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Abstract Host—guest complexes of an amphiphilic water-
soluble p-tert-butylcalix[5]arene bearing 4-sulphonatobu-
toxy groups at the narrow rim with trace amines (2-
phenylethylamine and tyramine) and a neurotransmitter
(dopamine), originally investigated via 'H NMR, have
been re-examined via ITC in order to double check the
reliability of the values obtained through a van’t Hoff
analysis of the NMR data. The calorimetrically determined
data confirm the existence of a 1:1 host—guest species;
however, there are inconsistencies between the van’t Hoff
derived values and the values determined via direct
calorimetry. These discrepancies do not result from proton
displacement due to inclusion, but rather result from the
temperature dependence of the van’t Hoff enthalpies.

Keywords Water-soluble calixarenes -
Neurotransmitters - Trace amines - Host—guest complexes -
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Introduction

Monoamine neurotransmitters (such as dopamine) and
trace amines (such as 2-phenylethylamine and tyramine)
are known to play a key role in mammalian central nervous
systems by regulating the physiological processes of sig-
naling transmission [1, 2]. Abnormal levels of these
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biogenic amines are responsible for several psychiatric
disorders (e.g., schizophrenia) and neurodegenerative
pathologies (e.g., Parkinson’s disease) [3] and, because of
this, are commonly monitored in biological fluids (cere-
brospinal fluids, plasma and urine) not only to evaluate
physiological functions like the activity of the nervous
system [4], but also to detect pathologies such as hy-
potension, hypertension, neuroblastoma and pheochromo-
cytoma [5-7]. The mechanism of neurotransmitter release
and subsequent binding to the G protein-coupled receptors
in the synaptic cleft is a field of multidisciplinary interest,
currently attracting considerable attention [8—10].

Several artificial receptors [11, 12] have been synthe-
sized over the past few decades with the aim of gaining a
deeper understanding of the binding pocket of G protein-
coupled receptors and, further down the line, developing
and testing new drugs for pharmaceutical purposes and/or
new sensing agents for diagnostic clinical chemistry.
Within this research context, inspired by the known affinity
of the calix[5]arene framework [13] for biologically rele-
vant substrates containing an arylethylammonium moiety,
we have recently synthesized an amphiphilic water-soluble
p-tert-butylcalix[S]arene (1) bearing 4-sulphonatobutoxy
groups at the narrow rim (Fig. 1) and studied its aggrega-
tion and host—guest properties [14—-16].

In particular, we have found that calixarene 1, below its
critical micelle concentration (cmc) [14] (i.e., in its
monomeric form), is able to act as a selective artificial
receptor toward a series of hydrochloride salts of mono-
amine neurotransmitters and trace amines [15], while the
micelles formed above the cmc efficiently encapsulate a
number of these guests in different regions of the micellar
environment (core, palisade, Stern layer) [16]. These
findings make the water-soluble calixarene 1 an excellent
candidate for the development of new systems for the
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Fig. 1 Structures of the water-soluble sulphonato p-tert-butylcal-
ix[5]arene 1 and the biogenic amines (studied as the corresponding
hydrochloride salts) 2-phenylethylamine (Pea-HCI, 2), tyramine
(Tyr-HCI, 3) and dopamine (Dopa-HCI, 4)

detection, solubilization and separation of biological
substrates.

Host—guest complexes of receptor 1 with trace amines 2
and 3 and neurotransmitter 4 (Fig. 1) were originally in-
vestigated by "H NMR spectroscopy to assess their mode
of binding in water. NMR data were then used not only to
confirm that, in analogy to previous observations in organic
media [13], arylethylammonium substrates are included
endo-cavity with the ammonium moiety pointing inside the
host cavity, but also to provide the 1:1 host—guest asso-
ciation constants and, by way of a van’t Hoff analysis [15],
the enthalpy change values of the binding process. In the
present work, the free energy of binding determined by 'H
NMR experiments was double checked by isothermal ti-
tration calorimetry (ITC). The latter was also employed to
determine the energetics of the inclusion process in aque-
ous solution by direct measurements of the reaction heats
in order to have a more accurate thermodynamic charac-
terization of these biologically active ammonium-cal-
ixarene complex systems.

