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Today, there is increasing awareness of the multiple dynamic
roles of lipids in cell life.

Knowing how lipid molecular species are organized,
interact with proteins, and change with environmental stress
and metabolic state is crucial to understanding the mem-
brane structure and the cellular functions.

The present view of lipid biology arises from the avail-
ability of technologies able to detect even minor lipid com-
ponents with short lifetimes. In the late 1990s, the technical
innovation in mass spectrometry led to the development
of “lipidomics” as an evolution of lipid biochemistry. Fur-
thermore, progress in microscopy and the availability of
many types of fluorescent probes, together with genetic
engineering, presently offer the possibility to move quickly
towards lipid systems biology. As a consequence, besides
being able to analyze major and minor lipids of all structures
and sizes by mass spectrometry and nuclear magnetic
resonance, we can study topology, structural organization,
and dynamics of lipids by microscopy and fluorescent probes
in living cells and microbes.

Lipids are among the taxonomic traits that can be used
to clearly delineate the archaea from all other organisms.
Archaeal phospholipids are built on glycero-1-phosphate and
contain ether-linked isoprenoid chains, while bacterial and
eukaryal lipids are constituted of fatty acids ester-linked
to glycero-3-phosphate. The radical structural differences
between lipids of archaea and bacteria or eukaryotes raise
many questions about early evolution of cell membranes.

This special issue contains selected papers dealing
with archaeal phospholipid biosynthetic pathways, physical

chemical properties and biotechnological applications of
archaeal lipids, mass spectrometry lipid analyses and lipids
of the archaeal viruses.

An updated phylogenic analysis of enzymes involved in
archaeal phospholipid biosynthetic pathways is presented by
the group of D. Moreira. The biosynthetic pathways have
also been analyzed from the experimental point of view in
a study of the group of H. Hemmii, which has expressed 4
genes involved in the biosynthesis of archaeal phospholipids
in E. coli resulting in the production of archaeal-type lipids in
the bacterium; in the future such engineered E. coli cells may
serve to test the properties of mixed membranes constituted
of both archaeal and bacterial phospholipids.

Lipid components of the membranes of Pyrococcus
furiosus have been analyzed by MALDI/TOF-MS coupled
to TLC in a study of S. Lobasso et al.; while lipids of
uncultured methanogens present in geological samples have
been detailed characterized by ESI-MS by M. Y. Yoshinaga
et al.

The ability of archaeal lipids to act as adjuvant in vaccines
designed to give protection against solid tumor has been
examined in a study by G. D. Sprott et al.

A review article by E. Roine and D. H. Bamford describes
the specific lipid components of viral membranes of archaeal
viruses, in the frame of their possible functional roles in the
mechanism of infection.

The chemical physical properties of the lipid core of
membranes constituted of archaeal diether lipids have been
examined in a study by A. Ota et al. by using fluorescence
steady-state anisotropy and electron paramagnetic resonance



2 Archaea

measurements and in a review article of P. L. Chong et al.
where the role of cyclopentane rings in the lipid chains of
tetraether lipids on membrane fluidity is examined.

Finally an interesting contribution of Y. Koga compar-
atively examines the different mode of adaptation to high
temperature of archaea and bacteria pointing out the role
that differences in chemical physical properties of archaeal
and bacterial lipids might have played in the differentiation
of archaea and bacteria during evolution.

We hope that this issue will contribute to the understand-
ing of the multiple roles of lipids in the cell biology of archaea
and will stimulate further investigation in this field, opened
by the pioneering studies of Morris Kates in the 60s.

Angela Corcelli
Parkson Lee-Gau Chong

Yosuke Koga
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Archaea have idiosyncratic cell membranes usually based on phospholipids containing glycerol-1-phosphate linked by ether bonds
to isoprenoid lateral chains. Since these phospholipids strongly differ from those of bacteria and eukaryotes, the origin of the
archaeal membranes (and by extension, of all cellular membranes) was enigmatic and called for accurate evolutionary studies.
In this paper we review some recent phylogenomic studies that have revealed a modified mevalonate pathway for the synthesis
of isoprenoid precursors in archaea and suggested that this domain uses an atypical pathway of synthesis of fatty acids devoid
of any acyl carrier protein, which is essential for this activity in bacteria and eukaryotes. In addition, we show new or updated
phylogenetic analyses of enzymes likely responsible for the isoprenoid chain synthesis from their precursors and the phospholipid
synthesis from glycerol phosphate, isoprenoids, and polar head groups. These results support that most of these enzymes can be
traced back to the last archaeal common ancestor and, in many cases, even to the last common ancestor of all living organisms.

1. Introduction

Archaea were identified as an independent domain of life in
the late 1970s thanks to the characterization of differences
between their ribosomal RNA molecules and those of
bacteria and eukaryotes [1]. At that time, it was already
known that the so-called “archaeabacteria” held several
atypical biochemical characteristics, of which the most
remarkable was their unusual membrane phospholipids.
Whereas all bacteria and eukaryotes were known to have
membranes based on fatty acids linked by ester bonds to
glycerol-phosphate, archaea appeared to have phospholipids
composed of isoprenoid chains condensed with glycerol-
phosphate by ether linkages [2–6]. Moreover, the archaeal
glycerol ethers contained sn-glycerol-1-phosphate (G1P),
whereas bacterial and eukaryotic ones contained sn-glycerol-
3-phosphate (G3P) (for review, see [7, 8]). These differences,
which have been at the center of an intense debate about
the nature of the first cell membranes [9], have progressively
been shown to be not so sharp: ether-linked lipids are
common both in eukaryotes (up to 25% of the total lipids
in certain animal cells, [10]) and in several thermophilic
bacteria [11–13]; fatty acid phospholipids have been found

in diverse archaea [14]; conversely, isoprenoids are known
to be universal although they are synthesized by non-
homologous pathways in the three domains of life, [15];
even the stereochemistry of the glycerol phosphate has some
exceptions, as shown by the recent discovery of archaeal-like
sn-glycerol-1-phosphate specific lipids in some bacteria [16]
and in eukaryotic endosomes [17].

Today, thanks to the significant accumulation of com-
plete genome sequence data for a wide variety of species,
it is possible to study the major pathways of phospholipid
synthesis and their exceptions by looking at the presence
or absence of the corresponding genes in the different
genomes. In addition, these data allows reconstructing the
evolutionary history of each gene by combining comparative
genomics and phylogenetics, namely, by using a phyloge-
nomic approach. In this paper, we summarize the results
concerning the phylogenomic studies of the biosynthesis
pathways of archaeal phospholipid components and provide
some new evolutionary data about the enzymes reviewed
in Koga and Morii [18] and Matsumi et al. [19] as likely
responsible for the assembly of archaeal lipids from these
building blocks.
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2. Archaea Possess an Atypical Pathway of
Biosynthesis of Isoprenoid Precursors

Isoprenoids are chains of isoprene units and their derivatives
and are found ubiquitously in all living beings. They are
involved in very diverse functions, such as photosynthetic
pigments, hormones, quinones acting in electron transport
chains, plant defense compounds, and so forth [15, 20].
In archaea, isoprenoids also make up the hydrophobic
lateral chains of phospholipids [7]. Isoprenoid biosynthesis
requires two isoprene activated precursors, called isopen-
tenyl pyrophosphate (IPP) and dimethylallyl diphosphate
(DMAPP), which act as building parts. The first metabolic
pathway responsible for the biosynthesis of isoprenoid
precursors was discovered in yeasts and animals in the 1950s
and named mevalonate (MVA) pathway in reference to its
first committed precursor. Since its first description, the
MVA pathway was thought to synthesize the isoprenoid
precursors in all organisms [20], but closer scrutiny showed
its absence in most bacteria [21]. An elegant series of
multidisciplinary approaches allowed in the late 1990s and
early 2000s describing an independent and non-homologous
pathway in bacteria, the methylerythritol phosphate (MEP)
pathway (see [22] for review). The MEP pathway was found
to be widespread in bacteria and plastid-bearing eukaryotes,
whereas the MVA pathway was assumed to operate in
archaea and eukaryotes [15, 23]. In the early 2000s, archaeal
isoprenoids were thought to be synthesized through the
MVA pathway because the 14C-labelled intermediates of this
pathway were shown to be incorporated into the archaeal
phospholipids [24]. However, only two of the enzymes of the
eukaryotic pathway have been described in archaea [25, 26].
Moreover, the search of MVA pathway enzyme sequences
in archaeal genomes revealed that from the seven enzymes
acting on this pathway, most archaeal species lack the last
three of them: phosphomevalonate kinase (PMK), meval-
onate diphosphate decarboxylase (MDC), and isopentenyl
diphosphate isomerase (IDI1), involved in the conversion of
phosphomevalonate into IPP and DMAPP [27]. Attempts
to characterize these missing archaeal enzymes revealed
two new enzymes: the isopentenyl phosphate kinase (IPK)
and an alternative isopentenyl diphosphate isomerase (IDI2)
[28–30]. Although the decarboxylation reaction required to
synthesize isopentenyl phosphate from phosphomevalonate
has not been described yet, an alternative final MVA pathway
involving IPK and IDI2 was then proposed to exist in archaea
(Figure 1, [29]).

Taking advantage of the recent accumulation of genomic
data, we carried out a thorough phylogenomic analysis of the
pathways of isoprenoid precursor synthesis [31]. Concerning
archaea, our presence-and-absence analysis extended the
presence of the proposed archaeal alternative pathway to
a wide archaeal diversity. The main exception to these
observations was Nanoarchaeum equitans, which explains
the dependence of this organism to obtain its lipids from
its crenarchaeal host, Ignicoccus hospitalis [32]. Phylogenetic
reconstructions of the MVA pathway enzymes present in
archaea systematically revealed a clade independent from the
other domains of life, representative of the archaeal diversity

and generally respecting the main archaeal taxonomic groups
[31]. These results are consistent with the presence of a
distinctive archaeal MVA pathway in the last archaeal com-
mon ancestor (LACA) and support that different isoprenoid
precursor biosynthesis pathways are characteristic of each
domain of life: the classical MVA pathway in eukaryotes, the
alternative MVA pathway in archaea, and the MEP pathway
in bacteria.

The origin of the archaeal MVA pathway appears to be
composite. The enzymes shared with the classical eukaryotic
MVA pathway were also ancestral in eukaryotes and bacteria
and, therefore, they can be inferred to have been present
in the last common ancestor of all living organisms (the
cenancestor), from which the archaeal lineage would have
inherited them. The last enzymes of the eukaryotic MVA
pathway were most likely present in the respective ancestors
of eukaryotes and bacteria, but their distribution in archaea
is scarce and complex: homologues of MDC can be detected
in Haloarchaea and Thermoplasmatales and some IDI1 genes
have been identified in Haloarchaea and Thaumarchaeota,
although they most likely reflect recent horizontal gene
transfer (HGT) events from bacterial donors, as deduced
from their position well nested among bacterial sequences
in phylogenetic analyses [23, 31]. In contrast, the class
Sulfolobales contains PMK and MDC homologues which
robustly branch in an intermediate position between the
eukaryotic and the bacterial sequences, suggesting that these
sequences could be ancestral versions that would have been
lost in the rest of archaea [31]. If this is the case, a eukaryotic-
like pathway (except for the IDI function, which remains
ambiguous) can be proposed to have existed in the cenances-
tor. This pathway would have been replaced by the MEP
pathway in the bacterial lineage, whereas in archaea only
the last steps were replaced by non-homologous enzymes.
We do not know the evolutionary forces that drove these
changes; however, the mevalonate kinase (MVK), PMK, and
MDC belong to a large family of kinases, namely the GHMP
kinases [33], which is characterized by a high structural
and mechanistic conservation that contrasts with the large
range of substrates that they can use [34]. If we assume that
ancestors of these enzymes were not very specific, this could
have allowed some tolerance to recruitment of evolutionary
unrelated enzymes not only in archaea but also in some
eukaryotes that have replaced their ancestral PMK by a
non-homologous one [35, 36]. In agreement with this idea,
the archaeal IPK itself appears to be able to use different
substrates [37], which could have made the replacement
easier.

3. Early Evolution of
Isoprenoid Chain Synthesis

Once the isoprenoid precursors, IPP and DMAPP, have
been synthesized, they still have to be assembled to make
isoprenoid chains. The prenyltransferases responsible for this
function are the isoprenyl diphosphate synthases (IPPS).
Since many more complete genome sequences are now
available than at the time of previous IPPS phylogenetic
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analyses, we present here an updated survey of the evolution
of these enzymes. Although many different enzymes are
required to synthesize the wide diversity of isoprenoids, the
first steps are widely shared among the three domains of
life [38]. They consist of the progressive addition of IPP
units (5 carbons each) to an elongating allyl polyisoprenoid
diphosphate molecule. Starting with DMAPP (5 carbons),
consecutive condensation reactions produce geranylgeranyl
diphosphate (GPP, 10 carbons), farnesyl diphosphate (FPP,
15 carbons), geranylgeranyl diphosphate (GGPP, 20 car-
bons), and so forth. Different IPPSs are characterized by the
allylic substrate that they accept (DMAPP, GPP, FPP, . . .) and
by the stereochemistry of the double bonds, but the main
characteristic used to classify them is the size of the products
that they synthesize: they can be short-chain IPPS (∼up to
25 carbons) or long-chain IPPS (>25 carbons). All IPPS
are homologous and share a common reaction mechanism.
Short-chain IPPS mainly differ in the size of their substrate-
binding hydrophobic pocket (the smaller the pocket, the
shorter the final product, [38]), but point mutations have
been shown to importantly impact the size of the pocket
and, thus, of their final products [39, 40]. Description of
equivalent natural mutations have been reported in archaea
[41], which argues against the possibility of inferring the
precise product of a given IPPS only based on its phylogenetic
position [41, 42].

The first published IPPS phylogenetic trees [42] only
used 13 sequences (of which 12 were short-chain enzymes)
and supported a split between prokaryotic and eukaryotic
enzymes. At that time, archaeal IPPS were assumed to be
more ancient because they were known to provide iso-
prenoids for several pathways while bacteria and eukaryotes
were thought to have more specialized enzymes. Later
phylogenetic analyses with more sequences showed two
groups corresponding to the functional split between short
and long-chain enzymes [41]. This was expected since the
long-chain IPPS use supplementary proteins to stabilize the
hydrophobic substrate [38], which would logically impact
the protein structure and therefore trigger the large diver-
gence between the short- and the long-chain enzymes. In that
work, the short-chain enzymes formed three groups accord-
ing to the three domains of life, which could be considered
as evidence for the presence of one short-chain enzyme in
the cenancestor and its subsequent inheritance in modern
lineages, including archaea. Furthermore, in that phylogeny
archaea did not branch as a basal lineage, disproving their
previously assumed ancient character. In addition, enzymes
with different product specificities branched mixed all over
the tree, supporting the product plasticity of the ances-
tral short-chain enzyme and the subsequent evolution of
particular specificities according to biological requirements
in modern organisms [41]. Archaeal long-chain IPPS had
not been detected in that study, but some of them were
incorporated in phylogenetic studies some years later [23].

We have searched for homologues of IPPS in a represen-
tative set of 348 complete genomes from the three domains
of life (including 88 archaea). A preliminary phylogenetic
analysis showed that, in agreement with previous reports
[23], the resulting sequences split into two clades mainly

related to the short- or long-chain product specificity (data
not shown). To avoid the phylogenetic artifacts that can
be introduced by the high sequence divergence between
short- and long-chain enzymes, we carried out independent
phylogenetic analyses for each one of the two paralogues,
to which we will refer as short- or long-chain IPPS with
regard to dominant functions of the characterized enzymes.
However, as previously mentioned [39–41], substrate speci-
ficity exchange between short and long substrates appears
to be relatively common, so these partial trees must be
acknowledged mainly as phylogenetic groups related to the
most widespread biochemical function, but do not definitely
determine the substrate specificity of all their sequences,
which can only be established by biochemical studies. In
preliminary short-chain IPPS phylogenies, long branches
at the base of several eukaryotic paralogues evidenced for
the high divergence of these sequences. Since we were here
mainly interested in the archaeal sequences, we removed the
divergent eukaryotic sequences from our analyses. Figure 2
and Supplementary Figure 1 (see Supplementary Material
available online at doi:10.1155/2012/630910) present the
phylogeny of some representative prokaryotic short-chain
enzyme sequences. Most archaeal sequences branch together
in a monophyletic group largely congruent with the main
archaeal phyla and orders, which suggests that this enzyme
was present in LACA and was vertically inherited in most
archaeal lineages. Most bacterial sequences also cluster
together according to the main bacterial taxonomic groups,
suggesting the ancestral presence of this enzyme in the last
bacterial common ancestor and, given its presence also in
LACA, most likely also in the cenancestor. However, some
recent HGTs can also be pointed out from this phylogeny.
Concerning archaea, Thermoproteales, some Desulfurococ-
cales, some Thermoplasmatales, Methanocella paludicola and
Aciduliprofundum boonei branch within the bacterial group,
so several HGTs can be invoked to explain this pattern,
although in most cases the support is weak and does not
allow confidently determining the identity of the bacterial
donors (Figure 2).

As in the case of the short-chain enzymes, most archaeal
sequences also group together in our long-chain IPPS
phylogenies and, despite the weakly supported paraphyly of
the euryarchaeotal sequences, the main archaeal taxonomic
groups are observed (Figure 3 and Supplementary Figure 2).
Bacterial sequences also group together according to main
taxa, supporting that the respective common ancestors of
bacteria and archaea, and thus likely also the cenancestor,
had a long-chain IPPS enzyme that was inherited in modern
organisms. Contrary to short-chain IPPS, eukaryotic long-
chain IPPS are less divergent, so they were conserved in our
analyses. Surprisingly, all the eukaryotic sequences, including
those from plastid-lacking eukaryotes, branch together as
the sister group of cyanobacteria, except for some algae
that branch within the cyanobacterial group. In addition,
some other more recent HGTs are observed, especially in
the archaeal Thermococcus genus, which branches close to
a very divergent sequence from the delta-proteobacterium
Bdellovibrio bacteriovorus.
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Figure 2: Short-chain IPPS phylogenetic tree reconstructed using 136 representative sequences and 244 conserved sites. Multifurcations
correspond to branches with support values <0.50. Triangles correspond to well supported-bacterial clades (numbers in parentheses
correspond to the number of sequences included in these clades). For the complete phylogeny, see Supplementary Figure 1.

Altogether, these results support that in spite of some
recent HGTs from bacteria to archaea, most archaea have
homologues of both the short- and the long-chain IPPS that
were inherited from LACA and that, most likely, were already
present in the cenancestor.

4. Archaea May Have an ACP-Independent Fatty
Acid Biosynthesis Pathway

In bacteria and eukaryotes, fatty acids are components of
membrane phospholipids, energy-storage molecules, sub-
strates for post-translational modifications of proteins, sec-
ondary metabolites, and components of coenzymes and
messenger compounds. Despite the general assumption that

archaeal lipid metabolism is based on isoprenoids, a variety
of experimental approaches have shown that fatty acids
(FA) also exist in these organisms. Archaea show variable
concentrations of free FA or their derivatives [4, 24, 43–
45], which has stimulated some attempts to biochemically
characterize an archaeal FA synthase [46, 47]. Archaeal FA
can participate in protein structure [48–50] and acylation
[47] but they have also been found as components of
membrane phospholipids in very diverse euryarchaeotes
[14]. Therefore, it is not surprising that homologues of
several of the enzymes involved FA biosynthesis in bacteria
had been detected in archaeal genomes [8, 51]. In bacteria,
FA biosynthesis occurs through multiple condensations of
acyl groups (malonyl-CoA) in a series of cyclical steps.
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Figure 3: Long-chain IPPS phylogenetic tree reconstructed using 218 representative sequences and 241 conserved sites. Multifurcations
correspond to branches with support values <0.50. Triangles correspond to well-supported clades outside Archaea (numbers in parentheses
correspond to the number of sequences included in these clades). For the complete phylogeny, see Supplementary Figure 2.

The building blocks necessary to the activity of the FA
synthases are provided by several reactions. First, the acetyl-
CoA carboxylase (ACC) converts acetyl-coenzyme A (CoA)
into malonyl-CoA. Second, the peptide cofactor acyl carrier

protein (ACP), which is required to channel the elongating
intermediates among the FA synthase enzymes, has to be
activated through the addition of a phosphopantetheine
group from CoA to the apo-ACP by an ACP synthase. Finally,
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the malonyl-CoA: ACP transacylase (MCAT) charges the
malonyl-CoA to holo-ACP, resulting in malonyl-ACP.

Since no archaeal FA synthase system has been described
in detail yet, we recently studied the evolution of the
archaeal homologues of the bacterial genes involved in FA
synthesis. First, many archaea possess ACC homologues
that are closely related in phylogenetic analyses, suggesting
their possible monophyletic origin and, consequently, the
presence of this enzyme in LACA [52, 53]. Second, only a few
unrelated archaeal species have ACP and the ACP-processing
machinery (ACP synthase and MCAT) and phylogenetic
analysis suggests that they acquired them by HGTs from
bacteria. As a result, ACP and its related enzymes are missing
in most archaea and appear not to have been present in LACA
[54]. For the rest of enzymes involved in the cyclic steps of FA
synthesis (see Figure 1), phylogenetic analyses support that
the archaeal sequences are more closely related to bacterial
enzymes that are active on substrates linked to CoA than to
enzymes that use substrates linked to ACP. Taking this into
account, we have proposed that the ACP processing system
has specifically evolved in the bacterial lineage and that
archaea carry out FA synthesis using a likely ancient ACP-
independent pathway [54]. Although ACC exists in archaea,
the hypothetical archaeal FA synthesis pathway probably
involves two acetyl-CoA instead of using malonyl and acetyl
thioesters as in bacteria, since the thiolases that carry out
this function are known to be decarboxylative in bacteria but
non-decarboxylative in archaea [55].

Interestingly, it has been unclear for a long time if either
the bacterial FA synthesis pathway specifically recognizes
each acyl-ACP intermediate or if its enzymes randomly
fix these intermediates, modifying the correct ones and
releasing the inappropriate ones. Recent work has shown
that ACP carries out its channeling function by adopting
unique conformations for each enzyme of the FA elongation
cycle [56]. Yet, it can be reasonably assumed that a putative
ACP-independent mechanism would rather use random
interactions between intermediate metabolites and enzymes,
which might be assumed to be less efficient than the bacterial
ACP-mediated system. Although this remains speculative
and needs biochemical confirmation, the high efficiency of
the ACP-mediated machinery may explain the preeminence
of FA in bacterial membranes, whereas archaea would have
opted by the alternative ancestral mechanism of synthesis
of lateral chains for membrane phospholipids, namely, the
isoprenoids [31], relegating FA to different cellular functions
and, only to a small extent, to membrane synthesis [54].

5. Linking Glycerol Phosphate with
the Lateral Chains

Although archaeal phospholipids were already known to
use G1P instead of G3P as bacteria and eukaryotes do,
the recent characterization and sequencing of the enzyme
responsible for its synthesis in archaea (G1P dehydrogenase
[57, 58]) was astonishing because this enzyme appeared to be
totally unrelated to the canonical G3P dehydrogenase [59].
Since then, very little exceptions to this clear-cut distinction

between archaea and bacteria have been described (the most
remarkable is probably the description of an archaeal-like
G1P dehydrogenase in the bacterium Bacillus subtilis, [60]),
but the fact that the two dehydrogenases belong to large
enzymatic superfamilies from which they were recruited
has provided a model for the independent origin of these
dehydrogenases from likely ancient promiscuous enzymes
[8].

Geranylgeranylglyceryl diphosphate and di-O-geranylge-
ranylglyceryl phosphate synthases (GGGPS and DGGGPS,
resp.) are the enzymes that subsequently link isoprenoids
to glycerol phosphate in archaea [18]. Boucher et al. [23]
found that GGGPS are widespread in archaea whereas,
among bacteria, it was found only in Bacillales and in one
Bacteroidetes species. They also described a very divergent
homologue in halophilic archaea and in Archaeoglobus.
Despite their divergence, these enzymes appear to carry out
the same function [61]. Using an updated genome sequence
database, we also retrieve the very divergent GGGPS in
Methanomicrobiales, confirm that GGGPS is present in
Bacillales, and extend this observation to a surprising
diversity of Bacteroidetes (Supplementary Figure 3. This
suggests that GGGPS plays an important role in these two
bacterial groups and, indeed, it has recently been shown
to participate in the synthesis of archaeal-type lipids of
unknown function in these bacteria [16]. In conclusion, at
least one GGGPS gene appears to have been present in LACA,
whereas the divergent copy of this gene probably emerged
later in a more recent group of euryarchaeota. GGGPS
were probably independently transferred to the respective
ancestors of Bacillales and Bacteroidetes.

Hemmi et al. [62] carried out the first phylogenetic
analysis of the DGGGPS sequences and their superfamily,
the UbiA prenyltransferase family (17 sequences branching
in 6 different groups). Using all sequences available at
present, we retrieve similar but much more diversified
groups (Supplementary Figure 4. Archaeal sequences cluster
together in a monophyletic assemblage, suggesting common
ancestry, although crenarchaeota are paraphyletic proba-
bly as a result of reconstruction artifacts. A number of
bacteroidetes sequences branch among the crenarchaeota,
reflecting an HGT event to an ancestor of this bacte-
rial group. In addition several bacterial phyla (Chlorobi,
Cyanobacteria, Chloroflexi, Planctomycetales, and some
proteobacterial species) possess UbiA-related homologues.
However, in several of these bacterial species, these enzymes
are involved in photosynthesis (they take part in the synthesis
of respiratory quinones, hemes, chrolophylls, and vitamin
E [62]) and it is difficult to determine if the widespread
distribution in bacteria is due to the ancestral presence of
a homologue of this enzyme in the last common bacterial
ancestor or to several recent HGTs to these bacterial groups
from archaeal donors.

The search of homologues of the bacterial glycerol
phosphate acyl transferases PlsX, PlsY, PlsB, and PlsC, which
carry out the addition of fatty acids to glycerol phosphate
[63, 64], in the available archaeal genome sequences allowed
retrieving very few homologues, all of them most likely
acquired by HGT from bacterial donors (not shown).
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6. Linking the Polar Head Groups

Once the two hydrocarbon chains are linked to the phospho-
lipid backbone, two additional steps are required to add the
polar head group (Figure 1). First, an enzyme replaces the
phosphate linked to the glycerol moiety by a CDP group;
then, this CDP is replaced by the final polar head group,
which can be very diverse (glycerol, myo-inositol, serine,
and so forth) [18]. The first step has been biochemically
described in archaea but the enzyme that carries out this
function remains unknown [65]. The bacterial counterpart
is the CDP diglyceride synthetase (CdsA) [66, 67]. We
looked for archaeal homologues of the bacterial enzyme
and retrieved several sequences that we used as queries for
exhaustive searches in archaeal genomes. This allowed us
to observe that this enzyme is widespread both in bacteria
and archaea. Our phylogenetic trees show two clades that
correspond to archaea and bacteria and the phylogenetic
relationships within each of them are congruent with the
main accepted taxonomic groups (Figure 4). This supports
the vertical inheritance of this gene from the cenancestor
and, consequently, its presence in LACA. However, to our
knowledge no archaeal CdsA has been biochemically charac-
terized so far, which would be required to confirm that these
archaeal homologues are responsible for the biochemical
activity described by Morii et al. [65].

Two enzymes involved in the second step of the
attachment of polar head groups have been characterized
in archaea [68, 69]. These enzymes belong to the large
family of the CDP alcohol phosphatidyltransferases and have
homologues in bacteria [70]. The bacterial members of this
enzyme family are known to have different specificities in
order to add different polar head groups on phospholipids.
A previous phylogenomic survey carried out by Daiyasu
et al. [70] showed that the different sequences group in
phylogenetic trees according to their predicted substrates. In
addition, the groups of bacterial sequences were in agree-
ment with the main bacterial taxonomic groups. Our analysis
with a larger taxonomic sample confirms that homologues
of these genes are widespread in archaea. All sequences
group into three main categories (data not shown), one
related to the addition of serine as a polar head group [68],
another related to myo-inositol-phosphate transfer [69] (and
maybe also glycerol in archaea, according to classification
in [70]), and the last one using glycerol. Archaea are found
in the first two groups but not in the last one. In order
to avoid artifacts due to extreme sequence divergence, we
carried out phylogenies for each of the two groups containing
archaeal representatives. In the first phylogeny, archaeal
sequences predicted to use serine [68] as a substrate are
limited to Euryarchaeota (Supplementary Figure 5). This
tree shows a poorly supported group of slow evolving
bacteria together with several divergent bacterial, eukaryotic
and archaeal (Methanococcoides burtonii and haloarchaea)
sequences. Such mixed distribution dominated by strong
sequence divergence and HGTs contrasts with the rest of
the phylogeny, which is congruent with the main accepted
taxonomic groups. Especially, one monophyletic group of
euryarchaeota can be pointed out, supporting that this

enzyme probably existed at least in the last euryarchaeotal
common ancestor. In the second tree, a larger group of
archaeal enzymes, predicted to use glycerol phosphate or
myo-inositol-phosphate as substrates [69, 70], cluster in
our analysis with bacterial enzymes that use myo-inositol,
but these bacterial sequences are scarce and appear to
have been acquired from archaea by HGT (Supplementary
Figure 6). The phylogeny of archaeal sequences supports
the monophyly of Crenarchaeota and a patchy distribu-
tion of several paralogues in Euryarchaeota, which makes
difficult the analysis of the evolution of these enzymes in
archaea without incorporating supplementary biochemical
information. At any rate, the wide distribution of this
enzyme family in archaea strongly suggests that at least
one representative of these enzymes was already present in
LACA. Whereas it was conserved in Crenarchaeota, it was
subjected to several duplication and neofunctionalization
events in Euryarchaeota, which would explain the complex
distribution pattern observed in euryarchaeotal species.

