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a b s t r a c t

The TRPM8 cation channel belongs to the superfamily of transient receptor potential (TRP) channels. It is
involved in non-painful cool sensation and triggered by diverse chemical and physical stimuli whose pre-
cise activation mechanism is still unknown. The study presents a set of targeted molecular dynamics
(MD) simulations involving selected complexes of the TRPM8 channel whose homology model was
recently generated by some of us. More in detail, the MD simulations concerned the TRPM8 alone and
in complex with agonists and antagonists. These simulations were focused on voltage sensor module
and designed to validate the ligand induced activation mechanism as hypothesized in our previous study.
The obtained results are in encouraging agreement with the proposed mechanism and allow a clear dis-
crimination between agonists and antagonists. In addition, the MD runs confirm that the agonist binding
triggers a set of concatenate conformational shifts which induce the approaching of the S3 segment
toward the S4 segment and culminate in an extension of the latter. By introducing suitable constraints,
the reported MD simulations were rendered as fast as possible in order to achieve a truly productive com-
promise between reliability and computational costs. The obtained results emphasize that suitably tar-
geted MD runs can be fast enough to be systematically applied to predict the bioactivity of large
datasets providing it as an useful tool in rational ligand design process.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The transient receptor potential channel TRPM8 is a nonselective
cation channel activated by mild cold (in the range 15–30 �C), volt-
age, compounds evoking cooling sensations such as menthol and ici-
lin and phosphatidylinositol-4,5-bisphosphate (PIP2), a general
activator of ion channels [1,2]. TRPM8 is mostly expressed in
somatosensory neurons and acts as a non-painful cooling sensor
as demonstrated by knockout mice which exhibit strong deficits in
environmental cool sensation. TRPM8 is found also in prostate, blad-
der and male genital tract thus suggesting additional physiological
roles [3,4]. Lastly, TRPM8 expression markedly increases in several
tumor cells although the mechanism by which TRPM8 influences
the cellular differentiation is still unclear [5].

The TRPM8 gene encodes for a 1104-residue transmembrane
protein, whose functional quaternary structure is a homotetramer
channel [6]. The transmembrane portion is formed by six helices
(termed S1–S6). The first four helices (S1–S4) constitute the voltage
sensor module and include the binding sites for menthol and icilin,
although they do not fully overlap, since most residues involved in
menthol recognition are located in S2, [7] whereas icilin interacts
ll rights reserved.
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also with residues of S3 [8]. The last two TM helices (S5–S6) consti-
tute the pore module, which is characterized by a highly conserved
hydrophobic region and a conserved aspartate residue, whose neu-
tralization results in a non-functional channel. Moreover, the S6 he-
lix is responsible for the ion selectivity of TRPM8 since the
introduction of positively charged residues switches from cation
to anion selectivity [9,10].

The polymodal mechanism of the TRPM8 activation is still un-
clear although several studies emphasized the key role of S4 helix
and S4–S5 linker which act as a voltage sensor integrating thermal
and chemical stimuli. Specifically, mutagenesis studies revealed
that the neutralization of the positively charged residues, which
characterize these segments, alters voltage dependence and ther-
mal sensitivity and affects menthol binding and activation thus
suggesting a general activation mechanism based on conforma-
tional shifts happening in this region [10]. This hypothesis is in
agreement with the finding that the S4 helix of voltage-dependent
phosphatase undergoes a conformational shift during the channel
activation from the standard a helix to a more elongated 310 helix
suggesting that the activation may involve an elongation of the S4
segment [11]. The proposed role of S4 is also in line with the evi-
dence that opening of the pore does not require conformational
changes in S5 or S6 but is based on a rigid-body movement of
the entire module [12].
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Starting from these evidences, a full-length homology model in
its homotetrameric form was recently generated and the possible
effects of ligand binding on the conformation of the S4 helix and
S4–S5 linker were then investigated [13]. This study allowed
hypothesizing that ligand binding breaks a key H-bond in the
TRPM8 binding cavity and this change induces an approach of
the S3 helix towards S4 helix and promotes the S4 elongation to
a 310 helix conformation. This conformational shift, which can be
induced also by the voltage effect on positively charged residues
in S4, impacts on the arrangement of the S4–S5 linker and induces
a movement of the S5–S6 pore module with resulting channel
opening. The proposed mechanism can also account for the modu-
larity of channel opening which may depend on how many resi-
dues of the S4 segment shift to 310 helix [14].

