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Abstract. The complexation of the macrocyclic cavitand cucurbit[7]uril (Q7) with a
series of amino acids (AA) with different side chains (Asp, Asn, Gln, Ser, Ala, Val, and
Ile) is investigated by ESI-MS techniques. The 1:1 [Q7 + AA + 2H]2+ adducts are
observed as the base peak when equimolar Q7:AA solutions are electrosprayed,
whereas the 1:2 [Q7 + 2AA + 2H]2+ dications are dominant when an excess of the
amino acid is used. A combination of ion mobility mass spectrometry (IM-MS) and
DFT calculations of the 1:1 [Q7 + AA + 2H]2+ (AA = Tyr, Val, and Ser) adducts is also
reported and proven to be unsuccessful at discriminating between exclusion or
inclusion-type conformations in the gas phase. Collision induced dissociation (CID)
revealed that the preferred dissociation pathways of the 1:1 [Q7 + AA + 2H]2+

dications are strongly influenced by the identity of the amino acid side chain, whereas ion molecule reactions
towards N-butylmethylamine displayed a common reactivity pattern comprising AA displacement. Special
emphasis is given on the differences between the gas-phase behavior of the supramolecular adducts with amino
acids (AA = Asp, Asn, Gln, Ser, Ala, Val, and Ile) and those featuring basic (Lys and Arg) and aromatic (Tyr and
Phe) side chains.
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Introduction

The binding of amino acids to designed molecules in aque-
ous solution represents an important field with broad im-

plications for basic chemical and biomedical sciences. The
cucurbit[n]uril (Qn) members constitute a macrocycle family
featuring a hydrophobic cavity and negatively charged portals

[1–5] suitable for amino acid, peptide, or protein binding [6, 7].
The interaction of almost the complete series of amino acids
with Qn (n = 6, 7, 8) has been studied in solution by isothermal
titration calorimetry (ITC) [6, 8–10], ultraviolet (UV) [11, 12],
fluorescence titration (FT) [9, 13], NMR spectroscopy [14–17],
and in the solid state by X-ray diffraction analysis [18, 19]. In
this work, we will focus on the Q7 member of the Qn family
(see Scheme 1) for which binding abilities between Q7 and
amino acids or peptides in aqueous solution display character-
istic 1:1 stoichiometry. The high affinity binding of Q7 with
amino acids bearing an aromatic side chains relies on the
enthalpic gain from ion-dipole interaction (between the posi-
tively charged amino acid and carbonyl oxygen atoms of the
Qn) and the entropic gain due to the release of confined water
molecules from inside the Q7 cavity [20, 21]. Additional
modulation of the interaction between Q7 and amino acids
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can be achieved by considering the effect of guest desolvation
or the freezing of guest motion inside the cavity [10]. The
complexation of Q7 with three amino acids, Phe [22], Trp
[6], Tyr [10–12], a series of Phe derivatives [23] or human
insulin [24] have been reported proving great potential for
biological applications, including drug delivery [25–28], inter-
actions with enzymes [29, 30], plasma membrane protein fish-
ing [31], and label-free enzyme assays [9, 13, 32, 33].

It is instructive to extend these aqueous molecular recogni-
tion studies to the gas phase, to compare and to better under-
stand the role of water and its effect on the hydrophobic,
hydrogen-bond, or ion-dipole interactions that modulate the
host–guest process. This is illustrated by the great deal of work
available on amino acid complexation with cyclodextrins
(CDs) hosts in the gas phase [34], making CDs interesting
amino acid selectors and useful hosts in the development of
analytical methods for quantifying enantiomeric excesses in the
gas-phase [35]. In this sense, it becomes obvious that the most
determining aspect on going from the solution to the gas phase
is that in the absence of a hydrate shell, the hydrophobic effect
is partly or completely lost, whereas electrostatic and polar
interactions are strengthened [36, 37]. Consequently, the sta-
bility and selectivity of the supramolecular gas-phase com-
plexes based on Q7 may not always mirror precisely its stabil-
ity in the solvated state.

Gas-phase studies of the Qn family have witnessed an
important advance over the past years. For example, Dearden
and Kim have reported seminal works on alkali metal [38, 39],
guanidinium [40], alkyldiamine [41–44], and aryldiamine [45]
complexation with Qn in the gas phase [46]. Several studies
that deal with the gas-phase reactivity singularities of encapsu-
lated guest molecules such as bis-imidazolium salts [47], coor-
dination complexes [48], small peptides [49], haloacetate an-
ions [50], acridine orange [51], alkylammonium [52], or
azoalkanes [53] in the Qn complexes have also been described.
A set of mass spectrometric techniques is nowadays available
to study in detail whether specific Qn-based supramolecular
structures can be transferred to the gas phase. It is exemplified
by the identification of threaded structures between
phenylenediamine isomers and Q6 in the gas phase on the basis
of its CID behavior (the threaded complex dissociated via
covalent cleavages of the host and guest), distinctive ion-
molecule reactivity towards alkylamines (exposure of the
threaded complexes to a neutral amine produced slow addition
of the amine to the complex) and ion-mobility MS [45].

