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Abstract To study the importance of charge–charge and
cation-π interactions for the binding of positively charged
amine ligands to their receptors, the energies of interaction
between [(CH3)4–N]+, [(CH3)3–NH]+, and [(CH3)4–
NH3]+ and acetate, as a model of Asp and Glu, and with ben-
zene, as a model of aromatic side chains, were obtained at the
MP2/aug-cc-pVDZ level of theory. The free energies of sol-
vation in water were also calculated for the different amines.
It was found that, although primary amines form stronger
charge–charge interactions with acetate than tertiary or qua-
ternary amines, the difference is not large enough to compen-
sate their higher solvation energy. Quaternary amines show
the weakest interaction with acetate. However, their alkyl
groups can interact with various aromatic groups, enhancing
ligand binding to the receptor. The analysis was completed
with MD calculations on amine binding to the G protein-
coupled receptors β2AR and CCR5. The calculations on the
model systems were found to be in good agreement with the
simulations of the ligand-receptor complexes.

Keywords Cation-π interactions · G protein-coupled
receptors · Ligand binding

1 Introduction

Ligand-receptor binding affinity is based on a mutual structu-
ral and energetic recognition, where ligands interact with the
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biological target through ionic, aromatic-aromatic, hydrogen
bond, or/and van der Waals interactions [1]. Cation-π inter-
actions, however, in spite of experimental support for their
importance ([2], and references within), are relatively unde-
rappreciated. This type of interaction can be considered as
an attraction between the positive charge of the ligand and
the quadrupole moment of the aromatic ring, with electro-
static and non-electrostatic (polarizability of the aromatic
ring, donor-acceptor and charge-transfer terms, and disper-
sion forces) terms [2]. The magnitude of the cation-π inter-
action is energetically comparable to a hydrogen bond ([3]
and references within), and has been extensively reported in
diverse biological systems. Statistical analyses of side-
chain interactions [4–7] have revealed that the NH groups of
Arg, Lys and His have a preference to be located near aro-
matic side chains. Recently, the analysis of the transferred
NOE NMR structure of the Gtα (340–350) peptide bound
to photoactivated rhodopsin suggests that the structure is
stabilized by a cation-π interaction between the amine of
Lys-341 and the aromatic phenyl ring of Phe-350 [8]. Inter-
estingly, the contribution of this interaction to the stability
of the receptor-bound structure is reduced by the presence
of an adjacent and competing salt-bridge interaction bet-
ween the amine of Lys-341 and the C-terminal carboxylate
of Phe-350 (see below). The interaction of positively char-
ged ligands with protein aromatic residues through cation-
π interactions is also an important element of molecular
recognition. For instance, the crystal structure of acetylcho-
line esterase [9] shows that the cationic quaternary amine
group of the ligand is in contact with the side chain of the
highly conserved Trp-84. Similarly, cation-π interactions are
important for ligand binding in the nicotinic acetylcholine
receptor (see [6] for a review; [10,11]) and have also been
established in the serotonin-gated ion channel, 5-HT3AR
[10].

123



580 Theor Chem Account (2007) 118:579–588

Charge–charge, interactions between ligands and proteins
are also key in the process of ligand recognition. In parti-
cular, G protein-coupled receptors (GPCRs) possess family-
specific negative Asp or Glu amino acids that bind protonated
ligands [12]. GPCRs are only a small subset of the human
genome (2–3%) [13–15] but it is estimated that around 40%
of prescribed drugs act through these receptors [16–18]. In
this family of proteins, the interaction between the positively
charged ligand with the negatively charged residue seems to
be stabilized by specific and conserved aromatic residues.
Several experimental and theoretical studies suggest that the
protonated group of amines (cannabinoid [19], dopamine D2
[20], delta opioid [21] or muscarinic acetylcholine receptors
[22,23]) and peptides (neuropeptide Y [24], neurokinin-1
[25], bombesin peptides [26], neurotensin-1 [27]) is invol-
ved in cation-π interactions with specific aromatic residues
lining the binding site.

Although many of these works suggest that binding of the
positively charged amine group to the receptor may involve
the simultaneous interaction with a negative charge and aro-
matic groups, this ternary system (negative amino acid–
positive amine–aromatic amino acid) has not been described
in detail. In this paper we aim to describe the influence of
the aromatic residues on the ionic ligand-receptor interac-
tions found in GPCRs, in order to learn about its role in the
process of ligand recognition.

