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ABSTRACT

3-deoxy-d-manno-octulosonic acid-lipid A (Kdo2-lipid A) is the essential component of lipopolysaccharide in
most Gram-negative bacteria and the minimal structural component to sustain bacterial viability. It serves as
the active component of lipopolysaccharide to stimulate potent host immune responses through the complex
of Toll-like-receptor 4 (TLR4) and myeloid differentiation protein 2. The entire biosynthetic pathway of
Escherichia coli Kdo2-lipid A has been elucidated and the nine enzymes of the pathway are shared by most
Gram-negative bacteria, indicating conserved Kdo2-lipid A structure across different species. Yet many bacteria
can modify the structure of their Kdo2-lipid A which serves as a strategy to modulate bacterial virulence and
adapt to different growth environments as well as to avoid recognition by the mammalian innate immune
systems. Key enzymes and receptors involved in Kdo2-lipid A biosynthesis, structural modification and its
interaction with the TLR4 pathway represent a clear opportunity for immunopharmacological exploitation.
These include the development of novel antibiotics targeting key biosynthetic enzymes and utilization of
structurally modified Kdo2-lipid A or correspondingly engineered live bacteria as vaccines and adjuvants.
Kdo2-lipid A/TLR4 antagonists can also be applied in anti-inflammatory interventions. This review summarizes
recent knowledge on both the fundamental processes of Kdo2-lipid A biosynthesis, structural modification and
immune stimulation, and applied research on pharmacological exploitations of these processes for therapeutic
development.
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I. INTRODUCTION

Gram-negative bacteria have two distinct mem-
branes: an inner membrane and an outer membrane.
Lipopolysaccharide (LPS) is a prominent constituent
in the outer leaflet of the outer membrane. LPS can be
recognized by different immune cells such as dendritic
cells, monocytes and mast cells (Matsuguchi, 2012)
as a pathogen-associated antigen through a protein
complex consisting of Toll-like receptor 4 (TLR4) and
myeloid differentiation protein 2 (MD-2) (Poltorak
et al., 1998; Triantafilou & Triantafilou, 2002; Akira,
Uematsu & Takeuchi, 2006). LPS binds to a large
hydrophobic pocket of MD-2 in one TLR4/MD-2 com-
plex using five of its six lipid chains (see below for
structural details) and bridges another TLR4/MD-2
complex using the remaining lipid chain along with
its phosphate groups which directly interact with TLR4
in the second TLR4/MD-2 complex. This results in
formation of a symmetrical TLR4/MD-2/LPS het-
erodimer that is active in immune signalling (Park
et al., 2009; Bryant et al., 2010; Kang & Lee, 2011; Ohto
et al., 2012). After activation by LPS, TLR4 recruits two
major signalling pathways that involve different adaptor
proteins, myeloid differentiation primary response
protein 88 (MyD88) and Toll-interleukin-1 rece
ptor-domain-containing adaptor-inducing interferon-𝛽
(TRIF) respectively, within the cytoplasm of cells to
propagate a cascade of signal transductions (Yamamoto
et al., 2002; Zheng et al., 2012). This leads to the induc-
tion or suppression of genes that orchestrate the
inflammatory response (Fig. 1).

The LPS molecule consists of three parts:
3-deoxy-d-manno-octulosonic acid-lipid A (Kdo2-lipid
A), core polysaccharides and O-antigen repeats (Wang
& Quinn, 2010a,b). Kdo2-lipid A is responsible for dis-
playing LPS on the surface of bacterial cells. It is highly
selective for TLR4 and its biological activity is compara-
ble to that of the complete LPS molecule (Raetz et al.,
2006). In limited infections, the response to Kdo2-lipid
A is beneficial, helping to dispose of invading microbes.
However, in overwhelming infections, high levels of
circulating cytokines can give rise to the syndrome of
septic shock (Parrillo, 1993). The response mounted by
the host immune system depends on both the severity

of infection and the particular structure of Kdo2-lipid
A of the invading bacteria. Escherichia coli Kdo2-lipid A,
containing two phosphate groups and six acyl chains
composed of 12 or 14 carbons (Fig. 2), is a powerful
activator of the innate immune system. However, some
Gram-negative pathogens such as Helicobacter pylori
(Ogawa et al., 1997; Suda et al., 2001) and Francisella
tularensis (Sandstrom et al., 1992; Ancuta et al., 1996)
synthesize Kdo2-lipid A molecules that are poorly rec-
ognized by human TLR4. The phosphate groups and
the length and number of fatty acyl chains of Kdo2-lipid
A play important roles in TLR4 activation (Loppnow
et al., 1989; Rietschel et al., 1994; Persing et al., 2002;
Hajjar et al., 2012).

For decades, LPS has been used for clinical or bio-
logical studies of endotoxin activity, but its direct detec-
tion and quantification is problematic because of its
large size and micro-heterogeneity (Raetz & Whitfield,
2002; Wang et al., 2010). Kdo2-lipid A, however, is a
reproducible, well-defined membrane lipid that can be
readily detected with great sensitivity by electrospray
ionization mass spectrometry (ESI/MS) after uptake
by cultured macrophages or administered to animals,
permitting quantitative pharmacokinetic and metabolic
studies. Kdo2-lipid A, therefore, has a significant advan-
tage over the complete LPS molecule when used for
studies of endotoxin activity. The biosynthetic path-
way and export mechanisms of Kdo2-lipid A have been
well characterized in E. coli, and are common to most
Gram-negative bacteria. However, the number of Kdo
residues connected to lipid A differs among certain
bacteria. For example, in Haemophilus influenzae and
Bordetella pertussis, only one Kdo residue is connected to
lipid A (Isobe et al., 1999; White et al., 1999), and a phos-
phate group is incorporated at the same position where
the outer Kdo residue is located (White et al., 1999); in
Chlamydia trachomatis at least three Kdo residues are con-
nected to lipid A (Belunis et al., 1992). Thus the detailed
structure of Kdo2-lipid A may vary from one bacterium
to another (Trent et al., 2006) and this variation could
affect the virulence of the bacterium (Wilkinson, 1996;
Raetz et al., 2007). Modified Kdo2-lipid A might act as
an immuno-modulator and induce non-specific resis-
tance to both bacterial and viral infections. Therefore,
knowledge of the structure of Kdo2-lipid A and its
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Fig. 1. Host immune response to LPS through TLR4-MD2 signalling. LPS on the outer membrane of Gram-negative
bacteria is recognized and extracted by a serum protein LBP. The LBP-LPS complex is then recognized and bound by
the leukocyte extrinsic membrane protein CD14 through which LPS is delivered to the TLR4-MD-2 complex. Binding
of the LPS by the heterodimer of the TLR4-MD-2 complex triggers the dimerization of the cytoplasmic domain (TIR
domain) of TLR4 and recruitment of specific adaptor proteins. Two signal transduction pathways are then activated in
the cytoplasm: the MyD88/TIRAP and the TRAM/TRIF pathways which lead to the activation of the transcription factors
NF-𝜅B, and IRF3 and 7, respectively. NF-𝜅B-activated gene transcription leads to the production of pro-inflammatory
cytokines, chemokines, iNOS etc. which are strong inflammatory signals that lead to the clearance of bacterial pathogens.
IRF3 and 7-activated gene transcription mainly causes the production of Type I interferons important for adjuvanticity.
Overproduction of inflammatory molecules during overwhelming infection causes septic shock. Only the Kdo2-lipid A
moiety of LPS is shown. See Section VI for abbreviations.

modification is highly relevant to the development of
new vaccines.

II. BIOSYNTHESIS OF KDO2-LIPID A

The outer leaflet of the outer membranes of most
Gram-negative bacteria is composed primarily of
Kdo2-lipid A, the hydrophobic anchor of LPS. Because
Kdo2-lipid A is essential for the survival of bacteria, its
biosynthesis has been intensively studied in order to
develop methods to control Gram-negative pathogens.

Although Kdo2-lipid A is displayed on the surface of
bacterial cells, its synthesis is initiated in the cytoplasm.
The way Kdo2-lipid A is synthesized in the cytoplasm
and exported to the surface of bacteria has been studied
most extensively in E. coli.

(1) Raetz pathway

The biosynthesis of Kdo2-lipid A takes place via the
Raetz pathway (Raetz et al., 2007; Kresge, Simoni & Hill,
2011). The pathway is mediated by nine sequential steps,
from initiation in the cytoplasm to completion on the
inner surface of the inner membrane (Fig. 2). The
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Fig. 2. Structure and biosynthetic pathway of Kdo2-lipid
A in E. coli. The numbers specify the glucosamine
ring positions indicate the predominant fatty acid chain
lengths found in E. coli lipid A.

evolutionary origin of enzymes of the Raetz pathway
involved in the biosynthesis of Kdo2-lipid A has been
described (Opiyo et al., 2010).

(a) Reactions catalysed by cytosolic enzymes LpxA, LpxC,
LpxD, LpxH and LpxB

The initial building block for the biosynthesis of
Kdo2-lipid A is UDP-N -acetylglucosamine (UDP-
GlcNAc). The first three reactions of the pathway
are catalysed by soluble enzymes LpxA, LpxC and
LpxD, resulting in the addition of two 3-OH fatty acid
chains to form UDP-diacyl-GlcN. Since the first reaction
catalysed by LpxA is reversible, the second reaction
catalysed by LpxC becomes the committed step in the
pathway. LpxA, LpxC and LpxD have been isolated
and their structures characterized by X-ray diffraction
and nuclear magnetic resonance (NMR) (Buetow et al.,
2007; Barb et al., 2007a; Williams & Raetz, 2007; Bartling
& Raetz, 2009; Zhang et al., 2012). LpxA and LpxD are
structurally similar and both function as homotrimers.
The active sites of E. coli LpxA and LpxD function

as precise hydrocarbon rulers and are manifested by
the length of hydroxyacyl chains incorporated. This
explains why all the primary fatty acids of Kdo2-lipid
A in E. coli are the same length (C14). Single amino
acid alteration in LpxA in the proximal position of the
acyl chain binding site can lead to the incorporation
of acyl chains of different lengths at the 3- or 3′- posi-
tions (Shah et al., 2013). For instance, replacement of
the serine with a leucine in the position correspond-
ing to glycine 176 in E. coli LpxA and in B. pertussis
BP338 LpxA results the incorporation of a shorter
acyl chain length (C10 or C12) in its lipid A structure
(Shah et al., 2013). LpxC is Zn2+-dependent and has
no sequence homology with other deacetylases, which
makes it a promising target for the development of
novel antibiotics. Following the incorporation of the
two hydroxyacyl chains, peripheral membrane protein
LpxH hydrolyses UDP-diacyl-GlcN to form lipid X
(Babinski, Kanjilal & Raetz, 2002a; Babinski, Ribeiro &
Raetz, 2002b). Many Gram-negative bacteria, including
all 𝛼-proteobacteria and diverse environmental iso-
lates, lack LpxH. A distinct UDP-2,3-diacylglucosamine
pyrophosphatase, designated LpxI, was recently dis-
covered. LpxI has no sequence similarity to LpxH
despite an enzymatic action that generates the same
products as LpxH although by a different mechanism
(Metzger et al., 2012). LpxI hydrolyses UDP-diacyl-GlcN
by attacking its 𝛽-phosphate, whereas LpxH attacks
𝛼-phosphate. The gene lpxI is located between lpxA
and lpxB in Caulobacter crescentus, and could rescue the
conditional lethality of lpxH -deficient E. coli (Metzger
& Raetz, 2010; Metzger et al., 2012). Another peripheral
membrane protein LpxB condenses lipid X and its
precursor UDP-diacyl-GlcN to form disaccharide-1-P
(Crowell, Anderson & Raetz, 1986; Crowell, Reznikoff
& Raetz, 1987). LpxD, FabZ, LpxA and LpxB are
encoded by a gene cluster lpxD-fabZ-lpxA-lpxB in E. coli
and several other species of bacteria (Mohan et al.,
1994; Steeghs et al., 1997). Among them, LpxA, LpxB
and LpxD catalyse early steps in the Kdo2-lipid A path-
way using (3R)-hydroxyacyl-acyl carrier protein (ACP)
as a donor; while FabZ catalyses the dehydration of
(3R)-hydroxyacyl-ACP to trans-2-acyl-ACP (Heath &
Rock, 1996), which is further utilized as a fatty acid
donor in the biosynthesis of phospholipids. This gene
cluster is important in regulating the proportions of LPS
and phospholipids in the membranes of Gram-negative
bacteria.

(b) Reactions catalysed by integral membrane proteins LpxK,
KdtA, LpxL and LpxM

The following sequential reactions in the Kdo2-lipid
A biosynthesis pathway are catalysed by the integral
membrane proteins LpxK, KdtA, LpxL and LpxM,
respectively (Fig. 2). Kinase LpxK phosphorylates the
4′-position of the disaccharide-1-P to form lipid IVA
(Garrett, Kadrmas & Raetz, 1997; Garrett, Que & Raetz,
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1998). The crystal structure of LpxK has been reported
(Emptage et al., 2012). The N-terminal domain of the
protein is responsible for both catalysing at the P-loop
and locating the disaccharide-1-phosphate on the inner
membrane where phosphoryl transfer takes place. Lipid
IVA has hitherto been the minimal LPS structure
able to sustain E. coli viability (Klein et al., 2009).
It serves as the acceptor for the Kdo moiety. Trans-
ferase KdtA then transfers two Kdo residues from
CMP-Kdo to the non-reducing GlcN residue of lipid
IVA (Brozek et al., 1989). Crystal structures of the free
and CMP-Kdo-bound forms of KdtA from Aquifex aeoli-
cus reveal details of the CMP-binding site and impli-
cate a unique sequence motif in Kdo binding. In
addition, a cluster of highly conserved amino acid
residues was identified which represents the potential
membrane-attachment and acceptor-substrate binding
site of KdtA (Schmidt et al., 2012). Three acyltrans-
ferases LpxL, LpxP and LpxM encoded by paralogous
genes catalyse the next reactions in the Raetz pathway
in E. coli, using ACP-activated fatty acids as co-substrates.
At ambient temperatures, a lauroyl residue is first trans-
ferred by LpxL to the OH group of the 2′-N-linked
(R)-3-hydroxymyristate residue. At low temperature
(12∘C), however, this catalytic step is partially replaced
by LpxP, which transfers palmitoleate to the same posi-
tion (Vorachek-Warren et al., 2002). The free OH group
of the 3′-O-linked (R)-3-hydroxymyristate residue within
both types of penta-acylated intermediates is then myris-
toylated by LpxM to yield a hexa-acylated Kdo2-lipid A
(Fig. 2) (Brozek & Raetz, 1990). Homologous genes for
the late acyltransferases LpxL, LpxP and LpxM have also
been found in Cronobacter sakazakii (Cai et al., 2013).

In most Gram-negative bacteria, the structure of
Kdo2-lipid A and the enzymes involved in the Raetz path-
way are highly conserved (Opiyo et al., 2010). Never-
theless the detailed structure of Kdo2-lipid A is known
to be different in some Gram-negative bacteria (Bain-
bridge et al., 2008; Zhang et al., 2010). The fatty acyl
chains of Kdo2-lipid A are 10, 12 or 14 carbons long in
E. coli and Bordetella pertussis 18-323, and 16 or 18 car-
bons long in F. novicida (Wang et al., 2006; Shaffer et al.,
2007; Shah et al., 2013). Two LpxD enzymes LpxD1 and
LpxD2 were found in F. novicida (Li et al., 2012). LpxD1
adds a 3-OH C18 acyl group at 37∘C, whereas LpxD2
adds a 3-OH C16 acyl group at 18∘C. Temperature con-
trols not only the transcription of the two lpxD genes,
but also the enzymatic activities of LpxD1 and LpxD2.
In Rhizobium etli Kdo2-lipid A contains a C28 acyl chain
which is added by the acyltransferase LpxXL (Basu, Kar-
barz & Raetz, 2002), using the specialized acyl carrier
protein AcpXL as a donor. Compared to the archetypi-
cal ACP from E. coli, the structure of AcpXL has an extra
𝛼-helix, resulting in a larger opening to the hydrophobic
cavity that could accommodate the very long-chain fatty
acid (Ramelot et al., 2012).

