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The outer membrane (OM) of Gram-negative is a unique lipid
bilayer containing LPS in its outer leaflet. Because of the pres-
ence of amphipathic LPS molecules, the OM behaves as an effec-
tive permeability barrier that makes Gram-negative bacteria
inherently resistant to many antibiotics. This review focuses on
LPS biogenesis and discusses recent advances that have contrib-
uted to our understanding of how this complex molecule is
transported across the cellular envelope and is assembled at the
OM outer leaflet. Clearly, this knowledge represents an impor-
tant platform for the development of novel therapeutic options
to manage Gram-negative infections.

Gram-negative diderm bacteria possess a double-membrane
system as part of their envelope structure. Although the cyto-
plasmic or inner membrane (IM)? is a symmetrical lipid bilayer
made of phospholipids, the outer membrane (OM) is asymmet-
rical, containing phospholipids in the inner leaflet and a
complex glycolipid, LPS, in the outer leaflet (1). These two
membranes are separated by an aqueous compartment, the
periplasm, which contains a thin layer of peptidoglycan, a poly-
mer that protects the cell from bursting by its internal turgor
and maintains cell shape (2) (Fig. 1).

The OM is a remarkable lipid bilayer differing in many
aspects from the IM. Like all biological membranes, IM and
OM contain a wide variety of proteins; however, in the IM,
integral proteins cross the membrane as a-helices almost
entirely composed of hydrophobic residues, whereas the vast
majority of integral proteins in the OM (outer membrane pro-
teins) consist of amphipathic B-strands that adopt a B-barrel
structure (3, 4). Porins represent an abundant class of outer
membrane proteins and play an important role in OM function:
their B-barrel structures form both specific and nonspecific
channels that orchestrate the flux of small hydrophilic mole-
cules across the OM (4). Contrary to the IM, the OM is not an
energized membrane, and therefore the transport of molecules/
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nutrients across this lipid bilayer either is governed by concen-
tration gradient (5) or occurs via energy-coupled transporters
(6). Lipoproteins are a very diverse group of proteins anchored
to bacterial membranes via an N-terminal lipid moiety (7). In
the OM, lipoproteins can either extend into the periplasm or be
exposed at the surface of the cell, whereas in the IM, they are
exclusively anchored at the periplasmic site of the lipid bilayer.
Due to their diversity and subcellular localization, lipoproteins
serve several functions including formation and maintenance
of cell shape, biogenesis of the OM, transport of a variety of
molecules, signal transduction, and cell motility (8).

Structure and functions of LPS

The peculiar lipid asymmetry of the OM is the consequence
of the presence of LPS exclusively in the outer leaflet (9). LPS is
an unusual glucosamine-based saccharolipid that has a tripar-
tite structure: lipid A, the hydrophobic moiety that anchors LPS
to the OM; a core oligosaccharide; and an O-antigen made of
repeating oligosaccharide units (Fig. 1).

The lipid A is the most conserved part of the molecule; in
Escherichia coli and in many Enterobacteriaceae, it typically
consists of a B-1'-6-linked glucosamine disaccharide that is
phosphorylated at the 1 and 4’ positions to which six fatty acyl
chains are attached (10). The oligosaccharide core is attached at
the 6" position of the disaccharide of lipid A and can be divided
into a conserved inner core that contains at least a residue of
3-deoxy-p-manno-oct-2-ulosonic acid (Kdo) and of L-glycero-
p-manno-heptose (heptose) and a more variable outer core
(11). The O-antigen polysaccharide chain of variable length is
the most distal portion of the molecule (12); notably, it is not
produced by many E. coli laboratory strains (K-12 derivatives)
due to a mutation in the rfb locus where the genes responsible
for the O-antigen biosynthesis are clustered (13, 14). LPS is
essential in many Gram-negative bacteria with several notable
exceptions, namely Neisseria meningitidis (15), Moraxella
catarrhalis (16), and Acinetobacter baumannii (17, 18), which
can survive without LPS.

