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Abstract. Lipopolysaccharide (LPS), a major compo-
nent of the outer membrane of Gram-negative bacteria,
can be beneficial to the host by activating the innate 
immune system, or harmful, by inducing inflammation,
disseminated intravascular coagulation, multiple organ
failure, shock and often death. On the bacteria, and in host 
biological fluids and cells, LPS is never free but constantly
attached to cognate-binding proteins. Understanding how
LPS is transported and further recognized by sensors able
to deliver a signal, or by inactivating molecules able to
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neutralize its biological effects, is an important goal. This
review describes the large panel of peptides and proteins
reported to associate with LPS, and provides information
on their origin, their structure and the location of amino
acid residues involved in their interaction with LPS. A bet-
ter understanding of the mode of recognition of LPS by
cognate proteins prompted many laboratories to design on
a rational basis synthetic molecules which can be used to
detect low amounts of endotoxin, or to act as efficient
blockers of in vitro and in vivo responses to LPS.
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Introduction

Lipopolysaccharides (LPSs) are amphiphilic molecules
present on the outer leaflet of Gram-negative bacteria. De-
spite a great compositional variation depending on their
particular bacterial origin, they all consist of a hydrophilic
polysaccharide part covalently bound to a hydrophobic
lipid component termed lipid A. The polysaccharide is
composed of a very variable O-specific chain defining the
serologic specificity of the LPS, and of a core oligosac-
charide. The core is linked to lipid A via the acidic deoxy-
sugar 3-deoxy-2-octulosonic acid (Kdo). One of the short-
est LPS (Re-LPS) consists of lipid A and two Kdo units.
The lipid A component is often composed of a 1,4¢-bis-
phosphorylated glucosamine disaccharide that carries
several amide- and ester-linked fatty acids [1]. Lipid A has
been shown to constitute the bioactive centre of LPS,
since free natural or chemically synthesized lipid A can
reproduce the biological effects of LPS.

LPS is certainly one of the most potent microbial induc-
ers of inflammation, and of a cascade of physiological
events which may lead to toxic shock and death [2]. How-
ever, low amounts of LPS permanently access to body
fluids and organs (via the airways or by translocation
from gut bacteria) and prove to be beneficial for the host
by stimulating its resistance to infection and malignancy.
Exposure to low doses of LPS can also result in a tran-
sient state of refractoriness to LPS itself, termed endo-
toxin tolerance [3].
At the molecular level, a prerequisite for the induction of
harmful as well as beneficial host responses to LPS is its
interaction with LPS-binding molecules. The association
of LPS with these molecules likely dictates whether LPS
will lead to beneficial or harmful effects. It should be
noted that the very first LPS-binding molecule is LPS it-
self. Indeed, early after the development of techniques of
extraction and purification, it has been recognized that
because of their amphiphilic nature, LPS molecules asso-



ciate together in aqueous media to form aggregates [4],
and this explains why in the past the LPS mass was esti-
mated in millions, whereas it is now established that LPS
monomers are actually in the range of 2–20 kDa. Later,
other molecules able to interact with LPS have been
found, and this still growing family has now reached a
considerable size. 
A first group of molecules that recognize LPSs are lectins
directed against the O-specific polysaccharide chain or
the core region of particular LPSs. This is, for example,
the case of short-tail fibre proteins of bacteriophages [5],
of the cystic fibrosis transmembrane conductance regula-
tor (CFTR) of lung epithelial cells [6], of horseshoe crab
tachylectins [7], of galectin-3 (Mac-2 antigen), a b-galac-
toside-binding lectin of mammalian cell [8], of the man-
nose receptor [9] and of the mannose-binding lectin
(MBL), a component of the lectin pathway of complement
activation [10]. All these proteins, as well as antibodies 
directed against LPS O-chains, cannot be classified sensu
stricto as LPS-binding molecules inasmuch as they inter-
act only with a restricted group of LPSs: those carrying
an appropriate carbohydrate determinant.
A second group of molecules that interact with LPS are
enzymes involved in its degradation, such as the lysoso-
mal phosphatase involved in LPS catabolism [11] and the
granule acyloxyacyl hydrolase which removes the sec-
ondary acyl chains of LPS [12]. It should be noted that
acyloxyacyl hydrolase belongs to a family of saposin-like
proteins (SAPLIP) involved in a variety of functions 
associated with the binding or interaction of lipids [13].
However, the most important LPS-binding molecules, on
which we will particularly focus in this review, are those
belonging to a third group of proteins that interact with
the biologically active lipid A region of LPS, but do not
directly degrade it.

Bacterial LPS-binding molecules 
(FhuA, OmpT, MsbA, Polymyxin B)

