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Abstract Phospholipid biosynthesis is a vital facet of bac-
terial physiology that begins with the synthesis of the fatty
acids by a soluble type II fatty acid synthase. The bacterial
glycerol-phosphate acyltransferases utilize the completed
fatty acid chains to form the first membrane phospholipid
and thus play a critical role in the regulation of membrane
biogenesis. The first bacterial acyltransferase described was
PlIsB, a glycerol-phosphate acyltransferase. PlsB is a key reg-
ulatory point that coordinates membrane phospholipid for-
mation with cell growth and macromolecular synthesis.
Phosphatidic acid is then produced by PlIsC, a 1-acylglycerol-
phosphate acyltransferase. These two acyltransferases use
thioesters of either CoA or acyl carrier protein (ACP) as the
acyl donors and have homologs that perform the same re-
actions in higher organisms. However, the most prevalent
glycerol-phosphate acyltransferase in the bacterial world is
PlsY, which uses a recently discovered acyl-phosphate fatty
acid intermediate as an acyl donor.lili This unique activated
fatty acid is formed from the acyl-ACP end products of the
fatty acid biosynthetic pathway by PIsX, an acyl-ACP:phosphate
transacylase.—Zhang, YM., and C. O. Rock. Acyltransferases
in bacterial glycerophospholipid synthesis. J. Lipid Res. 2008.
49: 1867-1874.

Supplementary key words acyl carrier protein e type II fatty acid
synthase e acylphosphate

Bacterial phospholipid synthesis is a vital facet of bac-
terial physiology, and the phospholipid head group struc-
tures found in the bacterial world come in a truly bewildering
variety (1). Phosphatidic acid is a universal intermediate in
the biosynthesis of these membrane glycerophospholipids
in eubacteria, and this review focuses on the two acyltrans-
ferase steps that are common reactions in all glycerophos-
pholipid biosynthesis in bacteria, the glycerol-phosphate
and l-acylglycerol-phosphate (LPA) acyltransferases. These
enzymes sit at the interface between the soluble type II fatty
acid biosynthetic pathway and the creation of a phospho-
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lipid molecule that drives membrane expansion. This piv-
otal position makes the glycerol-phosphate acyltransferases
key regulators of both fatty acid and phospholipid synthesis
and has spurred considerable research into the function,
selectivity, and regulation of the acyltransferase systems. This
review will cover the two acyltransferase systems involved in
bacterial glycerophospholipid synthesis, the origin and utili-
zation of acyl donors by these pathways, and their roles in
regulating membrane biogenesis.

ACYL DONORS IN ACYLTRANSFERASE REACTIONS

The most important acyl donor in bacterial glycerolipid
synthesis is acyl-acyl carrier protein (ACP). ACP is a 9 kDa
protein that is the acyl group carrier in type II fatty acid
synthesis and shuttles the intermediates attached to the
sulthydryl group at the terminus of its 4’-phosphopante-
theine prosthetic group between the pathway enzymes
(2, 3). These acyl donors are the end products of the bac-
terial dissociated type II fatty acid synthesis pathway, and
in most bacteria, type II fatty acid synthesis is the sole
source of fatty acids for membrane phospholipid synthesis.
An acyl-ACP intermediate has two possible fates. It can re-
enter the fatty acid elongation cycle and be extended by
two carbons by the action of the elongation-condensing
enzymes of fatty acid synthesis, or the acyl-ACP can be used
by the acyltransferase system. The fate of a particular acyl-
ACP chain length is determined by the competition be-
tween the elongation-condensing enzyme and the PlsB
glycerol-phosphate acyltransferase for this intermediate
based on their opposing substrate specificities. The 16—18
carbon acyl-ACPs are poorer substrates for the elongation-
condensing enzymes than their shorter chain precursors
(4), whereas 16 and 18 carbon acyl-ACPs are the preferred
substrates for the acyltransferases (5), thus accounting for
the preponderance of 16—18 carbon fatty acids in bacterial
membrane phospholipids. The importance of the relative
activities of the competing enzymes, as well as their sub-
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strate specificities, are revealed by in vivo experiments in
Escherichia coli showing that the inactivation of PIsB results
in the accumulation of abnormally long-chain acyl-ACPs
due to the continued elongation by the condensing en-
zymes of fatty acid synthesis (6), whereas overproduction
of the elongation-condensing enzyme FabB leads to a
higher proportion of 18 carbon fatty acids in the mem-
brane (7). Long-chain acyl-ACP is not commercially avail-
able but is efficiently synthesized from ACP using the
acyl-ACP synthetase reaction (8). The idea that there are
physical interactions between the enzymes of type II fatty
acid synthesis enzymes, between the membrane-associated
acyltransferases, or between the type II enzymes and the
acyltransferases is intriguing, but to date there is no ex-
perimental support for this hypothesis.

