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Calix[4]arene-based ligands as endotoxin receptors
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Abstract—Three new calix[4]arene-based receptors as potential antimicrobial agents have been synthesized. Their recognition ability
towards lipopolysaccharides of Gram-negative bacteria has been studied by NMR and UV titrations.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The design and synthesis of high affinity protein or carbohy-
drate ligands represent an important frontier in bioorganic
chemistry.! A promising strategy to obtain such ligands is
the creation of multivalent compounds that bind to a multiva-
lent target.”

Generally, the synthesis of multivalent compounds involves
the coupling of a molecular scaffold bearing several func-
tional groups to a number of monovalent ligands, attached
with or without a spacer. Examples of scaffolds include
partially substituted benzene derivatives, carbohydrate
residues, azamacrocycles, calixarenes, cyclodextrins, gold
nanoparticles, polymers, membranes and dendrimers.

Calixarene macrocycles? are a useful basis for the design and
synthesis of multivalent receptors* due to their well under-
stood chemistry, highly variable functionalization and par-
ticular conformational features for the different oligomers,
from the conformationally rigid calix[4]arenes to the mobile
calix[6]- and calix[8]arenes.

In our previous work, we have reported calix[8]arene
derivatives functionalized with eight basic amino acid resi-
dues, which are complementary to the surface of the enzyme
tryptase near its active site and work as tryptase inhibitors in
the nanomolar range.> The same derivatives, owing to their
cluster of positive charges, display an exceptional neutrali-
zation ability towards heparin, a sulfated polysaccharide
known as one of the most powerful anticoagulant drugs.®
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As part of a programme for the development of new syn-
thetic receptors, significant in the recognition of biological
structures, we have synthesized three amino acid derivatives
of calix[4]arene that have shown powerful activity as lipo-
polysaccharide receptors.

Lipopolysaccharides (LPS) are the principal constituent of
the outer cellular membrane of Gram-(—) bacteria,’ better
known as bacterial endotoxins, identified as the causative
agent of septic shock syndrome.® LPS are complex amphi-
philic molecule with average molecular weight of about
10 kDa consisting of a hydrophilic polysaccharide portion
and a lipophilic lipid moiety called lipid A. The polysaccha-
ride region is composed of three separate domains: an inner
core, an outer core, and an O-specific chain, the composition
of which is highly variable among Gram-(—) bacteria. The
lipid A moiety, the toxic component of LPS,’ consists of di-
phosphorylated glucosamine disaccharide carrying a number
of higher fatty acid chains.'® The oligosaccharide core and
lipid A portion are structurally highly conserved across
Gram-(—) genera (Fig. 1).

Lipid A has an anionic amphiphilic nature that enables it
to interact with a variety of cationic hydrophobic ligands.
Polymixin B (PMB),!! a cationic amphiphilic cyclic deca-
peptide, and squalamine,'? a cationic steroid isolated from
shark, are two natural antibiotics able to bind lipid A and
neutralize its toxicity. A property of these natural antibiotics

Polysaccharide Lipid
[ |
. . Outer Inner -
O-Specific Chain Core Core Lipid A
] | ] J
Region IlI IIb lla |

Figure 1. General architecture of lipopolysaccharides.
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is their facially amphiphilic conformation.'® One face of the
molecule presents cationic groups and the other hydrophobic
groups. Many designed cationic peptides or steroid antibi-
otics have been developed based upon the structure of natu-
rally occurring molecules.'® To the best of our knowledge,
only two, very different, receptors for lipid A have been
synthesized containing a cycloalkane core.'*

While cationic, facially amphiphilic antimicrobial agents
could be prepared from a number of building blocks, we
chose as scaffold a tetrapropoxy-tetraamino-calix[4]arene
1 in the cone conformation'® to ensure the facially amphi-
philic nature of the receptor. To enhance the hydrophobic
and basic properties of the receptors, we decided to conju-
gate the calixarene scaffold with both tryptophan and
tyrosine amino acid residues. Moreover, we used a 6-amino-
hexanoyl arm as spacer between the calixarene scaffold
and the acyl active residue in order to provide the receptors
with the conformational mobility essential for an efficient
induced fit recognition mechanism (Scheme 1).