Gas-phase studies of the intimate arrangement of the supra-
molecular adducts between Q7 and amino acids have received
little attention. Recently, a comparative study of the solution
and the gas-phase characteristics of supramolecular adducts
between Q7 and amino acids with aromatic (AAaromatic Tyr,
Phe, and Trp) and basic (AAbasic Lys, Arg, and His) side chains
has been published [10]. Other examples about the interaction
between amino acids and Qn in gas phase include

supramolecular studies of lysine or pentalysine [54], insulin
[55], or small peptides featuring lysine with Q6 and Q7 [49,
56]. However, a comprehensive gas-phase study encompassing
a wide range of amino acids remains virtually unexplored. In
this work, we report complexation studies between Q7 and a
series of amino acids with different side chains (Asp, Asn, Gln,
Ser, Ala, Val, and Ile, hereafter named AA, see Scheme 1)
using a combination of ESI mass spectrometric techniques and
DFT calculations. A comparative study of the gas-phase be-
havior under identical experimental conditions is also reported
for the series of AAaromatic and AAbasic amino acids.

Experimental
The starting compounds L-alanine (Ala), L-aspartic acid (Asp),
L-asparagine (Asn), L-glutamine (Gln), L-valine (Val), L-
isoleucine (Ile), L-tyrosine (Tyr), L- phenylalanine (Phe), L-
serine (Ser), L-Lysine·HCl (Lys), and L-arginine·HCl (Arg) of
high purity grade were used as purchased. Cucurbit[7]uril (Q7;
MW = 1163) (C42H42N28O14·10H2O) was synthesized accord-
ing to a known procedure [57]. To aqueous Q7 solutions (1 ×
10–3 M), increasing amounts of AA (from 0.5 to 5 eqs) were
added. These solutions were diluted with H2O:CH3OH to a
final concentration of 5 × 10–5 M and directly delivered to the
ESI-MS interface of the mass spectrometer. Under these con-
ditions, supramolecular adducts between the cavitand Q7 and
amino acids were observed as proton, sodium, or potassium
adducts (typically in the form [Q7 + nAA + 2cat]2+ where n =
1, 2 and cat stands for H+, Na+, and K+). Experiments carried
out using H2O:CH3OH in the presence of 1% formic acid in the
final dilution step displayed identical results except that ion
abundances of the proton adducts were maximized.

Electrospray Ionization Mass Spectrometry
(ESI - MS), Collision Induced Dissociation (CID),
and Ion-Molecule Reactions

A Q-TOF Premier mass spectrometer with an electrospray
source (Waters, Manchester, UK) operating in the V-mode
was used. The resolution was high enough to clearly distin-
guish the charge state of the identified species in all cases. The
drying gas as well as the cone gas was nitrogen at a flow of 300
Lh–1 and 30 Lh–1, respectively. The temperature of the source
block was set to 100°C and the desolvation temperature was set
to 150°C. A capillary voltage of 3.5 kVwas used in the positive
scan mode. Mass calibration was performed by using a mixture
of 0.05 M NaOH and 10% formic acid (50:50) that produced a
number of ions of general formula [Nax(HCO2)x-1]

+

encompassing the desired m/z range for calibration purposes.
Aqueous 10–3 M Q7 solutions and the corresponding amount
of AA were mixed and diluted with H2O:CH3OH (50:50) 1%
formic acid to a final concentration of 5 × 10–5 M and injected
for MS analysis via syringe pump directly connected to the ESI
source at a flow rate of 10 μL/min. Typical sampling cone
voltage was 20 V. For CID experiments, the cations of interest
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were mass-selected using the first quadrupole (Q1) and
interacted with argon in the T-wave collision cell at variable
collision energies (CEElaboratory = 5–40 eV) stepped by 5 eV.
The ionic products of fragmentation were analyzed with the
time-of-flight analyzer. The isolation width was adjusted to
mass-select the complete envelope of each cation in the first
quadrupole analyzer. For a qualitative analysis of the energy-
dependent CID experiments, the laboratory collision energies
(CEElaboratory) were converted to the center-of-mass frame, ECM
= m/(m +M)·CEElaboratory, where m andM stand for the masses
of the collision gas and the ionic species, respectively. For the
breakdown profiles representations, signal intensities were ob-
tained from the average of 40 scans and measuring the area of
the fragmentation peaks. These graphs were represented taking
into account the normalized abundance of the precursor and
product ions against ECM.We selected the value of the collision
energy required for 50% reduction of the precursor ion
(ECM50%) as a qualitative measure of intrinsic stability of the
Q7:AA supramolecular adducts. Collision energies
(CEElaboratory) were stepped by 2 eV near the 50% reduction
of the precursor ion. Each analysis was run in triplicate and
averaged to give ECM50% values as listed in Figure 3.
Branching ratios between the fragmentation channels were
estimated from CID spectra at CEElaboratory = 20 eV where
secondary fragmentation pathways were not observed.

