Biochimica et Biophysica Acta 1838 (2014) 890-901

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamem

Interaction of a calix[4]arene derivative with a DOPC bilayer:
Biomolecular simulations towards chloride transport

@ CrossMark

Paulo J. Costa !, Igor Marques, Vitor Félix *

Departamento de Quimica, CICECO and Secgdo Auténoma de Ciéncias da Satide, Universidade de Aveiro, Aveiro 3810-193, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 1 March 2013

Received in revised form 25 November 2013
Accepted 26 November 2013

Available online 6 December 2013

The ability of a calix[4]arene derivative (CX-1), bearing four protonated — NH3 groups located in the upper rim
and aliphatic tails in the lower rim, to interact with a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) model
bilayer and promote transmembrane chloride transport was investigated by molecular dynamics (MD) simula-
tions. Unconstrained MD simulations show that the interaction of CX-1 with DOPC occurs via the — NH3 groups,
which are able to establish electrostatic interactions and multiple hydrogen bonds with the DOPC phosphate
groups, while the aliphatic tails point towards the water phase (when CX-1 starts from the water phase) or to
the membrane (when CX-1 is initially positioned within the bilayer). The interaction does not induce any rele-
vant perturbation on the biophysical properties of the bilayer system (area per lipid, thickness, and hydration)
apart from a systematic increase in the order parameter of the C2 carbon atom of the sn-1 lipid tail, meaning
that the bilayer conserves its integrity. Since total internalization of CX-1 was not observed in the
DOPC unconstrained MD time-scale, constant velocity steered molecular dynamics (SMD) simulations were performed
in order to simulate the CX-1 permeation across the bilayer. At pulling velocities lower than 0.0075 nm ps~',
chloride transport was observed. The Potential of Mean Force (PMF), calculated with the weighted histogram
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analysis method, indicates a barrier of ca. 58 k] mol ™" for this mobile carrier to cross the membrane.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Several chemical entities, e.g. cholesterol [1], anesthetics [2] or ions
[3], interact with the phospholipids of cell membranes, playing impor-
tant roles in the metabolism. Concerning the latter species, regulation
of cellular ion concentration is critical for human health and, for
instance, misregulation of chloride cellular transport has been associat-
ed with several diseases such as myotonia, nephrolithiasis (kidney
stones), Bartter's syndrome and cystic fibrosis [4]. Therefore, the
development of synthetic molecules that act as small mobile carriers
or static channels assisting transmembrane anion transport (in particu-
lar chloride) is of extreme importance due to their potential use in
the treatment of these channelopathies, as illustrated by several
comprehensive reviews on the subject [5,6].

Calixarene scaffolds (see CXin Scheme 1) are particularly interesting
platforms, given their recognized ability to promote transmembrane ion
transport as ion channels or mobile carriers [7]. Noticeably, a few
decades ago, p-sulfonato-calix[n]arenes were reported to induce block-
age of the colonic chloride channel, which increases with the size of the
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calixarene scaffold, as n assumes the values of 4, 6 or 8 [8]. This finding
was subsequently used for the development of chloride channel modula-
tors such as blockers of the outwardly rectifying chloride channel (ORCC)
[9], showing that these p-sulfonato derivatives can act as channel-
blocking drugs relevant for cystic fibrosis [10] and neurophysiology
[11] research. Their biological application was also subjected to a review
[12]. On the other hand, calix[4]arene compounds are known to form ar-
tificial anion channels. For instance, a derivative containing four cationic
spermidine units on the upper rim and four non-polar benzyloxymethyl
group appendages [13], as well as a calix|4]arene tetrabutylamide deriv-
ative [14], shows H*/Cl~ symport activity. In both cases, the calix[4]
arene skeleton adopts a 1,3-alternate conformation and the anion trans-
port occurs through static ion channels formed by the calix[4]arene mol-
ecule spanning the entire membrane (first case) or by the assembly of
two calix[4]arene units through two water bridges (second case). In con-
trast, the same calix[4]arene tetrabutylamide derivative, when
exhibiting a cone conformation, is also able to transport chloride anions
across phospholipid membranes, but as a mobile carrier [15].

The amphiphilic properties of calix[4]arenes make them relevant in
biomedical applications as illustrated by the use of a fluorescent calix[4]
arene derivative (CX-F in Scheme 1) for cell imaging. In fact, both CX-F
and a control molecule CX-1 (an anilinium calix[4]arene bearing four
propoxy tails on the narrower rim, also sketched in Scheme 1), undergo
cellular uptake, the specific mechanism being unclear, although
caveolae-linked endocytosis or lipid-raft processes were experimentally
excluded [16].
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Scheme 1. Structures of the general calixarene scaffold CX and calix[4]arene derivatives CX-F and CX-1.

This amphiphilic calixarene design with polar headgroups at the
upper rim and nonpolar tails in the lower rim, besides allowing self-
assembling in monolayers [17], was also shown to enable insertion in
lipid monolayers for biochemical applications as reported by Schrader
and co-workers [18]. In particular, for the anionic tetraphosphonate
calix[4]arene with four tetrabutoxy tails on the lower rim, the experi-
ments clearly show an obvious and preferential parallel orientation of
the calixarene amphiphilic molecule inside the monolayer. More impor-
tantly, the four negative tetraphosphonate groups are able to recognize
proteins via a multiple cooperative recognition phenomenon [19]. This
idea was extended to cationic benzylammonium or anilinium calix[4]
arenes with four tetrabutoxy tails, which were embedded into a stearic
acid monolayer [20]. The latter compound is very similar to CX-1,
having one less carbon atom on each tail. The ammonium groups form
salt bridges and ion-pairs reinforced by hydrogen bonds with aspartates
and glutamates in protein recognition. This concept enables inclusively
the “naked eye” color detection of proteins [21].

Similarly to what happens in protein recognition, in CX-1 the four
protonated —NH3™ groups located in the upper rim can potentially act
as anion binders through the formation of ion-pairs with phosphate
headgroups complemented by P = O--N-H hydrogen bonding interac-
tions, while the aliphatic tails in the lower rim provide the lipophilic
part enabling the membrane internalization. Therefore, CX-1 can be
seen as a prototype of an anion transporter by the mobile carrier mech-
anism, much like the calix[4]arene reported in reference [15]. Unfortu-
nately, to the best of our knowledge, the anion transport ability of
both CX-F and CX-1 was not yet experimentally measured.

