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In Haloferax volcanii, a series of Agl proteins mediates protein N-glycosylation. The genes encoding all but one of the Agl pro-
teins are sequestered into a single gene island. The same region of the genome includes sequences also suspected but not yet veri-
fied as serving N-glycosylation roles, such as HVO_1526. In the following, HVO_1526, renamed AglS, is shown to be necessary
for the addition of the final mannose subunit of the pentasaccharide N-linked to the surface (S)-layer glycoprotein, a convenient
reporter of N-glycosylation in Hfx. volcanii. Relying on bioinformatics, topological analysis, gene deletion, mass spectrometry,
and biochemical assays, AglS was shown to act as a dolichol phosphate-mannose mannosyltransferase, mediating the transfer of
mannose from dolichol phosphate to the tetrasaccharide corresponding to the first four subunits of the pentasaccharide
N-linked to the S-layer glycoprotein.

Although the ability of Archaea to perform protein N-glyco-
sylation was first reported in 1976 (22), only recently have

efforts begun to focus on delineating the pathways involved in the
archaeal version of this universal posttranslational modification.
In the halophile Haloferax volcanii (Hfx. volcanii), a series of agl
(archaeal glycosylation) genes encode proteins involved in the as-
sembly and attachment of a pentasaccharide to select Asn residues
of the surface (S)-layer glycoprotein (7) and, as recently shown, of
archaellins, the building blocks of the archaellum (the archaeal
flagellum) (15, 30). Acting at the cytoplasmic face of the plasma
membrane, AglJ, AglG, AglI, and AglE sequentially add the first
four pentasaccharide residues (i.e., a hexose, two hexuronic acids,
and the methyl ester of a hexuronic acid) onto a common dolichol
phosphate (DolP) carrier, while AglD adds the final pentasaccha-
ride residue, mannose, to a distinct DolP (2, 3, 11, 16, 21, 24, 32).
In addition, N-glycosylation roles have been assigned to AglF, a
glucose-1-phosphate uridyltransferase (33), AglM, a UDP-glu-
cose dehydrogenase (33), and AglP, a methyltransferase (21).
Once assembled, the lipid-charged glycans are translocated across
the membrane by an unknown mechanism although AglR is ap-
parently involved in the process (17). In a reaction requiring the
oligosaccharyltransferase, AglB (2), the translocated tetrasaccha-
ride and its precursors are delivered from DolP to select Asn res-
idues of the S-layer glycoprotein. Finally, the terminal pentasac-
charide residue, mannose, is transferred from its “flipped” DolP
carrier to the protein-bound tetrasaccharide (15). Failure to add
this final mannose to the S-layer glycoprotein slows Hfx. volcanii
growth under select conditions, modifies S-layer architecture and
stability, and renders the cells nonmotile (2, 30).

Apart from AglD, all of the currently known components of the
Hfx. volcanii N-glycosylation pathway are encoded by sequences
sequestered to a common gene island (31). However, in addition
to containing genes of known function, the agl gene cluster also
includes several sequences whose contribution to N-glycosylation
remains to be defined. HVO_1526 represents one such sequence.
Previous studies addressing the open reading frames (ORFs) com-
prising the agl gene cluster demonstrated that HVO_1526 is tran-
scribed (31). The same is true of the region separating this se-
quence from HVO_1527, corresponding to aglF, a known
component of the Hfx. volcanii N-glycosylation pathway (32),

pointing to cotranscription of the two sequences. Still, the func-
tion of HVO_1526 and its contribution to N-glycosylation remain
elusive.

In the present study, a combination of gene deletion, mass
spectrometry, bioinformatics, and biochemical approaches was
employed to show that HVO_1526, renamed AglS, catalyzes the
transfer of mannose from DolP-mannose to the protein-bound
glycan comprising the first four subunits of the N-linked pentasa-
ccharide attached to the Hfx. volcanii S-layer glycoprotein.

MATERIALS AND METHODS
Strains and growth conditions. Hfx. volcanii WR536 (H53) parent strain
cells (4) were grown in medium containing 3.4 M NaCl, 0.15 M MgSO4, 1
mM MnCl2, 4 mM KCl, 3 mM CaCl2, 0.3% (wt/vol) yeast extract, 0.5%
(wt/vol) tryptone, and 50 mM Tris-HCl, pH 7.2, at 42°C (23).