Fig. 3. The transport and structural modification of
Kdo2-lipid A in E. coli. At least eight proteins are involved
in the export of Kdo2-lipid A. The ABC transporter MsbA
flips newly synthesized Kdo2-lipid A to the outer surface
of the inner membrane, and then the Lpt system trans-
ports Kdo2-lipid A to the outer leaflet of the outer mem-
brane (Bowyer et al., 2011). The Lpt system consists of
seven proteins LptABCDEFG (Sperandeo et al., 2007, 2008,
2011; Ruiz et al., 2008). LptC in the LptB CFG complex
may act as a dock for the periplasmic protein LptA. LptA
shuttles Kdo2-lipid A from the periplasmic face of the
inner membrane to the inner surface of the outer mem-
brane (Chimalakonda et al., 2011; Freinkman et al., 2011),
where LptD and LptE control the export and assem-
bly of Kdo2-lipid A into the outer surface of the outer
membrane (Bos et al., 2004; Ma et al., 2008; Chng et al.,
2012). Some modifications of Kdo2-lipid A are regulated
by the PmrA/PmrB systems. In the presence of high Fe3+,
the PmrA-PmrB system can activate the genes encoding
enzymes PagP and ArnABCDEFT. PagP locates in the outer
membrane and transfers a palmitate from phospholipid
to the 2-position of Kdo2-lipid A as a secondary fatty acid,
resulting in a hepta-acylated structure (Ahn et al., 2004).
Soluble proteins ArnABCD convert UDP-glucuronic acid
to Und-P-𝛼-l-Ara4N on the cytoplasmic face of the inner
membrane. Membrane proteins ArnE and ArnF then trans-
port Und-P-𝛼-l-Ara4N to the periplasmic face of the inner
membrane, where the membrane protein ArnT transfers
the l-Ara4N moiety to Kdo2-lipid A. See Section VI for
abbreviations.

(2) Transport system

In most Gram-negative bacteria the Kdo2-lipid A
molecules are synthesized in the cytoplasm and
exported to the outer leaflet of the outer membrane
through dedicated transport systems (Fig. 3). The trans-
port of Kdo2-lipid A is critical because defects in export
are known to be lethal. The enzymes involved in the
export of Kdo2-lipid A can export LPS with different
structures.
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(a) Transport through the inner membrane: MsbA

The transport of Kdo2-lipid A through the inner mem-
brane is carried out by a membrane protein MsbA which
acts as a flippase (Doerrler & Raetz, 2002; Doerrler,
Gibbons & Raetz, 2004). In E. coli, MsbA is a homod-
imer and each monomer contains six transmembrane
helices and a cytosolic ATP-binding domain (Ward et al.,
2007). MsbA is highly conserved in Gram-negative bac-
teria and shares homology with the multidrug resis-
tance proteins of eukaryotes. The transport efficiency of
MsbA decreases dramatically when the structure of LPS
is simpler than Kdo2-lipid A. E. coli mutants that only
synthesize lipid IVA grow slowly because lipid IVA can
not be flipped efficiently by MsbA in the inner mem-
brane (Klein et al., 2009). Molecular dynamics simula-
tions of the interaction of MsbA with membrane lipids
have provided an insight as to how the protein translo-
cates lipids across bilayer membranes (Ward, Guvench
& Hills, 2012).

(b) Transport through the periplasmic space and the outer
membrane: Lpt

The LPS transport system (Lpt) in Gram-negative
bacteria is responsible for the export of LPS from the
periplasmic surface of the inner membrane, across the
periplasm, to the outer leaflet of the outer membrane.
The Lpt system consists of seven proteins LptA, LptB,
LptC, LptD, LptE, LptF and LptG, spanning the cyto-
plasmic membrane to the cell surface (Wu et al., 2006;
Sperandeo et al., 2007, 2008, 2011; Ruiz et al., 2008).
The LptC component of the LptB CFG complex may
act as a dock for the periplasmic protein LptA, allowing
it to bind Kdo2-lipid A. LptA then shuttles Kdo2-lipid A
from the periplasmic face of the inner membrane to the
inner surface of the outer membrane, where it binds the
integral membrane protein LptD (Bowyer et al., 2011;
Chimalakonda et al., 2011; Freinkman, Chng & Kahne,
2011). E. coli LptD contains two disulfide bonds and
forms a translocon with the lipoprotein LptE, which
controls the export and assembly of Kdo2-lipid A into
the outer surface of the outer membrane (Bos et al.,
2004; Ma, Reynolds & Raetz, 2008; Chng et al., 2012).
The seven proteins in the Lpt system are believed to
constitute a trans-envelope complex spanning the inner
to the outer membrane and operating as a concerted
device (Fig. 3).

III. STRUCTURAL MODIFICATION OF
KDO2-LIPID A AND ITS REGULATION

In addition to the requirement of numerous gene prod-
ucts to synthesize and transport Kdo2-lipid A, some
bacteria have evolved mechanisms to modify the struc-
ture of Kdo2-lipid A (Fig. 4). Diverse biochemical struc-
tures of Kdo2-lipid A have been identified on the

outer surface of different bacteria (Fig. 4) (Wilkinson,
1996). Some modifications to the Kdo2-lipid A struc-
ture are regulated by two-component regulatory sys-
tems in response to specific environmental stimuli (Guo
et al., 1997, 1998) while other bacteria appear to modify
their Kdo2-lipid A constitutively (Wang et al., 2006). In
recent years, a number of other enzymes able to mod-
ify Kdo2-lipid A regions of LPS have been identified in
certain bacteria (Table 1).

Modification of Kdo2-lipid A involves the hydrophilic
disaccharide and Kdo regions, as well as the hydropho-
bic acyl chains. Because orthologs of the genes required
for the biosynthesis of Kdo2-lipid A in E. coli exist in
most Gram-negative bacteria which could modify the
structure of Kdo2-lipid A, it is believed that Kdo2-lipid
A synthesis occurs independently from its modifications
in vivo. Modifications of Kdo2-lipid A usually take place
at the periplasmic face of the inner membrane or in
the outer membrane (Fig. 3). In some bacteria, mod-
ification of Kdo2-lipid A is likely to be instrumental in
aiding resistance of the bacteria to cationic antimicro-
bial peptides (CAMPs) released by the host immune
system, or evading recognition by the innate immune
receptor TLR4.

(1) Modification in the hydrophobic region

Since fatty acyl chains of Kdo2-lipid A are located
in the hydrophobic domain of the membranes, the
enzymes that modify the fatty acyl chains are all intrinsic
membrane proteins. Enzymes PagP, PagL, LpxR and
LpxO are all known to function in the modification of
the fatty acyl chains of Kdo2-lipid A in some bacteria.

PagP is an acyl transferase located in the outer mem-
brane of Salmonella Typhimurium and E. coli which
transfers palmitate from glycerophospholipids to the
2-position of Kdo2-lipid A as a secondary fatty acid
(Ahn et al., 2004), resulting in a hepta-acylated struc-
ture (Fig. 4). The expression of PagP is regulated by the
PhoP-PhoQ system in many bacterial species. PagP has
been well characterized in both E. coli and Salmonella
Typhimurium, and its structure has been determined
by both NMR spectroscopy and X-ray crystallography
(Hwang, Bishop & Kay, 2004; Bishop, 2008). Palmitate is
selected specifically by PagP, employing a gating mech-
anism sensitive to the length of hydrocarbon chains of
potential donor lipids (Khan et al., 2010).

PagL is a deacylase located in the outer membrane
of Salmonella Typhimurium and removes the 3-O-linked
acyl chain of Kdo2-lipid A (Kawasaki, Ernst & Miller,
2004). PagL is also under the control of the PhoP-PhoQ
system. The pagL mutant of Salmonella Typhimurium
displays no obvious phenotypes in a murine model.
PagL might be post-translationally inhibited within the
outer membrane because it is not active in Salmonella
Typhimurium, but could be activated in mutants of
Salmonella Typhimurium that were unable to modify
their Kdo2-lipid A with 4-amino-4-deoxy-𝛼-l-arabinose

Biological Reviews 90 (2015) 408–427 © 2014 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



414 X. Wang and others

A

E F G

B C D

Fig. 4. (A–G) Structures of Kdo2-lipid A from various Gram-negative bacteria. The figure is modified from Trent et al.
(2006).

(𝛼-l-Ara4N). PagL from Pseudomonas aeruginosa consists
of an eight-stranded beta-barrel with the axis tilted by
approximately 30∘ with respect to the lipid bilayer. It
contains an active site with a Ser-His-Glu catalytic triad
and an oxyanion hole that comprises the conserved Asn
(Rutten et al., 2006).

LpxR is another deacylase located in the outer mem-
brane of Salmonella Typhimurium and removes the
3′-acyloxyacyl moiety of Kdo2-lipid A (Reynolds et al.,
2006). Orthologs of LpxR can be found in various
Gram-negative bacteria such as H. pylori, Yersinia ente-
rocolitica, E. coli O157:H7 and Vibrio cholerae (Reynolds
et al., 2006). LpxR usually remains inactive in Salmonella
Typhimurium outer membrane, but appears to be
activated in H. pylori since the major Kdo2-lipid A
species from H. pylori is completely 3′-O-deacylated.
Salmonella Typhimurium LpxR is regulated by nei-
ther the PhoP-PhoQ system nor the PmrA-PmrB
system, but requires Ca2+ for enzymatic activity. In
Y. enterocolitica, however, lpxR was negatively regulated
by the PhoP-PhoQ system and the regulator RovA
(Reines et al., 2012). As with other virulence factors
of Y. enterocolitica, expression of LpxR was also medi-
ated by temperature, and its activity was inhibited
in the presence of the aminoarabinose modification
of lipid A (Reines et al., 2012). Crystal structure of

Salmonella Typhimurium LpxR has been resolved. It is
a 12-stranded beta-barrel and its active site is located
between the barrel wall and an alpha-helix formed by
an extracellular loop (Rutten et al., 2009).

LpxO is an inner membrane protein of Salmonella
Typhimurium that can generate a 2-OH on the sec-
ondary fatty acid at the 3′-position of lipid A (Gibbons
et al., 2000, 2008). This hydroxylation is independent
of MsbA transport, indicating that its active site is on
the cytoplasmic surface. LpxO is regulated by neither
the PhoP-PhoQ system nor the PmrA-PmrB system in
Salmonella Typhimurium. In V. cholerae, the 2-position
on the secondary fatty acid at the 3′-position of lipid A
is modified with glycine or diglycine residues by AlmG.
This lipid A modification confers polymyxin resistance
in V. cholerae El Tor (Hankins et al., 2012). V. cholerae O1
El Tor mutant lacking almG showed a 100-fold increase
in sensitivity to polymyxin B.

(2) Modification in the hydrophilic region

In addition to changes in the fatty acid region, the
hydrophilic region of the Kdo2-lipid A molecule can also
be modified in some bacteria. Kdo2-lipid A usually con-
tains two phosphate groups which impart a net negative
charge to the molecule. Modification of the hydrophilic
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Table 1. Enzymes involved in the structural modification of Kdo2-lipid A in certain Gram-negative bacteria. The structure
and numbering scheme for Kdo2-lipid A is shown in Fig. 2

Positions Enzymes Function

1 LpxE Removes the phosphate group from the 1-position of lipid A (Wang et al., 2004).
1 LpxT Transfers a phosphate group to the 1-phosphate of lipid A (Touze et al., 2008).
1 LpxQ Oxidizes the proximal glucosamine of lipid A to form an aminogluconate unit (Que-Gewirth

et al., 2003).
1 LmtA Catalyses the methylation of 1-phosphate of lipid A (Hinckley et al., 2005).
1 PmrC Adds a phosphoethanolamine to the 1-position of lipid A (Lee et al., 2003).
1 or 4′ ArnT Transfers an l-Ara4N unit to lipid A (Trent et al., 2001a,b).
1 or 4′ EptC Adds a phosphoethanolamine to the flagellar rod protein and the 1 or 4′ position of lipid A

(Cullen et al., 2012).
2 PagP Transfers a palmitate to the 2-position of lipid A (Hwang et al., 2004; Bishop, 2008).
2 or 2′ LpxD2 Adds a shorter 3-OH fatty acid group to 2- or 2′-position of lipid A at low temperature (Li

et al., 2012).
2′ LpxP Incorporates a palmitoleoyl moiety in place of the secondary laurate chain (Vorachek-Warren

et al., 2002).
2′ LpxXL Incorporates a very long fatty acid chain in place of the secondary laurate chain (Basu et al.,

2002).
3 PagL Removes the 3-O-linked acyl chain of lipid A (Rutten et al., 2006).
3′ LpxO Adds an OH group to the 𝛼𝛽3′ -position (Gibbons et al., 2000, 2008).
3′ AlmG Adds glycine or diglycine residues to the 𝛼𝛽3′ -position (Hankins et al., 2012)
3′ LpxR Removes the 3′-acyloxyacyl moiety (Reynolds et al., 2006).
4′ LpxF Removes the phosphate group from the 4′-position of lipid A (Wang et al., 2006).
Kdo RgtA Adds a GalA moiety to the distal unit of Kdo (Kanjilal-Kolar et al., 2006).
Kdo RgtB Adds a GalA moiety to the distal unit of Kdo (Kanjilal-Kolar et al., 2006).
Kdo EptB Adds a phosphoethanolamine to the distal unit of Kdo (Reynolds et al., 2005).
Kdo KdoH1/KdoH2 Remove the distal unit of Kdo (Zhao & Raetz, 2010)

region of Kdo2-lipid A focuses on the removal or substi-
tution of the phosphate groups at the 1- and 4′-positions.
The negative charges of Kdo2-lipid A allow the binding
of positively charged CAMPs. To evade attack by the
immune system some bacterial pathogens have evolved
a less negatively charged variation of Kdo2-lipid A. The
modifications at the 1- and 4′-positions of Kdo2-lipid A
include the removal of phosphate groups or the addi-
tion of the amine-containing residues such as 𝛼-l-Ara4N
and phosphoethanolamine. Some of these modifica-
tions result in resistance to CAMPs and to polymyxin B,
and are primarily controlled by the PmrA-PmrB system.

The removal of phosphate groups to reduce the
overall negative charge of Kdo2-lipid A occurs in several
bacterial pathogens or endosymbionts. For example,
R. etli Kdo2-lipid A does not contain phosphate (Que,
Ribeiro & Raetz, 2000), while F. tularensis and H. pylori
lipid A contains only one phosphate group (Wang
et al., 2006). The absence of the phosphate group
would greatly decrease the surface negative charge
of these bacteria. Two genes lpxE and lpxF encoding
phosphatases have been identified in F. novicida (Wang
et al., 2004, 2007; Chen, Tao & Wang, 2011; Han et al.,
2013). LpxE selectively removes the phosphate group
at the 1-position of Kdo2-lipid A, while LpxF selectively
removes the phosphate group at the 4′-position. The
lpxF deletion mutant of F. novicida no longer infects

host mice (Wang et al., 2007), suggesting that the phos-
phate group on Kdo2-lipid A is closely related to the
infectivity of bacteria. Orthologs of LpxE also exist in
R. etli and in H. pylori (Karbarz et al., 2003; Tran et al.,
2004; Karbarz, Six & Raetz, 2009).

