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a  b  s  t  r  a  c  t

Two  recently  synthesized  dihydropyrimidines  (DHPMs)  analogues  have  demonstrated  larvicide  and
repellent  activity  against  Anopheles  arabiensis.  DHPMs  high  lipophilicity  suggests  that  these  compounds
may  interact  directly  with  the  membrane  and  modify  their  biophysical  properties.  The  purpose  of  the
present  study  was  to characterize  the  interaction  of  both  compounds  with  artificial  membranes.  Changes
on the  properties  of DPPC  films  were  studied  using  Langmuir  monolayers.  The  presence  of DHPMs  in  the
subphase  modified  the interfacial  characteristics  of DPPC  compression  isotherms,  causing  the  expansion
of  the monolayer,  inducing  the  disappearance  of DPPC  phase  transition  and increasing  the molecular
packing  of  the  film.  Moreover,  both  compounds  showed  ability  to penetrate  into  the  lipid  monolayers
at  molecular  pressures  comparable  to  those  in  biological  membranes.  The  effects  of  both  DHPMs on
the  molecular  organization  of  DPPC  liposomes  were  measured  by  fluorescence  anisotropy.  The  results
indicate  that  their  presence  between  lipid  molecules  would  induce  an  increasing  intermolecular  interac-
tion,  diminishing  the bilayer  fluidity  mainly  at the  polar  region.  Finally,  we  performed  free  diffusion  MD
simulations  and  obtained  spatially  resolved  free  energy  profiles  of  DHPMs  partition  into  a  DPPC bilayer

through  Potential  of Mean  Force  (PMF)  calculations.  In agreement  with  the  experimental  assays,  PMF  pro-
files and  MD  simulations  showed  that  DHPMs  are  able  to partition  into  DPPC  bilayers,  penetrating  into  the
membrane  and  stablishing  hydrogen  bonds  with  the  carbonyl  moiety.  Our  results  suggest  that  DHPMs
bioactivity  could  involve  their interaction  with  the  lipid  molecules  that  modulate  the  supramolecular
organization  of  the  biological  membranes  and  consequently  the  membrane  proteins  functionality.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The pyrimidine system is an important pharmacophore with
bundant occurrence in nature. Natural and synthetic pyrimidine
erivatives have a wide range of actions with biological activities
uch as anticancer, by altering the mitotic spindle and arresting

itosis [1], as well as antiviral [2,3], antihypertensive [4], calcium

hannel blocking [5], antitubercular [6], antimicrobial [7–9], anti-
nflammatory [10,11], larvicidal and insecticide actions [12,13].

∗ Corresponding author at: Instituto de Investigaciones Biológicas y Tecnológi-
as (IIBYT), CONICET, Universidad Nacional de Córdoba, Av. Vélez Sarsfield, 1611,
órdoba, 5016, Argentina.

E-mail addresses: dagarcia@unc.edu.ar, dasmedgarcia@yahoo.com (D.A. García).
1 First co-authors- these authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.colsurfb.2016.11.028
927-7765/© 2016 Elsevier B.V. All rights reserved.
Antimalarial drugs include halogenated dihydropyrimidine ana-
logues [14] and the commercially available pyrimethamine, a folic
acid antagonist used for treatment and prevention of malaria or,
with a sulfonamide, to treat toxoplasmosis [15].

Dihydropyrimidines (DHPMs) are useful scaffolds for the design
of pharmacological agents. Despite the fact that the exact mech-
anisms responsible for their biological activity remain unknown,
disturbance of the cell membrane has been suggested as the mode
of actions of several larvicide compounds [16]. The wide range of
effects produced by DHPMs and their high lipophilicity suggest that
these compounds may  interact directly with the membrane and
thus activate different signals.
Previous studies have shown that the interaction of lipophilic
compounds with the membrane can be explained by an equilibrium
model of partition [17] and that their partition into the membrane

dx.doi.org/10.1016/j.colsurfb.2016.11.028
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.11.028&domain=pdf
mailto:dagarcia@unc.edu.ar
mailto:dasmedgarcia@yahoo.com
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 Surfa

