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Abbreviations

Bi-LPS: biotin-conjugated LPS

BSA: bovine serum albumine

CD14: cluster of differentiation antigen
Cmc: critical micelle concentration

CV: coefficient of variation

DAMPs: danger (or damage) associated molecular patterns
E: eluate

ECD: ectodomain

EVOO: extra virgin olive oil

f-LOS: FITC-conjugated LOS

FITC: fluorescein isothiocyanate

FBS: fetal bovine serum

FT: flow through

GNP: gold nanoparticle

IM: inner membrane

HEK 293: human embryonic kidney 293

Kdo: 3- deoxy-D-manno-oct-2-ulosonic acid



Ip: intraperitoneally

LBP: lipid Binding Protein

LOS: lipooligosaccharide

LPS: lipopolysaccharide

Lpt: lipopolysaccharide transport

LRR: leucine-rich repeat domain

OM: outer membrane

MAMP: microbe associated molecular patterns
MD-2: myeloid differentiation 2

MDR: multidrug-resistant

MIC: minimum inhibitory concentration

MTT: thiazolyl blue tetrazolium bromide

NP: nanoparticle

PAMPs: pathogen associated molecular patterns
PDR: pandrug-resistant

PRR: pattern recognition receptor

RLA: relative luciferase activity

SD: standard deviation

SEAP: secreted embryonic alkaline phosphatase



SV: streptavidin

TIR: Toll/Interleukin-1 receptor

TLR: Toll-like receptor

UDP-GIcNAc: UDP-N-acetylglucosamine
VOO: virgin olive oil

W: wash



Abstract

Abstract

The purpose of this work is the elucidation of some aspects of the
interaction between lipopolysaccharide (LPS) binding proteins and their
natural ligand or synthetic compounds.

LptC (Lipopolysaccharide transport C) is a bacterial protein belonging to
Lpt complex, a molecular machinery composed of 7 essential proteins
involved in the transport of LPS to the outer membrane in Gram negative
bacteria after its biogenesis. Although many elements of LPS
biosynthesis have been clarified, the precise mechanism of transport is
still not completely understood. Since LptC can be considered as a model
protein of Lpt complex, sharing the same folding of other proteins and
being the first one in the periplasm, we have developed and optimized
an in vitro binding assay to study its interaction with LPS. We have
obtained, for the first time, detailed information about the
thermodynamic and kinetic parameters of LptC-LPS binding. We have
shown that the in vitro LptC-LPS binding is irreversible with a Ky of the
order of uM. Considering the structural similarities between LptC and
the eukaryotic protein CD14, belonging to TLR4 receptor system, the
binding between LptC and the synthetic molecule iaxo-102, a known
ligand of CD14, has been investigated. It is evident that iaxo-102 shares
the same binding site of LPS and that the binding is irreversible with an

affinity lower than that LptC-LPS. So, iaxo-102 can be considered as a



Abstract

lead compound for the development a new generation of antibiotics
targeting the biogenesis of LPS.

LPS also binds to other proteins, such as those of innate immunity TLR4,
CD14 and MD-2. The LPS recognition by these receptors induces the
production of pro-inflammatory cytokines and immunomodulators that
trigger the inflammatory and immune responses. These reactions are
useful for the organism, but when TLR4 activation is too strong or not
well regulated induces sepsis, inflammation and autoimmune
syndromes, which still lack a pharmacological treatment. A possible
solution to solve this problem consists in the research and development
of compounds which modulate this excessive activation. In the second
part of thesis work, the biological characterization of some synthetic
compounds, with different chemical features, have been reported. All
compounds have been screened for their toxicity using MTT assay, and
their modulatory activity on TLR4 pathway by using HEK cells stably
transfected with TLR4, CD14 and MD-2 genes. The best compounds have
been further characterized by in vitro assays on HEK cells transfected
with the human or murine complex TLR4-MD-2 and in vivo studies.
Finally, the possible correlation between the known anti-inflammatory
properties of some natural compounds, such as the phenolic compounds
of olive oil, and TLR4 activity has been investigated. The aim of this study
is double: to find a lead compound active on TLR4 pathway, but also to

discriminate which chemical features are important to obtain this effect.
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In addition, the information obtained could be very useful to guide the

rational design of other TLR4 modulators.



Riassunto

Riassunto

Lo scopo di questo lavoro di tesi e elucidare alcuni aspetti
dell'interazione tra proteine che legano il lipopolisaccaride (LPS)
batterico e il loro ligando naturale o ligandi di sintesi.

LptC (Lipopolysaccharide transport C) € una proteina batterica che
appartiene al sistema di trasporto Lpt, un sistema di 7 proteine essenziali
che trasportano I'LPS sulla membrana esterna dei batteri Gram negativi
dopo la sua biosintesi. Sebbene molti elementi della biosintesi dell’LPS
siano stati elucidati, il preciso meccanismo di trasporto € ancora poco
chiaro. Poiché LptC puo essere considerata come proteina modello del
sistema Lpt, in quanto presenta lo stesso folding delle altre proteine ed
e la prima ad essere localizzata nel periplasma, abbiamo sviluppato ed
ottimizzato un saggio di binding in vitro per studiare la sua interazione
con I'LPS. Abbiamo ottenuto, per la prima volta, dettagliate informazioni
sui parametri termodinamici e cinetici dell'interazione LptC-LPS.
Abbiamo infatti dimostrato che in vitro il binding LptC-LPS & irreversibile
con una Ky dell’ordine del pM. Considerando le analogie strutturali tra
LptC e la proteina eucariotica CD14, appartenente al sistema recettoriale
del TLR4, in modo analogo é stata studiata l'interazione di LptC con la
molecola sintetica iaxo-102, un noto ligando di CD14. E emerso che iaxo-

102 condivide lo stesso sito di legame dell’LPS e che l'interazione con la

10



Riassunto

proteina e irreversibile con un’affinita inferiore a quella calcolata per
LptC-LPS. laxo-102 puo dungue essere considerato un prototipo per lo
sviluppo di una nuova generazione di antibiotici che ha come target la
biogenesi dell’LPS.

L’LPS & in grado di interagire con molte altre proteine, tra le quali quelle
del sistema dell'immunita innata (TLR4, CD14, MD-2). Il riconoscimento
dell’lLPS da parte di questi recettori induce una forte risposta
inflammatoria che termina con la produzione di citochine pro-
infammatorie e fattori immunomodulatori. Questa reazione
inflammatoria & utile all’'organismo, ma quando si manifesta in modo
eccessivamente potente e non ben regolato induce sepsi, processi
inflammatori e sindromi autoimmuni per le quali non e ancora
disponibile un trattamento farmacologico. Una possibile soluzione al
problema consiste nella ricerca e nello sviluppo di composti in grado di
modulare questa eccessiva attivazione. Nella seconda parte di questo
lavoro, sono riportate le caratterizzazioni biologiche di alcuni composti di
sintesi con caratteristiche chimiche differenti. Di tutti i composti & stata
valutata la tossicita mediante saggio dell’MTT e I'attivita modulatoria del
pathway del TLR4 utilizzando cellule HEK stabilmente trasfettate con i
geni del TLR4, CD14 ed MD-2. Ulteriori caratterizzazioni sono state
effettuate sui composti pil promettenti, effettuando saggi in vitro su
cellule HEK trasfettate con il complesso umano o murino TLR4:MD-2 e

saggi in vivo. Infine, abbiamo investigato la possibile correlazione tra le
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note proprieta anti-inflammatorie di alcuni composti naturali, come i
composti fenolici presenti nell’'olio di oliva, e il pathway del TLR4.
L’obiettivo di questo lavoro & duplice: individuare un lead compound
come possibile modulatore del TLR4, ma anche discriminare quali
caratteristiche chimiche siano importanti per ottenere questo effetto.
Inoltre, le informazioni ottenute potrebbero essere estremamente utili

per guidare il rational design di altri modulatori del TLR4.
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Introduction

1. Introduction

Bacteria and Archaea account for the largest amount of biomass on
earth and are major reservoirs of essential nutrients and energy. They
have a simpler internal cell structure than eukaryotic cells and in most
cases they lack membrane-enclosed organelles. Bacteria are divided into
Gram-negative and Gram-positive bacteria based on the Gram stain,

which reflects differences in the cell envelope architecture (Figure 1).

O-specific side chain

Quter
membrane
Periplasmic space
and paplidoglycan
" |prasma

., |membrana

Gram positive cell wall Gram negative cell wall

Figure 1. Differences in the cell wall structures of Gram positive and negative

bacteria.

Both possess a cytoplasmic membrane made of a phospholipid bilayer,
which surrounds the cytosol and provides a physical, semi-permeable

barrier regulating the movement of molecules in and out the cell. This
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Introduction

membrane is enclosed by the cell wall peptidoglycan, a rigid layer that
confers shape and osmotic strength to the bacterial cell.’ The
peptidoglycan layer is a complex polymer composed of alterning N-
acetylglucosamine and N-acetylmuramic acid with attached tetrapeptide
side chains. Gram negative bacteria are further characterized by the
presence of a periplasmic space between the cell membrane and the
outer membrane.” The outer membrane (OM) is a unique asymmetric
phospholipid bilayer; the inner leaflet consists of glycerophospholipids
while the external leaflet is rich in lipopolysaccharide (LPS) which covers
up to 75% of the cell surface. Embedded in the OM there are also
integral membrane proteins like porins, which serve as channels for the

passage of small hydrophilic molecules and lipoproteins.

1.1. Bacterial endotoxin: the lipopolysaccharide

Lipopolysaccharide guarantees the viability and survival of Gram
negative bacteria, contributing to the correct assembly of the OM. LPS is
a heat-stable complex of amphiphilic glycolipid that provides an
extraordinary permeability barrier to many different classes of molecules
including detergents, antibiotics, and toxic dyes and metals. The barrier
properties of the OM depend on its low fluidity, which is due to the

highly ordered structure of the LPS monolayer. Owing to their external
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location, LPS molecules interact with other biological systems by
participating in host-bacterium interactions like adhesion, colonization,
virulence and symbiosis.

The structure of LPS can be divided in three regions: lipid A, the
hydrophobic moiety that anchors LPS to the OM, the oligosaccharide

region named core, and the O-antigen polysaccharide chain (Figure 2).

O—polysaccharide chain Outer core Inner core Ligid

os'e %‘HOE%@@:Z

Figure 2. General structure of Gram negative LPS. O-chain is highly variable,

responsible for serological specificity of LPS variants and represents the
primary target for antibody responses against LPS. The outer core is more
likely to contain common sugars (hexoses, hexosamines, etc.) while the inner
core is highly conserved and contains unusual sugars such as Kdo and
heptose. The di-glucosamine backbone of lipid A is very highly conserved and

the acyl chain length/substitution pattern is primary determinant for

endotoxicity.4
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The O-polysaccharide region is composed by repeating units of one and
eight glycosyl residues, which differ among strains by means of the
sugars, sequence, chemical linkage, substitution, and ring forms utilized.
This leads to an almost limitless diversity of O-chain structure and is
verified in nature with the observation of hundreds of serotypes for
particular Gram negative species. In addition, the number of subunits
used to complete the chain varies between 0 and ~50 and a single
organism will produce a wide range of these lengths as a result of

incomplete synthesis of the chain.*

The O-polysaccharide is also the outermost part of the LPS molecule
expressed on bacteria and is therefore the major antigen targeted by
host antibody responses. These responses can be highly O-chain specific,
and for this reason the O-chain is often also referred to as the O-antigen.
The O-polysaccharide region is also recognized by the innate arm of the
immune system, playing a role in both the activation and inhibition of
complement activation. For many organisms (e.g. Salmonella), the O-
chain is essential for survival in host serum as it prevents penetration of

the complement membrane attack complex.*”

The core region could be divided into two part: the inner and the outer
core. The chemical structure of the outer core is variable, whereas the
inner core region tends to be quite conserved within a genus or family

(Figure 3).
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Lipid A {

Figure 3. Core structures of selected Gram-negative pathogens. The E. coli

E.coli R1 N.meningitidis LOS (L3) C.trachomatis H.influenzae
(Deep rough mutant)

core shown is that of rough mutant R1; the structure given for N.
meningitidis relates to the entire LOS of the organism; all isolates of C.
trachomatis have shown only the Kdo triplet depicted; and the deep rough
mutant of H. influenzae (I-69 Rd/b") represents the smallest core structure

yet seen for any viable Gram-negative bacteria.’

The inner core contains at least one residue of 3-deoxy-D-manno-oct-2-
ulosonic acid (Kdo) and several heptoses. Kdo is rarely found in other
glycans and therefore can be considered as a marker for the presence of
LPS.! Interestingly, while the O-chain and the majority of the core can be
dispensed with in some viable mutants, this Kdo residue is always
absolutely required for bacterial viability.

Both inner and outer core sugar residues can be substituted with
charged groups like phosphate, pyrophosphate, 2-aminoethylphosphate

and 2-aminoethylpyrophosphate. In the inner core, it is thought that
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these substituents maintain a close association with the Ca®*" and Mg**
ions that are required for membrane structure and function.*® The
abundant anionic groups in the lipid A-core region are tightly associated
by electrostatic interactions with divalent cations (Mg?* and Ca®*), which
help connecting LPS molecules to each other. This phenomenon
contributes to the remarkable stability of the outer membrane and to a
significant reduction in membrane permeability, resulting in an efficient

protective barrier.

Lipid A is embedded in the outer leaflet of the outer membrane and
anchors the LPS molecules through electrostatic and hydrophobic
interactions. It is the most conserved portion of the LPS and constitutes
the so called endotoxin principle of LPS thus providing the minimal
structure responsible for toxicity in vertebrates. In most bacteria lipid A
has a B-(1->6)-linked D-glucosamine disaccharide backbone that is
phosphorylated at positions 1 and 4”.” This structure is decorated with
up to four acyl chains linked by ester or amide bonds. These chains can
then in turn be substituted by further fatty acids to provide LPS
molecules with up to seven acyl substituents, which vary quite
considerably between species in nature, number, length, order and
saturation. These can be attached to the lipid A either symmetrically
(3+3, e.g. Neisseria meningitidis) or asymmetrically (4+2, e.g. E. coli).®
Despite its general structural conservation, lipid A also has considerable

structural microheterogeneity; therefore, it is more appropriate to
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consider lipid A as a family of structurally related molecular species with
different acylation and phosphorylation patterns rather than as a
homogeneous molecule. Variations in structure results from the type of
hexosamine present, the degree of phosphorylation, the presence of
phosphate substituents, the chain length, number and location of lipid
chains. The first structurally elucidated lipid A was from E. coli, and
consists of 14 carbon length fatty acids (3- hydroxytetradecanoic acid).
The hydroxyl groups of the two (R) -3- hydroxyl fatty acid of the distal
GlcN-residue (GIcN II) are acylated by non-hydroxylated fatty acids
whereas those at the GlcN-residue at the reducing site (GlcN I) are free.
Thus the overall acylation pattern is asymmetric (4+2).” Mutants lacking
in lipid A and both Kdo show no viability demonstrating that the minimal
requirement for bacterial viability is lipid A and at least on Kdo.*™ The
detailed structure of LPS varies from one bacterium to another, and this
variation could affect the virulence of the bacterium.'* The complete LPS
comprising all three regions is termed "smooth" LPS, while LPS lacking
the O-chain and/or portions of core oligosaccharide the LPS is called

"rough" LPS (or lipooligosaccharide - LOS -) (Figure 4).*2
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Rough form (LOS) , . . 2

\ O-antigen Outer Core Inner Core Lipid A )
Smooth form (LPS)

Figure 4. Smooth and rough form of LPS.

1.2. LPS biosynthesis

E. coli is the most favored Gram-negative bacterium to study the LPS
biosynthesis. The biosynthesis of LPS is a complex process which requires
spatial and temporal coordination of several independent pathways that
converge in an ordered assembly line to give the mature molecule.”**
The first stage of the biosynthetic pathway is the synthesis of Kdo,-lipid
A.”** The pathway is mediated by nine enzymes and takes place in the
cytoplasm and on the inner surface of inner membrane. The initial
building block of lipid A is UDP-GIcNAc. The first three reactions are
catalyzed by soluble enzymes LpxA, LpxC and LpxD, resulting in the
addition of two 3-OH fatty acid chains to the 2- and 3-positions of the
UDP-GIcNAc to form UDP-diacyl-GlcN."*® The UDP-diacyl-GlcN is next

17,18

hydrolyzed by LpxH to form lipid X. LpxB condenses lipid X and its

precursor UDP-diacyl-GIcN to form disaccharide-1-P.**?° Both LpxH and

20
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LpxB enzymes catalyzing the reactions are peripheral membrane
proteins, while the enzymes that catalyze the followed reactions in the
pathway, LpxK, KdtA, LpxL and LpxM, respectively, are integral proteins
of the inner membrane. LpxK is a kinase that phosphorylates the 4'-
position of the disaccharide-1-P to form lipid IVA.2*?? KdtA is a
bifunctional enzyme that incorporates two 3-deoxy-D-manno-
octulosonic acid (Kdo) residues at the 6’-position of the lipid IVA, using
the sugar nucleotide CMP-Kdo as the donor.” The resulting Kdo,-lipid
IVA undergoes further reactions, catalyzed by LpxL and LpxM, to form
Kdo,-lipid A (Figure 5). LpxL adds a secondary lauroyl residue and LpxM
adds a myristoyl residue to the distal glucosamine unit, respectively.?*
The core oligosaccharides are sequentially assembled on lipid A at the
cytoplasmic surface of the inner membrane in a process that involves a
number of membrane-associated glycosyltransferases, using nucleotide
sugars as donors. The biosynthesis of core oligosaccharides is rapid and
efficient, suggesting that the glycosyltransferases function as a
coordinated complex.

O-antigen, similarly to the core oligosaccharides, is synthesized on the
cytoplasmic surface of the inner membrane. Using the sugar nucleotides
as donors, the units of O-antigen are assembled by glycosyltransferase
enzymes on the membrane-bound carrier, undecaprenyl phosphate,
which is also used for the synthesis of peptidoglycan and capsular

polysaccharides (Figure 5).
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Figure 5. Biosynthetic pathway of LPS in E. coli.?

transport to the OM
by the Lpt machine

After the biosynthesis, the core-lipid A is anchored to the IM with its
hydrophilic moiety exposed to the cytoplasm and is then flipped across
the IM by the essential ABC (ATP binding cassette) transporter MsbA,

25-27

becoming exposed in the periplasm. In E. coli, MsbA is a homodimer

and each monomer contains six transmembrane helices and a cytosolic

ATP-binding domain.?®

The basal ATPase activity of purified MsbA
reconstituted into liposomes is stimulated by hexa-acylated lipid A,
Kdo2-lipid A, or LPS but not by underacylated lipid A precursors,
suggesting that hexa-acylated LPS is the substrate required for the
transport.” MsbA contains 2 substrate-binding sites that communicate

with both the nucleotide binding domain and with each other. One is a
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high affinity binding site for lipid A and the other side interacts with
drugs with comparable affinity. Thus, MsbA may function as both a lipid
flippase and a multidrug transporter.’® However, in vivo MsbA displays a
remarkable selectivity towards the LPS substrates being capable to
translocate only hexa-acylated but not penta or tetra-acylated LPS. The
transport of the O-antigen across the inner membranes is mediated by at

least 3 proteins, Wzx, Wzy and Wzz, 3132

which might function by
recognizing the first sugar phosphate bound to the undecaprenyl-p.*?

An alternative way of transport consists of the ABC transporter-
dependent pathway, in which the completion of the O-specific
polysaccharide occurs at the cytosolic side of the IM and the export of
the polymer across IM requires an ABC transport.>* Irrespective of the
export and polymerization mode, the assembly of the mature LPS occurs
at the periplasmic face of the IM where the lipid A-core and O-antigen
biosynthetic pathways converge with the ligation of O-antigen to the
lipid A-core moiety mediated by the Waal ligase.> Finally, transport of
LPS across the periplasmic space and its insertion and assembly on the
outer leaflet of the OM requires a protein complex, the

lipopolysaccharide transport (Lpt) machinery, which spans the entire cell

envelope.*®
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1.2.1. Crossing the periplasmic space

The mature LPS molecules must traverse the aqueous periplasmic
compartment before being inserted and correctly assembled at the
OM,*” but LPS is an amphipatic molecules and so the transport through
membranes and in aqueous phases poses several problems. Movement
through aqueous phases such as the periplasm would expose the
hydrophobic moieties of amphipatic molecules to water molecules,
whereas moving across membranes would expose their hydrophilic
moieties to the hydrophobic interior of the membranes.®® In 1972,
exploiting sucrose density gradient ultracentrifugation to separate IM
and OM from S. enterica, Osborn et al. demonstrated for the first time
that LPS transport from the site of synthesis at the IM to the OM is

39
l.

unidirectional.”™ However, it took several decades to unravel the first

molecular details of this process. Unlike MsbA, whose role in LPS flipping

across the IM has been clearly establish during the last two

29,40,41

decades, most of the factors involved in LPS transport downstream

of MsbA have been identified only in the past 10 years. The E. coli Lpt
(LPS transport) machinery consists of seven essential proteins
(LptABCDEFG) that accomplish LPS transport across the periplasm to its

42-44,46-48

final assembly at the cell surface. The Lpt complex provides

energy for LPS extraction from the IM and mediates its transport across

the aqueous periplasm, its insertion and its assembly at the OM,>*
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representing an atypical IM ABC transporter. This complex may be
divided in 3 subassemblies: LptBCFG, located at the IM, LptA in the
periplasm, and LptDE at the OM (Figure 6).

CHOHKD
€SS
OO
-
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% % ﬂ;' % oM
-..-O‘--O‘-.O-O@ D ......
f@ Periplasm

=0 A»@‘
T e 1
bA I @
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Figure 6. Lpt machinery in E. coli.

LptBFG is an IM-associated ABC transporter that harbors an atypical
subunit constituted by the bitopic IM protein LptC.** LptB is a 27-kDa
cytoplasmic protein possessing the typical nucleotide-binding fold of this
ABC transporters. Earlier, LptB was found associated to an
uncharacterized IM high molecular weight protein complex, of

approximately 140 kDa, but the other components of the complex were
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not identified.”® LptF (40.4 kDa) and LptG (39.6 kDa) are the
transmembrane subunits of the IM ABC transporter.**

LptC is a bitopic protein possessing only one transmembrane domain
and cannot fulfil the role of the integral membrane components of
typical ABC transporters, which consist of either one IM protein with 12
transmembrane domains or two proteins with 6 transmembrane
domains each.”

LptA is the periplasmic binding component. LptA is a small protein of 185
amino acids possessing a 23 amino acid signal sequence that is
processed in the mature form.”! LptA presents a novel fold consisting of
16 antiparallel B-strands folded to resemble a semiclosed B-jellyroll; the
structure is not completely symmetrical and it opens slightly at the N-
and C-termini. In the presence of LPS, LptA associates in a head-to tail
fashion forming fibrils containing a hydrophobic groove. According to the
hypothesis that LptA physically connect IM and OM, the interior cavity of
LptA fibers could accommodate LPS.>

At the OM, the LptD/E complex is required to assemble LPS in the outer
leaflet of the OM. LptD is an essential B-barrel protein of 87 kDa whereas
LptE (formerly RlpB) is an essential lipoprotein of 21.1 kDa.

LptD possesses a periplasmic N-terminal domain, belonging to the same
OstA superfamily as LptA and LptC,*® that is essential for its function.*
Initial studies on LptD revealed that this protein exists in a higher

molecular weight complex in the OM.”® The interacting protein was
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purified by affinity chromatography to a tagged LptD and identified by
tandem mass spectrometry as LptE, a previously identified OM
lipoprotein of very low abundance.®® The essential lipoprotein LptE is
functional even without its N-terminal lipid anchor (Figure 7).*’
Sperandeo et al. showed that upon depletion of LptA, LptB, LptC LptD,
and LptE the LPS assembly pathway is blocked in nearly the same
fashion, which results in very similar phenotypes and provided a first
strong evidence of functional and/or physical interaction between the
Lpt proteins.43

Two models have been proposed to explain the LPS transport across the
periplasmic space. The first is based on the similarities between Lpt and
Lol system: the periplasmic LPS transport may be analogous to the
machinery that transports lipoproteins to the OM where the periplasmic
carrier LolA escorts lipoproteins across the periplasm and delivers its
cargo to its specific OM receptor.”® According to this model LptA may
function as a soluble periplasmic chaperone that binds LPS, diffuses
across the periplasm and delivers it to the LptD/E complex at the OM.
The finding that LptA binds LPS in vitro is in line with this model.**

The second model of LPS transport across the periplasm implicates a
membrane bridge that would physically connect the IM and OM allowing
for direct efflux of LPS to the cell surface.®® In line with this second
model, evidence exists of direct physical interaction between the seven

Lpt proteins.*’ LptA-LptC interaction has been demonstrated in vitro:
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interestingly Tran et al. also demonstrated that LptA binds LPS with
higher affinity than LptC, suggesting that LptC may deliver it to LptA.”>*>’
A transport model can be proposed as follows: LPS transport starts with
LPS extraction from the IM by the LptBFG complex, which transfers the
molecule to the periplasmic domain of membrane-bound LptC; LptC
then transfers LPS to LptA. LptC may initially use energy provided by the
ATP hydrolysis to extract LPS from the IM, after that, LPS unidirectional
transit from LptC to LptA can occur by increasing the affinity gradient. By
the way, LptC does not affect the kinetic parameter of the ATPase

activity of the LptBCFG complex.*®
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Figure 7. Crystal structures of Lpt proteins with the respective PDB code.
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1.2.2. LptA and LptC

LptC is a conserved bitopic inner membrane protein from E. coli involved
in the export of LPS from its site of synthesis in the cytoplasmic
membrane to the outer membrane. LptC forms a complex with the ATP-
binding cassette transporter, LptBFG, which is thought to facilitate the
extraction of lipopolysaccharide from the inner membrane and release it
into a translocation pathway that includes the putative periplasmic
chaperone LptA.*® Cysteine modification experiments established that
the catalytic domain of LptC is oriented toward the periplasm. The X-ray
structure of the periplasmic domain (Trp7 - Asp29) of LptC (at resolution
of 2.2 A) has revealed an overall structure consisting of a twisted boat
structure with two B-sheets in apposition to each other with an angle of
60° - 85°. The B-sheets contain seven and eight antiparallel B-strands,
respectively, which create the binding site with the lipidic portion of the
LPS. This structure bears a high degree of resemblance to the crystal
structure of LptA although they share limited primary sequence
similarities. However, there are some slight differences in the structures
(Figure 8). For example, the opening between the two B-sheets is slightly
larger in LptC, and the conformations of the C-termini of the two
proteins are different. The N-terminus of LptA contains a short a-helix
that is sandwiched between the two B-sheets, while the corresponding

N-terminus of LptC is disordered. Another notable difference is that loop
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2 in LptC is much shorter than its counterpart from LptA; however, loop

7 from LptC is much longer than the comparable loop in LptA.>’

(Top View) (Side View, N-terminus)

Figure 8. Structural comparison of LptA and Hisg-LptC (24 —191). Ribbon
diagrams of LptA (blue; 2.15 A) (Protein Data Bank accession code: 2R19) and
His6 — LptC (24 — 191) (green; 2.2 &) are superimposed.57

Both LptA and LptC possess hydrophobic residues which form a
hydrophobic core along the proteins that potentially serve as an LPS-

binding site’®

and qualitative in vitro assays have shown that both
LptA% and LptC’ bind to LPS. In vitro, LptA can displace LPS from LptC
(but not vice versa), consistent with their locations and their proposed

placement in a unidirectional export pathway. Co-capture in vitro
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binding assays, previously used to study LOL transport system,’"*®

showed that the O-antigen is not required for the recognition of LPS in
the interaction with LptC, indicating that this interaction occurred with
the hydrophobic domain of the ligand that is the Lipid A part. Even if the
binding pocket does not seems capable of accommodate all the lipid A of
LPS, it’s possible that the binding induces a conformational change which
create a binding pocket big enough so that the hydrophobic residues
could interact with the lipidic portion of the ligand.

Recently, four residues in LptC (Thr47, Phe78, Alal72 and Tyr182) have
been found to interact with LPS in vivo. The LptC residues directly
involved in LPS binding are located almost exclusively inside the [-
jellyroll structure, supporting the model of membrane bridge, in which
LPS binds inside these proteins and transits through the periplasm bound

to the cavity of the conserved B-jellyroll fold (Figure 9).>°

Figure 9. Cartoon representation of the LptC crystal structure (PDB ID:

3MY2). Putative LPS binding residues are labeled.®

32



Introduction

1.3. Biogenesis of LPS: a new target for antibiotics

In the past 60 years, antibiotics have been critical in the fight against
infectious diseases caused by bacteria and other microbes and their use
has been a leading cause for the rise of average life expectancy in the
Twentieth Century.®® However, according to WHO the world may be
entering a so-called “post antibiotic era”, in which it will be no longer
possible to treat the causes of infectious diseases with antibiotics, since
many pathogenic bacteria have become resistant to antibiotic drug
therapy.®® To better understand the magnitude of this phenomenon, it is
enough to consider that nowadays about 70% of the pathogenic bacteria
that cause infections in hospitals are resistant to at least one of the
drugs most commonly used for the treatment.®® Multidrug-resistant
(MDR) and pandrug-resistant (PDR) Gram-negative bacteria represent a
serious threat, as these antibiotic resistant pathogens cause infections
that are becoming truly untreatable. Strains resistant to some (MDR) or
all (PDR) antibiotics commonly used clinically have been isolated in
Acinetobacter baumannii, E. coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa and other pathogenic species.®® Although the resolution of
the problem consists in the research for new molecules with
antibacterial activity, all antibiotics approved for clinical use between
1960 and 2000, except carbapenems, are synthetic derivatives of

scaffolds discovered in the so-called “golden era” (1930-1960) and they
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are only partially effective against prevailing resistance mechanisms.®*®

Since 1962 only three new classes of antibacterial agents have been
approved for clinical use: oxazolidinones® and retapamulin,®’ both
targeting protein synthesis, and daptomycin, a narrow spectrum cyclic
lipopeptide disrupting Gram-positive cytoplasmic membranes® (Figure

10).

prT—— Cydiic ipopeptides
Beta-lactams*
Sulfonamides

1930s 1940s 1950s 1960s 1970s 1980s  1990s 2000s

Figure 10. Antibiotics discovered since 1930 to 2000.%

So, the increasing and alarming onset and spread of antibiotic resistant
strains among pathogenic bacteria together with the unfavorable
economics of antibiotic development poses as an urgent need the
identification of new antibacterial agents that have a novel mode of
action.”® Target-driven discovery of novel antibiotics offers the

advantage of prior knowledge of the protein/pathway target function
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thus potentially expediting the drug discovery process,”*’* but a crucial
point for the success of this approach is the identification/selection of
the appropriate molecular target.

The LPS export to the OM represents an attractive underexploited
bacterial pathway, since several features of the Lpt transport proteins

suggest that they could be good candidates as antibacterial targets:

e | PSis an essential structure in most Gram-negative bacteria;

* the components of the Lpt machinery are essential;

e the proteins are conserved in many relevant bacterial pathogens;
e the Lpt proteins do not have human counterparts, as LPS is a

molecule exclusively present in bacteria.

Despite the Lpt proteins have been only very recently discovered and
characterized, two inhibitors of the machinery have already been
identified. The first compound targets LptB, the ATPase component of
the IM ABC transporter.” This molecule has been identified by in vitro
screening with 224 compounds from two commercially available kinase
inhibitors libraries composed mostly of ATP-competitive inhibitors and,
as expected, it is competitive with respect to ATP with an inhibitor
binding constant of 5 uM; however, it does not display antibacterial
activity against a wild type strain of E. coli whereas it shows a minimum
inhibitory concentration (MIC) against a strain of E. coli with a leaky OM.

A peptidomimetic antibiotic specifically targeting LptD of P. aeruginosa is
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the second example of LPS transport inhibitors.”* The starting point of
this work was the synthesis of libraries of B-hairpin-shaped
peptidomimetics based on the membranolytic host defence peptide
protegrin 1.”> Following whole-cell screening, a lead showing low but
significant broad-spectrum antibacterial activity was found. This lead
was optimized for improved antimicrobial activity through iterative
cycles of synthesis and screenings. This effort produced two
peptidomimetics POL7001 and POL7080 with potent and selective action
only against P. aeruginosa (MIC 0.13 and 0.25 pg/ml, respectively).

Overall, the Lpt machinery could represents a composite cellular target
that offers the opportunity not only to inhibit the function of any single
protein but also to exploit different aspects of LPS biogenesis, namely

the assembly of the complex and its ability to bind LPS.

1.4. Host defences that target lipid A

Considering the intimate contact that humans have with bacteria, the
frequency of colonization with pathogenic Gram-negative bacteria is
astonishingly low. This is largely attributed to the formidable arsenal of
host defences that eliminate invading pathogens by recognizing and
responding to highly conserved components of infectious agents, known

as Microbe-Associated Molecular Pattern (MAMPs).”® Because LPS is an
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essential component of the Gram-negative cell surface, it serves as an
effective MAMP to trigger the innate immune system.” The host offers a
nutrient-rich but perilous environment for a bacterium. For example, the
intestinal colonization requires a bacterium to journey through the acidic
pH of the stomach and encounter toxic compounds such as bile and
antimicrobials during transit,”” and the bloodstream is swarming with
LPS-binding proteins, antibodies, complement and immune cells primed

to detect LPS.”®®!

Every point of entry for a bacterium is well defended,
but as many of the protective mechanisms rely on lipid A detection, the
modification of lipid A affords the bacterium an opportunity to evade the

immune system and establish an infection.®

1.4.1. LPS and immune system

LPS is a potent elicitor of innate immune responses and plays a key role
in the pathogenesis of Gram-negative infections in both plant and animal
hosts,® but also other bacterial products are believed to be responsible
for initiating host immunological response leading to inflammation and
sometimes unwanted septic shock in mammalian cells.

The immune system has both a less specific and a more specific
component. The first one is the innate immune system, which represents

the first line of defense against invading microorganisms in vertebrates
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and the only line of defense in invertebrates and plants.®* Most
apparatuses of innate immunity are present before the beginning of
infection and constitute a set of disease-resistance mechanisms that are
not specific to a particular pathogen but that recognize classes of
molecules characteristic of frequently encountered pathogens.
Otherwise, the adaptive immune system, which is the more specific
component of immunity, is characterized by highly specialized cells that
process and eliminate the hosts, affording protection against re-
exposure to the same pathogen.

The adaptive system is organized around T and B cells. Since each
lymphocyte displays a different kind of unique receptor, the repertoire
of antigen receptors is very large and diverse. This recognition diversity
increases the probability that an individual lymphocyte will encounter a
suitable antigen thereby triggering activation and proliferation of the
cells. This process of clonal expansion is absolutely necessary to elicit a
correct and efficient immune response. Despite the primary importance
of this process, it require 3 or 5 days to rise an appropriate response,
which allow more than enough time for most pathogens to damage the
host. The innate immunity compartment fulfill the necessity of a fast
response against microbial, fungal or viral infections and directs a correct
response of the adaptive compartment against non-self.?®

Innate immunity recognition relies on a diverse set of germ line encoded

receptors, termed pattern recognition receptors (PRR), which recognize
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broad classes of molecular structures common to groups of
microorganisms, called Pathogen Associated Molecular Patterns
(PAMPs),2® triggering complex signalling cascades that lead to the release

of pro-inflammatory cytokines. PAMPs share some common features:

e they are produced only by microbial pathogens and not by the
host;

e structures organized are usually essential for the survival or
pathogenicity of invading microorganisms;

e they are usually invariant features shared by entire classes of

pathogens.

Bacteria are often recognized by the PRRs through some common
components of the cell wall, such as lipid A of lipopolysaccharide,
peptidoglycan, lipoteichoic acids and cell wall lipoproteins. There are
several distinct classes of PRRs and the best characterized are the Toll
Like Receptors (TLRs), non-catalytic receptors that recognize structurally
conserved molecules derived from microbes, activating immune cell
responses with high sensitivity and selectivity.?’

TLRs appear to be one of the most widespread and ubiquitous
components of the immune system: they are present in vertebrates, as
well as in invertebrates and they represent the host defence against
infection in plants. It has been estimated that most mammalian species

have between ten and fifteen types of TLRs and thirteen TLRs (named
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TLR1 to TLR13) have been identified both in humans and mice (Table
1).28 TLRs play a critical role in the recognition of PAMPs derived from
various microbial pathogens including viruses, bacteria, protozoa, and
fungi and in the subsequent initiation of innate immune responses.®

Toll-like receptors recognize molecules that are constantly associated
and specific for invading pathogens or cell stress. Pathogen-associated
molecules that induce a TLR-mediated response are usually critical to
pathogen's functions and cannot be eliminated or changed through
mutation. From a structural point of view, all TLRs are characterized by
two conservative regions: the extracellular leucine-rich repeat (LRR)
domain and the TIR (Toll/Interleukin-1 Receptor) domain. The TIR
domain is a conserved protein—protein interaction module, which is also
found in a number of trans-membrane and cytoplasmic proteins in

animals and plants,®

involved in the innate immune response. Within
the class of Toll-like receptors there are some differences: most of them
function as homodimers, but TLR2 forms heterodimers with TLR1 or
TLR6, each dimer having a different ligand specificity, and TLR10 seems
to form both homodimers and heterodimers with either TLR1 or TLR2.
TLRs may also depend on other co-receptors for full ligand sensitivity,

such as in the case of TLR4's recognition of LPS, which requires MD-2,

CD14 and LPS Binding Protein (LBP).
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Receptor

Ligand
Tryacil lipopeptides

Origin of ligand

Bacteria, Mycobacteria

TLR1
Soluble factors Neisseria meningitidis
Lipoprotein/lipopeptides Various pathogens
Peptidoglycan Gram positive bacteria
Lipoteichoic acid Gram positive bacteria
Lipoarabinomannan Mycobacteria
Phenol-soluble modulin Staphylococcus epidermiditis
Glycoinositolphospholipids Trypanosoma cruzi

THR2 Glycolipids Treponema maltophilum
Porins Neisseria
Atypical lipopolysaccharide Leptospira interrogans
Atypical lipopolysaccharide Porphyromonas gingivalis
Zymosan Fungi
Heat-shock protein 70 Host

TLR3 Double-stranded RNA Viruses
Lipopolysaccharide Gram negative bacteria
Taxol Plants
Fusion protein Respiratory syncytial virus
Envelope protein Mouse mammary - tumor virus

LRa Heat-shock protein 60 Chlamydia pneumonia

Heat-shock protein 70
Type Il repeat extra domain A of
fibronectin

Oligosaccharides of hyaluronic acid

Host

Host

Host
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Polysaccharide fragments of heparin Host
sulphate
Fibrinogen Host
TLRS Flagellin Bacteria
Diacyl lipopeptides Mycoplasma
TLR6 Lipoteichoic acid Gram positive bacteria
Zymosan Fungi
Imidazoquinolone Synthetic compounds
Loxoribine Synthetic compounds
TLR7
Bropirimine Synthetic compounds
Single-stranded RNA Viruses
Imidazoquinolone Synthetic compounds
TLR8
Single-stranded RNA Viruses
TLR9 CpG-containing DNA Bacteria and viruses
TLR10 N.D. N.D.
TLR11 N.D. Urophatogenic bacteria

Table 1. TLRs classification. Not described is noted as N.D.
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1.4.2. TLR4

Among TLRs, TLR4 selectively responds to bacterial endotoxin, Gram-
negative bacterial lipopolysaccharides and lipooligosaccharides (LOS). In
addition, TLR4 recognizes a broad variety of substances from viruses,
fungi, and mycoplasma. TLR4 is also activated by endogenous factors,
generally known as danger (or damage) associated molecular patterns
(DAMPs). Typical DAMPs acting as TLR4 agonists are endogenous
substances that are released as a consequence of injury and
inflammation. They include B-defensin, high-mobility group protein 1
(HMGB1), heat shock proteins (HSPs), hyaluronic acid, heparin sulfate,
substance P, and others.® This receptor is present on a wide variety of
cell types, including monocytes, lymphocytes and endothelial cells.”
Binding of TLR4-MD-2 to lipid A triggers a signalling cascade that leads to
inflammation, cytokine production and the eventual clearance of
bacteria through recruitment of effector cells, phagocytosis, cytotoxicity
and activation of the complement system.?! This inflammatory response
can be severe, resulting in tissue damage, organ failure and death,
especially in cases of sepsis.” Unmodified E. coli lipid A, which contains
six acyl chains and two phosphate groups, is the strongest known TLR4
ligand, and lipid A modifications can weaken or abolish TLR4 signalling

and change the nature of the downstream cytokine profile.”***
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The detection of lipid A is achieved by the coordinate and sequential
action of four endotoxin binding proteins: LPS binding protein (LBP), the
cluster differentiation antigen 14 (CD14), the myeloid differentiation
protein (MD-2) and TLR4 itself.> This sequential process starts with the
binding of LBP to LPS aggregates, spontaneously released by Gram
negative bacteria, and ends with the formations of the activated
(TLR4-MD-2:LPS), complex that has a pivotal role in initiating the
inflammatory cascade. LBP interacts with endotoxin-rich bacterial
membranes or endotoxin aggregates, catalyzing extraction and transfer
of LPS monomers to CD14 that in turn transfers LPS monomers to MD-2
and to (TLR4:-MD-2:LPS), heterotetramer. Receptor dimerization leads to
the recruitment of adapter proteins to the intracellular TIR domain of

TLR4, initiating the intracellular signal cascade (Figure 11).
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Figure 11. Schematic representation of Toll-like receptor 4 signalling in
which the two responses, the MYD88-dependent and TRIF-dependent
pathways are illustrated. They can be differentially stimulated on binding of
lipid A to the TLR4-MD2 complex. This binding occurs through the
association of lipid A with LBP and CD14, and leads to the production of
cytokines and clearance of the pathogen. The MYD88-dependent pathway
leads to the production of pro-inflammatory cytokines, whereas the less
inflammatory TRIF pathway occurs after endocytosis of the TLR4-MD2
receptor and stimulates the expression of interferon-inducible genes that are
less inflammatory than those cytokines induced by the MYD88-dependent

pathway.82
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This complex can then signal through two major pathways, which are
named according to their adaptor proteins: myeloid differentiation
primary response protein 88 (MYD88) and TIR domain-containing adap-
tor inducing IFNB (TRIF; also known as TICAM1).?® Severe reactions to LPS
are attributed to activation of the MYD88 pathway, which induces the
production of pro-inflammatory cytokines such as tumor necrosis factor
(TNF), interleukin-6 (IL-6) and IL-12.

The less inflammatory TRIF (or MYD88-independent) pathway occurs
after endocytosis of the TLR4—MD-2 receptor and is characterized by the
production of interferon-f (IFNB) and IFN-inducible proteins such as 10
kDa IFNy-induced protein (IP10; also known as CXCL10), monocyte
chemoattractant protein 1 (MCP1; also known as CCL2), RANTES (also
known as CCL5) and granulocyte colony-stimulating factor (G-CSF).”’
Although it is important for mounting an optimal immune response to
pathogens, the TRIF pathway does not lead to severe inflammation.
Unmodified LPS from E. coli induces signalling through both pathways,
but lipid A modifications can cause preferential recruitment of one
adaptor protein over the other.’® In vivo, bacterial lipid A modifications

are also known to affect the potency of TLR4 activation.*?
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1.4.2.1. LPS-binding protein (LBP)

Human LBP is a 58-60 kDa serum glycoprotein and is mainly synthesized
by hepatocytes.” The tertiary structure of LBP contains two barrel
domains arranged in a banana-like shape which are connected by a
proline-rich linker. Each domain is composed of an antiparallel B-
stranded layer twisted around the long a-helix. In the pocket between
the helix and the B-strand, a phospholipid molecule has been co-

190 The tip of the N-terminal domain of LBP

crystallized in each domain.
contains a cluster of cationic residues, which are essential for the LPS
binding and signalling. The phospholipid-binding site of LBP seems like a
suitable site for binding of the lipid A moiety. However, the size of the
binding pocket is by far too small to accommodate the acyl chains of the
typical lipid A. Therefore, the location of the lipid A-binding site on LBP is
not quite clear, since the distance between the cationic and hydrophobic
site is also too large to allow the interaction of the lipid A molecule with
both sites.

C-terminal domain of LBP present a region that promote the interaction
with CD14 thus facilitating the transfer of the endotoxin. LPS response is
enhanced by the serum LBP that disaggregates LPS micelles with the

cooperation of soluble CD14 (sCD14); serum albumin also plays a role in

facilitating the extraction of LPS monomers from the aggregates.'**
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Originally the role of LBP was assumed to be restricted to bind LPS and
to transfer it subsequently to membrane-bound CD14. Newer data,
however, suggest that the situation is more complex. LBP has a
concentration-dependent dual role: low concentrations of LBP enhance
the LPS-induced activation, in contrast, the acute phase rise in LBP
concentrations inhibits LPS-induced cellular stimulation.™**

A second function of LBP is to increase the interaction of LPS with
soluble CD14 (sCD14) by forming a stable trimolecular complex.’®® The
complex then can be transported to lipoprotein particles or to cells,

which can then respond to picomolar concentrations of LPS.

1.4.2.2.CD14

The cluster of differentiation antigen (CD14) has unequivocally been
shown to represent an important LPS-binding molecule on
monocytes/macrophages (mCD14). It is expressed in myeloid cells and
serum (soluble form sCD14) and binds Gram-negative and Gram-positive

192 1n whole blood, the

bacteria as well as endogenous phospholipids.
amount of sCD14 is 100-1000 times higher than that of membrane-
bound CD14. sCD14 is a single chain protein containing 10 leucine
repeats in its carboxyl-terminal region; unlike the membrane form,

which requires LBP, sCD14 can directly bind LPS with a dissociation
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constant of 74 nM. Interaction of LPS with CD14 is necessary for specific
binding of LPS and activation of human monocytes or murine
macrophages. CD14 knock-out mice were found to be resistant to lethal
shock induced by either live Gram-negative bacteria or isolated LPS
demonstrating the essential role of CD14 in endotoxicity in vivo. At low
concentrations of LPS, CD14 is required for a cytokine response in
macrophages, at high concentrations, however, the responses are
independent of CD14. It has been found that the strongest CD14-
dependent responses require LPS with a long carbohydrate chain,
whereas the CD14-independent response is expressed by LPS with short
carbohydrate chain.'®?

The monomeric subunit of CD14 contains 13 strands and 11 of them
(from 3 to 13) overlap with conserved leucine-rich repeats (LRRs). The
concave surface of the horseshoe-shaped structure consists of a large B-
sheet of 11 parallel and 2 antiparallel B-strands. The convex surface
contains both helices and loops in no regular pattern, so it is rugged,
with several grooves and pockets that are crucial for ligand binding. The
main characteristic of its structure is the N-terminal pocket which is
hydrophobic except for the perimeter. The main pocket is both wide and
deep and contains a smaller sub-pocket at the bottom. This sub-pocket is
narrow and deep and formed by hydrophobic residues and connecting
loops. Overall, the pocket including the sub-pocket is large enough to

accommodate at least part of the lipid chains of LPS. The binding sites for
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LPS in CD14 have been intensively studied by mutagenesis and by
epitope mapping of antibodies that block LPS binding and 4 regions have

104105 peletion or

been identified within the N-terminal 65 residues.
missense mutations in these regions significantly reduce LPS binding or
responsiveness.’®® All of these regions are clustered around the pocket:
region 1 is located close to the wall, region 3 is at the bottom of the
pocket, regions 2 and 4 are located on the rim of the pocket. Based on
structural findings it was proposed that the lipid portion of LPS binds to
the N-terminal pocket. It is unlikely that binding of LPS induces a global
structural change of CD14, since many residues making up the
hydrophobic pocket are in conserved LRR motifs and the overall shape of
LRR proteins displays limited variability.

