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Protein glycosylation in bacteria:
sweeter than ever

Harald Nothaft and Christine M. Szymanski

Abstract | Investigations into bacterial protein glycosylation continue to progress rapidly. It is
now established that bacteria possess both N-linked and O-linked glycosylation pathways
that display many commonalities with their eukaryotic and archaeal counterparts as well as
some unexpected variations. In bacteria, protein glycosylation is not restricted to pathogens
but also exists in commensal organisms such as certain Bacteroides species, and both the
N-linked and O-linked glycosylation pathways can modify multiple proteins. Improving our
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potential value as novel vaccines.

Glycosylation is the most abundant polypeptide
chain modification in nature. Glycans can be cova-
lently attached to the amide nitrogen of Asn residues
(N-glycosylation), to the hydroxyl oxygen of, typically,
Ser or Thr residues (O-glycosylation), and, in rare cases,
to the indole C2 carbon of Trp through a C-C linkage
(C-mannosylation', which will not be discussed further).
Protein glycosylation was first demonstrated in the late
1930s* and was long thought to exist only in eukaryotes.
As more than two-thirds of eukaryotic proteins are pre-
dicted to be glycosylated® and these modifications are
essential for a multitude of cellular functions®, it is not
surprising that countless publications have been dedi-
cated to this topic. It took 40 years until the first bacte-
rial and archaeal glycoproteins were discovered on the
surface layers (S-layers) of the archaeon Halobacterium
salinarum?® and on the S-layers of two hyperthermophilic
Clostridium species®’. Glycosylation of bacterial S-layers
will not be described further here, but it involves the
addition of O-linked long-chain glycan repeats to S-layer
proteins in a process that is similar to lipopolysaccharide
(LPS) biosynthesis (see REF. 8 for a review). A distinguish-
ing feature of S-layer glycosylation is that the O-linkages
can be formed with Ser, Thr or Tyr residues’.

More than 20 years later, the first bacterial N-linked
protein glycosylation (Pgl) pathway was described in
the epsilonproteobacterium Campylobacter jejuni'®'?
(FIG. 1a). Since then, a wealth of information has been
gathered about this system through studies in the native
host, heterologous expression in Escherichia coli and
in vitro analyses. The first part of this Review focuses
on studies of N-glycosylation that have been published

understanding of the intricacies of bacterial protein glycosylation systems should lead to
new opportunities to manipulate these pathways in order to engineer glycoproteins with

in the past 5 years (for a review of earlier work, see
REF. 14). Our understanding of bacterial flagellin- and
pilin-specific O-glycosylation systems has also been
growing, and general O-glycosylation pathways have
been identified recently as a result of the development of
new and more sensitive detection methods (BOX 1). These
O-glycosylation systems are described in the second part
of this Review. We also summarize some unconventional
pathways for the biosynthesis of both O-linked and
N-linked glycoproteins.

Protein N-glycosylation in bacteria

The Campylobacter jejuni general glycosylation path-
way. Currently, C. jejuni is the only bacterium with a
well-characterized N-glycosylation pathway, and it was
the first bacterium for which the glycosylation machin-
ery was fully reconstituted in E. coli'*'®. In C. jejuni, a
heptasaccharide is built on the cytoplasmic side of the
inner membrane on a lipid-linked precursor, undeca-
prenyl phosphate (Und-P)"" (FIC. 1a); the enzymatic
steps are discussed in more detail below. The resulting
lipid-linked oligosaccharide (LLO) is then translocated
across the inner membrane into the periplasmic space
by an ATP-dependent flippase, PgIK'8", and transferred
to Asn residues in target proteins by a bacterial oligo-
saccharyltransferase (OTase), PgIB". In eukaryotes
and archaea, the Asn residues are located in an Asn-X-
Ser/Thr motif (where X represents any amino acid except
Pro), whereas the bacterial system requires an extended
N-glycosylation consensus sequence that contains an
Asp or Glu at the -2 position (Asp/Glu-X, -Asn-X,-Ser/Thr,
where X, and X, represent any amino acid except Pro)*.
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Figure 1| Overview of bacterial N-linked pathways for protein glycosylation. a | The mechanism of block transfer
for Campylobacter jejuni, which is the prototype for the bacterial N-linked protein glycosylation system. The undecaprenyl
pyrophosphate-linked heptasaccharide is assembled in the cytosol by the addition of the indicated sugars from
nucleotide-activated donors (see main text for details). The complete heptasaccharide is translocated across the inner
membrane into the periplasm by the protein glycosylation K (PglK) protein, an ATP-binding cassette (ABC)-type
transporter. The oligosaccharide is transferred to the amino group of Asn in the protein consensus sequence (Asp/
Glu-X,-Asn-X -Ser/Thr,in which X and X, areany amino acid except Pro), or released into the periplasm as free
oligosaccharides (fOS) by the oligosaccharyltransferase (OTase) PglB. In C. jejuni, the fOS/N-glycan ratio is approximately
10/1 under standard growth conditions. b | The sequential transfer of sugars to proteins in Haemophilus influenzae. Sugars
(galactose (Gal) and glucose (Glc)) from nucleotide-activated donors are transferred to the eukaryotic-like Asn-X-Ser/Thr
sequon of high-molecular-weight adhesin 1 (HMW1) by the glycosyltransferase (GTase) HMW1C in the cytoplasm and are
elongated by the same enzyme. The glycoprotein then proceeds through the Sec translocation apparatus and through its

cognate outer-membrane channel-forming -barrel translocator protein, HMW1B, to which it remains tethered.
UDP-diNAcBac, UDP-2,4-diacetamido bacillosamine (UDP-2,4-diacetamido-2,4,6-trideoxy-a-b-glucose); GalNAc,
N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; P, phosphate; UDP, uridine diphosphate.

Furthermore, in contrast to the eukaryotic OTase, the
bacterial OTase can transfer sugars post-translationally
to locally flexible structures in folded proteins?'.

More than 65 C. jejuni proteins of varying func-
tion have been shown to be N-glycosylated®*?, and it
is predicted that up to 150 proteins can be modified®.
Moreover, the increasing number of complete bacterial
genome sequences has revealed that genes common to
the N-glycan pathway are present in all Campylobacter
species (W. G. Miller, personal communication).
Orthologues of Pgl proteins, including the central OTase,
have also been found in other related deltaproteobacteria
and epsilonproteobacteria (see below and FIC. 2), implying
that this protein modification system is more widespread
than was originally thought.

Biosynthesis of the C. jejuni heptasaccharide. In the
C. jejuni cytoplasm, N-glycan biosynthesis starts with uri-
dine diphosphate (UDP)-activated N-acetylglucosamine
(UDP-GIcNAC) (FIC. 1a). First PgIE a C6 dehydratase, gen-
erates UDP-2-acetamido-2,6-dideoxy-D-xylo-4-hexulose
(a UDP-4-keto-sugar) in an NADH-dependent hydride
transfer from C4 of UDP-GIcNAc to C6, in conjunc-
tion with the elimination of water across the glycosyl
C5 and C6 bonds*. Then PglE, an aminotransferase,
catalyses the pyridoxal-dependent transfer of an amino

group from L-glutamate to C4 of the UDP-4-keto-sugar
to form UDP-2-acetamido-4-amino-2,4,6-trideoxy-
a-D-glucose (a UDP-4-amino-sugar)*. PglD then acetylates
the C4 group on the UDP-4-amino-sugar to form UDP-
2,4-diacetamido-2,4,6-trideoxy-a-D-glucose (also known
as UDP-2,4-diacetamido bacillosamine; UDP-diNAcBac),
using acetyl C oA as an acetyl donor®?".

