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Abstract

The noncovalent complexation of monoamine neurotransmitters and related ammonium and
quaternary ammonium ions by a conformationally flexible tetramethoxy glucosylcalix[4]arene
was studied by electrospray ionization Fourier transform ion cyclotron resonance (ESI-FTICR)
mass spectrometry. The glucosylcalixarene exhibited highest binding affinity towards serotonin,
norepinephrine, epinephrine, and dopamine. Structural properties of the guests, such as the
number, location, and type of hydrogen bonding groups, length of the alkyl spacer between the
ammonium head-group and the aromatic ring structure, and the degree of nitrogen substitution
affected the complexation. Competition experiments and guest-exchange reactions indicated
that the hydroxyl groups of guests participate in intermolecular hydrogen bonding with the

glucocalixarene.
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Introduction

he molecular recognition of pharmaceutically interesting

compounds is attracting increasing attention and various
synthetic materials have been produced for medicinal and
biomimetic applications. The ability of synthetic receptors to
function as artificial enzymes or ion channels [1-3], to sense
biologically important ions [4, 5], to improve chromato-
graphic separation [6—13], and to solubilize, stabilize, and
transport drugs is being explored [14, 15]. The design of
synthetic receptors for host—guest systems is challenging,
however, because of the many factors requiring adjustment
for selective complexation. Besides hydrogen bonding and
various external factors such as solvent effects, factors such
as size, shape, and charge compatibility between the host
and guest also have to be considered [16, 17].
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A number of synthetic hosts based on macrocyclic
compounds able to encapsulate small molecules have been
prepared [16, 17]. Calixarenes [18-21], for example, have
been designed to recognize a variety of biologically
important compounds, including amino acids, peptides, and
proteins [22-26].

The recognition of neurotransmitters by synthetic
receptors has been studied only sparingly, even though
neurotransmitters play major roles in important brain
functions, as well as in intra- and intercellular signaling,
morphogenesis, and immunoregulation [27-34]. A number of
pathologic disorders, including Parkinson’s disease, schizo-
phrenia, and Alzheimer’s disease, are considered to implicate
neurotransmitter systems [35-37]. The development of fast,
accurate, and cost-effective techniques for the clinical separa-
tion and detection of neurotransmitters has thus become of
considerable interest [38—49].

Series of thiourea-linked calix[4]arene glycoclusters [50—
52] have been synthesized and their interactions with
proteins [53-57], anionic species [57], natural amino acids
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[52], and carboxylates [58] investigated. Possible coopera-
tion between the aromatic cavity, thiourea linkers, and sugar
units of glucosylcalixarenes in the guest binding has been
indicated in these studies [57]. Clear selectivity towards
aromatic amino acids has also been observed, and enhanced
by the introduction of an additional hydrogen bonding group
to the amino acid side chain [52]. The proximity of the
hydrogen bonding groups of the guest also has a major effect
on the selectivity of the complexation [58].

We investigated the noncovalent complexation of mono-
amine neurotransmitters and related nitrogen compounds by
a conformationally flexible tetraglucosylcalix[4]arene 1
(Figure 1). The studies were carried out by using positive
ion ESI-FTICR mass spectrometry.

Experimental
Sample Preparation

The glucosylcalixarene was dissolved in methanol and its
final concentration in the samples was 4 puM. Host/guest
ratios were 1:3, and the final concentration of the guests in
samples was 12 uM. Acetic acid (0.05 vol-%) was included
in sample solutions to enhance the protonation and decrease
the relative intensity of sodium and potassium adducts.
Guest compounds were used as hydrochlorides, except for
3,4-dihydroxybenzylamine, which was used as hydrobro-
mide. Carnitine, epinephrine, and norepinephrine were used
as racemic mixtures.

FTICR Mass Spectrometry

All measurements were performed in positive ion mode on a
Bruker Daltonics (Billerica, MA, USA) APEX Qe Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer
equipped with a 4.7 T superconducting magnet, Infinity ICR
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Figure 1.
ammonium and trimethyl ammonium ions (2-14)
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cell, Apollo II electrospray ion source, and pre-cell quadrupole
interface. The required ~1-10'" mbar vacuum was obtained by
rotary vacuum and turbomolecular pumps supplied by Edwards
(West Sussex, UK). The samples were introduced to the ion
source through a capillary with a 70° off-axis sprayer at the end.
The flow rate of 1.5 pL min~' was obtained with a Cole-Parmer
(Cole-Parmer Instrument Company, Vernon Hills, IL, USA)
syringe pump, and Hamilton (Reno, NV, USA) syringes.
Nitrogen gas was used for nebulization (1.0 psi) and for drying
(4.0 L s™"), and the ion source was heated to 225 °C. The ion
source voltages were 3.5 kV to end plate and 4.5 kV to
capillary. The capillary exit voltage was 375 V. In most cases, a
total of 16 scans were collected, and the whole operation was
performed using the Apollo II control ver. 1.3 and XMASS
7.0.8 software, which was also used for data processing.