Bacterial proteins able to interact with LPS are either
constitutive proteins of Gram-negative bacteria, required
for their survival, or molecules produced by other (Gram-
positive) microorganisms and aiming to destroy Gram-
negative bacteria. Among the first group of molecules,
we can mention components which are often associated
to LPS preparations as contaminants, such as lipoproteins
[14], or the ‘lipid A-associated protein’ described by
Sultzer and consisting of a lipid-containing protein resis-
tant to various proteases [15].
Other more extensively studied constitutive proteins of
Gram-negative bacteria which interact with the lipid A 
region of LPS are FhuA, OmpT and MsbA. FhuA is
found on the surface of Escherichia coli and belongs to a
family of proteins that mediates the active transport of
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siderophores, such as ferrichrome, into Gram-negative
bacteria. It consists of a C-terminal b barrel and an N-ter-
minal cork that fills the barrel interior. FhuA has been
shown to bind LPS by both electrostatic interactions via
eight positively charged residues, and numerous van der
Waals contacts between hydrophobic side chains of FhuA
and acyl chains of LPS [16]. Like FhuA, OmpT is found
on the surface of E. coli. It is an outer-membrane protease
with a 10-stranded antiparallel b-barrel structure. It con-
tains an LPS-binding site on the exterior of the barrel
(homologous to that found on FhuA), and ligation of LPS
is strictly required for the enzymatic activity of OmpT
[17]. This proteolytic activity is probably involved in the
cleavage of antimicrobial peptides, and thus in the viru-
lence of the bacteria [18].
A third important component, essential for bacterial via-
bility, is MsbA, a ‘lipid flippase’ which facilitates the 
export of lipid A [19]. Its amino acid sequence is remark-
ably similar to those of several mammalian P-glycopro-
teins involved in multidrug resistance, so that it can be
considered as a member of the superfamily of trans-
porters that contain an ATP binding cassette (ABC), also
called a nucleotide binding domain (NBD). In bacteria,
ABC transporters considerably limit antibiotic effective-
ness by exporting them as fast as they enter the cells, and
in humans, ABC transporters export chemotherapy drugs
and thus increase mortality rates in cancer patients. A
possible mechanism of action of bacterial MsbA has been
proposed by Chang [20] (fig. 1). MsbA consists of two
monomers forming a chamber. The inner membrane part
of the chamber contains a cluster of positively charged
residues allowing the binding of lipid A. This binding in-
duces tertiary arrangements of transmembrane a helices,
triggering ATP hydrolysis. Then, the lipid A molecule
flips to the outer membrane leaflet side of the chamber
where it forms hydrophobic interactions, and becomes
properly oriented for insertion into this outer membrane.
The expulsion of lipid A to the outer membrane is the 
final step of the transport mechanism, and occurs when
structural rearrangements triggered by the substrate flip-
ping reposition MsbA in its original conformation. There-
fore, MsbA represents a good example of a complex 
interaction involving entropically driven binding, flipping,
and expulsion of lipid A.
It has also been reported that the exotoxin of the Gram-
negative bacteria Bordetella pertussis (pertussis toxin)
can bind LPS. This interaction is mediated through the
disaccharide backbone of the lipid A region of LPS, and
involves the S2 subunit of the pertussis toxin, which has
a high degree of amino acid sequence similarity with
lysozyme [21]. 
The second type of bacterial LPS-binding molecules are
antibiotic-type molecules produced by some Gram-posi-
tive bacteria. These microorganisms with only one exter-
nal membrane appeared before Gram-negative bacteria,



which have two membranes and LPS on the outermost
layer of their external membrane. Probably as soon as the
first Gram-positive bacteria had to compete with the first
Gram-negative bacteria, some 3.5 billion years ago, they
selected the first weapons against them, and these weap-
ons were of course directed against the newly emerged
molecule LPS. An example of one of these weapons is
polymyxin B (PMB). This compound is produced by
Bacillus polymyxa, a Gram-positive organism living in
soil. PMB is an antibiotic consisting of a cyclic and cat-
ionic decapeptide with five positive charges, and an N-
linked fatty acid tail (fig. 2A). PMB binds to the LPS of
Gram-negative bacteria, changes the packing order of
LPS and increases the permeability of the outer mem-
brane to a variety of molecules, including PMB itself
(self-promoted uptake of PMB) [22, 23]. PMB binds LPS
by a two-step process involving electrostatic attraction
between charged parts of the molecules, followed by hy-
drophobic interactions between their nonpolar regions
[24, 25] (fig. 2B). Another bacterium-derived cyclic an-
timicrobial peptide, gramicidin S, binds LPS with a four-
times lower affinity than PMB.

It should be noted that in specific growth conditions,
some strains of enterobacteria become resistant to PMB.
This was shown to be due to the addition of L-4-amino-
4-deoxy-arabinopyranose (L-Arap4N) to the phosphate
at position 4¢ of their lipid A. Therefore, this additional
positive charge prevents the interaction between PMB
and lipid A [26].
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Figure 1. Model for lipid A transport by MsbA. From [20], with
permission of Elsevier Science Ltd, copyright 2003. Lipid A binds
to a cluster of positively-charged residues in the chamber formed by
the two monomers of MsbA (top). This triggers ATP hydrolysis and
closure of the chamber (1). Then, lipid A flips inside the chamber
and translocates to the outer membrane level (2). After nucleotide
exchange and chamber opening, lipid A is then expulsed into the
outer bilayer leaflet (3).

B

Figure 2. Polymyxin B alone (A) and docked to lipid A (B). Lipid
A is represented in dotted gray line. Modified from [25], with per-
mission of the American Chemical Society, copyright 1999.
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Molecules produced by insects and amphibians

Of course, later during evolution, all other species im-
proved the faculty to produce molecules able to interact
with LPS. In insects, we can mention cecropin in Droso-
phila hemolymph [27, 28] (fig. 3A), sarcotoxin IA from
flesh fly [29], melittin in bee venom [30] and attacin in
silkmoth [31], which all bind LPS. Two synthetic a-heli-
cal peptides (MBI-27 and MBI-28) derived from parts of
cecropin and melittin bind LPS with an affinity equivalent
to that of polymyxin B [32]. Anti-LPS peptides have also
been isolated from the skin of amphibians. This is the case
of magainin 2 [33], which contains, like cecropin, a basic
and amphipathic a-helix motif (GKWKAQKRFLKM)
with LPS-binding capacity.

The coagulation system, from arthropod hemolymph
to mammalian plasma

Early in species evolution, invertebrates have developed
an innate immune system that responds to surface com-
ponents of potential pathogens. A very ancient arthropod

on the evolutionary scale is the horseshoe crab Limulus
polyphemus. Large granules of its hemocytes contain a
factor called Limulus factor C, which is released in re-
sponse to invading microbes via exocytosis. Factor C in-
teracts with minute amounts of LPS, and this feature is
used in gelation or colorimetric assays for the detection of
LPS. It is a large (109 kDa) protein with an N-terminal
LPS binding domain, and a C-terminal serine protease
domain. The N-terminal domain contains actually three
short 3.5–4 kDa LPS-binding consensus repeat sites,
which work in cooperativity for ligation of LPS [34]. In
contrast, another LPS-binding protein, Limulus anti-LPS
factor (LALF), is found in Limulus hemolymph. This is a
small (11.8 kDa) basic protein which inhibits the LPS-
mediated coagulation cascade [35]. Its structure consists
of three a helices packed against a four-stranded b sheet,
with an LPS binding site in an extended amphipathic loop
(residues 31–52) [36] (fig. 3B). A Japanese horseshoe
crab, Tachypleus tridentatus, has also a similar anti-LPS
factor, TALF [37].
In mammals, one of the pathological effects of LPS is the
induction of disseminated intravascular coagulation (DIC).
The observation that the lipid A region of LPS interacts 
directly with plasma factor XII (Hageman factor) [38]
suggests that this factor contains an LPS binding site. This
interaction with LPS activates factor XII, and triggers the
intrinsic coagulation pathway. On the other hand, tissue
factor (TF), expressed by macrophages and endothelial
cells, activates the extrinsic coagulation pathway. This
second mechanism can be regulated by a tissue factor
pathway inhibitor (TFPI), which contains a heparin bind-
ing and LPS binding site, located on the third Kunitz-type
domain (residues 212–243) in the carboxy terminus [39].
Therefore, in mammals as in arthropods, LPS can bind to
both activators and inhibitors of the coagulation system. 