Experimental
Materials

Calixarene 1 was synthesized as previously reported [14],
while the amine hydrochloride salts (Pea-HCI, 2; Tyr-HCI,
3; and Dopa-HCl, 4) as well as deuterium oxide (99.9 %
isotopic purity) and maleic acid (QNMR standard grade)
were purchased from Sigma-Aldrich and used as received.
An accurate determination of the thermodynamic pa-
rameters implies a precise knowledge of the reactant con-
centrations; consequently, the purity of both host 1 and
guests 2—4 was examined thermogravimetrically by heating
the sample from 50 to 800 °C (at 10 °C min~"' in air) with
a PerkinElmer TGS-2 instrument. High purity water (Mil-
lipore, Milli-Q Element A 10 ultrapure water) and A grade
glassware were employed throughout.
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NMR measurements

Spectra were recorded at 25 °C in D,O or H,O on a Varian
500 MHz instrument, using solvent suppression pulse se-
quences (either PRESAT or WET). The determination of
the effective concentration of calixarene 1 present as a
monomer in aqueous solution (i.e., in the non-aggregated
form) was carried out according to the gNMR protocol
reported by Henderson [17]. Typically, a 0.4 mM solution
of 1 in pure water was left to equilibrate at room tem-
perature for about 2 h and then a 530 pL sample was
transferred into a 5-mm Wilmad NMR tube containing a
Wilmad coaxial insert (WGS-5BL, stem length 50 mm)
loaded with 60 pL of a 20 mM D,O solution of maleic acid
used as an internal reference. Accurate integration of the
CH resonance of the maleic acid (6 = 6.28 ppm) versus
the signal of the aromatic hydrogen atoms of 1 showed that
the effective concentration of the monomeric form of the
host has a constant value (about 0.2 mM) over a period of
1 week; thus, the concentration of host monomer deter-
mined according to the above-mentioned procedure may be
used for the analysis of the calorimetric data.

ITC titrations

ITC titrations were carried out at 25 °C in water by using a
Nano-ITC?C calorimeter (TA Instruments) with an active
cell volume of 0.988 mL and a 250- or 100-pL injection
syringe. Measurements were run in the overfilled mode
which does not require any correction for liquid evaporation
and/or for the presence of the vapor phase [18]. The reaction
mixture in the sample cell was stirred at 250 rpm during the
titration. The power curve was integrated by using the
NanoAnalyze software (TA Instruments) to obtain the gross
heat evolved/absorbed in the reaction. The instrument was
initially calibrated chemically by titrating an HCI solution
(1 mM) into buffered TRIS (30 mM containing 10 mM
HCI, [TRISJ/[TRISH'] = 2:1) according to the procedure
previously described [19]. The calorimeter was also checked
through an electrical calibration. ITC measurements were
carried out by titrating aqueous solutions of Pea-HCI
(0.01257-0.01450 M), Tyr-HCI (0.01190-0.01550 M) or
Dopa-HCI (0.01150-0.01290 M) into a host 1 solution (the
concentration of the monomer, determined via NMR, ran-
ged between 1.88 and 2.30 x 10~* M). Before running
each titration, all solutions were degassed under vacuum for
about 15 min. Typically, 4-5 independent titrations were
run for each host—guest system with a final guest/host ratio
of up to 18-20 in order to meet the saturation fraction cri-
teria proposed for the formation of 1:1 complexes [20]. The
heats of dilution were determined in separate blank ex-
periments by titrating solutions of guests 2, 3 or 4 into plain
water.
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Data fitting

The net heats of reaction, obtained by subtracting the heat
evolved/absorbed in the blank experiments, were analyzed
by HypAH [21]. This software calculates equilibrium
constants and/or formation enthalpies of complexes in so-
lution by nonlinear least-squares minimization of the
function

U= Z(Qobs - Qcalc)z- (1)

Oops 1s the observed heat for a given reaction step, cor-
rected for the dilution (blank) effects, while Q. is cal-
culated as

Qcalc = — Z(énAHO) (2)

where On is the change in the number of moles of a reaction
product (calculated in terms of a set of equilibrium con-
stants) and AH° is the molar formation enthalpy of the
reaction product. The summation is carried out over all the
reaction steps in the system. The squared residuals
(Qobs — Ocale)® are summed over all the titration points.
For each host—guest system, log K values and thermody-
namic parameters were obtained by simultaneously fitting
calorimetric data obtained from different titrations.

