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Abstract

The outer membrane of Gram-negative bacteria is essential for their survival in harsh 

environments and provides intrinsic resistance to many antibiotics. This membrane is remarkable; 

it is a highly asymmetric lipid bilayer. The inner leaflet of the outer membrane contains 

phospholipids whereas the fatty acyl chains attached to lipopolysaccharide (LPS) comprise the 

hydrophobic portion of the outer leaflet. This lipid asymmetry, and in particular the exclusion of 

phospholipids from the outer leaflet, is key to creating an almost impenetrable barrier to 

hydrophobic molecules that can otherwise pass through phospholipid bilayers. It has long been 

known that these lipids are not made in the outer membrane. It is now believed that conserved 

multi-subunit protein machines extract these lipids after their synthesis is completed at the inner 

membrane and transport them to the outer membrane. A longstanding question is how the cell 

builds and maintains this asymmetric lipid bilayer in coordination with the assembly of the other 

components of the cell envelope. This review describes the trans-envelope lipid transport systems 

that have been identified to participate in outer membrane biogenesis: LPS transport via the Lpt 

machine, and phospholipid transport via the Mla pathway and several recently proposed 

transporters.
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1. Introduction

The double layered membrane architecture of the Gram-negative cell envelope provides a 

robust protective barrier for the cell.1 The inner membrane is a phospholipid bilayer that 

encases the cytoplasm. Outside the inner membrane is the periplasmic compartment, which 

contains a thin cell wall composed of peptidoglycan. The outermost membrane is exposed to 

the environment, so it is the first line of defense for the cell. The outer membrane functions 

as a unique permeability barrier as we discuss below.1,2 The cell envelope of Escherichia 
coli is the best studied among Gram-negative bacteria and will be the main focus of this 

review. Although the overall architecture, composition, properties, and biogenesis of the cell 

envelope described in this review are conserved among Gram-negative bacteria, there is a 

great deal of diversity in the details.

The outer membrane is an asymmetric bilayer with an inner leaflet of glycerophospholipids 

and an outer leaflet mainly composed of lipopolysaccharide (LPS) molecules.3,4 Although 

the specific phospholipid composition varies among bacteria, in Escherichia coli, both the 

inner and outer membranes contain phosphatidylethanolamine, phosphatidylglycerol, and 

cardiolipin albeit in different ratios (Fig. 1a).5–10 It is also true that the structure of LPS 

varies among bacteria. In E. coli, LPS contains a Lipid A moiety composed of a di-

glucosamine diphosphate with several fatty acyl chains attached to each sugar (Fig. 1b). 

Together these lipids comprise the hydrophobic portion of the outer leaflet of the outer 

membrane. The core oligosaccharide is directly attached to Lipid A and comprised of a 
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conserved set of approximately ten sugars, some of which can be phosphorylated. The O 

antigen, which is ligated onto the core oligosaccharide, is a highly variable polymer that can 

consist of more than a hundred sugars (Fig. 1b). When properly assembled on the cell 

surface, the negatively charged phosphates of adjacent LPS molecules bind divalent cations 

(i.e. Ca2+ and Mg2+) creating strong lateral interactions and tight packing between LPS 

molecules. These interactions create a polyelectrolyte-like structure that is reinforced by 

hydrophobic interactions between acyl chains in the Lipid A component. The 

physicochemical properties of LPS decrease the permeability of the outer membrane to 

small hydrophobic compounds that would otherwise penetrate a typical phospholipid 

bilayer.1,11 Lipid bilayers obviously prevent diffusion of hydrophilic molecules, but small 

(<600 Da in E. coli) hydrophilic molecules such as nutrients can cross the outer membrane 

through pores in the membrane created by outer membrane integral proteins (OMPs), which 

adopt a β-barrel conformation.12,13 There are notable exceptions for this outer membrane 

architecture such as in spirochetes like Treponema pallidum. These bacteria do not produce 

LPS; instead, they display a large number of surface-exposed lipoproteins.14 Not 

surprisingly, their outer membrane is more permeable than a prototypical outer membrane. 

We note that many Gram-negative bacteria also have additional lipid-linked glycopolymers 

in the outer leaflet of their outer membranes such as the enterobacterial common antigen and 

capsules, which are reviewed elsewhere.15,16

The biogenesis of the outer membrane, including outer membrane lipoproteins and OMPs, is 

a highly coordinated and complex process. As we will discuss in detail below, none of the 

components of the outer membrane are made in this membrane. Biosynthesis of all outer 

membrane components occurs in the cytoplasm and/or at the inner membrane, so they must 

be transported across the cell envelope before they are assembled at the outer membrane. 

This makes their biogenesis both fascinating and challenging to study, as it can be hard to 

discern the role of a protein identified as necessary for outer membrane biogenesis. Is it 

involved in biosynthesis of a component of the outer membrane or in its transport to an 

assembly site at the outer membrane? Or is it a bona fide biogenesis factor that is directly 

involved in the assembly process? The challenge is to distinguish those players involved in 

synthesis, transport, and assembly, since blocking any of these processes produces outer 

membrane biogenesis defects.

The starting point to understand how cells build their outer membrane is to find the players 

(genes/proteins) required for the biogenesis of the lipids that make this bilayer - the 

membrane. Since there are many fine reviews on the biosynthesis of each of these outer 

membrane components,16–20 the aim here is to focus this review on our current 

understanding of the outer membrane lipid transport and assembly processes, encompassing 

the three known types of intramembrane lipid transport: anterograde LPS transport, and both 

anterograde and retrograde transport of phospholipids. Much of this review will focus on 

LPS transport, as it is the best understood of these systems and still surprisingly little is 

known about phospholipid transport. We will touch upon how, during the past 5 decades, 

scientists became aware of the need for an lipopolysaccharide transport (Lpt) machine and 

eventually discovered its components. An in-depth review about the history of the discovery 

of Lpt has been previously published.21 We will then describe the journey that LPS takes 

from the inner to the outer membrane through the Lpt system, highlighting what is known 
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about the function of this machine and what gaps in knowledge still exist. We will then 

examine what is known about phospholipid transport, from the earliest models in the 60’s 

and 70’s to those recently proposed. In this part, the review will focus heavily on the 

maintenance of lipid asymmetry (Mla) system, which, in 2009, became the first 

phospholipid inter-membrane transport system involved in outer membrane biogenesis to be 

discovered. We will discuss the different evidence supporting its role in either retrograde or 

anterograde phospholipid transport, as well as studies proposing that other protein 

complexes mediate inter-membrane phospholipid transport.

2. LPS biogenesis

2.1. Brief review of LPS biosynthesis

LPS synthesis [reviewed in 18,22] starts in the cytoplasm with the precursor uridine 

diphosphate N-acetylglucosamine (UDP-GlcNAc). Through the action of the many Raetz 

pathway Lpx enzymes and KdtA, UDP-GlcNAc is first di-acylated, then, two of these 

molecules are condensed and the product phosphorylated to generate Lipid IVA, which is 

further glycosylated and acylated to produce the final product, Kdo2-Lipid A. Next, 

synthesis of the core oligosaccharide is accomplished by the Waa glycosyltransferase and 

kinase enzymes, producing lipooligosaccharide (LOS, black and brown portions of LPS in 

Fig. 1b), which is flipped across the inner membrane by the ATP-dependent transporter 

MsbA.23–27 It is now that the O antigen, a long polymer of many repeating sugar units that 

is independently synthesized at the inner membrane, is ligated onto LOS at the periplasmic 

side of the bilayer to finally produce LPS (Fig. 1b).28–31 Some bacteria such as 

Acinetobacter do not naturally synthesize an O antigen, so their mature glycolipid is LOS.32 

In contrast, wild-type E. coli strains can synthesize a variety of O antigens, but most 

laboratory strains do not produce it because of a mutation in the wbbL biosynthesis gene.
18,33

2.2. A model to explain the mechanism of LPS biogenesis

The problem—After its biosynthesis is completed at the inner membrane, transporting 

LPS across the cell envelope and assembling it at the outer membrane poses many 

challenges to the cell. Extracting the fatty acyl chains of LPS out of the inner membrane 

requires energy. Then, during its periplasmic transit to the outer membrane, the hydrophobic 

fatty acid chains must be shielded from the aqueous compartment. Finally, LPS must be 

delivered and assembled into the outer leaflet of the outer membrane. How the many 

(hundreds of) sugars of LPS reach the cell surface, passing through the lipid bilayer, 

suggested a protein-mediated process. Since, there is no ATP in the periplasm or proton-

motive force at the outer membrane, LPS transport demands a different type of transporter 

than those described to exist to transport polysaccharides across the inner membrane.

The solution—Transport of LPS from the inner membrane to the outer membrane is 

mediated by the LPS transport (Lpt) machine, which is made up of seven different proteins, 

LptB2FGCADE (Fig. 2).34–37 According to the current model, these Lpt factors form a 

continuous protein bridge that spans the cell from the cytoplasm to the outer membrane and 

is able to extract LPS from the inner membrane, transport it across the cell envelope, and 

Lundstedt et al. Page 4

Chem Rev. Author manuscript; available in PMC 2022 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



insert it directly into the outer leaflet of the outer membrane.38,39 In fact, the Lpt machine 

can be divided into three main parts that solve different challenges in transporting LPS: the 

inner membrane ABC transporter, which uses ATP hydrolysis in the cytoplasm to extract 

LPS from the inner membrane; the periplasmic bridge, which shields the hydrophobic 

portion of LPS from the aqueous periplasm; and, the outer membrane translocon, which 

catalyzes the final insertion of LPS into the outer leaflet of the outer membrane. Over the 

last five decades, key experiments from groups using very different tools have now made it 

possible to begin to describe the process of LPS transport and assembly at a molecular level.

3. The study of LPS transport

Advances in electron microscopy and analytical biochemistry during the 1960s-1980s led to 

our understanding of the structure and composition of the Gram-negative cell envelope 

(reviewed in 21). Thereafter, research efforts concentrated on the identification of envelope 

biogenesis factors. The ability to assign lpt genes to LPS transport relied on the realization 

that there are hallmark phenotypes associated with LPS deficiency combined with the ability 

to monitor where LPS accumulates in the cell when these factors are depleted. As described 

below, by 2008, all members of the Lpt system were identified.21 Since then, significant 

progress has been made in understanding how the complex Lpt machine functions. This 

progress has been possible through the development of novel experimental methods and the 

synergistic combination of genetic, biochemical, and structural approaches.

3.1. Genetic approaches

The use of genetics to study LPS transport has been essential to identify and characterize Lpt 

factors because the system allows for genetic selections and phenotypic analysis. In E. coli, 
LPS, and therefore its transport, is essential.40 In addition, LPS provides intrinsic resistance 

to many antibiotics.1,41–45 Consequently, there are two key phenotypes that result from non-

functional or impaired Lpt proteins: increased sensitivity to antibiotics when Lpt function is 

partially defective, and, in the case of complete loss of function, cell death.46 Screening for 

these phenotypes led to the identification and/or the characterization of the Lpt proteins.21 

Since lpt genes are essential for growth in E. coli, most were characterized by regulating 

their transcription with inducible promoters in depletion strains. These strains have been 

engineered to have a specific lpt gene regulated by a known transcriptional regulator that is 

responsive to a chemical (i.e. inducer). When the inducer is added to the growth medium, the 

strain is viable because the lpt gene is transcribed; however, in the absence of inducer, 

transcription of the specific lpt gene stops, and the pre-existing Lpt factor is depleted as the 

cell divides, eventually leading to death. Observing cells depleted of Lpt factors via 

microscopy showed distinctive phenotypes including chaining owing to defects in daughter-

cell separation and accumulation of membranous material in their periplasm.37,47 These 

phenotypes, together with biochemical characterizations described below, were key in the 

early studies describing Lpt factors, and they are still being used today to characterize lpt 
mutants.

The ability to determine the functional role of specific residues is required to understand the 

mechanism of LPS transport. This has been facilitated through the generation and 
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phenotypic analysis of a collection of lpt mutant alleles that affect different steps of 

transport. If mutant alleles generated randomly or through genetic engineering confer a total 

or severe loss of function, they cause cell death. If mutations partially decrease function, 

they confer sensitivity to hydrophobic antibiotics to certain extent. This approach provides a 

dynamic range for measuring the functional state of the Lpt machine. Once a residue has 

been identified as having functional importance, its specific role can be further studied using 

suppressor analyses. By growing mutants with defective Lpt variants in non-permissive 

conditions (i.e. in the presence of hydrophobic antibiotics or conditions that lead to cell 

death), cells that spontaneously acquire suppressor mutations can be identified, as these 

mutations somehow overcome the problem caused by the defective lpt allele. Learning how 

suppressor mutations in lpt genes fix the disrupted function has informed us about the 

specific function (e.g. physical interaction with an LPS substrate or with another Lpt factor) 

of residues in Lpt transport.48–50 Additionally, suppressors in non-lpt genes have revealed 

unexpected findings about how cells cope with limiting amounts of LPS.51,52 An interesting 

twist of this approach that will be discussed later is how it led to the discovery that the 

antibiotic novobiocin interacts with LptB to increase LPS transport.53

3.2. Biochemical approaches

Studying transporters is challenging because they are highly dynamic proteins that 

transiently interact with a substrate that they do not modify. The Lpt system poses the 

additional challenge of requiring two membranes and components in every compartment of 

the cell (Figs. 2 and 3). Nevertheless, biochemical studies have overcome these challenges 

and been invaluable for characterizing Lpt factors, characterizing if and how they interact 

with one another and LPS, determining the role of ATP in LPS transport, and ultimately 

providing the full in vitro reconstitution of the Lpt machine.36,39,54–56 These 

accomplishments have involved a variety of methodology that we highlight below.