2. Results and discussion

The first evidence of the recognition between derivatives 2—4
and LPS came from NMR titration experiments. These
experiments were carried out in D,O adding LPS into a solu-
tion of the calixarene derivative at a known concentration.
Peaks in the NMR spectra of compounds 2 and 3 were sharp,
consistent with the presence of monomeric species in solu-
tion. In contrast, compound 4 showed broad and unresolved
signals, indicating the presence of aggregate forms. In each
titration, consecutive additions of LPS caused a decrease in
signal intensities, culminating in substantial broadening and
subsequent disappearance of all resonances ascribable to the
calixarene derivatives when about 0.3 molar equivalents of
LPS was added, as shown in Figure 2 for titration of 3
with LPS.
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These results, although providing evidence of the interaction
between LPS and compounds 2-4, were not of sufficient
precision to allow a value of the stability constant for the
LPS—calixarene complex (K,) to be obtained. They are, how-
ever, consistent with those obtained by others in the exami-
nation of LPS-binding compounds. '#*1°

While LPS show weak UV absorptions, those of calixarenes
are strong and thus we attempted to measure the affinities of
derivatives 2—4 for LPS by UV titrations. Compounds 24
are sufficiently soluble in buffered aqueous solution (Hepes
2 mM, pH 7) to permit binding analysis by this method. Ad-
dition of LPS solution to a buffered solution of the calixarene
derivatives gave different results for each calixarene deriva-
tive. Titration of compound 2 with LPS showed no signifi-
cant modification of the absorption of 2 even after the
addition of a large excess. Probably, as the aromatic region
of the calixarene scaffold responsible for the UV absorption
of 2 is far from the interacting amino groups, the UV profile
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Figure 2. Selected spectra of 'H NMR titration of 3 with LPS. Small
aliquots (5 pL) of LPS solution (2.0 mM in D,0O) were added to the NMR
sample of 3 in D,O (500 pL, 0.5 mM); fert-butanol (0.6 pL) was added as
a standard for NMR integration.
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Figure 3. UV titration of 3 with LPS. A 3 mL solution of compound 3
(5.4 uM, 2 mM HEPES, pH 7) was titrated by addition of 4 pL aliquots
of a LPS solution (35 uM, HEPES 2 mM, pH 7).

of 2 do not change in a significant way during titration exper-
iments. In contrast, titration of compound 3, due to the prox-
imity of the interacting amino groups to the UV-active
tyrosine residues, showed an evident but non-uniform varia-
tion of the absorbance measured at different wavelengths
(Figs. 3 and 4).

Applying the mole ratio method!” to the UV data, the stoi-
chiometry deduced for the complex between 3 and LPS was
>10:1 (Fig. 4). This finding, compared to 3:1 stoichiometric
ratio deduced from NMR titrations, suggested that LPS at
the concentration used to perform NMR experiments, are
in aggregated forms.!'® To explain such high stoichiometric
ratios, it appears necessary to conclude that the complexa-
tion process between 3 and LPS is nonspecific. Compound
3 probably recognizes not just a single lipophilic region of
LPS but also binds to the polysaccharide chains of which
they are composed. The complexity of the interaction pro-
file prohibited any stability constant estimations. The inter-
action of 4 with LPS seemed very similar to that of 3,
confirming a high stoichiometric ratio for the complexation
process.
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Figure 4. UV titration profiles at selected wavelengths obtained for the
addition of aliquots of LPS to 3.