Results and discussion

When studying the thermodynamics of a complex binding
event, such as the one described here, one generally seeks to
split the free energy term into the AH® and AS° components
to reveal specific features and/or differences that are not
expressed in the AG® term. The enthalpy change of a re-
action, AH®, a key quantity describing the amount of heat
released or absorbed in the course of the reaction [22, 23], is
usually determined directly by using calorimetry or indi-
rectly from the temperature dependence of the binding
constant (i.e., the van’t Hoff method). Of these two meth-
ods, only the calorimetric approach provides direct esti-
mates of enthalpy changes for the binding process. The
validity of van’t Hoff enthalpies derived from the tem-
perature variation of equilibrium constants has been ex-
tensively debated over the past two decades [24-30].

Usually, enthalpy values are calculated by dividing
Eq. 3) by T

AG° = —RTInK (3)
and taking the derivative with respect to 1/T
—R(0InKops /0T ") = AHyy (4)

In the above equations, R is the gas constant, K, is the
equilibrium constant observed at a given temperature, 7T is

the absolute temperature, and AH,y denotes the van’t Hoff
enthalpy.

A plot of InK s versus 1/T should be linear with a slope
equal to —AH,y/R, provided enthalpy does not change
with temperature. If, as it is often the case [24-30],
(0AH,/3T),, is different from zero, i.e., if AC, # 0, then
Eq. (4) becomes

—R(0InKops /0T ") = AHyy e + ACyvu(T — Trer)  (5)

where Tger is the reference temperature and AC,, ,y is the
van’t Hoff derived heat capacity change [25]. A nonzero
AC, yi leads to a curvature in the van’t Hoff plots [24, 25,
29]. Even when taking into account curvatures [25], data
analysis may be non-trivial [26]; it has also been pointed
out that (1) estimates of AH and AC, are highly correlated
and neither parameter can be reliably estimated unless one
can be constrained and (2) small heat capacity changes can
bias the slope of van’t Hoff plots without producing cur-
vature that is visible within the noise level of typical data
[24]. This and other problems have induced some authors
to question the validity of the van’t Hoff enthalpy
[24, 28-30]. In any case, the precision of the AH,y esti-
mates is considerably lower than that for AH values ob-
tained directly by calorimetry [24, 25]. Regardless of the
reasons leading to discrepancies, these remain uncomfort-
ably large [31]. Based on the above considerations, we
have reinvestigated the inclusion process of the
biologically active amines 2—4 inside the calixarene re-
ceptor 1 in water [15] and determined the AH® values by
nano-ITC.

Since the accurate determination of the thermodynamic
parameters requires concentrations of the reactants to be
precisely known, the purity of both host 1 and guests 2—4
was preliminary checked through a thermogravimetric
analysis. Heating the guest samples at 10 °C min~' in air
showed that the water present as absorption solvent
amounts to <1 % by mass; all the guests decompose
completely in the range 300-500 °C, thus indicating that
they are free from inorganic impurities. The first drop in
the TG curve of host 1 is observed around 150 °C (Fig. 2)
and accounts for the adsorbed residual solvent that amounts
to 5-7 % of the total mass. The final mass % at 800 °C
(~20 % of the total) is entirely consistent with the ex-
pected value based on the inorganic components of the
penta-sulphonato calix[5]arene 1.

Preliminarily, potentiometric measurements [32] were
carried out on the host-guest systems under the same
conditions employed for the ITC experiments to assess the
influence of protons on the molecular recognition process.
The pH value of a solution of host 1 was initially 6.5, and
the change observed upon addition of up to 9-12 equiva-
lents of either Tyr-HCl or Dopa-HCI solution was always
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Fig. 2 Thermogravimetric analysis of calixarene 1. Heat rate:
10 °C min~" in air

within the experimental error of the instrument. This result
allowed us to rule out any contribution resulting from the
interaction of either the host or the guests with protons;
consequently, ITC titrations were carried out in plain water
rather than an aqueous buffered solution [26].

We have previously shown that the amphiphilic anionic
calixarene 1 aggregates in water [14—16] even well below
the critical micelle concentration. Specifically, according to
dynamic light scattering measurements, a 0.1 mM aqueous
solution of 1 was found to contain calixarene aggregates
with a hydrodynamic radius of about 100 nm. Given that
species of such a huge size fall outside the detection range
of '"H NMR spectroscopy, prior to each batch of ITC ti-
trations, it was necessary to assess the effective concen-
tration of the host present in solution, in the monomeric
form, by a quantitative NMR protocol [17] based on the use
of a stem coaxial NMR tube loaded with an internal ref-
erence (a maleic acid D,O solution having an accurately
known concentration). The addition of a volume of D,O
equal to that employed for the ITC titrations did not cause
any detectable change in the concentration of the mono-
mer, which rules out any sizable dissociation of the mi-
cellar aggregate upon dilution.

