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MINI REVIEW
Genetic organization of chromosomal S-layer
glycan biosynthesis loci of Bacillaceae
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A-1180 Wien, Austria

S-layer glycoproteins are cell surface glycoconjugates that have been identified in archaea and in bacteria. Usually, S-layer
glycoproteins assemble into regular, crystalline arrays covering the entire bacterium. Our research focuses on thermophilic
Bacillaceae, which are considered a suitable model system for studying bacterial glycosylation. During the past decade,
investigations of S-layer glycoproteins dealt with the elucidation of the highly variable glycan structures by a combination
of chemical degradation methods and nuclear magnetic resonance spectroscopy. It was only recently that the molecular
characterization of the genes governing the formation of the S-layer glycoprotein glycan chains has been initiated. The S-
layer glycosylation (slg) gene clusters of four of the 11 known S-layer glycan structures from members of the Bacillaceae
have now been studied. The clusters are ~16 to ~25 kb in size and transcribed as polycistronic units. They include
nucleotide sugar pathway genes that are arranged as operons, sugar transferase genes, glycan processing genes, and
transporter genes. So far, the biochemical functions only of the genes required for nucleotide sugar biosynthesis have
been demonstrated experimentally. The presence of insertion sequences and the decrease of the G + C content at the sig
locus suggest that the investigated organisms have acquired their specific S-layer glycosylation potential by lateral gene
transfer. In addition, S-layer protein glycosylation requires the participation of housekeeping genes that map outside the
cluster. The gene encoding the respective S-layer target protein is transcribed monocistronically and independently of the
slg cluster genes. Its chromosomal location is not necessarily in close vicinity to the slg gene cluster.
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Introduction to S-layer glycoproteins S-layer glycoproteins constitute the outermost layer of many
bacteria from the Bacillaceae family [2]. If present, the S-layer
glycoproteins are the most abundant cellular proteins, with 20%
of the total protein synthesis effort of the cell being devoted to
S-layer protein biosynthesis. This ensures a complete coverage
of the bacterium with a crystalline, regular S-layer glycoprotein
lattice during all stages of the cell growth cycle. The glycosy-
lation degree of S-layer proteins generally varies between two
and 10% (w/w), yielding overall apparent molecular masses of
the constituting protomers between 45 and 200 kDa on SDS-PA
gels. Besides the positive color reaction with the periodic acid-
Schiff reagent on SDS-PA gels, the S-layer glycan chains can
be visualized directly by electron microscopy of high-pressure
frozen and thin-sectioned bacterial cells. They appear as partly