2 Methods

2.1 Residue numbering scheme

We use a general numbering scheme to identify residues in
the transmembrane segments of different GPCRs [28]. Each
residue is numbered according to the helix (1–7) in which it
is located and to the position relative to the most conserved
residue in that helix, arbitrarily assigned to 50. For instance,
the most conserved residue in helix 3 is designated with the
index number 3.50 (Arg3.50), the Asp preceding the Arg is
designated Asp3.49, and the Tyr following the Arg is desi-
gnated Tyr3.51.

2.2 Quantum chemical calculations

All quantum chemical calculations were carried out using
the Gaussian03 package [29]. Geometry optimizations and
energy calculations were performed with second order
Moller-Plesset perturbation theory (MP2) [30–34] in order to
include dispersion forces, highly important in weak electro-
static interactions, such as cation-π complexes. Dunning’s
correlation corrected aug-cc-pVDZ basis set, as included

in the Gaussian03 package [35–39], was used in the calcula-
tions. Systems were fully optimized in the gas phase, with the
exception of salt-bridge complexes, in which the N–H bond
distances in the ammonium compounds were kept frozen at
the distances found in the free compounds.

Free energies of solvation in water were calculated at the
HF/cc-pVQZ level, using the Polarized Continuum Model
[40–45].

2.3 Molecular dynamics simulations

The previously obtained models of the β2-adrenergic recep-
tor (β2AR) [46,47] and chemokine CCR5 [48,49], built by
homology modeling using the crystal structure of bovine rho-
dopsin (Protein Data Bank ID code 1GZM [50]) at 2.65 Å of
resolution as a template, were employed in the simulations.
Transmembrane helix 2 of CCR5 contains the TXP motif that
bends the helix [51] and modifies its conformation relative to
rhodopsin [48,52]. Structural water molecules 1, 2, 7, 9, and
12 observed in the D2.50/P6.50/N7.49/Y7.53 environment of
rhodopsin were also included in the models [53]. These water
molecules mediate a number of interhelical interactions that
are important in maintaining the inactive conformation of the
receptor [54–56]. Isoproterenol and dopamine, as ligands of
β2AR, and TAK-779 (see Fig. 1) and the N-terminal domain
of the MIP1β peptide (only the APMGSDPP part of the
peptide was modeled), as ligands of CCR5, were conside-
red. Isoproterenol, dopamine, and TAK-779 were parame-
terized with the Antechamber program using the general
AMBER force field [57] and HF/6-31G*-derived RESP ato-
mic charges. These ligands were docked in the binding pocket
of the receptors according to the experimentally inferred
interactions (see Sect. 4). The receptor models with docked
ligands were immersed in a patch of pre-equilibrated pal-
mitoyl oleoyl phosphatidyl-choline lipidic bilayer solvated
with water. These systems were energy-minimized and then
heated to 300 K in 15 ps. This was followed by an equilibra-
tion period (15–500 ps) and a production run (500–1,000 ps).
The molecular dynamics simulations were carried out with
the Sander module of AMBER 9 [58] at constant pressure,
using the particle mesh Ewald method and the ff03 force
field, SHAKE bond constraints in all bonds, a 2fs integra-
tion time step, and constant temperature coupled to a heat
bath.

One hundred receptor-ligand structures extracted from the
MD trajectories of the production run were used to evaluate
free energies of binding using the MM-GBSA methodology,
as implemented in the AMBER suite [58] (see [59] or [60]
for applications of the MM-GBSA method to the estimation
of binding energies).
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Fig. 1 Chemical structures of β2AR ligands dopamine and isoprote-
renol and CCR5 antagonist TAK-779

3 Results

3.1 The model of the protonated amine ligand

The character of the ligands considered in this study varies
from fully substituted quaternary to protonated tertiary,
secondary and primary amines. Thus, we considered tetrame-
thylammonium [(CH3)4–N]+ (Fig. 2A1), trimethylammo-
nium [(CH3)3–NH]+(A2) and methylammonium
[CH3–NH3]+ (A3) as models of these different types of
ligands to perform quantum mechanical calculations (see
Sect. 2). Fig. 2A1−3 shows the optimized geometries as well
as the electrostatic potential surfaces of the ligands. It can
clearly be seen that, although all three compounds have the
same molecular charge, the electrostatic potential is different.
The N–H bonds in methylammomium and trimethylammo-
nium are strongly polarized, with important partial posi-
tive charges on hydrogen. Tetramethylammonium, on the
contrary, shows a more homogeneous charge distribution.

