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ARTICLE INFO ABSTRACT

Fipronil is a widely used commercial insecticide whose action mechanism consists in blocking the influx of
chloride ions through the y-aminobutyric acid type A receptor (GABAA-R), an integral membrane protein. The
present study investigates the interaction of fipronil with phospholipid Langmuir monolayers, in order to
characterize the effects that its partition could exert on the physical properties of these model membranes. A
combined experimental and molecular dynamics (MD) simulations approach was performed. MD simulations
were conducted in such a way that they resemble an experimental compression isotherm of DPPC in the presence
of fipronil in the aqueous subphase. Both the experimental and the simulated compression isotherm showed that
the partition of fipronil between DPPC molecules induces an expansion of the monolayer. Experimental results
also showed that fipronil can penetrate lipid monolayers even in condensed packing states. MD simulations
showed that fipronil induces an ordering effect in the acyl chains of DPPC in the liquid-condensed phase. In
addition, the simulations indicate that fipronil orients parallel to the plane of the monolayer and that it es-
tablishes hydrogen bonds with the glycerol region of DPPC. Free energy profiles of the partition of fipronil into
the monolayers, obtained by means of umbrella sampling, indicated that its penetration is thermodynamically
favorable, being the interphase between the glycerol region and the acyl chains of DPPC its most favorable
location. Our results suggest that fipronil could modulate the supramolecular organization of biological mem-
branes surrounding GABA4-R, contributing, at least in part, to its action mechanism.
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1. Introduction GABA, like benzodiazepines, barbiturates, neuroactive steroids and

anesthetics [5]. A site located inside the GABA4-R pore in the trans-

Phenylpyrazoles constitute a relatively new group of chemical
compounds with herbicidal and insecticidal effects. Among them, fi-
pronil (Fig. 1) is a widely used commercial insecticide developed in the
eighties and released to the market in 1993 [1]. It has a high activity
and a broad spectrum against insect pests and a relatively low toxicity
for mammals [2]. Fipronil acts as a potent disruptor of the central
nervous system of insects by blocking the influx of chloride ions
through the y-aminobutyric acid type A receptor (GABAA-R) [3].

GABA is the major inhibitory neurotransmitter in both vertebrate
and invertebrate nervous systems [4]. Its specific target, the GABAA-R,
belongs to the family of pentameric ligand gated ionic channels
(pLGICs). Each of the five subunits of the pLGICs includes a large ex-
tracellular domain and four a-helical transmembrane domains. GABA-
R presents allosteric sites that are recognized by many drugs other than

membrane region is the target for many chemically diverse insecticides
that block the channel, acting as non-competitive antagonists (NCAs),
like fipronil [6]. Fipronil is part of the second generation of GABAA-R
NCAs, given that it emerged as a much less toxic alternative after the
classical organochlorine insecticides, like lindane and dieldrin [7].
Considering that GABAA-R is an integral membrane protein, it is
known that its activity can be modulated by surface-active compounds
and by changes in the physical properties of the lipid membrane [8,9].
Lipophilic compounds that bind to different sites of GABAA-R, like
benzodiazepines and gabaergic phenols or ketones, interact with both
artificial and natural membranes and affect properties like surface
curvature, fluidity, acyl chain order and molecular packing [10-16].
Thus, the activity of these gabaergic compounds could be the combined
result of their specific binding to the protein and their non-specific
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Fig. 1. Chemical structure of fipronil.

interactions with the surrounding lipid molecules, with the subsequent
modulation of GABA,-R supramolecular environment.

Less is known about the non-specific modulation that insecticidal
GABA,-R NCAs could produce in the membrane. For instance, some
studies conducted to characterize the partition into lipidic phases of the
organochlorine lindane, have demonstrated that it can affect the
membrane fluidity [17-19]. In the case of fipronil, although several
studies were performed in recent years about many of its properties
such as its specific interactions with GABA,-R, toxicology, environ-
mental fate and selectivity [20-25], the interaction of this highly li-
pophilic compound with lipid membranes and the possible implications
in its action mechanism have not been analyzed yet.

Self-assembled lipid structures mimicking cell membranes, like li-
posomes, solid-supported membranes and Langmuir monolayers (LM),
have been extensively used as experimental models to study the effects
of the interaction with bioactive molecules. Many crucial phenomena
that take place in bilayers can be elucidated by using monolayers at the
air-water interface [26], representing the first contact of lipophilic
compounds with plasma membranes. Moreover, phospholipid mono-
layers constitute simple models to study intermolecular interactions
[27,28], given that the lipid interface can be easily modulated by
changing the lateral packing using the barriers of a Langmuir trough. As
the monolayer is compressed or expanded, lipids explore different
phases and undergo a series of phase transitions that manifest them-
selves on the shape of the lateral-pressure/area isotherm, along with
changes in the interfacial electrostatic potential and the reflectivity of
the liquid surface [29]. Given that these properties are sensitive to the
subphase composition, LM offer a distinctive advantage for sensing
drug-lipid interactions [29].

Molecular dynamics (MD) simulations provide an atomic resolution
description of the system behavior that can complement the inter-
pretation of experimental trends and data. In particular, MD simula-
tions have been extensively used to analyze phospholipid LM at ato-
mistic and coarse-grained levels of detail being able to reproduce, with
varying degrees of accuracy, the rheologic and electrostatic properties
of these systems [30-34]. In addition, several computational studies
have analyzed the effects of the interaction of drugs [35-37], peptides
[38,39], amino acids [29] and ions [40] with phospholipid LM.

