formate adducts) mobile phase
modifier.

. Precursor and fragment ion tolerance depend on the mass

accuracy of the particular instrument. Keep in mind that fixed
mass tolerance in mDa has different values in ppm. For
instance, using 0.01 Da mass tolerance this corresponds to 33,
20, 12, and 10 ppm mass tolerance for precursor ions #/z
300, 500, 800, and 1000, respectively. A wider ion tolerance
(0.02-0.05 Da) can be used if precursor ions are very abun-
dant, because mass accuracy is biased if the mass detector is
saturated. However, default values should use narrower pre-
cursor window tolerances in order to limit false-positive peak

detections.
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Chapter 15

Single-Step Capture and Targeted Metaholomics
of Alkyl-Quinolones in Outer Membrane Vesicles
of Pseudomonas aeruginosa

Pallavi Lahiri and Dipankar Ghosh

Abstract

Outer membrane vesicles (OMVs) are secreted by all Gram-ve pathogens. These nano-scale delivery vehi-
cles contain discrete arrays of prokaryotic pathogenic determinants, including a family of low molecular
weight (MW) lipidic quorum signaling alkyl-quinolones (AQs). These are synthesized from p-keto-fatty
acids and function like primordial lipidic hormones, which regulate numerous pathogenic factors both
inter-species and intra-species. Significantly, AQs can also directly exacerbate pathogenesis by cross-
kingdom signaling with the host immune, metabolic, and other systems. In Pseudomonas aeruginosa more
than 50 AQs are reported; many with pathogenic mechanisms that are largely unknown. Some of these
AQs are exclusively associated with OMVs. Accurate characterization of these OMV-AQs may reveal novel
mechanism of diseases and Psendomonas aeruginosa presents an ideal model. Matrix-free laser desorption/
ionization mass spectrometry (LDI-MS) technologies enjoy unique advantages in mass spectrometry
(MS)-based imaging and low MW analysis. We report single-step isolation of Pseudomonas aeruginosa
OMYV on inert ceramic filters and high-resolution mass spectrometry (HRMS) analysis of AQs vesicle
in situ.

Key words Psendomonas sp., Gram negative, Outer membrane vesicle (OMV), Alkyl-quinolones,
Laser desorption/ionization mass spectrometry (LDI-MS)

1 Introduction

Extracellular secretory vesicles are produced by all living organ-
isms from prokaryotes and eukaryotes [1-3]. This evolutionary
conservation underlines critical fitness advantage through con-
trolled release of clusters of membrane bound molecular determi-
nants that allows cells to sense and respond to external
environment. In bacteria, particularly the Gram-ve, secretory
vesicles originate by external spherical bulges in the outer mem-
brane (OM) and ultimately severalize into environment as OMVs,
20-250 nm in diameter (Fig. 1) [4]. These vesicles share features
of the bacterial OM, with an outer layer of lipopolysaccharide
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20/ nm

Fig. 1 Transmission electron microscopy (TEM) images of Pseudomonas aeruginosa OMVs. Purified
OMVs P, aeruginosa biofilm culture supernatant exhibit discrete two-layer membrane bound organelles
~100 nm diameter (8000x)

(LPS) and an inner phospholipid layer [5, 6]. However, signifi-
cant differences do exist between the OM and the OMV in the
context of its composition and cargo. The OMV membrane con-
tains discrete LPS, phospholipids, and fatty acids and a diverse
cargo including nucleic acids, membrane proteins, lipids, and
metabolites, which are often species specific [7]. It is clear that
this cargo and traffic mechanisms are not consequences of ran-
dom apoptotic blebbing, but evolutionarily conserved processes
that play diverse roles in bioremediation, nutrient acquisition,
signaling, drug resistance, pathogenesis, among other functions
[3, 7-10]. The concept of nano-size bacterial vesicles, strategi-
cally packaged with multiple pathogenic determinants, argues for
a paradigm shift in the understanding of many infectious diseases.
Owing to their small size and unique constituents, OMVs can
casily bypass host physiological barriers that otherwise restrict the
larger pathogen [11-13]. Subsequently, the vesicles fuse directly
with the lipid rafts in the host plasma membrane, delivering a
complex cargo that activate signaling cascades and multi-factorial
pathologies, which are largely uncharacterized [1, 6, 13].

The Gram-ve bacteria Pseudomonas aeruginosa is paradigm of
these novel mechanisms of OMV pathogenesis [1, 3, 14]. This
pathogen has emerged as a global public health threat with increas-
ingly multiple drug resistant (MDR) infections in diverse sites,
including respiratory, skin, genitourinary, gastrointestinal, and
others. Many evidences support that P. aeruginosa OMVs are dis-
crete and potent tool for pathogenesis [2, 13, 15, 16]. For one, the
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P. aeruginosn OMV membrane exclusively contains B-band LPS
(O-antigen) which contributes to drug resistance and virulence [1,
17]. However, a major interest in Pseudomonas aeruginoss OMVs
is the exclusive presence of a discrete class of alkyl-quinolones
(AQs) signaling molecules [18, 19]. These lipidic signaling mole-
cules are synthesized by discrete biochemical pathway through the
condensation of anthranilate with p-keto-fatty acids, which are the
direct precursors of AQs. In Pseudomonas aeruginosa more than 50
AQs are reported and grouped into seven discrete classes [20]; the
most significant being 4-hydroxy-2-heptylquinoline (HHQ) and
corresponding dihydroxylated derivatives, such as 2-heptyl-3.,4-
dihydroxyquinoline (PQS; also known as the Pseudomonas quino-
lone signal). Broadly, these AQs function in quorum signaling
which modulate biofilms, large set of pathogenic factors [2, 3, 20],
and other bacteria [21]. However, accumulating reports support
that many AQs may be expressed in strain/disease-specific manner
and exhibit discrete cross-kingdom signaling [22]. HHQ and PQS
modulate human immunity [23, 24| and physiology [25] using
discrete pathways. Due to their lipid origin, all AQs are hydropho-
bic molecules; PQS is an order of magnitude more hydrophobic
than the N-acylhomoserine lactone quorum signaling family and
exclusively packaged in the OMV membrane [3, 26]. PQS is pres-
ent in sputum and broncho-alveolar lavage (BAL) of chronic P
aeruginosa infections in cystic fibrosis [27, 28], ventilator-
associated pneumonia (unpublished data), urinary tract infections
[29], and others. The knowledge of HHQ and PQS implies that
other OMV AQs may enjoy discrete, hitherto unknown functions
and potential as biomarkers of specific diseases [30].

Analysis of OMV lipids and AQs have depended on biosensors
[31], thin-layer chromatography (TLC)-based reporter assays, and
liquid chromatography-mass spectrometry (LC-MS) [20, 32-34].
These assays require offline sample processing and are not adaptable
for high-throughput clinical analysis. Many vesicular metabolites
and membrane components are highly unstable when extracted.
Metabolomics databases such as the METLIN do not cover all bac-
terial AQs since chemically pure standards are not available.
However, native AQs are easily ionized and produce tandem mass
signatures [20, 35]. Although matrix-assisted laser desorption /ion-
ization (MALDI) is ideally suited for high-throughput analysis, the
latter generates inherent interference signals <1000 m/z range
resulting in loss of sensitivity and resolution in the analysis of small
MW metabolites. These limitations may be largely resolved by
matrix-free laser desorption and ionization methods and large vol-
ume of reports support the competitive advantage of this principle
in MS imaging and metabolomics [ 36—40]. In this report, LDI-MS
of AQs is described by direct adsorption and ionization of OMVs
on inert silica-based ceramic ultrafiltration membranes. This tech-
nique enjoys several advantages. It is fast and offers targeted analysis
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of' AQs on captured OMVs, concurrently filtering out soluble con-
taminants and ion-suppressing agents from cultures and biofluids.
It is highly sensitive, capable of analyzing picomolar quantities of
AQs. Since it uses soft-ionization techniques, it produces negligible
in source decay or fragmentation of native AQs. Since LDI-MS
spectra predominantly contain singly charged AQs in either proton-
ated, sodiated or potassiated forms, it is easy to interpret this data.

2 Materials

2.1 Reagents
and Instrumentation

2.2 Bacterial
Gultures and Samples

1. Pure calibration standards: 3-oxo-Cl2-acyl-homoserine lac-
tone, 2-heptyl-3- hydroxy-4-quinolone, 2-heptyl-4-quinolone
(Sigma-Aldrich, Saint Louis, MO, USA).

2. Inert ceramic ultrafiltration membrane filters with 300 kDa
MW cutoff (Sterlitech Corp., Kent, WA, USA).

3. UV-based ozone generator and cleaner.

4. 96-well dot-blot unit attached to a laboratory vacuum pump,
capable of generating 100 psi or higher.

5. Ultrapure Super Dihydroxybenzoic acid MALDI Matrix
(Protea Biosciences Inc., Morgantown, WV, USA); 10 mg/
mL in 50:50 methanol:water, 0.1% trifluoroacetic acid (TFA),
applied as spray using a 0.3 /0.5 mm dual action airbrush.

6. Modified CDC bioreactor bottle(s) containing medical grade
polyurethane foam submerged in M9 minimal medium supple-
mented with 100 pM FeCl,.

7. Milli-Q Water. HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer 10 mM, pH 7.4.

8. MALDI plate and conductive carbon tape (with adhesive that

does not outgas), to attach the target membrane. TOF/TOF
5800 System (Ab Sciex, Framingham, MA, USA).

9. The mass spectrometry data, analyzed by TOF/TOF series
Explorer (Ab Sciex, Framingham, MA, USA), mMass [41 ] and
METLIN.

10. The putative exact mass of AQs is derived using ChemDraw
Ultra version 9.0 (CambridgeSoft Corp., Cambridge, MA,
USA). The logP (log octanol-water partition coefficient) val-
ues of AQs are derived by ACD/ChemSketch (ACD/Labs,
Toronto, ON, Canada).

Culture biofilms of Psendomonas aeruginosn PAO1 in modified
CDC bioreactor bottle(s) on polyurethane foam, in M9 minimal
medium supplemented with 100 pM FeCl,. After 72 h (or ODyggq
1.5), harvest the culture supernatants by centrifuge. Use the super-
natants for isolating OMVs or any other biological or clinical fluid
containing OMVs for these studies.
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3 Methods

3.1 Isolation

of OMVs from

P. aeruginosa Cultures
and Biofluids

3.2 Single-Step
Analysis of OMV
Quinolone Metabolites
by LDI-MS

. Centrifuge the biofilm culture supernatant or suitable biologi-

cal fluid at 15,000 x g, 4 °C for 30 min to remove bacterial
cells and debris. Carefully aspirate the supernatant, leaving the
pellet undisturbed and store at 4 °C.

. Clarify the supernatant through 0.22 pM syringe filter to fur-

ther ensure the filtrate is cell-free. Check the cell-free superna-
tant by plating on nutrient agar.

. Centrifuge the sample at 100,000 x g, 4 °C for 60 min. Wash

the pellet with HEPES butffer and store at 4 °C. Reconstitute
the pellet with same buftfer before use.

. In case of biological samples with high protein content, (serum,

blood or other), dilute the sample with HEPES bufterina 1:1
volume ratio and centrifuge at 100,000 x g, 4 °C for 60 min.
Wash the pellet with HEPES bulffer.

. Analyze the OMV quality in the pellet by transmission electron

microscopy [42].

. Clean the ceramic filter with UV /ozone system for 15 min,

wash in Milli-Q water for ~20 min, and dry the filter under
nitrogen (Fig. 2).

. Assemble the dot blot apparatus with the ceramic filter on the

top of a sheet of Whatman Grade 520 filter paper and attach
the vacuum pump. Wet the papers with Milli-Q water and run
the pump till excess water is removed.

. Apply the OMV-containing filtrate or biofluid to individual

wells (100 pL/well) of the dot blot apparatus.

. For higher volume samples, repeat the process. Wash the wells

with chilled HEPES buffer when the flow rate is decreased.

. Load pure standards of PQS and HHQ in discrete wells or

directly on the MALDI plate.

. Dismantle the dot-blot apparatus and remove the membrane.

Mark the individual wells with spot of a graphite pencil.

. Carefully place the membrane on a Sciex MALDI plate and fix

the sides with tape.

. Uniformly spray thin layer of DHB using a 0.3 /0.5 mm Dual

Action Airbrush Spray.

. Dry the membrane under dust-free conditions.
10.

Load the MALDI plate into the Sciex 5800. Use the AB Sciex
spot-set editor to mark the circular spots defining the diameter
of the dot (blots) with center-to-center spacing.
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Fig. 2 Flow-chart of OMV capture and analysis on ceramic ultrafiltration
membrane and LDI-MS

11.

12.

13.

14.

15.

Ionize the individual spot using a pulsed Nd/YAG laser at
355 nm with intensity set to 4300 a.u and a repetition rate of
200 Hz.

Record total 100 sub-spectra for each spot on a spiral pattern
of ablation. Apply delayed extraction of 500 ns. for all acquisi-
tions in positive ion mode.

Calibrate the mass spectrometer externally by using the syn-
thetic AQ (PQS and HHQ) standards (see Notes 4 and 5) or
internally using appropriate deuterated standards.

Perform TOF MS analysis using mass range 100-1000 Da.
with precursor selection from strongest to weakest in reflec-
tron mode using low-mass detector cutoff set at 600 Da.
Accumulate Spectra in case of weak AQ signals (see Note 1).

Perform MS/MS acquisitions of targeted precursor ions by
high-energy collision-induced dissociation (CID) using Argon
(collision gas) at 1 x 10° Torr and a laser repetition rate of
1000 Hz (see Note 2-6).
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4 Notes

. All AQs are easily ionized on ceramic filters and exhibit discrete

mono-protonated, sodiated, and pottasiated precursor ions at
picomolar sensitivity (Table 1). Application of trace DHB
improves signal intensity, but this is not mandatory. All AQs
are soluble in methanol and matrix-free LDI-MS preceded by
spraying methanol alone generates excellent signals.

. Untargeted LDI-MS of AQs in OMVs reveal group of eight major

AQs expressed in the OMV. These are the 2-alkyl-quinolones
(2-heptyl-quinolone; HHQ), 3.4-dihydroxy-2-alkylquinolines
(3,4-dihydroxy-2-heptylquinoline, PQS), and 2-alkyl-4-hydroxy-
quinolines N-oxide (2-Nonayl-4-hydroxyquinoline N-oxide,
NQNO) classes respectively (Fig. 3 and Table 1).

. The association with AQ within the OMV membrane is directly

related to their relative expression and hydrophobicity. AQs
with logP (log octanol-water partition coefficient) >5.5 are
present in OMV (Table 1). AQ like DHQ (log P 2.33+/—
0.27), 2-Heptyl-4-hydroxyquinoline N-oxide (logP 4.90+/—
0.90) and the 3-alkyl-2,3-dihydroxy-4-quinolones (logP <5)
are present in the culture supernatant but not in the OMV.

. The CID of HHQ exhibit a signature product ion at m/z 159

(the quinolone ring) which is common in all AQs of this class
including UHQ, NHQ, PHQ, and DHQ (Fig. 4). This prod-
uct ion is generated by cleavage between the o and p carbon of
water; m/z 216, produced by neutral loss of CO and m,/z 200,
produced by neutral loss of CO,. Besides, another product ion
at m/z 145 is formed due to loss of methyl group from the
quinolone ring.

. The CID of C7PQS produces a major signature product ion at

m/z 175 and m/z 188, which corresponds to quinolone ring
with an OH group at Rl and produced by a similar cleavage
between the a and B carbon and P and y carbon of the side
chain as in HHQ (Fig. 5). Neutral loss of this OH generates
m/z 159, but this species is not consistent in PQS. Other ions
are m/z 242, produced from the neutral loss of water; /z
232, produced from neutral loss of CO; and m/z 216, result-
ing from the neutral loss of CO,.

. The 2-alkyl-4-hydroxyquinoline N-oxide class is present in

the form of NQNO (and trace amounts of UQNO,
2-Undecyl-4-hydroxyquinoline N-oxide). The precursor
ion of NQNO is m/z 288 (M+H"*) which produces signa-
ture product ions at m/z 159, m/z 172, and m/z 188. 10,
by the loss of a tandem MS (MS/MS). Further product
ions are m/z 244.18 by neutral loss of CO and m/z270.29
by neutral loss of water (Fig. 6). This AQ is particularly
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Fig. 4 Laser desorption/ionization-tandem mass spectrometry (LDI-MS/MS) spectrum of the C7
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subject to sodiation and strong sodiated precursor ion peak
for NQNO is often observed.

Whereas this method allows single-step capture and tar-
geted metabolomics to confirm presence of AQs in clinical
samples or cultures, the quality of the OMYV is not equal to
samples purified over standard ultracentrifugation proto-
cols. The filters efficiently capture bacterial flagella, cell
debris, and mammalian exosomes. Since AQs are expressed
only in bacterial OMV, targeted AQ metabolomics usually
circumvents these problems. However when contaminant-
induced signal suppression is suspected the samples must
be subjected to a second cycle of ultracentrifugation or
density gradient centrifugation
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Chapter 16

Analysis of Fatty Acid and Cholesterol Content
from Detergent-Resistant and Detergent-Free Membrane
Microdomains

Mark E. McClellan and Michael H. Elliott

Abstract

The compartmentalization of cellular membranes into discrete membrane microdomains (known as Jipid
rafts) challenged the original definition of membranes as containing randomly distributed lipid and protein
components. The lipid microdomain hypothesis has generated significant controversy and rigorous inquiry
based on the attractive idea that such domains concentrate machinery to mediate cellular events such as
signaling and endocytosis. As such, numerous studies have used biochemical, cell biological, and biophysi-
cal methodologies to define the composition of such domains in a variety of experimental contexts. In this
chapter, we describe methodologies to isolate membranes from cell or tissue sources with biophysical /
biochemical properties of membrane microdomains that are amenable to subsequent classical or mass
spectrometry-based lipid analytical approaches.

Key words Membrane microdomains, Density gradient centrifugation, Lipid extraction, Cholesterol,
Fatty acids

1 Introduction

The description of cell membranes as a sea of lipids with randomly
distributed proteins defined by Singer and Nicolson’s fluid mosaic
model advanced our understanding of plasma membrane organi-
zation [1]. Our definition of cell membrane organization was later
expanded to incorporate observations of thermodynamically sta-
ble clusters of lipids [2, 3], later defined as /lipid rafts [4]. The
ability of lipids to exhibit lateral heterogeneity in model mem-
branes is clear but the challenge of biochemically defining such
domains in cellular contexts has been complicated [ 5, 6]. Subclasses
of membrane microdomains such as caveolae can be visualized
ultrastructurally and lateral segregation of raft lipid and protein
probes has suggested that both stable and dynamic phase separa-
tions of lipids occur in cell membranes [7]. In 2006, a consensus
definition of rafts as small (10-200 nm), heterogencous, highly
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dynamic, stevol- and sphingolipid-enviched domains that compart-
mentalize cellular processes [8] emerged based on a variety of bio-
physical, biochemical, and cell biological analyses [5]. Biochemical
techniques to isolate membranes with the biochemical properties
of rafts (e.g., cholesterol, sphingolipid, and raft protein enrich-
ment) commonly use detergent-based or detergent-free isolation
coupled with density gradient centrifugation [9-15]. Although
care in interpretation of compositional analyses of such biochemi-
cally isolated membrane domains is warranted, the basic method-
ologies described herein provide a rational framework for the
analysis of membranes with raft-like characteristics.

Our work has focused mainly on the isolation of membrane
domains from well-characterized parent membranes from ocular
cells (e.g., photoreceptor outer segment membranes). By compar-
ing the compositions of the resulting membrane microdomains to
parent membrane fractions, whether they be from plasma or organ-
ellar membranes, the investigator can reduce the analytical com-
plexities that arise from the potential mixing of raft membranes
that result from the chosen membrane disruption and fractionation
strategies employed. Although our prior work did not employ mass
spectrometric-based lipidomics, these approaches have been used
by other investigators to define raft membrane lipid composition
[16]. Recently, other investigators have applied such comprehen-
sive lipidomic analysis of detergent-resistant membrane composi-
tion derived from plasma membranes isolated by colloidal silica
perturbation, a technique that results in a pure parent plasma
membrane fraction [17]. Thus, the basic methodologies for raft
isolation and downstream lipid extraction described herein are
amenable to comprehensive lipidomic-based strategies in a variety
of experimental systems.

2 Materials

2.1 Solutions

for Detergent-Free
Preparation

of Membrane
Microdomains/
Gaveolae by Carbonate
Extraction (Modified
from Song et al. [11])

1. 500 mM 2-(N-morpholine)-ethane sulphonic acid (MES),
pH 6.5 adjusted with NaOH.

2. 500 mM sodium carbonate (Na,COj;), pH 11. The pH will be
~11 without any further adjustment.

3.2 M NaCl.

4. MES-buffered saline. 25 mM MES, 150 mM NaCl, with pro-
tease inhibitors (Roche, Mannheim, Germany).

5.90% (w/v) sucrose (in 25 mM MES, 150 mM NaCl): For
100 mL, add 5 mL of 500 mM stock MES buffer and 7.5 mL
of 2 M NaCl to a beaker with a stir bar and slowly dissolve 90 g
of sucrose with heating to assist dissolving sucrose. Bring up to
100 mL with ddH,O. Store at room temperature (see Note 1).