Lipid transport proteins (PLTP, CETP, LBP, sCD14)

Phospholipid transfer protein (PLTP) and cholesteryl es-
ter transfer protein (CETP) are lipid transport proteins
found in plasma in association with apo A1. Their role is
to transfer or exchange lipids (phospholipids, cholesteryl
esters, triglycerides) between plasma lipoprotein parti-
cles [40, 41]. PLTP has been reported to bind LPS, and to
transfer it from Gram-negative bacterial membranes [42]
or LPS aggregates [43] to high-density lipoprotein (HDL)
particles. After its transfer to HDLs, LPS is no more rec-
ognized by the ‘LPS signaling complex’ of responsive
cells [44], but rather is cleared by phagocytic cells bearing
HDL receptors [45]. Therefore, phospholipid transfer pro-
tein and HDLs collaborate for a scavenging role that may
be completed by cell surface scavenger receptors [46].
Another plasma protein in association with apo A1 is
lipopolysaccharide-binding protein (LBP), which shows
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Figure 3. Ribbon diagrams of three soluble LPS binding mole-
cules. LPS-binding sites are indicated by arrows. (A) Cecropin A,
with a basic motif (KWKLFKK) followed by an amphipathic a
helix. (B) Limulus anti-LPS factor (LALF). From [36], with per-
mission of Nature Publishing Group, copyright 1993. (C) bacterici-
dal permeability-increasing protein (BPI). Figure modified from
[119] with permission of the Protein Society, copyright 1998. The
structure of LBP is very similar to that of BPI.



24% sequence identity to PLTP [47] and 23% to CETP
[48]. LBP is one of the most extensively studied soluble
proteins with LPS-binding capacity. It is mainly produced
by hepatocytes, where it is synthesized intracellularly as
a 50-kDa precursor and secreted as the mature 60-kDa
glycoprotein found in plasma [49]. Its serum concentra-
tion varies from 0.5–10 mg ml–1 in normal serum, to more
than 200 mg ml–1 during the acute phase of the inflamma-
tory response. It interacts with the lipid A region of LPS
with an affinity of 10–9 M [50]. The LPS-binding activity
is contained within the N-terminal half of LBP (fig. 3C),
and synthetic peptides such as CRWKVRKSFFKLQCG
that mimic that region also present LPS-binding capaci-
ties [51]. It was recently shown that LBP has a concen-
tration-dependent dual role: at low concentrations LBP
intercalates into cell membranes as a transmembrane pro-
tein which binds LPS aggregates and enhances LPS-in-
duced responses, whereas at high concentrations (in acute
phase) soluble LBP intercalates into LPS aggregates and
inhibits LPS-induced stimulation [52]. In this context, it
is noteworthy that LPS aggregates, and not monomers,
are the biologically active units [53]. A second function of
LBP is to increase the interaction of LPS with soluble
CD14 (sCD14) by forming a stable trimolecular complex
[54]. This requires an interaction between LBP and CD14
which is mediated by the C-terminal half of LBP [55].
The complex can be transported to lipoprotein particles
[56] or to cells [57] which can then respond to picomolar
concentrations of LPS. A third function of LBP has been
identified by Yu et al. [58] as the capacity to transport
mammalian phospholipids (PI, PC, PE). This phospho-
lipid transfer activity of LBP was overlooked for a long
time because unlike PLTP which can act directly, LBP 
requires an additional partner, sCD14, which acts as a
carrier or shuttle [58]. Therefore, sCD14 is both a phos-
pholipid and an LPS transporter.
At least two forms of sCD14 have been described: a 
48-kDa form produced by shedding the cell surface form,
and a 56-kDa form released from cells before addition of
the glycosylphosphatidylinositol (GPI) anchor [59]. In
whole blood, the amount of soluble CD14 is 100–1000
times higher than that of membrane-bound CD14. sCD14
is a single-chain protein containing intrachain disulfide
bonds and 10 leucine repeats in its carboxyl-terminal re-
gion (residues 67–367) (fig. 4). Unlike the membrane
form, which requires LBP, sCD14 can directly bind LPS
with a dissociation constant of 74 nM [60]. Lipoteichoic
acid and phosphatidyl inositol also bind to sCD14 [57].
The amino terminus of sCD14 contains four motifs (fig. 4)
involved in ligation of LPS (residues 9–12, 22–25, 35–39
and 59–63) [61]. The region (residues 53–63) which
contains the fourth LPS binding motif is also the region
of highest amphipathicity in sCD14, and may represent a
domain analogous to the amphiphatic loops in LALF
(residues 31–52), LBP (residues 86–104) and BPI

(residues 86–104) that bind lipid A [62]. It has been sug-
gested that sCD14-LPS complexes can activate cells that
are normally deficient in membrane CD14, such as en-
dothelial cells [63].

Other circulating proteins (complement constituents,
HDL, serum amyloid P, hemoglobin)

LPS-binding molecules are involved at different levels in
the three pathways that make up the complement system
(classical, lectin and alternative pathways). The polysac-
charide portion of LPSs is recognized by components of
the alternative pathway [64] and, for some mannose-con-
taining O-chains, by the mannan-binding protein of the
lectin pathway [65]. In addition, the lipid A portion of
LPSs activates the classical pathway [66] via interaction
with C1q [67, 68] and C3 [69, 70]. In C1q, the LPS-bind-
ing site is located in a highly cationic region (residues
14–26) of the collagen-like domain, and is also a major
binding site of polyanionic molecules (heparin, chon-
droitin sulfate, DNA). Another related component, the C1
inhibitor (a serine inhibitor of the classical complement
pathway and of factor XII of the coagulation system), also
interacts with LPS via its N-terminal mucin domain [71].
LPS also binds to all of the major plasma lipoproteins:
HDLs, low-density lipoproteins (LDLs), very low density
lipoproteins (VLDLs) and chylomicrons [72]. The struc-
tural elements of LPSs interacting with HDLs are the
phosphates and the diglucosamine backbone of lipid A
[73]. At least one type of protein constituent of lipopro-
teins, the apolipoprotein apoE, contains a heparin-bind-
ing sequence [74] and can directly bind LPS, possibly by
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Figure 4. Schematic representation of soluble human CD14. The
dashed box is an enlarged representation of residues 1–66. Residues
in the four filled boxes represent proposed LPS binding sites. Figure
modified from [61] with permission of the American Society for 
Microbiology, copyright 1997.