The aim of this work is to describe how the penetration of the
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gabaergic insecticide fipronil affects the biophysical properties of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) LM. These effects
were analyzed by two complementary approaches: i) experimental
studies: surface tension-area and surface potential-area compression
isotherms, Brewster angle microscopy (BAM) and penetration isotherms
and ii) molecular dynamics simulations of DPPC LM in the presence of
fipronil at different molecular packing states of the phospholipid.

2. Materials and methods
2.1. Materials

Fipronil (informed purity =95%, checked by GC-MS) was kindly
provided by Chemotecnica S.A. (Argentina). 1-2-Dipalmitoyl-sn-gly-
cero-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 in bidistilled-deionized
water.

2.2. Langmuir monolayers

2.2.1. Surface pressure (;t)-mean molecular area (MMA) and surface
potential (AV)-MMA isotherms

Compression isotherms were performed for DPPC using a
Minitrough II (KSV Instruments Ltd., Finland). Phospholipid mono-
layers were prepared on the air-water interface by spreading a chlor-
oformic solution of DPPC on the aqueous surface of a Teflon™ trough
filled with bidistilled-deionized water. After 5 min of solvent evapora-
tion, the film was compressed isometrically at a constant rate of
5 = 1 mm/min by means of two barriers moving synchronously.
Surface pressure (;t) was measured with a platinum plate by the
Wilhelmy plate method [41] and the surface potential (AV) was mea-
sured by the vibrating plate method (Spot Tune — KSV Ltd.) [42]. DPPC
isotherms were determined in the absence and in the presence of fi-
pronil in the aqueous subphase. In the last case, before the formation of
the monolayer, fipronil was mixed with the aqueous subphase at four
final concentrations: 0.25, 2.5, 25 and 50 uM. Control isotherms ob-
tained in the presence of DMSO 0.25% (v/v) (used as fipronil dis-
solvent) were not different from those at 0% DMSO (data not shown).
The mean molecular area (MMA) reported is the total monolayer area
divided by the total number of DPPC molecules at the interface. For
preliminary tests, fipronil solutions dissolved in chloroform were
spread alone on the air-water interface in order to test the possible
surface activity of this compound. All experiments were carried out at a
controlled room temperature (25 °C) and conducted at least three times
to assure reproducibility. For each isotherm, one representative curve is
shown.

To analyze more deeply the phase behavior of the films, the com-
pressibility modulus (K) was obtained for each system. K values re-
present the reciprocal of the compressibility and were calculated from
n-MMA isotherms applying Eq. (1) [43]:

K = —MMA, ( dx )
dMMA ) (€]

2.2.2. Penetration of fipronil into DPPC monolayers

In order to study the ability of fipronil to penetrate into DPPC
monolayers, the experiments were performed in a circular home-made
Teflon trough (15 ml volume) containing bidistilled-deionized water as
subphase. Increasing volumes of a chloroformic DPPC solution were
spread on the interface in order to form monolayers at different initial 5
(m;). Fipronil was injected into the subphase from a stock solution of
DMSO to a final concentration of 50 uM. The injection was done after
the stabilization of the ar; of the film (between 5 and 10 min), at
25 = 1 °C. These experiments were performed under continuous
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Fig. 2. Snapshots of the simulated systems showing the simulation protocol used. Liquid-expanded DPPC monolayers were equilibrated for 150 ns in a pure water
subphase (a). In the final configuration of this system, ten molecules of fipronil (shown in green) were added to the subphase (b). This new system was simulated for
250 ns and all the molecules of fipronil spontaneously partitioned into the monolayers (c). To the final configuration of the system in (c) several successive surface
tension values were imposed, in order to obtain a simulated compression isotherm. In each case, the final configuration of the previous run was used as the starting
point for the next simulation. The same surface tension values were used to simulate the control systems (pure DPPC). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

stirring (150-250 rpm). 7t vs. time was recorded at constant surface area
in order to measure the increment in 5 induced by the penetration of
the insecticide into preformed DPPC monolayers, until equilibrium
were reached (changes in & < 1 mN/m per hour). Finally, plots of Ant
vs. ; were graphed to determine the .y o for fipronil, meaning the
maximum 5 at which the insecticide would be able to penetrate the
monolayer.

2.2.3. Brewster angle microscopy (BAM)

The Langmuir equipment was mounted on the stage of a Nanofilm
EP3 imaging Ellipsometer (Accurion, Gottingen, Germany), which was
used in the Brewster Angle Microscopy (BAM) mode. Minimum re-
flection was set with a polarized 532\ laser incident on the bare aqu-
eous surface at the experimentally calibrated Brewster angle (~53.1°).
DPPC compression isotherms were visualized in the absence and in the
presence of 25 puM fipronil dissolved in the aqueous subphase. After
DPPC monolayer formation, and during compression, the reflected light
was collected with a 20 x objective and an analyzer-polarizer lens
connected to a CCD camera. For a better visualization, the lower

0-100 Gy level range (from the 0-255 original scale) was selected using
the free software ImageJ 1.51q [44].

2.3. Molecular dynamics simulations

Equilibrium MD simulations and Potential of Mean Force (PMF)
calculations were carried out in GROMACS v.2018.6 with GPU accel-
eration [45]. The All Atom (AA) Slipids force field [46] was used for
lipids and the TIP3P model for water molecules [47].

