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Abstract

Crystalline bacterial cell surface layers (S-layers) represent the outermost cell envelope
component in a broad range of bacteria and archaea. They are monomolecular arrays composed
of a single protein or glycoprotein species and represent the simplest biological membranes
developed during evolution. They are highly porous protein mesh works with unit cell sizes in
the range of 3 to 30 nm, and pore sizes of 2 to 8 nm. S-layers are usually 5 to 20 nm thick (in
archaea, up to 70 nm). S-layer proteins are one of the most abundant biopolymers on earth. One
of their key features, and the focus of this review, is the intrinsic capability of isolated native and
recombinant S-layer proteins to form self-assembled mono- or double layers in suspension, at
solid supports, the air-water interface, planar lipid ﬁlms, liposomes, nanocapsules, and
nanoparticles. The reassembly is entropy-driven and a fascinating example of matrix assembly
following a multistage, non-classical pathway in which the process of S-layer protein folding is
directly linked with assembly into extended clusters. Moreover, basic research on the structure,
synthesis, genetics, assembly, and function of S-layer proteins laid the foundation for their
application in novel approaches in biotechnology, biomimetics, synthetic biology, and
nanotechnology.
Keywords: crystalline cell surface layers (S-layers), non-classical assembly pathway, matrix
assembly, biomimetics, synthetic biology, bionanotechnology
(Some ﬁgures may appear in colour only in the online journal)

1. Introduction

But one of the most remarkable properties of isolated Slayer proteins is their capability to form free-ﬂoating selfassembly products in bulk solution (e.g. ﬂat sheets, tubes,
vesicles), to reassemble into extended mono- and double
layers at solid supports, at the air-water interface, at lipid
ﬁlms, and to cover liposomes, nanocapsules, and nanoparticles completely [77, 107, 109, 114]. Moreover, most
recently it was found that the dynamics in the formation of
S-layer lattices follows a non-classical, multistage crystallization pathway [15, 17, 101, 120, 137]. However, Slayers are also fascinating patterning elements in bionanotechnology for increasing the robustness of biomimetic
lipid membranes or for functionalizing various technologically relevant surfaces [24, 93, 95, 115].
This review gives an overview on the recrystallization of
native and genetically modiﬁed S-layer proteins in solution

A broad range of self-assembly systems has been developed by nature during billions of years of evolution. Most
often their bottom-up-based construction principles are
well understood and the molecular building blocks fully
characterized. Among the well-established self-assembly
systems, such as DNA lattices and polyhedra
[14, 82, 98, 136], or self-assembled monolayers (SAMs)
[125, 134], is the further exampleof crystalline archaeal and
bacterial cell surface layers, termed S-layers [1, 5, 29, 103,
109, 115].
S-layers cover the cells completely and fulﬁll various
functions [1, 29, 115]. Examples are their molecular sieving properties [89, 118] or their shape determination as a
rigid corset for various archaeal cells [1, 26, 61, 72, 135].
0957-4484/14/312001+15$33.00
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amounts are shed into the growth medium. On the other hand,
studies on a variety of bacillaceae have demonstrated that a
pool of S-layer subunits, at least sufﬁcient for generating one
complete S-layer on the cell surface, may be present in the
peptidoglycan containing the cell wall matrix [13]. Nevertheless, it has to be stressed that S-layer proteins are produced
in larger amounts than any other class of proteins in the cell,
and thus are, considering that two-thirds of the biomass on
earth belong to prokaryotic organisms, one of the most
abundant biopolymers on earth [115].
The dynamic process of the incorporation of new subunits into (closed) S-layer lattices on bacterial cells was studied by electron microscopical labelling experiments
[32, 47, 117], and on archael cells by analyses of the number
and distribution of lattice faults seen in freeze-etched, metalshadowed preparations [61, 72, 135]. It was found that the
constituent units are incorporated at speciﬁc sites, and that the
S-layer proteins continuously rearrange themselves during
cell growth in order to maintain an equilibrium of lowest free
energy [55, 110]. This process requires a pattern-neutral
supporting layer allowing free rotation and movement of the
subunits to form the regular patterns (e.g. the SCWP) or
plasma membrane, and determining the S-layer pattern only
by the directional bonds between the protein subunits [102].

Figure1. Transmission electron micrograph of a freeze-etched and

metal-shadowed bacterial cell (Desulfotomaculum nigriﬁcans strain
NCIB 8706) revealing an S-layer with square (p4) lattice symmetry
on its surface. Bar, 200 nm.

and at interfaces, and summarizes the most recent ﬁndings
concerning the multistage assembly process.

2.2. General biochemical properties of S-layer proteins

In general, S-layer proteins exhibit two separated morphological regions, namely a cell wall anchoring and a selfassembly region [8, 27]. Otherwise, homology on the
sequence level is low, with the exception of S-layer proteins
of certain Gram-positive bacteria whose N-terminal parts,
serving as anchoring region at the inner S-layer face, share
three ca. 55-amino-acid-long repeats of a surface layer
homology (SLH) domain recognized by the SCWP
[24, 27, 70]. Accordingly, the C-terminal region is assumed to
be located at the outer S-layer face [17, 51, 64, 91].
Most S-layers of bacteria are composed of weakly acidic
proteins, contain 40−60% hydrophobic amino acids, and
possess few or no sulphur-containing amino acids. The pI
values of S-layer proteins range from three to six. For some
archaea and lactobacilli, however, pIs of the S-layer proteins
have been found between eight and ten [4, 106, 115]. S-layer
proteins show high amounts of glutamic and aspartic acid (ca.
15 mol%) and lysine (ca. 10 mol%). Hydrophilic and hydrophobic amino acids do not form clusters. Concerning the
surface charge of S-layers in bacillacaea, it was demonstrated
that the outer face (with respect to the bacterial cell) is usually
charge neutral, whereas the inner one is often net negatively
or positively charged, depending on the equity or excess of
exposed carboxylic acid or amino groups [33, 88].
Information concerning the secondary structure of Slayer proteins was derived from either circular dichroism
measurements [48], Fourier-transform infrared spectroscopy
(FTIR) [30], the amino acid sequence using computational
approaches [43, 45], or, most recently, from x-ray crystallography studies [6, 70]. In most S-layer proteins, 40% of the
amino acids are organized as β-sheets and 10–20% occur as