A surprising recent finding was that the most widely
distributed bacterial glycerol-phosphate acyltransferase
system (PIsY) uses a novel acyl donor, acyl-phosphate
(acyl-PO,), produced by the PIsX enzyme (Fig. 1). Acyl-POy4
is a mixed anhydride of phosphoric acid and a fatty acid
that was first synthesized in 1945 by Lehninger (9), who
prepared these fatty acid derivatives to determine whether
they had a role in fatty acid metabolism in mammalian
cell extracts. Acyl-PO,4 exhibits a higher degree of insta-
bility in water than their thioester counterparts (9). How-
ever, long-chain acyl-POy4 has a halflife of 12 h at pH 7.4
and 37°C (compared with 3 h for acetyl-POy4) (9) and is
clearly sufficiently stable to play its role as an ephemeral
metabolic intermediate. PIsX generates the acyl-PO, inter-
mediates from the acyl-ACP end products of fatty acid
synthesis in a reaction analogous to phosphotransacetylase
(10). The pilsX gene was first recognized as a second site
mutation required for the glycerol-phosphate auxotrophic
phenotype of plsB mutants (11). These data suggested
that pisX either encoded a second acyltransferase or was
involved in glycerol-phosphate metabolism. However, only
the K,, defective acyltransferase activity was detected in
membranes prepared from cells possessing a wild-type
plsX and a mutant pisB gene, suggesting that PIsX is not
an alternative glycerol-phosphate acyltransferase. The plsX
gene is most often found associated with genes encoding
enzymes of bacterial fatty acid synthesis, reflecting the
connection between PlsX and fatty acid biosynthesis. For
example, in E. coli, a fab gene cluster consists of plsX-fabH-
JabD-fabG-acpP-fabl’ (12). The PIsX reaction is readily re-
versible. PIsX is a soluble protein and its crystal structure
is known (Protein Data Bank accession numbers 1vil and
1u7n), although there is no information available on the
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Fig. 1. Structure of acyl-phosphate (acyl-PO,) and its formation by
PIsX. Acyl-POy is an anhydride between a fatty acid and phosphoric
acid that is produced from the long-chain acyl-acyl carrier protein
(ACP) end products of bacterial fatty acid synthesis by PIsX, an acyl-
ACP:phosphate transacylase.
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role of specific residues in substrate binding or catalysis.
However, the PIsX protein appears to associate with the
Bacillus subtilis cell membrane in vivo (13), although the
molecular determinants of PlsX-membrane interactions
have not been explored. Bioinformatic database searches
do not identify any PIsX homologs in mammalian systems.
Some bacterial acyltransferases can use acyl-CoA as an
alternative acyl donor in addition to acyl-ACP. In bacteria,
acyl-CoAs are derived from exogenous fatty acids that are
converted to their acyl-CoA derivatives via an acyl-CoA
synthetase (FadD) following their entry into the cell (14).
In both Gram-negative (15) and Gram-positive (16) bac-
teria, the FadD enzymes are associated with an inducible
B-oxidation system that allows exogenous fatty acids to be
used as a carbon source for growth. Thus, tagging the fatty
acid with either CoA or ACP thioesters serves as a molecu-
lar marker to distinguish acyl chains destined for degrada-
tion from those intended for phospholipid biosynthesis,
respectively. Enzymes that transfer long-chain acyl chains
between acyl-CoA and acyl-ACP are not present in the bac-
terial models examined to date, meaning that bacteria may
not generally permit exogenous fatty acids to enter the
fatty acid biosynthetic pathway and do not have a mecha-
nism to divert newly synthesized products of de novo fatty
acid synthesis for degradation. In E. coli, both PIsB and
PIsC use acyl-CoA thioesters as readily as acyl-ACPs, and
this dual substrate specificity is extrapolated to be the pat-
tern of substrate selectivity in the y-proteobacteria. The
advantage of acyl-CoA utilization by the acyltransferases
in these organisms is that exogenous fatty acids can be
used for membrane phospholipid formation in lieu of the
energy-expensive fatty acid biosynthesis pathway (4, 17).
In contrast, the PlsC proteins from Streptococcus pneumoniae
(10) and B. subtilis (13) do not accept acyl-CoA as an acyl
donor, indicating that Gram-positive bacteria have acyl-
transferases that cannot utilize acyl-CoA. In the case of
S. pnewmoniae, this property correlates with the absence of
a B-oxidation system and recognizable acyl-CoA synthe-
tases in the genome. On the other hand, B. subtilis has
two acyl-CoA synthetases and a (-oxidation pathway (16),
but nonetheless, the PlsC from this bacteria does not ac-
cept acyl-CoA as substrate (13). Thus, the major route for
exogenous fatty acid/acyl-CoA utilization in bacteria is
B-oxidation, and the ability of acyltransferases to inter-
changeably utilize either acyl-ACP or acyl-CoA may poten-
tially be restricted to y-proteobacteria. More examples of
acyl-ACP-specific and dual-specificity acyltransferases need
to be definitively characterized in order for refined bioin-
formatic tools to be developed that can predict the type of
acyltransferase based on sequence information alone.
Both acyl-ACP and acyl-CoA have important roles in
metabolic regulation in addition to their function as acyl-
transferase substrates. Long-chain acyl-CoA is a ligand for
the FadR transcriptional regulator in E. coli that represses
the expression of B-oxidation genes (15) and activates fabA
(18) and fabB(19) gene expression in unsaturated fatty
acid synthesis. The DesT transcription factor regulates
the expression of genes required for oxidative acyl-CoA
desaturation in Pseudomonas aeruginosa (20), and its DNA
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binding is regulated by the composition of the acyl-CoA
pool. Unsaturated acyl-CoA binding results in a tighter as-
sociation of DesT with DNA repressing desaturase tran-
scription, whereas saturated acyl-CoA triggers the release
of DesT from DNA and the induction of desaturase ex-
pression (21). Acyl-ACP is an allosteric regulator of the ini-
tiating steps in fatty acid synthesis, acetyl-CoA carboxylase
(22) and B-ketoacyl-ACP synthase III (23). Modulation
of the long-chain acyl-ACP concentration underlies the
coordinated regulation of fatty acid, phospholipid, and
macromolecular biosynthesis by the glycerol-phosphate
acyltransferases (see below). These regulatory properties
of the acyl-ACP and acyl-CoA donors for phospholipid
synthesis in controlling bacterial lipid metabolism suggest
that acyl-PO, may also have a regulatory role in addition to
its function as a biosynthetic intermediate. A regulatory
function for acyl-PO,4 may explain the retention of PIsX
in bacteria that possess PIsB, and metabolic labeling ex-
periments point to PIsX as a control point for the coor-
dination of fatty acid synthesis, membrane phospholipid
formation, and macromolecular synthesis in B. subtilis
(13), a Gram-positive bacterium that lacks PIsB. However,
the role, if any, for acyl-PO4 in metabolic regulation re-
mains speculative.