The construction of fipronil units to be used in MD simulations was
made with the AnteChamber module, using the protocol described
before [48]. Quantum chemical calculations of the optimized structure
and RESP charges were obtained as before [48] with the Gaussian 03
package [49]. Fipronil units were obtained using the GAFF force field
[50]. The AnteChamber PYthon Parser interfacE (ACPYPE) [51] was
employed to translate the parameter files to be used with GROMACS
code.

The simulated systems consist of cells containing 128 DPPC mole-
cules divided into two monolayers with 64 molecules each. The initial
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system was built in a cubic box, using the Packmol package [52]. The
monolayers are separated by a slab containing ~8600 water molecules.
Periodic boundary conditions were used along the X, Y and Z directions.
No interactions between the monolayers are expected across the Z di-
rection because of the large vacuum regions and the large size of the
water slab, as shown in Fig. S1. The total length of the Z axis of the
simulation box is 27 nm. The simulated system geometry is similar to
that proposed by Feller et al. [53,54], and was used in many studies
[34,36].

The simulations were carried out in the NyP,T ensemble, being N
the number of particles, T the temperature (298 K), P, the normal
component of the pressure tensor (1 bar), and y the surface tension
[29]. This ensemble maintains a constant Z dimension, while the X and
Y dimensions are allowed to adjust in response to an imposed surface
tension [29]. Surface tension in MD simulations (yyp) is calculated
from the lateral and tangential components of the pressure tensor:

Yup = Lz (P — 0.5(P + By))

where L, is the length of the simulation box in the direction perpen-
dicular to monolayers, p,, is the pressure normal to monolayers, p,, and
Dyy are pressure values in the directions parallel to the monolayers [34].
With this simulation setup, the surface pressure (ityp) was obtained
from

™MD = Y — Vi

where vy, is the surface tension of the TIP3P water at 298 K [55], and v,,
is the calculated surface tension of the monolayer. The area per lipid
(APL) is calculated using the area of the simulation box (x and y axes)
divided by the number of lipids per leaflet.

Several unbiased simulations were carried out in order to re-
construct surface pressure-area isotherms in the absence and in the
presence of fipronil. Firstly, a liquid-expanded DPPC monolayer (5t = 0)
was equilibrated in a pure water subphase. Subsequently, 10 molecules
of fipronil were randomly located into the water solvent and the
overlapping water molecules in a ratio of 2 A were removed. The DPPC/
fipronil ratio (128:10) in this system is comparable with the one that
corresponds to the 25 uM fipronil concentration used in our experi-
ments. This system was subjected to a steepest descent energy-mini-
mization followed by a 250 ns NyP,T MD simulation in which fipronil
molecules partitioned into the phospholipid monolayers (Fig. 2). The
resulting configuration was then used as the starting configuration for
another simulation with a different surface pressure value (9.9 mN/m).
This procedure, consisting of using the previous run as the starting
point for the next simulation, was repeated with three different surface
pressures (12.8, 18 and 39.8 mN/m). The same parameters were im-
posed to the neat DPPC monolayers, and these simulations were used as
controls for the subsequent analysis. All the simulations in the presence
of fipronil were performed for 250 ns (300 ns in the case of the most
compressed system) while the control systems were simulated for
150 ns. In the former, the last 100 ns were considered for the analysis,
while in the latter the last 50 ns were used. The convergence of the
interfacial area was used as the criterion of a proper equilibration of the
systems.

The Berendsen algorithm was used for the thermostat and the
barostat [56], with time constants of 0.1 and 1 ps, respectively. All
chemical bonds were constrained using LINCS algorithm. Constraining
the bond lengths allowed to use a time step of 2 fs. The Lennard-Jones
interactions were truncated at 1.0 nm. The particle mesh Ewald method
[57] was used to evaluate the electrostatic interactions, with a real-
space cutoff of 1.0 nm.

PMF simulations were carried out in the equilibrated systems with
pure water subphase obtained from the simulations described before.
Two calculations were performed, one in the most expanded state and
the other one in the most condensed state. One fipronil molecule was
placed in the middle of the water slab and was pulled into the mono-
layer, that is, along the z-axis of the simulation box. PMF was calculated
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as a function of the distance of the center of mass of the fipronil mo-
lecule and the center of mass of one of the monolayers. A series of 20
separate simulations of 60 ns each were performed, in which the fi-
pronil molecule was restrained in the z-coordinate by a harmonic re-
straint. A force constant of 1000 kJ-mol *nm ~? was used. The Weighted
Histogram Analysis Method (WHAM) was used to extract the PMF and
calculate AG [58]. The error bars for these calculations were obtained
using the bootstrap method [59].

The visualization of the simulation trajectories and the snapshots of
the different simulated systems were conducted in VMD [60].

3. Results and discussion
3.1. Surface pressure-area and surface potential-area isotherms

When fipronil was spread alone on the air-water interface and
compressed until the minimum area allowed by the Langmuir trough,
no change in the surface pressure was observed (results not shown).
This result indicates that fipronil is not able to form stable Langmuir
monolayers by itself [61]. Therefore, the effects of fipronil on the DPPC
compression isotherm can be interpreted as a consequence of its in-
teractions with the phospholipid molecules.