Consequently, and given our interest in both calixarene chemistry
[22] and transmembrane anion transport [23,24], in this paper we
sought to explore the possible role of CX-1 in chloride transmembrane
transport using Molecular Dynamics (MD) simulations. This type of
simulations has become an increasingly powerful tool for the investiga-
tion of the interaction of several molecules with phospholipid bilayers,
ranging from anesthetics and nonimmobilizers [25,26], B-blockers
[27], amino acids such as arginine [28] or peptides [29,30], to polycyclic
aromatic hydrocarbons like pyrene [31]. But regarding the anion trans-
port mediated by synthetic anion transporters, MD simulations are
scarce with only a few studies, mainly reported by our group [23,24].
These simulation studies might be hindered by the fact that those
transporters possess a wide variety of chemical groups, thus making
the development of specific force field (FF) parameterization for the
transporter consistent with the force field used for phospholipid bilayer
an eventual issue. Therefore, besides exploring the role of CX-1 in
chloride transmembrane transport, this paper also aims to confirm
the applicability of the General Amber Force Field (GAFF) [32] in
biomoloecular simulations of phospholipid membranes interacting
with a given organic molecule.

2. Simulation details
2.1. Theoretical background

For the biomolecular simulation of phospholipid bilayers there are
several FFs currently available, such as the recently updated all-atom
Chemistry at HARvard Molecular Mechanics (CHARMM) parameter
set, named CHARMM36 [33] or the GROningen MOlecular Simulation
(GROMOS) united-atom G53A6 version [34,35], labeled G53A6;.
Among the FFs of the AMBER family, the General Amber Force Field
(GAFF) [32] has the advantage of being virtually applicable to any
organic molecule, however it was not used in phospholipid simula-
tions until 2007, when Martinek and co-workers [36] reported a
study on a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
bilayer system composed of 128 lipids and 2985 TIP3P [37] water mole-
cules, showing that the experimental properties were properly
reproduced when an NPyT ensemble is used (y = 60 mN m~"' per
bilayer, 30 dyn cm™' per surface). After this seminal paper, other groups
have extended the GAFF application, namely, Gould and co-workers [38]
which performed a systematic test on fully hydrated 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) bilayers composed of 72 lipids and 2449 or
2935 TIP3P water molecules, respectively. It was shown that GAFF repro-
duces several representative liquid phase properties of the structure and
dynamics of DMPC and DOPC in an NPT ensemble, however, the calculat-
ed areas per lipid were systematically underestimated when compared
with the experimental values. Almost simultaneously, Béckmann and
co-workers [39] used GAFF together with the Berendsen weak-
coupling algorithm in simulations of a DOPC bilayer composed of 72
lipids and 2727 TIP3P or SCP/E [40] water molecules. GAFF was
the only FF, among those studied, that displayed the experimentally
observed difference in the order of the C2 atom between the two acyl
chains. Moreover, in an NPyT ensemble (y = 22 dyn cm™ ! per surface),
the calculated DOPC area per lipid perfectly matches the experimental
value of 0.72 nm?, especially when the SPC/E water model is used. Notice
that the weak-coupling algorithm used in this study does not yield a cor-
rect NPT statistical ensemble; nevertheless, we decided to keep the
NPT nomenclature, which is commonly adopted when the membrane
simulations are performed with this algorithm as illustrated by the refer-
ence [39]. In this work, the authors also highlighted the fact that those
developments allow the systematic study of the partition of arbitrary sol-
utes between the solvent and the bilayer. Indeed, the parameterization
of arbitrary organic molecules such as the ones present in drug libraries
or the above mentioned synthetic anion transporters, is feasible but not
straightforward in the framework of G53A6;, although tools like the
Automated Topology Builder (ATB) [41] are available. For CHARMM,
there is a newly developed CHARMM General Force Field (CGenFF)
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[42] with an online server [43], which puts a stronger emphasis on
quantum mechanical (QM) calculations in the parameterization philoso-
phy including the atomic charge calculation in the presence of a given
number of water molecules. This surely increases accuracy but could
also increase the time spent parameterizing an arbitrary organic
molecule. In contrast, the GAFF, in conjunction with the freely available
Antechamber module of AmberTools [44], allows the user to generate
an Amber compatible topology very easily and quickly which could be
important for drug screening methods. In light of these developments,
in this study, GAFF parameters were used for both lipids and CX-1 as
explained below.

2.2. Bilayer setup and parameters

From the reported phospholipid bilayer MD simulations with GAFF,
we have chosen the DOPC + SPC/E combination which gave very good
results for several biophysical lipid parameters [39].

The initial system was composed of an all-atom DOPC membrane
with 72 lipids and 2727 SPC/E water molecules, taken from Ref. [39].
In order to include CX-1 in the water phase, this previously equilibrated
membrane model was expanded along the z axis direction (bilayer
normal) by the addition of an equal number of water molecules to
both water slabs with Packmol [45], leading to an overhydrated mem-
brane system with a total of 6117 water molecules. Henceforth, this
membrane model is denoted as system A. The DOPC parameters
(GAFF) and atomic charges, in the form of GROMACS topologies were
also taken from Ref. [39].

2.3. CX-1 parameters

The CX-1 is conformationally locked in a cone conformation and
therefore, a cone CX-1 molecular model was built and geometry
optimized at the B3LYP/6-31G* level of theory using Gaussian09 [46].
RESP atomic charges were then fitted to the electrostatic potential
obtained at the HF/6-31G* using 4 concentric layer of points per atom
and 6 points per unit area (Gaussian IOP 6/33 = 2,6/41 = 4,6/42 =
6) in agreement with the methodology proposed in the force field refer-
ence [32] by post-processing the GO9 output with the Antechamber
module of AmberTools [44]. The resulting charges are presented in
Fig. S1 in Supplementary Data together with the GAFF atom types,
which were automatically assigned with AmberTools. Subsequently,
eventual atom type inconsistencies were manually checked. The resulting
AMBER topology files were converted into GROMACS topologies using
the acpype.py tool [47].