its exposed hydrophilic domain involving arginine resi-
dues [75]. This binding is required for the redirection of
LPS from Kupffer cells to parenchymal liver cells, and
subsequent secretion of LPS into the bile, where it is in-
activated [76].
Serum amyloid P (SAP) is a serum glycoprotein which
may play a role in clearance of cell debris at sites of acute
inflammation [77]. It is a multispecific protein which
binds heparin, various 3-sulfated carbohydrates, man-
nose-6-phosphate and LPS [78]. Three LPS binding sites
(27–39, 61–75 and 186–200) have been identified in
SAP, but only the two latter are accessible on the intact
SAP molecule. The corresponding synthetic peptides ex-
hibit LPS-neutralizing activity [79].
Hemoglobin (Hb) is an oxygen-carrying globular protein
located in erythrocytes. Hb is an LPS binding protein [80]
that enhances LPS’s biological activities [81]. The binding
of Hb does not involve ionic interactions with the phos-
phate groups of lipid A, but rather hydrophobic and/or 
hydrogen interactions, which causes a slight rigidification
of the lipid A acyl chains [82]. Hb is also a source of bio-
logically active peptides: a C-terminal fragment of its b
subunit, isolated from human placenta, was reported to
exhibit LPS-binding and antibacterial activities [83].

Proteins produced in neutrophil granules 
(BPI, lactoferrin, heparin-binding protein, lysozyme)

Bactericidal permeability-increasing protein (BPI) is a
57-kDa cationic antimicrobial protein that is present
principally in the azurophilic granules of polymor-
phonuclear leukocytes, but is also expressed on the sur-
face of human mucosal epithelia, where it is markedly
upregulated by exposure to endogenous antiinflamma-
tory eicosanoids [84]. BPI is toxic only toward Gram-
negative bacteria. It has both heparin- and LPS-binding
capacity, and shares ~44% sequence homology with
LBP (fig. 3C). Three regions (residues 17–45, 65–99
and 142–169) have been described to cooperate for the
total binding to LPS [85].
Lactoferrin (Lf) is a multispecific protein which binds
iron, heparin, proteoglycan, DNA, oligodeoxyncleotides
and LPS [86, 87]. It is found at mucosal surfaces and in
biological fluids, and is released from neutrophil granules
and mucosal epithelial cells in response to inflammatory
stimuli [88]. Proteolytic digestion of human lactoferrin in
vitro yields a peptide fragment called lactoferricin H,
which corresponds to the helix portion of lactoferrin, in
the region of LPS binding [89]. Actually, two LPS binding
sites have been identified in Lf: the 28–34 loop region
[89] and an N-terminal stretch of only four arginines
(residues 2–5) [86]. Addition of a 12-carbon acyl chain
to a lactoferricin fragment enhances ligation of LPS by
up to two orders of magnitude [90].

Heparin-binding protein (HBP) is a cationic antimicro-
bial protein of 37 kDa (also known as CAP37 or azuro-
cidin) produced by human neutrophil granules [91].
Structurally, HBP belongs to the serprocidin subgroup of
the chymotrypsin-like protease superfamily comprising
elastase and cathepsin G, but unlike these enzymes, HBP
lacks proteolytic activity. Once released from neutrophils,
HBP binds to endothelial cell surface proteoglycans, such
as syndecans and glypican, and contributes to the pro-
gression of inflammation. This multifunctional protein
has, adjacent to its proteoglycan/heparin-binding site, a
high-affinity binding site for lipid A [92], consisting of 
an ionic and hydrophilic pocket (Asn20, Gln21 and Arg23)
suited for binding a phosphate group, and a hydrophobic
pocket (Phe25, Cys26, Cys42 and Phe43) suitable for binding
the fatty acid chains of lipid A [92]. A synthetic peptide
corresponding to residues 20–44 has been shown to 
possess the capacity to bind lipid A [93]. Like LBP, 
HBP enhances LPS-induced tumor necrosis factor-alpha
(TNF-a) release by monocytes. However, HBP cannot
bind to CD14, and its capacity to increase the responses
of monocytes to LPS is likely mediated by its internaliza-
tion [94].
Lysozyme, a major cationic protein of leukocyte poly-
morphonuclear granules, was also found to bind LPS.
Like polymyxin B, lysozyme binds first electrostatically
to the phosphate groups of lipid A, whereas the carboxy-
lates of the Kdo units do not play any role [95]. This elec-
trostatic interaction is followed by a hydrophobic interac-
tion.
Another group of neutrophil cationic proteins able to bind
LPS involves proline-rich peptides. Indolicidin, Bac5 and
prophenin represent three examples of such peptides. In-
dolicidin is a 13-amino acid (ILPWKWPWWPWRR)
proline-rich peptide present in bovine neutrophil gran-
ules, which binds LPS efficiently (Kd = 45.2 mM) [96].
This is also the case of another proline-rich peptide found
in ruminants, Bac5 [97]. The third peptide belonging to
this group is prophenin. This peptide has been isolated
from leukocytes but is also detectable in preparations of
lung surfactant [98]. It consists of a 79-residue peptide
rich in proline (53%) and phenylalanine (19%), and con-
tains repeating decameric elements. Its affinity for LPS is
60 times greater than that of polymyxin B [99].

