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Full elucidation of the transmembrane anion
transport mechanism of squaramides using
in silico investigations†
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Cally J. E. Haynes, §b Isabelle L. Kirby,b Ananda M. Rodilla,d
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A comprehensive experimental and theoretical investigation of the transmembrane chloride transport

promoted by four series of squaramide derivatives, with different degrees of fluorination, number of

convergent N–H binding units and conformational shapes, is reported. The experimental chloride

binding and transport abilities of these small synthetic molecules in liposomes were rationalised with

quantum descriptors and molecular dynamics simulations in POPC bilayers. The tripodal tren-based

compounds, with three squaramide binding motifs, have high chloride affinity, isolating the anion from

water molecules within the membrane model and preventing its release to the aqueous phase,

in agreement with the absence of experimental transport activity. In contrast, the symmetrical mono-

squaramides, with moderate chloride binding affinity, are able to bind and release chloride either in the

aqueous phase or at the membrane interface level, in line with experimentally observed high transport

activity. The PMF profiles associated with the diffusion of these free transporters and their chloride com-

plexes across phospholipid bilayers show that the assisted chloride translocation is thermodynamically

favoured.

Introduction

The transport of biologically relevant ions across phospholipid
bilayers is a vital process that relies on channel proteins.1,2

A range of disorders involving membrane channels occurs
when they are non-existent, or their transport properties are
perturbed, due to toxic, autoimmune, or genetic causes.1,2 For
instance, the impairment of the cystic fibrosis transmembrane

conductance regulator (CFTR), an important epithelial trans-
membrane channel, affects both the transport of chloride
and bicarbonate anions across epithelial cell membranes
throughout the organism, resulting in male infertility and cystic
fibrosis.2 Furthermore, chloride deficient transmembrane trans-
port is also linked with other diseases, such as epilepsy, neuro-
degeneration, lung infections, renal salt loss, and kidney stones.3

A strategy for future therapeutic amelioration of the symptoms of
this family of disorders is to replace the function of the faulty
channels with small molecules. Thus, these so-called channel
replacement therapies, that rely on anionophores to promote
transmembrane anion transport, are currently being developed
by the supramolecular chemistry community.4–20 Transporter
molecules exploit different combinations of binding units and
scaffolds (e.g., cholapods21,22 and tren-based molecules,23–26

using (thio)ureas; tambjamines;27–29 ortho-phenylene-diamine-
based bis-ureas;30–32 calixpyrroles;33–36 anion–p slides;37–39 or, even
more recently, molecules that rely on unconventional halogen40–43

and chalcogen bonds44) resulting in anion transporters that func-
tion either as mobile carriers or as artificial anion channels.

Squaramide derivatives are well characterised as ditopic
receptors, both experimentally and computationally.45–57

Squaramide-based receptors, decorated with aromatic motifs,
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are able to establish strong hydrogen bonding interactions with
halides, showing a greater binding affinity then the analogous
urea based receptors.55 Given their abilities as anion receptors, as
well as their applicability in the field of medicinal chemistry,58–63

squaramide derivatives have been studied as anion trans-
porters.64 Indeed, squaramides A1, A2 and A3 (see Scheme 1)
were shown to be superior chloride transporters than the
corresponding urea and thiourea analogues, as it was possible
to improve their binding affinities without significantly changing
their lipophilicities.64 The application of squaramide derivatives
has also been expanded to the transport of amino-acids.65 On the
other hand, the incorporation of the squaramide motifs into a
steroidal framework has produced exceptional anion receptors,
but poor anion transporters.66 Further tuning of the simple
oxosquaramide derivatives A1–A3 involved their thionation to
afford analogous thiosquaramides, which can enable/disable
their transport ability as a function of the medium’s pH,67 further
increasing the range of potential applications of the squaramide-
based transporters.

Molecular Dynamics (MD) simulations are a powerful tool to
obtain energetic and structural insights into transmembrane
transport,68 including drug delivery and ion traffic through
protein channels.69,70 While in silico studies on these topics
are quite common, MD studies on anion transport promoted by
small synthetic molecules are still scarce. Our group has reported
the diffusion of bis-indolylureas in a POPC bilayer,71 showing the
importance of the interactions between these anionophores and
the phospholipid head groups for effective transmembrane
transport. Furthermore, a proof of concept study with a cationic
calix[4]arene in a DOPC membrane allowed us to observe the
passive transport of chloride assisted by a synthetic anion
carrier for the first time.72 We have extended the MD investi-
gations with membrane models to the study of the interaction
of ortho-phenylene-diamine-based bisurea molecules30 and tren-
based tris-thiourea compounds73 with POPC bilayers. More
recently, MD studies on a series of dithioureidodecalin trans-
porters with different alkyl chains lengths, allowed us to estab-
lish a relation between their transport abilities and their tilting
and tumbling within the bilayer, which are slowed down by the

increasing length of the alkyl chains via van der Waals inter-
actions with phospholipid tails.74

Scheme 1 presents four series of structurally related squar-
amide derivatives, as follows: the A-series contains a single
squaramide motif flanked by two aryl substituents, while in the
B-series one of the aromatic groups is replaced by an n-hexyl
substituent. The C-series’ molecules are bis-squaramides based
on an ortho-phenylene-diamine scaffold, while the D-series has
three squaramide binding motifs appended to a tren scaffold.
Overall, these series allow the systematic study of the effects of
fluorination on the lipophilicity and anion binding strength,
and how they can affect anion transport. Furthermore, the C
and D families offer the possibility of investigating how differ-
ent numbers of binding units, as well as their conformational
dispositions, affect anion binding and transport. In this work,
we report a comprehensive investigation on the twelve squar-
amide derivatives’ transport properties, derived from a syner-
gistic theoretical and experimental approach. This work has a
clear focus on the structural and energetic features of these four
series of molecules as anion carriers, while most of the experi-
mental results are presented in the ESI.†

General methods
Receptor synthesis and characterisation, anion transport in
liposomes and in vitro

Synthesis and structural characterisation of B1, B3 and C1 are
detailed in Section S2 of the ESI.† Moreover, the binding
affinity of A1, A3, B1, B3, C1 and D1 towards physiologically
relevant anions Cl�, NO3

�, HCO3
�, H2PO4� and SO4

2� was
elucidated by 1H NMR titrations and are reported in Section S3
of the ESI.† Anion transport experiments in liposomes with B1,
B3, C1 and D1 were performed as previously reported75 and are
detailed in Section S4 of the ESI.† In vitro assays of A1, A3, B1,
B3, C1 and D1 consisted of standard MTT assays, and staining
with acridine orange and Hoechst 33342. Detailed procedures
are given in Section S5 (ESI†). Overall, equivalent experimental
investigations were previously carried out for the remaining
molecules shown in Scheme 1.64,67,75–79

Quantum calculations and MD simulations

The atomistic characterisation of the squaramide derivatives as
anion transmembrane transporters was assessed by DFT calcu-
lations followed by MD simulations in two membrane models,
composed of 128 POPC lipids, ca. 0.15 M NaCl and different
water : lipid ratios (50.8 : 1 or 31.6 : 1).

The DFT calculations, carried out with Gaussian 09,80

include the geometry optimisations of the free squaramide
derivatives and their chloride complexes in gas phase, followed
by the calculation of the E2 energy values, and calculation of the
distribution of electrostatic potential.