3.2.1. Following the cellular localization of LPS—Determining the localization of 

LPS in cells depleted of Lpt factors was critical for the initial characterization of the Lpt 

system. These methods took advantage of both the ability to fractionate the inner and outer 

membranes of E. coli using density ultracentrifugation, and the realization that enzymes can 

modify LPS in a specific cellular location. Accumulation of LPS in cellular fractions of 

lower density than the outer membrane upon depleting Lpt factors was demonstrated.34,47 

Then, the Polissi group led the work showing that this accumulation occurs at the 

periplasmic side of the inner membrane because the glycolipid can be aberrantly modified 

with colanic acid by the WaaL ligase, which normally adds the O antigen to the LPS core.
46,57 This was a complementary approach to determine mislocalization of LPS in Neisseria 
that was developed earlier by the Tommassen group.58 Bos et al. introduced the Bordetella 
bronchiseptica PagL enzyme, which deacylates LPS at the outer membrane, into Neisseria as 

a reporter of whether LPS was assembled in the outer leaflet of the outer membrane. This 

classic study showed that LPS does not reach the outer leaflet of the outer membrane in the 

absence of LptD.58 This strategy was later extended to the outer membrane acyltransferase 

PagP in order to track LPS transport to the outer membrane of E. coli.59 PagP transfers an 

acyl chain of a phospholipid to LPS only when phospholipids mis-localize to the outer 

leaflet of the outer membrane, which can occur when LPS levels decrease at the outer 
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membrane.36,60 Depletion of Lpt factors prevented PagP-dependent modification of newly 

synthesized LPS.35,36

3.2.2. Trapping Lpt-Lpt and Lpt-LPS interactions with site-specific photo-
crosslinking—To study the mechanism of transport, one needs to be able to observe 

intermediate transport states of LPS within the Lpt transporter, as well as how multiple Lpt 

factors interact with one another. For LPS transport, a key advance was to identify sites in 

Lpt factors that mediate physical interactions with other Lpt factors or LPS in both live cells 

and the in vitro systems described in the next section. The UV photo-crosslinkable amino 

acid p-benzoyl phenylalanine (pBPA) can substitute a specific residue in an Lpt protein in 

cells through a system involving amber suppression. The pBPA-substituted Lpt protein 

present in live cells or purified protein samples, when exposed to UV light, will form stable 

covalent bonds to any interacting partners within 3–6 Å.61–63 The crosslinked partner is 

usually identified using immunoblotting, but the specific site of interaction with pBPA can 

be further characterized through mass spectrometry.64–66 This technique was first used in the 

outer membrane biogenesis field to identify interactions between components of the 

localization of lipoproteins (Lol) export system and their lipoprotein substrates.67 Photo-

crosslinking has been critical to characterize the physical architecture of the Lpt transporter 

and transport intermediates. Indeed, if the residence time is long enough, transient 

interactions between LPS and pBPA substitutions in Lpt factors can be trapped through this 

crosslinking approach. As we will describe in sections below, this method has revealed the 

pathway that LPS takes along the Lpt transporter in both live cells and in vitro reconstitution 

assays. Unlike in Lol, the substrate LPS is not a protein, so a key to the success of this 

method to analyze substrate-transporter crosslinks was the availability of anti-LPS 

antibodies that allowed sensitive and easy detection of transport intermediates.39,54,68 

Indeed, this method has been adapted to study other transport systems for non-protein 

substrates that can be easily detected.64,69

3.2.3. In vitro reconstitution of LPS transport—The development of in vitro 
reconstitution assays from purified components has been crucial for mechanistic studies of 

LPS transport. The first assay to be developed, which also relied on photo-crosslinking, was 

the reconstitution of LPS extraction from right-side-out vesicles over-producing the inner 

membrane Lpt complex.54 Using membrane vesicles that contained the inner membrane 

LptB2FGC complexes, crosslinking of LPS to pBPA-substituted LptC (or added purified 

pBPA-substituted LptA) could be detected, and the crosslinked products increased over time 

in an ATP-dependent manner.54 This assay ultimately evolved into the full reconstitution of 

the Lpt system.39 Proteoliposomes containing the outer membrane proteins LptDE were 

generated and pre-incubated with soluble LptA. These LptDEA proteoliposomes were then 

incubated with proteoliposomes containing LPS and the inner membrane LptB2FGC 

complex. As described below, by monitoring transport with photo-crosslinking in this assay 

and showing the need to bridge both types of proteoliposomes with LptA, Sherman et al. 
demonstrated both that LptB2FGCADE are both necessary and sufficient for LPS transport 

from the inner to the outer membrane, and that the Lpt bridge is essential for function.39 

More recently, this reconstitution assay was modified to quantifiably measure LPS 

incorporation into the outer membrane by preloading outer-membrane-like proteoliposomes 
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with dansylated polymyxin B nonapeptide, which binds to LPS and increases in 

fluorescence when it is incorporated into the membrane.70 Additional modifications to these 

reconstitutions and implementation of ATPase assays have been used to examine the effect 

of small molecules on the transporter, as well as to provide mechanistic insight into 

transport.53,56,66

3.3. Structural studies

Understanding the structure-function of Lpt proteins has been greatly advanced by the 3-D 

structures that have been produced over the years through X-ray crystallography55,68,71–76 

and, more recently, cryogenic electron microscopy (cryo-EM) (Fig. 3).77,78 These structures 

have confirmed and been validated by findings obtained via the combined efforts of genetics 

and biochemistry. The great impact that solving these structures has had in advancing our 

understanding of the architecture and function of the Lpt system is highlighted in sections 

below. Notably, although structures of each Lpt protein and the inner and outer membrane 

complexes exist (Fig. 3), we await the challenging structure of the fully assembled trans-

envelope Lpt machine.

4. Discovering the Lpt system

The site of biosynthesis of LPS at the inner membrane as well as the transport of the newly 

synthesized glycolipid from the inner to the outer membrane was first demonstrated using a 

combination of pulse-chase and membrane separation experiments reported in two now 

classic papers in 1972 by Osborn et al.9,79 These studies proved that synthesis of the LPS 

core and O antigen occurs at the inner membrane. This information was critical to 

establishing that LPS transport to the outer membrane is irreversible. These studies also set 

the stage for the search of the LPS transporter. Before the discovery of the Lpt system, the 

ATP-dependence of LPS transport from the inner to the outer membrane was demonstrated 

in 1985 by the Osborn laboratory.80 Despite these early discoveries, it would take another 

two decades to identify the first Lpt factor, and most of them were identified between 2004–

2008.35–37,47 Research spanning the last four decades has worked towards elucidating this 

mechanism of transport, starting with the studies described here that identified the factors 

required for this inter-membrane LPS transport.

4.1. Discovery of the LptDE outer-membrane translocon (1989–2006)

The first Lpt protein to be linked to the function of LPS in creating a permeability barrier 

and to outer membrane biogenesis was the outer membrane β–barrel LptD. An lptD mutant, 

originally named imp4213, was identified in 1989 in a genetic screen for mutants with 

increased membrane permeability to maltodextrins.81 Sampson, Misra, and Benson found 

that this mutant also exhibited sensitivity to several hydrophobic antibiotics. In fact, the 

imp4213 mutant allele is still widely used in small-molecule screens in order to overcome 

the problem of the outer-membrane permeability barrier. Interestingly, we now know that 

imp4213 mutants have a severe folding defect in the LptD β–barrel, a fact that led to many 

discoveries in BAM, the machine that folds and inserts OMPs.82–85
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The functional importance of this protein remained unknown until Braun and Silhavy 

demonstrated its essential role in envelope biogenesis and proposed LptD (Imp) as an outer 

membrane biogenesis factor in E. coli.37 LptD’s specific role in LPS transport was finally 

demonstrated in 2004 by the Tommassen laboratory.58 Using Neisseria meningitidis, a 

bacterium in which LPS synthesis is not essential,86,87 Bos et al. demonstrated that a mutant 

lacking LptD was viable and did not have LPS assembled in their outer membrane since it 

could not be modified by the outer membrane deacylase PagL.58

In 2006, the Silhavy and Kahne groups discovered that the E. coli LptD co-purified in a 

complex with a novel outer membrane lipoprotein, RlpB (LptE).36 They also observed that 

depleting either LptD or LptE prevented the modification of newly synthesized LPS by the 

outer membrane acylase PagP and ultimately resulted in cell death. Given these phenotypes, 

and the localization of LptDE at the outer membrane, Wu et al. proposed that this complex 

assembles LPS at its final location, the outer leaflet of the outer membrane.36

4.2. Discovery of LptCAB (2004–2008)

A genetic screen searching for essential genes in E. coli led the Polissi laboratory to identify 

the yrbK-yhbN-yhbG locus, which would later be renamed lptCAB.34,88 Detailed 

phenotypic analyses of depletion strains finally demonstrated that LptCAB were necessary 

for LPS transport to the outer membrane.46,47 Since LptA is a periplasmic protein, it was 

predicted to chaperone LPS across the periplasm, while the predicted cytoplasmic ATPase 

LptB was thought to energize LPS extraction from the inner membrane through an unknown 

mechanism involving the bitopic protein LptC.34,46

4.3. At last, finding LptFG (2008)

LptB had been identified by sequence homology as a predicted ATPase belonging to the 

superfamily of ABC transporters,34 but its predicted transmembrane domain (TMD) partners 

were unknown until they were discovered using a reductionist bioinformatics approach.35 

Ruiz et al. exploited the simplified genome of a Gram-negative endosymbiont that produces 

LPS to search for potential Lpt factors and found two candidates, YjgP and YjgQ (renamed 

LptF and LptG, respectively), which had been classified as putative permeases. Depletion of 

each of these proteins in E. coli showed the characteristic phenotypes of Lpt depletions, 

demonstrating their essential role in LPS transport. Given their predicted membrane 

topology, they were proposed to be the missing TMD partners of LptB in an ABC 

transporter that extracts LPS from the outer leaflet of the inner membrane.

5. Stepwise process of LPS transport

A PEZ machine

Once all Lpt factors were identified, research efforts focused on understanding the 

mechanism of function of the Lpt system. This body of work has led to the following model 

to explain how the inner membrane, periplasmic, and outer membrane Lpt components work 

together to transport LPS from the outer leaflet of the inner membrane to the cell surface. In 

this model, the LptB2FGC ABC transporter harnesses energy from ATP in the cytoplasm to 

power the extraction of LPS from the inner membrane (Fig. 2). A cytoplasmic LptB2 dimer 
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constitutes the nucleotide binding domains (NBDs) of the transporter that bind and 

hydrolyze ATP.54,55 LptFG function as the transmembrane domains (TMDs) that directly 

interact with LPS to extract it from the outer leaflet of the inner membrane and place it onto 

the Lpt periplasmic bridge.50,77 LptC is a bitopic protein with a transmembrane (TM) helix 

and a periplasmic domain. Its single TM helix is located between the TM helices of LptFG, 

while its periplasmic domain is part of the Lpt bridge.68 The periplasmic Lpt bridge is 

formed by β-jellyroll domains in LptFCAD that link up to one another in a head-to-tail 

fashion, forming a continuous structure across the periplasm.65,68,71,72,75,76 This protein fold 

forms a C-shaped structure with a hydrophobic interior that shields the acyl chains of LPS 

from the hydrophilic periplasm. Finally, the outer-membrane translocon is made of LptDE. 

LptD is a large β-barrel protein in which the lipoprotein LptE resides, forming a plug-and-

barrel complex.75,89 It is thought that the hydrophilic portion of LPS passes through the 

lumen of the LptD β-barrel guided by charge interactions with LptE and exits through a 

lateral gate, while the hydrophobic portion of LPS slips into the hydrophobic core of the 

outer membrane through an opening between the β-jellyroll and β-barrel domain of LptD.
73–75,90

The Lpt machine has been likened to a PEZ dispenser where the inner-membrane ABC 

transporter is the spring that pushes LPS, the metaphorical candy, onto the periplasmic 

bridge.91 Each round of ATP-dependent transport by the LptB2FGC ABC transporter is 

proposed to move a newly synthesized LPS molecule onto the bridge, pushing the previously 

extracted molecules of LPS towards the outer membrane. As this happens repeatedly, LPS 

travels as a stream through the Lpt periplasmic bridge. Eventually LPS reaches the LptDE 

translocon, which is equivalent to the head of the PEZ dispenser, through which it exits into 

the outer leaflet of the outer membrane. Once there, it is stably assembled through lateral 

interactions with other LPS molecules and cations.

This section describes key findings and outstanding questions in each of the steps LPS takes 

across the envelope in the context of the PEZ model.

