
 

 

 University of Groningen

A promiscuous archaeal cardiolipin synthase enables construction of diverse natural and
unnatural phospholipids
Exterkate, Marten; de Kok, Niels A W; Andringa, Ruben L H; Wolbert, Niels H J; Minnaard,
Adriaan J; Driessen, Arnold J M
Published in:
The Journal of Biological Chemistry

DOI:
10.1016/j.jbc.2021.100691

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Exterkate, M., de Kok, N. A. W., Andringa, R. L. H., Wolbert, N. H. J., Minnaard, A. J., & Driessen, A. J. M.
(2021). A promiscuous archaeal cardiolipin synthase enables construction of diverse natural and unnatural
phospholipids. The Journal of Biological Chemistry, 296, [100691].
https://doi.org/10.1016/j.jbc.2021.100691

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1016/j.jbc.2021.100691
https://research.rug.nl/en/publications/338edff5-062f-40da-a1c5-617a8657e762
https://doi.org/10.1016/j.jbc.2021.100691


RESEARCH ARTICLE EDITORS’ PICK
A promiscuous archaeal cardiolipin synthase enables
construction of diverse natural and unnatural phospholipids
Received for publication, December 2, 2020, and in revised form, April 7, 2021 Published, Papers in Press, April 22, 2021,
https://doi.org/10.1016/j.jbc.2021.100691

Marten Exterkate1, Niels A. W. de Kok1, Ruben L. H. Andringa2, Niels H. J. Wolbert1, Adriaan J. Minnaard2, and
Arnold J. M. Driessen1,*
From the 1Department of Molecular Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute and Zernike
Institute for Advanced Materials, 2Department of Chemical Biology, Stratingh Institute for Chemistry, University of Groningen,
Groningen, The Netherlands

Edited by Dennis Voelker
Cardiolipins (CL) are a class of lipids involved in the struc-
tural organization of membranes, enzyme functioning, and
osmoregulation. Biosynthesis of CLs has been studied in eu-
karyotes and bacteria, but has been barely explored in archaea.
Unlike the common fatty acyl chain–based ester phospholipids,
archaeal membranes are made up of the structurally different
isoprenoid-based ether phospholipids, possibly involving a
different cardiolipin biosynthesis mechanism. Here, we iden-
tified a phospholipase D motif–containing cardiolipin synthase
(MhCls) from the methanogen Methanospirillum hungatei.
The enzyme was overexpressed in Escherichia coli, purified,
and its activity was characterized by LC-MS analysis of sub-
strates/products. MhCls utilizes two archaetidylglycerol (AG)
molecules in a transesterification reaction to synthesize
glycerol-di-archaetidyl-cardiolipin (Gro-DACL) and glycerol.
The enzyme is nonselective to the stereochemistry of the
glycerol backbone and the nature of the lipid tail, as it also
accepts phosphatidylglycerol (PG) to generate glycerol-di-
phosphatidyl-cardiolipin (Gro-DPCL). Remarkably, in the
presence of AG and PG, MhCls formed glycerol-archaetidyl-
phosphatidyl-cardiolipin (Gro-APCL), an archaeal-bacterial
hybrid cardiolipin species that so far has not been observed
in nature. Due to the reversibility of the transesterification, in
the presence of glycerol, Gro-DPCL can be converted back into
two PG molecules. In the presence of other compounds that
contain primary hydroxyl groups (e.g., alcohols, water, sugars),
various natural and unique unnatural phospholipid species
could be synthesized, including multiple di-phosphatidyl-
cardiolipin species. Moreover, MhCls can utilize a glycolipid
in the presence of phosphatidylglycerol to form a glycosyl-
mono-phosphatidyl-cardiolipin species, emphasizing the pro-
miscuity of this cardiolipin synthase that could be of interest
for bio-catalytic purposes.

Cardiolipin (CL) is present in lipid membranes throughout
all three domains in life. This lipid class comprises lipid species
that contain two pairs of lipid tails that are each linked to a
glycerol(phosphate) backbone, with a bridging polar
* For correspondence: Arnold J. M. Driessen, a.j.m.driessen@rug.nl.
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headgroup. 1,3-bis(sn-3’-phosphatidyl)-sn-glycerol or simply
glycerol-di-phosphatidyl-cardiolipin (Gro-DPCL) is the most
prominent and studied cardiolipin species. Gro-DPCL is usu-
ally a relatively minor component (<10 mol%) of the total
membrane lipid composition, and its primary role appears to
be supporting the function of various membrane proteins
(1, 2). Unlike most naturally occurring glycerophospholipids,
Gro-DPCL consists of two 1,2-diacyl-glycerolphosphate moi-
eties esterified to the 1- and 3-hydroxyl groups of a glycerol
molecule. Because of the two phosphates, it can carry up to
two negative charges (3). Furthermore, the polar head group is
relatively small compared with the four bulky hydrophobic
tails, giving Gro-DPCL its characteristic inverted conical shape
in the presence of divalent cations (4). Due to this structural
feature, Gro-DPCL may induce membrane curvature. Indeed,
Gro-DPCL is believed to be located in lipid domains at the cell
poles and division site in bacteria (5–8), and in eukaryotes, it is
an important constituent of the curvy mitochondrial mem-
brane (9–11). Besides a tight association with cytochrome c
oxidase, a part of the respiratory chain complex (12–14), other
specific Gro-DPCL–protein interactions seem not to be
conserved among the three domains of life. In bacteria, Gro-
DPCL is often not an essential membrane constituent, and
in several organisms its production is upscaled under certain
specific circumstances, such as during stationary phase, or
when cells are exposed to certain stressors, e.g., osmotic shock
(15–18).

Cardiolipins have also been described in archaea, most
notably in Euryarchaeota. Specifically, in halophiles the pro-
duction of glycerol-di-archaetidyl-cardiolipin (Gro-DACL) is
influenced by changes in the ionic composition of the envi-
ronment (19). For instance, in the halophilic organism Hal-
orubrum sp., hypotonic stress resulted in increased production
of Gro-DACL, as well as the mono-archaetidyl-cardiolipin
species S-di-glycosyl-mono-archaetidyl-cardiolipin (S-2glyco-
MACL), which only contains one phosphate group. This
cardiolipin species (originally referred to as: S-DGD-5-PA)
consists of an archaetidic acid (AA) molecule attached to a
sulfated diglycosyl diphytanylglycerol diether (S-2Glyco-DGD)
(20). Further, a variety of other glycosyl-mono-archaetidyl-
cardiolipin (glyco-MACL) species have been identified in
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archaea (19). For example, Halobacterium salinarum produces
an S-tri-glycosyl-diether glycolipid fused to AA (S-3Glyco-
MACL, originally referred to as: S-TGD-1-PA) (21), while
Haloferax volcanii also contains the glycosyl cardiolipin
analogue S-2Glyco-MACL (originally referred to as: S-GL-2)
(22). The polar head group of these glyco-MACL species is
structurally very different from the classical di-phosphatidyl/
archaetidyl cardiolipin species, which raises questions on the
specific function of these lipids, as well as the enzymatic
mechanism of their synthesis.

Whereas cardiolipin synthesis in Eukaryotes and Bacteria
has been studied extensively, the mechanism of cardiolipin
biosynthesis in Archaea has largely remained unexplored.
Currently, two phylogenetically distinct types of enzyme
families are known in Bacteria and Eukaryotes to synthesize di-
phosphatidyl-cardiolipin. One family is characterized by the
presence of a cytidine diphosphate (CDP)-alcohol phosphati-
dyltransferase domain (Cls_cap), which catalyzes Gro-DPCL
synthesis by utilizing the substrates cytidine diphosphate
diacylglycerol (CDP-DAG) and phosphatidylglycerol (PG) (23).
In this reaction, the first phosphate group connected to DAG
is coupled to the polar glycerol head of PG, and a cytidine
monophosphate (CMP) is released. Cls_cap enzymes are pre-
dominantly found in eukaryotes, but have more recently also
been identified in bacteria (24). The second family features two
phospholipase D (PLD) domains (Cls_pld), which enable Gro-
DPCL synthesis by transferring the phosphatidyl group, orig-
inating from a PG molecule, to another PG, whereby a glycerol
molecule is released. This type of Gro-DPCL biosynthesis is
predominantly present in Bacteria, but has been found in eu-
karyotes as well (25, 26). This latter reaction is catalyzed by the
ClsA and ClsB-type cardiolipin synthases (Cls) (27, 28).
However, an alternative synthesis method has been identified
in Escherichia coli in which phosphatidylethanolamine (PE) is
used together with PG, to form Gro-DPCL and ethanolamine,
a reaction catalyzed by the PLD-containing ClsC-type enzymes
(17, 29). Homology searches in genomes of archaea revealed
Cls-like members from both Cls_pld and Cls_cap cardiolipin
synthesizing families. However, until now no archaeal enzyme
has been experimentally associated with any cardiolipin
biosynthesis. Here, we report on the identification and char-
acterization of a PLD-containing cardiolipin synthase of the
Euryarchaeote Methanospirillum hungatei. The enzyme
showed a remarkable promiscuity with respect to accepted and
produced lipid species, ranging from a wide variety of phos-
pholipids and di-phosphatidyl/archaetidyl-cardiolipins to
include even glycolipid and glycosyl-mono-phosphatidyl-
cardiolipin species.
Results

