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Archaeal cells are typically enveloped by glycosylated S-layer proteins. Archaeal protein glycosylation provides
valuable insights not only into their adaptation to their niches but also into their evolutionary trajectory.
Notably, thermophilic Thermoproteota modify proteins with N-glycans that include two GIcNAc units at the
reducing end, resembling the "core structure" preserved across eukaryotes. Recently, Asgard archaea, now
classified as members of the phylum Promethearchaeota, have offered unprecedented opportunities for under-
standing the role of archaea in eukaryogenesis. Despite the presence of genes indicative of protein N-glycosyl-
ation in this archaeal group, these have not been experimentally investigated. Here we performed a
glycoproteome analysis of the firstly isolated Asgard archaeon Promethearchaeum syntrophicum. Over 700
different proteins were identified through high-resolution LC-MS/MS analysis, however, there was no evidence of
either the presence or glycosylation of putative S-layer proteins. Instead, N-glycosylation in this archaeon was
primarily observed in an extracellular solute-binding protein, possibly related to chemoreception or trans-
membrane transport of oligopeptides. The glycan modification occurred on an asparagine residue located within
the conserved N-X-S/T sequon, consistent with the pattern found in other archaea, bacteria, and eukaryotes.
Unexpectedly, three structurally different N-glycans lacking the conventional core structure were identified in
this archaeon, presenting unique compositions that included atypical sugars. Notably, one of these sugars was
likely HexNAc modified with a threonine residue, similar to modifications previously observed in mesophilic
methanogens within the Methanobacteriati. Our findings advance our understanding of Asgard archaea physi-
ology and evolutionary dynamics.

Introduction

The emergence of eukaryotes, i.e., eukaryogenesis, has been a
prominent topic in biology. A key breakthrough in this field was the
identification of the Asgard archaea, now classified as the phylum
Promethearchaeota [1]. This group is phylogenetically the closest known
relative to eukaryotes and possesses a large repertoire of eukaryotic
signature proteins (ESPs) [2,3]. This finding sheds light on the potential
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origin of eukaryotes within the archaea domain [2-4]. The successful
cultivation of representative Asgard archaea such as Promethearchaeum
syntrophicum and "Candidatus (Ca.) Lokiarchaeum ossiferum" has pro-
vided novel insights into the process of eukaryogenesis, particularly
through their complex morphological features, including protrusions [5,
6]. The protrusions are supported by a lokiactin cytoskeleton [6],
however, the cell surface properties enabling the structural flexibility
are not yet clear.
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The outermost structure of most archaeal cells is the protein layer,
so-called surface (S)-layer [7]. Comprising S-layer proteins and glyco-
proteins (SLPs), this crystalline lattice envelops the entire cell surface
[8] and may account for 10-30% of the total cellular protein content [9,
10]. Although the functions of S-layer are still not fully understood, it is
evident that these protective barriers serve critical roles, conferring cell
rigidity, regulating cell shape and division, assisting adhesion, and
mediating interactions with the environment and neighboring cells or
viruses [11-14]. The known functions of S-layer glycosylation are also
diverse, and its specific function is still not fully elucidated. In some
prokaryotes, glycosylation is associated with S-layer stabilization, cell
shape maintenance, adaptation to changing environments, defense
against viral infections, shielding against antimicrobial peptides, biofilm
formation, creating lubricating hydration layers, and modulation of host
immune responses [11,15-17]. Archaeal protein glycosylation can be
classified into two primary categories: N-glycosylation and O-glycosyl-
ation. The latter involving two or more sugars is specific to members of
the phylum Halobacteriota within the Methanobacteriati (formerly Eur-
yarchaeota) [18-20]. N-glycosylation, which involves the attachment of
glycans to specific asparagine residues within a protein motif known as
the N-X-S/T sequon, is widespread across many archaea. This sequon is
conserved in most N-glycosylation instances in archaea, bacteria, and
eukaryotes examined to date. However, an extended motif was reported
in Campylobacter jejuni, and within eukaryotes, glycosylation can also
occur at the N-X-C motif [21,22]. N-glycosylation in archaea is facili-
tated by a group of genes known as the agl genes. Among these, the
oligosaccharyl transferase gene (aglB) is particularly well-conserved,
and its phylogeny suggested that the last common ancestor of eukary-
otes and the Asgard archaeal sister lineage might already glycosylate
proteins with similar N-glycans [23]. In addition to the evolutionary
importance, such cell surface glycans often govern symbiotic [24-29] or
pathogenic [30-33] relationships between different organisms or even
within a single species. Considering the currently known symbiotic as-
sociations of Asgard archaea with methanogens [5], and ancestral eu-
karyotes and later organelle-like cellular components [34],
N-glycosylation would provide important aspects for a deeper under-
standing of Asgard archaea evolution, physiology, and eukaryogenesis.
However, our understanding of archaeal glycosylation remains nascent,
with only a handful of archaea studied to date. Besides members of the
kingdom Methanobacteriati, only a limited member of terrestrial Ther-
moproteota, i.e. several species of Sulfolobus and Pyrobaculum, have been
characterized glycobiologically [35]. One notable finding in Thermo-
proteota glycosylation is the presence of a unique sugar pattern, two
GlcNAc units at the reducing end, which closely resembles that found
across eukaryotes [36,37]. This similarity raises expectations that more
eukaryote-like glycan structures might be found in Asgard archaea.