Free energies of solvation in water were also calculated
using the Polarizable Continuum Method (see Sect. 2). The
results show a clear trend (Table 1): The primary
ammonium [CH3–NH3]+ has the highest solvation energy
(−65.9 kcal/mol), while methyl addition lowers the value
to −49.0 kcal/mol for [(CH3)3 − NH]+ and −40.5 kcal/mol
for [(CH3)4N]+. These differences can be explained by the
charge distribution on the amines. The strongly polarized
N–H bonds of the primary and tertiary amine lead to a higher
solvation energy compared to the less polarized methyl
groups of the quaternary amine.

3.2 Charge-charge complexes

The interaction between conserved Glu and Asp residues
in the binding site crevice of GPCRs and positively charged
amines of the ligand is key in the process of ligand recognition
[61]. Thus, we performed quantum mechanical calculations

(see Sect. 2) between tetramethylammonium [(CH3)4–N]+,
trimethylammonium [(CH3)3–NH]+ and methylammonium
[CH3–NH3]+ and acetate [CH3 −COO]−, as a model of Asp
and Glu, to analyze the structural and energetic differences
in these charge–charge complexes (Fig. 2B1−3).

In the tetramethylammonium-acetate complex (B1),
which is of Cs symmetry, three of the four nitrogen-bonded
methyl groups point towards acetate. Three C–H · · · O hydro-
gen bonds are formed with distances of 1.86 and 2.02 Å. The
complex formed by trimethylammonium (B2) shows a simi-
lar geometry, with the N–H as well as two methyl groups
hydrogen-bonding the carboxylate. The N–H· · · O bond is
quite short (1.52 Å), while the C–H · · · O bonds are longer
than in the case of tetramethylammonium (2.36 Å). Methy-
lammonium, finally, interacts with acetate in a different way
(B3). This complex is stabilized by only two hydrogen bonds,
involving two of the three nitrogen-bonded hydrogens. The
H· · · O distances are slightly longer than in the trimethylam-
monium complex (1.65 Å).

Interaction energies for these salt-bridge complexes in the
gas phase were calculated as the reaction energy for the reac-
tion
[
(CH3)n − NH(4−n)

]+ + CH3COO−

→
[
(CH3)n − NH+

(4−n) · · · CH3COO−]
, (1)

where n = 1, 3 and 4.
Reaction energies range from −102.6 kcal/mol for tetra-

methylammonium (n = 4) to −133.1 kcal/mol for methy-
lammonium (n = 1) (see Table 1). This strongly negative
energy values are not surprising, as they lie in the expected
range for charge neutralization reactions in the gas phase.
Although these energies are not representative for interac-
tions in a protein environment, they provide a basis for the
discussion of the relative strength of the salt bridge interac-
tion among ammonium compounds. The exothermicity of
salt-bridge formation depends strongly on the number of
nitrogen-bonded hydrogens in the ammonium compound that
interact with the carboxylate oxygens of acetate. Methylam-
monium, with two N–H· · · O bonds forms the most stable
complex, while tetramethylammonium shows the weakest
interaction (Table 1). Accordingly, the distance between the
amine nitrogen and the carboxylate oxygen increases from
2.88 Å in methylammonium to 3.09 Å in trimethylammo-
nium and to 3.94 Å in tetramethylammonium. The electro-
static potential maps shown in Fig. 2 indicate that in the
methylammonium (B3) and trimethylammonium (B2) com-
plexes the charge transfer from carboxylate to ammonium
is more important than in the case of tetramethylammonium
(B1), as the electrostatic potential on the carboxylate oxy-
gens is slightly less negative. The electrostatic potential on
the methyl groups that point away from acetate is very similar
in all three cases.
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Fig. 2 MP2/aug-cc-pVDZ optimized structures and electrostatic
potential surfaces of A amine ligands, B charge–charge complexes,
C cation-π complexes and D combined charge–charge and cation-π
complexes. Electrostatic surfaces of positive compounds A and C cor-
respond to an energy range of +0.200 to +0.400 a.u., where blue is most

positive and red least positive. Electrostatic surfaces of neutral com-
plexes B and D correspond to an energy range of −0.125 to +0.200
a.u., where blue is positive and red is negative. All distances are given
in Å