Proteins produced by epithelial cells, T lymphocytes
and NK cells (SLPI, HRP, NKL)

In addition to TFPI, another enzyme inhibitor is the 
11.7-kDa secretory leukocyte protease inhibitor (SLPI),
which is essentially produced by epithelial cells and in-
hibits leukocyte serine proteases such as elastase and
cathepsin G. SLPI can also suppress the production of in-
flammatory mediators by macrophages, and exhibits de-
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fensin-like antibacterial activity. In addition, SLPI was
found to interact directly with different sulfated polysac-
charides (dermatan, heparan and dextran sulfates) [100],
and with LPS [101]. 
In saliva, histatins are small histidin-rich peptides (HRPs)
with antimicrobial activity [102], secreted by epithelial
cells of parotid and submandibular glands. They can bind
LPS and neutralize its effects on monocytes. This is par-
ticularly the case of HRP-2, and of synthetic polyhisti-
dine [103]. It is noteworthy that the chemokine CCL28
(mucosae-associated epithelial chemokine) shares with
histatin-5 a similar molecular arrangement of hydropho-
bic and polarized regions [104].
Although neutrophils and epithelial cells are the main
producers of soluble LPS-binding proteins, other cell
types can also do so. For example, porcine cytolytic T
lymphocytes and natural killer (NK) cells produce a 
9-kDa cationic polypeptide, NK-lysin (NKL), which ex-
hibits LPS-binding and -neutralizing activity [105]. Its
human counterpart is granulysin [106]. 

Mammalian antimicrobial peptides that ligate LPS:
defensins and cathelicidins

Humans neutrophils contain two structurally distinct types
of antimicrobial peptides, defensins (b-sheet peptides with
three disulfide bridges) and cathelicidins (a-helical pep-
tides).
Human a-defensins (HNP-1 to HNP-4) have been shown
to interact with LPS, although less efficiently than BPI
[107]. The binding capacity may be due to exposed
cationic and nonpolar residues oriented at different faces
of the molecule. For example, HNP-3 is an amphiphilic
basket-shaped molecule with hydrophilic residues at the
top and hydrophobic residues at the bottom [108].
Another group of antimicrobial proteins is the catheli-
cidins, which are stored in the intracellular granules of
neutrophilic granulocytes, and are liberated into the pha-
gocytic vacuoles duringphagocytosis. SMAP-29, rCAP18
and hCAP18 are antimicrobial peptides found in sheep,
rabbit and human leukocytes, respectively. They are clas-
sified as ‘cathelicidins’ because they are synthesized from
aprecursor that contains a highly conserved 11-kDa N-ter-
minal cathelin domain. The human cathelicidin hCAP18
carries a 37-residue a-helical peptide termed LL-37, with
antimicrobial and LPS-binding activity [109]. Structural
studies of the sheep homolog SMAP-29 indicated that
residues 8–17 are helical, residues 18–19 form a central
hinge and residues 20–28 form a hydrophobic segment.
SMAP-29 contains two LPS binding sites: the highest-
affinity site (RGLRRLGR) is located in the N-terminal 
region, and the lowest-affinity site (VLRIIRIA) is in the 
C-terminal region. These two sites bind LPS with intra-
molecular positive cooperativity [110]. Concerning the

mechanism of their antimicrobial action, it has been shown
that after accumulation of CAP18 at the membrane, its
orientation changes under the influence of an LPS-spe-
cific transmembrane potential from a nonconductive to a
transmembranous conductive state [111]. This change in
membrane intercalation is governed by the type of LPS.
For example, addition of L-Arap4N to the first Kdo of the
LPS is the structural feature responsible for the resistance
of Proteus mirabilis to CAP18 lethality [111].

LPS-binding proteins in the lungs

Because of inhalation of airborne particles containing
bacteria and LPS, the respiratory system is continuously
exposed to this potent proinflammatory compound. Acute
inhalation of LPS induces airway inflammation. Lung in-
jury is also a common clinical complication of sepsis, with
frequent development of an acute respiratory distress syn-
drome. However, under normal exposure conditions, the
lung has efficient defense mechanisms against LPS. When
LPS reaches the alveolar spaces, it encounters a surfactant
layer that covers the epithelium and consists of lipids and
surfactant-associated proteins. Surfactant proteins are
produced by lung type II epithelial cells. Two of these pro-
teins (SP-A and SP-D) are hydrophilic, whereas the other
two (SP-B and SP-C) are hydrophobic. SP-A and SP-D
belong to a family of proteins named collectins because
they contain collagen-like and lectin domains. It has been
established that the two hydrophilic surfactant proteins,
SP-A and SP-D, bind phospholipids and LPS. However,
fine specificities are different: SP-D, binds to phosphat-
idylinositol and to the core carbohydrates of LPS [112],
whereas SP-A recognizes dipalmitoylphosphatidycholine
and the lipid A region of LPS [113].
Structural analysis of SP-A established that the C-termi-
nal region of the collagen-like domain of three mono-
mers are linked together by a coiled-coil neck, and that
six of these trimers are assembled by the N-terminal re-
gion of their collagen-like domain. The binding region
for lipid A (fig. 5A) may require a cluster of basic or
amine side chains (Arg216, Arg222, Gln220), and a hydro-
phobic patch of aromatic and aliphatic rings on the sur-
face of the carbohydrate recognition domain (Tyr161,
Asn162, Asn163, Tyr164, Tyr192, Tyr208) [114]. These struc-
tural requirements are very similar to those involved in
electrostatic (Arg382, Arg384, Gln353) and hydrophobic
(four phenylalanine residues) interactions between LPS
and the FhuA surface.
Concerning the hydrophobic surfactant proteins SP-B
and SP-C, recent studies of the present author’s group did
not detect any LPS-binding activity with SP-B [115], in
spite of some structural analogy with NK-lysin [116],
suggesting that their common amphipathic helical motif
does not contain the LPS-binding motif of NK-lysin. In
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contrast, the authors reported that SP-C binds efficiently
to LPS [115]. A more detailed analysis indicated that the
N-terminal region of SP-C, which contains polar and ba-
sic residues, interacts with the lipid A region of LPS,
whereas the C-terminal hydrophobic domain of SP-C
may be involved for an optimal conformation of the pro-
tein [117] (fig. 5B). The a configuration of the terminal
phosphate group at the reducing end of the lipid A disac-
charide plays a determinant role in LPS recognition. We
also demonstrated that CD14 shares with LPS the same
binding region on SP-C, and that the interaction with SP-
C modifies the conformation of CD14, allowing it to bind
LPS more efficiently [118].