Investigating glycosylation in poorly growing microorganisms like
Asgard archaea presents notable challenges. Conventional glycobio-
logical tools, like nuclear magnetic resonance (NMR), are often not
applicable. However, recent technological advancements in mass spec-
trometry combined with open modification search methods have
enabled the exploration of both glycan and protein profiles in these
microorganisms, even from a limited number of cells with novel or
atypical glycans [38-40]. While these techniques do not fully decipher
complex glycan structures, such as stereoisomers, they facilitate simul-
taneous amino acid sequence and glycan structural analyses, making
them suitable for analyzing both pure cultures and complex microbial
communities.

In this study, we focused on the protein glycosylation of Asgard
archaea for two primary reasons: i) glycosylation, in particular glyco-
sylation of cell surface proteins is a key factor in diverse cellular in-
teractions, including symbiosis, and ii) investigating glycosylation could
reveal evolutionary similarities between eukaryotes and archaea. Our
findings will help to shed light on the physiological significance and
evolutionary trajectory of protein glycosylation in archaea.
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Experimental procedures
Cultivation

P. syntrophicum strain MK-D1T was cultured in an anaerobic medium
as described previously [5,41]. Approximately 1.3 x 10° cells were
obtained from a 4.0-liter culture. Cells were harvested at the
late-exponential growth phase by centrifugation, washed three times
with the anaerobic basal medium, and stored at —80 °C until use. Sul-
folobus acidocaldarius strain 08-3T (=Jcm 8929=DSM639), Saccha-
rolobus solfataricus strain P17 (=JCM 8930=DSM1616), and Pyrodictium
abyssi strain AV2T (=JCM 9394=DSM6158) were cultivated according
to the respective Japan collection of microorganisms (JCM) guidelines
and served as controls. Cells of S. acidocaldarius and S. solfataricus were
washed using the same method as for P. syntrophicum, while P. abyssi
cells were washed with sterile 3% (w/v) NaCl. A single biological
replicate was performed for each species.

Protein extraction and trypsin digestion

Proteins were extracted as described previously [42]. Briefly, cells
were resuspended in 100 mM triethylammonium bicarbonate (TEAB)
(pH 8.6) containing 2 mM phenylmethylsulfonyl fluoride (PMSF) and
disrupted by sonication at 2 °C. A total of 20 ug of protein pellet was
dissolved with MPEX PTS reagent (GL Science, Tokyo, Japan), then
reduced with dithiothreitol (final concentration, 23.8 mM) at 95 °C for 5
min followed by 25 min at room temperature. Subsequently, alkylation
was performed with iodoacetamide (final concentration, 22.7 mM) in
dark at room temperature for 30 min. Protein digestion was conducted
in solution A of the MPEX PTS reagent, using trypsin (Thermo Fisher
Scientific, Waltham, MA) and lysyl endopeptidase (Lys-C) (Fujifilm
Wako, Osaka, Japan) at a trypsin/Lys-C to protein ratio of 1:20. After
detergent removal using a spin column (Thermo Fisher Scientific), the
peptide samples were applied to the LC-MS/MS. The generally recom-
mended glycopeptide enrichment step was omitted due to the limited
cell yield of P. syntrophicum and potential artifacts and biases this step
could introduce [43,44].

LC-MS/MS analysis

Peptide samples were separated using an Ultimate 3000 RSLCnano
system (Thermo Fisher Scientific) with a two-column chromatography
setup consisting of an L-column ODS trap (5 um, 0.3 x 5 mm; CERI,
Tokyo, Japan) and a Zaplous alpha Pep-C18 analytical column (3 pm,
120 ;\, 0.1 x 150 mm; AMR, Tokyo, Japan), as previously described
[45]. Samples were loaded onto the trap column at a flow rate of 6
ul/min using a sample buffer (0.1% TFA, 2% acetonitrile) and then
eluted into an Orbitrap Fusion™ Tribrid™ Mass Spectrometer (Thermo
Fisher Scientific) at a flow rate of 500 nl/min (Buffer A, 0.1% formic
acid) through the analytical column. Analytical runs of 230 min were
conducted with a gradual change in buffer composition. Initially, the
composition was shifted from 5% to 45% Buffer B (100% acetonitrile)
over 225 min, then shifted from 45% to 95% Buffer B in the final 5 min.

