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Abstract

Membrane phospholipid synthesis is a vital facet of bacterial physiology. Although the spectrum
of phospholipid headgroup structures produced by bacteria is large, the key precursor to all of
these molecules is phosphatidic acid (PtdOH). Glycerol-3-phosphate derived from the glycolysis
via glycerol-phosphate synthase is the universal source for the glycerol backbone of PtdOH. There
are two distinct families of enzymes responsible for the acylation of the 1-position of glycerol-3-
phosphate. The PIsB acyltransferase was discovered in Escherichia coli, and homologs are present
in many eukaryotes. This protein family primarily uses acyl-acyl carrier protein (ACP)
endproducts of fatty acid synthesis as acyl donors, but may also use acyl-CoA derived from
exogenous fatty acids. The second protein family, PIsY, is more widely distributed in bacteria and
utilizes the unique acyl donor, acyl-phosphate, which is produced from acyl-ACP by the enzyme
PIsX. The acylation of the 2-position is carried out by members of the PIsC protein family. All
PIsCs use acyl-ACP as the acyl donor, although the PIsCs of the -y-proteobacteria also may use
acyl-CoA. Phospholipid headgroups are precursors in the biosynthesis of other membrane-
associated molecules and the diacylglycerol product of these reactions is converted to PtdOH by
one of two distinct families of lipid kinases. The central importance of the de novo and recycling
pathways to PtdOH in cell physiology suggest these enzymes are suitable targets for the
development of antibacterial therapeutics in Gram-positive pathogens. This article is part of a
Special Issue entitled Phospholipids and Phospholipid Metabolism.
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1. Introduction

Bacteria produce a bewildering variety of phospholipids that play critical roles in the
adaptation to the environment. Phosphatidic acid (PtdOH) (Fig. 1) is the universal precursor
required for the production of these molecules. In contrast to the variety of enzymes
involved in producing the broad spectrum of bacterial phospholipid structures, there are only
a limited number of enzymes required for the formation of PtdOH, the key intermediate in
their synthesis. This review covers the enzymes and pathways responsible for the de novo
formation of PtdOH and the recycling enzymes that produce PtdOH from the diacylglycerol
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formed from the utilization of phospholipids in the biosynthesis of other molecules. In the
early days of research on bacterial lipid metabolism, the field thought that understanding
these pathways would provide important insight into how all cells construct their
phospholipids. Indeed, the elucidation of the formation of sr+glycerol-3-phosphate (G3P)
and the consecutive acylation of the 1-position followed by the 2-position of G3P in £. coli
identified enzymes and genes that have homologous sequences and functions in mammalian
systems. More recently, it has become apparent that a primary bacterial enzyme for the
acylation of the 1-position of G3P in many human pathogens has no mammalian homologs
and uses a different acyl donor that other acyltransferases in biology. This review covers the
current knowledge and future directions for research on these two primary acyltransferase
pathways to PtdOH and the kinases involved in PtdOH metabolism in bacteria.

2. Glycerol-3-Phosphate

PtdOH is the biosynthetic product of the esterification of two fatty acids onto the two
hydroxyl groups of sr-glycerol-3-phosphate (G3P). The formation of G3P from the
reduction of dihydroxyacetone phosphate by the G3P synthase (GpsA) is the only de novo
pathway to G3P in bacteria [1-4] (Fig. 1). Dihydroxyacetone phosphate is diverted from the
glycolytic pathway, so GpsA links intermediary and lipid metabolism. GpsA is different
from GlpD, the aerobic G3P dehydrogenase, which breaks down G3P for energy production
[5]. The inactivation of the gpsA genein E. coli and Stapholococcus aureus gives rise to
glycerol or G3P auxotrophs illustrating that GpsA is required for the biosynthesis of G3P /in
vivo[1,6]. E. coli GpsA is a soluble enzyme that is strongly inhibited by its product, G3P.
The stringent regulation of the production of G3P buffers the intracellular G3P
concentration to ensure a steady supply of G3P for lipid biosynthesis. However, the
experimental manipulation of the intracellular G3P concentration showed that it does not
have a role in regulating phospholipid formation [7]. In contrast, Bacillus subtilis GpsA is
not feedback inhibited by G3P, possibly due to Gram positive bacteria requiring more G3P
units for cell wall biosynthesis than for phospholipid formation [8]. A major Gram-positive
cell wall component lipotechoic acid contains 14-33 G3P units [9,10]. The increased
metabolic demand for G3P correlates with the relaxed regulation of the GpsA in Gram-
positive bacteria.