The LPS-binding site of CD14 appears to extend further beyond the N-
terminal pocket and includes grooves in the neighboring area. The
structural characteristics of the binding site may explain the broad ligand
specificity of CD14. Although the hydrophobic bottom and walls of the
pocket are rigid, the generous size of the pocket may allow structural
variation in the hydrophobic portion of the ligand. Structural diversity in
the hydrophilic part of the ligands could be explained by the
considerable flexibility of the hydrophilic rim combined with the
multiplicity of grooves available for ligand binding. To initiate the
signalling, LPS bound to CD14 should be transferred to the TLR4/MD-2

complex on the cell membrane. Several studies have reported that
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mutations in the region 1 block LPS binding and others LPS transfer,

107
In

indicating that this region plays a role in LPS binding and transfer.
addition, all the mutations are located in the same area near the N-
terminal pocket, suggesting that the area close to the pocket plays an
important role in the transfer of LPS from CD14 to the TLR4/MD-2

complex.

1.4.2.3. TLR4 and MD-2

The primary sequence of TLR4 has the typical features of a class 1
transmembrane receptor, with an extracellular domain (608 residues), a
single membrane spanning helix and a globular cytoplasmic domain (187
residues), the TIR. The ectodomain of TLR4 (TLR4-ECD) has 21 LRRs
capped by LRR-NT and LRR-CT motifs with a horseshoe-like shape. Three
subdomains can be differentiated, N-terminal, central and C-terminal,
with different degrees of twist and curvature. The central subdomain
contains only one variable residue between the last leucine residue of a
preceding LRR motif and the first leucine residue of the next LRR motif,
in contrast with the standard two variable residues. The length of these
LRR modules also varies between 20 - 30 residues, conferring a smaller

radius and greater twist angle to the subdomain. The central subdomains
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of human and mouse TLR4 differ most in structure, apparently due to
the MD-2 binding to the mTLR4 LRR9 loop.'*®
MD-2 is a co-receptor molecule that binds both the extracellular domain

199 MD-2 is a 160- aminoacid

of TLR4 and the hydrophobic portion of LPS.
glycoprotein with a 16 aminoacids secretion signal at the N-terminal and
represents a class of MD-2-related lipid recognition proteins110 that also
include mite allergen proteins. MD-2 has a B-cup fold structure
composed of two antiparallel B-sheets: one sheet consists of 3
antiparallel B-strands and the other one consists of 6 antiparallel strands.
These sheets form a large and deep hydrophobic pocket for ligand

104111 | pS pinds to this pocket and directly mediates dimerization

binding.
of the two TLR4-MD-2 complexes (Figure 12 a). The primary contact
interface between TLR4 and MD-2 that is formed before LPS binding
involves two chemically distinct regions, the A and B patches provided by
the N-terminal and the central domains of TLR4, respectively. The main
dimerization interface of MD-2 is located on the opposite side of the
primary interface and interacts with LRR modules 15 - 17 in the C-
terminal domain of TLR4 (Figure 12 a). For dimerization, TLR4 forms
hydrophobic and hydrophilic bonds directly with LPS and the
surrounding F126 and L87 loops of MD-2. In addition, several secondary

interactions contribute to the dimerization: a metal ion found near the

49-phosphate group appears to connect the MD-2—-LPS complex to TLR4
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either directly, or indirectly through water molecules; TLR4 makes an

additional contribution to dimerization by directly contacting TLR4 %

a Dimerization interface

MD-2 _ "~

- e - i
Primary (" #810 9
interface =3

Figure 12. a) Top view of the symmetrical dimer of the TLR4—MD-2-LPS
complex. The primary interface between TLR4 and MD-2 is formed before
binding LPS and the dimerization interface is induced by binding LPS. b) Side
view of the complex. The lipid A component of LPS is coloured red, and the
inner core carbohydrates of LPS are coloured pink. The module numbers of
the LRRs in TLR4 and the names of the B-strands in MD-2 are written in black.
TLR4 is divided into N-, central and C-terminal domains. The LRRNT and

LRRCT modules cover the amino and carboxy termini of the LRR modules.”
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1.5. Syndromes due to deregulated TLR4 pathway
activation

The described activation of TLR4 pathway and the subsequent
intracellular signalling in response to bacterial endotoxins are useful
processes necessary for optimal host immune responses; however, an
excessively potent and deregulated TLR4 activation and signalling cause
severe syndromes such as septic shock, associated with a high mortality.
Once bacteria are present in the bloodstream (bacteremia), LPS is
released from the outer leaflet of the cell wall of Gram negative bacteria.
Manifold interactions of LPS with host factors have been described, such
as the activation of the complement system, activation of immune cells,
and interaction with a variety of serum proteins. The most prominent
activity of LPS is its immunostimulatory potency leading to the complex
clinical syndrome of Gram-negative sepsis when the initial host response
to an infection becomes dysregulated. The clinical manifestation of
sepsis is characterized by fever, hypotension, respiratory and renal
failure, and intravascular disseminated coagulation. These effects are
not the result of LPS toxicity but are rather a consequence of cell
activation by LPS and a subsequent dysregulation of the inflammatory
host response.’'? The pathogenesis of sepsis is very complex and is
dependent in part on the individual organism causing the syndrome. Pro-
inflammatory cytokines (IL-6 and TNF-a) are released by innate immune

system cells in response to recognized factors and bacterial motifs,
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which synergize to further stimulate T-cell and B-cell responses, often
with tissue-damaging consequences. Platelet activating factor,
leukotrienes, and prostaglandins are released, along with other bioactive
metabolites of the arachidonic pathway, priming additional granulocytes
to release toxic oxidative radicals. Septic shock eventually ensues,
leading to outcomes of multiple organ failure and poor prognosis.*
Treatment is most likely to be effective if it is begun early in the
infection, but diagnosis of septic shock in its early stages is not
straightforward, because the early symptoms of shock (fever,
hypotension, and tachycardia) are nonspecific. Also, the transition from
the early stages to multiple-organ failure can occur with frightening
rapidity. Even if bacteria are the microorganisms most frequently
implicated in septic shock, many different species of Gram-positive and
Gram-negative bacteria can cause shock and no single antibiotic is
effective against all of these bacterial pathogens.

In the last years, also other syndromes have been related to the
deregulation of TLR4, including asthma, cardiovascular disorder,
diabetes, obesity, metabolic syndrome, autoimmune disorders,
neuroinflammatory disorders, neuropathic pain, CNS disorders such as
amyotrophic lateral sclerosis and Alzheimer disease, psychiatric diseases,
skin inflammations (dermatitis), psoriasis, and some tumors. Considering
that the majority of these pathologies, including septic shock, still lack

specific pharmacological treatment, it’s clear the increasing interest to
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found new molecules able to inhibit TLR4 activation, acting as
antagonists.?? By the contrast, molecules that activate TLR4 pathway

(agonists) can be employed as vaccine adjuvants.”®'"?

1.5.1. Modulation of TLR4 pathway

A number of natural and synthetic immunomodulators targeting TLR4
have been identified. They can inhibit (antagonists) or activate (agonists)
the TLR4 pathway at different levels, by binding and sequestrating LPS,
antagonizing LBP and CD14/LPS interactions, and targeting of MD-2,
TLR4-MD-2, or TLR4.***

One of the most successful approaches for down-regulation of TLR4
signalling 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. To date, several lipid A variants that
specifically block the LPS-binding site on human (h) MD-2 have been
identified, such as lipid IVa (a biosynthetic precursor of E. coli lipid A) and
a nonpathogenic lipid A from R. sphaeroides, which served as structural
basis for the synthetic antisepsis drug candidate Eritoran (E5564).
Ground-breaking X-ray structural analyses of variably acylated lipid A

bound to MD-2/TLR4 complexes revealed strikingly different modes of
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binding of agonistic and antagonistic ligands. All four acyl chains of the
tetraacylated antagonists Eritoran and lipid IVa 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 signalling cascade was not initiated (Figure 13 B). 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 13 D). Hydrophobic contacts of the
exposed acyl chain of lipid A with the second TLR4*, along with
intermolecular ionic interactions of the lipid A phosphates, triggered the
formation of an active homodimeric signalling ligand-receptor complex.
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 13 C, D).
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Lipid IVa S E. coli Lipid A
ANTAGONIST in human AGONIST in mouse AGONIST in all species

Human MD-2/TLR4 Human MD-2/TLR4 Mwﬂ'_l.\ﬂtl}:ii"l{m Human MD-2/TLR4
Figure 13. Side view of PDB co-crystal structures of (A) hybrid TLR4/hMD-2
with bound antagonist Eritoran (TLR4 is not shown); (B) hMD-2 with bound
antagonist lipid IVa; (C) mTLR4/MD-2 with bound agonist lipid IVa; (D)
hTLR4/MD-2 with bound E.coli Re-LPS (for clarity only lipid A portion 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’-phospates of lipid A at
the rim of the binding pocket of MD-2 are depicted in blue; Phel26 is in
orange. Phe 126 points outside in antagonist co-crystal structures (A, B) and
is located inward in agonist structures (C, D) wherein Phe 126 establishes

hydrophobic contacts to the exposed lipid chain (in yellow).

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. However, particular structural features of the
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ligand, such as lipid 1Va, 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 isolated and
synthetic lipid A derivatives, 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 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.**®

1.5.2. Synthetic TLR4 modulators

The chemical modification of the lipid A structure is a well-established
approach to obtain TLR4 active molecules. Modifications of fatty acid
acyl chains of lipid A, namely, the removal of two or more fatty acid
chains, give the so-called underacylated lipid A variants containing less
than six acyl chains.®® E5531 (Figure 14) is a first generation lipid A
analogue, derived from the lipid A structure from the endotoxin of
Rhodobacter capsulatus. It blocks LPS in vitro without any endotoxin-like

activity. E5531 protects mice from lethal doses of LPS and viable E. coli
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infections in combination with antibiotics. It also blocks the endotoxin
response in human healthy volunteers exposed to intravenous LPS.
Some issues on E5531, such as decreased activity over time in human
blood due to the interaction with plasma lipoproteins, led to the search

for second generation LPS antagonist.*
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Figure 14. R.capsulatus lipid A (left) and its synthetic derivative E5531 (right).

Like E5531, E5564 (Eritoran, Figure 15) is a stable synthetic molecule
derived from the nonpathogenic Rhodobacter sphaeroides, developed by
Eisai (Tokyo, Japan). E5564 is a TLR4 pure antagonist that potently
inhibits endotoxin-mediated activation of immune cells in vitro and in
animal models. The crystal structure of the TLR4-MD-2 complex with
bound Eritoran was recently described and suggests that Eritoran

directly binds to the hydrophobic pocket of MD-2, competitively inhibits
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LPS from binding to MD-2 and prevents the dimerization of TLR4, as well
as TLR4 signalling.'* Consequently, Eritoran blocks the in vitro
production of cytokines in human whole blood and induces a
downregulation of intracellular generation of pro-inflammatory
cytokines. In addition, Eritoran could also modulate other noninfectious
disease processes, using TLR4 pathway, such as myocardial ischemia-
reperfusion syndrome."****’

Lipid A dephosphorylation or replacement of the reducing-end sugar
with an amino acid allowed not toxic TLR4 stimulants to be obtained
with agonist action. Synthetic low toxicity TLR4 agonists
monophosphoryl lipid A (MPLA) and aminoalkylglucosaminide 4-
phosphates (AGPs) (Figure 15) are in use as vaccine adjuvants and in
cancer immunotherapy.®”®!"®* Other TLR4 agonists and antagonists were
obtained by lipid A structure simplification, including monosaccharides
(GLA and ONO compounds)®****® (Figure 15) and mimetics with a linear
backbone (ER112022). These compounds are amphiphilic molecules with
a polar (charged) head linked to a variable number of lipophilic chains.
The amphiphilic character results in the formation of micelles in an
aqueous environment above their critical micellar concentration (cmc)
that is normally very low (nanomolar range). As a consequence,
aggregated forms of synthetic lipid A mimetic and of natural lipid A and
LPS should predominate in the concentration range relevant for

biological responses and for biochemical characterization in vitro.
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Accordingly, variables in the aggregation state and in the 3D form of
endotoxin or synthetic molecule aggregates may directly influence the

kinetics and potency of TLR4 activation and signalling.
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Differences in lipid A/LPS molecular structure may therefore influence
the kinetics and potency of TLR4 activation by affecting the 3D structure
of aggregates of these molecules to which LBP, albumin, and CD14 must
first interact to yield the monomeric endotoxin—protein (CD14, albumin)
complexes that provide endotoxin monomer to MD-2 and MD-2-TLR4.
Moreover, aggregates structure influences the geometry of monomeric
endotoxin-MD-2-TLR4 complexes that determine TLR4 agonist or
antagonist function. Another important consequence of the amphiphilic
character of these molecules is their low water solubility which
sometimes complicates their handling in vitro and in vivo, and it is
associated with poor distribution properties.

While the described synthetic and natural variants of lipid A are anionic
amphiphiles, also cationic amphiphiles, such as polyamines, are active in
modulating the TLR4 signaling, by acting as “LPS sequestrant” forming
stable aggregates with LPS molecules or interacting directly with LBP or
CD14."*° Different series of monosaccharidic glycolipids were found to
activate or inhibit LPS-TLR4 signalling. Positively charged glycolipids with
two C14 alkyl chains and a protonatable amine group on position C-6 of
a methyl-a-D-glucopyranoside (iaxo 101 and iaxo 102, Figure 16) and
aromatic compound iaxo 103 (Figure 16) inhibited TLR4 signalling in vitro
and suppressed some TLR4-related pathologies such as acute sepsis and
neuropathic pain in mice.?* Experiments with purified receptors and

NMR binding studies showed that iaxo compounds bind CD14 with
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higher affinity than MD-2.1%2

Despite the striking structural difference
with negatively charged lipid A, cationic iaxo compounds are active as
TLR4 antagonists.

Synthetic serine-based analogues of a-galactosylceramide, in particular
compounds 729 (CCL-34, Figure 16), stimulated TLR4-dependent TNF-a
production, while the natural a- galactosylceramide turned out to be
inactive. Some variants of this molecule have been recently synthesized
to unravel the relationship between their chemical structures and
immunostimulating properties. While the anomeric a-configuration is
essential to the biological activity, the galactose moiety can be replaced
by other monosaccharides (a-fucose, a- or B-glucose, a-galacturonic
acid) retaining the TLR4-stimulating activity, as assessed by experiments
on HEK cells stably transfected with TLR4, MD-2, and CD14 receptors.

An alternative strategy to target TLR4 is to design low molecular weight
inhibitors with a chemical structure totally different from lipid A, as in
the case of compound TAK 242 (ethyl-(6R)-[N-(2-chloro-4-fluorophenyl]
sulfamoyl] cyclohex-1-hene-1-carboxylate) (Takeda pharmaceuticals)'?®
(Figure 16). TAK 242 is a small compound developed to inhibit
inflammatory mediators production. It initially was demonstrated to
decrease NO and various cytokines production in LPS stimulated mouse
macrophages, as well as in a mice endotoxin model. A further study

demonstrated its ability to inhibit intracellular signalling, with decreased

MAP kinases phosphorylation and IkB degradation, without any
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interference with LPS binding to TLR4. Since the effects of ligands to

other TLR were not affected, this effect was specific for TLR4. Takashima

et al. only recently demonstrated that TAK 242 to inhibit TLR4 signalling

by direct binding to a specific amino acid (Cys747) in the TLR4-

intracellular domain, thus forming a covalent adduct with TLR4.
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1.5.3. Natural TLR4 modulators

For thousands of years, natural products derived from plants, animals
and microorganisms have been used as treatments for human diseases
such as cancer, cardiovascular and inflammatory disease. Natural
products with anti-inflammatory activity have long been used as a folk
remedy for inflammatory conditions such as fevers, pain, migraine and
arthritis. Recently, plant extracts and many herbs, used in traditional
Chinese medicine and Ayurvedic medicine have been identified as
potential modulators of TLR4. These include green tea, Glycyrrhiza
uralensis, Magnolia officinalis, ginger (Zingiber officinalis), Salvia
miltiorrhiza (red sage), and curcumin. Most of them are polyphenolic
and aromatic compounds and their main mechanism of action is based
on the formation of covalent bonds, which induces the disruption of
TLR4-MD-2 heterodimer; indeed, compounds like isoliquiritigenin,91 6-
shogaol, caffeic acid phenetyl ester (CAPE) and cinnamaldehyde are able
to form covalent adducts with solvent-exposed MD-2 and/or TLR4
cysteines.®

Curcumin (10 in Figure 17), a low molecular weight polyphenol, is
derived from the rhizomes of the plant turmeric (Curcuma longa), which
is endemic to peninsular India. Turmeric has been used to relieve pain
and inflammation. Extensive scientific research including preclinical and

clinical studies revealed that curcumin has anti-inflammatory action,
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which is mainly due to the inhibition of arachidonic acid metabolism,
cyclooxygenase (COX), lipoxygenase (LOX), cytokines interleukin (IL), TNF
and NF-kB. It has been shown that curcumin inhibits not only the IkB
kinase (IKK)B in the MyD88 signalling pathway but also the MyD88-
independent pathway upstream of Toll/IL-1R domain-containing
adaptor-inducing IFN-B (TRIF). Gradisar et al. demonstrated that
curcumin competes with LPS for the same MD-2 binding pocket without
the formation of a covalent linkage with Cys133 exposed on the inner
surface of the MD-2 hydrophobic pocket.'*

Sulforaphane (1-isothiocyanato-4-(methylsulfinyl)- butane, compound 11
in Figure 17) is an organosulfur compound obtained from cruciferous
vegetables such as broccoli or cabbages. Several studies documented
that the well-established anti-inflammatory activity of sulforaphane

126 1t attenuates LPS-induced

depends on suppression of TLR4 signalling.
nitric oxide synthase (iNOS), cyclooxigenase-2 (COX-2), and tumor
necrosis factor-a (TNF-a) production in macrophage cell lines and
inhibits NFkB translocation and IkBa degradation in LPS-stimulated
endothelial cells and suppress LPS-induced expression of inflammatory
genes. Recently, it has been observed that sulforaphane preferentially
forms adducts with Cys133 in the hydrophobic pocket of MD-2, blocking
the interaction with LPS and lipid IvVa.?

Parthenolide is the major sesquiterpene lactone found in Mexican India

medicinal plants and in feverfew (Tanacetum parthenium). It has shown
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many antitumor effects against human acute myeloid leukemia, acute
and chronic lymphocytic leukemia, and such solid tumors as breast and
pancreatic cancer. Parthenolide has a strong anti-inflammatory effect in
vivo and has long been used as a folk remedy for fevers, migraine and
arthritis. Parthenolide exerts its anti-inflammatory effect by several
mechanisms: it inhibits the expression of genes involved in inflammation
such as nitric oxide (NO) synthase, intracellular adhesion molecule-1, and
pro-inflammatory cytokines, TNF-a, IL-1, IL-4, IL-8 and IL-12. Park et al.
have demonstrated that parthenolide inhibits TRIF-dependent signalling
pathway of TLRs, showing that this compound inhibits NF-kB and
interferon regulatory factor 3 activation induced by LPS, and the LPS-
induced phosphorylation of interferon regulatory factor 3 as well as
interferon-inducible genes such as interferon inducibile protein-10."%’
Green tea polyphenolic fraction possesses anti-inflammatory and
chemopreventive effects and contains several active compounds which
are catechin, (-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin 3-
gallate and (-)-epigallocatechin 3-gallate (EGCG). Among these, EGCG
(15 in Figure 17) is known to possess the most potent antioxidative and
chemopreventive properties, and it has been demonstrated not to
prevent LPS-induced dimerization of TLR4 but to inhibit the TLR4 signal
downstream, blocking both MyD88- and TRIF-dependent signal
pathways by targeting IKKB and TBK1 kinases, respectively.?®
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Figure 17. Some recently studied TLR4-active compounds from natural

89
sources.

In the last years, it has been highlighted that dietary patterns such as the
traditional Mediterranean diet of countries that surround the
Mediterranean Sea may confer protection from certain chronic diseases
related to oxidative stress, inflammation and the immune system. The
traditional Mediterranean diet is characterized by a large amounts of
foods naturally derived and in comparison with other healthy diets,
Mediterranean diet has a high content of total fat as its most distinctive
feature. This is due to the usual high intake of olive oil, from olive tree
(Olea europaea). Virgin olive oil (VOO) is composed by a glycerol fraction

and a non-glycerol or unsaponifiable fraction.
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The main component of the olive oil is monounsaturated oleic acid and
the others major fatty acids present are the polyunsaturated linoleic acid
and the saturated palmitic acid. In addition, extra virgin olive oil (EVOO)
is rich in phenolic compounds, whereas other vegetable oils do not
contain them. Traditionally, the beneficial effects of VOO have been
attributed to its high content in oleic acid as it protects lipoproteins and
cellular membranes, from oxidative damage. In addition to oleic acid,
evidences have accumulated on the favourable properties of minor
though highly bioactive components of VOOs, particularly the phenolic
compounds, which have shown a broad spectrum of antioxidant, free
radical scavenger and anti-inflammatory effects commonly associated
with the origin of the main chronic diseases. There are at least thirty-six
structurally distinct olive oil phenolics that have been identified'? (Table

2).
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Group Name of compound Structure
. L 0
Cinnamic acid ) i
o Caffeic acid N ‘H =7 TOH
derivatives HO™
Hydroxytyrosol/ ” -OH
_ - . HO - N
Phenolic 2-(3,4-Dihydroxyphenyl) ethanol/ T
3,4-DHPEA
alcohols
Tyrosol p-Hydroxyphenyl ethanol/ [ J -_OH
4-Hydroxyphenylethanol/ p-HPEA HO
OH
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HO O H
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OH O
Lignans (+)- Pinoresinol

Table 2. Chemical structures of the main phenols present in virgin olive oil.
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Thus, they can be grouped according to their similar chemical structure

in the following groups:

¢ Phenolic acids: which have the basic chemical structure of C6—C1 for
benzoic acids and C6—C3 for cinnamic acids. These compounds can be
divided into three subgroups: i) benzoic acid derivatives, ii) cinnamic acid

derivatives, and iii) other phenolic acids and derivatives.

e Phenolic alcohols: which have a hydroxyl group attached to an
aromatic hydrocarbon group (hydroxytyrosol, tyrosol, vanillic acid,
caffeic acid, syringic acid, ocoumaric, protocatechuic, p-hydroxybenzoic).
Hydroxtyrosol is the most potent phenolic antioxidant of olive oil and
olive mill waste water which biological activities have stimulated
research on its potential role in cardiovascular protection.

e Secoiridoids: which is characterized by the presence of either elenolic
acid or elenolic acid derivatives in their molecular structure (oleuropein
glucoside and the aglycone form of oleuropein, oleocanthal and
ligstroside).**°

¢ Hydroxy-isocromans: 3,4-dihydro- 1Hbenzo[c]pyran derivatives mainly
naturally occurring in nature as part of a complex fused ring system."***
¢ Flavonoids: which contain two benzene rings joined by a linear three

carbon chain. They can be further divided into flavones and flavanols

(e.g. apigenine, luteoline).
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e Lignans: the exact structure of this type of phenolic is not well
understood but is based on aromatic aldehydes condensation

(pinoresinol (P), 1-acetoxypinoresinol, hydroxypinoresinol).**’

In vitro and in vivo studies have shown that olive oil phenols exhibited
anti-inflammatory properties. NF-kB is recognized as a target of several
anti-inflammatory agents, and its inhibition down-regulates the
expression of various inflammation mediators, including TNF.** The
most important phenolic compounds active as anti-inflammatory agents
were found to be oleuropein,**® hydroxytyrosol**® and oleocanthal.’*”**
A large number of in vitro studies support the anti-inflammatory actions
of olive oil polyphenols. The explanation of these actions may be due to
the ability of polyphenols to inhibit the pro-inflammatory activity of ROS-
generating enzymes including cyclooxygenase-2 (COX-2) and inducible
nitric oxide synthase (iNOS) and to modulate different intracellular
signalling pathways from NF-kB to mitogen-activated protein kinases

(MAPKs) through perturbation of redox-sensible networks in immune

cells (Figure 18).
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Figure 18. Anti-inflammatory pathways of olive oil polyphenols.129

Maiuri et al. showed that hydroxytyrosol blocked the NF-kB activation,
but also the signal transducer and activator of transcription-1 a (STAT-
la) and interferon regulatory factor-1 (IRF-1), suggesting that the
polyphenol might represent a non-toxic agent for the control of pro-

136

inflammatory genes.”™ EVOO phenolic extract and oleuropein-aglycone

prevents the stimulation of MMP-9 expression in TNF-a- treated THP-1

.*° Oleuropein-aglycone was

cells, as demonstrated by Dell'Agli et a
active at concentrations found in the extract (UM range), although other
compounds probably could contribute to the biological activity. They
also found that the effect of the extract and individual compounds on
MMP-9 was also due to impaired NF-kB signalling, providing further

evidence on the mechanisms by which EVOO reduces the inflammatory
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associated disorders.**

In 1993, oleocanthal, a new phenolic compound,
present in the secoridoid fraction of VOO, was identified and chemically
described as 2-(4-hydroxyphenyl)ethyl (3S,4E)-4-formyl-3-(2-
oxorthyl)hex-4-enoate by Montedoro et al.'*® They found that this
compound displayed non-steroidal anti-inflammatory activity similar to
the non-steroidal anti-inflammatory drug ibuprofen. However,
oleocanthal was more potent than ibuprofen at equimolar
concentrations inhibiting the COX-1 and COX-2 expression.”3®
Subsequent studies have shown that oleocanthal and some derivatives
exhibit various modes of action in reducing inflammatory-related
diseases, including neurodegenerative diseases, specific cancer and
degenerative joint diseases, since they proved to be able to down-
regulate iNOS protein expression in LPS-challenged chondrocytes,
resulting in a reduction of nitrite production.’

Also some flavonoids and lignans from olive oil (apigenin, luteolin and
pinoresinol) have been associated with anti-inflammatory activity.'****
In particular, the ability of several flavonoids to modulate the production
of pro-inflammatory molecules from LPS-stimulated macrophages was
compared and their mechanism of action was investigated. Pre-
treatment of RAW 264.7 cells with luteolin and luteolin-7-glucoside
inhibited both the LPS-stimulated TNF-a and IL-6 release and luteolin

was the most potent in inhibiting cytokine production with ICsq values of

less than 1 pM for TNF-a release.*?
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The efficacy of olive oil phenolic compounds in in vivo inflammatory
models has been also reported largely. Oleuropein-aglycone has anti-
inflammatory activities in mice subjected to collagen-induced arthritis,
improving histological status in the joint and paw, the degree of
oxidative and nitrosative damage and plasma levels of the
proinflammatory cytokines.'” Martinez-Dominguez et al. have examined
the effect of a VOO diet enriched with polyphenols (15% EVOO + 600
ppm phenols) in acute and chronic inflammation models in rats,
describing important protective effects of this diet in both models of

d.1* Finally, current

inflammation and improved the disease associate
epidemiological and experimental studies support a beneficial role of
dietary polyphenols in several gastrointestinal diseases, including

inflammatory intestinal bowel disease.***
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2. Purpose of the work

The lipopolysaccharide’s (LPS) world appears very huge and complex,
due to the large number of proteins with which it interacts. This work
proposes to elucidate the binding of LPS with the bacterial protein LptC,
belonging to Lpt machinery, and with TLR4, MD-2 and CD14, that form
the receptor system of the innate immunity.

For the first purpose, we have developed an in vitro binding assay based
on the co-purification of LptC and its ligand properly labeled. This assay
has allowed us to determine for the first time the thermodynamic and
kinetic parameters of this interaction. Since LPS biogenesis represents an
interesting target to develop new antibiotics against Gram negative
bacteria, the assay has also been used to study the binding between LptC
and some small molecules, previously designed as TLR4 antagonists.

The second part of this thesis work consists in a detailed study of the
modulation of TLR4 pathway by small molecules. In particular, the
biological effects of different classes of synthetic compounds will be
described in order to find a possible lead compound as TLR4 antagonist
but also to understand the chemical features useful for the rational
design of others. Finally, considering that a great number of natural

compounds, in particular olive oil phenolics, have anti-inflammatory
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properties, their possible correlation with TLR4 has been investigated, by
evaluating the anti-inflammatory effects of the olive oil phenolic extracts
and some isolated phenolic constituents on LPS-induced TLR4 pathway

activation.
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3. Results and discussion

An innovative biochemical approach to understand the molecular details
of LPS transport across the periplasmic space consists in its dissection in
single steps. Towards this aim, we needed to set up a sensitive and
reliable method to reproduce in vitro the binding between LPS and Lpt
proteins. Radiolabeled LPS is generally used for LPS binding studies,
because radioactivity allows high sensibility, that is detection of labeled
ligands at very low concentrations (nM to pM). However, radioactive
ligands are relatively expensive, problematic to dispose of, and the short
half-lives of some isotopes can be inconvenient. We tried to find
alternatives to radioactive assay, turning to a colorimetric or fluorescent
one. In particular, biotin (Bi) or fluorescein isothiocyanate (FITC)-
conjugated LOS have been used for two different binding assays. In both
assays a truncated version of LptC (lacking the first 23 amino acids of the
transmembrane helix) fused to a N-terminal Hise-tag (sH-LptC) has been
used as the model protein of Lpt complex. Several reasons have driven
this choice: LptC shares the same folding of the other Lpt proteins, is the
first located in the periplasm and is easier to purify, not being a

membrane protein.
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In this section, will be illustrated the setup of an in vitro binding assay,
which has allowed to characterize the binding between sH-LptC and its

natural ligand or synthetic compounds.

3.1. Invitro binding assay setup

3.1.1. ELISA-type assay with immobilized LptC, and signal
amplification by gold nanoparticles (GNP)

The main problem of the replacement of radioactivity by other
techniques consists in the decrease of sensitivity. We envisaged to solve
this problem through the amplification of the ligand signal by using
nanoparticles. Nanoparticles can be functionalized on their surface by
several copies of the same molecule or by different molecules,
covalently linked or non-covalently adsorbed. We envisaged the use of a
method was similar to ELISA assay, but without the use of antibodies,
based on the use of gold nanoparticles (GNPs) coated with several
molecules of streptavidin (SV) and of horseradish peroxidase (HRP), that
were synthesized in collaboration with Prof. Arben Merkogi (Institut
Catala de Nanotecnologia, Barcelona, Spain).

sH-LptC, previously immobilized on Ni-NTA plates through Hise-tag, was
incubated with biotin-LPS (Bi-LPS). Bi-LPS interacted with surface-

immobilized LptC, and subsequently the complex was recognized by the
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streptavidin present on GNPs. The detection occurred by the addition of
the substrate of HRP also conjugated to GNPs. The multivalent
presentation of SV and HRP on GNP should have ensured, in our project,
an amplification of the signal, thus increasing the sensitivity in the
detection of the formed LptC-LPS complexes.

The immobilization of LptC on Ni-NTA plates was checked by ELISA assay
by using an antibody against LptC protein. The immobilized LptC-Bi-LPS
complexes were then detected by adding GNP decorated with SV and
HRP in solution, and a dose dependent LptC-LPS binding has been
obtained (Figure 19, left).

To validate the method, competition assays have been performed by
using a fixed amount of Bi-LPS (2 ug/ml) and increasing concentrations of
unlabeled LPS (2-4 pg/ml) (Figure 19, right).

It's clear from the figure that unlabeled LPS is not able to displace Bi-LPS.
The poor reproducibility of the competition assay, revealed that this
method is not reliable to be used in quantitative characterizations of

LptC-LPS binding.
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LptC-LPS binding Competition assay
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Figure 19. LptC-LPS binding: different amounts of Bi-LPS bind immobilized
LptC in a dose dependent manner. Competition assay: effects of increasing
concentrations of unlabeled LPS on LptC-Bi-LPS complex.

The results represent the average with SD of three independent experiments.

3.1.2 Co-capture assay on resin with fluorescent ligand

LPS-LptC binding has been extensively studied by Tran et al. through the
co-capture assay, by which the authors demonstrated the capability of
LptC to bind LPS.>” Considering that fluorescence is another widespread
method for binding studies, we projected to set up a co-capture assay
properly modified to be applied to the use of a fluorescent rough type
LPS (LOS).

The main issue with the use of commercial fluorescent LOS labeled by

fluorescein (f-LOS) is the low level of fluorescence incorporation, and the
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risk of altering LOS activity and binding properties by introducing the
fluorescent moiety.

In this work a rough type LPS from E. coli MG1655 (LOS) has been used,
unmodified or labeled by reacting it with fluorescein isothiocyanate
(FITC), thus obtaining f-LOS. The purity and the chemical identity of f-LOS
produced in our laboratory were assessed by NMR and SDS-PAGE
analysis. The labeling ratio was determined to be 1:1 (LPS/FITC), higher
than for commercial FITC-LPS from Sigma—Aldrich (~50:1 LPS/FITC). High
levels of fluorescein incorporation are essential to obtain reliable signals
in binding experiments.°

The co-capture assay was based on the pre-incubation of sH- LptC with
its natural ligand and the consequent capture of the LptC-LPS complex
on Ni-NTA resin. The resin unbound complexes were removed (flow
through - FT -), the resin bound complexes washed 3 times (wash
fractions - W -) and then eluted (eluted fractions - E -). To verify the
efficiency of the assay, the fluorescence of each collected fraction (FT, W
and E) related to the total fluorescence has been considered. This
evaluation has been performed for the samples with or without sH-LptC

in order to consider the specific and nonspecific binding (Figure 20).
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Figure 20. Fluorescence (%) present in the different fractions
in samples containing sH-LptC (specific binding) and without

sH-LptC (nonspecific binding).

We observed that the fluorescence detected in the eluates representing
the specific interaction was 47.87%, about two-fold higher than the
other collected fractions (FT = 26.73 + 3.79% and W = 25.91 + 8.58%).
However, this percentage was strongly affected by nonspecific binding
(24%) (Figure 20). Considering that the specific binding was affected by
nonspecific interaction for about 50%, we hypothesized that some sites
on the resin were available and responsible of nonspecific interaction
with the ligand. In order to solve this problem, we saturated resin free
binding sites by adding bovine serum albumin (BSA) to the buffer to
wash the resin (before the capture of sH-LptC-LPS complex) (Figure 21,

bar 1) or to the buffer to perform the wash steps (W) before the elution
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(Figure 21, bar 2). As control, a co-capture assay without the addition of

BSA to the buffers was included (Figure 21, bar No BSA).
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Figure 21. Effects on the specific and nonspecific binding of
the addition of BSA in the buffer used to wash the resin (1) or
immobilized LptC-LOS complex (2). The results represent the

fluorescence (%) detected in the eluted fractions.

The addition of BSA 5% in both steps induced a decrease of the specific
interaction and an increase of the nonspecific one, as evident
considering the control (no BSA). Since the nonspecific binding appeared
too high to perform binding characterization, this assay has been

replaced by the co-purification assay.
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3.1.3. Co-purification assay

In order to decrease the background due to the nonspecific interaction
of f-LOS to the resin, a step of the co-capture assay has been reverted
originating a co-purification assay, in which LptC-LOS binding occurred
after the pre-immobilization of the protein on the resin. As for the co-
capture assay, all the different fractions have been collected to well
compare how the nonspecific binding (without LptC) affected the

specific one (with LptC).
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Figure 22. Fluorescence (%) present in the different fractions
in samples containing LptC (specific binding) and without LptC

(not specific binding).

In this way, both the fluorescence detected in the eluted fractions

containing LptC and in the flow through fractions in absence of protein
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increased, indicating a good decrease of the nonspecific binding that
appeared 10% of the specific one. Whereas applying this protocol
nonspecific interaction has been reduced by 80%, the co-purification
assay has been used to quantify LptC-LOS binding in vitro. In particular,
three types of binding experiments have been performed: kinetic,

saturation and competition experiments.

3.2. Binding studies

3.2.1. LptC-LPS interaction studies: kinetic experiments

Kinetic experiments, where the binding of one or more concentrations of
labeled ligand is measured at an incrementing series of time points,
allow to estimate association (ko,,) and dissociation (ko) rate constants.
In our studies, a fixed amount of f-LOS has been incubated with
immobilized LptC for various periods and co-purification assays have
been performed each 15 minutes (Figure 23). After 150 minutes, the
dissociation kinetics have been performed by adding an excess of
unlabeled LPS and sampling the eluates till 150 minutes (Figure 24).
Nonspecific binding was calculated in different experiments to be less
than 15% of the amount of absorbed f-LOS in the presence of the

protein.
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Figure 23. Association time-courses of f-LOS binding to immobilized
LptC. The curve represents the fit to the appropriate equation (see
Matherials and methods) and is derived from analysis of three

independent experiments, each in triplicate.
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Figure 24. Dissociation time-courses of f-LOS binding to immobilized
LptC. The curve represents the fit to the appropriate equation (see
the Matherials and methods) and is derived from analysis of three

independent experiments, each in triplicate.
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f-LOS specifically binds to LptC with a one-phase association rate
constant (k = 0.028 min™ + 29% coefficient of variation (CV)), reaching
maximum saturation with a half-time of 24.4 minutes. To note, f-LOS
binding proved to be mostly irreversible, as dissociation time-course
experiments with unlabeled LPS failed to displace the bound ligand
(Figure 24). Consequently, it was not possible to calculate the true

equilibrium constant, thus we report values for “apparent” Kj.

3.2.2. Saturation and competition experiments

In order to calculate the affinity of LPS for its transporter, equilibrium
binding experiments have been performed by saturating LptC with
increasing f-LOS concentrations (0.1 - 50 uM) (black square in Figure 25).
These experiments have revealed that the affinity K, was 1.4 x 10* L/mol
+ 27 %CV, corresponding to an apparent Ky of 71.4 uM. Although f-LOS -
LptC binding was essentially irreversible, it has been possible to perform
competition experiments, as long as the competing ligands are added
simultaneously to the reaction mixture containing the binding target
(white circles in Figure 25). Similar affinities for unlabeled LOS (1Cso=62.3
UM £ 49 %CV; apparent K; = 35 uM) and for f-LOS have been found, thus
indicating that they interact with LptC and that the presence of the

fluorescent moiety does not affect LPS binding properties. Therefore,
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simultaneous analysis of saturation and competition curves allowed us
to calculate the affinity of LOS for its transporter LptC as K, = 1.91 x 10
L/mol £ 21 %CV corresponding to a Ky = 52.4 uM.
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Figure 25. Saturation (0.1 - 50 uM f-LPS) and competition (10 uM f-LOS
(tracer) competing with different concentrations of unlabeled LPS)
curves of f-LPS binding to resin absorbed LptC under pseudo-
equilibrium conditions. Binding is expressed as the concentration ratio
of bound to total ligand (B/T), versus the logarithm of total unlabeled

ligand concentration (log T).

LptC is an essential protein and the irreversible binding with its natural
ligand appeared weird. So, in order to confirm these results, a different
method, based on the quenching of LptC intrinsic fluorescence due to
the presence of tryptophan residues, has been applied. LptC has two

tryptophan residues: Trp94 buried in the hydrophobic cavity of the

91



Section I: LptC-LPS binding studies

protein and Trp77 exposed to the solvent at the edge of the B-jellyroll.
Tryptophan fluorescence emission decreased progressively upon
incubation with increasing f-LOS concentrations (Figure 25 A, insert),
thus indicating that f-LOS is an efficient quencher of sH-LptC
fluorescence. The upward curve at high f-LOS concentrations in Stern—
Volmer plot (Figure 25 A) indicated that two distinct quenching
mechanisms occurred: de-excitation of the fluorophore by random
collisions with f-LPS molecules (dynamic quenching), due to Trp77, and
formation of a LptC—f-LOS nonfluorescent complex (static quenching),
ascribable to Trp94. Kyq has been estimated of 28.8 uM, similar to that
obtained by the co-purification method (Kq=71.4 uM).

To evaluate the nature of the binding, Trp quenching has been
monitored by keeping the ligand concentration constant and diluting the
protein. The fluorescence values were normalized for protein
concentration (as a function of the protein dilution factor), and
compared to the expected values for reversible binding, by using the
above-estimated Kq and Kgyn values (Figure 25 B). The experimental data
deviate drastically from the theoretical trend (reversible binding); rather,
they are consistent with simple progressive dilution of a fixed amount of
fluorophore (this would be expected to yield a horizontal line in the

plot), confirming that LptC—f-LOS binding is not reversible.
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Figure 25. A) LptC fluorescence quenching by f-LOS. Relative fluorescence
is plotted against total f-LOS concentration. The dashed line was
obtained fitting data to Equation (6) (see matherials and methods). Inset:
fluorescence spectra (the arrow indicates the direction of spectral
changes with increasing f-LOS concentration). B) Normalized
fluorescence upon dilution of LptC—f-LOS complex. The dashed line

indicates the expected trend for reversible binding with K4= 28.8 uM.

3.2.3. LptC binding to synthetic ligands

laxo compounds (namely 101 and 102) (Figure 26) are glycolipids and
benzylammonium lipids designed in our laboratory to act as TLR4
antagonists. They have been shown to potently modulate the CD14 and
TLR4 pathway in vitro and in vivo and are efficient in rodent models of
inflammatory diseases, neuropathic pain and LPS induced septic
shock.* Structure-activity studies showed that the pharmacophore of

iaxo compounds is composed by the glucopyranosidic ring core, a
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protonated (positively charged) nitrogen on C-6 position and two C14

122130 As CD14 and LptC share the same ligand and

linear aliphatic chains.
the binding occur we explored the possibility that these molecules can
be used as scaffolds to generate compounds able to bind and interfere
with LptC activity. To test this idea, the compound iaxo-102 has been
conjugated with fluorescein at the C-6 primary amine (compound 1,
chemical structure not shown). This conjugation should preserve the
interaction with CD14, and consequently with LptC, because the

interaction is due to the hydrophobic linear ether chains of iaxo-102, as

previously shown by NMR analyses.

jaxo-101 iaxo-102
\ 7/ NH;
.
HO,,,
HO,, ?
N0 ]
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Horte CuHO L OMe
CigHpgO 2 OC14Hzg
OC14Ha0 .

Figure 26. Chemical structure of iaxo 101 and iaxo 102. The
site of interaction with CD14 and the attachment point for

fluorescein are labeled in grey.
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The LptC-compound 1 binding has been characterized by performing the
same assays that have been used for LptC-LPS binding. Association and
dissociation time-courses experiments (Figure 27 A and B) revealed that
compound 1 rather rapidly and specifically bound to LptC, again with a
one-phase association rate constant (k = 0.058 min™ + 40 %CV), and
reached maximum saturation with a half-time of 12 min. Also in this
case, binding of 1 proved to be essentially irreversible (Figure 29 B),
because the unlabeled analogue was not able to displace compound 1.
The saturation (Figure 27 C, black square) and homologous competition
(Figure 27 C, white circle) experiments have revealed affinities similar for
iaxo-102 and 1 thus allowing pooling of the data and simultaneous
analysis of saturation and competition curves. In particular, the affinity
of iax0-102 (K,) was 4.52 x 10°> M + 36 %CV (apparent Kq = 221 puM),
statistically different (p<0.01) but still in the range of affinity for LPS. To
assess the specificity of iaxo-102 for LptC, heterologous competition
experiments have been performed by incubating 50 uM 1 (tracer) and
increasing concentrations of unlabeled LPS. LPS was able to compete for
the site occupied by 1 (Figure 27 D), with an affinity not significantly
different from that calculated when using f-LOS as a tracer (K; = 1.15 x

10° M™ + 31 %CV, apparent Ki= 87.2 uM).
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Figure 27. A, B) Association and dissociation time-courses of 1 binding to LptC
immobilized on Ni-NTA resin. For association kinetics, 50 uM 1 was incubated
with LptC for up to 150 min. Dissociation was induced by perturbing the
equilibrium with addition of 500 uM corresponding unlabeled ligand. C)
Saturation (10 - 500 uM 1) (black square) and competition (50 uM 1 as tracer
competing with increasing concentrations of iaxo-102) (white circle) curves of 1
binding to resin absorbed LptC under pseudo-equilibrium conditions. D)
Binding curves for 50 uM 1 competing with increasing concentrations of LPS.
Binding is expressed as the concentration ratio of bound to total ligand (B/T)

against the logarithm of total unlabeled ligand concentration (log T).
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Finally, considering that iaxo-102 and its fluorescent analogue (1) bound
specifically LptC, their capability to inhibit the growth of some bacterial
strains (E. coli strains MG1655 and two permeable mutants — AS19 and
ATolC) has been evaluated by the micro-broth dilution method (Table 3).

However, these compounds have not shown antiobiotic effects.

MIC
Microorganism laxo-102 Compound 1l  Tetracycline
E.coli MG1655 >1 mM >1 mM <2 uM
E.coli AS19 >1 mM >1 mM <1 uM
E.coli ATolC >1 mM >1 mM <1 uM

Table 3. MICs of iaxo-102, compound 1 and tetracycline against different

strains of E.coli.
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3.3. Conclusions and future perspectives

The development of the co-purification assay based on the use of
fluorescent probes (f-LOS or compound 1) has allowed us to calculate
and publish, for the first time, the thermodynamic and kinetic
parameters of LPS—LptC interaction.

Kinetic experiments and binding assays based on the co-purification of
LptC-fLOS complex and on LptC Trp quenching have revealed that LPS
binds LptC in a not reversible way. This unexpected result could be
explained considering the lack of energy in both methods. Indeed, LptC
function in vivo requires energy from the LptBFG ABC transporter, and a
round of ATP hydrolysis is necessary to extract LPS from the IM. A
second round of ATP hydrolysis is then required in vivo for LPS delivery
from LptC to LptA. Previous works demonstrated that in vitro transfer of
LPS from LptC to LptA (but not vice versa) occurs in the absence of ATP,
demonstrating different affinities for LPS by the two proteins and
confirming the unidirectionality of the transport.>’

The hypothesis that a gradient of affinities is the basis of LPS transport is
also supported by considering that MsbA, a member of the ATP-binding
cassette (ABC) superfamily of transporters which operates upstream of

LptC, shows an affinity for LPS of 2 - 6 pM.™!

According our data, LptC-
LPS binding is characterized by an apparent K4 (52.4 uM) of the same

order of magnitude as Ky for the MsbA - LPS interaction. These similar Kyq
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values are consistent with a model of LPS shuttling from MsbA to LptC;
irreversible binding between LptC and LPS (observed in this study)
reflects the peculiar nature of LPS transport across the periplasm. LPS
needs to be properly transferred through the Lpt chain and not released
into the aqueous periplasm.

