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anolamine, phosphatidylglycerol, and cardiolipin occur, all of which belong to the glycerophospholipids.
The amino acid-containing phosphatidylserine is a major lipid in eukaryotic membranes but in most bac-
teria it occurs only as a minor biosynthetic intermediate. In some bacteria, the anionic glycerophospho-
lipids phosphatidylglycerol and cardiolipin can be decorated with aminoacyl residues. For example,

Ornithine-containing lipid phosphatidylglycerol can be decorated with lysine, alanine, or arginine whereas in the case of cardiolipin,
Acyl-oxyacyl lipid lysine or p-alanine modifications are known. In few bacteria, diacylglycerol-derived lipids can be substi-
Sulfonolipid tuted with lysine or homoserine. Acyl-oxyacyl lipids in which the lipidic part is amide-linked to the o-

amino group of an amino acid are widely distributed among bacteria and ornithine-containing lipids
are the most common version of this lipid type. Only few bacterial groups form glycine-containing lipids,
serineglycine-containing lipids, sphingolipids, or sulfonolipids. Although many of these amino acid-con-
taining bacterial membrane lipids are produced in response to certain stress conditions, little is known
about the specific molecular functions of these lipids.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

A primary role of lipids in cellular function is to form the lipid
bilayer permeability barrier of cells. Glycerophospholipids are the
primary building blocks of membranes but other lipids are impor-
tant components. In the bacterial model organism Escherichia coli
only the three major membrane lipids phosphatidylethanolamine,
phosphatidylglycerol, and cardiolipin occur [1]. In addition, E. coli
and almost all other Gram-negative bacteria usually have the lipid
A-containing lipopolysaccharide in the outer monolayer of their
outer membrane and lipid A modification systems have been re-
viewed recently [2]. However, in other bacteria, additional and
alternative membrane lipids are found and in many cases neither
their biosyntheses nor their functionalities are understood. Some
Gram-negative bacteria have phosphatidylcholine [3] or sphingoli-
pids [4] in their standard repertoire, whereas many Gram-positives
have glycosylated diacylglycerols [5] and lysyl-phosphatidylglyc-
erol [6] in their membranes. Notably, phosphatidylinositol is an
essential lipid for Mycobacterium tuberculosis [7]. Steroid and hopa-
noid lipids only occur in some bacteria [8]. Under certain stress
conditions specific membrane lipids can be formed and in some
cases existing membrane lipids can suffer modifications in order
to minimize the stress exerted. For example, under phosphorus-
limiting conditions of growth, some bacteria form membrane lipids
lacking phosphorus such as glycolipids, sulfolipids, betaine lipids,
or ornithine-containing lipids [9]. Challenge of proteobacteria with
acid causes modifications of membrane lipids, such as formation of
lysyl-phosphatidylglycerol [10] or hydroxylation of ornithine-con-
taining lipids [11].

Numerous examples of bacterial lipids containing amino acids
or peptides are known [12] and many of them display interesting
properties as antibiotics [13] and biosurfactants [14]. However,
in order to form lipidic bilayer membranes, amphiphilic lipids usu-
ally need to have at least two long-chain acyl or alkyl residues and
the molecules should be roughly of cylindric shape, i.e. in cross-
section, the area covered by their hydrophilic head group should
be similar to the area covered by the hydrophobic acyl or alkyl
chains and therefore upon assembly of monomers, bilayer instead
of micelle formation is favoured [15]. In this review we will focus
on membrane-forming lipids containing aminoacyl residues.

2. Amino acid-containing glycerophospholipids
2.1. Phosphatidylserine and its derivates

In bacteria, CDP-diacylglycerol is the central activated interme-
diate for the biosynthesis of glycerophospholipids [3] (Fig. 1). Dis-
tinct and specific enzymes belonging to the CDP-alcohol
phosphotransferase family condense alcohols such as glycerol-3-
phosphate, inositol, choline, or serine to CDP-diacylglycerol form-
ing phosphatidylglycerol phosphate, phosphatidylinositol, phos-
phatidylcholine, or phosphatidylserine (PS), respectively, (Fig. 1).
The only amino acid converted by a CDP-alcohol phosphotransfer-
ase into a phospholipid head group is serine, and the condensation
of CDP-diacylglycerol with serine to form phosphatidylserine (PS)
constitutes the first step for the synthesis for phosphatidylethanol-
amine (PE) [1,16]. In most bacteria, this condensation is catalyzed
by the membrane-bound type II PS synthase (Pss) but in some
Gram-negative bacteria, like the Enterobacteriaceae, PS is synthe-
sized by a type I Pss, which are soluble enzymes that form part
of a distinct superfamily that furthermore includes cardiolipin
(CL) synthases, poxvirus envelope proteins, phospholipases D,
and nucleases [17]. In a second step, the decarboxylation of PS is
catalyzed by PS decarboxylase (Psd) to yield PE. Although PS ac-
counts for 5-15% of the phospholipids in eukaryotic cells [18], in

most bacteria, PS is a biosynthetic intermediate and is a very minor
membrane lipid. In some bacteria, however, the pool of PS seems to
be larger and in Bacillus megaterium PS comprises some 5-10% [19]
of the total membrane lipids. Also, in Bdellovibrio bacteriovorus,
which parasitizes larger Gram-negative bacteria, PS is a major
membrane phospholipid [20]. Psd-deficient bacterial mutants are
unable to form PE, and as PS is not consumed they accumulate sig-
nificant amounts of PS. In such mutants, PS can comprise up to 34%
in E. coli [21], or up to 29% in Bacillus subtilis [22] of the total mem-
brane lipids. A Psd-deficient mutant of Sinorhizobium meliloti lacks
PE but forms up to 18% PS [23]. This sinorhizobial Psd-deficient
mutant resembles in many vegetative aspects a Pss-deficient mu-
tant of S. meliloti [16] which also lacks PE but does not form PS
either. Surprisingly, Pss-deficient mutants lacking PE form nitro-
gen-fixing root nodules on alfalfa host plants nearly as efficiently
as the wild type. In contrast, the Psd-deficient sinorhizobial mutant
accumulates significant amounts of PS and only few empty nodules
that are unable to fix nitrogen are formed by this mutant with
much delay on the host plant [23]. In animal systems, PS plays a
key role in physiological and pathological events. For example, PS
exposed on activated platelets promotes the blood coagulation cas-
cade and the aggregation of platelets, and the externalization of PS
to the cell surface is a hallmark of apoptotic cells [24]. Although PS
is @ major membrane lipid in plants [25] its specific roles or func-
tions are unknown. However, the presence of PS in the Psd-defi-
cient sinorhizobial mutant interferes with the accommodation of
this mutant bacterium inside the nodule, possibly due to a plant-
mediated mechanism. In E. coli, the PS formed is distributed
equally between the inner and outer membrane [26], but it is not
clear whether bacteria expose their PS on the outer surface of the
outermost membrane.

