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SDS = sodium dodecyl sulfate SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid EDTA = Ethylenediaminetetraacetic acid MeOH = Methanol DCM = Dichloromethane HPLC-APCI-MS = high performance liquid chromatography

The hyperthermoacidophilic Sulfolobus acidocaldarius has served as a key model for studying the S-layers of archaea since its isolation in 1972 [START_REF] Brock | Sulfolobus: a new genus of sulfuroxidizing bacteria living at low pH and high temperature[END_REF]. Like other Sulfolobus species, the S-layers of S. acidocaldarius are composed of monomers of the SlaA protein self-assembled into a hexagonal array with threefold (P3) symmetry [START_REF] Lembcke | Image analysis and processing of an imperfect two-dimensional crystal: the surface layer of the archaebacterium Sulfolobus acidocaldarius re-investigated[END_REF], and anchored into a tetraether monolayer cell membrane by the SlaB protein proteins [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF][START_REF] Gambelli | Architecture and modular assembly of Sulfolobus S-layers revealed by electron cryotomography[END_REF]. Both SlaA and SlaB are known to be Nglycosylated [START_REF] Peyfoon | The S-layer glycoprotein of the crenarchaeote Sulfolobus acidocaldarius is glycosylated at multiple sites with chitobiose-linked Nglycans[END_REF][START_REF] Guan | N-glycosylation in the thermoacidophilic archaeon Sulfolobus acidocaldarius involves a short dolichol pyrophosphate carrier[END_REF]. While Sulfolobus species share the same the basic S-layer structure, the primary sequence of SlaA and SlaB share only 24-25 % identify with other species such as S. islandicus and S. solfataricus {Gambelli:2019hd}. The S-layer proteins of S. acidocaldarius also show far greater stability against detergents than other Sulfolobus species. While Sulfolobus solfataricus and Sulfolobus brierleyi are only mildly resistant to hot detergent (SDS) treatments, S. acidocaldarius was shown to be highly resistant [START_REF] König | Studies on archaebacterial S-layers[END_REF]. Treatment with room temperature 10 % SDS resulted in Slayer sheets, but the S. acidocaldarius S-layer proteins remained insoluble up to treatment with 10 % SDS at 90 o C [START_REF] Weiss | Subunit cell wall of Sulfolobus acidocaldarius[END_REF]. Many aspects of the S-layer structure and function can be studied using whole cells, however isolation and purification of the S-layer proteins is needed to separate the roles of SlaA and SlaB from those of the other cell envelope components. Despite the simplistic structure of the Sulfolobus cell envelope, isolation of the S-layer proteins is complicated by the fact that after an initial cell disruption and removal of the cellular contents, S-layer-containing cell-free sacculi retain the same morphology as whole cells. These sacculi or "ghosts" can contain the complete cell envelope (cell membrane, SlaA, SlaB), or only the cell wall (S-layer only, no cell membrane). Early extractions of the S. acidocaldarius cell envelope lysed cells using either a French press, or