To avoid the problem of multiple equilibria when working
with LPS, lipid A, the conserved LPS headgroup, might be
an easier target for molecular recognition studies. However,
although this might allow the determination of association
constants, it could not provide a reliable measure of the abil-
ity to neutralize bacterial endotoxins. Given the clinical im-
portance of lipopolysaccharides as the causative agent of
bacterial sepsis, the alternative of biological tests with differ-
ent Gram-negative bacteria, to really assess the antimicro-
bial activity of 2—4, is being pursued.

3. Conclusion

In this work we have described three new calix[4]arene-
based synthetic receptors that have shown recognition abil-
ity towards LPS, the primary constituent of the outer cellular
membrane of Gram-(—) bacteria. By exploiting a calix[4]-
arene scaffold in the cone conformation, we have obtained
molecules with facial amphiphilicity, a necessary require-
ment for disrupting bacterial membranes and generating
active compounds against a broad spectrum of bacteria.
Spectroscopic (UV and NMR) measurements have under-
lined the antimicrobial potentiality of these derivatives.
Our findings could help in the search and development of
new antibiotics, the most important strategy to overcome
the constant evolution and spread of multidrug-resistant
pathogens.

4. Experimental
4.1. General comments

All chemicals were reagent grade and used without further
purification. Tetraamino-tetrapropoxy-calix[4]arene 1 was
prepared following literature procedure.'> Lipopolysaccha-
rides, lyophilized powder from Escherichia coli Serotype
055:B5, were purchased from Sigma. 'H and '*C NMR
spectra were acquired at 400.13 and 100.61 MHz, re-
spectively, on a Bruker Avance™ 400 instrument. ESIMS
spectra were acquired under positive ionization conditions
on a Waters-Micromass ZQ2000 mass spectrometer. UV
spectra were acquired on a Agilent 8453 UV-vis spectro-
photometer.

4.1.1. General procedure for tetra-aminoacid-calix[4]-
arene synthesis. N-Boc-aminoacid (1.2 mmol) and HOBT
(1.4 mmol) in 5 mL of dry DMF were stirred in a round-bot-
tomed flask at room temperature. DCC (1.3 mmol) and, after
15 min, derivative 1 or 2 (0.1 mmol) in 2 mL of dry DMF
were added. The reaction was stirred for 3 h. The solvent
was removed and reaction mixture was purified by prepara-
tive TLC on silica-gel using CH,Cl,/EtOH 94:6. Yield of the
coupling reactions was ~80% with all the amino acids used.
Further treatment with TFA at room temperature for 1 h, fol-
lowed by several washings with ethanol and drying under
vacuum, gave the protonated forms of 2—4. Compound 2
was obtained as the free base by precipitation with 0.5 M
NaOH.

4.1.1.1. 5,11,17,23-Tetraamino(N-6-aminohexanoyl)-
25,26,27,28-tetra-n-propoxycalix[4]arene (2). 'H NMR:
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(400.13 MHz, MeOD) 6 1.02 (t, J=7.4 Hz, CHs, 12H), 1.41
(m, CH,, 8H), 1.51 (m, CH,, 8H), 1.65 (m, CH,, 8H), 1.96
(q, J=7.4 Hz, CH,, 8H), 2.25 (t, J=7.3 Hz, CH,, 8H), 2.62
(t, J=7.2Hz, CH,, 8H), 3.11-4.46 (AB, J=13.0 Hz,
ArCH,Ar, 8H), 3.85 (t, J=7.4 Hz, OCH,, 8H), 6.88 (s,
ArH, 8H). '3C NMR: (100.61 MHz, MeOD) 6 9.2 (q),
22.8,25.1, 26.1, 30.5, 32.1, 36.2, 40.8 (t) 120.3 (d), 132.1,
134.6, 152.8, 172.4 (s). ESMS caled for CeyHogOgNg
1106.5288 (M+H*), found 1105.9.