m
fi
w
e
r
c
a
d
b

m
r
[
g
u
m

s
i
p
m
e
y
b
(

2

2

(
c
(
d
a
T
y
S
s
A
o
d

2

2

c
(
f
o
d
1
w
u
m
[
w
a

2

m

M.E. Sánchez-Borzone et al. / Colloids and

odifies its biophysical properties. This behavior has been con-
rmed for lipophilic compounds such as benzodiazepines (BZD),
hose location in the polar region of the membrane explains their

ffects, decreasing the size of DPPC vesicles, inducing lipid bilayer
edistribution and inhibiting inverted phases formation, which are
rucial intermediaries in fundamental biological phenomena such
s membrane fusion [18–20]. The possibility that BZDs affect trans-
uction mechanisms at several levels of receptor binding has also
een shown for other lipophilic substances [21,22].

Many experimental evidences show that changes in the cell
embrane microenvironment, where intrinsic proteins as specific

eceptors and channels are inserted, can modify their function
23–27]. Such is the case described by our group, where several
abaergic compounds (i.e. monoterpenes and phenols) that mod-
late the GABAA receptor allosteric behavior, also are capable of
odifying membrane properties [28–32].

In the present work, we investigated the ability of two  recently
ynthesized DHPMs with insecticidal activity (Fig. 1) [13], to
nteract with the membrane by analyzing their effects on the bio-
hysical properties of two artificial model membranes: i) Langmuir
onolayers at the air-water interface, where compression and pen-

tration isotherms were analyzed, and ii) phospholipid liposomes
ielded to fluorescence anisotropy analysis. Furthermore, we com-
ined these experimental techniques with molecular dynamics
MD) simulations of DHPMs partition into the bilayer.

. Materials and methods

.1. Materials

2-(3-Bromophenylamino)-6-(4-chlorophenyl)-5-
methoxycarbonyl)-4-methyl-3,6-dihydropyrimidin-1-ium
hloride (DHPM1) and 2-(4-bromophenylamino)-6-
4-chlorophenyl)-5-(methoxycarbonyl)-4-methyl-3,6-
ihydropyrimidin-1-ium chloride (DHPM6) were synthesized
ccording to Venugopala et al., 2013 [13]. DPH and
MA-DPH (N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-
l)phenylammoniump-toluenesulfonate) were obtained from
igma-Aldrich Chem (St. Louis, MO;  USA) and l-2-dipalmitoyl-
n-glycero-3-phospocholine (DPPC) lipid were purchased from
vanti Polar Lipids (Alabaster, AL, USA). All other reagents were
f the highest analytical grade. Solutions were prepared with
ouble-deionized water.

.2. Langmuir monolayers

.2.1. Surface pressure (�) – molecular area (A) isotherms
Compression isotherms (�/A isotherms) were performed by the

ompression of monolayers containing DPPC using a Minitrough II
KSV, Finland). Phospholipidic monolayers on the air–water inter-
ace were prepared by spreading pure DPPC dissolved in chloroform
n the aqueous surface of a TeflonTM trough filled with bidistilled-
eionised water containing each DHPM at a final concentration of
00 �M as subphase. After 5 min  for solvent evaporation, the film
as compressed isometrically at a constant rate of 5 ± 1 mm/min

ntil reaching the target pressure. Lateral surface pressure (�) was
easured with a platinum plate by the Wilhelmy plate method

33] at different molecular areas (A) of the phospholipid. Isotherms
ere averaged at least from duplicates. All assays were performed

t 25 ± 1 ◦C.
.2.2. Compressibility analysis
The onset of phase transition points was identified from a mini-

um  and �c from a maximum in the variation of the compressibility
ces B: Biointerfaces 150 (2017) 106–113 107

modulus (K) vs. molecular area plot. For this, K values were calcu-
lated from �-A isotherms data applying Eq. (1):

K = − (A�)

(
ı�
ıA

)
� (1)

where A� is the molecular area at the indicated surface pressure.
Control isotherms obtained in the presence of DMSO 0.25% (v/v)
(used as DHPMs dissolvent) were not different from those at 0%
DMSO (data not shown).