Bioinformatic identification of cardiolipin synthases in
archaea

Cardiolipins have only been identified in some archaea,
most notably in halophiles: a group of organisms belonging to
the phylum of the Euryarchaeota (19). To identify possible
cardiolipin synthesizing enzymes in archaea, we performed a
2 J. Biol. Chem. (2021) 296 100691
BLAST homology search with both Cls_cap and Cls_pld
templates to the domain of Archaea. For the identification of
archaeal Cls_cap candidates, the cardiolipin synthase from
Streptomyces coelicolor A3 (Sco1389) was used, for which
mostly hypothetical proteins were found that could only be
appointed to a specific (sub-)phylum (e.g., candidatus Woe-
searchaeota archaeon) (data not shown) (30). Although these
hypothetic proteins contain the cap-motif, no cultured indi-
vidual archaeal species was identified, and therefore they were
not further used in this study. Likewise, to identify putative
PLD-containing archaeal cardiolipin synthases, the three Cls
enzymes (ClsA, ClsB, and ClsC) of the bacterium E. coli were
used as template in the BLAST search. This resulted in similar
hits, with the best sequence coverage and identity with ClsA
(see Supporting information). After comparing the BLAST
results obtained for all three Cls_pld templates, the sequence
coverage and identity with E. coli ClsA (EcClsA) were the
largest, so it was decided to continue with these putative
archaeal candidates. Although the crystal structure of EcClsA
has not been determined, a membrane topology prediction
based on the average hydropathy profile of the amino acid
sequences of a family of bacterial ClsA proteins reveals the
presence of two hydrophobic regions at the N-terminus of this
membrane protein (corresponding to amino acids 7–29 and
39–61 in ClsA) (Fig. 1A). These could represent trans-
membrane segments that are linked to a C-terminal globular
domain (Fig. 1B, left panel) that contains two HKD motifs
(HxKx4D), which are universally present in cardiolipin syn-
thases that belong to the phospholipase D superfamily (28).
The BLAST homology search revealed two main clusters of
archaeal homologs that also contain the two HKD motifs
(Fig. 1C), which are discussed in more detail in the Supporting
information (Figs. S1 and S2). One cluster consists of halo-
philic archaea and the other concerns methanogenic archaea,
both groups belonging to the Euryarchaeota. The enzymes
from the cluster of methanogenic archaea show about 20 to
25% sequence identity with the E. coli ClsA, including the
predicted two hydrophobic regions at the N-terminus (Fig. S3).
Specifically, the second predicted N-terminal hydrophobic
domain contains the conserved motif: Wx7Px2Gx3Yx3G (“x”
represents a hydrophobic amino acid), present also in bacterial
ClsA-type proteins (Fig. 1D), but not found in enzymes
belonging to the halophilic cluster (Fig. S2). The high inci-
dence of hydrophobic amino acids suggests that this region is
likely embedded in the membrane. The conserved proline and
glycine (PxxG) residues are located in the middle of the hy-
drophobic stretch. These two amino acids are often found in
turns and loops and thus may introduce flexibility in this
predicted helix region (31, 32). Furthermore, this hydrophobic
region is flanked on both sides by multiple positive charges,
which are known to inhibit translocation across the membrane
according to the positive-inside rule and thus may affect the
membrane topology of this region. As a consequence, this
predicted helix domain may not span across the membrane,
but represent a re-entrance loop that enters and leaves the
membrane at the same leaflet side (Fig. 1B, right panel). Taken
together, this group of methanogenic ClsA-like proteins all



Figure 1. Bioinformatic identification of an archaeal cardiolipin synthase (Cls). A, hydropathy profile alignment of E. coli ClsA (red line), with the
averaged hydropathy profile of its bacterial protein family (black line). B, schematic representation of potential membrane topologies of cardiolipin synthase
with two predicted transmembrane anchors and a globular active domain. C, unrooted tree of putative archaeal cardiolipin synthases with two main
clusters. # E. coli ClsA; * M. hungatei Cls. A detailed tree can be found in the Fig. S1. D, consensus sequence logo of the second hydrophobic region of
cardiolipin synthase type A enzymes from bacteria and the group of methanogenic archaea.
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appear to be promising candidates for potential archaeal car-
diolipin synthases. The putative M. hungatei Cls
(WP_011448254) was selected for further characterization as it
is the only candidate present in this organism. Furthermore, it
grows at mesophilic temperatures and a pH around 7, with an
osmotic requirement that is comparable to E. coli, which was
used for protein overexpression.
Glycerol-di-archaetidyl-cardiolipin (Gro-DACL) synthesis from
archaetidylglycerol (AG)

The putative M. hungatei ClsA homologue (MhCls) was
ordered as an E. coli codon-optimized synthetic gene, cloned
into a His-tag containing overexpression vector, and expressed
in E. coli. Overexpressed MhCls was recovered from the
membrane fraction, solubilized with the detergent n-dodecyl-
β-d-maltoside (DDM; 2%, w/v), and purified by Ni-NTA
agarose affinity chromatography (Fig. 2A). To confirm that
MhCls is indeed an archaeal cardiolipin synthase, the activity
of purified enzyme toward the substrate archaetidylglycerol
(AG) was tested in vitro. Since this archaeal equivalent of PG is
not commercially available, both the sn1-sn1 (14) and the sn1-
sn3 (14’) diastereomers of AG were chemically synthesized
(Fig. 2B) (see the Supporting information; Figs. S4–S6). The
bis-phytanyl glycerol core was readily synthesized from
commercially available phytol and glycidol. Both enantiomers
of the glycerol-phosphate headgroup were also produced by
asymmetric synthesis and were individually coupled to the
aforementioned chiral lipid core via a phosphor–amidite
coupling. After the successful synthesis of sn1-sn1 and sn1-
sn3 AG, first a mixture of both diastereomers was incubated
overnight at 37 �C together with purified MhCls. LC-MS
analysis revealed that the majority of AG was consumed,
which coincided with the production of an ion m/z 1520.30
[M-H]−, corresponding to glycerol-di-archaetidyl-cardiolipin
(Gro-DACL) (Fig. 2C; for fragmentation data see Fig. S7). In
the absence of MhCls, no such conversion was observed.
Subsequently the activity of MhCls toward the individual AG
diastereomers (sn1 and sn3) was tested and compared, but
both acted as substrates in a similar manner (data not shown).
Aside from producing Gro-DACL, MhCls additionally syn-
thesized the lipid species archaetidic acid (AA) (Fig. 2C). The
latter is probably the result of an unsuccessful transfer of the
archaetidyl group, whereby the enzyme hydrolyzes the termi-
nal phosphodiester bond in a phospholipase D-like manner.

To verify that MhCls functions as a cardiolipin synthase
in vivo, the gene was expressed in an E. coli clsABC null strain
(17). Subsequent analysis of the lipidome revealed the presence
of multiple Gro-di-phosphatidyl-cardiolipin (Gro-DPCL) spe-
cies (differing in acyl-chain composition), indicating that this
enzyme can also utilize phosphatidyl-containing lipids
(Fig. 3B). As overexpression of an empty vector resulted in the
J. Biol. Chem. (2021) 296 100691 3



Figure 2. Purification and activity of the cardiolipin synthase from M. hungatei (MhCls). A, Coomassie stained SDS-PAGE gel of the MhCls purified by
Ni-NTA chromatography. B, schematic representation of chemical archaetidylglycerol (AG) sn1-sn1 (14), and sn1-sn3 (14’) synthesis. C, in vitro activity of
purified MhCls. AG was incubated overnight (18 h) in the absence and presence of the enzyme MhCls. Lipid species were analyzed by LC-MS. Levels of AG,
archaetidic acid (AA), and glycerol-di-archaetidyl-cardiolipin (Gro-DACL) were normalized for the internal standard DDM and plotted on the y-axis. Data are
mean ± SD (n = 3). Statistical significance is shown for the enzymatic reaction (MhCls) compared with the control (no enzyme), for each individual lipid
species, by using the Student’s t-test analysis; *p ≤ 0.05; **p ≤ 0.01. Mass spectrum showing the presence of Gro-DACL as (m/z 1520.30 [M-H]−) and its
structure.
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complete absence of any CL-species (Fig. 3A), it can be
concluded that MhCls is a cardiolipin synthase.

A glycerol-dependent dynamic equilibrium between PG and
Gro-DPCL

Next, the activity of MhCls toward the bacterial equivalents
of the archaeal lipids was further tested in vitro. To perform
the measurements under optimal conditions, adequate mem-
brane reconstitution of MhCls is required for which a bacterial
lipid/detergent molar ratio profile was recorded for the sub-
strate PG (Fig. S8). Subsequently, MhCls activity was moni-
tored in the presence of PG, which resulted in the formation of
Gro-DPCL, showing again that the enzyme accepts both bac-
terial and archaeal phospholipids as a substrate. Similar to AG,
utilization of PG resulted in the production of not only Gro-
DPCL, but also phosphatidic acid (PA). Initially most of the
PG is converted into Gro-DPCL, although some PA is pro-
duced as well (Fig. 4A, purple lines). Eventually the PG levels
reach a plateau, and Gro-DPCL levels start to drop, concom-
itantly with the continuous production of PA. In the presence
of a high concentration (100 mM) of glycerol (Fig. 4A, green
lines), the initial conversion of PG into Gro-DPCL is similar,
but production of PA is significantly reduced, while PG rea-
ches a plateau level at a higher concentration. This indicates
4 J. Biol. Chem. (2021) 296 100691
that glycerol most likely stimulates the formation of PG in a
reverse transesterification reaction and thereby competes with
the hydrolysis of Gro-DPCL (Fig. 4D). To confirm this hy-
pothesis, the same reaction was performed with Gro-DPCL as
substrate. In the presence of 100 mM glycerol (Fig. 4B, green
lines), Gro-DPCL is initially predominantly converted into PG,
while only low levels of PA are noted. In contrast, in the
absence of glycerol, PA formation is stimulated, while lower
levels of PG are observed (Fig. 4B, purple lines). These data
demonstrate that PA is formed together with PG by hydrolysis
of Gro-DPCL (Fig. 4D).