Overall, the anion transport properties of the squaramide
derivatives were investigated with resort to MD simulations, using
AMBER 1481 (passive diffusion), NAMD 2.982 (Steered Molecular
Dynamics) or AMBER 1683 (Umbrella Sampling simulations),

Scheme 1 Squaramide-based receptors studied in this work.
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with resort to GPU acceleration.84–86 The LIPID1487 force field
was employed for the POPC lipids, while GAFF88,89 parameters
and atomic RESP charges90 were used for the squaramide
derivatives. The passive diffusion MD simulations mainly gave
insights into the interactions between squaramide derivatives
and POPC bilayer, while the US simulations allowed to
reconstruct the energetic profile associated with the trans-
location of the A-series molecules along the bilayer normal.
The detailed computational methods are given in Section S6.1
of the ESI.†

Results and discussion
Anion transport in liposomes

We have previously reported the anion transport properties of
the mono-squaramides A1, A2 and A3,64 as well as the more
elaborate squaramides B2, C2, C3, D2, D3,75 and a series of
cholapod-based squaramides.66 Much to our surprise, the bis-
squaramides (C2, C3 and the cholapods) only displayed modest
chloride transport rates, while the tris-squaramides (D2 and D3)
were completely inactive. This behaviour is in stark contrast with
the high chloride transport ability of the mono-squaramides
A1–A3,64 and of analogous bis-ureas30,31 and tris-ureas.24,26 It was
postulated that the exceptionally high anion binding strengths
displayed by these squaramides has a detrimental effect on the
anion transport rate. To fully understand this phenomenon, the
series was extended to the structures shown in Scheme 1 (see ESI†
for synthesis and characterisation).

Initially, standard Cl�/NO3
� antiport assays were performed.

Vesicles were loaded with a buffered NaCl solution (489 mM,
pH 7.2), dispersed in a buffered NaNO3 solution (489 mM, pH 7.2),
and the chloride efflux induced by the various squaramides was
monitored using a chloride selective electrode. The initial rates
of chloride transport (kini) obtained using this assay are shown
in Fig. 1b, and confirmed our previous observations. The
A-series are the best performing squaramides, while the tripodal
D-series does not show any chloride transport activity. The
same trend was also confirmed by concentration-dependent
Hill analysis (Table S3, ESI†), and for the transport of other
anions such as HCO3

� (Fig. S11, ESI†). Chen et al. have recently
assessed the anion transport ability of the tripodal D2 and D3
as well.91 In agreement with our results, they observed little
anion transport activity in Cl�/NO3

� antiport assays. However,
these authors did report some anion transport activity for
D2 and D3 in the presence of a pH gradient, which we did
not see using our HPTS assays (Fig. S20–S23, ESI†). Never-
theless, the obtained EC50 values (0.75 mol% for D3)91 are still
significantly higher than those reported for the A-series
(0.00074 mol% for A3 using a similar pH gradient).92 Therefore,
the pertinent question remains: why do the tripodal squara-
mides exhibit inferior transport ability when compared to the
mono-squaramides?

To understand the behaviour and transport mechanism of the
squaramides in more detail, we conducted a series of additional
anion transport experiments. Cholesterol and calcein leakage

assays provided evidence to support the hypothesis that the
squaramides function as anion carriers and not as ion channels
(Fig. S25–S27, ESI†). We therefore wished to elucidate whether
the diffusion of the carrier across the membrane can occur as a
pure uniport event (electrogenic transport of chloride ions), an
ion pair symport event (electroneutral transport), or a combi-
nation of both. This was achieved using previously reported
assays92 depicted in Fig. 1a. In brief, unilamellar vesicles con-
taining buffered NaCl or KCl solutions were suspended in an
external solution containing buffered potassium gluconate.
Exchange of internal chloride ions with external gluconate anions
is not possible, due to the large size and highly polar nature of the
gluconate anion. Efflux of chloride ions can therefore only
occur if (1) electroneutral H+/Cl� (or Cl�/OH�) transport by

Fig. 1 Overview of the anion transport ability of the squaramides in
liposomes. (a) Schematic lay-out of the experiments, where Sq = squaramide,
Mon = monensin, and Vln = valinomycin. (b) Initial rate of chloride transport
calculated by asymptotic or linear fit for each squaramide (1 mol%) under
various assay conditions. Experimental conditions are as follows: ANTIPORT –
Unilamellar POPC vesicles were loaded with a 489 mM NaCl solution
buffered to pH 7.2 with 5 mM phosphate, and were suspended in a
489 mM NaNO3 solution buffered to pH 7.2 with 5 mM phosphate salts.
The experiment was started by the addition of a DMSO solution of the
appropriate squaramide (1 mol% w.r.t. lipid) and terminated by the addition
of detergent at 300 s. ELECTRONEUTRAL – Unilamellar POPC vesicles
were loaded with 300 mM KCl buffered to pH 7.2 with 5 mM phosphate
salts and were suspended in 300 mM potassium gluconate buffered to
pH 7.2 with 5 mM phosphate salts. The experiment was started by the addition
of monensin (0.1 mol% w.r.t. lipid) and squaramide (1 mol% w.r.t. lipid), and
terminated by the addition of detergent at 300 s. ELECTROGENIC –
Unilamellar POPC vesicles were loaded with 300 mM KCl buffered to
pH 7.2 with 5 mM phosphate salts and were suspended in 300 mM
potassium gluconate buffered to pH 7.2 with 5 mM phosphate salts. The
experiment was started by the addition of valinomycin (0.1 mol% w.r.t. lipid)
and squaramide (1 mol% w.r.t. lipid), and terminated by the addition of
detergent at 300 s.
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the squaramide is compensated by electroneutral H+/Na+ trans-
port by monensin, or (2) electrogenic Cl� transport by the
squaramide is neutralised by electrogenic K+ transport by
valinomycin. The results of these assays are summarised in
Fig. 1b. Not surprisingly, the A-series (and the B-series) is
capable of both fast electrogenic and electroneutral transport,
while the D-series is unable to transport ions under any condi-
tions. More interesting are the results observed for the C-series,
which appear to be only capable of transporting chloride ions
through electroneutral transport but not electrogenic transport.
This suggests that these bis-squaramides promote transport
via a pure ion pair symport event, or via ion exchange at the
water/lipid interface; therefore, translocation of the free receptor
is not required to complete the process. A possible explana-
tion for this behaviour is that diffusion is hindered due to
strong binding of the C-series to phospholipid head groups,
which is likely given the high affinity of the squaramides for
phosphate in both the solid state (Fig. S9, ESI†) and in solution
(Fig. S37–S42, ESI†). The same observation can also explain why
the bis-squaramides (C-series) are poorer transporters than the
mono-squaramides (A-series), and why the tris-squaramides
(D-series) do not display any transport activity at all. The bis-
and tris-squaramides have higher anion affinities and are thus
expected to bind to the phospholipid head groups more
strongly, which competes with the chloride transport mediated
by these squaramides. Alternatively, it is also possible that the
strong chloride binding ability of the C- and D-series hinders
the release of chloride ions and thus impedes anion transport.
Nevertheless, the unexpectedly low anion transport ability
of the bis- and tris-squaramides appears to be due to their
exceptionally high anion binding properties, (which hinders
transport due to problematic chloride release or due to com-
petition with lipid head group binding). To investigate this
hypothesis in more detail, extensive DFT and MD calculations
were performed (vide infra).

We decided to investigate whether the anion transport
ability correlates with the in vitro anticancer activity of the
compounds. MTT assays were performed on a variety of cancer
cells (PC3, A375 and A549) to investigate the cytotoxicity of the
compounds. These assays confirmed our previous observation
that mono-squaramide A2 is both the best anion transporter
and displays the most pronounced cytotoxic effect,75 while the
D-series has minimal activity (see Fig. S49, ESI†). In addition,
vital fluorescence microscopy using acridine orange, as well as
Hoechst 33342 staining and FACS analysis confirmed that the
cytotoxicity of the squaramides is probably due to induction of
apoptosis and/or changes in lysosomal pH (Fig. S50–S52, ESI†).
However, we encountered problems with the solubility of these
squaramides during the in vitro assays (particularly the heavily
fluorinated meta-CF3 compounds, and the C-series) and it is
thus possible that the observed cytotoxicity is an underestimate
of the real value.