The dissection into single steps of LPS binding and release through the
Lpt machinery provides important information on the molecular
mechanisms underlying LPS transport. Moreover, the ability to block LPS
transport to the cell surface by small molecules represents an appealing
strategy for a new generation of antibiotics against multidrug-resistant
Gram-negative bacteria. With this purpose, the capability of iaxo 102
and its fluorescent analogue 1 to interact with LptC has been tested.
These are small molecules, previously designed and synthetized by our
group as antagonists of TLR4 pathway, are able to bind the LPS binding
protein CD14. We found that these compounds are also able to interact
with LptC with fourfold lower affinity than LPS (apparent Ky = 221 uM),
sharing the same binding site, as demonstrated through the competition
experiments. As noted for LPS, binding by 1 is mostly irreversible, thus
suggesting a common mechanism of interaction with LptC. Although the
lack of antibacterial activity in vitro, iaxo-102 and its fluorescent
analogue could represent a scaffold for new antibiotics targeting the LPS
transport mechanism. However, the rational optimization of their

molecular structures with the aim of improving bioavailability, cell
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penetration, and LptC affinity, is strongly required. With this purpose, a
high-throughput assay will be development and Saturation-Transfer
Difference (STD) NMR analyses will be performed to study in more detail

the binding between LptC and other compounds.
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4. Results and discussion

In this section, the biological effects of new synthetic compounds on LPS-
triggered TLR4 activation and signaling will be presented. The TLR4
activity of molecules has been assessed in HEK-Blue-4™ cells (Invivogen),
which are HEK 293 cells stably transfected with human TLR4, MD-2 and
CD14 genes. In addition, HEK-blue cells stably express an optimized
alkaline phosphatase gene engineered to be secreted (SEAP), placed
under the control of an IL-12 p40 minimal promoter fused to five NF-kB
and AP-1-binding sites. Stimulation with a TLR4 agonist activates NF-kB
and AP-1 which induce the production of SEAP. Levels of SEAP can be
easily determined by adding the chromogenic SEAP substrate p-
nitrophenyl phosphate (pNPP), which is hydrolyzed to the yellow
compound 4-nitrophenolate detectable by reading the assorbance (405
nm). As a negative control, a HEK 293 cell line (InvivoGen) transfected
with the same plasmids as HEK-Blue™ but without TLR4, MD-2 and CD14

genes was used.
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4.1. Synthetic lipid A mimetics

The biological activity of the natural bacterial endotoxins (lipid A, LPS
and LOS) and of the synthetic variants of lipid A is determined by the
geometry of the interaction with the hydrophobic binding pocket of MD-
2. A proved strategy to design new TLR4 antagonists consists in the
simplification of lipid A structure, for instance taking as template the
structure of lipid X (Figure 28), a biosynthetic precursor of lipid A, whose
structure corresponds to the reducing GlcN monosaccharide of E. coli

lipid A and that is still active as TLR4 antagonist.
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Figure 28. Structure simplification of lipid A into monosaccharides. From E. coli
lipid A, (in the middle, 4 + 2 fatty acid chains) to reducing unit mimetics lipid X
and synthetic monosaccharide 3 (right, 2 fatty acid chains) and to non-reducing
unit mimetics GLA47 (Gifu University, Japan) and compound 2 (left, 2 branched

fatty acid chains, 4 chains in total).
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Compound 3 (Figure 28) has been synthetized by the group of Prof.
Jacquelyn Gervay Hague (University of California, Davis) and studied
from a biological point of view by our group. Compound 3 corresponds
to the non-reducing monosaccharide moiety of lipid A, with two
branched fatty acid chains, 4 fatty acid chains in total. The novelties in
the chemical structure of 3 compared to GLA47, a monosaccharide lipid
A analogue previously synthetized at the Gifu University (Japan), are the
introduction of anomeric phosphate in the a configuration and the
presence of fatty acid chains mimetics based on diacylated (R)-glyceric
acid scaffold. The myristic acid chain (Cy4) attached to the glyceric acid
secondary hydroxyl mimics the lipid A secondary Cy4 or Cy, fatty acid
chain, while the decanoic acid chain attached to the primary hydroxyl,
together with the four-atom glyceric acid moiety, mimics the length of
the lipid A primary Cy4 fatty acid chains. Previous works have
demonstrated that similar structures are able to bind MD-2 interfering
with TLR4 pathway activation.'

The ability of 3 to interfere with LPS-triggered TLR4 activation was first
investigated in HEK-Blue TLR4 cells (Figure 29). When supplied alone,
compound 3 was unable to stimulate TLR4-dependent SEAP, thus
showing no agonist activity on human TLR4. In presence of LPS (Figure
29), only 20% decrease has been obtained after the administration of

sub-micromolar concentrations of compound 3. A switch in the
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biological behavior has been observed at concentrations higher than 1

UM, since compound 3 has strongly enhanced the TLR4 activation.

TLR4 activation
(% of control)
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Figure 29. Activity of compound 3 in HEK-Blue TLR4 cells stimulated by LPS (E.
coli 055:B5, 50 ng mL'l). LPS was administered 30 min after treatment with
increasing concentrations of compound 3. A dose-dependent antagonism is

observed. Image realized with GraphPad Prism.

The loss of biological activity could be explained in terms of formation of
aggregates, considering that compound 3, similarly to natural lipid A and
other synthetic lipid A mimetics, is an anionic amphiphile that easily
forms aggregates in aqueous environment. Its aggregation properties
have been investigated by using an established technique based on the

polarity-induced change in the fluorescence spectra of pyrene when
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incorporated in micelles formed by synthetic compounds. The critical
micelle concentrations (cmc) of 3 in distilled water has been calculated
to be 7.4 puM similar to that of E. coli LPS (1.3 - 1.6 uM). The
activity/aggregation data suggest that the biological activity of this type
of lipid A mimetic based on a monosaccharide core is related to the
molecular recognition of mono-dispersed molecules in solution by MD-2
and CD14 receptors, though the hypothesis that the quality of TLR4
response is influenced by supramolecular aggregate structures'® is still

not completely demonstrated.
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4.2. Cationic amphiphilic compounds

4.2.1. laxo monosaccharides dimers

laxo compounds are a family of cationic amphiphiles synthetized in our
laboratory, active in inhibiting LPS-stimulated TLR4-dependent cytokine
production in cells and in vivo by binding CD14 through the acyl
chains.*?*** Since docking studies with iaxo-102-MD-2 interaction model
suggest that the MD-2 binding cavity is large enough to accommodate
four fatty acid chains, dimers of iaxo-102, formed by two a-D-
glucopyranose units connected through a C4 linker attached to C-6
nitrogen, have been designed and synthetized by our group (compounds
4 and 5, Figure 30).

The ability of compounds 4 and 5 to interfere with TLR4 pathway is

reported in Figure 31 A.

Voo
PPN /
NH, HN\MNH HN NH N ST
0 0
Hom 058 00058 0 HO% HO% 5 0 0
o] o} o o} o} o) ° o]
OMe o) o) OMe OMe OMe OMe

IAX0-102

Figure 30. Chemical structures of iaxo-102, compounds D1, 4 and 5.
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Figure 31. Activity (A) and toxicity (B) of compound 4 (red bars) and 5 (blue
bars) in HEK Blue cells.

Both compounds have shown a moderate dose dependent antagonistic
activity on LPS-stimulated TLR4 signalling with an 1Csg of 240 and 173 uM,
respectively. When supplied alone, compounds 4 and 5 were unable to
stimulate TLR4-dependent SEAP production (data not shown), indicating
the lack of any agonist activity on human TLR4. The toxicity of both
compounds is low in the concentration range used for biological
characterization, as assessed by MTT test (Figure 31 B).The highest
concentrations of compound 4 and 5 induce a death rate of 20% and

30%, respectively.
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4.2.2. Pyrrole - containing amphiphiles

The pyrrole-containing amphiphiles (6-9, figure 32) are long-chain
analogues of compounds extensively studied as antifungal activity.">
They have been synthetized in the laboratory of Prof. Roelens and Dr.
Francesconi (University of Firenze) as potential TLR4 modulators by
combining important structural elements previously employed in the
design of TLR4-active molecules. Indeed, these compounds consist of a
polar head, featuring a variable number of secondary amines
(protonatable at physiological pH) linked to pyrroles, installed on an
aromatic ring bearing one to three lipid chains. Noteworthy is the
compound 9, in which two out of the three alkyl chains of the scaffold
have been removed and a hydrophilic polyoxyethylene fragment
(tetraethylene glycol, TEG) has been inserted between the polar head of
compound 8 and the alkyl chain, in order to ascertain how the
lipophilic/hydrophilic properties of these molecules would affect their

biological activity.
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N I g

Figure 32. Structures of cationic amphiphiles 6-9.

These compounds have been tested as modulators (agonists or
antagonists) in HEK Blue cells. All compounds were inactive as agonists,
and did not activate TLR4 when administered alone to cells. In presence
of LPS, only compound 9 has inhibited LPS-stimulated TLR4 activation in
a dose-dependent way with an ICso of about 15 uM (Figure 33 A), but,
unfortunately, a high toxicity has been correlated to this activity as

evident considering the MTT assay (Figure 33 B).
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Figure 33. A) TLR4 activity of increasing concentrations of compounds 6-9 in
HEK Blue TLR4 cells stimulated with E. coli 055:B5 LPS. The results are
normalized to activation by LPS alone and expressed as the mean of
percentage + SD of 3 independent experiments. B) Viability assay (MTT) in
HEK Blue cells. The results are normalized on the positive control (cells
treated with PBS) and expressed as the mean of percentage * SD of 3

independent experiments.
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4.2.3. Trehalose- and glucose-derived glycoamphiphiles

Cationic amino glycolipids derived from methyl a-D-glucopyranoside
(10-20, figure 34) and from a,a’-trehalose have been designed and
synthesized by Dr. Julio Rodriguez Lavado of the group of Prof. Garcia
Fernandez and Prof. Carmen Ortiz-Mellet (University and CSIC, Sevilla,
Spain). Structural modifications have been projected by varying the
number, the nature, and the length of the lipid chains and the number
and disposition of amino groups in order to evaluate how these

structural elements influence the TLR4 activity.

First, the capability of these compounds to modulate LPS-induced TLR4
activation has been screened on HEK Blue cells and ICsq values have been
reported in Table 4.

Only 4 compounds (14, 18, 19 and 20) have shown a potent activity in
inhibiting the TLR4 activation with ICs ranging to 0.6 and 5 uM with low
associated toxicity (Figure 35). In particular, some toxic effects were
found but at concentrations higher than ICsq values, inducing to exclude

the possible correlation activity/toxicity.
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Figure 34. Structures of glucose derived amphiphiles (10 - 15), with 2 or 3
lipid chains and 1 or 2 positive charges, and trehalose - derived compounds
(16 — 20), with 6 lipid chains and 2 or 6 positive charges. Trehalose - derived

are dimeric homologous of the glucose derivatives.
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Glucose - derived

Trehalose - derived

Compound  ICso(uM) | Compound 1C50 (M)
10 >25 16 >25
11 >25 17 >25
12 >25 18 1.3+0.1
13 >25 19 501
14 3.7+£04 20 0.6 £0.05
15 >25

Table 4. IC5, values of compounds 10-20 in HEK Blue cells. The values have

been calculated by non-linear regression analysis using GraphPad Prism.
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Compound 14

Compound 16

1404 140
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Figure 35. MTT assay of compounds 14, 16, 19 and 20.

Further biological characterizations have been performed in
collaboration with Prof. Roman Jerala and Dr. Alja Oblak (Chemistry
Institute, Lubljana, Slovenia). In particular, the most active compounds
were further examined for their capacity to stimulate or to inhibit LPS-
induced TLR4 activation and signalling in HEK 293 cells transfected with

human or murine TLR4 and MD-2 and a dual luciferase reporter gene
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(Figure 36). In the absence of LPS, none of the cationic glycolipids have
shown agonist activity in cells transfected with hMD-2-hTLR4 or mMD-
2-:mTLR4. Conversely, all compounds have inhibited human and murine
MD-2-TLR4 activation in a concentration-dependent way with similar
potencies in both complexes (Table 5) and those found in HEK Blue cells:
triacylated monosaccharide 14 and hexacylated disaccharide 16 were
less active (ICsp = 3.3 - 3.9 and 0.8 - 1.4 uM, respectively) than
disaccharides 19 and 20 (ICso = 0.6 and 0.2 uM, respectively).

ICs0 (LM)

Compound hMD-2/hTLR4 mMD-2/mTLR4  HEK Blue

14 39+1.5 3.3+1.2 3.7+0.4
18 1.4+0.3 0.8+0.2 1.3+0.1
19 0.6 +0.02 0.6 +£0.03 5.0+1.0
20 0.2 +0.02 0.2+0.03 0.6 +0.05

Table 5. ICsy values of compounds 14, 18, 19 and 20 in HEK 293 cells
transfected with human or murine MD-2/TLR4 complex compared to those

calculated in HEK Blue cells.
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Compound 14 Compound 18
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Figure 36. Dose-dependent inhibition of LPS-stimulated TLR4 activation by
synthetic glycolipids. HEK 293 cells transfected with human MD-2-TLR4 (red
line) or murine MD-2/TLR4 (blue line) were treated with increasing
concentrations of compounds and stimulated with LPS (5 nM). Normalized

data are representative of three independent experiments.

The effects of these compounds on the production of TNF-a and 1l-6
have been evaluated in bone marrow-derived murine macrophages
(BMDM), by performing ELISA assays (Figure 37). The treatment with

compound 20 has induced a decrease of both inflammatory cytokines
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when used at concentrations higher than 1 uM. On the contrary, the
levels of TNF-a and II-6 have remained unchanged after the treatment

with compound 14 or have increased by using compound 18.
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Figure 37. BMDM have been treated with increasing concentrations of
compounds 14, 18 and 20 in RPMI + FBS 10% and then stimulated with LPS.
The production of TNF-a (black bars) and IL-6 (white bars) has been
quantified through ELISA assay performed after overnight incubation.

Cytokines productions in cells not treated with LPS are reported as negative
controls.
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In order to clarify whether aggregated species or single molecules are
the active species, the critical micelle concentration (cmc) have been
calculated (Table 6). In all cases, the cmc values of active compounds are
higher than the corresponding ICso values as TLR4 antagonists,
suggesting that the biologically active species are prevalently single

molecules in solution.

Compound cmc (uM)
14 59.7+7.4
18 97.7+10.0
19 10.9+2.1
20 350.5+70.5

Table 6. Critical Micelle Concentrations (cmc) in aqueous environment of
compounds 14, 18, 19 and 20 estimated via pyrene fluorescence

measurements.

The strong in vitro antagonist activities have been also evaluated in vivo
in C57/ BI6 mice (Figure 38). All four compounds potently inhibited the

LPS-induced immune with an order of potency similar to that found in in
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vitro experiments: the strongest inhibition was exhibited by compound

20, which totally abolished LPS-induced immune activation.

Compound  1Cso (UM)

10001
800 ) 14 3.3%1.2
E .
2 % _} 18 0.8+0.2
i 4007 R
= - % EA 19 0.6 +0.03
e,
0l 20 0.2+0.03
K & w9

<

+LPS

Figure 38. In vivo activity of cationic amphiphiles. C57/Bl6 mice were injected
ip with the indicated compounds (2 x 10”7 mol/mouse), followed 1 h later by
ip injection of LPS (1 x 10°° mol/mouse). Three hours later, sera were

collected and TNF-a concentration was determined by ELISA assay.

As it is known that agonist or antagonist action of TLR4 ligands can be
potentiate by mimicking the 3D-structure of LPS aggregates by
immobilizing them on nanoparticles, gold nanoparticles have been
coated with the most active compound 20 (DTT-Au-NP-20) and tested in
HEK cells transfected with human or murine MD2/TLR4 complex. DTT-

Au-NP-20 have maintained the biological inhibitory activity already at
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very low concentrations (Figure 39 A,B) on both MD-2-TLR4 receptor

complexes.
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Figure 39. Dose-dependent TLR4 antagonism in HEK 293 cells treated with
DTT-Au-NP-20. HEK 293 cells were transfected with NF-kB-dependent
luciferase and constitutive Renilla luciferase reporter plasmids as well as with
(A) human or (B) murine MD-2 and TLR4 plasmids. The indicated amount of
the DTT-Au-NP-20 was added to the cells, followed 1 h later by stimulation

with LPS. Luciferase activity was measured 16 h later.
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4.2.4. Natural compounds from olive oil

The antioxidant and anti-inflammatory activity of extra virgin olive oil
(EVOO0), caused mainly by phenolic compounds, has been demonstrated
in many studies over recent. Despite the large number of studies, these
anti-inflammatory effects have never been related to TLR4 activation,
until now. To test this possible correlation, we have performed
preliminary assays by screening the in vitro TLR4 antagonist activity of
total phenolic contents extracted from Taggiasco, Tuscan and Sagra
EVOO (Figure 40 A). The total phenols have been extracted and

quantified through the gallic acid equivalence method.

B Taggiasco
B Tuscan
Sagra

B Taggiasco
B Tuscan
Sagra

TLR4 activation

(% of control)
Cell viability
(% of control)

A pg/mL

Figure 40. Activity (A) and toxicity (B) of total phenolic extracts derived from

different EVOOs.

All samples have decreased the LPS-induced TLR4 activation in a strong

dose dependent way, inducing a total inhibition when used at the higher
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concentration. These activities have not been associated to toxicity as
revealed by MTT assay (Figure 40 B). Since these data have supported
our hypothesis about the correlation between the anti-inflammatory
effects of the phenols from olive oil and TLR4, a second screening has
been performed by using the main single components of olive oil,

commercially available (Figure 41).
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Figure 41. Chemical structures of olive oil phenolics: dihydroxycinnamic acid
(21), 4-hydroxy-3-methoxycinnamic acid (22), caffeic acid (23), rosmarinic
acid (24), trimethoxycinnamic acid (25), luteolin (26), apigenin (27),

hydroxytirosol (28), tyrosol (29), oleuropein (30), pinoresinol (31).
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All acid compounds were not active in inhibit the TLR4 pathway (Figure
42 A). In addition, despite several studies reported the pharmacological
activities, including anti-inflammatory action, of the main phenolic
compounds, hydroxytyrosol and oleuropein, this effect cannot be related
to the inhibition of TLR4 (Figure 42 B). The only compounds which have
shown a good inhibition of LPS-induced TLR4 activation were apigenin
and luteolin (Figure 43) with ICso values of 15.7 and 14.3 uM,

respectively.
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Figure 42. Activity on TLR4 of known acids and polyphenols present in EVOO.
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Figure 43. TLR4 activity of apigenin and luteolin in HEK Blue cells. Normalized

data are representative of three independent experiments. The 1Cs5, values

have been calculated by non-linear regression analysis using GraphPad Prism.
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4.3. Conclusions and future plans

The recent knowledge of the crystallographic structures of the human
and murine activated complex (LPS:-MD-62-TLR4), has allowed the
rational design of TLR4 modulators (e.g. Eritoran) based on modifications
of the chemical structure of the lipid A. The rational design of TLR4
modulators could take into account both factors which influence the
biological activity of the bacterial endotoxins and the synthetic variants
of lipid A: the geometry of the interaction of lipid A with the hydrophobic
binding pocket of MD-2 and the tridimensional structure of the
aggregates. Unfortunately, a reliable prediction of the SAR is not so
simple and the chemical synthesis of lipid A mimetics is more complex. A
proved strategy to design new TLR4 modulators consists in the
simplification of lipid A structure, starting from the lipid X (Figure 28), a
biosynthetic precursor of lipid A, whose structure corresponds to the
reducing GIcN monosaccharide of E. coli lipid A. According to this
strategy several compounds have been synthetized: for example, GLA47

(Gifu University, Japan),™®

which mimics the non-reducing lipid A
glucosamine, and compound 2 (synthetized by our group), a lipid X
analogue lacking the C-3 hydroxyls of fatty acid acyl chains, with two Cy4
fatty acid chains with an additional phosphate on sugar C-4 (Figure 28).
Both compounds have shown to be good in vitro and in vivo TLR4

antagonists. As a continuation of this work we have studied compound
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3, corresponding to the non-reducing monosaccharide moiety of lipid A
with 4 fatty acid chains, synthetized in the University of California. Unlike
other lipid A mimetics, compound 3 presents a double activity on TLR4,
showing a weak antagonism at low concentrations (till 1 uM) and an
enhancement of the TLR4 activation at higher concentrations. This dual
behavior could be due to the amphiphilic character of molecule 3 which
results in the formation of micelles in aqueous environment, since the
switch in the activity almost coincides with the cmc value (7 uM). The
possibility that the TLR4 activity of LPS and lipid A is related to the
formation of aggregates in aqueous solution and that the intensity and
quality of TLR4 response is influenced by supramolecular aggregate
structures'® is still controversial. However, the activity/aggregation data
relative to compound 3 strongly suggest that the antagonistic activity of
this type of lipid A mimetics based on a monosaccharide core is related
to the molecular recognition of mono-dispersed molecules in solution by

MD-2 and CD14 receptors.

Despite the negative charges on phosphate are important for the
interaction of lipid A and its synthetic analogues with the CD14 and MD-
2 receptors, it has been recently found that also cationic lipids with
positively charged headgroups are active in modulating TLR4 activity as
agonists or antagonists. However, in this case the rules for the rational
design of TLR4 modulators are still lacking. In the last years, our group

has developed several TLR4 antagonists based on positively charged
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122150157 ¢ aromatic’® core,

amphiphiles, constituted by a carbohydrate
a polar head possessing a positively charged ammonium ion, and two
lipid chains. In particular, iaxo compounds are active in inhibiting LPS-
stimulated TLR4-dependent cytokine production in cells and in vivo by

122,154

binding CD14 through the acyl chains. Docking studies with iaxo-
102-MD-2 interaction model have suggested that the MD-2 binding
cavity is large enough to accommodate extra chains. These prediction
has been confirmed by the TLR4 antagonist activity of molecule D1
(Figure 30), with a structure composed of two glucoside units, as iaxo-
102, connected by a linker both units bearing on C-4 an anionic sulfate
group.’®® The TLR4 antagonist activity and binding properties of D1 have
suggested that 4 acyl chains could be optimal for MD-2 binding. In order
to more investigate this hypothesis, the TLR4 antagonistic activity of
dimers of iaxo-102 (compounds 4 and 5, Figure 30) have been evaluated.
Unexpectedly, these molecules have shown to be less potent (240 and
173 uM, respectively) than the corresponding monomer iaxo-102 (ICsp =
5.5 uM). This low TLR4 activity could be due to the fact that very few
residual molecules that interact with CD14 and MD-2 receptors, since
pyrene fluorescence measurements have revealed that the critical
micelle concentrations (cmc) for compounds 4 and 5 are 18 and 30 uM,

respectively, indicating that they have been used as aggregates in the

concentration range used for the biological assays (10 to 200 uM).
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The self-assembling capabilities and the ability of cationic amphiphiles to
interact with CD14 as liposomes or micellar aggregates seem to have a
strong impact on their TLR4 modulatory activity, but very little is still
known on the molecular aspects underlying the mechanisms at play,
mainly because structural data of cationic compounds bound to MD-2 or
CD14 receptors are still lacking. With the aim of clarify this aspect, a
series of homologous cationic amphiphiles, amino glycolipids derived
from methyl a-D-glucopyranoside (10 - 15) and from a,a’-trehalose (16 -
20, Figure 34), has been developed by the group of Prof. Garcia
Fernandez (University of Sevilla) and biologically characterized by us in
collaboration with Prof. Roman Jerala (Chemistry Institute, Lubljana).
Two characteristics make glucose-derived cationic glycolipids particularly
appealing to reach this purpose: the secondary hydroxyls of the
glucopyranose ring are well suited anchoring points to link lipophilic
chains in a similar orientation as the fatty acid acyl chains in lipid A; then,
the incorporation of protonatable headgroups at the primary position
imparts facial amphiphilicity to the molecule, a biomimetic feature that
is associated with improved cell membrane crossing abilities and
proneness to form supramolecular complexes with complementary
biomolecules by either electrostatic or hydrophobic interactions. Among
all compounds of this group, glucose-based compound 14 and trehalose-
based compounds 18-20 were active in inhibiting the LPS- triggered TLR4

activation and signalling in HEK Blue cells, with ICso values ranging from
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about 0.6 to 5 uM and very low cell toxicity. The activities of these
compounds have been further evaluated in HEK 293 cells transfected
with human or murine TLR4 and MD-2 and a dual luciferase reporter
gene, founding ICsg values very similar to those calculated in HEK Blue
cells. Of note, both human and murine pathway have been inhibited by
all compounds with very similar potency, similarly to the very efficient
TLR4 antagonist Eritoran and differently from the natural TLR4
antagonist lipid IVa that has species-specific activity (antagonist on
human and agonist on mice MD-2-TLR4). When used in vivo, these
compounds have maintained the order of potency found in in vitro
experiments. In addition, the maintained biological activity, without
apparent increase in cytotoxicity, of nanoparticles coated with
compound 20, represents the proof-of-concept of the possibility of
developing nanoparticulate systems based on cationic glycolipids as
modulators of TLR4 signalling pathway.

The biological evaluation of active compounds compared to inactive,
structurally related monosaccharides (compounds 10-13 and 15) and
disaccharides (compounds 16 and  17), suggests some general
structure—activity relationships in this type of compounds. First, the
presence of acyl lipophilic chains at the hydrophobic domain seems to be
a primary requisite because all compounds with ether bonds are
inactive; then, considering the higher in vitro and in vivo activity of

compound 20, the trehalose scaffold seems to favors the biological
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activity, probably by providing a well-ordered facial amphiphilic
character. Moreover, the experimentally determined cmc values for
cationic glycolipids 14 and 18-20 are one order of magnitude higher
than the corresponding ICsg as TLR4 antagonists, suggesting that they are
active as single monomers in solution. This very likely means that specific
molecular interaction with CD14 and MD-2 receptors regulate the TLR4
activity of these compounds.

Another class of synthetic cationic compounds (6-9) has been presented
in this work. These molecules, synthetized in the laboratory of Prof.
Roelens and Dr. Francesconi (University of Firenze), are constituted by a
polar protanatable head, featuring aminopyrrolic arms, linked to an
aromatic scaffold endowed with lipid chains. Only compound 9, in which
three diaminopyrrolic arms are linked to an aromatic scaffold possessing
a mixed hydrophilic/hydrophobic chain, inhibited in a dose-dependent
manner the LPS-stimulated TLR4 activation in HEK-Blue cells but,
unfortunately, this strong activity was associated to an high toxicity
(Figure 33).

It will be important in the future to define more precisely the molecular
determinants of the interaction with CD14 and MD-2 receptors to allow
a structure-based rational design of cationic TLR4 modulators. NMR
studies and binding assays with purified receptors, wild type and

mutants, appear suitable to reach this aim.
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Finally, we have explored the possibility to modulate TLR4 pathway by
using natural compounds such as polyphenols from olive oil. Even if a
great number of studies have reported the anti-inflammatory activity of
some olive oil phenolics, this activity has not been directly correlated to
the activity of TLR4 receptor system. Considering this background, total
phenol contents extracted from different kind of olive oil have been
screened for their agonist or antagonist activity on TLR4 pathway.
Interestingly, it has been found that the whole phenolic extracts inhibit
TLR4 signalling pathway, in a dose dependent way. As expected,
different potency of inhibition have been found related to the origin of
olive oil, since it is known that the phenolic compound content of the oil
depends on the place of cultivation, the climate, the variety, and the
olives’ level of maturation at the time of harvesting. To deeply
understand which constituents plays the major rule for this effect, some
constituents of olive oil phenolic fraction have been screened alone as
antagonists and apigenin and luteolin have been found to be very active
(ICso = 15.7 and 14.3 uM, respectively) in inhibiting the inflammatory
responses due to LPS-induced TLR4 activation. Considering these
promising results, other natural compounds will be screened and
chemical modifications of the active molecules will be done in order to
improve water stability and resistance to enzyme hydrolysis and to

obtain a new generation of synthetic TLR4 modulators.

133



Experimental section: biochemistry section

5. Experimental section

5.1. Section I: Biochemistry section

Purification of sH-LptC. E. coli M15[pREP4] (Qiagen) harboring plasmid
pQEsH-IptC,[10] which expresses N-terminal Hisg-tagged. LptC lacking
the first 23 residues (sH-LptC), was grown at 30 °C in LD medium
containing kanamycin (25 pg/mL) and ampicillin (100 ugmL'1) for 16 h.
The culture was diluted (1:100) in fresh LD medium and grown to mid-
logarithmic phase (ODgpp=0.6). Expression of sH-LptC was induced by
addition of isopropyl-b-d-thiogalactopyranoside (IPTG; 0.5 mM; Sigma—
Aldrich) and further incubated for 16—-18 h at 20 °C. Cells were then
harvested by centrifugation (5000g, 20 min). The cell pellet was
resuspended in buffer A (NaH,PO4; (50 mM, pH 8.0), NaCl (300 mM),
imidazole (10 mM), glycerol (10 %)), followed by incubation for 30 min at
4 °C with shaking in the presence of lysozyme (0.2 mg/mL), DNAse | (100
ug/mL), MgCl, (10 mM), and phenylmethylsulfonyl fluoride (PMSF, 1
mM; Sigma—Aldrich). Cells were disrupted by a single pass through a One
Shot model French press (Constant Systems, Daventry, UK) at 25000 psi.
Unbroken cells and cell debris were removed by centrifugation (39000 g,

30 min, 4 °C). The soluble protein was purified from the supernatant on
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Ni-NTA agarose columns (Qiagen). The column was washed with 10
column volumes of 4% buffer B (NaH,PO, (50 mM, pH 8.0) NaCl (300
mM), imidazole (500 mM), glycerol (10 %)) with buffer A. The protein
was eluted by using a stepwise gradient of buffer B (10, 20, 50, 70, and
100%) with buffer A. At each step, one column volume was passed
through the column. Elution fractions were monitored by 12.5%
polyacrylamide SDS-PAGE. The pooled fractions containing purified
protein (> 90%) were dialyzed twice against 100 volumes of buffer C
(NaH,PO4 (50 mM, pH 8.0), NaCl (150 mM)) in cellulose tubing (12 000
Da cut-off; Thermo Scientific), and finally concentrated in a Vivaspin 15R
column (10000 molecular weight cut-off; Sartorius, Gottingen,
Germany). Protein concentration was determined by a Coomassie
(Bradford) assay kit (Thermo Scientific), with bovine serum albumin as

the standard.

LPS. Rough LPS (lipooligosaccharide or LOS) has been extracted from E.
coli MG1655 by applying PCP procedure (phenol, chloroform, petroleum

ether).*

Purified LOS has labeled with fluorescein isothiocianate (FITC)
applying the protocol described by Troelstra with some modifications.™*®
The thiobarbituric assay (Kdo assay) showed a LOS:FITC ratio equal to

1:1. Both LOS have been dissolved in water and store at -20 °C.
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LPS biotinylation. Rough LPS from E.coli F583 (1 mg) (Sigma Aldrich) has
been dissolved in PBS (0.5 mL) in presence of trimethylamine (20 pl),
EDTA (58 pg) and carbodiimide (2 mg). Then, an excess of EZ-link®Amine-
PEOs-Biotin (7.5 mg) (Thermo Scientific) dissolved in PBS (0.5 mL) have
been added and the mixture has been incubated for 2 h at room
temperature. The unbound PEOs-biotin has been removed by
ultracentrifugation in a Vivaspin 15R column (3000 molecular weight cut-
off; Sartorius, Gottingen, Germany). The product has been lyophilized
and maintained at -20 °C. Biotinylation of LPS was confirmed by using 4-
Hydroxyazobenzene-2-carboxylic acid (HABA)-avidin reagent (Sigma-

Aldrich).

ELISA-type assay with immobilized LptC, and signal amplification by gold
nanoparticles (GNP). sH-LptC (200 ng/well) has been immobilized on Ni-
NTA plate through His tag (o.n. 4 °C). The unbound protein has been
removed and the wells have been washed 4 times with PBS + 0.05%
Tween 20 (PBST). Different amounts (0, 1, 2 and 4 ug mL?) of biotin-
conjugated LPS (Bi-LPS) from E. coli (100 pL/well) have been added in
each well and incubated for 3 h at room temperature under shaking
condition. The wells have been washed 3 times as described before and
gold nanoparticles (GNP) coated with streptavidin (SV) and horseradish
peroxidase (HRP) have been added (GNP = 2.5 x 10 M; SV = 100 ug mL
1). After 45 min, the wells have been washed 4 times with PBST and 100
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pL/well of TMB have been added. Plates have been incubated for 30 min
in the dark, then H,SO; 0.5 M (100 pL/well) has been added and the
plate reading has been assessed by using a spectrophotometer (A =450
nm). For competition assays, increasing concentrations of unlabeled LPS
(0-4 pg mL™) have been used to compete with Bi-LPS (2 ug mL™) for
the binding with immobilized LptC.

Co-capture binding assay. FITC labeled LOS (f-LOS) 9 uM and sH-LptC 50
UM have been incubated at room temperature in the dark on a rotary
shaking for 90 min. Then, sH-LptC-f-LOS complex has been captured on
HisLink™ resin (Promega, Madison, WI, USA), previously washed 4 times
with buffer C (2 h, on a rotary shaking, at room temperature, in the
dark). After incubation, the unbound fraction (flow through, FT) has
been removed by decanting the resin, the resin has been washed 3 times
with buffer C and the wash fractions (W) have been collected. The
protein—LPS complex was eluted in four steps, each with buffer C (1 mL)
containing imidazole (500 mM), and each fraction has been collected (E).
Nonspecific binding was determined as the binding of the same
concentration of f-LOS to Ni-NTA resin in the absence of absorbed sH-
LptC. Each fraction (100 pL) was placed in a Costar white flat-bottomed
microtiter plate (Corning, NY), and fluorescence was measured in a Cary

Eclipse spectrophotometer (Aex = 490 NnM, Aem = 510 nm, slit = 5 nm;
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Varian). The fluorescence present in each collected fraction has been

reported to the total fluorescence and expressed as percentage.

Co-purification binding assay: saturation experiments. Purified sH-LptC
(50 pM) was incubated in buffer C (1 mlL) with HisLink protein
purification resin (100 pL; Promega) for 90 min on a rotary shaker at
room temperature, to allow absorption of protein to the resin. Unbound
protein was removed by decanting the resin-bound sH-LptC and
eliminating the supernatant. Resin-bound sH-LptC was incubated in
buffer C (1 mL) at room temperature in the dark on a rotary shaking in
the presence of different concentrations of f-LOS (0.1 - 50 uM) or 1 (10 -
500 uM) for a further 90 min to allow binding of ligand to the resin-
bound sH-LptC. The supernatant (flow through, FT) was discarded, and
the resin was washed three times with buffer C. The protein—LPS
complex was eluted in four steps, each with buffer C (1 mL) containing
imidazole (500 mM). Nonspecific binding was determined as the binding
of the same concentration of f-LOS to Ni-NTA resin in the absence of
absorbed sH-LptC. Each fraction (100 pL) was placed in a Costar white
flat-bottomed microtiter plate (Corning, NY), and fluorescence was
measured in a Cary Eclipse spectrophotometer (Aex = 490 nm, Aem = 510
nm, slit = 5 nm; Varian). The concentration of tracer present in each
sample was determined by interpolation with a standard curve (f-LOS or

1) and corrected by subtraction of the nonspecific-binding value. The
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amount of sH-LptC bound to the resin and eluted with imidazole was
evaluated for the pooled elution fractions with a Coomassie (Bradford)

assay kit (Thermo Scientific), with bovine serum albumin as the standard.

Co-purification binding assay: association and dissociation time
courses. For the association experiments, labeled ligand f-LOS (500 uM)
or 1 (50 uM) has been added at room temperature, in the dark, to sH-
LptC (50 uM) adsorbed to the resin in buffer C (1 mL); the mixture was
incubated with shaking for different times (10 - 150 min). For each time,
the supernatant was removed and samples were washed and eluted as
described above. Dissociation kinetics experiments were performed with
the same tracer concentrations, and incubation with immobilized sH-
LptC for 150 min (volume of reaction = 800 pL). Then, LOS (50 uM) or
iax0-102 (500 uM) in buffer C (1 mL) were added for different times (10 -

150 min). For each time, the sample was treated as above.

Co-purification binding assay: competition experiments. Competition
experiments were performed for sH-LptC binding to f-LOS or 1. For f-LOS,
resin-bound sH-LptC (50 uM) was incubated (90 min) with a mixture of f-
LOS (10 uM) and different concentrations of unlabeled LOS (20, 40, 60
and 75 uM) in buffer C. After wash and elution steps, the concentration
of f-LOS bound to sH-LptC was quantified as described above. For 1,
resin-bound sH-LptC (50 uM) was incubated with 1 (50 uM) in buffer C
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(800 pL) for 90 min. Homologous and heterologous competition
experiments were performed by adding iaxo-102 (200 uL, 100 or 500
pUM) or LOS (200 pL, 10 - 100 uM) and incubated for a further 90 min.
Wash and elution steps were performed; concentrations of tracer bound

to resin were determined as described above.

Data and statistical analysis. Data from fluorescent ligand binding assays
were evaluated by a nonlinear, least-squares curve-fitting procedure in
Prism (version 4, GraphPad Software, La Jolla, CA). Association and
dissociation time courses were analyzed by one-phase association and
one-phase dissociation exponential decay curves, respectively.
Equilibrium binding data were analyzed in Prism by using the n-ligand m-
binding site model in the Ligand**’ and DESIGN'*® computer programs.
Parameter errors are expressed as percentage CV and were calculated by
simultaneous analysis of at least three independent experiments
performed in duplicate or triplicate. Parameter comparisons were
performed based on the F-test for extra sum of square principle. All

curves are computer generated.

LptC intrinsic fluorescence quenching. Samples containing sH-LptC (40.7
pUM) and f-LOS (0 - 90 uM) were prepared in sodium phosphate (50 mM,
pH 8) with NaCl (50 mM), incubated (22 °C, 90 min) with agitation (300

rom), then transferred into a quartz cuvette (1 cm path length).
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Fluorescence emission spectra (310 - 475 nm) were recorded at 22 °C
with an Eclipse spectrofluorimeter (Varian; excitation 295 nm,
excitation/emission slits 5 nm). To test binding reversibility, aliquots of
the 45 puM f-LOS sample were diluted (up to 1:8) at fixed f-LOS
concentration, and incubated for a further 120 min before fluorescence

measurements.

Data analysis for quenching experiments. In the presence of dynamic
quenching, the fraction of fluorescence intensities in the absence (Fo)
and presence (F) of the quencher (f-LOS) is given by the ratio of the
decay rate in the presence (y+kq[fLOS]) and absence (y) of the quencher

(Equation (1)):

Fo 7+ kg[fLOS
?0:7' * ‘j’[ ]:1+Kdyn[fLOS] (M)

When static quenching also occurs due to binding, Equation (1) applies
only for fluorophores that are not involved in a complex. The

contribution of this fraction can be expressed by Equation (2):

FO [LptC] tot

F [LptC]

(1 + Kgyn [fLOS]) (2)

The equations that define the dissociation constant (Kq) and the

conservation of total protein and ligand are as follows [Egs (3), (4), and

(5)]:
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_ [LptC][fLOS]
47 [complex] (3)
[complex] = [LptC];o—[LptC] (4)
[fLOS] = [fLOS],,; —[complex] = [fLOS],,; — [LptC],,; + [LptC] (5)

Combining Equations (1)—(5) it is possible to express Fo/F as a function of

total protein and total ligand concentrations, Kq,, and K [Eq. (6)]:

£, [LPtCli (2 + Koy (11LOShor — [LPtCl — Ky + /([LPCy — [1LOS]s — Ko} +AK,[LPIC ) )

(6)
F (LptCli — [fLOS]ox — Ky + /([LPtCluor — [LOS]uor — Kg)*+4K4[LPLC i

The K4 value was determined by a nonlinear, least-squares curve-fitting
procedure of fluorescence data by Equation (6), by using the Kgyn value

obtained from free tryptophan experiments.

Minimum Inhibitory Concentration (MIC). Appropriate concentrations
of iaxo-102, compound 1 and tetracycline (dissolved in DMSO:ethanol
1:1) were added to a 96-well plate containing 1:1,000 dilutions of the
appropriate overnight cultures (E. coli MG1655, E. coli AS19 e E. coli
ATolC). Serial dilutions (1:2) of the antibiotics were performed across the
plate and the cells were grown overnight at 37 °C. Growth was
determined by measuring the OD (630 nm), by using a
spectrophotometer (LT 4000 Labtech).
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5.2. Section II: Biology section

HEK-Blue™ cell culture. HEK-Blue™-4 cells were purchased from
InvivoGen and cultured according to manufacturer’s instructions. Briefly,
cells were cultured in DMEM high glucose medium supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, 100
pg/ml streptomycin, 1x Normocin™ (Invivogen). HEK-Blue™-4 cells were

maintained with the addition of 1x HEK-Blue™ Selection (Invivogen).

HEK-Blue™ cells assay. HEK-Blue-TLR4 cells (InvivoGen) were cultured as
described before. Cells were detached by the use of a cell scraper, and
the cell concentration was estimated by using Trypan Blue (Sigma-
Aldrich). The cells were diluted in DMEM high glucose medium
supplemented as described before and seeded in multiwall plate at a
density of 2 x 10* cells/well in 200 uL. After overnight incubation (37 °C,
5% CO,, 95% humidity), supernatant was removed and cell monolayers
were washed with warm PBS without Ca?* and Mg®* and treated with
increasing concentrations of compounds dissolved in DMSO-ethanol
(1:1). After 30 min, the cells were stimulated with 10 nM LPS from E. coli
055:B5 (Sigma- Aldrich) and incubated overnight at 37 °C, 5% CO, and
95% humidity. As a control, the cells were treated with or without LPS
(10 nM) alone. Then the supernatants were collected, and 50 pL of each

sample was added to 100 pupL PBS, pH 8 084 mM
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paranitrophenylphosphate (pNPP) for a final concentration of 0.8 mM
pNPP. Plates were incubated for 2 - 4 h in the dark at rt, and then the
plate reading was assessed by using a spectrophotometer at 405 nm (LT
4000, Labtech). The results were normalized with positive control (LPS
alone) and expressed as the mean of percentage = SD of at least three
independent experiments. The ICsp values have been calculated by non-

linear regression analysis using GraphPad Prism.

NF-kB-Luciferase Reporter Assay. Expression plasmid for mouse MD-2
was a gift from Dr. Y. Nagai (University of Tokyo, Japan). Expression
plasmid for mouse TLR4 was purchased from InvivoGen (CA, USA).
Expression plasmids containing sequences of human TLR4 and MD-2 as
well as the pELAM-1 firefly luciferase plasmid were a gift from Dr. C.
Kirschning (Technical University of Munich, Germany). The Renilla
luciferase phRL-TK plasmid was purchased from Promega (WI, USA). The
human embryonic kidney (HEK) 293 cells were provided by Dr. J. Chow
(Eisai Research Institute, Andover, MA, USA). HEK 293 cells were grown
in DMEM supplemented with 10% fetal bovine serum (FBS). Cells were
seeded in 96-well Costar plates (Corning, NY, USA) at 1.6 x 10* cells/well
and incubated overnight in a humidified atmosphere (5% CO;) at 37 °C.
The next day, when cells were 40-60% confluent, they were
cotransfected with human or murine MD-2 (10 ng), NF-kB-dependent

luciferase (70 ng), and constitutive Renilla (15 ng) reporter plasmids and
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human or murine TLR4 plasmid (1 ng) using PEl (7.5 molar
polyethylenimine pH 7.5, PolySciences) transfection reagent. Cells were
stimulated 4 h after transfection with the synthetic compounds,
previously dissolved in 100% DMSO to provide 4 mM stock solutions,
and further working dilutions were prepared immediately before
stimulation with cell medium (DMEM supplemented with 10% FBS).
Then 1 h later with LPS (5 nM) that was extensively vortexed
immediately prior to stimulation. Cells were lysed after 16 h of
stimulation in 1x reporter assay lysis buffer (Promega, USA) and analyzed
for reporter gene activities using a dual-luciferase reporter assay system.
Relative luciferase activity (RLA) was calculated by normalizing each
sample’s firefly luciferase activity for constitutive Renilla activity
measured within the same sample. When plotting the data, the value of
the wild type MD-2- TLR4 sample stimulated with LPS was normalized to

100 and other values were adjusted accordingly.

MTT Cell Viability Assay. HEK-Blue-TLR4 cells were seeded in 100 uL of
DMEM without Phenol Red at a density of 2 x 10* cells per well. After
overnight incubation, 10 yL of compounds were added and the plates
were incubated overnight at 37 °C, 5% CO,, 95% humidity. DMSO and
PBS were included as control. Then 10 pL of MTT solution (5 mg/mL in
PBS) were added to each well. After 3 h incubation (37 °C, 5% CO,, 95%
humidity), HCl 0.1 N in 2-propanol was added (100 pL/well) to dissolve
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formazan crystals. Formazan concentration in the wells was determined
by measuring the absorbance at 570 nm (LT 4000, Labtech). The results
were normalized with untreated control (PBS) and expressed as the

mean of percentage + SD of three independent experiments.

ELISA assay. Murine IL-6 and TNF-a concentrations were determined in
the supernatants of BMDM. The cells were treated with increasing
concentrations (0 - 5 uM) of compound 14, 18 and 20 for 1 h and then
stimulated with LPS (5 nM). After 16 hours, the supernatants were
harvested and the amount of human IL-6 and TNF-a was determined

using ReadySetGo ELISA kit (e-Bioscience).

In Vivo Endotoxin Inhibition. C57BL/6J mice (11 - 13 weeks old) were
randomly assigned into groups and injected intraperitoneally with
vehicle control (5% DMSO in PBS) (groups none and LPS only) or the
inhibitory compound (2 x 10~ mol compound/mouse, all in 5% DMSO
solution). One hour later, the mice were injected intraperitoneally with
vehicle control (PBS) (group none) or with LPS from E. coli 055:B5 (1 x
10™° mol/mouse = 10 ug LPS/mouse). Three hours later, the blood was
collected. Serum was tested with the mouse TNF-a ELISA kit
(“ReadySetGo”, eBioscience) to determine the levels of mouse TNF-a.
The experiment was performed according to the manufacturer’s

instructions.
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Determination of cmc via Pyrene Fluorescence Measurements. To
assess the amphiphilicity, the critical micelle concentrations (cmc) of all
compounds have been determined using an established fluorescence

technique based on pyrene.™

This extremely hydrophobic dye is
preferentially incorporated in the interior of micelles. The onset of
micelle formation can be observed in a shift of the fluorescence
excitation spectra of the samples at an emission wavelength of 372 nm.
In the concentration range of aqueous micellar solutions, a shift of the
excitation band in the 335 nm region toward higher wavelengths
confirms the incorporation of pyrene in the hydrophobic interior of
micelles. The ratio of the fluorescence intensities at 339 and 335 nm was
used to quantify the shift of the broad excitation band. The critical
micelle concentrations were determined from the crossover point in the
low concentration range.Fluorescence spectra were recorded with an F-

2500 Hitachi spectrofluorophotometer and conventional 1 cm quartz

cuvettes at 37 £ 0.1 °C, using 2.5 mm excitation and emission slits.
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Functional Characterization of E. coli LptC: Interaction with

LPS and a Synthetic Ligand

Stefania E. Sestito,” Paola Sperandeo, Carlo Santambrogio,® Carlotta Ciaramelli,”
Valentina Calabrese,” G. Enrico Rovati,” Luca Zambelloni,” Rita Grandori,?