2.4. Simulation conditions and data analysis

All MD simulations were performed with GROMACS 4.5.3 package
[48] adapting the protocol presented in Ref. [39] as follows. All systems
were simulated in rectangular boxes under periodic boundary condi-
tions at 310 K using the Berendsen thermostat [49] by separately cou-
pling the lipids and the water molecules to a bath with time constant
of 0.1 ps~'. The long-range electrostatic interactions were treated
with the Particle Mesh Ewald (PME) algorithm [50] with a 1.0 nm cut-
off. The cut-off for the Lennard-Jones interactions was also set at
1.0 nm, while the non-bonded pair list was updated every 10 steps.
The pressure was maintained constant at 1 atm, controlled by the
Berendsen barostat with a coupling constant of 1.0 ps. Independent
coupling in the x, y and z directions was used and a surface tension vy
of 22 dyn cm™ " per surface was applied. The volume compressibility
was set to 4.5 x 1075 bar~ . All covalent bonds to hydrogen atoms
were constrained using the LINCS [51] algorithm for DOPC and CX-1
and the SETTLE [52] algorithm for water molecules, allowing the use
of a 2 fs time-step.

The system A was energy minimized in a two-step procedure
using the steepest descent method until machine precision was

reached. In the first step the lipid molecules were restrained
(1000 k] mol~! nm™2) in order to accommodate the added water
molecules. The second step consisted in the minimization of all the
system to remove eventual bad contacts. The system was then sim-
ulated for 100 ns in an NPyT ensemble with initial velocities gener-
ated according to a Maxwell distribution at 310 K. Only one replicate
was performed since the results obtained were virtually identical to
the previously ones reported in Ref. [39], apart of small differences
arising from the system size, derived from the different number
of water molecules (see below). This simulation was further used
as reference to evaluate the impact of CX-1 on the structural and
dynamic properties of the DOPC membrane model.

The system A was used as template for the subsequent MD simula-
tions as follows. CX-1 was randomly placed in the water slab at a dis-
tance larger than 1.0 nm from the closest water/lipid interface leading
to system B. This intends to reduce any bias that any chosen CX-1 initial
orientation might induce on the CX-1/lipid interactions. Therefore, in
the beginning of the simulation, the phospholipids are not able to
“see” CX-1, which diffuses in the water phase free of any direct intermo-
lecular interactions with the phospholipid heads. The system B was also
minimized in two stages as A, except that in the first 5 ns of the MD sim-
ulation, a weak positional restraint (1000 k] mol~! nm~2) was applied
to CX-1. Afterwards, the restraint was released and the simulation con-
tinued for 100 ns. In order to increase the sampling, two additional rep-
licates of 100 ns were performed for system B using different random
seeds for the initial velocities, thus leading to a total simulation time
of 300 ns.

An additional system C was built by the carefully insertion of CX-1 in
the middle of the membrane, gently moving some of the lipid tails in
order to accommodate the calix[4]arene. The system was also further
energy minimized in two steps. In the first step, the lipids were allowed
to relax while the structure CX-1 was restrained through a positional re-
straint of 1000 k] mol~' nm™2. This procedure enables the lipid tails to
accommodate CX-1 with a substantial reduction of the bad contacts. The
second stage consisted on the minimization of the entire system. Then, a
short 5 ns simulation was performed keeping CX-1 positioned in
the middle of the phospholipid bilayer with a positional restraint
of 1000 k] mol™! nm™~2. This simulation allowed the lipids to
definitively adapt to the CX-1 presence before the data collection.
Finally a 100 ns simulation without any restraints was performed.
As in system B, two additional replicates of 100 ns were also
performed.

The electro-neutrality of systems B and C was achieved by the
addition of four chloride anions (charge — 1) with van der Waals
parameters taken from Ref. [3]. These anions were randomly posi-
tioned in the water phase. Overall, excluding the short 5 ns relaxa-
tion, a total of 700 ns of MD simulation time was performed for
the systems A, B and C as summarized in Table S1. Unless explicitly
stated, the first 20 ns of each unconstrained MD run were consid-
ered equilibration time and were discarded from the subsequent
phase production. The results were analyzed using the GROMACS
4.5.3 built-in tools or with in-house custom scripts, unless otherwise
stated.

2.5. Pulling simulations

The events that occur during the CX-1 permeation across the mem-
brane were mimicked by the use of constant velocity steered molecular
dynamics (SMD) simulations. An equilibrated snapshot of each replicate
of B was taken and the center of mass (COM) of CX-1 was pulled in the z
direction (normal to the bilayer plane), forcing the calix[4]arene to
move from the water phase and permeate the DOPC bilayer towards
the middle of the membrane. A harmonic potential with a force constant
of 1000 k] mol~! nm~2 was used along with constant velocities of
0.01, 0.0075, 0.005, and 0.001 nm ps~ .
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2.6. Umbrella sampling

The Umbrella Sampling procedure [53] combined with the weighted
histogram analysis method (WHAM) [54] was used to compute the
Potential of Mean force (PMF) profile for the CX-1 translocation across
the DOPC bilayer. Initially, an equilibrated snapshot from system B
was taken and used to pull CX-1 from water to the center of the mem-
brane core, building the individual simulation windows. However, this
approach led to irreversible pulling of some phospholipid heads which
interfere with the PMF profile (see Supporting Information). In order
to avoid this, the reverse process was undertaken using an equilibrated
snapshot from system C and pulling the receptor from the membrane
center to the water phase in order to build the simulation windows.
A similar strategy was employed to study the PMF profile of the
transportan peptide across a DPPC bilayer [55].

