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ABSTRACT: Transport of water across cell membranes is a fundamental process for important biological functions. Herein, we focused
our research on a new type of symmetrical saccharide rim-functionalized pillar[5]arene PA-S artificial water channels with variable
pore structures. To point out the versatility of PA-S channels, we systematically varied the nature of anchoring/gate keepers D-
Mannoside, D-Mannuronic acid or Sialic acid H-bonding groups on lateral PA arms, known as good membrane adhesives, to best
describe the influence of the chemical structure on their transport activity. The control of hydrophobic membrane binding — hydro-
philic water binding balance is an important feature influencing the channels’ structuration and efficiency for a proper insertion into
bilayer membranes. The glycosylated -PA channels transport performances were assessed in lipid bilayer membranes, and they
were able to transport water at high rates (~10°-10" waters/s/channel within one order of magnitude as for aquaporins.) serving as
selective proton railways with total Na* and K rejection. Molecular simulation substantiates the idea that the PAs can generate
supramolecular pores, featuring hydrophilic carbohydrate gate-keepers that serve as water-sponge relays at the channel entrance,
effectively absorbing and redirecting water within the channel. The present channels may be regarded as a rare biomimetic example
of artificial channels presenting proton vs. cations transport selectivity performances.

INTRODUCTION

One of the most important functions of biological membranes Pillarl5larene
is its complex selective self-regulation of metabolites transport ,ﬁL\ AR
for the cell.! The transport is modulated by natural protein Ho__ ow L
channels which work as selective filters.® Proton transfer is ° P . / Hg.ﬁjﬁ PR
one of the most common biochemical processes holding a sz T [ = oJ-\Jss
significant roles in the living cells.” the results is related to the \ o

acidification of interior of the cells, important in controlling ,

physiological functions. A number of important diseases, Hﬂ - e }
resulting from dysregulation of protein channels, known as O AN =R RJ/ N
“channelopathies” can be treated with synthetic ion-channels s —— 55
that can have a great potential in anticancer treatments. Dedi- ,p
cated artificial proton channels are less common in recent ”?:'O o8
literature. Even though many details of the proton transfer ‘i,”,,.o
mechanism are still unresolved, the progress made showed {drophobie
that protons are travelling along membrane-bound waters Copillarfé+tjarene
assisted by protein functional groups, via a Grotthuss-type

mechanism.”’ Actually, the diffusion of the proton mass is not
required, as the migration of the proton charge along a wire of

H-bonded water wires is sufficient.? ¢ J
Inspired by biological channels, Artificial Water Channels- jodie
AWCs have been proposed with the hope to replicate the ¢
function of natural proteins, the Aquaporins involved in the gt s

selective water transport through bilayer membranes.® Molecu-
lar or self-assembled AWCs are constructed via covalent or
reversible non-covalent bonds.'® An optimal H-bonding of
water within the channel is needed for selectivity, while less
friction/interaction with the channel structuration is desired to
increase the water permeability. The key to design AWCs is to
construct functional pores with a specific aperture, that can
sterically accommodate water clusters/wires in a selective
manner. Having in mind such design strategies, the confined
water can be used as protons’ railways through the channels.

Figure 1. Chemical structures of saccharide homopillar[5]arenes
(top) and copillar[4+1]arenes (bottom) and their structural varia-
tions (red). The D-mannoside configured carbohydrates display a
hydrophobic membrane binding o-face and a hydrophilic water
binding p-face.



During the last decade, a wide range of AWCs have been
developed and studied with unique functional features for
enhanced and synergetic water permeability and selectivity,
such as l-quartets,”*® aquafoldamers,***® dendritic dipep-
tides,”*° pillar[5]arenes®* hydroxy channels®** and more
recently flourous nanorings.?