GLYCEROL-3-PHOSPHATE ACYLTRANFERASES

PIsB was the first glycerol-phosphate acyltransferase
characterized in bacteria, and it participates in the path-
way for phosphatidic acid formation outlined in Fig. 2. A
novel mutagenesis strategy allowed the Bell laboratory to
isolate glycerol-phosphate auxotrophs that possessed a

Cytoplasm

Acyl-CoA Acyl-ACP
B-oxidation FASII

Fig. 2. The pathway for phosphatidic acid (PA) formation in F. coli
(Gram-negative). The acylation of glycerol-phosphate is carried out
by PIsB, an integral membrane protein that transfers the acyl chain
to the l-position of glycerol-phosphate. 1-Acylglycerol-phosphate
(LPA) is then acylated by the second integral membrane protein,
PIsC. The acyl-ACP end products of type II fatty acid biosynthesis
are the primary acyl donors in both reactions. Acyl-ACPs are feed-
back inhibitors of type II fatty acid synthesis (FASII), and regulation
at the PIsB step coordinates fatty acid production with membrane
phospholipid formation. E. coli has an acyl-CoA synthetase (FadD)
that funnels exogenous fatty acids to either B-oxidation or glycero-
lipid synthesis via their utilization of acyl-CoA as an acyl donor for
PIsB and PIsC.

