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Cardiolipin (CL) and phosphatidylglycerol (PG) are the main anionic phospholipids present in the Eukarya and
Bacteria domains. They participate in energy transduction by activating and stabilizing the components of the ox-
idative phosphorylation machinery. Experimental evidence shows that they are synthesized by two different
mechanisms which indicate that both pathways evolved convergently. Former studies on the lipid composition
of archaeal membranes showed the absence of CL in these organisms, consequently, restricting it to the Eukarya
and Bacteria domains. Interestingly, recent studies have demonstrated that both CL and PG are present as consti-

IC(Zﬂglriﬁﬁ tutive components of membranes of the haloarchaea group. However, this scenario complicates the analysis of
Eukarya the evolutionary origin of this biosynthetic pathway. Here I suggest that a phospholipid biosynthetic pathway
Archaea in Eukarya probably arose from a chimeric event between bacterial and archaeal enzymes during the endosym-
Bacteria biosis event. Phylogenetic analyses support the different evolutionary origin of the enzymes comprising this
Chime_fism pathway in bacteria and Eukarya. Based on protein domain analyses, orthologous proteins in the Archaea domain
Evolution were identified. An integrative analysis of the proteins found demonstrates that CL biosynthesis in major clades of
the Eukarya domain originated by chimerism between the bacteria and archaea pathways. Moreover, primary
and secondary endosymbiontic events in plants and chromoalveolata respectively, reshaped this pathway
again. The implications and advantages that these new enzymatic orders conferred to the Eukarya domain are

discussed.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction condensed to another molecule of PG to produce CL. On other hand, in

Anionic phospholipids such as phosphatidylglycerol (PG) and
cardiolipin (CL) are key components of cellular membranes, where
they have important roles in several cellular processes such as energy
transduction, stress response, participation in the mechanism of transla-
tion coupled to transcription (transertion) in bacteria and the stabiliza-
tion, maintenance and segregation of mitochondrial DNA [1-4]. CL was
believed to be restricted to the Bacteria and Eukarya domains because
early evidence ruled out the existence of this phospholipid in archaeal
membranes. Since PG has been demonstrated to be present in the
three domains of life, it was believed that CL spread through eukaryotic
cells during the endosymbiotic process from the bacterial endosymbi-
ont [5]. This idea is being challenged based on the more recent discovery
of CL in several archaeal species [6].

Apparently, PG and CL biosynthesis evolved convergently in bacteria
and eukaryotes since they are synthesized by two different enzymatic
pathways (see Fig. 1). In the bacterial pathway, glycerol 3-phosphate
is condensed to a molecule of CDP-DAG, producing phosphatidyglycerol
phosphate (PGP), which is dephosphorylated to produce PG. It is then
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the eukaryotic pathway, glycerol 3-phosphate is transferred to a CDP-
DAG molecule to produce PGP, as in bacteria. However, after dephos-
phorylation of PGP, PG is condensed to another CDP-DAG molecule pro-
ducing CL, thus differing in this step in the bacterial substrates used for
synthesis [7]. As stated before, the enzymatic mechanisms differ be-
tween domains: in bacteria, the first enzyme, phosphatidylglycerol
phosphate synthase (Pgsr), belong to the transferase class (E.C.
2.7.8.5), whilst in Eukarya the enzyme is a hydrolase (E.C.3.1.4.4) from
the phospholipase D (PLD) family (Pgsp). Conversely, cardiolipin syn-
thase (Clsp) activity in bacteria belongs to the hydrolase class (PLD)
whilst the eukaryote (Clst) enzyme belongs to the transferase class.
These differences in the position of each enzymatic step indicate that
CL biosynthesis could have evolved independently in each domain. In-
terestingly, several versions of this pathway have been observed in eu-
karyotes: whilst in Kinetoplastid and Apicomplexan organisms both
enzymes are phospholipases D, in plants both enzymes are CDP trans-
ferases. Moreover, recent evidence in silico has demonstrated the pres-
ence of a bacterial-like phosphatidylglycerol phosphate synthase
together with evidence of CL in several species of archaeas [8-10].
This intricate diversity of pathways for CL biosynthesis has been poorly
studied; the only study was restricted to uncovering the evolution of Cls
and CL-remodeling enzymes (a process restricted to the Eukarya
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Fig. 1. Cardiolipin biosynthesis in the Bacteria and Eukarya domain. Although the first enzyme common for both domains uses the same substrates, the enzymatic mechanism varies be-
tween them. The bacterial enzyme is a CDP-DAG transferase whilst the eukaryote enzyme is a PLD. On the other hand, the Cls is a PLD in bacterial whilst a CDP-DAG transferase in Eukarya.
The archeal pathway is believed to be identical to the bacterial. Pgs, phosphatidylglycerol phosphate synthase; Cls, cardiolipin synthase; CDP-DAG, cytidine diphosphate-diacylglycerol;
PGP, phosphatidylglycerol phosphate; PG, phosphatidylglycerol; CMP, cytidine monophosphate. The X symbol represents a poorly conserved enzyme necessary for the hydrolysis of

the ester bond between glycerol and phosphate from the head group.

domain). This study concluded that eukaryal Cls activity evolved from
two endosymbiotic events, one giving rise the first eukaryotic common
ancestor (FECA) with a PLD activity and the second one from a second-
ary endosymbiont replacing the FECA Cls with a transferase enzyme [5].

In this report, the evolution of cardiolipin biosynthesis was
reanalyzed together with orthologous proteins found in the Archaea. [
suggest that CL biosynthesis in the Eukarya domain rose by a chimeric
mechanism involving both archaeal and bacterial proteins. Subsequent
endosymbiotic events provided the basis to further diversify this path-
way into the Eukarya domain. This evolutionary exchange had impor-
tant repercussions in the subsequent evolution and specialization of
several mitochondrial features.

2. Methods
2.1. Identification of sequences from CL synthase and PGP synthase

A phylogenetic distribution of the four enzymes through the three
domains was retrieved from STRING v.9.1 [11]. Aminoacid sequences
for phosphatidylglycerol phosphate synthase (Pgs) and cardiolipin
synthase (Cls) were identified by Domain Enhanced Look up Time accel-
erated (DELTA)—BLAST from the NCBI server using Saccharomyces
cerevisiae and Escherichia coli sequences as queries. All proteins selected
had a maximum E-value < 10~ >, Same results were obtained using
Bacillus subtilis and Homo sapiens sequences as queries. For clarity, a sub-
script D means that the enzyme has a phospholipase D mechanism
whilst a Cit is a transferase. 143 non-redundant sequences for phospho-
lipase D enzymes (Pgsp and Clsp) and 140 for transferase enzymes (Pgst
and Clst) were selected for phylogenetic reconstruction.