As a bioinspired approach, the aim is to learn from the biolog-
ical protein scaffolds and implement the selectivity compo-
nents in artificial molecules so that to control the channel
build-up by constitutional self-organization. Aquaporins
(AQPs) are protein channels involved in water transport
through cell membranes. AQP is composed of an hourglass
structure with a narrow constriction of 2.8 A. Each water
molecule transported forms H-bonds with the inner- protein
and with adjacent waters. This way, opposite dipolar align-
ment of water molecules can control the water vs. proton
transport selectivity of AQPs.>*’

It is of great importance to take into consideration four major
factors regarding the construction of AWCs: a) the
lipophilicity of the components, as this is ensuring their inser-
tion into the lipid bilayer in order to form the channel; b) the
overall length of the channel needs to optimally cross the
phospholipid bilayer membrane thickness (~35-40 A); ¢) the
anchoring groups interacting with polar zwitterionic region of
the lipids may control the orientation within membranes and
d) the water/proton recognition sites pointing toward the inner
channel may ensure the transport selectivity. The interactions
between the recognition sites and water/protons should not be
too weak, neither too strong. It must be an optimal association
constant for obtaining good transport selectivity.”**

Important investigations on constructing AWCs allowing a
selective enhanced transport of water across the lipid mem-
brane are related to the use of pillar[5]arene (PA) as a suitable
macrocyclic platform for building channels. They were first
synthesized by Ogoshi et al. in 2008.° Hou et al. reported in
2012 the first PA AWCs incorporated into lipid bilayers and
encapsulating single water wires.*® The PAs attracted the
interest as they present multiple advantages like easy synthetic
access, tunable size of cavity, easy fine-functional rims, self-
assembly by H-bonding producing an expanded length-
controlled tubular superstructure with amazing functions.**°
The significant progress obtained until now with the PA chan-
nels functionalized with peptide systems,*** led to different
attempts in functionalizing on both rims, which can show
interesting results on water/proton translocation. Barboiu et al.
have studied the crown-ether-pillar[5] arenes in selective
transport of K cations’ and more recently described H-
bonded dimeric rim-differentiated PAs® with great water
transport activity and total ion rejection.” Vincent et al. al-
ready explored the comé)lex multifunctional carbohydrate
decorated PA-molecules,®* that can also exhibit specific
properties for applications in materials science® or chemical
biology providing a great insights on the synthesis paths for
designing such molecules and their strategic incorporation to
optimize their drug delivery properties.*

Pursuing our endeavors in designing original supramolecular
channels with efficient and selective transport properties, we
recently got interested in the possibility of grafting saccharide

residues on both rims of the PA platforms. From our previous
experience we know that pillar[5]arene AWCs present a cen-
tral hydrophobic cavity of ~ 5 A which is big enough to allow
the passage of ions according to their hydration energy.” Mo-
lecular simulation show that partial permeation events can be
detected through water empty hydrophobic pillar[5]arene
PAP5 channels.” We anticipated that rim-functionalized sac-
charide- PA-S can form supramolecular pores with hydro-
philic carbohydrate gate-keepers acting as water-sponge relays
at the entry of the channels absorbing and redirecting water
within the channel acting as proton railways. The saccharide
components may also play an important role in channel adhe-
sion to polar lipid heads leading to favorable orientation with-
in the membrane. The objective of the present study is to make
use of the membrane anchoring and water sponge gate-keepers
behaviors of saccharide rim-functionalized pillar[5]arenes PA-
S, towards the generation of active channels within lipid bi-
layer membranes. We anticipate that smaller pores with hy-
drophilic gate-keepers/anchoring saccharide arms grafted on
pillar[5]arene core platforms are an interesting alternative to
selectively accommodate highly permeating water channels.

RESULTS AND DISCUSSION

Design strategy. Herein, we concentrate our efforts on syn-
thesizing saccharide rim-functionalized pillar[5]arene PA-S
channels and on investigating their water/ion/proton transport
performances  through  bilayer = membranes.  Homo-
pillar[5]arenes and rim-differentiated pillar[5]arenes have been
designed to construct AWCs and have shown high water
transport activities. We noted that no copillar[4+1]arenes have
been exploited to construct AWCs till now. We concentrated
our efforts on synthesizing eight carbohydrate PAs via click
chemistry (Figure 1).