Competition Experiments

The competition measurements were performed by mixing
two guests and glucosylcalixarene 1 with the host/guest;/
guest, molar ratio of 1:3:3. Each competition experiment
was carried out on five parallel samples, and each sample
was measured five times. Variances were calculated from the
standard deviation of the five samples (s;) and from the
standard deviation of the most deviating series of five
measurements (s,), with the equation s?=s,2+s,% [59-61].
Values of individual measurements or sample values were
discarded if their deviation from the mean was four or more
times the average deviation of the retained values. The
competition experiments between aromatic amines were
performed against dopamine. Competition experiments on
aliphatic compounds were performed with competition
pairs GABA versus carnitine, carnitine versus carbamyl-
choline, carbamylcholine versus betaine, and betaine
versus acetylcholine.
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Structures of tetramethoxy tetraglucosylcalix[4]larene (1) and of monoamine neurotransmitters and related
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Energy-Resolved Collision Induced Dissociation

In the energy-resolved collision induced dissociation (CID)
experiments, the precursor ions were isolated in the ICR cell
by correlated harmonic excitation fields. After isolation, a
short pumping delay (3.0 s) was introduced. Isolated ions
were excited by an rf field and allowed to collide with
argon gas that was leaked into the ICR cell through a
pulsed valve. The Eeom " values were calculated by
using the relative intensities of the complexes [r. =
IcompLex/(IcompLExtIDIsSsociaTion ProODUCTS)]. The
Ecom> """ values represent the center-of-mass collision
energy required for dissociation of the complex to its
relative half-intensity.

lon/Neutral Reactions

In H/D exchange and guest-exchange reactions, deuterated
ammonia (ND3) and tripropylamine (Pr3N), respectively,
were used as reagents and introduced to the ICR cell from a
separate volume through an adjustable needle valve. The
reagent gas flow, from the volume to the cell, was set to
keep the cell pressure at ~5-10"° mbar for H/D exchange
reactions and ~1-10"7 mbar for guest-exchange reactions.
Isolation was performed as with the CID experiments,
except that in the H/D exchange reactions single-frequency
excitation shots were used to obtain monoisotopic isolation
of the precursor ion. Isolated ions were allowed to react with
reagent with reaction delay times ranging from 0.01 to 300 s.
Sixteen scans were collected when reaction delay was 60 s
or less, and six scans when it was more than 60 s. Reaction
second-order rate constants (k,) were obtained from the
slopes of the pseudo-first-order rate plots, i.e., In(Ijon/Isum)
versus t, where Iy, is the intensity of the isolated precursor,
Ium 18 the sum of the intensities of the isolated precursor ion
and its exchange product and ¢ is the reaction delay time.

Results and Discussion
Complex Formation

The positive ion ESI-FTICR spectra revealed that, in the gas
phase, the glucosylcalixarene 1 existed as singly protonated
[1+H]" ion and formed singly charged 1:1 complexes with
all the guest compounds. The complexation ability of the
glucosylcalixarene 1 towards the neurotransmitters was
evaluated in competition experiments between two guests
[62]. Among the aromatic guests (2-9), the binding
affinity of glucosylcalixarene toward the compounds
followed the order serotonin (9) > norepinephrine (8) =
epinephrine (7) =~ dopamine (6) > 3,4-dihydroxybenzyl-
amine (4) = deoxyepinephrine (5) > histamine (3) =
tyramine (2) (Figure 2).
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Figure 2. Competitive complexation of ammonium ions
having an aromatic residue versus dopamine (6) in the
presence of 1 (relative intensities (%)=([1+Guest]"/
([1+Guest]” + [1+dopamine(6)]*))*100)
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The observed selectivity order is clearly affected by
three structural features of the guest. (1) An additional
hydrogen bonding group in the guest compound enhances the
complexation (6 versus 2 and 5 versus 7). (2) Both the length of
the alkyl spacer (between the amine and the aromatic moiety)
and the degree of nitrogen substitution affect the complexation.
Specifically, ethylene spacer was preferred over methylene
(6 versus 4) and primary terminal amine over secondary
amine (6 versus 5). (3) The selectivity shown for the serotonin
(9) confirmed the preference of glucosylcalixarene for guests
bearing indole nuclei. The same was observed earlier in the
complexation of tryptophan by 1 [52].