Ion-molecule reactions were conducted on a Quattro LC
(quadrupole-hexapole-quadrupole) mass spectrometer with an
orthogonal Z-spray-electrospray interface (Waters,

Manchester, UK). Sample solutions were infused via syringe
pump directly connected to the ESI source at a flow rate of 10
μL/min, and a capillary voltage of 3.5 kV was used in the
positive scan mode. The temperature of the source block was
set to 100°C and the desolvation temperature was set to 150°C.
The desolvation gas as well as the nebulization gas was nitro-
gen at a flow of 400 and 80 Lh–1, respectively. The species of
interest were gas-phase generated at a cone voltage of Uc = 20
V, mass-selected with Q1, and interacted with N-
butylmethylamine in the hexapole collision cell, while scan-
ning Q2 to monitor the products of ion-molecule reactions. An
isolation width of ca. 2 Da was used in Q1 and the collision
energy in the hexapole collision cell was nominally set to a
value of CEElaboratory = 0 eV to increase the residence time of
the ions in the collision cell and to ensure that reactions take
place at or near thermal energies. Typically, the collision gas
(Argon) was passed through a U-shape tube containing 100 μL
of N-butylmethylamine, so that the N-butylmethylamine sub-
strate was introduced in the collision cell as a part of the
collision gas. Ion-molecule reactions were performed using
two different pressures maintained at approximately 2 × 10–4

mbar and 7 × 10–4 mbar [58, 59].

Ion Mobility Mass Spectrometry (IM-MS)

Experiments were performed on a Synapt G1 HDMS traveling
wave ion mobility mass spectrometer (Waters, Manchester,
UK). All samples were diluted in H2O: CH3OH 0.1% formic
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Scheme 1. (a) molecular structure of the Q7 macrocycle and the series of (b) AA (Asp, Asn, Gln, Ser, Ala, Val, Ile) amino acids; (c)
AAaromatic (Phe and Tyr) and (d) AAbasic (Arg and Lys)
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acid at a final concentration of 2.5 × 10–6 M and placed on a
384-well plate refrigerated at 15°C. Sample introduction was
made by automated chip-based nanoelectrospray using a
Triversa NanoMate (Advion BioSciences, New York, USA).
Ionization was performed in positive mode using a spray
voltage and a gas pressure of 1.75 kV and 0.5 psi, respectively.
The instrument was tuned so as to obtain a proper ion signal in
the softest possible conditions to preserve solution ground state
molecular structures. The source pumping speed in the backing
region (5.73 mbar) of the mass spectrometer was reduced to
achieve optimal transmission of noncovalent complexes. Cone
voltage, extraction cone, and source temperature were set to 20
V, 5 V, and 20°C, respectively. Trap and transfer collision
energies were set to 60 V. The pressure in the trap and transfer
T-Wave regions were 5.93 × 10–2 mbar of Ar and the pressure
in the IMS T-Wave was 0.482 mbar of N2. Trap gas and IMS
gas flows were 8 and 25mL/s, respectively. The traveling wave
used in the IMS T-Wave for mobility separation was operated
at a velocity of 300 m/s. The wave amplitude was fixed to 6 V.
The bias voltage for entering in the T-wave cell was 15 V. The
ion mobility resolution power was 10 (Ω/ΔΩ full width at half
maximum). This resolution power precludes the separation of
potential conformers with estimated cross sections differing by
less than 10% as in the case of the [Q7 + Val + 2H]2+ and [Q7 +
Ser + 2H]2+ adducts. The instrument was mass-calibrated over
the m/z range 200–2000 Da using a solution of cesium iodide.
Mobility calibration was performed using tryptic peptides of
known collision cross sections. The list of calibrants and cali-
bration procedure used for traveling wave IMS experiments are
given in Supplementary Figure S2. IM data were acquired and
processed with MassLynx ver. 4.1 (SCN 704) and Driftscope
ver. 2.4 software .

DFT Calculations

All calculations were performed within the PRIRODA pro-
gram suite [60] based on Density Functional Theory ver.
PBE [61]. For all the considered atoms, three valence-
depleted atomic Ahlrichs basis set VTZ were used [62]. Func-
tional PBE was shown to be effective in our earlier theoretical

studies with cucurbituril [63–66]. Full gas-phase geometry
optimization of all systems was carried out without any restric-
tions on the symmetry. Geometry optimization frequencies of
normal vibrations of macromolecules were calculated. The
absence of imaginary frequencies in the vibrational spectrum
indicated that the optimized structures correspond to minima
on the multidimensional surface of the total energy. On the
basis of thermochemical analysis, the total entropy of systems
were obtained, as well as total enthalpy and Gibbs free ener-
gies. In the starting structures of the Q7 and the corresponding
amino acid, we located the first proton at the N-terminus, and
the second one was located in different places including the
carbonyl groups of the Q7, the carbonyl groups of Tyr, Val.
and Ser, and the OH group from the side chain for Tyr and Ser.
In all cases, the optimized structure was identical regardless the
chosen starting structure. Computed cross sections were ob-
tained from the average of the molecular areas viewed along
the x, y, and z axes of the molecule [53]. We found that the
computed energies for the externally-bound Q7:AA conforma-
tions are very close to those of the inclusion complexes, so that
it was not possible to establish definitively which one prevails
in the gas phase on the basis of only DFT calculations. As
stated by Kalenius et al. [53], the energetics of the relative
inclusion versus externally bound host–guest complexes is
strongly dependent on the calculation methods.

