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Abstract

The outer membrane (OM) of Gram-negative bacteria is positioned at the frontline of the cell’s
interaction with its environment and provides a barrier against influx of external toxins while still
allowing import of nutrients and excretion of wastes. It is a remarkable asymmetric bilayer with a
glycolipid surface-exposed leaflet and a glycerophospholipid inner leaflet. Lipid asymmetry is key
to OM barrier function and several different systems actively maintain this lipid asymmetry. All
OM components are synthesized in the cytosol before being secreted and assembled into a
contiguous membrane on the other side of the cell wall. Work in recent years has uncovered the
pathways that transport and assemble most of the OM components. However, our understanding of
how phospholipids are delivered to the OM remains notably limited. Here we will review seminal
works in phospholipid transfer performed some 40 years ago and place more recent insights in
their context.
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1 — Architecture of the Gram negative envelope

Bacteria are typically classified into two groups based on their characteristic Gram-staining
phenotype [1]. Gram-positive organisms have a single cytoplasmic membrane surrounded by
a thick peptidoglycan layer that acts as an exoskeleton and is responsible for the positive
Gram-staining status. In contrast, Gram-negative bacteria have a thin peptidoglycan layer
and are instead fortified by an additional, outer membrane (OM). The two, inner and outer,
membranes are separated by the periplasmic space, an aqueous and highly viscous
compartment that accommodates the peptidoglycan cell wall [1] (Figure 1).

The double membrane envelope structure enables distinct compartmentalization of discrete
sets of proteins, lipids and lipoproteins that enable these organelles to perform highly
specialized functions. The OM, which will be the focus of this review, is an essential
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organelle that functions as a formidable and selective permeability barrier [2]. In addition to
protecting the cell against harsh environments and toxic compounds (e.g. bile salts and
antibiotics), the OM enables efficient uptake of nutrients and efflux of waste products and
toxic compounds. The OM is a biologically distinct asymmetric lipid bilayer, with
lipopolysaccharide (LPS) in the outer leaflet and glycerophospholipids (commonly referred
to as phospholipids, PLs) on the inner leaflet [3,4] (Figure 1). This bilayer structure serves
as a platform from which OM proteins perform their important cellular functions.
Furthermore, it is the frontline from which these bacteria engage with and manipulate their
environment or their host.

2 — OM composition and biogenesis

2.1 — OM proteins and lipoproteins

There are two major types of proteins in the OM: transmembrane p-barrel proteins (termed
OMPs) and bilayer-anchored lipoproteins (Figure 1). OMPs are synthesized in the cytoplasm
and targeted to the Sec translocase via an N-terminal signal sequence and then translocated
into the periplasm [5,6]. Because OMPs are hydrophobic transmembrane proteins,
chaperones are required to guide them across the aqueous periplasm [7]. OMPs adopt a p-
barrel structure by a cylindrical folding of anti-parallel B-sheets [5,6]. In recent years, it has
become clear that the five member Bam complex at the OM is responsible for OMP B-barrel
folding and membrane insertion [5,6,8,9] (Figure 2).

Lipoproteins are similarly directed to the periplasm via an N-terminal signal sequence but
possess an adjoining lipobox motif at the C-terminal end of the signal sequence that enables
coordinated signal sequence cleavage and triacylation of a conserved cysteine residue within
the lipobox [10]. As a result, all lipoproteins newly emerging from the Sec translocon are
initially tethered to the IM: first via the transmembrane signal peptide, and then as
triacylated mature lipoproteins [11,12]. Some lipoproteins remain in the IM but most are
designated for transport to the OM via the Lol pathway [10] (Figure 2). The identity of +2
and +3 residues adjacent to the acylated cysteine determine localization [13,14]. Recent
reviews have described the current state of knowledge about the Lol pathway and lipoprotein
assembly into the OM, including lipoproteins that are surface exposed [15,16].

