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SUMMARY

N-glycosylation of proteins is one of the most prevalent posttrans-
lational modifications in nature. Accordingly, a pathway with
shared commonalities is found in all three domains of life. While
excellent model systems have been developed for studying N-gly-
cosylation in both Eukarya and Bacteria, an understanding of this
process in Archaea was hampered until recently by a lack of effec-
tive molecular tools. However, within the last decade, impressive
advances in the study of the archaeal version of this important
pathway have been made for halophiles, methanogens, and ther-
moacidophiles, combining glycan structural information ob-
tained by mass spectrometry with bioinformatic, genetic, bio-
chemical, and enzymatic data. These studies reveal both features
shared with the eukaryal and bacterial domains and novel ar-
chaeon-specific aspects. Unique features of N-glycosylation in Ar-
chaea include the presence of unusual dolichol lipid carriers, the
use of a variety of linking sugars that connect the glycan to pro-
teins, the presence of novel sugars as glycan constituents, the pres-
ence of two very different N-linked glycans attached to the same
protein, and the ability to vary the N-glycan composition under
different growth conditions. These advances are the focus of this
review, with an emphasis on N-glycosylation pathways in Ha-
loferax, Methanococcus, and Sulfolobus.

INTRODUCTION

O ne of the major achievements of molecular biology in the last
century was the realization that DNA serves as the universal
repository of genetic information. This, in turn, led to the concept
of the amino acid sequence of a protein being derived from a genetic
template encoded within the DNA of a cell. However, it soon became
clear that the genomic content of a cell could not fully explain the
protein profile seen at any given time. Today, it is clear that other
cellular processes, including alternate gene splicing, differential rates
of protein synthesis and/or degradation, and a variety of posttransla-
tional protein modifications (PTMs), contribute to the expansion of
the proteome beyond what is predicted by the genome.

Posttranslational modifications correspond to a broad set of
protein-processing events affecting both nascent polypeptides
and more mature proteins. These proteins can be modified by
controlled proteolysis, such as signal peptide cleavage; by intra- or
interprotein linkages, such as disulfide bridges; or by the attach-
ment of one or multiple classes of molecules, as occurs upon ubiq-
uitination, methylation, acetylation, or glycosylation, for example
(1, 2). The covalent attachment of biochemically functional
groups, either temporarily or permanently, can influence numer-
ous properties of a protein, including its net charge, folding, sta-
bility, activity, subcellular location, and interaction partners. Fur-
thermore, a given protein can undergo multiple PTMs.

Of the various PTMs to which a protein can be subjected, gly-
cosylation, namely, the covalent attachment of sugar residues, is
one of the more predominant and likely the most complex. In-
deed, it has been postulated that more than half of all eukaryotic
proteins are glycosylated (3). The sheer diversity of sugars and
sugar derivatives that can be recruited for assembly into glycans,
including pentoses, hexoses, hexosamines, deoxyhexoses, uronic
acids, and sialic acids, as well as the range of sizes that such glycans
can assume, spanning from monosaccharides to large oligosac-
charides, coupled with the variety of possible linkages between the
components of the glycan, lead to a seemingly endless number of
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possible protein-linked glycan structures. In addition, modifica-
tion of the individual sugar components of a glycan by phosphor-
ylation, sulfation, methylation, and/or O-acetylation can serve to
further increase this diversity.

To date, five major classes of protein glycosylation have been
described on the basis of the manner in which the glycan is linked
to the modified protein (Fig. 1). Of these, N-glycosylation (4-7),
O-glycosylation (8, 9), and glycosylphosphatidylinositol (GPI)
anchoring (10-12) have been well studied biochemically. Less is
known of phosphoglycosylation (13-16) and C-mannosylation
(17-21). For the Archaea, only N-linked glycosylation has been
well studied.

In N-glycosylation, an oligosaccharide is assembled on an iso-
prene-based lipid carrier and then transferred en bloc to an aspar-
agine residue found within a sequon (i.e., a conserved Asn-X-Ser/
Thr motif, where X is any residue but proline) in the target protein
(4, 22-24). The transfer of the oligosaccharide to the protein is
mediated by an oligosaccharyltransferase (OST). In higher Eu-
karya, the OST comprises a heterooligomeric complex, whereas a
single-subunit OST is found in both Bacteria and Archaea (6, 7,
25-31). However, a unique N-linked glycosylation system was re-
cently described for Haemophilus influenzae, where N-glycosyla-
tion occurs in the cytoplasm through the action of a novel glyco-
syltransferase (GT), independent of OST or a lipid-linked glycan
carrier (32, 33).

EUKARYAL PROTEIN N-GLYCOSYLATION

Work conducted over the last 40 years has provided considerable
insight into the eukaryal N-glycosylation process (Fig. 2) (for a
recent review, see reference 4). In eukaryotic cells, N-glycosylation
begins with the assembly of a lipid-linked oligosaccharide (LLO),
with the lipid carrier being identified as dolichol pyrophosphate
(DolPP). The LLO is synthesized according to a bipartite assembly
process that begins on the cytoplasmic side of the endoplasmic
reticulum (ER) membrane with the generation of DolPP-
GlcNAc,-Mang heptasaccharide (M5-DLO). Assembly of the
LLO-linked heptasaccharide is initiated with the transfer of N-
acetylglucosamine (GlcNAc)-1-phosphate from UDP-GIcNAc
onto a dolichol phosphate (DolP) carrier in a reaction catalyzed by
the Asn-linked glycosylation phosphotransferase Alg7 to yield
DolPP-GIcNAc. In the next step, the interacting enzymes Alg13
and Alg14 process a second soluble UDP-GIcNAc donor, resulting
in the addition of a second GIcNAc residue to the DolPP-GIcNAc
core to yield a DolPP-bound chitobiose moiety. In subsequent
reactions, five GTP-activated mannoses are added in a stepwise
manner via three specific GTs to build the branched heptasaccha-
ride. In the second part of the bipartite assembly process, M5-
DLO is “flipped” across the membrane to face the ER lumen in an
ATP-independent manner, although the identification of the flip-
pase remains a source of controversy (34-37). Once oriented to
face the ER lumen, the flipped lipid-linked heptasaccharide is fur-
ther elongated by four mannose and three glucose residues, each
donated from DolP-mannose or -glucose; charged on the cyto-
plasmic face of the ER membrane; and translocated to face the ER
lumen by unidentified flippases (38). The OST complex then
transfers the fully assembled lipid-linked 14-member branched
glycan onto sequons of a nascent polypeptide translocating into
the ER lumen. In Saccharomyces cerevisiae, the OST complex con-
tains eight different proteins, including the catalytic Stt3 subunit
(27-29). The glycoprotein may then pass through the multiple
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FIG 1 Schematic overview of the different types of protein glycosylation. Acceptor residues (S, serine; T, threonine; Y, tyrosine; HyP, hydroxyproline; HyL,
hydroxylysine; N, asparagine; W, tryptophan) or conserved motifs (N-X-S/T and WXXW) within a newly synthesized peptide (blue band) are indicated in
boldface type. The sugar donors, shown as either nucleotide-activated or lipid-bound intermediates, are shown next to the glycosylation site. The catalyzing
enzyme or enzyme complex is indicated in boldface type. GPI, glycosylphosphatidylinositol.

stacks of the Golgi apparatus before possibly being ultimately dis-
tributed from the trans-Golgi network to various destinations in
the cell or even secreted beyond the confines of the cell. During
this passage, the asparagine-linked oligosaccharide is further
modified by the actions of various glycosidases and/or GTs (39).
Such downstream modification is a universal feature of the eu-
karyotic N-glycosylation system.

DISCOVERY OF PROKARYOTIC PROTEIN GLYCOSYLATION

Following Neuberger’s demonstration that a carbohydrate group
was an integral part of egg albumin (40), it became generally
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accepted that protein glycosylation was a trait restricted to eukary-
otic cells. However, glycoproteins in the cell envelope of the
halophilic archaeon Halobacterium halobium (renamed Halobac-
terium salinarum [41]) were detected by both carbohydrate-de-
tecting periodic acid-Schiff (PAS) staining and concanavalin A
agglutination (42). It was subsequently shown that a single 194-
kDa protein staining positively for the presence of carbohydrates
accounted for almost 50% of the Hbt. salinarum cell envelope
protein content (43). Next, in 1976, Mescher and Strominger (44)
demonstrated that this protein, the surface (S)-layer glycoprotein,
was subject to both N- and O-glycosylations, thereby providing
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FIG 2 The N-glycosylation pathways in Saccharomyces cerevisiae and Campylobacter jejuni.
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the first example of a noneukaryotic glycoprotein. Indeed, the
Hbt. salinarum S-layer glycoprotein consists of approximately 10
to 12% carbohydrate by weight. Analyses at that time indicated the
presence of a single N-linked carbohydrate moiety composed of 1
glucose, 1 mannose, 8 to 9 galactose, and 10 to 11 glucosamine
residues, along with 6 residues of an unidentified amino sugar.
Those glycans linked through O-glycosidic bonds were reported
to comprise 22 to 24 disaccharides of glucosylgalactose and 12 to
14 trisaccharides of hexuronic acid (HexA), glucose, and galac-
tose. The linking sugar for both types of O-linked glycans was
claimed at that time to be galactose (44). Soon after, proteins
decorated by O-linked glycans containing glucose, galactose,
mannose, and rhamnose (Rha) residues were detected in the cell
walls of the Gram-positive bacteria Clostridium thermosaccharo-
Iyticum and Clostridium thermohydrosulfuricum (45, 46). The dis-
covery of many other exclusively O-linked S-layer glycoproteins
in Bacteria followed (46, 47), but it would be decades later before
the first bacterial N-linked glycosylation system was described for
Campylobacter jejuni (26, 48, 49).

Today, the N-glycosylation system of C. jejuni, which can be
functionally transferred into Escherichia coli, remains the best-
studied case of N-linked glycosylation in bacteria (Fig. 2) (26, 438,
50, 51). A heptasaccharide is assembled on the cytoplasmic side of
the cytoplasmic membrane onto the lipid carrier undecaprenyl
phosphate (UndP) through the activities of numerous protein gly-
cosylation (pgl) gene products. The biosynthesis of the glycan be-
gins with UDP-GIcNAc, which is successively modified by a dehy-
dratase (PglF), an aminotransferase (PglE), and an acetylase
(PglD) to generate UDP-2,4-diacetamido bacillosamine. Subse-
quently, PglC, a GT, transfers 2,4-diacetamido bacillosamine to
UndP. Several other GTs then act to extend the glycan. PglA trans-
fers N-acetylgalactosamine (GalNAc) from UDP-GalNAc to form
an undecaprenyl pyrophosphate (UndPP)-disaccharide. Pgl] adds
another GalNAc to form a trisaccharide, before PglH adds the
three remaining GalNAc residues, resulting in a hexasaccharide.
Finally, the heptasaccharide is completed by the activity of the GT
Pgll, which adds the branched glucose residue (50, 52). The Un-
dPP-heptasaccharide is then flipped across the membrane to the
periplasmic side via an ATP-dependent flippase, PgIK, although
N-glycosylation persists in a strain lacking pgIK (53). PglB, a mo-
nomeric OST homologous to the Stt3 subunit of the eukaryotic
OST, then transfers the glycan to a wide variety of target proteins
at select asparagine residues located within an expanded sequon.

In 1976, namely, the year when Hbt. salinarum was shown to
contain true glycoproteins, this organism was still considered a
member of the bacterial world, albeit an unusual one. However,
following Carl Woese’s pioneering use of 165/18S rRNA analysis
reported the next year (54, 55), an approach that ultimately led to
the redrawing of the universal tree of life to comprise three distinct
domains, i.e., Eukarya, Bacteria, and Archaea, Hbt. salinarum was
reassigned to the archaeal branch, and the field of archaeal protein
glycosylation was founded.

N-GLYCOSYLATION PATHWAYS IN ARCHAEAL MODEL
SYSTEMS

While the structures of only a limited number of the N-linked
glycans decorating archaeal glycoproteins are presently known,
the variety seen in these few structures points to a degree of diver-
sity that is unparalleled in either the eukaryal or bacterial systems
(6, 56). As genome analysis predicts N-glycosylation to be a com-
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mon PTM in Archaea (57), it would seem that archaeal N-glyco-
sylation relies on a large number of species-specific pathways. To
date, however, progress in deciphering the pathways responsible
for generating such a variety of N-linked glycans has focused on a
limited number of archaeal species. In the following sections, the
latest insights into the mechanism of archaeal N-glycosylation are
presented for the model organisms Haloferax volcanii, Methano-
coccus voltae, Methanococcus maripaludis, and Sulfolobus acidocal-
darius. The glycan structures themselves are presented below (see
Archaeal Glycan Structures). The commonalities and differences
in the N-glycosylation systems of the three domains (4, 6, 7, 58—
60) are summarized in Table 1. To better monitor the continued
progress of these and other efforts in delineating the archaeal N-
glycosylation process, the reader is directed to the aglgenes website
(http://www.bgu.ac.il/aglgenes), where an updated list of N-gly-
cosylation pathway components is maintained. In addition, we
have recently proposed an agl (archaeal glycosylation)-based pro-
tocol for naming relevant new genes associated with archaeal N-
glycosylation that would allow the ready identification of com-
monalities in the pathways among diverse Archaea (61). The
interested reader is also directed to the ProGlycProt database
(http://www.proglycprot.org/), a repository for bacterial and ar-
chaeal glycoproteins with experimentally validated glycosylation
sites (62).

Pathway of N-Linked Glycosylation in Haloferax volcanii

Despite early structural and biochemical advances in deciphering
the pathway of N-glycosylation in Hbt. salinarum, the haloar-
chaeal N-glycosylation process is currently best understood for
Hfx. volcanii (6, 63, 64). Indeed, in the last few years, substantial
progress has been made in deciphering the process of N-glycosy-
lation in Hfx. volcanii with the delineation of the Agl pathway in
this organism.

In Hfx. volcanii, agl genes involved in N-glycosylation were
originally identified on the basis of the homology of their protein
products to components of the well-defined eukaryal or bacterial
N-glycosylation pathways (65). This initial approach revealed that
Hfx. volcanii contains two genes homologous to the human alg5
gene and four homologues of the mouse dpm1 gene. These genes
code for proteins responsible for the addition of activated glucose
and mannose, respectively, onto dolichol lipid carriers in the ER
membrane (66). In addition, single homologues of the fungal alg2
and algl I genes were detected in the partially assembled Hfx. vol-
canii genome sequence available at that time. These genes encode
proteins that add mannose residues to the di-N-acetylgluco-
samine-charged DolPP carrier found on the cytoplasmic face of
the ER membrane (66, 67). Likewise, Hfx. volcanii was shown to
include a homologue of Stt3, the catalytic subunit of the OST
complex of higher eukaryotes (68). Homologues of GTs involved
in N-glycosylation in the bacterium C. jejuni (69) were also noted.
Specifically, Hfx. volcanii encodes homologues of pglA, pgll, and
pgl], the products of which are responsible for the addition of a
GalNAc and a glucose branch to a UndPP-linked polysaccharide,
and of pglE, the product of which is responsible for the transfor-
mation of N-acetylhexosamine into bacillosamine (26). Relying
on a gene deletion approach (70), it was shown that while the
absence of the Hfx. volcanii algl 1 homologue is lethal, Hfx. volcanii
cells lacking the homologue of stf3 and one of the alg5 homo-
logues, alg5-A, remained viable, suggesting that N-glycosylation is
not an essential process in Hfx. volcanii (65). Still, such mutations
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TABLE 1 Comparison of N-glycosylation in the three domains

Description

Trait Eukarya Bacteria Archaea
N-glycosylation

Essential process Yes No Species dependent

Presence in domain Universal Limited genera Almost universal
N-glycans

Diversity of glycans Initially conserved 14-sugar glycan in ~ Limited Extensive

higher species
Linking sugar GlcNAc Diacetyl-bacillosamine, HexNAc GlcNAc, GalNAg, glucose, other

hexoses

Glycosyl donors NDP-sugars, DolP-sugars NDP-sugars NDP-sugars, DolP-sugars
Multibranched N-glycan Yes No Yes, species dependent
Repeating-unit type No No Rare (Hbt. salinarum)
N-glycan modification Yes No Yes

Oligosaccharide-lipid carrier
Lipid carrier(s) DolPP, DolP UndPP DolPP, DolP

Variable (14-21)
Monosaturated (o unit)

Isoprene units (no. of units)
Degree of saturation

Variable (9-12), typically 11
Not saturated

Variable (8-12)
Disaturated (« and o units) or
polysaturated (., , and other units)

Site of LLO assembly Cytosolic face of ER membrane Cytoplasmic face of cytoplasmic Cytoplasmic face of cytoplasmic
membrane membrane
Flippases
Flippases/flippase-related Rftl (role questioned); multiple PglK AgIR; other(s) likely
proteins flippases likely
Mechanism ATP independent ATP dependent Unknown

Oligosaccharyltransferase
Composition Multimeric complex, single subunit
Catalytic subunit Stt3
Sequon(s) recognized N-X-S/T (X [not P])

Single subunit

PglB (Stt3 homologue)

D/E-Z-N-X-S/T (Z and X [not P])
(Campylobacter), N-X-S/T

Single subunit

AglB (Stt3 homologue)

N-X-S/T (X [not P]), N-X-N/L/V
(X [not P])

(X [not P]) (others)

Nonstandard sequons used ~ Yes Yes
Site of glycan transfer Lumenal face of ER membrane
Catalytic motifs WWDXG, DK type, SVSE

External face of cytoplasmic membrane
WWDXG, MI, TIXE

Yes

External face of cytoplasmic membrane

WWDXG, DK (most) plus DK variant,
MI, TIXE

disrupted S-layer glycoprotein glycosylation, as visualized by a
faster migration of the protein on SDS-PAGE gels. In the case of
Aalg5-A cells, the fact that periodic acid-Schiff glycostaining was
negative pointed to a profound effect of this deletion on the gly-
cosylation of the S-layer glycoprotein.

The roles of Hfx. volcanii stt3 and alg5-A, renamed aglB and
aglD, respectively, according to the nomenclature proposed by
Chaban et al. (71), were further addressed biochemically (72).
Matrix-assisted laser desorption ionization—time of flight mass
spectrometry (MALDI-TOF MS) analysis of an S-layer glycopro-
tein-derived tryptic peptide containing Asn-13 and an Asn-83-
containing peptide generated upon digestion of the S-layer
glycoprotein with trypsin and Glu-C protease revealed peaks cor-
responding to these peptides modified by a pentasaccharide com-
prising a hexose (Hex), two 176-Da subunits, a 190-Da subunit,
and a terminal hexose as well as by the mono-, di-, tri-, and tet-
rasaccharide precursors of this glycan. While the 176-Da subunit
was determined to be hexuronic acid (HexA) based on a methyl
esterification assay, the 190-Da subunit was deemed at that time to
be either a dimethylated Hex or a methyl ester of HexA. In Hfx.
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volcanii cells lacking aglD, Asn-13 and Asn-83 were modified only
by the mono-, di, tri-, and tetrasaccharides and not by the com-
plete glycan, pointing to the involvement of AgID in the addition
of the final hexose of the pentasaccharide. Indeed, AglD was bioin-
formatically annotated as a GT. Accordingly, a later study relying
on an in vivo assay of AglD activity revealed that Asp-110 and
Asp-112 are components of the DXD motif of AglD, a GT motif
predicted to interact with divalent metal cations during the nu-
cleophilic reaction associated with the binding of nucleotide-acti-
vated sugars (73). In that same study, Asp-201 was predicted to be
the catalytic base of this GT (73). In aglB deletion mutants, S-layer
glycoprotein-derived peptides containing Asn-13 or Asn-83 were
shown by mass spectrometry to lack the pentasaccharide and its
precursors, confirming that AglB is an OST. Finally, these first
studies aimed at delineating the Hfx. volcanii N-glycosylation
pathway revealed that the absence or even a disruption of N-gly-
cosylation affected growth in 4.8 M NaCl-containing medium.
Moreover, the importance of N-glycosylation for proper assembly
and stability of the S-layer, composed solely of the S-layer glyco-
protein (63), was shown by cryo-electron microscopy (72).
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Next, the contribution of Dpm1-B, another Hfx. volcanii ho-
mologue of a eukaryal N-glycosylation pathway component, to
S-layer glycoprotein N-glycosylation was considered. In the un-
annotated and partially assembled version of the Hfx. volcanii ge-
nome available at that time, dpm 1-B was detected eight open read-
ing frames upstream of the aglB gene, on the opposite strand (74).
Mass spectrometry analysis of an S-layer glycoprotein-derived
tryptic peptide containing Asn-13 from a dpmI-B deletion mutant
revealed peaks lacking the N-linked pentasaccharide and its tet-
rasaccharide precursor, suggesting that Dpm1-B participates in
the addition of the 190-Da moiety found at pentasaccharide posi-
tion 4. Given its role in the N-glycosylation process, Dpm1-B was
renamed AgIE (74). In contrast to cells lacking either AglB or
AgID, aglE deletion mutants showed no effects on cell growth or
S-layer stability.