7. Saturation of Isoprenoid Chains

So far, we have described the main synthesis and link
mechanisms of archaeal phospholipid components, but a
wide diversity of phospholipids actually exists in archaea
[71]. A substantial characteristic of archaeal membranes is
their saturation rate, since double bonds have a prominent
influence on membrane stability [72]. Most archaea contain
saturated phospholipids and the geranylgeranyl reductase
(GGR), the enzyme responsible for the reduction of iso-
prenoid chains, has been recently described in the eur-
yarchaeota Thermoplasma acidophilum and Archaeoglobus
fulgidus and the crenarchaeote Sulfolobus acidocaldarius [73–
75]. These studies show that archaeal GGR are able to
use geranylgeranyl chains either isolated or attached to
phospholipids as substrates. When GGPP is used as a
substrate, all bonds but the one in position C2 are reduced,
allowing the incorporation in phospholipids, but isoprenoids
chains that are already attached to glycerol phosphate can
have all their double bonds reduced by this enzyme. As a
result, isoprenoid reduction can happen at different steps of
the phospholipid biosynthesis pathway (Figure 1).

Archaeal GGRs are homologous to previously reported
cyanobacterial and plant GGRs involved in chlorophyll
synthesis [76, 77] and many different GGR paralogues
have been identified in archaeal genomes that could carry
out independent isoprenoid chain reductions [19]. Our
phylogeny of GGRs confirms that GGRs are widespread
among crenarchaeota and that at least two paralogues exist
in a wide diversity of euryarchaeota, although some archaeal
groups also bear supplementary GGR genes (Supplementary
Figure 7). This supports the ancestral presence of at least
one GGR gene in archaea, followed by a complex history of
duplications and HGTs. GGRs are also present in many bac-
terial genomes, but several HGTs can be observed, probably
related to the function of this gene in photosynthesis, making
uncertain the primary origin of this gene in bacteria. Among
eukaryotes, only sequences from plastid-bearing organisms
were detected and these sequences clearly branched within
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one group of cyanobacterial sequences, thus supporting the
plastidial origin of these genes in eukaryotes.

8. Discussion

In contrast with the rather impressive knowledge about the
biochemistry and biosynthesis of bacterial cell membranes,
many aspects of their archaeal counterparts remain to be
elucidated. Even the synthesis of the most canonical archaeal
membrane lipids, the phospholipids based on isoprenoid
lateral chains, still has some unresolved points, such as the
identity of the enzyme carrying out the phosphomevalonate
decarboxylase activity necessary for the final steps of the
synthesis of isoprenoid precursors. Moreover, it is becoming
clear that archaeal membranes incorporate components that
were supposed to be restricted to the other two domains of
life, bacteria and eukaryotes. This is notably the case of fatty
acids that, despite being relatively widespread in membrane
phospholipids of euryarchaeotal species [14], are synthesized
by a pathway that, most likely, has important differences with
the bacterial counterpart [54].

Comparative genomics and phylogenomics provide a
powerful way to address these questions, in particular by
the detection of potential candidates to carry out missing
enzymatic functions thanks to similarities with bacterial
and eukaryotic enzymes. This has allowed us to propose,
for example, the existence of an ACP-independent pathway
of fatty acid synthesis in archaea [54] and allows us to
propose here that archaeal CdsA homologues could carry
the same function as in bacteria. This approach has also
provided evidence supporting that lipid membranes were
already evolved long ago, at the time of the cenancestor
[9]. Thus, rather than radical inventions of new phospho-
lipid biochemistries, bacteria and archaea appear to have
specialized their cell membranes by tuning the relative
importance of the different components, with isoprenoids
becoming dominant in archaea and fatty acids in bacteria.
Nevertheless, these bioinformatic approaches have limita-
tions and biochemical investigation remains crucial to char-
acterize the different missing activities (the uncharacterized
MVA pathway enzymes in archaea, the hypothetical ACP-
independent FA synthesis pathway, the characterization of
the archaeal CdsA, and a larger diversity of CDP alcohol
phosphatidyltransferases) in order to complete the puzzle of
archaeal membrane synthesis.

9. Material and Methods

Sequence seeds for similarity searches were retrieved from
the KEGG database (http://www.genome.jp/kegg/). Searches
were carried out with BLASTp [78] against a list of com-
pletely sequenced genomes available in GenBank (Supple-
mentary Table 1). The resulting sequences were aligned with
by default parameters with Muscle 3.6 [79]. Redundant and
partial sequences were removed and ambiguously aligned
regions were discarded prior to phylogenetic analyses using
the NET program from the MUST package [80]. Phylo-
genetic trees were reconstructed with the approximately
maximum likelihood approach with FastTree 2.1.3 [81].
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The lipidome of the marine hyperthermophilic archaeon Pyrococcus furiosus was studied by means of combined thin-layer
chromatography and MALDI-TOF/MS analyses of the total lipid extract. 80–90% of the major polar lipids were represented by
archaeol lipids (diethers) and the remaining part by caldarchaeol lipids (tetraethers). The direct analysis of lipids on chroma-
tography plate showed the presence of the diphytanylglycerol analogues of phosphatidylinositol and phosphatidylglycerol, the
N-acetylglucosamine-diphytanylglycerol phosphate plus some caldarchaeol lipids different from those previously described. In
addition, evidence for the presence of the dimeric ether lipid cardiolipin is reported, suggesting that cardiolipins are ubiquitous in
archaea.

1. Introduction

Pyrococcus furiosus is an aquatic anaerobic hyperthermo-
philic archaeon, originally isolated from geothermally heated
marine sediments near Vulcano Island, Italy [1]. It can
grow between 70◦C and 103◦C, with an optimum tempera-
ture of 100◦C, and between pH 5 and pH 9 (with an optimum
at pH 7). The cells appear as regular cocci of 0.8 μm to 1.5 μm
diameters with monopolar polytrichous flagellation and
cellular envelope composed of a glycoprotein distinguishing
them from bacteria.

P. furiosus is unique among its kind in that it can use a
wide range of compounds as carbon source, such as peptides
and carbohydrates [2]. Unlike other hyperthermophiles, it
does not need elemental sulphur for growth [3]. It is also
notable that some of its enzymes are tungsten dependent, a
very rare element which is to be found in biological systems
[4].

P. furiosus has an unusual and intriguingly simple respi-
ratory system, which obtains energy by reducing protons to
hydrogen gas and uses this energy to create a proton gradient
across its cell membrane, thereby driving ATP synthesis. The
A1A0 ATP synthase from P. furiosus has been recently isolated
and its three-dimensional structure was analyzed by electron
microscopy [5]. The sequencing of the complete P. furiosus
genome was completed in 2001; it is 1.91 Million bp long and
contains approximately 2228 predicted genes [6].

One of the most peculiar features of archaea is rep-
resented by the structural properties of their membrane
lipids. Archaeal membrane lipids are constituted by mostly
saturated phytanyl chains in ether linkage to glycerol car-
bons with sn-2,3 configuration, forming diether (archaeol)
and membrane-spanning tetraether (caldarchaeol) lipids
(Figure 1) [7–9]. Furthermore, ether analogues of cardioli-
pins, bisphosphatidylglycerol (or BPG) and glycosyl-cardio-
lipins, have been found in the membranes of extremely
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halophilic archaea [10–13]. The archaeal bisphosphatidyl-
glycerol is a dimeric phospholipid containing four identical
branched C20 lipid chains, as it is synthesized at the expense
of C20 C20 phosphatidylglycerol based on the 2,3-di-O-
phytanyl-sn-glycerol diether lipid core (PG) [14, 15].
Recently ether lipid cardiolipin variants, constituted by dif-
ferent combinations of C20 and C25 isopranoid chains, have
been found in two extremely haloalkaliphilic archaea Natro-
nococcus occultus and Natronococcus amylolyticus [16]. Stud-
ies conducted so far have not revealed the presence of diphy-
tanylglycerol analogues of cardiolipin in hyperthermophilic
archaea.

Previous studies on lipids of hyperthermophilic archaea
of the Thermococcaceae family have been reported [17–20].
Although some lipid structures of P. furiosus were proposed
on the basis of FAB-MS studies [20], the individual lipids
have not been isolated nor have complete structures to be
determined.

In the present work we have reexamined the lipids of the
hyperthermophilic archaeon P. furiosus with modern analyt-
ical methods with the aim of enriching our knowledge of the
lipidome of this microorganism and in particular of checking
for the possible presence of novel archaeal cardiolipins. Here
we show that the dimeric phospholipid cardiolipin is present
in hyperthermophilic archaea and report additional novel
findings on membrane diether and tetraether lipids of this
microorganism.

2. Material and Methods

2.1. Materials. 9-Aminoacridine hemihydrate was pur-
chased from Acros Organics (Morris Plains, NJ, USA).
The following commercial glycerophospholipids (used
as standards): 1,1′ ,2,2′-tetratetradecanoyl cardiolipin,

1,1′,2,2′-tetra-(9Z-octadecenoyl) cardiolipin, 1,2-ditetrade-
canoyl-sn-glycero-3-phosphate, and 1,2-ditetradecanoyl-sn-
glycero-3-phospho-(1′-rac-glycerol), 1,2-ditetradecanoyl-
sn-glycero-3-phospho-L-serine, 1,2-di-(9Z-hexadecenoyl)-
sn-glycero-3-phosphoethanolamine, were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). In addition,
the archaeal cardiolipins bisphosphatidylglycerol (BPG),
isolated from Hbt. salinarum, and the glycosylated cardio-
lipin (2′-sulfo)Manpα1-2Glcpα1-1-[sn-2,3-di-O-phytan-
ylglycerol]-6-[phospho-sn-2,3-di-O-phytanylglycerol] (S-
DGD-5-PA), isolated from Halorubrum sp. MdS1 strain
[15], were used as standard in the present study. All organic
solvents used in the lipid extraction and MS analyses were
commercially distilled and of the highest available purity and
were purchased from Sigma Aldrich, J.T. Baker or Carlo Erba.
HPTLC and TLC plates (HPTLC Silica gel 60 A, aluminium
plates and TLC Silica gel 60 A glass plates), obtained from
Merck, were washed twice with chloroform/methanol (1 : 1,
v/v) and activated at 180◦C before use.

2.2. Microorganism and Growth Conditions. P. furiosus (DSM
3638) was obtained from the Deutsche Sammlung für
Mikroorganismen und Zellkulturen, Braunschweig, Ger-
many. P. furiosus was grown in a 300 L fermenter at 98◦C in
the medium described [21]. The fermenter was pressurized
to 2 bar with N2/CO2 (80 : 20). The gas flow through was
adjusted to 1–7 L/min, depending on the growth phase.
Growth was monitored by cell counts. Cells were harvested in
the late exponential growth phase by centrifugation (10,000
×g, 20 min, 4◦C). The pellets were stored at −80◦C.

2.3. Lipid Extraction. Total lipids were extracted using the
Bligh and Dyer method [22], as modified for extreme
halophiles [23]; the extracts were carefully dried under
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N2 before weighing and then dissolved in chloroform
(10 mg/mL).

2.4. High-Performance Thin-Layer Chromatography
(HPTLC). Total lipid extracts were analyzed by HPTLC
(Merck 10 × 20 cm, aluminium back) with Solvent A
(chloroform/methanol/90% acetic acid, 65 : 4 : 35, v/v).
Lipid detection was carried out by spraying with 5% sulfuric
acid in water, followed by charring at 180◦C for 7-8 min
[23], or alternatively spraying the plate with a solution of
primuline [24] and detecting lipid upon excitation by UV
light (336 nm). Furthermore, the following stainings were
performed in order to identify the lipid classes present in the
TLC bands: (a) Molybdenum-Blue Sigma spray reagent for
phospholipids; (b) Azure-A/sulfuric acid for sulfatides and
sulfoglycolipids; (c) ninhydrin in acetone/lutidine (9 : 1) for
free amino groups [23].

2.5. Isolation and Purification of Individual Lipids from the
Total Extract. The lipid components of the total lipid extract
of P. furiosus were separated by preparative TLC (Merck 20×
20 cm × 0.2 mm thick layer, glass plates) in Solvent A. Lipids
were visualized by staining with iodine vapour and were
eluted and recovered from the scraped silica, as previously
described [10]. Isolated and purified phospholipids were
dissolved in chloroform at the concentration of 1 mg/mL.

2.6. Preparation of Lipid Samples in Solution for MALDI-
TOF/MS. Samples were prepared as previously described
[25]. Briefly, the total lipid extract (10 mg/mL) and indi-
vidual lipid components (1-2 mg/mL) were diluted from 20
to 200 μL with isopropanol/acetonitrile (60 : 40, v/v). Next,
10 μL of diluted sample was mixed with 10 μL of the matrix 9-
aminoacridine (10 mg/mL; dissolved in isopropanol/acetoni-
trile (60 : 40, v/v)). Then 0.25 μL of the mixture was spotted
on the MALDI target (Micro Scout Plate, MSP 96 ground
steel target).

The protein pellet resulting from the lipid extraction of P.
furiosus cells was recovered and directly analyzed by MALDI-
TOF/MS avoiding the second lipid extraction, as recently
described [26].

2.7. Coupling of MALDI-TOF/MS to HPTLC . The procedure
was carried out according to Fuchs et al. [24], with minor
modifications, cutting the HPTLC plates in pieces (about
4 × 8 cm in size) containing all the lipids present in the total
extract. These pieces, which corresponded to a single lane
of HPTLC, were then fixed onto the MALDI target with
double-sided adhesive tape. Three small droplets of saturated
matrix (9-aminoacridine) solution (in total 1.5 μL) were then
deposited onto each point, obtaining a continuous depo-
sition along the HPTLC lane. Then the matrix deposition
points were numbered and each of them was assigned to
HPTLC band areas of interest by comparing the retention
factors resulting from staining by lipid charring. Then all
the matrix deposition points were directly analyzed with
MALDI-TOF/MS. Although for each TLC band a certain

number of mass spectra were acquired, only the most rep-
resentative spectra are shown.

2.8. MALDI-TOF Mass Spectrometry. MALDI-TOF mass
spectra were acquired on a Bruker Microflex RLF mass
spectrometer (Bruker Daltonics, Bremen, Germany). The
system utilizes a pulsed nitrogen laser, emitting at 337 nm,
the extraction voltage was 20 kV, and gated matrix suppres-
sion was applied to prevent detector saturation. 999 single
laser shots (sum of 3 × 333) were averaged for each mass
spectrum. The laser fluence was kept about 10% above
threshold to have a good signal-to-noise ratio. In particular
for the analysis of the bands on the HPTLC plates, the laser
fluence was 20% more than in the analysis of the lipids in
solution; in fact a major fluence is needed to desorb lipids
from the silica. All spectra were acquired in reflector mode
using the delayed pulsed extraction; only spectra acquired
in negative ion mode are shown in this study. Spectral mass
resolutions and signal-to-noise ratios were determined by the
software for the instrument, “Flex Analysis 3.3.65” (Bruker
Daltonics).

Post Source Decay (PSD) spectra were acquired on a
Bruker Autoflex mass spectrometer (Bruker Daltonics), as
previously described [27]. Briefly, the precursor ions were
isolated using a time ion selector. The fragment ions were
refocused onto the detector by stepping the voltage applied
to the reflectron in appropriate increments. This was done
automatically by using the “FAST” (“fragment analysis and
structural TOF”) subroutine of the Flex Analysis software.

A mix containing 1,1′,2,2′-tetratetradecanoyl cardio-
lipin, 1,1′2,2′-tetra-(9Z-octadecenoyl) cardiolipin, 1,2-dite-
tradecanoyl-sn-glycero-3-phosphate, 1,2-ditetradecanoyl-
sn-glycero-3-phospho-(1′-rac-glycerol), 1,2-ditetradecan-
oyl-sn-glycero-3-phospho-L-serine, 1,2-di-(9Z-hexadecen-
oyl)-sn-glycero-3-phosphoethanolamine, and the archaeal
glycosylated cardiolipin (2′-sulfo)Manpα1-2Glcpα1-1-[sn-
2,3-di-O-phytanylglycerol]-6-[phospho-sn-2,3-di-O-phyta-
nylglycerol] (S-DGD-5-PA) was always spotted next to the
sample as external standard and an external calibration was
performed before each measurement; the mass range of the
authentic standards is 590–1770 a.m.u.

3. Results and Discussion

Figure 2 shows the MALDI-TOF mass spectrum of the total
lipid extract of P. furiosus acquired in the negative ion mode,
using 9-aminoacridine as matrix. Since MALDI ionization is
quite soft, molecular ions of lipids are predominant in mass
spectra by using the proper matrix. As MALDI-TOF/MS
allows ionization and transfer of the lipid sample from the
solid phase to gas phase, it is similar to FAB-MS, previously
used to study the lipids of P. furiosus [20]. The peaks in the
spectrum can be grouped in two main m/z ranges: signals
attributable to diphytanylglycerol lipids, also named archaeol
lipids, or simply diethers (D), in the range 700–1000, and
those attributable to caldarchaeol lipids (i.e., tetraethers, T),
typically in the range 1500–2000. The high m/z range is
also the area of the mass spectrum where cardiolipins and



4 Archaea

Table 1: Assignments of m/z values detected in the negative ion mode MALDI-TOF mass spectra and PSD analyses of the P. furiosus total
lipid extract to various lipid components. Lipids are indicated as abbreviations.

Observed [M–H]− signals (m/z) Assignments Calculated [M–H]− (m/z)

1784.6 (Hexose-P)2-T 1784.3

1741.5 N-Acetyl-hexose-hexose-P-Tcyclic 1741.4

1701.9 Hexose2-P-T cyclic 1702.4

1543.5 BPG plus Na+ 1542.3

1521.3 BPG 1520.3

976.2 DGD 975.8

934.8 N-Acetyl-hexose-P-D 934.7

922.6 uns-N-Acetyl-hexose-P-D 922.6

893.8 PI 893.7

881.6 unsPI 881.5

867.2 PGP minus H2O 868.6

814.4 MGD 813.7

805.7 PG 805.7

787.5 PG minus H2O 787.7

731.8 PA 731.6

241.3 Hexose-P minus H2O 242.0

Abbreviations—D: diether or archaeol; T: tetraether or caldarchaeol; Tcyclic: caldarchaeol with cyclopentane rings; P: phosphate group; uns: unsaturated
branched-chains, 3 double bonds for chain; N-acetyl-hexose: N-acetylglucosamine; PI: diphytanylglycerol analogue of phosphatidylinositol; BPG:
diphytanylglycerol analogue of bisphosphatidylglycerol (or ether lipid cardiolipin); PG: diphytanylglycerol analogue of phosphatidylglycerol; PGP: diphytanyl-
glycerol analogue of phosphatidylglycerol-phosphate; PA: diphytanylglycerol analogue of phosphatidic acid; MGD: monoglycosyl-diphytanylglycerol; DGD:
diglycosyl-diphytanylglycerol.
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881.8
1807.0976.2

1823.1

800 1000 1200 1400 1600 1800

800 1400 1800

1784.6893.9

Residual lipids

934.8

Figure 2: MALDI-TOF/MS lipid profiles of the total lipid extract of Pyrococcus furiosus (DSM3638) acquired in the negative ion mode
using 9-aminoacridine as the matrix. The lipid components assigned to the main m/z ion peaks are unsaturated diphytanylglycerol analogue
of phosphatidylinositol (unsPI), [M-H]− at m/z 881.8; diphytanylglycerol analogue of phosphatidylinositol (PI), [M-H]− at m/z 893.8;
N-acetylglucosamine-diphytanylglycerol phosphate (N-acetyl-hexose-P-D) [M-H]− at m/z 934.8; diglycosyl-diphytanylglycerol (DGD) [M-
H]− at m/z 976.2. The ion peak [M-H]− at m/z 1784.6 is attributable to a caldarchaeol lipid, with its sodium and potassium adducts at m/z
1807.0 and 1823.1, respectively. The detailed list of detected ion peaks is shown in Table 1. Inset: MALDI-TOF/MS lipid analyses in intact
mode (as described in ref. [26]) of the residual pellet after the lipid extraction.

complex glycosylated-cardiolipins can be found. The main
peak at m/z 893.9 corresponds to an inositol-diphytanyl-
glycerol phosphate, the diphytanylglycerol analogue of phos-
phatidylinositol (PI), which is found in several Archaea
and also previously observed in Pyrococcus species [18, 20].
The signal at m/z 881.8 can be assigned to the unsaturated
inositol-diphytanylglycerol phosphate (unsPI), containing
double bonds in its archaeol moiety, as detailed discussed in
the following (Figure 4(a)). The peak at m/z 935.0 is likely to

represent an N-acetylglucosamine-diphytanylglycerol phos-
phate (abbreviated in the following as N-acetyl-hexose-P-
D), while that at m/z 976.2 represents a glycolipid derivative
of diphytanylglycerol carrying two sugar units in the polar
head (diglycosyl diether, DGD), both previously described
in FAB mass spectrum of P. furiosus [20]. The peak at m/z
1784.6 present in the higher m/z range of the MALDI-TOF
mass spectrum (Figure 2) is attributable to a caldarchaeol
or tetraether lipid; the peaks at m/z 1807.0 and 1823.1
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Figure 3: Coupled MALDI-TOF/MS and HPTLC analyses of the total lipid extract of P. furiosus. The total lipid extract was applied on the
TLC plate (200 μg) in two lanes; the lipid bands in one lane were charred after spraying with 5% sulphuric acid, while 9-aminoacridine was
applied manually along the other lane obtaining a continuous deposition. The main bands on the TLC plate after charring are shown in the
centre of the picture, while, on the right and the left of the TLC, are shown the negative spectra obtained by MALDI scanning of the lane
covered with the matrix. Dashed lines on the TLC plate were used to mark pale lipid bands.

correspond to sodium and potassium adducts, respectively.
This caldarchaeol lipid has a molecular mass slightly higher
than that of the diglycosyl phosphatidylglycerol tetraether
(hexose2-PG-T, see structure in Figure 6) giving rise to the
peak at m/z 1778.5, previously found in FAB mass spectrum
of P. furiosus [20].

The MALDI-TOF/MS profile of residual lipids which is
still associated with the heterogeneous protein pellet left after
the lipid extraction of P. furiosus cells is also reported in the
inset of Figure 2. It can be seen that the two main peaks at
m/z 1784.6 and 893.9 are still visible in the lipid profile of
protein pellet after the lipid extraction, indicating that lipid
extraction is not complete; although we have not estimated
the quantity of residual lipids left behind after the first lipid
extraction, as the intensity of the peak at m/z 1784.6, corre-
sponding to the caldarchaeol, is higher than that of the peak
at m/z 893.9, we conclude that it is more difficult to extract
caldarchaeol lipids than diether lipids, as previously reported
[28].

Furthermore MALDI-TOF mass spectrum of the total
lipid extract of P. furiosus was also acquired in positive ion
mode: only minor signals attributable to fragments of lipid
branched-chains were detected in the m/z range 400–600,
while no peaks were present in the m/z range of phospho-
lipids and glycolipids (not shown). The lack of signals in the
(+) MALDI-TOF mass spectrum suggests that the diether
analogue of phosphatidylcholine is absent in P. furiosus and
that most, if not all, lipid components are acidic.

In order to deeper investigate on the lipid components
present in the total lipid extract of P. furiosus, we performed
a detailed staining analysis after HPTLC and isolated some
of the lipid components by preparative TLC. The TLC lipid
profile of P. furiosus is shown in Figure 3. There are four main
lipid bands (1, 3, 4, and 7), plus neutral pigments visible
at the solvent front in the HPTLC plate. Individual lipid com-
ponents of P. furiosus were identified not only by their res-
ponses to specific lipid staining, but also by MALDI-TOF/MS
analysis of purified lipid components by preparative TLC; in
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Figure 4: MALDI-TOF mass (a) and PSD fragment ion (b) spectra of band 3 of P. furiosus. (a): the lipid components present in band 3
(see TLC in Figure 3) were isolated and purified from the total lipid extract of the P. furiosus by preparative TLC. Peaks corresponding to the
molecular ions of diphytanylglycerol analogue of phosphatidylinositol (PI) at m/z 893.4 and of the corresponding unsaturated species (unsPI)
at m/z 881.6. (b): peaks corresponding to the molecular ion of PIat m/z 893.45 plus the ion fragments corresponding to the diphytanylglycerol
analogues of PA (m/z 732.1) and to the sugar-phosphate residue (m/z 241.3).
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Figure 5: (a) Comparison of the MALDI-TOF mass spectra of the lipid component in band 7 of P. furiosus (see TLC in Figure 3) and the
authentic standard BPG (i.e., diphytanylglycerol analogue of bisphosphatidylglycerol) isolated from Halobacterium salinarum. (b) PSD frag-
ment ion spectrum of the diphytanylglycerol analogue of BPG of P. furiosus. Abbreviations: PA: diphytanylglycerol analogue of phosphatidic
acid; PG: diphytanylglycerol analogue of phosphatidylglycerol; PGP: diphytanylglycerol analogue of phosphatidylglycerolphosphate.

particular the fragmentation behaviour of some polar lipids
of P. furiosus was also investigated by using Post Source Decay
(PSD) mass spectrometry analysis.

All the major lipid components were found to be pos-
itive to blue molybdenum staining (not shown). The only
exception was the pale band marked by an asterisk. No lipid
component was found to be positive to Azure-A or ninhy-
drin-staining (not shown); therefore the main lipids of P.
furiosus are phospholipids, while do not contain sulphate or
amino groups in their polar moieties.

The band 1 (in Rf order) is a tetraether phospholipid
or caldarchaeol. Two diether phosphoglycolipids have been
identified in bands 3 and 4, inositol-diphytanylglycerol phos-
phate, and N-acetylglucosamine-diphytanylglycerol phos-
phate, respectively, giving rise to MALDI-TOF/MS signals
at m/z 893.9 and 935.0, respectively, both observed in the
mass spectrum of the total lipid extract, previously shown

in Figure 2. In addition, close to the solvent front, the pale
band 7 corresponds to a phospholipid, having an Rf value
similar to that of the authentic standard diphytanylglyc-
erol analogue of bisphosphatidylglycerol BPG (not shown),
previously described for extremely halophilic and haloalka-
liphilic archaea [10–13, 16].

The individual lipid components of P. furiosus were
also analysed directly on HPTLC plate by MALDI-TOF/MS,
as described in detail in experimental procedures. Selected
negative ion mass spectra, obtained during the MALDI
scanning of the main bands visible on the TLC, plate are
shown in Figure 3. Proceeding by Rf order, from the bottom
to the top of the plate:

(1) the analysis of the first band (band 1) revealed a
main signal at m/z 1784.6, which has been tentatively
attributed to a caldarchaeol phospholipid possibly
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Figure 6: Polar membrane lipids of P. furiosus. Abbreviations used in the present study (see Table 1) to indicate phospholipids and glycolipids
present in the membrane of P. furiosus always refer to diphytanylglycerol derived lipids. Two caldarchaeol lipids are shown: the main
caldarchaeol (named hexose2-PG-T) found in previous literature studies [20] and the structure proposed by us for the lipid component
(named N-acetyl-hexose-hexose-P-Tcyclic) giving raise to the peak at m/z 1741.5 in MALDI-TOF/MS analysis.

having the general structure of (hexose-P)2-T. The
lipid component corresponding to band 1 has been
isolated by preparative TLC and its structure was
further investigated by PSD fragment ion spectra
analysis (not shown). Results confirmed the presence
of the caldarchaeol lipid core in the molecule, but the
precise nature and location of sugar residues in the
structure have not been determined;

(2) in band 2, an area of the plate located immediately
upon the first band, we obtained a mass spectrum
with a small signal at m/z 1787.2 that could corre-
spond to a lipid compound closely related to the lipid
present in band 1; furthermore, going from the
bottom toward the solvent front, between the bands 2
and 3, traces of other caldarchaeol lipids, giving rise
to signals at m/z 1701.9, 1741.5, and 1546.7 (in Rf

order), have been found. These three last caldar-
chaeol lipids are structurally similar; the compound
giving rise to the molecular ion at m/z 1741.5 could
correspond to the acetylated form of the m/z 1701.9
(see proposed structure in Figure 6) lipid and it is

indeed more mobile in the TLC. The lipid yielding
the ion peak at m/z 1546.7 could correspond to a
caldarchaeol bearing only one sugar unit;

(3) the MALDI-TOF/MS analysis of the major lipid band
(band 3) showed a signal at m/z 893.4, which is
assigned to the diphytanylglycerol analogue of phos-
phatidylinositol (PI). The mass spectrum of isolated
band 3 (Figure 4(a)) showed, together with the main
peak at m/z 893.4, a signal at m/z 881.6 which can
be assigned to an unsaturated diphytanylglycerol ana-
logue of phosphatidylinositol (named unsPI), con-
taining six double bonds in its archaeol moiety (hex-
aunsaturated archaeol). Furthermore, Figure 4(b)
shows the PSD fragment ion spectrum of the diphy-
tanylglycerol analogue of phosphatidylinositol at
m/z 893.4; as an abundant fragment at m/z 731.2,
diagnostic for the structure of the diether analogue
of phosphatidic acid (PA), was found, we can exclude
the presence of another lipid having identical m/z
(i.e., glucosyl-3-phosphate diether), previously found
in Pyrococcus strain AN1 [18].
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(4) the analysis of the band 4 showed a signal at m/z
934.3, which can be assigned to N-acetylglucosam-
ine-diphytanylglycerol phosphate, according to pre-
vious FAB-MS analysis of P. furiosus [20]; as in the
MALDI-TOF mass spectrum recorded at the level of
band 4 the fragment at m/z 731.2 was not present,
we conclude that the phosphate is not directly linked
to the archaeol lipid core. Furthermore, the MALDI-
TOF mass spectrum of the lipid component in
band 4 (not shown), isolated and purified from the
total lipid extract by preparative TLC, revealed the
presence (at m/z 922.6) of minor amounts of an
unsaturated analogue of the N-acetylglucosamine-
diphytanylglycerol phosphate (abbreviated as uns-N-
acetyl-hexose-P-D), having six double bonds in its
archaeol moiety.