The OM is positioned at the frontline of the cell’s interaction
with its environment/host, and the LPS molecule plays a crucial
role in such an interaction. Indeed, the most conserved moiety,
lipid A, also known as endotoxin, is a potent stimulator of the
innate immune response and serves as an early warning signal
of bacterial infection (19, 20). Instead, the outermost and vari-
able portion of the molecule, the O-antigen, helps bacteria to

J. Biol. Chem. (2017) 292(44) 17981-17990 17981

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

8T0Z ‘ST A%enige- Uo oue|IN 1p 1PNIS 1jBap IS IBAIUN T /610°0q [ Mama/:dny WoJy pepeojumoq


mailto:alessandra.polissi@unimi.it
mailto:alessandra.polissi@unimi.it
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.R117.802512&domain=pdf&date_stamp=2017-9-6
http://www.jbc.org/

MINIREVIEW: The lipopolysaccharide transport (Lpt) machinery

°M§WWE§

LptE
Porin R

PERIPLASM

PG ‘ s

5 4
LptC

$333328388 8323828883388 3388

‘\/Iipoprotein

Kx

Lipid A

- EEEE sy

s A

ptE:
|

Lpts! )
CYTOPLASM —

Figure 1. The LPS export pathway in Gram-negative bacteria. Following flipping across the IM by the ABC transporter MsbA, LPS is extracted from the IM
and transported across the periplasm to the OM at the expense of ATP hydrolysis by the transenvelope Lpt protein machine composed, in E. coli, by seven
essential proteins (LptA-G). See text for details. Only the lipid A-core moiety is represented, whereas the O-antigen repeat moiety is omitted. PG, peptidogly-
can. Inset. the structure of E. coli LPS with a K-12 core region is shown. The lipid A moiety and the core oligosaccharide are indicated in black and orange,
respectively. The chemical composition of the O-antigen is not shown. Gal, b-galactose; Glu, p-glucose; Hep, L-glycero-D-manno-heptose; Kdo, 3-deoxy-p-

manno-octulosonic acid. n, number of LptA monomers.

avoid phagocytosis and to resist the lytic action of the comple-
ment system (21).

The unique structure and composition of OM make it a for-
midable permeability barrier able to exclude many toxic com-
pounds such as bile salts, detergents, and antibiotics and thus
enabling Gram-negative bacteria to survive in many hostile
environments (22). LPS molecules mainly contribute to the
permeability barrier properties of the OM. Indeed, the LPS
outer layer is strongly stabilized by the presence of divalent
cations such as Mg>" and Ca”" that interact with the negative
charges of lipid A and oligosaccharide inner core. The resulting
tightly packed LPS layer makes the OM an impermeable surface
to hydrophobic molecules and large hydrophilic compounds
that cannot permeate through the narrow porin channels (22,
23).

Although bacteria that survive without LPS compensate for
the loss of LPS through alterations of the cell envelope (18, 24,
25), in species in which LPS is essential, impairment of LPS
biogenesis leads to OM permeability defects. In mutants defec-
tive in LPS biosynthesis or transport at the cell surface, phos-
pholipids migrate in the OM outer leaflet, resulting in the for-
mation of patches that are more susceptible to the influx of
hydrophobic, toxic molecules (23, 26). However, some of these
mutants also become hyper-susceptible to large hydrophilic
antibiotics such as vancomycin and bacitracin that cannot per-
meate through OM hydrophobic patches (27-29). It has been
proposed that these large molecules diffuse through transient
imperfections or “cracks” of the defective OM (23). This view
has been recently supported by the observation that E. coli cells
become susceptible to vancomycin at low temperatures. Sur-
prisingly, mutations in LPS biosynthesis affecting the composi-
tion of the oligosaccharide core restore vancomycin resistance.
This apparent paradox is explained by assuming that during
cold stress the decreased membrane fluidity causes “cracks” in
the OM and that inhibition of LPS biosynthesis results in an
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OM that is resistant to these perturbations (30). Overall, these
data help explain the intrinsic resistance of Gram-negative bac-
teria to many otherwise clinically useful antibiotics (22, 31, 32).