Common structural motif of soluble LPS-binding 
proteins

Several investigators searched for common structural
motifs in soluble LPS-binding proteins. The first studies 
focused on LBP and BPI because of their high (44%) se-
quence homology. The interaction of these proteins with
LPS seems to be a complex multistep process involving,
on the one hand, the lipid-binding pockets of the mole-
cule (which can accommodate the apolar moiety of LPS,
but with little specificity), and, on the other hand, posi-
tively charged residues in a region of the N-terminal 
domain [85], leading to electrostatic interactions with
phosphorylated carbohydrate groups of LPS [119]. On
the other hand, LALF does not display any degree of se-
quence homology with LBP and BPI, and therefore no
obvious region responsible for LPS ligation could be pos-
tulated until the three-dimensional structure analysis of
LALF revealed the presence of a solvent-exposed, posi-
tively charged, amphipathic loop that interacts specifi-

cally with lipid A [120], and that could also be identified
in LBP and BPI [121].
In a very nice study in which they compared the se-
quences of a number of LPS-binding proteins and pep-
tides, Frecer et al. [122] suggested that the more favorable
amino acid sequence for specific binding of lipid A is the
amphipathic cationic binding pattern BHPHB (B, basic;
H, hydrophobic; P, polar residue). A sequence of that type
is found in LBP (sequence RVQGR, residues 111–115),
BPI (sequence KISGK, residues 113 –117), LALF (se-
quence RLKWK, residues 39–43) and TLR4 (sequence
KLTLR, residues 190–194). The best minimum binding
sequence was found to be KFSFK.
However, this type of analysis was a pure molecular mod-
eling study, a method which was poorly predictive with
LPS and lipid A in the past. In addition, the continuous 
sequence of BHPHB residues does not always account for
LPS ligation: in some proteins, the basic residues that in-
teract with the phosphate groups of lipid A likely belong to
discontinuous but spatially proximal b sheets or a helices.
A second model based on this hypothesis has been pro-
posed by Ferguson et al. [16]. The authors searched in pro-
tein data bases structurally characterized proteins contain-
ing residues in a three-dimensional arrangement similar 
to that of the LPS-binding residues of FhuA. They identi-
fied four residues (K-K-R-K) common to several known
LPS-binding proteins (BPI, lactoferrin, lysozyme, LALF).
Two of the lysine residues form hydrogen bonds with the 
4¢-phosphate of lipid A, the third lysine residue interacts
with the 1-phosphate and the arginine residue interacts
with the carbonyl of the fatty acid residue at position 3¢. It
should be noted, however, that cocrystallized LPS and
protein were analyzed in this study, which might differ
from the physiological situation at high water content.

Membrane molecules involved in signaling 
and internalization 

CD14 does not exist only as a soluble protein, but also as
a membrane-bound glycoprotein (mCD14) expressed on
the surface of monocytes, macrophages and neutrophils.
It plays an important role in the LPS-induced activation
of these cells, after recognition of LPS-LBP complexes
[123]. mCD14 is anchored to cell plasma membranes by
a glycosylphosphatidylinositol (GPI) moiety. Because it
lacks a traditional transmembrane domain, it cannot alone
provide direct cell signaling. Furthermore, cell activation
by high doses of LPS cannot be blocked by anti-CD14
monoclonal antibodies, and species specificity of lipid A
analogs was found to be independent of CD14 [124]. This
means that additional membrane molecules are required
for cellular activation. The most important of these mole-
cules is a member of the Toll-like receptor (TLR) family:
TLR4. It has been identified by the group of Beutler as
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Figure 5. Structures of two LPS binding proteins of the lungs.
LPS-binding sites (in red) are indicated by arrows. (A) CRD and
neck regions of an isolated monomer of lung surfactant protein A
(SP-A). Figure modified from [114] with permission of the Amer-
ican Society for Biochemistry and Molecular Biology, copyright
2003. (B) Surfactant protein C (SP-C) with its two palmitoyl
residues, and lipid A in the vicinity of the binding site.



the product of the lps gene, which is deficient in LPS 
hyporesponsive C3H/HeJ mice [125]. Although TLR4 is
the main signaling receptor of LPSs isolated from enter-
obacteria, other LPSs containing structurally different
lipid A regions, such as those of Porphyromonas gingi-
valis, Leptospira interrogans, Rhizobium species Sin-1
and Legionella pneumophila, require TLR2 rather than
TLR4 [126-128]. Using a radiolabeled LPS coupled to a
photoactivatable crosslinking probe, the group of Ule-
vitch [129] observed labeling of both TLR2 and TLR4 in
the presence of CD14. However, this shows only a spatial
proximity between these molecules and the probe, but not
necessarily a direct interaction with LPS. Another study
[130] demonstrated direct binding of 3H-labeled LPS to
TLR2, with low affinity (Kd = 500–700 nM).
Overall, there is presently no clear evidence that lipid A
interacts directly with TLR4. Its role in LPS signaling
was better explained after the demonstration that TLR4
needs the coexpression of an adaptor protein called MD-
2. The MD-2 polypeptide monomer (18.4 kDa) contains
two N-linked glycosylation sites, and seven Cys residues
that participate in the formation of large, disulfide-linked
oligomers of dimeric subunits [131]. It has been shown
that MD-2 can directly bind LPS (Kd = 65 nM) [60]. MD-
2 belongs to a large family of proteins (ML proteins) con-
taining a recently identified lipid-recognition domain
which does not show any homology to the hydrophobic
cluster of nonspecific lipid transfer proteins such as those
of the PLTP/LBP family [132]. On the other hand, a re-
gion of human MD-2 (residues 119–132) rich in basic
and aromatic residues contains several features common
to other LPS-binding proteins, and a synthetic peptide de-
rived from this sequence was shown to possess both LPS-
binding and antimicrobial activities [133]. Therefore,
MD-2 may bind LPS both by its lipid-recognition domain
and its positively charged region. Point mutations of two
residues in this region (lysines 128 and 138) greatly
blunted the cellular LPS response [134]. In a more ex-
haustive study of mouse MD-2, Kawasaki et al. [135]
found that some residues located outside the 119–132 re-
gion, such as Tyr34, Ile85 and Ile153, are also responsible for
LPS responsiveness. The same residues also confer re-
sponsiveness to Taxol, a plant-derived stabilizer of mi-
crotubules which exhibits LPS-mimetic activity in mice.
In contrast, cysteine residues such as Cys37, Cys95, Cys105

