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While performed by all three domains of life, N-glycosylation in Archaea is less well described than are the
parallel eukaryal and bacterial processes. Still, what is known of the archaeal version of this universal post-
translational modification reveals numerous seemingly domain-specific traits. Specifically, the biosynthesis of
archaeal N-linked glycans relies on distinct pathway steps and components, rare sugars and sugar modifications,
as well as unique lipid carriers upon which N-linked glycans are assembled. At the same time, Archaea possess

the apparently unique ability to simultaneously modify their glycoproteins with very different N-linked glycans.
In addition to these biochemical aspects of archaeal N-glycosylation, such post-translational modification has
been found to serve a wide range of roles possibly unique to Archaea, including allowing these microorganisms to
not only cope with the harsh physical conditions of the niches they can inhabit but also providing the ability to
adapt to transient changes in such environments.

1. A brief history of archaeal N-glycosylation

In 1938, Neuberger published the first conclusive description of a
protein containing a covalently linked sugar-containing moiety [1]. In
the decades that followed, protein glycosylation, and in particular,
N-glycosylation, in which a glycan is attached to selected asparagine
residues in a protein, was accepted to be a post-translational modifica-
tion restricted to eukaryotes. This dogma was upended in 1976, when
the surface (S)-layer glycoprotein from the halophile Halobacterium
salinarum provided the first example of N-glycosylation in the prokary-
otic world [2]. Today, it is clear that N-glycosylation is a
protein-processing event that takes place across evolution.

At the time of providing the first example of non-eukaryotic N-
glycosylation, Hbt. salinarum were still considered bacteria. However,
with the 1977 re-alignment of the tree of life to account for three distinct
branches, namely, Eukarya, Bacteria and Archaea [3], Hbt. salinarum
were assigned to the newly described archaeal domain [4]. Originally
defined as a distinct form of life on the basis of their unique 16S ribo-
somal RNA secondary structure [3], a variety of molecular traits that
distinguished Archaea from Eukarya or Bacteria later emerged. These
included membranes comprising ether-based phospholipids presenting a
novel stereospecificity organized into monolayer or bilayer structures,
and the use of biosynthetic pathways and metabolic strategies not seen
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elsewhere [5-9]. Moreover, despite being originally defined as extrem-
ophiles able to thrive in some of the most physically challenging envi-
ronments on the planet, it subsequently became apparent that Archaea
are also major constituents of so-called ‘normal’ biological niches [10,
11]. Most recently, the three-branched tree of life proposed by Woese [3,
12] has been challenged by evidence supporting the Eukarya as having
emerged from within the Archaea [13].

Soon after the discovery of N-glycosylation in Hbt. salinarum,
biochemical approaches were taken to define the composition of the N-
linked glycan and gain insight into the pathway responsible for its
biosynthesis. Although limited by the tools of the time, these efforts,
nonetheless, revealed aspects of the process not seen elsewhere. For
instance, a single protein, the S-layer glycoprotein, was shown to be
modified by two very different N-linked glycans, with one being
assembled on a dolichol pyrophosphate carrier and using an N-ace-
tylhexosamine as the linking sugar, properties reminiscent of the
eukaryal N-glycosylation pathway [14,15]. The second N-linked glycan,
subsequently shown to modify other Hbt. salinarum glycoproteins [16],
was the first shown to be assembled on a dolichol phosphate carrier and
use a hexose as the linking sugar [17]. Moreover, this latter N-linked
glycan was shown to be methylated at the lipid-linked stage but not
when protein-bound, a phenomenon yet to be seen elsewhere [18].
Furthermore, this second polysaccharide represents the only known
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example of an N-linked glycan containing iduronic acid [19,20]. Not
long after these intriguing findings were described, reports on archaeal
N-glycosylation became far less frequent.

The dawn of the genome age brought renewed interest into archaeal
N-glycosylation, as into other aspects of archaeal biology. With the
development of genetic and other relevant experimental tools, the first
components of archaeal N-glycosylation pathways were identified in the
methanogen Methanococcus voltae and the halophile Haloferax volcanii
[21,22]. In time, N-glycosylation pathways were subsequently fully or
partially delineated in other archaea, including Methanococcus mar-
ipaludis, Sulfolobus acidocaldarius, Haloarcula hispanica and Hbt. salina-
rum [23-26]. Fig. 1 presents schematic depictions of two such pathways.
In gaining insight into N-glycosylation pathways in these species,
additional novel aspects of the process, some seemingly unique to
Archaea, were revealed. For instance, in Hfx. volcanii, the N-linked
pentasaccharide decorating glycoproteins in this species was shown to
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be assembled from a dolichol phosphate-bound tetrasaccharide precur-
sor, which is transferred to target protein asparagine residues before the
fifth sugar is transferred to the protein-bound tetrasaccharide from its
own dolichol phosphate carrier [27]. To the best of our knowledge, this
represents the sole example of an N-linked glycan being modified by
additional lipid-linked sugars. At the same time, another haloarchaeon
from the Dead Sea, Haloarcula marismortui, decorates its glycoproteins
with what seems to be the same or at least a very similar penta-
saccharide, yet here, the entire glycan is assembled on a single dolichol
phosphate carrier [28]. In M. maripaludis, dolichol phosphate was shown
to be charged with N-acetylglucosamine in the alpha conformation, in
contrast to the beta conformation presented by linking sugars added to
lipid carriers in Eukarya and Bacteria [29]. This difference points to a
fundamental difference in the mechanism of action of archaeal dolichol
phosphate glycosyltransferases that catalyze the addition of a linking
sugar to the dolichol phosphate carrier upon which N-linked glycans are
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Fig. 1. Schematic depictions of two archaeal N-glycosylation pathways. A. Hfx. volcanii. B. Hbt. salinarum. Legend: blue circle — glucose; green circle — mannose; half-
blue diamond - glucuronic acid; half-yellow diamond - galacturonic acid; half-brown diamond - iduronic acid; purple lipid — dolichol phosphate.
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assembled from that of their eukaryal and bacterial counterparts,
despite structural similarities [30]. Finally, structural comparisons of
oligosaccharyltransferases across the three domains revealed a catalytic
motif apparently unique to a sub-set of the archaeal protein, AgIB [31].

In addition to gaining insight into the pathways involved in archaeal
N-glycosylation, progress was also made in defining the lipid carriers
upon which N-linked glycans are assembled. Such efforts not only
showed archaea-specific lipid chemistry, namely, saturation of dolichol
phosphate at both the alpha and omega positions (as opposed to only the
alpha position seen in eukaryal dolichol phosphate) but also revealed
that phylogenetic considerations were involved in relying on dolichol or
dolichol pyrophosphate as the lipid glycan carrier [32-34]. At the same
time, phylogenetic approaches addressing the distribution of the oligo-
saccharyltransferase AglB revealed the almost universal nature of
N-glycosylation in Archaea, while distinguishing between versions of
AglB found in certain archaeal phyla as being more similar to its bac-
terial homologue PgIB and in others to the eukaryal AglB counterpart
Stt3 [35]. These findings, moreover, offer support for the proposed
evolutionary proximity of Eukarya and the TACK and Asgard archaea
[36].

In summary, these observations argue that despite the fact that little
is known of N-glycosylation in the vast majority of archaeal species,
what has been learned from even the limited number of examples
studied to date nonetheless reveals that domain-specific traits appear at
all levels of the archaeal N-glycosylation process.

2. Unique sugars found in archaeal N-linked glycans - selected
examples

Although the pathways used to assemble the N-linked glycans
decorating archaeal glycoproteins are largely limited to those handful of
species for which genetic manipulation is currently possible, far more
progress has been realized in describing the sugar composition and ar-
chitecture of archaeal N-linked glycans, with a few dozen such struc-
tures now described. These efforts have revealed a degree of diversity
not seen in either eukaryal or bacterial N-glycosylation [37-39]. More-
over, it is becoming increasingly clear that archaeal N-linked glycans
can include sugars not used elsewhere in N-glycosylation or sugars
modified by unusual chemical groups or at positions not seen before. In
this section, selected examples of these phenomena are described.

As noted above, the N-linked tetrasaccharide decorating Hbt. sali-
narum glycoproteins includes iduronic acid [19,20], a common sugar
component of eukaryal glycosaminoglycans, like heparin, an
anti-coagulant, or heparin sulfate, found in the extracellular matrix of
animal tissues [40-42]. In bacteria, iduronic acid has also been found as
a component of cell wall polysaccharides, albeit in only few species
[43-47]. Not only does the Hbt. salinarum N-linked tetrasaccharide
represent the only known example of iduronic acid in a protein-bound
glycan, this iduronic acid is sulfated at the O-3 position, a modifica-
tion never reported before [20]. While the iduronic acids of glycos-
aminoglycans can also be sulfated, this is only seen at the O-2 position
[41,42].

