The
University
o Of

= -n,‘-_“ u}:_.'!?- Bhe&i{“:ld.

This is a repository copy of Biogenesis and functions of bacterial S-layers..

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/97080/

Version: Accepted Version

Article:

Fagan, R.P. orcid.org/0000-0002-8704-4828 and Fairweather, N.F. (2014) Biogenesis and
functions of bacterial S-layers. Nature Reviews Microbiology, 12. 3. pp. 211-222. ISSN
1740-1526

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Published version available:

http://www.nature.com/nrmicro/journal/v12/n3/full/nrmicro3213.html

Biogenesis and functions of bacterial S-layers

Robert P. Fagan? and Neil F. Fairweather®

aDepartment of Molecular Biology and Biotechnology, University of Sheffield
b Department of Life Sciences, MRC Centre for Molecular Bacteriology and

Infection, Imperial College London

Correspondence:

Prof Neil Fairweather, Flowers Building, South Kensington Campus, Imperial
College London, London SW7 2AZ
Tel: +44 20 7594 5247

n.fairweather@imperial.ac.uk

Faaoan and Fairuranthar naoa 1



ABSTRACT

The outer surface of many Archaea and Bacteria is coated with a proteinaceous
surface layer (S-layer), which is formed by the self-assembly of monomeric
proteins into a regularly spaced, two-dimensional array. Bacteria possess
dedicated pathways for the secretion and anchoring of the S-layer to the cell wall
and some Gram-positive species have large S-layer-associated gene families. S-
layers have important roles in growth and survival and their many functions
include maintenance of cell integrity, enzyme display and, in pathogens and
commensals, interaction with the host and its immune system. Here we review
our current knowledge of S-layer and S-layer associated proteins including their

structures, mechanisms of secretion and anchoring and their diverse functions.
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S-layers are found on both Gram-positive and Gram-negative bacteria and are
highly prevalent in the Archaeal-3. They are defined as a two-dimensional
crystalline array that coats the entire cell and they are thought to provide
important functional properties. S-layers consist of one or more (glyco)proteins,
termed S-layer proteins (SLPs), that undergo self-assembly to form a regularly
spaced array on the surface of the cell. As some of the most abundant proteins in
the cell?, their biogenesis must consume considerable metabolic resources,
reflecting their importance to the organism. S-layers were first recognized in the
1950s and studied in numerous species during the following decades, which
revealed considerable detail of their structures using techniques such as freeze-
etch electron microscopy (see BOX 1). Such studies!2# showed structurally
diverse S-layers, with oblique (p1, p2), square (p4) or hexagonal (p6) lattice
symmetries. Some Gram-positive species harbour protein families containing
SLPs and SLP-related proteins that share a common cell wall anchoring
mechanism. However it is not yet clear if all family members contribute
productively to S-layer self-assembly. These proteins, for example the Bacillus
anthracis S-layer associated proteins (BSLs) and the Clostridium difficile cell wall
proteins (CWPs) (see below) are included in this Review as many are

functionally relevant.

The lack of S-layers in the model organisms Escherichia coli and Bacillus subtilis
hindered their molecular analysis during the “molecular microbiology” era of the
1980s. Recent advances in genomics and structural biology together with the
development of new molecular cloning tools for many species has facilitated

structural and functional studies of SLPs. Comprehensive reviews on S-layers
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were written over a decade ago!? and others have emphasized the exploitation
of SLPs in nanotechnology®2> 6. An excellent review of the Archaeal cell envelope
was published recently? which included the properties of S-layers in this domain
of life. Here, we review the biology of bacterial S-layer proteins and highlight
recent discoveries that have shaped our understanding of these important

proteins. For convenience, Table 1 outlines all the SLPs described in this review.

Diversity of S-layer genes and proteins

S-layers are usually composed of a single protein, and their structural genes can
be linked to genes encoding modification or secretory pathways. Despite the
apparently conserved function of providing a two-dimensional array
surrounding the cell, genetic and functional studies reveal a wide diversity in

both sequences and roles for S-layer proteins.

Genetic Variation

Several bacterial species show genetic variation in SLP expression, perhaps the
best example is Campylobacter fetus in which S-layer variation is very well
characterized’. In serotype A strains of C. fetus, the genome contains up to eight
sapA homologs and one promoter element within a ~65 kb sap island. Usually
only one sap homolog is expressed in culture, although bacterial sub-populations
can be identified that express additional sap proteins. Sap homologs are
expressed from a single sap promoter® and exhibit extensive sequence
homology. Broad, high frequency chromosomal rearrangements involving DNA

inversion and recombination lead to phenotypic switching and expression of
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alternate sap homologs on the cell surface, resulting in an antigenically distinct

S-layer8-10,

The Clostridium difficile S-layer is composed of two proteins, the high-molecular
weight (HMW) SLP and the low-molecular weight (LMW) SLP, derived by
proteolytic cleavage of the precursor SlpA. The LMW SLP, which likely faces the
environment, exhibits considerable sequence variability between strains!112,
This variation affects recognition by antibodies, which presumably reflects
pressure from the host immune response. The genetic basis of S-layer diversity
in C. difficile was analyzed using high-throughput genome sequencing of a panel
of clinically diverse strains, which revealed the presence of a ~10 kb cassette
encoding sIpA, secAZ and two CWPs (see below)!3. 12 divergent cassettes were
identified among the strains and the authors proposed that recombinational
switching occurs in C. difficile populations to generate antigenic diversity.
Interestingly, one of the cassettes is substantially larger than the others (24 kb vs
10 kb) and contains 19 extra genes encoding a putative glycosylation island (see
below). Another C. difficile S-layer protein, CwpV, undergoes phase-variable
expression'* mediated by DNA inversion of an element situated between the

promoter and the structural genels.

S-layer gene families
Some Firmicutes contain multiple S-layer gene homologs that exhibit varying
degrees of sequence identity, which suggests that gene duplication has led to a

family of genes with functional diversity.
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The best studied examples of SLP and associated protein gene families are found
in B. anthracis and C. difficile. Based on the presence of three tandem surface
layer homology (SLH) motifs (see below) within predicted surface proteins, 24
putative BSLs were identified in B. anthracis Sternel®, including the two major S-
layer proteins, Sap and EA1 (FIG. 1). The B. anthracis SLPs are incorporated into
the S-layer at different stages of growth; the Sap S-layer is produced during the
exponential growth phase and is replaced in the stationary phase by the EA1 S-
layer!”. Three BSLs are encoded by plasmids: two by pOX1 and one by pOX2 16,
In each BSL the three tandemly arranged SLH motifs are located either at the N-
or C-terminus of the protein. In some cases the proteins are considerably larger
than the ~220 residues required for the SLH domains, the Sap1 and EA1
proteins, for example, are over 800 residues in length. In some cases functional
effector domains can be identified in these larger proteins, including domains
encoding leucine rich repeats (LRRs),  lactamase and several involved in
peptidoglycan synthesis and hydrolysis. B. cereus, a close relative of B. anthracis,
lacks the bslG, bslK and amiA genes of B. anthracis yet harbors three unique bsl
genes, bslV, bslW, and bslX, not found in B. anthracis'8. It should be emphasized
that these BSLs have not been shown to form two-dimensional arrays; this

property is seen only in Sap and EA1 in B. anthracis.

A remarkably similar situation is found in C. difficile. A number of Clostridia use
the Cell Wall Binding 2 (CWB2) motif in an analogous fashion to the SLH motifs
to anchor the S-layer to the underlying cell wall (see below). In C. difficile we find
29 CWPs each with three tandem CWB2 domains, including the major SLP,

SIpA1°. Comparison of the effector domains associated with the B. anthracis BSL
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proteins and the C. difficile CWPs reveal many similarities including
peptidoglycan hydrolases, putative adhesins and LRR proteins (FIG. 1). Families
of CWB2-containing surface proteins, some with effector domains, are also found

in C. botulinum and C. tetani?921,

The large number of SLP paralogs in the Clostridia and Bacilli that carry an
effector domain, many of which are predicted to be exposed to the environment,
inspires the idea that the S-layer functions as a scaffold to display proteins or
glycoproteins to the external environment. In this way, the S-layer can impart a
variety of functions on its host (see below), depending on the properties of the

protein or glycoprotein displayed.

From proteins to functional S-layers

SLPs are transported to the cell surface, where they assemble into the ordered
structures of the S-layers. In addition, to build a fully functional S-layer, SLPs are

anchored to the cell wall and in some organisms highly glycosylated.

Secretion of S-layer proteins

Translocation of proteins across the cell envelope is an essential process in all
bacteria. Secretion of S-layer proteins presents a particular problem for bacteria
owing to the large quantity of protein required to form a contiguous para-
crystalline array; for example, we estimate that the C. difficile S-layer contains up
to 500,000 subunits requiring the secretion of approximately 400 subunits per

second per cell during exponential growth. Several distinct mechanisms have
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evolved to cope with this high protein flux but now, as S-layer secretion is

studied in several bacterial species, a number of trends are emerging (FIG. 2).

