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Glycosylation is the most abundant protein modification
found in nature, occurring across all kingdoms of life.1

The great variety of carbohydrates coupled with the vast number
of possible carbohydrate linkages serve to diversify the proteome
in a manner beyond what is directly encoded in the genome.
The appendage of a glycan to a protein can profoundly impact
structure and function, playing important roles in protein
stability and rigidity, intracellular localization, cellular signaling
and adhesion, and the immune response.

There are three major types of protein glycosylation that have
been observed in nature: N-linked, O-linked, and GPI-
anchored.2 N-Linked glycosylation, the focus of this review,
involves the en bloc transfer of an oligosaccharide onto the side
chain amide nitrogen of asparagine residues within acceptor
proteins. In the case of O-linked glycosylation, monosaccharides
are typically added in a sequential manner onto the side chain
hydroxyl oxygen atom of either serine or threonine residues,
exemplified in the biosynthesis of O-linked mucin glycans,3 or
may involve only a single carbohydrate, such as in dynamic
O-GlcNAcylation.4 However, in recent years, glycosylation of
other residues, including tyrosine, hydroxylysine, and hydroxy-
proline, has also been found.5,6 In the third major type of
glycosylation, a complex glycosylphosphatidylinositol moiety
(GPI anchor) is transferred to the C-terminus of a target protein,
serving to tether it to the cell membrane.7 Other classes of
protein glycosylation have also been described in addition to

these three main classes, including phosphoglycosylation8,9 and
C-mannosylation,10 although the biochemical details of these
modifications are still unclear and require further investigation.

While N-linked glycosylation was once believed to be limited
to eukaryotes, it is now firmly established that this complex
modification also occurs in bacteria and archaea.11,12 In the past
10 years, the field of N-linked glycosylation has witnessed
enormous strides in the discovery of new and unusual carbohy-
drates, the elucidation of the enzymes involved in glycan
assembly and processing, and understanding the biological
impact that these glycan modifications have on the structure
and function of target proteins. These advances have been fueled
in large part by a number of technological breakthroughs,
including the development of powerful mass spectrometric
methods that have allowed characterization of minute quantities
of low-abundance glycans and high-throughput sequencing of
prokaryotic genomes, which has provided evidence that N-linked
glycosylation is more widespread than initially believed.13,14 In
this review, recent developments in the field of N-linked glyco-
sylation across the three kingdoms of life will be discussed, with
an emphasis on work conducted in the past five years. Special
focus will be placed on the different means by which the glycans
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ABSTRACT: Asparagine-linked glycosylation involves the se-
quential assembly of an oligosaccharide onto a polyisoprenyl
donor, followed by the en bloc transfer of the glycan to particular
asparagine residues within acceptor proteins. These N-linked
glycans play a critical role in a wide variety of biological processes,
such as protein folding, cellular targeting and motility, and the
immune response. In the past decade, research in the field of
N-linked glycosylation has achieved major advances, including
the discovery of new carbohydratemodifications, the biochemical
characterization of the enzymes involved in glycan assembly, and
the determination of the biological impact of these glycans on
target proteins. It is now firmly established that this enzyme-
catalyzed modification occurs in all three domains of life. However, despite similarities in the overall logic of N-linked glycoprotein
biosynthesis among the three kingdoms, the structures of the appended glycans are markedly different and thus influence the
functions of elaborated proteins in various ways. Though nearly all eukaryotes produce the same nascent tetradecasaccharide
(Glc3Man9GlcNAc2), heterogeneity is introduced into this glycan structure after it is transferred to the protein through a complex
series of glycosyl trimming and addition steps. In contrast, bacteria and archaea display diversity within their N-linked glycan
structures through the use of unique monosaccharide building blocks during the assembly process. In this review, recent progress
toward gaining a deeper biochemical understanding of this modification across all three kingdoms will be summarized. In addition, a
brief overview of the role of N-linked glycosylation in viruses will also be presented.
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are assembled, the variety in the glycan structures, and how this
structural diversity imparts function to specific glycoproteins. In
addition, a brief overview of the role that N-linked glycosylation
plays in viruses will be presented as well.

’N-LINKED GLYCOSYLATION IN EUKARYOTES

Assembly of Eukaryotic N-Linked Glycans. In eukaryotes,
N-linked glycosylation occurs at the membrane of the endoplas-
mic reticulum (ER) and involves the transfer of a tetradecasac-
charide (Glc3Man9GlcNAc2) from a dolichyldiphosphate carrier
onto the amide side chain nitrogen of an acceptor protein
(Figure 1). Although a majority of the genetic and biochemical
characterization of this pathway has been achieved in Sacchar-
omyces cerevisiae, the process is remarkably conserved in all
eukaryotes, from yeast to humans.15,16 In S. cerevisiae, glycan
assembly is carried out by a series of membrane-bound glycosyl-
transferases in the Alg family (asparagine-linked glycosylation),
which catalyze the transfer of each monosaccharide onto a
dolichyldiphosphate carrier. Dolichol, a long chain R-saturated
polyisoprene that varies in size between 14 and 21 units
depending on the cell type and species,17 is phosphorylated by
a kinase (Sec59 in S. cerevisiae) prior to glycan assembly.18,19 In
addition to its role as a membrane anchor, dolichylphosphate
may serve other functions in the glycosylation process as well,
such as promoting membrane fluidity, facilitating translocation
across the ERmembrane, and potentially recruiting key enzymes
to the site of glycosylation.20�22

The first phase of glycan assembly takes place on the cyto-
plasmic face of the ER membrane, where a high concentration of
nucleotide sugar donors (UDP-GlcNAc and GDP-Man) act as
substrates for the early glycosyltransferases. Although these
enzymes have been implicated in the initial steps of glycan
assembly for quite some time, only in the past five years has
the biochemical activity of these glycosyltransferases been

unequivocally established. In S. cerevisiae, the pathway begins
with the addition of GlcNAc-1-P to the Dol-P carrier by Alg7,23

followed by the transfer of the second GlcNAc residue by the
Alg13/14 complex.24,25 Recent work has established that Alg13
and Alg14 interact to form a functional glycosyltransferase
capable of catalyzing GlcNAc transfer.26,27 The initial mannosy-
lation is performed by Alg1 and establishes the first branch point
in the glycan structure.28,29 Alg2 and Alg11 then sequentially
install the next four mannose residues, in which Alg2 conducts
R-1,6 and R-1,3 mannosylations, followed by two iterative R-1,2
mannose additions by Alg11 to yield the heptasaccharide.15,30�32

Genetic and biochemical studies have recently determined that
these early enzymes form discrete protein complexes in the ER
membrane that may be important for maintaining flux through
the pathway.33,34 After completion of the heptasaccharide, the
Dol-PP-GlcNAc2Man5 intermediate is flipped from the cytoplas-
mic to the lumenal face of the ER by a process that remains
unclear. While genetic studies have implicated Rft1 as the
required flippase,35 recent biochemical evidence has contradicted
this designation and suggested that Rft1 may in fact not be
required for translocation of the oligosaccharide intermediate.36�39

Figure 1. Pathway of N-linked glycosylation at the ER membrane in S. cerevisiae.