Fig. 3 (upper panel) shows -MMA compression isotherms of DPPC
in the absence (control) or in the presence of three increasing con-
centrations of fipronil previously dissolved in the aqueous subphase
(0.25, 2.5 and 25 pM). The pure DPPC monolayer isotherm is similar to
that obtained in previous studies [62,63]. The plateau below 10 mN/m
corresponds to the liquid expanded-liquid condensed coexistence
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Fig. 3. (upper panel) i-MMA compression isotherms of DPPC. Isotherms in the
absence (black line) and in the presence of three increasing concentrations of
fipronil previously dissolved in the aqueous subphase: 0.25 puM (red line),
2.5 uM (green line) and 25 puM (blue line). The inset plot shows SP-MMA
compression isotherms of DPPC in the absence (black line) and in the presence
of 25 uM fipronil (blue line). The SP-MMA isotherm in the presence of fipronil
was cut at MMA ~ 100 A2 to clarify the visualization.

(lower panel) Compressibility modulus (K) vs. MMA. The values were calcu-
lated from the n-MMA isotherms. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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region (LE-LC), and the subsequent sharp increase of x represents the
LC phase [63].

In the presence of fipronil, the isotherms are shifted to larger areas
in a concentration-dependent manner. This expansion of the DPPC
isotherm reflects the fact that fipronil molecules partition into the li-
pidic phase, occupying area in the interface and acting as spacers be-
tween the phospholipid molecules [64]. The isotherm conducted on a
subphase with 50 uM fipronil overlaps with the 25 pM curve (results not
shown), indicating that, at this concentration, the monolayer saturates
in terms of the incorporation of fipronil molecules.

Surface potential (SP)-MMA compression isotherms (upper panel —
inset plot) were conducted for DPPC in the absence and in the presence
of 25 puM fipronil. The SP is a measure of the vertical component of the
electrostatic field across the lipid/aqueous interface and its variation is
typically associated with a change in the phospholipid molecular or-
ientation [65]. In the LC phase, DPPC monolayers have large SP values
because the interactions between neighboring molecules are max-
imized, while in the LE phase the molecules are less packed, less or-
dered and with more tilted alkyl chains, resulting in lower surface
potentials [65]. It can be observed that in the LC region of the isotherm
the SP increases in the presence of fipronil, reaching a higher value at
the collapse in comparison to the control isotherm. The possible factors
influencing this behavior will be further analyzed in light of the MD
simulations results.

The lower panel in Fig. 3 depicts K-MMA curves calculated from -
MMA isotherms. K reflects the physical state of the monolayer. The
higher the K values, the lower the interfacial elasticity [12]. In the
presence of fipronil, K values tend to decrease with respect to the
control curve, indicating that fipronil increases the elasticity of the
DPPC monolayer. The decrease of K values is reported in the literature
for other drugs interacting with lipid LM and could be a consequence of
a compressional gain of the film owing to the fact that the rigid struc-
ture of the well-packed phospholipid monolayer is smoothed by the
presence of fipronil [64].

In addition, a maximum in the K-MMA curve indicates the onset of
the phase transition. In the presence of 2.5 and 25 pM fipronil, the LE to
LC phase transition initiates at higher surface pressures and at higher
molecular areas. The transition becomes less defined in comparison to
the isotherm of pure DPPC. This result points to a non-first order
transition as a consequence of the molecular interactions between the
phospholipids and fipronil [66]. These effects in the phase transition
are more pronounced as the concentration of fipronil increases.
Therefore, the insecticide favors the liquid-expanded phase in a con-
centration-dependent manner.

The collapse surface pressure (i1.) is almost unaffected at 0.25 and
2.5 puM fipronil, but it is diminished at 25 pM (Table S1). This indicates
that the DPPC monolayer is destabilized at this high concentration of
fipronil in the subphase.

It is important to consider that the expanding effect of fipronil in the
DPPC monolayer is present through the whole isotherm, even in the LC
phase. In fact, the minimum molecular areas reached in the presence of
fipronil are higher than in the control isotherm (Table S1). This suggests
that fipronil is not expelled from the interface as the molecular packing
of the film increases.

3.2. Penetration of fipronil in DPPC monolayers at the air-water interface

Fipronil is a lipophilic molecule with a theoretically estimated oc-
tanol-water partition coefficient (Log P) of 4.5 [67], which suggests that
it has a high affinity for lipidic phases and for interacting with DPPC
LM. In penetration experiments, a fixed concentration of fipronil
(50 uM) is injected into the subphase over which a DPPC monolayer is
pre-formed. These monolayers are built at different initial surface
pressures (;t) and at a constant area. In this way, the increase in 5 (Aw)
after the injection is interpreted in terms of the penetration of fipronil
into the lipid monolayer. Penetration of small molecules has been
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Fig. 4. Fipronil penetration into DPPC monolayers. (a) A typical curve showing
the increase in it (Am) as a function of time after the injection of fipronil in the
subphase. The time of the injection is marked with an arrow. (b) Am vs. initial
surface pressure (5;) of different penetration experiments and linear regression
of the data.

reported in the literature for other drugs [68] and for peptides [69]. In
all cases, an increase in the surface pressure indicated the penetration of
the compound into the lipidic phase [66].

A typical curve from these experiments is depicted in Fig. 4a, which
shows the variation in 5t as a function of time at a st; of 10 mN/m after
the injection of 50 uM fipronil in the subphase. The surface pressure
increases abruptly due to fipronil penetration in the monolayer and
reaches a plateau at a value ~8 mN/m higher. The stability of the
plateau suggests that once the compound penetrates in the lipidic
phase, it is not expelled to the subphase.

