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Toll-like receptors (TLRs) play central roles in the innate immune response by recognizing conserved struc-
tural patterns in diverse microbial molecules. Here, we discuss ligand binding and activation mechanisms of
the TLR family. Hydrophobic ligands of TLR1, TLR2, and TLR4 interact with internal protein pockets. In
contrast, dsRNA, a hydrophilic ligand, interacts with the solvent-exposed surface of TLR3. Binding of ago-
nistic ligands, lipopeptides or dsRNA, induces dimerization of the ectodomains of the various TLRs, forming
dimers that are strikingly similar in shape. In these ‘‘m’’-shaped complexes, the C termini of the extracellular
domains of the TLRs converge in the middle. This observation suggests the hypothesis that dimerization of
the extracellular domains forces the intracellular TIR domains to dimerize, and this initiates signaling by
recruiting intracellular adaptor proteins.
Introduction
Ten human Toll-like receptors (TLRs) have been discovered

since TLR4 was first identified as the ortholog of Drosophila

Toll (Gay and Keith, 1991; Medzhitov et al., 1997). Toll and the

TLRs are critical for the innate immune response in Drosophila

and mammals, respectively. TLRs are type I transmembrane

glycoproteins composed of extracellular, transmembrane and

intracellular signaling domains (Gay and Gangloff, 2007). The ex-

tracellular domains have repeated leucine-rich repeat (LRR)

modules and are responsible for binding so-called ‘‘pathogen-

associated molecular patterns’’ (PAMPs) (Janeway, 1989;

Medzhitov, 2001). For example, lipoproteins or lipopeptides

are recognized by TLR2 in complex with TLR1 or TLR6, viral dou-

ble-stranded RNA are recognized by TLR3, lipopolysaccharide

are recognized by TLR4, flagellin are recognized by TLR5, single-

stranded RNA are recognized by TLR7 or TLR8, and microbial

DNAs are recognized by TLR9 (Uematsu and Akira, 2008).

Ligand-induced dimerization of TLRs is believed to trigger re-

cruitment of adaptor proteins to the intracellular TIR (Toll/inter-

leukin-1 receptor) domains to initiate signaling (O’Neill and

Bowie, 2007). Intracellular TIR domains are composed of �150

amino acid residues. The signaling cascades via the TIR do-

mains are mediated by specific adaptor molecules including

MyD88, MAL (also known as TIRAP), TRIF, and TRAM (O’Neill

and Bowie, 2007). These adaptor proteins also contain TIR do-

mains and TIR-TIR interactions between receptor-receptor, re-

ceptor-adaptor, and adaptor-adaptor are critical for activating

signaling (Pålsson-McDermott and O’Neill, 2007).

Structural studies of TLR-ligand complexes have been an at-

tractive area of research given that structural information is crit-

ical for understanding innate immunity as well as designing novel

drugs. In 2005, Choe et al. (2005), and later Bell et al. (2005), first

reported crystal structures of human TLR3 in atomic detail.

These structures did not contain bound ligands. Subsequently,

three structures of TLR-ligand complexes, TLR1-TLR2-lipopep-

tide, TLR4-MD-2-Eritoran, and TLR3-double-stranded RNA

(dsRNA), have been determined by others and by us, and they
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provide experimental insights into how these receptors recog-

nize a remarkably large variety of ligands, and how the agonists

induce dimerization of the receptors (Jin et al., 2007; Kim et al.,

2007b; Liu et al., 2008). In this review, we summarize the

reported structures of the TLR complexes and discuss their

implications for our understanding of TLR activation.

Structure of the Extracellular Domains of the TLR Family
The extracellular domains of TLR family proteins contain 16–28

LRRs (Matsushima et al., 2007). The LRR family comprises ap-

proximately 6000 proteins in the Pfam database (http://pfam.

sanger.ac.uk). They are involved in a wide variety of physiologi-

cal functions including immune responses, signal transduction,

cell-cycle regulation, enzyme regulation, etc. (Dolan et al.,

2007; Matsushima et al., 2005). All known LRR family proteins

contain multiple LRR modules. The shorter LRR proteins have

two to three LRR modules but the longer ones can have more

than 40. The individual LRR module is 20–30 amino acids long

and is composed of a conserved ‘‘LxxLxLxxN’’ motif and a vari-

able part (Kajava, 1998; Kobe and Kajava, 2001). Nearly 50 crys-

tal structures of the LRR family have been reported in the Protein

Data Bank database. All these structures have a common horse-

shoe-like shape (Gay and Gangloff, 2007). The hydrophobic

core, formed by the conserved leucines and hydrophobic resi-

dues in the variable regions, extends throughout the entire pro-

tein. The LRRNT and LRRCT modules in the N and C termini

do not have LRR motives but frequently contain clustered cyste-

ines forming disulfide bridges (Kajava, 1998; Kobe and Kajava,

2001; Matsushima et al., 2007). These modules stabilize the pro-

tein by protecting its hydrophobic core from being exposed to

solvent. The unique horseshoe-like shape is due to conserved

sequence patterns in the LRR modules. The ‘‘LxxLxLxxN’’ mo-

tives are located in the inner concave surfaces of the horse-

shoe-like structure formed from parallel b strands. The variable

parts of the modules form the convex surface generated by

helices, b turns, and/or loops.

https://core.ac.uk/display/82644279?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:jieoh.lee@kaist.ac.kr
http://pfam.sanger.ac.uk
http://pfam.sanger.ac.uk
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The production and crystallization of some LRR proteins in-

cluding TLRs have proven to be extremely difficult. To overcome

these problems, we developed a method termed the ‘‘hybrid

LRR technique’’ (Jin et al., 2007; Kim et al., 2007b). This tech-

nique was applied to the TLR family and enabled us to determine

the crystal structures of three TLR proteins, TLR1, TLR2, and

TLR4, and their complexes with ligands. Hagfish variable lym-

phocyte receptors (VLRs) were chosen as the fusion partners,

and the TLR and the VLR fragments were fused at their con-

served ‘‘LxxLxLxxN’’ motifs so that local structural incompatibil-

ity could be minimized (Kim et al., 2007a). Analysis of seven

TLR-VLR hybrids demonstrated that the fusion strategy did not

disturb the structure or function of any of the proteins (Jin et al.,

2007; Kim et al., 2007b).

