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Abstract: 1 
The Sulfolobus acidocaldarius S-layer is composed of two main proteins: SlaA, which forms 2 
the ordered structure of the S-layer matrix, and SlaB, which supports and anchors the S-layer 3 
in the tetraether lipid membrane. Large batch-scale methods using starting culture volumes of 4 
20-70 L have been developed for the isolation of the SlaA protein from the rest of the cell5 
envelope. These methods rely on the thermotolerance of SlaA and its high resistance to 6 
detergents. SlaB, however, remains strongly associated in a large molecular weight aggregate 7 
with other cell envelope components, even after removal of the remaining cellular contents. 8 
Here we demonstrate a protocol for benchtop-scale (1-2 L) purification of S-layer proteins. 9 
Using this protocol, we were also able to identify for the first time the tetraether lipids 10 
strongly attached to SlaB. 11 

12 
Keywords: S-layer, cell wall, Sulfolobus acidocaldarius, Archaea, protein purification, SlaA, 13 
SlaB 14 

15 
Introduction: 16 
The cell walls of extremophilic microorganisms provides both vital protection from 17 
potentially damaging agents, as well as an interface for interactions with both other 18 
organisms and abiotic elements in the external environment. Cell wall composition varies 19 
between different taxonomic groups, but most major phylogenetic groups of bacteria and 20 
archaea include cell walls containing proteinaceous surface layers (or S-layers) (Zhu et al. 21 
2017). S-layers can in fact be the sole component of the cell wall for many extremophilic 22 
archaea. 23 

24 
S-layers are a self-assembling matrix of repeated protein monomers, often bearing post-25 
translational modifications such as glycosylations, that can modify the interactions between 26 
cell surfaces and their surrounding biotic and abiotic environment. The symmetry of the S-27 
layer is determined by the number of monomers composing the repeated structural unit: 28 
oblique (P2), square (P4), or hexagonal (P3 or P6). S-layer proteins are one of the most 29 
abundant cellular proteins, composing in excess of 10 % of total protein (Sleytr et al. 2011). 30 

31 
S-layers are known to have roles in structural support, cell adhesion, and virulence32 
(Engelhardt 2007a). They have been shown to play key roles in the survival of extremophiles 33 
under stress conditions including salinity and osmotic stress (Engelhardt 2007b; Guan et al. 34 
2012; Im et al. 2013), metal stress (Chandramohan et al. 2018), radionuclides (Merroun et al. 35 
2005; Reitz et al. 2015), thermal stress and mechanical stress (Mader et al. 1999) as well as 36 
enhancing UV-resistance (Farci et al. 2017). S-layers have been harnessed for biotechnology 37 
applications, ranging from materials science, to metal biomining and bioremediation, to drug 38 
delivery systems (Sleytr et al. 2011; Bartolomé et al. 2012; Sleytr et al. 2014; Ucisik et al. 39 
2015). 40 

41 
S-layer proteins show little sequence conservation between the Bacteria and Archaea. Even42 
within the Archaea there is wide variance in the S-layer protein primary sequences and post-43 
translational modifications, as well as S-layer matrix symmetries, structures, and interactions 44 
with the cell membrane and other cell envelope components (Albers and Meyer 2011; 45 
Rodrigues-Oliveira et al. 2017). No complete crystal structure has been resolved to date for 46 
archaeal S-layer proteins. The lack of conservation inhibits the development of "universal" S-47 
layer tools, such as universal S-layer recognition antibodies. Studies of S-layer proteins must 48 
therefore be tailored to each taxonomic group, often employing model species. 49 