5.1. Mechanism of LPS extraction from the inner membrane

Most ABC transporters come in three main varieties: i) importers, which bring in substrates 

such as nutrients across the cell membrane, ii) exporters such as multidrug exporters that 

expel substrates from the cytoplasm, and iii) flippases, such as the aforementioned MsbA, 

which translocate lipids from one leaflet of the membrane to the other.92–94 The LptB2FGC 

transporter extracts a lipid from a membrane, an atypical function for an ABC transporter 

that is akin to the role that the LolD2CE transporter plays in extracting newly synthesized 

lipoproteins from the inner membrane en route to the outer membrane.95 This unusual 

function makes the mechanism of how this transporter couples the function of the LptB 

ATPase to the extraction of LPS by LptFG particularly interesting. It is therefore not 

surprising that structural studies have revealed unique structural features of this ABC 

transporter. This extraction is the most complex step in LPS transport and the one that sets 

the entire system into function. Therefore, it is possible that, if it exists, regulation of LPS 

transport is exerted by controlling the extraction function of the LptB2FGC ABC transporter.
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5.1.1. LPS entry into the Lpt transporter—After being flipped by MsbA across the 

inner membrane,23–27 LPS must be extracted from the outer leaflet of this bilayer and placed 

onto the periplasmic Lpt proteins. A body of genetic, biochemical, and structural evidence 

has led to a model for this extraction process stating that LPS present at the outer leaflet of 

the inner membrane enters a cavity formed by the TMDs LptFG and their partner LptC; 

when this cavity collapses, LPS is squeezed out and placed onto the periplasmic Lpt bridge; 

after extraction, the cavity opens for another round of transport (Fig. 4 and Fig. 5). In this 

process, the opening and closing of the LptFGC cavity is controlled and powered by the 

LptB cytoplasmic ATPase. Therefore, the first step in extraction is the entry of LPS into the 

LptFGC cavity.

It is currently thought that LPS diffuses into the LptFGC cavity after its translocation across 

the inner membrane. Presently, there is no evidence for MsbA interacting directly with the 

Lpt machine. In addition, MsbA’s substrate is further modified at the periplasmic side of the 

inner membrane. MsbA translocates LOS (i. e. Lipid A-core), so ligation of the O antigen by 

the WaaL ligase occurs at the periplasmic side of the inner membrane.96–98 In many 

bacteria, this site is also where other chemical modifications to the Lipid A and core 

components can be made, such as the addition of positively charged groups to the 

phosphates of Lipid A that confers resistance to cationic antimicrobial peptides.99 Moreover, 

the in vitro reconstitution of LPS transport does not require the presence of MsbA.39 Thus, 

LPS is thought to enter the LptB2FGC transporter independently of other proteins.

ABC transporters start their transport cycle in the resting state or apo conformation, 

unbound to substrate and nucleotide. During the transport cycle, the NBDs (here LptB2) 

bind to ATP and hydrolyze it, while the TMDs (LptFG) interact with and translocate the 

substrate.94 These stages require conformational changes, but how changes in the NBDs are 

coupled to those in the TMDs vary among ABC transporters. There is also great deal of 

diversity in how ABC transporters interact with their substrates. These differences among 

ABC transporters are key to their respective mechanism of function. An additional 

difference with this Lpt transporter is that it has an additional unique component, the LptC 

protein. Structure-function studies driven by genetic, biochemical and structural work have 

recently made great strides in uncovering mechanistic details of LptB2FGC.

The majority of the structures of both LptB2FG and LptB2FGC complexes are in the apo 

state, with the NBD dimers and a substrate-binding V-shaped cavity in the TMDs in a 

relatively open conformation (Fig. 4).68,76–78,100 These structures show that LptF and LptG 

each have 6 TM helices that together form a central V-shaped hydrophobic cavity that opens 

towards the periplasm.68,76–78,100 In the absence of LptC, TM1 of one TMD (LptF or LptG) 

interacts with TM5 of the other TMD.68,77,78 Furthermore, the overall architecture of the 

LptB2FG complex suggested these LptF-LptG contact sites could potentially function as 

lateral gates through which LPS could enter into the LptFG cavity from the outer leaflet of 

the inner membrane, as the TM1(LptF) and TM5(LptG) or the TM5(LptF) and TM1(LptG) 

have minimal contacts with one another.68,76–78,100 However, a surprising finding pertinent 

to these putative gates proposal was recently made when structures of the entire LptB2FGC 

complex revealed that the single TM helix of LptC is inserted between the putative gate 

formed by TM5(LptF) and TM1(LptG).68,77,78 These structural studies raised key questions. 
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Through which of these potential gates does LPS enter into the cavity? And, what is the 

function of the TM helix of LptC?

Evidence for through which gate LPS enters into the transporter has been provided by both 

structures and crosslinking studies. The crystal structures of LptB2FGC best resolved the 

periplasmic β-jellyroll domains of LptF and LptC and showed that these domains are placed 

above the gate formed by TM1(LptF) and TM5(LptG). This placement likely obstructs the 

entry of the core oligosaccharide and O antigen portions of LPS through this gate.68 In 

addition, site-directed photo-crosslinking revealed that LPS can be crosslinked outside of the 

cavity to residues in TM5(LptF) and the TM helix of LptC, as well as inside the cavity to 

both the TM helix of LptC and TM1(LptG). In contrast, no crosslinks were detected 

between LPS and the putative gate formed by TM1(LptF) and TM5(LptG). Together, these 

results support the model that the true “gate” that LPS enters through is the one between 

TM5(LptF) and TM1(LptG), where the TM helix of LptC is located. This makes us wonder 

how LPS can enter the transporter when LptC is located in the gate and whether the TM 

helix of LptC plays a role in this process.

The presence of the intervening TM helix of LptC within LptFG is a novel structural feature 

in ABC transporters.68,77,78 The location of this TM helix is not an artifact, as it has been 

reported in multiple structures and confirmed through in vivo photo-crosslinking.68,77,78 

Perhaps even more surprising given this positioning and its conservation among LptC 

orthologs is the lack of phenotype in cells in which the TM helix of LptC is cleaved or 

replaced.101 The only hint to the functional importance of LptC’s TM helix comes from in 
vitro ATPase assays demonstrating that complexes with full-length LptC have a marked 

decrease in ATPase activity when compared to those without LptC or containing an LptC 

variant that lacks its TM helix.68,77,78 Consequently, it has been proposed that the TM helix 

of LptC alters ATP hydrolysis in a way that allows for more efficient coupling of ATP 

hydrolysis and LPS extraction, possibly by limiting futile cycles of ATP hydrolysis.68 

Although the role of LptC’s helix remains mysterious, these pieces of evidence indicate that, 

despite being part of the entry gate, the TM helix of LptC is not required for entry of LPS 

into the transporter’s cavity. In agreement, cryo-EM structures have also shown that LPS is 

able to occupy the LptFG cavity in LptB2FG complexes lacking LptC.77,78 All evidence to 

date therefore suggest that LPS enters into the cavity by transiently breaking the 

hydrophobic interactions between the TM helices at the TM5(LptF)-TM(LptC)-TM1(LptG) 

gate regardless of whether the TM helix of LptC is present or not.

Some ABC transporters require ATP binding to interact with their substrates.102,103 

However, entry of LPS into LptB2FGC is ATP-independent. Using photo-crosslinking 

experiments, Owens et al. showed that without ATP, LPS can accumulate within the LptFGC 

cavity of the transporter.68 These data, in combination with the fact that LPS-bound 

structures lack nucleotide, indicate that ATP is not required for LPS entering into the cavity.
68,77,78 One outstanding question about LPS entry into the transporter is whether entry of 

LPS into LptB2FGC is selective or not. It is possible that other lipids such as phospholipids 

flow through the transporter’s cavity but are not recognized as substrates, so they do not 

engage in transport; according to this model, LPS would have to be recognized as substrate 

in the cavity, likely through (some of) the interactions described in the next section. 
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Alternatively, LPS molecules could specifically be recognized outside of the cavity, which 

would trigger selective entry. At present, these models remain untested.

5.1.2. Interactions between LPS and the LptFGC cavity—Specific interactions 

between substrates and their transporters are critical for proper transport. This is challenging 

for the Lpt system since LPS structure can vary between different species with respect to the 

type and number of sugars and fatty acid chains, and even between strains of one same 

species with respect to the structure of the core and O antigens. Interestingly, E. coli strains 

producing a minimal “LPS” structure (an intermediate of the Raetz pathway) can survive in 

the laboratory.104 This intermediate, called lipid IVA, is only composed of a phosphorylated 

glucosamine disaccharide with four fatty acid chains. Consequently, and as we describe 

below, the Lpt system must at least recognize features in this conserved minimal structure.

The first insight into how the TMDs LptFG interact with LPS came from studies in 

Burkholderia cenocepacia.105 The negatively charged phosphates on Lipid A can be 

modified in some bacteria to make them either neutral or positively charged, which confers 

resistance to cationic antimicrobial peptides.99 In B. cenocepacia, these Lipid A phosphates 

are constitutively modified with the positively charged 4-amino-4-deoxy-L-arabinose (L-

Ara4N). Unlike in other organisms such as E. coli, this modification is essential for viability 

of B. cenocepacia.106 Hamad et al., found that lethality caused by the loss of this 

modification can be suppressed by changing a residue in TM1(LptG) with the lptG(D31H) 
allele. Bertani et al. later realized that this LptG residue covaries in organisms depending on 

the charge at the C1 and C4′ positions on their respective Lipid A structures.50 Structure-

function analyses in E. coli guided by this observation and structural information led Bertani 

et al. to identify a cluster of functionally important residues in LptG’s TM1 that face the 

interior of the cavity. Substitutions at these residues result in phenotypes that are typical of 

Lpt defects, including increased sensitivity to hydrophobic compounds. Furthermore, this 

sensitivity can be suppressed by constitutively modifying the Lipid A phosphates with 

positively charged L-Ara4N and phosphoethanolamine. These results led to the proposal that 

the cluster of residues (K34, D37, Q38, K40, and K41) in the TM1 of LptG in E. coli 
establish critical contacts with the phosphates on Lipid A, providing the first evidence of 

LPS directly interacting with the LptFG cavity. It was also suggested that when these 

contacts cannot occur, changing the charge of Lipid A improves LPS transport because the 

modified substrate establishes different contacts with the transporter’s cavity.

Recent cryo-EM structures of LptB2FG and LptB2FGC complexes containing LPS have 

revealed that the hydrophobic acyl-chains of Lipid A contact the hydrophobic interior wall 

of the V-shaped cavity, while the phosphates at positions C1 and C4′ in Lipid A interact 

with charged and hydrophilic residues on the periplasmic rim of the transporter’s cavity 

(Fig. 4).77,78 Notably, the phosphate at the C1 position interacts with a charged pocket in 

TM1 of LptG containing the aforementioned residues (K34, D37, Q38, K40, and K41) that 

were identified by Bertani et al.50,77,78 Comparing the structures of LptB2FGC and 

LptB2FG complexes bound to LPS also reveals a shift in the contacts made between LPS 

and LptFG.77,78 As one might expect, when the TM helix of LptC is not between LptFG, the 

cavity is smaller (Fig. 4 and Fig. 5). This LptFG cavity makes more contacts with LPS than 

the larger LptFGC cavity. Additionally, both structures of the LptB2FGC-LPS complex have 
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relatively poor resolution of LPS. The comparative difficulty of imaging LPS in this state 

suggests that LPS does not make optimal contacts with the transporter when the TM helix of 

LptC is present. Since the presence of the TM helix of LptC displaces TM1–3 of LptG, 

keeping the aforementioned charged pocket away from LPS, it was suggested by Li et al. 
that the formation of tight contacts between the TM1 of LptG with LPS might displace the 

TM helix of LptC out of the cavity.77 However, we currently do not know what causes the 

TM helix of LptC to move out from the LptFG cavity, when this step happens in the 

transport cycle, or how this helix re-associates with LptFG for a subsequent round of 

transport.

Together, these studies establish several interactions between both hydrophobic and 

hydrophilic portions of Lipid A and the transporter’s cavity. Some of these interactions 

specifically recognize LPS as substrate and can still occur in the minimal life-supporting 

LPS structure mentioned above. Whether other parts of the LPS molecule are recognized by 

this ABC transporter remains unclear. Biochemical data suggest that the LPS core affects 

transport since the efficiency of LPS transport in the in vitro full reconstitution system is 

affected by the structure of the core oligosaccharide.70 However, it remains unknown 

whether this effect is due to differences in substrate recognition by the transporter or 

differences in the physical properties of the molecules that alter their tendency to aggregate 

or diffuse into the transporter, which might indirectly affect the transport assay.

5.1.3. Collapse and re-opening of the cavity: expelling LPS and resetting the 
extractor—The extraction of LPS from the inner membrane requires energy derived from 

ATP in the cytoplasm (Fig. 5). With LPS inside the LptFGC cavity, the cytoplasmic NBDs 

(LptB2) need to bind and hydrolyze ATP, and coordinate this ATP cycle with the collapse 

and opening of the V-shaped cavity. Cavity collapse squeezes out LPS and moves it to the 

periplasmic Lpt bridge, while re-opening the cavity to the LPS-free state resets the transport 

cycle so that a new LPS molecule can enter the LptB2FGC extractor. These movements by 

the TMDs LptFG are driven by the ATP-dependent opening and closure cycle that the LptB 

dimer undergoes. In ABC transporters, the dimeric ATPase is in an open state when not 

bound to ATP.94 When the dimer binds to ATP, the NBDs attain a closed conformation that 

sandwiches two ATP molecules at the dimer interface. Each half of the two ATP-binding 

sites is asymmetrically provided by a monomer so that each site is mainly composed of the 

Walker A motif from one monomer and the signature motif from the other monomer. ATP 

hydrolysis then leads to the opening of the closed NBD dimer. Direct physical connections 

between LptB2 and LptFG, together with allosteric networks, are critical in coupling the 

ATP-driven opening and closure of the LptB dimer to the LptFGC transport cycle. To 

understand how the ATP hydrolysis cycle is coupled to the closing and opening of the 

LptFGC cavity, we need to know i) how and when in the transport cycle LptB is binding and 

hydrolyzing ATP, ii) how LptB is physically linked to LptFG, and iii) the residues that are 

important for coordinating NBD-TMD coupling along great distances in the transporter.