PglC, the first glycosyltransferase (GTase), adds
UDP-diNAcBac to Und-P to form diNAcBac-al-PP-
Und"™?. In vitro biochemical analyses showed that
purified PglC accepts synthesized UDP-diNAcBac
and UDP-6-hydroxybacillosamine but not UDP-
N-acetylgalactosamine (UDP-GalNAc) or UDP-GIcNAc*.
PglA transfers UDP-GalNAc to form a lipid-linked
disaccharide, GalNAc-al,3-diNAcBac-al-PP-Und.
Interestingly, PglA has a relaxed specificity and accepts
diNAcBac-PP-Und, GleNAc-PP-Und and 6-hydroxybacil-
losamine-PP-Und in vitro®, and diNAcBac-PP-Und and
GlcNAc-PP-Und in vivo when transferred into the heter-
ologous E. coli system". Pgl] adds a single al,4-GalNAc
residue to GalNAc-al,3-diNAcBac-PP-Und to create
a trisaccharide. PglH then acts as a polymerase, adding
three al,4-linked GalNAc residues to extend the glycan
chain®. The transfer of UDP-GalNAc by PglJ in the previ-
ous step is required for this PglH-mediated polymeriza-
tion step, as the combination of PglA and PglH in in vitro
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Box 1 | Analysis and identification of N-linked glycoproteins

Advances in bacterial glycoprotein detection and identification and in glycan structure
determination have been made recently owing to new developments and increased
sensitivity in complementary mass spectrometry (MS) and NMR techniques. For
example, high-resolution magic-angle spinning NMR, which allows complex glycan
analysis using as little as 40 pl of intact bacterial cells, can detect the Campylobacter
jejuni heptasaccharide in vivo'*” and helped to demonstrate that the N-glycan is
assembled intracellularly as a block®. Another new analytical method uses ion-pairing
reagents to separate N-glycosylated peptides from non-glycosylated peptides* and
allowed N-linked sugars from a C. jejuni protein glycosylation D gene (pglD) mutant to
be detected, whereas they could not be detected previously'. Surprisingly, the
technique also showed that wild-type glycoproteins expressed minor amounts of
monoacetylated 2,4-diacetamido-2,4,6-trideoxyglucose (NAcBac), leading to the
question of whether differential acetylation of C. jejuni glycoproteins has any biological
consequences.

Furthermore, an MS-based glycomics strategy combining nonspecific proteolytic
digestion and permethylation showed for the first time that C. jejuni produces the
heptasaccharides as free oligosaccharides (fOS) that are present in tenfold excess
when compared with the N-linked form*® (see main text, FIG. 1a). Subsequent studies
found that fOS release is dependent on both the bacterial growth phase and the
osmotic environment, which are conditions that have minimal effects on protein
glycosylation'*®. It has therefore been suggested that periplasmic fOS have a similar
role to the periplasmic glucans that are common to many proteobacteria (see REF. 140
for a review of periplasmic glucans). It was also shown that C. jejuni PglB is responsible for
protein N-glycosylation and fOS release, and that its conserved Trp-Trp-Asp-Tyr-Gly
motif is indispensable for both the N-glycosylation oligosaccharyltransferase (N-OTase)
and hydrolase functions'®. Eukaryotes also synthesize fOS'*!*2 but studies in yeast
demonstrated that these fOS are derived solely from misfolded glycoproteins during
the degradation pathway'*?, and so it is unclear whether fOS play a part in cellular
processes in higher eukaryotes. By contrast, the regulated production of fOS in C. jejuni
may provide another reason why bacteria maintain a general N-glycosylation pathway
and raises the question of whether the primary purpose of this pathway was to
N-glycosylate proteins or to produce fOS.

assays failed to yield anything larger than a disaccharide®'.
Interestingly, PglH uses a single active site for multiple
GalNAc transfers to the Und-PP-oligosaccharide and does
not seem to use a block transfer mechanism, as interme-
diates with one, two or three GalNAc residues added to
the trisaccharide can be detected. It has been suggested
that the binding affinity of PglH for the product increases
with glycan size and thus serves as a molecular ruler to
stop catalysis after the formation of a hexasaccharide®.
Pgll is the GTase that adds the 1,3-linked glucose branch.
It has been suggested that PglI releases PglH from the
hexasaccharide chain by competing with the substrate®
to complete the LLO structure®.

Remarkably, reconstitution of these sequential steps
in a single reaction containing all five GTases (PglC,
PglA, Pgl], PglH and PglI) resulted in the efficient for-
mation of GalNAc, [Glc]GalNAc,-diNAcBac-PP-Und
from Und-P and UDP-sugar donors, demonstrating
the complete biosynthesis of an LLO in vitro for the
first time®'. As no intermediates were observed, it was
concluded that these enzymes must interact in a highly
coordinated manner when they are combined.

The lipid carrier. In Eukarya, Archaea and Bacteria, oligo-
saccharides typically destined for the N-glycosylation
pathways are assembled onto a polyisoprenoid lipid
carrier (for a review, see REF. 32). Although dolichyl
pyrophosphate (Dol-PP) is the carrier in the assembly
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of yeast LLOs®, both dolichyl phosphate (Dol-P) and
Dol-PP have been found as carriers in archaea®?*. In
bacteria, the LLO is assembled on one polyprenyl pyro-
phosphate, Und-PP, that serves as the native substrate for
PgIB'®". It has been shown that the activities of both the
GTase PglJ and the OTase PglB were not affected by the
presence of a slightly truncated form of undecaprenol,
whereas dihydroprenol-11-linked, dolichol-linked,
solanesol-linked or geranyl geraniol-linked substrates
resulted in a notable decrease in or even a total loss of
in vitro activities®.

Analyses of LLO formation in C. jejuni and in E. coli
expressing the C. jejuni N-glycosylation pathway using
lectin-based affinity capture followed by tandem mass
spectrometry confirmed heptasaccharide assembly on
Und-PP in vivo'. A more general strategy using porous
graphite carbon liquid chromatography in combination
with mass spectrometry'’ eliminated the use of lectins
and made it possible to analyse low levels of LLOs
(from approximately 10° bacterial cells), distinguishing
LLO species that differ by only one monosaccharide or
polyisoprene unit and demonstrating that C. jejuni hepta-
saccharides are assembled on polyisoprenes consisting of
9-12 isoprene units'’.

The acceptor peptide. Using synthetic glycan donors
and a short acceptor peptide (KDFNVSKA; the
N-glycosylation sequon is DENVS), it was shown that
PgIB not only accepts saccharides of various lengths
(2-7 sugars) in vitro but also accepts different sugars at
the reducing end (including unnatural 6-hydroxybacillos-
amine and GIcNAc)*. This feature of PgIB was also shown
in the heterologous E. coli system in vivo'>*** and, to a
lesser extent, when examining pgl mutants in C. jejuni*’.
The possibility of PglB-dependent in vitro glycosylation
of a short peptide would argue against the necessity of a
particular tertiary structure for protein N-glycosylation
in vivo. As glycosylation in the bacterial system occurs
on folded proteins, it was suggested that a functional gly-
cosylation acceptor site must be located in a flexible and
surface-exposed region of a folded protein®'.

The X-ray crystal structure of the C. jejuni
N-glycoprotein Peb3 (encoded by peb3 at the locus
¢j0289c) showed that the glycosylation sequon at Asn90
is indeed located in a surface-exposed flexible loop
that would be accessible to PglB*2. Examination of the
first two visible residues of the N-glycan showed that
the sugars did not affect the Peb3 structure around the
glycosylation sequon®. However, thermal denaturation
experiments found that the glycoprotein was more stable
than the non-glycosylated protein. Although the glycan
had no hydrogen bonds with the peptide backbone, it was
suggested that it might be involved in stabilizing the loop
around Asn90 (REF. 43).