The mass spectrometer was operated in positive ion mode. Ionization
was facilitated with an electrospray voltage of 1.7 kV, and the ion
transfer tube temperature was set to 250 °C. MS spectra were acquired in
the Orbitrap mass analyzer (m/z range: 350-1800, resolution: 120,000
FWHM with a maximum injection time of 50 ms, AGC 5 x 10% with
EASY-IC internal mass calibration. Orbitrap MS/MS higher-energy
collision dissociation (HCD) scans of precursors were conducted with
the following parameters: NCE 28%, maximal injection time of auto,
AGC 5 x 10* with a resolution of 50,000, and an isolation window of m/
z 2. To avoid repetitive analysis of identical components, a dynamic
exclusion of 60 s was employed. Specific oxonium ions, such as HexNAc
at m/z 204.087 and its fragment at m/z 138.0545, prompted two addi-
tional scans for potential glycopeptides: an Orbitrap electron-transfer/
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high-energy collision dissociation (EThcD) scan (NCE 25%, maximal
injection time of 86 ms, AGC 5 X 10* with a resolution of 50,000,
isolation window of m/z 3) and a stepped collision energy HCD scan
(NCE at 10%, 25%, and 40%, maximal injection time of 86 ms, AGC 5 x
10* with a resolution of 50,000, isolation window of m/z 2).

Data analysis

The LC-MS/MS raw files were analyzed using Byonic software
v3.11.3 (Protein Metrics Inc., Cupertino, CA) [46]. Genome sequences
were retrieved from accession numbers CP042905.2 for P. syntrophicum
strain MK-D1, NZ_CP020364.1 for S. acidocaldarius JCM8929,
NZ LT549890.1 for S. solfataricus JCM11322, and AP028907.1 for
P. abyssi JCM9394. The cleavage specificity was set as semi-specific
N-ragged, and up to three missed cleavage events were allowed. Car-
bamidomethyl was set as a fixed modification of cysteine, while
methionine oxidation and acetylation of the protein N-terminal amino
groups were included as variable modifications. A maximum mass pre-
cursor tolerance of 10 ppm was allowed whereas a mass tolerance of up
to 10 ppm was set for HCD fragments and 20 ppm for ETheD fragments.
For N-glycosylation open searches, the wildcard parameter was enabled,
allowing a delta m/z range of 300-2000 on asparagine residues. For
focused searches, all parameters remained consistent except for the
disabling of wildcard searching, and specific glycoforms identified from
open searches were incorporated as variable modifications. Manual
corrections were applied to glycosylation sites misassigned by Byonic,
especially in long peptides with multiple asparagine residues, using
MS/MS spectral patterns and the N-X-S/T sequon for validation. Protein
identifications were filtered with |log prob| > 2. Peptide identifications
required a Byonic score > 200, |log prob| > 2, and a two-dimensional
false discovery rate (2D FDR) < 0.01. Relative protein abundances
were determined using the normalized spectral abundance factors
(NSAFs) method, which is based on the number of peptide spectrum
matches (PSMs) per protein [47]. NSAF values were subsequently
multiplied by 100 to derive the relative protein abundances as per-
centages. Subcellular localization was predicted using pSORTb version
3.0 [48]. The structures of proteins were predicted using the AlphaFold
(version 2.2.0) [49]. Transmembrane helices in proteins were predicted
using TMHMM-2.0 [50].

Results and discussion
N-glycosylation genes in P. syntrophicum

To explore the potential and evolutionary aspects of N-glycosylation
in P. syntrophicum, the gene repertoire associated with this process was
examined within its genome. An orthologue of the oligosaccharyl
transferase (OST) gene (aglB, locus tag= DSAG12.01167) containing
WWDYG and DEGKWPWM motifs was identified [5]. These motifs are
conserved across "Lokiarchaeia" and "Thorarchaeia" members within the
Asgard archaea [23]. In contrast to bacteria, Methanobacteriati, and
Metallosphaera species [23], the glycosylation-associated genes were not
clustered near aglB, suggesting a dispersed organization of agl genes
within the Asgard archaeal genome. A BLASTp search, using agl genes of
Haloferax volcanii and Methanococcus maripaludis as a query, identified
homologues for aglD (DSAG12.01846), aglF (DSAG12.01619,
DSAG12.01835, DSAG12.02719), agll (DSAG12.01866), aglL
(DSAG12.01899), agIM (DSAG12_01705), agll (DSAG12_01836), and
agl12 (DSAG12_01837). Although these genes suggested the occurrence
of N-glycosylation in P. syntrophicum, it is not feasible to deduce the
specific glycoforms or glycosites from this dataset. Besides aglB, which is
homologous to the catalytic Stt3 subunit of eukaryotic OST, a gene
encoding the non-catalytic components Ost3/Ost6 was identified
(DSAG12_01196), consistent with observations in other "Lokiarchaeia"
[23,51]. Furthermore, a homolog of the translocon-associated protein
(TRAP) complex, especially TRAP beta (DSAG12_01731), was identified
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within its genome. However, Ostl (ribophorin I), typically present in
"Lokiarchaeia" genomes [23,51], was absent in P. syntrophicum, sug-
gesting a possible divergence in glycosylation processes.

