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[Abstract] Several membrane-perturbing agents extract lipids from membranes and, in some cases,
this lipid efflux is lipid specific. In order to gain a better description of this phenomenon and to detail the
intermolecular interactions that are involved, a method has been developed to characterize the extent
and the specificity of membrane-lipid extraction by perturbing agents. A perturbing agent is incubated
with model membranes existing as multilamellar vesicles (MLVs) and subsequently, the remaining MLVs
and the small lipid/perturbing agent complexes resulting from the extraction are isolated and analysed

to assess the extent and the specificity of the lipid extraction.

[Background] Several membrane-perturbing agents extract lipids from membranes; these include
proteins, peptides, and detergents. Several of these lipid extractions are fundamental processes in
biology. In some cases, the process is lethal; this is the case for some antibacterials that extract lipids
from bacterial membranes leading to the death of the cells (Bechinger, 2014; Schaefer et al., 2014). In
other systems, this process is vital. For example, ApoAl is a protein that binds to cells and extracts
phospholipids and cholesterol to form nascent high density lipoproteins (HDL), a process critical for the
reverse cholesterol transport and therefore playing a pivotal role in the control of atherosclerosis
(Stromstedt et al., 2010). It has been shown that some of these lipid extractions are lipid specific; in
other words, the lipid composition of the extracted fraction is different than that of the original membranes.
It is expected that such specificity will be reported more often considering the recent progress of
lipidomics. In general, the lipid specificity of the induced lipid efflux is poorly characterized despite the
pivotal role it plays in biological processes. We have recently shown that selective lipid efflux depends
on specific interactions with membranes (Therrien et al., 2013; 2016). In order to gain a better
description of this emerging phenomenon and to detail the intermolecular interactions that are involved,
a method has been developed to characterize the extent and the specificity of membrane-lipid extraction
by perturbing agents using model membranes. A perturbing agent is incubated with model membranes
existing as multilamellar vesicles (MLVs). The classes of perturbing agents include proteins (e.g., binder-
of-sperm proteins BSPA1, ApoAl), peptides (e.g., melittin, antibacterial peptides), and detergents (e.g.,
Triton X-100). The use of model membranes allows a complete control of the lipid composition,
modulating in a precise manner molecular features such as the charge and the H-bond capacity, and
defining how these factors contribute to the lipid specificity of the extraction. Subsequently, the remaining
MLVs, which may include some perturbing agent, are separated by centrifugation from the small

lipid/perturbing agent complexes resulting from the lipid extraction. The lipid compositions of the pellet
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(representative of intact membranes) and of the supernatant (representative of the lipid efflux) are

analysed in order to assess the extent and the specificity of the lipid extraction.

Materials and Reagents

1. Progene® 1.5-ml microcentrifuge tubes

2. V-Vial screw-thread sample vials, 5 ml, with PTFE-lined caps

3. Pyrex Brand 9800 test tubes, 20 ml

4. Syringe

5. Glass test tube

6. Marbles

7. YMC diol column

8. Lipids (high purity) (Avanti Polar Lipids) (ex. 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine
[POPC]; 1-palmitoyl-2-oleoyl-sn-glycero-phosphoethanolamine [POPE])

9. Membrane perturbing agent of interest

10. Benzene (ACS grade)

11. Methanol (HPLC grade)

12. Milli-Q water

13. 3-[N-morpholino]propanesulfonic acid (MOPS) (> 95%)

14. Sodium chloride (NacCl, high-purity grade)

15. Ethylenediamine tetraacetic acid (EDTA) (99.4-100.6%)

16. Potassium phosphate, monobasic (KH2PO4) (dried at 105 °C under vacuum for at least 4 h prior
to its use to ensure it is dry)