2. Description of S-layers
2.1. S-layer carrying prokaryotic organisms

S-layers are observed in species of nearly every taxonomical
group of walled Gram-positive and Gram-negative bacteria
and represent an almost universal feature of archaea (ﬁgure 1)
[1, 29, 104, 109, 115]. S-layers are monomolecular arrays of a
single protein or glycoprotein species (Mw 40 to 200 kDa),
and cover the archaeal or bacterial cell completely. However,
some organisms exhibit double layers, or more complex Slayer lattices which also consisit of different S-layer proteins
as well [29, 115]. If glycosylated, the degree of glycosylation
and glycan composition can vary considerably [1, 25, 63].
One of the key features of isolated native and recombinant Slayer proteins is their intrinsic capability to reassemble in
suspension and at interfaces (ﬁgure 2).
In most archaea, the S-layer is directly attached to the
cytoplasmic membrane either by pillar-like, hydrophobic
trans-membrane domains, or by modiﬁed lipids [1, 115]. In
Gram-positive bacteria, the S-layer is often non-covalently
bound to hetero polysaccharides (secondary cell wall polymers (SCWPs)) of the peptidoglycan matrix while in Gramnegative bacteria to the lipopolysaccharides (LPS) of the outer
membrane of the cell [24].
S-layer proteins are continuously synthesized in the
growing cells and translocated to the sites of lattice growth
[29, 115]. In most organisms, the rate of synthesis of S-layer
protein appears to be strictly controlled since only small
2
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Figure 2. Schematic drawing of the reassembly of S-layer proteins in solution (tubes, ribbons, mono- and double layer sheets), at the air-water
interface, lipid ﬁlms, solid supports, self-assembled monolayers, and at liposomes and polyelectrolyte nanocapsules. The formation of a tube
occurs by rolling-up of a ﬂat sheet (top left). This may happen either parallel to a side or to the diagonal (dashed line) of the sheet (modiﬁed
with permission from [77], copyright MDPI 2013).

α-helices, whereas aperiodic folds and β-turns content may
vary by 5–45%. In a new approach, the molecular basis of Slayer protein and metal interactions and their impact on secondary-structure elements were investigated by studying the
palladium (Pd(II)) coordination in the S-layer protein of B.
sphaericus strains JG-A12 and NCTC9602 [30]. FTIR
revealed ca. 35% β-sheets, little helical structures, a remarkably low pI-value near 3, but, most interestingly, a structural
stabilization when Pd(II) is bound [30].
Although several attempts had been made to get threedimensional (3D) S-layer protein crystals with suitable size
from native proteins, it turned out that only genetically
modiﬁed S-layer proteins (Pavkov et al 2008, Fagan et al
2009, Kern et al 2011, Pavkov-Keller et al 2011)
[28, 53, 69, 70], and using nanobodies as crystallization
chaperones [6], were adequate to break the intrinsic propensity of S-layer proteins to form exclusively two-dimensional (2D) self-assembly products. For a detailed review of
the structure of S-layer proteins, see [70]. Moreover, in a
seminal work, the importance of Ca2+ was demonstrated for
the coordination of individual structural domains of the Slayer protein SbsB of Geobacillus stearothermophilus PV72/
p2 and correspondingly for the lattice formation (see
below) [6].

2.3. Ultrastructure

S-layers exhibit only oblique (p1, p2), square (p4), or hexagonal (p3, p6) lattice symmetry [3, 7, 46]. Correspondingly,
the S-layer lattice type determines the number of proteins per
morphological unit: one, two, three, four, or six. In general,
the unit cell dimensions of S-layer lattices range from 3 to
30 nm. S-layers are usually 5 to 20 nm thick, whereas S-layers
of archaea reveal a thickness of up to 70 nm and exhibit often
a mushroom-like morphology with pillar-like domains
anchored to the plasma membrane [115]. S-layers commonly
show a smooth topography for the outer face, and more
corrugated for the inner (with respect to their orientation at the
bacterial cell) [1, 7, 16, 46, 70]. Moreover, S-layer lattices are
highly porous protein mesh works (30–70% porosity) with
pores of uniform size and morphology in the 2–8 nm
range [89].

3. Assembly and morphogenesis
In both, archaea and bacteria, S-layer lattices differ considerably in their susceptibility to isolation from the supporting envelope structure and disruption into monomeric
subunits. Generally, S-layers are isolated from cell wall
3
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conformation of the SLH domain (N-terminal part) of the Slayer protein [83].

fragments, which were obtained by breaking up the cells and
removing the content, including the cytoplasmic membrane.
Most often, hydrogen-bond breaking agents (e.g. guanidine
hydrochloride or urea) are used to disintegrate and solubilize
the S-layer. For a detailed compilation of protocols, see [96].
Nevertheless, today, recombinant S-layer proteins and S-layer
fusion proteins are most often used in the investigations. The
isolation of recombinant S-layer proteins from the host system usually follows standard procedures developed for the
isolation and puriﬁcation of inclusion bodies from E. coli
[49, 51, 96]. In this context, it was recently shown that
recombinant S-layer proteins produced in Bacillus subtilis
were secreted into the culture medium but did not recrystallize
on the surface of the cells. Instead, they formed self-assembly
products in suspension [50].

3.2. Reassembly in bulk solution

Most in vitro self-assembly studies have been performed with
S-layer proteins derived from Gram-positive bacteria
[110, 114]. Self-assembly products are formed in solutions of
S-layer proteins during the dialysis of the disrupting agent
against selected buffer solutions (ionic strength and pH)
[96, 107]. The monitoring of the time-course of self-assembly
by concentration-dependent light scattering yielded multiphasic kinetics with a rapid initial phase and slow consecutive
processes of higher than second-order [52, 120]. The rapid
phase may be attributed to the formation of oligomeric precursor patches, which act as nucleation sites for consecutive
crystal growth (see below as well). Recently, data from
kinetic measurements at different temperatures indicated that
the assembly process is entropy-driven [120]. It is accompanied by a release of entropically disfavoured water molecules in the hydration layer surrounding the hydrophobic
domains of the S-layer protein, and a correspondingly net loss
of hydrophobic surfaces in the assembled S-layer lattice
(Teixeira et al, 2010).
Depending on the morphology and bonding properties of
the S-layer proteins, either ﬂat mono- or double layered
sheets, ribbon-like morphologies, open-ended tubes, or screwdislocations are formed (ﬁgure 4) [11, 62, 110, 114]. Further
on, it was also observed that closed vesicles may be formed
by S-layer proteins recrystallizing in hexagonal lattice symmetry [103]. In some cases, it was possible to control the selfassembly routes by changing the environmental conditions
such as pH, or ionic content and strength of the subphase. In
this context, one of the S-layer self-assembly systems studied
in the most detail is the one of SgsE from Geobacillus
stearothermophilus strain NRS 2004/3a, exhibiting oblique
(p2) lattice symmetry with base vector lengths of a = 11.6 nm,
b = 7.4 nm, and a base angle of 78° respectively [62, 68, 110].
Depending on the buffer system (its pH, ionic content, and
strength), during dialysis and dialysis duration the isolated
proteins assembled into both ﬂat and cylindrical mono- and
double layer self-assembly products of distinct sizes
(ﬁgure 4(a)). Sheets and medium (∼220 nm in diameter) to
large (∼1 μm in diameter) cylinders were always double
layered in back-to-back orientation and could be classiﬁed
according to their angular displacement into ﬁve different
superposition types. The respective superposition types could
explain the different diameters of the cylinders, since one of
the two layers had to bend against its natural curvature and
thus hindered to some extent the roll-up of S-layer sheets.
While the small diameter cylinders (∼70 nm and ∼100 nm, in
two classes) were always composed of monolayers, with an
intrinsic tendency to roll-up, the formation of the mediumand large-diameter double layered cylinders seemed to be
merely resulting from the fact that ﬂat sheets having reached a
certain critical size had enough ﬂexibility to curve over, so
that by chance opposite edges of the sheet met and subsequently fused (ﬁgure 2, top left) [62]. In this context, recently,