The participation of another homologue of eukaryal Dpm1 in
Hfx. volcanii N-glycosylation was next demonstrated. Deletion of
dpm1-C, harbored by HVO_1517, led to faster migration of the
S-layer glycoprotein on SDS-PAGE gels (75). Mass spectrometry
analysis of an S-layer glycoprotein-derived Asn-13-bearing pep-
tide from Hfx. volcanii cells lacking dpmi-C revealed a profile
containing a minor peak, corresponding to a monosaccharide-
modified peptide, and a major peak, corresponding to the non-
modified peptide. On the basis of the demonstrated involvement
of Dpm1-C (HVO_1517) in the addition of the first (or possibly
the second) sugar of the N-linked pentasaccharide, it was renamed
Agl].

Given the participation of AglE in Hfx. volcanii N-glycosylation,
additional genes in the vicinity of aglB were tested for roles in this
PTM. Examination of genes upstream of aglB (HVO_1530) re-
vealed two previously identified sequences corresponding to a ho-
mologue of C. jejuni pgll (HVO_1528) and to one of the Hfx.
volcanii homologues of eukaryal mpgl, mpgl-B (HVO_1527) (65,
76). Another sequence found adjacent to these sequences,
HVO_1529, was also considered, given its position in the genome,
despite it being annotated as encoding ExoM, an enzyme not in-
volved in N-glycosylation (77). Mass spectrometry analysis of an
S-layer glycoprotein-derived Asn-13-containing peptide from
AHVO_1527 and AHVO_1528 strain cells revealed peaks corre-
sponding to the peptide modified by monosaccharide- and disac-
charide-modified precursors, confirming the participation of the
deleted sequences in the addition of the third subunit of the
pentasaccharide N-linked to the S-layer glycoprotein, namely, a
HexA. In the case of the same peptide generated from AHVO_
1529 cells, only monosaccharide-bearing peptide peaks were iden-
tified, pointing to the involvement of HVO_1529 in the addition
of the second subunit of the pentasaccharide N-linked to the S-
layer glycoprotein, also a HexA (76). Given the participation of
HVO_1527, HVO_1528, and HVO_1529 in the Hfx. volcanii N-
glycosylation process, these proteins were renamed AglF, Agll,
and AglG, respectively (76). Although aglF, agll, aglG, and aglB are
found adjacent to each other in the genome, they do not form an
operon, since aglG is found on the minus strand, while aglF, aglI,
and aglB are found on the plus strand. Still, reverse transcription-
PCR (RT-PCR) analysis revealed that aglF and agll are cotrans-
cribed. At the same time, quantitative PCR showed the coordi-
nated transcription of aglF, agll, aglG, and aglB under different
growth conditions (76).

A closer examination of the region of the Hfx. volcanii genome
carrying these genes revealed that the automatically annotated
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version of the genome available at that time did not recognize aglE
as an open reading frame. Thus, the possibility that other nearby
N-glycosylation-related genes may have been overlooked was
considered. Accordingly, the genomic region spanning HVO_
1517 to HVO_1530, namely, the region beginning with the gene
encoding the GT Agl] and ending with the gene encoding the OST
AglB and including aglF, agll, and aglG, was revisited by using
various algorithms with the aim of identifying additional genes in
the N-glycosylation pathway. In this manner, HVO_I522,
HVO_1523, and HVO_1524 were reannotated aglIP, aglQ, and
aglR, respectively, given that they likely code for proteins with
N-glycosylation-related roles. This assumption was based on tran-
scriptional analyses confirming that genes in this region were
cotranscribed with known pathway components and showing the
expression of the products of several of these genes fused to green
fluorescent protein (GFP), thus confirming that they code for true
proteins. Thus, except for agID, all of the agl genes identified to
this point were shown to be clustered into a single gene island (78).

Efforts next focused on confirming that the novel agl gene prod-
ucts identified upon reexamination of the relevant region of the
Hfx. volcanii genome indeed participate in N-glycosylation. Ini-
tially, the precise function of AgIP was addressed. Mass spectrom-
etry analysis of an S-layer glycoprotein-derived Asn-13-contain-
ing peptide from cells depleted of aglP revealed the presence of a
tetrasaccharide albeit with the fourth, 190-Da subunit being re-
placed by a 176-Da moiety. As the 190-kDa pentasaccharide sub-
unit was previously identified as a dimethylated Hex or a methyl
ester of HexA (72), it was predicted that the 14-Da decrease in
mass in cells lacking AgIP likely reflected the loss of a methyl
group. This assumption was confirmed in a methyl esterification
assay involving an Asn-13-containing S-layer glycoprotein-de-
rived peptide (79). This assay revealed that the 176-Da sugar de-
tected at position 4 of the pentasaccharide in cells where AglP is
absent is a HexA, meaning that the 190-Da sugar normally found
at this position is a methyl ester of HexA and that AglP is a meth-
yltransferase. Accordingly, an in vitro assay demonstrated that
AglP was able to transfer the [’H]methyl group from [*H]methyl
S-adenosyl-L-methionine (SAM) to membrane fragments pre-
pared from Hfx. volcanii cells lacking AglP. In this way, it was
confirmed that AglP acts as a SAM-dependent methyltransferase
that modifies the HexA found at position 4 of the pentasaccharide
N-linked to the S-layer glycoprotein (79).

Upon the identification of the agl gene cluster spanning HVO_
1517 (agl]) to HVO_1530 (aglB), the possibility that this cluster
could be extended to include additional agl genes was considered.
Specifically, the involvement of HVO_1531 in N-glycosylation
was tested. Although deletion of HVO_1531 did not affect cell
viability, it did modify S-layer glycoprotein migration on SDS-
PAGE gels, with the protein from the deletion strain migrating
further than the protein from the parent strain. The absence of
HVO_1531 also enhanced S-layer susceptibility to proteolytic di-
gestion (80). Mass spectrometry of an S-layer glycoprotein-de-
rived Asn-13-containing peptide from AHVO_1531 cells revealed
only a peak corresponding to the peptide bearing the first subunit
of the N-linked pentasaccharide. As such, HVO_1531, having
been confirmed as contributing to the addition of the second pen-
tasaccharide subunit (a HexA), was renamed AgIM (80).

Bioinformatics analysis predicted AgIM to act as a UDP-glu-
cose/GDP-mannose dehydrogenase. Accordingly, AgIM activity
was tested in vitro by spectrophotometrically tracking the reduc-
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tion of NAD™ upon the transformation of UDP-glucose, GDP-
mannose, or UDP-galactose into the corresponding HexA (80).
While AgIM could process all of these activated sugars, it worked best
with UDP-glucose, pointing to AgIM as being a NAD *-dependent
UDP-glucose dehydrogenase involved in the formation of the HexA
found at position 2 of the N-linked pentasaccharide. Further in vitro
efforts revealed the coordinated activities of AgIM and AglF, a previ-
ously reported sugar nucleotidyltransferase that works together with
the GT Agll to add a second HexA to position 3 of the N-linked
pentasaccharide decorating the S-layer glycoprotein (76). The forma-
tion of NADH or the generation of UDP-glucuronic acid when UDP,
NAD™, and glucose-1-phosphate were incubated together with pu-
rified AgIM and AglF confirmed that AgIM is the dehydrogenase in-
volved in the assembly of HexA subunits of the pentasaccharide, with

AgIM working with AglF to generate the HexA found at pentasaccha-
AglF
ride position 3, as follows: glucose-1-phosphate + UDP——>

AglM
UDP-glucose + NAD " —>UDP-glucuronic acid.

Finally, quantitative PCR analysis showed the coordinated tran-
scription of agll, aglF, aglG, and agIM (80). This, together with a
previous analysis showing that aglB, aglF, and aglG are transcribed
in a coordinated manner (76), supports the hypothesis that the
genes of the agl cluster work together as a single genomic unit
rather than as just a set of proximal genes involved in a common
process (80).

Topology of N-glycosylation in Hfx. volcanii. Having identi-
fied components involved in Hfx. volcanii N-glycosylation, efforts
were next focused on defining the topology of the process. Ini-
tially, the topology of AglE was determined by subcellular frac-
tionation designed to define the position of the protein fused to a
Clostridium thermocellum cellulose-binding domain (CBD) tag.
Such efforts revealed AgIE to be a transmembrane (TM) protein
with the N-terminal end facing the cytoplasm (74). AglP was de-
termined to be found in the cytoplasmic fraction by both bioin-
formatics and subcellular localization of a CBD-AgIP fusion (79).
The topologies of Agl] and AglD were identified through a com-
bination of bioinformatics topology prediction software, assays
designed to assess the accessibility of CBD-tagged versions of these
proteins to proteinase K, and the use of cysteine-modifying re-
agents. In the latter experiments, CBD-tagged versions of Agl] and
AglD were mutated such that each one contained a single cysteine
residue, introduced at selected positions. Labeling by membrane-
permeating and impermeant cysteine-binding reagents subse-
quently served to define the positions of the introduced cysteines
(81). In this manner, both AglJ and AglD were demonstrated to be
membrane-spanning proteins presenting two and six membrane-
spanning domains, respectively, with the N-terminal portion of
each protein facing the cytoplasm. Given the largely cytoplasmic
orientation of Agl], AglE, AglP, and AglD (74, 79, 81), it was con-
cluded that the assembly of the N-linked pentasaccharide occurs
on the cytoplasmic leaflet of the cytoplasmic membrane.

The lipid carrier of Hfx. volcanii N-glycosylation. In keeping
with previous studies on archaeal N-glycosylation (82—84), it was
predicted that the assembly of the N-linked glycan ultimately
added to S-layer glycoprotein asparagine residues takes place on a
lipid carrier. Hence, as a next step toward better describing the
Hfx. volcanii N-glycosylation pathway, efforts were directed at
analysis of the lipid carrier involved in the process. Previously,
Hfx. volcanii was demonstrated to contain Css and Cg, DolPs
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charged with different sugar moieties (85); however, none of these
glycans were detected on glycoproteins. More recently, a link be-
tween DolP glycosylation and N-glycosylation was provided, re-
lying on liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI MS) analysis of DolP pools from Hfx. vol-
canii parent strain cells and from strains lacking the different GTs
shown to be involved in the assembly of the N-linked glycan in this
archaeon (75, 86). Such analysis of the glycan-charged DolP pool
from parent strain cells revealed peaks corresponding to Cs5 and
Ceo DolPs charged with only the first four subunits of the N-linked
pentasaccharide, as well as by its precursors, but not by the com-
plete glycan bound to S-layer glycoprotein Asn-13 and Asn-83
(86). When the same analysis was also performed on lipid extracts
from cells lacking AglG, Agll, or AglE, namely, those GTs involved
in adding the second, third, and fourth subunits to the S-layer
glycoprotein, respectively (74, 76, 87), the same effects seen at the
level of the N-linked glycan were observed at the DolP level (86).

When the DolP pool from Aagl] cells was analyzed, only a
barely detectable peak corresponding to hexose-charged DolP was
observed, consistent with the role of Agl] in adding the first sub-
unit of the pentasaccharide decorating S-layer glycoprotein
Asn-13 (75). Because a minor amount of Hex-charged DolP was
nonetheless detected in the deletion strain, the possibility that Agl]
does not act alone in charging DolP with the first pentasaccharide
subunit was considered. Accordingly, fractions containing Hex-
charged DolP were subjected to an extended liquid chromatogra-
phy run prior to a second round of mass spectrometry. In this
manner, the Hex-charged DolP pool was shown to contain three
distinct peaks, separated according to their retention time, repre-
senting three different species of Hex-charged DolP. Although the
intensities of the first and third species were not affected by the
absence of Agl], the intensity of the second peak was reduced
7-fold in the deletion strain relative to that peak from parent strain
cells. Moreover, the minor peak remaining in the absence of AglJ
could not be further modified by additional subunits of the N-
linked pentasaccharide. That same study identified another Hfx.
volcanii homologue of the eukaryal Dpml, Dpml-D (HVO_
1613), as being responsible for generating the Hex-charged DolP
corresponding to the first peak described above. The absence of
HVO_1613, however, had no effect on the assembly of the pen-
tasaccharide N-linked to the S-layer glycoprotein.

Since only DolP charged with the first four subunits of the
N-linked pentasaccharide decorating the Hfx. volcanii S-layer gly-
coprotein could be detected (86), the possibility that the final
hexose of the pentasaccharide was derived from its own DolP
carrier was proposed. This was consequently shown to be the case,
since in cells lacking AglD, namely, the GT that contributes to the
addition of the final sugar to the pentasaccharide, the third of the
three hexose-charged DolP peaks discerned as described above
was eliminated (86). Moreover, the position of this peak was con-
sistent with the position of a mannose-charged Cs5 DolP standard
similarly analyzed.

Although Hfx. volcanii DolP serves a role similar to that of its
eukaryotic counterpart, namely, acting as the lipid carrier upon
which N-linked glycans are assembled, the Hfx. volcanii lipid can
be structurally distinguished from its eukaryotic counterpart.
While C,y-to-C,,, DolPP serves as the N-glycan lipid carrier in
Eukarya (88), Cs5 and Cy, DolPs assume this role in Hfx. volcanii.
Also, whereas the eukaryal lipid is saturated solely at the a-posi-
tion isoprene, the haloarchaeal molecule is saturated at both the
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FIG 3 Working model of the N-glycosylation pathway in Haloferax volcanii. Shown are the steps at which various known agl gene products act in the biosynthesis
and assembly of the N-glycan and the steps for which Agl protein involvement remains to be identified. The actual arrangement, size, and shape of the various

GTs and AglB and the mechanism by which AglB acts are not known.

a- and w-position isoprene subunits (85, 86). Recent studies rec-
ognized the Hfx. volcanii geranylgeranyl reductase HVO_1799 as
being able to reduce this w-position isoprene (89). Mass spec-
trometry analysis revealed not only that Hfx. volcanii cells with a
deletion of HVO_1799 were unable to fully reduce the isoprene
chains of phospholipids and glycolipids but also that the reduc-
tion of the w-position isoprene subunit of Cs5 and Cg, DolPs did
not occur.

Flippase of Hfx. volcanii N-glycosylation. Having determined
that the N-linked glycan decorating the Hfx. volcanii S-layer gly-
coprotein is assembled on DolP carriers on the cytoplasmic face of
the cytoplasmic membrane yet is attached to the protein on the
external surface of the cell, the flippase responsible for delivering
tetrasaccharide- and/or monosaccharide-charged DolP carriers
across the plasma membrane as well as the enzyme responsible for
delivering mannose from its DolP carrier to the protein-bound
tetrasaccharide were next sought. AgIR was initially identified as
part of the agl gene cluster and was shown to be cotranscribed with
aglE (78). Deletion of aglR was first shown to affect S-layer glyco-
protein migration on SDS-PAGE gels. When the glycan-charged
DolP pool from the AglR-lacking strain was analyzed, an accumu-
lation of tetrasaccharide-charged DolP, as well as of its trisaccha-
ride-charged precursor, was observed. It was also noted that the
level of AglD-generated DolP-mannose was higher in AaglR cells
than in the parent strain (90). Moreover, the N-glycosylation pro-
file of an S-layer glycoprotein-derived Asn-13-containing peptide
from the deletion strain revealed modification by only the first
four subunits of the pentasaccharide and not by the complete
pentasaccharide. Furthermore, [2->’H]mannose was not incorpo-
rated into the S-layer glycoprotein in the AaglR strain. Given these
observations as well as the homology of AgIR to Wzx, a bacterial
protein thought to translocate lipid-linked O-antigen precursor
oligosaccharides across the plasma membrane (91), it was con-
cluded that AgIR either serves as the DolP-mannose flippase or
contributes to such activity and affects the flipping of tetrasaccha-
ride-charged DolP (90).

AglS, also encoded by a gene within the agl cluster (HVO_
1526), is a multispanning membrane protein with a major exter-
nally oriented C-terminal domain (92). Mass spectrometry anal-
ysis showed AglS to be involved in the addition of the final
mannose subunit of the pentasaccharide N-linked to the S-layer
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glycoprotein. In seeking to define the role of AglS, bioinformatics
revealed the similarity of this protein to DolP-mannose manno-
syltransferases, namely, enzymes responsible for transferring
mannose from DolP to a target protein. To test whether AglS is
indeed responsible for delivering mannose from its DolP carrier to
the S-layer glycoprotein-linked tetrasaccharide, an in vitro assay
was developed. Hfx. volcanii membranes derived from either
AaglS or AaglD cells were incubated with CBD-tagged AglS, and
the transfer of mannose to the tetrasaccharide N-linked to the
S-layer glycoprotein in these membrane fragments was visualized
by mass spectrometry. In this manner, the ability of AglS to trans-
fer mannose from DolP-mannose to the S-layer glycoprotein-
bound tetrasaccharide precursor of the pentasaccharide was con-
firmed.

Current model of N-glycosylation in Hfx volcanii. The find-
ings described previously led to a detailed delineation of the path-
way used by Hfx. volcanii for N-glycosylation. The process begins
with the sequential addition of nucleotide-activated versions of
the first four subunits of the pentasaccharide to a common Cs5 or
Ceo DolP carrier via the ordered actions of the Agl], AglG, Agll,
and AglE GTs (74-76, 86). At the same time, the AglD GT adds
mannose, the final subunit of the N-linked pentasaccharide, to a
different DolP (72, 86). The DolP-bound tetrasaccharide and the
DolP-bound mannose are flipped, the latter by AgIR or in a pro-
cess involving AglR, across the membrane, at which point the
tetrasaccharide is transferred to target asparagine residues by
AglB. Only then is the final pentasaccharide subunit, mannose,
delivered from its flipped DolP carrier to the N-linked tetrasac-
charide by AglS. The current model of Hfx. volcanii N-glycosyla-
tion is presented in Fig. 3.

A Second N-Glycosylation Pathway in Hfx. volcanii

Hfx. volcanii was originally reported to grow in medium contain-
ing NaCl at concentrations ranging from 1 to >4 M (93). The
studies aimed at deciphering the Agl pathway responsible for the
assembly and the modification of Hfx. volcanii glycoproteins by an
N-linked pentasaccharide described above were conducted on
cells grown in 3.4 M NaCl. However, recent work has shown that
in cells grown in medium containing only 1.75 M NaCl, glycosy-
lation of both DolP and the S-layer glycoprotein differs from what
is seen at higher salinities (94). At higher salinities, S-layer glyco-
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protein positions Asn-13 and Asn-83 are modified by a pentasac-
charide, while DolP is charged both with the first four pentasac-
charide sugars and by the final pentasaccharide sugar, mannose.
The same S-layer glycoprotein positions are also modified by the
pentasaccharide when cells are grown at a lower salt concentration
(1.75 M NaCl) albeit to a lesser degree. More strikingly, cells
grown in 1.75 M NaCl-containing medium present DolP charged
with a distinct tetrasaccharide, comprising a sulfated hexose, two
hexoses, and a rhamnose. This same “low-salt” tetrasaccharide is
attached to S-layer glycoprotein Asn-498 when cells are grown
under such conditions; this position is not glycosylated in cells
grown in 3.4 M NaCl-containing medium (94). Thus, N-glycosy-
lation of the Hfx. volcanii S-layer glycoprotein is modified as a
function of environmental salinity.