Figure 2. Structure of the eukaryotic N-linked glycan, Glc3Man9GlcNAc2.



4413 dx.doi.org/10.1021/bi200346n |Biochemistry 2011, 50, 4411–4426

Biochemistry CURRENT TOPIC

Further work in this area is necessary to characterize this elusive
process.
Glycan assembly continues on the lumenal side of the ER

membrane, where the four remaining mannosylations are cata-
lyzed by the actions of the S. cerevisiae enzymes Alg3, Alg9, Alg12,
and Alg9;40 Alg9 has been shown to transfer both R-1,2-linked
mannoses that cap two of the three branches of the glycan.41 The
three terminal glucose units are then installed onto the nascent
oligosaccharide by Alg6, Alg8, and Alg10, respectively, to afford
the final tetradecasaccharide Glc3Man9GlcNAc2 (Figure 2).40

Unlike the case in the first phase of the pathway, the glycosyl
donors on the lumenal side of the ER membrane are the
dolichylphosphate-linked monosaccharides Dol-P-Man and
Dol-P-Glc.42 These Dol-P-monosaccharides are synthesized by
the enzymes Dpm1 and Alg5 on the cytoplasmic face of the ER
membrane and then flipped into the lumen by an unknown
mechanism.43�45 The underlying reasons behind why the cell
switches to membrane-bound dolichylphosphate-linked glycosyl
donors in the ER lumen compared with the soluble nucleotide
sugars in the cytoplasm are unclear, but presumably the scarcity of
nucleotide sugar transporters in the ERmembrane is a critical factor.
Although the structure of the core Glc3Man9GlcNAc2 tetra-

decasaccharide is widely conserved across eukaryotes, several
species of protists have been found to assemble only truncated
forms of the glycan.46,47 Recent studies have found that these
truncations are due to a loss of certain sets of glycosyltransferases
over the course of evolution.48 For example, the causative agent
of Chagas disease, Trypanosoma cruzi, produces only Dol-PP-
GlcNAc2Man9 and is missing the glucosyltransferases Alg6, Alg8,
and Alg10.47 In contrast, Tetrahymena pyriformis has lost all
mannosylation function in the ER lumen, producing only Dol-
PP-GlcNAc2Man5Glc3.

49 In an extreme case, Plasmodium falci-
parum, a causative agent of malaria in humans, is missing all the
Alg glycosyltransferases except Alg7, thus generating only Dol-
PP-GlcNAc and providing an explanation for the difficulty in
identifying N-linked glycoproteins in this species.48,50

Transfer of Eukaryotic N-Linked Glycans. After the oligo-
saccharide has been assembled, it is transferred to the side chain
amide of acceptor proteins by the multimeric oligosaccharyl

transferase (OT) complex. In S. cerevisiae, OT comprises at least
eight membrane-bound subunits (Ost3/Ost6, Ost4, Stt3, Ost2,
Wbp1, Swp1, Ost5, and Ost1), and genetic studies have deter-
mined that at least five of these (Ost1, Ost2, Stt3, Swp1, and
Wbp1) are essential for survival (Figure 3A).51,52 Recent evidence
indicates that multiple isoforms of the OT complex containing
various combinations of subunits can exist within the same cell
and may serve to modulate both activity and specificity. For
example, OT isoforms containing Ost1 and Swp1 are required
for glycosylation of certain membrane proteins,53 while the
presence of either Stt3A or Stt3B impacts the kinetics and
timing of glycosylation, promoting either co- or posttransla-
tional catalysis.54

Despite challenges associated with isolation and expression of
the complex, several key studies have contributed to our under-
standing of the specific involvement of each subunit. For
example, modification of a key cysteine residue within the
Wbp1 protein disrupts catalytic activity, and incubation of OT
with Dol-PP-GlcNAc2 prior to treatment with the cysteine-
modifying agent methyl methanethiolsulfonate (MMTS) pre-
vented this alkylation and preserved activity, suggesting it may
play a role in substrate binding.55 The Ost3/Ost6 proteins have
been recently shown to exhibit protein-dependent oxidoreduc-
tase activity in vitro, suggesting a direct role for OT in protein
folding.56 In addition, a number of factors have emerged to
suggest that Stt3 is the catalytic subunit of the OT complex. Stt3
is the most highly conserved subunit of OT, as homologues of
this protein are found in all eukaryotes and throughout the
archaeal and bacterial kingdoms, and the Stt3 homologue in the
bacterial pathogen Campylobacter jejuni, PglB, is sufficient to
catalyze glycan transfer.57,58 In addition, the protists Leishmania
major and Trypanosoma brucei were found to contain only
the Stt3 subunit of OT but are still capable of N-linked
glycosylation.59�61 In a recent study, the Stt3 homologues in
L. majorwere shown to complement a deletion of the stt3 gene in
S. cerevisiae; however, these proteins did not incorporate into the
native yeast OT complex but instead formed a functional
homodimer in the cell.59 Although structural studies of the entire
OT complex are currently lacking, recent progress has beenmade

Figure 3. Comparison of the predicted membrane topology of oligosaccharyl transferases from all three domains of life: (A) OT complex from S.
cerevisiae, (B) PglB from C. jejuni, and (C) AglB fromMethanococcus voltae. The size of the membrane loops between the transmembrane domains in
panels B and C is variable and has not been determined.
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toward understanding the proximity of the subunits to one
another. To this end, the cryo-electron microscopy structure of
the OT complex at 12 Å was recently reported.62

The spatial requirements of the N-X-S/T glycosylation se-
quence within acceptor proteins have been widely analyzed and
do not appear to be very stringent.52 However, not all asparagines
found within the N-X-S/T sequon are glycosylated; in fact, it was
recently estimated that roughly 35% of N-linked sequons that
pass through OT are not modified.52,63 Early work showed that
OT does not glycosylate proteins that contain a proline in
position X of the N-X-S/T sequence64 and exhibits a modest
preference for N-X-T sites compared with N-X-S sites.65 In
addition, sites within 12�14 residues of the N-terminus are not
glycosylated, suggesting that the active site is 30�40 Å from the
ER lumenal membrane.66 The secondary structure of the glyco-
sylation site has also been found to be a determinant for catalysis,
as the N-X-S/T sequon must be able to adopt an Asx turn, which
has been proposed to promote activation of the side chain amide
nitrogen in the catalytic mechanism.67,68