3.1. Reattachment of S-layer proteins on bacterial cell surfaces

The development of coherent S-layer lattices on growing
Gram-positive cells was also studied by reconstituting isolated S-layer proteins onto the cell surfaces of different
bacillaceae from which they had been removed (homologous
reattachment) or onto those of other organisms (heterologous
reattachment) [102, 103]. In detail, upon dialysis of the disrupting agent (urea or GHCl), the isolated S-layer proteins
from Thermoanaerobacter thermosaccarolyticum and Thermoanaerobacter thermohydrosulfurium reassembled into
regular arrays (with square (p4) and hexagonal (p6) lattice
symmetry respectively) on the cell walls from which they had
been removed. Contrary to the large regular arrays on intact
cells, the crystalline patches were much smaller. It was shown
that the S-layer proteins from one organism could attach to
the cell wall of the other one and form their original patterns
again. In addition, when a mixture of both S-layer protein
species was supplied, small arrays of both lattice types were
formed. These observations clearly demonstrated for the ﬁrst
time that the information for the lattice formation and orientation resides in the proteins themselves and is not affected by
the support [102, 103].
These homologous and heterologous S-layer reattachment experiments also led to interesting observations concerning the bonding properties between the individual protein
subunits associated in the monomolecular array and to the
supporting layer containing peptidoglycan. The square and
hexagonal patterns were no longer detectable in freeze-etched
or negatively stained preparations of cell walls of both
organisms when the pH was lowered to less than 3 (ﬁgure 3).
The walls had the same granular appearance as the surface of
acid-treated intact cells. Interestingly, the acid treatment did
not cause any loss of proteins from the cell surface, and the
pattern became clearly visible again when the pH was raised
to 7. These observations indicate that the subunits of the Slayer are not removed by acid treatment, but rather denature to
such an extent that a layer with a random granular structure is
formed [103]. Considering current knowledge about lectintype binding involving the SLH domain of the S-layer protein
and the SCWP, these data corroborate the observation that the
S-layer−SCWP interaction has a stabilizing effect on the
4
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Figure 3. Schematic drawing. The ultrastructure of the S-layer proteins was no longer detectable in freeze-etched or negatively stained cell

wall preparations when the pH was lowered from 7 to less than 3. The S-layer protein remained attached to the surface due to the speciﬁc
lectin type binding with the SCWP. Upon raising the pH to 7 again, the protein was refolded into the correct conformation and the regular
pattern became clearly visible again (drawn after [103] description). Adapted with permission from [116]. Copyright 2011 Elsevier.

Figure 4. TEM images of (a) and (b) various self-assembly products of the S-layer protein SgsE from Geobacillus stearothermophilus NRS
2004/3a [62, 68]. (a) Double layer sheet and double layer medium sized cylinder. At the edge of the incomplete double layer sheet one of the
constituent overhanging monolayers rolls up into small diameter cylinders. Bar, 1 μm. (b) Screw dislocation formed in the course of the Slayer lattice formation. The polygonal sheet resembles the base angle (78°) of the S-layer lattice. Bar, 2 μm. Inset: Digital image
reconstruction of the S-layer lattice. According to the oblique (p2) lattice symmetry, one morphological unit contains two proteins. Bar,
10 nm. (c) TEM image of tenuous S-layer clusters obtained with the S-layer protein SbpA from Lysinibacillus sphaericus CCM2177 upon
recrystallization at the air-water interface with no calcium in the subphase. Reprinted with permission from [74]. Copyright 1995 Elsevier.
Bar, 1 μm. Inset: Schematic drawing showing that all morphological units in the cluster have the same rotational orientation and no
displacements against each other.

the formation of cylindrical self-assembly products was studied for the S-layer proteins from Geobacillus stearothermophilus ATCC 12980 and, in great detail, from
Bacillus sphaericus NCTC 9602 too [11]. Based on experimental studies on tube formation during the self-assembly
process, the process parameters which are essential for controlling the particular tube geometry, tube radius, and growth
velocity were explored and a mechanistic model describing
the underlying details was proposed. It was shown that the
tube formation was determined by changes in pH, ionic
strength, and the presence of divalent cations (e.g. Ca2+ or
Mg2+), and by the initial monomer concentration. The S-layer
was modelled computationally as a curved sheet with discrete
binding sites for the monomer binding and the pathways of
protein reassembly described by an interplay of non-speciﬁc
and speciﬁc interactions [132]. In addition, the controlled
manipulation of the tube radii by genetic modiﬁcations of the
S-layer protein indicated that the tube radius is an intrinsic
structure parameter [11].
Screw dislocations were obtained upon stirring the Slayer protein solution during dialysis. The probability is that a

