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One sentence summary: The authors summarise current knowledge of prokaryotic glycobiology, focusing on structures and molecular details of
biosynthesis concepts of glycoproteins and secondary cell-wall polymers, including their roles in prokaryotic life and their impact on pathogenicity as
well as emerging glycoengineering strategies.
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ABSTRACT

Glycosylation of proteins is one of the most prevalent post-translational modifications occurring in nature, with a wide
repertoire of biological implications. Pathways for the main types of this modification, the N- and O-glycosylation, can be
found in all three domains of life—the Eukarya, Bacteria and Archaea—thereby following common principles, which are valid
also for lipopolysaccharides, lipooligosaccharides and glycopolymers. Thus, studies on any glycoconjugate can unravel
novel facets of the still incompletely understood fundamentals of protein N- and O-glycosylation. While it is estimated that
more than two-thirds of all eukaryotic proteins would be glycosylated, no such estimate is available for prokaryotic
glycoproteins, whose understanding is lagging behind, mainly due to the enormous variability of their glycan structures
and variations in the underlying glycosylation processes. Combining glycan structural information with bioinformatic,
genetic, biochemical and enzymatic data has opened up an avenue for in-depth analyses of glycosylation processes as a
basis for glycoengineering endeavours. Here, the common themes of glycosylation are conceptualised for the major classes
of prokaryotic (i.e. bacterial and archaeal) glycoconjugates, with a special focus on glycosylated cell-surface proteins. We
describe the current knowledge of biosynthesis and importance of these glycoconjugates in selected pathogenic and
beneficial microbes.

Keywords: glycan biosynthesis; glycoengineering; glycoproteins; prokaryotes; secondary cell-wall polymers; surface (S-)
layer

ABBREVIATIONS OST: oligosaccharyl transferase

0-OST: O-oligosaccharyl transferase

SDS-PAGE: sodium dodecylsulfate- polyacrylamide gel
electrophoresis]

TEM: transmission electron microscopy

CRISPR: Clustered regularly interspaced short palindromic
repeats

HPLC: high performance liquid chromatography

LC-ESI: liquid chromatography- electrospray ionisation

MALDI-TOF: Matrix-assisted laser desorption/

ionization-time-of-flight ORGANISMS
NDP: nucleoside diphosphate
NGT: N-glycosyl transferase Acidovorax avenae, Av. avenae
NMR: nuclear magnetic resonance spectroscopy Acinetobacter baumanii, Ac. baumanii
OGT: O-glycosyl transferase Actinobacillus pleuropneumoniae, A. pleuropneumoniae

Received: 17 February 2016; Accepted: 1 August 2016
© FEMS 2016. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

49

20z Jdv 61 U0 1saNB Aq 691 292/6/L/1L¥/l0Ie/RIsWaY W00 dncfoiwapese/:sdny Wwoly pepeojumoq


http://www.oxfordjournals.org
mailto:christina.schaeffer@boku.ac.at
mailto:journals.permissions@oup.com

50 | FEMS Microbiology Reviews, 2017, Vol. 41, No. 1

Aeromonas caviae, Ae. caviae
Aeromonas hydrophila, Ae. hydrophila
Aggregatibacter actinomycetemcomitans, Ag.

actinomycetemcomitans

Archaeoglobus fulgidus, Ar. fulgidus

Bacillus anthracis, Ba. anthracis

Bacillus cereus, Ba. cereus

Bacillus subtilis, Ba. subtilis

Bacillus thuringiensis, Ba. thuringiensis
Bacteroides fragilis, Bac. fragilis

Burkholderia cenocepacia, B. cenocepacia
Burkholderia cepacia, B. cepacia

Burkholderia thailandensis, B. thailandensis
Campylobacter coli, C. coli

Campylobacter jejuni, C. jejuni
Campylobacter lari, C. lari

Clostridium botulinum, Cl. botulinum
Clostridium difficile, Cl. difficile
Corynebacterium glutamicum, Co. glutamicum
Francisella tularensis, F. tularensis,
Geobacillus stearothermophilus, G. stearothermophilus
Haemophilus influenzae, Ha. influenzae
Haloarcula hispanica, Har. hispanica
Haloarcula japonica, Har. japonica
Haloarcula marismortui, Har. marismortui
Halobacterium salinarum, Hbt. salinarum
Haloferax volcanii, Hfx. volcanii

Helicobacter pullorum, H. pullorum
Helicobacter pylori, H. pylori

Helicobacter canadensis, H. canadensis
Helicobacter winghamensis, H. winghamensis
Kuenenia stuttgartiensis, K. stuttgartiensis
Lactobacillus buchneri, La. buchneri
Lactobacillus acidophilus, La. acidophilus
Lactobacillus crispatus, La. crispatus
Lactobacillus plantarum, La. plantarum
Lactobacillus rhamnosus, La. rhamnosus
Listeria monocytogenes, L. monocytogenes
Methanobrevibacter smithii, Meth. smithii
Methanobrevibacter oralis, Meth. oralis
Methanococcus maripaludis, Me. maripaludis
Methanococcus voltae, Me. voltae
Methanosarcina mazei, Met. mazei
Methanothermobacter thermoautotrophicus, Meth.

thermoautotrophicus

Mycobacterium marinum, M. marinum
Mycobacterium smegmatis, M. smegmatis
Mycobacterium tuberculosis, M. tuberculosis
Neisseria gonorrhoeae, N. gonorrhoeae
Neisseria meningitidis, N. meningitidis
Paenibacillus alvei, Pa. alvei

Porphyromonas gingivalis, Po. gingivalis
Pseudomonas aeruginosa, P. aeruginosa
Pseudomonas syringae, P. syringae
Pyrococcus furiosus, Py. furiosus
Staphylococcus aureus, St. aureus
Streptococcus pneumoniae, S. pneumoniae
Sulfolobus acidocaldarius, Su. acidocaldarius
Sulfolobus shibatae, Su. shibatae

Sulfolobus solfataricus, Su. solfataricus
Tannerella forsythia, Ta. forsythia
Thermoanaerobacter thermohydrosulfuricus, T.

thermohydrosulfuricus

Thermoanaerobacterium thermosaccharolyticum, Th.
thermosaccharolyticum
Thermoplasma acidophilum, T. acidophilum

INTRODUCTION

Glycobiology is one of the rapidly growing fields in the natu-
ral sciences with implications to many areas of basic research,
biomedicine and biotechnology (for review, see Varki et al. 2015).
In fact, glycosylation of proteins is not only the most com-
mon but probably also the most important post-translational
modification process occurring in nature. It is known to affect
the expression, localisation and life time of numerous proteins,
which, in turn, might be of relevance for protein function as
well as downstream biological events such as the immune be-
haviour of a cell (Corfield and Berry 2015; Lyons, Milner and
Rosenzweig 2015; Valguarnera, Kinsella and Feldman 2016). It
is estimated that at least 40% of the human proteome under-
goes glycosylation, with glycans comprising as much as up to
90% of the overall molecular mass of certain glycoproteins. It
is important to note that glycans are secondary gene products,
meaning that instead of being synthesised in a template-driven
manner as it is well known from protein biosynthesis, they are
built up along an assembly line in which numerous proteins
are involved in a sequential order, with the glycosyltransferases
being the best-characterised examples. The protein glycosyla-
tion mechanism is further characterised by the phenomenon of
microheterogeneity, in which variant glycan structures are
found at specific attachment sites of a given glycoprotein (Johan-
nessen, Koomey and Bgrud 2012). Overall, protein glycosylation
is an energetically costly cellular process and approximately 2%
of the human genome encodes proteins involved in glycosyla-
tion events.

While research on glycoproteins of higher organisms has
flourished since Neuberger’s glycopeptide preparations of oval-
bumin in the late 1930s (Neuberger 1938), the question of
whether carbohydrates are integral components of prokaryotic
proteins had not convincingly approached until studies on the
surface (S-) layer glycoproteins of the halophile Halobacterium
salinarum (Mescher and Strominger 1976) and Gram-positive
clostridia (Sleytr and Thorne 1976). However, due the markedly
structural differences between the glycans and linkage regions
of prokaryotic glycoproteins in comparison to eukaryotic and vi-
ral glycoproteins (Gabius 2015; Varki et al. 2015), it needed a few
decades after the first description of a prokaryotic glycoprotein
until their existence was fully accepted by the scientific commu-
nity. Despite much effort has been put on the studies of prokary-
otic glycoproteins since then, our understanding of prokary-
otic glycoprotein glycan structures is still limited. Thus, any de-
tailed analysis of a bacterial or archeal glycoconjugate can sig-
nificantly contribute to the advancement of the field (Ristl et al.
2011).

Particularly, the cell surface of prokaryotes (Fig. 1) is rich in
glycans where these play fundamental roles in cell physiology
(Doyle 2000). As yet relatively unexplored, these modifications
have the potential to impact important processes such as
microbe-host interactions and immune escape mechanisms.
Mostly driven by the discovery of protein glycans in diverse
pathogenic microbes (Morrison and Imperiali 2014), there is now
an increasing body of evidence of protein glycosylation, both
from the domains of Bacteria and Archaea (here is a selection of
most relevant reviews from the past five years: (Bgrud et al. 2011,
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Figure 1. Scheme of cell envelopes of prokaryotic organisms, showing representative glycoconjugates (different scenarios of cell envelope architecture are
separated by blue perpendicular lines), including S-layer glycoproteins (Messner, Schiffer and Kosma 2013), SCWPs (Messner, Schiffer and Kosma 2013),
bacterial flagella (Cullen and Trent 2010; Mukherjee and Kearns 2014) and bacterial pili (Korotkov, Sandkvist and Hol 2012; Reunanen et al. 2012) and archaella and
archaeal pili (Pohlschroder et al. 2011; Korotkov, Sandkvist and Hol 2012). CM, cytoplasmic membrane; PG, peptidoglycan; ~~, peptidoglycan strand; OM, outer

i

membrane; ﬁ, outer membrane lipid A; H, bacterial and archaeal membrane phospholipid; H, archaeal membrane tetraetherlipid; };, ‘g, % , different S-layer glycans;
SCWP, secondary cell wall polymer. In different archaeal species, S-layer (glyco)protein anchoring to the cell envelope has been suggested either by a protein trans-
membrane anchor = (Lechner and Wieland 1989) or in an archaeosortase-dependent process by a lipid anchor D (Abdul Halim et al. 2016). (Extended and modified
from Messner, Schéffer and Kosma 2013. With permission from Elsevier).
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Giltner, Nguyen and Burrows 2012; Wang et al. 2012; Eichler 2013;
Iwashkiw et al. 2013; Messner, Schaffer and Kosma 2013; Meyer
and Albers 2013; Nothaft and Szymanski 2013; Jarrell et al. 2014;
Tytgat and Lebeer 2014; Kandiba and Eichler 2015; Naegeli and
Aebi 2015; Lu, Li and Shao 2015). As more prokaryotic protein
glycosylation systems are being identified and characterised,
the central question arises as to what governs the biosynthesis
and prevalence of particular protein glycans (Table 1). In a
recent review Tan, Tang and Exley (2015) discussed different
glycoprotein biosynthesis pathways and hypotheses relating
to the roles of this post-translational modification in specific
host-microbe interactions.

Nowadays it is accepted knowledge that protein N- and
O-glycosylation systems are present in both eukaryotes and
prokaryotes (for review, see Spiro 2002; Logan 2006; Messner et al.
2010; Jarrell et al. 2014; Varki et al. 2015). While numerous doc-
umentations about eukaryotic glycosylation processes predict
more than two-thirds of all eukaryotic proteins to be glycosy-
lated (Apweiler, Hermjakob and Sharon 1999), no such estimate
is currently available for prokaryotic glycoproteins, whose un-
derstanding is lagging behind, mainly due to the enormous vari-
ability of glycan structures and underlying glycosylation pro-
cesses, in several cases accompanied by a lack of tools for ge-
netic manipulation.

The detailed understanding of the impact of glycosyla-
tion on structure and function of a protein is often also
hampered by the inavailability of well-defined homogeneous
glycoproteins/glycopeptides for analysis, because these are
mostly difficult to obtain from natural sources in sufficient
quantity. To overcome this hurdle, the development of vari-
ous chemical, enzymatic, chemoenzymatic and bioengineering
methods for the synthesis of homogeneous samples is cur-
rently a major research goal within the glycobiology research
community.

N-LINKED BACTERIAL GLYCOPROTEINS

In the following, a description of the currently best inves-
tigated N-linked bacterial glycosylation systems is given ac-
cording to organims, accompanied with glycoeongineering ap-
proaches based on distinct modules of these systems.

Protein N-glycosylation in Campylobacter strains

As of yet the best-investigated prokaryotic glycoproteins con-
taining N-linked glycans originate from Campylobacter jejuni, C.
lari and other closely related Gram-negative members of the
§-/e-subdivision of the Proteobacteria family (Szymanski and
Wren 2005; Nothaft and Szymanski 2010; Jervis et al. 2012). At
the turn of the century, the first general protein glycosylation
system was identified in C. jejuni (Szymanski et al. 1999). This
bacterium is the etiological agent of human bacterial gastroen-
teritis worldwide; the consumption of contaminated chicken
products is thought to be the principal mode of C. jejuni trans-
mission to the human population. Campylobacter jejuni devotes
a large proportion of its small genome (1640 kb) to carbohydrate
biosynthesis (Parkhill et al. 2000), yielding an amazing repertoire
of glycoconjugates. This includes lipooligosaccharides (LOSs)
mimicking human glycolipids, capsular polysaccharides with
complex and unusual sugars and about 60 proteins that are
post-translationally modified with either N- or O-linked glycans,
with the crucial roles of these glycans in the biology and patho-

Schiffer and Messner | 53

genesis of C. jejuni remaining to be fully deciphered (Alemka
et al. 2013; Lu, Li and Shao 2015). It is hypothesised that N-linked
glycosylation of surface proteins may enhance C. jejuni fitness
by protecting bacterial proteins from cleavage by gut proteases
(Alemka et al. 2013). The glycome of this important food-borne
pathogen turned out to be an excellent toolbox to unravel
the fundamentals of prokaryotic glycosylation pathways and
their roles in host-microbe interactions and to exploit these
pathways for novel diagnostics and therapeutics (Guerry and
Szymanski 2008).

Generally, in N-linked protein glycosylation of eukary-
otes and prokaryotes, an oligosaccharide is transferred by
a membrane-bound oligosaccharyltransferase (N-OST) in
a canonical, highly conserved pathway from a lipid donor
to asparagines within the sequon N-X-(S/T) of polypep-
tides (Burda and Aebi 1999; Weerapana and Imperiali 2006).
N-Glycosylation in C. jejuni implies the transfer of the hep-
tasaccharide  «-GalNAc-(1—4)-a-GalNAc-(1—4)-[8-Glc-(1—3)-
]-a-GalNAc-(1—4)-a-GalNAc-(1—>4)-«-GalNAc-(1—-3)-a-Bac  to
proteins, where N,N’-diacetylbacillosamine (Bac, diNAcBac)
is 2,4-diacetamido-2,4,6-trideoxy-b-Glc (Young et al. 2002).
This glycose is also found at the reducing end of O-linked
oligosaccharides in C. jejuni as well as in Neisseria gonorrhoeae,
another Gram-negative pathogen (Morrison and Imperiali
2014). Biosynthesis of diNAcBac starts from UDP-GIcNAc in-
volving three conserved enzymes in a sequential order—a
dehydratase, an aminotransferase and an acetyltransferase—all
of which have been extensively studied in C. jejuni (Olivier et al.
2006; Schoenhofen et al. 2006; Vijayakumar et al. 2006). The
biosynthesis of the full C. jejuni heptasaccharide following the
general N-linked protein glycosylation pathway is encoded in
the pgl glycosylation gene cluster; pathway genes are remark-
ably conserved among the Proteobacteria and do not seem to
have the potential for phase variation in C. jejuni (Szymanski
and Wren 2005). Using chemically synthesised substrates,
B. Imperiali’'s group demonstrated the complete enzymatic
set-up involved in the C. jejuni N-linked glycosylation process
(Weerapana and Imperiali 2006). That study also discovered
conceptual differences between prokaryotic and eukaryotic
N-glycosylation systems (Larkin and Imperiali 2011). While
prokaryotes (i.e.bacteria and archaea) display a certain degree
of variability in N-linked glycan structures due to the utilisation
of unique monosaccharide building blocks during the assembly
process (Larkin and Imperiali 2011; Schwarz and Aebi 2011,
Nothaft et al. 2012), nearly all eukaryotes produce the same
nascent tetradekasaccharide (GlcsManyGlcNACc,); heterogeneity
is introduced into this glycan structure after it is transferred to
the protein through a complex series of glycosyl trimming and
addition steps (Burda and Aebi 1999).

Following up fundamental studies of the C. jejuni N-linked
glycosylation system, a milestone for prokaryotic glycoengi-
neering had been accomplished with the successful transfer of
this N-glycosylation system into Escherichia coli (Wacker et al.
2002). After this ground-breaking observation, an extensive ex-
ploitation of the biotechnological application potential of this
N-linked glycosylation pathway ensued (e.g. Diirr et al. 2010;
Schwarz et al. 2010; Nothaft et al. 2012; Valderrama-Rincon et al.
2012; Naegeli and Aebi 2015; Ollis, Chai and DeLisa 2015), with
the N-OST PglB being a key module thereof. In these various gly-
coengineering approaches, PglB proved to possesses remarkably
relaxed substrate specificity.

In 2011, Locher and colleagues published the first X-ray
crystal structure of a functional bacterial OST, which was the
N-OST from C. lari, in complex with an acceptor peptide (Lizak
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et al. 2011); partial structures of yeast N-OST subunits have
been published earlier (Yan, Wu and Lennarz 2005). The protein
N-glycosylation reaction in bacteria and archaea is catalysed
by a single protein, namely the N-OST, which is in contrast to
most eukaryotes, where a membrane protein complex of nine
subunits located in the endoplasmic reticulum performs this
task (Yan and Lennarz 2002). This central, catalytic enzyme PglB
of Proteobacteria resembles the Stt3 subunit of the eukaryotic
N-glycosylation machinery, which has homologues in bacteria
and archaea (Lizak et al. 2011; Matsumoto et al. 2013). The X-ray
structure defined the fold of Stt3 proteins and provided insight
into glycosylation sequon recognition and amide nitrogen acti-
vation, both of which are prerequisites for the formation of the
N-glycosidic linkage. To better understand the mechanism
of PglB, quantification of sequon binding and glycosylation
turnover in vitro using purified enzyme and fluorescently
labelled, synthetic peptide substrates was performed (Ger-
ber et al. 2013). This work revealed the impact of active
site residues and divalent metal ions for sequon binding,
the specificity of the Ser/Thr binding pocket and bacteria-
specific requirements of sequon recognition. The quanti-
tative assessment of peptide binding and catalysis pro-
vided insight into the natural selection of the N-X-S/T se-
quon in eukaryotes and the extended sequon D/E-Y-N-X-S/T
(Y, X # P) in Campylobacter strains (Kowarik et al. 2006) where
the eukaryotic primary consensus sequence for N-glycosylation
is N-terminally extended for recognition by the bacterial N-
OST PglB. Thus, bacterial N-glycosylation site selection is more
specific than the eukaryotic counterpart with respect to the
polypeptide acceptor sequence. In this context, it is of impor-
tance that recently the structure of an ATP-binding cassette
(ABC) transporter lipid flippase has been determined at high
resolution (Perez et al. 2015). A prominent example of the flip-
ping reaction is the translocation of lipid-linked oligosaccha-
rides (LLOs), which serve as donors in N-linked protein glyco-
sylation. In C. jejuni, this process is catalysed by the ABC trans-
porter PglK. Based on crystal structures in distinct process states
in combination with a newly devised in vitro flipping assay and
in vivo studies, a mechanism of the PglK-catalysed LLO flip-
ping has been inferred (Perez et al. 2015). The proposed mech-
anism is distinct from the classical alternating-access model
applied to other transporters. Two key differences are the pro-
posed recognition of the polyprenyl tail of the LLOs on the
PglK surface by means of the external helix EH in the PglK-
LLO interaction, and the requirement of a long, sufficiently
wide translocation pathway that contains the pyrophosphate
and oligosaccharide moieties during flipping. In contrast, the
proposed mechanism for MsbA, the bacterial flippase of the
lipid A-core, implicates that the entire lipid A-core may enter
the nucleotide-free state of MsbA during the flipping reaction
(Ward et al. 2007; Eckford and Sharom 2010). With the recent ob-
servations, a more detailed molecular basis for understanding
the mechanism of N-linked protein glycosylation in C. jejuni is
now provided.

In further glycosylation engineering efforts based on this
insight, a convergent chemoenzymatic method was devel-
oped that permits site-specific enzymatic ligation between
an activated glycan oxazoline and a GlcNAc-peptide/protein
to yield homogeneous glycopeptide/proteins (Schwarz et al.
2010; Schwarz and Aebi 2011; Wang 2011). The method in-
volves glycosylation pathway engineering and functional trans-
fer of the C. jejuni glycosylation machinery (Wacker et al. 2002)
into E. coli to express a glycoprotein, in which the Asn-linked
monosaccharide bacillosamine was changed to the eukaryotic

GIcNAc moiety. Fortunately, PglBc jejuni accepted the resulting
GlcNAc(GalNAc)s-containing glycolipid as substrate to glyco-
sylate the target protein. Then the Asn-linked N-glycan was
trimmed by «-N-acetylgalactosaminamidase to give a GlcNAc-
tagged glycoprotein. Finally, eukaryotic N-glycans of high-
mannose or complex type were introduced by an enzymatic
transglycosylation reaction to produce homogeneous eukary-
otic glycoproteins (Schwarz et al. 2010). Different high-mannose
and complex type N-glycans could be readily transferred to the
GlcNAc moiety by ENGases to provide full-size glycopeptides.
The usefulness of the chemoenzymatic method was exemplified
by the efficient synthesis of a complex glycoform of polypep-
tide C34, a potent HIV inhibitor derived from HIV-1 gp41. Thus,
this approach provides an efficient way for introducing com-
plex N-glycans into polypeptides for the gain of novel protein
properties that might be valuable for drug discovery (Lomino
et al. 2013).

Recently, a mixed approach combining in vivo and in vitro
steps for the synthesis of glycoproteins containing the Lewis
x antigen was devised by using glycosyltransferases from dif-
ferent bacteria (Hug et al. 2011). Proteins carrying Lewis anti-
gens have been shown to have an application potential in
the treatment of diverse autoimmune diseases. The initiat-
ing glycosyltransferase WecA from E. coli (Raetz and Whit-
field 2002; Ruiz, Kahne and Silhavy 2009) was employed
for the addition of the first GlcNAc residue onto the lipid
carrier undekaprenyl pyrophosphate (undPP). Glycosyltrans-
ferases from the Haemophilus influenzae LOS biosynthesis clus-
ter (Isgc-f) were introduced into E. coli for completion of the
precursor glycolipid 8-Gal-(1—-4)-8-GlcNAc-(1—3)-8-Gal-(1—3)-
GlcNAc-undPP. The glycan was then conjugated in the same
E. coli cells by the C. jejuni N-OST PgIB onto the protein accep-
tor AcrA. Eventually, the addition of the fucose residue in an
«-(1—3) linkage onto the exterior GlcNAc residue by the He-
licobacter pylori fucosyltransferase FucT in vitro completed the
synthesis. As a result, a Lewis x containing glycoprotein was
synthesised using bacterial enzymes from four different species
using in vivo and in vitro steps (Hug et al. 2011).