Protein diversity in P. syntrophicum

Our glycoproteome analysis using N-glycosylation open search
identified 732 different proteins from P. syntrophicum, corresponding to
approximately 19.1% of its total coding sequence (Table 1). Based on
their Byonic score (|log P value| [LPV]), the detected proteins contained
510 high-confidence hits (>+2 above the top decoy LPV). In compari-
son, for S. acidocaldarius, S. solfataricus, and P. abyssi, 1300 (56.5% of
CDSs), 1348 (42.0% of CDSs), and 1404 (64.9% of CDSs) proteins were
detected, respectively. This suggests that P. syntrophicum might utilize a
relatively limited variety of proteins. Additionally, the proportion of
detected proteins relative to the total coding sequences was significantly
lower in P. syntrophicum. This reduction may also be attributed to the
comparatively larger genome sizes of Asgard archaea, which result from
increased gene duplications and reduced gene losses compared to other
archaeal lineages [51]. Further analysis is needed to determine whether
other proteins are more actively expressed in P. syntrophicum under
different cultivation conditions.

For each archaeon investigated, the top ten proteins, ranked by LPVs,
are listed in Tables 1 and S1. In P. syntrophicum, an ABC transporter
substrate-binding protein (SBP) (DSAG12_03090) was detected with
significantly high LPV and NSAF values, supporting the earlier tran-
scriptomic data [5]. A similar SBP (B6A19_RS05040) was also among its
top ten proteins in S. acidocaldarius (Table S1). These SBPs bind solutes
with high affinity at the outer cell surface and then transfer the substrate
to the membrane integral permease domain [52]. From InterProScan
search, DSAG12 03090 was classified into SBP family 5 (IPR039424)
and Mpp-A type, responsible for the transport of oligopeptides and
nickel [53]. Similar to specific binding proteins in bacteria, archaeal
SBPs have also been suggested to act as receptors in chemotaxis [54],
potentially serving a dual function in both nutrient uptake and sensory
mechanisms. BLASTp search identified homologous genes of
DSAG12_03090 in "Ca. L. ossiferum" cultivated from estuarine sediment
[6], as well as Lokiarchaeia metagenome-assembled genomes (MAGs)
from estuarine sediments [55] and freshwater sediments [56], suggest-
ing the common significance of this SBP in the nutritional strategies of
Asgard archaea. Based on NSAF values, the top 10-ranking proteins in
P. syntrophicum are provided in Table S2. Six of these proteins were
histone domain-containing proteins (NFYB/HAP3 family transcription
factor), which are prevalent in archaea and play roles in genome
compaction and organization [57]. Some archaeal histone paralogs
appear to have evolved distinct and conserved functional roles, remi-
niscent of eukaryotic histone variants [58]. Despite detecting 40 out of
the 80 known eukaryotic signature proteins (ESPs) of P. syntrophicum

Table 1
Proteins identified in P. syntrophicum listed according to their Byonic scores (|log
P value| [LPV]), showing the top 10 highest-ranked proteins.

Rank  Locus tag Description |Log NSAF
Prob|

1 DSAG12_03090 ABC transporter substrate- 881.65 6.00
binding protein

2 DSAG12_02329 GTPase 286.58 0.81

3 DSAG12_02465 NADP-dependent isocitrate 249.28 0.36
dehydrogenase

4 DSAG12.02468  aconitate hydratase 230.55 0.40

5 DSAG12.02001  Glu/Leu/Phe/Val dehydrogenase  222.39 0.84

6 DSAG12.03802  pyruvate, phosphate dikinase 208.8 0.24

7 DSAG12.02466  citrate/2-methylcitrate synthase 204.56 0.35

8 DSAG12.01664  hypothetical protein 203.83 0.30

9 DSAG12_02681 acetate-CoA ligase 195.07 0.31

10 DSAG12.03376  TrmB family transcriptional 192.71 0.15

regulator




S. Nakagawa et al.

[5], their NSAF values were generally low (Table S3). Previous research
identified potential S-layer genes encoding PKD domain proteins in
P. syntrophicum (DSAG12_02910, DSAG12_00685, DSAG12_01918, and
DSAG12_03009), however, none of these proteins were detected in this
study. This result supports earlier suggestions that Asgard archaea cells
may not be covered with S-layer proteins [6]. The absence of a rigid
S-layer could hypothetically allow for more cellular flexibility and
movement in P. syntrophicum, an intriguing possibility that warrants
further exploration given its unique morphological features.