Bacteria also obtain G3P directly from the environment (GIpT) or through the uptake and
phosphorylation of glycerol by GlpF and GlpK. £. coli can use G3P and glycerol as the sole
carbon source through utilization of the genes encoded in the g/pregulon, spread over 5
operons that allow the import and metabolism of G3P, glycerol, and glycerophosphodiesters
[11,12]. Expression of the g/p regulon is controlled at two levels. At the global level, the
expression of the g/p genes are suppressed when preferred carbon sources, such as glucose,
are present through the regulation by the cAMP-CRP complex as a part of global catabolite
repression [13]. At the local level, g/p regulon expression is controlled by the gip represser,
GIpR [14]. GIpR is a tetrameric protein that binds to the operators of the g/p operons to
prevent transcription [11,12]. G3P induces the expression of the regulon by binding to GIpR
and decreasing the affinity of GIpR for the operators. The g/p operons have differential
sensitivity to the repressor, with g/pFK operon approximately 3 times more sensitive to
repression than the glp7Q operon [14]. The regulatory mechanism of glycerol and G3P
metabolism from E£. coliis not representative of all other bacteria. Bacillus subtilis glycerol
and G3P utilizing genes are organized differently and expression of the g/o regulon is
controlled by the antiterminator protein GlpP [2,15]. Certain bacteria, such as Streptococcus
pneumonia don’t have the genes for glycerol or G3P metabolism and therefore can’t
metabolize exogenous G3P or glycerol at all. Most of the genes in the g/o regulon are
involved in breaking down G3P for energy, and therefore not the subject of this review.
However, three gene products from the g/oregulon, GIpT, GlpF, and GIpK, are involved in

Biochim Biophys Acta. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao and Rock

Page 3

assimilating G3P from the environment and are important to understanding how gpsA
mutants are used to study PtdOH metabolism.

The organophosphate:phosphate antiporter GIpT actively transports G3P into the cell using
the energy from the efflux of phosphate [16-18]. £. coli GIpT is the best characterized
family member and serves as a model for the GIpT from other bacteria [16]. £. coli GIpT
consists of twelve transmembrane helices spanning the inner membrane. The crystal
structure of £, coli GlpT has been solved to 3.3 A [19,20]. GIpT operates via a single
binding site mechanism. The antiporter alternates between two conformations: the C;
conformation where the active site is accessible from the cytosol and the C, conformation
where the active site is accessible from the periplasm. Inorganic phosphate binding to the C;
conformation causes the transporter to adopt the C, conformation, transporting the
phosphate across the membrane and allowing G3P to bind. G3P binding to the C,
conformation causes conformation change back into the C; conformation, transporting G3P
into the cytosol and allowing another cycle of transport.

The aquaglyceroporin GlpF facilitates the passive diffusion of glycerol through the cell
membrane [21,22], and the glycerol kinase, GlpK, phosphorylates glycerol to trap G3P
inside the cell [23,24]. GlpF mediated influx is rapid, highly selective for glycerol and other
polyols, and essentially nonsaturable [25,26]. The crystal structure of GIpF shows that each
GIpF monomer of the associated tetramer forms a glycerol conducting channel with two
half-membrane-spanning and six transmembrane a helices [21]. The helices form a narrow
amphipathic selectivity channel that is wide enough to accommodate a single CH-OH group
that force the glycerol hydroxyls to traverse the channel in single file. Intracellular glycerol
is trapped by GlpK phosphorylation. £. coli GIpK is a soluble protein that associates as a
homotetramer [24]. £. coli GIpK operates via an ordered mechanism where glycerol binds
first to the enzyme followed by ATP. Fructose-1,6-bisphosphate allosterically inhibits £.
coli GIpK, and the feedback inhibition prevents the overproduction of G3P when glucose is
present in the media [27,28]. The growth of £. coli constitutively expressing a mutant GlpK
that is refractory to fructose-1,6-bisphosphate regulation is inhibited by extracellular
glycerol [29] illustrating that the overproduction of intracellular G3P causes growth stasis in
E. coli.

3. Acyl Donors

3.1. Acyl-ACP (acyl-acyl carrier protein)

ACP is the predominant acyl group carrier in bacterial fatty acid synthesis [30] (Fig. 1).
ACP is a 9 kDa protein with a 4”-phosphopantetheine prosthetic group that that carries the
acyl chains as thioesters. In most bacteria, the dissociated type 1l fatty acid biosynthesis
pathway (FASII) is the de novo pathway to fatty acids, and all of the intermediates are
attached to ACP, which shuttles the acyl groups through the elongation process [31]. Long-
chain acyl-ACP intermediates undergo either additional rounds of elongation or become
substrates for the acyltransferase system depending on the length of the acyl group.
Increasing acyl-ACP chain lengths become progressively poorer substrates for the
elongation condensing enzymes of FASII, and at the same time become better substrates for
the acyltransferases. Thus, the chain-length composition of the phospholipids is dependent
upon the competition between the elongation activity of FASII and the rate of incorporation
by the acyltransferase system. The combined effect of these substrate specificities means
that most bacteria phospholipids are composed of 15-20 carbon fatty acids [32,33].
Increasing the relative rate of elongation compared to acyltransfer by either overexpressing
the elongation condensing enzymes or decreasing acyltransferase activity increases the
average chain lengths of the fatty acids incorporated into PtdOH [34,35]. The ratio of
unsaturated:saturated fatty acids in PtdOH is determined by kinetic competition at the 10-
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carbon branch-point in FASII [31], and is not directly affected by acyltransferase activity.
Many Gram-positive bacteria are capable of ligating exogenous fatty acids onto ACP. The
resulting acyl-ACPs may either be elongated by FASII or utilized for phospholipid
synthesis. Acyl-ACP synthetases are known [36]; however, the gene(s) responsible for the
acyl-ACP synthetase activity in Gram-positive pathogens remains to be identified [37].