Functional Roles of Eukaryotic N-Linked Glycans. After
glycosylation, the newly formed glycoproteins are processed by
a series of glycosidases and glycosyltransferases in both the ER
and Golgi to resculpt the core tetradecasaccharide, resulting
in the vast diversity of N-linked glycan structures observed in
eukaryotes. These modifications include glycan trimming, as well
as the addition of carbohydrates such as sialic acid, fucose, and
N-acetylgalactosamine to form complex and branched structures.69,70

The mature glycans are important for a number of biological
functions, including intracellular targeting, cell signaling, cellular
trafficking, and the immune response. Mutations in almost every
step of glycan biosynthesis and processing lead to a group of
debilitating and often fatal diseases that are collectively termed
the congenital disorders of glycosylation (CDGs), underscoring
the importance of this protein modification to human health.71

In an impressive recent study, Cantagrel et al.72 combined clinical
pathology, molecular biology, and biochemistry to attribute a
newly discovered CDG resulting in dramatic developmental
problems, including severe brain malformation, to a mutation
in srd5a3, serving to identify the encoded protein as the long-
sought reductase responsible for selective reduction of the
R-isoprene unit of polyprenol to yield dolichol.

Perhaps the most well-studied role for N-linked glycans in
eukaryotes involves quality control for protein folding in the
ER.73,74 In the cotranslational pathway of N-linked glycosylation
in S. cerevisiae, newly synthesized proteins leaving the ribosome
are translocated through the ER membrane by way of the Sec61
translocation channel and then presented to the OT complex.
After glycan transfer, the nascent glycoproteins enter an elabo-
rate quality control cycle that serves to ensure proper folding and
utilizes all three branches of the glycan (Figure 4). The first step
in this cycle involves the removal of two of the terminal glucose
units from the tetradecasaccharide by glucosidases I and II.75 The
nascent glycoprotein then encounters two ER chaperones that
recognize the monoglucosylated glycan, the membrane-bound
calnexin and soluble calreticulin. These chaperones sequester the
newly formed protein to prevent aggregation and misfolding and
also provide access to ERp57, an oxidoreductase that aids in
disulfide bond formation. Once the protein is properly folded,
glucosidase II removes the remaining glucose, which stimulates
release of the protein from calnexin and calreticulin and progres-
sion through the remainder of the glycan-processing pathway in
the ER and Golgi. However, if the protein is misfolded, it binds
to the folding sensor UDP-glucose:glycoprotein glucosyltrans-
ferase (UGGT).75,76 UGGT contains a hydrophobic N-terminal
domain that recognizes non-native protein structures and a
C-terminal glucosyltransferase domain that reglucosylates mis-
folded proteins, causing them to rebind calnexin and calreticulin.
The iterative removal and addition of glucose by glucosidase II
and UGGT persists until either the protein is folded or it is
recognized by the R-1,2-mannosidases present in the ER, which
remove terminal mannose residues from the glycan core.76

Progressive mannose removal lowers the affinity of the glycan
for calnexin and calreticulin and ultimately serves as a folding
timer to interrupt the folding cycle and target the defective
glycoprotein for degradation through the ER-associated degra-
dation pathway (ERAD).77

In addition to their role in the quality control of protein
folding, N-linked glycans perform a variety of other functions
within eukaryotes. They serve as identity and localization tags to
direct proteins to the proper cellular destination and regulate
mobility of proteins on or within the cell membrane through
interactions with lattice-forming lectins, such as galectins.78

Figure 4. Calnexin�calreticulin pathway of quality control for protein folding. (1) Nascent proteins travel through the translocon and are glycosylated
by OT. (2) The two terminal glucose residues are removed by glucosidases I and II. (3) The folding protein interacts with the chaperones calnexin and
calreticulin and the ERp57 oxidoreductase. If misfolded, they are recognized by UGGT and cycled through the pathway again. (4) Defective proteins are
demannosylated and ultimately sent for degradation through the ERAD pathway, while properly folded proteins exit the cycle.
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N-Linked glycans also impart structural rigidity to their targets
and may provide protection from proteolysis, such as in the case
of the heavily glycosylated lysosomal membrane proteins
Lamp-1 and Lamp-2.79,80 In addition, the surface N-linked
glycans of cancer cells have been found to be highly branched
compared with those of healthy tissues; exploitation of this
difference may present a platform for the development of clinical
biomarkers of disease.81,82

’N-LINKED GLYCOSYLATION IN BACTERIA

Despite the enormous complexity and structural diversity of
glycans that comprise the lipopolysaccharide (LPS) and capsular
polysaccharide (CPS) of bacterial cell walls, it was believed until
recently that protein glycosylation, in particular N-linked glyco-
sylation, was absent from bacteria.83�85 However, in the past
decade, this dogma has been shattered with discovery of both
N-linked and O-linked bacterial glycoproteins. In 1999, the first
evidence of a general system of N-linked glycosylation was
uncovered in the humanmucosal pathogenC. jejuni.86Mutations
in the identified pgl locus ( protein glycosylation) resulted in a
loss of bacterial immunogenicity without affecting LPS or CPS
biosynthesis, providing an initial link between N-linked glycosy-
lation and host pathogenicity.86,87 Structural characterization of
the C. jejuni glycoproteins PEB3 and CgpA established that the
installed glycan was the heptasaccharide GlcGalNAc5Bac, which
forms a β-linkage to asparagine (Figure 5).88,89 To date, more
than 65 glycoproteins of various biological functions have been
characterized in C. jejuni.11 In addition, the identification of
N-linked glycosylation loci in newly sequenced bacterial gen-
omes establishes that this modification occurs in other bacterial
species as well.
Bacterial N-Linked Glycan Assembly. The N-linked glyco-

sylation pathway inC. jejuni shown in Figure 6 bears resemblance
to the first half of the dolichol pathway in S. cerevisiae (Figure 1).
The glycan is assembled on the cytoplasmic face of the periplas-
mic membrane and involves stepwise elaboration onto a poly-
isoprenyldiphosphate carrier by a series of glycosyltransferases
that rely on nucleotide sugar donors. However, although the
overall architecture of the pathway is similar, several differences
distinguish N-linked glycosylation in eukaryotes and bacteria.
For one, the polyisoprenyl carrier in bacteria is undecaprenol
(Und), a long chain unsaturated polyisoprene composed of 11
units that is the most abundant isoprene in bacterial membranes
and the central component of the cell wall biosynthetic
pathway.17 In addition, the first sugar in the C. jejuni N-linked
glycan is N,N0-diacetylbacillosamine (Bac), rather than the
GlcNAc residue found in eukaryotic glycans. In general, prokar-
yotes contain a variety of unique, highly modified sugars not
commonly observed in eukaryotes.90,91 Originally discovered in
Bacillus subtilis, Bac is found in a number of bacterial glycans,

including the LPS of Vibrio cholerae, the CPS of Acinetobacter
lwofii, and the pilin of Neisseria meningitides.92�95

