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Abstract

Lysophospholipids (LPLs) are metabolic intermediates in bacterial phospholipid turnover. Distinct
from their diacyl counterparts, these inverted cone-shaped molecules share physical characteristics
of detergents, enabling modification of local membrane properties such as curvature. The
functions of LPLs as cellular growth factors or potent lipid mediators have been extensively
demonstrated in eukaryotic cells but are still undefined in bacteria. In the envelope of Gram-
negative bacteria, LPLs are derived from multiple endogenous and exogenous sources. Although
several flippases that move non-glycerophospholipids across the bacterial inner membrane were
characterized, lysophospholipid transporter LplT appears to be the first example of a bacterial
protein capable of facilitating rapid retrograde translocation of lyso forms of glycerophospholipids
across the cytoplasmic membrane in Gram-negative bacteria. LplT transports lyso forms of the
three bacterial membrane phospholipids with comparable efficiency, but excludes other lysolipid
species. Once a LPL is flipped by LplIT to the cytoplasmic side of the inner membrane, its diacyl
form is effectively regenerated by the action of a peripheral enzyme, acyl-ACP synthetase/LPL
acyltransferase (Aas). LplT-Aas also mediates a novel cardiolipin remodeling by converting its two
lyso derivatives, diacyl or deacylated cardiolipin, to a triacyl form. This coupled remodeling
system provides a unique bacterial membrane phospholipid repair mechanism. Strict selectivity of
LpIT for lyso lipids allows this system to fulfill efficient lipid repair in an environment containing
mostly diacyl phospholipids. A rocker-switch model engaged by a pair of symmetric ion-locks
may facilitate alternating substrate access to drive LPL flipping into bacterial cells.
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1. Introduction

The envelope of Gram-negative bacteria comprises two distinct membranes: an inner
membrane (IM) and an outer membrane (OM) that are separated by a peptidoglycan-
containing periplasmic space. These microorganisms maintain a relatively simple
phospholipid composition. In Escherichia coli, the envelope mainly consists of ~70%
phosphatidylethanolamine (PE), ~20% phosphatidylglycerol (PG) and ~5% cardiolipin (CL)
with some minor phospholipid species: phosphatidylserine (PS), phosphatidic acid (PA),
CDP-diacylglycerol (CDP-DAG) and lysophospholipids (LPLs) making up the rest ~5% (1).
This phospholipid composition is established primarily by de novo synthesis on the IM via
the intermediate PA which is then converted either to zwitterionic PE or anionic PG and CL

).

LPLs are usually in a small fraction (< 1%) of the bacterial membrane, but may be
accumulated in marine, pathogenic and stressed bacteria under special circumstances (3-5).
LPLs are generated as metabolic intermediates in phospholipid synthesis or from membrane
degradation. In bacteria, LPLs are mostly found in the form of
lysophosphatidylethanolamine (LPE), which can be converted to dilysocardiolipin (diacyl-
CL) and lysocardiohpin (triacyl-CL), at least in vitro (6). The role of LPLs remains poorly
characterized in bacteria. But LPLs have been found to be essential in eukaryotic cells.
Inflamed tissues secrete LPLs as potent chemotactic molecules (7,8) or stimulating factors
(9), which are considered as potential biomarkers of certain diseases (10,11).
Lysophosphatidic acid (LPA) and sphingosine-1-phosphate are potent signaling messengers
and mitogens (12). Lysophosphatidylcholine (LPC) is a lipid precursor for biogenesis of
docosahexaenoic acid, a primary structural component of the human brain, cerebral cortex
and retina (13). The functional significance and mechanism of LPL turnover in the bacterial
envelope remains obscure. Further investigation is needed (i) to correlate LPL turnover with
bacterial growth, survival and pathogenic potential; and (ii) to understand the consequences
of LPL turnover and its physiological significance during environmental adaptation in an
infected host. Studying the metabolism of LPLs will help to address these fundamental
questions in this underdeveloped research area.

LplT was originally identified as a LPE transporter in the IM of Gram-negative bacteria
(14). A contradiction was whether LplT is able (or even necessary) to have a generalized
LPL flippase function (15). Aas is a bifunctional enzyme catalyzing acyl transfer to LPL,
generating diacyl form of the phospholipid. We recently reported that the LplT-Aas system
facilitates remodeling of all three bacterial major phospholipids including PE, PG and CL
with comparable translocation and remodeling efficiencies, and therefore is very important
for maintaining stability and integrity of the membrane envelope (16). This review focuses
on the biogenesis of LPLs from endogenous (intramembrane) and exogenous sources and
provides a detailed characterization of the remodeling pathway controlled by the LpIT-Aas
system in Gram-negative bacteria. A new mechanistic model of LplT-mediated LPL
transport is also proposed based on published biochemical data (14,16).
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2. Origins of LPLs in the envelope of Gram-negative bacteria

2.1. LPLs generated by endogenous phospholipase A,

Many membrane-stressing events that compromise the integrity of the OM such as heat
shock (17,18), T4 phage-induced lysis (19), colicin secretion (20), serum complement action
(21), EDTA treatment (22), bactericidal-permeability increasing protein (BPI) action (23,24)
and antimicrobial lipopeptide exposure (25) are accompanied by a drastic increase in the
LPE level within the Gram-negative envelope.