2.2 — The OM bilayer

2.2.1 Lipopolysaccharide (LPS)—In terms of the lipid bilayer, the outer leaflet of the
OM consists almost exclusively of the glycolipid LPS [3]. The tripartite structure of LPS
consists of lipid A component, a core oligosaccharide component, and an O-antigen (OAQ)
polysaccharide chain that extends into the extracellular milieu [17] (Figure 1). The Oag
component is not synthesized in the model organism £. co/i K-12 [18], but it plays an
important role in protecting commensal strains in their host environment and is also a crucial
virulence determinant in pathogenic strains [19]. Lipid A is a diglucosamine phosphate-
based lipid (Figure 3A) that is a notoriously potent activator of the innate immune system
and is commonly referred to as ‘endotoxin’ [20]. LPS is anchored to the OM bilayer via the
lipid A moiety [17]. The core oligosaccharide can be divided into a conserved inner core that
generally consists of two units of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and three
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units of L-glycero-D-manno-heptose (Hep), all linked together in discreet alpha-glycosidic
linkages and subject to regulated covalent modifications with specific phosphoryl and
glycosyl moieties, and a variable outer core to which the Oag polysaccharide is attached
[17,20]. Phosphoryl substituents of the LPS core oligosaccharide are a key structural
component thought to from strong lateral electrostatic interactions with divalent cations and
contribute to OM stability [2,21-24].

LPS is synthesized at the interface between the inner membrane and the cytoplasm. The
lipid A component is synthesized via an eponymous pathway largely characterized by Chris
Raetz and his colleagues [17,25] . Sugars of the core polysaccharide are sequentially
attached to lipid A; the Oag component is synthesized and translocated separately [19].
Nascent LPS must be translocated across the IM bilayer. The ABC transporter MsbA has
been convincingly shown to be responsible for LPS flipping activity [26-28]. Now, in the
periplasmic leaflet of the 1M, nascent LPS can be modified by the glycosyltransferase WaalL
with Oag polysaccharide [19]. The LPS is then efficiently transported to the OM.

Recent years have seen great progress in our understanding of LPS transport and assembly
into the OM, which has been recently extensively reviewed [29]. Transport is achieved by
the Lpt pathway and LPS is inserted specifically into the outer leaflet of the OM (Figure 2).
The current “PEZ” model of this process has emerged from the genetic and biochemical
characterization of the transenvelope, seven-member LptABCDEFG complex [29]. The
model suggests that sequential rounds of ATP hydrolysis move LPS through several discreet
steps that inch the molecule towards the OM [29,30].

In the first step, the IM ABC transporter complex of LptBFG is thought to extract LPS from
the periplasmic leaflet [31,32]. LptB is the ATPase while transmembrane proteins LptF and
LptG form an inner membrane complex with each other and with LptC, a single span
transmembrane protein [28,32,33]. It is not currently known whether LptFG binds LPS that
has been extracted. Nonetheless, it seems clear that LptC does bind the extracted LPS and
that this is an early step in transport [34].

Transit of LPS across the periplasm is facilitated by the chaperone LptA that oligomerizes to
form a bridge through the periplasm [35-37]. The bridge makes direct contacts at LptC in
the IM and LptD in the OM via homologous domains that mediate oligomerization [35,38].
A second round of ATP hydrolysis by LptBFG has been shown to ‘push’ LPS from LptC to
LptA [30]. The current model suggests that each hydrolysis event moves the LPS molecules
another step closer to the OM complex of LptD, an OMP, and LptE, a lipoprotein resident
inside of LptD [39-42]. It is clear that LptD receives LPS from the transenvelope bridge and
it’s possible that LPS enters the bilayer through the LptD p-barrel [41,42]. LptE must have a
role during the intervening sequence of events. Indeed, biochemical evidence supports
specific binding of LptE to LPS [40,43]. In fact, it seems likely that LptE binding alters the
properties of the LPS molecules flowing towards the OM via the LptA bridge in a way that
could facilitate insertion into the OM bilayer [43].