LPS biogenesis

The biosynthesis of LPS is a well-known process. The lipid
A- core moiety is synthesized at the interface between the IM
and the cytoplasm by a conserved pathway (10, 33). O-antigen
repeat units are synthesized in the cytoplasm and then flipped
to the periplasmic face of the IM attached to the lipid carrier
undecaprenyl diphosphate (12). Formation of the mature LPS
molecule occurs at the periplasmic site of the IM where O-an-
tigen repeat units are polymerized and then ligated to the lipid
A-core by the WaalL ligase (12).

The assembly of the LPS layer on the surface of the Gram-
negative bacteria is instead a very challenging process for the
cell, and the details of this process have only recently emerged.
Indeed, three fundamental aspects need to be taken into con-
sideration: (i) the heterogeneous chemical nature of the LPS
molecule and the different physico-chemical characteristics of
the envelope compartments to be crossed (two lipid mem-
branes and the aqueous periplasmic space); (ii) the unidirec-
tionality of the transport, occurring against a concentration
gradient from the site of synthesis at the IM up to the OM,
whose outer layer is constituted by tightly packed LPS mole-
cules; and (iii) the fact that LPS transport must not perturb the
integrity of the OM. To meet these requirements, the bacterial
cell has evolved a two-step process. The lipid A—core moiety
synthesized at the inner leaflet of the IM is initially translocated
across the IM by the MsbA transporter. The mature LPS mol-
ecule synthesized at the periplasmic side of the IM is then fer-
ried at the cell surface by the Lpt (lipopolysaccharide transport)
system, a multiprotein complex that spans the entire envelope
(Fig. 1). This strategy not only provides the energy to overcome
thermodynamic issues such as LPS detachment from the IM
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and transport to the cell surface, in an environment normally
devoid of energy sources, but also ensures that the integrity of
the OM is preserved during transport.

LPS translocation across the IM: The MsbA flippase

MsbA, the first component of the LPS export pathway that
has been discovered (34, 35), catalyzes the flipping of the lipid
A-core moiety across the IM. MsbA is an integral IM protein
member of the large ATP-binding cassette (ABC) superfamily
of proteins (36). Similarly to other ABC exporters, MsbA, often
termed as “half-transporter,” functions as a homodimer as
assessed by biochemical (37-39) and crystallographic (40)
studies. In vitro, MsbA ATPase activity is highly stimulated by
hexa-acylated lipid A species, strongly suggesting that they
might be the substrates (41). When reconstituted in proteo-
liposomes, MsbA behaves as a lipid flippase catalyzing the flip-
ping of several fluorescently labeled phospholipids derivatives
(42), showing the potential of this transporter to handle, at least
in vitro, a wide variety of substrates.

Following MsbA-dependent translocation, the lipid A— core
is anchored at the outer leaflet of the IM where O-antigen
repeats may be added. The journey of the mature LPS molecule
to the cell surface continues with the assistance of the Lpt
molecular machine as detailed below.

LPS transport across the periplasm to the cell surface: The Lpt
molecular machine

In E. coli, the Lpt machinery is composed by seven essential
proteins (LptABCDEFG) that are organized in two subassem-
blies: LptB,CFG and LptDE, located at the IM and at the OM,
respectively, which are connected by the periplasmic protein
LptA (43—49). These proteins form a transenvelope bridge that
spans the entire cell from the cytoplasm to the OM (Fig. 1).
Importantly, as detailed in the following paragraphs, the assem-
bly of the Lpt molecular machine is mediated by the oligomer-
ization of a structural motif shared by all the Lpt proteins that
have a periplasmic domain.

The bulk of knowledge of the LPS transport has been
obtained mainly using E. coli as a model system, and the process
seems to be structurally conserved among Gram-negative bac-
teria (50 —54). However, emerging evidence indicates that there
are LPS export systems that do not adhere to the canonical
E. coli model, and a few examples will be discussed in the fol-
lowing sections.