DFT calculations

Fig. 2 shows the structures of the chloride complexes of A2, B2,
C2 and D2, optimised in the gas phase using the M06-2X

functional and the 6-31+G(d,p) level of theory with Gaussian 09,80

while Fig. S53 (ESI†) shows the remaining optimised complexes.
The calculated N� � �Cl� distances and N–H� � �Cl� angles are
listed in Table S8 (ESI†), as well as the values of the individual
Ntren–C–C–N torsion angles, starting at the tertiary nitrogen
atom (Ntren) of the tripodal receptors D.

Overall, the N–H� � �Cl� hydrogen bonds are roughly linear,
with the N–H� � �Cl� angles ranging from 160.71 to 177.71, while
the N� � �Cl� distances decrease along each individual series,
indicating that these intermolecular interactions become
stronger with the increasing fluorination degree (see Section S6.4
in the ESI†). Subsequently, the effect of the different degrees of
fluorination on the strength of the bonding interactions was
evaluated using the distribution of the electrostatic potential
mapped onto the electron density surface (VS),93 as well as the
E2 energy derived from the 2nd Order Perturbation Theory
Analysis.94

The VS of the squaramide ligands in their chloride com-
plexes (see ESI†) was determined at the same level of theory and
is shown in Fig. 2 for A2, B2, C2 and D2, and in Fig. S53 (ESI†)
for the remaining molecules. It is important to note that the VS

Fig. 2 Left: DFT optimised structures of the A2, B2, C2 and D2 chloride
complexes. The hydrogen, carbon, oxygen, nitrogen, and fluorine atoms
are shown in white, grey, red, blue and cyan sticks, respectively, while
chloride is shown as a green sphere. Right: Distribution of the electrostatic
potential mapped on the 0.001 electrons Bohr�3 isodensity surface of A2,
B2, C2 and D2. The colour scales are given in kcal mol�1.
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were estimated through single point calculations from the
DFT optimised structures of the complexes after removal
of the chloride ion. In these circumstances, as the spatial
disposition of the N–H binding units of the receptor is
maintained, the electrostatic potential becomes more well-
defined, leading to higher VS,max values than would be expected.
The linear squaramides of the A- and B-series display a
well-defined positive region (red) centred at the N–H binding
units while the most negative region (blue) covers the oxygen
atoms of the carbonyl groups. In the molecules of the C-series
the red region encompasses the four acidic N–H binding units
of the two squaramide motifs, while the carbonyl groups are
surrounded by blue areas of negative potential. In the tripodal
molecules, the most positive region is located inside the
binding pocket enclosing all six N–H binding units. On the
other hand, in D2 and D3, the areas of negative potential, in
addition to the carbonyl groups, also include the –CF3 moieties.
The negative potentials (blue area) around the oxygen atoms of
the carbonyl groups enable the squaramide motif to establish
hydrogen bonds with putative hydrogen bond acceptors, such
as the water molecules in a membrane system (vide infra) or
other squaramide motifs, as observed in crystalline state.64,95

The maximum values of VS (VS,max), listed in Table 1, mainly
reflect the number and the position of the –CF3 electron with-
drawing groups on the squaramide’s phenyl substituents.
Oddly enough, for C1 and D1 the VS,max values are comparable,
despite the presence of an extra binding unit in the tripodal
receptor. Moreover, the graphical representation of the transport
rate (kini) versus VS,max, depicted in Fig. 3 (red points), roughly
follows a bell-shaped tendency (blue line), estimated by Bézier
curve smoothing all data points (degree of 12). It is clear that the
B-series, with low VS,max values, has moderate anion transport
activity because of weak anion binding. The C- and D-series, with
low to no anion transport activity, have high and very high VS,max

values, binding anions too strongly and hampering their release.
In stark contrast, A2 and A3, with intermediate VS,max values are
the most efficient transporters.

The chloride binding strength in the squaramide complexes
was further evaluated through the E2 values, also listed in
Table 1. The stabilisation energy of the squaramide complexes
increases with the fluorination of the phenyl substituents, as a
function of their electron withdrawing nature. Moreover, the
E2 values of the chloride complexes increase along with the
VS,max of the free receptors, being linear related (R2 = 0.90), and
also yielding a similar profile when plotted against the anion
transport data (see Fig. S54, ESI†).

This comparison indicates that these quantum descriptors,
intrinsically related with the binding ability of the squaramide
derivatives for chloride, per se are insufficient for the accurate
description of these small molecules as anion transporters.
Thus, MD simulations were undertaken to gain further insights
on the anion transport ability of these squaramide derivatives
at the atomistic level, as follows.

Passive diffusion MD simulations

The MD simulations of the squaramide complexes on membrane
systems were preceded by a force field parameterisation to
more accurately reproduce the structure of the squaramide
core in the phospholipid bilayer environment. This parameteri-
sation was based in crystallographic data and is reported in the
ESI† (see Section S6.7). The main purpose of the MD simula-
tions is to assess the ability of the squaramide derivatives to
interact with the POPC bilayer and to promote the chloride
translocation.

The DFT optimised structures of the chloride complexes
were either inserted into the water slab (scenario W) or at the
core (scenario M) of a POPC bilayer composed of 128 phospho-
lipids. In addition, the anion carrier ability of these receptors
was evaluated using distance restraints between the squaramide’s
binding sites and the chloride, leading to scenarios W0 and M0.
Scenarios W and W0 allow the assessment of the passive diffusion
of squaramide derivatives’ complexes from the aqueous phase
to the water/lipid interface, while the M and M0 scenarios
enable the assessment of diffusion events that the chloride
complexes experience within the highly-packed phospholipid
bilayer. Furthermore, the W and M starting scenarios allow the
monitoring, at the atomistic level, of the eventual chloride

Table 1 E2 interaction energy values (kcal mol�1) for the N–H� � �Cl�

hydrogen bonds in the gas phase DFT optimised structures of the chloride
complexes, along with the VS,max (kcal mol�1) values for the squaramide
ligands taken from the corresponding chloride complexes

Squaramide E2 VS,max

A1 65.60 77.27
A2 72.74 88.32
A3 81.23 94.78

B1 60.06 72.62
B2 60.92 78.22
B3 68.38 81.58

C1 79.25 99.66
C2 80.44 107.30
C3 84.38 110.49

D1 85.77 99.71
D2 85.92 110.46
D3 87.86 114.93

Fig. 3 Plot of kini versus VS,max (red dots) and corresponding data smoothed
Bézier curve (blue line).
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release and uptake events, intrinsically associated with the anion
carrier mechanism. These MD simulations also permit the evalua-
tion of the preferential orientation of the transporters relatively to
the bilayer normal, as well as the competitive hydrogen bonding
interactions between the squaramide binding sites and the water
molecules or phospholipids over the N–H� � �Cl� bonding inter-
actions. The simulated systems, as well as their MD simulation
times, are summarised in Table 2.