Subcellular fractionation. Hfx. volcanii cells (1 ml) were broken by
sonication (2 s on and 1 s off for 90 s; 25% output; Misonix XL2020
ultrasonicator). Unbroken cells were pelleted in a microcentrifuge
(9,000 � g for 10 min at 4°C), and the resulting supernatant was centri-
fuged in an ultracentrifuge (240,000 � g for 12 min at 4°C) (Sorvall
M120). While the resulting supernatant was directly precipitated in 15%
(wt/vol) trichloroacetic acid, the pelleted membrane fraction was resus-
pended in 200 �l of distilled water and then precipitated in 15% (wt/vol)
trichloroacetic acid. Proteins were electrotransferred from SDS-PAGE
gels to nitrocellulose membranes (0.45-�m pore size; Schleicher &
Schuell, Dassel, Germany) and incubated with polyclonal rabbit anti-cel-
lulose-binding domain (CBD) antibodies (1:10,000 dilution) (a gift from
Ed Bayer, Weizmann Institute of Science) or anti-SRP54 antibodies (29).
Horseradish peroxidase-conjugated goat anti-rabbit antibodies (Bio-
Rad), serving as secondary antibodies, were used at a 1:2,500 dilution.
Antibody binding was detected using ECL Western blotting detection
reagent (Amersham, Buckinghamshire, United Kingdom). The distribu-
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tion of the S-layer glycoprotein was determined by Coomassie staining of
the cytosolic and membrane protein pools in SDS-PAGE gels.

Generation of CBD- and polyhistidine-tagged HVO_1526. To gen-
erate a plasmid encoding N-terminally Clostridium thermocellum CBD-
tagged HVO_1526 (CBD-HVO_1526), the HVO_1526 gene was PCR am-
plified using primers (forward primer, GGGCATATGACAATAGTTAAA
AAAGTGGC; reverse primer, CCCGGTACCTTAATCATTTTGTCTGC
GAC) designed to introduce NdeI and KpnI restriction sites (in boldface
in the sequences) at the start and end of the gene, respectively. The am-
plified fragment was digested with NdeI and KpnI and ligated into plas-
mid pWL-CBD (14), previously digested with the same restriction en-
zymes, to produce plasmid pWL-CBD-HVO_1526. Plasmid pWL-CBD-
HVO_1526 was introduced into Hfx. volcanii parent strain cells.

To generate a plasmid encoding C-terminally polyhistidine-tagged
HVO_1526 (His-HVO_1526), HVO_1526 was PCR amplified using
primers (forward primer, GGGCATATGAAACGATTAGCAAAAGC
AGC; reverse primer, CCCCTCGAGAGGTAACCTCCATTTTCCACA)
designed to introduce NdeI and XhoI restriction sites (in boldface in the
primer sequences) at the start and end of the gene, respectively. The am-
plified fragment was inserted into the pET24 plasmid (Novogen) so as to
introduce DNA encoding a polyhistidine tag, cleaved with the same en-
zymes. The tag-bearing fragment was then excised upon digestion with
NdeI and BlpI and ligated into plasmid pJAM-202 (25), previously di-
gested with the same restriction enzymes, to produce plasmid pHis-
HVO_1526. Plasmid pHis-HVO_1526 was then introduced into Hfx. vol-
canii �HVO_1526 cells.

Deletion of HVO_1526. Deletion of Hfx. volcanii HVO_1526 was
achieved using a previously described approach (1, 4). To amplify approx-
imately 500-bp-long regions flanking the coding sequence of HVO_1526,
the aglS-5=upfor (GGGGGTACCTGGGGAAGGACGTTGAGAAT;
genomic sequence is in boldface letters) and aglS-5=uprev (CCCAAGCT
TCATACTTGGCTCTCTATTAG) primers, directed against the up-
stream flanking region, and the aglS-3=downfor (GGGGGATCCTAACC
GCAGGACACCAACCC) and aglS-3=downrev (CCCTCTAGATTGGCG
TTGAAGATGTTGTC) primers, directed against the downstream
flanking region, were employed. KpnI and HindIII sites were introduced
using the aglS-5=upfor and aglS-5=uprev primers, respectively, while
BamHI and XbaI sites were introduced using the aglS-3=downfor and
aglS-3=downrev primers, respectively. To confirm deletion of HVO_1526
at the DNA level, PCR amplification was performed using forward prim-
ers directed against either an internal region of HVO_1526 (aglS-for; AT
GAAACGATTAGCAAAAGCAGCATTC) or trpA (CCCGAATTCTTAT
GTGCGTTCCGGATGCG) together with a reverse primer against a
region downstream of HVO_1526 (aglS-5=downrev; TCAAGGTAACCT
CCATTTTCCACAC), yielding primer pairs a and b.