In many Gram-negative species, including Caulobacter crescentus, Serratia
marcescens, and C. fetus, S-layer secretion relies on a specific type I secretion
system?2-24 comprising an inner membrane ABC transporter and an outer
membrane pore (FIG. 2b). In C. fetus a four-gene operon, adjacent to the phase-
variable S-layer cassette, encodes three proteins, SapDEF, with homology to type
[ secretion systems, and an additional unique protein, SapC. Mutagenesis of this
operon blocks S-layer secretion and the four gene operon is sufficient for the

secretion of the S-layer protein SapA in a heterologous host?4.

In the fish pathogens, Aeromonas hydrophila and Aeromonas salmonicida, S-layer
secretion appears to be dependent on specific type II secretion systems (FIG.
2b). The SLPs of both species possess an amino-terminal secretion signal and in
each species additional secretion proteins with homology to components of the
prototypic pullulanase secretion system, a type Il secretion system found in
Klebsiella, have been identified: Aeromonas hydrophila SpsD is homologous to
PulD and Aeromonas salmonicida ApsE is homologous to PulE. Mutagenesis of
either spsD or apsE results in periplasmic accumulation of the SLPs2526, A,
salmonicida ApsE is encoded within a complete type II secretion cluster adjacent
to the S-layer gene, vapA. The other genes in this cluster have not been studied in
depth but it seems likely that the encoded type Il secretion system is responsible

for the secretion of VapA.
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S-layer secretion has been studied in detail in two Gram-positive bacteria, B.
anthracis and C. difficile (FIG. 2a). In both cases the secretion of the S-layer
precursor is dependent on the accessory Sec secretion system?27.28. The accessory
Sec secretion system was first identified in Mycobacterium tuberculosis?® and has
since been characterized in a small number of Gram-positive species3.
Organisms possessing an accessory Sec system have two copies of the ATPase
SecA (SecAl and SecA2); some bacteria, such as B. anthracis, also have an
accessory SecY (SecY2). The accessory ATPase, SecA2, is responsible for the
secretion of a small subset of proteins. In B. anthracis efficient secretion of both
major S-layer proteins, EA1 and Sap, requires SecA2 and the S-layer assembly
protein, SlaP?’. In C. difficile the accessory Sec system is responsible for the
secretion of the S-layer precursor SlpA and the major phase-variable cell wall

protein CwpV?8.

Interestingly, there is a striking degree of genetic linkage between the genes
encoding S-layer proteins and their dedicated secretion systems in many of the
organisms described above, including C. difficile, B. anthracis, A. salmonicida, C.
fetus and C. crescentus. There is also evidence for horizontal transfer of the gene
cassette containing slpA and secAZ between different lineages of C. difficile'3. This
emphasizes the importance of the S-layer and its secretion in the life cycle of
these organisms. As molecular characterization of S-layers extends to new
species it will be fascinating to see if dedicated secretion systems and tight

genetic linkage are common features of S-layer biogenesis.

Anchoring of S-layer proteins to the cell surface

Faoan and Fairuranthar naaoa Q



The S-layer is anchored to the cell surface via non-covalent interactions with cell
surface structures, most commonly with LPS in Gram-negative and with cell wall
polysaccharides in Gram-positive bacteria. In general, S-layer anchoring in Gram-
negative bacteria is less well characterized than in Gram-positive bacteria.
However, the S-layers of C. crescentus and C. fetus have been studied in some
detail. In C. crescentus the N-terminal ~225 amino acids of the 98 kDa RsaA SLP
is required for binding to LPS on the cell surface3132. The exact mechanism of this
interaction has yet to be characterized, partly because the exact structure of the
C. crescentus LPS is unknown, but the interaction does require an intact O-
antigen3l. The highly variable C. fetus S-layer also binds non-covalently to LPS.
However C. fetus strains possess one of two distinct LPS serotypes and,
consequently, two distinct S-layer anchoring modules: serotype A is exclusively
associated with a sapA-type S-layer and serotype B with a sapB-type S-layer.
Each C. fetus genome contains multiple copies of either sapA or sapB, allowing
high-frequency antigenic variation (see above). All SapA-type homologues have a
highly conserved N-terminal domain which is responsible for anchoring to
serotype A LPS. SapB-type SLPs are similar to SapA in general but have an
entirely unrelated N-terminal domain which anchors the proteins to serotype B

LPS10.33,34,

The anchoring of S-layers has been studied in many Gram-positive species. To
date, two conserved Gram-positive S-layer anchoring modules have been
identified, utilizing either the SLH domain or the CWB2 domain. Both modules
employ three domains which are located either at the N- or C-terminal region of

the protein. The SLH domain is the most widely distributed, being found in the
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SLPs of many Bacillus species, Thermus thermophillus, Deinococcus radiodurans
and at least one Clostridia species, C. thermocellum35,36-40, The two major SLPs
produced by B. anthracis, Sap and EA1, each have three tandem copies of the SLH
motif 4142, These motifs fold as a pseudo-trimer (see BOX 1)*¥ and act
cooperatively to bind a pyruvylated secondary cell wall polymer (SCWP).
Pyruvylation of the SCWP relies on an enzyme, CsaB, which is encoded adjacent
to Sap and EA1l in the B. anthracis genome*’. The thermophilic bacterium
Geobacillus stearothermophilus possesses one of the most intensively studied S-
layers. G. stearothermophilus strains can produce five different S-layer types,
encoded by sbsA-D and sgsE*+47 with two distinct anchoring mechanisms. SbsB
has three N-terminal copies of the SLH domain that anchor the protein to a
pyruvylated SCWP 48, However, no SLH domains can be identified in the
remaining four Geobacillus SLPs. Instead, SbsC has been shown to interact with a
N-acetylmannosaminuronic acid-containing SCWP#° via the first 240 residues of
the mature SLP>° (BOX 1). As these residues are highly conserved in SbsA, SbsD

and SgsE it is likely that these SLPs are anchored by the same mechanism.

The second conserved mechanism involves the CWB2 motif, which was first
identified in CwlB - an autolysin that cleaves peptidoglycan in the cell wall of B.
subtilis®152. B. subtilis does not produce an S-layer but the CWB2 motif is
necessary for retention of CwlB in the cell wall. The CWB2 motif is found in many
Clostridia species, including the important human pathogens C. difficile, C. tetani
and C. botulinum 33. In C. difficile a family of 29 CWPs, including the S-layer
precursor SlpA and CwpV, all utilize the CWB2 domain for anchoring to the cell

wall 1°. The cell wall ligand for this domain is currently unknown but is likely to
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be a cell surface polysaccharide, which is either free or linked to peptidoglycan.
We know little about the specificity of CWB2-polysaccharide interactions.
However, surface polysaccharides in the Firmicutes show considerable
diversity®4, and it is possible that the CWB2 motif recognizes more than one
chemical entity, or that in different species the motif has evolved to recognize a
specific polysaccharide. Each cell wall protein has three tandem copies of the
CWB2 motif, analogous to the arrangement of SLH domains seen in other S-layer
proteins. As more structural information becomes available it will be interesting
to see whether the pseudo-trimer binding arrangement is also shared between
SLH and CWB2 domains, which would suggest a common or convergent

evolutionary origin.

Formation of an ordered array on the cell surface

S-layers are by definition a two dimensional array of a single protein, but how
exactly is the array formed? It is clear that SLPs that form arrays have at least
two functional domains: an anchoring domain, such as the tandem SLH or CWB2
motifs, that attaches the protein to the underlying cell wall and a crystallization
domain that mediates SLP-SLP interaction. Crystallization domains, which may
contain several structural domains, have been identified in G. stearothermophilus
SbsB>> and SbsC>¢ and are present in SLPs of other species including those of B.
anthracis®’. In a landmark publication®8, the three-dimensional crystal structure
of SbsB was described, showing the atomic contacts between adjacent 718
residue SLP crystallization domains and how individual structural domains
within molecules are co-ordinated by Ca?*, an anion known to be essential for S-

layer formation in G. stearothermophilus (> and see BOX 1). The structure also
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shows pores of approximately 30 A diameter formed at the interface between

three adjacent subunits, consistent with a role in permeability (see below).

It should be noted that not all SLPs have been shown to form two-dimensional
arrays and little is known about the potential for self-assembly of the associated
proteins such as the B. anthracis BSL and C. difficile CWP proteins. These proteins
however are found within the S-layer, and although they are likely held in place
by interaction with cell wall ligands, we cannot rule out lateral interactions with

the rest of the S-layer.