In addition to the removal of phosphates, addition of
amino-containing groups on Kdo2-lipid A is believed to
be another subterfuge that bacteria employ to reduce
the overall negative charge of Kdo2-lipid A. ArnT is
an amino-arabinose transferase found in E. coli and
S. enterica Typhimurium and transfers l-Arn4N to the
4′-phosphate of lipid A (Trent et al., 2001a,b). PmrC (or
EptA) encodes a protein necessary for addition of phos-
phoethanolamine to the 1-phosphate of Kdo2-lipid A
(Lee et al., 2003). Under some conditions, the positions
of phosphoethanolamine and l-Ara4N substituents
are reversed, and lipid A species with two phospho-
ethanolamine units or two l-Ara4N moieties may be
present. Expression of the enzymes ArnT and PmrC is
under the control of PmrA. F. novicida lipid A contains
galactosamine attached to the 1-phosphate group,
which is added by an enzyme encoded by flmK , an
ortholog gene of arnT (Wang et al., 2006). A pathway
for the synthesis and incorporation of the galactosamine
to Kdo2-lipid A has been characterized in F. novicida
(Song, Guan & Raetz, 2009; Wang et al., 2009). In B.
pertussis BP338, both the 1- and 4′- phosphates of lipid
A are modified by a glucosamine (GlcN) group, and
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these modifications increase its ability to activate TLR4
(Shah et al., 2013).

The 1-position of Kdo2-lipid A can also be modified
by enzymes LpxT, LmtA and LpxQ in certain bacte-
ria. Using undecaprenyl pyrophosphate as the substrate
donor, LpxT adds a second phosphate group at the
1-phosphate of Kdo2-lipid A, therefore, some Kdo2-lipid
A molecules in E. coli contain a diphosphate unit at the
1-position (Touze et al., 2008). In contrast to the modifi-
cations by amino sugars or phosphoethanolamine, addi-
tion of a second phosphate group increases the negative
charge of Kdo2-lipid A. This type of modification, how-
ever, may enhance the resistance of the bacterium to
anionic antimicrobial agents, such as bile acid which is
encountered by enteric bacteria in their host gut. LmtA
is another enzyme that modifies the phosphate groups
of Kdo2-lipid A using moieties other than amino sug-
ars or phosphoethanolamine. In Leptospira interrogans,
membrane protein LmtA transfers a methyl group from
S-adenosylmethionine to the 1-phosphate of Kdo2-lipid
A (Hinckley et al., 2005). LpxQ found in Rhizobium legu-
minosarum, on the other hand, can oxidize the prox-
imal glucosamine of R. leguminosarum Kdo2-lipid A in
the presence of O2 to form an aminogluconate unit
(Que-Gewirth et al., 2003).

Recent studies of Campylobacter jejuni identified a
gene encoding a novel phosphoethanolamine trans-
ferase EptC, that serves a dual role in modifying the
flagellar rod protein, FlgG, and the 1 or 4′position of
Kdo2-lipid A of C. jejuni with a phosphoethanolamine
residue (Cullen et al., 2012). Characterization of EptC
and its enzymatic targets expands on the increasingly
important field of prokaryotic post-translational modi-
fication of bacterial surface structures.

The Kdo group of Kdo2-lipid A can also be modi-
fied. A galacturonic acid (GalA) can be added to the
outer Kdo group of Kdo2-lipid A in R. leguminosarum
by RgtA or RgtB (Kanjilal-Kolar et al., 2006). A phos-
phoethanolamine can also be added to the outer Kdo
group of Kdo2-lipid A in E. coli by a Ca2+-induced,
membrane-bound enzyme EptB (Reynolds et al., 2005).
Kdo hydrolase which can remove the outer Kdo unit
of Kdo2-lipid A has been identified in F. tularensis,
H. pylori, and Legionella pneumophila (Chalabaev et al.,
2010). The membrane-bound Kdo hydrolase con-
sists of two proteins KdoH1 and KdoH2 (or KdhA
and KdhB), which are expressed from the adjacent,
co-transcribed genes. F. novicida KdoH1 has a sin-
gle predicted N-terminal transmembrane segment,
while KdoH2 contains seven putative transmembrane
sequences; neither protein alone catalyses the cleavage
of Kdo when expressed in E. coli. In E. coli expressing
both KdoH1 and KdoH2, hydrolase activity is detected
in the inner membrane fraction (Zhao & Raetz, 2010).
In H. pylori, Kdo hydrolase activity is dependent upon
a putative two-protein complex composed of proteins
Hp0579 and Hp0580. Kdo hydrolase mutants were

highly sensitive to polymyxin B. Production of a fully
extended O-antigen was also diminished in a Kdo
hydrolase mutant, with a consequent increase of the
content of core-lipid A (Stead et al., 2010). H. pylori pro-
duces a unique surface LPS characterized by strikingly
low endotoxicity. This reduction in endotoxicity may
arise from the modification of Kdo2-lipid A by a series
of enzymes including Kdo hydrolase.

In Shewanella oneidensis, the Kdo part of the
Kdo2-lipid A was replaced by Kdo8N (8-amino-3,
8-dideoxy-d-manno-octulosonic acid), which is found
exclusively in marine bacteria of the genus Shewanella.
Using bioinformatics, a gene cluster for Kdo8N biosyn-
thesis was identified. Expression of these genes in E. coli
resulted in Kdo8N2-lipid A, and in vitro assays confirmed
their proposed enzymatic function. Both the in vivo
and in vitro data were consistent with direct conversion
of Kdo to Kdo8N prior to its incorporation into lipid
IVA. A S. oneidensis mutant lacking these genes showed
increased sensitivity to the CAMP polymyxin as well as
bile salts, suggesting a role in outer membrane integrity
(Gattis et al., 2013).

(3) Regulation of the modification

Some of the Kdo2-lipid A modification enzymes identi-
fied so far are under the control of the two-component
PhoP-PhoQ system and/or PmrA-PmrB system (Guo
et al., 1997). The PhoP-PhoQ system governs virulence,
mediates adaptation to a Mg2+-limiting environ-
ment and regulates numerous cellular activities in
Gram-negative bacteria (Soncini et al., 1996; Gibbons
et al., 2005). It consists of an inner membrane sensor
PhoQ and a cytoplasmic regulator PhoP. PhoQ con-
tains an acidic patch on the surface of its periplasmic
domain. Mg2+ bridges the acidic patch with anionic
phospholipid polar head groups to maintain a repressed
regulatory state (Bader et al., 2005; Cho et al., 2006).
The PhoP-PhoQ system can also be activated when
the bacterium is exposed to CAMPs (Bader et al.,
2003; Martin-Orozco et al., 2006). The activation of
the PhoP-PhoQ system can lead to the activation or
repression of over 40 genes in bacteria (Aranda et al.,
1992; Gooderham & Hancock, 2009).

The PmrA-PmrB two-component system is the global
regulatory system that controls LPS modification in E.
coli and Salmonella Typhimurium (Gunn et al., 2000). It
is usually induced by high Fe3+, the specific signal rec-
ognized by the sensor PmrB (Wosten et al., 2000). It can
also be induced by low Mg2+, which is detected by the
sensor PhoQ of the PhoP-PhoQ system (Vescovi, Soncini
& Groisman, 1996). Activation by low Mg2+ requires
PhoP, PhoQ, PmrA and PmrB proteins (Soncini et al.,
1996) as well as the PhoP-activated PmrD protein which
connects the PhoP-PhoQ system with the PmrA-PmrB
system (Kox, Wosten & Groisman, 2000). In E. coli,
the PmrA-PmrB pathway cannot be triggered by the
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PhoP-PhoQ system because the PmrD is not functional
(Winfield & Groisman, 2004).

The best example for PmrA-regulated Kdo2-lipid
A modification is the arn operon (Gunn et al., 1998;
Trent et al., 2001a,b; Breazeale et al., 2003) and ugd
gene (Groisman, Kayser & Soncini, 1997) (Fig. 3).
Proteins encoded by these genes can synthesize and
incorporate a 𝛼-l-Ara4N into Kdo2-lipid A (Gunn
et al., 1998; Zhou et al., 2001; Breazeale et al., 2003).
This modification can assist the bacteria to resist the
antibiotic polymyxin B (Roland et al., 1993). The arn
operon contains arnB-arnC-arnA-arnD-arnT-arnE-arnF
genes that encode seven enzymes, ArnB, ArnC, ArnA,
ArnD, ArnT, ArnE and ArnF, respectively (Breazeale
et al., 2005). Ugd initiates the pathway by converting
UDP-glucose to UDP-glucuronic acid. Subsequently,
the C-terminal domain of ArnA catalyses the oxidative
decarboxylation of UDP-glucuronic acid to generate
UDP-4-keto-pyranose. ArnB then catalyses a transam-
ination using glutamic acid as the amine donor to
form UDP-l-Ara4N. Subsequently, the N-terminal
domain of ArnA uses N-10-formyltetrahydrofolate
to synthesize N-formylate UDP-𝛼-l-Ara4N, which
is, in turn, transferred by ArnC to undecaprenyl
phosphate. Then ArnD catalyses deformylation of
this substrate to undecaprenyl phosphate-𝛼-l-Ara4N
(Und-P-𝛼-l-Ara4N). Following its assembly, ArnE and
ArnF flip the Und-P-𝛼-l-Ara4N from the cytoplasmic
face to the periplasmic face of the inner membrane
(Yan, Guan & Raetz, 2007), where ArnT transfers the
l-Ara4N unit to Kdo2-lipid A (Fig. 3).

PmrA-PmrB activation also promotes the addition of
phosphoethanolamine to Kdo2-lipid A, and the expres-
sion of WzzfepE and Wzzst required for determining the
length of LPS. Wzzst protein is also necessary to main-
tain the balance of l-Ara4N and phosphoethanolamine
modifications to Kdo2-lipid A (Farizano et al., 2012).

In addition to the global regulators PhoP-PhoQ and
PmrA-PmrB, recently regulation of the Kdo2-lipid A
modification enzymes by small RNAs (sRNAs) and small
peptides in certain bacteria has also been reported.
These regulatory elements act at a post-transcriptional
level, by blocking the translation of the modifica-
tion enzymes through base-pairing or inhibition of
enzyme activity. They often regulate a subset of spe-
cific modification enzymes which are also regulated
by the PhoP-PhoQ or PmrA-PmrB systems; their reg-
ulation often leads to fine-tuned expression of these
enzymes rather than simply switching them ‘on’ or ‘off’.
For instance, in E. coli expression of eptB is negatively
regulated by sRNAs MgrR which itself is activated by
PhoP-PhoQ system and ArcZ whose expression is medi-
ated by the oxygen-sensing ArcA-ArcB two-component
systems (Moon et al., 2013). Expression of eptB is also
subject to the regulation of Sigma E (𝜎E) which is a gen-
eral regulator of envelope stress caused by unfolded or
misfolded proteins in the periplasm (Moon et al., 2013).

The activity of Salmonella Typhimurium LpxT was
recently found to be inhibited by a small membrane pep-
tide PmrR (Kato et al., 2012) which is in the PmrA-PmrB
regulon and is activated by PmrA in response to high
Fe3+ in the growth environment (Kato et al., 2012). This
regulation has been shown to be necessary for the recip-
rocal control of the modification status of cell-surface
LPS and the dynamic levels of Fe3+ in the growth envi-
ronment. With the advancement of genome annota-
tions, more sRNAs and small peptides may be identified
in the regulation of Kdo2-lipid A modification enzymes,
which will expand the current regulatory network of
these genes.

(4) Effect of Kdo2-lipid A structural modification on
the virulence of bacteria

Although a viable mutant of Neisseria meningitidis
deficient in Kdo2-lipid A biosynthesis has been iso-
lated (Steeghs et al., 1998), most Gram-negative
bacteria lacking Kdo2-lipid A are not viable. E. coli
mutants deficient in Kdo biosynthesis are condi-
tionally lethal because they only synthesize lipid
IVA which cannot be efficiently flipped by MsbA
(Meredith et al., 2006). Kdo-lipid IVA provides
the ready substrates for LpxL and LpxM, result-
ing in the synthesis of penta- and hexa-acylated
Kdo2-lipid A, which is optimal for the MsbA flip-
pase (Reynolds & Raetz, 2009). E. coli mutant ΔkdtA
could accumulate lipid IVA and its penta-acylated
and hexa-acylated derivatives at 21∘C, indicating
that in vivo late acylation can occur without Kdo.
By contrast, E. coli mutant strain Δ(waaC lpxL lpxM
lpxP) showed primarily Kdo2-lipid IVA, indicating that
Kdo2-lipid IVA is sufficient to support the growth of
E. coli under slow-growth conditions at 21∘C. These
lipid IVA derivatives could be modified biosyntheti-
cally by phosphoethanolamine, but not by l-Ara4N,
indicating export defects of such minimal LPS (Klein
et al., 2009) because l-Ara4N addition occurs only in
the periplasm. E. coli mutant strains ΔkdtA and Δ(waaC
lpxL lpxM lpxP) exhibited cell-division defects with a
decrease in the levels of FtsZ and outer membrane
protein (OMP)-folding factor PpiD, and led to strong
constitutive additive induction of envelope responsive
CpxR/A and 𝜎E signal transduction pathways (Klein
et al., 2009).

Some bacterial pathogens can survive in the host by
modifying the structure of Kdo2-lipid A. Francisella novi-
cida can synthesize LPS without core-oligosaccharide
and O-antigens (Wang et al., 2006). F. novicida lipid A
is a disaccharide of glucosamine, acylated with primary
3-hydroxystearoyl chains at the 2-, 3-, and 2′-positions,
and a secondary palmitoyl residue at the 2′-position.
The 4′- and 3′-positions of lipid A are not modified.
F. novicida lipid A cannot activate TLR4. The lpxF
mutant of F. novicida is avirulent in a mouse infec-
tion model and is hypersensitive to CAMPs (Wang
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et al., 2007). The lipid A of Francisella novicida lpxF
mutant also does not activate TLR4. The hypersensi-
tivity of the lpxF mutant to CAMPs may cause dam-
age to the bacterial envelope and expose other lig-
ands. Mice infected with the lpxF mutant of F. novicida
survived primary infection and subsequently developed
protective immunity against a lethal wild-type F. novi-
cida challenge. The role of innate immune components,
including Toll-like receptor 2 (TLR2), TLR4, caspase-1,
MyD88, alpha interferon (IFN-𝛼), and gamma inter-
feron (IFN-𝛾), was examined using knockout mice.
Interestingly, only the IFN-𝛾 -knockout mice succumbed
to a primary F. novicida lpxF mutant infection, highlight-
ing the importance of IFN-𝛾 production (Kanistanon
et al., 2012).

The number and the length of fatty acyl chains of
Kdo2-lipid A are also related to the infectivity of bacteria.
Yersinia pestis causes infection through flea bites. At
21–27∘C, the body temperature of the flea, Y. pestis
synthesizes lipid A containing six fatty acid chains, but
at 37∘C, human body temperature, Y. pestis synthesizes
lipid A containing four fatty acid chains (Montminy
et al., 2006). The lipid A with six fatty acid chains can
activate the immune system through TLR4, but the
lipid A with four fatty acid chains cannot. Therefore,
Y. pestis can escape attack from the human immune
system. A similar relationship between the pattern of
acylation and immune activation was also observed in
the pathogen Y. enterocolitica (Reines et al., 2012).

