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Abstract—Many bacteria and archaea have a crystalline surface layer (S-layer), which overlies the cell enve-
lope. S-layers each consist of one protein or glycoprotein species. Protein subunits of the S-layer noncovalently
interact with each other and with the underlying cell-envelope component. On average, the S-layer lattice has
pores of 2—6 nm and is 5—10 nm high. Isolated S-layer proteins recrystallize to form two-dimensional crystal-
line structures in solution, on a solid support, and on planar lipid membranes. Owing to this unique property,
S-layers have a broad range of applications. This review focuses on the structural features and applications of
S-layers and their proteins, with special emphasis on their use in nanobiotechnology.
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INTRODUCTION

Nanotechnology deals with objects sized 1-1000 nm
(i.e., 10°-10"° m). Knowledge of how to manipulate
such objects opens a way to construct fundamentally
new materials and devices for molecular electronics,
medicine, chemistry, and other fields of science and
technology.

The importance of nanotechnology for progress in
science and engineering is well understood by the
people and governments of developed countries.
Thus, up to 25% of the total sum assigned to science
in 2003-2006 is intended for supporting nanotechno-
logical research in the European Community.

There are two major principles of nanotechnologi-
cal construction: top-down, which involves micro-
scopic manipulation with a few atoms or molecules
and generation of an ordered pattern of such struc-
tures, and bottom-up, which involves the parallel self-
assembly of molecules [1, 2].

It is biological structures capable of self-assembly
that are expected to play a central part in the latter
case. In essence, nanobiotechnology takes advantage
of the natural properties of proteins and nucleic acids,
which are capable of self-organization and molecular
recognition (use is apparently also made of nonnatural
biopolymers such as synthetic peptides, recombinant
proteins, etc.).

Biological macromolecules are several nanometers
in size. The DNA double helix is about 2 nm in diam-
eter, and its period (helix turn) is 3.4-3.6 nm; the
diameter of a globular protein is 4-8 nm on average
[3]. A wide-ranging branch of research, which is now

developing, regards proteins and nucleic acids as sub-
jects of materials science that are especially feasible
for constructing nanostructures. This is due to the nat-
ural properties of such macromolecules. For instance,
it is possible to construct linear, two-dimensional, and
three-dimensional DNA structures by linking comple-
mentary sticky ends [2]. Such nanostructures may be
used as a basis to obtain nanowires or ordered nano-
gratings [4].

Self-assembly of protein subunits is common in
nature. Examples are provided by virus capsids, bac-
teriophages, pili, bacterial flagella, etc. Less known
are surface layers (S-layers), which are ordered two-
dimensional protein structures involved in the enve-
lope of some bacteria and archaea. This review
focuses on the natural distribution and properties of S-
layers and on the possibility of employing S-layers or
their components in nanobiotechnology.

GENERAL CHARACTERIZATION OF S-LAYERS

The S-layer is the outermost component of the bac-
terial cell envelope, overlying the cell wall and com-
pletely covering the cell. Each S-layer consists of a
single protein (a glycoprotein), which has a well-
ordered pattern (two-dimensional crystal). This struc-
ture was first observed in bacteria of the genus Spiril-
lum in 1953 [5]. In the following 20 years, similar
structures were found on the surface of several other
bacteria, although they were still considered to be rare
and unusual for microorganisms. Extensive studies of
the 1970s and 1980s showed that S-layers occur in
bacteria and archaea of all genera examined and even
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Fig. 1. Electron microscopic image of the Bacillus sphearicus S-layer. The preparation was stained with uranyl acetate. The distance
between subunit centers is 8 nm; the pore size is 2 nm. Bar, 100 nm. (The photograph was kindly provided by T.A. Smirnova and

R.R. Azizbekyan, State Research Center GosNIIgenetika).

represent the only rigid cover in Gram-negative
archaea. By 2000, S-layers were described for
600 microbial species, 10% of all characterized bacte-
ria and archaea. Comprehensive information on S-lay-
ers is available from reviews [5—8]. The broad distri-
bution of S-layers among microorganisms points to
their important role in the cell life. However, the S-
layer is often lost when cells are cultured under labo-
ratory conditions, indicating that the role is not vital.

