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Lipid membranes are essential cellular elements as they provide cellular integrity and selective permeability under a broad range of environmental settings upon cell growth. In particular, Archaea are commonly recognized for their tolerance to extreme conditions, which is now widely accepted to stem from the unique structure of their lipids. While enhancing the stability of the archaeal cell membrane, the exceptional properties of archaeal lipids also hinder their extraction using regular procedures initially developed for bacterial and eukaryotic lipids. The protocol described here circumvents these issues by directly hydrolyzing the polar head group(s) of archaeal lipids and extracting the resulting core lipids. Although leading to a loss of information on the nature of polar heads, this procedure allows the quantitative extraction of core lipids for most types of archaeal cells in an efficient, reproducible, and rapid manner.

the most extreme environments, be it due to temperature, pH, salinity, hydrostatic pressure, or other environmental stressors [START_REF] Komatsu | Low permeability of liposomal membranes composed of bipolar tetraether lipids from thermoacidophilic archaebacterium Sulfolobus acidocaldarius[END_REF][START_REF] Baba | Formation and characterization of planar lipid bilayer membranes from synthetic phytanyl-chained glycolipids[END_REF]. This ability to cope with multiple extreme conditions has been associated with one of their most diagnostic features, i.e., the unique structure of their membrane lipids. Indeed, instead of the typical lipids commonly found in Bacteria and Eukarya, which are built upon straight fatty-acyl chains ester-linked to a glycerol backbone in a sn-1,2 configuration, archaeal lipids contain polyisoprenoid alkyl chains that are ether-linked to a glycerol in a sn-2,3 configuration (De Rosa and Gambacorta, 1988). While polyisoprenoid alkyl chains provide greater membrane packing and impermeability compared to fatty acyl chains due to their heavy branching [START_REF] Komatsu | Low permeability of liposomal membranes composed of bipolar tetraether lipids from thermoacidophilic archaebacterium Sulfolobus acidocaldarius[END_REF], ether bonds are more chemically and thermally resistant than ester linkages and less polar [START_REF] Baba | Formation and characterization of planar lipid bilayer membranes from synthetic phytanyl-chained glycolipids[END_REF], both contributing to the enhanced stability of archaeal membranes. In addition, most Archaea are also capable of synthesizing both bilayer-forming diether lipids (one polar moiety) and membrane-spanning tetraether lipids (two polar moieties), the latter generating membrane monolayers that are even more rigid and impermeable than archaeal bilayers [START_REF] Chong | Archaebacterial bipolar tetraether lipids: physico-chemical and membrane properties[END_REF]. In contrast to their core lipids, the polar head groups of archaeal lipids remain very similar to those of Bacteria and Eukarya, with phospho-and glyco-lipids deriving from sugars (glycerol, inositol, glucose, and N-acetylhexosamine) [START_REF] Jensen | Structural characterization of ether lipids from the archaeon Sulfolobus islandicus by high-resolution shotgun lipidomics[END_REF], aminoacids (serine and ethanolamine) [START_REF] Koga | Taxonomic significance of the distribution of component parts of polar ether lipids in methanogens[END_REF], or combinations of both [START_REF] Koga | Taxonomic significance of the distribution of component parts of polar ether lipids in methanogens[END_REF]. Although substantial lipidomes, e.g., Note: Here, we used a vacuum pump at 50 Hz with a maximum displacement of 20.5 m 3 h -1 , a maximum pumping speed of 17.0 m 3 h -1 , and an ultimate vacuum of 2 × 10 -2 mbar. Although a strong suction power allows for a faster procedure, any vacuum pump able to reach an ultimate vacuum below 20 mbar can be used. 

N2 drying system

Note: Here, we connected our building N2 supply (Air Products, CryoEase ® supply system) to a distributing system consisting of polycarbonate tubes (Cole-Parmer, catalog number: FV-30526-18) and splitting valves (Cole-Parmer, catalog number: FV-30600-02) ending on needles (BD, catalog number: 300700) or glass pipettes. Refer to Figure 3 for a depiction of the system.