2.2 Solutions for
Detergent-Free
Preparation

of Membrane
Microdomains

by Simplified Optiprep
Method (Macdonald
and Pike Method [10])

2.3 Solutions

for Preparation

of Detergent-Resistant
Membranes (Elliott

et al. [13] Modified
from Seno et al. [18])

2.4 Materials for
Two-Part Extraction

of Saponifiable and
Nonsaponifiable Lipids
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. 35% (w/v) sucrose (in 25 mM MES, 150 mM NaCl, 250 mM

Na,CO3;): For 100 mL, add 5 mL of 500 mM MES buffer,
pH 6.5, 7.5 mL of 2 M NaCl, and 50 mL of 500 mM sodium
carbonate (Na,COj3), pH 11 to a beaker with a stir bar. Slowly
dissolve 35 g of sucrose and bring up to 100 mlL with
ddH,O. Store at 4 °C for short term and at —20 °C for longer
term.

. 5% (w/v) sucrose (in 25 mM MES, 150 mM NaCl, 250 mM

Na,CO;): For 100 mL: add 5 mL of 500 mM MES bufter,
pH 6.5, 7.5 mL of 2 M NaCl, and 50 mL of 500 mM sodium
carbonate (Na,COj3), pH 11 to a beaker with a stir bar. Dissolve
5 g of sucrose and bring up to 100 mL with ddH,O. Store at
4 °C for short term and at —20 °C for longer term.

. Base bufter A: 20 mM Tris—-HCI, pH 7.8, 250 mM sucrose

with 1 mM CaCl, and 1 mM MgCl,, and protease inhibitors.

. OptiPrep density gradient medium (Sigma-Aldrich, St Louis,

MO). 50% and 20% prepared in base buffer A.

. Base buffer B: 10 mM Tris—-HCI, pH 7.4, 70 mM NaCl, 2 mM

MgCl,, 0.5 mM EDTA and protease inhibitors.

2. 1% Triton X-100 in base buffer B.

o NN O 9 W

. 2.4 M (82% w/v) sucrose in base bufter B.

. Additional sucrose solutions for discontinuous gradient steps:

(0.9 M/30.8% (w/v), 0.8 M/27.4% (w/v), 0.7 M/24%
(w/v), 0.6 M/20.5% (w/v), and 0.5 M/17.1%(w/v)) all pre-
pared in base buffer B (see Note 2).

. 19-hydroxycholesterol internal standard (Steraloids, Inc.,

Newport, RI).

. Pentadecanoic acid (15:0), heptadecanoic acid (17:0), and

heneicosanoic acid (21:0) internal fatty acid standards (Nu-
Chek Prep, Elysian, MN).

. 2% (w/v) KOH in ethanol.

. Concentrated HCI.

. Hexane.

. Toluene.

. 2% sulfuric acid (H,SO,) in methanol.

. Nonane.
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3 Methods

3.1 Isolation

of Detergent-Free
Membrane
Microdomains/
Gaveolae by Carbonate
Extraction (Modified
from Song et al. [11])

3.2 Isolation

of Detergent-Free
Preparation

of Membrane
Microdomains

by Simplified Optiprep
Method (Macdonald
and Pike Method [10])

The methodologies to prepare membrane microdomains can be
used on purified membrane fractions or whole cell /tissue homog-
enates. As mixing of membranes from different cellular compart-
ments during preparation may complicate interpretation of results,
the use of specific membrane fractions (e.g., plasma membranes)
isolated by subcellular fractionation is recommended. Methods of
choice to prepare starting membranes should be determined by the
investigator. The downstream microdomains preparations described
are amenable to whole cell or postnuclear lysates, crude micro-

somes, or highly purified organellar or plasma membrane fractions
[10,13-15,17,19].

1. Resuspend cell or membrane pelletin 2.1 mL ice-cold 500 mM
sodium carbonate (se¢ Note 3).

2. Homogenize with Dounce or Teflon/glass homogenizer by
ten passes on ice.

3. Sonicate three times for 15 s using ultrasonic processor (Cole-
Parmer Instrument Co., Vernon Hills, IL). Allow sample to
rest on ice for 30 s between bursts (see Note 4).

4. Remove and save ~0.1 mL of lysate for subsequent comparison
of starting membranes to isolated membrane microdomains.
Add equal volume (2 mL in this case) of 90% sucrose solution
to the cell lysate and mix well. (Thus, final sucrose = 45%; Final
volume = 3.6 mL).

5. Divide into four SW60 tubes (1 mL/tube) (see Note 5).

6. Overlay each gradient with 1.3 mL of 35% sucrose in MBS and
1.3 mL of 5% sucrose in MBS.

7. Centrifuge at 175,000 x g for 16-20 h at 4 °C in Beckman SW
60 swinging bucket rotor.

8. After centrifugation, a faint band of material is usually visible at
the 35%,/5% interface. These are the membrane microdomain/
caveolae fractions. Membrane microdomains can either be col-
lected by directly pipetting the material at the 35% /5% interface
or by collecting equivalent volume fractions from the gradient.

1. Cells or membrane pellets are resuspended in 1.5 mL of base
buffer A (Tris-sucrose buffer containing divalent cations and
protease inhibitors).

2. Cells/membranes are disrupted by 20 passes through a 22-G
needle.

3. Lysates are centrifuged at 1000 x g for 10 min and the post-
nuclear supernatant is collected.



3.3 Isolation
Detergent-Resistant
Membranes (Elliott
et al. [13] Modified
from Seno et al. [18])

3.4 Evaluation
of Membrane Domains
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4. The pelleted material is resuspended in 1.5 mL of fresh base
buffer A and again passed 20 times through a 22-G needle.

5. Lysates are again centrifuged at 1000 x 4 for 10 min and the
first and second postnuclear supernatants are combined. At
this point, an aliquot ~10% should be collected if comparison
of subsequently isolated membrane microdomains to the par-
ent membrane /lysate is to be made.

6. Add an equal volume (~3 mL) of 50% OptiPrep (in base buffer
A) to the combined starting lysate (final concentration 25%
Optiprep in final volume of 6 mL). Mix well and place at the
bottom of a 16 mL Ultra-Clear centrifuge tube.

7. Pour a 10 mL gradient of 0%—20% OptiPrep in base bufter A
on the top of the lysate.

8. Centrifuge at 52,000 x g for 90 min at 4 °C in a Beckman SW
32 swinging bucket rotor.

9. Gradients are fractionated in 1 mL fractions for subsequent
downstream analyses (e.g., protein content, cholesterol con-
tent, western blotting [10]) (see Note 6).

1. Bulk cell membranes are solubilized on ice in 1% Triton
X-100 in base buffer B (see Note 7). After the addition of
detergent-containing buffer, membranes are disrupted by 3—4
passes through a 20-G needle (see Note 8). Lysates are then
allowed to stand on ice for 10 min.

2. The detergent lysate is then adjusted to 0.9 M sucrose by the
addition of 2.4 M sucrose in base buffer B.

3. Detergent lysates in 0.9 M sucrose are transferred to the bot-
tom of appropriate volume ultracentrifuge tubes and are care-
fully overlayed sequentially with 0.8 M, 0.7 M, 0.6 M, and
0.5 M sucrose solutions in base buffer B to form a 5-step dis-
continuous sucrose gradient.

4. Gradients are centrifuged at 250,000 x g4 for 16-20 h in a
swinging bucket rotor (Beckman-Coulter, Fullerton, CA).

5. After centrifugation, tubes are carefully removed and material
at the 0.6 M /0.5 M interface (low buoyant density, detergent
resistant membranes) can be collected or the gradient can be
fractionated as described.

Recovered membranes (or membrane fractions) can be evaluated
by immunoblot analysis for microdomain/caveolae inclusion and
exclusion markers (see Note 9). Comparisons can be made across
equivalent proportional fractions (if the gradient is fractionated) or
to the starting membrane fractions. In addition to protein markers,
lipid markers such as cholesterol content can be evaluated.
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3.5 Analytical
Approaches

to Examine Lipid
Composition

of Membrane
Microdomains

3.5.1 Two-Part
Extraction Procedure

for Saponifiable

and Nonsaponifiable Lipids

3.5.2  Analysis

of Cholesterol by High-
Performance Liquid
Chromatography (HPLC)

The membrane domains isolated by the described procedures are
amenable to a variety of lipid analytical approaches. While the
theme of this volume is lipidomic methodologies, our prior com-
positional work on membrane microdomains used only classical
quantitative lipid analytical procedures including analysis of total
fatty acids [ 14, 15], cholesterol [13, 14 ], and fatty acid composi-
tion of specific lipid classes separated by two-dimensional thin-layer
chromatography [15]. Other investigators have used similarly iso-
lated domains for shotgun mass spectrometric lipidomic analyses
[16, 17, 20] and the interested reader is invited to examine these
papers. In the following section, we describe a two-part extraction
procedure to analyze nonsaponifiable and saponifiable lipid extracts
for the measurement of cholesterol and fatty acids from the same
lipid extract.

1. Membrane samples (50-100 pg of protein) are placed in
16 x 100 mm screw cap tubes.

2. Samplesarespikedwithinternalstandards(19-hydroxycholesterol
and 15:0, 17:0, 21:0 fatty acid standards) (see Note 10).

3. Two milliliters of 2% KOH in ethanol is added and samples are
vortexed and tubes are capped under nitrogen with Teflon-
lined caps.

4. Heat tubes at 100 °C for 1 h and then cool on ice.

5. Add 3 mL of H,O and then extract 3x into 2 mL of hexane.

The recovered organic phases containing nonsaponifiable lip-
ids (e.g., cholesterol) are pooled.

6. To the aqueous phase, add 0.2 mL of concentrated HCI and
cap under nitrogen.

7. Vortex for 10 s, sonicate for 10 min in bath sonicator, vortex
again for 10 s.

8. Extract 3x into 2 mL of hexane. This organic phase is the
saponifiable fatty acid extract.

9. Dry both saponifiable and nonsaponifiable extracts under
nitrogen, rinsing the sides of the tubes 2x with hexane.

1. To the dried nonsaponifiable lipid extract, add 50 pL of metha-
nol and sonicate for 10 min in a bath sonicator.

2. Inject 35 pL into the HPLC system.

w

. Cholesterol is separated on a C18 column (Supelcosil LC-18,
25 cm x 4.6 mm, 5 pm particle size) with an isocratic mobile
phase of 1 mL/min of methanol.

4. Cholesterol is quantified based on absorbance at 208 nm
detected by an Agilent 1100 series photodiode array detector
in comparison to an authentic cholesterol standard within lin-
ear response range. Cholesterol content is corrected for the
recovery of the 19-hydroxycholesterol internal standard.



3.5.3 Preparation

of Fatty Acid Methyl Esters
and Analysis by Gas
Chromatography

and Flame lonization
Detection
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. To the dried saponifiable fatty acid extract, add 0.2 mL of tolu-

ene and 1 mL of 2% H,SO, in methanol.

. Cap tubes with Teflon-lined caps under nitrogen and vortex

for 10 s.

. Heat tubes at 100 °C for 1 h and then cool on ice.
4. Add 1.2 mL of H,O and then extract 3x with 2.4 mL of

hexane.

. Dry the pooled hexane extracts under nitrogen rinsing the

sides of the tubes 2x with hexane.

. Resuspend dried fatty acid methyl esters in 20 pL. of nonane

and sonicate for 10 min and transfer to a gas chromatography
vial.

. The fatty acid composition is determined by injecting 3 pL of

nonane extract at 250 °C with the split ratio set to 20:1 using
a DB-225 capillary column (30 m x 0.53 mm inner diameter;
J&W Scientific, Folsom, CA) in a gas-liquid chromatography
system with autosampler (Agilent Technologies, Wilmington,
DE). The column temperature is held at 160 °C for 1 min,
then increased to 200 °C at 1 °C/min, and then held at 220 °C
for 10 min. Helium carrier gas flows at 4.2 mL/min. The
hydrogen flame ionization detector temperature is set at
270 °C. Chromatographic peaks are integrated and processed
using ChemStation software (Agilent Technologies). Fatty
acid methyl esters are identified by comparison of their relative
retention times with authentic standards and the relative mole
percentages are calculated.

4 Notes

. The concentrated sucrose stock solution requires heating to

dissolve sucrose. Once prepared, the solution should be stored
at room temperature to avoid precipitation of sucrose.

2. A simplified gradient using 45%, 35%, and 5% sucrose (as

described for the detergent-free carbonate preparation) is also
frequently used for DRM isolation [17]. The gradient steps
used in the provided protocol were developed for DRM isola-
tion from photoreceptor membranes [13-15, 18] but can be
used for other membrane sources.

. The volumes can vary depending on how much starting mate-

rial is used and the volumes of the tubes used for gradient
centrifugation. We have used as small as 4 mL gradients (4 mL
Ultra-Clear tubes for SW60 rotor, Beckman-Coulter) and up
to 16 mL (17 mL Ultra-Clear tubes SW32) depending on
starting material. The volumes in the described protocol can
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be adjusted proportionately to account for different amounts
of starting material and tube volumes.

. The shear provided by sonication is the critical step to free

membrane microdomains such as caveolae from the bulk mem-
branes in this detergent-free procedure. The power setting
needs to be empirically determined based on the ultrasonic dis-
rupter available and the cells/membranes used as the shear
force applied will affect the yield. If too much power is applied,
membrane domains can be disrupted and if too little power is
applied then domains may not be released from bulk mem-
branes. In either case, this would result in a higher proportion
of membrane domain components, (e.g., caveolins) to be
found in higher density fractions after density gradient
centrifugation.

. Depending on the available equipment, it is also possible to

place the entire 4 mL volume in a single tube (e.g., SW41
Ultra-Clear tube) and overlay equal volumes (4 mL) of each
sucrose solution. However, be sure that the swinging bucket
rotor to be used can reach 175,000 x g.

. The detergent-free OptiPrep method yields more diffuse band-

ing and thus fractionation is recommended. Fractions should
be evaluated by immunoblotting for marker proteins of inter-
est. Once the fractionation pattern is determined (e.g., identi-
fication of caveolin- and/or flotillin-enriched fractions), then
selected fractions could be evaluated for lipid composition by
classical or mass spectrometric methodologies.

. The use of detergents to isolate /ipid raftsis controversial and

care should be taken in defining such detergent-resistant mem-
branes as bona fide rafts [21, 22]. However, these methodolo-
gies can suggest the potential of molecular components to
associate with raft domains. Although the most common
detergent used for detergent-resistant membrane isolation is
Triton X-100, a variety of different detergents have been used
including Brij detergents, LUBROL detergents, and ocytlglu-
coside among others [20, 23].

. The detergent-lipid phosphorous molar ratio should be

approximately 3:1. Thus, it is recommended that determina-
tion of lipid phosphorous on parent membrane fractions be
empirically determined such that this ratio can be established
for efficient solubilization bulk membrane lipids and for release
of insoluble, detergent-resistant membranes.

. Inclusion markers, including known membrane domain resi-

dent proteins, e.g., caveolins and flotillins, can be evaluated by
immunoblotting. These protein markers should be enriched in
membrane domain fractions relative to either high-density
fractions (if fractions are collected) or relative to the starting
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parent membrane /post-nuclear supernatant fraction by any of
the isolation procedures described. Exclusion markers (non-
raft proteins) such as transferrin receptor, p-COP, and nucleo-
porin should also be evaluated. If material collected at the low
buoyant density interface is used, we typically concentrate
these membranes by diluting the density gradient medium
with appropriate base bufter at least fivefold. This diluted frac-
tion is mixed well and then centrifuged at 100,000 x g for 1 h
at 4 °C in a swinging bucket rotor. The resulting pellet can
then be resuspended and a protein concentration can be deter-
mined by bicinchonic acid (BCA) assay using bovine serum
albumin as a standard. Then, equivalent amounts of membrane
domain protein and starting material can be resolved by SDS-
PAGE, electrotransferred to nitrocellulose or PDF membranes,
and immunoblotted with appropriate antibodies.

10. Fatty acid internal standard stocks are typically 1 mM and the
19-hydroxycholesterol is 0.15 mg/mL and we typically add
20 pL of each standard solution to the sample prior to extrac-
tion. The amount of standard to add to sample should be empir-
ically determined based on the samples analyzed to be sure that

internal standard and sample peaks are in the same range.
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Chapter 17

Computational Functional Analysis of Lipid Metabolic
Enzymes

Carolina Bagnato, Arjen Ten Have, Maria B. Prados, and Maria V. Beligni

Abstract

The computational analysis of enzymes that participate in lipid metabolism has both common and unique
challenges when compared to the whole protein universe. Some of the hurdles that interfere with the func-
tional annotation of lipid metabolic enzymes that are common to other pathways include the definition of
proper starting datasets, the construction of reliable multiple sequence alignments, the definition of appropri-
ate evolutionary models, and the reconstruction of phylogenetic trees with high statistical support, particu-
larly for large datasets. Most enzymes that take part in lipid metabolism belong to complex superfamilies with
many members that are not involved in lipid metabolism. In addition, some enzymes that do not have
sequence similarity catalyze similar or even identical reactions. Some of the challenges that, albeit not unique,
are more specific to lipid metabolism refer to the high compartmentalization of the routes, the catalysis in
hydrophobic environments and, related to this, the function near or in biological membranes.

In this work, we provide guidelines intended to assist in the proper functional annotation of lipid
metabolic enzymes, based on previous experiences related to the phospholipase D superfamily and the
annotation of the triglyceride synthesis pathway in algae. We describe a pipeline that starts with the defini-
tion of an initial set of sequences to be used in similarity-based searches and ends in the reconstruction of
phylogenies. We also mention the main issues that have to be taken into consideration when using tools to
analyze subcellular localization, hydrophobicity patterns, or presence of transmembrane domains in lipid
metabolic enzymes.

Key words Data-mining, Functional annotation, Hydrophobicity, Multiple sequence alignment,
Phylogenetic tree, Superfamily

1 Introduction

The large numbers of sequences that have become available in
recent years provide both opportunities and challenges for bio-
computational function prediction. Complete proteomes often
show that many protein families have several paralogs and are,
hence, part of intricate protein superfamilies. The evolution of
protein superfamilies is complex [1] and obfuscates function
assignation. On a positive end, the same great amount of sequence
information can be used to study the exact challenge just
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mentioned: how did a particular superfamily evolve and what pre-
dictions regarding the functional characterization of its members
can, as such, be made? This endeavor has many technical require-
ments, such as high fidelity multiple sequence alignments (MSAs),
statistically supported phylogenies and, if available, structural
information. Some of the issues and requirements are common to
the whole protein universe, while others will be more specific to
lipid metabolic enzymes.

Lipids are a heterogencous group of macromolecules charac-
terized by being soluble in organic solvents and poorly soluble in
water. Contrary to other major macromolecules, which are poly-
mers of similar monomers (e.g., monosaccharides, amino acids, or
nucleotides), lipids are chemically very diverse. Nevertheless, most
lipids are fatty acid derivatives formed by their esterification to
alcohol hydroxyl groups, for instance those present in glycerol,
cholesterol or sphingol, or by a nucleophilic substitution and amide
formation starting from amines and fatty acids. Another common
feature in lipid chemistry is the formation of phosphodiester bonds,
present in various species of glycerophospholipids. These prevalent
characteristics have had an effect on the evolution of the lipid met-
abolic enzymes that pose great challenges for bio-computational
analysis. For instance, analysis of a number of examples shows that,
in some cases, proteins that act on the same or similar functional
groups on different molecules have evolved from common ances-
tors, having undergone structural and functional diversification to
form very complex superfamilies, such as the phospholipase D
(PLD) superfamily [2]. On the opposite end, other groups of
enzymes (e.g., phosphoinositide kinases) seem to have originated
from many different ancestral proteins, but have somehow con-
verged to catalyze similar or even identical reactions, triggered by
the similarity of the substrates and catalytic mechanisms [3].
Sometimes, proteins that catalyze related reactions have no signifi-
cant sequence similarity, but share a few amino acids that consti-
tute the actual core of the catalytic activity. An example of this is
the histidine (H) that seems to be mandatory for catalysis in most
acyltransferases [4, 5]. Although none of these issues is unique to
lipid enzymes, any bio-computational analysis will profit from a
profound knowledge of not only the enzymes of interest but also
its homologous proteins.

A key particularity of lipid enzymes comes from the fact that
catalysis has to deal with hydrophobic or amphipathic substrates
that, in many cases, are inserted in a membrane. This implies that
lipid enzymes must have, at least, some hydrophobic regions or
lipid-binding domains to properly interact with the substrates and/
or the membrane environment, while most frequently the enzymes
themselves are more or less inserted in a membrane. In this sce-
nario, the presence of transmembrane domains and hydrophobic-
ity analyses are essential parts of lipid enzyme computational
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studies. This information might not only contribute to sequence
characterization, but also to sequence identification and annota-
tion, since these features are usually shared between the members
of the same family. The second peculiarity of lipid metabolism
relates to the fact that the anabolic and catabolic reactions are usu-
ally carried out in different cell organelles or compartments, such
as membrane, cytosol, chloroplast, or mitochondria, or they can
even act extracellularly. In this context, the prediction of the pres-
ence of signal peptides for protein transit or targeting is of major
relevance.

In this work, we will outline a general procedure intended to
guide in the process of obtaining robust MSAs, phylogenies, and
functional characterization of enzymes, with a particular emphasis
on those that participate in the metabolism of lipids.

2 Materials

Figure 1 shows a flowchart of a stepwise procedure that can be
used for protein bio-computational analysis. The procedure can be
divided into a number of processes, each one with its particular
details and resources. The flowchart intends to provide general
guidelines using the major tools we have used in our previous com-
putational analyses. However, this protocol can admit modifica-
tions, supplementations, or even simplifications depending on the
case. Table 1 shows a non-exhaustive list of the main tools we have
used in each process of the pipeline.