2.2.3. Penetration isotherms: partition into lipid interface
To study the penetration of the DHPMs into DPPC lipid monolay-

ers, � vs.  time plots in a Langmuir trough at constant total surface
area were performed, using double deionized water as subphase.

Penetration experiments were carried out in circular home-
made Teflon through by injections of DHPMs, from stock solutions
in DMSO, into the subphase (100 �M final concentrations) under
continuous stirring (150–250 rpm) at different initial � (�i), in
order to measure the increment in � induced by the penetration
into a preformed DPPC monolayer as a function of time. The injec-
tion of each DHPM in the sub-phase was  done after the stabilization
of the �i of the film (between 5 and 10 min) at 25 ± 1 ◦C. Initially, �
vs. time plots were measured until an equilibrium surface pressure
was reached (changes in pressure less than 1 mN  m−1 per hour).
Finally, plots of �� vs. �i were graphed in order to determine the
“cut off” point for both DHPMs.

2.3. Fluorescence anisotropy

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

elsewhere [34]. Briefly, the appropriate amount of DPPC dissolved
in chloroform was  placed in a glass tube and evaporated under a
stream of nitrogen 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
0.03 mg/mL  [35] by repeating seven consecutive cycles of heating at
65 ◦C for 1 min  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 filters using a miniextruder Liposofast
(Avestin, Canada).

2.3.2. Steady-State fluorescence
The fluorescent probes DPH (4 �M)  and TMA-DPH (6 �M)  were

added to the DPPC-LUV suspension (prepared as described above)
and incubated for 1 h at room temperature [36]. The effect of
DHPMs (100 �M)  on DPH and TMA-DPH steady-state fluorescence
anisotropy was  studied. Anisotropy values were calculated from the
emission fluorescence intensities at �em = 430 nm (�ex = 356 nm)
measured with the excitation and the sample polarizer filters ori-
ented parallel and perpendicularly one with respect to the other,
in a L-format FluoroMax-3 spectrofluorometer (JovinYvon, Horiba,
Japan). Slits width and integration time were set at 2 nm and 1 s,
respectively. Control samples containing DMSO used as vehicle
were tested to rule out the effect of this solvent.

Steady-state fluorescence anisotropy (FA) was  calculated using
Eq. (2):

FA = IVV − IVH.G

IVV + 2IVH.G
, G = IHV

IHH
(2)
where IVV, IHH, IVH, and IHV are the values of the different mea-
surements of fluorescence intensity taken with both polarizers in
vertical (VV) and horizontal (HH) orientations or with the excita-
tion polarizer vertical and the emission polarizer horizontal (VH) or
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Fig. 1. Chemical structure and 

ice versa (HV). G is a correction factor for differences in sensitiv-
ty of the detection system for vertically and horizontally polarized
ight [34].

.4. Computational details

All simulations were carried out using the 4.6.3 Gromacs pack-
ge with GPU acceleration [37]. The All Atom (AA) Slipids was  used
or lipids [38] and the TIP3P model [39] for water molecules. The
tarting geometries were obtained from Slipids on line resource
http://mmkluster.fos.su.se/slipids/).

The construction of DHPM units to be used in MD  simulations
as obtained with the antechamber module, using the GAFF force
eld, [40] as described before [41]. The Ante Chamber PYthon Parser

nterfacE (ACPYPE) [42] was employed to change the format of the
arameter files in order to use them with Gromacs code. Gaussian
3 package [43] was used for DHPMs quantum chemical calcula-
ion.

The Potential of Mean Force (PMF) simulations were carried
ut in a fully hydrated lipid DPPC bilayer containing 64 molecules,
quilibrated at 50 ◦C. Free energy profile calculations were derived
rom the PMF  �G(z) calculation as a function of the distance of the
HPMs to the bilayer center along the z-axis normal to the plane
f the bilayer. A series of 20 separate simulations, of 10 ns each,
ere performed, in which each molecule was restrained to a given

epth in the bilayer by a harmonic restraint on the z-coordinate.
 force constant of 1000 kJ mol−1 nm−2 was used with a spacing of
.2 nm between the centers of the biasing potentials. Two  DHPM
olecules were used, one per leaflet allowing error estimation.

inally, the Weighted Histogram Analysis Method (WHAM) was
sed to extract the PMF  and calculate ��G [44]. The error bars for
hese calculations were obtained using the bootstrap method [45].
or long-range, neighbour cut-off value was set at 1.6 nm.