The N-linked tetrasaccharide decorating M. maripaludis glycopro-
teins includes a novel monosaccharide ((5S)—2-acetamido-2,4-dideoxy-
5-O-methyl-a-L-erythro-hexos-5-ulo-1,5-pyranose) as the terminal
sugar, corresponding to the first example of a diglycoside of an aldulose
[48]. The same glycan also includes a 2,3-diamino-mannuronic acid
acylated at the N-3 position with an acetamidino group and modified
with an acetyl group at the N-2 position, as occurs in the lipopolysac-
charides of some Gram-negative bacteria [49-51], as well as a threonine
linked to the C-6 carbonyl group. This sugar, found at the third position
of the tetrasaccharide, represents the first example of a mannuronic acid
being modified in this manner [39]. The related methanogen M. voltae
decorates its glycoproteins with a similar N-linked trisaccharide that
ends with a 2-acetamido-2-deoxy-f-mannuronic acid, with the carbonyl
group at C-6 forming an amide bond with the amino group of threonine
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[52].

The N-linked trisaccharide decorating the S-layer glycoproteins of
another methanogen, Methanoculleus marisnigri, provided the first
known example of an N-linked glycan that includes a sugar modified by
a glyceric acid [53]. Specifically, the second sugar of this N-linked
glycan corresponds to 2,3-diaminoglucuronic acid N-acylated with
acetic acid and glyceric acid residues, as well as being amidated at the
C-6 position. Moreover, as described below, the M. marisnigri S-layer
glycoprotein is simultaneously modified by a related, yet distinct
N-linked disaccharide.

Thermophilic archaea also present N-linked glycans bearing unusual
sugars or sugars presenting unusual modifications. For instance, the N-
linked glycan attached to membrane proteins of Thermoplasma acid-
ophilum [54] includes a particular heptose isomer thus far only seen in
the lipopolysaccharides of a limited number of bacteria [55-58]. At the
same time, the 6-deoxy-6-C-sulfo-D-galactose (6-C-sulfo-D-fucose)
found in the same N-linked glycan has not been previously described and
is only one of two known monosaccharides presenting a direct C-S bond
[39]. The glycan attached to selected asparagine residues of membrane
proteins in Thermococcus kodakarensis comprises five sugars and a
myo-inositol phosphate [59]. This represents the first example of inositol
as a component of an N-linked glycan. Finally, Sulfolobus acidocaldarius
contains an N-linked glycan that includes 6-deoxy-6-sulfoglucose
(6-sulfoquinovose), found in glycolipids in plants [60,61] and else-
where [62,63]. Uniquely, 6-sulfoquinovose is beta-linked in the archaeal
glycan; elsewhere, linkage of this sugar relies on the alphaconformation.

Several of the different N-linked glycans discussed in this section are
portrayed in Fig. 2.

3. In archaea, multiple N-glycans can simultaneously modify the
same protein

Not only do archaeal N-linked glycans contain sugars not previously
described or never having been previously reported as being part of such
structures elsewhere, it has also been shown that numerous archaeal
glycoproteins can be simultaneously modified by clearly distinct N-
linked glycans. Such a phenomenon has not been seen, to the best of our
knowledge, in either of the other two domains of life.

The addition of N-glycans of very different composition to the same
protein was first shown in the case of the Hbt. salinarum S-layer glyco-
protein. This glycoprotein is modified at ten of twelve putative N-
glycosylation sites by a tetrasaccharide assembled on a dolichol phos-
phate carrier, with glucose serving as the linking sugar [17,64]. At an
eleventh N-glycosylation site, asparagine-2, the same protein is report-
edly modified by ten-fifteen repeats of a distinct pentasaccharide linked
to the protein via a N-acetylhexosamine and assembled on a dolichol
pyrophosphate carrier [14,15,64]. Whereas the majority of players
involved in the biogenesis of the former N-linked glycan have been
described [65-67], virtually nothing is known of how the latter is
assembled.

In the case of the Hfx. volcanii S-layer glycoprotein, three different N-
linked glycans have been reported to simultaneously modify the protein
[68-701, with distinct biosynthetic pathways having been delineated for
two of these glycans [68,71,72]. At least two of these N-linked glycans
seem to be differentially added as a function of the surrounding salinity
(see below). In M. marisnigri, the S-layer glycoprotein is simultaneously
modified by an N-linked trisaccharide and an N-linked disaccharide,
with both glycans seemingly originating from a common early precursor
[53]. Finally, whereas archaellins from Sulfolobus shibatae migrate as a
single diffuse glycoprotein band in SDS-PAGE, two bands of similar
molecular mass and identical N-terminal sequence can be distinguished,
suggesting the existence of two variants of the protein presenting
different glycosylation profiles [73]. This, however, remains to be
conclusively shown.
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Fig. 2. Selected archaeal N-linked glycans. A. M. maripaludis. B. T. acidophilum. C. S. acidocaldarius. Abbreviations: Asn — asparagine; Glc — glucose; GalNAc — N-

acetylgalactosamine; GlcNAc — N-acetylglucosamine; GIcNAc3NACA - 2,3-diacetamido-2,3-dideoxy-glucuronic acid; Man — mannose; ManNAc3NamAG6Thr -
amidino derivative of 2,3-diamino-2,3-dideoxymannuronic acid amidated with a threonine amino group; S6Qui -

4. N-glycosylation in archaea serves roles not (or not yet) seen
elsewhere

Archaeal N-glycosylation has not only demonstrated its uniqueness
in terms of the sugars recruited, the pathway steps involved and the
simultaneous presence of very different N-linked glycans on the same
protein, but also in terms of the roles it serves. Specifically, studies have
revealed how archaeal N-glycosylation is responsible for behavior either
unique to this domain of life, or which may be also shared by eukaryotes
and/or bacteria but has yet to reported in these domains.

In addition to the S-layer glycoprotein, archaellins, the building
blocks of the archaeal swimming device, the archaellum [73], are also
common reporters of N-glycosylation in Archaea and were among the
first archaeal proteins shown to be so-modified [16]. Moreover, the

3-acet-
6-deoxy-6-sulfoglucose.

importance of archaellin N-glycosylation for cell motility, has been long
known. In numerous species, it was reported that in response to gene
deletions leading to the loss of N-glycosylation or to the assembly of
highly truncated N-linked glycans, no archaella were detected and cell
motility was lost ([74] and references therein). Accordingly, it was
concluded that archaellin N-glycosylation was necessary for their proper
assembly into archaella. More recently, however, an additional role for
archaellin N-glycosylation was described. Using cryo-EM, structures of
archaella from Hbt. salinarum parent strain cells and from cells deleted of
genes encoding glycosyltransferases responsible for adding the last two
sugars of the N-linked tetrasaccharide decorating archaellins were ob-
tained [75]. Although earlier efforts had revealed how progressively
shortening the N-linked tetrasaccharide to a trisaccharide or a disac-
charide resulted in a loss of motility, with the degree of lost motility
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being proportional to the extent of glycan truncation [66,67], these
more recent efforts revealed how such compromised archaellin
N-glycosylation had no impact on archaellin structure or their packing
into archaellum filaments. This apparent paradox was solved when it
was shown that although the loss of the last or the last two tetra-
saccharide sugars did not perturb archeallum architecture, it instead led
to dramatic clustering of both isolated and cell-attached archaellum
filaments (Fig. 3) [75]. The clustering-induced loss of motility in the two
glycosyltransferase-lacking strains was attributed to an inability to
separate archaellum filaments, a process needed for effective swimming
[76]. In contrast, in the parent strain, where the complete N-linked
tetrasaccharide decorates archaellins and where far less archaellum
bundling was seen, the N-linked glycans that protrude from the surface
of archaellin filaments prevented filament aggregation. The ability of
the complete N-linked tetrasaccharide to prevent archaellum filament
clustering could be due to electrostatic repulsion mediated by the highly
negatively charged N-linked glycan that includes a glucuronic acid, a
sulfated iduronic acid and a sulfated glucuronic acid, in addition to a
linking glucose unit. Alternatively, the N-linked tetrasaccharides could
introduce steric hinderance that would prevent any protein-protein in-
teractions underlying archaellum filament bundling. A similar phe-
nomenon of filament clustering due to compromised N-glycosylation of
archaeal cell surface structures other than archaella was observed with
Hfx. volcanii cells lacking the oligosaccharyltransferase and hence, un-
able to perform N-glycosylation. Here, the loss of pilin glycosylation by
the mutant cells, with pilins corresponding to the building blocks of an
additional assembly protruding from the cell surface, resulted in the
aggregation of these assemblies, termed pili, and the formation of
microcolonies [77]. Much as archaellum filaments must separate to
elicit swimming [76], maintaining the separation of adhesive pili is
necessary for surface adhesion instead of the microcolony formation that
occurs with the clustering of pili from proximal cells. It is also of note
that N-glycosylation was recently reported as being able to directly
prevent the aggregation of eukaryal proteins [78].

