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ARTICLE INFO ABSTRACT

Keywords: This study comprehensively characterizes structural diversity of archaeol lipids in selected archaeal genera,
Archaea integrating available genomic information with advanced lipidomic and stereochemical analyzes. Study of ge-
Archaeols nomes from six archaeal genera revealed the presence of key enzymes involved in glycerophosphate biosynthesis,
El:z:itt];em namely glycerol-1-phosphate dehydrogenase and glycerol-3-phosphate dehydrogenase. Their coexistence in
Membrane Lipids some of the studied strains suggests the ability of these organisms to synthesize both enantiomeric forms of
Stereoisomers glycerol phosphates. Shotgun lipidomic profiling confirmed the presence of saturated and unsaturated archaeols,

including extended forms (C20-C25), hydroxyarchaeols, and tetraether lipids, especially in the species Haloferax
volcanii, Methanopyrus kandleri, and Sulfolobus acidocaldarius. Using on-line 2D LC-MS/MS, a specific molecular
species of archaeol (20:3-25:4-AR) with seven double bonds was identified in H. volcanii, while bis-extended
archaeol (C25-C25) was not detected. Chiral HPLC of a commercial archaeol standard resolved four isomers,
with the (R)-2,3-di-O-phytanyl-sn-glycerol stereoisomer being the most abundant (> 80 %). In four of our
archaeal strains a minor S enantiomer was present at concentrations of 6.8-13.9 % relative to the main R isomer,
and its presence coincided with the presence of both glycerol phosphate dehydrogenases in the respective ge-
nomes. The distribution of these isomers across the studied strains supports the coexistence of both R- and S-
enantiomers of archaeols in some, but not all, archaeal lineages. These findings highlight the stereochemical and

structural complexity of archaeal membrane lipids and provide new insights into their biosynthetic diversity.

1. Introduction

The emergence of biological membranes was a pivotal event in early
cellular life evolution, allowing compartmentalization, energy conser-
vation, and ultimately the origin of life as we know it. Membranes not
only form the fundamental boundary between living cells and their
environment but also preserve a molecular record of ancient biochem-
ical pathways. A defining characteristic of this record is the so-called
‘lipid divide’ between Archaea and Bacteria: Archaeal membranes are
built from ether-linked isoprenoid chains attached to sn-glycerol-1-
phosphate (G1P), while bacterial and eukaryotic membranes consist of
ester-linked fatty acids on sn-glycerol-3-phosphate (G3P) [1]. Thus, this
divide is not only chemical (ether versus ester bonds) but also stereo-
chemical, with profound implications for the evolution of cellular life
and the emergence of biological homochirality [2]. Supplementary
Fig. S1 demonstrates the structural formulas of the two classes of lipids
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that differ in the stereochemistry of the glycerol phosphate backbone
and the stereochemistry of the glycerol moiety is explicitly indicated.
The origin and timing of this lipid divide remain debated. Genomic
and enzymatic evidence suggests that it emerged after the divergence of
Archaea and Bacteria, since their respective glycerophosphate de-
hydrogenases, G1P dehydrogenase (G1PDH, EC 1.1.1.261) in Archaea
and G3P dehydrogenase (G3PDH, EC 1.1.5.3) in Bacteria, are not ho-
mologous [3,4]. However, experimental studies have shown that het-
erochiral membranes, composed of G1P and G3P lipids, are stable and
functional [5]. This suggests that homochirality fixation was likely
driven by selective biochemical interactions or environmental pressures
rather than inherent stereochemical incompatibility [6]. For example,
Escherichia coli engineered with a hybrid heterochiral membrane —
where 30 % of total phospholipids were true archaeol-based (G1P)
species — exhibited significantly higher tolerance to heat shock (55 °C),
survival after freezing at —80 °C, or presence of 2 % butanol in the
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medium [7].