The NBDs are relatively well conserved across ABC transporters and share a set of motifs 

that are important for binding and hydrolyzing ATP, as well as for interacting with their 

TMD partners.94 By comparing sequence and structural homology to other NBDs, these 

motifs were identified in the first X-ray structure of LptB.55 Some of these motifs were 
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altered to demonstrate the requirement for ATP hydrolysis in LPS transport through 

phenotypic analyses of mutants producing catalytically defective LptB variants.55 ABC 

transporters also share a general conserved structure, including the way in which their NBDs 

physically link to their TMDs. The first structures of the LptB dimer clearly showed a 

groove region that was later determined to accommodate coupling helices of LptFG.55 These 

are short helical segments of TMDs that serve as the primary points of NBD-TMD contact 

in ABC transporters.66,76 In LptFG, the coupling helices are located in the cytoplasm 

connecting their respective TM2 and TM3.66,76 They were first identified by Simpson et al. 
using bioinformatics, genetics, and biochemistry,66 and later confirmed by structures of the 

LptB2FG complex.76,100 Direct physical interaction between the coupling helices of LptFG 

and the structural groove of LptB in cells was demonstrated via in vivo site-directed photo-

crosslinking and mass spectrometry; their functional connection was revealed through 

suppression analysis, since defects in LPS transport caused by substituting conserved 

glutamates located in the coupling helices of LptFG are suppressed by a specific change in 

the LptB groove region.66 These studies also revealed that although they are structurally 

similar, the coupling helices of LptFG play distinct roles in the transport cycle, as changing 

equivalent residues in each coupling helix does not confer the same phenotypes.66 Indeed, as 

we describe below, recent studies have proposed that the conserved glutamate in the 

coupling helix of LptF, but not the structurally equivalent residue in that of LptG, is critical 

in mediating the closure of the LptFG cavity.107

Further insight into the NBD-TMD coupling that is mediated by the interactions between the 

LptFG coupling helices and the groove region in LptB surprisingly came from the antibiotic 

novobiocin.53 This antibiotic targets DNA gyrase and is often used in assessing the effect of 

Lpt defects on outer-membrane permeability because it is hydrophobic 41,66,108,109 

Serendipitously, novobiocin was found to suppress defects in LPS transport caused by 

specific mutations that we now know affect NBD-TMD coupling.53,56 Structural and 

biochemical studies have demonstrated that, in addition to binding to its canonical target, 

DNA gyrase, novobiocin also binds to the groove region of LptB, where it forms contacts 

with residues that were previously identified as being important for LptB function.
53,56,66,107 As demonstrated by an in vitro reconstitution LPS release assay, through this 

binding, novobiocin increases LPS transport, which leads to suppression of coupling defects.
53 The mechanism for how novobiocin increases LPS transport remains to be elucidated, but 

these findings open the door for the development of small molecules that might interfere 

with LPS transport. It also suggests that the activity of the transporter could be subject to 

regulation.

Although aforementioned work clearly demonstrated that the function of the LptB ATPase is 

needed for LPS transport,55 the role of the nucleotide in transport was undefined until 

recently. As described above, entry of LPS into the transporter does not require ATP. This 

raises the question of whether the collapse of the LptFG cavity that leads to the translocation 

of LPS onto the periplasmic bridge is dependent on ATP binding or hydrolysis. This 

question was first addressed by Simpson et al. when investigating a novel essential domain 

in LptB.56 The C-terminal domain (CTD) of LptB (residues 230–241 in E. coli) is conserved 

but unique among LptB orthologs. Its essential function depends on its ability to contact two 

motifs that are critical in ABC transporters, the Walker A and the switch helix.56 
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Suppression analysis of defects conferred by altering the CTD indicated that this domain is 

functionally connected to the ATP-binding sites, specifically the Walker A the signature 

helix that constitute the two halves of each site. Further analyses uncovered a striking 

genetic interaction between alleles altering the CTD and the signature helix. A change 

(R144H substitution) in the signature helix of LptB is conditionally lethal and one in the 

CTD (F239A) of LptB is lethal under all conditions; however, a mutant producing an LptB 

variant that has both of these lethal changes exhibits wild-type-like LPS transport. This 

surprising co-suppression indicates that these lethal changes have opposite effects on the 

same function of LptB so that they can compensate each other when combined. Combining 

these genetic results with biochemical characterization of ATP binding and ATP hydrolysis 

kinetics of reconstituted purified LptBFGC complexes led to the proposal that the R144H 

and F239A changes affect the opening and closing of the LptB dimer in opposite ways: 

while the R144H change causes ATP-binding defects that result in the dimer aberrantly 

favoring the open-conformation state, the F239A change prevents the opening of the closed 

LptB dimer, as it causes a defect in the ATP hydrolysis step that is required for its reopening. 

The data suggested that these defects reach a functional equilibrium so that the 

LptB(R144H/F239A) dimer can once again transition between the open and closed states, 

but hydrolyzing less ATP than wild-type LptB. Since LPS transport can be achieved without 

full restoration of ATP hydrolysis, it was proposed that ATP binding, and not hydrolysis, 

triggers the collapse of the LptFG cavity to transport LPS. Hydrolysis was proposed to be 

used by LptB to reset the transporter. Recent structural studies have further supported this 

model. A cryo-EM structure of the LptB2FGC transporter bound to the non-hydrolyzable 

ATP analog β-γ-imidoadenosine 5′-triphosphate shows the LptFG cavity in the collapsed 

state.78 This structural conformation is also nearly identical to the vanadate-trapped structure 

representing the ATP hydrolysis transition state (Fig. 4). Although this latter structure could 

not resolve the nucleotide, both studies show that binding to the nucleotide causes the 

closure of the LptFG cavity.77,78

More recently, genetics have provided additional mechanistic insight into the closure of the 

LptFG cavity that LptB triggers when binding ATP. Changes to the essential groove-region 

(residue E86 of LptB), like the R144H change, can reduce the ability of the LptB dimer to 

bind ATP and attain the closed-dimer conformation that triggers cavity collapse.107 Both of 

these defects in LptB can be suppressed by changing either the structure of LPS via ΔlpxM, 

or TM helices in LptG. LpxM is the last enzyme in the Raetz pathway and is responsible for 

adding the 6th acyl chain onto LPS. Thus, a deletion of lpxM results in cells that produce 

only penta-acylated LPS. The suppressing changes in LptG are located in TM2 and TM3 at 

the bottom of the substrate-binding cavity of the transporter. Thus, either reducing the 

hydrophobicity of Lipid A or altering the Lipid A-binding cavity suppresses defects in the 

ability of the LptFG cavity to close. These results are in agreement with the expectation that 

as the cavity closes to squeeze out LPS, hydrophobic interactions between Lipid A and 

residues lining the LptFG cavity are replaced by cavity-to-cavity hydrophobic interactions. 

The suppressors must be facilitating this transition by changing either the substrate or the 

substrate-binding cavity. These genetic studies by Lundstedt et al. provide evidence that the 

substrate LPS and its interactions with the LptFG cavity can directly affect the activity of the 

LptB ATPase. Furthermore, they support a model for the bidirectional coupling of LptB and 
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LptFG where their movements are linked through a rigid body mechanism of transport that 

has been proposed for other ABC transporters and by structural studies on Lpt.77,78,110,111 

In other words, the closure of the LptB dimer drives the closure of the LptFG cavity, and 

vice versa. Notably, the same suppressors that alter LPS structure and LptG can also fix 

defects conferred by substitutions at the conserved glutamate of the coupling of LptF, but not 

the equivalent substitution in that of LptG. Consequently, this evidence led Lundstedt et al. 
to suggest that the coupling helix of LptF must also be important in the cavity collapse step.
107

Together, this large body of evidence leaves us with a model where LPS present at the outer 

leaflet of the inner membrane enters into the LptFGC cavity through the gate formed by 

TM1(LptG)-TM(LptC)-TM5(LptF) in an ATP-independent manner (Fig. 5). This entry 

likely involves the transient loss of hydrophobic contacts between these gate helices. The 

TM helix of LptC is likely to then leave the cavity through an unknown mechanism. This 

partially reduces the size of the cavity, which causes LPS to be pushed up in the cavity, 

where it can form more contacts with LptF and LptG. Next, LptB2 binds ATP, 

simultaneously closing the NBDs and TMDs. The collapse of the LptFG cavity causes the 

expulsion of LPS and its placement onto the periplasmic bridge. ATP is then hydrolyzed, 

and ADP and Pi are released, causing the reopening of the transporter.

5.1.4. Out of the cavity and onto the periplasmic bridge—Once LPS is squeezed 

out of the LptFG cavity, it somehow makes its way onto the β-jellyroll of LptC.54 Both LptF 

and LptG also have periplasmic β-jellyroll domains,76,100 either of which could plausibly 

link up to LptC and facilitate passing of LPS from the cavity. The crystal structures of 

LptB2FGC in the apo form for both Vibrio cholerae and Enterobacter cloacae obtained by 

Owens et al. have the β-jellyroll domains of LptFGC fully resolved.68 Both structures show 

the β-jellyroll portion of LptF connected to that of LptC, suggesting that after extraction, 

LPS travels to the β-jellyroll of LptF and then to that of LptC. There is significant evidence 

demonstrating that these structures are not artifacts, nor do they fail to report an alternative 

bridge formed between LptG and LptC. The first data suggesting that the β-jellyroll of LptF 

is part of the Lpt bridge was provided by Benedet et al., who found that lethality caused by 

an lptC deletion can be suppressed by changing LptF’s β-jellyroll residue R212.49 The 

authors suggested that LptF normally connects to LptC, and that changing R212 allows the 

β-jellyroll of LptF to now link to that of LptA, overcoming the need for LptC. Interestingly, 

the aforementioned structures by Owens et al. showed that LptF residue R212 is near the end 

of the β-jellyroll that normally associates with the β-jellyroll of LptC.68 In addition, in vivo 
crosslinking studies by Owens et al. showed contacts between the edges of the β-jellyroll of 

LptF and LptC, confirming that LptF and LptC do in fact connect to one another in cells. 

Similar crosslinks were not detected between LptG and LptC.68 Importantly, LPS crosslinks 

to a residue in the concave portion of the β-jellyroll in LptF that is along the LptF-LptC 

interface, but no crosslinks between LPS and the β-jellyroll of LptG can be found. All these 

data suggest that LPS travels from the β-jellyrolls of LptF to that of LptC. This model was 

further supported by using an LptF variant with two cysteine substitutions strategically 

positioned in its β-jellyroll domain.68 These substituted cysteines are close enough to form a 

disulfide bond, which would close the entry into the bottom of the β-jellyroll of LptF. 
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Individually, each cysteine substitution confers no defects, but together they are lethal and 

prevent LPS transport. Furthermore, although we lack direct biochemical evidence of the 

formation of the disulfide bond between the two substituted cysteines, it has been shown that 

transport can be restarted in vitro by the addition of reducing agents, which are thought to 

break the putative disulfide bond and allow LPS to move through the β-jellyroll of LptF 

once more. Thus, the data we have to date strongly supports a model where LPS is only able 

to travel through the β-jellyroll of LptF to reach the periplasmic bridge. However, we must 

still recognize that the lack of evidence is not evidence for the lack of interactions between 

LPS and/or LptC and the β-jellyroll of LptG. It is therefore still unclear what the functional 

role of the β-jellyroll of LptG is.

We should also note that, unlike in other ABC transporters, where substrates diffuse away 

from their transporter, LPS is loaded onto a protein bridge that is physically connected to the 

TMDs LptFG. How is it that newly extracted LPS does not slide back into the cavity of 

LptFG when it opens for the next round of transport? Owens et al. proposed that the bottom 

of the β-jellyroll of LptF has a valve-like mechanism that opens and closes to prevent LPS 

from sliding back into the cavity of the transporter once it reaches the β-jellyroll of LptF.68 

The aforementioned putative disulfide crosslink suggests that the closure of LptF is 

physically possible and does prevent LPS transport. The bottom loops of the β-jellyroll 

domain of LptF also are in a more open or more closed state in the two different crystal 

structures, which implies that this movement is possible. An alternative but not exclusive 

model for preventing back-flow is that direction of transport after extraction is simply 

affinity driven. Partly supporting this idea is evidence showing that LPS cannot move from 

LptA to LptC in vitro.72 It is also currently not known if an LPS molecule that has been 

newly extracted from the LptFG cavity stays within the β-jellyroll of LptF or somehow 

travels onto LptC.