point defect hinders the isotropic crystal growth, and eventually the S-layer lattice grows along a helical path around the
defect (ﬁgure 4(b)).
The S-layer protein SbpA of Lysinibacillus sphaericus
CCM2177 is currently one of the most studied model systems
[15, 17, 43, 51, 67, 73, 74, 100, 101]. SbpA shows square
(p4) lattice symmetry with a lattice spacing of a = 13.1 nm.
The gradual truncation of SbpA, with a full length of 1268
amino acids (including a 30-amino-acid-long signal peptide),
led to an unexpected result [48]. It was found that a deletion
of 200 C-terminal amino acids (yielding SbpA31 − 1068) did
not hinder the self-assembly properties of the protein, and left
the ultrastructure and lattice parameters unchanged. However,
upon a further truncation of the amino acid sequence, leading
to rSpbA31 – 918, an S-layer lattice was formed with oblique
(p1) lattice symmetry and base-vector lengths of a = 10.4 nm
and b = 7.9 nm respectively and a base angle of 81°. It is
interesting to note that—at a resolution of ∼1.5 nm in negatively stained preparations—the ultrastructure of this newly
formed S-layer lattice looked identical to that of SbsB, the Slayer protein of Geobacillus stearothermophilus PV72/p2
5
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time intervals (after 20, 40, and 60 min) [78]. It was found
that crystal growth was initiated at several distant nucleation
points and proceeded in plane until the front regions of
neighbouring crystalline areas met, resulting in a closed
mosaic of crystalline domains, typically 2–10 μm in diameter.
This general model of S-layer lattice formation was recently
reinvestigated in detail by in situ high resolution atomic force
microscopy (AFM) and reﬁned towards a description as a
non-classical, multistage crystallization pathway [15] (see
next section for details). An optional cross-linking step using
glutaraldehyde, which was injected into the subphase after
completion of the S-layer lattice formation, considerably
increased the mechanical stability of the layered structures for
subsequent handling procedures [78].
Further on, the reassembly of S-layer proteins at the airwater interface and at lipid ﬁlms was investigated by using the
S-layer protein SbpA as the model system. SbpA forms
extended monolayers consisting of coherent crystalline
domains up to 10 μm in diameter at lipid monolayers, bilayers, and tetraether lipid ﬁlms (pH 9) (ﬁgures 5(a)–(d))
[73, 74]. It has to be noted that after prolonged periods of
time, double layers are formed too. By comparing the surface
topography of freeze-dried incomplete mono- and double
layer patches with that seen in freeze-etched preparations of
whole cells, it was concluded that the two layers were facing
each other with their net negatively charged inner faces
(concerning the orientation at the bacterial cell). TEM studies
showed that S-layer-supported lipid membranes may cover
holes (up to 10 μm in diameter) in holey carbon ﬁlms and,
most relevant for technological approaches, apertures in
microfabricated silicon discs [73]. Further on, it was assumed
that the amount of lipid molecules in the monolayer bound to
the S-layer lattice modulates the lateral diffusion of the
remaining free lipid molecules and consequently the ﬂuidity
of the whole membrane; thus the term semiﬂuid membrane
was coined [73]. Later, ﬂuorescence recovery after photobleaching (FRAP) showed the validity of this assumption
[34], and the increase in lifetime and robustness of S-layersupported lipid membranes (phosphor- and tetraether lipids)
was further investigated and exploited [93, 95, 127, 128].
Compared to lipid monolayers on alkylsilanes and lipid
bilayers on dextran cushions, S-layer-supported lipid bilayers
revealed the highest mobility of the lipid molecules [34]. Slayers recrystallized on both sides of lipid bilayers increased
the transversal motion of the lipid molecules compared to
unsupported lipid layers (ﬁgure 5(d)) [42, 94].
In this context, in a layered lipid-protein membrane
architecture, the reciprocal inﬂuence between S-layer protein
from B. coagulans E38-66 and two lipid components, DMPE
(dimyristoylphosphatidylethanolamine) and DPPE, was
investigated by dual-label ﬂuorescence microscopy, FTIR,
and TEM [21]. It was found that the phase state of the lipid
had a strong inﬂuence on S-layer protein reassembly. When
the lipid monolayer was in a phase-separated state between
the solid and ﬂuid phase, the S-layer protein nucleated at the
boundary lines between the coexisting lipid phases, and
recrystallization proceeded preferentially underneath the ﬂuid
phase. Further on, FTIR showed that the S-layer protein

[56, 64], and to that of the physiologically induced strain G.
stearothermophilus NRS 2004/3a variant 1 (V1) [87]. For
comparison, the mature SbsB32 − 920 was only one amino acid
longer than rSbpA31–918. Both S-layer proteins carry three
SLH-motifs on the N-terminal part which showed high
identity. But no sequence similarities were found for the
middle and C-terminal parts. Finally, further C-terminal
truncation of rSbpA31 – 918 led to a complete loss of the selfassembly properties of the S-layer protein [48]. Unfortunately, no data are available concerning the amino acid
sequence of G. Stearothermophilus NRS 2004/3a variant 1
(V1). Nevertheless, it may be speculated that the structure of
the truncated protein that reassembles into a lattice with
oblique (p1) lattice symmetry constitutes a minimal, common
molecular unit fulﬁlling diverse functional requirements for
an S-layer protein of these organisms. Further work will be
necessary to elucidate these ﬁndings in detail.
3.3. Assembly at the air-water interface and at LangmuirBlodgett monolayers