3.2. Acyl-POy (acyl-phosphate)

While the G3P acyltransferase responsible for PtdOH synthesis in £. coli (PIsB) uses acyl-
ACP as the acyl donor (Fig. 1A), the most widely distributed bacterial G3P acyltransferase
(PIsY) uses acyl-POy as the donor [38,39] (Fig. 1B). Acyl-PQOy is a phosphoric acid mixed
anhydride generated from acyl-ACP and phosphate by the PIsX enzyme. Acyl-PO,4 was
synthesized by Lehninger in 1945 [40], but there is no known role for acyl-POy4 in
mammalian fatty acid biosynthesis. It has poorer solubility and shorter half-life (12 hours)
than acyl-ACP, but also exists at low concentrations and presumed to be a short-lived
intermediate. PIsX is a soluble enzyme with solved crystal structures [41,42]. PIsX structure
has homology to phosphotransacetylase, and is presumed to operate via an analogous
mechanism, although no substrate binding or catalysis data is available. In Bacillus subtilis,
PlsX associates with the membrane, but the basis for this association has not been explored
[43]. E. colihas genes for both the p/sB and plsX/plsY G3P acyltransferase systems;
however, p/sB is an essential gene, whereas neither p/sX'nor p/sY are [44]. But this does not
mean that PIsX has no role in E. coli metabolism because the p/sX gene was first discovered
as a second site gene mutation necessary to observe the G3P-dependent growth phenotype in
strains expressing the p/sB26 allele [45]. In Pseudomonas aeruginosa, plsB is not essential
[46] suggesting that PIsX/Y pathway functions in this -y-proteobacter species. Neither PIsX
nor PIsY homologs are found in mammalian genomes [38,40]. The role of PIsX and acyl-
PO, in organisms where the PIsSX/PIsY pathway is not operational remains a major
unanswered question in bacterial lipid metabolism. Perhaps acyl-PO4 has some regulatory
role, as known for acyl-ACP and acyl-CoA (see below), but there is no evidence to support
this interesting idea.

3.3. Acyl-CoA

Acyl-CoA functions as an alternate acyl donor in E. coliand presumably other -y-
proteobacteria (Fig. 1). There is no mechanism for forming acyl-CoA from acyl-ACP in £.
coli, thus acyl-CoAs are exclusively formed from exogenous fatty acids. Extracellular fatty
acids traverse the outer membrane via the FadL porin and flip to the inner aspect of the
cytoplasmic membrane where they are activated by acyl-CoA synthetase (FadD) (Fig. 1A)
[47]. Acyl-CoA cannot be converted into acyl-ACP [48], which explains in part why
supplementation with exogenous fatty acids cannot replace de novo biosynthesis. Acyl-
CoAs of appropriate chain length are alternate substrates for PIsB and PIsC in £. coli. An
alternate, and significant, fate for exogenous fatty acids is the degradation of acyl-CoAs via
[B-oxidation to generate energy [48]. In both Gram-positive and Gram-negative organisms,
the FadD enzyme is co-regulated with the gene set encoding an inducible p-oxidation
system. Many of these bacteria, like Bacillus subtilis, encode a fadD, but cannot use acyl-
CoA for phospholipid synthesis [49,50]. This genetic connection between FadD and the p-
oxidation genes suggests that the primary purpose of salvaging exogenous fatty acids is for
energy generation via p-oxidation rather than phospholipid synthesis. However, the
production of fatty acids is the most energy expensive process in phospholipid synthesis and
the ability of y-proteobacteria to utilize exogenous fatty acids for phospholipid synthesis is
an adaptation that saves energy. Gram-positive bacteria, like Streptococcus pneumonia and
Staphylococcus aureus, lack the genes for a p-oxidation system and acyl-CoAs have no role
in phospholipid synthesis.
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3.4. Metabolic and Genetic Regulation by Acyl Donors