The NMR structures of glycosylated and non-
glycosylated versions of truncated AcrA, a C. jejuni glyco-
protein, confirmed that glycosylation occurs within flex-
ibleloops*. Only slight changes were observed in the peptide
structures of the glycosylated and non-glycosylated
proteins, but the attached glycan reduced the side chain
flexibility of the required Asn in comparison with the
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Campylobacter concisus 13826 (0452)
Wolinella succinogenes DSM 1740
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Sulfurimonas denitrificans DSM 1251
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Caminibacter mediatlanticus TB-2
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Desulfovibrio desulfuricans subsp. desulfuricans G20
I Desulfovibrio desulfuricans subsp. desulfuricans

Desulfovibrio piger ATCC 29098
Desulfovibrio vulgaris ‘Miyazaki F’
Desulfovibrio vulgaris subsp. vulgaris DP4
0.2 Desulfovibrio vulgaris subsp. vulgaris Hildenborough

Figure 2 | Phylogenetic tree comparing protein glycosylation B (PglB) sequences
of all sequenced deltaproteobacteria and epsilonproteobacteria. A phylogenetic
tree containing all available full-length bacterial PglB protein sequences was
constructed from a multiple sequence alignment with the neighbour-joining method
using MEGA 4 software’*°. For Pg|B protein sequences from genomes that encode two
potential PglB orthologues, the number of the corresponding ORF in the genome is
indicated in brackets following the strain name. PglB sequences provided by W. G. Miller
are indicated with an asterisk. In contrast to the data from the available shotgun
genome sequence (Entrez Genome Project 31017), Campylobacter rectus RM3267
encodes a full-length PglB orthologue (W. G. Miller, personal communication).

flexibility of the surrounding amino acid residues.
This study also demonstrated, for the first time, that
the C. jejuni N-glycan forms a rod-like structure that is
kinked owing to the 1,3-linked diNAcBac and tends to
fold back over the protein. As was seen for glycosylated
Peb3, minimal carbohydrate-peptide interactions were
observed for glycosylated AcrA*.

Competence
The ability of a bacterium to
take up extracellular DNA.

A general function for C. jejuni N-glycans? Many
diverse proteins are modified by the N-glycosylation
pathway in C. jejuni, so it is not surprising that dis-
ruption of this pathway has pleiotropic effects for the
bacterium, including reduced protein immunoreactiv-
ity with both human and animal sera'®", a reduced
ability to adhere to and invade human epithelial cells
in vitro and a decrease in mouse and chicken coloniza-
tion in vivo*~*%. However, inactivation of pglG (a gene
that is part of the C. jejuni pgl operon and is conserved in
certain species (FIC. 3) but currently has an undetermined
function) and pglI had no effect on chicken coloniza-
tion, which was corroborated by the observation that
mutation of these genes did not affect N-glycosylation
levels®. Interestingly, although disruption of pgiD
results in the loss of chicken colonization, low levels
of N-glycosylation could still be detected'**.

Despite the variety of known and predicted
N-glycoproteins®**, only a few studies have investi-
gated the potential importance of this protein modifica-
tion. Loss of N-glycosylation of the VirB10 component
of the type IV secretion system in C. jejuni subsp.
jejuni 81-176 resulted in reduced competence levels
and potential changes in the cellular location of VirB10
(REF. 50). By contrast, introducing point mutations at the
N-glycosylation sites of the adhesin Cj1496¢ had no
effect on chicken colonization when compared with
wild-type bacteria, whereas the ¢j1496¢ knockout
mutant is strongly impaired in colonization®'. More
recent studies investigated the function of the glycan on
the C. jejuni periplasmic zinc uptake A (ZnuA) homo-
logue, Cj0143c>. Although the authors demonstrated
a role for the ¢j0143c gene product in chicken colo-
nization and zinc acquisition, complementation of
a ¢j0143c deletion mutation with a glycosylation-
deficient cj0143c allele resulted in a wild-type pheno-
type. Similarly, the N-glycan on the C. jejuni surface-
associated lipoprotein JIpA, an adhesin that is required
for chicken colonization®, was not required for
antigenicity®. Thus, it seems that C. jejuni protein
N-glycosylation might be important for the function of
specific proteins in this organism, maintaining a selec-
tive pressure for the pathway, but that the N-glycan does
not serve the same function for all proteins, at least
under the examined conditions.

Another role for the C. jejuni N-glycan was provided by
the observation that the heptasaccharide is recognized
by human macrophage galactose-type lectin (MGL)*>.
This specific dendritic cell receptor functions in cell-
cell communication, capturing glycosylated antigens for
processing and presentation and providing signals that
modulate immune cell function. MGL recognizes C. jejuni
glycoproteins (both derived from C. jejuni and expressed
by E. coli) as well as C. jejuni lipooligosaccharides with
terminal GalNAc residues. Interestingly, a C. jejuni pglA
mutant lacking the MGL ligand (that is, devoid of GalNAc
residues) resulted in increased production of the cytokine
interleukin-6 (IL-6) from human dendritic cells. It was
therefore suggested that C. jejuni might N-glycosylate its
proteins to modulate the host immune response in order
to limit cellular cytokine production.

768 [NOVEMBER 2010 [ VOLUME 8

www.nature.com/reviews/micro

© 2010 Macmillan Publishers Limited. All rights reserved


http://www.ncbi.nlm.nih.gov/genomeprj

Protein N-glycosylation resembling the C. jejuni system
in other bacteria. The increasing number of complete
bacterial genome sequences has shown that the organ-
isms encoding orthologues of the N-glycan pathway
constituents are much more widespread than originally
predicted (FIC. 2). Although the GTase content and pgl gene
distributions vary (FIC. 3), the characteristic enzyme of the
pathway, PglB, is present in at least 49 species, with five
species possessing two copies of pgIB and all homologues
containing the conserved Trp-Trp-Asp-Tyr/Trp-Gly motif
that has been shown to be indispensable for PglB func-
tion in C. jejuni. Examination of the pgl gene clusters
and their flanking regions identified putative insertional
sites in the respective chromosomes (FIC. 3). The apparent
diversity in pgl gene distribution contrasts with the par-
tial conservation of the neighbouring chromosomal DNA
sequences and suggests that the pgl cluster has evolved
under selective pressure in its host environment, a typical
feature of pathogenicity-related gene clusters®.

The crystal structures have been determined for the
carboxy-terminal, globular domains of C. jejuni PglB~
and the orthologous STT3-like protein archaeal glyco-
sylation B (AglB) from the archeaon Pyrococcus furiosus™.
The structure of P, furiosus AglB revealed another motif,
Asp-X-X-Lys, that is necessary for protein function and
corresponds to the Met-X-X-Ile sequence (residues 568
571) in C. jejuni PglB. However, point mutations in the
respective amino acids showed that only the Ile571Ala
substitution resulted in reduced PgIB activity in vitro*.
In addition, all OTases contain a conserved X-X-Asp
motif (Ser-Asn-Asp in C. jejuni PgIB; residues 52-54)
that resides in the first lumenal loop of the transmem-
brane domain and has been implicated as a third mem-
ber of the catalytic triad. Indeed, substitution of Ser52
and Asp54 in C. jejuni PgIB led to a loss of PgIB activity
in vitro”’. Examination of the PgIB sequences in FIG. 2
supports the observation that the bacterial N-OTases all
possess the Trp-Trp-Asp-Tyr/Trp-Gly, Met-X-X-Ile and
X-X-Asp motifs.