To confirm deletion of HVO_1526 at the RNA level, reverse transcrip-
tion-PCR (RT-PCR) was performed as described previously (1). RNA
isolation was carried out using an Easy-Spin RNA extraction kit (Intron
Biotechnology, Kyungki-Do, South Korea), according to the manufactur-
er’s instructions. RNA concentration was determined spectrophotometri-
cally. After contaminating DNA was eliminated with a DNAFree kit (Am-
bion, Austin TX), single-stranded cDNA was prepared for each sequence
from the corresponding RNA (2 �g) using random hexamers (150 ng) in
a SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad CA). The single-stranded cDNA was then used as the PCR tem-
plate in a reaction mixture containing the appropriate forward (ATGAA
ACGATTAGCAAAAGCAGCATTC) and reverse (TCAAGGTAACCTCC
ATTTTCCACAC) primers. cDNA amplification was monitored by
electrophoresis in 1% agarose gels. The sequences of the PCR products
were determined to confirm their identity. In control experiments, PCR
amplification was performed on total RNA prior to cDNA preparation to
exclude any contribution from contaminating DNA or in the absence of
nucleic acids.

LC-ESI MS. Liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI MS) analysis of the Hfx. volcanii S-layer glycopro-
tein was performed as previously described (6).

In vitro AglS assay. CBD-AglS was purified as described by Irihimo-
vitch et al. (14). Briefly, transformed cells (1 ml) were centrifuged
(3,000 � g for 3 min at room temperature [RT]) and resuspended in 1 ml
of lysis buffer (1% Triton X-100 [vol/vol], 1.8 M NaCl, 50 mM Tris-HCl,
pH 7.2) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). The
mixtures were rocked (10 min at RT), after which time 50 �l of a 10%
(wt/vol) solution of cellulose beads was added. After 20 min of rocking at
RT, the suspension was centrifuged (3,000 � g for 3 min at RT), the
supernatant was discarded, and the cellulose pellet was washed with 2 M
NaCl, 50 mM Tris-HCl, pH 7.2. This washing procedure was repeated
twice. Fifty microliters of cellulose-bound CBD-AglS slurry was com-
bined with 50 �l of membranes prepared from �aglS cells and 200 �l of
buffer (2 M NaCl, 50 mM Tris-HCl, pH 7.2). The membranes were pre-
pared from 5 ml of cells grown to exponential phase as performed for
subcellular fractionation, described above. After 0 to 3 h of incubation at
42°C, the CBD-AglS-bearing cellulose beads were collected by centrifuga-
tion (3,000 rpm for 5 min in a microcentrifuge), and the supernatant,
containing the membrane fragments, was precipitated with 7.5% trichlo-
roacetic acid on ice. The precipitated proteins were rinsed with ice-cold
acetone and subjected to 10% SDS-PAGE. Coomassie-stained bands cor-
responding to the S-layer glycoprotein were excised and analyzed by LC-
ESI MS.

RESULTS
Hfx. volcanii HVO_1526 encodes a multispanning membrane
protein. To determine whether HVO_1526 indeed corresponds to
a true protein-encoding gene, Hfx. volcanii cells were transformed
to express HVO_1526 bearing an N-terminal Clostridium thermo-
cellum cellulose-binding domain (CBD). The presence of the C.
thermocellum CBD allows for cellulose-based purification in the
hypersaline environment required for Hfx. volcanii survival (14).
An immunoblot of a total protein extract of parent strain cells and
cells transformed to express CBD-HVO_1526 using anti-CBD an-
tibodies revealed the presence of a band of approximately 68 kDa,
corresponding to the combined masses of CBD (17,215 Da) and
HVO_1526 (50,525 Da), only in the extract of the transformed
cells (Fig. 1A).

To determine the localization of HVO_1526, cells expressing
CBD-HVO_1526 were subjected to subcellular fractionation. The
presence of HVO_1526 in the membrane and cytoplasmic frac-
tions was then tested by immunoblotting using anti-CBD anti-
bodies. Such efforts confirmed the membrane localization of
HVO_1526 (Fig. 1B). Control experiments confirmed the cyto-
plasmic localization of SRP54 (29), reflecting the efficacy of the
subcellular fractionation. Next, various topology prediction serv-
ers were consulted to define HVO_1526 topology. The TMHMM
(http://www.cbs.dtu.dk/services/TMHMM-2.0/), TMpred (http:
//www.ch.embnet.org/software/TMPRED_form.html), SOSUI
(http://bp.nuap.nagoya-u.ac.jp/sosui/), TopPred (http://bioweb
.pasteur.fr/seqanal/interfaces/toppred.html), and HMMTOP
(http://www.enzim.hu/hmmtop/) servers all agreed that the 457-
amino-acid-residue-containing HVO_1526 is a multispanning
membrane protein, presenting nine transmembrane domains and
a cytoplasmically oriented N terminus, as well as major externally
oriented domains between the first two transmembrane domains
and in the C-terminal portion of the protein comprising some 50
and 100 residues, respectively. A schematic depiction of the pre-
dicted topology of HVO_1526, as determined by the SOSUI
server, is offered in Fig. 1C.
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To experimentally test these predictions, cells expressing CBD-
HVO_1526 were challenged with proteinase K. Immunoblot anal-
ysis of aliquots removed before and at successive intervals after
addition of the protease was performed using anti-CBD antibod-
ies (Fig. 1D). Before proteinase K addition, the antibodies identi-
fied a single band, corresponding to CBD-HVO_1526. After 15
min of proteolysis, additional faster-migrating bands appeared,
corresponding to the CBD N-terminally fused to HVO_1526 frag-
ments of different lengths. With continued proteolytic digestion,
the fastest-migrating band became the most intensely stained spe-
cies. Protection of the immunolabeled CBD moiety fused to the
HVO_1526 N terminus from externally added protease points to
this segment of the chimera as being sequestered within the cell, in
agreement with the server-based topology predictions. Indeed,
when membrane integrity was disrupted upon addition of 1%
Triton X-100, the CBD moiety was readily digested by added pro-
teinase K (data not shown). Finally, to confirm that the added
protease did not compromise cell integrity, levels of the S-layer