Alessandra Polissi,*® and Francesco Peri*®

Lipopolysaccharide (LPS), the main cell-surface molecular con-
stituent of Gram-negative bacteria, is synthesized in the inner
membrane (IM) and transported to the outer membrane (OM)
by the Lpt (lipopolysaccharide transport) machinery. Neosyn-
thesized LPS is first flipped by MsbA across the IM, then trans-
ported to the OM by seven Lpt proteins located in the IM
(LptBCFG), in the periplasm (LptA), and in the OM (LptDE). A
functional OM is essential to bacterial viability and requires
correct placement of LPS in the outer leaflet. Therefore, LPS
biogenesis represents an ideal target for the development of
novel antibiotics against Gram-negative bacteria. Although the
structures of Lpt proteins have been elucidated, little is known
about the mechanism of LPS transport, and few data are avail-
able on Lpt-LPS binding. We report here the first determina-
tion of the thermodynamic and kinetic parameters of the inter-
action between LptC and a fluorescent lipo-oligosaccharide
(fLOS) in vitro. The apparent dissociation constant (K;) of the

Introduction

Gram-negative bacteria are typically surrounded by two mem-
branes, an inner membrane (IM) and an outer (OM) membrane,
separated by an aqueous compartment, the periplasm, which
contains a thin layer of peptidoglycan."” The OM is an asym-
metric lipid bilayer with lipopolysaccharide (LPS), a complex
glycolipid in the outer leaflet, and phospholipids in the inner
leaflet.”’ The tightly packed, amphipathic LPS molecules in the
outer leaflet prevent the entry of both large polar molecules
and small hydrophobic molecules into the cell, thus protecting
the bacterium from toxic chemicals and antibiotics."” The OM
is essential for bacterial cell viability and represents the first
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fLOS-LptC interaction was evaluated by two independent
methods. The first was based on fLOS capture by resin-immo-
bilized LptC; the second used quenching of LptC intrinsic fluo-
rescence by fLOS in solution. The Kj values by the two meth-
ods (71.4 and 28.8 um, respectively) are very similar, and are of
the same order of magnitude as that of the affinity of LOS for
the upstream transporter, MsbA. Interestingly, both methods
showed that fLOS binding to LptC is mostly irreversible, thus
reflecting the fact that LPS can be released from LptC only
when energy is supplied by ATP or in the presence of
a higher-affinity LptA protein. A fluorescent glycolipid was syn-
thesized: this also interacted irreversibly with LptC, but with
lower affinity (apparent Ky=221 pm). This compound binds
LptC at the LPS binding site and is a prototype for the devel-
opment of new antibiotics targeting LPS transport in Gram-
negative bacteria.

site of interaction with the host. The functionality of OM re-
quires proper assembly of this structure and correct placement
of LPS in the outer leaflet. Therefore LPS biogenesis represents
an ideal target for development of novel chemicals with anti-
biotic action against Gram-negative bacteria.

Smooth LPS is formed of lipid A, the core oligosaccharide,
and a long polysaccharide chain known as O-antigen®® (Fig-
ure 1A); rough LPS (or lipo-oligosaccharide, LOS) lacks the O-
antigen. Lipid A, the most conserved portion of LPS is the
pathogen-associated molecular pattern (PAMP) component
that is sensed by the combined action of Toll-like receptor 4
(TLR4), MD-2, and CD14 co-receptors of the host innate
immune system.” Although the steps along the LPS biosyn-
thetic pathway have been clarified, the precise mechanism of
transport and assembly at the cell surface are still poorly un-
derstood. The lipid A core moiety is synthesized in the cyto-
plasm, and its translocation across the IM is performed by the
essential ABC transporter MsbA." The final step of LPS biosyn-
thesis takes place at the periplasmic face of the IM, where the
lipid A core moiety is ligated to O-antigen.”’ Export of com-
plete LPS to the cell surface is mediated by the lipopolysac-
charide transport (Lpt) machinery, which is composed of seven
essential proteins (LptABCDEFG),”® located in the IM
(LptBCFG), in the periplasm (LptA), and in the OM (LptDE; Fig-
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Based on these results, it was
proposed that LPS transport
starts with LPS extraction from
the IM by the LptBFG complex,
which transfers the molecule to

the periplasmic domain of mem-
brane-bound LptC; LptC then
transfers LPS to LptA. At least
two energy-dependent steps are
involved in LPS transport: extrac-

Figure 1. LPS structure and transport in E. coli. A) Molecular structure of E. coli K12 LPS. B) LPS transport from IM
to OM. MsbaA flips LPS across the IM, and seven Lpt proteins transport it to the cell surface.

ure 1B). All seven proteins interact and form a transenvelope
complex.” The IM ABC transporter LptBFG™ interacts with the
bitopic IM protein LptC.” Then, homologous domains mediate
the interactions between the C-terminal region of LptC and
the N-terminal region of LptA, and between the C terminus of
LptA and the N-terminal periplasmic region of LptD.*'" The
oligomeric structure formed by LptC, LptA, and LptD consti-
tutes the protein bridge that connects the IM and OM.” Al-
though the overall architecture of the transenvelope bridge
has been defined,’” the mechanism of LPS transport across the
periplasm to the outer leaflet of the OM is not yet understood.

Qualitative in vitro assays have shown that both LptA"" and
LptC"? bind to LPS. The crystal structures of LptA"¥ and the
periplasmic domain of LptC"'? revealed that the two proteins
present a very similar B-jellyroll fold, although they do not
share significant sequence similarity. Both LptA and LptC pos-
sess hydrophobic residues; these form a hydrophobic core
along the proteins that potentially serve as an LPS-binding
site.">" Interestingly, LptA can displace LPS from LptC in vitro
(but not vice versa), consistent with their location in the pro-
tein bridge and the (unidirectional) LPS export pathway.[m
However, despite the increasing information obtained on
LptC-LPS and LptA-LPS interactions, no quantitative measure-
ments of binding have been performed. Very recently the
mechanism of transport of the LPS molecule has been dissect-
ed both in vivo and in vitro, by crosslinking the LPS ligand to
the different components of the Lpt machinery."¥ Specifically,
four residues in LptC and five in LptA were found to interact
with LPS in vivo."¥ LptC residues directly involved in LPS bind-
ing are Thr47, Phe78, Ala172, and Tyr182 (Figure 2), located
almost exclusively inside the B-jellyroll structure, thus suggest-
ing that LPS binds inside these proteins and transits through
the periplasm bound to the cavity of the conserved p-jellyroll
fold."™

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion from the IM to the periplas-
mic domain of membrane-
bound LptC, and transfer of LPS
from LptC to LptA™ The in
vitro reconstitution of LPS trans-
port allowed dissection of LPS
transport mechanism into dis-
crete steps from IM to LptC and
from LptC to LptA. These are
representative of LPS transfer by
the Lpt proteins in vivo.™

A$
) ;Trp?h N

s (Ala172
\/Iyr1782 )

Trpo: 1
7 )

/ QA
Aia1724\  /\ Phe7s
Tyrisg\_ WK v\ A Phersfd =" /7
AN/ D~ (GRLs
Pan WAt 4gP € \
N Trp77 Trp77

Figure 2. Cartoon representation of the LptC crystal structure (PDB ID:
3MY2).1"? putative LPS binding residues"' are labeled.

We report here the first determination of thermodynamic
and kinetic parameters of the in vitro interaction between
a heterologously expressed, truncated version of LptC and flu-
orescently conjugated LOS (fLOS), by two independent meth-
ods. Such studies represent a necessary step to understanding
the LPS transport mechanism by Lpt proteins. We also describe
the rational design, synthesis, and binding properties of a syn-
thetic fluorescent ligand that competes with LPS for LptC bind-
ing.

Results and Discussion

Preparation of fluorescent lipo-oligosaccharide (fLOS) and
sH-LptC

Radiolabeled LPS is generally used for LPS binding studies. We
replaced radioactivity with the safer fluorescence labeling. The
main issues with fluorescent LPS are 1)low sensitivity with
commercial fluorescein isothiocyanate (FITC)-LPS because of
the low level of fluorescence incorporation, and 2) the risk of
altering LPS activity and binding properties by introducing the
fluorescent moiety. The LPS in this work was Ra-LPS (a rough
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type LPS from Escherichia coli MG1655); this was extracted
from cells by the phenol/chloroform/ petroleum ether (PCP)
method,™ then labeled with FITC by a procedure modified
from Troelstra et al."” The purity and the chemical identity of
fLOS were assessed by NMR and SDS-PAGE analysis. The label-
ing ratio was determined to be 1:1 (LOS/FITC), higher than for
commercial FITC-LPS from Sigma-Aldrich (~50:1 LPS/FITC).
High levels of fluorescein incorporation are essential to obtain
reliable signals in binding experiments.

LptC is a bitopic protein, composed of a single transmem-
brane (TM) helix (Trp7-Asp29) near the N terminus and a large
periplasmic domain that is able to bind LPS in vitro.'? We
used a truncated version of LptC (lacking the first 23 amino
acids of the transmembrane helix) fused to a N-terminal His,
tag (sH-LptQ)"® as a model to characterize the binding of LPS
to the periplasmic C-terminal domain of LptC. Deletion of the
LptC TM region yields a stable, soluble, functional protein.”'®
sH-LptC was purified to near homogeneity by nickel-nitrilotri-
acetic acid (Ni-NTA) affinity chromatography, and the overall
protein structure (secondary and tertiary) was verified by circu-
lar dichroism analysis (data not shown).

fLOS binding to resin-immobilized sH-LptC

Our first objective was to develop a sensitive and reliable test
for detecting and quantifying LPS binding to LptC in vitro. We
first investigated the time-dependence of LptC-LPS associa-
tion. sH-LptC was immobilized on Ni-NTA resin, then fLOS
(500 nm) was added and incubated for various periods (10-
150 min). The resin was then washed, the LptC—fLOS complex
was eluted from resin with imidazole, and fluorescence emis-
sion was quantified in the eluate. Nonspecific binding (binding
of the same concentration of fLOS to Ni-NTA resin in the ab-
sence of absorbed sH-LptC) was calculated in different experi-
ments to be less than 15% of the amount of absorbed fLOS in
the presence of the protein. It is clear that LPS specifically
binds to LptC with a one-phase association rate constant (k=
0.028 min~'£29% coefficient of variation (CV); Figure 3A); it
reached maximum saturation with a half-time of 24.4 min.

Interestingly, fLOS binding proved to be mostly irreversible,
and the addition of increasing concentrations of unlabeled LPS
did not result in displacement of fLOS from the protein (Fig-
ure 3B). Consequently, it was not possible to calculate the true
equilibrium constant, thus we report values for “apparent” K.
An incubation time of 90 min was used for all subsequent
equilibrium binding experiments.

Saturation curves of fLOS binding to resin-immobilized sH-
LptC, and competition by unlabeled LPS

In order to calculate the affinity of LPS for its transporter, sH-
LptC was immobilized on Ni-NTA resin, and equilibrium bind-
ing experiments were performed with fLOS as the ligand. We
first carried out a series of saturation experiments (90 min incu-
bation) with sH-LptC protein and increasing fLOS concentra-
tions (0.1-50 pum). The quantity of fLOS captured by resin-
bound sH-LptC was determined by the method described

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Association and dissociation time-courses of fLOS binding to sH-
LptC immobilized on Ni-NTA resin. A) For association kinetics, 500 nm fLOS
was incubated with 50 mm sH-LptC at room temperature. B) Dissociation
was induced by perturbing the equilibrium with addition of 50 pm unla-
beled LOS. The curve represents the fit to the appropriate equation (see the
Experimental Section), and is derived from analysis of three independent ex-
periments, each in triplicate.
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Figure 4. Saturation (m) and competition (0) curves of fLOS binding to resin-
absorbed sH-LptC under pseudo-equilibrium conditions. Saturation (0.1-

50 pm fLOS) and competition (10 um fLOS (tracer) competing with different
concentrations of unlabeled LPS) experiments were performed at room tem-
perature, with 90 min incubation. Binding is expressed as the concentration
ratio of bound to total ligand (B/T), versus the logarithm of total unlabeled
ligand concentration (log 7). Curves represent the fit to the appropriate
equation (see the Experimental Section) and are derived from analysis of
three independent experiments, each in triplicate.

above. Nonspecific binding of fLOS to the resin was always de-
termined in the absence of absorbed sH-LptC. In these experi-
ments (Figure 4) the calculated affinity K, was 1.4x10°m™' &+
27 %CV, corresponding to an apparent Ky of 71.4 um. To assess
whether fLOS has the same affinity as unlabeled LPS, we also
plotted competition curves with increasing amounts of unla-
beled LOS as a competitor at a fixed concentration of fLOS
(Figure 4). Despite the fact that binding of fLOS to sH-LptC is
essentially irreversible, it is possible to perform competition
experiments, as long as the competing ligands are added si-
multaneously to the reaction mixture containing the binding
target. The obtained competition curve follows the simple
“mass-action law” under “pseudo-equilibrium” conditions.

ChemBioChem 2014, 15,734-742 736
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These experiments revealed similar affinities for unlabeled LOS
(IC5,=62.3 uM £49%CV; apparent K;=35pum) and for fLOS,
thus confirming that the presence of the fluorescent moiety
does not affect LOS binding properties, so allowing pooling of
data to calculate binding parameters."” Therefore, simultane-
ous analysis of saturation and competition curves allowed us
to calculate the affinity of LOS for its transporter sH-LptC as
K,=1.91x10*m "' £21%CV (apparent Ky=52.4 um).

sH-LptC-fLOS binding in solution by tryptophanfluorescence
quenching

sH-LptC—fLOS affinity was also estimated in solution, in order
to rule out any bias arising from resin capture. Binding was
monitored as quenching of LptC intrinsic fluorescence. LptC
has two tryptophan residues: Trp94 buried in the hydrophobic
cavity of the protein and Trp77 exposed to the solvent at the
edge of the B-jellyroll (Figure 2). Tryptophan fluorescence emis-
sion reduced progressively upon incubation with increasing
fLOS concentration (Figure 5A, insert), thus indicating that
fLOS is an efficient quencher of sH-LptC fluorescence. The
Stern-Volmer plot of the data (Figure 5A) reveals an upward
curve at high fLOS concentrations, consistent with two distinct
quenching mechanisms: de-excitation of the fluorophore by
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Figure 5. LptC fluorescence quenching by fLOS. A) Relative fluorescence is
plotted against total fLOS concentration. The dashed line was obtained fit-
ting data to Equation (6). Inset: fluorescence spectra (the arrow indicates the
direction of spectral changes with increasing fLOS concentration). B) Normal-
ized fluorescence upon dilution of LptC—fLOS complex. The dashed line indi-
cates the expected trend for reversible binding with K;=28.8 pm.
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random collisions with fLOS molecules (dynamic quenching)
and formation of a sH-LptC-fLOS nonfluorescent complex
(static quenching). Based on their position in the sH-LptC
structure, we ascribe dynamic and static quenching to Trp77
and Trp94, respectively. The constant for dynamic quenching
(Kayn) Was estimated from titration of free tryptophan by fLOS
(see Figure S1 in the Supporting Information); the influence of
the protein structure on the quenching of the exposed Trp77
side chain was neglected. The resulting K, value (14.7x
10°m ") was then employed to calculate the apparent dissocia-
tion constant of the sH-LptC-fLOS complex by the combined
equation for static and dynamic quenching. The obtained
value (Ky=28.8 um) is similar to that obtained by the capture
method (Ky=71.4 um).

In order to test the reversibility of binding, samples contain-
ing 40.7 um sH-LptC and 45 um fLOS were treated as above to
allow complex formation. Aliquots were mixed to solutions of
45 um fLOS, in order to dilute the protein while keeping the
ligand concentration constant; the mixtures were incubated
for a further 120 min before fluorescence measurement. The
fluorescence values were normalized for protein concentration
(as a function of the protein dilution factor), and compared to
the expected values for reversible binding, by using the
above-estimated K, and Ky, values (Figure 5B). The experimen-
tal data deviate drastically from the theoretical trend (reversi-
ble binding); rather, they are consistent with simple progres-
sive dilution of a fixed amount of fluorophore (this would be
expected to yield a horizontal line in the plot). This result con-
firms that sH-LptC—fLOS binding is irreversible, at least on the
timescales tested here.

Design and synthesis of an artificial LptC ligand

Our group recently developed small molecules that interact
with the LPS-binding protein CD14 with high affinity and spe-
cificity (compounds iaxo-101 and iaxo-102, Scheme 1), thereby
inhibiting TLR4 activation and signaling in cells"® and in
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Scheme 1. Rational design of 1. The C-6 amine group of iaxo-102 was conju-
gated to FITC by a thiourea linker.
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mice." Structure-activity studies showed that the pharmaco-
phore is composed of a cyclic sugar core, a protonated (posi-
tively charged) nitrogen on C-6, and two C,, linear aliphatic
ether chains. Like CD14,?% LptA and LptC proteins have been
demonstrated to bind LPS within the interior of the hydropho-
bic cavities formed by their f-sheets."” We thus reasoned that
new Lpt ligands could be designed, based on the high-affinity
CD14 ligand iaxo-102""" (Scheme 1). NMR data showed that
the hydrophobic linear ether chains of iaxo-102 directly inter-
act with the CD14 binding site,*"” thus suggesting that conju-
gation of a fluorophore at the C-6 primary amine should pre-
serve the interaction with CD14 (Scheme 1). In compound 1,
iaxo-102 is chemically linked to fluorescein by a three-atom
thiourea linker.

Binding of fluorescent probe 1 to sH-LptC and association
kinetics

The in vitro binding of 1 to sH-LptC was investigated by using
the resin-capture procedure described above. Nonspecific
binding was also determined as above, by quantitating fLOS
adsorbed on the resin in the absence of the protein, and
found to be less than 30% of the signal in the presence of ad-
sorbed protein. Association time course of fluorescent probe
1 binding to sH-LptC was performed by incubating 50 um of
1 at room temperature for different times (10-150 min).

Compound 1 rather rapidly and specifically bound to LptC,
again with a one-phase association rate constant (k=
0.058 min~'+40%CV), and reached maximum saturation with
a half-time of 12 min (Figure 6 A). As observed with LPS, bind-
ing of 1 proved to be essentially irreversible (Figure 6B).
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Figure 6. Association and dissociation time-courses of 1 binding to sH-LptC
immobilized on Ni-NTA resin. A) For association kinetics, 50 um 1 was incu-
bated with sH-LptC at room temperature for up to 150 min. B) Dissociation
was induced by perturbing the equilibrium with addition of 500 pm corre-
sponding unlabeled ligand. Curves represent the fit to the appropriate equa-
tion (see the Experimental Section) and are derived from analysis of three in-
dependent experiments, each in triplicate.
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Saturation experiment for compound 1 binding to sH-LptC,
and competition curves with unlabeled precursors iaxo-102
or LOS

In order to calculate affinity of iaxo-102 for sH-LptC, a series of
binding experiments were performed with 1 as the tracer. The
amount of 1 captured by resin-bound sH-LptC was determined
by the method described above for kinetics experiments. For
each concentration of 1, nonspecific binding was determined
as binding to Ni-NTA resin in the absence of absorbed sH-LptC.

Saturation experiments were performed by incubation for
90 min with increasing concentrations of 1 (10-500 pm; Fig-
ure 7A, saturation curve); heterologous competition experi-

A) 0.0015
I 0.0010
BIT
-
0.0005
0.0+ T T \
-6 5 B -3
logT/m —>
B)
0.0015
T L]
0.0010 2
BIT ‘\
0.0005 .
0.0+ T T T \
7 R -5 -a 3
log7T/M —>

Figure 7. Saturation (m) and competition (0) curves of 1 binding to resin-
absorbed sH-LptC under pseudo-equilibrium conditions. A) Saturation (10—
500 pm 1) and competition (50 um 1 (tracer) competing with increasing con-
centrations of iaxo-102) binding experiments were performed at room tem-
perature for 90 min. B) Binding curves for 50 um 1 competing with increas-
ing concentrations of LPS (e). Binding is expressed as the concentration
ratio of bound to total ligand (B/7) against the logarithm of total unlabeled
ligand concentration (log 7). Curves represent the fit to the appropriate
equation (see the Experimental Section) and are derived from analysis of
three independent experiments, each in triplicate.

ments were performed by incubating 50 pm 1 with increasing
concentrations of iaxo-102 (Figure 7B, competition curve).
These experiments revealed affinities similar for iaxo-102 and
1, thus allowing pooling of the data and simultaneous analysis
of saturation and competition curves (as performed above for
fLOS and unlabeled LOS). Computer-assisted analysis yields
affinity K,=4.52x10°m~"'+£36%CV (apparent K,;=221 um) for
iaxo-102; this is statistically different (p <0.01), but still in the
range of affinity for LOS.

Finally, we performed heterologous competition experi-
ments with 50 um 1 (tracer) and increasing concentrations of
LOS. LOS was indeed able to compete for the site occupied by
1 (Figure 7B), with a calculated affinity, as expected, not signifi-
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cantly different from that calculated when using fLOS as a
tracer (K,=1.15x10"m ' £31%CV, apparent K, =87.2 um).

The antibacterial activities of iaxo-102 and 1 were evaluated
in vivo by the micro-broth dilution method®? against wild-
type E. coli strains MG1655¥ and AS19 (permeable mutant).?
No antibacterial activity was observed against either strain (up
to 1 mm ; data not shown).

Conclusions

The development of fluorescent LOS (fLOS) with high levels of
fluorescein incorporation allowed us to calculate, for the first
time, the thermodynamic parameters of LOS-LptC interaction.
Experiments based on resin-captured sH-LptC-fLOS complex
yielded reliable association/dissociation and saturation/compe-
tition curves. In saturation and competition experiments
(Figure 4), fLOS and unlabeled LOS precursor showed similar
affinities towards LptC (apparent calculated dissociation con-
stant K;=71.4 and 52.4 um, respectively). The very similar affin-
ity values found for fLOS and LOS suggest that fLOS interacts
with LptC similarly to unlabeled LOS. The introduction of the
fluorescent moiety did not significantly alter the binding prop-
erties or biological activity of LOS; this demonstrates that fLOS
can be used as a tracer in quantitative analysis. In kinetic ex-
periments, we observed that binding of LOS to LptC is mostly
irreversible, as dissociation time-course experiments with unla-
beled LOS failed to displace the bound ligand. Binding experi-
ments in solution based on LptC tryptophan quenching corro-
borated the results obtained by the resin-capture method,
thus giving an apparent dissociation constant of the same
order of magnitude (K;=28.8 um) and confirming the apparent
irreversibility of fLOS binding.

In vitro transfer of LPS from LptC to LptA—but not vice
versa—occurs in the absence of ATP, possibly implying differ-
ent affinities for LPS by the two proteins, and consistent with
a unidirectional export pathway."? LptC function in vivo re-
quires energy from the LptBFG ABC transporter, and a round
of ATP hydrolysis is necessary to extract LPS from the IM. A
second round of ATP hydrolysis is then required in vivo for LPS
delivery from LptC to LptA."™ Our data indicate that LPS
bound to LptC cannot be released in the absence of either
energy or the higher-affinity LptA protein. Indeed, it has been
recently shown that release of LPS into the periplasm (caused
by defective transport) triggers the extracytoplasmic stress re-
sponse.””’ Overall these data are consistent with the idea that
binding and release of LPS by the Lpt proteins is tightly con-
trolled, to avoid LPS mistargeting and its release into the peri-
plasm.

The Lpt machinery operates downstream of MsbA-mediated
flipping of LPS across the IM, so LptC could be the first protein
of the machinery to interact in the periplasm with newly trans-
located LPS. MsbA is a member of the ATP-binding cassette
(ABC) superfamily of transporters; it alternates between
inward-facing and outward-facing conformations, thereby pre-
senting the substrate-binding pocket to the cytoplasmic and
periplasmic faces of the IM, respectively. These conformational
changes are guided by binding to and hydrolysis of ATP.2% The

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MsbA interaction with lipid A and Ra- and deep rough LPS (Re
LPS) has been studied by ligand-induced quenching of MsbA
intrinsic tryptophan fluorescence.””” Interestingly, lipid A and
the Ra- and Re-LPS variants quenched MsbA Trp fluorescence,
with Ky between 2 and 6 um.?” We calculated here an appar-
ent Ky of 52.4 um for the LPS-LptC interaction, typical for the
affinity of a transporter, and of the same order of magnitude
as K, for the MsbA-LPS interaction. The similar K; values for
LPS-MsbA and LPS-LptC interactions are consistent with
a model of LPS shuttling from MsbA to LptC; irreversible bind-
ing between LptC and LPS (observed in this study) reflects the
peculiar nature of LPS transport across the periplasm. LPS
needs to be properly transferred through the Lpt chain and
not released into the aqueous periplasm.

In this study, new compounds were identified to interact
with LptC at the LPS-binding site. Two compounds, iaxo-102
and its fluorescent analogue 1, were identified as good candi-
dates to compete with LOS for binding to LptC. We have previ-
ously shown that iaxo compounds interact with the LPS-bind-
ing protein CD14, with high affinity and specificity, thereby
leading to TLR4 signaling inhibition in cells and in mice."®' As
CD14 and LptC share the same ligand, we explored the possi-
bility that compounds interfering with CD14 activity (e.g., iaxo)
can be used as scaffolds to generate compounds able to bind
to, and interfere with, LptC activity. Compared to LPS, 1 dis-
played faster association kinetics to LptC, but with fourfold
lower affinity for the protein (apparent K;=221 um). As in the
case of LPS, the presence of the fluorophore did not profound-
ly affect LptC binding affinity, as iaxo-102 presented an appar-
ent K; of 129 pum.

Interestingly, 1 and LPS appear to bind to the LptC protein
at the same site, as demonstrated in competition experiments.
As noted for LPS, binding by 1 is mostly irreversible, thus sug-
gesting a common mechanism of interaction with LptC.

The dissection into single steps of LPS binding and release
through the Lpt machinery provides important information on
the molecular mechanisms underlying LPS transport. Moreover,
the ability to block LPS transport to the cell surface by small
molecules suggests an appealing strategy for a new genera-
tion of antibiotics targeting multiresistant Gram-negative bac-
teria. Rational optimization of the molecular structures of these
compounds (with the aim of improving bioavailability, cell pen-
etration, and LptC affinity) could afford the first generation of
Gram-negative bacteria-specific antibiotics targeting the LPS
transport mechanism.

Experimental Section

LOS extraction and labeling with fluorescein: For rough LPS
(LOS, Ra-LPS) extraction, E. coli strain MG1655 (laboratory collec-
tion)®! was grown at 37°C in LD medium (tryptone (1%), yeast ex-
tract (0.5%), NaCl (0.5%))"?®! for 16 h. This culture was diluted 1:100
in fresh medium and grown to mid-logarithmic phase (ODgy,=0.6).
Cells were then harvested by centrifugation (5000g, 20 min),
washed in NaH,PO, (50 mm, pH 8.0), and stored at —20°C before
extraction. LOS was selectively extracted from dry cells by the PCP
method." Briefly, a solution of phenol (90%)/chloroform/light
petroleum (2:5:8, v/v/v) was prepared; to this was added solid
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phenol until the solution went clear. Dry cells (9.73 g) were sus-
pended in PCP solution (2.5%, (w/v)), stirred for 30 min, and ex-
tracted three times. Then, the light solvents were removed under
vacuum, and LOS was precipitated from the remaining phenol so-
lution by adding water. The solid was centrifuged, collected, sus-
pended in water and dialysed (cut-off 1000 Da) against distilled
water for three days. Finally, it was lyophilized, and 85 mg of pure
LOS was recovered (yield: 0.9% (W, os/Ws). The sample obtained
from this procedure was screened by 'H NMR spectroscopy and
discontinuous SDS-PAGE for contaminants.”” The gel was prepared
with a 15% separating gel (lower gel) and a 5% stacking gel
(upper gel). The gel was silver stained for lipopolysaccharide;*”
this has a sensitivity limit of 1 ug for S-type LPS and 10 pg for of R-
type LPS.

LOS conjugation to FITC: LOS obtained from E. coli MG1655 (see
above) was labeled with fluorescein by the following procedure.
FITC was conjugated to LOS by using an optimized protocol of
a published procedure."™ LOS (20 mg) was treated with triethyla-
mine (0.5%,10 mL) and sonicated on ice for 15 min, then EDTA
(100 mm, 1 mL) was added, followed by HCI (1 m) addition to pH 5.
FITC (100 mg) in borate buffer (0.25m, pH 10.5, 4 mL) was added,
and the mixture was sonicated for 5 min. After addition of sodium
deoxycholate (1.6%, 5mL), the solution was stirred at 37°C for
30 h. The reaction mixture was centrifuged (10000g, 30 min) to
eliminate aggregates, and the supernatant was dialyzed (cut-off
1000 Da) against NaCl (137 mm). The sample was concentrated
and purified with Sephadex G-25 in a PD-10 desalting column (GE
Healthcare), and eluted in water. Fractions containing fLOS were
collected and lyophilized (16 mg). To evaluate labeling efficiency,
the ratio between LOS and FITC concentrations in the sample was
calculated. The concentration of FITC was determined spectropho-
tometrically (£495,n=85000m"'cm™'); the concentration of LOS
was determined by a thiobarbiturate assay,""" which evaluates the
level of KDO (2-keto-3-deoxyoctulosonic acid), a marker sugar for
LPS. In these measurements, a sample of commercial LPS-FITC
(Sigma-Aldrich) was used as the reference. A LOS/FITC labeling
ratio of 1.02:1 was calculated for the sample; the reference
showed a ratio of about 50:1 (LPS/FITC).

Purification of sH-LptC: E. coli M15[pREP4] (Qiagen) harboring
plasmid pQEsH-IptC," which expresses N-terminal His,-tagged
LptC lacking the first 23 residues (sH-LptC), was grown at 30°C in
LD medium® containing kanamycin (25 ugmL™") and ampicillin
(100 pgmL") for 16 h. The culture was diluted (1:100) in fresh LD
medium and grown to mid-logarithmic phase (ODgy, = 0.6). Expres-
sion of sH-LptC was induced by addition of isopropyl-f-p-thioga-
lactopyranoside (IPTG; 0.5 mm; Sigma-Aldrich) and further incubat-
ed for 16-18 h at 20°C. Cells were then harvested by centrifuga-
tion (50009, 20 min). The cell pellet was resuspended in buffer A
(NaH,PO, (50 mwm, pH 8.0), NaCl (300 mwm), imidazole (10 mwm), glyc-
erol (10%)), followed by incubation for 30 min at 4°C with shaking
in the presence of lysozyme (0.2 mgmL™"), DNAse | (100 pgmL~"),
MgCl, (10 mm), and phenylmethylsulfonyl fluoride (PMSF, 1 mwm;
Sigma-Aldrich). Cells were disrupted by a single pass through
a One Shot model French press (Constant Systems, Daventry, UK)
at 25000 psi. Unbroken cells and cell debris were removed by cen-
trifugation (39000g, 30 min, 4°C). The soluble protein was purified
from the supernatant on Ni-NTA agarose columns (Qiagen). The
column was washed with 10 column volumes of 4% buffer B
(NaH,PO, (50 mm, pH8.0) NaCl (300 mm), imidazole (500 mm),
glycerol (10%)) with buffer A. The protein was eluted by using
a stepwise gradient of buffer B (10, 20, 50, 70, and 100%) with buf-
fer A. At each step, one column volume was passed through the
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column. Elution fractions were monitored by 12.5% polyacrylamide
SDS-PAGE. The pooled fractions containing purified protein (>
90%) were dialyzed twice against 100 volumes of buffer C
(NaH,PO, (50 mm, pH8.0), NaCl (150 mm)) in cellulose tubing
(12000 Da cut-off; Thermo Scientific), and finally concentrated in
a Vivaspin 15R column (10000 molecular weight cut-off; Sartorius,
Gottingen, Germany). Protein concentration was determined by
a Coomassie (Bradford) assay kit (Thermo Scientific), with bovine
serum albumin as the standard.

Ligand binding studies by the resin-capture method

Saturation experiments: The in vitro LPS binding assay was based
on a previous protocol with modifications."? Briefly, purified sH-
LptC (50 um) was incubated in buffer C (1 mL) with HisLink protein
purification resin (100 uL; Promega) for 90 min on a rotary shaker
at room temperature, to allow absorption of protein to the resin.
Unbound protein was removed by decanting the resin-bound sH-
LptC and eliminating the supernatant. Resin-bound sH-LptC was in-
cubated in buffer C (1 mL) at room temperature in the dark on
a rotary shaking in the presence of different concentrations of fLOS
(0.1-50 um) or 1 (10-500 pm) for a further 90 min to allow binding
of ligand to the resin-bound sH-LptC. The supernatant (unbound
ligand) was discarded, and the resin was washed three times with
buffer C. The protein-LPS complex was eluted in four steps, each
with buffer C (1 mL) containing imidazole (500 mm). Nonspecific
binding was determined as the binding of the same concentration
of fLOS to Ni-NTA resin in the absence of absorbed sH-LptC. Each
fraction (100 L) was placed in a Costar white flat-bottomed micro-
titer plate (Corning, NY), and fluorescence was measured in a Cary
Eclipse spectrophotometer (1.,=490 nm, A.,,=510 nm, slit=>5 nm;
Varian). The concentration of tracer present in each sample was de-
termined by interpolation with a standard curve (fLOS or 1) and
corrected by subtraction of the nonspecific-binding value. The
amount of sH-LptC bound to the resin and eluted with imidazole
was evaluated for the pooled elution fractions with a Coomassie
(Bradford) assay kit (Thermo Scientific), with bovine serum albumin
as the standard.

Association and dissociation time courses: For the association ex-
periments, labeled ligand (fLOS (500 nm) or 1 (50 pum)) was added
at room temperature, in the dark, to sH-LptC (50 um) adsorbed to
the resin in buffer C (1 mL); the mixture was incubated with shak-
ing for different times (10-150 min). For each time, the supernatant
was removed and samples were washed and eluted as described
above. Dissociation kinetics experiments were performed with the
same tracer concentrations, and incubation with immobilized sH-
LptC for 150 min (volume of reaction =800 uL). Then, LOS (50 um)
and iaxo-102 (500 pm) in buffer C (1 mL) were added for different
times (10-150 min). For each time, the sample was treated as
above.

Competition experiments: Competition experiments were per-
formed for sH-LptC binding to fLOS and 1. For fLOS, resin-bound
sH-LptC (50 um) was incubated (90 min) with a mixture of fLOS
(10 um) and different concentrations of unlabeled LOS (20, 40, 60
and 75 um) in buffer C. After wash and elution steps, the concen-
tration of fLOS bound to sH-LptC was quantified as described
above. For 1, resin-bound sH-LptC (50 um) was incubated with
1 (50 pm) in buffer C (800 pL) for 90 min. Homologous and heterol-
ogous competition experiments were performed by adding iaxo-
102 (200 uL, 100 or 500 um) or LOS (200 uL, 10-100 um) and incu-
bated for a further 90 min. Wash and elution steps were per-
formed; concentrations of tracer bound to resin were determined
as described above.
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Data and statistical analysis: Data from fluorescent ligand binding
assays were evaluated by a nonlinear, least-squares curve-fitting
procedure in Prism (version 4,GraphPad Software, La Jolla, CA). As-
sociation and dissociation time courses were analyzed by one-
phase association and one-phase dissociation exponential decay
curves, respectively. Equilibrium binding data were analyzed in
Prism by using the n-ligand m-binding site model in the Ligand®”
and DESIGN®™ computer programs. Parameter errors are expressed
as percentage CV and were calculated by simultaneous analysis of
at least three independent experiments performed in duplicate or
triplicate. Parameter comparisons were performed based on the F-
test for extra sum of square principle. All curves are computer gen-
erated.

LptC intrinsic fluorescence quenching: Samples containing sH-
LptC (40.7 pum) and fLOS (0-90 pm) were prepared in sodium phos-
phate (50 mm, pH 8) with NaCl (50 mm), incubated (22°C, 90 min)
with agitation (300 rpm), then transferred into a quartz cuvette
(1 cm path length). Fluorescence emission spectra (310-475 nm)
were recorded at 22°C with an Eclipse spectrofluorimeter (Varian;
excitation 295 nm, excitation/emission slits 5 nm). To test binding
reversibility, aliquots of the 45 um fLOS sample were diluted (up to
1:8) at fixed fLOS concentration, and incubated for a further
120 min before fluorescence measurements.

Data analysis for quenching experiments: In the presence of dy-
namic quenching, the fraction of fluorescence intensities in the ab-
sence (Fy) and presence (F) of the quencher (fLOS) is given by the
ratio of the decay rate in the presence (y +k,[fLOS]) and absence
(y) of the quencher (Equation (1)):

=1+ Ky [fLOS] )

Fo _ ¥ +kg[fLOS]
FT Ty

When static quenching also occurs due to binding, Equation (1) ap-
plies only for fluorophores that are not involved in a complex. The
contribution of this fraction can be expressed by Equation (2):

Fo _ [LptClint
F = lpt) (1 + Kayn[fLOS]) (2)

The equations that define the dissociation constant (K ) and the
conservation of total protein and ligand are as follows [Eqs (3), (4),
and (5)]:

_ [LptC][fLOS]
Ke= [complex] @)
[complex] = [LptCl—[LptC] (4)
[fLOS] = [fLOS] ;o —[complex] = [fLOS];ot—[LptCleo: + [LptC] (5)

Combining Equations (1)-(5) it is possible to express Fy/F as a func-
tion of total protein and total ligand concentrations, Ky, and K
[Eq. (6)]

Ky value obtained from free tryptophan experiments (see the
Supporting Information).
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ABSTRACT: An increasing number of pathologies have been
linked to Toll-like receptor 4 (TLR4) activation and signaling,
therefore new hit and lead compounds targeting this receptor
activation process are urgently needed. We report on the
synthesis and biological properties of glycolipids based on
glucose and trehalose scaffolds which potently inhibit TLR4
activation and signaling in vitro and in vivo. Structure—activity
relationship studies on these compounds indicate that the
presence of fatty ester chains in the molecule is a primary

e

prerequisite for biological activity and point to facial amphiphilicity as a preferred architecture for TLR4 antagonism. The cationic
glycolipids here presented can be considered as new lead compounds for the development of drugs targeting TLR4 activation
and signaling in infectious, inflammatory, and autoimmune diseases. Interestingly, the biological activity of the best drug
candidate was retained after adsorption at the surface of colloidal gold nanoparticles, broadening the options for clinical

development.

H INTRODUCTION

Toll-like receptors (TLRs) play a critical role in the recognition
of conserved pathogen-associated molecular patterns (PAMPs)
derived from various microbial pathogens, including viruses,
bacteria, protozoa, and fun%1 and in the subsequent initiation of
innate immune response. Among TLRs, TLR4 selectively
responds to bacterial endotoxin (E), composed of bacterial
lipopolysaccharides (LPS) or part of it (lipooligosaccharides,
LOS, lipid A).>* LPS is the main chemical component of the
Gram negative bacteria outer membrane, and the lipid A, a
negatively charged phosphorylated lipodisaccharide represents
the LPS moiety that is responsible for TLR4 activation through
specific molecular recognition processes (Figure 1).

TLR4 is also activated by endogenous molecules, generally
known as danger-associated molecular patterns (DAMPs).*
Typical DAMPs acting as TLR4 agonists are released as a
consequence of injury and inflammation. Most of the reported
DAMPs are proteins, which are very different from lipid A, and
the molecular details of DAMP interaction with the TLR4
receptorial system are still unknown, although in some cases
endotoxin contamination seems to be responsible for TLR4
activity of DAMPs. Chemical entities that block TLR4
activation by bacterial endotoxin (LPS), thus acting as
antagonists, are hit compounds for developing drugs active
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against acute sepsis and septic shock derived from excessive and
deregulated TLR4 activation and signaling.” On the other hand,
the inhibition of TLR4 stimulation by DAMPs could be used to
contrast a wide range of inflammatory and autoimmune
disorders associated with the release of inflammatory cytokines.
In this context, TLR4 is an emerging molecular target related to
an impressively broad spectrum of modern day disorders
including autoimmune disorders, chronic inflammations,
allergies, asthma, atherosclerosis, aortic aneurysm, CNS
diseases such as neuropathic pain, amyotrophic lateral sclerosis
(ALS), Alzheimer’s disease (AD), and some types of cancer.®
As the majority of these pathologies still lack specific
pharmacological treatment, small molecules active in inhibiting
TLR4 activation have attracted increasing interest in a wide
range of possible clinical settings.”

The molecular mechanism by which endotoxin activate
TLR4 is a complex process® and depends on LPS binding
protein (LBP)’-catalyzed extraction and transfer of individual
LPS molecules from aggregated LPS to the CD14 (cluster of
differentiation 14) receptor'® and then from CD14 to myeloid
differentiation protein 2 (MD-2).""'> This process is followed
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antagonist Eritoran), and cationic amphiphiles (diC14-amidine, IAXO compounds).

by engagement and dimerization of TLR4, thus forming the cell
surface complex (LPS-MD-2-TLR4),'* which initiates the
intracellular signaling by recruiting specific adaptor proteins and
activating downstream signaling pathways.

Several natural and synthetic small molecules are known to
modulate TLR4 activation and subsequent intracellular signal-
ing acting as agonists (activators) or antagonists (inhibitors).6
The majority of these molecules are lipid A variants and
synthetic lipid A mimetics that reproduce the structural motif of
the anionic disaccharide. Monophosphoryl lipid A (MPL) and
some aminoalkyl glucosaminide phosphates (AGPs) are
agonists in use as vaccine adjuvants,'* while underacylated
variants such as natural lipid IVa' and synthetic Eritoran'® are
antagonists (Figure 1). In general, lipid A variants are anionic
lipids, bearing one or two negatively charged phosphate groups
and a hydrophobic domain (lipid chains). Although counter-
intuitive, several cationic lipids made of positively charged
headgroups (usually tertiary or quaternary ammonium salts or
polyamines) and a hydrophobic domain (alkyl chains or
steroids) have been found to be active in modulating TLR4
activity,' acting either as agonists or antagonists of TLR4.
Thus, some positively charged liposomes formed by cationic
amphiphiles induce the expression of pro-inflammatory
mediators. For instance, diC14-amidine (Figure 1) liposomes
trigger the secretion of a cytokine pattern reminiscent of the
TLR4-dependent LPS secretion pattern by activating both
MyD88/NF-kB/JNK and TRAM/TRIF pathways.'"® Other
cationic lipids activate cytokine production through NF-xB-
independent, TRIF-dependent pathways, which requires the
presence of CD14."”?° Structural changes make cationic lipids
switch from agonism to antagonism, as in the case of dioleoyl
trimethylammonium propane (DOTAP), that inhibits TLR4
signal by competing with LPS for interaction with LBP and/or
CD14.>° Complexes of the commercial cationic lipid
formulation lipofectamine with LPS reduce its TLR4 activity.
Interestingly LPS complexed with lipofectamine colocalizes
with CD14 at the cell surface and inside cells but does not
colocalizes with TLR4-MD-2 complex, suggesting that the
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mechanism of inhibition may result from the uncoupling of
CD14 from TLR4-MD-2.*!

Specific binding of amino glycolipids and aromatic
ammonium salts to CD14 (compounds IAXO-101, -102,
-103, Figure 1), was recently shown by our group.””** These
compounds are active in inhibiting LPS-stimulated TLR4-
dependent cytokine production in cells and in animals.>*

Evaluation of transfer of LOS from the monomeric soluble
form of CD14 (sCD14) to Hisstagged CDI14 or MD-2 by
cocapture to a metal chelating resin clearly showed that the
cationic lipids derived from p-glucose or benzylamine inhibit
the transfer of LOS from sCD14 to CD14-Hiss but not the
transfer of LOS from sCD14 to MD-2.2 Finally, saturation
transfer difference (STD) NMR data demonstrated direct
binding of the cationic lipids to CD14, mainly through alkyl
chains.”* Altogether, these data suggest that the lipid tails of
cationic amphiphiles interact with the hydrophobic binding site
of CD14* and compete with LPS or LOS chains. The
carbohydrate scaffold in amino glycolipids probably acts by
preventing random conformations and providing a favorable
orientation of the lipid chains that is reminiscent of that found
in lipid A. Most interestingly, through the interplay of
regioselective functionalization methodologies and conforma-
tional bias, the installation of differentiated cationic and
hydrophobic domains in carbohydrate platforms can be made
compatible with molecular diversity-oriented strategies and
structure—activity relationship (SAR) studies. As a proof of
concept, we have now prepared a series of new cationic
glycoamphiphiles using the monosaccharide methyl a-p-
glucopyranoside and the disaccharide a,a’-trehalose as the
sugar cores. Systematic modification of the cationic heads and
the lipophilic tails and evaluation of their capacity to interfere
with TLR#4 activation and signaling in vitro and in vivo allowed
the identification of a drug lead that has been further
incorporated in gold nanoparticles to test the effect of
multivalent presentation on its biological activity.
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Figure 2. Synthetic monosaccharide and disaccharide protonatable amphiphiles derived, respectively, from p-glucose (1—6) and a,a’-trehalose (7—

11).

B RESULTS AND DISCUSSION

Ligand-Based Rational Design. It is known that the self-
assembling capabilities and the ability of cationic amphiphiles to
interact with CD14 as liposomes or micellar aggre§ates have a
strong impact on their TLR4 modulatory activity.'” Yet, very
little is still known on the molecular aspects underlying the
mechanisms at play, mainly because structural data of cationic
compounds bound to MD-2 or CD14 receptors are still lacking.
Conducting SAR studies on series of homologous cationic
amphiphiles and relating the biological activity to the
aggregation properties is expected to provide new insights in
this matter. Glucose-derived cationic glycolipids are particularly
appealing for this purpose. First, the secondary hydroxyls of the
glucopyranose ring are well suited anchoring points to link
lipophilic chains in a similar orientation as the fatty acid acyl
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chains in lipid A. Second, the incorporation of protonatable
headgroups at the primary position imparts facial amphiphilicity
to the molecule, a biomimetic feature that is associated with
improved cell membrane crossing abilities and proneness to
form supramolecular complexes with complementary biomole-
cules by either electrostatic or hydrophobic interactions.”® On
these grounds, we have now synthesized amino glycolipids
derived from methyl a-p-glucopyranoside (1—6) and from
a,a-trehalose (7—11, Figure 2). The latter can be formally
considered as dimeric homologues of the glucose amphiphiles.
We keep in mind that the confluence of two exoanomeric
effects at the 1—1 interglycosidic linkage in a,a’-trehalose
strongly limits rotation about the glycosidic bonds,”” preserving
a rigid conformation that warrants facial anisotropy after
differential functionalization at the primary and secondary
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positions, even in highly constrained constructs.”® Both the
methyl a-p-glucopyranoside and the a,a’-trehalose scaffolds
have previously demonstrated their efficiency in the design of
TLR4 modulators with anionic amphiphilic structures.”>*°
Structural modifications have been projected by varying the
number, the nature, and the length of the lipid chains and the
number and disposition of amino groups in order to evaluate
how these structural elements influence the TLR4 activity.
Synthesis of Glucose-Derived Cationic Glycolipids.
The syntheses of the tri-O-alkylated 6-amino-6-deoxyglucoside
derivatives 1 and 2 (Scheme 1) were successfully accomplished

Scheme 1. Syntheses of Monosaccharides 1—4“
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“Reagents and conditions: (a) 1-bromohexane, NaH, DMF, overnight,
48% or 1-bromotetradecane, NaH, DMF, 55 °C, 52%; (b) H,, Pd/C,
MeOH, 2 h, 87% or PPhy, THF, then, NH,OH, 50 °C, overnight,
82%; (c) 1M LiAlH, in THF, AICL;, DCM, Et,0, 83%; (d) L,, PPh;,
imidazole, toluene, 94%; (e) HS(CH,),NHBoc, Cs,CO;, DMF, 60
°C, 99%; (£) 1:1 TEA-DCM, 80%; (g) AICl,, DCM, Et,0, 87%; (h) I,
PPh;, imidazole, toluene, 91%; (i) HS(CH,),NHBoc, Cs,CO;, DMF,
60 °C, 95%; (j) 1:1 TFA-CH,CL,, quant.

by reaction of the known methyl 6-azido-6-deoxy-a-p-
glucopyranoside 12*' with hexyl or tetradecyl bromide and
sodium hydride (13 and 14), followed by reduction of the
azido group by either catalytic hydrogenation or Staudinger
reaction with triphenylphosphine and hydrolysis of the
corresponding phosphazene intermediate.*” The target ether-
type amino glycolipids 1 and 2 were isolated as the
corresponding hydrochloride salts.