The N-linked glycosylation pathway in C. jejuni is initiated by
the biosynthesis of UDP-Bac by the enzymes PglF, PglE, and
PglD (Figure 6). Starting from UDP-GlcNAc, the dehydratase
PglF generates the UDP-4-keto intermediate via an NADþ-
promoted hydride transfer and facilitated elimination, followed
by formation of the UDP-4-amino sugar by the PLP-dependent
aminotransferase PglE.96 PglD then catalyzes the acetylation of
UDP-4-amino using AcCoA to afford UDP-Bac.97 The phos-
phoglycosyltransferase PglC initiates carbohydrate transfer
to the undecaprenylphosphate carrier by transferring Bac-1-P
to Und-P, succeeded by the addition of the first and second
R-1,3- and R-1,4-linked GalNAc residues by PglA and PglJ,
respectively.98�100 Analysis of the polyisoprene specificity of
these enzymes revealed that the R-unsaturation and the cis-
double bond geometry of undecaprenol were more important
than small changes in the polyisoprene length, highlighting the
significance of the specific polyisoprene structure to the enzymes
in the glycosylation pathway.101 The trisaccharide is then elabo-
rated through the action of the polymerase PglH, which installs
the next three R-1,4-linked GalNAc residues.102 Detailed kinetic
examination revealed that PglH uses a single active site to
conduct three galactosyl transfer reactions and exhibits an
increasingly stronger affinity for its product as the glycan
becomes longer, which serves to halt catalysis after the third
transfer. The assembly of the heptasaccharide is completed with
the addition of a branching β-1,3-linked glucose by the mem-
brane protein PglI. The entire pgl locus along with two C. jejuni
perisplasmic proteins, AcrA and PEB3, has been inserted into
Escherichia coli and shown to be capable of N-linked glycosyla-
tion, indicating that all of the necessary components of the
pathway were present.57 Interestingly, the Pgl pathway enzymes
can be combined with the obligate cofactors and cosubstrates to
generate the full-length Und-PP-BacGalNAc5Glc in vitro, which
represents the first complete chemoenzymatic synthesis of a
polyisoprenyl-linked heptasaccharide.97,100

In addition to C. jejuni, evidence of N-linked glycosylation
pathways in other species of bacteria is slowly beginning to
emerge. Wolinella succinogenes was shown to contain a pgl gene
cluster, although the glycan structure as well as the identity of
possible target proteins is still unclear.103 Structural analysis of
the HmcA protein from the sulfate-reducing bacterium Desulfo-
vibrio gigas revealed the presence of a trisaccharide linked to
asparagine, but the exact composition of this glycan remains
unknown.104 Several species ofHelicobacter, includingH. canadensis
and H. pullorum, also possess pgl gene clusters. Recent biochemical
studies have shown that H. pullorum contains two isoforms of
the pglB OTase gene; however, only one of these genes is
responsible for transfer of a linear N-linked glycan comprising five
hexosamine sugars, while the role of the second isoform is still
under investigation.105 Bioinformatic analyses of newly sequenced
bacterial genomes suggests the presence of pgl genes in more than
49 bacterial species, although biochemical characterization of these
pathways is scant.11

Interestingly, O-linked pilin glycosylation in both N. meningi-
tides and Neisseria gonorrhoeae is believed to strongly resemble
N-linked glycosylation inC. jejuni.106,107 In theN. gonorrhoeae pgl
pathway, genetic studies suggest that the enzymes PglB, PglA,
and PglE are responsible for assembly of a trisaccharide onto an
undecaprenyldiphosphate-linked carrier, which is then flipped
into the periplasm and transferred to the hydroxyl side chain

Figure 5. Structure of the N-linked GlcGalNAc5Bac heptasaccharide
identified in C. jejuni.
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serine atom by the oligosaccharyl transferase PglO. This pathway
differs from most identified O-linked glycosylation pathways in
eukaryotes, in that the glycan is transferred to the serine residue
in an en bloc manner, rather than through the individual transfer
of each sugar directly onto the protein from a nucleotide dipho-
sphate donor. In the case of Neisseria, the glycan structure
was found to be Gal2Bac,

94 although recent evidence has shown
that an alternate glycosyltransferase PglH can replace PglA,
resulting in the production and transfer of the disaccharide
GlcBac (M. Koomey and B. Imperiali, unpublished results). The
N. gonorrhoeae PglO OTase does not appear to require a specific
glycosylation sequence in the acceptor protein and also does not
bear close sequence homology to the C. jejuniOTase PglB.107,108

Detailed biochemical characterization of PglO is still required to
understand the basis of glycosylation specificity.
Bacterial N-Linked Glycan Transfer. In contrast to eukar-

yotes, which require a multimeric OT complex, bacterial
N-linked glycosylation in C. jejuni is conducted by a single
protein, the Stt3 homologue PglB.57,58 PglB is predicted to
comprise a large N-terminal domain consisting of 9�13 trans-
membrane helices, and a periplasmic C-terminal domain that
includes the highly conserved WWDXGX signature sequence
(Figure 3B). A preliminary crystal structure of the C-terminal
soluble domain of PglB was recently reported, and although this
domain is not sufficient to catalyze oligosaccharide transfer,
analysis of this structure coupled with evaluation of genetic point
mutations and comparison with other PglB homologues suggests
the importance of the two additional protein motifs for catalysis,
MXXI (residues 568�571) and XXD (residues 52�54).109

Recent studies have shown that PglB is able to glycosylate
folded proteins and requires the extended D/E-X1-N-X2-S/T
glycosylation sequence, in which an acidic residue occupies
the �2 position.110,111 Experiments to define the optimal
glycosylation sequence involved testing a library of peptides in
which the residues at both X positions were varied; PglB was
found to glycosylate peptides containing a bulky residue at
position X1 and a smaller hydrophobic residue in position X2

with the greatest efficiency.112 The extremely high affinity that
PglB exhibits for these short acceptor peptides (Km = 1 μM for

DQNAT) suggests that PglB does not require a specific tertiary
structure for binding the fully folded protein substrate.112 In
addition, structural analysis of glycosylated proteins PEB3 and
AcrA has established that the glycosylation sequence must be in a
fairly exposed loop region of the protein for access by PglB.113,114