The acylation patterns of Kdo2-lipid A are also related
to the infectivity of certain bacteria. Modification of the
acylation pattern of Salmonella Typhimurium Kdo2-lipid
A by either PagP or PagL results in attenuation of lipid
A signalling through the TLR4 pathway and, therefore,
may promote evasion of the innate immune system dur-
ing infection (Kawasaki et al., 2004). PagP-dependent
palmitoylation of Klebsiella pneumoniae lipid A plays an
important role in reducing the engulfment of the bac-
terium by alveolar macrophages, and the virulence of
the pagP deletion mutant of K. pneumoniae is attenuated
(March et al., 2013).

F. novicida LpxD1 adds the 3-OH C18 acyl group
to lipid A at 37∘C (Li et al., 2012). The lpxD1-null
mutant, containing lipid A with shorter acyl chains, was
attenuated in mice and subsequently exhibited pro-
tection against a lethal wild-type challenge. Kdo2-lipid
A molecules of the legume symbiont Sinorhizobium
meliloti and the phylogenetically related mammalian
pathogen Brucella abortus are unusually modified with
a very-long-chain fatty acid, which could be crucial
for the chronic infection of both bacteria (Haag
et al., 2009).

The two-component Kdo hydrolase KdhAB also plays
an important role in F. tularensis pathogenesis. The
kdhAB mutant of F. tularensis LVS strain not only was
significantly attenuated in mice, but also induced an
early innate immune response both in vitro and in

vivo. Immunization of mice with this mutant provided
protection against the highly virulent F. tularensis strain
Schu S4 (Okan et al., 2013).

LpxE from Francisella tularensis has been used to con-
struct recombinant, plasmid-free strains of E. coli and
Salmonella Typhimurium that produce predominantly
1-dephosphorylated lipid A (Chen et al., 2011; Han et al.,
2013). LpxE expression in Salmonella Typhimurium
reduced its virulence in mice. Mice inoculated with
the detoxified strains were protected against wild-type
challenge. After inoculation by the candidate Salmonella
Typhimurium vaccine strain expressing LpxE and
synthesizing pneumococcal surface protein A (PspA),
mice produced robust levels of anti-PspA antibodies and
showed significantly improved survival against challenge
with wild-type Streptococcus pneumoniae WU2 compared
with vector-only-immunized mice, validating Salmonella
Typhimurium synthesizing 1-dephosphorylated lipid
A as an antigen-delivery system (Kong et al., 2011).
When Salmonella Typhimurium msbB pagL pagP lpxR
mutant, carrying penta-acylated lipid A, was used as
the parent strain to construct a series of mutants syn-
thesizing 1-dephosphorylated, 4′-dephosphorylated,
or nonphosphorylated penta-acylated lipid A, the
dephosphorylated mutants exhibited increased sensi-
tivity to deoxycholate and showed increased resistance
to polymyxin B. Removal of both phosphate groups
severely attenuated the mutants when administered
orally to BALB/c mice, but the mutants colonized
the lymphatic tissues and were sufficiently immuno-
genic to protect the host from challenge with wild-type
Salmonella Typhimurium. Mice receiving Salmonella
Typhimurium with 1-dephosphorylated or nonphos-
phorylated penta-acylated lipid A exhibited reduced
levels of cytokines. Attenuated and dephosphorylated
Salmonella vaccines were able to induce adaptive immu-
nity against heterologous and homologous antigens
(Kong et al., 2012).

IV. IMMUNOPHARMACOLOGICAL
EXPLOITATION OF KDO2-LIPID A BIOSYNTHESIS
AND ITS IMMUNE ELICITATION

Owing to its indispensible biological and physiological
roles in virtually all Gram-negative bacteria and its capa-
bilities of eliciting host innate immune responses, the
biosynthesis, modification, and host immune response
to Kdo2-lipid A has proved to be a promising tar-
get for immunopharmacological exploitation. In recent
years, with the elucidation of the three-dimensional
(3D)-structures of many key enzymes in these processes,
there have been exciting advances in the development
of novel antibiotics, anti-inflammatory drugs, and vac-
cine adjuvants.
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(1) Key enzymes of Kdo2-lipid A biosynthesis: targets
for novel antibiotics

With the increasing emergence of multidrug-resistant
bacterial infections in the past several decades, there has
been a critical need for the identification of novel antibi-
otics directed towards previously unexplored targets,
such as those other than cell wall, nucleic acid, or pro-
tein biosynthesis. The Kdo2-lipid A biosynthetic pathway
provides a promising target for this purpose because it is
indispensabe to the viability of almost all Gram-negative
bacteria. In recent years, with increasing knowledge of
3D structures of most of the Kdo2-lipid A biosynthetic
enzymes, development of novel antibiotics targeting the
key enzymes in the pathway has been the research focus
of many industrial groups and academic laboratories
(Brown et al., 2012; Lee et al., 2013; Loppenberg et al.,
2013). Although inhibition of any one of the first six
enzymes of Kdo2-lipid A biosynthesis has been shown to
be lethal to E. coli, the most prominent target to date is
LpxC, the UDP-3-O-(acyl)-N -acetylglucosamine deacety-
lase that catalyses the second step of the Kdo2-lipid
A biosynthetic pathway (Onishi et al., 1996; McClerren
et al., 2005; Mdluli et al., 2006). Several unique features
of LpxC underscore its feasibility as an antibiotic tar-
get: (i) lpxC gene is conserved and essential in virtually
all Gram-negative bacteria and it catalyses the first com-
mitted step of Kdo2-lipid A biosynthesis; (ii) LpxC is
a zinc-dependent metallo-enzyme the 3D structure of
which displays a unique protein fold; and (iii) LpxC
does not possess sequence homology to other deacety-
lases or eukaryotic proteins, suggesting that it can be

highly selectively targeted with minimal toxicity to the
mammalian host.

Searching for LpxC inhibitors as potential antibiotics
initiated from screening a metallo-enzyme inhibitor
library which led to the identification of a series of
sulphonamide derivatives of 𝛼-(R)-amino hydroxamic
acids which inhibit LpxC activity by chelating the Zn2+

ion at its active site, such as the compound BB-78485
(Fig. 5) (Clements et al., 2002). The first hydroxamic
acidic compound which can inhibit LpxC at nanomolar
concentrations (the inhibitory constant K i ∼ 50 nM)
is L-161,240 (Fig. 5) was reported by researchers at
Merck (Onishi et al., 1996; Chen et al., 1999). However,
although L-161240 displays a comparable antibacte-
rial activity to E. coli as that of ciprofloxacin, it does
not inhibit LpxC orthologs from other Gram-negative
species, such as that of P. aeruginosa which is the primary
cause of fatality in cystic fibrosis patients. Based on this,
studies by the research team of Chiron/University of
Washington identified a diphenyl-acetylene-containing
hydroxamic acid compound CHIR-090 (Fig. 5), a
very potent, slow, tight-binding inhibitor against both
E. coli and P. aeruginosa LpxC (McClerren et al., 2005;
Barb et al., 2007b). X-ray 3D-structure of Aquifex aeolicus
LpxC bound with CHIR-090 revealed that in addi-
tion to the essential hydroxamate-zinc interaction, the
diphenyl-acetylene group of CHIR-090 also contributes
to the inhibitory effect by occupying the hydrophobic
substrate-binding passage of LpxC, with the first phenyl
group (proximal to the hydroxamate group) located
close to the active site and the second phenyl ring
(distal to the hydroxamate group) emerging from the
hydrophobic passage (Barb et al., 2007a). However,
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Fig. 5. (A–E) Structures of various potent LpxC inhibitors.
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CHIR-090 is ∼60-fold less effective against LpxC from
the Rhizobium family (RLpxC) than to E. coli LpxC
(EcLpxC). X-ray crystal structure revealed that this
is because of a species-specific residue located at the
exit of the hydrophobic passge of LpxC occupied
by CHIR-090. In the Gram-negative bacterial species
which are susceptible to CHIR-090, such as EcLpxC
and P. aeruginosa LpxC (PaLpxC), a conserved glycine
residue is located at the exit of the substrate-binding
hydrophobic passge, whereas in RLpxC, it is replaced
by a serine residue which causes van der Waals clashes
with the distal phenyl ring of CHIR-090 and decreases
its accessibility to the substrate binding site of LpxC
(Lee et al., 2011, 2013).

The elucidation of the 3D structure of LpxC bound
with its competitive inhibitors further facilitated the
rational design of LpxC inhibitors. One class of
molecules developed was hydroxamate compounds
with a linear diacetylene scaffold, such as LPC-009
and LPC-011 (Liang et al., 2011). The narrow diacety-
lene group in these compounds has been shown
effectively to diminish the intrinsic resistance of pre-
vious coumpounds to RLpxC. Among them, LPC-011
(Fig. 5) has been shown to inhibit EcLpxC with a K i
of ∼0.039 nM and exhibits a general enhancement
of potency (2- to 64-fold) over CHIR-090 against a
wide range of Gram-negative bacteria. Further efforts
towards enhancing their antibacterial activity focus
on improving the membrane permeability of these
diacetylene scaffold compounds (Liang et al., 2011).

(2) Antagonists of TLR4/LPS signalling:
anti-inflammatory drugs

In addition to the Kdo2-lipid A biosynthesis which
has been an emerging target for antibiotic develop-
ment, key protein receptors involved in the LPS-elicited
TLR4 signalling pathway provide an additional cat-
egory of therapeutic targets which have significant
potential for the development of anti-septic shock and
anti-inflammatory drugs. The recognition and initiation
of LPS/TLR4 signalling is dependent on the sequen-
tial and coordinated action of specific receptors includ-
ing LPS-binding protein (LBP), cluster of differen-
tiation 14 (CD14), myeloid differentiation protein 2
(MD-2), and eventually TLR4 situated on the extra-
cellular surface of the innate immunity cells (Fig. 1).
Upon activation, the dimerized TLR4 recruits specific
adaptor proteins which amplify the LPS-initiated sig-
nal and lead to the production of a large amount of
pro-inflammatory cytokines and interleukin-1𝛽 (IL-1𝛽).
The signalling can be remarkably sensitive and robust,
stimulating prompt and potent host defence responses.
However, excessive activation of the pathway gener-
ates life-threatening syndromes such as acute sepsis
and septic shock, accounting for ∼45% of deaths on
intensive care units. Disregulation of the pathway also
causes other chronic inflammatory diseases including

atherosclerosis, rheumatoid arthritis, and inflammation
caused by tissue damage (Keogh & Parker, 2011). Thus,
immune mediators that can effectively antagonize the
LPS/TLR4 pathway have significant therapeutic and
pharmacological value.

Initial efforts towards the development of TLR4
antagonists largely focused on structural analogues of
Kdo2-lipid A which can bind competitively to the LPS
binding sites of the key receptors in the pathway and
antagonize LPS/TLR4-dependent signalling. In recent
years, many natural and synthetic small molecules
which are structurally unrelated to lipid A were found
to have anti-inflammatory activities through antagoniz-
ing the LPS/TLR4 signalling pathways, expanding the
spectrum of these therapeutic and pharmacological
molecules.

(a) Kdo2-lipid A analogues

Antagonists of lipid A analogues were developed based
on the structures of lipid A molecules isolated from
non-pathogenic bacterial species such as Rhodobacter cap-
sulatus and Rhodobacter sphaeroides. Lipid A molecules
from these species are under-acylated compared with
that of E. coli lipid A and contain shorter, unsaturated
acyl chains. Using R. capsulatus lipid A as the template,
the compound Eisai (E5531) was developed which dis-
played antagonistic activity to TLR4 signalling. It was
replaced later by a second-generation lipid A analogue,
Eritoran (E5564), owing to its undesirable interaction
with plasma proteins in blood in in vivo experiments,
causing loss of the activity as a function of time. Eritoran
was derived from the lipid A of R. sphaeroides and was
shown to be a potent antagonist of endotoxin in in vitro
experiments. The mechanistic action of Eritoran was
elucidated and it was shown to bind competitively to the
hydrophobic pocket of the lipid A binding site of MD-2.
However, since Eritoran has four acyl chains instead
of six all of its lipid chains are completely submerged
inside the pocket and cannot provide the interaction
contacts with TLR4 for the second TLR4-MD-2 com-
plex. Consequently, its binding fails to induce the forma-
tion of the TLR4-MD-2-LPS heterodimer and the associ-
ated downstream signal transduction (Kim et al., 2007).
Although acting as a potent LPS antagonist in vitro, Eri-
toran was recently discontinued in phase III clinical tri-
als because of the lack of statistically significant activity
when tested on a panel of 2000 septic patients (Peri &
Piazza, 2012).

(b) Drug development targeting to LBP, MD2 and CD14

Natural and synthetic LPS/TLR4 antagonists with struc-
tures unrelated to lipid A were developed in two ways:
fortuitous screening of dietary and phytochemicals that
already have other beneficial effects on humans and
rational design of molecules targeting the specific sites
of key receptors in the signalling pathway. Here we
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classify these compounds based on the targets of their
action.

The first class is LPS-binding compounds which mimic
cationic antimicrobial agents such as polymyxin B.
These compounds include synthetic acyl and sufon-
amido homospermines which are cationic amphiphiles
that bind to the anionic amphiphilic Kdo2-lipid A to
block TLR4 signalling. These compounds have been
shown to sequester LPS effectively with low effec-
tive dose (ED) values and inhibit the production of
antimicrobial nitric oxide in a murine model and
tumor necrosis factor alpha (TNF-𝛼) production in
human blood (Miller et al., 2005). Another class of syn-
thetic cationic amphiphiles that inhibit LPS-stimulated
TLR4 activation in a dose-dependent manner include
3,4-bis(tetradecyloxy)benzylamine and its derivatives
(Piazza et al., 2010). However, their effect was through
the competitive occupation of CD14, thereby reducing
the delivery of endotoxin to MD-2/TLR4 rather than
directly sequestering LPS (Piazza et al., 2010).

With knowledge of LPS recognition and transfer
at the extracellular surface of cells of the innate
immune system, as well as the X-ray structure of the
(TLR4-MD-2-LPS)2 complex (Park et al., 2009), small
molecule antagonists that target each of the com-
ponents in the pathway have been developed. The
first class include those that inhibit the interaction
of LPS with its binding protein LBP and CD14. Asai,
Hashimoto & Ogawa (2003) found that a heteroge-
neous glycoconjugate preparation from Treponema
spirochetes (Tm-Gp) displays an antagonistic effect on
TLR4 or TLR2-dependent pathways. The mechanism
of its action was to inhibit the interaction of LPS with
LBP and CD14. A series of synthetic glycosylamino- and
benzylammonium lipids were subsequently developed
and found to have antagonistic effect on TLR4 sig-
nalling through a similar mechanism of inhibiting the
interaction of LPS with LBP and CD14. Structural activ-
ity research revealed that the optimal activity of these
glycolipids requires the presence of a glucopyranose or
a phenyl ring linked to two C14 ether lipid chains and a
positively charged nitrogen atom (Peri & Piazza, 2012).