(5) The spectrum of the pale band 5 showed a very small
signal at m/z 814.2, which could correspond to
a monoglycosyl diphytanylglycerol (monoglycosyl
diether, MGD); this compound could be the precur-
sor of the glycolipid present in band 4;

(6) the analysis of the area corresponding to band 6 on
the TLC plate revealed a small amount of the diphy-
tanylglycerol analogue of phosphatidylglycerol (PG),
having the signal of the molecular ion at m/z 805.4;

(7) the chromatographic behaviour coupled to infor-
mation given by MALDI-TOF/MS analysis allowed
an easy precise identification of lipid component in
band 7. The MS analysis of the band 7, having the
same Rf of diphytanylglycerol analogue of BPG, con-
firmed the presence of BPG in the lipid profile of P.
furiosus, with signals at m/z 1521.3 and 1542.7, corre-
sponding to [M-H]− and [M-H+Na+]−, respectively.
The complete MALDI-TOF mass spectrum of the
lipid component in band 7 is shown in Figure 5(a),
together with the mass spectrum of the authentic
BPG standard isolated from Halobacterium sali-
narum. It is concluded that the archaeal analogue of
cardiolipin of Pyrococcus is identical to that present in
Halobacterium salinarum and other extremely halo-
philic microorganisms [10–13, 16]. Furthermore, the
PSD fragment ion spectrum of the lipid component
in band 7 is shown in Figure 5(b): it can be seen
that the ion fragments corresponding to the diphy-
tanylglycerol analogues of PA (m/z 731.5), PG-H2O
(m/z 787.5), PG (m/z 805.9), and PGP-H2O (m/z
867.2) are present. All these peaks are diagnostic for
the structure of the diphytanylglycerol analogue of
bisphosphatidylglycerol, or ether lipid cardiolipin.
Noteworthy, the PSD fragmentation pattern of the
diphytanylglycerol analogue of cardiolipin is similar
to that of mitochondrial cardiolipin [26].

In conclusion, the present study describes the presence of
three different kinds of membrane lipids in the P. furiosus:
diether lipids, dimeric diether lipids and tetraether lipids
(see Figure 1). Structures of all lipids, described through the
present study are illustrated in Figure 6.

Caldarchaeol lipids of P. furiosus found in the present
study are different from those previously reported [20]. The
main caldarchaeol lipid exhibits a main MALDI-TOF/MS
peak at m/z 1784.6, tentatively assigned to an (hexose-
P)2-T, which do not correspond to any previous described
caldarchaeol lipid of Pyrococcus or other hyperthermophilic
archaea. We have accurately searched data in the literature
and in lipid databases without finding a lipid candidate
having the mass matching with that obtained in the present
study. The finding of different caldarchaeols likely depends
on differences in microorganism growth conditions. The
precise structure of the main caldarchaeol of P. furiosus here
found is presently under study, also with the help of analy-
tical approaches different from mass spectrometry.

In the microorganism growth conditions of the present
study diphytanylglycerol phosphoglycolipids are the most
abundant lipid components of P. furiosus; unsaturated phos-
phoglycolipids have been also observed in minor propor-
tions. The diphytanylglycerol analogue of phosphatidylglyc-
erol is only a minor diether lipid. Altogether, diether lipids
represent the majority of the lipids in the total lipid extract.
This finding is in agreement with previous studies [18, 20].
Other reports have shown that the proportions between
archaeol and caldarchaeol lipids can be reversed, as are
profoundly influenced by the temperature and conditions of
growth [29].

Only minute amounts of the diphytanylglycerol ana-
logue of bisphosphatidylglycerol or cardiolipin have been
found in the lipid extract in our experimental conditions.
This is the first report describing the presence of dimeric
diphytanylglycerol lipids in a hyperthermophilic archaeon.
Novel cardiolipins have been recently described in uncul-
tured methane-metabolizing archaea [30]; we also found
a diphytanylglycerol analogue of bisphosphatidylglycerol in
cultured Methanocaldococcus jannaschii (unpublished data).
A number of studies report that prokaryotes contain variable
amounts of cardiolipin depending on their physiologic
state and experimental conditions of lipid analyses. It has
been previously shown that the diether cardiolipin archaeal
analogue is located in membrane domains performing
bioenergetic functions, in analogy with bacteria [11, 31–34].
In consideration of the peculiarity of its respiratory system,
in future studies it will be interesting to study the role of
cardiolipin on the membrane enzymes involved in the bio-
energetics of P. furiosus.
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The relation between archaeal lipid structures and their activity as adjuvants may be defined and explored by synthesizing
novel head groups covalently linked to archaeol (2,3-diphytanyl-sn-glycerol). Saturated archaeol, that is suitably stable as a
precursor for chemical synthesis, was obtained in high yield from Halobacterium salinarum. Archaeosomes consisting of the
various combinations of synthesized lipids, with antigen entrapped, were used to immunize mice and subsequently determine
CD8+ and CD4+-T cell immune responses. Addition of 45 mol% of the glycolipids gentiotriosylarchaeol, mannotriosylarchaeol
or maltotriosylarchaeol to an archaetidylglycerophosphate-O-methyl archaeosome, significantly enhanced the CD8+ T cell
response to antigen, but diminished the antibody titres in peripheral blood. Archaeosomes consisting of all three triglycosyl
archaeols combined with archaetidylglycerophosphate-O-methyl (15/15/15/55 mol%) resulted in approximately additive CD8+

T cell responses and also an antibody response not significantly different from the archaetidylglycerophosphate-O-methyl alone.
Synthetic archaetidylserine played a role to further enhance the CD8+ T cell response where the optimum content was 20–30
mol%. Vaccines giving best protection against solid tumor growth corresponded to the archaeosome adjuvant composition that
gave highest immune activity in immunized mice.

1. Introduction

The total polar lipids extracted from various archaea hydrate
to form liposomes (archaeosomes [1]), that were developed
initially to improve the drug delivery application of conven-
tional liposomes [2–4]. These total polar lipid archaeosomes
were found subsequently to have an enhanced ability over
conventional liposomes to serve as adjuvants, that promoted
not only the antibody response to an entrapped protein
antigen [5] but also the CD8+ T cell response [6]. One mode
of action could be correlated to an enhanced phagocytosis of
archaeosomes compared to liposomes by various phagocytic
cells [7]. This led to the observation that total polar lipids
from various archaea, with their species-specific lipid struc-
tures, formed archaeosomes differing in receptor-mediated
endocytosis and adjuvanticity [8].

Recently archaeol has been isolated from hydrolysed
polar lipid extracts of Halobacterium salinarum to use as
the lipid precursor to chemically synthesize various polar
lipids, including glycolipids [9, 10]. The lipids so generated
are described as synthetic or more precisely as semisynthetic,
because the lipid moiety with specific archaeal sn-2,3 and
R-methyl group stereochemistry is of biological origin,
whereas a polar head group may be conjugated to the
free sn-1 hydroxyl of the glycerol backbone to give a new
polar lipid structure. In this way a chemically-defined,
synthetic archaeosome could in theory be optimized for each
application. Feasibility was demonstrated by synthesizing a
series of diglycosylarchaeols and testing their interactions
with antigen-presenting cells to produce immune responses
in vivo [9].
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The long-lasting CD8+ T cell memory responses that are
generally thought to be required for protection in intracel-
lular pathogen and cancer vaccines are induced by certain
total polar lipid archaeosomes and have been correlated to
those archaeosomes having a high proportion of membrane-
spanning caldarchaeol (tetraether) lipids [6, 11]. In this
study we explore whether synthetic archaeosome adjuvants
that are based on the archaeol lipids without caldarchaeols,
can provide such long-term responses. Further, we explore
if synthetic archaetidylserine, previously found to interact
positively with the phosphatidylserine receptor of antigen-
presenting cells [8, 12], can augment the adjuvant activity of
synthetic glycolipid archaeosomes.

2. Materials and Methods

2.1. Growth of Archaea. Halobacterium salinarum (ATCC
33170) was grown aerobically at 37◦C in a medium modified
to be an all nonanimal origin medium consisting of: 15 g/L
Phytone peptone UF (product 210931 from VWR Inter-
national); 220 g/L NaCl; 6.5 g/L KCl; 10 g/L MgSO4·7H2O;
10 mL of 0.2 g/100 mL CaCl2; 10 mL of 0.2 g/100 mL FeSO4.
Growth of Haloferax volcanii (ATCC 29605) was in medium
ATCC 974 at 30◦C with NaCl content of 12.5% [13].
The antifoam agent used was MAZU DF 204 (BASF
Canada). Biomass was grown in 20 L medium in a 28 L
New Brunswick Scientific fermentor and harvested after 72 h
growth. Lipids were extracted from the biomass with chloro-
form/methanol/water and the total polar lipids precipitated
from the lipid extract with cold acetone [14].

2.2. Purification of Archaeol. Typically, 3.5 g of total polar
lipid from H. salinarum was dissolved in 45 mL of chloro-
form/methanol (2 : 1, v/v) and 190 mL methanol added. This
mixture was cooled to 0◦C in an ice bath, and 10 mL acetyl
chloride added drop-wise while being stirred magnetically.
Hydrolysis was accomplished by refluxing at 62◦C for 3 h.
The mixture was cooled and the volume reduced by rotary
evaporation to 100 mL. Upon transfer to a separatory funnel,
12 mL water and 100 mL petroleum ether was added. The
mixture was mixed and allowed to separate. The top ether
phase containing lipid was pooled with a second ether
extraction, and evaporated.

The archaeol oil obtained above was further purified
by silica gel column chromatography. The oil dissolved in
chloroform/methanol (2 : 1, v/v) was loaded on a Silica
gel 60 (Merck) column and archaeol eluted with pres-
sure using hexane/t-butylmethylether/acetic acid (80/20/0.5,
v/v/v). Collected fractions were tested for archaeol by mini
thin-layer chromatography using the eluting solvent, and
fractions containing pure archaeol pooled and dried. The
yield of archaeol from total polar lipid ranged from 43
to 53%. Structural identity and purity of archaeol was
confirmed by both NMR spectroscopy and electrospray
ionization mass spectrometry.

2.3. Chemical Synthesis. Archaetidylethanolamine was syn-
thesized according to [15]. Mannotriosylarchaeol, maltotrio-
sylarchaeol, gentiobiosylarchaeol, and gentiotriosylarchaeol

were synthesized according to our previous descriptions [10,
16] and structural details are shown in Figure 1. Synthesis
methods for archaetidylserine can be found in Supplemen-
tary Material available online at doi:10.1155/2012/513231.

2.4. Purification of PGP. Archaetidylglycerolphosphate-O-
CH3 (PGP) was purified from the total polar lipids of
Haloferax volcanii as described [13].

2.5. Archaeosome Vaccines. Archaeosomes were formed by
hydrating 20–30 mg dried lipid at 40◦C in 2 mL PBS buffer
(10 mM sodium phosphate, 160 mM NaCl, pH 7.1) with
ovalbumin Type VI (OVA, Sigma) as the test antigen
dissolved at 10 mg/mL. Vesicle size was reduced to about
100–150 nm diameter by brief sonication in a sonic bath
(Fisher Scientific), and OVA not entrapped was removed
by centrifugation from 7 mL PBS followed by 2 washes
(200,000 x g max for 90 min). Vesicle pellets were resus-
pended in 2–2.5 mL PBS and filter sterilized through 0.45 μm
Millipore filters. Sterile conditions and pyrogen-free water
were used throughout.

Quantification of antigen loading was conducted by
separating OVA from lipids using SDS polyacrylamide gel
electrophoresis and densitometry as described [14]. Loading
was based on μg protein/mg salt corrected dry weight of lipid.
Average diameters based on intensity were measured using a
Malvern Nano Zetasizer with a He/Ne laser (Spectra Research
Corp., Ontario, Canada).

2.6. Animal Trials. C57BL/6 female mice (6–8 weeks old)
were immunized subcutaneously near the tail base with
0.1 mL vaccines containing the equivalent of 20 μg OVA,
often entrapped in archaeosomes of various compositions. A
booster consisting of the same vaccine and route was given
on week 3. All protocols and SOPs were approved by the
NRC Animal Care Committee and conducted within the
guidelines of the Canadian Council on Animal Care.

2.7. Immune Responses. As a measure of the Th2 arm
of CD4+ T cell adjuvant activity, IgG antibody raised in
response to the antigen in the vaccine and collected in
the sera of mice (5-6 mice/group) was quantified by Elisa
according to a previous description [17]. The CD8+ T cell
response was quantified by sacrificing duplicate mice/group
to obtain their splenic cells. These splenic cells were assayed
in triplicate for antigen-specific responses by standard
Elispot and cytolytic T lymphocyte (CTL) methods [18].

2.8. Dendritic Cell (DC) Maturation Assay. Bone marrow
was flushed from femurs and tibias of C57BL/6 mice to
isolate DCs. Cells obtained were cultured in RPMI medium
supplemented with 8% fetal calf serum (R8) (Thermo
Scientific HyClone, UT, USA) and 5 ng/mL of granulocyte
macrophage colony-stimulating factor (ID Labs, Inc., Ont.,
Canada) [19]. Nonadherent cells were removed on days
2 and 4 and supplied with fresh medium. Bone marrow
DCs were harvested as the nonadherent cells on day 7.
DC purity was greater than 90% based on flow cytometry
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Figure 1: Semisynthetic glycoarchaeol structures showing head group details. “A” is the archaeol lipid precursor used for synthe-
sis. gentiobiosyl-A (β-Glcp-(1→ 6)-β-Glcp-(1→O)-archaeol); Gentiotriosyl-A (β-Glcp-(1→ 6)-β-Glcp-(1→ 6)-β-Glcp-(1→O)-archaeol);
mannotriosyl-A (α-Manp-(1→ 2)-α-Manp-(1→ 2)-α-Manp-(1→O)-archaeol); maltotriosyl-A (α-Glcp-(1→ 4)-α-Glcp-(1→ 4)-β-Glcp-(1→
O)-archaeol).

of cells labeled with PE-Cy7 conjugated anti-CD11c mAb
(BD Biosciences, Ont., Canada). To activate, on day 7 DCs
(3 × 105 cells/mL) were stimulated with 25 μg of various
antigen-free archaeosomes or 1 μg E. coli lipopolysaccharide
(LPS, Sigma-Aldrich, Ltd., Ont., Canada) per mL in 24-
well plates for 24 h. Maturation was measured by the FITC-
dextran (Sigma-Aldrich, Ltd., Ont., Canada) uptake assay
using flow cytometry [20]. DCs were suspended in R8
medium and incubated with 1 mg/mL of FITC-dextran
(Mr = 40 000) for 30 min at 4 or 37◦C. After incubation, the
cells were washed three times with ice cold 1% sodium azide
in PBS. The quantitative uptake was calculated as the change
in the Mean Fluorescence Index (MFI) between cell samples
incubated at 37 and 4◦C.

2.9. EG.7 Solid Tumour Model. C57BL/6 mice were immu-
nized at 0 and 3 weeks subcutaneously with archaeosomes
containing 20 μg OVA. A challenge consisting of 5× 106 EG.7
cells was introduced subcutaneously in the shaved lower
dorsal region at either 4.5 weeks, or 14 weeks from the second
immunization. Tumour progression was measured in two
dimensions with a digital calliper, and values multiplied to
give tumour sizes. When a tumour mass of 300 mm2 was
reached the mouse was euthanized.

2.10. Statistics. A comparison of means for animal data was
conducted using student’s t-test to determine significance at
95% confidence, and two tailed P values calculated using
GraphPad Prism 5.
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Figure 2: Antigen-specific CD8+ T cell activity in splenic
cells of immunized mice as assayed by Elispot. Ratios of
lipids in mol% for various compositions of archaeosomes
were: di or triglycosylarchaeols/PGP (45/55), and gentiotriosyl-
A/maltotriosyl-A/mannotriosyl-A/PGP (15/15/15/55), where “A”
refers to archaeol. Trioses (1 : 1 : 1)/PGP refers to admixed
triglycosyl-A/PGP vaccines, such that each contributed equal
amounts of antigen. M. smithii represents OVA-loaded archaeo-
somes consisting of total polar lipids from M. smithii, as pos-
itive control. Mice were immunized subcutaneously at 0 and 3
weeks with OVA-loaded archaeosome adjuvants. Nonimmunized
mice (naive) were included as negative controls. Spleens from
duplicate mice were collected 5.5 weeks after first injection
to determine the frequency (number of spots) of interferon-
gamma (IFN-γ)-secreting splenic cells (spots) by enzyme-linked
immunospot assay (Elispot). Omission of the major CD8 epitope
of OVA (SIINFEKL) from the assay (no peptide control) was
used to test for nonspecific responses. Means significantly different
(P < 0.05) were gentiotriosyl-A/PGP versus maltotriosyl-A/PGP
(P = 0.0204), mannotriosyl-A/PGP versus maltotriosyl-A/PGP
(P = 0.0135), and maltotriosyl-A/PGP versus PGP (P = 0.0032).
Those not significantly different were gentiotriosyl-A/PGP ver-
sus mannotriosyl-A/PGP (P = 0.4238), gentiotriosyl-A/PGP versus
gentiobiosyl-A/PGP (P = 0.0550), mannotriosyl-A/PGP versus
gentiobiosyl-A/PGP (P = 0.0677), and gentiotriosyl-A/maltotriosyl-
A/mannotriosyl-A/PGP versus M. smithii (P = 0.0657).

3. Results

3.1. Synthetic Glycosylarchaeols as Adjuvants. To prepare sta-
ble glycolipid archaeosome adjuvants from neutrally charged
glycosylarchaeols it was necessary to include a charged
lipid. This function may be served by a conventional ester-
phospholipid such as phosphatidylglycerol. Although mice
vaccinated with archaeosomes consisting of synthetic digly-
cosylarchaeols mixed with dipalmitoyl phosphatidylglycerol
and antigen developed short-term CD8+ T cell mediated
immune responses [9], longer-term responses were lost [15].
Consequently, we avoided conventional lipids in this study
designed to evaluate the potential for long-term immunity

from archaeol adjuvants, and chose instead an archaeol-
based anionic lipid, PGP, purified from H. volcanii. The
combination of glycosylarchaeols with PGP resulted in stable
bilayers in the 100 nm average diameter range that entrapped
the OVA antigen from 12–21 μg protein/mg dry weight
(Table 1).

First, we tested CD8+ T cell responses in immunized
mice using glycosylarchaeol/PGP adjuvants in short-term
experiments assayed 2.5 weeks from the booster immuniza-
tion (Figure 2). Elispot assays confirmed gentiotriosylar-
chaeol to be a better adjuvant than gentiobiosylarchaeol.
Although not highly significant for the data shown here
(P = 0.055), in other trials the difference in means was
characteristically P = 0.001. Further, both gentiotriosylar-
chaeol and mannotriosylarchaeol were significantly better
adjuvants with PGP than was maltotriosylarchaeol. When
all three triosylarchaeol vaccines were admixed in equal
proportion prior to immunization the CD8 response was not
greatly improved. However, a strikingly improved adjuvant
activity, approaching the M. smithii total polar lipid positive
control, was observed when the triglycosylarchaeols were
incorporated into the same archaeosome preparation during
hydration.

CD8 responses in mice can also be measured by cytolytic
T lymphocyte (CTL) assays that measure the ability of
effector cells in the spleens of immunized mice to lyse
an EG.7 target cell line expressing the dominant epitope
(SIINFEKL) of OVA. In this assay (Figure 3) the same
trends as found in Elispots occurred, although maltotrio-
sylarchaeol/PGP was less effective as an adjuvant than pure
PGP archaeosomes. The combined triosylarchaeols/PGP
(45/55 mol%) again produced an adjuvant equivalent to
the total polar lipid positive control. Because of these
results, we omitted maltotriosylarchaeol from further stud-
ies, and continued with the combination of gentiotriosylar-
chaeol/mannotriosylarchaeol/PGP.

To evaluate the ability of archaeosome adjuvants to
direct antigen via antigen-presenting cells through MHC
class-II presentation to CD4+ T cells (see Figure 1 of
[9]), we assayed anti OVA antibody titres in the peripheral
blood of mice (Figure 4). Best titres were found for PGP
archaeosomes, indicating that these archaeosomes favour an
MHC-II route of antigen presentation versus MHC-I (as
measured by CD8+ T cell responses). Antibody titres for
PGP were significantly higher for all adjuvants except when
compared to the combination of triosylarchaeols, which was
not significantly different (P = 0.056).

3.2. Archaetidylserine (AS) and Archaetidylethanolamine
(AE). The phosphatidylserine receptor is implicated in
promoting phagocytosis of apoptotic cell debris [21] and
archaeosomes [12]. Further, both archaetidylserine and
archaetidylethanolamine are potentially fusogenic lipids,
based on the assumption of similar activity to their ester
analogs [22], and fusion of internalized archaeosomes with
the phagolysosome membrane is the mechanism proposed
to export antigen from archaeosomes to the MHC-I pathway
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Table 1: Characterization of OVA-archaeosomes.

Archaeosome lipids Average diameter (nm) OVA content (μg/mg)

Gentiobiosyl-A/PGP 153± 54 19.6

Gentiotriosyl-A/PGP 90± 52 21.1

Mannotriosyl-A/PGP 76± 41 16.9

Maltotriosyl-A/PGP 97± 46 14.7

PGP 92± 54 14.2

M. smithii 88± 51 12.0
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Figure 3: A cytotoxic T lymphocyte (CTL) lysis assay was used
to assess the same populations of splenic cells as in Figure 1. The
standard 51Cr assay was conducted using specific and nonspecific
target cells (EG.7 and EL-4, resp.). The ratio of effector splenic cells
to target cells is shown as the E : T ratio in the graph. Results shown
are for EG.7 targets. EL-4 targets produced only low nonspecific
responses (not shown).

of antigen-presenting cells [12, 23]. Consequently, impor-
tance of AS or AE incorporated into the mannotriosylar-
chaeol/gentiotriosylarchaeol/PGP archaeosome was assessed
in terms of adjuvanting CD8+ T cell responses (Figure 5).
Addition of 30 mol% AS to the glycotriosylarchaeol/PGP
adjuvant resulted in a significantly higher CD8 response (P =
0.0207) that was not significantly different than the positive
control (M. smithii). AE combined with AS had little further
influence on adjuvanticity. As in other mouse trials, incor-
poration of glycoarchaeols to PGP archaeosomes produced a
much improved CD8+ T cell response. In contrast, anti OVA
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Figure 4: Antibody titres in sera of mice immunized with various
archaeosome adjuvants. Peripheral blood was collected at 5.5 weeks,
just prior to euthanizing mice for spleen removal (Figure 1).
Each data point shown represents the titre in the serum from an
individual mouse. Means were significantly higher for the OVA-
PGP archaeosome vaccinated group (P < 0.05) compared to all
groups except for Gentiotriosyl-A/Maltotriosyl-A/Mannotriosyl-
A/PGP (P = 0.0560).

antibody titres in peripheral blood were not significantly
higher upon inclusion of AS (data not shown).

To quantify the optimal amount of AS to adjuvant the
CD8+ T cell mediated response, from 0 to 30 mol% AS was
incorporated into the triglycosylarchaeol/PGP archaeosome.
Elispot assays (Figure 6) showed little effect of 10% AS,
with an optimal effect of >20–30 mol%. Archaeosomes could
not be tested with >30 mol% AS because of instability.
These findings were verified by CTL assays (Figure 7),
that confirmed an adjuvant activity at 30 mol% AS to be
somewhat higher than the positive control. As shown in
Figure 5, the addition of AE to the adjuvant mix was rarely
positive.

3.3. Maturation of DCs. Loss of ability to take up dextran was
used to assess the extent of activation of DCs exposed in vitro
to the various archaeosomes (lacking antigen) (Figure 8).
LPS served as a positive control. Activation was similar
for LPS, M. smithii archaeosomes, and the combination
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activity of glycosylarchaeol/PGP archaeosomes, archaetidylserine
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Figure 7: Cytotoxic T lymphocyte (CTL) lysis assay was used to
assess the same populations of splenic cells as in Figure 6. Loadings
of the OVA antigen are shown also in this figure. EL-4 control targets
not expressing SIINFEKL gave <10% lysis in all cases (not shown).

of gentiotriosylarchaeol/mannotriosylarchaeol/PGP with or
without AS. Evidence for AS activation could be seen, how-
ever, by comparing AS/PGP (30/70 mol%) archaeosomes to
either of AE/PGP (5/95 mol%), gentiotriosylarchaeol/PGP,
or mannotriosylarchaeol/PGP archaeosomes.

3.4. Short and Long-Term Protective Immunity. M. smithii
total polar lipid archaeosomes are capable of adju-
vanting a CD8+ T cell response that is long-lasting
and provides protection in a solid tumour model in
mice [11, 18]. Here we compare immune responses
to protection in mice immunized with the various
synthetic archaeosomes-OVA. Short-term immunity was
assessed in animals (n = 5) by challenge with EG.7
tumour cells 4.5 weeks after the second immunization
(Figure 9(a)). Protection could be correlated to the CD8+ T
cell immune responses achieved (see previous figures).
Naive mice are considered unprotected and succumbed
to tumour growth early. PGP-OVA archaeosomes showed
only limited protection, with best protection achieved with
mannotriosylarchaeol/gentiotriosylarchaeol/AS/PGP OVA-
archaeosomes. Longer-term immunity was assessed by
injection of EG.7 cells 14 weeks following the second
immunization (Figure 9(b)). Nonimmunized naive mice and
OVA immunizations (no adjuvant) showed no protection,
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Figure 8: Maturation of dendritic cells (DCs) upon treatment
with archaeosomes as measured by decrease of FITC-dextran
uptake. Bone marrow DCs treated with archaeosomes in vitro were
compared for their ability to take up FITC-dextran. The results
depict the mean ΔMFI (37–4◦C). Data represent means ± SD of
triplicate cultures as indicated.

whereas the optimized archaeosome gave protection similar
to the positive control.

4. Discussion

A goal of this study was to define an archaeosome adjuvant
composition suitable for human application through use
of synthetic archaeol-based lipids. Past studies on the
mechanism of archaeosomes made from the total polar
lipids of various archaea have shown that adjuvant activity
occurs at the level of the antigen-presenting dendritic and
macrophages cells [19, 24]. Glycolipids in these total polar
lipid mixtures may presumably serve as effective adjuvant
ingredients as they can target specific receptors on antigen-
presenting cells [9, 25, 26].

As glycolipids are uncharged, a stable bilayer does not
form when attempts are made to prepare pure glycolipid-
liposome based vaccines. This can be achieved, as is the
case for natural polar lipids consisting of both glyco and
phospholipids, by including phospholipids in the glycolipid
formulation [9]. Because inclusion of nonarchaeal lipids
such as dipalmitoyl phosphatidylglycerol into archaeosomes
results in decline in longer-term CD8+ T cell mediated

immune responses [15], we used the diacidic extreme
halophile lipid, PGP, in our synthetic glycoarchaeol formu-
lations.

A series of mannosylarchaeols synthesized to have from
1 to 5 sugar units, hydrated best and gave best adjuvant
activity at 3 or 4 linear sugar units [16]. Similarly, we
found gentiotriosylarchaeol to be a better adjuvant than
gentiobiosylarchaeol. Further, the additive adjuvant effect
obtained by inclusion of both gentiotriosylarchaeol and
mannotriosylarchaeol suggests multiple positive interac-
tions with receptors, to account for an observed increased
activation of antigen-presenting dendritic cells (Figure 8).
This additive effect of glycosylarchaeols required that the
archaeosome preparation be hydrated with all lipids present,
suggesting that the various head groups on the archaeosome
surface were presented simultaneously to multiple receptors
in vivo.

Archaetidylserine (AS) as a component of gentiotri-
osylarchaeol/mannotriosylarchaeol/PGP archaeosomes in-
creased the CD8+ T cell immune response to entrapped
antigen in a concentration dependent manner, without
significantly enhancing the antibody response (Figures 6–7).
M. smithii total polar lipid archaeosomes contain AS and
their endocytosis has been linked to interaction with the
phosphatidylserine receptor of antigen-presenting cells [12].
The pathway of cross-presentation of antigen carried in M.
smithii archaeosomes occurs at the late phagolysosome stage
[12] when calcium is internalized [27], suggesting that AS
also contributes to membrane fusion promoted by calcium in
analogy to phosphatidylserine [23]. Fusion of archaeosomes
with the phagolysosome membrane would contribute to
export of antigen to the cytosol and provide access to the
MHC class-I presentation pathway.

The longevity of CD8+ T cell memory induced by total
polar lipid archaeosomes of M. smithii and Thermoplasma
acidophilum is generally not found in archaeosomes prepared
from total polar lipids of extreme halophiles, that lack
caldarchaeols [6]. For this reason, it was proposed that long-
term CD8+ T cell memory may require the presence of high
proportions of caldarchaeol membrane-stabilizing lipids. In
this study we found that protective CD8+ T cell memory
responses could be induced in mice immunized with
antigen-archaeosomes lacking caldarchaeols. This further
indicated the importance of head group in lipid composition
of an all archaeol-based adjuvant [9].

5. Conclusion

The immune response to antigen may be preferentially
directed to either MHC-I (CD8) or MHC-II (CD4) presen-
tations by selection of the head group(s) of an archaeol-
based adjuvant. PGP archaeosomes direct antigen primarily
to an antibody pathway of response as suggested previously
[10]. Additions of glycoarchaeols to PGP archaeosomes
enhance greatly the MHC class I pathway of antigen pre-
sentation producing the CD8+ T cell response. Combination
of gentiotriosyl- and mannotriosylarchaeols in the archaeo-
some adjuvant enhanced the CD8+ T cell response over
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Figure 9: Protection of mice immunized with archaeosomes of various lipid compositions in a solid tumour model. Groups (n = 5) of
unvaccinated mice (naive) or mice vaccinated with various OVA-archaeosomes were challenged with a subcutaneous injection of EG.7 cells
(time zero) either 4.5 weeks (panel (a)) or 14 weeks (panel (b)) following their last vaccination.

either alone, and the additional presence of archaetidylserine
was of further benefit. Finally, long-term immunity was
obtained in an archaeol-based lipid archaeosome lacking
caldarchaeols. We conclude that for a cancer or intracellular
pathogen vaccine where a CD8+ T cell response is needed,
a favorable archaeosome composition is gentiotriosylar-
chaeol, mannotriosylarchaeol, AS, and PGP in mol% ratio
22.5/22.5/30/25.
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Archaeal viruses represent one of the least known territory of the viral universe and even less is known about their lipids. Based on
the current knowledge, however, it seems that, as in other viruses, archaeal viral lipids are mostly incorporated into membranes
that reside either as outer envelopes or membranes inside an icosahedral capsid. Mechanisms for the membrane acquisition seem
to be similar to those of viruses infecting other host organisms. There are indications that also some proteins of archaeal viruses are
lipid modified. Further studies on the characterization of lipids in archaeal viruses as well as on their role in virion assembly and
infectivity require not only highly purified viral material but also, for example, constant evaluation of the adaptability of emerging
technologies for their analysis. Biological membranes contain proteins and membranes of archaeal viruses are not an exception.
Archaeal viruses as relatively simple systems can be used as excellent tools for studying the lipid protein interactions in archaeal
membranes.