In comparison, S-layer proteins were identified in all other archaea
investigated with high LPVs (Table S1). The top-ranking protein in
S. acidocaldarius (B6A19_RS11570), originally annotated as a hypo-
thetical protein in the genome analysis, was previously identified as the
S-layer protein SlaA [59]. Similarly, SSOP1_RS01945 of S. solfataricus
was identified as an S-layer protein SlaA [60]. For PABY 19310 of
P. abyssi, the structural prediction using AlphaFold2 and the abundance
of hydrophobic amino acids suggested its association with S-layer outer
component SlaA (Fig. S1). This is consistent with prior findings that
archaea generally produce a substantial quantity of S-layer proteins [9,
10]. In general, the detected protein list highlighted a distinct proteomic
profile of P. syntrophicum compared to the other three archaea. Although
the selection of (hyper)thermophilic archaea may explain common and
high LPVs and NSAF for thermosome and other chaperonin family
proteins, thermosome appeared, ranked 22nd based on LPV, in
P. syntrophicum. Similarly, elongation factors were prevalently detected
in all examined archaea, ranking 28th (based on LPV) in P. syntrophicum.

From detection to validation of N-glycosylation

While open searching allows the detection of heterogeneous peptide
modifications by N-linked glycans without predefining their structures
[39], this approach often results in identifying pseudo-positive scans
with random modification masses, despite filtering out low-confidence
peptide MS/MS scans. Therefore, a histogram of peptide modification
values was created, binning the observed values in 0.01 Da increments
(Figs. 1 and S2). Examination of the modifications in P. syntrophicum
revealed three predominant modification values: 801.30, 909.30, and
1212.40 Da (Fig. 1). Although these masses were the foci of this study,
the possibility that other less prevalent delta masses correspond to minor

50
1212.40
40
909.30

7]
= 30
3
o 801.30
B
o 20

10

0 H”HH il L ‘ 11 H‘ | I“ h 11

500 1000 1500 2000

Modification size (m/z)

Fig. 1. Delta mass distribution of glycopeptides in 0.1 Da increments, showing
detected peptide-spectrum matches (PSMs) with modifications ranging from m/
2 300 to 2000 Da, derived from open searching data of P. syntrophicum.

BBA Advances 6 (2024) 100118

glycan structures cannot be excluded. In addition, the EThcD scan,
triggered by specific oxonium ions, may also limit the detection of more
unusual and less frequent glycans. Unlike P. syntrophicum, S. acid-
ocaldarius and S. solfataricus showed a uniform and frequent modifica-
tion at 1118.33 Da (Fig. S2), suggesting that the presence of multiple
modification values may be characteristic of P. syntrophicum. Within
eukaryotes, glycosylation systems are known to generate highly het-
erogeneous glycan structures, potentially pointing a similarity between
the glycosylation patterns of P. syntrophicum and eukaryotes. Previously,
a specific N-glycan was identified in various S. acidocaldarius proteins
including cytochrome bssg/se6, archaellin FlaB, and S-layer proteins
SlaA and SlaB [37,59,61]. This glycan, a tribranched hexasaccharide
comprising GlcNAcyGlc;Man, and one sulfated sugar, 6-sulfoquinovose
(QuiS), has a theoretical modification mass of 1118.33194 Da [37,59,
611, which corresponded to the predominant delta mass detected in this
study (Fig. S1). Typically, glycoproteome studies have been conducted
using enriched glycopeptides. However, due to the limited biomass from
P. syntrophicum, this study utilized all peptides without glycopeptide
enrichment. The abundant detection of the expected glycoform in
S. acidocaldarius confirms that our protocol is satisfactory under these
constraints. In addition, for another strain of S. solfataricus, i.e., strain
P2, a heptasaccharide comprising HexsHexNAcoQuiS; (theoretical
modification value, 1280.38476 Da) was reported [62], which includes
one more Hex than that observed in strain P1 in this study. Within the
Sulfolobaceae family, variability of the N-glycans exists in the number of
Hex units at the non-reducing end [63]. The delta mass profile for
P. abyssi exhibited three clusters in the histogram, distinct from those
seen in other studied archaea (Fig. S2). However, due to low PSM counts
for these modifications and a noisier histogram, further verification of
oxonium ions and glycan fragments is required in MS/MS spectra
(described below).