To determine whether the same biosynthetic pathway is re-
sponsible for the assembly and attachment of both the N-linked
pentasaccharide and the low-salt tetrasaccharide, the N-glycosy-
lation profiles of the S-layer glycoprotein in mutants with dele-
tions of genes belonging to the Agl pathway were considered.
While the absence of aglG, agll, and aglE compromised pentasac-
charide assembly, as expected, such deletions had no effect on the
appearance of the low-salt tetrasaccharide attached to S-layer gly-
coprotein Asn-498 when cells were grown in medium with
reduced salinity (95). It can thus be concluded that a novel N-gly-
cosylation pathway is involved in the assembly of the tetrasaccha-
ride N-linked to S-layer glycoprotein Asn-498.

To identify genes implicated in the biogenesis of the low-salt
tetrasaccharide, the Hfx. volcanii genome was scanned for genes
currently annotated as serving sugar-processing-related roles. It
was reasoned that because all but one of the known agl genes are
clustered to a common genomic region (78), the same may hold
true for genes of the novel N-glycosylation pathway. HVO_2046-
HVO_2061 corresponds to such a cluster. Deletion of each of these
genes, followed by mass spectrometry analysis of DolP and S-layer
glycoprotein-derived peptides containing Asn-498 from mutant
cells grown at 1.75 M NaCl, revealed that several of these genes,
now renamed agl5 to agl15, indeed contribute to low-salt tetrasa-
ccharide biogenesis.

In a current working model, Agl5 and Agl6 are involved in the
addition of the linking hexose to DolP, while Agl7 is involved in
the sulfation of this lipid-linked sugar. This sulfation seems to be
needed for the translocation of DolP charged with the complete
low-salt tetrasaccharide across the cytoplasmic membrane as well
as the lipid-linked di- and trisaccharide precursors. Agl8 and Agl9
contribute to the addition of the third sugar, hexose, to disaccha-
ride-charged DolP. Agl10 to Agl14 are involved in the appearance
of the final sugar, rhamnose, on trisaccharide-charged DolP. It is
also thought that Agll5 acts as a flippase or contributes to the
flippase activity in this pathway, given both the results of mass
spectrometry analysis and its homology to AgIR (28% identity and
51% similarity), suspected of serving a similar role during
N-linked pentasaccharide biogenesis (90).

Although Hfx. volcanii encodes components of two different
N-glycosylation pathways, only a single oligosaccharyltransferase,
AglB, is found in this organism (57, 96). It is known that AglB is
necessary for addition of the pentasaccharide to Hfx. volcanii gly-
coproteins (72, 97). To determine whether AgIB is also involved in
delivering the low-salt tetrasaccharide to S-layer glycoprotein
Asn-498 when cells are grown under low-salinity conditions, the
N-glycosylation profile of the S-layer glycoprotein in a strain lack-
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ing AglB was assessed by mass spectrometry. Such analysis re-
vealed peaks corresponding to the S-layer glycoprotein-derived
Asn-498-containing peptide to be modified by the low-salt tet-
rasaccharide as well as by its precursors (95), indicating that AglB
is not the OST responsible for transferring this glycan from DolP
to S-layer glycoprotein Asn-498. Consequently, a currently un-
identified OST seems to serve this role. Finally, interplay between
the two Hfx. volcanii N-glycosylation pathways seems to transpire.
When cells lacking GTs involved in the assembly of the pentasac-
charide decorating S-layer glycoprotein Asn-13 and Asn-83 were
grown in medium containing 3.4 M NaCl, a peptide containing
S-layer glycoprotein Asn-498 was modified with the low-salt tet-
rasaccharide, despite the elevated salt concentration. This suggests
that the latter pathway is recruited when the former is compro-
mised (95).

Other Recent Insights into Haloarchaeal N-Glycosylation

Although originally reported as being a nonmotile organism (93),
it was recently shown that when grown in a defined medium, Hfx.
volcanii displays motility (97). More recently, evidence for N-gly-
cosylation of the Hfx. volcanii archaellins (formerly archaeal
flagellins [98]) FlgA1 and FlgA2 was presented (99). In fact, it was
reported that N-glycosylation of Hfx. volcanii archaellins involves
the same set of Agl enzymes as those required for the assembly
of the pentasaccharide N-linked to the S-layer glycoprotein and
that the deletion of any gene within the Hfx. volcanii agl gene
cluster diminished swimming motility. Indeed, mass spectromet-
ric analysis of FIgA1 confirmed that its three predicted N-glycosy-
lation sites are modified by the same pentasaccharide as that N-
linked to the S-layer glycoprotein. As such, N-glycosylation by the
Agl pathway is not restricted to the S-layer glycoprotein.

Additional insight into the process of haloarchaeal N-glycosy-
lation has come from recent studies of other species. Like Hfx.
volcanii, Haloarcula marismortui also originates from the Dead
Sea and is coated with an S-layer glycoprotein (100). In both spe-
cies, the S-layer glycoprotein is decorated with a similar if not the
same N-linked pentasaccharide comprising a Hex, two HexAs, a
methyl ester of HexA, and a mannose, and both species also em-
ploy DolP as the lipid glycan carrier (101). Moreover, it was shown
that Hfx. volcanii strains lacking either AglJ or AglD could be func-
tionally complemented by the introduction of rrnAC0149 and
rrnAC1873, the respective Har. marismortui homologues of these
Hfx. volcanii GTs (102, 103). Still, there are differences in the N-
glycosylation pathways of these two haloarchaea. While the N-
linked pentasaccharide of Hfx. volcanii is derived from a tetrasac-
charide sequentially assembled onto a single DolP carrier and a
final mannose residue derived from a distinct DolP carrier (86),
the N-linked pentasaccharide of Har. marismortui is fully assem-
bled on a single DolP carrier, from where it is transferred directly
to the S-layer glycoprotein (101). Nonetheless, despite these path-
way differences, the final mannose subunit of the pentasaccharide
N-linked to the Har. marismortui S-layer glycoprotein is originally
derived from a distinct DolP carrier, as in Hfx. volcanii.

Pathway of N-Linked Glycosylation in Methanogens

Our current understanding of N-glycosylation in the methano-
gens has come from a significant body of work addressing the
structure and genetics of this PTM in two species of Methanococ-
cus, namely, M. voltae and M. maripaludis (104—107). In addition,
in vitro biochemical work using purified enzymes has further con-
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tributed to our understanding of the process in this group of Ar-
chaea (108-110).

Methanococcus voltae. The initial works linking an N-glycan
structure to the actions of specific gene products in Archaea were
performed on M. voltae (71, 111-113). In the first of these studies,
published mere days ahead of a similar study of Hfx. volcanii (65),
the nomenclature for genes involved in archaeal N-glycosylation
(i.e., agl genes) was initially proposed (71).

Insight into methanoarchaeal N-glycosylation began, how-
ever, with the elucidation of the structure of the glycan N-linked to
the archaellins of M. voltae PS, namely, a novel 779-Da trisaccha-
ride composed of sugar residues with masses of 318, 258, and 203
Da (111). Mass spectrometry analysis identified the structure as
consisting of GlcNAc acting as a linking sugar, connected to a
diacetylated glucuronic acid, which is in turn linked to an acety-
lated mannuronic acid that is further modified through the at-
tachment of a threonine at the C-6 position [B-ManpNAcA6Thr-
(1-4)-B-GlcpNACc3NACA-(1-3)-B-GlcpNAc]. Other versions of
M. voltae strain PS obtained from different laboratories presented
archaellins of higher apparent molecular masses. The N-glycan
attached to these archaellins was identical to the trisaccharide de-
scribed above but with an additional mass of either 220 or 260 Da
at the reducing end, likely representing an additional sugar (113).
A logical explanation for this difference is that the original Jarrell
laboratory strain of M. voltae strain PS, passaged over the course of
>25 years, had undergone a mutation(s) in a gene(s) involved in
the biosynthesis and/or attachment of the novel fourth sugar.

Having defined the structure of N-linked glycans in M. voltae,
the extent of such modifications of target proteins was considered.
The archaella of M. voltae consist of four related archaellins, FlaA,
FlaB1, FlaB2, and FlaB3 (114, 115). The flaA gene is transcribed
separately immediately upstream of a large operon containing
flaB1, flaB2, and flaB3, followed by flaCDEFGHIJ (114, 116). The
major filament proteins are FlaBl and FlaB2, FlaA is a minor
structural component, and FlaB3 is responsible for the curved,
hook region of the archaella (115). All four archaellins have mul-
tiple potential sites for attachment of N-linked glycans, with two
sites in FlaA, five in FlaB1, six in FlaB2, and two in FlaB3 (111). Of
these 15 potential sites of N-glycosylation, the trisaccharide was
detected on 14 of them by mass spectrometry. It was only the first
N-linked sequon of FlaA that remained in question, since no pep-
tides were detected in an analysis covering the region in question
from this least abundant archaellin. Moreover, >95% of the ex-
amined archaellin-derived glycopeptides were fully modified. In
addition to archaellins, the M. voltae S-layer glycoprotein also
presents two potential N-linked sequons. While no studies specif-
ically targeted the glycosylation of the M. voltae S-layer glycopro-
tein, 59% coverage of the S-layer glycoprotein was obtained dur-
ing the course of studies performed on the archaellins. From this
work, the tryptic peptide T”>™', containing one of the potential
N-linked sequons, was shown to indeed bear the 779-Da glycan
(111).

Next, studies targeting genes encoding potential enzymes in-
volved in the biosynthesis or assembly of the N-linked glycan in
M. voltae resulted in the identification of the OST, AglB, and a GT,
termed AglA, which was responsible for the transfer of the third
sugar of the glycan (71). Insertional inactivation of these genes
resulted in archaellins that migrated faster on SDS-PAGE than the
wild-type protein, suggesting an effect on the attached glycan. A
faster-migrating S-layer glycoprotein was also observed in these
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mutants. Although both mutants were unstable, mass spectrom-
etry analysis of purified archaella isolated from the ag/A mutant
clearly indicated the loss of the terminal modified mannuronic
acid in the glycan in the majority of the peptides carrying N-linked
sequons. Furthermore, inactivation of either aglA or aglB had con-
sequences for archaellum assembly and function. Inactivation of
aglB led to nonarchaellated (and, hence, nonmotile) cells, while
inactivation of ag/A resulted in poorly motile cells that had fewer
and seemingly shorter archaella. This was thus the first genetic
evidence demonstrating that interference with the N-glycosyla-
tion system had severe effects on archaellation. Direct biochemical
evidence for the transfer of DolP-linked glycans to model peptides
by a polyhistidine-tagged version of M. voltae AglB expressed in E.
coli was subsequently provided by Larkin et al. (110) (see below).

Attempts to identify the first GT in the pathway, namely, the
enzyme responsible for attachment of GIcNAc to the dolichol car-
rier, led to the identification of a gene (Mv1751), subsequently
designated aglH (112). AglH is the only protein in the M. voltae
genome that belongs to Pfam PF00953 (GT family 4), which also
includes the eukaryotic enzyme N-acetylglucosamine-1-trans-
ferase (Alg7). Alg7 is known to catalyze the first committed step in
the N-glycosylation pathway of eukaryotic cells, namely, the con-
version of UDP-N-acetyl-p-glucosamine and DolP to UMP and
DolPP-N-acetyl-D-glucosamine (66). AglH shares 25% identity
and 41% similarity with S. cerevisiae Alg7 as well as motifs con-
served in N-acetylglucosamine-1-phosphate (GlcNAc-1-P) trans-
ferase (GPT) proteins, including the motif believed to be the GPT
active-site nucleophile region (VFVGDT in Alg7 and VFPGDT in
AglH) (112, 117). Efforts to show the direct involvement of AglH
in the M. voltae N-linked glycosylation pathway proved unsuc-
cessful, since all attempts to inactivate the encoding gene were
unsuccessful (71). Because of the many features that AglH shares
with eukaryotic Alg7, it was proposed that the archaeal enzyme
could serve as a functional homologue of Agl7. Experiments
showed that M. voltae aglH was indeed able to complement a
conditional lethal mutation in the alg7 gene of S. cerevisiae, dem-
onstrating that AglH was a GIcNAc-1-P transferase and likely the
GT that catalyzes the first step of the M. voltae N-glycosylation
pathway (112). Very similar results were recently reported for S.
acidocaldarius (118) (see below).

A subsequent report identified two putative GTs whose inacti-
vation resulted in faster-migrating archaellins on SDS-PAGE gels,
typical of glycosylation-defective mutants (113). With the GTs for
the first and third sugars identified, these two new GTs, designated
AglC and AglK, were proposed to be involved in the biosynthesis
or transfer of the second sugar. These studies also revealed that the
inactivation of either gene led to the appearance of nonarchael-
lated cells. More recently, in vitro studies of the M. voltae N-linked
glycosylation process were conducted by using synthetic and
semisynthetic substrates together with a polyhistidine-tagged ver-
sion of the relevant enzymes purified after expression in E. coli. In
these studies, the involvement of AgIC in the formation of the
second sugar predicted from previous genetic work was substan-
tiated. Purified AglC was thus directly shown to be a Glc-2,3-
diNAcA (2,3-diacetamido-2,3-dideoxy-D-glucuronic acid) GT,
converting UDP-Glc-2,3-diNAcA and DolP-GlcNAc to DolP-
GlcNAc-Gle-2,3-diNAcA. The specificity of the reaction was for
DolP-GlcNAc, with no conversion being detected when either
DolP or DolPP-GlcNAc was utilized as a potential substrate (110).
Further in vitro examination of the roles of AglH and AglK in the
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M. voltae N-glycosylation process revealed other interesting find-
ings (110). The first of these concerned AglH, the GT proposed to
act in the first step of the process (112). When AglH was overex-
pressed in E. coli and membranes from this strain served as the
enzyme source, no transfer of GIctNAc from UDP-GIcNAc to ei-
ther short (Cs5 and Cg,) or long (Cgs to C,5) DolP was observed,
despite previous findings that aglH genes from both M. voltae and
S. acidocaldarius were able to functionally complement a condi-
tional lethal alg7 mutant of S. cerevisiae (112, 118). The failure of
the in vitro enzymatic assays to match the in vivo complementa-
tion results for AglH remains unexplained. Nonetheless, studies
by Larkin et al. (110) instead point to AglK, rather than AglH, as
being the GT needed for the first step of the N-glycosylation pro-
cess. AglK shows high sequence similarity to eukaryotic Agl5, a
DolP-Glc transferase. Purified polyhistidine-tagged AgIK was
shown to catalyze the formation of DolP-GlcNAc when incubated
in the presence of Cs5 and Cg, DolPs and UDP-GIcNAG, with the
product bearing an anomeric a-linkage. No transfer to the lipid
was observed in the presence of UDP-Gl¢, UDP-GalNAc, UDP-
Gal, or GDP-Man. Moreover, the transfer of GIcNAc to Cs5 to Cg,
DolPs was much preferred over transfer to the longer (Cgs to C5)
DolP tested. The nucleotide product of the in vitro reaction was
shown to be UDP rather than UMP, demonstrating that AglK is a
DolP-GlcNAc synthase, catalyzing the transfer of GIcNAc and not
GlcNAc-1-P to DolP, resulting in the formation of DolP-GlcNAc
and not DolPP-GIcNAc. Finally, AgIK shares high sequence sim-
ilarity (43%) to Hfx. volcanii Agl] (75, 110), which performs the
first glycosyltransfer step in this halophile, although the sugar
transferred here is different, in this case being a hexose rather than
a GIcNAc (75).

These in vitro studies continued with analyses of purified poly-
histidine-tagged AglB (110). AgIB was shown to efficiently trans-
fer DolP-GlcNAc-[’H]Glc-2,3-diNAcA to an acceptor peptide,
Ac(YKYNESSYKpNF)NH, (based on the FlaB2 sequence [114])
in reactions dependent on divalent metal ions. Interestingly,
DolP-GlcNAc was not a substrate in these in vitro reactions, al-
though in vivo, archaellins are efficiently modified with a single-
sugar glycan in aglO mutants of M. maripaludis, where transfer of
the second sugar to the lipid carrier is prevented (119) (see below).

Methanococcus maripaludis. The development of genetic
techniques for M. maripaludis that were not available for M. voltae
led to a shift in the genetic and structural research on N-glycosy-
lation in methanogens to this species. The structure of the glycan
N-linked to the archaellins of M. maripaludis was determined to
be a tetrasaccharide with similarities to the structure of its M.
voltae counterpart (120). Interestingly, the linking sugar in M.
maripaludis was GalNAc, however, and not the GIcNAc found in
M. voltae. The second sugar in the M. maripaludis glycan was the
same as that in M. voltae, namely, a diacetylated glucuronic acid.
The third sugar was only slightly different from that in M. voltae.
Both are modified mannuronic acid moieties with a threonine
attached at the C-6 position, but in the case of M. maripaludis,
there is an additional acetamidino group added at position C-3.
The terminal (fourth) sugar of the M. maripaludis glycan is a novel
sugar, (5S)-2-acetamido-2,4-dideoxy-5-O-methyl-a-L-erythro-
hexos-5-ulo-1,5-pyranose. It was later reported that the major
pilin of M. maripaludis (MMP1685; EpdE) is also modified with
an N-linked glycan, but unexpectedly, this glycan is not identical
to the tetrasaccharide decorating archaellin Asn residues (121).
Instead, the N-linked glycan found on the pilin is a pentasaccha-
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ride corresponding to the tetrasaccharide attached to archaellin
yet bearing an extra hexose attached as a branch to the linking
GalNAc subunit. It is also possible that the single sequon present
in the M. maripaludis S-layer protein (MMPO0383) (122) is also
N-glycosylated. To date, this has not been addressed experimen-
tally.

(i) M. maripaludis glycosyltransferases and the oligosaccha-
ryltransferase. The first genes shown to be involved in the M.
maripaludis archaellin N-glycosylation process were those encod-
ing the GTs AglL, AglA, and AglO, involved in the addition of the
second, third, and fourth tetrasaccharide subunits, respectively, as
well as that encoding the OST AgIB (119). The genes encoding the
three GTs are clustered close together in the genome (mmp1088
[agIL], mmp1080 [aglA], and mmp1079 [aglO]), but unlike the
case for Hfx. volcanii (78), they are not clustered with aglB
(mmp1424). The deletion of each gene causes a stepwise decrease
in the size of the archaellins detected by Western blotting, as the
resulting glycan is truncated from four sugars to three, two, one,
and, finally, the nonglycosylated version found in the aglB mutant.
One of the GTs, AglA, shows significant sequence similarity to the
homologous enzyme in M. voltae (35% identity and 55% similar-
ity), reflecting the fact that AglA transfers an almost identical
sugar (a modified mannuronic acid) to the diacetylated glucu-
ronic acid that is the second glycan subunit in both organisms.
Interestingly, deletion of aglL results in the loss of not only the
terminal sugar but also the threonine attached to the third glycan
subunit, suggesting that the addition of the threonine does not
occur until the complete tetrasaccharide has been assembled.
Thus far, the identity of the GT that mediates the transfer of the
first sugar, GalNAGc, to the lipid carrier is unknown. However, the
M. maripaludis genome contains a limited number of predicted
GTs that could mediate this first step. To date, most of these an-
notated GT-encoding genes (as well as genes encoding other po-
tential GTs not yet annotated as such) have been targeted for de-
letion (119; our unpublished data). Many of these genes have been
successfully deleted without any apparent effect on the size of the
archaellins, indicating that they do not code for the first GT (119;
our unpublished data). For other candidates, repeated attempts to
delete the genes have thus far proven unsuccessful. This category
includes mmp1423, located immediately adjacent to aglB, and
mmpl1170 (119). MMP1170 shares very high similarity (79%) to
M. voltae AglK, shown by in vitro experiments to catalyze the first
GT activity in the N-glycosylation pathway of this organism (110),
although the M. voltae enzyme transfers GIcNAc and not GalNAc,
as occurs in the M. maripaludis pathway. The failure to isolate a
mutant in the first GT might indicate that it serves a dual role,
acting in both N-glycosylation and a second essential pathway,
such as that used for the biosynthesis of glycolipids or coenzyme
M. The structure of coenzyme M, an essential cofactor for the
terminal step in methanogenesis (123), includes a UDP-GIcNAc-
ManNACcA disaccharide head group (124).