PglB has also been shown to be more promiscuous than the
eukaryotic OT with respect to the glycan structures that are
transferred to protein. Experiments in which PglB was substi-
tuted for the bacterial LPS O-antigen ligase demonstrated that
PglB was able to transfer distinct O-antigens from both E. coli and
Pseudomonas aeruginosa onto asparagine residues, though the
presence of an N-acetyl group at the 200 position of the proximal
sugar is required for efficient glycosylation.115,116 The ability of
PglB to carry out posttranslational N-linked glycosylation with
decreased substrate selectivity provides an exciting platform for
engineering custom glycoproteins for therapeutic use. Several
groups have recently begun to explore this opportunity; for
example, a recent study by Schwarz et al.117 showed that the
C. jejuni pgl locus can be utilized inE. coli to produce homogeneous
glycoproteins containing the eukaryotic Man3GlcNAc2�Asn
linkage after an in vitro endoglycosidase-catalyzed transglycosyla-
tion to exchange the bacterial glycan that is installed by PglB
with the eukaryotic pentasaccharide core. However, many chal-
lenges with this approach still remain, including low yields as
well as the restricted placement of the glycosylation sequence to
flexible, solvent-exposed loops.118 Further work in this area is
required to address these issues before these methods can serve a
practical use.
Biological Significance of Bacterial N-Linked Glycans. To

date, more than 65 distinct glycoproteins have currently been
identified in C. jejuni.11 These proteins are associated with a wide
variety of biological pathways within the cell, suggesting that
N-linked glycans may play a role in a number of important
cellular functions. Initial genetic studies in which components of
the N-linked glycosylation pathway were disrupted have resulted
in impaired host cell adhesion and colonization, establishing a
strong tie between N-linked glycans and virulence. For example,
early studies of C. jejuni glycoproteins indicated that they were
highly immunogenic when cross-reacted with animal antisera.86

Figure 6. N-Linked glycosylation pathway in C. jejuni.
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In addition, genetic mutants of C. jejuni that are impaired in
glycosylation showed a reduced ability to adhere to and invade
human intestinal epithelial cells, as well as decreased colonization
of the intestinal tracts of mice and chicken.87,119 Although details
about the interactions between C. jejuni and the mammalian
immune system are largely unclear, a recent study revealed that
the C. jejuni N-linked glycan is recognized by the human
macrophage galactose-type lectin, a receptor that plays an
important role in intracellular signaling.120 When glycosylation
was impaired, C. jejuni was found to stimulate formation of the
cytokine IL-6, suggesting that glycosylation of specific proteins
might help the organism evade the host immune response.

In addition to pathogenicity, other roles for the N-linked
glycans of C. jejuni have recently been described as well. The
VirB10 protein, a component of the type IV secretion system that
contains two glycosylation sites, was found to be incapable of
properly forming a complex with other secretion system proteins
when glycosylation of a key asparagine was prevented, implying
that the glycan may be important in modulating protein�protein
interactions.121 Analysis of the recent NMR structure of the
glycoprotein AcrA, part of the C. jejuni multidrug efflux pump,
shows that the N-linked glycan adopts a rigid, rodlike structure
that appears to fold over part of the protein.114 The orientation
and rigidity of the glycan indicate that it may serve to enhance

Figure 7. Structures of representative archaeal N-linked glycans: (A) H. halobium, shorter glycan; (B) H. halobium, longer glycan; (C) M. fervidus, in
which the two residues at the nonreducing end are either Man or Glc; (D) S. acidocaldarius, containing the unique 6-sulfoquinovose moiety; (E) M.
voltae, where the R indicates the presence of an unidentified hexose in some strains; (F)M.maripaludis; and (G)T. acidophilum, in which the order of the
residues near the reducing end is unclear. Unusual sugar moieties are colored blue; see the text for more detail and specific references.
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protein stability and provide protection from proteolysis.
N-Linked glycans have also been associated with protection
of C. jejuni from osmolytic stress. A recent study revealed that
C. jejuni is able to produce free oligosaccharide in response to
variations in the osmolarity of the external environment.122

While the mechanism for oligosaccharide release is still unclear,
early studies clearly implicate PglB in the accumulation of these
structures in the C. jejuni periplasm.

’N-LINKED GLYCOSYLATION IN ARCHAEA

Structural Diversity of Archaeal N-Linked Glycans. First
described by Carl Woese in 1977, archaea are single-celled
organisms that share many common features with both bacteria
and eukaryotes but also possess several characteristics unique to
their kingdom.123 The first archaeal glycoproteins were discovered
in 1976 in the extreme halophile Halobacterium salinarium.124

In an intriguing study, the structural analysis of the closely related
speciesHalobacterium halobium revealed that the S-layer protein
of the organism was modified with two very distinct types of
N-linked glycans. The first was determined to be a pentasacchar-
ide consisting of sulfated glucose and glucuronic acid (GcA)
residues (Figure 7A).125,126 The second glycan discovered is
much larger and more complex, with similarities to the glycosa-
minoglycans that are observed in the connective tissues of higher
eukaryotes. This glycan is attached to asparagine via a β-linked
sulfated GalNAc, followed by between 10 and 15 repeating units

of a branched pentasaccharide containing sulfated glucose, galac-
turonic acid (GalA), and galactosaminuronic acid (GalNAcA)
residues, as well as a Gal in the furanose form (Figure 7B).127,128

These extended glycans were found to coat the outer surface of
H. halobium, forming an acidic, two-dimensional lattice that
surrounds the organism.126

Since this discovery, many other N-linked glycoproteins have
been identified across the archaeal kingdom. These glycans
display an extraordinary structural variety, which may stem from
the diverse habitats of the archaeal species that produce them.
The S-layer protein of the hyperthermophilic methanogen
Methanothermus fervidus is modified with an N-linked hexasac-
charide, in which a GalNAc is attached to the Asn residue of the
protein (Figure 7C).129 The glycan includes three mannose units
followed by two methylated glucose or mannose residues at
the nonreducing end. Another methanogen, the mesophile
Methanococcus voltae, was found to contain glycosylated S-layer
proteins and flagella, all labeled with the trisaccharide GlcNAc-β-
1,3-GlcNAc(3NAc)A-β-1,4-ManNAc(6Thr)A (Figure 7E).130

The terminal mannosaminuronic (ManNAcA) unit of this glycan
is linked to a threonine residue through an amide bond at the
C600 position. However, in some strains of M. voltae, the
trisaccharide is further elaborated with a hexose of unknown
identity in the fourth position.131 In Methanococcus maripaludis,
the flagellin proteins are modified with a linear tetrasaccharide
that is β-linked to the asparagine through a GalNAc residue
(Figure 7F).132 GlcNAc(3NAc)A is ligated to the proximal

Figure 8. Current models of N-linked glycosylation in (A)M. voltae, (B)M. maripaludis, and (C)H. volcanii based on recent genetic studies. The exact
structure of the H. volcanii N-linked glycan has not yet been determined, but data suggest that it is a pentasaccharide as indicated.
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GalNAc, followed by a highly modified ManNAcA residue that
contains an acetamidino group at the C300 position and a
threonine linked via an amide to the C600 carboxyl, similar to
the M. voltae glycan. In addition, the terminal sugar of this
oligosaccharide is the unique 2-acetamido-2,4-dideoxy-5-O-
methylhexosulo-1,5-pyranose, which represents the first re-
ported example of an aldulose in an N-linked glycan structure.132

