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ABSTRACT: The interactions of calixarene sulphonates with the basic amino acids arginine and lysine were studied
by 1H NMR spectroscopy. Strong electrostatic binding occurs for calix[4]arene sulphonate with both lysine and
arginine at pH 1 and 5. For the higher calixarenes, only weak interactions at the faces of the flattened macrocycles
occur. This binding is in contrast to the inhibition of protein–protein interactions by the calixarenes where the
calix[6]arene and calix[8]arene sulphonates show much stronger effects. 1998 John Wiley & Sons, Ltd.
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The calix-arenes1 are the third major class of supramo-
lecular host systems along with the crown ethers2 and the
cyclodextrins.3 Their ease of production and relative
simplicity of chemical modification have produced
increased interest in their chemistry over the last few
years. A resorcinol-derived calix-arene has been shown
by Schneideret al.4 to form complexes with organic
ammonium ions. In addition, the electrostatic binding of
quaternary amines to water-soluble calixarene sulphonate
derivatives has been investigated by Morozumi and
Shinkai;5 in particular, the inclusion complex formed
from p-sulphonated calix[4]arene and trimethylanilinium
was studied by 1H and 13C NMR spectroscopy.6

However, in spite of extensive early work of the
biological properties of thep-sulphonated calixarenes,7

it is only very recently that interest in their biomedical
potential has come to the fore again.8 The charge density
and size of thep-sulphonated calixarenes make them
excellent candidates as heparin mimics, particularly in
view of the difference in the synthetic pathways to the
sulphonated derivatives (three steps)9 as compared with
the heparin pentasaccharide (over 50 steps).10 We have
noted this heparin mimicry with respect to peptide
folding and even protein–protein interactions.11 In this
work, we investigated the fundamental bases of the
interactions betweenp-sulphonated calix[4]arene (1),
calix[6]arene (2) and calix[8]arene (3) with the basic

amino acid residues arginine (4) and lysine (5), known for
their electrostatic anchoring of the heparin fragment12

(Fig. 1).
The study used1H NMR titrations (Varian 500 MHz

instrument) in 95% H2O–5% D2O under non-buffered
conditions and at pH 1 (adjusted with hydrochloric acid
because sulphuric acid is competitive with the calixarene
sulphonate groups), 5 and 13 (adjusted with sodium
hydroxide). Buffering cannot be used here as1, 2 and3
are all capable of interacting strongly with many common
buffers.

Compounds1, 2 and 3 were synthesized using the
method described by Arenaet al.13

The results are given in Fig. 2(a)–(d) for the chemical
shifts of the amino acid protons versus the relative
concentration of the amino acids. For clarity only the
spectral changes for1 and lysine and arginine at pH 1 and

Figure 1. Structure of p-sulphonated-calix[4]arene (1),
calix[6]arene (2), calix[8]arene (3), arginine (4) and lysine (5)
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5 are given. As would be expected from purely
electrostaticconsiderations,no interactionsareobserved
atpH 13,asheretheguestdoesnotcarrypositivecharges
to bind to thenegativechargeson thehost.

In the caseof 2 and 3, small variations(0–0.5ppm
betweenthe complexedform of the aminoacid andthe
free form) for lysine andarginineareobservedat pH 1
and particularly pH 5. Thesecan be ascribedto weak
electrostaticinteractionsbetweentheaminoacidsandthe
hostsystems.As shownby GutscheandBauer,14 2 and3
adoptanincreasinglyplanarconformation,andtheirvery

flexible geometriesdo not presenta predefinedhost
cavity asfoundfor 1.15 Henceonly simplebindingto the
negativelychargedfaceswill occur.

It was found previously that in aqueoussolution 1
adoptsa coneconformation,16 probably,fixed asa result
of very strong intramolecularhydrogenbonding invol-
ving theOÿ andOH groupsof thephenolicunits.17At pH
1 and 5, the binding of 1 to lysine and argininecauses
largechangesin thechemicalshiftsof theprotonsof the
amino acid lateral chains. All peaks shift to higher
magneticfield with increasingcalixareneconcentration.

Figure 2. Chemical shift values for (a) lysine protons as a function of the lysine: 1 ratio at pH 1, (b) arginine protons as a function
of the arginine: 1 ratio at pH 1, (c) lysine protons as a function of the lysine: 1 ratio at pH 5 and (d) arginine protons as a function
of the arginine: 1 ratio at pH 5.
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The shifts increasealong the chain, indicating that the
aminoacid is includedin thecavity of 1 andaffectedby
the ring currentof the aromaticcomponents[Fig. 3(a)
and(b)].

Theuseof molecularmodelling(ALCHEMY) showed
that the cavity of 1 can contain the terminal group of
arginineandthe lateralchainsof the two aminoacids.

The stoichiometry is 1:1 for all complexes, as
confirmedby Job’splots.The derivedbinding constants
were evaluatedfor the arginine � protonsand lysine e
protons:1–Lys (pH 1) = 100,1–Arg (pH 1) = 200,1–Lys
(pH 5) = 600 and 1–Arg (pH 5) = 1700. The binding
constantsfor arginineare considerablyhigher than for
thoselysine, arising from p–p interactionsbetweenthe
guanidiniumfunctionsandthearomaticgroupsof 1.

In the region betweenpH 1 and 4, the shift changes
decreaseslightly owing to increasingionization of the
carboxylatefunctionof theaminoacids;however,in the
region of pH 4, the phenolic OH functions of 1 are
ionizedandthereis asharpincreasein thechemicalshift
changes.

Thecomplexationis essentiallydrivenby electrostatic
effects.Titrations carried out in the presenceof metal

salts (K�, Na�, Mg2� and Ca2�) at high metal
concentrations(>100mM) essentiallyshowno chemical
shifts changes.This is typical for non-specificelectro-
staticinteractionsbetweenligandsandpeptidereceptors.
Thereis thereforepH-selectiverecognitionof 1 for the
amino acidswith much strongerbinding underneutral
than acidic conditions. This has important biological
implications;low pH valuesarefoundin thestomachand
vesicleswhilst pH 6–7is thephysiologicalpH. Therecan
beexpectedto beswitchingbetweenrecognitionsiteson
proteinsurfacesby 1 whichwill nowbedependentonthe
biological localization.

Hencetwo distinctmechanismsof bindingof positive
amino acid residuesto the p-sulphonatedcalix arenes
exist,tight inclusionin thecaseof 1 andweakerface-to-
faceresiduebinding for 2 and3. Suchdifferent binding
mechanismswill translateinto differentbiologicaleffects
on the binding to heparinreceptorpeptides.Theseare
long sequences,either a-helical18 or b-sheet,19 with
separationsof up to 20Å betweenblocks of positive
charges,20 in addition, the binding mechanismsoften
involve cross-linkingof proteinsor peptidesequences21

which are spatially separatedand act in an allosteric
fashionin the heparinrecognitionprocess.Hence,even
thoughthebindingof 1 maybestronger,2 and3 maybe
expectedto behaveasbettermimics for heparin.In fact,
preliminaryresultsconcerningthe inhibition of collagen
XIV binding to the dermatansulphateside-chainof
decorin, a heparin-inhibited process,22 show effects
1< 2� 3.23
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