Fig. 4b shows the variations of & (Arn) caused by the penetration of
fipronil as a function of the initial 5 (5t;) of the DPPC monolayer. It can
be observed that the insecticide is able to penetrate the monolayer in a
wide range of m;, even in the LC phase. However, as could be expected,
the changes in & are less pronounced as the monolayers are more tightly
packed. The data was fitted with a linear regression (r* = 0.94;
p < 0.0001), from which the maximum x allowing fipronil penetration
(Teut-off) Was determined to be 44.3 mN/m. This value is much higher
than the average lateral pressure estimated for a natural lipid bilayer
(30-35 mN/m) [70,711, so fipronil is expected to incorporate favorably
in cell membranes.

3.3. Brewster angle microscopy of DPPC monolayers

Brewster angle microscopy (BAM) allows to visualize the phase
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Fig. 5. Brewster angle microscopy visualization of DPPC monolayers. The images correspond to monolayers in the absence (upper panels, Control) and in the
presence of 25 pM fipronil in the subphase (lower panels). Monolayers were compressed at a rate of 5 mm/min. The numbers above the images indicate the
corresponding surface pressures (in mN/m). Representative images were taken from two independent experiments. White bars represent 50 pm.

behavior of a monomolecular layer throughout its compression. The
possible changes that lipophilic drugs can cause in the size and shape of
DPPC LC domains can be analyzed. BAM images of a pure DPPC
monolayer (Fig. 5, upper panels) show the LC domains as brighter
structures during the phase transition, with their characteristic shape
curving in a counterclockwise direction, as expected for L-DPPC [12].

In the presence of 25 pM fipronil in the subphase (Fig. 5, lower
panels), the LC domains appear later in the compression isotherm and
the LE-LC coexistence persists until higher n, effects that were also
observed in the analysis of the ni-MMA isotherm (Section 3.1). The LC
domains become smaller and they lose their characteristic shape, pre-
senting a starry structure.

Since DPPC is a chiral molecule, microscopic studies of phospho-
lipid domains in monolayers on the aqueous surface allow to observe
the effect of this optical isomerism on the curvature of LC domains. In
this case, the clockwise or counterclockwise curvatures of the triskelion
of DPPC are directly related to the absolute configuration of the en-
antiomer on those domains [72,73]. The loss of chiral shapes in the LC
domains in the presence of fipronil would indicate its interaction with
phospholipid molecules affecting the head group region and modifying
the molecular array as was previously described for other compounds
[12,13]. Molecular studies of dipolar repulsion in monolayers have
demonstrated that a small change in the charge distribution of the polar
region could be transduced to changes in domain size and shape [74].
Thus, it is expected that the partition of fipronil between the phos-
pholipid molecules would modify the dipolar arrangement of the chiral
DPPC in the tilt direction, allowing the LC domains to grow in different
directions.

3.4. All atom equilibrium MD simulations

DPPC monolayers were simulated in the presence and in the absence
of fipronil in the aqueous subphase, at different molecular packing
states. In the first set of simulations, a DPPC monolayer in the LE phase
was simulated for 150 ns. To the final configuration of this system, ten
molecules of fipronil were added in the subphase, and this new system
was simulated for 250 ns. The diffusion of fipronil inside the monolayer
was assessed along the MD. At 16 ns, six fipronil molecules were found
inside one of the monolayers and the other four molecules partitioned
into the other one, remaining inside the lipidic phase along the entire
time of the simulation (Fig. S2-a). This system, with the molecules of
fipronil already equilibrated inside the DPPC monolayer, was simulated

at different surface tension values in order to obtain a simulated com-
pression isotherm and be able to compare it with the experimental data.
It is remarkable that in all the simulations obtained from the com-
pression of the first system, the fipronil molecules remained inside the
monolayer, surrounded by the DPPC molecules (Fig. S2).

Fig. 6 depicts the simulated surface pressure-area isotherm for DPPC
in the presence and in the absence of fipronil in the subphase, at a
temperature of 298 K. The control isotherm presents a general agree-
ment with the experimental data regarding the range of area per lipid
(APL) and surface pressure covered by the curve. The observed dis-
crepancies are similar to those typically obtained in MD simulations of
lipid monolayers [34,75]. Although a change in the slope of the iso-
therm can be observed at ~10 mN/m, the region of first order phase
transition, characteristic of the DPPC isotherm, could not be observed.
The lack of a clear LE-LC coexistence may be caused by the limited size
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Fig. 6. Simulated s—area isotherm for DPPC monolayers at 298 K on pure water
(black points), and in the presence of ten molecules of fipronil (red points). The
lines joining the points are just a guide to the eye. The points enclosed by grey
ellipses correspond to the systems used for subsequent analysis of the effects of
fipronil on the LE (a), LE-LC (b) and LC (c) phases of DPPC. The error bars in the
area per lipid were calculated by block averaging and correspond to 95%
confidence intervals. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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of the simulation box, as reported previously by other authors [33,34].
Although more accurate quantitative results were obtained by simu-
lating LM with the four point OPC water model [76], we decided to use
the TIP3P water given that this is the original combination in which the
Slipids force field was parameterized [46]. Anyway, a quantitative level
of detail in the simulated DPPC isotherm is not the aim of this study.
Conversely, we focus on the exploration of the effects that a drug, in
this case fipronil, produces when it interacts with DPPC monolayers.