A common feature of archaeal membranes is the presence of phos-
pho- and glyco-lipids derived from extended ether lipids such as
archaeol and glycerol dialkyl glycerol tetraether lipids (GDGTs) [8].
Recent advances in chiral chromatography and high-resolution mass
spectrometry (HRMS) have enabled detailed characterization of these
lipids, shedding light on the biosynthetic pathways that underpin the
lipid divide. These techniques allow the separation and structural
elucidation of glycerophosphate (GP) enantiomers [9], providing a
window into the early evolution of cellular membranes and facilitating
reconstructions of ancient lipid biosynthesis pathways. Understanding
how this molecular asymmetry emerged not only clarifies the biology of
the last universal common ancestor (LUCA) of both Archaea and Bac-
teria, but also illuminates how the biochemical foundations of life
became firmly established.

In particular, the assumed exclusive use of G1P by Archaea raises
important questions about the origins of chirality in lipid metabolism.
Was the fixation of homochirality a consequence of selective biochem-
ical interactions or was it shaped by environmental constraints? A
commonly accepted hypothesis argues that the chemical stability of
ether-linked isoprenoid membranes under extreme conditions, such as
those in hydrothermal vents or hypersaline environments, conferred a
selective advantage to early Archaea [10].

Archaeol, a diether lipid composed of two phytanyl chains linked at
positions sn-2 and sn-3 of glycerol [11], exemplifies this distinct chem-
istry. Two structural differences distinguish archaeal lipids from those of
Bacteria and Eukarya: (i) the use of sn-2,3-glycerol instead of sn-1,
2-glycerol and (ii) the predominance of ether rather than ester bonds
[12]. Natural archaeol has three chiral centers in each isoprenoid chain
(positions 3R, 7R, 11R), totaling six per hydrocarbon chains, plus one on
the glycerol backbone. This yields 27, i.e., 128 possible stereoisomers,
along with four additional structural variants: macrocyclic archaeol
(with two phytanyl chains forming a 36-membered ring), hydroxylated
archaeol, sesterterpanyl archaeol (extended by C25 chains), and unsat-
urated derivatives containing double bond(s) [13]. Archaeol occurs in
all Archaea, although in varying proportions [12]. Together with
GDGTs, archaeol constitutes the so-called core lipids, widely used as
biomarkers in sediments, freshwater, and marine environments [14].
Their unique structures are believed to underlie archaeal adaptation to
extreme habitats [15-17].

The biosynthesis of archaeal side (phytanyl) chains has previously
been described in detail [18]. G1P itself is synthesized by reducing
glycerone phosphate (3-hydroxy-2-oxopropyl dihydrogen phosphate) by
G1PDH. Interestingly, published studies show that both G1PDH and
G3PDH are present in certain Archaea [19-21].

Advanced analytical methods have firmly established the stereo-
chemistry of G1P. Chiral chromatography of derivatized GPs in
specialized columns, combined with HRMS, enables resolution of GP
enantiomers [22,23]. Tandem mass spectrometry (MS/MS) provides
diagnostic fragmentation patterns, while high-resolution platforms such
as Orbitrap confirm exact molecular structures [24]. These methods
confirm not only the exclusive use of G1P in archaeal membranes, but
also trace biosynthetic intermediates and degradation products.
Geochemical analyses of ancient sediments, interpreted through chiral
chromatography and MS, support the antiquity of archaeal membranes
in the biosphere of the early Earth [25].

In particular, some Archaea appear to synthesize lipids based on both
G1P and G3P, and certain species produce both enantiomers [21]. In
Halobacterium salinarum and Pyrococcus sp., G3P accounted for ~4 % of
total GPs, while in Thermoplasma sp. strain HO-62 it reached as much as
24 % of total GPs. To further increase our understanding, we performed
detailed lipidomic analyses of several Archaea strains with a particular
focus on the archaeol stereoisomers.
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2. Experimental section
2.1. Chemicals and standards

Common chemicals were purchased from Sigma-Aldrich, Ltd. (now
Merck, Prague, Czech Republic), including acetonitrile, 2-propanol,
hexane, and dichloromethane. The 999986C Avanti (4ME 16:0 diether
DG, i.e. archaeol) and 850356P Avanti (4ME 16:0 PC, archaeol phos-
phatidylcholine) were purchased from Avanti Polar Lipids (Alabaster,
Alabama, USA).

