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ABSTRACT: Recognition of the lipopolysaccharide (LPS), a
major component of the outer membrane of Gram-negative
bacteria, by the Toll-like receptor 4 (TLR4)-myeloid differ-
entiation factor 2 (MD-2) complex is essential for the control
of bacterial infection. A pro-inflammatory signaling cascade is
initiated upon binding of membrane-associated portion of
LPS, a glycophospholipid Lipid A, by a coreceptor protein
MD-2, which results in a protective host innate immune
response. However, activation of TLR4 signaling by LPS may
lead to the dysregulated immune response resulting in a variety of inflammatory conditions including sepsis syndrome.
Understanding of structural requirements for Lipid A endotoxicity would ensure the development of effective anti-inflammatory
medications. Herein, we report on design, synthesis, and biological activities of a series of conformationally confined Lipid A
mimetics based on β,α-trehalose-type scaffold. Replacement of the flexible three-bond β(1→6) linkage in diglucosamine
backbone of Lipid A by a two-bond β,α(1↔1) glycosidic linkage afforded novel potent TLR4 antagonists. Synthetic tetraacylated
bisphosphorylated Lipid A mimetics based on a β−GlcN(1↔1)α−GlcN scaffold selectively block the LPS binding site on both
human and murine MD-2 and completely abolish lipopolysaccharide-induced pro-inflammatory signaling, thereby serving as
antisepsis drug candidates. In contrast to their natural counterpart lipid IVa, conformationally constrained Lipid A mimetics do
not activate mouse TLR4. The structural basis for high antagonistic activity of novel Lipid A mimetics was confirmed by
molecular dynamics simulation. Our findings suggest that besides the chemical structure, also the three-dimensional arrangement
of the diglucosamine backbone of MD-2-bound Lipid A determines endotoxic effects on TLR4.

The innate immune system recognizes the presence of
pathogen associated molecular patterns (PAMPs) through

pattern recognition receptors (PRRs). Specific Gram-negative
bacterial antigen, lipopolysaccharide (LPS), also known as
endotoxin, is recognized by a complex composed of myeloid
differentiation factor 2 (MD-2) and Toll-like receptor 4
(TLR4), a type I transmembrane protein characterized by an
ectodomain that contains varying numbers of leucin-rich-repeat
motifs and a cytoplasmic signaling domain. Intensive research
in the past 15 years has shown that the activation of innate
immune response by submicromolar concentrations of
endotoxin necessitates a successive interaction of LPS with
lipid-binding protein (LBP), CD14 (a differentiation antigen of
monocytes), and TLR4/MD-2 complex.1−3 The membrane-
bound glycophospholipid portion of LPS, known as Lipid A, is
believed to represent the “endotoxic principle” of LPS. Upon
binding of hexaacylated E. coli Lipid A by a coreceptor protein
MD-2, a receptor multimer composed of two copies of the
TLR4/MD-2−Lipid A complex is formed, which triggers a

downstream signaling cascade and activates host innate
immunity (Figure 1).3 LPS-mediated initiation of the TLR4/
MD-2 signaling actively contributes to the development and
maintenance of advantageous defensive host response. Though,
in the conditions of uncontrolled inflammation, TLR4
activation results in the detrimental overproduction of
cytokines and chemokines leading to a life-threatening sepsis
syndrome (the 10th leading cause of death in developed
countries, 30% mortality rate) and septic shock, the effective
treatment for which is still not available.4−6 Inappropriate
regulation of TLR4 signaling and ensuing overactivation of
innate immune system was shown to contribute to the
development and pathogenesis of chronic inflammatory,
autoimmune, and infectious diseases, including asthma,
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arthritis, multiple sclerosis, inflammatory bowel disease, and
cancer.7−10

One of the most successful approaches for down-regulation
of TLR4 signaling involves application of compounds which
compete with endotoxic LPS in binding to the same site on
MD-2 and, thereby, inhibit the induction of the signal
transduction pathway by impairing LPS-initiated receptor
dimerization (Figure 1). To date, several Lipid A variants
that specifically block the LPS-binding site on human (h)
MD-2 have been identified: lipid IVa (a biosynthetic precursor
of E. coli Lipid A)11 and a nonpathogenic Lipid A from R.
sphaeroides,12,13 which served as structural basis for the
synthetic antisepsis drug candidate Eritoran (E5564).14,15

Ground-breaking X-ray structural analyses of variably
acylated Lipid A bound to MD-2/TLR4 complexes revealed
strikingly different modes of binding of agonistic and
antagonistic ligands. All four acyl chains of the tetraacylated
antagonists Eritoran16 and lipid IVa11 were fully inserted into
the hydrophobic binding pocket of hMD-2. The binding of the
ligand did not induce dimerization of hMD-2/TLR4−Lipid A
complexes, therefore, the intracellular signaling cascade was not
initiated (Figure 2A, 2B).