3 Methods

3.1 Dataset
Definition

The most important step of the procedure is the definition of the
objective. Two common interests we can outline are: (a) The iden-
tification and annotation of a particular pathway, including all the
involved activities, and (b) The more profound analysis of a par-
ticular activity, in an effort to understand the origin and evolution
of the corresponding sequences and their functional characteris-
tics. The common challenge is to identify sequences, assign them
plausible functions, and obtain relevant information that could
guide experimental design and data interpretation. The objective
will have a clear impact on both the initial set of sequences that will
be used as seed or query for similarity-based searches and the
sequence collection that will be used to search for hits using the
previous seed. The seed or query dataset should consist, if avail-
able, of protein sequences with high quality annotation, as encoun-
tered in databases such as Swissprot (or UniProtKB) [14] (see
Note 1) or Protein Databank (PDB) [13]. The selection of the
target dataset depends on the taxonomic interests, which should
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Objective Definition

v

Dataset Definition

Reference Proteomes
RefSeq Protein

Seed Sequences<—|

Swissprot, PDB ¢
Iteration
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Data Scrutiny E;Zi':e

Final Dataset
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MSA MAFFT
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MSAs Hmmalign
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of best MSA BMGE
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Best MSA
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PHYML
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Bootstrapped Tree  |Bayesian Tree
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- Identification of Catalytic Residues

- Subcellular Localization Prediction

- Hydrophobicity Studies

- Presence of Transmembrane Domains
- Others

Fig. 1 Sequence mining flowchart depicting a basic pipeline for the analysis of
protein superfamilies. Major processes as described in the text are in bold,
resources in gray. Upon the definition of the objective and the corresponding data-
set, sensitive sequence identification can be achieved by either iterative HMMER or
PSI-BLAST, both can be seeded with a specific data seed obtained by PHI-BLAST.
Upon scrutiny, the final data-set should be aligned with a variety of methods and
the best MSA should be selected and corrected. When the objective involves only
proper annotation, this MSA can be used directly for functional characterization.
When the objective involves evolutionary questions, the MSA is used for phyloge-
netic tree reconstruction. Prior to running a phylogeny, the MSA should be trimmed
and the correct evolutionary model should be determined. A maximum likelihood
tree should be reconstructed and accompanied by bootstrap analysis; optionally it
can serve as a starting tree for Bayesian analysis. In this case, MSA and phylogeny
can also be used for a great number of functional prediction analyses
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Database Resources
(EuPathDB)

Table 1
List of common tools used for the bio-computational functional analysis of lipid metabolic enzymes
Tool (Acronym) Sources/Websites Reference
Dataset definition: hallmarks/proteins
Superfamily http://supfam.org/SUPERFAMILY / [6]
The comprehensive enzyme  http: //www.brenda-enzymes.org/ [7]
information system
(Brenda)
Kyoto Encyclopedia of http: //www.genome.jp/kegg,/ [8]
Genes and Genomes
(KEGG)
The European http://pfam.xfam.org/ [9]
Bioinformatics Institute
(EMBL-EBI, Pfam)
Bioinformatics Resource http://prosite.expasy.org/ [10]
Portal (Expasy, Prosite)
The European https:/ /www.ebi.ac.uk /interpro/ [11]
Bioinformatics Institute
(EMBL-EBI, Interpro)
John Craig Venter Institute  http://www.jcvi.org/cgi-bin /tigrfams /index.cgi [12]
(JCVI, TIGRFAM)
Protein Data Bank (PDB) http: / /www.rcsb.org/pdb/home /home.do [13]
Dataset definition: general databases
The European http://www.uniprot.org/ [14]
Bioinformatics Institute
(EMBL-EBI, Uniprot)
National Center for http://www.ncbi.nlm.nih.gov/ [15]
Biotechnology
Information (NCBI)
DNA Data Bank of Japan http://www.ddbj.nig.ac.jp/ [16]
(DDBJ)
Dataset definition: specific genomes
The Joint Genome Institute http://genome.jgi.doe.gov/ [17]
(JGI)
Broad Institute https: / /www.broadinstitute.org,/ [18]
National Center for http://www.ncbi.nlm.nih.gov,/genome /browse / [15]
Biotechnology
Information (NCBI
Genome)
Eukaryotic Pathogen http://eupathdb.org/eupathdb/ [19]

(continued)
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Table 1
(continued)
Tool (Acronym) Sources/Websites Reference
Wellcome Trust Sanger http://www.sanger.ac.uk/ [20]
Institute
John Craig Venter Institute  http://www.jcvi.org/cms,/home / [21]
(JCVI, Genomics)
Data-mining
Biosequence analysis using  http://hmmer.org/ [22]
profile hidden Markov
models (HMMER)
Protein-protein Blast NCBI and Other platforms [23]
(BLAST)
Position-Specific Iterated NCBI and Other platforms [24]
Blast (PSI-BLAST)
Pattern Hit Initiated Blast ~ NCBI and Other platforms [25]
(PHI-BLAST)
Sequence clustering and comparison
CD-HIT http://weizhongli-lab.org/cd-hit/ [26]
Multiple sequence alignment
T-coffee Multiple sequence  http://www.ebi.ac.uk/Tools /msa/tcoftee / [27]
alignment server
Multiple Alignment using http: //mafft.cbrc.jp /alignment/server/index.html [28]
Fast Fourier Transform
(MAFFT)
Multiple Sequence http://www.ebi.ac.uk /Tools/msa/muscle / [29]
Comparison by Log-
Expectation (MUSCLE)
PROfile Multiple Alignment http://prodata.swmed.edu/promals3d /promals3d.php [30]
with Local Structure
(PROMALS3D)
Hidden Markov Model http://hmmer.org/ [31]
alignment (hmmalign)
Alignment visualization/editing
GeneDoc http://iubio.bio.indiana.edu/soft/molbio /ibmpc/ [32]
genedoc-readme.html
AliView http: //www.ormbunkar.se /aliview / [33]
SeaView http://doua.prabi.fr/software /seaview [34]

MSA selection and corrvection

Block Mapping and
Gathering using Entropy
(BMGE)

http://mobyle.pasteur.fr/cgi-bin /portal.py#forms::BMGE [35]

(continued)
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Table 1

(continued)
Tool (Acronym) Sources/Websites Reference
Rapid Scanning and ftp:/ /ftp-igbmc.u-strasbg.fr/pub /RASCAL [36]

Correction of multiple
Sequence Alignments
(RASCAL)

Automated quality http:/ /www.bork.embl.de /Docu/AQUA/ [37]
improvement for MSAs
(AQUA)

Transitive Consistency Score http://tcoftee.crg.cat/apps/tcoffee /do:core [27]
(TCS)

Phylogeny: evolutionary model selection
ProtTest http://darwin.uvigo.es/software /prottest2_server.html [38]
Tree veconstruction—>ML

Randomized Axelerated http://sco.h-its.org/exelixis/web /software / raxml/index. [39]
Maximum Likelihood html

(RAXML)
Phyml http://www.atgc-montpellier.fr /phyml / [40]
1Q-Tree http://iqtree.cibiv.univie.ac.at/ [41]

Tree veconstruction—DBayesian

Bayesian Inference of http://mrbayes.sourceforge.net/ [42]
Phylogeny (Mr. Bayes)
Bayesian Evolutionary http://beast.bio.ed.ac.uk/ [43]
Analysis Sampling Trees
(Beast)
3D modeling
Protein Homology,/AnalogY http://www.sbg.bio.ic.ac.uk/phyre2 /html/page. [44]
Recognition Engine cgi?id=index
(PHYRE)
Iterative Threading http://zhanglab.ccmb.med.umich.edu/I-TASSER / [45]
ASSEmbly Refinement
(I-Tasser)
Subcellular localization: general
TargetP http://www.cbs.dtu.dk /services /TargetP / [46]
SignalP http: //www.cbs.dtu.dk/services/SignalP / [46]
WoLF PSORT http://www.genscript.com/wolf-psort.html [47]
Predotar https: //urgi.versailles.inra.fr/predotar/predotar.html

(continued)
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http://beast.bio.ed.ac.uk
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.genscript.com/wolf-psort.html
https://urgi.versailles.inra.fr/predotar/predotar.html
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Table 1
(continued)
Tool (Acronym) Sources/Websites Reference
Subcellular localization: location-specific
ChloroP http://www.cbs.dtu.dk /services /ChloroP / [48]
MitoProt https://ihg.gst.de /ihg/mitoprot.html [49]
SecretomeP http:/ /www.cbs.dtu.dk /services /Secretomel / [50]
Subcellular localization: group-specific
PredAlgo https: / /giavap-genomes.ibpc.fr/predalgo / [51]
Hectar http: / /webtools.sb-roscoft.fr/ [52]
Prediction of Apicomplast  http://gecco.org.chemie.uni-frankfurt.de /pats/pats-index. [53]
Targeted Sequences php
(PATS)
Hydrophobicity
ProtScale http://web.expasy.org/protscale / [54]
Transmembrane vs. soluble
Transmembrane Hidden http: //www.cbs.dtu.dk /services/TMHMM [55]
Markov Model
(TMHMM)
Hidden Markov Model http://www.enzim.hu/hmmtop / [56]
Topology Prediction
(HMMTOP)
Constrained Consensus http://cctop.enzim.ttk.mta.hu/ [57]
Topology Prediction
(CCTOP)

3.2 Data-Mining

guide and limit the analysis. Certain questions will require an unbi-
ased dataset, consisting of phylogenetically representative or ran-
domly chosen taxa, such as those provided by EBI’s Reference
Proteome dataset. Other studies will focus on only a portion of the
tree of life, which might result in a desired over-representation of
taxa within certain taxonomical clades (se¢ Note 2).

There are a number of protein sequence resources. The three
major generic online sequence resources are provided by NCBI
[15], EMBL-EBI [58], and DDBJ [16] (se¢ Note 3). The com-
plete proteomes can be selected using RefSeq Protein, although not
all RefSeq Protein datasets correspond to a complete proteome.

Sequence identification, referred to as data-mining, is hampered by
precision problems. An optimal sequence dataset is the one that
contains all the sequences that correspond to the superfamily of
interest and has no false positives. However, the protein space is so
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complex that this is difficult to achieve. In order to improve sensi-
tivity, we recommend an iterative procedure with two safeguards to
maintain specificity: biochemical and sequence quality restrictions.

1. Biochemical restrictions: enzymes have motifs that are highly
conserved, and this information should be used to restrict
data-mining. PHI-BLAST [25] is useful for this purpose, since
it restricts the sequence database with an inclusion pattern that
corresponds to the biochemical restrictions of a protein family
(see Note 4). Patterns for many protein families can be identi-
fied at Prosite [10] that also provides a method (PRATT) to
construct custom patterns. A PHI-BLAST search using a sin-
gle or a number of initial seed sequences yields a specific data-
set that can be subsequently used for a sensitive sequence
mining, with either HMMER [22] or PSI-BLAST [24] (see
Note 5 for a basic description of both methods).

2. Sequence quality restrictions: once a single sequence mining
cycle is performed, the obtained sequences should be scruti-
nized. Many sequences will be partial, lacking either N- or
C-termini, or even internal portions of the peptide. The
absence of key amino acids or subsequences involved in sec-
ondary structure is indicative for faulty sequences and those
should be eliminated (see Note 6). The scrutinized dataset can
then be used to perform batch BLAST and/or HMMER
searches (we recommend HMMER) until convergence or con-
tamination occurs.

Once the final sequence set has been obtained, proteins should be
aligned to obtain information regarding functional characteristics.
Given the already mentioned complexity of evolution, obtaining
solid MSAs has turned out to be one of the major obstacles in pro-
tein bio-computation. More than 100 algorithms for MSA have
been published since the initial ClustalW [59] became available
[60]. A number of different heuristic approaches are being
employed, often in combination. Furthermore, several auxiliary
methods have also been developed with the goal of reducing errors
introduced during alignment. Given the complexity of superfamily
evolution and the different approaches used by the MSA software,
ab initio it cannot be predicted which method will result in the best
MSA. Benchmarking analysis of MSA software has clearly shown
that many recent programs (see Table 1, which includes a list of
good alignment programs) outperform ClustalW but also that dif-
ferent datasets appear to require different programs to generate the
best MSA. Therefore, our recommendation is to use at least three
different methods for building MSAs and then to evaluate their
reliability. MSAs can be tested according to a structural criterion,
an evolutionary criterion, and a similarity criterion. Each of these
criteria has a bias and, as such, an empirical method is preferred.
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3.4 Phylogenetic
Tree Reconstruction

An intuitive and quick method to evaluate MSA quality is the use
of MSA trimming software, such as BMGE [35], which removes
columns with high gap content and/or high entropy and main-
tains the most reliable parts of the MSA. Hence, the largest
trimmed alignment should be considered the most reliable or the
best MSA. Another method is the Transitive Consistency Score
(TCS) [27], part of the T-coffee package. The output of TCS is
very useful, since it provides consistency scores not only for the
MSA but also for each sequence and even each residue. This allows
for the identification of problematic sequences and possibly incor-
rectly aligned residues (see Note 7). The latest developments try to
combine several methods. AQUA (Automated quality improve-
ment for MSAs) [37] consists of a pipeline that uses two alignment
programs (MUSCLE [20] and MAFFT [28]), one refinement
program (RASCAL) [36], and one assessment program (NORMD)
[61] to optimize the process of alignment.

If the objective of the analysis requires the reconstruction of
phylogenies, BMGE or other MSA trimming methods should be
used for the removal of phylogenetically unreliable or ambiguous
columns prior to tree reconstruction (se¢ Note 8).

Phylogenies are not a mandatory step in functional analysis, but
they provide very useful information for proper protein annota-
tion. After trimming of the MSA, the best evolutionary model
should be determined. ProtTest [38] is a software that can be used
for the selection of the best-fit model of evolution of an
MSA. Finally, a number of methods for the reconstruction of phy-
logenetic trees is available. Distance methods are only used for
exceedingly large datasets. Maximum parsimony methods can be
used for datasets with very similar sequences. Superfamilies will
have highly variable MSAs that do not correspond considerably to
the parsimony criterion. Hence, the current standard for protein
superfamily phylogeny is the computational costly Maximum
Likelihood (ML) method. Popular packages such as RAXML [39]
and PhyML [40] provide reliable trees and other faster, but less
reliable, methods are available for larger datasets.

The hierarchical clustering of trees requires statistical branch
support, which determines the high computational cost of phylo-
genetic tree reconstruction. The best known analysis is bootstrap
analysis in which random columns are copied to replace other ran-
dom columns (see Note 9 for details). As a general consensus,
1000 bootstrap replicates are required to gain considerable confi-
dence, but lower numbers are usually computed in real-world
studies. A second and much faster method consists of the approxi-
mate likelihood ratio test (aLRT) [62]. This does not require addi-
tional phylogeny, since it simply compares the local likelihoods of
the best tree with the second best tree. If both trees are similar,
high global support is obtained (se¢ Note 10).
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The latest developed tree reconstruction methods, such as
MrBayes [42], use Bayesian statistics to sample trees from the tree
space and calculate, for each bifurcation, a posterior probability
using the probability distribution of these trees. For proper sam-
pling, the methodology uses a Markov Chain Monte Carlo
(MCMUC) approach and recommends doing at least two indepen-
dent runs. The convergence of runs is indicative of having reached
a global peak and, hence, the best tree (see Note 11). Convergence
is supposedly reached when the standard deviation between runs is
<0.01. However, we recommend analyzing convergence using
AWTY, a system for the graphical exploration of MCMC conver-
gence in Bayesian phylogenetic inference [63].

The final stage of functional sequence analysis is the most variable
one and depends markedly on the original objective of the analysis.
Although this is by all means the most interesting part of structure-
function studies, here we will not go into detail into the numerous
analyses that can be done on a protein or group of proteins. We
will only describe three types that are particularly important for
enzymes that participate in the lipid pathways: subcellular localiza-
tion, hydrophobicity, and presence of transmembrane domains.

The vast majority of the prediction tools are available online and
have friendly and easy interfaces, some of them are listed in Table 1.
The aim of this section is to only mention the most important con-
siderations of using subcellular localization prediction tools. The
most conserved targeting signal is the secretory signal peptide
(SP), which targets a protein for translocation across the plasma
membrane in prokaryotes and across the endoplasmic reticulum
(ER) membrane in eukaryotes (see Note 12). Targeting to mito-
chondria or to chloroplasts is mediated by different transit pep-
tides, mTP and ¢TP respectively (see Note 13). Prediction tools
employ the amino acid sequence of the protein of interest as input
data and give prediction scores, which are not necessarily probabili-
ties, that a protein goes to a particular localization. Two categories
of methods have been developed: those that predict the presence
of sorting signals, such as TargetP [46], Chlorol [48], and
Predotar [64], and those that also rely on some features shared by
proteins found in a specific organelle (reflected in their amino acid
composition), such as WoLF PSORT [47] and SecretomeP [50].
For the first group of methods, the presence of the N-terminus of
the sequence is mandatory, since they only search for the specific
signals included in the N-terminal region that determine primary
cell sorting. The second group of methods uses the complete
sequence and can still make a prediction when no leader sequence
is detected.

Most of the current computational prediction tools are
machine learning methods, which have been trained with a specific
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3.5.2 Protein
Hydrophobicity Analysis

3.5.3 Membrane Protein
Topology

set of sequences. Therefore, when choosing a method, it is
important to consider how extensive the training set was.
Otherwise, the localization of those proteins that are not taxo-
nomically close to the set of sequences used in the training might
not be predicted accurately. For example, algal sequences were not
included in the training set used to construct TargetP. Therefore,
in spite of the fact that the plant version of TargetP could be used
to analyze algal sequences, the results could be unreliable.
Currently, softwares for analyzing specific groups are becoming
available, for example, Hectar [52] for heterokonts or PredAlgo
[51] for green algae. When a taxon-specific tool is not available, it
is recommended to choose the most suitable general tool and apply
the winner-takes-all criterion for determining the potential subcel-
lular localization.

A particular issue should be taken into consideration with
organisms containing complex plastids, originated by secondary
endosymbiosis. In these organisms, nuclear-encoded proteins are
targeted to the complex plastid via the secretory pathway. These
proteins have a bipartite signal, which can be easily confused with
the SP of secreted proteins. The N-terminus of the bipartite signal
functions as a classical SP, mediating entry to the ER. Upon cleav-
age of this signal, a transit peptide required for targeting to the
plastid is exposed. Therefore, it is reccommended for these proteins
to determine the presence of a SP first and, if present, manually
remove it and test the remaining sequence for the presence of plas-
tid targeting peptides [65].

There are a series of tools to predict protein hydrophobicity and
the majority are based on the analysis of the relative polarity of
single amino acid residues. Hydropathic indexes are calculated as
an average of the individual hydrophobicity of a short sequence of
amino acids, and the results are interpreted and represented in 2D
plots. ProtScale [54] is a commonly used tool to construct hydrop-
athy plots of proteins, available at Expasy, that provides many scales
and allows for large window size ranges. The window size can be
selected based on the user’s criteria, corresponding to, for instance,
the minimal size of a membrane-spanning helix (se¢c Note 14).
When used in conjunction with MSAs and 3D structures, conser-
vation of hydrophobic subsequences can yield important clues on
functional characteristics.

Closely related to the hydrophobicity is the topology of membrane-
bound proteins, which involves the identification of transmem-
brane segments (TMSs) or helices, loops, and their orientation
across the membrane. Many membrane integral proteins present
segments that cross the lipid bilayer one or several times. A good
example is diacylglycerol acyltransferase 1 (DGAT1), which spans
the ER membrane between 9 and 12 times depending on the
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organism. Besides determining the amount and localization of
TMSs, it is important to know which compartment the loops are
facing, since this has implications on substrate availability, product
delivery, and might aid in the characterization of the catalytic
mechanism. There are several programs dedicated to the identifica-
tion of TMSs (Table 1). As a general consensus, a protein with a
segment of more than 20 hydrophobic amino acids is likely to
present a transmembrane segment. Although the initial approaches
to determine TMSs were based on the analysis of protein sequence
hydrophobicity [66-68], recently global approaches based on
Hidden Markov Models such as TM-HMM [55] or HMMTOP
[56] became prevalent because of their high prediction efficiency.
These methods are based on the fact that particular signatures of
transmembrane proteins are not randomly distributed throughout
a protein. In our analyses, we use TM-HMM, since it was shown
to have the best performance among several methods of topology
prediction [69]. The output indicates the number and location of
predicted transmembrane segments or helices. In addition, a 2D
plot shows posterior probabilities of the inner, outer, and trans-
membrane segments. A careful analysis of the length and position
of predicted features should be done (see Note 15).

In the following section, we will provide two examples that por-
trait common challenges of the computational analysis of lipid
metabolic enzymes, based on our experience, as well as the general
procedure followed in both cases.

PLDs are enzymes that catalyze the hydrolysis of structural phos-
pholipids at their terminal phosphoester bond. PLDs are part of a
larger superfamily of proteins that share a similar reaction mecha-
nism, but act on a range of substrates other than phospholipids,
including neutral lipids and even polynucleotide backbones. PLDs
are characterized by a HxKxxxxD motif that is more or less strict
depending on the subfamily. Many PLDs are well-conserved pro-
teins that are quite easily identified using straightforward similarity-
based search tools such as BLASTP. However, many of the
homologs have diverged considerably, and the difficulty with these
proteins is to predict with some level of confidence whether they
have retained the PLD activity or if they are actually non-PLD
members of the superfamily.

