
Bacterial Protein
N-Glycosylation: New
Perspectives and Applications*
Published, JBC Papers in Press, January 17, 2013, DOI 10.1074/jbc.R112.417857

Harald Nothaft1 and Christine M. Szymanski2

From the Alberta Glycomics Centre and Department of Biological Sciences,
University of Alberta, Edmonton, Alberta T6G 2E9, Canada

Protein glycosylation is widespread throughout all three
domains of life. Bacterial protein N-glycosylation and its appli-
cation to engineering recombinant glycoproteins continue to be
actively studied. Here, we focus on advances made in the last 2
years, including the characterization of novel bacterialN-glyco-
sylation pathways, examination of pathway enzymes and evolu-
tion, biological roles of protein modification in the native host,
and exploitation of theN-glycosylation pathways to create novel
vaccines and diagnostics.

Protein modification with carbohydrates is common in all
domains of life and provides mechanisms for the control of
various cellular processes, including signal transduction, pro-
tein folding, targeting, stability, cell-cell and virus-cell interac-
tions, and host immune responses (1–4). First thought to be
exclusively of eukaryotic origin, it is now well established that
protein glycosylation also occurs in Archaea (for review, see
Ref. 5) and in Bacteria (for review, see Ref. 6). Despite the fact
that an increasing number of bacterial protein modification
systems are being discovered (6), the best studied pathway
remains the one in Campylobacter jejuni, where a general
N-linked protein glycosylation (pgl) system was first described
more than a decade ago (7). We now know that �60 periplas-
mic and membrane-bound proteins are N-glycosylated with a
conserved heptasaccharide in this gastrointestinal pathogen
(8).
The heptasaccharide �-D-GalNAc(1–4)�-D-GalNAc(1-

4)�-D-GalNAc(�-D-Glc(1–3))(1– 4)�-D-GalNAc(1–4)�-D-
GalNAc(1–3)�-D-di-N-acetylbacillosamine (diNAcBac)3-�1 is
assembled from nucleotide-activated sugars onto an undeca-
prenyl phosphate (Und-P) lipid carrier. The reducing end
sugar, diNAcBac or 2,4-diamino-2,4,6-trideoxy-D-glucose (also
called N-acetyl-quinovosamine), is a derivative of the amino
sugar bacillosamine, which was discovered �50 years ago by
Nathan Sharon in Bacillus licheniformis (9). diNAcBac is syn-
thesized by the consecutive action of a dehydratase (PglF), an
aminotransferase (PglE), and an acetyltransferase (PglD) on

UDP-GlcNAc (10, 11) and transferred to Und-P by PglC (12).
After stepwise extension mediated by four glycosyltransferases
(GTases), PglA, PglJ, PglH, and PglI (13, 14), the full-length
Und-PP-linked heptasaccharide (lipid-linked oligosaccharide
(LLO)) is then flipped by the ATP-dependent flippase PglK
from the cytosolic side of the bacterial inner membrane toward
the periplasmic space (14, 15). The oligosaccharyltransferase
(OTase) PglB is the key enzyme of the pathway and is homolo-
gous to the STT3 subunit from the eukaryotic OTase complex
(16). PglB catalyzes glycan transfer from the lipid carrier to
specific asparagines within flexible loops of folded acceptor
proteins (17) that carry the bacterial glycosylation sequon (D/
E)XNZ(S/T) (where X and Z can be any amino acid except pro-
line) (18). PglB also releases the heptasaccharide as free
oligosaccharides into the periplasmic space, and this hydrolase
activity is influenced by the osmotic environment of the cell
(19).
In eukaryotes, the OTase complex transfers a tetradecasac-

charide unit (Glc3Man9GlcNAc2) to proteins, and these sugars
are further modified by additional glycosyl hydrolases and
GTases to yield a heterologous mixture of N-glycoproteins (1,
20, 21). Although the C. jejuni N-glycans are homogeneous in
structure, the OTase is capable of recognizing various sub-
strates (22–24) and is limited only by the requirement for an
acetyl group at C-2 of the reducing end sugar (24, 25). The
promiscuity of theC. jejuniPglBOTase coupledwith the ability
to function in Escherichia coli (16) in combination with
enzymes from lipopolysaccharideO-antigen biosynthetic path-
ways and variousGTases of bacterial and eukaryotic origin pro-
vides opportunities to produce defined sugar structures on
select acceptor proteins (see below for details).