With a view to substantiating the hypothesized mechanism,
this study involved a set of molecular dynamics (MD) simulations
of the TRPM8 monomer alone and in complex with selected li-
gands. To avoid too long simulations, the MD runs were intention-
ally targeted so as to focus the attention on the conformational
shifts directly induced by ligand binding (namely, the approaching
of S3 towards S4 and the shifts of the latter). Thus, the performed
simulations should clarify the role of the early conformational
changes which trigger (or prevent) channel opening and, at the
same time, they should be fast enough to be systematically used
to investigate the bioactivity of large ligand datasets.
2. Materials and methods

2.1. Complexes set-up

The simulations are based on the TRPM8 homology model as re-
cently generated by some of us [13]. Briefly, the model for the
TRPM8 monomer was built by fragments [15] using the experi-
mental structure of the Kv1.2 Shaker channel [16] as the global
template for the TM region, while the C-terminal domain was con-
structed using the experimental structure of HCN2 pacemaker
channel as the template [17]. Next, the tetramer was modeled by
automatic protein–protein docking simulations and the optimized
structure was used in docking analyses.

The present study involved four MD simulations considering
the TRPM8 alone and in complex with menthol, icilin and AMTB,
a known TRPM8 antagonist. While the choice of the representative
agonists (namely, menthol and icilin) was quite obvious involving
the most known natural and synthetic compounds, AMTB was cho-
sen considering that a recent mutational analysis suggested that
some hydrophobic inhibitors (such as capsazepine and BCTC)
interact in a lateral binding cavity which only marginally overlaps
with the orthosteric binding site [18], whereas the more polar
AMTB should occupy the orthosteric cavity in a competitive man-
ner [19].

The complexes with menthol and icilin were taken from the
previous study [13] while the one with AMTB was derived by dock-
ing simulations. Specifically, AMTB was considered in its proton-
ated form and the conformational profile investigated by a
clustered MonteCarlo analysis as implemented in VEGA suite of
programs [20] to produce 1000 minimized conformers. The lowest
energy structure was exploited in docking analysis by AutoDock
4.0 considering a sphere of 12.0 Å radius around Tyr745 so encom-
passing the entire binding cavity. The resolution of the grid was
40 � 50 � 60 points with a grid spacing of 0.610 Å. The ligand
was docked into this grid with the Lamarckian algorithm as imple-
mented in AutoDock and the flexible bonds of the ligand were left
free to rotate. The genetic-based algorithm ran 20 simulations per
substrate with 2000,000 energy evaluations and a maximum num-
ber of generations of 27,000. The crossover rate was increased to
0.8, and the number of individuals in each population to 150. All
other parameters were left at the AutoDock default settings [21].
2.2. MD simulations

The MD simulations lasted 5 ns and involved TRPM8 alone and
bound to menthol, icilin and AMTB. To simplify the simulation
space, the MD runs involved a single monomer and all atoms were
kept fixed apart from those within a sphere of 15 Å radius around
the bound ligand. This sphere was chosen to include the lower re-
gion of the transmembrane voltage sensor (S1–S4) plus the S4–S5
linker. The simulations had the following characteristics: (a) New-
ton’s equation was integrated using the r-RESPA method (every
4 fs for long-range electrostatic forces, 2 fs for short-range non
bonded forces, and 1 fs for bonded forces); (b) the presence of
the membrane bilayer was implicitly accounted for by setting the
dielectric constant to 10.3 (namely, the experimental value for
n-octanol) (c) the pressure exerted by the adjacent monomers
was indirectly simulated by introducing the Periodic Boundary
Conditions (65 Å � 75 Å � 80 Å); (d) the long-range electrostatic
potential was treated by the Particle Mesh Ewald summation
method (65 � 75 � 80 grid points); (e) the temperature was main-
tained at 300 ± 10 K by means of the Langevin’s algorithm; (f)
Lennard–Jones (L–J) interactions were calculated with a cut-off of
10 Å and the pair list was updated every 20 iterations; (g) a frame
was stored every 5 ps, to yield 1000 frames. The simulations were
carried out in two phases: an initial period of heating from 0 to
300 K over 300,000 iterations (300 ps, i.e. 1 K/ps) and the moni-
tored phase of 5 ns. All MD runs were carried out using Namd2.7
[22] with the force-field CHARMm v22 and Gasteiger’s atomic
charges on a 16-core Tyan VX-50 system.
3. Results

As a preamble, it should be reminded that in the previous paper
the following three-step activation mechanism was hypothesized
[13]. First, the agonist strongly interacts with Tyr745 disrupting
its initial interaction with Asp802. Second, the free Asp802 residue
approaches Arg842 and, third, this last shift results in an extension
of the S4 segment which, in turn, induces the opening movement
of the pore module. Accordingly, the analysis of the performed
simulations was focused on: (a) the moving away between
Tyr745 and Asp802; (b) the approaching of Asp802 to Arg842;
and (c) the resulting conformational changes in the S4 segment.