Based on the importance of PLDs in higher plants we set out to
investigate PLDs in algae, taking into consideration that algae are
taxonomically very diverse and that they occur in various ecological
niches. Rather than using a PHI-BLAST with a pattern based on an
overly strict HxKxxxxD motif, our initial approach consisted in gen-
erating a very broad collection of well-characterized PLD homologs,
which were scrutinized, aligned, and used to generate an initial pro-
file hmm. This profile was then used to search a compiled FASTA file
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3.6.2 Acyltransferases
in the Glycerolipid
Synthesis Pathway

containing the complete proteomes of a group of selected eukary-
otic species. Sequences scoring above the default inclusion threshold
(E-value = 0.01) were retrieved. A set of nonredundant sequences
obtained by CD-HIT [26] was aligned using MAFFT. The resulting
MSA was manually corrected and used for the generation of a new
HMMER profile. This process was iterated until convergence. In
order to analyze eukaryotic PLD homologs in a true phylogenetic
context, both the seed and the final profile hmms were used to
search for prokaryotic homologs. This was done by searching the
SwissProt and EBI Reference Proteome databases at the HMMER
website, restricted to Bacteria and Archaea. In this case, hmmalign
proved to yield the best final MSA. BMGE was used both to test
MSA reliability and to eliminate unreliable regions of the MSA prior
to tree reconstruction. Phylogenetic analysis was done using PhyML
and Mr. Bayes. Even though our main interest was on algae, inclu-
sion of other eukaryotic and prokaryotic representative taxa
improved tree reconstruction and statistical support. In order to
ensure that we obtained the most complete dataset of eukaryotic
PLDs possible, the sequences from each phylogenetic group were
retrieved and used in group-specific data-mining following the same
procedure as the one described above. Phylogenetic and clustering
analysis allowed us to identify novel subclades, to provide insights
into the required conservation levels of the HxKxxxxD motif for
each subfamily, and to construct sequence logos with a better repre-
sentation of the tree of life [2].

Acyltransferases catalyze the transfer of a fatty acid to a hydroxyl
group in a condensation reaction that ends up in the formation of
an ester. Activated fatty acids, mostly in the form of an acyl-CoA,
are the most common donors, whereas the acyl acceptor varies
considerably, from carbohydrates to amino acid residues and a
wide variety of lipids. For lipids, we can distinguish between
acyltransferases in the glycerophospholipid pathway that act on
different acyl-CoA acceptors (such as glycerol-3-phosphate, acylg-
lycerol-3-phosphate and diacylglycerol), and acyltransferases that
utilize esterified fatty acids for TAG synthesis and phospholipid
remodeling. Our main interest in the TAG pathway involved the
characterization and functional annotation of proteins from algae,
a group of organisms for which proper annotation is just emerging.
Bio-computational analysis of acyltransferases in the TAG pathway
is troubled by the fact that these activities are related to other activ-
ities in very intricate manners. Some of this complexity is exempli-
fied by their Pfam relationships [9], as shown in Table 2. The five
acyltransferase enzymes that participate in the TAG pathway mostly
derive from three clans and at least four families. Many of the activ-
ities belong to clans with other enzymes that act on non-lipidic
compounds. Particularly complex is the clan of abhydrolases
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(CL0028), which contains the enzyme phospholipid diacylglyerol
acyltransferase (PDAT), as well as other 65 families [9].
Furthermore, PDAT is part of a family also composed of
lecithin:cholesterol acyltransferases (LCAT), a group of acyltrans-
ferases that do not act on the TAG pathway, but on sterols.

Other activities, such as the three types of diacylglyerol acyl-
transferases (DGATS), catalyze the same reaction but belong to
different protein superfamilies, having little or no sequence simi-
larity. From a bio-computational point of view, this implies that
three different patterns or profiles hmms have to be built to iden-
tify and annotate all DGATs.

Similar to the PLDs, the challenge for these enzymes was to
build a sensitive profile hmm that could identify distant homologs,
while maintaining sufficient specificity to exclude false positives or
incorrect annotation. However, contrary to the PLD analysis,
which was aimed at describing the PLD superfamily, the aim of this
work was to do an accurate annotation of the activities of the path-
way, without so much emphasis on phylogenetic aspects. To define
the seed datasets, we used reviewed and well-characterized
sequences, taken from SwissProt, for each activity, which were:
human GPAT3 (Q53EU6), human LPAAT4 (Q643R3), human
DGATI1 (075907), human DGAT2 (Q96PD7), and Arabidopsis
thaliana PDAT (Q9FNA9). Using these sequences, we performed
a BLAST search on the SwissProt database to identify properly
annotated proteins. The retrieved sequences were used to build
initial hmm profiles that were used to search SwissProt again. The
output was scrutinized based on the presence of key amino acids
and domains described in the literature. The sequences resulting
from this search were used to build other profile hmms, which
were used to search FASTA files containing the genomes of all the
algae of interest, some of them not contained in Uniprot or NCBI.
Since curation for some of these genomes is preliminary, the algae
sequences were carefully scrutinized for the presence of key amino
acids. In addition, and due to the scarce information available for
this pathway in algae, the hydrophobicity pattern, in particular in
the vicinity of the putative catalytic site, the presence of transmem-
brane domains, and the predicted subcellular localization were
included to make decisions on sequence identity. As expected, it
was difficult to clearly distinguish between GPAT and AGPAT
sequences, mainly because there is a certain grade of substrate
ambiguity and activity overlapping for these enzymes [70, 71].
However, our models were more effective at discriminating
between both activities than the Pfam database, in which they are
represented with a single hmm.
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4 Notes

1. Swissprot or UniProtKB have five different quality levels of
annotation. Levels 1 (with protein evidence) and 2 (with tran-
script evidence) form the most reliable part.

2. Even questions that are focused on specific taxonomic groups
are frequently best approached when using a more general set
of proteomes. It should be noted that a certain bias will always
exist, even by simply considering that many taxa are still
unknown.

3. Proteome sets from recently sequenced organisms might only
be available on the websites of the particular sequencing con-
sortia (e.g., JGI, Broad, JCVI). In these cases, particular atten-
tion should be paid to the quality of the protein sequences,
since recently sequenced genomes tend to suffer from unfin-
ished manual curation.

4. Patterns are deterministic descriptions of proteins in the sense
that a sequence either does or does not correspond to a pat-
tern. Patterns should not be confused with profiles, which are
probabilistic descriptions of proteins. Patterns should be care-
tully determined, since any bias in their construction can result
in the exclusion of homologs. In addition, when conserved
sites tolerate some level of variation, patterns should be avoided
and replaced with probabilistic profiles, such as those con-
structed with HMMER.

5. In HMMER profiling, sequences are compared with query
MSAs, which are used to make probabilistic models called pro-
file bidden Markov models (profile hmm). Pfam [9] and
Superfamily [6] make use of HMMER by comparing query
sequences with a database of well-annotated profile hmms. In
practical data-mining, HMMER is more sensitive than BLAST,
since it uses more information. PSI-BLAST is an iterative pro-
cedure in which, following a BLAST, a Position-Specific
Substitution Matrix (PSSM) is built based on pseudo-MSAs of
the hits, and used for subsequent iterations.

6. Sequence scrutiny is delicate and can easily result in the removal
of positives, since substitution at presumed strictly conserved
sites by similar residues can occur.

7. To strengthen the reliability, ideally the best MSA should be
determined by means of two partially independent methods,
such as TCS and BMGE. Manual MSA corrections might also
be required but, since these are subject to human error, they
should be verified using the aforementioned methods.

8. A point of reference is required to determine which levels of
entropy should be tolerated. Given the thermodynamic
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10.

11.

12.

13.

14.

requisite of secondary structure in general and beta sheets in
particular, trimming should ideally not remove subsequences
corresponding to these elements. The inclusion of structural
information can therefore be important.

. Bootstrapping actually determines if the rate of evolution is

comparable over all columns of the MSA dataset. Since this
rate will arguably never be identical for all columns, bootstrap-
ping is not a method that estimates if a tree or the underlying
MSA is correct. Nevertheless, low bootstrap values can indi-
cate possible errors and clades with good support are less likely
to be incorrectly placed than clades with poor support. Since
bootstrap analysis is known to underestimate support, low
bootstrap support does not necessarily mean poor support
[72]. A bootstrap support of 50 /100 means that 50 of the 100
bootstrapped trees coincide with the bifurcation. However, it
does not yield information regarding the other 50 trees. These
might be all identical or different.

Since other trees with worse global likelihood can have higher
local likelihoods, it becomes evident that, although the al.RT
method is very practical, it overestimates support. Therefore,
the current standard for ML phylogeny mostly requires boot-
strap analysis.

Bayesian phylogeny has been suggested to be better and faster
than bootstrapping. In our experience with complex datasets,
convergence is not easily reached, even when applying multiple
adjustments and the recent incorporation of heated chains
using Metropolis Coupled MCMC. Future improvements
regarding how to search complex tree spaces (e.g., using
genetic algorithms) will be required to successfully apply
Bayesian statistics to all complex phylogenies without depend-
ing on large high-performance computation clusters.

Not all secretory proteins have SPs, nonclassically secreted
proteins were found in both prokaryotes and eukaryotes.
SecretomeP, for example, is a useful tool to identity secretory
proteins targeted via the nonclassical secretory pathway.

Sometimes, computational tools cannot discriminate between
mitochondrial or chloroplast targeting peptides in a precise
manner. It should be noted that, although targeting of nuclear-
encoded proteins to the mitochondria and chloroplast is spe-
cific, numerous examples of proteins imported to both organelles
were described in plants. This indicates that several TPs can
carry out dual targeting, which complicates prediction.

ProtScale provides data of hydrophobicity signal but it does
not provide a reliability score. Data interpretation needs to be
done by including positive and negative controls. Identification
of truly strong signal areas can be done by slightly changing
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the window size or by replacing the scale and checking if the
segments with strong signal remain present.

Short loops are predicted to be of five amino acids minimum
and membrane spanning segments are expected to be of about
20-22 amino acids, so loops or helices shorter than that
deserve special attention. For example, the size of the amino
acids in the very short loop should be scrutinized, ideally it
should be composed of small amino acids like glycine. The
hydrophobic segments present in signal peptides (SP) are often
misidentified as transmembrane domains by computational
prediction methods. SignalP latest versions (4.0 or later) have
an improved power to discriminate between SPs and trans-
membrane regions. If the SP and the transmembrane domain
are difficult to discern, the use of Phobius [73] is recom-

mended [65].
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Chapter 18

Isoprenylation of Monomeric GTPases in Human Trabecular
Meshwork Cells

Evan B. Stubbs Jr.

Abstract

Small monomeric GTPases, including those belonging to the Rho family, regulate a diverse array of intra-
cellular signaling pathways which affect vesicle transport/trafficking, endocytosis, cell cycle progression,
cell contractility, and formation of stress fibers or focal adhesions. Functional activation of newly synthe-
sized small monomeric GTPases is facilitated by a multistep post-translational process involving transferase-
catalyzed addition of farnesyl or geranylgeranyl isoprenoids to conserved cysteine residues within a unique
carboxy terminal CaaX motif. Here, using well-established and widely available contemporary methodolo-
gies, detailed protocols by which to semi-quantitatively evaluate the functional consequence of post-
translational isoprenylation in human trabecular meshwork cells are described. We introduce the concept
that isoprenylation alone is itself a key regulator of mammalian Rho GTPase expression and turnover.

Key words Farnesyl, Geranylgeranyl, Human, Trabecular meshwork, Monomeric GTPase

1 Introduction

Isoprenoids and their derivatives are a family of naturally occurring
terpenoids. Synthesized as key constituents of membranes, isopren-
oids also serve as metabolic building blocks of vitamins, phero-
mones, and reproductive hormones. Involved in oxidative
phosphorylation and photosynthesis, and as integral components of
signal transduction pathways, isoprenoids are found in a myriad of
organisms as diverse as bacteria, fungi, insects, plants, and mammals
[1]. In mammalian cells, sesquiterpene (farnesyl) and diterpene
(geranylgeranyl) isoprenoids are synthesized as metabolic interme-
diates of the cholesterol biosynthetic pathway. Farnesyl and geranyl-
geranyl isoprenoids function as post-translational modifiers of a
variety of intracellular proteins including nuclear lamins A and B,
rhodopsin kinase, y subunits of heterotrimeric GTP-binding pro-
teins, as well as small monomeric Ras and Ras-related GTPases [2].

While the biochemical consequences of post-translational iso-
prenylation remains to be fully elucidated, one key biophysical
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attribute is to enhance protein hydrophobicity thereby facilitating
intracellular membrane localization and subsequent activation [ 3, 4].
An alternative role for isoprenoids within mammalian cells may
involve regulation of gene expression or protein stability [5-7]. By
limiting endogenous isoprenylation, monomeric GTPases were
found to accumulate in the cytosol, in part, by enhancing expres-
sion of Rho GTPase isoforms [8]. These and other studies have
generated considerable interest in evaluating the role of isoprenyl-
ation as a potential therapeutic target for the management of seem-
ingly unrelated disorders involving dysregulation of monomeric
GTPase signaling. Here, laboratory protocols using well-established
and widely available contemporary methodologies to semi-
quantitatively evaluate the functional consequences of post-
translational isoprenylation in human trabecular meshwork cells
are detailed.

2 Materials

2.1 Primary Human
TM Cell Gulture

Aqueous solutions should be prepared with ultrapure water exhib-
iting a resistivity of 18.2 MQ.cm at 25 °C. Here, water is ultra-
purified in a stepwise manner using a Milli-Q Advantage Al0
system by first passing feed water through a carbon filter and sub-
sequently subjecting the filtered water to reverse osmosis. Water is
then passed through an Elix Advantage Progard T2 cartridge to a
resistivity of 15 MQ.cm and stored in a 100 L reservoir unit at
23 °C until needed. Ultra-purification is achieved on-demand by
passing purified water through a Q-Gard T1 purification cartridge,
a Quantum TIX polishing cartridge, and finally a BioPak polishing
cartridge. Unless indicated otherwise, reagents used should be of
electrophoresis grade purity. Materials used for cell culture should
be either purchased sterile or filtered, as indicated, through a
single-use Corning polystyrene filter unit with a 0.22 pm cellulose
acetate low-protein binding membrane. Cells should be cultured
on RNase, DNase, and pyrogen-free noncytotoxic cell culture
treated 100 x 20 mm sterile polystyrene dishes and maintained at
37 °C under a humidified atmosphere of 5% CO, and 95% air.

1. Fresh cadaver corneoscleral rim.

2. One 100 x 20 mm sterile polystyrene tissue culture dish and
one 35 x 10 mm sterile surface modified polystyrene Primaria
tissue culture dish.

3. Complete MEM: Low glucose (1.0 g/L) Minimal Essential
Medium (MEM) with 2 mM GlutaMax™-1 plus Earle’s salts
and supplemented with 5% adult bovine serum, 10% fetal
bovine serum, 1x concentration of nonessential and essential
amino acids, 0.1% gentamycin, and 1% amphotericin B.
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2.2 Transformed

Human TM Cell Culture

2.3 Test Reagents

2.4 Electrophoresis
and Electrotransfer

1. Transtormed human trabecular meshwork cell line (GTM3).

2. Pyrogen-tfree noncytotoxic cell culture treated 100 x 20 mm

sterile polystyrene dishes.

3. Complete DMEM: High glucose (4.5 g/L) Dulbecco’s

Modified Eagle’s Medium (DMEM) containing 4 mM
GlutaMAX-I and supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin.

4. Trypsin—EDTA (0.05%) with phenol red.

All test reagents used here are commercially available.

1. Lovastatin: This inactive lactone prodrug that must first be

converted by alkaline hydrolysis to the active dihydroxy acid
prior to use in cell culture. To prepare a 1000x (10 mM) con-
centrate, dissolve 4 mg of lovastatin in 0.1 mL absolute etha-
nol, add 0.15 mL of 0.1 N NaOH, and incubate for 2 h at
50 °C. Neutralize the resultant dihydroxy acid with 0.1 N HCI
and bring to a final volume of 1 mL with sterile ultrapure
water, aliquot, and store at —20 °C until use.

. All other reagents (absolute ethanol, dimethyl sulfoxide, DL-

mevalonolactone, farnesyl pyrophosphate (FPP), geranylgera-
nyl pyrophosphate (GGPP), farnesyl transferase inhibitor-277
(FTI-277), geranylgeranyl transferase inhibitor-298 (GGTI-
298), actinomycin D, cycloheximide, epoxomicin, mouse anti-
panRho (A, B, C) primary monoclonal antibody, mouse
anti-RhoA primary monoclonal antibody, rabbit anti-RhoB
primary polyclonal antibody, rabbit anti-GAPDH primary
polyclonal antibody, horseradish peroxidase-conjugated goat
anti-mouse secondary antibody, horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody) were pre-
pared as specified in Subheading 3.

. Precast Mini-PROTEAN Tris-glycine 4-20% polyacrylamide

gels (10 or 15 well, 8.6 x 6.8 cm).

. Gel running buffer (pH 8.3): 10x concentrate containing

1.92 M r-glycine, 1% sodium dodecyl sulfate (SDS), and
0.25 M Tris-base.

. Laemmli sample buffer (2x concentrate) is commercially

available.

4. 10x Cleland’s Reagent (dithiothreitol, 0.5 M).
. Prestained protein molecular weight standards (3.5-260 kDa

range).

. Electrotransfer bufter (pH 8.3): This 1x buffer contains 0.2 M

L-glycine, 0.1% sodium dodecyl sulfate (SDS), 20% methanol,
and 0.025 M Tris-base.
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2.5 Immunoblotting

7. Nitrocellulose membranes (0.2 pm).
. Mini trans-blot filter paper.

9. Ponceau S: 10x concentrate containing 2% Ponceau S, 1.2 M

5-sulfosalicylic acid dehydrate, and 1.8 M trichloroacetic acid.

. Blocking bufter: 5% Carnation instant nonfat powdered milk

suspended in 50 mM Tris-buffered isotonic saline (pH 7.4)
supplemented with 0.05% Tween-20 (see Note 1).

. Washing bufter: 50 mM Tris-buffered isotonic saline (pH 7.4)

supplemented with 0.05% Tween-20.

. Mouse anti-RhoA monoclonal (clone 26C4) & rabbit anti-

RhoB polyclonal (Santa Cruz Biotechnology) and rabbit anti-
GAPDH polyclonal (Trevigen) antibodies.

. Goat anti-mouse IgG and goat anti-rabbit IgG horseradish

peroxidase-conjugated  secondary  antibody  (Jackson
ImmunoResearch Laboratories).

. SuperSignal West Pico Chemiluminescent Substrate.

6. High performance chemiluminescence film (Amersham

Hyperfilm™ ECL).

3 Methods

3.1 Preparation Human primary TM cells are prepared using a collagenase-free
and Culture of Human procedure as previously described [9]. Obtain approval for the use
Primary TM Cells of human cadaver material from your local Institutional Review

Board prior to tissue procurement. Advanced approval from your
local Institutional Biosafery Committee as well as other required
administrative committees is similarly recommended. The follow-
ing tissue culture procedures should be conducted within a laminar
flow hood using aseptic techniques.

1. In association with your Institutional Ophthalmology

Department, establish a mechanism whereby whole or partial
cadaver corneoscleral rims can be recovered as discarded mate-
rial at time of corneal transplant. Once the corneal transplant
button is excised, instruct the surgical team to return the
unused discarded rim to the original corneal storage medium.

. Prewarm complete MEM to 37 °C and transfer 10 mL to a

100 x 20 mm sterile polystyrene tissue culture dish.

. Gently transfer the corneoscleral rim to the culture dish and

place cornea side down so as to expose the brown-colored
remnant ciliary body and beige-colored TM (Fig. 1).

. Under a well-illuminated dissecting microscope, identify the

boundary between the clear/opaque cornea and the off-white
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Fig. 1 One half of a discarded human corneoscleral rim immersed in prewarmed
culture medium following removal of transplanted corneal button

sclera. The trabecular meshwork (TM) strip is nestled in a
trough /valley adjacent to the cornea bordered by Schwalbe’s
line and the scleral spur.

5. Adjacent to the scleral spur, locate the remnants of the pig-
mented ciliary body band.

6. Use a pair of fine forceps to remove the remaining pigmented
ciliary body band.

7. Once the remnant ciliary body band has been cleared, the
beige-toned TM can be isolated by gently teasing one end out
of the trough and lifting it away from the rim. With practice,
one can remove the TM strip en block with one steady motion
(see Note 2).

8. Transfer the isolated TM strip (explant) to a 35 x 10 mm ster-
ile surface modified polystyrene Primaria tissue culture dish
containing a button (200 pL) of complete MEM media.
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3.2 Culture
of Human Transformed
TM Cells

10.

11.

12.

. Using a sterile pipet, remove the media until the strip makes

good contact with the surface of the Primaria tissue culture
dish. Place the covered dish in the humidified 37 °C tissue cul-
ture incubator x 30 min.

Gently tilt the dish to confirm strip adherence and add 1 mL of
complete MEM media without dislodging the explant (see
Note 3).

Culture the TM explant undisturbed at 37 °C under a humidified
atmosphere of 5% CO, and 95% air for 2 weeks (see Note 4).

After 3—4 weeks, cells from the explant will cover the bottom
of the dish. At this time, primary TM cells can be passaged as
needed using 0.05% Trypsin—EDTA. Cells can be passaged up
to four times with good results (sec Note 5).

Simian virus 40 (§V40)-transformed human TM cells used here
are from a male glaucomatous patient (GTM3) and were a gener-
ous gift from A. E. Clark [10]. The following tissue culture proce-
dures should be conducted within a laminar flow hood using
aseptic techniques.

1.

Prewarm complete DMEM to 37 °C and transfer 9.5 mL to
each of several 100 x 20 mm sterile polystyrene tissue culture
dishes (see Note 6).

. Aspirate and discard the culture medium from a confluent flask

of GTM3 cells.

. Wash adherent cells with 10 mL of Hanks Balanced Salt solu-

tion to remove residual serum-containing media. Aspirate and
discard the wash medium.

. Add 1 mL of sterile 0.05% trypsin—EDTA to the washed cells.

Gently rotate the flask to allow adherent cells to be coated with
the trypsin—-EDTA solution. Incubate x 3 min at 37 °C.

. Confirm that the cells are beginning to dislodge from the flask

bottom and add 9 mL of complete DMEM. Gently agitate the
flask and transfer cell suspension to a sterile conical centrifuge
tube.