MD simulations with chloride complexes of linear squara-
mides A and B. In agreement with the chloride efflux studies,75

MD simulations of the chloride complexes of the A- and B-series
were carried out in scenario W for 200 ns. The position of each
squaramide derivative in the bilayer system was assessed
throughout the production runs using the relative distance
from the centre of mass defined by the two carbonyl groups
(CQOCOM) to the closest membrane interface (Pint, defined by
the average position of the phosphorus atoms in that mono-
layer) measured along the z-dimension (the membrane normal,
CQOCOM� � �Pint distance). Moreover, this distance, together with
the relative distance between the centre of the mass of the nitrogen
atoms from the two binding units and Pint (N–HCOM� � �Pint) gives
the relative positioning of these carbonyl groups and N–H binding
sites towards the water/lipid interface.

The evolution of the N–HCOM� � �Pint and CQOCOM� � �Pint dis-
tances along the entire production run of simulation W1�A2 is
plotted in Fig. 4 (top), together with the number of hydrogen
bonds that A2 establishes with any of the 19 chloride ions
present in the system. The initially coordinated chloride and the
N–H binding sites are quickly solvated by the water molecules and
the anion is released to the water phase, with disruption of the
N–H� � �Cl� hydrogen bonds (see Fig. 4 bottom, green dashed line).

Concomitantly, these hydrogen bonding interactions are replaced
by N–H� � �OH2, as evident in Fig. 4 (bottom, blue dotted line),
with the plot of the count of these hydrogen bonds versus the
relative position of A2 along the bilayer normal (z-dimension).
Afterwards, as A2 approaches the interface, some of the
N–H� � �OH2 interactions are replaced by hydrogen bonds with
the phosphate head groups (N–H� � �O4P�, orange short dashed
line in Fig. 4, bottom). The diffusion of A2 from the water
phase, illustrated in Fig. 5 with six selected snapshots taken
from MD run W1�A2, shows the squaramide derivative entering
the phospholipid bilayer with a hydrophobic –CF3 group first.
After 25 ns of simulation, the squaramide derivative is found
completely embedded into the phospholipid bilayer. The evolu-
tion of the N–HCOM� � �Pint distance (blue line) shows that the
binding units are closer to the water/lipid interface, while
the CQOCOM� � �Pint relative distance (red line), systematically
longer than the former one, indicates that the polar carbonyl
groups point towards the lipophilic bilayer core – henceforth,
this spatial disposition is type a (see Scheme 2). In addition,
both p-CF3-Ph substituents adopt a roughly perpendicular dis-
position to the plane of the water/lipid interface, enabling the

Table 2 Summary of the MD simulations carried out with squaramide
chloride complexes in POPC membrane models for 200 nsa

Squaramide

Starting scenario

W/W0 M/M0

Simulation IDsb Simulation IDsb

A1 W1�A1, W2�A1/W1
0�A1 M1�A1, M2�A1/M1

0�A1
A2 W1�A2, W2�A2/W1

0�A2 M1�A2, M2�A2/M1
0�A2

A3 W1�A3, W2�A3/W1
0�A3 M1�A3, M2�A3/M1

0�A3

B1 W1�B1, W2�B1/W1
0�B1 M1�B1, M2�B1/M1

0�B1
B2 W1�B2, W2�B2/W1

0�B2 M1�B2, M2�B2/M1
0�B2

B3 W1�B3, W2�B3/W1
0�B3 M1�B3, M2�B3/M1

0�B3

C1 W1�C1, W2�C1 M1�C1, M2�C1
C2 W1�C2, W2�C2 M1�C2, M2�C2
C3 W1�C3, W2�C3 M1�C3, M2�C3

D1 W1�D1, W2�D1 M1�D1V, M2�D1V, M1�D1H, M2�D1H
c

D2 W1�D2, W2�D2 M1�D2V, M2�D2V, M1�D2H, M2�D2H
c

D3 W1�D3, W2�D3 M1�D3V, M2�D3V, M1�D3H, M2�D3H
c

a Except for the MD simulation with the D-series in scenario M, which
were 500 ns long. b Each simulation ID results from the combination of
the initial position of the transporter in the membrane system, the run
number and the transporter. For instance, W1�A1 stands for the first
MD run carried out with A1 in setup W. c The chloride complexes of D1,
D2 and D3 were positioned within the membrane core either perpendi-
cular to the bilayer normal (subscript H) or parallel to it (subscript V).

Fig. 4 A2’s permeation of the water/lipid interface in MD simulation
W1�A2. Top: Evolution of CQOCOM� � �Pint (red dashed line) and N–HCOM� � �Pint

(blue dotted line) distances. The evolution of the number of N–H� � �Cl�

hydrogen bonds is also plotted as a green solid line. The water/lipid interface
is represented as a black line at z = 0 Å. Bottom: Average number of hydrogen
bonds versus the relative position of the COM of A2. The following colour
scheme was used for the interactions between A2 and chloride ions (green
dashed line), water molecules (blue dotted line), POPC head groups (orange
short dashed line), and ester groups (magenta solid line for the sn-1 chains
and purple dot-dashed line for the sn-2 chains). The water/lipid interface is
represented as a black line at z = 0 Å.
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rigid molecule A2 to establish N–H� � �O hydrogen bonding
interactions, mainly with water molecules, followed by inter-
actions with carbonyl and the phospholipid head groups (see
Fig. 4, bottom). Equivalent results can be found in Fig. S55 (ESI†)
for the second run and for the MD simulations carried out with A1
and A3. In the MD simulations of A1 and A3, the squaramides’
penetration is accompanied by a decrease of the N–H� � �OH2

hydrogen bonds and concomitant increase of the N–H� � �O4P�

interactions, at the interface level (see Fig. S56, ESI†).
Overall, the evolution of the N–H� � �Cl� (green line in Fig. 4

top and Fig. S55, ESI†) shows that the A-series squaramides
can recognise chloride throughout the passive diffusion in the
bilayer system. Indeed, it is noteworthy that A2, in MD simula-
tion W1�A2, uptakes a solvated chloride ion for 10 ns (between
the 93rd and 104th ns), while embedded in the membrane. This
feature can be perceived by the increase of N–H� � �Cl� bonding
interactions in Fig. 4 (top), for the above-mentioned period,
as well as in the last panels of Fig. 5 and in Movie S1 (ESI†).
However, in the second MD run of A2 in scenario W, and in
both MD runs of A1 and A3 (see Fig. S55, ESI†), no chloride
recognition events are observed after the internalisation of the
small molecules. It is noteworthy that, in all these MD simula-
tions, sporadic chloride recognition events in the water phase are
monitored prior to the permeation of the water/lipid interface.
The observed chloride uptake and release events are remarkable
and show that these molecules have the potential to function as
anion carriers. Moreover, the MD simulations suggest that the

anion binding can either occur in the water phase or in the
water/lipid interface (vide infra).