K,, defect in a membrane-associated glycerol-phosphate
acyltransferase (24, 25). The availability of the plsB mu-
tants enabled the cloning and extensive characterization
of the membrane-bound enzyme that utilizes either acyl-
ACP or acyl-CoA thioesters to acylate the 1-position of
glycerol-phosphate (26, 27). PIsB is responsible for the
selection of fatty acids incorporated into membrane phos-
pholipids and is a key regulatory point in the pathway (4, 5,
28). The selectivity of PIsB for particular acyl chains is re-
sponsible for the positional asymmetry in the fatty acid
composition of E. coli phospholipids (5), whereas the avail-
ability of glycerol-phosphate does not affect the positional
distribution of acyl chains (29). In bacteria, there is a marked
positional asymmetry in the incorporation of acyl chains
into the 1- and 2-positions of glycerol-phosphate. The 1-
position is occupied by 16:0 and 18:1 fatty acids, and the
2-position is occupied primarily by 16:1 and 18:1 fatty acids.
However, the exclusion of 16:0 from the 2-position is not
is not absolute, because fabA mutants that are unable to
produce unsaturated fatty acids produce glycerolipids with
16:0 in both positions (30). A detailed biochemical analysis
of the positional specificity of PIsB using native acyl-ACP
substrates reveals that control is mainly exerted by the ex-
clusion of 16:1 from the I-position (5).

There are four conserved blocks of amino acids in the
PIsB class of acyltransferases. Much of what we know about
these motifs has been learned from site-directed mutagen-
esis and kinetic analysis of the mammalian PIsB homolog
in the Coleman laboratory and has been reviewed in de-
tail (31). Briefly, motif 1 is an HX4D sequence located at
amino acid 306 (E. coli PIsB numbering) that directly par-
ticipates in catalysis (32, 33). The invariant aspartate sets
up a charge relay system with the histidine to facilitate
the deprotonation of the hydroxyl group and promote
its nucleophilic attack on the acyl donor. Motif 2 (348-
GAFFIRRTF) and motif 3 (383-FVEGGRSRTG) are impor-
tant for binding glycerol-phosphate by interacting with the
phosphate group via the arginine residues underlined in
the sequences. Motif 4 (417-ITLIPIYI) is also thought to
be involved in catalysis based on the inactivation of PlsB
when residues in this motif are mutated. However, a struc-
tural role for proline at this position cannot be ruled out.
Experimentally verifying the correct folding of membrane
proteins is a difficult undertaking. Understanding the
function of specific residues in the acyltransferases is im-
portant because there are several human genetic disor-
ders that involve mutations in acyltransferase genes, such
as Barth syndrome (34), rhizomelic chondrodysplasia
punctata type 2 (35), and AGPAT-2-related lipodystrophy
(86). PIsB has two membrane-spanning domains with the
catalytic motifs separated in the C- and N-terminal halves
that interact to affect catalysis (37, 38). Although this sug-
gests that the extracellular loop (or luminal loop in mam-
mals) has little role in catalysis, modifications in this loop
do result in a loss of activity, suggesting that it has a struc-
tural role in enzyme function.

Plants have a variation on the bacterial acyl-ACP-depen-
dent glycerol-phosphate acyltransferase that is a soluble
protein localized in the plastid. These properties have
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allowed the determination of a high-resolution crystal
structure of the glycerol-phosphate acyltransferase that
informs us concerning the specific functions of the con-
served amino acid blocks in this group of proteins (39—
41). Motif 1 containing the HX4D motif is oriented with
the carboxyl of the aspartate, which is hydrogen bonded
to the histidine to leave the nonbonding electron pair
on the histidine facing the active site, where the lone elec-
tron pair participates in abstracting a proton from the 1-
position hydroxyl of glycerol-phosphate to activate this
atom for nucleophilic attack on the acyl thioester. This
configuration is reminiscent of the active site of serine
hydrolases, where the histidine-aspartate pair activates
the active site serine. The plant PIsB structure places the
1-position hydroxyl of glycerol-phosphate in the position
of the serine hydroxyl of the hydrolases. These data strongly
support the key catalytic role for the HX4D motif in acyl-
transferases. The phosphate of glycerol-phosphate is held
in place in the plant acyltransferase structure by four basic
residues arranged on two loops separated by a 42 residue
spacer between each pair of basic residues. This organiza-
tion is reminiscent of the 38 residue spacing between the
twin arginine residues in PIsB located in motifs 2 and 3,
supporting a role for these motifs in forming the phosphate
binding pocket. One phosphate binding consensus se-
quence in plant PlsB is GGRxR, which matches the motif
3 sequence of bacterial PlsB.