5.2. Traversing the periplasm

The Lpt bridge mediates transit of LPS from the inner to the outer membrane while 

protecting the hydrophobic portion of Lipid A from the aqueous periplasm. All bridge 

proteins, LptFCAD, have β-jellyroll domains with a C-shaped fold that contains a 

hydrophobic interior that is believed to conceal the fatty acyl chains of Lipid A (Fig. 3).
71,72,75,76 These domains have been shown to interact with LPS through photo-crosslinking.
54,68,112 In addition, in vitro experiments have shown that LptA co-elutes with “LPS” 

regardless of the presence of O antigen or core oligosaccharide, indicating that the Lipid A 

portion of LPS is sufficient for the interaction.113

There were initially two models for how Lpt could facilitate LPS movement across the 

periplasm: i) LptA is a soluble chaperone that binds LPS and freely diffuses between 

LptFGC at the inner membrane and LptDE at the outer membrane to transport LPS, 

analogous to how LolA functions in the Lol system to transport lipoproteins to the outer 

membrane.114 Or ii) LptA is physically connected to both LptC and LptDE, forming a 

continuous bridge across the periplasm. However, strong evidence accumulated early on 

against LptA functioning in the same way as LolA. Using a method previously developed 

for LolA,115 Tefsen et al. showed in 2004, before LptA was even identified, that newly 
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synthesized lipoproteins were released from spheroplasts when periplasmic contents (which 

contain LolA) were added back to the spheroplasts.59 In contrast, the authors could not 

observe release of newly synthesized LPS into the soluble fraction. Importantly, they could 

demonstrate that LPS could still be transported to remnants of the outer membrane that were 

physically connected to the spheroplasts. This was the first evidence that LPS transport did 

not involve a soluble periplasmic chaperone like LolA. Following this observation, Chng et 
al. used sucrose gradient fractionation and co-purification to show that all Lpt proteins co-

fractionate, suggesting for the first time that they form a trans-envelope protein bridge 

connecting the inner and outer membranes.38

In 2012, two landmark papers provided strong evidence for the bridge architecture and 

function. Using in vivo site-specific photo-crosslinking, Freinkman et al. showed head-to-

tail connections between the edges of the β-jellyrolls of bridge proteins.65 The C-terminus of 

LptC connects to the N-terminus of LptA, whose C-terminus connects to the N-terminus of 

LptD (Fig. 5). This study also showed that LptA can oligomerize with itself in vivo.65 

Although in vitro LptA can also oligomerize,71,116 it is still unknown if one or more LptA 

proteins form the bridge in the periplasm. Nevertheless, we refer the reader to the crystal 

structure of an LptA oligomer, as it illustrates how β-jellyroll domains could form a bridge.
46 Okuda et al. further demonstrated that LPS is able to crosslink to the inside, but not 

outside, of the β-jellyrolls of LptA and LptC. Notably, this work was also the first to 

reconstitute the inner membrane portion of the Lpt complex in vitro, show that continuous 

rounds of ATP hydrolysis are required for LPS movement onto LptA, and propose the idea 

that LPS travels as a stream through the Lpt bridge - the PEZ model.54 Ultimately, the full in 
vitro reconstitution was accomplished by Sherman et al. in 2018. This tour de force 

reconstituted LPS transport from inner-membrane-like liposomes containing purified 

LptB2FGC complexes to outer-membrane-like liposomes containing purified LptDE 

complexes. This transport required LptA to physically bridge both types of liposomes, 

demonstrating once and for all that the Lpt machine forms and functions as a continuous 

bridge. This body of work provides support of the PEZ model for transport in which each 

new LPS molecule entering the transporter at the inner membrane pushes those already in 

the bridge towards the outer membrane.39 Whether the β-jellyrolls are passive structures or 

contribute somehow to the directional movement of LPS is unclear.

5.3. LPS insertion into the outer leaflet of the outer membrane

After LPS reaches the last β-jellyroll of the periplasmic bridge, the N-terminal domain of 

LptD, it must be inserted into the outer leaflet of the outer membrane by the LptDE 

translocon (Figs. 2 and 3). There is no indication that LPS ever exists in the inner leaflet of 

this membrane. LptD and LptE form a plug-and-barrel structure where the LptE lipoprotein 

resides in the lumen of the C-terminal β-barrel portion of LptD.73,75,117 How does this 

complex accomplish the task of properly inserting LPS exclusively into the outer leaflet, all 

while navigating both hydrophilic and hydrophobic portions of the molecule and in the 

absence of an obvious energy source? Before we discuss its mechanism of function, it is 

important to understand the structure of this complex.

Lundstedt et al. Page 19

Chem Rev. Author manuscript; available in PMC 2022 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Preceding the crystal structures of LptDE, genetic and biochemical studies showed not only 

that LptDE form a plug-and-barrel structure, but also that LptE plays a key role in the 

biogenesis of LptD.89,117,118 In fact, studying the biogenesis of the LptDE complex has 

significantly contributed to our understanding of folding and insertion of β-barrel proteins in 

the outer membrane. The first lpt mutant allele to be discovered (lptD4213) encodes a 

defective substrate of the BAM complex, which assembles OMPs.81,83–85 LptD assembly, 

and especially that of LptD4213, is very slow, which has enabled the analysis of folding 

intermediates.82,119 Interested readers should refer to studies cited here.48,82,118–124

The first x-ray structures of the LptDE translocon offered important clues as to how LPS 

might be translocated from the periplasmic β-jellyroll of LptD to the outer leaflet of the 

outer membrane.73,75 These structures show that LptD is a 26-strand β-barrel with a 

hydrophilic interior that is closed off from the environment by extracellular loops that fold 

into the lumen. As expected, the lumen of the LptD β-barrel also accommodates LptE, 

which serves as a plug (Fig. 3). Where the β-jellyroll of LptD meets its β-barrel, there is a 

hole that is predicted to be in the membrane. This hole is lined on either side with 

hydrophobic residues that have been shown to be functionally important.75,90 The current 

model is that the Lipid A portion of LPS moves from the β-jellyroll of LptD through the 

hole directly into the outer membrane. According to this model, the hydrophilic portion of 

LPS would then need assistance to traverse the hydrophobic core of the membrane. 

Structures of the LptDE complex have suggested a path. The hydrophilic portion of LPS is 

predicted to first enter the periplasmic side of the LptD barrel when the hydrophobic portion 

of the molecule transitions from the β-jellyroll of LptD into the membrane. The hydrophilic 

portion of LPS is then proposed to exit from the LptD barrel through a lateral gate formed 

between β strands 1 and 26, the seam of the barrel. Typically, β-barrels are closed at the 

seam formed between the first and last β strands by a series of stable hydrogen bonds.125 

However, in LptD, the first β-strand is distorted by two conserved prolines located in β 
strands 1 and 2, which results in β-strand strands 1 and 26 only forming three main-chain 

hydrogen bonds with each other.75 Molecular dynamics simulations propose that this is in 

fact the weakest part of LptD’s β-barrel and that substituting those prolines with alanines 

stabilizes it.73,126 Indeed, these prolines in β strands 1 and 2 are critical for function in cells.
126 There are also four aromatic residues along this putative lateral gate that have been 

proposed to interact with the hydrophilic core of LPS as it passes through the lumen. 

Interestingly, below this gate are two luminal loops that are either in open or closed states 

depending on the LptD structure. Since deletion of these loops is lethal, as is introducing 

cysteines within each loop that can putatively form disulfide bonds, it has been suggested 

that they must open to allow the hydrophilic portion of LPS to exit the LptD lumen.90 More 

recently, a molecular dynamics study has supported this model for LPS translocation across 

the outer membrane and proposed that the presence of LPS may trigger the opening of both 

the loops and the β-barrel gate.127

What is LptE’s role in this transport process? LptE has been shown to bind to LPS in vitro.
74,89 Surface plasmon resonance and electron microscopy showed that not only LptE binds 

to LPS but also prevents its aggregation.74,128 Based on these results and LptE’s location in 

the lumen of the LptD barrel, it was proposed that LptE might facilitate transport by 

interacting with LPS and breaking the strong lateral interactions that LPS molecules form 
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with one another, facilitating its insertion into the outer membrane. However, more work is 

needed to fully understand how LptE facilitates LPS transport.

Interestingly, recent evidence suggests that the LptDE translocon may control the activity of 

the Lpt system.128 In a fully reconstituted in vitro system, Xie et al. observed that if the 

outer-membrane-like liposomes containing LptDE were preloaded with saturating amounts 

of LPS, it prevented additional transport of LPS from the inner-membrane-like liposomes 

containing the LptB2FGC transporter. Curiously, it also inhibited the ATPase activity of 

these LptB2FGC complexes. The simplest explanation for these observations is that the outer 

membrane components can signal back to the inner membrane components to control LPS 

transport and avoid overloading the outer membrane with LPS. The outer leaflet of the outer 

membrane is not very fluid because of the close packing of LPS molecules and the high 

density of acyl chains in LPS.1 In comparison, phospholipid bilayers are highly fluid and 

allow high rate of lateral diffusion of lipids and proteins. Lpt machines might then have to be 

shut off once they have filled a particular area of the membrane with LPS molecules. The 

mechanism for this suggested regulation of LPS transport across the cell envelope and how it 

might affect the stability of Lpt bridges is not understood. It is also unclear how LPS 

transport may be coordinated with the biogenesis of other envelope components to ensure 

proper assembly of the outer membrane and growth of the entire cell envelope. In section 

9.2.2., we describe some recent developments that are shedding some light into the 

coordination of phospholipid and LPS synthesis, but whether they are connected to their 

transport is unknown.

We note that cells likely regulate LPS transport at several earlier points in addition to 

regulating the process at the point of LPS assembly at the outer membrane. The most 

obvious way to regulate the flux of LPS is by controlling LPS biosynthesis. The first 

committed step in that pathway involves the enzyme LpxC, and we discuss this regulation 

briefly at the end of the review. Another obvious point of regulation is by controlling the 

assembly and/or disassembly of the Lpt machine. We currently know the sites of interaction 

between Lpt proteins, and that the inner- and outer-membrane sub-complexes can be stably 

purified from cells. However, we do not understand how cells assemble Lpt proteins to form 

the trans-envelope machine. We can envision that cells might assemble this machine in such 

a way as to prevent sending LPS molecules through an incomplete bridge to nowhere. There 

is evidence that interactions between the β-jellyroll domains of LptA and LptD do not occur 

unless the LptDE translocon is properly assembled.117 Whether the remaining contacts 

between β-jellyroll domains in the periplasmic bridge are also subject to regulation driven 

by quality control of the assembly of the inner-membrane sub-complex is unknown. We also 

do not know if the assembly of the power engine of transport, the LptB2FGC ABC 

transporter, is orderly regulated to control when LPS transport can occur, but point out the 

unusual operon structure that controls expression of lptCAB could allow for regulation here 

as well. Specifically, ATPases of ABC transporters are usually encoded in operons with their 

transmembrane domain partners, but LptB is encoded with LptC and LptA, not LptFG; in 

addition, the first 31 base pairs of the lptA gene overlap with lptC, which might increase the 

efficiency in assembling their respective factors into a complex. Lastly, there is nothing 

known about the stability of these bridges in a cell (or even their existence) and it is possible 

that when LPS transport stops, cells disassemble the machine.
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So far, we have reviewed the main findings that have led to remarkable progress on 

understanding LPS transport. This is not only critical for our understanding of bacterial 

physiology, but also in the fight to combat the increasing threat of antibiotic resistance in 

Gram-negative bacteria. The development of new antibiotics has been greatly inhibited by 

the impermeability of the outer membrane conferred by its asymmetric structure. Not 

surprisingly, efforts are being made to target the Lpt system with inhibitors that would break 

this barrier. For further reading on this topic, we refer readers to a review by Lehman and 

Grabowicz.2

6. Phospholipid transport between the two membranes is bidirectional

In order to build the outer membrane, newly synthesized phospholipids must be assembled 

into the outer membrane. As we discussed, LPS is delivered to the outer leaflet of the outer 

membrane directly via a protein bridge. But how phospholipids are asymmetrically 

positioned in the inner leaflet of the outer membrane remains a mystery despite almost half a 

century of work. Two basic models can be considered: either the cell assembles a 

phospholipid bilayer and then converts the outer membrane to an asymmetric membrane 

with the insertion of LPS selectively into the outer leaflet and the concomitant removal of 

phospholipids, or alternatively the cell directly makes an asymmetric bilayer by specifically 

delivering phospholipids to the inner leaflet of the outer membrane somehow coordinated 

with LPS assembly.

In 1977, Jones and Osborn demonstrated that phospholipids added outside the cell could be 

trafficked to the inner membrane and then equilibrated with the outer membrane after being 

modified at the inner membrane.129 This simple experiment demonstrated that mechanisms 

existed for bidirectional transport of phospholipids in cells. The biosynthesis of 

phospholipids is completed at the inner membrane; therefore, anterograde transport from 

inner to outer membrane is needed to fill the outer membrane. To maintain the asymmetric 

LPS/phospholipid structure of the outer membrane, retrograde transport of phospholipids in 

cells could be required to specifically remove phospholipids that somehow mis-localize to 

the outer leaflet of the outer membrane or to remove phospholipids from the inner leaflet in 

order to balance the growth of the inner leaflet with that of the outer leaflet. Perhaps the 

simplest explanation, and one first considered by Osborn herself, is that diffusive 

bidirectional transport of phospholipids could occur through zones of adhesion between the 

inner and outer membranes. Because in this model, the outer leaflet of the inner membrane 

and the inner leaflet of the outer membrane are continuous, this mechanism would allow 

direct coordination of growth of the inner and outer membranes.

Phospholipid transport in Gram-negative bacteria has been challenging to study because it is 

difficult to identify and characterize the factors involved. As we discuss in sections below, it 

has also been difficult to determine the directionality of phospholipid transport even when 

components have been identified. We still lack reliable biochemical approaches and a 

broader collection of mutants to allow these biochemical methods to be validated so the field 

can move forward as described in the Lpt system. Nevertheless, recent advances in the study 

of phospholipid transport is generating considerable excitement and debate. Here we 

describe the current understanding of phospholipid transport, focusing on the Mla 
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(maintenance of lipid asymmetry) system, as it is the best characterized phospholipid 

transporter to date.