1. Introduction

Viruses are obligate parasites. Their hallmark is the virion,
an infectious particle made of proteins and encapsidating the
viral genome. Many viruses, however, also contain lipids as
essential components of the virion [1]. The majority of viral
lipids are found in membranes, but viral proteins can also be
modified with lipids [2, 3].

1.1. Membrane Containing Viruses in the Viral Universe.
Membrane containing viruses can roughly be divided into
two subclasses [1]. The first subclass contains viruses in
which the membrane, also called an envelope, is the outer-
most layer of the viral particle. In the second class of viruses,
the membrane is underneath the usually icosahedral protein
capsid. Few viruses contain both the inner membrane as well
as an envelope [1]. Lipid membranes of viruses have evolved
into essential components of virions that in many cases
seem to be involved in the initial stages of infection [4–6].
The majority of membrane containing viruses infect animals
both vertebrate and invertebrate that do not have a cell
wall surrounding the cytoplasmic membrane. For other host
organisms such as plants and prokaryotes there are much

fewer membrane containing viruses known [1]. Usually the
cells of these organisms are covered with a cell wall. By far
the majority of known viruses that infect prokaryotes, that
is, bacteria (bacteriophages), and archaea (archaeal viruses)
belong to the order Caudovirales, the tailed viruses (Figure 1)
[1, 7]. These viruses are made of the icosahedrally organized
head and a helical tail. Tailed viruses do not usually contain
a membrane, although there are some early reports of tailed
mycobacteriophages containing lipids [8, 9]. Viral proteins
can also be modified with lipids [3], and there are some
indications that proteins of archaeal viruses may also contain
lipid modifications [10]. Since very little is known about
the lipid modifications of archaeal virus proteins, this paper
will concentrate mostly on the membrane lipids of archaeal
viruses.

1.2. How Do Viruses Obtain Membranes? Viral-encoded
genes possibly involved in lipid modifications have been
found in large eukaryotic viruses such as Mimivirus [11]
and Paramecium bursaria Chlorella virus 1 (PBCV-1) [12]. In
prokaryotic viruses, however, no genes encoding compo-
nents for lipid metabolism have been recognized, but the
membranes of prokaryotic viruses are mostly obtained from
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STSV1 (C)
(unclassified)

Lipothrixviridae (C) Globuloviridae (C)

HRTV-1 (E)
Siphoviridae

SH1 (E),
STIV (C), STIV2 (C)

(unclassified)

“Pleolipoviridae” (E)

Figure 1: Schematic representation of the currently known lipid
containing archaeal viruses (C = viruses infecting crenarchaeal
hosts, E = viruses infecting euryarchaeal hosts). As a comparison, an
archaeal virus devoid of a membrane [32] is also shown. Membrane
is illustrated as a yellow layer either inside or outside of the protein
capsid depicted in purple. The viral particles are not drawn in scale.

the host cytoplasmic membranes [13, 14]. Enveloped viruses
obtain the membrane during budding, that is, egress of
the viral particles from the cells without disturbing the
cell membrane integrity [15]. The inner membrane of
prokaryotic viruses is presumed to be obtained from specific
patches of host cytoplasmic membrane containing viral
membrane proteins and mechanistically analogous to the
formation of clathrin coated pits [6, 16–18]. Consequently,
enveloped viruses often exit the cells without lysis, whereas
the viruses containing a membrane inside the capsid usually
lyse the cells. At least one exception to this can be noted.
Prokaryotic lipid containing virus φ6 contains an envelope,
but its infection cycle ends in lysis of the host cells [19, 20].

As mentioned above, viral membranes are often involved
in the initial stages of infection. This is especially true
for the enveloped viruses where the proteins responsible
for host recognition (spikes or fusion proteins) are usually
incorporated in the envelope. At some point during the
often multiphase entry process, the viral envelope fuses
with a host membrane releasing the contents into the cell
[4, 5]. Among viruses that contain the membrane inside the
capsid, the involvement of the membrane in the entry has
been shown for the bacteriophage PRD1. After the receptor
recognition, the protein rich membrane forms a tubular
structure through which the DNA enters the cell cytoplasm
[21–23]. Such tubular structures, however, are not formed by
all prokaryotic icosahedral viruses containing the membrane
inside the capsid [24–28]. For the bacteriophage PM2 that
infects the marine bacterium Pseudoalteromonas, fusion of
the viral inner membrane with the host outer membrane was
suggested [29]. Similarly, fusion of the Sulfolobus turreted
icosahedral virus (STIV) membrane with the cytoplasmic
membrane of S. solfataricus was suggested [30]. In addition
to the function in viral entry, the inner membrane of
viruses act, together with the viral membrane proteins, as the
scaffold for capsid protein assembly [18, 26, 31].

2. Analysis of Viral Membranes

How do we know if a membrane is part of the viral
structure? Chloroform treatment can be used as the first
step in screening for viral membranes: the infectivity of the
virus is usually considerably reduced if the virions contain
a membrane [32–34]. Chloroform treatment can, however,
also abolish the infectivity of virions that have not been
reported to contain lipids [35] and therefore further studies
are always required. Low buoyant density is also an indicator
of the lipid membrane in the virions [6, 36]. Sudan Black
B can be used to stain the polyacrylamide gel containing
separated virion proteins and lipids [10, 37]. Although Sudan
Black B is not entirely specific for lipids, positive staining
is an indication of the presence of lipid membranes in
highly purified viral material and also shows if some viral
proteins are putatively lipid modified [10]. Further proof
for the presence of a lipid membrane and analyses of its
different components can be obtained by techniques also
used for the analyses of the membrane lipids of the host
cells, for example, thin layer chromatography (TLC), mass
spectrometry (e.g., electrospray ionization, ESI-MS), and
nuclear magnetic resonance (NMR) [38, 39]. Lipids must be
obtained from highly purified viral material [10, 40, 41] or
from distinct dissociation components of the virion [28, 42]
as it is often difficult to separate virions from membrane
vesicles of host origin.

3. Archaeal Lipids

Since the membrane lipids of archaeal viruses are derived
from the host lipid pool, analysis of the host lipids is an
important part of the lipid analysis of their viruses. Archaeal
lipids are known to be drastically different from the ones
of bacterial and eukaryotic membranes: instead of lipids
based on diacylglycerol the most common core lipid of
archaeal phospholipids is the diether of diphytanylglycerol
[43, 44]. Archaeal lipids can be divided according to the
two major kingdoms of Archaea. As a crude generalization,
one can say that the haloarchaeal cell membranes consist
mostly of bilayer-forming diether lipids, whereas membranes
of archaeal thermophilic organisms are largely composed
of tetraether lipids that form monolayer membranes [38,
45, 46]. As in other organisms, phospholipids are the
major components of archaeal membranes. In halophilic
Archaea, approximately 10% of total lipids are neutral lipids
such as bacterioruberin [38]. The major core structure of
haloarchaeal lipids consists of archaeol, a 2,3-di-O-phytanyl-
sn-glycerol with C20 isoprenoid chains [38, 43]. One of
the major lipids in extremely thermophilic archaea such as
Sulfolobus sp. is the macrocyclic tetraether lipid caldarchaeol
[46–48]. The composition of lipid membranes is modified
according to the environmental conditions in all organisms,
and Archaea are not an exception [38, 45, 47, 49].

Some archaeal proteins are known to be modified by
isoprenoid derivatives [2, 60–62], and structural analysis
revealed a diphytanylglyceryl methyl thioether lipid of one
modified protein [61]. Modification of the Haloferax volcanii
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S-layer protein with a lipid of unknown structure was shown
to be crucial to the maturation of the protein [62].

4. Archaeal Membrane Containing Viruses

Our knowledge of archaeal viruses is scarce, but even less is
known about their lipids. The known archaeal membrane
containing viruses are listed in Table 1. Especially crenar-
chaeal viruses that infect thermophilic or hyperthermophilic
hosts are difficult to produce in amounts high enough
for closer analysis of their membrane lipids by traditional
methods (e.g., [58]).

4.1. Crenarchaeal Viruses. The presence of lipid membranes
have been reported for icosahedral crenarchaeal viruses STIV
and Sulfolobus turreted icosahedral virus 2 (STIV2), for
filamentous viruses Acidianus filamentous virus 1 (AFV-
1), Sulfolobus islandicus filamentous virus (SIFV), and
Thermoproteus tenax virus 1 (TTV1), for spindle-shaped
Sulfolobus tengchongensis spindle-shaped virus 1 (STSV1),
and for spherical virus Pyrobaculum spherical virus (PSV;
Table 1). The Acidianus bottle-shaped virus (ABV) virions
were reported to contain a 9 nm thick envelope [63]. The
lipid nature of this envelope, however, has not been reported
and the estimated thickness of 9 nm is more than that of
usual membranes of archaea [28, 58, 64, 65].

The case of spindle-shaped viruses such as Sulfolobus
spindle-shaped virus 1 (SSV1) of family Fuselloviridae is
interesting, because the virions have a buoyant density
that is in the same range as in those virions containing a
membrane (1.24 g/cm3 in CsCl), and the virions are sensitive
to chloroform [66]. It has been reported that “10% of the
SSV-1 virion envelope consists of host lipids” [67], but no
further membrane studies have been conducted. This all may
suggest that some other type of lipid component than a lipid
membrane is present.

The situation among the members of the family
Lipothrixviridae is also confusing, because these viruses
are defined as rod-shaped viruses containing an envelope.
The family is further divided into genera Alpha-, Beta-,
Gamma-, and Deltalipothrixvirus according to the specific
structures involved in the host attachment located in the
virion ends [68]. The envelope is reported to consist of viral
proteins and host derived lipids [68]. The presence of a lipid
envelope has been shown for alphalipothrixvirus TTV1 [51],
betalipothrixvirus SIFV, and gammalipothrixvirus AFV-1
[53]. However, no evidence for a lipid membrane in the
type species of Deltalipothrixvirus genus, the Acidianus
filamentous virus 2 (AFV-2), could be found [69].

Further analysis using thin layer chromatography (TLC)
has been reported for AFV1 [53], SIFV [54], STSV1 [59],
and PSV [50]. The lipid composition of STIV was analysed
using ESI-MS [70]. In conclusion, it could be shown that
in general the lipids of crenarchaeal viruses were obtained
from the host lipid pool, but some lipid species were found
to be quantitatively and qualitatively different from the host
lipids [50, 53, 54]. Although viral lipids are considered to
be derived from the host membrane lipids, it was suggested

that they derived from host lipids by modification [53] and
possibly by virus encoded enzyme apparatus [50]. Since no
such enzyme apparatus has been described in prokaryotic
let alone archaeal viruses, the more probable explanation
for the differences at the moment is a strong selection for
some minor lipid species of the host. Recent study on the
assembly of STIV using cryo-electron tomography suggests
that the viral membrane is derived de novo in the host cell
and not as a result of a membrane invagination [31, 71].
This would, at least in theory, allow the possibility that
there is viral enzymatic machinery responsible for the lipid
modification. The comparative lipid analysis of STIV and
its host S. solfataricus showed, however, that the viral lipids
consisted of a subpopulation of the host lipids but in different
proportions [70].

4.2. Euryarchaeal Viruses. Among euryarchaeal viruses, the
icosahedral SH1 and Haloarcula hispanica icosahedral virus
2 (HHIV-2) virions contain an inner membrane [40, 42, 72]
and the pleomorphic viruses contain a membrane envelope
[10, 34, 36, 41].

SH1 was the first icosahedral virus characterized among
haloarchaea [33]. Inside the rather complex protein capsid,
there is a lipid membrane enclosing the approximately
31 kb linear double stranded (ds) DNA genome [28, 40,
42]. The major protein component of the membrane is
the approximately 10 kDa VP12, one of the major struc-
tural proteins of the SH1 virion [42]. Although there
are no detailed studies reporting the assembly steps of
SH1, similarities in virion structure to PRD1 suggests a
similar assembly pathway [28, 40, 42]. Therefore, it is
likely that the viral capsid and the inner membrane are
assembled with the help of the membrane proteins and the
genome is packaged into these empty particles (procapsid)
before the lysis of the cells [28, 33, 40, 42, 73]. Mass
spectrometric analysis of the SH1 lipids revealed major
archaeal phospholipid species of phosphatidylglycerol (PG),
the methyl ester of phosphatidylglycerophosphate (PGP-
Me), and phosphatidylglycerol sulfate (PGS). The proportion
of PGP-Me, however, was higher in SH1 than in its host
Haloarcula hispanica [40]. Quantitative dissociation studies
of SH1 allowed the separation of the virion into fractions
of soluble capsid proteins and lipid core particle (LC) which
consisted of the same phospholipid classes and in the same
proportions as the intact virions confirming the presence of
the inner membrane [42]. Sudan Black B staining was used
to show the presence of lipids in the highly purified HHIV-
2 virions [72]. Cryo-electron microscopy (cryo-EM) and
image reconstruction of SH1 particles show that as in PRD1
[74] and STIV [25] the inner membrane of SH1 follows the
shape of the capsid and the membrane is highly curved at
the fivefold vertices where there is a clear transmembrane
complex probably containing VP2 protein [28].

Haloarchaeal pleomorphic viruses is a newly character-
ized group of viruses with relatively simple virion archi-
tecture [10, 34, 36, 41, 56, 73, 75]. The genome (single
stranded or double stranded DNA) is enclosed in a mem-
brane vesicle derived from the host membrane [10, 34, 41].
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Table 1: Currently known membrane containing archaeal viruses, exit strategy, and presence of lipid envelope or inner membrane.

Family or Genusa Type species/example of species/species lipids studied Exit strategy Lipids References

Globuloviridae (C) Pyrobaculum spherical virus, PSV No lysis detected Lipid envelope [50]

Lipothrixviridae (C)

Genus Alphalipothrixvirus Thermoproteus tenax virus 1, TTV1 Lysis Lipid envelope [51, 52]

Genus Betalipothrixvirus Acidianus filamentous virus 1, AFV1 No lysis detected Lipid envelope [53]

Genus Gammalipothrixvirus Sulfolobus islandicus filamentous virus 1, SIFV1 No lysis detected Lipid envelope [54]

Genus Salterprovirus (E) His2b No lysis detected Lipid envelope [10, 55]

Halorubrum pleomorphic virus 1, HRPV-1 No lysis detected Lipid envelope [34, 41]

Halorubrum pleomorphic virus 2, HRPV-2 No lysis detected Lipid envelope [10, 56]

“Pleolipoviridae” (E)b Halorubrum pleomorphic virus 3, HRPV-3 No lysis detected Lipid envelope [10, 56]

Halorubrum pleomorphic virus 6, HRPV-6 No lysis detected Lipid envelope [10]

Haloarcula hispanica pleomorphic virus 1, HHPV-1 No lysis detected Lipid envelope [36]

Sulfolobus turreted icosahedral virus, STIV (C) Lysis Inner membrane [25, 57]

Unclassified
Sulfolobus turreted icosahedral virus 2, STIV2 (C) Lysis Inner membrane [58]

Sulfolobus tengchongensis spindle-shaped virus 1 (C) No lysis detected Lipid envelope [59]

SH1 (E) Lysis Inner membrane [33, 40, 42]
a
Host domain: B: bacteria, C: crenarchaea, E: euryarchaea.

bHis2 has been suggested to belong to the new family Pleolipoviridae. The approval of the suggested new family is pending at the ICTV.

There are two major structural proteins, the larger proteins
(approximately 50 kDa in size) are mostly exposed and C-
terminally anchored to the membrane [10, 41]. This larger
protein is N-glycosylated in HRPV-1 [41, 76], and in HGPV-
1 it stains with Sudan Black B [10] suggesting a lipid
modification. The smaller structural proteins (approximately
10 to 14.5 kDa) are predicted to contain several trans-
membrane domains [10, 34, 41]. New progeny viruses
are released from the infected cell without lysis [10, 34,
36]. Thus, the viral envelope is most probably acquired
by budding from the sites of host cytoplasmic membrane
containing the viral membrane proteins and the genome
[10, 34, 36]. The detailed sequence of events and the viral
and host proteins involved will be the subject of future
studies. Currently, the group of haloarchaeal pleomorphic
viruses consists of seven members: Halorubrum pleomorphic
viruses 1, 2, 3 and 6 (HRPV-1, HRPV-2, HRPV-3, and
HRPV-6), respectively [10, 34, 56], Haloarcula hispanica
pleomorphic virus 1 (HHPV-1) [36], and Halogeometricum
sp. pleomorphic virus 1 (HGPV-1) [56]. In addition, His2
[55], the second member of genus Salterprovirus, is suggested
to belong to the pleomorphic viruses [10, 75]. Lipid analysis
by TLC or mass spectrometry of the highly purified viral
material suggests that the composition of lipids was similar to
that of their hosts [10, 34, 41]. The lipids of viruses infecting
Halorubrum sp. hosts consisted mostly of the archaeal forms
of PG, PGP-Me, and PGS, whereas in Halogeometricum sp.
the PGS was missing both in the host lipids as well as in the
lipids of HGPV-1 [10, 41, 77]. Sudan Black B staining of the
HGPV-1 and His2 proteins showed that some of the major
structural proteins may also be lipid modified [10].

Studies on lipid containing haloarchaeal viruses of
different morphotypes have also allowed the comparison of
the differences in the proportions of incorporated lipids.
For example, the isolation and characterization of the

Haloarcula hispanica pleomorphic virus 1 (HHPV-1) [36]
allowed to compare the differences of lipid composition
between an icosahedral membrane containing virus SH1and
the enveloped, pleomorphic HHPV-1 that infect the same
host, Har. hispanica (Figure 2). The comparison showed that
the lipid composition of the pleomorphic virus HHPV-1
envelope was more similar to the lipids of the host membrane
than those of SH1 (Figure 2) [36]. This may be explained
by the constraints that the inner membrane curvature poses
on the selection of lipids in SH1 and consequently suggests
that SH1 is able to selectively acquire lipids from the host
membrane [36, 73]. Different lipids are known to have
different shapes and therefore can be found in different
positions in the curved membrane [14, 78]. It is known that
different membrane proteins attract different types of lipids
[79], and it would be very interesting to determine which
viral proteins are involved in this process.

5. Concluding Remarks

Research on lipid containing archaeal viruses is still in its
infancy. The presence of lipids and characterization of their
nature has been shown for some archaeal viruses [10, 25, 34,
36, 40–42, 50, 51, 53, 54, 58, 59, 70]. Deeper understanding
of their role in virus biology is largely still missing. Partly
this problem can be assigned to an inability to produce
enough material of high enough purity. Partly this problem
is due to missing techniques comparable to those developed
for lipid research of bacteria and eukaryotes. Lipid research,
as many other fields of research, benefits from a thorough
characterization of the systems studied. Characterization
of the virus life cycle and studying its different steps
using the cutting edge technologies in electron microscopy,
for example, complements the information obtained using
biochemical and genomic methods [25, 28, 31, 40, 42].
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Figure 2: Comparison of the phospholipid compositions of Har.
hispanica, HHPV-1 and SH1. Concentrations are expressed as the
mol% of the total phospholipids. Only phospholipids representing
more than 1% of the total are shown. Error bars represent standard
deviations of data from at least three independent experiments.
Copyright American Society for Microbiology, [36].

The examples set by crystallization of the whole virions of
membrane containing bacteriophages PRD1 [74, 80] and
PM2 [26] show how valuable different perspectives on lipid
membranes can be. Studies on the finding of the proposed
viral-encoded genes involved in novel lipid modifications
is hampered by the fact that a high amount of predicted
gene content in archaeal viruses do not have homologues in
the data bases. A more systematic approach of cloning and
expression analyses of genes as well as crystallization of the
gene products could be used in screening for the functions of
interest.

Archaeal lipids are unique in terms of their chemical,
physical, structural, and biological properties. Not only can
they be admired in their complexity and variability, but as
material adjusted to extreme conditions, they can be con-
sidered unique for biotechnological applications designed
for extreme conditions. The archaeosomes made of one of
the major phospholipid of haloarchaeal membranes, the
archaeal form of the methyl ester of phophatidylglycerophos-
phate (PGP-Me), for example, have been shown to be
superior in terms of stability and low permeability in high
salt conditions [81]. Similar findings were reported for the
performance of archaeosomes made of thermophilic lipids
in a wide range of temperatures [65]. Although the lipids
of archaeal viruses are obtained from host lipids, they can
be present in different proportions and the mechanisms
for the selection must be driven by viral components. The
simplicity of many membrane containing archaeal viruses
can be exploited in studying the mechanisms of protein-lipid
interplay in archaeal membranes.
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Société de Chimie Biologique, vol. 51, no. 9, article 1367, 1969.

[38] A. Corcelli and S. Lobasso, “Characterization of lipids of
halophilic Archaea,” in Methods in Microbiology: Extremo-
philes, F. A. Rainey and A. Oren, Eds., vol. 35, pp. 585–613,
Elsevier, New York, NY, USA, 2006.

[39] M. S. da Costa, M. F. Nobre, and R. Wait, “Analysis of lipids
from extremophilic bacteria,” in Methods in Microbiology:
Extremophiles, F. A. Rainey and A. Oren, Eds., vol. 35, pp. 127–
159, Elsevier, New York, NY, USA, 2006.

[40] D. H. Bamford, J. J. Ravantti, G. Rönnholm et al., “Con-
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This paper reviews the recent findings related to the physical properties of tetraether lipid membranes, with special attention to
the effects of the number, position, and configuration of cyclopentane rings on membrane properties. We discuss the findings
obtained from liposomes and monolayers, composed of naturally occurring archaeal tetraether lipids and synthetic tetraethers as
well as the results from computer simulations. It appears that the number, position, and stereochemistry of cyclopentane rings
in the dibiphytanyl chains of tetraether lipids have significant influence on packing tightness, lipid conformation, membrane
thickness and organization, and headgroup hydration/orientation.

1. Introduction

Archaea are subdivided into two kingdoms: euryarchaeota
and crenarchaeota [1]. Euryarchaeota include methanogens
and halophiles, whereas crenarchaeota are traditionally com-
prised of thermophilic or hyperthermophilic archaea [1].
Halophiles and some methanogens are found mostly in high
salt water or hypersaline systems such as natural brines,
alkaline salt lakes, and salt rocks; while thermophilic and
hyperthermophilic archaea are found in very high temper-
ature environments [2]. In recent years, crenarchaeota have
also been found in nonextreme environments such as soil
and pelagic areas [3, 4].

The plasma membranes of archaea are rich in tetraether
lipids (TLs) and diphytanylglycerol diethers, also known
as archaeols (reviewed in [11–13]). TLs are the domi-
nating lipid species in crenarchaeota, particularly in ther-
moacidophilic archaea (∼90–95%). They are also found in
methanogens (0–50%) but are virtually absent in halophiles.
Archaeal TLs contain either a caldarchaeol (GDGT) or
a calditoglycerocaldarchaeol (GDNT) hydrophobic core
(Figure 1) [13–17]. GDGT has two glycerols at both ends
of the hydrophobic core. GDNT has a glycerol backbone at
one end of the hydrophobic core and the calditol group at

the other end. Typically, TLs in methanogens contain only
GDGT, but TLs in thermoacidophiles, particularly in the
members of the order Sulfolobales, have both GDGT and
GDNT components. The Metallosphaera sedula TA-2 strain
from hot springs in Japan, which has only GDGT-based
lipids, is an exception [18]. TLs have been thought to play
an important role in the thermoacidophile’s high stability
against extreme growth conditions such as high temperatures
(e.g., 65-90◦C) and acidic environments (e.g., pH 2-3) [19].
However, more recent studies showed that GDGT-based
TLs are also abundant in nonextremophilic crenarchaeota
present in marine environments, lakes, soils, peat bogs,
and low temperature areas [20, 21]. The functional role of
tetraether lipids in crenarchaeota is not fully understood.

The hydrophobic core of archaeal TLs is made of
dibiphytanyl hydrocarbon chains, which may contain up
to 8 cyclopentane rings per molecule (reviewed in [13]).
The number of cyclopentane rings increases as growth
temperature increases [22–25], but decreases with decreasing
pH in growth media [26]. The presence of cyclopentane rings
is a structural feature unique for archaeal tetraether lipids.
Therefore, it is of great interest to unravel its biological roles.

Various polar headgroups can be attached to the glycerol
and calditol backbones and yield either monopolar or bipolar
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Figure 1: Illustrations of the molecular structures of the bipolar tetraether lipids in the polar lipid fraction E (PLFE) isolated from S.
acidocaldarius. PLFE contains (a) GDGT (or caldarchaeol) and (b) GDNT (or calditolglycerocaldarchaeol ). The number of cyclopentane
rings in each biphytanyl chain can vary from 0 to 4. The different head groups of GDNT and GDGT are presented at the bottom. GDG(N)T-0
and GDG(N)T-4 contain 0 and 4 cyclopentane rings per molecule, respectively (taken from [5], reproduced with permission).

tetraether (BTL) lipids. Archaeal BTLs are glycolipids or
phosphoglycolipids (illustrated in Figure 1). Liposomes that
are made of BTLs containing two or more sugar moieties
exhibit lower proton permeability than those containing
only one sugar molecule [26]. It has been proposed that
thermoacidophilic archaea cells adapt to low pH and high
temperature by increasing the number of sugar moieties
and cyclopentane rings [26, 27]. Increasing the number of
cyclopentane rings tightens membrane packing (discussed
later) [27]. Sugar moieties and the phosphate group in the
BTL polar headgroup regions interact with each other to
form a strong hydrogen bond network at the membrane
surface [28].

BTLs are unique to archaea and cannot be biosyn-
thesized by eukaryotic or bacterial cells. The ether for-
mation from glycerol has been studied to a great extent
([29] and references cited therein). The calditol moiety
of GDNTs can be synthesized via an aldol condensation
between dihydroxyacetone and fructose [30]. Calditol is
then reduced and alkylated to form GDNTs [30]. An in
vitro study showed that with the aid of 1L-myo-inositol
1-phosphate synthase, archaetidylinositol phosphate (AIP)

synthase and AIP-phosphatase, archaeal inositol phospho-
lipid (see Figure 1 e.g.) can be formed from CDP-archaeol
and D-glucose-6-phosphate via myo-inositol-1-phosphate
and AIP [31]. It has been proposed that the cyclopentane
rings in BTLs of Sulfolobus are synthesized from glucose by
a “cyclase” enzyme of the calditol carbocycle [32].

In this paper we focus on the recent findings related to the
physical properties of tetraether lipid membranes, with spe-
cial attention on the effects of the number, position, and con-
figuration of cyclopentane rings on membrane properties.
We discuss the findings obtained from model membranes
composed of naturally occurring archaeal tetraether lipids
and synthetic tetraethers as well as the results from computer
simulations.

2. Physical Properties of Model
Membranes Composed of
Thermoacidophilic Tetraether Lipids

2.1. Membranes Made of Total Polar Lipid Extracts. The
stability and physical properties of liposomes made from
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the total polar lipids (TPLs) extracted from archaea have
been studied extensively (reviewed in [11, 12, 33, 34]). TPL
extracts contain both diether and tetraether lipids. The gen-
eral trend shows that membranes become more stable as the
mole fraction of tetraether lipids increases. As an example,
liposomes made of diether lipids such as Methanosarcina
mazei TPL (0 wt% in caldarchaeols) were unstable against
simulated human bile while those made of TPL from
Methanobacterium espanolae (65% in caldarchaeols) and
Thermoplasma acidophilum (90% in caldarchaeols) were
relatively more stable [35]. Solute and water permeability
also decrease as the content of tetraether lipids in membranes
made with archaeal TPLs increases [36].

Sprott et al. [37] demonstrated that liposomes made with
TPL from the archaeon M. smithii AL1 can be highly fuso-
genic when exposed to low pH and α- and β-glucosidases.
It was suggested that, at low pH (4.8), the positively charged
glucosidases interact with the anionic phospholipids in M.
smithii TPL, which in turn causes archaeosomes to rapidly
aggregate [37]. Aggregation is a prerequisite for membrane
fusion. This result is somewhat surprising because previous
studies showed that tetraether liposomes are resistant to
fusogenic compounds [38–40]. Since TPL of M. smithii
AL1 contains a significant amount of diethers, in addition
to caldarchaeols (∼40 wt %), it is possible that the strong
fusogenic activity mentioned above comes from the diether
component.

2.2. Membranes Made of Partially Purified Tetraether Lipid
Fractions. Since tetraethers are the dominating lipid species
in thermoacidophiles, and the presence of diethers in the
total polar lipid extracts makes the data interpretation more
difficult, it is of biophysical interest to study membranes
made only with tetraether lipids. The physical properties
of lipid membranes made of partially purified polar lipid
fractions from the archaeon Sulfolobus solfataricus have
been reviewed [11, 34]. In this section, we focus on the
recent studies of membranes made of partially purified
polar lipid fractions isolated from the archaeon Sulfolobus
acidocaldarius.