50 
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The hyperthermoacidophilic Sulfolobus acidocaldarius has served as a key model for 51 
studying the S-layers of archaea since its isolation in 1972 (Brock et al. 1972). Like other 52 
Sulfolobus species, the S-layers of S. acidocaldarius are composed of monomers of the SlaA 53 
protein self-assembled into a hexagonal array with threefold (P3) symmetry (Lembcke et al. 54 
1991), and anchored into a tetraether monolayer cell membrane by the SlaB protein proteins 55 
(Veith et al. 2009; Gambelli et al. 2019).  Both SlaA and SlaB are known to be N-56 
glycosylated (Peyfoon et al. 2010; Guan et al. 2016). While Sulfolobus species share the same 57 
the basic S-layer structure, the primary sequence of SlaA and SlaB share only 24-25 % 58 
identify with other species such as S. islandicus and S. solfataricus {Gambelli:2019hd}. The 59 
S-layer proteins of S. acidocaldarius also show far greater stability against detergents than60 
other Sulfolobus species. While Sulfolobus solfataricus and Sulfolobus brierleyi are only 61 
mildly resistant to hot detergent (SDS) treatments, S. acidocaldarius was shown to be highly 62 
resistant (König and Stetter 1986). Treatment with room temperature 10 % SDS resulted in S-63 
layer sheets, but the S. acidocaldarius S-layer proteins remained insoluble up to treatment 64 
with 10 % SDS at 90 oC (Weiss 1974). 65 

66 
Many aspects of the S-layer structure and function can be studied using whole cells, however 67 
isolation and purification of the S-layer proteins is needed to separate the roles of SlaA and 68 
SlaB from those of the other cell envelope components. Despite the simplistic structure of the 69 
Sulfolobus cell envelope, isolation of the S-layer proteins is complicated by the fact that after 70 
an initial cell disruption and removal of the cellular contents, S-layer-containing cell-free 71 
sacculi retain the same morphology as whole cells. These sacculi or "ghosts" can contain the 72 
complete cell envelope (cell membrane, SlaA, SlaB), or only the cell wall (S-layer only, no 73 
cell membrane). 74 

75 
Early extractions of the S. acidocaldarius cell envelope lysed cells using either a French 76 
press, or detergents (0.15 % SDS with 10 mM EDTA) to aid in destabilizing the cell 77 
envelope (Weiss 1974; Michel et al. 1980). Grogan (1989) developed a generalized 78 
Sulfolobus S-layer purification protocol using 0.4 % N-lauryl sarcosine in buffer (pH 5) to 79 
lyse cells and DNase treatment to reduce the lysate viscosity, followed by repeated cycles of 80 
treatment with the same solution heated to 56 oC and centrifugation to remove cellular debris, 81 
eventually producing a whitish upper phase containing the S-layer proteins overlaying the 82 
brownish cell pellet. The higher resistance of S. acidocaldarius S-layer proteins to detergent 83 
treatments compared to other Sulfolobus species were exploited to permitted better separation 84 
of the S-layer proteins from the underlying cell membrane. Lipid removal was found to be 85 
more effective using SDS rather than Triton X-100. Using large batches (over 20 L) of cell 86 
cultures for extractions, it was found that following an initial cell lysis, repeated hot (60 oC) 87 
SDS treatments could be employed to separate S. acidocaldarius S-layers from other cellular 88 
proteins (Michel et al. 1980). SDS was subsequently removed by 6-8 washes in deionized 89 
H2O (dIH2O). This protocol became the standard for S. acidocaldarius S-layer extractions. 90 

91 
However, the composition of the protein extracts (SlaA, SlaB) varied between labs. Using the 92 
same protocol and the same strain of S. acidocaldarius, one group reported obtaining S-layer 93 
sacculi composed of both SlaA and SlaB proteins (Michel et al. 1980), while others reported 94 
obtaining pure SlaA "ghosts" retaining cell-type morphology (Selenska-Pobel et al. 2011; 95 
Reitz et al. 2015). The quantity of cell culture used for extraction also affects the quality of 96 
the extracts. Following the same protocol, but using only 1 L of exponential-phase culture 97 
instead of large batch cultures (20-70 L), we obtained S-layer ghosts with both SlaA and B 98 
proteins rather than pure SlaA (Kish et al. 2016). 99 