The genomes of two epsilonproteobacteria that
reside in deep-sea vents, Sulfurovum sp. NBC37-1 and
Nitratiruptor sp. SB155-2, possess pgl gene clusters®.
Despite the presence of a well-conserved PglB, both
species lack obvious PglA, PglD and PglK orthologues
(FIG. 3). The authors speculate that N-glycosylation
(although not proved to occur in these organisms) might
have arisen to establish a relationship between these
deep-sea bacteria and hydrothermal-vent invertebrates.
Wolinella succinogenes DSM1740, a non-pathogenic,
bovine-host-adapted epsilonproteobacterium®, also pos-
sesses an N-glycosylation gene cluster (FIG. 3). Although
the functionality of the pathway in this organism is not
yet proved, many protein targets for N-glycosylation
in C. jejuni have orthologues in W. succinogenes® that
contain the extended glycosylation sequon. In the genus
Helicobacter, the genome of Helicobacter canadensis
MIT 98-5491, an emerging human pathogen, contains
distinct but separated gene loci for pgIDEFH, pglAC,
and pglI and pgl], as well as two conserved pgIB loci
that encode full-length proteins and are not flanked
by other pgl orthologues® (FIC. 3). The genomes of
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Helicobacter winghamensis ATCC BAA-430 (project
ID 32491 in Entrez Genome Project), Helicobacter pul-
lorum MIT 98-5489 (project ID 30075) and H. pullorum
NCTC 12824 (REF. 62) each contain two pglB ortho-
logues that can also be found in Campylobacter curvus
525.92 (project ID 17161), Campylobacter concisus
13826 (RefSeq accession NZ_AAQZ00000000) and
Campylobacter gracilis RM3268 (project ID 31021).
Recently it has been shown that one of the H. pullorum
NCTC 12842 PglB orthologues (PglB1) indeed pos-
sesses OTase activity®?, but the function of the second
PglIB orthologue (PgIB2) remains to be elucidated, as
attempts to knock out the corresponding gene were not
successful® Interestingly, Helicobacter pylori is devoid of
any pgl family orthologues' except for a flippase that is
actually used for LPS biosynthesis®. This raises the ques-
tion of why some Helicobacter spp. kept (or acquired)
these genes, whereas others did not. Perhaps this is a
consequence of the niche that each organism inhabits,
as pgl-negative species belong to the gastric group of
Helicobacter spp., whereas pgl-positive species belong
to the enteropathogenic group®®. In the deltaproteo-
bacterium Desulfovibrio desulfuricans subsp. desul-
furicans G20, pgl genes are also scattered across the
genome (FIC. 3), although other genes clustered around
the PglB orthologue may be involved in the synthesis of
the N-glycan, as the structure differs from the C. jejuni
heptasaccharide. Direct evidence that N-glycosylation
occurs in this genus was provided by the crystal structure
and mass spectrometry analyses of high-molecular-
weight cytochrome ¢ (HmcA) isolated from the peri-
plasm of Desulfovibrio gigas®. Interestingly, the glycan
is composed of three N-acetylhexosamine (HexNAc)
residues that are attached at Asn261 in the eukaryotic-like
Asn-X-Ser/Thr consensus sequence® (TABLE 1).

Atypical protein N-glycosylation in other bacteria.
Another N-glycosylation system was recently described
in the Gram-negative gammaproteobacterium
Haemophilus influenzae; this system is distinct from the
C. jejuni pathway and involves sequential transfer of sug-
ars rather than block transfer® (FIG. 1b). One of the two
H. influenzae high-molecular-weight adhesins (HMW1),
which interacts with sialylated N-glycoproteins on the
host cell surface®, undergoes glycosylation at 31 sites.
This glycosylation is necessary for the protein to resist
degradation and maintain bacterial cell surface tether-
ing with its cognate outer-membrane channel-forming
B-barrel translocator protein, HMW1B*. HMW1 and
its GTase, HMW1C, seem to associate in the cyto-
plasm®, where monohexoses and dihexoses are added
to the conventional eukaryotic consensus sequence for
N-linked glycosylation, Asn-X-Ser/Thr, in all but one
case®. The suggestion that H. influenzae possesses a
new type of bacterial GTase was confirmed with purified
components in vitro, demonstrating that HMW1C can
indeed transfer glucose and galactose residues derived
from common sugar precursors that are also used
for the lipooligosacccharide (LOS) pathway. Another
surprising finding is that HMW 1C exhibits both OTase
activity, adding N-linked sugars to HMW1, and GTase
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<« Figure 3| Organization of selected N-linked protein glycosylation gene clusters.
Campylobacter jejuni subsp. jejuni NCTC 11168 N-linked protein glycosylation (pgl) gene
orthologues, upstream and downstream ORFs and genes inserted between pgl genes
(if present) are indicated by arrows. The arrow sizes are not to scale. For other species,
genes encoding the essential oligosaccharyltransferase PglB and genes encoding the
biosynthetic Pglenzymes (uridine diphosphate (UDP)-N-acetylglucosamine:glucosamine
4-epimerase (gne), PglE (E), PglF (F), PglD (D)), glycosyltransferases (PglA (A), Pgl) (J), PglH
(H), Pgll (), PglC (C)) and the flanking gene products PglG (G) and WlaA are designated
according to their orthologues in C. jejuni subsp. jejuni NCTC 11168 or as ‘GT’ if no
definite homology to any C. jejuni subsp. jejuni NCTC 11168 Pgl glycosyltransferase was
found. Other glycosyltransferases at different locations on the respective genomes are
not included in the figure. Orthologues with low similarities but with an identical
location in the pgl locus are indicated by a question mark. Orthologues to the putative
ATP-binding cassette (ABC)-type transporter PglK (K) that show higher homology to
MsbA than to PglK are labelled ‘K?/msbA’. Gaps between pgl genes are marked by either
the number of ORFs or by a solidus, indicating that these orthologues were found
elsewhere in the chromosome. Unlabelled genes do not show particular homology to
other genes in that pgl locus or to the genes upstream or downstream of the pgl loci.
Dotted outlines indicate pseudogenes. Locus numbers are given beneath at least one
locus per cluster, for identification purposes. The Entrez Genome Project numbers (or
RefSeq accession numbers where there is no Genome Project entry) for the species
shown are given in brackets: C. jejuni subsp. doylei 269.97 (17163), Campylobacter coli
RM2228 (12516), Campylobacter lari RM2100 (RefSeq accession NZ_AAFK00000000),
Campylobacter upsaliensis RM3195 (12518), Campylobacter hominis ATCC BAA-381
(20083), Campylobacter curvus 525.92 (17161), Campylobacter concisus 13826
(RefSeq accession NZ_AAQZ00000000), Campylobacter fetus subsp. fetus 82-40
(16293), Campylobacter showae RM3277 (31019), Campylobacter gracilis RM3268 (31021),
Campylobacter rectus RM3267 (31017; re-sequencing of two adjacent ORFs, annotated
as pseudogenes, revealed that C. rectus RM3268 encodes a full-length PglB*), Wolinella
succinogenes DSM 1740 (445), Sulfurovum sp. NBC37-1 (18965), Nitratiruptor sp. SB155-2
(18963), Caminibacter mediatlanticus TB-2 (19293), Helicobacter canadensis MIT 98-5491
(30071) and Desulfovibrio desulfuricans subsp. desulfuricans G20 (329). DNA lig, DNA
ligase gene; hyp, hypothetical ORF; LPS, lipopolysaccharide biosynthesis;
MFS, major facilitator superfamily; PS bio, polysaccharide biosynthesis; UDP-C-DH,
UDP-carbohydrate dehydrogenase; UDP-G6-DH, UDP-glucose-6-dehydrogenase.

activity, capable of generating hexose-hexose bonds™
(FIG. 1b). It is noteworthy that other two-partner secretion
systems (with up to 97% identity to the HMW1-HMW1C
pair) exist in H. influenzae, Haemophilus ducreyi,
Burkholderia xenovorans, E. coli, Mannheimia succinici-
producens, Limnobacter sp. MED105, Xanthomonas
campestris and Yersinia spp. (such as Yersinia enterocolitica,
Yersinia pestis KIM10 and Yersinia pseudotuberculosis)™.
Similarly, autotransporter proteins (in which the exo-
protein and the channel-forming protein are fused into
a single multidomain protein with predicted autopro-
teolytic activity) have been shown to be glycosylated at
multiple sites with sugars that are also synthesized for
the LPS pathway. However, the E. coli autotransporters
identified to date — AIDA-L, TibA and antigen 43 — are
modified with O-linked heptose residues’ ", and this
occurs in the cytoplasm independently of export™.