Fully hydrated lipid bilayers equilibrated at 50 ◦C and containing
28 DPPC molecules were employed for equilibrium MD simu-

ations. For free diffusion MD,  the simulation protocols were the
ame detailed before [38,41]. Five DHPMs molecules were located
t random starting positions within 5 to 25 Å over the membrane
lane. We  used the MD  parameters available in the Stockholm lipids
ome page (http://mmkluster.fos.su.se/slipids/). All bonds were
onstraint using Lincs algorithm. Constraining the bond lengths
llowed a time step of 2 fs to be used. The Lennard-Jones inter-
ctions were truncated at 1.0 nm.  The particle mesh Ewald method
46] was used to evaluate the electrostatic interactions, with a cut-

ff of 1.0 nm.  The simulations were performed at an NPT ensemble.
200 ns of MD  simulations at 50 ◦C within the NPT ensemble were

ollected for all the systems, and the final 100 ns of these simula-
ions were employed for analysis.
 names of the test compounds.

3. Results and discussion

The interaction between surface active compounds and phos-
pholipids has been extensively studied in several model membrane
systems [47,48]. In the present study, we  evaluate the membrane
interaction of two larvicidal DHPMs (called DHPM1 and DHPM6
according to Venugopala et al., 2014 [13]) by analyzing their effects
on the molecular properties of phospholipidic monomolecular
films and liposomes, and by MD simulations of their partition into
the bilayer.

3.1. Compression isotherms and effects of rheological properties

The Langmuir films assays were performed by using DPPC lipid
monolayers which are ideal for understanding lipid-compounds
interactions. Phospholipid monolayers constitute simple models to
study intermolecular interactions [49–51] since the interface can
be easily modulated by changing interfacial composition or lateral
packing [52,53].

In presence of DHPMs in the subphase, the isotherms presented
an expansion of liquid expanded phases (LE) (Fig. 2A), suggest-
ing that they would act as spacers between DPPC molecules. The
value of the minimal molecular area (MMA)  (corresponding to the
collapse pressure) found in the present work for pure DPPC mono-
layers is in agreement with other reports (∼40 Å/molecule) [54].
Since both DHPMs increased the MMA  of DPPC, and considering
that the MMA  corresponds to the area required for the phospho-
rylcholine group, its expansion in the presence of DHPMs suggest
that the insertion of the compounds between the host phospholipid
molecules would occur near the polar head group level. It is worth
mentioning that the position of the Br atom on the aminophenyl
ring is the only structural difference among both DHPM molecules.
Given that DHPM6 caused the highest effect on MMA  expansion,
it is expected that the bromine atom at position 4 of the pheny-
lamine ring induces a more defined dipole moment, considering
the relatively closer position of Br respect to the Cl atoms. In this
sense, the value of dipole moment calculated for DHPM6 (∼0.2 mD),
effectively duplicates the value obtained for DHPM1. Taking into
account that this parameter affects the hydrophobic-hydrophilic
balance of the molecule, it is expected that differences observed
on monolayer expansion are due to the differences in the contri-
bution of both DHPM on dipole moment of the polar region of lipid
molecules [55]. Other consequences of this structural difference
among both DHPM will be discussed again in accordance with the

computational analysis (see below).