In order to be able to point out the versatility of saccharide
groups at the entry of the PA-platforms, as well as doing a
systematic analysis of their transport activity and selectivity
we considered different structural variations. As the size re-
striction plays a crucial role in the selectivity of water
transport, the bulky hydrophilic head groups may both con-
tribute to form size restriction and to form H-bonds with the
phospholipid polar heads of the membrane. Carbohydrate
might meet this tentative idea. Therefore, D-mannoside, D-
mannuronic acid bearing carboxylic acid at 6-position, and
sialic acid bearing a polyol group at 6-position and an amide
group at 5-position which could play a role for both water
binding/transport and interaction with the membranes were
selected as the functional groups to decorate both rims. D-
mannoside configured carbohydrates were selected for S1-S4
and S6-S8 because this sugar displays a hydrophobic a-face
and a hydrophilic B-face (Figure 1). Therefore the a-face can
interact with the lipid bilayer in a non-repulsive manner while
the B-face displays multiple H-bonding possibilities with the
transported water molecules. Sialic acid appended S5 was also
selected because its carboxylic acid is located close to the
anomeric position, thereby deeper inside the channels, which
may significantly impact the transport properties.
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Scheme 1. Synthetic routes of S1, S2 and S4 artificial water channels.

The choice of carbohydrate end groups in S1-S5 is primordial
as we use variable moieties such as gate keepers’ groups that
are able to selectively interact as a sponge with water or pro-
tons in a very specific way and to ensure the increase of wa-
ter/proton permeability. The phenyl ring can be easily intro-
duced by simple glycosylation with the corresponding glyco-
sides. It should allow us to compare two structural features:
the presence/absence of the hydrophobic phenyl ring. The
triazole ring connection between carbohydrate end groups and
PA platforms on both rims may be of utmost importance as
water/proton relays within the channels able to achieve the
natural selectivity of protein channels.* Out of all these com-
pounds, three PAs are copillar[4+1]arenes S6-S8 obtained by
regioselective bis-functionalization of pillar[5]arenes.”’
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els.

Indeed, copillar[4+1]arenes could allow the introduction of
different functions onto the central scaffold with two hydro-
phobic hexyl, octyl and cyclo-octyl tails conferring increased
hydrophobicity to such eight glycosylated PAs at the interface
with the lipid bilayer membrane. They will allow us to com-
pare the effect of the length of the alkyl (C6/C8) and the pres-
ence of cycloalkyl (C8/cyclo C8) arms on the increased mem-
brane solubility of these new copillar[4+1]arenes.

It is of great importance to note that thickness of the bilayer
membrane (~35-40 A) is quite similar to the length of one PAs
molecules S1-S8 that assemble into functional water-
permeable channels in liposomes and increase the overall
water permeability with respect to the background lipid per-

meability.
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To verify our hypotheses, the chemical syntheses of PAs mol-
ecules S1-S8 were then carried out. The known homo-
pillar[5]arene 1* and copillar[5]arene 2*" were chosen as the
core scaffolds for fabricating the saccharide rim-appended
homo- (Scheme 1) and co-pillar[5]arene (Scheme 2), respec-
tively. For the first class, homo-pillar[5]arenes S1** and S2
were synthesized according to a known synthetic pathway.*
An excess amount of clickable mannoside S3b (Scheme S1),
mannuronic acid derivatives S3f (Scheme S1) and S4d
(Scheme S2) were coupled to decaazidated pillar[5]arene 1
with a catalytic amount of CuSO, in a mixed solvent system
(DCM/H,0, 1:1). After stirring at room temperature overnight,
the corresponding precursors S1-1, S3-1 and S4-1 were gener-
ated in 89%, 98% and 91% yields, respectively, after a simple
silica gel chromatography purification. A  Zemplén
deprotection allowed to remove all acetyl groups and S1 was
successfully obtained with a moderate yield of 58% after
treatment with an acidic resin.

For the mannuronates S3 and S4, water was added to hydro-
lyze the methyl esters of S3-1 and S4-1 before the neutraliza-
tion step with the acidic resin, to generate the fully deprotected
homo-pillar[5]arenes S3 and S4 in 71% and 98% yield, re-
spectively. Due to the presence of the phenyl rings, the fully
deprotected molecules S1 and S3 display poor solubility prop-
erties which may lower the yields of the final steps. For the
second series of copillar[4+1]arenes, the desired saccharide
rim-appended co-pillar[5]arenes S6, S7 and S8 were prepared
by a sequence including two CuAAC, an intermediate
azidation and a final Zemplén deprotection. Briefly, twelve
equivalents of the clickable hydrophobic tails 3* and 4> were
coupled to copillar[5]arene 2 under classical click conditions
(copper sulfate (0.2 eq.) and sodium L-ascorbate (0.66 eq.)) to
give S6-1 and S7-1 in 91% and 93% vyields, respectively.