Two decades ago, investigations concerning the speciﬁc
interactions of S-layers with molecules, cells, and surfaces led
to the development of protocols for generating extended Slayer protein monolayers at various interfaces. As a ﬁrst step,
a simple strategy was developed for the reassembly of S-layer
proteins at the air-water interface and at phospholipid
monolayers (spread on a Langmuir-Blodgett (LB) trough)
[73, 78]. This approach was intriguing since it had already
been assumed that S-layers might also be used as supporting
and stabilizing structures for LB-ﬁlms and reconstituted biological membranes [107]. Such composite structures would
not only mimic the molecular architecture of archaeal cell
envelopes, which are exclusively composed of an S-layer and
a plasma membrane, but would also lead to new techniques
for exploiting structural and functional principles of membrane associated and integrated molecules. All these
assumptions came true in the following years (for review see
[92, 93, 95]). The ﬁrst experiments were performed with the
S-layer protein from Bacillus coagulans E38-66 [88]. This Slayer protein shows oblique (p2) lattice symmetry with base
vector lengths of a = 9.4 nm, b = 7.4 nm, and a base angle of
80°. Because of the asymmetry in the physicochemical surface properties of this S-layer protein and the clearly discernible orientation of the oblique lattice, it could be
unambiguously concluded that they were oriented with their
outer face (with respect to the bacterial cell) against the airwater interface and with their negatively charged inner face to
the zwitterionic head groups of spread dipalmitoylphosphatidylcholine
(DPPC)
and
dipalmitoylphosphatidylethanolamine (DPPE) monolayer ﬁlms. In addition,
and for the ﬁrst time, the dynamic S-layer crystal growth
could be (indirectly) shown by transmission electron microscopy (TEM). For this purpose, S-layers and composite Slayer-lipid ﬁlms were transferred onto electron microscope
grids which had been carefully placed on the liquid surface
before and then removed by horizontal lifting (referred to as
Langmuir-Schaefer technique in the literature [124]) at certain
6
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Figure 5. (a) TEM image of the ultrastructure of the S-layer protein SbpA from Lysinibacillus sphaericus CCM2177 [51]. The image was
obtained from a negatively stained preparation of an SbpA monolayer after enhancing the signal-to-noise ratio by Fourier domain ﬁltering
[73]. Bar, 10 nm. Schematic drawing of (b) the Gram-positive bacterial cell wall proﬁle of L sphaericus CCM2177 with the S-layer proteins
anchored through SCWPs, and the reassembly at (c) the air-water interface, (d) at phospholipid monolayers (left), bilayers, and tetraether
lipid monolayers generated by black lipid membrane procedures (right) [73, 74], on silicon surfaces rendered (e) hydrophobic or (f)
hydrophilic by plasma treatment [33], on (g) hydrophobic and (h) hydrophilic solid supported SAMs [65], and (i) and (j) on glass (contact
angle 56 ± 4°), depending on the pH value [81]. In a two-step process, in which the reassembly is performed ﬁrst at pH 4 and subsequently at
pH 9, double layers are formed (pI of SbpA 4.6) [81]. Adapted with permission from [116]. Copyright 2011 Elsevier.
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recrystallization time was extended from 12 to 48 h. Only the
holes in the clusters were ﬁlled. From these data it was
concluded that S-layer crystal formation is determined at the
air-water interface by a fast nucleation and assembly of
subunits already at the air-water interface and a slow incorporation from the subphase.

assembly affected the order of the alkane chains and brought
the ﬂuid phase into a state of higher order. Surface-sensitive
scattering techniques (grazing-incidence x-ray diffraction as
well as x-ray and neutron reﬂectometry studies) conﬁrmed
theses ﬁndings not only for the S-layer lattice from B. coagulans E38-66 with its oblique (p2), but also for the S-layer
lattice of SbpA with its square (p4) lattice symmetry
[129–131]. A comparison of the monolayer structures before
and after protein recrystallization showed minimal reorganization of the lipid chains but, in contrast, a major reorientation
of the lipid head groups towards the surface normal. For the
reassembly of SbpA S-layer proteins at DPPE monolayers, xray reﬂectivity data suggested that the amino acid side chains
intercalated the lipid head groups at least to the phosphate
moieties, and probably further beyond [129–131].
In another study, concerning the reassembly of S-layer
protein from B. coagulans E38–66 at different phospholipid
monolayers, it was conﬁrmed that the nature of the lipid head
groups, the phase state of the surface monolayer, the ionic
content, and the pH of the subphase are the most important
parameters for S-layer lattice formation [127]. S-layer lattices
covered the whole sample area (in the presence of Ca++) when
the head groups were zwitterionic and the monolayer was in
(or close to) its solid state. In this case, the S-layer proteins
were attached to the lipid ﬁlm with their net negatively
charged inner face (with respect to their orientation towards
the bacterial cell). In contrast, although the S-layer protein
adsorbed under most lipids with negatively charged head
groups and under lipids with unsaturated chains (as determined by an increase in surface pressure), they did not form
crystalline domains. At positively charged lipid head groups,
the S-layer proteins reassembled into monolayers with their
outer face (with respect to the bacterial cell) oriented towards
the interface.
The importance of the calcium concentration (in the
subphase) for the reassembly of SbpA was shown for the ﬁrst
time by studying the anisotropic crystal growth at the airwater interface (ﬁgure 4(c)) [74]. In general, calcium—as
divalent ions—may bind to speciﬁc sites of the protein
domains, thereby modifying the crystal structure, and/or
being directly responsible for protein interactions (as shown
for SbsB in [6]). Depending on the calcium concentration, a
broad spectrum of crystal morphologies ranging from tenuous, fractal-like structures, to micrometer-sized mono crystalline patches were found. Although all structures looked like
fractals obtained by diffusion-limited aggregation, they were
not aggregates of randomly oriented proteins. Digital image
processing showed that all morphological units in the cluster
had the same rotational orientation and no displacements
against each other (inset in ﬁgure 4(c)). Although the shape of
the clusters was irregular, they showed perfect square (p4)
lattice symmetry on the molecular level. The observed S-layer
clusters were not fractals since they did not show scaling
symmetry (scale invariance) [84]. The shape of the structures
was more reminiscent of a dense branch morphology (DBM)
[9]. A characteristic feature of DBM is tip splitting, which
distinguishes these structures from dendrites. No signiﬁcant
differences in the shape of the clusters were found when the