In contrast, the orientation of endotoxic hexaacylated E. coli
Lipid A within the binding pocket of MD-2 was turned by 180°.
Only five long-chain acyl residues were intercalated in the
interior of the binding cavity, whereas the sixth acyl chain was
exposed onto the surface of MD-2, constituting, together with
the patch of hydrophobic amino acids (Phe126 loop), the core
hydrophobic interface for the interaction with the second
TLR4*/MD-2*−LPS complex (Figure 2D). Hydrophobic
contacts of the exposed acyl chain of Lipid A with the second
TLR4*, along with intermolecular ionic interactions of the
Lipid A phosphates,17 triggered the formation of an active
homodimeric signaling ligand−receptor complex (Figure
1).3,18,19

Remarkably, tetraacylated lipid IVa acts as antagonist on
human but as an agonist on mouse TLR4 presenting one lipid
chain on the surface of mMD-2, which reveals striking similarity
to the crystal structure of hexaacylated Lipid A−hMD-2/TLR4
(Figure 2C, D).20 This species-specific activity of lipid IVa is
attributed, among other factors, to the dissimilarities in the
shape of the hydrophobic binding pocket of h- and mMD-2 and
to the variations in the electrostatic potentials at the rim of the
binding cavity of MD-2 and at the dimerization interface.20−23

However, particular structural features of the ligand, such as

Figure 1. Schematic representation of E. coli Lipid A - induced activation and antagonist (Eritoran, lipid IVa)-dependent inhibition of TLR4/MD-2
signaling.

Figure 2. Side view of PDB co-crystal structures of (A) hybrid TLR4/hMD-2 with bound antagonist Eritoran (PDB: 2Z65, TLR4 is not shown); (B)
hMD-2 with bound antagonist lipid IVa (PDB: 2E59); (C) mTLR4/MD-2 with bound agonist lipid IVa (PDB: 3VQ1); (D) hTLR4/MD-2 with
bound E. coli Re-LPS (PDB: 3FXI, for clarity only Lipid A portion of LPS is shown). Orientation of the ligand is inverted by 180° for parts C and D.
Arg and Lys involved in ionic interactions with 1- and 4′-phosphates of Lipid A at the rim of the binding pocket of MD-2 are depicted in blue;
Phe126 is in orange. Phe126 points outside in antagonist co-crystal structures (A, B) and is located inward in agonist structures (C, D) wherein
Phe126 establishes hydrophobic contacts to the exposed lipid chain (in yellow). Images were generated with PyMol.
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lipid IVa, which could be responsible for the species-specific
TLR4 activation have not yet been assessed.
Despite a huge volume of accumulated data on the activity of

both isolated24,25 and synthetic Lipid A derivatives,26−29 there
is no universal correlation between the chemical structure of
Lipid A and its function in TLR4/MD-2 complex, which would
allow the prediction of biological activity of a particular Lipid A
variant. Subtle differences in the length (e.g., 2 × CH2) and
distribution pattern of acyl chains, changes in the volume and
the overall shape of the hydrophobic portion of Lipid A, as well
as the phosphorylation status of the diglucosamine backbone
are known to profoundly affect the biological activity of Lipid
A.27−30 In this study, we further explore the structure−function
relationships in Lipid A−MD-2/TLR4 complex wherein we
address the three-dimensional (3D) molecular shape of MD-2-
bound Lipid A/lipid IVa as the main structural determinant of
endotoxicity. Whereas all by now synthesized Lipid A analogues
or Lipid A mimetics were based either on the regular β-
GlcN(1→6)GlcN disaccharide backbone27,28 or on the more
flexible skeletons wherein the reducing GlcN was replaced by a
linear aglycon,26,29 we focused our research on restricting the
internal flexibility of the diglucosamine backbone of Lipid A.