2.2.2 Glycerophospholipids—There are 3 major glycerophospholipids in £. cofiand S.
Typhimurium; the zwitterionic phospholipid phosphatidylethanolamine (PE) and the anionic

Biochim Biophys Acta. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

May and Silhavy

Page 4

phospholipids phosphatidylglycerol (PG), and cardiolipin (CL) [44] (Figure 3B). PE is the
most abundant PL comprising ~70% of the total lipid (by weight), followed by PG (720% )
and CL (T10%) [45]. The E. coli glycerophospholipids are synthesized in the cytoplasm
from a phosphatidic acid (PA) precursor (1,2 diacyl-sr-glycerol-3-phosphate) via a series of
enzymatic reactions defined by Eugene Kennedy [46]. PA is converted to PS with the
subsequent decarboxylation of PS to PE [47]. Additionally, PA is converted to PG with
subsequent synthesis of CL via the condensation of two PG molecules [48]. More recently,
an alternate source for cellular CL has been identified where PE and PG are co-substrates for
a new class of CL synthase [49]

The ability to separate the two membranes was an important precursor to establishing the
presence of PLs in both the IM and OM [44]. These experiments showed that the major PLs
PG and PE were found in both membranes with each PL distributed relatively evenly
between the membranes, but with an increased ratio of PE:PG and PE:CL in the OM [44].
The cylindrical shape of PG means that it has the greatest propensity of these PL to form
lamellar bilayers, whereas the conical shape of PE enables it to induce negative membrane
curvature and endows it with propensity for nonlamellar transitions [45]. Similarly, although
CL and PA are cylindrical like PG and can form bilayers in isolation, divalent cations Mg2*
and Ca?* found /n vivo neutralize and dehydrate the polar headgroups of these PLs thereby
reducing their effective size, producing a conical shape, and giving them similar structural
properties to PE [45]. Furthermore, alterations to the fatty acid content can increase or
decrease the non-bilayer potential of PLs [45]. These dynamic properties of PLs help to
maintain the optimal cellular function of membrane organelles and their protein constituents.

In contrast to LPS transport and assembly, very little is known about how PLs are assembled
into bacterial membranes. Recent advances in PL transport have been made primarily by
examining systems that act to maintain OM lipid homeostasis under conditions of stress
[50,51]. These transport systems will be discussed in the following sections, however, they
appear to be responsible for the migration of discrete populations of PLs rather than
providing a mechanism for bulk transport of PL, which will be discussed in the final sections
of this article.

3 — Maintenance of OM asymmetry

The unique asymmetric distribution of lipids in the OM is integral to its barrier function. In
particular, divalent cations contribute to the barrier function by simultaneously neutralizing
negatively charged phosphate moieties between adjacent LPS molecules and creating strong
lateral electrostatic interactions that are responsible for excluding lipophilic and large
hydrophilic molecules [2]. Disruptions to the integrity of the LPS outer leaflet of the OM
can lead to compensatory flipping of PLs to the outer leaflet [3]. These mislocalized PLs
create patches in the membrane bilayer that are more pervious to hydrophobic, toxic
molecules [52]. As a result, OM integrity is compromised and cells become sensitive to
detergents and bile salts [52]. In £. coli, several systems act to restore lipid asymmetry: the
OM phospholipase PIdA processively degrades surface PLs [53,54]; the OM
palmitoyltransferase enzyme, PagP, converts surface-exposed PLs to sr-1-lyso-PLs during
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palmitoylation of lipid A and PG [55,56]; and the Mla (maintenance of lipid asymmetry)
system facilitates retrograde PL trafficking of mislocalized PLs [50] (Figure 4).

PIdA typically exists in an inactive monomeric form in the OM until the presence of PLs and
lysophospholipids (lyso-PLs) in the outer leaflet triggers the formation of a catalytically
active PIdA dimer that hydrolyzes sr-1 and sn-2 acyl chains from the glycerophosphodiester
backbone of both PLs and lyso-PLs [53]. PagP, similarly responds to these mislocalized PLs
by palmitoylating lipid A and PG concomitantly with the production of sn-1-lyso-PLs [55]
(Figure 4). The increased hydrophobicity of the resultant hepta-acylated LPS molecule is
thought to reduce lipid fluidity and enhance lateral interactions between neighboring LPS
molecules, thereby stabilizing the OM when divalent cations are limiting [57]. Indeed, in
contrast to PIdA, which requires calcium for activity, PagP levels are increased by the
PhoPQ stress response under conditions of divalent cation limitation [55,58]. In addition to
fortifying the OM barrier, palmitoylated lipid A can also alter the innate immune response
and has proven a useful experimental tool as a probe to monitor ectopic exposure of PLs in
the OM [50,59,60]. Although the fate of the lyso-PL by-products of PagP activity is unclear,
systems exist to recycle these lipids [61,62], which will be discussed further in Section 4.1