glycoprotein, a marker of the external surface of the cell (28), and
of SRP54, a marker of the intracellular compartment (29), were
assessed. Whereas the former was fully digested within 30 min,
SRP54 could be detected for the duration of the experiment, with
only limited digestion being detected after 2 h (Fig. 1D).

The N-linked glycan decorating the S-layer glycoprotein in
�HVO_1526 cells lacks the final mannose subunit. To deter-
mine whether HVO_1526 participates in N-glycosylation, Hfx.
volcanii cells lacking the encoding gene were generated according
to the method of Allers et al. (4), as described in Materials and
Methods. Briefly, HVO_1526 was replaced by trpA, encoding
tryptophan synthase, in an Hfx. volcanii strain auxotrophic for
tryptophan. To confirm replacement of HVO_1526 by trpA at the
DNA level, PCR was performed using primers directed at either
HVO_1526 (primer pair a) or trpA (primer pair b). HVO_1526
was detected solely in the parent strain, whereas only the deletion
strain contained trpA (Fig. 2A). To confirm deletion of HVO_1526
at the RNA level, RT-PCR was performed. Such experiments re-
vealed that while a PCR product corresponding to HVO_1526 was
generated when genomic DNA or cDNA prepared from parent
strain cells served as the template, no such products were gener-
ated when the same templates generated from �HVO_1526 cells
were used (Fig. 2B).

To assess the importance of HVO_1526 to N-glycosylation,
parent and �HVO_1526 strain S-layer glycoprotein-derived tryp-
tic peptides, including the N-terminal 1ERGNLDADSESFNK14

fragment that contains the glycosylated Asn-13 residue (2), were
examined by liquid chromatography-electrospray ionization

FIG 1 Hfx. volcanii HVO_1526 is a membrane protein. (A) Total extracts of
Hfx. volcanii parent strain cells and cells transformed to express CBD-
HVO_1526 were probed with anti-CBD antibodies. The positions of molecu-
lar weight markers are indicated on the right. (B) Hfx. volcanii cells trans-
formed to express CBD-HVO_1526 were separated into membrane and
cytosolic fractions and probed with anti-CBD (�-CBD) and anti-SRP54 (�-
SRP54) antibodies, as was a total protein extract. (C) Schematic depiction of
the topology of HVO_1526 according to the SOSUI server, drawn using Topo2
software (http://www.sacs.ucsf.edu/TOPO2/). The N terminus is found at the
left end of the sequence. (D) Hfx. volcanii cells transformed to express CBD-
HVO_1526 were challenged with proteinase K (1 mg/ml; 2 h at 55°C). After
separation by SDS-PAGE, the S-layer glycoprotein (SLG) was identified by
Coomassie staining (middle panel), while CBD-HVO_1526 (upper panel) and
SRP54 (lower panel) were identified by immunoblotting using appropriate
antibodies. The presence of CBD-HVO_1526 (and derived proteolytic frag-
ments), the S-layer glycoprotein, and SRP54 was assessed before the addition
of proteinase K (pre) and 15, 30, 60, 90, and 120 min after proteinase K addi-
tion.