and Cys148 are important for forming a cell surface TLR4-
MD-2 complex, in which MD-2 is docked to the extra-
cellular leucine-rich repeats of TLR4. The affinity of this
complex for LPS (Kd about 3 nM) is 20 times higher than
that of free soluble MD-2 [136], suggesting a contribu-
tion of TLR4 to LPS ligation.
It should be noted that in insects, the Toll pathway is not
involved in the response to LPS. In contrast, it has been
reported recently that two isoforms of the peptidoglycan
recognition protein (PGRP) family of transmembrane

proteins, PGRP-LCx and PGRP-LCa are both required
for activation of Drosophila cells by LPS via the Toll-in-
dependent imd-Relish pathway [137]. PGRP-LCx and
PGRP-LCa share an identical intracellular region, but dif-
fer in their extracellular domain, suggesting that at least
one of the two extracellular domains may recognize LPS.
This LPS-binding capacity could be due to PGRP-LCa, 
because PGRP-LCx is required for activation by both pep-
tidoglycan and LPS, whereas PGRP-LCa is required only
for activation by LPS. The simultaneous requirement of
the two isoforms for the response to LPS suggests that
they may act as heterodimers or multimers.
In mammals, in addition to mCD14, TLR4 and MD-2,
several other membrane-bound molecules have been
shown to participate in cellular recognition of LPS: in a
study using affinity chromatography, peptide mass fin-
gerprinting and fluorescence resonance energy transfer,
Triantafilou et al. identified heat shock proteins 70 and
90 (HSP70 and HSP90), chemokine receptor 4 (CXCR4)
and growth differentiation factor 5 (GDF-5) as four new
molecules on the cell surface that bind LPS and are in-
volved in LPS-induced signaling [138]. A specific LPS
binding motif was also shown in the CD11b chain of one
of the three adhesion molecules (CR3) belonging to the 
b-integrin family [139]. CR3 can mediate LPS-induced
activation of NF-kB in transfected CHO cells, although
its cytosolic domain is not required for signaling [140].
Another membrane molecule involved in LPS recogni-
tion and signaling is the decay accelerating factor (DAF,
CD55). Complexes of this GPI-anchored membrane
molecule with LPS have been isolated [141]. A trans-
membrane form of LBP and a mechano-sensitive K+

channel (MaxiK) are also involved in LPS-induced sig-
naling [53]. However, although MaxiK modulation by
LPS clearly results from early-mediated events, it also
seems indirect since it involves the membrane-bound 
receptor mCD14. Therefore, MaxiK should not be con-
sidered as an LPS-binding molecule, but rather as a com-
ponent of the LPS-signaling cluster. Several of the LPS 
receptors, including mCD14, CD55, CD11b and TLR4,
coassemble in special membrane lipid domains called
‘rafts’, as shown by fluorescence resonance energy trans-
fer (FRET) analysis [142].
All LPS receptors mentioned above (fig. 6, upper part)
were characterized in macrophages. On other cell types,
different molecules can participate to LPS recognition
and signaling. For example, it has been reported that in
human neutrophils, L-selectin (CD62L) can bind LPS
[143] and trigger LPS signaling [144]. In human plate-
lets, LPS ligation occurs via another selectin, P-selectin
[145]. The LPS-binding site of the two selectins is distinct
from their lectin domain, and ligation of LPS is indepen-
dent of Ca2+ [143]. Concerning B lymphocytes, in ad-
dition to TLR4-MD-2, another cell surface complex,
RP105-MD-1, is also involved in the recognition of LPS
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[146]. MD-1 is structurally similar to MD-2, and RP105
(assigned as CD180) is structurally similar to TLR4, ex-
cept that it does not have an interleukin-1 (IL-1) receptor-
like (TIR) signaling domain in the cytoplasmic portion.
In addition to the membrane LPS-binding molecules
mentioned above, which are involved in LPS signaling,
other membrane LPS-binding structures (fig. 6) are in-
volved in LPS clearance. This is particularly the case of
the scavenger receptor, a family of cell surface glycopro-
teins able to bind acetylated low-density lipoproteins
(AcLDLs). Scavenger receptors belonging to class A
(SR-A) are found in macrophages and Kupffer cells. Two
major isoforms have been identified, type I (SR-AI) and
type II (SR-AII). They have an identical trimeric structure
consisting of a transmembrane domain linked to an a-he-
lical coiled coil domain and a collagenous region, except
that type I receptors have an additional extracellular 
C-terminal cysteine-rich domain not present in the type II
receptors. Both SR-AI and SR-AII recognize a wide
range of anionic ligands, including LPS [147]. As in C1q
and SP-A, the positively charged C-terminal portion of
the collagenous domain of SR-A is involved in LPS bind-
ing [148]. Interaction of LPS with SR-A induces its in-
ternalization, followed by the dephosphorylation of its
lipid A moiety.

Intracellular LPS-binding molecules

After binding to the cell surface, LPS was found to be in-
ternalized and detectable in the cytoplasm of macrophages
within seconds [149]. This internalization occurs in many
cell types, and appears to be necessary for certain cellular
responses to LPS, such as the integrin-mediated adhesion
of neutrophils [150], or the production of the chemokine
MIP-1 in intestinal epithelial cells [151]. This suggests
that LPS can also be recognized in the cytoplasm. In 
epithelial cells, the intracellular sensor of LPS is the
TLR4-MD-2 complex present in the Golgi apparatus.
LPS internalization and delivery to the Golgi may thus be
an important requirement for cell activation in different
cell types [152].
Once in the cytoplasm, LPS can also interact with other
intracellular LPS binding motifs (fig. 6, lower part). Such
motifs can belong to the cytoplasmic domain of integral
membrane proteins. This is, for example, the case of
P2X7, a nucleotide receptor which potentiates the LPS-
induced activation of macrophages [153]. It has been
shown by Denlinger et al. [154] that the C-terminal re-
gion of P2X7, which is located inside the cell after the
second transmembrane domain, contains a motif (resi-
dues 573–590) which shares strong amino acid homol-
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Figure 6. Overview of intracellular, membrane and some extracellular LPS-binding proteins. The presence of a particular molecule 
depends on the cell type (RP105/MD-1 exclusively on B lymphocytes) and the tissue environment (SP-C exclusively in lung alveoli).