Then, the two brominated intermediates were azidated, which
allowed the grafting of mannoside 6 by another click reac-
tion.* Accordingly, the subsequent full de-acetylation gave
the desired artificial water channels S6 and S7 with an overall
yield of 71% and 55%. Final artificial water channel S8 was
thus obtained in 47% yield from copillar[5]arene 2 in 4 steps.
The preparation of biscyclooctyl artificial water channel S8
from azidocyclooctane 5> required a slightly modified proce-
dure. In that case, Cul was used as a catalyst for the two click
reactions. Final artificial water channel S8 was thus obtained
in 47% yield from copillar[5]arene 2 in 4 steps.

Sample Preparation for Liposome Transport Experiments.
The PA S1-S8 channels were reconstituted into egg yolk
phosphatidylcholine (EYPC) lipid vesicles (100 nm in diame-
ter) at different molar ratios of compound to lipids (NCLR =
1.54%, 4.62%, 9.24%, 12.33%, 15.41%), except for S1
(MCLR = 0.15%, 0.39%, 0.77%, 1.16%, 1.54%) which pre-
sented low solubility in PBS (10 mM, pH = 6.4) and started
precipitating above 1 mM. The compounds S1-S8 were simply
solubilized into dimethyl sulfoxide solution (DMSO) and
added to the preformed vesicle suspension (see Supportive
Information for details).

Water-Transport Experiments. The water transport through
lipid bilayer membrane was performed using the stopped-flow
technique, based on mixing two solutions of different concen-
trations. This method allows the testing of S1-S8 on the same
vesicle substrate. The preformed vesicle solution containing
PA-S channels is exposed to outwardly directed osmotic pres-

sure gradients, which conducts to the liposomes’ shrinkage
(Figure 2a).

Table 1. The highest net and single-channel permeability values
corresponding to their mCLR for each carbohydrate PA-channel.

PA- mCLR, Net permeability, PS, molecules
channel % um/s H,O/s/channel
s1 1.16 0.79 8.16-10°
S2 15.41 8.75 8.93-10°
S3 15.41 9.15 9.33-10°
S4 9.24 4.39 6.70-10°
S5 15.41 4.66 4.75-10°
S6 15.41 6.55 6.68-10°
Y 15.41 8.43 8.60-10°
S8 12.33 11.78 1.43-10°
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Figure 2. a) Schematic representation of liposomes’ shrinkage
under hypertonic conditions, in which the outside concentration is
bigger than the inside concentration forcing the water molecules
to pass through PA-channels to equilibrate the system; b) The
stopped-flow light scattering traces of liposomes containing dif-
ferent PA-channels at mCLR = 1.16% (S1), 15.41% (S2), 15.41%
(S3), 9.24% (S4), 15.41% (S5), 15.41% (S6), 15.41% (S7),
12.33% (S8); c) Highest net permeability values obtained from
the light scattering traces of liposomes at mCLR = 1.16% (S1),
15.41% (S2), 15.41% (S3), 9.24% (S4), 15.41% (S5), 15.41%
(S6), 15.41% (S7), 12.33% (S8).



Under hypertonic conditions driven by outwardly 10 mM PBS
(pH = 6.4) comprising 100 mM KCI competitive osmolyte, the
shrinkage of liposomes increases the light-scattering signal
(Figure 2b). It was observed that the net permeabilities in-
crease when mCLR ratios increase until it reaches a saturation
point (Table S1).

S1 containing the 1-O-phenyl-D-mannosyl residues present the
lowest water net permeability at 0.75 um/s, most probably
related to its observed low solubility in membrane, consider-
ing that all the other systems tested had their net permeability
values in the range of 2.2 — 6.3 um/s at the same mCLR =
1.54% (Table S1). Then when D-mannunronic, sialic acid and
D-mannose residues were used without phenyl connectors in
S4, S5 and S6 respectively they become more permeable com-
pounds presenting a net permeability between 4.30 um/s to
6.50 pum/s for the same mCLRs (Table S1).