Results and Discussion
Single-Stage ESI-MS of Q7:AA Mixtures

Complexation studies with the macrocyclic cavitand Q7 were
carried out using a series of amino acids, hereafter labelled as
AA, that features acid (Asp), amide (Asn and Gln), apolar (Ala,
Val, and Ile) and polar (Ser) side chains. ESI mass spectra of
equimolar Q7:Val solutions and Q7 in the presence of a 2-fold
excess of Val are exemplified in Figure 1a. The 1:1 [Q7 +AA+
2H]2+ adducts were observed as the base peak when equimolar
Q7:AA solutions were electrosprayed. Prominent species of
2:2 stoichiometry formulated as [2Q7 + 2AA + 3H]3+ were also
observed. Adducts of 1:2 stoichiometry formulated as the [Q7
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Figure 1. ESI mass spectra of Q7 and (a) Val and (b) Lys in equimolar mixtures (bottom) and using a 2-fold excess of amino acid
(top) recorded under identical conditions (Uc typically 20 V). The concentration of Q7 was 5 × 10–5 M and the solvent used was
H2O:CH3OH (50:50) in the presence of 1% formic acid. Free AA is also evidenced at lowerm/z values as the proton [AA +H]+ adduct.
The stoichiometry of the identified adducts is indicated using the {n:m} notation where n and m stands for Q7 and the amino acid
stoichiometry, respectively
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+ 2AA + 2H]2+ dication were dominant when an excess of AA
with respect to Q7 was used along with abundant species of 2:3
stoichiometry formulated as [2Q7 + 3AA + 3H]3+. The 2:2 and
2:3 species were observed irrespective of the different MS
conditions (desolvation temperatures or cone voltage values).
In order to determine whether these adducts are due to gas-
phase nonspecific or specific interactions between the Q7 and
the AA, we performed identical single-stage ESI-MS experi-
ments using more diluted sample solutions [67]. The use of
sample concentrations in the 1 × 10–4 to 1 × 10–6 M range
resulted invariably in the observation of 2:2 and 2:3 adducts,
which suggests that these species are specific adducts likely
present in the solution. Adducts of 2:3 stoichiometry are pre-
cedent in solution and they have been proposed as the domi-
nant oligomers in milimolar aqueous solutions of Q6 and 2-
methylpiperazine [68].

For the sake of comparison, we also investigated the com-
plexation of Q7 with amino acids that bear aromatic (AAaromatic

= Tyr and Phe) and basic (AAbasic = Lys and Arg) side chains
[10]. Whereas identical single stage ESI-MS behavior was
evidenced for AAaromatic, in terms of formation of 1:1, 1:2,
2:2, and 2:3 adducts, distinctive ESI-MS results were observed
for AAbasic. In the latter case, the 1:1 [Q7 + AAbasic + 2H]2+

adducts were dominant irrespective of the Q7:AAbasic ratio (see
Figure 1b for Lys). Aggregates of 2:2 stoichiometry were also
observed but 2:3 adducts were barely detected. These observa-
tions anticipate the unique arrangement of the supramolecular
[Q7 + AAbasic + 2H]2+ dications in the gas phase compared
with the AA and AAaromatic series since the doubly protonated
Lys or Arg threads through the Q7 cavity [10, 54], as exempli-
fied in Scheme 2a), thus blocking the two symmetrical portals
of the Q7 and hindering the formation of complexes with 1:2
and 2:3 stoichiometry.

Contrarily, for the AA and AAaromatic series with a single
protonation site, the protonated amino acids do not thread to the
two portals of the Q7 but bind to one rim of the symmetrical Q7
macrocycle, thus leaving the second rim also available to
accommodate a second protonated amino acid. This character-
istic feature makes possible, besides the formation of 1:2 com-
plexes, the formation of stable supramolecules of 2:3 stoichi-
ometry identified by single-stage ESI-MS. Let us note that the
gas-phase 1:1 [Q7 + AA + 2H]2+ dications may adopt two
dispositions as depicted in Scheme 2b for the amino acid side
chain located outside of the Q7 cavity or inside of the Q7 cavity

as depicted in Scheme 2c. Supramolecular adducts depicted in
Scheme 2b are known for Cys [18] and Trp [19] with Q6,
whereas the arrangement depicted in Scheme 2c is precedent
for Glu and tetramethylQ6 (TMeQ6) [69], on the basis of X-ray
diffraction analysis.

Ion Mobility Mass Spectrometry and DFT
Calculations

Further insights on the gas-phase structures of the 1:1
supramolecules of Q7 with selected amino acids (Ser, Val,
and Tyr) were obtained using ion mobility mass spectrometry
(IM-MS). Adduct stoichiometries, m/z values, experimental
drift times, calibrated cross sections, and ion mobility drift time
plots are given in Supplementary Table S1 and Supplementary
Figure S2. Ion mobility mass spectra of the 1:1 [Q7 + AA +
2H]2+ dications display single peaks corresponding to Ω cross
sections of 212 Å2 (Ser), 212 Å2 (Tyr), and 216 Å2 (Val),
which are comparable to that of the [Q7 + 2Na]2+ (cross section
212 Å2) adduct. In the case of the 1:1 [Q7 + Tyr + 2H]2+

adduct, this value closely resembles that reported by Kim’s
group (210.9 Å2) [10]. Quantum chemical calculations were
used to complement the experimental ion mobility results for
the selected [Q7 + AA + 2H]2+ (AA = Tyr, Val, and Ser)
adducts and to identify the interactions that contribute to the
supramolecular stabilization. Along this discussion, the most
stable structures differing by less than 10 kcal·mol–1 were
considered.