A harmonic restraint with force constant of 3200 kJ mol™' nm™
was applied to the distance, in the z direction, between the COM of
CX-1 and the COM of the DOPC bilayer. 30 windows equally separated
by 0.15 nm were generated and each window was independently
simulated during 10 ns. The first 2 ns were discarded as equilibration
period. After the simulations were completed, the unbiased Potential
of Mean Force (PMF) was obtained using the WHAM method imple-
mented in g_wham. In this analysis tool, the statistical errors are
calculated by the bootstrap analysis technique [56]. Succinctly,
bootstrapping estimates the unknown probability distribution P(a)
using a set of n observations for a quantity A(ay, ..., ay). This is subse-
quently used to generate new random sets of n hypothetical observa-
tions based on that estimated distribution. The uncertainty is estimated
based on the standard deviation of the hypothetical values of A. Thus,
for a PMF as reported herein, bootstrapped trajectories ¢j,;(t) are gener-
ated according to the umbrella histograms of the simulations trajectories
&i(t). The bootstrapped trajectories are further used to generate their
own histograms and bootstrapped PMF W;({), the process being

2
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repeated N, times to generate W, (¢) PMFs (with k = 1, ..., N,). Finally,
the uncertainty opyr(¢) is given by

1/2

Omr(§) = [(Ny=1) 7 S0, (Was©)— 9,60 M

With Wj($) = Ny ' 3 R2 1 W,k (£) corresponding to the average
bootstrapped PMFs at the coordinate ¢. The reader is directed to the
original reference of the bootstrap implementation for further details
[56]. However, we should point out that deficient sampling in the
umbrella sampling windows may substantially underestimate the
statistical error in the bootstrap procedure and, therefore, the reported
errors should be looked as a lower bound estimate of the statistical error.

3. Results and discussion
3.1. CX-1 diffusion across the DOPC membrane model

As mentioned earlier, the calixarene derivative CX-1 was initially
placed in the water slab (system B) or in the membrane core (system
C). The distance between the calix[4]arene to the membrane along the
z direction throughout the simulation time was monitored for all repli-
cates and is plotted in Fig. 1. The membrane interface is defined as the
average z coordinate of the phosphorus atoms in the closest layer,
whereas the position of CX-1 is determined through two z coordinates:
the distance of the center of mass defined by the four — NH5 binding
groups (N““M) and the center of mass determined by the — CH; groups
of the four aliphatic tails (C“°™), highlighted in Fig. 2, relatively to the
interface. Thus, positive values (z > 0) indicate that CX-1 is in the
water phase while negative values (z < 0) indicate that CX-1 is inside
the membrane.

The three replicates of system B behave slightly different showing
that different scenarios were sampled throughout the simulation time.
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Fig. 2. DFT (B3LYP) gas-phase structure of CX-1 with carbon atoms represented in
yellow, oxygen in red, and nitrogen in blue. Hydrogen atoms, apart those from —NH3
and - CHs3 were omitted for clarity. The nitrogen and the carbon atoms contributing for
NCOM and €M are drawn as spheres.

In both B1 and B3 simulations, CX-1 reaches the interface, remaining
there with NM often crossing the interface (z < 0) while simulation
B2 reveals an interesting sequence of events as it shows the reversible
binding of CX-1 to the membrane. This reversibility is important in
the development of anion transporters, such as CX-1, considering that,
if the molecule irreversibly binds to the lipid headgroups, it would not
be able to fulfill its function as a mobile carrier. In spite of the small dif-
ferences, all replicates show very clearly that the interaction of CX-1
with the membrane occurs via the — NH3 groups which are able to es-
tablish electrostatic interactions and multiple N- H--O=P hydrogen
bonds with the DOPC phosphate groups while the aliphatic tails point
towards the water phase. This does not correspond to the expected ori-
entation, as reported before for related cationic calix[4]arenes [20],
where the lower rim aliphatic tails are immersed in the lipid core
while the upper rim polar groups are near the lipid heads. However,
starting from setup B, CX-1 would have to rotate and insert its hydro-
phobic tails in the membrane core. It has also been reported that there
is an energetic barrier required for charged species to cross a phospho-
lipid bilayer interface from the water phase [57,58], however, such bar-
rier was not found in our PMF curves (vide infra).

Simulations of system C allow to evaluate how CX-1 behaves inside
the hydrophobic environment provided by the bilayer moiety, partially
overcoming the fact that in replicates B1-B3 no internalization was ob-
served for each 100 ns replicate. A noteworthy feature present in all
three MD replicates of C (see Fig. 1) is the ability of CX-1, in spite of
its size, to diffuse within the highly packed media of the lipid tails
and direct itself towards the membrane interface at different times
(~18 ns, ~90 ns, and ~50 ns for C1, C2, and C3, respectively), but
not being released to the water phase. CX-1 is clearly oriented,
with the —NH3 groups pointing towards the membrane interface,
while the — CHs3 groups of the aliphatic chains are immersed in the
lipid chains below the phosphorus positions (z < 0). The dipole mo-
ment of CX-1 tends to align in the z direction, with its z component
oscillating around its maximum as shown in Fig. S2 (left plot) for
replicate C1. The orientation of CX-1 can also be described by the
variation of the C°™--N“°M tilt angle, which is defined by the angle
of the C“OM.-N€OM axis, relative to the bilayer normal (z). Thus, the
evolution of the tilt angle throughout the simulation time for repli-
cate C1, presented in Fig. S2 (right plot), indicates a preferential
alignment of CX-1 with the z direction. This is particular evident
for the last 15 ns of MD simulation in which the tilt angle ranges
between 150 and 180°. This orientation is in total agreement with
the parallel orientation experimentally determined for amphiphilic
calix[4]arene molecules inside stearic acid monolayers [19,20]
which would correspond to tilt angles of ~180° or 0°, depending
on the interface.

A curious sequence of events occurs in replicate C1 around 50 ns
simulation time, as shown in Fig. 3, which might indicate that CX-1
could eventually be released from the DOPC membrane in agreement
with the experimental results [16]. Indeed, CX-1 is aligned inside the
bilayer until ca. the first 29 ns of simulation time, then starting to rotate
with one aliphatic tail approaching the water phase (t =~ 48 ns), and
eventually, one terminal methyl group of an ether chain of CX-1
becomes completely immersed in the water phase (t =~ 49 ns). The pro-
cess continues and the maximum rotation occurs at ca. 50.7 ns when the
highest value of the “C“®-membrane” distance (0.48 nm) is achieved
and the z component of CX-1 dipole moment reaches zero, as the mole-
cule N®M_CM axis is perpendicular to the bilayer normal (Fig. S2, left).
This corresponds to a C*°M-N®°M tilt angle of ~90° (Fig. S2, right). The
scenario at 50.7 ns presented in Fig. 3 is relatively close to some

29.0 ns

48.0 ns

Fig. 3. Snapshots taken from the MD simulation of replicate C1 illustrating the rotation processes of CX-1.
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arrangements observed in MD replicates of system B, showing that
conversion from scenario C to B could be possible, although not
completely observed.