Bacterial N-Linked Protein Glycosylation: An Update

There have been several publications and reviews describing
the classical N-glycosylation pathway in the �-subdivision of
Proteobacteria over the last decade (for literature selection, see
Refs. 6, 26, and 27). It has been demonstrated that nearly all
bacteria within this class, which includes Campylobacter,Heli-
cobacter, andWolinella species, possess at least one ortholog of
the bacterial OTase (for review, see Ref. 6). In addition, a subset
of Deltaproteobacteria, including Desulfovibrio species, also
possess the N-glycan pathway (28, 29).

Periplasmic N-Glycosylation Pathways in
Epsilonproteobacteria: Variations of a Common Theme

In contrast to C. jejuni, in which a single pglB gene is located
within a gene cluster encoding all enzymes required for biosyn-
thesis of theN-linked glycan, in otherCampylobacter andHeli-
cobacter species, the pgl genes are more dispersed across the
genome (6, 30–32) and may contain two copies of pglB (6, 31).
The composition of the N-glycans is also more variable than
originally thought (Fig. 1) (6, 33, 34). Helicobacter pullorum
produces a linear pentasaccharide with unknown sugar resi-
dues with masses of 216 and 217 Da (31). Wolinella succino-
genesproduces a hexasaccharide containing three 216-Damon-
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osaccharides and an unusual 232-Da residue at the non-
reducing end and is the only species so far that has a sugar
branching off the second sugar from the reducing end (30).
At least 16 different structures were identified in theCampy-

lobacter genus (Fig. 1) (30, 32). In all species examined, the first
two to three reducing end sugars (which include diNAcBac)
were conserved, and all of the variation occurred at the nonre-
ducing end. On that basis, Campylobacter species were divided
into two groups (32). Group I (Cj group) includes thermotoler-
ant strains that (except for the Campylobacter lari-like species,
which lacks the glucose branch) produce the C. jejuni heptasa-
ccharide. The non-thermotolerant Campylobacter species
(Group II) express differentN-glycan chain lengths from hexa-
saccharides to octasaccharides and, in some cases, produce
from two to four structural variants. The presence of monosac-
charides with unusual masses of 217 Da (as observed inH. pul-
lorum (31), Hilicobacter winghamensis (31), Campylobacter
rectus,Campylobacter showae,Campylobacter curvus,Campy-
lobacter mucosalis (32), and Campylobacter concisus (30) and
predicted to be 2-acetamido-2-deoxy-D-galacturonic acid (32)),
234 Da (identified as glucolactilic acid in C. concisus but also
present in other species (32)), and 245 Da (present in Campy-
lobacter hominis (32) and predicted to be anO-acetylated Hex-
NAc (32)) suggests that some Campylobacter species have
acquired these unique sugars independently (32).

Interestingly, the overlap in theN-glycoproteomewas shown
to bemarginal, with the exception of the SecG protein, which is
part of the general protein secretory machinery and has been
demonstrated to be a target for N-glycosylation in every Cam-
pylobacter species examined (32). Although a variety of pheno-
types are associated with loss of protein glycosylation (see “Bio-
logical Significance” below), it appears that this machinery has
specific targets requiring N-glycosylation, and modification of
other proteins may occur simply because they possess a sequon
for N-glycosylation.
In addition to the variety inN-glycan structures, non-carbo-

hydratemodifications can be found. Scott et al. (35) identified a
phosphoethanolamine (pEtN) residue attached to the terminal
GalNAc of the N-glycan of C. jejuni on multiple proteins.
Although pEtNwas not an immunodominant epitope, deletion
of the gene in C. jejuni JHH1 resulted in reduced motility and
increased sensitivity toward polymyxin B (35). Interestingly,
the glycans of Campylobacter gracilis were found to be nearly
100% pEtN-modified on the free oligosaccharides and �50%
modified on the glycoprotein, with non-modified forms being
present on the same acceptor peptide (32). pEtNmodifications
are frequently present on lipid A and lipopolysaccharide core
structures and also have been recently identified to modify the
C. jejuni flagellar hook protein FlgG (36).