2.2. Cultivation and growth conditions

All archaeal strains were cultivated in batch or closed batch culti-
vation modes under their species-specific conditions as detailed in the
supplementary materials, and harvested at the late-exponential growth
phase. All cultures were harvested by centrifugation (2,630 x g), flash-
frozen in liquid nitrogen, and freeze-dried for 24 h. A minimum of 15-20
mg of freeze-dried biomass per strain was used for lipid extraction and
subsequent chromatographic analyses. The step-by-step lipid analysis
process is shown in supplementary Fig. S2.

2.3. Lipid extraction and saponification

The lyophilized samples were extracted using a modified Bligh and
Dyer method [26]. Briefly, biomass samples (Supplementary Table S1)
were extracted using a mixture of methanol, dichloromethane, and
phosphate buffer at pH 7.4 (2:1:0.8, vol:vol:vol). After 10 min of soni-
cation, additional dichloromethane and buffer were added to the
mixture to achieve a final ratio of methanol:dichloromethane:buffer of
1:1:0.8 vol:vol:vol. The phases were separated and the extraction was
repeated three more times [27].

To preserve the allylic bonds in the core lipids, saponification, rather
than acid methanolysis, was used to recover the core lipids from the total
lipids obtained by extraction [28]. Total lipids were hydrolyzed for 2 h
with 0.5 N KOH in a MeOH/H>0 mixture (3:1, vol:vol) at 75 °C. After
cooling, the unsaponified material was extracted with hexane/CHCl3
(4:1, vol:vol), dried over NaySO4 and evaporated to dryness under a
stream of No. The weight of the unsaponifiable fractions, representing
the total core lipids, is given in supplementary Table S1 (for example,
H. volcanii = 4.58 mg of 168.3 mg of lyophilized cells, corresponding to
2.72 weight %).

2.4. Shotgun analysis

The linear ion trap quadrupole LTQ-Orbitrap Velos mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA, USA) was equipped with a
heated electrospray interface (HESI) operating in positive ionization
mode. The mass spectrometer (MS) scan range was set in the Fourier
transform (FT) cell and recorded within a window of 200-2000 Da. The
mass resolution was set at 105,000 at m/z 400, and the ion spray voltage
was +3.5 kV in electrospray positive ionization mode (ESI"). Flow In-
jection Analysis was used for sample introduction into the heated ESI-
MS (H-ESI-MS) ion source. Acetonitrile (ACN) with 5 mmol L1 aqueous
ammonium acetate and 2-propanol (iPrOH) with 5 mmol L™} aqueous
ammonium acetate (50/50 v/v) was used at a flow rate of 125 pL/min.

The ionization parameters were as follows: N, was used as the
nebulizer gas, set at 18 arbitrary units for the sheath gas and 7 arbitrary
units for the auxiliary gas; ion source temperature was 250 °C; capillary
temperature was 230 °C; capillary voltage was 50 V; and the tube lens
voltage was 170 V. Helium was used as the collision gas in collision-
induced dissociation (CID) experiments. A CID normalization energy
of 35 % was applied to fragment the parent ions. The MS/MS product
ions were detected in high-resolution FT mode.

The MS was calibrated using a Pierce LTQ Orbitrap positive ion
calibration solution (Thermo Fisher Scientific, San Jose, CA, USA).
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During mass spectral acquisition, an internal lock mass was used: m/z
413.2662 [M+Na] ™, corresponding to diisooctylphthalate in ESI'. The
mass accuracy achieved was better than 1.0 ppm. Core lipid structures
were confirmed using the LIPID MAPS Lipidomics Gateway spectral
database (LIPID MAPS, 2025) and previously published descriptions of
positive mass spectra of core lipids [14,27,29-32].