The mannosylated compounds S2, S7 presenting similar
permeabilities of 8.75 um/s, 8.43 um/s together with the 1-O-
phenyl-D-mannuronic acid in S3 getting 9.15 um/s respective-
ly seem to have an optimal hydrophobic membrane / hydro-
philic channel balance to get inserted at high mCLR = 15.41%
(Figure 2c) and transporting water with higher permeabilities.

The highest net permeability of 11.8 um/s is shown to be at
mMCLR = 12.33% for S8 (Figure 2c), which implies that the
copillar[4+1]arene with mannose and cyclooctyl residues
presented the best combination in terms of membrane insertion
capacity and water transport activity.

We noted that D-mannose arms presenting a hydro-
philic/hydrophobic structure are better candidates for both
water binding and transport along with better inser-
tion/solubility in  the membrane. In regard to the
copillar[4+1]arenes (S6, S7, S8) grafted with the same D-
mannose arms alternating just the length of the alkyl chain
(S6, S7) / cycloalkane (S8) it can be observed that an optimal
length for the octyl chain, while the net permeability values
increase significantly, reaching the highest value of all tested
compounds of ~11.8 um/s for cyclo-octyl chain in S8 (Table
1).

We further calculated the single-channel permeability (Ps) of
each PA-channel® and it was observed that the values ob-
tained are more or less the same of ~1.2 + 0.2 x 10" water
molecules/s/channel that are only one order of magnitude
lower than that of aquaporin (~10° water mole-
cules/s/channel)®” (see Supportive Information for details).
Increasing the mCLRs will induce slight decrease of single-
channel permeability, without any changes of the level of
magnitude (Table S1). This tendency of Ps for dropping values
can be explained by progressive higher aggregation and lower
solubility of the PA-channels when added in high concentra-
tions. To prevent the aggregation, lower concentrations are
preferred to incorporate the PA-channels into lipid bilayer
membranes. It can be noticed that the net permeabilities re-
ported before are the simple consequence of the overall solu-
bility of the compounds in the bilayer membrane.

Cation and Proton-Transport Experiments. The ion (Na*
and K") transport properties across bilayer membranes incor-
porating S1-S8 channels are reconstituted into egg yolk
phosphatidylcholine (EYPC) lipid vesicles with a diameter of
100 nm at the same mCLRs as used to assess the water
transport (see Supportive Information for details). lon
transport activity was assessed using standard HPTS - (8-

hydroxypiren-1,3,6-trisulfonic acid, trisodium salt) fluores-
cence assays, based on the balance between the acidic form
and basic form of HPTS. The acidic form is predominant at
pH = 6.4, while the basic form predominates at pH = 7.4 (Fig-
ure 3a). The two forms of the fluorescent substance have two
different excitation wavelengths, namely at 405 nm for the
acidic form and 450 nm for the basic form, and both forms
have an emission wavelength at 510 nm. Tests using HPTS are
ideal for characterizing artificial ion transport systems, as this
is the least selective type of test and produces a signal for most
transport mechanisms.”>**
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Figure 3. a) Schematic representation of antiport M*/H* in lipo-
somes; b) Comparison of Na® transport activity expressed as
normalized fluorescence intensity of 1 mM S1 and 10 mM S2-S8
channels in the extravesicular media containing 100 mM NaCl in
10 mM PBS. c¢) Comparison of K* transport activity expressed as
normalized fluorescence intensity of 1 mM S1 and 10 mM S2-S8
channels in the extravesicular media containing 100 mM KCl in
10 mM PBS.

When tested with NaCl or KCI on external buffer, the S1-S8
did not present any activity after the compound injection at t =
20 s, the internal pH remains stable and even after the creation
of a pH-gradient, applied at t = 40 s, there was not an increase
of the internal pH, remaining quasi-stable, independent on the
nature of the channel or transported cation (Figures S60-S61).
These HPTS dose-response experiments show a constant
absorbance behavior. The Na* and K" cations are not trans-
ported through the PA-channels and the pore structuration is



not effective to inducing Na* or K* / H" antiport conductance
states along the assembled channel for any of the studied con-
centrations (Figure 3b, c).
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Figure 4. a) Schematic representation of proton transport activity
in lipid bilayer membranes containing in the extravesicular medi-
um 100 mM KCI. Liposomes incorporating HPTS (fluorescent
dye) and NaCl (100 mM) in PBS solution (10 mM, pH 6.4) show-
ing the membrane’s polarization via FCCP as H+ carrier and
valinomycin as K* carrier and their K*/H* antiport mechanism. b)
Ratiometric fluorescence curves (I/10) of the transport experi-
ments coupling S5 channels at their highest concentration (10
mM) in the absence and presence of FCCP. c¢) Comparison of
proton transport activity expressed as ratiometric fluorescence
curves (1/10) of 1 mM S1 channels and 10 mM S2-S8 channels
coupled with valinomycin as K* carrier.