(ii) Other M. maripaludis genes involved or implicated in N-
glycosylation. After the identification of the four gene products
involved in the attachment of sugar subunits to the lipid carrier
and the transfer of the tetrasaccharide onto asparagines within
target sequons, other genes involved in the biosynthesis or modi-
fication of the individual glycan subunits were identified. These
genes are organized into groups found at two major locations on
the M. maripaludis chromosome. One group is clustered together
with genes encoding the GTs identified by genetic and mass spec-
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trometry work as being involved in N-glycosylation and with
genes whose roles in acetamido sugar biosynthesis have been dem-
onstrated in vitro following expression and purification of the pro-
tein products in E. coli. Presently, this region encompasses
mmpl076-mmpl1094 (108, 119, 125). The second cluster is located
in the region bounded by at least mmp0350-mmp0359 (8. Siu, J.
Kelly, S. Logan, and K. F. Jarrell, unpublished data). Interestingly,
homologues of the genes in both these M. maripaludis clusters are
also found in M. voltae A3, although they all appear at a single
locus in M. voltae. Moreover, this stretch of M. voltae genes in-
cludes an additional gene not found in the M. maripaludis ge-
nome, namely, Mv0l0233, predicted to be a p-glucuronyl C5 epi-
merase, the enzyme responsible for the conversion of glucuronic
acid into iduronic acid.

(a) Biosynthetic genes in M. maripaludis gene cluster 1. In the first
cluster of M. maripaludis N-glycosylation genes, immediately ad-
jacent to aglA, yet transcribed from the opposite strand, is an
operon comprising three genes, mmpl081-mmpl083, subse-
quently renamed aglXYZ (125). These three genes show high se-
quence similarity to wbuXYZ, E. coli genes implicated in the bio-
synthesis of 2,6-dideoxy-2-acetamidino-L-galactose, found in the
O-antigen (126). In the bacterial system, the three gene products
are thought to act in concert, with the glutaminidase WbuY gen-
erating ammonia that is delivered to the amidotransferase WbuX
via an ammonia tunnel formed by WbuZ. An M. maripaludis mu-
tant from which aglX was deleted presented an N-linked glycan
missing the terminal sugar as well as the threonine and acet-
amidino group of the third sugar (125). In the agIXYZ system,
AglY, AglZ, and AglX were proposed to correspond to the glu-
taminidase, ammonia tunnel, and amidotransferase, respectively.
Evidence supporting these roles included the effects of the gene
deletions observed when cells were grown with excess or limited
ammonia. Under either condition, deletion of the amidotrans-
ferase aglX resulted in the appearance of smaller archaellins. The
effects of the deletion of either aglY or aglZ, however, were ob-
served only when cells were grown in ammonia-limited medium
(125). Under these growth conditions, aglY and aglZ mutants pre-
sented a glycan that was identical to that observed in cells carrying
a deletion of aglX, while a wild-type glycan was observed in aglY
and aglZ mutants when the mutants were grown in medium con-
taining sufficient ammonia. Presumably, if ammonia is plentiful,
AglX does not require the production and specific tunneling of
ammonia from AglY and AglZ. As mentioned above, deletion of
aglX resulted in several losses to the glycan; the fourth sugar was
absent, as were the threonine attachment and acetamidino mod-
ification of the third sugar. One explanation for this is that AglL
cannot transfer the fourth sugar onto the third unless the acet-
amidino group is already present. Without the fourth sugar, the
threonine modification of the third sugar does not occur, as ob-
served previously for the aglL mutant. Finally, the aglX, aglY, and
aglZ deletion strains were all archaellated and motile.

Located immediately adjacent to agIXYZ is an operon of four
genes transcribed from the opposite strand, mmp1084-mmpI1087.
Two of these genes, mmpl084 and mmpl085, demonstrated ef-
fects on the N-linked glycan and were designated aglU and aglV,
respectively (127). Deletion of either gene resulted in a minor
decrease in the apparent molecular mass of the archaellin. Assess-
ment of the role of AglV was straightforward. It shows high se-
quence similarity to SAM-dependent methyltransferases, possess-
ing motifs found in proteins with such activity. Deletion of the
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gene resulted in a single small change in the attached glycan,
namely, a loss of the methyl group normally attached to the ter-
minal sugar. Hence, this was the first gene identified to be involved
in the biosynthesis of the unique terminal sugar of the M. mari-
paludis N-linked glycan. The role of AglU is more intriguing. De-
letion of aglU resulted in a very specific single change in the glycan
structure, namely, the loss of the threonine group attached to the
third sugar. Accordingly, AglU could participate in threonine bio-
synthesis or in the actual transfer of the threonine to the third
sugar. Deletion of aglU did not, however, result in threonine aux-
otrophy, as these mutant cells grew as well as the wild type in a
minimal medium lacking all amino acids, suggesting that AglU is
not involved in threonine biosynthesis. Genes encoding proteins
with high sequence similarity to AglU are found only in M. mari-
paludis and M. voltae, both of which are known to contain threo-
nine-modified mannuronic acid in their N-linked glycans (111,
120). Interestingly, homologues of AglU are not found in all se-
quenced M. maripaludis strains, suggesting that some strains do
not carry this unusual modification. Genes involved in the attach-
ment of amino acids to sugars in capsular polysaccharides and
O-antigens are rarely known. One example of a gene known to
serve this role is orf3, which is responsible for the addition of
the serine onto the capsule polysaccharide glycan backbone in E.
coli O8:K40 (128). AglU shares 22% identity and 39% similarity
with the ORF3 serine transferase. Both proteins belong to the
Gn_AT_II superfamily and share a conserved glutaminase do-
main in the region of the N terminus. Based on the data described
above, it was concluded that AglU is the enzyme responsible for
the transfer of threonine onto the third sugar.

The last two genes in the operon (mmpl086 and mmp1087)
share 56% sequence identity. Both genes have a predicted FeS/
SAM-binding site at the N-terminal region and a DUF4008 do-
main in the C-terminal region. Deletion of either gene alone did
not lead to any change in glycan composition, as determined by
mass spectrometry (127). Moreover, the possibility that one gene
product could compensate for the loss of the other, given their
sequence similarity, was discarded, as the glycan structure of a
mutant carrying deletions of both mmp1086 and mmp1087 was
identical to that of the parent strain. It remains possible, consid-
ering that mmp1086 and mmpl087 are cotranscribed with aglU
and aglV, that one or both of these genes contributes to N-glyco-
sylation under specific growth conditions, as was found to be true
for aglY and aglZ (125).

Immediately adjacent to mmpl087 is the gene that codes for
AglL, the GT responsible for the addition of the terminal sugar
discussed above. The next gene, mmp1089, part of an operon ex-
tending from mmp1089 to mmp1094, presents an interesting di-
lemma. MMP1089 is annotated as a polysaccharide biosynthesis
protein but has conserved domains associated with the export of
O-antigen, colonic acid, and teichoic acids (COG2244). Indeed,
MMP1089 was among the initial set of genes targeted in M. mari-
paludis as the flippase required for translocating the lipid-linked
glycan from the cytoplasmic side of the membrane to the external
face, where it is acted upon by AgIB and transferred to target
proteins (119). Unfortunately, repeated attempts to delete this
gene all proved unsuccessful. To date, the only identified archaeal
protein with suspected flippase or flippase-related function is Hfx.
volcanii AgIR, which appears to deliver DolP-mannose across the
membrane (90) (see above). It is of note that like AgIR, MMP1089
also contains the conserved domain associated with export of O-
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antigen and teichoic acid. Since aglB deletions are viable in M.
maripaludis, deletion of the flippase gene should be possible, un-
less the flippase for N-glycosylation also acts in another essential
process. Recently, it was shown that the photoreceptor opsin also
acts as an ATP-independent phospholipid flippase (129). Thus,
opsin is a member of the so-called moonlighting proteins in which
two distinct functions are found within a single polypeptide chain
(130). It was suggested that the difficulty in identifying flippases
involved in N-linked glycosylation, such as the eukaryotic M5-
DLO flippase, could be due to the fact that the protein is a moon-
lighting protein that serves another defined function that has al-
lowed its role as a flippase to be overlooked. Such a possibility may
hamper the identification of flippases in Archaea as well.

MMP1090 is annotated as a glucose 4-epimerase. In vitro work
on MMP1090, expressed and purified as a C-terminally polyhis-
tidine-tagged version in E. coli, confirmed its 4-epimerase activity
(Y. Ding, I. Brockhausen, and K. F. Jarrell, unpublished data). The
enzyme acts on both galactose and GalNAc, mediating the con-
version to glucose and GIcNAGg, respectively. The reverse reaction
is much less favored. An mmp1090 deletion mutant possessed ar-
chaellins that migrated faster than wild-type archaellins in West-
ern blots, indicating that MMP1090 plays a role in the biosynthesis
of a glycan sugar, although the precise role is still undetermined.

Finally, gene annotations and analysis of protein sequences
using the BLAST algorithm to search the NCBI database reveal
that at least some of the other genes in the mmp1089-mmp1094
operon could also be involved in the biosynthesis of sugars com-
prising the N-linked glycan. The creation of gene deletions and
analyses of the resulting glycan structures in these mutants are
ongoing.

(b) Biosynthetic genes in M. maripaludis gene cluster 2. A second
locus on the M. maripaludis genome also includes genes involved
in the biosynthesis of the sugars that comprise the N-linked gly-
can-decorating glycoproteins. To date, this locus has been shown
to include two adjacent but divergently oriented gene sets. The
first set encompasses mmp0350-mmp0354, while the second ex-
tends from mmp0355 to mmp0359. Some of the genes located in
the mmp0350-mmp0359 region appear to be the M. maripaludis
equivalent of Pseudomonas aeruginosa wbp genes that are involved
in the conversion of UDP-GIcNAc to UDP-2,3-diacetamido-2,3-
dideoxy-B-pD-mannuronic acid [ManNAc(3NAc)A], as needed
for the biosynthesis of the B-band O-antigen (131). MMP0353 (a
dehydrogenase), MMP0351 (an aminotransferase), MMP0350
(an acetyltransferase), and MMP0357 (an epimerase) share sub-
stantial sequence similarity with WpbA, WbpE, WbpD, and
Whbpl, respectively, while MMPO0352 is 48% similar to WbpB al-
beit with only 37% coverage. A polyhistidine-tagged version of
MMPO0352 expressed in E. coli has been studied in vitro (109) and
was shown to catalyze the oxidation of UDP-GIcNAc to generate
the keto sugar UDP-2-acetamido-3-o0x0-2,3-dideoxy-a-D-gluco-
pyranose in a NAD " -dependent fashion. MMP0352 did not oxi-
dize UDP-Glc, UDP-GalNAc, GlcNAc, or glucosamine. It does
not appear that UDP-GIcNACA was tested as a possible substrate
for MMP0352 in these studies. These data thus strongly suggest
that in M. maripaludis, UDP-GIcNAc is successively acted upon by
MMP0353, MMP0352, MMP0351, and MMP0350 to yield the
UDP-GIcNAc(3NAc)A (UDP-2,3-diacetamido-2,3,-dideoxy-D-
glucuronic acid) donor for the second sugar of the N-linked gly-
can, and with the further action of MMP0357, the activated donor
for the third sugar is generated. These assignments are consistent
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with the estimated size of the glycan attached to archaellins, as
assessed by Western blotting. In other words, modification of the
protein by a glycan comprising a single sugar in the mmp0350,
mmp0351, mmp0352, and mmp0353 deletion strains, all of which
are nonarchaellated, is seen. The assignment of MMPO0357 as be-
ing critical for the biosynthesis of the third sugar is also consistent
with Western blot and mass spectrometry data showing that the
deletion of mmp0357 results in a two-sugar-containing glycan be-
ing attached to archaellins and cells that are archaellated (Siu et al.,
unpublished). The deletion of mmp0354, considered another po-
tential flippase candidate based on its annotation, did not have
any apparent effect on archaellin molecular mass (119).

The adjacent gene cluster, mmp0355-mmp0359, is transcribed
from the opposite strand from mmp0350-mmp0354. The current
annotation of the mmp0355-mmp0359 cluster reveals an interest-
ing mix of genes with strong sequence similarity to genes encoding
proteins involved in acetamido sugar biosynthesis and GTs, in
addition to those showing similarity only to genes of unknown
function. Thus far, only mmp0357 has been deleted, as described
above. In terms of sequence, MMP0356 is highly similar to GT 1
superfamily members, while MMP0358 shares high sequence
identity to hypothetical proteins found widely in Archaea and has
a conserved domain found in members of the GT-GTB-type su-
perfamily. MMP0359 presents high sequence identity to anno-
tated GTs in a wide variety of Archaea and possesses a conserved
domain found in the GT-GTA-type superfamily, in particular
DPM-DPG-synthase-like enzymes belonging to the GT 2 super-
family. In eukaryotes, Dpm1 is the catalytic subunit of DolP-man-
nose synthase. Finally, the remaining member of this gene cluster
is an interesting one. MMP0355 contains no detectable conserved
domains, according to either BLAST or InterProScan analysis. A
BLAST search identified only a few hypothetical proteins with
significant sequence alignment, found in a limited number of di-
verse methanogens (Methanoculleus bourgensis, Methanococcoides
burtonii, Methanolobus psychrophilus, and Methanocorpusculum
labreanum) and a single Thermococcus species (T. onnurineus).
Interestingly, the search did not identify an mmp0355 homologue
in any other M. maripaludis isolate or in M. voltae. If this gene is
indeed involved in glycan biosynthesis, as its genomic location
suggests, it appears to be performing an unusual function that is
not at all widespread, even among very closely related organisms.

(iii) In vitro studies of purified M. maripaludis enzymes in-
volved in glycan sugar biosynthesis. In addition to the genetic
and mass spectrometry analysis of the M. maripaludis archaellin
N-glycan, significant insight into the biosynthesis of the compo-
nent sugars of the glycan have been provided by in vitro studies by
Namboori and Graham showing that Methanococcales use a bac-
terial pathway to generate GIcNAc (108). The difficulties that were
overcome in this study include the problem that key enzymes
involved in GlcNAc biosynthesis cannot be identified simply by
comparative sequence analysis since many belong to large protein
families with diverse functions. In addition, several key enzymes
in the pathway have orthologues. Candidate proteins from both
M. maripaludis and Methanocaldococcus jannaschii were expressed
and purified from E. coli and used in in vitro assays designed to test
predicted functions. From these studies, the authors identified
enzymes involved in the formation of UDP-GIcNACc starting with
fructose-6-phosphate (Fru-6-P) and the subsequent conversion
of UDP-GIcNAc to UDP-N-acetylmannosamine (ManNAc) and
UDP-ManNACcA. These UDP-acetamido sugars are the likely pre-

Microbiology and Molecular Biology Reviews


http://mmbr.asm.org

cursors of the N-glycans of the archaellins, pilins, and S-layer pro-
teins in Methanococcus as well as for the biosynthesis of glycolipids
and coenzyme M.

Based on the results of these in vitro assays, the following se-
quence of events was proposed (108). Starting with Fru-6-P,
an isomerizing glutamine-Fru-6-P transaminase, MMP1680
(GImS), produces glucosamine-6-phosphate (GIcN-6-P). The
phosphoglucosamine mutase activity of MMP1077 (GlmM) re-
sults in the transfer of the phosphate group from GIcN-6-P to the
C-1 position, forming GlcN-1-P. MMP1076 (GlmU) then cata-
lyzes the next two steps, namely, the acetylation of the 2-amino
group of GlcN-1-P using acetyl coenzyme A (CoA) to form Gl-
cNAc-1-P and its transfer to UTP to form UDP-GIcNAc. From
UDP-GIcNAc, UDP-ManNAc is formed by the UDP-GIcNAc
2-epimerase activity of MMP0705 (WecB). Finally, MMP0706, a
UDP-ManNAc 6-dehydrogenase, catalyzes the oxidation of UDP-
ManNAc to UDP-ManNAcA in a NAD *-dependent step.

Interestingly, orthologues of mmp0705 and mmp0706 are lo-
cated near each other in the mmp0355-mmp0359 cluster. More-
over, deletion analysis has shown that the products of both
mmp0353 (the orthologue of mmp0706) and mmp0357 (the or-
thologue of mmp0705) are critical for wild-type glycan formation,
indicating that the missing proteins are not compensated for by
MMP0705/MMP0706. Initial attempts to delete mmp0705 or
mmp0705, however, have been unsuccessful, suggesting that they,
unlike mmp0353 and mmp0357, might be essential, possibly due
to a role in the biosynthesis of coenzyme M, reported to contain
ManNAcA (124). Interestingly, purified, heterologously ex-
pressed, polyhistidine-tagged MMP0357 did not show detectable
UDP-GIcNAc 2-epimerase activity, even though it is 53% identi-
cal and 68% similar to MMP0705 (108). MMP0706 is homolo-
gous not only to UDP-ManNAc dehydrogenase (WecC) but also
to a number of other enzymes (UDP-Glc dehydrogenase, UDP-
acetylgalactosamine dehydrogenase, and UDP-glucose/GDP-
mannose dehydrogenase), whereas MMP0353 is 35% identical
and 54% similar to MMP0706. Since mmp0353 deletion leads to
the generation of a single-sugar subunit-containing glycan (Siu et
al., unpublished), this suggests that the role of MMP0353 is not as
an MMP0706/WecC homologue involved in the biosynthesis of
the third sugar but rather is in the biosynthesis of the second sugar,
the diacetylated glucuronic acid (see above).

(iv) Lipid carrier of M. maripaludis N-glycosylation. Until
recently, there was no direct information on the nature of the lipid
carrier(s) for N-glycosylation in any methanogen. Early studies
involving the addition of bacitracin to several methanococcal spe-
cies resulted in the appearance of lower-molecular-weight ar-
chaellins in both Methanococcus deltae ARC (later reclassified as
M. maripaludis ARC [132]) and M. maripaludis but not in M.
voltae, suggesting that this treatment had interfered with N-linked
glycosylation in the first two organisms (133). Since bacitracin
forms a complex with DolPP carriers, preventing the regeneration
of the monophosphate form of the lipid (134), these data and
those obtained from similar bacitracin studies with Hbt. salina-
rum (83, 135) led to the conclusion that a DolPP carrier was likely
to be involved in N-glycosylation in M. maripaludis but not in M.
voltae. However, a recent mass spectrometry analysis of the lipids
extracted from M. maripaludis was reported, and a short Cs5 DolP
was identified as bearing the first three sugars of the archaellin
N-linked tetrasaccharide glycan (110). Like Hfx. volcanii DolP,
two sites of saturation were found, likely corresponding to the a-
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and w-position isoprene units. No analysis of the M. voltae lipid
carrier was reported, although in vitro enzymatic assays of M. vol-
tae AglK (revealing DolP-GlcNAc synthase activity) demonstrated
that it favored short DolP (Cs5 and Cg,) over longer DolP species
(Cgs to Cygs) as the substrate. In addition, purified AglC, the GT
needed for the addition of the second glycan subunit, uses DolP-
GlcNAc but not DolPP-GlcNACc as the substrate (110). The use of
DolP as the substrate is consistent with the bacitracin data but at
odds with the ability of M. voltae aglH to functionally complement
an alg7 mutant in yeast, which suggested the use of DolPP as a lipid
carrier (112). The M. voltae AglK-generated DolP-GlcNAc bears
an anomeric a-linkage and not a B-linkage as reported for DolP-
Man and DolP-Glc in eukaryotes. However, since the final glyco-
sylated archaellins in M. voltae are known to attach the N-linked
glycan viaa 3-GlcNAc subunit (111), inversion of stereochemistry
would be consistent with the action of known OSTs (110).

(v) Current model of N-glycosylation in M. maripaludis. The
findings described above can be combined to offer a detailed de-
lineation of the pathway used by M. maripaludis for N-glycosyla-
tion of the archaellins. The process likely begins with the addition
of UDP-GalNAc to DolP (110) by an unidentified GT. The addi-
tion of the remaining three nucleotide-activated sugars occurs
through the actions of the AglO, AglA, and AgIL GTs, respectively
(119). The likely pathway for the formation of the UDP-activated
second sugar starting from Fru-6-P involves the combined activ-
ities of MMP1680, MMP1077, and MMP1076 to form UDP-
GIlcNAc (108). This precursor is converted to the second sugar of
the glycan via the actions of MMP0353, MMP0352, MMP0351,
and MMP0350 (Siu et al., unpublished). The epimerase activity of
MMPO0357 then results in the generation of the third sugar pre-
cursor, which is further acted upon by AgIXYZ to add the acet-
amidino functional group (125). AglU adds the threonine to sugar
3, likely only after the fourth sugar has been added by the AgIL GT
(127). AglV adds a methyl group to sugar 4 (127). The DolP-
bound tetrasaccharide is then flipped across the membrane by an
unidentified flippase and transferred to target Asn residues by
AglIB (119). The current model of M. maripaludis N-glycosylation
is presented in Fig. 4.

