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Proteinaceous surface layers (S-layers) are highly ordered, crystalline structures commonly found in
prokaryotic cell envelopes that augment their structural stability and modify interactions with metals
in the environment. While mineral formation associated with S-layers has previously been noted, the
mechanisms were unconstrained. Using Sulfolobus acidocaldarius a hyperthermophilic archaeon native
to metal-enriched environments and possessing a cell envelope composed only of a S-layer and a lipid
cell membrane, we describe a passive process of iron phosphate nucleation and growth within the
S-layer of cells and cell-free S-layer “ghosts” during incubation in a Fe-rich medium, independently of
metabolic activity. This process followed five steps: (1) initial formation of mineral patches associated
with S-layer; (2) patch expansion; (3) patch connection; (4) formation of a continuous mineral
encrusted layer at the cell surface; (5) early stages of S-layer fossilization via growth of the extracellular
mineralized layer and the mineralization of cytosolic face of the cell membrane. At more advanced
stages of encrustation, encrusted outer membrane vesicles are formed, likely in an attempt to remove
damaged S-layer proteins. The S-layer structure remains strikingly well preserved even upon the final
step of encrustation, offering potential biosignatures to be looked for in the fossil record.

Structure and chemical composition of cell envelopes are defining characteristics of the main branches of prokar-
yotic microorganisms. They determine for example which molecules are permitted to penetrate the cell interior,
the mechanical strength available to counteract stress conditions, and the nature of interactions with metals in
the environment. One cell envelope component common to representatives of most major phylogenetic branches
of prokaryotes is a proteinaceous surface layer, or S-layer. The simplicity of S-layers as cell walls, particularly
in certain archaeal species for which the S-layer is the sole component of their cell envelope outside the lipid
membrane, has led to the suggestion that S-layers may have been an early form of cell wall in the evolution of
prokaryotes'. The S-layer structure is usually composed of a single main protein type (40-200kDa) arranged into
a highly ordered structure. These rigid two-dimensional crystalline arrays of identical proteins are capable of
self-assembly, both on cell surfaces, and in solution in vitro as cell-free S-layer “ghosts™>. The (3-sheet structure of
S-layer protein monomers is highly conducive to self-assembly of the repeating, ordered structure’.

S-layer proteins are among the most abundant biopolymers on Earth, representing 15% of all cellular proteins
in bacterial cells®. S-layers are anchored either directly into the lipid membrane as is the case in the Archaea, or to
peptidoglycan via secondary cell wall polymers as in Gram-positive bacteria, or associated with the lipopolysac-
charide outer membrane of Gram-negative bacteria®. The fact that both mesophilic and extremophilic bacteria
and archaea possess S-layers indicates that they represent a common evolutionary adaptation against a range
of stresses. S-layers augment the structural stability of prokaryotic cells, thereby protecting cells against pre-
dation® and stabilizing lipid membranes under environmental stresses such as high temperature, mechanical
stress®, or osmotic and hydrostatic pressures”®. They also serve as a molecular sieve on top of the semi-permeable
lipid membrane, as well as aid in cell-to-cell and cell-to-surface adhesion’. The survival advantages provided by
S-layers have likely contributed their maintenance by diverse prokaryotes despite the high metabolic costs of
producing such an organic “exoskeleton”
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Figure 1. S-layer structure of Sulfolobus acidocaldarius from cryoTEM observations of whole cells [Panel (a);
arrow points to S-layer] and reconstituted S-layer extracts [S-layer ghosts, conventional TEM observations after
negative staining using 1% sodium phosphotungstate in Panel (b) and cryoTEM observations in Panel (c)]. Panel
(c) insert shows inverse fast Fourier transform (IFFT) image analyses confirming a p3 hexagonal S-layer symmetry.

S-layers are capable of adsorbing metals and radionuclides, including Pd(II), Cu(II), Pt(II), Au(II)!° and
U(VI) in the form of uranyl phosphate'"!2. Metals interactions with S-layers can result in altered physical prop-
erties of both the metals and the S-layers themselves, including the deposition of Au-nanoparticles on S-layers
resulting in increased structural stability of the S-layers and augmented paramagnetism of Au nanoparticles!®!4,
S-layers from cyanobacteria have been described as the nucleation site of carbonate and sulfate minerals includ-
ing fine-grained gypsum (CaSO,.2H,0), calcite (CaCO,)", strontianite (SrCO;) and celestite (SrSO,)'¢. Over
twenty years have passed since these pioneering studies, and yet the mechanisms of S-layer mineralization remain
poorly constrained.

Here, we report observations of the hyperthermophilic archaeon Sulfolobus acidocaldarius. This strain was
originally isolated from metal-rich, acidic solfatares and hot springs. It is an aerobic heterochemoorganotroph
with small, lobed cocci cells 1-2 pm in diameter, growing at temperatures between 55-85 °C under acidic con-
ditions (pH 1-6) in the presence of sulfur and a variety of metals including iron'”. The cell envelope in the
Sulfolobales only consists of a S-layer anchored to the cell membrane. The S-layer of S. acidocaldarius is composed
of two proteins; SlaA, which forms the S-layer surface and SlaB, which forms a pedestal extending out from the
lipid membrane to anchor the SlaA protein lattice'®, creating a quasi-periplasmic space (or quasi-periplasm)®.
The basic construction of the S-layer in S. acidocaldarius consists in a repeating lattice of SlaA protein monomers
supported by the pedestal-like SlaB protein anchoring it to the cell membrane!®. These S-layers may provide
nucleation sites for mineral precipitation.