Electron microscopy is the major method for
detecting and studying the S-layer, making it possible
to determine the arrangement of protein subunits, to
analyze the general geometric pattern, to estimate the
pore size, etc. (Fig. 1) [7-10]. Atomic force micros-
copy recently came to be employed in characterizing
the S-layer [11-13]. The S-layer crystal lattice may
have oblique (p1, p2), tetragonal (p4), or hexagonal
(p3, p6) symmetry. Depending on the pattern, a mor-
phological unit of the S-layer consists of one, two,
three, four, or six protein subunits. The distance
between subunit centers varies from 2.2 to 35 nm, and
the S-layer height is 5-25 nm. Pore size varies from 2
to 8 nm, and different pores may occur in one S-layer
(Fig. 2). Pores may account for up to 70% of the S-
layer area. The two sides of the S-layer differ: the out-
ward side is commonly more hydrophilic, whereas the
side adjacent to the cell wall is more hydrophobic
[14]. Protein subunits are noncovalently bound in the
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S-layer. Hydrogen bond-disrupting agents (high con-
centrations of acidic guanidine or urea) cause the dis-
sociation of the S-layer into subunits [4, 6, 12—16].

A remarkable feature is that protein subunits of S-
layers are capable of recrystallization when a denatur-
ing agent is removed. It is this feature—the ability of
subunits to reproduce S-layers on the cell surface, at
the water—air interface, on lipid membranes, on metal
or silica surfaces, etc.—that provides the basis for
using S-layers in nanobiotechnology [6, 8, 14, 15, 17].

S-LAYER PROTEINS

With a few exceptions, all bacteria and archaea
have an S-layer consisting of one protein (glycopro-
tein) species. S-layer proteins vary in molecular
weight from 40 to 200 kDa. Most S-layer proteins are
weakly acidic (pI 3-5) and contain 50-60% hydro-
phobic residues and almost no sulfur-containing resi-
dues. In spite of these common characteristics, homol-
ogy between S-layer proteins is extremely low. By
now more than 40 genes for S-layer proteins have
been cloned and sequenced from various microorgan-
isms [8]. Yet X-ray quality crystals were not obtained
and the exact spatial structure was not established for
any of the S-layer proteins.

Many S-layer proteins are glycosylated, having a
sugar residue at Tyr (O-glycosylation) or Asn (N-gly-
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Fig. 2. Schemes of S-layers. (a) The S-layer on the surface of a Gram-positive bacterium overlies the peptidoglycan layer of the cell
wall. (b) The two sides of the S-layer differ. Different sides of protein subunits face a hydrophilic or a hydrophobic surface after
S-layer recrystallization. In solution, bilayers are often formed, with the hydrophobic surfaces of subunits facing each other. (c) The
S-layer has tetragonal (p4) symmetry and contains pores of three types (/-3).

cosylation) [6]. S-layer proteins contain 2-20 glyco-
sylation sites per molecule. Their oligosaccharides
consist of 2—6 (rarely 10) sugar residues, including
hexose, pentose, 6-deoxyhexose, and amino saccha-
rides [6, 18, 19].

Since the S-layer overlies the cell wall, a certain
mechanism must ensure secretion of S-layer proteins
through the plasma membrane. S-layer proteins with
known primary structures have a signal peptide
(19-24 residues) at the N end. The peptide is cleaved
in the course of protein translocation across the
plasma membrane [8]. In some Gram-negative bacte-
ria, such as Caulobacter and Campylobacter species,
the secretion signal is at the C end of the S-layer pro-
tein and secretion follows the type I mechanism simi-
lar to that of o-hemolysin secretion in Escherichia
coli [20, 21].

Since the S-layer completely covers the bacterial
cell surface, it may be expected that S-layer proteins
are intensely produced and account for an appreciable
proportion of the total microbial protein. With a
20-min period between cell divisions, the production
rate was estimated at about 500 S-layer protein mole-
cules per second [22]. As shown with a few examples,
such intense production is determined by potent pro-
moters, high mRNA stability, and the use of preferen-
tial codons. For instance, the promoter of the Lactoba-
cillus acidophilus S-layer protein gene is twice as effi-
cient as the lactate dehydrogenase gene promoter,
which is one of the most potent bacterial promoters
[23]. The half-life of the mRNA of this S-layer protein

is 15 min. A similarly high stability (half-life 14 min)
is characteristic of the mRNA of the Lactobacillus
brevis S-layer protein [24], whereas the mean half-life
of bacterial mRNAs is 2—4 min.

Notwithstanding their intense synthesis, S-layer
proteins are absent from the culture medium; i.e., their
production is strongly regulated and correlates with
cell growth. Little is still known about the molecular
mechanisms regulating the activity of S-layer protein
genes. The regulation was most comprehensively
studied for slpA, which codes for the S-layer protein
of thermophilic bacterium Thermus thermophilus HB8
[25]. It has been found that the product of another
gene, slrA, suppresses transcription of slpA, but the
mechanism of suppression remains obscure. Interest-
ingly, SIpA binds to its own mRNA and thereby con-
trols its translation [26].