The accumulation of LPE in the stressed envelope is mostly due to activation of PIdA, a
detergent-resistant phospholipase A on the OM (26) (Fig. 1-[1]). PIdA remains dormant as
an inactive monomer in normally growing cells (27). Although phospholipids are present in
both the IM and the OM, their distribution on the OM is extremely asymmetric with
lipopolysaccharides (LPS) residing in the outer leaflet and phospholipids (normally PE) in
the inner leaflet. The phospholipid substrates lining the inner leaflet of the OM are normally
inaccessible to the active site of PIdA when the OM asymmetry is intact. However, under
stressful conditions, disturbance of the OM integrity and asymmetry leads to activation of
PIdA via the Ca2*-dependent dimerization mechanism (28,29). The disturbed OM may
further facilitate substrate accessibility to the PIdA on the envelope surface (26,27,30-32).

In several pathogenic bacteria including Vibrio cholerae, Helicobacter pylori, Yersinia
pseudotuberculosis, LPE is accumulated in accordance with their pathogenic or survival
potential when confronting new hostile environmental conditions (3-5,33). V/ cholerae
remodels its lipid profile and accumulates LPE after exposure to bile salts (which may occur
in the early stages of infection) or during growth in the presence of ocean sediment. Under
both conditions, V/ cholerae produces a large amount of LPE accounting for ~30% of the
total lipid composition (34). Such abnormal LPE accumulation is unexpected given that no
pldA homolog is encoded by this microorganism. It is worthwhile to note that this
interesting phenomenon was confirmed not to be an artifact of lipid extraction but is a bona
fide bacterial response to its natural environment (3). In addition, accumulation of LPE in
the OM of H. pylori coincides with augmented invasive capacity accompanied by increased
secretion of vacuolating cytotoxin A (a key toxin in this bacterium), urease release and better
adherence to epithelial cells observed /n vitro (4,35). Whether a high LPE/PE ratio
stimulates bacterial virulence or is just a side effect of the overall bacterial metabolic
response is still unknown. Accumulation of LPE has been implicated in stress resistance of
H. pylori grown in acidified media (36).

LPE was also found to become dominant (12 %) in the OM of Y/ pseudotuberculosis after
shifting of the growth temperature from 8 °C to 37 °C or after exposure of the cells to heat
shock (33). It is unclear why heat-stressed cells are able to retain LPE at such a high level
without immediate degradation by PIdB or remodeling by the LplT-Aas system in the IM
despite the fact that homologs of aasand Jp/T genes are present in the Yersinia genus.

2.2. LPLs as by-products of de novo biosynthetic pathways

The PhoPQ virulence two-component system is a major regulator of the OM lipid content
and topography (externalization of CL) (37). This system modulates the
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glycerophospholipid (GPE) content within the bacterial envelope in response to phagosome
acidification and the action of cationic antimicrobial peptides (CAMP). Several stress
conditions (penetration attempts of CAMP, exposure to acidic pH, EDTA treatment, BPI
binding, divalent cations limited growth conditions, the presence of bile acids or detergents
etc.) displace LPS or calcium and magnesium ions from the outer leaflet and promote
phospholipid externalization (31,38). In E. coli and Salmonella typhimurium, OM damage
and spontaneous PhoPQ activation up-regulate the OM lipid A palmitoyltransfrase PagP
(31,39). PagP transfers a palmitate chain from PE to hexaacylated lipid A or PG to form a
hepta-acylated lipid A or triacylated PG, releasing LPE as byproduct (39,40) (Fig. 1-[2]).
Biosynthesis of hepta-acylated LPS and triacylated PG fortifies the OM barrier to CAMP
and promotes bacterial survival within acidified host phagosomes. In £.coli, triacylated PG
is also synthesized by the addition of a fatty acid from LPE to PG by the lysophospholipase
L2 PIdB protein (41), which can therefore eliminate a “harmful” LPE from the IM.
Triacylated PG synthesized by PagP and PIdB can be distinguished because of the strict
palmitate selectivity displayed by PagP in the OM compared to the more relaxed acyl chain
specificity displayed by PIdB in the IM.

Bacterial OM lipoprotein precursor (Lpp) undergoes a sequential maturation process
mediated by three different membrane-bound enzymes on the outer leaflet of the IM (42,43).
The final step is catalyzed by apolipoprotein A-acyltransferase (Lnt). Lnt transfers the sn-1
fatty acid moiety from PE to the N terminus of the Lpp precursor, generating mature
triacylated lipoprotein and LPE as byproduct of the reaction (Fig. 1-[3]). LPL can also be
generated during the synthesis of N-acylphosphatidylethanolamine (N-acyl-PE) (44).
Although the catabolic pathway for N-acyl-PE remains uncharacterized in bacteria, it is
synthesized in prokaryotes by transacylation of the sn-1 acyl chain of a phospholipid onto
the amine of PE, with a LPL being simultaneously produced (45).

LPLs as result of exogenous phospholipase actions

The bacterial envelope establishes an essential compartmentalization of biochemical
activities in cells. Its exterior accessibility also makes the envelope a common target of
exogenous factors for antagonistic interactions between diverse organisms. Secretory
phospholipases A, (SPLAy)-mediated bacterial phospholipid degradation is a potent
antibacterial mechanism in animal innate immune systems. Ten sPLA, isoforms have been
identified in human (46). They are expressed in different cell types including neutrophils and
other phagocytic cells and are present in tears, plasma and many inflammatory fluids.
Several isoforms exhibit their bactericidal activities towards both Gram-positive and Gram-
negative bacteria. SPLA, hydrolyzes membrane phospholipids of invading bacteria,
producing the 1-acylated lyso form and free fatty acids that can cause bacterial membrane
disorganization and eventual cell lysis (47).