2.2. Aminoacyl modifications of phosphatidylglycerol

Phosphatidylglycerol (PG) and cardiolipin (CL) are the major an-
ionic membrane lipids in most bacteria and their synthesis is well
understood [1]. Modified forms of PG and CL have been described
in different bacteria. Lysyl-phosphatidylglycerol (lysyl-PG) and
other aminoacyl esters of PG, such as alanyl-PG, or ornithyl-PG,
are major membrane lipids in several Gram-positive bacteria (fir-
micutes) [28]. Lysyl-PG constitutes a major membrane lipid in
Staphylococcus aureus [29], B. subtilis [30], Bacillus anthracis [31],
Listeria monocytogenes [32], and Lactococcus plantarum. In addition
to lysyl-PG, some bacteria form ornithyl-PG (M. tuberculosis) or ala-
nyl-PG (Clostridium perfringens) [6]. Moreover, aminoacylation of
PG with arginine [33] or glycine [34] has been described. A large
variety of PG-derived lipids are present in Enterococcus faecalis
(formerly known as Streptococcus faecalis) which probably has ala-
nyl-PG, 2'-lysyl-PG, 3'-lysyl-PG, 2’,3'-dilysyl-PG, arginyl-PG, and a
diglucosyl derivative of PG [35]. As with other acylated glycerol
derivatives, a 2’-lysyl-PG can undergo acyl migration to yield 3'-ly-
syl-PG [36]. The protein MprF (“multiple peptide resistance fac-
tor”), responsible for lysyl-PG formation, was first described in S.
aureus during a screen for transposon mutants more susceptible
to cationic peptides of the innate immune response than the wild
type [37]. MprF from S. aureus is able to transfer lysine from
charged lysyl-tRNA to PG forming lysyl-PG [38,39] (Fig. 1). Also
in B. subtilis [40] or in B. anthracis [31], MprF is required for the syn-
thesis of lysyl-PG and for resistance to cationic antimicrobial pep-
tides. It has been thought that the presence of lysyl-PG is restricted
mainly to Gram-positive bacteria although lysyl-PG is present in a
strain of Pseudomonas aeruginosa [41] and in Caulobacter crescentus
[42]. In screens for mutants more susceptible to acidic growth con-
ditions, Reeve et al. [43] and Vinuesa et al. [44] identified genes
coding for MprF homologues in the a-proteobacteria Sinorhizobium
medicae and Rhizobium tropici that are called IpiA (“low pH-induc-
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Fig. 1. Biosynthesis of glycerophospholipids in bacteria. (A) Formation of the activated intermediate CDP-diacylglycerol. Glycerol-3-phosphate forms the backbone of all
glycerophospholipid molecules and it can be synthesized by two different pathways, either from glycerol directly by glycerol kinase (GlpK) or by reduction of the glycolytic
intermediate dihydroxyacetone phosphate with NADH catalyzed by biosynthetic glycerol-3-phosphate dehydrogenase (GpsA) [1]. In E. coli, the glycerol-3-phosphate
acyltransferase PlsB can use acyl-CoA or acyl-ACP as acyl donors and is the major activity for catalyzing the first acylation at position 1 of glycerol-3-phosphate thereby
forming 1-acyl-glycerol-3-phosphate. However, the more widespread pathway to achieve the initial acylation of glycerol-3-phosphate among bacteria seems to involve PlsX
and PIsY [27]. In this pathway, PIsX catalyzes the conversion of acyl-ACP and inorganic phosphate to acyl-phosphate and ACP. In a second step, PIsY transfers the acyl group
from acyl-phosphate to glycerol-3-phosphate forming inorganic phosphate (Pi) and 1-acyl-glycerol-3-phosphate [27]. The second fatty acyl residue is added by another
enzyme, the 1-acyl-glycerol-3-phosphate acyltransferase PlsC, to form phosphatidic acid. The conversion of phosphatidic acid to CDP-diacylglycerol (CDP-diglyceride) is
catalyzed by CDP-diglyceride synthase CdsA [1]. (B) Diversification of phospholipid head groups. The first step in the synthesis of phosphatidylethanolamine (PE) is the
condensation of CDP-diacylglycerol with serine to form phosphatidylserine (PS) catalyzed by PS synthase (Pss). In a second step, the decarboxylation of PS is catalyzed by PS
decarboxylase (Psd) to yield PE. A well-known pathway for PC formation occurs by threefold methylation of PE using S-adenosylmethionine (SAM) as methyl donor and
catalyzed by phospholipid N-methyltransferase (PmtA). Many PC-containing bacteria have a second pathway for PC formation, catalyzed by PC synthase (Pcs), in which
choline is condensed directly to CDP-diacylglycerol forming PC and CMP [3]. In the initial step of phosphatidylglycerol (PG) and cardiolipin (CL) biosynthesis,
phosphatidylglycerol phosphate synthase (PgsA) transfers glycerol-3-phosphate to CDP-diacylglycerol under the release of CMP thereby producing phosphatidylglycerol
phosphate (PGP). There are at least two enzymes with PGP phosphatase activity (PgpA and PgpB) in E. coli, releasing inorganic phosphate from PGP to form
phosphatidylglycerol (PG) [1]. Lysyl-phosphatidylglycerol (lysyl-PG) is a well-known membrane lipid in many Gram-positive bacteria and MprF can transfer lysine from
charged lysyl-tRNA to PG forming lysyl-PG. The pathogen Clostridium perfringens has two phylogenetically distinct MprF paralogues, one responsible for the formation of
lysyl-PG (MprF1) and the other causing the synthesis of alanyl-phosphatidylglycerol (MprF2) [6]. In E. coli and probably most other bacteria, a cardiolipin synthase (Cls)
condenses two PG molecules to yield cardiolipin (CL) and free glycerol in a transesterification reaction. Although a MprF homologue is required for the lysinylation of CL, it is
not known whether lysyl-CL is formed by lysinylation of CL or by Cls-catalyzed condensation of lysyl-PG with PG. The causative agent of tuberculosis Mycobacterium
tuberculosis has phosphatidylinositol (PI) and derivatives thereof as major components in its membrane. In M. tuberculosis, Pl is formed by condensing myo-inositol to CDP-
diacylglyceride in a reaction catalyzed by Pl synthase [7].

ible A”). In both organisms, IpiA is transcriptionally induced under
acidic growth conditions [43-45]. Later, genes encoding for homo-
logues of LpiA were identified in several other Gram-negative bac-
teria, like Agrobacterium tumefaciens, Aeromonas hydrophila,
Xanthomonas campestris, Xylella fastidiosa and several species of
the genera Brucella, Burkholderia, Pseudomonas, among others.
Interestingly, most of these species interact with eukaryotic hosts
as symbionts, pathogens, or commensals. Lysyl-PG formation in
R. tropici increases the resistance to cationic peptides [10]. Notably,

in most Gram-negative bacteria the IpiA gene probably forms an
operon with the gene atvA (“acid tolerance and virulence A”).
The biochemical function of AtvA is not known.

More recently, genes encoding proteins responsible for the for-
mation of alanyl-PG have been identified. The pathogen C. perfrin-
gens has two phylogenetically distinct MprF paralogues, one
responsible for the formation of lysyl-PG and the other for the syn-
thesis of alanyl-PG |6] (Fig. 1). Alanyl-PG also occurs in P. aerugin-
osa and the responsible gene is identified [46]. Formation of
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Fig. 1 (continued)

2'-alanyl-PG in P. aeruginosa is increased under acidic growth con-
ditions. Alanyl-PG is found in the inner and the outer membrane of
P. aeruginosa and it increases the resistance of the bacterium to-
wards the B-lactam antibiotic cefsulodin, the heavy metal ion
Cr?*, the osmolyte sodium lactate, and the cationic antimicrobial
peptide protamine sulphate [46].