Glycosylation of bacterial S-layers

The first description of bacterial protein glycosylation was in the S-layer of
Halobacterium salinarium5%, and since then a large number of glycosylated S-
layer proteins have been identified in numerous species of Bacteria and Archaea.
S-layer glycosylation has been reviewed in excellent detail elsewhere®0-62 and
only the salient points will be discussed here. S-layer glycan modifications
involve sugars commonly found in glycosylated eukaryotic proteins, together
with some unusual sugars (°° and see below). While N- and O-linkages have
been described in Archaeal SLPs3, to date only O-linkages have been found in
Bacterial SLPs, despite other Bacterial surface proteins exhibiting N-linked
glycans®3. O-linkage in SLPs of the Bacillaceae can involve serine, threonine or
tyrosine. The overall structure and architecture of the S-layer glycan resembles
that of Gram-negative LPS, containing a linkage unit and up to 50 repeating units,
each consisting of 2-6 sugars. This resemblance suggests a common evolutionary

origin of LPS biosynthesis and S-layer glycosylation®4, an idea further
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strengthened by recent descriptions of the S-layer glycan (slg) gene clusters in G.
stearothermophilus, Paenibacillus alvei, Geobacillus tepidamans, Aneurinibacillus
thermoaerophilus and Tannerella forsythia encoding the glycosyltransferases,
glycan processing enzymes and membrane transport machinery sufficient for
glycan biosynthetic pathways (for a review, see 0). S-layer glycosylation
pathways have been described in several species, including G.
stearothermophilus®®, P. alvei®® and T. forsythia®’, leading to the proposal of a
biosynthetic route involving transfer of galactose from the nucleotide-activated
sugar UDP-a-D-Gal to a lipid carrier, formation of the linkage unit by addition of
glycans and assembly of the growing repetitive glycan chain onto the linkage
unit. These reactions occur in the cytoplasm prior to transport of the completed
glycan chain via an ABC-transporter (in the case of G. stearothermophilus) to the
distal side of the membrane where the glycan is ligated to the S-layer protein
substrate®?. The glycan chains decorating S-layer proteins are fairly diverse: for
example, in G. stearothermophilus the glycan chain is a simple polymer of L-
rhamnose, in P. alvei L-rhamnose, N-acetylmannosamine, D-glucose and D-
galactose are found and in T. forsythia the unusual sugars N-
acetylmannosaminuronic acid, 5-acetimidol-7-N-glycolylpseudaminic acid and
digtoxose are present®’. Whether the glycan chain is co-transported with the S-
layer protein substrate remains to be determined, but protein transport

(secretion) is not dependent on glycosylation.

Recently, strains of C. difficile were described that contain a putative slg locus
adjacent to slpA13. This bacterium does not normally elaborate a glycosylated S-

layer®8 but these variant strains contain a distinct S-layer cassette (see above)
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and produce S-layer proteins of reduced polypeptide length1213. Whether these
strains do indeed have a glycosylated S-layer and what, if any, phenotype that

might confer is currently unknown.

Functional heterogeneity of S-layers

It is perhaps not surprising that, as the major proteinaceous surface component
of the cell, a variety of functions have been described and proposed for the S-
layer16? (FIG. 3). However, after decades of research, no single function can be
ascribed to the S-layer and in many species the S-layer has no known function.
The ability to form a two-dimensional array appears to be the result of
convergent evolution and is seen in proteins of quite distinct sequence. SLPs and
associated proteins have further evolved to adopt a multitude of activities, some
essential to the physiology of the cell and others facilitating survival in specific
niches. Although we do not definitively know the function of many S-layers, it is
clear from their wide occurrence in the Bacterial kingdom, apparent convergent
evolution and the enormous metabolic load required to produce and maintain
these structures that they fulfil some important role for the bacteria that

produce them.

Roles of the S-layer in pathogenesis and immunity

In Lactobacillus crispatus, an indigenous member of the human and chicken gut
microflora, the S-layer CsbA (SlpB) has an N-terminal domain that binds types I
and IV collagen and a C-terminal domain that interacts with the bacterial cell

wall 79, This collagen binding activity is thought to mediate bacterial colonization
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of the gut (FIG 3a). Interestingly, two other putative S-layer genes are present in
this strain: sipC, located downstream of csb4, is transcriptionally active and sipA

is silent70-72,

As the major surface antigen of C. difficile, the S-layer has been investigated for
its ability to be recognized by and activate the immune system. The SlpA proteins
(HMW and LMW SLPs) induce release of pro-inflammatory cytokines from
human monocytes and induce maturation of human monocyte-derived dendritic
cells (MDDCs)73. Further work advanced these findings by showing that the SLPs
induced maturation of mouse bone marrow derived dendritic cells and the
production of the cytokines IL-12, TNFa and IL-10, but not of IL-1f. Importantly,
activation of dendritic cells was dependent on Toll-like receptor 4 (TLR4) and
subsequently induced Th responses known to be involved in clearance of
bacterial pathogens’4. Infection of TLR4 knockout mice resulted in increased
severity of symptoms compared to wild-type mice, suggesting an important role
of TLR4 in bacterial clearance’4. Both the HMW and LMW SLPs of C. difficile were
required for dendritic cell activation, suggesting either the entire complex is
recognized by TLR4, or that one of the SLPs is the ligand, but requires to be seen
in the context of the HMW-LMW complex (FIG. 3a). SIpA has also been shown to
bind to fixed gut enterocytes’>, which could be related to an immune stimulatory
role and infers that the S-layer might function as an adhesin in vivo (FIG 3a). To
date, the role of SlpA as an adhesin has not been investigated through
mutagenesis as sIpA is an essential gene, but recent advances in genetics’6-78
should allow creation of conditional mutant strains that could be used in

infection experiments to test this hypothesis. Finally the phase-variable CwpV
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protein has bacterial auto-aggregation activity that might have a role during

infection?.

In B. anthracis, the precise role of Sap and EA1 are unknown, but activities of
some BSLs have been elucidated. The BslA protein has been shown to mediate
adhesion of encapsulated B. anthracis to HeLa cells'®. bsiA mutants display
limited dissemination to tissues and decreased virulence in a guinea pig model of
infection, suggesting BslA is a functional adhesin required for full virulence of B.
anthracis’®. Another S-layer protein, BslK, mediates heme uptake by utilizing a
near iron transporter (NEAT) domain®® (FIG 3c). In B. cereus, which has highly
similar BSLs to B. anthracis but a very different capsule composition, a csaB
mutant was found to be defective in retaining Sap, EA1 and BslO on the cell
wall®8, The csaB mutant exhibited reduced virulence in a mouse model of

infection, implicating one or more BSLs in the pathogenesis of anthrax.

The Gram-negative pathogen C. fetus is a leading cause of abortions in sheep and
cattle and can cause persistent systemic infections in humans. The S-layer,
composed of the Sap protein, is essential for host colonization8!. Sap is
antigenically variable (see above) which contributes to the evasion of the host
immune response8283, The S-layer is crucial for pathogenesis as mutant strains
do not cause disease and are sensitive to phagocytosis and killing in serum
mediated by complement C3848¢ (FIG 3a). Antigenic variation occurs during
infection in humans, as shown by strains isolated at early and late stages of
infection from four individuals with relapsing C. fetus infections®. In three

patients, the strain had undergone a switch in the predominant S-layer
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expressed.

T. forsythia (previously known as Bacteroides forsythus) is a Gram-negative
anaerobe that is associated with severe forms of periodontal disease88°. Strains
of T. forsythia produce two high molecular weight proteins, each over 200 kDa,
that are concomitantly expressed and constitute the S-layer 90-92. The structural
genes tfsA and tfsB encode proteins of 120 and 140 kDa®3, suggesting post-
translational modification. This was explored in detail in a study®” that showed a
complex pattern of glycosylation on both proteins including a modified
pseudaminic acid Pse5Am7Gc not previously found on bacterial proteins. This
sugar, a sialic acid derivative, was suggested to participate in bacterium-host
interactions®’, based on the prevalence of sialic acid-like sugars in Gram-
negative structures involved in pathogenesis such as LPS, capsules, pili and
flagella. In T. forsythia transposon mutants that exhibited altered biofilm
formation (FIG 3c), an operon involved in exo-polysaccharide biosynthesis was
identified. Mutation of one gene, weeC, which encodes a putative UDP-N-acetyl-
D-mannosaminuronic acid dehydrogenase, increased biofilm formation and
altered the mobility of the two T. forsythia S-layer proteins on SDS-PAGE, an
effect consistent with glycosylation®4. A proteomics study also found increased
quantities of S-layer proteins in Tannerella biofilms compared to planktonic
cells?. The T. forsythia S-layer appears essential for virulence of this pathogen as
adhesion to and invasion of human gingival epithelial cells (Ca9-22 cells) and
mouth epidermal carcinoma cells (KB cells) were decreased or abolished in a
mutant defective in tfsA and tfsB%2.

SLPs have also been demonstrated to have a role in protection against predation.
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The parasitic bacterium Bdellovibrio bacterovirus has a wide host range and
infects and replicates in the periplasm of susceptible Gram-negative species?®.
Strains of Aquaspirillum serpens and Caulobacter cresentus possess an S-layer
and are not normally parasitized by Bdellovibrio, but S-layer negative variants of
both species were shown to be sensitive to predation, indicating that the S-layer
can provide a protective coat against infection with Bdellovibrio®’ (FIG 3a). In
addition to this, one might speculate that the S-layer would act as a receptor for
bacteriophage and bacteriocins, but to our knowledge there is no evidence for

such activities.