Table 1 HF/ccpVQZ solvation energies for amines in water and MP2/aug-cc-pVDZ reaction energies for the formation of cation-π , charge–charge
and combined complexes (all energies in kcal/mol)

Solvation energies Reaction energies

NR+
4 (A) NR+

4 + CH3COO−(B) NR+
4 + C6H6(C) [NR+·

4 CH3COO−] + C6H6(D)

[(CH3)4–N]+ (1) −40.5 −102.6 −14.8 −10.6

[(CH3)3–NH]+ (2) −49.0 −125.0 −14.8 (C2) −9.2

−23.0(C′
2)

[CH3–NH3]+ (3) −65.9 −133.1 −21.6 −10.8

3.3 Cation-π complexes

Highly conserved aromatic residues are found in the binding
site crevice of GPCRs [12]. The fact that some of these aro-
matic residues are located in close vicinity to the acidic resi-
due involved in recognition of amine ligands, suggests that
they participate in ligand binding. Thus cation-π interactions
are likely to form part of the interaction network in the bin-
ding site. In order to analyze the importance of aromatic resi-
dues for the binding of positively charged amine ligands, the
complexes formed by tetramethylammonium [(CH3)4–N]+,
trimethylammonium [(CH3)3–NH]+ and methylammonium

[CH3–NH3]+ with benzene [C6H6], as a model of an aro-
matic side chain, were constructed (see Sect. 2). In all cases
various possible conformations were optimized and the ener-
getically most favorable are shown in Fig. 2C. In the
quaternary ammonium–benzene complex (C1) the positively
charged nitrogen is placed over one of the carbon atoms in the
benzene ring at a distance of 4.0 Å, while one of the methyl
groups points towards the center of the ring. In contrast, the
primary ammonium (C3) interacts with benzene in a way that
the nitrogen atom is positioned over the center of the ring at
a distance of 2.89 Å. In the case of the tertiary ammonium
interaction can take place by two different modes, with the
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N–H bond pointing either away from (C2)or towards (C′
2) the

benzene ring. In the first case the coordination mode is very
similar to that of the quaternary ammonium with the nitro-
gen center placed over one of the ring carbons at a distance
of 4.0 Å, while in the second case the orientation resembles
that of the primary ammonium with nitrogen placed directly
over the center and the three methyl groups each placed over
one of the ring carbons. The nitrogen atom is placed at 3.0
Å from the center of the ring and the methyl carbon at 3.4 Å
above the nearest the ring carbon.

The interaction energy of the cation-π complexes in the
gas phase (Table 1) was calculated as the reaction energy for
the reaction,

[
(CH3)n − NH(4−n)

]+ + C6H6

→ [
(CH3)n − NH(4−n)

]+ · · · C6H+
6 , (2)

where n = 1, 3 and 4.
The interaction energies for tetramethylammonium (n =

4) and trimethylammonium (n = 3), in the case that inter-
action with benzene takes place through the methyl groups
(C1 and C2), are the same and amount to −14.8 kcal/mol (see
Table 1). The second binding mode of trimethylammonium,
in which the N–H bond points towards the benzene ring (C′

2),
has a higher interaction energy (−23.0 kcal/mol). This value
is close to the interaction energy of the methylammonium–
benzene complex (C1) (−21.6 kcal/mol, see Table 1), which
features a similar coordination geometry. It, therefore,
becomes clear that the strength of the cation-π complex
depends on the manner in which the ammonium compound
interacts with the π -system. The interaction is stronger when
it takes place through one or more nitrogen bound hydrogens
instead of methyl hydrogens. This finding can be rationali-
zed by the different electrostatic potentials of the ammonium
ligands (Fig. 2a). The N–H bonds are strongly polarized, with
a significant positive charge localized on the hydrogen, which
favors the interaction with the negative π -system. In contrast,
the methyl groups of the substituted ammonium ligands are
much less polarized, and the C–H bonds have a less positive
electrostatic potential.