17. Concentrated sulphuric acid (H2SO4) (ACS reagent, 95.0-98.0%)

18. Peroxide (H20z2) (30%) (ACS reagent)

19. Sodium metabisulfite (Na2S20s) (ACS reagent, >97%)

20. Ammonium molybdate tetrahydrate [(NH4)sM07024-4H20] (ACS reagent, 81.0-83.0%)

21. Ascorbic acid (99%)

22. Acetonitrile (HPLC grade)

23. Ammonium acetate (CH3CO2NHa4) (= 98%)

24. Nitrogen

Equipment
1. Microcentrifuge (Eppendorf, model: 5417 R) equipped with a rotor (Eppendorf, model: f45-30-

11)

UV-Vis spectrometer (Agilent Technologies, model: Cary 6000i)

LC/MS system (Agilent Technologies, model: 1100 series system) with a 1100 MSD mass
spectrometer (Agilent Technologies, model: 1100 MSD)
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4. Water bath

Procedure

Typically, a series of experiments is planned for a given perturbing agent and model membranes, at
different ratios of lipid to perturbing agent. Samples are carried out in triplicates. Stock solutions are
prepared to perform one set of measurements. For a single measurement, between 300 and 800 nmoles
of phospholipids are needed; the lipid amount is kept constant in all samples.

A. Model membrane preparation

1. To form model membranes from a binary mixture of lipids, individual lipids are first dissolved in
a benzene/methanol mixture. Typically an individual lipid stock solution is prepared by weighting
exactly ~25 mg of lipid and by adding the appropriate volume of benzene/methanol (90/10, v/v)
solution to obtain 5 mg of lipid/ml. For more polar species, such as phosphatidylserine, and
cholesterol sulphate, the proportion of methanol can be increased to 85/15 (v/v). The lipid
organic solutions are prepared in V-Vial screw-thread sample vials, 5 ml, in order to limit solvent
evaporation.

2. Aliquots with appropriated volumes of lipid solutions are mixed to obtain the desired molar ratio.
The absolute amount of lipid depends on the number of planned samples.

3. The lipid solution is then frozen in liquid nitrogen and lyophilized for at least 16 h to make sure
that all the organic solvent is removed.

4. The lipid powder is hydrated in a MOPS buffer (50 mM) containing 100 mM NaCl and 100 pM
EDTA, and adjusted to pH 7.4. Typically the appropriate buffer volume is added to provide a
MLV stock suspension of 5 mM.

5. The samples are submitted to 3 freeze-and-thaw cycles (from liquid nitrogen temperature to a
temperature about 10 °C above the temperature of the gel-to-fluid phase transition). The sample
is vortexed when the sample is at high temperature to ensure the proper hydration of the lipids.

Note: Other buffers could be used but they must be phosphate free in order to assay phospholipids.

Example: model membrane preparation
Membranes made of 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine (POPC) and 1-palmitoyl-
2-oleoyl-sn-glycero-phosphoethanolamine (POPE) with a POPC/POPE molar ratio of 60/40;
sufficient lipid amount for 10 samples.

Molecular weight (POPC) = 760.07 g/mol; Molecular weight (POPE) = 718.01 g/mol

Organic solution: 5 mg of phospholipid/ml.

730 pl of POPC organic solution (3.65 mg; 4.80 umol) were mixed with 460 pl of POPE organic
solution (2.30 mg; 3.20 pmol).

After lyophilization, the resulting lipid powder (5.95 mg; 8.00 umol) was hydrated with 1.6 ml of

buffer to provide a MLV stock suspension of 5 mM.
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B. Lipid extraction

The lipid extraction is determined for a given membrane composition, a given temperature, and a

given concentration of perturbing agent. All the samples, including the controls (i.e., without the

perturbing agent), have the same final volume, and final lipid concentration.

1.

Each sample is a combination of an aliquot of MLV suspension, an aliquot of perturbing agent
solution, and an aliquot of buffer. The final concentration of lipid is set between 1.5 and 4 mM,
and the concentration of perturbing agent depends on the desired lipid/perturbation agent molar
ratio. The total volume should be between 250 and 1,500 ul. The appropriate volume of MLV
stock suspension is pipetted in a 1.5 ml centrifuge tube. The aliquot of perturbing agent solution,
prepared in the same buffer as the lipid suspension, is added to obtain the desired
lipid/perturbing agent ratio. An aliquot of buffer is added to ensure that all samples have the
same volume and the same lipid concentration (Tablel).