Permeability and biogenesis of the cell envelope

S-layers are often proposed to function a permeability barrier and a direct role
for SLPs as barriers has been investigated in B. coagulans and other species?98.
Experimentally determined exclusion limits of isolated sacculi and associated
proteins of 15 to 34 kDa are consistent with pore diameters of 20 - 60 A within
the S-layer lattice2?8 and the crystal structure of SbsB reveals pores of
approximately 30 A58, Thus a role for the S-layer as a permeability barrier (FIG
3b) is certainly conceivable, but our knowledge of this activity would be
strengthened by genetic analysis and atomic-resolution imaging of alterations in

pore size in vivo.

In Deinococcus radiodurans, the S-layer, (known as hexagonally packed
intermediate (HPI) layer) is composed of two S-layer proteins, SIlpA and Hpi, in
addition to lipids and carbohydrates. Deletion of sIpA results in major structural

alterations such as loss of the Hpi protein and surface glycans, which can be
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visualized by electron microscopy as layers of material peeling off the cell wall®°.
This suggests that SlpA is involved in the attachment of Hpi and other
components to the underlying cell wall, which is consistent with the presence of
SLH domains within SlpA. Other examples of a role for the S-layer in cell
envelope biogenesis include C. difficile, in which inhibition of cleavage of the S-
layer precursor SlpA through inactivation of the protease Cwp84 leads to
incorrect assembly of the S-layer and shedding of full-length SlpA from the cell
wall100.101 (FIG 3b). Interestingly, virulence of this cwp84 mutant is not
diminished in the hamster model of infection, presumably because gut proteases

such as trypsin can cleave SlpA resulting in a fully functional S-layer0,

In Bacillus anthracis, the physiological functions of the Sap, EA1 and Bsl proteins
have been investigated. Sap and EA1 both have a peptidoglycan hydrolase
activity102, although they lack known functional domains that specify such an
activity. BslO, which has putative N-acetylglucosaminidase activity and is
localized at the cell septa, has a role in catalyzing cell division with bslO mutants
exhibiting increased lengths of cell chains!93.(FIG 3c). Elongated chains of
bacteria are also seen in a sap mutant, and this lack of Sap can be complemented
by the addition of purified BslO protein to the culture medium, restoring cell
division and reducing the chain length. In wild-type cells, Sap was visualized
predominantly on the lateral cell wall, away from the septa, suggesting that B.
anthracis controls the spatial deposition of the SLPs in order to ensure correct
localization of functional entities such as BslO 194, In the C. difficile family of
CWPs/SLPs, several proteins potentially mediate peptidoglycan synthesis and

remodeling, including Cwp22 which has L,D-transpeptidase activity105.
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Other functions of the S-layer

Another function associated with the S-layer includes swimming in the marine
bacterium Synechococcus'%® (FIG 3c). This species is highly motile but does not
possess any obvious flagellum or other organelles that might mediate swimming,
and the mechanical basis for its motility is largely a mystery. In mutants
defective for swimming two surface proteins essential for this activity were
identified: SwmA and SwmB107. SwmaA is a 130 kDa glycosylated S-layer protein
and SwmB a large 1.12 mDa protein. Other genes essential for swimming encode
an ABC transporter and several glycosyltransferases!%8. Although these results
indicate another function for an S-layer and suggest glycosylation of SwmaA is
required for motility they do not, unfortunately, lead us much further in

elucidating this highly unusual mechanism of swimming.

Perspectives

Following their discovery in the 1950s and after decades of research, our
knowledge of Bacterial SLPs has increased considerably in the last few years. It is
clear that S-layers do not have one single function, rather a diversity of functions
is apparent and we expect to see new functions revealed as more species are
studied. In some Archaea, for example Sulfolobus, the S-layer appears to be the
sole non-lipid constituent of the envelope3, suggesting structural integrity might
be an ancestral function of SLPs. In some bacterial species, such as the Clostridia,

the S-layer appears essential for cell viability, as unconditional deletion mutants
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cannot be constructed. In these species, the SLP is the main protein component

of the cell surface although a diversity of other macromolecules is found.

Increasingly sophisticated and high-resolution techniques such as AFM and
electron crystallography are being applied to study S-layer morphology and
symmetry10°. Ultimately these techniques will be combined with structural
information from X-ray crystallography or NMR to generate atomic resolution
models of the complete S-layer. Recently, progress has been made with atomic
resolution structures of several SLPs, and we look forward to a complete
description of an assembled S-layer structure in complex with the ligand
responsible for anchoring to the cell wall. Only then will we be able to address
the crucial outstanding questions in S-layer biology: what is the biochemical
basis of paracrystalline array self-assembly? What mechanisms are employed to
attach the S-layer to the cell surface? And finally, what is the structural basis for

the known S-layer functions?

It is clear that SLPs and their associated proteins have evolved specialized
functions, and in some species of Firmicutes SLPs act as a scaffold to display
enzymes on the cell surface. It is likely that many more SLPs will be identified
from genome sequencing and it will be a challenge to assign meaningful
functions to this diverse family of proteins without laboratory investigation.
Priorities for future research include establishing the functions of S-layers
present in bacterial pathogens, investigating their potential as therapeutic
targets for antimicrobial or vaccine development, and in depth structural

analysis of the interactions between S-layers and other surface components.
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With the availability of increasingly sophisticated structural and imaging tools,
we are now in a position to push forward Bacterial S-layer research and perhaps
determine the full contribution of these fascinating structures to the growth and

survival of Bacteria which produce them.
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Table 1 | Summary of SLPs described in text

Organism SLPs Features
Campylobacter fetus SapA High frequency antigenic variation of S-
SapB layer through recombinational
switching of sap homologues; secreted
by a specific type I secretion system
Clostridium difficile SlpA and the SlpA essential for cell growth; S-layer
CWP family functionalised by decoration with up to

28 additional CWPs; secreted by the
accessory Sec system; mediates
interactions with epithelial cells and
activates dendritic cells

Bacillus anthracis

Sap, EA1 and the

Sap and EA1 are alternate SLPs; S-layer

BSL family functionalised by decoration with BSLs;
secreted by the accessory Sec system;
anchored via interaction with
pyruvylated SCWP

Caulobacter crescentus RsaA Secreted by a specific type [ secretion
system; anchored via interaction with
LPS

Aeromonas salmonicida VapA Secreted by a dedicated type Il secretion
system

Geobacillus stearothermophilus | SbsA Anchored via interaction with

SbsB pyruvylated SCWP (SbsB) or N-

SbsC acetylmannosaminuronic acid (SbsA, C,

SbsD D and SgsE); Glycosylated

SgsE

Tannerella forsythia TfsA Glycosylated; S-layer includes both SLPs;

TfsB glycosylation required for biofilm
formation; S-layer essential for
virulence

Lactobacillus crispatus CsbA Mediates binding to types I and IV

SlpA collagen (CsbA)

SlpC

Deinococcus radiodurans SlpA S-layer includes both SLPs; plays a role
Hpi in maintenance of envelope integrity
Synechococcus SwmA Glycosylated; required for swimming

motility
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Figure 1
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Figure 1 | Clostridium difficile and Bacillus anthracis cell surface protein
families. Domain identification and organization among all members of the C.
difficile CWB2 family and the B. anthracis SLH family was determined using the
Pfam protein families database?? and outlined in Supplementary Table 1. The N-
terminal signal peptide, which is removed upon translocation through the Sec
membrane channel, is shown as a black box, see also Figure 2a. In C. difficile the
secretion of at least SIpA and CwpV is dependent on the accessory Sec secretion
system?8. In B. anthracis the two major S-layer proteins, Sap and EA1, also
require the accessory Sec system for secretion!%4. Although limited data is
available, it is possible that secretion via the accessory Sec system is a common

feature of these two protein families.
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Figure 2
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Figure 2 | Secretion of Bacterial S-layer proteins. To date, S-layer secretion
has been studied in a small number of species, in which a number of dedicated
secretion systems have been identified. a | In the Gram-positive bacteria
Clostridium difficile and Bacillus anthracis secretion of the S-layer precursors is
mediated by the accessory Sec secretion system30. The proteins contain an N-
terminal signal sequence (white box) which directs the nascent polypeptide to
the secretion apparatus and is cleaved upon membrane translocation (indicated
with the black triangle). In both C. difficile and B. anthracis, translocation
requires the accessory ATPase, SecA22728, Following recognition by SecA2, the
nascent polypeptide is translocated across the membrane through a pore
consisting of SecYEG (C. difficile) or SecY2EG (B. anthracis). b | Secretion of the S-
layer proteins (SLPs) in Aeromonas salmonicida and Aeromonas hydrophila
requires a dedicated Type Il secretion system?2>26, Type Il secretion is a two-step
process: the unfolded precursor is first translocated across the cytoplasmic
membrane by the canonical Sec secretion system, the protein then folds and is
transported across the outer membrane by a complex multi-protein secretion
apparatus which is closely related to type IV pilil?1. A complete type II secretion

system is encoded alongside vapA in A. salmonicida but only one component of
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this system has been directly linked to SLP secretion; A. salmonicida ApsE is
homologous to the secretion ATPase, PulE. A PulD homologue, SpsD, likely
forming an outer membrane pore, has also been identified in A. hydrophila.
Further analysis is required to confirm whether or not SpsD and ApsE are from
the same conserved secretion system. In Campylobacter fetus the SLPs are
secreted in a single step by a Type I secretion system encoded by SapDEF?4. Type
[ secretion involves an inner membrane ABC transporter, a membrane fusion
protein and an outer membrane pore. Where known, the anchoring domains of

the SLPs are highlighted as hatched boxes, see Figure 1.
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Figure 3
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Figure 3 | Functions of S-layer proteins.

