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Abstract

Nanopores that efficiently and selectively transport water have been intensively studied at the nanoscale
level. A key challenge relates to linking the nanoscale to the compound’s macroscopic properties, which are
hardly accessible at the smaller scale. Here we numerically investigate the influence of varying the
dimensions of a self-assembled Imidazole I-quartet (l4) aggregate in lipid bilayers on the water permeation
properties of these highly packed water channels. Quantitative transport studies reveal that water pathways
in l; crystal-like packing are not affected by small scaling factors, despite non-uniform contributions between
central channels shielded from the bilayer and lateral, exposed channels. The permeation rate computed in
simulations overestimates the experimental value by an order of magnitude, yet these in silico properties are
very dependent on the force field parameters. The diversity of observed water pathways in such a small-
scale in silico experiment yields some insights into modifying the current molecular designs in order to
considerably improve water transport in scalable membranes.

KEYWORDS : Artificial water channels, self-assembly, molecular dynamics simulations

Introduction

The quality and purity of available water resources is one of the biggest challenges of
our current societies. The increasing water demand has stimulated the development of new
technologies such as ultra-purification of water for medical usage or water desalination reverse
osmosis. Inspired by recent work on biological systems, new expectations in terms of feasibility
and functionality brought researchers towards artificial waterchannel (AWC) systems. Indeed
AWCs have the advantage to present a diversity of properties due to their chemical synthesis
and they are easily encapsulated in lipids and polymer membranes [1]. Following suggestions
about size scaling effects in carbon nanotubes [2, 3] and recent studies on monomeric
superstructures of AWCs [4], we propose to study the dimensional scalability and the
robustness of empirical models using an artificial multimeric channel aggregate.Imidazole I-
quartets (I;) form a class of artificial waterchannels that experimentally show high selectivity and
water conductance [5]. Previous studies have simulated the nanoscopic water transport and the
packing of water in similar systems [5, 6]. We have previously shown that, depending on the
morphology of the synthesized compound [7, 8], self-assembled structures in crystalline and
amorphous phases account for single water-wire and associated water transport properties.
Experimental evidence mainly comes from stopped-flow experiments in which compounds are
assembled in lipid mixtures into monodisperse liposomes of ~100 nm diameter. This technique
employs the use of osmotic gradients to shrink or inflate liposomes. The permeability of the
channels embedded in lipids are extracted from the inflation rate probed by light-scattering
analysis.



In order to bridge the gap between experimental measurements occurring at the
macroscopic scale and the atomistic description, we propose to study the eventual finite-size
effects generated by the boundary conditions chosen for molecular dynamics (MD) simulations
of these objects, a method of choice to investigate nano-scale membrane aggregates. We have
submitted the selected systems to a series of tests by varying force field parameters to
determine their relevance.

We show that growing structures up to 10 nm long does not lead to pronounced
variability in terms of permeation per channel, despite the increase in surface-to-volume ratio.
Accordingly, we observe that simulations of larger systems enable us to explore rare
permeation events occurring in regions shielded from lipid interactions thanks to an increase in
sampling statistics. Furthermore such an approach paves the way to further investigate spatial
correlations between adjacent channels in these highly packed structures.

The influence of a range of parameters in the model, such as water molecule
representation and force fields for the 14 compounds demonstrate the sensitivity of these
models and the complex diversity of water transport mechanisms that arise at such a small
spatial scale.