Hydrolysis of a Gro-DPCL should yield stoichiometric
amounts of PA and PG, but released PG can be directly reu-
tilized for production of this cardiolipin species. To examine
the reaction in more detail and to further address the trans-
esterification step, PG and Gro-DPCL, both with a different
acyl-chain composition, were introduced. This enables the
detection of a single lipid type as a substrate or a product,
based on the detected mass. Incubation of MhCls with an
equimolar ratio of palmitoyl-oleoyl phosphatidylglycerol
(POPG 16:0/18:1) and di-oleoyl-di-oleoyl-glycerol-di-
phosphatidyl-cardiolipin (Gro-DPCL 18:1/18:1/18:1/18:1)
resulted in the expected production of palmitoyl-oleoyl-
palmitoyl-oleoyl-glycerol-di-phosphatidyl-cardiolipin (Gro-DPCL



Figure 3. Gro-DPCL biosynthesis by MhCls expressed in the E. coli clsABC null strain. LC-MS chromatograms of (A) lipidome of the E. coli clsABC null
strain overexpressing an empty vector, showing a wide variety of lyso-phospholipids (RT 0–8 min) and di-acyl phospholipids (RT 17–23 min) (B) Lipidome of
the E. coli clsABC null strain overexpressing MhCls, showing the additionally formed glycerol-di-phosphatidyl-cardiolipin (Gro-DPCL) species (RT 29–34 min),
that elute in five main peaks. Predominantly cardiolipin species present in peak 1: Gro-DPCL 60:2 (m/z 1291.87 [M-H]−); peak 2: Gro-DPCL 62:2 (m/z 1319.90
[M-H]−); peak 3: Gro-DPCL 64:2 (m/z 1347.93 [M-H]−); peak 4: Gro-DPCL 66:2 (m/z 1375.96 [M-H]−); peak 5: Gro-DPCL 67:2 (m/z 1389.98 [M-H]−).
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16:0/18:1/18:1/16:0), di-oleoyl phosphatidylglycerol (DOPG
18:1/18:1), and di-oleoyl phosphatidic acid (DOPA 18:1/18:1),
but also in the production of palmitoyl-oleoyl phosphatidic
acid (POPA 16:0/18:1), demonstrating that the enzymatic re-
action occurs in both directions (Fig. 4C). Moreover, a Gro-
DPCL species with the mixed 16:0/18:1 and 18:1/18:1 acyl-
chain configuration could be identified as well, which is the
synthesis product of POPG combined with DOPG. The latter
originated from the reverse-transesterification reaction of Gro-
DPCL 18:1/18:1/18:1/18:1, thereby showing the dynamic
character of the PG - Gro-DPCL equilibrium (Fig. 4D). On the
other hand, the accumulation of PA suggests that this reaction
eventually becomes unidirectional as PA cannot be further
used. Indeed, when POPA 16:0/18:1 was added to a reaction
containing DOPG 18:1/18:1, the MhCls-mediated reaction
resulted in the formation of only Gro-DPCL 18:1/18:1/18:1/
18:1 and DOPA, whereas no POPG or Gro-DPCL 16:0/18:1/
16:0/18:1 was detected, showing that PA cannot be reutilized
by MhCls (Fig. S9).
Formation of a bacterial–archaeal hybrid cardiolipin species
Like most archaeal lipids, AG consists of two isoprenoid

chains that are coupled to a glycerol-1-phosphate (G1P)
backbone via an ether bond, whereas PG, present in Bacteria
and Eukaryotes, exists as fatty acid tails that are ester-linked to
a glycerol-3-phosphate (G3P). This makes that the glycerol
backbone of the archaeal AG has the opposite chirality
compared with bacterial/eukaryotic PG. To further examine
the lipid specificity of MhCls, its activity was examined in the
presence of a mixture containing both PG and AG (Fig. 5A).
Remarkably, not only Gro-DPCL and Gro-DACL were pro-
duced, but an additional cardiolipin species was detected: m/z
1488.16 [M-H]−, which contains one set of isoprenoid lipid
tails and one set of fatty acid lipid tails (Fig. 5, B and C; for
fragmentation data see Fig. S7). This lipid species represents a
unique archaeal–bacterial hybrid glycerol-archaetidyl-
phosphatidyl-cardiolipin (Gro-APCL). Moreover, Gro-APCL
seems to be the major produced CL species, while about the
same amount of ions are detected for Gro-DACL and
J. Biol. Chem. (2021) 296 100691 5



Figure 4. MhCls activity in the presence or absence of glycerol starting with the substrate(s). A, Di-oleoyl-phosphatidylglycerol (DOPG), (B) glycerol-di-
phosphatidyl-cardiolipin (Gro-DPCL) 18:1/18:1/18:1/18:1, and (C) palmitoyl-oleoyl-phosphatidylglycerol (POPG) together with Gro-DPCL 18:1/18:1/18:1/18:1.
The formed lipid species PG, Gro-DPCL, and phosphatidic acid (PA) were analyzed by LC-MS, normalized for the internal standard DDM, and ion counts are
plotted on the y-axis. Lines represent the mean of the data points (n = 2). D, schematic representation of the MhCls-mediated glycerol-dependent dynamic
equilibrium in Gro-DPCL formation.
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Gro-DPCL, suggesting that there is no clear preference for any
of the lipid substrates PG or AG.

Diverse polar headgroup incorporation

In the MhCls-mediated conversion of Gro-DPCL, either
glycerol or H2O is utilized. This raises the question: which
other molecules can be used by this enzyme? Therefore,
molecules structurally related to glycerol were tested in the
Gro-DPCL transesterification reaction (Fig. 6A). In the
presence of 1-propanol, Gro-DPCL consumption resulted in
the production of substantial amounts of phosphatidyl-1-
propanol (P-1-PrOH). On the other hand, the addition of
2-propanol resulted only in low levels (�1%) of phospha-
tidyl-2-propanol (P-2-PrOH), illustrating the importance of
6 J. Biol. Chem. (2021) 296 100691
a primary hydroxyl (–OH) group for the transesterification.
Similar to 1-propanol, 1,2-propanediol and 1,3-propanediol
functioned together with Gro-DPCL as substrates for
MhCls, resulting in the formation of phosphatidyl-1,2-
propanol (P-1,2-PrOH) and phosphatidyl-1,3-propanol (P-
1,3-PrOH), respectively. However, in the case of 1,3-PrOH,
a clear additional ion m/z 1440.20 [M-H]− could be iden-
tified, which corresponds to the molecule 1,3-propanediol-
di-phosphatidyl-cardiolipin (1,3-PrOH-DPCL), a Gro-DPCL
analogue containing a propanediol head group instead of a
glycerol. This remarkable cardiolipin species could have
only been formed if P-1,3-PrOH functioned as a
phosphatidyl-acceptor instead of PG in the cardiolipin
forming reaction.



Figure 5. Synthesis of a bacterial–archaeal hybrid cardiolipin species. A, activity of the archaeal MhCls in the presence of both archaetidylglycerol (AG)
and phoshpatidylglycerol (PG). Lipid species PG, AG, phosphatidic acid (PA), archaetidic acid (AA), glycerol-di-phosphatidyl-cardiolipin (Gro-DPCL), glycerol-
archaetidyl-phosphatidyl-cardiolipin (Gro-APCL), and glycerol-di-archaetidyl-cardiolipin (Gro-DACL) were analyzed by LC-MS, normalized for the internal
standard, and plotted. Data are mean ± SD (n = 3). Statistical significance is shown for the enzymatic reaction (MhCls) compared with the control (no
enzyme), for each individual lipid species, by using the Student’s t-test analysis; **p ≤ 0.01; ****p ≤ 0.0001. B, LC-MS chromatogram showing the separation
of the produced bacterial Gro-DPCL, hybrid Gro-APCL, and archaeal Gro-DACL. C, structures of the three cardiolipin species. Note that in Gro-APCL, the
presence of the archaetidyl-group and the phosphatidyl-group makes the central carbon atom of the glycerol head group a chiral center.
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As in the presence of 1,2-propanol, only trace amounts of
1,2-PrOH-DPCL could be detected, it seems that a second
primary hydroxyl group is essential for the formation of car-
diolipins. This was further tested with the substrates 1,2-
ethanediol, 1,3-butanediol, and 1,4-butanediol. All three mol-
ecules functioned as a substrate for MhCls in the Gro-DPCL
consuming reaction, which resulted in the production of the
respective diester phospholipids, P-1,2-ethanediol (P-1,2-
EtOH), P-1,3-butanediol (P-1,3-BuOH), and P-1,4-butanediol
(P-1,4-BuOH). Moreover, for all these reaction conditions, a
cardiolipin equivalent could be detected as well. However, in
the presence of 1,3-butanediol, instead of 1,4-butanediol, only
15% of butanediol-di-phosphatidyl-cardiolipin (BuOH-DPCL)
could be produced, indicating that a primary hydroxyl group is
preferred over a secondary hydroxyl group as a phosphatidyl
acceptor. This was further confirmed by the incorporation of
mannitol (a six-carbon polyol), which resulted in the
production of both phosphatidyl-mannitol (P-mannitol) and
mannitol-di-phosphatidyl-cardiolipin (mannitol-DPCL),
respectively. These experiments do not only show that the
enzyme can utilize a wide variety of primary alcohols, but also
exemplify its versatility. By starting with an isomerically pure,
symmetric, DPCL species and a substrate containing two pri-
mary hydroxyl groups, up to four additional lipid species can
be synthesized (Fig. 6B). The number of species can be further
increased by using an isomerically pure, asymmetric DPCL-
species instead, in which also variations in the acyl chain
configuration contribute.