The 2,3-di-O-hexyl and -O-tetradecyl glucose derivatives 3
and 4 were synthesized from the corresponding 4,6-O-(p-
methoxybenzylidene) protected precursor 15 and 16,
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respectively, which at their turn were obtained by standard
alkylation of methyl 4,6-O-(p-methoxybenzylidene)-a-p-gluco-
pyranoside.** The regioselective opening of the acetal ring of
15 using lithium aluminum hydride (LiAlH,) gave the 4-O-p-
methoxybenzyl (PMB) ether 17. Compound 16 on this side
was completely deprotected on C-4 and C-6 positions using
aluminum trichloride, affording compound 20. Iodination of
the C-6 hydroxyl groups of 17 and 20 using Garegg’s
conditions® afforded compounds 18 and 21, which were
subjected to cesium carbonate-promoted nucleophilic displace-
ment with t-butoxycarbonyl (Boc)-protected cysteamine (20
and 22) and final Boc removal in acidic conditions to give
compounds 3 and 4.

The synthetic routes to obtain compounds $ and 6, having a
tertiary and two primary amino groups in the cationic head
(Scheme 2), are based on the thiourea-forming and the
copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC)
reactions, two “click”-type ligation strategies already proven
very efficient to generate polycationic clusters.’® The
preparation of § started by hexanoylation of methyl 6-deoxy-
6-iodo-a-p-glucopyranoside 23*° (24; Scheme 2, 2a), followed
by nucleophilic displacement of the iodine by Boc-protected
cysteamine (25) and carbamate hydrolysis, afforded the
cysteaminyl derivative 26 in 92% overall yield. Condensation
of 26 with 2-[N,N-bis(2-(N-tert-butoxycarbonylamino)-
ethylamino]ethyl isothiocyanate® and final acid-promoted
Boc deprotection provided S, which was isolated as the
dihydrochloride salt.

The cationic amphiphile 6 was obtained in good yield from
azide 12 by following a divergent synthetic strategy in which
the hydrophobic and cationic domains are sequentially installed
onto the glucopyranoside scaffold. Acylation of 12 with
hexanoic anhydride and N,N-dimethylaminopyridine (DMAP)
in DMF afforded triester 28 (Scheme 2, 2b) that was reacted
with 3-bis[2-(tert-butoxycarbonylamino)ethyl]-
propargylamine®® in the presence of silica-based particles
incorporating bis(pyridyl)amine (BPA) Cu(I) chelating
agent™ to give the triazol adduct 29 in 78% yield. The use of
the solid-supported catalyst has proven advantageous even in
multi-CuAAC ligation strategies, highly simplifying the
purification step to a simple filtration process.*® Acid hydrolysis
of the Boc protecting groups in 29 provided the corresponding
triamine 30, which was next reacted with 2-(N-tert-
butoxycarbonylamino)ethyl isothiocyanate*' to give bis-
(thiourea) 31. Final hydrolysis of the Boc protecting groups
led to the target compound 6.

Syntheses of Trehalose-Derived Cationic Glycolipids.
The strategies implemented for the preparation of the aa’-
trehalose amino glycolipids 7—11 parallel those above
commented for the corresponding ether- (1—4) or ester-type
(5—7) methyl a-p-glucopranoside counterparts. Thus, com-
pounds 7 and 8 were obtained in good overall yield in an
efficient five-step synthesis starting from 6,6'-di-O-trityl-a,a’-
trehalose 32* after alkylation of the six secondary hydroxyl
groups (33 and 34), trityl cleavage with p-toluenesulfonic acid
in DCM-MeOH (35 and 36), Garegg’s iodination of the
primary hydroxyls (37 and 38), nucleophilic displacement of
the iodines with Boc-protected cysteamine (39 and 40), and
hydrolysis of the carbamate groups (Scheme 3). The
hexanoylated analogue 9 was similarly obtained from 6,6"-
dideoxy-6,6'-diiodo-a,a’-trehalose 41" by esterification of the
secondary hydroxyls (42), incorporation of the Boc-protected
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Scheme 2. Syntheses of Monosaccharides 5 (2a) and 6 (Zb)"
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cysteamine substituents at the primary positions (43), and final
deprotection (Scheme 4).

The cationic trehalose amphiphiles 10 and 11 were prepared
starting from the common diazide precursor 44, readily
accessed by nucleophilic displacement of the iodine in 42
with sodium azide by CuAAC ligation using the silica-
supported Si-BPA-Cu"’ catalyst. Thus, sequential reaction of
44 with N-Boc-propargylamine (45), carbamate hydrolysis
(46), thiourea-coupling with Boc-protected 2-aminoethyl
isothiocyanate (47), and final Boc removal yielded the
diaminoethylthioureido adduct 10. Alternatively, the CuAAC
coupling of 44 with 3-bis[2-(tert-butoxycarbonylamino)ethyl]-
propargylamine (48) followed by carbamate hydrolysis afforded
compound 11 (Scheme $).

TLR4 Modulation in HEK-Blue Cells. Cationic amphi-
philes 1—11 were first screened for their capacity to interfere
with TLR4 activation and signaling on HEK-Blue cells. HEK-
Blue cells are stably transfected with TLR4, MD-2, and CD14
genes. In addition, these cells stably express an optimized
alkaline phosphatase gene engineered to be secreted (sAP),
placed under the control of a promoter inducible by several
transcription factors such as NF-kB and AP-1.*" This reporter
gene allows monitoring the activation of TLR4 signal pathway
by endotoxin. Compounds § and 9—11 were inactive in
stimulating TLR4 signal when provided alone while inhibited in
a dose-dependent way the LPS-stimulated TLR4 signal (Table
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1). Compounds 1—4 and 6—8 resulted as being inactive or with
very low activity both as agonists and antagonists.

The lack of significant activity of all compounds bearing Cg
or C,, ether-linked lipophilic chains, namely compounds 1—4
and 7-8, strongly suggests that the presence of ester-type
linkages at the hydrophobic domain is a primary structural
requirement to elicit LPS-antagonist behavior in cationic
glycolipids. From the acylated sublibrary, all compounds are
active with the exception of compound 6, meaning that the
cationic head also has an impact on the TLR4 antagonist
activity. Among these, the trehalose-based disaccharides 9—11,
bearing more compact cationic headgroups, showed higher
potency as TLR4 antagonists than monosaccharide 5. The
observed trend points to a positive relationship between well-
ordered facial amphiphilicity and TLR4 antagonist activity of
cationic glycolipids. In agreement with this, disaccharide 11,
with six hexanoyl chains and six protonable amino groups
oriented toward opposite faces in a rather compact arrange-
ment (Figure 3), proved to be the most active TLR4
antagonist. Compounds §, 9, 10, and 11 were further tested
for their toxicity by a standard MTT viability test, and all
resulted in being nontoxic or with very low toxicity in the
concentration range used to test their activity (Supporting
Information).

Activity on HEK293 Cells Transfected with Human
and Murine MD-2-TLR4. Biologically active cationic glyco-
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Scheme 3. Syntheses of Trehalose Derivatives 7 and 8
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lipids S, 9, 10, and 11 were further examined for their capacity
to stimulate or to inhibit LPS-induced TLR4 activation and
signaling in HEK293 cells transfected with human or murine
TLR4 and MD-2 and a dual luciferase reporter gene (Figure 4).

In the absence of LPS, none of the cationic glycolipids
stimulate TLR4 signaling (no agonist activity) in cells
transfected with hMD-2-hTLR4 or mMD-2-mTLR4. Con-
versely, in the presence of LPS, all compounds were able to
inhibit human and murine MD-2-TLR4 activation in a

concentration-dependent manner. The antagonist potency
(ICs values, Table 1) of 5, 9, 10, and 11 was similar in cells
transfected with human and mouse receptors and also very
similar to the activity found in HEK-Blue cells (Table 1). In
cells transfected with hMD-2-hTLR4 or mMD-2-mTLR4,
triacylated monosaccharide $ and hexacylated disaccharide 9
were less active (ICs, = 3.3—3.9 and 0.8—1.4 uM, respectively)
than disaccharides 10 and 11 (ICs, = 0.6 and 0.2 uM,
respectively). The high potency of trehalose-derived glycolipids
9 and 11 in inhibiting both mouse and human MD-2-TLR4
signals is reminiscent of the activity of synthetic Eritoran that
has potent TLR4 antagonist activity in all species.'®*" In
contrast, natural lipid IVa is agonist on murine and antagonist
on human TLR4.®

Experiments on Murine Macrophages. The activity of
compounds $, 9, and 11 on LPS-induced TLR4 signaling in
bone marrow-derived murine macrophages (BMDM) was
subsequently tested. Compounds $ and 9 showed very low/
no activity in activating TLR4 or in inhibiting LPS-stimulated
TLR4 signal (Supporting Information), while compound 11
(Figure S) gave a concentration-dependent inhibition of IL-6
and TNF-a production at concentrations of 1 and 2 uM
(Figure S), while at 0.1 and 0.5 M, concentrations had no
effect or a slightly potentiating effect.

Aggregation Properties of Cationic Glycolipids.
Cationic lipids can spontaneously assembly into liposomal
structures. Some cationic liposomes induce the expression of
pro-apoptotic and pro-inflammatory mediators through the
activation of cellular pathways.'” However, it is still
controversial if the initiation of inflammatory and apoptotic
response is due to specific interaction with receptors at the cell
surface or to the internalization of liposomes into cells through
endocytosis and endocytosis-like mechanisms followed by
interaction of charged compounds with downstream effectors.
In the particular case of cationic lipids modulating TLR4
activity, there is no information available on whether aggregated
species or single molecules are the active species. To have an
insight in this question, we have determined the critical micelle
concentrations (CMC) of cationic glycolipids §, 9, 10, and 11
using an established technique based on the polarity-induced
change in the fluorescence spectra of pyrene when incorporated
in micelles formed by synthetic compounds (Table 2).*® In all

Scheme 4. Synthesis of Trehalose Derivative 9
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Scheme S. Syntheses of Trehalose Derivatives 10 and 11¢
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Table 1. TLR4 Antagonist Activity of Cationic Glycolipids 5 and 9—11 on HEK-Blue Cells, HEK293 hMD-2/hTLR4, and
HEK293 mMD-2/mTLR4 Stimulated with E. coli 055:B5 LPS (10 nM)

compd HEK-Blue
s 37 +£04
9 13 +0.1
10 S0+ 10
11 0.6 + 0.05

1C5o (uM)
HEK293 hMD-2'hTLR4 HEK293 mMD-2-mTLR4
39+ 15 33+12
14 +£03 0.8 +£0.2
0.6 + 0.02 0.6 + 003
02 + 0.02 02 + 003

cases, the CMC values of active compounds are higher than the
corresponding ICy, values as TLR4 antagonists, suggesting that
the biologically active species are prevalently single molecules
in solution.

Synthesis and Biological Activity of Gold Nano-
particles Coated with Glycolipid 11. LPS is an amphiphilic
molecule, and it is mainly present in the form of micellar
aggregates in a concentration range that is relevant for its
biological activity. It has been recently proposed that the
multiple presentation of LPS or other TLR4 ligands on
nanoparticles could be a way to potentiate the agonist or
antagonist action of chemicals by mimicking the 3D-structure
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of LPS aggregates.“’48 Moreover, the possibility of in vitro
and/or in vivo delivery based on NP is considered advanta-
geous for clinical development, as it can maximize the
effectiveness of drugs, minimize the invasiveness and toxic
side effects, and speed up the clinical development program. To
test the suitability of this approach in the case of cationic
glycolipids, the preparation and biological evaluation of gold
nanoparticles coated with the most active compound 11 has
been undertaken. Colloidal gold nanoparticles were synthesized
by a variation of the Brust—Schiffrin method*” and coated by
surface adsorption with the a,a’'-trehalose derivative 11. The
resulting cationic glycolipid-modified nanoparticles (11-NP)

dx.doi.org/10.1021/jm501182w | J. Med. Chem. 2014, 57, 9105-9123



Figure 3. 3D molecular model of compound 11 (cationic headgroups
in red, triazol linkers in blue, a,a'-trehalose scaffold in orange,
hexanoyl chains in green) evidencing its compact facial amphiphilic
character. Hydrogens have been omitted for the sake of clarity.

kept a small size with low polydispersity. Most interestingly,
they retained the biological activity without apparent increase in
cytotoxicity. These results represent a proof-of-concept of the
possibility of developing nanoparticulate systems based on
cationic glycolipids as modulators of TLR4 signaling pathway,
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Figure S. BMDM were treated with increasing concentrations (0—2
M) of compound 11 in RPMI + FBS 10% in the presence of LPS,
administered 1 h after the treatment with synthetic compound. The
ELISA assay, performed after overnight incubation, revealed a dose
dependent decrease of LPS-induced IL-6 and TNF-a production.
Cytokines productions in cells not treated with LPS are reported as
negative controls.

Table 2. Critical Micelle Concentrations (CMC) in Aqueous
Envir t of TLR4 A i

compd CMC (uM)
s $9.7 + 74
9 97.7 £ 10.0
10 109 + 2.1
11 350.5 £ 70.5

an approach previously demonstrated only for LPS itself.*” On
the basis of these data, the prepared 11-NP nanoparticles were
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Figure 4. Dose-dependent inhibition of LPS-stimulated TLR4 activation by synthetic glycolipids. HEK293 cells transfected with human MD-2-TLR4
(red line) or murine MD-2/TLR4 (blue line) were treated with increasing concentrations of compounds and stimulated with LPS (S nM).

Normalized data are representative of three independent experiments.
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Figure 6. Dose-dependent TLR4 antagonism in HEK293 cells treated with DTT-Au-NP-11. HEK293 cells were transfected with NF-xB-dependent
luciferase and constitutive Renilla luciferase reporter plasmids as well as with (A) human or (B) murine MD-2 and TLR4 plasmids. The indicated
amount of the DTT-Au-NP-11 was added to the cells, followed 1 h later by stimulation with LPS. Luciferase activity was measured 16 h later.

engaged in an in vivo assay. The inhibitory activity of the
nanoparticles coated with glycolipid 11 was tested on HEK293
cells. They exhibited strong LPS inhibitory activity already at
very low concentrations (Figure 6A,B) on the human as well as
the murine MD-2-TLR4 receptor complex.

In Vivo Activity. Because the synthesized compounds
exhibited strong inhibition of the LPS-induced MD-2-TLR4
activation in vitro, we next wished to determine their inhibitory
potential in vivo. All four selected candidates (5, 9, 10, and 11)
potently inhibited the LPS-induced immune activation in C57/
BI6 mice (Figure 7). The strongest inhibition was exhibited by

TNFalpha [pg/mi]

Figure 7. In vivo activity of cationic amphiphiles. C57/BI6 mice were
injected ip with the indicated compounds (2 X 1077 mol/mouse),
followed 1 h later by ip injection of LPS (1 X 10~ mol/mouse). Three
hours later, sera were collected and TNF-a concentration was
determined by ELISA (data shown with mean and standard error, N
= 5—6) two-tailed t test (* p < 0.1; ** p < 0.01—compared to
>LPS< ) (# not significant—compared to >none<< ).

compound 11, which totally abolished LPS-induced immune
activation. Results in Figure 7 show that compounds $, 9, 10,
and 11 are strong MD-2-TLR4 inhibitors not only in vitro but
also in vivo.

B CONCLUSIONS AND PERSPECTIVES

New cationic amphiphiles 1—11 based on monosaccharide and
disaccharide glycolipid scaffolds have been designed, synthe-
sized, and their capacity to modulate TLR4 activation and
signaling evaluated. Glucose-based compound 5 and trehalose-

9113

based compounds 9—11 were active in inhibiting the LPS-
triggered TLR4 activation and signaling in HEK cells, with ICs,
values ranging from about 5 to 0.2 uM. The cell toxicity of
these molecules is low, and the potency of TLR4 antagonism is
in the same order of magnitude of the best synthetic TLR4
antagonists so far tested by us> and other groups.®® The active
molecules inhibited the TLR4 signal in HEK cells transfected
with human and murine MD-2-TLR4 complexes with very
similar potency, similarly to the very efficient TLR4 antagonist
Eritoran and differently from the natural TLR4 antagonist lipid
IVa that has species-specific activity (antagonist on human and
agonist on mice MD-2-TLR4). Compounds §, 9, 10, and 11
significantly inhibited LPS-triggered IL-6 production in mice,
with compound 11 showing the most evident effect. Because
these compounds are active in vitro and in vivo and show low
toxicity, they represent good leads for the development of drugs
targeting TLR4 signaling.

The biological evaluation of active compounds compared to
inactive, structurally related monosaccharides (compounds 1—4
and 6) and disaccharides (compounds 7 and 8) suggests some
general structure—activity relationships in this type of
compounds: (i) the presence of acyl lipophilic chains at the
hydrophobic domain seems to be a primary requisite because
all compounds with ether bonds are inactive, and (ii) the higher
in vitro and in vivo activity of compound 11 suggests that the
trehalose scaffold favors the biological activity, probably by
providing a well-ordered facial amphiphilic character. Com-
pound 11 adsorbed on gold nanoparticles (11-NP) is still active
as TLR4 antagonist in cells, but the high toxicity of these
functionalized nanoparticles could prevent their use in vivo as
carriers for TLR4 antagonists.

Finally, the experimentally determined CMC values for
cationic glycolipids 5 and 9—11 are 1 order of magnitude
higher than the corresponding ICs, as TLR4 antagonists,
suggesting that they are active as single monomers in solution.
This very likely means that specific molecular interaction with
CD14 and MD-2 receptors regulate the TLR4 activity of these
compounds. It will be important in the future to define more
precisely the molecular determinants of the interaction with
CD14 and MD-2 receptors to allow a structure-based rational
design of cationic TLR4 modulators.

B EXPERIMENTAL SECTION

General Synthetic Methods. Optical rotations were measured at
20 +2 °Cin 1 dm tubes on a Jasco P-2000 polarimeter. Ultraviolet—
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visible (UV) spectra were recorded in 1 cm tubes on a Jasco V-630
spectrophotometer. Infrared (IR) spectra were recorded on a Jasco
ATR MIRacle spectrophotometer. 'H (and *C NMR) spectra were
recorded at 300 (75.5) and S00 (125.7) MHz with Bruker 300 AMX,
500 AMX, and 500 DRX. 1D TOCSY, 2D COSY, HMQC, and HSQC
experiments were used to assist on NMR assignments. Thin-layer
chromatography (TLC) was carried out on aluminum sheets coated
with Silica Gel 60 F,g, Merck with visualization by UV light and by
charring with 10% H,SO,. With preparative purposes, column
chromatography was carried out on Silica Gel 60 F,5, Merck. ESI
mass spectra were recorded in the positive mode on a Bruker
Daltonics esquire6000 ion-trap mass spectrometer. Typically, samples
were dissolved in appropriate volumes of deionized water to give
samples concentration of 50 mg/L. Aliquots were mixed with 25:25:1
deionized water—methanol—trifluoroacetic acid, generally in a ratio of
1:10, to give a total volume of 200 yL. Samples were introduced by
direct infusion, using a Cole—Parmer syringe at a flow rate of 2 uL/
min. Ions were scanned between 300 and 3000 Da with a scan speed
of 13000 Da/s at unit resolution using resonance ejection at the
multipole resonance of one-third of the radio frequency (Q = 781.25
kHz). Calibration of the mass spectrometer was performed using ES
tuning mix (Hewlett-Packard). Recorded data were processed using
Bruker Daltonics Esquire S.0 software (Bruker). Elemental analyses
were carried out at the Instituto de Investigaciones Quimicas (Sevilla,
Spain) using an elemental analyzer Leco CHNS-932 or Leco TruSpec
CHN.

Methyl 6fazido—6—deoxy—t.t—nglucopyranr)side,ZB methyl 4,6-0-(4-
methoxybenzylidene)-a-p-glucopyranoside,* methyl 6-deoxy-6-iodo-
a-p-glucopyranoside,®  2-[N,N-bis(2-(N-tert-butoxyaminocarbonyl)-
ethylamino]ethyl isothiocyamate,37 6,6'-dideoxy-6,6'-diiodo-a,a'-treha-
lose 41, 6,6'-di-O-trityl-a,a'-trehalose 32,2 N-(2-isothiocyanoethyl)
tert-butylcarbamate,*’ and 3-bis[2-tert-butoxycarbonylamino )ethyl]-
propargylamine®® were obtained according to described procedures.
Purity of all final compounds was confirmed to be >95% by 'H NMR
and combustion microanalysis.

Methyl 6-Azido-6-deoxy-2,3,4-tri-O-hexyl-a-p-glucopyranoside
(13). To a solution of methyl 6-azido-6-deoxy-a-p-glucopyranoside
(0.40 m, 1.82 mmol) in dry DMF (9 mL), NaH (0.65 g, 16.42 mmol)
was added, under Ar atmosphere, at 0 °C. Then 1-bromohexane (2.3
mL, 16.42 mmol) was added dropwise, and the reaction mixture was
stirred overnight at rt. The solvent was evaporated and the residue
diluted in DCM (10 mL) and washed with H,O (2 X 10 mL). The
organic layer was dried (MgSO,), concentrated, and purified by
column chromatography (1:30 EtOAc—cyclohexane). Yield 48% (0.50
m, 1.06 mmol); R = 0.34 (1:18 EtOAc—cyclohexane); [a];, = +90.0 (¢
1.0, DCM). IR: v, = 2099, 1094 cm™’. 'H NMR (300 MHz,
CDCLy): 6 =474 (d, 1 H, J,, = 3.5 Hz, H-1), 3.79, 3.64, 3.58 (m, 6 H,
OCH,), 3.67 (m, 1 H, H-3), 3.64—3.24 (m, 2 H, H-3, H-6a), 3.39 (s, 3
H, OCHy), 335 (m, 1 H, H-6b), 323 (dd, 1 H, J,; = 9.6 Hz, H-2),
312 (4 1 H, J;4 = J;5 = 9.3 Hz, H-4), 1.55 (m, 6 H, CH,), 1.27 (m, 18
H, CH,), 0.86 (m, 9 H, CH,). C NMR (75.5 MHz, CDCL,): & =
98.0 (C-1), 81.3 (C-3), 80.7 (C-2), 788 (C-4), 73.7, 73.6, 71.8
(OCH,), 702 (C-5), 5§52 (OCH}), 515 (C-6), 31.7-22.6 (CH,),
143 (CH,). ESI MS: m/z = 965.8 [2 M + Nal’, 494.6 [M + Nal*.
Anal. Caled for C,sHyN;Og: C, 63.66; H, 10.47; N, 8.91. Found: C,
63.72; H, 10.97; N, 8.33.

Methyl 6-Amino-6-deoxy-2,3,4-tri-O-hexyl-a-p-glucopyranoside
Hydrochloride (1). To a solution of 13 (0.1 g 0.32 mmol) in
degassed MeOH (12 mL), Pd/C (10%, 0.06 g) was added and the
mixture was stirred under H, atmosphere (1 bar) at rt until complete
consumption of the starting compound. The catalyst was filtered off,
the solution concentrated, and the resulting residue purified by column
chromatography (1:9 EtOAc—cyclohexane — 45:5:3 EtOAc—EtOH—
H,0) and freeze-dried from 0.1 N HCI solution. Yield 87% (0.12 g,
0.26 mmol); [a], = +83.0 (¢ 1.0, DCM). '"H NMR (300 MHz,
CD;0D): 6 = 4.82 (d, 1 H, J,, = 3.4 Hz, H-1), 3.81, 3.64, 3.56 (m, 6
H, OCH,), 3.65 (m, 1 H, H-5),3.53 (t, L H, J,; = J3, = 9.3 Hz, H-3),
3.41 (s, 3 H, OCH,), 3.25 (dd, 1 H, H-2), 3.11 (dd, 1 H, Jg, = 13.1
Hz, s, = 2.7 Hz, H-6a), 3.01 (t, 1 H, J,5 = 9.3 Hz, H-4), 2.84 (dd, 1
H, Jsg = 8.5 Hz, H-6b), 1.56 (m, 6 H, CH,), 1.33 (m, 18 H, CH,),
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0.91 (m, 9 H, CH;). 3C NMR (75.5 MHz, CD;0D): § = 99.1 (C-1),
82.6 (C-3), 81.8 (C-2), 81.1 (C-4), 74.5, 74.3, 72.2 (OCH,), 70.7 (C-
S), 55.8 (OCHj,), 42.9 (C-6), 33.0—24.2 (CH,), 14.4 (CH,). ESIMS:
m/z = 8917 [2 M + H], 4465 [M + H]*. Anal. Caled for
C,Hy NOSHCI: C, 6228; H, 10.87; N, 2.91. Found: C, 62.33; H,
10.69; N, 2.70.

Methyl 6-Azido-6-deoxy-2,3,4-tri-O-tetradecyl-a-p-glucopyrano-
side (14). To a solution of methyl 6-azido-6-deoxy-a-p-glucopyrano-
side (0.28 g, 1.30 mmol) in dry DMF (4 mL), NaH (0.55 mg, 13.60
mmol) was added, under Ar atmosphere, at 0 °C. Then 1-
bromotetradecane (4.1 mL, 13.60 mmol) was added dropwise, and
the reaction mixture was stirred overnight at 55 °C. The solvent was
evaporated and the residue diluted in DCM (10 mL) and washed with
H,0 (2 X 10 mL). The organic layer was dried (MgSO,),
concentrated, and purified by column chromatography (cyclohexane
— 1:40 EtOAc—cyclohexane). Yield 42% (0.4S g, 0.26 mmol); R; =
0.25 (1:15 EtOAc—cyclohexane); [a]p = +52.1 (¢ 1.0, DCM). IR: vy,
= 2100, 1096 cm™". '"H NMR (300 MHz, CDCL,): § = 476 (d, 1 H,
Ji2 = 3.4 Hz, H-1), 3.79, 3.64, 3,58 (m, 6 H, OCH,), 3.69 (m, 1 H, H-
S), 3.66—3.44 (m, 2 H, H-3, H-6a), 3.39 (s, 3 H, OCH,), 3.37 (dd, 1
H, Joe0 = 13.3 Hz, J5 4, = 5.5 Hz, H-6b), 325 (dd, 1 H, J,; = 9.4 Hz,
H-2),3.13 (t, 1 H, J34 = J,5 = 94 Hz, H-4), 1.57 (m, 6 H, CH,), 1.27
(m, 66 H, CH,), 0.86 (m, 9 H, CH,). 3C NMR (75.5 MHz, CDCL,):
& =98.0 (C-1), 81.3 (C-3), 80.7 (C-2), 78.8 (C-4), 73.7, 73.6, 71.8
(OCH,), 702 (C-§), 552 (OCHj), 51.5 (C-6), 31.9-22.7 (CH,),
14.1 (CH). ESI MS: m/z = 830.8 [M + Na]’. Anal. Calcd for
C4oHy;N;O5: C, 72.81; H, 12.10; N, 5.20. Found: C, 72.89; H, 11.87;
N, 4.88.

Methyl 6-Amino-6-deoxy-2,3,4-tri-O-tetradecyl-a-p-glucopyrano-
side Hydrochloride (2). To a solution of 14 (0.1S g, 0.19 mmol) in
THEF (16.4 mL), TPP (0.10 g, 0.39 mmol) was added and the mixture
was stirred at rt for 15 min. Then NH,OH (1.6 mL) was added, the
solution was stirred overnight at S0 °C, and then concentrated. The
resulting residue was purified by column chromatography (EtOAc —
9:1 DCM—MeOH) and freeze-dried from 10:1 H,0-HCl 0.1 N
solution. Yield 82% (0.13 mg, 0.16 mmol); [a], = +43.2 (c L0,
DCM). IR: 1y, = 1092 cm ™. "H NMR (300 MHz, CDCl,): § = 4.79
(d, 1 H, J,, = 34 Hz, H-1), 3.78, 3.60, 3.55 (m, 7 H, OCH,, H-3),
3.73 (m, 1 H, H-5), 346 (s, 3 H, OCH,), 327 (m, 1 H, H-6a), 322
(dd, 1 H, J,, = 9.5 Hz, H-2), 2.95 (m, 2 H, H-4, H-6b), 1.55 (m, 6 H,
CH,), 125 (m, 66 H, CH,), 0.87 (t, 9 H, ¥y = 6.6 Hz, CH,). °C
NMR (75.5 MHz, CD,0D): 5 = 98.0 (C-1), 81.0 (C-3), 80.4 (C-2),
79.9 (C-4), 772 (C-5), 73.7, 73.5, 71.8 (OCH,), 67.1 (C-6), 55.9
(OCH,), 31.9-22.7 (CH,), 14.0 (CH,). ESI MS: m/z = 783.0 [M +
H]". Anal. Calcd for CyHoNOGHCL: C, 71.88; H, 12.31; N, 1.71.
Found: C, 71.64; H, 12.26; N, 1.49.

Methyl 4,6-O-(4-Methoxybenzylidene)-2,3-di-O-hexyl-a-p-gluco-
pyranoside (15). To a solution of methyl 4,6-O-(4-methoxybenzyli-
dene)-a-p-glucopyranoside (0.80 g, 2.57 mmol) in DMF (8 mL), NaH
(0.62 g 1542 mmol) was added. Then, 1-bromohexane (1.8 mL,
12.85 mmol) was added dropwise, and the resulting mixture was
stirred at 60 °C overnight. After cooling to rt, the reaction was
quenched with MeOH (2 mL) and the solution was stirred for 20 min.
Solvents were then evaporated, and the residue was diluted with
EtOAc (50 mL) and citric acid (satd aq soln, 40 mL). The layers were
separated, and the organic phase was washed with H,0 (3 X 40 mL),
dried (MgSO,), evaporated, and purified by column chromatography
(1:9 EtOAc—cyclohexane). Yield 57% (0.71 g, 0.15 mmol); R; = 0.44
(1:9 EtOAc—cyclohexane); [a]p = +37.2 (¢ 1.0, DCM). 'H NMR
(300 MHz, CDCly): 8 = 7.39, 6.87 (2 d, 4 H, A,X,, aromatics), 5.49 (s,
1 H, PhCH), 478 (d, 1 H, J,, = 3.8 Hz, H-1), 425 (dd, 1 H, Jo, ¢, =
9.6 Hz, J5 ¢, = 4.5 Hz, H-6a), 3.80 (s, 3 H, PhOCH,), 3.76 (m, 1 H, H-
$), 372 (t, 1 H, J,3 = J54 = 92 Hz, H-3) 3.72-3.57 (m, S H, H-6b,
OCH,), 347 (t, 1 H, J,5 = 9.2 Hz, H-4), 342 (s, 3 H, OCH,), 3.34
(dd, 1 H, H-2), 1.66—1.49 (m, 4 H, CH,), 1.41-1.18 (m, 12 H, CH,),
0.88, 0.84 (2't, 6 H, *Jyy = 6.5 Hz, CH;). *C NMR (75.5 MHg,
CDCly): 6 = 159.9-113.5 (Ph), 101.2 (PhCH), 99.1 (C-1), 81.9 (C-
4),80.4 (C-2),782 (C-3), 73.4, 722 (OCH,), 69.0 (C-6), 62.4 (C-5),
55.6 (OCHs), 31.7-22.6 (CH,), 14.0 (CH,). ESI MS: m/z: 519.5 [M
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+KJ%, 503.6 [M + Na]*. Anal. Caled for C,,Hy,Os: C, 67.47; H, 9.23.
Found: C, 67.54; H, 9.30.

Methyl 4,6-O-(4-Methoxybenzylidene)-2,3-di-O-tetradecyl-a-p-
glucopyranoside (16).>" To a solution of methyl 4,6-0-(4-
methoxybenzylidene)-a-p-glucopyranoside (0.80 g, 2.57 mmol) in
DMF (8 mL), NaH (60% suspension in mineral oil, 0.62 g, 15.42
mmol) was carefully added in small portions. Tetradecyl bromide (3.8
mL, 12.85 mmol) was added dropwise and the resulting mixture was
stirred at 60 °C overnight. After cooling to rt, the mixture was
quenched with methanol (2 mL) then the solution was stirred for 20
min. Solvents were then evaporated and the residue was diluted with
EtOAc (50 mL). Citric acid (satd aq soln, 40 mL) was added, the
layers were separated, the organic layer was washed with water (3 X 40
mL), dried (Na,SO,) and evaporated. Flash column chromatography
on silica gel of the residue (1:9 EtOAc—cyclohexane) afforded 16.
Yield 74% (1.33 g, 1.89 mmol); R; = 0.65 (1:9 EtOAc—cyclohexane);
[a]p = +23.3 (¢ 1.0 in CHCL). '"H NMR (300 MHz, CDCLy): § =
7.40, 6.87 (2 d, 4 H, A,X,, aromatics), 5.49 (s, 1 H, PhCH), 4.78 (d, 1
H, J,, = 3.8 Hz, H-1), 425 (dd, 1 H, Je, 6, = 9:6, J5, = 4.6 Hz, H-6a),
3.80 (s, 3 H, OCHy), 3.76 (m, 1 H, H-5), 3.75-3.59 (m, 6 H, H-3,
H6b, OCH,), 347 (t, 1 H, J34 = J,5 = 9.3 Hz, H-4), 3.42 (s, 3 H,
OCH;), 3.34 (dd, 1 H, ], = 9.3, H-2), 1.70—149 (m, 4 H, CH,), 1.22
(bs, 44 H, CH,), 0.87 (t, 6 H, *J = 5.8 Hz, CH;). *C NMR (75.5
MHz, CDCL): 6 = 159.1, 1300, 127.3, 113.5 (Ph), 101.2 (PhCH),
99.1 (C-1), 81.9 (C-4), 80.4 (C-2), 782 (C-3), 73.4, 72.3 (OCH,),
69.0 (C-6), 62.4 (C-5), 55.2 (OCHjy), 31.9-22.7 (CH,), 14.1 (CH;).
ESI MS: m/z: 503.6 [M + Nal*, 519.5 [M + K]*.

Methyl 2,3-Di-O-hexyl-4-O-(p-methoxybenzyl)-a-p-glucopyrano-
side (17). To a solution of 15 (0.71 g 148 mmol) in a mixture of
Et,0—-DCM (2:1, 75 mL), under Ar atmosphere, 1 M LiAlH, in THF
(7.4 mL, 7.40 mmol) and AICI; (0.81 g, 6.06 mmol) in Et,0 (25 mL)
were added dropwise, and the resulting mixture was refluxed for 4 h.
After cooling to rt, EtOAc (250 mL) and H,0 (250 mL) were added.
The organic layer was washed with brine (2 X 200 mL), dried
(MgSO,), evaporated, and purified by column chromatography (1:2
EtOAc—cyclohexane). Yield 83% (0.60 g, 1.22 mmol); R; = 0.26 (1:2
EtOAc—cyclohexane); [a]p = +76.2 (¢ 1.0, DCM). IR: v,,,= 1076,
1035 cm ™. "H NMR (300 MHz, CDCly): & =7.26, 6.87 (A)X, system,
4 H, aromatics), 4.81 (d, 1 H, *Jyy, s, = 10.8 Hz, PhCHa), 4.75 (d, 1 H,

12 = 3.5 Hz, H-1), 4.57 (d, 1 H, PhCHD), 3.86 (m, 1 H, OCH,), 3.79
($, 3 H, PhOCH,), 3.77-3.64 (m, 3 H, H-6a, H-6b, OCH,), 3.68 (m,
1 H, H-3), 3.67-3.53 (m, 3 H, OCH,, H-5), 342 (t, 1 H, ]34 = J;5 =
9.5 Hz, H-4), 3.37 (s, 3 H, OCH,), 326 (dd, 1 H, J,; = 9.5 Hz, H-2),
1.75 (bs, 1 H, OH), 1.64—1.57 (m, 4 H, CH,), 1.37—1.28 (m, 12 H,
CH,), 0.8 (t, 6 H, Jyy1y = 7.0 Hz, CHj), 0.87 (t, 6 H, Jyy 4 = 6.8 Hz,
CH,). *C NMR (75.5 MHz, CDCI,): 5 =159.3—113.8 (Ph), 98.0 (C-
1), 81.6 (C-3), 80.8 (C-2), 77.1 (C-4), 745 (PhCH,), 737, 71.7
(OCH,), 706 (C-5), 62.0 (C-6), 552, 550 (OCH,), 31.8—22.6
(CH,), 14.0 (CH,). ESI MS: m/z: 505.6 [M + Na]*, 521.5 [M + K]*.
Anal. Calcd for C,;H,,0: C, 67.19; H, 9.61. Found: C, 66.92; H, 9.67.

Methyl 6-Deoxy-2,3-di-O-hexyl-6-iodo-4-O-(p-methoxybenzyl)-a-
p-glucopyranoside (19). To a solution of 17 (0.60 g, 1.23 mmol) in
toluene (25 mL), TPP (0.49 g, 1.85 mmol) and imidazole (0.25 g, 3.70
mmol) were added. lodine (0.49 g, 1.73 mmol) was added in portions,
and the resulting solution was stirred at 70 °C for § h. After cooling at
rt, NaHCO; satd (25 mL) was added and the mixture was stirred for S
min. Additional iodine was added, and the mixture was stirred for 10
min. Then Na,$,0; aq 10% was added to remove the iodine excess.
The organic layer was separated, washed with H,O (3 X 25 mL), dried
(MgS0,), filtered, concentrated, and purified by column chromatog-
raphy (1:4 BtOAc—cyclohexane). Yield 94% (0.69 g, 1.16 mmol); R;=
0.52 (1:4 EtOAc—cyclohexane); [a]p, = +84.3 (¢ 1.0, DCM). '"H NMR
(300 MHz, CDCly): 6 = 7.26, 6.88 (A,X, system, 4 H,, aromatics),
4.87 (d, 1 H, *Jyy, s, = 10.6 Hz, PhCHa), 4.77 (d, 1 H, ], , = 3.4 Hz, H-
1), 462 (d, 1 H, PhCHb), 387 (m, 1 H, CH,), 3.80 (s, 3 H,
PhOCHj;), 3.75-3.64 (m, 2 H, H-3, OCH,), 3.63-3.50 (m, 2 H,
OCH,), 346 (dd, 1 H, Jo,q = 10.4 Hz, J; ¢, = 2.4 Hz, H-6a), 342 (s, 3
H, OCH,), 3.37 (m, 1 H, H-5), 3.35-3.26 (m, 2 H, H-2, H-6b), 3.24
(t 1H, Jy4 = J45 = 9.0 Hz, H-4), 1.66—1.55 (m, 4 H, CH,), 1.39-1.25
(m, 12 H, CH,), 0.8 (t, 6 H, Jy;y; = 6.5 Hz, CHy), 0.87 (t, 6 H, 1y
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= 6.8 Hz, CH,). *C NMR (75.5 MHz, CDCl;): § =159.4—113.9 (Ph),
98.0 (C-1), 81.2 (C-3), 81.1 (C-2), 80.8 (C-4), 74.9 (PhCH,), 73.7,
71.7 (OCH,), 69.2 (C-5), 55.4, 55.2 (OCHj), 31.7-22.6 (CH,), 14.0
(CH,), 8.1 (C-6). ESI MS: m/z: 631.3 [M + K]*, 615.4 [M + Na]".
Anal. Caled for Cy,H,gIOg: C, 54.73; H, 7.65. Found: C, 54.88; H,
7.71.

Methyl 6-(2-tert-Butoxycarbonylaminoethylthio)-2,3-di-O-hexyl-
4-O-p-methoxybenzyl-a-p-glucopyranoside (21). To a suspension of
19 (0.69 g, 1.16 mmol) and Cs,CO; (0.53 g, 1.62 mmol) in dry DMF
(10 mL), tert-butyl (2-mercaptoethyl)carbamate (0.27 mL, 1.62
mmol) was added and the reaction mixture was stirred at 60 °C,
under Ar atmosphere, for 24 h. The mixture was concentrated, EtOAc
(25 mL) and water (25 mL) were added, and then the organic layer
was separated, washed with H,O (3 X 25 mL), dried (MgSO,),
filtered, and concentrated and the residue was purified by column
chromatography (1:6 — 1:4 EtOAc—cyclohexane). Yield 99% (0.74 g,
1.15 mmol); R¢ = 0.17 (1:6 EtOAc—cyclohexane); [a]p, = +64.2 (c 1.0,
DCM). IR: 1y, = 1714 cm™. 'H NMR (300 MHz, CDCL,): § = 7.24,
6.87 (2 d, 4 H, *Jyy 4 = 8.7 Hz, aromatics), 4.98 (bs, 1 H, NH), 4.84 (d,
1 H, >y, = 10.8 Hz, PhCHa), 4.74 (d, 1 H, ], = 3.4 Hz, H-1), 4.54
(d, 1 H, PhCHb), 3.85 (m, 1 H, OCH,), 3.79 (s, 3 H, PhOCHj;),
3.74-3.52 (m, 3 H, OCH,), 3.71 (m, 1 H, H-5), 3.64 (t, L H, J,5 = ]34
= 9.3 Hz, H-3), 3.40 (s, 3 H, OCH,), 3.31-3.25 (m, 4 H, H-2, H-4,
CH,N), 2.84 (dd, 1 H, Jg 0 = 13.9 Hz, ], = 2.6 Hz, H-6a), 2.71 (£, 2
H, gy = 64 Hz, CH,S), 2.57 (dd, 1 H, Jg, = 7.5 Hz, H-6b), 1.65—
1.55 (m, 4 H, CH,), 1.44 (s, 9 H, CMe,), 1.36—1.24 (m, 12 H, CH,),
0.88, 0.87 (2 t, 6 H, *Jyy = 6.6 Hz, CH,). *C NMR (75.5 MHg,
CDCly): 6 = 159.3 (CO), 130.5-113.9 (Ph), 97.8 (C-1), 81.6 (C-3),
80.9 (C-2), 80.1 (C-4), 79.3 (CMe;), 74.7 (CH,Ph), 73.7, 71.7 (2
CH,), 70.7 (C-5), 553, 55.0 (2 OCHj), 39.7 (CH,N), 33.6 (C-6),
33.5 (CH,S), 31.7-29.6 (CH,), 28.4 (CMe;), 26.9—22.6 (CH,), 14.0
(CHj). ESI MS: m/z: 664 [M + Na]*, 680 [M + K]*. Anal. Calcd for
CyHyoNOsS: C, 63.62; H, 9.26; N, 2.18; S, 5.00. Found: C, 63.73; H,
921; N, 1.98; S, 4.86.

Methyl 6-(2-Aminoethylthio)-2,3-di-O-hexyl-a-p-glucopyranoside
Hydrochloride (3). Treatment of 21 (0.35 g, 0.55 mmol) with 1:1
TFA-DCM (2 mL) and freeze-drying from 10:1 H,0/0.1 N HCI
solution afforded 3. Yield quant (0.20 g, 0.54 mmol); R; = 0.45 (45:5:3
EtOAc—EtOH-H,0); [a]p = +74.4 (c 1.0, MeOH). IR: v,,,= 3404,
1109 cm ™. 'H NMR (300 MHz, CD;0D): 5 =4.80 (d, 1 H, J,, = 3.9
Hz, H-1), 3.74 (t, 1 H, ¥,y = 6.8 Hz, OCH,), 3.67—3.51 (m, 4 H, H-
S, OCH,), 342 (s, 3 H, OCHy), 340 (t, 1 H, J,3 = J;, = 9.3 Hz, H-3),
329 (t, 1H, ], = 9.3 Hz, H-4), 3.23 (dd, 1 H, H-2), 3.16 (t, 2 H, Jy
= 6.8 Hz, CH,N), 2.99 (dd, 1 H, J,q, = 14.4 Hz, J5, = 2.3 Hz, H-6a),
2.90 (m, 2 H, CH,S), 2.72 (dd, 1H, Js4, = 8.0 Hz, H6b), 1.60-1.52
(m, 4 H, CH,), 1.42—1.31 (bs, 12 H, CH,), 0.90, 0.89 (2 t, 6 H, *J;; 4
= 6.6 Hz, CH;,). *C NMR (75.5 MHz, CD;0D): 6 = 99.1 (C-1), 82.6
(C-3), 81.6 (C-2), 746 (OCH,), 740 (C-4), 734 (C-3), 722
(OCH,), 55.5 (OCH,), 40.0 (CH,N), 342 (C-6), 33.0-31.1 (CH,),
31.1 (CH,S), 26.9, 268, 23.7 (CH,), 14.4 (CH,). ESI MS: m/z: 422.5
[M — CIJ*. Anal. Calcd for C,;H,,NOS-HCI: C, 55.06; H, 9.68; N,
3.06; S, 7.00. Found: C, 54.87; H, 9.45; N, 2.79; S, 6.78.

Methyl 2,3-Di-O-tetradecyl-a-p-glucopyranoside (18). Methyl 4,6-
0-(4-methoxybenzylidene)-2,3-di-O-tetradecyl-a-p-glucopyranoside
(0.70 g, 0.98 mmol) was dissolved in a mixture of Et,0—DCM (2:1,
15 mL) under Ar atmosphere. AICl; (0.81 g, 6.06 mmol) in Et,0 (1S
mL) was added dropwise, and the resulting mixture was refluxed for 4
h. After cooling to rt, EtOAc (150 mL) and H,O (150 mL) were
added and the layers separated. The organic layer was washed with
brine (3 X 100 mL), dried (Mg,SO,), and evaporated. Column
chromatography of the residue (1:1 EtOAc—cyclohexane) afforded 18.
Yield 87% (0.50 mg, 0.85 mmol); R; = 047 (1:1 EtOAc—
cyclohexane); [a], = +24.7 (¢ 1.0, DCM). IR: v, 3362, 2953,
1468 cm™'. '"H NMR (300 MHz, CDCL,): § =478 (d, L H, J,, = 3.5
Hz, H-1), 3.94-3.43 (m, 9 H, H-3, H4 H-5, H-6a, H-6b, 2 OCH,),
341 (s, 3 H, OCH,), 326 (dd, 1 H, J,; = 9.2 Hz, H-2), 169148 (m,
4 H, CH,), 1.25 (bs, 44 H, CH,), 0.87 (t, 6 H, Jyyy = 6.9 Hz, CH,).
3C NMR (75.5 MHz, CDCL): 6 = 98.1 (C-1), 81.0, 80.6 (C-2, C-3),
73.6 (C-4), 71.3, 70.7 (OCH,), 70.5 (C-5), 62.5 (C-6), 55.2 (OCH,),
31.9-22.6 (CH,), 14.1 (CH,). ESI MS: m/z: 625.6 [M + K]*, 609.8
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[M + Na]*. Anal. Caled for C3sH;(Og: C, 71.62; H, 12.02. Found: C,
71.38; H, 11.76.

Methyl 2,3-Di-O-tetradecyl-6-deoxy-6-iodo-a-p-glucopyranoside
(20). To a solution of 18 (0.49 g, 0.84 mmol) in toluene (17 mL),
triphenylphosphine (0.33 g, 1.26 mmol) and imidazole (0.17 g, 2.52
mmol) were added. Iodine (0.33 g, 1.17 mmol) was added in portions,
and the resulting solution was stirred at 70 °C for 3 h. After cooling at
rt, NaHCO; satd (20 mL) was added and the mixture was stirred for S
min. Additional iodine was added up to turn the organic phase brown,
and the mixture was stirred for 10 min. Then aq 10% Na,S$,0; was
added to remove the iodine excess. The organic layer was separated,
washed with H,0 (3 X 20 mL), dried (MgSO,), filtered, concentrated,
and purified by column chromatography (1:9 EtOAc—cyclohexane).
Yield 91% (0.03 g, 0.76 mmol; R; = 0.30 (1:9 EtOAc—cyclohexane);
[a]p = +44.1 (¢ 1.0, DCM). IR: 1, = 1041, 722 cm ™", "H NMR (300
MHz, CDCLy): 6 = 4.81 (d, 1 H, J,, = 3.6 Hz, H-1), 391 (m, 1 H,
OCH,), 3.66—3.49 (m, 5 H, H-6a, OCH,, H-3), 3.47 (s, 3 H, OCH,),
3.45 (ddd, 1 H, J,5 = 9.2 Hz, Jyq, = 6.8 Hz, Jyg = 2.2 Hz, H-5), 331
(m, 1 H, H-4) 329 (dd, 1 H, J,; = 10.0 Hz, H-2), 326 (dd, 1 H, Jo,0
=112 Hz, H-6b), 2.41 (d, 1 H, J, oy = 2.3 Hz, OH-4), 1.61—1.54 (m,
4 H, CH,), 125 (bs, 44 H, CH,), 0.88 (t, 6 H, *J;;; = 6.9 Hz, CH,).
13C NMR (75.5 MHz, CDCL,): 6 = 98.2 (C-1), 80.7, 80.5 (C-2, C-3),
73.8 (C-4), 73.6, 71.2 (OCH,), 69.7 (C-5), $5.5 (OCHS), 31.9-22.7
(CH,), 14.1 (CHy), 7.2 (C-6). ESI MS: m/z: 735.6 [M + K]*, 719.7
[M + Na]*. Anal. Caled for C35HglOs: C, 60.33; H, 9.98. Found: C,
59.89; H, 9.72.