Killing of Gram-positive bacteria by SPLA, group 1A (sPLA,-GIIA) is very efficient.
SPLA,-GIIA penetrates through the porous OM-lacking envelope to directly attack
membrane phospholipids, with the preferred hydrolytic substrates PG and CL (47). The
bactericidal activity of SPLA,-GIIA towards Gram-negative bacteria, such as £.coliand
Pseudomonas aeruginosa, requires synergistic action of other innate immune antibacterial
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factors such as BPI or serum complementation membrane attack complex (MAC). These
immune proteins disrupt the LPS-rich OM surface structure to assist SPLA>-GIIA access to
PL components (48)(Fig. 1-[4]). The action of SPLA,-GIIA most likely takes place on the
OM, at least at the initial stage. The damage may further then extend towards the 1M,
resulting in severe membrane degradation of >50% of the phospholipids (24). Disruption of
E.coli spheroplasts by pancreatic SPLA, produced multiple LPL species (16). Therefore, the
bactericidal event is not limited to degradation of PE, but also affects PG and CL.

sPLA,-GIIA mediated phospholipid hydrolysis is substantially aggravated by activation of
endogenous PIdA in the OM. Incubation of rabbit polymorphonuclear leukocytes with an
E.colistrain harboring a multicopy plasmid encoding p/dA results in drastic degradation of
up to 60% of bacterial PLs. The breakdown rate was reduced to 30% and 20% in the absence
of the plasmid or in a Ap/dA strain, respectively (24). Activation of endogenous PIdA may
be triggered by the sPLA, attack itself or by OM disruption caused by BPI or MAC either
separately or synergistically. Why endogenous PIdA assists the invading host sPLA; in this
antimicrobial event is still unknown and remains an interesting topic for study of bacterial
host interaction in living organisms.

Gram-negative bacteria utilize their own phospholipases to achieve intra- and interspecies
antagonistic interaction and competition. Activated bacteria deliver five divergent groups of
lipase effectors (Tlel-5) to the recipient cells via the type VI secretion system (T6S)
translocation apparatus (49). Tlel-5 possess phospholipase A or A, activity and degrade
PE in the periplasm of the recipient cells to generate LPE (Fig. 1-[5]). V/ cholerae strains
lacking t/e2 exhibit impaired ability to Kill £. coli. Remarkably, a type-specific immunity
protein Tli is encoded adjacent to each #/e gene. In the periplasm, Tli inactivates Tle via
specific protein interaction, if both are from the same species, to ensure precise interspecies
antagonistic action.

3. Function of LPLs in the bacterial envelope

The role of LPLs in bacteria remains poorly characterized. Although LPL-mediated
signaling has not yet been discovered in bacteria, LPLs roles as potent messengers and
mitogens have been demonstrated extensively in eukaryotes. Water-soluble LPA, once
thought to be only a key intermediate of the intracellular de novo phospholipid biosynthesis
pathway, has now been recognized as an important extracellular signaling molecule acting
via a group of LPA specific G protein-coupled receptors (50,51). In bacteria, LPA’s only
known role is as an intermediate in biosynthesis of PA, a key phospholipid precursor for
membrane biogenesis (2).

LPLs may modulate mechanical properties of lipid bilayers in a specific manner. The
adaptability and flexibility of the bacterial membrane structure necessitated by the
environment is made possible only within a defined spectrum of bilayer and non-bilayer
lipid mixtures (52). Harsh conditions are frequently encountered by bacteria surviving in
changing environmental niches including an infected host. The structure and integrity of
bacterial membranes must play a major role in the survival and propagation of bacteria in
diverse environments. Various types of environmental stress, such as temperature, osmotic
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and pH stress, cause alterations in the physical properties of membrane lipids (53). When
cone-shaped fully unsaturated PE is mixed with bilayer-prone lipids (PG), an elastic
curvature stress is induced in the bilayer structure. Introduction of LPE reduces the stored
curvature stress and therefore relaxes the “frustrated” bilayer due to its inverted cone-like
geometrical shape (54). Although no gross defect in permeability of the bacterial cells upon
increase of LPLs has been demonstrated, accumulation of LPLs may disrupt the membrane
structure of mitochondria by increasing non-specific membrane permeability (55). LPL-
induced changes in local membrane curvature can in turn modulate the function and
conformation of embedded membrane proteins (56,57). However, it is not always clear how
to translate these polymorphic phospholipid features into the biological functions of
individual lipids or the collective physical properties of a lipid bilayer (58).

E. colinormally contains no major intracytoplasmic membrane structures or stores (lipid
droplets) and all phospholipids are associated with the IM and the OM. It was suggested that
the water solubility of a LPL is sufficient to permit its access not only to membranes but also
to nonmembraneous cellular compartments such as the periplasm and the cytoplasm at
micromolar concentrations (18). A mild heat shock from 30 to 42°C resulted in a 4-fold
increase in LPE in less than 3 min, remaining constant for more than 1 hour in growing
E.colicells (17). LPE may exhibit chaperone-like properties in protein folding and
protection against thermal denaturation. LPE, not PE or PC, promotes the functional folding
of citrate synthase and glycosidase after urea denaturation and prevents the aggregation of
citrate synthase at 42°C (18).