Next, we introduced molecules similar to glycerol, but with
different bulky side chains at the C-2 atom (Fig. 7A). The
presence of two methyl groups or a phenyl group at the C-2
position of the propanediol did not prevent these compounds
from being used as a substrate, which resulted in the
production of phosphatidyl-2,2-dimethyl-1,3-propanediol
J. Biol. Chem. (2021) 296 100691 7



Figure 6. MhCls activity in the presence of various alcohols I. A, glycerol-like alcohols: 1-propanol (1-PrOH), 2-propanol (2-PrOH), 1,2-propanediol (1,2-
PrOH), 1,3-propanediol (1,3-PrOH), 1,2-ethanediol (1,2-EtOH), 1,3-butanediol (1,3-BuOH), 1,4-butanediol (1,4-BuOH), and mannitol. Lipid species are dis-
played as LC-MS chromatograms. B, schematic representation of all possible enzymatic reactions performed and products formed by MhCls, starting with
glycerol-di-phosphatidyl-cardiolipin (Gro-DPCL) and a free alcohol containing two primary hydroxyl groups as substrates (left top). Reaction 1 and 6: hy-
drolysis of Gro-DPCL and alcohol-DPCL, respectively. Reactions 2, 3, 4, and 5: reversible transesterification of Gro-DPCL/alcohol-DPCL in the presence of
glycerol/alcohol into P-alcohol/P-glycerol.
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Figure 7. MhCls activity in the presence of various alcohols II. A, 1,3-
Propanediol (1,3-PrOH) and its derivatives: glycerol (1,2,3-propanetriol),
2,2-dimethyl-1,3-propanediol (2,2-Me-1,3-ProH) and 2-phenyl-1,3-
propanediol (2-Phe-1,3-PrOH). B, common polar lipid headgroup alcohols:
choline, serine, inositol, ethanolamine. The lipid species glycerol-di-
phosphatidyl-cardiolipin (Gro-DPCL), phosphatidylglycerol (PG), phospha-
tidic acid (PA), and all other phosphatidyl-alcohol (P-alcohol) lipid species
were analyzed by LC-MS, normalized for the internal standard DDM, and
plotted. Bars represent the mean of the data points (n = 2).
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(P-2,2-Me-1,3-PrOH) and phosphatidyl-2-phenyl-1,3-
propanediol (P-2-Phe-1,3-PrOH). However, only trace amounts
of the respective cardiolipin equivalents could be formed, which
indicates that these phosphatidyl-alcohol lipids do not function
as suitable phosphatidyl acceptors, possibly because of the steric
hindrance of the substituents on the lipid headgroup.

Furthermore, a series of primary alcohols of biological
relevance were tested. Herein, choline, L-serine, and ethanol-
amine were included in the reaction. In the case of choline and
L-serine, the phospholipid species phosphatidylcholine (PC)
and phosphatidylserine (PS) were formed together with PG
and PA (Fig. 7B). However, in the presence of ethanolamine,
no phosphatidylethanolamine (PE) was formed. Notably, the
production of PA and PG was largely abolished as well, sug-
gesting that ethanolamine is an inhibitor of MhCls. An
inhibiting effect was also observed in the presence of 3-amino-
propanol (Fig. S10A). Likewise, MhCls is unable to synthesize
Gro-DPCL or PA from a reaction mixture of PG in the pres-
ence of either 3-amino-propanol or ethanolamine, suggesting
that primary amines inhibit the enzyme (Fig. S10B). Finally, the
sugar inositol was also tested even though this molecule does
not contain any primary hydroxyl groups, and as expected no
phosphatidylinositol (PI) was found.

Glycocardiolipin formation

Since archaea also contain glycosyl-mono-archaetidyl-
cardiolipin (glyco-MACL) species, the question arises if
MhCls could also catalyze their synthesis (19). These mole-
cules basically consist of a glycolipid ester-bonded to a phos-
pholipid, thus containing only one instead of two phosphate
moieties and a sugar headgroup instead of a glycerol (Fig. 8A).
To examine the ability of MhCls to make a glyco-MACL/
MPCL, monogalactosyldiacylglycerol (MGDG), a glycolipid
species present in the thylakoid membrane of higher plant
chloroplasts, was tested as a possible substrate together with
PG. Noteworthy, the MGDG used is a mixture of natural lipids
with different fatty acid compositions. For simplicity we
focused on the most abundant MGDG species (65–70%) with
the acyl-chain configuration: 16:3 to 18:3 (m/z 745.49 [M-H]−).
To promote glyco-MPCL formation over Gro-DPCL, MGDG
was added in a twofold excess compared with PG. However,
since MGDG is a nonbilayer forming lipid, an excess of PC was
also added to ensure bilayer formation for enzyme reconsti-
tution, which resulted in a molar PG:MGDG:PC ratio of 1:2:17.
In the presence of MhCls, the expected products, Gro-DPCL
and PA were formed in substantial amounts with concomi-
tant utilization of PG (Fig. 8B). Furthermore, small amounts of
another compound (m/z 1427.98 [M-H]−, mass error:
0.91 ppm) could be detected, corresponding to the glyco-
MPCL species mono-galactosyl-mono-phosphatidyl-
cardiolipin (1Gal-MPCL) (Fig. 8B). Although the signal is
low, it is clearly detectable and elutes during the expected
retention time range. MGDG elutes earlier from the column
compared with PG, and therefore it is expected that the
retention time of 1Gal-MPCL is also shorter than that of Gro-
DPCL (Fig. S11). Moreover, this mass is not present in the
control condition without enzyme (Fig. 8B) or without MGDG
(data not shown), confirming that this molecule can only be
formed by MhCls in the presence of MGDG.

Discussion

Cardiolipins are lipid species found in the membranes of all
domains of life. In contrast to Eukaryotes and Bacteria, the
enzymes responsible for cardiolipin biosynthesis have not been
studied in Archaea. Here, we identified the cardiolipin syn-
thase from M. hungatei (MhCls), which is a member of the
phospholipase D superfamily (33), and characterized its func-
tion. Archaeal phospholipids consist of isoprenoid tails that are
ether-linked to a glycerol-1-phosphate backbone. As a result,
their chemical composition and chirality differ from the bac-
terial and eukaryotic lipids made of fatty acid tails that are
coupled to a glycerol-3-phosphate backbone via an ester bond.
Nevertheless, MhCls indiscriminately uses AG or PG to
generate Gro-DACL and Gro-DPCL, respectively. This pro-
miscuous feature of the enzyme enables it to simultaneously
utilize PG and AG, resulting in the production of a novel
J. Biol. Chem. (2021) 296 100691 9



Figure 8. MhCls-dependent glyco-mono-phosphatidyl-cardiolipin for-
mation. A, structures of glycolipid mono-galactosyl-diacylglycerol (MGDG)
and 1-galactosyl-mono-phosphatidyl-cardiolipin (1Gal-MPCL). B, MhCls-
mediated formation of glycerol-di-phosphatidyl-cardiolipin (Gro-DPCL), di-
oleoyl-phosphatidic acid (DOPA), and 1Gal-MPCL from the substrates
MGDG and di-oleoyl-phosphatidylglycerol (PG). Lipid species were analyzed
by LC-MS, normalized for the internal standard DDM, and plotted. Data are
mean ± SD (n = 3). Statistical significance is shown for the enzymatic re-
action (MhCls) compared with the control (no enzyme), for each individual
lipid species, by using the Student’s t-test analysis; *p ≤ 0.05; **p ≤ 0.01; ***p
≤ 0.001; ****p ≤ 0.0001.
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archaeal–bacterial hybrid-cardiolipin species, Gro-APCL,
which contains one archaetidyl- and one phosphatidyl-
moiety bridged by a glycerol headgroup. So far, such a mole-
cule has not been observed in natural membranes, which can
10 J. Biol. Chem. (2021) 296 100691
be attributed to an evolutionary event in which our last uni-
versal common ancestor (LUCA) evolved into the domains of
Archaea and Bacteria. This event is also known as the “lipid
divide” and distinguishes both domains with respect to the
chemical composition and chirality of their membrane
phospholipids (34, 35). The ability of MhCls to synthesize
Gro-DACL, Gro-DPCL, and Gro-APCL implies that critical
substrate recognition only involves the polar headgroup of AG
and PG (36, 37). Our data further shows that MhCls can
substitute for the cardiolipin synthases in cardiolipin synthesis
when expressed in the E. coli clsABC null strain. This dem-
onstrates that the enzyme also has the predicted activity
in vivo. Preferentially, the role of MhCls should be tested in
M. hungatei, but for this strict anaerobic organism, there are
no genetic tools that enable gene inactivation.

During the in vitro formation of these cardiolipin species,
substantial levels of archaetidic acid (AA) and phosphatidic
acid (PA) were noted, which emerged from the hydrolytic
degradation of Gro-DACL and Gro-DPCL, respectively. As a
consequence, cardiolipin synthases may act in lipid remodel-
ing. For instance, the PA produced through the hydrolysis of
Gro-DPCL can be reutilized by the enzyme CDP-diacylglycerol
synthase (CdsA), for the formation of other phospholipid
species (38, 39). The same accounts for the produced AA,
which can be recycled back into the lipid biosynthesis route by
CDP-archaeol synthase CarS (40). However, in vitro we show
that in the presence of only MhCls, PA cannot be reutilized
and accumulates in time, eventually depleting the PG-Gro-
DPCL pool.

Our data show that MhCls catalyzes a glycerol-dependent
dynamic equilibrium between its product Gro-DPCL and the
substrate PG. However, the enzyme exhibits a remarkable
substrate promiscuity toward the lipid head group. Besides
glycerol (and H2O), MhCls can incorporate various other
substrates in the cardiolipin-utilizing reaction, yielding a wide
variety of phosphatidyl-containing lipid species. Various pri-
mary alcohols can be attached to a phosphatidyl group in the
Gro-DPCL utilizing reaction, which results in the formation of
PG and the specific phosphatidyl-alcohol. This is illustrated by
the ability of MhCls to incorporate ethanediol, a two-carbon-
diol, as well as the six-carbon-polyol mannitol, showing the
enzyme its flexibility toward the length of the carbon chain.
Moreover, 1,3-propanediol derivatives with varying bulky side
groups at the second carbon can serve as phospholipid head
group as well. Besides that, compounds with more biological
relevance were tested, in which PC and PS could be formed
during the conversion of Gro-DPCL in the presence of choline
and serine, respectively. However, substrates that contain a
primary amine (e.g., ethanolamine) act as inhibitors of the
enzyme in both the cardiolipin biosynthetic and hydrolytic
reaction. In addition, some phosphatidyl-alcohol species that
are synthesized from a substrate that contains a second pri-
mary hydroxyl group can be further converted into a Gro-
DPCL analogue with the alcohol as bridging head group,
thereby forming atypical and nonnatural cardiolipin species.
The versatility of MhCls is further exemplified by the
production of the glycosyl-mono-phosphatidyl-cardiolipin



Table 1
Cloning and expression vectors used in this study

Plasmid Description Reference

pRSF-Duet-
1

Expression vector (KanR), T7 promoter Novagen

pNDK001 MhCls gene with N-terminus 6x His-tag from
M. hungatei JF-1 cloned into pRSF-Duet vector
using the primers NDKo027 and NDKo028.