7. Maintaining the lipid asymmetry of the outer membrane

There is a characteristic increase in sensitivity of cells to antibiotics and detergents when 

LPS transport is impaired. These outer membrane defects arise because the levels of 

phospholipids in the outer leaflet of the outer membrane increase. Having phospholipids 

rather than LPS in the outer leaflet is detrimental to the cell. It is thought that phospholipids 

and LPS do not pack well when they are in the same leaflet, leading to their segregation into 

domains.43,44 This segregation creates phospholipid bilayer patches in the outer membrane, 

which are more permeable to antibiotics and detergents.1,45

The cell has various mechanisms to remove phospholipids from the outer leaflet of the outer 

membrane. As mentioned earlier, the outer membrane enzyme PagP is capable of 

transferring a palmitoyl acyl chain from a phospholipid to the hexa-acylated disaccharide of 

LPS, Lipid A.130 Both of these PagP substrates are present in the outer leaflet if a 

phospholipid bilayer forms in the outer membrane. Under these conditions, PagP activity 

increases, as detected by the increased ratio of hepta-acylated to hexa-acylated LPS. The cell 

can also remove phospholipids from the outer leaflet of the outer membrane by breaking 

down phospholipids with the phospholipase PldA. This enzyme is capable of sequentially 

removing acyl chains of phospholipids.131,132 The resultant fatty acids released are proposed 

to be recycled to the cytoplasm and serve as signals that increase LPS synthesis, thus PldA 

serves as a sensor of outer membrane lipid asymmetry.133

As mentioned earlier, Osborn and collaborators showed that phospholipids transport 

between the inner and outer membranes is bidirectional.129 The enzymes mentioned above 

clearly remove, but do not move phospholipids. However, three decades after Osborn’s 

studies, Malinverni and Silhavy finally discovered components of a phospholipid transport 

system.134 They proposed this transporter mediates retrograde transport from the outer to the 

inner membrane and named it Mla to reflect its function in the maintenance of lipid 

asymmetry at the outer membrane. The system is composed of six Mla proteins 

(MlaABCDEF) and the outer membrane β-barrel protein OmpC (Fig. 6).134,135 Although 

there is controversy surrounding the directionality of Mla (see section 9.2.1.), the most 

reasonable model for how Mla functions is that the outer membrane lipoprotein MlaA 

associates with an OmpC trimer, allowing binding of phospholipids in the outer leaflet of the 

outer membrane and transfers these phospholipids to the periplasmic chaperone MlaC. MlaC 

then shuttles these phospholipids to the MlaFEDB ABC transporter, which delivers them to 

the inner membrane. In this section, we describe the most salient work on the Mla system 

starting with its discovery and describing its function following phospholipids through the 

proposed retrograde path (Fig. 6).

7.1. Discovery of the Mla system

The Mla system was first identified by the homology of a subset of Mla proteins (MlaF, 

MlaE, and MlaD) to conserved transporters that play a role in uptake of lipids in 

Actinobacteria and inter-membrane retrograde phospholipid transport in chloroplasts.136–138 
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Malinverni and Silhavy set out to find the Gram-negative homologs of these proteins and 

clarify their function.134 They found homologs encoded at the mlaFEDCB locus, which in 

some bacteria often also includes the mlaA gene.134 In E. coli, mlaA is not part of the 

mlaFEDCB locus, but when any of the mla genes were deleted, cells became hypersensitive 

to detergents, suggesting that Mla’s normal role in maintaining outer membrane integrity is 

to prevent phospholipids from accumulating in the outer leaflet of the outer membrane. 

Indeed, their findings showing that sensitivity of an mla null could be suppressed by 

overexpressing the outer membrane lipase PldA, and that mla deletions caused a PagP-

dependent increase in hepta-acylated LPS implied that mla mutants accumulate 

phospholipids at the cell surface. Together, these results functionally linked Mla to 

maintaining the lipid asymmetry of the outer membrane.

Chng and coworkers later showed that the outer membrane lipoprotein MlaA co-purifies 

with the trimeric OmpC and OmpF beta-barrels;135 however, only the interaction with 

OmpC was found to be important for Mla function. Recent in vivo photo-crosslinking and 

molecular dynamics simulations further support the relevance of the OmpC-MlaA 

interaction in cells.139 In support of retrograde transport, deleting ompC also results in 

accumulation of phospholipids at the outer leaflet of the outer membrane. Epistasis analysis 

of the accumulation of phospholipids caused by ompC and mlaA alleles combined with their 

physical interactions led to the proposal that OmpC functions in the Mla pathway.135

7.2. Entry of phospholipids into MlaA at the outer membrane

In the model described above and in Fig. 6, the phospholipids that accumulate in the outer 

leaflet of the outer membrane are the substrates of the Mla transporter. Therefore, to 

understand this transport system, it is critical to elucidate how the outer membrane 

lipoprotein MlaA (and its partner OmpC) can specifically transport outer leaflet 

phospholipids. A major contribution in addressing this question came from x-ray 

crystallography studies of MlaA-OmpF complexes by the van den Berg group. Abellón-Ruiz 

et al. revealed that MlaA assembles into a ring-shaped α-helical structure that contains a 

central pore (Fig. 7).140 The relative positioning of MlaA and OmpF in the structure would 

place the MlaA ring flat on the inner leaflet of the outer membrane, leaving its pore 

accessible only to phospholipids in the outer leaflet of the bilayer. The structures of OmpF 

and OmpC are very similar. Even though OmpC is the functional partner in vivo, it is 

reasonable to assume that the structures of the two protein complexes would be similar. 

Consistent with this, both OmpF and OmpC interact with MlaA in cells. The inside of MlaA 

is relatively hydrophilic and was shown to bind to the headgroup of phospholipids via 

molecular dynamics.140 Cysteines have also been introduced into MlaA in an attempt to lock 

and prevent the opening of its pore through the formation of a disulfide bond. Although 

direct biochemical evidence of the formation of the putative disulfide bond was not 

provided, this approach abolished MlaA function. Importantly, loss of MlaA function 

required the presence of both cysteines and could be reversed in the presence of a reducing 

agent, supporting the hypothesis that this pore facilitates phospholipid translocation. More 

recently, Yeow et al. used in vivo structural probing to show that the central pore of MlaA is 

solvent-exposed (presumably to the periplasm).139 Based on in vivo structure-function 
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analysis, these authors proposed that a group of aspartates within the pore and an adjacent 

hairpin loop might move to open and close the pore in order to facilitate transport.

Abellón-Ruiz et al. also provided structural insight into a defective gain-of-function Mla 

variant that Sutterlin et al. had previously proposed to mediate the aberrant translocation of 

phospholipids from the inner leaflet to the outer leaflet of the outer mebrane.52,140 In a 

suppressor selection using an lpt mutant with reduced LPS transport, Sutterlin et al. 
serendipitously found a dominant gain-of-function mla allele referred to as mla*.52 Mla* has 

a two-residue deletion in the first helix of Mla and, in otherwise wild-type cells, causes 

mislocalization of phospholipids to the cell surface even when other mla genes are deleted. 

The crystal structure of MlaA revealed that the two-residue deletion in Mla* is predicted to 

open up the central pore, leaving it accessible to inner leaflet phospholipids.140 This 

structural defect would then explain how MlaA* can seemingly work in reverse and cause 

the accumulation of phospholipids in the outer leaflet of the outer membrane even in the 

absence of other Mla proteins.

Although multiple approaches have offered significant support for MlaA being able to 

shuttle phospholipids and have highlighted the function of its central structural pore, we still 

do not understand how phospholipids are driven through MlaA, the conformational changes 

that MlaA might undergo during this process, and how OmpC functions with MlaA. 

Moreover, MlaA has thus far not been shown to directly bind phospholipids.

7.3. Transfer of phospholipids from the outer membrane to the periplasm

MlaA is proposed to transfer phospholipids to MlaC, which shuttles them across the 

periplasm to the IM (Fig. 6). In agreement, MlaA was shown to interact in cells with MlaC 

via in vivo photo-crosslinking.141 However, the two proteins do not co-purify, nor does 

MlaC co-purify with the MlaFEDB complex, likely due to the transient nature of these 

interactions. MlaC is a soluble periplasmic protein akin to LolA, the periplasmic chaperone 

for lipoprotein transport.114,142 MlaC binds with high affinity to phospholipids, as it readily 

purifies already bound to phospholipids.141,143 Indeed, its crystal structure revealed that 

MlaC has a hydrophobic pocket that was bound to a phospholipid molecule.144 In this 

structure, the phospholipid headgroup is solvent-exposed, while its acyl chains are sheltered 

in the interior of the pocket. Interestingly, the aforementioned sites on MlaC that crosslink to 

MlaA are adjacent to this phospholipid-binding pocket,141,144 but it is not currently known 

what facilitates the transfer of phospholipids from MlaA to MlaC. Given MlaC’s high 

affinity for phospholipids and the lack of an obvious energy source in the periplasm and 

outer membrane, the current model suggests that transfer is affinity driven.141 Understanding 

the mechanism will require the biochemical in vitro reconstitution of phospholipid transfer 

between MlaA and MlaC, and the use of mutant proteins. Developing this reconstitution is 

challenging, as it requires distinguishing the location of phospholipids within liposomes.

7.4. Transferring phospholipids from periplasmic MlaC to the IM

After receiving a phospholipid molecule from MlaA at the outer membrane, MlaC transports 

it through the periplasm to MlaFEDB at the inner membrane (Figs 5 and 6). The MlaFEDB 

proteins co-purify as a complex and constitute an ABC transporter.144–146 MlaF and MlaE 
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homodimers function as the NBDs and TMDs, respectively. The cytoplasmic accessory 

protein MlaB, which interacts with the MlaF ATPase, is important for both stabilizing the 

MlaFEDB complex and its ATPase activity.146 However, how and why MlaB is required for 

proper function of the transporter remains to be elucidated. MlaD is anchored to the inner 

membrane by a single TM helix, and its periplasmic region contains a mammalian cell entry 

(MCE) domain. In didermic bacteria, MCE domains have been implicated in lipid uptake, 

while in eukaryotic organelles, they have been proposed to transport phospholipids in 

retrograde fashion.147 Several studies have shown that the MCE periplasmic domain of 

MlaD readily co-purifies with phospholipids and forms a homo-hexameric ring-like 

structure with a hydrophobic pore.141,143,144 In vivo photo-crosslinking studies also showed 

that the periplasmic side of the MlaD ring interacts with MlaC.141 These MlaC-contact sites 

lie along MlaD dimer interfaces near the opening to the central hydrophobic pore of the 

hexameric ring structure.

The structure of the MlaF2E2D6B2 complex shows that the MlaD hexamer rests on top of the 

periplasmic side of the MlaE dimer, the TMDs of the ABC transporter.144 This structure, 

combined with the findings described above, provide a model for how the transfer of 

phospholipid cargo from MlaC to MlaFEDB and ultimately the inner membrane might 

occur. In this model, MlaC docks onto MlaD and delivers a phospholipid molecule to the 

MlaD hexameric ring. The MlaFEDB ABC transporter could provide the energy required to 

promote this transfer of the phospholipid molecule from the high-affinity binding MlaC 

protein to MlaD. Phospholipids could then travel through the central hydrophobic pore of 

the MlaD ring and, ultimately, be delivered to either the outer leaflet of the inner membrane 

or somehow translocated to the inner leaflet possibly through the action of the Mla ABC 

transporter.

Proposing the above model for the transfer of phospholipids from MlaC to the inner 

membrane and that Mla functions in retrograde transport seems at odds with biochemical 

experiments that surprisingly showed that MlaD spontaneously transfers phospholipids to 

MlaC in vitro.141,143 This transfer order appears to suggest that Mla functions in anterograde 

transport of phospholipids from the inner to the outer membrane instead of retrograde 

transport. In section 9.2.1., we will discuss the recent controversy that those and other results 

have sparked about Mla directionality.148 However, we want to stress here that the 

aforementioned genetic work that first led Malinverni and Silhavy to propose that Mla 

functions in retrograde transport in E. coli is incompatible with the anterograde transport 

model.134 The loss of Mla leads to an accumulation of phospholipids in the outer leaflet of 

the outer membrane, a defect that can be suppressed by the action of the outer membrane 

lipase PldA. In contrast, as pointed out by Chng and collaborators, the fact that MlaD 

spontaneously transfers phospholipids to MlaC in vitro is still compatible with retrograde 

phospholipid transport.141 The strong binding of MlaC to phospholipids might be required 

in cells to drive the transfer of phospholipids from MlaA to MlaC at the outer membrane. 

The energy derived from ATP provided by the MlaFEDB ABC transporter is then likely to 

be required in releasing the tightly bound phospholipid from periplasmic MlaC to MlaD. 

This proposed mechanism resembles how substrates are transferred from periplasmic high-

affinity substrate-binding proteins to the TMDs of some ABC importers.149 According to 

this explanation, the reported ATP-independent transfer of phospholipids from MlaD to 
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MlaC that spontaneously occurs in vitro would not be physiologically relevant. We believe 

that Mla catalyzes retrograde phospholipid transport (Fig. 6), however, we also recognize 

that much work is still needed to understand how Mla functions. We expect this will require 

developing the in vitro reconstitution of this transport system and the synergistic 

combination of genetic and biochemical studies - allowing one to compare in vivo and in 
vitro results - which proved to be critical to study the Lpt system. [The work proposing that 

Mla mediates anterograde transport is discussed in section 9.2.1., which focuses on 

anterograde phospholipid transport].

8. Tol-Pal: maintaining balanced outer membrane biogenesis through 

retrograde phospholipid transport

As we discussed in section 7, the Mla system has been proposed to fix problems in lipid 

asymmetry caused by the accumulation of phospholipids in the outer leaflet of the outer 

membrane. This situation can arise when LPS synthesis or transport are defective. It can also 

occur when there are not enough divalent cations to bridge proximal phosphates on adjacent 

LPS molecules at the cell surface, as this situation leads to the release of LPS molecules into 

the environment.52,150 Ultimately, it is a break in the balance of the growth or homeostasis 

of the two leaflets of the outer membrane that creates a lipid asymmetry.