ogy with the LPS binding sites of LBP and BPI. Further-
more, peptides derived from this sequence were shown to
bind LPS in vitro, and to neutralize some LPS responses
in macrophages. Moesin, a cytoskeletal linker actin-bind-
ing protein associated with the cytoplasmic side of
plasma membranes, can also bind LPS [155], and at the
cytoskeleton level, tubulin can do so as well [156]. It has
also been suggested that LPS has the capacity to bind to
selected subunits (C2 and N3) of the macrophage protea-
some, with further activation of the proteasome chy-
motrypsin-like activity [157].
Another new class of LPS-binding molecules recently dis-
covered by the present author’s group is that of histones
[158]. The authors found that histones H1, H2A, H2B, H3
and H4 can all bind LPS. For example, H2A binds to the
rough-type LPS Re-595 of Salmonella minnesota with an
affinity, determined by isothermal titration calorimetry,
higher than that of PMB. Polynucleotides inhibit this 
association, thus indicating that they share with LPS a
common binding site. Furthermore, H2A inhibits the 
ligation of LPS to macrophages, and the LPS-induced 
production of TNF-a and nitric oxide. Analysis of interac-
tions with synthetic peptides representing partial struc-
tures indicated that the LPS-binding motif is located in 
the C-terminal moiety (residues 71–115) of H2A (fig. 7).
However, in this region, the putative LPS-binding se-
quence of ‘basic-hydrophobic-polar-hydrophobic-basic’
amino acids mentioned above is not detectable, suggesting
that another arrangement of amino acids can also partici-
pate in LPS ligation. The physiological importance of the
histone-LPS interaction remains unknown, but may take
place at different levels. Of course, the classical localiza-
tion of histones is the cell nucleus, but they have also
been found in the cytosol, the plasma membrane and the
extracellular milieu. Emlen et al. detected histones on the
surface of monocytes, probably bound via a particular re-
ceptor [159], and Bolton and Perry found that the major
LPS-associated protein of the brain is an isoform of his-
tone H1, predominantly located at the surface of neuronal
cells [160]. Histones were also found in placenta, where
they exhibit LPS-neutralizing and antibacterial activities
[161]. Finally, during the apoptotic process, nuclear mate-
rial including histones is released in the extracellular mi-
lieu, and some of their fragments produced by enzymatic
cleavage may have conserved their LPS-binding property
and can thus act as antibacterial peptides. This is actually
the case of buforin I and parasin I, which are fragments of
histone H2A [162, 163], and histogranin, which is similar
to a C-terminal sequence in histone H4 [164]. However,
the location where histones are the most abundant is the
cytosol, because after their biosynthesis only a small num-
ber of these molecules are transported by karyopherins
into the nucleus [165]. Therefore, an exciting hypothesis
could be that another function of histones is to act as an in-
tracellular receptor or transporter for LPS.

It should be mentioned in this connection that until re-
cently, another candidate molecule for intracellular reco-
gnition of LPS was Nod1, a molecule consisting of an 
N-terminal caspase-recruitment domain linked to a nu-
cleotide-binding domain and a C-terminal LRR domain.
Although it has been claimed that Nod1 confers respon-
siveness to LPS [166], it is now clearly established that
Nod1 detects actually a peptidoglycan motif [167].

Conclusions and perspectives

One of the main features which emerges from the above
overview is that LPS is constantly transferred from one
associated state to another, but is never free as a soluble
monomer in biological fluids. These frequent transfers re-
quire the existence of various LPS transporters. The
transport of lipid A from the inner to the outer membrane
of Gram-negative bacteria by MsbA, or the internaliza-
tion of LPS by the scavenger receptor of macrophages, is
an example of transmembrane transport, whereas the
transfer of LPS from bacteria or aggregates to mam-
malian cell membranes by LBP or to lipoprotein particles
by PLTP can be considered as intermembrane transports,
and the presentation of LPS to the TLR4/MD-2 complex
by mCD14 is an example of intramembrane transport.
During transport, LPS can also encounter two other types
of binding molecules: blockers (inactivators) and sensors
(activators). The existence of blockers and sensors ac-
counts for the different effects of LPS-binding proteins
on endotoxicity, varying from reduction (polymyxin B,
BPI, lysozyme, lactoferrin) to enhancement (hemoglo-
bin, LBP, HBP). Blockers can be very short peptides. This
is the case of indolicidin, a 13-amino acid peptide. In con-
trast, sensors must have a more complex structure since
they must also deliver a recognition signal. The coagula-
tion system is a good example, because it contains both
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blockers (LALF in Limulus, TFPI in humans) and sensors
(factor C in Limulus, factor XII in humans). The soluble
sensors of the coagulation system are proteolytic enzymes
activated upon LPS recognition. At the cell membrane
level, TLR4 is of course the best example of a sensor
which delivers a transmembrane signal. It is noteworthy
that the majority of LPS transporters and sensors contain
multiple LPS binding sites that often work cooperatively.
For example, three LPS-binding regions have been found
in Limulus factor C, two in lactoferrin, three in catheli-
cidins (SMAP-29 and CAP-18), three in BPI and four in
CD14. These individual LPS binding motifs are usually
very short (about five amino acids). This shows that the
association of several sites of moderate affinity is an effi-
cient way to confer to a molecule the ability to recognize
LPS more specifically. This may also be necessary for in-
duction of tertiary rearrangements of the molecule, re-
quired for the sensor function.
It should also be noted that almost all LPS binding mole-
cules can also recognize other ligands. This is particularly
the case of CD14, which is a pattern-recognizing receptor
(PRR) [168]. Cross reactivities with other ligands have
also been described for MD-2 (recognition of taxol and
phosphatidylinositol) and TLR4 (recognition of lipotei-
choic acid, flavolipin and extradomain A of fibronectin).
Other LPS-binding molecules frequently cross-react with
heparin, or other anionic molecules such as phosphatidyli-
nositol and DNA. 
The beneficial and, above all, the harmful host responses
to the lipid A region of LPS prompted many laboratories
to design synthetic molecules with lipid A binding sites
[32, 51, 120], and some of them were efficient blockers
of in vitro and in vivo responses to LPS. Another impor-
tant goal was the design of endotoxin detection reagents.
A green fluorescent protein mutant bearing an LPS bind-
ing motif was recently created [169], and can now be used
to detect low amounts of endotoxin for the evaluation on
the safety of water and pharmaceutical preparations.
The exciting developments in the field of LPS-binding
molecules have thus led to a much better understanding
of how the host processes an LPS molecule and respond
to it. Future research will tell us whether the promising
molecules designed and produced as a result of these
studies will give rise to pharmaceutical applications.
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