In that sense, it is clear from Fig. 6 that the addition of fipronil to the
subphase produces a significative shift of the isotherm to larger areas.
This is consistent with the trend observed in the experimental isotherm.
We can confirm from the MD simulation that fipronil molecules parti-
tion into the lipidic phase and act as spacers between DPPC molecules,
increasing the area per lipid.

Three points in the isotherm were selected to perform further ana-
lysis about the effects that fipronil produces in the phospholipid
monolayer. These systems were chosen in order to analyze three dif-
ferent packing states of the phospholipid that, according to their surface
pressure values, would correspond to the LE, LE-LC and LC phases in
the experimental isotherm. The assignation of each system to each of
these phases is based not only on their positions in the simulated iso-
therm, but also in the chain-chain radial distribution function (RDF)
(Fig. S3) and in the visual inspection of the trajectories (Fig. 2). The
RDF reaches higher values for DPPC monolayers in the condensed state
(lower surface area per lipid) than in the expanded phase (higher sur-
face area per lipid). This result is clearly related to the increasing
packing of lipids associated with lipid compression [40]. The liquid
condensed phase is characterized by the existence of long-range order
in the RDF, that is lost below the suggested phase transition [30]. Fig.
S4 shows the RDF profiles between the phosphate groups in the neat
DPPC monolayers and in the same systems in the presence of fipronil.
Although slight, the decrease of the peaks in the profiles of the LE-LC
system in the presence of fipronil gives an idea of a disordering effect in
the disposition of the polar head groups that could explain the changes
in the shape and size of LC domains during the phase transition that
were observed in BAM experiments.

The location of a lipophilic compound within the membrane is ex-
tremely important to determine the effects it could exert, especially in
drugs whose target are membrane proteins [77]. In MD simulations
studies, drug location can be observed directly from density profiles or
from free energy profiles of the drug partition [77].

Fig. 7 shows the density profiles obtained along the normal to the
membrane plane (z axis) of different regions of the DPPC molecules, as
well as the density of fipronil molecules. A comparison of the profiles of
pure DPPC (upper panels) and the profiles of the monolayers in the
presence of fipronil (lower panels) indicates that fipronil molecules are
predominantly found in the interphase between the glycerol group and
the hydrocarbon chains of DPPC. It can be observed that as the
monolayer is more tightly packed, fipronil occupies a slightly deeper
position in the monolayer. The location of fipronil indicates that it
could produce changes in the structure and dynamics of the acyl chains
of DPPC.

The lipid tail order parameter is a standard quantity that allows to
evaluate the structural order of acyl chains in lipid monolayers and
bilayers, which can be obtained experimentally from deuterium NMR
measurements [36]. In MD simulations it is defined by:

3 1
Sep = { =|cos?6 — =
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where O is the angle formed between the C—H bond and the normal of
the lipid monolayer, and the angular brackets represent the average
over time and over all lipids [77].

The order parameter is related to the tilt angle of the chains and to
trans-gauche distribution of chain dihedrals, but the relationship is
indirect [78]. Fipronil produces a significative ordering effect in the
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acyl chains in the LE-LC and the LC phases, more precisely in the region
of the carboxylic atoms of the glycerol skeleton (Fig. 8). The ordering of
acyl chains is more relevant as the molecular packing increases. The
employment of the NP,yT ensemble for these MD simulations assures
that this ordering effect in the acyl chains is effectively caused by the
interaction of fipronil with DPPC molecules, and not an artifact of the
ensemble, as could occur in the case of NVT simulations of monolayers,
where the simulation box is not allowed to expand in response to the
partition of a surface active molecule in the interphase.

When DPPC-DPPC Lennard-Jones (LJ) interactions were analyzed in
both condensed and expanded phases in presence or in absence of fi-
pronil, no differences were observed (data not shown). Therefore, the
increase in the order parameter is not due to fipronil inducing more
interactions among the alkyl chains of DPPC. Instead, this effect could
be caused by the reduction in the rotational freedom of the acyl chains
caused by the presence of fipronil molecules in that region of the
monolayer, being more pronounced in the LC phase. Indeed, the DPPC-
Fipronil LJ attractive interactions are more significant in the LC than in
the LE phase (not shown).

At this point, it is interesting to revisit the experimental results
about the effects of fipronil in the surface potential of DPPC mono-
layers. According to the Demchak-Fort model, the surface potential of a
lipid monolayer can be described as a three-layer capacitor with con-
tributions from the alkyl chains, the headgroups and the oriented water
molecules in the vicinity of the headgroups [79]. The surface potential
increases when the acyl chains become more ordered and when the
polar headgroups orient closer to the surface normal [65]. Our MD si-
mulations show that fipronil would not affect the orientation of the
polar headgroups, as shown by the unchanged tilt of the P—N vector
with respect to the normal (Fig. S5). Consequently, the increase in
DPPC acyl chain order in the LC phase caused by fipronil could be the
main contribution to the increase in surface potential observed in the
experimental SP-MMA isotherm (Fig. 3). This analysis is also supported
by the calculations of the monolayer thickness in the absence and in the
presence of fipronil (Table S2). The thickness becomes higher in the
presence of fipronil in the LE-LC and in the LC phases. However, an
effect on the orientation of the interfacial water dipoles cannot be
discarded.

We also studied the time evolution of hydrogen bonds of fipronil,
both with water as well as with DPPC. Table 1 depicts the average
number of H-bonds between different groups and Fig. S6 shows the
time evolution of these interactions. It has to be considered that DPPC
does not have any hydrogen donor group and that the —NH, group is
the only donor of fipronil. So, the different types of H-bonds that can be
formed in the simulated systems are those between the acceptor groups
of DPPC (phosphate oxygens and carboxylic oxygens of glycerol) and
the —NH, group of fipronil, the H-bonds between water molecules and
the acceptor groups of DPPC and the ones between water molecules and
fipronil, including those with the —NH, group and the ones with its
acceptor groups.