The S-layer is noncovalently bound to the bacterial
cell surface, since S-layer proteins dissociate from the
cell and are solubilized upon cell exposure to deter-
gents or high concentrations of hydrogen bond-dis-
rupting agents [6]. Concerning the interaction of S-
layer proteins with the bacterial cell surface, it is nec-
essary to answer two major questions: which domains
of the S-layer protein are involved in its binding to the
cell surface, and which surface molecules contact the
S-layer proteins. Although the total homology of S-
layer proteins is surprisingly low, a certain region of
the N-terminal domain displays relatively high
homology among S-layer proteins of Gram-positive
bacteria and is known as the SLH (S-layer homolo-
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gous) motif [11, 27]. The N-terminal domain (no more
than 200 residues) of an S-layer protein usually har-
bors three SLH motifs, each containing a conserved
sequence of 10-15 residues.

The sequence was first revealed in the S-protein of
Acetogenium kivui [28] and later was found in
Clostridium thermocellum [29], Thermus thermophi-
lus [30], Bacillus anthracis (a causal agent of anthrax)
[31], and numerous other Gram-positive bacteria [27].
Interestingly, the SLH motif has homologs in the C-
terminal region of some exoenzymes associated with
cells of Gram-positive bacteria. First and foremost,
these enzymes include cellulases, pullanase, and xyla-
nase, which hydrolyze polysaccharides [32].

The anchoring of S-layer proteins on the cell wall
with the SLH sequences is not universal even in
Gram-positive bacteria. Thus, S-layer proteins of
Bacillus stearothermophilus [33], Lactobacillus [34,
35], and Carynebacterium glutamycum [36] lack the
SLH motif. The sequences responsible for binding to
the cell wall are in the N-terminal region of the S-layer
protein in Lactobacillus [34, 35] and in the C-terminal
region in Corynebacterium glutamicum [36]. In
Gram-negative bacteria and archaea, such sequences
were found in the N- and the C-terminal regions of S-
layer proteins [20, 35-38]. The diversity of S-layer
protein sequences and the mechanisms of their inter-
action with the cell envelope is not surprising in view
of a great variety of the envelopes themselves. Thus,
the S-layer is the only solid cover and its proteins
directly interact with the plasma membrane in some
Gram-negative archaea [39, 40]. It has long been
believed that S-layer proteins bind to peptidoglycan of
the cell wall in Gram-positive bacteria [28], but recent
experiments showed that the binding is with second-
ary cell-wall polymers. These are teichoic, teichu-
ronic, and lipoteichoic acids and lipoglycans, which
are bound to peptidoglycan either covalently or non-
covalently, through lipid molecules [41].

As shown initially, B. stearothermophilus S-layer
protein SbsB does not bind to the peptidoglycan cover
that lacks secondary polymers as a result of extraction
with hydrofluoric acid. The SLH motif is contained in
SbsB, and its deletion prevents SbsB even from bind-
ing to the complete cell wall possessing secondary
metabolites [42]. The SLH motifs of S-layer proteins
bind with teichuronic acids on the cell wall [27, 43].
Yet it is still unclear which secondary polymers are
responsible for the binding of S-layer proteins lacking
SLH motifs [27].

Although S-layers are widespread among various
microorganisms, their role is still incompletely under-
stood [27, 44]. The role is probably related to the func-
tion of the whole cell envelope, which contains the S-
layer as an integral part. In archaea having no other
rigid cover, the S-layer apparently contributes to
maintaining the cell shape [9, 45].
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Yet the broad distribution and maintenance at a rela-
tively high cost for the cell (since S-layers proteins are
major) indicate that S-layers are evolutionarily con-
served and are necessary for cell life beyond the lab.

Most of the functions ascribed to S-layers are
hypothetical. It is possible that S-layers act as a
molecular sieve allowing access to the cell only for
molecules of a certain size, serve as ion traps, are
responsible for cell adhesion on a solid support, pro-
tect the cell from phagolysis, etc. Experimental data
on S-layer properties were obtained in only a few
studies. For instance, it has been shown that the S-
layer protects Gram-negative bacteria from the para-
site Bdelbovibrio bacteriovorus [46] but not from
other predators, such as protozoans [47].