In considering the roles served by archaeal N-glycosylation, one can
also ask how archaea exploit the fact that even the relatively limited
number of archaeal N-linked glycans that have been described thus far
display so much more variety in terms of both content and structure than
do their bacterial and eukaryal counterparts. As more is learnt of the
functions assumed by N-glycosylation in Archaea, partial answers to this
question are beginning to appear. Studies addressing interactions be-
tween archaeal cells of the same or different species have pointed to N-
glycosylation as introducing specificity into such contacts. The

Parent
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Fig. 3. Pertrubed Hbt. salinarum N-glycosylation leads to archaellum filament
bundling. Representative cryo-EM micrographs of archaellum filament samples
in the spent growth medium of parent strain cells (parent; top panels) and of a
strain lacking Agl27, responsible for adding the fourth sugar of the N-linked
tetrasaccharide decorating Hbt. salinarum archaellins (Aagl27; bottom panels).
Taken from 75 with permission.
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importance of N-glycosylation to Hfx. volcanii mating, and hence the
maintenance of a species barrier, was demonstrated when the efficiency
of pairing was compared in parent strain cells and strains deleted of
genes encoding central N-glycosylation pathway components. These
studies found mating to be proportionally compromised when N-
glycosylation (presumably of the S-layer glycoprotein) was absent in one
or both partners [79]. Moreover, even among very closely phylogenet-
ically related Haloferax species collected from sampling ponds in the
same area, it was shown that although the major N-glycosylation gene
cluster tended to be conserved, a second N-glycosylation gene cluster
was highly variable. It was thus concluded that even genetically- and
geographically-related strains can present distinct N-glycosylation pro-
files, such that no two isolates present an identical profile [80]. Like-
wise, differences in N-glycosylation profiles were also offered as the
explanation for why cells of three closely related Sulfolabales species
could readily mate with cells of the same species but not with members
of the other two species [81]. The link between N-glycosylation and the
maintenance of species barriers is also supported by the observation that
even closely related Hbt. salinarum species present distinct N-glycosyl-
ation pathway gene clusters [82].

The seemingly species-specific nature of archaeal N-glycosylation is
also thought to mediate the specificity of other interactions. For
instance, in the Sulfolabales, exposure to ultraviolet light can lead to the
appearance of pili that mediate cell aggregation, resulting in DNA ex-
change [83]. The species-specificity of such interactions was shown to
be mediated by a defined region of the pilin UspA protein that interacts
with the N-linked glycan decorating components of the S-layer from the
same species [81]. Strain-specific N-glycosylation is also thought to play
a role in the selectivity of viruses for targeted archaeal cells. In Sac-
charolobus solfataricus, the decreased cell surface glycosylation resulting
from a perturbed S-layer resulted in a decreased degree of viral infection
[84]. The link between N-glycosylation and virus selectivity could
explain why the coat protein of the HRPV-1 virus and S-layer glyco-
protein of the Halorubrum sp. PV6 host present the same N-linked glycan
[85,86].

5. Changing N-glycosylation in response to environmental
changes

N-glycosylation has been long held to afford extremophilic archaea
with the ability to cope with the harsh environments they can inhabit.
Specifically, N-glycosylation is thought endow extremophilic archaeal
proteins the ability to remain folded, and thus functional, in the face of
the physical challenges presented by such conditions [24,87-90].
However, the relation between N-glycosylation and surviving difficult
surroundings may be more profound, given how several studies have
demonstrated how archaea can modify their N-glycosylation profiles as
a function of changing growth conditions. Altering the content and/or
positions of N-linked glycans decorating their glycoproteins provides
Archaea with a strategy to rapidly and reversibly respond to shifting
environments.

In Hfx. volcanii, the N-glycosylation profile of the S-layer glycopro-
tein was shown to change as a function of salinity [68]. In 3.4 M
NaCl-containing medium, four of seven putative sites of N-glycosylation
were shown to present a pentasaccharide comprising a glucose, a glu-
curonic acid, a galacturonic acid, a methylated glucuronic acid and a
mannose [69]. However, a considerably different glycosylation pattern
was observed when Hfx. volcanii were grown in the presence of only 1.7
M NaCl. At this lower salinity, a distinct tetrasaccharide comprising a
sulfated hexose, two hexoses and a rhamnose was bound to
asparagine-498, a position not modified in cells raised at the higher
salinity, while less of the pentasaccharide was detected [68]. Subse-
quent efforts considered N-glycosylation in medium containing an in-
termediate salt concentration (i.e., 2.7 M NaCl). In these conditions,
both N-linked glycans were detected [91], raising the possibility that
Hfx. volcanii gradually shift their N-glycosylation profile as the
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surrounding salt level increases or decreases. It was further shown that
the assembly of each N-linked glycan relies on a distinct N-glycosylation
pathway, with each pathway also apparently involving a different oli-
gosaccharyltransferase [68]. Specifically, the loss of AgIB, the canonical
archaeal oligosaccharyltransferase reminiscent of its eukaryal and bac-
terial counterparts, did not prevent addition of the ‘low salt’ tetra-
saccharide to the S-layer glycoprotein, yet resulted in a loss of
glycosylation by the N-linked pentasaccharide.

Methanolobus psychrophilus offer another example of how N-glyco-
sylation changes as a function of the environment. Earlier efforts had
shown that growing this psychrophilic (‘cold-loving’) methanogen in
trimethylamine at 18 °C over a period of years provided this species with
the ability to grow at 30 °C [92]. It was subsequently shown that the
S-layer glycoprotein was N-glycosylated at asparagine-94 when
M. psychrophilus were grown at 30 °C in the presence of elevated levels of
trimethylamine and methanol but not at 18 °C [93]. Growth in medium
containing 20 mM trimethylamine or 40 mM methanol also led to the
N-glycosylation of S-layer glycoprotein asparagine-879, a position not
modified when the trimethylamine and methanol concentrations were
reduced to 10 mM and 20 mM, respectively. In contrast, other sites of
S-layer glycoprotein N-glycosylation were unaffected by these shifts in
growth conditions, pointing to the specific temperature- and
substrate-related nature of N-glycosylation profile modulation.

M. maripaludis also revises the composition of the N-linked glycan
decorating its glycoproteins in response to growth temperature changes.
When grown at 34 °C, the major archaellin in this methanogen is N-
glycosylated by the tetrasaccharide described above, comprising N-
acetylglucosamine, di-N-acetylglucuronic acid, 2,3-diamino-2,3-dideox-
ymannuronic acid amidated with a threonine amino group and a novel
terminal sugar, 2-acetamido-2,4-dideoxy-5-O-methyl-hexos-5-ulo-1,5-
pyranose [48]. Yet, when grown at 40 °C, M. maripaludis fails to add
the threonine on the third sugar and lacks the fourth and final sugar
[94]. This microorganism can also add different versions of the N-linked
glycan to different target proteins. While archaellins are modified by the
above-described tetrasaccharide, pilins are modified by the same glycan
containing an additional branched hexose [95]. It is still unclear how
such protein-specific N-glycosylation is realized.

6. N-glycosylation in archaea as a marker of evolution

When Archaea were first defined on the basis of 16S ribosomal RNA
secondary structure, they were assigned to a distinct branch of the
universal tree of life [3]. In time, it became clear that Archaea could be
divided into the more bacteria-like Euryarcheota and the more
eukarya-like Crenarchaeota [12]. As more archaeal genomes were
sequenced, novel archaeal phyla were described. Today, Archaea can be
divided into four major phylogenetic groups, namely, the DPANN, TACK
and Asgard super-phyla and the phylum Euryarchaeota, all defined ac-
cording to various molecular markers [96-99]. At the same time,
phylogenetic evidence further argues that the Asgard archaea and
Eukarya arose from a common ancestor, although the relation between
the two groups of organisms still requires further investigation [13,100].
While archaeal N-glycosylation has been far less well investigated than
have the parallel bacterial and eukaryal systems, evidence showing that
aspects of the archaeal process differ along phylogenetic group lines is
accumulating, in addition to demonstrating similarites between
N-glycosylation in the TACK and Asgard archaea and Eukarya.

Across evolution, N-glycosylation begins with the assembly of a
glycan from soluble nucleotide-activated sugars onto a cytoplasm-facing
lipid carrier [101]. While phosphorylated unsaturated polyprenol serves
as the lipid carrier upon which N-linked glycans are assembled in Bac-
teria, Archaea and Eukarya instead rely on phosphorylated
isoprene-based dolichols for this purpose [33,34,102-104]. In Eukarya,
N-linked glycans are assembled on dolichol pyrophosphate, with initial
sugars added to the growing glycan originating as soluble precursors and
subsequently added sugars being transferred to the growing dolichol
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pyrophosphate-bound glycan from their own dolichol phosphate car-
riers [105,106]. In contrast, Archaea use both dolichol phosphate and
dolichol pyrophosphate as glycan lipid carrier, with the lipid-bound
glycan being assembled from soluble precursors [33,34]. Specifically,
dolichol phosphate serves as the glycan lipid carrier in Euryarchaeota
[33,34], although, as noted above, Hbt. salinarum has been reported to
use both dolichol phosphate and dolichol pyrophosphate for this pur-
pose [15,107], and at least one example of augmentation of a
protein-bound N-linked glycan by transfer of a dolichol
phosphate-bound sugar has been reported [27]. At the same time,
Crenarchaeota (part of the TACK super-phylum) employ dolichol pyro-
phosphate as lipid glycan carrier, like Eukarya [33,34,104]. Moreover,
the crenarchaeotes S. acidocaldarius and S. solfataricus also contain
hexose-charged dolichol phosphate which could serve as intermediates
in assembly of the dolichol pyrophosphate-bound glycan, although this
has yet to be demonstrated [33,108]. In S. acidocaldarius and
S. solfataricus this glycan corresponds to a tri-branched hexasaccharide
and a di-branched heptasaccharide, respectively, both based on a chi-
tobiose (i.e. a pair of N-acetylglucosamines) core, as also found at the
core of eukaryal N-linked glycans [109,110]. The crenarchaeote Pyro-
baculum calidifontis presents the most eukaryal-like N-linked glycan yet
reported in Archaea, namely, a di-branched glycan comprising nine
mannoses and a core of two N-acetylated N-acetylglucosamines [111].