The Mla pathway is a multi-protein system with components situated in each compartment
of the cell envelope in order to facilitate retrograde transport of phospholipids from the outer
leaflet of the OM back to the IM [50]. Null mutations in any of the identified /m/a genes
(mlaA,B,C,D,E, F) results in OM permeability defects, with mutants displaying increased
sensitivity to detergents and bile salts [50]. Notably, /m/a mutants cause an increased
accumulation of PLs in the outer leaflet of the OM [50]. This result is important since it
argues against Mla function in anterograde trafficking of PLs from the IM to the OM but
does support a role for the pathway in retrograde transport. The functional overlap between
the PIdA phospholipase and the Mla pathway, in removal of mislocalized phospholipids, is
supported by synthetic gene interactions that are observed upon loss of both these systems,
as well as the ability of p/dA over-expression to functionally complement inactivation of any
mlagene [50].

However, there is still much to be learned about how the Mla pathway functions, in
particular, how are PLs removed from the outer leaflet? How phospholipids could be flipped
to the inner leaflet of the OM, which is devoid of an obvious energy source, is not yet clear.
The OM lipoprotein component MIaA has been shown to interact with the OM protein porin
OmpC, and deletion of this porin has a similar phenotype to m/aA null mutants under some,
but not all, conditions [59]. These observations led to the proposal that the porin may
facilitate transbilayer movement of mislocalized PLs [59]. Two models were proposed.
Firstly, porins might promote transbilayer movement of PLs by providing a hydrophilic
channel, and upon transit to the inner leaflet the PLs can then be accessed by MlaA.
Alternatively, the porin may provide direct access to the outer leaflet by the MlaA
lipoprotein. A recently identified dominant gain-of-function mutation in m/aA, was shown to
not only inactivate the Mla system but to actively disrupt lipid homeostasis by facilitating
aberrant accumulation of surface PLs [63]. How this mutant lipoprotein, termed MlaA*,
functions in this regard is unclear, but it is tempting to speculate that this illustrates the
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potential for MlaA to facilitate bi-directional transbilayer migration of PLs in the OM.
Whether this activity requires a partner protein is not yet clear.

4 — Phospholipid transport to the OM

The structural organization of the Gram negative cell envelope creates a distinct biological
problem it terms of its assembly, since the OM is located at some distance from the
cytoplasm, which is both the cellular compartment where all the OM constituents are
synthesized and the compartmental location of the cell’s primary source of energy, ATP. As
outlined in Section 2, significant progress has been made towards understanding how the
protein, lipoprotein and LPS components are transported across the aqueous periplasm and
assembled into the hydrophobic core of this biological membrane. A unifying feature of all
of these pathways is the employment of ATP-binding cassette (ABC) transporters that can
energize transport via ATP hydrolysis. Yet, a key piece of the OM biogenesis puzzle has
eluded our understanding: the transport and incorporation of the PL components.
Furthermore, as we will discuss, current evidence suggests the mechanism for PL transport
is likely to be distinct from the other transport pathways. The following sections will review
where our knowledge currently stands, highlighting the longstanding gaps and identifying
key avenues that still need to be explored.

4.1 — Transbilayer movement of PLs across the inner membrane

As synthesis of PLs in £. coli occurs on the cytoplasmic side of the inner membrane, the
first step on the path towards the OM is transbilayer movement of phospholipids across the
IM. The typical doubling time for £. coliis approximately 20 min [64] and this growth rate
must be matched by the rate of PL synthesis and membrane assembly. Spontaneous
transbilayer diffusion of phospholipids is intrinsically slow, because the polar headgroup
must traverse the hydrophobic core of the membrane bilayer [65]. Studies examining the rate
of PL transhilayer movement across the IM indicate that it occurs much faster than would be
expected from spontaneous diffusion [66,67]. In Bacillus megaterium the rate of
equilibration of newly synthesized PE with the outer leaflet of the IM had an estimated half-
time of ~30 s [67]. Invariably, biological membranes must exploit factors that facilitate the
required flipping efficiency and it has been proposed that membrane proteins expedite this
transhilayer movement [66,67]. This idea is supported by observations that phospholipid
flipping activity is protease-sensitive and that PL flipping was not observed in vesicles made
solely from phospholipids [67]. However, the identity of the flippase(s) in £. coli or other
organisms that are responsible for these observations has remained elusive and the
mechanism of transbilayer movement of bacterial lipids remains unclear.