N-glycosylation analysis using focused searching

Given the efficiency of focused searching for detecting glycopeptides
and glycoproteins [39], we performed this analysis targeting the pre-
dominant delta masses identified in each archaeon. This approach,
despite potentially overlooking minor glycopeptides with unique gly-
cans, generally improved the detection of glycopeptide-spectrum
matches (glyco-PSMs) in P. syntrophicum and other archaea (Fig. S3).
For the predominant SBP in P. syntrophicum (DSAG12_03090), glyco-
peptides with one of the three aforementioned modifications were
detected in 82 PSMs during open searching, which increased to 301
PSMs during focused searching. Nevertheless, overall glycosylation in
P. syntrophicum was notably infrequent. Glyco-PSM analysis revealed
that 88.3% (113/128) of the 801.30 Da modification, 84.4% (141/167)
of the 909.30 Da modification, and 67.0% (120/179) of the 1212.40 Da
modification were primarily associated with the SBP (DSAG12_03090).
Additional glycoproteins, including various hypothetical proteins and
different SBPs, were identified (Table S4), although their glyco-PSM
counts were low. The functions of these hypothetical proteins remain
speculative; however, a BLASTp search indicated their widespread
presence among various "Lokiarchaeia", suggesting a conserved func-
tion. No consistent pattern was observed in the putative subcellular
localization of these glycoproteins. Although glycosylation frequency
could be confirmed through gel electrophoresis and
glycoprotein-staining experiments, the rarity of glycosylation may be
attributed to the complex and resource-demanding glycan biosynthetic
processes [40], particularly given the slow growth strategy of
P. syntrophicum in nutrient-deficient environments [5].

The glycosites within the P. syntrophicum SBP (DSAG12_03090) were
predominantly located at N157, N398, N474, and N483 (Fig. 2a). Of the
twelve predicted N-glycosites, eight were glycosylated, all preserving
the conserved N-X-S/T motif, where X represents any amino acid except
but proline (Fig. 2b). Although methodological factors such as limited
trypsin digestion sites may potentially influence the detection of



S. Nakagawa et al. BBA Advances 6 (2024) 100118

(@)
N314 N352

N90 N97

N72 | [N111] [N115] [N157 N238 N398 N474
0 5 0 13 6 27 4 57 | Glycan 1 (801.30 Da)
0 6 1 33 7 32 26 35 | Glycan 2 (909.30 Da)
2 0 1 20 11 30 44 8 | Glycan 3 (1212.40 Da)
2
0
m
1

7 8

m Acidic m Basic m Hydrophobic m Neutral g Polar

Fig. 2. (a) Distribution of glycosylation sites and identified glycans on the predominant substrate-binding protein (SBP) (DSAG12_03090) from P. syntrophicum. Since
N474 and N483 were located in the same peptide, it was not possible to determine exact glycosite for some PSMs. (b) Sequence logo representing consensus se-
quences for N-glycosylation sites on the DSAG12_03090 protein. (c) Predicted structure of DSAG12_03090 protein using AlphaFold2. Amino acid residues are colored

by Confidence score, pLDDT (blue <100, light blue <70, yellow <50, orange <30). Potential glycosylation sites are shown in Magenta.
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glycosites, this denotes a N-glycosylation frequency of about one site per
74 residues. In comparison, a homologous protein from "Ca. L. ossife-
rum" (NEF87_000722) possessed seven sequons, suggesting a maximum
expected glycosylation frequency of one site per 85 residues. Notably,
the most frequently glycosylated site, N483 of DSAG12_030905, was
conserved in the sequence alignment with the "Ca. L. ossiferum" protein.
According to AlphaFold2, this glycosite was located at the apex of the
protein, opposite the transmembrane and membrane-anchoring region
identified in the orange N-terminal and C-terminal helices, as illustrated
on the upper right side of Fig. 2c. An unusual feature of N-glycosylation

(@)
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systems in archaea is the ability of certain species to attach multiple
different glycans to the same protein [35]. In the S-layer glycoprotein of
Halobacterium salinarum, an organism where only a single AgIB has been
identified [64], two distinct N-glycans are attached [65]. In Meth-
anococcus maripaludis, a tetrasaccharide is attached to archaellins [66],
whereas a pentasaccharide is attached to pilins [67]. Glycosylated SBPs
have been reported in various archaea [19,37,68-70], and the SBP from
S. acidocaldarius detected in this study (B6A19_RS05040) also exhibited
significant glycosylation (glyco-PSM count: 402) (Table S5). However,
the precise role of SBP glycosylation remains unclear. Glycosylation is
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S. Nakagawa et al.

not essential for substrate recognition, as demonstrated by the successful
heterologous expression of these proteins in E. coli [71,72] and their
retained substrate-binding activity following deglycosylation [73,74].
The glycosylation may contribute to the stability of SBPs under extreme
environmental conditions. Additionally, glycan-solute interactions may
influence the solute-binding process.