Materials and methods

All molecular dynamics simulations were performed under periodic boundary conditions
with constant pressure. The CHARMM-36 force field [9] was used for lipid molecules and the
TIP3P and SPC/E models were chosen [10] for water. To represent S-HC8 molecules and
generate their topologies, we used the CHARMM General Force Field [11] together with the
ParamChem web service [12]. The GROMACS 2018.7 and 2019.2 softwares were used to run
the simulations with all atoms, with an integration time step of 2fs. All bonds were constrained
using the LINear Constraint Solver algorithm. Particle mesh Ewald electrostatics was used with
a 12 A cutoff with the Verlet buffer scheme for nonbonded interactions; the neighbor list was
updated every 20 steps. Three baths (imidazoles, lipids, and water and ions) were coupled to a
temperature of 310 K using the Nosé-Hoover thermostat with a time constant t = 1 ps and a
chain lengh of 4. Pressure in the x/y dimensions was scaled isotropically with Parrinello-
Rahman barostat at 1 bar, and the z dimension was coupled independently to a reference
pressure of 1 bar, t = 5.0 ps, and compressibility of 4.5 107 bar ~'. All systems were minimized
for 5000 steps with a steepest descent algorithm and equilibrated for 2 ns, using decreasing
position restraints of 1000,400,200,100,40 kJ mol T'nm 2 on heavy atoms, with the crystal
structure as a reference. Production runs were finally computed for 1000 to 2000 ns without
any position restraints.

The previous results we compared to were obtained using initial I-quartet channel
patches of 3 nm width inserted [7]. The packing of the initial patch was based on X-ray
structures and the composition of lipids follows the one used experimentally. This composition
of the lipid mixture is the same as before with a respective molar ratio 5:4:1 for Chl:PC:PS. The
molar ratio between compounds and lipids was previously based on an estimation of the
insertion efficiency and initial concentrations inserted [5]. In this new series of simulations, we
varied the size of the patch along the two directions of the crystal parallel to the bilayer
membrane. The size effect was only investigated in the case of the S-HC8 compound since this
structure was the most stable structure of the crystal form observed in previous results. The
molar ratio of lipid:compound was multiplied by a factor 2 in simulation sim5, with the same
initial patch of circa 3 nm width. The height of the crystal patch was kept constant and is
assumed to be close to the thickness of the lipid bilayer.

All systems have been hydrated with a constant molar ratio of lipid:water equal to 28.
We checked in additional simulations that no other long-range effects on the z axis and through



periodic boundary conditions occur, by changing this latter molar ratio to 54. Na* and CI ions
have been inserted using a Monte-Carlo scheme to neutralize the system and to obtain a
concentration of solute equal to 0.15M.

All setups were assembled using the CHARMM-GUI web interface [13] and format files
were adapted to the Gromacs software using the online tool services [14].
The molecular dynamics trajectories were visually inspected and analyzed using the VMD
software [15]. Analysis of the trajectories for RSMD and permeation calculations were
performed using custom scripts for the MDAnalysis library [16, 17]. The accuracy of the analysis
was first tested by varying the sampling time. Fast computation and accuracy were accessed
both using 0.1 ns as a sampling time for the analysis of water permeations. The analysis of
pore radius was performed using the HOLE software [18]. Due to large fluctuations of channel
components on the lateral sides of the patch, mean pore radius values were relevant only for
central channels.

Water Conductance and dimensional scaling

For our simulations, we computed the average number of permeation events in one
direction or water conductance qo (see Table 1). This number is related to the diffusional
permeability ps which quantifies the number of water molecules that exited a channel on one
side of the membrane once they entered through the opposite side of the membrane [19]. We
will further discuss the implications of this specific choice of permeation measurement.

We observed that all systems are stable in the bilayer during 1000 ns simulation, based
on their low root mean square deviation from the starting point. There is no major
rearrangement of compounds in the membrane, except for very few compounds that move
freely within the membrane. A crystal structure arrangement is dominant; we observed very
similar water pathways as in previous studies of similar patch configurations (sim1) [7]. In Fig.2
we reported the evolution of water permeation events during the time of each simulation (from
1000 to 2000 ns). We observed that an equilibrium regime is reached on a range of time
between 500 and 1000 ns depending on the simulation.