In the optimized structures of the [Q7 + Tyr + 2H]2+ adduct,
a protonation site was found at the N-terminus and the second
proton was located between the carbonyl groups of the Q7 and
the OH of the Tyr side chain. Both an inclusion-type structural
motif (see Figure 2a) and one minimized structure in which the
Tyr side chain lies outside the Q7 cavity were found. For the
inclusion-type conformation, besides hydrogen-bonding inter-
actions between the protonated N-terminal amino group with
the carbonyl oxygen atoms of one Q7 rim, the aromatic ring
was inserted into the cavity of Q7 while the CO2H and NH2

groups resided out of the cavity. Remarkably, the orientation of
the buried protonated phenol group of the Tyr side chain
provides further stabilization via short hydrogen bond contact
with the second portal of the Q7. Such H-bonding interaction is
exclusive of the Tyr amino acid and can be regarded as a
threaded interaction motif; we hypothesize that it is responsible
of the increased gas-phase kinetic stability of this dication as
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Scheme 2. Schematic drawing of (a) lysine threading the Q7 cavity, (b) and (c) possible amino acid side chain orientations located
outside or inside of the Q7 cavity, respectively
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judged by its high ECM(50%) value (see below). It is worth
noting that the conformation for the inclusion-type arrange-
ment optimized by the DFT calculations is similar to the crystal
structure for analogous host–guest complexes with Glu. For
instance, in the solid state the side chain of the Glu amino acid
is hosted by the cavity of Q7, the protonated N-terminus group
is more or less in the plane of the Q7 rim, and the carboxylate
protrude from the Q7 rim. The exclusion-type conformation
(see Figure 2b) features short H-bonding contacts between the
protonated N-terminus and the phenol group with the oxygen
atoms of the Q7 portals. The Tyr amino acid adopts a rather flat
disposition on the plane defined by the oxygen atoms of the Q7
rim. Computed Ω values were 210 Å2 and 211 Å2 for the
inclusion and exclusion-type conformations, respectively,
which are close to the experimentally determined Ω 212 Å2

value, thus indicating that the combined use of ionmobility and
computational results was unsuccessful at discriminating be-
tween these conformations; it is also possible than multiple
conformations coexist.

For Val, the minimized structures displayed the first proton-
ation site at the N-terminus and the second proton was located

between one carbonyl group of the Q7 and the OH group of the
AA establishing H-bonded interactions and stabilizing the
AA:Q7 interaction. Regarding the intimate conformation of
the [Q7 + Val + 2H]2+ dication, we found one partially buried
1:1 supramolecular type (see Figure 3a) and an exclusion-type
conformation (see Figure 3b) differentiated by ca. 2 kcal·mol–1.
According to DFT calculations, the Val side chain extends
through the cavity, allowing the protonated N-terminus and
the carboxylic acid to interact intimately with the Q7 rim via H-
bonding. The exclusion- and inclusion-type conformations fea-
ture similar hydrogen bonding interactions between the Val
and Q7, but the aliphatic side chain is located outside the cavity
in the exclusion-type conformation. The experimentally deter-
mined Ω 216 Å2 value was close to the computed Ω 215 Å2

(exclusion-type) and 203 Å2 (inclusion-type) cross-section
values and like for Tyr, it was not possible to unambiguously
discriminate between these conformations.

For Ser, the first protonation site was found at the N-
terminus and the second proton was located (i) between one
carbonyl group of the Q7 and the OH group of the AA (see
Figure 4c) in a similar way to that found for Val, and (ii)

Computed  210 Å2

(a) (b)

Computed  211 Å2Exp.  212 Å2Ω

Figure 2. DFT optimized structures for the 1:1 adducts [Q7 + Tyr + 2H]2+. Color code: O – red, N – blue, C – grey, H – white. We
found an inclusion-type (a) and an exclusion-type (b) conformation. The most energetically stable form was the adduct with the
protonated Tyr outside of the Q7 cavity (b-type) by 4 kcal·mol–1. Computed and experimental (marked in bold and italic) cross
sections are also given for both isomers

(a) (b)