Clearly, the electrostatic potential of the benzene ring in
the cation-π complex depends on weather the C–H groups
(C1 and C2) or the N–H (C′

2 and C3) of the ammonium
ligand point towards the π -system. Charge transfer from the
π -system to ammonium is less perceptible when interaction
takes place through methyl groups. In these cases the elec-
trostatic potential surface shows a strong negative potential
on benzene (C1 and C2). In contrast, the interaction of one
(C′

2) or more (C3) N–H groups with benzene cause a more
important charge transfer from the π -system to ammonium,
which leads to a more equal charge distribution over the sys-
tem. This fact shows on the electrostatic potential surface as a
less negative potential on the benzene ring (C′

2 and C3). The

primary ammonium ligand [CH3–NH3]+ forms the strongest
cation-π complex with benzene (Table 1), in agreement with
what was observed in the charge–charge complexes. Howe-
ver, the differences in energy between the different ammo-
nium compounds are less important for cation-π than for
charge–charge interactions.

3.4 Combined charge–charge and cation-π interactions

Model complexes, in which the different ammonium ligands
interact simultaneously with acetate and benzene, were also
energy optimized (see Sect. 2). The resulting complex struc-
tures are shown in Fig. 2D. Compared to the obtained bimole-
cular complexes formed by the different ammonium ligands
and acetate (Fig. 2B) or benzene (Fig. 2C), all intermolecular
distances are slightly lengthened. In the complexes formed
by trimethylammonium (Fig. 2D2) and methylammonium
(Fig. 2D3) acetate is located opposite of the aromatic ring.
In the tetramethylammonium complex, in contrast, acetate
is oriented sideways from benzene, so that the carboxylate
carbon, the ammonium nitrogen and the center of the ring
form an angle of 124◦. The distances between the carboxy-
late carbon and the ring center are 7.2 Å in the tetramethy-
lammonium complex, 7.3 Å for trimethylammonium and 5.6
Å for methylammonium. The cation-π interaction energy for
ammonium with benzene in the presence of glutamate was
calculated as the energy of the reaction:
[
(CH3)n − NH+

(4−n) · · · CH3COO−]
+ C6H6

→
[
C6H6 · · · (CH3)n − NH+

(4−n) · · · CH3COO−]
, (3)

where n = 1, 3 and 4.
Reaction energies for Eq. (3) are −10.6, −9.2, and

−10.8 kcal/mol for tetramethylammonium (D1), trimethy-
lammonium (D2), and methylammonium (D3), respectively.
These energies can be compared to the values obtained for
the ammonium-benzene complex (according to Eq. 2), to eva-
luate the impact of the presence of acidic side chains on the
cation-π interaction. The interaction of benzene with methy-
lammonium (−21.6 kcal/mol) is 6.8 kcal/mol more exother-
mic than for tetramethylammonium (−14.8 kcal/mol),
whereas this energy difference is negligible (0.2, −10.8 vs.
−10.6 kcal/mol) in the presence of acetate. The presence of
acetate triggers a charge-transfer from carboxylate to the
ligand (more noticeable in methylammonium than in tetra-
methylammonium) and, therefore, decreases the interaction
between the ligand and benzene by 10.8 kcal/mol for methy-
lammonium (−21.6 vs. −10.8 kcal/mol) and by 4.2 kcal/mol
for tetramethylammonium (−14.8 vs. −10.6 kcal/mol). The
decrease in cation-π interaction energy for trimethylammo-
nium is 5.6 kcal/mol (−9.2 vs. −14.8 kcal/mol), which is
similar to the effect observed for tetramethylammonium. The
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Table 2 MM-GBSA binding energy (GBTOT) (mean and SD) and its
decomposition in the gas-phase (GAS) and solvation (GBSOL) terms
of isoproterenol and dopamine (all energies in kcal/mol)

Isoproterenol Dopamine

GAS −82.1(6.7) −131.1(6.7)

GBSOL 61.9(5.8) 113.8(6.0)

GBTOT −20.2(2.4) −17.3(2.4)

second interaction mode of trimethylammonium (C′
2) was

not taken into account, as in presence of acetate the most
favorable interaction will always be between the N–H bond
and the carboxylate oxygens.

3.5 MM-GBSA free energies of binding

The free energies of binding of isoproterenol and dopamine
to the β2AR (Table 2) have been evaluated using the MM-
GBSA methodology (see Sect. 2).