‘Hijacking’ prokaryotic glycosylation systems to exploit them
for glycobiotechnological applications including glycoconjugate
vaccine and humanised glycoprotein production is a promising
perspective for future developments (Cuccui and Wren 2015).
The challenges that remain for these approaches to reach full
biotechnological maturity will include new strategies for cre-
ation of new glycomaterials including glyconanomaterials, eval-
uation of their targeting potential and their drug delivery prop-
erties, as well as characterisation of the internalisation process
of these neo-glycoconjugates (Ramstrom and Yan 2015). Vac-
cines against both Gram-negative and Gram-positive organisms
have already been developed, and efficacy testing has thus far
demonstrated that the vaccines are safe and that robust im-
mune responses are being detected. These are likely to comple-
ment and reduce the cost of current technologies, thus opening
new avenues for glycan-based application strategies. In conclu-
sion, the molecular understanding of bacterial N-glycosylation
systems has opened up new avenues for engineering of bacte-
ria to produce glycoproteins that are tailored for specific pur-
poses, displaying either defined eukaryotic-like (such as thera-
peutic glycoproteins) or completely novel glycan structures (neo-
glycoconjugates). Such approaches might also be exploited for
screening purposes for improvement and adaptation of the gly-
cosylation machinery to specific applications (Nothaft and Szy-
manski 2013; Celik et al. 2015; Cuccui and Wren 2015; Naegeli
and Aebi 2015; Vorwerk et al. 2015).

20z ludy 61 U0 1s0nB AQ 691 ¥292/6v/1/L b/0IE/SISWSY/WO0"dNO"dILSPESE/:SAY WOI) PEPEOJUMO(]



Protein N-glycosylation in Helicobacter, Haemophilus,
Pseudomonas and Actinobacillus strains

N-Glycosylation of proteins has also been documented in strains
of Helicobacter (Jervis et al. 2010), Haemophilus (St Geme and Yeo
2009) and Pseudomonas (Khemiri et al. 2013), however, without de-
tailed structural characterisation of the synthesised glycans (for
review, see Tan, Tang and Exley 2015). In the §-proteobacterium
Actinobacillus pleuropneumoniae, an unusual glycosylation path-
way was identified (Naegeli et al. 2014).

Emerging genome sequencing data revealed that pglB ortho-
logues are present in a subset of species from the §- and e-
Proteobacteria, including three Helicobacter species—H. pullorum,
H. canadensis and H. winghamensis. In contrast to C. jejuni, these
species contain two unrelated pglB genes (pglB1 and pglB2), nei-
ther of which is located within a larger genomic protein glyco-
sylation locus. In complementation experiments, the H. pullorum
PglB1 protein, but not PglB2, could transfer the C. jejuni N-linked
glycan onto an acceptor protein in E. coli (Jervis et al. 2010). Anal-
ysis of N-glycosylation in an in vitro OST assay revealed that a
linear pentasaccharide is synthesised in H. pullorum that is pro-
cessed via PglBl-dependent N-glycosylation. This reaction re-
quires an acidic residue at the -2 position of the N-glycosylation
sequon, as for C. jejuni (Kowarik et al. 2006). Attempted inser-
tional knockout mutagenesis of the H. pullorum pglB2 gene was
unsuccessful, suggesting that this gene is essential for the or-
ganism (Jervis et al. 2010). Up to now, however, no specific func-
tion has been assigned to PglB2.

Haemophilus influenzae is a pathogen of the respiratory tract
that causes a severe burden of disease in children in both devel-
oped and developing countries. Six different capsular serotypes
have been identified next to unencapsulated (non-typeable) Ha.
Influenzae. Infection by non-typeable Ha. influenzae (NTHi) is the
most common cause of exacerbations in chronic obstructive
pulmonary disease, a major and growing global health problem
in ageing populations (Murphy 2006). Up to 80% of NTHiclini-
cal isolates contain genes encoding the related high-molecular-
weight adhesins HMW1 and HMW?2 (St Geme and Yeo 2009; Lu,
Li and Shao 2015). The Ha. influenzae HMW1 adhesin is glycosy-
lated by HMW1C, a novel glycosyltransferase in the GT41 family.
The HMW1C-like proteins share features of glycogen synthases
and OSTs, in part accounting for their dual function as glycosyl-
transferases that catalyse N-linkages of glucose and galactose
residues to HMW1 as well as formation of O-glycosidic bonds
between glucose residues on HMW1. It was further shown that
HMW!1 is glycosylated at multiple asparagines within the well-
recognised N-X-S/T (X # P) consensus sequence for N-linked gly-
cans and, in one case, at an N-V-E site (Gross et al. 2008; Kawai
et al. 2011). Since the modifying carbohydrates at these sites are
glucose or galactose residues (for review, see Tan, Tang and Ex-
ley 2015) rather than N-acetylated sugars, this revealed an un-
usual carbohydrate modification suggesting the involvement of
a glycosyltransferase with a novel enzymatic activity capable of
transferring hexose moieties to asparagine residues (Gawthorne
et al. 2014). As mentioned above, in one case of HMWB glycosy-
lation, the glycosylation sequon was found to be N-V-E, yielding
a new type of sequon structure. Thus, it will be interesting to see
if the common N-glycosylation machinery can modify this site
too (Gross et al. 2008).

In A. pleuropneumoniae, protein N-glycosylation was identified
to take place in the cytoplasm and to be mediated by a soluble
NGT that utilises nucleotide-activated monosaccharides to gly-
cosylate asparagine residues. To characterise this process in de-
tail, the N-glycosylation system of A. pleuropneumoniae was func-
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tionally transferred into E. coli using an approach comparable
to that described for the transfer of the C. jejuni N-glycosylation
machinery into E. coli (Wacker et al. 2002). The A. pleuropneumo-
niae NGT is an inverting glycosyltransferase that recognises the
N-X-(S/T) consensus sequence, thus exhibiting similar acceptor
site specificity as the eukaryotic OST despite the unrelated pre-
dicted structural architecture and the apparently different cat-
alytic mechanism. The identification of an enzyme that inte-
grates some of the features of an OST in a cytoplasmic pathway
defines a novel class of N-linked protein glycosylation found in
pathogenic bacteria (Schwarz et al. 2011). This NGT constitutes
a general protein glycosylation system with a preference for au-
totransporter adhesins as protein substrates in vivo, thereby dis-
playing a surprisingly relaxed peptide substrate specificity. Al-
though N-X-(S/T) is the preferred acceptor sequon, glycosylation
of alternative sequons was detected, including modification of
glutamine and serine residues. The NGT was also able to glyco-
sylate heterologous proteins. Therefore, with A. pleuropneumo-
niae a novel route for engineering of N-glycoproteins in bacteria
has been identified (Naegeli et al. 2014).

Prokaryotic N-linked glycans and key OSTs have been mainly
studied in e-Proteobacteria, including strains from the families
Campylobacteraceae and Helicobacteraceae. Information about the
N-linked glycoproteome in y-Proteobacteria such as in mem-
bers of the order Legionellales or the family Pseudomonadaceae is
still scarce. In the literature, there are only two reports on N-
glycosylated proteins from different pseudomonads, however,
without structural characterisation (Bartels et al. 2011; Khemiri
et al. 2013). In the latter report, the FliC flagellin glycopoly-
morphism in Pseudomonas aeruginosa was investigated after
N-glycosidase treatment with 80 labelling. To detect the possi-
ble sites of FliC modification, de novo sequencing was performed
to discriminate between spontaneous deamidation and N-
glycan loss. This approach led to the proposal of three potential
N-glycosylated sites on the primary sequence of FliC - Asn26,
Asn69 and Asn439—with two of them localised to an N-X-(S/T)
consensus sequence (Asn26, Asn439) (Khemiri et al. 2013). Pre-
vious analyses of flagellin glycosylation in Pseudomonas strains
reported only the presence of O-linked glycans (Takeuchi et al.
2007; Miller et al. 2008). A 2D electrophoresis pattern of FliC, how-
ever, strongly suggested that the glycosylation of this protein is
more complex (Khemiri et al. 2013). It is assumed that FliC is
a polymorphous glycoprotein that also exhibits N-glycoforms,
probably arising from macro- and microheterogeneity (Morelle
et al. 2006).

O-Linked bacterial glycoproteins

Bacterial O-oligosaccharyl transferases (0-OSTs) constitute a
growing family of enzymes that are responsible for protein
O-linked glycosylation involving the attachment of glycans to
hydroxyl groups of serine, threonine (Power, Seib and Jennings
2006; Aas et al. 2007; Faridmoayer et al. 2007) and tyrosine
residues (Zarschler et al. 2010b). On the basis of a sensitive and
specific glycan serotyping system, microheterogeneity has been
reported for O-linked protein glycosylation systems in differ-
ent bacteria. Factors underlying microheterogeneity in recon-
stituted expression systems have been identified and modelled,
but those impacting natural systems largely remain enigmatic.

Many proteins from various Gram-negative species, includ-
ing pathogens such as C. jejuni (Szymanski and Wren 2005; Mah-
davi et al. 2014), Burkholderia cenocepacia (Lithgow et al. 2014),
Acinetobacter baumannii (Iwashkiw et al. 2012), H. pylori (Hopf et al.
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2011), mycoplasmas (Jordan et al. 2013), E. coli (Benz and Schmidt
2001; Sherlock et al. 2006; Charbonneau et al. 2012), Bacteroides
fragilis and Tannerella forsythia (Posch et al. 2013b), as well as
Gram-positive species including different clostridia (Twine et al.
2008; Twine et al. 2009) and Listeria monocytogenes (Schirm et al.
2004b) are decorated with O-linked glycans of differing chemi-
cal composition (for review, see Tan, Tang and Exley 2015).

In the following, bacterial O-linked glycoproteins are de-
scribed following the categorisation into flagellins, fimbriae and
pili, and ‘other glycoproteins’; for the latter, currently only dis-
tinct aspects but not an extended picture as for the first two cat-
egories is available. The best investigated bacteria of each cate-
gory are listed and described exemplarily.

Flagellins

Flagella-mediated motility is a common trait among many bac-
teria. Bacterial flagella are complex nanostructures in which a
10- to 15-um helical filament extends from the cell surface and
is anchored to a rotating basal body spanning the bacterial en-
velope. The helical filament is composed of repeating subunits
known as flagellins (Logan 2006; Erhardt, Namba and Hughes
2010). Flagellin glycosylation has been observed on an increas-
ing number of Gram-negative and Gram-positive bacteria. Many
of them are pathogens and despite the enormous differences of
the strain-specific glycan structures glycosylation of the flagellar
proteins is considered a major virulence factor. Examples of bac-
teria with glycosylated flagella presented here include Campy-
lobacter (Thibault et al. 2001; Verma et al. 2006), Pseudomonas
(Schirm et al. 2004a) and Helicobacter species (Josenhans et al.
2002; Schirm et al. 2003), B. cepacia (Lithgow et al. 2014), Aeromonas
spp. (Parker et al. 2012; Wilhelms et al. 2012), different clostridia
(Twine et al. 2008; Twine et al. 2009), L. monocytogenes (Schirm et al.
2004b) and Paenibacillus alvei (Janesch et al. 2016).

Of particular interest are C. jejuni and C. coli strains, which
possess an O-glycosylation machinery for flagellin glycosyla-
tion in addition to the previously described general protein N-
glycosylation system (Szymanski and Wren 2005; Guerry et al.
2006; Logan 2006; Guerry and Szymanski 2008). Genes encod-
ing the proteins for the synthesis of the flagellin glycans and
the respective protein transferases map adjacent to the flagellin
structural genes in one of the most hypervariable regions of the
C. jejuni chromosome. All flagellin modifications of C. jejuni are
based on 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-
nonulosonic acid (pseudaminic acid - Pse, Pse5Ac7Ac) (Thibault
et al. 2001), a nine-carbon sugar that is structurally similar to
sialic acid (Neu5Ac) (Varki and Varki 2007; Chen and Varki 2010).
While the major flagellin modification is Pse, also derivatives
thereof occur, including an acetamidino form (Pse5Am7Ac), an
acetylated form (Pse5Ac7Ac80Ac), a form substituted with hy-
droxyproprionyl groups (Pse5Pr7Pr) and Pse5Am7Ac to which
an N-acetylglutamine residue is attached (Pse5Am7Ac8GlnAc)
(Thibault et al. 2001; Schirm et al. 2005). The analysis of flag-
ellin A glycosylation from C. jejuni strain NCTC 11168 showed
the presence of dimethylglyceric acid derivatives of Pse in ad-
dition to PseSAm7Ac Pse (Hitchen et al. 2010) and the glyco-
sylation sites were assigned to Ser181, Ser207 and Thr464 or
Thr465 (Zampronio et al. 2011). The identification of a large num-
ber of frequently unstable homopolymeric tracts of G/C residues
within genes from chromosomal loci involved in the biosynthe-
sis of capsular polysaccharide, LOS and the flagellin glycopro-
tein was the most significant finding of the C. jejuni NCTC 11168
genome sequencing project (Parkhill et al. 2000). The resultant
on/off switching in the translational status of homopolymeric-

tract-containing genes is thought to mediate the structural di-
versity of the bacterial cell surface. In fact, it was observed
that genes from the flagellin glycosylation locus are involved
in generating flagellin glycan diversity. An important protein in
this context is Cj1295, which is based on the presence of an
aminopeptidase-like domain, suggested to cleave the acetamido
group on carbon 5 of the basal Pse5Ac7Ac/Pse5Ac7Am sugar, en-
abling the substitution of the acetamido group with a methyl-
glyceroyl group (Hitchen et al. 2010). Another unusual feature of
C. jejuni flagellins is the absence of Toll-like receptor 5 (TLR5)-
binding sites, which are otherwise highly conserved among bac-
terial flagellins because of their involvement in subunit inter-
actions in the filament. Flagella from C. jejuni and other mem-
bers of the e-Proteobacteria are unusual in that the glycosylation
of flagellin is crucial for filament assembly (Guerry 2007), and
there is preliminary evidence that the flagellin glycans could
contribute to subunit interactions (Guerry and Szymanski 2008).
Similarly, surface-exposed glycans mediate autoagglutination
and microcolony formation by interactions with other flagellar
glycans or other surface structures on adjacent bacteria (Guerry
et al. 2006). The flagellin glycans also contribute to virulence of
C. jejuni; loss of PseSAm7Ac from the C. jejuni 81-176 flagellin re-
sulted in reduced adherence to and invasion of intestinal epithe-
lial cells (Guerry and Szymanski 2008). Pse is also important in
gastric pathogens such as H. pylori, where it occurs in O-linked
flagellin glycosylation that is important to flagellum assembly
and motility of H. pylori (Hartley et al. 2011; Morrison and Impe-
riali 2014).

Studies on the C. coli VC167 flagellin identified a second
nine-carbon sugar, legionaminic acid (5,7-diacetamido-3,5,7,9-
tetradeoxy-D-glycero-D-galacto-nonulosonic acid; Leg) and its
derivatives (McNally et al. 2007). Leg was first characterised in
the lipopolysaccharides (LPS) O antigen of Legionella pneumophila
(Knirel et al. 1994), where it derived its name from. The Leg
biosynthetic pathway is found also in most strains of C. jejuni,
except for C. jejuni 81-176 (Schoenhofen et al. 2009). As an alte-
native, Leg formation can result from modification of diNAcBac
through three subsequent enzymatic reactions (Morrison and
Imperiali 2014).

Studies on flagellar glycoproteins from other Gram-negative
pathogens such as Pseudomonas species revealed further in-
sight into O-linked flagellin glycosylation. Pseudomonas aerug-
inosa PAK (serotype 06) produces a single polar flagellum
containing an a-type flagellin, which has been shown to be
post-translationally modified at two sites with heterogeneous
O-linked glycans (Schirm et al. 2004a). To determine the poten-
tial role of O antigen biosynthetic genes in the synthesis of these
O-glycans, flagellin proteins isolated from PAK wild-type strain
and three O antigen biosynthesis mutants were compared. Flag-
ellins from wbpL and wbpP mutants had a similar size as the
wild-type protein (45 kDa), and both were glycosylated. In con-
trast, flagellin from the wbpO mutant had an apparent molecu-
lar mass of 42 kDa, indicating an obvious defect in glycosylation.
Thus, flagellin glycosylation in P. aeruginosa PAK depends on the
O antigen biosynthetic enzyme WbpO but not WbpP or WbpL.
Kinetic evidence shows that WbpO and WbpP can act in either
order in the biosynthesis of UDP-D-GalNAcA; however, there is a
strong preference of WbpO to convert UDP-D-GlcNAc into UDP-
D-GIcNACA first, before epimerisation into UDP-D-GalNACA by
WDpP. Since the exact composition of the flagellin glycans is not
known, it is not yet possible to propose a pathway for flagellin
glycan biosynthesis in P. aeruginosa PAK (Miller et al. 2008).

The flagellins from the phytopathogenic bacteria P. sy-
ringae pv. glycinea race 4 and P. syringae pv. tabaci 6605 are
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glycosylated at six serine residues (i.e.Ser143, Serl64, Ser176,
Ser183, Ser193 and Ser201) (Takeuchi et al. 2007). The struc-
ture of the flagellin glycan at Ser201 from each pathovar
consists of a common unique trisaccharide comprising two
Rha residues and one modified 4-amino-4,6-dideoxyglucosyl
(Qui4N) residue—g-D-Quip4N(3-hydroxy-1-oxobutyl)2Me-(1—3)
-a-L-Rhap-(1—2)-a-L-Rhap—and can be found on each of the
six serine residues. Determination of the enantiomeric ratio of
the Rha residues showed that the flagellin from P. syringae pv.
tabaci 6605 consisted solely of L.-Rha, whereas the P. syringae pv.
glycinea race 4 flagellin contained both L-Rha and p-Rha at a mo-
lar ratio of about 4:1. Glycosylation of flagellin was shown to be
essential for virulence and host specificity of P. syringae strains
(Takeuchi et al. 2007).

Bacteria of the B. cepacia complex are pathogens of humans,
plants and animals. Burkholderia cenocepacia is one of the most
common B. cepacia complex species infecting patients with cys-
tic fibrosis and its carriage is associated with poor prognosis
(Lithgow et al. 2014). In strain B. cepacia K56-2, a general O-linked
protein glycosylation system was characterised. The PglLg.
0-OST, encoded by the cloned gene bcal0960, was shown to
be capable of transferring a heptasaccharide from the C. jejuni
N-glycosylation system to an N. meningitidis-derived acceptor
protein in an E. coli background, indicating that the enzyme has
relaxed specificity for both the sugar donor and the protein ac-
ceptor. Disruption of bcal0960 abolished glycosylation and re-
sulted in reduced swimming motility and attenuated virulence
of the bacterium towards both plant and insect model organisms
(Lithgow et al. 2014). In B. cepacia K56-2, PglLg. is responsible for
the glycosylation of 23 proteins involved in diverse cellular pro-
cesses. Mass spectrometric analysis revealed that these proteins
are modified with a trisaccharide HexNAc-HexNAc-Hex. This
trisaccharide is unrelated to the organism’s O antigen, which
is a polymer of trisaccharide-repeating unit containing Rha and
two N-acetylgalactosamine (GalNAc) residues - —4)-a-L-Rhap-
(1—3)-a-D-GalpNAc-(1—3)-B-D-GalpNAc-(1— (Ortega et al. 2005).
For normal motility of B. cepacia, complete O antigen and flagellin
glycosylation are required; the flagella also contribute to biofilm
production. The key genes of B. cepacia flagellin glycosylation
were identified, including a predicted glycosyltransferase gene
that is linked to the flagellin biosynthesis gene cluster and a pu-
tative acetyltransferase gene located within the O antigen LPS
cluster. Another gene from the O antigen cluster, rmlB, which is
required for both flagellin glycan and O antigen biosynthesis, is
essential for bacterial viability, uncovering a novel target against
B. cepacia infections. Using glycosylated and non-glycosylated
purified flagellin and a cell reporter system to assess TLR5-
mediated responses, it was shown that the presence of the flag-
ellin glycan significantly impaired the inflammatory response of
epithelial cells. Based on these data, it is suggested that flagellin
glycosylation could provide to B. cepacia a strategy to reduce its
recognition by the innate immune system (Hanuszkiewicz et al.
2014). Burkholderia cepacia K56-2 also causes opportunistic infec-
tions in plants and insects, suggesting that virulence depends
on the host and its innate susceptibility to infection (Khodai-
Kalaki et al. 2015). It was hypothesised that modifications in key
bacterial molecules recognised by the innate immune system
modulate host responses to B. cepacia. Modification of LPS with
4-amino-4-deoxy-L-arabinose (L-Ara4N) and flagellin glycosyla-
tion attenuate B. cepacia infection in Arabidopsis thaliana and Gal-
leria mellonella insect larvae. Opportunistic bacteria are a perfect
example of microbes whose ability to cause disease is intimately
related to the host’s ability to recognise and respond to the infec-
tion. LPS and flagellin were further investigated for their contri-
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bution to infection and eliciting of a host response. It was shown
that flagellin glycosylation and LPS modification with L-Ara4N
play significant roles in bacterial survival during the early stage
of infection but do not alter the sensing of these molecules by
the plant innate immune receptors, indicating that these modi-
fications are only critical for the establishment of the infection.
Thus, the microbe’s sensing by the host and establishment of in-
fection are interrelated but independent events (Khodai-Kalaki
et al. 2015; Tavares-Carredn, Patel and Valvano 2015).

Flagellin from the rice-avirulent N1141 strain of the Gram-
negative phytopathogenic bacterium Acidovorax (formerly Pseu-
domonas) avenae induces plant immune responses including
H,0, generation, whereas flagellin from the rice-virulent K1
strain of Av. avenae does not induce such a response (Hirai et al.
2011). Structural analyses indicated that the glycan moieties at-
tached to Ser178 or Ser183 in the D2 domain of the K1 flagellin
might be involved in flagellin recognition by the plant; plants
generally have sensitive systems that detect pathogen-derived
molecules to protect against infection (Che et al. 2000). Thus, the
glycan moiety attached by the K1 glycosyltransferase disrupts
flagellin recognition by rice and causes the induction of immune
responses. Elucidating the glycan structure associated with the
flagellin in the Av. avenae K1 strain will be important to further
understand how flagellin is recognised by rice (Hirai et al. 2011).

Glycosylated flagella of several Gram-negative bacteria such
as Aeromonas caviae (Parker et al. 2012) and Ae. hydrophila (Wil-
helms et al. 2012; Merino et al. 2014) have been discussed in con-
junction with their LPS O antigens (Raetz and Whitfield 2002).
Motility in Ae. caviae in broth culture is mediated by a single po-
lar flagellum encoded by the fla genes (Parker et al. 2012). The
two flagellin subunits—FlaA and FlaB—undergo O-glycosylation
with six to eight Pse residues linked to serine and threonine
residues in the central region of the subunits. The flm genetic
locus in Av. caviae is required for both flagellin glycosylation and
LPS O antigen biosynthesis as evidenced by flm mutants. How-
ever, none of the flm genes appeared to encode a candidate gly-
cosyltransferase that might add the Pse moiety to FlaA/B. The
motility-associated factors (Maf proteins) were then considered
as candidate transferases. Bioinformatic analysis indicated that
the genome of Av. caviae encodes a single maf gene homologue
(maf1) and that this strain has acquired the minimum gene clus-
ter required for the biosynthesis of Pse5Ac7Ac (Tabei et al. 2009).
Phenotypic analysis of a maf mutant showed that it is both non-
motile and lacks polar flagella. In contrast to flm mutants, this
mutant revealed no change in the LPS O antigen pattern and re-
tained its ability to swarm. Analysis of flaA transcription showed
that its transcription was unaltered in the maf mutant, while a
His-tagged version of the FlaA flagellin protein produced from a
plasmid was detected in unglycosylated intracellular form in the
maf mutant strain. Complementation of the maf strain in trans
partially restored motility and increased levels of glycosylated
flagellin to above wild-type levels. These data provided evidence
that mafl is a pseudaminyl transferase responsible for glyco-
sylation of flagellin and suggest that this event occurs prior to
secretion through the flagellar type III secretion system. Based
on these data, a glycosylation pathway was proposed for flag-
ellin glycosylation and LPS modification in Av. caviae Sch 3N.
The pathway to Pse5Ac7Ac is based on similar predicted func-
tions of Av. caviae proteins as known for corresponding proteins
in C. jejuni and H. pylori (McNally et al. 2006; Schoenhofen et al.
2006). Following the biosynthesis of Pse5Ac7Ac by the FImABD
and NeuB enzymes, Pse5Ac7Ac is CMP activated through NeuA
activity. CMP-Pse5Ac7Ac is then either transferred onto the flag-
ellin by Maf1, which was predicted to be a polar flagellin-specific
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glycosyltransferase, or transferred onto a sugar-antigen carrier
lipid by Lst (sialyltransferase-like protein) to create an LPS O
antigen unit, which is subsequently transported across the cyto-
plasmic membrane by Lsg (Wzx-like flippase) (Tabei et al. 2009;
Parker et al. 2012).