4.1.1.2. 5,11,17,23-Tetraamino[N-6-aminohexanoyl-
(N'-tyrosinyl)]-25,26,27,28-tetra-n-propoxycalix[4]arene
(3). '"H NMR: (400.13 MHz, MeOD) 6 1.03 (t, J/=7.5 Hz,
CH;, 12H), 1.24 (m, CH,, 8H), 1.43 (m, CH,, 8H),
1.61 (m, CH,, 8H), 1.95 (q, /=7.4 Hz, CH,, 8H), 2.24
(t, J=7.1Hz, CH,, 8H), 2.95-4.43 (AB, J=13.0Hz,
ArCH,Ar, 8H), 3.05 (m, CH,, 8H), 3.83 (t, J=7.5 Hz,
OCH,, 8H), 3.89 (t, /=7.4 Hz, CHNH3, 4H), 6.76 (d,
J=8.4 Hz, ArH, 8H), 6.86-6.91 (AB, J=2.3 Hz, ArH, 8H),
7.06 (d, J=8.4 Hz, ArH, 8H). '>*C NMR: (100.61 MHz,
MeOD) 6 9.2 (q), 22.6, 24.8, 25.9, 28.2, 30.5, 36.0, 36.6,
38.8 (1), 54.6 (d), 76.5 (1), 115.2, 120.2 (d), 124.7 (s),
1299 (d) 132.0, 134.6, 152.9, 156.6, 168.2, 172.3 (s).
ESMS calcd for Cig9H3,016N12 1759.2348 (M+H™), found
1760.1.

4.1.1.3. 5,11,17,23-Tetraamino[N-6-aminohexanoyl-
(V' -tryptophanyl)]-25,26,27,28-tetra-n-propoxycalix[4]-
arene (4. 'H NMR: (400.13 MHz, MeOD) 6 0.99
(t, J=7.4Hz, CHs, 12H), 1.14 (m, CH,, 8H), 1.33 (m,
CH,, 8H), 1.52 (m, CH,, 8H), 1.91 (q, /=7.4 Hz, CH,,
8H), 2.18 (t, J=7.1Hz, CH,, 8H), 2.99-4.36 (AB,
J=12.9 Hz, ArCH,Ar, 8H), 3.21 (m, CH,, 8H), 3.76 (t,
J=7.4 Hz, OCH,, 8H), 4.01 (t, J=7.4 Hz, CHNH3, 4H),
6.84-6.87 (AB, J=2.2 Hz, ArH, 8H), 7.03 (t, J=7.9 Hz,
ArH, 4H), 7.11 (t, J=7.9 Hz, ArH, 4H), 7.16 (s, ArH, 4H),
7.35 (d, J=8.1 Hz, ArH, 4H), 7.59 (d, J=8.1 Hz, ArH,
4H). '3C NMR: (100.61 MHz, MeOD) 6 9.2 (q), 22.8,
24.8, 25.6, 27.3, 28.0, 30.5, 36.0, 38.9 (1), 53.6 (d), 77.0
), 106.6 (s), 111.1, 117.6, 118.7, 120.4, 121.4, 124.0 (d),
127.3, 132.1, 134.6, 136.6, 152.8, 168.4, 172.8 (s). ESMS
calcd for C108H136012N16 1851.3842 (M+H+), found
1850.7.

4.1.2. General procedure for NMR titrations. Small ali-
quots (5 pL) of LPS solution (2.0 mM in D,0O) were added
to an NMR tube containing 500 pL solution of compounds
2,3 0r4 (0.5 mM) in D,O and zert-butanol (0.6 pL) as a stan-
dard for integration.

4.1.3. General procedure for UV—-vis titration. A 3 mL so-
lution of compounds 2, 3 or 4 (5.4 uM) in 2 mM HEPES, pH
7 was titrated by addition of 4 pL aliquots of a LPS stock so-
lution (35 uM, HEPES 2 mM, pH 7). After each addition,
the solution was allowed to equilibrate for 2 min, then
scanned for absorbance from 500 to 200 nm. LPS stock so-
lution was sonicated for 2 h after preparation and then stored
at 4 °C.
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