On the basis of their sequences and structural patterns,

LRR family proteins can be classified into seven subfamilies,

‘‘typical,’’ ‘‘RI-like (ribonuclease inhibitor-like),’’ ‘‘CC (cysteine

containing),’’ ‘‘PS (plant specific),’’ ‘‘SDS22-like (SDS22+ protein-

like),’’ ‘‘bacterial,’’ and ‘‘TpLRR (Treponema pallidum LRR)’’

(Kajava, 1998; Kobe and Kajava, 2001; Matsushima et al.,

2007). TLRs are ‘‘typical’’ subfamily proteins. These have

LRR modules of 24 amino acids with the conserved motif

‘‘xLxxLxxLxLxxNxLxxLPxxxFx.’’ In addition to the b sheet in

the concave region common to all LRR family, the typical sub-

family member contains parallel 310 helices (a form of secondary

structure) in the convex region of the horseshoe-like structure.

The LRR modules of TLR1, TLR2, and TLR4 deviate substantially

in conformation from those of other ‘‘typical’’ subfamily proteins

(Jin et al., 2007; Kim et al., 2007b). The three TLRs have two

sharp structural transitions in the b sheet, and therefore their

LRR domains can be divided into three subdomains, N terminal,

central, and C terminal. The central domains have radii, twist and

tilt angles that deviate markedly from the standard values of the

‘‘typical’’ subfamily member. These atypical structures seem to

be caused by unusual LRR modules concentrated in their central

domains. First, the central domains of TLR1, TLR2, and TLR4

lack asparagine ladders that stabilize the overall horseshoe-

like structure by forming a continuous hydrogen-bond network

with backbone oxygens of the neighboring b strands. The broken

asparagine ladders in the central domains may allow the unusual

structural distortions found in TLR1s, TLR2s, and TLR4s. Sec-

ond, the LRR modules of the central domains vary considerably

in numbers of residues, which range from 20 to 33 residues. The

LRR modules in the majority of the LRR proteins are of uniform

length (Kajava, 1998; Kobe and Kajava, 2001; Matsushima

et al., 2007). LRR subfamilies with shorter LRR modules have

loops in the convex area, and those containing longer LRR mod-

ules have bulkier a helices. Helices require more space than

loops and therefore subfamilies with a helices have smaller radii

compared to those with loops that generate enough space in the

convex region. Therefore, the large variation in the length of the

central domain should contribute to the structural anomalies

found in the TLRs. Third, the central domains of TLR1, TLR2,

and TLR4 have one or more a helices inserted into the convex

area. The insertion of the bulkier a helices in some of these

LRR modules should increase the curvature of the domains

and contribute to the unusually small and nonuniform radii of

the central domains. The structural alterations in TLR1, TLR2,

and TLR4 are associated with their biological functions because
they play essential roles in binding ligands or coreceptors (see

Structure of TLRs and Their Ligand Complexes). The N- and

C-terminal domains agree well with consensus structure of the

typical subfamily: The length of LRR modules varies little around

a value of 24 amino acid residues, and the structurally important

asparagine ladder and phenylalanine spine are conserved.

In contrast to TLR1, TLR2, and TLR4, TLR3 has a flat horse-

shoe-like shape with uniform conformational angles comparable

to those of other LRR proteins of the ‘‘typical’’ subfamily (Bell

et al., 2005; Choe et al., 2005; Liu et al., 2008). The asparagine

ladders are intact throughout the TLR3 molecule, and the lengths

of the LRR modules vary considerably less than those of TLR1,

TLR2, or TLR4. Although the structures of TLR5, TLR7, TLR8,

and TLR9 have not yet been reported, their LRR modules appear

to have continuous asparagines ladders and relatively uniform

module lengths, suggesting that they belong to the single do-

main subfamily. In contrast, TLR6 and TLR10 have LRR modules

with broken asparagine ladders and greater variation in module

length in the central part of the protein. They probably belong

to the three-domain architecture found in TLR1, TLR2, and TLR4.

Structures of the Intracellular TIR Domains of TLRs
and Signaling Adapters
The structures of the TIR domains of TLR1, TLR2, and TLR10

have been studied by X-ray crystallography (Nyman et al.,

2008; Xu et al., 2000). These domains have a common fold

containing a five-stranded b sheet surrounded by five a helices.

Mutational and modeling studies indicate that the BB loop

connecting the second b sheet and the second a-helix plays

an important role in TIR dimerization and/or adaptor recruitment.

Mutation Pro681His in the TLR2 BB loop abolished signal

transduction in response to stimulation by yeast and Gram-pos-

itive bacteria (Underhill et al., 1999). The Pro681His mutation did

not cause noticeable structural changes but disrupted the phys-

ical interaction between the TIR domains of TLR2 and MyD88 (Xu

et al., 2000). Modeling and docking analyses predict that electro-

static complementarity plays the main role in the interaction be-

tween TIR domains (Dunne et al., 2003; Gautam et al., 2006). In-

terestingly, in a recent crystal structure, the BB loop of the TIR

domain of TLR10 was shown to be involved in the homodimeric

interaction with a neighboring TIR domain in the crystal (Nyman

et al., 2008). However, it is not certain whether the homodimeric

structure seen in the crystal corresponds to a physiologically rel-

evant dimer of the TLR10 TIR domains because the TIR domain

of TLR10 exists as a monomer in solution.

Experimental structure determination of the TIR multimer is

severely hampered by the low affinity between isolated TIR do-

mains in solution (Xu et al., 2000). Therefore, several modeling

studies have been performed to predict the structures of TIR

multimers. Gautam et al. proposed that the DD loop of TLR2 con-

necting the fourth b sheet and the fourth a-helix is positioned in

close contact with the BB loop of TLR1 (Gautam et al., 2006). In

support of the modeling result, a Gly676Leu substitution in the

BB loop of the TLR1 TIR domain was shown to interfere with sig-

naling. Other groups have proposed models for the TIR domain

of TLR4 with the structure of the TIR domains of TLR2 as tem-

plate. For example, Dunne et al. suggests in their model that

MAL and MyD88 bind to different regions in TLR4, thereby form-

ing a heterotetrameric receptor-adaptor complex (Dunne et al.,
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2003). In a more recent report, the authors proposed another

model using the crystal structure of the TLR10 TIR domain as

template (Núñez Miguel et al., 2007). They hypothesized that

the TIR dimers found in crystals of the TLR10 TIR domain mimic

physiological dimers and built a model of dimeric TLR4 TIR on

the basis of this idea. In their model, the BB loops of the two

TLR4 TIRs interact in a symmetric fashion. They also proposed

that MAL and TRAM TIRs interact at the dimeric interface

between the two TLR4 TIR domains.

Structure of TLRs and Their Ligand Complexes:
TLR1-TLR2-Ligand Interaction
Recently, three crystallographic structures of the extracellular

domains of TLRs and their ligand complexes have been reported

(Jin et al., 2007; Kim et al., 2007b; Liu et al., 2008). Two of them

were complexed with agonistic ligands and the remaining one

was complexed with a coreceptor and an antagonistic ligand.