2.2.1. PLFE. The polar lipid fraction E (PLFE) is one
of the major bipolar tetraether lipids (BTLs) found in
the thermoacidophilic archaeon S. acidocaldarius [41, 42].
PLFE is a mixture of GDNT and GDGT (Figure 1). The
GDNT component (∼90% of total PLFE) contains phospho-
myo-inositol on the glycerol end and β-glucose on the
calditol end, whereas the GDGT component (∼10% of total
PLFE) has phospho-myo-inositol attached to one glycerol
and β-D-galactosyl-D-glucose to the other glycerol skeleton
(Figure 1). The nonpolar regions of these lipids consist of
a pair of 40-carbon biphytanyl chains, each of which may
contain up to four cyclopentane rings [22].

2.2.2. PLFE Liposomes. PLFE lipids can form stable unil-
amellar (∼60–800 nm in diameter), multilamellar, and giant
unilamellar (∼10–150 μm) vesicles [40, 41, 43]. The lipids in
these vesicles span the entire lamellar structure, forming a

monomolecular thick membrane [44], which contrasts to the
bilayer structure formed by monopolar diester (or diether)
phospholipids. Compared to liposomes made of diester
or diether lipids, PLFE liposomes exhibit extraordinary
membrane properties (reviewed in [11, 12, 34]). PLFE
liposomes exhibit low proton permeability and dye leakage
[45, 46], high stability against autoclaving and Ca2+-induced
vesicle fusion [40, 47], tight and rigid membrane packing
[43], and low enthalpy and volume changes associated with
the phase transitions [48, 49].

It is known that a decrease in archaeal cell growth
temperature (Tg) decreases the number of cyclopentane rings
in archaeal TLs [22]. In the case of S. acidocaldarius, the
average number of cyclopentane rings per tetraether lipid
molecule decreases from 4.8 to 3.4 when Tg drops from
82◦C to 65◦C [23]. Recent experimental work (see below)
has addressed the effect of Tg , inferentially the number of
cyclopentane rings, on the physical properties of tetraether
lipid membranes.

2.2.3. Effect of Cyclopentane Rings on Phase Behavior of
PLFE Liposomes. The phase behavior of PLFE liposomes has
been characterized by small angle X-ray scattering, infrared
and fluorescence spectroscopy, and differential scanning
calorimetry (DSC). PLFE liposomes exhibit two thermally-
induced lamellar-to-lamellar phase transitions at ∼47–50◦C
and ∼60◦C [34, 43, 48, 49] and a lamellar-to-cubic phase
transition at ∼74–78◦C [48, 49] all of which involve small
or no volume changes as revealed by pressure perturbation
calorimetry (PPC) [49]. The calorimetry experiments also
suggested that the number of cyclopentane rings in the dibi-
phytanyl chains affect membrane packing in PLFE liposomes
because the liposomes derived from different cell growth
temperatures showed different thermodynamic properties
[49]. DSC allows us to determine the enthalpy change (ΔH)
of the phase transition. PPC, on the other hand, allows us to
determine the relative volume change (ΔV/V) at the phase
transition and the thermal expansivity coefficient (α) at each
temperature.

For PLFE liposomes derived from cells grown at 78◦C,
the DSC heating scan exhibited an endothermic transi-
tion at 46.7◦C, which can be attributed to a lamellar-to-
lamellar phase transition and has an unusually low ΔH
(3.5 kJ/mol), when compared to that for the main phase
transitions of saturated diacyl monopolar diester lipids (e.g.,
1,2-dimyristoyl-sn-glycero-3-phosphocholine, DMPC). The
PPC scan revealed that, at this same phase transition, the
relative volume change (ΔV/V) in the membrane is very
small (∼0.1%) and much lower than the ΔV/V value 2.8%
for the main phase transition of DMPC. The low ΔH
and ΔV/V values may arise from the restricted transauche
conformational changes in the dibiphytanyl chain due to
the presence of cyclopentane rings, branched methyl groups,
and to the spanning of the lipid molecules over the whole
membrane [49].

For PLFE liposomes derived from cells with growth
temperature of 65◦C, similar DSC and PPC profiles were
obtained. However, the lower cell growth temperature
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Figure 2: Adiabatic compressibilities (koS) of PLFE liposomes
derived from cells grown at three different temperatures: 68◦C (dark
squares), 76◦C (open circles), and 81◦C (open triangles). Solid line:
DPPC liposomes for comparison (taken from [6], reproduced with
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yielded a higher ΔV/V (∼0.25%) and ΔH (14 kJ/mol) value
for the lamellar-to-lamellar phase transition measured at
pH 2.1. The lower growth temperature also generated less
negative temperature dependence of α. The changes inΔV/V,
ΔH, and the temperature dependence of α can be attributed
to the decrease in the number of cyclopentane rings in PLFE
due to the lower growth temperature [49]. A decrease in the
number of cyclopentane rings makes the membrane less tight
and less rigid; thus, a higher ΔV/V value is shown through
the phase transition.

2.2.4. Effect of Cyclopentane Rings on Compressibility and
Membrane Volume Fluctuations of PLFE Liposomes. The
isothermal and adiabatic compressibility and relative volume
fluctuations of PLFE liposomes have been determined by
using calorimetry (DSC and PPC) and molecular acoustics
(ultrasound velocimetry and densimetry) [50]. The com-
pressibility values of PLFE liposomes were low, compared
to those found in a gel state of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) [50]. Relative volume fluctuations
of PLFE liposomes at any given temperature examined were
1.6–2.2 times more damped than those found in DPPC
liposomes [50]. Volume fluctuations are closely related to
solute permeation across lipid membranes [51] and lateral
motion of membrane components [52]. Thus, the low values
of relative volume fluctuations explain why PLFE liposomes
exhibit unusually low proton permeation and dye leakage
[45, 46] as well as limited lateral mobility, especially at low
temperatures (e.g., <26◦C) [43, 53].

Zhai et al. [6] have used the growth temperature Tg

to alter the structure of PLFE lipids. They determined
the compressibilities and volume fluctuations of PLFE
liposomes derived from different cell growth temperatures

(Tg = 68, 76, and 81◦C). The compressibility and volume
fluctuation values of PLFE liposomes exhibit small but
significant differences with Tg . Figure 2 shows that adiabatic
compressibility (koS) of PLFE liposomes changes significantly
with Tg : koS(Tg = 68◦C) > koS(Tg = 81◦C) > koS(Tg = 76◦C). For
isothermal compressibility (koT), isothermal compressibility
coefficient (βT) and relative volume fluctuations, a similar,
but somewhat different, trend is seen: (Tg = 68◦C) >
(Tg = 81◦C) ≥ or ≈ (Tg = 76◦C). These data indicate
that, among the three employed growth temperatures, the
growth temperature 76◦C leads to the least compressible, and
inferentially the most tightly packed PLFE lipid membranes.
Note that 76◦C is in the temperature range for optimal
growth of S. acidocaldarius (75–80◦C, [54, 55]). This finding
suggests that membrane packing in PLFE liposomes may
actually vary with the number of cyclopentane rings in a
nonlinear manner, reaching maximal tightness when the
tetraether lipids are derived from cells grown at the optimal
growth temperatures [6].

2.2.5. Future Studies of Physical Properties of Tetraether Lipid
Membranes. PLFE is a mixture of GDNT- and GDGT-
derived BTLs with varying numbers of cyclopentane rings.
Furthermore, at any given growth temperature, there is
always a broad distribution of the number of cyclopen-
tane rings. In order to gain more insight into the effect
of cyclopentane rings on compressibility and membrane
volume fluctuations, it will be necessary to use purified
archaeal BTLs with a well-determined number and location
of cyclopentane rings. It has been reported that intact
polar lipids (archaeols (diethers) and caldarchaeols (GDGT))
of the archaeon Thermoplasma acidophilum can be sep-
arated with single cyclopentane ring resolution by high-
performance liquid chromatography (HPLC) as detected by
evaporative light-scattering detection [26, 56]. However, the
study by Shimada et al. on T. acidophilum was limited to
GDGT-based BTLs. To separate intact archaea BTLs at single
cyclopentane ring resolution when both GDNT- and GDGT-
derived BTLs are present remains a major challenge.

Hydrolyzed BTLs can also be separated with single
cyclopentane ring resolution using normal phase HPLC
and positive ion atmospheric pressure chemical ionization
mass spectrometry [7]. Figure 3 shows the structures of the
cyclopentane-containing GDGT hydrophobic cores previ-
ously identified from the archaeon Sulfolobus solfataricus.
These structures were determined by mass spectrometry.
Compounds F′ and G′ (Figure 3) were reported as minor
components in S. solfataricus [7]. The relative distribution
of these GDGT structures varies from species to species.
The GDGT fraction of S. solfataricus is dominated by those
structures with one (Structures E and G, Figure 3) or two
(F) biphytanyl chains with two cyclopentane rings. The
distribution of GDGTs in the extract of the archaeon M.
sedula is somewhat different. In this case, the distribution is
dominated by structures containing one or two biphytanyls
with one cyclopentane ring. Physical properties of liposomes
made of hydrolyzed BTLs (without sugar and phosphate
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moieties) are not expected to be the same as those obtained
from the liposomes made of intact BTLs [47].

2.2.6. Disruption of PLFE Liposome Stability. While BTL
liposomes (such as PLFE liposomes) exhibit remarkable
stability against a number of chemical and physical stressors
as mentioned above, their stability can be attenuated or abol-
ished under certain conditions. The most striking finding
in this regard is that PLFE liposomes become excessively
disrupted by the presence of two archaeal proteins, namely,
CdvA and ESCRT-III (ESCRT: endosomal sorting complex
required for transport) [57]. CdvA is a membrane interacting
protein that forms structures at mid-cell prior to nucleoid
segregation. CdvA recruits ESCRT-III to membranes in order
to aid in the final steps of cell division in some species

of archaea. Negative stain electron microscopy revealed
extensive deformation of PLFE liposomes in the presence
of both CdvA and ESCRT-III together, but not individually
[57]. The molecular mechanism underlying this disruption
is not clear.

PLFE liposomes are “autoclavable.” However, low pH
(<4) and low salt concentrations (<50 mM) are unfavorable
for autoclaving PLFE-based liposomes [47]. PLFE liposomes
and PLFE-based stealth liposomes (e.g., 95 mol% PLFE,
3 mol% 1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-
polyethylene glycols (2000) (DSPE-PEG(2000)) and 2 mol%
DSPE-PEG(2000)-maleimide) are extraordinarily stable
against autoclaving between pH 4–10 [47]. These liposomes
retained their particle size and morphology against multiple
autoclaving cycles. One autoclaving cycle refers to the
incubation of a sample for 20 min at 121◦C under a steam
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pressure of ∼18 psi. However, at pH 2-3, one or two
autoclaving cycles appeared to disrupt these liposomal
membranes, causing a significant increase in particle size
[47]. PLFE liposomes were more resistant to dye leakage than
the gel state of conventional diester liposomes under high salt
and autoclaving conditions. As the salt concentration was
decreased from 160 to 40 mM, the percent of dye molecules
that leaked out from PLFE-based stealth liposomes after one
autoclaving cycle increased from 10.8% to 56.3% [47].

As expected, PLFE-based liposomes can also be disrupted
by surfactants. The effect of the surfactant n-tetradecyl-
β-D-maltoside (TDM) on unilamellar vesicles composed
of PLFE and POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, a monopolar diester lipid) has been exam-
ined [58]. TDM disrupts the POPC/cholesterol vesicles
effectively; however, higher concentrations (∼10 times) of
TDM were required to disrupt PLFE/POPC vesicles.

2.2.7. Structural and Packing Properties of PLFE Monolayer
Films Spread at the Interface between Air and Water. Effects
of cell growth temperature, subphase temperature and pH,
and lateral film pressure on PLFE lipid monolayers at the air-
water interface have been examined using X-ray reflectivity
(XRR) and grazing incidence X-ray diffraction (GIXD)
[5]. XRR and GIXD determine the vertical and horizontal
structure of the monolayers, respectively.

For PLFE derived from cells grown at 76◦C, a total
monolayer thickness of ∼30 Å was found in the XRR mea-
surements for all monolayers studied. This finding suggests
that both head groups of a U-shaped conformation of the
molecules are in contact with the subphase and that a
single hydrocarbon chain region is protruded into the air.
Similar U-shaped monolayer structures have been reported
in other tetraether lipid membranes [59]. However, some
other studies [60, 61] suggest that the U-shaped and the
upright conformations may coexist in the monolayer at the
same time or occur sequentially after spreading the TL lipids
at the water-air interface.

At the subphase temperatures 10◦C and 20◦C, large,
highly crystalline domains were observed by GIXD; and the
thickness of the crystalline part of the monolayer is slightly
larger than 30 Å, which indicates a tight packing of the whole
lipid monolayer, including both the hydrocarbon chain and
the head group regions. The area per hydrocarbon chain
of PLFE (∼19.3 Å2) found by GIXD is significantly smaller
than that of DPPC (∼23.2 Å2) or 1,2-dipalmitoyl-sn-glycero-
3-phosphoglycerol (DPPG) (∼22.6 Å2). In fact, both the two
hydrocarbon chains of a single PLFE lipid and the chains
of neighbouring lipid molecules adopted an extremely tight
packing.

For PLFE lipids derived from cells grown at higher
temperatures, a slightly more rigid structure in the lipid
dibiphytanyl chains was observed. However, the growth
temperature, inferentially the number of cyclopentane rings,
does not affect the parameters of the unit cell in GIXD
measurements. This suggests that there exists a nearly
identical crystalline packing of all the PLFE lipids examined
and that, at high film pressures, membrane packing is

primarily governed by the lipid headgroup region [5]. It is
interesting to mention that the lack of cyclopentane rings
in the bipolar tetraether lipids from M. hungatei has been
suggested to be the cause of the U-shaped configuration
adopted by these lipids in the monolayer film at the air-water
interface [62]. Apparently, the presence of cyclopentane rings
would hinder the dibiphytanyl hydrocarbon chains from
bending to form the U-shaped configuration.

3. Physical Properties of Membranes Made of
Synthetic Tetraether Lipids

The process of isolating well-defined archaeal tetraether
lipids can be difficult and time consuming. In addition,
archaeal tetraether lipids have several structural features
distinctly different from conventional diester lipids. There-
fore, it is rather difficult to elucidate the structure-activity
relationship for each of the individual structural features
when using native archaeal lipids. To resolve these problems
to some extent, synthetic tetraether lipid analogues have been
used [63–67].

3.1. Importance of the Stereochemistry of the Cyclopentane
Ring. Jacquemet et al. were able to study the effect of the
stereochemistry of the cyclopentane ring on BTL membrane
properties by using two synthetic tetraether lipids [8, 9]
(Compounds 1 and 2 in Figure 4). Both lipids have a
bridging hydrocarbon chain with a single 1,3-disubstituted
cyclopentane ring at the center. The substitutes on the
ring are ether-linked to C3 of the two opposite glycerol
moieties, while C2 of the glycerols is ether-linked to a
phytanyl chain and C1 is linked to a lactosyl polar headgroup
(Figure 4). The only difference between these two isomers
is the configuration (cis or trans) of the 1,3-disubstituted
cyclopentane ring [8, 9].

The trans-isoform showed multilamellar vesicles whereas
the cis-counterpart led to nonspherical nanoparticles, as
revealed by cryo-transmission electron microscopy [8].
Small angle X-ray scattering (SAXS) studies further showed
that the cis-isomer exhibited Lc-Lα-QII (cystal, lamellar, and
bicontinuous cubic phase (Pn3 m), resp.) phase transitions
whereas the trans-isomer remained in Lα phase from 20
to 100◦C. The electron density profiles calculated from the
SAXS data were consistent with a stretched conformation
of these synthetic BTLs within the Lα phase [9]. The
difference in the phase behaviors was attributed to the
conformation equilibrium of 1,3-disubstituted cyclopenatne
rings. The dominant conformational motion in cyclopentane
is pseudorotational [68]. Pseudorotation is more restricted
for the trans-isomer whereas several more orientations of
the two substituents on the ring can be created for the cis-
1,3-dialkyl cyclopentane ring [9, 68, 69]. Even though this
study shows that the stereochemistry at the cyclopentane
ring has a dramatic influence on membrane properties, more
work is still required in order to explain why liposomes
made of PLFE, which naturally occurs and contains trans-
1,3-disubstituted cyclopentyl rings, can undergo the Lα-
to-QII phase transition [48, 49], while the synthetic trans
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Figure 4: Synthetic tetraether lipids that have been used to study the effect of configuration (Compounds 1 and 2 [8, 9]) and position
(Compounds 3 and 4 [10]) of the cyclopentane rings on membrane properties.

BTL (Figure 4) cannot [9]. Note that the placement and
the number of cyclopentane rings are different between
PLFE lipids (Figure 1) and the synthetic BTLs mentioned
above (Figure 4). Apparently, BTLs with subtle differences
in chemical structures can display distinctly different phase
behaviors.

The difference in the polar headgroups between PLFE
and the above-mentioned synthetic BTLs also leads to
other subtle structural differences. The d-spacing of PLFE
liposomes increases with increasing temperature [48], which
is contrary to that obtained from the synthetic trans-
isomer mentioned above (Compound 2 in Figure 4) [9]. The
increased d-spacing with temperature is probably due to an
increase in hydration at the polar headgroup of PLFE [48].
For unknown reasons, there is no change in hydration at
the polar (lactosyl) headgroups in those two synthetic stereo-
isomers [9].

3.2. Influence of the Position of the Cyclopentane Ring. Brard
et al. studied the effect of the position of the cyclopentane
ring on physical properties of tetraether lipid membranes
[66]. They synthesized two tetraether glycolipids, each of
which contains a single cis-1,3-disubstituted cyclopentane
ring in the bridging chain. One glycolipid contained a
cyclopentane ring in the middle of the bridging chain while
the other had one at three methylene units from the glycerol

backbone (Compound 3 and 4 in Figure 4). This helped
them determine the influences of the different positions of
the cyclopentane ring.

The cyclopentane ring position appears to have a
profound impact on hydration properties, lyotropic liq-
uid crystalline behavior, and membrane organization [66].
Moreover, the synthetic BTL with the cyclopentane ring
positioned at the center (Compound 3 in Figure 4) can be
completely dispersed in water, and it can form sponge-like
structures as revealed by electron microscopy. In contrast, the
compound with the cyclopentane ring away from the center
(Compound 4 in Figure 4) can only be partitially dispersed
in water and it forms multilamellar vesicles. It has been
suggested that the position of the cyclopentane ring in the
bridging chain influences the orientation of the glycosidic
polar headgroups attached to the glycerol backbone, which
leads to different membrane organizations [66].

4. Membrane Properties Revealed by
Computer Simulations

4.1. Effect of Cyclopentane Rings on Membrane Packing and
Headgroup Orientation. An increase in growth temperature
is known to increase the number of cyclopentane rings in the
dibiphytanyl chains of archaeal lipids [23]. The number of
cyclopentane rings may vary from 0 to 4 in each biphytanyl
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chain (i.e., 0 to 8 per dibiphytanyl unit). To evaluate how
the number of cyclopentane rings might affect membrane
packing, Gabriel and Chong have conducted molecular
modeling studies on a membrane containing 4 × 4 GDNT
molecules (with sugar moieties, Figure 1) [27]. It was found
that when 8 cyclopentane rings are contained, the headgroup
of GDNT runs almost parallel to the membrane surface.
However, without containing any rings, the headgroup
is oriented perpendicular to the membrane surface. The
molecular modeling further showed that an increase in the
number of cyclopentane rings in the dibiphytanyl chains
of GDNT from 0 to 8 made GDNT membrane packing
tighter, more rigid, and more negative in interaction energy
(−156.5 kcal/mol for 0 cyclopentane ring to −191.6 kcal/mol
with 8 rings [27]). The resulting energy lowering effect is
neither due to the decrease in polar headgroup separation,
nor the change in the van der Waals interactions. Instead, it
is due to the more favorable hydrogen bonding, and bonded
interactions including harmonic bending, theta expansion
bond angle bending, dihedral angle torsion, and inversion
[27].

4.2. Effect of Macrocyclic Linkage on Membrane Properties.
Most archaeal BTLs are macrocyclic molecules with two
biphytanyl hydrocarbon chains linked to two opposite
glycerol or calditol backbones (illustrated in Figure 1 for
the case of PLFE). The effect of the macrocyclic linkage
on membrane properties has been studied by molecular
dynamics simulations [10, 70, 71]. For simplicity, coarse
graining approaches were employed and BTL molecules
were modeled as di-monopolar lipids such as di-DPPC
[10] and diphytanyl phosphatidylcholine (DPhPC) [70]. In
essence, two monopolar molecules were tethered together
either at one pair of the hydrocarbon chains (acyclic di-
DPPC or di-DPhPC) or at both pairs (cyclic di-DPPC or
di-DPhPC). The simulations showed that in the membranes
composed of macrocyclic BTL-like molecules, the upright
configuration gains favor over the U-shaped configuration
[70]. The macrocyclic linkage also leads to a condensing
effect on the membrane surface, increases the order of
the lipid hydrocarbon chains, slows lateral mobility in the
membrane, and increases membrane thickness [10, 70, 71].
Furthermore, the molecular dynamics simulations made by
the dissipative particle dynamics method [71] revealed the
formation of two types of membrane pores. Hydrophobic
pores are unstable and transient and exist at the low
temperature. Hydrophilic pores are more stable with much
longer lifetimes and are observed at high temperatures. The
simulation data [71] suggested that hydrophilic pores can
lead to the rupture of membrane vesicles. More intriguingly,
it was proposed that hydrophobic pores, which occur at low
temperatures, may result in the permeation of encapsulated
small molecules [71]. This implies that although BTL
membranes are extremely stable and tightly packed, some
small leakage of entrapped molecules can still occur due to
either the formation of hydrophobic pores [71] or membrane
volume fluctuations [6, 50] (discussed earlier).

5. Applications of Tetraether Lipid Membranes

The extraordinary stability of tetraether lipid membranes
against a variety of physical and biochemical stressors
has provided the basis for using these lipids to develop
technological applications. BTLs can be used as a stable lipid
matrix for biosensors [72], a light harvesting device [73], and
nanoparticles for targeted imaging and therapy (reviewed in
[12, 74]).

It has been proposed that liposomes made of archaeal
lipids (also called archaeosomes) are taken up via a phago-
cytosis receptor in the plasma membrane of the target
cells [75]. This uptake occurs in a liposomal composition-
dependent manner [75]. Total polar lipids from the
archaeon, Halobacterium salinarum CECT 396, have been
used to make archaeosomes and archaeosomal hydrogels
as a possible topical delivery system for antioxidants [76].
Compared to conventional liposomes, those archaeosomes
and archaeosomal hydrogels showed better stability and
more sustained drug release [76]. It is of interest to
extend their study from diethers (abundant in Halobacterium
salinarum CECT 396) to tetraether lipids (e.g., PLFE lipids
isolated from thermoacidophiles). BTL-based liposomes are
suitable for oral delivery of therapeutic agents because BTL
liposomes are stable against the harsh conditions (such
as bile salts, pancreatic enzymes, and low pH) in the
gastrointestinal tract [77]. Tetraether lipid membranes have
also been tailored and evaluated as an intranasal peptide
delivery vehicle [78]. PEGylated tetraether lipids have been
synthesized and tested for their stability in test tubes and for
liposomal encapsulation potential [79]. Knowledge gained
from the physical studies of cyclopentane rings, sugar
moieties, and macrocyclic structures should help to optimize
the numerous potential applications.
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TL: tetraether lipids
TPL: total polar lipids
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The physiological characteristics that distinguish archaeal and bacterial lipids, as well as those that define thermophilic lipids,
are discussed from three points of view that (1) the role of the chemical stability of lipids in the heat tolerance of thermophilic
organisms: (2) the relevance of the increase in the proportion of certain lipids as the growth temperature increases: (3) the lipid
bilayer membrane properties that enable membranes to function at high temperatures. It is concluded that no single, chemically
stable lipid by itself was responsible for the adaptation of surviving at high temperatures. Lipid membranes that function effectively
require the two properties of a high permeability barrier and a liquid crystalline state. Archaeal membranes realize these two
properties throughout the whole biological temperature range by means of their isoprenoid chains. Bacterial membranes meet
these requirements only at or just above the phase-transition temperature, and therefore their fatty acid composition must be
elaborately regulated. A recent hypothesis sketched a scenario of the evolution of lipids in which the “lipid divide” emerged
concomitantly with the differentiation of archaea and bacteria. The two modes of thermal adaptation were established concurrently
with the “lipid divide.”

1. Introduction

The unique structural characteristics of the archaeal polar
lipids, that is, the sn-glycerol-1-phosphate (G-1-P) back-
bone, ether linkages, and isoprenoid hydrocarbon chains, are
in striking contrast to the bacterial characteristics of the sn-
glycerol-3-phosphate (G-3-P) backbone, ester linkages, and
fatty acid chains. This contrast in membrane lipid structures
between archaea and bacteria has been termed the “lipid
divide” [1]. Because this has been repeatedly discussed [2–
4], it is not discussed again here. The only thing that needs to
be pointed out is that the enantiomeric difference of the lipid
backbone (G-1-P and G-3-P), which is the most important
feature from the evolutionary point of view, is insignificant
in terms of the thermal adaptation of the membrane, because
enantiomers have equivalent thermal properties.

The chemical properties and physiological roles of
archaeal lipids are often discussed in terms of the presence
of the chemically stable ether bonds in thermophilic archaea.
However, based on the archaeal lipids analyzed thus far, as
shown by lipid component parts analysis [5], the mesophilic
archaea possess essentially the same core lipid composition

as that of the thermophilic archaea. The ether bonds there-
fore do not seem to be directly related to thermophily.

What are the most crucial distinguishing physiological
characteristics of the archaeal and bacterial lipids? What are
the distinctive features of thermophilic lipids? These ques-
tions will be discussed in the present paper from three dis-
tinct perspectives:

(1) the relationship of the chemical stability of lipids with
the heat tolerance of thermophilic organisms,

(2) the increase in proportion of certain lipids as the
growth temperature rises,

(3) the lipid bilayer membrane properties that enable
membranes to function at high temperatures.

Recently a hypothesis was published [1] on the differen-
tiation of archaea and bacteria and the establishment of the
“lipid divide.” The present paper will discuss two fundamen-
tal aspects of the thermal adaptation of microorganisms in
relation to the domain differentiation and the emergence of
the “lipid divide.”
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A preliminary form of the present discussion was first
presented as a part of our previous review paper [6]. Driessen
and Albers [7] have presented similar conclusion about
membrane adaptations to high temperatures in relation to
the membrane mechanisms of energy metabolism. The main
conclusion of these two articles almost identical, even though
the papers were independently prepared and the findings dis-
cussed from originally different point of view.

2. The Chemical Stability of Lipids and the Heat
Tolerance of Thermophilic Organisms

Because the ether bonds of archaeal lipids are for the most
part not broken down under conditions in which ester link-
ages are completely methanolyzed (5% HCl/MeOH, 100◦C
for 3 hr), it is generally believed that the archaeal ether lipids
are thermotolerant or heat resistant. This implies that ther-
mophilic organisms are able to grow at high temperature due
to the chemical stability of their membrane lipids.

Figure 1 illustrates structures of some so-called “ther-
mophilic” lipid candidates referred to in the following text.

Ether lipids (Figure 1(a)) are always present in the
archaea that reside in high-temperature environments with-
out exceptions, but the mesophilic archaea also have ether
lipids. In fact, not only archaea but also certain thermo-
philic bacteria contain ether lipids. The thermophilic lipid
candidates, in addition to the archaeal ether lipids, are
the chemically stable monobranched fatty alcohol-con-
taining diether lipids (Figure 1(f), Thermodesulfobacterium
commune (optimum growth temperature: 70◦C [8]) and
Aquifex pyrophilus (85◦C [9]); long chain dicarboxylic fatty
acids (diabolic acid, Figure 1(m)) and 15,16-dimethyl 30-
glyceryloxytriacontanoic acid (Figure 1(g)) from Thermotoga
maritima (90◦C [10]) and Fervidobacterium islandicum
(75◦C [11]); a long chain 1, 2-diol (Figure 1(h), (∗Long chain
diol lipid: in this lipid it can be considered that the first three
carbons, C1 to C3, play the role of the backbone (instead of
glycerol) of the lipid. The OH at the C1 may bind a polar
head group and the OH at the C2 binds the first hydrocarbon
chain, and the C3 and C4 represent a C–C-bond between
the “backbone” and the remainder part of the long chain.))
from Thermomicrobium roseum (75◦C [12]); cyclohexyl fatty
acid (Figure 1(n)) from Bacillus acidocaldarius (65◦C [13]).
These have been assumed to be thermophilic lipids because
of their thermostability (unhydrolyzability) (diether or C–C
bond in the long-chain diol or membrane-spanning nature
(dicarboxylic acid) like tetraether lipids). As a matter of fact,
all the thermophilic archaea possess ether lipids, but not
all of the organisms possessing the so-called “thermophilic”
lipids shown above are themselves thermophilic. The same
structure of diabolic acid was also found in Butyrivibrio sp.
(39◦C [14]); and cyclohexyl fatty acid in Curtobacterium
pusillum (27◦C [15]). Many species of the mesophilic
methanoarchaea [5] have ether core lipids. On the other
hand, some of the thermophilic organisms are able to survive
with ester lipids in their membranes [10–13].

Because tetraether type, membrane-spanning polar
lipids (Figures 1(d) or 1(e)) were first found in thermo-
acidophilic archaeon [16], these lipids are considered

thermophilic lipids. Tetraether lipids are extended as a result
of their C40 hydrocarbon chains passing across the mem-
brane bilayer. Thus, tetraether lipids link the leaflets of
the lipid bilayer covalently and thus make the membrane
rigid. This structure allows membranes to tolerate extreme
conditions. However, some of the nonthermophilic methan-
oarchaea have the same tetraether lipids [5]. Methanoth-
ermobacter thermautotrophicus (65◦C) has both archaeol-
and caldarchaeol-based lipids, while the mesophilic species
of Methanobacterium (37◦C) has almost the same core
lipid composition. Similarly, some archaea that have cald-
archaeol-based (tetraether-type) polar lipids in addition to
archaeol-based polar lipids grow above 85◦C, and there is
one that grows at 20◦C. Some archaea have only archaeol-
based (diether-type) polar lipids and grow below 40◦C, yet
there is one that grows at 90◦C. The hyperthermophilic
Methanopyrus kandleri (90◦C [5]) has also only diether-
type polar lipids. The distribution pattern of the archaeol-
and caldarchaeol-based polar lipids make it clear that these
ether lipids are not absolutely required for tolerance of high
temperature.