3.4. Assembly at inorganic surfaces, solid supported lipid
monolayers, and self-assembled monolayers (SAMs)

Currently, a great variety of supports, differing in their physicochemical properties, are being investigated in order to
meet new (nano)technological demands. Silicon, mica, and
metal surfaces are exploited for applications in nano electronics, glasses in nano optics, and polymeric surfaces, e.g.
SU-8 resist, in microﬂuidics [71, 81]. As a matter of fact,
AFM is most often used to study the reassembly of S-layer
proteins on solid supports [15, 23, 36, 55, 65, 75, 101, 119],
while in TEM studies, composite thin ﬁlm/carbon-coated
electron microscope grids (EM-grids) and, most recently,
graphene are used [17, 80].
In most cases, the surface has to be rendered hydrophilic
or hydrophobic by plasma treatment before use. For example,
as shown by in situ AFM, the S-layer protein SbpA forms
monolayers on hydrophobic (ﬁgure 5(e)) and double layers on
hydrophilic silicon surfaces, both in the presence of Ca2+
(pH 9) (ﬁgure 5(f)) [36, 55]. It was found that, in comparison
to hydrophilic surfaces, the layer formation was faster on
hydrophobic supports (30 min versus 60 min for full coverage). Crystal formation started from many different nucleation
sites leading to a mosaic of small crystalline domains which
were less than 200 nm in diameter on average [75]. The size
of the crystalline domains on oxygen plasma-treated hydrophilic surfaces was much larger, with mean diameters of
2–10 μm. According to the observation of the reassembly at
the air-water interface and on LB ﬁlms [73, 78], crystal
growth was initiated at several distant nucleation points and
proceeded on the surface until the growing crystalline
domains met. It must be stressed that the formation of larger
domains was favoured at low monomer concentrations due to
the corresponding lower number of nucleation sites, and that
no overlapping regions or seams along the grain boundaries
were found [55, 120]. In addition, rupture of the S-layer lattice with the metal chelator ethylenediaminetetraacetic acid
(EDTA) conﬁrmed the importance of the divalent calcium
ions in the layer formation [36].
In a further experimental study, the effect of the hydrophobicity of the support was investigated by studying the
SbpA reassembly on SAMs on gold. The SAMs were composed of disulﬁdes with different end groups (OH versus
CH3) and lengths of the individual methylene chains [65].
Formation of monolayers was observed when the hydrophobic end groups (CH3) surmounted the hydrophilic (OH)
groups (ﬁgure 5(g)). Conversely, double layers were formed
when the hydrophilic (OH) groups superseded the hydrophobic (CH3) end groups (ﬁgure 5(h)). The threshold for the
transition in the hydrophobicity/hydrophilicity was only four
methylene groups. Moreover, beside the formation of mono8
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incubation period (ca. 80 min), the clusters gradually began to
show internal ordering and ﬁnally, after 5 to 10 min, transformed into crystalline arrays of compact tetramers exhibiting
square (p4) lattice symmetry (height ca. 10 nm) [15]. Finally,
crystal growth proceeded by the incorporation of new subunits at the edge sites of the lattice. Lattice growth is autocatalytic since it can be shown that the activation energy,
associated with the creation of new tetramers, is only half of
the free-energy barrier for folding of a single monomer [15].
Thus, the conformational transformation of the monomer to
the oligomeric form is an inherent part of the assembly process! The rate-limiting step is the closure of the incomplete
morphological unit (consisting of three subunits only) by
adding the last monomer [17]. This last S-layer protein is
locked in place, and since it was never observed that S-layer
proteins leave the formed lattice, it was concluded that lattice
growth is irreversible and the state of lowest free energy is
obtained [15, 17].
In this context of elucidating the non-classical pathway
of matrix assembly of S-layer proteins [18], it was also
demonstrated that on bare mica a kinetic trap associated with
conformational differences between a long-lived transient
state and a ﬁnal stable state (along a folding funnel [22]) plays
an important role. Both ordered tetrameric states emerged
from clusters of the monomers but developed along two
different pathways. While the ﬁnal stable conformation was
directly obtained, the trapped transient state—characterized
by reduced height—transformed only over time to its ﬁnal
low-energy state. Careful analysis of the time and temperature
dependence of formation and transformation yielded an
energy difference by only 1.6 kJ mol−1 (or 0.7 kT). However,
the energy barrier to transforming into the ﬁnal low energy
state was 61 kJ mol−1 and hence 38 times higher.
Nevertheless, in summarizing the detailed knowledge
gained in the in situ AFM experiments with SbpA described
above, the question concerning the formation of the very ﬁrst
morphological unit, for SbpA the ﬁrst tetramer, remains
challenging. Moreover, it is most interesting to know (or
estimate) how many monomeric units constitute a nucleation
site with sufﬁcient internal order to initiate lattice growth
along the formed domain. Concentration-dependent dynamic
light scattering (DLS) measurements gave evidence for a
‘critical concentration’ of association in the range of 12–16
monomers for the S-layer protein of B. stearothermophilus
NRS 1536/3a (showing square (p4) lattice symmetry) [52],
and an intensity-weighted Z-average diameter for the
ensemble collection of particles of 75 nm for SbpA (ca. 20–25
monomers) [120]. Accordingly, in situ AFM, in combination
with a computational approach, showed initial cluster sizes of
2–15 tetramers, corresponding to 8–60 monomers, from
which crystal growth proceeded as described before [15].
Although high resolution in situ AFM images were captured,
the impact of the scanning AFM tip on the assembly of the
ﬁrst individual monomers is not negligible, and thus it is
difﬁcult to give a good estimate of the minimum number of
monomers for a nucleation site by experimental means only.
In a theoretical approach, the formation of an S-layer lattice
with p4 lattice symmetry (as for SbpA) was investigated by

versus double layer assemblies, the lattice parameters (base
vectors and layer thicknesses) changed from a ≃ 15.6 nm and
d ≃ 8.6 nm for the hydrophobic to a ≃ 12.7 nm and
d ≃ 15.2 nm for the hydrophilic surface [65].
The silanization of a silicon or glass support with either
aminopropyltriethoxysilane
(APTS)
or
octadecyltrichlorosilane (OTS) is also often used to render the surface
properties hydrophobic [55]. On such silanized surfaces, the
reassembly of the S-layer protein SbpA was investigated by
combining the results from AFM with those from a quartz
crystal microbalance with dissipation (QCM-D) studies. It
was shown that a full S-layer protein coverage on APTS- and
OTS-modiﬁed surfaces may be obtained within 2–3 h,
whereas it took more than 12 h on a native silicon dioxide
surface rendered hydrophilic by plasma treatment [55]. The
crystalline domains were much smaller on silanized substrates
(∼0.02 μm2 for APTS and ∼0.05 μm2 for OTS) compared to
hydrophilic silicon dioxide (∼32 μm2). Finally, the study
concluded that S-layer formation occurs in three consecutive
steps: (i) diffusion-controlled protein adsorption with a
threshold concentration of 0.05 mg mL−1 at APTS and OTS,
and 0.07 mg mL−1 on silicon dioxide); (ii) self-assembly by
incorporation of proteins at domain boundaries; and (iii)
reorganization of neighbouring crystalline domains into bigger ones [55].
Most recently, the anisotropy between the inner and outer
S-layer face of the S-layer protein SbpA was used to develop
a novel, tuneable, facile, and reliable method for cellular
micropatterning [81]. By simply altering the recrystallization
protocol from basic (pH 9) to acidic (pH 4) conditions, the
SbpA S-layer orientation was adjusted to effectively prevent
protein adsorption and cell adhesion (smooth outer cytophobic side exposed), or, alternatively, to promote cell
attachment and spreading (rough inner cytophilic side
exposed) (pI of SbpA is 4.6) (ﬁgure 5(i)). It must be noted
here that the recrystallization of SbpA is usually carried out at
pH 9. Further on, in a controlled layer-by-layer approach,
starting with a recrystallization at pH 4 followed by a second
step at pH 9, a double layer was formed with the two constituent monolayers facing each other with their inner cytophilic sides (ﬁgure 5(j)).
Recently, the general picture of S-layer crystal growth at
interfaces was signiﬁcantly improved by high resolution
in situ AFM and computational simulations of the individual
stages in the lattice formation of SbpA from Lysinibacillus
sphaercius ATCC 4525 (identical to L. sphaericus CCM2177
[70]). The investigations were performed by AFM on solid
supported self-assembled monolayers consisting of 1-palmitoyl-2-oleol-sn-glycero-3 phosphocholine (POPC) (deposited
on mica) [15], on mica [101], and by Cryo-TEM and tomography on graphene [17]. It turned out that the assembly
process is multistage and correlated to conformational changes that direct the non-classical pathway of assembly. First,
extended monomers (height ca. 2 nm) were adsorbed onto the
lipid surface where they condensed into amorphous clusters
(pH 7.1) [15]. After the surface was densely populated with
adsorbed protein, amorphous clusters with nearly uniform
height (ca. 10 nm) were formed. After this extended
9
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assuming both non-speciﬁc attractive and speciﬁc directional
bonds for the monomers [41, 132]. The results were in very
good agreement with the experimental ﬁndings, by showing,
for example, that liquid-like clustering may precede crystallization. Moreover, since S-layer lattice types range from p1
to p6, and correspondingly different numbers of proteins
constitute one morphological unit (unit cell), the question has
to be addressed to different lattice symmetries as well. In
particular, the oblique (p1) lattice symmetry is challenging
because the morphological unit comprises a single monomer
only. Major insights on the mechanism of S-layer formation
were recently obtained after elucidating the crystal structure
and the importance of Ca2+ for SbsB [6]. Ca2+ triggers a
conformational change of the SbsB monomer from an
extended to a φ-shaped assembly-competent structure. While
the main intramolecular contact points stabilizing the monomer are between domains IV and VII, the interactions
between neighbouring subunits in the oblique lattice occur
between domain II and IV. Since the bonding pattern in this
particular S-layer lattice in known now, it might be used for
developing a growth model using realistic parameters. Anyway, the lattice formation for SbsB was simulated using a
coarse-grain model for the monomers, in a Monte-Carlo
study, but in fact could not take into account such minute
information—such as the involvement and location of particular structural domains [44]. Nevertheless, it has to be
stressed that theoretical work has already supplied extremely
valuable information concerning the crucial question about
the event leading to the spontaneous formation of nucleation
sites [121].