O-glycosylation in bacteria

O-linked protein glycosylation occurs in all three
domains of life, and the eukaryotic and bacterial path-
ways are well characterized. In this section, we focus on
the O-glycan pathways that modify bacterial flagella and
pili. Excellent reviews on this topic were published in
2006 (REFS 75,76), and thus only recent advances in this
field are summarized. The exciting new discovery that
some bacteria possess general O-linked glycosylation

Two-partner secretion
system

Form of type V secretion
system comprising two distinct
proteins: a transporter and a
secreted effector.

REVIEWS

systems that involve glycoprotein synthesis through an
amalgamation of conventional N-linked and O-linked
glycosylation mechanisms is also discussed.

Campylobacter spp. flagella glycosylation. In addition
to the general N-linked protein glycosylation pathway
discussed above, campylobacters specifically modify
their flagellar proteins with O-linked glycans (FIC. 4a) that
can constitute up to 10% of the protein mass”’. These
modifications are necessary for flagellum assembly”® and
thus affect secretion of virulence-modulating proteins,
bacterial colonization of the gastrointestinal tract, auto-
agglutination and biofilm formation (for reviews, see
REFS 79,80). The predominant O-glycans attached to the
campylobacter flagellum are derivatives of pseudaminic
acid (Pse) or legionaminic acid (Leg), which are C_ sugars
that are related to sialic acids (TABLE 1).

C. jejuni isolates fall into two distinct groups, a live-
stock-associated clade and a non-livestock-associated
clade, the genomic contents of which differ by the pres-
ence or absence of the ¢j1321-¢j1325 or ¢j1321-¢j1326
cluster, among others®. In C. jejuni NTCT 11168 subsp.
jejuni 11168H (from the livestock clade), the protein
encoded by ¢j1324 is involved in the biosynthesis of the
acetamidino (Am) and N-methylacetimidoyl (AmNMe)
Leg derivatives Leg5Am7Ac and Leg5AmNMe7Ac
(where Ac represents an acetamido group), although other
Pse and Leg derivatives are also produced®. Mutation of
the ¢j1324 locus resulted in reductions in auto-aggluti-
nation and chicken colonization but did not affect cell
motility®. By contrast, flagella from C. jejuni subsp.
jejuni 81-176 (from the non-livestock clade) are glyco-
sylated with only Pse derivatives and the Pse acetamid-
ino variant substituted with acetyl, N-acetylglutamine
(GlnAc) or propionyl (Pr) structures (Pse5Ac7Ac,
Pse5Am7Ac, Pse5Ac7Ac80Ac, Pse5Am7Ac8GInAc
and Pse5Pr7Pr; where OAc represents an acetoxy (or
O-acetyl) group); these glycans are added to up to 19
Ser or Thr residues per flagellin A (FlaA) subunit” 54,
Interestingly, specific loss of Pse5Am due to mutation of
the Pse biosynthesis A gene (pseA; which is at the ¢j1316¢
locus) resulted in loss of auto-agglutination and reduced
adherence to and invasion of intestinal epithelial cells
in vitro, and reduced virulence in the ferret model®.

Functional characterization of all 19 O-glycosylation
sites in the FlaA subunit of C. jejuni subsp. jejuni 81-176
identified five sites that are necessary for auto-agglutina-
tion®, suggesting that these residues are surface exposed
and interact with filaments from other C. jejuni cells
or with specific ligands on eukaryotic cells. Although
no changes in motility were observed, the filaments
seemed to be more fragile than those composed of fully
glycosylated flagellins®. Three other mutants displayed
reductionsin motility and produced truncated filaments,
suggesting that glycans at these positions are important
for subunit interactions®. Further analyses indicated
that glycosylation occurs before flagellin export and
independently of the flagellar regulon®.

Recently, the C. jejuni O-linked-glycosylation pathway
was reconstituted in vitro®”. They purified and biochemi-
cally characterized 11 candidate enzymes from C. jejuni,
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Table 1| N-linked and O-linked bacterial protein glycosylation pathways

Organism

Campylobacter
jejuni

C.jejuniand
Campylobacter
coli

Clostridium
botulinum and
Clostridium
difficile

Pseudomonas
aeruginosa and
Pseudomonas
syringae

Neisseria spp.

Bacteroides spp.

Flavobacterium
columnare

Haemophilus
influenzae

Streptomyces
coelicolor

Desulfovibrio
gigas

OTase/
GTase

PglB**

ND

ND

ND

PilO* and
TfpW

PglL**

ND

ND

HMW1C**
and
HMW2C

Pmt

PglB**

Linkage Sequon Lipid OTase Transfer
carrier transfer type
abilities
N (D/E)XNX,  Yes C2-NAcl; Block
(S/Tys no 31,47,
multiple
O-repeats
O S/T No ND Sequential
O S/T No ND Sequential
O S/T No ND Sequential
(@) S/T Yes 1-2 O-linked Block
repeats
(@) S/T plus Yes Promiscuous; Block
aregion multiple
with low O-linked
complexity repeats
(@) D(S/T)(A/I/L/ ND ND ND
V/M/T)(S/T)
O D(S/T) ND ND ND
N NX(S/T) No ND Sequential
(@) S/T Yes ND Block
N NX(S/T) ND ND ND

Protein Amino acids Sugars transferred

targets modified

>65 1-6 GalNAc,(Glc)
GalNAc,diNAcBac

FlaA Upto19 Pse, Leg and derivatives

Flagellin 7 aleg5GluNMe7Ac and
di-N-acetylhexuronic
acid (C. botulinum);
HexNAc-P-Asp-Me, HexNAc,
dHexMe, dHex and Hep
(C. difficile)

Flagellin Upto6 Rha or Rha-linked
oligosaccharides (P aeruginosa
a-type strains); dHex with
an additional mass of 209
Da (P aeruginosa b-type
strains); 2Rha with modified
4-amino-4,6-dideoxyGlc
attached (plant-pathogenic
P syringae strains)

PilA 1 (P aeruginosa N-hydroxylbutyryl-N-formyl-

1244);upto5 Pse-Xyl-FucNAc
(P aeruginosa (P aeruginosa 1244);
5196) mono-Araf, di-Araf and
oligo-Araf (P aeruginosa 5196)
>12, 1-2 (OAc)Gal-Gal-DATDH and
including (OAc)Gal-Gal-GATDH

pilin

>8 1-3 Contains fucose

Several, 1-3 (2-OMe)Man-GlcNAcU-GlcU-

including Glc(2-OMe)-GlcU-[(2-OMe)

EndoH Rha]Man

HMW1 31 Hex and diHex (where Hex can

and be Glc or Gal)

HMW?2

Atleast1 2-3 TriHex

(PstS)