■ RESULTS AND DISCUSSION
Conformational Rearrangement in Diglucosamine

Backbone of Lipid A as the Key Triggering Event
Required for TLR4/MD-2 Activation: Design of Treha-
lose-type Lipid A Mimetics. Chemically, the structure of
Lipid A is based on the highly conserved bisphosphorylated β−
GlcN(1→6)GlcN backbone, which exemplifies a highly flexible
part of the molecule,31 whereas 2,2′-N- and 3,3′-O- long-chain
acyl residues comprise a rigid hydrophobic cluster (Figure 2).32

The relative spatial orientation of GlcN rings of the
diglucosamine backbone of Lipid A diverges notably for MD-
2-bound agonistic and antagonistic ligands (Figure 3). The
proximal GlcN moiety of the MD-2 − bound agonists (Lipid
A/hMD-2 and lipid IVa/mMD-2) adopts a “twisted”
orientation with respect to the distal GlcN ring (Figure
3A,B), whereas both glucosamines in antagonist ligands are
positioned in nearly one plane (Figure 3C, D). These
arrangements are mostly achieved by adjustment of the
exocyclic oxymethyl (−CH2O−) fragment involved in the
three-bond (1→6) glycosidic linkage, which represents the
most “adaptable” segment of Lipid A (Figure 4A).
We assume that the exposure of the 2N-alkanoyl chain (R2N)

of agonistic Lipid A out of the binding pocket of MD-2 is
enabled through MD-2 driven adjustment of dihedrals ω, ϕ,
and ψ about oxymethyl and glycosidic linkages (Figure 4A,
Supporting Information (SI) Table 1S). Accordingly, upon
binding of the agonistic ligand by MD-2, the proximal GlcN
ring (the one situated at the dimerization interface) is relocated
in a “tilted” position, which assists in destabilization of
intramolecular hydrophobic interactions between long fatty
chains (Figure 4A). This allows the exposure of a single lipid
chain on the surface of MD-2 for the contact with the second
TLR4*/MD-2* complex without substantial entropic loss. The
torsional angles ω, ϕ, and ψ determining the linkage geometry
were also shown to significantly differ between solution- and
membrane-incorporated32,33 Lipid A structures.
To verify this supposition, we have designed conformation-

ally confined Lipid A mimetics based on the two-bond linked
(1↔1)-glycosidically connected disaccharides, which lack the
flexible oxymethyl linkage, wherein the reducing (proximal)

GlcN ring of Lipid A is replaced by a nonreducing sugar
(Figure 4B). Varying anomeric configuration, phosphorylation
pattern, and acyl chain distribution on the (1↔1)-trehalose-
type scaffold would afford Lipid A mimetics having potential
antagonistic or agonistic effects on TLR4. A compelling
advantage of novel Lipid A mimetics consists in replacement
of extremely labile anomeric phosphate function of natural
Lipid A by a stable secondary phosphoester group.
The first series of conformationally constrained tetraacylated

Lipid A mimetics was designed on the basis of β,α-pseudo-
trehalose type scaffold (Figure 5). The 3D shape of the
carbohydrate backbone of pseudo-trehalose found in the crystal
s t r uc tu r e 3 4 r e s emb l e s the 3D ar r angemen t o f
β-GlcN(1→6)GlcN backbone of hMD-2-bound antagonists
lipid IVa and Eritoran, wherein the reducing GlcN moiety is
not twisted like in the agonistic Lipid A ligands (Figure 3A, B),
but rather “flatly” positioned with respect to the orientation of
the nonreducing (distal) GlcN ring (Figure 5).
β,α-Pseudo-trehalose served as a model for a synthetic

β-GlcN(1↔1)α−GlcN scaffold in Lipid A mimetics 1, whereas
the acylation pattern (2,3; 2′,3′) and positions of the
phosphates (4 and 4′) were chosen to match the corresponding
distances found in the co-crystal structures of hMD-2-bound
antagonists (SI Table 2S). Along with the conformationally
restrained counterpart of lipid IVa having four β-hydroxymyr-
istoyl chains (4 × C14, DA187) several short-chain (C10−
C14) analogues have been similarly prepared (Figure 5).
The reduced flexibility of β,α-(1↔1) glycosidic linkage in

mimetics 1, which is imposed, in part, by anomeric and
exoanomeric effects, was supposed to confine conformational
rearrangements in diglucosamine backbone given that only one
energetically preferable conformation for β,α-trehalose was
found to exist in the previous computational work.31,35,36

Therefore, it was assumed that the “proximal” GlcN moiety of
mimetics 1 would not be able to adopt a “twisted” orientation