Here, iron being prevalent in the natural environment of Sulfolobale species®, we focused on nucleation and
growth of Fe-bearing minerals in contact with the S-layer of S. acidocaldarius, iron being prevalent in the nat-
ural environment of Sulfolobale species?®. We performed conventional and cryo-TEM analyses on experimen-
tally biomineralized whole cells and cell-free S-layer “ghosts”. Incubation of these samples in a Fe-rich medium
induced the formation of crystalline iron oxyhydroxide and amorphous iron phosphate minerals in close associ-
ation with S-layers.

Results

Nature of minerals associated with S-layers. Cell envelopes in Sulfolobus are extremely simple, being
composed only of a cell membrane (tetraether lipids) and a surrounding proteinaceous S-layer that are easily
identified in the cryo-TEM images of whole cells (Fig. 1a). Inverse Fast Fourier transforms of images of S-layer
ghosts (Fig. 1b,c and insert) confirmed that these cell-free extracts of S-layer proteins retained not only the size
and shape of the cell, but also the hexagonal (p3) S-layer symmetry previously described for this species?’. In
a phosphate-free medium enriched in FeSO, in the presence of whole cells, nanocrystalline needles of a few
tens of nanometers were precipitated in association with S. acidocaldarius cells (Fig. 2a). In contrast, in phos-
phate- and sulfate-rich media (FeSO,+ NaH,PO,), P- and Fe-rich particles precipitated by whole S. acidocal-
darius cells as globules (Fig. 2b(i)). EDXS analyses (Fig. 2a(ii),b(ii)) and SAED patterns (data not shown) were
consistent with crystalline ferric iron (oxy)hydroxides, such as goethite (a-FeOOH) (Fig. 2a), and amorphous
Fe phosphates (Fig. 2b). While FeFOOH phases completely hid the S-layer structure, Fe phosphate formation
replicated the S-layer structure, thereby enhancing the contrast of the hexagonal S-layer symmetry (Figs 2b(i)
and 3). The encrustation patterns of whole cells and cell-free S-layer ghosts containing SlaA and SlaB proteins
(see Supplementary Information and Supplementary Fig. S1) appeared identical (Fig. 3; see also Supplementary
Fig. S2), thereby confirming that the S-layers are a preferred site of mineral formation, independent of metabolic
processes associated with whole, living cells.

Steps of mineral formation and cell wall encrustation. Formation of Fe phosphate on the cell sur-
face occurred after only 3 h of incubation in the Fe-rich medium. Importantly, whatever the incubation time,
cells exhibiting different levels of encrustation, from slightly mineralized (described as Step #1 in the following)
to heavily mineralized (described as Step #5 in the following) coexisted (Fig. 4). Mineral formation proceeded
through five steps, as shown in Fig. 5.
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Figure 2. Comparison of S. acidocaldarius S-layer biomineralization patterns obtained after 16 h incubation in
the presence of only FeSO, [Panel (a)] or a mix of FeSO, and NaH,PO, [Panel (b)]. TEM observations (i), and
elemental analysis by EDXS (ii). Minerals formed on the cell surfaces corresponded to nanocrystalline ferric
iron (oxy)hydroxides (a) or amorphous Fe phosphates (b). Only in the case of Fe phosphate formation was the
hexagonal p3 symmetry of the S. acidocaldarius S-layer made visible in mineral patches [Panel b(i)]. Minor P
and S peaks present in the EDX spectra in Panel (a) likely correspond to components of the S. acidocaldarius cell
envelope, rather than minerals.

Step #1 was the formation of patches of a few tens of nanometers in length (85+/—2nm, n = 14, where 0’
is the number of independent features measured) onto discrete sites within the S-layer and quasi-perisplasmic
space, which resulted in a slight deformation of the cell wall. Mineral formation then proceeded above the S-layer
through the formation of a dome-like structure of varying thickness (Step #2, extracellular mineral-encrusted
layer), which intensified the concave deformation of the S-layer. During Step #3, these mineral patches multiplied,
expanded, and eventually connected, leading to a more or less continuously mineral encrusted S-layer. In Step
#4, a continuous extracellular mineral layer was formed surrounding the completely mineral encrusted S-layer.
Finally, in Step #5 the thickness and density of the extracellular mineral layer increased, while mineral phases
precipitated at the contact of the cytosolic face of the cell envelope. This final stage of mineral formation affected
cell integrity through increased cell lysis.

The mineral encrusted cell wall exhibited a very specific texture. During the first steps of mineral formation,
the p3 hexagonal symmetry of the S-layer was preserved [Figs 2b(i) and 3a(i),b(ii)]. Of note, TEM observations
of cross-sections of S. acidocaldarius cells at more advanced steps of mineral formation revealed the coexist-
ence of electron-dense and electron-light spots found to be on average 6 nm in diameter (+/—1nm, n=14) (see
Fig. 5, Step #4 boxed insert). We interpret electron-light spots as mineral-free SlaA protein monomers marking
the upper boundary of the mineral encrusted quasi-periplasm (Q.P.). This Q.P. is created by the height of the
SlaB protein separating the SlaA array from the lipid membrane, and did not vary between non-mineralized
and mineralized regions of the cell envelope [27 nm-thick (+/—4nm, n=10) for non-mineralized regions and
27 nm-thick (+/—3 nm, n=15) for mineralized regions]. In addition, a more electron-dense extracellular min-
eral layer covers the cell wall (see histograms in Fig. 5, Steps #2-5). At advanced stages of mineral formation,
the electron-light zone hypothesized to be SlaA resolves into distinct circular units, evenly distributed with an
average distance of 11 nm (4/—1nm, n=25) between the centers of each unit (see Fig. 5, Step #4). The present
measurements are in good agreement with those of SlaA previously reported for the related species Sulfolobus
shibatae, the only other member of the Sulfolobale for which such measurements are available?>?*. The thickness
of the quasi-periplasmic space of S. acidocaldarius, however, was 75% larger than that reported for S. shibatae®.