High performance liquid chromatography (HPLC) instrument

Note: Here, we used a HP 1100 series LC system equipped with binary pumps (Agilent G1312A), a solvent degasser (Agilent G1379A), an autoinjector (Agilent G1913A), a thermostated column compartment (Agilent G1316A), and Chemstation chromatography manager software (Agilent Technologies Rev. A.09.03). However, any HPLC system that can function with a solvent gradient can be used. Note: As for every lipid extraction procedure, the growth medium may contain a significant amount of lipids unrelated to the cells to be analyzed. To avoid extracting these lipids from the culture medium, it is important to rinse the cells twice with an appropriate isotonic solution prior to freezedrying.

2. Remove all traces of potential organic contaminants by combusting all glassware, sand, celite, and glass wool at 450°C for 4 h before use. Rinse the glassware with deionized water, acetone, and DCM (in that order). Let it dry before use.

3. Silica gel is pre-extracted with DCM in a Soxhlet apparatus.

4. All reagents and solvents (except Hept) must be high grade, i.e., >99% purity, to reduce the risk of contamination.

Note: High purity solvent can also be obtained by distillation if possible.

5.

Hept is cleaned from organic contaminants by filtration over a column filled with silica gel.

6. Prepare 100 ml of 1.2 N HCl in MeOH by adding 10 ml of HCl 37% to 90 ml of MeOH.

Note: The solution can be stored for several weeks in a capped glass bottle at room temperature.

7. Prepare 100 ml of MeOH/DCM (1:1, v/v) by adding 50 ml of DCM into 50 ml of MeOH.

Note: The solution can be stored in a capped glass bottle at room temperature for several weeks. 8. Prepare 50 ml of Hept/IPA (99:1, v/v) by adding 0.5 ml of IPA to 49.5 ml of Hept.

Note: The solution can be stored for several weeks in a capped glass flask at room temperature. 9. Prepare 1,000 ml of Hept/IPA (95:5, v/v) by adding 50 ml of IPA to 950 of Hept.

Note: The solution can be stored for several weeks in a glass bottle at room temperature.

10. Prepare a 1,000-ml glass bottle filled with Hept.

Note: The solution can be stored for several weeks at room temperature.

A. Archaeal cell hydrolysis (Figure 1) 1. Transfer the archaeal cell pellet to a Pyrex TM glass tube using a small glass funnel.

2. Use 4 ml of 1.2 N HCl in MeOH to resuspend the archaeal cell pellet and rinse the glass funnel using glass pipettes and a hand pump.

Note: The volume at this step may be modified depending on the size of the cell pellet. However, do not fill the Pyrex TM tube above half of its total volume. Warning: Due to the gas generated during the heating step, hot gas and liquid may gush out from the tube when opening it.

Add 4 ml of DCM into the Pyrex TM tube (final MeOH/DCM 1:1, v/v).

Note: The volume at this step may be modified depending on the size of the cell pellet.

3. Create a filter by placing glass wool and then celite into a glass funnel. Place the glass funnel onto a 50 ml-round-bottomed flask suited for the rotary evaporator. 2020), but the nature and volume of solvents can be adjusted to fit the requirements of your chromatographic separation, i.e., nature and size of the column.

1. Start your chromatography instrument.

2. Set the temperature of the column thermostat to 30°C.

3. Empty the trash collectors and fill the vial used for rinsing (Hept/IPA 95:5, v/v).

4. Feed the chromatography manager software with the gradient used for HPLC chromatography.

Note: Here, we used the following gradient with A = Hept/IPA (95:5, v/v) and B = Hept, and a flow rate of 0.2 ml min -1 : 95% B (5 min isocratic) to 65% B in 30 min (5 min isocratic), then to 0% B in 1 min (10 min isocratic), and back to 95% B in 1 min (5 min isocratic). The total run time per sample is 57 min.