Methyl 6-(2-tert-Butoxycarbonylaminoethylthio)-2,3-di-O-tetra-
decyl-a-p-glucopyranoside (22). To a suspension of 20 (0.53 g,
0.77 mmol) and Cs,CO; (0.35 g 1.07 mmol) in DMF (7 mL), fert-
butyl (2-mercaptoethyl)carbamate (0.18 mL, 1.07 mmol) was added
and the reaction mixture was stirred at 60 °C, under Ar atmosphere,
for 24 h. The mixture was concentrated then EtOAc (20 mL) and
H,0 (20 mL) were added, and the organic layer was separated,
washed with H,0 (3 x 20 mL), dried (MgSO,), filtered, and
concentrated. The residue was purified by column chromatography
(1:3 EtOAc—cyclohexane), affording 22. Yield 95% (0.54 g, 0.73
mmol); Ry = 040 (1:3 EtOAc—cyclohexane); [a], = +50.4 (¢ 1.0,
DCM). IR: = 3631, 1698 cm™". "H NMR (300 MHz, CDCL,): 6 =
499 (bs, 1 H, NH), 477 (d, 1 H, J,, = 3.6 Hz, H-1), 3.90 (m, 1 H,
OCH,), 3.72 (ddd, 1 H, J,5 = 9.3 Hz, J5q, = 7.5 Hz, 5 = 2.6 Hz, H-
5), 3.64—3.46 (m, 3 H, OCH,), 348 (t, L H, ], = J;,, = 9.3 Hz, H:3),
343 (s, 3 H, OCH,), 3.36 (t, 1 H, H-4), 331 (m, 2 H, CH,N), 327
(dd, 1 H, H-2), 2.98 (dd, 1 H, Jg,4, = 14.1 Hz, H-6a), 2.71 (m, 3 H,
H6b, CH,S), 2.63 (bs, 1 H, OH-4), 1.65—1.50 (m, 4 H, CH,), 1.43 (s,
9 H, CMe;), 1.24 (bs, 44 H, CH,), 0.87 (t, 6 H, *J,;;4 = 7.0 Hz, CH,).
13C NMR (75.5 MHz, CDCL,): & = 156 (CO), 97.9 (C-1), 809 (C-3),
80.6 (C-2), 794 (CMe;), 73.5 (OCH,), 72.4 (C-4), 712 (OCH,),
71.0 (C-5), 552 (OCHy), 39.6 (CH,N), 33.5 (C-6), 33.4 (CH,S),
31.8-29.3 (CH,), 284 (CMe,), 26.1-22.6 (CH,), 14.0 (CH,). ESI
MS: m/z: 7847 [M + KJ', 768.8 [M + Na]". Anal. Caled for
CuHgeNOSS: C, 67.60; H, 1121; N, 1.88; S, 4.30. Found: C, 67.45; H,
10.90; N, 1.62; S, 4.24.

Methyl 6-(2-Aminoethylthio)-2,3-di-O-tetradecyl-a-p-glucopyra-
noside Hydrochloride (4). Treatment of 22 (0.25 g, 0.33 mmol)
with 1:1 TFA-DCM (2 mL) and freeze-drying from 10:1 H,0/0.1 N
HCI solution afforded 4. Yield quant (0.22 g, 0.33 mmol). Column
chromatography of the residue (4:1 EtOAc—cyclohexane — EtOAc —
45:5:3 EtOAc—EtOH—-H,0). Ry = 025 (45:5:3 EtOAc—EtOH—
H,0); [alp = +41.3 (c 0.9, 9:1 DCM—MeOH). IR: 1= 3406, 722
cm™". 'TH NMR (300 MHz, CDCl,): & = 8.11 (bs, 2 H, NH,HCl), 4.78
(d, 1 H, J,, = 3.2 Hz, H-1), 3.87 (m, 1 H, OCH,), 3.74 (ddd, 1 H, J, 5
=94 Hz, Jiq, = 6.7 Hz, J56, = 2.7 Hz, H-5), 3.66-3.54 (m, 3 H,
OCH,), 349 (t, 1 H, J,3 = J34 = 89 Hz, H-3), 3.42 (s, 3 H, OCH;),
338 (t, 1 H, H-4), 327 (dd, 1 H, H-2), 3.18 (t, 2 H, JJyy; = 62 Hy,
CH,N), 297 (dd, 1 H, Js, 4, = 14.2 Hz, H-6a), 2.90 (m, 2 H, CH,S),
274 (dd, 1H, H6b), 1.60—1.54 (m, 4 H, CH,), 1.25 (bs, 44 H, CH,),
0.87 (t, 6 H, *Jyy 4 = 6.9.0 Hz, CH;). *C NMR (75.5 MHz, CDCL): &
=97.9 (C-1), 80.9 (C-3), 80.5 (C-2), 73.7 (OCH,), 72.1 (C-4), 71.3
(OCH,), 70.7 (C-5), 55.2 (OCHj), 38.7 (CH,N), 332 (C-6), 319
(CH,), 303 (CH,S), 30.3—22.7 (CH,), 14.1 (CH,). BSI MS: m/z:
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646.7 [M — HCI]*. Anal. Caled for Cy;H-sNOS-HCI-2H,0: C, 61.85;
H, 11.22; N, 1.95; S, 4.46. Found: C, 61.79; H, 11.03; N, 2.01; S, 4.43.

Methyl 6-(2-tert-Butoxycarbonylaminoethylthio)-2,3,4-tri-O-hex-
anoyl-a-p-glucopyranoside (24). To a solution of 23 (049 g, 0.83
mmol) in dry DMF (7.5 mL), Cs,CO; (0.38 g, 0.16 mmol) and tert-
butyl N-(2-mercaptoethyl)carbamate (196 xL, 1.16 mmol) were
added, under Ar atmosphere, and the reaction mixture was stirred at
60 °C for 48 h. The reaction mixture was concentrated, and the crude
product was dissolved in DCM (10 mL) and washed with H,O (2 x
15 mL). The organic phase was dried (MgSO,), filtered, and
concentrated, and the residue was purified by flash column
chromatography (1:4 EtOAc—cyclohexane). Yield 85% (0.4S mg,
0.70 mmol); Ry = 0.38 (1:3 EtOAc—cyclohexane); [a]p, = +62.1 (c 1.0,
DCM). IR: v, = 2958, 1747, 1701 cm™. "H NMR (300 MHz,
CDCly): 6 = 546 (t, 1 H, J,3 = J;, = 10 Hz, H-3), 495 (t, 1 H, J,5=
10.0 Hz, H-4), 3.41 (s, 3 H, OCHj), 4.90 (d, 1 H, J,, = 3.7 Hz, H-1),
483 (dd, 1 H, H-2), 3.90 (dt, 1 H, Jgq = 8.0 Hz, H-5), 327 (q, 2 H,
Jiust = 6.0 Hz, CH,N), 2.80-2.50 (m, 4 H, CH,S, H-6a, H-6b), 2.52
(m, 2 H, H-6a, H-6b), 2.31 (m, 6 H, H-2,,.,), 1.54 (m, 6 H, H-3;,..),
141 (s, 9 H, CMe;), 125 (m, 12 H, H-4yy,,, H-5..), 0.86 (t, 9 H, H-
611e)- °C NMR (75.5 MHz, CDCLy): 6 = 172.9—172.0 (CO ester),
155.7 (CO carbamate) 96.7 (C-1), 71.5 (C-4), 709 (C-2), 69.3 (C-3),
69.9 (C-5), 55.1 (OMe), 39.58 (CH,N), 33.7 (CH,S), 33.0 (C-6),
340 (C-20), 24.5 (C-3p1), 282 (CMey), 22.1 (C-5y.,), 13.6 (C-
6iex)- ESIMS: m/z = 670.4 [M + Na]*. Anal. Caled for C4,Hs;NO,S:
C, 59.32; H, 8.87; N, 2.16; S, 4.95. Found: C, 59.45; H, 8.93; N, 2.31;
S, 4.71.

Methyl 6-(2-Aminoethylthio)-2,3,4-tri-O-hexanoyl-a-p-glucopyr-
anoside Hydrochloride (25). Treatment of 24 (0.29 g, 0.44 mmol)
with 1:1 TEA=DCM (6 mL) and freeze-drying from 10:1 H,0/0.1 N
HCI solution afforded 25. Yield quant (0.27 mg, 0.44 mmol); [a]p, =
+72.0 (c 0.7, BtOAc). IR: Uy, = 2962, 1749 cm™'. 'H NMR (300
MHz, CD;0D): 6 = 8.05 (bs, 3 H, NH;), 528 (t, 1 H 5 =9.7 Hz, ],
=9.7 Hz, H-3), 494 (t, 1 H, J,5 = 9.7 Hz, H-4), 488 (m, 1 H, ], , = 3.8
Hz, H-1), 482 (dd, 1 H, H-2), 3.8 (m, 1 H, H-5), 3.34 (s, 1 H,
OCH,), 2.93 (bs, 2 H, CH,N), 2.78 (m, 2 H, CH,S), 2.73 (dd, 1 H,
Joagh = 14.0 Hz, J55, = 2.7, H-6a), 2.62 (dd, 1 H, J5 , = 7.7 Hz, H-6b),
226 (m, 6 H, H-2y,,), 144 (m, 6 H, H-3,,), 121 (m, 12 H, Hedy,
H-Se), 0.82 (8, 9 H, H-6,..). *C NMR (75.5 MHz, CD,0D): 6 =
172—171 (CO), 95.98 (C-1), 71.2 (C-4), 70.6 (C-2), 69.4 (C-3), 69.1
(C-5), 55.1 (OMe), 39.1 (CH,N), 32.5 (C-6), 30.5 (CH,S), 33.1 (C-
2t 311 (Codyger), 24 (C-340), 22.1(C-245,), 144 (C-6y5,,). ESIMS:
m/z = 548.3 [M + H]". Anal. Calcd for C,,Hy CINOGS-HCI: C, $5.51;
H, 8.63; N, 2.40; S, 5.49. Found: C, 55.37; H, 8.62; N, 2.26; S, 5.27.

Methyl 6-(2-(N'-(2-(N,N-Di-(2-(N-tert-butoxycarbonylamino)-
ethyl)amino)ethyl)thioureido)-ethylthio)-2,3,4-tri-O-hexanoyl-a-p-
glucopyranoside (27). To a solution of 25 (0.12 g, 0.20 mmol) and
Et;N (56 uL, 04 mmol) in DCM (6 mL), 2-[N,N-bis(2-(N-tert-
butoxyaminocarbonyl)ethylamino]ethyl isothiocyanate (0.09 g, 0.24
mmol) was added and the reaction mixture was stirred, under Ar
atmosphere, at rt for 48 h. The reaction mixture was washed with
aqueous diluted HCI (2 X 20 mL), dried (MgSO,), filtered, and
concentrated. The residue was purified by column chromatography
(1:1— 3:1 EtOAc—cyclohexane). Yield 50% (0.08 g, 0.10 mmol); R; =
0.2 (1:1 EtOAc—cyclohexane); [a]p, = +71.6 (¢ 1.0, DCM). IR: v,
2959, 1748, 1685 cm ™', '"H NMR (300 MHz, CDCLy): & = 7.46, 6.96
(2bs, 2 H,NHCS), 5.46 (t, 1 H, ], 3 = J;, = 9.8 Hz, H-3), 496 (t, L H,
Jos = 9.8 Hz, H-4), 490 (d, 1 H, J,, = 3.5 Hz, H-1), 4.88 (bs, 2 H,
NHBoc), 4.84 (dd, 1 H, H-2), 3.93 (bd, 1 H, H-5), 3.77 (q, 2 H,
NHCH,CH,N), 3.52 (bs, 2 H, SCH,CH,N), 342 (s, 3 H, OCH,),
3.11 (q, 4 H, NCH,CH,NHBoc), 2.82 (t, 2 H, Jyy = 7.0 Hz,
NHCH,CH,N), 2.77-2.56 (m, 4 H, H-6a, H-6b, SCH,), 2.50 (bs, 4
H, NCH,CH,NHBoc), 2.37-2.1 (m, 6 H, H-2yy,), 1.57 (m, 6 H, Jyy 1
=7 Hz, H-3y,,), 1.43 (s, 9 H, CMe;), 1.27 (m, 12 H, H-4y,,, H-Sy,),
087 (t, 9 H, H-65..). *C NMR (75.5 MHz, CDCL): & = 182.1 (CS),
172.0—171.0 (CO ester), 155.2 (CO carbamate), 96.6 (C-1), 70.9 (C-
4),70.1 (C-2), 69.9 (C-5), 69.6 (C-3), 55.8 (NCH,CH,NHBoc), 55.5
(OMe), 54.0 (SCH,), 44.1 (NHCH,CH,N), 42.4 (SCH,CH,N), 39.4
(NCH,CH,NHBoc), 33.1 (C-6), 32.6 (NHCH,CH,N), 34.1 (C-
2e)s 312 (C-5 p1or), 284 (CMes) 245 (C-35), 221 (C-Syger), 13.9
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(C-61ey)- ESI MS: m/z 958.6 [M + Na]® Anal. Caled for
CyHgN;O,S,: C, 56.44; H, 8.72; N, 7.48; S, 6.85. Found: C, 56.61;
H, 8.89; N, 7.21; S, 6.60.

Methyl 6-(2-(N’-(2-(N,N-Bis(2-aminoethyl)amino)ethyl)-
thioureido)ethylthio)-2,3,4-tri-O-hexanoyl-a-p-glucopyranoside Tri-
hydrochloride (5). Treatment of 27 (0.15 g, 0.16 mmol) with 1:1
TFA-DCM (2 mL) and freeze-drying from 10:1 H,0/0.1 N HCl
solution afforded S. Yield quant (0.13 g, 0.16 mmol). [a], = +46.8 (¢
0.85, MeOH). IR: v, = 2958, 1747, 1675 cm™". "H NMR (300 MHz,
CDCL): & = 7.98 (bs, 4 H, NHCS, NH,HCI), 7.60 (bs, 1 H, NHCS),
SA47 (t, J34 = 5= 9.5 Hz, 1 H, H-3), 499 (t, 1 H, ], 5 = 9.5 Hz, H-4),
491 (dd, 1 H, J,, = 4 Hz, H-1), 4.85 (dd, 1 H, H-2), 3.96 (td, 1 H,
Jseb = 7-3 Hz, J54, = 2.4 Hz, H-5), 3.73 (bs, 2 H, SCH,CH,NHCS),
3.68 (bs, 2 H, NHCSCH,CH,N), 3.41 (s, 3 H, OCHj,), 3.11 (bs, 4 H,
CH,NH;Cl), 2.84 (bs, 6 H, CH,CH,NH,Cl, SCH,CH,NHCS), 2.75
(m, 3 H, H-6a, NHCSCH,CH,N), 2.66 (dd, 1 H, Js, = 13.8 Hz, H-
6b), 2.32-2.19 (m, 6 H, H-2;,,), 1.55 (m, 6 H, H-3y,.,), 1.27 (m, 12
H, H-4yy,, H-5,), 087 (m, 9 H, H-6,,). *C NMR (75 MHg,
CDCL,): 173.1, 173.0, 172.6 (CO), 96.6 (C-1), 71.2 (C-4), 70.8 (C-2),
69.6 (C-3), 69.1 (C-5), 55.4 (OCH,), 53.4 (NHCSCH,CH,N), 52.0
(CH,CH,NH,HCIl), 43.1 (SCH,CH,NHCS), 41.7
(NHCSCH,CH,N), 37.6 (CH,NH,CI), 34.1, 340 (C-2;,), 33.0
(C-6), 32.7 (SCH,CH,NHCS), 31.2, 31.1 (C-dyy,,), 24.5, 24.4 (C-
3peds 2222 (C-5y0r), 13.8 (C-634). ESI MS: m1/z = 736.4 [M]". Anal.
Caled for C3HgNsO4S,-3HCI: C, 48.30; H, 8.11; N, 8.28; S, 7.58.
Found: C, 48.24; H, 8.39; N, 8.15; S, 7.41.

Methyl 6-(4-(2,2-Bis-tert-butoxycarbonylamino)-
ethylaminomethyl)-1H-1,2,3-triazol-1-yl-6-deoxy)-2,3,4-tri-O-hexa-
noyl-a-p-glucopyranoside (29). To a solution of 28 (0.20 g, 0.39
mmol) and 3-bis[2-tert-butoxycarbonylamino)ethyl]propargylamine
(0.29 g, 0.85 mmol) in H,0—'"BuOH 9:1 (1S mL), the Cu-supported
catalyst Si-BPA-Cu" (0.02g) was added and the reaction mixture was
refluxed for 36 h at 85 °C. The catalyst was filtered, and the solvent
was removed. The residue was purified by column chromatography
(1:1 — 2:1 EtOAc—cyclohexane). Yield 78% (0.25 g, 0.30 mmol). R; =
0.61 (9:1 DCM—MeOH); [a]p = +50.5 (¢ 1.0, DCM). IR: v,
2957, 2359, 1748, 1703, 734 cm™". '"H NMR (300 MHz, CDCLy): & =
7.59 (s, 1 H, =CH), 549 (t, 1 H, J,5 = J;,4 = 10.3 Hz, H-3), 4.89 (bs,
2 H, NHBoc), 487 (d, 1 H, J,, = 3.5 Hz, H-1), 485 (t, 1 H, J, 5 = 10.3
Hz, H-4), 481 (dd, 1 H, H-2), 4.53 (dd, 1 H, Js,q = 140 Hz, J5¢,
2.6 Hz, H-6a), 4.29 (dd, 1 H, J5 4, = 9.0 Hz, H-6b), 4.17 (ddd, 1 H, H-
), 3.80 (m, 2 H, CH,-triazole), 3.18 (bs, 4 H, CH,NHBoc), 3.07 (s, 3
H, OCH,), 2.55 (t, 4 H, CH,CH,NHBoc), 227 (m, 6 H, H-2;;,,),
1.58 (s, 9 H, CMe;), 1.44 (m, 6 H, H-3;;,,), 1.30 (m, 12 H, H-4;;, H-
Ster)y 0.89 (m, 9 H, H-6y,,). °C NMR (75.5 MHz, CDCl,): 6 =
173.9, 173.5, 173,1 (CO ester), 156.2 (CO carbamate), 144.1 (C-4
triazole), 124.3 (C-5 triazole), 91.4 (C-1), 78.1 (CMe,), 70.6 (C-2),
69.8 (C-4), 69.3 (C-3), 68.0 (C-5), 53.1 (CH,CH,NHBoc), 50.6 (C-
6), 48.3 (CH, triazole), 38.4 (CH,NHBoc), 34.1 (C-24,,), 31.7 (C-
4ye), 285 (CMes), 24.6 (C-3p1,), 22:6 (C-Syey), 13.8 (C-6y4,,). ESI
MS: m/z = 877.5 [M + Na]". Anal. Caled for C4yH,,NgOyy: C, 59.00;
H, 8.72; N, 9.83. Found: C, 59.09; H, 8.77; N, 9.64.

Methyl 6-Deoxy-6-(4-(2,2-diaminoethylaminomethyl)-1H-1,2,3-
triazol-1-yl)-2,3,4-tri-O-hexanoyl-a-p-glucopyranoside Dihydro-
chloride (30). Treatment of 29 (0.42 g, 0.49 mmol) with 1:1 TFA—
DCM (S mL) and freeze-drying from 10:1 H,0/0.1 N HCI solution
afforded 30. Yield quant (0.35 g, 0.49 mmol); [a], = +38.1 (¢ L0,
MeOH). IR: v, = 2957, 1748, 1675 cm™'. '"H NMR (300 MHz,
CD;0D): §=8.07 (s, 1 H, =CH), 542 (t, L H, ],; = J;, = 9.5 Hz, H-
3),493 (d, 1 H, J,, = 3.5 Hz, H-1), 4.82 (dd, 1 H, H-2), 476 (t, 1 H,
Jus = 95 Hz, H-4), 4.64 (m, 2 H, H-6a, H-6b), 427 (ddd, 1 H, J5¢,
3.7 Hz, Js, = 6.0 Hz, H-S), 3.92 (s, 2 H, CH, triazole), 3.26 (s, 3 H,
OMe), 3.16 (t, 4 H, Jyy = 64 Hz, CH,CH,NH,), 2.82 (t, 4 H,
CH,CH,NH,), 2.48—2.15 (m, 6 H, H-2;,), 1.58 (m, 6 H, H-3;1,),
133 (m, 12 H, H-4y,, H-Sp), 092 (m, 9 H, H-6;,,). *C NMR
(75.5 MHz, CD;0D): § = 174.2—173.9 (CO), 143.8 (C-4 triazole),
1269 (C-5 triazole), 98.6 (C-1), 71.8 (C-2), 70.7 (C-3), 70.3 (C-4),
68.9 (C-5), 56.0 (OCH3), 52.0 (CH,CH,NH,), 51.6 (C-6), 47.4 (CH,
triazole), 38.2 (CH,CH,NH,), 34.9, 34.8, 34.7 (C-2yy,,), 32.4, 32.2 (C-
Hgex), 25.6,25.5 (C-3p1,), 234 (C-514,), 14.2 (C-6y4,). ESIMS: m/z =
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831.3 [M + TFA + Cl + Cu]*; 717.3 [M + Cu + Cl ]*. Anal. Calcd for
C3,HNOg2HCI: C, 52.81; H, 8.31; N, 11.55. Found: C, 52.69; H,
8.1; N, 11.72.

Dendritic Boc-Protected Diminoethyl-bis(thiourea) Glucopyrano-
side Derivative 31. To a solution of 30 (0.20 g, 0.27 mmol) and Et;N
(115 uL, 0.82 mmol) in DCM (12 mL), tert-butyl N-(2-
isothiocyanoethyl)carbamate (0.17 mg, 0.82 mmol) was added and
the mixture was stirred overnight at rt. The reaction mixture was
washed with aqueous diluted HCI (3 X 10 mL), and the organic phase
was dried (MgSO,), filtered, and concentrated. The residue was
purified by column chromatography (3:1 EtOAc—cyclohexane — 20:1
DCM—MeOH). Yield 52% (0.15 g, 0.14 mmol); Ry = 0.44 (9:1
DCM-MeOH); [al, = +31.7 (c 1.0, DCM). IR: ,,,, = 2959, 1750,
1698, 736 cm™. UV (DCM): 248 nm (e, 47.8). 'H NMR (300
MHz, CDCLy): § = 7.62 (s, 1 H, =CH), 7.18, 6.94 (bs, 4 H, NHCS),
549 (t, 1 H, J,5 = J34 = 9.5 Hz, H-3), 5.38 (bs, 2 H, NHBoc), 4.82 (d,
1H, ], =35Hz, H-1),4.80 (t, L H, J,5 = 9.5 Hz, H-4), 4.80 (dd, 1 H,
H-2), 4.53 (dd, 1 H, Jgq = 14.5 Hz, 5, = 2.6 Hz, H-62), 4.37 (dd, 1
H, Js4 = 8.0 Hz, H-6b), 4.17 (ddd, 1 H, H-S), 3.79 (s, 2 H, CH,
triazole), 3.62 (bs, 4 H, CH,CH,NHBoc), 3.54 (bs, 4 H,
NCH,CH,NHCS), 331 (m, 4 H, CH,NHBoc), 3.12 (s, 1 H,
OCHj,), 2.69 (bs, 4 H, NCH,CH,NHCS), 2.42-2.13 (m, 6 H, H-
24er); 1.5S (m, 6 H, H-3y,,), 1.42 (s, 18 H, CMe;), 1.26 (m, 12 H, H-
41100 H-S100), 087 (9 H, H-6y,,). *C NMR (75.5 MHz, CDCL,): 6
=182.7 (CS), 173.0—172.5 (CO ester), 155.5 (CO carbamate), 144.5
(C-4 triazole), 124.4 (C-S triazole), 96.7 (C-1), 79.8 (CMe,), 70.2 (C-
2), 69.6 (C-4), 69.2 (C-3), 67.8 (C-5), 554 (OMe), 52.4
(NCH,CH,NHCS), 50.7 (C-6), 48.0 (CH, triazole), 44.6
(CH,CH,NHBoc), 42.1 (NCH,CH,NHCS), 40.1 (CH,NHBoc),
34.3 (C24400), 30.8 (Cdpper), 28.1 (CMes), 242 (C-3y.,), 22,6 (C-
Sied 141 (C-6,1..). ESI MS: m/z = 1081.5 [M + Na]*. Anal. Caled
for CugHgeN 0 5S,: C, 54.42; H, 8.18; N, 13.22; S, 6.05. Found: C,
54.37; H, 7.98; N, 13.28; S, 5.85

Dendritic Diaminoethyl-bis(thiourea) Glucopyranoside Dihydro-
chloride Derivative (6). Treatment of 31 (0.12 g, 0.12 mmol) with 1:1
TFA-DCM (2 mL) and freeze-drying from 10:1 H,0/0.1 N HCI
solution afforded 6. Yield 91% (0.10 g, 0.11 mmol); [a], = +47.7 (c
1.0, MeOH). IR: v, = 2955, 1748, 1676 cm™". UV (MeOH): 244 nm
(€ 29.1). "H NMR (300 MHz, CD,0D): 5 = 8.43 (s, 1 H, =CH),
543 (t, 1 H, )3 = J34 = 9.7 Hz, H-3), 497 (d, 1 H, ], = 3.5 Hz, H-1),
4.90 (dd, 1 H, H-2), 482 (t, 1 H, J,5 = 9.7 Hz, H-4), 477 (m, 2 H,
CH, triazole), 4.70 (m, 2 H, H-6a, H-6b), 427 (ddd, 1 H, J;¢, = 3.7
Hz, J5q = 56 Hz, H-S), 406 (bs, 4 H, CH,CH,NH,), 387 (t, 4 H,
Juu = 5.8 Hz, NCH,CH,NHCS), 3.52 (t, 4 H, ¥y = 5.8 Hg,
CH,NH,), 325 (s, 3 H, OCH;), 321 (t, 4 H, Jyy = 6.0 Hg,
NCH,CH,NHCS), 2.50-2.15 (m, 6 H, H-2;1..), 1.56 (m, 6 H, H-
3he)s 131 (m, 12 H, Hedy,, H-S,.), 091 (m, 9 H, H-6,,). °C
NMR (75.5 MHz, CD,0D): 6 = 184.1 (CS), 174.3—1739 (CO),
137.2 (C-4 triazole), 130.1 (C-S triazole), 98.2 (C-1), 71.8 (C-2), 71.2
(C-3), 70.5 (C-4), 68.7 (C-5), 56.2 (OMe), 54.4 (CH,NH,), 51.4 (C-
6), 48.4 (CH, triazole), 42.2 (CH,CH,NH,), 40.4
(NCH,CH,NHCS), 40.0 (CH,NH,), 344 (C-2i1,), 32.0 (C-dyy,,),
252 (C-3400), 228 (C-Sy1ey), 14.0 (C-634,,). ESI MS: m/z = 859.5 [M
+ Na]; 921.4 [M + Cu]". Anal. Caled for CygH,,CLN,O5S,: C,
48.97; H,7.79; N, 15.03; S, 6.88. Found: C, 48.71; H, 77.40; N, 15.23;
S, 6.65.

2,3,4,2',3',4'-Hexa-O-hexyl-6,6'-di-O-trityl-a,a'-trehalose (33). To
a solution of 32 (1.00 g, 1.21 mmol) in dry DMF (11 mL), NaH (871
mg, 21.78 mmol) was added and the mixture was stirred at 0 °C for 10
min. 1-Bromohexane (3.06 mL, 21.78 mmol) was added dropwise
under Ar atmosphere, and the mixture was stirred overnight at rt. The
reaction was quenched with MeOH (S mL) and stirred for 10 min.
The solvents were removed, and the resulting residue was suspended
in DCM (50 mL) and washed with H,O (3 X 15 mL), and the organic
layer was separated, dried (MgSO,), filtered, concentrated, and
purified by column chromatography (1:8 — 1:6 EtOAc—cyclohexane).
Yield 92% (1.50 g, 1.11 mmol); R; = 0.74 (1:5 EtOAc—cyclohexane);
[a]p = +70.3 (c 1.0, DCM). IR: v, = 2923, 2855 cm™". '"H NMR
(300 MHz, CDCL,): 5 = 7.53—7.23 (m, 30 H, Ph), $.34 (4, 2 H, J, =
3.7 Hz, H-1), 4.03 (bd, 2 H, J,5 = 9.3 Hz, H-5), 3.80 (m, 2 H, OCH,),
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3.78-3.41 (m, 8 H, OCH,), 3.57 (t, 2 H, J,3 = J3, = 9.3 Hz, H:3),
3.51-3.41 (m, 4 H, H-4, H-6a), 3.39 (dd, 2 H, H-2), 324 (m, 2 H,
OCH,), 3.13 (dd, 2 H, Js,¢ = 10.0 Hz, J54, = 3.3 Hz, H-6b), 1.65—
1.56 (m, 12 H, CH,), 1.38—1.04.89 (m, 36 H, CH,), 0.93—0.82 (m, 18
H, CH,). ®C NMR (75.5 MHz, CDCLy): § = 144.0, 128.8, 127.6,
1268 (Ph), 93.6 (C-1), 86.1 (Ph,C), 81.5 (C-3), 80.6 (C-2), 78.1 (C-
4), 73.7, 73.0, 71.3 (OCH,), 70.0 (C-5), 620 (C-6), 31.8-22.5
(CH,), 14.1 (CH,). ESIMS: m/z = 1353.8 [M + Na]*. Anal. Calcd for
CegHpo0, 0 C, 77.55; H, 9.23. Found: C, 77.67; H, 9.31.
2,3,4,2',3',4-Hexa-O-tetradecyl-6,6'-di-O-trityl-a,a’-trehalose
(34). To a solution of 32 (1.00 g, 1.21 mmol) in dry DMF (11 mL),
NaH (0.87 g, 21.78 mmol) was added and the mixture was stirred at 0
°C for 10 min. 1-Bromotetradecane (6.68 mL, 21.78 mmol) was added
dropwise, under Ar atmosphere, and the mixture was stirred overnight
at 60 °C. The reaction was quenched with MeOH (S mL) and stirred
for 10 min. Solvents were removed, and the resulting residue was
suspended in DCM (50 mL). The suspension was washed with H,O
(3 X 15 mL), and the organic layer was dried (MgSO,), filtered,
concentrated, and purified by column chromatography (1:50 — 1:30
EtOAc—cyclohexane). Yield 77% (1.50 g, 0.93 mmol); R; = 0.77 (1:15
EtOAc—cyclohexane); [a]p = +50.2 (¢ 1.0, DCM). 'H NMR (300
MHz, CDCL,): § = 7.52-7.22 (m, 30 H, Ph), $.33 (4, 2 H, J;, = 3.6
Hz, H-1), 403 (bd, 2 H, J,5 = 9.4 Hz, H-5), 3.79 (m, 2 H, OCH,),
3.71-3.52 (m, 8 H, OCH,), 3.55 (t, 2 H, J,; = J5,, = 9.4 Hz, H-3),3.44
(t, 2 H, H-4), 3.46—3.35 (m, 6 H, OCH,, H-6a, H-2), 3.22 (m, 2 H,
OCH,), 3.12 (dd, 2 H, J,, = 10.0 Hy, J5 4, = 3.1 Hz, H-6b), 1.76-156
(m, 12 H, CH,), 1.28 (m, 132 H, CH,), 0.91 (t, 18 H, ¥,y = 6.3 Hz,
CH;). ®C NMR (75.5 MHz, CDCLy): § = 144.1, 128.8, 127.6, 126.8
(Ph), 93.7 (C-1), 862 (PhyC), 81.4 (C-3), 80.6 (C-2), 782 (C-4),
73.7, 73.0, 71.3 (OCH,), 70.5(C-5), 62.1 (C-6), 31.9-22.7 (CH,),
14.1 (CH;). ESI MS: m/z = 2027.4 [M + Na]*. Anal. Caled for
Ci3H,150,:: G, 80.26; H, 10.96. Found: C, 80.35; H, 11.05.
2,3,4,2',3'4-Hexa-O-hexyl-a,a'-trehalose (35). To a solution of 33
(0.68 g, 0.52 mmol) in 1:1 DCM—MeOH (25 mL), p-tol Ifoni

triphenylphosphine (0.11 g, 0.43 mmol) and imidazole (0.05 g, 0.81
mmol) were added and the mixture was stirred at rt until complete
dissolution. Iodine (0.11 g, 0.40 mmol) was added in portions, and the
solution was vigorously stirred at 70 °C for 5 h. Satd aqg NaHCO;
solution (10 mL) was added, and the mixture was stirred for § min.
Additional iodine was then added until the aqueous solution turned to
a slightly brown color, then aqueous 10% Na,S,0; was added until
complete decoloration of both organic and aqueous layer. The organic
layer was then separated, dried (MgSO,), filtered, concentrated, and
purified by column chromatography (1:15 EtOAc—cyclohexane). Yield
94% (0.12 g, 0.12 mmol); R;= 0.75 (1:8 EtOAc—cyclohexane); [a]p =
+50.1 (¢ 1.0, DCM). 'H NMR (300 MHz, CDCL,): & = 5.17 (d, 2 H,
Ji2 = 3.3 Hz, H-1), 3.83 (m, 4 H, OCH,), 3.72—3.47 (m, 12 H, H-5,
H-3, OCH,), 3.39 (m, 4 H, H-6a, H-6b), 3.24 (dd, 2 H, Hz, J,; = 9.1
Hz, H-2), 3.05 (t, 2 H, ]34 = ;4 = 9.1 Hz, H-4), 1.62—1.49 (m, 12 H,
CH,), 1.30 (m, 36 H, CH,), 0.89 (m, 18 H, CH,). '3C NMR (75.5
MHz, CDCL): & = 92.9 (C-1), 81.9 (C-4), 80.8 (C-3), 80.2 (C-2),
73.5, 73.4, 71.9 (OCH,), 69.1 (C-S), 31.8—22.6 (CH,), 14.0 (CH,),
8.7 (C-6). ESI MS: m/z = 1089.6 [M + NaJ*. Anal. Caled for
CysHooLOy: C, 54.03; H, 8.69. Found: C, 53.88; H, 8.77.
6,6'-Dideoxy-2,3,4,2',3'4-hexa-O-tetradecyl-6,6'-diiodo-a,a’-tre-
halose (38). To a solution of 36 (0.44 g, 0.29 mmol) in toluene (13
mL), triphenylphosphine (0.27 g, 1.02 mmol) and imidazole (0.07 g,
1.89 mmol) were added and the mixture was stirred at rt until
complete dissolution. Iodine (0.26 g, 0.93 mmol) was added in
portions, and the solution was vigorously stirred at 70 °C for S h. Satd
NaHCOj solution (20 mL) was added, and the mixture was stirred for
S min. Additional iodine was then added until the aqueous solution got
slightly brown, and then an aqueous 10% Na,S,0; solution was added
until complete decoloration of both the organic and aqueous layers.
The organic layer was then separated, dried (MgSO,), filtered,
concentrated, and purified by column chromatography (1:25 EtOAc—
cyclohexane). Yield 96% (0.52 g, 0.28 mmol); R = 0.69 (1:20 EtOAc—

acid monohydrate (0.08 g, 0.42 mmol) was added and the solution was
stirred at rt for 4 h. The mixture was diluted with DCM, washed with
saturated aqueous NaHCO;, dried (MgSO,), filtered, and concen-
trated. The resulting residue was purified by column chromatography
(1:8 — 1:2 EtOAc—cyclohexane). Yield 48% (0.21 g, 0.24 mmol); R; =
0.25 (1:2 EtOAc—cyclohexane); [a], = +103.0 (¢ 1.0, DCM). 'H
NMR (300 MHz, CDCl,): § = 5.06 (d, 2 H, J,, = 3.7 Hz, H-1), 3.90
(dt, 2 H, J,5 = 92 Hz, Js6, = J54 = 2.9 Hz, H-5), 3.79 (m, 4 H,
OCH,), 3.73—3.63 (m, 8 H, H-6a, H-6b, OCH,), 3.60—3.43 (m, 4 H,
OCH,), 3.57 (t, 2 H, J,3= ]34 = 9.2 Hz, H-3), 323 (t, 2 H, H-4), 3.18
(dd, 2 H, H-2), 2.03 (bs, 2 H, OH), 1.60—1.47 (m, 12 H, CH,), 1.37—
1.27 (m, 36 H, CH,), 0.87 (m, 18 H, CH,). 3C NMR (75.5 MHz,
CDCL): & = 93.6 (C-1), 81.0 (C-3), 80.4 (C-2), 77.9 (C-4), 73.6,
733, 71.5 (OCH,), 714 (C-5), 61.8 (C-6), 31.8-22.6 (CH,), 14.0
(CH;). ESI MS: m/z = 869.7 [M + Na]*, 885.7 [M + K]*. Anal. Caled
for CygHy,0,: C, 68.05; H, 11.18. Found: C, 67.89; H, 11.04.
2,3,4,2',3',4-Hexa-O-tetradecyl-a,a'-trehalose (36). To a solution
of 34 (149 g 074 mmol) in 1:1 DCM—-MeOH (36 mL), p-
toluenesulfonic acid monohydrate (0.11 g, 0.50 mmol) was added and
the solution was stirred at rt for 4 h. The mixture was diluted with
DCM, washed with saturated aqueous NaHCO,, dried (MgSO,),
filtered, and concentrated. Purification by column chromatography
(1:9 — 1:5 EtOAc—cyclohexane) of the residue afforded 37. Yield
47% (0.53 g, 0.34 mmol); Ry = 0.20 (1:5 EtOAc—cyclohexane); [a]p =
+58.4 (¢ 1.0, DCM). '"H NMR (300 MHz, CDCLy): & = 5.06 (d, 2 H,
Jua = 3.7 Hz, H-1), 390 (dt, 2 H, J; s = 92 Hy, Jy, = J5 = 2.6 Hz, H-
5), 3.84—3.64 (m, 4 H, OCH,), 3.73—3.63 (m, 12 H, H-6a, H-6b,
OCH,), 3.58 (t, 2 H, J,5= J5,= 9-2 Hz, H-3), 3.24 (t, 2 H, H-4), 3.19
(dd, 2 H, H-2), 1.86 (bs, 2 H, OH), 1.61-1.49 (m, 12 H, CH,), 1.26
(bs, 132 H, CH,), 0.88 (t, 18 H, *J;; ;4 = 6.9 Hz,CH;). *C NMR (75.5
MHgz, CDCLy): 6 = 93.7 (C-1), 81.1 (C-3), 80.5 (C-2), 78.0 (C-4),
73.6, 73.3, 71.6 (OCH,), 71.1 (C-5), 61.9 (C-6), 31.9-22.7 (CH,),
14.1 (CH,). ESI MS: m/z = 1543.2 [M + Na]*. Anal. Caled for
CogHi0001: C, 75.83; H, 12.59. Found: C, 75.70; H, 12.41.
6,6'-Dideoxy-2,3,4,2',3',4-hexa-O-hexyl-6,6'-diiodo-a,a’-treha-
lose (37). To a solution of 35 (0.10 g, 0.12 mmol) in toluene (S mL),
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cyclol ); [alp = +47.2 (¢ 1.0, DCM). '"H NMR (300 MHz,
CDCLy): 6 = 5.17 (d, 2 H, J,, = 3.5 Hz, H-1), 3.83 (m, 4 H, OCH,),
3.70-3.48 (m, 12 H, H-5, H-3, OCH,), 3.42 (dd, 2 H, J, 4, = 10.7 Hz,
Js6a = 2.9 Hz, H-6a), 3.36 (dd, 2 H, 54, = 5.2 Hz, H-6b), 3.24 (dd, 2
H, Hz, ], 3 = 9.4 Hz, H-2), 3.05 (t, 2 H, J3,= J5 4= 9.4 Hz, H-4), 1.59—
1.51 (m, 12 H, CH,), 1.26 (bs, 132 H, CH,), 0.88 (t, 18 H, ¥Jy;;; = 6.9
Hz, CH;). 3C NMR (75.5 MHz, CDCL,): & = 92.9 (C-1), 81.9 (C-4),
80.8 (C-3), 80.3 (C-2), 73.6, 73.5, 71.9 (OCH,), 69.1 (C-3), 31.9—
22.7 (CH,), 14.1 (CH;), 8.7 (C-6). ESIMS: m/z = 1763.0 [M + Na]".
Anal. Caled for CygH 45, 09: C, 66.25; H, 10.89. Found: C, 66.09; H,
10.74.