How cells coordinate growth and assembly of all envelope layers and compartments is not 

understood. For the outer membrane, this coordination must ensure not only that both 

leaflets of the outer membrane ultimately grow while maintaining the asymmetric lipid 

composition in each leaflet, but also that there be mechanisms to allow for insertion of large 

numbers of OMPs during growth that span both leaflets of the outer membrane. The huge 

amount of membrane proteins added to the outer membrane by BAM suggests that the cell 

may therefore require other systems that remove bulk phospholipid quickly during growth. 

Indeed, cells coordinate synthesis of phospholipids and LPS by balancing the distribution of 

a shared precursor.151–154 As discussed in section 9, little is known about inner-to-outer 

membrane anterograde phospholipid transport, so it is unclear how it might be coordinated 

with LPS transport. In addition, Shrivastava and Chng have recently proposed that cells 

normally transport excess phospholipids to the outer membrane to ensure that there is 

always enough material to build both leaflets.155 This model would explain how there are 

enough phospholipid molecules to fill the outer leaflet of the outer membrane when levels of 

LPS decrease, but it would also demand the need for retrograde phospholipid transport 

systems when LPS and OMP biogenesis are fully functional. Shrivastava and Chng have 

proposed that the Tol-Pal system, which is distinct from Mla, mediates this type of 

phospholipid retrograde transport in order to maintain outer membrane lipid homeostasis.

Tol-Pal is a five-protein trans-envelope complex that has long been implicated in cell 

division and maintenance of outer membrane integrity.156–159 For decades, we have known 

that loss of Tol-Pal leads to sensitivity to antibiotics and detergents. More recently, Chng and 

coworkers have shown that E. coli tol-pal deletion strains accumulate phospholipids in the 

outer membrane, which likely results in the observed increase in phospholipids at the outer 

leaflet.155 The accumulation of phospholipids at the outer membrane has also been observed 
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in Salmonella strains lacking a functional Tol-Pal complex.160Additionally, by following 

turnover of pulse-labeled outer membrane phospholipids in vivo, Shrivastava et al. showed 

that E. coli tol-pal deletion strains are defective in retrograde phospholipid transport, a 

defect that can be partially suppressed by overexpressing the Mla system.155 The authors 

specifically proposed that Tol-Pal is involved in transporting back to the inner membrane the 

aforementioned excess of phospholipids that cells normally send out to the outer membrane 

during growth. According to their model, in wild-type cells, the Tol-Pal system mediates the 

bulk of retrograde phospholipid transport, while Mla transports the small population of 

phospholipids that are mislocalized to the outer leaflet of the outer membrane.155,161 This 

model would implicate Tol-Pal in the retrograde transport described by Osborn decades ago.
129 However, the mechanism by which the Tol-Pal complex affects phospholipid transport 

remains elusive, and an important outstanding question is whether its proposed role is direct 

or indirect. In fact, as reviewed by Szczepaniak et al., recent work has led to the proposal 

that Tol-Pal functions to coordinate the remodeling of the peptidoglycan cell wall and to 

stabilize contacts between the cell wall and the outer membrane during cell division.162 

These more recent Tol-Pal findings could suggest it affects retrograde transport indirectly. 

Or, alternatively, Tol-Pal could function in retrograde phospholipid transport as suggested by 

the Chng group but, in a more general way, to integrate multiple biogenesis pathways at the 

outer membrane that may require the cell create space in one or both leaflets.

9. Anterograde phospholipid transport

Anterograde transport of phospholipids is essential to build the outer membrane, since these 

molecules are synthesized at the inner membrane. Unlike the great progress made in 

understanding the biogenesis of other outer membrane components, there is astonishingly 

little understood about the transport of phospholipids from the inner to the outer membrane. 

It is unclear why identifying the factors involved has been so difficult, but an obvious 

explanation is that several systems are capable of mediating anterograde phospholipid 

transport and their functional redundancy has made their discovery and characterization 

difficult. It is also possible that anterograde phospholipid transport is not directly mediated 

by a proteinaceous transporter. Two types of transport mechanisms have been proposed to 

possibly mediate inner-to-outer membrane anterograde phospholipid: by passive diffusion 

through hemi-fusion contacts sites between the inner and outer membranes, or by protein-

dependent systems involving either protein bridges or soluble chaperones (Fig. 8). Vesicle-

mediated transport has been disfavored given the size of the periplasm and the fact that the 

size of vesicles would be expected to be too large to pass through the relatively small 

“pores” in the lattice-like peptidoglycan cell wall in the periplasm.163,164 In this section, we 

discuss evidence supporting each of the remaining two models.

9.1. Bidirectional diffusion of phospholipids through membrane contact sites

Phospholipid transport between the inner and outer membranes was first proposed to be 

mediated through physical hemi-fusions or adhesion sites between these two membranes 

(Fig. 8). In 1968, Manfred Bayer examined thin-sections of plasmolyzed E. coli cells with 

electron microscopy and reported areas of fusion or adhesion between the inner and outer 

membranes that became known as Bayer junctions or Bayer bridges.165 A decade later, as 
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we mentioned earlier, Jones and Osborn demonstrated that Salmonella could import 

exogenous labelled phospholipids to the inner membrane, where they could be modified by 

specific enzymes.129 Since these phospholipids could rapidly equilibrate between the inner 

and outer membranes, Jones and Osborn proposed that phospholipid transport was likely to 

occur by diffusion through zones of adhesion between the inner and outer membrane. 

However, the existence of zones of adhesion was challenged by Kellenberger, who deemed 

Bayer junctions as artifacts of chemical fixation of electron-microscopy samples.166 

Although Bayer later rebutted Kellenberger’s claim, the existence of Bayer junctions 

remained controversial.167

The idea that zones of adhesion exist and mediate diffusional flow of phospholipids between 

the inner and outer membranes has been recently revived by the Silhavy and Huang groups 

in their studies of the aforementioned mlaA* mutant.52 Recall that MlaA* is a dominant-

defective protein that translocates phospholipids into the outer leaflet of the outer 

membrane. By following membrane dynamics in wild-type and mlaA* through live-cell 

microscopy, Sutterlin et al. observed energy-independent lipid flow between both 

membranes. The authors proposed that zones of hemi-fusion are responsible for the diffusive 

transport of phospholipids between the inner and outer membranes, although they could not 

visualize them owing to the technical challenges involved. If these zones of adhesion 

between the inner and outer membrane exist, there is no information as to how they might 

form and prevent the diffusion of lipoproteins and newly synthesized glycolipids like LPS 

between the two membranes. It is also unclear whether the observations by Sutterlin et al. 
could be related to the aforementioned retrograde transport involving the Tol-Pal system.
52,155 Evidence for these hemi-fusion zones will likely depend on their visualization, which 

will be challenging and require the development of new microscopy methods.

9.2. Protein-mediated models for anterograde phospholipid transport

In the model described above, bidirectional phospholipid transport would be mediated by a 

continuous lipid bilayer connecting the outer leaflet of the inner membrane to the inner 

leaflet of the outer membrane. Although proteins might be involved in the biogenesis of 

these structures and their ability to prevent diffusion of other molecules, the act of transport 

would not be mediated by proteins. In contrast, the alternative model posits that 

phospholipids could travel from the inner to the outer membrane through protein-mediated 

transport. There are two types of protein-based transport systems that could shuttle 

phospholipids between the two membranes: one type involves a periplasmic chaperone 

intermediate, while the other type is mediated by a bridge-like protein structure like in the 

Lpt system.

9.2.1. Soluble-chaperone model for anterograde phospholipid transport—
Section 7 described Mla as a system that transports phospholipids in retrograde fashion from 

the outer leaflet of the outer membrane to the inner membrane. The genetic data obtained in 

E. coli strongly supports this model and argues against a role in anterograde phospholipid 

transport, since its loss leads to the accumulation of phospholipids at the cell surface and can 

be suppressed by increasing the levels of the PldA outer membrane phospholipase.134,141 

More recently, additional support for Mla functioning in retrograde transport has been 
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independently provided by the Kahne and Trent groups in Acinetobacter baumannii, a 

Gram-negative bacterium that naturally produces LOS (i. e. LPS lacking O antigen) but can 

survive without it.32,168,169 Although viable, A. baumannii cells lacking LOS have severe 

growth defects. These defects are mitigated by the loss of the Mla system and the PldA 

phospholipase.168,169 The simplest explanation for these findings is that cells lacking LOS 

require phospholipids to build the outer leaflet of their outer membrane, and removing Mla 

and PldA improves their growth because they normally remove phospholipids from the outer 

leaflet of the outer membrane through retrograde transport or degradation, respectively.

Nevertheless, controversy about the directionality of Mla-dependent phospholipid transport 

has recently stemmed from independent studies led by the Miller and Knowles groups.
143,145 The opposing views on the directionality of Mla have been thoroughly reviewed 

elsewhere.148 In summary, as mentioned in section 7.4., biochemical studies have 

demonstrated that purified MlaD loaded with phospholipids can transfer them to the 

periplasmic protein MlaC in vitro, but not vice-versa.141,143 The inner membrane MlaFEDB 

ABC transporter was also shown to transfer phospholipids to MlaC independently of ATP 

hydrolysis.143 In addition, Kamischke et al. showed, using membrane fractionation and 

pulse-chase experiments in A. baumannii, that mla deletions result in an overall decrease in 

phospholipids in the outer membrane.145 Based on these results, it has been proposed that 

Mla facilitates anterograde transport. However, there are caveats to consider from these 

biochemical experiments. Disrupting Mla function causes cells to release outer membrane 

vesicles,170,171 but these vesicles were not accounted for in the pulse-chase experiments 

measuring phospholipids in the inner and outer membrane fractions in A. baumannii.145 An 

additional complication of this experiment is that altering membrane lipid composition can 

affect how membranes will fractionate in density gradients. In addition, in the in vitro 
experiments, transfer of phospholipids from MlaFEDB and MlaD to MlaC was shown to 

occur in the absence of ATP.141,143 As described earlier, this transfer is likely to not be 

physiologically relevant, but the result of MlaC’s high affinity for phospholipids, which is 

needed for periplasmic MlaC to be able to pull phospholipids from MlaA at the outer 

membrane; phospholipid transfer from MlaC to MlaD is likely dependent on ATP hydrolysis 

catalyzed by the MlaDEFB ABC transporter.141 Importantly, there is still no genetic 

evidence supporting a role for Mla in anterograde transport. Instead, the aforementioned 

genetic data from both E. coli and A. baumannii strongly argues against anterograde 

directionality but supports the retrograde model.134,169 Thus, this controversy is based on 

the disagreement between genetic and biochemical work. It is critical that future studies 

combine in vivo and in vitro work that complements each other and that employs both a 

collection of mutants affecting different steps in the pathway and challenging in vitro 
reconstitution experiments. This strategy has proven fruitful in elucidating mechanistic 

details of LPS transport by the Lpt system.

Given these conflicting views, and the lack of any other candidate pathway, we currently 

lack solid evidence for the existence of any system involving a soluble chaperone that 

facilitates anterograde phospholipid transport.

9.2.2. Protein-bridge model for anterograde (or bidirectional?) phospholipid 
transport—The last model for phospholipid transport to the outer membrane is one 
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facilitated by a protein bridge or tunnel forming a continuous inner-to-outer membrane 

connection. This type of transport could potentially be anterograde or bidirectional, and 

driven by an energy-demanding extraction at the inner membrane or passive diffusion, 

respectively. Although there is no direct evidence for this type of transporter, several 

potential candidates have emerged.

Recently, several proteins containing MCE domains have been proposed to function as trans-

membrane periplasmic tunnels that could transport phospholipids between the two 

membranes. Originally discovered in mycobacteria, MCE domains have been implicated in 

the maintenance of the cell envelope and lipid transport in two-membrane bacteria and 

organelles.172 E. coli encodes three proteins with MCE domains: MlaD (from the Mla 

system), PqiB, and YebT (renamed LetB for lipophilic envelope-spanning tunnel B).147,173 

As we described for MlaD, these proteins co-purify with phospholipids,144,146,174,175 and 

their loss confers varying degrees of sensitivity to detergents, indicating that they could play 

a role in phospholipid transport.147 As we have described MlaD in previous sections, we 

describe here recent studies on PqiB and LetB.