In addition, S-layers are involved in the interaction
of symbiotic or pathogenic bacteria with the host
organism. The Lactobacillus crispatus S-layer binds
with collagen. The binding site is within the 287 N-
terminal residues of the S-layer protein. Collagen
binding does not take place in the case of disturbed
polymerization of the S-layer protein into a regular
structure [49]. The N-terminal domain of this protein
was shown to be responsible for the formation of a
regular S-layer and for the binding with collagen,
laminin, and secondary cell-wall polymers [50]. The
Lactobacillus brevis S-layer is also capable of the
binding with collagen and fibronectin and ensures
adhesion of bacterial cells with an intact S-layer on
human epithelial cells but not on erythrocytes [51].
The S-layer of Lactobacillus acidophilus, another lac-
tic acid bacterium, provides for its adsorption on
chicken intestinal epithelium [53]. Collagen and
fibronectin form the basis of the intercellular matrix in
higher animals and are a common target of pathogenic
bacteria. For instance, the fish pathogen Aeromonas
salmonicida utilizes the S-layer to enter the intercel-
lular matrix. Thus, the S-layer is an important patho-
genicity factor [54]. This is also true for the S-layer of
Campylobacter fetus, a chicken pathogen [37].

An interesting function is performed by the S-layer
of cyanobacterium Synechococcus (strain GL24).
This bacterium inhabits a highly mineralized lake in
the State of New York, and pores of its S-layer provide
a matrix for gypsum or calcite crystallization [56]. A
mineral layer is continuously removed from the cell
surface, providing the cell with additional protection.
Possibly this contributes to the formation of fine-grain
minerals in nature.

APPLICATIONS OF S-LAYERS

As already noted, S-layers are two-dimensional
crystalline structures with pores. The period of the
crystal pattern and the pores are several nanometers in
size; i.e., these are nanostructures. This property of S-
layers is of practical significance. In addition, various
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fields may take advantage of the self-assembly of S-
layers from purified proteins or glycoproteins on var-
ious surfaces [6, 8, 14, 15, 17].

S-layers are of potential utility for constructing
ultrafiltration membranes with uniformly sized pores,
nanospheres, epitope carriers to be employed in cer-
tain vaccines, highly efficient sensors with antibodies
or other molecules immobilized in nodes of the crys-
talline matrix, or lithographic copies of S-layer lat-
tices on a solid support.

ULTRAFILTRATION MEMBRANES

Ultrafiltration membranes based on S-layers have
an advantage over other membranes: all pores of one
type are strongly uniform in size and shape in the
former, whereas pore size fluctuates about a certain
mean in all other cases. To date, ultrafiltration mem-
branes have been constructed with S-layers of bacilli,
mostly Bacillus stearothermophilus [56]. Pore size in
such membranes varies from 2-8 nm with Bacillus
strain or species [57].

Membranes are obtained with isolated fragments
of S-layers of bacterial cells (about 500 nm in diame-
ter). The fragments are layered onto a microfiltration
membrane and fixed with glutaraldehyde [56-58].
Alternatively, a membrane may be obtained by linking
S-layer fragments together with glutaraldehyde with-
out a support [58]. Pores of such membranes display
low nonspecific sorption of various proteins [56]. The
membranes have a sharp exclusion limit, retaining
proteins above a certain molecular weight. In the case
of B. stearothermophilus membranes, the exclusion
limit is between 35 and 40 kDa [56, 57].

Various protocols of membrane preparation on the
basis of isolated or reconstructed S-layers were devel-
oped and patented [59, 60]. Yet in the approximately
15 years elapsed since then, ultrafiltration membranes
based on S-layers have shown little promise and com-
peted poorly with some other materials that are simi-
lar in properties, more stable, less expensive, and sim-
pler to produce on a mass scale. Membranes based on
S-layers are more promising for studying the S-layer
characteristics, e.g., the pore size as dependent on the
ionic strength or pH in solution [57] or the effects of
chemical modification on the hydrophilic or hydro-
phobic properties of S-layers [61].

S-LAYERS AS VACCINES

Although the S-layer is contained in the envelope
of numerous human and animal pathogens, including
anthrax-causing B. anthracis [31], its role as a viru-
lence factor was demonstrated only for Gram-negative
bacteria of the genus Campylobacter [62]. These bac-
teria cause acute intestinal disorders, which account
for about 15% of the total intestinal disorder incidence
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in humans. In 1991, the genus Helicobacter was sep-
arated from Campylobacter. One of its species, Heli-
cobacter pylori, is responsible for human peptic ulcer
and is a subject of intensive studies [63]. In 1995, the
S-layer of Campylobacter fetus was used as an antigen
to construct a vaccine preventing abortion in chickens
infected with this pathogen [64].

Given the regular arrangement of protein subunits
in S-layers, haptens chemically attached to an S-layer
may also have a regular pattern and thereby confer
new interesting properties on the resulting combined
vaccines. This expectation was realized in part.
Indeed, S-layers proved to be convenient as carriers of
low-molecular-weight haptens and as adjuvants [65].
Conjugate vaccines cause no visible adverse effect
upon intramuscular or subcutaneous injection and are
effective upon oral or nasal administration [66].