3.2. Effects of CX-1 on the biophysical properties of the DOPC membrane

The area per lipid, Ay, is often used to check if a membrane simula-
tion is properly equilibrated and most importantly, if the liquid-
crystalline state is maintained. Previous simulation results showed
that an NPT ensemble must be used with the GAFF in order to prevent
a phase transition to a more ordered gel-like state [39] as it was
observed in an NPT simulation without surface tension [38]. In our sim-
ulations, A; was calculated, as usually, from the lateral dimensions (x, y)
of the simulation box divided by the number of lipids in each leaflet and
the values obtained for all simulations are summarized in Table 1.

Our control simulation A, as expected, yielded an identical A; value
to the previous one reported in Ref. [39] which in turn was in perfect
agreement with the experimental value (0.72 nm?) [59,60]. This
shows that a larger water cap has marginal or no impact on the calculat-
ed A, value. Furthermore, we were interested in the effect that CX-1
might have in the A; values since, for instance, a m-A isotherm expansion
of 0.08 nm? was observed for the incorporation of ~40% (of 0.13 equiv)
of a similar anilinium calix[4]arene into a stearic acid monolayer [20].
The values collected for the replicates of system B indicate a slight
increase in A; in the order of 1%, which can be considered negligible
since it is within the standard deviation. In this context, an increase of
~5% on average observed in the value of A for system C is noticeable.
In fact, given the relative size of CX-1, it is not difficult to rationalize
that this molecule embedded in the membrane core causes a small
expansion on the x, y dimensions of the simulation box, yielding a
higher A; value in agreement with the experimental results [20]. The
variation of A, throughout the simulation time for each replicate is
presented in Fig. S3.

Another structural parameter used to characterize a membrane is
the bilayer thickness, Dyy, which is commonly calculated as the distance
between the two peaks in the electron density profiles (see Fig. S4 for
the individual plots). The Dyy values given in Table 1 can be directly
compared with the experimental values 3.71 nm [59] and 3.53 nm
[61]. In the control simulation A a peak-to-peak distance of 3.51 nm
was obtained, comparing fairly with the experimental value 3.53 nm
and the previous simulated value in identical conditions, 3.61 nm [39].
Normally, an increase in the area per lipid is accompanied by a decrease
of the membrane thickness [62] and vice-versa [3]. In our simulations of
system B, even though the A; remained practically constant when

Table 1

Average area per lipid (Ay), bilayer thickness (Dyy), and phospholipid hydration for all
individual replicates of systems A, B, and C. The errors correspond to the standard
deviations.

System AL (nm?) Dy (nm) Hydration®
A 0.72 + 0.02 3.51 13.6 + 03
B1 0.73 4+ 0.02 3.59 135+ 03
B2 0.74 + 0.02 3.51 137 £ 04
B3 0.73 £+ 0.02 3.66 135 £ 03
c1 0.73 + 0.01 3.71 13.6 + 03
c2 0.80 4+ 0.03 3.79 139+ 03
c 0.76 + 0.02 3.52 137 £ 04
Experimental 0.721° 3.71°,3.53¢ ~12¢

GAFF + SPC/E (NPYT)® 0.72 3.61 -

GAFF + TIP3P (NPT)f 0.65 3.84 12.5

2 The number of hydration water molecules was calculated for the last 20 ns of MD
simulation.

b values from Ref. [59].

€ Value from Ref. [61].

4 Value from Ref. [63].

€ Values from Ref. [39].

f Values from Ref. [38].

compared with system A, there is a slight increase of Dyy (except for
replicate B2). The same increase in Dy was observed for simulations
C1 and C2 of system C.

If one wants to follow the variation of the membrane thickness with
the simulation time and relate it with the relative distance of CX-1 to the
membrane interface, the use Dyy is not straightforward. Therefore, an
alternative thickness measure was also used, Dpp, defined as follows

Dpp(t) = |(P1(6))—(P5(1))] (2)

where (Pi(t) ) and (P5(t) ) correspond to the individual z coordinates of
the phosphorus atoms in the first and second individual layers respec-
tively at a given simulation time t = t, averaged over the 36 atoms in
each layer. This allows plotting the instantaneous Dpp values for each t
of an MD simulation (Fig. S5, red line) and relate them with the N°M
and C°M distances to the closest membrane interface as defined
above. In replicates B1 and B2, Dpp is relatively independent of the
distance of CX-1 to the interface. On the other hand, in replicate B3,
when the calix[4]arene approaches the interface after the first 40 ns of
MD simulation, the <Dpp> values drop from a stable plateau. This
plateau is recovered c.a. 15 ns later until the end of simulation
(Fig. S5). The simulations with system C show a tendency for an increase
in the Dpp values as CX-1 approaches the interface, except for C1 where
Dpp remains relatively stable during the simulation time. Overall, small
variations are observed in Dpp, but no drastic changes were observed
upon DOPC membrane interaction with CX-1, except for the replicate
B3 where a sudden decrease of Dpp was observed with the interaction
as mentioned above.

The hydration of the phospholipid heads was also evaluated through
the calculation of the average number of water molecules at distances
lower than a 0.35 nm radius from the individual choline and phosphate
headgroups for the last 20 ns of unconstrained MD simulations. The
values calculated for each replicate of systems B and C, also collected
in Table 1, are very similar and close to an average of 14 water
molecules, slightly larger than the experimental value (~12) [63] or
the simulated one in an NPT ensemble (12.5) [38]. No particular
changes were observed upon interaction with CX-1 as evident when
the estimated values for systems B and C are compared with the
corresponding value for the overhydrated system A.