detergents (0.15 % SDS with 10 mM EDTA) to aid in destabilizing the cell envelope [START_REF] Weiss | Subunit cell wall of Sulfolobus acidocaldarius[END_REF][START_REF] Michel | The 2-D Crystalline Cell Wall of Sulfolobus acidocaldarius: Structure, Solubilization, and Reassembly[END_REF]. [START_REF] Grogan | Phenotypic characterization of the archaebacterial genus Sulfolobus: comparison of five wild-type strains[END_REF] developed a generalized Sulfolobus S-layer purification protocol using 0.4 % N-lauryl sarcosine in buffer (pH 5) to lyse cells and DNase treatment to reduce the lysate viscosity, followed by repeated cycles of treatment with the same solution heated to 56 o C and centrifugation to remove cellular debris, eventually producing a whitish upper phase containing the S-layer proteins overlaying the brownish cell pellet. The higher resistance of S. acidocaldarius S-layer proteins to detergent treatments compared to other Sulfolobus species were exploited to permitted better separation of the S-layer proteins from the underlying cell membrane. Lipid removal was found to be more effective using SDS rather than Triton X-100. Using large batches (over 20 L) of cell cultures for extractions, it was found that following an initial cell lysis, repeated hot (60 o C) SDS treatments could be employed to separate S. acidocaldarius S-layers from other cellular proteins [START_REF] Michel | The 2-D Crystalline Cell Wall of Sulfolobus acidocaldarius: Structure, Solubilization, and Reassembly[END_REF]. SDS was subsequently removed by 6-8 washes in deionized H2O (dIH2O). This protocol became the standard for S. acidocaldarius S-layer extractions. However, the composition of the protein extracts (SlaA, SlaB) varied between labs. Using the same protocol and the same strain of S. acidocaldarius, one group reported obtaining S-layer sacculi composed of both SlaA and SlaB proteins [START_REF] Michel | The 2-D Crystalline Cell Wall of Sulfolobus acidocaldarius: Structure, Solubilization, and Reassembly[END_REF], while others reported obtaining pure SlaA "ghosts" retaining cell-type morphology [START_REF] Selenska-Pobel | Magnetic Au nanoparticles on archaeal S-Layer ghosts as templates[END_REF][START_REF] Reitz | Spectroscopic study on uranyl carboxylate complexes formed at the surface layer of Sulfolobus acidocaldarius[END_REF]. The quantity of cell culture used for extraction also affects the quality of the extracts. Following the same protocol, but using only 1 L of exponential-phase culture instead of large batch cultures (20-70 L), we obtained S-layer ghosts with both SlaA and B proteins rather than pure SlaA [START_REF] Kish | Preservation of Archaeal Surface Layer Structure During Mineralization[END_REF]).
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The inability to properly down-scaling the S-layer extraction protocol to benchtop scale (1-2 L) cultures, as well as the difficulties encountered isolating SlaB, likely due to the strong association of SlaB with so-far unidentified molecules in the cell envelope, inhibit routine studies of S-layer protein structure and function.