Distinction in aspects of N-glycosylation that reflect phylogenetic
divisions of the Archaea can also be seen when one addresses the
archaeal oligosaccharyltransferase AgIB. Like the bacterial oligo-
saccharyltransferase PgIB and the Stt3 catalytic subunit of the oligo-
saccharyltransferase complex found in higher eukaryotes, beginning
with yeast, AgIB also contains a WWDXG motif involved in the mecha-
nism of action of this enzyme. Yet while various residues are found at the
variable fourth position of this motif in Euryarchaeota, a tyrosine is
found here in AglB from the TACK and Asgard Archaea, just as in
eukaryal Stt3 [35]. Likewise, other sequence motifs seem to be common
to AglB from the TACK and Asgard Archaea and to eukaryal Stt3, such as
the DK motif [112,113] or the DNXTZNXS/T motif [114].

7. Conclusions

As our knowledge of Archaea continues to expand, numerous
accepted concepts in various realms of biology, such as evolution, ge-
netics, biochemistry, and cell biology, to name but a few, have been
revised. In the specific case of N-glycosylation, despite the relatively
little that is known of the archaeal version of this universal post-
translational modification at present, it is, nonetheless, clear that
members of this domain have developed unique N-glycosylation stra-
tegies, pathway steps and substrates. It is thus not unreasonable to
expect that continued exploration of archaeal N-glycosylation will pro-
vide additional surprises.

CRediT authorship contribution statement

Zlata Vershinin: Writing — review & editing. Marianna Zaretsky:
Writing — review & editing. Jerry Eichler: Writing — review & editing,
Writing - original draft, Supervision, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Jerry Eichler reports financial support was provided by Israel Science
Foundation. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.



Z. Vershinin et al.

Data availability

Data will be made available on request.

Acknowledgements

This research was supported by a grant from the Israel Science
Foundation (414/20) to JE.

References

[1]

[2]

[3]

[4]
[5]
[6]

[7]

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

A. Neuberger, Carbohydrates in proteins. The carbohydrate component of
crystalline egg albumin, Biochem. J. 32 (1938) 1435-1451, https://doi.org/
10.1042/bj0321435.

M.F. Mescher, J.L. Strominger, Purification and characterization of a prokaryotic
glucoprotein from the cell envelope of Halobacterium salinarium, J. Biol. Chem.
251 (1976) 2005-2014.

C.R. Woese, G.E. Fox, Phylogenetic structure of the prokaryotic domain: the
primary kingdoms, Proc. Natl. Acad. Sci. USA 74 (1977) 5088-5090, https://doi.
org/10.1073/pnas.74.11.5088.

L.J. Magrum, K.R. Luehrsen, C.R. Woese, Are extreme halophiles actually
"bacteria"? J. Mol. Evol. 11 (1978) 1-8, https://doi.org/10.1007/BF01768019.
T. Sato, H. Atomi H, Novel metabolic pathways in Archaea, Curr. Opin. Microbiol.
14 (2011) 307-314, https://doi.org/10.1016/j.mib.2011.04.014.

S.V. Albers, B.H. Meyer, The archaeal cell envelope, Nat. Rev. Microbiol. 9 (2011)
414-426, https://doi.org/10.1038/nrmicro2576.

C. Brésen, D. Esser, B. Rauch, B. Siebers, Carbohydrate metabolism in Archaea:
current insights into unusual enzymes and pathways and their regulation,
Microbiol, Mol. Biol. Rev. 78 (2014) 89-175, https://doi.org/10.1128/
MMBR.00041-13.

A. Caforio, A.J.M. Driessen, Archaeal phospholipids: structural properties and
biosynthesis, Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1862 (2017)
1325-1339, https://doi.org/10.1016/j.bbalip.2016.12.006.

A.N. Garritano, W. Song, T. Thomas, Carbon fixation pathways across the
bacterial and archaeal tree of life, PNAS Nexus 1 (2022) pgac226, https://doi.
org/10.1093/pnasparagineexus/pgac226.

C.E. Robertson, J.K. Harris, J.R. Spear, N.R. Pace, Phylogenetic diversity and
ecology of environmental Archaea, Curr. Opin. Microbiol. 8 (2005) 638-642,
https://doi.org/10.1016/j.mib.2005.10.003.

B. Chaban, S.Y. Ng, K.F. Jarrell, Archaeal habitats—from the extreme to the
ordinary, Can. J. Microbiol. 52 (2006) 73-116, https://doi.org/10.1139/w05-
147.

C.R. Woese, O. Kandler, M.L. Wheelis, Towards a natural system of organisms:
proposal for the domains Archaea, Bacteria, and Eucarya, Proc. Natl. Acad. Sci.
USA 87 (1990) 4576-4579, 0.1073/pnas.87.12.4576.

L. Eme, A. Spang, J. Lombard, C.W. Stairs, T.J.G. Ettema, Archaea and the origin
of eukaryotes, Nat. Rev. Microbiol. 10 (2017) 711-723, https://doi.org/10.1038/
nrmicro.2017.133.

G. Paul, F. Wieland, Sequence of the halobacterial glycosaminoglycan, J. Biol.
Chem. 262 (1987) 9587-9593.

J. Lechner, F. Wieland, Structure and biosynthesis of prokaryotic glycoproteins,
Annu. Rev. Biochem. 58 (1989) 173-194, https://doi.org/10.1146/annurev.
bi.58.070189.001133.

F. Wieland, G. Paul, M. Sumper, Halobacterial flagellins are sulfated
glycoproteins, J. Biol. Chem. 260 (1985) 15180-15185.

J. Lechner, F. Wieland, M. Sumper, Biosynthesis of sulfated saccharides N-
glycosidically linked to the protein via glucose. Purification and identification of
sulfated dolichyl monophosphoryl tetrasaccharides from halobacteria, J. Biol.
Chem. 260 (1985) 860-866.

J. Lechner, F. Wieland, M. Sumper, Transient methylation of dolichyl
oligosaccharides is an obligatory step in halobacterial sulfated glycoprotein
biosynthesis, J. Biol. Chem. 260 (1985) 8984-8989.

F. Wieland, J. Lechner, M. Sumper, Iduronic acid: constituent of sulphated
dolichyl phosphate oligosaccharides in halobacteria, FEBS Lett. 195 (1986)
77-81, https://doi.org/10.1016,/0014-5793(86)80134-X.

A. Notaro, Z. Vershinin, Z. Guan, J. Eichler, C. De Castro, An N-linked
tetrasaccharide from Halobacterium salinarum presents a novel modification,
sulfation of iduronic acid at the O-3 position, Carbohydr. Res. 521 (2022)
108651, https://doi.org/10.1016/0.1016/j.carres.2022.108651.

B. Chaban, S. Voisin, J. Kelly, S.M. Logan, K.F. Jarrell, Identification of genes
involved in the biosynthesis and attachment of Methanococcus voltae N-linked
glycans: insight into N-linked glycosylation pathways in Archaea, Mol. Microbiol.
61 (2006) 259-268, https://doi.org/10.1111/}.1365-2958.2006.05226.x.

M. Abu-Qarn, J. Eichler, Protein N-glycosylation in Archaea: defining Haloferax
volcanii genes involved in S-layer glycoprotein glycosylation, Mol. Microbiol. 61
(2006) 511-525, https://doi.org/10.1111/§.1365-2958.2006.05252.x.

D.J. VanDyke, J. Wu, S.M. Logan, J.F. Kelly S. Mizuno, S. Aizawa, K.F. Jarrell,
Identification of genes involved in the assembly and attachment of a novel
flagellin N-linked tetrasaccharide important for motility in the archaeon
Methanococcus maripaludis, Mol. Microbiol. 72 (2009) 633-644, https://doi.
org/10.1111/j.1365-2958.2009.06671.x.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

BBA Advances 6 (2024) 100120

K.F. Jarrell, Y. Ding, B.H. Meyer, S.V. Albers, L. Kaminski, J. Eichler, N-linked
glycosylation in Archaea: a structural, functional and genetic analysis, Microbiol,
Mol. Biol. Rev. 78 (2014) 304-341, https://doi.org/10.1128/MMBR.00052-13.
H. Lu, C. Pei, H. Zhou, Y. Lij, Y. He, Y. Li, J. Han, H. Xiang, J. Eichler, C. Jin,
Agl22 and Agl23 are involved in the synthesis and utilization of the lipid-linked
intermediates in the glycosylation pathways of the halophilic archaeaon
Haloarcula hispanica, Mol. Microbiol. 114 (2020) 762-774, https://doi.org/
10.1111/mmi.14577.

B.H. Meyer, P.S. Adam, B.A. Wagstaff, G.E. Kolyfetis, A.J. Probst, S.V. Albers, H.
C. Dorfmueller, Agl24 is an ancient archaeal homolog of the eukaryotic N-glycan
chitobiose synthesis enzymes, Elife 11 (2022) e67448, https://doi.org/10.7554/
eLife.67448.

Z. Guan, S. Naparstek, L. Kaminski, Z. Konrad, J. Eichler, Distinct glycan-charged
phosphodolichol carriers are required for the assembly of the pentasaccharide N-
linked to the Haloferax volcanii S-layer glycoprotein, Mol. Microbiol. 78 (2010)
1294-1303, https://doi.org/10.1111/j.1365-2958.2010.07405.x.