Fig. 1 reports the dynamic profiles for the distance between
Tyr745 and Asp802 showing that the starting conformation of all
simulated complexes is similarly stabilized by a close contact be-
tween Tyr745 and Asp802. Nevertheless, the four simulations
show quite different behaviors. Indeed, while the free TRPM8 and
the channel bound to AMTB conserve the contact during the whole
simulation, the binding with menthol and icilin disrupts this inter-
action and the monitored distance progressively increases during
the simulation. Moreover, Fig. 1 shows that menthol induces a
slower but more pronounced conformational shift compared to
that exerted by icilin.

The monitored differences could be somewhat explained by a vi-
sual comparison of the first and last frames of the monitored simu-
lations. During the simulation time, both agonists reinforce their
interaction with Tyr745 through the hydroxyl function for menthol
and through the nitro group and the pyrimidinone ring for icilin. Due
to its small size and hydrophobic nature, menthol appears to be
wedged in the binding site physically distancing Tyr745 from
Asp802 and explaining the significant increases as seen in Fig. 1.
Despite its polarity, AMTB, conversely, engages the TRPM8 binding
site mainly stabilizing p–p stacking and charge transfer interactions



Fig. 1. Dynamic profile for the distance between Tyr745 and Asp802 as monitored in the four MD simulations (color legend: gray line = TRPM8 alone, black line = TRPM8 in
complex with menthol, dotted line = TRPM8 in complex with icilin; dashed line = TRPM8 in complex with AMTB antagonist).
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and it never contacts Tyr745 or Asp802 during all the monitored
simulation.

Taken together, these results seem to confirm that TRPM8 ago-
nists are characterized by ability to strongly engage Tyr745, thus
liberating Asp802 which in turn can approach Arg842, while the
antagonists, irrespective of their polarity, occupy the binding site
or block the entrance, as recently proposed by Malkia [18], with-
out contacting Tyr745 nor influencing its interaction with
Asp802. This result shows that the performed simulations can
clearly discriminate between agonists and antagonists and affords
an interesting confirmation for the first triggering step of the pro-
posed mechanism.

Concerning the approaching of Asp802 towards Arg842, Fig. 2
reports the distance between these residues as monitored during
the MD runs. One may note that all complexes are characterized
by an initial distance of about 10–12 Å which indicates a lack of
significant interactions between them. As already seen in Fig. 1,
also Fig. 2 shows marked differences between the performed sim-
ulations. Indeed, while the distance between Asp802 and Arg842
remains constantly above 10 Å during the entire simulations of
the TRPM8 free and bound to the AMTB antagonist, the simulated
agonists induce a clear approaching characterized by a distance be-
tween Asp802 and Arg842 of about 5 Å thus indicating a relevant
ionic interaction between them. Remarkably, the timing of the
approaching of Asp802 towards Arg842 as seen for the agonist
complexes is in line with that of moving away between Tyr745
and Asp802 as reported by Fig. 1. This observation seems to con-
firm that the two monitored structural changes can be seen as re-
lated steps of a concerted mechanism activated by agonists and
leading to the channel opening.

The last analysis involved the conformational shifts which hap-
pen in the S4 segment due to the agonist binding. To simplify the
analysis and considering that the imposed constraints could alter
the exact movements of this segment, the attention was simply fo-
cused on the atomic fluctuations as described by RMSD values
computed taking into account only the S4 atoms and irrespective
of the conformational shifts underlying such fluctuations. Fig. 3
depicts the dynamic profile of the RMSD values showing interest-
ing differences between the monitored simulations. Indeed, after
a common starting equilibration phase, the S4 segment evidences
a clearly greater mobility when the channel is bound to agonists
compared to TRPM8 alone or bound to AMTB. Yet again, there is
an evident synchronization between the RMSD variations induced
by the simulated agonists and the conformational shifts as ana-
lyzed by Figs. 1 and 2. Indeed, the RMSD increase occurs almost
immediately with icilin and after about 3 ns with menthol. This
further confirms that the monitored structural variations can be
seen as sequential steps of the same activation mechanism selec-
tively induced by the agonist binding. A visual inspection of the
dynamic profile for the S4 segments does not allows clear confor-
mational shifts to be detected, probably because they are ham-
pered by the imposed constraints resulting in chaotic atomic
fluctuations. Nevertheless, it should be observed that such disor-
dered movements can be seen only when the channel is bound
to an agonist thus suggesting that they should be indicative of
the S4 conformational shifts occurring during the TRPM8 activa-
tion mechanism.