Figure 3. PDB co-crystal structures of (A) hMD-2 with bound E. coli
Re-LPS (PDB: 3FXI, for clarity only Lipid A portion of LPS is shown).
(B) mMD-2 with bound agonist lipid IVa (PDB: 3VQ1); (C) hMD-2
with bound Eritoran (PDB: 2Z65); (D) hMD-2 with bound antagonist
lipid IVa (PDB: 2E59); orientation of MD-2 is inverted by 180° for
parts C and D. The 3D orientation of the distal GlcN ring (the one
with 4′ − phosphate P4′) of Lipid A was set similar for all four
snapshots so that the difference in the relative orientation of proximal
(reducing) GlcN rings between A,B (twisted) and C,D (co-planar)
becomes evident. Images were generated with PyMol.
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upon binding by MD-2. The 3D arrangement of the
carbohydrate backbone of mMD-2−bound lipid IVa (Figure
3B) would not be achieved.
The latter was expected to impede the agonistic effects on

mMD-2/TLR4 by retaining the strong hydrophobic intra-
molecular interactions between lipid chains and abrogating the
exposure of one β-hydroxyacyl chain onto the surface of
mMD-2. Besides, the ligands 1 could have higher affinity to
hMD-2 compared with lipid IVa, since conformationally
confined β,α−(1↔1)−linked diglucosamine scaffold would
resemble the overall conformation of the backbone of the
potent antagonist Eritoran (Figure 5).
Chemical Synthesis of Lipid A Mimetics Based on

β,α−1,1′−diglucosamine Scaffold. In contrast to conven-
tional glycoside synthesis, the stereoselective construction of
(1↔1) glycosidic bond requires control of stereochemistry at
two anomeric centers. Typically, synthetic approaches to
nonreducing disaccharides lead to a mixture of diastereomers,
whereas the yields rarely exceed 50%. Additionally, the
synthesis of Lipid A mimetics is complicated by the necessity
to use a set of orthogonal protecting groups, which must be

removable under very mild conditions not affecting acid-labile
phosphotriester and base-labile acyloxy- functionalities, to allow
for selective phosphorylation and introduction of N- and O-
acyloxy fatty chains after construction of the glycosidic bond.
To ensure the stereoselective formation of 1,2-trans- and 1,2-
cis- anomeric linkages, a participating group at C-2 of the donor
and a protecting group at C-2 of the acceptor which favors
α-configuration of the anomeric hydroxyl group, respectively,
were required. Among a series of 2N-protecting groups tested,
the N-Troc (trichloro-ethoxycarbonyl) group was found to
provide the best results in terms of both anomeric selectivity in
the glycosylation step and α-anomeric preference of 1-OH
group at the lactol acceptor 4 (α/β = 9:1).
For the assembly of the nonreducing β,α−disaccharide 6 an

imidate donor 5 equipped with participating N-Troc protecting
group and N-Troc−protected axially oriented lactol 4 as
acceptor, both obtained from a single precursor 3, were applied
(Scheme 1). Symmetrically protected nonreducing disaccharide
6 was obtained in excellent yield (75%) and high stereo-
selectivity. Reductive cleavage of N-Troc protecting groups
followed by acylation with benzyl-protected β-hydroxy fatty

Figure 4. (A) Conformational changes in MD-2-bound agonistic Lipid A attained through adjustments of dihedrals about glycosidic and oxymethyl
(−OCH2−) linkages. Dihedral angles determining the overall conformation of the molecule are ω, ϕ, and ψ; (B) Conformationally constrained
Lipid A mimetics based on (1↔1)-glycosidically connected trehalose-type scaffolds.
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acids of different length 8−10 furnished diacylated disacchar-
ides 11−13. Sequential deprotection of 3-O- and 3′-O-TBDMS
groups and subsequent acylation with 8−10 resulted in the
tetraacylated disaccharides 17−23. Regioselective reductive

opening of benzylidene acetals and successive phosphorylation
of the liberated 4- and 4′-hydroxy groups afforded bis-
phosphates 31−37. Finally, benzyl protecting groups were
removed by hydrogenation on Pd-black to furnish, after
purification by gel-permeation chromatography, conformation-
ally constrained variably acylated lipid IVa mimetics 1. Similar
to most synthetic Lipid A derivatives, the amphiphilic mimetics
1 are not water soluble and, hence, were applied for biological
testing as stock solutions in DMSO, such that the final DMSO
concentration on the cells did not exceed 0.1% (at a
concentration 1000 ng/mL of 1).