They provide the first clues as to how these pattern-recognition

receptors recognize ‘‘patterns’’ in the ligands. They also suggest

an activation mechanism that may be common to all TLR family

receptors.

TLR2 in association with TLR1 or TLR6 is essential for recog-

nizing bacterial lipoproteins and lipopeptides. Lipoproteins are

found in more than 400 proteins from all kinds of bacteria

(Babu et al., 2006). They are anchored to the cellular membrane

via lipid chains attached to conserved N termini and induce

strong proinflammatory responses from macrophages (Cham-

baud et al., 1999). Most bacteria except mycoplasmas produce

lipoproteins with three lipid chains (Hantke and Braun, 1973;

Muhlradt et al., 1997; Shibata et al., 2000). Their invariant N-ter-

minal cysteines are covalently attached to a diacylglyceryl chain

via a thioether bond, and they are further modified by the third

acyl chain’s being connected by an amide linkage to the N-termi-

nal cysteine (Figure 1A). The lipopeptides produced by myco-

plasmas do not have the amide-linked acyl chain and therefore

contain only two acyl chains. Palmitoyl groups are by far the

most common lipids in the lipoproteins, and the composition of

the lipid chains closely resembles that of membrane phospho-

lipids (Belisle et al., 1994; Braun, 1975; Mizuno, 1979; Zlotnick

et al., 1988). Other than the lipid modifications and the shared se-

quence patterns found in the N termini, bacterial lipoproteins do

not have any similarities of sequence or function. The acyl-

glyceryl cysteine appears to be the structure recognized by

TLRs because synthetic lipopeptides that have most of their pro-

tein residues except the N-terminal cysteine removed still retain

full immune stimulatory activity (Berg et al., 1994; Bessler et al.,

1985; Seifert et al., 1990; Wiesmuller et al., 1992). Previous stud-

ies have shown that TLR2 is the main receptor recognizing lipo-

proteins and lipopeptides. Triacylated lipoproteins are recog-

nized by the TLR1-TLR2 complex (Shimizu et al., 2007;

Takeuchi et al., 2002), but diacylated lipopeptides, lacking the

amide-bound lipid chain, can activate both of the TLR1-TLR2

and TLR2-TLR6 complexes (Buwitt-Beckmann et al., 2005;

Takeuchi et al., 2001).

We recently determined the crystal structure of the extracellu-

lar domain of TLR2 in association with TLR1 and a synthetic tri-

acylated lipopeptide, Pam3CSK4 (Jin et al., 2007). Pam3CSK4 is

a synthetic derivative of triacylated lipoproteins that retains most

of immune stimulatory activity of full-length lipoproteins. Without
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bound ligand, both the TLR1 and TLR2 extracellular domains

eluted as monomers in gel-filtration chromatography. However,

after addition of the agonistic lipopeptide, the TLRs formed a sta-

ble heterodimer in solution as well as in the crystals. In the crystal

structure, the lipid chains of the ligand bridge the TLRs; two of

the three lipid chains are inserted into an internal pocket in

TLR2, and the remaining amide-bound lipid chain is inserted

into the narrower channel in TLR1 (Figure 1B). The ligand-binding

pockets of TLR1 and TLR2 are located at the boundary of the

central and C-terminal domain in the convex region. The flexible

loops at the domain boundaries are separated, forming crevices

that are connected to large internal pockets. The pockets of

TLR1 and TLR2 are bridged by the bound ligand and therefore

form a long continuous hydrophobic pocket. Structural flexibility

Figure 1. TLR1, TLR2, and Ligand Interaction
(A) Chemical structures of a diacylated lipopeptide, MALP-2 from M. fermen-
tans, and triacylated lipoproteins-natural Outer surface protein A (OspA) from
B. burgdorferi, and synthetic Pam3CSK4, and lipoteichoic acid (LTA) from
S. aureus, are shown. Residue numbers are written above the sequence.
The bold Rs in LTA represent substituting groups.
(B) The ligand-binding sites of the TLR1-TLR2 complex are shown in gray and
green, respectively. The molecular surface of the residues directly involved in
pocket formation is represented in mesh. Pam3CSK4 is drawn in red as
a space-filling model.
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at the domain boundary ought to be crucial for ligand recognition

because LRRs are very rigid structural frameworks, and struc-

tural transitions of this magnitude have not been reported. The

heterodimeric complex of TLR1 and TLR2 is further stabilized

by extensive protein-protein interactions near the ligand-binding

pocket. Interestingly, the Pro315Leu substitution in a polymor-

phic variant of TLR1 is located in the protein-protein interaction

interface (Omueti et al., 2007). This change blocks TLR1 signal-

ing in response to pathogenic lipoproteins, confirming that the

heterodimeric interaction shown in the crystal is essential for

lipoprotein signaling.

The crystal structure of the TLR1-TLR2-lipopeptide complex

provides a reasonable template for structure prediction of the

TLR1-TLR2-lipoteichoic acid (LTA) complex. LTAs are potent in-

ducers of innate immune responses via the TLR2-dependent

pathway (Deininger et al., 2003; Han et al., 2003; Schroder

et al., 2003). The LTAs of S. aureus are composed of two lipid

chains attached to glycerophosphate units repeated typically

from 4 to 25 times (Figure 1A and Morath et al., 2001). In solution,

LTA can induce the formation of a stable heterodimeric complex

between the purified extracellular domains of TLR1 and TLR2

(unpublished data). Because the two thioester-linked lipid chains

of the synthetic lipopeptides, Pam2CSK4 and Pam3CSK4, are

inserted into the TLR2 pocket in practically the same conforma-

tion, it is highly probable that the two lipid chains of LTAs are in-

serted into the binding pocket in TLR2 in a similar fashion. Be-

cause LTA has only two lipid chains, the hydrophilic sugars

and repeating units must also interact with TLR1 in order to

stabilize the TLR1-TLR2 complex in the absence of stabilization

of the TLR dimer by a third lipid chain.

TLR3-Ligand Interaction
TLR3 has been shown to recognize dsRNA produced during viral

replication (Alexopoulou et al., 2001). The crystal structure of

TLR3 bound to a dsRNA ligand has been reported (Figure 2

and Liu et al., 2008). The dsRNA interacts with both N-terminal

and C-terminal sites on the lateral side of the convex surface

of TLR3. The N-terminal interaction site is composed of LRRNT

and LRR1-3 modules, and the C-terminal site is composed of

LRR19-21 modules. The positively charged residues of the ter-

mini of TLR3 make the major contributions to the interaction

with the sugar-phosphate backbones of the dsRNA ligand.