In the past decade, prokaryotic glycobiology has been rec-
ognized as a very attractive area of research, with high em-
phasis being on glycoproteins. This is well reflected by the
high number of recent review articles on that subject. In gen-
eral, prokaryotic glycoprotein glycans are highly variable com-
pounds with regard to both composition and structure, com-
parable to those found in eukaryotic organisms [1-5]. Among
them, the most dominant role play glycosylated flagellae and
pili from pathogenic bacteria [4,6,7] and archaea [8], as well as
glycosylated surface layer (S-layer) proteins of bacteria [9,10].
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collapsed, filiform structures that serve as a coating for the cell.
Thus, it is conceivable to assume that they are involved in cell
surface phenomena; more precise functions of S-layer glycans
from the Bacillaceae are not known so far. Usually, bacterial
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S-layer glycans are composed of individual repeating units and
they comprise in total up to 100 sugars residues. The repeating
unit is one of the most variable cell constituents. The varia-
tions are (i) in the types of sugars present, which include, be-
sides a wide range of hexoses and N-acetylated amino sugars,
rare residues such as quinovosamine, N-acetyl-D-fucosamine,
D-glycero-D-manno-heptose, D-thamnose, or D-fucose, (ii) in
their arrangement within an either linear or branched repeat-
ing unit, and (iii) in the linkage between these units. Usually,
these O-antigen-like polysaccharides are linked via a short core
saccharide to a rather small number (present analyses indicate
between one and two glycosylated amino acids per S-layer pro-
tomer) of distinct glycosylation sites on the S-layer protein.
Glycosidic linkage units found among members of the Bacil-
laceae include those to serine and threonine (Gal— Thr/Ser,
GalNAc— Thr/Ser) and to tyrosine (Glc— Tyr, Gal— Tyr), with
the linkage sugar being in the B-configuration. S-layer gly-
cans usually possess a tripartite structure reminiscent of that
known from the lipopolysaccharides of Gram-negative bacte-
ria. It comprises an O-antigen-like polysaccharide chain, whose
length is clustered around a modal value [11], a core region and
the glycosylation site replacing lipid A (details about the struc-
tural schemes of S-layer glycoprotein are reviewed in [2]). De-
spite these possible variations within S-layer O-glycan chains,
only one type of glycan has been detected per individual or-
ganism so far, but this may be attached to different amino acids
of the S-layer protein [11,12]. Please note that in archaea, dif-
ferent types of glycans may be linked to an S-layer protein,
but the composition of these archaeal glycan chains is usually
different from bacterial S-layer glycans and they do not fol-
low the above mentioned tripartite structural scheme (reviewed
[13]). However, within the Bacillaceae family, structural diver-
sity may be quite extensive even among closely related organ-
isms, as is exemplified by Aneurinibacillus thermoaerophilus
strains L420-91T and DSM 10155 (compare with [14]). Thus,
S-layer glycan chains cannot serve as a criterion for taxonomic
typing of bacteria. However, they are useful tools for typing
strains. It is interesting to note that the S-layer glycans present
in fresh isolates may be lost after prolonged cultivation of the
bacteria in rich laboratory media (e.g., S-layer glycan deficient
variant of A. thermoaerophilus DSM 10155/G™ [15]; GenBank
accession number of the gene encoding the non-glycosylated
S-layer protein SatC, AY422725). This observation supports
the assumption that the carbohydrates provide a selection ad-
vantage for the bacteria under the competitive conditions of the
natural habitat.

Whereas S-layer glycoprotein research has previously fo-
cused on structural investigations of S-layer glycan chains from
different bacterial species (for a compilation of S-layer gly-
can structures see [2,16]), recent studies have focussed on the
genes governing the S-layer glycan formation [17]. From the
preliminary data obtained from selected organisms, an even
more interesting picture of S-layer glycoproteins is emerging.
The long-term goal of S-layer glycoprotein research is to pro-
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vide a detailed understanding of the mechanisms underlying
the biosynthesis of S-layer glycoprotein glycans and the regu-
latory events that coordinate S-layer glycan and S-layer protein
biosyntheses. This knowledge shall eventually allow the ratio-
nal design of S-layer glycosylation motives by carbohydrate
engineering techniques for various types of nanobiotechnology
applications [10,16].

Description of S-layer glycosylation (slg) gene clusters

Analysis of S-layer glycosylation on the molecular level was
performed on the basis of completely elucidated S-layer gly-
can structures. Currently, most detailed data are available from
the organisms Aneurinibacillus thermoaerophilus strains L420-
91T and DSM 10155/G™ and Geobacillus stearothermophilus
NRS 2004/3a. Recently, we have extended our studies to Ther-
moanaerobacterium thermosaccharolyticum E207-71. Figure 1
shows the wide variations of the S-layer glycan structures
among the selected organisms. The most simple S-layer gly-
can is found in G. stearothermophilus NRS 2004/3a, repre-
senting a linear poly-L-rhamnan made of trisaccharide repeats
[11,18]; A. thermoaerophilus DSM 10155/G™" possesses dis-
accharide repeating units containing the rare constituent D-
glycero-D-manno-heptose [12,19]. Branched repeating units are
present in A. thermoaerophilus L420-91T [20,21] and T: ther-
mosaccharolyticum E207-71 [22], with the hexasaccharide
of the latter organism containing even a furanosidic sugar
(Galf). The presence of either L-rhamnose or, less often, D-
rhamnose residues is frequently observed in S-layer glycans
and is also valid for the investigated organisms (compare with
Figure 1).