Pathway of N-Linked Glycosylation in the
Thermoacidophile Sulfolobus acidocaldarius

In contrast to studies elucidating the process of N-glycosylation in
the Euryarchaeota, specifically, in Hfx. volcanii, M. voltae, and M.
maripaludis, details on the parallel process in Crenarchaeota were
unavailable until only recently. Because Crenarchaeota and Eur-
yarchaeota, the two best-studied phyla of the Archaea, differ sig-
nificantly in several basic cellular processes (136), such as replica-
tion and cell division, investigation of N-glycosylation in a
crenarchaeote is essential for exploring the diversity of the process
in the archaeal domain as a whole. To analyze the crenarchaeal
N-glycosylation process, initial efforts were undertaken to eluci-
date the structure and composition of the N-glycan covering the
S-layer glycoprotein of S. acidocaldarius. Mass spectrometry anal-
ysis revealed that the S-layer glycoprotein is modified with a het-
erogeneous family of glycans, with the largest comprising
GlcNAc,Glec,Man, and a sulfated sugar called sulfoquinovose
(137), consistent with the previously reported tribranched hexasa-
ccharide linked to S. acidocaldarius cytochrome bssg/s6 (138).
This analysis furthermore revealed a remarkably high glycosyla-
tion density of the S-layer glycoprotein in the C-terminal domain,
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FIG 4 Working model of the N-glycosylation pathway in Methanococcus maripaludis. Shown are the steps at which various known agl gene products act in the
biosynthesis and assembly of the N-glycan and the steps for which Agl protein involvement remains to be identified. The actual arrangement, size, and shape of
the various GTs and AgIB and the mechanism by which AglB acts are not known.

averaging one site every 30 to 40 amino acid residues. A high
glycosylation density has also been reported for the S-layer glyco-
protein of Methanothermus fervidus, although of the 20 potential
N-glycosylation sites, only about 10 have been calculated to be
occupied with glycan (139). The prediction of the N-glycosylation
frequency in archaeal S-layer glycoproteins (Table 2) furthermore
showed that the majority of thermo(acido)philic archaea, such as
Acidianus ambivalens, Thermoplasma acidophilum, Mt. fervidus,
and Methanothermus sociabilis, also possess S-layer proteins with a
remarkably large number of predicted N-glycosylation sites. This

high N-glycosylation frequency might underline the necessity of
this PTM for a stable and rigid cell wall in the face of elevated
temperatures and acidity.

As was the case with halophiles and methanogens, the develop-
ment of key genetic tools allowing the creation of markerless in-
frame deletion mutants (140) propelled analysis of the N-glycosy-
lation process in the crenarchaeote S. acidocaldarius. As in other
archaeal model systems, here too, the S-layer glycoprotein has
proven to be an excellent reporter for studying N-glycosylation.
To identify enzymes important for N-glycan biosynthesis in S.

TABLE 2 Overview of the frequency of potential N-glycosylation sites in selected archaeal S-layer glycoproteins and the S. cerevisiae cell wall protein

Protein Calculated Apparent mass No. of sequons Frequency of
S-layer gene/protein (GenBank accession no.) size (aa) mass (kDa) (kDa) (NXS/T) sequons (aa)
Acidianus ambivalens slaA (CAM84437.1) 1,016 112.3 110 33 ~31
Haloarcula japonica csg (BAB39352.1) 862 90.6 170 5 ~170
Har. marismortui csg” (AAV44550.1) 887 92.3 180 5 ~177
Hbt. salinarum csg” (AAA72185.1) 852 89.6 200 13 ~65
Hfx. volcanii csg” (AAA72996.1) 827 85.2 180 7 ~118
Mce. jannaschii simjl (CAC84089.1) 558 60.5 90 7 ~80
M. maripaludis slp (CAF29939.1) 575 58.9 88 1 ~575
Methanococcus vannielii slmvl (CAC83951.2) 566 59.0 60 1 ~566
M. voltae® sla (Q50833.2) 576 60.6 76 2 ~288
Methanococcus thermolithotrophicus simtl (CAC83952.2) 559 59.2 82.5 4 ~140
Methanosarcina acetivorans MA0829 (NP_615788.1) 671 74.3 119-134 4 ~167
Mt. fervidus slgA® (CAA41230) 593 65.5 92 19 ~30
Mt. sociabilis sigA (CAA41229.1) 593 65.5 89 19 ~30
Methanotorris igneus slmil (CAD92366.1) 519 55.6 8 ~64
P. furiosus S-layer protein (NP_579128.1) 605 65.7 7 ~86
S. acidocaldarius slp1® (CAJ30479.1) 1,424 151.0 130 32 ~43
S. islandicus M1627_1831 (ACP55706.1) 1,232 132.8 250 (likely dimer) 38 ~32
S. solfataricus slp1® (CAJ31324.1) 1,231 131.8 250 (likely dimer) 39 ~32
S. tokodaii slaA (NP_378193.1) 1,442 156.5 130 41 ~35
T. acidophilum Ta0280° (cell surface glycoprotein) 925 101.5 150 43 ~21
(NP_393760.1)
S. cerevisiae cell wall protein ECM33 (CAA85022.1) 468 48.3 13 ~36

“ Attached N-linked glycan structures have been determined (see the text).
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acidocaldarius, initial studies focused on the identification of ho-
mologues of known enzymes involved in the biosynthesis of N-
glycans in Bacteria, Eukarya, and other Archaea. This approach,
however, did not identify any reliable candidates for enzymes in-
volved in the N-glycosylation process, except for the OST AglB.
Based on the conserved motif ( WWDXG) found in the amino acid
sequence of the eukaryal, bacterial, and archaeal OSTs, the gene
encoding this central enzyme of N-glycosylation (Sacil274) was
identified. In contrast to the aglB-based clustering of N-glycosy-
lation genes observed, for example, in Hfx. volcanii (78), no addi-
tional genes encoding predicted GT's are detected near aglB in S.
acidocaldarius. Indeed, the clustering of genes putatively partici-
pating in the N-glycosylation process does not seem to be com-
mon within the thermophilic archaea (57, 96). In Crenarchaeota,
only species of Metallosphaera seem to present an aglB-based clus-
ter of GT-encoding genes (57). The scattering of genes encoding
GTs throughout the genome and the lack of clear homologues to
known GTs thus made the identification of genes involved in the
S. acidocaldarius N-glycosylation pathway more difficult than was
the case with the euryarchaeal systems studied to date.

Based on previous structural and compositional characteriza-
tions of the N-glycan decorating S. acidocaldarius glycoproteins
(137, 138), it was assumed that the N-glycosylation process began
with the transfer of a GIcNAc residue onto the lipid carrier, similar
to what occurs in the parallel eukaryal process, where the GIcNAc-
1-P transferase Alg7 catalyzes the conversion of UDP-GIcNAc and
DolP into UMP and DolPP-GIcNAc (141, 142). A BLAST search
aimed at identifying an S. acidocaldarius homologue of eukaryal
Alg7 led to the identification of Saci0093, which is annotated as a
putative UDP-GIcNAc:dolichol phosphate GlcNAc-1-phospho-
transferase. The encoding gene, renamed aglH, as it is predicted to
catalyze the same reaction as that catalyzed by aglH in M. voltae, is
found in a region of the genome where downstream genes are
predicted to code for enzymes involved in isoprenoid lipid bio-
synthesis. saci0091 (idi) codes for a predicted isopentenyl-diphos-
phate delta-isomerase. The Idi homologue in Sulfolobus shibatae
has been shown to catalyze the interconversion of isopentenyl
diphosphate and dimethylallyl diphosphate, components em-
ployed in polyprenoid biogenesis (143, 144). The adjacent gene,
5aci0092 (gds), codes for a geranylgeranyl pyrophosphate syn-
thase. In S. shibatae, this bifunctional enzyme synthesizes both
farnesyl pyrophosphate and geranylgeranyl pyrophosphate (145,
146), the latter reportedly serving as a precursor in DolP biosyn-
thesis (147). Such clustering of isoprenoid biosynthesis genes di-
rectly upstream of aglH could reflect a need for coordinated reg-
ulation and expression of genes involved in the biosynthesis of
dolichol or DolP.

Besides showing sequence homology to its eukaryal counter-
parts, S. acidocaldarius AglH apparently also presents a topology
similar to those of its homologues (148, 149). S. acidocaldarius
AglH possesses 10 predicted trans-membrane domains (TMD)
separated by five cytoplasmic and four external hydrophilic loops.
Still, attempts to confirm the proposed function of AglH by gen-
erating an aglH deletion mutant have proven fruitless. This was
also the case with M. voltae, where attempts to delete aglH were
unsuccessful (71) despite the fact that the N-glycosylation path-
way is not essential in the organism, as reflected by the ability to
delete agIB (71). Hence, to verify the proposed function of S. aci-
docaldarius AglH as a UDP-GlcNAc:dolichol phosphate GlcNAc-
1-phosphotransferase, a cross-domain complementation study
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was performed, as previously accomplished in studies of M. voltae
AglH (112). Although S. acidocaldarius grows at temperatures
near 75°C, aglH from this organism was still able to complement a
conditional lethal S. cerevisiae alg7 mutant and restore N-glycosy-
lation at 28°C (B. H. Meyer and S.-V. Albers, unpublished data).
Based on this interdomain complementation as well as sequence
and topology similarity, it is most likely that N-glycosylation in S.
acidocaldarius begins with the action of AglH, reminiscent of what
occurs in eukaryotes, where DolPP-GIcNAc is generated and
serves as the precursor for further N-glycan assembly (66). Still,
despite the complementation data showing that two different
AglH proteins can rescue a conditional lethal Alg7 yeast mutant, in
vitro data do not support the ability of at least M. voltae AglH to
catalyze this reaction (110).

Very little is known about the second and third steps in N-gly-
can assembly, but in the fourth step, the unusual sulfated sugar
sulfoquinovose is transferred onto the presumably lipid-linked
trisaccharide. Sulfoquinovose is found mostly as the nonphos-
phorous head group of sulfoquinovosyldiacylglycerol (SQDG),
which islocalized exclusively in the photosynthetic membranes of
all higher plants, mosses, ferns, and algae as well as in most pho-
tosynthetic bacteria (150, 151). Although SQDG seems to have a
tight correlation with phototrophic membranes, the presence of
SQDG does not correlate with photosynthetic ability and is not
required for photosynthesis (152). Chemical mutagenesis re-
vealed four genes (sqdA, sqdB, sqdC, and sqdD) essential for SQDG
biosynthesis in Rhodobacter sphaeroides (153, 154). Sequence
comparisons to SqdB, which is the only enzyme that has apparent
orthologues in every SQDG-producing organism, led to the iden-
tification of Saci0423, which shares 40% sequence identity with
SqdB (155). saci0423, now renamed agl3, codes for the predicted
UDP-sulfoquinovose synthase and is found in a gene cluster in
which the neighboring genes code for enzymes involved in the
proposed biosynthesis pathway of UDP-sulfoquinovose in S. aci-
docaldarius (155). agl4 (saci0424) is annotated as a glucokinase,
which is predicted to phosphorylate a glucose precursor in the first
step of the pathway. Phosphorylated glucose could be further ac-
tivated by Agl2 (Saci0422), a nucleotidyltransferase, to create
NDP-glucose. UDP-glucose and sodium sulfite have been shown
to be substrates of the heterologously expressed UDP-sulfoquino-
vose synthase Agl3 (155). The successful markerless in-frame de-
letion of agl3 demonstrated the importance of Agl3 for N-glyco-
sylation. The S-layer glycoprotein SlaA and the archaellin FlaB
each had a decreased molecular mass in the agl3 deletion mutant,
indicative of a change in N-glycan composition. Indeed, nano-LC
tandem mass spectrometry (MS/MS) of the S-layer glycoprotein-
derived peptides from the agl3 deletion mutant confirmed the
reduced N-glycan size, with the largest N-glycan in the ag/3 dele-
tion mutant being composed of the Man, GIcNAc, trisaccharide.
The composition of this trisaccharide not only confirmed the par-
ticipation of Agl3 in the N-glycosylation process but also demon-
strated the highly ordered process of S. acidocaldarius N-glycan
assembly. In addition to the lack of sulfoquinovose and its linked
glucose, the second mannose residue was also absent in the N-gly-
can in this mutant. This demonstrates that sulfoquinovose and,
presumably, its attached glucose have to be added before the sec-
ond mannose can be transferred onto the glycan.

In the fifth step in the assembly of the S. acidocaldarius N-gly-
can, one of two terminating hexose residues is transferred onto the
presumably lipid-linked glycan precursor. Based on the agli6 de-
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letion mutant (see below), transfer of the terminal mannose is
most likely. Here too, however, the GTase responsible for this
reaction remains unknown.

In the last step in the biosynthesis of the tribranched hexasac-
charide, the other terminal hexose is added in a reaction catalyzed
by the GT Agl16 (156). Indeed, Agl16 was the first GT involved in
crenarchaeal N-glycan biosynthesis to be identified. It is a soluble
40.6-kDa protein and contains a GT 1 domain (PF00534). The
successful deletion of agl16 resulted in small changes in the mo-
lecular weights of SlaA and FlaB, although such alterations were
less than those noted for the agl3 deletion strain, reflecting the loss
of only a terminal hexose residue in cells lacking Agl16. Indeed,
nano-LC-ESI MS/MS analysis of SlaA-derived glycopeptides from
the agl16 deletion strain confirmed the largest N-glycan to be a
pentasaccharide lacking a terminal hexose. High-performance
liquid chromatography (HPLC) analysis of the N-glycan isolated
from the S-layer protein of the agl3 deletion strain likewise re-
vealed a reduced glucose concentration compared to that of the
N-glycan of the background strain (155). Based on these results, it
was proposed that Agll6 is involved in the transfer of the last
terminal glucose subunit onto the sulfoquinovose residue in the
lipid-linked glycan ultimately transferred to select Asn residues of
target proteins in this species.

In contrast to other Archaea studied, N-glycosylation of extra-
cellular proteins in S. acidocaldarius is essential. Thus far, every
attempt to create a deletion mutant in aglB in S. acidocaldarius has
failed. These attempts included the use of the markerless in-frame
deletion procedure under standard (76°C) and low-temperature
(60°C) conditions as well as direct homologous recombination
with the selection marker pyrEF, designed to disrupt the aglB gene.
Only the integration of a second copy of aglB in the genome in
exchange for sacil 162, encoding an a-amylase, allowed deletion of
the original aglB sequence (Meyer and Albers, unpublished).
These results demonstrate that the unsuccessful attempts to delete
aglB were not due to polar effects or other experimental problems
but rather to the importance of N-glycosylation for the survival of
S. acidocaldarius. Furthermore, the loss of even one terminal
hexose of the N-glycan has an effect on the growth and motility of
S. acidocaldarius. These effects were increased with further de-
creases in the levels of N-glycan sugars (155, 156). The essentiality
of the N-glycosylation process by S. acidocaldarius might reflect a
stronger need for the thermostabilization of proteins, as realized
by this PTM. Indeed, the enhanced number of glycosylation sites
found in thermophilic archaeal S-layer glycoproteins relative to
their mesophilic counterparts underlines this idea (118).

Lipid carrier of S. acidocaldarius N-glycosylation. The aglH
complementation data suggested that S. acidocaldarius uses
DolPP as a lipid carrier, yet mass spectrometry-based analysis of a
total S. acidocaldarius lipid extract identified both dolichol and
DolP but, surprisingly, not DolPP (157). S. acidocaldarius dolichol
and DolP are considerably shorter than any known archaeal or
eukaryal counterpart, mostly containing nine isoprene subunits
(i.e., C,5), with smaller amounts of C,, and Cs, also being de-
tected. More strikingly, these S. acidocaldarius lipids not only in-
corporate saturated isoprene subunits at the a- and w-positions,
as in other archaeal DolPs (see above), but also present an addi-
tional two to four saturated isoprenes at more internal positions.
This unusually high degree of saturation may reflect an adaptation
to the high temperature and low pH with which this organism
must cope. Still, when glycan-charged versions of DolP were
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sought, only species bearing different hexoses were detected. No
DolP carriers bearing more complex glycans were discerned.
Thus, possibly due to factors related to the lipid extraction proto-
col employed in these studies, it is too early to draw functional
conclusions on the N-glycosylation pathway in S. acidocaldarius
based on the failure to detect DolPP or complex glycan-charged
DolP.

Current model of N-glycosylation in S. acidocaldarius. The
biosynthesis of the N-glycan, apparently first assembled as a lipid-
linked tribranched hexasaccharide (137), begins on the cytoplas-
mic side of the cell membrane. Here, one GIcNAc derived from a
nucleotide-activated precursor is transferred onto the unusu-
ally short and highly saturated DolP lipid carrier (157) by the
proposed action of AglH, an annotated UDP-GIcNAc:
dolichol-phosphate GIcNAc-1-P transferase. Information on
second and third steps is lacking, but in the fourth assembly
step, Agl3 converts UDP-glucose and sodium sulfite into UDP-
sulfoquinovose, an N-glycan precursor, which is then trans-
ferred onto the lipid-linked trisaccharide by an unknown GT
(155). In the final steps, the terminal mannose and glucose
moieties are transferred onto the lipid-linked glycan. The
transfer of the final glucose residue is mediated by Agll6, a
soluble GT (156). The fully assembled lipid-linked heptasac-
charide is then flipped across the cytoplasmic membrane by
an unidentified flippase and transferred by the OST AglB
(Sacil274) onto a target protein. The current model of S. aci-
docaldarius N-glycosylation is presented in Fig. 5.

A depiction of the agl gene regions in Hfx. volcanii, M. mari-
paludis, and S. solfataricus is presented in Fig. 6. A summary of the
known features of the N-glycosylation systems in archaeal model
organisms is shown in Table 3.

ARCHAEAL GLYCAN STRUCTURES

In the archaeal N-linked glycan structures that have been deter-
mined, wide diversity is seen in terms of size; degree of branching;
identity of the linking sugar; modification of sugar components by
amino acids, sulfate, and methyl groups; and the presence of
unique sugars (6, 56). Such diversity far outstrips that observed
thus far in Bacteria or Eukarya (26, 52, 56).

There are numerous examples in the literature suggesting that
many proteins in a large variety of Archaea, often S-layer proteins
and archaellins, are glycoproteins (2). The presumptive evidence
for glycosylation includes glycoprotein-specific staining proce-
dures, lectin binding, deglycosylation experiments, and studies
with glycosylation inhibitors (2, 158-167). In most of these cases,
the nature of the glycan linkages to protein and the chemical struc-
ture of the glycan were not determined. Consequently, these ex-
amples are not further discussed. Instead, we describe below those
archaeal N-linked glycans for which the chemical structures have
been determined.

Halophiles

Halobacterium salinarum. The S-layer glycoprotein of Hbt. sali-
narum was the first prokaryotic protein shown to be glycosylated
(44). Further studies conducted during the 1980s by Sumper,
Wieland, and Lechner revealed a remarkable and complex tale of
the glycans attached (135, 168, 169). The S-layer glycoprotein
presents three types of attached glycan, two that are N-linked and
a third that is O-linked. In the latter case, some 15 Glc-Gal disac-
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FIG 5 Working model of the N-glycosylation pathway in Sulfolobus acidocaldarius. Shown are the steps at which various known agl gene products act in the
biosynthesis and assembly of the N-glycan and the steps for which Agl protein involvement remains to be identified. The actual arrangement, size, and shape of
the various GTs and AglB and the mechanism by which AglB acts are not known.

charides are O-linked to a cluster of threonine residues found near
the C terminus of the protein. Of the two different N-linked gly-
cans, one is a repeating-unit pentasaccharide found only at one
position, an asparagine at position 2 from the N terminus, while

the second is a sulfated oligosaccharide found at 10 positions scat-
tered throughout the protein. The two N-linked glycans are
formed on different lipid carriers and rely on different linking
sugars. Moreover, the repeating-unit glycan is found exclusively
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FIG 6 Schematic depiction of known agl genes in model Archaea. Genes are colored to reflect demonstrated functions, as shown in the inset.
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FIG 7 Structure of the repeating-unit N-linked glycan of Halobacterium sali-
narum (171, 172).

on the S-layer glycoprotein, while the sulfated oligosaccharide is
also found attached to archaellins (135, 168, 169).