The B-series squaramides have an asymmetric structure,
with the squaramide core decorated with an n-hexyl chain and
a phenyl substituent accounting for different degrees of fluori-
nation (vide Scheme 1) and lipophilicities. These two structural
features dictate that additional dispositions to type a are
adopted by this series of molecules in the phospholipid packed
environment, as follows. In the MD simulations of the asym-
metric squaramides B, in addition to the CQOCOM� � �Pint and
N–HCOM� � �Pint distances, the distance between the centre of mass
of the aromatic ring (PhCOM) and the closest Pint (PhCOM� � �Pint

distance), was evaluated to ascertain the relative orientation of B1,
B2 or B3 towards the water/lipid interface. The evolution of these
distances throughout the two independent MD runs is plotted in
Fig. S57 (ESI†). In the MD runs of the B-series in scenario W, after
the water/lipid interface permeation, the squaramide core
disposition of the free squaramide derivatives interchanges
between type a and two other spatial dispositions, characterised
by similar CQOCOM� � �Pint and N–HCOM� � �Pint distances (type b)
or a shorter CQOCOM� � �Pint distance than the N–HCOM� � �Pint

distance (type c).
Furthermore, the MD simulations have shown that the type b

disposition must be subdivided in function of the PhCOM� � �Pint

distance: in type b0 the squaramide core can be roughly
perpendicular to the plane of the interface, while in type b00

the squaramide core is almost parallel to the interface with

Fig. 5 Consecutive snapshots depicting the diffusion of the chloride complex of A2 throughout MD simulation W1�A2. The squaramide derivative,
sodium and chloride ions, together with the phosphorus atoms, are represented in spheres. The remaining atoms of the bilayer are shown as lines. The
hydrogen atoms are shown in white, oxygen atoms in red, nitrogen atoms in blue, fluorine atoms in light blue, phosphorus atoms in wheat and carbon
atoms in yellow (A2) or grey (phospholipids). The sodium ions are shown in pink and the chloride ions are shown in green (complex) or green marine
(counter ions). The interaction of the internalised A2 with the solvent molecules is emphasised with the depiction of water molecules within 3.5 Å from A2
as spheres. Most water molecules and the lipids’ C–H bonds are omitted for clarity.

Scheme 2 Spatial dispositions adopted by the squaramide derivatives with respect to the lipid bilayer. Each series is represented by their nonfluorinated
analogue (A1 – green; B1 – red; C1 – blue; D1 – purple).
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three reference points approximately at the same distance to
the interface. Furthermore, in type b0 the PhCOM is closer to or
further from the closest membrane interface than the CQOCOM

and N–HCOM reference points. The evolution of these distances
is plotted in Fig. S57 (ESI†) and the relevant spatial dispositions
observed for the B molecules are also sketched in Scheme 2 and
illustrated in Fig. S58 (ESI†).

Overall, the analysis of the spatial dispositions can be
related with the lipophilic character of the substituents present
along these two series. Indeed, for the symmetric A-series, with
equally lipophilic aromatic substituents, the main spatial dis-
position adopted is type a. On the other hand, in the asym-
metric B-series, the different lipophilic nature of the substituents
leads to a frequent exchange between spatial dispositions with
the prevalence of type b ones. With the increase of the lipophilic
character of the aromatic substituents (log P values: Ph = 2.05 o
4-CF3Ph = 2.93 o 3,5-(CF3)2Ph = 3.81),96 the n-hexyl substituent
(log P = 2.88)96 is closer to the water/lipid interface, rather than
being aligned with the phospholipid tails. Throughout their
diffusion along the membrane system, likewise the A-series,
the squaramide core of the B molecules interacts with the POPC
head groups and water molecules via hydrogen bonds, as can be
seen in Fig. S56 (ESI†).

Following the study of free A and B squaramides, the passive
diffusion of their chloride complexes was also investigated for
200 ns using two Cl�� � �N distances restraints (scenario W0).
As shown in Fig. S59 (ESI†), all complexes are able to permeate
the water/lipid interface, staying below it until the end of
simulation time, with the chloride widely exposed to a variable
number of water molecules ranging between 0 and 9, as sum-
marised in Table 3. On the other hand, the carbonyl moieties of
the squaramide motifs, deeper in the POPC bilayer, have a
negligible solvation.

The ability of these two mono-squaramide series to assist
chloride transport by passive diffusion across the phospholipid
bilayer was also investigated with the anion complexes inserted into
the bilayer core with a random spatial disposition (scenario M). The
evolution of the CQOCOM� � �Pint and N–HCOM� � �Pint relative
distances, plotted in Fig. S55 (ESI†) for squaramides A, shows
that during the first ps of MD production runs, the complexes
of this series reorient within the packed phospholipid environ-
ment adopting mainly a type a disposition. Subsequently, the
chloride ion is released before the complex reaches the water/
lipid interface, as indicated by the interruption of the N–H� � �Cl�

interactions, also shown in Fig. S55 (green line) (ESI†), accom-
panied by few water molecules. Afterwards, the free A squara-
mides nest between the phospholipids preserving the type a
disposition, as in the MD simulations in scenario W. This
sequence of diffusion events is illustrated in Fig. S60 (ESI†) with
selected snapshots obtained from simulation M1�A3. It is also
noteworthy that in this MD run, a chloride ion is taken up by
embedded A3, near the end of the MD simulation for a period of
ca. 20 ns (see Fig. S55, S60 and Movie S2, ESI†). This is in line
with the uptake event reported for simulation W1�A2 (vide supra),
emphasising the hypothesis that anion binding can occur at the
water/lipid interface, rather than in the water phase.

Likewise the A squaramide complexes, in the MD runs carried
out with complexes of B-series squaramides in scenario M, the
chloride release towards the aqueous phase is promoted by water
molecules. Furthermore, the spatial disposition adopted by the B
molecules exchange between types a, b and c (see Fig. S57, ESI†),
corroborating the insights reported for the MD simulations
where their complexes are initially positioned in the water phase
(scenario W).

In the simulations carried out in the M0 scenario, the
complexes promptly migrate to the water/lipid interface, as
requested for the anion carrier mechanism. The complexes
are disposed with the N–H binding units close to the interface
(see Fig. S59, ESI†), the anion exposed to water molecules, and
the CQO pointing away from the aqueous phase (see Table 3).

MD simulations with chloride complexes of squaramides C.
The spatial dispositions of the C squaramide complexes during
the passive diffusion along the membrane model were assessed
using the following reference points: N–HCOM – centre of mass of
the four nitrogen atoms of the binding units; SpCOM – the centre
of mass of the aromatic ring in the 1,2-phenylenediamine spacer;
and PhCOM – the centre of mass defined by the two aromatic
substituents. With the evolution of the relative distances
N–HCOM� � �Pint, SpCOM� � �Pint and PhCOM� � �Pint, (see Fig. S61, ESI†),
three main spatial dispositions (see Scheme 2) were discernible

Table 3 Average number of water molecules solvating the squaramide
chloride complexes within the first solvation shell (cut-off = 3.4 Å)a

MD
simulation

Solvated entity

Squaramide
derivative

Carbonyl
groupsb

Complexed
chloride

W1
0�A1c 9.2 � 3.6 0.4 � 0.8 3.7 � 1.0

W1
0�A2c 7.2 � 2.5 0.2 � 0.5 3.9 � 0.9

W1
0�A3c 9.7 � 10.4 0.6 � 1.9 3.7 � 1.1

W1
0�B1c 8.3 � 3.0 0.5 � 0.8 3.5 � 1.2

W1
0�B2c 8.1 � 3.1 0.3 � 0.7 4.1 � 1.1

W1
0�B3c 10.1 � 3.6 0.4 � 0.7 3.8 � 0.9

M1
0�A1c 8.8 � 3.0 0.4 � 0.8 3.8 � 1.0

M1
0�A2c 6.6 � 2.6 0.1 � 0.5 3.5 � 1.3

M1
0�A3c 6.0 � 2.7 0.0 � 0.3 3.3 � 1.0

M1
0�B1c 10.0 � 3.2 0.5 � 0.8 4.2 � 1.0

M1
0�B2c 9.3 � 2.7 0.6 � 0.8 4.1 � 0.9

M1
0�B3c 8.9 � 3.0 0.4 � 0.6 3.9 � 1.0

M�C1d 10.6 � 3.2 1.5 � 1.5 2.6 � 0.9
M�C2d 9.8 � 3.2 2.2 � 1.8 2.4 � 0.9
M�C3d 9.3 � 3.2 2.1 � 1.7 2.1 � 0.8