100 
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 4 

The inability to properly down-scaling the S-layer extraction protocol to benchtop scale (1-2 101 
L) cultures, as well as the difficulties encountered isolating SlaB, likely due to the strong 102 
association of SlaB with so-far unidentified molecules in the cell envelope, inhibit routine 103 
studies of S-layer protein structure and function.   104 
 105 
Here we present a method for a benchtop-scale purification of SlaA and SlaB proteins, as 106 
well as characterization of the molecules strongly associated with the SlaB anchor protein. 107 
 108 
Methods and Results: 109 
The purification of SlaA and SlaB proteins followed three main steps: preparation of cell 110 
envelope extracts, separation of SlaA and SlaB, and finally removal of membrane lipids from 111 
SlaB. 112 
  113 
Culture growth and preparation of S-layer-enriched cell envelope extracts 114 
Sulfolobus acidocaldarius DSM 639 cells were cultivated in Brock’s medium (Brock et al. 115 
1972) pH 3.5 supplemented with 0.1% yeast extract and 0.2% D-saccharose at 80 oC with 116 
agitation (170 rpm) in 1 L Erlenmeyer flasks with specialty-made extended glass aeration 117 
necks in a shaking oil bath until mid-exponential growth phase (OD600nm=0.5). The cells were 118 
harvested by centrifugation (8000 x g, 10 min), and the cell pellets resulting from roughly 1 L 119 
of culture were flash frozen in liquid nitrogen and stored at -80 oC until use for S-layer 120 
protein extraction.  121 
 122 
To purify the S-layer proteins, we first isolated the S-layer containing cell envelope using a 123 
modified version of the protocol of Reitz et al. (Reitz et al. 2015), adapted to benchtop-scale 124 
volumes (1-2 L cell culture at OD600nm=0.5) rather than bioreactor-scale volumes (70 L) used 125 
in previous studies. The cell pellet was gently thawed on ice and resuspended in HEPES 126 
buffer (10 mM, pH 7) at 4 oC containing 2 mM EDTA to inhibit metalloproteases as well as 127 
chelate any cations attached to anionic leaflet of the tetraether membrane (Pineda De Castro 128 
et al. 2016), and 1 mM Pefabloc SC to inhibit serine proteases (Fusi et al. 1991). Preliminary 129 
disruption of cell membranes and solubilization of proteins was achieved using a denaturing, 130 
anionic detergent (0.15 % SDS). DNA was digested by addition of 100 µg/µl DNase I and 4 131 
mM MgCl2 for 1 h at 37 oC to reduce the viscosity of the cell lysate. Further solubilization of 132 
the cell lysate and cell membrane was then performed by overnight incubation in 2 % SDS at 133 
room temperature with gentle agitation (50 rpm). Insoluble S-layer components were 134 
separated from the rest of the solubilized cell lysate by centrifugation (40 000 x g, 45 min). 135 
The white upper, diffuse layer containing the cell envelope was removed from the more 136 
compact, darker beige phase underneath, resuspended in the same buffer, and centrifuged as 137 
before. The SDS was then removed from the resulting cell layer extracts by eight washes in 138 
dIH2O (centrifugation at 40 000 x g, 45 min between each wash step), and the protein 139 
components of extracts analyzed by SDS-PAGE.  140 
 141 
This enriched S-layer protein sample obtained by hot SDS extraction was then analyzed by 142 
SDS-PAGE. Solubilization of the proteins prior to electrophoretic migration was 143 
accomplished by incubation in 20 mM sodium carbonate buffer (pH 10) at 65 oC for 30 min. 144 
Laemmli buffer was then added and the proteins denatured at 95 oC for 5 min prior to 145 
separation by SDS-PAGE (10 % gel), and visualized by Coomassie staining. The only two 146 
bands visible (apparent masses near 120 kDa and 55 kDa) corresponded to the previously 147 
established apparent molecular masses for polypeptides determined by mass spectrometry to 148 
be SlaA and SlaB, respectively (Kish et al. 2016) (see Figure 1). More SlaA was isolated than 149 
SlaB, which is coherent with the model for Sulfolobus S-layer structure, with six SlaA 150 
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 5 