Vesicle production upon encrustation.  Outer membrane vesicles of 175 +/—5nm in diameter (n =24)
formed and were released concomitantly to S-layer encrustation (Fig. 6). Interestingly, these vesicles were
fully encrusted by minerals, even when cells were only partially encrusted. They exhibited the same texture as
the encrusted cell wall of whole cells, which we interpreted as follows: a 28 nm-thick layer corresponding to
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Figure 3. Iron phosphate formation at the contact of S-layers from S. acidocaldarius showing identical mineral
formation in both cell-free S-layer ghosts [Panel (a); cryoTEM] and whole cells [Panel (b); conventional TEM
(i) and cryoTEM (ii)]. Images correspond to Steps #2-3 of mineral formation as presented in Fig. 5. Inset in
Panel b(i) is the fast Fourier transform (FFT) pattern of the boxed mineral patches, exhibiting the p3 hexagonal
symmetry.
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Figure 4. Coexistence of cells at different stages of biomineralization/mineral encrustation after 24 h in Fe-rich
medium.

the encrusted quasi-periplasm, a 10 nm-thick electron light layer corresponding to the SlaA layer and a thick
(41 nm-thick) external layer corresponding to extracellular minerals (Fig. 6¢).

Discussion

Prokaryotes (Bacteria and Archaea) represent the most ancient lineages of life on Earth. Their evolution is inti-
mately linked to that of their surrounding geochemical environment, e.g. as a source of essential metal ions for
cellular processes. Metals may be transported across membranes, transformed through redox reactions, adsorbed,
and/or precipitated as minerals either through passive biologically induced biomineralization or active biologi-
cally controlled biomineralization mechanisms?**. Nucleation of mineral phases can occur at both intracellular
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Figure 5. The successive steps of S-layers encrustation by Fe phosphate in S. acidocaldarius imaged by TEM

of ultrathin sections [Panel (a)] and whole cells [Panel (b)]. Step #1 - Initial formation of mineral patches
associated with S-layer; Step #2 - Expansion of mineral patches. Mineral buildup forms as a dome-like structure
(extracellular layer, Ext. L.) over initial patches of S-layer/mineral assemblies (S-L.); Step #3 - Connection of
mineral patches (Ext. L. and S-L.); Step #4 — Formation of a continuous mineral encrusted layer at the surface
of the entire cell (inset below is a larger view of the boxed region showing electron-bright and electron-dark
spots in the mineralized S-layer); Step #5 - Early stages of S-layer fossilization via growth of the extracellular
mineralized layer (Ext. L.) and the mineralization of cytosolic face of the cell membrane below the S-layer
(insert below shows details of the cell wall during early fossilization revealing a highly electron-dense layer
directly above the S-layer with a less dense layer on top). All images were of unstained samples, with the
exception of micrographs shown in Panel (a) for Steps #1&2, which correspond to samples stained with
saturated aqueous uranyl acetate. Histograms next to micrographs in Panel (a) give the intensity of electron
density along the profiles (shown as white segments) across the mineral-encrusted cell wall. Ext. L.: extracellular
mineral layer; Q-P.: quasi-periplasmic space; SlaA.: SlaA S-layer protein; S-L.: S-layer/mineral assemblies.

and extracellular locations, sometimes as one of many mechanisms used to reduce the toxic effects of high metal
concentrations. Whereas bacteria encrustation by iron minerals has most often been explored in the context of
microbial Fe-based metabolisms2°-3°, encrustation of microorganisms, particularly by iron minerals, has been
observed in hydrothermal environments as well>2,

Here we show that iron-bearing minerals precipitate on the surface of S. acidocaldarius cells and cell-free
S-layer ghosts during incubation in a Fe-rich medium, demonstrating that this mineral formation is a “pas-
sive” process not reliant on any cellular metabolic activities. The initial formation of mineral patches (Step #1,
Fig. 5) appears to occur within the S-layer pore spaces and the quasi-periplasmic space. A recent analysis of the
interactions of S-layers and metals in vacuo using X-ray absorption and photoemission spectroscopies revealed
that iron reacts directly with carboxyl and hydroxyl groups of the amino acids composing the S-layer protein
of Lysinibacillus sphaericus NCTC 9602, leading to the formation of metal-protein complexes through metal
oxidation reactions®. Metal cations may also interact directly with negatively charged molecules in the cell enve-
lope!?, including the carboxyl and hydroxyl functional groups of the amino acids of both SlaA and SlaB pro-
teins. After incubation within the Fe-rich medium, S. acidocaldarius cells and S-layer ghosts exhibit very similar
biomineralization patterns (Fig. 3). This shows that this process is purely “abiotic” (non-metabolic). Such a nucle-
ation process appears similar to the one described for the fossilization of cyanobacteria by fine-grained gypsum
(CaS0O,.2H,0)'™16, though under different chemical conditions.