Accumulation of LPE is often accompanied by an increase in CL (21). The CL microdomain
is localized in the septal region of dividing cells (59). Thus it is quite possible that LPE is
present at the cell division site to relax bilayer stress induced by non-bilayer CL or to
maintain an optimal membrane curvature. In accordance with this hypothesis, it has been
suggested that PIdA hydrolyzes phospholipids within the cell envelope during bacterial cell
division (60). In support of this idea, an £.coli envC mutant defective in cell division
exhibited a drastic increase in LPE level, whereas decreased cell length and separation of
daughter cells were prompted by LPE in the septum division zone of the OM (21,61).

LPL may also regulate the function of membrane proteins associated with the bilayer. In the
presence of LPC, the OmpF-like porin of Y. pseudotubeduciosis alters its ion channel
activity and the large-conductance mechanosensitive channel MscL of £. coliis trapped in
the fully open state (62,63). In both cases, the mechanisms are proposed to involve intrinsic
membrane curvature stress and the resulting physical distortion of the lipid bilayer induced
by incorporation of the LPL.

4. Retrograde LPL traffic routes within the envelope of Gram-negative

bacteria

Obviously, LPLs as the products of phospholipid hydrolysis by endogenous PIdA and
exogenous PLA, or as by-products of PagP and Lnt dependent enzymatic reactions should
be cleared within the bacterial envelope under normal growth conditions in order to
eliminate their potential membrane-destabilizing effect.
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The asymmetric transmembrane arrangement in the OM is entropically disfavored and
expected to be in a non-equilibrium thermodynamic state. Thus this asymmetry should be
maintained in both normal and stressed cells (60). To preserve the OM integrity, LPE
exhibits a retrograde movement from the OM to the IM, followed by a reacylation reaction
to form diacyl PE (64-66). This remodeling occurs exclusively on the cytoplasmic side of
the IM and is catalyzed by Aas (14) (Fig. 1[6]). The flipping of LPE from the periplasmic
leaflet to the cytoplasmic surface of the IM is catalyzed by the generic flippase LplIT, a
dedicated retrograde transport system for LPL (14,16). Retrograde transport of diacyl
phospholipids from the OM to the IM was shown to be mediated by the IM MlaFEDB
complex via the periplasmic substrate binding protein MlaC (67). Utilization of this route
has not yet been demonstrated for LPLs. Remarkably, functioning of the Mla system and
PIdA activity are interrelated via different mechanisms. When the Mla system is
compromised, PIdA degrades externalized diacyl phospholipids since the mutant cells fail to
translocate the lipids back to the IM (60).

5. Scope for phospholipid flippase in Gram-negative bacteria

Transbilayer diffusion of amphipathic phospholipids /n vitro is thermodynamically
unfavorable and therefore is an extremely slow process. Thus phospholipid translocation in
biological membranes is protein catalyzed (15). Lipid flippases mediate the net transfer of
lipid molecules from one leaflet of a membrane to the other side often against a
concentration gradient. These unique proteins therefore are able to either establish or
annihilate/dissipate transmembrane lipid asymmetry. Several flippases that catalyze
translocation of different classes of lipids have been identified in eukaryotes (13,68,69).
MsbA is the only bacterial phospholipid flippase identified in £.coliby genetic approaches.
The msbA conditional mutant accumulates phospholipids and LPS on the inner surface of
the IM upon a shift to non-permissive conditions (70). Unfortunately, MsbA has never been
demonstrated to promote translocation of phospholipids /n vitro (71). Thus, it is unknown
whether MsbA alone is necessary but not sufficient for flip-flop of phospholipids /n vitro or
whether any accessory proteins are required for MsbA to perform efficient phospholipid
translocation (72). It is also possible that MsbA is only involved in lipid A transport but not
required for phospholipid flip-flop across the IM (73,74). Other bacterial phospholipid
flippases have been postulated based on partial purification and reconstituted activity of the
detergent-extracted total membrane fraction (75). However it is difficult to extrapolate these
in vitroresults to the /n vivosituation since the fluorescent phospholipid analogue substrates
used are structurally different from their natural counterparts (15).