Here we present a method for a benchtop-scale purification of SlaA and SlaB proteins, as well as characterization of the molecules strongly associated with the SlaB anchor protein.

Methods and Results:

The purification of SlaA and SlaB proteins followed three main steps: preparation of cell envelope extracts, separation of SlaA and SlaB, and finally removal of membrane lipids from SlaB.

Culture growth and preparation of S-layer-enriched cell envelope extracts Sulfolobus acidocaldarius DSM 639 cells were cultivated in Brock's medium [START_REF] Brock | Sulfolobus: a new genus of sulfuroxidizing bacteria living at low pH and high temperature[END_REF]) pH 3.5 supplemented with 0.1% yeast extract and 0.2% D-saccharose at 80 o C with agitation (170 rpm) in 1 L Erlenmeyer flasks with specialty-made extended glass aeration necks in a shaking oil bath until mid-exponential growth phase (OD600nm=0.5). The cells were harvested by centrifugation (8000 x g, 10 min), and the cell pellets resulting from roughly 1 L of culture were flash frozen in liquid nitrogen and stored at -80 o C until use for S-layer protein extraction.

To purify the S-layer proteins, we first isolated the S-layer containing cell envelope using a modified version of the protocol of Reitz et al. [START_REF] Reitz | Spectroscopic study on uranyl carboxylate complexes formed at the surface layer of Sulfolobus acidocaldarius[END_REF], adapted to benchtop-scale volumes (1-2 L cell culture at OD600nm=0.5) rather than bioreactor-scale volumes (70 L) used in previous studies. The cell pellet was gently thawed on ice and resuspended in HEPES buffer (10 mM, pH 7) at 4 o C containing 2 mM EDTA to inhibit metalloproteases as well as chelate any cations attached to anionic leaflet of the tetraether membrane [START_REF] De Castro | Biological Membranes in Extreme Conditions: Anionic Tetraether Lipid Membranes and Their Interactions with Sodium and Potassium[END_REF], and 1 mM Pefabloc SC to inhibit serine proteases [START_REF] Fusi | Intracellular proteases from the extremely thermophilic archaebacterium Sulfolobus solfataricus[END_REF]. Preliminary disruption of cell membranes and solubilization of proteins was achieved using a denaturing, anionic detergent (0.15 % SDS). DNA was digested by addition of 100 µg/µl DNase I and 4 mM MgCl2 for 1 h at 37 o C to reduce the viscosity of the cell lysate. Further solubilization of the cell lysate and cell membrane was then performed by overnight incubation in 2 % SDS at room temperature with gentle agitation (50 rpm). Insoluble S-layer components were separated from the rest of the solubilized cell lysate by centrifugation (40 000 x g, 45 min). The white upper, diffuse layer containing the cell envelope was removed from the more compact, darker beige phase underneath, resuspended in the same buffer, and centrifuged as before. The SDS was then removed from the resulting cell layer extracts by eight washes in dIH2O (centrifugation at 40 000 x g, 45 min between each wash step), and the protein components of extracts analyzed by SDS-PAGE. This enriched S-layer protein sample obtained by hot SDS extraction was then analyzed by SDS-PAGE. Solubilization of the proteins prior to electrophoretic migration was accomplished by incubation in 20 mM sodium carbonate buffer (pH 10) at 65 o C for 30 min.

Laemmli buffer was then added and the proteins denatured at 95 o C for 5 min prior to separation by SDS-PAGE (10 % gel), and visualized by Coomassie staining. The only two bands visible (apparent masses near 120 kDa and 55 kDa) corresponded to the previously established apparent molecular masses for polypeptides determined by mass spectrometry to be SlaA and SlaB, respectively [START_REF] Kish | Preservation of Archaeal Surface Layer Structure During Mineralization[END_REF]) (see Figure 1). More SlaA was isolated than SlaB, which is coherent with the model for Sulfolobus S-layer structure, with six SlaA
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proteins composing the hexameric S-layer array anchored by three SlaB proteins [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF].

After removal of the supernatant, the resulting pellet contains two differently colored phases: a lower, darker beige phase containing cell lysate and a whitish upper phase containing the cell envelope. Previous protocols manually separated the whitish phase from the rest of the pellet [START_REF] Reitz | Spectroscopic study on uranyl carboxylate complexes formed at the surface layer of Sulfolobus acidocaldarius[END_REF]. However, in practice obtaining a cell pellet sufficiently large to easily manually separate the whitish phase from the darker phase is only possible when starting from batch-scale culture volumes, such as the 70 L bioreactor used by Reitz et al. [START_REF] Reitz | Spectroscopic study on uranyl carboxylate complexes formed at the surface layer of Sulfolobus acidocaldarius[END_REF], which are not readily available. To separate the SlaA and SlaB proteins, we instead used size exclusion chromatography.

Separation of SlaA and SlaB by size exclusion chromatography

The S-layer suspension in 20 mM Na-carbonate buffer (pH 10) was injected into a Superdex 200 (GE Healthcare) size exclusion chromatography column. Figure 2 shows the presence of two peaks: the first is an exclusion peak (panel A; peak 1), whereas the second one corresponds to purified SlaA monomers (panel A; peak 2). The purified SlaA monomers were collected. In order to ensure that no SlaA monomers were mixed with SlaB proteins in the excluded fraction, this fraction was reinjected and separated by gel filtration (Figure 2B; peak 1'). The resulting fractions from both injections were stored at 4 o C. Separation of the isolated proteins by SDS-PAGE (10 % gel; see Figure 3) revealed the expected apparent molecular masses for purified SlaB and SlaA proteins in the first and second fractions, respectively.