This study

pBAD Expression vector, pBR322 ori; araC; pBAD, ZeoR This study
pME006 MhCls gene with N-terminus 6x His-tag from

M. hungatei JF-1 cloned into pBAD-vector using
the primers prME010 and prME011 to amplify the
MhCls gene, and primers prME012 and prME013
to amplify the pBAD backbone.

This study
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1Gal-MPCL from the glycolipid substrate MGDG and the
phospholipid substrate PG. This molecule was only detected in
small amounts, indicating that MGDG (originating from
plants) is a poor substrate, but the data support the notion that
this enzyme can produce a glycocardiolipin and that their
synthesis might not involve a separate class of enzymes. Thus
in halophiles, the identified glycosyl-mono-archaetidyl-
cardiolipin species likely arise from a reaction that involves
archaetidylglycerol and the respective glycolipid precursor
(20–22).

Our in vitro assays show that MhCls can perform a wide
variety of catalytic reactions. They are all based on the
reversible transfer of a primary alcohol to a phosphatidyl
group. The implications of this promiscuity for the biological
function of MhCls are as yet unclear. So far, no cardiolipin
species have been reported in the M. hungatei lipidome
(41, 42), but those lipidomics studies were performed under
growth conditions where the MhCls gene is barely expressed
(43). This is not an uncommon finding as in many bacteria
and, insofar studied, archaea, the cardiolipin synthases are
predominantly expressed during specific conditions (e.g., os-
motic shock, specific growth phase, etc.), yielding different
levels of cardiolipins (15–18). In this respect, the observed
reversibility of the phosphatidyl-transfer makes the abundance
of cardiolipins flexible, which could aid in the environmental
response. Moreover, the adaptive ability of the membrane
might be diversified with the promiscuous behavior of MhCls,
illustrated by the ability of the enzyme to accept a wide variety
of primary alcohols and lipids, which could be a general feature
for cardiolipin synthases (27, 44–46).

Finally, the promiscuity of MhCls could be utilized for
bioengineering purposes. As an example, the ability of this
enzyme to incorporate a wide variety of non-natural polar
head groups into phospholipid species may lead to new bio-
catalytic applications for the synthesis of unique phospho-
lipid species. Furthermore, MhCls potentially could be used for
the bottom-up construction of a synthetic cellular membrane,
in which this enzyme could diversify the phospholipid head
group composition of an expanding phospholipid bilayer (38).

Experimental procedures

Bioinformatic identification of MhCls

Using E. coli K12; MG1655 ClsA (EcClsA: NP_415765.1),
ClsB (EcClsB: WP_187790083), or ClsC (EcClsC:
WP_188006884.1) as query sequences, BLAST homology
searches to the domain of Archaea were performed with the
following result: EcClsA: query coverage 75 to 98% and
sequence identity 23 to 31%; EcClsB: query coverage 76 to 88%
and sequence identity 25 to 33%; EcClsC: query coverage 69 to
91% and sequence identity 21 to 28%. The BLAST results were
further analyzed using MEGA X and filtered for sequences that
contain at least two HKD domains. Next, sequences were
aligned using the MUSCLE algorithm (default settings) and a
phylogenetic tree was estimated using the LG+G model (47).
Subsequently, a putative archaeal cardiolipin synthase (MhCls:
WP_011448254) from M. hungatei JF-1 was selected. The
consensus sequence logo was created with the program
WebLogo (https://weblogo.berkeley.edu/logo.cgi), for which
the group of methanogens was selected together with a group
of bacterial EcClsA homologs (see Supporting information).
This resulted in a group of 90 species (57 bacteria and 33
archaea), from which one archaeal sequence, containing many
additional amino acids within the second hydrophobic
domain, was removed.

Bacterial strains and cloning procedures

An E. coli codon-optimized synthetic gene of M. hungatei
Cls (MhCls) was ordered (GeneArt, Thermo Fisher scientific)
and used as a template for the amplification of MhCls, during
which an N-terminal 6xHis-tag was added. The 6His-MhCls
fragment was cloned into a pRSF-Duet expression vector, us-
ing the NcoI and SacI restriction enzymes and T4 DNA ligase,
resulting in pRSF-6His-MhCls (pNDK001). E. coli DH5α
(Invitrogen) was used as a host for Cloning procedures. E. coli
Lemo21 (DE3) was used as the overexpression strain for
pNDK001. The 6His-MhCls fragment was also cloned into a
pBAD expression vector, using the EcoRI and HindIII re-
striction enzymes and T4 DNA ligase, resulting in pBAD-6his-
MhCls (pME006). E. coli DH5α (Invitrogen) was used as a host
for Cloning procedures. E. coli clsABC null strain (K12 ΔclsA,
ΔclsB, ΔclsC::kanR (BKT12)) (17) was used as the over-
expression strain for pME006. All primers and plasmids used
in the present study are listed in Tables 1 and 2. All strains
were grown under aerobic conditions at 37 �C in LB medium
supplemented with the required antibiotics: kanamycin (50 μg/
ml), chloramphenicol (34 μg/ml), Zeocin (25 μg/ml).

Expression and purification of MhCls

MhCls was overexpressed in E. coli Lemo21 (DE3) strain in
the presence of 250 μM rhamnose and induced with 0.5 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG). After 2.5 h of
induction, cytoplasmic and membrane fractions were sepa-
rated as described (48). The total membranes were resus-
pended in buffer A (50 mM Tris/HCl, pH 8.0, 100 mM KCl
and 15% glycerol) after which they could be stored at −80 �C.
For further purification, 0.5 mg/ml of membranes was solu-
bilized in 2% n-dodecyl-β-D-maltopyranoside (DDM) deter-
gent for 1 h at 4 �C. The material was subjected to a
centrifugation (17,000g) step for 15 min at 4 �C to remove
insolubilized material and the supernatant was incubated with
J. Biol. Chem. (2021) 296 100691 11
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Table 2
Oligonucleotide primers used in this study

Primers Primer sequence 5’ -> 3’ Restriction site

NDKo027 ACAGTTCCATGGCCCATCACCATCATCACCACATCCATGATCTGATTCTGGTGATCCACAATTTTC NcoI
NDKo028 ACTTACGAGCTCTTATTATTACAGCAGCGGACTAAACAGACG SacI
prME010 TATCGAATTCATGCATCACCATCATCACCACATCCATGATCTGA EcoRI
prME011 CTATAAGCTTTTATTATTACAGCAGCGGACTAAACAGACGGCTAAT HindIII
prME012 ACTCGAATTCTTCCTCCTAGCCTGCTTTTTTGT EcoRI
prME013 ACTGAAGCTTGATATCGTTTAAACGGTCTCCAGCTTGG HindIII

Introduced restriction sites are underlined.
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Ni-NTA agarose beads (Qiagen, cat: 30230) for 2 h at 4 �C.
The Ni-NTA beads were washed ten times with six column
volumes (CV) of buffer B (50 mM Tris/HCl, pH 8.0, 100 mM
KCl, 15% glycerol and 0.05% DDM) supplemented with
10 mM imidazole, and the protein was eluted three times with
0.5 CV of buffer B supplemented with 300 mM imidazole. To
remove the imidazole and glycerol, the purified protein was
passed over a Zeba Spin Desalting column 40K; 0.5 ml
(Thermo scientific) and eluted in buffer C (50 mM MES pH
7.0, 100 mM KCl and 0.05% DDM). Purity of the eluted pro-
tein was assessed on 15% SDS/PAGE stained with Coomassie
Brilliant Blue, and the protein concentration was determined
by measuring the absorbance at 280 nm and calculating the
molar concentration using the calculated extinction coeffi-
cient. Extinction coefficients were obtained from the Prot-
Param tool from the ExPASy website (https://web.expasy.org/
protparam/).

Total lipid extraction

Lipids were extracted from 10 mg freeze-dried cells from
E. coli clsABC null strain pellets using an adapted Bligh and
Table 3
Detected lipid species with LC-MS

Lipid species

archaetidylglycerol (AG)
archaetidic acid (AA)
glycerol-di-archaetidyl-cardiolipin (Gro-DACL)
di-oleoyl phosphatidic acid (DOPA), phosphatidic acid (PA)
di-oleoyl phosphatidylglycerol (DOPG), phosphatidylglycerol (PG)
palmitoyl-oleoyl phosphatidic acid (POPA)
palmitoyl-oleoyl phosphatidylglycerol (POPG)
di-phosphatidyl-cardiolipin (Gro-DPCL), Gro-DPCL18:1/18:1/18:1/18:1
Gro-DPCL16:0/18:1/16:0/18:1
Gro-DPCL18:1/18:1/16:0/18:1
Gro-archaetidyl-phosphatidyl-cardiolipin (APCL)
phosphatidyl-1-propanol (P-1-PrOH), and phosphatidyl-2-propanol (P-2-PrOH)
phosphatidyl-1,2-propandiol (P-1,2-PrOH), and phosphatidyl-1,3-propandiol (P-1,3
1,2-propanediol-di-phosphatidyl-cardiolipin (1,2-PrOH-DPCL), and 1,3-propanedio
phosphatidyl-1,2-ethanol (P-1,2-EtOH)
1,2-ethanol-di-phosphatidyl-cardiolipin (1,2-EtOH-DPCL)
phosphatidyl-1,3-butanediol (P-1,3-BuOH), and phosphatidyl-1,4-butanediol (P-1,4
1,3-butanediol-di-phosphatidyl-cardiolipin (1,3-BuOH-DPCL), and 1,4-butanediol-
phosphatidyl-mannitol (P-mannitol)
mannitol-di-phosphatidyl-cardiolipin (mannitol-DPCL)
phosphatidyl-2,2-dimethyl-1,3-propanediol (P-2,2-Me-1,3-PrOH)
phosphatidyl-2-phenyl-1,3-propanediol (P-2-Phe-1,3-PrOH)
di-oleoyl phosphatidylethanolamine (DOPE)
phosphatidyl-aminopropanol (P-NH2-PrOH)
di-oleoyl phosphatidylcholine (DOPC)
di-oleoyl phosphatidylserine (DOPS)
di-oleoyl phosphatidylinositol (DOPI)
monogalactosyldiacylglycerol (MGDG)
monogalactosyl-mono-phosphatidyl-cardiolipin (1Gal-MPCL)
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Dyer method employing 5% trichloroacetic acid as described
elsewhere (49). The crude chloroform fraction was dried and
the lipid film was re-extracted with 400 μl chloroform–
methanol (1:2), dried again, and finally reextracted with 50 μl
methanol.