6,6'-Di-(2-tert-butoxycarbonylaminoethylthio)-2,3,4,2',3',4'-
hexa-O-hexyl-a,a’-trehalose (39). To a solution of 37 (0.11 g, 0.10
mmol) in dry DMF (12 mL), Cs,CO; (0.09 g, 0.29 mmol) and tert-
butyl N-(2-mercaptoethyl)carbamate (49 yL, 0.29 mmol) were added,
under Ar atmosphere, and the reaction mixture was stirred at 60 °C for
24 h. The reaction mixture was concentrated, and the crude product
was dissolved in DCM (20 mL) and washed with H,O (2 X 30 mL).
The organic phase was dried (MgSO,), filtered, concentrated, and
purified by column chromatography (1:8 — 1:6 EtOAc—cyclohexane).
Yield 85%(0.10 g, 0.08 mmol); R = 0.26 (1:5 EtOAc—cyclohexane);
[a]p = +86.4 (¢ 1.0, DCM). IR: v,y = 3350, 2928, 2855, 1710 cm™".
'H NMR (300 MHz, CDCLy): 6 = 5.12 (d, 2 H, J,, = 3.3 Hz, H-1),
4.99 (bs, 2 H, NHBoc), 401 (ddd, 2 H, J, = 92 Hz, Js 4, = 6.3 Hz, ],
= 27 Hz, H-5), 381 (m, 6 H, H-3, OCH,), 3.70-3.46 (m, 8 H,
OCH,), 3.58 (t, 2 H, J,5= J54= 92 Hz, H-3), 329 (q, 2 H, JJypy =
3Jun = 6.0 Hz, CH,N), 3.23 (dd, 2 H, H-2), 3.16 (t, 2 H, H-4), 2.82
(dd, 1 H, Jo,¢ = 13.5 Hz, H-6a), 2.72 (dd, 2 H, H-6b), 2.69 (t, 4 H,
CH,S), 1.60—1.47 (m, 12 H, CH,), 1.43 (s, 18 H, C(CH,)), 1.34—
1.28 (m, 36 H, CH,), 0.89 (m, 18 H, CH;). *C NMR (75.5 MHz,
CDCL): 6 = 155.7 (CO), 92.3 (C-1), 81.0 (C-3), 80.5 (C-2), 80.4 (C-
4), 792 (CMe3), 734, 732, 71.7 (OCH,), 71.2 (C-5), 39.8 (CH,S),
33.8 (C-6), 33.7 (CH,N), 31.8—30.2 (CH,), 28.4 (CMe;), 25.9, 25.8,
22.6 (CH,), 14.0 (CH,). ESI MS: m/z = 1187.9 [M + NaJ*, 1203.8
[M + KJ*. Anal. Caled for CoH,,0N,0,58,: C, 63.88; H, 1038; N,
2.40. Found: C, 63.69; H, 10.21; N, $.19.
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6,6'-Di-(2-tert-butoxycarbonylaminoethylthio)-2,3,4,2',3',4'-
hexa-O-tetradecyl-a,a’-trehalose (40). To a solution of 38 (0.28 g,
0.13 mmol) in dry DMF (15 mL), Cs,CO; (0.12 g, 0.36 mmol) and
tert-butyl N-(2-mercaptoethyl)carbamate (61 uL, 0.36 mmol) were
added, under Ar atmosphere, and the reaction mixture was stirred at
60 °C for 24 h. The solvent was evaporated, and the crude product
was dissolved in DCM (20 mL) and washed with H,O (2 X 30 mL).
The organic phase was separated, dried (MgSO,), filtered,
concentrated, and purified by column chromatography (1:8 EtOAc—
cyclohexane). Yield 99% (0.24 g, 0.13 mmol); R; = 0.53 (1:5 EtOAc—
cyclohexane); [a]p = +49.3 (¢ 1.0, DCM). 'H NMR (300 MHz,
CDCL): 6 = $.12 (d, 2 H, ], = 3.4 Hz, H-1), 499 (bs, 2 H, NHBoc),
401 (ddd, 2 H, J,5= 9.6 Hz, Jyg, = 2.6 Hz, J5q, = 6.1 Hz, H-), 381
(m, 4 H, OCH,), 3.69-3.46 (m, 8 H, OCH,), 3.58 (t, 2 H, J,; = J;.4 =
9.6 Hz, H-3), 330 (bq, 2 H, *Jiy s = *Jinn = 6.0 Hz, CH,N), 3.23 (dd,
2 H, H-2), 3.17 (t, 2 H, H-4), 2.83 (dd, 2 H, Js, ¢, = 13.7 Hz, H-6a),
2.72 (dd, 2 H, H-6b), 2.69 (t, 4 H, CH,S), 1.60—1.51 (m, 12 H, CH,),
1.4 (s, 18 H, CMe;), 1.26 (bs, 132 H, CH,), 0.88 (t, 18 H, ¥y = 6.9
Hz, CH;). *C NMR (75.5 MHz, CDCLy): § = 155.7 (CO), 92.3 (C-
1), 81.0 (C-3), 80.5 (C-2), 80.4 (C-4), 79.3 (CMe,), 73.5, 732, 71.6
(OCH,), 71.2 (C-5), 39.8 (CH,S), 33.8 (C-6), 33.7 (CH,N), 319,
30.7, 30.5, 30.3, (CH,), 29.7 (CMe;), 29.4—22.7 (CH,), 14.1 (CH;).
ESI MS: m/z = 1861.5 [M + Na]". Anal. Calcd for C,,0H,,eN,0,5S,:
C, 71.84; H, 11.84; N, 1.52; S, 3.49. Found: C, 71.90; H, 11.72; N,
1.44; S, 3.38.
6,6'-Di-(2-aminoethylthio)-2,3,4,2',3',4'-hexa-O-hexyl-a,a’'-tre-
halose Dihydrochloride (7). Treatment of 39 (0.10 g, 0.09 mmol)
with 1:1 TFA—DCM (2 mL) and freeze-drying from 10:1 H,0/0.1 N
HCI solution afforded 7. Yield quant (0.09 g, 0.09 mmol); R; = 0.72
(10:1:1 CH;CN—H,0—-NH,OH); [a], = +90.3 (¢ 1.0, DCM). IR:
Vpnax = 3300, 2928, 2859, 1099 cm ™. '"H NMR (300 MHz, CDCly): &
=8.13 (bs, 6 H, NH;"), 5.20 (d, 2 H, ], , = 32 Hz, H-1), 3.98 (dt, 2 H,
Jus = 9.5 Hz, J56, = J56, = 4.3 Hz, H-5), 3.79 (m, 4 H, OCH,), 3.69—
3.43 (m, 8 H, OCH,), 3.56 (t, 2 H, ], 5 = J;4 = 9.5 Hz, H-3), 3.25 (dd,
2 H, H-2), 3.18 (bs, 4 H, CH,N), 3.11 (t, 2 H, H-4), 2.97 (bd, 2 H,
Jouch = 14:0 Hz, H-62), 2.82 (m, 6 H, CH,S, H-6b), 1.59—1.50 (m, 12
H, CH,), 1.28 (m, 36 H, CH,), 0.88 (m, 18 H, CH;,). 3C NMR (75.5
MHz, CDCL): 6 = 91.9 (C-1), 80.9 (C-3), 80.2 (C-2), 80.0 (C-4),
73.5, 734, 71.8 (OCH,), 71.0 (C-5), 39.4 (CH,N), 34.4 (C-6), 31.8
(CH,S), 317,306, 304, 302, 259, 258, 22.6, 22.5 (CH,), 140
(CH;). ESI MS: m/z 9659 [M — 2CI]*. Anal. Caled for
Cs,H,,N,0,8,-2HCL: C, 60.14; H, 1029; N, 2.70; S, 6.17. Found:
C, 59.86 H, 10.02; N, 2.41; S, 5.88.
6,6'-Di-(2-aminoethylthio)-2,3,4,2',3',4'-hexa-O-tetradecyl-a,a’-
trehalose Dihydrochloride (8). Treatment of 40 (0.09 mg, 0.0S
mmol) with 1:1 TFA—-DCM (1 mL) and freeze-drying from 10:1
H,0/0.1 N HCl solution afforded 8. Yield quant (0.09 g, 0.05 mmol);
Re =021 (EtOAc); [a]p = +612 (c 1.0, DCM). "H NMR (300 MHz,
CDCL): 6 = 6.39 (bs, 6 H, NH;,"), 521 (4, 2 H, J,, = 3.5 Hz, H-1),
3.97 (dt, 2 H, Jy5 = 9.6 Hz, Jsg, = Jsg = 47 Hz, H-5), 3.79 (m, 4 H,
OCH,), 3.69—-3.43 (m, 8 H, OCH,), 3.56 (t, 2 H, J,5 = J5, = 9.6 Hz,
H-3),3.25 (dd, 2 H, H-2), 3.18 (t, 4 H, ¥J;;3; = 6.3 Hz,CH,N), 3.1 (t,
2 H, H-4), 3.07-2.94 (m, 4 H, H-6a, H-6b), 2.82 (m, 4 H, CH,S),
1.58—1.49 (m, 12 H, CH,), 1.26 (bs, 132 H, CH,), 0.88 (m, 18 H,
3zt = 7.0 Hz, CH,). ®C NMR (75.5 MHz, CDCL,): 6 = 919 (C-1),
80.9 (C-3), 80.2 (C-2), 80.0 (C-4), 73.5, 73.4, 71.8 (OCH,), 71.0 (C-
5), 39.5 (CH,N), 34.6 (C-6), 31.9 (CH,S), 31.9-22.7 (CH,), 14.1
(CH;). ESI MS: m/z = 16394 [M — 2 CI]*. Anal. Caled for
CiooHi0oN,048,-2HCI: C, 70.17; H, 11.90; N, 1.64; S, 3.75. Found: C,
69.82; H, 11.77; N, 1.39; S, 3.41.
6,6'-Dideoxy-2,3,4,2',3',4'-hexa-O-hexanoyl-6,6'-diiodo-a,a’-tre-
halose (42). To a solution of 6,6'-dideoxy-6,6"-diiodo-trehalose 41
(5.78 g, 10.30 mmol) and DMAP (6.37 g, 52.20 mmol) in dry DMF
(80 mL), hexanoic anhydride (16 mL, 69.60 mmol) was added
dropwise, under Ar atmosphere at 0 °C, and the reaction mixture was
stirred at rt for 6 h. Then MeOH (60 mL) was added, and the mixture
was stirred at rt for 2 h. The solution was poured into H,O—ice
mixture (100 mL) and extracted with DCM (50 mL). The organic
phase was then washed with 2N H,SO, (2 X S0 mL), H,O (2 x 50
mL), and saturated aqueous NaHCO; (2 X S0 mL), dried (MgSO,),
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filtered, concentrated, and purified by column chromatography (1:12
EtOAc—petroleum ether). Yield 76% (1.20 g, 7.82 mmol); R; = 0.35
(1:6 EtOAc—petroleum ether). 'H NMR (300 MHz, CDCLy): § =
544 (t, 2 H, J,3 = J;4 = 9.5 Hz, H-3), 5.35 (d, 2 H, ], , = 3.7 Hz, H-1),
5.1(dd, 2 H, H-2), 4.84 (t, 2 H, J,5 = 9.5 Hz, H-4), 3.82 (ddd, 2 H,
Js6a = 2.5 Hz, H-5), 3.11 (dd, 2 H, Js, 6, = 11.0 Hz, H-6a), 2.97 (dd, 2
H, H-6b), 2.22 (m, 12 H, H-2;;,,), 1.58 (m, 12 H, H-3,1..), 1.17 (m, 24
H, H-4yoy H-54e), 0.84 (m, 18 H, H-6,,). *C NMR (75.5 MHg,
CDClLy): 6 = 1726, 172.5, 172.4 (CO), 91.5 (C-1), 72.0 (C-4), 70.0
(C-3), 69.3 (C-3), 692 (C-2), 34 (C-24,), 312 (C-dyyey), 244 (C-
3o 222 (C-Spp), 141 (C-6p1), 2.6 (C-6pyy). ESI MS: m/z
11734 [M + Nal*. Anal. Caled for C,;HyLO,s: C, 49.65; H, 6.92.
Found: C, 50.12; H, 7.01.
2,3,4,2',3',4'-Hexa-0O-hexanoyl-6,6'-bis(2-tert-butoxycarbonyla-
minoethylthio)-a,a’-trehalose (43). To a solution of 42 (0.19 g, 0.17
mmol) in dry DMF (1.5 mL), Cs,CO; (0.15 g, 0.47 mmol) and tert-
butyl N-(2-mercaptoethyl)carbamate (80 yL, 0.47 mmol) were added,
under Ar atmosphere, and the reaction mixture was stirred at 60 °C for
24 h. The reaction mixture was concentrated, and the crude product
was dissolved in DCM (10 mL) and washed with water (2 X 20 mL).
The organic phase was dried (MgSO,), filtered, and concentrated. The
residue was purified by column chromatography (1:3 EtOAc—
cyclohexane). Yield $8% (0.12 mg, 0.10 mmol); Ry = 0.52 (1:2
EtOAc—cyclohexane); [a]p = +84.5 (c 1.0, DCM). IR: v,,,, = 2959,
1749, 1709 cm™. 'H NMR (300 MHz, CDCLy): 6 = 543 (t, 2 H, J;, =
J34 = 9.5 Hz, H-3), 5.25 (d, 1 H, ], , = 4.1 Hz, H-1), 5.00 (dd, 1 H, H-
2), 494 (t, 2 H, H-4), 3.88 (m, 2 H, H-5), 3.2 (s, 4 H, CH,N), 2.61
(m, 4 H, CH,S), 2.52 (m, 4 H, H-6a, H-6b), 2.23 (m, 12 H, H-2,,,),
1.50 (m, 6 H, H-3y,,), 141 (s, 18 H, CMe;), 1.23 (m, 24 H, H-4y,,
H-Sy), 0.83 (t, 18 H, H-6y,,). *C NMR (75.5 MHz, CDCL): § =
172.6, 172.5, 172.4 (C-1y,,), 155.7 (CO carbamate), 91.4 (C-1), 71.2
(C-4), 71.1 (C-5), 69.6 (C-2, C-3), 39.7 (CH,N), 34.1, 34.0 (C-241..),
33.8 (CH,S), 24.4 (C-3y..), 284 (CMey), 223 (C-dyey C-Spyer), 13.8
(C-644y)- ESI MS: m/z 1271.8 [M + Na]®. Anal. Caled for
CeaH,0sN;0,08,: C, $9.59; H, 8.71; N, 2.24; S, 5.13. Found: C, 59.67;
H, 8.69; N, 2.32; S, 4.89.
2,3,4,2',3',4'-Hexa-0O-hexanoyl-6,6'-bis(2-tert-aminoethylthio)-
a,a'-trehalose dihydrochloride (9). Treatment of 43 (0.07 g, 0.04
mmol) with 1:1 TFA—-DCM (2 mL) and freeze-drying from 10:1
H,0/0.1 N HCl solution afforded 9. Yield quant (0.07 g, 0.04 mmol);
[a]p = +66.7 (¢ 0.9, EtOAc). IR: vy, = 2957, 1740, 1686 cm™. 'H
NMR (300 MHz, DMSO-dy): 6 = 5.35 (t, J,3 = 9.7 Hz, 2 H, H-3),
529 (4,2 H, J;, = 4.0 Hz, H-1), 5.08 (m, 2 H, H-2, H-3), 3.95 (m, 2
H, H-5), 2.95 (bs, 4 H, CH,N), 2.69 (t, 4 H, Jyy = 7.0 Hz, CH,S),
2.67 (bd, 4 H, H-6a, H-6b), 2.27 (m, 12 H, H-2,,,.), 1.49 (m, 12 H, H-
310, 124 (m, 24 H, Hedyy, H-Sy), 085 (t, 18 H, H-6,,.). BC
NMR (75.5 MHz, DMSO-d;): 6 = 171.8, 171.7 (CO), 90.9 (C-1),
709 (C-5), 70.0, 69.2, (C-2, C-4), 69.4 (C-3), 392 (CH,N), 31.5 (C-
6), 33.9 (C-241,), 303 (CHS,S), 23.9 (C-3y1), 30.6 (C-dyye,), 21.8 (C-
Shex)y 13.3 (C-641y). ESI MS: m/z = 1049.6 [M]". Anal. Calcd for
CHoyCLN,0,S,: C, 55.65; H, 8.44; N, 2.50; S, 5.71. Found: C,
55.29; H, 8.18; N, 2.14; §, 5.33
6,6'-Diazido-6,6'-dideoxy-2,3,4,2',3',4'-hexa-O-hexanoyl-a,a’'-
trehalose (45). To a solution of 42 (1.58 g, 1.37 mmol) in dry DMF
(8 mL), NaN; (0.25 g, 3.60 mmol) was added. The reaction mixture
was stirred overnight at 40 °C under Ar atmosphere. The mixture was
poured into H,O—ice mixture (20 mL), and the product was extracted
with DCM (4 X 20 mL). The organic phase was dried (MgSO,),
filtered, and concentrated. The residue was purified by column
chromatography (1:12 EtOAc—cyclohexane) to afford 4S. Yield 72%
(091 g 0.98 mmol); R; = 0.53 (1:6 EtOAc—cyclohexane); [a], =
+108.7 (c 1.0, DCM). IR: v,,, = 2958, 2104, 1750, 735 cm ™. 'H
NMR (300 MHz, CD;0D): § = 5.52 (t, 2 H, J,3 = J; 4 = 9.8 Hz, H-3),
541 (d, 2 H, J,, = 40 Hz, H-1), 5.13 (dd, 2 H, H-2), 5.09 (t, 2 H, J, 5
=9.8 Hz, H-4), 4.08 (ddd, 2 H, Js, = 7.0 Hz, J5 ¢, = 2.6 Hz, H-5), 3.44
(dd, 2 H, Js, 6 = 13.0 Hz, H-6a), 2.97 (dd, 2 H, H-6b), 2.33 (m, 12 H,
H-24,,), 1.58 (m, 12 H, H-3y,,), 1.33 (m, 24 H, H-4y;,,H-Sy,,), 091
(m, 18 H, H-6y;,,). *C NMR (75.5 MHz, CD;0D): & = 175.2—174.2
(CO), 93.7 (C-1), 715 (C-3), 713 (C-2), 71.6 (C-5), 71 (C-4), 52.2
(C-6), 34.9 (C-24100), 332 (C-tiyer), 25.8 (C-31100), 236 (C-5p1er), 14.8
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(C-641ey)- ESI MS: m/z = 1003.5 [M + Na]*. Anal. Calcd for
CyH,3N;O,5: C, 58.76; H, 8.22; N, 8.57. Found: C, 58.84; H, 8.32; N,
8.60.

6,6'-Di-(4-tert-butoxycarbonylaminomethyl-1H-1,2,3-triazol-1-
yl)-6,6'-dideoxy-2,3,4,2',3',4'-hexa-O-hexanoyl-a,a'-trehalose (46).
To a solution of 44 (0.25 g, 0.25 mmol) and 45 (0.08 g, 0.56 mmol) in
H,O0-BuOH 9:1 (1S mL), the Cu-supported catalyst Si-BPA-Cu*
(0.02 g) was added and the reaction mixture was refluxed for 36 h at
85 °C. The catalyst was filtered, and the solvent was concentrated. The
residue was purified by column chromatography (1:1 — 2:1 EtOAc—
cyclohexane). Yield quant (0.33 g, 0.25 mmol); R; = 0.73 (2:1 EtOAc—
cyclohexane); [a]p = +56.7 (¢ 1.0, DCM). IR: v, = 2957, 1752,
1714, 735 cm™. 'H NMR (300 MHz, CDCl): § = 7.52 (s, 2 H, =
CH), 545 (t, 2 H, J,5 = J3, = 9.8 Hz, H-3), 5.30 (bs, 2 H, NHBoc),
4.97 (dd, 2 H, ], ,= 4.0 Hz, H-2), 4.87 (t, 2 H, J, 5 = 9.8 Hz, H-4), 4.83
(d,2 H, H-1), 448 (bd, 2 H, J5, = 13.7 Hz, H-6a), 437 (d, 4 H, Jyyq
= 6.0 Hz, CH, triazole), 4.12 (dd, 2 H, J; ¢, = 8.8 Hz, H-6b), 4.07 (m,
2 H, H-5), 225 (m, 12 H, H-2y,.,), 1.55 (m, 12 H, H-3,,,), 1.46 (s, 18
H, CMe,), 1.29 (m, 24 H, H-dy,,, H-5.), 0.89 (m, 18 H, H-6,,).
3C NMR (75.5 MHz, CD,0D): § = 173.5—173.2 (CO ester), 155.5
(CO carbamate), 146.0 (C-4 triazole), 122.3 (C-S triazole), 91.7 (C-
1), 79.5 (CMe;), 69.9 (C-3, C-5), 69.8 (C-4), 69.3 (C-2), 50.7 (C-6),
36.4 (CHy-triazole), 34.3 (C-2ye), 31.9 (C-dyy), 28.7 (CMes) 24.6
(C-34er)y 22.6 (C-5y01), 14.1 (C-6y4,). EST MS: m/z = 1313.4 [M +
Na]*. Anal. Caled for CgH,NgO,y: C, 59.52; H, 827; N, 8.68.
Found: C, 59.61; H, 8.33; N, 8.84.

6,6'-Di-(4-Aminomethyl-1H-1,2,3-triazol-1-yl)-6,6'-dideoxy-
2,3,4,2',3',4'-hexa-0-hexanoyl)-a,a’-trehalose Dihydrochloride
(47). Treatment of 46 (0.30 g, 0.23 mmol) with 1:1 TFA-DCM (4
mL) and freeze-drying from 10:1 H,0/0.1 N HCI solution afforded
47. Yield 97% (0.26 g, 0.22 mmol); [a];, = +48.9 (c 1.0, MeOH). IR:
Vpnax = 2956, 1751, 1464, 1026 cm™". "H NMR (300 MHz, CD;0D): &
= 8.05 (s, 2 H, CH triazole), 549 (t, 2 H, J;, = J,5 = 9.8 Hz, H:3),
5.06 (dd, 2 H, J, = 4.0 Hz, H-2), 496 (d, 2 H, ],, = 3.6 Hz, H-1),
495 (t, 2 H, J,5 = 9.8 Hz, H-4), 463 (dd, 2 H, Js¢, = 2.6 Hz, Jsq, =
14.6 Hz, H-6), 4.53 (dd, 2 H, Js4, = 7.9 Hz, H-6b), 427 (bs, 4 H,
CH,NH,), 424 (m, 1 H, H-S), 2.32 (m, 12 H, H-2;,,), 1.59 (m, 12 H,
H-3y,), 1.33 (m, 24 H, H-441,,H-51,), 0.93 (m, 18 H, H-6y,,). °C
NMR (75.5 MHz, CD;OD): § = 174.5—-173.6 (CO), 1415 (C-4
triazole) 127.1 (C-$ triazole), 92.7 (C-1), 71.2 (C-2), 70.6 (C-3), 70.4
(C-4), 70.3 (C-5), S1.5 (C-6), 35.2 (CH,NH,), 34.8 (C-24,,), 32.1
(Crthyger), 258 (C-3130y), 226 (C-Spyey), 142 (C-6y4,,). ESI MS: m/z =
1091.4 [M]*. Anal. Calcd for C54Hy,N4O,s: C, 55.71; H, 7.96; N, 9.62.
Found: C, 55.48; H, 7.77; N, 9.97.

6,6'-Di-[4-(2-N'-(2-(N-tert-butoxycarbonyl)aminoethyl)-
thioureido))methyl-1H-1,2,3-triazolyl-]2,3,4,2',3',4’-hexa-O-hexa-
noyl)-6,6'-dideoxy-a,a'-trehalose (48). To a solution of 47 (0.14 g,
0.12 mmol) and Et;N (37 yL, 0.36 mmol) in DCM (10 mL), tert-butyl
N-(2-isothiocyanoethyl) carbamate (0.07 g, 0.36 mmol) was added
and the reaction mixture was stirred overnight at rt. The reaction
mixture was washed with aqueous diluted HCI (3 X 10 mL), and the
organic phase was dried (MgSO,), filtered, and concentrated. The
residue was purified by column chromatography (2:1 — 3:1 EtOAc—
cyclohexane). Yield 67% (0.12 g, 0.08 mmol); R; = 0.40 (3:1 EtOAc—
cyclohexane); [a]p = +59.8 (c 1.0, DCM). UV (DCM): 249 nm (&,
539). TR: vy = 2959, 1752, 1701, em™". 'H NMR (300 MHz,
CDCl,): 6 = 7.80 (s, 2 H, CH triazole), 7.07 (bs, 4 H, NHCS), 5.39 (t,
2H, J34 = J,5 = 9.7 Hz, H-3), 5.29 (bs, 2 H, NHBoc), 4.98—4.76 (m, 4
H, H-1, H-4, CH, triazole), 4.62 (dd, 2 H, H-2), 447 (d, 2 H, Js,q =
14.0 Hz, H-6a), 4.28 (dd, 2 H, 5 4, = 8.0 Hz, H-6b), 3.97 (bt, 2 H, H-
5), 3.60 (bs, 4 H, CH,CH,NHBoc), 3.31 (m, 4 H, ¥,y = 54 Hz,
CH,NHBoc), 2.22 (m, 12 H, H-2y,,), 1.53 (m, 12 H, H-3y.,), 1.39 (s,
18 H, CMe;), 1.27 (m, 24 H, H-4y,,, H-54.,), 0.86 (m, 18 H, H-6,,).
3C NMR (75.5 MHz, CDCLy): 6 = 173.2—172.5 (CO ester), 156.2
(CO carbamate), 141.5 (C-4 triazole), 124.3 (C-5 triazole), 96.7 (C-
1), 79.7 (CMe;), 69.6—68.7 (C-2, C-3, C-4, C-5), 50.3 (C-6), 40.0
(CH,CH,NHBoc), 39.5 (CH,NHBoc), 33.9 (C-24,,), 31.2 (C-4y,,),
28.3 (CMes), 24.3 (C-313), 22.2 (C-Spyey), 13.1 (C-60,). EST MS: m/
z= 15174 [M + Na]*. Anal. Caled for C,oH,;sN,,0,58,: C, 56.20; H,
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7.95; N, 11.24; O, 20.32; S, 4.29. Found: C, 55.95; H, 7.84; N, 11.04;
S, 11.04
[(6,6'-Di-4-(2-N'-(2-aminoethyl)thioureido))methyl-1H-1,2,3-tria-
zol-1-yl)-6,6'-dideoxy-2,3,4,2',3',4'-hexa-O-hexanoyl]-a,a’-treha-
lose Dihydrochloride (10). Treatment of 48 (0.11 g, 0.07 mmol) with
TFA-DCM (2 mL) and freeze-drying from 0.1 N HCI solution
afforded 10. Yield quant (0.10 g, 0.07 mmol); [a]p, = +382 (c 1.0,
MeOH). UV (MeOH): 243 nm (g, 16.9). IR: v, = 2956, 2862,
1752, 1675 721 em™". '"H NMR (300 MHz, CD,0D): § = 7.92 (s, 2
H, CH triazole), 5.44 (t, 2 H, J,3 = J3, = 9.7 Hz, H-3), 5.08 (dd, 2 H,
Ji2 = 42 Hz, H-2), 495 (t, 2 H, H-4), 4.82 (m, 4 H, H-4, H-1, CH,
triazole), 4.62 (dd, 2 H, Jg, ¢, = 14.0 Hz, J5 6, = 2.5 Hz, H-6a), 4.48 (dd,
2 H, Jyq = 82 Hz, H-6b), 419 (ddd, 2 H, H-5), 391 (m, 4 H,
CH,CH,NH,), 3.21 (dt, 4 H, iy = 5.8 Hz, CH,NH,), 2.31 (m, 12 H,
H-2pe), 1.59 (m, 12 H, H-3y,,), 1.32 (m, 24 H, H-4y,,, H-3,,), 0.93
(m, 18 H, H-6,;,,). °C NMR (75.5 MHz, CD;0D): § = 182.6 (CS),
176.0-174.5 (CO), 146.1 (C-4 triazole), 125.6 (C-S triazole), 92.4
(C-1), 714 (C-4), 70.6 (C-3), 704 (C-S), 70.3 (C-2), SL.§ (C-6), 42.6
(CH,CH,NH,), 40.9 (CH,NH,), 40.2 (CH,—triazole), 35.0—34.8 (C-
Qttex)y 32.5—32.4 (C-4yyey), 25.7-25.4 (C-33100), 232 (C-Sy,,), 143 (C-
611ex)- ESIMS: m/z = 1357 [M + Cu]*; 711 [M + Cu]**". Anal. Caled
for CgoH 04N 1,0,5S,: C, 52.66; H, 7.66; N, 12.28; S, 4.69. Found: C,
52.71; H, 7.50; N, 12.55, 4.69.
6,6'[-4-(2,2-Bis-tert-butoxycarbonylamino)ethylaminomethyl)-
1H-1,2,3-triazol-1-yl)-6-deoxy-2,3-di-O-hexanoyl]-a,a’-trehalose
(49). To a solution of 44 (0.31 g, 0.31 mmol) and 29 (0.24 g 0.73
mmol) in H,0—"BuOH 9:1(15 mL), the Cu-supported catalyst Si-
BPA-Cu" (0.02 g) was added and the reaction mixture was refluxed for
36 h at 85 °C. The catalyst was filtered, and the solvent was removed.
The residue was purified by column chromatography (2:1 — 3:1
EtOAc—cyclohexane). Yield 91% (0.54 g, 0.29 mmol); R; = 0.36 (3:1
EtOAc—cyclohexane); [a]p = +57.0 (¢ 1.0, DCM). IR: v,,,, = 2958,
2359, 2341, 1751, 1700 cm ™. "H NMR (300 MHz, CDCL,): 6 = 7.57
(s, 2 H, =CH), 547 (t, 2 H, J,3 = J5, = 9.8 Hz, H-3), 5.20 (bs, 4 H,
NHBoc), 493 (dd, 2 H, J;, = 3.8 Hz, H-2), 486 (t, 2 H, ], = 10.0 Hz,
H-4), 477 (d, 2 H, H-1), 446 (bd, 2 H, Js, 4 = 14.0 Hz, H-6a), 425
(dd, 2 H, J5g, = 8.7 Hz, H-6b), 4.12 (m, 2 H, H-5), 3.83 (bs, 4 H, CH,
triazole), 3.19 (bd, 8 H, *J 4 = 6.0 Hz, CH,NHBoc), 2.55 (t, 8 H, Ju
= 6.0 Hz, CH,CH,NHBoc), 2.27 (m, 12 H, H-2y,,), 1.58 (s, 36 H,
CMe,), 1.44 (m, 12 H, H-3y,,), 1.30 (m, 24 H, H-4y,,, H-Sy,.,), 0.89
(m, 18 H, H-6y,,). *C NMR (75.5 MHz, CDCL,): 6 = 174.2—173.0
(CO ester), 156.2 (CO carbamate), 143.9 (C-4 triazole), 124.3 (C-S
triazole), 91.4 (C-1), 79.1 (CMe;), 69.5 (C-4), 69.3 (C-3), 69.2 (C-5),
68.8 (C-2), 53.1 (CH,CH,NHBoc), 50.6 (C-6), 48.0 (CH,—triazole),
384 (CH,NHBoc), 34.1 (C-2;y,), 31.7 (C-4yy,), 28.5 (CMe;), 24.6
(C-341ex)y 22.6 (C-5.1), 13.8 (C-6y,). ESI MS: m/z = 1686.6 [M +
Na]*. Anal. Caled for Cg,H, ;)N ;0,5 C, 59.18; H, 8.60; N, 10.10.
Found: C, 59.20; H, 8.51; N, 10.15.
6,6'[4-(2,2-Diaminoethylaminomethyl)-1H-1,2,3-triazol-1-yl)-
6,6'-dideoxy-2,3,4,2',3',4'-tri-O-hexanoyl]-a,a'-trehalose Tetrahy-
drochloride (11). Treatment of 49 (0.56 g, 0.34 mmol) with TFA—
DCM 1:1 (6 mL) and freeze-drying from 0.1 N HCI solution afforded
11. Yield quant (0.48 g, 0.33 mmol); [a]p, = +22.1 (¢ 1.0, MeOH). IR:
Unax = 2956, 2356, 1753, 1676, 721 cm™'. '"H NMR (300 MHg,
CD,0D): 6 = 8.33 (5, 2 H, CH triazole), 5.51 (t, 2 H, J3, = J,5 = 9.7
Hz, H-3),5.08 (dd, 2 H, J,, = 3.9 Hz, H-2), 5.01 (t, 2 H, J,5 = 9.7 Hz,
H-4), 4.95 (d, 2 H, H-1), 465 (dd, 2 H, J56, = 3.0 Hz, Js, = 14.5 Hz,
H-6a), 4.56 (dd, 2 H, Jq = 8.1 Hz, H-6b), 428 (bs, 4 H, CH,
triazole), 4.18 (ddd, 2 H, H-3), 341 (bt, 8 H, "y = Jyunu = 6.0 Hz,
CH,NH,), 3.22 (bt, 8 H, CH,CH,NH,), 2.31 (m, 12 H, H-23,,), 1.59
(m, 12 H, H-3,,), 1.33 (m, 24 H, H-4y,, H-5y.,), 093 (m, 18 H, H-
6her)- °C NMR (75.5 MHz, CD;0D): § = 174.2—173.2 (CO), 141.1
(C-4 triazole), 128.8 (C-S triazole), 91.9 (C-1), 71.0 (C-4), 70.6 (C-
3), 70.5 (C-5), 704 (C-2), 51.8 (C-6), 51.6 (CH,CH,NH,), 47.9
(CH,—triazole), 37.2 (CH,NH,), 35.1-34.8 (C-2y,,), 32.5-32.4 (C-
4ire)y 25.6—25.5 (C-313), 234 (C-Syer), 143 (C-6,,). ESI MS: m/z
=1263.5 [M]*; 632.0 [M]**. Anal. Calcd for Co,H,;,N,015: C, 52.83;
H, 8.15; N, 11.93. Found: C, 52.87; H, 8.04; N, 11.74.
Determination of CMC via Pyrene Fluorescence Measure-
ments. To assess the amphiphilicity, the critical micelle concen-
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trations (CMC) of all derivatives have been determined using an
established fluorescence technique based on pyrene.*® This extremely
hydrophobic dye is preferentially incorporated in the interior of
micelles. The onset of micelle formation can be observed in a shift of
the fluorescence excitation spectra of the samples at an emission
wavelength of 372 nm. In the concentration range of aqueous micellar
solutions, a shift of the excitation band in the 335 nm region toward
higher wavelengths confirms the incorporation of pyrene in the
hydrophobic interior of micelles. The ratio of the fluorescence
intensities at 339 and 335 nm was used to quantify the shift of the
broad excitation band. The critical micelle concentrations were
determined from the crossover point in the low concentration range.
Fluorescence spectra were recorded with an F-2500 Hitachi
spectrofluorophotometer and conventional 1 ¢cm quartz cuvettes at
37 £ 0.1 °C, using 2.5 mm excitation and emission slits.

Synthesis of Dodecanethiol Coated Gold Nanoparticles
(DDT-Au NPs). A solution of tetrachloroaurate acid in milli-Q water
(25 mL, 0.03 M) was mixed with a solution of tetraoctylammonium
bromide in toluene (80 mL, 0.05 M). The two phases mixture was
vigorously stirred until all the tetrachloroaurate was transferred into
the organic layer, and the aqueous layer was discarded. To the solution
was added dropwise a NaBH, aqueous solution (25 mL, 0.35 M) for 1
min, then the mixture was stirred for 1 h. The biphasic system was
washed with 0.01 M HCI (1 X 25 mL), 0.01 m NaOH (1 X 25 mL),
and H,0 milli-Q (3 X 25 mL). Aqueous layers were discarded, and the
organic phase was stirred overnight at rt. Dodecanethiol (10 mL, 42
mmol) was added, and the mixture was refluxed for 3 h. The system
was cooled to rt and spin-dried at 2000 rpm for 10 min. The
supernatant was recovered, and MeOH was added to reach 1:1
mixture to precipitate the NPs and eliminate the excess of
dodecanethiol, and the system was spin-dried for 10 min at 2000
rpm. Then supernatant was discarded, and the precipitate was
suspended in 1 mL of CHCl,.

The final concentration of DDT-Au NPs was determined by UV
spectrometry. A small aliquot of NPs was 1000-fold diluted and
absorbance was measured using a & = 8.63 X 10° M~ cm™".”

Coating of DDT-Au_NPs with Compound 11. To a solution of
DDT-Au NP (120 pL) in CHCly (30 mL) was added a solution of
compound 11 in MeOH (1 mL, 2 mM). The mixture was
concentrated, and milli-Q water (300 L) was added before 1 min
sonication. The dark-red solution was spin-dried in a ultrafiltration
device with a poly(ether sulfone) membrane (Corning Spin-X UF) for
S min at 6000 rpm. The precipitate was recovered by addition of milli-
Q water (500 uL). Final concentration was determined measuring the
absorbance at 450 nm using an ¢ = 3.07 X 10’ M™" em™.

Biological Assays. Reagents and Cell Cultures. Expression
plasmid for mouse MD-2 was a gift from Dr. Y. Nagai (University
of Tokyo, Japan). Expression plasmid for mouse TLR4 was purchased
from InvivoGen (CA, USA). Expression plasmids containing
sequences of human TLR4 and MD-2 as well as the pELAM-1 firefly
luciferase plasmid were a gift from Dr. C. Kirschning (Technical
University of Munich, Germany). The Renilla luciferase phRL-TK
plasmid was purchased from Promega (WI, USA).

The human embryonic kidney (HEK) 293 cells were provided by
Dr. J. Chow (Eisai Research Institute, Andover, MA, USA). HEK293
cells were grown in DMEM supplemented with 10% FBS. Compounds
were dissolved in 100% DMSO to provide 4 mM stock solutions;
further working dilutions were prepared immediately before
stimulation with cell medium (DMEM supplemented with 10% FBS).

Cell Activation Assay: NF-kB-Luciferase Reporter Assay. HEK 293
cells were seeded in 96-well Costar plates (Corning, NY, USA) at 1.6
X 10* cells/well and incubated overnight in a humidified atmosphere
(5% CO,) at 37 °C. The next day, when cells were 40—60% confluent,
they were cotransfected with MD-2 (10 ng), NF-xB-dependent
luciferase (70 ng), and constitutive Renilla (15 ng) reporter plasmids
and TLR4 plasmid (1 ng) using PEI (7.5 molar polyethylenimine pH
7.5, Polysciences) transfection reagent. Cells were stimulated 4 h after
transfection with the synthetic compounds, then 1 h later with LPS (S
nM) that was extensively vortexed immediately prior to stimulation.
Cells were lysed after 16 h of stimulation in 1X reporter assay lysis

9121

buffer (Promega, USA) and analyzed for reporter gene activities using
a dual-luciferase reporter assay system. Relative luciferase activity
(RLA) was calculated by normalizing each sample’s firefly luciferase
activity for constitutive Renilla activity measured within the same
sample. When plotting the data, the value of the wild type MD-2-
TLR4 sample stimulated with LPS was normalized to 100 and other
values were adjusted accordingly.

HEK-Blue Assay. HEK-Blue-TLR4 cells (InvivoGen) were cultured
according to manufacturer’s instructions. Briefly, cells were cultured in
DMEM high glucose medium supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine, 1X Normocin (InvivoGen), 1X HEK-
Blue Selection (InvivoGen). Cells were detached by the use of a cell
scraper, and the cell concentration was estimated by using Trypan Blue
(Sigma-Aldrich). The cells were diluted in DMEM high glucose
medium supplemented as described before and seeded in multiwell
plate at a density of 2 X 10* cells/well in 200 yL. After overnight
incubation (37 °C, $% CO,, 95% humidity), supernatant was
removed, and cell monolayers were washed with warm PBS without
Ca* and Mg** and treated with increasing concentrations of
compounds dissolved in DMSO—ethanol (1:1). After 30 min, the
cells were stimulated with 10 nM LPS from E. coli OSS:BS (Sigma-
Aldrich) and incubated overnight at 37 °C, $% CO,, and 95%
humidity. As a control, the cells were treated with or without LPS (10
nM) alone. Then the supernatants were collected, and 50 yL of each
sample was added to 100 uL PBS, pH 8, 0.84 mM para-
nitrophenylphosphate (pNPP) for a final concentration of 0.8 mM
pNPP. Plates were incubated for 2—4 h in the dark at rt, and then the
plate reading was assessed by using a spectrophotometer at 405 nm
(LT 4000, Labtech). The results were normalized with positive control
(LPS alone) and expressed as the mean of percentage + SD of at least
three independent experiments.

MTT Cell Viability Assay. HEK-Blue cells were seeded in 100 L of
DMEM without Phenol Red at a density of 2 X 10* cells per well. After
overnight incubation, 10 4L of compounds were added and the plates
were incubated overnight at 37 °C, 5% CO,, 95% humidity. DMSO
and PBS were included as control. Then 10 yL of MTT solution (S
mg/mL in PBS) were added to each well. After 3 h incubation (37 °C,
5% CO,, 95% humidity), HCl 0.1 N in 2-propanol was added (100
pL/well) to dissolve formazan crystals. Formazan concentration in the
wells was determined by measuring the absorbance at $70 nm (LT
4000, Labtech). The results were normalized with untreated control
(PBS) and expressed as the mean of percentage + SD of three
independent experiments.

In Vivo Endotoxin Inhibition. CS7BL/6] mice (11—13 weeks old)
were randomly assigned into groups and injected intraperitoneally
with vehicle control ($% DMSO in PBS) (groups none and LPS only)
or the inhibitory compound (2 X 1077 mol compound/mouse for
compounds 5—11, all in 5% DMSO solution). One hour later, the
mice were injected intraperitoneally with vehicle control (PBS) (group
none) or with LPS from E. coli 055:BS (1 X 10™° mol/mouse » 10 ug
LPS/mouse). Three hours later, the blood was collected. Serum was
tested with the mouse TNF-a ELISA kit (“ReadySetGo”, eBioscience)
to determine the levels of mouse TNF-a. The experiment was
performed according to the manufacturer’s instructions.
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Monosaccharide lipid A mimetics based on a glucosamine core
linked to two fatty acid chains and bearing one or two phos-
phate groups have been synthesized. Compounds 1 and 2,
each with one phosphate group, were practically inactive in in-
hibiting LPS-induced TLR4 signaling and cytokine production
in HEK-blue cells and murine macrophages, but compound 3,
with two phosphate groups, was found to be active in effi-
ciently inhibiting TLR4 signal in both cell types. The direct in-
teraction between compound 3 and the MD-2 coreceptor was
investigated by NMR spectroscopy and molecular modeling/

Introduction

Activation of Toll-like receptor 4 (TLR4) and subsequent intra-
cellular signaling in response to minute amounts of circulating
endotoxins (Gram-negative bacterial lipopolysaccharides, LPSs),
results in the rapid triggering of proinflammatory processes
necessary for optimal host immune responses to invading
Gram-negative bacteria in mammalians."” TLR4 does not bind
directly to LPSs, and TLR4 activation by endotoxin is a complex
event, involving the participation of other LPS-binding pro-
teins—namely LBP, CD14, and MD-2—and ending with the for-
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docking analysis. This compound also interacts directly with
the CD14 receptor, stimulating its internalization by endocyto-
sis. Experiments on macrophages show that the effect on
CD14 reinforces the activity on MD-2-TLR4 because compound
3's activity is higher when CD14 is important for TLR4 signaling
(i.e., at low LPS concentration). The dual targeting of MD-2 and
CD14, accompanied by good solubility in water and lack of
toxicity, suggests the use of monosaccharide 3 as a lead com-
pound for the development of drugs directed against TLR4-
related syndromes.

mation of the activated (TLR4-MD-2-LPS), complex.”’ In particu-
lar, CD14 was the first identified Pattern Recognition Receptor
(PRR) that binds directly to LPSs,”’ and chaperones the forma-
tion of the (TLR4-MD-2:LPS), complex.”’ At low endotoxin con-
centrations CD14 has a fundamental role in assisting the for-
mation of the signaling complex and the consequent initiation
of the MyD88-dependent pathway leading to NF-kB activation.
In contrast, CD14 is not indispensable for the activation of this
pathway when LPS is more concentrated.”

CD14 is also required for endotoxin-induced TLR4 endocyto-
sis'® and relocalization of the entire LPS receptor complex into
the endosome, where a second signaling pathway, namely the
TRIF-dependent pathway, leading to a second wave of NF-kB
and IRF3 activation and inflammatory cytokine production ini-
tiates. It has recently been observed that TLR4 antagonists,
such as Eritoran,” lipid IVa, and cationic glycolipids,”® strongly
interact with CD14 and inhibit the formation of CD14-endotox-
in complex. Excessively potent and deregulated TLR4 activa-
tion and signaling causes serious systemic syndromes such as
fatal septic shock, associated with a high mortality (20-30%),”
and organ-specific syndromes. CD14-dependent TLR4 activa-
tion in the central nervous system (CNS) by endogenous fac-
tors has been recently related to a wide array of inflammatory
neurological diseases such as amyotrophic lateral sclerosis
(ALS)," neuropathic pain,™ and Alzheimer’s disease (AD)."”
Efficient and selective TLR4 antagonists with chemical struc-
tures simpler than that of lipid A are therefore required for the
development of potential new drugs with a wide array of med-
ical and pharmacological applications (from sepsis to CNS
pathologies)."™
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The LPS lipid A moiety (cf. Scheme 1), which anchors LPSs to
the outer membranes of Gram-negative bacteria, is responsible
for the immunostimulatory activity of LPSs."*'* Lipid A consists
of a 1,4-B-diphosphorylated diglucosamine backbone to which
variable numbers of fatty acid (FA) acyl chains of different
length are covalently linked."” The numbers and structures of
the acyl chains, as well as the two phosphate groups, deter-
mine the agonistic activity of lipid A.

Lipid X (Scheme 1), a biosynthetic precursor of lipid A with
a structure that corresponds to the reducing GIcNAc monosac-
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Scheme 1. £ coli lipid A and its biosynthetic precursor lipid X, together with mono- (1 and 2) and diphosphorylat-

ed (3) lipid X mimetics.

charide of Escherichia coli lipid A, blocks LPS-induced septic
shock and priming of TLR4-dependent human neutrophils."®
Because of its anti-endotoxic activity""” lipid X has been consid-
ered a simplified monosaccharide scaffold for the development
of TLR4 agonists and antagonists.

Here we present the synthesis and biological characteriza-
tion of monosaccharides 1-3 (Scheme 1): compound 1 corre-
sponds to a lipid X mimetic with an a-anomeric phosphate,
whereas 2 has a phosphate ester at the C-4 position, and 3 is
phosphorylated at both C-1 and C-4 positions. Natural lipid A
and lipid X have the (C-1) anomeric phosphate exclusively in
the a-configuration, and the stereochemistry at the anomeric
bond is very important for biological activity." Accordingly,
we introduced anomeric (C-1) phosphate esters into com-
pounds 1 and 3 through stereoselective reactions that exclu-
sively afforded the a-configuration.

Extensive structure-activity studies are available for lipid X
mimetics based on a GlcNac monosaccharide with a C-4 phos-
phate group and acylated in the C-2 and C-3 positions with
different linear and branched FA chains."®' Whereas com-
pounds with two C,, FA acyl chains—at C-3 and one at C-2—
have TLR4 agonist activity in human and mouse macrophages,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

compounds with different acylation patterns (including com-
pound 1, named GLA-26, with two linear acyl chains) acted as
agonists in murine macrophages and antagonists in human
monocytes."*?*¥ Compound 2, with a phosphate group at C-4,
has been described (compound 880.244)%" as a very weak
TLR4 modulator.?"?? Of all lipid X synthetic analogues, the di-
phosphoryl lipid X (Scheme 1) showed the most potent antag-
onist activity on both murine macrophages and human mono-
cytes.”” Compound 3 closely resembles diphosphoryl lipid X,
but its structure is further simplified by the removal of the C-
3 hydroxy groups on the FA
chains.
HO
R%.q ¢!
o Results and Discussion
oHN O-R
o Synthesis of lipid X mimetics
1-3

Compounds 1-3 were synthe-
sized by using a divergent strat-
egy starting from the common
intermediate 4 (Scheme 2),%¥ ob-
tained from commercial b-glu-
cosamine hydrochloride. Com-
pound 4 was treated with PPh,
in THF/H,O to transform the
azido group into an amine (com-
pound 5) and was then acylated
in the C-2 and C-3 positions with
myristic acid in the presence of
the condensing agent 1-ethyl-3-
(3-dimethylaminopropyl)carbo-
diimide (EDC), thus affording 6.
Monosaccharide 6 was depro-
tected at the anomeric (C-1) po-
sition with tetrabutylammonium fluoride (TBAF) and AcOH to
afford 7, which was phosphorylated with tetrabenzyl diphos-
phate in the presence of lithium bis(trimethylsilyllamide to
afford the a-anomer 8 exclusively. Catalytic hydrogenolysis in
the presence of Pd/C allowed simultaneous removal of the p-
methoxybenzylidene group and the benzyl groups on the
phosphate, affording compound 1.

Alternatively, the benzylidene protecting group of com-
pound 6 was reductively opened by treatment with NaCNBH,
in dry THF to provide compound 9, protected as a p-methoxy-
benzyl (PMB) ether at C-4. Compound 9 was phosphitylated
with dibenzyl N,N-diisopropylphosphoramidite and imidazoli-
um triflate and was then oxidized to a phosphate with m-
chloroperbenzoic acid to obtain 10. Compound 10 was depro-
tected at C-1 with TBAF and AcOH to afford 11, and subse-
quent catalytic hydrogenolysis in the presence of Pd/C allowed
compound 2 to be obtained.

To give access to compound 3, compound 6 was treated
with NaCNBHs;; this resulted in regioselective opening of the
benzylidene ring and formation of the C-6 PMB ether. This re-
action was quenched by addition of an acidic solution (HCI,
1™ in dioxane at pH 1.5 for 1 h); this promoted the removal of
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Scheme 2. Reagents and conditions: a) PPh;, THF/H,0, 60 °C, 87 %; b) myristic acid, EDC, DMAP, CH,Cl,, 97 %;

) TBAF, AcOH, THF, —15°C to RT, 76 %; d) tetrabenzyl diphosphate, LiN(TMS),, dry THF, —78 to —20°C, 43%; e) H,,
Pd/C, AcOH, dry MeOH/CH,Cl,, quant.; f) NaCNBH,, 4 A MS, dry THF, 84%; g) (BnO),PNiPr,, imidazolium triflate, dry
CH,Cl,, then m-CPBA, 0°C, 42%; h) TBAF, AcOH, THF, —15°C to RT, 57%; il H,, Pd/C, AcOH, dry MeOH/CH,Cl,,
quant.; j) tetrabenzyl diphosphate, LiN(TMS),, dry THF, —78 to —20°C, 71%; k) H,, Pd/C, AcOH, dry MeOH/CH,Cl,,
quant.; 1) NaCNBH,, 4 A MS, dry THF, then HCl in dioxane until pH 1.5, 61%; m) (BnO),PNiPr,, imidazolium tosylate,
dry CH,Cl,, then m-CPBA, 0°C, 38%.

the anomeric tert-butyldimethylsilyl (TBDMS) protective group,
thus providing compound 12 in one reaction step. Double
phosphorylation at C-1 (stereoselective) and C-4 positions the
phosphoramidite plus oxidation method and subsequent cata-
lytic hydrogenolysis afforded monosaccharide 3.

Compounds 1, 2 and 3 were recovered as triethylammonium
salts after hydrogenolysis and then treated with Amberlite IR
120 Na® exchange resin to change the counterion. The final
compounds used for biological characterization contained
sodium as counterion for the phosphate groups.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Inhibition of LPS-induced,
TLR4-dependent NF-kB activa-
tion in HEK-blue cells

The abilities of molecules 1, 2,
and 3 to interfere with LPS-trig-
gered TLR4 activation were first
investigated in HEK-blue cells.
HEK-blue cells are HEK293 cells
stably transfected with human
TLR4, MD-2, and CD14 genes. In
addition, HEK-blue cells stably
express a secreted alkaline phos-
phatase (sAP) produced upon
activation of NF-kB. LPS binding
activates TLR4 and NF-xB, lead-
ing to sAP secretion, which is
detected in cell culture media by
an alkaline phosphatase sub-
strate.