Two genes coding for LpiA/MprF homologues are also present in
Sphingomonas wittichii and Enterococcus faecium and even three
LpiA/MprF homologues are encoded by the Kineococcus radiodurans
genome, but nothing is known about their functions. Although the
presence of aminoacylated PG has been described only in bacteria,
a gene coding for an LpiA/MprF homologue is present in the gen-
ome of the moss Physcomitrella patens.

2.3. Aminoacyl modifications of cardiolipin

Cardiolipin (CL) can also be substituted on the sn-2 hydroxyl of
the middle glycerol moiety with o-p-glucopyranosyl, p-alanyl, or -
lysyl residues [47,48] in the group N streptococcus Vagococcus flu-
vialis or with L-lysyl in Listeria species [32] (Fig. 1). The MprF homo-
logue Lmo1695 of L. monocytogenes is required for the lysinylation
of both, PG and CL [49]. However, it is not known whether lysyl-CL
is formed by lysinylation of CL or by CL synthase-catalyzed con-
densation of lysyl-PG with PG. Therefore, the precise biosynthetic
steps that form these modified versions of CL are not clear. Usually,
CL is only partially ionized at physiological conditions due to the
hydrogen bonding of the sn-2 hydroxyl group of the middle glyc-
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erol moiety with the neighboring phosphate groups. Therefore, CL
can function as a proton sink or a conduit for protons in transfer
processes [15]. Upon derivatization of the sn-2 hydroxyl of the
middle glycerol with the above-mentioned residues the hydrogen
bonding should be impeded and the special property of CL as a pro-
ton sink will be lost.

3. Amino acid-containing diacylglycerols
3.1. Homoserine-containing betaine lipids

Although PC is known to be the major membrane lipid in
eukaryotes, some lower eukaryotic organisms possess the betaine
lipid diacylglyceryl-N,N,N-trimethylhomoserine (DGTS) instead.
DGTS occurs in a wide variety of lower green plants (green algae,
bryophytes and pteridophytes), chromophytes, fungi, and amoebae
(reviewed in [3]). In some a-proteobacteria, DGTS acts as a phos-
phorus-free membrane lipid [50] that substitutes for PC under con-
ditions of phosphate limitation [51]. There is an apparent
reciprocity between the content of PC and the content of DGTS,
i.e. when PC is a major membrane lipid often no DGTS is detected
in the same organism, whereas in organisms where DGTS is a ma-
jor lipid, PC is only found in trace levels. This correlation suggests,
that DGTS and PC, both zwitterionic at physiological pH, are inter-
changeable at least with regard to essential functions for the
respective organism. The mutual replacement of PC or DGTS occurs
in culture conditions but also in natural environments [51a]. Phy-
toplankton communities from the phosphorus-poor Sargasso Sea
have much higher betaine lipid/PC ratios than communities from
the phosphorus-replete South Pacific due to the respective adjust-
ments in eukaryotic phytoplankton [51a].

Two structural genes from Rhodobacter sphaeroides, btaAB, cod-
ing for two enzymes BtaA and BtaB involved in DGTS biosynthesis
have been characterized [52,53]. The BtaA S-adenosylmethionine/
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diacylglycerol 3-amino-3-carboxypropyl transferase converts diac-
ylglycerol (DAG) into diacylglyceryl-homoserine (DGHS) and dur-
ing the formation of the ether bond, S-adenosylmethionine
functions as donor of the homoseryl group. Subsequently, the S-
adenosylmethionine: diacylglyceryl-homoserine-N-methyltrans-
ferase BtaB catalyzes threefold methylation of DGHS in order to
yield DGTS (Fig. 2). Orthologues of BtaA and BtaB exist in S. meliloti,
and a BtaA-deficient mutant of S. meliloti is unable to produce
DGTS [54]. In the eukaryotic green alga Chlamydomonas reinhardtii,
the betaine lipid synthase BTA1c; is a bifunctional protein that can
perform the homoseryl modification of diacylglycerol as well as
the subsequent methylations of the homoseryl amino group [55].
In other lower eukaryotes where DGTS is present, genes coding
for homologues of the bifunctional C. reinhardtii enzyme are pres-
ent. Heterologous expression of BTAlc, in E. coli leads to DGTS
accumulation and the two domains of BTAl., are functionally
equivalent to BtaA and BtaB [55].

The wealth of genome sequencing data indicates that the occur-
rence of DGTS-like betaine lipids is limited in bacteria. Homo-
logues of rhodobacterial BtaA (above 42% identity and 55%
similarity) and BtaB are mainly found in some orders of the o-pro-
teobacteria, such as the Rhodobacterales (Rhodobacter, Roseobacter,
Sagittula, Stappia), the Sphingomonadales (Sphingomonas, Erythrob-
acter), the Rhizobiales (Rhizobium, Agrobacterium, Sinorhizobium,
Ochrobactrum, Mesorhizobium, Beijerinckia, Rhodopseudomonas),
and in members of the Planctomycetes (Planctomyces, Blastopirell-
ula, Rhodopirellula) (Fig. 3). More distantly related genes are pres-
ent in the &-proteobacterium Plesiocystis pacifica SIR-I and in
Chthoniobacter flavus (Chlamydia/Verrucomicrobia). Genes coding
for homologues of the bifunctional enzymes from Chlamydomonas
reinhardtii are present in several lower eukaryotes such as Candida
albicans, Cryptococcus neoformans, Neurospora crassa and Physc-
omitrella patens (Fig. 3). Planctomycetes represent a distinct bacte-
rial phylum as they show absence of a peptidoglycan cell wall
and extensive cell compartmentalization, in some cases even a

B
N°
~ 3XSAM 3xSAH

COO v >*CO().
R e

BtaB >
O/Y\O

O o}

0] 0]

DGTS

Fig. 2. Biosynthesis of diacylglyceryl-N,N,N-trimethylhomoserine (DGTS) [52,53]. DAG: diacylglycerol; SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; DGHS:

diacylglyceryl-homoserine.
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Chlamydomonas reinhardtii Btalcg (XP_001700879), Agrobacterium tumefaciens str.
C58 (NP_355081), Beijerinckia indica subsp. indica ATCC 9039 (YP_001834100),
Blastopirellula marina DSM 3645 (ZP_01088661), Candida albicans SC5314
(XP_713069), Chthoniobacter flavus Ellind28 (ZP_03133405), Erythrobacter sp.
NAP1 (ZP_01039410), Hoeflea phototrophica DFL-43 (ZP_02168757), Laccaria bicolor
S238N-H82 (XP_001877704), Loktanella vestfoldensis SKA53 (ZP_01002837), Meso-
rhizobium loti MAFF303099 (NP_103130), Mesorhizobium sp. BNC1 (YP_674579),
Nocardia farcinica IFM 10152 (YP_117653), Ochrobactrum anthropi ATCC 49188
(YP_001370273), Parvibaculum lavamentivorans DS-1 (ABS62442), Physcomitrella
patens subsp. patens (XP_001757434), Planctomyces maris DSM 8797
(ZP_01856778), Plesiocystis pacifica SIR-1 (ZP_01909206), Pseudovibrio sp. JEO62
(EEA94326), Rhizobium etli CFN 42 (YP_470361), Rhodopirellula baltica SH 1
(NP_863860), Rhodopseudomonas palustris BisB18 (YP_531155), Roseobacter sp.
MED193 (EAQ46984), Sagittula stellata E-37 (EBA07014), Sphingomonas sp. SKA58
(ZP_01304163), Stappia aggregata I1AM 12614 (ZP_01546622), and Thiomicrospira
crunogena XCL-2 (YP_390494). A - Actinomycetales, Euk — Eukaryotes, V -
Verrucomicrobia, Pla — Planctomycetales, Rhi — Rhizobiales, Rho — Rhodobacterales,
Sph - Sphingomonadales, ¥ — gamma proteobacteria, 6 — delta proteobacteria.