Atleast1 1 TriHexNAc(where Hex can be

(HmcA) GlcNAc or GlcNAc epimers)

aleg5GluNMe7Ac, 7-acetamido-5-(N-methyl-glutam-4-yl)-amino-3,5,7,9-tetradeoxy-D-glycero-o-D-galacto-nonulosonic acid; Araf, arabinose (furanose form);
DATDH, 2,4-diacetamido-2,4,6-trideoxyhexose; dHex, deoxyhexose; diNAcBac, 2,4-diacetamido bacillosamine (2,4-diacetamido-2,4,6-trideoxy-a-D-glucose);
EndoH, endo-B-N-acetylglucosaminidase; FlaA, flagellin A; FucNAc, N-acetylfucosamine; Gal, galactose; GalNAc, N-acetylgalactosamine; GATDH, 2-glyceramido
4-acetamido 2,4,6-trideoxyhexose; Glc, glucose; GlcNAc, N-acetylglucosamine; GlcNAcU, 2-acetamido-2-deoxyglucuronic acid; GlcU, glucuronic acid; GTase,
glycosyltransferase; Hep, heptose; Hex, hexose; HexNAc, N-acetylhexosamine; HmcA, high-molecular-weight cytochrome c; HMW, high-molecular-weight
adhesin; Leg, legionaminic acid; Man, mannose; Me, methyl group; ND, not determined; OAc, acetoxy (O-acetyl) group; OMe, methoxy (O-methyl) group; OTase,
oligosaccharyltransferase; P, phosphate; PglB, protein glycosylation B; PglL, pilin glycolsylation L; PilA, pilin;Pse, pseudaminic acid; Rha, rhamnose; Xyl, xylose.
*Characterized in vitro. *Also characterized in vivo in the heterologous E. coli system. X and X, are any amino acid except Pro. /Acetylation at C2 of the reducing
end sugar is required. "A B1,4 linkage between the reducing end and second sugar residue is not recognized. “Note that only PilO from P. aeruginosa 1244 has been
characterized. **Based on homology to PglB of C. jeuni subsp. jejuni NCTC 11168.

fully synthesizing Leg and its CMP-activated form start-
ing from fructose-6-phosphate. Analysis of the pathway
identified unique GDP-linked intermediates, which the
authors proposed could provide a cellular mechanism
for differentiating between similar UDP-linked pathways
such as the diNAcBac biosynthesis involved in N-linked
protein glycosylation (described above).

Interestingly, the related human gastric pathogen
H. pylori also O-glycosylates its flagella with Pse,
similarly to C. jejuni, and modification is required
for bacterial motility and flagellar assembly®*. The
O-glycosylation gene content of H. pylori is far simpler
than that of the campylobacters (which display substan-
tial genetic diversity among different species, subspecies
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a Sequential transfer b Block transfer
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(or derivatives) 14 . [ UDP-GATDH
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GTase\‘ O UDP-Gal | PglA
-5/

PglF flippase ST

PilE
Figure 4 | Overview of bacterial O-linked pathways for protein glycosylation. a | The sequential transfer of
nucleotide-activated sugars to proteins (as occurs in Campylobacter jejuni, for example). As the flagellar apparatus of
C.jejuni spans both the inner and outer membranes, O-linked glycosylation of flagellin monomers is thought to occur
at the cytoplasm-inner membrane interface. CMP-activated sugars (CMP-pseudaminic acid (CMP-Pse), CMP-legionaminic
acid (CMP-Leg) and their derivatives) are individually added to surface-exposed Ser or Thr residues in the flagellin
subunit, FlaA, by a glycosyltransferase (GTase). b | Block transfer of oligosaccharides from the lipid anchor to the protein
target, as occurs in Neisseria meningitidis, for example, follows a mechanism that is similar to protein N-glycosylation in
C.jejuni. The saccharide is assembled on the cytoplasmic side of the inner membrane on a lipid anchor. The first sugar,
uridine diphospahte (UDP)-2,4-diacetamido-2,4,6-trideoxyhexose (UDP-DATDH) or UDP-2-glyceramido 4-acetamido
2,4,6-trideoxyhexose (UDP-GATDH), is synthesized starting from UDP-N-acetylglucosamine (UDP-GlcNAc) by the
sequential actions of pilin glycosylation D (PglD), PglC, and PglB (for DATDH) or PglB2 (for GATDH). PglB and PglB2 are
bifunctional enzymes involved in the biosynthesis of DATDH and GATDH, respectively, and in their transfer onto the
lipid carrier. Galactose (Gal) residues are added to the sugar chain from UDP-Gal donors by the phase-variable GTases

PglA and PglE. PglF then ‘flips’ the lipid-linked saccharide to the periplasm, where the oligosaccharyltransferase
(OTase) PglL transfers the glycan to Ser63 of the pilin subunit PilE or to Ser/Thr residues in other periplasmic and

membrane proteins. P, phosphate.

and individual isolates). Reconstitution and biochemical
characterization of the Pse biosynthesis pathway showed
that H. pylori uses a similar set of enzymes: the proteins
encoded by the loci HP_0840, HP_0366, HP_0327,
HP_0326B, HP_0178 and HP_0326A correspond to
PseB (encoded by the locus ¢j1293), PseC (cj1294), PseH
(¢j1313), PseG (cj1312), Psel (¢j1317) and PseF (cj1311)
in C. jejuni®®. However, the extensive diversity that is
seen in the glycan structures of C. jejuni is not observed
in H. pylori, presumably because the sheath surrounding
the flagellar filament negates this need®.

Clostridium spp. flagella glycosylation. An O-linked
glycosylation system was also identified in Clostridium
botulinum, in which the flagella are modified with the
Leg derivative 7-acetamido-5-(N-methyl-glutam-4-yl)-
amino-3,5,7,9-tetradeoxy-D-glycero-a-Dp-galacto-
nonulosonic acid (aLeg5GluNMe7Ac) and with
di-N-acetylhexuronic acid, which are attached to seven
Ser or Thr sites in each protein subunit®'. By contrast,
the flagellin of Clostridium difficile 630 is O-glycosylated
at up to seven sites, with HexNAc residues modified with
methylated Asp through a phosphate linkage. A mutant
lacking the saccharide showed a defect in flagellum
assembly, leading to a loss of motility®. Interestingly, a
highly conserved flagellar-glycan biosynthesis locus in

C. difficile isolates from more recent outbreaks showed
considerable genetic diversity and increased locus size
compared with the C. difficile 630 locus®>. In these
isolates, the flagella were found to be modified with a
heterogeneous glycan containing up to five monosac-
charide residues consisting of HexNAc, deoxyhexose,
methylated deoxyhexose and heptose® (TABLE 1).

Pseudomonas spp. flagella glycosylation. In
Pseudomonas aeruginosa, type-specific antisera and
molecular mass classifies flagellin into two major types:
a-type and b-type®***. Flagellins of both types are known
to be glycosylated, and the genes involved in carbohy-
drate synthesis cluster together in genomic islands®>®.
Two a-type strains (P. aeruginosa PAK and P. aerugi-
nosa JJ692) were shown to be O-glycosylated at two
sites on their flagellin subunits. Although the glycosyl
moiety is linked through a rhamnose residue in both
strains, the P. aeruginosa PAK glycan contained up to
11 additional monosaccharides, whereas the P. aerugi-
nosa JJ692 glycan is glycosylated with only a single
rhamnose” (TABLE 1). This heterogeneity among a-type
strains is the result of variations in gene content in the
glycosylation islands®. By contrast, the genes encod-
ing enzymes for O-glycan biosynthesis in the b-type
strains are much more conserved®. In the b-type strain
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Slipped-strand mispairing
Mispairing of tandem direct
repeat DNA that occurs owing
to slippage between the
template and newly
synthesized DNA strands
during replication. Such
mispairing can change the
number of repeats in the newly
synthesised strand relative to
the template DNA.

P, aeruginosa PAOLI, flagellin contains a single deoxyhex-
ose residue attached to two nearby Ser residues, and each
glycan can be linked to a unique modification of mass
209 Da containing a phosphate moiety®. In the case of
the plant pathogens Pseudomonas syringae pv. tabaci
and P, syringae pv. glycinea, the flagella were found to be
glycosylated at six Ser residues. Here, the O-linked gly-
can was shown to be composed of a unique trisaccharide
containing two rhamnosyl residues and one modified
4-amino-4,6-dideoxyglucosyl residue'®.