Among the aliphatic guests (10-14), the binding affinity
of glucosylcalixarene toward the compounds followed
the order GABA (10) > carnitine (14) > carbamylcholine
(13) > betaine (11) > acetylcholine (12) (Figure 3). This
affinity order further emphasizes the importance of
hydrogen bonding group for formation of a stable
complex (13 versus 12 and 11 versus 14).

Relative Kinetic Stability

The relative gas-phase kinetic stabilities of the complexes
were evaluated by performing energy-resolved collision
induced dissociation (CID) experiments. Upon dissociation
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Figure 3. Competitive complexation of GABA (10) and

trimethyl ammonium compounds in the presence of 1
(relative intensities (%)=([1+Guest{+H]*/([1+Guest{+H]* +
[1+Guest,+H]*))*100)



362

of the complexes of primary and secondary ammonium ions
(2-10), the proton was left on the calixarene, resulting in
increased intensity of the peak corresponding to the [1+H]"
ion. The ion then fragmented further. Dissociation of the
complexes of trimethyl ammonium ions (11-14), on the
other hand, led to [Guest]" ions (as expected since there is
no mobile proton in the alkyl ammonium ion structure).
Except for the relatively small betaine (11), the complexes of
GABA and trimethyl ammonium compounds dissociated
with relatively low energy, and there were no significant
differences between their Eom ”* values (Figure 4a).
Exceptionally, the Ecom 2" value for the [1+11]" ion was
notably higher, which indicates higher kinetic stability
for the complex with relatively small betaine (11). In
fact, the complex of betaine (11) was kinetically more stable
than most of the complexes formed with ammonium ions of
primary and secondary amines (2—6 and 8, Figure 4b). Of all
the guests studied (except betaine), epinephrine (7), serotonin
), norepmephrme (8), and dopamine (6) exhibited the highest
Ecom™ ° values, and thus their kinetic stabilities are in good
agreement with the relative binding affinities (obtained from
competition experiments).

Hydrogen Bonding Properties

The H-bonding properties of glucosylcalixarene 1 and
selected complexes of 1 were studied by gas-phase hydro-
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Figure 4. CID dissociation curves for complexes of 1 with (a)
GABA (10) and trimethyl ammonium compounds (11—14) and (b)
neurotransmitter ammonium ions and related ammonium ions
(2-9). The Egom°” values are presented in parentheses (V)
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Figure 5. H/D-exchange spectra for [1+H]* and complexes
of 1 (reaction time 60 s for [1+H]" and 300 s for the
complexes of 1, ND3 as reagent). Dotted line indicates peak
corresponding to the undeuterated isotopomer

gen-deuterium (H/D) exchange reactions (Figure 5). With
ND; as the reagent gas, protonated 1 ([1+H]") exhibited a
bimodal exchange distribution (Figure 5, top), most likely due
to co-existing gas-phase conformers of 1 that react with
clearly different rates [63—65]. This behavior is consistent
with the results of our earlier study [52].

Our previous work suggests that the glucosylthioureido
groups of tetraglucosylcalixarenes enable an encircling net of
hydrogen bonding around the glucosylcalixarene skeleton
and allow free migration of deuterium to glucosylcalixarene
[52]. Therefore, the complex formation could disturb the H-
bonding and slow down the exchange reactions [66]. Indeed,
for the [1+guest]” complex ions the exchange rates were
slower and monomodal exchange distributions were obtained
(Figure 5). These data suggest that the complexes are formed
with specific conformers of the glucosylcalixarene, either by
conformational selection (complexation takes place with
certain conformers of the calixarene) or by conformational
transformation upon complexation (calixarene organizes its
substituents upon complexation). Interestingly, a bimodal
exchange distribution was observed for [1+norepinephrine(8)]"
which suggests that the calixarene 1 adopts, at least, two
different conformations in this complex.