Biological Activities of Tetraacylated Lipid A Mimetics
Based on β,α−1,1′−diglucosamine Scaffold. All seven
variably acylated Lipid A mimetics 1 lacked pro-inflammatory
activities in hTLR4/MD-2 transfected HEK293 cells and,
except for 4 × C14-acylated DA187, which is a conformation-
ally constrained counterpart of lipid IVa, were shown to
potently inhibit pro-inflammatory responses in TLR4-trans-
fected HEK293 cells stimulated with E. coli Lipid A (Figure 6A,
SI Figure 1S-AB). Independent of the mode of application
(preincubation with mimetics 1; simultaneous application of E.
coli Lipid A and mimetics 1 or prestimulation with E. coli Lipid
A) the Lipid A mimetics 1 revealed potent antiendotoxic
activity at a concentration of 1000 ng/mL. Two “representa-
tive” hTLR4 antagonists DA193 and DA254 were also
evaluated for their ability to inhibit E. coli Lipid A - induced

Figure 5. Conformationally constrained tetraacylated Lipid A
mimetics 1 based on the crystal structures of Eritoran (PDB code:
2 Z 6 5 ) a n d β ,α - p s e u d o - t r e h a l o s e ( d o i : 1 0 . 1 1 0 7 /
S0108270196012693).34

Scheme 1. Synthesis of Conformationally Constrained Lipid A Mimetics Based on β,α-1,1′-diglucosamine Scaffolda

aReagents and conditions: (a) Me2(
tBu)SiCl, Im, DMF; (b) [Ir(COD)(Ph2MeP)2]PF6, H2, THF, then I2, THF/aq.NaHCO3; (c) CF3C(NPh)Cl,

K2CO3, acetone; (d) TMSOTf, MS 4 Å, CH2Cl2; (e) Zn, CH3COOH; (f) 8−10, HATU, DMF; (g) TBAF, THF; (h) 8−10, EDC, DMAP; (i)
TfOH, Et3SiH, MS 4 Å, CH2Cl2; (k) (BnO)2PN(iPr)2, 1H-tetrazole, then mCPBA; (l) Pd black, H2, toluene-MeOH.
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expression of IL-6 in human monocytic cells. Both compounds
were found to effectively suppress IL-6 production upon
concurrent application with E. coli Lipid A (Figure 6B).
The lack of activity of 4 × C14-acylated DA187 should not

relate to the differences in solubility due to the longer fatty
chain length, since its flexible counterpart, tetra-myristoylated
lipid IVa, exhibits antiendotoxic properties under the same
experimental conditions. We assume that the failure of DA187
to compete with E. coli Lipid A for the binding site on MD-2
could be due to minor increase of the hydrophobic volume of
lipid chains, which would prevent the ligand from entering the
binding groove of MD-2. The co-planar orientation of GlcN
rings in (1↔1) diglucosamine scaffold of DA187 and its
confined flexibility would not allow the rearrangement to a
more compact conformation wherein the cluster of four C-14
acyl chains would have decreased hydrophobic volume
necessary for entering rather constrained binding site of
MD-2 (SI Figure 2S).
Lipid A mimetics 1 were further examined for their capacity

to inhibit E. coli O111 LPS - induced activation of TLR4/MD-2
complex in TLR4-transfected HEK293 cells (Figure 7, SI
Figure 3S). Upon application of DA193 and DA256 at a
concentration of 500 ng/mL, the inflammatory responses to E.
coli LPS were entirely abrogated; whereas the shorter chain
Lipid A mimetics DA255, DA256, and DA254 allowed for 50%
inhibition at the submolar concentration of 5 ng/mL. The
antiendotoxic potencies of five differently acylated variants of
mimetics 1 were comparable or better than those of natural
lipid IVa. Surprisingly, Lipid A mimetic DA257 having four
R-3̅-hydroxydecanoic acids, did not antagonize E. coli LPS,
though it was shown to suppress cell activation elicited by E.
coli Lipid A (Figure 6). Thus, DA257 having smaller
hydrophobic volume (4 × C10-acyl residues) successfully
competes with Lipid A for the binding site on hMD-2 but fails
to displace the LPS, which possesses greater endotoxic potency

and higher affinity for MD-2/TLR4 complex than the
corresponding Lipid A.37 Similarly, synthetic short-chain (4 ×
C10) analogue of natural lipid IVa was found to be inactive in
suppression of IL-6 induction by LPS.38

In contrast to lipid IVa, which is an agonist in mouse cells, all
conformationally constrained tetraacylated mimetics 1, as
predicted, did not activate mTLR4 (Figure 8A). Instead, they
acted as antagonists of mTLR4 (again except for DA187),
whereas the mimetics with shorter chains inhibited mTLR4/
MD-2 complex most effectively (Figure 8B, SI Figure 1S-C).
mTLR4 antagonist DA255 was shown to suppress the LPS -
induced expression of TNF-α in mice when coadministered
intraperitoneally with LPS (SI Figure 4S).