By now, combined vaccines based on S-layers
were employed in three projects aimed at constructing
vaccines against bacterial infection, cancer, or allergy
[67-69].

A conjugate vaccine containing the Streptococcus
pneumoniae type 8 capsular polysaccharide attached
to the Bacillus alvei S-layer induces protective anti-
bodies in mice, whereas the polysaccharide alone does
not have this effect [65]. Moreover, the conjugate vac-
cine causes delayed hypersensitivity reaction, sug-
gesting T-cell involvement. Again, this effect may be
achieved with inactivated Streptococcus pneumoniae
cells but not with the polysaccharide alone [65].

In anticancer vaccines, haptens were mucin oli-
gosaccharides and T- and LeY-antigens associated with
epithelial tumors. The oligosaccharides do not cause
an immune response when injected alone and are
immunogenic when chemically linked to S-layers of
B. alevi, B. stearothermophilus, and Clostridium ther-
mohygrosulfuricum in suspension. The conjugate vac-
cines induce mostly the T-cell response; i.e., antibody
production is low, whereas T killers and macrophages
are activated to eliminate cancer cells. It should be
noted that the T-antigen linked to serum albumin,
which is often used as a carrier, fails to induce the
T-cell response [69].

Human allergies are associated with elevated IgE
production, which is regulated by Ty2 cells (humoral
response). Normally, synthesis of allergen-specific
IgG is low and the response is regulated by Ty1 cells
(T-cell response). Switching T-cell regulation from
the Ty2 to the Ty1 type is a promising strategy in pre-
venting allergies [70]. As the above results demon-
strate, vaccines with haptens conjugated to S-layers
induce mostly the Tyl response when employed in
anticancer or antibacterial therapy. Hence, Betvl, the
major birch pollen antigen, was conjugated to the
S-layer. Stimulation of allergen-specific human lym-
phocytes with the resulting vaccine changed the
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cytokine production from the Ty2 to the Tyl type.
This indicates that such conjugates are promising for
immune therapy of allergies in humans [70].

S-LAYERS AS MATRICES
FOR IMMOBILIZATION OF FUNCTIONAL
MOLECULES

Presumably, the regular arrangement and similar
orientation of protein subunits in the S-layer lead to a
high density and regular arrangement of biologically
active molecules covalently bound to the S-layer sur-
face. This assumption proved to be true within the
accuracy of chemical crosslinking.

Immobilization matrices are usually the above ultra-
filtration membranes or 1- to 2-um microparticles
obtained by ultrasound disruption of bacterial cell enve-
lopes. S-layer microparticles (SMP) consist of a pepti-
doglycan layer covered with S-layers on both sides [72].
In some cases, an S-layer to be used for immobilization
is recrystallized on a proper surface [73].

Experimental mobilization of ferritin, Staphylo-
coccus protein A, and some enzymes (glucose oxi-
dases, B-galactosidases, invertases) on such matrices
has shown that protein ligands are bound at two or
three molecules per S-layer subunit; this approxi-
mately corresponds to a ligand monolayer. Immobi-
lized enzymes retain 16-60% of the initial activity.
Flexible spacers (e.g., 6-aminocapronic acid) improve
activity preservation [74].

To construct amperometric biosensors for quanti-
tating glucose or sucrose in solution, an electric con-
tact with the sensitive layer (an S-layer with immobi-
lized glucose oxidase or invertase) is achieved with a
thin gold film placed between the sensitive layer and a
solid support [75, 76]. In optical biosensors, a sensi-
tive layer is placed on the end of an optical fiber [77].

As biosensor matrices, S-layers have several
advantages over standard materials. A high packing
density and monolayer arrangement of an enzyme
allow high sensitivity and short-distance diffusion of
the substrate and the product of the reaction. In turn,
this reduces the response time and improves the sig-
nal-to-noise ratio [73].

Sensors about 1 m in size have already been con-
structed, yet it is technically feasible to obtain sensi-
tive surfaces of several tens of nanometers [78].
Chemical attachment of biologically active molecules
to S-layer proteins has several undesirable effects.
Since chemical reactions are not absolutely specific,
the binding of target molecules to S-layer subunits
does not reach 100%. As a result, the density of bio-
logically active molecules on the S-layer surface is
insufficient and their arrangement irregular.

All these difficulties may be overcome with hybrid
molecules containing a target protein or oligopeptide
MOLECULAR BIOLOGY  Vol. 38
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structurally incorporated in the S-layer protein so that
the self-assembly of S-layer subunits is not impaired.
Although the idea is self-apparent, generation and
testing of such constructs started only in 2002 [79].