Gas-Phase Guest Exchange

Dynamic nature and reversible binding are important
properties of host—guest complexes when synthetic hosts
are designed for applications related to molecular transport
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and sensing. In this view, we evaluated guest release by gas-
phase ion/neutral reactions, in which the bound guests were
displaced by tripropylamine (Pr3N). This reaction results in
the formation of [1+Pr;N+H]", which was detected as the
product for all reactive complexes. The fastest ion/neutral
reactions were observed with [1+H]" and [1+GABA(10)]"
ions. In contrast, reactions were not observed (even at the
longest reaction time) for histamine (3), deoxyepinephrine
(5), epinephrine (7), and serotonin (9) complexes. The guest
exchange spectra for [I+GABA(10)]" ion are presented in
Figure 6.

According to the reaction rate constants (Figure 7), the
complexes react significantly slower than the protonated
glucosylcalixarene ([1+H]"). The complex [1+GABA(10)]",
for example, reacted more than an order of magnitude slower
than [1+H]". The slowest reactions, however, were observed
for the complexes of norepinephrine (8) and dopamine (6);
their reactions were about three orders of magnitude slower
than that of [1+H]".

Gas-phase guest-exchange reactions with alkyl amines
are considered to be proton transfer reactions, where the
protonated guest transfers a proton to the reagent via Sy2-
like transition state [67, 68]. In some cases, however, the
proton transfer occurs via protonated host molecule [69].
Thus, the occurrence of guest-exchange reaction is affected
by proton affinities (PA) of the participating species, and for
efficient proton transfer the PA of the reagent should be
higher than the PA of the guest [68].

The tyramine (2) complex was clearly more reactive than
the dopamine (6) complex. This finding cannot be explained
by differences in their PA values alone. The PA of dopamine
(934+6 kJ/mol) [71] is only slightly higher than the PA of
tyramine (928+6 kJ/mol) [71] (for comparison, the PA of
Pr3N is 991 kJ/mol [70]). Evidently, the additional phenolic
hydroxyl group of dopamine participates in the intermolecular
H-bonding with glucosylcalixarene 1, increasing the stability
of the complex and decreasing the reactivity with Pr;N. This
observation is in agreement with the results of the competition
and CID experiments, where the dopamine complex exhibited

i [1+GABA(10)]'

Isolation
l [1+Pr,N+H]' 10 sec

)
1
60 sec

.

1500 1600 1700 m/z

Figure 6. Reaction of [1+GABA(10)]" ion with Pr3N. Isolation
spectrum and reaction spectra measured at reaction delays
of 10, 30, and 60 s are presented
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Figure 7. In (lion/lsum) Values versus time in the reactions of

complexes of 1 with PrsN (l,n=intensity of the isolated ion
and lgym=the sum intensity of the isolated ion and its
exchange product ion). The second-order rate constant (Kexp)
values (in the units of 1072 cm® s mol™") were obtained
from the slopes of the rate plots and are presented in
parentheses

higher relative binding affinity and higher kinetic stability than
the tyramine complex.

Interestingly, no guest exchange was observed for
deoxyepinephrine (5), epinephrine (7), histamine (3), or
serotonin (9) complexes. The PA values of deoxyepinephrine
(5) and epinephrine (7) are unknown, but it is reasonable to
assume that they are higher than the PA value of dopamine (6)
owing to the stronger basicity of secondary amines. Histamine
(3), on the other hand, contains imidazole ring, which gives a
greater PA value (999.8 kJ/mol) [70] compared with the other
guests and makes the proton transfer reaction unfavorable.

Conclusions

Glucosylcalixarene 1 binds a variety of monoamine neuro-
transmitters and related compounds, with a marked preference
towards serotonin, norepinephrine, epinephrine, and dopamine.
Even though n—m, and especially, cation—m interactions are
considered to bring essential contribution to binding affinity for
the systems involving aromatic amines [72, 73], the results
obtained strongly indicate that the calixarene complexes are
mainly stabilized by intermolecular H-bonds. The methoxy
groups at the lower rim of the calixarene skeleton give a certain
degree of conformational freedom for the calixarene host,
enabling multiple conformations in the gas phase. This was
indeed evidenced by H/D-exchange reactions in which
bimodal exchange distributions were observed. In contrast,
for the complexes of 1 monomodal exchange distributions
were observed, suggesting that there is conformational
selection in the guest binding. The gas-phase guest
exchange reactions provided further insights into the
binding characteristics. Exchange rates with Pr;N indicated
that both the proton affinity as well as the structure of the guest
are important parameters providing further evidence on the
intrinsic interactions (e.g., H-bonding) between 1 and the
studied neurotransmitters.
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