Recently, the pili of M. maripaludis were also found to be
modified with a similar N-linked branched pentasaccharide,
although further analysis is required to determine the exact
glycan structure.133

In addition to the structural characterization of the methano-
gen-derived glycans described above, two other archaeal
N-linked glycans have been annotated in detail. The cytochrome
b558/566 protein from the thermophile Sulfolobus acidocaldarius,
which grows optimally at 75�80 �C and pH 2�3, is modified
with a hexasaccharide linked through a GlcNAc moiety that
contains a 6-sulfoquinovose residue (Figure 7D).134 Thermo-
plasma acidophilum produces a complex, highly branched
N-linked glycan composed mainly of mannose that is attached
to a surface membrane protein through a GlcNAc�Asn linkage
(Figure 7G).135 These large glycans encapsulate the cell mem-
brane and are proposed to shield the organism from the harsh
surroundings. Initial studies of other archaeal glycoproteins have
been reported, including those of the hyperthermophile Pyro-
coccus furiosus and the halophile Haloferax volcanii, although
detailed structures of the respective glycans have not yet been
elucidated.12,136 For more information about proposed archaeal
N-linked glycans, the reader is referred to a review by Eichler.137

Archaeal Glycan Assembly. Unlike the analogous pathways
in eukaryotes and bacteria (specifically C. jejuni), many of the
details of N-linked glycan assembly in archaea are still unknown.
A recent analysis of the nearly 60 sequenced archaeal genomes
indicates that all but two (Aeropyrum pernix and Methanopyrus
kandleri) contain an stt3 homologue, which suggests that in
contrast to bacteria, N-linked glycosylation in archaea may be
widespread.138 However, difficulties with genetic manipulation
and large-scale growth of these organisms, together with the fact
that the genes for glycoprotein biosynthesis are not clustered,
have hampered genetic and biochemical studies. Despite these
challenges, progress toward uncovering the biosynthetic path-
ways of archaeal N-linked glycans has begun to accelerate,
particularly in the past five years.
Recent genetic studies in the methanogens M. voltae and

M. maripaludis and the halophile H. volcanii have provided the
first glimpses of the glycan assembly pathways in archaea; the
current working models of N-linked pathways in these organisms
are summarized in Figure 8. In all three models, glycan assembly
is believed to take place on the cytoplasmic face of the cell
membrane and is catalyzed by a series of Agl glycosyltransferases
(archaeal glycosylation), after which the glycan is flipped to the
exterior side of the cell membrane and transferred to asparagine
residues of acceptor proteins by the Stt3 homologue AglB.139

Early studies in H. halobium, H. volcanii, and T. acidophilum
determined that archaeal membranes contain both the mono-
phosphate and diphosphate forms of dolichol, where the dolichol
contains only 11�12 isoprene units and is saturated at both theR
and ω positions.140�142 In addition, dolichylphosphate-linked
monosaccharides (Dol-P-sugars) have been identified within
these organisms and have been implicated as glycosyl donors
for individual glycosyltransferases in the pathway.141�144 The
presence of both forms of dolichylphosphate is reminiscent of the

eukaryotic glycosylation pathway, in which Dol-P-sugars are
utilized as the carbohydrate donors for the later steps of glycan
biosynthesis. However, biochemical evidence is still required to
define the individual roles that each of these dolichylphosphate-
linked intermediates plays in N-linked glycan assembly.
As shown in Figure 8, the first step of the N-linked glycosyla-

tion pathway in these selected archaea involves the transfer of a
sugar 1-phosphate onto the dolichylphosphate by the putative
phosphoglycosyltransferase AglH (AglJ in H. volcanii).145,146

Strong evidence for this initial step was provided in a recent
study in which theM. voltae aglH gene was able to complement a
conditionally lethal mutant of the analogous phosphoglycosyl-
transferase gene in S. cerevisiae, alg7.145 This finding suggests that
inM. voltae, the glycosyl donor for AglH is UDP-GlcNAc and the
polyisoprenyl carrier is dolichyldiphosphate. In the related
methanogen M. maripaludis, a similar enzyme is believed to
transfer GalNAc-1-P toDol-P, though the candidate gene has not
yet been identified. An alternate model for formation of the Dol-
PP-GalNAc intermediate in M. maripaludis could involve initial
formation of Dol-PP-GlcNAc by a still undiscovered AglH
homologue, followed by the epimerization of Dol-PP-GlcNAc
to Dol-PP-GalNAc. However, this hypothesis has yet to be
supported with genetic or biochemical evidence, although an
epimerase that catalyzes the conversion of Und-PP-GlcNAc to
Und-PP-GalNAc in E. coli was recently described along with
the proposal of a homologous candidate epimerase in M.
maripaludis.147,148

The remainder of the steps involved in glycan assembly
remains unclear. Initial genetic deletion studies suggest two
different pathways for the transfer of the second sugar GlcNAc-
(3NAc)A in both M. voltae and M. maripaludis, though this
finding has not been verified biochemically.131,149 Transfer of
the third sugar is believed to be carried out by AglA or AglI;
interestingly, in both the Methanococcus species, this sugar is a
mannuronic acid derivative modified with a threonine residue at
the C600 carboxylate. After completion of the glycan, it is flipped
across the cell membrane, where an OTase presumably catalyzes
its transfer to acceptor proteins. Evidence for the localization of
oligosaccharide transfer to the external face of the cell membrane
comes from the treatment ofH. salinarium with bacitracin, which
inhibited formation of sulfated glycoproteins.150 Bacitracin, a small
molecule that is unable to traverse the archaeal membrane, binds
to the phosphate groups of free Dol-PP that is liberated by
the OTase after glycosylation, thus preventing recycling of the
dolichol.151 However, despite this evidence, a candidate flippase
gene has yet to be identified in archaea. Further work involving
detailed genetic and biochemical studies is required to answer
the many questions that remain about the biosynthesis of these
intriguing glycans.
Archaeal Glycan Transfer. The archaeal Stt3 homologue

AglB is predicted to have an overall topology similar to that of
bacterial PglB, containing both a large N-terminal region com-
posed of 11�13 transmembrane domains and an extracellular
C-terminal domain that bears the signature OTase WWDXGX
sequence (Figure 3C). Recently, the X-ray crystal structure of the
soluble C-terminal domain of AglB from P. furiosus was reported,
providing the first insight into the structural organization of a
segment of an archaeal Stt3 homologue.136 Although it is unclear
if this structure represents a biologically relevant form of the
enzyme, as the C-terminal domain alone was unable to catalyze
oligosaccharide transfer, this study revealed that the WWDXGX
motif is located in a central β-helix in the proximity of a highly