The acyl donor pools play an important regulatory role in bacterial lipid metabolism. At the
biochemical level, long-chain acyl-ACPs inhibit the initiation of fatty acid biosynthesis
through feedback inhibition of FabH and acetyl-CoA carboxylase in £. coli[51,52].
Whether this biochemical regulatory paradigm can be extended to Gram-positive pathogens
is an open question. Experiments with intact cells suggest that acyl-ACP may be a potent
feedback regulator in S. pneumoniae, but not in S. aureus [37]. However, other ligands, like
acyl-PO4 may be involved and candidate ligands need to be tested in vitro to determine their
role in regulating the initiation of fatty acid synthesis in these organisms. Regulation at the
genetic level is more diverse. In S. pneumoniae, the FASII enzymes are encoded together in
the fab gene cluster, and transcriptionally repressed by the regulator FabT [53]. Long-chain
acyl-ACP exerts feedback regulation of the lipid biosynthetic pathway by binding to FabT to
increase FabT affinity for the promoter of the fab cluster, suppressing expression of the
cluster [54]. Mutant strains with genetic knockouts of fab7 have longer acyl chain lengths
and increased ratio of saturated fatty acids in their lipids [53]. In contrast, the B. subtilis
FASII transcription repressor is FapR, which represses the dispersed FASII genes when
unbound to ligands [55]. Malonyl-CoA binding to FapR releases FapR from the DNA to
allow transcription in a feed-forward mode of regulation. In £. coli, the ratio of saturated to
unsaturated fatty acids is controlled by the FadR and FabR transcriptional regulators [48,56].
FadR is a repressor of p-oxidation and activator of fabA and fabB, which encode the two
enzymes essential for unsaturated fatty acid biosynthesis [57,58]. Long-chain acyl-CoA
binding to FadR dissociates it from DNA to reverse its activating effect. FabR monitors
acyl-ACP pools to regulate the expression of fabA and fabB [58]. Unsaturated long chain
acyl-ACP binding to FabR causes FabR to bind to the promoters of 7fabA and fabBto repress
their expression. The binding of saturated acyl-ACP antagonizes this effect. Pseudomonas
aeruginosa regulates the ratio of saturated to unsaturated fatty acids via the DesT
transcription factor [59]. DesT binds to the promoter of the desCB operon, which encodes
for an oxygen dependent desaturase that introduces a double bond into the fatty acid chain of
saturated acyl-CoA [60]. Saturated acyl-CoA binding to DesT causes dissociation from the
promoter to increase desCB expression, while unsaturated acyl-CoA binding to DesT
triggers tighter promoter association and strong repression. DesT also regulates 7abAB
expression in P. aeruginosato coordinate aerobic and anaerobic pathways for unsaturated
fatty acid formation [61]. The DesT structures provide a striking example of how these
transcriptional regulators sense the conformation of fatty acids to maintain membrane
homeostasis [62]. A role for acyl-PO, in regulating lipid metabolism appears attractive, but
there is no evidence that this intermediate participates in either transcriptional or
biochemical regulation of the pathway. Depletion of the PIsX enzyme in B. subtilis leads to
cessation of both fatty acid and phospholipid biosynthesis, but depletion of PIsY and PIsC
does not, supporting the regulatory role for acyl-ACP, but provides no evidence for pathway
regulation by acyl-POy4 [43]. The acyl donor pools are involved in a multitude of
biochemical and genetic regulatory processes that are sure to continue to grow in
importance.

4. G3P Acyltransferases

4.1. PIsB

The first step in PtdOH formation is the acylation of the 1-position of G3P by the G3P
acyltransferases [63]. The characterization of the first G3P acyltransferase identified in
bacteria was facilitated by the isolation of mutants with a G3P auxotrophic phenotype that
had a G3P K, defect in a membrane-associated G3P acyltransferase [64,65]. The
acyltransferase, named PIsB, uses either acyl-ACP or acyl-CoA as the donor to acylate the
1-position of G3P [66-68] (Fig. 1A). The PlsB pathway is found in a subset of bacterial
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genomes, mostly from y-proteobacteria. Four regions of high homology are shared between
PIsBs from different species. Mutagenesis studies on these conserved residues have defined
the roles of these conserved motifs in substrate binding and catalysis [69,70]. An HXSXXD
motif (also known as the HX4D motif) constitutes homology block | (residues 306-311; £.
colinumbering). The H306A and D311G mutants are inactive enzymes, while the S308A
mutant has only modest decrease in activity [69,71]. His306 and Asp311 are suggested to
form a charge relay system to abstract a proton similar to serine hydrolases [72]. Blocks Il
(GXXFIRR, residues 348-354) and Il (FXEGXRXRXG, residues 383-393) participate in
G3P binding, with mutations of the arginine residues in the blocks causing an increase in
G3P Ky, Block 1V is a less conserved hydrophobic patch (ITLIPIY], residues 417-425),
with proline as the only invariant residue. The P421S mutant is completely inactive. It seems
unlikely that the proline is directly involved in catalysis, and is thought to have an important,
albeit undefined, structural role. The structure of a soluble G3P acyltransferase from squash
has been solved [73]. The structure confirms that the HX3D motif forms a charge relay for
catalysis similar to serine hydrolases. One nitrogen atom of the aromatic imidazole ring of
histidine activates the 1-OH of G3P for nucleophilic attack on the acyl thioester of ACP,
while the other nitrogen interacts with the aspartate to form the charge relay system. The
two blocks of amino acids are rich in basic amino acids that are separated by a 42 residue
spacer to form ionic bonds with the phosphate group of bound G3P. One block has the
sequence of GGRXR, similar to the GXRXR motif in block 111 of £. coliPIsB. However, E.
coli PIsB is a significantly larger protein than the squash G3P acyltransferase (817 aa vs 368
aa). The extra residues in £. coli PIsB are not likely involved in catalysis, but rather function
in membrane binding and regulation.