Figure 6. Inhibition of hMD-2/TLR4 complex by mimetics 1 (compared to lipid IVa) in T-REx-293/hTLR4 cells transfected with hMD-2/fLuc/
rLuc. (A) concurrent application of E. coli Lipid A and mimetics 1/lipid IVa; (B) DA193 and DA254 inhibit IL-6 expression in human monocytic
cell line (MM6) stimulated with E. coli Lipid A.

Figure 7. Concentration-dependent antagonistic activity of mimetics 1
(compared to lipid IVa) in hTLR4-transfected HEK293 cells
(HEKBlue) stimulated with E. coli O111 LPS. Cells were preincubated
with mimetics 1 for 1 h, then stimulated with E. coli LPS.
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Figure 8. (A) Activation of the mTLR4/MD-2 complex by mimetics 1 in T-REx-293/mTLR4 cells. Lipid IVa (100 ng/mL), similarly to E. coli Lipid
A, activates mTLR4; mimetics 1 (100 ng/mL) do not activate mTLR4; (B) inhibition of mTLR4/MD-2 complex by mimetics 1 in T-REx-293/
mTLR4 cells concurrently stimulated with E. coli Lipid A. (Lipid IVa does not inhibit (only activates) mTLR4.)

Figure 9. Left: Superimposition of final h- and mMD-2 structures in complex with DA193 (green) with the co-crystal structures of Lipid A ligands
(yellow) bound to h- or mMD-2/TLR4. (A) Comparison of Eritoran-hMD-2 (PDB: 2Z65) with DA193-hMD-2; (B) comparison of lipid
IVa−hMD-2 (PDB: 2E59) with DA193-hMD-2; (C) comparison of Ra-LPS-hMD-2 (PDB: 3FXI) with DA193-hMD-2 (for clarity only Lipid A
portion of LPS is shown); (D) comparison of lipid IVa-mMD-2 (PDB: 3VQ1) with DA193-mMD-2; Right: intermolecular ionic interactions of 4-
and 4′- phosphates of DA193 with positively charged residues at the rim of the binding pocket of hMD-2 (E), and mMD-2 (F); ionic interactions of
4′- and 1-phosphates of lipid IVa with Lys and Arg of hMD-2 (PDB: 2E59) (G), and mMD2 (PDB: 3VQ1) (H). The “twisted” orientation of the
proximal GlcN ring of mMD-2-bound lipid IVa (H) enables the exposure of a single fatty chain (stabilized by a hydrophobic interaction with
Phe126) on the surface of mMD-2. Images were generated with PyMol.
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Molecular Dynamics Simulations. Molecular dynamics
simulations of the Lipid A mimetic having 2 × C14, 2 × C12
acyl chains (DA193, which has been shown to display the most
pronounced antagonistic effects) in nonbound state and in
complex with h- and mMD-2 revealed the expected reduced
flexibility of the β,α-(1↔1) diglucosamine backbone. Minor
differences in the typical torsional dihedral angles of the β,α−
(1↔1) glycosidic linkage of DA193 upon ligand binding by
MD-2 could be observed, but no significant conformational
changes.
The average values of the ϕ and ψ dihedral angles in DA193

deviated by 22° and 27°, respectively, from the X-ray
conformation of β,α-trehalose34 and by 7° and 12° from the
most stable conformation observed in the previous computa-
tional work (SI Table 3S, SI Figure 5S).35,36 This can be
explained by replacement of Glc(1↔1)Glc disaccharide of
pseudo-trehalose for GlcN(1↔1)GlcN scaffold in DA193 and
by substitution of the diglucosamine with functional groups
(four acyl chains and two phosphate groups). The observed
conformational differences were already detected in the
simulations of DA193 in the absence of the protein (SI Figure
6S), inferring that the changes in the overall conformation of
the carbohydrate backbone of DA193 are mostly due to the
substitutions with functional groups and not to the protein
environment. Accordingly, DA193 is accommodated within the
binding pocket of MD-2 in a preferred conformation, which
implies that the reduced flexibility of the (1↔1) glycosidic
linkage does not allow extensive structural adjustment of the
carbohydrate backbone of DA193 to the geometry of the
binding pocket of MD-2 (SI Figure 7S).
Structural comparison of the mode of binding of DA193 and

