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A B S T R A C T

γ-Aminobutyric-acid receptor (GABAA-R), a membrane intrinsic protein, is activated by GABA and modulated by
a wide variety of recognized drugs. GABAA-R is also target for several insecticides which act by recognition of a
non-competitive blocking site. Mentha oil is rich in several ketones with established activity against various
insects/pests. Considering that mint ketones are highly lipophilic, their action mechanism could involve, at least
in part, a non-specific receptor modulation by interacting with the surrounding lipids. In the present work, we
studied in detail the effect on membranes of five cyclic ketones present in mint plants, with demonstrated
insecticide and gabaergic activity. Particularly, we have explored their effect on the organization and dynamics
of the membrane, by using Molecular Dynamics (MD) Simulation studies in a bilayer model of DPPC. We per-
formed free diffusion MD and obtained spatially resolved free energy profiles of ketones partition into bilayers
based on umbrella sampling. The most favored location of ketones in the membrane corresponded to the lower
region of the carbonyl groups. Both hydrocarbon chains were slightly affected by the presence of ketones,
presenting an ordering effect for the methylene groups closer to the carbonyl. MD simulations results were also
contrasted with experimental data from fluorescence anisotropy studies which evaluate changes in membrane
fluidity. In agreement, these assays indicated that the presence of ketones between lipid molecules induced an
enhancement of the intermolecular interaction, increasing the molecular order throughout the bilayer thickness.

1. Introduction

γ-Aminobutyric acid (GABA) is the major inhibitory neuro-
transmitter in the vertebrate and invertebrate nervous system [1].
GABAA receptors (GABAA-R) are activated by GABA and their agonists,
and modulated by a wide variety of recognized drugs, including bar-
biturates, anesthetics, and benzodiazepines [2]. GABAA-Rs are also
targets for several insecticides and other toxicants which act by re-
cognition of the picrotoxinin or noncompetitive antagonist site to block
the receptor [3].

The genus Mentha, one of most the important members of the
Lamiaceae family, is represented by many species commonly identified
as mint, which have been known for its medicinal and aromatherapy
properties. The insecticidal activity of Mentha oil and its main compo-
nents has been tested and established against various insects/pests [4].
Mentha oil is rich in several monocyclic monoterpene ketones such as
carvone, menthone, pulegone and dihydrocarvone [4]. Carvone, a
natural terpene which can be purified as R-(−) or S-(+) enantiomers,
has demonstrated insecticidal activity which may be explained by its

interaction with the GABAA-R at its non-competitive blocking site [5].
Moreover, we have recently reported that menthone, pulegone and
dihydrocarvone are able to behave as GABAA-R negative allosteric
modulators, at least in mammalian cells [6]. As a comparison, thujone,
another cyclic ketone component of wormwood oil and some other
herbal medicines, not only has demonstrated insecticidal activity, but
also it has been described as a potent convulsant compound acting
mainly at the noncompetitive blocker site of the GABAA-R [7,8].

However, even though GABAA-R function can be analyzed using
well-described theories of ligand–receptor interactions, it should be
considered that many compounds that regulate GABAA-R function are
noticeably lipophilic (e.g., benzodiazepines, barbiturates, long-chain
alcohols, and anesthetics), which may change the physical properties of
the lipid bilayer. Thus, it is possible that the activity of lipophilic ke-
tones on the receptor, as was previously mentioned, could be the
combined result of the interaction of ketone molecules with specific
receptor proteins (GABAA-R) and with the surrounding lipid molecules
modulating the supramolecular organization of the receptor environ-
ment. [9–15]. Thus, more studies are required about the activities and
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molecular mechanisms responsible for the activity of some lipophilic
compounds, which may be potential insecticides. Perturbation of phy-
sical membrane properties could be, at least in part, one of their modes
of actions, as was suggested for some antimicrobial agents [16,17] and
anesthetics [18].