To complement these results, proton transport measurements
were performed to check K*/H" antiport (Figure 4a). We sub-
jected the liposomes containing different concentrations of S1-
S8 channels in the presence of carbonyl cyanide 4-
(trifluoromethoxy)-phenylhydrazone (FCCP) and monitored
the fluorescence change over time (see Supporting Infor-
mation for details). FCCP is widely known as a proton
transport carrier so it would determine the PA-channels to
transport K* cations across the channel in case they are K*
selective. The electrogenic antiport experiments using FCCP —
H" (50 0 nM) carrier and KCI on external buffer did not show
any differences from the previous results (Figure S62). Poten-
tial K* transport via PA-channels is totally inactive, thus we
can consider the channels’ structuration is not allowing effi-
cient transport for K* cations (Figure 4b). Further assays were

performed using electrogenic membrane polarization using
valinomycin as a K" carrier (Figure S63). The HPTS proton
tests performed for S1-S8 compounds using valinomycin — K*
(500 nM) carrier generated K'/H" antiport rates through the
channels (Figure 4b).

It was observed that the fluorescence intensity was increasing
with the increase of concentration of the compounds in the
membrane, implying that high H* translocation across the
bilayer membranes occurs when more compound was added.
Valinomycin-K* cation transport across the membrane would
accelerate the H" transport through the channels (Figures S62-
S63).

All compounds show reasonable proton transport activities by
coupling of valinomycin with the S1-S8, channels and gener-
ated a strong activity (I >0.4 for S7, S8) to medium-low (I =
0.2-0.4 for S1, S2, S3, S6) or very low (I < 0.2 for S4, Sb)
(Figure S63). Contrary to cation diffusion, proton transloca-
tion is a structural diffusion through water clusters and in OH-
channels case is strongly correlated with the water transport
performances and channel insertion in bilayer membranes, as
protons can translocate principally via directional H-bonds of
water clusters stabilized by the channels. The most performant
PA-S8 channels are again observed as the best proton channel
within this series.

Molecular dynamics simulations of S3 and S8 channels in
bilayer membranes. Exploratory molecular dynamics simula-
tions were performed to investigate the properties of the most
active compounds S3, a pillar[5]arene, and S8, a
copillar[4+1]arene, when introduced into a fully hydrated lipid
bilayer membrane. Particular attention was paid to the ability
of the compounds to form water channels that allow cross-
membrane water or proton transport. These compounds were
part of a series and represented the best performing variants in
terms of permeation. Here we examine how a single such
molecule behaves in a membrane environment composed
100% of PC phospholipids. Such a supramolecular construct is
difficult to model accurately using force field representations,
and here we attempt to explore an initial plausible model. We
use a simple, fully hydrated model "membrane” composed of
pure POPC, mimicking the experimentally used EYPC lipo-
some (Table S1, Figures S64, S65).

We observed a stable water wire for both compounds, exhibit-
ing comparable features, as shown in Figure 5. The wire
forms with a wide opening at both mouths but a single-file
connected water chain in the center of the pillar-arene. The
sugar-coated extremities of S3 and S8 are oriented with hy-
drophobic part toward membrane or interacting with wa-
ter/phosphate groups or the lipids. They are sustaining a rami-
fied water wire network/reservoir leading into and through the
core of the pillar-arenes. S3 provides a slightly longer central
channel, extending on average ~6.6 A further into the mem-
brane headgroups than S8, and shielding the water wire from
the hydrophobic membrane environment on a longer segment.
As both compounds interact strongly with the bilayer, the
result of the different membrane span is a marked thinning of
the bilayer width close to the insertion site of the shorter S8
compound, to accommodate for its dimension. This is shown
in Figure S66.