The deuterium lipid order parameters |Scp|, given by

Seo| :%<<3 coszei—l)> (3)

where 6; is the angle between the bilayer normal and the C;—H bond,
were calculated using MOLDY tools [64]. The values correspond to the
average calculated over the 80 ns collection time. The behavior of our
control simulation A plotted in Fig. S6 is similar to the one previously
reported [39] with a dip at the C11 carbon atom of the sn-1 tail and at
both C10 and C11 carbon atoms on the sn-2 tail. Moreover, a larger
order was observed for the C2 carbon atom of the sn-1 tail, an experi-
mental feature that only GAFF was able to reproduce in the original
paper. The effect that CX-1 produces in the order parameters is seen
in the |Scp| values for systems B and C plotted together with those
estimated for the control simulation A in Fig. 4. A striking difference
between systems B-C and A is that the order of the C2 carbon atom of
the sn-1 tail is greatly reduced upon interaction with CX-1, meaning
that the C-H axis is on average more perpendicularly aligned to the
bilayer normal than on the control simulation. This effect was systemat-
ic as it was observed in all replicates of systems B and C. No other
significant deviations were found for the remaining carbon atoms,
showing that the interaction of CX-1 with the DOPC membrane occurs
near the headgroup region.

Overall, the unconstrained MD simulations show that CX-1 is able to
interact with the DOPC bilayer with only small structural changes on
the bilayer structure. This is a very important feature for an anion
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Fig. 4. Calculated deuterium lipid order parameters, |Scp|, for the sn-1 (left) and sn-2 (right) chains of systems B (top) and C (bottom). Values obtained for system A are also plotted for

comparison purposes.

transporter candidate, considering that this type of molecules should
preserve the membrane integrity upon interaction, not inducing cell
necrosis.

3.3. Pulling simulations: CX-1 as a possible transmembrane chloride
transporter?

As mentioned earlier, CX-1 might constitute a potential transmem-
brane anion carrier since it possesses groups capable of anion binding
and ether lipophilic chains able to internalize CX-1 in a lipid bilayer. How-
ever, in the unconstrained MD simulations presented in Section 3.1,
spontaneous chloride transport across the DOPC membrane promoted
by CX-1 was not observed. Since experimentally there is no doubt that
CX-1 is internalized in the cell [16], we tried to simulate this event on a
DOPC bilayer by biasing our simulation with a harmonic potential
which pulls CX-1 with a constant velocity, i.e. a constant velocity steered
molecular dynamics (SMD) simulation. Succinctly, in this type of simula-
tion, the system is guided by an external harmonic potential in such a
way that it is forced to move along a defined reaction coordinate. In our
case, the obvious reaction coordinate is the z component defined by the
distance from the COM of CX-1, excluding all hydrogen, to the center of
the bilayer. Three replicates were carried out as described above in
Section 2.4. A similar strategy was used by our group on the investigation
of the assisted transfer of KCl and dopamine through a water-chloroform
interface [22] and in this earlier study, pull rates of 0.0025 nm ps~ ' and
0.001 nm ps~ ! were found appropriate. A 0.001 nm ps~! pull rate was
also used on SMD simulations of the insertion of a poly(alkylthiophene)
conductive polymer into DMPC bilayers [65]. Since we intend, at least
qualitatively, to mimic the observed internalization process of CX-1, we
tested several pulling velocities ranging from 0.01 nm ps~! to
0.001 nm ps~ . These velocities correspond to diffusion coefficients in
the z direction, D,, ranging from 5 x 10~ m?/s to 5 x 10~ '3 m?/s,
which can be considered physically acceptable when compared with the

experimental diffusion coefficient for pyrene in dipalmitoyllecithin mem-
branes of D = 1.4 x10~ ! m?/s (the value drops to 0.64 x 10~ '! m?%/s if
cholesterol is present) [66], while the simulated values for arabino-
adenosine or 4-hydroxy-2-nonenal in a POPC membrane are
D =5x10""m?s[67]and D = 2.3 x 10~ " m?/s [68], respective-
ly. On the other hand, a value of D = 2.7 x 10~ '2 m?/s was obtained
for a Texas Red derivative in a DPPC membrane [69]. Nonetheless, de-
spite using these slow pulling rates, these types of simulations are typi-
cally out of equilibrium and therefore, their interpretation should be
taken with care.

In Table 2, a summary of the observed events during the pulling
simulations is reported. If a pulling velocity of 0.01 nm ps~ ! is used,
no chloride transport is observed in all three replicates. The phospholip-
id bilayer suffers some structural deformation as CX-1 is pulled inside
(see Fig. S7) with some phosphate heads following the calix[4]arene
and creating a small water cone inside the membrane. However, as
soon as CX-1 crosses the second interface, the bilayer relaxes, and its
structural integrity is completely restored.

When the pulling velocity is reduced to values ranging from
0.0075 nm ps~! to 0.001 nm ps~', very similar chloride transport
events, assisted by CX-1, are observed in some replicates. Given their

Table 2

Summary of the observed events during the pulling simulations: “yes” and “no” mean that
assisted transport of one chloride across the DOPC membrane was observed or not,
respectively.

Pulling velocity nm ps~—! Replicate 1 Replicate 2 Replicate 3
0.01 No No No

0.0075 Yes No Yes

0.005 Yes No Yes

0.001 Yes No Yes”

* Two chloride anions were transported.
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Fig. 5. Sequence of events, from a to h, illustrating chloride transmembrane transport assisted by CX-1 in replicate 1. The system is being pulled from right to left at 0.001 nm ps™'.

similarity, only the ones occurring at a pulling rate of 0.001 nm ps™~!

will be thoroughly described. In Fig. 5 the sequence of relevant events
observed along the replicate 1 is shown. The initial configuration corre-
sponds to an equilibrated snapshot of the previously discussed unbiased
simulations, where CX-1 is in the water phase. The CX-1 COM starts to
be pulled towards the water-lipid interface and, during this period,
some chloride anions establish sporadic interactions with CX-1 until
this species reaches the interface (Fig. 5a). At this stage, CX-1 appears
to orient itself in a parallel alignment relative to the interface in order
to facilitate the crossing. We will return to CX-1 reorientation below.
It is noteworthy that a chloride approaches the CX-1 —NH3 groups,
and subsequently crosses the phospholipid heads associated with CX-
1 (Fig. 5b). This event is accompanied by a deformation of the water-
lipid interface in that specific region given that some phosphate heads
also establish electrostatic interactions and hydrogen bonds with the