There is compelling genetic evidence for the role of the inner membrane protein, LplIT,
(Lysophospholipid transporter) in facilitating rapid transbilayer translocation of
phospholipids [62]. However, LplT is unlikely to have a generalized PL flippase function.
Instead, the evidence suggests that this inner membrane protein functions to reutilize
lysophospholipids [62,68]. Preliminary work demonstrated that LplT functions to recycle the
2-acyl-GPE lysophospholipid by-product that is generated in the periplasm during
lipoprotein acylation[62]. Specifically, LplT facilitates transhilayer movement of 2-acyl-
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GPE to the cytoplasm where an acyl-transferase/acyl-ACP synthetase (Aas) regenerates PE
[62]. Subsequent work showed that the LplT-Aas system has a broader substrate specificity
and can use lyso forms of other major bacterial membrane PLs [62]. The observation that in
some bacteria LplT is fused to an acyltransferase supports the notion of this dedicated role
of LplT [62]. Furthermore, LpIT is not found in Gram-positive bacteria [65].

MsbA, the ABC-transport system that transports lipid A and LPS from the cytoplasmic
leaflet to the periplasmic leaflet of the inner membrane [26,27] has been implicated in
phospholipid flipping. In strains carrying a temperature-sensitive allele of msbA less than
10% of PLs and lipid A migrated to the OM [26]. However, it is unclear whether the
decrease in PL transport is the direct effect of loss of MsbA activity or due to pleiotropic
effects that likely stem from reduced transport of LPS. Although in some isolated biological
membrane vesicles, PL flipping has been reported to be ATP-dependent [69], others have
reported the phenomenon to be ATP-independent, refuting a potential role for IM ABC
transporters in this process [70,71]

Ultimately /n vitro reconstitution of PL flippase activity is lacking for MsbA and the fact
that PL flipping occurs in the absence of MsbA, in Neisseria [72] (where both MsbA and
LPS itself are dispensable) suggest that additional factors remain to be identified.
Intriguingly, Kol et al. [73-75] have shown that PL flipping in vesicles can be promoted by a
range of membrane-spanning helical peptides, which suggests the existence of a more
generalized and possibly redundant mode of flipping facilitated by o-helical transmembrane
regions of integral membrane proteins.

4.2 — Intermembrane movement of PLs

In contrast to the unidirectional transport of proteins and LPS to the OM, the reversibility of
the intermembrane movement of PLs was demonstrated with the use of liposome fusion
experiments in Sa/monelfa Typhimurium [76]. These experiments exploited the ability of
phospholipids from vesicles to be transferred to intact cells in the presence of calcium [77].
PS in vesicles was radiolabeled and intermembrane migration monitored through isolation of
labeled-PS in both the IM and OM fractions [76]. An elegant addition to this experimental
approach was the ability to detect the conversion of radiolabeled PS to PE via
decarboxylation by the IM phosphatidylserine decarboxylase, Psd. These experiments were
the first to demonstrate rapid equilibration of PS between the OM and IM. Subsequent
pulse-chase studies enabled the native path of radiolabeled PE to be monitored [78]. Newly
synthesized PE was shown to initially accumulate at the 1M, followed by rapid equilibration
between the membranes with a half-time for PL translocation of only =3 minutes [78].
Phospholipid transport to the OM was found to be PMF driven and independent of protein,
lipid and ATP synthesis [78].