To summarize what previously discussed, Fig. 4 compares the
last frame of MD run of TRPM8 in complex with AMTB (Fig. 4A)
with that of TRPM8 with icilin (Fig. 4B). The former is quite similar
to the last frame of MD run for the free channel (results not shown)
which, in turn, is comparable with the starting structure of all the
considered simulations. Indeed, the key residues involved in chan-
nel activation do not evidence significant shifts during the simula-
tions without agonists. In detail, Fig. 4A shows that the AMTB
complex is stabilized by a key charge transfer interaction with



Fig. 2. Dynamic profile for the distance between Asp802 and Arg842 as monitored in the four MD simulations (The color legend is the same as in Fig. 1).

Fig. 3. Dynamic profile for the RMSD values as computed for the S4 atoms only in the four MD simulations (The color legend is the same as in Fig. 1).
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Arg816 plus a set of hydrophobic and p/p contact with apolar
residues surrounding the binding site (not depicted for clarity
apart from Trp740) but it does not contact Tyr745, which indeed
remains reasonably close to Asp802. Consequently, Asp802 cannot
approach Arg842, whose resting arrangement appears to be stabi-
lized by a H-bond with Thr803. Conversely, Fig. 4B shows that icilin
strongly attracts Tyr745 mostly through a H-bond with the ligand’s
nitro group and such an interaction makes Asp802 free to approach



Fig. 4. Comparison of the arrangement of the key residues involved in the proposed
activation mechanism between the last frame of TRPM8 in complex with AMTB
(Fig. 4A) and with icilin (Fig. 4B). In the latter, the crucial approaching of Asp802
towards Arg842 can be observed.
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Arg842. Notably, the final pose of Arg842 is also stabilized by a H-
bond with Asn852. Considering that Asn852 is markedly distant
from Arg842 in the last frame of MD run with AMTB (�10.5 Å),
such an approach could exemplify the reported atomic fluctuations
observed in the S4 segment only when the channel is bound to an
agonist.

With the aim to obtain an overall picture of the conformational
changes which characterize the entire TRM8 monomer, Table 1
compares the relative abundance of secondary motifs of the first
frame of MD run involving the TRPM8 alone (taken as representa-
tive of all starting structures) with that of the last frame of the per-
formed simulations. One may note that the main difference
involves the relative abundance of helical motifs. Indeed, while
the abundances of strand and turn motifs are rather constant in
the examined frames, the helical motifs decrease specifically dur-
ing the MD runs of TRPM8 in complex with agonists with a result-
ing increase of the coil abundance. These variations may reflect the
atomic fluctuations induced by agonist activation and which
mostly involve the S4 segment.
Table 1
Comparison of the relative abundance of main secondary motifs (expressed as
percentage values and computed by Stride only for the unconstrained atoms) for the
starting and last frames of the monitored MD simulations.

Motif Starting
free

Final
free

Final
menthol

Final
icilin

Final
AMTB

Helices 39.5 35.4 31.6 31.3 36.4
Strand 1.4 0.00 1.4 1.7 1.4
Turn 15.8 17.2 14.4 13.7 16.5
Coil 43.3 47.4 52.6 53.3 45.4
4. Discussion

The study concerns a set of targeted MD simulations of TRPM8
alone as well as in complex with both agonists and antagonists
with a view to validating the recently hypothesized mechanism
of activation [13]. The obtained results afford encouraging confir-
mations for this mechanism revealing significant differences be-
tween the performed MD runs. Indeed, these simulations clearly
discriminate between agonists and antagonists since only the
formers are able to induce a set of conformational shifts which cul-
minate in an increased S4 mobility and should trigger the channel
opening. More in detail, the performed simulations proved suc-
cessful in reproducing the early conformational shifts which in-
duce the channel activation, whereas a suitable analysis of the S4
mobility would require less constrained and more comprehensive
MD simulations. Nevertheless and to the best of our knowledge,
this is the first computational study investigating the ligand-in-
duced activation mechanism involving the voltage sensor module
of the TRP channels also because the previous computational stud-
ies on similar cationic channels had been mainly focused on the
pore opening as well as on the dynamic behavior of the binding site
located within the C-terminal domain [23].

Furthermore, it should be emphasized that these MD runs were
purposely targeted to represent an optimal compromise between
computational cost and simulation reliability in order to be sys-
tematically used to investigate the intrinsic activity of large ligand
datasets. Considering that the described simulations are able to
conveniently discriminate between agonists and antagonists and
require, on average, less than 12 h on a multicore system, they ap-
pear particularly suited for a systematic use. Finally, the reported
simulations underline that purposely targeted MD simulations
can be fertile tools for the rational design of valuable TRPM8 li-
gands and this appears particularly useful when considering the
extremely nonspecific nature of the binding site located on the sur-
face of the voltage sensor module that renders the docking results
not easily interpretable.
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