FIGURE 1. Known bacterial N-glycan structures from strains possessing orthologs of the pgl gene cluster. The numbers in parentheses following each
strain designation refer to the publication in which the structure was first described: 1, Ref. 32; 2, Ref. 31; 3, Ref. 30; 4, Ref. 29; 5, Ref. 92; 6, Ref. 34; and 7, Ref. 81.
The numbers next to certain structures indicate that differences in the composition of the oligosaccharides were reported. Symbols representing individual
monosaccharides are explained on the right. PE, pEtN. AllNAc, N-acetylallosamine.
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However, the question of why this modification is added to
the free oligosaccharides and N-glycans of only two species
when all Campylobacter species possess a pEtN transferase
homolog remains to be answered. Interestingly, Neisseria spe-
cies that have a general pathway for O-glycosylation further
modify their O-glycosylated pili and at least two other glyco-
proteins with pEtN, phosphocholine, and phosphoglycerol, but
these modifications are added to unoccupied Ser/Thr residues
on the protein and not directly to the sugars (37, 38).

Biological Significance

Disruption of theC. jejuniN-glycosylation pathway results in
pleiotropic phenotypes, including loss of protein recognition by
both human (39) and rabbit (7, 40) immune sera (Fig. 2). The
observation that multiple proteins lose antibody reactivity
when the pgl genes are disrupted led to the initial discovery of
this general glycosylation pathway (7). Subsequently, it was
demonstrated by van Sorge et al. (41) that theC. jejuniN-glycan
can also be recognized by the innate immune system through
the C-type lectin known as MGL (macrophage galactose lectin
receptor with specificity for N-acetylgalactosamine) on den-
dritic cells. Mutation of the pgl genes also influences bacterial
adherence and invasion of cultured intestinal cells in vitro as
well as mouse and chicken colonization in vivo (40, 42, 43). Of
the �60 proteins that have been annotated and demonstrated
to be modified with N-glycans in C. jejuni (8), the majority are
part of protein complexes. Despite the fact that several studies
have demonstrated the importance of N-glycosylation in
C. jejuni pathogenesis, the general role of the N-glycans is still
unknown. Site-directed mutagenesis within the N-glycosyla-

tion sequon has been used to study proteins such as Cj1496c,
ZnuA, and VirB10 (44–46). Removal of the N-linked glycans
from Cj1496c, a protein involved in epithelial cell invasion and
chicken colonization, and ZnuA, which is important for sur-
vival in low-zinc environments, showedno significant influence
on the function of these proteins (42, 45). Similarly, the N-gly-
can on the surface-associated lipoprotein JlpA, an adhesin
required for chicken colonization, was not required for protein
antigenicity (47, 48), and N-glycosylation of two mechanosen-
sitive channel proteins had no major effect on their function
and stability (49). However, N-glycosylation at one site of
VirB10, a periplasmic component of the type IV secretion sys-
tem,was shown to be important forDNAuptake and stability of
the complex (44). This was the first study to suggest thatN-gly-
cans are potentially involved in the proper assembly and func-
tion of protein complexes in C. jejuni.
CmeABC is themajor efflux pump inC. jejuni responsible for

conferring resistance to a broad range of antibiotics and bile
salts and is also required for colonization of chickens in vivo
(50). The three components of the CmeABC multidrug efflux
pump in C. jejuni are also N-glycosylated. Mutagenesis of the
Asn123 and Asn273 sites of the periplasmic component of this
efflux pump, CmeA, demonstrated similar patterns of antimi-
crobial sensitivity and reduced chicken colonization levels as a
cmeA mutant.4 Because CmeA protein levels were not altered
in the N-glycosylation mutant, studies are under way to deter-
mine whether N-glycosylation influences pump assembly.