All simulations were performed under equilibrium conditions, therefore we expect that
the net flow through the channels is null on average after a certain time. Indeed, we observed
that the net flow cancellation coincides with the convergence of permeation rates to a constant
value. Regarding these observations, we extracted water conduction using water molecule
trajectories taken above a time offset considered as equilibration period. We combine linear
regression and a bootstrap method to compute estimates of water conductance and their
confidence intervals [20]. We computed conductance values reported in Table 1 using the
following relation :

_ Nperm
do = _ZNC
where Ngem relates to the number of permeation events per second (in both directions), N
relates to the effective number of channels. We consider a “permeation event” as a complete
transport of a water molecule through the channel delimited by the mean position of phosphorus
atoms in the lipid bilayer in both leaflets. The number of effective channels in our simulations
was estimated by visual examination. Thereby we defined an effective channel as an 14- (or
lipid-)bounded area within which water wires are located; the “effective” attribute characterizing
channels delimited by both compound molecules and hydrophobic tails of lipid molecules that
allow water to cross the membrane. Despite basing the structure of the central channel on X-ray
data, the behavior of the channels exposed to lipids was first unclear to us. As most of the



permeation events occur in these regions, we tested two different setups : one patch with the
lateral, exposed channels defined by exactly four imidazole molecules and one patch with
exposed lateral channels defined by three imidazole molecules, see Fig.1 a)b), the latter setup
was already used in previous studies [7]. Both configurations remain stable during 1000ns and
we notice higher thermal fluctuations for the imidazole column in the first setup, resulting in only
one lateral-exposed channel and a reduced number of effective channels, see Fig. 1.
Interestingly, in the second regime we observed that the normalized number of permeation
events grows with a similar rate independently of the size of either the membrane or the patch.
In the next section, we further discuss different considerations about the water pathways in
order to better understand these results.

In previous results, simulations were performed using a larger lateral pressure in x/y
directions (10atm) compared to normal pressure (1atm). Our motivation for this choice was to
compensate for the relatively small size of the aggregates. Indeed, it has been shown that small
compounds tend to remain in crystal form under higher lateral pressure. In the present
simulations, we did not need to increase lateral pressure since the crystal form was already
stable at 1atm. Some preliminary simulations have been performed at higher lateral pressure
(10 atm) but no significant changes in both stability and permeations were observed. One of the
simulation outcomes (sim5) with a larger lipid membrane indicates that the number of lipids
does not play a role in the overall stability since permeation pathways are very similar to
observations in sim1. We believe that the coupling between chiral crystal and induced chiral
water single-wire is enforcing the stability of this chiral structure [6], resulting in the observed
robustness of the permeation mechanism. At this stage, we plan to perform a more detailed
analysis of the contribution of each Van der Waals and Coulomb interaction between
compound/compound, compound/lipid and compound/water pairs. This breakdown will allow us
to understand the key mechanism for stability and permeation in these structures.

Permeation pathways : lateral versus central

In all simulations we observed a much larger number of permeations in lateral channels
compared to central channels. Due to the multimeric nature of the patch, channels were
identified based on geometrical aspects given the position of each water molecule permeating
in the half-time of its course through the membrane. Considering the array-like alignment of
channels in one direction in the membrane plane, we considered as “lateral channel” either an
exposed channel with walls sharing lipid atoms and compound atoms, or the first channel with
walls made by compound molecules. This choice was motivated by observations of water
molecules jumping laterally from one channel to another in this region. Note that the average
duration of permeation events, despite a broad range of deviations is always bigger in central
channels (10-500ns) than in lateral channels (1-50 ns). These values are reported qualitatively
here, despite the lack of statistics on these timescales to distinguish water permeation
mechanisms between central and lateral channels.

Following the last two columns of Table 1, we noticed that systems with bigger size
patches display more central permeation events. Interestingly, the permeation in central
channels is not equally distributed among the central channels and only a few of them are
activated (see Fig. 3). An analysis of the pore radius was performed on a trajectory obtained
from sim4 and was correlated with the permeation events. Over 10 central channels, only two
pairs of adjacent channels remain active in the second part of the simulation (channels 3,4 and
7,8). For these channels, the mean pore radius is 1.36 + 0.1A and for inactive channels the
mean pore radius is 1.31 + 0.1A (see Fig.3). Thus, central permeation events are correlated to
fluctuations of the pore size.