2.5. Analysis of archaeols by two-dimensional on-line LC-tandem MS

Analysis of the core lipids was performed in two modes. In the first
mode, reverse phase high-performance liquid chromatography and
high-resolution positive electrospray ionization mass spectrometry (RP-
HPLC/HR-ESIT-MS) was employed to determine the retention times of
the respective core lipids. In the second mode (chiral LC-MS), the rele-
vant fractions were transferred to the Astec Cyclobond™ column via a
Rheodyne valve (see below and supplementary Fig. S3 for details), and
the individual peaks were identified using tandem MS and optical
rotation.

The HPLC setup consisted of a 1090 Win system, a PV5 ternary
pump, and an automatic injector (HP 1090 series, Hewlett Packard,
USA), along with three Luna Omega columns (Phenomenex, Aschaf-
fenburg, Germany) (1.6 um, C18, 100 A, 150 x 2.1 mm) connected in
series. In our setup, the efficiency of ~130,000 plates/meter was ach-
ieved. Archaeol from Merck, with a retention time of 37.75 min, was
used as an external standard. The flow rate was 0.25 mL min~!, the
injection volume was 10 pL, and the column temperature was main-
tained at 35 °C.

The core lipids were separated using a solvent gradient program. The
mobile phase consisted of acetonitrile (ACN) with 5 mmol L™} aqueous
ammonium acetate and 2-propanol (iPrOH) with 5 mmol L™} aqueous
ammonium acetate. Gradient conditions were as follows: initially, ACN/
iPrOH (99:1, vol:vol), then a linear shift to 25:75 ACN/iPrOH (vol:vol)
from 5 to 75 min, followed by a 10 min hold. The system was returned to
the initial composition for 10 min. Ten percent of the HPLC flow was
directed to the LTQ Orbitrap Velos system (see above), while the
remaining 90 % of the flow, containing fractions of individual core
lipids, was diverted for fraction collection. Time windows of 0.7 min
were applied for both archaeol and extended archaeol. Specifically, the
interval from 37.38 to 38.08 min for archaeol (C20, C20) and from 47.45
to 48.15 min for extended arachaeol (C20, C25) was transferred via a
Rheodyne valve (type 7125, Rohnert Park, CA, USA, MXT715-000), a 2-
position 6-port switching valve equipped with a 200 uL stainless steel
sample loop, to a second column. A schematic diagram of the automatic
column-switching HPLC system used in this study is shown in supple-
mentary Fig. S3.

The second-stage columns, used to separate archaeol and extended
archaeol, consisted of two Astec Cyclobond™ I 2000 DMP chiral LC
columns (3,5-dimethyl-phenyl-carbamate modified f-cyclodextrin, 5
um, 250 x 4.6 mm) from Sigma-Aldrich, Ltd., connected in series. The
mobile phase gradient was established as follows: starting at 93 % A and
7 % B at 0 min, transitioning to 45 % A and 55 % B over 40 min, followed
by an isocratic phase. Here, A represented hexane, while B was a mixture
of hexane and iPrOH (97:3 vol:vol with 10 mmol L~! ammonium ace-
tate). The flow rate, column temperature, and injection volume were
0.45 mL min~?, 24 °C, and 10 pL, respectively. All other conditions
matched those used for RP-LC. There is no commercially available
standard for extended archaeol, and therefore only the optical rotation
of each peak is shown in supplementary Fig. S4 without identifying
whether it is the R or S enantiomer.