The structure of the repeating-unit glycan was determined to
consist of a pentasaccharide polymerized 10 times on average,
with a total molecular mass of approximately 10 to 12 kDa (171,
172). This is the only repeating-unit N-linked glycan reported to
date for Archaea. The repeating unit was reported to be a linear
chain of GIcNAc-(1-4)-GalA-(1-3)-4-sulfo-GalNAc, with a ga-
lactofuranosyl branch 1,3-linked to the GalA (galacturonic acid)
and a 3-O-methylgalacturonic acid branch 1,6-linked to the
GlcNAc at the nonreducing end. The repeating units are polym-
erized via a 1,4-linkage. Two sulfates are found in the structure,
but the precise location of only one was determined, namely, at the
4 position of the first GIcNAc subunit. The methylated sugar is a
stable component of the glycan and is not the same as the tran-
siently methylated component observed during the biosynthesis
of the sulfated oligosaccharide, as described below (173). An as-
paraginyl-GalNAc bond links the glycan to the protein (Fig. 7).
This was the first example of this type of N-glycosyl linkage to be
reported (172). The same linkage was subsequently also found to
attach the N-linked glycan of M. maripaludis archaellins (120).

Transfer of the repeating unit to the protein is inhibited by
bacitracin, suggesting that the lipid carrier involved is DolPP (83,
135). However, it remains unknown whether the full glycan is
assembled inside the cell and transported through the cytoplasmic
membrane or whether the chain of repeating units is polymerized
on the outer face of the cytoplasmic membrane, as can occur with
lipopolysaccharide O-chains (174).

The second N-linked glycan decorating the Hbt. salinarum S-
layer protein, a sulfated oligosaccharide, is found at 10 sites lo-
cated within the C-terminal two-thirds of the protein (169, 175).
The oligosaccharide (Fig. 8) was shown to comprise a linear chain
of 1,4-linked monosaccharides, with glucose being found at
the reducing end [HexA(1-4)HexA(1-4)HexA(1-4)Glc and Glc
(1-4)HexA(1-4)HexA(1-4)Glc or Glc(1-4)HexA(1-4)HexA(1-4)
HexA(1-4)Glc, where one of the HexA molecules in each glycan is
iduronic acid (84)]. An ester-linked sulfate was found at the 3
position of each hexuronic acid (82, 169). The iduronic acid resi-
due was found at the lipid-linked intermediate stage. This is un-
usual, since in other systems, iduronic acid is formed by the epi-
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FIG 8 Structure of the N-linked sulfated oligosaccharide glycan of Halobacterium salinarum (84).

merization of GlcA after the sugar has already been attached to
protein (84).

The sulfated oligosaccharide is attached to protein via an un-
usual asparaginyl-glucose linkage, a linkage different from that
used by the repeating-unit glycan (82) (see above). Furthermore,
the addition of this sulfated oligosaccharide is not prevented by
bacitracin, indicating the involvement of a DolP carrier (83). In-
deed, Cg, DolP carrying the oligosaccharide was isolated, although
the lipid-linked glycan contained a methylglucose, which is not
found on the final protein-bound product (173). This transient
methylation was shown to be important for N-glycosylation of the
S-layer protein. Finally, the oligosaccharide is already sulfated on
the lipid carrier, unlike the case in higher eukaryotes, where sul-
fation occurs at the protein level (135).

Haloferax volcanii. For Hfx. volcanii, a complicated picture has
emerged. At least three N-glycan structures have been reported to
be attached to the S-layer glycoprotein when the organism is cul-
tured at different salt concentrations and in different laboratories
(64, 85, 94, 176). When cultured in medium containing 3.5 M
NaCl, Mengele and Sumper (176) described S-layer protein N-
glycans composed of different sugars. Asn-13 and Asn-498 were
reported to be modified with a linear polymer consisting of 10
B1,4-linked glucose residues, while the glycan attached to Asn-274
and Asn-279 contained additional galactose and idose subunits.
Other, more recent findings contradict this initial description.
When cells were grown under high-salinity conditions (3.4 M
NacCl), a pentasaccharide consisting of a hexose, two hexuronic
acids, a methyl ester of a hexuronic acid, and a terminal mannose
(Man-MetHexA-HexA-HexA-Hex) decorated at least two sites on
the S-layer glycoprotein, namely, Asn-13 and Asn-83 (72, 79).
When the cells were, however, grown in medium containing only
1.75 M NaCl, a very different pattern of N-glycosylation was seen.

Me o

HO (o)

Now, a rhamnose (Rha)-Hex-Hex-sulfated Hex tetrasaccharide
was found attached to Asn-498 of the S-layer glycoprotein, a po-
sition not modified at higher salinities (94). In addition, the pen-
tasaccharide Man-MetHexA-HexA-HexA-Hex was still bound to
Asn-13 and Asn-83 in cells grown at lower salinity albeit to a
smaller proportion of these residues than when growth took place
with higher salt concentrations. Like the Hbt. salinarum S-layer
glycoprotein, this corresponds to a rare example of a single protein
being modified with two different N-linked glycans (86, 94).
Recently, the identification of N-linked glycoproteins in Hfx.

volcanii was extended to include the archaellin FlgA1. In this pro-
tein, three Asn residues within typical N-glycosylation sequons
were confirmed to be modified by the same pentasaccharide as
that found linked to the S-layer protein (99) (see above).

Haloarcula marismortui. In Har. marismortui, the S-layer gly-
coprotein is modified by the same or a similar pentasaccharide as
the one that decorates the Hfx. volcanii S-layer glycoprotein, al-
though the route of assembly differs slightly. Unlike in Hfx. volca-
nii, in Har. marismortui, the entire N-linked pentasaccharide is
assembled on a single DolP carrier, from where it is transferred to
the S-layer glycoprotein (101) (see above).

Methanogens

Methanococcus. N-linked glycans have been determined for
two different Methanococcus species, M. voltae (111) and M.
maripaludis (120). While the structures determined share similar-
ities, they also show important differences. The glycan N-linked to
the archaellins and S-layer protein of M. voltae PS is a trisaccharide
(Fig. 9), with a threonine linked to the terminal sugar residue
[B-ManpNAcA6Thr-(1-4)-B-GlcpNAc3NAcA-(1-3)-B-GlcpNAc]
(111). Subsequently, a tetrasaccharide was identified in other ver-
sions of M. voltae PS with the same first three sugar residues but

I
o)
Z o
Z
o
Q
o
e =
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o
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o

FIG 9 Structure of the N-linked glycan of Methanococcus voltae (111).
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FIG 10 Structure of the archaellin N-linked glycan of Methanococcus maripaludis (120).

with an extra 220- or 260-Da sugar at the nonreducing end that
was not defined (113). In M. maripaludis S2, archaellins are also
decorated with a tetrasaccharide N-glycan. Here, the glycan struc-
ture is Sug-(1-4)-B-ManNAc3NAmMAG6Thr-(1-4)-B-GIcNAc3NACA-
(1-3)-B-GalNAc, where Sug s (5S)-2-acetamido-2,4-dideoxy-5-O-
methyl-a-L-erythro-hexos-5-ulo-1,5-pyranose (Fig. 10). This
sugar has thus far been conclusively identified only in this species
(120), although an unidentified sugar of the same mass (217 Da)
was found in the N-linked glycan of the bacterium Helicobacter
pullorum (177). In addition to the presence of this unique termi-
nal sugar, the M. maripaludis glycan is linked to protein via
GalNAc and not GIcNAg, as is the M. voltae glycan. Finally, the
third sugar of the M. maripaludis glycan, while similar to that of
the M. voltae glycan, is a 3-acetamidino derivative. A further un-
usual feature of the N-glycosylation system in M. maripaludis was
revealed when the major structural protein of the pili was analyzed
(121). The glycosylated pilin subunit (MMP1685; EpdE [178]) is
modified with a pentasaccharide corresponding to the archaellin-
bound tetrasaccharide containing an extra hexose branch extend-
ing from the linking GalNAc residue (121). However, since non-
glycosylated versions of both archaellins and pilin are found in an
aglB mutant, it seems that both glycans are assembled and at-
tached by the same N-glycosylation system (119; D. B. Nair and
K. F. Jarrell, unpublished data).

Methanothermus fervidus. A hexasaccharide is N-linked to the
S-layer protein of the hyperthermophilic methanogen Methano-
thermus fervidus (139). The linking sugar was reported to be
GalNAc, with two a1,6-linked O-methyl sugars being found at the
nonreducing end. Sandwiched between these subunits are three
al,2-linked mannose residues, thus yielding a final structure of
«-3-O-MetMan-(1-6)-a-3-O-MetMan-[(1-2)-a-Man]3-(1-4)-
GalNAc (139). The S-layer protein in this species contains 20 po-
tential N-linked glycosylation sites, although it was estimated that
only about half are actually glycan modified. In this hyperthermo-
phile, both dolichol and undecaprenol were reported, with
dolichol likely being the carrier used in glycoprotein synthesis and
undecaprenol likely being used in the biosynthesis of the pseudo-
murein wall polymer (179). Unfortunately, genetic tools that
would allow analysis to follow up these interesting findings are not
available at this time.

Methanosaeta concilii. The structurally unusual cell sheath of
the methanogen Methanosaeta concilii (Methanothrix soehngenii)
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was shown to include a glycoprotein component (180). The glycan
was, moreover, shown to be attached to the protein via an aspar-
aginyl-rhamnose linkage. The glycan-modified peptide sequence
reported is unusual, being Asn-Glu-Gly-Ser-Lys, rather than the
classic Asn-X-Ser/Thr sequon. The glycan was reported to com-
prise 15 to 30 residues, with rhamnose being the major sugar and
with ribose, fucose, and other hexoses being detected in smaller
amounts. Branching from the rhamnose and ribose subunits was
also reported.

Thermoacidophiles

Sulfolobus. Structural work on N-linked glycans from the two
best-studied Sulfolobus species, S. acidocaldarius and S. solfatari-
cus, has also been reported. Initially, it was reported that S. acido-
caldarius cytochrome bssg/566 is @ highly glycosylated protein
(181). Subsequently, the N-linked glycan attached to this protein
was shown to be a tribranched hexasaccharide (Fig. 11) with the
structure B-Gle-(1-4)-B-6-sulfo-Qui-(1-3)-B-GlcNAc[-a-Man-
(1-6)][-a-Man-(1-4)]-(1-4)-B-GlcNAc (138), where sulfo-Qui is
the rare sulfated sugar sulfoquinovose, previously found in pho-
tosynthetic membranes in chloroplasts and bacteria (155). More
recently, this same glycan was found to be N-linked to a variety of
other surface proteins in this species, including the S-layer gly-
coprotein and archaellin FlaB (137, 155, 156). The N-glycan of
Sulfolobus is unique within the Archaea in that it shows similarities
to the eukaryal N-linked glycan. Specifically, glycans in these or-
ganisms as well as in another thermoacidophilic archaeon, Ther-
moplasma acidophilum (see below), offer archaeal examples where
glycans are linked to proteins via a chitobiose core (137, 138, 182,
184), a common feature of all eukaryal N-linked glycans (66).
Additionally, the tribranched topology of the N-glycan in Sulfolo-
bus is reminiscent of eukaryotic N-glycans, which are generally
multiantennary. Interestingly, in Archaea, branching of the N-gly-
can appears to be a common feature of a thermophilic life-style,
with all characterized thermophilic archaeal N-glycans, namely,
from S. acidocaldarius (137), S. solfataricus (182), Pyrococcus fu-
riosus (30), and T. acidophilum (183), being branched.

Recently, the N-glycan decorating the surface protein SSO1273
from another Sulfolobus species, S. solfataricus, was partially
solved and was shown to be one monosaccharide larger than that
found in S. acidocaldarius (182). The branched heptasaccharide
thus has the structure [Hex],(GlcNAc), plus sulfoquinovose,
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FIG 11 Structure of the N-linked glycan of Sulfolobus acidocaldarius (137, 138).

where the four hexoses are mannose and glucose. Similar to the
previous structure reported for S. acidocaldarius, this glycan con-
tains a chitobiose core and a sulfoquinovose, and like the S-layer
protein of S. acidocaldarius (see above), SSO1273 is also heavily
N-glycosylated. Twenty of the 39 predicted glycosylation sites
were analyzed, and all sites were confirmed to be occupied. Nu-
merous other surface proteins in S. solfataricus, including binding
proteins of ABC transporters and proteases, are modified by the
same N-linked glycan. An in silico analysis of the modified pro-
teins suggested that the different glycoproteins were secreted from
the cells by a variety of mechanisms, since these authors included
examples possessing Sec system, Tat system, and type IV pilin-like
signal peptides (182).

Thermoplasma acidophilus. N-linked glycoproteins from
Thermoplasma acidophilum were among the first prokaryotic gly-
coproteins reported. The initial structure of the N-linked glycan
attached to such proteins reported by Yang and Haug (184)
showed a large high-mannose-type glycan, highly branched at the
nonreducing end and linked to asparagine via a chitobiose core to
the major membrane protein (Fig. 12). More recently, a very dif-
ferent branched glycan structure was determined for the same
strain (183). This glycan is much smaller than that previously
reported and comprises the structure R-(1-6)-a-Man-(1-3)-o-
Man[(1-6)-a-Man]-(1-3)-B-Fuc6S[(1-2)-a-Hep]-(1-4)-B-Glc-
(1-3)-B-Gal, where R refers to either a-Man or a hydrogen atom,
Hep is D-glycero-D-galacto-heptose, and Fuc6S is 6-C-sulfo-D-fu-
cose or 6-deoxy-6-C-sulfo-p-galactose. This heptasaccharide is
found in roughly equal amounts as an octasaccharide correspond-
ing to the same structure containing an extra terminal mannose
residue. Whether the structures determined in these two studies

June 2014 Volume 78 Number 2

indeed represent distinct glycans or instead result from the signif-
icantly different methodological approaches employed is un-
known. The more recent structure is linked to a 150-kDa surface
protein via a glucose-galactose disaccharide and contains an un-
usual sulfohexose, 6-C-sulfo-fucose (183). The presence of sulfo-
hexoses in Thermoplasma and Sulfolobus glycans has led to spec-
ulation that they might contribute to cell stability in the
challenging high-temperature and acidic growth conditions that
these organisms encounter (183). Interestingly, homologues of
the UDP-sulfoquinovose synthase (Agl3) from S. acidocaldarius
can be detected in T. acidophilum (Tal073) as well as in the closely
related species Ferroplasma acidamanus (Faci_050500002306)
and Picrophilus torridus (POT1078).

Hyperthermophiles

Pyrococcus furiosus. N-glycan structures from Pyrococcus furiosus
and Archaeoglobus fulgidus were partially solved by using an N-
glycosylated peptide isolated from in vitro glycosylation assays as
the starting material (30, 185). In the P. furiosus assay, membrane
extracts were used as the source of both AglB and lipid-linked
oligosaccharide sugar donors, while a short synthetic peptide con-
taining a sequon served as the acceptor molecule (186). The N-
glycan attached to the peptide following the reaction was deter-
mined to be a heptasaccharide consisting of two HexNAcs, two
Hexs, one HexA, and two pentoses (30). The mass spectrometry
fragmentation pattern suggested that the two pentoses are at-
tached as branches, one to the HexA and the other to an adjacent
Hex. The linkage to protein was not confirmed but was deduced
not to be the eukaryotic type (GlcNAc—B-asparagine). Instead, it
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FIG 12 Structure of the large high-mannose-type N-linked glycan of Thermoplasma acidophilum (184).

is likely GalNAc-asparagine, as found in Hbt. salinarum and M.
maripaludis glycoproteins (30, 120, 172).

Archaeoglobus fulgidus. AglB-S1, one of the three paralogues
of A. fulgidus AglB, was expressed in E. coli and used in in vitro
assays together with a synthetic peptide acceptor carrying a se-
quon and lipid-linked oligosaccharides prepared from A. fulgidus
cells as the donor (185). The N-linked glycan transferred to the
peptide in this reaction was found to be a linear heptasaccharide
consisting of four hexoses and three deoxyhexoses (dHexs), with
the structure Hex-Hex-dHex-dHex-dHex-Hex-Hex. The linking
sugar is a hexose, as first reported for the Hbt. salinarum sulfated
oligosaccharide glycan (82).

Archaeal Virus Glycoproteins

Recently, a novel N-linked glycan was isolated from a haloarchaeal
viral protein. In haloarchaeal pleomorphic virus 1 (HRPV-1), the
VP4 spike protein, one of two major structural proteins, was

Me OH o)
(o}
O
N
Me H HN
OH
H
(¢}

shown to be N-glycosylated (187). Two asparagine residues within
an NTT sequon, Asn-182 and Asn-427, were linked to the pen-
tasaccharide a-5FmLeg-(2-4)-BGlcA(2S05)-(1-2)-a-Man-(1-
4)-B-(1-4)-B-Glc, where 5FmLeg is 5-N-formyl-legionaminic
acid (Fig. 13). This is the first report of a legionaminic acid mod-
ification in an archaeon-derived glycoprotein. Legionaminic acid
and pseudaminic acid are 9-carbon sialic acid-like sugars found in
lipopolysaccharides and in O-linked glycans of certain bacteria
(188). Interestingly, when heterologously expressed in Hfx. volca-
nii, VP4 was still produced as a glycoprotein but was instead mod-
ified with the pentasaccharide that decorates the Hfx. volcanii S-
layer glycoprotein and archaellin (72, 79, 99). Indeed, genome
scanning studies suggest that the ability of Archaea to synthesize
non-ulosonic acid sugars like sialic, legionaminic, and pseu-
daminic acids is limited (189).

A schematic diagram summarizing the structures and distribu-

0
o H
0 N
H&/ °
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FIG 13 Structure of the N-linked glycan of haloarchaeal pleomorphic virus 1 (HRPV-1) VP4 (187).
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FIG 14 Diversity of N-linked glycans in the domain Archaea. The phylogenetic tree is based on the alignment of the full-length 16S rRNA sequence. Cell wall
structures are indicated. The number of copies of the agIB gene is shown. n.d., not determined. (Adapted from reference 224.)

tion of known glycan structures in the domain Archaea is pre-
sented in Fig. 14.

N-OLIGOSACCHARYLTRANSFERASES

The most highly conserved component of the N-glycosylation
pathway across the three domains of life is the OST. In Archaea,
Bacteria, and some lower eukaryotes such as the protozoans Leish-
mania major and Trypanosoma brucei, OSTs are single-subunit
enzymes, in contrast to the large heteromeric OST complexes seen
in higher eukaryotes, containing up to eight nonidentical subunits
(29,56, 190). Indeed, no homologues of any of these other eukary-
otic OST complex proteins, thought to influence the glycosylation
rate and efficiency and to fine-tune the process, are found in Bac-
teria or Archaea (56). The OST catalytic subunit in eukaryotes is
called Stt3 (staurosporine and temperature sensitive 3), while the
single-subunit enzymes in Bacteria and Archaea are termed PgIB
(protein glycosylation B) and AglB (archaeal glycosylation B), re-
spectively (48, 71, 191). Interestingly, though, the single-subunit
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Stt3 OST from L. major has been found to substitute for the entire
OST complex in yeast (192). OSTs in the three domains of life
share little primary sequence identity, with the exception of the
region immediately surrounding the universally conserved
WWDXG motif (191, 193-195). All of the OSTs, however, share
an architecture (191, 196, 197). Stt3, PglB, and AglB can be func-
tionally divided into an N-terminal region of 400 to 600 residues
containing 13 TMD (198) and a C-terminal globular domain of
150 to 500 amino acids. The 13 TM helices are connected by short
cytoplasmic or external loops (ELs) except for the extended exter-
nal loop 1 (EL1) and EL5. The WWDXG motif lies at the begin-
ning of the C-terminal domain, which is located in the periplasm
(PglB [196] and AgIB [198]) or ER lumen (Stt3 [197]). Evidence
for the extracellular location of the catalytic site of AgIB was pre-
sented in early studies in which an artificial acceptor peptide un-
able to penetrate the membrane of Hbt. salinarum was nonetheless
modified with a sulfated glycan (173). While full-length sequence
alignments failed to identify homology in the membrane-span-
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ning N-terminal regions of OSTs, Jaffee and Imperiali (199) re-
cently developed a program that compared the sequences of the
various OSTs in terms of a specific topographical feature, such as
the first TMD or first loop region. With this approach, those au-
thors were able to identify several conserved motifs in OSTs across
all three domains.