Liposomes preparation

Chloroform stocks of the lipid species DOPG, POPG,
DOPA, POPA, DOPE, DOPC, Gro-DPCL 18:1/18:1/18:1/18:1,
and MGDG were purchased from Avanti (Avanti Polar Lipids).
The chemical synthesis of AG was performed in house and is
described in detail in the Supporting information. For lipo-
somes with a heterogeneous lipid mixture, the required
amount of lipid chloroform stocks was mixed together in the
stated molar ratio. Next the lipid solution was dried under a
nitrogen gas stream for multiple hours, after which the dry
lipid film was resuspended in a 50 mM 2-(N-morpholino)
ethanesulfonic acid (MES) buffer, pH 7.0 yielding a translucent
suspension. For formation of liposomes, a probe sonicator was
employed (30 s cycle time with a 50% duty cycle for 10–20
cycles) until the suspension became transparent.
m/z [M-H]−

805.66
731.63

1520.30
699.49
773.53
673.48
747.52

1456.03
1403.99
1430.01
1488.16
741.54

-PrOH) 757.53
l-di-phosphatidyl-cardiolipin (1,3-PrOH-DPCL) 1440.02

743.52
1426.01

-BuOH) 771.55
di-phosphatidyl-cardiolipin (1,4-BuOH-DPCL) 1454.04

863.56
1546.05
786.56
833.56
742.54
756.55
830.59
786.53
861.55
746.49

1427.98

https://web.expasy.org/protparam/
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In vitro assays for phospholipid synthesis

All in vitro reactions were performed in 100 μl of buffer D
containing a final concentration of 50 mM MES pH 7.0 and
100 mM KCl in the presence of 1 μM MhCls. The activity of
MhCls with archaeal substrate was assayed in the presence of
250 μM AG (sn1-sn1 and sn1-sn3; ratio 1:1) and 0.4 mM
DDM. The glycerol-dependent dynamic equilibrium of MhCls
was assayed in the presence of 1.8 mM DDM and 1 mM
DOPG, 0.5 mM Gro-DPCL, or 0.5 mM POPG together with
0.25 mM DPCL. The activity of MhCls with AG and PG (molar
ratio 1:1) was assayed with 250 μM of each lipid substrate in
the presence of 0.8 mM DDM. The promiscuity toward
primary-hydroxyl-containing compounds was assayed with
0.5 mM Gro-DPCL or 1 mM DOPG, 100 mM primary-
hydroxyl-containing substrate, and 1.8 mM DDM. Formation
of 1Gal-MPCL was performed in the presence of 1 μM MhCls,
0.5 mM lipid (PG:MGDG:PC, molar ratio 1:2:17), and 0.8 mM
DDM. All reactions were incubated overnight at 37 �C unless
stated differently. Lipids were extracted from the reaction
mixtures two times with 0.3 ml of 1-butanol and evaporated
under a stream of nitrogen gas and resuspended in 50 μl of
methanol for LC-MS analysis.

LC-MS analysis of lipids

Samples from the in vitro reactions were analyzed using an
Accela1250 high-performance liquid chromatography (HPLC)
system coupled with a heated electrospray ionization–mass
spectrometry (HESI-MS) Orbitrap Exactive (Thermo Fisher
Scientific). A sample of 5 μl was injected into an ACQUITY
UPLC CSH C18 1.7 μm Column, 2.1 × 150 mm (Waters
Chromatography Ireland Ltd) operating at 55 �C with a flow
rate of 300 μl/min. Separation of the compounds was achieved
by a changing gradient of eluent A (5 mM ammonium formate
in water/acetonitrile 40:60, v/v) and eluent B (5 mM ammo-
nium formate in acetonitrile/1-butanol, 10:90, v/v). The
following linear gradient was applied: 45% eluent B for 2.5 min;
a gradient from 45% to 90% eluent B over 19.5 min; holding for
3 min; returning to 45% eluent B in 0.5 min; and holding for
8 min. For the E. coli clsABC null strain total lipid extracts,
10 μl was injected and the following linear gradient was
applied: 5% eluent B for 2.5 min; a gradient from 5% to 90%
eluent B over 36.5 min; holding for 3 min; returning to 5%
eluent B in 0.5 min; and holding for 8 min. The column
effluent was injected directly into the Exactive ESI-MS Orbi-
trap operating in negative ion mode. Voltage parameters of
3 kV (spray), −75 V (capillary), −190 V (tube lens), and −46 V
(Skimmer voltage) were used. Capillary temperature of 300 �C,
sheath gas flow of 60, and auxiliary gas flow of 5 were main-
tained during the analysis.

Spectral data constituting total ion counts were analyzed
using the Thermo Scientific XCalibur processing software by
applying the Genesis algorithm-based automated peak area
detection and integration. The total ion counts of the extracted
lipid products (Table 3) were normalized for DDM (m/z 509.3
[M-H]−) and plotted on the y-axis as normalized ion count in a
bar graph.
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article is stored in the department of Molecular Microbiology
at the University of Groningen.

Supporting information—This article contains supporting
information (47, 50–58).

Acknowledgments—We would like to thank Dr M. Bogdanov for
kindly providing us with the E. coli K12 clsABC null strain.
This work was supported and funded by the “BaSyC – Building a
Synthetic Cell” Gravitation grant (024.003.019) of the Netherlands
Ministry of Education, Culture and Science (OCW) and the
Netherlands Organization for Scientific Research (NWO), and by
the Dutch NWO Building Blocks of Life program (737.016.006).

Author contributions—Conceptualization: M. E., N. A. W. d. K., and
A. J. M. D.; Investigation: M. E., N. A. W. d. K., R. L. H. A., N. H. J.
W.; Resources: A. J. M., A. J. M. D.; Writing—Original Draft: M. E.,
R. L. H. A.; Writing—Review and Editing: M. E., N. A. W. d. K., A. J.
M., A. J. M. D.; Visualization: M. E., R. L. H. A.; Supervision: M. E.,
A. J. M., A. J. M. D.; Project Administration: M. E.; Funding
Acquisition: A. J. M. D., A. J. M.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: 1Gal-MPCL,
monogalactosyl-mono-phosphatidyl-cardiolipin; 1,2-EtOH-
DPCL, 1,2-ethanol-di-phosphatidyl-cardiolipin; 1,2-PrOH-DPCL,
1,2-propanediol-di-phosphatidyl-cardiolipin; 1,3-BuOH-DPCL, 1,3-
butanediol-di-phosphatidyl-cardiolipin; 1,3-PrOH-DPCL, 1,3-
propanediol-di-phosphatidyl-cardiolipin; 1,4-BuOH-DPCL,
1,4-butanediol-di-phosphatidyl-cardiolipin; AA, archaetidic acid;
AG, archaetidylglycerol; CDP-DAG, cytidine diphosphate diac-
ylglycerol; CL, cardiolipin (lipid class); Cls, cardiolipin synthase; ClsA,
cardiolipin synthase A; ClsB, cardiolipin synthase B; ClsC, cardiolipin
synthase C; DDM, n-dodecyl-β-d-maltoside; DOPA, di-oleoyl phos-
phatidic acid; DOPC, di-oleoyl phosphatidylcholine; DOPE, di-oleoyl
phosphatidylethanolamine; DOPG, di-oleoyl phosphatidylglycerol;
DOPI, di-oleoyl phosphatidylinositol; DOPS, di-oleoyl phos-
phatidylserine; glyco-MACL, glycosyl-mono-archaetidyl-car-
diolipin; glyco-MPCL, glycosyl-mono-phosphatidyl-cardiolipin;
Gro-APCL, glycerol-archaetidyl-phosphatidyl-cardiolipin; Gro-
DACL, glycerol-di-archaetidyl-cardiolipin; Gro-DPCL, glycerol-
di-phosphatidyl-cardiolipin; LUCA, last universal common
ancestor; mannitol-DPCL, mannitol-di-phosphatidyl-cardiolipin;
MGDG, monogalactosyldiacylglycerol; MhCls, Methanospirillum
hungatei cardiolipin synthase; Ni-NTA, Nickel-nitrilotriacetic Acid;
P-1-PrOH, phosphatidyl-1-propanol; P-1,2-EtOH, phosphatidyl-1,2-
ethanol; P-1,2-PrOH, phosphatidyl-1,2-propandiol; P-1,3-BuOH,
phosphatidyl-1,3-butanediol; P-1,3-PrOH, phosphatidyl-1,3-
propandiol; P-1,4-BuOH, phosphatidyl-1,4-butanediol; P-2-Phe-1,3-
PrOH, phosphatidyl-2-phenyl-1,3-propanediol; P-2-PrOH, phospha-
tidyl-2-propanol; P-2,2-Me-1,3-PrOH, phosphatidyl-2,2-dimethyl-
1,3-propanediol; P-mannitol, phosphatidyl-mannitol; P-NH2-PrOH,
phosphatidyl-aminopropanol; PA, phosphatidic acid; PG, phosphati-
dylglycerol; POPA, palmitoyl-oleoyl phosphatidic acid; POPG,
palmitoyl-oleoyl phosphatidylglycerol; S-DGD-5-PA, S-diphytanyl-
glycerol diether-5-phosphatidic acid; S-2Glyco-aMPCL, S-di-
glycosyl-archaeal mono-phosphate cardiolipin; S-2Glyco-DGD, S-di-
J. Biol. Chem. (2021) 296 100691 13



EDITORS’ PICK: Cardiolipin biosynthesis in archaea
glycosyl diphytanylglycerol diether; S-3Glyco-aMPCL, S-tri-glycosyl-
archaeal mono-phosphate cardiolipin; S-GL-2, S-glycosylcardiolipin-
2; S-TGD-1-PA, S-tri-glycosyl-diether-1-phosphatidic acid.