M�D1e 9.5 � 3.2 4.5 � 2.3 0.1 � 0.3
M�D2e 9.5 � 2.9 4.2 � 2.1 0.0 � 0.2
M�D3e 9.1 � 3.4 4.2 � 2.3 0.1 � 0.3

a These parameters were evaluated throughout the last 100 ns of
simulation time for the A-, B- and C-series, and the last 400 ns for the
D-series. b Sum of the number of water molecules around the indepen-
dent CQO groups. c N = 10 000. d The data from the two individual
runs were concatenated and treated together, resulting in N = 20 000.
e The data from the four individual runs (vertical and horizontal initial
orientations) were concatenated and treated together, resulting in
N = 160 000. The complete statistics for the individual MD runs can
be found in Table S10 (ESI).
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for the C-series: type d, characterised by the aromatic substi-
tuents closer to the water phase and the 1,2-phenylenediamine
spacer pointing to the bilayer core; type e0, with the overlap of
the three reference points; type e00, also characterised with the
overlap of the three lines, but with the molecule adopting a
perpendicular disposition towards the water/lipid interface;
and type f, with the aromatic substituents pointing to the bilayer
core and the 1,2-phenylenediamine spacer near the water/lipid
interface. All these spatial dispositions are depicted in Fig. S62
(ESI†), with snapshots taken from both MD runs.

In both MD runs of non-fluorinated bis-squaramide C1, its
spatial disposition interchanges between types d, e0, e00 and f.
In contrast, for the fluorinated C2 and C3, the evolution of the
N–HCOM� � �Pint, SpCOM� � �Pint and PhCOM� � �Pint distances indicates
that these molecules adopt a type f spatial disposition with the
hydrophobic substituents deeply embed into the bilayer. In
addition, apart of MD simulation W1�C2, the chloride com-
plexes are maintained throughout most of the simulation time,
as illustrated in Fig. S61 and S63 (ESI†).

The diffusion of the chloride complexes of the C-series within
the phospholipid bilayer was also investigated (scenario M),
initially positioning the three anion complexes in the middle
of the phospholipid molecules’ tails. Moreover, due to the bulk
of these molecules, the complexes were lodged almost parallel to
the water/lipid interface plane (type e0 disposition). All complexes
promptly diffuse towards the interface, as seen in Fig. S61 (ESI†),
and concomitantly reorient themselves, acquiring the same types
of spatial dispositions as observed in MD simulations from the
water phase (scenario W, vide supra). While the main spatial
dispositions of C2 and C3 anion complexes are unequivocally of
type f, non-fluorinated C1 adopted several spatial dispositions,
as in scenario W. Overall, the complexes are highly hydrated
when they reach the water/lipid interface (see Table 3), but the
anion is firmly bound by the four cooperative N–H� � �Cl� inter-
actions, which preclude the anion release to the water phase (see
Fig. S61, ESI†). Thus, the MD simulations with the C-series in
scenarios W0 and M0 were not undertaken. Moreover, these
structural insights obtained at the atomistic level are entirely
consistent with the moderate transport ability experimentally
observed for this series of molecules, suggesting that the low
activity is more likely due to the problematic release of chloride,
rather than competition with phospholipid head group binding.

MD simulations with chloride complexes of tripodal squar-
amides D. Throughout the MD simulations performed with the
D-series in scenario W, the position of the tripodal squaramide-
based molecules was monitored using the relative distance
between the central tripodal nitrogen (Ntren) and Pint (Ntren� � �Pint

distance), measured along the membrane normal. The orienta-
tion of the D-series squaramides was followed using this relative
distance together with the N–HCOM� � �Pint and PhCOM� � �Pint dis-
tances, in which PhCOM is now the centre of mass defined by the
aromatic carbon atoms from the three substituents and N–HCOM

stands for the centre of mass defined by the nitrogen atoms of
the six binding units.

The three tripodal molecules exhibit equivalent diffusion
behaviours, being able to permeate the interface and residing

below it in a well-defined spatial disposition until the end of
the simulation time (vide infra). This spatial disposition of type
g (see Scheme 2) is characterised by the Ntren and N–H binding
units near the interface level (orange and blue lines) and the
aromatic substituents between the lipophilic tails (magenta
line), as indicated by the evolution of the three relative distances
for W1�D3 plotted in Fig. 6, with the number of hydrogen bonds
to chloride. The passive diffusion of this tripodal complex is also
depicted in Fig. 7 with six snapshots taken from W1�D3. Equiva-
lent plots for the remaining run of D3 and for the MD runs of D1
and D2 are shown in Fig. S64 (ESI†).

Overall, the MD simulations of the D-series molecules are
characterised by multiple chloride release and uptake events in
the water phase, prior to the internalisation of the squaramide
derivatives. However, due to the six convergent binding units,
and higher value of VS,max, the initially complexed chloride is
replaced by a hydrated chloride ion present in the system.
Thus, in both MD runs of D1 in scenario W, the receptor enters
the bilayer as chloride complex, which is preserved until the
end of the MD simulation with up to six N–H� � �Cl� hydrogen
bonds (see Fig. S64 and S65, ESI†). In contrast, in both MD runs
of D2 and in simulation W2�D3, the tripodal molecule loses its
chloride before penetrating the bilayer. On the other hand, in
the first MD run of D3, the initial anion complex is maintained
for a long period of time, ca. 61 ns, as the receptor lodges itself
within the membrane, followed by the definitive anion release

Fig. 6 Evolution of Ntren� � �Pint (cyan dashed line), N–HCOM� � �Pint (blue dotted
line), and PhCOM� � �Pint (purple dot-dashed line) distances throughout MD
simulations W1�D3 (top) and M1�D1V (bottom). The evolution of the number
of N–H� � �Cl� hydrogen bonds is also plotted as a green line. The water/lipid
interface is represented as a black line at z = 0 Å.
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to the water phase. By the end of the MD sampling periods, all
binding units of the internalised D2 and D3 are locked by
hydrogen bonds established with lipid head groups, carbonyl
groups of neighbouring squaramide moieties, or water mole-
cules, as shown in Fig. S65 (ESI†), where the number of hydrogen
bonds is plotted versus the relative position of the receptor along
the membrane normal. Indeed, apart of simulations W2�D2 and
W1�D3, the D-series molecules maintain the initial tripodal
shape, characterised by three Ntren–C–C–N torsion angles of
ca. �601, consistent with a ggg conformation, as thoroughly
discussed in the ESI.†

Like the A-, B- and C-series of squaramide molecules, the
ability of the tripodal molecules to assist with chloride diffu-
sion within the phospholipid bilayer was also ascertained in
scenario M. Initially, the anion complexes were inserted into
the POPC bilayer with the C3 symmetry axis roughly parallel
to the membrane normal. The variations on the Ntren� � �Pint,
N–HCOM� � �Pint and PhCOM� � �Pint distances along with the number
of N–H� � �Cl� hydrogen bonds, for the long production runs of
500 ns are plotted in Fig. 6, for the MD run M1�D1V, while the
second run and the remaining MD simulations with D2 and D3

are represented in Fig. S67 (ESI†). The histograms of the
Ntren–C–C–N torsion angles are plotted in Fig. S68 (ESI†).
Equivalent results were obtained for all runs, as discussed for
the M1�D1 run.