Figure 5. Detailed views of the penetrating water network in the final snapshots of simulations S3 and S8. In a and f, the embedding of the
pillar-arenes in their surroundings with the intruding water is shown in van der Waals representations for S3 and S8, respectively. The
pillar-arenes are shown in yellow. In b and g, everything except the pillar-arenes and the water within 5 A of it is removed for clarity. To
highlight the hydrogen bonding network, the pillar-arene framework is shown in ¢ and h as thin transparent lines. The hydrogen bonds
within a distance criterion of 3.5 A and an angular range of 30 degrees are shown as pink dashed lines, with the hydrogen atoms colored
pink as well, for better visibility. All hydrogen bonds for the full production run trajectories are shown as superoposed pink lines after
alignment of the trajectory on the central arene ring in d and i. The oxygen density of the water averaged on the whole production trajecto-
ry is shown in e and j to make the branching at the mouths more apparent.

We then conducted a closer examination of the interactions
between the membrane and the pillar-arenes. On average, the
S3 compound forms 15.6 hydrogen bonds with the surround-
ing lipid molecules, while S8 forms 21.0 hydrogen bonds.
Hydrogen bonding fluctuates more significantly for S8 as
depicted in Figure S71. These hydrogen bonds are further
illustrated in Figure S72. Noticeable lipid density accumulates
around the compounds, with lipids enveloping them at specific
sites. A handful of lipid molecules maintain a close associa-
tion, seemingly stabilizing the pillar-arene conformation. This
arrangement ensures sufficient spacing for water to enter
through the expanded mouth regions. We proceeded to charac-
terize the tunnel pore formed by the pillar-arenes. Utilizing an
averaged structure across the entire production trajectory, we
employed the MOLEonline service to calculate the tunnels
depicted in Figure 6. The length measures 28.4 A for S3 and
35.9 A for S8, which exceeds the actual extension of the com-
pounds, taking into account its non-linear nature. The bottle-
neck diameter for S3 is 2.6 A, and for S8, it is 2.0 A. While a
few bottlenecks are present, the predominant portion of the
tunnel boasts ample width to accommodate a water wire. Even
the narrower bottlenecks have the potential to be bridged by
hydrogen bonds. The pore profile furthermore provides a
rationale for the observed ion rejection with respect to Na+
and K+ transport, as they would force a solvated ion to shed
it's solvation shell, with no alternative favorable pore lining
inside the pillar-arene. This feature does not prevent proton
transport through a Grotthus mechanism. In a manner evoca-

tive of ion channels, these pillar-arene structures may inher-
ently exhibit a probability of opening that isn't characterized
by sustained, continuous permeation. Capturing such an inher-
ent open probability in simulations proves challenging. Within
this context, our ongoing investigation squarely focuses on
open states, fully acknowledging that the precise determina-
tion of the equilibrium between open and closed states lies
beyond the scope of this computational exploration. To ensure
this approach's effectiveness, we meticulously and progres-
sively equilibrated the water-filled channels, stabilizing them
for the production phase. It is important to note that the exper-
imental conditions entail an osmotic pressure conducive to
transport—a factor absent in our simulations. In a modest
attempt to emulate this osmotic pressure, our chosen strategy
revolves around maintaining the channel in an open configura-
tion. When considering ion rejection, a rigorous approach to
investigate the selectivity mechanism between Na'/K* and
protons would involve calculating the potential of mean force
associated with such a process. However, this calculation falls
outside the current scope of our study. Nevertheless, relying
on the analysis of pore geometry, it becomes highly likely that
the selectivity mechanism is rooted in the barrier preventing
ion dehydration. This barrier is made even more stringent by
the absence of favorable groups within the arene interior, in
contrast to ion channels such as those offering an alternative
solvation environment within their selectivity filter.
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Figure 6. Analysis of the inner tunnel forming the water passageway is conducted for compounds S3 (panel a) and S8 (panel b). The
tunnel is depicted in magenta, with a focus on assessing its diameter across its length, which is further quantified. The narrowest con-
striction diameter is highlighted. This analysis is performed on an averaged structure derived from each production run, utilizing the

MOLEonline service.