Most bacteria, including important human Gram-positive
pathogens such as S. pneumoniae and Staphylococcus aureus,
lack a plsB gene, and the pathway for the acylation of
glycerol-phosphate proceeds as outlined in Fig. 3. The PlsY
protein family (pfam02660/COG0344) encompassing the
domain of unknown function, DUF205, is an acyl-PO,-
dependent glycerol-phosphate acyltransferase. Most bac-

Cytoplasm

Acyl-CoA Acyl-ACP
B-oxidation FASII

Fig. 3. The pathway for phosphatidic acid (PA) formation in
B. subtilis (Gram-positive). The acyl-ACP end products of type 1I
fatty acid synthesis are converted to acyl-POy4 by the soluble pro-
tein PIsX. These acyl-ACPs are feedback inhibitors of type II fatty
acid synthesis (FASII), and it is thought that regulation at the PlsX
step coordinates fatty acid and phospholipid synthesis. Acyl-POy
then serves as a substrate for PlsY, an integral membrane protein
that acylates the 1-position of glycerol-P. The LPA is converted to
phosphatidic acid by the acyl-ACP-specific PIsC. B. subtilis has two
acyl-CoA synthetases to convert exogenous fatty acids to acyl-CoA
and a fatty acid B-oxidation system; however, the acyl-CoA derived
from exogenous fatty acid is not used as an acyl donor in glycero-
lipid synthesis.

1870 Journal of Lipid Research Volume 49, 2008

teria have only a single pisY gene, but some members of
the Bacillus genus have multiple pisY genes. Bacillus anthracis
has three pisY homologs in its genome, and it is unclear
whether these three genes have the redundant functions
or they catalyze acyltransferase reactions with substrates
other than glycerol-phosphate.

PIsY is an integral membrane protein with five membrane-
spanning segments (Fig. 4) (42). There are three short,
nonconserved extracellular loops providing minimal expo-
sure of the protein to the extracellular side of the cell
membrane, with three to four amino acids from the N ter-
minus and two to four residues in extracellular loop 1 and
only one to three residues in loop 2. The more extensive
cytoplasmic loops contain the three conserved sequence
motifs that are required for catalysis. The site-directed mu-
tants in motif 1 located in the first cytoplasmic loop reveal
that it is important for catalysis. Arginine-46 is essential for
enzyme activity, and mutation of asparagine-43 impairs ac-
tivity. An NxxR motif acts as the y-phosphate binding motif
in the Hsp90-ATP complex (43), suggesting a similar phos-
phate binding role for motif 1. Thus, motif 1 may be criti-
cal for the binding of acyl-PO4 based on the assignment of
glycerol-phosphate binding to motif 2. Motif 2 in the sec-
ond cytoplasmic loop is proposed as the glycerol-phosphate
binding site based on the glycerol-phosphate K,, defects
associated with the PIsY[G102A] and PIsY[G103A] mutants.
This motif is similar to the ATP binding sites of prototypical
kinases that have phosphate binding loops consisting of
a glycine-rich sequence followed by a lysine residue (44,
45). The glycines are conserved because the presence of
side chains would interfere with substrate binding, consis-
tent with the K,, defects observed in the PIsY[G102A] and
PIsY[G103A] mutants. Positively charged side chains are im-
portant for phosphate binding (46), and motif 2 contains
lysine-104 downstream of the glycines. Site-directed muta-
genesis demonstrates lysine-104 is essential for activity and
is likely a key player in binding the phosphate of glycerol-
phosphate. Motif 3 is in the C-terminal cytoplasmic seg-
ment and contains a conserved histidine that contributes
to catalysis based on the compromised activity of the PlsY

Cytoplasm

Motifs GSGNxGxTNxxR

FxGGKxVA

HxxNxgE

Fig. 4. Topology and active site motifs that define the PIsY acyl-
transferase family. PIsY is an integral membrane protein with five
transmembrane segments. There are three domains exposed to
the interior of the cell that contain conserved sequence motifs that
are involved in enzyme activity. Motif 1 is proposed to govern acyl-
PO, binding, motif 2 is the site for glycerol-phosphate binding, and
motif 3 is thought to be directly involved in catalysis.
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[H185A] mutation. The proposed role of histidine-185 in
PIsY is the same as the proposed role of the conserved his-
tidine within the HX4D motif found in the PlsB/PlsC
group of acyltransferases (see above). Histidine-185 in mo-
tif 3 may act as a general base to abstract a proton from the
hydroxyl group of glycerol-phosphate to facilitate the
nucleophilic attack on the phosphoanhydride bond of acyl-
phosphate. The conserved glutamate in motif 3 certainly
has a role in protein folding, because the PISY[E197A]
mutant fails to correctly assemble into the membrane.
However, formation of a glutamate-histidine charge relay
system that is structurally important and intimately involved
in catalysis cannot be ruled out.