Requirement for AgIB Varies

Recently, 168 completely sequenced genomes of archaea were
searched for the presence of aglB (57). An aglB gene was located in
all but two cases, with some species seemingly carrying multiple
copies of the gene. In many cases, aglB was found in a cluster of
other genes putatively involved in the N-glycosylation process.
The two species for which an aglB gene was not found are Aeropy-
rum pernix and Methanopyrus kandleri. Recently, Palmieri et al.
(182) analyzed the proteomes of several archaea, including A. per-
nix, for potential N-linked glycoproteins with NetNGlyc predic-
tion software. While the number of potential N-linked proteins
was the lowest for A. pernix of the four species analyzed, the fre-
quency of the predicted N-glycosylation in the proteome of this
organism was nevertheless still 30%. Analysis of the two outliers in
genomic searches for aglB, A. pernix and M. kandleri, is of obvious
interest since if N-glycosylation does in fact occur in these species,
the mechanism or OST involved would likely be unusual. The use
of the in vitro OST assay developed by the Kohda group in Japan
may help resolve this question (186).

Still, despite the seemingly widespread nature of N-glycosyla-
tion in the archaeal domain, it is not essential for cell viability in all
species. Successful deletion or insertional inactivation of aglB was
reported for M. voltae (71), M. maripaludis (119), and Hfx. volca-
nii (72). Nonetheless, strains carrying aglB deletions had signifi-
cant defects in archaellation, S-layer stability, and growth in high
salt (see below). In contrast to the Euryarchaeota, the N-glycosy-
lation process in the crenarchaeote S. acidocaldarius does seem to
be essential. Thus far, every attempt to create a deletion mutant in
aglB in S. acidocaldarius has failed, and strains deleted for agl3 or
agl16 show a drastic reduction in fitness (see below).

In the eukaryotic parasite T. brucei, OST activity is catalyzed by
single-subunit enzymes encoded by three paralogous genes. It is of
note that only two of these can complement a yeast stt3 deletion
strain. However, each of the OSTs transfers different variants of
the same N-linked glycan of this organism to different sites on
acceptor proteins (200). This finding has implications for Ar-
chaea, since several archaeal species possess multiple aglB genes.
While it is not yet known whether these multiple genes all code for
functional enzymes, they all possess an identifiable WWDXG mo-
tif, although the multiple versions do present differences in this
important motif (57). For example, in Methanocella arvoryzae,
two AglB proteins possess the WWDYG motif, while a third has
the modified motif WWDDG. If functional, the different AgIBs in
a given species may have different substrate or target preferences.
However, for those organisms where different N-glycans are at-
tached to proteins, only one aglB gene has been reported (see
below).

AglBs from P. furiosus (30, 201), A. fulgidus (185), and M. voltae
(110) have been expressed and purified from E. coli and were
shown in vitro to catalyze glycan transfer to target acceptor pep-
tides. Since the E. coli-produced versions are functional, no ar-
chaeon-specific PTM is necessary for activity, nor is the presence
of any other archaeon-specific subunit (201).
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AgIB Structure

An understanding of the critical step in N-linked glycosylation
catalyzed by OST should be easier in systems where a single en-
zyme rather than a component of a large complex is involved.
Significant advances in defining OST structures using PglB and
AglB have recently been reported, including the use of a protocol
designed to optimize the expression and purification of active C.
jejuni PglB in milligram amounts from E. coli (202); crystallogra-
phy studies from the Kohda group on AglB from P. furiosus and A.
fulgidus (30, 185, 203, 204), including the first full-length archaeal
OST (205); and solution of the X-ray structure of full-length Cam-
pylobacter lari PgIB in complex with an acceptor peptide (195).
The latter study showed that when bound with peptide, PgIB
forms two cavities on opposite sides of the protein. One cavity
contained the bound peptide, indicating that it provided access for
the acceptor protein to the enzyme, while the other cavity was
hypothesized to bind the incoming lipid-linked oligosaccharide
(195).

Recent efforts have provided solved crystal structures for the
catalytic domains of several AglB proteins. Pyrococcus horikoshii
and P. furiosus each contain two versions of AglB, termed AgIB-L
(long) and AgIB-S (short), while A. fulgidus encodes three versions
of the protein, designated AglB-L, AglB-S1, and AgIB-S2 (203).
Crystal structures were obtained for the soluble globular catalytic
C-terminal domain of AgIB-L of P. furiosus (30), AgIB-L of P.
horikoshii (203), and all three paralogues in A. fulgidus (185, 203,
206). While these structures were catalytically inactive, they none-
theless led to the identification of additional motifs involved in the
catalytic activity of AgIB, as well as in OSTs of the other domains,
and provide an excellent example of how research focused on
archaeal models has significantly contributed to an understanding
of the corresponding systems in other domains. Recently, a second
crystal structure for a full-length OST was reported to comple-
ment that of C. lari PgIB, namely, A. fulgidus AgIB-L (198). Re-
markable structural similarity was found between full-length PgIB
and AglB-L, despite the low sequence similarity of these distantly
related proteins. This furthers insights into the N-glycosylation
catalysis reaction gained from the crystal structures of the catalyt-
ically inactive C-terminal domains.

Like all OST catalytic subunits, AglB possesses the universally
conserved WWDXG motif. This motif was thought initially to be
directly involved in catalysis since mutations in this motif abol-
ished or greatly reduced activity in both yeast Stt3 (194) and C.
jejuni PglB (26, 207). However, the X-ray structure of full-length
C. lari PgIB in complex with an acceptor peptide (195) revealed
that the B-hydroxyl group of the threonine at position +2 of the
sequon in the bound acceptor peptide formed specific hydrogen
bonds with the WWD motif of PglB. It would thus seem that the
function of the WWD motifis to recognize the Thr/Ser at position
+2 and help orientate the asparagine residue in the sequon into
the catalytic pocket, rather than activation of the amide nitrogen
of the acceptor protein, as originally hypothesized (185, 195).

In addition to the WWDXG motif, analysis of the archaeal AgIB
structures revealed novel features of this enzyme. For instance, a
novel DK motif (DXXKXXX[M/I], where X is any amino acid) is
found in a kinked helix adjacent to the WWDYG motif in the
tertiary structure of AglB from P. furiosus (30). The functional
importance of this novel motif was demonstrated by mutating the
parallel region in yeast Stt3 (30) and, later, in AgIBs from A. fulgi-

Microbiology and Molecular Biology Reviews


http://mmbr.asm.org

dus (185) and P. furiosus (201). While the DK motif is found in
eukaryotic Stt3 and most AgIB proteins, other AglBs and bacterial
PgIBs contain a so-called MI motif (MXXIXXX[I/V/W]) at the
corresponding location. The MI motif was shown by mutational
studies of PglB to contribute to catalytic function (193). A varia-
tion of the DK motif was observed in some Archaea, including
members of the classes Halobacteria, Methanomicrobia, and Ar-
chaeoglobi, where an insertion of 4 to 14 residues interrupts the
DK motif (185, 206). All three A. fulgidus AglB paralogues contain
the variant DK motif with an insertion in support of the proposed
rule that all OSTs of any single organism contain the same type of
DK/MI motif (185). The DK and MI motifs were determined from
the crystal structures to contribute, along with the WWDXG mo-
tif, to the recognition pocket surrounding the Ser/Thr part of the
sequon, with the properties of the pocket depending on the lysine
in the DK motif or the isoleucine in the MI motif (185, 195). The
recently reported full-length structure of AgIB-L shows the lysine-
type pocket (198). Site-directed mutation of the lysine in the DK
motif to alanine (D574A) was also found to affect the amino acid
preference at the X position of the sequon (201). This mutational
changeled to an enhanced preference for arginine and lysine at the
X position. Another motif, EXD or DXD, located in the loop re-
gion between the first and second TMD, was also shown to be
important for catalytic activity by mutational studies in yeast
(193). Yet another motif, GXXDX(D/E), was discovered when it
was found that a D167A mutation impaired P. furiosus AglB ac-
tivity (201). Alanine mutations in the corresponding region in
yeast Stt3 had already been reported to be lethal (208), supporting
the importance of this motif. The acidic residues in the two DxD
motifs were shown in the crystal structure of C. lari PglB to be
involved in the coordination of the divalent cation required for
the activity of all OSTs (195). Using analysis of the sequence cor-
responding to topographical features of OSTs, a further motif was
discovered in EL5, namely, [I/V]XXX[S/T][I/V]XE (199). The
glutamic acid of this motif is thought, along with the conserved
aspartic acid residues in ELs 1 and 3, to help form the pocket that
accommodates the divalent cation and the nucleophilic aspara-
gine. Mutation of the corresponding glutamic acid (E319) in PglB
resulted in significantly lower or no activity, indicating the impor-
tance of this residue in OST activity (199). Analysis of the crystal
structure of full-length AglB-L showed that D47 of the first DXD
motif of EL1 (equivalent to C. lari PgIB D56) and D161 and H163
of the second DXD motif of EL2 (C. lari D154 and D156) were all
involved in the coordination of the divalent metal ion. For AglB-L,
it is hypothesized that sequon binding in the Ser/Thr-binding
pocket results in a conformational change of EL5, which brings
the side chain of E360 (C. lari E319) close to the metal ion. E360
has been proposed to be a key residue in the activation mechanism
of the acceptor amide nitrogen (209) and is a highly conserved
residue in the TIXE motif found in Archaea and Bacteria (SVSE
motif in Eukarya).

Alanine scanning mutagenesis was performed on each of the
three conserved motifs, namely, WWDYG, DXD, and DK, in AgIB
from P. furiosus (201). Changing each aspartate residue in the
DXD or WWDYG motif resulted in an almost complete loss of
glycan transfer activity to a synthetic peptide, as measured in vitro.
Likewise, mutation of all the other residues in the WWDYG motif
also led to an inhibition of enzyme activity, as did mutations of
aspartic acid, lysine, and isoleucine residues in the DK motif, con-
firming roles for all three motifs in OST function.
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FIG 15 Schematic model of the catalytic site of Pyrococcus furiosus AgIB and
the presumed functions of the conserved motifs. Four interactions are as-
sumed to occur, at least transiently, during the oligosaccharyltransferase reac-
tion. The Ser/Thr residue in the +2 position of the acceptor sequon interacts
with the Ser/Thr-binding pocket in the C-terminal globular domain (green).
The pocket consists of the WWD part of the highly conserved WWDYG motif
and the lysine residue of the DK or DKi (DK with insertion) motif (the isoleu-
cine residue of the MI motif in other AglBs). A divalent metal ion (M** [Mg*"
or Mn**]) is coordinated by three acidic residues: D55 contained in the DXD
motiflocated in EL1, D167 located in EL2, and the glutamic acid (E348) of the
TIXE motif located in EL5 (white). The asparagine residue in the sequon is
recognized by the two acidic residues in the DXD and TIXE motifs (red). The
pyrophosphate or monophosphate group of the lipid-linked oligosaccharide
interacts with the divalent metal ion via electrostatic interactions (blue).
(Courtesy of D. Kohda; reprinted with permission.)

In the case of A. fulgidus, site-directed mutagenesis of the metal-
coordinating residues of AgIB-L was recently reported (198).
D47A and D47N mutations resulted in a complete loss of enzy-
matic activity, while a D47E mutant retaining the acidic charge
still showed significant activity (20%). Interestingly, mutation of
the corresponding residue in C. lari PglB (D54) to alanine, aspar-
agine, or glutamic acid led to an inactive enzyme (199). E360A and
E360Q mutations resulted in an inactive enzyme, although E360D
showed 30% activity. Thus, as seen for C. lari PglB, A. fulgidus D47
and E360 were proposed to activate the amide group of the accep-
tor Asn (198). Both the D161 A and H163A mutations abolished A.
fulgidus enzyme activity.

Based on extensive mutagenesis studies and crystallographic
analyses, presumed roles for the conserved motifs of AglB were
proposed, as presented in the model for AglB of P. furiosus de-
picted in Fig. 15 (201). These motifs are thought to interact with
the two substrates of AglB, namely, the lipid-linked oligosaccha-
ride (LLO) and the N-glycosylation sequon (N-X-S/T) of the tar-
get protein. The WWDYG motif is thought to form the Ser/Thr-
binding pocket in conjunction with the lysine of the DK motif (or
the isoleucine in those AglBs that possess the MI motif) for the
interaction with the serine/threonine residue in position +2 of the
sequon. The acidic residues in the DXD motif as well as Asp-167
and the glutamic acid of the TIXE motif are proposed to interact
with the LLO pyrophosphate group by binding to a divalent cat-
ion. The asparagine residue in the sequon is recognized by the
acidic residues in the first DXD motif and the glutamic acid of the
TIXE motif.

Amino Acid Preferences in and around Archaeal
N-Glycosylation Sequons

Abu-Qarn and Eichler (87) were the first to report amino acid
preferences in the immediate neighborhood of N-glycosylation
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sites that had been experimentally proven to be occupied in Ar-
chaea. As described elsewhere (22), the asparagine residue of a
consensus sequon is recognized by AglB, with the X position in the
sequon being any residue but proline. Moreover, in contrast to C.
jejuni, where an extended sequon (D/E-Z-N-X-S/T, where neither
Z nor X is proline [210]) is seen, no requirement for an acidic
residue at the —2 position was observed in archaeal glycosylation
sites. More recently, in vitro studies examined the amino acid pref-
erences at positions flanking N-glycosylation sites, using AglB
from P. furiosus and peptide libraries (191). These studies con-
firmed that AglB does not require an acidic amino acid at the —2
position and that proline could not be in the X position of the
sequon. Moreover, proline was highly unfavored at the —1 posi-
tion and following the sequon Ser/Thr position. Proline was, how-
ever, the most favored residue at the —2 position. Sequons con-
taining threonine were shown to have better acceptor activity than
those containing serine. Examination of the nature of the amino
acid in position X showed wide variation, with valine being the
most preferred. In that same study, a mutational change of the
lysine within the DK motif to alanine led to an unexpected effect
on AglB activity (201). Here, the preference of the enzyme for the
amino acid at the X position was altered, leading to higher activity
in in vitro assays toward peptides having an Asn-Arg-Thr sequon
rather than the otherwise optimal Asn-Val-Thr motif. The expla-
nation for this observation lies in the removal of the positive
charge of the lysine, thus preventing unfavorable electrostatic in-
teractions toward an arginine (and lysine) at position X. More-
over, this suggested a role for the AglB DK motif in sequon recog-
nition. Finally, many of these observations are supported by
further analyses of occupied glycosylation sites in cell surface pro-
teins of T. acidophilum (183).

Examination of occupied glycosylation sites in archaeal glyco-
proteins demonstrated that glycan attachment can occur near
both the N and C termini of modified proteins (e.g., positions 2
and 6 in the mature S-layer glycoproteins of Hbt. salinarum [135]
and Mt. fervidus [211], respectively, as well as an asparagine resi-
due 9 amino acids from the C terminus of FlaB2 in M. voltae
[111]). Glycosylation at sites near the N terminus suggests that
this modification occurs following signal peptide cleavage in these
proteins, while the latter data suggest that glycosylation can occur
posttranslationally, since it is difficult to imagine how the C-ter-
minal end of a glycoprotein could simultaneously be associated
with the ribosome on the cytoplasmic face of the membrane and
the N-glycosylation machinery on the external membrane surface.
However, it has been observed that the archaellins of M. voltae and
M. maripaludis are still glycosylated even when signal peptide
cleavage is prevented, as in flaK mutants that lack the archaellin-
specific prepilin-like peptidase, indicating that at least for type IV
pilin-like proteins, such as archaellins, signal peptide removal is
not an essential prerequisite for glycan attachment (212). It is also
clear that occupied glycosylation sites can be located extremely
close together, as observed for Asn-60 and Asn-65 of FlaB2 of M.
voltae (111), Asn-119 and Asn-124 of FlaB2 of M. maripaludis
(120), and Asn-274 and Asn-279 of the Hfx. volcanii S-layer gly-
coprotein (176).

As in Bacteria and Eukarya (213, 214), noncanonical N-glyco-
sylation sequons can also undergo glycosylation in certain Archaea
as well. When the Asn-Ala-Ser sequon at positions 2 to 4 of the
S-layer glycoprotein of Hbt. salinarum was modified so that the
serine residue was replaced with valine, leucine, or asparagine,
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the Asn-2 residue was still decorated by the repeating-unit glycan
(215). Interestingly, attempts to construct a mutant carrying a
change in the S-layer glycoprotein Asn-2 residue that would have
prevented the attachment of the repeating-unit glycan failed, sug-
gesting that cells without this modification to their S-layer glyco-
protein are not viable. Changing of Ser-481 in the 479Asn-Ser-
Ser481 sequon to valine prevented N-glycosylation with the
sulfated oligosaccharide normally attached to Asn-479.

A Variety of Linking Sugars Is Attached by AgIB

One distinguishing feature of the archaeal N-glycosylation system
is the variety of different linking sugars used. While both bacterial
and eukaryotic OSTs require a sugar with a C-2 acetamido group
as the linking sugar, this is not always the case for Archaea. Tai and
Imperiali (216) showed that the acetamido group at C-2 played a
significant role in yeast OST activity, with even minor changes in
this group resulting in drastically reduced or no activity. Investi-
gation of the substrate specificity of C. jejuni PglB showed that it
has a relaxed specificity and can transfer not only its native hep-
tasaccharide glycan but also a wide variety of nonnative O-antigen
polysaccharides assembled on UndPP. However, all of the trans-
ferred glycans had linking sugars that contained a C-2 acetamido
group (i.e., bacillosamine, GIcNAc, GalNAc, or fucosamine
[FucNAc] [209, 217]), whereas attempts to transfer O-antigen
polysaccharide that contained galactose at the linking position
were unsuccessful (209). In Haemophilus influenzae, a unique N-
linked glycosylation system was reported, where glycosylation oc-
curs in the cytoplasm and is independent of PglB. Instead, UDP-
Glc or UDP-Gal is linked directly to Asn sites of a classic sequon in
the high-molecular-weight adhesion HMW1 protein by the
HMWI1C glycosyltransferase without a lipid-linked intermediate
(32). In this PglB-independent case, the N-linked glycan does not
contain an N-acetylated linking sugar (33). More recently, a sim-
ilar system was reported for Actinobacillus pleuropneumoniae,
where an N-glycosyltransferase homologue of HMWIC trans-
ferred a glucose or galactose to asparagine (218). In Archaea, many
N-linked glycan structures have been determined, and in several
cases, the linking sugar is a hexose, indicating that AglB does not
require a C-2 acetamido sugar at the linking position, as do Stt3
and PgIB. Such glycans are found in A. fulgidus (185), T. acidoph-
ilus (183), Hfx. volcanii (6), and Hbt. salinarum (135). The pres-
ence of the C-2 acetamido group of the linking sugar has been
implicated in the catalytic activity of OST, with suggestions that it
may interact with the catalytic site through hydrogen bonds (216),
although it was also suggested that the acetamido group could act
as a neighboring group that stabilizes the oxonium intermediate
prior to the nucleophilic attack of the amide group of the aspara-
gine target (209). The lack of this requirement in Archaea suggests
that AglB may employ a different mechanism of catalysis.

Multiple N-Glycans in a Single Species/Glycoprotein

An unusual feature of N-glycosylation systems in Archaea is the
ability of certain species to attach two different glycans to the same
protein. Remarkably, in the S-layer glycoprotein of Hbt. salina-
rum, an organism where only a single AgIB has been identified
(57), two distinct N-glycans are attached (135). A repeating-unit
saccharide is found only once at Asn-2, linked via GalNAc,
whereas an estimated 10 asparagines bear a lower-molecular-
weight saccharide linked via glucose (219). How AglB determines
the unique location of the one repeating-unit glycan is unknown.
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Also unique is that the repeating-unit glycan is assembled on and
transferred from a DolPP carrier, while the lower-molecular-
weight glycan is transferred from a DolP carrier (82, 135, 168).