Probable roles in infection (panel a) include adhesin activity, found in several
species: BslA of B. anthracis binds to HeLa cells and mutants are attenuated in
models of infection”?, binding of SLPs to enteric cells has been observed in C.
difficile’> and to defined ligands (types I and IV collagen) in Lactobacillus
crispatus’®. In C. difficile, interaction of SIpA with host TLR4 receptors is linked to
innate immunity’4 and in C. fetus, SLPs prevent binding of complement factor
C3b, protecting the bacterium from host mediated phagocytosis and serum
killing®®. A role in resistance to predation has been demonstrated in Bdellovibrio
bacteriovirus®’ and potential roles in resistance to bacteriophage and
bacteriocins are possible but remain speculative (panel a, bottom). SLPs have
roles in maintenance of cell envelope integrity (panel b) in Deinococcus
radiodurans where inactivation of slpA causes shedding of surface molecules®®

and in C. difficile where loss of cwp84 results in an abnormal S-layer and
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shedding of surface proteinsi0l. B. anthracis BslO and the C. difficile Cwp22 have
peptidoglycan hydrolase activity that may remodel the peptidoglycan. A role for
SLPs as a permeability barrier has been demonstrated in Bacillus coagulans 8. A
role in cell division has been found in B. anthracis (panel c) where inactivation of
BslO, a putative N-acetylglucosaminidase, results in increased lengths of chains
of bacterial?3. SLPs have roles in aggregation (C. difficile CwpV1%), biofilm
formation (T. forsythia®* ) and swimming (Synechococcus'°). Finally BslK from B.
anthracis mediates iron uptake by scavenging heme, transferring it to the surface

protein IsdC8°.
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Box 1 Figure

Freeze-etch EM, Electron diffraction, Atomic Force Microscopy X-ray crystallography,
Thermoanaerobacter Acetogenium kivui Lysinibacillus sphaericus Geobacillus stearothermophilus

thermohydrosulfuricus S-layer protein SbpA SbsB

Box 1

Since the first reported observation of an S-layer in 1953110 increasingly
sophisticated and high-resolution techniques have been applied to the study of
their morphology, symmetry and, ultimately, atomic structure. Some of the most
striking early visualizations of S-layer morphology came from electron
microscopy of negatively-stained cell wall fragments and isolated S-layers and
freeze-fracture microscopy of intact cells#111. S-layer proteins (SLPs)
spontaneously form 2-dimensional crystals in vitro, which can be studied using
electron microscopy (panel A shows the regular hexagonal surface array of a
Thermoanaerobacter thermohydrosulfuricus cell'1?). More detailed structural
information can be obtained from two-dimensional crystals using electron
crystallography (for example Acetogenium kivui, transmission electron
microscopy images of negatively stained S-layer fragments (panel B, top), the
resulting electron diffraction patterns (panel B, top, insets), 3D projection map
shown in panel B (bottom)). The projection map clearly shows the p6 hexagonal
symmetry of the S-layer and the 6 individual SLP monomers which form the
ring-like core component of the supramolecular structure!!3. In recent years,

atomic force microscopy (AFM) has been developed as a high resolution imaging
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technique to visualize macromolecules and is particularly well suited to the
study of bacterial surfaces 114, as it allows unprecedented resolution on intact S-
layer samples under native aqueous conditions and, with functionalised tips, the
ability to map individual proteins within the layer. (Panel C, AFM image of the
re-assembled Lysinibacillus sphaericus SbpA S-layer showing clear tetragonal
symmetry15). Owing to difficulties in growing 3D crystals suitable for X-ray
crystallography, which is in part attributable to the propensity of SLPs to form
two-dimensional crystals, there is a dearth of high resolution S-layer structures.
Many groups have taken a divide and conquer approach by crystallizing except
from structures of recombinant or proteolytically-derived fragments of SLPs.
The first to be published was a 52 residue coiled-coil fragment of the
tetrabrachion SLP from the extreme thermophile Staphylothermus marinus16
followed by two partial structures of Archaeal SLPs from Methanosarcina
spp.117.118_One comprises a novel seven-bladed S propeller (the YVTN domain),
a polycystic kidney disease superfamily fold domain and a third, as yet
unstructured, domain which is predicted to adopt a parallel right-handed
helix fold. The other SLP has two highly related DUF1608 domains, one of which
has a pair of linked 3 sandwich folds, and a transmembrane anchor!18. Partial
structures have also been solved for two of the Geobacillus stearothermophilus
SLPs (SbsC lacking the C-terminal crystallization domain>>, and SbsB lacking the
N-terminal SLH domains >8) and C. difficile LMW SLP11°, SbsC anchors to the cell
surface via non-covalent interactions between domain 1 of the protein (residues
31-270) and a negatively charged secondary cell wall polymer (SCWP) (see main

text). The crystal structure of this domain revealed a series of surface exposed
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positively charged residues, with spacing approximating that of the negatively
charged ManNAcUA groups on the SCWP, as well as a potential carbohydrate-
binding stack of aromatic side chains. Further research will hopefully determine
the exact contribution of these residues to binding the SCWP. SbsB was the first
SLP to be crystallized in an intact form, employing nanobodies to inhibit 2D
lattice formation and allow 3D crystallization. The cell wall binding SLH domains
did not resolve in the finished structure but the crystal packing, in combination
with cryo-EM and crosslinking studies, allowed the proposal of a plausible model
of the complete 2D paracrystalline array (see panel D and text)>8. The 3D
structure of the SLH domains from another SLP, the B. anthracis Sap1, has been
determined, revealing a pseudo-trimer with each SLH domain contributing one
component of a three pronged spindle, allowing modelling of binding of the SLH
domains to the SCWP43. Panels A, B and C are reproduced with permission from

112,113 gand 115 respectively. Panel D: the structural coordinates for SbsB32-920

(4AQ1) 58 were downloaded from the PDB (http://www.rcsb.org/pdb) and the

image shown was generated using PyMOL.

Faaoan and Fairuranthar naoca 272



SIDE BARS NOTES
Phase-variable expression - random variation of gene expression in a bacterial
population in which expression in individual cells is either on or off leading to

phenotypic heterogeneity in the population.

Secondary Cell Wall Polymers - carbohydrate based polymers other than
peptidoglycan and anionic polymers present in the cell wall, for example the
pyruvylated B. anthracis SCWP that anchors the SLPs EA1 and Sap to the cell

wall.

N- and O-linked glycosylation - linkage of a sugar to the nitrogen (N) atom of

asparagine or to the oxygen (0) atom of serine, threonine or tyrosine.

Type I secretion - a sec-independent protein secretion system in Gram-negative
bacteria consisting of an inner membrane ABC transporter, a periplasmic

membrane fusion protein and an outer membrane pore.

Type Il secretion - a sec-dependent multi-protein secretion system in Gram-

negative bacteria which is closely related to type II pili.

Sacculi - the sacculus (singular) is the sac of polymerised peptidoglycan

surrounding the bacteria. Isolated from the bacterium, it retains the shape of the

cell.

Faaoan and Fairuranthar naoa 22



Acknowledgments: work in the N.F. laboratory is currently supported by the
MRC (grants G0800170 and G1001721), the Wellcome Trust (grant 090969Z)
and the Leverhulme Trust (grant RF2012-232), and in the R.F. laboratory by the

University of Sheffield.

Competing interests statement. The authors declare no competing financial

interests.

Faaoan and Fairuranthar naaoa 24



References

1. Sara, M. & Sleytr, U.B. S-layer proteins. ] Bacteriol 182, 859-868 (2000).

2. Sleytr, U.B. & Beveridge, T.]J. Bacterial S-layers. Trends Microbiol 7, 253-60
(1999).

3. Albers, S.V. & Meyer, B.H. The archaeal cell envelope. Nat Rev Microbiol 9,
414-26 (2011).

4. Sleytr, U.B. & Glauert, A.M. Ultrastructure of the cell walls of two closely
related clostridia that possess different regular arrays of surface subunits.

] Bacteriol 126, 869-82 (1976).