First and foremost, it is essential to identify the
insertion sites where an insert would not interfere with
the self-assembly of the S-layer and would be exposed
on one of the S-layer surfaces. For instance, SbpA, a
Bacillus sphearicus CCM2177 S-layer protein of
1268 residues, binds to the cell wall via its N-terminal
region, which harbors SLH motifs [79]. Deletion of
the 200 C-terminal residues does not affect the self-
assembly of SbpA. Based on these observations, the
full-length sbpA or its derivative 3'-truncated by 600 bp
were each fused with a DNA fragment coding for the pep-
tide Ala-Trp-Arg-His-Pro-Gln-Phe-Gly-Gly (Strp-tagl),
which has high affinity for streptavidin. The con-
structs were expressed in E. coli. The two hybrid pro-
teins were each capable of self-assembly into a S-
layer, but the deletion derivative showed a far higher
streptavidin binding. It is possible that Strp-tagl was
sterically more accessible to streptavidin in the dele-
tion derivative [79].

In dialysis, the purified hybrid proteins polymerize
in solution to produce two-dimensional bilayer struc-
tures about 2 pm. In such structures, individual S-lay-
ers interact with each other via hydrophobic regions,
which normally contact the cell wall. This was also
observed for the wild-type SbpA [43]. Reconstructed
from the hybrid proteins on the surface of the cell-wall
cover of parental cells, the S-layer is similar in geom-
etry to the native one [79].

Another study employed S-layer SbsB of Geoba-
cillus stearothermophilus PV72/P2. The protein con-
sists of 889 amino acid residues and, in S-layers
reconstructed on liposomes or other solid supports, is
oriented so that its inner surface faces the solvent (Fig. 2).
Hence it is desirable to have hybrid proteins of two
types, with a peptide insert exposed on the inner or on
the outer surface of the S-layer [80]. The objective of
another work was to obtain a construct exposing
streptavidin on the S-layer surface in order to allow
the binding of various biotinylated molecules [81].
Deletions from the N-terminal region do not hinder
the self-assembly of SbsB, whereas the deletion of the
15 C-terminal amino acid residues completely pre-
vents it. Hybrid genetic constructs contained the
streptavidin-coding sequence either 5' or 3' of sbsB.
The efficiency of construct expression in E. coli was
about 50 mg of a hybrid protein per liter culture. Since
streptavidin acts as a homotetramer, hybrid proteins
were combined with streptavidin at a ratio of 1:3
before recrystallization. It was observed that N-termi-
nal fusion proteins readily crystallized on liposomes
or silica surfaces, whereas C-terminal fusion proteins
formed S-layers only on the cell wall (the cover of
parental bacterial cells) [81].
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The above results [79, 81] demonstrate the possi-
bility of constructing surfaces with a regular high-
density arrangement of biologically active molecules.
This may be taken advantage of in the construction of
various biosensors.

Homologous expression of chimeric S-layer pro-
teins may be used to obtain live vaccines. Lactic acid
bacteria, which have long been employed in the food
industry and are considered to be safe, are especially
suitable for this purpose. In particular, these include
Lactobacillus brevis. Owing to its properties, this bac-
terium is promising as a probiotic and a transport sys-
tem able to deliver antigens into the human or animal
organism. It is known that L. brevis tolerates low pH
and bile acids and persists in the intestine for a long
time. The S-layer makes L. brevis capable of adhesion
on epithelial cells [51]. Hydrophilic site profiling of
the L. brevis S-layer protein, SIpA, revealed at least
four hydrophilic sites, which may be used as targets
for inserting foreign peptides if exposed on the SIpA
surface. On experimental evidence, at least two sites—
Lys249-Ala850 and Ala313—Asn314—are suitable for
insertion. Epitopes of poliovirus VPI (10 residues) and
human oncoprotein c-Myc (11 residues) were inserted
in these sites. The S-layer formed on the surface of
L. brevis cells by hybrid SIpA was similar in geometry
to the wild-type one and exposed the cloned epitopes
[82]. The efficiency of immunization with such vac-
cines is yet to be determined.

S-LAYERS AS SUPPORTS
FOR LIPID MEMBRANES

Two-dimensional lipid bilayers, especially those
incorporating proteins, are broadly used as a model of
biological membranes. In particular, such bilayers
make it possible to study the ionic channels or the
behavior of receptors in ligand binding. Protein-incor-
porating membranes are the key components of elec-
tric and optic biosensors [83]. Low stability is a major
drawback of such structures. Hence, membranes are
fixed on a solid support to be of utility, although this
changes the membrane properties. In particular, the
mobility of lipid molecules within the bilayer
decreases; i.e., membrane fluidity changes. In addi-
tion, only one surface of a fixed membrane is exposed
to the aqueous environment, and the behavior of trans-
membrane proteins is poorly predictable in this case.
To improve such a system, a water-saturated polymer
layer several nanometers high (a “cushion”) is placed
between the membrane and the solid support [84, 85].