In the related strain Ae. hydrophila AH-3 (serotype 034), polar
and lateral flagellin proteins were found to be glycosylated with
different carbohydrate moieties. The lateral flagellin was modi-
fied in O-linkage with a single Pse derivative of 376 Da at three
sites, with one site of modification at Ser178, while the polar
flagellin was modified with a heterogeneous, more complex
O-glycan (Wilhelms et al. 2012). This heptasaccharide
is comprised of three N-acetylhexosamines (with vari-
able addition of O-2 phosphate groups and O-2 methyl
groups on each), two hexoses and two unknown monosac-
charides of 376 and 102 Da in the sequence -376
Da—Hex—Hex—HexNAc—HexNAc—HexNAc—102 Da. A max-
imum of six heptasaccharide chains was observed by mass
spectrometry (MS) analysis of the polar flagellins, one of them
linked to Thr161 on FlaB. Compositional analysis of the flag-
ellin glycan indicated the presence of a GalNAc-containing
heptasaccharid, whereas the LPS 034 antigen is built from
tetrasaccharide repeats comprised of pD-mannose, D-GalNAc
and 6-deoxytalose (Knirel et al. 2002). In all cases, the 376-Da
monosaccharide is the first sugar attached to the polar flagellin.
In-frame deletion mutants of the Pse biosynthetic pseB and pseF
orthologues resulted in abolition of polar and lateral flagella for-
mation, obviously due to post-transcriptional regulation of the
flagellins. Flagellation could be restored by complementation
with wild-type Ae. hydrophila pseB or pseF as well as C. jejuni pseB
and pseF (Wilhelms et al. 2012). Mutants unable to produce the
WecP (encoding a predicted UDP-HexNAc:polyprenol-P GalNAc-
1-P transferase) or Gne (encoding a UDP-N-acetylgalactosamine
4-epimerase) enzymes showed altered motility, their glycosy-
lation pattern differed from that observed for wild-type polar
flagellin and both mutants were devoid of the O34-antigen
LPS. The effects observed upon WecP deletion suggested the
involvement of a lipid carrier in the glycosylation process. With
WecX, a gene coding for an enzyme linking a sugar to a lipid
carrier was identified in strain AH-3 and, indeed, its deletion
completely abolished motility, flagella production (according
to TEM evidence) and flagellin glycosylation. This was the first
report of a lipid carrier involved in flagella O-glycosylation.
Furthermore, by comparing mutants with differing degrees
of polar flagellin glycosylation, the importance of glycosyla-
tion in A. hydrophila flagella formation and motility could be
demonstrated (Merino et al. 2014).

Other glycosylated flagellin subunits have been identified
on Gram-positive pathogenic clostridia such as Clostridium
botulinum (Twine et al. 2008), CI. difficile (Twine et al. 2009)
and L. monocytogenes (Schirm et al. 2004b). In Cl. botulinum,
bioinformatic genome analysis identified a flagellar glyco-
sylation island containing homologues of Leg biosynthesis
genes previously identified in C. coli (Doig et al. 1996). Indeed,
structural characterisation of the CI. botulinum glycan revealed
that it was a novel Leg derivative, 7-acetamido-5-(N-methyl-
glutam-4-yl)-amino-3,5,7,9-tetradeoxy-D-glycero-«-D-galacto-
nonulosonic acid («Leg5GluNMe7Ac) (Twine et al. 2008). In other
strains, di-N-acetylhexuronic acids were identified as glycan
constituents.

The composition of the CI. difficile flagellin glycans is quite
distinct from those of the related organism Cl. botulinum. All CL
difficile flagellins examined were shown to carry a glycan that is
attached to serine and threonine residues via a HexNAc residue.

Clostridium difficile 630 produces flagellin that is O-glycosylated
at up to seven sites with a HexNAc residue to which a methy-
lated aspartic acid is linked via a phosphate bond. In con-
trast, flagellins from a number of Cl. difficile isolates from other
outbreaks are decorated with heterogeneous O-linked glycans
containing up to five monosaccharide residues with masses of
204 (HexNAC), 146 (deoxyhexose), 160 (methylated deoxyhexose)
and 192 (heptose) (Twine et al. 2009).

Post-translational modification of proteins with O-GIcNAc is
well known for a number of eukaryotic nuclear and cytoplasmic
proteins (Hart et al. 2011) and nowadays emerging also for bac-
teria, such as Listeria species. The addition of GlcNAc to the Lis-
teria flagellin would not require a dedicated glycan biosynthetic
pathway, since GIcNAc is a common biosynthetic precursor of
numerous biochemical pathways (Schirm et al. 2004b). Since in
eukaryotic systems an important component of the O-GlcNAc
modification system is the O-GIcNAc transferase (Janetzko and
Walker 2014), an enzyme of equivalent function would be a pre-
requisite for O-GlcNAcylation of L. monocytogenes flagellin. How-
ever, search of the L. monocytogenes EGD genome revealed no ob-
vious candidate gene based on homology to known eukaryotic
O-GlcNAc transferases, leaving open the question of how GlcNA-
cylation would be accomplished in this organism.

Recently, flagellin glycosylation was also investigated in the
Gram-positive bacterium Paenibacillus (formerly Bacillus) alvei
CCM 20517 (Altman et al. 1991; Forsgren 2010; Janesch et al. 2016).
This organism swarms vigorously on solidified culture medium,
with swarming relying on functional flagella as evidenced by
abolished biofilm formation of a non-motile Pa. alvei mutant de-
fective in the flagellin protein Hag. Investigation of the glycobiol-
ogy of the polar Pa. alvei flagella showed that the purified 30 kDa
Hag protein (PAV_2c01710) is modified with an O-linked trisac-
charide comprised of one hexose and two N-acetylhexosamine
residues at three glycosylation sites (Janesch et al. 2016). Down-
stream of the hag gene on the bacterial chromosome, two open
reading frames (PAV_2c01630, PAV_2c01640) encoding putative
glycosyltransferases were shown to constitute a flagellin gly-
cosylation island. Mutants defective in these genes exhibited
altered migration in SDS-PAGE as well as loss of extracellular
flagella production and bacterial motility. Thus, flagellin glyco-
sylation in Pa. alvei CCM 20517 is pivotal to flagella formation
and bacterial motility in vivo; flagella glycosylation is a second
protein O-glycosylation system in this bacterium, in addition to
the well-investigated S-layer tyrosine O-glycosylation pathway
(vide infra) (Zarschler et al. 2010b).

Pilins and fimbriae

Examples of glycosylated pili and fimbriae included here come
from Neisseria spp., P. aeruginosa, Mycobacterium tuberculosis, Fran-
cisella tularensis and Porphyromonas gingivalis.

Pilin subunits (Logan 2006), mostly of Gram-negative bacte-
ria including important human pathoges, are frequently deco-
rated with O-linked glycans of strain-specific composition (Cas-
tric 1995; Stimson et al. 1995; Castric, Cassels and Carlson 2001;
Thibault et al. 2001; Schirm et al. 2003, 2004b; Aas et al. 2007; Kus
et al. 2008; Bgrud et al. 2011; Harvey et al. 2011; Lithgow et al.
2014). Different names have been coined for the 0-OSTs involved
in pilin O-glycosyltation, such as PglL in N. meningitidis (Farid-
moayer et al. 2007; Schulz et al. 2013; Harding et al. 2015), PglO in
N. gonorrhoeae (Hartley et al. 2011) and PilO in P. aeruginosa (Cas-
tric 1995; Faridmoayer et al. 2007). Whereas PilO activity is re-
stricted to short oligosaccharides, PglL is able to transfer diverse
oligo- and polysaccharides. These O-OSTs are inner membrane
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proteins transfering various glycans from a lipid carrier to differ-
ent protein acceptors, thus exhibiting relaxed specificities. The
activity of wild-type PglL and its mutant derivatives was anal-
ysed in vivo in engineered E. coli cells, and in in vitro assays. Lim-
ited proteolysis experiments of PglL revealed a conformational
change that is triggered upon interaction of the C-terminal re-
gion of the enzyme with the LLO substrate; while GIn178 and
Tyr405 are required for optimal function, His349 is essential for
the enzymatic activity and plays a critical role in the interac-
tion with LLOs (Musumeci et al. 2013, 2014). O-OSTs are in most
cases difficult to identify using solely bioinformatic methods be-
cause of their sequence similarity with WaalL ligases catalysing
the last step in LPS synthesis (Hug and Feldman 2011; Whitfield
and Trent 2014). For example, the Wzy_C signature domain com-
mon to O-OSTs is also present in WaalL ligases (Gebhart et al.
2012).

Dependent on the neisserial species, pilin is glycosylated at
Ser63 with an oligosaccharide, whose structure can vary upon
the availability of glycosyltransferases. In addition, the pilins of
N. meningitidis are subject to other post-translational modifica-
tions including the addition of phosphorylcholine (PC) and phos-
phoglycerol the pilus of N. gonorrhoeae was found to be modified
by the addition of PC and phosphoethanolamine (PE) (Musumeci
et al. 2014). In this context, PG was determined to play a role in
the detachment of the pilus from bacterial aggregates, allow-
ing for colonisation of new sites. The addition of PC and PE is
mediated through the activity of the enzymes PptA and PptB,
respectively (Warren and Jennings 2003). The residues within
pilin to which the unusual PG post-translational modifications
are added via PptB were identified as Ser69 in N. gonorrhoeae and
Ser93 in N. meningitidis. The Ser69 has, thus, been found with all
three modifications, as this is the site at which PC and PE mod-
ifications have previously been identified (Warren and Jennings
2003; Musumeci et al. 2014).

Expression of type IV pili by N. gonorrhoeae plays a critical role
in mediating adherence to human epithelial cells. Gonococcal
pilin is modified with an O-linked glycan with the structure Gal-
(¢1—3)-2,4-diacetimido-2,4,6-trideoxyhexose (Gal-DATDH) dis-
accharide (Hegge et al. 2004), which may be present as a di-
or monosaccharide because of phase variation of select pilin
glycosylation genes. Pilin glycosylation involves multiple pilin
glycosylation (pgl) genes. For example, PgID contributes to the
biosynthesis of the basal DATDH sugar after which PglA adds the
(first) hexose to the basal monosaccharide (Jennings et al. 1998).
Whereas pglA is subject to phase variation (Jennings et al. 1998;
Banerjee et al. 2002), pgID expression does not appear to be phase
variable (Power et al. 2000). Using primary, human, cervical ep-
ithelial (i.e. pex) cells, evidence was provided that the pilin gly-
can mediates productive cervical infection, with the pilin glycan
required for gonococcal binding to the I-domain region of com-
plement receptor 3, which is naturally expressed by pex cells
(Jennings et al. 2011).

Pseudomonas aeruginosa strains Pa7 and Pa5196 glycosylate
their type IVa pilins with a rare sugar polymer of «1,5-linked
D-arabinofuranose (D-Araf) residues, which is identical to that
found in the cell walls of Corynebacterineae. Bioinformatic anal-
yses pinpointed a cluster of seven P. aeruginosa genes, includ-
ing homologues of the M. tuberculosis genes Ru3806c, Ru3790
and Rv3791, required for the synthesis of a polyprenyl-linked
D-ribose precursor and its epimerisation to D-Araf. The emer-
gence of multidrug-resistant and extensively drug-resistant
strains of M. tuberculosis, one of the world’s most prevalent
human pathogens, underlines an urgent need for new an-
timycobacterials (Manina et al. 2010); this might also translate
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to P. aeruginosa. Pa5196 mutants lacking the respective ortho-
logues had non-arabinosylated pilins, poor twitching motility,
and significantly fewer surface pili than the wild type, even in a
retraction-deficient (pilT) background. The Pa5196 mutant pilus
system did not assemble heterologous non-glycosylated pilins
efficiently, demonstrating that this requires post-translationally
modified subunits. Thus, type IV pilins provide a rare case
of the requirement of PilA O-glycosylation for efficient pilus
assembly. A recombinant P. aeruginosa PAO1 strain coexpress-
ing the genes for p-Araf biosynthesis, the pilin modification
enzyme TfpW and the acceptor PilA(IV) produced arabinosy-
lated pili, confirming that the identified Pa5196 genes are both
necessary and sufficient for pilin glycosylation. A P. aeruginosa
epimerase deletion mutant could be complemented with the
corresponding M. smegmatis gene, demonstrating conservation
between the systems of the Corynebacterineae and Pseudomon-
adaceae. This work simultaneously described a novel Gram-
negative pathway for the biosynthesis of p-Araf, which in the
future may be of therapeutic interest in the context of the emer-
gence of multidrug-resistant strains in Corynebacterineae (Harvey
et al. 2011).

While in several bacteria glycosylation has been shown to
impact protein function with regard to adhesiveness and in-
vasiveness of host cells, questions about glycosylation of pro-
teins in F. tularensis and its potential connection to bacterial vir-
ulence have not been answered yet. Recently, several putative F.
tularensis glycoproteins were characterised through the combi-
nation of carbohydrate-specific detection and lectin affinity with
highly sensitive MS utilising a bottom-up proteomic approach.
The pilin protein PilA that was recently found to be glycosy-
lated as well as other novel protein virulence factors were among
the identified proteins. Up to 20 putative glycoproteins were de-
tected using fluorescently labelled hydrazide and lectin blotting,
while the use of lectin affinity chromatography resulted in the
identification of 104 putative F. tularensis subsp. holarctica glyco-
proteins (Balonova et al. 2010).

The oral mucosal pathogen Po. gingivalis targets the C-type
lectin receptor DC-SIGN through its 67-kDa Mfal (minor) fim-
briae for invasion and persistence within human monocyte-
derived dendritic cells (DCs). DCs respond to by inducing an
immunosuppressive and Th2-biased CD4" T-cell response. Bio-
chemical and molecular analyses of native MfA1l fimbriae re-
vealed numerous putative O-glycosylation sites and two pu-
tative N-glycosylation sites (Zeituni et al. 2010). It was further
demonstrated by ProQ Emerald glycan staining that the minor
fimbria is glycosylated and that glycosylation is partially remov-
able by treatment with g-(1—4)-galactosidase, but not by clas-
sic N- and O-linked deglycosidases. Monosaccharide analysis by
gas chromatography-MS confirmed that the minor fimbria con-
tains the DC-SIGN-targeting carbohydrates Fuc, Man, GIcNAc
and GalNAc in a molar ratio of ~2:4:3:1. TEM analysis revealed
that the minor fimbria forms fibres of approximately 200 nm
in length that could be involved in targeting or cross-linking of
DC-SIGN. These findings shed light on molecular mechanisms
of invasion and immunosuppression by this unique mucosal
pathogen (Zeituni et al. 2010).

Other bacterial glycoproteins

The number of bacterial species known to perform O-linked
protein glycosylation is rapidly increasing. While it is evi-
dent that many bacterial pathogens are able to O-glycosylate
proteins, the involvement of O-glycosylation in bacterial
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pathogenesis remains unknown; it is conceivable that one such
effect could be mediated via the involvement of glycoproteins in
biofilm formation. Examples from selected Gram-negative and
Gram-positive bacteria presented here include B. thailandensis,
Vibrio cholerae, N. gonorrhoeae, Corynebacterium glutamicum, My-
cobacterium spp., Streptococcus ssp., Staphylococcus aureus, Bacillus
anthracis, Ba. cereus, C. difficile, Bac. fragilis, Po. gingivalis, Aggregat-
ibacter actinomycetemcomitans and Lactobacillus ssp.

The hypothetical proteins BTH_I0650 from B. thailandensis
E264 and VC0393 from V. cholerae N16961 contain the Wzy_C do-
main, thus representing putative O-OSTs. Infact, it was demon-
strated that both proteins have O-OST activity and therefore
they were renamed PglLg; and PglLy., respectively, in analogy
to the N. meningitidis counterpart (Pgllxm). In E. coli, PglLg: and
PglLy. display relaxed glycan and protein specificity. Glycosy-
lation efficiency depends on the specific combination of the
protein acceptor, glycan and O-OSTs involved. The identifica-
tion of enzymatically active 0-OST in members of the Vib-
rio and Burkholderia genera suggests the presence of still un-
known O-glycoproteins in these organisms; these might play
roles in bacterial physiology or pathogenesis (Gebhart et al.
2012). The discovery of PglLy. and PglLg: increases the reper-
toire of enzymes available for glycoengineering (vide supra, PglB,
N-glycosylation), which irrespective of the role played by glyco-
sylation in bacterial physiology and/or pathogenesis, may con-
tribute to the design of novel and improved diagnostics tools and
conjugate vaccines against bacterial infections (Gebhart et al.
2012).

By employing state-of-the-art MS techniques, it was demon-
strated that N. gonorrhoeae expresses a general O-linked pro-
tein glycosylation (Pgl) system known to target at least 19
membrane-associated proteins (Anonsen et al. 2012, 2016). No
specific target sequon as known from N-glycosylation of both eu-
karyotic and prokaryotic glycoproteins is apparent (Jarrell et al.
2014; Varki et al. 2015), although glycan attachment sites are
most often localised within regions of low-sequence complex-
ity (Anonsen et al. 2012). Moreover, glycan structure variations
have been observed in species within the genus Neisseria. To
elucidate the underlying biosynthesis mechanism, a hypomor-
phic allele of pglA (encoding the PglA galactosyltransferase) was
identified in a genetic analysis as a significant contributor to
the simultaneous expression of multiple glycoforms. These find-
ings showed that the differences in microheterogeneity could
be primarily attributed to the pglA allele status and, accord-
ingly, that the corresponding phenotypes resulted from altered
pglA-associated activity. Moreover, the high-glycoform pheno-
type was mapped to a single amino acid polymorphism in PglA;
the A350G exchange was both necessary and sufficient for this
phenotype. Molecular analyses revealed that many pglA phase-
off variants were associated with disproportionally high levels of
the N,N’-diacetylbacillosamine-Gal disaccharide glycoform gen-
erated by PglA (Johannessen, Koomey and Bgrud 2012). Thus,
the variability in glycan structure and antigenicity is attributable
to differences in the content and expression status of glycan
synthesis genes; ultimately, this effect could result in a degree
of diversity that may exceed the one currently defined (Bgrud
et al. 2014). Unique protein-associated disaccharide glycoforms
were identified that carry N-acetylglucosamine at their non-
reducing end. This altered structure was correlated with allelic
variants of pglH whose product was previously demonstrated to
be responsible for the expression of glucose-containing disac-
charides. Analogous minimal structural alterations in glycosyl-
transferases have also been documented in association with LPS
and capsular polysaccharide variability (Bgrud et al. 2011).

Corynebacterium glutamicum and M. tuberculosis are affiliated
to the phylogenetic family of the Corynebacterineae (Bou Raad
et al. 2010). They possess an atypical cell wall that is composed
of a heteropolymer of PG and mycolate-carrying arabinogalac-
tan (AG) cross-linked via trehalose (Tropis et al. 2005) and co-
valently associated with the outer membrane. Five arabinosyl-
transferases are involved in the biosynthesis of AG in Co. glu-
tamicum. AftB catalyses the transfer of Araf onto the arabinan
domain of the AG to form terminal 8-(1—2)-linked Araf residues.
It was shown that in AaftB cells, half of the AG mycolylation
sites are missing that may facilitate the detachment of mem-
brane patches. These fragments contain mono- and dimycolate
of trehalose and PorA/H, the major porin of Co. glutamicum, but
lack conventional phospholipids that typify the plasma mem-
brane, suggesting that they are derived from the atypical myco-
late outer membrane of the cell envelope wall constituents of
mycobacteria.

For M. tuberculosis, the causative agent of TB, the cell enve-
lope provides several glycoconjugates such as glycolipids, lipo-
glycans and polysaccharides (Torrelles and Schlesinger 2010). In
fact, M. tuberculosis can adapt to the human host by decorating
its cell envelope molecules with terminal mannosylated (i.e. -
Man-(1—2)-Man) oligosaccharides that resemble the glycoforms
of mammalian mannoproteins. These biomolecules engage the
mannose receptor (MR) on macrophages during phagocytosis
and dictate the intracellular fate of M. tuberculosis by regulat-
ing the formation of a unique vesicular compartment in which
the bacteria survive. The phylogenetic diversity of M. tuberculosis
strains, together with the genetic diversity observed in human
populations including those elements that affect macrophage
function, may explain the extraordinary evolutionary host adap-
tation capability of this pathogen (Torrelles and Schlesinger
2010). Recent studies provide evidence that major mannosylated
glycoconjugates on the M. tuberculosis cell envelope change as
this organism grows in vitro on agar plates. Along with these
changes, mannan levels on the outer cell surface also increase
significantly over time (Yang et al. 2013). Thus, the impact of
interrupting O-mannosylation in the human pathogen M. tuber-
culosis and in the non-pathogenic saprophyte M. smegmatis by in-
activating the respective putative protein mannosyl transferase
genes Msmeg-5447 and Rv1002c was analysed. Unexpectedly,
while the M. smegmatis phenotype was unaffected by the lack
of mannoproteins, the M. tuberculosis mutant showed severely
impacted growth in vitro and in cellulo associated with a strong
attenuation of its pathogenicity in immunocompromised mice.
These data are unique in providing evidence of the biological
significance of protein O-mannosylation in mycobacteria (Lom-
mel and Strahl 2009) and demonstrate the crucial contribution
of this post-translational protein modification to M. tuberculosis
virulence in the host (Liu et al. 2013). Specifically, the 45/47-kDa
alanine-proline-rich adhesin (Apa), an immunodominant anti-
gen secreted by M. tuberculosis, is O-mannosylated at multiple
sites. Glycosylation of Apa plays a key role in colonisation and
invasion of the host cells by M. tuberculosis through interactions
of Apa with C-type lectins of the host immune system (Coddev-
ille et al. 2012).

Mycobacterium marinum, a fish pathogen, phylogenetically
close to M. tuberculosis, induces a granulomatous response
with features similar to those described for M. tuberculosis
in humans. O-Mannosylation of M. marinum Apa is required
for antigenicity but appears to be dispensable for its im-
munogenicity and protective efficacy in mice. These results
have implications for the development of subunit vaccines us-
ing tailored glycoproteins against infectious diseases such as
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tuberculosis (Nandakumar et al. 2013). Another glycosylated M.
tuberculosis protein is the secreted glycoprotein Rv1860, which
was shown to inhibit DC-mediated Thl and Th17 polarisa-
tion of T cells and abrogate protective immunity conferred by
M. bovis (Satchidanandam et al. 2014). Mycobacterium tubercu-
losis Rv1860 carries at threonine sites one to three mannose
residues linked to each other by «-(1—2) and «-(1—3) glycosidic
bonds (Dobos et al. 1996). Based on MS characterisation of Con-A
binding proteins, M. tuberculosis codes for at least 41 glycopro-
teins (Gonzalez-Zamorano et al. 2009). Recent reports describe
interferon-y secretion by human CD4* and CD8" T cells in re-
sponse to recombinant E. coli-expressed M. tuberculosis Rv1860
protein as well as protection of guinea pigs against a challenge
with virulent M. tuberculosis following prime-boost immunisa-
tion with a DNA vaccine and poxvirus expressing Rv1860.