2.6. Optical rotation

The optical rotation of the separated peaks of archaeol isomers, see
supplementary Table S2, was measured using a JASCO P-2000 polar-
imeter (JASCO UK Limited, Heckmondwike, West Yorkshire, England).
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2.7. Bioinformatics

To explore publicly available genomic resources, we searched for
evidence of the presence of genes that encoded G1PDH and G3PDH in
the different archaeal taxa (species) used in this study through GenBank
(https://www.ncbi.nlm.nih.gov/protein/) and UniProt (https://www.
uniprot.org/). To this end, the search combined the textual descriptor
of the gene (“glycerol-1-phosphate dehydrogenase” or “glycerol-3-
phosphate dehydrogenase”) and the species name of the respective
archaeon. Prediction of G1PDH and G3PDH for the identified enzymes
was performed using HHpred (https://toolkit.tuebingen.mpg.de/too
Is/hhpred) with searches performed against the Pfam-A v37.4, COG_-
KOG v1.0, NCBI Conserved Domains (CD) v3.19 and TIGRFAMs v15.0
databases. Multiple sequence alignment was done with Jalview. G3PDH
alignments were omitted due their high structural diversity that pre-
vented reliable alignment.

3. Results and discussion
3.1. Biosynthetic pathways

All investigated organisms possess a single copy of the enzyme
G1PDH, as confirmed by re-blasting of their respective genomes. These
enzymes showed high sequence similarity and contained conserved
residues, including those responsible for the Rossmann fold, as well as
those involved in zinc-ion and substrate binding [33] (see supplemen-
tary Fig. S5 for more details). H. volcanii encodes two putative operons
associated with the activity of G3PDH, namely glpA1B1C1 (HVO_1538
to HVO_1540), located on the chromosome near the glycerol kinase gene
(glpK), and glpA2B2C2 (HVO_A0269 to HVO_A0271), situated on the
pHV4 megaplasmid pHV4 [34]. This enzymatic machinery closely re-
sembles the bacterial counterpart.

S. acidocaldarius was shown to encode two operons of glycerol kinase
(GK) and G3PDH (saci_1117 to 1119 and saci_2031 to 2033) involved in
the utilization of glycerol. The G3PDH enzyme has an unusual mem-
brane anchoring via a CoxG-like protein, highlighting a unique archaeal
adaptation in glycerol metabolism [20]. Comparative BLAST analysis
between S. acidocaldarius and S. solfataricus showed that the enzymes
involved in glycerol metabolism had close homologues in S. solfataricus,
ranging from 70.9 % and 69.6 % for two identified GK (SSO1600 and
$502133), to 67.7 % for G3PDH (SS02526), as well as 54.9 % sequence
identity for a putative CoxG-like protein (S502524). Interestingly, ho-
mologs of the two enzymes discussed here were also identified in
M. sedula, which encodes them within a single operon (Msed_1177; 59.4
% sequence identity to S. acidocaldarius, and a CoxG-like Msed_1176
protein showing 44.1 % identity). Although M. sedula belongs to the
same order of Sulfolobales, the GK gene appears to be absent, suggesting
that this organism is not able to utilize glycerol as a carbon source.

The enzyme domains for the corresponding proteins were confirmed:
cd08173 for G1PDH and COGO0578 for G3PDH in Sulfolobales. In
H. volcanii, the presence of TIGR03377, COG3075, and TIGR03379 do-
mains was verified, further proving that the correct enzymes were
identified. Additionally, S. acidocaldarius and S. solfataricus possess two
additional candidate genes (Saci_2273 and SSO2643) that possibly
encapsulate an anaerobic G3PDH chain C (domain: TIGR03379).

Other genera included in this research, i.e., Methanopyrus and
Methanothermobacter, lack the G3PDH (supplementary Table S1). Thus,
in the two latter species, archaeols with an S configuration on the
glycerol backbone should not be present.