There is little known about mechanisms that control
the activity of PlsY and its role in regulating fatty acid and
membrane lipid synthesis. PIsY from S. prneumoniae is non-
competitively inhibited by long-chain acyl-CoA (42). This
regulatory property is understood within the context of
bacteria, such as P. aeruginosa, that import fatty acids from
the environment and convert them to acyl-CoA deriva-
tives. These acyl-CoAs are not only used for B-oxidation
but also are incorporated into membrane phospholipid
by PIsB, therefore reducing the demand for acyl moieties
derived from fatty acid synthesis (Fig. 1). Acyl-CoA inhi-
bition of PIsY contributes to the utilization of exogenous
fatty acids by shutting down the use of acyl moieties from
fatty acid biosynthesis (acyl:ACP) when an alternative source
of fatty acid (acyl-CoA) is present. However, S. pneumoniae
lacks both B-oxidation and a prototypical acyl-CoA synthe-
tase, and the PIsC in this organism does not use acyl-CoA
substrates, so the relevance of this potential mechanism of

Chlamydiae

_Pasteurellales
__Pseudomonadales
< Enterobacteriales >
<Qceanospirillales™>
COthers™

(Epsilon)

Proteobacteria

regulation in most Gram-positive bacteria is questionable.
The mutational inactivation of PIsY in B. subtilis leads to
continued fatty acid synthesis, acyl-PO4 formation, and the
accumulation of nonesterified fatty acids via the slow hy-
drolysis of acyl-PO4 (13). In contrast, inactivation of PIsX
leads to the cessation of membrane lipid synthesis without
the accumulation of fatty acids or other pathway byproducts
in the cell (13). Thus, it appears that PlsX is the key
regulatory point where fatty acid and phospholipid syn-
thesis are coordinated in bacteria that lack a pisB gene.
Genetic regulation of the PlsX/PIsY/PIsC pathway is puz-
zling. The global transcriptional regulator FapR in B. subtilis
regulates plsX and plsC expression, but not pisY (47). How-
ever, in S. pneumoniae, fatty acid synthesis genes and plsC
are regulated by the FabT transcriptional repressor, but plsX
and plsYare not (48). The importance of these differences
in transcriptional regulation in bacteria that rely on the
PIsX/PIsY/PIsC pathway as the sole route to membrane
phospholipids remains an important avenue to explore.
The PIsX/PIsY pathway is widely distributed in bacterial
genomes based on the analysis of ~600 finished and draft
bacterial genome sequences deposited in the Integrated
Microbial Genomes database (Fig. 5). The only group that
did not contain PlsX/PIsY were the Xanthomonadales
in the y-proteobacteria, which have PIsB only (Fig. 5).
Archaea and eukarya do not have a recognizable PIsX/Y
pathway. The PIsB pathway is found in a subset of the ge-
nomes and is restricted primarily to the y-proteobacteria
(Fig. 5). The existence of PlsB in these bacteria provides
them with an acyltransferase capable of utilizing acyl-
CoA, which allows the incorporation of exogenous fatty

CBacilli >

Clostridia> | GOthers >
CMollicutes >

Lactobacillales

Z_Rhodobacterales
< Sphingomonadales
Rickettsiales

Burkholderiales

eisseriale

Z__Myxococcales

< ntrophobacterales

Fig. 5. Phylogenetic distribution of the PIsB/PIsC and PIsX/PIsY/PIsC acyltransferase systems in bacteria. Bacterial groups that contain
only the PIsB/PIsC pathway to phosphatidic acid are shown in blue, those that have only the PIsX/PIsY/PIsC pathway are shown in yellow,
and those that contain members that have both pathways are shown in both colors.
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acids into membrane phospholipids. The plsB gene may
not be essential in many of these bacteria, most of which
also contain the PIsX/PIsY system, for example, P. aeruginosa
(49). On the other hand, B. subtilis lacks pisB, and both the
plsXand plsY genes are essential (50).