In comparison, S. acidocaldarius and S. solfataricus exhibited signifi-
cantly higher glycosylation frequencies (Table S5). Their S-layer pro-
teins exhibited high glyco-PSMs, which is consistent with previous
findings that many thermoacidophilic archaea possess S-layer proteins
with an exceptionally large number of N-glycosites, typically averaging
one glycosite per 30-40 residues [59]. In Sulfolobus and Saccharolobus,
studied as model Thermoproteota for glycobiological research, the focus
has been predominantly on glycoproteins such as S-layer proteins,
archaellins, and cytochromes. Our study uncovered more diverse gly-
coproteins, including hypothetical proteins and ABC transporter
solute-binding proteins, all modified by the homologous glycan
(Table S5). In general, these glycoproteins tended to be localized to the
cytoplasmic membrane. Among the three predominant delta masses
identified in P. abyssi, only the 1176.43 Da modification was reliable due
to the presence of oxonium ions of HexNAc and a consensus sequon.
Other delta masses were not focused because the MS/MS spectra of
peptides with the 1117.58 Da or 1266.66 Da modifications lacked po-
tential sugar oxonium ions, which are commonly present in multiple
putative glycopeptides, as well as the conserved N-X-S/T sequon. These
are consistent with previous findings that the structural heterogeneity
within one proteome is generally low in prokaryotes, although pro-
karyotic protein glycosylation shows a large species- and strain-level
variability [40]. For P. abyssi, glycosylation was observed in the puta-
tive S-layer proteins, ABC transporter permease, and hypothetical pro-
teins (Table S5). The glyco-PSM counts were notably lower compared to
those observed in thermoacidophilic Thermoproteota.

N-glycosylation in P. syntrophicum

The MS/MS examination of the three predominant delta masses from
P. syntrophicum identified the consistent presence of the oxonium ion of
HexNAc at 204.08 Da. The MS/MS examination of PSMs linked to the
801.30 Da delta mass uncovered a presumed linear glycan consisting of
304.13-Pen-Hex-HexNAc, where the 304.13 Da is a moiety of unknown
composition (Fig. 3a). Likewise, MS/MS spectra corresponding to the
909.30 Da delta mass showed a linear glycan of 304.13-Pen-Hex-311.08,
with the 304.13 Da and 311.08 Da components being of unknown
composition (Fig. 3b). Additionally, MS/MS spectra for the 1212.40 Da
delta mass also indicated a linear glycan structure of 304.13-Pen-Hex-
311.08-303.10, with the 304.13 Da, 311.08 Da, and 303.10 Da seg-
ments also remaining unknown (Fig. 3c). The occurrence of linear N-
glycans may be reasonable, since branching in the N-glycans appears to
be uncommon in mesophilic archaea [35], though further studies are
required to confirm their association with growth temperatures.

Archaeal protein N-glycosylation is distinguished by a diverse array
of linking sugars [35]. An unusual linking sugar with an m/z of 304.127
Da, identified in all three glycans from P. syntrophicum, was not previ-
ously reported in other archaea. However, since we could precisely
identify the mass up to two to three decimal places, we identified a
candidate sugar with a theoretical mass of 304.127051 Da, which could
potentially correspond to HexNAc modified with threonine or
Me-HexNAc modified with serine. Although the same mass could theo-
retically result from HexA modified with lysine, this is unlikely given
that previously identified linking sugars predominantly consist of Hex-
NAc or Hex, along with their derivatives. Additionally, fragments of
HexNAc were observed in glycopeptides lacking HexNAc residues
(Figs. 3b and 3c), supporting the presence of a HexNAc derivative. No
matching structure could be identified for the modification mass of
311.08 Da and 303.10 Da. For archaea, threonine-modified sugar--
containing glycan was previously reported in mesophilic methanogens
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belonging to the genus Methanococcus, where the N-glycan contains
ManNAcA or GlcNAcNAc linked with threonine [66,75]. Asgard archaea
include hydrogen/formate-producing fermentative mesophiles that
coexist closely with other microorganisms, such as methanogens that
scavenge hydrogen gas and formate [5]. Such intimate symbiotic in-
teractions might foster frequent lateral gene transfers between Asgard
archaea and proto-eukaryotic ancestors [5,76]. The second sugar unit
from the reducing end in P. syntrophicum was identified as a pentose.
Such pentose-containing N-glycan was reported in the hyperthermo-
philic Pyrococcus furiosus (Methanobacteriati) [77]. To our knowledge,
glycans from non-Methanobacteriati archaea are characterized by the
structure of reducing end, having two GlcNAc residues or its modified
forms, as those found in eukaryotes [36]. Thus, the discovery of unique
glycan structures in P. syntrophicum was unexpected, particularly
considering its evolutionary proximity to eukaryotes.