The complex D1�Cl� promptly diffuses towards the membrane
interface with the phenyl groups pointing to the bilayer core,
while the tripodal nitrogen atom and the carbonyl groups are
closer to the water phase. This orientation is maintained until the
end of the simulation time, with the ggg tripodal D1 receptor
tightly bonded to chloride under the water/lipid interface. The
pertinent diffusion events are illustrated in Fig. 8 (left) with three
snapshots extracted from simulation M1�D1v. The carbonyl
groups of the D-series molecules are exposed to the water
phase, being solvated by an average number of water molecules
ranging between 3.7 and 4.9 (see Table 3). In contrast, the com-
plexed chloride is rarely visited by water molecules throughout
the last 400 ns of simulation time. In other words, the combi-
nation of the tripodal shape and the orientation of the complex
shelters the chloride from the water molecules. The final orienta-
tion of D1 is entirely consistent with the negative electrostatic
potential around the polar carbonyl groups (vide supra) and the

Fig. 7 Consecutive snapshots depicting the diffusion of the chloride complex of D3 throughout MD simulation W1�D3. Remaining details as given
in Fig. 5.

Fig. 8 Consecutive snapshots depicting the diffusion of the chloride complex of D1 throughout the first MD simulation run in scenario M: left – initial
vertical orientation; right – initial horizontal orientation. Remaining details as given in Fig. 5.
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inherent lipophilic nature of the aromatic substituents of this
tripodal molecule.

Having observed that the anion complexes of D have the
ability to diffuse within the phospholipid bilayer, we decided
to ascertain if the results reported above are dependent on the
starting orientation of the tripodal anion complexes. Thus, the
tripodal chloride complex was alternatively placed at the bilayer
core with the C3 symmetry axis perpendicular to the bilayer
normal. The current discussion will focus on M1�D1H, given that
similar results were observed for the remaining MD run and
simulated systems of D2 and D3. D1�Cl� promptly reorients itself
during the first ns of the MD production run, concomitantly
diffusing along the bilayer normal towards the water/lipid inter-
face, as can be seen in Fig. S67 and S68 (ESI†) and with selected
snapshots of this MD simulation in Fig. 8 (right). In other words,
equivalent diffusion events were observed independently of the
initial orientation of the complex inside of the phospholipid
bilayer, affording a type g orientation. The different passive
diffusion events of the A- and D-series are shown in Movies S3
and S4 (ESI†), respectively. As the D-series is able to permeate the
water/lipid interface complexed to chloride and is unable to
release it when placed in the membrane core, the MD simula-
tions in scenarios W0 and M0 were not undertaken.

In summary, the tripodal chloride complexes are preserved
during the extensive 6 ms sampling period of scenario M
simulations, which is entirely consistent with the inability of
this series to operate the chloride transport, as experimentally
observed. In other words, if these tripodal molecules are able to
take up a chloride ion at the interface (as observed in some MD
simulations of scenario W), it is very unlikely that the chloride
release to the water phase can occur, as required by an anion
carrier mechanism. Furthermore, the MD insights suggest that
the lack of transport activity is mainly due to the sheltering
tripodal architecture synergistically associated with a superior
binding affinity of the D molecules for chloride ion, which is
characterised by higher VS,max values inside of its tripodal
conformation.

Free energy calculations: steered molecular dynamics and
umbrella sampling simulations

The energetic barriers associated with the anion transmembrane
transport for the A-series, the most active anion transporters,
were estimated from the Potential of Mean Force (PMF) profiles
obtained by combining US simulations and the Weighted
Histogram Analysis Method (WHAM).97–99 The US simulations
were preceded by SMD simulations to generate the starting
positions of the three A free squaramides and their chloride
complexes along the membrane normal (vide supra).

SMDs. Throughout the SMD simulations, several water
molecules accompany the diffusing anion complexes or the
free receptors, as plotted in Fig. S69 (ESI†). The translocation of
these entities across the bilayer drags many water molecules.
However, the hydration of the squaramide derivatives decreases
drastically as they are closer to the bilayer core (z = 0 Å), from
ca. 36 water molecules (for the smaller A1) to a minimum of
ca. 3 at the centre of the POPC membrane. In the SMD simulations

of the free transporters, these water molecules are hydrogen
bonded to the N–H binding sites, while in the chloride complexes
they surround the anion.

PMFs. 67 US simulations were used to restore the PMF
profile of each studied system. In each window, the orientation
of the squaramide derivatives was monitored ascertaining the tilt
angle a between the bilayer normal and the vector bisecting the
N–H binding sites and the carbonyl groups. An angle of 01 or
1801 indicates that the vector and the bilayer normal are aligned;
however, when the N–H binding units are pointing in the
negative direction of the membrane normal, a assumes a value
of 01, while an angle of 1801 indicates that the N–H binding units
of the squaramide motif point towards the positive direction of
the z-dimension, as sketched in Fig. 9.

The a angle was histogrammed along the z-dimension for all
systems and is plotted in Fig. 9 for US simulations of A1�Cl� and in
Fig. S70 (ESI†) with the five remaining systems. Overall, in the water
phase (for z-dimension values under ca. �20 and above +20 Å), as
expected, the squaramide derivatives adopt an undefined orienta-
tion in either free or complexed form. On the other hand, in the US
windows comprised between �20 and +20 Å, where the trans-
porters are found within the POPC bilayer and restricted by the
highly-packed lipid molecules, the a angles assume values close to
01 or to 1801. In other words, during the US simulations’ equili-
bration period, the molecules reoriented themselves, with the N–H
binding units always pointing to one of the water/lipid interfaces.
This spatial orientation corresponds to a type a disposition
previously observed in the passive diffusion MD simulations
(vide supra), as illustrated in Fig. 10 with snapshots taken from
different US windows and in Movie S5 (ESI†). Consequently, these
snapshots also enlighten the putative anion carrier mechanism
proposed for these synthetic drug-like molecules.

Fig. 9 2D histogram created from the a angle values monitored along the
z-dimension position of the chloride complex of A1 throughout the 67
independent US windows. The colour ranges from white (no occurrence)
to red (120 occurrences).
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The PMF profiles along the membrane normal were esti-
mated for the three molecules of the A-series, in their free and
chloride complexed forms. For energetic comparison purposes,
the PMF of a single free chloride was also estimated in the pure
bilayer model used in this work. The energy profiles, normal-
ised to zero in bulk water (+33 Å) and estimated spanning the
whole membrane model are shown in Fig. 11, for the free
transporters (top) and for their chloride complexes (bottom),
together with the free chloride. The individual profiles with the
corresponding errors, estimated with Monte Carlo Bootstrap
analysis determined from 1000 random trials,100 are shown in
Fig. S101–S103 (ESI†). The PMF profiles, spanning the membrane,
are asymmetric indicating that the entry and the exit of the POPC
bilayer is accompanied by different interactions with water mole-
cules and/or phospholipids,101 regardless of the orientation of the
squaramide derivatives. The interactions of the small synthetic
transporters with the water/lipid interface are discussed below.
Each US sampling window was simulated for 50 ns, with the last
20 ns being used to estimate the PMF profiles of the six systems,
amounting to 1.34 ms of sampling per system. The initial 30 ns
were discarded as equilibration period, given that the PMF
profiles only converged after this period as shown in Fig. S73
(ESI†). On the other hand, for the free chloride, the US simula-
tions were 25 ns long with the initial 15 ns corresponding to the
equilibration period.

Overall, the profiles of the three complexes show that the
three receptors lower the energetic barrier for the transmem-
brane transport of chloride, when compared with the free anion
profile, thus being able to facilitate chloride transport as anion
carriers. The presence of free A2 and A3 in bulk water after

Fig. 10 Illustrative snapshots depicting the orientation of A1�Cl� in the US windows at z = �30, �15, 0, 15 and 30 Å (from left to right). Remaining details
as given in Fig. 5.