proteins composing the hexameric S-layer array anchored by three SlaB proteins (Veith et al. 151 
2009). 152 
 153 
After removal of the supernatant, the resulting pellet contains two differently colored phases: 154 
a lower, darker beige phase containing cell lysate and a whitish upper phase containing the 155 
cell envelope. Previous protocols manually separated the whitish phase from the rest of the 156 
pellet (Reitz et al. 2015). However, in practice obtaining a cell pellet sufficiently large to 157 
easily manually separate the whitish phase from the darker phase is only possible when 158 
starting from batch-scale culture volumes, such as the 70 L bioreactor used by Reitz et al. 159 
(Reitz et al. 2015), which are not readily available. To separate the SlaA and SlaB proteins, 160 
we instead used size exclusion chromatography. 161 
 162 
Separation of SlaA and SlaB by size exclusion chromatography 163 
The S-layer suspension in 20 mM Na-carbonate buffer (pH 10) was injected into a Superdex 164 
200 (GE Healthcare) size exclusion chromatography column. Figure 2 shows the presence of 165 
two peaks: the first is an exclusion peak (panel A; peak 1), whereas the second one 166 
corresponds to purified SlaA monomers (panel A; peak 2). The purified SlaA monomers 167 
were collected. In order to ensure that no SlaA monomers were mixed with SlaB proteins in 168 
the excluded fraction, this fraction was reinjected and separated by gel filtration (Figure 2B; 169 
peak 1’). The resulting fractions from both injections were stored at 4 oC. Separation of the 170 
isolated proteins by SDS-PAGE (10 % gel; see Figure 3) revealed the expected apparent 171 
molecular masses for purified SlaB and SlaA proteins in the first and second fractions, 172 
respectively.  173 
 174 
While this shows that the SlaA and SlaB proteins were successfully separated from all other 175 
proteins, the chromatogram for the elution of the SlaB protein corresponds to a larger mass 176 
than would be expected for SlaB monomers. We hypothesized that SlaB monomers were 177 
aggregating, either due to hydrophobic interactions  between SlaB proteins, or due to the 178 
presence of membrane tetraether lipids still associated with the SlaB protein. To test the 179 
hypothesis that lipids were remaining in association with SlaB even after treatment with 2% 180 
SDS, we subjected the enriched SlaB fraction to lipid extraction. 181 
 182 
Extraction and identification of membrane lipids associated with SlaB  183 
The enriched SlaB suspension collected from the size exclusion chromatography column 184 
(Figure 2B, peak 1') was dried using a rotary evaporator. Lipid extraction from the dried 185 
sample was performed using a modified Bligh and Dyer method based on Huguet et al. 186 
(2013). Briefly, samples were resuspended in an extraction mix of methanol 187 
(MeOH):Dichloromethane (DCM):Buffer (either phosphate buffer (50 mM, pH 7.4) or Na-188 
carbonate buffer (40mM, pH 10)) (2:1:0.8 v/v/v), and placed in an ultrasonic bath (Branson 189 
3510) for 10 min. The MeOH:DCM:Buffer (Phosphate or Na-carbonate) volume ratio was 190 
then adjusted to 1:1:0.9, followed by centrifugation (500 x g, 10 min), and collection of the 191 
extracts in a separation funnel. The DCM layer containing the lipids was separated from the 192 
MeOH: Buffer (Phosphate or Na-carbonate) layer and then extracted three more times with 193 
DCM, with the resulting DCM fractions combined and dried over Na2SO4. For extraction of 194 
lipids from the enriched SlaB suspension, Na-carbonate (40 mM, pH 10) was used. 195 
 196 
The lipid extract was then re-dissolved in 200 µL heptane and centrifuged using an 197 
Eppendorf Mini Spin centrifuge (1 min, 7000 rpm). The supernatant was collected and 198 
analyzed using high performance liquid chromatography–atmospheric pressure chemical 199 
ionization mass spectrometry (HPLC–APCI–MS). Tetraether analyses were performed as 200 
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 6 