Only a minor TLR3-TLR3 interaction is located near the LRRCT,

demonstrating that the ligand-protein interaction is the main

driving force for TLR3 dimerization. The ligand interaction sites

of the TLR3 homodimer are separated by �120 Å, which ac-

counts for why a minimum of 40–50 base pairs is required for sta-

ble binding of dsRNA to TLR3 (Leonard et al., 2008). However,

there have been reports that dsRNA of substantially less than

40 bp can initiate TLR3 signaling (Kariko et al., 2004; Kleinman

et al., 2008). These reports raise the possibility that the N-termi-

nal interaction site may not be essential for efficient TLR3 signal

initiation in some experimental conditions. The interactions be-

tween TLR3 and dsRNA are very different from those between

TLR1-TLR2 and lipopeptides. Hydrophobic interactions make

the main contribution to ligand binding by the TLR1-TLR2 com-

plex (Jin et al., 2007). In contrast, the dsRNA interaction sites in

TLR3 are located on the surface of the protein, and ionic and
hydrogen bonds with the sugar-phosphate backbones of the

ligand play the major role (Figure 2).

TLR4-Ligand Interaction
TLR4 in company with its coreceptor MD-2 is specific for LPS

recognition (Shimazu et al., 1999; Viriyakosol et al., 2001). Lipo-

polysaccharides (LPSs) are outer-membrane glycolipids of

Gram-negative bacteria and are well-known inducers of the in-

nate immune response (Erridge et al., 2002). They are composed

of a hydrophobic lipid A component and a hydrophilic polysac-

charide component. The lipid A portion is composed of phos-

phorylated diglucosamine and four to seven acyl chains

(Figure 3A). Chemically synthesized lipid A has the same biolog-

ical activity as full-sized LPS, demonstrating that it possesses

the same configuration (pattern) as LPS and is the main inducer

of biological responses to LPS (Tanamoto et al., 1984). Both the

1 and 40 positions of the glucosamine backbone of lipid A are

frequently phosphorylated. Phosphorylation is important for

the biological activity of LPS because diphosphorylated lipid A

is more than 1000-fold more active than monophosphorylated

lipid A (MPL) (Rietschel et al., 1987). The phosphate group can

Figure 2. TLR3-Ligand Interaction
Structures of the N-terminal (A) and C-terminal binding sites (B) of TLR3 are
shown. Ca traces of the LRR modules directly interacting with RNA are drawn
in pink. Residues of the RNA are numbered. The second TLR3 molecule in the
TLR3 homodimer is marked with a double apostrophe.
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be further modified by other chemical groups. Four to seven

mostly saturated lipid chains are linked to the sugar backbone

of lipid A through either ester or amide linkages. The lipid A moi-

ety is connected to the core oligosaccharide part of LPS. The

core sugar chain contains unusual Kdo (3-deoxy-D-manno-

oct-2-ulosonic acid) and heptose saccharides not normally

found in humans and is connected to the highly variable O-spe-

cific chain composed of repeating oligosaccharide units (Erridge

et al., 2002). The O-specific sugar chains are highly variable in

structure compared to the core sugar. The number of repeating

units can be anywhere from 1–50 in the same bacterium. The

sugar composition, sequence, chemical linkage, substitution,

and ring form of the repeating units can vary dramatically,

thereby making LPS of almost unlimited diversity. Experiments

using synthetic variants of lipid A demonstrate that E.coli lipid

A containing six lipid chains and two phosphate groups has

a nearly optimal structure for endotoxicity (Erridge et al., 2002;

Rietschel et al., 1991). Lipid A with five or seven acyl chains

Figure 3. TLR4-MD-2-Ligand Interaction
(A) Chemical structures of lipid A of E. coli, the syn-
thetic antagonist, Eritoran, and lipid IVa. Numbers
of carbons in the lipid chains are written below.
(B) Overall structure of the TLR4-MD-2 complex.
The left shows the top view, and the right shows
the side view.
(C) Structures of MD-2 complexed with the antag-
onistic ligands, Eritoran (left) and lipid IVa (right).
MD-2, Eritoran, and lipid IVa are colored orange,
black, and gray, respectively. Disulfide bridges
are represented as yellow lines. The molecular
surfaces of residues involved in formation of the
hydrophobic pocket of MD-2 are drawn in mesh.

is 100-fold less active, and structural

changes in the sugar or lipid chains in-

variably lead to substantially reduced

activity.

Several synthetic derivatives of lipid A

have been developed as candidate drugs

against sepsis and septic shock syn-

drome. Eritoran (or E5564) is a synthetic

molecule derived from the lipid A compo-

nent of the nonpathogenic LPS of Rhodo-

bacter sphaeroides (Figure 3A and Mul-

larkey et al., 2003). It is a strong

antagonist of TLR4-MD-2 and is currently

in a phase III clinical trial against severe

sepsis. The diglucosamine backbone

and the phosphate positions of LPS are

conserved in Eritoran. However, the num-

ber and chemical structure of the lipid

chains have noticeable differences that

make it an antagonist. For example, Eri-

toran has only four lipid chains and one

of them contains a double bond in cis

configuration. Lipid IVa, also called com-

pound 406, is an intermediate in LPS bio-

synthesis (Figure 3A and Kusumoto et al.,

2003). Interestingly, it is an antagonist of

human TLR4-MD-2 but a mild agonist of

the mouse form (Means et al., 2000; Tanamoto and Azumi,

2000). Both Eritoran and lipid IVa bound to MD-2 have been crys-

tallized, providing the first glimpse of the structural flexibility of

the ligands recognizing the TLR4-MD-2 complex (Kim et al.,

2007b; Ohto et al., 2007).

MD-2 adopts a b cup fold with two antiparallel b sheets that are

separated on one side, and with internal hydrophobic residues

exposed for ligand binding (Kim et al., 2007b). The internal pocket

of MD-2 is completely lined with hydrophobic residues, but the

open region has positively charged residues. Therefore, the over-

all shape and electrostatic characteristics of MD-2 seem to be

suitable for binding negatively charged amphipathic ligands

such as LPS. Interaction between TLR4 and MD-2 is mediated

mainly by ionic and hydrogen bonds in two oppositely charged

patches. The negatively charged A patch of TLR4 interacts with

basic residues in MD-2. On the other hand, the positively charged

B patch that is located in a less conserved area of TLR4 interacts

with negatively charged residues in MD-2 (Figure 3B).