5. Sleytr, U.B. et al. S-layers as a tool kit for nanobiotechnological

applications. FEMS Microbiol Lett 267, 131-44 (2007).

6. Schuster, B. & Sleytr, U.B. Nanotechnology with S-layer proteins. Methods
Mol Biol 996, 153-75 (2013).

7. Tu, Z.C., Wassenaar, T.M., Thompson, S.A. & Blaser, M.]. Structure and

genotypic plasticity of the Campylobacter fetus sap locus. Mol Microbiol
48, 685-98 (2003).

8. Dworkin, J. & Blaser, M.]. Nested DNA inversion as a paradigm of
programmed gene rearrangement. Proc Natl Acad Sci U S A 94, 985-90
(1997).

9. Tummuru, M.K. & Blaser, M.]. Rearrangement of sapA homologs with
conserved and variable regions in Campylobacter fetus. Proc Natl Acad Sci
USA90,7265-9 (1993).

First description of site-specific recombination between SLP genes

as a mechanism for antigenic variation

Faaoan and Fairuranthar naoa 2R



10.

11.

12.

13.

14.

15.

16.

Dworkin, J., Tummuru, M.K. & Blaser, M.]. Segmental conservation of sapA
sequences in type B Campylobacter fetus cells. ] Biol Chem 270, 15093-
101 (1995).

Eidhin, D., Ryan, A., Doyle, R., Walsh, ].B. & Kelleher, D. Sequence and
phylogenetic analysis of the gene for surface layer protein, sipA, from 14

PCR ribotypes of Clostridium difficile. ] Med Microbiol 55, 69-83 (2006).

Calabi, E. & Fairweather, N. Patterns of sequence conservation in the S-
layer proteins and related sequences in Clostridium difficile. ] Bacteriol

184, 3886-3897 (2002).

Dingle, K.E. et al. Recombinational switching of the Clostridium difficile S-
layer and a novel glycosylation gene cluster revealed by large-scale
whole-genome sequencing. J Infect Dis 207, 675-86 (2013).

Description of SLP cassettes in C. difficile with genetic evidence of
recombinational switching, hypothesized to facilitate antigenic

variation.

Emerson, J. et al. A novel genetic switch controls phase variable
expression of CwpV, a Clostridium difficile cell wall protein. Mol Microbiol

74, 541-556 (2009).

Reynolds, C.B., Emerson, J.E., de la Riva, L., Fagan, R.P. & Fairweather, N.F.
The Clostridium difficile cell wall protein CwpV is antigenically variable
between strains, but exhibits conserved aggregation-promoting function.

PLoS Pathog 7,e1002024 (2011).

Kern, ].W. & Schneewind, O. BslA, a pXO1-encoded adhesin of Bacillus
anthracis. Mol Microbiol 68, 504-515 (2008).

Faaoan and Fairuraathar naaoa 24



17.

18.

19.

20.

21.

22.

23.

24.

25.

Mignot, T., Mesnage, S., Couture-Tosi, E., Mock, M. & Fouet, A.
Developmental switch of S-layer protein synthesis in Bacillus anthracis.

Mol Microbiol 43, 1615-27 (2002).

Wang, Y.T., Oh, S.Y.,, Hendrickx, A.P., Lunderberg, ].M. & Schneewind, O.
Bacillus cereus G9241 S-layer assembly contributes to the pathogenesis of

anthrax-like disease in mice. J/ Bacteriol (2012).

Fagan, R.P. et al. A proposed nomenclature for cell wall proteins of

Clostridium difficile. | Med Microbiol 60, 1225-8 (2011).

Bruggemann, H. et al. The genome sequence of Clostridium tetani, the
causative agent of tetanus disease. Proc Natl Acad Sci U S A 100, 1316-
1321 (2003).

Sebaihia, M. et al. Genome sequence of a proteolytic (Group I) Clostridium
botulinum strain Hall A and comparative analysis of the clostridial

genomes. Genome Res 17, 1082-92 (2007).

Awram, P. & Smit, ]. The Caulobacter crescentus paracrystalline S-layer
protein is secreted by an ABC transporter (type I) secretion apparatus. /

Bacteriol 180, 3062-9 (1998).

Kawai, E., Akatsuka, H., Idei, A., Shibatani, T. & Omori, K. Serratia
marcescens S-layer protein is secreted extracellularly via an ATP-binding

cassette exporter, the Lip system. Mol Microbiol 27,941-52 (1998).

Thompson, S.A. et al. Campylobacter fetus surface layer proteins are

transported by a type I secretion system. J Bacteriol 180, 6450-8 (1998).

Noonan, B. & Trust, T.]. Molecular analysis of an A-protein secretion
mutant of Aeromonas salmonicida reveals a surface layer-specific protein

secretion pathway. ] Mol Biol 248, 316-27 (1995).

Faacan and Fairuraathar naoa 27



26.

27.

28.

29.

30.

31.

32.

33.

34.

Thomas, S.R. & Trust, T.]. A specific PulD homolog is required for the
secretion of paracrystalline surface array subunits in Aeromonas

hydrophila. ] Bacteriol 177,3932-9 (1995).

Nguyen-Mau, S.M,, Oh, S.Y., Kern, V.., Missiakas, D.M. & Schneewind, O.
Secretion genes as determinants of Bacillus anthracis chain length. |

Bacteriol 194, 3841-50 (2012).

Fagan, R.P. & Fairweather, N.F. Clostridium difficile has two parallel and
essential Sec secretion systems. / Biol Chem 286, 27483-27493 (2011).

Braunstein, M., Brown, A.M., Kurtz, S. & Jacobs, W.R,, Jr. Two
nonredundant SecA homologues function in Mycobacteria. J Bacteriol

183, 6979-90 (2001).

Feltcher, M.E. & Braunstein, M. Emerging themes in SecA2-mediated
protein export. Nat Rev Microbiol 10, 779-789 (2012).

Awram, P. & Smit, |. Identification of lipopolysaccharide O antigen
synthesis genes required for attachment of the S-layer of Caulobacter

crescentus. Microbiology 147, 1451-60 (2001).

Ford, M.J.,, Nomellini, ].F. & Smit, J. S-layer anchoring and localization of an

S-layer-associated protease in Caulobacter crescentus. | Bacteriol 189,

2226-37 (2007).

Yang, L.Y,, Pei, Z.H., Fujimoto, S. & Blaser, M.]. Reattachment of surface
array proteins to Campylobacter fetus cells. ] Bacteriol 174, 1258-67
(1992).

Dworkin, J.,, Tummuru, M.K. & Blaser, M.]. A lipopolysaccharide-binding
domain of the Campylobacter fetus S-layer protein resides within the
conserved N terminus of a family of silent and divergent homologs. ]

Bacteriol 177, 1734-41 (1995).

Facoan and Fairuranthar naoa 29



35.

36.

37.

38.

39.

40.

41.

42,

Ebisu, S. et al. Conserved structures of cell wall protein genes among

protein-producing Bacillus brevis strains. | Bacteriol 172,1312-20 (1990).

Bowditch, R.D., Baumann, P. & Yousten, A.A. Cloning and sequencing of
the gene encoding a 125-kilodalton surface-layer protein from Bacillus
sphaericus 2362 and of a related cryptic gene. / Bacteriol 171, 4178-88
(1989).

Faraldo, M.M., de Pedro, M.A. & Berenguer, ]. Sequence of the S-layer gene
of Thermus thermophilus HB8 and functionality of its promoter in

Escherichia coli. ] Bacteriol 174, 7458-62 (1992).

Kuen, B,, Sleytr, U.B. & Lubitz, W. Sequence analysis of the sbsA gene
encoding the 130-kDa surface-layer protein of Bacillus stearothermophilus

strain PV72. Gene 145, 115-20 (1994).

Lemaire, M., Miras, 1., Gounon, P. & Beguin, P. Identification of a region
responsible for binding to the cell wall within the S-layer protein of

Clostridium thermocellum. Microbiology 144, 211-7 (1998).

Mesnage, S. et al. Bacterial SLH domain proteins are non-covalently
anchored to the cell surface via a conserved mechanism involving wall
polysaccharide pyruvylation. EMBO ] 19, 4473-84 (2000).

First description of a cell wall ligand for an SLP - a pyruvylated
secondary cell wall polymer as the ligand for non-covalent

anchoring of SLPs from B. anthracis containing SLH domains.

Etienne-Toumelin, I, Sirard, J.C., Duflot, E., Mock, M. & Fouet, A.
Characterization of the Bacillus anthracis S-layer: cloning and sequencing

of the structural gene. J Bacteriol 177, 614-20 (1995).

Mesnage, S., Tosi-Couture, E., Mock, M., Gounon, P. & Fouet, A. Molecular

characterization of the Bacillus anthracis main S-layer component:

Facoan and Fairuranthar naaoa 20



43.

44,

45.

46.

47.

48.

49,

evidence that it is the major cell-associated antigen. Mol Microbiol 23,

1147-55 (1997).