Ancestral sequences of the Clsr and Pgsy groups were acquired after
phylogenetic reconstruction of the respective tree using the ancestral
reconstruction function implemented in Mega 6 software [12]. Multiple
alignments between those sequences and the Cls from S. coelicolor were
aligned with ClustalWw.

Transmembrane helix topology of PLD sequences was performed
with the toppred program implemented in the Mobyle 1.5 portal devel-
oped by the Institute Pasteur Biology IT Center and the Ressource
Parisienneen Bioinformatique Structurale (mobyle.pasteur.fr/cgi-bin/
portal.py#welcome) [13].

2.2. Phylogenetic analysis

Selected sequences were aligned with MUSCLE (v3.7) without
curation. Sequences causing aberrant alignments were removed from

posterior analysis. Trees were inferred using the maximum likelihood
method with the Mega6 program. The Jones-Taylor-Thornton method
was used as substitution matrix. Statistical significance was calculated
by the bootstrapping method using 100-pseudoreplicas [12].

3. Results
3.1. Taxonomical distribution of CL biosynthetic enzymes

A first search for the occurrence of all Pgsp, Pgst, Clsp and Clsy
sequences showed that Pgst was the only enzyme confidently distribut-
ed between, Bacteria and Archaea domains, but absent in Eukarya. All
other enzymes were present in just one domain. For Archaea, proteins
homologous to Clsp and Pgsp present homology to phospholipases D
with unknown functions (Table 1). Interestingly, eukaryote Pgsp pre-
sented poor similitude to bacterial Clsp. Since these preliminary results
show that Pgsp was absent in Bacteria, questions arise: How did this en-
zyme appear in Eukarya? Would it be possible for Pgsp to be related to
archaeal phospholipases D? A refined search based on conserved
domains was performed to answer these questions. Each enzymatic
activity was analyzed individually.

3.2. CDP-DAG transferases

Previous in silico studies identified several proteins in methanoarchaea
as homologous to bacterial Pgst [14]. However, experimental
evidence has not corroborated the catalytic activity of those proteins
as with other members of this family, including the archeal phos-
phatidylinositol synthase (Pis) [15]. Thus, Clst from S. cerevisiae
and H. sapiens, and Pgst from E. coli and Methanosarcina barkeri (an
archaea) were used as queries.

Table 1
Domain distribution of the enzymes involved in CL biosynthesis. Phosphatidylglycerol
phosphate synthase (Pgs) and CL synthase (Cls).

Protein Bacteria Achaea Eukarya
PgsD o 7 [ ]
PgsT [ ] [ O
ClsD [ ] 7 o
CIsT e} ? [}

Note: D—phospholipase D mechanism, C—CDP-DAG transferase mechanism, O—absent,
@—present, ?—unknown. *—Protein similar to phospholipase D. Pgs, phosphatidylglycerol
phosphate synthase. Cls, cardiolipin synthase.
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I recovered 140 sequences with a maximum E-value of 10~ 15, The
topology of the reconstructed tree clearly presented a monophyletic
distribution for the sequences within each domain (Fig. 2). This means
that all eukaryotic Pgs present a common ancestor and same stands
for bacterial Cls andPgs from archaeal proteins.

Within domains, archaea present the most consistent topology,
clearly distinguished between Euryarchaeota (i.e. Haloferax volcanii)
and Crenarchaeota (i.e. Sulfolobus islandicus) sub-domains. Several se-
quences recovered were from organisms where PG has been observed
as a constituent of membranes. In general, PG is widely used for ar-
chaeas for the biosynthesis of two characteristic archeal lipids:
phosphatidylglycerol methyl ester and phosphatidylglycerol sulfate
[16]. These sequences together form the outgroup of the cluster inte-
grated by the bacterial and eukaryal sequences. As expected, eukaryal
Pgs and bacterial Cls cluster together forming a clear monophyletic
group. Some exceptions are observed in some sequences for the repre-
sentatives of land plants, red and green algae, which cluster within the
bacterial Cls group. Interestingly, these eukaryotes present sequences
represented in both CDP-DAG transferase groups, indicating that
Archaeplastids replaced one or both enzymes in mitochondrial CL bio-
synthesis during the primary endosymbiosis event leading to chloro-
plast development. Two findings highlight the origin of an enzyme
from the plastidic ancestor of the chloroplast. First, Opisthokonta
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(Fungi and Metazoa) and Amoebozoa clades, which have single mito-
chondria, present a Cls exclusively with a transferase mechanism.
Second, in Archaeplastids, PG is supplied to chloroplasts and mitochon-
dria by only one enzyme [17]. Thus, Pgs are expected to be targeted to
both compartments, as in Chlamydomonas reinhardtii, or to follow the
strategy of land plants such as Arabidopsis thaliana, where a set of
paralogues with redundant function are observed [18]. However, each
isoform is targeted to chloroplasts and mitochondria. Thus, this solves
the problem of providing PG to both organelles. Many genes derived
from plastids follow this behavior such as fructose 1,6-bisphosphate al-
dolase or glyceraldehyde 3-phosphate dehydrogenase, which replaced
the host proteins [19,20].

Notable is the presence of a transferase in the Rhizaria Paulinella
chromatophora. Since no single enzyme was recovered from the Rhizaria
super-group, this indicates that during secondary or tertiary endosym-
biont events giving rise to this super-group, both enzymes were
lost. However, the relatively recent evolutionary acquisition of a
cyanobacterial endosymbiont by P. chromatophora shows that this
protein was horizontally transferred by its symbiont, related to the
cyanobacteria Prochlorococcus marinus or Synechococcus sp [21].

Another feature observed in this phylogeny is the presence of
actinobacterial sequences localized deep inside in the eukaryote tree.
Experimental evidence has demonstrated that several actinobacteria
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Fig. 2. Phylogenetic distribution of the CDP-DAG transferase enzymes into the three Domains. Branches are colored according to the respective domain: Brown, Archaea, Blue, Eukarya and
Green, Bacteria. Eukaryote Cls (blue) are grouped with bacterial Pgs (green) sequences indicating a common evolutionary origin after Pgs diverged to Cls in most of the Eukarya sub-
domains. Blue sequences within the bacterial group are probably of plastidic origin (see text for explanation). On the other hand, the archeal proteins (brown) form a well-defined mono-
phyletic group. Most of the archeal species represented here present PG in their membranes indicating that these proteins are most probably Pgs. Red squares represent the enzymes with

a well-demonstrated function.
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synthesized CL by a Eukaryotic-like Cls [22]. Thus, the sequence of
Streptomyces coelicolor was expected to be grouped within the Eukarya
domain. Phylogeny reported by Tian [5] showed that some o-
proteobacteria also possess this enzymatic activity. In general, in [5]
and this report, S. coelicolor sequence is basal in the Clsy cluster, indicat-
ing that: 1) they could represent the ancestral state of eukaryote Cls
(see comparison between the reconstructed ancestral Cls and Strep.
coelicolor in supplementary figure) and 2) horizontal transfer was re-
sponsible for the spread of this protein into the few species owing
these proteins and, after that, during endosymbiosis through the
Eukarya domain.