While this shows that the SlaA and SlaB proteins were successfully separated from all other proteins, the chromatogram for the elution of the SlaB protein corresponds to a larger mass than would be expected for SlaB monomers. We hypothesized that SlaB monomers were aggregating, either due to hydrophobic interactions between SlaB proteins, or due to the presence of membrane tetraether lipids still associated with the SlaB protein. To test the hypothesis that lipids were remaining in association with SlaB even after treatment with 2% SDS, we subjected the enriched SlaB fraction to lipid extraction. Extraction and identification of membrane lipids associated with SlaB The enriched SlaB suspension collected from the size exclusion chromatography column (Figure 2B, peak 1') was dried using a rotary evaporator. Lipid extraction from the dried sample was performed using a modified Bligh and Dyer method based on [START_REF] Huguet | Effects of a short-term experimental microclimate warming on the abundance and distribution of branched GDGTs in a French peatland[END_REF]. Briefly, samples were resuspended in an extraction mix of methanol (MeOH):Dichloromethane (DCM):Buffer (either phosphate buffer (50 mM, pH 7.4) or Nacarbonate buffer (40mM, pH 10)) (2:1:0.8 v/v/v), and placed in an ultrasonic bath (Branson 3510) for 10 min. The MeOH:DCM:Buffer (Phosphate or Na-carbonate) volume ratio was then adjusted to 1:1:0.9, followed by centrifugation (500 x g, 10 min), and collection of the extracts in a separation funnel. The DCM layer containing the lipids was separated from the MeOH: Buffer (Phosphate or Na-carbonate) layer and then extracted three more times with DCM, with the resulting DCM fractions combined and dried over Na2SO4. For extraction of lipids from the enriched SlaB suspension, Na-carbonate (40 mM, pH 10) was used.

The lipid extract was then re-dissolved in 200 µL heptane and centrifuged using an Eppendorf Mini Spin centrifuge (1 min, 7000 rpm). The supernatant was collected and analyzed using high performance liquid chromatography-atmospheric pressure chemical ionization mass spectrometry (HPLC-APCI-MS). Tetraether analyses were performed as

P r e -P r i n t p r i o r t o p e e r r e v i e w

s e e f i n a l v e r s i o n d o i : 1 0 . 1 0 0 7 / s 0 0 7 9 2 -0 2 0 -0 1 1 7 9 -9 recently described by Huguet et al. (2019). Briefly, tetraether separation was achieved with two silica columns in tandem (150 mm × 2.1 mm, 1.9 µm, Thermo Finnigan; USA) thermostated at 40 o C. Injection volume was 30 µl. GDGTs were first eluted isocratically with 82 % A/18 % B for 25 min (A = hexane, B = hexane/isopropanol 9/1, v/v). The following linear gradient was subsequently used: 82 % A/18 % B to 65 % A/35 % B in 25 min, followed by 65 % A/35 % B to 100 % B, maintained for 10 min and then back to 82 % A/18 % B in 10 min, maintained for 30 min. The flow rate was set at 0.2 ml/min. HPLC-APCI-MS analysis enabled detection of two tetraether lipids in the sample of purified SlaB proteins, identified on the chromatogram as two peaks with mass to charge ratios (m/z) of 1296 at 10.7 min, and 1294 at 11.4 min (Figure 4A). These masses correspond to the cyclopentane ring-bearing glycerol dialkyl glycerol tetraethers (GDGTs) GDGT-3 and GDGT-4, respectively [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][START_REF] Zeng | GDGT cyclization proteins identify the dominant archaeal sources of tetraether lipids in the ocean[END_REF].

To ensure that no other lipids remained attached to the SlaB proteins after lipid extraction, the SlaB proteins obtained after solvent-based lipid extraction were first applied to a Superdex 200 (GE Healthcare) size exclusion chromatography column. The resulting protein fraction was then subjected to a second round of solvent-based lipid extraction using the same protocol as previously, using phosphate buffer (50 mM, pH 7.4) instead of Nacarbonate buffer, after which no lipids were detected (Figure 4B) with a minimum detection limit of 1 ppb.