A very active target in the LPS/TLR4 pathway to
which a broad class of molecules can bind or react and
consequently inhibit the activation of TLR4 is MD-2,
the co-receptor of TLR4. MD-2 is indispensible for the
recognition and binding of LPS by the TLR4/MD-2
complex which specifically recognizes the lipid A
domain of LPS. Of the six E. coli lipid A acyl chains,
five are bound to MD-2 in its hydrophobic pocket
(Park et al., 2009). The hydrophobic ligand-binding
cavity of MD-2 has a large volume (1720 Å3) with an
internal surface lined with hydrophobic residues and
positively charged residues situated at the opening rims
of the pocket, responsible for the interaction with the
phosphate groups of the lipid A (Park et al., 2009).
Within the hydrophobic cavity, six cysteine residues

form disulfide bridges to help determine the shape of
the binding cavity and one free cysteine (Cys133) is
situated at a location in close vicinity with the bound
lipid A moiety. Both the hydrophobic pocket and
the Cys133 have been shown to be the effective tar-
get sites for TLR4 signalling antagonists and MD-2
has been proposed to be a more suitable therapeutic
target for pharmacological intervention than TLR4
(Mancek-Keber et al., 2009). Several dietary phyto-
chemicals have been shown to have anti-inflammatory
activities through their binding to the hydrophobic cav-
ity of MD-2 and consequently inhibit the LPS-mediated
TLR4 signalling pathway. Examples include curcumin,
a polyphenol compound enriched in the spice turmeric
used in diets and traditional medicine (Gradisar et al.,
2007), and xanthohumol (XN) (Peluso et al., 2010)
and 2′,4-dihydroxy-6′-isopentyloxychalcone (JSH) (Roh
et al., 2011), chalcone-type flavonoids found in hops
and beer. These dietary phytochemicals represent a
rich source of potential drugs owing to their reliable
safety record and have received increased attention in
recent years as novel anti-inflammatory drugs. Addi-
tionally, endogenously oxidized phosphatidylcholine,
1-palmitoyl-2-(5-keto-6-octenedioyl)-sn-glycero-3-phos
phocholine (KOdiA-PC), was found to have
anti-inflammatory activity by inhibiting the binding
of LPS to MD-2 (Kim et al., 2013a).

Another class of LPS/TLR4 antagonists targeting
MD-2 are thiol-reactive electrophiles which react with
the C133 in the hydrophobic ligand-binding cavity
of MD-2 and thus irreversibly inhibit the activation
of the TLR4-mediated signal. Dietary phytochemi-
cals bearing this property are especially promising
drug candidates. Examples include sulforaphane
[SFN, 1-isothiocyanato-4-(methylsulfinyl)-butane], an
organosulfur compound obtained from cruciferous veg-
etables such as broccoli or cabbages (Koo et al., 2013);
caffeic acid phenethyl ester (CAPE), the active phenolic
compound found in propolis (Kim et al., 2013b), as well
as the existing drugs JTT-705 and auranofin which has
already shown safety in clinical trials (Mancek-Keber
et al., 2009). Natural phytochemicals which can both
bind to the hydrophobic lipid A binding cavity of MD-2
and react with C133 represent future directions in
screening the novel and potent anti-septic shock and
anti-inflammatory drugs that specifically inhibit the
LPS/TLR4 pathway.

(3) Agonists of TLR4/LPS signalling: vaccine
adjuvants

Another class of immunopharmacological molecules
with activity based on the exploitation of TLR4/LPS
signalling are agonists of the system which can act
as vaccine adjuvants (Mata-Haro et al., 2007; Casella
& Mitchell, 2008; Kong et al., 2011; Bowen et al.,
2012). The first TLR4/LPS agonist developed as a
vaccine adjuvant is a non-toxic derivative of LPS known
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as monophosphoryl lipid A (MPLA) isolated from
Salmonella minnesota rough strain (Kong et al., 2011).
Alum-absorbed MPLA has been approved for use as an
adjuvant for hepatitis B virus (HBV) and human papil-
lomavirus (HPV) vaccines (Kundi, 2007; Didierlaurent
et al., 2009). It is known that LPS-stimulated TLR4 sig-
nalling leads to the activation of two major downstream
signal transduction pathways: the MyD88/TIRAP
pathway which results in the generation of various
pro-inflammatory cytokines and chemokines and
the TRAM/TRIF pathway which causes the produc-
tion of Type I interferons important for adjuvanticity
(Fig. 1). The vaccine adjuvant activity of MPLA is
belived to be associated with its selective activation
of TRIF-dependent signalling following its binding to
the TLR4/MD-2 complex, resulting in greatly reduced
toxicity while maintaining most of the beneficial
immunostimulatory activity of LPS (Mata-Haro et al.,
2007). Recent studies (Casella & Mitchell, 2013) sug-
gested that the agonist activity of MPLA is attributable to
its inefficient induction of TLR4/MD-2 heterotetramer-
ization owing to the lack of the 1-phosphate which
contributes to the dimerization of the two TLR4/MD-2
complexes in the diphosphorylated lipid A.

In addition to MPLA, two further classes of LPS
derivatives have been developed recently as poten-
tial adjuvants. These include CRX-547, a member of
the aminoalkyl glucosaminide 4-phosphate class of
synthetic monosaccharide lipid A mimetics (Bowen
et al., 2012) and deacylated lipooligosaccharide (dLOS)
which consists of a core oligosaccharide lacking the ter-
minal glucose residue, a glucosamine disaccharide with
two phosphate groups, and two N-linked acyl groups
(Han et al., 2014). Although structurally different, both
CRX-547 and dLOS act as a comparable or even more
potent activator of human monocytes and dentritic
cells with substantially reduced production of proin-
flammatory mediators associated with the MyD88 path-
way. Current studies focus on the structure–function
relationships of these agonisits and the development of
more potent vaccine adjuvants.

V. CONCLUSIONS

(1) Kdo2-lipid A is an essential component for the
survival of most Gram-negative bacteria.
(2) Kdo2-lipid A biosynthesis is catalysed by a series

of conserved enzymes located in both the cytoplasm
(LpxA, LpxC, LpxD, LpxH and LpxB) and cytoplas-
mic membrane (LpxK, KdtA, LpxL and LpxM) of
Gram-negative bacteria that are organized in the Raetz
pathway.
(3) Kdo2-lipid A molecules are synthesized in the cyto-

plasm and exported to the outer leaflet of the outer
membrane through a dedicated transport system, MsbA,
which transports the Kdo2-lipid A molecules through

the cytoplasmic membrane, and the Lpt system which
transports the lipid through the periplasmic space and
the outer membrane.
(4) A diverse range of Kdo2-lipid A modification

enzymes are present in various Gram-negative bacteria.
Modification is tightly regulated and often plays an
important role in the virulence and adaptation of these
bacteria.
(5) The biosynthesis, modification, and the immune

response pathways of Kdo2-lipid A provide multiple
emerging targets for immunopharmocological exploita-
tion.
(6) A series of hydroxamic acid compounds containing

a hydrophobic scaffold which inhibits the Kdo2-lipid A
biosynthetic enzyme LpxC with high potency are a class
of promising novel antibacterial compounds.
(7) A series of Kdo2-lipid A analogues and natural

phytochemicals which target the essential component
MD-2 in the host innate immune response pathway to
Kdo2-lipid A have the potential to be developed as novel
anti-inflammatory drugs.
(8) MPLA and other Kdo2-lipid A mimietics which

agonize TLR4/LPS signalling by selectively activating
the TRIF-dependent pathway are candidates for novel
vaccine adjuvants.

VI. ABBREVIATIONS

𝛼-l-Ara4N= 4-amino-4-deoxy-𝛼-l-arabinose
ABC= ATP binding cassette
ACP= acyl carrier protein

CAMP= cationic antimicrobial peptide
CD14= cluster of differentiation 14

COX-2= cyclooxygenase-2
cPLA2= cytosolic phospholipases A2

ESI/MS= Electrospray Ionisation Mass
Spectrometry

GalA= galacturonic acid
IFN= interferon
IKK= inhibitory 𝜅B kinase

IL-1𝛽 = interleukin-I𝛽
iNOS= inducible nitric oxide synthase

IRAK4= IL-1 receptor-associated kinase 4
IRF3= interferon regulatory factor 3
Kdh= Kdo hydrolase
Kdo= 3-deoxy-d-manno-octulosonic

acid
Kdo8N= 8-amino-3,8-dideoxy-

d-manno-octulosonic acid
LBP= LPS-binding protein
LPS= lipopolysaccharide
Lpt= LPS transport system

MAPK= mitogen-activated protein kinase
MD-2= myeloid differentiation protein 2

MPLA= monophosphoryl lipid A
MyD88= myeloid differentiation primary

response protein 88
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NF-𝜅B= nuclear factor
kappa-light-chain-enhancer of
activated B cells

OMP= outer membrane protein
PspA= pneumococcal surface protein A
sRNA= small RNA
TAK1= transforming growth

factor-𝛽-activated kinase 1
TIR= Toll-IL-1 receptor

TIRAP= TIR-domain-containing adaptor
protein

TLR4= Toll-like receptor 4
TNF-𝛼 = tumor necrosis factor alpha

TRAF6= TNF receptor-activated factor 6
TRAM= TRIF-related adaptor molecule

UDP-GlcNAc= UDP-N -acetylglucosamine
Und-P-𝛼-l-Ara4N= undecaprenyl

phosphate-𝛼-l-Ara4N

VII. ACKNOWLEDGEMENTS

Funding was provided by grants from the National
Key Basic Research Program of China (973 Program
2012CB725202), National Natural Science Foundation
of China (NSFC31170069), Hong Kong University
Grants Council General Research Fund (GRF) (HKU
783513M), and Hong Kong Research Fund for the
Control of Infectious Diseases (11100982). Mr Lai Yong
(School of Biological Sciences, The University of Hong
Kong) is thanked for his help in preparing the figures.

VIII. REFERENCES

Ahn, V. E., Lo, E. I., Engel, C. K., Chen, L., Hwang, P. M., Kay, L. E., Bishop,
R. E. & Prive, G. G. (2004). A hydrocarbon ruler measures palmitate in the
enzymatic acylation of endotoxin. The EMBO Journal 23, 2931–2941.

Akira, S., Uematsu, S. & Takeuchi, O. (2006). Pathogen recognition and
innate immunity. Cell 124, 783–801.

Ancuta, P., Pedron, T., Girard, R., Sandstrom, G. & Chaby, R. (1996). Inabil-
ity of the Francisella tularensis lipopolysaccharide to mimic or to antagonize
the induction of cell activation by endotoxins. Infection and Immunity 64,
2041–2046.

Aranda, C. M. A., Swanson, J. A., Loomis, W. P. & Miller, S. I. (1992).
Salmonella-Typhimurium activates virulence gene-transcription within acidified
macrophage phagosomes. Proceedings of the National Academy of Sciences of the
United States of America 89, 10079–10083.

Asai, Y., Hashimoto, M. & Ogawa, T. (2003). Treponemal glycoconju-
gate inhibits Toll-like receptor ligand-induced cell activation by blocking
LPS-binding protein and CD14 functions. European Journal of Immunology 33,
3196–3204.

Babinski, K. J., Kanjilal, S. J. & Raetz, C. R. H. (2002a). Accumulation of
the lipid A precursor UDP-2,3-diacylglucosamine in an Escherichia coli mutant
lacking the lpxH gene. The Journal of Biological Chemistry 277, 25947–25956.

Babinski, K. J., Ribeiro, A. A. & Raetz, C. R. H. (2002b). The Escherichia coli
gene encoding the UDP-2,3-diacylglucosamine pyrophosphatase of lipid A
biosynthesis. The Journal of Biological Chemistry 277, 25937–25946.

Bader, M. W., Navarre, W. W., Shiau, W., Nikaido, H., Frye, J. G., McClel-
land, M., Fang, F. C. & Miller, S. I. (2003). Regulation of Salmonella
typhimurium virulence gene expression by cationic antimicrobial peptides.
Molecular Microbiology 50, 219–230.

Bader, M. W., Sanowar, S., Daley, M. E., Schneider, A. R., Cho, U. S., Xu,
W. Q., Klevit, R. E., Le Moual, H. & Miller, S. (2005). Recognition of
antimicrobial peptides by a bacterial sensor kinase. Cell 122, 461–472.

Bainbridge, B. W., Karimi-Naser, L., Reife, R., Blethen, F., Ernst, R. K. &
Darveau, R. P. (2008). Acyl chain specificity of the acyltransferases lpxA and
lpxD and substrate availability contribute to lipid a fatty acid heterogeneity in
Porphyromonas gingivalis. Journal of Bacteriology 190, 4549–4558.

Barb, A. W., Jiang, L., Raetz, C. R. H. & Zhou, P. (2007a). Structure of
the deacetylase LpxC bound to the antibiotic CHIR-090: time-dependent
inhibition and specificity in ligand binding. Proceedings of the National Academy
of Sciences of the United States of America 104, 18433–18438.

Barb, A. W., McClerren, A. L., Snehelatha, K., Reynolds, C. M., Zhou, P.
& Raetz, C. R. H. (2007b). Inhibition of lipid A biosynthesis as the primary
mechanism of CHIR-090 antibiotic activity in Escherichia coli. Biochemistry 46,
3793–3802.

Bartling, C. M. & Raetz, C. R. H. (2009). Crystal structure and acyl chain selec-
tivity of Escherichia coli LpxD, the N-Acyltransferase of lipid A biosynthesis.
Biochemistry 48, 8672–8683.

Basu, S. S., Karbarz, M. J. & Raetz, C. R. H. (2002). Expression cloning and
characterization of the C28 acyltransferase of lipid A biosynthesis in Rhizobium
leguminosarum. Biological Chemistry 277, 28959–28971.

Belunis, C. J., Mdluli, K. E., Raetz, C. R. & Nano, F. E. (1992). A novel
3-deoxy-D-manno-octulosonic acid transferase from Chlamydia trachomatis
required for expression of the genus-specific epitope. The Journal of Biological
Chemistry 267, 18702–18707.

Bishop, R. E. (2008). Structural biology of membrane-intrinsic beta-barrel
enzymes: sentinels of the bacterial outer membrane. Biochimica et Biophysica
Acta 1778, 1881–1896.

Bos, M. P., Tefsen, B., Geurtsen, J. & Tommassen, J. (2004). Identification of
an outer membrane protein required for the transport of lipopolysaccharide
to the bacterial cell surface. Proceedings of the National Academy of Sciences of the
United States of America 101, 9417–9422.

Bowen, W. S., Minns, L. A., Johnson, D. A., Mitchell, T. C., Hutton, M. M. &
Evans, J. T. (2012). Selective TRIF-dependent signaling by a synthetic toll-like
receptor 4 agonist. Science Signaling 5, ra13.

Bowyer, A., Baardsnes, J., Ajamian, E., Zhang, L. H. & Cygler, M. (2011).
Characterization of interactions between LPS transport proteins of the Lpt
system. Biochemical and Biophysical Research Communications 404, 1093–1098.

Breazeale, S. D., Ribeiro, A. A., McClerren, A. L. & Raetz, R. H. (2005). A
formyltransferase required for polymyxin resistance in Escherichia coli and the
modification of lipid a with 4-amino-4-deoxy-L-arabinose – Identification and
function of UDP-4-deoxy-4-formamido-L-arabinose. The Journal of Biological
Chemistry 280, 14154–14167.

Breazeale, S. D., Ribeiro, A. A. & Raetz, C. R. H. (2003). Origin of lipid A
species modified with 4-amino-4-deoxy-L-arabinose in polymyxin-resistant
mutants of Escherichia coli – An aminotransferase (ArnB) that generates
UDP-4-amino-4-deoxy-L-arabinose. The Journal of Biological Chemisty 278,
24731–24739.