3.3. Phospholipase D-like enzymes

Unlike to CDP-DAG transferases, archaeas have no proteins identi-
fied experimentally as putative Cls or Pgs with a phospholipase D activ-
ity [14]. To overcome this problem and to find the origin of the eukaryal
Pgsp, sequences of S. cerevisiae Pgs and E. coli Cls(1) were used as
queries for proteins in eukaryote and bacteria. The recovered sequences
in each enzyme group were used to reconstruct their ancestral states.
Next, these ancestral sequences (AncCls and AncPgs) were used again
as queries for searches in the three domains. Using this strategy, several
archaeal proteins were recovered with significant confidence
(E-value < 10~ 2%).The reconstructed tree exhibits several interesting

features (Fig. 3): 1) Archaeal sequences were not monophyletic and
presented a patchy distribution into several sister groups. 2) Several
eukaryotic organisms presented both Cls and Pgs enzymes with a
PLD-mechanism. 3) Bacterial sequences were monophyletic and were
mostly restricted to the Clsp group.

Interestingly, eukaryote Pgs was found to be related to Haloarchaea
phospholipase D proteins. It is worth mentioning that several of the
identified proteins were from species where the presence of CL has
been demonstrated [9,10,23-26]. Since most of the Haloarchea are
also represented in the CDP-DAG transferase tree, this suggests that
the enzymes recovered are probably Cls that diverged to Pgs in eukary-
otes. Nelson-Sathi [27,28] demonstrated that several genes with bacte-
rial origin were horizontally transferred to a methanobacteria, which
finally produced the diversification of the Euryarchaeota phylum. More-
over, they observed that the retrieved sequences marked in this work as
Pgs/Cls are archaea-specific without any bacterial characteristic. Also,
PLD enzymes were not included amongst the genes transferred
horizontally from bacteria to methanoarchaeas [28]. Since several
methanoarchaeas produce CL [25], it is tempting to conclude that the
ancestral sequence was a bona fide Cls. This indicates that this enzyme
was lost in several Euryarchaeota species and, in the case of
Haloarchaea, the protein evolved to acquire a relaxed specificity,
which subsequently was transmitted to the eukaryotes. Interestingly, I
was unable to find any significant sequence from the rest of the archaeal
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Fig. 3. Phylogenetic distribution of Cls and Pgs with a phospholipase D mechanism into the three Domains. Colors represent each domain as in Fig. 2. Topology showed a different pattern
that those obtained in the CDP-DAG transferase tree. The patchy distribution is due mainly to the archaea sequences. However, it is clear that proteins from haloarchaea and eukaryotes
form a monophyletic group. Some species of methanoarchaea synthesized CL, which in turn points out that ancestral proteins from those species subsequently were transferred to eukary-
otes and diverged to form the modern day Pgs. Bacterial sequences (in green) are monophyletic and proteins within that group represented Cls whilst Eukarya sequences (in blue)

represents Pgs. Red squares represent the enzymes with a well-demonstrated function.
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phyla. It is worth mentioning that Euryarchaeota enzymes presented
higher similitude with the eukaryotic Pgs than to bacteria, which
might support the hypothesis that methanogens were the archaeal
host in the endosymbiosis process [29].

Since CL has been almost exclusively found in Haloarchaea and some
methanoarchaea, it is expected that CL evolution was coupled with the
appearance of O,-dependent oxidative phosphorylation in heterotro-
phic organisms. Since PLD from methanobacteria did not cluster with
the haloarchaea sequences, it is rational to think that a primitive phos-
pholipase D evolved during the transition from autotrophy/anaerobiosis
to heterotrophy/aerobiosis in Euryarcheota, permitting the co-evolution
of an oxygen-dependent respiratory chain with CL biosynthesis.

Kinetoplastid and Apicomplexan organism possess two proteins re-
lated to PLD. The first is included in the monophyletic group of Pgs and
the second in the Cls group. As observed in Fig. 3, this last enzyme group
is within the bacterial domain. This divergence from other eukaryotes,
where the Cls is a CDP-DAG transferase, could be related to secondary
endosymbiotic events occurring in the chromoalveolate super-group
[30]. However, chromoalveolate as Emiliania huxleyi, Perkinsus marinus,
Paramecium tetraurelia and Tetrahymena thermophila presented only
one PLD enzyme related to the Pgs group, indicating that this enzyme
was re-acquired subsequently from other endosymbiotic events.

An interesting feature is the predicted structural arrangement of the
transmembrane helix in the Pgsp and Clsp enzymes. Bacterial sequences
presented two helixes at the N-terminus of the protein. This approxi-
mately 60-aminoacid tail is apparently dispensable for the function of
the enzyme and at least in E. coli Cls(1) this end is thought to be cleaved
[31]. Several bacterial species presented several orthologous proteins to
Cls(1) as in E. coli and B. subtilis. However, these last proteins presented
one or no transmembrane helices [32]. It is not known if they also fur-
ther process the pre-mature protein. This topology is taxonomically
conserved at least in the bacterial species analyzed in this work and
seems to be related with the kinetic properties of the enzyme. For exam-
ple, the major Cls (CIs(1)) in E. coli is reversible whilst the more
hydrosoluble Cls(2) not [32]. Strikingly, a third class of Cls (Cls(3))
presenting just one transmembrane helix is able to accept other phos-
phatidyl donor as PE for CL biosynthesis [33]. On the other hand, in
haloarchaeas where CL has been documented, such as in Haloquadratum
walsbyi, Haloferax volcanii, Halobacterium salinarum or Natronococcus
ocultus, the identified proteins show a pattern that is quite different,
presenting two or more transmembrane helices along the protein. In-
terestingly, the prediction for Cls from methanoarchaea shows that
they possess the same topology as bacteria; the same applies for the
Cls sequences from Apicomplexans and Kinetoplastids. For eukaryotes,
most of the Pgs presented Cls-like topology from haloarchea. Of note,
the catalytic triad characteristic of those PLD enzymes (HXKXgD) are ap-
parently located near the transmembrane sections and could be related
to the specificity of the enzyme. This topology could represent a derived
shared state in both domains. However, since the protein responsible
for CL in archaea has not been biochemically identified, it is tempting
to speculate whether this topology permits substrate recognition
and/or specificity in these proteins, or, even more interestingly, the
substrate used for these PLD.