FIG 2 Hfx. volcanii HVO_1526 is not an essential gene. (A) The DNA from
Hfx. volcanii parent strain cells (left panel) and from cells deleted of HVO_1526
(right panel) served as the template in PCR amplifications using primers di-
rected against HVO_1526 (primer pair a) or trpA (primer pair b). The binding
positions of each primer pair are schematically depicted. (B) RT-PCR was
performed using primers directed against HVO_1526 together with genomic
DNA, RNA, or cDNA prepared from Hfx. volcanii parent strain cells (left) and
from cells deleted of HVO_1526 (right) (or no nucleic acid) as the template.
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mass spectrometry (LC-ESI MS). Such analysis revealed the pres-
ence of peaks corresponding to the Asn-13-containing S-layer gly-
coprotein-derived peptide obtained from the parent strain mod-
ified by a pentasaccharide (m/z 1,224.48) (Fig. 3A, left-most
column, top panel) comprising a hexose, two hexuronic acids, a
methyl ester of hexuronic acid, and a terminal mannose residue
(2, 12, 21). In addition, peaks corresponding to the same peptide
modified by the precursor tetra- (m/z 1,143.45), tri- (m/z
1,048.42), di- (m/z 960.41), and monosaccharides (m/z 872.38)
were also observed (Fig. 3A, left-most column, middle and bottom
panels, and third column, top and bottom panels, respectively). In
contrast, cells lacking HVO_1526 did not present peaks corre-
sponding to the pentasaccharide-modified Asn-13-containing
peptide (Fig. 3A, second column, top panel) even though peaks
reflecting the same peptide modified by the precursor tetra- (m/z
1,143.95), tri- (m/z 1,048.42), di- (m/z 960.41), and monosaccha-
ride (m/z 872.39) were detected (Fig. 3A, second column, middle
and bottom panels, and right-most column, top and bottom pan-
els, respectively). When, however, cells of the deletion strain
were transformed to express a polyhistidine-tagged version of
HVO_1526, it was observed that the Asn-13-containing S-layer
glycoprotein-derived peptide was once again modified by the
complete pentasaccharide (Fig. 3B). In each figure panel,
[M�2H]2� ion peaks are shown.

Given the contribution of HVO_1526 to Hfx. volcanii N-gly-
cosylation, the protein was renamed AglS, according to the no-
menclature for archaeal N-glycosylation pathway components
first proposed by Chaban et al. (10).

Bioinformatics predictions of AglS function. As a first step
toward more precisely defining AglS function, the sequence of the
protein was used as a query in a BLAST search (http://blast.ncbi
.nlm.nih.gov/Blast.cgi). Such efforts identified only three homo-
logues showing substantial similarity to AglS, namely, Haloarcula
hispanica (Har. hispanica) HAH_2530 (E value of 6e�54; 92%
coverage, 32% identity), Haloarcula marismortui (Har. marismor-
tui) rrnAC2035 (E value of 2e�52; 89% coverage, 32% identity)
and Haloterrigena turkmenica (Htg. turkmenica) Htur_2596 (E
value of 2e�47; 91% coverage, 27% identity). Like AglS, each of
these haloarchaeal proteins is currently annotated as a hypo-
thetical protein with no predicted function. Indeed, neither
InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/) nor
Conserved Domain Database (http://www.ncbi.nlm.nih.gov
/Structure/cdd/cdd.shtml) searches recognized known do-
mains in AglS or the homologous haloarchaeal sequences.

Next, AglS served as a query in a psiBLAST search against ar-
chaeal genome sequences available at the NCBI BLAST site (http:
//blast.ncbi.nlm.nih.gov/Blast.cgi). After five iterations, numer-
ous putative AglS homologues were detected. Of those showing
query coverage of �90%, the three haloarchaeal sequences listed
above were identified, as was Htg. turkmenica Htur_3525 (E value
of 1e�40; 96% coverage, 24% identity), a hypothetical protein
with no predicted function. Other archaeal sequences were also
identified as AglS homologues in the psiBLAST search, presenting
E values as low as 6e�42. While many of these predicted homo-
logues are annotated as arginyl-tRNA synthases or oligosaccha-
ride transferase STT3 subunits (equivalent to Hfx. volcanii AglB
[2]), several are annotated as DolP-mannose-protein mannosyl-
transferases (Carbohydrate-Active Enzymes [CAZy] database
[http://www.cazy.org/Home.html]) glycosyltransferase family 39;
EC 2.4.1.109), namely, enzymes responsible for transferring man-

nose residues attached to DolP to protein targets in the endoplas-
mic reticulum (ER) during O-glycosylation in Saccharomyces
cerevisiae (27). These include Halobacterium sp. DL1 locus
ZP_09028934 (E value of 5e�24; 90% coverage), Methanoculleus
marisnigri Memar_0728 (E value of 2e�20; 62% coverage), Ther-
mococcus litoralis OCC_09791 (E value of 2e�19; 76% coverage),
Haladaptatus paucihalophilus ZOD2009_13791 (E value of
3e�19; 85% coverage), Haladaptatus paucihalophilus
ZOD2009_20562 (E value of 4e�19; 83% coverage), Pyrococcus
abyssi PAB0056 (E value of 3e�17; 73% coverage), Methanosar-
cina barkeri Mbar_A0497 (E value of 3e�17; 76% coverage) and
Methanoplanus petrolearius Mpet_0696 (E value of 1e�16; 58%
coverage). When the CAZy database was scanned (May 2012) for
archaeal enzymes assigned to glycosyltransferase family 39, three
crenarchaeotal sequences were identified (Pyrococcus abyssi
PAB0056, Pyrobaculum sp. 1860 locus tag P186_0005 [gi
356640796], and “Candidatus Caldiarchaeum subterraneum”
HGMM_F55E04C20). Of these, Pyrococcus abyssi PAB0056 was
identified in the psiBLAST search described above as a homologue
of AglS.