PIsB is the key point of regulation in £. coli PtdOH biosynthesis [74], [75]. PIsB is
biochemically and genetically regulated by guanosine tretraphosphate (ppGpp) and oF,
respectively. The alarmone ppGpp accumulates following amino acid starvation and inhibits
several major biosynthetic pathways including stable RNA, protein, and phospholipid
biosynthesis [76,77]. PIsB is inhibited by ppGpp, with increasing ppGpp concentrations
causing an accumulation of PIsB substrates in vivo [75]. The inhibition of PIsB by ppGpp
allows coordination between the major biosynthetic pathways during nutrient limitation
because PIsB catalyzes the first committed step in phospholipid biosynthesis. The oF factor
is also induced following environmental stresses, but regulates gene expression instead
enzyme activity [78]. Overexpression of oF increases the expression of a number of genes
involved in pathogenesis, including the biosynthetic pathway involved in phospholipid
biosynthesis via p/sB induction. The p/sB gene has two promoters: one for basal expression
of the p/sB gene and a distal promoter responsible for oF activation [74]. The prevailing
model posits a key role for PIsB in the control of phospholipid and fatty acid synthesis.
However, there are few firmly established mechanisms to support this regulatory role. The
basis for the biochemical regulation of PIsB by ppGpp remains to determined, and a more
comprehensive analysis of how other metabolites affect PIsB activity would help understand
how membrane formation is integrated into metabolism. The role of membrane structure in
PIsB activity is an unexplored area.

PIsY is the most widely distributed G3P acyltransferase in Gram-positive bacteria, and is the
sole G3P acyltransferase in medically important bacteria such as S. pneumoniaand S. aureus
[38] (Fig. 1B). Almost all bacteria only have a single p/sY gene; however, there are a few
bacteria, like Bacillus anthracis, that have multiple p/sY genes. The function of these
redundant genes is not understood. The PIsY protein is an acyl-PO,4 dependent G3P
acyltransferase. It is an integral membrane protein of five transmembrane segments, with
three short nonconserved extracellular loops as well as three extensive and conserved
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cytoplasmic loops required for catalysis [39]. The first cytoplasmic loop composed of
residues 35-46 (S. pneumoniae numbering) has the consensus sequence of
GSGNXGXTNXXR. The glycine rich motif is similar to other known phosphate binding
motifs, and mutation of the positively charged Arg46 into Ala causes a complete loss of
activity confirming the motif as the substrate binding site for either negatively charged
substrate of G3P or acyl-PO,4. The second cytoplasmic loop composed of residues 100-107
has the consensus sequence of FXGGKXVA. The GGK motif is similar to the ATP binding
loop in prototypical kinases [79]. The small size of glycine functions to permit the
negatively charged substrate to interact with the lysine. The K104A mutation causes
complete loss of PIsY activity, while adding side chains to Gly102 and Gly103 cause an
over six-fold increase in the K, of G3P with minimal change in the acyl-PO4 Kp,.
Therefore, loop 2 is deduced to be the G3P substrate binding site while loop 1 is the acyl-
PO, binding site. Loop 3 is the C-terminal cytoplasmic domain consisting of residues 185—
197 with the consensus sequence of HX5N XgE. Mutants of the conserved His185 and
Asn188 are catalytically defective. His185 is suggested to act as the general base to activate
the 1-OH of G3P for nucleophilic attack on acyl-POy,, similar to the active site histidine of
PIsB [39]. The E197A mutant fails to assemble into the membrane, suggesting a key role in
protein folding. However, whether His185 alone is a sufficient general base or if other
residues such as Glul197 participate to form a charge relay system such as in PIsB remains to
be determined.

The role of PISY in the regulation of fatty acid and phospholipid biosynthesis is unclear. S.
pneumoniae PISY is inhibited by long chain acyl-CoAs, but this form of regulation is not
biologically relevant because acyl-CoAs have no role in S. pneumoniae lipid biosynthesis
[80]. In a conditional p/sY knockout of B. subtilis, fatty acid and acyl-POy4 biosynthesis
continues despite inactivation of PISY leading to an accumulation of nonesterified fatty acids
[43]. In constrast, PIsX inactivation causes a complete arrest of fatty acid and phospholipid
biosynthesis, suggesting that PIsX is the regulatory point coordinating fatty acid and
phospholipid biosynthesis. At the genetic level, p/sXand p/sC, but not p/sY; is regulated by
the global lipid transcriptional regulator FapR in B. subtilis [55] However, neither p/sX nor
plsY are regulated by the global lipid transcriptional regulator FabT in S. pneumonia, but
pIsC and other fatty acid biosynthesis genes are [53]. The mechanism of coordinating fatty
acid and phospholipid biosynthesis in bacteria utilizing the PIsX/Y pathway for PtdOH
synthesis is basically unknown, and may or may not have elements in common with the £.
coli paradigm with regard to feedback regulation of FabH and acetyl-CoA carboxylase.