186 Immunity 29, August 15, 2008 ª2008 Elsevier Inc.
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A hybrid of TLR4-VLR complexed with Eritoran has been crys-

tallized (Kim et al., 2007b). As with TLR1 and TLR2, the ‘‘hybrid

LRR technique’’ made a crucial contribution to crystallization

of the TLR4 complexes (discussed above). In the crystal struc-

ture, Eritoran binds to the hydrophobic pocket in MD-2, with its

four acyl chains occupying almost all the available space in the

pocket. There is no direct interaction between Eritoran and

TLR4. Because Eritoran mimics the structure of LPS and the

two compete for MD-2, these data suggest that MD-2 is the

only LPS-binding component of the TLR4-MD-2 complex (Visin-

tin et al., 2005). Another complex of human MD-2, this time with

bound lipid IVa, has been recently reported by Ohto et al. (2007).

Their structure contains no TLR4 subunit, and comparison of

their MD-2 structure with our TLR4-bound MD-2 structure indi-

cates that TLR4 binding causes only minor changes in the loops

of MD-2. The comparison also reveals that the mode of binding

of lipid IVa is remarkably similar to that of Eritoran despite the

structural differences between their lipid chains (Figure 3C).

The four lipid chains and phosphate groups occupy identical

sites in MD-2 and the glucosamine backbone is only shifted by

two angstroms.

As noted, both Eritoran and lipid IVa have tetra-acylated lipid

chains, whereas agonistic LPS has more or longer lipid chains

(Figure 3A). Because the lipid chains of Eritoran and lipid IVa oc-

cupy almost all the available space in the MD-2 pocket, LPS

must bind to MD-2 in a different fashion from Eritoran and lipid

IVa. Several structural adjustments of MD-2 can be envisaged.

In the first model, LPS may be able to enlarge the MD-2 pocket.

Because one edge of the b sandwich of MD-2 is pulled away, and

no intersheet disulfide bridge is present, it appears to be possi-

ble to enlarge the pocket without excessive structural changes.

In the second model, structural changes of MD-2 are minimized,

whereas four of the chains of LPS are inserted into the MD-2

pocket with the remaining two chains protruding from the pocket

and able to interact with a second TLR4 molecule to promote di-

merization. Both of these modes of binding LPS should provoke

some structural changes in MD-2, and these may play an impor-

tant role in dimerization of the TLR4-MD-2 complex. Because the

phosphate groups of lipid A are known to be crucial for the high

potency of E.coli LPS, they may also have a direct role in dimer

formation.

Several lines of evidence support the hypothesis that ligand

binding induces aggregation of the TLR4-MD-2 complex and

that this initiates signaling. Miyake and colleagues discovered

that residues Phe126 and Gly129 of MD-2 are crucial for aggre-

gation of the TLR4-MD-2 complex (Kobayashi et al., 2006). In ad-

dition, we have conducted mutation and deletion experiments to

help build a reliable model of TLR4 dimerization and activation

(Kim et al., 2007b). We showed that binding of agonistic LPS

to purified TLR4-MD-2 complexes induces dimerization of the

complexes. Truncation of the C terminus of TLR4 prevented di-

merization. We also demonstrated using purified proteins that

Phe126 and His155, located on the same side of MD-2, are es-

sential for dimerization. These results can be explained by

a model in which LPS induces dimerization of TLR4-MD-2 by

altering the conformation of the Phe126 surface of MD-2 and ex-

posing otherwise hidden interaction sites for binding to the C-

terminal domain of the second TLR4 molecule. Interestingly, in

this model, the two TLR4 molecules form an ‘‘m’’-shaped com-
plex similar to that of the TLR1-TLR2 heterodimer and TLR3

homodimer (Kim et al., 2007b). Recent biochemical data with

horse TLR4 and MD-2 supports our model (Walsh et al., 2008).

Many previous reports demonstrate that, in addition to MD-2,

TLR4 needs two accessory proteins, LBP and CD14, to recog-

nize LPS at physiological concentrations (Fujihara et al., 2003;

Miyake, 2003; Schumann et al., 1990). LBP is required for ex-

tracting LPS from the outer membrane of Gram-negative bacte-

ria or vesicles liberated by them, and for transferring it to CD14 in

a monomeric form. Because CD14 has no intracellular signaling

domain, LPS must ultimately be delivered to the TLR4-MD-2

complex to initiate immune responses. LBP belongs to the lipid

transfer or lipopolysaccharide binding protein (LT-LBP) family

(Mulero et al., 2002). Other current members of the family are

bactericidal and permeability-increasing protein (BPI), choles-

terol ester transfer protein (CETP), phospholipid transfer protein

(PLTP), and a few poorly characterized proteins. LBP and BPI are

especially similar in sequence (45% sequence identity) and func-

tion. They both bind to LPS and control its biological effects. BPI

is a plasma protein that neutralizes LPS. It is a boomerang-

shaped molecule composed of a central b sheet and barrel-

shaped domains at its termini (Beamer et al., 1997; Beamer

et al., 1999). Each barrel contains a long a helix surrounded by

a five-stranded antiparallel b sheet and a short a helix. It also

contains a hydrophobic pocket that binds a phospholipid mole-

cule, mainly by interacting with its acyl chains. The head group of

the phospholipid lies at the entrance of the pocket and is ex-

posed to solvent. Although the structure of LBP bound to LPS

has not been reported, the structure of BPI allowed homology

modeling of LBP (Beamer et al., 1998); the two proteins are

highly homologous and can be aligned with only two single

residue gaps. Therefore, LBP is predicted to have the same

boomerang-like two-barrel structure with two hydrophobic

phospholipid pockets. Mutational and domain-swapping

experiments have suggested that the N-terminal domain of

LBP is responsible for interaction with LPS and the C-terminal

domain mediates the transfer of LPS to CD14 (Abrahamson

et al., 1997; Iovine et al., 2002; Theofan et al., 1994). Although

the two barrels have an almost identical structural architecture,

their electrostatic characteristics appear to differ markedly.

Whereas the surface of the N-terminal barrel of LBP is strongly

positively charged, the C-terminal barrel does not seem to

have any particular overall charge. The expected charge distri-

bution may play a role in the transfer of LPS to CD14 because

BPI with its uniformly positive charge can bind LPS but cannot

transfer it to CD14.