3.2. Shotgun lipidomic

Shotgun analysis of the non-saponifiable fractions obtained by
alkaline hydrolysis of total lipids from eight archaeal samples (Table S1)
is shown in Fig. 1. Based on published data on the tandem mass ESI* of
archaeol as [M+Li]* [32], in which the ion at m/z 99 was predominant,
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Fig. 1. Shotgun analysis by precursor ion scan (ion with chemical formula: [C3HoO3] ", exact mass: 93.0546) of the different archaea samples detailed in Supple-
mentary Table S1. Only the interval between 650 and 750 Da is shown, i.e. the interval containing archaeol, unsaturated archaeols, hydroxyarchaeols, and

extended archaeols.

we identified the ion at m/z 93 in ESI" spectra of archaeol detected as
[M+H]" and therefore selected it as the precursor ion. An advantage of
this ion is that its intensity increases with increasing numbers of C=C
double bonds, whereas the relative abundance of the corresponding

molecular species decreases. In addition to fully saturated archaeol,
minor amounts of unsaturated archaeols were detected in H. volcanii,
with monounsaturated archaeol constituting ~15 % of the total
([M+NH4]", 668.6916 Da). Extended archaeol (C20-C25) was also
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observed at m/z 740.7856 in the same strain (i.e., H. volcanii), along
with trace levels of unsaturated analogues. Fig. 1 displays the total ion
current over 650-750 Da. In all samples, archaeol was the predominant
component (see its tandem mass spectrum in Fig. 2 and the predicted ion
structure in supplementary Fig. S6). Archaeols containing one or more
double bonds (i.e., molecular masses 668.7, 666.7, and 654.6 Da) were
additionally identified in H. volcanii and M. kandleri, while hydrox-
yarchaeol (i.e., molecular mass 686.7 Da) was detected as a minor
constituent in M. kandleri and S. acidocaldarius (Fig. 1). Finally,
H. volcanii contained a higher archaeol homologue, 2-O-sesterpany-
1-3-O-phytanyl-sn-glycerol, with side chains C20 and C25, whose tan-
dem mass spectrum and predicted ion structure are shown in
supplementary Fig. S6. Furthermore, tetraethers such as GDGT,
OH-GDGT, and related compounds were detected in the core lipids, both
in saturated and unsaturated forms. However, these compounds were
not further identified because they were not required for subsequent
analyses.

Published studies describing the presence or absence of archaeol
derivatives vary considerably. For example, in H. volcanii, several au-
thors [27,35,36] generally agree that this species contains unsaturated
archaeols with up to eight double bonds, i.e., 2,3-bis-0-(3,7,11,15-tet-
raenophytanyl)-sn-glycerol  (2,3-di-O-geranylgeranyl-sn-glycerol or
archaeol C40:8).

A homologue of archaeol, O-phytanyl-O-sesterterpanyl-sn-glycerol
(C20-C25-AR), has been reported in Halobacteriales [37], although
published results are inconsistent. The presence of extended archaeol
was confirmed by Yao et al. [36]. On the contrary, Teixidor et al. [38]
and Dawson et al. [28] reported that H. volcanii and other species of
Haloferax did not contain O-phytanyl-O-sesterterpanyl-sn-glycerol, ac-
cording to GC-MS analyses of trimethyl silyl derivatives.

Similarly, both fully unsaturated archaeol (archaeol C40:8) [39] and
hydroxyarchaeol [40] have been reported in M. kandleri. Hydrox-
yarchaeol has also been described in S. acidocaldarius, which is

Journal of Chromatography A 1774 (2026) 466853

consistent with the results presented in Fig. 1. On the contrary, it was not
detected in H. volcanii in the analyses reported here. Discrepancies be-
tween published results may be due to differences in strains used,
cultivation conditions, or analytical methodology (GC-MS vs. LC-MS).