Table 1 shows an example of the composition of a sample series to determine the efficiency and
selectivity of lipid extraction induced by a detergent. In this case, the concentration of the lipid

stock solution is 40 mM while the concentration of the detergent stock solution is 10 mM.

Table 1. Example of sample series: Lipid extraction by a detergent

Total Lipid Detergent Lipid Detergent | Buffer
Sample | volume | concentration | concentration | volume | volume | volume
(ml) (mM) (mM) (W) (W) (CU)
Control | 0.500 1.50 0 18.75 0 481
1 0.500 1.50 0.27 18.75 13.50 468
2 0.500 1.50 0.50 18.75 25.0 456
3 0.500 1.50 0.75 18.75 375 444
4 0.500 1.50 1.00 18.75 50.0 431
5 0.500 1.50 1.25 18.75 62.5 418
6 0.500 1.50 1.50 18.75 75.0 406
7 0.500 1.50 2.00 18.75 100.0 381
8 0.500 1.50 3.00 18.75 150.0 331
9 0.500 1.50 4.00 18.75 200 281
10 0.500 1.50 5.00 18.75 250 231

The suspensions are then vortexed and incubated for at least 30 min at a given temperature,
using a water bath.

After the incubation, the samples are centrifuged for 5 min at 20,800 x g and 1 °C. The extracted
lipids are defined as those existing in small perturbing agent/lipid assemblies that stay in the
supernatant while the remaining MLVs (possibly with bound perturbing agent) pellet.
Centrifugation of control samples (without perturbing agent) typically show that more than 95%

of lipids are found in the pellets.
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4.
5.

Note: Another temperature can be selected for the centrifugation; the control samples (without
perturbing agent) provide a quantitative description of the efficiency of the separation of the
extracted lipids from the remaining MLVs by centrifugation.

The supernatants are isolated using a syringe.

The pellets are resuspended in 500 pl of MOPS bulffer for their analysis.

C. Lipid analysis

Two parallel analyses are carried out to determine the extent of lipid extraction. First, the

phospholipid contents in the supernatants, and in the pellets are determined by a Bartlett

phosphorus assay (Bartlett, 1958). Second, an LC-MS analysis is carried out for the supernatants

and the pellets.

D. Bartlett phosphorus assay

1.

o o b~ w

N

10.
11.
12.

13.

14.

15.
16.

An aliquot of the lipid sample containing between 8 and 70 nmol in phospholipid is transferred
into a glass test tube. Typically, 20 ul of the supernatant and 20 pl of resuspended pellet are
used.

Standard samples containing between 0 (blank), and 3.5 mM phosphate are prepared in glass
test tubes, from a KH2PO4 stock solution (3.5 mM in Milli-Q water; 47.63 mg in 100 ml). Typically,
samples with 3.5, 2.0, 1.5, 1.0, 0.4 mM KH2PO4 are prepared.

A 20-pl aliquot of each standard sample is transferred into a glass test tube.

To each tube, 120 pl of concentrated sulphuric acid is added. The samples are then vortexed.
To each tube, 20 pl of H202 (30%) is added. The samples are then vortexed.

The tubes are heated all together to 200 °C for 10 min. During the heating, marbles are placed
on top of the tubes to prevent potential evaporation.

The samples are put on the bench and left to cool to room temperature.

To each tube, 1,340 pl of Milli-Q water is added. The samples are then vortexed.

To each tube, 40 pl of Na2S20s solution (526 mM in Milli-Q water; 100 mg in 1 ml) is added. The
samples are then vortexed.

The tubes are heated all together to ~90 °C for exactly 5 min.

The samples are put on the bench and left to cool to room temperature.

To each tube, 400 pl of (NH4)sM07024-4H20 solution (16.2 mM in Milli-Q water; 200 mg in 10 ml)
is added. The samples are then vortexed.