Based on these bioinformatics observations, it was hypothe-
sized that AglS acts as a DolP-mannose mannosyltransferase.

AglS functions as a DolP-mannose mannosyltransferase. To
begin testing whether or not AglS serves to transfer mannose from
DolP-mannose to the four-member N-linked pentasaccharide
precursor bound to the S-layer glycoprotein, efforts were initially
directed at obtaining the purified protein. Accordingly, cellulose-
based chromatography captured a CBD-AglS-sized band from a
total cell extract of Hfx. volcanii cells transformed to express this
chimera but not from an extract of nontransformed cells (Fig. 4A,
upper panel). The recognition of this band by anti-CBD antibod-
ies both in the transformed cell extract and following cellulose-
based purification confirmed its identity as CBD-AglS (Fig. 4A,
lower panel).

With cellulose-purified CBD-AglS in hand, an in vitro assay
was developed. In the assay (schematically depicted in Fig. 4B),
cellulose-bound CBD-AglS was incubated with membrane frag-
ments prepared from �aglS cells. AglS-mediated transfer of man-
nose from DolP-mannose to the glycan N-linked to Hfx. volcanii
S-layer glycoprotein Asn-13 was subsequently assessed by LC-ESI
MS. Accordingly, LC-ESI MS revealed that prior to CBD-AglS
addition, the precursor tetrasaccharide decorated the S-layer gly-
coprotein from the mutant strain at this position (Fig. 4C, left
column, lower panel) but not the complete pentasaccharide (Fig.
4C, left column, upper panel). When, however, membrane frag-
ments prepared from �aglS cells were combined with cellulose-
bound CBD-AglS, the Asn-13-containing S-layer glycoprotein-
derived peptide was now modified by the complete
pentasaccharide (Fig. 4C, right column, upper panel). When the
same membrane fragments were incubated with cellulose-bound
CBD alone, only the N-linked tetrasaccharide was observed. Sim-
ilarly, only tetrasaccharide-modified S-layer glycoprotein Asn-13
was observed upon incubation of membrane fragments prepared
from �aglS cells with cellulose-bound CBD-SecY, another multi-
ple membrane-spanning Hfx. volcanii protein (14). On the other
hand, the absence of AglR, thought to translocate DolP-mannose
across the plasma membrane (17), did not prevent the ability of
CBD-AglS to attach the final mannose of the pentasaccharide dec-
orating S-layer glycoprotein Asn-13. Finally, to confirm that the
mannose subunit that was transferred to the protein-bound tet-
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FIG 3 In cells lacking HVO_1526, the final mannose residue of the N-linked glycan decorating the S-layer glycoprotein is absent. (A) LC-ESI MS profile
of an S-layer glycoprotein-derived Asn-13-containing peptide generated from Hfx. volcanii parent strain cells (left panel of each pair) and from cells
deleted of HVO_1526 (right panel of each pair). The composition of the glycan modifying the peptide in each pair of panels is schematically depicted on
the right of each pair. (B) LC-ESI MS profile of an S-layer glycoprotein-derived Asn-13-containing peptide generated from Hfx. volcanii cells deleted of
HVO_1526 and transformed to express polyhistidine-tagged HVO_1526. The peak corresponding to the pentasaccharide-modified peptide is indicated,
as is a schematic depiction of the pentasaccharide. In each panel of the figure, [M�2H]2� ion peaks are shown.
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rasaccharide via the actions of AglS was, indeed, derived from
DolP-mannose, the in vitro assay was repeated, this time using
cellulose-bound CBD-AglS and membrane fragments prepared
from �aglD cells lacking DolP-mannose (2, 12). As expected, in
the absence of DolP-mannose, incubation of a tetrasaccharide-
modified S-layer glycoprotein with CBD-AglS did not lead to the

appearance of the complete pentasaccharide at Asn-13. These re-
sults are summarized in Table 1.