After nucleation within the S-layer pores spaces, encrustation expands to larger patches of the S-layer with
the concurrent formation of dome-like structures over the S-layers (Step #2, Fig. 4). The connection of discrete
dome-like patches (Step #3, Fig. 5) eventually leads to the formation of a continuous mineral layer over the entire
cell surface (Step #4, Fig. 5). Of particular importance, the S-layer physical structure seems to be preserved during
mineral formation and growth at its contact.

In addition to this structural preservation, the present study reports the formation of extracellular mem-
brane vesicles during incubation within the Fe-rich medium. While the production of such vesicles is known
to be a common feature of hyperthermophilic archaea, including deep-sea vent Thermococcales spp.**+* and
Aciduliprofundum boonei*, shallow and deep-sea hydrothermal vent Pyrococcus spp.*>, and solfatara and hot
spring-inhabiting Sulfolobus spp.”’, the present study constitutes the first report of vesicle production as a
response to S-layer encrustation by minerals.

Like the cell walls from which they originate, extracellular membrane vesicles in the Sulfolobales possess
S-layers and are thought to be formed by an active budding mechanism based on Endosomal Sorting Complex
Required for Transport III (ESCRT-III) proteins®. The fact that the vesicles observed here were found to be
encrusted by minerals prior to their release from the cell of origin suggests that the S-layer flexibility is main-
tained even while encrusted, thereby permitting the curvature of the S-layer required for vesicle budding. The
structure of the S-layer indeed allows it to bend. Three-dimensional image reconstruction of the structure of
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Figure 6. Vesicle formation and release as a stress response to S-layer mineralization in S. acidocaldarius
visualized by TEM analyses of ultra-thin sections [Panels (a,b); arrows point to vesicles]. Panel (c) insert shows
magnification of a vesicle with a completely mineral-encrusted S-layer with a profile of electron density (grey
value) across the vesicle. Ext. L.: extracellular mineral layer; Q-P.: quasi-periplasmic space; SlaA.: SlaA S-layer
protein.

the SlaA S-layer protein from S. acidocaldarius by Taylor et al. revealed three globular domains connected by
hinge-like narrow bridges allowing curvature of the S-layer array, while the supporting pedestal-like SlaB proteins
anchoring the S-layer to the cell membrane likely prevent overcrowding of the interior surface of the SlaA protein
subunits during cell wall bending®.

Prokaryotes possessing S-layers are widespread in metal-rich (e.g. ferruginous) environments. As S-layers
become passively encrusted with Fe minerals, one may wonder why and how such features persisted through
evolution. On the one hand, either induced or passive encrustation by iron minerals has been suggested to pro-
vide some advantages to microorganisms: metabolic (Fe minerals may serve as sinks and sources of Fe for chem-
olithoautotrophy**#!) or physiological (Fe minerals may serve as a protective shield against UV radiation*?). On
the other hand, prokaryotes may have developed strategies to deal with such mineralization. Phoenix ef al.** have
shown that the viability of encrusted cyanobacterial cells was made possible by extracellular sheath encrustation.
Synechococcus GL24 inhabiting alkaline lake waters are hypothesized to shed their extracellular sheath once being
heavily encrusted!>*%. This appears very similar to the formation of vesicles by S. acidocaldarius cells described
in the present study. Such production of extracellular membrane vesicles can be seen as a response to environ-
mental stresses, including exposure to potentially toxic metals such as iron. Makarova et al.* demonstrated that
metal oxidation reactions, particularly with Fe, ultimately denature S-layer proteins. Membrane vesicle release
may therefore be seen as an attempt by Sulfolobus cells to eliminate damaged S-layer proteins in order to enable
replacement with new proteins (not associated with minerals), in a manner similar to that seen in organisms
lacking S-layers for elimination of denatured or mineral-associated cell wall components*>*. Based on our pres-
ent results, this issue of cell viability and response to stress upon passive Fe biomineralization would deserve a
dedicated study.
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Figure 7. Schematic of the steps in S-layer encrustation by Fe-phosphate with inset images showing a detailed
schematic representation of the cell envelope at each stage of mineral formation: (Step #1) initial formation

of mineral patches associated with S-layer in the quasi-periplasm (Q.P.) formed between the lipid membrane
(L.M.) and the SlaA S-layer array (SlaA) supported by SlaB pedestals (SlaB), (Step #2) expansion of mineral
patches and mineral buildup forming dome-like structures over initial patches of S-layer mineralization, (Step
#3) connection of mineral patches, (Step #4) formation of a continuous mineral encrusted layer encrusting

the entire cell surface, leaving a non-mineralized layer corresponding to the SlaA S-layer array, and (Step #5)
early stages of S-layer fossilization via growth of the extracellular mineralized layer and the mineralization of
cytosolic face of the cell membrane below the S-layer. At more advanced stages of encrustation (Steps #3 and 4),
encrusted outer membrane vesicles (OMV) are formed.

Conclusions

The present study demonstrates that the structure of S-layers in S. acidocaldarius may be preserved despite the
precipitation of iron phosphates. This passive process of Fe phosphate nucleation and growth within the S-layer
pore spaces can be described in five steps leading to the complete encrustation of the cell wall and the cytosolic
face of the cell membrane (Fig. 7). Mineral formation in association with S-layers could be the driving force for
the production of extracellular membrane vesicles in an attempt to remove damaged S-layer portions. Of note,
even upon the final step of encrustation (Step #5, Fig. 5), the S-layer structure is strikingly well preserved [shown
in inset below Step #5 in Fig. 5]. Importantly, such S-layer structure preservation was only observed in the case
of Fe phosphate formation and not in the case of Fe oxyhydroxide formation (Fig. 2). Ultrastructural details and
molecular signatures may persist upon diagenesis, as shown by recent studies of natural samples*’~>? as well as
experimental studies **-%. Microbial remains have been shown to be sometimes very well preserved upon early
stages of fossilization®”*, in particular in Fe-rich media®>®. The fine features of S-layers described in the present
study may thus constitute pertinent biosignatures to be looked for in the geological record, as long as they would
be preserved upon diagenetic or metamorphic conditions. This undoubtedly deserves further investigation.