1-ACYLGLYCEROL-3-PHOSPHATE ACYLTRANSFERASE

A second acyltransferase, PIsC (51, 52), was discovered
in E. coli and completes the synthesis of phosphatidic acid
by transferring a fatty acid to the 2-position of LPA. PIsC
is universally expressed in bacteria. Detailed substrate spec-
ificity studies with acyl-ACP substrates have not been re-
ported, but PlsC appears to lack a strict substrate specificity
based on the incorporation of saturated and unsaturated
fatty acids into the 2-position depending on their abundance.
The PIsCs from Gram-positive bacteria, like S. pneumoniae
(10) and B. subtilis (13), use only acyl-ACP as the acyl donor.
This is in contrast to the E. coli enzyme that is also capable
of using acyl-CoA as the acyl donor (51), as do the plant
(53) and mammalian (54) homologs. Thus, it appears that
Gram-negative bacteria are capable of utilizing acyl-ACP,
acyl-POy, and acyl-CoA to generate membrane glycerophos-
pholipids, whereas Gram-positive bacteria use only acyl-PO,4
and acyl-ACP. Most of what can be gleaned about the archi-
tecture of PIsC in the membrane and the nature of its key
catalytic residues is derived from prediction rather than
from direct experiment. PIsC also contains the HX4D
motif, indicating that the catalytic mechanism for activat-
ing the 2-hydroxyl of glycerol-phosphate is similar to the
activation of the 1-position by PIsB. PIsC also contains a con-
sensus sequence corresponding to motif 2 and motif 3 of
PIsB containing the critical arginines proposed to anchor
the phosphate of LPA. A definitive experimental descrip-
tion of the membrane topology of PIsC coupled with site-
directed mutagenesis and enzymatic characterization of
these mutants will be required to verify the predictions based
on bioinformatic comparisons.

The basic PIsC structure has been adopted by bacteria to
perform acyltransferase reactions that do not involve LPA.
Some bacteria have multiple PIsC homologs, and their
non-PIsC reactions are not always immediately obvious.
Rhodobacter capsulatus (55), Pseudomonas fluorescens (56),
and Neisseria meningitides (57) have two PIsC homologs that
complement the E. coli plsC(Ts) growth phenotype, which
suggests that they may all be LPA acyltransferases. How-
ever, in R. capsulatus, one of the complementing PlsC ho-
mologs was identified as OlIsA, a protein that is involved
in the final acylation step in the biosynthesis of ornithine
lipids (55). All olsA genes are pisC homologs, but the OIsA
proteins of Sinorhizobium meliloti (58) and P. fluorescens (56)
do not have detectable LPA acyltransferase activity, illustrat-
ing that complementation in itself is not a reliable method
to definitively determine function. Investigators must check
the biochemical properties of the proteins and analyze
mutant cells for an underlying biochemical phenotype,
such as the accumulation of LPA, which indicates that a
complementing gene may encode something other than
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a bone fide PIsC. Why some bacteria would have multiple
LPA acyltransferases is puzzling. In eukaryotes, there are
many of these enzymes with differing physiological func-
tions and substrate specificities (31). It has been suggested
that enzymes with different substrate specificities are re-
quired to produce lipids with defined fatty acid composi-
tion; however, extending this argument to bacteria that
usually have only three to four major fatty acids may not
be valid.

REGULATORY ROLES FOR THE ACYLTRANFERASES

The long-chain acyl-ACP end products of fatty acid bio-
synthesis have emerged as the key regulators of mem-
brane glycerolipid biosynthesis (3, 59). The importance of
long-chain acyl-ACP regulation was realized through the
demonstration that acyl-ACP hydrolysis by thioesterases
leads to deregulated fatty acid biosynthesis and to the
release of fatty acids into the medium (60-62). There are
three enzymes that are regulated by acyl-ACP: acetyl-CoA
carboxylase (ACC), the initiating condensing enzyme (-
ketoacyl-ACP synthase III (FabH), and a rate-controlling
step in fatty acid elongation, enoyl-ACP reductase (Fabl).
The ACC reaction is inhibited by long-chain acyl-ACP-
lowering ACC activity, thereby limiting the supply of
malonate groups for chain initiation and elongation (22).
FabH is also potently inhibited by mature acyl-ACP chain
lengths, leading to a decrease in the initiation of new acyl
chains to limit the total number of fatty acids produced
(23, 63). Fabl, which produces acyl-ACP, is inhibited by
acyl-ACP via product inhibition (63). Because Fabl has a
determinant role in completing rounds of fatty acid elon-
gation (64), reduced Fabl activity slows the rate of fatty
acid elongation.