. Centrifuge suspended cells at 750 x g for 2 min. Resuspend by

triturating the packed cell pellet in 5 mL of complete DMEM
to a density of approximately 1 x 10°¢ cells per mL.

. To make a 1:10 passage, transter 0.5 mL (~500,000 cells) to

one of the tissue culture dishes prepared in step 1. Swirl the
dish to evenly distribute the cells.

. Incubate the passaged cells at 37 °C under a humidified atmo-

sphere of 5% CO, and 95% air.



Isoprenylation of Monomeric GTPases in Human Trabecular Meshwork Cells 223
3.3 Isoprenylation The eftect of post-translational isoprenylation on GTPase protein
Alters GTPase Protein expression in human TM cells is semi-quantitatively determined
Expression using cell-permeable inhibitors that either disrupt endogenous

availability of isoprenoids or prevent the transfer of isoprenoids

onto native GTPases.

1. To inhibit isoprenylation by limiting endogenous isoprenoid

availability (Fig. 2), add to replicate flasks of semi-confluent
(~70%) primary or transformed human TM cells 10 mL of
fresh culture medium supplemented without or with DL-
mevalonolactone (Mev, 5 mM) and treat with either 10 pL of
a 10% solution of absolute ethanol (Veh, 0.01% final concen-
tration) or 10 pL. of'a 10 mM working concentrate of activated
lovastatin (Lov, 10 uM final concentration) (see Note 7).

. To identity which isoprenoid (15-carbon farnesyl or 20-carbon

geranylgeranyl) may be selectively isoprenylating your protein
of interest (Fig. 3), in a separate experiment add to replicate
flasks of semi-confluent primary or transformed human TM
cells 10 mL of fresh culture medium and treat with 10 pL of a
10% solution of absolute ethanol (Veh, 0.01% final concentra-
tion), 10 pL. of'a 10 mM working concentrate of activated lov-

] RhoA

s RhoB

— — — — d—a—= | ADOH

Veh Lov Lov +
Mev

22 kDa —

. s WD DY O oy e o e | Do RO

e . S B . p— RhoA

ey —— RhoB

- - - — — — o= | GAPDH

Veh Lov Lov + Mev Mev

Fig. 2 Representative immunoblots of RhoA and RhoB GTPases present in lysates from primary (fop blof) or
transformed (bottom blof) human TM cells treated in the absence (vehicle, 0.01% ethanol) or presence of
10 pM activated lovastatin (LOV), 5 mM mevalonolactone (Mev), or a combination of both (Lov + Mev), as
indicated. Reproduced from [8] with permission from Springer
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Fig. 3 Representative immunoblots of RhoA and RhoB GTPases present in lysates
from primary (fop blof) or transformed (bottom blof) human TM cells treated in
the absence (vehicle, 0.01% ethanol) or presence of 10 pM activated lovastatin
(LOV) without or with 10 uM farnesyl pyrophosphate (Lov + FPP) or 10 uM gera-
nylgeranyl pyrophosphate (Lov + GGPP), as indicated. Reproduced from [8] with
permission from Springer

astatin (Lov, 10 uM final concentration) in the absence or
presence of 10 pM farnesyl pyrophosphate (FPP) or 10 pM
geranylgeranyl pyrophosphate (GGPP) (see Note 8).

3. To confirm which isoprenoid (15-carbon farnesyl or 20-car-

bon geranylgeranyl) may be selectively isoprenylating your
protein of interest (Fig. 4), in a separate experiment add to
replicate flasks of semi-confluent primary or transformed
human TM cells 10 mL of fresh culture medium and treat with
10 pL of DMSO (0.1%, final concentration), 10 pL ofa 10 mM
working concentrate of GGTI-298 in DMSO (10 pM final
concentration), or 10 pL of'a 10 mM working concentrate of
FT1-277 in DMSO (10 pM final concentration) (see Note 9).

4. Additional experiments are recommended to determine

whether observed changes in protein expression are transcrip-
tional (actinomycin D, 1.0 pg/mL), translational (cyclohexi-
mide, 5 pM), or degradation by proteasome (epoxomicin,
10 pM) [8].

5. In each case, incubate primary human TM cells for 48 h or

transformed human TM cells for 24 h at 37 °C under a humid-
ified atmosphere of 5% CO, and 95% air.
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3.4 SDS-PAGE
and Electrotransfer

e s | RNOA

—— —— — RhoB
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Fig. 4 Representative immunoblots of RhoA and RhoB GTPases present in lysates
from primary (fop blof) or transformed (bottom blof) human TM cells treated in
the absence (vehicle, 0.1% DMSO or 0.01% ethanol) or presence of 10 pM acti-
vated lovastatin (LOV), 10 pM farnesyltransferase inhibitor (FTI-277), or 10 uM
geranylgeranyl transferase inhibitor-1 (GGTI-298), as indicated. Reproduced from
[8] with permission from Springer

6. Harvest treated cells with 0.05% trypsin—EDTA (see Subheading
3.2 above), wash the cell pellet once with fresh complete
media. To determine the effect of added test agents on cell
viability, treat an aliquot of harvested cells with 0.04% trypan
blue dye for live-cell exclusion.

7. Prepare whole cell lysates by resuspending the washed cell pel-
let in 0.5 mL ultrapure water supplemented with a commercial
cocktail of protease inhibitors. Store at —20 °C until use.

Prior to electrophoresis, protein concentrations in cell lysates are
determined using a commercially available protein assay kit (bicin-
choninic acid, BCA). Here, proteins in cell lysates were resolved on
pre-cast 4-20% denaturing gels using a mini-PROTEAN apparatus.

1. Cell lysates are thawed, probe sonicated to homogeneity, and
aliquots mixed with 20 pLL 2x Laemmli sample buffer, 4 pL
dithiothreitol, and balanced with ultrapure water in a total vol-
ume of 40 pL.. Samples are denatured by immersion in boiling
water x 3 min.

2. Remove the comb from the pre-cast gel, rinse wells thoroughly
with ultrapure water, score and remove the strip at the bottom,
and chamber the gel in the mini-PROTEAN apparatus. Fill the
inner and outer chamber wells with running bufter (se¢ Note 10).
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10.

11.

12.

3.5 Immunoblotting 1.

. Denatured cell lysates are carefully loaded (12 pL per well,

20 pg protein per lane) into the stacking gel wells using gel
loading pipet tips. Proteins resolved at room temperature
across a constant voltage (100 V) alongside prestained protein
molecular weight standards.

. When the dye front reaches the exposed strip at the bottom of

the gel, the run is stopped and the plastic gel plates are care-
fully removed and the gel is rinsed with copious amounts of
ultrapure water.

. Slide the washed gel onto a glass support plate, cut away the

stacking gel, and trim away unused side lanes and excess gel.

. The trimmed gel is inverted (front side down) and placed on a

filter pad premeasured (gel size) and presoaked in electrotrans-
ter buffer.

. A premeasured (gel size) and presoaked piece of nitrocellulose

membrane is positioned onto the gel surface (se¢ Note 11).

. Place another premeasured (gel size) and presoaked filter pad

onto the membrane. Remove any trapped air bubbles by rolling
a clean test tube over the completed sandwich. Place the filter
pad-gel-membrane-filter pad sandwich in an electrotransfer cas-
sette and submerge in electrotransfer bufter (se¢ Note 12).

. Electrotransfer the resolved proteins overnight at room tem-

perature using a low constant current of 30 mA (see Note 13).

Disassemble the electrotransfer apparatus and using fine for-
ceps gently peel the membrane off the gel. Immerse the mem-
brane, protein side up, in ultrapure water (se¢ Note 14).

Validate the quality and the efficacy of the electrotransfer by
immersing the washed membrane in a solution of 0.2% Ponceau
S. Stain the membrane for no longer than 2 min.

Reduce background staining by dipping twice in ultrapure
water and mark the lanes with a pencil.

Incubate the Ponceau S stained membrane protein side up in
blocking buffer x 1 h at 37 °C with gentle rocking (se¢ Note 15).

. Rinse the blocked membrane with washing buffer and immerse

protein side up in 10 mL of fresh blocking bufter supple-
mented with primary antibody (1:1000 dilution of mouse anti-
panRho (A, B, C) monoclonal (clone 55), or 1:200 dilution of
mouse anti-RhoA monoclonal (clone 26C4), or 1:200 dilu-
tion of rabbit anti-RhoB polyclonal (119) all from Santa Cruz
Biotechnology).

. Incubate overnight at 4 °C with gentle rocking.

. Rinse the immunostained membrane three times with 30 mL

washing buffer for 5 min each and immerse membrane protein
side up in 10 mL of fresh blocking buftfer supplemented with
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appropriate horseradish peroxidase-conjugated secondary
antibody (1:2500 dilution of goat anti-mouse IgG or 1:10,000
dilution of goat anti-rabbit IgG, Jackson ImmunoResearch
Labs) (see Note 16).

. Incubate for 1 h at room temperature with gentle rocking.

6. Rinse the immunostained membrane three times with 30 mL

10.

washing buffer for 5 min each.

. Remove the washed membrane and place protein side up on a

Kim wipe tissue. Place the semi-dry membrane on a precut
piece of Saran Wrap and coat with an appropriate amount of
freshly premixed ECL reagent. Cover the membrane, place in
an X-ray cassette.

. In a dark room, place a piece of high performance chemilumi-

nescence film over the Saran Wrap encased membrane, close
the cassette to ensure good contact between film and mem-
brane, and expose x 2—-5 min depending on desired results.

. Develop film using an auto-processor and semi-quantify relative

changes in GTPase band densities. Normalize to GAPDH band
densities present in the same sample on the same blot [8].

To confirm equal protein loading on the same membrane,
immerse the developed immunoblot in 10 mL of Restore
Western Blot stripping buffer for 10 min at room temperature,
rinse three times with 30 mL washing buffer for 5 min each,
and repeat steps 1-9 using a 1:10,000 dilution of rabbit anti-
GAPDH as a primary antibody (Trevigen).

4 Notes

. Increasing the percentage of Tween-20 (up to 0.2%) will

reduce nonspecific background immunostaining, but at the
costly expense of signal reduction as well.

. Due to beige tone of the TM, it is very ditficult to distinguish

it from surrounding structures. Small stretches of the TM strip
may break free and recoil around the tip of your forceps during
the procedure. This is expected and is generally considered a
good indicator that you are working with TM.

. Adherence of the explant to the dish floor is critical for appro-

priate TM cell outgrowth spreading. If the strip dislodges,
repeat Subheading 3.1, step 9 until adherence is achieved.

. Disrupting the flask at any time during the two week culture

period risks dislodging the TM explant and will impede pri-
mary TM cell spreading. Do not change the media.

. Explants can be relocated to a separate Primaria dish and the

procedure repeated, if desired. Depending on the clinical his-
tory of the donor, not all explants produce viable TM cells.
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10.

11.

12.

13.

14.

15.

16.

. If desired, sterile nonpyrogenic polystyrene T75 cell culture

flasks with a 0.2 pm vented cap can be used in place of dishes.

. To prepare pL-mevalonolactone, dissolve the appropriate

amount to yield 5 mM final concentration in media containing
antibiotics, sterile filter, and add FBS. Add 10 mL of this meva-
lonolactone supplemented media to cultured cells.

. In our hands, farnesyl or geranylgeranyl pyrophosphates were

readily taken up by cultured TM cells by a mechanism that
remains unclear.

. GGTI-298 and FTI-277 are cell permeant inhibitors of gera-

nylgeranyl transferase-I and farnesyl transferase, respectively.
The gel should be immersed in running buffer up to, but not
in communication with, the stacking gel.

Minimize moving the membrane once it is on the gel.

Care must be taken to be certain the membrane side of the

sandwich is adjacent to the positive (red) pole and the gel side
is adjacent to the negative (black) pole.

Proteins can be hot-transterred using a high current of 200 mA
for 1 h if desired.

The orientation of the transfer should now be identical to the
orientation used while loading the gel.

This will destain the membrane while blocking nonspecific
binding sites.

Primary antibody solutions can be reused several times if

desired. Add to the 10 mL of recovered solution 100 pL of a
2% sodium azide stock. Store the used solutions at 4 °C.
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Chapter 19

Purification and Validation of Lipid Transfer Proteins

Matti A. Kjellberg, Anders P.E. Backman, Anna Mouts, and Peter Mattjus

Abstract

Understanding the holistic picture of lipid homeostasis not only involves the analysis of synthesis and
breakdown of lipids but also requires a thorough understanding of their transport. The transport of lipid
monomers in an aqueous environment is facilitated by different lipid transfer proteins. Their universal
feature is the shielding or encapsulation of the hydrophobic part of the lipid, consequently overcoming the
poor solubility of lipids in water. Here we describe a method to purify lipid transfer proteins using bacterial
expression. We also present three methods to validate their transfer activity.

Key words Bacterial expression, Ni-sepharose, SDS-PAGE, Fluorescence, Lipid, Vesicle, Transfer
protein, Surface plasmon resonance, Sensor chip

1 Introduction

Lipid transfer proteins play a key role in directing the right sub-
strate to its right destination for further synthesis [1]. Lipid trans-
fer and binding proteins also present specific lipids for the
degradation machinery [2]. We will here describe methods for
in vitro analysis of the lipid transfer protein activity, in particular a
protein that works on glycosphingolipids, the glycolipid transfer
protein, GLTP. It is clearly evident from work with GLTP that
depending on the levels of the expression of GLTD the overall lipid
profiles are affected, not only glycosphingolipids but also mem-
brane phospholipids [ 3]. Changes in lipid levels also atfect how the
expression of GLTP is regulated [4], probably through regulation
via mechanistic participation of Spl/Sp3 transcription factors [5].
We present here a protocol for producing recombinant GLTP
using bacterial expression. This protocol can be adapted for the
production of other LTPs. We also introduce three different meth-
ods to measure the transfer activity of LTPs. Two are based on the
use of fluorescently labeled lipids and one using a surface plasmon
resonance approach.

Sanjoy K. Bhattacharya (ed.), Lipidomics: Methods and Protocols, Methods in Molecular Biology, vol. 1609,
DOI 10.1007/978-1-4939-6996-8_19, © Springer Science+Business Media LLC 2017
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2 Materials

2.1 Reagents
for Bacterial Culture

2.2 Buffers
and Reagents
for Protein Purification

Prepare all solutions using ultrapure water (18 MQ-cm at 25 °C)
and analytical grade reagents. Bacterial growth medium (LB
medium) with ampicillin and kanamycin: 10 g/L tryptone, 5 g/L
yeast extract, 10 g/ NaCl. All bacterial growth medium should
be sterilized prior to use, e.g., by autoclaving at 121 °C for 20 min.
50 pg/mL ampicillin and 25 pg/ml kanamycin is added prior to
inoculation with bacteria.

The lysis, wash and elution buffers used in this protocol are imid-
azole containing phosphate buffered saline (PBS):

PBS: 140 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,, pH 7.40.

Lysis bufter: PBS with 10 mM imidazole, pH 7.4.

Wash buffer: PBS with 20 mM imidazole, pH 7.4.

Elution buffer: PBS with 250 mM imidazole, pH 7.4.

3 Methods

3.1 Expression
and Purification
of GLTP

In the protocol described below, polyhistidine tagged bovine GLTP
is expressed in BL.-21 E. coli and subsequently purified using athinity
chromatography on a Ni-sepharose resin column. This particular
protocol is the outcome of substantial method optimization, and
consequently yields high amounts (>30 mg protein/L of bacterial
culture) of highly purified, functional GLTP. The protocol can be
adapted for the production of other LTPs; however alteration and
additional optimization of the protocol may be required for similarly
high-yield production, especially if other expression vectors are used.
This protocol does not describe the cloning and verification pro-
cesses used to produce the bacterial expression vector.

The gene for the bovine GLTP was cloned into the bacterial
expression vector pQE-9 and transformed into the E. coli strain
BL-21(M15). Bacterial cultures were prepared from successfully
transformed colonies and frozen and stored in 20% glycerol as sev-
eral aliquots in —80 °C.

Day 1—DPre culture
All bacterial solutions should be handled under sterile conditions
until Day 3.

1. Inoculate 10-50 mL of LB medium, supplemented with ampi-
cillin (50 pg/mL) and kanamycin (25 pg/mL), with the pQE-
9-bGLTP BL-21(M15) bacterial glycerol stock solution (see
above) and grow overnight (<18 h) in a bacterial incubator
shaker (37 °C, 180 RPM), see Note 1.
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Duay 2—Culture and inductio5Sn of protein expression

1.

Transfer the overnight grown culture to a 2 L culture flask
containing 1 L of LB medium, supplemented with 50 pg/mL
ampicillin and 25 pg/mL kanamycin. This volume is generally
enough to produce >30 mg of GLTP; however, the protocol
can be scaled up if needed.

. Culture under agitation at 37 °C (180 RPM) until ODyg

reaches >0.8. Add isopropyl-f-p-thiogalactoside (IPTG) to a
final concentration of 0.5 mM. Culture overnight (<18 h) at
15 °C under agitation at 180 RPM, see Note 2.

Duay 3—Lysis and purification
From here on, solutions should be kept cold or on ice and all work
should preferably be performed in a cold room, if possible.

1.

Dispense the culture in suitable centrifuge bottles (500 mL)
and centrifuge at 3500 x g4 at 4 °C for 10 min, Discard the
supernatant and place the centrifuge bottles with the bacterial
pellet(s) on ice.

. Resuspend the pellet(s) in lysis buffer (20 mL /L of bacterial

culture); transfer to smaller centrifuge tubes (50 mL) and add
lysosome to a final concentration of 1 mg/mL. Shake the cells
(on ice) for 30 min and sonicate for six short 10 s intervals for
a total of 60 s with probe sonifier. Keep the tubes on ice to
ensure that the suspension does not warm up.

. Transfer the bacterial lysate to centrifuge tubes and centrifuge

at 12,000 x gin 4 °C for 30 min to pellet the bacterial debris.

. Transfer the clear supernatant to a clean tube and mix with Ni-

sepharose beads. (1 mL of'a 50% bead slurry in lysis buffer/1 L
of bacterial culture). Rotate the tube end-over-end for 15 min
and pour the supernatant/bead slurry in a plastic chromatog-
raphy column, pipetting by hand or by using a peristaltic pump.
Do not allow the beads to dry.

. Once all the supernatant has run through the column, wash

the Ni-sepharose beads with the bound protein with wash buf-
fer (by hand or by using a peristaltic pump), until the OD g,
value of the flow-through is 0.02 or lower.

. Elute the bound protein by adding elution bufter (250 mM

imidazole) in 10-15, 0.5 mL fractions. Each eluted fraction
should immediately be placed on ice.

Analysis and storage

1.

The protein concentration in each tube should be determined
with standard methods. Each fraction should be analyzed for
purity on SDS-PAGE, using Coomassie staining. The most
pure and concentrated samples can be pooled and the protein
concentration re-determined.
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3.2 Fluorescence
Dequenching Assay

2. For storage, adding glycerol up to 20% prior to freezing the
aliquots is recommended. Addition of dithiothreitol (DTT) to
a concentration of 1 mM can be useful for inhibiting protein
aggregation due to disulfide bond formation. For GLTP, a
20% glycerol buffer with 1 mM DTT is essential for long-term
stabile storage, and these aliquots can be kept at —20 °C for up
to a year. If necessary, the buffer can be exchanged using dialy-
sis or diafiltration, se¢ Note 3.

3. The transfer protein should next be analyzed for lipid transfer
activity.

We present three different approaches that can be used to deter-
mine lipid transfer protein activity. GLTP serves as an example;
however other lipid transfer proteins can also be assayed for trans-
fer activity by changing the lipid that will be transtferred.

A typical fluorescence dequenching lipid transfer assay uses
two different populations of vesicles. The donor vesicle population
contains the transferrable lipid of interest, fluorescently labeled and
the acceptor vesicle population, which receives the lipids from the
transfer protein. The emission of the transferrable energy donor
lipid is quenched by the second nontransferrable fluorophore, the
energy acceptor, also present in the donor vesicle population.
When the lipid transfer protein moves the lipids to the acceptor
vesicle population the emission increases as a function of time, and
describes the transfer rate (Fig. 1). The ratio between the donor
and acceptor population varies; however mostly the acceptors are
in five to tenfold excess. The fluorophore pairs commonly used are
BODIPY and DiO-Cl16, anthrylvinyl and perylenoyl [6], NBD
and rhodamine [7].

Determination of lipid transfer rates
The half-time (# ,) for the equilibrium of the transfer process can be
determined as illustrated in panel (c) in Fig. 1. The first-order rate
constant, kg, and the half-time for the transfer rate can be deter-
mined from the semilogarithmic plot of [8] shown in (c¢) inset:

F

ln—oo
F —F

rec

versus time from the relationships:
k , =—slope

obs
po In2
1/2 k

obs

The transfer rate can also be determined by comparing the levels of
the fluorescence intensity without LTP and 1 min after L'TP was
added, with the value for the fluorescence intensity after the
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Fig. 1 Fluorescence dequenching lipid transfer protein activity measurement. (a) Normalized spectra of a typical
fluorophore pair with overlapping excitation and emission spectra. (b) Schematic presentation of a typical trans-
fer protein assay monitoring real-time lipid transfer kinetics. The kinetics of fluorescently labeled lipid inter-
membrane transfer can be determined by continuously monitoring the increase in fluorescence at a constant
wavelength as a function of time. Donor vesicles are added to a buffer solution followed by the addition of
acceptor vesicles. The assay is started with the addition of a lipid transfer protein (LTP). The rapid dequenching
of the fluorescence (donor fluorescence emission increase) represents LTP-mediated transfer of the labeled lipid
to the acceptor vesicle population. The transfer levels out and reaches equilibrium. This level represents the final
amount of lipid transferred. Disruption of the vesicles (with detergents) stops the assay and gives the total
intensity values for each experiment, needed for calculation of the transfer rate. (c) Half-time for the transfer
reaction in schematic description, as well as a semilogarithmic plot versus time for the trace shown in panel (b).
The slope of this plot can also be used to calculate the transfer half-time

addition of detergent. To calculate the transfer rates one needs to
correct for the potential quenching by the added detergent of the
labeled fluorescent lipid. Calculating the initial transfer rates at
1 min allows for a much faster collection of data, and a better
reproducibility than the use of transfer rates at the half-time of the
transfer reaction [9].