Considering that mint ketones above detailed are highly lipophilic,
it is expected they affect membrane properties. We have previously
found, using lipidic monomolecular layers as an artificial model
membrane, that dihydrocarvone and thujone can incorporate into a
phospholipid monolayer reducing molecular repulsion among phos-
pholipid headgroups [11]. Thujone, another cyclic ketone, possess si-
milarities at molecular structure level with the selected mint com-
pounds. While thujone presents a central bicyclic ring structure with six
carbon atoms, mint ketones exhibit a cyclohexene (+ and − carvone)
or cyclohexane (dihydrocarvone, menthone and pulegone) with com-
parable substituents to thujone (Fig. 1). The inclusion of this structu-
rally similar compound, as a reference agent acting on the GABAA-R,
will allow gaining insight into their effects on membranes, as part of the
mechanism of action involved in receptor modulation.

In this article, we have explored the effect of five cyclic ketones,
present in mint plants with demonstrated insecticide activity, on the
organization and dynamics of the membrane, by using Molecular
Dynamics (MD) Simulation studies in a bilayer model of 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC). We performed free diffusion
MD and obtained spatially resolved free energy profiles of ketones
partition into DPPC bilayers based on umbrella sampling. MD simula-
tions results were also contrasted with experimental data from fluor-
escence anisotropy studies which evaluate changes in membrane
fluidity.

2. Materials and methods

2.1. Materials

R-(−)- and S-(+)-carvone (5-isopropenyl-2-methyl-2-cyclohexen-1-
one; purity > 98%), (R)-(+)-Pulegone((5R)-5-methyl-2-propan-2-yli-
denecyclohexan-1-one, purity 99%), (−)-menthone((2S,5R)-5-methyl-
2-propan-2-ylcyclohexan-1-one, purity 99%), (+)-dihydrocarvone (2-
methyl-5-prop-1-en-2-ylcyclohexan-1-one, ~77% n-(+)dihydrocarvone
and ~20% iso-(+)dihydrocarvone), thujone (1-isopropyl-4-methylbi-
cyclo[3.1.0]hexan-3-one; ~70% α and ~10% β) and DPH (1,6-di-
phenyl-1,3,5-hexatriene) were obtained from Sigma-Aldrich Chem (St.
Louis, MO; USA). L-2-Dipalmitoyl-sn-glycero-3-phospocholine (DPPC)
lipid was purchased from Avanti Polar Lipids (Alabaster, AL, USA). All
other reagents were of the highest analytical grade. Solutions were
prepared with double-deionized water.

2.2. Computational details

All simulations were carried out using the 4.6.3 GROMACS package
with GPU acceleration [19]. The All Atom (AA) Slipids force field (FF)
was used for lipids [20] and the TIP3P model [21] for water molecules.
The starting geometries were obtained from Slipids on line resource

(http://www.fos.su.se/~sasha/SLipids/Downloads.html). Fully hy-
drated lipid bilayers (equilibrated at the mentioned temperatures)
containing 128 L-2-dipalmitoyl-sn-glycero-3-phospcholine (DPPC) mo-
lecules were employed for equilibrium simulations.

The construction of ketones units to be used in MD simulations was
as before [22,23]. They were obtained with the antechamber module,
using the GAFF force field, [24] employing the restricted ESP (RESP)
charges obtained from a single point HF/6-31G* [25,26] quantum
chemical calculation of the optimized structure (at B3LYP/6-31+G*
level) within the Gaussian 03 package [27]. The AnteChamber PYthon
Parser interfacE (ACPYPE) [28] was employed to change the format of
the parameter files in order to use them with GROMACS code. The
Potential of Mean Force (PMF) simulations were carried out in a fully
hydrated lipid DPPC bilayer containing 64 lipid molecules. Free energy
profile results were derived from the PMF ΔG(z) calculation as a
function of the distance of the ketones to the bilayer center along the z-
axis normal to the plane of the bilayer. A series of 20 separate simu-
lations, of 30 ns each, were performed, in which each molecule was
restrained to a given depth in the bilayer by a harmonic restraint on the
z-coordinate. A force constant of 1000 kJ/mol nm−2 was used with a
spacing of 0.2 nm between the centers of the biasing potentials. Two
ketones molecules were used, one per leaflet allowing error estimation.
Finally, the Weighted Histogram Analysis Method (WHAM) was used to
extract the PMF and calculate ΔG [29]. The error bars for these cal-
culations were obtained using the bootstrap method [30].