Having identified that GDGTs were in fact associated with SlaB after hot SDS treatment and size exclusion chromatography, we sought to remove these lipids from the original SlaB protein aggregate obtained after hot SDS treatment. This enriched SlaB protein solution (Figure 2B, peak 1') was first solubilized in an equal volume of 20 mM Na-carbonate buffer (pH 10) and then treated it with 1 % CHAPS for 30 min at 37 o C with agitation. To check whether this treatment was sufficient for removal of the GDGTs associated with SlaB, the CHAPS-treated solution was first applied to a Superdex 200 size exclusion chromatography column to isolate the SlaB proteins, which were excluded from the column, followed by lipid extraction following the same modified Bligh and Dyer method described above using phosphate buffer (50 mM, pH 7.4). HPLC-APCI-MS analyses failed to detected any tetraether lipids in association with SlaB. The exclusion of SlaB proteins from the Superdex 200 resin indicates that despite the removal of residual GDGTs by CHAPS following hot SDS isolation of the S-layer proteins, the SlaB proteins remained associated in an aggregate mass.

Taken together, these results suggest that the larger mass observed during elution for purified SlaB was due to both strong association with GDGTs and likely auto-aggregation of hydrophobic, N-terminal transmembrane domain of the SlaB protein [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF].

Discussion :

Here we present a method for complete isolation of SlaA from SlaB, starting from benchscale culture volumes. This method improves upon existing protocols by allowing for reduced quantities of cell cultures to be used. In our study, the SlaA was found to have an apparent molecular mass of 120 kDa, despite the calculated molecular mass of 151 kDa based on its primary sequence [START_REF] Claus | Molecular organization of selected prokaryotic S-layer proteins[END_REF]. Previous studies have observed a range of apparent molecular weights for SlaA from S. acidocaldarius DSM 639 up to 170 kDa [START_REF] Michel | The 2-D Crystalline Cell Wall of Sulfolobus acidocaldarius: Structure, Solubilization, and Reassembly[END_REF][START_REF] Grogan | Phenotypic characterization of the archaebacterial genus Sulfolobus: comparison of five wild-type strains[END_REF][START_REF] Selenska-Pobel | Magnetic Au nanoparticles on archaeal S-Layer ghosts as templates[END_REF]. Some early studies have even
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shown two high-molecular weight bands for the SlaA protein (140 kDa and 170 kDa) that were determined by their amino acid composition to be the same SlaA protein [START_REF] Michel | The 2-D Crystalline Cell Wall of Sulfolobus acidocaldarius: Structure, Solubilization, and Reassembly[END_REF]. This difference in the electrophoretic mobility of S. acidocaldarius S-layer proteins has been attributed to protein glycosylations, as well as their low solubility in acidic or neutral hot SDS [START_REF] Grogan | Organization and interactions of cell envelope proteins of the extreme thermoacidophile Sulfolobus acidocaldarius[END_REF]. In addition, S-layer proteins remain insoluble in the neutral pH Laemmli buffer containing SDS, and so prior to electrophoretic migration, S-layer proteins must be solubilized in a heated in alkaline buffer [START_REF] Grogan | Phenotypic characterization of the archaebacterial genus Sulfolobus: comparison of five wild-type strains[END_REF][START_REF] Selenska-Pobel | Magnetic Au nanoparticles on archaeal S-Layer ghosts as templates[END_REF][START_REF] Guan | N-glycosylation in the thermoacidophilic archaeon Sulfolobus acidocaldarius involves a short dolichol pyrophosphate carrier[END_REF]). S-layer proteins from other archaea have shown altered electrophoretic migration depending on culturing conditions including temperature, pH, and protein maturation events [START_REF] Konrad | Lipid modification of proteins in Archaea: attachment of a mevalonic acid-based lipid moiety to the surface-layer glycoprotein of Haloferax volcanii follows protein translocation[END_REF][START_REF] Claus | Molecular organization of selected prokaryotic S-layer proteins[END_REF]. While the reasons for these differences in electrophoretic mobility are still unknown, attention must therefore be paid when comparing results between studies using different strains of the same organism, as well as the culturing and protein solubilization conditions. This protocol allowed us to identify for the first time that the molecules aggregating with SlaB in strong association are GDGTs. The interaction between SlaB S-layer anchor protein and membrane tetraether lipids was shown to be highly resistant, even to heat and detergent treatments. Less SlaB is present than SlaA, even in whole cells, coherent with the current model for Sulfolobus S-layer structure with twice as much SlaA as SlaB [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF]).