agonistic lipid IVa within the hydrophobic cavity of mMD-2
demonstrates that DA193 is displaced by ∼3.0 Å toward the
hydrophobic interior of the mMD-2 pocket, whereas DA193
modeled with hMD-2 is much more alike in its disposition to
antagonists Eritoran/hMD-2 and lipid IVa/hMD-2 (Figure 9A-
D). The 4- and 4′- phosphate groups of DA193 are involved in
strong ionic interactions with Lys122, Lys125, and Arg90
situated at the entrance of the binding cavity of hMD-2 (Figure
9E). Unlike agonistic lipid IVa−mMD-2/TLR4 complex,
wherein the exposed lipid chain is stabilized by the hydrophobic
contacts with Phe126, the hydrophobic side chain of Phe126 in
mMD-2 complexated with antagonistic DA193 is exposed to
solvent (Figure 9F, H).
Conclusions. The inability of conformationally constrained

tetraacylated Lipid A mimetics 1 to activate mTLR4/MD-2
complex can be rationalized as follows. The exposure of the 2N-
β−hydroxyacyl chain (R2N) of Lipid A on the surface of MD-2,
secured by repositioning of the aromatic side chain of Phe126
as the result of the ligand-induced conformational changes in
MD-2, is considered to be the main driving force for receptor
dimerization and initiation of signaling, which has been shown
for both human and murine MD-2/TLR4−LPS com-
plexes.3,20,39,40 The dihedrals about (1↔1)-glycosidic linkage
determining the relative spatial orientation of two sugar rings in
mimetics 1 can only be marginally affected. Consequently, in
contrast to mMD-2−bound lipid IVa, the “proximal” GlcN ring
of the diglucosamine backbone of tetraacylated mimetics 1
cannot be relocated in a “tilted” orientation (seen in Figure 3A,
B). As a result, none of the lipid chains can be presented on the
surface of mMD-2, so that the dimerization and establishment
of the active homodimeric Lipid IVa−mMD-2/TLR4 complex
is not possible.

Collectively, our results define a crucial role of the inherent
plasticity of the carbohydrate backbone of Lipid A, which is
decisive for the relocation of a single lipid chain onto the
surface of MD-2, in the ligand−receptor structure−function
relationships. Replacement of the flexible three-bond (1→6)-
linked backbone of Lipid A by the conformationally confined
(1↔1) glycosidically connected diglucosamine scaffold resulted
in abrogation of species-specific agonistic activity of lipid IVa.
Manipulating conformational flexibility of the carbohydrate
backbone of Lipid A represents therefore a useful tool for the
rational design of potential MD-2/TLR4specific immuno-
modulating therapeutics.
Novel antiendotoxic Lipid A mimetics 1 based on the

β,α−(1↔1) diglucosamine scaffold represent a lead structure
for the development of pharmaceutically relevant prospective
medications for sepsis as well as preventive therapeutics for
other disorders resulting from an overexuberant LPS−MD-2/
TLR4 mediated immune response. Profound antagonistic
effects of compounds 1 not only on human but also on
mouse TLR4 open wide opportunities for in vivo animal trials.
One of the reasons for the rapid deactivation of the failed
antisepsis drug candidate Eritoran,41 after intravenous admin-
istration, was hydrolysis of the anomeric phosphate function-
ality leading to inactive metabolite.42 Replacement of the labile
anomeric phosphate by a hydrolytically stable secondary
phosphoester group and straightforward high-yielding synthesis
renders novel tetraacylated Lipid A mimetics 1 to attractive
anti-inflammatory drug candidates.

■ METHODS
Inhibition of h- and mTLR4 by Mimetics 1 in T-Rex-

293 Cells Stimulated with E. coli Lipid A. T-REx cell lines
stably expressing human or mouse TLR4 were made using the
Flp-In system according to the manufacturer’s instructions
(Invitrogen). Briefly, h- and mTLR4 nucleotide sequences were
cloned from the pUNO-HA vector into pcDNA5/FRT
expression vector, which was then transiently transfected into
Flp-In T-REx cells along with pOG44 plasmid for expression of
the Flp recombinase. After homologous recombination
between the FRT sites in the T-REx cell genome and the
pcDNA5/FRT vector, stable cells were selected for hygromycin
resistance. T-REx-293 cells were grown in DMEM supple-
mented with 10% FBS. Lipid IVa mimetics 1 were dissolved in
DMSO to provide 1 mg mL−1 stock solutions. Further dilutions
were made prior to cell culture stimulation with the DMEM cell
culture medium supplemented with 10% FBS. HEK293 and T-
REx/TLR4 cells were seeded in 96-well Costar plates (Corning,
NY, U.S.A.) at 3 × 104 cells/well and incubated overnight in a
humidified atmosphere with 5% CO2 at 37 °C. The next day
the T-Rex/TLR4 cells were cotransfected with pEF-BOS-MD-2
(10 ng/well), NF-κB-dependent luciferase (fLuc) (50 ng/well),
and constitutive Renilla (rLuc) (10 ng/well) reporter plasmids
using JetPEI transfection reagent. Cells were treated 6 h after
transfection with the indicated concentration of ligands (E. coli
Lipid A and/or mimetics 1 or lipid IVa). E. coli Lipid A was
added in a total volume of 10 μL, the mimetics 1 were applied
at final concentrations of 1000 ng/mL in a volume of 10 μL. In
case of preincubation with antagonists, mimetics 1 were added
1 h prior to E. coli Lipid A. In case of prestimulation with
agonist, E. coli Lipid A was added 1 h prior to mimetics 1. After
16 h of stimulation the cells were lysed in 1× reporter assay
lysis buffer (Promega, U.S.A.) and analyzed for reporter gene
activities using a dual-luciferase reporter assay system. Relative
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luciferase activity (RLA) was calculated by normalizing each
sample’s luciferase activity (fLuc) for constitutive Renilla
activity (fLuc) measured within the same sample.
Inhibition of IL-6 Expression by Antagonist Mimetics