Kern, J. et al. Structure of the SLH domains from Bacillus anthracis surface

array protein. / Biol Chem 286, 26042-26049 (2011).

Sara, M. et al. Dynamics in oxygen-induced changes in S-layer protein
synthesis from Bacillus stearothermophilus PV72 and the S-layer-deficient
variant T5 in continuous culture and studies of the cell wall composition. J

Bacteriol 178, 2108-17 (1996).

Jarosch, M., Egelseer, E.M., Mattanovich, D., Sleytr, U.B. & Sara, M. S-layer
gene sbsC of Bacillus stearothermophilus ATCC 12980: molecular
characterization and heterologous expression in Escherichia coli.

Microbiology 146, 273-81 (2000).

Egelseer, E.M. et al. Characterization of an S-layer glycoprotein produced
in the course of S-layer variation of Bacillus stearothermophilus ATCC
12980 and sequencing and cloning of the sbsD gene encoding the protein

moiety. Arch Microbiol 177, 70-80 (2001).

Schaffer, C. et al. The surface layer (S-layer) glycoprotein of Geobacillus
stearothermophilus NRS 2004 /3a. Analysis of its glycosylation. | Biol Chem
277,6230-9 (2002).

Mader, C., Huber, C., Moll, D., Sleytr, U.B. & Sara, M. Interaction of the
crystalline bacterial cell surface layer protein SbsB and the secondary cell
wall polymer of Geobacillus stearothermophilus PV72 assessed by real-

time surface plasmon resonance biosensor technology. / Bacteriol 186,

1758-68 (2004).

Schaffer, C. et al. The diacetamidodideoxyuronic-acid-containing glycan

chain of Bacillus stearothermophilus NRS 2004 /3a represents the

Facoan and Fairuraathar naaoa AN



50.

51.

52.

53.

54.

55.

56.

secondary cell-wall polymer of wild-type B. stearothermophilus strains.

Microbiology 145, 1575-83 (1999).

Ferner-Ortner, J., Mader, C,, lIk, N., Sleytr, U.B. & Egelseer, E.M. High-
affinity interaction between the S-layer protein SbsC and the secondary
cell wall polymer of Geobacillus stearothermophilus ATCC 12980
determined by surface plasmon resonance technology. ] Bacteriol 189,

7154-8 (2007).

Kuroda, A., Rashid, M.H. & Sekiguchi, ]. Molecular cloning and sequencing
of the upstream region of the major Bacillus subtilis autolysin gene: a
modifier protein exhibiting sequence homology to the major autolysin

and the spolID product. /] Gen Microbiol 138, 1067-76 (1992).

Kuroda, A. & Sekiguchi, J. Cloning, sequencing and genetic mapping of a
Bacillus subtilis cell wall hydrolase gene. ] Gen Microbiol 136, 2209-16
(1990).

Bruggemann, H. & Gottschalk, G. Comparative genomics of Clostridia: link
between the ecological niche and cell surface properties. Ann NY Acad Sci

1125, 73-81 (2008).

Weidenmaier, C. & Peschel, A. Teichoic acids and related cell-wall
glycopolymers in Gram-positive physiology and host interactions. Nat Rev

Microbiol 6, 276-87 (2008).

Pavkov, T. et al. The structure and binding behavior of the bacterial cell

surface layer protein SbsC. Structure 16, 1226-37 (2008).

Runzler, D., Huber, C., Moll, D., Kohler, G. & Sara, M. Biophysical
characterization of the entire bacterial surface layer protein SbsB and its

two distinct functional domains. J Biol Chem, M308819200 (2003).

Faaoan and Fairuranathar naoca 41



57.

58.

59.

60.

61.

62.

63.

64.

Mignot, T. et al. Distribution of S-layers on the surface of Bacillus cereus
strains: phylogenetic origin and ecological pressure. Environmental

Microbiology 3,493-501 (2001).

Baranova, E. et al. SbsB structure and lattice reconstruction unveil Ca2+
triggered S-layer assembly. Nature 487, 119-22 (2012).

High resolution model of the assembled Geobacillus
stearothermophilus SbsB S-layer extrapolated from X-ray
crystallography. Also provides a plausible explanation of calcium

dependence on SLP self-assembly.

Mescher, M.F., Strominger, ].L. & Watson, S.W. Protein and carbohydrate
composition of the cell envelope of Halobacterium salinarium. | Bacteriol

120, 945-54 (1974).

Ristl, R. et al. The S-layer glycome-adding to the sugar coat of bacteria. Int
J Microbiol 2011, 127870 (2011). The first complete description of a

pathway for glycosylation of an S-layer protein.

Messner, P., Steiner, K., Zarschler, K. & Schaffer, C. S-layer
nanoglycobiology of bacteria. Carbohydr Res 343, 1934-51 (2008).

Abu-Qarn, M., Eichler, ]. & Sharon, N. Not just for Eukarya anymore:
protein glycosylation in Bacteria and Archaea. Curr Opin Struct Biol 18,

544-50 (2008).

Benz, [. & Schmidt, M.A. Never say never again: protein glycosylation in

pathogenic bacteria. Mol Microbiol 45, 267-76 (2002).

Schaffer, C., Wugeditsch, T., Neuninger, C. & Messner, P. Are S-layer
glycoproteins and lipopolysaccharides related? Microb Drug Resist 2, 17-
23 (1996).

Faaoan and Fairuraathar naoca A0



65.

66.

67.

68.

69.

70.

71.

72.

73.

Steiner, K. et al. Molecular basis of S-layer glycoprotein glycan
biosynthesis in Geobacillus stearothermophilus. | Biol Chem 283, 21120-33
(2008).

Zarschler, K., Janesch, B., Zayni, S., Schaffer, C. & Messner, P. Construction
of a gene knockout system for application in Paenibacillus alvei CCM
2051T, exemplified by the S-layer glycan biosynthesis initiation enzyme
WsfP. Appl Environ Microbiol 75, 3077-85 (2009).

Posch, G. et al. Characterization and scope of S-layer protein O-

glycosylation in Tannerella forsythia. ] Biol Chem 286, 38714-24 (2011).

Qazi, O. et al. Mass spectrometric analysis of the S-layer proteins from
Clostridium difficile demonstrates the absence of glycosylation. ] Mass

Spectrom 44, 368-374 (2009).

Beveridge, T.]. et al. Functions of S-layers. FEMS Microbiol Rev 20, 99-149
(1997).

Sun, Z. et al. Characterization of a S-layer protein from Lactobacillus
crispatus K313 and the domains responsible for binding to cell wall and

adherence to collagen. Appl Microbiol Biotechnol 97, 1941-52 (2013).

Sillanpaa, J. et al. Characterization of the collagen-binding S-layer protein

CbsA of Lactobacillus crispatus. | Bacteriol 182, 6440-50 (2000).

Toba, T. et al. A collagen-binding S-layer protein in Lactobacillus crispatus.

Appl Environ Microbiol 61, 2467-71 (1995).

Ausiello, C.M. et al. Surface layer proteins from Clostridium difficile induce
inflammatory and regulatory cytokines in human monocytes and

dendritic cells. Microbes Infect 8, 2640-6 (2006).

Faaoan and Fairuranthar naoa A2



74.

75.

76.

77.

78.

79.

80.

81.

Ryan, A. et al. A role for TLR4 in Clostridium difficile infection and the
recognition of surface layer proteins. PLoS Pathog 7,e1002076 (2011).
Demonstration that an SLP can act as a ligand for the innate immune
response, activating TLR4 and promoting clearance of C. difficile

infection.

Calabi, E., Calabi, F., Phillips, A.D. & Fairweather, N. Binding of Clostridium
difficile surface layer proteins to gastrointestinal tissues. Infect Inmun 70,

5770-5778 (2002).

Faulds-Pain, A. & Wren, B.W. Improved bacterial mutagenesis by high-
frequency allele exchange, demonstrated in Clostridium difficile and

Streptococcus suis. Appl Environ Microbiol 79, 4768-4771 (2013).

Cartman, S.T., Kelly, M.L., Heeg, D., Heap, ].T. & Minton, N.P. Precise
manipulation of the Clostridium difficile chromosome reveals a lack of
association between tcdC genotype and toxin production. Applied and

Environmental Microbiology 78, 4683-4690 (2012).

Heap, ].T. et al. Integration of DNA into bacterial chromosomes from
plasmids without a counter-selection marker. Nucleic Acids Res 40, e59

(2012).

Kern, ]. & Schneewind, O. BslA, the S-layer adhesin of B. anthracis, is a
virulence factor for anthrax pathogenesis. Mol Microbiol 75, 324-332
(2010).

Tarlovsky, Y. et al. A Bacillus anthracis S-layer homology protein that
binds heme and mediates heme delivery to IsdC. ] Bacteriol 192, 3503-11
(2010).

Grogono-Thomas, R., Dworkin, |, Blaser, M.]. & Newell, D.G. Roles of the
surface layer proteins of Campylobacter fetus subsp. fetus in ovine

abortion. Infect Immun 68, 1687-91 (2000).