recently described by Huguet et al. (2019). Briefly, tetraether separation was achieved with 201 
two silica columns in tandem (150 mm × 2.1 mm, 1.9 µm, Thermo Finnigan; USA) 202 
thermostated at 40 oC. Injection volume was 30 µl. GDGTs were first eluted isocratically 203 
with 82 % A/18 % B for 25 min (A = hexane, B = hexane/isopropanol 9/1, v/v). The 204 
following linear gradient was subsequently used: 82 % A/18 % B to 65 % A/35 % B in 25 205 
min, followed by 65 % A/35 % B to 100 % B, maintained for 10 min and then back to 82 % 206 
A/18 % B in 10 min, maintained for 30 min. The flow rate was set at 0.2 ml/min. 207 
 208 
HPLC-APCI-MS analysis enabled detection of two tetraether lipids in the sample of purified 209 
SlaB proteins, identified on the chromatogram as two peaks with mass to charge ratios (m/z) 210 
of 1296 at 10.7 min, and 1294 at 11.4 min (Figure 4A). These masses correspond to the 211 
cyclopentane ring-bearing glycerol dialkyl glycerol tetraethers (GDGTs) GDGT-3 and 212 
GDGT-4, respectively (Hopmans et al. 2000; Zeng et al. 2019).  213 
 214 
To ensure that no other lipids remained attached to the SlaB proteins after lipid extraction, 215 
the SlaB proteins obtained after solvent-based lipid extraction were first applied to a 216 
Superdex 200 (GE Healthcare) size exclusion chromatography column. The resulting protein 217 
fraction was then subjected to a second round of solvent-based lipid extraction using the 218 
same protocol as previously, using phosphate buffer (50 mM, pH 7.4) instead of Na-219 
carbonate buffer, after which no lipids were detected (Figure 4B) with a minimum detection 220 
limit of 1 ppb. 221 
 222 
Having identified that GDGTs were in fact associated with SlaB after hot SDS treatment and 223 
size exclusion chromatography, we sought to remove these lipids from the original SlaB 224 
protein aggregate obtained after hot SDS treatment. This enriched SlaB protein solution 225 
(Figure 2B, peak 1') was first solubilized in an equal volume of 20 mM Na-carbonate buffer 226 
(pH 10) and then treated it with 1 % CHAPS for 30 min at 37 oC with agitation. To check 227 
whether this treatment was sufficient for removal of the GDGTs associated with SlaB, the 228 
CHAPS-treated solution was first applied to a Superdex 200 size exclusion chromatography 229 
column to isolate the SlaB proteins, which were excluded from the column, followed by lipid 230 
extraction following the same modified Bligh and Dyer method described above using 231 
phosphate buffer (50 mM, pH 7.4). HPLC-APCI-MS analyses failed to detected any 232 
tetraether lipids in association with SlaB. The exclusion of SlaB proteins from the Superdex 233 
200 resin indicates that despite the removal of residual GDGTs by CHAPS following hot 234 
SDS isolation of the S-layer proteins, the SlaB proteins remained associated in an aggregate 235 
mass.  236 
 237 
Taken together, these results suggest that the larger mass observed during elution for purified 238 
SlaB was due to both strong association with GDGTs and likely auto-aggregation of 239 
hydrophobic, N-terminal transmembrane domain of the SlaB protein (Veith et al. 2009). 240 
 241 
  242 
Discussion : 243 
Here we present a method for complete isolation of SlaA from SlaB, starting from bench-244 
scale culture volumes. This method improves upon existing protocols by allowing for 245 
reduced quantities of cell cultures to be used. In our study, the SlaA was found to have an 246 
apparent molecular mass of 120 kDa, despite the calculated molecular mass of 151 kDa based 247 
on its primary sequence (Claus et al. 2005). Previous studies have observed a range of 248 
apparent molecular weights for SlaA from S. acidocaldarius DSM 639 up to 170 kDa 249 
(Michel et al. 1980; Grogan 1989; Selenska-Pobel et al. 2011). Some early studies have even 250 
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 7 