These results show that both the estimated gas-phase
ligand-receptor energies (GAS) and solvation energies
(GBSOL) are higher in dopamine than in isoproterenol. These
findings reproduce the trends found in the QM calculations,
where the lower-alkyl substituted protonated amines interact
stronger and have higher solvation energies (Table 1). As dis-
cussed above, this effect can be attributed to the higher charge
density on the protonated amine group in lower-substituted
amines (see Fig. 2A). In addition, Table 2 shows how in
both ligands the GAS between ligand and receptor (−82.1
vs. −131.1 kcal/mol) is mostly used to overcome the sol-
vation energy (GBSOL) (61.9 vs.113.8 kcal/mol), resulting
in an effective binding energy (GBTOT) of −20.2 kcal/mol
for isoproterenol and −17.3 kcal/mol for dopamine. Interes-
tingly, this result also parallels the QM calculations, where,
once the cation-π and solvation terms are included, higher-
alkyl substituted amines have a higher interaction energy with
negatively charged groups than lower-substituted amines (see
Sect. 4).

4 Discussion

The ionic interaction between the alkyl-substituted proto-
nated amine moiety of the ligand and a negatively charged
amino acid side chain of the receptor is key in the pro-
cess of ligand recognition. In addition, the positively char-
ged moiety of the ligand also forms cation-π interactions
with specific aromatic residues of the receptor. Therefore,
the binding mode of these ligands comprises simultaneously
charge–charge and cation-π interactions. In order to accu-
rately describe the energetics of this binding mode we have
performed QM calculations on model systems comprised by

an alkylated protonated amine (mono-, tri- or tetramethy-
lammonium) interacting with acetate, as a model of Asp and
Glu, and benzene, as a model of aromatic side chains. As
shown in Table 1, the energies of interaction of the protona-
ted amine of the ligand with acetate and benzene are, from
more negative to less negative, in the following rank order:
[CH3–NH3]+ (−133.1 and −21.6 kcal/mol), [(CH3)3–NH]+
(−125.0 and −14.8 kcal/mol), and [(CH3)4–N]+ (−102.6
and −14.8 kcal/mol).

According to these calculations, primary amines
[CH3–NH3]+ could be expected to bind more strongly to the
receptor than higher substituted amines, since their interac-
tion with both acetate and benzene is stronger. However, it is
normally found that addition of a methyl group to the ligand,
passing from a primary to a secondary amine, increases the
binding affinity [62]. Thus, in addition to the energetics of
the ligand-receptor complexes, additional factors must play
a role. A crucial contribution to the process of ligand binding
to the receptor comes from desolvation of the ligand, and
has an important influence on experimentally observed bin-
ding affinities [1]. This is of special relevance in membrane
proteins because the ligand has to be transferred from the
extracellular aqueous environment to the binding site crevice
in the transmembrane domain, frequently apart from bulk
water. The energies of solvation of the differently substitu-
ted amines, as calculated quantum mechanically, are in the
following rank order (see Table 1 and Sect. 2): [CH3–NH3]+
(−65.9 kcal/mol), [(CH3)3–NH]+ (−49.0 kcal/mol), and
[(CH3)4–N]+ (−40.5 kcal/mol). The energy needed to dis-
place the polar primary amine [CH3–NH3]+ from the
aqueous environment to the binding pocket (65.9 kcal/mol)
is therefore 16.9 kcal/mol higher than for the tertiary amine
[(CH3)3–NH]+ (49.0 kcal/mol). Once inside the binding site
crevice, the interactions of the amine with carboxylate and
a benzene ring are stronger for the [(CH3)3–NH]+ than for
[CH3–NH3]+. However, the differences in interaction energy
between the primary and the tertiary amine amount to only
−9.6 kcal/mol (interaction with acetate is 8.1 kcal/mol stron-
ger for [CH3–NH3]+ than for [(CH3)3–NH]+ and the addi-
tional interaction with a benzene ring 1.6 kcal/mol), so they
cannot compensate the differences in solvation energy. Thus,
the primary amine [CH3–NH3]+ has a lower overall bin-
ding affinity than the tertiary amine [(CH3)3-NH]+. The
situation is different when tertiary [(CH3)3–NH]+ and
quaternary [(CH3)4–N]+ amines are compared. Interaction
with acetate is much weaker for [(CH3)4–N]+ than for
[(CH3)3–NH]+ with a difference in energy of
interaction of 22.4 kcal/mol (−102.6 kcal/mol compared to
−125.0 kcal/mol). The significant decrease of 8.5 kcal/mol of
the penalty of desolvation, which facilitates the entrance of
[(CH3)4–N]+ into the binding site relative to [(CH3)3–NH]+
does not compensate the lack of interaction with acetate.
However, once the ionic, charge–charge interaction is
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formed, [(CH3)4–N]+ interacts more strongly with
benzene than [(CH3)3–NH]+ (−10.6 kcal/mol compared to
−9.2 kcal/mol). The stronger cation-π interaction therefore
partially compensates for the weaker charge–charge interac-
tion. Moreover, the size of the cationic quaternary [(CH3)4–
N]+ amine allows several aromatic side chains to interact
with the various polar –CH3 groups of the ligand. Thus, catio-
nic quaternary amines are preferred over ternary amines to
bind to a negatively charged amino acid side chain of the
receptor only in the presence of several aromatic side chains.
This is the case of acetylcholine esterase [9], the nicotinic
acetylcholine receptor [6] or the binding of the quaternary
amine moiety of TAK-779 to the chemokine CCR5 receptor
[63] (see below).