The Lpt proteins operate in concert as a unique device in LPS
transport. The first evidence supporting this notion came from
membrane fractionation experiments upon depletion of the
different Lpt proteins. These experiments revealed that break-
ing transport at any level within the cell leads to LPS accumu-
lation at the periplasmic leaflet of the IM in a step downstream
of the MsbA-mediated flipping (44, 47) (see above). This evi-
dence was later confirmed by the observation that all seven Lpt
proteins physically interact and co-fractionate in a cellular frac-
tion distinct from IM and OM (the so-called light OM, OM; ) in
sucrose density gradient fractionations (55). The relevance of
the transenvelope architecture for LPS transport was further
corroborated by the observation that depletion of LptC and
LptDE components leads to LptA degradation (56), pointing to
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a quality control role for LptA-LptC and LptA-LptD interac-
tions in the Lpt complex assembly.

The LPS transport from the IM to the OM can be conceptu-
ally divided into three steps involving different Lpt players: (i)
LPS detachment from the IM; (ii) LPS transport across the
periplasm; and (iii) LPS insertion and assembly in the OM at the
cell surface.

LPS detachment from the IM

The first step of LPS extraction from the IM is carried out by
the LptB,FG protein complex. LptB,FG is an IM ABC trans-
porter composed of the heterodimeric transmembrane domain
(TMD) subunit LptFG (44) and the cytoplasmic homodimeric
nucleotide-binding domain LptB, (57). LptF and LptG each
contain six transmembrane helices, a large periplasmic domain
that adopts a B-jellyroll architecture, and a coupling helix that
interacts with one monomer of LptB on the cytoplasmic side
(Fig. 2A) (58). LptB,FG is an unusual transporter in that it does
not translocate its LPS substrate across the IM, but rather, it
extracts LPS from the IM outer leaflet and delivers it to LptC
(59), an IM-anchored protein that stably associates to the
LptB,FG complex (43).

An important breakthrough in understanding how LPS
leaves the IM came from an elegant work from Kahne’s group
using in vivo photo-crosslinking on right-side-out membrane
vesicles devised to trap LPS into LptC and LptA, and to charac-
terize the dependence of the transport on ATP, LptB,FG, and
LptC (59). This work showed that LPS is extracted from the IM
and loaded on LptC by LptB,FG at the expense of ATP hydro-
lysis, and that LPS transfer from LptC to LptA requires a second
round of ATP hydrolysis (see below) (59).

How does LptB, ATPase transmit energy? The resolution of
the three-dimensional structure of the LptB, dimer coupled to
mutagenesis and photo-crosslinking experiments (57, 60)
revealed that the structure of LptB dimer experiences a global
movement upon ATP binding and hydrolysis, which is trans-
mitted to LptF and LptG subunits through their coupling heli-
ces. This movement seems to be essential for coordinating the
energy of ATP hydrolysis with LPS extraction (60). Interest-
ingly, the characterization of mutants in the coupling helices
revealed that LptF and LptG might have distinct roles in cou-
pling ATP hydrolysis in the cytoplasm with LPS extraction at
the periplasmic leaflet of the IM. This observation is reminis-
cent of the distinct roles played by the TMDs of the Lol system
for lipoprotein trafficking at the OM in E. coli (61). Such bio-
chemical and genetic studies were nicely complemented by the
resolution of the crystal structure of the LptB,FG complex from
Pseudomonas aeruginosa in the nucleotide-free state (58).
Notably, the arrangement of the TMDs of LptF and LptG
defines a cavity whose surface is mainly hydrophobic, with the
exception of the IM—periplasm interface, which is positively
charged. This cavity appears to be large enough to accommo-
date LPS, which, anchored at the IM outer leaflet, could enter
via the lateral gates formed by the TMDs of LptF and LptG (Fig.
2A) (58). The P. aeruginosa LptB,FG structure is thought to
represent the resting state of the transporter, with the lateral
gates that could further open upon ATP hydrolysis to allow LPS
loading into the LPS-binding cavity. Overall, the model pro-
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posed for LPS extraction by the LptB,FG transporter postulates
that ATP binding induces LptB dimerization and that the asso-
ciated conformational changes are transmitted to LptFG via the
coupling helices, triggering the lateral entry of LPS into the
internal cavity of LptFG. ATP hydrolysis is hypothesized to
induce the conformational switch back to the resting state,
which may result in LPS delivery into the periplasmic -jellyroll