DISCUSSION

In Hfx. volcanii, a series of Agl proteins is responsible for the as-
sembly and attachment of a pentasaccharide to select Asn residues
of the S-layer glycoprotein and archaellin (7, 30). Although the
enzymes catalyzing most of the steps of the Agl pathway have been
described, the agents mediating several central steps of the process
remain undefined. For example, it remains unclear how mannose,
added to DolP on the cytoplasmic face of the plasma membrane
(24), finds its way to the tetrasaccharide precursor of the pentasa-
ccharide N-linked to the S-layer glycoprotein on the external sur-
face of the cell (9). The present study shows that AglS is involved in
this process.

The attachment of mannose to DolP and subsequently to the
N-linked tetrasaccharide requires, at minimum, the sequential ac-
tivities of a DolP-mannose synthase, a DolP-mannose flippase,
and a DolP-mannose mannosyltransferase. Given the absence of
the final mannose subunit on the glycan N-linked to the S-layer
glycoprotein in �aglS cells, it would seem that AglS assumes one of
these roles. Earlier studies have shown AglD to be a DolP-man-
nose synthase, responsible for charging DolP with the mannose
subsequently added to the S-layer glycoprotein-bound tetrasac-
charide (2, 8, 9, 12). Accordingly, the presence of AglS could not
compensate for the absence of AglD in the in vitro assay developed
here. Instead, the results of in silico, in vivo, and in vitro experi-
ments together support the assignment of AglS as a DolP-man-
nose mannosyltransferase, responsible for delivering mannose
from its dedicated DolP carrier to the N-linked tetrasaccharide
decorating the S-layer glycoprotein. At the same time, several lines
of evidence argue against AglS acting as a DolP-mannose flippase.
First, bioinformatics fails to identify domains in AglS shared by
other predicted lipid-linked oligosaccharide flippases, such as
Rft1, PglK, or Wzx. Second, in the in vitro assay developed here,
DolP-mannose flippase activity is not required since the topology
of the added membrane fragments is not preserved. Yet addition
of the final mannose of the N-linked glycan did not occur in the
absence of AglS. Moreover, evidence supporting a DolP-mannose
flippase role for AglR has been recently provided (17). Indeed,
successful addition of the final mannose of the N-linked penta-
saccharide was realized in the in vitro assay using membranes pre-
pared from �aglR cells. While the transfer of mannose from DolP-
mannose to the S-layer glycoprotein-bound tetrasaccharide was
not directly shown to transpire on the external surface of the cell in
this study, several observations point this to indeed being the case.
The predicted existence of large externally oriented soluble do-
mains in AglS argues that the protein acts on DolP-mannose only
after the sugar-charged lipid carrier has been translocated across

TABLE 1 In vitro assay of AglS activity

Added protein
Source of membrane
fragments

S-layer glycoprotein
Asn-13-linked glycan

CBD-AglS Hfx. volcanii �aglS Pentasaccharide
CBD Hfx. volcanii �aglS Tetrasaccharide
CBD-SecY Hfx. volcanii �aglS Tetrasaccharide
CBD-AglS Hfx. volcanii �aglD Tetrasaccharide
CBD-AglS Hfx. volcanii �aglR Pentasaccharide

FIG 4 AglS functions as a DolP-mannose mannosyltransferase. (A) Cellulose-
based purification of CBD-AglS from protein extracts of Hfx. volcanii parent
strain cells and of cells transformed to express CBD-AglS was performed. The
total protein extract and cellulose-bound proteins from each strain were sep-
arated by 10% SDS-PAGE, stained with Coomassie brilliant blue (CBB) and
analyzed by immunoblotting using antibodies raised against the CBD moiety
(�-CBD). (B) Schematic depiction of the in vitro assay of AglS function em-
ployed. Membrane fragments prepared from �aglS cells were combined with
cellulose-bound CBD-AglS for 0 to 3 h at 42°C. Aliquots were drawn at 1-h
intervals, and LC-ESI MS was performed to determine whether AglS catalyzes
the transfer of mannose from DolP-mannose to the glycan corresponding to
the first four subunits of the pentasaccharide normally N-linked to the protein,
as described in Materials and Methods. (C) LC-ESI MS analysis of an Asn-13-
containing S-layer glycoprotein-derived peptide from �aglS cells before
(�CBD-AglS column) and 3 h after (�CBD-AglS column) incubation with
cellulose-bound CBD-AglS. In each column, the upper panel presents that
region of the LC-ESI MS profile containing pentasaccharide-modified peptide,
while the lower panel reflects that region of the profile containing tetrasaccha-
ride-modified peptide. In each panel, the identity and position of the peak in
question are indicated. The results are representative of four repeats of the
experiment.
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the plasma membrane. In addition, earlier studies have provided
evidence to show that the oligosaccharyltransferase, AglB, respon-
sible for adding the tetrasaccharide precursor of N-linked pen-
tasaccharide to the S-layer glycoprotein (2), catalyzed this reaction
on the external surface of the cell (18). As such, the subsequent
transfer of mannose from DolP-mannose to the N-linked tetrasa-
ccharide would also transpire on the outer cell surface.