In several simulations not reported here, we observed an increase of central channel

radius up to 1.5 A which is accompanied by a much faster transport of water with a change of
conformation of the water packing inside a channel. These results suggest that the patch could
undergo some structural transitions at room temperature. However, we want to warn the reader
that further investigation of these dynamical processes is still to be investigated. Indeed the
statistics of central permeation events at these timescales remain too low to ensure the system
to be in a stationary state, and therefore compute a stationary permeation rate.
In order to characterize the permeation pathways, we also computed the unidirectional flow for
both directions along the z axis on the time window where the absolute flow is constant. We
observed the water flow to be almost symmetric for all lateral channels. Moreover we noticed
that central channels in large systems could maintain a positive net flow in the active channel
during more than 400 ns (see Fig. 3). Still, there is no evidence that water flow in one direction
could be energetically favored in this equilibrium-MD simulation. To confirm this hypothesis, it
could be interesting to extend the simulations considering its limitations due to the small amount
of statistics for central channels in the current study.

Discussion on the model

We showed that for the scales investigated the overall water conductance scales linearly
with the size of the patch. At first sight, if we suppose that all channels of the patch contribute
independently to the overall water flow, these results seem natural. However a detailed analysis
of individual channel permeation has revealed that lateral channels contribute significantly more
permeation events than central channels. If we consider simulation sim4 (see Figure 1), the
setup has the same number of lateral channels as in sim1, but with almost the double nhumber
of central channels. First, we were expecting that the water conductance will scale with the
number of lateral channels, but simulations show that it scales with the total number of
channels. One hypothesis to understand these results is to suggest that permeation in these
crystal-like structures is a collective phenomenon between adjacent channels. This vision is
supported by the comparison between simulations sim1 and sim2 where the local change of the
lateral channel conformation does not seem to disturb overall water conductance. So, in order
to understand the mechanism of water flow at larger scales, one has to consider the spatial
correlations of such crystal-like molecular assemblies.

As shown in Fig.1, the choice of the water model has a significant impact on the
permeation rate. Water conduction is twice stronger using the TIP3P water model compared to
the SPC/E model given all other setup features being equal. It is well-known that water transport
in confined geometries is strongly dependent on hydrogen bonds that water molecules form
within their close environment [21, 22]. Yet the number of hydrogen-bonds in S-HC8 channels is
very close to the number of hydrogen bonds in the bulk. Hence we expect that the diffusion in
the channels at equilibrium will be affected correspondingly to the bulk diffusion. Indeed, as
shown in Table 2, the ratio between self-diffusion coefficients between TIP3P and SPC/E model
is 2.1 which is consistent with our results. Moreover, as the SPC/E water model is more faithful
to real data concerning transport properties, we keep in mind that almost all simulations
performed here with the TIP3P model would overestimate transport properties.

In order to test the sensitivity of the model coefficients, we compared the water
conductance in two similar setups varying force field parameters for the imidazole compounds
using either CGenFF [23] or GAFF [24]. Results in Fig.1 show that permeability is more than
three times larger when using the GAFF force field. Using GAFF parameters, we noticed the
crystal patch to be less flexible under thermal fluctuations; almost no imidazole molecules are
moving freely in the lipid bilayer. We expect that GAFF parameters reinforce long-range
electrostatics interactions resulting in even more stable crystal-like patches embedded in the



lipid bilayer. This freezing effect of the surrounding architecture could contribute to increase
water conductance both in lateral and central channels. However, further considerations about
energetics and experimental data is under investigation to validate and study the influence of
both LJ coefficients and partial charges of these two models.