5. Double-check for stable pressure in the system to ensure proper separation. Flush your system if necessary.

Start the MS instrument.

7. Feed the MS manager software with the conditions for the MS analysis.

Note: Here, we used the following MS conditions: nebulizer pressure, 50 psi; APCI temperature, 420°C; drying temperature, 350°C; drying gas (N2) flow, 5 L min -1 ; capillary voltage, -2 kV; corona, 4 µA; and scan range m/z, 600-2,200. Note: Run a control sample every 30-40 analyses to check for appropriate separation and intensity. Reproducibility is evaluated by running selected samples in duplicate or triplicate and a reference sample. For instance, as a reference sample, we used a core lipid extract from Pyrococcus furiosus, which contains diphytanyl glycerol diethers (DGD) and multiple isomers of tetraether lipids, i.e., glycerol mono-, di-, and trialkyl glycerol tetraethers (GMGT, GDGT, and GTGT, respectively) with 0 to 4 cyclopentane rings, to assess the performance of the HPLC column. Additionally, run a standard mixture (synthetic archaeal-like lipids can be purchased from Avanti) to assess the relative response factors of the compounds detected. As a standard mixture, we used a solution of DGD/GDGT0 at 2:1 molar ratio which gave a relative response factor of DGD ca. 10 times lower than that of GDGT0 under our analytical conditions [START_REF] Tourte | Functionalized membrane domains: an ancestral feature of Archaea?[END_REF]). identification can be aided by referring to, e.g., [START_REF] Hopmans | Analysis of intact tetraether lipids in archaeal cell material and sediments by high performance liquid chromatography/atmospheric pressure chemical ionization mass spectrometry[END_REF].

E. Chromatogram and mass spectrum analysis

1. Draw the total ion current (TIC) of your analysis using mass spectrum and chromatogram processing software. 2. Major compounds, i.e., the most abundant on the TIC, are tentatively identified based on their mass spectra, fragmentation patterns, retention time in LC, and comparison with published data (where possible). Use an average of several spectra of a given core lipid peak to ensure proper identification (Figure 1).

Note: Very few ions besides the protonated adduct of the intact compound are generated by our APCI procedure, and compounds are thus identified based on their protonated masses. To further ascertain the structures of identified core lipids, MS/MS can be performed.

3. Draw the extracted ion chromatogram (EIC) by extracting the masses of all compounds identified (Figure 4). For each compound, select a mass range suited to your MS system.

Note: Considering our system, we usually use a mass range of ±0.5. 
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 3 Rotary evaporator (Büchi, models: Rotavapor RE 111; heating bath, B-491) Note: Any rotary evaporator compatible with your vacuum pump and heating bath up to 50°C can be used.

6 . 1 .

 61 Prevail Cyano 3 microns column (150 mm × 2.1 mm; Grace Davison Discovery Sciences, VWR, catalog number: HICH99243) Note: When not used, our column was stored in Hept/IPA (95:5, v/v). However, the solvent mixture allows for both the storage and equilibration of the column and thus depends on the separation gradient (see Step D4). It might hence be adjusted to your requirements. 7. Mass spectrometer equipped with an ion trap and an atmospheric pressure chemical ionization (APCI) source Note: Here, we used an Ion Trap MS Esquire 3000Plus (Bruker Daltonics, GE0100-G552) and an Agilent APCI source (Agilent G1947A), but any Mass spectrometry (MS) instrument equipped with an APCI source can be used. Software Mass spectrum and chromatogram processing software. Note: Here, we used the Compass Data Analysis software (version 5.0, 2017) provided by Bruker Daltonics, but any mass spectrum and chromatogram processing software, especially the one provided by your HPLC-MS instrument manufacturer, can be used. www.bio-protocol.org/e4118 Bio-protocol 11(16): e4118. DOI:10.21769/BioProtoc.4118 Please cite this article as: Tourte, M. et al. (2021). Acid Hydrolysis for the Extraction of Archaeal Core Lipids and HPLC-MS Analysis. Bio-protocol 11(16): e4118. DOI: 10.21769/BioProtoc.4118. Archaeal biomass must be freeze-dried beforehand.
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 3 Tightly close the Pyrex TM tube with a cap containing a PTFE seal.Note: Double check that the cap is closed to avoid any evaporation that could lead to the destruction of the sample.4. To avoid any cross-contamination of samples and contamination of the oven in case of leakage, put 5 cm of sand in a glass bottle, place your Pyrex TM tubes in the sand, and close the bottle with a stopper.