shown two high-molecular weight bands for the SlaA protein (140 kDa and 170 kDa) that 251 
were determined by their amino acid composition to be the same SlaA protein (Michel et al. 252 
1980). This difference in the electrophoretic mobility of S. acidocaldarius S-layer proteins 253 
has been attributed to protein glycosylations, as well as their low solubility in acidic or 254 
neutral hot SDS (Grogan 1996). In addition, S-layer proteins remain insoluble in the neutral 255 
pH Laemmli buffer containing SDS, and so prior to electrophoretic migration, S-layer 256 
proteins must be solubilized in a heated in alkaline buffer (Grogan 1989; Selenska-Pobel et 257 
al. 2011; Guan et al. 2016). S-layer proteins from other archaea have shown altered 258 
electrophoretic migration depending on culturing conditions including temperature, pH, and 259 
protein maturation events (Konrad and Eichler 2002; Claus et al. 2005). While the reasons for 260 
these differences in electrophoretic mobility are still unknown, attention must therefore be 261 
paid when comparing results between studies using different strains of the same organism, as 262 
well as the culturing and protein solubilization conditions. 263 
 264 
This protocol allowed us to identify for the first time that the molecules aggregating with 265 
SlaB in strong association are GDGTs. The interaction between SlaB S-layer anchor protein 266 
and membrane tetraether lipids was shown to be highly resistant, even to heat and detergent 267 
treatments. Less SlaB is present than SlaA, even in whole cells, coherent with the current 268 
model for Sulfolobus S-layer structure with twice as much SlaA as SlaB (Veith et al. 2009). 269 
There is likely some loss of SlaB during the initial steps of the extraction protocol due to 270 
strong attachment to membrane lipids. The final SlaB extract contained no other proteins 271 
detectable by SDS-PAGE or mass spectrometry, and no other lipids detectable using our 272 
HPLC-MS methods. Despite this, the SlaB proteins still eluted from the size exclusion 273 
chromatography column in the exclusion peak. This suggests that SlaB proteins strongly 274 
associate with one another, likely due to interactions between monomers, likely due to 275 
hydrophobic interactions between their N-terminal transmembrane domains. 276 
 277 
Very little is currently known about the role of SlaB. The SlaB anchor protein of S. 278 
solfataricus are predicted by its primary structure to be shorter than that of S. acidocaldarius, 279 
containing fewer beta sandwich domains (Veith et al. 2009). Correspondingly, the pseudo-280 
periplasmic space created by the SlaB protein varies in height between the Sulfolobales, from 281 
18 nm in Sulfolobus shibatae (Baumeister et al. 1989) to 27 nm in S. acidocaldarius (Kish et 282 
al. 2016). A recent study of ΔslaB mutants in Sulfolobus islandicus suggests that the S-layer 283 
anchoring role of SlaB can be partially complemented by another S-layer associated protein, 284 
designated M164_1049 (Zhang et al. 2019). Another recent study in Sulfolobus solfataricus 285 
used CRISPR-mediated silencing of gene encoding SlaB to show that in addition to its 286 
anchoring role, SlaB is important in virus susceptibility, cell morphology, and cell division 287 
(Zink et al. 2019). 288 
 289 
These findings allow deeper study of the individual components of the essential cell envelope 290 
structure. This is of particular importance given the current absence of tertiary structures for 291 
archaeal S-layers, with the sole exception of the C-terminal domain of the Methanosarcina 292 
acetivorans S-layer protein (Arbing et al. 2012). Extracted S-layers have been used in a range 293 
of biotechnology applications, from nanomaterials and bioremediation applications, to 294 
immobilized biocatalysts, biochips, and drug delivery (Selenska-Pobel et al. 2011; Bartolomé 295 
et al. 2012; Sleytr et al. 2014). Historically, S-layer protein purity is often verified in relation 296 
to other proteins by SDS-PAGE. Our results show the importance of analyzing for any 297 
attached lipids to ensure protein purity prior to any sensitive downstream applications. Taken 298 
together, the findings of this study will permit greater precision when isolating and studying 299 
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 8 

the S-layer components of Archaea, including their self-assembly, and interactions with other 300 
macromolecules as well as ions and molecules in the extracellular environment. 301 
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Figures: 420 
 421 

 422 
Figure 1. SDS-PAGE of extracted S-layer ghosts with two bands with apparent molecular 423 
masses around 120 kDa (SlaA) and 55 kDa (SlaB). 424 
 425 
 426 

 427 

 428 
Figure 2. Separation of SlaA and SlaB protein by gel filtration chromatography. After 429 
injection of the enriched S-layer protein sample obtained by hot SDS extraction (panel A) we 430 
obtain two peaks; the peak 1 is an exclusion peak containing SlaB, whereas the peak 2 431 
corresponds to purified SlaA monomers. To make sure that no SlaA monomers were mixed 432 
with SlaB proteins in the excluded fraction, this fraction was then reinjected and separated by 433 
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gel filtration (panel B). The resulting exclusion peak exclusion (peak 1’) shows that no 434 
additional SlaA monomers were mixed in with the SlaB. 435 
 436 

 437 
Figure 3. SDS-PAGE of fractions (1’) and (2), resulting from the first and second injections 438 
into the gel filtration column, respectively. The bands correspond to the expected apparent 439 
molecular masses of SlaA and SlaB, showing that each protein extract is now free of other 440 
polypeptides. 441 
 442 
 443 

444 
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Figure 4. HPLC/MS identification of tetraether lipids present in samples of purified SlaB 446 
before (panel A) and after (panel B) lipid extraction. The chromatograms show the absolute 447 
intensity as a function of retention time. 448 
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