The non-discriminatory nature of this observed PL trafficking was evident by the observed
trafficking of a range of Salmonella phospholipids, even unnatural molecules such as
cholesterol [76]. This promiscuity was further established in subsequent studies that
examined PL transport in genetic backgrounds where various steps of the PL biosynthetic
pathways are disrupted enabling significant accumulation of minor PL species, CL and PS,
which were also shown to equilibrate between the IM and OM [79,80].
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4.3 — Models for PL transport to the OM

Almost 40 years later and we are still searching for molecular details to account for the
ground breaking studies of Osborn (1977) and Donohue-Rolfe (1980), and no proteins that
clearly function in bulk PL transport to the OM have yet been identified. Various models
have been proposed based on lipid trafficking pathways in eukaryotes. One such model is
transport via soluble carriers (i.e. lipid transfer proteins). Indeed, this mechanism of
transport has been proposed for the retrograde Mla pathway, which possesses a soluble
periplasmic component that can bind lipids and is thought to act as a lipid transport protein.

In Salmonella Typhimurium, activation of the PhoPQ two-component system causes a
significant increase in the amount of CL in the OM [51,56]. Dalebroux et al. (2015) have
identified a protein, which they termed PbgA, that is required for this increase. Intriguingly
the amino terminus of the molecule, which contains five transmembrane sequences, is
essential for bacterial viability. However, the periplasmic domain is not essential, but is
required for the PhoPQ-dependent increase in OM CL. The authors propose that PhoPQ
activates the periplasmic domain enabling it to interact with the OM (possibly indirectly) but
presumably forming a bridge that delivers CL. Dong et al. (2016) recently determined the
structure of the PbgA periplasmic domain, which supports the proposed CL binding function
of this domain [81]. However, the mechanism of PghA-dependent increases in OM CL
remains to be determined. The homologous £. coli protein, YejM, also has an essential
amino-terminal domain and a dispensable periplasmic domain, but little else about this
homolog is known [82].

However, it is clear that neither the proposed PhoPQ-dependent PbgA CL transport system
nor the Mla system function to transport bulk PLs to the OM. Moreover, it seems unlikely
that any transport system, or any bacterial lipid transfer protein would recognize and
transport cholesterol. Similarly unlikely is transport via carrier vesicles, in a manner
analogous to inter-organelle trafficking of lipids seen in eukaryotes. Presumably vesicles,
typically 20 nm in diameter at their smallest size [83], would be hindered from traversing the
periplasm by the meshwork of peptidoglycan cell wall in £. coli, which possesses an average
pore radius of only about 2 nm [84].

Ultimately two proposed mechanisms for intermembrane transport have prevailed; (1)
migration via the regulated formation of membrane hemifusions, and (2) membrane
apposition and PL transfer via a hydrophobic conduit. In both these models protein factors
could act to either promote zones of contact to facilitate hemifusion or membrane apposition
or the formation of a hydrophobic bridge. The inception of these models can be ascribed to
early electron microscopy images from Manfred Bayer [85]. Following plasmolysis of £.
coli and shrinkage of the cytoplasmic membrane away from the cell wall, zones of adhesion
between the inner and outer membranes were visualized at hundreds of sites, estimated to
cover nearly 5% of the OM surface. These sites of contact were proposed to function as sites
of export for components of the OM and spurred the seminal work by Osborn, Rolf-
Donahue and Schaechter, and others. Subsequent studies challenged these observations and
suggested that these ‘Bayers Junctions’ were an artifact of chemical fixation [86-89]. Bayer
himself refuted these claims in a follow-up study using cryofixation [90], but the existence
of these zones of adhesion remains controversial. Curiously, the Lpt system seems to
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conform to the idea of Bayer’s junctions: the transenvelope machine forms direct contact
between the IM and OM and LPS transport continues in spheroplasted cells that lack
periplasmic contents. Note however, that PL transport is inhibited by spheroplasting cells
[91].

Recent support for the hemifusion model came from the study of the dominant MlaA*
mutant protein [63]. As noted above, this mutant protein increases the amount of PLs in the
OM rather than decreasing them. The cell responds by increasing production of LPS, and
this increase in LPS destabilizes the OM. When cells starve in media with low divalent
cation concentrations, OM is lost by vesiculation. Because of the underlying rigid
peptidoglycan cell wall, the OM cannot shrink. To replace the lipid lost, membrane flows
from the IM to the OM. This flow is quite rapid and does not appear to require energy. It is
very reminiscent of the retrograde flow observed long ago by Osborn except in this case, the
flow is anterograde. We suggest that the hemifusion model provides the simplest explanation
for this diffusive, bidirectional flow.