3.3. Analysis of archaeols by two-dimensional on-line LC-tandem MS

For further analysis by RP-HPLC/MS-ESI', H. volcanii was selected
mainly because it yielded the highest amount of biomass and is among
the archaeal strains that are the most easily grown in the laboratory
[41]. Using RP-HPLC/MS-ESI™, it was proven that H. volcani contained
both saturated and unsaturated archaeols, as well as their homologues
(extended archaeols). Archaeol (C20-C20-AR) with a retention time of
37.75 min (Fig. 3) was identified as the major peak, see tandem MS in
Fig. 2. Furthermore, unsaturated archaeols were identified, e.g.
C20:2-C20:0-AR having tR = 35.13 min or C20:1-C20:0-AR (tR = 36.27
min). In particular, it was confirmed here that H. volcanii contained not
only fully saturated extended archaeol (with tR = 47.84 min), but also
molecular species that have tR = 42.46 min with 7 double bonds, see
[M+NH4]1 at m/z 726.6761 (C20:3-C25:4-AR) (Fig. 3). At the same
time, the presence of bis-extended archaeol, i.e. di-sesterpanyl
(C25-C25) archaeol, was not confirmed. If present, it was at concen-
trations at least two orders of magnitude lower than the C20-C20
archaeol, see again Fig. 3. This double homolog was, for example,
identified in other Archaea such as Aeropyrum pernix [42], Meth-
anomassiliicoccus luminyensis [43] or in samples of solar evaporation
pond liquor [16].

The chromatogram corresponding to archaeol purchased from
Avanti separated four peaks corresponding to four isomers (Fig. 4).
Using chiral HPLC, the purities were estimated to be 1.1 % for probably
(8)-2,3-bis((3S,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propan-1-
ol, 10.7 % for (S)-2,3-bis(((3R,7R,11R)-3,7,11,15-tetramethylhex-
adecyl)oxy)propan-1-ol, 4.3 % for (R)-2,3-bis(((3S,7R,11R)-3,7,11,15-
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Fig. 2. Tandem mass spectra of three major diethers (archaeol, extended archaeol, and hydroxyarchaeol) identified in the samples reported in this study.
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= 35.13 and 36.27 min), archaeol (tR = 37.75), extended unsaturated archaeols (tR = 42.46, 44.72, and 46.22 min), and extended archaeol (tR = 47.84 min).

tetramethylhexadecyl)oxy)propan-1-ol, and 83.9 % for (R)-2,3-bis
(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propan-1-ol.
Archaeols with abundances of 1.1 % and 4.3 % most likely had a
different configuration from the others, potentially at C3 of the phytyl
unit [11,44]. Their optical rotations are listed in supplementary
Table S2.

The peak with the highest abundance, i.e. the peak with tR = 32.66
min, was identified based on tR, tandem MS, and optical rotation.
Various authors report [a]p ranging from +7.1 to +9.68°, see note b in
supplementary Table S2. This confirmed the stereochemistry of the R
archaeol. Supplementary Fig. S7 describes the tandem mass spectra of
both epimers, and it is evident that these spectra are identical.

The identity of the further enantiomer with tR = 31.67 min, i.e., (S)-
2,3-bis(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy) propan-1-
ol, referred to in the article by Morii et al. [45] as 1,2-di-O-p-
hytanyl-sn-glycerol, was established by the [a]p. Morii et al. reported
[a]p -7.1°, which confirmed the stereostructure, which was also set in
the article by Kates [13]. Our value of [a]p -8.06 is given in supple-
mentary Table S2.

Two more isomers were also identified, one with a tR of 31.11 min
and the other with a tR of 32.04 min. While the latter was present in
sufficient quantity to measure the optical rotation [a]p = 7.19, the
earlier was not. On the basis of published data, it can be assumed that
the isomer with a tR of 32.04 min is the isomer with a different
configuration at Cg (S), which is also consistent with its optical rotation
(see supplementary Table S2 for details). Régnier et al. [11] also found
the corresponding isomer (S-archaeol with tR = 123.614 min) by ion
scanning at m/z 760.65, but unfortunately, the authors did not identify it
further. In our case, this peak had a tR of 31.11 min. This isomer has an
abundance of approximately 1.25 % of the R isomer, and because it is a
minority, the optical rotation could not have been measured here. Its

probable stereoisomerism was inferred from tR alone. To determine the
configuration of the seven asymmetric centers, a larger amount of
archaeol would have to be obtained, which we were unable to do with
the 5 mg purchased from Avanti. Furthermore, this isomer was not
identified in any of the eight cultivated biological samples reported here.