D. Calo, Z. Guan, S. Naparstek, J. Eichler, Different routes to the same ending:
comparing the N-glycosylation processes of Haloferax volcanii and Haloarcula
marismortui, two halophilic archaea from the Dead Sea, Mol. Microbiol. 81 (2011)
1166-1177, https://doi.org/10.1111/j.1365-2958.2011.07781.x.

A. Larkin, M.M. Chang, G.E. Whitworth, B. Imperiali, Biochemical evidence for an
alternate pathway in N-linked glycoprotein biosynthesis, Nat. Chem. Biol. 9
(2013) 367-373, https://doi.org/10.1038/nchembio.1249.

J. Eichler, B. Imperiali, Stereochemical divergence of polyprenol phosphate
glycosyltransferases, Trends Biochem. Sci. 43 (2018) 10-17, https://doi.org/
10.1016/j.tibs.2017.10.008.

N. Maita, J. Nyirenda, M. Igura, J. Kamishikiryo, D. Kohda, Comparative
structural biology of eubacterial and archaeal oligosaccharyltransferases, J. Biol.
Chem. 285 (2010) 4941-4950, https://doi.org/10.1074/jbc.M109.081752.

S. Naparstek, Z. Guan, J. Eichler, A predicted geranylgeranyl reductase reduces
the w-position isoprene of dolichol phosphate in the halophilic archaeon
Haloferax volcanii, Biochim. Biophys. Acta 1821 (2012) 923-933, h.t.t.ps://doi.
org/.

Y. Taguchi, D. Fujinami, D. Kohda, Comparative analysis of archaeal lipid-linked
oligosaccharides that serve as oligosaccharide donors for Asparagine
glycosylation, J. Biol. Chem. 291 (2016) 11042-11054, https://doi.org/10.1074/
jbe.M115.713156.

J. Eichler, Z. Guan, Lipid sugar carriers at the extremes: the phosphodolichols
Archaea use in N-glycosylation, Biochim. Biophys. Acta Mol. Cell Biol. Lipids
1862 (2017) 589-599, https://doi.org/10.1016/j.bbalip.2017.03.005.

S. Nikolayev, C. Cohen-Rosenzweig, J. Eichler, Evolutionary considerations of the
oligosaccharyltransferase AgIB and other aspects of N-glycosylation across
Archaea, Mol. Phylogenet. Evol. 153 (2020) 106951, https://doi.org/10.1016/j.
ympev.2020.106951.

L. Eme, A. Spang, J. Lombard, C.W. Stairs, T.J.G. Ettema, Archaea and the origin
of eukaryotes, Nat. Rev. Microbiol. 15 (2017) 711-723, https://doi.org/10.1038/
nrmicro.2017.133.

F. Schwarz, M. Aebi, Mechanisms and principles of N-linked protein
glycosylation, Curr. Opin. Struct. Biol. 21 (2011) 576-582, https://doi.org/
10.1016/j.sbi.2011.08.005.

J. Eichler, Extreme sweetness: protein glycosylation in Archaea, Nat. Rev.
Microbiol. 11 (2013) 151-156, 0.1038/nrmicro2957.

A. Notaro, M. Zaretsky, A. Molinaro, C. De Castro, J. Eichler, N-glycosylation in
Archaea: unusual sugars and unique modifications, Carbohydr. Res. 534 (2023)
108963, https://doi.org/10.1016/j.carres.2023.108963.

B. Casu, Heparin structure, Haemostasis 20 (1) (1990) 62-73, https://doi.org/
10.1159/000216162. Suppl.

C.J. Jones, S. Beni, J.F. Limtiaco, D.J. Langeslay, C.K. Larive, Heparin
characterization: challenges and solutions, Annu. Rev. Anal. Chem. 4 (2011)
439-465, https://doi.org/10.1146/annurev-anchem-061010-113911.

B. Casu, A. Naggi, G. Torri, Re-visiting the structure of heparin, Carbohydr. Res.
403 (2015) 60-68, https://doi.org/10.1016/].carres.2014.06.023.

L. Lee, R. Cherniak R, Identification of iduronic acid as a constituent of the “type-
specific” polysaccharide of Clostridium perfringens Hobbs 10, Carbohydr. Res. 33
(1974) 387-390, https://doi.org/10.1016/50008-6215(00)82821-9.

R.J. Stack, R.D. Plattner, G.L. Cote, Identification of L-iduronic acid as a
constituent of the major extracellular polysaccharide produced by Butyrivibrio
fibrisolvens strain X6C61, FEMS Microbiol. Lett. 51 (1998) 1-5, https://doi.org/
10.1111/§.1574-6968.1988.tb02957..x.

O.M. Hanniffy, A.S. Shashkov, S.N. Senchenkova, S.V. Tomshich, N.

A. Komandrova, L.A. Romanenko, Y.A. Knirel, A.V. Savage, Structure of a highly
acidic O-specific polysaccharide of lipopolysaccharide of Pseudoalteromonas
haloplanktis KMM 223 (44-1) containing L-iduronic acid and D-QuiNHb4NHb,
Carbohydr. Res. 307 (1998) 291-298, https://doi.org/10.1016/s0008-6215(97)
10108-2.

A.V. Perepelov, B. Liu, S.N. Senchenkova, A.S. Shashkov, L. Feng, Y.A. Knirel,
L. Wang, Structure of the O-polysaccharide of Escherichia coli 0112ab containing
L-iduronic acid, Carbohydr. Res. 343 (2008) 571-575, https://doi.org/10.1016/j.
carres.2007.10.013.

J. Raedts, S.W. Kengen, J. van der Oost, Occurrence of L-iduronic acid and
putative D-glucuronyl C5-epimerases in prokaryotes, Glycoconj. J. 28 (2011)
57-66, https://doi.org/10.1007/5s10719-011-9324-7.

J. Kelly, S.M. Logan, K.F. Jarrell, D.J. Vandyke, E. Vinogradov, A novel N-linked
flagellar glycan from Methanococcus maripaludis, Carbohydr. Res. 344 (2009)
648-653, https://doi.org/10.1016/j.carres.2009.01.006.


https://doi.org/10.1042/bj0321435
https://doi.org/10.1042/bj0321435
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0002
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0002
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0002
https://doi.org/10.1073/pnas.74.11.5088
https://doi.org/10.1073/pnas.74.11.5088
https://doi.org/10.1007/BF01768019
https://doi.org/10.1016/j.mib.2011.04.014
https://doi.org/10.1038/nrmicro2576
https://doi.org/10.1128/MMBR.00041-13
https://doi.org/10.1128/MMBR.00041-13
https://doi.org/10.1016/j.bbalip.2016.12.006
https://doi.org/10.1093/pnasparagineexus/pgac226
https://doi.org/10.1093/pnasparagineexus/pgac226
https://doi.org/10.1016/j.mib.2005.10.003
https://doi.org/10.1139/w05-147
https://doi.org/10.1139/w05-147
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0012
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0012
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0012
https://doi.org/10.1038/nrmicro.2017.133
https://doi.org/10.1038/nrmicro.2017.133
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0014
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0014
https://doi.org/10.1146/annurev.bi.58.070189.001133
https://doi.org/10.1146/annurev.bi.58.070189.001133
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0016
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0016
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0017
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0017
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0017
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0017
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0018
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0018
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0018
https://doi.org/10.1016/0014-5793(86)80134-X
https://doi.org/10.1016/0.1016/j.carres.2022.108651
https://doi.org/10.1111/j.1365-2958.2006.05226.x
https://doi.org/10.1111/j.1365-2958.2006.05252.x
https://doi.org/10.1111/j.1365-2958.2009.06671.x
https://doi.org/10.1111/j.1365-2958.2009.06671.x
https://doi.org/10.1128/MMBR.00052-13
https://doi.org/10.1111/mmi.14577
https://doi.org/10.1111/mmi.14577
https://doi.org/10.7554/eLife.67448
https://doi.org/10.7554/eLife.67448
https://doi.org/10.1111/j.1365-2958.2010.07405.x
https://doi.org/10.1111/j.1365-2958.2011.07781.x
https://doi.org/10.1038/nchembio.1249
https://doi.org/10.1016/j.tibs.2017.10.008
https://doi.org/10.1016/j.tibs.2017.10.008
https://doi.org/10.1074/jbc.M109.081752
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0032
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0032
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0032
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0032
https://doi.org/10.1074/jbc.M115.713156
https://doi.org/10.1074/jbc.M115.713156
https://doi.org/10.1016/j.bbalip.2017.03.005
https://doi.org/10.1016/j.ympev.2020.106951
https://doi.org/10.1016/j.ympev.2020.106951
https://doi.org/10.1038/nrmicro.2017.133
https://doi.org/10.1038/nrmicro.2017.133
https://doi.org/10.1016/j.sbi.2011.08.005
https://doi.org/10.1016/j.sbi.2011.08.005
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0038
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0038
https://doi.org/10.1016/j.carres.2023.108963
https://doi.org/10.1159/000216162
https://doi.org/10.1159/000216162
https://doi.org/10.1146/annurev-anchem-061010-113911
https://doi.org/10.1016/j.carres.2014.06.023
https://doi.org/10.1016/s0008-6215(00)82821-9
https://doi.org/10.1111/j.1574-6968.1988.tb02957.x
https://doi.org/10.1111/j.1574-6968.1988.tb02957.x
https://doi.org/10.1016/s0008-6215(97)10108-2
https://doi.org/10.1016/s0008-6215(97)10108-2
https://doi.org/10.1016/j.carres.2007.10.013
https://doi.org/10.1016/j.carres.2007.10.013
https://doi.org/10.1007/s10719-011-9324-7
https://doi.org/10.1016/j.carres.2009.01.006

Z. Vershinin et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Y.A. Knirel, N.A. Paramonov, E.V. Vinogradov, A.S. Shashkov, B.A. Dmitriev, N.
K. Kochetkov, E.V. Kholodkova, E.S. Stanislavsky, Somatic antigens of
Pseudomonas aeruginosa. The structure of O-specific polysaccharide chains of
lipopolysaccharides of P. aeruginosa O3 (Lanyi), 025 (Wokatsch) and Fisher
immunotypes 3 and 7, Eur. J. Biochem. 167 (1987) 549-561, https://doi.org/
10.1111/j.1432-1033.1987.tb13372.x.