The MM-GBSA calculations support the results of the
quantum chemical calculations. It was found that, although
the gas-phase ligand-receptor interaction energy is
49.0 kcal/mol higher for the primary amine dopamine than for
the secondary amine isoproterenol, inclusion of the solvation
energy inverses the trend (see Table 2). The effective binding
energy, finally, is 2.9 kcal/mol higher for the secondary amine
isoproterenol than for the primary amine dopamine (−20.2
vs. −17.3 kcal/mol).

We have selected the GPCR family, as an example, to
further describe the influence of charge–charge and cation-
π interactions on the binding of the ligand to the receptor.
GPCRs recognize molecules of an extraordinary chemical
and structural diversity, from odors and tastes to neurotrans-
mitters, from peptides to ions, from hormones to a single
photon [64]. In particular the ligands of amine receptors (ace-
tylcholine, adrenergic, histamine, octopamine, dopamine,
serotonin and trace amine receptors) possess a protonated
amine group which interacts with a negatively charge Asp
side chain in transmembrane helix 3; whereas peptides (che-
mokine, interleukin, and many others) possess its protonated
amino terminal region that also interacts with a negatively
charge Glu side chain in transmembrane helix 7.

Within the biogenic amine receptor subfamily, we have
carried out a series of molecular dynamics simulations (see
Sect. 2) using isoproterenol and dopamine as ligands and
β2AR as a model system. Both ligands are catecholamines,
and act as a full and partial agonist, respectively, on β2AR
[47]. They have been selected due to their different degree
of substitution on the protonated amine: while dopamine is a
primary amine, isoproterenol presents a higher degree of sub-
stitution, having attached an extra isopropyl group. Figure 3A
and 3B depict dopamine and isoproterenol in the binding
pocket of a computational model of the β2AR. The protona-
ted amine is interacting with Asp-1133.32 [65], the catecho-
lic hydroxyl groups interact with Ser-2035.42, Ser-2045.43,
Ser-2075.46 [66,67], and the beta-hydroxyl group interacts
with Asn-2936.55 [68]. The superscripts represent the gene-
ric numbering scheme of Ballesteros and Weinstein [28] that

allows easy comparison among residues in the transmembrane
segments of different receptors. Interestingly, an aromatic
residue Phe-2896.51, which is a completely conserved aro-
matic residue in amine receptors, is close to the protonated
amine group of the ligands. The interactions of the protonated
amine group of the ligands and the negatively charged Asp-
1133.32 and Phe-2896.51 are shown as yellow dashed lines
in Fig. 3A and 3B. Analysis of the MD trajectories shows
that the binding to the negative charge is very similar in both
cases: the average distances between the N–H atom in the
protonated amine group of isoproterenol and dopamine and
the Cγ atom of Asp-1133.32 are 3.7 and 3.1 Å, respectively.
However, the distance from the N–H atom in the positively
charged group of the ligand to the center of the aromatic
ring of Phe-2896.51 is significantly higher for isoproterenol
(4.8 Å) than for dopamine (3.6 Å). As isoproterenol fea-
tures a secondary amine group, each of the two amine hydro-
gens interact, respectively, with the negative Asp-1133.32 and
with Phe-2896.51. This binding geometry leaves the isopropyl
group available to interact with other residues of the receptor.
Interestingly, the HF/6-31G*-derived RESP atomic charges
of this ligand (see Sect. 2) show that the isopropyl group car-
ries a significant partial positive charge of 0.91, so this group
may be involved in additional polar or cation-π interactions.
Other protonated amine moieties like piperazines are opti-
mal to interact with Asp3.32 and Phe6.51 in other members
of the biogenic amine subfamily like, for instance, serotonin
receptors [69–71].