Liposomes represent another type of lipid bilayer
structures that have found broad application. Lipo-
somes proved to be advantageous for the addressed
delivery of drugs and especially DNA into the cell.
However, like planar lipid bilayers, liposomes are
unstable.
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As already mentioned, S-layer subunits readily
crystallize on the interface of two phases, including
lipid bilayers [86]. Apparently, S-layers may be used
to support artificial lipid membranes, the more so as
the resulting structures imitate the envelopes of
archaea, which commonly live under extreme condi-
tions [17, 68, 87]. Indeed, S-layers were reconstructed
on lipid bilayers [88], phospholipid monolayers [89],
and liposomes [90].

S-layers appreciably stabilize liposomes under
thermal or mechanical stress [91]. This is of immense
importance for medicine, as liposomes are exposed to
stress when sprayed with a syringe or another device
or transported through the vascular system [91].

When S-layers are used to support planar mem-
branes, pores of less than 10 um may be overlaid in
the porous support [92]. Such structures are stable and
easy to manipulate and, consequently, are convenient
to use in place of free membranes [93].

As noted above, a cushion several nanometers high
may be places between a lipid membrane and a solid sup-
port to improve the whole construct. Like some other
materials, S-layers are efficient as such cushions [92].

Fixation on the S-layer considerably changes the
properties of lipid membranes. Membrane fluidity
again decreases because movements of lipid mole-
cules within the bilayer are limited. Membranes sup-
ported by S-layers are known as semifluid [92, 93].

S-LAYERS AS TEMPLATES
FOR CONSTRUCTING REGULAR
INORGANIC NANOSTRUCTURES

Another topical problem is the construction of
two-dimensional ordered metal clusters of a nanome-
ter scale. Such clusters are known as nano-dots, have
unique properties, and may be employed in molecular
electronics and nonlinear optics [78, 94].

Used as organic templates, S-layers make it possi-
ble to obtain planar ordered inorganic superlattices
corresponding in dimensions to the S-layer lattice.

As mentioned above, calcium sulfate and calcium
carbonate are crystallized on pores of cyanobacterial
S-layers in nature [55]. Under laboratory conditions,
S-layers were used to construct two-dimensional reg-
ular superlattices of cadmium sulfide [95] or gold
[96]. In the case of CdS, two S-layers were recrystal-
lized on carbon-covered nickel grids, which are com-
monly used in electron microscopy [95]. The S-layers
had oblique (pl) or tetragonal (p4) symmetry. Cad-
mium sulfide crystals formed in S-layer pores when a
CdCl, solution overlying an S-layer was gradually sat-
urated with hydrogen sulfide. Crystals were about
5 nm with one S-layer and about 3 nm with the other.
The crystal arrangement reproduced the lattice of the
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Hybrid protein

/ Streptavidin

Biotinylated
protein

Fig. 3. Hybrid S-layer on the liposome surface. The hybrid protein is the Geobacillus stearothermophilus PV72/P2 S-layer protein
with an insert of streptavidin (filled circles) [81]. Since streptavidin acts as a homotetramer, the hybrid protein was combined with
free streptavidin at a ratio of 1:3 to reconstruct the S-layer on liposomes. Hybrid protein molecules each bind three molecules of a
biotinylated protein on the liposome surface. The binding of the fourth molecule is sterically hindered.

corresponding S-layer, and the distance between
nanocrystals was 10-13 nm [95].

Another protocol involves chemical modification
of a recrystallized S-layer: protein subunits are pro-
vided with thiol groups. The S-layer is then incubated
in tetrachloroauric acid and thereby covered with a
thin gold film. Electron irradiation results in a two-
dimensional regular superlattice of gold nanoparticles
with a period of 3—5 nm. Gold particles correspond to
pores in location on evidence of electron microscopy.
Yet X-ray analysis showed that gold particles fail to
form a perfect lattice and that particle centers deflect
from the ideal positions (£0.5 nm) [96]. In addition,
preliminary experiments were carried out with other
metals: platinum, lead, and iron [93].