3.4. A new model for CL evolution

Based on the results described above, I propose the model presented
in Fig. 4. Before the endosymbiotic event, bacteria synthesized CL by the
mechanism prevalent in modern day bacteria. Exceptions are the
Actinomycetes. On the other hand, CL biosynthesis in Archaea would
seem to be restricted to some clades where the majority synthesized
PG. During the endosymbiotic event, a massive gene transfer from the
bacteria to the archaea provides the basis for mixing both pathways.
During the evolution of the mutualism, both pathways could be active
but by chance the nowadays eukaryal pathway prevailed. This election
could be dictated by bioenergetic considerations and the co-evolution

of CL with the respiratory chain and the recently acquired transport
mechanism, therefore, improving the energy production in the first
eukaryotic common ancestor (FECA).

Primary endosymbiotic events presented new challenges for the
eukaryal host. The organism emerging from such event, land plants,
Rhodophytas and Chlorophytes substituted the Pgsp with a CDP-DAG
transferase, most likely the plastidic Pgs, which is also used for PG
production in chloroplasts. The substitution of enzymes from the host
for enzymes of plastidic origin is a well-documented process during
secondary and tertiary endosymbiosis [19,20]. This could be related to
the highly biosynthetic capacity of these organisms. A notable exception
was observed with E. huxleyi (Haptophyte) which presents a Metazoan-
like pathway. Afterward, a similar mechanism during secondary and,
probably, tertiary endosymbiotic events within Archaeplastida gave
rise to a third pathway where both enzymes were replaced by
PLD-enzymes. Experimental evidence has shown the presence of CL in
several members of the Alveolata (Apicomplexa) and Excavate
(Kinetoplastid) groups [34,35]. In these organisms CL is present at low
levels, which could be due to the presence of a pure PLD pathway. An
exception was observed in Cryptosporidium parvum. This anaerobe
Apicomplexa presents only a protein related to Clsp. Since it did not
present a CDP-transferase enzyme to supply PG, this enzyme could be
involved in PG synthesis in lieu thereof.

Interestingly, two other Excavates, a Fornicata (Giardia lamblia) and a
Parabasalia (Trichomonas vaginalis) presented bacterial Pgs (Pgsy). Mostly
anaerobic organisms, they did not present secondary endosymbiontic
events, which supports the fact that they retained a bacterial Pgs. The
presence of this protein is in line with the lipid composition of
hydrogenosomes (anaerobic mitochondria) from T. vaginalis where PG is
the only anionic phospholipid present [36]. However, little is known
about the presence of anionic phospholipids in the vast majority of
Chromoalveolate or Stramenopiles.

Some discrepancies between this study and that of Tin [5] concern
the evolution of PLD enzymes. Here, I propose that Amoebozoa
indeed presented an Opistokontha pathway in the representative
Acanthamoeba castellanii or Pygsuia biforma [37]. However, other
Amoebozoa like Dictyostelium discoideum and Polysphondylium pallidum
or the Ciliates Paramecium tetraurelia and T. thermophila lost their Clst
whilst retaining their Pgsp. This observation indicates that the occur-
rence of both PLD enzymes in some species of Alveolata and Excavates
is a peculiarity in these organisms more than a generality. So it is
more plausible that a more realistic and parsimonious scenario includes
the mixing of both archeal and bacterial enzymes giving rise to the
eukaryote pathway. In this scenario, the advantages of replacing the
bacterial Pgs with an analogous archeal enzyme with a PLD mechanism
trigger the subsequent evolution of the Eukarya domain. Diversification
in eukaryotes by divergence or serial endosymbiotic processes leads to
the restructuration or the partial or complete loss of this pathway.
Supporting this hypothesis is the presence of just one enzyme in eu-
karyotes with modified mitochondria such as hydrogenosomes
(T. vaginalis) or mitosomes (G. lamblia). The loss of capacity to synthe-
size CL could be an ancient trait produced by the parallel loss of the
canonical respiratory chain in these mitochondrial-like organelles [38].

3.5. Concluding remarks

From this brief analysis, an important question regarding CL evolu-
tion arises. What ecological advantages, if any, conferred FECA to
adopt a new mechanism for CL biosynthesis? The answer might reside
in the characteristic mechanism of each pathway.

First, in bacteria, CL is a secondary phospholipid present during ex-
ponential growth. Its biosynthesis is subordinated to the increase of
PG during the stationary phase [39,40]. Moreover, during stressful situ-
ations like osmotic stress, CL levels increase as a compensatory mecha-
nism to stabilize the plasma membrane [41,42]. Interestingly, a variety
of PG-derivative phospholipids are produced by Clsp in the presence



604 LA. Luévano-Martinez / Biochimica et Biophysica Acta 1847 (2015) 599-606

@0

Opisthokonts

(Fungi, Metazoa, Amoebozoa)

,"—‘\‘ { N /
1

(/M/ Kinetoplastids
Vs —_—

=~ | Apicomplexa

00 /
" 4

- -

Ju

197

PN

7o~

s

[/

s

Rhodophyta

- ~_ -

Land plants

Chlorophyta

® PGS:
O PGSy
O cLsp

CLS,

Fig. 4. Evolution of the CL biosynthetic pathway in the Eukarya domain. This model integrates the Archaea domain into the evolution of the CL biosynthesis in eukaryotes. (1) The archeal
host (in pink) receipts a bacterial endosymbiont. During a transition state both pathways were possibly active. With the success of the mutualist process, the bacterial (2), by chance, the
most advantageous order was positively selected and represents the modern day eukaryote pathway present in Opistokontha. This new version of the protozoa pathway suffers changes
during another endosymbiotic process, which give rise to chloroplasts (3). In this case the PLD-Pgs in the eukaryote host were replaced by the plastidic Pgs. The enzyme duplicates in order
to supply PG to mitochondria and chloroplast. This phenomenon is observed in land plants, Chlorophytas and Rhodophytas. No enzyme has been observed in the Glaucophyta phyla, but it
is expected that they synthesize at least PG. Uptake of a red and green alga by a secondary or tertiary endosymbiosis event rearranges again the pathway. In a restricted group of Alveolates
(Apicomplexa) and Excavates (Kinetoplastid), both enzymes were substituted by PLD enzymes, probably carried by the Chromoalveolate ancestor.

of several hydroxyl donors like mannitol or arabinitol [43]. In bacteria,
the accumulation of PG in the membrane is the driving force for the syn-
thesis of CL. It is worth mentioning that, since most of the enzymes with
PLD domains are reversible, both hydrolysis and transphosphatydilation
reactions are isoergonic; they depend on the availability of substrates
for each reaction. Thus, with resumption of growth or after the stressor
has been overtaken, CL is hydrolyzed back to PG by Cls [44,45]. This in-
dicated that PG is essential for replicative growth whilst CL is for stress-
ful situations.