Figure 6. (a) S-layer proteins reassemble on biomimetic SCWP-

coated surfaces with their correct conformation. SCWP recognizes
and stabilizes the N-terminal part of the S-layer structure. (b) On
plain inorganic supports (gold, SiO2, etc) it is most likely that the
protein denatures partially upon contact with the surface.

ammonium chloride (PDADMAC). The layer-by-layer technique was applied to generate the polyelectrolyte multilayers:
PEI/(PSS/PAH)6,
PEI/(PSS/PAH)6/PSS,
(PAA/PDADMAC)3/PAA, and (PAA/PDADMAC)3. Successful S-layer
reassembly with micrometer-sized coherent crystalline
domains could be achieved in the presence of divalent cations
(Ca2+ or Mg2+) on the negatively terminated polyelectrolytes
PSS and PAA. Both polyelectrolytes mimic to a certain extent
the (negatively charged) SCWP of L. sphaericus CCM2177
[51]. Reassembly of SbpA on positively charged polyelectrolyte PAH leads only to small crystalline patches, while
larger arrays could be achieved, surprisingly, on strongly
positively charged PDADMAC terminated layers. In both
cases, the S-layer was attached with its outer charge neutral
face against the polyelectrolyte layer. In a subsequent work,
novel hybrid sandwich-like supramolecular structures were
built composed of polyelectrolyte/S-layer/polyelectrolyte/ (Slayer) [20]. Neutron reﬂectometry studies conﬁrmed the
successful reassembly of SbpA on PSS, and, in combination
with QCM-D studies, permitted the calculation of the S-layer
density (ca. 1.16 g · cm−3) and an estimate of the amount of
bound water. It was concluded that SbpA forms a loose layer
on anionic PSS incorporating a water volume fraction of
about 68%.
In addition to the reassembly experiments on charged
polyelectrolyte coated surfaces, the inﬂuence of the (electrical) charging state of the substrate on the S-layer protein
reassembly was investigated by studying the electrochemical
behaviour of SbpA S-layer proteins on potentiostatically
controlled gold electrodes [38, 112]. It was shown by AFM
that in the positively charged electrochemical double layer
region—with anion excess positive of the point of zero charge
(ca. −800 mV versus a saturated mercury-mercurous sulphate
electrode)—the negatively charged binding sites of the Slayer proteins (e.g. carboxylates) could bind to the positively
charged gold surface atoms and form homogenous