4420 dx.doi.org/10.1021/bi200346n |Biochemistry 2011, 50, 4411–4426

Biochemistry CURRENT TOPIC

conserved DXXKmotif. Initial biochemical characterization of the
full-length AglB using crude mixtures of membrane-associated
lipids suggests that the enzyme alone is sufficient to carry out
glycosylation, and that mutations in either the WWDXGX or
DXXK motif impair glycosylation activity.136 These results are
consistent with genetic studies inM. voltae andM. maripaludis, in
which mutations in the aglB gene resulted in flagella with
decreased levels of glycosylation and impaired motility.139,152

In contrast to the bacterial system, the archaeal OTase AglB
does not require an extended glycosylation sequence beyond the
N-X-S/T sequon defined for eukaryotic glycoproteins. However,
a comparative analysis of the amino acid sequence around the
glycosylation site of confirmed archaeal glycoproteins indicates a
slight preference for Ala and Gly at the Xþ1 position and Ser or
Thr at the X position, where X�1-N-X-S/T-Xþ1.

153 Because
AglB is thought to glycosylate proteins posttranslationally, it is
proposed that the target glycosylation site should be located in a
flexible, exposed region of the acceptor protein as described for
the protein substrates of the C. jejuni PglB; however, structural
analysis of glycoproteins is necessary to confirm this hypothesis.
Functional Role of Archaeal N-Linked Glycans. As archaea

populate a wide range of habitats from the extreme to the more
familiar, it is not surprising that the structures of their respective
N-linked glycans mimic this diversity. Archaea already possess a
variety of biological adaptations to prepare them for life in
chemically harsh environments. For example, archaeal mem-
branes are composed of ether-linked membrane lipids, such as
diethers, tetraethers, and macrocyclic diethers, in contrast to the
ester-linked phospholipids found in both eukaryotic and bacterial
membranes.154 This unique lipid composition gives rise to the
decreased ion permeability and planar dynamic capacity char-
acteristic of archaeal membranes.155 In addition, thermophilic
and halophilic archaea employ a number of strategies for enhan-
cing protein stability at high temperatures and salt concentra-
tions, including an increased level of ion pairing and hydrophobic
interactions, burying polar contacts in the interior of proteins,
and a decreased entropy of unfolding.156�158

The varied structures of N-linked glycans identified in archaea
to date likely serve to equip these organisms for optimal growth
and survival in their diverse surroundings. For example, the large,
highly branched glycan on the surface of the hyperthermophile
T. acidophilum is predicted to protect the organism from the heat
and high acidity of its environment by forming an extensive
hydrogen-bonded shell around the organism, providing external
strength and rigidity and limiting access of certain ions and water
molecules to the cell membrane.135 In bacteria, these functions
are provided by structures such as the LPS and CPS, but as
archaea do not have a comparable structure, it is hypothesized
that perhaps the surface N-linked glycans in species such as
T. acidophilum and H. halobium impart similar protective
features. Another important role for archaeal N-linked glycans
is related to cell motility. In the methanogens M. voltae and
M. maripaludis, the protein subunits that comprise the flagella are
heavily modified with negatively charged N-linked glycans
(Figure 7E,F). Genetic mutations that disrupt the glycosylation
pathway in these organisms have resulted in impaired motility; in
fact, in M. maripalidus, a direct relationship between glycan size
and swimming capability has been established.148 It is unclear
exactly how glycans contributes to the proper function of flagella,
although the extensive glycosylation may sheath the structure
with negative charge and possibly impart stability to interactions
among the individual protein subunits. Further studies are

required to gain a deeper understanding of the roles of N-linked
glycans in archaea.

’ROLE OF N-LINKED GLYCOSYLATION IN VIRUSES

In recent years, the importance of N-linked glycosylation in
virology has begun to emerge, revealing the many ways in which
glycans contribute to viral survival and infection. Human viruses
rely on the host cell glycosylation pathway in nearly every step of
the viral life cycle, from host cell recognition, viral replication,
protein trafficking, and virion packaging.1 Viruses hijack the host
cell glycosylation pathways to take advantage of the many
benefits available to eukaryotic proteins, including access to the
host cell protein folding and quality control machinery. Nearly
all of the viruses studied thus far have utilized the calnexin�
calreticulin cycle to aid in protein folding and trafficking.159

In addition, the rapid evolution of viral particles often results in
an increased number of glycosylation sequences, introducing
diversity and complexity into the viral glycoproteome that can
ultimately complicate treatment of infection and alter vaccine
efficiency.

The influenza virus is a common human pathogen of the upper
respiratory tract and a member of the orthomyxovirus RNA virus
family; in addition, it is perhaps the most well studied virus with
respect to glycosylation. The virus contains two important
capsular coat glycoproteins, hemagglutinin (HA) and neurami-
nidase (NA), that utilize N-linked glycans for a number of
important functions such as receptor binding and infection.
The dominant surface protein is HA, which is modified with a
heterogeneous, complex glycan that depends on the viral strain
but is indicative of extensive processing in the Golgi.160,161 HA is
heavily glycosylated, containing between 5 and 11 glycosylation
sites depending on the strain, all of which are clustered at the
globular head of the protein and are important for interaction
with a key sialic acid residue on the host cell receptor. Upon viral
replication and release, NA acts to cleave the sialic acid moiety to
promote diffusion of the virus. If blocked, the newly formed viral
particles rebind the host cell receptor and form large aggregates.
Increased glycosylation of HA to improve viral binding requires
enhanced activity of NA to mediate viral release, thus demon-
strating the strategic interplay of these two glycoproteins for
effective influenza infection.

Another important example of viral glycosylation is in the
human immunodeficiency virus (HIV), a highly mutagenic RNA
virus from the retrovirus family. The virus is surrounded by the
multiple copies of the envelope protein gp120, one of the most
heavily glycosylated structures found in nature.162 The structure
of the N-linked glycan coating gp120 was only just recently
characterized and found to be a high-oligomannose structure,
suggesting that this glycan is only minimally processed after
transfer to gp120 by OT.162 A recent analysis of global HIV
strains indicated that the gp120 protein contains between 18 and
33 possible N-linked glycosylation sites, with an average of 25
glycans per protein.163 The vast density of carbohydrates forms a
large, encompassing structure called the glycan shield, which is
postulated to protect the virus from recognition and degradation
from the host immune system. In particular, the glycan shield
provides protection from the 2G12 neutralizing antibody, which
has been shown to recognize the virus particle and render it
inactive.164 Rapid viral evolution introduces multiple amino acid
substitutions into the gp120 sequence, changing the number and
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organization of the glycan sites and thus allowing the virus to
persist in spite of increasing pressure from host antibodies.159

N-Linked glycosylation has also been found to play an
important role in the infection and stability of other viruses,
including the West Nile, Ebola, SARS, and Hantaan viruses.159

However, further work is required to uncover the mechanisms of
host recognition and viral fusion. In general, a deeper under-
standing of these viral glycoproteins may provide new opportu-
nities for the development of antiviral therapeutics.