Methods

Microbial Culturing Conditions and Mineralization. . acidocaldarius is an obligate aerobe naturally
found in mineral-rich acidic hot springs and solfatara soils. While environmental isolates of S. acidocaldarius may
grow either heterotrophically or autotrophically through the oxidation of elemental sulfur to sulfuric acid under
high temperature and low pH conditions'’, the DSM 639 type strain has apparently lost the capacity for auto-
trophic growth and can only grow in the presence of an organic carbon source such as yeast extract®. In the pres-
ent study, Sulfolobus acidocaldarius DSM 639 cells were cultured at 80 °C aerobically in Brock’s medium'” pH 3.5
supplemented with 0.1% yeast extract and 0.2% D-saccharose under 190 rpm agitation, resulting in an average
generation time of 6 h. Fe concentration in this growth medium was very low (73 pM FeSO,). Cells were grown
to mid-exponential growth phase (ODgyg,, = 0.6) and harvested by centrifugation (8000 x g, 10 min). Cells were
then washed twice in MilliQ water and resuspended in the appropriate Fe-rich medium (10 mM FeSO, pH 4.5,
or 10mM FeSO, and 10mM NaH,PO, pH 4.5) at a density of approximately 3.5 x 10 cells/mL. All cultures as
well as abiotic controls (not inoculated with S. acidocaldarius DSM 639 culture) were incubated under aerobic
conditions at 60 °C, 150 rpm for 3-24 h. Cells were harvested by centrifugation (8000 x g, 10 min) and washed
twice in MilliQ water.

S-layer extraction and mineral precipitation procedure. . acidocaldarius S-layers were extracted
according to the protocol reported by Reitz et al.%. Briefly, S. acidocaldarius cells cultured in Brock’s medium
were harvested by centrifugation (8000 x g, 10 min), resuspended in an extraction buffer [HEPES buffer (pH 7.4)
containing 2 mM EDTA, 0.15% SDS] containing 50 pg/mL DNase I, and incubated at room temperature with
gentle agitation for 1 h. The SDS concentration was then increased to 2% prior to overnight incubation at room
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temperature with gentle agitation, followed by centrifugation (40 000 x g, 30 min). The resulting pellet was
washed a total of three times in extraction buffer by incubation at 60 °C with gentle agitation for 1h. The insoluble
fraction was then collected by centrifugation (40 000 x g, 30 min). The resulting S-layer ghosts were washed eight
times in MilliQ water to remove all traces of SDS. SDS-PAGE and mass spectrometry analyses verified that the
S-layer ghosts contained both the SlaA S-layer protein and the SlaB pedestal protein supporting the SlaA S-layer
array (see Supplementary Information, Supplementary Fig. S1).

Whole cells and S-layer ghosts were transferred into the Fe-rich medium under hydrothermal conditions
(60°C) and acidic pH with gentle agitation to provide aeration simulating the natural environment: suspensions
were placed in the appropriate Fe-rich medium (10 mM FeSO, pH 4.5, or 10 mM FeSO, and 10 mM NaH,PO,
pH 4.5) and incubated under aerobic conditions at 60 °C, 150 rpm for different durations up to 24 h. Minerals
associated with whole cells and S-layer ghosts were harvested by centrifugation (8000 x g, 30 min) and washed
twice in MilliQ water.

Transmission Electron Microscopy (TEM). For conventional TEM analyses, samples were either directly
deposited onto 100-mesh formvar/carbon coated copper grids after washing in MilliQ water, or fixed in 0.1 N
sodium cacodylate buffer (pH 7.4) containing 2.5% gluteraldehyde at 4 °C. Fixed samples were used to prepare
ultrathin sections by ultramicrotomy. Cells were post-fixed for 1 h through the addition of 1% OsO,, followed
by three washes in 0.1 N sodium cacodylate buffer (pH 7.4), dehydration in increasing concentrations of etha-
nol, and progressive embedding in Spurr resin. Ultrathin sections (70-nm thick) were cut with a Reichert-Jung
Ultracut E ultramicrotome and deposited onto 100-mesh formvar/carbon coated copper grids. Some sample grids
were stained prior observation with saturated aqueous uranyl acetate. S-layer ghosts were deposited directly onto
grids and negatively stained using 1% sodium phosphotungstate.

CryoTEM analyses were also employed to observe the S-layer structure under aqueous (“near-native”) condi-
tions, with a reduction in alteration/modification of bacterial cell structures that can occur during conventional
TEM preparations, especially upon dehydration®!. The concomitant low contrast of the cryo-TEM images can
occur due to high sample thickness, but provides very detailed ultrastructural information®*%. Enhanced contrast
is however obtained for biomineralized samples®. For these analyses, whole cells were concentrated by gentle
centrifugation (6000 g, 10 min), resuspended in HEPES bufter (pH 7.4). A drop of either whole cells or S-layer
ghosts was deposited on a “quantifoil”® (Quantifoil Micro Tools GmbH, Germany) carbon membrane. The excess
of liquid on the membrane was blotted out with a filter paper and the membrane was quench-frozen before
evaporation in liquid ethane, to form a thin vitreous ice film in which either whole cells or S-layer ghosts were
captured. Conventional and cryo-TEM experiments were performed using a JEOL2100 microscope equipped
with a LaBy electron source and operating at 200kV. Cryo-TEM observations were performed at —180°C under
low-dose conditions (less than 10 electrons A~2s~!) at nominal magnifications of 20 000 and 40 000. Images were
recorded on a 2k by 2k pixels CCD camera (Gatan Ultrascan 1000). Elemental analyses were carried out using
Energy Dispersive X-ray Spectroscopy (EDXS). Minerals were identified based on their chemical composition
and selected area electron diffraction (SAED) patterns. S-layer symmetry was determined through Inverse Fast
Fourier Transform (IFFT) image analyses of selected areas in TEM images.