The calorimetric measurements were carried out in
water at 25 °C by usually titrating a 12—-15 mM guest so-
lution into a calixarene solution having a 0.2 mM monomer
concentration. Typical experiments for the complexation of
guests 2—4 with receptor 1 are shown in Figs. 3, 4 and 5.

The thermodynamic parameters for the interaction of the
different guests with calixarene 1, determined by using a
software that refines data obtained from multiple titrations,
are reported in Table 1.

The species distribution diagrams indicate that, under the
experimental conditions employed, the saturation criteria
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(“measurements should be made over roughly 75 % of the
saturation curve”) [20] is satisfied for all inclusion complexes.
The reliability of the results obtained is further strengthened
by the precision and accuracy of the calorimetric apparatus
which was thoroughly tested by using a chemical calibration
procedure [19] rather than the simple electrical calibration
recommended by the ITC manufactures [33, 34].

These data nicely reproduce the speciation and the trend
of the binding constants formerly obtained via 'H NMR for
the same host—guest systems [15], provided due allowance
is made for the different experimental procedures and
conditions employed (affinity constants were determined
by direct integration of suitable "H NMR signals of free
and complexed species of host and guest). Both techniques
indicate that the sulphonato calix[5]arene 1 is able to form
stable 1:1 complexes in aqueous solution [35] with the
biologically active amines investigated here. Different
species and combinations thereof were examined, but the
data analysis consistently converged toward the species
and values reported in Table 1.

As previously reported [15], a structural comparison
between Tyr-HCI and Dopa-HCl indicates that the presence
of an additional hydroxyl group on the aromatic ring of the
latter guest enhances the hydrophilic nature of the mole-
cule, thus reducing its affinity for the lipophilic environ-
ment provided by the calixarene cavity, and may also cause
steric hindrance upon complexation.

A clear-cut picture of the enthalpic and entropic con-
tributions to the free energy term is shown in Fig. 6.

Among several weak non-covalent interactions occur-
ring between a host and a guest, Coulombic interactions,
hydrogen bonds, CH-m, m-stacking and van der Waals
interactions mainly contribute to the enthalpy changes
[36, 37], whereas conformational/structural rearrange-
ments and desolvation events contribute to the entropy
changes [38, 39]. As shown both in Table 1 and Fig. 6,
the complexation of guests 2—4 by 1, that yields the 1:1
species, is always both enthalpically favored and driven
regardless of the size/shape of the amine molecule. Con-
certed hydrogen bonds (*NH---O), CH-n and m—7 inter-
actions between the guest and the aromatic calixarene
cavity drive the host—guest complex formation. Such en-
thalpically favorable contributions prevail over the cost in
energy needed for the desolvation of the reactant mole-
cules. The unfavorable entropic contribution (AS°® < 0) to
AG® accounts for the loss of degrees of freedom and
consequent “structural freezing” of the system due to
complex formation which is not paid off by the release of
water molecules by each component upon inclusion
[40, 41]. Similar observations have been previously re-
ported for other calixarene receptors upon endo-cavity
inclusion of (either positively or negatively) charged
guests in water [42—44].
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Fig. 3 a Typical ITC titration of Pea-HCI into calix[5]arene 1 in water
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Fig. 4 a Typical ITC titration of Tyr-HCI into calix[S]arene 1 in water at 25 °C, b integrated heat data
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Fig. 5 a Typical ITC titration of Dopa-HClI into calix[5]arene 1 in water at 25 °C, b integrated heat data

Table 1 Log K values and thermodynamic parameters for the in-
clusion of guests 2—4 inside calixarene 1 at 25 °C in water

Guest log K AH°/KJ mol ™! TAS°/kJ mol ™!
Pea-HCI (2) 3.08 (4) —64.88 (1) —473 (1)
Tyr-HCI (3) 3.29 (3) —54.32 (1) —355 (1)
Dopa-HCI (4) 2.96 (3) —59.07 (2) —42.1 (1)

o in parentheses

Interesting insights, which are not expressed in the log
K value, are unveiled by the above thermodynamic pa-
rameters. For instance, the complexation of Pea-HCl by
calixarene 1, which has a comparable affinity for Dopa-HCl
and a slightly larger one for Tyr-HCI, occurs with the lar-
gest enthalpy gain as a consequence of the enthalpically
favorable m—m interactions between the lipophilic moiety of
2, which lacks polar OH groups, and the electron-rich

@ Springer
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Conclusions
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