6. Identification of LplIT in Gram-negative bacteria

LpIT (TC subfamily 2.A.1.42) was first identified as a LPE transporter by the Rock and
Saier groups (14). LplT consists of ten or twelve predicted transmembrane segments (Fig. 2b
and 4a) and belongs to the Major Facilitator Superfamily (MFS). MFS members transport a
great variety of small polar compounds including sugars, oligosaccharides, drugs, amino
acids, nucleosides, organophosphate esters, Krebs cycle metabolites, and small inorganic
ions (76). LplT is the only MFS member identified as a specific transporter of lipid thus far.
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LplT is exclusively found in Gram-negative bacteria including Chlamydiae (Fig. 2a). In the
genomes of most Gram-negative bacteria, the /o/T gene is closely associated with aas,
although their composition and relative orientation may be altered in different bacterial
phyla. Aas is a bifunctional enzyme and consists of two tandem domains: the N-terminal
acyltransferase (PIsC) domain and the C-terminal acyl-ACP synthetase (ACS) domain (Fig.
2c). In -y-proteobacteria £. coliand Yersinia pestis, the two genes are co-transcribed in one
biscistronic operon. In the p-proteobacteria Bordetella and Ralstonia, the aas gene is short
and only contains a PIsC domain. Any protein interaction between LplT and Aas on the
membrane is still unknown, but remains as an attractive idea given their transcriptional
synergy and functional coupling in the remodeling system (see below). Indeed, IpIT and Aas
exist as a fusion protein in several a-, and e-proteobacteria including Bradyrhizobium
Japonicum and Helicobacter hepaticus (14). This integration may be efficient for proper lipid
distribution in the bacterial envelope, as also seen in other lipid modification systems such as
MprF in Gram-positive bacteria. MprF catalyzes synthesis of lysyl-PG on the cytoplasmic
surface, which is subsequently flipped by its transporter domain to the outer leaflet of the
membrane (77).

In E. coli, Aas performs LPL remodeling in two steps: 1) the ACS domain catalyzes ATP-
dependent biosynthesis of acyl-ACP using acyl-CoA as acyl donor; and then 2) the acyl-
ACP is utilized by the adjacent PIsC domain for acylation of LPL (Fig. 3)(78). Aas is
considered a peripheral protein on the cytoplasmic membrane surface due to its two strong
hydrophobic segments (11e258-Ala277 and Phe?09-Ala*32) in the ACS domain (Fig. 2c). Its
tight association with the membrane requires a high concentration of non-ionic detergent for
extraction from the membrane fraction (data not shown). Interestingly, these two
hydrophobic segments were predicted as transmembrane helices by other protein topology
programs. LplT or Aas per se are functionally independent in £.coli cells since Aas activity
is largely unaffected in the A/p/T mutant (14). Although the amount of LPE increases by
three fold in the E£.coli AfadD, Alp/T and Aaas triple mutant, it is still kept at a very low level
(0.75%) under normal growth conditions (14). Physical proximity of the two proteins would
greatly facilitate remodeling efficiency. The effectiveness of this coupling could become
more significant when dealing with multiple exogenous PLA, attacks that would generate a
massive amount of LPLs (>20%) within the envelope (16).

It was previously suggested that LplT only transports LPE in E.coli (14). Recently, a more
comprehensive study by our group of the LpIT homolog from Klebsiella pneumonia reveals
that LpIT is a generalized bacterial LPL transporter with broad substrate specificity (16).
Spontaneous flip/flopping of lipids, in particular polar LPLs, across the hydrophobic bilayer
is usually a slow and energy unfavorable process. The membrane impermeability of LPL is
apparently independent of the head group conformation (16). Lacking any lipid acylation
activity in the periplasm establishes LplT as a critical mediator for the metabolism of LPLSs.
Several eukaryotic transporters utilize the energy of ATP hydrolysis or a counter
electrochemical gradient to drive lipid translayer motion (13,69,79). Distinctly, LpIT moves
LPL using a passive diffusion mechanism which was not inhibited by arsenate blocking of
ATP production or by carbonyl cyanide m-chlorophenylhydrazone, a protonophore that
dissipates a proton gradient across the IM (14). MFS is also called the uniporter-symporter-
antiporter family (76,80). A uniporter promotes equilibrium of substrate across the
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membrane simply by following a substrate concentration gradient. As discussed in Section
2, biogenesis of LPLs all takes place in the OM or the outer leaflet of the IM, whereas the
remodeling of LPLs occurs on the cytoplasmic surface. The polarity of these metabolic
activities on each side of the membrane consequently creates an inward substrate
concentration gradient for LplT to move LPL into the cells.

7. Characterization of the LplT-Aas system

7.1. Transport of LPE by LpIT

Intact bacterial cells are very inefficient in uptake of exogenous LPLs mainly due to the LPS
barrier on the cell surface. The transport activity of LplT was measured using stabilized
spheroplasts in which the OM had been removed (14,16). LPE is considered as a detergent-
like lipid presumably capable of spontaneous partitioning into the lipid bilayer. However
random insertion of a synthetic LPE fluorescent analog or 32P-labeled £.coli-derived LPE
into spheroplasts was much less efficient in the absence of LplIT. LPE uptake was
significantly improved in the presence of LplT, yielding a uM substrate binding affinity.
These studies conclude that Jo/T encodes a membrane transporter protein with a dedicated
lipid flipping function.

7.2. Remodeling of LPE and LPG by the LpIT-Aas system

Demonstration of direct LPE transport and LPE accumulation in a Aaas mutant raised
several questions: 1) are LplT transport and acylation coupled or separable events? 2) to
what extent does Aas-mediated acylation contribute to LPL remodeling? 3) is LpIT transport
facilitated by Aas-mediated continuous LPL reacylation potentially driving its downhill
uptake? 4) is the LplT-Aas system specific for LPE or does it serve as a general machinery
for LPL remodeling in bacterial cells? To answer these questions, LPL remodeling was
directly monitored by thin-layer chromatography using various radioactive LPLs (16). 32P-
labelled LPLs were generated by venom sPLA,-catalyzed lipolytic reactions of radiolabeled
diacyl forms purified from a number of “lipid” mutant £.coli strains (81). These assays
clearly show that both LPE and LPG are transported by LplIT and then acylated by
endogenous Aas (Fig. 3). No remodeling was detected in either the A/p/T or Aaas mutant.
E.coli cells apparently remodel LPG 3x faster than LPE. The higher remodeling rate may be
attributed to the substrate selectivity of Aas towards LPG since LpIT imports LPG and LPE
with similar substrate binding affinities (~2 uM) and transport rates (16).