membrane-enclosed nuclear structure [56]. Interestingly, the BtaAB
homologues from the order Planctomycetales seem to be closer re-
lated to the sequences from eukaryotic origin than to the other
bacterial sequences (Fig. 3). It has been speculated that the biosyn-
thesis of certain phosphorus-free membrane lipids such as DGTS
might improve the survival of bacteria under phosphorus-depleted
conditions [54]. The fact that intracellular pathogens of the genus
Brucella apparently lack the genes needed for DGTS biosynthesis
but that the closely related, and normally free-living (opportunis-
tic) pathogen Ochrobacter anthropi has the respective genes sup-
ports this idea.

3.2. Mycobacterial lysine-containing lipid

A diacylglycerol-based lysine-containing lipid was isolated from
Mycobacterium phlei strain IST [57]. Lysine is esterified to 1,2-
diglyceride via an ester linkage (Fig. 4) and the major fatty acyl
substitutions are palmitic and tuberculostearic acid [57]. The
mycobacterial lysine-containing lipid in strain IST is not detected
it in a reference strain (ATCC 19249), and it has been suggested
that this lipid is involved in lysine uptake to the cell [57].
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Fig. 4. Structure of mycobacterial lysyl-diacylglycerol.

4. Amino acid-containing acyl-oxyacyl lipids
4.1. Ornithine-containing lipids

4.1.1. Distribution and structure of ornithine-containing lipids

Ornithine-containing lipids (OL) are widespread among Gram-
negative bacteria and have been reported in some Gram-positives,
like Mycobacterium and Streptomyces species (reviewed in [9]) but
are absent in Archaea and Eukarya. The a-N-(acyloxyacyl)-ornith-
ines have a 3-hydroxyfatty acyl group that is attached in amide
linkage to the a-amino group of ornithine [51,58]. A second fatty
acyl group is ester-linked to the 3-hydroxy position of the first
fatty acid (Fig. 5A). In some bacteria the fatty acyls joined by ester
linkage are hydroxylated at the 2 or 3 positions [12]. The configu-
ration of the asymmetric carbon of 3-hydoxyfatty acyls of the OLs
is D or (R) [59]. Although OLs are found in both membranes of
Gram-negative bacteria, they seem to be enriched in the outer
membrane [60].

4.1.2. Biosynthesis of ornithine-containing lipids

The biosynthesis of OLs occurs in two-steps. The N-acyltransfer-
ase OlsB catalyzes the transfer of a 3-hydroxy fatty acyl group from
3-hydroxy fatty acyl-acyl carrier protein to the o-amino group of
ornithine forming lyso-ornithine lipid [61]. Next, the O-acyltrans-
ferase OIsA catalyzes the transfer of an acyl group from fatty
acyl-acyl carrier protein to the hydroxy group of lyso-ornithine li-
pid forming OL [62] (Fig. 5A).

OlsB-deficient mutants of S. meliloti [61] or Rhodobacter capsula-
tus [63] are unable to form OL. Expression of olsB from S. meliloti in
Escherichia coli causes the formation of lyso-ornithine lipid [61]. The
OlsB of S. meliloti is predicted to be a water-soluble protein of 296
amino acids that encodes an N-acyltransferase converting ornithine
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Fig. 5. Biosyntheses of ornithine-containing lipids (A) and of the Pseudomonas aeruginosa quorum sensing signal 3-oxo-dodecanoyl-homoserine lactone (B).

to lyso-ornithine lipid thereby catalyzing first step of OL biosynthe-
sis. OlsB defines a concrete function for a whole cluster of ortholo-
gous group of proteins (COG3176) previously assigned as
hypothetical or as putative hemolysins [61]. OlsB belongs to the
acyl-CoA N-acyltransferase superfamily [64]. Heath and Rock [65]
described a consensus peptide motif (H(X)4D) common to glycer-
olipid acyltransferases and demonstrated that an exchange of this
conserved H for A eliminated the activity of E. coli PlsB. In OlsB,
H87 and D92 might form such a motif that is conserved within OlsB
homologues [61]. A search of PhyloFacts with OlsB identifies acyl-
homoserine lactone synthases Esal [66] and Lasl [67] and the ter-
tiary structure of OlsB is expected to be quite similar to the autoin-
ducer synthase. Like OlsB, acyl-homoserine lactone synthases are
N-acyl transferases that use acyl-ACPs and an amino acid derivative
(SAM) as substrates (Fig. 5B). The N-acyl amino acid synthase FeeM
from an uncultured soil microbe binds the acyl carrier protein Feel,
catalyzes the formation of N-acyl tyrosine, and its structure resem-
bles that of acyl-homoserine lactone synthases Esal and Lasl [68].
Genome analyses indicate that like many bacterial groups, the
order Rhodobacterales have an olsBA operon (containing olsB1)
plus a gene coding for a second homologue of OlsB (olsB2)
(Fig. 6). The olsB2 gene is not located physically close to olsBA,

but at another site in the genome. The OlsB2 homologues of differ-
ent Rhodobacterales are more closely related to each other than to
the OlsB1 homologues (Fig. 6). Interestingly, R. sphaeroides forms
lipids that contain glutamine in addition to the well-known OL
[69]. The initial step in the biosynthesis of glutamine-containing
lipids might be catalyzed by the OlsB2 homologue found exclu-
sively in the Rhodobacterales.

The only other examples where multiple olsB homologues are
present within one genome are the c-proteobacteria Magnetospir-
illum magneticum and M. magnetotacticum (Fig. 6). In addition to
OL, another unknown amino lipid has been described in the mag-
netosome membrane of Magnetospirillum which might be synthe-
sized by the second homologue [70]. Remarkably, heterologous
expression of microbial DNA extracted from environmental sam-
ples led to the identification of long-chain N-acyl derivatives of
tyrosine, phenylalanine, tryptophan, and arginine, all of which
have antibiotic activity [13,71,72]. It is possible that some of the
long-chain N-acyl transferases involved in the formation of these
compounds catalyze initial steps in the biosyntheses of other still
unknown acyl-oxyacyl membrane lipids.