Brown, M. F., Reilly, U., Abramite, J. A., Arcari, J. T., Oliver, R., Barham,
R. A., Che, Y., Chen, J. M., Collantes, E. M., Chung, S. W., Desbonnet, C.,
Doty, J., Doroski, M., Engtrakul, J. J., Harris, T. M., Huband, M., Knafels,
J. D., Leach, K. L., Liu, S., Marfat, A., Marra, A., McElroy, E., Melnick, M.,
Menard, C. A., Montgomery, J. I., Mullins, L., Noe, M. C., O’Donnell, J.,
Penzien, J., Plummer, M. S., Price, L. M., Shanmugasundaram, V., Thoma,
C., Uccello, D. P., Warmus, J. S. & Wishka, D. G. (2012). Potent inhibitors
of LpxC for the treatment of Gram-negative infections. Journal of Medicinal
Chemistry 55, 914–923.

Brozek, K. A., Hosaka, K., Robertson, A. D. & Raetz, C. R. H. (1989). Biosyn-
thesis of lipopolysaccharide in Escherichia coli – Cytoplasmic enzymes that
attach 3-deoxy-D-manno-octulosonic acid to lipid-A. The Journal of Biological
Chemistry 264, 6956–6966.

Brozek, K. A. & Raetz, C. R. H. (1990). Biosynthesis of lipid-A in Escherichia
coli acyl carrier protein-dependent incorporation of laurate and myristate.
Biological Chemistry 265, 15410–15417.

Bryant, C. E., Spring, D. R., Gangloff, M. & Gay, N. J. (2010). The molecular
basis of the host response to lipopolysaccharide. Nature Reviews Microbiology 8,
8–14.

Buetow, L., Smith, T. K., Dawson, A., Fyffe, S. & Hunter, W. N. (2007).
Structure and reactivity of LpxD, the N-acyltransferase of lipid A biosynthesis.
Proceedings of the National Academy of Sciences of the United States of America 104,
4321–4326.

Cai, L. P., Li, Y. Y., Tao, G. J., Guo, W., Zhang, C. & Wang, X. Y. (2013).
Identification of three genes encoding for the late acyltransferases of lipid
A in Cronobacter sakazakii. Marine Drugs 11, 377–386.

Casella, C. R. & Mitchell, T. C. (2008). Putting endotoxin to work for us:
monophosphoryl lipid A as a safe and effective vaccine adjuvant. Cellular and
Molecular Life Sciences 65, 3231–3240.

Biological Reviews 90 (2015) 408–427 © 2014 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



424 X. Wang and others

Casella, C. R. & Mitchell, T. C. (2013). Inefficient TLR4/MD-2 heterote-
tramerization by monophosphoryl lipid A. PLoS One 8, e62622.

Chalabaev, S., Kim, T. H., Ross, R., Derian, A. & Kasper, D. L. (2010).
3-Deoxy-D-manno-octulosonic acid (Kdo) hydrolase identified in Francisella
tularensis, Helicobacter pylori, and Legionella pneumophila. The Journal of
Biological Chemistry 285, 34330–34336.

Chen, M. H., Steiner, M. G., de Laszlo, S. E., Patchett, A. A., Ander-
son, M. S., Hyland, S. A., Onishi, H. R., Silver, L. L. & Raetz, C. R.
(1999). Carbohydroxamido-oxazolidines: antibacterial agents that target lipid
A biosynthesis. Bioorganic & Medicinal Chemistry Letters 9, 313–318.

Chen, J. Z., Tao, G. J. & Wang, X. Y. (2011). Construction of an Escherichia
coli mutant producing monophosphoryl lipid A. Biotechnology Letters 33,
1013–1019.

Chimalakonda, G., Ruiz, N., Chng, S. S., Garner, R. A., Kahne, D. & Silhavy,
T. J. (2011). Lipoprotein LptE is required for the assembly of LptD by
the beta-barrel assembly machine in the outer membrane of Escherichia coli.
Proceedings of the National Academy of Sciences of the United States of America 108,
2492–2497.

Chng, S. S., Xue, M. Y., Garner, R. A., Kadokura, H., Boyd, D., Beckwith, J. &
Kahne, D. (2012). Disulfide rearrangement triggered by translocon assembly
controls lipopolysaccharide export. Science 337, 1665–1668.

Cho, U. S., Bader, M. W., Amaya, M. F., Daley, M. E., Klevit, R. E., Miller, S.
I. & Xu, W. Q. (2006). Metal bridges between the PhoQ sensor domain and
the membrane regulate transmembrane signaling. Journal of Molecular Biology
356, 1193–1206.

Clements, J. M., Coignard, F., Johnson, I., Chandler, S., Palan, S., Waller,
A., Wijkmans, J. & Hunter, M. G. (2002). Antibacterial activities and char-
acterization of novel inhibitors of LpxC. Antimicrobial Agents and Chemotherapy
46, 1793–1799.

Crowell, D. N., Anderson, M. S. & Raetz, C. R. H. (1986). Molecular cloning
of the genes for lipid A disaccharide synthase and Udp-N-acetylglucosamine
acyltransferase in Escherichia coli. Journal of Bacteriology 168, 152–159.

Crowell, D. N., Reznikoff, W. S. & Raetz, C. R. H. (1987). Nucleotide
sequence of the Escherichia coli fene for lipid A disaccharide synthase. Journal
of Bacteriology 169, 5727–5734.

Cullen, T. W., Madsen, J. A., Ivanov, P. L., Brodbelt, J. S. & Trent, M. S.
(2012). Characterization of unique modification of flagellar rod protein FlgG
by Campylobacter jejuni Lipid A phosphoethanolamine transferase, linking
bacterial locomotion and antimicrobial peptide resistance. The Journal of
Biological Chemistry 287, 3326–3336.

Didierlaurent, A. M., Morel, S., Lockman, L., Giannini, S. L., Bisteau, M.,
Carlsen, H., Kielland, A., Vosters, O., Vanderheyde, N., Schiavetti, F.,
Larocque, D., Van Mechelen, M. & Garcon, N. (2009). AS04, an aluminum
salt- and TLR4 agonist-based adjuvant system, induces a transient localized
innate immune response leading to enhanced adaptive immunity. The Journal
of Immunology 183, 6186–6197.

Doerrler, W. T., Gibbons, H. S. & Raetz, C. R. H. (2004). MsbA-dependent
translocation of lipids across the inner membrane of Escherichia coli. The
Journal of Biological Chemistry 279, 45102–45109.

Doerrler, W. T. & Raetz, C. R. H. (2002). ATPase activity of the MsbA lipid
flippase of Escherichia coli. The Journal of Biological Chemistry 277, 36697–36705.

Emptage, R. P., Daughtry, K. D., Pemble, C. W. & Raetz, C. R. H. (2012).
Crystal structure of LpxK, the 4′ -kinase of lipid A biosynthesis and atypical
P-loop kinase functioning at the membrane interface. Proceedings of the
National Academy of Sciences of the United States of America 109, 12956–12961.

Farizano, J. V., Pescaretti, M. D., Lopez, F. E., Hsu, F. F. & Delgado, M.
A. (2012). The PmrAB system-inducing conditions control both lipid A
remodeling and O-antigen length distribution, influencing the Salmonella
Typhimurium-host interactions. The Journal of Biological Chemistry 287,
38778–38789.

Freinkman, E., Chng, S. S. & Kahne, D. (2011). The complex that inserts
lipopolysaccharide into the bacterial outer membrane forms a two-protein
plug-and-barrel. Proceedings of the National Academy of Sciences of the United States
of America 108, 2486–2491.

Garrett, T. A., Kadrmas, J. L. & Raetz, C. R. H. (1997). Identification of the
gene encoding the Escherichia coli lipid a 4′-kinase – Facile phosphorylation of
endotoxin analogs with recombinant LpxK. The Journal of Biological Chemistry
272, 21855–21864.

Garrett, T. A., Que, N. L. S. & Raetz, C. R. H. (1998). Accumulation of a lipid
A precursor lacking the 4′ -phosphate following inactivation of the Escherichia
coli lpxK gene. The Journal of Biological Chemistry 273, 12457–12465.

Gattis, S. G., Chung, H. S., Trent, M. S. & Raetz, C. R. H. (2013). The
origin of 8-amino-3,8-dideoxy-D-manno-octulosonic acid (Kdo8N) in the
lipopolysaccharide of Shewanella oneidensis. The Journal of Biological Chemistry
288, 9216–9225.

Gibbons, H. S., Kalb, S. R., Cotter, R. J. & Raetz, C. R. H. (2005). Role of
Mg2+ and pH in the modification of Salmonella lipid A after endocytosis by
macrophage tumour cells. Molecular Microbiology 55, 425–440.

Gibbons, H. S., Lin, S., Cotter, R. J. & Raetz, C. R. H. (2000). Oxy-
gen requirement for the biosynthesis of the S-2-hydroxymyristate
moiety in Salmonella typhimurium lipid A – Function of LpxO, a new
Fe2+/alpha-ketoglutarate-dependent dioxygenase homologue. The Journal of
Biological Chemistry 275, 32940–32949.

Gibbons, H. S., Reynolds, C. M., Guan, Z. Q. & Raetz, C. R. H. (2008). An
inner membrane dioxygenase that generates the 2-hydroxymyristate moiety
of Salmonella lipid A. Biochemistry 47, 2814–2825.

Gooderham, W. J. & Hancock, R. E. W. (2009). Regulation of virulence and
antibiotic resistance by two-component regulatory systems in Pseudomonas
aeruginosa. FEMS Microbiology Reviews 33, 279–294.

Gradisar, H., Keber, M. M., Pristovsek, P. & Jerala, R. (2007). MD-2 as the
target of curcumin in the inhibition of response to LPS. Journal of Leukocyte
Biology 82, 968–974.

Groisman, E. A., Kayser, J. & Soncini, F. C. (1997). Regulation of polymyxin
resistance and adaptation to low-Mg2+ environments. Journal of Bacteriology
179, 7040–7045.

Gunn, J. S., Lim, K. B., Krueger, J., Kim, K., Guo, L., Hackett, M. & Miller, S.
I. (1998). PmrA-PmrB-regulated genes necessary for 4-aminoarabinose lipid A
modification and polymyxin resistance. Molecular Microbiology 27, 1171–1182.

Gunn, J. S., Ryan, S. S., Van Velkinburgh, J. C., Ernst, R. K. & Miller,
S. I. (2000). Genetic and functional analysis of a PmrA-PmrB-regulated
locus necessary for lipopolysaccharide modification, antimicrobial peptide
resistance, and oral virulence of Salmonella enterica serovar typhimurium.
Infection and Immunity 68, 6139–6146.

Guo, L., Lim, K. B., Gunn, J. S., Bainbridge, B., Darveau, R. P., Hackett,
M. & Miller, S. I. (1997). Regulation of lipid a modifications by Salmonella
typhimurium virulence genes phoP-phoQ. Science 276, 250–253.

Guo, L., Lim, K. B., Poduje, C. M., Daniel, M., Gunn, J. S., Hackett, M.
& Miller, S. I. (1998). Lipid A acylation and bacterial resistance against
vertebrate antimicrobial peptides. Cell 95, 189–198.

Haag, A. F., Wehmeier, S., Beck, S., Marlow, V. L., Fletcher, V., James, E.
K. & Ferguson, G. P. (2009). The Sinorhizobium meliloti LpxXL and AcpXL
proteins play important roles in bacteroid development within Alfalfa. Journal
of Bacteriology 191, 4681–4686.

Hajjar, A. M., Ernst, R. K., Fortuno, E. S., Brasfield, A. S., Yam, C. S.,
Newlon, L. A., Kollmann, T. R., Miller, S. I. & Wilson, C. B. (2012).
Humanized TLR4/MD-2 mice reveal LPS recognition differentially impacts
susceptibility to Yersinia pestis and Salmonella enterica. PLoS Pathogens 8,
e100296.

Han, Y. N., Li, Y., Chen, J. Z., Tan, Y. Z., Guan, F. & Wang, X. Y. (2013).
Construction of monophosphoryl lipid A producing Escherichia coli mutants
and comparison of immuno-stimulatory activities of their lipopolysaccharides.
Marine Drugs 11, 363–376.

Han, J. E., Wui, S. R., Kim, K. S., Cho, Y. J., Cho, W. J. & Lee, N. G. (2014).
Characterization of the structure and immunostimulatory activity of a vaccine
adjuvant, de-o-acylated lipooligosaccharide. PLoS One 9, e85838.

Hankins, J. V., Madsen, J. A., Giles, D. K., Brodbelt, J. S. & Trent, M. S.
(2012). Amino acid addition to Vibrio cholerae LPS establishes a link between
surface remodeling in Gram-positive and Gram-negative bacteria. Proceedings
of the National Academy of Sciences of the United States of America 109, 8722–8727.

Heath, R. J. & Rock, C. O. (1996). Roles of the FabA and FabZ
beta-hydroxyacyl-acyl carrier protein dehydratases in Escherichia coli fatty
acid biosynthesis. The Journal of Biological Chemistry 271, 27795–27801.

Hinckley, M. B., Reynolds, C. M., Ribeiro, A. A., McGrath, S. C., Cotter, R.
J., Lauw, F. N., Golenbock, D. T. & Raetz, C. R. H. (2005). A Leptospira inter-
rogans enzyme with similarity to yeast Ste14p that methylates the 1-phosphate
group of lipid A. The Journal of Biological Chemistry 280, 30214–30224.

Hwang, P. M., Bishop, R. E. & Kay, L. E. (2004). The integral membrane
enzyme PagP alternates between two dynamically distinct states. Proceedings
of the National Academy of Sciences of the United States of America 101, 9618–9623.

Isobe, T., White, K. A., Allen, A. G., Peacock, M., Raetz, C. R. &
Maskell, D. J. (1999). Bordetella pertussis waaA encodes a monofunctional
2-keto-3-deoxy-D-manno-octulosonic acid transferase that can complement
an Escherichia coli waaA mutation. Journal of Bacteriology 181, 2648–2651.

Kang, J. Y. & Lee, J. O. (2011). Structural biology of the Toll-like receptor family.
Annual Review of Biochemistry 80, 917–941.

Kanistanon, D., Powell, D. A., Hajjar, A. M., Pelletier, M. R., Cohen, I. E.,
Way, S. S., Skerrett, S. J., Wang, X. Y., Raetz, C. R. H. & Ernst, R. K. (2012).
Role of Francisella lipid A phosphate modification in virulence and long-Term
protective immune responses. Infection and Immunity 80, 943–951.

Kanjilal-Kolar, S., Basu, S. S., Kanipes, M. I., Guan, Z. Q., Garrett, T. A. &
Raetz, C. R. H. (2006). Expression cloning of three Rhizobium leguminosarum
lipopolysaccharide core galacturonosyltransferases. The Journal of Biological
Chemistry 281, 12865–12878.

Karbarz, M. J., Kalb, S. R., Cotter, R. J. & Raetz, C. R. H. (2003). Expression
cloning and biochemical characterization of a Rhizobium leguminosarum lipid
A 1-phosphatase. The Journal of Biological Chemistry 278, 39269–39279.

Biological Reviews 90 (2015) 408–427 © 2014 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Kdo2-lipid A 425

Karbarz, M. J., Six, D. A. & Raetz, C. R. H. (2009). Purification and charac-
terization of the lipid A 1-phosphatase LpxE of Rhizobium leguminosarum. The
Journal of Biological Chemistry 284, 414–425.

Kato, A., Chen, H. D., Latifi, T. & Groisman, E. A. (2012). Reciprocal control
between a bacterium’s regulatory system and the modification status of its
lipopolysaccharide. Molecular Cell 47, 897–908.

Kawasaki, K., Ernst, R. K. & Miller, S. I. (2004). 3-O-deacylation of lipid A by
PagL, a PhoP/PhoQ-regulated deacylase of Salmonella typhimurium, modulates
signaling through Toll-like receptor 4. The Journal of Biological Chemistry 279,
20044–20048.