7.3. Remodeling of CL by the LplT-Aas system

Remadeling of CL has been previously demonstrated in eukaryatic cells to be mediated by a
non-specific phospholipid transacylase, Tafazzin (82). Tafazzin catalyzes acyl transfer from
CL to LPL in the mitochondrial membrane. Our recent study of LplT-Aas has revealed the
first CL remodeling mechanism in bacteria (16).

Snake venom PLA, degrades CL via a progressive deacylation reaction to produce diacyl-
CL and subsequently monoacyl-CL, eventually generating a completely deacylated head
group compound (16). To our knowledge, this compound has never been reported, thus was
named CL-hg. LpIT transports both diacyl-CL and CL-hg into spheroplasts with comparable
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kinetic parameters, despite their distinct chemical structures. Interestingly, both CL
derivatives are remodeled by an Aas-dependent acylation reaction to generate tri-acyl CL
(Fig. 3). No other CL intermediates were observed when CL-hg was used as substrate. Aas
may implement unknown substrate binding and catalytic mechanisms to perform repetitive
acyl transfers before releasing tri-acyl CL from the active site. Remodeling of monoacyl-CL
has not yet been tested due to its poor production by venom sPLA,. It would not be
surprising if the LplT-Aas system catalyzes this intermediate due to its analogous
conformation with other two CL substrates. Remodeling to a triacyl form, not a tetra-acyl
CL, may be a part of a membrane self-regulatory mechanism in bacteria. Phospholipid
degradation is often compensated by the accumulation of CL and both events likely occur on
the outer leaflet of the IM (21). Generation of a cylinder-like bilayer-prone triacyl-CL,
instead of non-bilayer forming CL on the inner leaflet may help to reduce bilayer lateral
tension to maintain maximal membrane stability under stressed conditions.

8. Substrate selectivity of LpIT

8.1. Substrate head group

8.2.

Several lipid permeases are known to transport multiple lipid types with a modest specificity
(13,69,83). In contrast, LpIT exhibits an unusual substrate selectivity (16). LplT is capable
of transporting four substrates including LPE, LPG and two lyso forms of CL with nearly
identical transport kinetics. But its substrate binding is strictly limited to LPLs derived from
bacteria (Fig. 3). LPC is not a substrate of LplT despite the fact that it shares a similar
zwitterionic head group structure with LPE. Therefore, LpIT is expected to establish
structural hindrance to prevent access of the bulky choline group to the binding site. Most
bacteria including £.coli cannot synthesize PC but may live in a PC-rich environment such
as the animal digestive tract. In the intestinal lumen, pancreatic PLA, degrades food-derived
PC to generate LPC (84). LPC is further catabolized to LPA and choline via autotaxin-
dependent and autotaxin-independent reactions. LPA is also a phospholipid precursor in
bacteria, but its metabolism occurs in the cytosol. Remarkably, LplT cannot transport LPA
either (16). Exclusion of LPC and LPA prevents any incorporation of foreign lipids into the
bacterial membrane, further supporting the notion that the function of LpIT is membrane
repair and possible involvement in modulation of bacterial membrane properties. The lack of
binding of LPA also indicates that the head group moiety plays an imperative role in the
substrate binding mechanism. Diacyl-CL may be viewed as LPG from each side of the
molecule (Fig. 3). Additional study is needed to assess any role of the phosphate or glycerol
backbone in substrate binding. Our current data support the conclusion that the ethanolamine
or glycerol head group is the chemical determinant for substrate recognition (16).

Lyso vs diacyl phospholipids

Another unique feature of LplT is its high specificity for lyso lipids. LplT cannot be
inhibited by PE, PG or CL (16). Occluding these membrane phospholipids enables LpIT to
perform properly in the dense diacy! lipid-packed bilayer. The effective transport of CL-hg
minimizes any contribution of the acyl chain to substrate binding. Deletion of /jp/T also has
no effect on fatty acid movement into the cells (14). These lines of evidence support a
“credit card-swiping” model for LpIT, which was previously proposed for lipid flippases
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(15). In this model, only the head group of the LPL slides along the polar translocation
pathway while its hydrophobic fatty acid tail swings outside of the protein during
translocation across the bilayer. To adapt this bipolar substrate orientation, LpIT may have to
establish a specific sliding tunnel on the protein-membrane interface, which perhaps only
accommodates a slim LPL.

8.3. Acyl chain stereo-selectivity

Both 1-acyl and 2-acyl GPLs generated by venom PLA, or R. arrhizus lipase have been used
in LpIT transport studies (14,16). These assays may be incapable of defining
stereoselectivity of the acyl chain, since 2-acyl GPL is extremely unstable in biological
solution and is quickly converted to the 2-acyl form by a spontaneous intra-molecular acyl
migration, yielding a mixture mainly containing 1-acyl GPL (85,86). SPLAs are a major
exogenous threat for the bacterial membrane envelope. PLA; from 7. fanuginosus (Sigma)
cannot degrade phospholipids in £.coli spheroplasts (data not shown). Probably,
distinguishing between the two stereo-chemical configurations is not required for substrate
recognition by LplT.