References
1. Claus, H. et al. Molecular organization of selected prokaryotic S-layer proteins. Can ] Microbiol 51, 731-743 (2005).
2. Pum, D., Toca-Herrera, J. L. & Sleytr, U. B. S-layer protein self-assembly. Int ] Mol Sci 14, 2484-2501 (2013).
3. Arbing, M. A. et al. Structure of the surface layer of the methanogenic archaean Methanosarcina acetivorans. Proc Natl Acad Sci USA
109, 11812-11817 (2012).
4. Messner, P. & Sleytr, U. B. Crystalline bacterial cell-surface layers. Adv. Microb. Physiol. 33, 213-275 (1992).
5. Fagan, R. P. & Fairweather, N. F. Biogenesis and functions of bacterial S-layers. Nat Rev Micro 12, 211-222 (2014).
6. Mader, C., Kiipci, S., Sara, M. & Sleytr, U. B. Stabilizing effect of an S-layer on liposomes towards thermal or mechanical stress. BBA
Biomembranes 1418, 106-116 (1999).
7. Engelhardt, H. Mechanism of osmoprotection by archaeal S-layers: a theoretical study. J Structural Biology 160, 190-199 (2007).
8. Schuster, B. & Sleytr, U. B. The effect of hydrostatic pressure on S-layer-supported lipid membranes. Biochim Biophys Acta 1563,
29-34 (2002).
9. Engelhardt, H. Are S-layers exoskeletons? The basic function of protein surface layers revisited. J Structural Biology 160, 115-124
(2007).
10. Pollmann, K., Raff, J., Merroun, M., Fahmy, K. & Selenska-Pobell, S. Metal binding by bacteria from uranium mining waste piles and
its technological applications. Biotech Adv 24, 58-68 (2006).
11. Merroun, M. L. et al. Complexation of uranium by cells and S-layer sheets of Bacillus sphaericus JG-A12. Appl Environ Microbiol 71,
5532-5543 (2005).
12. Reitz, T., Merroun, M., Rossberg, A. & Selenska-Pobell, S. Interactions of Sulfolobus acidocaldarius with uranium. Radiochimica Acta
98,249 (2010).
13. Jankowski, U., Merroun, M. L., Selenska-Pobell, S. & Fahmy, K. S-Layer protein from Lysinibacillus sphaericus JG-A12 as matrix for
Aulll sorption and Au-nanoparticle formation. Journal of Spectroscopy 24, 177-181 (2010).
14. Bartolomé, J. et al. Strong paramagnetism of gold nanoparticles deposited on a Sulfolobus acidocaldarius S-layer. Phys. Rev. Lett. 109,
247203 (2012).
15. Schultze-Lam, S., Harauz, G. & Beveridge, T. J. Participation of a cyanobacterial S-layer in fine-grain mineral formation. ] Bacteriol
174,7971-7981 (1992).
16. Schultze-Lam, S. & Beveridge, T. J. Nucleation of celestite and strontianite on a cyanobacterial S-layer. Appl Environ Microbiol 60,
447-453 (1994).
17. Brock, T. D., Brock, K. M., Belly, R. T. & Weiss, R. L. Sulfolobus: a new genus of sulfur-oxidizing bacteria living at low pH and high
temperature. Arch Mikrobiol 84, 54-68 (1972).
18. Veith, A. et al. Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression. Mol Microbiol
73, 58-72 (2009).
19. Baumeister, W. & Lembcke, G. Structural features of archaebacterial cell envelopes. ] Bioenerg Biomembr 24, 567-575 (1992).

SCIENTIFICREPORTS | 6:26152 | DOI: 10.1038/srep26152 8



www.nature.com/scientificreports/

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.

31.

32.
33.
34,
35.

36.
. Prangishvili, D. et al. Sulfolobicins, specific proteinaceous toxins produced by strains of the extremely thermophilic archaeal genus

38.
39.
. Weber, K. A. et al. Biosignatures link microorganisms to iron mineralization in a paleoaquifer. Geology 40, 747-750 (2012).
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
5L

52.
53.

54.
55.
56.
57.
58.
59.
60.

61.

Larsson, L., Olsson, G., Holst, O. & Karlsson, H. T. Pyrite oxidation by thermophilic archaebacteria. Appl Environ Microbiol 56,
697-701 (1990).

Lembcke, G., Diirr, R., Hegerl, R. & Baumeister, W. Image analysis and processing of an imperfect two-dimensional crystal: the
surface layer of the archaebacterium Sulfolobus acidocaldarius re-investigated. ] Microsc 161, 263-278 (1991).

Baumeister, W., Wildhaber, I. & Engelhardt, H. Bacterial surface proteins. Some structural, functional and evolutionary aspects.
Biophys Chem 29, 39-49 (1988).