Keogh, B. & Parker, A. E. (2011). Toll-like receptors as targets for immune
disorders. Trends in Pharmacological Sciences 32, 435–442.

Khan, M. A., Moktar, J., Mott, P. J., Vu, M., McKie, A. H., Pinter, T., Hof,
F. & Bishop, R. E. (2010). Inscribing the perimeter of the PagP hydrocarbon
ruler by site-specific chemical alkylation. Biochemistry 49, 9046–9057.

Kim, M. J., Choi, N. Y., Koo, J. E., Kim, S. Y., Joung, S. M., Jeong, E. & Lee,
J. Y. (2013a). Suppression of Toll-like receptor 4 activation by endogenous
oxidized phosphatidylcholine, KOdiA-PC by inhibiting LPS binding to MD2.
Inflammation Research 62, 571–580.

Kim, S. Y., Koo, J. E., Seo, Y. J., Tyagi, N., Jeong, E., Choi, J., Lim, K. M., Park,
Z. Y. & Lee, J. Y. (2013b). Suppression of Toll-like receptor 4 activation by
caffeic acid phenethyl ester is mediated by interference of LPS binding to
MD2. British Journal of Pharmacology 168, 1933–1945.

Kim, H. M., Park, B. S., Kim, J. I., Kim, S. E., Lee, J., Oh, S. C., Enkhbayar, P.,
Matsushima, N., Lee, H., Yoo, O. J. & Lee, J. O. (2007). Crystal structure of
the TLR4-MD-2 complex with bound endotoxin antagonist Eritoran. Cell 130,
906–917.

Klein, G., Lindner, B., Brabetz, W., Brade, H. & Raina, S. (2009). Escherichia
coli K-12 Suppressor-free Mutants Lacking Early Glycosyltransferases and
Late Acyltransferases minimal lipopolysaccharide structure and induction of
envelope stress response. The Journal of Biological Chemistry 284, 15369–15389.

Kong, Q. K., Six, D. A., Liu, Q., Gu, L. L., Wang, S. F., Alamuri, P., Raetz,
C. R. H. & Curtiss, R. (2012). Phosphate groups of Lipid A are essential
for Salmonella enterica Serovar Typhimurium virulence and affect innate and
adaptive immunity. Infection and Immunity 80, 3215–3224.

Kong, Q. K., Six, D. A., Roland, K. L., Liu, Q., Gu, L., Reynolds, C. M.,
Wang, X. Y., Raetz, C. R. H. & Curtiss, R. (2011). Salmonella synthesizing
1-monophosphorylated lipopolysaccharide exhibits low endotoxic activity
while retaining its immunogenicity. The Journal of Immunology 187, 412–423.

Koo, J. E., Park, Z. Y., Kim, N. D. & Lee, J. Y. (2013). Sulforaphane inhibits
the engagement of LPS with TLR4/MD2 complex by preferential binding
to Cys133 in MD2. Biochemical and Biophysical Research Communications 434,
600–605.

Kox, L. F. F., Wosten, M. M. S. M. & Groisman, E. A. (2000). A small protein that
mediates the activation of a two-component system by another two-component
system. The EMBO Journal 19, 1861–1872.

Kresge, N., Simoni, R. D. & Hill, R. L. (2011). The lipid A assembly pathway:
the work of Christian Raetz. The Journal of Biological Chemistry 286, E6–E8.

Kundi, M. (2007). New hepatitis B vaccine formulated with an improved
adjuvant system. Expert Review of Vaccines 6, 133–140.

Lee, H., Hsu, F. F., Turk, J. & Groisman, E. A. (2003). The PmrA-regulated
pmrC gene mediates phosphoethanolamine modification of lipid A and
polymyxin resistance in Salmonella enterica. Journal of Bacteriology 186,
4124–4133.

Lee, S. H., Lee, C. R., Lee, J. H. & Jeong, B. C. (2013). Lipid a biosynthesis
of multidrug-resistant pathogens – a novel drug target. Current Pharmaceutical
Design 19, 6534–6550.

Lee, C. J., Liang, X., Chen, X., Zeng, D., Joo, S. H., Chung, H. S., Barb, A. W.,
Swanson, S. M., Nicholas, R. A., Li, Y., Toone, E. J., Raetz, C. R. & Zhou,
P. (2011). Species-specific and inhibitor-dependent conformations of LpxC:
implications for antibiotic design. Chemistry & Biology 18, 38–47.

Li, Y. Y., Powell, D. A., Shaffer, S. A., Rasko, D. A., Pelletier, M. R., Leszyk,
J. D., Scott, A. J., Masoudi, A., Goodlett, D. R., Wang, X. Y., Raetz, C.
R. H. & Ernst, R. K. (2012). LPS remodeling is an evolved survival strategy
for bacteria. Proceedings of the National Academy of Sciences of the United States of
America 109, 8716–8721.

Liang, X., Lee, C. J., Chen, X., Chung, H. S., Zeng, D., Raetz, C. R., Li, Y.,
Zhou, P. & Toone, E. J. (2011). Syntheses, structures and antibiotic activities
of LpxC inhibitors based on the diacetylene scaffold. Bioorganic & Medicinal
Chemistry 19, 852–860.

Loppenberg, M., Muller, H., Pulina, C., Oddo, A., Teese, M., Jose, J. &
Holl, R. (2013). Synthesis and biological evaluation of flexible and confor-
mationally constrained LpxC inhibitors. Organic & Biomolecular Chemistry 11,
6056–6070.

Loppnow, H., Brade, H., Durrbaum, I., Dinarello, C. A., Kusumoto,
S., Rietschel, E. T. & Flad, H. D. (1989). Il-1 induction-capacity of
defined lipopolysaccharide partial structures. The Journal of Immunology 142,
3229–3238.

Ma, B., Reynolds, C. M. & Raetz, C. R. H. (2008). Periplasmic orientation of
nascent lipid A in the inner membrane of an Escherichia coli LptA mutant.
Proceedings of the National Academy of Sciences 105, 13823–13828.

Mancek-Keber, M., Gradisar, H., Pestana, M. I., de Tejada, G. M. & Jerala,
R. (2009). Free thiol group of MD-2 as the target for inhibition of the
lipopolysaccharide-induced cell activation. The Journal of Biological Chemistry
284, 19493–19500.

March, C., Cano, V., Moranta, D., Llobet, E., Perez-Gutierrez, C., Tomas, J.
M., Suarez, T., Garmendia, J. & Bengoechea, J. A. (2013). Role of bacterial
surface structures on the interaction of Klebsiella pneumoniae with phagocytes.
PLoS One 8, e56847.

Martin-Orozco, N., Touret, N., Zaharik, M. L., Park, E., Kopelman, R.,
Miller, S., Finlay, B. B., Gros, P. & Grinstein, S. (2006). Visualization
of vacuolar acidification-induced transcription of genes of pathogens inside
macrophages. Molecular Biology of the Cell 17, 498–510.

Mata-Haro, V., Cekic, C., Martin, M., Chilton, P. M., Casella, C. R. &
Mitchell, T. C. (2007). The vaccine adjuvant monophosphoryl lipid A as
a TRIF-biased agonist of TLR4. Science 316, 1628–1632.

Matsuguchi, T. (2012). Mast cells as critical effectors of host immune defense
against Gram-negative bacteria. Current Medicinal Chemistry 19, 1432–1442.

McClerren, A. L., Endsley, S., Bowman, J. L., Andersen, N. H., Guan,
Z., Rudolph, J. & Raetz, C. R. (2005). A slow, tight-binding inhibitor of
the zinc-dependent deacetylase LpxC of lipid A biosynthesis with antibiotic
activity comparable to ciprofloxacin. Biochemistry 44, 16574–16583.

Mdluli, K. E., Witte, P. R., Kline, T., Barb, A. W., Erwin, A. L., Mansfield, B.
E., McClerren, A. L., Pirrung, M. C., Tumey, L. N., Warrener, P., Raetz,
C. R. & Stover, C. K. (2006). Molecular validation of LpxC as an antibacterial
drug target in Pseudomonas aeruginosa. Antimicrobial Agents and Chemotherapy 50,
2178–2184.

Meredith, T. C., Aggarwal, P., Mamal, U., Lindner, B. & Woodard, R. W.
(2006). Redefining the requisite lipopolysaccharide structure in Escherichia
coli. ACS Chemical Biology 1, 33–42.

Metzger, L. E., Lee, J. K., Finer-Moore, J. S., Raetz, C. R. H. & Stroud, R. M.
(2012). LpxI structures reveal how a lipid A precursor is synthesized. Nature
Structural & Molecular Biology 19, 1132–1138.

Metzger, L. E. & Raetz, C. R. H. (2010). An alternative route for
UDP-diacylglucosamine hydrolysis in bacterial lipid A biosynthesis. Bio-
chemistry 49, 6715–6726.

Miller, K. A., Kumar, E. V. K. S., Wood, S. J., Cromer, J. R., Datta, A. & David,
S. A. (2005). Lipopolysaccharide sequestrants: structural correlates of activity
and toxicity in novel acylhomospermines. Journal of Medicinal Chemistry 48,
2589–2599.

Mohan, S., Kelly, T. M., Eveland, S. S., Raetz, C. R. H. & Anderson, M. S.
(1994). An Escherichia coli gene (FabZ) encoding (3R)-hydroxymyristoyl acyl
carrier protein dehydrase. Relation to fabA and suppression of mutations in
lipid A biosynthesis. The Journal of Biological Chemistry 269, 32896–32903.

Montminy, S. W., Khan, N., McGrath, S., Walkowicz, M. J., Sharp, F.,
Conlon, J. E., Fukase, K., Kusumoto, S., Sweet, C., Miyake, K., Akira,
S., Cotter, R. J., Goguen, J. D. & Lien, E. (2006). Virulence factors of
Yersinia pestis are overcome by a strong lipopolysaccharide response. Nature
Immunology 7, 1066–1073.

Moon, K., Six, D. A., Lee, H. J., Raetz, C. R. H. & Gottesman, S. (2013).
Complex transcriptional and post-transcriptional regulation of an enzyme for
lipopolysaccharide modification. Molecular Microbiology 89, 52–64.

Ogawa, T., Suda, Y., Kashihara, W., Hayashi, T., Shimoyama, T., Kusumoto, S.
& Tamura, T. (1997). Immunobiological activities of chemically defined lipid
a from Helicobacter pylori LPS in comparison with Porphyromonas gingivalis
lipid A and Escherichia coli-type synthetic lipid A (compound 506). Vaccine
15, 1598–1605.

Ohto, U., Fukase, K., Miyake, K. & Shimizu, T. (2012). Structural basis of
species-specific endotoxin sensing by innate immune receptor TLR4/MD-2.
Proceedings of the National Academy of Sciences of the United States of America 109,
7421–7426.

Okan, N. A., Chalabaev, S., Kim, T. H., Fink, A., Ross, R. A. & Kasper, D.
L. (2013). Kdo hydrolase is required for Francisella tularensis virulence and
evasion of TLR2-mediated innate immunity. MBio 4, e00638–12.

Onishi, H. R., Pelak, B. A., Gerckens, L. S., Silver, L. L., Kahan, F. M., Chen,
M. H., Patchett, A. A., Galloway, S. M., Hyland, S. A., Anderson, M. S.
& Raetz, C. R. (1996). Antibacterial agents that inhibit lipid A biosynthesis.
Science 274, 980–982.

Opiyo, S. O., Pardy, R. L., Moriyama, H. & Moriyama, E. N. (2010). Evolution
of the Kdo2-lipid A biosynthesis in bacteria. BMC Evolutionary Biology 10, 362.

Park, B. S., Song, D. H., Kim, H. M., Choi, B. S., Lee, H. & Lee, J. O. (2009). The
structural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex.
Nature 458, 1191–1195.

Parrillo, J. E. (1993). Pathogenetic mechanisms of septic shock. The New
England Journal of Medicine 328, 1471–1477.

Biological Reviews 90 (2015) 408–427 © 2014 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



426 X. Wang and others

Peluso, M. R., Miranda, C. L., Hobbs, D. J., Proteau, R. R. & Stevens, J. F.
(2010). Xanthohumol and related prenylated flavonoids inhibit inflammatory
cytokine production in LPS-activated THP-1 monocytes: structure-activity
relationships and in silico binding to myeloid differentiation protein-2
(MD-2). Planta Medica 76, 1536–1543.

Peri, F. & Piazza, M. (2012). Therapeutic targeting of innate immunity with
Toll-like receptor 4 (TLR4) antagonists. Biotechnology Advances 30, 251–260.

Persing, D. H., Coler, R. N., Lacy, M. J., Johnson, D. A., Baldridge, J. R.,
Hershberg, R. M. & Reed, S. G. (2002). Taking toll: lipid A mimetics as
adjuvants and immunomodulators. Trends in Microbiology 10, S32–S37.

Piazza, M., Calabrese, V., Baruffa, C., Gioannini, T., Weiss, J. & Peri, F.
(2010). The cationic amphiphile 3,4-bis(tetradecyloxy)benzylamine inhibits
LPS signaling by competing with endotoxin for CD14 binding. Biochemical
Pharmacology 80, 2050–2056.

Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Van Huffel, C., Du, X.,
Birdwell, D., Alejos, E., Silva, M., Galanos, C., Freudenberg, M.,
Ricciardi-Castagnoli, P., Layton, B. & Beutler, B. (1998). Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Sci-
ence 282, 2085–2088.

Que, N. L., Ribeiro, A. A. & Raetz, C. R. (2000). Two-dimensional NMR
spectroscopy and structures of six lipid A species from Rhizobium etli CE3.
Detection of an acyloxyacyl residue in each component and origin of the
aminogluconate moiety. The Journal of Biological Chemistry 275, 28017–28027.

Que-Gewirth, N. L., Karbarz, M. J., Kalb, S. R., Cotter, R. J. & Raetz,
C. R. (2003). Origin of the 2-amino-2-deoxy-gluconate unit in Rhizobium
leguminosarum lipid A. Expression cloning of the outer membrane oxidase
LpxQ. The Journal of Biological Chemistry 278, 12120–12129.

Raetz, C. R., Garrett, T. A., Reynolds, C. M., Shaw, W. A., Moore, J. D.,
Smith, D. C. Jr., Ribeiro, A. A., Murphy, R. C., Ulevitch, R. J., Fearns,
C., Reichart, D., Glass, C. K., Benner, C., Subramaniam, S., Harkewicz,
R., Bowers-Gentry, R. C., Buczynski, M. W., Cooper, J. A., Deems, R.
A. & Dennis, E. A. (2006). Kdo2-Lipid A of Escherichia coli, a defined
endotoxin that activates macrophages via TLR-4. The Journal of Lipid Research
47, 1097–1111.

Raetz, C. R., Reynolds, C. M., Trent, M. S. & Bishop, R. E. (2007). Lipid A
modification systems in Gram-negative bacteria. Annual Review of Biochemistry
76, 295–329.

Raetz, C. R. & Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annual
Review of Biochemistry 71, 635–700.

Ramelot, T. A., Rossi, P., Forouhar, F., Lee, H. W., Yang, Y., Ni, S., Unser, S.,
Lew, S., Seetharaman, J., Xiao, R., Acton, T. B., Everett, J. K., Prestegard,
J. H., Hunt, J. F., Montelione, G. T. & Kennedy, M. A. (2012). Structure
of a specialized acyl carrier protein essential for lipid A biosynthesis with
very long-chain fatty acids in open and closed conformations. Biochemistry 51,
7239–7249.