For free diffusion MD, the simulation protocols were the same as in
reference [20]. For each ketone, 20 molecules were randomly located in
the water solvent within the simulation boxes with the following di-
mensions in the x–y-z axes, ~68 Å×~68 Å×~74 Å. We used the MD
parameters available in the Stockholm lipids home page (http://www.
fos.su.se/~sasha/SLipids/Downloads.html). All bonds were con-
strained using Lincs algorithm. Constraining the bond lengths allowed a
time step of 2 fs to be used. The Lennard-Jones (LJ) interactions were
truncated at 1.0 nm. The particle mesh Ewald method [31] was used to
evaluate the electrostatic interactions, with a cutoff of 1.0 nm. The si-
mulations were performed at an NPT ensemble. ~250 ns of MD simu-
lations at 50 °C (323 K) within the NPT ensemble were collected for all
the systems, the final 150 ns of these simulations were employed for the
analysis of density profiles, deuterium order parameter, etc.

2.3. Experimental assay

2.3.1. Preparation of large unilamellar vesicles
Multilamellar large vesicles (MLVs) were prepared as described

elsewhere [32]. The appropriate amount of DPPC dissolved in chloro-
form was placed in a glass tube and evaporated under a stream of ni-
trogen with constant rotation to facilitate the formation of a thin lipid
film; traces of solvent were removed under vacuum. The dried lipid was
suspended in water at a final concentration of 41 μM (0.03mg/ml) by
repeating seven consecutive cycles of heating at 65 °C for 1min plus
vortexing for 30 s, and MLVs were formed. Large unilamellar vesicles
(LUVs) of homogeneous size were obtained by extruding 19 times the
MLVs suspension trough 100-nm pore size Whatman polycarbonate

Fig. 1. Chemical structures of the compounds analyzed. The numbers in the dihydrocarvone graph represent the position of carbons.
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filters using a mini extruder Liposofast (Avestin, Canada).

2.3.2. Fluorescence anisotropy
The fluorescent probe DPH (0.82 μM) was added to the DPPC-LUV

suspension (prepared as described above) and incubated for 1 h at
50 °C. The effect of different ketones (1 mM) on DPH steady-state
fluorescence anisotropy was studied. LUVs samples were incubated for
30min after the addition of the ketones. The first recording was taken
at 50 °C and then the temperature was lowered to 40° and 25 °C al-
lowing stabilization of the sample for 10min in each case.

Anisotropy values were calculated from the emission fluorescence
intensities at λem=430 nm (λex= 356 nm) measured with the excita-
tion, and the sample polarizer filters oriented parallel and perpendi-
cularly one with respect to the other, in a L-format FluoroMax-3 spec-
trofluorometer (JovinYvon, Horiba). Slits width and integration time
were set at 2 nm and 1 s, respectively. Control samples containing
DMSO were tested to rule out the effect of this solvent.

Steady-state fluorescence anisotropy (FA) was calculated using Eq.
(1):
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where IVV, IHH, IVH, and IHV are the values of the different measure-
ments of fluorescence intensity taken with both polarizers in vertical
(VV) and horizontal (HH) orientations or with the excitation polarizer
vertical and the emission polarizer horizontal (VH) or vice versa (HV).
G is a correction factor for differences in sensitivity of the detection
system for vertically and horizontally polarized light [32].

3. Results and discussion

In the present study, we evaluate the membrane interaction of five
cyclic ketones present in mint plants, with proved insecticide/larvicide
effects and gabaergic activity, including other known gabaergic ketone
used as reference compound (thujone) [3–6]. The work involves MD
simulations of their partition into the bilayer as well as a fluorescence
anisotropy study as experimental approach. MD simulations have been
widely used to study drug-membrane systems to capture the interaction
details on the molecular level, that could be comparable to com-
plementary experimental methodologies [33].

3.1. All atom equilibrium MD simulations

In order to study and to describe the interaction of the different
ketones with the DPPC membrane, MD runs of ~250 ns each were
carried out with 20 molecules located at random starting positions
within 5 to 25 Å over the membrane plane. With the purpose of cor-
roborating the proper equilibration of MD simulations, the area per
lipid and membrane thickness were also evaluated (see Table S1).