5 .

 5 Heat your samples at 110°C for 4 h.Note: This procedure is strong enough to remove most of the archaeal polar head groups without further degrading archaeal lipids, i.e., ether linkages remain unharmed.6. Take your samples out of the oven and let them cool down to room temperature.Note: At this step, if your tubes were not sealed tightly enough, your sample might have dried out and completely burned (black-brown color of the sample), which might result in the destruction of core lipids. As a quality control of the procedure, check that tubes still contain solvent and that cell pellets are almost completely disrupted and colorless.
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 1 Figure 1. Schematic of the workflow for the direct acid methanolysis of archaeal dried biomass. Circled numbers refer to the steps in the text. Abbreviations: MeOH, methanol; PTFE, polytetrafluoroethylene.

4 .

 4 Transfer the sample onto the filter and filter it through the funnel into the flask to remove the solid particles (i.e., cell debris) from the lipid extract. 5. Rinse the Pyrex TM tube twice with 4 ml of MeOH/DCM (1:1, v/v) and filter it into the same flask as above. 6. Rinse the filter into the same flask twice with 4 ml of MeOH/DCM (1:1, v/v). www.bio-protocol.org/e4118 Bio-protocol 11(16): e4118. DOI:10.21769/BioProtoc.4118 Please cite this article as: Tourte, M. et al. (2021). Acid Hydrolysis for the Extraction of Archaeal Core Lipids and HPLC-MS Analysis. Bio-protocol 11(16): e4118. DOI: 10.21769/BioProtoc.4118.
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 2 Figure 2. Schematic of the workflow for the extraction of core lipids from the hydrolyzed biomass. Circled numbers refer to the steps in the text. Abbreviations: MeOH, methanol; DCM, dichloromethane.

Figure 3 .

 3 Figure 3. Schematic of the workflow for the core lipid extract preparation for HPLC analysis. Circled numbers refer to the steps in the text. Abbreviations: MeOH, methanol; Hept, heptane; IPA, isopropanol.
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 8 Double-check that all parameters properly reach the set values. 9. Place the 2 ml-vials containing your samples dissolved in 1 ml of Hept/IPA (99:1, v/v; see Step C6) onto the HPLC autosampler. 10. Fill the chromatography manager software file with your sample information and sequence. Note: The injection volume is set to 10 µl. To enhance reproducibility, adjust the concentration of your samples (Step C6) rather than change the injection volume. 11. Run your sequence.
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 4 Integrate each peak on your EIC to determine the relative proportion of each core lipid and correct with the response factor of the compounds under your analytical conditions (see Step D11).

Figure 4 .

 4 Figure 4. Core lipid analysis of Thermococcus acidaminovorans. Cells were grown under optimal conditions (85°C, pH 9.0, 3.0% NaCl (w/v); Dirmeier et al., 1998). The chromatogram was drawn by extracting the following masses: 653.5, 1302.5, and 1304.5. Inserts show the mass spectrum and the resulting core structure for each colored peak: green, diphytanyl glycerol diether (DGD); blue, glycerol trialkyl glycerol tetraether with no cyclopentane ring (GTGT0); and purple, glycerol dibiphytanyl glycerol tetraether with no cyclopentane ring (GDGT0). The indicated masses correspond to protonated adducts. Correcting for the response factors
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