When supplied alone, com-
pounds 1-3 were unable to
stimulate TLR4-dependent sAP
production at a range of concen-
trations between 0 and 50 pm,
thus confirming the lack of any
agonist activity for the three
monosaccharides on  human
TLR4. Cells were then pretreated
with increasing concentrations
of the synthetic monosacchar-
ides (from 0 to 50 pm) and then
stimulated with E. coli 055:B5
LPS (100 ngmL™"). In this con-
centration range compounds
1 and 2 were weakly active in in-
hibiting LPS-stimulated TLR4 sig-
naling, whereas 3 was active.
The experiment was also run for
compound 3 at two LPS concen-
trations (10 ngmL™' and
1 pgmL™") by administrating LPS
30 min after the pretreatment
with compound 3. At both these
LPS concentrations the percent-
age activation of HEK cells
reached similar values, thus indi-

cating that the lower concentration (10 ngmL™") also saturated
the signal corresponding to TLR4-dependent NF-kB stimulation
(100% on the vertical scale, Figure 1). Compound 3 turned out
to be more active as an antagonist at the low LPS concentra-
tion (10 ngmL™"), with a calculated IC,, of 0.46 um, whereas
when LPS was more concentrated the IC;, was increased to
3.42 um (Figure 2). As a negative control a HEK-293 cell line (In-
vivoGen) transfected with the same plasmids as HEK-blue but
without TLR4, MD-2, and CD14 genes was used, and no effect
was observed (data not shown). The toxicities of all com-
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Figure 1. Effects of compounds 1-3 on LPS-induced TNF-a production by BM-derived
macrophages. WT or CD14—/— BM macrophages were preincubated with synthetic com-
pounds for 30 min and then treated either with a high LPS concentration (1 pgmL "', m)
or a low one (10 ngmL™", 0). Readout was the TNF-a production after one night's incu-

bation.
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Figure 2. HEK-blue cells assay. Compound 3 inhibits LPS-triggered TLR4 acti-
vation in a dose-dependent way (monitored as sAP colorimetric reaction,
normalized data, n=3 experiments). Low concentrations of LPS (10 ngmL ';
0) gave an IC, value of 0.46 um for compound 3; high LPS doses

(1 pgmL~"; m) shifted the ICy, to 3.42 um.

pounds were assessed by MTT tests, and all compounds
showed no or very limited toxicity up to the highest concen-
tration tested (50 um; see the Supporting Information).
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Inhibition of LPS-induced TLR4 activation in
murine macrophages

The abilities of compounds 1-3 to modulate the LPS-
stimulated TLR4 pathway were further investigated in
bone-marrow-derived murine macrophages
(BMM®s). TNF-o. production was determined from
TLR4-MyD88 pathway activation. BMM®s from wild-
type and CD14—/— mice were treated with increas-
ing concentrations (0-50 pum) of compounds 1-3 in
DMEM +BSA (0.03%) in the presence or in the ab-
sence of LPS. Two LPS concentrations (10 and
1000 ng mL ') were tested, and LPS was administered
30 min after pretreatment with the synthetic com-
pounds.

The LPS-induced TNF-o. production after one
night's incubation was assessed by ELISA test
(Figure 1). As expected, the high concentration of
smooth LPS also activated TLR4 signaling in the ab-
sence of CD14,*) whereas at the low LPS concentra-
tion the signal was absent in CD14-defective cells.
Compound 1 was inactive in both cell types, whereas
molecule 2 showed a weak antagonist effect on wt
macrophages at low LPS concentration. Compound 3
showed a dose-dependent LPS antagonistic activity
in wt cells at the low LPS concentration and in
CD14—/— at the high LPS concentration (Figure 1).
The antagonist activity on both wt and CD14-defec-
tive cells suggests that molecule 3 competes with
LPS in interaction both with CD14 and with the MD-
2-TLR4 complex.

nt

Compound 3 selectively stimulates endocytosis of CD14
(and not of the MD-2-TLR4 complex)

Because CD14 favors the activation of the TLR4-MyD88 path-
way at low LPS doses, and because compounds 2 and 3 are
more active as inhibitors at low LPS concentrations, we evalu-
ated whether CD14 could be directly targeted by the synthetic
compounds. We analyzed the capacities of compounds 1-3 to
induce CD14 and MD-2:-TLR4 complex internalization in
BMM®s. CD14 is in fact efficiently internalized together with
the entire LPS receptor complex after LPS or lipid A binding,
and this process has been demonstrated to be directed by
CD14 in a TLR4-independent manner.” BMM®s were incubat-
ed with compounds 1-3 at a concentration of 10 um, and the
amounts of CD14 remaining at the cell surface over time were
analyzed by flow cytometry. Compound 3, showing the best
antagonistic activity, was also capable of efficiently inducing
CD14 internalization, whereas compounds 1 and 2 did not
show any effect on CD14 surface expression (Figure 3). Inter-
estingly, MD-2-TLR4 complex was not internalized after expo-
sure to compounds 1-3 (Figure 3). These results suggest that
compound 3, an antagonist of the TLR4 signal pathway, can
interact directly with CD14, causing its internalization.
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Figure 3. Internalization of CD14 (left) and TLR4 (right) induced by com-
pounds 1 (4), 2 (0), and 3 (0). BMM®s were treated with LPS (1 pgmL~"; m)
or with the synthetic compounds, and the systems were incubated at 37 °C
for the times indicated. Flow cytometry was then used to examine receptor
endocytosis by determining the surface levels of the proteins indicated.
Panels represent the mean fluorescence intensity (MFI) of specific receptor
staining at each time point.

NMR binding experiments—interaction between synthetic
compound 3 and MD-2

The binding of monosaccharide 3 to the MD-2 receptor in so-
lution was then investigated by means of NMR techniques. Be-
cause of the tendency of compound 3 to form stable aggre-
gates at the concentrations required for NMR measurements
(150-300 um), it turned out to be impossible to detect ligand-
protein interaction by saturation transfer difference (STD) ex-
periments. However, it was possible to record good-quality
'H NMR spectra of 3, of MD-2, and of a 3/MD-2 mixture (ratio
5:1, at a 150 um ligand concentration, Figure 4). Selective at-
tenuation of the signals corresponding to the fatty acid C,,
chain protons of 3 was observed upon addition of MD-2 to the
monosaccharide sample solution (Figure 4). Although broaden-
ing of all the resonance signals was detected, the decrease in
signal intensities was significantly higher for those hydrogen
atoms belonging to the FA aliphatic chains, in particular for

A)

Figure 4. A) 'H NMR of 30 um MD-2 protein in deuterated acetate buffer at
pH 5, 298 K, 120 scans. B) 'H NMR of 30 um MD-2 protein and 150 pm com-
pound 3 in deuterated acetate buffer at pH 5, 298 K, 120 scans. C) 'H NMR of
150 pm compound 3 in deuterated acetate buffer at pH 5, 298 K, 120 scans.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the signals of the w-methyl groups and for those of the contig-
uous CH, moieties, followed by the rest of the chain hydrogen
atoms. In contrast, the intensities of the signals corresponding
to the hydrogen atoms on the sugar ring proved to be practi-
cally unaltered.

The experimentally observed reductions in intensity, due to
specific line broadening of these signals, arise from the
changes in the transverse relaxation times of these signals.
This dramatic change likely arises from the existence of interac-
tion between 3 and MD-2, precisely focused at the aliphatic
side chain region. In fact, the FA chains-MD-2 interactions out-
lined here are reminiscent of those previously observed for
positively charged amphiphiles.” These data suggest the exis-
tence of a major interaction of both FA chains of the sugar
ligand with the hydrophobic binding cavity of MD-2, as also
confirmed by docking calculations (see below). The exchange
process between the free and the bound states provides the
basis for the increased relaxation rate and the corresponding
observed increases in line width.

Additional features of the interaction were also investigated
by DOSY (diffusion ordered spectroscopy) NMR. Firstly, the ag-
gregation properties of 3 were evaluated by use of DOSY. The
DOSY of the free ligand showed a strikingly small diffusion co-
efficient, corresponding to a high-molecular-weight species in
solution. This evidence can be correlated with the observation
that compound 3 forms relatively large aggregates (Figure S2
in the Supporting Information) in water solution. The DOSY
spectrum of the 3/MD-2 mixture (at 5:1 molar ratio) was then
also recorded. As stated above, the signals of the ligand ali-
phatic chains were no longer visible in the NMR spectrum,
thus strongly suggesting the interaction of this part of the
molecule with MD-2. In addition, the observation of a higher
diffusion coefficient for the ligand molecule indicated that the
existing aggregate for isolated 3 is indeed disrupted (see the
Supporting Information).

Molecular modeling studies and docking of monosaccharide
3 with CD14 and MD-2

Docking studies were performed with the AutoDock® and Au-
toDock Vina® programs, by the protocol described in the Ex-
perimental Section. Firstly, the use of these computational pro-
grams was validated by docking the natural antagonist lipid
IVa, with employment of the X-ray crystallographic structure of
the human MD-2 protein in complexation with lipid IVa (PDB
ID: 2E59) as the starting geometry.”” Both the AutoDock and
the Vina programs satisfactorily reproduced the crystallograph-
ic binding mode, showing the four FA acyl chains inside the
lipophilic pocket, and the phosphorylated glucosamine moiet-
ies located at the entrance to the cavity (data not shown).
Once the docking procedures were validated, the same
docking protocol was applied to compound 3. Reasonable
binding poses were predicted in both proteins (CD14 and MD-
2), thus pointing to this compound being a suitable binder.
The docked theoretical MD-2 binding energies for compounds
1 and 2 were significantly higher than that for compound 3,
by at least 8 kJmol™' (data not shown), thus pointing to
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a more favorable binding process for 3. Analysis of the Auto-
Dock and AutoDock Vina docked binding poses in MD-2
showed the ability of compound 3 to bind in two different
fashions, with close predicted binding energies. Most of the
best docked solutions corresponded to binding poses with the
two FA chains deeply confined inside the MD2 pocket, similarly
to what had been seen with lipid IVa. One of the FA chains es-
tablishes hydrophobic contacts and CH-mxt interactions with
Leu74, Phe76, Phe104, and lle117, in a similar way to the equiv-
alent FA chain present in lipid IVa (Figure 5A). The second FA
chain is directed into the region delimited by lle52, Leu54,

. ~
Ale124
_Phe128)

Figure 5. AutoDock binding poses of compound 3 characterized with either
two (green) or one (magenta) FA chains oriented inside the lipophilic MD-2
pocket. Lipid IVa is shown as reference in CPK colors.

Phe121, lle124, Tyr131, and lle153, a subpocket also occupied
by a FA chain in the complex with lipid IVa. In few cases, re-
sults from docking showed a second binding mode, with one
FA chain extending towards Val82 and placed over lle124 (Fig-
ure 5B). Interestingly, this lle124 moves “up” in the agonist
conformation, and its position is occupied by Phe126, thus
acting as an agonist/antagonist switch.

Polar interactions were also identified in some of the docked
binding poses. One phosphate group participates in hydrogen
bonds—with Ser118, for instance—and is always located in the
vicinity of Lys58 and/or Lys122, similarly to one of the lipid IVa
phosphates. The second phosphate group is found in the vi-
cinity of positively charged side chains, such as that from
Arg96 or, in other docked solutions, exposed to the outside. In
addition, in some of the docking results either the amide CO
group or an ester CO group from compound 3 was found to
establish a hydrogen bond with the Ser120 CO group. These
predicted binding poses are in agreement with the NMR ex-
periments and provide a 3D model for the interaction of the
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FA chains with MD-2 protein, as well as for putative polar inter-
actions involving the phosphate groups.

Docking calculations for compound 3 into CD14 were also
carried out. In this case, the CD14 protein, like the MD-2 pro-
tein, also possesses a highly lipophilic wide pocket, but with
fewer charged residues in the opening portion. Compound 3
showed binding poses presenting both FA chains inside the
pocket, with the polar phosphate groups and sugar placed at
the entrance of the cavity (Figure S3), thus supporting the
experimental evidence of CD14 binding properties for this
compound.

Conclusions

With the aim of obtaining TLR4 antagonists with chemical
structures simpler than that of lipid A, mono- and diphosphate
lipid X analogues (compounds 1-3) were synthesized. Mono-
saccharides 1 and 2, with one phosphate group linked to the
anomeric (C-1) and the C-4 positions, respectively, showed
weak antagonism in HEK-blue cells and macrophages. Mono-
saccharide 3, a diphosphorylated lipid X analogue lacking the
C-3 hydroxy groups on its FA acyl chains, proved to be active
in inhibiting, in a dose-dependent way, the LPS-stimulated NF-
KB activation in HEK-blue cells (Figure 2) and LPS-induced TNF-
a production in macrophages (Figure 1). Monosaccharide 3
was much more active in inhibiting cytokine production at low
LPS concentrations (10 ngmL ) than it was at higher ones
(1 ugmL~", Figure 1). When the LPS concentration is low, the
CD14-catalyzed extraction of LPS monomers from aggregates
in solution and LPS presentation to the MD-2:TLR4 complex is
essential for TLR4 activation and signaling.”’ On the other
hand, it has been reported that highly concentrated LPS can
bind directly to the MD-2:TLR4 complex and activate the TLR4
cascade without the need for the CD14 chaperone.

The higher activity of compound 3 under the experimental
conditions under which CD14 contributes to TLR4 activation is
a first indication that compound 3 probably interferes both in
LPS/MD-2-TLR4 and in LPS/CD14 interactions. This behavior is
reminiscent of that of a first generation of positively charged
monosaccharides we developed that blocked in vitro and in
vivo TLR4 activation® mainly by displacing endotoxin from
CD14 interaction.”

The capacity of compound 3 to stimulate CD14 internaliza-
tion (Figure 3) provides further evidence of a direct interaction
between the synthetic molecule and CD14. The interaction
with MD-2 has been characterized by NMR studies, allowing
the identification of the FA acyl chain moieties as the part of
compound 3 that directly interacts with MD-2 (Figure 4). Once
again, analogously with what has been observed with synthet-
ic cationic amphiphiles,® the FA acyl chains of the molecule
proved to interact with MD-2 more strongly than the sugar
part. Computational models for this complex have shown that
the most stable docked complexes always correspond to bind-
ing poses in which the FA chains of compound 3 are deep
inside the MD-2 pocket; this is consistent with the NMR obser-
vation of FA chain-protein interactions. Additionally, polar in-
teractions of the phosphate groups with the outer polar resi-
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dues can be identified in some of the binding poses. Overall,
our calculations thus provide a theoretical 3D view of the inter-
action of this compound with MD-2. A docked model for CD14
in complexation with compound 3, in accordance with the ex-
perimental results, has also been proposed.

Monosaccharide 3 is a promising lead for the development
of drugs targeting TLR4 activation in a variety of medical set-
tings.”"* This nontoxic TLR4 antagonist shows a high water
solubility (completely soluble up to 1 mm concentration), in
contrast with lipid A and lipid A mimetics, previously devel-
oped by us and by other groups, that suffer from poor solubili-
ty in aqueous media.™™ This is an important prerequisite for
good bioavailability and favorable pharmacokinetic (distribu-
tion) properties. The critical micelle concentrations (CMCs) for
compounds 1-3 were determined through pyrene fluores-
cence measurements.”” The CMC values for compounds 1, 2,
and 3 are 13, 28, and 9 um, respectively. The TLR4 antagonist
activity of compound 3 is observed in cells at concentration
values below the CMC (IC5, from 0.46 to 3.2 um). In this con-
centration range compound 3 is mainly in the monomeric
form in solution. In contrast, at the higher concentrations re-
quired for NMR experiments (from 150 to 330 um) compound
3 prevalently exists in the form of aggregates in solution. Ac-
cording to the data presented in this study, compound 3 inter-
acts efficiently with both MD-2(-TLR4) and CD14 receptors.
Multiple targeting could explain and contribute to the com-
pound’s efficacy in blocking TLR4 signaling.

Experimental Section
Chemistry

General procedures: All reagents were commercially available and
used without further purification unless indicated otherwise. All
solvents were anhydrous grade unless indicated otherwise. When
dry conditions were required, the reactions were carried out in
oven-dried glassware under a slight pressure of argon. Reactions
were magnetically stirred and monitored by thin-layer chromatog-
raphy (TLC) on silica gel. TLC was performed with Silica Gel 60
F254 plates (Merck) and UV detection or use of a molybdate devel-
oping solution [aqueous H,SO, (5%) with (NH,)sM0,0,4H,0 (4%)
and 0.2% Ce(SO,),] followed by heating at 120°C. Flash column
chromatography was performed on silica gel 230-400 mesh
(Merck). The petroleum ether used as eluent in chromatography
has a boiling range of 40-60°C. 'H and "*C NMR spectra were re-
corded with a Varian 400 MHz Mercury instrument at 298 K. Chemi-
cal shifts are reported in ppm downfield from TMS as internal stan-
dard. Mass spectra were recorded with an ESI-MS triple quadrupole
instrument (model API2000 QTrap, Applied Biosystems).

Phosphoryl 2-deoxy-3-O-tetradecanoyl-2-tetradecanoylamino-a-p-glu-
copyranoside (1): Compound 8 (0.05 g, 0.05 mmol) was dissolved in
dry CH,Cl,/MeOH (1:2, 6 mL), and Pd on activated charcoal (catalyt-
ic amount) and AcOH were then added. The reaction mixture was
stirred overnight at RT under H,, with monitoring of the disappear-
ance of starting material by TLC (toluene/AcOEt 7:3). Triethylamine
(100 pL) was then added to the reaction mixture, and the suspen-
sion was filtered with a syringe filter in order to remove Pd/C cata-
lyst and washed with CH,Cl,. The product was then passed over an
Amberlite IR 120 Na* exchange resin in order to remove triethyla-
mine to give compound 1 as its sodium salt (0.04 g, quantitative).
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'HNMR (400 MHz, CD;OD+3% D,0, 25°C, TMS): =544 (dd,
3Jup=68Hz, *yy=34Hz, 1H; H-1), 520 (dd, *y;=106, 9.4 Hz,
TH; H-3), 415 (dt, *Jyy =57, 3.2 Hz, 1H; H-2), 395 (m, TH; H-5),
3.85 (dd, Yy, =11.8, 2.0 Hz, 1H; H-6a), 3.72 (dd, )4 =118, 5.2 Hz,
1H; H-6b), 3.63-3.54 (m, 1H; H-4), 2.42-2.27 (m, 2H; CH,a chains),
2.27-2.14 (m, 2H; CH,a chains), 1.56 (m, 4H; CH, chains), 1.37-
120 (m, 40H; CH, bulk), 0.89 ppm (t, Jyu=6.8Hz, 6H; CH,);
BCNMR (101 MHz, CD,0D4+3% D,0, 25°C, TMS): 0=17523,
174.18, 93.77, 73.33, 72.91, 68.06, 60.60, 51.83, 35.80, 33.81, 33.31,
31.67, 29.47, 29.42, 29.38, 29.29, 29.19, 29.14, 29.08, 28.95, 25.69,
25.31, 24.60, 24.56, 22.35, 13.16, 7.88 ppm; MS (ESI): m/z calcd:
679.44; found: 678.6, 339.4.

2-Deoxy-4-O-phosphoryl-3-O-tetradecanoyl-2-tetradecanoylamino-
a,3-p-glucopyranose (2): Compound 11 (0.14 g, 0.15 mmol) was dis-
solved in dry CH,Cl,/MeOH (1:2, 6 mL), and Pd on activated char-
coal was then added in catalytic amounts. The reaction mixture
was stirred at RT under H, overnight, with monitoring of the disap-
pearance of starting material by TLC (ETP/AcOEt 7:3). Triethylamine
(100 pL) was added to the reaction mixture, and the suspension
was filtered with a syringe filter in order to remove Pd/C catalyst.
The pure triethylammonium salt was then passed over an Amber-
lite IR 120 Na™ exchange resin in order to remove triethylamine,
giving compound 2 as its sodium salt (mixture of a- and f-anom-
ers, 5:1) in quantitative yield. '"H NMR (400 MHz, CD;0OD+2.5%
CDCly, 25°C, TMS): 0=7.66 (d, *Jy,=9.6 Hz, TH; NH), 5.34 (t, *J,,,=
9.8 Hz, TH; H-30), 5.14 (t, *Jyy=9.7 Hz, TH; H-3p), 5.05 (d, >y =
3.6 Hz, 1H; H-10), 468 (d, *Jy,,=8.4 Hz, TH; H-1p), 4.26-4.10 (m,
3H; H-20, H-40, H-4P), 3.98-3.90 (m, 3H; H-5a, H-6ac, H-6af),
3.85-3.75 (m, 2H; H-2b; H-6bp), 3.68 (m, 1H; H-6ba), 3.40 (m, 1H;
H-5p), 2.44-2.11 (m, 8H; CH,a chains), 1.56 (m, 8H; CH,f chains),
1.45-1.17 (m, 80H; CH, bulk), 0.89 ppm (t, *Jyy=6.7 Hz, 12H; CH,);
BCNMR (101 MHz, CD,0D+2.5% CDCl;, 25°C, TMS): 0 =78.97,
178.15, 99.68, 95.74, 75.93, 75.44, 75.16, 64.65, 59.48, 56.55, 50.39,
46.21, 40.31, 39.87, 37.99, 35.90, 33.69, 33.63, 33.59, 33.55, 33.52,
33.33, 33.25, 29.98, 28.69, 26.55, 17.27, 11.93 ppm; MS (ESI): m/z
calcd: 679.44; found: 678.52.

Phosphoryl  2-deoxy-4-O-phosphoryl-3-O-tetradecanoyl-2-tetradeca-
noylamino-a-p-glucopyranoside  (3):  Compound 13 (0.08 g,
0.06 mmol) was dissolved in dry CH,Cl,/MeOH 1:2 (5 mL), and Pd
on activated charcoal was then added in catalytic amounts. The
reaction mixture was stirred at RT under H, overnight (TLC AcOEt).
Triethylamine (150 pL) was then added to the reaction mixture,
and the suspension was filtered with a syringe filter. The triethyl-
ammonium salt was then passed over an Amberlite IR 120 Na™ ex-
change resin to remove triethylamine, giving compound 3 as its
sodium salt in quantitative yield (61 mg). 'HNMR (400 MHz,
CD,0D, 25°C, TMS): 6 =5.45 (dd, *Jyyp=6.4 Hz, Jyy=3.5 Hz, TH; H-
1), 5.37 (t, *Jyuy=9.9 Hz, 1H; H-3), 4.31-4.18 (m, 2H; H-2, H-4), 4.02-
3.95 (m, 2H; H-5, H-6a), 3.72 (d, *Jyyy=12.6 Hz, 1H; H-6b), 2.46-2.14
(m, 4H; CH,a chains), 1.56 (m, 4H; CH,p chains), 1.39-1.20 (m,
40H, CH, chains), 0.89 ppm (t, *J,y=6.6 Hz, 6H; CH, chains);
BCNMR (101 MHz, CD;0D, 25°C, TMS): & =174.60, 173.29, 94.11,
72.22, 71.89, 70.86, 60.22, 53.41, 52.16, 46.14, 35.87, 33.77, 31.72,
29.51, 29.45, 29.42, 29.37, 29.35, 29.32, 29.28, 29.15, 29.09, 25.71,
24.87, 24.49, 22.37, 13.09, 7.74 ppm; MS (ESI): m/z calcd: 759.41;
found: 758.5, 378.7.

Biology

HEK-Blue assay: HEK-Blue hTLR4 cells (HEK-Blue LPS Detection Kit,
InvivoGen) were cultured according to the manufacturer’s instruc-
tions. Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) high-glucose medium supplemented with fetal bovine
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serum (FBS, 10%), glutamine (2 mm), 1x Normocin (InvivoGen),
and 1x HEK-Blue Selection (InvivoGen). Cells were detached by
use of a cell scraper, and the cell concentration was estimated by
use of a cell counter. Cells were then diluted in DMEM high-glu-
cose medium supplemented with FBS (10%), glutamine (2 mm),
1x Normocin (InvivoGen), and cell suspension (200 uL, 20000 cells)
was added to each well. After overnight incubation (37 °C, 5% CO,,
95% humidity), cells had reached 80% confluency. Supernatant
was removed, and cell monolayers were washed with warm PBS
without Ca** and Mg?", preincubated for 30 min in 190 uL
DMEM +0.03 % BSA, supplemented with compounds 1, 2, or 3 (dif-
ferent concentrations in different wells, from 0 to 50 um). LPS
(E. coli O55:B5 strain, Sigma-Aldrich) at a final concentration of 10,
100, or 1000 ngmL " was then added as stimulus (10 pL per well),
and cells were incubated overnight under the same conditions as
above. After the incubation, supernatants were collected. Each
sample (50 pl) was added to a pNPP solution in PBS (0.8 mm,
100 pL). Plates were incubated in the dark at room temperature
and then analyzed spectrophotometrically (absorbance at 405 nm).

Murine-bone-marrow-derived macrophages (BMM®s) assay: Murine
BMM®s were obtained from wild-type and CD14—/— mice and
cultured by the published procedure.”” Cells were washed with
PBS and detached by treatment with EDTA in PBS (2 mm). The cel-
lular suspension was then centrifuged at 188¢ for 5 min, and the
cellular pellet was resuspended in DMEM high-glucose +FBS 10%
and plated in a 96-well plate (20000 cells per well). After overnight
incubation (37°C, 5% CO,, 95% humidity), supernatant was re-
moved, and cell monolayers were washed with warm PBS without
Ca’* and Mg**, preincubated for 30 min in 190 uL DMEM +0.03 %
BSA, and supplemented with compounds 1, 2, or 3 (different con-
centrations in different wells, from 0 to 50 um). LPS (E. coli O55:B5
strain, Sigma-Aldrich) at a final concentration of 10, 100, or
1000 ngmL™" was then added as stimulus (10 uL per well), and
cells were incubated overnight under the same conditions as
above. After the incubation, supernatants were collected, and TNF
concentration was detected through an ELISA.

Flow cytometry analysis: BMM®s were washed twice with PBS and
detached by treatment with EDTA in PBS (2 mm). The cellular sus-
pension was then centrifuged at 188g for 5 min, and the cellular
pellet was resuspended in DMEM high glucose +FBS 10% (100 pL)
and incubated at 37°C, 5% CO,, and 95% humidity for 40 or
70 min with compound 1, 2, or 3 (10 um) or LPS (1 pgmL™"). Cellu-
lar suspensions were then centrifuged at 188g, 4°C, for 5 min, and
the cellular pellet was resuspended with ice-cold PBS. The recep-
tor-specific fluorescent antibodies were then added (aCD14: FITC
rat anti-mouse CD14, clone SA2-8, eBIOSCIENCE; aTLR4: PE rat
anti-mouse TLR4, clone SA15-21, Biolegend), at 1pgmL', for
20 min in ice in the dark. The cells were then washed twice with
ice-cold PBS, and fluorescence was analyzed with a FaCSCalibur
flow cytometer (BD Biosciences).

Production and isolation of MD-2: Recombinant MD-2 was pro-
duced in E. coli as described previously®" with use of solubilization
of inclusion bodies in Gdn-HCl (6 m) followed by purification and
refolding on a C8 reversed-phase column. Eluted fractions were
lyophilized and dialyzed against Milli-Q water. Biological activity of
each batch of MD-2 has been assessed for the ability to support
LPS induced TLR4 activation in HEK293 cells transfected with TLR4.

Determination of CMCs through pyrene fluorescence measure-
ments:? For every sample, independently of the synthetic com-
pound’s concentration, a final pyrene concentration of 0.6 um is
desired. A mother solution of pyrene in THF (1 mm) was prepared
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in a 25 mL volumetric flask, and diluted into a solution (237 mwm,
6 mL of the concentrated solution, followed by addition of 19 mL
of THF, to a final volume of 25 mL). An aliquot of this solution
(252 pL) is then diluted with Milli-Q water to a final volume of
100 mL. Aqueous solutions of each compound (0.6 um in pyrene)
were prepared at concentrations from 1 mm to 0.05 pum, by two-
fold serial dilutions. The 1 mm solutions were prepared by adding
pyrene solution (0.6 um) to each compound and sonicating for 1 h.
The serial dilutions were incubated for 1 h at 37.0°C. For fluores-
cence measurements, the solution (1.5 mL) was placed in a conven-
tional 1cm quartz cuvette; fluorescence spectra were recorded
with a Varian Cary Eclipse spectrofluorophotometer at (37+0.1)°C,
with use of 5 mm excitation and emission slits. The onset of mi-
celle formation can be observed in a shift of the fluorescence exci-
tation spectra of the samples at an emission wavelength of
372 nm. In the concentration range of aqueous micellar solutions,
a shift of the excitation band in the 335 nm region toward higher
wavelengths confirms the incorporation of pyrene in the hydro-
phobic interiors of micelles. The ratio of the fluorescence intensi-
ties at 339 and 335 nm was used to quantify the shift of the broad
excitation band. The critical micelle concentrations were deter-
mined from the crossover point in the low concentration range.

NMR binding experiments: NMR experiments were performed
with a 600 MHz DRX spectrometer (Bruker) equipped with a cryo-
probe. '"H NMR spectra were recorded at 298 K, by acquisition of
120 scans. DOSY spectra were recorded at 311K with the
stebpgls19 Bruker pulse sequence by acquisition of 160 scans, with
a diffusion time of 300 ms, a gradient length of 1.9 ms, and a gradi-
ent ramp from 2% to 95% in 32 linear steps. Protein samples were
prepared by diluting the stock solution of MD-2 (0.11 mm in deu-
terated acetate buffer at pH 5) with the same buffer. Ligand sam-
ples were prepared by dissolving solid compound 3 in deuterated
acetate buffer at pH 5. For 'H NMR experiments the final concen-
trations reached for the analyzed samples were 30 um MD-2 and
150 pm compound 3, whereas for DOSY experiments final concen-
trations of 60 um MD-2 and 300 um compound 3 were needed.

Molecular modeling: 3D coordinates of compound 3 were built
with the aid of Maestro (version 9.3, Schrédinger, LLC, New York,
NY, 2012). Phosphate groups were considered to be monoproto-
nated. Molecular mechanics optimization (UFF force field), semiem-
pirical calculations (AM1), and DFT (B3LYP/6-31G*) were subse-
quently applied by use of Gaussian03.%” Final geometry was sub-
mitted to MD simulations with implicit water and MM3* as force
field, by use of Schrodinger Maestro 9.3 Impact 5.8, [Maestro, v. 9.3,
Schrédinger, LLC, New York, NY, 2012. Suite 2012: Impact v. 5.8,
Schrédinger, LLC, New York, NY, 2012] and the MM3* force field, di-
electric constant 80.0, number of MD steps 100, and time step of
0.001 ps. 3D coordinates of human MD-2 protein (from PDB ID:
2E59), and CD14 protein (from PDB ID: TWWL) were refined and
minimized by use of the Protein Preparation Wizard module of
Maestro and the Amber force field.* In the case of CD14, only the
sequence from Ala3 to Leu130 was considered for docking purpos-
es. Compound 3 was docked into both MD-2 and CD14 proteins
with the aid of AutoDock 4.2.,%* and separately with the aid of Au-
toDock Vina 1.1.2.%° Predicted binding energies ranged from —2 to
—6 kcalmol ™" in the AutoDock results and from —6 to —9 kcal
mol " in the AutoDock Vina results. For MD-2 the Autogrid grid
point spacing was set at 0.375 A, center coordinates of the grid
box were —0.379, 17.201, 16.216 (x, y, z), and number of grid
points in xyz was 58, 92, 82. For CD14 the Autogrid grid point
spacing was set at 0.375 A, center coordinates of the grid box
were 13.500, 51.000, 56.500 (x, y, z), leading to 66, 72, 88 (x, y, 2)
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grid points. All allowed torsional bonds were considered rotatable.
Docking calculations with AutoDock were performed by use of Ge-
netic Algorithm (number of runs 250, number of individuals in
population 150). Docking calculations with AutoDock Vina were
also performed. Coordinates and dimensions of grid boxes, starting
geometries, and general methodology were the same as for Auto-
Dock. 3D structures of the docked complexes were optimized by
performing MD simulations with Impact (implicit water, and
AMBER* force field).
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Abstract

Four novel calix[4]arene-based glycoclusters were synthesized by conjugating the saccharide units to the macrocyclic scaffold

using the CuAAC reaction and using long and hydrophilic ethylene glycol spacers. Initially, two galactosylcalix[4]arenes were

prepared starting from saccharide units and calixarene cores which differ in the relative dispositions of the alkyne and azido groups.

Once the most convenient synthetic pathway was selected, two further lactosylcalix[4]arenes were obtained, one in the cone, the

other one in the 1,3-alternate structure. Preliminary studies of the interactions of these novel glycocalixarenes with galectin-3 were
carried out by using a lectin-functionalized chip and surface plasmon resonance. These studies indicate a higher affinity of lactosyl-

over galactosylcalixarenes. Furthermore, we confirmed that in case of this specific lectin binding the presentation of lactose units on

a cone calixarene is highly preferred with respect to its isomeric form in the 1,3-alternate structure.

Introduction

Lectins are carbohydrate-binding proteins (CBP) [1-3] without
any catalytic or immunogenic activity. In the latest decades,
they attracted an increasing interest due to their involvement in
a series of fundamental biological processes such as cell adhe-
sion, cell activation, cell growth, differentiation and apoptosis.
Among different families of lectins, the ones showing a selec-
tivity for B-D-galactoside and B-D-galactose-terminating oligo-

saccharides are called galectins and play important roles in a
series of pathological events such as inflammation, fibrosis,
heart diseases and cancer [4,5]. The role of one member of this
family in particular, namely galectin-3 (Gal-3), has been inten-
sively investigated lately and it was shown that it is deeply
involved in cancer metastasis and migration. Based on these
findings and with the aim to inhibit its activity and to target it
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for therapeutic or diagnostic purposes, Gal-3 became a rather
important target in medicine. Remarkably interesting is the
intra-family selectivity and, especially, the ability to block Gal-
3 but not Gal-1. Gal-1, in fact, can act as anti-inflammatory
agent, while Gal-3 has a pro-inflammatory activity [6]. Further-
more, Gal-3 can act as a competitive inhibitor against Gal-1
which, on the other side, induces anoikis of tumor cells [7,8].
Glycocalixarenes [9-12], calixarenes [13-15] adorned with
carbohydrates at the upper and/or at the lower rims, have been
demonstrated to be efficient multivalent ligands for a series of
pathological lectins. For instance, cholera toxin is bound rather
efficiently by calix[4]arene [16] and calix[5]arene [17] deriva-
tives, while examples of Pseudomonas aeruginosa LecB
binding were reported with galactosylcalixarenes blocked in
different conformations [18,19]. A few years ago we [20,21]
reported about the synthesis and inhibitory properties of a small
library of lactosylthioureidocalixarenes and found that the cone
derivatives I and III (Figure 1) were able to efficiently inhibit
the adhesion of Gal-3 to tumor cells in vitro, but not that of
galectin-1 [22].

The opposite behavior was observed for the 1,3-alternate
derivative II, able to inhibit Gal-1 but not Gal-3. On the basis of
these findings, we herein report the synthesis of a new
subfamily of galactosyl- and lactosylcalix[4]arenes 1-4
(Figure 2) which are characterized by long hydrophilic spacers
between the glycosyl units and the multivalent calixarene scaf-
fold. We also report on preliminary studies of the interaction of
the novel subfamily of galactosyl- and lactosylcalix[4]arenes
with Gal-3 by surface plasmon resonance (SPR).
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Figure 1: Lactosylthioureidocalix[4]arenes I-lll used to inhibit Gal-3 [20,21].
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Results and Discussion

Synthesis of the glycocalixarenes

“Click Chemistry” [23] reactions are extensively used to conju-
gate (oligo)saccharides to macrocyclic structures due to the
mild conditions and the high yields [24]. For the synthesis of
glycocalixarenes the amino-isothiocyanate condensation [25-
30] or the 1,3-dipolar cycloaddition have been widely studied in
their scope and limitations [10,31]. In particular, the Huisgen
cycloaddition reaction was first applied to a calixarene in 2000
by Santoyo-Gonzalez [32]. Later on, Marra et al. [33] demon-
strated that the copper-catalyzed azide—alkyne cycloaddition
(CuAAC) [34,35] at room temperature could afford divalent
and tetravalent glycocalixarenes in very high yields and regiose-
lectivity. Following these studies, a wide series of other exam-
ples appeared in the literature [18,36-39] also exploiting the use
of microwaves, ionic liquids and protected or even deprotected
[17] saccharides. Usually, either the strategy of reacting an
alkynylated-saccharide with a polyazide calixarene (dipo-
larophile-on-the-sugar) or an azido-sugar and a polyalkynoca-
lixarene (dipolarophile-on-the-calix) work smoothly [33].
However, a sort of autocatalytic effect was evidenced in the
case of the reaction between a 1-ethynyl-C-glycoside with a
tetraazidocalix[4]arene (dipolarophile-on-the sugar strategy). It
was suggested by the authors that the first intermolecular reac-
tion, leading to a Cu-triazolide adduct, allows the copper ion to
coordinate an ethynyl glycoside, thus entailing an intramolec-
ular CuAAC reaction with an adjacent azido-arm [37].

Firstly, we decided to evaluate the effectiveness of the two
approaches dipolarophile-on-the-calix and dipolarophile-on-the-
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Figure 2: The new glycocalix[4]arenes 1-4 synthesized in this study.

sugar by using a galactose and cone calixarene scaffolds. This
investigation was carried out with the idea to extend the study
to stronger ligating units for galectins such as lactose and
different calixarene structures, also including the 1,3-alternate
isomer. The first route explored (dipolarophile-on-the-calix)
was applied to the preparation of the multivalent compound 1,
which could be synthesized by exploiting a convergent syn-
thetic approach. This approach was based on the connection, by
CuAAC reaction, of the azido-terminating tetraacetylgalactose 5
[40,41] to calix[4]arene 8 decorated at the upper rim with
alkyne terminating chains (Scheme 1).

In order to introduce the alkyne units at the upper rim of the
macrocycle, we decided to exploit the easily available and
highly versatile p-aminocalixarene 6 prepared according to
literature procedures [25]. The coupling reaction between
amino-calix[4]arene 6 and 4-pentynoic acid (7) in the presence
of dicyclohexylcarbodiimide (DCC) led to compound 8 in 44%

Beilstein J. Org. Chem. 2014, 10, 1672-1680.
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yield. Due to the concurrent formation of dicyclohexylurea
(DCU), several purification steps were necessary to obtain pure
calix[4]arene 8. The use of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) as an alternative coupling agent allowed us
to isolate pure compound 8 in a more straightforward way and
higher yield (66%). Any attempts to connect the alkyne func-
tionality in closer proximity to the calixarene core by
decreasing the number of carbon atoms between the carboxylic
group and the triple bond did not give fruitful results. Reactions
between amino-calix[4]arene 6 and propiolic acid were carried
out with a variety of coupling agents. In the presence of DCC
the tetra-condensation product was only obtained in very low
yields. Furthermore, it was not possible to purely isolate it from
the crude reaction mixture due to the high amount of byprod-
ucts formed during the reaction. The CuAAC reaction between
the tetraalkyne calix[4]arene 8 and azido-galactoside 5 to give
glycocluster 9 (83% yield) was carried out in DMF and H,O
with CuSOy4 and sodium ascorbate following a microwave-
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h 1: Synthesis of the cone

lix[4]arenes 1. Reaction conditions: (i) DCC, DMAP, CHCly, under reflux, 5 h, 44%; (i) EDC,

CHaClalpy (7-3), t, 18 h, 66%; (ii) CuSO4 5H;0, Na-ascorbate, DMF/H;0, W (150 W), 80 “C, 20 min, 83%; (iv) CHzONa, CHzOH, rt, 1 h -

IR120/H*, rt, 30 min, quantitative.

assisted procedure (20 min, 150 W, 80 °C). No partially func-
tionalized compounds or other byproducts were detected in the
crude mixtures.

The second strategy studied (dipolarophile-on-the-sugar) also
exploits a convergent approach, but in this case an alkyne-func-
tionalized galactose 10 was prepared according to literature
[42], so that it reacts with calixarene 12, which was previously
functionalized with azido terminating arms (Scheme 2). This
latter compound was synthesized in two steps starting again
from tetraamino derivative 6. In the first step compound 6 was
treated with chloroacetyl chloride to give the a-choloroac-

HoN H2N NHzNH,

6
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cl cl N3
N od of 1 3o
07 NH NH NHHN O W 07 "NH NH
)
1
hesis of the cone

etamido compound 11 [43]. Subsequent substitution of the chlo-
rine ions with azide groups led to the formation of the tetra-
azidocalixarene derivative 12 (1 h, 75% yield).

The CuAAC conjugation reaction was carried out following
exactly the same procedure as for compound 9 and allowed the
isolation of 13 in very high yields (81%). Glycoconjugates 9
and 13 were fully characterized by 'H and '3C NMR spec-
troscopy, which displayed the disappearance of the alkyne
protons and the appearance of the typical broad signal of 1,4-
disubstituted triazole protons at 7.75-7.85 ppm (CD3;0D/
CDCl3). ESIMS (+) analyses showed peaks for the [M + 2Na]*"

Icalix[4]arenes 2. Reaction conditions: (i) DIPEA, CHyCly, rt, 6 h, 55%; (ii) NaN3, CH3OH/DMF, reflux, 1 h,
75%; (iii) CuSO4 5H,0, Na-ascorbate, DMF/H;0, pW(150 W), 80 °C, 20 min, 81%; (iv) CH3ONa, CH3OH, rt, 1 h —

IR120/H*, rt, 30 min, quantitative.
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and [M + 3Na]*" adducts, which indicates the conjugation of all
four macrocycle arms to the saccharide units. On the basis of
the comparison between the efficiency of the conjugation steps
bringing to glycoconjugates 9 and 13 (yields >80% in both
cases) and contrary to the observation by Marra et al. [37], we
could not collect any evidence for an autocatalytic effect in the
dipolarophile-on-the-sugar approach [44]. The deprotection of
compounds 9 and 13 from the acetyl groups was carried out by
a transesterification reaction in the presence of CH3ONa in
CH3OH at room temperature according to the standard Zemplén
procedure. Complete deacetylation was achieved in 1 hour, as
confirmed by NMR and ESIMS(+) spectra of compounds 1 and
2. It is noteworthy that while compound 1 exhibited a high
stability under Zemplén conditions even if the reaction was
continued overnight, compound 2 started to decompose after
18 hours. ESIMS profiles showed the presence of products orig-
inating from a cleavage at the amide bond with a loss of the
entire glycosylated chain and the formation of an amine group
at the upper rim of the calixarene. For this reason and on the
basis of the synthetic availability of intermediates, we decided
to privilege the dipolarophile-on-the-calix route to synthesize
the triazole-containing lactosylcalixarenes 3 and 4.

We first attempted to prepare the lactoside derivative 14 by
reacting peracetylated-lactose with 2-(2-(2-chloroethoxy)eth-

oxy)ethanol in the presence of BF3-Et,O [45]. However, we
could only obtain a mixture of a and B-anomers (o/p ratio 2:3),
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which is very difficult to separate by flash chromatographic
methods. On the other hand, the recently reported glycosylation
reactions of lactose peracetate exploiting SnCly and CF3CO,Ag
as promoters [46] gave compound 14 mainly as a f-anomer (a/f
ratio 1:4) in 74% isolated yield.

The subsequent substitution reaction of chloride with NaNj
(Scheme 3) led to the corresponding azido derivative 15, which
was used to “click” both the cone (8) and 1,3-alternate (18)
pentynoic amides. Compound 18 was obtained from the corres-
ponding 1,3-alternate p-aminocalix[4]arene 17 [47] by a reac-
tion with EDC in CH,Cl, and pyridine 7:3 as previously
described for compound 8. The CuAAC “click” reaction was
carried out as previously described for the galacto-clusters 9
and 13 and afforded the cone calix[4]arene 16 (Scheme 3) and
1,3-alternate calix[4]arene 19 (Scheme 4) in 46% isolated yield.
Microwave irradiation (150 W, 80 °C) facilitated the complete
tetra-functionalization in only 40 minutes. Subsequent deacetyl-
ation with the Zemplén method led to target compounds 3 and
4, both of which were characterized by 1D and 2D NMR tech-
niques and ESIMS analyses.

Gal-3/glycocalixarenes interaction studies by
SPR

Hisg-tagged full-length Gal-3 was expressed in E. coli BL21
and purified on IMAC (immobilized metal ion affinity chroma-
tography) columns. Purified protein was characterized by SDS-

Scheme 3: Synthesis of the cone lactosylcalix[4]arenes 3. Reaction conditions: (i) NaN3, n-BusNI, DMF, 90 °C, 24 h, 60%; (ii) CuSQ4:5H,0,

Na-ascorbate, DMF/H20, uW (150 W), 80 °C, 40 min, 46%; (i) CH3ONa, CH30H, rt, 2 h —

IR120/H*, rt, 30 min, 73%.
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Scheme 4: Synthesis of the 1,3-alternate lactosylcalix[4]arenes 4. Reaction conditions: (i) EDC, CH,Clo/py (7:3), rt, 18 h, 65%; (ii) CuSO4-5H,0,
Na-ascorbate, DMF/H20, uW (150 W), 80 °C, 40 min, 46%; (iii) CHzONa, CH30H, rt, 2 h — IR120/H*, rt, 30 min, 71%.

PAGE electrophoresis, circular dichroism (CD), and MS/MS
analysis upon digestion on trypsin gel (see Figure S15,
Supporting Information File 1). A preliminary evaluation of the
interaction between the glycocalixarenes 1, 3, 4 and Gal-3 was
obtained by SPR analysis by using a His-tagged Gal-3 immobi-
lized on a Ni-NTA chip and the glycocalixarenes in solution.
This approach differs from other SPR studies of the
calixarene—galectin interaction with the protein in solution [38]
and is tailored to have the immobilized protein properly
oriented for the interaction with ligands. The sensorgrams
shown in Figure 3 were obtained by fluxing an 1 mM solution
of calixarenes over the protein-coated chip.

The small increases of resonance units in the sensograms
(Figure 3) showed a weak affinity of all calixarenes for Gal-3.

However, the three synthetic molecules showed a very similar
trend of Gal-3 binding affinity in three independent measure-
ments (experiments A, B and C in Figure 4a). In particular,
glycocalixarene 3 (cone structure, four lactosides) exhibited the
highest affinity for Gal-3 in all experiments, while 4, (1,3-alter-
nate structure, four lactosides) displayed a lower affinity and 1
(cone structure, four galactosides) showed no interaction at all.
The more efficient ligand, compound 3, showed a dose-depen-
dent affinity for the protein.

The higher affinities of lactose-containing compounds 3 and 4
for Gal-3 compared to galactose-containing compound 1 reflect
the higher affinity of lactose over galactose for Gal-3. The
lactosylcalixarene with the cone structure appears to bind better
to Gal-3 than the corresponding isomer in the 1,3-alternate
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Figure 3: SPR sensorgrams of binding experiment between immobilized Gal-3 and glycocalixarenes 1, 3 and 4.
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Figure 4: a) Relative affinities of glycocalixarene 1, 3, 4 (1 mM)
towards Gal-3, expressed in terms of the increase of the resonance
unit (RU) in three independent (A, B, C) SPR experiments. b) average
affinities of glycocalixarenes with standard deviations.

structure. This confirms the data previously obtained in a series
of inhibition experiments of the same lectin in surface-immobi-
lized asialofetuin and on cells with the lactosylthioureidocal-
ixarenes (I-III) [20,21]. A direct comparison with ligands
(I-111) was, however, not feasible since the lactosylthioreido
derivatives tend to aggregate and precipitate under the condi-
tions used for SPR experiments.

Conclusion

Four glycocalixarenes 1-4 characterized by long hydrophilic
spacers between the glycosyl units and the macrocyclic scaf-
fold were synthesized by the copper(I)-catalyzed azido—alkyne
cycloaddition (CuAAC). The homogeneous series of ligands 1,
3 and 4 were subsequently studied in the binding to surface-
immobilized His-tagged Gal-3 by SPR experiments. In spite of
the weak intensity of the signals, an affinity order for the inter-
action of ligands 1, 3 and 4 with the immobilized Gal-3 was
obtained. A preference for the lactosyl clusters over the galac-
tose functionalized ones (3 >4 >> 1) and a higher efficiency in
the binding of Gal-3 shown by the cone derivative compared to
its isomeric 1,3-alternate counterpart (3 > 4) were observed.
Work is in progress to study by SPR experiments the inter-
action between lactosylcalixarenes covalently immobilized on
the chip and Gal-3 samples in solution.
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Supporting Information

Detailed experimental procedures (general information,
synthetic procedures, expression and purification of Gal-3,
Gal-3/glycocalixarene binding experiments), 'H NMR
spectra of selected intermediates, and final glycocalixarenes
1-4 together with electrophoresis gel, circular dichroism
spectrum and thermal unfolding of purified Gal-3.

Supporting Information File 1
Experimental part.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-175-S1.pdf]
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