Fig. 2 shows the density profile during the last 150 ns simulation
along the normal to the membrane plane (z axis) of different DPPC
membrane components, as well as ketones molecules. The peak of ke-
tones density in the membrane is found in the lower region of the
carbonyl groups of DPPC indicating their preferential location in the
bilayer. The degree of ordering of the acyl chains of the phospholipids,
the deuterium order parameter SCD [34], was employed to evaluate the
effect of the interaction of ketones with the membrane in the acyl chain
region. Fig. 3 shows a comparison of the SCD values of sn1 and sn2
chains of a DPPC bilayer at fluid phase (50 °C) compared to SCD values
of both chains of a DPPC bilayer in presence of the different ketones. It
was found that both sn1 and sn2 chains were slightly affected by the
presence of all compounds, presenting an ordering effect for the me-
thylene groups closer to the carbonyl (Fig. 3). This is in agreement with
the preferred location of ketones inside the bilayer according to density
profiles (Fig. 2). The rigidity and high ordering of the glycerol backbone
region, establishing empty spaces below that zone, could also favor this

Fig. 2. Schematic diagrams of the density profile of DPPC bilayers in presence
of different ketones along the z-axis. The density profile of the whole system
and relevant components of the system are shown. Density profile of DPPC
(black line), water (black dashed line), DPPC choline group (blue line), DPPC
phosphate group (red line), DPPC carboxylic group (green line), DPPC acyl
chain (brown line). A-Dihydrocarvone, B-(+)-Carvone, C-(−)-Carvone, D-
Menthone, E-Pulegone and F-Thujone. All ketones are indicated with filled to
zero black line.

Fig. 3. Ketone effect on the deuterium order parameters (SCD) of DPPC acyl
chains. SCD values from Sn1 chain (upper panel) or sn2 chain (lower panel) of
DPPC bilayer were determined in absence or presence of ketones.
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ketone location [35,36].
The diffusion of ketones inside the bilayer was assessed along the

MD. All ketones molecules were found inside the bilayer at 125 ns (Fig.
S2). Following the exact position of all ketones in the z axis (Fig. S1), it
can be observed that most of the time the ketone molecule is inside the
bilayer between the charged headgroups, while hemilayer translocation
is a usual event.

We also estimated the water→ core free energies of partition from
the unbiased simulations (Fig. 2). We estimated the partition coefficient
as the coefficient of ketones partial density at the lipid phase and at the
aqueous phase, using the data obtained in Fig. 2, and these values were
used to calculate the ΔG of partition [37]. The free energy values ob-
tained were: dihydrocarvone: −12.93 kJ.mol−1, (+)-Carvone:
−10.3 kJ.mol−1, (−)-Carvone: −12.37 kJ.mol−1, Menthone:
−22.98 kJ.mol−1, Pulegone: −8.72 kJ.mol−1 and Thujone:
−12.93 kJ.mol−1.

In other computational analysis, we studied the time evolution of
hydrogen bonds of ketones, both with water as well as with DPPC.
When the total number of hydrogen bonds of ketones molecules with
water was analyzed, a reduction associated with ketones insertion into
the bilayer was observed (Fig. 4A). Water establishes hydrogen bonds
as a donor being the carbonyl oxygen of the ketone its acceptor group.
We followed the hydrogen bonds of each ketone molecule with water
during a lapse time, when the compound resides within the bilayer and
translocate through the membrane (see (+)-carvone as an example,
Fig. 4B). It can be observed that when crossing the bilayer, ketone
molecules are dehydrated (in Fig. 4B crosses events are indicated).
Eventually, they can establish a hydrogen bond with a water molecule
in the other hemilayer. Also, we determined the first hydration shell for
(+)-carvone along the MD using g_trjorder and a radius cut-off of
0.435 nm. While in the aqueous phase (+)-carvone has ~35 water
molecules, at the lipid phase there are ~5 water molecules, except at
translocations, were water molecules drop to zero (Fig. S3). Finally, we
calculated the electrostatics (coulombic) and Van der Waals (LJ) in-
teraction among water and ketones. A major reduction in attractive
forces is observed for both types of non-bonding interaction (Fig. S4).