4 R. Dubb, H. Nothaft, J. Wong, T. L. Ravio, and C. M. Szymanski, manuscript in
preparation.

FIGURE 2. Importance of N-glycosylation for C. jejuni. Disruption of the bacterial N-glycosylation pathway leads to reduced intestinal epithelial cell adher-
ence and invasion in vitro and reduced colonization of mice and chickens in vivo. The N-glycans at the nonreducing end are also recognized by both adaptive
(i.e. antibodies) and innate (i.e. MGL receptors on dendritic cells) immune mechanisms. Although removal of the N-glycan does not influence the biological
activity of several proteins, the N-glycans are important for the function of the type IV secretion system and for the CmeABC multidrug efflux pump. Graphics
were done by Thuan Nguyen.
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Evolutionary Perspective
Because allCampylobacter species but one possess a pgl gene

cluster with counterparts showing high levels of similarity and
synteny (32), this suggests that theN-glycan pathway was likely
present in the common ancestor of the Campylobacter genus
prior to the division into species. Thus, it is not surprising that
the first two to three reducing end sugars are conserved in all
species capable of protein glycosylation (Fig. 1). This is in con-
trast to the diverseN-glycan structures at the nonreducing end,
which are subjected to pressures to evolve due to immune rec-
ognition. This is emphasized by the observation that C. jejuni
N-glycan-specific antibodies recognize only the full-length
heptasaccharide and do not react against pathway mutants
devoid of the nonreducing end sugars (19, 51). We have also
shown that C. jejuni N-glycan antibodies do not react against
N-glycans produced by non-thermotolerant Campylobacter
species, and conversely, antibodies raised against the N-glycan
of Campylobacter fetus fetus react only with N-glycans of spe-
cies with the same terminal glycans (Fig. 1), although the three
reducing end sugars are identical between these species (32).
Of the 29 Campylobacter species capable of N-glycosylating

their proteins, all form theN-linkage to asparagine through the

unusual diNAcBac sugar (Figs. 1 and 3) (32). In contrast, all
eukaryotes form N-linkages through GlcNAc. To synthesize
diNAcBac, bacteria start with UDP-GlcNAc andmake the con-
version using three enzymes, PglD, PglE, and PglF (as outlined
above). All Neisseria species examined to date O-glycosylate
their proteins. Synthesis of the oligosaccharide occurs on
Und-P, followed by flipping across the membrane and addition
to Ser/Thr residues of multiple target proteins by the promis-
cuous PglL OTase (52–54). Although this genus belongs to the
Betaproteobacteria, they also predominantly use diNAcBac at
the reducing end (referred to as DATDH (diacetamidotride-
oxyhexose) in the literature because the absolute conformation
of the hexose has not beendetermined), althoughother variants
such as GATDH (glyceramidoacetamidotrideoxyhexose (55)
and DADDGlc (diacetamidodideoxyglucopyranose (56)) have
been detected. Thus,Neisseria species also possess homologs of
the PglFED enzymes. Phylogenetic analyses of these three
enzymes, which convertUDP-GlcNAc toUDP-diNAcBac from
all strains known to produce N-glycans and Neisseria species
containing the pgl locus, showed the formation of two distinc-
tive clades (Fig. 3) (data not shown). These results suggest that
the Campylobacter and Neisseria protein glycosylation path-

FIGURE 3. Use of diNAcBac for bacterial protein glycosylation. Shown is a structural comparison (space-filling models provided by Michelle Richards) of the
bacterial diNAcBac residue (A) and the eukaryotic GlcNAc residue (B) attached to asparagine for N-glycosylation (highlighted in green). C, dendrogram of
proteobacterial PglE (the aminotransferase involved in diNAcBac synthesis) amino acid sequences. Protein sequences were extracted from the draft or
completed genome sequences for the taxa illustrated in the tree. The dendrogram was constructed using a neighbor-joining algorithm and the Poisson
distance estimation method. The scale bar represents substitutions per site. Similar dendrograms were obtained for PglD (acetyltransferase) and PglE (dehy-
dratase) (data not shown).
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ways have convergently evolved to use diNAcBac. Why this
unusual sugar is produced by two different bacterial protein
glycosylation systems remains a mystery. It is also surprising to
see that the enzymes from W. succinogenes (which uses
diNAcBac) (30) cluster with those from Helicobacter species
possessing pgl gene loci, including pglFED, but use HexNAc as
the reducing end sugar (31). Desulfovibrio species were
excluded from these analyses because they do not possess obvi-
ous PglFED orthologs. This is supported by x-ray crystallogra-
phy data demonstrating that the reducing end sugar of Desul-
fovibrio gigas is GlcNAc (29).