The plsXiplsY genes are widely distributed in bacteria, with only Xanthomonadales in the
v-proteobacteria lacking the genes [38]. The p/sXand plsY genes are essential in bacteria
with no PIsB acyltransferase system [81]. PIsB is an essential gene and is the primary
pathway for phospholipid biosynthesis in £. coli, although this organism has both the p/sB
and plsXiplsY genes. The role of PIsX and PIsY in bacteria where PIsB appears to be the
only operable G3P acyltransferase is unknown. Archaea and eukarya exclusively use the
pIsB/plsC system to generate phospholipids, and do not contain p/sX or p/sY homologs.

5. 1-Acyl-G3P Acyltransferases

The 1-acyl-G3P (LPA) acyltransferase, PIsC, transfers a fatty acid to the 2 position of LPA
to complete the synthesis of PtdOH [82,83]. PIsC is an intergral membrane protein, and
essential in all bacteria. PIsC has not been characterized in detail, and most of our
understanding is derived through sequence comparison to PIsB. Like PIsB, PIsC contains a
conserved H.X3D motif believed to be the catalytic core. PISC also contains two motifs with
conserved arginine residues believed to interact with the phosphate group of LPA for
substrate binding. The PIsC enzymes from Gram-positive bacteria such as B. subtilis [43] or
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S. pneumoniae [38] use only acyl-ACP as the acyl donor, while £. coliPIsC is able to also
use acyl-CoA [82]. The residues responsible for ACP/CoA specificity are unknown.

Some bacteria have more than one p/sC gene ortholog. Two LPA acyltransferases have been
characterized in Neisseria meningitides, and both can complement a temperature-sensitive
E. coli p/sC mutant [84,85]. Three PIsC homologs are found in Pseudomonas fluorescenes
[86]. Two homologs (/#dtS and patB) both complement the E. coli p/sC mutant. However,
growth defects were observed when either gene is knocked out, with the most significant
changes in membrane acyl chain composition occuring in the AdfS gene knockout consistent
with it being the major LPA acyltransferase activity. Why two LPA acyltransferases are
required by Pseudomonas fluorescences is poorly understood. The third ortholog (0/sA)
does not have detectable LPA acyltransferase activity, and is involved in the acyltransfer
reaction in the final step of ornithine lipid biosynthesis [86]. The OIsA protein from
Rhodobacter capsulatus is also a PIsC homolog, and has both LPA acyltransferase and
ornithine lipid acyltransferase activity [87]. The core PIsC enzyme structure has evolved to
perform acylation reactions on substrates other than LPA. A detailed biochemical and
structural characterization would advance the mechanistic and structural understanding of
the PIsC mechanism and specificity.

Acyl-chain positional asymmetry is observed in bacterial PtdOH. In £. coli, the 1-OH
position of G3P is primarily occupied by 16:0 and 18:1, while the 2-OH position is primarily
16:1 and 18:1 [30]. In contrast, the 1-OH position in S. aureus is primarily ante/sol7:0 and
the 2-OH position is primarily anteisol5:0 [37]. The fatty acids incorporated into the 1 and 2
positions of G3P are dependent upon the relative selectivity of the PIsB/PIsX/PIsY enzymes
versus the PIsC enzyme as well as the available pool of acyl-ACP. PIsB, PIsX/PlIsY, and
PIsC do not demonstrate absolute specificity for their preferred fatty acids. In S. aureus
strain RN4220, the PIsX/PIsY acyltransferase system incorporates fatty acids other than
antefsol7:0 at lower levels in the 1 position. While S. aureus PIsC is highly selective for
antefsol5:0 under normal growth conditions, a S. aureus mutant that cannot initiate any fatty
acid biosynthesis incorporates available exogenous fatty acids such as 18:1 into the 2
position [37]. An E. coli fabA mutant that can’t produce unsaturated fatty acids incorporates
16:0 into both positions [88]. Having correct acyl-composition is vital to bacterial cell
survival [31], and is dependent on coordinating the FASII system to generate the appropriate
length and unsaturation of acyl chains and the selectivity of the acyltransferase system. PIsC
appears to be a fertile field for investigation. There is no information on the biochemical
regulation of PIsC, and basic information regarding its topology and the key residues
involved in catalysis are lacking. Furthermore, there remain many PIsC homologs with
unknown functions waiting to be characterized.