Monolayers may  exist in different phase states depending on
the temperature or surface pressure. Different phase states involve
different degrees of freedom or molecular order due to the inter-

http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
http://mmkluster.fos.su.se/slipids/
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Fig. 2. Effect of molecular compression on the interfacial properties of DPPC
Langmuir films. (A) Compression isotherms.(B) K (compressibility modulus) values,
calculated from �-A curves according to Eq. (1), vs. mean molecular area. Curves
were obtained in the absence (control solid line) or in the presence of DHPMs
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Fig. 3. Penetration of DHPMs in DPPC monomolecular films (�� vs. initial �). The

cence anisotropy on control samples containing DPPC (without any
100 �M):  DHPM1 (long dash) and DHPM6 (dotted line). Assays were performed
t  25 ± 1 ◦C.

olecular forces present in and between the film and the subphase
56]. The compressibility modulus (K), calculated from the �-A
ompression isotherms, reflects variations in the physical state of
he films and it is frequently determined to study the monolayer
hase behavior. The maximum compressibility modulus value
btained in the present work for DHPM1 (153.86 mN m−1) was
lightly smaller than the displayed in the presence of DHPM6
189.11 mN  m−1), being both values quite lower than that observed
or pure DPPC (322.45 mN m−1) (Fig. 2B). In liquid condensed
hases (LC), where the molecules are arranged with the greatest
ossible packing, a high modulus means that the film responds to
ompression with a large increase in pressure. Conversely, in LE
hases, where molecules that form the film have lower molecular

nteraction, lower K values are interpreted as moderated progres-
ive packing as the molecular area decreases. The presence of the
HPMs in the subphase changed the shape of the �-A isotherm and
ecreased the K values, indicating a higher film elasticity. More-
ver, both DHPMs allowed the occurrence of the compressibility
odulus main peak at larger molecular areas respect to pure DPPC,

ndicating their ability to induce a relatively larger increment in
he molecular packing of the film. In this context, DHPM6 showed

 major effect respect to DHPM1, in agreement with the greater
xpansion shown before.

The �-Area isotherm of DPPC monolayer in absence of DHPMs

howed the characteristic transition phase from LE to LC state
Fig. 2A, solid line). The presence of both DHPMs apparently caused
he loss of a clear phase transition in the isotherms. However, the
DHPMs were assayed at a final concentration of 100 �M in the subphase at different
initial surface pressures between 6 and 40 mN m−1 for DHPM1 (long dash-filled
circles) and DHPM6 (dotted line-filled triangles).

analysis of the compressibility modulus plots indicates that the
transition occurs at higher molecular areas according to a small
peak present with both DHPM assayed (Fig. 2B).

3.2. Penetration profile of DHPMs in monomolecular films

To characterize the ability of the DHPMs to penetrate and insert
into phospholipid monolayers, DHPMs were added to the subphase
of a preformed monomolecular film of DPPC at different initial �
values (�i). An increase in �i was observed in the plots of � vs. time
(data not shown), suggesting a clear interaction of the lipophilic
compounds with the membrane of DPPC.

The “cut off” parameter represents the maximum pressure at
which a lipophilic compound is capable of inserting into the mono-
layer and is related to more or less favorable interaction of the drug
with the membrane. As observed in ��  vs. �i plots in Fig. 3, the
incorporation of DHPMs into the monolayer was  favored by less-
packed film structures. Both compounds showed cut off values close
to 37 mN.m−1. Thus, partition of DHPM into bilayers is expected,
considering that the average lateral pressure in natural membranes
is around 35 mN m−1 [30].

3.3. Anisotropy analysis

Anisotropy values for DPH and TMA–DPH in DPPC LUVs were
evaluated as a function of temperature (36–46 ◦C) in the presence
of DHPM1 or DHPM6 (100 �M)  (Fig. 4). Fluorescence anisotropy
gives information about the organization of the membrane envi-
ronment around the fluorescent probe. DPH is known to be located
within the hydrocarbon chain region of the membrane core, while
TMA–DPH, due to its polar ionic portion, is located near the inter-
facial region in the polar head group region [57]. 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 hydrophobic tails, which deter-
mine 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
[58,59].