Furthermore, experimental data is required to assess the validity of the modeled
aggregates. Despite the estimation from experimental results of the molar ratio between lipids
and compound molecules, the average size of these membrane-embedded objects actually
remains unknown. Two scenarios arise at this stage, one assuming the existence of small
patches with large surface-to-volume-ratio effect and therefore a particular role of the interaction
between lipids and the compound patch on permeation rate, the other scenario assuming the
presence of large crystal patches where surface-to-volume-ratio effects are negligible. In order
to validate the second scenario, we would need above-mentioned experimental data.
Furthermore a coarse-grain approach could be adopted to simulate larger systems, however the
forcefield issue then becomes even more stringent as all relevant physico-chemical properties
of the imidazole compounds will have to be captured in the simplified representation. Somehow
we would have to find a compromise between the loss of atomistic description for water
dynamics and the gain in the amount of statistics.

Although the size of the embedded system does not seem to play a significant role in the
permeation rate in our simulations, we keep in mind that it essentially concerns the hypothesis
based on crystal configuration at small timescale. The major difficulty in reproducing the
experimental conditions relates to the unknown average size and distribution of compound
assemblies embedded in the liposomes, the radius of which is distributed around 100 nm. In our
simulations, the patch size does not exceed 10 nm and timescales accessible to all-atoms
descriptions are bounded to a few microseconds. Given the small values of the scaling factor
we used in this study, we do not exclude some important surface-to-volume effects when we
scale the system up to experimental ones. For the time being, we cannot resolve the question of
long-term events such as the rearrangement of the structure inside the membrane without
validating a proper force field. We already know from previous results related to other
compounds [7] that disordered aggregates may also display high water conductance and ion
selectivity but these structures have shown limited robustness under application of the current
force field. This observation emphasizes the difficulty to validate the force field choice at these
small timescales.

Regarding the test series we performed on the S-HC8 compound, we can minimize the
actual mismatch between experimental results in stopped-flow experiments and our simulations
where we found a water conductance of one to two orders of magnitude larger than the
experimental value. Indeed, the choice of the model needs to be understood in order to
correctly reproduce tendencies of the experiments. Moreover, the current studies were only
tackling the stability and permeation mechanisms at equilibrium. Yet structural changes of such
systems composed by a large number of interacting molecules has to be challenged under non-
equilibrium conditions such as osmotic gradients or hydrostatic pressure [25, 26]. Such
considerations as a comparison between diffusional and osmotic single-channel permeabilities
need to be clarified on these systems, in order to enlighten experimental observations in real
systems. Although these dynamical aspects have been intensively studied in carbon nanotubes
and biological channels [21], a long road to understand stability and water permeation
mechanisms in molecular self-assemblies remains.

Conclusion and perspectives

By varying the size of the patch of crystal-like assemblies of I, channels using MD
simulations, we found that permeation rate scales with the total of number of channels. Large



surface-to-volume-ratio in these in silico model systems could induce an overestimation of the
permeation rate in contrast to experiments on liposome substrates. Surprisingly, finite-size
effects do not seem to be ruled out by the particular morphology of the more active channels.
These findings suggest that collective effects that imply long-range interactions between
compounds and lipid/compound interfacial energies have to be carefully investigated. Indeed,
the scaling of these seed structures to a larger scale remains a challenge given the number of
uncertainties related to the phase state of large self-assembilies in lipid bilayers. Although X-ray
data provide a crystalline structure that displays permeation properties, we showed that the
force field parameters that describe interactions between I, compounds is determinant to allow
stability within the lipid bilayer and therefore control the permeation rate. Flexibility and mutual
effects between hydrophobic and hydrophilic regions in these packed channels have shown to
be a major asset to increase single-channel permeability. Simulations will play an important role
in elaborating future designs of self-assembled compounds with improved properties. Previous
and present studies rely on a static approach, therefore out-of-equilibrium simulations will
confirm and complete the current scenario. Furthermore, Van der Waals interactions and
electrostatic interactions will be investigated to calibrate the force field with respect to
experimental data. At last, larger scales will be assessed by coarse-grained approaches [27, 28]
in order to study the feasibility of scalable membrane constructs linking to the macro-scale [29,
30].
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Figure 1 : Initial aggregation setups of the S-HC8 compound (see panels h and i) used for molecular dynamics simulations.
Top view (a)sim1 (b)sim2 (c)sim3 (d)sim4 . Lateral view (e)sim1 (f)sim2 (g)sim3 . Only molecules of the 14 compounds and
the phosphorus atoms of the lipids are represented in the upper panels; water molecules close to polar heads of the
imidazole compound are added in the bottom panels. All other molecules are omitted in the pictures for clarity. Below each
bottom panel, the estimated number of effective water channels is shown.