When the total number of hydrogen bonds of fipronil molecules
with water was analyzed, a reduction associated with fipronil insertion
into the monolayer was observed (Fig. S6, LE phase). The number of H-
bonds between fipronil —NH, and DPPC increases as the molecular
packing increases, and more interactions are formed with glycerol
while the H-bonds with the phosphate group decrease. This is consistent
with the density profiles and the plots of fipronil distribution along the
z-axis, that shown that fipronil locates deeper inside the monolayer as it
gets more compressed. Although fipronil does not produce by itself a
decrease in the number of water molecules establishing H-bonds with
DPPC glycerol group, the dehydration of this region that occurs
throughout the compression allows fipronil to increase the number of
interactions that it establishes with this region of DPPC (Table 2).

To get a deeper insight into the possible orientation that fipronil
molecules acquire inside the lipid monolayer, we analyzed the or-
ientation of the principal axis of fipronil with respect to the z-axis,
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Fig. 7. Density profiles of DPPC monolayers in the LE, LE-LC and LC phases along the z-axis. Upper panels depict the profiles of control systems and the lower panels
correspond to the monolayers in the presence of fipronil. The colors represent the different components: DPPC (black line), water (turquoise dashed line), DPPC
choline group (red line), DPPC phosphate group (green line), DPPC glycerol group (violet line), DPPC hydrocarbon chain (brown line) and fipronil (orange line, filled
to zero). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(b) Fig. 8. Deuterium order parameter of the sn-1
(a) and sn-2 (b) hydrocarbon chains of DPPC.
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normal to the monolayer (Fig. 9). It can be observed that the peak of the
histogram is centered at 90°, so the most preferable orientation of fi-
pronil consists of the molecule lying parallel to the plane of the
monolayer. This could explain the significative increase in the area per
lipid, both in the experimental as well as in the simulated isotherms. In
addition, it is noticeable that as the compression increases, fipronil
molecules tend to orient more vertically, as can be seen by the dis-
placement of the peak of the angle distribution for the LE-LC and the LC

6 8 101214160 2 4 6 8 10 12 14 16
Carbon Number

phases. This rearrangement of fipronil orientation inside the monolayer
can contribute to the compressional gain of the system, as described
above for the experimental compressional modulus (K) vs MMA plots.

In order to complement this result, Fig. S7 depicts the time evolu-
tion of the minimum distances between some of the atoms of fipronil
and different regions of DPPC. As expected from H-bonds analysis, the
—NH, group locates close to glycerol and phosphate groups of DPPC
and moves away from the phosphate group as the monolayer
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Table 1
H-bonds in systems DPPC + FIPRONIL.
LE LE-LC LC
Fipronil Fipronil NH, Fipronil Fipronil NH, Fipronil Fipronil NH,
H,O 18.27 = 0.22 9.26 + 0.14 15.46 0.19 8.99 + 0.13 12.75 = 0.17 7.50 = 0.11
DPPC 3.60 = 0.10 511 = 0.12 5.31 = 0.12
DPPC glycerol 2.06 + 0.09 3.13 = 0.10 438 + 0.11
DPPC phosphate 1.58 = 0.07 1.97 += 0.08 0.94 += 0.07

The values correspond to the average number of H-bonds that the whole molecule of fipronil and its —NH, group establish with different regions of DPPC molecules

along the time of the simulations.

Table 2
H-bonds between DPPC glycerol and H,O0.
LE LE-LC LC
DPPC 267.93 += 0.65 234.27 + 0.83 207.81 = 0.82
DPPC + FIPRONIL 267.32 = 0.62 233.94 *= 0.61 208.52 * 0.63

The values correspond to the average number of H-bonds between the glycerol
group of DPPC and water in the pure DPPC systems and in the systems with
fipronil.
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Fig. 9. Angle distribution between the principal axis of fipronil and the z-axis of
the simulation box in different phases of DPPC LM. LE (green line), LE-LC (red
line) and LC (blue line) The inset of the plot shows the defined axis for the
fipronil molecule in this calculation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

compresses. The oxygen atom also locates near those groups. Both -CF3
groups maintain almost the same distances to the different regions of
DPPC, as expected from the parallel to the monolayer orientation of the
molecule.

3.5. Potential of mean force calculation of fipronil penetration into DPPC
monolayers

We computed potential of mean force (PMF) calculations to de-
termine the probable distribution of fipronil at different regions of the
DPPC monolayer and to gain a thermodynamic insight on the partition
of the insecticide into the lipidic phase. Two simulation conditions were
considered: one with the monolayer in the LE phase and the other one
in the LC phase, in order to analyze the energetics of the penetration of
fipronil in both molecular packing states (Fig. 10). Both systems were
maintained in the corresponding phase by applying a controlled surface
tension, at a temperature of 298 K. Free energy profile calculations
were derived from the PMF extracted from a series of umbrella sam-
pling simulations. The curves were aligned so that the fipronil relative

free energy in bulk water corresponds to zero in each case.