1 in Human Monocyte Cell Line (MM6) Stimulated with
E. coli Lipid A. The MonoMac6 cells (MM6) were grown in
RPMI medium supplemented with 10% FBS, 2% nonessential
amino acids and 1% OPI supplement. For cytokine production
the MonoMac6 cells were seeded in 24-well plates at 7 × 105

cells/well and incubated overnight in a humidified atmosphere
with 5% CO2 at 37 °C. The next day the cells were stimulated
with the indicated concentrations of E. coli Lipid A or DA193/
DA254 and E. coli Lipid A, which were added to the wells at the
same time, 16 h later the cell culture supernatants were
collected and human interleukin-6 concentration was deter-
mined using the “ReadySetGo” ELISA kits.
Concentration-Dependent hTLR4 Inhibition by An-

tagonist Mimetics 1 in HEKBlue hTLR4 Cells Stimulated
with E. coli O111 LPS. HEKBlue hTLR4 cells are HEK293
cells stably expressing human TLR4, MD-2, CD14, and a
secreted NFκB dependent reporter (secreted embryonic
alkaline phosphatase, SEAP, InvivoGen). Mimetics 1 were
dissolved in DMSO to give 1 mg mL−1 stock solutions. Further
dilution was made with DMEM supplemented with 10% FCS.
The compounds 1 were added in a total volume of 10 μL to
25000 HEKBlue hTLR4 cells in 180 μL, E. coli O111 LPS was
applied at the concentration of 5 ng/mL in a total volume of 10
μL, and the plates were incubated at 37 °C and 5% CO2. In
case of preincubation with antagonist, the solution of
compounds 1 was added first, the plate was incubated for 1
h, then the cells were stimulated with E. coli O111 LPS and the
plate was incubated for 20−24h. In case of simultaneous
addition of E. coli LPS and 1, the antagonists were added
together with E. coli O111 LPS and the plate was incubated for
20−24 h. In case of preactivation with LPS, the cells were
stimulated with E. coli O111 LPS first, incubated for 1 h, then
antagonists 1 were applied and the plate was incubated for 20−
24 h. Detection followed the QUANTI-Blue protocol
(InvivoGen). Briefly, 20 μL of challenged cells supernatant
were incubated with 180 μL detection reagent. Plates were
incubated at 37 °C and 5% CO2 and SEAP levels were
determined at 650 nm using a spectrophotometer (Spectra-
MAX 190).
In Vivo Experiments. C3H/HeN (22−24 weeks old) male

mice were randomly assigned into groups, weighed, and
injected intraperitoneally with the appropriate amount of E.
coli 055:B5 LPS, DA255, a mixture of both or the vehicle
control, as indicated in SI Figure 3S. The stock solution of the
LPS (5 mg mL−1) was prepared in endotoxin-free PBS, the
stock solution of DA255 (1 mg mL−1) was prepared in DMSO.
Dilutions of E. coli 055:B5 LPS or DA255 were done in
endotoxin-free PBS. Blood was collected 1 h later from the tail
vein and serum was prepared using heparin-gel tubes. All
animal experiments were performed in accordance with the
institutional guidelines and were approved by the Veterinary
Administration of the Republic of Slovenia. Serum from the
C3H/HeN mice was tested with the mouse TNF-α ELISA kit
(“ReadySetGo”, eBioscience) to determine the levels of mouse
TNF-α. The experiment was performed according to the
manufacturer’s instructions.
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