100 60 a
sim1 - no defects sim1 - TIP3P 140 sim1 - CGenFF .

— sim2 - defects —— sim7 - GAFF ’

80 sim3 - 2x6 channels %0 Simé - SPC/E

simd - 12 channels

sims - large membrane

120

100

# permeations events/channel
# Permeations per effective channels
w
8
# Permeations events/channel

o
- B
\
-

0 250 500 750 1000 1250 1500 1750 2000 0 200 400 600 800 1000 0 250 500 750 1000 1250 1500 1750 2000
time(ns) time(ns) time(ns)

Figure 2 : Time series of number of permeation events normalized over the total number of pre-formed imidazole 14
channels in the membrane. The permeation rates are grouped together with respect to several varying factors: size of the
patch and lipid/compound ratio (a), water model (b) and force field parameters (c). Achieving a constant permeation rate
after an initial time offset provides a simple measure that the system reaches a converged transport state. Water
conductance values associated to each simulation are reported in Table 1.
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Figure 3 : (a) water conductance per channel (12 aligned channels) during the time window 400-1000ns. Channel indices
follow the spatial order, the channels 0 and 13 are effective channels delimited by both lipids and S-HC8 molecules. Lateral
channels are colored in orange and central channels are colored in blue. Positive values account for water molecules
entering the lower leaflet and exiting the channel on the upper leaflet, and negative values are defined accordingly. (b)
Time series of mean pore radius for each labeled central channel. Lateral mean pore radius for lateral channels was not
represented, indeed higher fluctuations of channel walls reduces considerably the accuracy of this measure. Only the time
window corresponding to a constant water flow is considered. For convenience, data is averaged on a time window of 50
ns.



Table 1 : Water conductance values reported for the whole set of simulations. Some results from previous studies and
from previous experimental measurements are mentioned for comparison. Water conductance values are computed using
number of permeation events in a time window normalized by the number of effective channels in the pre-formed crystal
patch. The last two columns account for the distribution of events between lateral and central channel as defined in the
article text.

Simulation System description Force Water |Permeation Conductance
acronym regime
Field Model x10°® H20/s/channel lateral central
do std
AQP1 - - - ~10° - - -
S-HC8 - Exp (7) - - osmotic 1,4 0,1 - -
sim1 S-HC8 - 6 channels - no defects CgenFF TIP3P diffusive 19.5 0.2 99 % 1%
sim2 S-HC8 - 6 channels - with CgenFF TIP3P diffusive 22.2 0.2 99 % 1%
defects
sim3 S-HC8 — 2x6 channels CgenFF TIP3P diffusive 225 0.1 82 % 18 %
sim4 SHC8 — 12 channels CgenFF TIP3P diffusive 20.8 0.1 72 % 28 %
sim5 S-HC8 - 6 channels - large CgenFF TIP3P diffusive 20.5 0.1 98 % 2%
membrane
sim6 S-HC8 - 6 channels CgenFF SPC/E diffusive 10.1 0.1 76 % 14 %
sim7 S-HC8 — 6 channels GAFF TIP3P diffusive 65.0 0.3 78 % 28 %




Table 2 : Self-diffusion of water in the bulk calculated for two water models and experimental reference value [31]

Water Model Self-diffusion (10° cm?/s)

experimental 2.30

TIP3P 5.19

SPC/E 2.49
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