The temperature dependences of DPH and TMA–DPH fluores-
compound) showed an abrupt change at approximately 41.5 ◦C in
agreement with the phase transition of DPPC [58] (Fig. 4A and B
solid line). Both compounds decreased the membrane fluidity at
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Fig. 4. Effects of DHPMs on temperature dependence of DPH and TMA–DPH fluo-
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Fig. 5. Free energy (�G) of partitioning into a DPPC bilayer. The partial densities
of  the different chemical groups of the system are shown. (A) System (solid line),
Water (dash-dotted line) and DPPC (dotted line). (B) Choline (dash-dotted line);
phosphate (dashed line); carbonyls (dotted line); hydrocarbon chain (solid line).

into the specific interactions of each compound with the bilayer.
escence anisotropy in DPPC LUVs. Control (solid line-empty circles), DHPM1 (long
ash-filled circles) and DHPM6 (dotted line-filled triangles).

ifferent depths and at different membrane phase states (Fig. 4A
nd B dash and dotted lines), being this effect more noticeable
ith TMA-DPH probe (Fig. 4B). This effect indicates that the pres-

nce of DHPMs between lipid molecules induces an enhancement
f the intermolecular interaction, increasing the molecular order
hroughout the bilayer thickness, but mainly at the polar inter-
ace region, confirming their partition into the bilayer, but away
rom the hydrocarbon chains region. The decreased fluidity induced
y both DHPMs on DPPC bilayers is in correspondence with the
bserved for monolayers, where at a determined molecular area,
hey induced a more packed film.

.4. Molecular dynamics simulation of DHPMs

We  present MD  simulation studies of the interaction of DHPMs
ith a model bilayer of DPPC. Free energy calculations were used to

escribe the partition process of DHPMs into the bilayer. PMF  cal-
ulations were performed to determine the probable distribution
f these two compounds at different places of the lipidic system.

Spatially resolved free energy profiles of DHPMs partition into a
PPC bilayer in the liquid-crystalline phase were obtained through
MF calculations using an umbrella sampling technique as a func-
ion of the distance to the center of the bilayer along its normal axis

 [�G(z)]. All MD  simulations were performed for DPPC at 50 ◦C

Fig. 5). PMF curves were aligned so that the relative free energy in
ulk water corresponds to zero in each case. The molecular ratio
HPM:DPPC is 1:32.
Free energy (�G) PMF  of partition for (C) DHPM1 and (D) DHPM6 in a DPPC bilayer
at  liquid-crystalline phase (50 ◦C). Error bars were obtained by bootstrap analysis
using g wham.

The shape of the free energy profiles was similar for both com-
pounds. The global energy minimum is approx. −7 kJ mol−1 within
the carbonyl region of DPPC (1.5 nm)  (Fig. 5), while the maximum
is in the center of the bilayer (0 nm). The �G value for transferring
a DHPM molecule from water to the bilayer center was 60 kJ mol−1,
approximately. According to the results obtained with PMF  calcu-
lations, the most favored location of DHPMs is within the carbonyl
region of DPPC, which correspond to the interphase between the
hydrophobic and the polar zone of the bilayer, being less favored
their placement between the hydrocarbon chains. These results
also indicate that both compounds are able to partition into a DPPC
bilayer, penetrating to the polar head region. Due to the presence
of a large energy barrier in the middle of the bilayer, DHPMs cross-
ing the barrier is expected to be a rare event. PMF  results are in
agreement with those observed in the anisotropy and lipid mono-
layer assays, indicating that DHPMs interact with the membrane
preferentially at the polar region.

We  performed free diffusion MD simulations to gain insight
Fully hydrated lipid bilayers equilibrated at 50 ◦C, containing 128
DPPC molecules and five DHPMs molecules were run for 200 ns.
To corroborate the proper equilibration of the simulations, the



M.E. Sánchez-Borzone et al. / Colloids and Surfaces B: Biointerfaces 150 (2017) 106–113 111

F 6 and
a ck line
i  to th

a
n
a
m
S
t
m
c
(

c
[
i
c
p
c
o

e
a
a
p
a
D
i
a
o
b
l
h
o
D
w
f

ig. 6. Minimum distance among atoms or groups from (A) DHPM1 or(B) DHPM
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nterpretation of the references to colour in this figure legend, the reader is referred

rea per lipid (APL) and membrane thickness were evaluated (data
ot shown). The density profile during the last 100 ns simulation
long the normal to the membrane plane (z-axis) of different DPPC
embrane components and DHPMs molecules, was  calculated (Fig.