When archaeal homologues of AglS were sought, these were
detected only in Har. hispanica, Htg. turkmenica, and Har. maris-
mortui. Presently, nothing is known regarding the pathway or,
indeed, the existence of N-glycosylation in either Har. hispanica or
Htg. turkmenica. In contrast, it has been shown that the Har.
marismortui S-layer glycoprotein is N-glycosylated by a similar if
not the same pentasaccharide (i.e., hexose-hexuronic acid-hexu-
ronic acid-methyl ester of hexuronic acid-mannose) as N-linked
to the Hfx. volcanii S-layer glycoprotein (8). However, unlike what
occurs in Hfx. volcanii, where the final pentasaccharide subunit,
mannose, is added to the glycan comprising the first four subunits
of the pentasaccharide already N-linked to the S-layer glycopro-
tein, the intact pentasaccharide is delivered to the S-layer glyco-
protein from a single common DolP carrier in Har. marismortui
(8, 9). Nonetheless, DolP-mannose is detected as an intermediate
in both species (8). As such, it is conceivable that the Har. maris-
mortui homologue of AglS transfers mannose from its DolP car-
rier to the DolP-bound tetrasaccharide prior to delivery of the
complete pentasaccharide to the S-layer glycoprotein in this or-
ganism.

Bioinformatics served to detect homology between AglS and
DolP-mannose-protein O-mannosyltransferases (27). However,
closer comparison of AglS and DolP-mannose-protein O-manno-
syltransferases, all belonging to CAZy glycosyltransferase family
39, revealed major differences between the two. In terms of topol-
ogy, AglS is predicted to possess nine transmembrane domains, as
opposed to the seven membrane-spanning domains assigned to
the protein O-mannosyltransferases (19, 26). Moreover, the posi-
tions of the major extracytoplasmic loops in each protein are not
the same. More importantly, AglS does not include the highly
conserved Asp-Glu motif found in the first extracytosolic loop and
involved in the catalytic activity of the O-glycosylation-related
DolP-mannose-protein mannosyltransferases or other important
residues conserved in known or predicted protein mannosyltrans-
ferases from all three domains of life (including from the Archaea
“Candidatus Caldiarchaeum subterraneum,” and Archaeoglobus
profundus) (20) although such a motif is detected in the C-termi-
nal extracytosolic region of AglS. For instance, the invariant Arg
residue found in transmembrane domain 2 of the protein O-man-
nosyltransferases and also deemed crucial for enzyme activity (11)
is not detected in AglS. As such, it is not clear that AglS belongs to
CAZy glycosyltransferase family 39, as do all known DolP-man-
nose-protein O-mannosyltransferases. Rather, AglS is function-
ally reminiscent of Alg3 (belonging to CAZy glycosyltrans-
ferase family 58), Alg9 and Alg12 (both belonging to CAZy
glycosyltransferase family 22), namely, DolP �-mannosyl-
transferases that catalyze the delivery of mannose subunits
from DolP-mannose to more complex glycans in the eukaryal
N-glycosylation process. Specifically, Alg3, Alg9, and Alg12 se-
quentially transfer mannose subunits from DolP-mannose as-
sembled on the cytoplasmic face of the ER membrane and
flipped to face the ER lumen to glycans based on dolichol py-
rophosphate (DolPP)-bound N-acetylglucosamine2mannose5,

the core glycan of N-linked oligosaccharides in yeast and
higher organisms (5, 13). As such and as previously proposed
(30), the Hfx. volcanii N-glycosylation pathway is reminiscent
of its eukaryal counterpart in that in both cases soluble nucle-
otide-activated sugars are sequentially added to a common
phosphodolichol carrier on the cytoplasmic face of a mem-
brane. Once the glycan-charged lipid (tetrasaccharide-charged
DolP in Hfx. volcanii and heptasaccharide-charged DolPP in
Eukarya) is assembled, it is translocated across that membrane,
at which point the glycan is subjected to further modification
via the attachment of additional sugar subunits transferred
from flipped monosaccharide-charged DolP, either when still
lipid linked (as in Eukarya) or following transfer to the target
protein (as in Hfx. volcanii). Still, the fact that no archaeal
members of CAZy glycosyltransferase family 58 (such as Alg3)
or 22 (such as Alg9 and Alg12) are known serves as a reminder
that N-glycosylation processes in Eukarya and Archaea are dis-
tinct.

As more is learned of archaeal (and bacterial) protein glyco-
sylation, further insight into the origins of this universal post-
translational modification will be provided.
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