Based on the knowledge that most sugars are incorporated
into growing glycan chains from their nucleotide-activated pre-
cursor, we surveyed the literature for what is known about
the deoxy-thymidine diphosphate (dTDP)-8-L-rhamnose and
the guanosine diphosphate (GDP)-«a-D-rhamnose biosynthesis
pathways as utilized for LPS assembly. GDP-¢-D-rhamnose
is synthesized in a two-step reaction catalyzed by the Gmd
and Rmd enzymes [23], whereas four enzymes, encoded by
the rmIABCD genes, act sequentially to synthesize dTDP-
B-L-rhamnose (reviewed in [24]). Degenerate oligonucleotide
probes targeted to the initial step of the respective path-
way were used to localize the respective DNA sequence on
the chromosome of the investigated organisms. For A. ther-
moaerophilus 1.420-917, the highly conserved eight-amino acid
stretch GILFNHES of the GDP-D-mannose-dehydratase Gmd,
which has been found in 16 out of 18 aligned Gmd sequences
from database entries, was used for primer design and it gave
highly specific signals in Southern hybridization experiments
with EcoRI-digested DNA of the organism [25]. Further se-
quence information was obtained from a pBCKS-based con-
struct, which confirmed that the GDP-a-D-rhamnose operon
consisted only of the two ORFs Gmd and Rmd also in the
S-layer carrying organism. For the identification of genes from
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Figure 1. S-layer glycoprotein glycan structures of the investigated organisms. The lower case numbers indicate the position of
the glycosylated amino acid on the respective S-layer precursor protein. The curved line symbolizes the S-layer polypeptide. For T.
thermosaccharolyticum E207-71 the core structure has not yet been determined.

the dTDP-B-L-thamnose biosynthesis, the highly conserved
seven-amino acid stretch YDKPMIY of RmlA, and the six-
amino acid stretch TDEVYG of the RmIB protein were used
for primer design [17]. All four organisms included in this
study gave a positive signal in a PCR approach using the de-
generate primers. Sequencing of adjacent regions by chromo-
some walking [26] confirmed the presence of the complete rml
operon in A. thermoaerophilus DSM 10155/G*, G. stearother-
mophilus NRS 2004/3a, and T. thermosaccharolyticum E207-
71. In the former organisms the rml/ genes are arranged in the or-
der rmIACBD, in agreement with the order already described for
other Gram-positive bacteria [27,28], whereas in T. thermosac-
charolyticum E207-71 the order of the genes is rm/BADC. This
finding indicates that, as in Gram-negative bacteria [29-31],
the order of the four genes is quite variable. In addition, the
rmlAB-specific probes gave also a positive result for A. ther-
moaerophilus 1.420-917, where these genes are responsible for

the initial steps of the dTDP-«-D-Fuc3NAc biosynthesis [32]
(compare with Figure 2).

Sequencing of upstream and downstream regions of the
rhamnose biosynthesis operons revealed the presence of chro-
mosomal S-layer glycan biosynthesis (slg) gene clusters in
A. thermoaerophilus strains L420-917 (GenBank accession
number AY442352) and DSM 10155/G™ (AF324836) and in
G. stearothermophilus NRS 2004/3a (AF328862). For com-
parative reasons we have also included in this survey the in-
complete slg gene locus of T. thermosaccharolyticum E207-71
(AY422724) (Figure 3). The clusters vary strain-specifically in
size due to the differences in the mature S-layer glycan struc-
tures (preliminary data indicate DNA regions extending be-
tween 16 and 25 kb) and they comprise closely spaced or even
overlapping open reading frames (ORFs), all of which are tran-
scribed in the same direction. If present, putative transposases or
fragments thereof may be transcribed in the opposite direction
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Figure 2. Overview of nucleotide sugar biosynthetic pathways involved in S-layer protein glycosylation. Enzyme names are in
boldface. All reaction steps have been demonstrated experimentally in in vitro assays using purified enzyme preparations.