However, it should be noted that the separation of all the 128
theoretically existing synthesized isomers of archaeol is very poor; see
Fig. S17 from the paper by Régnier et al. [11]. However, the authors
attempted to estimate the representation of (R)-2,3-bis(((3R,7R,11R)-3,
7,11,15-tetramethylhexadecyl)oxy)propan-1-ol, which, according to
their calculation, was 6.46 % of total isomers. On the basis of all of the
above results, we assume that four of the six cultured strains analyzed
here contained both the R and S enantiomers of archaeol. The S enan-
tiomer always represented a minority of archaeols, its share varying
according to the corresponding strain from 6.8 to 13.9 % of the R
enantiomer (supplementary Table S2). This result is consistent with
previously published results [21] and with the evidence obtained from
the GenBank database and through the bioinformatic analyses reported
above, i.e., strains without evidence of G3PDH in their genomes
(Methanopyrus and Methanothermobacter) also lacking biochemical evi-
dence for S enantiomers of archaeol upon analyzing their lipids.

4. Conclusion

Based on all of the results obtained by chiral chromatography, it
seems very likely that some genera and species of Archaea can bio-
synthesize two enantiomers of archaeol. These results are in good
agreement with mounting evidence that in addition to the homochiral
membranes of Bacteria [9,46] and in Archaea, both G1P and G3P can be
present as starter units in some of the archaeal taxa. The stereochemical
partitioning of the lipids thus is not as strict as originally thought,
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Fig. 4. Separation of archaeol from six strains of Archaea and the commercial standard obtained by analysis on two chiral columns connected in series. R-AR = (R)-
2,3-bis(((3R,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propan-1-ol, R-AR* = (R)-2,3-bis(((3S,7R,11R)-3,7,11,15-tetramethylhexadecyl)oxy)propan-1-ol, S-AR =
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1-ol.
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including the presence of genes related to G1P and G3P in bacterial
[46-48] and archaeal [49] genomes, as well as detection of both G1P
and G3P in genetically modified E. coli [7] and several Gram-positive
Bacteria [9]. For example, in S. acidocaldarius, glycerol is phosphory-
lated to glycerol-3-phosphate by GK [20]. Therefore, the resulting G3P
can be involved in the biosynthesis of archaeols as the backbone, in
addition to G1P. The genome of the hyperthermophilic archaeon
Archaeoglobus  fulgidus contains a G3PDH ortholog (gpsA), and
biochemical characterization demonstrated G3PDH-like activity of the
recombinant gpsA gene product [19].

The stability of heterochiral hybrid membranes composed of bacte-
rial polar lipids of type sn-G3P and archaeal polar lipids of type sn-G1P
was previously investigated [5]. The results demonstrated that hetero-
chiral hybrid liposomes exhibited stability comparable to that of
homochiral liposomes, suggesting that such hybrid membranes can be as
robust as the biomembranes of contemporary thermophilic microor-
ganisms. These findings support the notion that heterochiral membranes
were already present during the early evolution of life, likely serving as
lipid components of LUCA before the divergence of Archaea and Bac-
teria, and remnants of these structures may still persist in extant mi-
croorganisms under certain conditions. To fully confirm this hypothesis,
that is, that some Archaea have heterochiral membranes, further anal-
ysis is necessary, focusing either on archaeol isomers and/or isolation
and identification of the relevant genes/enzymes using advanced
genomic or proteomic tools.

Data availability

Primary data is Zenodo (doi: 10.5281/
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