9. Putative mechanistic model for LpIT transport

MFS members share a common substrate transport mechanism of domain rocker-switch and
substrate alternating access (87). In the rocker-switch model, the two domains of a MFS
protein undergo a rigid-body motion that facilitates the substrate-binding site being
alternatively accessible from either side of the membrane. A structural model of LpIT has
been generated based on the crystal structure of the glycerol-3-phosphate transporter GIpT
(16). The model shows an inward-facing conformation with a putative substrate
translocation pathway opening towards the cytoplasmic surface. LpIT catalyzes energy-
independent LPL transport (14). The rocker switching may be triggered by substrate
binding. Along the translocation pathway, several conserved charged or polar residues may
assemble two symmetric substrate binding sites each localized on the periplasmic or
cytoplasmic side of the membrane (Fig. 4a): a) the periplasmic binding site is formed by
Asp30, Arg236, Asn3l and GIn%5, and b) the cytoplasmic binding site is formed by Glu352,
Lys120, Asn327 and Asn348, In the periplasmic site, Asp3C and Arg236 form an ionlock (the
outerlock) via a salt bridge interaction, stabilizing the inward-facing conformation. In the
cytoplasmic site, Glu35! and Lys!20 separated apart in the current state may approach each
other to form another ionlock (the innerlock) when the protein is switched to the outward-
facing conformation. We also predict that GIn23 and Asn352 serve as a shuttle site in the
middle of the pathway to mediate internal transfer of a substrate from the periplasmic site to
the cytoplasmic site.

Based on this model, the transport mechanism of LplT is proposed to follow three steps (Fig.
4b): i) the outward-opening state is stabilized by the innerlock, allowing a LPL substrate
access to the periplasmic binding site; ii) substrate binding induces conversion of an
occluded state by opening the innerlock, which in turn helps the substrate move to the
cytoplasmic binding site via the intermediate shuttle site; iii) the outerlock may be engaged
to stabilize the protein in an inward-facing conformation which allows the substrate to be
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released from the cytoplasmic binding site to the inner leaflet of the membrane. A similar
ionlock switching model has also been proposed for the LPC transporter protein MFSD2A
(88), despite the lack of sequence homology between bacterial LplT and this mammalian
transporter protein. These two proteins may utilize different mechanisms since 1) MFSD2A
transports both LPC and LPE, while LpIT excludes LPC; 2) LplT-mediated transport is
energy independent, while MFSD2A utilizes a counter Na* electrochemical gradient as
energy driver; more importantly, 3) a fatty acyl chain is required for MFSD2A to mediate
LPL transport while LpIT recognizes the head group conformation exclusively. Further
biochemical characterization will help to define the novel transport mechanism of LplT.

10. Physiological significance of the IplT-Aas system

11.

Although multiple routes of LPL biogenesis have been reported, LplT-Aas is the only LPL
remodeling system identified in Gram-negative bacteria thus far. The biological function of
this novel system remains unidentified and our knowledge is limited to biochemical
characterizations. Deletion of the /Jpo/T and/or aas gene shows no effect on bacterial growth
and LPLs are still retained at a “safe” level (16). A combined study with endogenous LPL
biogenesis pathways such as Lnt, PagP or PIdA may help to delineate its housekeeping role
in living bacteria.

The LplT-Aas system most likely contributes to the stability and functional integrity of the
IM as a protective mechanism, in particular when cells confront an exogenous sPLA, attack.
Spheroplasts generated from A/p/T or Aaas mutant cells exhibit much greater susceptibility
to pancreatic sPLA; coinciding with massive accumulation of multiple LPL species in the
membrane in contrast to the high resistance of wild type (16). Although sPLA,-11A Kills
both Gram-positive and Gram-negative bacteria /77 vitro, Gram-negative bacteria exhibit a
greater resistance to the sPLA,. i.e. killing of Gram-negative bacteria, such as £.coli,
requires a higher concentration of enzyme than present in the animal body even during
inflammation (47). While the OM may act as a native barrier to the intruder, the LplT-Aas
system that only exists in Gram-negative bacteria may serve as a bacterial defense system to
counteract SPLA,-mediated attack by repairing the damaged membrane.

E.colihave additional mechanisms to facilitate LPL flipping in the IM. In A/p/T mutants, the
residual LPL transport activity (<20%) is not due to spontaneous lipid flipping (14,16). But
current evidence supports LplT as the major pathway for LPL transport in £.coli. There are
also multiple routes available for metabolism of LPLs (41). However, sensitive radioactive
assay using TLC did not detect any products other than diacyl PE or PG or the triacyl form
of CL or any LPL degradation in the LPL uptake and remodeling reaction (16). Therefore,
Aas-catalyzed acylation is the major mechanism for processing LPLs that are imported by
LplT. This evidence highlights the specificity of the LplT-Aas coupled LPL remodeling
system.