Computed  203 Å2 Computed  215 Å2Exp.  212 Å2Ω

Figure 3. DFT optimized structures for the 1:1 adducts [Q7 + Val + 2H]2+. Color code: O – red, N – blue, C – grey, H – white. We
found an inclusion-type (a) and an exclusion-type (b) conformation. The adduct with the protonated Val remaining outside the Q7
cavity (b-type) was more stable by 2 kcal·mol–1. Computed and experimental (marked in bold and italic) cross sections are also
given for both isomers
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between the carbonyl groups of the Q7 and the OH of the Ser
side chain (see Figure 4a and b). For the [Q7 + Ser + 2H]2+

adduct, three minimized structures were found displaying a
common interaction motif that comprise short H-bonding be-
tween the protonated N-terminus and the oxygen atoms from
the Q7 portal; the most stable conformation was that depicted
in Figure 4c that featured the side chain externally bound with
additional H-bonding between the hydroxyl groups of the C-
terminus and the Ser side chain and the Q7 portals. Two
additional conformations also displayed extensive H-bonding
contacts between the hydroxyl groups of the C-terminus and
the Ser side chain and the Q7 portals, but the Ser side chain was
located partially buried in the Q7 cavity as illustrated for the
conformation depicted in Figure 4b (being less stable by 2
kcal·mol–1), and Figure 4a (being less stable by 10 kcal·mol–1).
Unlike the inclusion-type conformation found for Tyr, a threaded
conformation sustained by H-bonding from the protonated N-
terminus and OH with the Q7 portals is not possible for serine
because of its intrinsic small size. The experimentally determined
Ω 212 Å2 value was also close to the computed Ω 211 Å2

(exclusion-type) and 203 and 209 Å2 (inclusion) cross-section
values, which does not allow distinguishing between these
conformations.

CID Mass Spectra and Ion-Molecule Reactions

We next explored the CID spectra of the 1:1 supramolecular
complexes between the Q7 host and the series of AA amino

acids aimed to identify the intrinsic unimolecular reactivity
patterns and to compare them with the homologs with
AAaromatic and AAbasic amino acids under identical experimen-
tal conditions. Characteristic CID spectra of the 1:1 adducts at
increasing collision energies are presented in Supplementary
Figures S3–S8. Scheme 3 shows a summary of the general
fragmentation pathways observed for 1:1 complexes of Q7
with the series of AA, AAaromatic, and AAbasic amino acids.

CID mass spectra of the [Q7 + AA + 2H]2+ dications
displayed (i) a charge separation channel in which the
protonated [Q7 + H]+ and [AA + H]+ cations (channel 1
in Scheme 3) were formed. A second dissociation chan-
nel that comprises amino acid evaporation was also ev-
idenced that affords the doubly charged [Q7 + 2H]2+

dication (channel 2 in Scheme 3). Channels 1 and 2
efficiently compete with each other, indicating that their
activation barriers do not differ significantly. Similar
trends in the CID spectra were observed for the [Q7 +
AAaromatic + 2H]2+ dications. Representative breakdown
profiles for the 1:1 [Q7 + Asp + 2H]2+, [Q7 + Gln +
2H]2+, [Q7 + Phe + 2H]2+, and [Q7 + Arg + 2H]2+

adducts are shown in Supplementary Figure S9.
ECM(50%) values, which represent the activation energy
at which half of the isolated precursor complex has
decomposed, can be estimated from the breakdown pro-
files of the mass-selected [Q7 + AA + 2H]2+, [Q7 +
AAaromatic + 2H]2+, and [Q7 + AAbasic + 2H]2+ (see
Figure 5a). The decomposition curves reveal minor

(a) (b) (c)

Computed  209 Å2 Computed  203 Å2 Computed  211 Å2

Exp.  212 Å2Ω
Figure 4. Lower energy structures for the 1:1 [Q7 + Ser + 2H]2+ adducts. Color code: O – red, N – blue, C – grey, H – white. We
found two inclusion-type (a) and (b), and an exclusion-type (c) conformation. The adducts with the protonated Ser remaining inside
the Q7 cavity (a-type and b-type) were less stable than c-type by 10 and 2 kcal·mol–1, respectively. Computed and experimental
(marked in bold and italic) cross sections are also given for both isomers

[Q7 + AA+ 2H]2+

[Q7 + 2H]2+

(1)

AA

(2)

[Q7 + H]+ + [AA + H]+

(3) AA covalent
bond breaking

AA Asp, Asn, Gln, Ser, Thr, Val, Ile
AAaromatic Tyr and Phe

AAbasic Lys and Arg

Scheme 3. General fragmentation channels observed for the 1:1 adducts of Q7 and AA, AAaromatic (left side) and AAbasic (right side)
upon CID conditions
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differences in the kinetic stability for the AA series,
ECM(50%) values falling within the 0.96 to 1.08 eV range.
A similar ECM(50%) value was determined for Phe but an
enhanced ECM(50%) of 1.23 eV value was observed for
Tyr that can be rationalized on the basis of DFT calcu-
lations by considering the threaded conformation accom-
panied by an increase in the number of optimal hydrogen
bonds between the phenol group and the oxygen atoms
of the one of the Q7 rims (see DFT section above). We
did not observe clear defined trends in the CID spectra,
thus indicating that ECM(50%) values were insensitive to
the distinctive stabilizing effect of the amino acid side
chain with the Q7 host. These observations anticipate
that for the AA and AAaromatic series, hydrogen bonding
and ion-dipole interactions between the N-terminal am-
monium and the Q7 portals are the dominant stabilizing
interactions, whereas a marginal effect of the side chain
on the intrinsic stability of the adducts is manifested.