6. Phospholipid Recycling

6.1. DgkA

PtdOH is also produced by the phosphorylation of diacylglycerol (DAG) by a DAG kinase
(Dgk) (Fig. 2). Phospholipid headgroups are used as intermediates in other biosynthetic
pathways, and the Dgk pathway to PtdOH provides a mechanism to re-introduce the DAG
produced in these reactions into the phospholipid biosynthetic pathway. This process was
first recognized in £. coli, where phosphatidylglycerol (PtdGro) functions as a sr+
glycerol-1-phosphate donor for periplasmic membrane-derived oligosaccharides (MDO),
which are required for osmotic homeostasis [89,90]. The DAG product in MDO
biosynthesis flips to the cytoplasmic aspect of the inner membrane where it is converted to
PtdOH by the membrane-bound kinase, DgkA [91]. Knockout of the dgkA gene results in
accumulation of DAG and other neutral lipids when MDO synthesis is minimal, but in
osmatically challenging environments that accelerate MDO formation, the absence of DgkA
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is lethal [90,92]. DgkAs are small (~150 amino acid) integral membrane proteins with three
transmembrane helices. The structure of DgkA shows that it assembles into a trimer in the
membrane and represents a distinct class of lipid kinases [93] (Fig. 2A). The DAG enters
into the active site from the membrane via a gate formed by the third transmembrane domain
of each subunit interacting with the first two transmembrane domains of the adjacent
subunit. ATP approaches the active site from the cytosol, and the phosphorylation chemistry
occurs near the water-membrane interface.

The dgkA gene is located adjacent to and transcribed in the opposite direction of the p/sB
gene in E. coli, and the two genes are differentially requlated [74]. Expression of dgkA is
increased and p/sB decreased following activation of the stringent response, and dgkA
transcription diminishes and p/sB is activated by the stress response regulator, o€ [94]. The
opposing regulation reflects the opposing nature of the gene products. DgkA functions in
recycling PtdOH from existing lipids while PIsB produces new PtdOH. Expression of the
agkA gene is also upregulated by the BasRS two-component regulator, which regulates the
transcription of genes involved in LPS modification [95]. BasR directly binds to the
promoter region of dgkA in vitro, and a mutant that constitutively increases signaling
through this pathway has increased DgkA activity. Homologs of dgkA are widely
distributed, but not ubiquitous, in eubacteria, and missing in all eukaryotes except for
Viridiplantae and Rhizaria clades [96]. However, not all of the dgkA-related genes encode
DAG kinases.

PtdGro is the sr-glycerol-1-phosphate donor for the synthesis of the lipoteichoic acids
(LTA) in Gram-positive bacteria such as B. subtilis. As in MDO biosynthesis, DAG is a
product of the reaction [9]; however unlike MDO, LTA is a major cell wall constituent and
its synthesis is constitutive. Each LTA contains polyphosphoglycerol chains of 14-33 units,
meaning that there is a constant, significant turnover of PtdGro to DAG in Gram-positive
bacteria [9,10]. However, the dgkA gene homolog in B. subtilis is not essential [81], and it
was subsequently shown that the B. subtilis dgkA gene is actually an undecaprenol kinase
with no DAG kinase activity [97]. Rather, these Gram-positive bacteria express a soluble
DAG kinase (DgkB) that belongs to the eukaryotic DAG kinase superfamily (Pfam00781)
that is essential for recycling DAG [97]. Inactivation of dgkB leads to cessation of LTA
biosynthesis, the accumulation of DAG and eventual loss of viability [97]. The crystal
structure of the homodimeric S. aureus DgkB shows that each monomer is composed two
domains with the catalytic site located in a cleft between the two domains [98] (Fig. 2B).
The key active site residues and the components of the structural Asp-water-Mg2* network
are conserved in the catalytic cores of the mammalian signaling DAG kinases, indicating
that these enzymes use the same mechanism and have similar structures as the bacterial
DgkBs. The DgkB surface is overall electronegative, except for an electropositive patch
consisting of Lys15, Arg20, and Lys165 adjacent to the active site entrance. DgkB binds to
anionic phospholipid vesicles with high affinity, and analysis of the K15A, R20A, and
K165A mutant proteins confirm the role of these residues in interfacial docking [99].
Binding of DgkB to anionic phospholipids lowers the Ky, for ATP from 3.7 mM to 32 uM
illustrating that interfacial binding triggers a conformational change that activates the kinase.
Thus, interfacial binding is a prerequisite for the DgkB activity because it is needed to locate
the DAG substrate and promote a conformational change that permits ATP binding. As with
agkA, not all of the dgkB homologs are DAG kinases, although their substrates are largely
unknown. Of the 3 dgkB homologs in B. subtilis, only one has DAG kinase activity. The
other two family members have similar ATP binding domains and are presumed to be lipid
kinases. However, this is a very loose prediction and much more work is needed to
determine the substrates for the multiple dgkB homologs found in Gram-positive bacteria.
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7. Targeting PtdOH Synthesis for Antibacterial Drug Discovery