5 — Future directions

The cellular machinery required to transport lipoproteins, OMPs and LPS to the OM has
been identified, the proteins have been purified, their structures have been determined, and
the systems have been reconstituted in vitro. However, how PLs are transported to the OM
remains as mysterious now as it was 40 years ago. The problem has withstood assault by all
of the modern genetic and biochemical approaches and genomic and proteomic approaches
as well. So far at least high resolution microscopy, including cryo-EM, has not been helpful
either. The transenvelope Lpt machine has yet to be seen, and it seems likely that
hemifusions would be even less stable.

PL transport mechanisms such as the Mla system and PbgA system have been identified and
further study of these systems may provide important clues that lead to the discovery of the
bulk transport mechanism(s). It may well be that cells have redundant mechanisms for this
critical cellular process and this will complicate standard genetic methods. Perhaps new
methods will have to be invented. Alternatively, someone may design a clever genetic
selection or screen.
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Highlights

. The outer-membrane (OM) of Gram-negative bacteria is an asymmetric
bilayer

. Phospholipids form the inner-leaflet of the OM

. How phospholipids reach the OM remains a mystery

. Phospholipid transport is reviewed in context with other OM assembly
machines

. Seminal studies of phospholipid transport are revisited in light of recent
insights
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Figure 1. Architecture of the Gram-negative envelope
The outer membrane (OM) and inner membrane (IM) are separated by an aqueous periplasm

that contains the peptidoglycan (PG) cell wall. The asymmetric distribution of lipids in the
OM is shown with lipopolysaccharide (LPS) in the outer leaflet and glycerophospholipid
(PL) in the inner-leaflet. LPS consists of a tripartite structure of lipid A, a core
oligosaccharide component, and an O-antigen (OAg) polysaccharide chain that extends into
the extracellular milieu. The three major membrane proteins are shown and include integral
membrane proteins (IMP), lipoproteins (LiP) and outer membrane proteins (OMP). Soluble
proteins (SolubleP) also exist both in the cytoplasm and periplasm.
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Figure 2. OM biogenesis machinery
Depicted are the components of three essential cellular machines required for outer

membrane (OM) biogenesis. Chaperones, e.g. SurA and Skp deliver B-barrel outer
membrane proteins to the p-barrel assembly machine (BAM) for assembly into the OM.
While OM lipoproteins are delivered via the Lol machine. The LipoPolysaccharide
Transport (LPT) Pathway transports LPS from the inner membrane (IM) to the cell surface
via a hydrophobic conduit formed by the oligomerization of LptA. The molecular details of
these machines are discussed in Section 2.
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Figure 3. Major OM membrane lipids of E. coli K-12
The structures of the most abundant membrane lipids of £. coli K-12 are depicted. The

asymmetric OM bilayer consist of LPS in the outer leaflet that is anchored to the OM via a
lipid A moiety (A). The inner-leaflet is comprised primarily of the zwitterionic phospholipid
phosphatidylethanolamine (PE; ~70% of total lipid by weight) as well as the anionic
phospholipids phosphatidylglycerol (PG; ~20%) and cardiolipin (CL; ~10%) (B).
Phospholipid structures were drawn using the “LipidMaps’ Tools [92].
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Figure 4. Maintenance of OM asymmetry
Shown are three systems in £. colithat facilitate removal of mislocalized phospholipids from

the outer leaflet. The OM phospholipase, PIdA, processively degrades mislocalized PLs. The
Mla system is comprised of components in each cellular compartment (MlaA,B,C,D,E,F)
that collectively facilitate retrograde PL trafficking. The palmitoyltransferase, PagP, also
uses mislocalized PLs as a substrate, and transfers an acyl chain to lipid A. The resultant
heptaacylated LPS contributes to OM stability and the lyso-PL by-products can presumably
be recycled.
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