Chemokine receptors represent another example for
GPCRs, whose ligands contain a protonated amine. While the
large bulk of the chemokine binds to the extracellular part of
the receptor, its amino terminal region enters the transmem-
brane bundle, an interaction which is known to be impor-
tant for receptor activation [48,49,52,72–74]. The binding
pocket of the amino terminal of chemokines is located bet-
ween the extracellular ends of transmembrane helices 2, 3, 5,
6 and 7 [49] and the protonated terminal amine is supposed
to interact with the negatively charged Glu2837.39 residue,
conserved in 91% of chemokine receptors [75]. Figure 3C
shows the amino-terminal of MIP-1β docked into a homo-
logy model of CCR5 (see Sect. 2). The situation is similar to
that in the β2AR. Glu-2837.39 and Trp-862.60 adopt an orien-
tation pointing towards each other with the terminal amine
group and the polar side chain of Ala-1 of MIP-1β positio-
ned between them. The distance of the unsubstituted amine
of MIP-1β and the carboxylate carbon of Glu-2837.39 is 2.9
Å, while the distance between Cβ of Ala-1 of MIP-1β and
the center of the benzene ring of Trp-862.60 is 5.8 Å.

The CCR5 chemokine receptor is a co-receptor for HIV-1
entry in the cell and has therefore attracted a great amount of
attention. A CCR5 inverse agonist, TAK-779, which exhibits
potent anti-HIV activity [76], includes a quaternary amine in
its structure (see Fig. 3D). The binding pocket for TAK-779
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Fig. 3 Proposed interactions of
the positive amine group of A
dopamine with β2AR, B
isoproterenol with β2AR, C the
N-terminal of MIP-1β with
CCR5, D TAK-779 with CCR5.
Pictures were created with
PyMOL [77]

has been mapped [63] and shows that residues involved in
binding are located at the extracellular ends of transmem-
brane helices 1, 2, 3, 5 and 7, including the conserved
Glu-2837.39. Figure 3D shows a detail view of the binding
of the quaternary amine to the receptor. The distance bet-
ween the methyl carbon of the quaternary amine and the
carboxylate carbon of Glu-2837.39 is 3.2 Å. As suggested
before, the multiple alkyl substituents of the cationic qua-
ternary amine allow additional interaction with the aromatic
side chains of other residues. The methyl substituents are
quite polarized, as can be deduced from the HF/6-31G*-
derived RESP atomic charges, which give a partial charge
of 0.14 on each methyl group. In CCR5, in addition to Glu-
2837.39, the quaternary amine interacts with the aromatic side
chains of Trp-862.60 and Tyr-1083.32. The distance between
the methyl carbons of the quaternary amine and the center of
the benzene ring of Tyr-1083.32 is 5.5 Å and the distance bet-
ween the secondary carbon of the oxane group of TAK-779
and the center of the benzene ring of Trp-862.60 is 5.4 Å.
The interaction of the cationic quaternary amine with seve-
ral aromatic side chains partially compensates the weaker
interaction with Glu-2837.39. This finding could explain the
fact that mutation of Glu-2837.39 to alanine leads to only a
moderate decrease in the binding affinity of TAK-779 [63].
In the absence of Glu-2837.39 the cation-π interaction with
Trp-862.60 and Tyr-1083.32 may gain importance and act as
a substitute for the missing charge–charge interaction.

5 Conclusions

The protonated nitrogen atom in, for instance, protonated
amine ligands or N-terminal peptides, is normally involved in
a charge–charge interaction with a negatively charged amino
acid side chain of the receptor. This interaction is impor-
tant to attract the ligand to the binding site crevice, and to
provide an extra amount of binding energy to desolvate the
ligand and/or trigger the conformational switches that lead
to receptor activation. Importantly, alkyl groups attached to
protonated amines carry a considerable positive charge and,
thus, are involved in interactions with aromatic side chains
of the receptor. This cation-π interaction also contributes, in
a significant manner, to the binding affinity of the ligand for
the receptor.

These results can be extended to other biological systems
that contain negative side chain–protonated amine ligand–
aromatic side chain systems.
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