Archaeal ether lipids are synthesized from G-1-P and
geranylgeranylpyrophosphate (GGPP). The first and sec-
ond ether-bonded intermediates in the archaeal phospho-
lipid synthesis pathway are geranylgeranylglycerophosphate
(GGGP) and digeranylgeranylglycerophosphate (DGGGP,
Figure 1(c)) [17, 18], respectively, which are allyl ether
compounds. The allyl ether compounds are just as labile
as or even more labile than the ester compounds; they are
broken down in vitro at 5% HCl/MeOH, 80◦C for 1 hr.
Ether bonds themselves are stable, but their biosynthetic
precursors are as labile as ester compounds. Since organisms
with ester lipids are heat sensitive, Archaea cannot grow well
at a high temperature, because the heat-sensitive biosynthetic
intermediates, which are only present in a small amount, are
easily broken down, so ether lipids cannot be synthesized.

Even if the chemically stable lipids that are present in
thermophiles are indeed thermophilic lipids, it has not yet
been made clear how such chemical stability specifically
affects the response to high temperatures by thermophilic
organisms. It is not yet apparent whether the ether lipids were
specifically adapted for the purpose of survival at high temp-
eratures.

3. Increases in the Proportion of Certain Lipids
as the Growth Temperature Rises

In considering thermophilic lipids, not only chemical but
also biological aspects are essential to an understanding
of their activity. Lipids that increase in proportion to an
increase in growth temperature may thus aptly be designated
“thermophilic lipids.”

The fatty acid composition of a bacterium changes
depending on the growth temperature. In Escherichia coli,
unsaturated fatty acids (Figure 1(j)) increase along with
a downshift in the growth temperature [19]. In Bacillus
spp. and other bacterial species, isofatty acids (Figure 1(k))
increase along with an increase in the growth temperature,
and anteiso fatty acids (Figure 1(l)) increase along with
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Figure 1: Structures of thermophilic lipid candidates (a) diphytanylglycerol (archaeol: archaeal diether lipid); (b) cyclic archaeol; (c)
digeranylgeranylglycerophosphate (DGGGP); (d) caldarchaeol (archaeal tetraether lipid); (e) cyclopentane-containing caldarchaeol; (f)
bacterial dither lipids; (g) 15,16-dimethyl-30-glyceryloxytriacontanoic acid; (h) 1,2-di-hydroxynonadecane (long-chain diol lipid); (i)
palmitic acid (saturated straight chain fatty acid); (j) cis-vaccenic acid (monounsaturated straight chain fatty acid); (k) iso-C17 fatty acid; (l)
anteiso-C17 fatty acid; (m) 15,16-dimethyltriacontandioic acid (diabolic acid); (n) 11-cyclohexylundecanoic acid. (a)–(e) Archaeal lipids;
(f)–(n) bacterial lipids.

a lowering of the growth temperature [20–23]. The increas-
ing fatty acids are often not a single fatty acid but rather a
group of different fatty acids. A mesophilic strain of Bacillus
megaterium [24] has been shown to have 25% iso-C15 and
nearly 50% anteiso-C15 fatty acids at 20◦C and 35% iso-C15
and 15% anteiso-C15 at 60◦C. By contrast, a thermophilic
strain of the organism can only grow between 45 and 70◦C

and the iso-C15 content (30–50%) is always higher than
that of anteiso-C15 (lower than 10%). Furthermore, the
growth of a psychrophilic strain of the bacterium is restricted
to temperatures between 5 and 45◦C, and the content of
anteiso-C15 (around 50%) is always higher than that of iso-
C15 (10–30%). The thermophilic or psychrophilic strains do
not appear to regulate the branched chain C15 fatty acid
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content. This suggests that the iso-C15 fatty acid is thermo-
philic and the anteiso-C15 fatty acid is psychrophilic in this
bacterial species.

In the extremely thermophilic methanoarchaea Meth-
anocaldococcus jannaschii, when the growth temperature
increases from 45◦C to 65◦C, the diether lipids (archaeol-
based lipids) decrease from 80% to 20%, while the standard
caldarchaeol-based and cyclic archaeol-based (Figure 1(b))
lipids increase from 10% to 40%, respectively [25].

The changes in the hydrocarbon composition of mem-
brane lipids have a nature of lawfulness, but the mode of
hydrocarbon composition change is different from species
to species. Therefore, the pattern of fatty acid composition
found in a given species, for example, E. coli, should be
applied to other organisms only with the greatest caution.
To find the actual underlying pattern in these phenomena,
another point of view would seem to be required, and this is
discussed in the next section.

4. Lipids as Cell Membrane
Constituents Having a Permeability Barrier
and Liquid Crystalline State

The third conceptualization of thermophilic/heat-tolerant
lipids is based on a rather different point of view. Because
lipids do not function as single molecules but as a membrane,
that is, as an enormous number of molecules acting together,
which assemble into a biologically functioning organelle,
thermophilic lipids should be understood as lipids that nor-
mally function as a membrane at a high temperature. This
is not achieved by chemical stability alone. At the moment
that a lipid membrane came to enclose the cell contents,
the real cell as we know it was born. With that event, cell
membranes partitioned the inner cytoplasmic compartment
away from their surroundings. From this time onward,
membranes effectively functioned as a permeability barrier,
controlling the in-flow and out-flow of low-molecular-
weight compounds. This is the most primitive and essential
function of a cell membrane. When cells became enclosed
by such a membrane having this sort of permeability barrier,
the cells achieved a distinct “individuality” and hence began
to compete with the other individual cells in order to survive
within the local community, and thus natural selection came
more sharply into play. Therefore, the lipid constituents that
enable the membrane to function as a highly permeable bar-
rier at high temperatures are designated thermophilic lipids.

Another essential general feature that is required for lipid
membrane function is the capacity to persist in the liquid
crystalline phase. The phase-transition temperature of the
archaeal lipid membranes is far lower than that of fatty acyl
ester lipids, reportedly being between –20 and –15◦C [26].
The phase transition temperature of the normal fatty acyl
ester phospholipid membrane is in a far higher temperature
range (40–50◦C) than the archaeal lipids, and this is depen-
dent on their chain length, number of double bonds and
the methyl branching position. Therefore, the archaeal polar
lipid membrane can be presumed to be in liquid crystalline
phase in the temperature range of 0 to 100◦C, the range

at which most archaea grow (biological temperature), while
fatty acyl diester lipid membrane is in either a gel phase
or liquid crystalline phase in the same temperature range,
depending on their fatty acid composition.

In some archaea, the hydrocarbon chain properties are
regulated by the number of cyclopentane rings (Figure 1(e),
Sulfolobus solfataricus) [27] or the ratio of caldarchaeol/cyclic
archaeol/archaeol (Methanocaldococcus jannaschii) [25]. The
content of the transunsaturation of the isoprenoid chains
was reported to decrease with a higher growth temperature
in Methanococcoides burtonii [28]. However, the organism
Methanopyrus kandleri has a sufficient number of double
bonds in the isoprenoid chains in spite of its much high-
er growth temperature. Unsaturation is not related in a
straightforward manner with the adaptation to low temper-
atures, which occurred in archaea.

One characteristic property of the archaeal lipid mem-
brane is the extremely low permeability of solutes [29–32].
In addition, the permeability increases only slightly as the
temperature goes up in the 0 to 100◦C range.

In contrast to the tetraether lipid liposomes, the fatty
acyl ester lipid liposomes exhibit a low permeability at a low
temperature, but the permeability drastically increases as the
temperature increases [29]. The experimental results suggest
that highly branched isoprenoid chains are a major cause
of the low permeability of liposomes, but this phenomenon
does not depend on the ether or ester bonds between the gly-
cerophosphate backbone and hydrocarbon chains.

Bacteria grow at a temperature just above the phase-
transition temperature at which membrane lipids are in a
liquid crystalline state and retain a minimal level of permea-
bility. The permeability of fatty acyl ester lipid membranes
is highly temperature dependent and their phase-transition
temperature is dependent on the fatty acid composition,
so when the growth temperature shifts, the fatty acid
composition of membrane lipids is quickly regulated. The
phenomena described in Section 3 (regulation of the compo-
sition of unsaturated/saturated fatty acids (Figures 1(i) and
1(j)) in E. coli, and iso/anteiso fatty acids in Bacillus spp.)
are explained by this mechanism. On the other hand, the
isoprenoid ether lipids in the archaeal membrane are in a low
permeability liquid crystalline state throughout the possible
growth temperature range (0–100◦C) [33], and even if the
growth temperature changes, the two requirements are met
without any need of a biological regulation mechanism.

Because isoprenoid ether lipid membranes are in the liq-
uid crystalline phase and have a low permeability at biolog-
ical temperatures, archaea are found living at temperatures
as low as 1◦C and as high as 100◦C with the same archaeol
and caldarchaeol lipid composition in the membrane. This
is the most fundamental characteristic of the archaeal lipid
membranes. Bacterial membranes can be characterized by
the highly developed regulatory mechanisms they employ to
meet the two conditions. We can see actual examples in the
case of the hyperthermophilic Pyrococcus furiosus (optimum
temperature, 98◦C) [34], moderately thermophilic Methan-
othermobacter thermautotrophicus (65◦C) [35], mesophilic
Methanobacterium formicicum (37◦C) [5] and Methanoge-
nium cariaci (23◦C) [5]. They all have nearly the same core
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lipid composition. Unsaturated archaeol (geranylgeranyl
group-containing archaeol) is present in the psychrophilic
Methanococcoides burtonii that can grow at 2◦C [28] as well as
the hyperthermophilic Methanopyrus kandleri (98◦C) [36]. A
lipid that can be utilized at both high and low temperatures
because of its liquid crystalline phase and low permeability at
a wide range of temperatures is aptly termed a “heat tolerant”
lipid.

On the other hand, bacterial fatty acyl ester lipid mem-
branes should only function at the lowest temperature at
which both a liquid crystalline state and low permeability are
retained. This condition may be met at a temperature close to
and above its phase transition temperature. Therefore, many
bacteria with ester lipids control their fatty acid composition
so as to meet these conditions. The control mechanism varies
from species to species. In Escherichia coli, unsaturated fatty
acids are maximal at lower growth temperatures. However,
unsaturation is not the only mechanism to adapt to lower
temperatures. In Bacillus spp., temperature adaptation is
regulated by changing the iso/anteiso fattyacid composition
[22].

The archaeal lipid membrane does not have to regulate
its hydrocarbon composition to meet the two conditions
for temperature adaptation, because the two conditions are
already in place at such a wide range of temperatures.

5. Evolutionary Significance of Two Modes of
Thermal Adaptation

Recently, a hypothesis [1] was put forward that provides an
account for the differentiation of Archaea and Bacteria from
the last universal common ancestor (LUCA) by means of
the enantiomeric phase separation of the glycerophosphate
backbones of the membrane lipids facilitated by their
different hydrocarbon chains and diastereomeric structures.
In LUCA cells, at least four different kinds of core lipids (Ai,
Bf, Af, and Bi) are made up of a combination of G-1-P (A)
or G-3-P (B) as the phospholipid backbone and isoprenoid
(i) or fatty acid (f) as the hydrocarbon chains. The archaeal
Ai membranes and bacterial Bf membranes thrive differently
depending on the nature of their constituent lipids. Soon
after the beginning of the differentiation of LUCA, the phase
separation of various core lipids was still incomplete in
the membrane. As the differentiating membranes become
further purified, either mode of thermal adaptation may be
established. This might act as a positive selection pressure.
The two different modes of thermal adaptation evolved
in parallel with the emergency of the “lipid divide” and
Archaea-Bacteria differentiation. The “lipid divide” was pro-
duced not only by the physicochemical phase separation of
the membrane lipids but also by the different forms of ther-
mal adaptation. Accordingly, these two different organisms
have adapted to a variety of environments.

6. Conclusion

It is concluded that no single, chemically stable lipid by itself
was sufficient for the adaptation to living at high tempera-
tures. Therefore, an alternative account of the emergence of

heat-tolerant lipids has been presented. This view emphasizes
the functioning of organismal lipids as membranes. Vitally
functioning cell membranes must have at least two char-
acteristics: a high permeability barrier and the capacity to
maintain the liquid crystalline phase. Archaeal membranes
are able to meet these conditions by means of isoprenoid
chains, which are functional over the entire biological tem-
perature range and do not require a regulatory mechanism
to adapt lipids to changes in the environmental temperature.
Because bacterial membranes have a temperature-dependent
permeability and fatty acid composition-dependent phase
transition over the complete biological temperature range,
they have elaborate mechanisms by which they regulate the
fatty acid composition at temperatures just above the phase
transition temperature. It is not unusual perhaps should
not be surprising that no change in the lipid composition
of archaea took place as the growth temperature changed.
The presence of the transdouble bonds in isoprenoid chains
does not directly entail the adaptation of organisms to low-
temperature environments. Instead, the two modes of ther-
mal adaptation are the result of the early evolution of mem-
brane lipids that enabled the differentiation of archaea and
Bacteria by means of the establishment of the “lipid divide”.
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The influence of pH (6.0; 7.0; 8.0) of the growth medium of Aeropyrum pernix K1 on the structural organization and fluidity
of archaeosomes prepared from a polar-lipid methanol fraction (PLMF) was investigated using fluorescence anisotropy and
electron paramagnetic resonance (EPR) spectroscopy. Fluorescence anisotropy of the lipophilic fluorofore 1,6-diphenyl-1,3,5-
hexatriene and empirical correlation time of the spin probe methylester of 5-doxylpalmitate revealed gradual changes with
increasing temperature for the pH. A similar effect has been observed by using the trimethylammonium-6-diphenyl-1,3,5-
hexatriene, although the temperature changes were much smaller. As the fluorescence steady-state anisotropy and the empirical
correlation time obtained directly from the EPR spectra alone did not provide detailed structural information, the EPR spectra
were analysed by computer simulation. This analysis showed that the archaeosome membranes are heterogeneous and composed of
several regions with different modes of spin-probe motion at temperatures below 70◦C. At higher temperatures, these membranes
become more homogeneous and can be described by only one spectral component. Both methods indicate that the pH of the
growth medium of A. pernix does not significantly influence its average membrane fluidity. These results are in accordance with
TLC analysis of isolated lipids, which show no significant differences between PLMF isolated from A. pernix grown in medium
with different pH.

1. Introduction

Archaea are the third domain of living organisms, and
they have cell structures and components that are markedly
different from those of bacteria and eukaryotes. The glycerol
ether lipids are the main feature that distinguishes the
members of archaea from bacteria and eukarya [1]. In
contrast to bacteria and eukarya, where the acyl chains of the
membrane phospholipids are ester-linked to the sn-glycerol-
3-phosphate scaffold, the backbone of archaeal lipids is com-
posed of sn-glycerol-1-phosphate, with isoprenoid groups
connected via ether linkages [2–7].

Aeropyrum pernix K1 was the first absolutely aero-
bic, hyperthermophilic archaeon that was isolated from
a costal solfataric thermal vent in Japan [8]. The polar
lipids of A. pernix K1 consist solely of C25,25-archaeol

(2,3-di-sesterpanyl-sn-glycerol), with C25,25-archetidyl(glu-
cosyl)inositol (AGI) accounting for 91 mol%, and C25,25-
archetidylinositol (AI) accounting for the remaining 9 mol%
(Figure 1). Membranes composed of such C25,25 diether
lipids have 20% greater thickness than those composed of
tetraether C20,20 archaeal-based lipids [9].

Over the last five years, we have investigated the influence
of some environmental factors on the structural properties
of the membrane of A. pernix in vivo using electron
paramagnetic resonance (EPR) and fluorescence emission
spectrometry [10]. These studies included the influence of
pH and temperature on the physiochemical properties of
bilayer archaeosomes prepared from a polar-lipid methanol
fraction (PLMF) isolated from A. pernix cells grown at 92◦C
at pH 7.0, of mixed liposomes prepared from mixtures of
this PLMF and 1,2-dipalmitoyl-sn-glycero-3-phosphoholine
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Figure 1: Structural formulas of 2,3-di-O-sesterpanyl-sn-glycerol-1-phospho-myo-inositol (C25,25-archetidylinositol) (top: AI) and 2,3-di-
O-sesterpanyl-sn-glycerol-1-phospho-1′-(2′O-α-D-glucosyl)-myo-inositol (C25,25-archetidyl(glucosyl)inositol) (bottom: AGI).

(DPPC) at different ratios [11–13]. The major conclusion
based on our differential scanning calorimetry (DSC) was
that the archaeosomes do not show gel to liquid crystalline
phase transition in the temperature range from 0 to 100◦C
[11].

Through these investigations of A. pernix in vivo, we have
shown that the growth medium pH influences the initial
growth rate and cell density [14]. A pH below 7.0 was less
favourable than pH 8.0, and there was no growth of A.
pernix at pH 5.0. Using the EPR and fluorescence emission
measurements, changes in the distribution of the spin
probes and their motional characteristic were monitored.
These changes reflect the changes in the membrane domain
structure with temperature, and they were different for A.
pernix grown at pH 6.0 than at pH 7.0 and 8.0 [10]. Macalady
and coworkers (2004) [15] suggested that there is a strong
correlation between core-lipid composition and optimal pH
of the growth medium.

In the present study, we have extended our EPR and flu-
orescence emission spectrometry to investigate the influence
of growth medium pH (6.0; 7.0; 8.0) on the physiochemical
properties of bilayer archaeosomes prepared from this PLMF
from A. pernix.

2. Materials and Methods

2.1. Growth of A. pernix K1. A. pernix K1 was purchased
from Japan Collection of Microorganisms (number 9820;
Wako-shi, Japan). The culture medium comprised (per
litre): 34.0 g marine broth 2216 (Difco Becton, Dickinson
& Co., Franklin Lakes, NJ, USA), 5.0 g Trypticase Peptone
(Becton, Dickinson and Company, Sparks, USA), 1.0 g
yeast extract (Becton, Dickinson and Company, Sparks,
USA) and 1.0 g Na2S2O3•5H2O (Sigma-Aldrich, St. Louis,
USA). The buffer systems used were 20 mM MES [2-
(N-morpholino)ethanesulfonic acid; Acros Organics, Geel,
Belgium] for growth at pH 6.0, and 20 mM HEPES [4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Sigma-
Aldrich Chemie GmbH, Steinheim, Germany] for growth at

pH 7.0 and pH 8.0. The A. pernix cells were grown in 800 mL
growth medium in 1000 mL heavy-walled flasks, with a
magnetic stirring hot plate and forced aeration (0.5 L·min−1)
at 92◦C, as described previously [14].

2.2. Isolation and Purification of Lipids. The PLMF that is
composed of approximately 91% AGI and 9% AI (average
molecular weight of 1181.42 g·mol−1) was prepared from the
lyophilised A. pernix cells as described previously [11]. The
lipids were fractionated using adsorption chromatography
and analysed by TLC with the chloroform/methanol/acetic
acid/water (85/30/15/5) solvent. Analysis was performed
by 0.04 mg of PLMF isolated from A. pernix grown at
different pH. TLC plate was developed and sprayed with
20% H2SO4. Lipid spots were visualized by heating at 180◦C
for 20 minutes [9]. TLC plates were analysed using JustTLC
software (Version 3.5.3. http://www.sweday.com/), where
intensity ratio of the two lipid components was compared.
No differences between PLMF isolated from A. pernix grown
in medium with different pH were observed (Figure 2).

The methanol fraction containing the polar lipids
(PMLF) was used for further analysis. This lipid solution
was dried by slow evaporation under a constant flow of
dry nitrogen, followed by vacuum evaporation of solvent
residues.

2.3. Preparation of Archaeosomes. The appropriate weights
of the dried PLMF were dissolved in chloroform and
transferred into glass round-bottomed flasks, where the
solvent was evaporated under reduced pressure (17 mbar).
The dried lipid films were then hydrated with the aqueous
buffer solutions. As indicated above, the following 20 mM
buffer solutions were used: MES for pH 6.0 and HEPES for
pH 7.0 and 8.0. The final concentration of the lipids was
10 mg·mL−1. Multilamellar vesicles (MLVs) were prepared
by vortexing the lipid suspensions for 10 min. The MLVs
were further transformed into small unilamellar vesicles
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Figure 2: TLC results of PLMF from A. pernix grown at different
pH as marked. AI and AGI stands for C25,25-archetidylinositol and
C25,25-archetidyl(glucosyl)inositol, respectively.

(SUVs) by 30 min sonication with 10 s on-off cycles at 50%
amplitude with a Vibracell Ultrasonic Disintegrator VCX
750 (Sonics and Materials, Newtown, USA). To separate
the debris from SUVs after sonification, the sample was
centrifuged for 10 min at 14.000 rpm (Eppendorf Centrifuge
5415C).

2.4. Fluorescence Anisotropy Measurements. Fluorescence
anisotropy measurements of 1,6-diphenyl-1,3,5-hexatriene
(DPH) and trimethylammonium-6-phenyl-1,3,5-hexatriene
(TMA-DPH) (Figure 3) in PLMF archaeosomes were
performed in a 10 mm-path-length cuvette using a Cary
Eclipse fluorescence spectrophotometer (Varian, Mulgrave,
Australia), in the temperature range from 20◦C to 90◦C,
and the pH range from 6.0 to 8.0 in the relevant buffer
solutions. Varian autopolarizers were used, with slit widths
with a nominal band-pass of 5 nm for both excitation
and emission. Here, 10 μL DPH or TMA-DPH (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) in dimethyl
sulphoxide (Merck KGaA, Darmstadt, Germany) was added
to 2.5 mL 100 μM solutions of SUVs prepared from the
PLMF from A. pernix in the relevant buffer, to reach a
final concentration of 0.5 μM DPH and 1.0 μM TMA-DPH.
DPH and TMA-DPH fluorescence anisotropy was measured
at the excitation wavelength of 358 nm, with the excitation
polarizer oriented in the vertical position, while the vertical
and horizontal components of the polarized emission light
were recorded through a monochromator at 410 nm for both
probes. The emission fluorescence of DPH and TMA-DPH
in aqueous solution is negligible. The anisotropy (r) was
calculated using the built-in software of the instrument (1):

r = I|| − I⊥
I|| + 2I⊥

, (1)

where, I|| and I⊥ are the parallel and perpendicular emission
intensities, respectively. The values of the G-factor [the ratio
of the sensitivities of the detection system for vertically (IHV )
and horizontally polarized light (IHH)] were determined for
each sample separately.

The lipid-order parameter S was calculated from the
anisotropy using the analytical expression given in (2) [16]:

S =
[

1− 2(r/r0) + 5(r/r0)2
]1/2 − 1 + r/r0

2(r/r0)
, (2)

where r0 is the fluorescence anisotropy of DPH in the absence
of any rotational motion of the probe. The theoretical value
of r0 of DPH is 0.4, while the experimental values of r0

lie between 0.362 and 0.394 [16]. In our calculation, the
experimental value of r0 = 0.370 and r0 = 0.369 for DPH
and TMA-DPH in DPPC at 5◦C was used, respectively.

2.5. Electron Paramagnetic Resonance Measurements. For the
EPR measurements, the PLMF SUVs were spin-labelled
with a methylester of 5-doxyl palmitic acid [MeFASL(10,3)]
(Figure 3), and the EPR spectra recorded with a Bruker ESP
300 X-band spectrometer (Bruker Analytische Messtechnik,
Rheinstein, Germany). The MeFASL(10,3) lipophilic probe
was selected due to its moderate stability in the mem-
brane and its relatively high-resolution capability for local
membrane ordering and dynamics. It is dissolved in the
phospholipid bilayer with nitroxide group located in the
upper part of the layers.

With the MeFASL(10,3) film dried on the wall of a glass
tube, 50 μL 10 mg·mL−1 PLMF SUVs in the relevant buffer
was added, and the sample was vortexed for 15 min. This was
designed for a final molar ratio of MeFASL(10,3): lipids of
1 : 250. The sample was transferred to a capillary (75 mm;
Euroglas, Slovenia), and the EPR spectra were recorded
using the following parameters: centre field, 332 mT; scan
range, 10 mT; microwave power, 20.05 mW; microwave
frequency, 9.32 GHz; modulation frequency, 100 kHz; mod-
ulation amplitude, 0.2 mT; temperature range; 5◦C to 95◦C.
Each spectrum was the average of 10 scans, to improve
the signal-to-noise ratio. From the EPR spectra, the mean
empirical correlation time (τc) was calculated using (3) [17]:

τc = kΔH0

[
(h0/h−1)1/2 − 1

]
. (3)

The line width (ΔH0; in mT) and the heights of the mid-
field (h0)and high-field (h−1) lines were obtained from the
EPR spectrum (Figure 6); k is a constant typical for the spin
probe, which is 5.9387× 10−11 mT−1 for MeFASL (10,3) [17].

2.6. Computer Simulation of the EPR Spectra. For more pre-
cise descriptions of the membrane characteristics, computer
simulations of the EPR spectra line shapes were performed
using the EPRSIM programme (Janez Štrancar, 1996-2003,
http://www2.ijs.si/∼jstrancar/software.htm). Generally, to
describe the EPR spectra of spin labels, the stochastic
Liouville equation is used [18–20]. However, in a membrane
system labelled with fatty acid spin probes, local rotational
motions are fast with respect to the EPR time scale. Modeling
of the spectra taken at physiological temperature is therefore
simplified by restricting the motions to the fast motional
regime. Since the basic approach was already discussed
elsewhere [21, 22], it is only summarized here. The model
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Figure 3: Structural formulas of 1,6-diphenyl-1,3,5-hexatriene (DPH), trimethylammonium-6-phenyl-1,3,5-hexatriene (TMA-DPH), and
methylester of 5-doxyl palmitic acid [MeFASL (10,3)].

takes into account that the membrane is heterogeneous, and
is composed of several regions that have different fluidity
characteristics. Therefore, the EPR spectra are composed of
several spectral components that reflect the different modes
of restricted rotational motion of the spin probe molecules
in the different membrane environments. Each spectral
component is described by a set of spectral parameters that
define the line shape. These are the order parameter (S), the
rotational correlation time (τc), the line width correction
(W), and the polarity correction factors of the magnetic
tensors g and A (pg and pA, resp.). The S describes the
orientational order of the phospholipid alkyl chains in the
membrane domains, with S = 1 for perfectly ordered
chains and S = 0 for isotropic alignment of the chains.
Membrane domains that are more fluid are characterized
by a smaller S. The τc describes the dynamics of the alky
chain motion, with the W due to the unresolved hydrogen
superhyperfine interactions, and contributions from other
paramagnetic impurities (e.g., oxygen, external magnetic
field inhomogeneities). The pg and pA polarity correction
factors arise from the polarity of the environment of the
spin probe nitroxide group (pg and pA are large in more
polar environment and are below 1 in hydrophobic region).
Beside these parameters, the line shape of the EPR spectra
is defined by the relative proportions of each of the spectral
components (d), which describes the relative amount of the
spin probe with a particular motional mode, and which
depends on the distribution of the spin probe between the
coexisting domains with different fluidity characteristics.
As the partition of the MeFASL (10,3) was found to be
approximately equal between the different types of domains

of phospholipid/cholesterol vesicles [23], we assumed that
the same is valid also for these PLMF liposomes.

It should be stressed that the lateral motion of the spin
probe is slow on the time scale of the EPR spectra [24].
Therefore, an EPR spectrum describes only the properties
of the nearest surroundings of a spin probe on the nm
scale. All of the regions in the membrane with similar
modes of spin probe motion contribute to one and the same
spectral component. Thus, each spectral component reflects
the fluidity characteristics of a certain type of membrane
nanodomain (with dimensions of several nm) [25].

To obtain best fit of calculated-to-experimental spec-
tra, stochastic and population-based genetic algorithm is
combined with Simplex Downhill optimization method
into the evolutionary optimization method (HEO), which
requires no special starting points and no user intervention
[26]. In order to get a reasonable characterization one
still has to define the number of spectral components
before applying the optimization. To resolve this problem
multirun HEO optimization is used together with a newly
developed GHOST condensation procedure. According to
this method, 200 independent HEO simulation runs for each
EPR spectrum were applied, taking into account 4 different
motional modes of spin probe (23 spectral parameters),
which is around the resolution limit of EPR nitroxide exper-
iments. From these runs only the set of parameters, which
correspond to the best fits were used. All the best-fit sets
of parameters obtained by 200 optimizations were evaluated
according to the goodness of the fit (χ2 filter) and according
to the similarity of the parameter values of best fits (density
filter). The parameters of the best fits were presented by
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three two-dimensional cross-section plots using four spectral
parameters: order parameter S, rotational correlation time τc,
line broadening W , and polarity correction factor pA (S-τc,
S-W , and S-pA). Groups of solutions, which represent the
motional modes of spin probes in particular surrounding
and which could correspond to different membrane regions,
can be resolved either graphically on GHOST diagrams or
numerically within GHOST condensation. Starting values of
parameters of spectral components were defined using the
average parameters taken from the GHOST diagrams [27].
From these plots information about the motional patterns,
defined with S, τc, W , and pA in different membrane regions
can be obtained. In this way, the changes in the spin probe
motional patterns in different membrane regions, due to the
interaction of membrane with biologically active compound,
due to temperature, pH, and changes in membrane compo-
sition, can be studied.

3. Results and Discussion

3.1. Fluorescence Anisotropy Measurements. Fluorescence
probes have been widely used in the study of the structure
and dynamic of biological membranes [28]. Their pho-
tophysical properties are affected by the physicochemical
changes of the microenvironment where the probes are
located. Two common probes for the study of membrane
properties are DPH and its cationic derivative TMA-DPH.
Since DPH is a hydrophobic probe, it is incorporated in
the inner apolar core at different positions along the mem-
brane, while the polar group region of TMA-DPH remains
anchored at the lipid-water interface of the membrane
with the hydrocarbon chain entering the lipid part of the
membrane. Xu and London [29] showed that anisotropy
values are highest in gel states, lowest in liquid-disordered
states, and intermediate in liquid-ordered states. DPH and
TMA-DPH r depend on the degree of molecular packing of
membrane chains and can be related to the order parameter
S. The fluidity may be defined as the reciprocal of the lipid
order parameter S [30].