CD14, which is found in soluble form or as a GPI-anchored

protein on the cell membrane, is another essential accessory

protein for LPS recognition (Ulevitch and Tobias, 1995). Our

crystallographic analysis shows that it is an LRR family protein

with 11 LRR modules (Kim et al., 2005). Unlike other LRR family

members, CD14 does not contain an LRRCT module protecting

its hydrophobic core. Instead, the C terminus of the LRR mod-

ules of CD14 interacts with the C terminus of another CD14 form-

ing a dimer. Therefore, their hydrophobic cores are covered by

the opposing monomers in the CD14 dimer. Interestingly, be-

cause dimeric CD14 contains 22 LRR modules in total, its overall

shape and size appear to be comparable to those of TLRs. The

LPS interaction site of CD14 is located at the boundary of the
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LRRNT and the first LRR module, providing additional support

for the hypothesis that the domain boundaries are crucial for

pocket formation in LRR family proteins. As in the TLR1-TLR2

complex, the LPS-binding pocket of CD14 is located in the con-

vex region formed by opening a crevice composed of flexible

loops and helices. The pocket is covered with purely hydropho-

bic residues except for the rim of the pocket, which contains hy-

drophilic and flexible residues. Several laboratories have re-

ported interesting mutational analyses showing that a distinct

region near the LPS-binding pocket of CD14 is crucial for LPS

signaling but not for LPS binding (Juan et al., 1995; Kim et al.,

2005; Muroi et al., 2002; Stelter et al., 1999). The data suggest

that this LPS signaling area may make direct and transient con-

tact with TLR4-MD-2 to achieve efficient LPS transfer. Additional

structural and biochemical studies are required to identify the

CD14 contact area in TLR4-MD-2 and ultimately to build a reli-

able model of the mechanism of LPS transfer between CD14

and the TLR4-MD-2 complex.

Ligand-Induced Activation of TLR Family Proteins
TLR family receptors interact with an unusually diverse variety of

ligands, ranging from hydrophilic nucleic acids to hydrophobic

LPS or lipoproteins (Akira and Hemmi, 2003; Gay and Gangloff,

2007). They also vary greatly in size from small synthetic mole-

cules to macromolecules. Regardless of these differences, the

structures of the TLR1-TLR2-lipopeptide, TLR3-dsRNA com-

plexes and the model of the TLR4-MD-2-LPS complex all have

an ‘‘m’’-shaped dimeric architecture, suggesting that all the

other TLRs undergo similar dimerization upon binding agonists

(Figure 4 and Jin et al., 2007; Kim et al., 2007b; Liu et al., 2008).

This observation immediately suggests the hypothesis that

dimerization of the extracellular domains brings about di-

merization of the intracellular TIR domains and so initiates signal-

ing. It is known that, in a membrane environment, full-length

TLRs exist as homomultimers or heteromultimers even without

their ligands (Akira and Takeda, 2004; Latz et al., 2007; Ozinsky

et al., 2000; Triantafilou et al., 2006). However, these preligand

complexes cannot induce intracellular signaling, probably be-

cause their TIR domains have an inappropriate orientation or dis-

tance for signaling. Dimerization of the extracellular domains

may lead to proper orientation of the TIRs, recruitment of adaptor

proteins, and initiation of intracellular signaling. Sequence align-

ment shows that only a few residues are able to act as flexible

linkers between the extracellular and transmembrane domains

and between the transmembrane region and the intracellular do-

main (Bell et al., 2003). Therefore, close apposition of the C ter-

mini of the ectodomains is very likely to encourage juxtaposition

of the intracellular TIR domains, as shown in the model.

Conclusions
TLR family receptors have a common structural architecture.

The extracellular domains of TLRs belong to the well-known

LRR family with multiple LRR modules. Sequence and structure

analyses demonstrate that TLR1, TLR2, TLR4, TLR6, and TLR10

belong to the three-domain subfamily; they bind to and are acti-

vated by hydrophobic ligands such as lipoproteins, LTA, LPS,

etc. Conversely, TLR3, TLR5, TLR7, TLR8, and TLR9 belong to

the single-domain subfamily. These TLRs interact with hydro-

philic proteins or nucleic acids. The structures of the TLR1-
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TLR2 heterodimer and TLR3 homodimer induced by binding of

agonistic ligands have revealed a common ‘‘m’’-shaped archi-

tecture. In these dimeric arrangements, the C termini of the ex-

tracellular domains of TLRs converge in the center, and such

a convergence should bring the two intracellular TIR domains

close together and so promote their dimerization.

Additional structural studies of the TLR system are needed to

address several key issues in innate immune research: (1) TLRs

recognize ‘‘pattern’’ in structurally diverse ligands. Previous

studies have shown that even minor modifications to ligands

may lead to unpredictable changes in the immune responses

that they evoke. We need to define precisely the meaning of

‘‘pattern’’ in TLR ligands, not only to better understand the innate

immune system but also to be able to design improved antago-

nists and agonists for clinical use. For this purpose, structural

studies of TLRs complexed with diverse ligands are essential.

(2) Common structural principles of TLR dimerization and activa-

tion appear to emerge from structural studies of the TLR2 and

TLR3 complexes. It will be important to see whether other

Figure 4. Ligand-Induced TLR Dimers
The ‘‘m’’-shaped TLR dimers induced by binding of agonistic ligands. The
crystal structures of (A) TLR1-TLR2-Pam3CSK4 and (B) TLR3- dsRNA are col-
ored gray, green, red, pink, and purple, respectively. (C) shows a model of the
TLR4-MD-2-Eritoran complex. TLR4, MD-2, and Eritoran are colored light
blue, orange, and black, respectively. Double apostrophes are used to mark
the second TLR4 or MD-2 in the receptor complex.
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TLRs complexed with different ligands dimerize in a similar fash-

ion. (3) There are several models of TIR multimers. Therefore, ex-

perimental structure analysis of multimers composed of the TIR

domains of TLRs and adaptor proteins is crucial for improving

our understanding of the TLR signal pathway.

ACKNOWLEDGMENTS

This work was supported by the Creative Research Initiatives (Center for
Membrane Receptor Research) of the Ministry of Education, Science and
Technology and Korean Science and Engineering Foundation.

REFERENCES

Abrahamson, S.L., Wu, H.M., Williams, R.E., Der, K., Ottah, N., Little, R., Gaz-
zano-Santoro, H., Theofan, G., Bauer, R., Leigh, S., et al. (1997). Biochemical
characterization of recombinant fusions of lipopolysaccharide binding protein
and bactericidal/permeability-increasing protein. Implications in biological
activity. J. Biol. Chem. 272, 2149–2155.

Akira, S., and Hemmi, H. (2003). Recognition of pathogen-associated molec-
ular patterns by TLR family. Immunol. Lett. 85, 85–95.

Akira, S., and Takeda, K. (2004). Toll-like receptor signalling. Nat. Rev. Immu-
nol. 4, 499–511.

Alexopoulou, L., Holt, A.C., Medzhitov, R., and Flavell, R.A. (2001). Recogni-
tion of double-stranded RNA and activation of NF-kappaB by Toll-like receptor
3. Nature 413, 732–738.