E. Vinogradov, M. Caroff, Structure of the Bordetella trematum LPS O-chain
subunit, FEBS Lett. 579 (2005) 18-24, https://doi.org/10.1016/j.
febslet.2004.11.040.

Z. Wang, E. Vinogradov, J. Li, V. Lund, E. Altman, Structural characterization of
the lipopolysaccharide O-antigen from atypical isolate of Vibrio anguillarum strain
1282, Carbohydr. Res. 344 (2009) 1371-1375, https://doi.org/10.1016/j.
carres.2009.04.027.

S. Voisin, R.S. Houliston, J. Kelly, J.R. Brisson, D. Watson, S.L. Bardy, K.R. Jarrell,
S.M. Logan, Identification and characterization of the unique N-linked glycan
common to the flagellins and S-layer glycoprotein of Methanococcus voltae, J. Biol.
Chem. 280 (2005) 16586-16593, https://doi.org/10.1074/jbc.M500329200.

J. Kelly, E. Vinogradov, A. Robotham, L. Tessier, S.M. Logan, K.F. Jarrell,
Characterizing the N- and O-linked glycans of the PGF-CTERM sorting domain-
containing S-layer protein of Methanoculleus marisnigri, Glycobiology 32 (2022)
629-644, https://doi.org/10.1093/glycob/cwac019.

E. Vinogradov, L. Deschatelets, M. Lamoureux, G.B. Patel, T.L. Tremblay,

A. Robotham, M.F. Goneau, C. Cummings-Lorbetskie, D.C. Watson, J.R. Brisson,
J.F. Kelly, M. Gilbert, Cell surface glycoproteins from Thermoplasma acidophilum
are modified with an N-linked glycan containing 6-C- sulfofucose, Glycobiology
22 (2012) 1256-1267, https://doi.org/10.1093/glycob/cws094.

E.V. Vinogradov, H. Brade, O. Holst, The structure of the O-specific
polysaccharide of the lipopolysaccharide from Chromobacterium violaceum
NCTC 9694, Carbohydr. Res. 264 (1994) 313-317, https://doi.org/10.1016/
s0008-6215(05)80015-1.

N. Sato, F. Nakazawa, M. Sato, E. Hoshino, T. Ito, Structural studies of the
antigenic polysaccharide of Eubacterium saburreum, strain T19, Carbohydr. Res.
245 (1993) 105-111, https://doi.org/10.1016/0008-6215(93)80063-k.

N. Sato, F. Nakazawa, T. Ito, T. Hoshino, E. Hoshino, The structure of the
antigenic polysaccharide produced by Eubacterium saburreum T15, Carbohydr.
Res. 338 (2003) 923-930, https://doi.org/10.1016/50008-6215(03)00049-1.

E. Vinogradov, J. Li, I. Sadovskaya, S. Jabbouri, .M. Helander, The structure of
the carbohydrate backbone of the lipopolysaccharide of Pectinatus frisingensis
strain VTT E-79104, Carbohydr. Res. 339 (2004) 1637-1642, https://doi.org/
10.1016/j.carres.2004.04.007.

K. Hirao, I. Speciale, A. Notaro, Y. Manabe, Y. Teramoto, T. Sato, H. Atomi,

A. Molinaro, Y. Ueda, C. De Castro, K. Fukase K, Structural determination and
chemical synthesis of the N-glycan from the hyperthermophilic archaeon
Thermococcus kodakarensis, Angew. Chem. Int. Ed. Engl. 62 (2023) €202218655,
https://doi.org/10.1002/anie.202218655.

L. Rastrelli, N. DeTommasi, I. Berger, A. Caceres, A. Saravia, F. DeSimone,
Glycolipids from Byrsonima crassifolia, Phytochemistry 45 (1997) 647-650,
https://doi.org/10.1016/50031-9422(96)00842-4.

E. Béjar, R. Reyes-Chilpa, M. Jiménez-Estrada, Bioactive compounds from
selected plants used in the XVI century mexican traditional medicine, in: A.U.
Rahman (Ed.), Studies in Natural Products Chemistry (series: Bioactive Natural
Products), Elsevier, Amsterdam, 2000, Vol. 24, Chapter E, pp. 799-844.

G.L. Sassaki, P.A. Gorin, C.A. Tischer, M. Iacomini, Sulfonoglycolipids from the
lichenized basidiomycete Dictyonema glabratum: isolation, NMR, and ESI-MS
approaches, Glycobiology 11 (2001) 345-351, https://doi.org/10.1093/glycob/
11.4.345.

K. Kaya, T. Sano, M.M. Watanabe, F. Shiraishi, H. Ito, Thioic O-acid ester in
sulfolipid isolated from freshwater picoplankton cyanobacterium, Synechococcus
sp, Biochim. Biophys. Acta 1169 (1993) 39-45, https://doi.org/10.1016/0005-
2760(93)90079-0.

J. Lechner, M. Sumper, The primary structure of a procaryotic glycoprotein.
Cloning and sequencing of the cell surface glycoprotein gene of halobacteria,

J. Biol. Chem. 262 (1987) 9724-9729.

M. Zaretsky, C.L. Darnell, A.K. Schmid, J. Eichler, N-glycosylation is required for
archaellin transcription and translation, archaella assembly and cell motility in
Halobacterium salinarum, Front. Microbiol. 10 (2019) 1367, https://doi.org/
10.3389/fmicb.2019.01367.

Z. Vershinin, M. Zaretsky, Z. Guan, J. Eichler, Identifying components of a
Halobacterium salinarum N-glycosylation pathway, Front. Microbiol. 12 (2021)
779599, https://doi.org/10.3389/fmicb.2021.779599 a.

Z. Vershinin, M. Zaretsky, Z. Guan, J. Eichler, Agl28 and Agl29 are key
components of a Halobacterium salinarum N-glycosylation pathway, FEMS
Microbiol. Lett. 370 (2023) fnad017, https://doi.org/10.1093/femsle/fnad017.
L. Kaminski, Z. Guan, S. Yurist-Doutsch, J. Eichler J, Two distinct N-glycosylation
pathways process the Haloferax volcanii S-layer glycoprotein upon changes in
environmental salinity, MBio 4 (2013) e00716, https://doi.org/10.1128/
mBio.00716-13. -13.

L. Kandiba, C.W. Lin, M. Aebi, J. Eichler, Y. Guerardel, Structural characterization
of the N-linked pentasaccharide decorating glycoproteins of the halophilic
archaeon Haloferax volcanii, Glycobiology 26 (2016) 745-756, https://doi.org/
10.1128/10.1093/glycob/cww014.

J. Parente, A. Casabuono, M.C. Ferrari, R.A. Paggi, R.E. De Castro, A.S. Couto, M.
1. Giménez, A rhomboid protease gene deletion affects a novel oligosaccharide N-
linked to the S-layer glycoprotein of Haloferax volcanii, J. Biol. Chem. 289 (2014)
11304-11317, https://doi.org/10.1074/jbc.M113.546531.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

BBA Advances 6 (2024) 100120

J. Eichler, A. Arbiv, C. Cohen-Rosenzweig, L. Kaminski, L. Kandiba, Z. Konrad, N-
glycosylation in Haloferax volcanii: adjusting the sweetness, Front. Microbiol. 4
(2013) 403, https://doi.org/10.3389/fmicb.2013.00403.

L. Kaminski, J. Eichler, Haloferax volcanii N-glycosylation: delineating the
pathway of dTDP-rhamnose biosynthesis, PLoS ONE 9 (2014) e97441, https://
doi.org/10.1371/journal.pone.0097441.

S.V. Albers, K.F. Jarrell, The archaellum: an old motility structure with a new
name, Trends Microbiol 20 (2012) 307-312, https://doi.org/10.1016/j.
tim.2012.04.007.

K.F. Jarrell, S.V. Albers, J.N.S. Machado, A comprehensive history of motility and
Archaellation in Archaea, FEMS Microbes. 2021 2 (2021) xtab002. https://doi.
org/10.1093/femsmc/xtab002.