3.3 Assay An approach called fluorescence competition assay can be useful if
for Nonfluorescent there is a limited availability of fluorescently labeled lipids that you
Glycolipids want to analyze for transfer (Fig. 2). A fluorescently labeled lipid
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tranlsfer
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Fig. 2 Lipid transfer protein competition assay. A schematic illustration of BODIPY-phosphatidylcholine transfer
mediated by sterol carrier protein-2, SCP-2, without (blue trace) and with the addition of phosphatidylinositol
containing vesicles (black trace). The deviation in the slope of the transfer rate of BODIPY-PC is marked with
the red arrow. The decline in the transfer rate for BODIPY-PC is a result of SCP-2 transfer of unlabeled

phosphatidylinositol

3.4 Assay for Lipid
Binding and Transfer
Using Surface
Plasmon Resonance
(SPR)

that is a substrate for the assayed transfer protein is needed. After a
steady transfer rate has been reached, of for instance BODIPY-PC
in sphingomyelin vesicles by sterol carrier protein-2 (SCP-2) using
a fluorescence assay described above, unlabeled lipids (phosphati-
dylinositol) incorporated in vesicles are added to the transfer reac-
tion mixture. This would result in a decrease in the transfer rate of
the fluorescently labeled lipid, if the added lipids were competing
with the labeled lipid. If the added lipids were not substrates for
the transfer protein, no deviation in the slope of the transfer rate
would occur [10]. This approach can also be used for many types
of lipids, inhibitors, or activators that can be screened in automated
lipid transfer assay setups. The rates are analyzed as described above
for the fluorescence dequenching assay.

SPR is a sensitive method for studying molecular interactions and
has proven to be useful in studying transfer protein and lipid inter-
actions as well [11, 12]. It is an optical method that measures the
changes in the refractive index upon increase or decrease in mass
on the sensor surface of the instrument. In our approach of study-
ing the interactions of GLTP and various vesicle formulations it
has to be emphasized that the protein preparations need to be of
high quality and purity. In addition to regular purification of the
protein it is important to both dialyze and filter the protein solu-
tion (filter pore size 0.2 pm). The response in the SPR is sensitive
to changes in buffer conditions; therefore the running buffer used
in the experiments is the same as in which the protein has previ-
ously been dialyzed. Prior to use, however, it has to be filtered and
properly degassed.
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1. The sensor chip for capturing lipid vesicles is a functionalized
dextran gel that is attached to the gold surface of the sensor via
a self-assembled monolayer of hydroxyalkyl thiols, using a
method based on the work by Lofds [13]. The dextran forms a
flexible hydrogel matrix that is further carboxymethylated and
through EDC-NHS coupling is activated to bind the amine
group of decylamine. The resulting long alkyl chains bind the
vesicles by inserting into the hydrophobic part of the lipid bilayer
and thus anchoring them onto the surface of the sensor chip.

2. The setup of the experiments for determining transfer activity
of GLTP is based on the protocol used by Ohvo-Rekili, Fig. 3
[11]. We used a flow rate of 10 pL./min and a temperature set
point of 23 °C. Before vesicles are loaded onto the sensor chip
it is washed twice with CHAPS detergent to establish a stable
baseline.

NaOH
wash Lipid transfer

/ protein addition

Lipid transfer

Vesicle binding
to the chip

Resonance units

Sensor chip
regeneration

Vesicle addition

Time [min]

Fig. 3 Lipid transfer protein activity using surface plasmon resonance. Vesicles are allowed to bind to the chip,
then the baseline is stabilized, and unbound vesicles eluted with NaOH. The extraction of lipids is started with the
addition of transfer protein, a protein binding is observed, response units increase, followed by a decrease in the
response units as a function of decrease in the mass of the vesicles bound to the chip. The chip is regenerated
after a detergent wash that releases the bound vesicles and the response unit returns to the starting level
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3.

To load the sensor with vesicles, a buffer (the same as the run-
ning buffer) solution with a 0.5 mM concentration of lipids is
injected for 10 min. To remove unbound vesicles, the sensor is
washed with a 50 mM solution of NaOH in buffer.

. After the baseline is stabilized, the LTP sample can be injected

and run for 10 min, where after injecting running bufter stops
the run. At this point it is important to keep the duration of
each LTD injection as similar as possible for good comparison
of different sets of data.

. To start a new cycle CHAPS is injected twice to strip the

remaining vesicles from the chip and to reach the original base-
line established in the beginning. If detergent is not sufficient
to remove a particular kind of vesicle, a 2:3 mixture of 50 mM
NaOH and isopropanol can be tried instead.

4 Notes

. Plasmid description. The BL-21(MI15) strain contains the

pREP4 repressor plasmid that expresses the lac repressor protein
and subsequently represses the E. coli T5 promoter on the pQE-
9 vector. This allows for tight regulation of recombinant protein
expression, where the pQE-9 vector can be rapidly induced by
the addition of isopropyl-p-p-thiogalactoside (IPTG), which
binds to the lac repressor protein and inactivates it.

. Producing high-expressing bacterial colonies. Several (10-20)

colonies should be picked and separately placed in L-broth
with ampicillin (50 pg/mL) and kanamycin (25 pg/mL). The
bacterial cultures are grown at 37 °C under vigorous shaking
(180 RPM) and the growth curves of each culture should be
plotted by measuring the absorbance of the bacterial culture at
600 nm at 30 min intervals, until all cultures have reached an
ODyggo value of 0.8. At this point, the bacterial solutions are
normalized to an ODygy value of 0.5 by dilution using LB
media. Protein expression is then induced by the addition of
IPTG and protein expression levels are assayed by SDS-PAGE
and Coomassie staining. Colonies that demonstrate rapid
growth as well as high production of target protein should be
chosen for future experiments.

3. Bufter exchange. Depending on what the end purpose of the

purified protein is, the buffer may have to be exchanged. Various
methods can be employed for exchanging the butfer, including
size exclusion spin columns and dialysis membranes. It should
be noted that buffer exchange generally results in loss of mate-
rial. Therefore a determination of the protein concentration
after buffer exchange is important.
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Chapter 20

Incorporation of Artificial Lipid-Anchored Proteins into
Cultured Mammalian Cells

Rania Leventis and John R. Silvius

Abstract

Exogenous lipid-anchored proteins can be incorporated into the plasma membranes of living mammalian
cells, allowing the chemical structure of the incorporated protein and its lipid anchor to be controlled (and
varied) to a much greater degree than is possible for proteins expressed by the cells themselves. This tech-
nology offers a variety of potential applications, including incorporating novel and complex protein con-
structs into cell surfaces and exploring structure-function relationships for biologically important
lipid-anchored proteins such as glycosylphosphatidylinositol-anchored proteins. Here we describe detailed
methods for stable incorporation of artificial lipid-anchored proteins into cultured mammalian cells under
mild, nonperturbing conditions.

Key words Polyethyleneglycol-lipids, Membrane traffic, Glycosylphosphatidylinositol-anchored pro-
teins, Fluorescence microscopy, Endocytosis

1 Introduction

Incorporation of exogenous lipid-anchored proteins into mamma-
lian cells offers a useful alternative to conventional transfection-
based methods to introduce novel protein species stably into
cellular membranes and to observe their physical and biological
properties. Lipid-anchored proteins can be inserted into the plasma
membrane under mild, nontoxic conditions and can then be traf-
ficked to other cellular compartments along the endosomal path-
way [1, 2]. With a better understanding of the relevant targeting
signals, it may also become possible to deliver these species to other
intracellular membranes (e.g., Golgi or ER) through retrograde
trafficking pathways [3-5]. To date, artificial lipid-anchored pro-
teins and polypeptides have been incorporated into mammalian
cells to modulate immune cell function [6, 7] and to investigate
the physical bases of signaling and trafficking of endogenous glyco-
sylphosphatidylinositol ~ proteins (GPI-proteins) [1, 2, 8].
Additional applications can readily be envisioned to exploit the
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unique advantages of this technology, including the complete con-
trol that it allows over the chemical structures of both the incorpo-
rated protein and the lipid anchor.

Proteins modified with a single long-chain acyl or alkyl group
can associate with membrane bilayers, but in most cases this asso-
ciation is rapidly reversible [9, 10]. By contrast, proteins linked
to long-chain diacyl phospholipids (or cholesterol) show long-
lived association with membranes [10, 11]. Unfortunately, pro-
teins modified with these more hydrophobic lipid anchors are
prone to aggregation and consequently are difficult to incorpo-
rate into living cells without introducing cell- or membrane-per-
turbing agents such as detergents [ 12, 13]. An alternative strategy
to incorporate lipid-anchored proteins stably into cell membranes
is to incorporate first into the cells a suitably functionalized lipid-
polyethylene glycol (lipid-PEQG), then to bind an exogenous sol-
uble protein to this anchor to form a stable lipid-PEG-protein
conjugate. Cholesterol and phospholipids modified with long-
chain PEGs can be inserted into cell membranes under mild,
nonperturbing conditions [ 14-171], and several types of function-
alized phosphatidylethanolamine-PEGs (PE-PEGs) have been
utilized to anchor exogenous proteins to membranes in a highly
specific manner [1, 2, 8, 18-20].

We have examined the membrane incorporation and biological
behavior of a variety of conjugates formed by functionalized
PE-PEGs and proteins that bind to them either covalently, via
bioorthogonal reactions, or by formation of noncovalent but high-
affinity complexes. In this chapter we describe protocols to insert
tunctionalized PE-PEGs into cultured mammalian cells and subse-
quently to bind appropriate protein partners to them, forming sta-
bly membrane-anchored lipid-protein conjugates.

2 Materials

2.1 Fluorescent
Labeling of Anti-
dinitrophenyl Antibody

Prepare all solutions using distilled water. All reagents should be
reagent grade where not otherwise specified.

1. Streptavidin (lyophilized powder).

2. Phosphate-buffered saline without calcium or magnesium
(PBS(-)).

3. 1 M NaHCOsg;: Just before use, dissolve 84 mg NaHCO; in
1 mL distilled water.

4. Alexa Fluor©-488 or -555 NHS ester: obtained from
Invitrogen/Molecular Probes, individually aliquoted as por-
tions of ester sufficient to label 1 mg protein.

5. Anhydrous dimethyl sulfoxide (DMSO).



2.2 Preparation
of Acid-Treated Cover
Slips

2.3 Preparation
of PE-PEG-Ligand
Conjugate/BSA
Gomplexes
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. BioGel P-6 column in PBS(-), packed to a bed height of
25 cmina 1 cm (ID) x 30 cm column and washed with two
volumes of PBS(-).

7. Centrifugal filter unit (4 mL capacity, 10 kDa cutoft).
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. 20 mM sodium azide solution: dissolve 1.3 mg of sodium
azide (toxic reagent) in 10 mL distilled water; store in a
capped tube at 4 °C.

. Concentrated hydrochloric acid (12-13 M).

. Concentrated nitric acid (68-70%).

. Glass cover slips, 22 x 22 x 1.5 mm.

. Two 400 mL glass beakers, one with a watch glass to cover.
. Distilled water.

. Four sterilized 150 mm glass culture dishes.

. Sterile distilled water.

. Sterile forceps.

. Sterile 250 mL beaker and sterilized 4 x 4” aluminum foil
sheets (wrapped in a larger piece of foil and autoclaved) to
cover it.

70% ethanol: mix 110 mL redistilled 95% ethanol with 40 mL
distilled water.

. Dipalmitoylphosphatidylethanolamine-polyethyleneglycol
1500-biotin (DPPE-PEG-biotin): prepared as described in
[8]; store as a 5 mg/mL solution in CH,Cl, at =20 °C in a
glass tube with a PTFE-lined cap.

. 50 or 100 pL. Hamilton syringe.
. 13 x 100 mm disposable borosilicate glass tubes.
. 400 mL beaker partly filled with hot water (45 °C).

. Nitrogen gas cylinder with regulator, connected by a length of
Tygon tubing to a 5-3 /4" Pasteur pipet.

. Vacuum dessicator connected to a high-vacuum oil pump.
. 95% ethanol.

. Phosphate-buffered saline without calcium or magnesium
(PBS(-)).

. BSA/PBS solution: Dissolve 0.68 g of defatted bovine serum
albumin (BSA) in 10 mL of PBS(-); adjust pH to 7.4 with
10 M NaOH; dialyze solution overnight against 1 L of PBS(—);
store at 4 °C no longer than 1 month.

Dialysis tubing (10 mm diameter, molecular weight cutoff
12-14 kDa).

. 1.5 mL Eppendorf tubes.
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2.4 Collagen Coating
of Acid-Treated Cover
Slips

2.5 Incorporation
of Lipid-PEG-TNP
Conjugates into BHK
Cells

2.6 Cell Fixation
and Mounting

N~

. Acid-treated cover slips: see Subheading 2.2.
. Sterile six-well plastic tissue culture plates.
. 70% ethanol:mix 110 mL redistilled ethanol with 40 mL dis-

tilled water.

. Sterile phosphate-buffered saline solution, without calcium

and magnesium (PBS(-)).

. Sterile 10 mL pipets.

6. Rat tail collagen, sterile solution: dilute sterile collagen solu-

5.

6.
7.

tion (Invitrogen, 3 mg/mL) into sterile PBS (without cal-
cium,/magnesium) to a final concentration of 50 pg collagen/
mL; prepare just before use.

. Collagen-treated cover slips in six-well dishes: see Subheading

2.4.

. Sterile 10 mL pipets.

Sterile serum-free Ham’s F12 medium.

. Fetal bovine serum.
. BSA/DPPE-PEG-biotin complex: see Subheading 2.3.
. Alexa488- or Alexa555-labeled streptavidin.

. Hanks’ buffered saline solution plus HEPES (HBSS /HEPES):

Add 12.5 mL 1 M HEPES to 500 mL of HBSS; check pH and
adjust to 7.2 if necessary.

. 4% paratormaldehyde (PFA) in phosphate-buftered saline (4%

PFA/PBS): In a fume hood weigh out 0.8 g of PFA (toxic
reagent) into a 50 mL capped disposable plastic tube; add
18 mL distilled water and 20 pL of 1 M NaOHj; tightly cap
tube and transfer the capped tube to a beaker partly filled with
80-90 °C water, placed in a covered ice bucket also partly filled
with 80-90 °C water; swirl the tube occasionally until the PEA

is completely dissolved, then cool to room temperature and
add 20 pL 1 M HCI followed by 2 mL of 10x PBS(—).

. 5-3 /4" Pasteur pipets.

. Ice bucket filled with wet ice.

Items 5-9 below are required only if the cells are also to be

immunolabeled using an antibody against an intracellular marker
protein.

Methanol chilled to —20 °C: Incubate methanol (20 mL per 6
cover slips) in a tightly capped bottle at —20 °C (freezer) for at
least 1 h prior to fixation; remove from freezer immediately
before the indicated step in the protocol.

Blocking solution: 10 mg/mL BSA in PBS(-).
Rocking platform.
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. Primary antibody solution: appropriate dilution of primary

antibody in PBS(—) containing 10 mg/mL BSA.

. Phosphate-buffered saline with calcium or magnesium

(PBS(—)).
Secondary antibody solution: appropriate dilution of

fluorescent-labeled secondary antibody in PBS(—) containing
10 mg/mL BSA.

Scalpel blade.
Kimwipes.

Mounting solution: In 50 mL glass beaker combine 2.4 g of
Mowiol 4-88, 6 g of glycerol, and 6 mL of distilled water; mix
well with a stir bar (the Mowiol will not entirely dissolve at this
stage) and leave at room temperature for at least 6 h; add 12 mL
of 0.2 M Tris, pH 8.5 and heat to 50 °C for 10 min with occa-
sional stirring; centrifuge for 15 min at 5000 x g in a 50 mL
plastic tube, then remove roughly 95% of the supernatant, taking
care not to disturb the pellet; add 0.55 g 1,4-diazabicyclo[2.2.2]
octane (DABCO) to the recovered supernatant, stir to dissolve
and degas briefly under vacuum; aliquot 1 mL portions into
1.5 mL Eppendortf tubes and store at —20 °C.

Colorless nail polish.

3 Methods

3.1 Fluorescent
Labeling

of Streptavidin
(See Note 1)

3.2 Preparation

of Acid-Washed Cover
Slips (See Notes 2—4)

. Dissolve 1 mg of streptavidin in 0.5 mL of PBS(-); add 20 pL.

of freshly prepared 1 M NaHCO;.

. To a pre-aliquoted vial of Alexa488- or Alexa555-NHS (see

Subheading 2.1) add 5 pL. dry DMSO and a 1.5 x 7 mm mag-
netic spinbar. Gently rotate the vial to dissolve the labeling
reagent completely, then rapidly add the protein/NaHCO;
solution to the vial while stirring.

. Cover the vial with aluminum foil to protect from light and

continue stirring for 1 h, then apply the sample to a BioGel P6
column and elute with degassed PBS(—). Collect the faster-
eluting peak, corresponding to labeled protein, and concen-
trate to <1 mL using an Amicon filter.

. Mecasure the volume of concentrated solution, add sodium

azide solution to 0.5 mM and store at 4 °C. The protein con-
centration can be estimated from the measured final volume,
assuming essentially quantitative protein recovery.

Steps 1-3 should be carried out in a fume hood and using suitable
protective clothing and eyewear; Steps 4 and 5 should be carried
out in a tissue culture cabinet.
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3.3 Preparation

of PE-PEG-Ligand/BSA
Conjugates (See Notes
5-7)

3.4 CGCollagen Goating
of Acid-Washed Gover
Slips

. Mix 100 mL nitric acid and 50 mL hydrochloric acid in a

400 mL glass beaker with a stir bar or by gentle swirling. The
solution will turn orange and evolve gas bubbles.

. Carefully drop cover slips individually into the acid mixture,

ensuring that the entire surface of each becomes wetted with
the reagent. After all cover slips have been added, cover the
beaker with a watch glass; after 30 min swirl gently, then leave
overnight in the fume hood.

. Next day, decant the acid into a second 400 mL glass beaker,

then rinse the cover slips with six changes of 300 mL distilled
water, swirling after each change of water to ensure efficient
acid removal.

. Fill each of four sterilized 150 mm glass culture dishes with

20 mL sterile distilled water and a 250 mL sterilized glass bea-
ker with 150 mL 70% ethanol. With sterile forceps transfer
cover slips successively through the four dishes, in groups of
roughly six at a time, each time swirling the dish before trans-
terring the cover slips to the next, then transfer the cover slips
into the beaker containing 70% ethanol. Cover the beaker with
aluminum foil and leave overnight.

. Using sterile forceps, transfer cover slips into a 250 mL beaker

containing sterile distilled water, and cover with sterile alumi-
num foil; cover slips can be stored indefinitely at this point.

. With a Hamilton syringe dispense 200 nmol of PE-PEG-ligand

conjugate into a disposable glass tube. Place the tube in a beaker of
warm water and dry off excess solvent under a stream of nitrogen.
Pump down the dried sample for >2 h in a vacuum dessicator.

. To the dried conjugate add 200 pL of 95% ethanol and briefly

warm to 40 °C to dissolve the conjugate. Into a second glass
tube aliquot 400 pL of BSA/PBS solution; vortex the BSA/
PBS while adding the ethanolic conjugate solution dropwise
over roughly 15 s. Add 400 pL of PBS (without calcium and
magnesium).

. Transfer the BSA/conjugate mixture into a dialysis bag and

dialyze overnight at 4 °C against 500 mL of PBS. Centrifuge
for 1 h at 80,000 x g and carefully remove the supernatant.
Measure the volume of the recovered supernatant and store at
4 °Cin 1.5 mL Eppendorf tubes. For storage for more than 1
week, add sodium azide solution to 0.5 mM NaNj.

All steps should be carried out in a tissue culture cabinet under
sterile conditions. Collagen-treated cover slips should be used
within 2 days of preparation.

1. Place cover slips in the wells of six-well dishes. To each well

add 2 mL 70% ethanol and let stand for 5 min.



3.5 Cell Incubation
to Incorporate
Conjugates (See Notes
8and 9)

3.6 CGell Fixation
and Mounting
(See Note 10)

4.
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. Remove the ethanol from each well, and wash the cover slips

once with sterile PBS (-).

. Add 1 mL of collagen solution to each well and incubate for

2 h at 37 °C or overnight at 4 °C.

Remove collagen solution and replace with sterile PBS(—).

Cell incubations at 37 °C should be carried out in a tissue culture
incubator.

1.

Remove PBS(—) from the wells of six-well plates containing
collagen-treated cover slips and seed wells with BHK cells at
30% confluency; culture for 2 days.

. Wash cells twice with 1 mL sterile serum-free medium (SFM),

finally leaving the cells in 1 mL of SFM.

. Add PE-PEG-biotin/BSA conjugate to the cells to a final con-

centration of 10 pM and incubate at 37 °C for 30 min.

. Wash the cells four times with 1 mL SEM equilibrated to

37 °C.

. Incubate the cells for 1 h at 37 °C.

6. To the cell medium add 5 pg of Alexa488- or Alexa555-labeled

streptavidin and incubate for 1 h at 37 °C.

. Remove medium from cells and wash four times with 1.5 mL

SFM.