References

1. Bogdanov, M., Mileykovskaya, E., and Dowhan, W. (2008) Lipids in the
assembly of membrane proteins and organization of protein super-
complexes: Implications for lipid-linked disorders. Subcell. Biochem. 49,
197–239

2. Musatov, A., and Sedlák, E. (2017) Role of cardiolipin in stability of in-
tegral membrane proteins. Biochimie 142, 102–111

3. Lewis, R. N. A. H., and McElhaney, R. N. (2009) The physicochemical
properties of cardiolipin bilayers and cardiolipin-containing lipid mem-
branes. Biochim. Biophys. Acta 1788, 2069–2079

4. Dowhan, W., Bogdanov, M., and Mileykovskaya, E. (2008) Chapter 1 -
functional roles of lipids in membranes. In: Vance, D. E., Vance, J. E., eds.
Biochemistry of Lipids, Lipoproteins and Membranes (Fifth Edition), 5th
Ed, Elsevier, San Diego, CA: 1–37

5. Kawai, F., Shoda, M., Harashima, R., Sadaie, Y., Hara, H., and Matsu-
moto, K. (2004) Cardiolipin domains in Bacillus subtilis marburg mem-
branes. J. Bacteriol. 186, 1475–1483

6. Mileykovskaya, E., and Dowhan, W. (2000) Visualization of phospholipid
domains in Escherichia coli by using the cardiolipin-specific fluorescent
dye 10-N-nonyl acridine orange. J. Bacteriol. 182, 1172–1175

7. Romantsov, T., Gonzalez, K., Sahtout, N., Culham, D. E., Cou-
moundouros, C., Garner, J., Kerr, C. H., Chang, L., Turner, R. J., and
Wood, J. M. (2018) Cardiolipin synthase A colocalizes with cardiolipin
and osmosensing transporter ProP at the poles of Escherichia coli cells.
Mol. Microbiol. 107, 623–638

8. Wood, J. M. (2018) Perspective: Challenges and opportunities for the
study of cardiolipin, a key player in bacterial cell structure and function.
Curr. Genet. 64, 795–798

9. Mileykovskaya, E., and Dowhan, W. (2009) Cardiolipin membrane do-
mains in prokaryotes and eukaryotes. Biochim. Biophys. Acta 1788, 2084–
2091

10. Basu Ball, W., Neff, J. K., and Gohil, V. M. (2018) The role of nonbilayer
phospholipids in mitochondrial structure and function. FEBS Lett. 592,
1273–1290

11. Ikon, N., and Ryan, R. O. (2017) Cardiolipin and mitochondrial cristae
organization. Biochim. Biophys. Acta Biomembr. 1859, 1156–1163

12. Arias-Cartin, R., Grimaldi, S., Pommier, J., Lanciano, P., Schaefer, C.,
Arnoux, P., Giordano, G., Guigliarelli, B., and Magalon, A. (2011) Car-
diolipin-based respiratory complex activation in bacteria. Proc. Natl.
Acad. Sci. U. S. A. 108, 7781–7786

13. Corcelli, A., Lobasso, S., Palese, L. L., Saponetti, M. S., and Papa, S. (2007)
Cardiolipin is associated with the terminal oxidase of an extremely
halophilic archaeon. Biochem. Biophys. Res. Commun. 354, 795–801

14. Zhang, M., Mileykovskaya, E., and Dowhan, W. (2002) Gluing the res-
piratory chain together. Cardiolipin is required for supercomplex for-
mation in the inner mitochondrial membrane. J. Biol. Chem. 277, 43553–
43556

15. Hiraoka, S., Matsuzaki, H., and Shibuya, I. (1993) Active increase in
cardiolipin synthesis in the stationary growth phase and its physiological
significance in Escherichia coli. FEBS Lett. 336, 221–224

16. Romantsov, T., Guan, Z., and Wood, J. M. (2009) Cardiolipin and the
osmotic stress responses of bacteria. Biochim. Biophys. Acta 1788, 2092–
2100

17. Tan, B. K., Bogdanov, M., Zhao, J., Dowhan, W., Raetz, C. R. H., and
Guan, Z. (2012) Discovery of a cardiolipin synthase utilizing phosphati-
dylethanolamine and phosphatidylglycerol as substrates. Proc. Natl. Acad.
Sci. U. S. A. 109, 16504–16509

18. Luevano-Martinez, L. A., and Kowaltowski, A. J. (2015) Phosphatidyl-
glycerol-derived phospholipids have a universal, domain-crossing role in
stress responses. Arch. Biochem. Biophys. 585, 90–97

19. Corcelli, A. (2009) The cardiolipin analogues of archaea. Biochim. Bio-
phys. Acta 1788, 2101–2106
14 J. Biol. Chem. (2021) 296 100691
20. Lopalco, P., Lobasso, S., Babudri, F., and Corcelli, A. (2004) Osmotic
shock stimulates de novo synthesis of two cardiolipins in an extreme
halophilic archaeon. J. Lipid Res. 45, 194–201

21. Lobasso, S., Lopalco, P., Lattanzio, V. M. T., and Corcelli, A. (2003)
Osmotic shock induces the presence of glycocardiolipin in the purple
membrane of Halobacterium salinarum. J. Lipid Res. 44, 2120–2126

22. Sprott, G. D., Larocque, S., Cadotte, N., Dicaire, C. J., McGee, M., and
Brisson, J. R. (2003) Novel polar lipids of halophilic eubacterium Plano-
coccus H8 and archaeon Haloferax volcanii. Biochim. Biophys. Acta 1633,
179–188

23. Schlame, M., and Greenberg, M. L. (2017) Biosynthesis, remodeling and
turnover of mitochondrial cardiolipin. Biochim. Biophys. Acta. Mol. Cell
Biol. Lipids. 1862, 3–7

24. Sandoval-Calderón, M., Geiger, O., Guan, Z., Barona-Gómez, F., and
Sohlenkamp, C. (2009) A eukaryote-like cardiolipin synthase is present in
Streptomyces coelicolor and in most actinobacteria. J. Biol. Chem. 284,
17383–17390

25. Tian, H.-F., Feng, J.-M., and Wen, J.-F. (2012) The evolution of car-
diolipin biosynthesis and maturation pathways and its implications for the
evolution of eukaryotes. BMC Evol. Biol. 12, 32

26. Noguchi, F., Tanifuji, G., Brown, M. W., Fujikura, K., and Takishita, K.
(2016) Complex evolution of two types of cardiolipin synthase in the
eukaryotic lineage stramenopiles. Mol. Phylogenet. Evol. 101, 133–141

27. Li, C., Tan, B. K., Zhao, J., and Guan, Z. (2016) In vivo and in vitro
synthesis of phosphatidylglycerol by an Escherichia coli cardiolipin syn-
thase. J. Biol. Chem. 291, 25144–25153

28. Tropp, B. E. (1997) Cardiolipin synthase from Escherichia coli. Biochim.
Biophys. Acta 1348, 192–200

29. Sohlenkamp, C., and Geiger, O. (2016) Bacterial membrane lipids: Di-
versity in structures and pathways. FEMS Microbiol. Rev. 40, 133–159

30. Sciara, G., Clarke, O. B., Tomasek, D., Kloss, B., Tabuso, S., Byfield, R.,
Cohn, R., Banerjee, S., Rajashankar, K. R., Slavkovic, V., Graziano, J. H.,
Shapiro, L., and Mancia, F. (2014) Structural basis for catalysis in a CDP-
alcohol phosphotransferase. Nat. Commun. 5, 4068

31. Krieger, F., Möglich, A., and Kiefhaber, T. (2005) Effect of proline and
glycine residues on dynamics and barriers of loop formation in poly-
peptide chains. J. Am. Chem. Soc. 127, 3346–3352

32. Jacob, J., Duclohier, H., and Cafiso, D. S. (1999) The role of proline and
glycine in determining the backbone flexibility of a channel-forming
peptide. Biophys. J. 76, 1367–1376

33. Ponting, C. P., and Kerr, I. D. (1996) A novel family of phospholipase D
homologues that includes phospholipid synthases and putative endonu-
cleases: Identification of duplicated repeats and potential active site res-
idues. Protein Sci. 5, 914–922

34. Matsumi, R., Atomi, H., Driessen, A. J. M., and van der Oost, J. (2011)
Isoprenoid biosynthesis in archaea–biochemical and evolutionary impli-
cations. Res. Microbiol. 162, 39–52

35. Peretó, J., López-García, P., and Moreira, D. (2004) Ancestral lipid
biosynthesis and early membrane evolution. Trends Biochem. Sci. 29,
469–477

36. Koga, Y., and Morii, H. (2007) Biosynthesis of ether-type polar lipids in
archaea and evolutionary considerations. Microbiol. Mol. Biol. Rev. 71,
97–120

37. Caforio, A., Siliakus, M. F., Exterkate, M., Jain, S., Jumde, V. R., Andringa,
R. L. H., Kengen, S. W. M., Minnaard, A. J., Driessen, A. J. M., and van der
Oost, J. (2018) Converting Escherichia coli into an archaebacterium with a
hybrid heterochiral membrane. Proc. Natl. Acad. Sci. U. S. A. 115, 3704–
3709

38. Exterkate, M., and Driessen, A. J. M. (2019) Synthetic minimal cell: Self-
reproduction of the boundary layer. ACS Omega 4, 5293–5303