CONCLUSIONS

Over the past years, artificial ion channels have been exten-
sively studied, while the very young field of artificial water
channels is still far from being fully explored. Peptide-
appended pillar[5]arenes were previously described as effi-
cient artificial water channels,®**’ pillar[5]arene core repre-
senting a suitable scaffold for grafting functional groups to
enhance their water selectivity. The approach considered in
designing new artificial water systems is a biomimetic one,
striving to replicate the function and not the structure of cer-
tain natural channels. Taking into consideration this premise,
here we describe saccharide rim-functionalized pillar[5]arene
artificial water channels S1-S8 bearing D-mannose, D-
mannuronic acid or sialic acid gate-keepers or anchoring
membrane points at the entry of the PA-channels. The PA-S
channels present water transport performances within one
order of magnitude as the transport rates for aquaporins. This
study demonstrates that the control of hydrophobic — hydro-
philic balance is an important feature for a proper insertion
into bilayer membranes. Slight structural modifications to the
saccharide number and disposition of functional groups sur-
rounding the hydrophilic cavity of the channels or the increase
of the concentration of the compounds in the membrane, in-
cluding hydrophobic tails on the PA backbone can drastically
change the water permeability. The role of sugars as gate
keepers was substantially proved by molecular simulations as
they strongly contribute to the formation of water reservoirs at
the entries of the channels, while the central pillararenes ring
may be considered as a selectivity filter as in Aquaporins.”

The concluding assumption is that mannoside heads and hy-
drophobic cyclooctyl would lead to the most performant struc-
tures in a membrane environment, providing railways for
water translocation and selective proton vs; cation transport
through the transient water clusters.

The analysis of molecular dynamics simulations for both com-
pounds has revealed the formation of selective water wires
across the membrane, guided by the pillar-arene scaffold.
These wires provide efficient pathways for a Grotthus mecha-
nism that facilitates effective proton transport, coupled with
complete Na+ rejection. The water wires are optimally con-

nected through hydrogen bonds, thereby indicating a high
potential for efficient proton transport and outstanding per-
formance. The stability of these hydrogen-bonded water wires,
observed in both the homopillar[5]arene S3 and the
copillar[4+1]arene S8, serves as a noteworthy example of
artificial proton channels, a rarity in such compounds. The
majority of hydrogen bonding within the channel is concen-
trated around the mouth regions, aiding in selective compound
permeability. Conversely, interactions within the core of the
channel exhibit minimal friction and interaction with the
channel structure, confirming a relevant design principle
aimed at enhancing water permeability. The saccharide com-
ponents play a pivotal role in anchoring the channel to polar
lipid headgroups, promoting favorable orientation and strong
integration within the membrane. Both S3 and S8 compounds
exhibit the highest permeabilities in the series that was exper-
imentally tested, a finding consistent with our analysis of
robust membrane insertion and the formation of stable water
pathways with distinctive characteristics. Their geometry is
finely tuned, with bottlenecks just narrow enough to control a
single water wire. These compounds possess the advantageous
combination of balanced hydrophobic membrane interactions
and hydrophilic channel properties, ensuring a high rate of
membrane insertion and enabling efficient water transport.

More importantly, salt rejection is almost total. Furthermore,
proton vs cation selectivity of the PA-S channels is of tremen-
dous importance correlating adaptive dynamic translocation of
waters inside the channels correlating on water-conduction
behaviors previously observed with PA-S channels within
membranes.

lon-induced proton co-transport in biological channels can
efficiently acidify the interior cell environments to accelerate
or control the physiological functions. Developing artificial
ion channels helps in understanding the structure—function of
natural protein and contributes to the development of potential
treatments related to severe ion channelopathies.

Proton selectivity and low-pH gating are the key functions of
Influenza A M2 proton channel,*® or to the light-driven proton
transport of proton pumping by microbial rhodopsins.*®

Nevertheless, artificial proton channels are rarely described in
literature.>* ®*°* Although there is some variability compared



with the natural proteins, biomimetic I-quartet channels re-
ported by our group a decade ago remained long time as
unique proton selective transporters via artificial water chan-
nels,”™* while nowadays new discoveries in this field are being
made. Realizing the exclusive proton flux through lipid bi-
layers remains a challenging task.**®*

Importantly, in this work we discovered by serendipity a sim-
ple design strategy for preparing highly selective artificial
proton channels by precisely modulating the anchoring/gate
keepers of the synthetic PAs scaffold.
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