Finally, we analyzed the chemical groups that interact when ketones

enter to the bilayer, following the variation of the minimum distance
among these groups (Fig. S5). This analysis showed that when ketones
enter the bilayer, ketone‑oxygen, carbon 7 (C7) and carbon 8 (C8) (see
Fig. 1 for C positions) locate near the carboxyl group. Ketone‑oxygen
(O) also closely interacts with choline group (Fig. S5A). The distance
between ketone‑oxygen and carboxylic group was ~3.2 Å. The distance
between ketone‑oxygen and N of choline group was ~3.5 Å. The dis-
tance between ketones C7 and N of choline group was ~4.5 Å. Men-
thone and pulegone C7 are located at a slightly major distance than C7
of the rest of the ketones ~5 Å. The inverse situation is observed for C8
of both compounds when compared to the rest of the ketones (Fig. S5,
B–C). Taking into account the minimum distances among atoms/che-
mical groups of both molecules, DPPC and ketone, the latter would
locate with its ketone‑oxygen oriented to DPPC polar head.

Further, we calculated the coulombic and LJ interaction among
DPPC and ketones (Fig. S6). LJ interactions became more negative as
ketones partition into the membrane and are, therefore a driving force
of ketones partition into the membrane. It is expected that this inter-
action is with the DPPC hydrocarbonated chain.

3.2. PMF calculation of KETONES-DPPC interaction

We performed PMF calculations to determine the free energy profile
of ketones partition at the bilayer. PMF were determined as a function
of the distance to the center of the bilayer along its normal axis z
[ΔG(z)]. Free energy profile calculations were derived from the PMF
extracted from a series of umbrella sampling simulations. PMF calcu-
lation for each ketone was performed in a DPPC bilayer at liquid-
crystalline state (50 °C) (Fig. 5). PMF curves were aligned so that the
ketones relative free energy in bulk water corresponds to zero in each
case.

The shapes of the free energy profiles are similar for all ketones
(Fig. 5B). There is a maximum in the charged head group region
(~2 nm from the center of the bilayer) while the global minimum
corresponds to the region of the carbonyl groups (~1–1.5 nm). Thus,
the most favored location of ketones in DPPC membrane would corre-
spond to the interphase between the hydrophobic and the polar zone of

Fig. 4. Time evolution of hydrogen bonds
of a reference ketone. A-Total number of
hydrogen bonds of (+)-carvone molecules
with water during free diffusion MD (upper
panel-black line) compared to the number
of molecules inside the bilayer (lower
panel-black line and diamond symbol). B-
Hydrogen bonds of a single (+)-carvone
molecule (upper panel-black line) and its
position along the z axis (lower panel-black
line; in red line the position of lipid head-
groups). (+)-Carvone translocations from
one hemilayer to the other are indicated
(green punctuated lines).
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the bilayer, being less probable their placement at the head group re-
gion. These results are in agreement with the maximum displayed by
ketones density profile in unbiased MD simulations (see Fig. 2).

The calculated free energy change for transferring a ketone mole-
cule from water to the bilayer center was approximate −5 kJ·mol−1

with an initial barrier of 3 kJ·mol−1 for crossing the polar head of the
bilayer and a minimum of −10 to −20 kJ·mol−1. In this sense, it is
expected that all ketones can also translocate from one hemilayer of the
membrane to the other, since their ΔG have negative values at the bi-
layer center (0 nm) (Fig. 5B). These profiles are consistent with the
maximum of density profiles in free diffusion MD simulations for ke-
tones, that are located essentially in the DPPC carboxylic group region
(Fig. 2).

We performed two additional PMF calculations using a different
initial system setup. One system with two ketones molecules were one
is biased from water to the bilayer core and the other one, in the
aqueous phase, is free to diffuse and to interact with the biased mole-
cule, and another system were two ketones molecules are biased from
the bilayer core to water one per leaflet (Fig. S7). These results indicate
that presence of a second molecule favored the partitions into the bi-
layer of dihydrocarvone, (+)-Carvone, (−)-Carvone and Thujone,
while there was no effect on the partition of menthone and pulegone.

As mentioned above, we estimated the water→ core free energies of
partition from the unbiased simulations (Fig. 2), where the free energy
values obtained are consistent with the PMF profiles obtained in biased
simulations, were menthone is the most lipophilic and pulegone the
least.

3.3. Experimental analysis

Anisotropy values for DPH in DPPC LUVs were evaluated as a
function of temperature (50–40–25 °C) in the presence of different ke-
tones (1 mM).