Conversely, the host–guest complex formed with the
AAbasic dissociated following amino acid bond cleavages while
coordinated to the Q7 cavitand as dominant pathway (see
channel 3 in the Scheme 3), whereas channel 1 was operative
to a lesser extent. These 1:1 Q7:AAbasic adducts are kinetically
more stable than those of the remaining AA and AAaromatic

series as evidenced by significantly higher ECM(50%) values (ca.
1.6 eV). These results support that Lys and Arg, with two
protonable sites, are threading through the Q7 cavitand and
allow the N-terminal and basic side-chain ammonium groups
to interact simultaneously with opposite carbonyl portals.

Figure 5b shows the branching ratio (BR) between the
product ions associated to channel 2 and channel 1 (taken as
the ion intensity ratio between the [Q7 + 2H]2+/[Q7 + H]+

product ions) plotted versus the proton affinities of the inves-
tigated amino acids [70]. Unlike the ECM(50%) values, it was
observed that the BR for the fragmentation channels 2 and 1 is
highly sensitive to the the identity of the amino acid side chain.
For amino acids with low gas-phase proton affinities, such as
Ala and Asp, evaporation of neutral amino acid (channel 2) is

dominant, whereas for amino acids with higher proton affini-
ties, such as Gln, Asn, Tyr, Phe, and Ile, the charge separation
channel (channel 1) becomes more important. This relation can
be explained by recognizing, in a very simplified way, that the
two fragments, [Q + H]+ and the AA, bind competitively to the
bridging proton in the parent [Q7 + AA + 2H]2+ dication.
Hence, the propensity to dissociate via amino acid losses to
yield [Q7 + 2H]2+ will be higher for those amino acids with
lower proton affinity as theywould bind loosely to the proton at
the expense of the bond of the [Q7 + H]+ fragment; however,
an inspection of the observed BR indicates a more complex
interaction type governed by other factors. For example, Val
and Ala display close proton affinities but their BR vary sig-
nificantly, thus suggesting that the size of the amino acid side
chain also influences the kinetic of the dissociation channels 1
and 2. A plausible explanation would be that the bulkiness of
amino acid side chain may affect the directionality of the H-
bonding pattern established by the protonated amino acid and
the Q7 portal that ultimately affects the kinetic of the dissoci-
ation of channel 1 and 2. In addition, the inhibition of intramo-
lecular hydrogen bonds in the guest upon Q7 complexation can
also alter the intrinsic amino acid proton affinity. For example,
the amino acids with the largest proton affinities, Gln and Asn,
display anomalous intermediate BR values between the group
of Ser, Asp, Ala and Tyr, Phe, Ile, Val amino acids. In this case,
it is well-known that gas-phase proton affinities of Gln and Asn
are determined by the ability of the protonated amino acid to
form intramolecular hydrogen bonds in the gas-phase [71] and
it is likely that the intermolecular interaction in the supramo-
lecular 1:1 Q7:AA adduct alters intramolecular interactions in
the Gln and Asn sufficiently to affect their proton affinities.
This effect is reminiscent to the well-documented ability of Qn
members to shift the pka of the encapsulated guests in solution
[25, 74, 75]. Both the steric influence of the peripheral groups
of the guest on the H-bonding directionality and the inhibition
of intramolecular hydrogen bonds in the guest upon host com-
plexation have been emphasized by Brodbelt et al. in a com-
prehensive study of the complexation of a wide spectrum of
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Figure 5. (a) ECM(50%) values for the [Q7 + AA + 2H]2+, [Q7 + AAaromatic + 2H]2+ and [Q7 + AAbasic + 2H]2+ adducts, and (b) branching
ratio (BR) for the fragmentation channel 2/1 depicted in scheme observed under CID conditions using CEElaboratory = 20 eV at which
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amines with polyether hosts [72, 73]. Presumably, the Cou-
lombic repulsion influences the charge separation reaction
(channel 1) from the the doubly-charged [Q7 + AA+ 2H]2+

dications. Whereas channel 2 occurs in a barrier-free process to
form a still doubly-protonated [Q7 + 2H]2+ product ion, chan-
nel 1 would be operative only if a significant charge separation
barrier is reached during dissociation. This separation barrier
arises from Coulombic repulsion as the two charged fragments
are brought together; however, its estimation is difficult to
anticipate [76].

Ion-molecule reactions with N-butylmethylamine were car-
ried out to obtain additional information about the structure of
the 1:1 adducts of Q7 and the AA, AAaromatic, and AAbasic

series in the gas phase. Ion-molecule reactivity of supramolec-
ular complexes between Qn and diamines proved to be diag-
nostic of a specific threaded molecular organization in the gas
phase based on whether the guest can be displaced by a neutral
amine reagent [41–45, 54]. Ion molecule reactions of the [Q7 +
AA + 2H]2+ dications (AA = Asp, Gln, Asn, Val, Ile, and Ser)
and [Q7 + AAaromatic + 2H]2+ dications (AAaromatic = Phe and
Tyr) towards N-butylmethylamine yielded the guest-exchange
reaction accompanied by N-butylmethylamine uptake (see
Figure 6a for the general reaction scheme and Figure 6b–d
for representative spectra). At low pressures of the neutral
substrate in the collision cell, the substitution ion, namely [Q7

+ N-butylmethylamine + 2H]2+ coexists with the ternary [Q7 +
2N-butylmethylamine + 2H]2+ product, but at higher pressures
the ternary product is dominant. Ion-molecule reactions of the
mass-selected [Q7 + Lys + 2H]2+ complex towards N-
butylmethylamine produced exclusive amine uptake. No trace
of Lys displacement was observed (see Figure 6e) as a conse-
quence of its intrinsic threaded arrangement or due to its higher
proton affinity than N-butylmethylamine. These results indi-
cate that the AA and AAaromatic amino acid guests are more
loosely bound to the Q7 cavity in the gas phase than AAbasic,
Lys.