S. Sofer S, Z. Vershinin, L. Mashni, R. Zalk, A. Shahar, J. Eichler, I. Grossman-
Haham, Perturbed N-glycosylation of Halobacterium salinarum archaellum
filaments leads to filament bundling and compromised cell motility, Nat.
Commun. 15 (2024) (2024) 5841, https://doi.org/10.1038/541467-024-50277-
1.

Y. Kinosita, N. Uchida, D. Nakane, T. Nishizaka, Direct observation of rotation
and steps of the archaellum in the swimming halophilic archaeon Halobacterium
salinarum, Nat. Microbiol. 1 (2016) 16148, https://doi.org/10.1038/
nmicrobiol.2016.

R.N. Esquivel, S. Schulze, R. Xu, M. Hippler, M. Pohlschroder, Identification of
Haloferax volcanii Pilin N-Glycans with Diverse Roles in Pilus Biosynthesis,
Adhesion, and Microcolony Formation, J. Biol. Chem. 291 (2016) 10602-10614,
https://doi.org/10.1074/jbc.M115.693556.

R. Duran-Romana, B. Houben, M. De Vleeschouwer, N. Louos, M.P. Wilson,

G. Matthijs, J. Schymkowitz, F. Rousseau, N-glycosylation as a eukaryotic
protective mechanism against protein aggregation, Sci. Adv. 10 (2024) eadk8173,
https://doi.org/10.1126/sciadv.adk8173.

Y. Shalev, 1. Turgeman-Grott, A. Tamir, J. Eichler, U. Gophna, Cell surface
glycosylation is required for efficient mating of Haloferax volcanii, Front.
Microbiol. 8 (2017) 1253, https://doi.org/10.3389/fmicb.2017.01253.

Y. Shalev, S.M. Soucy, R.T. Papke, J.P. Gogarten, J. Eichler, U. Gophna,
Comparative analysis of surface layer glycoproteins and genes involved in protein
glycosylation in the genus haloferax, Genes (Basel) 9 (2018) 172, https://doi.org/
10.3390/genes9030172.

M. van Wolferen, A. Shajahan, K. Heinrich, S. Brenzinger, I.M. Black, A. Wagner,
A. Briegel, P. Azadi, S.V. Albers, Species-specific recognition of Sulfolobales
mediated by UV-inducible pili and S-layer glycosylation patterns, MBio 11 (2020)
03014, https://doi.org/10.1128/mBi0.03014-19. -19.

F. Pfeiffer, G. Losensky, A. Marchfelder, B. Habermann, M. Dyall-Smith, Whole-
genome comparison between the type strain of Halobacterium salinarum (DSM
37547) and the laboratory strains R1 and NRC-1, Microbiologyopen 9 (2020)
€974, https://doi.org/10.1002/mbo3.974.

M. Ajon, S. Frols, M. van Wolferen, K. Stoecker, D. Teichmann, A.J. Driessen, D.
W. Grogan, S.V. Albers, C. Schleper, UV-inducible DNA exchange in
hyperthermophilic archaea mediated by type IV pili, Mol. Microbiol. 82 (2011)
807-817, https://doi.org/10.1111/j.1365-2958.2011.07861.x.

LA. Zink, K. Pfeifer, E. Wimmer, U.B. Sleytr, B. Schuster, C. Schleper, CRISPR-
mediated gene silencing reveals involvement of the archaeal S-layer in cell
division and virus infection, Nat. Commun. 10 (2019) 4797, https://doi.org/
10.1038/541467-019-12745-x.

L. Kandiba, O. Aitio, J. Helin, Z. Guan, P. Permi, D. Bamford, J. Eichler, E. Roine,
Diversity in prokaryotic glycosylation: an archaeal-derived N-linked glycan
contains legionaminic acid, Mol. Microbiol. 84 (2012) 578-593, https://doi.org/
10.1111/j.1365-2958.2012.08045.x.

M. Zaretsky, E. Roine, J. Eichler, Sialic acid-like sugars in Archaea: legionaminic
acid biosynthesis in the halophile Halorubrum sp. PV6, Front. Microbiol. 9 (2018)
2133, https://doi.org/10.3389/fmicb.2018.02133.

R. Mengele, M. Sumper, Drastic differences in glycosylation of related S-layer
glycoproteins from moderate and extreme halophiles, J. Biol. Chem. 267 (1992)
8182-8185.

B.H. Meyer, S.V. Albers, Hot and sweet: protein glycosylation in Crenarchaeota,
Biochem. Soc. Trans. 41 (2013) 384-392, https://doi.org/10.1042/
BST20120296.

A. Tamir, J. Eichler, N-glycosylation is important for proper Haloferax volcanii S-
layer stability and function, Appl. Environ. Microbiol. 83 (2017) 03152, https://
doi.org/10.1128/AEM.03152-16. -16.

J. Eichler J, N-glycosylation in Archaea-New roles for an ancient posttranslational
modification, Mol. Microbiol. 114 (2020) 735-741, https://doi.org/10.1111/
mmi.14569.

S. Schulze, F. Pfeiffer, B.A. Garcia, M. Pohlschroder, Comprehensive
glycoproteomics shines new light on the complexity and extent of glycosylation in
archaea, PLoS Biol. 19 (2021) €3001277, https://doi.org/10.1371/journal.
pbio.3001277.

Z. Chen, D. Feng, B. Zhang, Q. Wang, Y. Luo, X. Dong, Proteomic insights into the
temperature responses of a cold-adaptive archaeon Methanolobus psychrophilus
R15, Extremophiles 19 (2015) 249-259, https://doi.org/10.1007/500792-014-
0709-y.

L. Li, M. Ren, Y. Xu, C. Jin, W. Zhang, X. Dong, Enhanced glycosylation of an S-
layer protein enables a psychrophilic methanogenic archaeon to adapt to elevated
temperatures in abundant substrates, FEBS Lett. 594 (2020) 665-677, https://
doi.org/10.1002/1873-3468.13650.

Y. Ding, Z. Lau, S.M. Logan, J.F. Kelly, A. Berezuk, C.M. Khursigara, K.F. Jarrell,
Effects of growth conditions on archaellation and N-glycosylation in


https://doi.org/10.1111/j.1432-1033.1987.tb13372.x
https://doi.org/10.1111/j.1432-1033.1987.tb13372.x
https://doi.org/10.1016/j.febslet.2004.11.040
https://doi.org/10.1016/j.febslet.2004.11.040
https://doi.org/10.1016/j.carres.2009.04.027
https://doi.org/10.1016/j.carres.2009.04.027
https://doi.org/10.1074/jbc.M500329200
https://doi.org/10.1093/glycob/cwac019
https://doi.org/10.1093/glycob/cws094
https://doi.org/10.1016/s0008-6215(05)80015-1
https://doi.org/10.1016/s0008-6215(05)80015-1
https://doi.org/10.1016/0008-6215(93)80063-k
https://doi.org/10.1016/s0008-6215(03)00049-1
https://doi.org/10.1016/j.carres.2004.04.007
https://doi.org/10.1016/j.carres.2004.04.007
https://doi.org/10.1002/anie.202218655
https://doi.org/10.1016/S0031-9422(96)00842-4
https://doi.org/10.1093/glycob/11.4.345
https://doi.org/10.1093/glycob/11.4.345
https://doi.org/10.1016/0005-2760(93)90079-O
https://doi.org/10.1016/0005-2760(93)90079-O
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0064
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0064
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0064
https://doi.org/10.3389/fmicb.2019.01367
https://doi.org/10.3389/fmicb.2019.01367
https://doi.org/10.3389/fmicb.2021.779599
https://doi.org/10.1093/femsle/fnad017
https://doi.org/10.1128/mBio.00716-13
https://doi.org/10.1128/mBio.00716-13
https://doi.org/10.1128/10.1093/glycob/cww014
https://doi.org/10.1128/10.1093/glycob/cww014
https://doi.org/10.1074/jbc.M113.546531
https://doi.org/10.3389/fmicb.2013.00403
https://doi.org/10.1371/journal.pone.0097441
https://doi.org/10.1371/journal.pone.0097441
https://doi.org/10.1016/j.tim.2012.04.007
https://doi.org/10.1016/j.tim.2012.04.007
http://doi.org/10.1093/femsmc/xtab002
http://doi.org/10.1093/femsmc/xtab002
https://doi.org/10.1038/s41467-024-50277-1
https://doi.org/10.1038/s41467-024-50277-1
https://doi.org/10.1038/nmicrobiol.2016
https://doi.org/10.1038/nmicrobiol.2016
https://doi.org/10.1074/jbc.M115.693556
https://doi.org/10.1126/sciadv.adk8173
https://doi.org/10.3389/fmicb.2017.01253
https://doi.org/10.3390/genes9030172
https://doi.org/10.3390/genes9030172
https://doi.org/10.1128/mBio.03014-19
https://doi.org/10.1002/mbo3.974
https://doi.org/10.1111/j.1365-2958.2011.07861.x
https://doi.org/10.1038/s41467-019-12745-x
https://doi.org/10.1038/s41467-019-12745-x
https://doi.org/10.1111/j.1365-2958.2012.08045.x
https://doi.org/10.1111/j.1365-2958.2012.08045.x
https://doi.org/10.3389/fmicb.2018.02133
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0088
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0088
http://refhub.elsevier.com/S2667-1603(24)00008-5/sbref0088
https://doi.org/10.1042/BST20120296
https://doi.org/10.1042/BST20120296
https://doi.org/10.1128/AEM.03152-16
https://doi.org/10.1128/AEM.03152-16
https://doi.org/10.1111/mmi.14569
https://doi.org/10.1111/mmi.14569
https://doi.org/10.1371/journal.pbio.3001277
https://doi.org/10.1371/journal.pbio.3001277
https://doi.org/10.1007/s00792-014-0709-y
https://doi.org/10.1007/s00792-014-0709-y
https://doi.org/10.1002/1873-3468.13650
https://doi.org/10.1002/1873-3468.13650

Z. Vershinin et al.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

Methanococcus maripaludis, Microbiology (Reading) 162 (2016) 339-350,
https://doi.org/10.1099/mic.0.000221.