Fig. 11 PMF as a function of the A squaramides’ distance to the mem-
brane COM (z = 0 Å), for the free squaramides (top) and for the chloride
complexes (bottom). The red dashed lines, blue dotted lines and purple
dot-dashed lines correspond to A1, A2 and A3, in this order, while the
green solid line corresponds to the PMF of a free chloride.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:3

4:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cp02576b


20808 | Phys. Chem. Chem. Phys., 2018, 20, 20796--20811 This journal is© the Owner Societies 2018

exiting the POPC bilayer (z = �33 Å) appears to be disfavoured
by ca. 2 kcal mol�1 when compared to the opposite water phase
(z = +33 Å). This small energy hysteresis is acceptable for these
solvated molecules, given that in the PMF calculated for the
membrane spanning of the smaller and neutral urea molecule,
even with sampling times of 4.32 ms, an energy difference of
ca. 1.5 kcal mol�1 was still present.102 The energy profiles are
divided in four zones, identified in Fig. 11: (a) recognition and
penetration of the bilayer, leading to the first basin; (b) the
energetic barrier associated with diffusion within the highly-
packed bilayer medium; (c) the second basin, after the core of
the bilayer; and (d) before the protrusion of the opposite water/
lipid interface.

The diffusion of the A1 chloride complex is favoured by
6.4 kcal mol�1 at z = 9.4 Å, i.e., when the complex is nested just
below the water/lipid interface and surrounded by few water
molecules (zone a). The diffusion of the complex within the
phospholipids’ aliphatic tails (zone b), towards the bilayer core,
naturally results in the increase of the energy barrier to a
maximum of ca. 7.7 kcal mol�1 at z = �4.4 Å. The approach to
the opposite water/lipid interface (zones c and d) is accompanied
by the decrease of energy to �3.2 kcal mol�1 at z = �16.6 Å, as
the complex is solvated with water molecules coming from the
closest aqueous phase (see Fig. 10, with 5 snapshots). The
energy profile of A2’s chloride complex mirrors the PMF of
A1�Cl�, with the entry being lowered by 12.1 kcal mol�1, at
z = 8.3 Å. The energy increases from �12.1 to 1.8 kcal mol�1

when the complex is positioned at z = �6.1 Å. In contrast, the
PMF of A3’s chloride complex displays an energetic profile with
two deep basins (zones a and c), at similar distances from the
bilayer core (ca. 13 Å), with energy minima of ca.�9.3 kcal mol�1

relative to the water phase. Between these basins, the maximum
of�1.1 kcal mol�1 occurs at z = �1.4 Å (zone b). This odd energy
profile should be intimately linked with the higher lipophilic
character of A3 when compared with the other two analogous.
This complex ‘‘feels better’’ within the phospholipid environment
and needs to overcome an energetic barrier of ca. 10 kcal mol�1 to
leave the bilayer from z = �13.2 Å (zone d). At a similar position,
the less lipophilic complexes need only to overcome barriers of
3.2 (A1�Cl�) or 5.4 (A2�Cl�) kcal mol�1 barrier. In other words,
while A1�Cl� and A2�Cl� have low energetic barriers to exit the
bilayer, A3�Cl� has to surmount a larger energy barrier to reach
the water phase. In addition, A2�Cl� has a smaller energetic
barrier to cross the bilayer core, most likely due to its lipophilic
character. These results indicate that A2 should be energetically
favoured to assist the chloride transport when compared with
the analogous A1 and A3, which is in line with the experimental
transport studies.

The energy profiles associated with the diffusion of the free
squaramide derivatives across the POPC bilayer are quite similar.
In zone a, it is evident that all receptors’ penetration of the bilayer
is energetically driven, being favoured by 5.6 kcal mol�1 for A1,
by 10.4 kcal mol�1 for A2 and by 12.9 kcal mol�1 for A3. These
results are in line with the MD simulation carried out in
scenario W, in which the permeation of the water/lipid inter-
face is accompanied by hydrogen bonding interactions to the

phospholipid head groups and water molecules. Free A1,
A2 and A3 face comparable energy barriers of 9.9, 12.6 kcal,
10.8 kcal mol�1, in this order, to surmount the bilayer core.
After the energetic barrier, the energy drop to the second basin
is of 8.3 kcal mol�1 for A1, while A2 and A3 are favoured by 7.1
and 5.8 kcal mol�1, respectively, to stay in the basin of zone c.
Despite the different energetic profiles in zones a to c, receptors
A1 and A2 show low energetic barriers to exit the bilayer,
3.6 and 6.5 kcal mol�1 respectively, as also observed for their
anion associations. On the other hand, free A3 has to overcome
a higher energy barrier of ca. 8.7 kcal mol�1 to leave the bilayer.
These profiles show that the differences between free A1 and A2
to span the bilayer are quite small, while A3, the most lipophilic
molecule, faces several energetic barriers to go from one side of
the bilayer to the other.

In summary, these energetic outcomes suggest that squar-
amides A1–A3 should operate the anion transport event without
leaving the phospholipid bilayer, shuttling between both water/
lipid interfaces. In this context, the anion transport by A2 is
thermodynamically favoured when compared with A1 and A3.

Conclusions

Squaramide series C and D, with four and six convergent
binding sites respectively, have higher E2 and VS,max values,
and therefore, higher binding affinities for chloride. Overall,
the MD simulations showed that these series’ molecules are
able to recognise and release chloride ions in the water phase
and to permeate the water/lipid interface as anion complexes.
However, when the chloride complexes of C and D are initially
positioned in the bilayer core they promptly diffuse towards the
membrane interface and are maintained throughout the simu-
lation length. Given that the chloride uptake and release events
are condiciones sine quibus non for a small drug-like molecule
to operate as an anion carrier, these structural insights are
entirely consistent with the absence of experimental transport
activity for squaramide derivatives D. The encapsulated chloride
is sheltered from the water molecules by the tripodal scaffold
architecture of these receptors, as shown by the negligible
number of water molecules surrounding the encapsulated anion
(see Table 3). The C-series molecules also tightly held chloride,
but its hydration is higher than in the D-series, hinting that the
release of the anion is more likely, although it has not been
observed in the reported MD simulations, but is suggested by the
experimental findings.

The A-series molecules, with more moderate E2 and VS,max

values, when located below the phospholipid interface, adopt
well-defined spatial dispositions with the N–H binding units
pointing to the water phase. This orientation enables sporadic
exchange of the hydrogen bonded phosphate head groups or
water molecules with chloride ions taken from the water phase.
In contrast, the B-series molecules, with overall lower E2 and
VS,max values, are also able to bind chloride in water, but, after
penetration, due to their asymmetric nature, are unable to
preserve a well-defined orientation consistent with occurrence
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of further chloride uptake events. These insights suggest that
the A-series molecules are better anion carriers than B, corro-
borating the experimental transport data.

Our PMF calculations have unequivocally indicated that the
chloride transport across the phospholipid bilayer is energeti-
cally favoured by the A-series’ molecules when compared with
its unassisted translocation. The energy profiles of the free
A1–A3 on positive z-dimension values follow their lipophilicities.
For the chloride complexes of these three linear transporters,
there is no significant energetic differences for their diffusions
until the membrane core.

The experimental anion transport studies in liposomes indi-
cate that the A-series mono-squaramides undoubtedly assist the
chloride efflux, mainly through an Cl�/NO3

� antiport mechanism.
Although this feature was not theoretically investigated, our MD
simulations shows that these carriers are able to easily shuttle
within the hydrophobic medium of the phospholipid bilayer as
free transporters or as chloride complexes. Furthermore, the
chloride uptake and release events can occur in the water phase
or, alternatively and more likely, with the squaramides nested at
the water/lipid interface level, without surmounting the energy
barrier associated with the transporter’s membrane exit.
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