Differently from bacteria, in eukaryotes mitochondria are strictly de-
pendent on CL for the proper function of several protein engines such as
oxidative phosphorylation, membrane transport proteins and mtDNA-
scaffold apparatus [46,47]. Such a continuous supply of CL is only
allowed if a phospholipase D-like enzyme (Pgs) is positioned at the
very beginning of the pathway which also permits the direct intake of
glycerol 3-phosphate produced by reduction of dihydroxyacetone phos-
phate (DHAP). Irreversibility of this reaction is achieved by the hydroly-
sis of PGP by a phosphatase poorly conserved evolutionarily. By keeping
steady-state levels of PG, CL is continuously synthesized by a CDP-
transferase which is a reaction driven by the hydrolysis of a high-
energy bond in CDP-DAG [48]. Similarly to bacteria, CL levels rise during
stress situations [63]. This response is poorly understood but might be
involved inefficient ATP production by mitochondria. The continuous
flux of CL in eukaryotes is also fine-tuned by CL itself by feedback-

controlling the activity of Pgs [49]. Conversely, in bacteria, CL inhibits
the Cls activity [50].

Evidence in E. coli (Cls(3)) [33,43] and Trypanosoma brucei (PGPS)
[51] phospholipase D-enzymes demonstrates that these enzymes lack
specificity, accepting any phospholipid as a phosphatidyl donor.
Hence, CL or PG production could be led by the available substrate in
these organisms. However, as mentioned above, in Opisthokontas, the
eukaryotic pathway provides the advantage of using PG as sole sub-
strate for Cls, avoiding the depletion of other vital phospholipids such
as PE or PS. Interestingly, this pathway could be coupled to the presence
of two enzymes with CDP-DAG synthase activity that is observed in
Opisthokontes [52]. One isoform is dedicated to supply CDP-DAG for
PS and PI biosynthesis, whilst the mitochondrial one is directed toward
CL biosynthesis [53].

Interestingly, as a consequence of this new order, the morphology of
mitochondrial membranes could be altered. Moreover, an increased and
constant level of CL in mitochondria produced a different topology
product of the non-bilayer properties of this phospholipid [54]. To
support this view, recent evidence has demonstrated that liposomes
containing the same composition of mitochondrial membranes are
responsive to local pH gradients producing invaginations similar to
those observed in the mitochondrial cristae. This phenomenon was spe-
cific for CL since other anionic phospholipids such as PS, PI or PG did not
present this behavior [55-57]. Besides its non-bilayer properties
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sensitive to local pH gradients, steady supply of CL acts as a fusogenic
phospholipid, thus, permitting the fission and fusion of the mitochon-
drial reticulum [58].

CL was almost restricted to haloarchaeas [6]. This restrictive
distribution triggered the diversification of this group in highly saline
environments. Evolutionarily speaking, the primordial archaeal popula-
tion colonizing hypersaline environments adapted this niche by
overproducing anionic phospholipids. In this way, membranes with a
negative surface charge in excess provide a binding site for cations
through which a local concentration at the interphase is compensated
with the intracellular concentration of such cations, thus, providing
osmotic stability to these organisms [59]. Such a strategy followed by
haloarchaeas also avoids electronic repulsion between phospholipid
anionic head-groups.

Finally, CL seems to be a molecule evolutionary chosen by most
aerobic cells to deal with stressful situations [23,60-62]. This is true
for bacteria, eukaryotes and some archaea. CL has very particular phys-
icochemical properties which make it suitable for this objective. There-
fore, although its synthesis was modified to adjust to the energetic
necessities of the Eukarya domain its intrinsic function is kept. It is
tempting to conclude that most mitochondrial proteins of the inner
membrane co-evoluted with the CL biosynthesis in Eukarya.

Transparency document

The Transparency document associated with this article can be
found, in the online version.

Acknowledgement

This work was supported by a postdoctoral fellowship from the
Fundacgdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP), process
number 2013/04919-9. I thank Prof. Alicia Kowaltowski for her
comments and support on the manuscript. I declare not to have any
competing financial interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.03.005.

References

[1] R. Saxena, N. Fingland, D. Patil, A.K. Sharma, E. Crooke, Crosstalk between DnaA
protein, the initiator of Escherichia coli chromosomal replication, and acidic
phospholipids present in bacterial membranes, Int. J. Mol. Sci. 14 (4) (2013)
8517-8537, http://dx.doi.org/10.3390/ijms14048517.

D. Acehan, A. Malhotra, Y. Xu, M. Ren, D.L. Stokes, M. Schlame, Cardiolipin affects the

supramolecular organization of ATP synthase in mitochondria, Biophys. J. 100 (9)

(2011) 2184-2192, http://dx.doi.org/10.1016/j.bpj.2011.03.031.

M. Zhang, E. Mileykovskaya, W. Dowhan, Cardiolipin is essential for organization of

complexes Il and IV into a supercomplex in intact yeast mitochondria, J. Biol. Chem.

280 (33) (2005) 29403-29408.

[4] H.Dai, YS. Lo, A. Litvinchuk, Y.T. Wang, W.N. Jane, L]. Hsiao, K.S. Chiang, Structural
and functional characterizations of mung bean mitochondria nucleoids, Nucleic
Acids Res. 33 (15) (2005) 4725-4739.

[5] H.E. Tian, ].M. Feng, J.F. Wen, The evolution of cardiolipin biosynthesis and matura-

tion pathways and its implications for the evolution of eukaryotes, BMC Evol. Biol.

12 (2012) 32, http://dx.doi.org/10.1186/1471-2148-12-32.

A. Corcelli, The cardiolipin analogues of Archaea, Biochim. Biophys. Acta 1788 (10)

(2009) 2101-2106, http://dx.doi.org/10.1016/j.bbamem.2009.05.010.

M.G. Baile, Y.W. Lu, S.M. Claypool, The topology and regulation of cardiolipin biosyn-

thesis and remodeling in yeast, Chem. Phys. Lipids 179 (2014) 25-31, http://dx.doi.

org/10.1016/j.chemphyslip.2013.10.008.

Y. Koga, H. Morii, Biosynthesis of ether-type polar lipids in archaea and evolutionary

considerations, Microbiol. Mol. Biol. Rev. 71 (1) (2007) 97-120.

V.M. Lattanzio, A. Corcelli, G. Mascolo, A. Oren, Presence of two novel cardiolipins in

the halophilic archaeal community in the crystallizer brines from the salterns of

Margherita di Savoia (Italy) and Eilat (Israel), Extremophiles 6 (6) (2002) 437-444.

[10] S.Lobasso, P. Lopalco, G. Mascolo, A. Corcelli, Lipids of the ultra-thin square halophilic

archaeon Haloquadratum walsbyi, Archaea 2 (3) (2008) 177-183.

[2

3

[6

17

8

[9

[11] A. Franceschini, D. Szklarczyk, S. Frankild, M. Kuhn, M. Simonovic, A. Roth, J. Lin, P.
Minguez, P. Bork, C. von Mering, L. Jensen, STRING v9.1: protein-protein interac-
tion networks, with increased coverage and integration, Nucleic Acids Res. 41
(Database issue) (2013) D808-15, http://dx.doi.org/10.1093/nar/gks1094.