Genome sequencing data indicate, that in several organisms
from the order Alteromonadales and in the &-proteobacterium
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Fig. 6. Unrooted phylogenetic tree of Sinorhizobium meliloti OlsB, Burkholderia
cenocepacia OlsB and OlsB-like ORFs. The tree was constructed using the program
CLUSTALW (http://www.expasy.ch/). Distances between sequences are expressed
as 0.08 changes per amino acid residue. Accession numbers are as follows:
Sinorhizobium meliloti 1021 OlsB (NP_384499), Burkholderia cenocepacia J2315 OlsB
(YP_002230419), Escherichia coli CFT073 HIyC (NP_755444), Pantoea stewartii
subsp. stewartii Esal (AAA82096), Pseudomonas aeruginosa PAO1 Lasl
(NP_250123), N-acyl transferase FeeM from an uncultured bacterium
(AAM97306), Agrobacterium tumefaciens str. C58 (NP_353376), Brucella melitensis
16M (NP_540717), Dinoroseobacter shibae DFL 12 (YP_001532815 and
YP_001533050), Loktanella vestfoldensis SKA53 (ZP_01003503 and ZP_01003690),
Magnetospirillum magnetotacticumm MS-1  (ZP_00050271, ZP_00055184, and
ZP_00053729), Mesorhizobium loti MAFF303099 (NP_104372), Mycobacterium
tuberculosis H37Rv (NP_217543), Oceanicola batsensis HTCC2597 (ZP_00999281
and ZP_00999194), Oceanobulbus indolifex HEL-45 (ZP_02153706 and
ZP_02153839), Octadecabacter antarticus 307 (EDY79302 and EDY80135), Paracoc-
cus denitrificans PD1222 (ZP_00631241 and ZP_00629627), Phaeobacter gallaeciensis
2.10 (ZP_02148428 and ZP 02148788), Pseudomonas aeruginosa PAO1
(NP_253040), Rhodobacter sphaeroides 2.4.1 (YP_354511 and YP_352676), Roseob-
acter denitrificans OCh 114 (YP_682889 and YP_683344), and Silicibacter pomeroyi
DSS-3 (YP_167215 and YP_167705). OIsB1 and OlsB2 assign the two different
subgroups of OlsB homologues present in bacteria from the order Rhodobacterales.

Arcobacter butzleri, the OlsB protein is N-terminally fused to a
hypothetical protein domain of unknown function, suggesting that
OL biosynthesis might turn out to be more complicated. The pres-
ence of OL has not been described in any of these species.

Also mutants of S. meliloti [62] or R. capsulatus [63] deficient in
OlsA are unable to form OL. Overexpression of olsB in an olsA-defi-
cient mutant of S. meliloti leads to the accumulation of lyso-orni-
thine lipid [61]. The OlsA of S. meliloti is a protein of 292 amino
acids with a probable transmembrane helix close to the N-termi-
nus. An alignment of OlsA with some prokaryotic enzymes display-
ing lysophosphatidic acid acyltransferase activities [62]
demonstrates that there are two conserved regions (amino acids
67-83 and 139-154) where OIsA has the highest similarity to other
members of this group. In lysophosphatidic acid acyltransferases,
two motifs, NHQS and PEGTR, are conserved [73], and they are
found in modified forms (NHVS, amino acids 72-75; PEGTT, amino
acids 143-147) in the OlsA sequence [62]. Based on the consensus
peptide motif (H(X)4D) [65] common to glycerolipid acyltransfer-
ases, in OlsA, H73 and D78 might form such a motif. It is striking,
however, that sequences coding for enzymes with lysophospha-
tidic acid acyltransferase activities are overall quite dissimilar.
For example, in the bacterium Neisseria meningitidis there are three
enzymes (NlaA, NlaB, and a third activity detectable in nlaA-, nlaB-

deficient double mutants) with lysophosphatidic acid acyltransfer-
ase activity in vitro [74]. Though NIaA and NlaB are from the same
organism they are quite dissimilar and it is interesting to note that
nlaA-deficient mutants and nlaB-deficient mutants show different
phenotypes suggesting that NlaA and NlaB perform different bio-
chemical functions in N. meningitidis in vivo. From its sequence,
OlsA clearly groups within the present lysophosphatidic acid acyl-
transferases. Because olsA-deficient mutants are unable to form OL,
but show no accumulation of lysophosphatidic acid and no impair-
ment of glycerophospholipid biosynthesis, there must be a PlsC
activity in S. meliloti responsible for these latter functions, presum-
ably SMc00714 (http://sequence.toulouse.inra.fr/meliloti.html).
OlsA is required for the enzymatic activity of a lyso-ornithine lipid-
and acyl-AcpP-dependent O-acyltransferase that converts lyso-
ornithine lipid into OL [62]. In addition to OlsA, Pseudomonas fluo-
rescens possesses two more lysophosphatidic acid acyltransferase
homologues, HdtS and PatB [75]. Either HdtS or PatB complement
an E. coli PlsC-deficient mutant for growth, while the OlsA from P.
fluorescens does not. Although HdtS or PatB can provide the PlsC
function in vivo, they are not functionally identical. Mutants lack-
ing PatB show reduced growth at elevated temperatures while
HdtS-deficient mutants are affected in growth, motility and have
reduced amounts of cis-vaccenic acid [75]. Also, Rhodobacter cap-
sulatus possesses three lysophosphatidic acid acyltransferase
homologues, OlsA, PlsC316, and PlsC3498 [76]. Either OlsA or
PlsC316 from R. capsulatus complement anE. coli PlsC-deficient mu-
tant for growth, while P1sC3498 does not. A PIsC316-deficient mu-
tant has reduced amounts of C16 fatty acids [76]. Therefore, OlsA
from R. capsulatus is able to acylate 1-acyl-sn-glycerol-3-phosphate
in addition to lyso-ornithine lipid and therefore exhibits relaxed
substrate specificity towards the acyl acceptor substrate [76]. It
is expected that future studies of the present group of “lysophos-
phatidic acid acyltransferases” will reveal numerous subgroups
with slightly different biochemical activities.

Little is known about the functions of OLs. S. meliloti mutants
deficient in OL biosynthesis do not show any alteration of their
macroscopic phenotype. The unability to form OL must be com-
bined with deficient DGTS biosynthesis to obtain reduced cell
yields when S. meliloti is grown under phosphorus-limiting condi-
tions [54]. In R. capsulatus, OLs are required for optimal steady-
state amounts of c-type cytochromes [63].

4.1.3. Hydroxylated ornithine-containing lipids

In bacteria like Burkholderia cepacia, Flavobacterium [12,77],
Thiobacillus [58], Gluconobacter 78], Streptomyces [12], some Rals-
tonia spec. [79], and R. tropici [11] OL also have ester-linked fatty
acyl groups with a hydroxyl group at the 2-position. The 2-hydrox-
yfatty acyl residues are not formed during standard fatty acid bio-
synthesis and specific enzymatic activities are required to
introduce a hydroxyl group onto the 2-position of a fatty acyl res-
idue. Similar S-2-hydoxyfatty acyl moieties are integral parts of
Salmonella typhimurium lipid A and are thought to be of importance
for pathogenesis of this organism. The S-2-hydroxylation is intro-
duced after the fatty acyl group had been attached to the lipid A
molecule and is catalyzed by the Fe?*/O,/a-ketoglutarate-depen-
dent LpxO-encoded dioxygenase [80,81]. It has been speculated
that the hydroxyl groups might increase hydrogen bonding be-
tween adjacent lipid A molecules decreasing the outer membrane’s
permeability to lipophilic compounds under some growth condi-
tions [81]. A similar dioxygenase (OlsC) might be responsible for
the introduction of 2-hydroxy substitutions on the ester-linked
fatty acyl group of OL [11] (Fig. 5). 2-Hydroxy substitutions on es-
ter-linked fatty acyl groups occur also in bacterial sphingolipids
and PE, other major components of the outer membrane in
Gram-negative bacteria. PE is 2-hydroxylated on its sn-2-fatty acyl
residue in Burkholderia [82,83]. Homologues of S. typhimurium
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LpxO are found in the genome of Burkholderia cenocepacia J2315
(BCAM1214 and BCAM2401) and they might be candidates for
introducing hydroxyl groups into the esterified fatty acyl residue
of OL.