17984 J Biol Chem. (2017) 292(44) 17981-17990

domains of LptFG (58) (Fig. 3). The hydrophobicity of the inter-
nal cavity formed by LptF and LptG TMDs and the presence of
positively charged residues at the IM—periplasm interface sug-
gest that only the lipid A portion of LPS may be loaded into the
LptEG cavity from the periplasmic side of the IM, whereas the
sugar portion of the molecule would remain accessible from
the periplasm (58) (Fig. 3). Once LPS is extracted from the IM,
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Figure 2—continued

the energy of ATP hydrolysis empowers LPS loading into the
periplasmic protein bridge and its flow to the cell surface.

64). Importantly, the same fold is also present in the periplasmic
N-terminal domain of LptD (65, 66) (Fig. 2D), indicating that
the assembly of the periplasmic protein bridge occurs via small

The periplasmic Lpt protein bridge structurally homologous domains adopting the same basic

LptA is the periplasmic protein that connects IM and OM
(46, 62). The N-terminal domain of LptA connects to LptC, a
bitopic IM protein with a single transmembrane helix and a
large periplasmic domain (47, 56), whereas the LptA C-termi-
nal region makes contact with the N-terminal periplasmic
domain of LptD (62).

The crystal structure of both LptA and LptC has been solved
(Fig. 2, B and C). Both proteins share the same -jellyroll fold

module, the so-called “Lpt fold” (Fig. 2, E-G). LptA and LptC
both bind LPS (59, 64, 67, 68); therefore the Lpt fold also plays a
crucial role in the transport of LPS. Inspection of the 3-jellyroll
structure of LptC reveals a cavity containing hydrophobic res-
idues oriented toward the interior that could form a possible
pocket for LPS binding (64). A hydrophobic pocket large
enough to accommodate LPS molecule is not immediately evi-
dent in the monomeric structure of LptA. However, LptA tends

present in the periplasmic domains of LptF and LptG (58, 63, to form head-to-tail oligomers in the presence of LPS (63) and