Conclusions

Because newly generated or exogenous LPLs can potentially affect the integrity of the lipid
bilayer, the destabilized membranes have to be repaired immediately in order to eliminate
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disruptive effects. The LplT/Aas translocation/acylation tandem is the universal and primary
system for membrane phospholipid remodeling in Gram-negative bacteria. This coupled
system facilitates uptake and specific rescuing of lyso forms of three Gram-negative
bacterial major phospholipids with comparable kinetic and production yields, but excludes
diacyl lipids access to the binding site and therefore represents a generalized membrane
repairing mechanism. Bacteria have evolutionarily adapted a constant headgroup diacyl
phospholipid composition on the membrane. Obviously, environmental and host effects
induce perturbations of the bacterial phospholipid acylation-reacylation cycle, which would
change the physical state of the OM and the whole envelope. The results presented in this
review raise additional questions to be addressed in the future. 1) Is LplT-Aas mediated
translocation and recycling limited only to rapid membrane repair or is it dedicated to fine
tuning/determination of an optimal threshold level of LPE required for different
physiological processes within envelope? 2) Does the LplT-Aas system function as a part of
an acute membrane repair response in environmentally and host-stressed bacteria? 3) Does
the LplT-Aas system act as a resistance mechanism that allows Gram-negative pathogens to
tolerate the action of host SPLA,? Future structural and functional study may help to
understand this novel transport mechanism and reveal the physiological role of this novel
LPL remodeling system in Gram-negative bacteria.
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Highlights
1. Multiple routes of lysophospholipid biogenesis exist in Gram-negative
bacteria.
2. LplIT exhibits a broad substrate selectivity but only transports bacterial lipids.
3. LplT-Aas provides a unique bacterial membrane phospholipid repair
mechanism.
4, A rocker-switch model for LplT-mediated lipid transport is proposed.
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Host §e||S other bacteria

Fig. 1. Routes of lysophospholipid biogenesis and remodeling in the Gram-negative bacterial
envelope

Lysophospholipids are generated in the periplasm. In the OM, [1] activated PIdA hydrolyzes
a PE to generate LPE; [2] PagP catalyzes the transfer of a palmitoyl group from a PE to lipid
A, generating hepta-acylated lipid A and LPE as by-product. In the IM, [3] Lnt transfers the
fatty acid moiety from PE to the N terminus of a major outer membrane lipoprotein
precursor (Lpp), generating a triacylated mature Lpp and releasing LPE as by-product. LPL
can be generated by membrane degradation mediated by [4] exogenous sPLA, and BPI from
the host or by [5] the Tle protein delivered from invading bacteria via the type VI secretion
system (T6S). The generated LPLs are translocated by LplT [6] from the outer leaflet to the
inner leaflet of the IM where they can be reacylated by the coupled acyltransferase Aas.
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PisC ACS LpiT Yersinia pestis
P Helicobocter hepaticus
LplT sC ACS Bradyrhizobium joponicum
Pseudomonas ceruginosa
Lolv PisC Vibrio choleroe
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Fig. 2. Architectural scheme of the LplT-Aas system in Gram-negative bacteria.
Panel a, five classes of the LplT-Aas system in different Gram-negative bacterial genomes.

Panel b & ¢, Membrane topology of LplT or Aas from Escherichia coli predicted by the
TMHMM server (89). The LplT protein is predicted to have ten transmembrane helices. The
Aas protein contains two tandem domains, the N-terminal acyltransferase (PIsC) domain and
the C-terminal acyl-ACP synthetase (ACS) 9°main_ Two hydrophobic segments were
predicted in the ACS domain.
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Fig. 3. Scheme of lysophospholipid remodeling mediated by the LplT-Aas system.
LplT substrates LPE, LPG, diacyl-CL and deacylated CL (CL-hg) are transported by LpIT

from the periplasm to the inner leaflet of the IM by an energy-independent mechanism. On
the cytoplasmic surface, bifunctional Aas catalyzes acyl transfer to a flipped LPL using acyl-
ACP as acyl donor, generating PE, PG or triacyl-CL respectively. Aas also catalyzes ATP-
dependent synthesis of acyl-ACP using a fatty acid. LPA, LPC and glycerol-3-phosphate
(G3P) are not LplT substrates.
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Fig. 4. Hypothetical model of the LplT-mediated lysophospholipid transport mechanism.
Panel a, Secondary structure of LplT showing the locations of the conserved residues in the

putative substrate translocation pathway. The transmembrane topology diagram was
rendered based on a structural homolog model of LplT from K/ebsiella pneumonia
generated previously (16), showing twelve transmembrane helices (1-12). Individual amino
acids are represented by circles, with negatively charged residues in red, positively charged
residues in blue, and other polar residues in green. The residues predicted to form the
periplasmic binding site, the shuttle site and the cytoplasmic binding site are surrounded by
dashed lines, respectively. Panel b, a hypothetical rocker-switch model for LplT-mediated
LPL transport. The N-terminal domain formed by helices 1-6 and C-terminal domain
formed by helices 7-12 of LpIT are colored in green and yellow, respectively. The following
three-step mechanism is proposed for LplT transport: i) an outward-facing conformation is
stabilized by the outerlock formed by residues K120 and E351, which allows LPL access to
the periplasmic binding site; ii) substrate binding induces a protein conformational change to
open the innerlock to form an occluded state, allowing the substrate to pass via the shuttle
site in the middle of the membrane towards the cytoplasmic binding site; iii) an inward-
opening state is induced by outerlock formation of residues D30 and R236, which allows the
substrate to be released from the cytoplasmic site to the inner leaflet of the membrane.
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