1

positively charged —NH3 binding groups and are also pulled inside
along with the chloride anion (Fig. 5c). A small water cone that pene-
trates the region of the lipid tails is created concomitantly with the
movement of CX-1 across the water lipid interface, but, as the calix[4]
arene starts to reach the other interface, the few bound phosphates
start to unbound, returning to their respective leaflet (no phospholipid
flip-flop was observed) with the disappearance of the water cone
(Fig. 5d and e). At the second interface, CX-1 is again aligned parallel
to the interface with the chloride anion still bound, and, as the pulling
proceeds, CX-1 rotates and releases the chloride to the water bulk
(Fig. 5f and g). The bilayer structure is preserved at the end of the sim-
ulation (Fig. 5h). It must be emphasized that, besides the bias intro-
duced in the simulation by the pulling force, no constrain was
introduced in the simulation to induce the assisted chloride transport
through the membrane.


image of Fig.�5

898 PJ. Costa et al. / Biochimica et Biophysica Acta 1838 (2014) 890-901

Fig. 6. Sequence of events from a to d illustrating transmembrane transport of two chloride anions assisted by CX-1 in replicate 3. The system is being pulled from right to left at

0.001 nm ps~— ..

Replicate 3 is also remarkable since, instead of one single chloride
being transported, the assisted passage of two anions is observed.
Initially, the system behaves like replicate 1 with one chloride anion
captured near the water-lipid interface (Fig. 6a) and goes across the
interface bound to CX-1. While in the lipid phase, another chloride
anion approaches, and taking advantage of the created water cone,
also establishes an interaction with CX-1. Afterwards, the calix[4]
arene moves towards the other interface keeping both chlorides
attached (Fig. 6b), reaching it and eventually releasing both anions
(Fig. 6¢ and d). Again, at the end of the simulation, the bilayer system
conserves its structural integrity, thus showing that the transmembrane
transport does not disrupt the membrane.

The force curves for the pulling of CX-1 across the membrane with a
constant velocity of 0.001 nm ps~ ! are shown in Fig. 7 (left plot) for the
three replicates. The maximum force recorded in these simulations was
580 k] mol~!' nm~'atz = 0.8, 1.0, and 0.6 nm for replicates 1,2, and 3
respectively, i.e. close to the membrane center. Moreover, the relatively
symmetrical shape of the curves is consistent with the fact that CX-1
spontaneously moves to the water lipid interface in the unconstrained
MD simulations. This force maximum is relatively high when compared
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with the force peak for poly(3-hexylthiophene) insertion in a DMPC
bilayer (~335 k] mol~! nm~!) [65], but compatible with the fact that
a high amount of force is necessary to bring a charged species into the
membrane core.

Another important issue is the required calix[4]arene reorientation
inside the membrane, in order to act as a chloride transmembrane trans-
porter. In Fig. 7 (right plot) is shown the variation of the COM--NM tjt
angle of CX-1 throughout the pulling simulation time for all replicates. A
tilt angle of 90° is indicative that CX-1 is perpendicular to the bilayer nor-
mal whereas 0° and 180° represent parallel alignments, but in opposite
directions. Analyzing the results from positive to negative z membrane
depth values, outside the membrane (z > 1.6 nm) the vector defined
by CEOM-NCM relative to z is able to oscillate with variations among rep-
licates due to the stochastic motion/rotation of CX-1 in water. However,
as CX-1 approaches the interface, the values start to converge to a max-
imum (~180°) meaning that, at the interface, CX-1 is almost aligned with
the bilayer normal. As the pulling continues, the tilt angle starts to
approach 90°, as CX-1 reaches the membrane core and gets increasingly
more perpendicular to the bilayer normal. This alignment is reached at
different z membrane depths for three replicates, but for all of them, as
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Fig. 7. Force profile for the CX-1 membrane-crossing pathway with a pull rate of 0.001 nm ps~" (left) together with the variation of the C°°™--N®M tilt angle throughout the pulling
simulation time (right). z = 0 nm refers to the center of mass (COM) of the DOPC bilayer. The vertical green lines represent the average z position of the phosphorus atoms in the
three replicates. The horizontal black line represents a tilt angle of 90°, meaning that CX-1 is perpendicular to the bilayer normal.
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the pulling continues, CX-1 rotates and the angles become increasingly
smaller than 90° and start to converge to a minimum (0°). At this
point, the calix[4]arene is near the other interface, again, parallel to
the bilayer normal. In the end, and despite the intrinsic non-
equilibrium nature of these simulations, this rotation shows that the
pulling rate was sufficiently low to allow, at least, a partial system
adjustment.

The free energy associated with the insertion of CX-1 into the DOPC
bilayer is also of interest. Usually, the estimative of this energy barrier
uses simulations performed along a single and intuitive reaction coordi-
nate such as the distance between the solute and the bilayer center
along the bilayer normal as in our pulling simulations. The correspond-
ing Potential of Mean Force (PMF) curve can be extracted from SMD
pulling simulations, applying the Jarzynski relationship [70], but several
replicates are necessary in this case. Alternatively, this energy profile is
commonly estimated via umbrella sampling simulations combined with
the weighted histogram analysis method (WHAM). This methodology
was followed in the current work, in spite of the fact that one degree
of freedom can potentially be insufficient to describe the partitioning
of a molecule through a membrane [71], due to the possible presence
of hidden sampling barriers involving the slow reorganization of the
lipid-water interface in response to that insertion, leading to conver-
gence times exceeding 400 ps [72]. In our specific case, the reorganiza-
tion of the ionic interactions between the positively charged (+4) CX-1
and the negatively charged phosphate headgroups is expected to be
very slow. Indeed, the fact that the phosphate heads follow CX-1 inside
the membrane in the pulling simulations is highly indicative of this
situation. Moreover, these electrostatic interactions also contribute to
the hindering of the rotation of CX-1 in each simulation window
(see below) and therefore contribute to sampling deficiencies in the
PMF construction. The generation of fully converged sampling windows
might require enormous simulations times in the ps time-scales, as
mentioned earlier, [72,73] which are beyond our computational
power. Therefore, although shorter simulations with only one degree
of freedom do not possess enough accuracy to match the experimental
data, they can still be very useful in the qualitative analysis of the
diffusion phenomena through a phospholipid bilayer.