Baumeister, W., Wildhaber, I. & Phipps, B. M. Principles of organization in eubacterial and archaebacterial surface proteins. Can J
Microbiol 35, 215-227 (1989).

Gadd, G. M. Metals, minerals and microbes: geomicrobiology and bioremediation. Microbiology 156, 609-643 (2010).

Benzerara, K. et al. Significance, mechanisms and environmental implications of microbial biomineralization. C R Geosci 343,
160-167 (2011).

Miot, J. et al. Extracellular iron biomineralization by photoautotrophic iron-oxidizing bacteria. Appl Environ Microbiol 75,
5586-5591 (2009).

Miot, J. et al. Fe biomineralization mirrors individual metabolic activity in a nitrate-dependent Fe (II)-oxidizer. Front Microbiol 6,
879 (2015).

Miot, J. et al. Iron biomineralization by anaerobic neutrophilic iron-oxidizing bacteria. Geochimica et Cosmochimica Acta 73,
696-711 (2009).

Krepski, S. T., Emerson, D., Hredzak-Showalter, P. L., Luther, G. W. & Chan, C. S. Morphology of biogenic iron oxides records
microbial physiology and environmental conditions: toward interpreting iron microfossils. Geobiology 11, 457-471 (2013).
Swanner, E. D. et al. Fractionation of Fe isotopes during Fe(II) oxidation by a marine photoferrotroph is controlled by the formation
of organic Fe-complexes and colloidal Fe fractions. Geochimica et Cosmochimica Acta 165, 44-61 (2015).

Phoenix, V. R., Renaut, R. W,, Jones, B. & Ferris, F. G. Bacterial S-layer preservation and rare arsenic-antimony-sulphide
bioimmobilization in siliceous sediments from Champagne Pool hot spring, Waiotapu, New Zealand. ] Geol Soc London 162,
323-331 (2005).

Konhauser, K. O. & Ferris, F. G. Diversity of iron and silica precipitation by microbial mats in hydrothermal waters, Iceland:
Implications for Precambrian iron formations. Geology 24, 323-326 (1996).

Makarova, A. A. et al. Insight into Bio-metal Interface Formation in vacuo: Interplay of S-layer Protein with Copper and Iron. Sci
Rep 5, 8710 (2015).

Gorlas, A. et al. Thermococcus nautili sp. nov., a hyperthermophilic archaeon isolated from a hydrothermal deep-sea vent. Int J Syst
Evol Microbiol 64, 1802-1810 (2014).

Soler, N., Marguet, E., Verbavatz, J.-M. & Forterre, P. Virus-like vesicles and extracellular DNA produced by hyperthermophilic
archaea of the order Thermococcales. Res Microbiol 159, 390-399 (2008).

Reysenbach, A.-L. et al. A ubiquitous thermoacidophilic archaeon from deep-sea hydrothermal vents. Nature 442, 444-447 (2006).

Sulfolobus. ] Bacteriol 182, 2985-2988 (2000).

Ellen, A. F. et al. Proteomic analysis of secreted membrane vesicles of archaeal Sulfolobus species reveals the presence of endosome
sorting complex components. Extremophiles 13, 67-79 (2009).

Taylor, K. A., Deatherage, J. F. & Amos, L. A. Structure of the S-layer of Sulfolobus acidocaldarius. Nature 299, 840-842 (1982).

Konhauser, K. O. et al. Mineral precipitation by epilithic biofilms in the speed river, Ontario, Canada. Appl Environ Microbiol 60,
549-553 (1994).

Amaral, G., Martinez-Frias, ]. & Vazquez, L. U. V. shielding properties of jarosite vs. gypsum: astrobiological implications for Mars.
World Appl Sci ] 2, 112-116 (2007).

Phoenix, V. R., Adams, D. G. & Konhauser, K. O. Cyanobacterial viability during hydrothermal biomineralisation. Chern Geol 169,
329-338 (2000).

Thompson, J. B. & Ferris, F. G. Cyanobacterial precipitation of gypsum, calcite, and magnesite from natural alkaline lake water.
Geology 18, 995-998 (1990).

McBroom, A. J. & Kuehn, M. J. Release of outer membrane vesicles by Gram-negative bacteria is a novel envelope stress response.
Mol Microbiol 63, 545-558 (2007).

Shao, P. P, Comolli, L. R. & Bernier-Latmani, R. Membrane vesicles as a novel strategy for shedding encrusted cell surfaces. Minerals
4,74-88 (2014).

Little, C., Glynn, S. & Mills, R. A. Four-hundred-and-ninety-million-year record of bacteriogenic iron oxide precipitation at sea-
floor hydrothermal vents. Geomicrobiol ] 21, 415-429 (2004).

Bernard, S. et al. Exceptional preservation of fossil plant spores in high-pressure metamorphic rocks. Earth Planet Sc Lett 262,
257-272 (2007).

Bernard, S. et al. Ultrastructural and chemical study of modern and fossil sporoderms by Scanning Transmission X-ray Microscopy
(STXM). Rev Palaeobot Palyno 156, 248-261 (2009).

Chi Fru, E. et al. Fossilized iron bacteria reveal a pathway to the biological origin of banded iron formation. Nat Commun 4, 2050
(2013).

Cosmidis, J., Benzerara, K., Menguy, N. & Arning, E. Microscopy evidence of bacterial microfossils in phosphorite crusts of the
Peruvian shelf: Implications for phosphogenesis mechanisms. Chem Geol 359, 10-22 (2013).