The serine-rich repeat (SRR) glycoproteins of Gram-positive
bacteria constitute a large family of cell-wall proteins among
which there are the surface adhesins; the accessory secretion
(Sec) system is a specialised transport system for the export
of these SRR glycoproteins (Seepersaud et al. 2012). The system
contains two homologues of the general Sec pathway (SecA2
and SecY?2) and several other essential proteins (Aspl to Asp5)
that share no homology to proteins of known function (Yen
et al. 2013). In Streptococcus gordonii, Asp2 is a bifunctional pro-
tein required for the transport of the SRR adhesin GspB and for
its correct glycosylation by modulating GlcNAc deposition onto
GspB (Bensing, Gibson and Sullam 2004; Zhou and Wu 2009).
According to tertiary structure predictions, the carboxyl termi-
nus of Asp2 resembles the catalytic region of numerous en-
zymes that function through a Ser-Asp-His catalytic triad. In
fact, sequence alignment of known Asp2 homologues identified
a highly conserved pentapeptide motif (Gly-X-Ser362-X-Gly) typ-
ical of most Ser-Asp-His catalytic triads, where Ser forms the
reactive residue. The catalytic domain might be responsible for
controlling GspB glycosylation, while surrounding regions might
be functionally required for glycoprotein transport (Seepersaud
et al. 2012).

In S. pneumoniae, the core enzyme GtfA and the coactivator
GtfB form an OST complex to O-GlcNAcylate the pneumococcal
SRR protein adhesin (PsrP), which is involved in infection and
pathogenesis (Lu, Li and Shao 2015). An in vitro glycosylation sys-
tem enabled mapping of the O-linkages to the serine residues
within the first SRR of PsrP. These findings suggest that fusion
with an add-on domain might be a universal mechanism for
diverse OGTs that recognise varying acceptor proteins/peptides
(Shi et al. 2014).

Staphylococcus aureus has been shown to bind to human
platelets through a variety of surface molecules, including an
SRR adhesin for platelets (SraP), which is a cell-wall-anchored
glycoprotein (Zhou and Wu 2009; Li et al. 2014). SecY2, Aspl,
Asp2, Asp3 and SecA2 encoded in the SraP operon are required
for the efficient transport of glycosylated SraP from the cyto-
plasm to the bacterial cell surface (Yen et al. 2013). An SraP mu-
tant strain of St. aureus was significantly impaired in its abil-
ity to initiate infection compared with the wild type. In fact,
it was demonstrated that the predicted OST components GtfA
and GtfB transfer GlcNAc-containing oligosaccharides to recom-
binant SraP. Deletion of either one or both of the OSTs abolished
glycosylation of SraP, indicating that both are required for SraP
glycosylation in St. aureus (Li et al. 2014; Lu, Li and Shao 2015).

The spores of Ba. anthracis are notorious for their potential
in the development of weapons for mass destruction (Tan
and Turnbough 2010). Therefore, over recent years, substantial
effort has been directed onto the discovery of novel antigens
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from Ba. anthracis, including the identification and immuno-
chemical evaluation of glycans that might be used for the
specific diagnostic detection of this pathogen. Among the
carbohydrate structures found on the surface of vegetative
Ba. anthracis cells and spores are the cell-wall polysaccha-
ride and multiple copies of an O-linked pentasaccharide that
are attached to several sites within the central collagen-like
region of BclA (for Bacillus collagen-like protein of anthracis)
(Dong et al. 2008). The structure of this oligosaccharide is
2-0-methyl-4-(3-hydroxy-3-methylbutamido)-4,6-dideoxy- 8-
D-Glcp-(1—3)-a-L-Rhap-(1— 3)-«-L-Rhap-(1—2)-L-Rhap-(1—?)-
GalNAc (Daubenspeck et al. 2004). The novel terminal sugar
2-0-methyl-4-(3-hydroxy-3-methylbutamido)-4,6-dideoxy-D-
glucose was given the trivial name anthrose (Ant). A truncated
version of the pentasaccharide, a tetrasaccharide lacking the
reducing-end GalNAc residue, was chemically synthesised by
several groups and is virtually identical to the material isolated
from the Ba. anthracis exosporium, validating the originally
proposed structure (Adamo, Saksena and Kovac 2005; Saksena,
Adamo and Kovac 2006; Adamo 2014). To produce a conjugate
model vaccine, the synthetic tetrasaccharide g-Ant-(1—3)-a-
L-Rhap-(1—3)-a-L-Rhap-(1-2)-L-Rhap was covalently linked to
a protein carrier (Mehta et al. 2006). Immunisation of animals
with the vaccine elicited antibodies that bound specifically to
Ba. anthracis spores (Mehta et al. 2006), providing evidence that
the oligosaccharide chains are exposed on the spore surface.
Since these sugar moieties are highly specific for the spores of
Ba. anthracis, they appear to be key biomarkers for the detec-
tion of Ba. anthracis spores and promising candidates for the
development of novel vaccines targeting anthrax spores (Wang
et al. 2007). A detailed reinvestigation of spores of the Ba. cereus
group (Ba. cereus, Ba. anthracis and Ba. thuringiensis) revealed
species and domain specificity of BclA glycosylation within the
Ba. cereus group. The collagen-like regions of both Ba. cereus
and Ba. anthracis are similarly substituted by short O-glycans
that bear the species-specific deoxyhexose residues anthrose
and the newly observed cereose (abbreviated Cro). Besides
a Cro-less trisaccharide the wild-type BclA tetrasaccharide
has the structure B-Cro-(1—4)-a-3-OMe-Rha-(1—2)-«¢-Rha-
(1—3)-GalNAc-ol (Maes et al. 2016). Moreover, the C-terminal
globular domains of BclA from both species are substituted by
polysaccharide-like O-glycans whose structures are also species
specific. The presence of such polymers on Bacillus spores may
have profound impact on spore interaction with biotic and
abiotic surfaces.

Recently, evidence was provided that the major spore surface
protein BclA of Cl. difficile is glycosylated, in addition to several
other proteins of this microorganism (Strong et al. 2014). Bio-
chemical characterisation of glycopeptides corresponding to a
putative exosporangial glycoprotein (BclA3) showed that these
molecules were modified with multiple HexNAc moieties and,
in some cases, capped with novel glycans. The glycosyltrans-
ferase gene sgtA (gene CD3350 in strain 630 and CDR3194 in
strain R20291), which is located immediately upstream of and
cotranscribed with bclA3, was found to be involved in the gly-
cosylation of the spore surface. Reactivity of the spore surface
with the anti-g-O-GlcNAc antibody was abolished in the 630
and R20291 glycosyltransferase mutants, while complementa-
tion with a wild-type copy of the gene restored g-O-GlcNAc re-
activity (Strong et al. 2014).

Recently, a protein O-glycosylation system that is unique
in that extracytoplasmic proteins are glycosylated at serine or
threonine residues within the specific three-amino acid motif
D(S/T)(A/I/L/M/T/V) (Fletcher, Coyne and Comstock 2011) was
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identified in the Gram-negative intestinal gut symbiont Bac. frag-
ilis. In the course of a computational analysis of the bacterial
proteome, 1021 Bac. fragilis candidate glycoproteins were identi-
fied. Among those were species predicted to be localised in the
inner membrane, a compartment not previously shown to in-
clude glycoproteins. In addition, four glycoproteins involved in
cell division and chromosomal segregation were predicted. Up
to date, all extracytoplasmic Bac. fragilis proteins containing the
specific glycosylation motif were found to be glycosylated; it is
likely that hundreds of proteins, comprising more than half of
the extracytoplasmic proteins of Bac. fragilis, are indeed glycosy-
lated. By engineering glycosylation motifs into a naturally ung-
lycosylated protein, it was possible to bring about site-specific
glycosylation at the engineered sites, suggesting that this gly-
cosylation system may have applications for glycoengineering
(Fletcher, Coyne and Comstock 2011).

Porphyromonas gingivalis, which is phylogenetically closely re-
lated to Bac. fragilis, has been implicated as a major pathogen
associated with chronic periodontitis. A proteomic analysis of
Po. gingivalis ATCC 33277 revealed the presence of four novel gly-
coproteins, namely PGN0743, PGN0876, PGN1513 and PGN0729
(Kishi et al. 2012); these are predicted to possess a range of
biochemical activities, such as chaperone functions based on
partial homology with a cis-trans isomerase (PGN0743), and di-
verse subcellular localisations. Two of them (PGN0876, PGN1513)
contain tetratricopeptide repeat domains known to mediate
protein-protein interactions, and PGN0729 encodes the outer
membrane protein 41 precursor, which was previously identi-
fied as Pgm6 and is a homologue of the OmpA protein in E. coli
(Murakami et al. 2002; Dumetz et al. 2007). There is evidence that
Po. gingivalis possesses a general mechanism for protein glyco-
sylation and that the novel glycoproteins PGN0743 and PGN0876
may play an important role in bacterial growth and colonisation
(Kishi et al. 2012).

Another oral bacterium, the human oropharyngeal pathogen
Aggregatibacter (formerly Actinobacillus) actinomycetemcomitans
that is a Gram-negative, facultative non-motile, rod-shaped oral
commensal synthesises multiple adhesins, including the non-
fimbrial extracellular matrix protein adhesin A (EmaA) that is
required for collagen binding (Tang and Mintz 2010). Two forms
of EmaA were identified, which are suggested to be linked to
the O-polysaccharide (O-PS) of the bacterium’s LPS, maintain-
ing collagen-binding activity (Tang et al. 2007). This association
was investigated by generating mutants of a Rha biosynthetic
enzyme (RmIC; dTDP-4-dehydrorhamnose 3,5-epimerase), the
ABC sugar transport protein (Wzt) and the O antigen ligase
(WaalL). All three mutants produced reduced amounts of O-PS,
and the EmaA monomers in these mutants displayed a mod-
ified glycosylation as was suggested by lectin blots using the
fucose-specific Lens culinaris agglutinin directed towards the fu-
cose residue present in serotype b O-PS. The ArmIC mutant ex-
pressing modified EmaA protein demonstrated reduced collagen
adhesion, supporting a role of the glycoconjugate in collagen
binding. These data provided experimental evidence for the de-
pendence of the post-translational modification of EmaA on the
LPS biosynthetic machinery in Ag. actinomycetemcomitans (Tang
and Mintz 2010).

While occurrence, biosynthesis and possible functions of gly-
coproteins are increasingly documented for pathogens, they are
not yet widely described for probiotic bacteria. Knowledge of
protein glycosylation in these bacteria is pivotal not only for
our understanding of their repertoire of glycan-mediated inter-
actions but also for glycoengineering approaches in food-grade
microbes like Lactobacillus rhamnosus GG (Lebeer et al. 2012).

The peptidoglycan (PG) hydrolase Mspl of La. rhamnosus is O-
glycosylated as evidenced by the identification of a glycopeptide
TVETPSSA (amino acids 101-108) bearing hexoses presumably
linked to serine residues (Ser106 and Ser107). Obviously, these
serine residues of the La. rhamnosus enzyme are glycosylated
with ConA-reactive sugars; however, they are absent in the ho-
mologous enzyme of several La. casei strains tested, which also
failed to bind ConA. Glycosylation is neither required for enzy-
matic activity of Msp1 nor for Akt activation capacity in epithe-
lial cells, but appears to be important for enzyme stability and
protection against proteases (Lebeer et al. 2012).

Recent analyses of the major autolysin Acm2 from La. plan-
tarum strain WCFS1 showed that it undergoes intracellular
O-GlcNAcylation (Fredriksen et al. 2012, 2013; Lee et al. 2014).
Using biochemical methods, so far 11 Lactobacillus glycopro-
teins were detected exhibiting in total 49 glycosylation sites for
HexNAc. Further, based on a comparative genomic approach, six
candidate La. plantarum WCFS1 genes—tagE1 to tagE6—with sig-
nificant homology to Gtfl, an enzyme involved in the glycosy-
lation of a fimbria-associated protein (Fapl) in S. parasanguinis
(Bu et al. 2008), were identified. The candidate genes were tar-
geted by systematic gene deletion, followed by assessment of
the consequences on Acm?2 glycosylation. sSWGA lectin blotting
experiments using a panel of eight other La. plantarum strains
revealed that protein glycosylation is a common feature in La.
plantarum strains. With the establishment of these enzymes as
protein glycosyltransferases, renaming was proposed for TagE5
and TagE6 as GtfA and GtfB, respectively (Lee et al. 2014).

S-LINKED GLYCOPROTEINS

Recently, a new group of glycoconjugates in the form of riboso-
mal antimicrobial polypeptides, collectively known as bacteri-
ocins, named glycocins (glycosylated bacteriocins) with cysteine-
(S-) linked glycans have been identified (Stepper et al. 2011; Wang
and van der Donk 2011).

Among them is glycocin F that is secreted by Lactobacillus
plantarum KW30; it is modified with an N-acetylhexosamine S-
linked to its C-terminal Cys43 residue (Venugopal et al. 2011) in
addition to a GIcNAc residue, B-O-linked to Ser18. The latter is
essential for bacteriostatic activity of glycocin F in addition to
the C-terminus of the pepride being required for its full potency
(ICso 2 nM) (Stepper et al. 2011).

Genomic context analysis identified diverse putative gly-
cocins in Firmicutes. One of these, the reputed lantibiotic sub-
lancin 168 of Bacillus subtilis 168 (Paik, Chakicherla and Hansen
1998), was shown to contain a hexose S-linked to Cys22. This
residue within the 56-amino acid peptide substrate is selec-
tively modified by a novel S-glycosyltransferase named Suns,
which accepts a variety of NDP sugars. It is suggested that SunS
recognises an a-helix N-terminal of the SunA cysteine that is
present in a flexible linker for glycosylation (Wang and van
der Donk 2011). The solution structure of sublancin 168, a 37-
amino-acid peptide produced by Ba. subtilis 168, has been solved
by NMR spectroscopy; it comprises two «-helices and a well-
defined interhelical loop (Garcia De Gonzalo et al. 2014). The two
helices span residues 6-16 and 26-35, and the loop region en-
compasses residues 17-25. The 9-amino-acid loop region con-
tains a B-S-linked glucose moiety attached to Cys22. Interest-
ingly, sugar attachment is not required for sublancin antimicro-
bial activity as evidenced upon mutation of Cys22. Considering
that the sublancin-producing strain Ba. subtilis 168 is susceptible
to such mutation also intrinsically, S-glycosylation at Cys22 may
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constitute an unusual type of self-resistance and, consequently,
stability (Wang and van der Donk 2011).

PROKARYOTIC SURFACE LAYER (S-LAYER)
GLYCOPROTEINS

S-layers are one of the most commonly observed cell-surface
structures on different species of nearly every phylogenetic
group of prokaryotes. They are formed by self-assembly of
monomeric (glyco)proteins into regularly spaced, 2D crystalline
arrays with nanometer-scaled periodicity (4-30 nm). Bacteria
possess dedicated pathways for the secretion and anchoring of
their S-layer to the cell wall, and some Gram-positive species
have large S-layer-associated gene families. S-layers have impor-
tant roles in bacterial growth and survival, and their many func-
tions include the maintenance of cell integrity, enzyme display
and, in pathogens and commensals, interaction with the host
and its immune system (Sleytr 1978; Sleytr and Messner 1983;
Messner and Schéffer 2003; Avall-jadskeldinen and Palva 2005;
Messner et al. 2010; Hynonen and Palva 2013; Fagan and Fair-
weather 2014; Sleytr et al. 2014; Gerbino et al. 2015). Current ap-
proaches are exploiting the nanopatterned S-layer matrix for the
display of biologically relevant molecules (Schuster and Sleytr
2013; Allievi et al. 2014; Baneyx and Matthaei 2014; Carasi et al.
2014; Turroni et al. 2014; Misra, Basu and Apte 2015; Valero et al.
2015; Zhang et al. 2015).

S-layer protein subunits can undergo glycosylation with gly-
cans of varying complexity (Messner and Sleytr 1991; Messner
1997; Messner and Schaffer 2003; Schéaffer and Messner 2004;
Messner et al. 2010). Despite the fact that considerable varia-
tion exists in the structure and chemistry of prokaryotic cell en-
velopes, S-layers have apparently coevolved with these diverse
structures. In bacteria and archaea, the S-layer lattice assem-
bles on the surface of the rigid wall matrix that is mainly com-
posed of PG or pseudomurein, respectively (Sleytr and Messner
1983). In Gram-positive bacteria, the S-layer has been shown to
be attached to PG-bound secondary cell-wall polymers (SCWPs)
(Araki and Ito 1989; Mesnage et al. 2000; Sara 2001; Cava et al.
2004, Schiffer and Messner 2005; Pavkov et al. 2008; Messner,
Schéffer and Kosma 2013) (vide infra); in Gram-negative bacte-
ria, there are indications for attachement of the S-layer to LPS
(Awram and Smit 2001); and in most archaea, S-layers are closely
attached to or inserted into the plasma membrane (Sumper
1987; Lechner and Wieland 1989; Abdul Halim et al. 2016).

In this section, we give a general overview on the chemi-
cal structure and biosynthesis of both bacterial and archaeal S-
layer glycoprotein glycans (Fig. 2) and, then, focus particularly
on those organisms that have attracted special attention in the
past because of scientific, medical or public implications.

Bacterial S-layer glycoproteins

Since the first description of bacterial S-layer glycoproteins
on Gram-positive thermophilic clostridia, now renamed Ther-
moanaerobacter thermohydrosulfuricus (T. thermohydrosulfuricus)
L111-69 and Thermoanaerobacterium thermosaccharolyticum (Th.
thermosaccharolyticum) D120-70 (Sleytr and Thorne 1976), the
number of S-layer glycoprotein-carrying organisms has in-
creased considerably, including Gram-positive isolates such as
Geobacillus (formerly Bacillus) stearothermophilus NRS 2004/3a
(Steiner et al. 2008), Anoxybacillus (formerly Geobacillus) tepi-
damans (Kahlig et al. 2005), Aneurinibacillus (formerly Bacillus) ther-
moaerophilus (Kosma et al. 1995b; Pfoestl et al. 2003), different T.
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thermohydrosulfuricus (Altman et al. 1992; Christian et al. 1993;
Bock et al. 1994) and Th. thermosaccharolyticum strains (Altman
et al. 1995), Paenibacillus alvei CCM 20517 (Altman et al. 1991;
Messner et al. 1995) and different Lactobacillus buchneri strains
(Moschl et al. 1993; Anzengruber et al. 2014b), as well as one
Gram-negative bacterium—the oral pathogen Tannerella forsythia
ATCC 43037 (Posch et al. 2011) (Fig. 2).

The S-layer glycoprotein of Geobacillus stearothermophilus NRS
2004/3a was the first bacterial S-layer protein whose glycosy-
lation was studied in detail (Kiipci et al. 1984). The S-layer
was isolated by detergent extraction, purified, and after thor-
ough proteolytic digestion the material was purified by gel per-
meation chromatography. Colorimetric sugar determination re-
vealed Rha as the predominant constituent (55%) of the gly-
copeptides and traces of Gal (~2%). This material was tritium la-
belled with N-succinimidyl[2,3-*H]propionate and subjected to
hydrazinolysis to cleave the glycan off from the labelled gly-
copeptides (Kipcl et al. 1984). *H- and **C NMR spectroscopy
revealed two types of glycan chains, one of which, a rhamnan
with the repeating unit structure —2)-a-L-Rhap-(1—2)-a-L-Rhap-
(1—3)-B-L-Rhap-(1— (Fig. 2) (Christian et al. 1986), was shown to
decorate the 93-kDa surface layer protein SgsE of G. stearother-
mophilus NRS 2004/3a at least three distinct sites (Thr590, Thr620
and Ser794; (Fig. 2). The other turned out to be a copurified
SCWP present in the bacterial cell envelope(Messner et al. 1987;
Schaffer et al. 1999a) (vide infra, section ‘SCWP’). The elongated
rhamnan chains were subsequently shown to additionally com-
prise a 2-O-methyl modification of the terminal trisaccharide at
the non-reducing end and a core saccharide as a linker to the
S-layer protein (Schaffer et al. 1999a). Surprisingly, the rhamno-
sylated S-layer protein of this bacterium reveals a four-banded
pattern on SDS-PAGE. According to our current interpretation,
the three high-molecular-mass bands originate from either one,
two or three glycosylation sites per S-layer protein, whereas
the low-molecular-mass band represents non-glycosylated pro-
tein (Steiner et al. 2006). Further, microheterogeneity was as-
signed to the S-layer glycans, with the most prevalent variation
between 12 and 18 trisaccharide repeating units accompa-
nied with the possibility of extension of the already-known
—3)-a-L-Rhap-(1—3)-«-L-Rhap-(1— core by one additional Rha
residue. The microheterogeneity of elongated sugar chains in
G. stearothermophilus NRS 2004/3a S-layer glycopeptides, contain-
ing up to 51 monosaccharide residues at a single O-attachment
site on a 12-amino acid peptide backbone, was investigated
by Fourier transform ion cyclotron resonance MS (Bindila et al.
2007).

S-layer glycan biosynthesis in G. stearothermophilus NRS
2004/3a is encoded by a polycistronic slg (surface layer glycosyla-
tion) gene cluster. To get insight into the glycosylation pathway
of the S-layer glycoprotein SgsE, the first step was the character-
isation of WsaP from this gene cluster as a UDP-Gal:phosphoryl-
polyprenol Gal-1-phosphate transferase that primes S-layer gly-
coprotein glycan biosynthesis in this organism. The enzyme
transfers in vitro a galactose-1-phosphate from UDP-Gal to en-
dogenous phosphoryl-polyprenol, with the C-terminal half of
WsaP comprising the galactosyltransferase function, in analogy
to UDP-Gal:phosphoryl-polyprenol Gal-1-phosphate transferase
WhbaP from Salmonella enterica (Steiner et al. 2007). Four assigned
glycosyltransferases, named WsaC-WsaF, were investigated by
a combined biochemical and NMR approach, starting from syn-
thetic octyl-linked saccharide precursors (Messner et al. 2008).
Three of the enzymes are rhamnosyl transferases that are re-
sponsible for the transfer of L-Rha from a dTDP-g-L-Rha precur-
sor to the nascent S-layer glycan, catalysing the formation of
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Gram-positive Bacteria

S-layer glycoprotein / Secondary cell wall polymer (SCWP)
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(Kosma et al. 1995a / Meier-Stauffer et al. 1996 / Schaffer et al. 1999b / Pfoestl et al. 2003)
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Figure 2. Schematic depiction of S-layer glycoprotein glycans from Gram-positive and Gram-negative bacteria and archaea and of SCWPs of Gram-positive bacte-
ria. Ac, CH3COO~; CONH,, amidyl-; -COOMe, methyl ester; Me, CHs-; NAc, N-acetyl-; P, phosphate; Pyr, pyruvyl; Ri, -COOH; R,, -CONHAC; R3, -CONACy, S, sulfate;.
Sugar symbols:O, hexose;<, hexuronic acid;®, glucose;., N-acetylglucosamine;€, glucuronic acid;"/A, 3-N—acetquuinovosamine;zmm@, 2,3-di-N-acetylglucuronic
acid; &, 6—sulfoquinovose;2NHz‘s, 2—amino—G—sulfo-2,6-dideoxy—quinovose;o, galactose;@, galactofuranose; ], N-acetylgalactosamine;o, galacturonic acid;"®, 3-
0-methylgalacturonic acid;®, mannose;l, N-acetylmannosamine;€, mannosaminuronic acid; >, 6-N-amido-Thr mannosaminuronic acid;A\, L-rhamnose; A,
p-rthamnose; A, r-fucose;A, D-fucose;" /A, 3-N-acetylfucosamine;®, iduronic acid; %, ribose;(D, p-glycero-p-manno-heptose;#, xylose;lll, digitoxose;w®, 5-
acetamidino-7-glycerolyl pseudaminic acid; @, N-acetylmuramic acid. Monosaccharide symbols follow the SNFG (Symbol Nomenclature for Glycans) (Appendix-1B
2015). (Mescher and Strominger 1976; Koval and Jarrell 1987; Lechner and Sumper 1987; Sumper et al. 1990; Altman et al. 1991, 1992, 1995, 1996; Baumeister and Lembcke
1992; Christian et al. 1993; Karcher et al. 1993; Mdschl et al. 1993; Bock et al. 1994; Messner et al. 1995; Kosma et al. 1995a,b; Meier-Stauffer et al. 1996; Schéffer et al. 1999a,b,
2000a,b, 2004; Eichler 2000, 2013; Steindl et al. 2002, 2005; Pfoestl et al. 2003; K&hlig et al. 2005; Voisin et al. 2005; Steiner et al. 2008; Veith et al. 2009; Peyfoon et al. 2010;
Posch et al. 2011; Messner, Schéffer and Kosma 2013; Palmieri et al. 2013; Kandiba and Eichler 2014; Parente et al. 2014; Anzengruber et al. 2014a; Appendix-1B 2015; Lu
et al. 2015; Kandiba et al. 2016). (Extended and modified from Eichler 2013. With permission from Nature Publishing Group).
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Gram-positive Bacteria

S-layer glycoprotein / Secondary cell wall polymer (SCWP)
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Figure 2 (Continued).
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Gram-negative Bacteria

S-layer glycoprotein

. S-layer
heterosaccharide protein
Tannerella forsythia ATCC 43037 (Posch et al. 2011)
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Kandiba and Eichler 2014 / Parente et al. 2014 / Kandiba et al. 2016)
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Haloarcula hispanica (Lu et al. 2015a)
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36 36
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At the C-terminus of Slg2 a DTPE motif was identified, which is repeated six
times (aa 857-884). Obviously, Thr residues in the DTPE motifs are O-glyco-

. 014( ) 1,0 Thr sylated with the disaccharide.
At the C-terminus of SIg1 no such motifs were found. This region is rich in Asp,
Glu, Thr and Pro residues - it is assumed that Thr residues in this region be-
come O-glycosylated with the disaccharide.