The central importance of PtdOH to bacterial physiology suggest that targeting PtdOH
synthesis may offer opportunities to develop novel antibacterial therapeutics. Targeting
GpsA has been generally discarded due to the numerous ways that bacterial cells can obtain
glycerol from the environment and the availability of these nutrients in the animal host. The
acyltransferases are essential enzymes and cannot be circumvented by acquisition of
phospholipids from the host. Phenethyl alcohol is a bacteriostatic agent that causes
membrane perturbations in Gram-negative [100-102] and Gram-positive bacteria [103].
Sublethal concentrations of the drug selectively inhibit incorporation of acetate into fatty
acids [104], although this effect is secondary to that on phospholipid synthesis [105].
Phenethyl alcohol inhibits sr-glycerol-3-phosphate acyltransferase (PIsB) in vitro [106].
However, there have been no attempts to develop this scaffold further. One reason the
acyltransferases have not been seriously targeted is that they are integral membrane enzymes
presenting a barrier to preparing sufficient amounts of enzyme to support high-throughput
screens. Also, there are close homologs of PIsB and PIsC found in mammals that are thought
to carry out important acyltransferase reactions in intermediary metabolism [70] opening the
potential for candidate compounds to affect host lipid metabolism. This is not a concern in
the case of PIsY, which does not have mammalian homologs [38] and is essential for PtdOH
synthesis in Gram-positive pathogens. The approach that has been taken with PISY is to
design isosteric, non-hydrolyzable acyl-PO,4 analogs as substrate competitive inhibitors of
PIsY, and potentially product inhibitors of PIsX [80]. The latest generation of these mimics,
the acylsulfamates, exhibit on-target activity against S. aureus, but the hydrophobic nature of
these inhibitors presents a challenge to their use as drugs [107]. Structural biology is where
progress needs to be made in this area. Determining the structure of acyl-PO,4 bound to
either PISY or PIsX would greatly facilitate the design of the next generation inhibitors.
There have been no efforts to target the DAG kinases. DgkA is only essential in osmotically
challenging environments, reducing the enthusiasm for targeting this enzyme. On the other
hand, DgkB is essential to deal with the products of Gram-positive bacterial LTA synthesis
and inhibitors of this soluble enzyme would be effective agents against many pathogens.
Clearly, chemical targeting of the bacterial PtdOH synthesis is in its infancy and it remains
to be seen whether the significant challenges in protein biochemistry and compound design
can be overcome to target these essential enzymes.
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Pathways for the biosynthesis of PtdOH in bacteria. (A) PtdOH metabolism in £. coliis
representative of the bacteria that utilize the PIsB/PIsC acyltransferase pathway to PtdOH.

These acyltransferases use either acyl-ACP substrates produced by type 1l fatty acid

synthesis (FASII) or acyl-CoA thioesters generated by the activation of exogenous fatty

acids by acyl-CoA synthetase (FadD). The PIsB pathway is largely confined to the -y-

proteobacteria. (B) PtdOH metabolism in S. aureus is representative of bacteria that utilize
the PIsX/PIsY/PIsC acyltransferase pathway to PtdOH. Acyl-ACP generated by FASII is
either used by PIsC to acylate the 2-position of LPA or is converted by PlsX to acyl-PO, for
incorporation into the 1-position by PIsY. This is the only pathway present in most Gram-
positive pathogens. In both schemes, the G3P backbone is produced by GpsA, but may also
be obtained from the environment by the GlpF/GIpK pathway. Many bacteria also have a

transport system for G3P (not shown). Exogenous fatty acids are incorporated into
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phospholipid following their ligation to ACP by acyl-ACP synthetases (AAS). PIsB, PIsC,

PISY and GIpF are intrinsic membrane proteins. AAS, FadD and PIsX are soluble proteins
that are thought to interact with the membrane interface.
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Fig. 2.

DAG kinases. (A) DgKA is the DAG kinase responsible for recycling DAG produced from
the turnover of PtdGro in the synthesis of membrane-derived oligosaccharides in £. coli.
DgkA is the prototypical DAG kinase of Gram-negative bacteria. It is an integral membrane
protein that assembles as a trimer in the bilayer. The individual subunits of the homotrimer
are colored red, green and blue. DAG enters the active site from the membrane via a gate
formed by the third transmembrane domain of each subunit interacting with the first two
transmembrane domains of the adjacent subunit. ATP approaches the active site from the
cytosol. (B) DgkB is the DAG kinase responsible for recycling DAG produced from the
synthesis of LTA in S. aureus, and is the prototypical DAG kinase of Gram-positive
bacteria. DgkB is an interfacial enzyme that docks to the membrane via a positively-charged
patch of amino acids located adjacent to the active site. A DgkB monomer is shown in green
ribbon and ADP is shown in the structure as sticks.
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