In these experiments we used DPH due to its ability to localize
through the hydrocarbon chain region of the bilayer and to sense
monotonous changes in its microproperties modified by the tempera-
ture [38]. The temperature dependence of DPH fluorescence anisotropy
on control samples containing DPPC (without any compound) showed
an abrupt change near of 40 °C in agreement with the phase transition
of DPPC [39] (Fig. 6). The complex structural dynamics of the bilayers
is governed by temperature-dependent parameters such as the average
interfacial area per lipid, thickness of bilayer, and disorder of hydro-
phobic tails, which determine their phase behavior. For saturated
phosphatidylcholines, such as DPPC, the main transition between the
liquid-crystalline phase and the gel phase (gel–fluid transition) occurs
at 41.5 °C [39,40]. The results indicate that all compounds decreased
the membrane fluidity at both, liquid-crystalline and gel bilayer phases.
This effect indicates that the presence of ketones between lipid

Fig. 5. PMF of Ketones free energy (ΔG) of parti-
tioning into a DPPC bilayer. A-The two upper panels
display the system partial densities: DPPC (black
line), water (black punctuated line), DPPC choline
group (blue line), DPPC phosphate group (red line),
DPPC carboxylic group (green line), DPPC acyl chain
(brown line). B-The six lower panels display each
ketone free energy (ΔG) at 50 °C along the z axis.

Fig. 6. Fluorescence anisotropy of DPH in DPPC LUVs at different temperatures
in the presence of ketones (1 mM). The curves were performed reducing the
temperature from 50 to 25 °C (as the arrow indicates).
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molecules induces an enhancement of the intermolecular interaction,
increasing the molecular order throughout the bilayer thickness, con-
firming their partition into the bilayer. Considering that the assays were
performed from high to low temperatures, the ketones would be in-
corporated to the membrane in liquid-crystalline phase and maintained
even at a stiffer gel phase. The decreased fluidity, induced by all ke-
tones on DPPC bilayers, is in correspondence with the observed or-
dering effect described by the deuterium order parameter SCD described
above.

The election of DPH probe for the anisotropy assay is founded in its
property to sense the hydrocarbon region where our theoretical cal-
culus demonstrated ordering effects. The fluorescent probe TMA-DPH,
with an additional charged group, is anchored at the lipid/water in-
terface and reports on a bilayer region that is distinct from that of the
hydrophobic DPH, which senses a deeper region [41]. However, em-
ploying atomistic MD simulations to characterize the behavior of DPH
and TMA-DPH in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), Do Canto et al. [42] have demonstrated that the average lo-
cation of TMA-DPH is only ~3–4 Å more superficial than that of DPH.
In that work, these authors described that both probes were able to
induce a concentration-dependent alteration of SCD values through the
acyl chain. Consequently, it is expected that DPH behaves as an ap-
propriated probe to sense the chain region where the simulation studies
predict changes induced by ketones. In the present study, our compu-
tational results showed in Fig. 3, where all ketones were able to induce
an ordering effect on the first atoms of the acyl chains, are in agreement
with the rigidizing effect of these compounds experimentally demon-
strated by fluorescence anisotropy using the DPH probe.

These computational studies can be contrasted with other previous
experimental results obtained by our group. We have studied the
membrane interactions of the ketones dihydrocarvone and thujone by
using DPPC monolayers, which are widely applied to perform mem-
brane interaction studies of lipophilic compounds. This approach al-
lowed us to focus on the interaction between ketones and phospholi-
pids, by recording molecular lateral pressure-area isotherms, including
Brewster angle microscopy (BAM) of monolayers. These results support
the hypothesis that the location of the ketone molecules reducing the
repulsive forces among phospholipids headgroups allows a closer mo-
lecular packing, diminishing the mobility of the hydrocarbon chains
[11], as was also described for gabaergic phenols [12,14]. This hy-
pothesis is now totally in agreement with the present computational
analysis, which confirm not only an interfacial location of ketone mo-
lecules in the bilayer, with strong influence on the headgroup region,
but also a rigidizing/stiffening effect on the membrane core.