’CONCLUSIONS

N-Linked glycosylation plays an important role in many
biological processes across the eukaryotic, bacterial, and archaeal
kingdoms. Although the overall architecture of each pathway
shares many features, a comparison of the details of glycan
assembly and transfer in each kingdom reveals a number of
intriguing differences. Table 1 summarizes the defining charac-
teristics of each of these pathways.

Across all three kingdoms, the biosynthesis of N-linked
glycans involves the buildup of an oligosaccharide onto a
polyisoprenyl carrier by a series of glycosyltransferases using a
set of discrete activated glycosyl donors. In eukaryotes, these
donors are both nucleotide sugars and dolichyl-linked sugars,
depending on the location of the glycosyltransferases relative to
the ER membrane. In contrast, studies to date have shown that
bacteria exclusively rely on UDP-sugars for glycan donor bio-
synthesis. The glycosyl donors in archaea have not yet been
clearly defined, though the presence of both dolichylphosphate-
and dolichyldiphosphate-linked glycans suggests that perhaps
archaea may use a combination of nucleotide- and dolichyl-
activated sugars similar to eukaryotes.144 In all kingdoms, the
polyisoprenyl-linked oligosaccharide is flipped across the mem-
brane prior to en bloc transfer to protein. The mechanism of
flipping between the two faces of the membrane remains elusive.
Although genetic screens originally implicated Rft1 in transloca-
tion of the heptasaccharide intermediate in S. cerevisiae,35 recent
studies have found that this protein may not be involved after
all.36,37 The ABC transporter PglK has been annotated as the
flippase in C. jejuni;165 however, biochemical confirmation of this
activity has not yet been reported. Interestingly, analysis of
complete archaeal genome sequences using either Rft1 or PglK
as a search model does not result in any putative flippase
candidates, even though it is clear that the archaeal OTase
catalyzes protein transfer on the external face of the cell
membrane. Further work is needed to fully understand this
interesting phenomenon.

In all three kingdoms, the action of an oligosaccharyl transfer-
ase is responsible for transferring the assembled oligosaccharide
to asparagine side chains within acceptor proteins. Although the
role of each of the subunits within the eukaryotic OT complex is
still unresolved, recent evidence has implicated the Stt3 subunit
directly in catalysis. PglB, the Stt3 homologue in C. jejuni, has
been shown to be sufficient to conduct this reaction in vitro, and
preliminary studies involving the archaeal Stt3 homologue in P.
furiosus suggest that it may also function alone, though further
biochemical evidence is still required. The simplicity of the
prokaryotic OTases in contrast to the eukaryotic OT complex
offers a valuable and tractable model system for beginning to
examine this reaction in greater depth. One of the major
unresolved questions in this area involves the catalytic mechan-
ism, namely the steps by which the asparagine side chain amide is
activated byOT to affect oligosaccharide transfer. Interestingly, it
appears that nearly all N-linked glycan structures reported to date
contain an acetylated amine at the C200 position of the sugar
proximal to the modified asparagine residue,116 the one exception
being the N-linked pentasaccharide of H. halobium, in which a
glucose was found to be the linking sugar (Figure 7A). This
observation supports earlier predictions that the 2-acetamido
group may play an important role in the enzymemechanism.166,167

As described in this review, the N-linked glycans observed in
nature display a great deal of structural diversity. It appears that
one of the major differences between the three kingdoms involves
the origin of this diversity, specifically, whether it is introduced
during the assembly process through the use of a variety of glycosyl
donors, such as in bacteria, or after assembly and transfer to
protein by the action of processing enzymes, as in the case of
eukaryotes. Nearly all eukaryotes assemble a tetradecasaccharide
(Glc3Man9GlcNAc2) that is transferred to acceptor proteins by
OT; however, this core structure is then modified by a series of
glycosidases and glycosyltransferases in both the ER and Golgi to
result in the great variety of eukaryotic N-linked glycans observed
in nature. The conservation of this glycan core during the assembly
process allows eukaryotes to engage the calnexin�calreticulin
pathway for quality control of protein folding immediately after
glycosylation, while still allowing for diversification of the glycan
through the later steps. In contrast, the N-linked glycan structures
identified on all C. jejuni glycoproteins to date are identical,
indicating that the organism does not modify these oligosacchar-
ides after protein transfer. The involvement of N-linked glycans in
virulence may provide an explanation for the uniformity of
bacterial glycoproteins, although the details about the roles of
bacterial N-linked glycans in pathogenesis are still unresolved. It
will be interesting to learn whether archaea reflect the eukaryotic

Table 1. Comparison of N-Linked Glycosylation across the Three Kingdoms

Eukarya Bacteria Archaea

site of glycan assembly ER membrane inner cell membrane cell membrane

isoprene carrier Dol-PP (14�21 isoprene units) Und-PP (11 isoprene units) Dol-P and Dol-PP (11 isoprene units)

glycosyl donor NDP-sugars, Dol-P-sugars NDP-sugars NDP-sugars, Dol-P-sugars (?)

Asn-linked sugar GlcNAc Bac GlcNAc, GalNAc, Glc

glycan diversity across kingdom initially conserved (Glc3Man9GlcNAc2) variable highly variable

flippase Rft1 (?) PglK unknown

oligosaccharyl transferase OT (5�8 subunits) PglB (1 subunit) AglB (1 subunit, unclear)

protein recognition sequence N-X-S/T D/E-X-N-X-S/T N-X-S/T

timing of glycan transfer cotranslational, posttranslational posttranslational posttranslational

glycan processing ER, Golgi none unclear



4422 dx.doi.org/10.1021/bi200346n |Biochemistry 2011, 50, 4411–4426

Biochemistry CURRENT TOPIC

or bacterial pathways in this regard or if they derive glycan diversity
in a completely unique manner.

In summary, the N-linked glycosylation pathways found in
eukaryotes, bacteria, and archaea share a great deal in common
but also exhibit unique differences specific to each kingdom.
Future work in this field will focus on a variety of fronts, including
gaining a deeper understanding of the organization of the
eukaryotic OT complex, the interactions of bacterial glycopro-
teins with the mammalian immune system, the biochemical
details of archaeal glycan assembly and transfer, and the exploita-
tion of viral glycan profiles for the treatment of disease. Overall, it
is an exciting time in glycobiology, as the next few years promise
to continue to highlight the important role that N-linked
glycosylation plays across all kingdoms of life.
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