. Cells can be further incubated in SEM at 37 °C for up to at

least 8 h to examine the time-dependent intracellular traffick-
ing of the inserted lipid-protein conjugates or to allow the dis-
tribution of the conjugates between compartments to approach
steady state.

Steps 1-5 should be carried out in a fume hood.

1.

2.

4.

Prechill 4% PFA/PBS and HBSS/HEPES to 0 °C; also have
available HBSS /HEPES at room temperature.

Remove the medium from the cover slips in the six-well dishes
and gently wash four times with 1.5 mL room temperature
HBSS/HEPES. Add 1.5 mLL HBSS /HEPES to each well and
incubate the dishes on ice for 5 min.

. Remove HBSS/JHEPES, add 1 mL ice-cold 4% PFA /PBS, and

incubate for 10 min on ice.
Wash cells twice with 1.5 mL ice-cold HBSS /HEPES.

Steps 5-8 are necessaryifthe cellsare to beimmunofluorescence-

labeled using an antibody directed against an intracellular marker
protein.
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5.

11.

12.

13.

Remove HBSS /JHEPES and add 1.5 mL of =20 °C methanol.
Incubate for 5 min at 0 °C, then wash the cells four times with
1.5 mL ice-cold HBSS /JHEPES.

. To the washed cells add blocking solution and incubate with

gentle rocking for 1 h at room temperature.

. Remove blocking solution and replace with primary antibody

solution. Incubate with gentle rocking for 2 h at room tem-
perature or overnight at 4 °C.

. Wash cells four times with 1.5 mL PBS, then incubate with

gentle rocking for 2 h at room temperature with fluorescent-
labeled secondary antibody solution, covering the 6-well dishes
with tinfoil to exclude light.

. Wash cover slips four times with HBSS /HEPES.
10.

Prepare one appropriately labeled microscope slide for mount-
ing each cover slip; in the center of each slide dispense 40 pL
of Mowiol and allow the liquid to spread.

For each washed cover slip in turn, gently lift one edge with
the aid of a scalpel blade, remove from the liquid, and allow
the liquid to drain off for a few seconds. Gently grasping the
cover slip by the edges, carefully blot one edge and the cell-free
face of the cover slip with a Kimwipe to remove any remaining
liquid. Gently lower the cover slip, at a slight angle to the hori-
zontal and with the cell-bearing side facing downward, over
the spread drop of Mowiol on a microscope slide until one
edge of the cover slip touches the slide, then release the cover
slip; the Mowiol solution should spread to fill the entire space
between slide and cover slip without entrapping bubbles.

Place the mounted cover slips at 4 °C overnight with exclu-
sion of light to allow the mounting medium to set, then store
the samples at 4 °C, protected from light, until ready for
examination. If samples are to be stored for more than
1-2 days, after initial overnight incubation the cover slips
should be sealed to the slide by applying a thin layer of color-
less nail polish around the entire perimeter of the cover slip.

Preliminarily examine cells under a wide-field fluorescence
microscope using a 40x objective, to verify that the cell plasma
membranes appear uniformly labeled and that large, bright
aggregates are not found on the cell surfaces (see Note 9).
Examples of confocal images of BHK fibroblasts and polarized
HepG2 hepatocytes incorporating different PE-PEG-protein
conjugates are shown in Fig. 1.
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-~

Fig. 1 Confocal micrographs of cultured mammalian cells incorporating PE-PEG-protein conjugates. Top pan-
els--BHK cells treated with (a) dioleoyl-PE-PEG1500-biotin followed by Alexa555-labeled streptavidin or (b)
dihexadecyl-PE-PEG1500-methotrexate conjugate followed by Alexa555-labeled E. coli dihydrofolate reduc-
tase, in both cases postincubating for 2 h at 37 °C before fixing and imaging. In both images fluorescence is
observed in endosomal subcompartments as well as on the plasma membrane, reflecting uptake of a portion
of each lipid-anchored protein to subcompartments of the endosomal system (identified using known markers
for these subcompartments [2]). Middle panels ((¢)and (d))--HepG2 cells stably expressing glycosylphosphati-
dylinositol-anchored green fluorescent protein (GPI-GFP), treated successively with dipalmitoyl-PE-PEG1500-
Halo-ligand and with Alexab55-labeled HaloTag protein [21], then fixed and imaged. Bottom panels ((e) and
(f))--As for panels (¢) and (d), but the cells were additionally postincubated for 6 h at 37 °C before fixing and
imaging. As illustrated by panels (d) and (f), the lipid-anchored HaloTag protein rapidly labels the basolateral
plasma membrane domains of the cells, but it requires longer times to be trafficked to the apical plasma
membrane domains found in intercellular lumens (indicated by arrowheads). Space bars =10 pm
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4 Notes

. The labeling protocol described can be applied to a variety of

proteins. The reaction medium should contain no components
other than the protein itself that incorporate amino groups,
such as Tris buffer or free amino acids. If such components are
present, they should be removed before labeling by concen-
trating the protein solution in a centrifugal filter unit, repeat-
edly diluting with a buffer free of amine components and
reconcentrating.

. Cover slips must be rigorously cleaned, using procedures like

that described here, in order for cells to adhere efficiently to
them. We have observed that cover slips cleaned using milder
procedures appear more prone to adsorb lipid conjugates, giv-
ing higher background fluorescence, which can sometimes
appear granular, in cell-free areas.

. The nitric/hydrochloric acid mixture is highly corrosive and

should be handled with caution. After use the recovered acid
mixture should be allowed to stand in a fume hood until it
decolorizes, then disposed of appropriately.

. Subheading 2.2, item 4 serves to remove residual traces of

acid; sterile water and dishes are used at this stage simply to
minimize the amount of nonsterile material introduced into
the tissue culture cabinet.

. Diverse functionalized PE-PEGs can be prepared as BSA com-

plexes using the procedure described. Detailed procedures
tor synthesis of PE-PEGs, including DPPE-PEG-biotin, are
described in [1] and [8]. Several functionalized derivatives
of distearoylphosphatidylethanolamine-PEG2000 (DSPE-
PEG2000), including DSPE-PEG2000-biotin, are commer-
cially available from Avanti Polar Lipids (Alabaster, AL),
although we have found that analogous derivatives of DSPE-
PEGI1500 are more difficult to incorporate homogeneously
into cell membranes than the corresponding derivatives of
dipalmitoyl- or dioleoyl-PE-PEG1500. Heterobifunctional
PEG derivatives suitable as precursors for synthesis of func-
tionalized PE-PEG [1, 22, 23] can be obtained from Sigma
(www.sigmaaldrich.com), JenKem Technology USA (www.
jenkemusa.com/products), or Nektar Therapeutics (www.
nektar.com/peg).

. Glass tubes and glass/metal syringes must be used to handle

lipid stocks; organic solvents can leach contaminants from plas-
tics, and the high vapor pressures of lipid solvents can cause
substantial volume errors if air-displacement pipettors are used.


http://www.sigmaaldrich.com
http://www.jenkemusa.com/products
http://www.jenkemusa.com/products
http://www.nektar.com/peg
http://www.nektar.com/peg
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7. Loss of BSA/lipid complexes during dialysis and centrifuga-

10.

tion is typically slight (<10%). It is somewhat tedious, and typi-
cally unnecessary, to assay the concentration of PE-PEG
conjugate in each preparation of complexes; we normally esti-
mate the concentration of lipid conjugate from the measured
final volume and the original amount of conjugate dispensed,
assuming near-quantitative recovery.

. In order to minimize the risk of cell detachment and loss dur-

ing repeated washings and other manipulations, during wash-
ing steps we add solutions to six-well culture plates by tilting
the dish and dispensing the liquid slowly down the lower edge
of each well, then gently returning the dish to a level position
to immerse the cover slips. The importance of this precaution
depends on the cell line used.

. Using certain combinations of cell types and PE-PEG conju-

gates, in addition to the expected uniform staining of the plasma
membrane we have also observed aggregates of the lipid-pro-
tein conjugate on cell surfaces, apparently formed through
aggregation of the functionalized PE-PEG during incubation
with the cells (Subheading 2.5, item 3 in the described proto-
col). In our experience, when this problem is encountered it
can usually be resolved by testing an alternative protein/
PE-PEG combination with the cell line of interest. In cases
where this is not feasible, the problem may be mitigated if the
conjugates are dispersed and loaded into cells from an isotonic
sucrose-based medium as described in [1]. However, for some
cell lines this latter method can cause cell rounding or other
transient morphological perturbations during conjugate treat-
ment. In some cases, addition of p-cyclodextrin (10-30 mM) to
cell /conjugate incubation mixtures (Subheading 2.5, item 3)
can markedly enhance conjugate incorporation into cells.

It is important to use paraformaldehyde (PFA) for fixation
of lipid-anchored proteins, even if the cells will subse-
quently be treated with cold methanol to permeabilize
them for immunofluorescence labeling. Lipid-anchored
glycosylphosphatidylinositol-anchored proteins can redis-
tribute within cells during treatment with cold methanol if
not first fixed with PFA; suggesting that PE-PEG-anchored
proteins could behave similarly during methanol fixation.
We have also observed that for some cell lines (e.g., HepG2
hepatocytes), cells treated with PFA alone show morpho-
logical perturbations that can be mitigated when the cells
are treated with cold methanol after PFA fixation.
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Chapter 21

Sonication-Based Basic Protocol for Liposome Synthesis

Roberto Mendez and Santanu Banerjee

Abstract

Liposomes are spherical vesicles with a wide range of sizes from nano- to micrometer scale. For the past
7-8 decades, these vesicles have occupied the interest of a variety of scientists due to its physical, chemical,
and mathematical properties and, to say the least, for its immense utility and potential as delivery vehicles
for toxic and nontoxic excipients into biological tissues. Methods related to selection of reagents for cre-
ation of specific liposomes of certain properties are beyond the scope of this chapter, but here, we would
outline a simplistic protocol to prepare and qualify an uniform batch of simple liposome with basic cargo.
This chapter will attempt to provide the reader with a starting point for this immensely potent tool to build
upon the right kind of liposome, appropriate for their studies.

Key words Liposome, Sonication, Vesicle, Lipid, Drug delivery, SUV, LUV, Phospholipids, Lipid
bilayer

1 Introduction

The etymology of liposomes originates from very early work of
Gerald Weissmann, where he renamed the hitherto known artifi-
cial spherules and described their properties. He recognized that
these vesicles are very similar to natural membrane bound struc-
tures and capable of mimicking behavior of erythrocytes, lyso-
somes, and mitochondria, when exposed to similar physical or
chemical stimuli in a biological system [ 1]. At this time, as acknowl-
edged by Weissmann, the basic structure and composition of natu-
ral membranes was not well known and this knowledge would
come several years later with the seminal work of Singer and
Nicolson with their report of Fluid Mosaic Model of membrane
structure [2]. Before the advent of our understanding of the nature
of biological membranes, it was clear that its biological properties
could be described by the chemistry and physics of constituent
lipids, which was vindicated by the fluid mosaic model. Further
work on biological membranes has improved upon fluid mosaic
but fundamentally remained faithful to the basic arrangement of
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Fig. 1 (a) Fluid Mosaic Model of biological membranes as adapted from Singer and Nicolson’s 1972 paper [2],
depicting a phospholipid bilayer with proteins embedded to various degrees in the bilayer. (b) Unilamellar
Vesicle with single spherical phospholipid bilayer membrane and (¢) Multilamellar vesicle with multiple layers
of lipid bilayer, interspersed with aqueous cargo

lipid bilayer postulated by Singer and Nicolson’s original work
(Fig. la). As we know today, this is the most thermodynamically
stable configuration of phospholipids constituting plasma mem-
brane, membranes of the organelles, and natural extracellular vesi-
cles and exosomes [3-5]. Synthesis and usage of liposomes mimic
the horizontal transfer of information already existing in biological
system, while expanding on the flexibility and latitude of going a
step further to modulate diseased cells and tissues by delivering
drugs and excipients without incurring oft target effects [6].
Liposomes are synthetic self-assembled vesicles, which can be pre-
pared from natural phospholipids and cholesterol, which encapsulate
a cargo of choice, appropriate for the goal of the experiment. Since
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natural constituents are used for the membrane, which are more often
than not, extracted from biological tissues (both plant and animal ori-
gin) and brought to extreme purity, liposomes tend to be relatively
less toxic for biological applications, including tissue-specific, toxic,
and nontoxic drug delivery for various diseases including cancer
[6-12]. By altering the lipid composition and engineering proteins
and other macromolecules into lipid bilayer of liposomes, significant
changes in the properties (tissue-specificity, bioavailability, escape from
gastric acid /professional antigen-presenting cells, longevity, etc.) have
been achieved [7, 13]. Fundamentally, liposomes are classified based
on their constitution and size. Depending on the presence of single or
multiple lipid bilayer(s), they could be classified as unilamellar vesicles
(Fig. 1b) or multilamellar vesicles (MLV; Fig. 1¢). Depending on size,
the unilamellar vesicles are further classified into Small Unilamellar
Vesicles (SUVs) and Large Unilamellar Vesicles (LUVs). In all cases,
liposomes are either a single, or an onion-like multilayered spherical
lipid bilayer, enclosing an aqueous cargo, both of which (liposome
size/layers and constitution of cargo) can be modified based on the
target of the experiment.

In this chapter, a very simplistic protocol is being presented for
the preparation of basic SUVs. This is a widely used method for the
preparation of liposomes with the cargo of choice, which in this
case will be presented as HEPES Buffered Saline (HBS), but may
be substituted with excipients of experimenter’s choice.

2 Materials

1. Phospholipids—-a-Phosphatidylcholine from Chicken egg,
L-a-Phosphatidylserine ~ (Bovine  brain), and L-a-
Phosphatidylethanolamine (Bovine liver) (se¢ Note 1).

2. Vacuum Evaporator—Eppendort 5301 or Labonco Rapidvap
vacuum system.

3. Water bath sonicator—Branson 2510 or 5510 (se¢ Note 2).

4. Hepes Buffered Saline—100 mM NaCl, 20 mM HEPES,
adjust to pH 7.5 using NaOH (se¢ Note 3).

5. Gas phase: Nitrogen or Argon.
6. Fume hood.

7. Vortex mixer.

3 Methods

1. Inside the fume hood, mix L-a-Phosphatidylcholine, L-o-
Phosphatidylserine, and L-a-Phosphatidylethanolamine in a
2:2:1 molar ratio in a glass tube (see Note 4).
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2.

Still inside the fume hood, dry down the mixture of phospho-
lipids, preferably under a very gentle stream of Nitrogen or
Argon gas (see Note 5).

. Dry the residual chloroform in a vacuum evaporator (se¢ Note 6).

. Resuspend dried phospholipids in HBS. Let it stand at room

temperature for an hour to overnight. Cover the tube with
Parafilm (see Note 7).

. Vortex the tube three to four times for 30 s each. This should

result in a milky suspension. Vortex more if clumps remain.
Gently pipette up and down with a Pasteur pipette if vortex
mixing does not disperse clumps (see Note 8).

. Set the tube with O-rings provided with the bath sonicator and set

up sonication at medium level till the solution turns almost clear
(from milky). Check every 15-20 min (se¢ Notes 9 and 10).

4 Notes

. Best to purchase these phospholipids already dissolved in chlo-

roform. Both Sigma-Aldrich and Avanti Polar Lipids supply
this in >99% pure form, dissolved in chloroform.

. For the purposes of liposome preparation, a probe sonicator

may also be used. However, water bath sonicators are sufficient,
inexpensive and do not require protective earphones. Another
advantage to bath sonicators is that probe sonicators tend to
heat up and cause decomposition of phospholipids at the surface
of the probe and sometimes leach metal into the solution.

. Mix NaCl and HEPES at room temperature. Titrate to pH 7.5

gently by adding 0.5-1 M NaOH solution. Bring it close to
pH 7.5. If the solution becomes more alkaline, do not add acid
to bring the pH down. Instead, double the volume with 100 mM
NaCl and 20 mM HEPES and titrate again. Use freshly mixed
and titrated solution for each liposome preparation.

. Specific volume and concentration will depend on the vendor

from where the phospholipids are purchased and the original
concentration. Ratio based on molar concentration will equal-
ize the final ratio of the components. Glass tube is preferred
over plastic or polycarbonate tubes. Tube size is not critical,
but the starting liquid volume should not exceed 5% of tube
length. Popular choice is 13 x 100 mm tubes (low surface ten-
sion) with maximum 250 pL liquid volume.

. Argon is preferred, but Nitrogen works too. Attach a Pasteur

pipette to the outlet tube from the appropriate gas cylinder.
Adjust gas to a very gentle flow, so as not to agitate the phos-
pholipid mixture inside the tube. Insert the tube so as to rest
the tip of the Pasteur pipette an inch above the liquid interface.
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Do not insert the pipette tip into the phospholipid mixture.
With 13 x 100 mm tube and 200 pL phospholipid mixture, it
would take between 1 and 2 h for the mixture to dry.

6. For this step, do not exceed 40 °C temperature. Room tem-
perature is preferred. Vacuum evaporation between 45 and
60 min should be sufficient. This is the first stop-point in this
protocol. At this point, the tube with dried phospholipid may
be covered with parafilm and refrigerated at 4 °C. Please get
the tube to room temperature with the parafilm on, to prevent
hydration of the phospholipids at this stage. Usually, 20-30 min
at room temperature is enough.

7. The optimal ratio for resuspension is 1 mL per total pM con-
centration of phospholipids in the original mixture. Ifa total of
2 uM phospholipid mix was taken, resuspend in 2 mL HBS. If
left for overnight incubation, consider leaving it at the lowest
shelf of refrigerator (10-15 °C). Another option is to leave it
at room temperature with 0.02% Na-Azide solution. Bring to
room temperature before the next step as described in Note 6.
This is the second stop-point in this protocol.

8. Never use polycarbonate tips with auto-pipettes. Always use
glass Pasteur pipettes. At this stage, we have obtained MLVs.
If some clumps prove to be resistant to dispersion, selectively
pick them up with Pasteur pipette and reject them.

9. At this stage, we are sonicating to convert MLVs to SUVs. It is
a good idea to have a thermometer in the water bath sonicator
and not allow the temperature to exceed 40 °C. Adding ice
cubes within nylon mesh, away from the tube to maintain room
temperature works nicely. For scaleup, it is preferred to have
multiple tubes, rather than higher volume in a single tube.

10. At step 6 in the protocol above, gentle sonication was used to
disperse the MLVs to generate SUVs encapsulating the added
HBS. These SUVs can be stored at 4 °C for 5-7 days before
downstream use. For generating LUVs, with higher retention
volumes, SUVs from step 6 can be subjected to repeated
freeze-thaw, followed by mild sonication. Altering the
phospholipid composition for specific experimental needs and
other methods for generating special liposomes are also avail-
able in the literature [6-8, 10, 12-22].
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Chapter 22

On Electrochemical Methods for Determination
of Protein-Lipid Interaction

Zhiping Hu and Yanli Mao

Abstract

Amyloid-p (AP) peptides are important and reliable molecular biomarkers for the diagnosis and prognosis
of Alzheimer’s disease. Aggregation and fibrillization of AP peptides on ganglioside GM1 (GM1)-
containing lipid membranes is considered a cause of neurodegenerative disease. Because GM1 is abundant
in the central nervous system and plays a key role in the aggregation of Ap, the interaction of A with
supported planar lipid bilayers (SPBs) containing GM1 is of great significance. We have prepared SPBs
containing GM1 in order to study the electrochemical characteristics of GM1 /sphingomyelin/cholesterol
SPBs and their interaction with AB(1-40) by cyclic voltammetry and electrochemical impedance spectros-
copy (EIS), which proves that electrochemical is a promising method for analyzing the interaction between
peptides and lipid membranes.

Key words Protein-lipid interaction, Electrochemical, Alzheimer’s disease, Amyloid-p, Ganglioside
GM1, Lipid bilayer

1 Introduction

Alzheimer’s disease (AD) is a very common neurodegenerative dis-
order characterized by memory loss, disorientation, and difficulty
performing daily tasks, among other issues. Many studies have
shown that one of the primary pathological hallmarks of AD is the
presence of insoluble neuritic plaques composed primarily of
amyloid-p peptides (Ap) [1, 2]. AP peptides are important and reli-
able molecular biomarkers for the diagnosis and prognosis of
Alzheimer’s disease. Ap peptides, mainly containing Ap(1-40) and
AP(1-42), are generated by normal cleavage of membrane-
anchored amyloid precursor protein by 8- and y-secretases.

Many reports have suggested that aggregation of toxic Ap pep-
tides occurs on lipid membranes which contain ganglioside GM1
(GM1) [3,4]. GM1 is abundant in the central nervous system and
plays a key role in the aggregation of A [5, 6]. A specific form of
AP bound to GMI has been identified in early pathological changes
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associated with AD, and the GM1-bound form of A may serve as
a seed for the formation of AP aggregates [7]. In particular, GM1,
sphingomyelin (SM), and cholesterol (Chol) are crucial compo-
nents of membrane rafts which play an important role in signal
transduction, cellular transport, and lipid sorting. Previous studies
have used nuclear magnetic resonance to study the interaction of
AB(1-40) with GM1 using GM1/SM /Chol micelles as model sys-
tems [8]. It has also been reported that Ap is bound by a cluster of
liposome composed of GM1,/SM/Chol [9, 10]. Furthermore,
structural changes in AP-bound membranes composed of GM1/
SM/Chol have been studied using circular dichroism [10].