(compare with Figures 3a and b). Most of the putative gene
products encoded by the assigned ORFs show high homology
with proteins involved in the biosynthesis of different bacterial
surface polysaccharides, which supports the assumption that
these DNA loci indeed encode the S-layer protein glycosylation
event in the investigated organisms. Based on these sequence
similarities, putative biological functions could be assigned to
most of the genes of the slg gene clusters (Tables 1a—d).

The slg gene clusters include nucleotide sugar pathway
genes, which are usually clustered in an operon, glycosyltrans-
ferase genes, glycan processing genes (e.g., a putative methyl-
transferase, which may also be involved in chain termination),
and transporter genes. The A. thermoaerophilus 1.420-917 and
G. stearothermophilus NRS 2004/3a slg gene cluster addition-
ally contains genes involved in the formation of a putative
lipid-bound glycan intermediate. From the assigned genes it
is evident that none of the slg gene clusters encodes the biosyn-
thesis of the nucleotide-activated linkage sugar of the S-layer
glycan (UDP-Gal and UDP-GalNAc, respectively). Obviously,
these precursors that are synthesized from UDP-Glc and UDP-
GlcNAc, respectively, through the activity of the correspond-
ing 4-epimerases GalE [33] and Gne [34], are also involved
in housekeeping functions and not duplicated in the slg gene
cluster. The current impossibility to transform any of the A. ther-
moaerophilus strains and G. stearothermophilus NRS 2004/3a
has so far impeded the experimental proof for the complete-
ness of the slg gene clusters with regard to S-layer glycan-

specific information. It is interesting to note that the number
of transferase-like genes present in the clusters matches the
theoretically required number for building up the respective S-
layer glycan, not considering the possibility of multispecificity
of single enzymes. This, in combination with the position of
putative transposases may be taken as an indication that the
sequenced regions indeed encode the complete information for
glycosylating the target S-layer protein. However, only knock-
out mutants and complementation experiments will eventually
give the final proof for this assumption.

From all preliminary data available it is evident that the slg
gene clusters of Bacillaceae are much less organized than the
clusters encoding the biosynthesis of other bacterial polysac-
charides, such as the LPS O-antigens of Gram-negative bac-
teria [35] or the exopolysaccharides of lactic acid bacteria
[36]. Furthermore, the current sequence information did not
allow the identification of specific genes on the chromosome
of the Bacillaceae, such as the galF and gnd genes in Es-
cherichia coli and Salmonella enterica [35] or the hemH and
gsk genes in Yersinia enterocolitica [37], between which the
slg locus is preferentially located. Another difference between
LPS and slg gene clusters may be the absence of a typical
JUMPstart sequence that is found in proximity to probable pro-
moter regions of several polysaccharide gene clusters [38]. At
least in the examined upstream region of the slg gene clus-
ters, which was extending ~2.5 kb of A. thermoaerophilus
strain L420-91T and DSM 10155/G™, and ~4 kb in the case of
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Figure 3. Genetic organization of the chromosomal slg gene cluster of (a) Aneurinibacillus thermoaerophilus L420-917 (GenBank
accession number AY442352), (b) A. thermoaerophilus DSM 10155/G* (GenBank accession number AF324836), (c) Geobacil-
lus stearothermophilus NRS 2004/3a (GenBank accession number AF328862), and (d) Thermoanaerobacterium thermosaccha-
rolyticum E207-71 (incomplete cluster, GenBank accession number AY422724). The corresponding percentage G+C base compo-
sition is given below each cluster map. The position of the S-layer genes satA and satB in relation to the respective slg gene cluster
is shown on the left side of the figure.
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G. stearothermophilus NRS 2004/3a, no JUMPstart-like se-
quence could be identified.