[12] K. Tamura, G. Stecher, D. Peterson, A. Filipski, S. Kumar, MEGA6: molecular evolu-
tionary genetics analysis version 6.0, Mol. Biol. Evol. 30 (12) (2013) 2725-2729,
http://dx.doi.org/10.1093/molbev/mst197.

[13] M.G. Claros, G. von Heijne, LI. TopPred, An improved software for membrane protein
structure predictions, Comput. Appl. Biosci. 10 (6) (1994) 685-686.

[14] H. Daiyasu, K.I. Kuma, T. Yokoi, H. Morii, Y. Koga, H. Toh, A study of archaeal
enzymes involved in polar lipid synthesis linking amino acid sequence information,
genomic contexts and lipid composition, Archaea 1 (6) (2005) 399-410.

[15] H. Morii, S. Kiyonari, Y. Ishino, Y. Koga, A novel biosynthetic pathway of archaetidyl-
myo-inositol via archaetidyl-myo-inositol phosphate from CDP-archaeol and
D-glucose 6-phosphate in methanoarchaeon Methanothermobacter thermautotrophicus
cells, J. Biol. Chem. 284 (45) (2009) 30766-30774, http://dx.doi.org/10.1074/jbc.M109.
034652.

[16] AJ. Hancock, M. Kates, Structure determination of the phosphatidylglycerol sulfate
(diether analog) from Halobacterium cutirubrum, J. Lipid Res. 14 (4) (1973) 422-429.

[17] E.Babiychuk, F. Miiller, H. Eubel, H.P. Braun, M. Frentzen, S. Kushnir, Arabidopsis
phosphatidylglycero phosphate synthase 1 is essential for chloroplast differen-
tiation, but is dispensable for mitochondrial function, Plant J. 33 (5) (2003)
899-909.

[18] F. Miiller, M. Frentzen, Phosphatidylglycerol phosphate synthases from Arabidopsis
thaliana, FEBS Lett. 509 (2) (2001) 298-302.

[19] W. Gross, D. Lenze, U. Nowitzki, J. Weiske, C. Schnarrenberger, Characterization,
cloning, and evolutionary history of the chloroplast and cytosolic class I aldolases
of the red alga Galdieria sulphuraria, Gene 230 (1) (1999) 7-14.

[20] D. Gaston, AJ. Roger, Functional divergence and convergent evolution in the plastid-
targeted glyceraldehyde-3-phosphatedehydrogenases of diverse eukaryotic algae,
PLoS One 8 (7) (2013) 70396, http://dx.doi.org/10.1371/journal.pone.007039.

[21] H.S. Yoon, T. Nakayama, A. Reyes-Prieto, R.A. Andersen, S.M. Boo, K. Ishida, D.
Bhattacharya, A single origin of the photosynthetic organelle in different Paulinella
lineages, BMC Evol. Biol. 9 (2009) 98-109, http://dx.doi.org/10.1186/1471-2148-9-98.

[22] M. Sandoval-Calderén, O. Geiger, Z. Guan, F. Barona-Gémez, C. Sohlenkamp, A
eukaryote-like cardiolipin synthase is present in Streptomyces coelicolor and in
most actinobacteria, J. Biol. Chem. 284 (26) (2009) 17383-17389, http://dx.doi.
org/10.1074/jbc.M109.00607.

[23] P. Lopalco, S. Lobasso, F. Babudri, A. Corcelli, Osmotic shock stimulates de novo
synthesis of two cardiolipins in an extreme halophilic archaeon, ]. Lipid Res. 45
(1) (2004) 194-201.

[24] G.D. Sprott, S. Larocque, N. Cadotte, CJ. Dicaire, M. McGee, ].R. Brisson, 179-88,
Novel polar lipids of halophilic eubacterium Planococcus H8 and archaeon
Haloferax volcanii, Biochim. Biophys. Acta 1633 (3) (2003) 179-188.

[25] M.Y. Yoshinaga, L. Wérmer, M. Elvert, K.U. Hinrichs, Novel cardiolipins from uncul-
tured methane-metabolizing archaea, Archaea 2012 (2012) 1-9, http://dx.doi.org/
10.1155/2012/832097.

[26] R. Angelini, P. Corral, P. Lopalco, A. Ventosa, A. Corcelli, Novel ether lipid cardiolipins
in archaeal membranes of extreme haloalkaliphiles, Biochim. Biophys. Acta 1818 (5)
(2012) 1365-1373, http://dx.doi.org/10.1016/j.bbamem.2012.02.014.

[27] S.Nelson-Sathi, F.L. Sousa, M. Roettger, N. Lozada-Chavez, T. Thiergart, A. Janssen, D.
Bryant, G. Landan, P. Schonheit, B. Siebers, ].O. McInerney, W.F. Martin, Origins of
major archaeal clades correspond to gene acquisitions from bacteria, Nature 517
(7532) (2015) 77-80.

[28] S. Nelson-Sathi, T. Dagan, G. Landan, A. Janssen, M. Steel, ].O. Mclnerney, U.
Deppenmeier, W.F. Martin, Acquisition of 1,000 eubacterial genes physiologically
transformed a methanogen at the origin of Haloarchaea, Proc. Natl. Acad. Sci. U. S. A.
109 (50) (2012) 20537-20542, http://dx.doi.org/10.1073/pnas.1209119109.

[29] W.F. Martin, F.L. Sousa, N. Lane, Evolution. Energy at life's origin, Science 344 (6188)
(2014) 1092-1093, http://dx.doi.org/10.1126/science.1251653.

[30] P.J.Keeling, Chromalveolates and the evolution of plastids by secondary endosymbi-
osis, J. Eukaryot. Microbiol. 56 (1) (2009) 1-8, http://dx.doi.org/10.1111/j.1550-
7408.2008.00371 x.

[31] B.R. Quigley, B.E. Tropp, E. coli cardiolipin synthase: function of N-terminal
conserved residues, Biochim. Biophys. Acta 1788 (10) (2009) 2107-2113, http://
dx.doi.org/10.1016/j.bbamem.2009.03.016.

[32] D. Guo, B.E. Tropp, A second Escherichia coli protein with CL synthase activity,
Biochim. Biophys. Acta 1483 (2) (2000) 263-274.

[33] B.K. Tan, M. Bogdanov, J. Zhao, W. Dowhan, C.R. Raetz, Z. Guan, Discovery of a
cardiolipin synthase utilizing phosphatidylethanolamine and phosphatidylglycerol
as substrates, Proc. Natl. Acad. Sci. U. S. A. 109 (41) (2012) 16504-16509, http://
dx.doi.org/10.1073/pnas.1212797109.