Rhizobium tropici CIAT899, an efficient symbiont of bean plants,
is highly tolerant to acid, and produces four different classes of OL
(termed S1, S2, P1, and P2) [11]. A mutant deficient in olsC is sym-
biotically defective and does not form P1 or P2. Overexpression of
the olsC gene in the olsC-deficient mutant yielded P1 and P2 as ma-
jor OLs, coupled with a near-complete lack of S1 and S2 and an
acid-sensitive phenotype [11]. These results suggest that some
classes of OL are important for acid tolerance (S1 and S2) and oth-
ers for symbiotic effectiveness (P1 and P2), but in order to optimize
both traits, an adequate balance of the four distinct classes of OLs is
required [11]. The product encoded by olsC is a putative LpxO-like
dioxygenase that might convert the two less polar forms of OLs (S1
and S2) to the two more polar forms (P1 and P2) [11] by hydroxyl-
ation at an unknown position. The OIsC of R. tropici is predicted to
be a water-soluble protein of 281 amino acids [11].

4.1.4. Tauro-ornithine- and lysine-containing lipids

In Gluconobacter cerinus, ornithine-containing lipids hydroxyl-
ated in the 2-position of the ester-linked fatty acyl residue (2-
OH-OL) are partially modified with a taurine residue that is
amide-linked to the a-carboxy group of ornithine [78] (Fig. 7).
The particulate fraction from G. cerinus requires ATP and Mn?" to
condense taurine to 2-OH-OL leading to the formation of tauro-
ornithine lipid [84]. This tauro-ornithine lipid is also called cerili-
pin after the species of the bacterium from which it was isolated

HoN
NH,
i
Ho_ﬁ\/\HN NH NH
= 0 HOOC o)
o)
0 o)
o o)
OH
cerilipin LL

Fig. 7. Structures of tauro-ornithine-containing lipid (cerilipin) and of agrobacterial
lysine-containing lipid (LL).

[78]. The gene encoding the taurine-condensing activity is
unknown.

A lysine-containing lipid (LL) from an Agrobacterium tumefaciens
strain [85] has the a-amino group of lysine N-acylated with a 3-
hydroxypalmitoyl residue that is esterified with a fatty acid
(Fig. 7). This LL is analogous to the OL with lysine instead of orni-
thine as a building block.

4.2. Glycine-containing lipids

The glycine-containing lipids (GLs) were identified in the glid-
ing bacterium Cytophaga johnsonae C21 and the Gram-negative
sea-water bacterium Cyclobacterium marinus WH [86,87]. GLs con-
sist of the amino acid glycine and two fatty acyl residues, using the
acyl-oxyacyl or piggyback structure. The structure of GL from C
marinus WH is principally a N-[3-p-(13-methyltetradecanoyloxy)-
15-methylhexadecanoyl]glycine [87]. In this structure (Fig. 8), an
iso-3-hydroxyfatty acyl group is amide-linked to glycine and its
3-hydroxy group is esterified to another iso-fatty acid. The abso-
lute configuration of the hydroxy ester is 3-p [87]. This type of
GL is called cytolipin because it was initially identified in the genus
Cytophaga [86]. It constitutes about 6% and 5% of the total lipids in
C. johnsonae C21 [86] and C. marinus WH [87], respectively. Based
on chromatographic methods and specific stains it was assumed
that lipoamino acids structurally similar to GL are presents in sev-
eral gliding bacteria of the genus Cytophaga [88], and in some
strains of Gram-negative fresh-water bacteria belonging to the
genera Arcocella [89] and Flectobacillus [90] related to the genus
Cyclobacterium. The three latter genera are systematically distant
from the family Cytophagaceae and therefore it was suggested that
GL might be widely distributed among Gram-negative aquatic bac-
teria [87]. However, an alternative explanation might be that the
structural genes for GL formation were transferred horizontally.
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Fig. 8. Structures of glycine-containing lipid (GL) and of serineglycine-containing
lipid (SGL; flavolipin).
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The genes involved in the GL biosynthesis are not known although
one might expect that they are similar to the genes involved in OL
biosynthesis, due to the structural similarity between both mole-
cules. Homologues to the above-described olsB fusions detected
in species of the Alteromonadales are also found in genomes of sev-
eral members of the genus Cytophaga. So far nothing is known
about functions associated with GL.

4.3. Serineglycine-containing lipids

A serineglycine-containing lipid (SGL) was isolated from the
opportunistic pathogen Flavobacterium meningosepticum [77]. This
SGL was called “flavolipin” based on the genus name of the bacte-
rium from which it was first isolated [77]. The initially proposed
flavolipin structure of an N-(3-acyloxyacyl)serine, was incorrect
|77,91] because it lacked a glycine residue. The synthesis of flavol-
ipin to study its biological activities led to the correct structural
assignment as a serineglycine-containing lipid (SGL) (Fig. 8) [92].
Flavolipin is not unique to Flavobacterium species, is also found
in C. marinus WH [93], and therefore might be present in other
sea-water bacteria as well. Flavolipin constitutes about 21% and
11% of the total lipids in F. meningosepticum [77] and C. marinus
WH [93], respectively. Flavolipin shares the GL basic structure
but has an additional serine residue (Fig. 8) which suggests that
GL is a direct biosynthetic precursor for flavolipin formation in C.
marinus WH [87]. In contrast to C. marinus, the seven species ana-
lyzed from the Cytophaga genus produce no flavolipin [88]. The
genes involved in flavolipin biosynthesis are not known.

4.4. The innate immune response to amino acid-containing acyl-
oxyacyl lipids

Bacterial lipids with an acyl-oxyacyl structure are recognized by
toll-like receptors (TLRs) as pathogen-associated molecular pat-

OH
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terns and trigger the innate immune response of mammals. The
3-acyl-oxyacylamide structure with (R)-configuration is present
in OL, SGL, and lipid A. The best studied example is the bacterial
endotoxin lipid A. Lipid A is the reactive part of LPS that stimulates
Toll-like receptor 4 (TLR4) and the nuclear factor kB (NF-kB) to
produce inflammatory cytokines. MD-2, a molecule that physically
associates with TLR4 on the cell surface, confers the LPS respon-
siveness on the TLR4 receptor [94]. OL and SGL also induce inflam-
matory immune responses, measured by the formation of PGE;, IL-
1B, and tumor necrosis factor o by macrophages [95]. A recent
study suggests that even the physical state of lipid A or OL affect
their biological activities [96]. OL and SGL can be used as adjuvants
[59,97-101], and when injected into mice before exposure to the
endotoxin lipid A they prevent the lethal effects of the latter
[102]. Because of the structural similarities between the two mol-
ecules, OL might function as an antagonistic blocker of lipid A-pro-
voked events [102]. Like LPS, the inflammatory immune response-
causing SGL signal is transduced via the TLR4-MD-2 complex
[103].