Gammaproteobacteria Do It, Too! The Cytoplasmic
N-Glycosylation Pathway

In 2003, St Geme and co-workers (57) demonstrated that the
extracellular high-molecular weight non-pilus adhesin HMW1
of the Gram-negative bacterium Haemophilus influenzae was
modified with mono- or dihexoses on asparagine residues.
HMW1 mediates attachment to human epithelial cells, an
essential step in the establishment ofH. influenzae disease (58–
60). HMW1C is a unique GTase that is required for glycosyla-
tion of HMW1 in the cytoplasm, and glycosylation was shown
to be essential for HMW1 stability and translocation to the
bacterial surface (57). Thirty-one modification sites were iden-
tified in HMW1, and all but one of the asparagines is within the
conventional consensus sequence for eukaryotic N-glycosyla-
tion, NX(S/T) (61). In a subsequent study, HMW1C was dem-
onstrated to have substrate specificity for UDP-�-D-glucose
and UDP-�-D-galactose, but with the prerequisite that glucose
must be the first hexose linked to asparagine in the glycopep-
tides containing dihexose modifications prior to further modi-
fication by the same enzyme (62). Because HMW1C orthologs
can be found in several otherGram-negative pathogens, includ-
ing enterotoxigenic E. coli, Yersinia pseudotuberculosis, Yers-
inia enterocolitica, Yersinia pestis, Haemophilus ducreyi,
Actinobacillus pleuropneumoniae, Mannheimia spp., Xan-
thomonas spp., andBurkholderia spp., among others (62), these
proteins were suggested to constitute a new family of bacterial
enzymes capable of creating N-linked carbohydrate-protein
and carbohydrate-carbohydrate bonds in the cytoplasm that do
not require the formation of the monosaccharide units on a
lipid-linked intermediate (61).
Recently, the structure of the HMW1C ortholog of A. pleu-

ropneumoniae that is capable of glycosylating theH. influenzae
HMW1 adhesin in vitro and in vivo (63) was solved (64). Struc-
ture-guided modeling in combination with site-directed
mutagenesis and glycosylation assays demonstrated that the
H. influenzae HMW1C protein adopts the same structure as
A. pleuropneumoniaeHMW1C,with critical residues for UDP-
hexose binding and residues for acceptor protein binding being
conserved (64). Schwarz et al. (65) confirmed that theHMW1C
ortholog from A. pleuropneumoniae is an inverting GTase that
transfers a glucose or galactose moiety (with specificity for
UDP-glucose) to asparagine within the eukaryotic NX(S/T)
consensus sequence, but the enzyme did not further elongate
the N-linked monosaccharide. An additional, glucose-specific,
polymerizing glucosyltransferase elongates the N-linked glu-
cose, adding two glucose residues (and up to six residues in

excess of donor) to generate Glc�(1–6)Glc�(1–6)Glc (65).
Despite lacking the need for Asp/Glu at the �2 position of the
sequon, HMW1Cproteins could not glucosylate short peptides
that work for C. jejuni PglB (22), indicating that binding of the
substrate to the enzymemight require an extended contact sur-
face (65). A proline in the �1 position of the acceptor peptide
impaired glycosylation (like C. jejuni PglB). HMW1C does not
requiremetal ions (unlikeC. jejuni PglB) but operates on folded
proteins (like C. jejuni PglB). Because HMW1C does not share
any sequence identity with PglB and because of the fact that the
two enzymes belong to two structurally unrelated GTase fam-
ilies, these bacterial N-glycosylation systems seem to have
evolved independently in two genera within two different bac-
terial classes and in different compartments of the cell.