Conclusions
The complexation of a series of amino acids AA (Asp, Asn,
Gln, Ala, Val, and Ile and Ser) with the macrocyclic cavitand
Q7 is presented using a panoply of ESI mass spectrometric
techniques and compared with the series of AAaromatic (Tyr and
Phe) and AAbasic (Lys and Arg) amino acids. The most signif-
icant difference in their intrinsic gas-phase behavior arises from
the presence of a second protonable site in the amino acid side
chain that can be identified from single-stage ESI-MS, CID,
and ion-molecule reactions. Single-stage ESI-MS reveals sim-
ilar trends for the investigated 1:1 [Q7 + AA + 2H]2+ and the

[Q7 + AA+ 2H]2+

1) amine 
uptake

[Q7 + AA + amine + 2H]2+ 

2) guest
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Figure 6. (a) Reactivity scheme observed for the [Q7 + AA + 2H]2+ dications (AA = Asp, Gln, Asn, Val, Ile, and Ser) and [Q7 +
AAaromatic + 2H]2+ dications with N-butylmethylamine; representative ion molecule spectra for (b) [Q7 + Val + 2H]2+; (c) [Q7 + Asp +
2H]2+; d) [Q7 + Phe + 2H]2+ and e) [Q7 + Lys + 2H]2+
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1:1 [Q7 + AAaromatic + 2H]2+ adducts but different from that of
the AAbasic series in terms of the abundance and stoichiometry
of the detected adducts. The singularity of the 1:1 [Q7 +
AAbasic + 2H]2+ adducts is manifested in their characteristic
CID spectra (essentially involving AAbasic bond cleavage),
higher ECM(50%) values than the rest of amino acids, and ion-
molecule reactivity (no AAbasic displacement is observed).
However, a similar kinetic stability is observed for the AA
and AAaromatic series as judged by their close ECM(50%) values,
except for Tyr, for which an increase in the number of optimal
hydrogen bonds from the phenol group together with the Q7
inclusion of the side chain allow threaded conformations to be
formed that ultimately impart greater stability to the
noncovalent complex. Noticeably, ECM(50%) values were insen-
sitive to the interaction effect of the amino acid side chain with
the Q7 cavity or Q7 portals, and suggest that the guest fit into
the Q7 cavity is not selective. This observation is reminiscent to
the cyclodextrin complexes with amino acids for which gas-
phase fragmentation reaction using CID, heated capillary dis-
sociation, or blackbody infrared dissociation all proved to be
insensitive to the presence of supramolecular inclusion-type
complexes [77–79]. However, the expected subtle differences
in the interaction modes for the supramolecular adducts of Q7
and AA and AAaromatic amino acids were manifested as major
differences in the branching ratio for the dissociation channels
via charge separating dissociation (channel 1) and amino acid
evaporation (channel 2) upon CID conditions.

These experimental evidences underscore that hydrogen
bonding interactions and ion-dipole attraction between the N-
terminal ammonium and the Q7 portals are the dominant
stabilizing interactions in the supramolecular complex in the
gas phase. These observations are in sharp contrast to the
known high affinity binding of the amino acids bearing aro-
matic side, AAaromatic, with Q7 in aqueous solution [10, 23]. In
this work, we demonstrate that despite Q7 displaying stronger
binding affinities for the AAaromatic than the AA series in the
solution, this affinity is equalized in the gas phase. It is intuitive
that in the latter stages of the ESI process, the hydrated shell is
stripped from the 1:1 Q7:AA adducts giving rise to a situation
very different from the solution conditions. These results have
implications for ESI-MS and ESI-MS/MS interpretation of
closely related systems. For example, the selectivity of Q7 for
the N-terminal Phe of the insulin B-chain in aqueous solution is
well-documented [24]; however, it has been proven that Q7
migration from this site to other insulin B-type regions occurs
in the gas phase as proven by electron capture dissociation
(ECD) [55]. Our results are fully consistent with this observa-
tion from Jockusch’s group [55], since on going from the
solution to the gas phase the selectivity of the Q7 host for
AAaromatic is equalized to other amino acids of the AA series
so that Q7 migration to virtually any amino acid is feasible in
the gas phase. Our study also illustrates that when analyzing
noncovalent complexes by ESI-MS where the host–guest sta-
bilizing energy is a combination of polar/hydrophobic interac-
tions, the supramolecular adducts observed after the ESI pro-
cess are due to the stabilizing effect of the polar interactions.
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