Reines, M., Llobet, E., Dahlstrom, K. M., Perez-Gutierrez, C., Llompart,
C. M., Torrecabota, N., Salminen, T. A. & Bengoechea, J. A. (2012).
Deciphering the acylation pattern of Yersinia enterocolitica lipid A. PLoS
Pathogens 8, e1002978.

Reynolds, C. M., Kalb, S. R., Cotter, R. J. & Raetz, C. R. (2005). A phospho-
ethanolamine transferase specific for the outer 3-deoxy-D-manno-octulosonic
acid residue of Escherichia coli lipopolysaccharide. Identification of the eptB
gene and Ca2+ hypersensitivity of an eptB deletion mutant. The Journal of Bio-
logical Chemistry 280, 21202–21211.

Reynolds, C. M. & Raetz, C. R. (2009). Replacement of lipopolysaccharide
with free lipid A molecules in Escherichia coli mutants lacking all core sugars.
Biochemistry 48, 9627–9640.

Reynolds, C. M., Ribeiro, A. A., McGrath, S. C., Cotter, R. J., Raetz, C. R.
& Trent, M. S. (2006). An outer membrane enzyme encoded by Salmonella
typhimurium lpxR that removes the 3’-acyloxyacyl moiety of lipid A. The Journal
of Biological Chemistry 281, 21974–21987.

Rietschel, E. T., Kirikae, T., Schade, F. U., Mamat, U., Schmidt, G., Loppnow,
H., Ulmer, A. J., Zahringer, U., Seydel, U., Di Padova, F., Schreier, M. &
Brade, H. (1994). Bacterial endotoxin: molecular relationships of structure
to activity and function. The FASEB Journal 8, 217–225.

Roh, E., Lee, H. S., Kwak, J. A., Hong, J. T., Nam, S. Y., Jung, S. H., Lee, J. Y., Kim,
N. D., Han, S. B. & Kim, Y. (2011). MD-2 as the target of nonlipid chalcone in
the inhibition of endotoxin LPS-induced TLR4 activity. The Journal of Infectious
Diseases 203, 1012–1020.

Roland, K. L., Martin, L. E., Esther, C. R. & Spitznagel, J. K. (1993).
Spontaneous pmrA mutants of Salmonella typhimurium LT2 define a new
two-component regulatory system with a possible role in virulence. Journal of
Bacteriology 175, 4154–4164.

Ruiz, N., Gronenberg, L. S., Kahne, D. & Silhavy, T. J. (2008). Identification
of two inner-membrane proteins required for the transport of lipopolysac-
charide to the outer membrane of Escherichia coli. Proceedings of the National
Academy of Sciences of the United States of America 105, 5537–5542.

Rutten, L., Geurtsen, J., Lambert, W., Smolenaers, J. J., Bonvin, A. M., de
Haan, A., van der Ley, P., Egmond, M. R., Gros, P. & Tommassen, J. (2006).
Crystal structure and catalytic mechanism of the LPS 3-O-deacylase PagL from
Pseudomonas aeruginosa. Proceedings of the National Academy of Sciences of the United
States of America 103, 7071–7076.

Rutten, L., Mannie, J. P., Stead, C. M., Raetz, C. R., Reynolds, C. M., Bonvin,
A. M., Tommassen, J. P., Egmond, M. R., Trent, M. S. & Gros, P. (2009).
Active-site architecture and catalytic mechanism of the lipid A deacylase LpxR
of Salmonella typhimurium. Proceedings of the National Academy of Sciences of the
United States of America 106, 1960–1964.

Sandstrom, G., Sjostedt, A., Johansson, T., Kuoppa, K. & Williams, J. C.
(1992). Immunogenicity and toxicity of lipopolysaccharide from Francisella
tularensis LVS. FEMS Immunology & Medical Microbiology 5, 201–210.

Schmidt, H., Hansen, G., Singh, S., Hanuszkiewicz, A., Lindner, B., Fukase,
K., Woodard, R. W., Holst, O., Hilgenfeld, R., Mamat, U. & Mesters, J.
R. (2012). Structural and mechanistic analysis of the membrane-embedded
glycosyltransferase WaaA required for lipopolysaccharide synthesis. Proceedings
of the National Academy of Sciences of the United States of America 109, 6253–6258.

Shaffer, S. A., Harvey, M. D., Goodlett, D. R. & Ernst, R. K. (2007). Struc-
tural heterogeneity and environmentally regulated remodeling of Francisella
tularensis subspecies novicida lipid A characterized by tandem mass spectrom-
etry. Journal of the American Society for Mass Spectrometry 18, 1080–1092.

Shah, N. R., Albitar-Nehme, S., Kim, E., Marr, N., Novikov, A., Caroff, M. &
Fernandez, R. C. (2013). Minor modifications to the phosphate groups and
the C3’ acyl chain length of lipid A in two Bordetella pertussis strains, BP338
and 18-323, independently affect Toll-like receptor 4 protein activation. The
Journal of Biological Chemistry 288, 11751–11760.

Soncini, F. C., Garcia Vescovi, E., Solomon, F. & Groisman, E. A. (1996).
Molecular basis of the magnesium deprivation response in Salmonella
typhimurium: identification of PhoP-regulated genes. Journal of Bacteriology
178, 5092–5099.

Song, F., Guan, Z. & Raetz, C. R. (2009). Biosynthesis of undecaprenyl
phosphate-galactosamine and undecaprenyl phosphate-glucose in Francisella
novicida. Biochemistry 48, 1173–1182.

Sperandeo, P., Cescutti, R., Villa, R., Di Benedetto, C., Candia, D., Deho,
G. & Polissi, A. (2007). Characterization of lptA and lptB, two essential
genes implicated in lipopolysaccharide transport to the outer membrane of
Escherichia coli. Journal of Bacteriology 189, 244–253.

Sperandeo, P., Lau, F. K., Carpentieri, A., De Castro, C., Molinaro, A.,
Deho, G., Silhavy, T. J. & Polissi, A. (2008). Functional analysis of the
protein machinery required for transport of lipopolysaccharide to the outer
membrane of Escherichia coli. Journal of Bacteriology 190, 4460–4469.

Sperandeo, P., Villa, R., Martorana, A. M., Samalikova, M., Grandori, R.,
Deho, G. & Polissi, A. (2011). New insights into the Lpt machinery for
lipopolysaccharide transport to the cell surface: LptA-LptC interaction and
LptA stability as sensors of a properly assembled transenvelope complex.
Journal of Bacteriology 193, 1042–1053.

Stead, C. M., Zhao, J., Raetz, C. R. & Trent, M. S. (2010). Removal of the outer
Kdo from Helicobacter pylori lipopolysaccharide and its impact on the bacterial
surface. Molecular Microbiology 78, 837–852.

Steeghs, L., den Hartog, R., den Boer, A., Zomer, B., Roholl, P. & van der
Ley, P. (1998). Meningitis bacterium is viable without endotoxin. Nature 392,
449–450.

Steeghs, L., Jennings, M. P., Poolman, J. T. & van der Ley, P. (1997). Isolation
and characterization of the Neisseria meningitidis lpxD-fabZ-lpxA gene cluster
involved in lipid A biosynthesis. Gene 190, 263–270.

Suda, Y., Kim, Y. M., Ogawa, T., Yasui, N., Hasegawa, Y., Kashihara, W.,
Shimoyama, T., Aoyama, K., Nagata, K., Tamura, T. & Kusumoto, S. (2001).
Chemical structure and biological activity of a lipid A component from
Helicobacter pylori strain 206. Journal of Endotoxin Research 7, 95–104.

Touze, T., Tran, A. X., Hankins, J. V., Mengin-Lecreulx, D. & Trent, M. S.
(2008). Periplasmic phosphorylation of lipid A is linked to the synthesis of
undecaprenyl phosphate. Molecular Microbiology 67, 264–277.

Tran, A. X., Karbarz, M. J., Wang, X., Raetz, C. R., McGrath, S. C., Cotter,
R. J. & Trent, M. S. (2004). Periplasmic cleavage and modification of
the 1-phosphate group of Helicobacter pylori lipid A. The Journal of Biological
Chemistry 279, 55780–55791.

Trent, M. S., Ribeiro, A. A., Doerrler, W. T., Lin, S., Cotter, R. J. &
Raetz, C. R. (2001a). Accumulation of a polyisoprene-linked amino sugar
in polymyxin-resistant Salmonella typhimurium and Escherichia coli: structural
characterization and transfer to lipid A in the periplasm. The Journal of
Biological Chemistry 276, 43132–43144.

Trent, M. S., Ribeiro, A. A., Lin, S., Cotter, R. J. & Raetz, C. R. (2001b).
An inner membrane enzyme in Salmonella and Escherichia coli that transfers
4-amino-4-deoxy-L-arabinose to lipid A: induction on polymyxin-resistant
mutants and role of a novel lipid-linked donor. The Journal of Biological
Chemistry 276, 43122–43131.

Biological Reviews 90 (2015) 408–427 © 2014 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Kdo2-lipid A 427

Trent, M. S., Stead, C. M., Tran, A. X. & Hankins, J. V. (2006). Diversity of
endotoxin and its impact on pathogenesis. Journal of Endotoxin Research 12,
205–223.

Triantafilou, M. & Triantafilou, K. (2002). Lipopolysaccharide recognition:
CD14, TLRs and the LPS-activation cluster. Trends in Immunology 23, 301–304.

Vescovi, E. G., Soncini, F. C. & Groisman, E. A. (1996). Mg2+ as an extracellular
signal: environmental regulation of Salmonella virulence. Cell 84, 165–174.

Vorachek-Warren, M. K., Carty, S. M., Lin, S., Cotter, R. J. & Raetz,
C. R. (2002). An Escherichia coli mutant lacking the cold shock-induced
palmitoleoyltransferase of lipid A biosynthesis: absence of unsaturated acyl
chains and antibiotic hypersensitivity at 12 degrees C. The Journal of Biological
Chemistry 277, 14186–14193.

Wang, X., Karbarz, M. J., McGrath, S. C., Cotter, R. J. & Raetz, C. R.
(2004). MsbA transporter-dependent lipid A 1-dephosphorylation on the
periplasmic surface of the inner membrane: topography of Francisella novicida
LpxE expressed in Escherichia coli. The Journal of Biological Chemistry 279,
49470–49478.

Wang, X., Ribeiro, A. A., Guan, Z., Abraham, S. N. & Raetz, C. R.
(2007). Attenuated virulence of a Francisella mutant lacking the lipid A
4′-phosphatase. Proceedings of the National Academy of Sciences of the United States
of America 104, 4136–4141.

Wang, X., Ribeiro, A. A., Guan, Z., McGrath, S. C., Cotter, R. J. & Raetz, C.
R. (2006). Structure and biosynthesis of free lipid A molecules that replace
lipopolysaccharide in Francisella tularensis subsp. novicida. Biochemistry 45,
14427–14440.

Wang, X., Ribeiro, A. A., Guan, Z. & Raetz, C. R. (2009). Identification of
undecaprenyl phosphate-beta-D-galactosamine in Francisella novicida and its
function in lipid A modification. Biochemistry 48, 1162–1172.

Wang, X. & Quinn, P. J. (2010a). Endotoxins: lipopolysaccharides of
Gram-negative bacteria. Subcellular Biochemistry 53, 3–25.

Wang, X. & Quinn, P. J. (2010b). Lipopolysaccharide: biosynthetic pathway and
structure modification. Progress in Lipid Research 49, 97–107.

Wang, X., Zhang, C., Shi, F. & Hu, X. (2010). Purification and characterization
of lipopolysaccharides. Subcellular Biochemistry 53, 27–51.

Ward, A. B., Guvench, O. & Hills, R. D. (2012). Coarse grain lipid-protein
molecular interactions and diffusion with MsbA flippase. Proteins: Structure,
Function, and Bioinformatics 80, 2178–2190.

Ward, A., Reyes, C. L., Yu, J., Roth, C. B. & Chang, G. (2007). Flexibility in
the ABC transporter MsbA: alternating access with a twist. Proceedings of the
National Academy of Sciences of the United States of America 104, 19005–19010.

White, K. A., Lin, S., Cotter, R. J. & Raetz, C. R. (1999). A Haemophilus influen-
zae gene that encodes a membrane bound 3-deoxy-D-manno-octulosonic acid
(Kdo) kinase. Possible involvement of kdo phosphorylation in bacterial viru-
lence. The Journal of Biological Chemistry 274, 31391–31400.

Wilkinson, S. G. (1996). Bacterial lipopolysaccharides--themes and variations.
Progress in Lipid Research 35, 283–343.

Williams, A. H. & Raetz, C. R. (2007). Structural basis for the acyl chain
selectivity and mechanism of UDP-N-acetylglucosamine acyltransferase. Pro-
ceedings of the National Academy of Sciences of the United States of America 104,
13543–13550.

Winfield, M. D. & Groisman, E. A. (2004). Phenotypic differences between
Salmonella and Escherichia coli resulting from the disparate regulation of
homologous genes. Proceedings of the National Academy of Sciences of the United
States of America 101, 17162–17167.

Wosten, M. M., Kox, L. F., Chamnongpol, S., Soncini, F. C. & Groisman, E. A.
(2000). A signal transduction system that responds to extracellular iron. Cell
103, 113–125.

Wu, T., McCandlish, A. C., Gronenberg, L. S., Chng, S. S., Silhavy, T. J.
& Kahne, D. (2006). Identification of a protein complex that assembles
lipopolysaccharide in the outer membrane of Escherichia coli. Proceedings of the
National Academy of Sciences of the United States of America 103, 11754–11759.

Yamamoto, M., Sato, S., Hemmi, H., Sanjo, H., Uematsu, S., Kaisho, T.,
Hoshino, K., Takeuchi, O., Kobayashi, M., Fujita, T., Takeda, K. & Akira, S.
(2002). Essential role for TIRAP in activation of the signalling cascade shared
by TLR2 and TLR4. Nature 420, 324–329.

Yan, A., Guan, Z. & Raetz, C. R. (2007). An undecaprenyl
phosphate-aminoarabinose flippase required for polymyxin resistance
in Escherichia coli. The Journal of Biological Chemistry 282, 36077–36089.

Zhang, C., Li, Y., Tao, G., Li, Y. & Wang, X. (2010). Characterization of lipid A
Cronobacter sakazakii. European Journal of Mass Spectrometry 16, 531–538.

Zhang, J., Zhang, L., Li, X. & Xu, W. (2012). UDP-3-O-(R-3-hydroxymyristoyl)-
N-acetylglucosamine deacetylase (LpxC) inhibitors: a new class of antibacte-
rial agents. Current Medicinal Chemistry 19, 2038–2050.

Zhao, J. & Raetz, C. R. (2010). A two-component Kdo hydrolase in the inner
membrane of Francisella novicida. Molecular Microbiology 78, 820–836.

Zheng, X., Zheng, W., Liu, S., Patel, H. M., Xia, X., Ouyang, H., Levitt, R. C.,
Candiotti, K. A. & Hao, S. (2012). Crosstalk between JNK and NF-kappaB
in the KDO2-mediated production of TNFalpha in HAPI cells. Cellular and
Molecular Neurobiology 32, 1375–1383.

Zhou, Z., Ribeiro, A. A., Lin, S., Cotter, R. J., Miller, S. I. & Raetz, C. R.
(2001). Lipid A modifications in polymyxin-resistant Salmonella typhimurium:
PMRA-dependent 4-amino-4-deoxy-L-arabinose, and phosphoethanolamine
incorporation. The Journal of Biological Chemistry 276, 43111–43121.

(Received 10 November 2013; revised 10 April 2014; accepted 17 April 2014; published online 16 May 2014)

Biological Reviews 90 (2015) 408–427 © 2014 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