Figure 2. Graphic representation of the crystal structures of the seven Lpt proteins and structural comparisons. A, LptB,FG complex from P. aeruginosa
(Protein Data Bank (PDB) 5X5Y). LptB, LptF and LptG are represented in yellow, orange, and blue, respectively. The 12 TM helices of LptF-G bent outwards,
creating a V-shaped central cavity at the membrane-periplasm interface, which would function as an LPS-binding pocket. TM1 of LptF with TM5 of LptG and
TM1 of LptG with TM5 of LptF constitute the lateral gates that would allow the entry of LPS into the central cavity of the transporter (58). Inset, top view of the
V-shaped central cavity highlighted by a dotted circle; for clarity, periplasmic B-jellyroll-like domains of LptF-G and LptB dimer have been removed. B, LptC from
E. coli(gray, PDB 3M2Y). Residues in LptC involved in LPS binding as assessed by photo-crosslinking experiments are depicted in orange (59). Thr-47 residue is
not shown because the electron density of this region is absent in the structure. C, LptA from E. coli (magenta, PDB 2R19). Residues in LptA involved in LPS
binding as assessed by photo-crosslinking experiments are depicted in green (59). D, LptDE complex from K. pneumoniae (PDB 51V9). LptD is colored green, and
LptE, inserted in the LptD lumen, is colored blue. During transport, lipid A moiety of LPS is bound by the N-terminal domain of LptD and inserted directly into
the membrane through an intramembrane hole (highlighted by gray dotted circle). The saccharide portion of LPS passes through the lumenal gate formed by
B-strands 1 and 26 of the C-terminal domain of LptD. Inset, residues in the LptD N-terminal domain involved in LPS binding have been experimentally detected
in S. enterica serovar Typhimurium (79), and the corresponding residues identified by structural alignment with the LptD homologue from K. pneumoniae are
depicted in magenta. The model structures were generated with PyMOL using the corresponding PDB files. E-G, the B-jellyroll domain of LptF (orange, PDB
5X5Y) superimposed on LptC (gray, PDB 3M2Y) (E); LptC (gray, PDB 3M2Y) superimposed on LptA (magenta, PDB 2R19) (F); and LptA (magenta, PDB 2R19)
superimposed on the N-terminal B-jellyroll domain of LptD (green, PDB 51V9) (G). Superimpositions were obtained manually using the Maestro software. E,
extra-cytoplasmic milieu; P, periplasm; C, cytoplasm.
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Figure 3. Models for LPS extraction from the IM and assembly at the OM by the LptB,FG and LptDE complexes, respectively. Lower panel, the LptB,FG
transporter in the nucleotide-free form is in the resting state. Binding of ATP triggers a conformational change of TMDs of LptF and LptG, allowing entry of LPS
from the IM outer leaflet into the central hydrophobic cavity of the transporter through the lateral gates formed by the TMDs of LptF and LptG. Upon ATP
hydrolysis, LPS is extracted from the IM and delivered to the B-jellyroll domains of LptF or LptG. ADP release may promote the return of the LptB,FG transporter
to nucleotide-free form resting state (adapted from Ref. 53). Upper panel, the LPS molecule is thought to be delivered from the LptA to LptDE complex for
insertion into the OM. The lipid A moiety is delivered to the B-jellyroll domain of LptD. Upon arrival of the LPS at the inner face of the OM, the LptD B-barrel is
thought to open laterally, allowing lipid A to be inserted directly into the membrane, whereas the sugar chain is supposed to transit vertically through the

B-barrel lumen of LptD.

in solution in a concentration-dependent manner (69, 70). In
this type of LptA oligomeric organization, cavities with a larger
size are formed (63, 71).

The flow of LPS inside the periplasmic bridge has been dis-
sected by in vivo photo-crosslinking experiments suggesting that
lipid A moiety crosses the periplasm inside the open hydrophobic
groove formed by juxtaposition of the hydrophobic cavities of the
B-jellyroll domains of LptC and LptA, whereas the hydrophilic
portion of the molecule would be exposed in the periplasm (59)
(Fig. 2, B-D). LPS interaction with Lpt proteins has also been

17986 . Biol Chem. (2017) 292(44) 17981-17990

explored by NMR, highlighting that LPS binds at LptA-LptC and
at LptA-LptA intermolecular cavities that form only when the
proteins composing the periplasmic bridge are assembled (71).
Similarly, studies on LPS—LptA interaction using site-specific EPR
spectroscopy suggest that LptA oligomerization is required to effi-
ciently move LPS through the protein (68). Although the physio-
logical significance of LptA oligomerization and the number of
LptA molecules present in the Lpt bridge are not known yet, these
data seem to indicate that conformational movements are needed
for LPS transport to occur across the periplasm.
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The insertion of LPS at the OM

The B-barrel protein LptD and the lipoprotein LptE consti-
tute the OM translocon that assembles LPS at the OM outer
leaflet (72). LptD and LptE form a complex with a peculiar two-
protein plug-and-barrel architecture (73). To date, the struc-
tures of LptDE complexes from five pathogenic species (Salmo-
nella enterica, Shigella flexneri, Yersinia pestis, P. aeruginosa,
and Klebsiella pneumoniae) are available (65, 66, 74). The five
structures are remarkably similar despite the divergent primary
sequences: the LptD C-terminal domain forms a 26-stranded
B-barrel, the largest reported so far, whereas LptE is almost
entirely inserted in the B-barrel, thus confirming the prediction
made based on photo-crosslinking experiments (73), whereas
the N-terminal periplasmic region assumes the canonical Lpt
fold (Fig. 2D) (65, 66).