Figure 2 (Continued).
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S-layer glycoprotein
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’ S-layer
heterosaccharide protein
Methanothermus fervidus VV24S (Karcher et al.1993)
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Sulfolobus acidocaldarius DSMZ 639 (Baumeister and Lembcke 1992 / Veith et al. 2009 / Peyfoon et al. 2010)

the hexoses could be D-Glc and D-Man

Figure 2 (Continued).

the «1,3- (WsaC and WsaD) and B1,2-linkages (WsaF) (Steiner
et al. 2010), present in the adaptor saccharide and in the repeat-
ing units of the mature S-layer glycan, respectively. These en-
zymes work in concert with a multifunctional methylrhamnosyl
transferase (WsakE). The N-terminal portion of WsaE is responsi-
ble for the S-adenosyl methionine-dependent methylation reac-
tion of the terminal «1,3-lined L-Rha residue, and the central and
C-terminal portions are involved in the transfer of L-Rha from
dTDP-g-L-Rha to the adaptor saccharide to form the «1,2- and
«1,3-linkages during S-layer glycan chain elongation, with the
methylation and the glycosylation reactions occurring indepen-
dently. Characterisation of these enzymes revealed a molecular
basis for S-layer glycan biosynthesis in G. stearothermophilus NRS
2004/3a (Steiner et al. 2008).

While protein O-glycosylation at serine, threonine or hy-
droxyproline residues has been studied in detail in prokaryotes
(Jarrell et al. 2014; Varki et al. 2015), only few data are avail-
able on O-glycosidic attachment of glycans to the amino acid
tyrosine. A bacterial protein tyrosine O-glycosylation system
was described for the S-layer glycoproteins of T. thermohydro-
sulfuricus strains $102-70 (Messner et al. 1992; Christian et al.
1993) and L111-69 (Bock et al. 1994; Messner et al. 1995), Th.
thermosaccharolyticum strains D120-70 (Altman et al. 1990) and
E207-71 (Altman et al. 1995), and Pa. alvei CCM 20517 (Messner
et al. 1995). The latter is a secondary invader of diseased hon-
eybee colonies infected with Melissococcus pluton, the causative
agent of European foulbrood (Govan et al. 1998). In Pa. alvei
CCM 20517, a polysaccharide consisting of [—3)-8-D-Galp-
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SS00389

40 potential sequons,
9 confirmed sites

W

p3

(1—+4)-[a-D-Glcp-(1—6)]-B-D-ManpNAc-(1—], repeating units
is O-glycosidically linked via an adaptor saccharide with the
structure -|GroA-2—0PO;—4-B-D-ManpNAc-(1—4)]—3)-a-L-
Rhap-(1—3)-a-L-Rhap-(1—3)-a-L-Rhap-(1—3)-8-D-Galp-(1— to
specific tyrosine residues of the S-layer protein SpaA (Figs 2
and 3).

A 24.3-kb slg gene cluster comprising 18 open reading frames
(ORF) encodes information for the biosynthesis of nucleotide-
activated monosaccharides, glycan assembly and export as well
as transfer of the completed polysaccharide chain to the S-layer
target by a predicted O-OST (Zarschler et al. 2010b). To study
the glycosylation process in detail, all ORFs of the slg gene clus-
ter, except those encoding the nucleotide sugar biosynthesis en-
zymes and the ABC transporter integral transmembrane pro-
teins (Cuthbertson, Kos and Whitfield 2010) were disrupted by
the insertion of the mobile group II intron LLLtrB, and S-layer
glycoproteins produced in mutant backgrounds were analysed
for their glycosylation status by MS. There is evidence that the
glycan chain of Pa. alvei CCM 20517 is synthesised in a process
comparable to the ABC transporter-dependent pathway of the
LPS O-PS biosynthesis (Cuthbertson, Kos and Whitfield 2010).
Furthermore, with the protein WsfB, we have identified a good
candidate for an OST involved in the formation of the covalent
B-D-Galp— Tyr linkage between the glycan chain and the S-layer
protein SpaA (Zarschler et al. 2010b). As also evidenced for the
S-layer Ser/Thr glycosylation system of G. stearothermophilus NRS
2004/3a, the components encoded in the slg gene cluster work in
concert with housekeeping genes such as those required for the
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Figure 3. Working model of S-layer glycan biosynthesis in Pa. alvei CCM 2051T. The initial transfer of a Gal residue from UDP-«-D-Gal to a lipid carrier is catalysed by
WsfP (A). The adaptor saccharide is formed by the «1,3-linkage of an L-Rha residue from dTDP-g-L-Rha to the linkage sugar D-Gal possibly performed by WsfG, followed
by the transfer of two additional «1,3-linked r-Rha residues possibly by the action of WsfF (B). The glycan chain would be elongated by the activity of the aminosugar
transferase WsfE and the tripartite transferase WsfC. WsfE may form the $1,4-linkage of a ManNAc residue from UDP-ManNAc to the third rhamnose residue. WsfC
putatively adds a single glycerol phosphate from CDP-glycerol to the ManNAc residue of the adaptor oligosaccharide and may form the g1,3-linkage of a ManNAc
residue to the third rhamnose residue as well as the A1,4-linkage of a Gal to the ManNAc residues of the repeating units. The glycan chain would be recognised by
the carboxy-terminal part of Wzt and exported by the ABC transporter system through the cytoplasmic membrane (C). The transfer of cytoplasmic Glc to the lipid
carrier would be carried out by WsfH and, after reorientation, is used at the external face of the cytoplasmic membrane by WsfD for «1,6-linkage of the Glc residues to
ManNAc residues of the repeating units (D). The final transfer of the completed S-layer glycan to certain tyrosine residues of the S-layer protein is predicted to occur
cosecretionally upon catalysis of the O-OST WsfB (E). Eventually, the mature S-layer glycoprotein would be self-assembled at the cell surface (F). Please note that so
far only the WsfP protein has been experimentally verified to perform its predicted role. (Adapted from Zarschler et al. 2010b. With permission from Oxford University

Press).

production of UDP-Gal, to constitute the full S-layer glycoprotein
biosynthesis pathway.

For nanopatterned in vivo cell surface codisplay of peptide
and glycan epitopes based on the Pa. alvei CCM 2051" S-layer
glycoprotein self-assembly system, a working strategy was de-
veloped. The ORF of the S-layer structural gene spaA codes for
a protein of 983 amino acids, including a signal peptide of 24
amino acids and the glycosylated S-layer protein SpaA has a the-
oretical molecular mass of ~106 kDa. As demonstrated exem-
plarily with a hexahistidine tag and enhanced green fluorescent
protein (eGFP) translationally fused to the S-layer protein, fused
epitopes can be efficiently expressed and successfully displayed
via the S-layer glycoprotein matrix on the surface of Pa. alvei
CCM 20517 cells in vivo as evidenced by immunoblot analysis,
immunofluorescence staining and fluorescence microscopy. In
contrast, exclusively non-glycosylated chimeric SpaA proteins
were displayed, when the S-layer of the glycosylation-deficient
wsfP mutant was used as matrix (Zarschler et al. 2010a).

SpaA contains three consecutive S-layer homology (SLH) do-
mains at the N-terminus that are involved in non-covalent
anchoring of the glycoprotein via a non-classical, pyruvylated
SCWP (vide infra, see chapter ‘SCWP’) to the PG layer of the Pa.
alvei cell wall (Schéaffer et al. 2000b). The SLH domains contain
the amino acid motif TRAE, known to play a key role in cell-wall
binding (May et al. 2006), as well as the TVEE and TRAQ variations
thereof. The role of the three predicted binding motifs within the
SLH domains was analysed by mutating them into TAAA motifs,
either individually, pairwise or all of them (Janesch, Messner and
Schéffer 2013). Effects were visualised in vivo by homologous ex-
pression of chimeras made of the mutated S-layer proteins and
eGFP and in an in vitro binding assay using His-tagged SpaA vari-

ants and native PG-containing cell-wall sacculi that either con-
tained SCWP or were deprived of it. Experimental data indicated
that the TRAE, TVEE and TRAQ motifs are critical for the binding
function of SLH domains and two functional motifs are sufficient
for cell-wall binding, regardless of the domain location. SLH do-
mains of Pa. alvei CCM 20517 SpaA recognise both SCWP and PG,
but cell-wall anchoring is not necessary for SpaA glycosylation.
Additionally, we showed that the SLH domains of SpaA are suf-
ficient for in vivo cell-surface display of foreign proteins at the
cell surface of Pa. alvei (Janesch, Messner and Schaffer 2013).

In contrast to the previously described long-glycan chain
S-layer glycoproteins of thermophilic and mesophilic bacilli,
short-glycan chain S-layer glycoproteins are also known, for in-
stance, on the Gram-positive GRAS (generally regarded as safe)
organism La. buchneri CD034 (Anzengruber et al. 2014b), or the
Gram-negative periodontal pathogen Ta. forsythia ATCC 43037
(Posch et al. 2011).

Based on a previous demonstration of S-layer protein gluco-
sylation in La. buchneri strain 41021/251 (Mdschl et al. 1993) and
because of general advantages of lactic acid bacteria for applied
research, protein glycosylation in this species was investigated
in more detail recently. The cell surface of La. buchneri CD034
is completely covered with an oblique S-layer lattice formed by
self-assembly of the abundant S-layer protein SlpB (Anzengru-
ber et al. 2014b). Biochemical and MS analyses revealed that SIpB
is O-glycosylated at four serine residues within the sequence
Ser152-Ala-Ser154-Ser155-Ala-Serl57 with, on average, seven
Glc-(«1-6) linked residues, each. Subcellular fractionation of
strain CD034 indicated a sequential order of SlpB export and
glucosylation as evidenced by lack of glucosylation on cytosolic
SlpB. Protein glycosylation analysis was extended to strain
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La. buchneri NRRL B-30929 (Liu et al. 2011) where an analogous
glucosylation scenario was detected, with the S-layer glyco-
protein SlpN containing an O-glycosylation motif identical to
that of SlpB. This led to the proposal of species-wide S-layer
protein O-glucosylation in La. buchneri strains targeted at the se-
quence motif Ser-Ala-Ser-Ser-Ala-Ser. Search of the La. buchneri
genomes for the said glucosylation motif revealed one further
ORF, encoding the putative glycosyl-hydrolase LbGH25B and
LbGH25N in La. buchneri CD034 and NRRL B-30929, respectively;
in fact, there are indications of glycosylation comparable to that
of the S-layer proteins (Anzengruber et al. 2014b). The glycosyl
hydrolase family 25 domain-containing homologues LbGH25B
and LbGH25N from La. buchneri CD034 and NRRL B-30929,
respectively, were characterised in detail. Zymogram analysis
confirmed hydrolysing activity on bacterial cell walls for both
enzymes. Subsequent reversed-phase HPLC and MALDI-TOF MS
analysis of the PG breakdown products from La. buchneri strains
CDO034 and NRRL B-30929 revealed that these enzymes exhibit
N-acetylmuramidase activity. Both enzymes were identified
as cell-wall-associated proteins due to the binding capability
of purified recombinant LbGH25B and LbGH25N to La. buch-
neri cell walls in vitro. Moreover, similar secondary structures
mainly composed of g-sheets and nearly identical thermal
stabilities with Tm values around 49°C were found for the two
N-acetylmuramidases by far-UV circular dichroism spec-
troscopy. This work provided for the first time a detailed
characterisation of a major N-acetylmuramidase from La. buch-
neri; this might have implications for other lactic acid bacteria
(Anzengruber et al. 2014a).

Also for the Gram-positive pathogen Clostridium difficile thatis
a major cause of nosocomial diarrhoea (Dingle et al. 2013), there
are indications of S-layer protein glycosylation. The cell surface
of CI. difficile is covered by an S-layer encoded by the slpA gene
that localises within the cell-wall protein (cwp) gene cluster. For
developing safe treatment strategies against Cl. difficile infec-
tions, itis important to understand the diversity and evolution of
slpA and nearby genes encoding immunodominant cell-surface
antigens (Fagan and Fairweather 2014). The whole-genome
sequence was determined for 57 Cl. difficile isolates represen-
tative of the population structure and different clinical phe-
notypes. Phylogenetic analyses were performed on their ge-
nomic region (>63 kb) spanning the cwp cluster, with genetic
diversity across the cwp cluster peaking within slpA, cwp66 (ad-
hesin) and secA2 (secretory translocase). These genes form a
10-kb cassette, of which 12 divergent variants were found. Ho-
mologous recombination involving this cassette caused it to
associate randomly with the genotype. One cassette contains
a novel insertion (~24 kb) that resembles an slg gene clus-
ter. S-layer switching and immune escape could help explain
temporal and geographical variation in Cl. difficile epidemiol-
ogy and may inform genotyping and vaccination strategies (Din-
gle et al. 2013). Normally, Cl. difficile does not possess a glyco-
sylated S-layer (Qazi et al. 2009), but these variant strains con-
tain a distinct S-layer cassette producing S-layer proteins of re-
duced polypeptide, as well as a gene cluster encoding dTDP-L-
Rha biosynthesis (Giraud and Naismith 2000). Whether these
strains do indeed have a glycosylated S-layer and what, if any,
phenotype that might confer is currently unknown (Dingle et al.
2013).

The periodontopathic pathogen Ta. forsythia, a Gram-
negative, rod-shaped, strict anaerobic, non-pigmented oral
bacterium (Haffajee and Socransky 1994; Tanner and Izard
2006), relies on a unique building plan for its S-layer glycopro-
teins (Lee et al. 2006). Tannerella forsythia is phylogenetically
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affiliated to the Bacteroidetes and a member of the so-called red
complex of oral bacteria (Holt and Ebersole 2005) that is crucially
involved in the onset and progression of a set of inflammatory
diseases named periodontitis. Periodontitis is the most common
inflammatory disease of the gums worldwide and increasingly
linked to systemic inflammation, increased risk of stroke, heart
attacks and atherosclerosis (Haffajee et al. 2008; Hajishengallis
and Lamont 2012). Tannerella forsythia cells are completely
covered by a unique square S-layer formed by coassembly of
two different glycoproteins in equimolar ratio (Lee et al. 2006;
Sekot et al. 2012). The S-layer proteins TfsA and TfsB are both
highly O-glycosylated with the equally unique oligosaccharide
4-OMe-B-ManpNAcCONH,-(1—3)-[Pse5Am7Gra-(2—4)-]-B8-
ManpNACcA-(1—4)-[4-OMe-«a-Galp-(1—2)-]-a-Fucp-(1—4)-[a-
Xylp-(1—3)-]-B-GlcpA-(1—3)-[B-Digp-(1—2)-]-«-Galp- (Posch
et al. 2011) linked to distinct serine and threonine residues
within the Bacteroidetes-wide D(S/T)(A/I/L/M/T/V) glycosylation
motif (Coyne et al. 2013) (Fig. 2). The structure of the glycan
partially imitates that of host glycoproteins (Stafford et al. 2012),
having a terminal sialic acid-like residue (nonulosonic acids)
and a terminal fucose (Posch et al. 2011; Megson et al. 2015).
The glycobiology of this pathogen, including its repertoire of
glycosidases, seems to be key to its physiology and, potentially,
pathogenicity (Posch et al. 2012; Douglas et al. 2014). In this
context, it could be shown that the terminal trisaccharide
motif of this glycan comprising the charged sugar residues
acts to modulate DC effector functions to suppress T-helper
(Th)17 responses (Settem et al. 2013). In contrast to the wild
type, infection with a mutant strain lacking the trisaccharide
motif induced a robust Th17 response and reduced periodontal
bone loss in mice. These findings demonstrate that surface
glycosylation of Ta. forsythia may act to ensure the bacterium’s
persistence in the host likely through suppression of Th17 re-
sponses. In addition, this data suggest that the bacterium then
induces the TLR2—Th2 inflammatory axis that has previously
been shown to cause bone destruction. This study provided a
biological basis for pathogenesis and opens opportunities in
exploiting bacterial glycans as therapeutic targets against peri-
odontitis and a range of other infectious diseases (Settem et al.
2013). Further, Ta. forsythia mutants lacking either the S-layer
or glycan assembly and maturation genes display phenotypes
involving altered human cell attachment to host cells, biofilm
formation and disease progression (Sabet et al. 2003; Honma
et al. 2007; Sakakibara et al. 2007).

The Ta. forsythia S-layer glycoproteins belong to a class of so-
called CTD (C-terminal domain containing) proteins, with the
CTDs on TfsA and TfsB acting as a signal for their transloca-
tion across the outer membrane via a Bacteroidetes type IX se-
cretion system (T9SS) (Glew et al. 2012). The genome sequence
of Ta. forsythia predicts the presence of the complete set of com-
ponents for a T9SS in conjunction and a suite of CTD proteins
(Tomek et al. 2014). To investigate if T9SS is functional in Ta.
forsythia, T9SS-deficient mutants were generated by targeting
either TF0955 (putative C-terminal signal peptidase) or TF2327
(PorK orthologue), and the mutants were analysed with respect
to secretion, assembly and glycosylation of the S-layer proteins
as well as proteolytic processing of the CTD. In either mutant,
TfsA and TfsB were incapable of translocation as evidenced by
the absence of the S-layer on ultrathin-sectioned bacterial cells
using TEM. Despite being entrapped within the periplasm, MS
analysis revealed that the S-layer proteins were modified with
the complete, mature glycan as found on the secreted proteins,
indicating that protein translocation and glycosylation are two
independent processes in Ta. forsythia (Tomek et al. 2014). These
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data are supported by an independent investigation by others
(Narita et al. 2014). There, Ta. forsythia mutants deficient in or-
thologues of the T9SS-encoding genes porK, porT and sov were
constructed. All porK, porT and sov single mutants lacked the
S-layer and expressed less-glycosylated versions of the S-layer
glycoproteins TfsA and TfsB (Narita et al. 2014).

Besides its glycosylated S-layer, outer membrane vesicles
(OMVs) of Ta. forsythia enriched in putative glycoproteins were
identified as a new addition to the virulence repertoire of Ta.
forsythia (Friedrich et al. 2015). The organism was grown anaero-
bically in serum-free medium and biogenesis of OMVs was anal-
ysed by TEM and atomic force microscopy revealing OMVs with
a mean diameter of ~100 nm, budding off from the outer mem-
brane while retaining the S-layer. A proteomic analysis of OMVs
identified 175 proteins. Of these, 14 exhibited a CTD outer mem-
brane translocation signal that directs them to the cell/vesicle
surface, 61 and 53 were localised to the outer membrane and
periplasm, respectively, 22 were predicted to be extracellular and
39 to originate from the cytoplasm. A total of 80 proteins con-
tained the Bacteroidales O-glycosylation motif, 18 of which were
confirmed as glycoproteins. The inflammatory response elicited
by the OMVs was significantly higher than that caused by whole
Ta. forsythia cells. This study represents the first characterisation
of Ta. forsythia OMVs, their proteomic composition and immuno-
genic potential (Friedrich et al. 2015), and is complemented by a
recent study by others (Veith et al. 2015).

Based on the evidence that the two Bacteroidetes species Ta.
forsythia and Bacteroides fragilis both employ a general protein
O-glycosylation system and share a common glycosylation se-
quon, the ability of these organisms to glycosylate a protein
native to the other organism was demonstrated (Posch et al.
2013b). Using genetic tools previously developed for Bacteroides
species, two Bac. fragilis model glycoproteins were expressed in
the fastidious anaerobe Ta. forsythia and the attachment of the
known Ta. forsythia O-glycan to these proteins was demonstrated
by LC-ESI tandem MS. Likewise, two predominant Ta. forsythia
glycoproteins were expressed in Bac. fragilis and glycosylation
with the Bac. fragilis O-glycan was confirmed. Compositional and
structural similarities between the Ta. forsythia O-glycan and the
not yet fully characterised Bac. fragilis O-glycan suggest com-
monalities in their biosynthesis. These data demonstrate the
feasibility of exploiting these organisms for the design of novel
glycoproteins (Posch et al. 2013b).

Multidrug-resistant strains of the Gram-negative species
Acinetobacter baumannii are increasingly being isolated in hos-
pitals worldwide. Among the virulence factors identified in
this pathogen, there is a general protein O-glycosylation sys-
tem that appears to be important to biofilm formation and
virulence, and a capsular polysaccharide that is essential
for resistance to complement killing (Lees-Miller et al. 2013).
In fact, the [—3)-[8-GlcNAc-(1— 6)]-[¢-40AcGlcA-(1—4)-]-a-Gal-
(1—6)-B-Glc-(1—3)-p-GalNAc-(1—], pentasaccharides that dec-
orate the Ac. baumannii glycoproteins are also the building
blocks for capsule biosynthesis, with at most two repeat units
having been detected on proteins via MS analysis. An O-
pentasaccharide biosynthesis gene locus was identified in strain
ATCC 17978, with components required for glycan assembly,
polymerisation and transport of capsule located within or ad-
jacent to the locus. Mutagenesis of PglC, the initiating glycosyl-
transferase prevented the synthesis of glycoproteins and cap-
sule, resulting in abnormal biofilm structures and attenuated
virulence of Ac. baumannii ATCC 17978 in mice. The discovery of
a bifurcated pathway for O-glycosylation and capsule synthesis
could not only provide insight into the biology of Ac. bauman-

nii but also identified potential novel candidates for interven-
tion against this emerging pathogen (Lees-Miller et al. 2013). In
this context, it should be noted that previous TEM investigations
of Acinetobacter sp. strain MJT/F5/199A have shown a presum-
ably square S-layer lattice covering the entire cells (Thornley,
Glauert and Sleytr 1973). Outer membrane preparations before
and after papain digestion suggested the presence of a glycosy-
lated S-layer protein in that strain that might resemble the O-
glycosylated Ac. baumannii ATCC 17978 protein discussed (Lees-
Miller et al. 2013).

Very recently, a glycosylated S-layer was shown to be present
also on the anamox bacterium candidatus Kuenenia stuttgar-
tiensis (van Teeseling et al. 2014). Anammox bacteria perform
anaerobic ammonium oxidation and have a unique compart-
mentalised cell consisting of three membrane-bound compart-
ments (from inside outwards)—the anammoxosome, riboplasm
and paryphoplasm (van Teeseling et al. 2014). The cell enve-
lope of anammox bacteria has been proposed to deviate from
typical bacterial cell envelopes by lacking both PG and a con-
ventional outer membrane. In the phylum of the Planctomycetes,
for the first time, an S-layer was described on strain candida-
tus K. stuttgartiensis, providing a new addition to the cell plan
of anammox bacteria. This S-layer showed hexagonal symme-
try and enrichment of the S-layer from bacterial cells led to a
160-kDa candidate protein, Kustd1514, which has no homology
to any known protein and is present in glycosylated form. An-
tibodies were generated against the glycoprotein and used for
immunogold localisation. The antiserum localised Kustd1514 to
the S-layer and, thus, confirmed it as the S-layer glycoprotein of
candidatus K. stuttgartiensis (van Teeseling et al. 2014).