39. Raetz, C. R., and Dowhan, W. (1990) Biosynthesis and function of
phospholipids in Escherichia coli. J. Biol. Chem. 265, 1235–1238

40. Caforio, A., and Driessen, A. J. M. (2017) Archaeal phospholipids:
Structural properties and biosynthesis. Biochim. Biophys. Acta 1862,
1325–1339

41. Kushwaha, S. C., Kates, M., Sprott, G. D., and Smith, I. C. (1981) Novel
polar lipids from the methanogen Methanospirillum hungatei GP1. Bio-
chim. Biophys. Acta 664, 156–173

http://refhub.elsevier.com/S0021-9258(21)00480-4/sref1
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref1
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref1
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref1
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref2
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref2
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref3
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref3
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref3
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref4
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref4
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref4
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref4
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref5
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref5
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref5
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref6
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref6
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref6
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref7
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref7
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref7
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref7
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref7
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref8
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref8
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref8
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref9
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref9
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref9
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref10
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref10
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref10
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref11
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref11
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref12
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref12
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref12
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref12
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref13
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref13
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref13
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref14
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref14
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref14
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref14
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref15
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref15
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref15
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref16
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref16
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref16
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref17
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref17
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref17
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref17
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref18
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref18
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref18
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref19
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref19
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref20
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref20
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref20
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref21
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref21
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref21
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref22
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref22
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref22
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref22
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref23
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref23
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref23
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref24
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref24
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref24
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref24
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref25
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref25
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref25
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref26
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref26
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref26
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref27
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref27
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref27
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref28
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref28
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref29
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref29
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref30
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref30
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref30
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref30
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref31
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref31
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref31
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref32
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref32
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref32
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref33
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref33
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref33
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref33
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref34
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref34
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref34
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref35
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref35
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref35
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref36
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref36
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref36
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref37
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref37
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref37
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref37
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref37
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref38
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref38
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref39
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref39
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref40
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref40
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref40
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref41
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref41
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref41


EDITORS’ PICK: Cardiolipin biosynthesis in archaea
42. Sprott, G. D., Ferrante, G., and Ekiel, I. (1994) Tetraether lipids of
Methanospirillum hungatei with head groups consisting of phospho-N,N-
dimethylaminopentanetetrol, phospho-N,N,N-trimethylaminopentanete-
trol, and carbohydrates. Biochim. Biophys. Acta 1214, 234–242

43. Hidalgo-Ahumada, C. A. P., Nobu, M. K., Narihiro, T., Tamaki, H., Liu,
W.-T., Kamagata, Y., Stams, A. J. M., Imachi, H., and Sousa, D. Z. (2018)
Novel energy conservation strategies and behaviour of Pelotomaculum
schinkii driving syntrophic propionate catabolism. Environ. Microbiol. 20,
4503–4511

44. Shibuya, I., Yamagoe, S., Miyazaki, C., Matsuzaki, H., and Ohta, A. (1985)
Biosynthesis of novel acidic phospholipid analogs in Escherichia coli. J.
Bacteriol. 161, 473–477

45. Jeucken, A., Helms, J. B., and Brouwers, J. F. (2018) Cardiolipin synthases
of Escherichia coli have phospholipid class specific phospholipase D ac-
tivity dependent on endogenous and foreign phospholipids. Biochim.
Biophys. Acta 1863, 1345–1353

46. Reinink, P., Buter, J., Mishra, V. K., Ishikawa, E., Cheng, T.-Y.,
Willemsen, P. T. J., Porwollik, S., Brennan, P. J., Heinz, E., Mayfield,
J. A., Dougan, G., van Els, C. A., Cerundolo, V., Napolitani, G.,
Yamasaki, S., et al. (2019) Discovery of Salmonella trehalose phos-
pholipids reveals functional convergence with mycobacteria. J. Exp.
Med. 216, 757–771

47. Hall, B. G. (2013) Building phylogenetic trees from molecular data with
MEGA. Mol. Biol. Evol. 30, 1229–1235

48. Jain, S., Caforio, A., Fodran, P., Lolkema, J. S., Minnaard, A. J., and
Driessen, A. J. M. (2014) Identification of CDP-archaeol synthase, a
missing link of ether lipid biosynthesis in archaea. Chem. Biol. 21, 1392–
1401

49. Nishihara, M., and Koga, Y. (1987) Extraction and composition of polar
lipids from the archaebacterium, Methanobacterium thermoauto-
trophicum: Effective extraction of tetraether lipids by an acidified solvent.
J. Biochem. 101, 997–1005

50. Sita, L. R. (1993) Convenient highly stereoselective syntheses of (3R,7R,
11R)- and (3S,7R,11R)-3,7,11,15-tetramethylhexadecanoic acid (phytanic
acid) and the corresponding 3,7,11,15-tetramethylhexadecan-1-ols. J. Org.
Chem 58, 5285–5287

51. Aspinall, H. C., Greeves, N., Lee, W.-M., McIver, E. G., and Smith, P. M.
(1997) An improved Williamson etherification of hindered alcohols
promoted by 15-crown-5 and sodium hydride. Tetrahedron Lett 38,
4679–4682

52. Yeh, E. A.-H., Kumli, E., Damodaran, K., and Curran, D. P. (2013) Bare-
minimum fluorous mixture synthesis of a stereoisomer library of 4,8,12-
trimethylnonadecanols and predictions of NMR spectra of saturated
oligoisoprenoid stereoisomers. J. Am. Chem. Soc 135, 1577–1584

53. Smith, A. B., and Safonov, I. G. (2002) Total Synthesis of (+)-Dactylolide.
Org. Lett 4, 635–637

54. Schaus, S. E., Brandes, B. D., Larrow, J. F., Tokunaga, M., Hansen,
K. B., Gould, A. E., Furrow, M. E., and Jacobsen, E. N. (2002)
Highly selective hydrolytic kinetic resolution of terminal epoxides
catalyzed by chiral (salen)CoIII complexes. Practical synthesis of
enantioenriched terminal epoxides and 1,2-Diols. J. Am. Chem. Soc
124, 1307–1315

55. Alcaraz, M.-L., Peng, L., Klotz, P., and Goeldner, M. (1996) Synthesis
and properties of photoactivatable phospholipid derivatives designed
to probe the membrane-associate domains of proteins. J. Org. Chem
61, 192–201

56. Keith, D. J., and Townsend, S. D. (2019) Total synthesis of the congested,
bisphosphorylated morganella morganii zwitterionic trisaccharide
repeating unit. J. Am. Chem. Soc 141, 12939–12945

57. Sung’hwa, F., Strik, A., Regeling, H., Zwanenburg, B., and Chittenden, G.
J. F. (2006) Synthesis of 2(R),3-dihydroxypropyl and 2(R),3(R)-dihydrox-
ybutyl beta-D-fructopyranosides and some derivatives. Carbohydr. Res.
341, 846–854

58. Iwashita, M., Makide, K., Nonomura, T., Misumi, Y., Otani, Y., Ishida, M.,
Taguchi, R., Tsujimoto, M., Aoki, J., Arai, H., and Ohwada, T. (2009)
Synthesis and evaluation of lysophosphatidylserine analogues as inducers
of mast cell degranulation. potent activities of lysophosphatidylthreonine
and its 2-deoxy derivative. J. Med. Chem 52, 5837–5863
Marten Exterkate is a postdoctoral researcher in Molecular Microbiology at the University of Groningen. As part of the
“Building a Synthetic Cell (BaSyC)” research program, he developed an expanding membrane module based on purified proteins,
which catalyze the synthesis of phospholipids to support growth of synthetic cells. Now, he would like to continue his work on
lipid diversity, functionality, and applications in the fields of Biochemistry, Molecular Biology, and Biophysics. https://www.
linkedin.com/in/marten-exterkate-209257145.
J. Biol. Chem. (2021) 296 100691 15

http://refhub.elsevier.com/S0021-9258(21)00480-4/sref42
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref42
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref42
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref42
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref43
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref43
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref43
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref43
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref43
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref44
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref44
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref44
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref45
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref45
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref45
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref45
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref46
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref46
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref46
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref46
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref46
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref46
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref47
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref47
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref48
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref48
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref48
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref48
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref49
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref49
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref49
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref49
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref50
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref50
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref50
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref50
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref51
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref51
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref51
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref51
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref52
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref52
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref52
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref52
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref53
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref53
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref54
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref54
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref54
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref54
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref54
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref54
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref55
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref55
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref55
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref55
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref56
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref56
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref56
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref57
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref57
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref57
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref57
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref58
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref58
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref58
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref58
http://refhub.elsevier.com/S0021-9258(21)00480-4/sref58
https://www.linkedin.com/in/marten-exterkate-209257145
https://www.linkedin.com/in/marten-exterkate-209257145

	A promiscuous archaeal cardiolipin synthase enables construction of diverse natural and unnatural phospholipids
	Results
	Bioinformatic identification of cardiolipin synthases in archaea
	Glycerol-di-archaetidyl-cardiolipin (Gro-DACL) synthesis from archaetidylglycerol (AG)
	A glycerol-dependent dynamic equilibrium between PG and Gro-DPCL
	Formation of a bacterial–archaeal hybrid cardiolipin species
	Diverse polar headgroup incorporation
	Glycocardiolipin formation

	Discussion
	Experimental procedures
	Bioinformatic identification of MhCls
	Bacterial strains and cloning procedures
	Expression and purification of MhCls
	Total lipid extraction
	Liposomes preparation
	In vitro assays for phospholipid synthesis
	LC-MS analysis of lipids

	Data availability
	Author contributions
	References