Following transport across the periplasmic bridge, LPS
is thought to be delivered from LptA to LptDE for insertion into
the OM. It is not known yet whether release of LPS from LptA
to LptD requires ATP hydrolysis, but it has been demonstrated
that the cell tightly controls whether a functional translocon
has correctly assembled into the OM before making contact
with LptA. This control is ensured by the presence of a couple
of disulfide bonds within LptD (75), connecting the periplasmic
and the B-barrel domains, whose correct formation allows the
N-terminal domain of LptD to orient toward the periplasm to
interact with LptA (62, 66, 76). The lipoprotein LptE plays a
crucial role in controlling the correct maturation of the LptD
disulfide bonds (76). The coordinated maturation of LptD and
LptE, whose assembly into the OM requires different biogene-
sis pathways (namely, the B-barrel assembly machinery for
LptD (77) and the Lol system for LptE (8)), is a system adopted
by the cell to ensure, on the one hand, that LptE is inserted into
the lumen of LptD and, on the other hand, that only a mature
LptDE translocon makes contact with LptA, thus enabling the
establishment of a functional transenvelope bridge. Based on
evidences obtained from E. coli, LptE insertion into LptD has a
dual role within the Lpt machinery: LptE plugs the otherwise
too large lumen of LptD (72, 78) but also has a direct involve-
ment in the assembly of LPS into the outer leaflet of the OM
(51), (see below).

The availability of the crystal structure of the LptDE complex
has greatly contributed to our understanding of how LPS is
assembled at the outer leaflet of the OM. In the B-barrel struc-
ture of LptD, two highly conserved proline residues in the B1
and 32 strands appear to perturb the secondary structure of the
strands, thus preventing the formation of the typical B-sheet
hydrogen bonds between the 81 and 326 strands, and generat-
ing a local gap that provides gateways for the lateral migra-
tion of the LPS molecules between the LptDE complex and
the membrane (66) (Fig. 3). According to structural data, the
hydrophilic lumen of LptD is large enough to accommodate
the sugar moiety of LPS. Thus, once LPS is delivered to the
N-terminal domain of LptD, a conformational change in LptDE
would occur, enabling the saccharide portion of the LPS mole-
cules to enter the 3-barrel and travel to the cell surface, passing
through the lateral gate of LptD. On the contrary, it has been
proposed that the lipid A domain of LPS would pass first inside
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the B-jellyroll structure of the LptD N-terminal domain and
then through the hydrophobic intramembrane open between
the N-terminal and the B-barrel domains of LptD (66, 79, 80)
(Fig. 2D). It is worth mentioning that the orientation of the
N-terminal domain of LptD relative to its barrel domain,
ensured by the correct formation of the nonconsecutive disul-
fide bonds, would secure the correct positioning of the LPS
substrate to allow insertion of the lipid A moiety of LPS into the
membrane while maintaining the sugar moiety within the LptD
lumen (66).

During the transfer of LPS across the LptDE translocon, con-
formational changes must be triggered in the translocon, allow-
ing LptE to directly interact with LPS (72). In fact, in E. coli,
LptE-LPS interaction could be functional in disrupting LPS
aggregates during LPS assembly at the outer leaflet of the OM
and in preventing LPS mislocalization in the inner leaflet of the
OM (51). Notably, LptE does not seem to be directly involved in
LPS transport in N. meningitidis but instead is only implicated
in assisting LptD biogenesis (81). Structural differences have
also been shown in LptDE complex from P. aeruginosa (82),
underscoring the relevance of studying conserved mechanisms
in different model systems.