In comparison, expected glycan structures were confirmed for
S. acidocaldarius and S. solfataricus (Fig. S4), validating our analytical
methodology. For P. abyssi, MS/MS analysis of PSMs corresponding to
the 1176.43 Da delta mass revealed a presumed linear glycan structure
composed of 290.11-HexNAc-Hex-304.10-217.10 (Fig. S4). The candi-
date structure for the modification mass of 304.10 Da remained un-
identified. Nonetheless, the 217.10 Da might correspond to Me-HexNAc,
as previously reported in "Ca. Kuenenia stuttgartiensis" [40]. In addi-
tion, the candidate linking sugar corresponding to a mass of 290.11 Da
was identified as HexNAc modified with serine (theoretical mass,
290.1114 Da), although the possibility of it being an atypical sugar
cannot be excluded. While theoretically, this mass could represent Hex
modified by glutamine, this is unlikely considering the typical linking
sugars in Thermoproteota N-glycans are HexNAc or its variants [36,59,
62,63]. The identification of HexNAc as the second sugar from the
reducing end suggests that the N-glycan possesses a chitobiose core,
consistent with those found in other Thermoproteota.

Conclusion

This study unveiled the glycoproteomic characteristics of an evolu-
tionarily important Asgard archaeon for the first time. Although detailed
structural analyses, such as NMR and GC-MS, for N-glycans are needed
for future studies, our study highlights the effectiveness of high-
resolution LC-MS/MS in the glycobiological analysis of fastidious pro-
karyotes. While it is hypothesized that the last common ancestor of
eukaryotes and the Asgard archaeal lineage might have shared protein
N-glycosylation patterns [23], our findings showed the glycan properties
of Asgard archaea diverge from those of eukaryotes, Thermoproteota,
Methanobacteriota, Halobacteriota, and Thermoplasmatota (Fig. 4). The
origin and timing of eukaryotic N-glycosylation, whether arising from
symbiotic events or independent evolution before or after alphapro-
teobacterial endosymbiosis, remain unclear. According to the syntrophy
hypothesis by Lopez-Garcia and Moreira [34], the deltaproteobacterial
cell surface might have transitioned into eukaryotic one, suggesting
Asgard archaeal cell surfaces might not directly resemble those of eu-
karyotes, which could explain the glycobiological discrepancies. Addi-
tionally, considering the 2-billion-year timeline of eukaryogenesis,
current Asgard archaea have likely changed their glycosylation profiles
to adapt to their environments. The cell surface glycan, as the interface
with the environment, is probably subject to evolutionary pressures, as
reflected by the diverse glycan structures currently observed in archaea.
While the initial Asgard ancestors might have shared a chitobiose core
typical of eukaryotes, subsequent environmental adaptations could have
led to unique glycan configurations. The specific function of SBP
glycosylation in P. syntrophicum remains to be elucidated. Nevertheless,
the prevalent association of N-glycan with a single SBP suggests its
significant role, potentially in facilitating nutrient uptake and sensory
processes. Future glycoproteomic investigations on members of the
"Heimdallarchaeia" (particularly "Hodarchaeales"), which have a phylo-
genetic relationship closer to eukaryotes than that of Promethearchaeum,
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could elucidate the origins and evolution of eukaryotic N-glycosylation.
Considering that eukaryotic N-glycosylation starts in the endoplasmic
reticulum and progresses to the Golgi apparatus, a detailed investigation
of the N-glycosylation machineries and their cellular localizations in
Asgard archaeal cells is essential. Given the multiple hypotheses on
eukaryogenesis, it may be oversimplified to explain the emergence of
eukaryotic N-glycosylation through a mere symbiotic event between an
archaeon and a bacterium. In conclusion, from a glycobiological
standpoint, the Asgard archaeon does not exhibit clearly ancestral traits
similar to eukaryotes; rather, its unique characteristics may result in part
from horizontal gene transfers with cohabiting mesophilic species like
methanogens, as well as adaptations to their oligotrophic environments.
The physiological functions and evolutionary backgrounds of their
distinctive glycans, which include atypical sugars potentially modified
with threonine, remain to be elucidated. Our findings, along with novel
glycan identifications in P. abyssi, shed light on the largely unexplored
frontier of archaeal glycobiology and establish a foundation for up-
coming inquiries into glycosylation variations within prokaryotes.
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