Bacterial Glycoengineering: A New Discipline Is on the
Rise

Conjugate vaccines, which are composed of polysaccharide
antigens covalently linked to carrier proteins, have been dem-
onstrated to be the most effective and safest vaccines against
bacterial pathogens. In contrast to isolated bacterial polysac-
charides, conjugate vaccines induce a long-lasting T-lympho-
cyte-dependent immunological memory (66, 67) and thus have
played an enormous role in preventing infectious diseases (67,
68).However, themajority of these vaccines are based on chem-
ical conjugation of a protein to either purified polysaccharide
from a natural source or carbohydrates produced by multiple
chemical synthesis steps, an expensive and time-consuming
process yielding variable products (69). Bacterial glycoengi-
neering may provide a solution to facilitate the production of
such compounds in a cost-effective and homogeneousmanner.
The functional transfer of theC. jejuni glycosylationmachin-

ery intoE. coli started the era of bacterial glycoengineering (16).
The C. jejuni-derived glycoprotein CmeA, a periplasmic com-
ponent of the multidrug efflux pump, was the preferred N-gly-
can acceptor protein to be modified with various bacterial
oligosaccharides in a PglB-dependent manner (23, 24). Now,
researchers can take advantage of this system for the creation of
novel glycoconjugates (70).

Vaccines, Therapeutic Proteins, and Novel Glycans

A novel vaccine against Brucella abortus, a major cause of
brucellosis in humans and livestock (71, 72), was described
recently (73). The purified glycoconjugate, produced by PglB-
dependent coupling of an N-formylperosamine homopolymer
to C. jejuni CmeA, induced a pathogen sugar-specific IgG
response in mice but was not protective in challenge experi-
ments. However, when the recombinant glycoprotein was
coated onto magnetic beads, it was efficient in differentiating
between naïve and infected bovine sera, thus acting a useful
diagnostic tool (73). Ihssen et al. (74) produced two glycocon-
jugates as potential vaccine candidates against Shigella dysen-
teriae type 1 by PglB-dependent coupling of the ShigellaO1-an-
tigen to eitherC. jejuniCmeAor a toxoid form of Pseudomonas
aeruginosa exotoxin A with engineered N-glycosylation sites.
Similarly, Hug et al. (75) engineered E. coli to generate a Lewis
X (Gal�(1–4)(Fuc�1–3)GlcNAc-) glycan-containing glyco-
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protein (C. jejuni CmeA) in a combined in vivo and in vitro
approach.
These examples, together with previous results (16, 23, 24),

demonstrate that it is now feasible to produce a variety of bac-
terial glycans attached to protein acceptors with relative ease.
However, the synthesis of eukaryote-like oligosaccharides to
generate humanized glycoproteins is still a challenge within the
field of bacterial glycoengineering. Recently, a combination of
in vivo and chemoenzymatic approaches produced homogene-
ous eukaryotic N-glycoproteins by in vitro trimming and
remodeling of a bacterially generatedN-linked glycan by trans-
glycosylation (76). In this proof-of-concept study, the authors
were able to generate a natural high mannose-type glycan
(Man9GlcNAc2) and a biantennary complex-type N-glycan
attached to CmeA as well as two eukaryotic proteins, the CH2
domain of human IgG-Fc and the single-chain antibody F8 (76).
A big step forward was the complete in vivo synthesis of a
eukaryotic trimannosylchitobiose glycan by expressing four
eukaryotic GTases and the subsequent transfer (via C. jejuni
PglB) to acceptor proteins in E. coli (77). Despite the fact that
only a very small fraction of each acceptor protein was glycosy-
lated under the tested conditions, this study sets the stage for
further engineering of eukaryotic glycoproteins using bacterial
systems (77).
N-Linked protein glycosylation can also improve the bio-

physical and pharmacokinetic properties of existing therapeu-
tic proteins such as antibodies when expressed and N-glycosy-
lated in eukaryotic cell lines (78, 79). Using the bacterial system,
Lizak et al. (80) demonstrated that introduction of two N-gly-
can acceptor sites and subsequent N-glycosylation of a single-
chain antibody (scFv 3D5) with the C. jejuni N-glycan in E. coli
significantly increased the proteolytic stability and solubility
without influencing the affinity and serum stability of the sin-
gle-chain antibody. However,N-glycosylation did not affect the
overall clearance rate in the murine model system, which was
probably due to the properties of the attached C. jejuni N-gly-
can (80).