S.Y. Ng, J. Wu, D.B. Nair, S.M. Logan, A. Robotham, L. Tessier, J.F. Kelly,

K. Uchida, S. Aizawa, K.F. Jarrell, Genetic and mass spectrometry analyses of the
unusual type IV-like pili of the archaeon Methanococcus maripaludis, J. Bacteriol.
193 (2011) 804-814, https://doi.org/10.1128/JB.00822-10.

L. Guy, T.J.G. Ettema, The archaeal “TACK” superphylum and the origin of
eukaryotes, Trends Microbiol. 19 (2011) 580-587, https://doi.org/10.1016/j.
tim.2011.09.002.

C. Rinke, P. Schwientek, A. Sczyrba, N.N. Ivanova, I.J. Anderson, J.F. Cheng,
A. Darling, S. Malfatti, B.K. Swan, E.A. Gies, J.A. Dodsworth, B.P. Hedlund,

G. Tsiamis, S.M. Sievert, W.T. Liu, J.A. Eisen, S.J. Hallam, N.C. Kyrpides,

R. Stepanauskas, E.M. Rubin, P. Hugenholtz, T. Woyke, Insights into the
phylogeny and coding potential of microbial dark matter, Nature 499 (2013)
431-437, https://doi.org/10.1038/nature12352.

A. Spang, E.F. Caceres, T.J.G. Ettema, Genomic exploration of the diversity,
ecology, and evolution of the archaeal domain of life, Science 357 (2017)
eaaf3883, https://doi.org/10.1126/science.aaf3883.

K. Zaremba-Niedzwiedzka, E.F. Caceres, J.H. Saw, D. Backstrom, L. Juzokaite,
E. Vancaester, K.W. Seitz, K. Anantharaman, P. Starnawski, K.U. Kjeldsen, M.

B. Stott, T. Nunoura, J.F. Banfield, A. Schramm, B.J. Baker, A. Spang, T.J. Ettema,
Asgard archaea illuminate the origin of eukaryotic cellular complexity, Nature
541 (2017) 353-358, https://doi.org/10.1038/nature21031.

V.Da Cunha, M. Gaia, P. Forterre, The expanding Asgard archaea and their elusive
relationships with Eukarya, mLife 1 (2022) 3-12, https://doi.org/10.1002/
mlf2.12012.

J. Eichler, Protein glycosylation, Curr. Biol. 29 (2019) R229-R231, https://doi.
org/10.1016/j.cub.2019.01.003.

Z. Guan, J. Eichler, Liquid chromatography/tandem mass spectrometry of
dolichols and polyprenols, lipid sugar carriers across evolution, Biochim. Biophys.
Acta 1811 (2011) 800-806, https://doi.org/10.1016/j.bbalip.2011.04.009.
M.D. Hartley, B. Imperiali, At the membrane frontier: a prospectus on the
remarkable evolutionary conservation of polyprenols and polyprenyl-phosphates,
Arch. Biochem. Biophys. 517 (2012) 83-97, https://doi.org/10.1016/j.
abb.2011.10.018.

Z. Guan, A. Delago, P. Nussbaum, B. Meyer, S.V. Albers, J. Eichler, N-
glycosylation in the thermoacidophilic archaeon Sulfolobus acidocaldarius

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

BBA Advances 6 (2024) 100120

involves a short dolichol pyrophosphate carrier, FEBS Lett. 590 (2016)
3168-3178, https://doi.org/10.1002/1873-3468.12341.

E. Swiezewska, W. Danikiewicz, Polyisoprenoids: biosynthesis, structure and
function, Prog. Lipid Res. 44 (2005) 235-258, https://doi.org/10.1016/j.plipres.
M.B. Jones, J.N. Rosenberg, M.J. Betenbaugh, S.S. Krag, Structure and synthesis
of polyisoprenoids used in N-glycosylation across the three domains of life,
Biochim. Biophys. Acta 1790 (2009) 485-494, https://doi.org/10.1016/j.
bbagen.2009.03.030.

C. Cohen-Rosenzweig, Z. Guan, B. Shaanan, J. Eichler, Substrate promiscuity:
AgIB, the archaeal oligosaccharyltransferase, can process a variety of lipid-linked
glycans, Appl. Environ. Microbiol. 80 (2014) 486-496, https://doi.org/10.1128/
AEM.03191-13.

Z. Guan, B.H. Meyer, S.V. Albers, J. Eichler, The thermoacidophilic archaeon
Sulfolobus acidocaldarius contains an unsually short, highly reduced dolichyl
phosphate, Biochim. Biophys. Acta. 181 (2011) 607-616, https://doi.org/
10.1016/j.bbalip.2011.06.022.

E. Peyfoon, B. Meyer, P.G. Hitchen, M. Panico, M.R. Morris, S.M. Haslam, S.

V. Albers, A. Dell, The S-layer glycoprotein of the crenarchaeote Sulfolobus
acidocaldarius is glycosylated at multiple sites with chitobiose-linked N-glycans,
Archaea 2010 (2010) 754101, https://doi.org/10.1155/2010/754101.

G. Palmieri, M. Balestrieri, J. Peter-Katalini¢, G. Pohlentz, M. Rossi, I. Fiume,
G. Pocsfalvi, Surface-exposed glycoproteins of hyperthermophilic Sulfolobus
solfataricus P2 show a common N-glycosylation profile, J. Proteome Res. 12
(2013) 2779-2790, https://doi.org/10.1021/pr400123z.

D. Fujinami, Y. Taguchi, D. Kohda, Asparagine-linked oligosaccharide chain of a
crenarchaeon, Pyrobaculum calidifontis, is reminiscent of the eukaryotic high-
mannose-type glycan, Glycobiology 27 (2017) 701-712, https://doi.org/
10.1093/glycob/cwx044.

N. Maita, J. Nyirenda, M. Igura, J. Kamishikiryo, D. Kohda, Comparative
structural biology of eubacterial and archaeal oligosaccharyltransferases, J. Biol.
Chem. 285 (2010) 4941-4950, https://doi.org/10.1074/jbc.M109.081752.

J. Eichler, N-glycosylation in Archaea-New roles for an ancient posttranslational
modification, Mol. Microbiol. 114 (2020) 735-741, https://doi.org/10.1111/
mmi.14569.

S. Shrimal, R. Gilmore, Oligosaccharyltransferase structures provide novel insight
into the mechanism of asparagine-linked glycosylation in prokaryotic and
eukaryotic cells, Glycobiology 29 (2019) 288-297, https://doi.org/10.1093/
glycob/cwy093.


https://doi.org/10.1099/mic.0.000221
https://doi.org/10.1128/JB.00822-10
https://doi.org/10.1016/j.tim.2011.09.002
https://doi.org/10.1016/j.tim.2011.09.002
https://doi.org/10.1038/nature12352
https://doi.org/10.1126/science.aaf3883
https://doi.org/10.1038/nature21031
https://doi.org/10.1002/mlf2.12012
https://doi.org/10.1002/mlf2.12012
https://doi.org/10.1016/j.cub.2019.01.003
https://doi.org/10.1016/j.cub.2019.01.003
https://doi.org/10.1016/j.bbalip.2011.04.009
https://doi.org/10.1016/j.abb.2011.10.018
https://doi.org/10.1016/j.abb.2011.10.018
https://doi.org/10.1002/1873-3468.12341
https://doi.org/10.1016/j.plipres
https://doi.org/10.1016/j.bbagen.2009.03.030
https://doi.org/10.1016/j.bbagen.2009.03.030
https://doi.org/10.1128/AEM.03191-13
https://doi.org/10.1128/AEM.03191-13
https://doi.org/10.1016/j.bbalip.2011.06.022
https://doi.org/10.1016/j.bbalip.2011.06.022
https://doi.org/10.1155/2010/754101
https://doi.org/10.1021/pr400123z
https://doi.org/10.1093/glycob/cwx044
https://doi.org/10.1093/glycob/cwx044
https://doi.org/10.1074/jbc.M109.081752
https://doi.org/10.1111/mmi.14569
https://doi.org/10.1111/mmi.14569
https://doi.org/10.1093/glycob/cwy093
https://doi.org/10.1093/glycob/cwy093

	N-glycosylation in Archaea – Expanding the process, components and roles of a universal post-translational modification
	1 A brief history of archaeal N-glycosylation
	2 Unique sugars found in archaeal N-linked glycans – selected examples
	3 In archaea, multiple N-glycans can simultaneously modify the same protein
	4 N-glycosylation in archaea serves roles not (or not yet) seen elsewhere
	5 Changing N-glycosylation in response to environmental changes
	6 N-glycosylation in archaea as a marker of evolution
	7 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