3.5. Reassembly on biopolymers, polyelectrolyte layers, and
charged surfaces

S-layer proteins have a high afﬁnity to biopolymers (e.g.
polylysine, polyarginine) and in particular, in the case of
Gram-positive bacteria, to their corresponding SCWPs by
speciﬁc
carbohydrate-protein
interactions
[48, 56, 85, 86, 113]. According to the orientation on the
bacterial cell, S-layer proteins assemble on SCWP-coated
supports with their inner faces (N-terminus), and thus expose
their outer faces (C-terminus) towards the environment
(ﬁgure 6). This property is especially important for functionalizing surfaces with C-terminal S-layer fusion proteins,
since it is then ensured that the introduced functionality is
exposed towards the environment [49, 64, 115].
Further on, the reassembly of S-layer proteins on negatively and positively charged polyelectrolyte layers was
investigated too, in order to discover whether the orientation
of the S-layer lattice may be controlled in this way. For this
purpose, the reassembly was studied of SbpA and of SbpAgreen ﬂuorescent fusion protein (rSbpA-EGFP) on ﬂat polymer coated substrates and on nanocapsules [19, 20, 122].
Different polyelectrolytes were used, such as the anionic
poly-sodium 4-styrenesulfonate (PSS), poly-acrylicacid
(PAA), and the cationic poly-ethylenimine (PEI, used as
precursor in the layer-by-layer technique only), poly-allylamine hydrochloride (PAH), and poly-diallyldimethyl
10
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possibilities are numerous but share the common properties of
S-layers such as selectable lattice constants, isoporosity, antifouling characteristics, or molecular precision in the control
over surface properties by chemical or genetic modiﬁcations.
Examples are the development of S-layer ultraﬁltration
membranes characterized by their precisely deﬁned cut-off
characteristics [89, 90, 109], or the excellent antifouling
properties of S-layers, recently brought to a new application
in microﬂuidics and cellular micropatterning by controlling
cell adhesion or repulsion via their orientation against the
substrate [71, 81]. The development of S-layer fusion proteins
with speciﬁcally tailored functionalities, such as the major
birch pollen allergen or the ZZ domain (IgG binding domain
of protein A) [12, 51, 115], opened a new horizon in the
development of novel afﬁnity matrices. In addition, the use of
a bottom-up approach based on S-layers as templates in the
formation of perfectly-ordered nanoparticle arrays was completely new in the ﬁeld of nano electronics and optics and
opened for the ﬁrst time a fabrication technology for the selfassembly
of
nanometre
scale
metallic
islands
[10, 37, 59, 60, 76, 79, 99, 126]. Moreover, the implementation of S-layers as stabilizing nanostructures in the
development of solid supported and free-standing functional
lipid membranes is entirely new in the ﬁeld of membrane
research [92, 93, 95]. This construction principle mimics the
archaeal cell envelope structure which has been optimized
over ∼3.5 billions of years under extreme environmental
conditions (e.g. 120 °C; pH 0; concentrated salt solutions;
1100 bar) [1]. The technology of S-layer stabilized lipid
membranes has the potential to initiate a broad range of
developments in many areas, such as diagnostics, highthroughput screening for drug discovery, membrane-based
protein-based sensor technology, electronic and optical
devices, and even DNA sequencing [95, 111, 115]. In this
context, it is important to remember that 60% of consumed
drugs act on membrane proteins. S-layer coated liposomes
and emulsomes have also gained broad interest in the scientiﬁc community since they provide nano containers with high
mechanical and thermal stability, allow addressor molecules
to bind, demonstrate a novel possibility for the transport of
hydrophilic and hydrophobic substances, and allow the
development of artiﬁcial viruses [54, 57, 58, 123]. In this
context, based on the experience of coating liposomes with Slayer proteins and using them as templates in the biomineralisation of silica, a new generation of chemically inert hollow
nano containers has been developed [31, 97]. In comparison
to virus capsids (typically 30–100 nm in diameter) or hollow
(apo)ferritin (12 nm in diameter), S-layer cages may be much
larger and adjustable in size. We can anticipate that S-layers
will continue to have great impact as patterning elements and
as parts of a toolkit in the development of novel applications
in bionanotechnology, biomimetics, and synthetic biology.
It must be stressed that the most obvious deviation from
the classical pathways of nucleation and crystal growth is the
observation that S-layer protein folding is directly linked with
protein assembly into extended clusters. In this multistage
pathway, the ﬁnal tertiary structure of an S-layer protein
bound within the lattice is different to that of the monomeric

polycrystalline monolayers. In contrast, in the negatively
charged electrochemical double layer region (with cation
excess negative of the point of zero charge), isolated multilayer clusters of S-layer proteins arranged themselves around
a few nucleation sites. Unfortunately, the resolution in AFM
images obtained did not allow us to distinguish between inner
and outer S-layer face (with respect to the orientation at the
bacterial cell). Time-resolved in situ electrochemical quartz
microbalance investigations and ex situ small-spot x-ray
photoelectron spectroscopy (XPS) measurements demonstrated that the 2D S-layer crystal formation depends on the
potential of the gold electrode and on the presence of (linking)
Ca2+ ions, and can be ideally achieved within minutes.
3.6. Reassembly at liposomes, emulsomes, and nanocapsules

Liposomes, emulsomes, and nanocapsules are often used as
model systems for studying biological membranes and as
delivery systems for biologically active molecules
[54, 58, 122, 123]. S-layers reassembled on the curved surfaces show numerous lattice faults (edge dislocations and
disclinations), which are a necessity for rigid layers to completely cover spherical bodies [39, 40, 66]. The orientation of
the S-layer is determined by the surface charge of the used
lipids or polyelectrolytes as described for the reassembly at
planar lipid membranes or polyelectrolyte layers. Extensive
studies with S-layer coated liposomes have demonstrated that
the S-layer lattices enhance the stability of the liposomes
against mechanical stresses (exerted by shear forces or ultra
sonication), against thermal challenges, and changes in zetapotential. These ﬁndings are important for nanomedical
applications like drug targeting and delivery [54, 57, 58].
Furthermore, S-layer liposomes resemble the supramolecular
envelope principle of a great variety of human and animal
viruses and, thus, will allow the investigation of artiﬁcial
viruses, as discussed for gene therapy [2, 115].

4. Conclusion and perspectives
Basic research on the structure, genetics, chemistry, morphogenesis, and function of S-layers has explicitly demonstrated that they are the simplest biological protein
membranes developed during evolution. A profound understanding of the basic mechanisms and parameters in the
reassembly of S-layer proteins, the directed control of the
lattice orientation in such a way that functional groups and
domains are exposed to the environment, or the spatial constriction of the S-layer lattice formation by microlithographically-based
methods,
for
example
by
micromoulding in capillaries (MIMIC) [35, 81], was of fundamental importance for the introduction of S-layer proteins
as molecular building blocks in both the life and non-life
sciences [105, 106, 115, 116]. Although a considerable
amount of knowledge has already been accumulated with
native S-layer proteins, a major breakthrough was achieved
by the design and expression of speciﬁc S-layer fusion proteins for a broad range of applications [24, 49]. The
11
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form. The rate-limiting factor is the ﬁnal conformational
arrangement in conﬁnement [15, 17]. In addition, the computational approach of studying the reassembly of S-layer
proteins in silico [41, 44, 132, 133] allows us to gain deeper
insight into the (bio)molecular interactions driving the
refolding of the proteins, the release of bound water molecules, and the subsequent lattice formation [15, 101, 120].
Finally, we would like to anticipate new challenges when
supports with different surface properties are investigated, as
described above for the various experimental approaches.
Thus, we would like to postulate that S-layer reassembly
pathways differ between plain inorganic supports (e.g. gold,
silicon dioxide, etc) and SCWP modiﬁed surfaces. We
assume that the proteins might partially denature on inorganic
substrates, while they will assume their correct 3D structure
on SCWP-coated surfaces where the correct conformation is
stabilized by the speciﬁc lectin type binding (ﬁgure 6) [83].
This assumption is supported by the observation that larger
monocrystalline arrays with higher long-range order are
formed on SCWP-coated surfaces compared to plain inorganic ones [92].
In summary, currently there is no other biological matrix
known to provide the same outstanding universal properties
as self-assembly systems and as patterning elements compared to S-layers. It is tempting to speculate that such a
simple protein membrane with the ability for dynamic growth
could have fulﬁlled all necessary barrier functions required by
a self-reproducing system during the early stages of biological
evolution [115].
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