Understanding and Improving N-Glycosylation

The x-ray crystal structure ofC. lari PglB, which is 56% iden-
tical to C. jejuni PglB and complements C. jejuni PglB function
in E. coli (80, 81), was solved in complex with the DQNATF
acceptor peptide. This structure greatly advanced our under-
standing of the detailedmechanism forN-linked protein glyco-
sylation at a molecular level (82). The structure not only iden-
tified the acceptor peptide-binding and catalytic sites in the
transmembrane domain but provided insights into the mecha-
nism of sugar transfer from LLOs to acceptor proteins. The
structural requirements of the acceptor peptide (flexible loop
formation), as well as important amino acid residues within
C. lari PglB that explain the peptide sequon requirements and
the catalytic mechanism (including divalent metal ion com-
plexing), were identified.
Topology predictions further demonstrated the commonal-

ity of three motifs in bacterial, archaeal, and eukaryotic OTases
that were the target for mutagenesis and functional analysis
within C. jejuni PglB (83, 84). C. jejuni PglB activity was either
low, medium, or completely abolished in point mutants with

substitutions of amino acid residues that are involved in sub-
strate binding and catalysis, confirming and supporting the
observations made by Lizak et al. (82) for C. lari PglB. Genetic
and functional analysis suggested that a 568MXXI571 motif has
an impact on C. jejuni PglB function (84); in addition, single
point mutations introduced into the conserved 475DXXK478

motif, earlier identifiedwithin theOTase of Pyrococcus furiosus
(85), implied that Asp475 is involved but does not play an essen-
tial role in PglB activity (83). However, double valine or alanine
substitutions of the Asp475 and Lys478 sites resulted in the com-
plete loss of C. jejuni CmeA glycosylation activity in E. coli, an
effect more drastic than a single Asp475 substitution.5 The fact
that D475V and K478V single and double point mutants dis-
played a significant reduction in PglB-mediated free oligosac-
charide release andN-glycosylation levels when analyzed in the
native C. jejuni host suggests that these residues are indeed
important for PglB activity.5

The PglB structure in combination with in vitro evolution
systems such as cell-surface and phage display (86, 87) will lead
to the creation of OTases that efficiently glycosylate eukaryotic
acceptor sites. The identification and characterization of novel
OTases (88), especially those withmore relaxed substrate spec-
ificities (28, 81), will assist in engineering novel antigens. The
use of codon-optimized GTase- and OTase-encoding genes,
better glycoconjugate production strains, and improved culture
conditions and glycoconjugate purification methods (74, 80,
89–91) will further aid to optimize novel and already existing
glycoconjugate expression systems.

Conclusions

Over the last decade, an incredible amount of progress has
been made in our understanding of bacterial N-glycosylation
systems. However, several key questions still remain. For
instance, what are the main targets for N-glycosylation?
Although tremendous progress has been made in the field of
bacterial glycoengineering, there is still room for improvement
and it needs to be determined whether it will be possible to
produce humanized therapeutic proteins in the bacterial sys-
tem in large enough quantities to make it feasible to replace
existing technologies. Analogous to eukaryotes, which require
flipping of a LLO from the cytoplasm to the lumen of the endo-
plasmic reticulum, protein N-glycosylation has been detected
only in Gram-negative bacteria, which contain two mem-
branes.Whydoonly someGram-negative bacteriamodify their
proteins with sugars, whereas others use the same proteins
without modification? Why was diNAcBac selected twice dur-
ing bacterial evolution to act as the sugar that links oligosaccha-
rides to proteins? Are there additional protein targets for the
cytoplasmic HMW1C-dependent glycosylation pathway, or do
these organisms use this pathway solely for the purpose of gly-
cosylating the adhesion needed for human cell attachment?
What are the exact roles of the sugars on the adhesin? The
answers to the many remaining questions will provide more
insight into the process of asparagine-linked protein glycosyla-
tion in bacteria.

5 Y. Barre, H. Nothaft, X. Liu, J. Li, K. Ng, and C. M. Szymanski, manuscript in
preparation.
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