The levels of order in the SUVs composed of PLMF
isolated from A. pernix grown at pH 6.0, pH 7.0, and pH 8.0
and measured at the same pHs or at pH 7.0 were calculated
from anisotropy measurements of DPH (Figures 4(a) and
4(b)) and TMA-DPH (Figures 5(a) and 5(b)), respectively.
No significant differences in the order parameters of archaeo-
somes were observed regardless the growth medium of the A.
pernix cells or measured pH in the tested temperature range.
The order parameter determined by applying DPH of these
archaeosomes steadily decreased with increasing tempera-
ture, which indicates a gradual increase in membrane fluidity
(Figures 4(a) and 4(b)). Previously, we have shown also by
applying DSC that in the range from 0◦C to 100◦C, the
archaeosomes do not undergo gel-to-liquid crystalline phase
transition [11]. The initial values of the order parameter
of DPH at 20◦C were: pH 6.0, 0.72 ± 0.1; pH 7.0, 0.72 ±
0.1; pH 8.0, 0.73 ± 0.1. Similarly, we have not detected
the significant differences in the order parameter deter-
mined by applying TMA-DPH in archaeosomes regardless
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Figure 4: Temperature dependence of the lipid-order parameter
of the PLMF from A. pernix grown in medium with different pH
(� pH 6.0; © pH 7.0; Δ pH 8.0) determined by measuring the
anisotropy of DPH. The lines represent nonlinear curve fitting to
the data points. (a) pH of measured samples was the same as the
pH of growth medium; (b) experiments were performed at pH 7.0.

the growth or measured pH values. The initial value of
order parameter of TMA-DPH in comparison to DPH in
archaeal lipids at the same temperature and pH was higher:
pH 6.0, 0.93 ± 0.1; pH 7.0, 0.91 ± 0.1; pH 8.0, 0.91 ± 0.1.
Another observation, which should be stressed is that the
changing in the order parameter determined by TMA-DPH
is less temperature sensitive (Figures 5(a) and 5(b)). This
might not be surprising since TMA-DPH is cationic probe
located at the lipid-water interface of the membrane and the
archaeosomes (SUV) have zeta potential of −50 mV [11].
The zeta potential of archaeosomes (LUV) was not changed
with pH in the pH range from 5.0 to 10.0 [11]. It is likely that
in the studied pH range from 6.0 to 8.0 the zeta potential of
SUV archaeosomes is also not changing, which correlate with
no observed changes in TMA-DPH anisotropy with pH.

The fact that we have not determined any significant
differences in the behaviour of two fluorescence probes
regardless the pH of growth medium of A. pernix, suggest
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Figure 5: Temperature dependence of the lipid order parameter
of the PLMF from A. pernix grown in medium with different
pH (� pH 6.0; © pH 7.0; Δ pH 8.0) determined by measuring
the anisotropy of TMA-DPH. The lines represent nonlinear curve
fitting to the data points. (a) pH of measured samples was the same
as the pH of growth medium; (b) experiments were performed at
pH 7.0.

that the lipid composition is not changing in the studied pH
range of growing (from pH 6.0 to 8.0) or in the measured
pH range from 6.0 to 8.0. This statement was supported by
the TLC results of PLMF of A. pernix growth at different pHs
(Figure 2). The ratio between two major lipids component
in A. pernix membrane C25,25-archetidylinositol (AI) and
C25,25-archetidyl(glucosyl)inositol (AGI) is at growth pH 6.0
and 7.0: 9± 1% of AI and 91± 1% of AGI and at growth pH
8.0: 8± 1% of AI and 92± 1% of AGI.

3.2. Electron Paramagnetic Resonance Measurements. The
empirical correlation times of MeFASL(10,3) in these lipo-
somes prepared from the PLMF isolated from A. pernix were
measured directly from the EPR spectra (Figure 6). These
decreased gradually with temperature and did not show
significant differences with respect to the pH of the growth
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Figure 6: Representative EPR spectra of MeFASL(10,3) in the
membrane of the SUV archaeosomes at pH 7.0 prepared from the
PLMF isolated from A. pernix grown at pH 7.0.

medium (Figure 7). The empirical correlation time reflect
an average ordering and dynamics of the phospholipid alkyl
chains in the spin-probe nitroxide group surrounding and is
in inverse relation to membrane fluidity. The data correlate
well with fluorescence anisotropy measurements of DPH
incorporated into archaeosomes, which shows that the mem-
brane fluidity increases with temperature, but on average it
does not depend on the pH of the growth medium. Similar
results have been reported for archaeosomes composed of
bipolar tetraether lipids [31].

To obtain more detailed information about the possible
influences of different growth medium pH on the mem-
brane structural characteristics and on their changes with
temperature, computer simulations of the EPR spectra were
performed. At temperatures below 70◦C, good fits with the
experimental spectra were obtained taking into account that
the spectra are composed of at least three spectral com-
ponents. This indicates that the archaeosome membranes
are heterogeneous and composed of several regions with
different modes of spin-probe motions. All of the regions
in the membranes with the same fluidity characteristics are
described by a single spectral component. The corresponding
EPR parameters determine motional pattern of the spin
probe, irrespective to its location in the membrane. Smaller
regions with the same physical characteristics could not be
distinguished from few large regions. This also means that
EPR does not necessarily reflect directly the macroscopic
properties of the membrane or large membrane domains,
but reflects also the membrane superstructure on nm scale.
The three motional patterns of spin probe observed could be
due to the two-component lipid composition (AI and AGI)
of the membrane. Additionally, some dynamic fluctuations
of phospholipids or vertical motion of spin probe within the
membrane can be detected as a specific motional pattern
of spin probe. These motional patterns could be altered if
the membrane is influenced by some external perturbations
or if the membrane composition is changed. At higher
temperatures, the membranes become more homogeneous
and can be described by only one spectral component. The
changes in the order parameters of the different membrane
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Figure 7: Temperature dependence of empirical correlation time
(τc) of MeFASL(10,3) in SUV archaeosomes prepared from PLMF
lipids isolated from A. pernix grown in medium with different pH
(� pH 6.0;© pH 7.0; Δ pH 8.0) and measured at the same pHs (a)
and at pH 7.0 (b). Empirical correlation time was calculated directly
from the EPR spectra according to Equation (3).

regions and their proportions with temperature are shown
in the form of bubble diagrams in Figure 8, where the
dimensions of each symbol represent the proportions of
the spin probes in the corresponding membrane regions.
With increasing temperature, the order parameter of the
most ordered region decreases, its proportion decreases and
disappears in the temperature region between 55◦C and
65◦C. The proportions of the less ordered regions increase
with increasing temperature, and above 70◦C these remain
unchanged. The calculated order parameters for the samples
grown at different pH and measured at pH 7.0 are in the
range uncertainty of the calculation.

Order parameters obtained by fluorescence measurement
(Figures 4 and 5) and those obtained by computer simulation
of EPR spectra (Figure 8) cannot be directly compared since
the three probes (Figure 3), which differ appreciably in their
shape and dimensions cause different perturbations in their
surrounding and monitors the properties at different depth
of the membrane. DPH is highly hydrophobic and reflects
the properties in the inner apolar core at different positions
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Figure 8: Temperature dependence of the order parameters (S)
and proportions of MeFASL(10,3) in the membrane regions of
the SUV archaeosomes prepared from the PLMF from A. pernix
grown at pH 6.0 (black circles) and 7.0 (grey circles) (a), and at
pH 7.0 (grey circles) and 8.0 (black circles) (b). The diameters of
the symbols indicate the proportions of each region. D1, D2, and
D3 indicate the regions with the highest, intermediate-and lowest-
order parameters, respectively. Experiments were performed at pH
7.0.

along the membrane, TMA-DPH is anchored at water-lipid
interface, while MeFASL(10,3) with nitroxide group on the
5th C atom (counting from the methyl-ester group) monitors
the properties in the upper part of phospholipid layers but
exhibit also some translational motion within the mem-
brane. Besides by fluorescence polarization measurements an
average order parameter in the membrane is obtained, while
by computer simulation of EPR spectra order parameter is
distinguished from the rotational rate and reflects differe
surroundings of the spin probe at lower temperatures, which
could be due to membrane heterogeneity produced by
distribution between AI and AGI of the membrane but can
as well be the consequence of some fluctuations or vertical
motion of the spin probe within the bilayer, which seems to
be influenced by temperature.
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4. Conclusions

Fluorescence anisotropy measurements of DPH and TMA-
DPH in addition to EPR spectrometry here showed steady
decreases in the order parameter of archaeal lipids with
increasing temperature, regardless the pH of growth of
archaea or measuring pH. This indicates a gradual increase
in the membrane fluidity in all of these samples, although
no significant differences were seen for the influence of the
A. pernix growth medium pH. TMA-DPH located close to
water-lipid interface shows less temperature dependence in
comparison of DPH or MeFASL(10,3). The more detailed
analysis using computer simulation of the EPR spectra
revealed membrane heterogeneity at temperatures below
55◦C, which disappears at higher temperatures. But the
EPR parameters calculated from the spectra of archaeosomes
obtained from the PLMF from A. pernix grown at different
pH and measured at pH 7.0 remains in the range of
the calculation uncertainty. The results are supported by
TLC analysis of isolated lipids, which show no significant
differences between PLMF isolated from A. pernix grown in
medium with different pHs.

To summarize, the present data showed that cell growth
pH has no effect on membrane properties being examined.
The previous in vivo study [14] showed that the cell growth
varies with medium pH. This discrepancy is interesting
since the polar lipids of A. pernix K1 consist solely of
C25,25-archeaol, which has not been changed by growth
pH according to our data presented here. Previously, we
have reported that the maximum cell density of A. pernix
growth at pH 7.0 and 8.0 conditions were similar, while a
significantly lower maximum cell density was obtained at pH
6.0 and no growth at pH 5.0 [14]. It is likely that at pHs
lower than 6.0 the membranes of the neutrophilic A. pernix
composed of C25,25-archaeol becomes proton permeable and
that the permeability is not regulated by lipid composition.
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Novel cardiolipins from Archaea were detected by screening the intact polar lipid (IPL) composition of microbial communities
associated with methane seepage in deep-sea sediments from the Pakistan margin by high-performance liquid chromatography
electrospray ionization mass spectrometry. A series of tentatively identified cardiolipin analogues (dimeric phospholipids or
bisphosphatidylglycerol, BPG) represented 0.5% to 5% of total archaeal IPLs. These molecules are similar to the recently described
cardiolipin analogues with four phytanyl chains from extreme halophilic archaea. It is worth noting that cardiolipin analogues from
the seep archaeal communities are composed of four isoprenoidal chains, which may contain differences in chain length (20 and
25 carbon atoms) and degrees of unsaturation and the presence of a hydroxyl group. Two novel diether lipids, structurally related
to the BPGs, are described and interpreted as degradation products of archaeal cardiolipin analogues. Since archaeal communities
in seep sediments are dominated by anaerobic methanotrophs, our observations have implications for characterizing structural
components of archaeal membranes, in which BPGs are presumed to contribute to modulation of cell permeability properties.
Whether BPGs facilitate interspecies interaction in syntrophic methanotrophic consortia remains to be tested.

1. Introduction

One of the most prominent aspects of archaeal biochemistry
is the structure of their cellular membrane lipids [1].
Archaeal intact polar lipids (IPLs) are composed of a
core lipid (isoprenoidal glycerol diethers and tetraethers)
and polar headgroups (phosphoester or sugar-linked head-
groups, i.e., phospholipids and glycolipids, resp.). Archaeal
membrane lipids can be unequivocally differentiated from
other domains of life based on the glycerol backbone
stereochemistry [2, 3]. In Archaea, the isoprenoid chains
are bound at sn-2 and sn-3 positions of the glycerol
backbone exclusively through ether linkages and linked to
a phosphate-based and/or a sugar headgroup attached to
the sn-glycerol-1 (S configuration). Bacteria and eukaryotes
contain headgroups attached to the sn-glycerol-3 isomer
(R configuration) and core lipids (typically n- or methyl-
branched fatty acids) bound at sn-1,2-diacylglycerol.

A peculiar phospholipid type found exclusively in ATP
producing bacterial plasma membranes [4] and the inner

membrane of mitochondria [5] is cardiolipin (or bispho-
sphatidylglycerol, BPG). A unique aspect of BPGs is their
dimeric structure constituted by phosphatidic acid linked
to phosphatidylglycerol by a phosphoester bond displaying
four chains in the hydrophobic tail (Figure 1(d)). Such a
structural configuration has implications for the organiza-
tion of biological membranes, for example, the ability to bind
to a large variety of unrelated proteins and the ability to
trap protons in energy-converting membranes [6–8]. BPGs
and sulfoglycosylated dimeric phospholipids attached to four
phytanyl chains have previously been found in extreme
halophilic Archaea from natural habitats and cultures [9–
11]. In these Archaea, complex dimeric phospholipids are
involved in osmoadaptation [12, 13] and cytochrome c
oxidase activity [14].

Here, we report the structural diversity of novel BPGs
and the presence of novel diether lipids in methane-
metabolizing Archaea inhabiting surface sediments of
methane-charged deep-ocean seeps. These sediments are
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Figure 1: (a) Photography of the seafloor at site GeoB 12315 (∼1000 m water depth) during expedition M74/3 taken by the remotely
operated vehicle Quest (MARUM, University of Bremen) in the continental margin off Pakistan; (b) density map plot showing archaeal
IPLs (in black), bacterial IPLs (in gray), and novel archaeal lipids (bold) analyzed in positive mode by HPLC-ESI-IT-MS; (c) zoom in
the regular BPGs area of a density map generated in positive mode HPLC-ESI-ToF-MS (BPG-1 with four C20, BPG-2 with three C20 and
one C25, and BPG-3 with two C20 and two C25); (d) structure of archaeal BPGs, other archaeal cardiolipin analogues, and PGPG-ARs.
R1 to R7 are tentatively identified isoprenoidal moieties. Compound Abbreviations. GDGT: glycerol dibiphytanyl glycerol tetraether (C40–
C40 isoprenoidal chains); AR: archaeol (C20–C20 isoprenoidal chains); Ext-AR: extended archaeol (C20–C25 isoprenoidal chains); OH-AR:
monohydroxylated-archaeol (OHC20–C20); diOH: dihydroxylated-archaeol (OHC20–OHC20); Uns-AR: unsaturated-archaeol; Gly: glycosyl
(hexose); PE: phosphatidylethanolamine; PG: phosphatidylglycerol; PI: phosphatidylinositol; PS: phosphatidylserine; Ser: serine.

usually dominated by the uncultured anaerobic methan-
otrophic (ANMEs) archaea, which are closely associated with
sulfate reducing bacteria, jointly performing the anaerobic
oxidation of methane (AOM) [15, 16]. This process is
not only observed at seeps; AOM is ubiquitous in marine

sediments and prevents large amounts of the greenhouse
gas methane from escaping into the atmosphere [17].
Analyses of archaeal IPLs coupling high-performance liquid
chromatography (HPLC) and ion-trap mass spectrometry
(ITMS) from seeps sediments revealed a multitude of diether
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lipids, including both C20–C20 archaeol (AR) and C20–C25

extended AR (Ext-AR) with several combinations of head-
groups and presence of hydroxyl group and unsaturation at
the isoprenoidal chains [18–20]. Although the diversity and
chemotaxonomic relevance of archaeal IPLs from worldwide
ANME seep communities have already been examined [19],
to date no BPG has been detected in such systems and BPGs
have only been restrictedly reported for extreme halophilic
archaeal species.

2. Material and Methods

In November 2007, during expedition M74/3 onboard the
research vessel Meteor, the remotely operated vehicle Quest
(MARUM, University of Bremen) was launched in the con-
tinental margin off Pakistan [21]. Sediment cores (ca. 10 cm
i.d. and 20 cm length) were recovered from site GeoB 12315-
9 (Dive 181) at 1025 m water depth, well within the lower
part of the oxygen minimum zone [21]. Surface sediments
influenced by gas ebullition were associated with dense
microbial mats from sulfide-oxidizing bacteria (Figure 1(a)).
Detailed sediment geochemistry and gas emission potential
can be found elsewhere [22, 23]. The samples were processed
shipboard at 4◦C with sediment sections (1-2 cm thick) and
immediately placed in liquid nitrogen and later maintained
at −80◦C at MARUM (University of Bremen, Germany).

The total lipid extract (TLE) was obtained by extraction
of 10–20 g wet sediment (0 to 15 cm core depth, 8 samples
in total) after addition of 5 µg of internal standard (1-
O-hexadecyl-2-acetoyl-sn-glycero-3-phosphocholine, PAF),
using a modified Bligh and Dyer protocol [24]. The TLE
was dissolved in a mixture of methanol and dichloromethane
(5 : 1 v/v). Initial IPL analysis was performed following con-
ditions previously described [24]. Briefly, chromatographic
separation and IPLs analysis were conducted in a Ther-
moFinnigan Surveyor high-performance liquid chromatog-
raphy (HPLC) system connected to a ThermoFinnigan LCQ
Deca XP Plus ion trap (IT) multiple stage mass spectrometry
(MSn) equipped with electrospray interface (ESI). A 10 µL
aliquot of the TLE (equivalent to 1% of TLE) was injected
onto a LiChrospher Diol column (150 × 2.1 mm, 5 µm,
Alltech, Germany) equipped with a guard column of the
same material. Samples were further analyzed by high-
resolution mass spectrometry for precise identification of
novel lipids, which allowed mass accuracy in the ppm range.
For this purpose, ESI-MS was performed on a Bruker maXis
Ultra-High Resolution ToF (ToF) MS. This instrument was
coupled to a Dionex Ultimate 3000 UHPLC equipped with
a Waters Acquity UPLC Amide column (150 × 2.1 mm,
3.5) following a method recently developed in our lab. IPLs
were measured in both positive and negative ionization
modes with automated data-dependent fragmentation of
base peak ions up to MS3 (IT) or MS2 (ToF). This method
is especially suitable for rapid screening of natural, complex
mixtures of membrane lipids with molecular weights in the
range from 500 to 2000 Da [24]. Additionally, selected lipids
were targeted for MS2 fragmentation in multiple reaction
monitoring (MRM) mode. In these cases, increasing collision

energies (15–55 eV) were applied to the selected parent ion in
order to better describe sequential fragmentation.

IPL quantification is semiquantitative (see [24]) and
identification is based on mass spectral fragmentation. The
quantification and identification of BPGs in samples ran as
TLE were hampered by coelution of bacterial phospholipid
dimers. To avoid these effects, we purified the analytes of
interest by preparative HPLC, using a LiChrospher column
(250 × 10 mm, 5 µm, Alltech, Germany) with a fraction
collector, as described by [25, 26]. The purified fractions
(F1 to F13) were then rerun by HPLC-MS in positive and
negative modes to obtain mass spectra on the basis of which
BPGs could tentatively be identified in fractions F4 and F12.
Given that archaeal IPLs are better characterized by positive
ionization mode using our methods [20], only the results
from this mode are shown.

3. Results and Discussion

Cardiolipin analogues at the station GeoB 12315 were only
detected in the upper 10 cm of the sediment column. DNA
fluorescent in situ hybridization performed with fixed cells
at the interval 1-2 cm indicated a dominance of ANME-
2 over other methanotrophic archaeal taxa (M. Yoshinaga,
K. Knittel, and K.-U. Hinrichs, unpublished data). The
structure of BPGs (cf. [9]) and other cardiolipin analogues
are described in Figure 1(d). The series of novel dimeric
archaeal phospholipids identified tentatively by HPLC-ESI-
MS possess masses ranging from 1526.21 to 1684.38 Da
for BPGs and up to 1776.36 Da for the other cardiolipin
analogues (Table 1). While the BPGs were minor compo-
nents representing less than 0.5% of total archaeal IPLs,
the glycosylated dimeric phospholipids represented 3–5% of
total archaeal IPLs in the first 5 cm of the sediment column.

3.1. BPGs. Tentative identification of BPGs was achieved
by interpretation of exact masses of both parent ions and
fragments. In order to be considered for identification, the
difference between calculated and measured mass (Δm =
(m/zmeasured − m/zcalculated)/m/zcalculated) had to be below
3 ppm for parent ions and 5 ppm for fragments. Similarly to
bacterial BPGs [24], molecular ions of BPGs occur both as
protonated and as ammonium adducts in HPLC-MS ([M +
H+]+ and [M + NH4

+]+, Figure 1(c)).
As illustrated in Figure 1(c), BPGs can be further divided

into three major groups, containing the following combi-
nations of isoprenoidal chains: (i) BPG-1 with four C20;
(ii) BPG-2 with three C20 and one C25; (iii) BPG-3 with
two C20 and two C25 (see Table 1 for detailed information).
Figure 2(a) shows the fragmentation pattern for a repre-
sentative BPG, precisely the OHC20:0/OHC20:0/C20:0/C25:5-
BPG ([M + H+]+, m/z 1614.30). MS2 spectra showed
major fragment ions at m/z 1273.9, 977.6, and 681.3,
matching consecutively, the loss from the molecular ion of
one penta-unsaturated sesterpenyl (340.3 Da loss) and two
OH phytanyl chains (296 Da loss). Other minor fragments
observed in MS2 (Figure 2(a) and Table 1) are attributed to
the fragment ion of the PG headgroup attached to a glycerol
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Figure 2: Positive mode MS2 spectra of novel archaeal IPLs analyzed by HPLC-ESI-MS. (a) Representative BPG
(OHC20:0/OHC20:0/C20:0/C25:5-BPG); (b) glycosylated BPG; (c) serine BPG; (d) PGPG-OH-AR. Losses are indicated by Rn (Figure 1(d)).
Detailed information on major ions in MS2 spectra is available in Table 1.

backbone containing a single phytanyl chain (m/z 527.3)
and the subsequent losses of the glycerol headgroup and the
phytanyl chain (m/z 435.3 and 247.0), which are commonly
observed in PG-based AR fragmentation during ESI-MS
[20]. The exact mass analysis of fragmentation patterns of
this compound is thus consistent with the proposed structure
and allowed to constrain the distribution of double bonds
and OH moieties on the isoprenoidal chains. Similar MS2

spectra were constructed for other BPGs and some general
patterns of hydroxyl group and double bond distribution
could be established (Table 1). Only phytanyl moieties
were observed with one hydroxyl group per chain, while
unsaturation occurred on both C20 and C25 nonhydroxylated
isoprenoidal chains. These structural features of isoprenoidal
chains resemble those from phosphobased ARs and Ext-ARs
described earlier [20] in seep sediments.

Concerning fragmentation patterns, BPGs previously
identified in halophilic archaea were analyzed by ESI-MS
in negative mode [9–11], among other techniques. For
example, tetra C20:0-BPG fragmentation is characterized
by the cleavage of the diphytanyl-glycerol-phosphate from
the molecular ion at m/z 1521.3, yielding major fragment
ions at m/z 805.6, 731.6, and 433.3, corresponding to
quasi-molecular ions of PG-AR, phosphatidic acid (PA)-
AR and the loss of one phytanyl chain plus water from
PA-AR, respectively (e.g., [9]). Our experiments showed
prominent fragmentation resulting primarily from the loss of
isoprenoidal chains, with minor fragments attributed to the
cleavage of the phosphatidylglycerol headgroup (Figure 2(a)
and Table 1). Previously described archaeal BPGs were solely
composed of four phytanyl chains [9–11]; this structural
diversity has now been extended by our findings of novel

derivatives (Table 1). The tentative structural assignments
of archaeal BPGs by positive ion mode HPLC-ESI-MS are
generally consistent with fragmentation patterns of archaeal
IPLs. For example, fragmentation of phospho-ARs, such
as PG-AR, is dominated by the loss of the head group,
so that the MS2 spectra display major fragment ions at
m/z 733.6 (PA-AR). By contrast, phosphobased OH-ARs
present a 296.3 Da loss corresponding to the cleavage of
the hydroxylated phytanyl chain, which is favored over loss
of head group or nonhydroxylated phytanyl chain [20].
Similarly, BPGs in our samples undergo primary loss of the
alkyl substituent in a systematic fashion: unsaturated over
hydroxylated over saturated isoprenoidal chains (Figure 2
and Table 1). These patterns are reflected in major fragment
ions in MS2 experiments. Furthermore, when isoprenoidal
chains are lost, the initially formed fragment ion is accompa-
nied by fragments resulting from additional losses of water
molecules (Figure 2(a)).

3.2. Other Cardiolipin Analogues. The same combination
of OHC20:0/OHC20:0/C20:0/C25:5 isoprenoidal chains was
observed for both complex glycosylated and serine cardi-
olipin analogues (Gly-BPG and Ser-BPG, Figure 1(b)). The
Gly-BPG is analogous to the glycosylated cardiolipin from
the group B Streptococcus strains [27] and structurally dis-
tinct from the glycocardiolipin described in earlier studies of
archaeal cardiolipin analogues [9–11]. The inclusion of a ser-
ine in the central glycerol of BPGs is similar to the D-alanyl
and L-lysyl cardiolipins described, respectively, by [28, 29].
Gly-BPG and Ser-BPG showed molecular ions in MS1 mode
corresponding to the protonated and the ammonium adduct
(Figure 1(b)). Fragmentation pattern in MS2 is also similar,
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with major fragment ions observed from loss of a penta-
unsaturated sesterpenyl chain (340.3 Da) and a subsequent
OH phytanyl (296.3 Da) loss (Figures 2(b) and 2(c)). Minor
fragment ions include m/z 977.6 and 959.6, which can also be
observed in typical BPGs (Table 1) and are consistent with
the successive losses of penta-unsaturated sesterpenyl and
OH phytanyl chains together with the hexose or serine.

3.3. Novel Archaeal Diether Phospholipids. In addition to
cardiolipin analogues, two novel archaeal diether lipids
were detected and characterized by HPLC-ESI-MS. These
compounds are structurally related to the BPGs, with the
difference that they contain only two isoprenoidal chains
(Figure 1(d)). The fragmentation of the tentatively identi-
fied bisphosphatidylglycerol archaeol or PGPG-AR in MS2

experiments ([M + H+]+, m/z 961.68) is marked by the loss
of the glycerol headgroup (74.0 Da) plus water and the loss
of PG (154.0 Da), resulting in major fragment ions at m/z
869.6 and 807.6, respectively (Table 1). Minor fragment ions
at m/z 733.6 and 435.3 are identical to those observed for PG-
AR in MS2 positive ion mode [20]. The tentatively identified
PGPG-OH-AR ([M + H+]+, m/z 977.68) undergoes a promi-
nent loss of 296.3 Da and a subsequent 74.0 Da loss, yielding
major fragment ions at m/z 681.3 and 527.3 (Figure 2(d)),
which can be also observed as minor fragments during MS2

experiments of BPGs (Table 1). These novel compounds rep-
resent less than 1% in the 1–11 cm and increase to 3% of total
archaeal IPLs at the 11–15 cm horizons (data not shown).

After careful reinspection of samples dominated by
ANME-2 archaea [17, 18], PGPG-OH-AR was exclusively
detected in Black Sea microbial mats, Arabian Sea, and
Hydrate Ridge seep sediments. Given the structural
resemblance of PGPG-ARs and typical BPGs (Figure 1(d))
and their occurrence pattern restricted to seep sediments
with high ANME-2 abundance, we hypothesize that these
diether lipids are likely degradation products of the BPGs.
However, one cannot rule out the participation of these
diethers as intermediates in archaeal BPGs biosynthesis,
which is still unknown.

3.4. Possible Significance of Novel Archaeal Cardiolipin Ana-
logues in Methane-Metabolizing Archaea. Archaeal diether
and tetraether IPLs generally contain saturated isoprenoidal
chains (e.g., [30] and references therein). The only archaeal
BPGs described so far are invariably composed of saturated
phytanyl chains [9, 11]. In our samples, we observed that
cardiolipin analogues are structurally more complex and
attached to multiple combinations of saturated, hydroxy-
lated, and polyunsaturated C20 and C25 isoprenoidal chains
(Table 1). Unsaturated isoprenoids are found in archaeal
isolates over a wide temperature range, for example, ther-
mophilic [31, 32] and psychrophilic [33, 34], so that
unsaturation of isoprenoidal chains is probably not primarily
a membrane adaptation to temperature [35]. Given that the
physical stability of isoprenoidal chains is the major regulat-
ing factor for low proton permeability in archaeal liposomes
[36], unsaturation of isoprenoidal chains results in increased
solute permeability through the cell membrane. Indeed,

unsaturation appears to be widespread among halophilic
archaea [33, 34, 37], the only cultivated BPG producers
[38]. In addition, an increase in cardiolipin analogue content
was observed in halophilic archaea when exposed to low
salt conditions [12, 13]. In cold seep sediments, both core
lipids (i.e., AR and OH-AR) and IPLs are relatively well
characterized (e.g., [19, 39]), but thus far neither BPGs nor
isoprenoidal chain unsaturation has been reported as an
important feature, except for minor amounts of the recently
described phosphobased unsaturated ARs [20].