To each tube, 40 ul of ascorbic acid (568 mM in Milli-Q water; 100 mg in 1 ml — the solution is
photosensitive and must be kept in the dark prior its use) are added. The samples are then
vortexed.

The tubes are heated all together to ~90 °C for exactly 10 min. A blue color should appear.
The samples are put on the bench and left to cool to room temperature.

The absorbance at 820 nm is read within 1 h and is used for the phospholipid determination
(Figure 1).
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Figure 1. Typical calibration curve for the Bartlett assay

E. LC-MS analysis

The lipid composition of the supernatants and of the pellets are determined by LC-MS analysis.
Typically 32-ul aliquots of each sample are injected and triplicates are carried out for each condition.
Samples are eluted on a YMC diol column (4.6 x 150 mm, 5 um patrticle size) (Agilent Technologies),
maintained at 50 °C. Elution of the phospholipids is achieved in 7 min, using acetonitrile/aqueous
ammonium acetate solution (100 mM) (85/15, v/v) at 0.6 ml/min. The ESI source is used in the
positive ionization mode. Nitrogen is used as drying gas at 250 °C and 12 L/min. Nebulizing gas is
also nitrogen, held at 241 kPa.

1. AZ2-plaliquot of the supernatant and of the resuspended pellet is diluted in 1 ml of an H2O/MeOH

(1/9, viv) solution.
2. A2-pl aliquot is injected for the LC/MS analysis.

Data analysis

1. The Bartlett assay
The fraction of extracted phospholipids, f, is provided by:

f " amount of phospholipid in the supernatant +amount of phospholipid in the pellet

2. The LC/MS analysis
The extent of extraction for each lipid species is determined using:
Extraction% = As/(As + Ap) x 100%
Where,
As and Ap are the lipid peak area from the supernatant and the pellet analysis, respectively.

amount of phospholipid in the supernatant

The lipid specificity of the extraction is obtained by comparing Extraction% calculated for each
lipid. In the absence of specificity, Extraction% should be the same for the different lipids. A

higher Extraction% factor for one lipid relative to the other defines its specific extraction.
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Notes

Example: An example of results showing some lipid selectivity for a detergent-induced extraction
of phosphatidylcholine (PC)/phosphatidylethanolamine (PE) membranes is presented in Table
2.

Table 2. Example of sample series: Selectivity of lipid extraction by a detergent. The lipid

concentration was constant (1.5 mM) and the detergent concentration is varied.

LC-MS Analysis Bartlett Assay
) ) Total Total
Detergent PC Extraction PE Extraction Phospholipid Phospholipid
concentration (mM) (%) (%) Extraction (%) Extraction (%)
Control (0) 04+0.1 0.71 +0.06 0.54+0.11 0.6+0.2
0.27 26+04 24+05 25104 26+0.3
0.50 59+1.0 43+0.6 5.3+0.8 5.4+0.7
0.75 14+3 8.6+1.0 12+2 10+4
1.00 27+3 17+1 23+2 24.0+0.3
1.25 39+7 24 +3 33%5 303
1.50 48 +5 302 41+4 39+3
2.00 60+5 40+ 2 52+4 51+4
3.00 80+6 62+4 73+5 67 +6
4.00 96 +6 85+4 91+5 86+4
5.00 102+ 6 99+6 101+6 92.4 £ 0.05
6.00 101+4 101+3 101+4 96 +7
8.00 99 +4 99 +2 99 +3 100+1

For the Bartlett assay, the reproducibility for independent triplicates was typically 8% and better
than 10%.

For the LC/MS analysis, the reproducibility between the 3 injections of a sample is typically
better than 1%, and it is better than 5% for independent triplicates.

For detergent concentration between 0.75 and 4 mM, the extraction is PC specific as more PC
are extracted relative to PE. When the MLVs are intact or completely disrupted, lipid extraction
specificity cannot be expressed.

The agreement of the total phospholipid extraction between the LC/MS and the Bartlett assay

reflects the accuracy of the determination.
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