The enigmatic role of LptC in the Lpt machinery

The overall picture of the LPS transport from the IM to the
cell surface has now been clarified together with the molecular
role of each component of the Lpt machinery with the excep-
tion of LptC. The LptC protein stably associates with the puri-
fied LptB,FG transporter, but fails to modulate the ATPase
activity of the transporter in vitro (43). Several lines of evidence
demonstrate that LptC interaction with LptA is essential for
LPS transport (56, 59, 62, 83). Nevertheless, the apparent
structural and functional redundancy between LptA and LptC
makes it hard to differentiate their roles in LPS transport.
Recent reports have described different mechanisms to over-
come defects in LptC or even IptC deletion. The C-terminal
region of LptC is involved in binding to LptA (56, 62). However,
truncation of this region of LptC can be suppressed by overex-
pression of LptB, resulting in structural stabilization of the
truncated LptC (54). How LptB overexpression rescues LPS
transport across the periplasm is not clear. It is possible that the
truncated LptC mutant retains the ability to interact with LptA,
although with low efficiency, and that the overexpression of
LptB stabilizes the LptB,FG transporters containing the LptC
mutant, allowing the formation of the periplasmic protein
bridge. These observations fit well with the hypothesis that the
assembly of LptC into the IM LptB,FG complex is a quality
control step for transenvelope bridge formation. This hypoth-
esis is further supported by several lines of evidence: (i) a
mutant in the N-terminal region of the LptC periplasmic
domain that is impaired in its association with LptB,FG does
not recruit LptA in vivo, although it maintains an intact inter-
action interface (83); (ii) LptC from P. aeruginosa cannot fully
substitute for E. coli LptC due to defective interaction with the
LptB,FG complex (54), whereas hybrid Lpt machineries con-
taining P. aeruginosa LptA are functional in E. coli (52), sug-
gesting that interspecies LptA—LptC interaction occurs; and
(iii) the LptB,FG complex from P. aeruginosa cannot function-
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ally substitute for E. coli LptB,FG (58), possibly due to inability
to interact with E. coli LptC. Overall, LptC appears to be a spe-
cies-specific component of the Lpt machinery. We do not know
how LptB,FG interacts with LptC, but the presence of the Lpt
fold in the periplasmic domains of the LptFG and LptC (Fig. 2)
strongly implicates these domains in forming the stable
LptB,FGC IM complex. Accordingly, the TM domain of LptC
does not seem to be implicated in LptB,FG binding as LptC
missing the TM domain is functional and assembles to
LptB,FG (83). Additional evidence pointing to a regulative role
for LptC is the isolation of a class of mutants lacking LptC and
expressing LptF mutants carrying amino acid substitutions at a
unique residue of the periplasmic domain. This class of mutants
behaves similarly to the wild type, suggesting that a six-compo-
nent machinery ensures the core functions for LPS transport
(84). Further characterization of this mutant will offer new
insights into the molecular role of LptC in LPS transport.

Conclusions

The overall picture of the LPS transport system proposed by
Kahne and co-workers (85) depicts the LPS transport apparatus
as a PEZ “candy dispenser” in which the energy of ATP hydro-
lysis is used to push a continuous stream of LPS molecules
in the periplasmic hydrophobic groove up to the OM. The
recently solved structure of the LptB,FG complex completes
the puzzle of the LPS export pathway, proposing how LPS is
extracted from IM and propelled into the periplasmic hydro-
phobic channel (58). However, there are still important molec-
ular details on the functioning of the Lpt machine that remain
unanswered. We lack the structural description of the periplas-
mic protein bridge as well as the molecular details on how these
proteins bind LPS. Also we do not yet know how the large and
bulky O-antigen is transported across the periplasmic space,
which contains the peptidoglycan layer; note that most of the
studies on LPS transport have been conducted either on strains
missing the O-antigen (E. coli) or on strains that do not produce
it (N. meningitidis).

Elucidating the molecular mechanism of LPS biogenesis has
the potential to advance the development of novel thera-
pies against Gram-negative pathogens. Notably, peptidomi-
metics specifically targeting P. aeruginosa LptD (86, 87) and
molecules that inhibit the ATPase activity of LptB (88) are the
first inhibitors of the LPS export pathway. As the OM is a cru-
cial permeability barrier, compounds inhibiting the LPS export
pathway not only can be used as antibiotics but can also be used
as a means to manipulate OM permeability.
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