Flagellins from most bacteria, including P. aerugi-
nosa PAK flagellin, are ligands for Toll-like receptor 5
(TLR5), which results in the stimulation of IL-8 produc-
tion'""1%2, Interestingly, flagellin isolated from P. aerugi-
nosa PAK glycosylation mutants stimulated 50% less IL-8
production from A549 human alveolar epithelial cells
than wild-type flagellin'®. By contrast, C. jejuni flagella
do not induce TLR5, and removal of the O-glycans does
not provide an enhanced response'®.

Pseudomonas pilin glycosylation. Instead of glyco-
sylating their flagella, some P. aeruginosa strains modify
their pili; modification of both appendages in a single
strain has not been demonstrated. P. aeruginosa 1244
modifies its pilin with N-hydroxylbutyryl-N-formyl-
Pse-xylose-N-acetylfucosamine linked to Ser148, the
carboxy-terminal amino acid of pilin'®'*® (TABLE 1). It
has been shown that the charge of the pilin disulphide
loop is important and that the terminal Ser is the major
pilin glycosylation recognition feature that cannot be
substituted'®. The structural pilus gene, pilA, and the
O-OTase gene, pilO, are co-transcribed, and mutation
of pilO results in loss of glycosylation'”. Interestingly,
the O-glycan has antigenic similarity to LPS' and was
later shown to be derived from the LPS biosynthesis
pathway'®. By contrast, the pilin of the group IV strain
P, aeruginosa PA5196 is still modified in an LPS mutant
with a homo-oligomer of al,5-linked p-arabinofuranose,
a mycobacterium-like al,5-linked oligosaccharide!®.
P aeruginosa PA5196 pilin is glycosylated at multiple
sites by TfpW, a GTase with a unique, strain-specific
glycosylation activity'® (TABLE 1).

The pili of group IV Pseudomonas spp. are also key
to the ability of these organisms to adhere to a range
of surfaces. It was suggested that pilin glycosylation
is involved in virulence, as pilO mutation in P. aeru-
ginosa 1244 resulted in reduced twitching motility,
increased sensitivity to pilus-specific bacteriophages,
and lack of colonization in a mouse respiratory model
in competition experiments between the pilO mutant
and wild type''®. By contrast, pilus morphology seemed
normal in the mutant, and the bacteria formed typical
biofilms!.

Neisseria spp. pilin glycosylation. Several pilin glyco-
sylation (pgl) genes have been identified in both
Neisseria meningitidis and Neisseria gonorrhoeae,
which encode GTases and sugar-modifying enzymes
required for the biosynthesis of the oligosaccha-
rides''""? (FIG. 4b). In N. meningitidis, the glycan
moiety comprises a trisaccharide with the structure

Gal-f1,4-Gal-al1,3-DATDH (where DATDH represents
2,4-diacetamido-2,4,6-trideoxyhexose and is similar
to the reducing-end sugar in the C. jejuni N-glycan)
or Gal-B1,4-Gal-al1,3-GATDH (where GATDH rep-
resents 2-glyceramido-4-acetamido-2,4,6-trideoxy-
hexose)!''® (TABLE 1). However, there are variations in
the length of the pilin glycan, and this is influenced by
the on-off states of the biosynthesis genes, which con-
tain homopolymeric tracts and simple repeats prone
to slipped-strand mispairing!'»''*1">, In N. gonorrhoeae,
the structure of the glycan on the intact pilin was
confirmed to be (OAc)Hex-Hex-DATDH with non-
stoichiometric amounts of acetylation''?. N. gonorrhoeae
PglO is the transferase for (OAc)Hex-Hex-DATDH
and is homologous to PgIL in N. meningitidis'"'. Both
contain the domain Wzy_C (Pfam accession PF04932),
a signature that is common to ligases involved in O
antigen biosynthesis and that is also present in PilO in
P aeruginosa 1244 (REF. 107).

General O-linked protein glycosylation pathways
A new development in the bacterial glycosylation field
was the discovery that several bacteria possess general
O-linked glycosylation systems capable of modifying var-
ious proteins through the assembly of sugars onto lipid
carriers in a process similar to N-linked glycosylation.

Neisseria spp. possess a general O-OTase. Two stud-
ies in 2009 demonstrated not only that Neisseria spp.
O-glycosylate their pilin but also that their O-OTases
are central enzymes in a general O-linked glycosylation
system'!*!'7(FIC. 4b). Immunoblotting of N. gonorrhoeae
whole-cell lysates with serum raised against (OAc)Hex-
DATDH-modified PilE showed that the serum reacted
with multiple proteins that showed no reactivity in a
pglO mutant'”. Eleven membrane-associated proteins
were identified, and each was O-glycosylated with the
pilus glycan. Although no common amino acid motif
around the Ser or Thr residues could be identified, all
O-linked substrates were found to share domains bear-
ing signatures of low complexity that are rich in Ser, Ala
and Pro, which is similar to the O-linked-glycosylation
recognition domains of mucin-type glycoproteins in
eukaryotes''®. In parallel, it was shown that the general
O-glycosylation pathway in N. meningitidis modifies
the outer-membrane, surface-exposed O-glycoprotein
AniA, a nitrite reductase that carries either one or two
pilin glycans in a non-structured carboxy-terminal
repeat region''® (the AniA orthologue in N. gonor-
rhoeae is also O-glycosylated'?”). Interestingly, AniA
glycosylation increases in a pilin mutant, implying
increased occupancy of partially used glycosylation
sites or occupancy of additional sites and suggesting
that AniA and pilin are competing for substrates from
the same pathway'.

Although it is well established that type IV pili are the
major virulence determinant in Neisseria spp.'", the func-
tion of the general O-glycosylation system still remains
obscure. However, based on the structural model of
AniA, which has been shown to provide protection
against killing by human sera'®, it was proposed that the
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Box 2 | Exploitations for glyco-engineering

An important achievement by Wacker and colleagues!® was the functional transfer
of the Campylobacter jejuni N-glycan pathway into Escherichia coli in 2002 (and later
into Salmonella enterica®). This started a new era in glycoprotein engineering

that allowed the in vivo production of glycosylated, homologous proteins in an
easy-to-manipulate and fast-growing bacterial host. Since then, the design of
specific E. coli expression systems (for examples, see REFS 18,39) has allowed
larger-scale and more efficient production of these proteins, and advances in NMR
and mass spectrometry techniques provide quick and cost-effective methods for
their analyses. Moreover, novel tools such as the recently described glycophage
system'*, a genetic platform to investigate the bacterial protein glycosylation
pathway, allow the screening, optimization and engineering of novel or specifically
designed glycosyltransferase (GTase) or oligosaccharyltransferase (OTase) activities
and acceptor proteins. Thus, it is now possible to ‘mix and match’ and even to create
novel sugar biosynthesis pathways to produce oligosaccharides linked to
undecaprenyl pyrophosphate (Und-PP). Taking advantage of the relaxed substrate
specificities of the N-OTase protein glycosylation B (PglB) or the O-OTases PglL and
PilO, these systems have been shown to have massive potential for the synthesis of
bacterial glycoconjugates by linking, for example, O antigen, peptidoglycan and
capsule structures to a protein acceptor for the development of novel vaccines**
(reviewed in REF. 146). However, in vitro and in vivo approaches might be limited by
the availability, expression or function of the required biosynthetic enzymes and

by the availability of specific precursors to reconstitute the underlying pathways.