5. Bacterial sphingolipids

Although sphingolipids are not amino acid-containing lipids in
a strict sense, they are formed by condensing an amino acid
(serine) to the fatty acyl-CoA forming the sphingolipid precursor
3-oxo-sphinganine, CoA and CO5 (Fig. 9A). In eukaryotes, sphingo-
lipids are ubiquitous and essential components of the plasma
membrane and are crucial for signaling and organization of lipid
rafts. In contrast, sphingolipids occur only in few bacteria, particu-
larly some anaerobes, where they functionally replace other
bacterial membrane lipids. Sphingolipids are found in the gen-
era Pedobacter [104], Bacteroides, Prevotella, Porphyromonas, Fuso-
bacterium, Sphingomonas, Sphingobacterium, Bdellovibrio, Cystobacter,
Mpycoplasma, Flectobacillus, and possibly Acetobacter [4]. Their
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Fig. 9. Bacterial sphingolipids. The serine palmitoyl transferase (Spt)-catalyzed initial step of sphingolipid biosynthesis in bacteria (A) and the structure of glycosphingolipid

GSL-1 from Sphingomonas (B).
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occurrence in bacteria is thought so unusual that the genus name

of the respective bacterium harbours the prefix “Sphingo”, i.e. in
Sphingomonas and Sphingobacterium. Some Gram-negative bacte-
ria, such as Sphingomonas capsulata, lack lipopolysaccharide in
their outer membrane and instead have glycosphingolipids as
functional replacements. In Sphingomonas paucomobilis, two glyco-
sphingolipids differing in their ceramide structures are substituted
with the tetrasaccharide Man-Gal-GIcNAc-GlcA [105]. The chirality
at carbon atoms C-2 and C-3 of the sphingoid base is p-erythro
[4,106]. The variability of glycosphingolipids in the outer bacterial
membrane of the Sphingomonadaceae is considerable [107], and
only some of these glycosphingolipids, such as GSL-1 (Fig. 9B),
are recognized by natural killer T cells which provide an innate-
type immune response towards glycosphingolipid-containing
bacteria [107,108]. Major molecular species of ceramides in
sphingobacteria have been identified as 2-N-2-hydroxy-
13’-methyltetradecanoyl-15-methylhexadecasphinganine, 2-N-
13’-methyltetradecanoyl-15-methylhexadecasphinganine, and
2-N-13'-methyltetradecanoyl-hexadecasphinganine [109-111].
Many Bacteroides species have two types of phosphosphingolipids,
ceramide phosphorylethanolamine and ceramide phosphorylglyc-
erol [112].

In eukaryotes, the biosynthesis of sphingolipids takes place in
five stages. It begins with the condensation of serine and a fatty
acyl-CoA to form 3-oxo-sphinganine (Stage 1), followed by its
reduction to sphinganine (Stage 2), acylation to N-acylsphinganine
(dihydroceramide) (Stage 3), and desaturation to ceramide (Stage
4) [106,113]. In Stage 5, ceramide is modified with different polar
groups to form the great diversity of sphingolipids. Although the
eukaryotic genes involved in the sphingolipid biosynthetis are
known [114,115], little is known in bacteria. An exception is sphin-
golipid biosynthesis Step 1 catalyzed by serine palmitoyltransfer-
ase (EC 2.3.1.50) (Fig. 9A). Like other oxoamine synthases, the
bacterial soluble serine palmitoyltransferase is pyridoxal 5-phos-
phate-dependent and performs a Claisen condensation between
serine and the acyl-CoA thioester with concomitant decarboxyl-
ation [116]. Although the serine palmitoyltransferase from
Sphingomonas seems to be cytosolic, the serine palmitoyltransfe-
rases from Sphingobacterium multivorum and from Bdellovibrio stol-
pii are peripherically associated with the cytoplasmic side of the
inner membrane [117,118]. The S. paucimobilis serine palmitoyl-
transferase crystal structure [119] at 1.3 A resolution shows that
the enzyme is a symmetrical homodimer with two active sites
composed of monomers consisting of three domains. The pyridoxal
5'-phosphate cofactor is bound covalently to lysine 265 as an inter-
nal aldimine/Schiff base, and the active site is composed of resi-
dues from both subunits, located at the bottom of a deep cleft.
Other bacterial o-oxoamine synthases are 8-amino-7-oxononano-
ate synthase (BioF; EC 2.3.1.47) which catalyzes the formation of
8-amino-7-oxononanoate from 6-carboxyhexanoyl-CoA and r-ala-
nine during biotin biosynthesis, 5-aminolevulinate synthase
(HemA; EC 2.3.1.37), which catalyzes the formation of 5-aminolev-
ulinate from succinyl-CoA and glycine during tetrapyrrole and
heme biosynthesis in o-proteobacteria [120], and 2-amino-3-
oxobutyrate coenzyme A ligase (Kbl; EC 2.3.1.29), which cleaves
2-amino-3-oxobutyrate into acetyl-CoA and glycine during threo-
nine degradation [116]. Phylogenetic analysis of bacterial o-oxo-
amine synthases (Fig. 10) suggests that distinct subgroups of
serine palmitoyltransferases exist and that the encoding genes fre-
quently form an operon with a putative acyl carrier protein gene.
This finding suggests specialized acyl carrier proteins, instead of
CoA, are used in some cases during the initial step of sphingolipid
biosynthesis in bacteria. Based on our analysis (Fig. 10), the ability
to form sphingolipids is more widespread in o-proteobacteria
(Gluconobacter, Granulibacter, Caulobacter) than previously thought
and might occur even in the B-proteobacterium Nitrosomonas and
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Fig. 10. Unrooted phylogenetic tree of selected bacterial serine palmitoyltransfe-
rases and other o-oxoamine synthases from bacteria. The tree was constructed
using the program CLUSTALW (http://www.expasy.ch/). Distances between
sequences are expressed as 0.05 changes per amino acid residue. The asterisks
label species in which the serine palmitoyltransferase gene forms an operon with a
putative acyl carrier protein. Accession numbers are as follows: Bacteroides
thetaiotaomicron VPI-5482 (NP_809783, NP_810284, NP_810356), Bacteriovorax
stolpii Spt (BAF73753), Caulobacter crescentus CB15 (NP_419978, NP_420168,
NP_420387), Escherichia coli B7A (EDV60350, ZP_03029941, ZP_03030227), Gluco-
nobacter oxydans 621H (AAWG61792, YP 192033, YP_191153), Cranulibacter
bethesdensis CGDNIH1 (YP_744060, YP_744129, YP_744319), Nitrosomonas eutropha
C91 (YP_746703), Porphyromonas gingivalis ATCC 33277 (YP 001929837,
YP_001929605, YP 001929054), Sphingobacterium multivorum Spt (BAF73751),
Sphingomonas paucimoebilis Spt (BAB56013), Sphingomonas wittichii RW1
(YP_001264383, YP_001264306, YP_001261757), and Zymomonas mobilis subsp.
mobilis ZM4 (YP_163005, YP_162933, YP_163652). Annotations of genes are: 8-
amino-7-oxononanoate synthase (BioF), 2-amino-3-ketobutyrate coenzyme A
ligase (Kbl), 5-aminolevulinate synthase (HemA), and serine palmitoyltransferase
(Spt).

in several pathogenic Escherichia coli strains, i.e. in the enterotoxi-
genic E. coli (ETEC) B7A.