The model for PqiB and LetB functioning as tunnel-like transporters is mainly founded on 

structural studies. PqiB is encoded in an operon with pqiA and pqiC, which code for an 

integral inner membrane protein and an outer membrane lipoprotein, respectively. Based on 

this operon structure, these proteins have been proposed to form a complex spanning the 

envelope, but we lack experimental evidence of this interaction.173 Similarly, letB is in an 

operon with letA, which encodes an integral inner membrane protein predicted to interact 

with LetB because of this genetic arrangement. Both PqiB and LetB possess several MCE 

domains that, like in MlaD, were shown to form ring-like structures with central 

hydrophobic pores through which phospholipids might travel.144 Ekiert et al. showed that 

PqiB has an N-terminal TM helix that anchors the protein to the inner membrane, and a 

periplasmic region composed of three stacked ring-like MCE domains and a long C-

terminus that forms a syringe-like structure. These latter domains are predicted to span the 

periplasm.144 LetB also has an N-terminal TM helix, but its periplasmic region is composed 

of seven stacked MCE rings that make a continuous tube that likely spans the periplasm.
144,174,175 These massive structures have been proposed to serve as tubes through which 

phospholipids can travel. In support of this model, the length of LetB’s tube is functionally 

relevant, since deleting MCE domains results in functional defects.175 Moreover, the fact 

that substrate(s) labeled with 32P can be photo-crosslinked to the interior of the LetB 

channel has led to the proposal that LetB could transport phospholipids between the two 

membranes. However, the identity of the phosphate-containing substrate(s) remains 

unknown. Although the structure is certainly suggestive of this function and purified LetB 

has been shown to bind phospholipids,144 it is important to note that: i) the recent 

crosslinking experiments were done with a non-functional LetB variant lacking its TM helix; 

and ii) the crosslinking step was done in lysed cells.175 Although the physiological relevance 

of this crosslinking is questionable, one of the LetB structures shows density in the tunnel 

that could correspond to phospholipids according to modeling.174 In addition, the recent 

high-resolution structures of LetB from Isom et al. and Liu et al. show rings in different 

conformations, suggesting that they can undergo conformational changes between 

constricted and open states.174,175 Based on these observations, it has been proposed that 
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lipids could potentially be moved through the channel by being squeezed through these 

conformational changes.175

Despite their ability to bind phospholipids and their impressive tube-like structures 

suggesting a role in phospholipid transport across the cell envelope,144,174,175 the 

phenotypes so far reported by the loss of these proteins are modest. In E. coli, deleting either 

pqiAB or letAB on their own only results in mild sensitivity to select detergents.147 The 

triple mlaD pqiAB letAB deletion mutant showed increased sensitivity to detergents and 

more phospholipids at the outer leaflet of the outer membrane than the mlaD single mutant, 

despite the single and double pqiAB or letAB mutants behaving like wild type.147,173 The 

authors concluded that PqiAB and LetAB have distinct but somewhat overlapping functions 

with MlaD; this explanation could suggest that LetB and PqiB can at least transport 

phospholipids in the same direction as Mla.147 Moreover, even if Mla mediated anterograde 

transport, the mild defects of the pqiAB and letAB mutants, and the fact that the mlaD 
pqiAB letAB double and triple deletion mutants grow without severe defects indicate that 

these proteins are not the only or the primary transporters of phospholipids to the outer 

membrane. Regardless of their specific role in maintaining the outer membrane, pqiAB and 

letAB play, unlike mla genes, relatively minor roles as indicated by the mild phenotypes 

resulting from their deletion. Additional work is clearly needed to elucidate the functional 

role of PqiB and LetB in the cell.

The only other protein that has been implicated in anterograde transport of phospholipids is 

YejM and its homolog PbgA in Salmonella and Shigella. However, recent work calls into 

question this proposed role and has provided strong evidence for a new function in envelope 

biogenesis. YejM/PbgA is an essential tetrameric inner membrane protein that contains an 

essential N-terminal TM portion, and a non-essential linker and periplasmic domain.176,177 

Mutations to the C-terminal periplasmic domain of YejM/PbgA result in an increased 

sensitivity to hydrophobic antibiotics and temperature sensitivity, suggesting it plays 

important role in membrane biogenesis.176,178,179 In Salmonella, the C-terminal periplasmic 

domain of YejM/PbgA was proposed to be essential for the transport of cardiolipin to the 

outer membrane, but only when cardiolipin levels increase in response to the activation of 

the PhoPQ two-component system, indicating that it is not the primary CL transporter.177 

Shigella mutants lacking the C-terminal periplasmic domain of YejM/PbgA show no 

transport of cardiolipin to the outer membrane irrespective of PhoPQ activation, but 

curiously maintain wild-type levels of cardiolipin in the inner membrane.180 Cardiolipin was 

also shown to form contacts with YejM/PbgA, but these contacts are in both the linker 

region and TM portion of the protein.181 Although this set of evidence links YejM/PbgA and 

cardiolipin, we still lack direct evidence for YejM/PbgA being a transporter. Importantly, the 

essential function of YejM/PbgA can also not be attributed to cardiolipin transport. The 

periplasmic domain, which is implicated in cardiolipin transport, is not essential, nor is the 

presence of cardiolipin itself.177,182 Furthermore, yejM E. coli mutants lacking the 

periplasmic C-terminal domain exhibit outer membrane permeability defects independent of 

the presence of cardiolipin.183

Recently, the essential function of YejM/PbgA has been attributed to a novel role in 

regulating LPS biosynthesis. A link between YejM/PbgA and LPS synthesis was first 
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established by Cian et al. in Salmonella. These authors found that outer-membrane 

permeability and virulence defects caused by the loss of the periplasmic domain of YejM/

PbgA could be suppressed by changes in genes involved in regulating LPS synthesis: lapB, 

ftsH, and lpxC.184 Three recent independent studies by Guest et al., Fivenson and Bernhardt, 

and Clairfeuille et al. have provided further insight into this regulation. They demonstrated 

that the essential and primary function of YejM/PbgA in E. coli is to regulate LPS levels by 

repressing the function of LapB (also known as YciM), which normally activates the FtsH 

protease to degrade LpxC.185–187 LpxC catalyzes the first committed step in LPS synthesis,
188 and levels of LPS synthesis are controlled through degradation of LpxC by the LapB-

FtsH protease complex.151,152,189 YejM/PbgA downregulates the LapB-FtsH-dependent 

degradation of LpxC through an unknown mechanism involving direct physical contact with 

LapB.185–187 Structural studies by Clairfeuille et al. uncovered a functionally-relevant lipid 

A-binding motif in YejM/PbgA located along the periplasmic leaflet of the inner membrane.
187 Furthermore, the authors demonstrated that accumulation of LPS at the outer leaflet of 

the inner membrane decreases LpxC levels, while its accumulation at the inner leaflet of the 

outer membrane increases LpxC levels. As a result, they proposed that the levels of LPS in 

the outer leaflet of the inner membrane regulate LPS synthesis by binding or unbinding the 

YejM/PbgA-LapB complex, which controls the degradation of LpxC by FtsH. Future studies 

should focus on elucidating the mechanistic basis of this regulation.

10. Conclusions

Over the last 50 years, monumental progress has been made towards understanding the 

processes involved in the biogenesis of the outer membrane. Multi-protein machines have 

been discovered to transport outer membrane components across the cell envelope so that 

they can be assembled into an asymmetric lipid bilayer, and we are just beginning to 

elucidate details about their mechanism of function. Studying transport of lipids between the 

inner and outer membranes has proven challenging. LPS transport is the best understood 

process, although, as we have pointed out in this review, mechanistic details of the Lpt 

system and how its function may be regulated remain to be elucidated. Significant progress 

has also been made to understand how transport of phospholipids maintains the asymmetry 

of the outer membrane via the Mla system, but we critically need the development of a full 

reconstitution of the Mla system to study its function and resolve the controversy of 

transport directionality. Unfortunately, the mechanism for anterograde transport remains 

mysterious, with no clear identified mechanism of bulk transport to the outer membrane, 

although exciting candidates have been recently identified. Much work is needed to 

understand their function, but their identification as potential lipid transporters has been an 

important step. We also still know very little about how cells regulate the different outer 

membrane lipid transport systems so that, by coordinating their activities, the asymmetric 

structure of the outer membrane can be established and maintained. We believe that the next 

frontier in outer membrane research is bound to be focused on addressing these fundamental 

questions and that progress will undoubtedly rely on understanding the mechanistic details 

of how the different lipid transporters function. Drawing from the great progress made in 

understanding the Lpt machine, we anticipate that the synergistic combination of genetic, 
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biochemical, and structural studies will be key in these future endeavors to elucidate how 

Gram-negative bacteria build their complex cell envelope.
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Figure 1: Major lipid components of the E. coli outer membrane.
A) Structure of the three types of phospholipids found in E. coli. The whole-cell 

phospholipid content of E. coli is 75% phosphatidylethanolamine, 20% 

phosphatidylglycerol, and 5% cardiolipin.9 Although fatty acid composition can change in 

response to signals, the major fatty acids in phospholipids under normal growth are 16:0, 

16:1, and 18:1.5 B) Structure and main components of E. coli K-12 LPS. Potential 

modifications of Lipid A and the corresponding modifying enzymes are color coded. PagP 

cleaves an acyl chain from a phospholipid and ligates it (shown in red) onto Lipid A. PagL 

deacylates LPS by removing the R-3-hydroxymyristate shown in green. The C1 and C4′ 
phosphates can be modified with L-4-aminoarabinose (pink) by ArnT and 

phosphoethanolamine (blue) by EptA, respectively. The core oligosaccharide is composed of 

glucose (Glu), heptose (Hep), galactose (Gal), and 3-deoxy-d-manno-octulosonic acid 

(Kdo). Heptose residues are phosphorylated (P) and modified with phosphoethanolamine 

(PEtN). The numbers represent glycosidic linkage positions. The structure of the highly 

variable O antigen is not shown.
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Figure 2: Model for LPS transport by the Lpt system.
LPS is transported from the inner membrane (IM) to the outer membrane (OM) by the 

LptB2FGCADE complex in an ATP-dependent manner. Each round of ATP binding and 

hydrolysis by the LptB2FGC ABC transporter is thought to be used to extract one molecule 

of LPS from the inner membrane and place it onto the periplasmic Lpt bridge. Repeated 

rounds of hydrolysis extract LPS molecules that push others ahead on the bridge so that a 

stream of LPS travels towards the outer membrane through the Lpt bridge. LPS finally 

reaches the LptDE translocon and exits into the outer leaflet of the outer membrane. PG 

represents the peptidoglycan cell wall.
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Figure 3: Structures of Lpt factors.
Cartoon representations of the crystal structures of the components of the Lpt machine 

shown in their respective cellular compartments. Components were crystalized individually 

or as sub-complexes as follows: The LptB2FGC complex (PDB 6MJP), LptA (PDB 2R19), 

and LptDE complex (PDB 4Q35). To date, a structure of the entire trans-envelope complex 

is not available, but it is known that the β-jellyroll domains interact in a head-to-tail fashion 

(see main text for details). The number of LptA molecules in each bridge is unknown, but 

one could be sufficient to span the periplasm.
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Figure 4: Conformational states of the LptB2FG(C) complex.
Cartoon representations of structures of the LptB2FG(C) transporter in different 

conformations thought to represent steps of the transport cycle. From left to right: crystal 

structure of apo LptB2FGC (PDB 6MJP) representing the resting state, the cryo-EM 

structure of apo LptB2FG bound to an LPS molecule (shown in orange) prior to extraction 

from the cavity (PDB 6MHU), and the cryo-EM structure of vanadate-trapped LptB2FG 

(PDB 6MHZ) representing the post-extraction state (in this structure the periplasmic β-

jellyroll domains of LptFG were not resolved). Panel (a) depicts a view of these structures 

from the membrane, panel (b) depicts a top-down view, cut away to show the substrate-

binding cavity and the movement of the TM helices.
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Figure 5: Model for the mechanism of LPS extraction from the inner membrane by the 
LptB2FGC ABC transporter.
For simplicity, the β-jellyroll domains of LptCFG are not shown. The LptB2FGC transporter 

starts the cycle in an apo conformation. 1) LPS enters into the V-shaped cavity of the 

transporter in an ATP-independent manner. 2) The TM helix of LptC is thought to dissociate 

from LptFG through an unknown mechanism. This causes a partial closure of the LptFG 

cavity, resulting in the formation of more high-affinity contacts between LPS and LptFG. 3) 

ATP (yellow) binds to LptB, triggering the closure of the LptB dimer and the LptFG cavity. 

As the cavity closes, LPS is expelled out onto the periplasmic bridge (not shown). 4) Finally, 

ATP is hydrolyzed and ADP and Pi (red and black) are released, which leads to the 

reopening of the LptB dimer and LptF cavity and the resetting of the transporter. How and 

when the TM helix of LptC dissociates and re-associates with LptFG is unknown.
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Figure 6: Model for retrograde phospholipid transport by the Mla system.
Phospholipids that are mislocalized to the outer leaflet of the outer membrane first interact 

with the MlaA-OmpC complex and transverse the bilayer through a central pore in MlaA. 

Next, the phospholipid molecule is transferred to the periplasmic chaperone MlaC. MlaC 

moves across the periplasm and docks onto the IM MlaFEDB complex at the inner 

membrane. The phospholipid molecule is moved through this complex back into the inner 

membrane in an ATP-dependent fashion. It is unknown whether the phospholipid is placed 

in the inner or outer leaflet of the inner membrane. To avoid cluttering, the transmembrane 

domain of only one of the six MlaD monomers is depicted.
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Figure 7: Structures of Mla factors.
Cartoon representations of the structures of Mla proteins shown in their respective cellular 

compartments. Structures were obtained from individual components or sub-complexes as 

follows: The MlaD 6E2F2B2 complex (PBD 6IC4), MlaD bound to a PL molecule (PBD 

5UWA), MlaA complexed with the OmpF trimer (PDB 5NUQ). MlaA can associate with 

OmpF and OmpC (not shown), but only OmpC has been shown to be functionally relevant.
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Figure 8: Potential mechanisms of anterograde phospholipid transport.
From left to right: i) Zones of hemi-fusion between the inner and outer membranes, termed 

Bayer junctions, would allow free bidirectional diffusion of phospholipids between the two 

membranes. ii) A chaperone-mediated mechanism would rely on a soluble protein that 

moves phospholipids through the periplasm. This chaperone would likely be loaded by an 

inner membrane component and eventually dock to an outer membrane protein that would 

incorporate the phospholipid molecule into the inner leaflet of the outer membrane iii) A 

protein bridge or tunnel between inner- and outer-membrane components would allow 

phospholipids to transverse the periplasm. The inner membrane component would load 

phospholipids on to the bridge, while the outer membrane portion would incorporate the PLs 

into the inner leaflet of the outer membrane. The outer membrane components in the 

protein-based models are depicted as lipoproteins that are embedded in the inner leaflet 

similarly to MlaA, but there is no evidence suggesting this type of factor.
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