[34] G.S. Richmond, F. Gibellini, S.A. Young, L. Major, H. Denton, A. Lilley, T.K. Smith,
Lipidomic analysis of bloodstream and procyclic form Trypanosoma brucei, Parasitol-
ogy 137 (9) (2010) 1357-1392, http://dx.doi.org/10.1017/S0031182010000715.

[35] M. Serricchio, P. Biitikofer, An essential bacterial-type cardiolipin synthase mediates
cardiolipin formation in a eukaryote, Proc. Natl. Acad. Sci. U. S. A. 109 (16) (2012)
954-961, http://dx.doi.org/10.1073/pnas.1121528109.

[36] LA. Guschina, K.M. Harris, B. Maskrey, B. Goldberg, D. Lloyd, ]J.L. Harwood, The
microaerophilic flagellate, Trichomonas vaginalis, contains unusual acyl lipids but
no detectable cardiolipin, ]. Eukaryot. Microbiol. 56 (1) (2009) 52-57, http://dx.
doi.org/10.1111/j.1550-7408.2008.00365.x.

[37] CW. Stairs, L. Eme, M.W. Brown, C. Mutsaers, E. Susko, G. Dellaire, D.M. Soanes, M.
van der Giezen, AJ. Roger, A SUF Fe-S cluster biogenesis system in the
mitochondrion-related organelles of the anaerobic protist Pygsuia, Curr. Biol. 24
(11) (2014) 1176-1186, http://dx.doi.org/10.1016/j.cub.2014.04.033.


http://Transparency%20document
http://dx.doi.org/10.1016/j.bbabio.2015.03.005
http://dx.doi.org/10.1016/j.bbabio.2015.03.005
http://dx.doi.org/10.3390/ijms14048517
http://dx.doi.org/10.1016/j.bpj.2011.03.031
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0015
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0015
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0015
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0020
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0020
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0020
http://dx.doi.org/10.1186/1471-2148-12-32
http://dx.doi.org/10.1016/j.bbamem.2009.05.010
http://dx.doi.org/10.1016/j.chemphyslip.2013.10.008
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0040
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0040
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0045
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0045
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0045
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0050
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0050
http://dx.doi.org/10.1093/nar/gks1094
http://dx.doi.org/10.1093/molbev/mst197
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0065
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0065
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0070
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0070
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0070
http://dx.doi.org/10.1074/jbc.M109.034652
http://dx.doi.org/10.1074/jbc.M109.034652
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0080
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0080
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0085
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0085
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0085
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0085
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0090
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0090
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0095
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0095
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0095
http://dx.doi.org/10.1371/journal.pone.007039
http://dx.doi.org/10.1186/1471-2148-9-98
http://dx.doi.org/10.1074/jbc.M109.00607
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0115
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0115
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0115
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0120
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0120
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0120
http://dx.doi.org/10.1155/2012/832097
http://dx.doi.org/10.1016/j.bbamem.2012.02.014
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0135
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0135
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0135
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0135
http://dx.doi.org/10.1073/pnas.1209119109
http://dx.doi.org/10.1126/science.1251653
http://dx.doi.org/10.1111/j.1550-7408.2008.00371.x
http://dx.doi.org/10.1111/j.1550-7408.2008.00371.x
http://dx.doi.org/10.1016/j.bbamem.2009.03.016
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0160
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0160
http://dx.doi.org/10.1073/pnas.1212797109
http://dx.doi.org/10.1017/S0031182010000715
http://dx.doi.org/10.1073/pnas.1121528109
http://dx.doi.org/10.1111/j.1550-7408.2008.00365.x
http://dx.doi.org/10.1016/j.cub.2014.04.033

606

(38]

(39]

[40]

[41]

[42]

[43]
(44]

[45]

[46]

(47]

(48]

[49]

[50]

LA. Luévano-Martinez / Biochimica et Biophysica Acta 1847 (2015) 599-606

T. Makiuchi, T. Nozaki, Highly divergent mitochondrion-related organelles in anaer-
obic parasitic protozoa, Biochimie 100 (2014) 3-17, http://dx.doi.org/10.1016/j.
biochi.2013.11.018.

S. Canet, M. Heyde, R. Portalier, P. Laloi, S. Canet, M. Heyde, R. Portalier, P. Laloi,
Involvement of phospholipids in resistance and adaptation of Escherichia coli to
acid conditions and to long-term survival, FEMS Microbiol. Lett. 225 (2) (2003)
207-211.

T. Koprivnjak, D. Zhang, C.M. Ernst, A. Peschel, W.M. Nauseef, ].P. Weiss, Character-
ization of Staphylococcus aureus cardiolipin synthases 1 and 2 and their contribution
to accumulation of cardiolipin in stationary phase and within phagocytes, J.
Bacteriol. 193 (16) (2011) 4134-4142, http://dx.doi.org/10.1128/JB.00288-11.

T. Romantsov, L. Stalker, D.E. Culham, .M. Wood, Cardiolipin controls the osmotic
stress response and the subcellular location of transporter ProP in Escherichia coli,
J. Biol. Chem. 283 (18) (2008) 12314-12323, http://dx.doi.org/10.1074/jbc.
M709871200.

C.S. Lépez, AF. Alice, H. Heras, E.A. Rivas, C. Sanchez-Rivas, Role of anionic phospho-
lipids in the adaptation of Bacillus subtilis to high salinity, Microbiology 152 (3)
(2006) 605-616.

I. Shibuya, S. Yamagoe, C. Miyazaki, H. Matsuzaki, A. Ohta, Biosynthesis of novel
acidic phospholipid analogs in Escherichia coli, ]. Bacteriol. 161 (2) (1985) 473-477.
C. Zuchowski, O. Pierucci, Phospholipid turnover during the division cycle of
Escherichia coli, ]. Bacteriol. 133 (3) (1978) 1533-1535.

A.D. Mozharov, V.N. Shchipakin, LL. Fishov, YuV Evtodienko, Changes in the compo-
sition of membrane phospholipids during the cell cycle of Escherichia coli, FEBS Lett.
186 (1) (1985) 103-106.

M.A. Kiebish, K. Yang, H.F. Sims, C.M. Jenkins, X. Liu, D.J. Mancuso, Z. Zhao, S. Guan,
D.R. Abendschein, X. Han, R.W. Gross, Myocardial regulation of lipidomic flux by
cardiolipin synthase: setting the beat for bioenergetic efficiency, J. Biol. Chem. 287
(30) (2012) 25086-25097, http://dx.doi.org/10.1074/jbc.M112.340521.

P.G. Crichton, Y. Lee, J.J. Ruprecht, E. Cerson, C. Thangaratnarajah, M.S. King, E.R.
Kunji, Trends in thermostability provide information on the nature of substrate,
inhibitor and lipid interactions with mitochondrial carriers, . Biol. Chem. 290 (13)
(2015) 8206-8217 pii: jpbc.M114.616607.