Due to the complexity of biomembranes, artificial lipid bilayers
have been widely used to study the interaction between proteins
and biomembranes. In particular, supported planar lipid bilayers
(SPBs) have been used as in vitro cell membrane systems for study-
ing lipid-protein and cell-cell interactions. A variety of different
approaches have been utilized to study these interactions, such as
dual polarization interferometry [11], multiple molecular dynam-
ics simulations [12, 13], optical methods [14], and electrochemis-
try [15, 16]. Among them, the electrochemical methods are easy,
cost-eftective, and based on attachment of lipid membrane prepa-
rations on the electrode [15-17]. For instance, the interaction
between daunomycin with peptide-1 and U937 cells, a human
histiocyte-related lymphoma cell line, has been monitored by
voltammetry [ 18], and the interaction of baicalin with lipid mem-
branes by cyclic voltammetry (CV) [19].

Some previous reports have probed AP aggregation and its
interaction with biomolecules, drugs, and metal using electrochemi-
cal techniques [20, 21]. To the best of our knowledge, no reports
have used electrochemical methods to investigate interactions
between AP and SPBs containing GM1 yet. In the present work, we
have fabricated SPBs composed of GM1,/SM/Chol on an Au elec-
trode, then investigated AP(1—40) aggregation and its effect on
GM1/SM/Chol SPBs using CV and electrochemical impedance
spectroscopy (EIS). The results are further confirmed by fluores-
cence microscopy and atomic force microscopy (AFM) methods.

2 Materials

Ganglioside-GM1 (bovine brain), Cholesterol and Amyloid
beta(1-40), and Thioflavin T (ThT) are purchased from Sigma-
Aldrich (Shanghai, China); Sphingomyelin (brain) and C6-NBD-
Sphingomyelin (NBD-SM) are purchased from Avanti (Alabaster,
Alabama). Aluminum oxide powders (0.05 pm, 0.1 pm) are
purchased from Aidahengsheng Technology Co., Ltd. (Tianjin,
China). CV and EIS measurements were carried out using a
CHI660A clectrochemical work station (Chenhua Instrument



2.1 Preparation
of Vesicles

2.2 Preparation
of Ap(1-40) Solution
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Co. Ltd., Shanghai, China). A three-electrode electrochemical
system was used for CV and EIS experiments, where an Au elec-
trode, Pt plate, and saturated Ag/AgCl (KCl-saturated) electrode
served as working, counter, and reference electrodes, respectively.
CV was conducted in a potential range of —0.1 to 0.6 V. The for-
mal potential of the 0.05 M K;Fe(CN)s/0.05 M K Fe(CN);
probe solution was 0.23 V, which was also adopted for impedance
measurements, and EIS was measured from 0.5 to 10° Hz with an
amplitude of 5 mV. CV and EIS measurements were carried out
using a CHI660A electrochemical work station (Chenhua
Instrument Co. Ltd., Shanghai, China). A three-electrode elec-
trochemical system was used for CV and EIS experiments, where
an Au electrode, Pt plate, and saturated Ag/AgCl (KCl-saturated)
electrode served as working, counter, and reference electrodes,
respectively. CV was conducted in a potential range of —0.1 to
0.6 V. The formal potential of the 0.05 M K;Fe(CN)4/0.05 M
K Fe(CN)4 probe solution was 0.23 V (see Note 1), which was
also adopted for impedance measurements, and EIS was measured
from 0.5 to 105 Hz with an amplitude of 5 mV. Fluorescence
images were collected with a fluorescence microscope (Nikon
Ti-E, Tokyo, Japan) equipped with a EMCCD camera (Evolve
512 Delta, Photometrics, Tokyo, Japan).

SPBs are composed of GM1, SM, and Chol in a 20:40:40 molar
ratio. Appropriate amounts of all lipids are dissolved in a 1:1 (v/v)
chloroform: methanol solvent (see Notes 2 and 3). Dry lipid films are
formed by evaporation under a stream of nitrogen and then stored in
a vacuum overnight (se¢ Note 4). The lipid film is rehydrated to a
final concentration of 0.12 mg,/mL using a buffer solution (150 mM
NaCl, 10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 2 mM CaCly; pH 7.4), freeze-thawed three times, and
then sonicated at 70 °C to obtain small unilamellar vesicles (see
Note 5). The concentration of NBD-SM is 1% (mol/mol).

AB(1-40) is first dissolved in a 0.02% ammonia solution and
then centrifuged at 21700 x g at 4 °C for 3 h to remove insoluble
aggregates. The final concentration of Ap(1-40) peptide in solu-
tion is 600 pM, and this solution is stored at —20 °C until use. The
AB(1-40) monomer solution is diluted to a concentration of
100 pM with Milli-Q water at the time of assay (see Note 6).

3 Method

3.1 Preparation
of Au Electrode

Prior to SPBs formation, the Au electrode (diameter is 2 mm) is
polished with alumina slurry (0.05 pm, 0.1 pm) on polishing cloth
then washed in an ultrasonic bath with ionized water, acetone, and
pure water for 5 min each, respectively, to remove any adhesive
particles. In order to polarize the electrode, it is electrochemically
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Fig. 1 The water contact angle (WCA) of Au substrate is 27°, which shows the
surface of Au has a good hydrophilicity, so the lipid vesicles can form planar
bilayers on the surface

0.5 min 1.5 min

Fig. 2 Sequential fluorescence images after photobleaching of GM1/SM/Chol SPBs formed on the Au electrode
surface. The observed times are before and after photobleaching (0, 0.5, 1.5, and 2.0 min) from left to right.
The scale bar is 0.05 pm

polished by scanning from —0.3 to 1.6 V (versus Ag/AgCl) in a
0.5 M H,SOy solution for 15 min. The water contact angle of the
electrode just after the electrochemical polishing is 27° (Fig. 1),
which shows the hydrophilicity of the electrode surface.

3.2 Preparation After polarization, the Au electrode is immersed in the small unila-
of SPBs on the Au mellar vesicle solution for 12 h at 70 °C (see Note 7) then imme-
Electrode diately transferred into 0.05 M K;Fe(CN)s/0.05 M K Fe(CN)g

containing 0.5 M NaCl (se¢ Notes 8, 9 and 1). The SPBs on Au
electrode are formed, which can be observed by fluorescence
microscope (Fig. 2).

3.3 Electrochemistry =~ CV and EIS measurements are carried out using a electrochemical
work station. A three-electrode electrochemical system is used for
CV and EIS experiments, where an Au electrode, Pt plate, and
saturated Ag/AgCl (KCl-saturated) electrode served as working,
counter, and reference electrodes, respectively. CV is conducted in
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Microscope

3.5 AFM (Atomic
Force Microscope)
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a potential range of —0.1 to 0.6 V. The formal potential of the
0.05 M K3Fe(CN)s/0.05 M K Fe(CN)4 probe solution is 0.23 'V,
which is also adopted for impedance measurements, and EIS is
measured from 0.5 to 10° Hz with an amplitude of 5 mV.

Fluorescence images are collected with a fluorescence microscope
equipped with a EMCCD camera. The ThT is added after AB(1-40)
interacting with SPBs; the final concentration of ThT is 5 pM.

The samples are kept in fluid environment. AFM is performed in
the buffer solution using a scanning probe microscopy system
using a Si;N, cantilever. The spring constant and the resonance
frequency of the cantilevers were 1.6 N/m and 26 kHz.

4 Notes

1. Filter the electrolyte containing K3Fe(CN)6,/K4Fe(CN)6 and
NaCl before using.

2. Prepare the precursor solution include GM1, SM, and Chol by
vibrating for at least 1 ht.

3. The precursor solution containing GM1, SM, and Chol should
be stored under —20 °C.

4. Dry lipid films are formed by evaporation under a stream of
nitrogen and then stored in a vacuum oven overnigh.

5. The solution containing small unilamellar vesicles should be
store at 0—4 °C.

6. Store the AP(1-40) solution under —20 °C. The peptides
would degenerate easily at room temperature.

7. Immerse the polished Au electrode in the small unilamellar vesicle
solution for at least 12 h at 70 °C.

8. Sonicate the lipid mixture solution for 10 min to disperse lipids
vesicles before using.

9. The Au electrode should be wused after polarization
immediately.
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Chapter 23

Angiogenesis Model of Cornea to Understand the Role
of Sphingosine 1-Phosphate

Joseph L. Wilkerson and Nawajes A. Mandal

Abstract

The role of sphingolipids, mainly sphingosine 1-phosphate (S1P) and the receptors for which it serves as a
ligand, is an interesting and promising area in both sphingolipid and vascular biology. S1P is crucial for
establishing blood flow competent blood vessels (Jung et al. Dev Cell 23(3):600-610, 2012). The role of
S1P in neovascular pathology is of great interest and promising as a target for treatment. Here we describe
an casy and affordable in vivo model of neovascularization by an alkali chemical burn to the cornea. This
gives a consistent and easy way to quantitate methods for neovascularization.

Key words Angiogenesis, Neovascularization, Cornea, Sphingosine 1-phosphate

1 Introduction

Determining the role of sphingolipids, specifically sphingosine
1-phosphate and its receptors (S1P1-5), has been a major focus in
various fields, one of which is angiogenesis and the maintenance of
blood vessels [1]. It is known that S1P, working through S1P1, is
responsible for establishing and maintaining an interplay between
angiogenic signals and VE-cadherins establishing adherens junc-
tions responsible for flow competent blood vessels [2, 3]. In con-
trast, S1P2 signaling has been shown to play a role in enhancing
pathological angiogenic events [4]. Neovascular pathologies play a
significant role in a wide range of diseases from tumor biology to
complications with diabetic retinopathies that can lead to blindness
[1,5]. Itis critical to understand the interaction of sphingolipids in
this process by using animal model systems. Here we describe a
method to study neovascularization in an adult mouse without the
need for specialized equipment necessary as in other models of
in vivo neovascularization. The cornea provides an excellent model
for neovascularization because the tissue is avascular (Fig. la). A
30 s alkali burn to the center of the cornea by sodium hydroxide
induces a strong response and blood vessels grow into the center
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Fig. 1 Cornea from an alkali unburned and burned cornea from the same animal, stained with CD31 to label
blood vessels. (@) An unburned normal cornea. The center is avascular, surrounded by the limbal vessels. (b) A
burned cornea 10 days post-burn. The areas of neovascularization are highlighted in yellow. Lymphatic vessels
can also be seen growing into the cornea (red)

of the tissue (Fig. 1b). The alkali burn model is well established
and produces reproducible results equal to other classic methods
of cornea models that require specialized surgical skills [6]. While
many cornea models require a rating system similar to clinical sys-
tems, scored by the investigator, we will explain how to determine
the full degree of neovascularization that occurs [7]. Easy access to
the cornea also provides a convenient in vivo model for drug deliv-
ery by either a systemic approach or direct application via eye

drops.
2 Materials
2.1 Corneal 1. Ketamine/xylazine.
Wounding 2. 0.5% proparacaine hydroxide.

3. 2 mm round punches of Whatman No.1 filter paper. These are
done by using a hole punch specific to the size; these can be
obtained at any major craft store or online retailer.

4.1 M sodium hydroxide is made with ultrapure water and
NaOH pellets. The solution is stored at room temperature for
up to 6 months.

5. 0.9% sterile saline.

6. 0.5% erythromycin ophthalmic ointment.
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4% paraformaldehyde: 100 mL of a 20% solution is first made
from powder in ultrapure water. The solution is heated to 60 °C
while constantly being stirred. (Do not go over 60 °C as the
solution will become highly acidic.) As it stirs measure 4 g of
NaOH pellets and dissolve in 10 mL of ultrapure water. Add six
drops of this solution to the heated PFA. The solution should
turn clear in a few seconds. Filter through Whatman No.1 filter
paper. Dilute this 20% solution to 4% in ultrapure water and 2x
PBS so that the final solution is 4% PFA in 1x PBS.

. Triton X-100 from VWR. Diluted to 10% in 1x PBS is a good

stock solution to make the 1% Triton, 0.1% Triton, and block

buffer.

. Block buffer: horse serum aliquoted and stored at =20 °C. This

is used to make 10% solution of horse serum in 1% Triton and
1x PBS.

. Antibodies: monoclonal mouse anti-Armenian hamster CD-31

(PECAM-1) concentrate from DSHB. Mouse anti-rat Lyve-1
from eBioscience.

. 50% glycerol diluted in 1x PBS.

3 Methods

3.1 Corneal
Wounding

All of the of procedures, the dose and route of anesthetic drugs,
and postprocedure care should be approved by the appropriate
authority such as the Institutional Animal Care and Use Committee
(IACUCQC) from your institute before starting the experiment. A
single eye undergoes the chemical burn, leaving the second eye as
a non-burn control (Fig. 1). We have observed that if the
non-burned control eye has neovascularization then the burned
eye will be extremely severe. These cases are not quantified.
Neovascularization is also highly variable from mouse to mouse. It
is reccommended to use at least an 7 of 10 for a given experiment.

1.

Anesthetize mice with an intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Allow the anesthetic
to completely incapacitate the animal.

. Trim whiskers and eyelashes with small dissection scissors

(see Note 1).

. Apply 0.5% proparacaine hydroxide to the eye to further numb

the tissue then wick dry (see Note 2).

. Apply a 2 mm round piece of Whatman No.1 filter paper, soaked

in I M NaOH to the central cornea for 30 s. This is best done
under a surgical or dissection microscope (see Note 3).

. Quickly remove the filter paper pad and immediately wash the

eye with 20 mL of 0.9% sterile saline solution.
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3.2 CGCornea Harvest
and Immuno-
histochemistry

3.3 Imaging

6. Apply a topical antibiotic, erythromycin ophthalmic ointment
0.5%.

7. Mice should be observed to make sure they awake from
anesthetic.

8. Ten days postinjury the mice can be euthanized and corneal
tissue harvested.

1. Enucleate the eye with a pair of fine tip forceps. Clean off
excess tissue with a pair of micro-scissors (see Note 4).

2. Using micro-scissors make an incision posterior to the limbus
and cut around the eye to remove the anterior portion con-
taining the cornea, iris, and limbus (se¢ Note 5).

3. Using a pair of fine tip curved forceps remove the iris (see Note 6).

4. Use 4% paraformaldehyde made in 1x PBS to fix the tissue for
10 min.

5. Move the cornea into 1% Triton made in 1x PBS to perme-
ablize the tissue. Leave overnight at 4 °C.

6. Block samples with 10% horse serum/1% Triton in 1x PBS for
1 h at room temperature.

7. Add primary antibodies, CD31 for vasculature and/or Lyvel
for lymphatics in a 1:100 dilution made in the block bufter.
Incubate for 24 h at 4 °C (se¢ Note 7).

8. Wash the tissues three times for 30 min in 0.1% Triton made in
1x PBS.

9. Add secondary antibodies made in block buffer and incubate
overnight at 4 °C.

10. Wash the tissues three times for 30 min in 0.1% Triton made in
1x PBS.

11. Mount the cornea onto a microscope slide by making four to
five cuts in the tissue to resemble a four leaf clover and flatten
onto the slide.

12. Coverslip in 50% glycerol and 1x PBS, be careful that there are
no air bubbles around the tissue. Seal the coverslip with clear
nail polish.

This step could be considered variable depending on your needs
and the equipment available. We find it is best to obtain images
with a 10x objective or equivalent and then merge the images to
make a whole picture of the flat-mounted cornea. Some systems
have a mosaic mode that allows this to be done in an automated
manner. However, it can also be done manually in Photoshop.

1. With a 10x objective, begin imaging the flat mount with a suit-
able exposure time. Some background of the cornea is actually
helpful, so it is best if you do not completely background sub-
tract the tissue background.
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2. Image the corneas in a grid like fashion. Each image should
have about a 20-30% overlap so that if you are manually stitch-
ing the images together it is easy to find landmarks.

3. Images can be saved as .tiff or .jpeg for invasion quantification.

3.4 Invasion Percent  These instructions are for Photoshop CC on a Windows platform.
Quantification There may be minor differences in other versions of Photoshop.

1. To merge multiple images in Photoshop CC choose the File
drop-down menu and then Awutomate. This will open a pop
out menu and select Photomerge.

2. In the Photomerge window under layout choose Reposition
and uncheck the Blend Images Together box. Then select the
files that need to be merged under source files and click
OK. This will assemble the chosen files into a larger mosaic of
the whole cornea (see Note 8).

3. Select the layer drop-down menu and then select flatten image.

4. From the toolbar on the left of the screen choose Magnetic
Lasso Tool and trace the outline of the entire cornea. Only the
leading edge of the neovascularization is included, not the
entire limbus (Fig. 2A) (see Note 9).

5. Copy the selected area.

Fig. 2 A flat-mounted cornea stained with CD31 after the individual images have been pieced together to form
the whole cornea. (A) The Magnetic Lasso Tool, used to select the area of the entire cornea from the leading
edge of the neovascularization. This is seen by the white dots surrounding the cornea. (B) The Add or Subtract
from Selection options, these can be used to help tailor the full area of the selection
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6.

10.

11.

12.
13.

14.

Under the drop-down menu File, select New. In the New win-
dow select the document type as Clipboard. Width and Height
of the new background can be set if you would like all of your
new images to have the same consistent size (e.g.,
3000 x 3000 pixels). The background color is a personal pret-
erence but black is the standard color (se¢ Note 10).

. Paste the selection from step 5 onto the new background.
. Select the layer that was just pasted under the Layers panel.

. In the histogram select the source as the Selected Layer

(Fig. 3A). A small error sign will appear in the upper right cor-
ner. Click the symbol with the mouse and it will reset the read-
ings for the histogram to only measure the selected layer (this
can be seen in Fig. 4B).

Record the Pixels value. This is the number of pixels that your
layer contains, or the total area of the cornea you selected
(Fig. 3B).

Again select the Magic Lasso Tool from the left toolbar. From
the upper toolbar select Add to selection (Fig. 4A).

Trace the areas of angiogenesis/neovascularization (Fig. 4).

Copy the selection and paste it onto the background as a new
layer.

Select the new layer.

Fig. 3 The entire cornea selected has been pasted onto a new black background. (A) Source and the dropdown
menu should be Selected Layer. (B) Pixels, this is the number of pixels in the selected layer, which is the area
of the whole cornea selected
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Fig. 4 Selection of neovascularized areas. (A) Add to selection option must be toggled to select all of the areas
of neovascularization. This area is seen surrounded by white dots. (B) The error given when you first select the
layer from Source. Click the error with the mouse to read the new settings. (C) Pixels, this is the number of
pixels selected, or the area of neovascularization

15.

16.

17.

18.

In the histogram from source select the Selected Layer and click
on the error triangle symbol to reset the values.

Record the pixels value. This value is the area of neovascular-
ization (Fig. 4C).
Area of Neovascularization divided by area of the cornea will

give the invasion fraction. This multiplied by 100 gives the
Invasion Percent of the cornea.

For aesthetic purposes it is valuable to highlight the area of
neovascularization. Each of the layers in the Photoshop image
can be adjusted using Hue/Saturation under the Adjustments
tab under the histogram (Fig. 5).

4 Notes

. Once the numbing eye drops have been applied, the eyelashes

will stick to the eye. It is best to trim them so that they do not
wick NaOH to the sclera.

. Leave the eye drop on the eye for about 15 s but more is fine.

Completely wick all of the moisture oft of the eye before applying
the NaOH filter pad. Excess fluid will cause the NaOH in the fil-
ter pad to diftuse across the sclera and into the membranes around
the eyelid causing excess inflammation for the animal.
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Fig. 5 Using Hue/Saturation the area of neovascularization can be highlighted to very quickly visualize the
extent of invasion by the blood vessels

3. This is best done with fine tip forceps. Immediately before
applying the filter pad to the eye it is best to wick any excess
liquid out of your forceps so that you do not flood the eye with
NaOH. It is also important to center the filter paper on the
cornea as best as possible. If it lays to one side or the other
there will be significantly more neovascularization to that side,
instead of an even vascularization across the whole cornea.

4. This is easily done by using a pair of straight fine tip forceps.
Apply pressure to the area around the eye making it bulge from
the socket. Close the forceps and use a quick straight pulling
motion to pull the eye away from the socket.

5. In a black mouse the limbus will appear as a milky white line at
the base of the cornea. It is best to cut well below this line to
keep the integrity of all of the tissue. In white mice this line is
seen as slightly reddish or darker in color due to the high con-
centration of blood vessels.

6. The iris can be very sticky, but it is very important to remove
all of it. If you are only interested in imaging the neovascular-
ization, then use a cotton tipped swab in a pool of 1x PBS to
scrape the iris oft of the cornea and limbus area. This will result
in the loss of some endothelial cells on the posterior of the
cornea so this is not reccommended if you are doing lipidomics.
In black mice the iris is black and will block any light during
imaging. In white mice the iris is clear; however, it will be
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heavily vascularized and stain along with the corneal vascular-
ization resulting in very poor images.

7. Other vascular specific markers can be used, such as isolectin.

8. It is important to use Reposition as many of the other settings
will alter the images in a way that they should not be quanti-
fied. While this automated way of merging images works well
most of the time, it is not always able to reconstruct a full
image. Ifit cannot, then using the Reposition and the unchecked
blend images together box still inserts all of the selected images
onto a background layer and allows the user to easily recon-
struct the full corneal image by manually placing the images.

9. Once the Magnetic Lasso Tool is selected the tool bar at the top
of the Photoshop window will change to give you access to its
settings. Width and contrast can be easily changed to help select
the areas of interest. It is very easy to miss areas or get areas you
are not interested in; this does not mean you have to start over.
Finish the selection then use either the Add to selection or
Subtract from selection settings to outline the full cornea. It is also
much easier to trace the outline of the cornea and the neovascu-
larization if you have zoomed into the image, then hold the
spacebar down to move the image and start tracing again.

10. It is not necessary to copy the selected area into a new back-
ground layer. All quantification can occur in the full image.
However, we have found that it is much easier to eliminate
mistakes and easier to quickly do quantifications by creating
the new image. It also allows making a more aesthetic image
for publication and presentations in which the invasion area is

highlighted.
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