Secondary cell-wall polymers

In the course of investigations of Gram-positive bacterial S-
layer proteins (both non-glycosylated and glycosylated ones),
important aspects of a group of non-classical SCWPs, represent-
ing cell-wall polysaccharides of moderate molecular mass, have
emerged. The identification of these non-classical SCWPs as
mediators for non-covalent attachment of S-layers to carbon 6 of
muramic acid of the underlying PG meshwork (Figs 2 and 3) un-
derlines their importance for the cell biology of bacteria. Herein
we summarise the current knowledge on structural features,
cell-wall attachment and interactions of non-classical SCWPs in
S-layer-carrying organisms (Araki and Ito 1989; Sara 2001; Cava
et al. 2004; Schéaffer and Messner 2005; Ferner-Ortner et al. 2007;
Pavkov et al. 2008; Messner et al. 2009).

Description of non-classical SCWPs

While a considerable body of knowledge has accumulated con-
cerning structural, biochemical and immunological features of
teichoic and teichuronic acids (classical SCWPs) present in cell
walls of Gram-positive bacteria (Hancock and Baddiley 1985;
Archibald, Hancock and Harwood 1993), it should be kept in
mind that additional cell-wall polysaccharides are present in
these organisms. Driven by our interest in S-layer glycobiology,
we initially coincidentally coisolated a fraction of SCWP with S-
layer glycoprotein preparations of different bacteria. Improved
purification and separation methods eventually led to the clear
assignment of this distinct fraction as a separate class of com-
pounds, i.e. SCWPs, which were shown to account for a substan-
tial proportion (7%-15% by weight) of the bacterial PG (Schaffer
and Messner 2005). The investigated SCWP-PG complexes were
comprised of intact glycan moieties and, usually, of propor-
tions of PG of variable size, arising from random PG degradation
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during the preparation procedure (without any acid treatment to
prevent undesired removal of acid-labile components) (Messner,
Schéffer and Kosma 2013).

Cell-wall polysaccharides of Gram-positive bacteria are gen-
erally classified according to their structural characteristics in
(i) teichoic acids, (ii) teichuronic acids and (iii) other polysac-
charides (neutral or acidic polysaccharides) not classifiable into
the two former groups (Araki and Ito 1989). Recent investiga-
tions have shown that in S-layer-carrying organisms, teichoic
and teichuronic acids as typical representatives of classical
SCWPs (Archibald, Hancock and Harwood 1993) are usually not
present. Instead, structurally comparable non-classical SCWPs
are present. Based on compositional and structural data, we
suggested a categorisation of non-classical SCWPs from S-layer-
carrying Bacillaceae into three groups (group I to III) (Schéffer and
Messner 2005). For each of these, representative structures are
given below.

First group. The structure of the glycan portion of the
SCWP-PG complex of Pa. alvei CCM 20517 was elucidated to be
[(Pyr4,6)-B-D-ManpNAc-(1—4)-B-D-GlcpNAc-(1—3)]n~11-(Pyr4,6)-
B-D-ManpNAc-(1—4)-«-D-GlcpNAc-(1— (Fig. 2) (Schaffer et al.
2000b). Each repeating-unit disaccharide of this SCWP is sub-
stituted with a 4,6-linked pyruvic acid residue, conferring an
overall anionic character to the SCWP. Upon prolonged exposure
of the polymer to acidic conditions, as occurs for instance upon
solvation in D,0 during NMR experiments, considerable loss of
pyruvate residues can occur. The ManNAc-GlcNAc backbone
disaccharide motif corresponds to that frequently observed in
certain teichoic acids of other bacilli (Araki and Ito 1989). In
the group I non-classical SCWPs, this motif is repeated several
times, thus constituting the entire glycan moiety of these
SCWPs. Pyruvic acid-containing SCWPs have also been reported
for the S-layer-carrying organisms Lysinibacillus (formerly
Bacillus) sphaericus CCM 2177 (llk et al. 1999) and Ba. anthracis
(Mesnage et al. 2000).

In contrast to anionic polymers, neutral polysaccharides
possessing an identical backbone motif are found in the PG of
other Bacillaceae. The SCWPs of Th. thermosaccharolyticum strains
D120-70 (Altman et al. 1990) and E207-71 (Altman et al. 1996)
display the commonly encountered — 3)-8-D-ManpNAc-(1—4)-
B-D-GlcpNAc-(1—4)-8-pD-ManpNAc-(1—3)-8-D-GlcpNAc-(1—
motif (Fig. 2) (Altman et al. 1996), which is extended by ribofura-
nose side chains on alternating ManNAc residues (Altman et al.
1990; Schéffer C, Kahlig H, Christian R & Messner P, unpublished
results).

Second group. The anionic polymer purified from G. stearother-
mophilus NRS 2004/3a (Messner et al. 1987; Schaffer et al. 1999a)
comprises on average six tetrasaccharide repeating units with
the structure —4)-8-D-Manp-2,3-diNAcA-(1— 6)-a-D-Glcp-(1—4)-
B-D-Manp-2,3-diNAcA-(1—3)-a-D-GlcpNAc(1— (Fig. 2). It consti-
tutes the SCWP of many G. stearothermophilus wild-type strains
and was the first SCWP of an S-layer carrying organism for which
the structure was fully elucidated. It covers a mass range of
4000-6000 and substitutes about 20%-25% of the PG muramyl
residues (Messner et al. 1987; Schaffer et al. 1999a). Interestingly,
analyses of the SCWP of Anoxybacillus (formerly Geobacillus) tep-
idamans GS5-97T indicated that its backbone structure is rem-
iniscent of that of G. stearothermophilus NRS 2004/3a, but with
additional modifications of the carboxyl groups by amide for-
mation at the Manp-2,3-diNAcA residues, turning the anionic
character of the SCWP into a neutral one. 3'P NMR analysis has
demonstrated that the SCWP of Anoxybacillus tepidamans GS5-
977 is linked to muramic acid by a common phosphodiester link-
age (Steindl et al. 2005).

Schiffer and Messner | 71

Third group. In this group, the linkage-region disaccharide
(compare with the first group) of teichoic acids is further
extended. In addition to linear chains, branched repeating
units containing neutral sugars and/or amino sugars have been
observed. The charge-neutral SCWP isolated from Aneurinibacil-
lus thermoaerophilus DSM 10155 represents a unique bacterial
glycan structure containing repeats of the sequence —3)-a-D-
GlcpNAc-(1—3)-B-D-ManpNAc-(1—4)-8-D-GalpNAc-(1— (Fig. 2)
(Steindl et al. 2002) found in the first biantennary SCWP from
the domain Bacteria, with the full structure «-D-GlcpNAc-(1—3)-
B-D-ManpNAc-(1—4)-B-D-GalpNAc-(1— 3)-a-D-GlcpNAc-(1— 3)-
B-D-ManpNAc-(1—4)-B8-D-GalpNAc-(1— 3)-a-D-GlcpNAc-(1—4)-
[«-D-GlcpNAc-(1—3)-B-D-ManpNAc-(1—4)-B-D-GalpNAc-(1—3)-
a-D-GlcpNAc-(1—3)-8-D-ManpNAc-(1—4)-B-D-GalpNAc-(1—3)-
a-D-GlcpNAc-(1—3)]-B-D-ManpNAc-(1—3)-a-D-GlcpNAc-(1—3)-
B-D-ManpNAc-(1— 3)-«-D-GlcpNAc-(1— 3)-a-D-GlcpNAc-(1—.
The interpretation of the observed NMR data supporting a
single branched GalNAc unit need, however, to be treated with
caution, since the 13C NMR chemical shifts of the carbon atoms
in the branched residue are very similar to those located in the
linear chain.

A branched structure was found in the SCWP from G.
stearothermophilus PV72/p2, which, however, had undergone
treatment with hydrofluoric acid (HF) for cleavage of the linkage
to PG. Hence, information on the linkage region as well as the
extent of pyruvate substitution and proof for N-deacetylated
glycoses is compromised (Petersen et al. 2008). The SCWP
contains a pentasaccharide repeating unit of the sequence —4)-
[B-D-GlcpNAc-(1—3)]o.3-8-D-ManpNAcA-(1—4)-B-D-GlcpN/NAc-
(1—6)-[4,6-(S)-Pyr-a-pD-ManpNAc-(1—4)]-«-D-GlcpNAc-(1—.
Similar to the SCWPs of the first group, the (S)-configured
pyruvate residues are present on the D-ManpNAc residues,
albeit not within the linear backbone chain, but extending from
the branching 4,6-disubstituted «-D-GlcpNAc residue.

SCWPs of Ba. anthracis and Ba. cereus may also be clas-
sified into the third group. Non-classical SCWPs of Ba. an-
thracis having approximate molecular masses in the range of
12 000-22 000 mediate binding to the SLH domain of the
paracrystalline S-layer proteins Sap and extractable antigen 1
(EA1), respectively (Kern et al. 2010, 2012). The SCWP of several
Ba. anthracis strains was released from its covalent linkage to
PG by treatment with HF, and the resulting purified fractions
were analysed by high-field NMR spectroscopy and MS tech-
niques (Choudhury et al. 2006). The repeating unit of the SCWP
comprises the backbone sequence —6)-a-D-GlcpNAc-(1—4)-8-
D-ManpNAc-(1—4)-8-D-GlcpNAc-(1—- with «-galactopyranosyl
side chains linked to O-3 of the «-D-GlcpNAc and B-D-GlcpNAc
units, respectively, and a g-b-Galp residue linked to O-4 of the
a-D-GlcpNAc residue. The trisaccharide backbone forms a con-
sensus motif shared by many Ba. anthracis and Ba. cereus strains,
respectively. Cross-reactive epitopes are present in these SCWPs
as well as epitopes being specific of Ba. anthracis and Ba. cereus,
respectively (Choudhury et al. 2006; Leoff et al. 2009). The g-b-
galactosyl moiety attached to the non-terminal GlcNAc residue
constitutes a unique binding epitope to endolysins from Ba. an-
thracis bacteriophages (Schuch, Nelson and Fischetti 2002; Mo
et al. 2012). In contrast, galactosylation is absent in the SCWP
of the avirulent strain Ba. anthracis CDC 648 (Ba684) (Forsberg
et al. 2012). This SCWP is tethered via acid-labile phosphodiester
bonds to PG. Additionally, pyruvate substitution has been de-
tected in the HF-treated SCWPs from Ba. anthracis Sterne 34F2,
7702 and Ba. cereus strain G9241, 03BB87 and 03BB102 (Fors-
berg et al. 2011). The extent of pyruvate substitution remains
ambiguous, since the cleavage of the SCWP from PG with 48%

20z ludy 61 U0 1s0nB AQ 691 ¥292/6v/1/L b/0IE/SISWSY/WO0"dNO"dILSPESE/:SAY WOI) PEPEOJUMO(]



72 | FEMS Microbiology Reviews, 2017, Vol. 41, No. 1

HF leads to the liberation of the acid-sensitive ketal groups,
thus preventing quantification. For the Ba. anthracis SCWP CDC
684, the terminal (S)-pyruvate substituent at O-4 and O-6 of
the B-D-ManpNAc residue has been identified by NMR spec-
troscopy (Forsberg et al. 2012). Earlier work identified the UDP-
GlcNAc 2-epimerases GneY (BAS5048) and GneZ (BAS5117) that
act as catalysts of ManNAc synthesis, as well as a polysaccharide
deacetylase (BAS5051), as factors contributing to SCWP synthe-
sis (Lunderberg et al. 2015). It was shown that tagO (BAS5050),
which encodes a UDP-N-acetylglucosamine:undekaprenyl-P N-
acetylglucosaminyl 1-P transferase, the enzyme that initiates
the synthesis of murein linkage units, is required for Ba. an-
thracis SCWP synthesis and S-layer assembly. Similar to gneY-
gneZ mutants, Ba. anthracis strains lacking tagO cannot main-
tain cell shape or support vegetative growth. In contrast, muta-
tions in BAS5051 do not affect Ba. anthracis cell shape, vegetative
growth, SCWP synthesis or S-layer assembly. These data sug-
gest that TagO-mediated murein linkage unit assembly supports
SCWP synthesis and attachment to PG via acid-labile phospho-
diester bonds. Further, Ba. anthracis variants unable to synthe-
sise SCWP trisaccharide repeats cannot sustain cell shape and
vegetative growth (Lunderberg et al. 2015). A hallmark of S-layer
proteins is their C-terminal crystallisation domain that assem-
bles into a crystalline lattice once these polypeptides are de-
posited on the bacterial surface via association between their
N-terminal SLH domains and the SCWP (Huber et al. 2005). In
Ba. anthracis, it was shown that slaQ, encoding a small cytoplas-
mic protein conserved among pathogenic bacilli elaborating S-
layers, is required for the efficient secretion and assembly of
Sap and EA1. S-layer protein precursors cosediment with SlaQ,
and SlaQ appears to facilitate Sap assembly. Purified SlaQ poly-
merises and when mixed with purified Sap promotes the in vitro
formation of tubular S-layer structures. In the current model,
SlaQ in conjunction with S-layer secretion factors SecA2 and
SlaP promotes localised secretion and S-layer assembly in Ba.
anthracis (Nguyen-Mau et al. 2015).

In other Ba. anthracis and Ba. cereus strains, modifications
of the basic SCWP structure such as galactosidation and
O-acetylation have been reported (Choudhury et al. 2006; Le-
off et al. 2008; Forsberg et al. 2011). In addition, environmen-
tal conditions and expression levels may play important roles
in dictating which of the SCWPs is actually formed. The in-
duction of SCWPs synthesis under specific culture conditions
points to the possibility of other, still unknown SCWPs be-
ing induced under different environmental conditions, such as
the host internal milieu. Changes in the Ba. cereus cell-wall
polysaccharide components could be involved in the high adapt-
ability of this bacterium to environmental changes (Candela
et al. 2011).

General considerations about non-classical SCWP structures

Comparison of the overall composition of non-classical SCWPs
analysed so far revealed that the more complex glycans of the
second group exhibit the same alternating order of gluco and
manno sugars as glycans from the first group. The glycan chain
starts with a GlcNAc residue at the reducing end and ends with
Manp-2,3-diNAcA. It is possible that glycan structures of the
second group have evolved from the simpler first-group struc-
tures by the introduction of residues such as glucose or Manp-
2,3-diNAcA through the action of strain-specific enzymes. The
same scenario could be imagined for glycans of the third group.
However, biosynthesis pathways of greater complexity have to
be envisaged and, so far, no experimental evidence is available

to support this notion. The linkages between SCWPs and PG are
currently being investigated in more detail.

Interactions of SCWPs and S-layers from Bacillaceae

In addition to the general features previously mentioned, novel
properties for SCWPs have emerged from research on S-layers
(Sleytr 1978; Sleytr et al. 1996). Provision of any kind of selection
advantage by the S-layer to a bacterium in its natural environ-
ment requires the stable attachment of the S-layer to the bac-
terial cell surface in vivo. During evolution, Gram-positive bac-
teria have developed various strategies for displaying proteins
on their surface. These strategies include predominantly cova-
lent binding of LPXTG-carrying proteins to PG, but a number
of non-covalent binding strategies have also been evolutionary
developed (Navarre and Schneewind 1999). Reattachment ex-
periments of isolated S-layer glycoproteins from thermophilic
clostridia revealed the non-covalent character of the interac-
tion between the S-layer and PG (Sleytr 1976). For La. buchneri, it
was shown very early that hydroxyl groups of a neutral cell-wall
polysaccharide are responsible for the attachment of the S-layer
protein to the cell wall (Masuda and Kawata 1985).

Possible cell-wall-targeting mechanisms

Recently, the cell-wall-targeting mechanism of S-layer proteins
has been investigated in more detail (Mesnage et al. 2000; Sara
2001; Cava et al. 2004; Pavkov et al. 2008; Janesch, Messner and
Schaffer 2013). In general, S-layer proteins have two functional
regions—a cell-wall-targeting domain, which in most of the
organisms thus far investigated is located at the N-terminus,
and a C-terminal self-assembly domain. The presence of a cell-
wall-targeting domain in S-layer proteins was substantiated by
Fujino, Béguin and Aubert (1993) and Lupas et al. (1994), who
identified motifs of approximately 55 amino acids, containing
10-15 conserved residues, which were designated SLH (S-layer
homology) domains. These SLH domains, usually composed of
one to three modules, are means frequently used for targeting
proteins to the cell surface. They are found not only in various
S-layer proteins but also in many other cell-surface-associated
proteins, such as the cellulosomes (Bayer et al. 2004) or other en-
zymes (Liu et al. 1996).

In the case of Ba. anthracis, the molecular basis of the in-
teraction between SLH domains and SCWP was established by
elucidating the binding properties (Mesnage et al. 2000). Both
S-layer proteins of Ba. anthracis (EA1 and Sap) possess SLH do-
mains that directly attach the S-layer proteins to PG (Mesnage
etal. 1997, 1999). While the overall sequence similarity of SLH do-
mains is rather low, the highly conserved four-amino-acid motif
TRAE has been found to play a key role for the binding func-
tion to SCWP (May et al. 2006; Kern et al. 2011; Janesch, Messner
and Schaffer 2013). The crystal structure recently elucidated of
one S-layer protein from Ba. anthracis shows the SLH domains
arranged in 3-fold pseudo-symmetry with the TRAE (or simi-
lar) motifs so that they would be accessible to the SCWP (Kern
et al. 2011). A different binding mechanism was proposed for
the S-layer proteins of G. stearothermophilus PV72/p2 (Ries et al.
1997; Sara et al. 1998) and Pa. alvei CCM 20517 (Janesch, Mess-
ner and Schaffer 2013). In these organisms, two different bind-
ing domains were identified in the N-terminal region of the S-
layer proteins, one for SCWP and another for PG. In Thermus ther-
mophilus, a similar binding mechanism was identified between
an S-layer outer membrane complex and the cell wall. Thereis a
strong interaction of the SLH domain of the S-layer protein with
a pyruvylated component of a highly immunogenic SCWP (Cava
et al. 2004).
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Originally, the involvement of pyruvate groups in S-layer
binding was inferred from observations in Ba. anthracis (Mes-
nage et al. 2000). It was demonstrated that the pyruvate trans-
ferase CsaB is involved in the addition of pyruvate to a
PG-associated polysaccharide fraction and that this modifica-
tion is necessary for the binding of the S-layer via SLH domains.
Interestingly, the csaAB operon was found to be present in sev-
eral bacterial species (Mesnage et al. 2000). Pyruvate was also
identified in the SCWP repeating units of Lysinibacillus sphaeri-
cus CCM 2177 (lk et al. 1999) and Pa. alvei CCM 20517 (Schéffer
et al. 2000b) (vide supra), which may be taken as an indication
that pyruvate, or more possibly, negative charges of SCWPs, con-
stitute a widespread mechanism for the anchoring of S-layer
proteins containing SLH domains to the bacterial cell wall. Be-
sides the anchoring mechanism involving SLH domains, another
mechanism that is hypothesised to utilise basic amino acids,
present in the cell-wall-targeting region and known for their di-
rect interaction with carbohydrates, may apply for S-layer pro-
teins devoid of SLH domains. In the genus Geobacillus, SLH do-
mains have only been identified on the S-layer protein SbsB of
G. stearothermophilus PV72/p2 (Kuen et al. 1997). All other inves-
tigated G. stearothermophilus strains possess S-layer proteins de-
void of SLH domains (Messner et al. 2010). Interestingly, none
of the SCWPs of organisms that possess S-layer proteins lack-
ing SLH domains are modified with pyruvate groups, and some
of them even have a net-neutral charge (Schaffer and Mess-
ner 2005). These observations support the notion that, in addi-
tion to the previously discussed involvement of pyruvate, other
mechanisms are involved in the binding of S-layer proteins to
the PG (Mesnage et al. 2000; Sara 2001; Cava et al. 2004; Janesch,
Messner and Schaffer 2013). The non-conserved character of S-
layer-binding mechanisms is supported by the observation that
the cell-wall-targeting domain is not necessarily located at the
N-terminal region of the S-layer protein. Well-documented ex-
amples of C-terminal anchoring domains are the S-layer pro-
teins of La. acidophilus ATCC 4356 (Smit et al. 2001) and La. crispa-
tus (Antikainen et al. 2002).

The diversity observed among different SCWP structures of
Bacillaceae follows a general theme that is well known from other
bacterial cell-surface structures, such as the serotypes of LPS
(Raetz and Whitfield 2002; Whitfield and Trent 2014) and capsu-
lar polysaccharides (Sutherland 1999). Presumably, this diversity
is responsible for creating microenvironments in which differ-
ent organisms can survive under unfavourable conditions. Cur-
rent data indicate that non-classical SCWPs function as media-
tors for anchoring S-layer (glyco)proteins from Bacillaceae to the
bacterial cell wall. The complete elucidation of both the struc-
ture and biosynthesis of several non-classical SCWPs will con-
tribute to our general understanding of the various mechanisms
underlying the tethering of S-layer (glyco)proteins to the cell sur-
face of Gram-positive bacteria.

Archaeal S-layer glycoproteins

During the past few years, considerable progress has been
made in the structural and functional characterisation of
carbohydrate-active proteins involved in archaeal S-layer-
protein glycosylation. However, only a few new structures of
archaeal S-layer glycans have been reported recently (Chaban
et al. 2006; Peyfoon et al. 2010; Guan et al. 2012; Kandiba et al.
2016) (Fig. 2); the initial work on S-layer glycosylation of haloar-
chaea and methanogens is summarised in several excellent
publications (Sumper 1987; Lechner and Wieland 1989; Eich-
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ler and Adams 2005; Calo, Kaminski and Eichler 2010; Claus
and Konig 2010; Rachel 2010; Jarrell, Jones and Nair 2010; Jar-
rell et al. 2010; Albers and Meyer 2011; Eichler 2013; Meyer
and Albers 2013; Kaminski et al. 2013b; Eichler et al. 2014;
Kandiba and Eichler 2014; Kandiba et al. 2016). Typically, the cell
envelope architecture in archaea comprises a paracrystalline
S-layer situated on top of the cytoplasmic membrane (Sleytr and
Messner 1983); in fact, this holds true for the majority of de-
scribed archaea. Within the Crenarchaea, the S-layer often rep-
resents the only cell envelope component, but there are various
exceptions from this wall architecture. Besides (glycosylated)
S-layers in (hyper)thermophilic Crenarchaea and Euryarchaea
as well as in halophilic archaea, there is a great variety of
other cell envelope structures such as proteoglycan-like S-layers
(halobacteria), glutaminylglycan (natronococci), methanochon-
droitin (Methanosarcina) or double-layered cell envelopes with
pseudomurein (Methanothermus and Methanopyrus) (Klingl 2014).