M. Schlame, S. Brody, K.Y. Hostetler, Mitochondrial cardiolipin in diverse eukaryotes.
Comparison of biosynthetic reactions and molecular acyl species, Eur. ]. Biochem.
212 (3) (1993) 727-735.

F. Jiang, B.L. Kelly, K. Hagopian, M.L. Greenberg, Purification and characterization of
phosphatidylglycerolphosphate synthase from Schizosaccharomyces pombe, ]. Biol.
Chem. 273 (8) (1998) 4681-4688.

L. Ragolia, B.E. Tropp, The effects of phosphoglycerides on Escherichia coli cardiolipin
synthase, Biochim. Biophys. Acta 1214 (3) (1994) 323-332.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

A.C. Lilley, L. Major, S. Young, M.J. Stark, T.K. Smith, The essential roles of cytidine
diphosphate-diacylglycerol synthase in bloodstream form Trypanosoma brucei,
Mol. Microbiol. 92 (3) (2014) 453-470, http://dx.doi.org/10.1111/mmi.12553.

Y. Tamura, Y. Harada, S. Nishikawa, K. Yamano, M. Kamiya, T. Shiota, T. Kuroda, O.
Kuge, H. Sesaki, K. Imai, K. Tomii, T. Endo, Tam41 is a CDP-diacylglycerol synthase
required for cardiolipin biosynthesis in mitochondria, Cell Metab. 17 (5) (2013)
709-718, http://dx.doi.org/10.1016/j.cmet.2013.03.018.

K. D'Souza, YJ. Kim, T. Balla, R.M. Epand, Distinct properties of the two isoforms of
CDP-diacylglycerol synthase, Biochemistry 53 (47) (2014) 7358-7367.

I. Arechaga, Membrane invaginations in bacteria and mitochondria: common
features and evolutionary scenarios, J. Mol. Microbiol. Biotechnol. 23 (1-2) (2013)
13-23, http://dx.doi.org/10.1159/000346515.

N. Khalifat, N. Puff, S. Bonneau, J.B. Fournier, M.I. Angelova, Membrane deformation
under local pH gradient: mimicking mitochondrial cristae dynamics, Biophys. J. 95
(10) (2008) 4924-4933, http://dx.doi.org/10.1529/biophys;j.108.136077.

N. Khalifat, ].B. Fournier, ML.I. Angelova, N. Puff, Lipid packing variations induced by
pH in cardiolipin-containing bilayers: the driving force for the cristae-like shape
instability, Biochim. Biophys. Acta 1808 (11) (2011) 2724-2733, http://dx.doi.org/
10.1016/j.bbamem.2011.07.013.

D.H. Song, J. Park, M.A. Philbert, A.M. Sastry, W. Lu, Effects of local pH on the forma-
tion and regulation of cristae morphologies, Phys. Rev. E Stat. Nonlin. Soft Matter
Phys. 90 (2) (2014) 022702.

R.M. DeVay, L. Dominguez-Ramirez, L.L. Lackner, S. Hoppins, H. Stahlberg, J. Nunnari,
Coassembly of Mgm1 isoforms requires cardiolipin and mediates mitochondrial
inner membrane fusion, J. Cell Biol. 186 (6) (2009) 793-803, http://dx.doi.org/10.
1083/jcb.200906098.

N.J. Russell, Lipids of halophilic and halotolerant microorganisms, in: RH. Vreeland,
L.I. Hochstein (Eds.), The Biology of Halophilic Bacteria, CRC Press, Boca Raton, Fla
1993, pp. 163-210.

A.M. Morelli, S. Ravera, D. Calzia, I. Panfoli, Hypothesis of lipid-phase-continuity
proton transfer for aerobic ATP synthesis, ]. Cereb. Blood Flow Metab. 33 (12)
(2013) 1838-1842, http://dx.doi.org/10.1038/jcbfm.2013.175.

L. Bavaro, L. Catucci, N. Depalo, A. Ventrella, A. Corcelli, A. Agostiano, Lipid content in
higher plants under osmotic stress, Bioelectrochemistry 70 (1) (2007) 12-17.

T. Romantsov, Z. Guan, ].M. Wood, Cardiolipin and the osmotic stress responses of
bacteria, Biochim. Biophys. Acta 1788 (10) (2009) 2092-2100, http://dx.doi.org/
10.1016/j.bbamem.2009.06.010.

L.A. Luévano-Martinez, M.F. Forni, V.T. dos Santos, N.C. Souza-Pinto, A.J. Kowaltowski,
Cardiolipin is a key determinant for mtDNA stability and segregation during mito-
chondrial stress, 2015. http://dx.doi.org/10.1016/j.bbabio.2015.03.007 (in press).


http://dx.doi.org/10.1016/j.biochi.2013.11.018
http://dx.doi.org/10.1016/j.biochi.2013.11.018
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0195
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0195
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0195
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0195
http://dx.doi.org/10.1128/JB.00288-11
http://dx.doi.org/10.1074/jbc.M709871200
http://dx.doi.org/10.1074/jbc.M709871200
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0210
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0210
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0210
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0215
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0215
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0220
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0220
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0225
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0225
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0225
http://dx.doi.org/10.1074/jbc.M112.340521
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0235
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0235
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0235
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0235
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0240
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0240
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0240
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0245
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0245
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0245
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0250
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0250
http://dx.doi.org/10.1111/mmi.12553
http://dx.doi.org/10.1016/j.cmet.2013.03.018
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0265
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0265
http://dx.doi.org/10.1159/000346515
http://dx.doi.org/10.1529/biophysj.108.136077
http://dx.doi.org/10.1016/j.bbamem.2011.07.013
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0285
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0285
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0285
http://dx.doi.org/10.1083/jcb.200906098
http://dx.doi.org/10.1083/jcb.200906098
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0295
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0295
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0295
http://dx.doi.org/10.1038/jcbfm.2013.175
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0305
http://refhub.elsevier.com/S0005-2728(15)00055-9/rf0305
http://dx.doi.org/10.1016/j.bbamem.2009.06.010
http://dx.doi.org/10.1016/j.bbabio.2015.03.007

	The chimeric origin of the cardiolipin biosynthetic pathway in the Eukarya domain
	1. Introduction
	2. Methods
	2.1. Identification of sequences from CL synthase and PGP synthase
	2.2. Phylogenetic analysis

	3. Results
	3.1. Taxonomical distribution of CL biosynthetic enzymes
	3.2. CDP-DAG transferases
	3.3. Phospholipase D-like enzymes
	3.4. A new model for CL evolution
	3.5. Concluding remarks

	Transparency document
	Acknowledgement
	Appendix A. Supplementary data
	References