In the above works, S-layers were used as matrices
for the formation of ordered arrays of nanoparticles.
Another approach is to use an S-layer as a template
(mask) to replicate its nanostructural pattern on a solid
support. This takes advantage of the well-known abil-
ity of S-layers to recrystallize on the surface of silica,
gallium arsenide, glass, carbon, and polymers, which
are broadly employed in microelectronics [97]. To
obtain a replica, an S-layer is placed on a silica plate,
and a thin layer of a metal (titanium) is evaporated
onto it at an angle of about 40°. Titanium covers the
S-layer subunits with a layer of about 1.2 nm. In air,
titanium is oxidized to titanium oxide. When the
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resulting modified (decorated with titanium oxide) S-
layer is bombarded with argon ions at 2 keV, 7 tA/cm?
for 12 min, hollows (pits) are formed in the silica plate
at sites of S-layer pores [98, 99]. The pit pattern on the
plate reproduces the pore pattern in the S-layer. Such
experiments were performed with the Sulfolobus aci-
docaldarius S-layer, which has hexagonal symmetry,
pores 5 nm in diameter, and a unit of 22 nm [100]. A
drawback of this method is that exposure to a high-
energy ion beam damages the silica layer. More
recently, low-energy etching procedures were devel-
oped for silica [101, 102] and gallium arsenide [103]
plates. Etching is performed in chlorine-hydrogen or
hydrogen—helium plasma under an electron beam of
1-15 eV [103], which reduces damage to the silica
surface.

After etching, the decorated S-layer is removed from
the silica plate with sulfuric acid—water (1:1) at 130°C.
Titanium evaporation onto a nanostructured silica tem-
plate results in nanoclasters about 12 A thick, which are
formed in pits. The technique was patented in 2003 in
several variants employing different metals for decorat-
ing S-layers, different materials (silica, etc.) for generat-
ing secondary masks, etc. [104].

The lithography principle is used not only in nano-
technology, but also in microtechnology. Microlithog-
raphy makes it possible to apply nanostructures onto a
wider surface (Fig. 4). It was shown that irradiation
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Fig. 4. Construction of micrometer-scaled S-layer zones on a solid support with a mask. Irradiation with short-wave UV light (A =
193 nm) removes the S-layer from the regions that are unprotected with the mask oblique to UV light. Micrometer-sized nanostruc-

tured zones with S-layers are retained on the solid support.

with short-wave UV light (fluorine-argon laser, A =
193 nm) destroys and completely removes S-layers
from solid supports [17, 105]. When an S-layer placed
on a solid support is irradiated through a mask (e.g., a
quartz one) with certain sites covered with a material
opaque to UV light, the resulting plate retains the
S-layer in some sites and lacks it in the others. The
mask must be tight against the S-layer. The sizes of
such lithographic objects are restricted to about
200 nm (i.e., they are comparable with the irradiation
wavelength) [17]. With short-wave radiation (e.g., an
electron beam), the size may be reduced to 100 nm
[78]. Long-wave UV light (fluorine—krypton laser, A =
248 nm) only destroys (chars) S-layers and fails to
remove these from a solid surface [105].

CONCLUSIONS

It is clear now that S-layers are widespread among
prokaryotes and, like other elements of the cell enve-
lope, play an important part in interactions of the
microbial cell with the environment. The functions of
S-layers are far from being completely understood
and await further investigation.

The attention to S-layers is due to their structural
properties and the capability of self-assembly on var-
ious surfaces. S-layers are of interest for nanobiotech-
nology, a new field of research. In this field, classical
biological macromolecules—proteins, nucleic acids,
and lipids—are considered from the viewpoint of their
applicability to constructing nanostructures and new
materials, rather then from the functional one. The
above examples illustrate the use of S-layers as ultra-
filtration membranes, carriers and adjuvants in vac-
cines, stabilizers of planar lipid membranes or lipo-
somes, and systems for micro- or nanolithography.
The capabilities of S-layers (or their biomimetics) are
further extended with the employment of gene or pro-
tein engineering in constructing hybrid S-layer sub-
units.

For instance, it seems possible to address the self-
assembly of S-layers to surfaces of a particular type.
Recently, phage display allowed selection of oli-
gopeptides (7-21 amino acid residues each), which
have specific affinity for individual inorganic materi-
als, including silica, gallium arsenide, gold, silver,
calcium carbonate, etc. [106]. It is possible that the
introduction of such peptides into protein sites
exposed on the S-layer surface will provide for spe-
cific sorption of the S-layer on a particular material.
Rather than utilizing full-size S-layer proteins, further
studies may employ their natural or changed frag-
ments that allow directional self-assembly or have
additional necessary functions.

Finally, S-layers and similar structures may be of
importance for constructing extremely sensitive bio-
sensors suitable for studying the elementary events in
interactions of individual molecules.
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