As is commonly the case with bacterial polysaccharide
biosynthesis gene clusters, the genes in the slg gene clus-
ters have a low G+C content, mostly ranging between 30
and 43% for individual genes. This is significantly lower
than the G+C content determined for the respective bacte-
rial genome as a whole, which is 46.7 and 46.3% for A. ther-
moaerophilus strains L420-91T and DSM 10155/G, respec-
tively, and 53.0% for G. stearothermophilus NRS 2004/3a.
In the case of G. stearothermophilus NRS 2004/3a this is
also lower than the G4C content of the genes adjacent to
the cluster (sgsE and istA), or lower of that of the fragmen-
tary transposases contained in the A. thermoaerophilus clusters
(ORFA110, ORFA119, ORFA120; ORFA212) (Figures 3a—c).
These observations suggest that the investigated organisms may
have recently acquired their S-layer glycosylation machinery by
lateral gene transfer [39]. The possible division of the sig gene
cluster into distinct groups of genes with similar G4-C contents,
which are not necessarily flanked by transposase sequences,
may even indicate different origins of these gene groups.

Comparison of some of the genes of the analysed bacterial
slg clusters with data base entries for the corresponding genes
from eukaryotes, revealed only low overall homologies. For
instance, an alignment of the GDP-mannose 4,6 dehydratase
Gmd from A. thermoaerophilus 1420-917 and Caenorhab-
ditis elegans (GenBank accession number 045583) revealed
an identity/similarity value of 52/66% for the region between
amino acid 2 and 318 of the bacterial ORF. For other enzymes
homologies exist only for certain protein motifs, e.g., the amino
acid stretch between position 129 and 311 of ORFA205 pos-
sesses 39/51% identity/similarity with the F32D8.8 protein of
C. elegans (GenBank accession number Q19960). This indi-
cates that for any protein of interest, a detailed analysis will be
required to obtain conclusive comparative data.

In addition to the analyses of the slg gene clusters, for three of
the investigated organisms, the respective S-layer protein struc-
tural gene has been sequenced. S-layer structural genes were
given s** names, followed by the name of the bacterial species as
atwo-letter code. Consequently, the genes were designated satA
for A. thermoaerophilus 1.420-91T (GenBank accession num-
ber AY395578), satB for A. thermoaerophilus DSM 10155/G™
(AY395579), and sgsE for G. stearothermophilus NRS 2004/3a
(AF328862). The G+C content of the S-layer genes is typi-
cal of housekeeping genes of the host chromosome. Concern-
ing the chromosomal location of the S-layer genes in relation
to the slg gene cluster, no common pattern seems to exist.
SgsE of G. stearothermophilus NRS 2004/3a is located im-
mediately upstream of the slg gene cluster with the intergenic
region comprising 214 nucleotides, whereas satA and satB
are located elsewhere on the chromosome. For G. stearother-
mophilus NRS 2004/3a it was demonstrated experimentally that
the S-layer gene is transcribed monocistronically and indepen-
dently of the slg gene cluster, which itself represents a poly-

cistronic transcription unit [17]. However, some higher-level
co-regulation of the S-layer protein and the S-layer glycan
biosyntheses cannot be excluded. The S-layer precursor pro-
teins encoded by the satA, satB, and sgsE genes, respectively,
contain a signal sequence of 30 amino acids. Based on the
known amino acid sequence it was possible to determine the
position of the glycosylation sites on the respective S-layer pre-
cursor protein using purified proteolytic cleavage fragments of
the S-layer glycoproteins (indicated in Figure 1).