There is likely some loss of SlaB during the initial steps of the extraction protocol due to strong attachment to membrane lipids. The final SlaB extract contained no other proteins detectable by SDS-PAGE or mass spectrometry, and no other lipids detectable using our HPLC-MS methods. Despite this, the SlaB proteins still eluted from the size exclusion chromatography column in the exclusion peak. This suggests that SlaB proteins strongly associate with one another, likely due to interactions between monomers, likely due to hydrophobic interactions between their N-terminal transmembrane domains. Very little is currently known about the role of SlaB. The SlaB anchor protein of S. solfataricus are predicted by its primary structure to be shorter than that of S. acidocaldarius, containing fewer beta sandwich domains [START_REF] Veith | Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression[END_REF]. Correspondingly, the pseudoperiplasmic space created by the SlaB protein varies in height between the Sulfolobales, from 18 nm in Sulfolobus shibatae [START_REF] Baumeister | Principles of organization in eubacterial and archaebacterial surface proteins[END_REF] to 27 nm in S. acidocaldarius [START_REF] Kish | Preservation of Archaeal Surface Layer Structure During Mineralization[END_REF]. A recent study of ΔslaB mutants in Sulfolobus islandicus suggests that the S-layer anchoring role of SlaB can be partially complemented by another S-layer associated protein, designated M164_1049 [START_REF] Zhang | Cell Structure Changes in the Hyperthermophilic Crenarchaeon Sulfolobus islandicus Lacking the S-Layer[END_REF]. Another recent study in Sulfolobus solfataricus used CRISPR-mediated silencing of gene encoding SlaB to show that in addition to its anchoring role, SlaB is important in virus susceptibility, cell morphology, and cell division (Zink et al. 2019). These findings allow deeper study of the individual components of the essential cell envelope structure. This is of particular importance given the current absence of tertiary structures for archaeal S-layers, with the sole exception of the C-terminal domain of the Methanosarcina acetivorans S-layer protein [START_REF] Arbing | Structure of the surface layer of the methanogenic archaean Methanosarcina acetivorans[END_REF]. Extracted S-layers have been used in a range of biotechnology applications, from nanomaterials and bioremediation applications, to immobilized biocatalysts, biochips, and drug delivery [START_REF] Selenska-Pobel | Magnetic Au nanoparticles on archaeal S-Layer ghosts as templates[END_REF][START_REF] Bartolomé | Strong paramagnetism of gold nanoparticles deposited on a Sulfolobus acidocaldarius S layer[END_REF][START_REF] Sleytr | S-layers: principles and applications[END_REF]. Historically, S-layer protein purity is often verified in relation to other proteins by SDS-PAGE. Our results show the importance of analyzing for any attached lipids to ensure protein purity prior to any sensitive downstream applications. Taken together, the findings of this study will permit greater precision when isolating and studying 
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 24 Figure 2. Separation of SlaA and SlaB protein by gel filtration chromatography. After injection of the enriched S-layer protein sample obtained by hot SDS extraction (panel A) we obtain two peaks; the peak 1 is an exclusion peak containing SlaB, whereas the peak 2 corresponds to purified SlaA monomers. To make sure that no SlaA monomers were mixed with SlaB proteins in the excluded fraction, this fraction was then reinjected and separated by P r e -P r i n t p r i o r t o p e e r r e v i e w -s e e f i n a l v e r s i o n d o i : 1 0 . 1 0 0 7 / s 0 0 7 9 2 -0 2 0 -0 1 1 7 9 -9