1). The peak of DHPMs density in the membrane was  found in
he region of the carbonyl groups of DPPCs indicating that DHPM

olecules are preferentially located in this region. This profile is
onsistent with the free energy profile obtained from the PMF
Fig. 5).

The degree of ordering of the acyl chains of the phospholipids
an be determined from the deuterium order parameter (DOP), SCD
60]. This parameter was employed to evaluate the effect of the
nteraction of DHPMs with the membrane in the order of the acyl
hains (Fig. S2). Although the increase in SCD values was mild, the
resence of DHPMs molecules induced a more order state in hydro-
arbonate chains. No differential effect among the two  DHPMs was
bserved.

We analyzed the chemical groups that interact when DHPM
nters the bilayer following the variation of the minimum distance
mong these groups (Fig. 6). This analysis showed that both DHPM
mine groups interact with DPPC carbonyl and in less extend with
hosphate groups. The main difference observed between DHPM1
nd DHPM6 is the distance among their Br and Cl atoms with the
PPC headgroup (choline and phosphate). The Br atom of DHPM1

s located in close contact with the polar head while the Cl is placed
t larger distance that is nearer to the hydrophobic region. In the
ther hand, the distance values to the phospholipid polar head for
oth atoms (Cl and Br) of DHPM6 were more fluctuant, indicating a

ess restrained movement of this compound. We  also analyzed the
ydrogen bonds between DHPMs molecules with DPPC. An average
f two hydrogen bonds per DHPM molecule was  presented for both

HPMs (Fig. S3). DHPM amine moieties formed hydrogen bonds
ith oxygens from the carbonyl group of DPPC, and with oxygens

rom the phosphate group (data not shown).
 different groups of DPPC molecules. The lines represent the minimum distance
), phosphate (red line) and carbonyl (green line) groups from DPPC molecule. (For
e web version of this article.).

Theoretical models and experimental results confirm that both
DHPM molecules are interacting mainly with the phospholipid
carbonyl region through their central part (amine moieties). The
differential behavior of their opposite ends, Cl and Br atoms,
explains the relatively larger effects experimentally demonstrated
for DHPM6 on the bilayer order and monolayer expansion. A more
fluctuant placement of these atoms between both phospholipid
regions (see above) would induce not only a major structural
restraining (higher order) but also an increment in the apparent
volume of polar region (higher expansion). Furthermore, the ability
to establish hydrogen bonds is in agreement with the stabilization
of DHPMs in the carbonyl region of bilayer. This location in the
named “interfacial” zone of the phospholipid molecule, restraining
its resonance forms, would justify the ordering effect of both com-
pounds not only in the polar headgroup region of the bilayer but
also in the fatty acyl chains [61].

4. Conclusions

We showed that the DHPMs studied are lipophilic compounds
that modify the lipid monolayers by their incorporation into the
film up to molecular pressures comparable to those expected for
natural membranes, increasing its molecular packing.

The effect of both DHPMs on the molecular organization of
liposomes indicates that their presence between lipid molecules
induces an increasing intermolecular interaction, diminishing the
bilayer fluidity mainly at the polar region.

MD  simulations showed an energetically favorable partition of
DHPM molecules to the membrane, principally at the carbonyl
region of the bilayer, in accordance with the experimental results
presented in this work, probably due to hydrogen bonds between

the phospholipid carbonyl region and the DHPM amine moieties.

Thus, we  conclude that DHPMs are clearly able to interact with
membranes, and provide insight into the mechanism of molecular
interactions between DHPMs and membrane phospholipids.
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Taking into account their capability to change the physical prop-
rties of the lipid bilayer, it is possible to consider that the DHPM
nteraction with the lipid molecules, modulating the supramolec-
lar organization of biological membranes and consequently the
embrane proteins functionality, contributes at least in part as an

ction mechanism which explains the DHPMs bioactivity.
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