More recently, it was shown that Hfx. volcanii can vary the gly-
can structure and site of glycosylation in the S-layer glycoprotein
depending on the salt concentration of the growth medium (94).
If the cells are grown in medium containing 3.4 M NaCl, Asn-13
and Asn-83 are both modified with a pentasaccharide glycan,
while Asn-498 is unmodified. However, in medium containing
only 1.75 M NaCl, Asn-498 now becomes glycosylated but with a
different glycan, a novel tetrasaccharide, while the pentasaccha-
ride is still found attached to Asn-13 and Asn-83 albeit at reduced
levels. Here too, only a single AglB-encoding gene can be detected
(57). Genes involved in this second N-glycosylation pathway were
recently defined (95), as described above.

In M. maripaludis, a tetrasaccharide is attached to archaellins
(120), whereas a pentasaccharide is attached to pilins (121). How
this occurs is not yet known. It may be that the same tetrasaccha-
ride is transferred by AglB to both types of structural proteins and
the branching hexose is then added to the existing tetrasaccharide
on the pilins independently of AgIB, as occurs for the terminal
mannose in the glycan of the S-layer glycoprotein of Hfx. volcanii
(90, 92). Alternatively, both a tetrasaccharide-bearing dolichol
carrier and a pentasaccharide-bearing dolichol carrier may be syn-
thesized, with AglB being able to transfer both glycans. However,
this raises the question of how AgIB distinguishes archaellins and
pilins so as to deliver the proper glycan to the correct protein. On
the other hand, in vitro studies demonstrated that AglB from A.
fulgidus could not use a lipid-linked oligosaccharide from P. furio-
sus as the substrate and that AglB from P. furiosus likewise could
not use A. fulgidus lipid-linked oligosaccharides, showing the
specificity of the OST for the glycan moiety (185). Interestingly,
the glycan from A. fulgidus uses a hexose as a linking sugar, while
that of P. furiosus uses a C-2 acetamido sugar.

BIOLOGICAL EFFECTS OF N-LINKED GLYCOSYLATION
PERTURBATIONS IN ARCHAEA

Although Archaea can be found in numerous “normal” biological
niches, such as seawater, soil, and even our own intestinal flora,
these microorganisms remain best known for their abilities to
thrive in extreme environments (205). Cell surface proteins found
in direct contact with the harsh conditions that Archaea endure
may thus rely on their N-linked glycans to cope with the associated
physical challenges. This could explain the importance of N-gly-
cosylation for normal cell morphology and glycoprotein function
and stability, as discussed below. Indeed, the need for species-
specific means of dealing with so many different extreme sur-
roundings offers a possible explanation for the enormous diversity
seen in archaeal N-linked glycan content (6, 56).

Evidence for the functional importance of N-glycosylation in
Archaea initially came from studies conducted well before the
genomic age offered insight into the mechanisms of this PTM. For
example, enhanced surface charge in the face of increased salinity
was offered as the reason for the high content of sulfated sugars in
the N-linked glycans decorating the S-layer glycoprotein of the
extreme halophile Hbt. salinarum (176). Furthermore, and again
prior to the discovery of agl genes, there were indications in the
literature suggesting that interference with the N-glycosylation
pathway had important implications for archaellum assembly. Ex-
amination of an Hbt. salinarum mutant able to overproduce ar-
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chaella that were recovered in the growth medium showed that the
component archaellins were shifted to a lower molecular weight
than the archaellins from the parent strain. This was thought to
reflect a scenario whereby these proteins were underglycosylated
in the mutant and that the incorporation of such archaellins into
archaellayielded structures that were not properly anchored in the
cell envelope (220). Similarly, treatment of M. maripaludis ARC
with bacitracin, known to interfere with glycosylation, led to low-
er-molecular-weight, likely nonglycosylated archaellins and to
cells that were no longer archaellated (133). Also, in S. acidocal-
darius, bacitracin treatment resulted in the arrest of cell prolifer-
ation (221).

A direct relationship between N-glycosylation and the ability
of a given archaeal species to survive extreme surroundings was
later more clearly demonstrated with the identification of Agl pro-
teins and the generation and examination of strains harboring
deletions of the encoding genes. The most striking example of this
approach serving as notice of the importance of N-glycosylation
in Archaea is provided by S. acidocaldarius, where the process is
essential (118). At the same time, however, N-glycosylation is not
needed for the viability in M. voltae (71), M. maripaludis (119), or
Hfx. volcanii (72). These conclusions are based on the viability of
aglB mutants lacking the OST. However, even in those Euryar-
chaeota in which aglB has been successfully deleted, significant
effects on the cell phenotype have been reported, related mostly to
archaellation and motility, S-layer stability, and growth defects in
high-salinity medium, indicating that even where N-glycosylation
is not essential, it is still advantageous.

In the cases of Hfx. volcanii and S. acidocaldarius, the S-layer
glycoprotein has been used extensively as the model reporter of
N-glycosylation (6, 107, 118, 222). This protein is particularly
important in Archaea, as opposed to Bacteria, since most Archaea,
including these two organisms (63, 223), have a cell envelope con-
sisting solely of an S-layer overlying a cytoplasmic membrane
without the benefit of an intermediate peptidoglycan equivalent, a
situation never found in S-layer-bearing Bacteria (224, 225).
Hence, in Archaea, the S-layer, and, by extension, the S-layer gly-
coprotein, plays a significant role in terms of its interactions with
the environment, shape maintenance, and, importantly, protec-
tion of the cell.

For Hfx. volcanii, detailed studies of the impact of absent or
perturbed N-glycosylation on S-layer stability, architecture (72),
as well as resistance to added protease (75, 76, 80) have been con-
ducted. When mutants deleted for agl], responsible for adding the
first sugar of the N-linked pentasaccharide decorating the S-layer
glycoprotein, were challenged with proteinase K, S-layer stability,
reflected as the level of intact S-layer glycoprotein, was >4-fold
lower than that of parent strain cells treated similarly (75). A com-
parable susceptibility of the S-layer to added protease was also
observed for cells lacking AglF, AglG, Agll, or AgIM (76, 80). Pre-
vious experiments likewise showed increased susceptibility of the
S-layer to trypsin in an aglD deletion mutant but, unexpectedly,
not in aglB mutants, where no N-linked pentasaccharide deco-
rates the S-layer glycoprotein (72). However, significantly more
S-layer glycoprotein was released into the growth medium by
AglB-lacking cells. The release of more S-layer glycoprotein into
the growth medium of AaglB mutants could reflect a requirement
for N-glycosylation in the stability of the protein or in its incor-
poration into the S-layer. Alternatively, the absence of N-glycosy-
lation could increase susceptibility to attack on the cell surface.

mmbr.asm.org 331


http://mmbr.asm.org

Jarrell et al.

Taken together, these results indicate that N-glycosylation is im-
portant for the proper assembly and maintenance of the S-layer on
the Hfx. volcanii cell surface.

In Hfx. volcanii, N-glycosylation not only seems to be impor-
tant for the architecture and stability of the S-layer but apparently
also confers to the cells the ability to respond to changes in the
salinity of their growth medium. Specifically, recent studies have
shown that Hfx. volcanii modifies aspects of its N-glycosylation
process in response to changing growth conditions, as revealed
when the N-glycosylation profile of the S-layer glycoprotein in
cells grown in medium containing 3.4 M NaCl was compared to
that for medium containing 1.75 M NaCl (94). At the higher sa-
linity, S-layer glycoprotein Asn-13 and Asn-83 were modified by
the pentasaccharide described above, while DolP was shown to be
modified by the tetrasaccharide comprising the first four pentasa-
ccharide residues, again as discussed above. However, in cells
grown at the lower salinity, Asn-13 and Asn-83 were still modified
by the pentasaccharide albeit to a lesser extent. More strikingly,
DolP charged with a distinct tetrasaccharide comprising a sulfated
hexose, two hexoses, and a rhamnose was observed. This is likely
the same DolP-bound tetrasaccharide reported previously when
Hfx. volcanii cells were grown in 1.25 M NaCl-containing medium
(85). The same tetrasaccharide was shown to decorate S-layer gly-
coprotein Asn-498 in cells grown in low-salt medium, a position
that was not modified in cells grown in high-salt medium. Under
both salt conditions, a potential glycosylation site at Asn-370 was
unmodified. Hence, in response to changes in environmental sa-
linity, Hfx. volcanii modulates not only the N-linked glycans dec-
orating the S-layer glycoprotein but also the sites of this PTM.
Presently, it is not clear what advantage this differential N-glyco-
sylation offers Hfx. volcanii in the face of changes in environmen-
tal salinity, nor is it clear which properties of a glycan make it
favored under specific growth conditions. While no studies exam-
ining possible glycosylation changes as a function of growth me-
dium salinity have been conducted with other archaea, it seems
unlikely that such variations in response to environmental condi-
tions are limited to this species alone. Accordingly, glycosylation
of Methanospirillum hungatei archaellins was reported to occur
only with low-phosphate-containing medium (158).

In S. acidocaldarius, disruptions in N-glycosylation achieved by
the deletion of agl genes also affected growth at higher salinities.
While an agl16 deletion strain, lacking only a single sugar from the
N-glycan, grew at the same rate as the parent strain in standard
medium containing no NaCl, an increase of the salinity to 300
mM NaClled to a 50% decrease in the growth rate of the deletion
strain (156). At the same salinity, an agl3 mutant, where three
subunits of the N-linked glycan are missing, had a doubling time
that was 5 times longer than that of the parent strain (155). In
medium containing 400 mM NaCl, only parent strain cells were
able to grow although only after a long lag period.

One striking aspect of the N-glycosylation process in Sulfolobus
is the high glycosylation density per glycoprotein. Specifically, an
examination of the number of putative N-glycosylation sites in the
large S-layer glycoprotein from different Sulfolobus species made
by using the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services
/NetNGlyc) predicted an extremely high glycosylation density of
32 to 41 N-glycosylated sequons per protein (118). Nano-LC-ESI
MS/MS analysis of the C-terminal portion of the S. acidocaldarius
S-layer glycoprotein confirmed this high glycosylation density,
where, on average, an N-linked glycan is detected per 30 to 40
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residues (137). Such high-density N-glycosylation has not been
proven for the S-layer glycoproteins of any other archaeal species.
However, it seems that thermophilic archaea tend to have a higher
N-glycosylation frequency than mesophilic archaea, which typi-
cally possess an average of 2 to 10 predicted N-glycosylated se-
quons per protein (Table 2). For instance, the S-layer glycopro-
teins from Hfx. volcanii and M. voltae present 7 and 2 sequons,
respectively (63, 111). The C-terminal domain of the S. acidocal-
darius S-layer glycoprotein, spanning residues L1004 to Q1395,
has 11 predicted N-linked glycosylation sites, 9 of which were
experimentally confirmed to be occupied (137). Therefore, at least
for the Sulfolobus species that have a high glycosylation density of
their extracellular proteins, the experimentally determined glyco-
sylation sites match very well to the predicted glycosylation sites.
The high glycosylation density of the S. acidocaldarius S-layer gly-
coprotein could represent an adaptation of this organism to the
high temperatures and acidic environment that it naturally en-
counters. As glycosylation plays an important role in protein sta-
bility, the N-glycosylation of proteins in thermophilic archaea
might have a greater impact on the maintenance of cell integrity at
the high growth temperature that they require than N-glycosyla-
tion of proteins in mesophilic archaea. This could also explain why
N-glycosylation is essential for S. acidocaldarius, in contrast to the
other Archaea studied to date. Currently, there have been two
studies comparing the glycosylation of S-layer glycoproteins from
hyperthermophilic species and their mesophilic relatives. In these
studies, it was noted that the S-layer glycoproteins of the hyper-
thermophiles Mcc. jannaschii and Methanotorris igneus contain a
higher number of potential N-glycosylation sites than the same
protein in mesophilic species (167, 226). While this observation
underscores the potential contribution that N-glycosylation
makes to protein thermostability, thermal stabilization of S-layer
glycoproteins may not rely solely on glycosylation density and/or
the composition of the N-glycan but may also be attributed to
phosphorylation, salt bridging, or covalent cross-linking (227).
Indeed, examination of the amino acid sequences of the S-layer
proteins of mesophilic, thermophilic, and hyperthermophilic
methanococci revealed the highest ratio of cysteines for the hyper-
thermophilic Methanococcales (228).

The creation of various agl gene deletion strains that resulted in
truncated N-glycans of known composition led to a more defined
correlation between N-linked glycosylation and archaellation in
the methanogens. This correlation is very well defined for both M.
voltae and M. maripaludis (71, 119, 229). Any deletion in a GT,
OST, or biosynthetic gene that resulted in nonglycosylated ar-
chaellins or archaellins decorated with a glycan consisting of only
the first sugar led to cells that were nonarchaellated. Any mutant
strain carrying an agl gene mutation that resulted in a truncated
glycan larger than one sugar was still archaellated, but the motility
of the mutant cells was impaired compared to the motility of wild-
type cells, with impairment in swimming being related directly to
the degree of truncation in the glycan. It is not known whether a
minimum-length glycan is needed for recognition by the secre-
tion/assembly system or whether those structures assembled by
archaellins bearing severely truncated glycans are simply unstable.

The defects in assembly of archaella in various agl mutants
have not been observed for pili. While the major pilin that com-
prises the type IV-like pili on the surface of M. maripaludis cells
has been shown to also be decorated with N-glycans (121), the
assembly of wild-type-looking pili is usually unaffected by dele-
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tions in agl genes that inhibit archaellum formation. There is no
more drastic example of this than that of an aglB mutant, where
the pilins are completely nonglycosylated and yet the cells remain
piliated (119). However, whether these pili are fully functional
(230) has not been addressed. There is one exception involving agl
genes and piliation, and this is for mmp0350 mutants. MMP0350
is likely an acetyltransferase for the second sugar, as the deletion of
mmp0350 results in a one-sugar glycan (229). These cells are no-
narchaellated, as expected, but also have difficulty in maintaining
pilus attachment to the cell surface. Pili are assembled but are
instead released into the culture medium.

Deletion of agl genes had similarly dramatic effects on Hfx.
volcanii and S. acidocaldarius archaellation as was found initially
for Methanococcus. In Hfx. volcanii, three predicted N-glycosyla-
tion sequons of the major structural archaellin FIgA1 were shown
to be decorated with the same pentasaccharide as the one first
reported to modify the S-layer glycoprotein (99). An aglB deletion
strain was nonmotile and nonarchaellated. In addition, a variety
of mutants carrying deletions in other agl genes involved in the
biosynthesis or assembly of the glycan also showed motility defects
in semisolid media. In Hfx volcanii, it seems that an N-linked
glycan containing a minimum of three sugar subunits is necessary
for archaellum assembly, since agl], aglG, agIM, agll, or aglF dele-
tion mutants, where gene products necessary for the biosynthesis
and/or assembly of the first three glycan subunits are absent (75,
76, 80), were nonmotile. An algE deletion mutant, which was un-
able to code for a protein needed for the attachment of the fourth
subunit of the N-linked pentasaccharide (74), was very poorly
motile compared to parent strain cells. Unexpectedly, a mutant
carrying a deletion of aglD, coding for the GT involved in the
addition of the final N-linked pentasaccharide subunit, mannose
(72), was nonmotile. When the asparagine of any of three exam-
ined sequons of the major archaellin FIgA was replaced by glu-
tamine, the mutant forms, unlike wild-type flgA, could not rescue
the swimming motility phenotype of a flgA deletion (99), suggest-
ing that glycosylation at each of these sites is necessary for archael-
lation. For S. acidocaldarius, a connection between N-glycosyla-
tion and archaellation was also recently found. A strain deleted for
agli6, the GT needed for the addition of the terminal hexose of the
N-linked glycan decorating archaellins in this species (156), was
severely impaired in its motility. No motility was detected in a
strain carrying a deletion of ag/3, coding for the UDP-sulfoquino-
vose synthase, which leads to a truncated glycan comprising a
trisaccharide alone (155). Finally, electron microscopy showed
that cells lacking either of these two agl genes were nonarchael-
lated, indicating that the loss of even a single sugar from the N-
linked hexasaccharide attached to archaellins led to the generation
of unstable archaella.

FUTURE OUTLOOK

Remarkable progress has been made in the elucidation of the N-
glycosylation pathway in model Archaea in less than a decade.
However, it is clear that much more is still unknown. While pro-
tein N-glycosylation is thought to be almost universal in Archaea,
glycan structures are known for only a few organisms, and genetic
studies on the pathways involved have been performed with even
fewer organisms, due mainly to a lack of proper tools. Indeed,
many key steps remain a mystery for any archaeon, the foremost
being the identity and mechanisms of the proposed flippases. Bio-
synthetic pathways for N-glycan constituents also remain patchy.
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This is especially true for the unique and unusual sugars found in
archaeal N-glycans. Even basic information about the lipid carri-
ers involved is lacking, such as their biosynthetic pathway and
whether both DolP and DolPP carriers are involved.

Another whole set of challenges arises because it is often the
case that important findings presented for one archaeon remain
unstudied for others. It thus remains unknown whether such find-
ings are applicable to the entire domain or are unique to a single or
limited number of species. Recent findings showing the ability of
Hfx. volcanii to vary the structure of its N-linked glycan depending
on growth conditions are a case in point. Variation in the N-gly-
cosylation of proteins as an adaptation mechanism is likely to be
widespread but is currently unproven. The features of a certain
glycan that would make it favored under certain growth condi-
tions are also unknown. Likewise, it is not known how many dif-
ferent glycans one organism can make as various aspects of the
growth conditions are modified. It is possible that certain Archaea
may be able to synthesize many different glycans depending on the
nature of a particular environmental stress. Where two different
glycans are attached to the same protein, it is not known how the
cell determines which glycan goes to which sequon and how this
could be accomplished with a single OST.

In fact, the link between extremophilic habitats and protein
N-glycosylation is currently more conjecture than fact. It is not
known if certain archaeal proteins are more stable in their extreme
niches because they are glycosylated. Certainly, some Archaea can
readily survive without this PTM, as shown by viable aglB deletion
strains of both Methanococcus and Haloferax species. However, for
Sulfolobus, which lives in a more extreme environment in terms of
high temperature and low pH, N-glycosylation is necessary, pos-
sibly to stabilize proteins under such harsh conditions. An under-
standing of this connection, of course, has broad implications in
biotechnology, as it may offer perspective on tailoring specific
N-glycans to synthesize glycoproteins that are both more active
and more stable under specific physically challenging conditions.

It is not yet known if archaeal N-glycosylation pathways or
parts thereof can be reconstituted in bacterial or eukaryal systems
to create glycoproteins in other domains that incorporate ar-
chaeon-specific sugars as components. There is limited evidence
that archaeal enzymes involved in N-glycosylation can comple-
ment eukaryotic deletions. It seems possible that archaeal en-
zymes, in particular AglB, might be useful for glycoengineering of
vaccines. A limitation of the use of PgIB in protein glycan coupling
technology is the requirement of this OST for a linking sugar pre-
senting an acetamido group in the C-2 position (231, 232). The
employment of AgIB in these efforts may help overcome this re-
quirement, since Archaea use a broader variety of linking sugars in
their N-glycans, including those lacking this C-2 modification.
The unusual and sometimes unique sugars found in archaeal N-
linked glycans open up the possibility of identifying potentially
useful archaeal enzymes for specific roles in glycoengineering, in
much the same way that a eukaryotic glycosylation pathway was
recently engineered in E. coli (233). Continued study of N-glyco-
sylation in Archaea should add to our knowledge of the evolution-
ary history of the pathway, which is thought to have archaeal ori-
gins (56). This may be especially fruitful for Sulfolobus, where the
core structure of the glycan is the chitobiose observed in eukary-
otic glycans, such that homologous pathways may be found.

One key to progress in archaeal N-glycosylation studies is to
break the bottleneck caused by the current access to too few ar-

mmbr.asm.org 333


http://mmbr.asm.org

Jarrell et al.

chaeal organisms with appropriate genetic systems (234). With
apparently so many other Archaea with N-glycosylation systems
to study, the chances of discovery of unique variations of the con-
served system are high. As with many properties of Archaea, the
N-glycosylation pathway appears to share common features with
parallel systems in other domains but with added archaeon-spe-
cific variations. Even with the limited studies conducted to date, it
is clear that the archaeal domain holds the potential for vast diver-
sity in N-glycan structures and biosynthetic enzymes that could be
used for biotechnology. Continued study is certain to not only
expand our knowledge of N-glycosylation in the Archaea but also
shed new light on the process throughout all domains of life.
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