A recently described system for the production of eukaryotic N-glycoproteins
combined in vivo biosynthesis with in vitro chemoenzymatic manipulations'*’. Using a
modified glycosylation locus of C. jejuni in the heterologous E. coli system, an
N-linked glycan with the common eukaryotic initiating sugar N-acetylglucosamine
(GlcNACc) could be transferred to the C. jejuni glycoprotein AcrA in vivo. Following
purification and subsequent in vitro enzymatic trimming of the glycoconjugate to
GlcNAc-Asn, complex-type glycans were synthesized and enzymatically transferred
not only to the GlcNAc-Asn of AcrA but also, albeit with lower efficiency, to a human
antibody fragment and a single-chain antibody that contained the extended
bacterial glycosylation sequon in place of the Asn-X-Ser/Thr sequon of human
glycoproteins. This combination of in vivo and in vitro methods will aid in the overall
goal of producing homogenous eukaryotic glycoproteins.

Another recent application describes the expression of the S-layer glycoprotein SgsE
of Geobacillus stearothermophilus in E. coli after engineering one of the natural protein
O-glycosylation sites into a target site for N-glycosylation'*s. Co-expression of the pgl
genes of C. jejuni and the O7 biosynthesis genes of E. coli resulted in the presentation of
the heptasaccharide and the O7 polysaccharide on the surface of E. coli. The authors
point out that these nano-patterned, self-assembling glycoproteins may open up new
strategies for influencing and controlling complex biological systems with potential
applications in the areas of biomimetics, drug targeting, vaccine design or diagnostics'*.

Although most groups have been focusing on the general N-linked and O-linked
protein glycosylation systems, another recent study describes a glyco-engineering
application using the Campylobacter spp. flagellin-specific O-glycosylation system, in
which flagella are modified with the bioorthogonal chemical tag azido-pseudaminic
acid (azido-Pse)'*. Feeding an azido-labelled Pse precursor to a C. jejuni mutant
deficient in the synthesis of the precursor resulted in uptake and conversion of the
precursor in vivo, with subsequent incorporation into the flagella. As the azido-Pse was
amenable to further chemical modification, it was suggested that these tags could be
used for cell labelling, in vivo animal models of infection, biophysical studies of
bacterial motility and studies probing flagellum assembly or the surface accessibility
of glycan modifications on flagellins.

O-glycosylated carboxyl terminus shields the substrate
recognition domain of AniA, thereby protecting it from

immune recognition'’s.

General O-glycosylation in Bacteroides spp. Bacteroides
is the numerically dominant genus of the human intes-
tinal microbiota, and members of this genus produce a
vast number of glycan structures, including at least eight
different phase-variable capsular polysaccharides, four

REVIEWS

of which may contain a terminal fucose residue'?'-'*.

Investigations into fucose utilization by Bacteroides spp.
found that exogenous L-fucose from the host is incorpo-
rated not only into multiple bacterial capsular polysac-
charides but also into oligosaccharides that are added
onto glycoproteins'>*'>>12¢. Mutational analyses of one
of the eight identified glycoproteins, BF2494, revealed
that three sites are modified, but the glycan structure
could not be determined. Subsequent mutational analy-
ses of the glycosylation sites uncovered an unexpected
amino acid motif for O-glycosylation in Bacteroides
fragilis — Asp-Ser/Thr-Ala/Ile/Leu/Val/Met/Thr —
in which the last amino acid requires a methyl group.
The gene locus that was identified as being involved in
O-glycosylation (termed Ifg for locus of B. fragilis gly-
cosylation) contained, among other genes, a putative
flippase and five putative GTases. Similar genetic loci
were found in Bacteroides caccae, Bacteroides ovatus,
Bacteroides thetaiotaomicron, Bacteroides uniformis
and Bacteroides vulgatus, and all of these species were
shown to produce O-linked glycoproteins'?®. Interestingly,
the Gram-negative bacteria Flavobacterium meningosep-
ticum (now called Elizabethkingia meningoseptica) and
Flavobacterium columnare also O-glycosylate several
secreted proteins (including the first-described endo-f-
N-acetylglucosaminidase (EndoH), capable of cleaving
eukaryotic N-linked glycans'?’) with a heptasaccha-
ride containing mannose, rhamnose, glucuronic acid,
2-acetamido-2-deoxyglucuronic acid and its methylated
derivatives. The glycan is localized at Asp-Ser and Asp-
Thr-Thr consensus sites similar to the sequon identified
for the Bacteroides spp. described above'2$-1%.

A B. fragilis strain deficient in the ability to fuco-
sylate its surface glycoproteins and/or capsular polysac-
charides was out-competed by the wild type in mouse
co-infection studies'?. This suggests that fucosylation
gives these bacteria a survival advantage in the mam-
malian intestinal ecosystem'**'** and allows them to be
immunologically inert through molecular mimicry of
their host''. However, it has yet to be shown whether
protein glycosylation has a specific function or whether
these phenotypes are due to changes in bacterial capsular
polysaccharides, which have already been shown to play
many important roles in interactions with the host.

O-mannosylation in Gram-positive actinomycetes.
It has long been known that, among the actinomyc-
etes, Streptomyces spp. and Mycobacterium spp. glyco-
sylate several bioactive natural products and secreted
antigens'*. For example, two surface lipoproteins of
Mycobacterium tuberculosis are O-glycosylated, and
the implicated transferase has structural similarity with
eukaryotic protein mannosyltransferases'>'**. The
process of O-mannosylation in all three domains of life
was recently reviewed'®. In Streptomyces coelicolor, the
phosphate-binding protein PstS is O-glycosylated with a
trihexose by the mannosyltransferase Pmt, a membrane-
bound lipoprotein'*. Thus, O-mannosylation seems to
be a general pathway found in all actinomycetes. This
process also requires a lipid carrier, similarly to what has
been described for Neisseria spp. and Pseudomonas spp.
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(FIG. 4b), but the LLO would need to be flipped across
the outer membrane of these Gram-positive organ-
isms. In vivo glycosylation studies suggest that Pmt does
not glycosylate Ser or Thr residues nonspecifically but,
rather, has a target site preference’**. However, despite
the fact that all glycosylated residues in the actinomyc-
etes are located close to the amino or carboxyl termini
of the target proteins, a consensus sequence has not been
identified so far.

Conclusions and perspectives

The study of bacterial glycoprotein pathways has been
hindered in the past by the inherent complexity of these
systems and the lack of specialized analytical methods
for their interpretation. However, a growing number
of bacterial N-linked protein glycosylation pathways
have now been identified that are predicted to proceed
through the sequential addition of nucleotide-activated
sugars onto membrane-anchored lipids, followed by
the translocation of the synthesized oligosaccharide
across the inner membrane and subsequent attachment
of the sugar chain onto Asn residues of specific pro-
tein sequons. The prototype for the study of this path-
way has been C. jejuni. By contrast, there are several
examples of bacterial O-linked glycosylation systems
in which GTases sequentially add nucleotide-activated

sugars directly onto specific proteins at Ser or Thr resi-
dues with no obvious sequon requirement. These two
mechanisms of bacterial protein glycosylation resemble
those that have been extensively studied in eukaryo-
tes. In addition, general O-linked pathways have been
described that involve a lipid-linked anchor from which
a block of sugars are transferred onto multiple proteins
and, in some cases, a sequon has been identified. Even
more unexpectedly, a process for N-glycosylation in
the bacterial cytoplasm has been described that utilizes
multifunctional GTases capable of transferring differ-
ent nucleotide-activated sugars onto Asn as well as onto
other sugars.

This rapidly increasing repertoire of GTases and
OTases provides an enormous array of both sugar-specific
and promiscuous enzymes that may eventually allow the
synthesis of any saccharide and its transfer onto a protein
(BOX 2). The potential of combinatorial glyco-engineering
strategies from both evolutionary and applied perspec-
tives, together with the optimization and exploitation of
currently available in vivo and in vitro systems, should
enable the large-scale production of recombinant glyco-
proteins for the generation of glycoconjugates with indus-
trial and medical applications. In turn, this will no doubt
revolutionize the methods by which glycoconjugate
vaccines are produced in the future.
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