In this discussion, the PMF was obtained bringing CX-1 from the
membrane core to the water phase in the construction of the individual
simulation windows and is depicted in Fig. 8, while the representative
snapshots are given in Fig. S8. This approach minimizes the phosphate
head pulling as described in Section 2.6. The PMF constructed using
the opposite direction and its respective discussion are presented in
Supplementary Material. The value z = 0 nm (a in Fig. 8) corresponds
to CX-1 positioned in the membrane core, similarly to the beginning
of simulations C. As the z values increase, the energy starts to drop
with a relatively high slope, being consistent with the fact that CX-1

20 — . . : .
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Fig. 8. PMF as a function of the CX-1 distance to the membrane COM (z = 0 nm). The
water-lipid interface, defined as the average position of phosphorus atoms is shown as a
gray line. Error bars in red correspond to the statistical errors calculated using bootstrap
analysis [56] and should be considered as lower estimates of the statistical uncertainty.

spontaneously migrates to the water lipid interface in the uncon-
strained simulations C. Eventually, the PMF reaches a minimum at
z = 142 nm (b) with a — 58 k] mol~' depth. In this situation, CX-1 is
near the water-lipid interface with the — NH3 groups interacting with
the phospholipid headgroups while the tails are still immersed in the
lipid. This arrangement was preferred in the unconstrained simulations
of system C, therefore consistent with a presence of an energy well
and in agreement with the alignment observed experimentally for
calixarenes in monolayers [19-21]. From this point onwards, as z
increases, the PMF energy also increases until it reaches a plateau
when CX-1 is fully immersed in the water phase.

The CX-1 distance to the membrane, by itself, is relatively easy to
sample on each umbrella simulation window. However, proper confor-
mational sampling requires, not only fulfilling the distance require-
ments, but also that the calixarene rotates on each window. To check
this rotation, the C°°™--N““M tilt angle was monitored throughout the
collection period on each window (Fig. S9). Clearly, in the membrane
core there is no rotational freedom as the calix[4]arene only experi-
ments orientations with tilt values ~90°. As z increases, CX-1 starts to
be in parallel alignment with the bilayer normal (tilt angle ~0°) and
again, a limited rotation is observed. With the approach of CX-1 to the
membrane interface, this behavior can be ascribed to the strong electro-
static interactions between the lipid headgroups and the highly charged
CX-1, which inhibit the rotation, trapping the molecule in sampling
barriers on each window [72]. Indeed, only at the water phase, corre-
sponding to z > 2.85 nm, CX-1 is able to explore several C<°M-N°M
tilt angles.

Overall, the energy profile estimated for CX-1 with the calixarene
starting on the membrane core indicates that there is a 58 k] mol ™!
barrier for this mobile carrier to cross the membrane center and was
able to find the minimum that simulations C preferentially sampled.
This barrier is large and inconsistent with the experimental time-scale
reported for CX-F membrane uptake (the fluorescent derivative of CX-
1) for which incubation times of only 10 min were needed [16]. For
instance, a barrier of 75 k] mol ™, estimated for lipid flip-flop in a DPPC
bilayer, leads to average lifetimes in the order of ~4 h [73]. Despite the
fact that a DOPC bilayer is only a rough model of a cell membrane and
other effects, e.g. ionic strength, pH, are not considered in our simula-
tions, the discrepancy between the calculated value and the experimen-
tal observations is most certainly attributable to the fact that our PMF is
not properly converged given the sampling limitations on each window.
Nonetheless, the PMF provided useful insights into the process.

The PMF constructed in the opposite directions, i.e. from the water
phase to the membrane center is discussed in detail in Supplementary
Material. Nevertheless, it must be mentioned that in this case, another
minima was found corresponding to the scenario to which simulations
B converged. However, the pulling of several phosphate heads into the
membrane core clearly makes this PMF less reliable than the one report-
ed in Fig. 8. Moreover, the fact that both PMFs are not similar is indica-
tive of a dependence on the starting configuration as well as that both
PMFs were not fully converged.

4. Conclusions

MD simulations were used to gain insights, at the molecular level, of
the interaction of a calix[4]arene derivative CX-1 with a DOPC model
bilayer and its potential ability to mediate the transmembrane chloride
transport. The unconstrained MD simulations showed that, when CX-1
is located in the water phase, it is able to migrate towards the interface
and establish multiple N- H--O=P hydrogen bonds with the DOPC
phosphate groups while the aliphatic tails point towards water. No full
internalization was observed in the MD time-scale. When CX-1 is put
in the middle of the membrane, it also migrates towards the interface,
remaining there with the —NHZ binding groups near the lipid
headgroups and the aliphatic ether tails immersed between the lipid
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tails. Both starting scenarios do not disrupt the membrane structure
being consistent with the experimentally observed cellular uptake.

We used constant velocity steered molecular dynamics (SMD) simu-
lations to mimic the CX-1 internalization in the membrane and, in this
type of simulation, the chloride transport assisted by CX-1 was observed
for pulling rates of 0.0075, 0.005, and 0.001 nm ps~ . In particular at the
slower pulling rate, two chloride anions were transported by CX-1 in
one replicate simulation. This result shows that the —NH3 can act as
binding sites for anions while the aliphatic tails act as a lipophilic moiety
facilitating membrane internalization, which is the rational normally
followed in the design of synthetic receptors for transmembrane anion
transport. We also estimated the barrier for the mobile carrier to cross
the membrane to be ca. 58 k] mol~! by means of umbrella sampling
simulations. However, this value should be carefully considered given
the limitations of our PMF, eventually derived from an insufficient
sampling.

The above results also show that MD simulations undertaken with
GAFF are a powerful tool to study the interaction of synthetic trans-
porters with biomembranes, as well as the corresponding ion transport
mechanisms. It must be mentioned that, while the results of this paper
were being analyzed, the dedicated AMBER lipid force field LIPID11
was released [74]. However, this new force field is largely based on the
GAFF parameter set (excluding the charges), and therefore, the results
obtained with LIPID11 would not be substantially different.
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