The asymmetric arrangement in archaeal BPGs, that is,
C20 and C25 isoprenoidal chains, including the presence
of unsaturations and/or hydroxyl-group(s) (Table 1), differs
from the prevalent symmetric patterns of mitochondrial car-
diolipins [40]. In addition, because cardiolipins are typically
minor lipids in bacterial and mitochondrial membranes,
besides the fact that no clear pattern of cardiolipin unsat-
uration is found among different organisms, they are not
believed to affect overall fluidity of the cellular membrane
[7, 40]. The high diversity of typical BPGs and the relatively
high abundance of the complex glycosylated and serine
cardiolipin analogues in concert with the extensive presence
of unsaturation in the isoprenoidal chains have implications
for the bioenergetics of membrane lipids. First, an increase
in proton permeability could facilitate archaeal catabolism
in microbial communities mediating the anaerobic oxidation
of methane, a process known to yield minimal metabolic
energy [41]. Second, among the two most widespread ANME
groups, ANME-2 representatives are putatively found phys-
ically associated with sulfate-reducing bacteria in cluster-
like arrangements [16], whereas ANME-1 often occur as
single cells (e.g., [42–44]). Under the assumption that BPGs
and PGPG-ARs are affiliated with ANME-2 archaea, it is
conceivable that interaction between cardiolipin analogues
and membrane proteins facilitates the transport of protons,
electrons, and/or metabolites (similarly to mitochondria or
ATPase/synthase bound cardiolipins, e.g., [6, 8, 14]) in the
cell-to-cell syntrophic surroundings.

In this study, we have tentatively identified several novel
archaeal cardiolipin analogues on the basis of their frag-
mentation patterns during positive ion mode HPLC-ESI-MS.
As methane-metabolizing archaea are yet to be isolated in
culture, investigations on the function of cardiolipin analogs
in Archaea should proceed with detailed lipid examination of
already cultured species.
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A part of the biosynthetic pathway of archaeal membrane lipids, comprised of 4 archaeal enzymes, was reconstructed in the
cells of Escherichia coli. The genes of the enzymes were cloned from a mesophilic methanogen, Methanosarcina acetivorans,
and the activity of each enzyme was confirmed using recombinant proteins. In vitro radioassay showed that the 4 enzymes are
sufficient to synthesize an intermediate of archaeal membrane lipid biosynthesis, that is, 2,3-di-O-geranylgeranyl-sn-glycerol-1-
phosphate, from precursors that can be produced endogenously in E. coli. Introduction of the 4 genes into E. coli resulted in the
production of archaeal-type lipids. Detailed liquid chromatography/electron spray ionization-mass spectrometry analyses showed
that they are metabolites from the expected intermediate, that is, 2,3-di-O-geranylgeranyl-sn-glycerol and 2,3-di-O-geranylgeranyl-
sn-glycerol-1-phosphoglycerol. The metabolic processes, that is, dephosphorylation and glycerol modification, are likely catalyzed
by endogenous enzymes of E. coli.

1. Introduction

Archaeal membrane lipids are very specific to the organ-
isms in the domain Archaea and have structures that are
distinct from those of bacterial/eukaryotic lipids [1–3].
Although they are, essentially, analogues of glycerolipids
from bacteria or eukaryotes, they have specific structural
features as follows: (1) hydrocarbon chains of archaeal
lipids are multiply-branched isoprenoids typically derived
from (all-E) geranylgeranyl diphosphate (GGPP), while
linear acyl groups are general in bacterial/eukaryotic lipids;
(2) the isoprenoid chains are linked with the glycerol
moiety with ether bonds, while ester bonds are general
in bacterial/eukaryotic lipids; (3) the glycerol moiety of
archaeal lipids is derived from sn-glycerol-1-phosphate (G-1-
P), which is the enantiomer of sn-glycerol-3-phosphate, the
precursor for bacterial/eukaryotic glycerolipids; (4) dimer-
ization of membrane lipids by the formation of carbon-
carbon bonds between the ω-terminals of hydrocarbon
chains, which generates macrocyclic structures such as
caldarchaeol-type lipids with a typically 72-membered ring,
is often observed in thermophilic and methanogenic archaea.

These characteristics affect the properties of membranes
formed with the lipids. In general, the permeability of
membranes composed of archaeal lipids is lower than that of
membranes that consist of bacterial/eukaryotic lipids [4, 5].
Moreover, the structural differences between archaeal and
bacterial/eukaryotic lipids are believed to cause their black-
and-white distribution between these domains without
exception (the “lipid divide”) [6, 7]. This hypothesis is based
on the idea that a membrane composed of both archaeal-
and bacterial/eukaryotic-type lipids is disadvantageous to
the organism, compared with membranes composed of one
type. Although this hypothesis is attractive, no proof of it
has been reported so far. To obtain proof of this hypothesis,
two lines of experiments can be designed. One is to compare
the physical properties of artificial membranes prepared
with the archaeal- and/or bacterial/eukaryotic-type lipids.
A few studies of this type have been done [8, 9]. Shimada
and Yamagishi [9] recently reported that hybrid liposomes
constructed from both archaeal- and bacterial-type lipids
were generally more stable (impermeable) than they had
expected. Based on these results, they concluded that the
common ancestor of life (and the origin of eukaryotes
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supposedly formed by the fusion of archaea- and bacteria-
like cells) might have had such hybrid lipid membranes,
but they did not explain how the lipid divide occurred.
The other, more straightforward line of experiments is to
generate an organism that synthesizes both archaeal- and
bacterial/eukaryotic-type membrane lipids and therefore has
hybrid membranes. If the hybrid membranes are disad-
vantageous for the organism because of properties such
as stability, permeability, and fluidity, the organism may
lower viability or become susceptible to stresses such as
heat and osmotic shock. Lai et al. recently reported the
construction of such an organism, although they did not
determine its phenotypes [10]. In their study, phospho-
lipid biosynthetic genes from a hyperthermophilic archaeon
Archaeoglobus fulgidus were introduced into Escherichia coli.
The authors demonstrated the synthesis of precursors for
archaeal membrane lipids, that is, 3-O-geranylgeranyl-sn-
glycerol-1-phosphate (GGGP) and 2,3-di-O-geranylgeranyl-
sn-glycerol-1-phosphate (DGGGP), in the recombinant E.
coli, based on the detection of corresponding alcohols from
the lipid extract from the cells after phosphatase treatment.
However, it was still unclear whether the archaeal-type
lipids produced in the cells actually acted as the structural
components of a membrane bilayer, because the authors did
not show the intact structures of the lipids. Moreover, they
did not describe the level of production of the archaeal-type
lipids, which is also important to the evaluation of their
effects on the membranes of E. coli.

In the present study, we reconstructed a part of the
biosynthetic pathway of an archaeal phospholipid (Figure 1),
which consisted of G-1-P dehydrogenase, GGPP synthase,
GGGP synthase, and DGGGP synthase from a mesophilic
methanogenic archaeon, Methanosarcina acetivorans, in E.
coli. These enzymes can synthesize DGGGP from the endoge-
nous precursors of isoprenoid in E. coli, that is, (all-E)
farnesyl diphosphate (FPP), isopentenyl diphosphate (IPP),
and dihydroxyacetone phosphate (DHAP). In addition,
the enzymes from the mesophile were expected to have
optimal activities at the growth temperature of E. coli,
which would lead to high-level production of the archaeal
phospholipid precursor and its derivatives. We evaluated the
total amount and intact structures of the archaeal-type lipids
extracted from the cells by liquid chromatography/electron
spray ionization-mass spectrometry (LC/ESI-MS) analysis
and showed that DGGGP was metabolized by enzymes
endogenous to E. coli.

2. Materials and Methods

2.1. Materials. LKC-18F precoated, reversed-phase, thin-
layer chromatography plates were purchased from Whatman,
UK. FPP was donated by Drs. Kyozo Ogura and Tanetoshi
Koyama, Tohoku University. [1-14C]IPP was purchased from
American Radiolabeled Chemicals, USA. All other chemicals
were of analytical grade.

2.2. General Procedures. Restriction enzyme digestions,
transformations, and other standard molecular biological
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Figure 1: Biosynthetic pathway of archaeal-type lipids recon-
structed in E. coli.

techniques were carried out as described by Sambrook et al.
[11].

2.3. Cultivation of M. acetivorans. The M. acetivorans C2A
(JCM 12185) strain was provided by the Japan Collection of
Microorganisms (JCM), RIKEN BRC, through the Natural
Bio-Resource Project of the MEXT, Japan. The mesophilic
methanogenic archaeon was cultivated in a JCM 385
Methanosarcina acetivorans medium at 37◦C and harvested
at the log phase.

2.4. Construction of Plasmids Containing Phospholipid Biosyn-
thetic Genes from M. acetivorans. The genome of M. acetivo-
rans was extracted from the cells using a DNA extraction kit,
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Table 1: Primers used for plasmid construction.

Primers Sequences (restriction enzymes that recognize the underlined sites)

For the construction of pBAD-MA0606

ma0606fw GTAAAGAATTCAGATATAAGGAAATAGATGTGATGCTTATGATGCTTAT (EcoRI)

ma0606rv GGTATTTCTAGATTGTATCCTTATTTTTCAGTATTCCCTTGCAATCA (XbaI)

For the construction of pBAD-MA3969

ma3969fw
TTATATAGCTAGCTATTAAAAATAAGGATAATTAATGCAGGTGGAAGCACACCT
(NheI)

ma3969rv GAAATGTCGACGATATATCTCCTTTTATTTTTAGCTTTTTATAGCTGATA (SalI)

For the construction of pBAD-MA0961

ma0961fw ATAGAATTCAAGAAGATTATAATGTCTGCCGGAATAC (EcoRI)

ma0961rv GATTCTAGATCATACACCGGCAATGAAAG (XbaI)

For the construction of pBAD-MA3686

ma3686fw CTATTGAGCTCAAATAAAAGGAGATATATCATGAAATTGACCATCAATA (SacI)

ma3686rv ATATTGGTACCATCTATTTCCTTATATCTTCAACTTATGACCTTTGTGA (KpnI)

For the construction of pBAD-ALB2 by
amplification of ma0961

alb2fw ACAATCTAGAGTCGAAGGAAGATTATAATGTCTGCCGGAATAC

alb2rv ATGCCTGCAGGTCGACTCATACACCGGCAATGAAAG (SalI)

For the construction of pBAD-ALB3 by
amplification of ma3969

alb3fw CGGTGTATGAGTCGAAAGGAGTAATTAATGCAGGTGGAAGCACACCT

alb3rv ATGCCTGCAGGTCGACTTAGCTTTTTATAGCTGATA (SalI)

For the construction of pBAD-ALB4 by
amplification of ma3686

alb4fw AAAAAGCTAAGTCGAAAGGAGATATATCATGAAATTGACCATCAATA

alb4rv ATGCCTGCAGGTCGACTCAACTTATGACCTTTGTGA (SalI)

ISOPLANT II (Nippon Gene). Each of the hypothetical genes
for archaeal phospholipid biosynthesis, that is, MA3686,
MA0606, MA3969, and MA0961, was amplified using the
primers shown in Table 1, using the genome of M. acetivorans
as a template, and using KOD DNA polymerase (Toyobo,
Japan). The amplified DNA fragment was digested by
restriction enzymes that recognize the sites in the primers
and then inserted into the pBAD18 vector cut with the same
restriction enzymes to construct the plasmid for expression
of each archaeal enzyme, that is, pBAD-MA3686, pBAD-
MA0606, pBAD-MA3969, and pBAD-MA0961.

For the construction of plasmids for expression of mul-
tiple archaeal genes, an In-Fusion Advantage PCR cloning
kit (Takara, Japan) was used according to the manufacturer’s
instructions. The MA0961 gene was amplified using the
primers shown in Table 1 and pBAD-MA0961 as a template.
By the action of the In-Fusion enzyme, the amplified frag-
ment was inserted into the plasmid pBAD-MA0606, which
had been digested with SalI, to construct the plasmid pBAD-
ALB2. Next, the MA3969 gene, which was amplified using
the primers in Table 1 and pBAD-MA3969 as a template,
was inserted into pBAD-ALB2 digested with SalI to construct
pBAD-ALB3. The plasmid was then digested with SalI, and
the MA3686 gene, amplified using the primers in Table 1
and pBAD-MA3686 as a template, was inserted to construct
pBAD-ALB4.

2.5. Recombinant Expression of the Archaeal Enzymes. E.
coli Top10, transformed with each plasmid containing a
homologous gene for archaeal phospholipid biosynthesis,
that is, pBAD-MA0606, pBAD-MA3969, pBAD-MA0961,
pBAD-MA3686, or pBAD-ALB4, was cultivated at 37◦C in
250 mL LB medium supplemented with 100 mg/L ampicillin.
When the optical density at 660 nm of the culture reached
0.5, then 0.02% of L-arabinose was added for induction.
After an additional 16 h incubation, the cells were harvested
and disrupted by sonication in 5 mL of 100 mM 3-(N-
morpholino)propanesulfonic acid (MOPS)-NaOH buffer,
pH 7.0. The homogenates were centrifuged at 24,000 g for
30 min to recover the supernatants as a crude extract, which
was used for enzyme assay.

2.6. In Vitro Assay for the Biosynthesis of Phospholipid Pre-
cursors. The assay mixture for prenyltransferases contained,
in a final volume of 200 μL 0.2 nmol of [1-14C]IPP (2.04
GBq/mmol), 1 nmol of FPP, 2.0 μmol of MgCl2, 20 μmol of
MOPS-NaOH, pH 7.0, and suitable volumes of the crude
extracts from E. coli containing pBAD-MA0606, pBAD-
MA3969, or pBAD-MA0961. α-Glycerophosphate (racemic
mixture) was added only to the mixtures containing
MA3969.
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The assay mixture for G-1-P dehydrogenase contained,
in a final volume of 200 μL, 0.2 nmol of [1-14C]IPP (2.04
GBq/mmol), 1 nmol of FPP, 2.0 μmol of MgCl2, 20 μmol of
MOPS-NaOH, pH 7.0, and suitable volumes of the crude
extracts from E. coli containing pBAD-MA0606, pBAD-
MA3969, or pBAD-MA3686. If needed, 200 nmol of α-
glycerophosphate or DHAP was added to the mixture.

In a final volume of 200 μL, the assay mixture for
the 4 archaeal enzymes simultaneously expressed in E. coli
contained, 0.2 nmol of [1-14C]IPP (2.04 GBq/mmol), 1 nmol
of FPP, 200 nmol of DHAP, 2.0 μmol of MgCl2, 20 μmol of
MOPS-NaOH, pH 7.0, and a suitable volume of the crude
extract from E. coli containing pBAD-ALB4.

After incubation at 37◦C for 30 min, the reaction was
stopped by chilling in an ice bath. 200 μL of water saturated
with NaCl was added to the mixture, and then the products
were extracted with 600 μL of 1-butanol saturated with NaCl-
saturated water. They were treated with acid phosphatase
according to the method of Fujii et al. [12], and the
hydrolysates were extracted with n-pentane and analyzed
by reversed-phase, thin-layer chromatography (TLC) using
a precoated plate LKC-18F developed with acetone/H2O
(9 : 1). The distribution of radioactivity was detected using
a BAS2000 bioimaging analyzer (Fujifilm, Japan). The
authentic samples were prepared as described in our previous
reports, using the enzymes from Sufolobus acidocaldarius and
S. solfataricus [13].

2.7. Lipid Isolation from E. coli Harboring pBAD-ALB4. Lipid
was extracted from 2 g of wet cells of E. coli harboring
pBAD-ALB4, cultured as described above, except that induc-
tion with l-arabinose was performed for 18 h. The cells
were dissolved with 15 mL of 1-butanol/75 mM ammonium
water/ethanol (4 : 5 : 11). The mixture was heated to 70◦C
and shaken vigorously for 1 min. It was heated again at
70◦C for 20 min and shaken vigorously again for 1 min. After
cooling to room temperature, the mixture was centrifuged
at 1,000 g for 10 min. The supernatant was recovered and
dried under a stream of nitrogen at 55◦C. The dried residue
was then dissolved with 7.2 mL of 1-butanol/methanol/0.5 M
acetate buffer, pH 4.6 (3 : 10 : 5). Lipids in the mixture were
extracted with 3 mL n-pentane and dried under a stream of
nitrogen at 55◦C. The dried residue was then redissolved in
1 mL of methanol/2-propanol (1 : 1).

2.8. LC/ESI-MS Analysis. ESI-MS was performed with an
Esquire 3000 ion trap system (Bruker Daltonics, USA). MS-
parameters used were as follows: sheath gas, N2 of 30 psi;
dry gas, N2 of 7.0 L·min−1 at 320◦C; scanning range, 50–
1,000 m/z; scan speed, 13,000 m/z·sec−1; ion charge control
target, 50,000 or 20,000; maximum accumulation time,
100 ms; averages, 10; rolling averaging, 2. The system was
equipped with an Agilent 1100 Series HPLC system (Agilent
Technologies, USA) using UV detection at 210 nm and COS-
MOSIL Packed Column 5C18-AR-II (2.0 × 150 mm, Nacalai,
Japan). The mobile phase consisted of methanol/100 mg·L−1

sodium acetate (9 : 1) or methanol/120 mg·L−1 potassium
acetate (9 : 1). The flow rate was 0.2 mL·min−1.

2.9. Sodium Periodate Treatment. For sodium periodate
treatment of 2,3-di-O-geranylgeranyl-sn-glycero-1-phos-
phoglycerol (DGGGP-Gro), the peak fraction from HPLC
contained about 1 nmol of the mixture of DGGGP-Gro
and 2,3-di-O-geranylgeranyl-sn-glycerol (DGGGOH), and
1 μmol sodium periodate was added to 1 mL of 1-but-
anol/75 mM ammonium water/ethanol (4 : 5 : 11). The
mixture was reacted at 25◦C for 1 h in the dark. The reaction
was stopped by adding 1.5 μmol of glycerol. After 15 min,
the product was extracted by 1 mL of n-pentane and dried
with N2. The dried residue was dissolved with 100 μL of
methanol/2-propanol (1 : 1) and analyzed by LC/ESI-MS.

3. Results and Discussion

We first searched for and cloned the genes from a mesophilic,
methanogenic archaeon, M. acetivorans, which encoded
the closest homologues of the enzymes involved in the
biosynthesis of archaeal membrane lipids. The homologue
of G-1-P dehydrogenase, which shows 59% sequential iden-
tity with G-1-P dehydrogenase from Methanothermobacter
thermautotrophicus [14], is encoded in the gene MA3686.
The closest homologue of GGPP synthase, with 39% identity
with the enzyme from S. acidocaldarius [15], is encoded in
MA0606. The GGGP synthase homologue with 57% identity
with the enzyme from M. thermautotrophicus [16] is encoded
in MA3969. The closest homologue of DGGGP synthase,
with 31% identity with the enzyme from S. solfataricus [13],
is encoded in MA0961. Each of the genes, MA3686, MA0606,
MA3969, and MA0961, was recombinantly expressed in E.
coli. The cells of E. coli were disrupted and centrifuged
to recover the supernatant as the crude extract. Then the
enzyme activity in the crude extract was confirmed by
radio-TLC assay. As shown in Figure 2(a), incubation of the
crude extract from E. coli expressing MA0606 with FPP and
[14C]IPP yielded a radiolabeled hydrophobic product, and
treatment of the product with acid phosphatase produced a
compound that comigrated with authentic (all-E) geranyl-
geraniol on a reversed-phase TLC plate (R f = 0.60). Addition
of the crude extract from E. coli expressing MA3969 and
α-glycerophosphate to the reaction mixture resulted in the
movement of the radiolabeled spot on TLC. The new spot
(R f = 0.68) comigrated with authentic 3-O-geranylgeranyl-
sn-glycerol (GGGOH). The movement did not occur in
the absence of α-glycerophosphate (data not shown). When
the crude extract from E. coli expressing MA0961 was
additionally mixed, new radiolabeled spots (R f = 0.34
and 0.12) emerged on TLC, accompanied by diminishing
radioactivity of the other spot. The spot with an R f of 0.34
comigrated with authentic DGGGOH. These results indicate
that MA0606, MA3969, and MA0961 encode, as expected
from their homologies, GGPP synthase, GGGP synthase,
and DGGGP synthase, respectively. The spot with an R f of
0.12 was considered to have originated from an unknown
modification of DGGGP catalyzed by enzymes contained
in the crude extracts. To confirm G-1-P dehydrogenase
activity in the crude extract of E. coli expressing MA3686,
the extract was incubated with the crude extracts containing
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Figure 2: In vitro assay of the archaeal enzymes for phospholipid biosynthesis. (a) Thin-layer radiochromatogram of the dephosphorylated
products from the reactions with recombinant M. acetivorans GGPP synthase, GGGP synthase, and/or DGGGP synthase. The enzyme assays
were performed using FPP, [14C]IPP, and α-glycerophosphate as the substrates. (b) Thin-layer radiochromatogram of the products from
the reaction with recombinant M. acetivorans G-1-P dehydrogenase, coupled with GGPP synthase and GGGP synthase. FPP, [14C]IPP, and
DHAP were used as the substrates. S.F., solvent front; Ori., origin.

M. acetivorans GGPP synthase and GGGP synthase, DHAP,
FPP, and [14C]IPP. The hydrophobic product was extracted,
treated with phosphatase, and analyzed by TLC, giving a
main spot that comigrated with GGGOH (Figure 2(b)). After
removal of the crude extract of E. coli expressing MA3686
from the reaction mixture, the GGGOH spot became thin-
ner, and a spot that comigrated with geranylgeraniol became
the major spot. This result shows that MA3686 encodes G-
1-P dehydrogenase. In contrast, removal of DHAP from the
mixture did not change the TLC profile of the products,
suggesting that a sufficient amount of DHAP existed in the
reaction mixture, which contained cell extracts from E. coli.
It is noteworthy that a small amount of GGGOH appears
to be synthesized even in the absence of M. acetivorans G-
1-P dehydrogenase. It is possible that the enzyme has only
low affinity for sn-glycerol-3-phosphate, as has been reported
with G-1-P-specific archaeal homologues [17–19].

We next constructed a plasmid vector containing the
4 archaeal genes, which formed an artificial operon in the
order MA0606-MA0961-MA3969-MA3686, to reconstruct
the biosynthetic pathway of archaeal phospholipid in E. coli.
The activities of the enzymes were confirmed by in vitro
radio-TLC assay. The cell extract from recombinant E. coli
expressing the 4 archaeal genes showed activities related to
the formation of DGGGP from DHAP, IPP, and FPP in vitro

(Figure 3(a)), which indicated that the enzymes from M.
acetivorans, that is, G-1-P dehydrogenase, GGPP synthase,
GGGP synthase, and DGGGP synthase, were all expressed
in the cells. In addition, a radioactive spot with a lower R f

value (∼0.1) was observed. This spot probably corresponded
with the one with an R f of 0.12 observed in Figure 2(a).
Because these spots accompanied the formation of DGGGP
and because reaction mixtures for these assays contained
cell extracts from E. coli, they were considered to arise from
an unknown derivative of DGGGP, which might be formed
through endogenous metabolic pathways in E. coli.

Thus, we extracted lipids from the recombinant E. coli
cells to confirm in vivo synthesis of the archaeal phospholipid
precursors or their derivatives. The results of LC/ESI-MS
analysis of the extract from E. coli containing pBAD-ALB4
showed a relatively broad LC peak of A210, which eluted
from the column at ∼22 min (Figure 3(b)). This peak was
absent in the analysis of the extract from E. coli containing
the parent plasmid pBAD18. Specific ion peaks with m/z
of 659.6 and 835.6 were detected through MS analysis of
the peak in the positive ion mode (Figure 3(c)). These ions
had similar but slightly different peak retention times, so the
smaller ion was unlikely derived from fragmentation of the
larger one. The smaller ion with m/z of 659.6 corresponded
with [DGGGOH+Na]+. As shown in Figure 3(d), MS/MS
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Figure 3: Radio-TLC and LC/ESI-MS analyses of the archaeal-type lipids synthesized in E. coli. (a) Crude extract from E. coli harboring
pBAD-ALB4 was incubated with FPP, [14C]IPP, and DHAP. Reversed-phase radio-TLC analysis of the products was performed after
dephosphorylation. S.F., solvent front; Ori., origin. (b) LC profiles of lipids extracted from E. coli harboring pBAD-ALB4 (lower) or its
parent plasmid, pBAD18 (upper). (c) Positive ESI-MS ion spectrum of a peak in (b) around 22 min. (d) and (e) MS/MS analyses of the ions
in (c), with m/z of 659.6 and 835.6, respectively. (f) Positive ESI-MS ion spectrum of the LC peak corresponding with that analyzed in (c).
Exclusively for this analysis, the elution buffer was changed from sodium based to potassium based. (g) Negative ESI-MS ion spectrum of a
peak in (b) around 22 min. (h) MS/MS analysis of the ion in (g), with an m/z of 789.5.
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Figure 4: Sodium periodate treatment of DGGGP-Gro. (a) Positive ion spectrum from LC/ESI-MS analysis of the archaeal-type
phospholipid postperiodate treatment and (b) preperiodate treatment. (c) The scheme of periodate treatment of DGGGP-Gro. R represents
a geranylgeranyl group.

analysis of the ion gave a fragment ion with an m/z of
385.0, which corresponded with [GGGOH+Na-2H]+. In
addition, a smaller fragment ion with an m/z of 354.9, which
corresponded with [GGGOH+Na-CH2O]+, was detected.
The fragmentation pattern supported the idea that the
peak in Figure 3(b) contained DGGGOH, which probably
synthesized by the action of the exogenous archaeal enzymes
and endogenous phosphatases in E. coli. On the other hand,
the MS/MS analysis of the larger ion with m/z of 835.6 found
a fragment ion with an m/z of 659.6, suggesting that the
parent ion contained the DGGGOH structure (Figure 3(e)).
The MS/MS/MS analysis of the fragment ion with an m/z
of 659.6 yielded fragment ions similar to those observed
in Figure 3(d) (data not shown). We therefore presumed
that the ion peak with an m/z of 835.6 was derived from
the cationic bisodium salt of the phosphatidylglycerol-type
derivative of DGGGP (DGGGP-Gro). To confirm this idea,
the elution buffer for LC/ESI-MS was changed from one
containing sodium acetate to one containing potassium
acetate, and the same lipid extract was analyzed. As a result,
an ion with m/z of 867.5, which corresponded well with that
expected for the cationic bis-potassium salt of DGGGP-Gro,
was detected instead (Figure 3(f)). In addition, MS analysis
of the ion shown in Figure 3(b), in the negative ion mode,
yielded an ion with m/z of 789.5, which corresponded with
[DGGGP-Gro]− (Figure 3(g)). MS/MS analysis of the ion
showed a fragmentation ion with an m/z of 715.5, which is
consistent with [DGGGP]− (Figure 3(h)).

Moreover, we recovered the LC peak in Figure 3(b),
which probably contained DGGGP-Gro, and treated the
phospholipid with sodium periodate to confirm the struc-
ture of the polar head group. LC/ESI-MS analysis of the
treated lipid with the elution buffer containing sodium
acetate gave a positive ion with an m/z of 803.5 (Figure 4(a)),
which was absent in the analysis of the untreated sample

(Figure 4(b)). The emergence of this ion seemed to accom-
pany the decline of the ion with an m/z of 835.5. The
m/z of 803.5 corresponded well with the cationic bisodium
salt of DGGGP modified with glycoaldehyde (2,3-di-O-
geranylgeranyl-sn-glycero-1-phosphoglycoaldehyde), which
had been expected as the product of the sodium periodate
treatment of DGGGP-Gro (Figure 4(c)).

These results show that DGGGP, which should be
synthesized from the precursors in E. coli cells by the action
of the 4 exogenous archaeal enzymes, has been metabolized
by endogenous E. coli enzymes to yield DGGGP-Gro. It is
unclear whether the radioactive TLC spots with of ∼0.1,
observed in Figures 2(a) and 3(a), are derived from DGGGP-
Gro. The archaeal-type phospholipid probably acts as a com-
ponent of membranes in E. coli. Modification of phospho-
lipids with glycerol is usual in E. coli, which produces phos-
phatidylglycerol as a major component of membrane phos-
pholipids [20]. However, the most common phospholipid
in the bacterium is phosphatidylethanolamine. The biosyn-
thesis of these phospholipids starts from the cytidylation
of phosphatidic acid, which yields CDP-diacylglycerol [21].
sn-Glycerol-3-phosphate or L-serine is then transferred to
form phosphatidyl-sn-glycero-3-phosphate or phosphatidyl-
L-serine, respectively. Dephosphorylation of the former
intermediate yields phosphatidylglycerol, while decarboxy-
lation of the latter yields phosphatidylethanolamine. If the
formation of DGGGP-Gro proceeds through this pathway,
the cytidyltransferase, sn-glycerol-3-phosphate transferase,
and phosphatase of E. coli must accept the archaeal-type
phospholipid as the substrate. However, the addition of CTP
to the reaction mixture of the in vitro radio-TLC assay did
not intensify the spot with an R f of∼0.1 (data not shown). In
contrast, the fact that DGGGP modified with ethanolamine
(or serine) was not detected in the LC/ESI-MS analyses
suggested that the L-serine transferase did not accept the
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archaeal-type substrate. In fact, E. coli phosphatidylserine
synthase, which belongs to an enzyme superfamily different
from that which includes archaeal phosphatidylserine syn-
thases, reportedly does not accept CDP-activated DGGGOH
[22]. If the cytidylation-dependent pathway does not work,
which seems more likely, the inner membrane-periplasmic
phosphoglyceroltransferase system [23, 24] may transfer the
sn-1-phosphoglycerol group from the 6-(glycerophospho)-
D-glucose moiety of osmoregulated periplasmic glucans
“membrane derived oligosaccharides”, or their lipid-linked
precursors, to DGGGOH to yield DGGGP-Gro directly.

It should be noted that the growth rate of E. coli
harboring pBAD-ALB4 was almost identical to that of E. coli
harboring pBAD18 (data not shown). This fact suggests that
the production of archaeal-type glycerolipids, which differ
from endogenous bacterial ones in hydrocarbon structures
and in chirality of the glycerol moiety, does not strongly
affect the viability of E. coli. The total amount of archaeal-
type lipids extracted from E. coli cells, which was estimated
by comparing the area of the LC peak at A210 with that of
known amounts of GGPP, was only ∼60 μg/g of wet cells.
In addition, the archaeal-type lipids detected in this work,
that is, DGGGP-Gro and DGGGOH, still retained double
bonds in their hydrocarbon chains, which are rarely found in
mature archaeal lipids. Therefore, it appears to be too early to
conclude that the coexistence of archaeal and bacterial lipids
is not disadvantageous for the organisms.
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