Babu, M.M., Priya, M.L., Selvan, A.T., Madera, M., Gough, J., Aravind, L., and
Sankaran, K. (2006). A database of bacterial lipoproteins (DOLOP) with func-
tional assignments to predicted lipoproteins. J. Bacteriol. 188, 2761–2773.

Beamer, L.J., Carroll, S.F., and Eisenberg, D. (1997). Crystal structure of hu-
man BPI and two bound phospholipids at 2.4 angstrom resolution. Science
276, 1861–1864.

Beamer, L.J., Carroll, S.F., and Eisenberg, D. (1998). The BPI/LBP family of
proteins: a structural analysis of conserved regions. Protein Sci. 7, 906–914.

Beamer, L.J., Carroll, S.F., and Eisenberg, D. (1999). The three-dimensional
structure of human bactericidal/permeability-increasing protein: Implications
for understanding protein-lipopolysaccharide interactions. Biochem. Pharma-
col. 57, 225–229.

Belisle, J.T., Brandt, M.E., Radolf, J.D., and Norgard, M.V. (1994). Fatty acids
of Treponema pallidum and Borrelia burgdorferi lipoproteins. J. Bacteriol. 176,
2151–2157.

Bell, J.K., Botos, I., Hall, P.R., Askins, J., Shiloach, J., Segal, D.M., and Davies,
D.R. (2005). The molecular structure of the Toll-like receptor 3 ligand-binding
domain. Proc. Natl. Acad. Sci. USA 102, 10976–10980.

Bell, J.K., Mullen, G.E., Leifer, C.A., Mazzoni, A., Davies, D.R., and Segal, D.M.
(2003). Leucine-rich repeats and pathogen recognition in Toll-like receptors.
Trends Immunol. 24, 528–533.

Berg, M., Offermanns, S., Seifert, R., and Schultz, G. (1994). Synthetic lipopep-
tide Pam3CysSer(Lys)4 is an effective activator of human platelets. Am. J.
Physiol. 266, C1684–C1691.

Bessler, W.G., Cox, M., Lex, A., Suhr, B., Wiesmuller, K.H., and Jung, G.
(1985). Synthetic lipopeptide analogs of bacterial lipoprotein are potent poly-
clonal activators for murine B lymphocytes. J. Immunol. 135, 1900–1905.

Braun, V. (1975). Covalent lipoprotein from the outer membrane of Escherichia
coli. Biochim. Biophys. Acta 415, 335–377.

Buwitt-Beckmann, U., Heine, H., Wiesmuller, K.H., Jung, G., Brock, R., Akira,
S., and Ulmer, A.J. (2005). Toll-like receptor 6-independent signaling by diacy-
lated lipopeptides. Eur. J. Immunol. 35, 282–289.

Chambaud, I., Wroblewski, H., and Blanchard, A. (1999). Interactions between
mycoplasma lipoproteins and the host immune system. Trends Microbiol. 7,
493–499.

Choe, J., Kelker, M.S., and Wilson, I.A. (2005). Crystal structure of human
toll-like receptor 3 (TLR3) ectodomain. Science 309, 581–585.
Deininger, S., Stadelmaier, A., von Aulock, S., Morath, S., Schmidt, R.R.,
and Hartung, T. (2003). Definition of structural prerequisites for lipoteichoic
acid-inducible cytokine induction by synthetic derivatives. J. Immunol.
170, 4134–4138.

Dolan, J., Walshe, K., Alsbury, S., Hokamp, K., O’Keeffe, S., Okafuji, T., Miller,
S.F., Tear, G., and Mitchell, K.J. (2007). The extracellular leucine-rich repeat
superfamily; a comparative survey and analysis of evolutionary relationships
and expression patterns. BMC Genomics 8, 320.

Dunne, A., Ejdeback, M., Ludidi, P.L., O’Neill, L.A., and Gay, N.J. (2003). Struc-
tural complementarity of Toll/interleukin-1 receptor domains in Toll-like recep-
tors and the adaptors Mal and MyD88. J. Biol. Chem. 278, 41443–41451.

Erridge, C., Bennett-Guerrero, E., and Poxton, I.R. (2002). Structure and func-
tion of lipopolysaccharides. Microbes Infect. 4, 837–851.

Fujihara, M., Muroi, M., Tanamoto, K., Suzuki, T., Azuma, H., and Ikeda, H.
(2003). Molecular mechanisms of macrophage activation and deactivation
by lipopolysaccharide: roles of the receptor complex. Pharmacol. Ther. 100,
171–194.

Gautam, J.K., Ashish, Comeau, L.D., Krueger, J.K., and Smith, M.F., Jr. (2006).
Structural and functional evidence for the role of the TLR2 DD loop in TLR1/
TLR2 heterodimerization and signaling. J. Biol. Chem. 281, 30132–30142.

Gay, N.J., and Gangloff, M. (2007). Structure and function of Toll receptors and
their ligands. Annu. Rev. Biochem. 76, 141–165.

Gay, N.J., and Keith, F.J. (1991). Drosophila Toll and IL-1 receptor. Nature 351,
355–356.

Han, S.H., Kim, J.H., Martin, M., Michalek, S.M., and Nahm, M.H. (2003).
Pneumococcal lipoteichoic acid (LTA) is not as potent as staphylococcal
LTA in stimulating Toll-like receptor 2. Infect. Immun. 71, 5541–5548.

Hantke, K., and Braun, V. (1973). Covalent binding of lipid to protein. Diglycer-
ide and amide-linked fatty acid at the N-terminal end of the murein-lipoprotein
of the Escherichia coli outer membrane. Eur. J. Biochem. 34, 284–296.

Iovine, N., Eastvold, J., Elsbach, P., Weiss, J.P., and Gioannini, T.L. (2002). The
carboxyl-terminal domain of closely related endotoxin-binding proteins deter-
mines the target of protein-lipopolysaccharide complexes. J. Biol. Chem. 277,
7970–7978.

Janeway, C.A., Jr. (1989). Approaching the asymptote? Evolution and revolu-
tion in immunology. Cold Spring Harb. Symp. Quant. Biol. 54, 1–13.

Jin, M.S., Kim, S.E., Heo, J.Y., Lee, M.E., Kim, H.M., Paik, S.G., Lee, H., and
Lee, J.O. (2007). Crystal structure of the TLR1–TLR2 heterodimer induced
by binding of a tri-acylated lipopeptide. Cell 130, 1071–1082.