Biosynthesis pathways of nucleosidediphosphate sugars
involved in S-layer glycan biosynthesis

Based on the identification of the S-layer glycan specific nu-
cleotide sugar genes in the slg gene clusters, the encoded pro-
teins were cloned and overexpressed in E. coli. Functional as-
says were established that eventually led to the characterization
of the biosynthesis pathways for dTDP-S-L-Rha [40], dTDP-
a-D-Fuc3NAc [32], dTDP-a-D-Qui3NAc (Pfoestl A, Zayni S,
Hofinger A, Kosma P, Schiffer C, Messner P, unpublished
data), GDP-D-glycero-a-D-manno-heptose [41], and GDP-¢-D-
Rha [25] in Gram-positive organisms (Figure 2). In the course
of these studies, Gmd from the GDP-a-D-Rha pathway was
identified as a novel bifunctional enzyme exhibiting both de-
hydratase and reductase activities, and FdtA from the dTDP-
a-D-Fuc3NAc pathway was the first isomerase described that
is capable of synthesizing dTDP-6-deoxy-D-xylohex-3-ulose
from dTDP-6-deoxy-D-xylohex-4-ulose. It should be noted that
the heptose residue present in the S-layer glycan of A. ther-
moaerophilus 1.420-917 is synthesized as GDP-D-glycero-a-D-
manno-heptose, whereas ADP-L-glycero-f-D-manno-heptose
is the precursor of the inner core lipopolysaccharide biosynthe-
sis of organisms like E. coli or Salmonella enterica [42]. Thus,
the S-layer protein glycosylation pathway provides a spectrum
of rare enzymes that may be used for glycoengineering pur-
poses in heterologous hosts. Furthermore, some of these en-
zymes from thermophilic S-layer carrying organisms exhibit
significantly higher stability at 37°C than the enzymes from
S. enterica (e.g., most Rml enzymes from A. thermoaerophilus
DSM 10155/G*) [40]. This advantage could lead to the de-
velopment of improved high-throughput screening systems for
specific sugars [43].

S-layer protein glycosylation in comparison
to other glycosylation pathways

As described above, the organizational pattern of the sig gene
clusters to some extent is reminiscent of the situation found in
LPS O-antigen genes [44-46]. Pathway genes for more com-
mon sugar precursors are scattered around the chromosome,
whereas genes specific to S-layer glycans are in the cluster,
glycosyltransferase genes are dispersed throughout the cluster,
and genes for nucleotide sugar biosynthesis are usually orga-
nized in operons. The occurrence of an ABC-2 type transporter
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system and the absence of a putative polymerase in the three
fully sequenced sig gene clusters suggest that these S-glycan
chains are synthesized in a process comparable to the wzy-
independent pathway of the LPS O-polysaccharide assembly
route, which has been described in detail elsewhere [47,48]. On
the other hand, the presence of a putative flippase Wzx in the
slg gene cluster T. thermosaccharolyticum E207-71 indicates
that some S-layer glycoprotein glycans may also be synthe-
sized via a wzy-dependent pathway [47,48]. In analogy to what
is known from LPS O-polysaccharide biosynthesis, it may be
speculated that this S-layer glycan is assembled via the wzy-
dependent route because of its complex structure. The analyzed
slg gene clusters from A. thermoaerophilus strains L420-917
and DSM 10155/G™*, G. stearothermophilus NRS 2004/3a, and
the incomplete cluster from 7. thermosaccharolyticum E207-
71 obviously do not possess a common organizational concept
and also the genes encoding similar putative functions show
significant differences in the number of membrane spanning
domains, which may be taken as an indication of their involve-
ment in a membrane-associated processes. Thus, giving here
more details of a putative S-layer glycan biosynthesis pathway,
as to how individual steps (e.g., polymerization, chain-length
termination) are carried out and at which topological location
of the cell, would be unnecessarily speculative.

Other than the data presented here on the s/g gene clusters of
selected Bacillaceae, some G. stearothermophilus strains pos-
sess an slg gene cluster on the chromosome, but they do not
exhibit a glycosylated S-layer protein under laboratory condi-
tions [17]. Thus it is conceivable to assume that S-layer protein
glycosylation is more widespread among bacteria in their natu-
ral environment than has been initially assumed. Only detailed
molecular biological studies on a number of different organ-
isms will show whether a general S-layer protein glycosylation
pathway does exist for Bacillaceae. Studying also regulatory
aspects of S-layer protein glycosylation will be a challenging
task of the future.
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