The shapes of the free energy profiles in the LE and in the LC phases
are similar, both showing a global minimum inside the lipid monolayer.
This indicates that the penetration of fipronil into the lipidic phase is
highly favorable and explains why fipronil molecules are never expelled
from the monolayers during the time of simulation in unbiased MD
trajectories. The free energy minimum is located in the interphase be-
tween the glycerol group and the acyl chain of DPPC, so this region
would correspond to the most favorable location for fipronil inside the
monolayer. This coincides with the maximum density of fipronil ob-
tained in unbiased simulations. As described below, the —NH, group of
fipronil interacts specifically with the oxygen atoms of glycerol, es-
tablishing hydrogen bonds, contributing in this way to the favorability
of this location for the molecule.

In addition, in both cases the free energy increases until taking
positive values while fipronil goes deeper in the acyl chains. This sug-
gests that it would not be favorable for this compound to cross from one
hemilayer to the other in a bilayer system, as was confirmed by our
simulations of a DPPC bilayer in the presence of fipronil (unpublished
results).

As expected, the free energy for transferring a fipronil molecule
from water to the monolayer in the LE phase is more favorable than
transferring it to a more condensed monolayer, given that the interac-
tions between the phospholipids are stronger in the latter case. The fact
that the penetration of fipronil in the LC phase is still thermo-
dynamically favorable is in accordance to the experimental results,
considering that the penetration isotherm showed that fipronil is able to
partition into the monolayer at surface pressures corresponding to the
LC phase. In addition, it coincides with the observation that in 7-MMA
compression isotherms fipronil seems to remain inside the monolayer
until the collapse surface pressure. This was also observed in the un-
biased simulations, in which all the fipronil molecules remained par-
titioned in the most condensed system studied.

Furthermore, in the experimental isotherms it was observed that
fipronil favors the LE phase of DPPC, given that the phase transition to
the LC phase begins at higher surface pressures when fipronil is located
inside the monolayer. The PMF profiles showed that fipronil partition
into the LE phase is more favorable than the partition into the LC phase.
If we consider the two systems, LE and LC in the presence of fipronil,
the first system resides in an energetic minimum with respect to the
latter. So, the energetic cost of transitioning from one phase to the other
one would be higher in these systems than in the pure DPPC monolayer.

4. Conclusions

In the present work, we analyzed the effects of the insecticide fi-
pronil on the physical properties of phospholipid monolayers. The
analysis of the interaction of fipronil with these membrane models can
contribute to the characterization of its mode of action. This work was
conducted by using a combined experimental and theoretical-compu-
tational approach. The experimental results were contrasted with MD
simulations in order to provide a molecular insight into the behavior of
the system.
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Fig. 10. (Upper panels) Free energy profiles for
the penetration of fipronil into DPPC mono-
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dashed line), DPPC acyl chain (brown line),
DPPC glycerol group (violet line), DPPC phos-
phate group (green line) and DPPC choline
group (red line). The zero of the z-axis is located
in the middle of the monolayer. (For inter-
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legend, the reader is referred to the web version
of this article.)
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Langmuir compression isotherms showed that fipronil molecules
produce an expansion in the DPPC isotherm, by acting as spacers be-
tween the phospholipids. Also, the partition of fipronil molecules into
the lipidic phase affects the characteristic DPPC phase transition,
making it to occur at higher surface pressure values and changing the
shape of LC domains, as observed by BAM. We were also able to observe
an expansion of the simulated DPPC compression isotherm in the pre-
sence of fipronil. It is important to consider that only a few previous
works have examined the effect of drugs on the compression isotherm
of phospholipid monolayers by means of MD simulations, and less of
them have been able to contrast them with experimental data.

MD simulations were conducted in such a way that they resemble
the behavior of the experimental compression isotherm in the presence
of fipronil in the aqueous subphase. Fipronil molecules partitioned into
a pre-equilibrated expanded DPPC monolayer and the resulting con-
figuration was simulated in successive more compressed packing states.
The analysis of these simulations indicated that fipronil locates in the
interphase between the glycerol region and the acyl chains of DPPC. In
the LE-LC and in the LC phases, fipronil induces an ordering effect in
the acyl chains and a consequent increase in the monolayer thickness,
which could be related to the higher experimental surface potential
obtained for the DPPC isotherm in the presence of fipronil. The in-
secticide establishes hydrogen bonds with the carboxylic oxygens of
glycerol, and to a lesser extent, with the phosphate group. The most
preferable orientation of fipronil would be parallel to the plane of the
monolayer.

Free energy profiles obtained from PMF calculations indicated that
the partition of fipronil into the phospholipid monolayers is thermo-
dynamically favorable. As expected, the partition is more favorable in
the LE phase (~ —45 kJmol™') than in the LC phase
(~ —20 kJ'mol™ ). However, it is remarkable that, in agreement with
the experimental results, the partition into the more condensed packing
state is still energetically favorable.

It has been postulated that hydrophobic ligands, in order to reach
their active site in a membrane-bound functional protein, first segregate
within the lipid bilayer. Subsequently, they undergo fast lateral diffu-
sion and engage in a productive interaction with their biological target
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site [80]. Being fipronil a highly lipophilic compound whose target is an
intrinsic membrane protein (GABAA-R), our results suggest that it could
reach its recognition site in the receptor by accumulation and dis-
tribution through the bilayer membrane.

Finally, considering the ability of fipronil to interact and to change
the physical properties of model membranes, it can be hypothesized
that it could modulate the supramolecular organization of biological
membranes and consequently the membrane proteins functionality,
contributing at least in part to its action mechanism.
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