Chi Fru, E. et al. Biogenicity of an Early Quaternary iron formation, Milos Island, Greece. Geobiology 13, 225-244 (2015).

Li, J., Benzerara, K., Bernard, S. & Beyssac, O. The link between biomineralization and fossilization of bacteria: insights from field
and experimental studies. Chem Geol 359, 49-69 (2013).

Li, J. et al. Impact of biomineralization on the preservation of microorganisms during fossilization: An experimental perspective.
Earth Planet Sc Lett 400, 113-122 (2014).

Miot, J. et al. Formation of single domain magnetite by green rust oxidation promoted by microbial anaerobic nitrate-dependent
iron oxidation. Geochim Cosmochim Acta 139, 327-343 (2014).

Picard, A., Kappler, A., Schmid, G., Quaroni, L. & Obst, M. Experimental diagenesis of organo-mineral structures formed by
microaerophilic Fe(II)-oxidizing bacteria. Nat Commun 6, 6277 (2015).

Gérard, E. et al. Specific carbonate-microbe interactions in the modern microbialites of Lake Alchichica (Mexico). ISME ] 7,
1997-2009 (2013).

Cosmidis, J. et al. Nanometer-scale characterization of exceptionally preserved bacterial fossils in Paleocene phosphorites from
Ouled Abdoun (Morocco). Geobiology 11, 139-153 (2013).

Miot, J., Maclellan, K., Benzerara, K. & Boisset, N. Preservation of protein globules and peptidoglycan in the mineralized cell wall of
nitrate-reducing, iron(I)-oxidizing bacteria: a cryo-electron microscopy study. Geobiology 9, 459-470 (2011).

Reitz, T. et al. Spectroscopic study on uranyl carboxylate complexes formed at the surface layer of Sulfolobus acidocaldarius. Dalton
Transactions 44, 2684-2692 (2015).

Dohnalkova, A. C. et al. Imaging hydrated microbial extracellular polymers: comparative analysis by electron microscopy. Appl
Environ Microbiol 77, 1254-1262 (2011).

SCIENTIFICREPORTS | 6:26152 | DOI: 10.1038/srep26152 9



www.nature.com/scientificreports/

62. Miot, ], Benzerara, K. & Kappler, A. Investigating microbe-mineral interactions: Recent advances in X-ray and electron microscopy
and redox-sensitive methods. Annu. Rev. Earth Planet. Sci. 42,271-289 (2014).

63. Zuber, B. et al. Direct visualization of the outer membrane of mycobacteria and corynebacteria in their native state. ] Bacteriol 190,
5672-5680 (2008).

Acknowledgements

This work was supported by Actions Thématiques du Muséum Minéral-Vivant grants. Part of this work was
funded by the ANR SRB project, grant ANR-14-CE33-0003-01 of the French Agence Nationale de la Recherche
to JM., and the SLAB project grant of the TelluS-INTERRVIE program of the Institut National des Sciences de
I'Univers (INSU) to A.K. The JEOL JEM2100F at the IMPMC was bought with support from Region Ile de France
grant SESAME 2000 E 1435, INSU CNRS, INP CNRS and University Pierre et Marie Curie Paris. The authors
gratefully acknowledge Chakib Djediat for maintenance of the TEM sample preparation facility at MNHN and
assistance in ultramicrotomy and S-layer sample negative staining, as well as the Analytical platform at the
MNHN for access to the mass spectrometers. The mass spectrometers have been funded by the MNHN, the
CNRS and the Région Ile-de-France, and TEM sample preparation facility have been funded by the MNHN.

Author Contributions

All authors contributed to the conception and design and/or execution of experiments and/or analyzed data. A.K.
and C.L. performed culture and mineralization experiments, and C.L. prepared the S-layer ghosts. ].M. developed
the microbial mineralization protocol. EG., J.-M.G., ].M., A.K. and S.B. participated in TEM analyses and J.-M.G.
performed SAED and IFFT analyses. A.K. drafted the manuscript. All authors assisted in critical revisions of the
manuscript, and approved the final version.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kish, A. et al. Preservation of Archaeal Surface Layer Structure During Mineralization.
Sci. Rep. 6,26152; doi: 10.1038/srep26152 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:26152 | DOI: 10.1038/srep26152 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Preservation of Archaeal Surface Layer Structure During Mineralization

	Results

	Nature of minerals associated with S-layers. 
	Steps of mineral formation and cell wall encrustation. 
	Vesicle production upon encrustation. 

	Discussion

	Conclusions

	Methods

	Microbial Culturing Conditions and Mineralization. 
	S-layer extraction and mineral precipitation procedure. 
	Transmission Electron Microscopy (TEM). 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ S-layer structure of Sulfolobus acidocaldarius from cryoTEM observations of whole cells [Panel (a) arrow points to S-layer] and reconstituted S-layer extracts [S-layer ghosts, conventional TEM observations after negative staining using 1%
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Comparison of S.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Iron phosphate formation at the contact of S-layers from S.
	﻿Figure 4﻿﻿.﻿﻿ ﻿  Coexistence of cells at different stages of biomineralization/mineral encrustation after 24 h in Fe-rich medium.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The successive steps of S-layers encrustation by Fe phosphate in S.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Vesicle formation and release as a stress response to S-layer mineralization in S.
	﻿Figure 7﻿﻿.﻿﻿ ﻿  Schematic of the steps in S-layer encrustation by Fe-phosphate with inset images showing a detailed schematic representation of the cell envelope at each stage of mineral formation: (Step #1) initial formation of mineral patches associat