Faaoan and Fairuranthar naaoa AA



82.

83.

84.

85.

86.

87.

88.

89.

Garcia, M.M. et al. Protein shift and antigenic variation in the S-layer of
Campylobacter fetus subsp. venerealis during bovine infection
accompanied by genomic rearrangement of sapA homologs. / Bacteriol

177, 1976-80 (1995).

Wang, E., Garcia, M.M,, Blake, M.S,, Pei, Z. & Blaser, M.]. Shift in S-layer
protein expression responsible for antigenic variation in Campylobacter

fetus. ] Bacteriol 175, 4979-84 (1993).

Blaser, M.]. & Pei, Z. Pathogenesis of Campylobacter fetus infections:
critical role of high-molecular-weight S-layer proteins in virulence. J Infect

Dis 167, 372-7 (1993).

Blaser, M.]. et al. Pathogenesis of Campylobacter fetus infections: serum
resistance associated with high-molecular-weight surface proteins. J

Infect Dis 155, 696-706 (1987).

Blaser, M.]., Smith, P.F., Repine, J.E. & Joiner, K.A. Pathogenesis of
Campylobacter fetus infections. Failure of encapsulated Campylobacter

fetus to bind C3b explains serum and phagocytosis resistance. J Clin Invest

81, 1434-44 (1988).

Tu, Z.C., Gaudreau, C. & Blaser, M.]. Mechanisms underlying
Campylobacter fetus pathogenesis in humans: surface-layer protein

variation in relapsing infections. J Infect Dis 191, 2082-9 (2005).

Darveau, R.P. Periodontitis: a polymicrobial disruption of host

homeostasis. Nat Rev Microbiol 8, 481-90 (2010).

Socransky, S.S., Haffajee, A.D., Cugini, M.A., Smith, C. & Kent, R.L., Jr.
Microbial complexes in subgingival plaque. J Clin Periodontol 25, 134-44
(1998).

Faaoan and Fairuranthar naoa AR



90.

91.

92.

93.

94,

95.

96.

97.

98.

Sabet, M., Lee, S.W., Nauman, R.K,, Sims, T. & Um, H.S. The surface (S-)
layer is a virulence factor of Bacteroides forsythus. Microbiology 149,

3617-27 (2003).

Higuchi, N. et al. Localization of major, high molecular weight proteins in

Bacteroides forsythus. Microbiol Imnmunol 44, 777-80 (2000).

Sakakibara, J. et al. Loss of adherence ability to human gingival epithelial
cells in S-layer protein-deficient mutants of Tannerella forsythensis.

Microbiology 153, 866-76 (2007).

Lee, S.W. et al. Identification and characterization of the genes encoding a
unique surface (S-) layer of Tannerella forsythia. Gene 371, 102-11
(2006).

Honma, K., Inagaki, S., Okuda, K., Kuramitsu, H.K. & Sharma, A. Role of a
Tannerella forsythia exopolysaccharide synthesis operon in biofilm

development. Microb Pathog 42, 156-66 (2007).

Pham, T.K. et al. A quantitative proteomic analysis of biofilm adaptation
by the periodontal pathogen Tannerella forsythia. Proteomics 10, 3130-41
(2010).

Sockett, R.E. Predatory lifestyle of Bdellovibrio bacteriovorus. Annu Rev
Microbiol 63, 523-39 (2009).

Koval, S.F. & Hynes, S.H. Effect of paracrystalline protein surface layers on

predation by Bdellovibrio bacteriovorus. | Bacteriol 173, 2244-9 (1991).

Sara, M. & Sleytr, U.B. Molecular sieving through S layers of Bacillus
stearothermophilus strains. | Bacteriol 169, 4092-8 (1987).

Faaoan and Fairuraathar naoa AA



99,

100.

101.

102.

103.

104.

105.

106.

Rothfuss, H., Lara, ].C., Schmid, A.K. & Lidstrom, M.E. Involvement of the S-
layer proteins Hpi and SlpA in the maintenance of cell envelope integrity

in Deinococcus radiodurans R1. Microbiology 152, 2779-87 (2006).

Kirby, ].M. et al. Cwp84, a surface-associated cysteine protease, plays a
role in the maturation of the surface layer of Clostridium difficile. ] Biol

Chem 284, 34666-34673 (2009).

de la Riva, L., Willing, S.E., Tate, EW. & Fairweather, N.F. Roles of cysteine
proteases Cwp84 and Cwp13 in biogenesis of the cell wall of Clostridium

difficile. ] Bacteriol 193, 3276-85 (2011).

Ahn, ].S., Chandramohan, L., Liou, L.E. & Bayles, KW. Characterization of
CidR-mediated regulation in Bacillus anthracis reveals a previously

undetected role of S-layer proteins as murein hydrolases. Mol Microbiol

62, 1158-69 (2006).

Anderson, V.J., Kern, ].W., McCool, ].W., Schneewind, 0. & Missiakas, D. The
SLH-domain protein BslO is a determinant of Bacillus anthracis chain

length. Mol Microbiol 81, 192-205 (2011).

Kern, V.J., Kern, ] W., Theriot, ].A., Schneewind, O. & Missiakas, D. Surface-
layer (S-layer) proteins sap and EA1 govern the binding of the S-layer-

associated protein BslO at the cell septa of Bacillus anthracis. | Bacteriol

194, 3833-40 (2012).

Peltier, J. et al. Clostridium difficile has an original peptidoglycan structure
with a high level of N-acetylglucosamine deacetylation and mainly 3-3

cross-links. | Biol Chem 286, 29053-62 (2011).

Brahamsha, B. An abundant cell-surface polypeptide is required for
swimming by the nonflagellated marine cyanobacterium Synechococcus.

Proc Natl Acad Sci U S A 93, 6504-9 (1996).

Faacan and Fairuraathar naoca A7



107.

108.

109.

110.

111.

112.

113.

114.

115.

McCarren, J. & Brahamsha, B. SwmB, a 1.12-megadalton protein that is
required for nonflagellar swimming motility in Synechococcus. ] Bacteriol

189, 1158-62 (2007).

McCarren, ]J. & Brahamsha, B. Swimming motility mutants of marine
Synechococcus affected in production and localization of the S-layer

protein SwmA. ] Bacteriol 191, 1111-4 (2009).

Norville, ]J.E., Kelly, D.F., Knight, T.F., Jr., Belcher, AM. & Walz, T. 7A
projection map of the S-layer protein sbpA obtained with trehalose-

embedded monolayer crystals. ] Struct Biol 160, 313-23 (2007).

Houwink, A.L. A macromolecular mono-layer in the cell wall of Spirillum
spec. Biochim Biophys Acta 10, 360-6 (1953).

First description of a paracrystalline layer on a bacterial cell

Severs, N.J. Freeze-fracture electron microscopy. Nat Protocols 2, 547-576

(2007).

Sleytr, U.B., Messner, P., Pum, D. & Sara, M. Crystalline Bacterial Cell
Surface Layers (S Layers): From Supramolecular Cell Structure to
Biomimetics and Nanotechnology. Angew. Chem. Int. Ed. 38, 1034-1054
(1999).

Lupas, A. et al. Domain structure of the Acetogenium kivui surface-layer
revealed by electron crystallography and sequence-analysis. ] Bacteriol

176, 1224-1233 (1994).

Dorobantuy, L.S., Goss, G.G. & Burrell, R.E. Atomic force microscopy: a

nanoscopic view of microbial cell surfaces. Micron 43, 1312-22 (2012).

Chung, S., Shin, S.H., Bertozzi, C.R. & De Yoreo, ].J. Self-catalyzed growth of
S layers via an amorphous-to-crystalline transition limited by folding

kinetics. Proc Natl Acad Sci US A 107, 16536-41 (2010).

Faaoan and Fairuranthar naoa AQ



116.

117.

118.

1109.

120.

121.

Stetefeld, J. et al. Crystal structure of a naturally occurring parallel right-

handed coiled coil tetramer. Nat Struct Biol 7, 772-6 (2000).

Jing, H. et al. Archaeal surface layer proteins contain beta propeller, PKD,
and beta helix domains and are related to metazoan cell surface proteins.

Structure 10, 1453-64 (2002).

Arbing, M.A. et al. Structure of the surface layer of the methanogenic
archaean Methanosarcina acetivorans. Proc Natl Acad Sci US A 109,

11812-7 (2012).

Fagan, R.P. et al. Structural insights into the molecular organization of the

S-layer from Clostridium difficile. Mol Microbiol 71, 1308-1322 (2009).

Punta, M. et al. The Pfam protein families database. Nucleic Acids Res 40,
D290-301 (2012).

Korotkov, K.V., Sandkvist, M. & Hol, W.G. The type Il secretion system:
biogenesis, molecular architecture and mechanism. Nat Rev Microbiol 10,

336-51 (2012).

Facoan and Fairuranthar naaoa 40