Juan, T.S., Hailman, E., Kelley, M.J., Wright, S.D., and Lichenstein, H.S. (1995).
Identification of a domain in soluble CD14 essential for lipopolysaccharide
(LPS) signaling but not LPS binding. J. Biol. Chem. 270, 17237–17242.

Kajava, A.V. (1998). Structural diversity of leucine-rich repeat proteins. J. Mol.
Biol. 277, 519–527.

Kariko, K., Bhuyan, P., Capodici, J., and Weissman, D. (2004). Small interfering
RNAs mediate sequence-independent gene suppression and induce immune
activation by signaling through toll-like receptor 3. J. Immunol. 172,
6545–6549.

Kim, H.M., Oh, S.C., Lim, K.J., Kasamatsu, J., Heo, J.Y., Park, B.S., Lee, H.,
Yoo, O.J., Kasahara, M., and Lee, J.O. (2007a). Structural diversity of the
hagfish variable lymphocyte receptors. J. Biol. Chem. 282, 6726–6732.

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., and Lee, J.O. (2007b). Crystal structure
of the TLR4-MD-2 complex with bound endotoxin antagonist Eritoran. Cell
130, 906–917.

Kim, J.I., Lee, C.J., Jin, M.S., Lee, C.H., Paik, S.G., Lee, H., and Lee, J.O.
(2005). Crystal structure of CD14 and its implications for lipopolysaccharide
signaling. J. Biol. Chem. 280, 11347–11351.

Kleinman, M.E., Yamada, K., Takeda, A., Chandrasekaran, V., Nozaki, M.,
Baffi, J.Z., Albuquerque, R.J., Yamasaki, S., Itaya, M., Pan, Y., et al. (2008).
Sequence- and target-independent angiogenesis suppression by siRNA via
TLR3. Nature 452, 591–597.

Immunity 29, August 15, 2008 ª2008 Elsevier Inc. 189



Immunity

Review
Kobayashi, M., Saitoh, S., Tanimura, N., Takahashi, K., Kawasaki, K.,
Nishijima, M., Fujimoto, Y., Fukase, K., Akashi-Takamura, S., and Miyake, K.
(2006). Regulatory roles for MD-2 and TLR4 in ligand-induced receptor cluster-
ing. J. Immunol. 176, 6211–6218.

Kobe, B., and Kajava, A.V. (2001). The leucine-rich repeat as a protein recog-
nition motif. Curr. Opin. Struct. Biol. 11, 725–732.

Kusumoto, S., Fukase, K., Fukase, Y., Kataoka, M., Yoshizaki, H., Sato, K.,
Oikawa, M., and Suda, Y. (2003). Structural basis for endotoxic and antagonis-
tic activities: investigation with novel synthetic lipid A analogs. J. Endotoxin
Res. 9, 361–366.

Latz, E., Verma, A., Visintin, A., Gong, M., Sirois, C.M., Klein, D.C., Monks,
B.G., McKnight, C.J., Lamphier, M.S., Duprex, W.P., et al. (2007). Ligand-
induced conformational changes allosterically activate Toll-like receptor
9. Nat. Immunol. 8, 772–779.

Leonard, J.N., Ghirlando, R., Askins, J., Bell, J.K., Margulies, D.H., Davies,
D.R., and Segal, D.M. (2008). The TLR3 signaling complex forms by coopera-
tive receptor dimerization. Proc. Natl. Acad. Sci. USA 105, 258–263.

Liu, L., Botos, I., Wang, Y., Leonard, J.N., Shiloach, J., Segal, D.M., and
Davies, D.R. (2008). Structural basis of toll-like receptor 3 signaling with
double-stranded RNA. Science 320, 379–381.

Matsushima, N., Tachi, N., Kuroki, Y., Enkhbayar, P., Osaki, M., Kamiya, M.,
and Kretsinger, R.H. (2005). Structural analysis of leucine-rich-repeat variants
in proteins associated with human diseases. Cell. Mol. Life Sci. 62, 2771–2791.

Matsushima, N., Tanaka, T., Enkhbayar, P., Mikami, T., Taga, M., Yamada, K.,
and Kuroki, Y. (2007). Comparative sequence analysis of leucine-rich repeats
(LRRs) within vertebrate toll-like receptors. BMC Genomics 8, 124.

Means, T.K., Golenbock, D.T., and Fenton, M.J. (2000). The biology of Toll-like
receptors. Cytokine Growth Factor Rev. 11, 219–232.

Medzhitov, R. (2001). Toll-like receptors and innate immunity. Nat. Rev. Immu-
nol. 1, 135–145.

Medzhitov, R., Preston-Hurlburt, P., and Janeway, C.A., Jr. (1997). A human
homologue of the Drosophila Toll protein signals activation of adaptive immu-
nity. Nature 388, 394–397.

Miyake, K. (2003). Innate recognition of lipopolysaccharide by CD14 and toll-
like receptor 4-MD-2: Unique roles for MD-2. Int. Immunopharmacol. 3,
119–128.

Mizuno, T. (1979). A novel peptidoglycan-associated lipoprotein found in the
cell envelope of Pseudomonas aeruginosa and Escherichia coli. J. Biochem.
(Tokyo) 86, 991–1000.

Morath, S., Geyer, A., and Hartung, T. (2001). Structure-function relationship of
cytokine induction by lipoteichoic acid from Staphylococcus aureus. J. Exp.
Med. 193, 393–397.

Muhlradt, P.F., Kiess, M., Meyer, H., Sussmuth, R., and Jung, G. (1997). Iso-
lation, structure elucidation, and synthesis of a macrophage stimulatory lipo-
peptide from Mycoplasma fermentans acting at picomolar concentration. J.
Exp. Med. 185, 1951–1958.

Mulero, J.J., Boyle, B.J., Bradley, S., Bright, J.M., Nelken, S.T., Ho, T.T., Mize,
N.K., Childs, J.D., Ballinger, D.G., Ford, J.E., and Rupp, F. (2002). Three new
human members of the lipid transfer/lipopolysaccharide binding protein family
(LT/LBP). Immunogenetics 54, 293–300.

Mullarkey, M., Rose, J.R., Bristol, J., Kawata, T., Kimura, A., Kobayashi, S.,
Przetak, M., Chow, J., Gusovsky, F., Christ, W.J., and Rossignol, D.P.
(2003). Inhibition of endotoxin response by e5564, a novel Toll-like receptor
4-directed endotoxin antagonist. J. Pharmacol. Exp. Ther. 304, 1093–1102.

Muroi, M., Ohnishi, T., and Tanamoto, K. (2002). Regions of the mouse CD14
molecule required for toll-like receptor 2- and 4-mediated activation of
NF-kappa B. J. Biol. Chem. 277, 42372–42379.
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