Concerning halophilic archaea, S-layer glycoproteins from
Halobacterium salinarum, Haloferax volcanii, Har. marismortui and
Har. japonica have been characterised (Lechner and Sumper 1987;
Sumper et al. 1990; Wakai et al. 1997; Calo et al. 2011; Kandiba
et al. 2016). Recent molecular analyses of the cell-surface gly-
coprotein of Hbt. salinarum (Kandiba and Eichler 2015), which
was among the first prokaryotic glycoproteins ever described
(Mescher and Strominger 1976), show differences in the anno-
tation of sugars compared with previous reports. The structural
description in this review is based on the most recent report
(Kandiba and Eichler 2015) revealing the S-layer glycoprotein
CSG (Lechner and Sumper 1987) to contain two different types of
sulfated N-linked saccharides—hexuronic acid-containing, non-
repetitive oligosaccharides with the structure (SO3~-)3GlcAs-Glc,
N-linked to the Asn residues of the protein via Glc (Wieland,
Heitzer and Schaefer 1983) (Fig. 2) and a serially repeated hex-
uronic acid-containing saccharide with the repeating unit struc-
ture [-(H3CO-)GalA-GlcNAc—(SO;~-)(Galf-GalA)-(SO;~-)GalNAc-
]n10-15, N-linked to Asn2 of the S-layer protein CSG via the proxi-
mal sulfated GalNAc residue (Paul, Lottspeich and Wieland 1986)
(Fig. 2). In addition, approximately 20 O-glycosidically linked
neutral disaccharides [Glc—(1—2)-Gal] can be found on CSG of
Hbt. salinarum (Lechner and Wieland 1989) (Fig. 2). The archaeal
lipid carrier of the lipid-linked precursors of these saccharides is
a C60-dolichol rather than the bacterial C55-undekaprenol; the
oligosaccharide is bound to this lipid via dolichol monophos-
phate (Dol-P). Exceptionally, in a total lipid extract from Hbt. sali-
narum, a tetrasaccharide-charged dolichol was detected in addi-
tion to the Dol-P type LLO (Cohen-Rosenzweig et al. 2014). The
tetrasaccharide chain was similar but not identical to the N-
glycan attached to the Asn-2 position of the Hbt. salinarum S-
layer glycoprotein reported previously (Zeitler et al. 1998). Thus,
it is possible that both the Dol-PP type LLO and Dol-P LLO are
oligosaccharide donors in Hbt. salinarum (Taguchi, Fujinami and
Kohda 2016). Sulfation of the saccharides is completed while
they are linked to lipid and does not occur after transfer of the
saccharides to protein (Lechner and Wieland 1989).

A recent comparative analysis of archaeal LLOs that serve
as oligosaccharide donors for Asn glycosylation confirmed the
above-mentioned results and showed that in the investigated
Euryarchaeota, including Pyrococcus furiosus and Archaeoglobus
fulgidus, the oligosaccharide donors were of the Dol-P type
whereas crenarchaeotal oligosaccharide donor from species
such as Sulfolobus solfataricus and Pyrobaculum calidifontis be-
long to the Dol-PP type. Further, the Ar. fulgidus cells contain
two oligosaccharide donors bearing oligosaccharide moieties
with different backbone structures, and the Su. solfataricus cells
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contain two oligosaccharide donors bearing stereochemically
different dolichol chains (Taguchi, Fujinami and Kohda 2016).

In an impressive series of research papers, Eichler and
coworkers reinvestigated the structure of the S-layer glycan
of Hfx. volcanii and established the complete biosynthesis
pathway for an S-layer pentasaccharide Man-(H;CO-)HexA-
HexA-HexA-Hex-Asn (Kaminski and Eichler 2010; Kaminski
et al. 2010, 2012; Magidovich et al. 2010; Yurist-Doutsch et al.
2010; Cohen-Rosenzweig, Yurist-Doutsch and Eichler 2012;
Arbiv et al. 2013; Cohen-Rosenzweig et al. 2014; Kandiba and
Eichler 2015). Only recently, this structure of the Hfx. volcanii
S-layer glycan was reinvestigated and amended to the novel
structure—mannose-(1—2)-[methyl-(0—4)-]-8-GlcA-(1—4)-a-
GalA-(1—4)-B-GlcA-(1—4)-B-Glc-(1—N)-Asn (Kandiba et al. 2016)
(Fig. 2).

The S-layer glycoprotein forms a hexagonal paracrystalline
lattice on the haloarchaeal cell envelope and it was previously
believed to be anchored to the cell membrane by the intercala-
tion of a transmembrane segment (Sumper 1987; Sumper et al.
1990). However, previous MS analyses of S-layer proteins have
failed to identify peptides at the carboxy-terminus of the pro-
tein, which was taken as evidence that the transmembrane seg-
ment may not be present in the mature protein (Haft, Payne and
Selengut 2012). Moreover, at least a portion of the Hfx. volcanii S-
layer glycoprotein has been found to be lipid modified (Kikuchi,
Sagami and Ogura 1999; Konrad and Eichler 2002; Kandiba, Guan
and Eichler 2013). Comparison of the C-termini of the S-layer
protein from both wild-type and AartA mutant indeed showed
proteolytic processing as evident from the absence of the ex-
treme C-terminal region in the mature wild-type protein. This
observation strongly supports the hypothesis that the S-layer
glycoprotein is not attached via a C-terminal transmembrane
region (which is rather cleaved off), but instead anchored to the
lipid bilayer. It is highly likely that ArtA is directly involved in this
post-translational processing step (Abdul Halim et al. 2013). Ad-
ditional experiments revealed a C-terminal tripartite structure
of the S-layer glycoprotein, including a highly conserved proline-
glycine-phenylalanine (PGF) motif. The S-layer lipid modifica-
tion requires the PGF motif, is ArtA dependent and underscores
the importance of the ArtA-mediated processing and anchoring
of the Hfx. volcanii S-layer glycoprotein for growth and mainte-
nance of cell morphology (Abdul Halim et al. 2016).

This archaeal anchoring principle of S-layers clearly con-
trasts that known for bacterial S-layer proteins, where carbo-
hydrate interactions play a pivotal role in anchoring, either via
SCWPs as in Gram-positive bacteria (Mesnage et al. 2000; Sara
2001; Schéaffer and Messner 2005; Janesch, Messner and Schiffer
2013) or via rough LPS as suggested for Gram-negative bacteria
(Awram and Smit 2001; Posch et al. 2013a).

During these studies, it was discovered that the lipid mod-
ification resulted in the formation of two distinct populations
of S-layer glycoproteins (Kandiba, Guan and Eichler 2013). These
observations are consistent with the S-layer glycoprotein being
initially synthesised as an integral membrane protein that sub-
sequently undergoes a processing event in which the extracel-
lular portion of the protein is separated from the membrane-
spanning domain and transferred to a ‘waiting’ lipid moiety
(Kandiba, Guan and Eichler 2013). In a comparative approach,
protein N-glycosylation in Har. marismortui, another haloar-
chaeon, was investigated (Calo, Guan and Eichler 2011). While
both Hfx. volcanii and Har. marismortui decorate their S-layer
proteins with the same N-linked pentasaccharide and employ
dolichyl phosphate as the lipid glycan carrier, species-specific
differences in the two N-glycosylation pathways exist. Haloar-

cula marismortui first assembles the complete pentasaccharide
on dolichyl phosphate and only then transfers the glycan to the
target protein. In contrast, Hfx. volcanii initially transfers the first
four pentasaccharide subunits from a common dolichyl phos-
phate carrier to the target protein and subsequently delivers the
final pentasaccharide from a distinct dolichyl phosphate to the
N-linked tetrasaccharide (Calo, Guan and Eichler 2011). Recent
studies of Hfx. volcanii have identified a gene cluster comprised
of the agl genes aglB, aglE, aglF, aglG, agll and agl] encoding the
Agl (archaeal glycosylation) proteins involved in the assembly
and attachment of the pentasaccharide to distinct Asn residues
of the S-layer protein in this species (Yurist-Doutsch and Eichler
2009). To cope with life in hypersaline environments, halophilic
archaeal proteins are enriched in acidic amino acids. Interest-
ingly, deletion of aglD resulted in a reduced growth rate in me-
dia with high salinities (3.4 or 4.8 M NaCl), whereas under stan-
dard growth conditions (1.7 M Nacl), such a change was not ob-
served. A test of the influence of salinity on archaeal growth
was performed by comparing the N-glycosylation of Hfx. vol-
canii S-layer glycoprotein from cells grown in high (3.4 M NacCl)
and low (1.7 M NaCl) salt, as was the glycan bound to dolichyl
phosphate and the lipid upon which the N-linked glycan is as-
sembled. In high salt, Asn13 and Asn83 on the S-layer protein
are modified by a pentasaccharide (vide supra), while dolichyl
phosphate is modified by a tetrasaccharide comprising the first
four sugar residues of the S-layer glycan (Kaminski et al. 2013a).
When the same targets were considered from cells grown in low
salt, substantially less pentasaccharide was detected. Recent ef-
forts have identified Agl5-Agl15 as components of a second Hfx.
volcanii N-glycosylation pathway responsible for generating the
tetrasaccharide Rha-Hex-Hex—(SO3~-)Hex—-Asn (Fig. 2) attached
to the S-layer glycoprotein when growth occurs in 1.7 M but not
3.4 M NaCl-containing medium (Eichler et al. 2013; Kaminski et al.
2013a). The same tetrasaccharide modifies S-layer glycoprotein
Asn498 in cells grown in low salt, whereas no glycan decorates
this residue in cells grown in the high-salt medium. Thus, in
response to changes in environmental salinity, Hfx. volcanii not
only modulates the N-linked glycans decorating its S-layer gly-
coprotein but also the sites where this post-translational mod-
ification occurs (Guan et al. 2012). This high degree of inherent
structural flexibility makes this organism a potent candidate for
glycoengineering (Calo, Guan and Eichler 2011).

While genomic analyses point to N-glycosylation as being a
common post-translational modification in archaea, to date dis-
tinct pathways of archaeal N-glycosylation have only been de-
scribed for few species (Kandiba and Eichler 2015). With this in
mind, the similarities of N-linked glycans decorating glycopro-
teins in Hfx. volcanii and Hbt. salinarum directed a series of bioin-
formatic, genetic and biochemical experiments, which were de-
signed to elucidate the Hbt. salinarum pathway responsible for
biogenesis of one of the two N-linked oligosaccharides of that
species. As in Hfx. volcanii, where agl genes encode proteins re-
sponsible for the assembly and attachment of the pentasaccha-
ride to the Asn residues of the target protein, also the Hbt. sali-
narum genome contains a group of clustered homologous genes.
Introduction of these Hbt. salinarum genes into Hfx. volcanii mu-
tant strains deleted of the homologous sequences restored the
lost activity. Moreover, transcription of the Hbt. salinarum genes
in the native host and in vitro biochemical confirmation of the
predicted functions of several of these gene products provided
further support for the assignments made according to bioinfor-
matic and genetic experiments, enabling that the first descrip-
tion of the N-glycosylation pathway in Hbt. salinarum was pre-
sented (Kandiba and Eichler 2015).
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Among halophilic archaea, it was generally assumed
that paracrystalline S-layers are assembled only of a single
(glyco)protein species. Recently, however, this assumption
changed when in Har. hispanica two S-layer glycoproteins,
termed Slgl and Slg2, with a sequence identity of 83%, were
identified as constituents of the S-layer (Lu et al. 2015). Based
on MS data, the ratio of these glycoproteins was determined
to be 1:1. Selective releasing procedures of the decorating
glycans from Slgl and Slg2 allowed discrimination between an
N- and an O-linked fraction. In Har. marismotui, Har. japonica, Har.
californiae and Har. sinaiiensis, homologous genes corresponding
to Slg1/Slg2 and Hvo._2072, the S-layer glycoprotein of Hfx.
volcanii, were found (Wakai et al. 1997; Calo et al. 2011). In Har.
marismotui and Har. Japonica, expression, regulation and function
of the homologous genes of Slgl and Slg2 are still unknown.
In the O-linked glycan fraction containing Slgl and Slg2, an
«-Glc-(1—4)-Gal disaccharide was released at a relatively mild
condition (low temperature and short time) compared with
the release procedure for the acidic, N-linked trisaccharide.
MALDI-TOF MS analyses of the digested glycopeptides obtained
from Slgl and Slg2 revealed that these disaccharides are linked
to Thr residues within the DTPE repeats at the C-terminus of
Slg2. In Slgl, although there are no DTPE repeats, the corre-
sponding region at the C-terminus of Slgl is almost completely
composed of Asp, Glu, Thr and Pro residues. The Thr residues
within this region are very likely modified by the same Glc-Gal
disaccharide. The acidic N-linked trisaccharides are linked
either to Asn306 in Slgl or Asn307 in Slg2 (Lu et al. 2015). Thus,
the S-layer proteins of Hbt. salinarum as well as Hfx. volcanii can
be simultaneously modified by at least two kinds of N-linked
glycans (Eichler 2013; Jarrell et al. 2014).

In Har. hispanica, only one N-linked glycan species was de-
tected, which comprises a novel branched trisaccharide contain-
ing 2-amino-6-sulfo-2,6-dideoxy-glucose (sulfoquinovosamine)
(Fig. 2). The trisaccharide is linked to the S-layer glycoprotein
via galactose (Lu et al. 2015). The sulfoquinovose identified
in the N-glycan of Har. hispanica is further modified by an
amino group at C-2 position. This was the first observation
of the naturally occurring form of sulfoquinovosamine,
but it was already chemically synthesised, previously
(Sacoman and Hollingsworth 2011). As an analogue of
glucosamine-6-phosphate, sulfoquinovosamine is an effec-
tive inhibitor of the UDP-N-acetylglucosamine synthesis and
leads to defects in bacterial or fungal cell-wall biosynthesis. In
Har. hispanica, the pathway for biosynthesis and the biological
function of this rare amino sugar are still unknown.

Apart from this study, sulfated sugars have been identified
in N-linked glycans of several archaeons. In Su. acidocaldarius,
the S-layer glycoprotein is glycosylated at multiple sites with
chitobiose-linked N-glycans containing 6-sulfoquinovose (Pey-
foon et al. 2010). Similarly, in Su. solfataricus P2, 6-sulfoquinovose
is present in surface exposed glycoproteins (Palmieri et al. 2013).
In Thermoplasma acidophilum, the cell-surface glycoproteins are
modified with an N-linked glycan containing 6-sulfofucose
(Vinogradov et al. 2012).

Recently, in Hfx. volcanii, the S-layer glycoprotein was found
modified at Asn732 by a chitobiose-linked oligosaccharide con-
taining 6-sulfoquinovose (Parente et al. 2014). The structural
characterisation of the novel oligosaccharide related a rhom-
boid protease with the protein glycosylation process. Deletion
of the protease gene altered the common S-layer glycoprotein
N-glycan structure at the Asn732 site (Parente et al. 2014).
Haloferax volcanii is able to grow at salt concentration from 1.7
to 4.8 M NaCl. When growing at high (3.4 M NaCl) and low (1.7 M
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NacCl) salinity, Hfx. volcanii cells can modify the N-glycans by util-
ising different N-glycosylation sites on the S-layer glycoprotein
(Guan et al. 2012). The reversible changes of protein glycosylation
require Hfx. volcanii cells to adapt to the fluctuation of the envi-
ronmental salinity. If compared with Hfx. volcanii, Har. hispanica
needs at least 3.4 M NacCl for decent growth and grows rather
poorly at 2.6 M NaCl. Currently, it is not known whether Har. his-
panica could adopt to changing environmental salinity and syn-
thesise different N-glycans on the S-layer protein (Lu et al. 2015).

The O-glycan decorating both S-layer glycoproteins of Har.
hispancia is an «-Glc-(1—4)-Gal disaccharide. In Hbt. salinarum
and Hfx. volcanii, chemical characterisation established a Glc-
(1—3)-Gal linkage and a Glc-(1—2)-Gal linkage, respectively
(Sumper 1987; Sumper et al. 1990). Although there are differ-
ences in sugar linkages, the O-glycan structures seem to be rel-
atively unchanged when compared with the diverse N-glycans
found in different haloarchaeal species. The conserved O-glycan
structure may indicate a universal function of this Glc-Gal dis-
accharide in halophilic archaea (Lu et al. 2015).

Recently, by performing for the first time metaproteomics on
haloarchaea, genomic variation of S-layer, archaella [ = archaeal
flagella; compare with (Jarrell and Albers 2012; Albers and Jar-
rell 2015); vide infra] and other cell-surface proteins was linked
to mechanisms of infection evasion (Tschitschko et al. 2015). In
Deep Lake, Antarctica, intergenera gene exchange occurs ram-
pantly within the low complexity, haloarchaea-dominated com-
munity, strongly balanced by distinctions in niche adaptation
that maintain sympatric speciation. CRISPR defence systems
were found to be active, with haloarchaea responding to at
least eight distinct types of viruses, including those infecting
between genera. Although evasion and defence were evident,
both hosts and viruses also may benefit from viruses carrying
and expressing host genes, thereby potentially enhancing ge-
netic variation and phenotypic differences within populations
(Tschitschko et al. 2015).

The cell surface of the hyperthermophile Methanothermus
fervidus is covered by an S-layer glycoprotein with the com-
position D-3-O-methylmannose, p-Man and D-GalNAc in a
molar ratio of 2:3:1, with the first residue partly replaced by
3-O-methylglucose. The heterosaccharide with the proposed
structure «-D-3-MeOManp-(1—6)-a-D-3-MeOManp-[(1—2)-«-D-
Manp]s-(1—4)-D-GalNAc is linked via GalNAc to asparagines of
the peptide moiety (Fig. 2) (Karcher et al. 1993).

In the course of structural investigations of glycosylated
flagellins from methanogenic archaea, Jarrell and coworkers
(Koval and Jarrell 1987; Chaban et al. 2009) made the inter-
esting observation that the flagellin and also the glycosylated
S-layer protein of Methanococcus voltae were decorated with
the same complex N-linked glycan g-ManpNAcA6Thr-(1—4)-8-
GlcpNAC3NACA-(1—3)-B-GlcpNAc-(1—N)-Asn (Fig. 2), where one
of the constituting glycan components (8-ManNAcA) having a
carbonyl group at C-6 forms an amide bond with the amino
group of a threonine residue. Of note is an extension of the
trisaccharide, both on the S-layer glycoprotein and the archael-
lar glycan, with an additional mass of either 220 or 262 Da,
when the glycoproteins were prepared from Me. voltae strain
PS* (Fig. 2). Searching the Me. voltae genome identified Mv990
and Mv991 as putative glycosyl transferase genes, which are re-
sponsible for the mentioned mass addition. Deletions of Mv990
and Mv991 were made, and both resulted in N-glycosylation de-
fects to the archaellin and S-layer proteins (Voisin et al. 2005;
Chaban et al. 2009). Using a suite of synthetic and semisyn-
thetic substrates, it was shown that AglK initiates N-linked
protein glycosylation in Me. voltae through the formation of
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«-linked dolichyl monophosphate GlcNAc, which contrasts the
polyprenyl diphosphate intermediates that feature in both eu-
karyotes and bacteria (Weerapana and Imperiali 2006; Varki et al.
2015). Notably, AglK has high-sequence homology to dolichyl
phosphate B-glucosyltransferases including Alg5 in eukaryotes
(Burda and Aebi 1999), suggesting a common evolutionary ori-
gin. The combined action of the first two enzymes, AglK and
AglC, affords an «-linked dolichyl monophosphate glycan that
serves as a competent substrate for the archaeal OST AglB
(Larkin and Imperiali 2011).

The Methanosarcina mazei sheath or S-layer protein MM1976
is one of the most abundant proteins made by the archaeon
(Francoleon et al. 2009; Rohlin et al. 2012). ConA-binding en-
riched cell lysates for this protein, permitting characterisation
of low stoichiometry modifications. Bona fide glycosylated pro-
teins, revealed by their oxonium ions in peptide MS/MS spectra,
were identified from ConA-eluate as MM0002, MMO0716, MM1364
and S-layer protein MM1976. The OST (MMO0647) detected in
the ConA pull-down experiment is a product of one of three
aglB homologues encoded in the Met. mazei genome (MM646,
MMO0647, MM2210) (Magidovich and Eichler 2009). Its detection
makes MMO0647 a logical candidate for the AglB OST that links
glycans to asparagines on the MM1976 S-layer protein and to
other N-linked glycoproteins. In addition, it was found that the
hypothetical proteins MM0716 and MM1364 are glycosylated.
Glycosylation of MM1364 correlates with homology to known
Methanosarcina S-layer proteins (Francoleon et al. 2009; Rohlin
et al. 2012) that also bear glycans. To date, no structural infor-
mation about glycosylated Met. mazei proteins is available (Leon
et al. 2015).

Recently, it was shown that the S-layer oligosaccharide of the
thermoacidophilic crenarchaeon Su. acidocaldarius consists of
a tri-branched hexasaccharide {«-Man-(1—6)-}{«-Man-(1—4)-
}-[(HO35—6)-][B-Glc-(1—4)-]-8-Qui-(1— 3)-B-GlcNAc-(1—4)- 8-
GlcNAc-(1—N)- that is N-glycosidically linked via a chitobiose
core to several asparagine sites at the S-layer protein (Baumeis-
ter and Lembcke 1992; Veith et al. 2009) (Fig. 2). Interestingly,
the same glycan structure was already reported on the Su.
acidocaldarius cytochrome b (Zahringer et al. 2000) and on the
archaellum (vide infra). Sharing of identical glycan structures
on both S-layers and archaella was first reported with the
haloarchaeon Hbt. salinarum (Wieland, Paul and Sumper 1985).

The N-glycosylation pattern of cell-surface-exposed proteins
of Su. solfataricus P2 (Baumeister and Lembcke 1992; Veith et al.
2009) was analysed by lectin affinity purification, HPAEC-PAD
and multiple MS-based techniques (Palmieri et al. 2013). De-
tailed analysis of SSO1273, one of the most abundant ABC
transporters present in the cell-surface fraction of Su. solfatar-
icus, revealed a novel glycan structure composed of a branched
sulfated heptasaccharide, Hex4(GlcNAc), and sulfoquinovose,
where Hex is D-mannose and D-glucose. The same type of
N-glycosylation was been found and verified on the S-layer gly-
coprotein (SS00389) (Fig. 2) and different proteases, having one
monosaccharide unit more than the glycan of the S-layer glyco-
protein of Su. acidocaldarius (Peyfoon et al. 2010). This is one of the
most complex archaeal glycan structure known today (Palmieri
et al. 2013).

ARCHAEAL SURFACE APPENDAGES

Archaea have evolved fascinating surface structures allowing
rapid adaptation to changing environments. Archaeal surface
appendages display diverse biological roles such as motility,

adhesion, biofilm formation, exchange of genetic material and
species-specific interactions and, in turn, increase fitness of the
cells (Ng, Chaban and Jarrell 2006; Lassak, Ghosh and Albers
2012).

Archaella

Flagella as motility structures evolved independently in the bac-
terial and the archaeal kingdom. Since the archaeal archaellum
is different from the bacterial flagellum, investigation of struc-
tural biochemistry and activities of this motility machinery is
of great interest (Ng, Chaban and Jarrell 2006; Jarrell and Albers
2012; Albers and Jarrell 2015). To account for this difference, re-
naming of the archaeal flagellum to ‘archaellum’ was proposed
(Jarrell and Albers 2012; Albers and Jarrell 2015). With increased
studies conducted on archaea, it has become clear that the ar-
chaellum only functionally appears similar to the bacterial flag-
ellum fulfiling the same swimming function, whereas it struc-
turally resembles a bacterial type IV pilus. Important genes for
proper function of the archaella are conserved in the fla operons
of the different archaea (Eichler 2000; Ghosh and Albers 2011, Jar-
rell and Albers 2012), with defects in N-glycosylation influencing
the function of the archaellum. In Haloferax volcanii (Abu-Qarn
et al. 2007; Tripepi et al. 2012), Methanococcus voltae (Chaban et al.
2006), Me. maripaludis (VanDyke et al. 2009) and Sulfolobus acido-
caldarius (Meyer et al. 2011, 2013), for instance, AglB, the archaeal
OST is the central enzyme of the N-glycosylation pathway; its
deletion results in non-motile cells, lacking any archaella fila-
ment.

Previously, an archaellum-related gene cluster was identified
in Halobacterium salinarum (Patenge et al. 2001). For the structural
characterisation of halobacterial archaella originally Hbt. sali-
narum strain R1IM1 was used (Trachtenberg, Pinnick and Kessel
2000; Cohen-Krausz and Trachtenberg 2002). However, recent
work was performed with strain M175, which, under condi-
tions of relatively low ionic strength (0.8 M versus 5 M) and
low pH (~2.5 versus ~6.8), forms polyarchaellar bundles at high
yield. The archaellum assembles at the proximal end and is con-
structed from different glycosylated archaellins (Cohen-Krausz
and Trachtenberg 2002).