6. Sulfonolipids in the Cytophaga group

Gram-negative bacteria of the Cytophaga group move by gliding.
Major lipids in the membranes of Cytophaga johnsonae are sulfon-
olipids, OL, and PE. Sulfonolipids and OL are predominantly local-
ized to the outer membrane whereas PE is the predominant lipid
of the inner membrane [121]. Sulfonolipids contain capnine that
is formed by the condensation of cysteate with fatty acyl-CoA un-
der the release of CO; [122,123] (Fig. 11A), in a reaction analogous
to the one catalyzed by serine palmitoyltransferase [119]. Capnine
is then converted to N-acyl-capnine, the membrane-forming sul-
fonolipid. The N-acylated residues are C14, C15, and C16 3-hydrox-
ylated iso-fatty acids [124]. Mutants of C. johnsonae, deficient in
gliding and sulfonolipid biosynthesis, were isolated and restoration
of the sulfonolipid content by providing cysteate resulted in recov-
ery of the ability to glide [123]. Therefore, sulfonolipids might be
required for gliding motility. A structural variant of capnine exists
in another member of the Cytophaga group, Salinibacter ruber [125].
The Salinibacter sulfonolipid contains an extra carboxylate at car-
bon 2 and an O-acyl group at carbon 3 (Fig. 11B) that is diagnostic
for this extremely halophilic bacterial genus [125].
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Fig. 11. Proposed pathway for sulfonolipid biosynthesis and an unusual sulfonolipid from Salinibacter.

7. Stress causes changes in bacterial membranes

Membrane lipid compositions of bacteria have usually been
determined after the organisms had been grown on complex or de-
fined culture media. Such determinations are reproducible and
have led to the conviction that membrane lipid compositions are
characteristic invariable traits of organisms. Unlike animal cells,
however, plant and bacterial cells are not embedded in a controlled
environment but are subject to many environmental changes and
stresses. The bacterial membrane adapts to changing environ-
ments by altering the membrane lipid components by which it is
formed.

It has long been known that reduced temperatures [1] or in-
creased hydrostatic pressure [126] cause a reduction of membrane
fluidity. In an attempt to maintain the fluidity of their membranes,
bacteria include more unsaturated or branched fatty acyl chains
into their membrane lipids thereby increasing packing disorder
and fluidity of their membranes [127]. Acid stress in proteobacteria
causes modifications of membrane lipids, such as formation of ly-
syl-PG [10], alanyl-PG [46] or the hydroxylation of OL [11]. Under
phosphorus-limiting conditions, membrane phospholipids of some
bacteria are partially replaced by lipids without phosphorus as
demonstrated in Bacillus subtilis [128], Pseudomonas diminuta
[129], P. fluorescens [130], and Rhodobacter sphaeroides [50]. In S.
meliloti, these phosphorus-free lipids are sulfoquinovosyl diacyl-
glycerol, OL, and DGTS [51]. In other bacteria, these phosphorus-
free lipids include glycolipids as well. The ability to form OL or
DGTS contributes to increased cell yields when S. meliloti is grown
under the phosphorus-limiting condition [54]. In S. meliloti, the
amounts of OL formed are strongly dependent on growth condi-
tions [61]. However, in clinical isolates of Flavobacterium [77],
Burkholderia isolates [82] and in pathogenic Brucella and Bordetella
species [131], OL are normally major membrane lipids.

Lipid A-containing lipopolysaccharides (LPS) usually cover the
outer surface of the outer membrane in Gram-negative bacteria
and pose a major permeability barrier for hydrophilic and hydro-
phobic compounds. It is assumed that the hydrocarbon regions of
the outer membrane are in a gel-like state of very low fluidity un-
der physiological conditions [132]. Strong interactions between the
lipid molecules forming the outer membrane are probably key to
this gel-like behaviour and to its functions as a permeability bar-
rier. Different environments/stresses require adjustments in the
outer membrane that are accomplished by certain chemical modi-
fications of LPS. The absence of divalent cations (Mg?* and Ca?")
will destabilize the outer membrane, and low Mg?* concentrations
activate the PhoPQ system to trigger a number of modifications of
the LPS of S. typhimurium to stabilize the outer membrane [133].
Among these membrane-stabilizing modifications is the LpxO-cat-
alyzed 2-hydroxylation of an esterified acyl residue of the lipid A of
LPS [80,81]. Introduction of an additional hydroxyl group into the
fatty acyl chain of a membrane lipid increases hydrogen bonding
with neighboring molecules leading to membrane stabilization.
In some bacterial groups, other lipids occur in the outer membrane
either in addition to or in place of LPS. These include sphingolipids,
sulfonolipids [132], and OLs [60]. Each of these outer membrane
lipids have fatty acids with hydroxyl groups at the 2- and/or 3-po-
sition to stabilize the membrane. In addition, PE, which is enriched
in the outer membrane, is 2-hydroxylated on its sn-2 fatty acid in
Burkholderia [83].

8. Conclusions and perspectives
Membrane lipids act to form the lipid bilayer surrounding every

cell and interact with other biomolecules based on their distinct
chemical nature. Although phosphatidylserine has been
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extensively studied in eukaryotes, other, less universal amino acid-
containing membrane lipids are less well-known. Ornithine-con-
taining lipids are formed in a direct two-step pathway whereas
more steps are needed to form any of the glycerophospholipids.
Therefore, making ornithine-containing lipids and other amino
acid-containing acyl-oxyacyl lipids might be an easy way to build
membranes in primitive biological systems. However, OL are cer-
tainly less resistant to extreme environmental conditions than
archaeal ether lipids and probably would not have been of use
when life originated on earth. Also, no OL-containing bacterium
is known that is totally devoid of glycerophospholipids, leaving
the question open whether a functional membrane can be formed
by phosphorus-free membrane lipids only. Resolving the genetics
and biochemistry of lysyl-phosphatidylglycerol, diacylglyceryl
trimethylhomoserine, and ornithine-containing lipids in recent
years has revealed the importance of these lipids in adapting to
stress conditions and for the survival of bacteria. Nevertheless,
we are only beginning to understand the functions of some of
the amino acid-containing bacterial membrane lipids. The addition
of amino acids into the structure of membrane lipids increases
structural and chemical diversity, modifies net charge and polarity,
and permits interaction with elements in the environment. For
many minor amino acid-containing membrane lipids not much
more than their structure and the producing bacterium are known.
However, the immense information on bacterial genomes and im-
proved bioinformatic tools will accelerate the detection of struc-
tural genes for many amino acid-containing bacterial membrane
lipids. In addition to the more traditional approaches, another ave-
nue for discovering new amino acid-containing bacterial mem-
brane lipids will be the expression of metagenomic libraries and
a subsequent screening for lipids. Finally, more biochemical stud-
ies are needed on the biosynthesis pathways as well as structural
studies on the enzymes involved to provide feedback to impove
bioinformatic predictions for ORFs involved in the biosynthesis of
amino acid-containing bacterial membrane lipids.
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