The cellular acyl-ACP levels are controlled by regula-
tion at the glycerol-phosphate acyltransferase step (Fig. 2).
The blockade of PlsB activity using conditional mutants
leads to the accumulation of long-chain acyl-ACP and to
the cessation of fatty acid biosynthesis (28). One key physio-
logical regulator of PIsB activity is ppGpp, a global regulator
of gene expression and stable RNA synthesis in bacteria
(65). Elevating the ppGpp levels in vivo inhibits PlsB activity,
which in turn triggers an increase in acyllACP and a reduc-
tion in fatty acid synthesis (28). Thus, PIsB functions as a
sensor of the status of protein synthesis to coordinate mem-
brane phospholipid formation with macromolecular bio-
synthesis and cell growth. The regulatory loop also works
in the other direction. The inhibition of fatty acid synthesis
triggers an increase in ppGpp (66), which informs macro-
molecular biosynthetic systems about the status of mem-
brane biogenesis. The mechanism of ppGpp regulation by
fatty acid biosynthesis is not completely clear, but the direct
interaction between ACP and ppGpp synthase II (SpoT)
(67, 68) suggests the acyl-ACP pool may be involved in this
process also.

The control of acyl-ACP levels in the PlsX/PIsY pathway
occurs at the PIsX step. The inactivation of PIsY in B. subtilis
leads to the continued production of acyl-ACPs, their con-
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version to acyl-POy, and their subsequent hydrolysis to fatty
acid (13). This biochemical result shows that, unlike PIsB,
the PIsY acyltransferase is not positioned in the PlsX/PlsY/
PIsC pathway to coordinate fatty acid and membrane phos-
pholipid synthesis. In contrast, PIsX inactivation leads to the
coordinated cessation of both fatty acid and phospholipid
synthesis in B. subtilis without the accumulation of a lipid
intermediate (13). This result is interpreted to reflect the
accumulation of long-chain acyl-ACP in the absence of PIsX
and the feedback inhibition of fatty acid synthesis at the
acetyl-CoA carboxylase and FabH steps, as described for
the PIsB regulatory circuit. However, these conclusions are
extrapolated from a single study, and more research is
needed to identify whether there are any intracellular
ligands that regulate PIsX activity. Gram-positive bacteria
also produce ppGpp in response to protein synthesis arrest,
but it is not known whether this alarmone has a role in reg-
ulating PIsX activity.

There is no known regulatory role for the PlsC acyl-
transferases in bacterial physiology. The inactivation of
PIsC leads to the accumulation of LPA (13, 51), which is
dephosphorylated to monoacylglycerol and subsequently
hydrolyzed to fatty acid (13). Thus, there appears to be
no role for PIsC beyond its essential function to acylate
all of the LPA that is produced by either PIsB or PIsY.

PERSPECTIVES

The focus of future research on bacterial acyltransferase
systems will be the PlsX/PIsY pathway. Little is known
about the biochemistry and regulation of this newly dis-
covered system, yet it is apparent from this work that
these two enzymes play a key role in regulating fatty acid
and phospholipid synthesis in the majority of bacteria.
Although the crystal structure of PlsX is known, almost
nothing is known about the catalytic mechanism and
regulation of this enzyme. Understanding this enzyme is
particularly relevant in light of its proposed role in the
coordination of fatty acid and phospholipid synthesis in
Gram-positive bacteria (13). Some bacteria, like B. anthracis,
have multiple plsY homologs in their genomes. These PlsY
proteins are sufficiently distinct in sequence to suggest that
they may represent acyl-PO4-dependent acyltransferases
with alternative acyl acceptors. The discovery of the essen-
tial role of PIsX/PIsY in the Firmicutes also has potential
medical relevance. This group of bacteria contains the ma-
jor human Gram-positive pathogens and uses the PlsX/PlsY
pathway exclusively for glycerolipid synthesis. These essen-
tial enzymes are unique to bacteria and thus represent two
new attractive targets for the development of antibacterial
agents to combat the growing problem of pathogens resis-
tant to current antibiotics. Type II fatty acid synthesis is a
validated target for antibacterial drug discovery, and the com-
pounds identified to date are effective against multidrug-
resistant pathogens. These important findings have been
reviewed recently in detail (59, 69), and the success of the
natural products that target membrane lipid biosynthesis
at the fatty acid step suggests that compounds targeting the

unique bacterial acyltransferases also hold promise in anti-
bacterial drug discovery.
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