Besides the S-layer glycoproteins of the haloarchaea Hbt. sali-
narum (Kandiba and Eichler 2015) and Hfx. volcanii (Kandiba et al.
2016), little is known about the glycosylation of other haloar-
chaeal proteins. Recently, it was demonstrated that the Hfx.
volcanii archaellins require archaeal glycosylation (Agl) compo-
nents involved in S-layer protein glycosylation and that the dele-
tion of any Hfx. volcanii agl gene impairs the baterium’s swim-
ming motility to various extents (Tripepi et al. 2012). A com-
parison of wild-type Hfx. volcanii and deletion mutants lack-
ing the oligosaccharyltransferase AglB suggests that when the
Agl glycosylation pathway is disrupted, cells lack stable ar-
chaellins, which consist of the major archaellin, FlgAl, and
a minor archaellin, FlgA2. MS analyses of FlgAl confirm that
its three predicted N-glycosylation sites Asn70, Asnl115 and
Asn172 are modified with covalently linked pentasaccharides
having the same mass as that modifying the S-layer glycopro-
tein, namely mannose-(1—2)-[methyl-(0—4)-]-8-GlcA-(1—4)-a-
GalA-(1—-4)-B-GlcA-(1—-4)-B-Glc-(1—N)-Asn (Kandiba et al. 2016)
(Fig. 2). Finally, the replacement of any of three predicted N-
glycosylated asparagines of FlgA1 renders cells non-motile, pro-
viding direct evidence for the first time that the N-glycosylation
of archaellins is critical for motility (Tripepi et al. 2012).

The archaellum of Me. voltae is composed of four struc-
tural archaellins FlaA, FlaB1, FlaB2 and FlaB3; they possess
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a total of 15 potential N-linked (N-X-(S/T)) sequons with 14
of them carrying glycan modifications. The archaellum gly-
can structure was shown to be a trisaccharide composed
of  B-ManpNAc3NAcA6Thr-(1—4)-B-GlcpNAc3NAcA-(1—3)-8-
GlcpNAc, linked to Asn residues (Voisin et al. 2005). Further,
an extension of the archaellar glycan by an additional mass
of 220 or 262 Da is possible when the glycoprotein is pre-
pared from Me. voltae strain PS* (vide supra, characterisation
of the respective S-layer glycoprotein) (Chaban et al. 2009).
In Me. maripaludis, the three archaellins that comprise the
archaellum are modified at multiple sites with the N-linked
tetrasaccharide Sug-(1—4)-p-ManNAc3NAmMA6Thr-(1—4)--
GIcNACc3NACA-(1—3)-8-GalNAc-Asn, with the components
GalNAc, a diacetylated glucuronic acid (GlcNAc3NAc) and an
acetylated and acetamidino-modified mannuronic acid with
a threonine substitution in an amid-linkage to carbon 6 of
the uronic acid (ManNAc3NAmAG6Thr). Further, at the non-
reducing end is the novel sugar residue Sug with the structure
(5S)-2-acetamido-2,4-dideoxy-5-0-methyl-a-L-erythro-hexos-
5-ulo-1,5-pyranose, so far found exclusively in this species.
Thus, the Me. voltae GlcNAc-linked trisaccharide is extended in
Me. maripaludis by an additional sugar residue and is attached
in a different N-linkage via B-GalNAc to Asn residues. The
significance of this linkage to archaellins via g-GalNAc rather
than B-GlcNAc is not known, but this may be a reflection
of the specificity of the respective glycosyltransferases from
either strain (Kelly et al. 2009). Several studies were devoted
to the analysis of protein functions encoded in the archaellin
gene clusters. Successful deletion of genes encoding the three
glycosyltransferases and an OST (Stt3p homologue) resulted
in archaellins of decreased molecular masses as evidenced
by immunoblotting and TEM, indicating partial or completely
absent glycan structures (VanDyke et al. 2009; Ding et al. 2013).
In an extension of this work, a series of genes in adjacent
operons were shown to encode enzymes that complete the
pathway for generation of the subsequent sugars of the N-linked
tetrasaccharide that modifies archaellins of Me. maripaludis.
Among the genes involved in sugar biosynthesis was the
putative acetyltransferase gene mmp0350, which appears to
attach an acetyl group to the second sugar of the glycan,
a diacetylated glucuronic acid (VanDyke et al. 2009; Jarrell,
Jones and Nair 2010; Jarrell et al. 2010; Jones et al. 2012). This
post-translational modification of archaellins is necessary for
archaellum assembly (Siu et al. 2015). Methanococcus maripaludis,
the mmp0350-mmp0353 and mmp0357 genes are proposed
to be functionally equivalent to the Pseudomonas aeruginosa
wbpABEDI genes involved in converting UDP-GIcNAc to UDP-
2,3-diacetamido-2,3-dideoxy-D-mannuronic acid, a serotype
05-specific sugar antigen (Westman et al. 2009). Cross-domain
complementation of the final step of the P. aeruginosa pathway
with mmp0357 supports this hypothesis. This study included
a rare example of an archaeal gene functionally replacing a
bacterial gene in a complex sugar biosynthesis pathway (Siu
et al. 2015). Characterisation of single genes from the cluster
mmp1089-mmp1094 and gene annotation and bioinformatic
analyses indicated that MMP1090 is a UDP-glucose 4-epimerase,
suggesting that the unique terminal sugar of the archaellin
N-glycan might be synthesised from UDP-Glc or UDP-GIcNAc
with an essential early step in synthesis catalysed by MMP1090
(Ding et al. 2016).

Whereas flagella have been intensively studied (Kearns 2010),
the knowledge regarding the archaeal counterpart is mostly re-
stricted to Euryarchaeota rather than crenarchaeal archaella.
Therefore, the archaellar assembly system of the crenarchaeal
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model organism Su. acidocaldarius was investigated in vivo in
greater detail (Lassak et al. 2012). Promoter studies and qRT-
PCR analyses of the archaella gene cluster provided evidence
that the expression of the fla genes was induced by tryptone
starvation. Moreover, it was confirmed that a secondary fla pro-
moter is present within the flaB gene that regulates the tran-
scription of downstream genes flaX-J. Markerless in-frame dele-
tions for all fla genes encoded in the fla gene cluster were
constructed. Western blot analysis of the fla deletion strains
suggested hierarchical protein interactions during archaella as-
sembly. TEM micrographs demonstrated the loss of archael-
lar assembly coincided with a lack of motility. Thus, all seven
fla genes are essential for crenarchaeal archaellum assembly
and function.

Recently, the S-layer protein of Su. acidocaldarius was shown
to be N-linked with a tri-branched hexasaccharide containing a
sulfated sugar called sulfoquinovose (Peyfoon et al. 2010). Con-
cerning the frequently observed convergence of sugar biosyn-
thesis pathways, it was interesting to see that the effect of dele-
tion of agl3, encoding the UDP-sulfoquinovose, did not only re-
sult in an altered N-glycan on SlaA but also on the Su. acidocal-
darius archaellin FlaB (Meyer et al. 2011). Thus, it was reasoned
that deletion of agl16, encoding a glycosyltransferase involved
in S-layer N-glycan assembly, might also lead to different migra-
tion behaviour of the FlaB protein in SDS-PAGE. MS analyses con-
firmed that the glycan of the S-layer protein from the agl16 dele-
tion mutant was a pentasaccharide, which was missing a termi-
nal hexose residue; HPLC analyses of the hydrolysed N-glycan
indicated that the missing hexose is a glucose residue. A physi-
ological characterisation of the Aagl16 deletion mutant revealed
a significant effect on the growth at elevated salt concentra-
tions. At 300 mM NaCl, the doubling time of the Aagl16 mutant
was increased 10-fold compared to the background strain. Fur-
thermore, the incomplete glycan structure of the Aagll6 dele-
tion strain affected the assembly and function of the archael-
lum, as exemplified by semisolid Gelrite plate analysis, in which
the motility is decreased in dependence of the N-glycan size. In-
deed, both FlaB proteins from the Aagl16 and the Aagl3 deletion
strain migrated faster than the wild-type protein, whereas in the
complemented strains, the original FlaB wild-type size was re-
stored. As was shown for the S-layer glycoprotein, FlaB in the
Aagl16 strain was smaller compared to FlaB in the wild-type and
Aagl3 strains. This difference is most likely due to the loss of
only one sugar residue on the N-glycan in Aagll6, whereas in
Aagl3, the N-glycan is truncated by three sugar residues (Meyer
et al. 2011). In Su. acidocaldarius, N-glycosylation mutants, which
exhibited reduced N-glycan size, lacking one or three-terminal
sugar residues, were severely affected in motility (Meyer et al.
2011, 2013). Interestingly, there are also indications of a phys-
ical association between the archaellum and the S-layer gly-
coprotein in Su. acidocaldarius. FlaF, localised in the archaellum
biosynthesis gene cluster, was shown to specifically bind to the
S-layer protein, suggesting that its interaction domain is located
in the pseudoperiplasm with its N-terminal helix in the mem-
brane. Thus, FlaF may act as the previously unknown archael-
lum stator protein that anchors the rotating archaellum (Sha-
hapure et al. 2014) to the archaeal cell envelope (Banerjee et al.
2015). Structural comparison with archaella from Su. shibatae
B12 and Hbt. salinarum revealed high similarity. This suggests a
unique and common underlying symmetry for archaeallar fila-
ments (Cohen-Krausz and Trachtenberg 2008).

The archaella of the euryarchaeon Pyrococcus furiosus are
multifunctional cell appendages used for swimming, adhesion
to surfaces and formation of cell-cell connections. Archaella

20z ludy 61 U0 1s0nB AQ 691 ¥292/6v/1/L b/0IE/SISWSY/WO0"dNO"dILSPESE/:SAY WOI) PEPEOJUMO(]



78 | FEMS Microbiology Reviews, 2017, Vol. 41, No. 1

were purified by shearing from cells followed by CsCl-gradient
centrifugation and were found to consist mainly of an approxi-
mately 30-kDa glycoprotein as was demonstrated by SDS-PAGE
and glycan staining (Nather-Schindler et al. 2014).

Archaeal pili

In both bacteria and archaea, the biosynthesis of type IV pilus-
related structures involves a set of core components (Logan 2006;
Makarova, Koonin and Albers 2016). Although in silico analyses
showed that most sequenced archaeal genomes encode pre-
dicted pilins and conserved pilus biosynthesis components, only
recent in vivo analyses of archaeal pili in genetically tractable
crenarchaea and euryarchaea revealed archaea-specific type IV
pilus functions and biosynthesis components. In the future,
studies in a variety of archaeal species will reveal which type IV
pilus-like structures are common in all archaea and which are
limited only to certain species within this domain (Pohlschroder
et al. 2011; Pohlschroder and Esquivel 2015). These structures do
not only comprise the widely distributed archaella, but also dif-
ferent highly specialised archaeal pili which may possess differ-
ent assembly mechanisms, structural aspects and physiological
roles (Lassak, Ghosh and Albers 2012; Makarova, Koonin and Al-
bers 2016).

At least two different types of pilus structures have been re-
ported in archaea, including those assembled from type IV pilin-
like proteins, as seen in several genera including Hfx. volcanii (Es-
quivel et al. 2016), Methanococcus and Sulfolobus, and others that
are not seemingly related to type IV pili, as in Methanothermobac-
ter thermoautotrophicus (Jarrell, Jones and Nair 2010).

The oligosacharyltransferase (AglB)-dependent
N-glycosylation of archaellins is required for archaella as-
sembly in many archaea (Tripepi et al. 2012). However, whether
N-glycosylation is required for the assembly and/or function
of the structurally related archaeal type IV pili was unknown
so far. In a recent study, type IV pilin N-glycans of Hfx. vol-
canii with diverse roles in pilus biosynthesis, adhesion and
microcolony formation have been identified (Esquivel et al.
2016). It was shown that of six adhesion pilins, PilA1l and PilA2,
the most abundant pilins in wild-type and AaglB strains, are
modified under planktonic conditions in an AglB-dependent
manner by the same pentasaccharide as was detected on Hfx.
volcanii archaellins (mannose-(1—2)-[methyl-(0O—4)-]-8-GlcA-
(1—4)-a-GalA-(1—4)-8-GlcA-(1—4)-B-Gle-(1—N)-Asn;  Fig. 2)
(Kandiba et al. 2016). These data revealed that PilA1-PilA4 are
N-glycosylated in an AglB-dependent manner and also showed
that these pilins inhibit microcolony formation, which is pro-
moted by PilA5 and PilA6 (Esquivel et al. 2016). Non-glycosylated
pilins are not able to inhibit this early step in biofilm formation.
Since loss of AglB-dependent glycosylation of the archaellins
also inhibits Hfx. volcanii archaella biosynthesis (Tripepi et al.
2012), low salt conditions might promote biofilm formation by
inhibiting archaella-dependent motility as well as resulting in
promotion of microcolony formation, which is dependent on
the glycosylation of PilA1-PilA4. This is the first demonstration
of a differential effect of glycosylation on pilus assembly and
function of paralogous pilins. The growth of wild-type cells in
low salt media, a condition that decreases AglB glycosylation,
also stimulates microcolony formation and inhibits motility,
supporting the hypothesis that N-glycosylation plays an im-
portant role in regulating the transition between planktonic to
sessile cell states as a response to stress (Esquivel et al. 2016).

A study on Meth. thermoautotrophicus fimbriae/pili indicated
that the main structural component is a 16-kDa glycoprotein

(Mth60) with no known homologues reported in the databases
(Thoma et al. 2008). For the first time in archaea, pili structures
were shown to be adhesive surface appendages, and their abun-
dance on the cell surface was greatly enhanced when cells were
grown on surfaces rather than in liquid cultures. In this context,
itisinteresting to note that archaea, like bacteria, predominately
exist as biofilms in nature (Thoma et al. 2008).

The type IV pili on the surface of Me. maripaludis are much
less numerous than archaella. They are composed of a major
structural protein of 17 kDa that is N-glycosylated with the same
complex tetrasaccharide as it is present in Me. maripaludis ar-
chaella (vide supra), but with an additional hexose attached to
the GalNAc linking sugar (Siu et al. 2015).

Sulfolobus acidocaldarius displays three distinct type IV pili-
like structures on its surface: the archaellum, the UV-induced
pili and the adhesive pili (Henche et al. 2012b; Lassak et al. 2012).
To investigate the influence of the diverse set of type IV pili-
like structures, deletion mutants lacking the cell-surface ap-
pendages were constructed and analysed for their behaviour
in attachment assays and during biofilm formation. There is
evidence that all three cell-surface appendages play a role in
the colonisation of surfaces and only the interplay of all three
appendages leads to the observed wild-type biofilm pheno-
type (Henche et al. 2012b). Type IV pilins and archaellins are
N-glycosylated by the archaeal Agl N-glycosylation machinery
(Ghosh and Albers 2011). MS analysis of the pilin/archaellin frac-
tion of Su. acidocaldarius identified, among other genes, aapB
(Saci2319) as the gene encoding the pilin AapB. Harsh treatment
of the isolated pili with phenol and detergents like Triton X-100
did not lead to the disassociation of the pilin subunits. This sta-
bility might stem from strong hydrophobic interactions of the
pilin subunits and also post-translational modification of the
aap pilus by glycosylation. As only AapB was identified in the
isolated fraction, it is assumed that this protein is the major
pilin of the aap filament. Numerous asparagines are present in
the pilins that are possible target residues of the N-glycosylation
machinery; the isolated fraction was analysed by TEM analysis,
SDS-PAGE and glyco-stained using the Pro-Q Emerald 300 Glyco-
protein Gel Stain kit (Henche et al. 2012a). Up to now, no defined
pilus glycan structure of Su. acidocaldarius has been reported.

Other archaeal glycoproteins

The glycan structure of Py. furiosus proteins, as determined
by MS, is a single oligosaccharide chain composed of two
N-acetylhexosamines, two hexoses, one hexuronic acid and
two pentoses. The fragmentation pattern of the heptasaccha-
ride suggests the branched structure HexNAc-(Pentose-)HexA)-
(Pentose-)Hex-Hex-HexNAc-Asn (Igura et al. 2008). The Py. fu-
riosus linkage unit is probably GalNAc-Asn, as in Hbt. salinarum
(Paul, Lottspeich and Wieland 1986).

The N-linked glycoprotein of the hyperthermophilic ar-
chaeon Archaeoglobus fulgidus was investigated by MS and re-
vealed a relatively simple N-glycan structure Hex-Hex-dHex-
dHex-Hex-Hex with a Hex-Asn linkage unit (Matsumoto et al.
2012). This is rare because the first monosaccharide moiety of
most N-glycans contain an N-acetyl group at carbon 2, except for
N-glycans from Hbt. salinarum, Hfx volcanii and Har. marismortui
(Lechner and Wieland 1989; Calo et al. 2011; Kandiba and Eichler
2014).

Thermoplasma acidophilum is a thermoacidophilic archaeon
that grows optimally at pH 2 and 59°C (Vinogradov et al. 2012).
This extremophile is remarkable because of the absence of a
cell wall or an S-layer. Treating the cells with Triton X-100 at
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pH 3 allowed the extraction of all of the cell-surface glycopro-
teins while keeping cells intact. The extracted glycoproteins
were partially purified and five glycoproteins were identified by
N-terminal sequencing and MS after in-gel tryptic digests. The
obtained glycopeptides were positive for carbohydrates in a peri-
odic acid-Schiff staining reaction and had a high content of Asn
residues, represented in many Asn-X-Ser/Thr sequons. Struc-
ture determination by NMR showed that the carbohydrate por-
tion was represented by two glycans in nearly equal amounts,
differing by the presence of one terminal mannose residue. The
larger glycan chain consists of eight residues, six hexoses, one
heptose and one sugar with an unusual residue mass of 226
Da, which was identified as 6-deoxy-6-C-sulfo-D-galactose (6-C-
sulfo-p-fucose). MS analyses of peptides obtained after trypsin
and chymotrypsin digestion confirmed the principal structures
to be those determined by NMR and identified 14 glycopeptides
derived from the main glycoprotein, Ta0280, all containing the
Asn-X-Ser/Thr sequons. Thus, T. acidophilum appears to have a
general protein N-glycosylation system that targets a number of
cell-surface proteins (Vinogradov et al. 2012).

The haloarchaeal pleomorphic virus HRPV-1 infecting
Halorubrum sp.strain PV6 and VP4 has a major structural protein
that is glycosylated (Kandiba et al. 2012). After g-elimination
glycans released from VP4 were analysed by MS and NMR, show-
ing that the major VP4-derived glycan is the pentasaccharide
a-5FmLeg-(2—4)-B-(SO3—2)-GlcA-(1—2)-«-Man-(1—4)-B-GIcA-
(1—-4)-Glc, comprising Glc, GlcA, Man, sulfated GlcA and a
terminal 5-N-formyl-legionaminic acid residue (Knirel et al.
2003). The importance of this modified nonulosonic acid (NulO)
residue for viral infection was demonstrated upon incubation
with N-acetylneuraminic acid. Such treatment reduced progeny
virus production by half 4 h post infection. The presence of
pentasaccharide precursors on two different VP4-derived pep-
tides bearing the N-glycosylation signal NTT was confirmed by
MS (Kandiba et al. 2012). The same sites modified by the native
host, Halorubrum sp. strain PV6, were also recognised by the
Hfx. volcanii N-glycosylation apparatus, as determined by MS
of heterologously expressed VP4. Here, however, the N-linked
pentasaccharide was the same as shown to decorate the S-layer
glycoprotein in this species. Hence, N-glycosylation of the
haloarchaeal viral protein, VP4, is host specific. These results
present additional examples of archaeal N-glycosylation diver-
sity and show the ability of archaea to modify heterologously
expressed proteins.

Furthermore, Meth. smithii was shown to generate a differ-
ent NulO, namely pseudaminic acid, although it is not known
whether this sugar is used in protein glycosylation (Lewis et al.
2009). The genes for archaeal NulO sugar biosynthesis might
have arrived from animals (Lewis et al. 2009) and later emerged
in archaea by lateral gene transfer, assuming a major role in the
evolutionary history (Kandiba and Eichler 2013).

In this context, it is appropriate to raise the question as
to how exchange of genetic material between eukaryotes and
prokaryotes and, specifically, bacteria and archaea is facili-
tated. Acquisition of new genetic material through gene trans-
fer has been shown to be an important feature in the evolution
of prokaryotes (Doolittle 1999). Changes in the genetic reper-
toire occurring through gene acquisition and deletion are major
events underlying the emergence and evolution of prokaryotic
pathogens (Nelson-Sathi et al. 2015). Thus, the appearance of le-
gionaminic acid in haloarchaea-derived glycans (Kandiba et al.
2012) and pseudaminic acid in Methanobrevibacter (Lewis et al.
2009) is of considerable interest. Members of the domain Archaea
have been implicated in the severity of periodontal disease, and
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a recent report confirms that archaea are present in endodon-
tic infections (Vickerman et al. 2007). A Meth. oralis-like species
was detected in one asymptomatic and one symptomatic pa-
tient. DNA from root canals of one of these patients showed
also the presence of ‘red complex bacteria’ (Holt and Ebersole
2005). These results confirm the presence of archaea in root
canals and provide additional insights into the polymicrobial
communities in endodontic infections associated with clinical
symptoms (Mansfield et al. 2012; Efenberger et al. 2015). Among
this group of ‘red complex bacteria’ is also Tannerella forsythia,
whose glycosylated S-layer proteins TfsA and TfsB have been
characterised recently (Posch et al. 2011) (vide supra and Fig. 2).
Very recent unpublished data also show that Ta. forsythia can
decorate the S-layer proteins and other cellular proteins, in
a strain-dependent manner, either with Pse or Leg (Valentin
Friedrich, Bettina Janesch, Markus Windwarder, Matthias Braun,
Zoé A. Megson, Evgeny Vinogradov, Ashu Sharma, Friedrich Alt-
mann, Paul Messner, Ian C. Schoenhofen, Christina Schéffer,
manuscript in preparation).

CONCLUDING REMARKS

The field of prokaryotic glycosylation remains challenging due
to its inherent complexity. Our current knowledge summarised
in this review represents only a small fraction of the prokary-
otic glyco world because all available information originates from
cultivable microorganisms only. However, laboratory cultivation
conditions in shaking flasks or fermenters do not mirror those
encountered in native habitats where most free-living organ-
isms are socialised in biofilms.

Prokaryotic glycoconjugates exhibit an enormous diversity,
but their biosynthesis is often based on common themes and
pathways. This common ground can enhance the study of
the still unexplored glycosylation potential of several prokary-
otic organisms but needs to be complemented with efficient
analytical methods, since sequence information alone does
not adequately predict the glycosylation potential. The in-
creasing availability of microbial whole-genome sequences
has expanded the list of putative glycan biosynthetic en-
zymes from different prokaryotes, and advances in analyti-
cal methods have facilitated more comprehensive analyses of
glycoproteins.

Although capsular and exopolysaccharides, PG, SCWPs and
LPS have been studied for years, many aspects of prokaryotic
glycosylation still remain unknown. Research concerning the
functional importance of prokaryotic glycoconjugates, in partic-
ular of N- and O-linked glycoproteins, is still lagging behind the
wealth of information on eukaryotic scenarios. Currently, the
main focus lies on the elucidation of prokaryotic glycan struc-
tures and on delineating their role in virulence, pathogenesis
and microbe-host interactions. Combining prokaryotic genetics
with proteomic analysis and structural characterisation of gly-
cans will pave the way for further elucidating the functions of
these important molecules and their impact on the organism’s
behaviour.

It can be anticipated that the functional importance is
more vibrant than currently appreciated. Further, exploitation of
new fields for biotechnological and medical applications of the
prokaryotic neo-glycoconjugates must be a prime goal in future.

The current knowledge on prokaryotic glycosylation is prob-
ably only the tip of the iceberg. However, it is clearer than
ever that further elucidation of the enigmatic world of prokary-
otic glycoconjugates is worth pursuing, as this can render
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important insights into microbe-host interactions and increase
our understanding of prokaryotic life. Without a doubt, the fu-
ture of prokaryotic glycobiology looks challenging and exciting.
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