3.4. General remarks

There is a great demand to reduce the use of the synthetic pesticides
and develop alternatives with fewer secondary effects on the environ-
ment and non-target organism. Natural products have long been used as
pest controls for centuries, and in recent years they have become as the
best alternatives to conventional pesticides [43]. Monoterpenoids, like
the mint ketones assayed here, are one of the most successful botanical
pesticide groups [4,44]. Since ketones are highly lipophilic compounds
that present diverse effects difficult to explain only by specific protein
binding/action, it is interesting to study their interactions with the lipid
bilayer.

Lateral pressure profiles between lipid molecules have been sug-
gested to play a significant role in the activation of membrane proteins
through changes in their conformational state [18,45]. In this sense, we
demonstrate that ketones here analyzed are lipophilic compounds that
can penetrate DPPC lipid bilayers, producing alterations of the lateral
organization. Furthermore, we have previously showed that the pre-
sence of ketones in the lipid interface induces a closer molecular
packing in DPPC monolayers, diminishing the mobility of the hydro-
carbon chains [11].

Small cyclic terpenes penetrate the membrane and interact with the
glycerol backbone and phosphate groups of the lipid [12,14,33]. In
agreement, all ketones here analyzed locate mainly to the region that
comprehends the 1 to 1.2 nm from the bilayer center. This region cor-
responds to the interface between the lipid tails and the headgroups,
since it represents: the peak of the lipid tail density, the bulk of the
carbonyl density, a portion of the head group density and a small
amount of water.

It has been previously showed that the introduction of a ketone
group facilitates sterol flip-flop [46]. This result is in agreement with
our observation that all ketones analyzed in this work were capable of
trespassing one hemilayer to the other. It was suggested that ketone
group can facilitate transmembrane mobility of steroid hormones,
preventing them from a prolonged residence time in one of the mem-
brane leaflets [46]. The flip-flop rates correlate inversely not only with
the free energy penalty of carrying a more hydrophilic group across the
membrane, but also with the strength of interactions between the lipid
headgroups and the terpenes [47]. This may be a difference between
ketones and alcohols, the later carrying a hydroxyl group that would
difficult flip-flop movements.

Limonene and perillaldehyde are cyclic terpenes that have a
common 4-isopropenyl-1-cyclohexene hydrophobic skeleton; peri-
llaldehyde is more polar than limonene since the latter presents a ke-
tone group. Limonene penetrated deepest into the hydrophobic core of
the membrane, and a significant number of the molecules localized to
the bilayer center [47]. This is agreement with our results, since ke-
tones here analyzed present a similar partition to perillaldehyde.

Thymol, as well as other phenols structurally similar to propofol,
have a rigid cyclic structure that locate in the region between the polar
group (choline molecule), the glycerol and the first atoms of the acyl
chains, close to the interfacial region. It has been observed that this
location induced an increased order in the acyl chain close to the bi-
layer interface and a reduction in the molecular repulsion among
phospholipid headgroups [14,48]. Similar molecular explanation would
be suggested for ketone ordering effect.

4. Conclusions

In the present work, we study the membrane interaction of five
cyclic ketones present in mint plants, including thujone as a reference
compound, by using not only a theoretical-computational but also an
experimental approach. The following main results were obtained:

- The most favored location of monoterpene ketones in DPPC mem-
brane would correspond to the interphase between the hydrophobic
and the polar zone of the bilayer, in the lower region of the carbonyl
groups, being less probable their placement at the head group re-
gion.

- All ketones can translocate between both hemilayers of the DPPC
bilayer as a usual event.

- Both hydrocarbon chains were slightly affected by the presence of
ketones, presenting an ordering effect for the methylene groups
closer to the carbonyl. In agreement, the experimental fluorescence
results indicate that the presence of ketones between lipid molecules
induces an enhancement of the intermolecular interaction, in-
creasing the molecular order throughout the bilayer thickness.

- During their incorporation to the bilayer the ketones are dehy-
drated, as it was observed in the analysis of hydrogen bonds of ke-
tone molecules with water

Considering their ability to interact and to change the physical
properties of the lipid bilayer, it is possible to suppose that the mint
ketones could modulate the supramolecular organization of biological
membranes and consequently the membrane proteins functionality,
contributing at least in part as the action mechanism which explains
their insecticide bioactivity.
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