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Aquaporins (AQPs) are biological water channels known for fast water transport (~10 8 -10 9 molecules/s/channel) with ion exclusion. Few synthetic channels have been designed to mimic this high water permeability, and none reject ions at a significant level. Selective water translocation has previously been shown to depend on water-wires spanning the AQP pore that reverse their orientation, combined with correlated channel motions. No quantitative correlation between the dipolar orientation of the water-wires and their effects on water and proton translocation has been reported. Here, we use complementary X-ray structural data, bilayer transport experiments and molecular dynamics (MD) simulations to gain key insights and quantify transport. We report artificial imidazole-quartet water channels with 2.6-Å pores, similar to AQP channels, that encapsulate oriented dipolar water-wires in a confined chiral conduit. These channels are able to transport ~10 6 water molecules per second, which is within two orders of magnitude of AQPs' rates, and reject all ions except protons. The proton conductance is high (~5 H+/s/channel) and approximately half that of the M2 proton channel at neutral pH. Chirality is a key feature influencing channel efficiency.

Introduction

Water is essential for life. [1][2][3] Under physiological conditions, its molecular-scale hydrodynamics are of crucial relevance to biological functions. 2,3 Changes in water's properties between conventional bulk water and biologically confined water are not limited to size because the water's behavior also becomes quite different. 2 The strong ordering of water molecules at the interface of phospholipid bilayers renders its oriented dipolar structure different from that of bulk water. 4 Moreover, oriented poreconfined water dipoles and correlation motions strongly determine the water and ionic transport rates and the selectivity of biological pores, such as aquaporins (AQPs) [5][6][7] and gramicidin A. 8 In this context, we previously reported that natural AQPs can be mimicked using simpler artificial water channels. 9,10 We noted that artificial water channels formed from the supramolecular organization of alkylureido-ethylimidazole compounds (Fig. 1) present significant water/proton permeabilities. 11 These compounds form imidazole-quartet (I-quartet) water channels, i.e., stacks of four imidazoles and two water molecules, that can mutually stabilize oriented dipolar water-wires within 2.6-Å pores (Fig. 1b). This channel diameter is very close to the narrowest constriction (2.8 Å) observed in very efficient AQP biological water-transport channels. 5 Here, we show that these novel I-quartet channels exhibit enhanced water and proton transport rates with complete ion rejection. This feature has not been observed for other artificial water channels, which typically have larger pore diameters (4-5 Å), that approach AQPs' permeability but do not achieve any salt rejection. [12][13][14][15] We focused on two hypothesized requirements for the realization of more effective artificial water channels using the self-assembling I-quartet motif: (i) More stable synergistically interacting I-quartets and water-wires within the bilayer membrane environment will lead to stabilized channels with higher permeability. (ii) Enhancing the dipolar organization of the water-wires will play an important role in improving water transport and proton translocation.

Results and discussion

Considering the requirements mentioned above, a close examination of the I-quartet structures led us to propose the following novel strategies to control I-quartet water channel formation and stabilization within bilayers: a) HC4, HC6, and HC8 compounds, which have variable alkyl chain lengths, may induce variable morphological hydrophobic stabilization by promoting external wrapping around I-quartets. b) Chiral S-HC8 and R-HC8 compounds may enhance the net chiral selfassembly of I-quartets and thereby strengthen the water dipolar orientation within the channels. Six compounds were prepared for the studies described here (Figs. 1c-h). We treated the corresponding isocyanates with histamine (CH3CN/N,N-dimethylacetamide, 120 °C, 5 h) to crystallize HC4, HC6, HC8, R-HC8 and S-HC8 as white powders. The nuclear magnetic resonance (NMR) and electrospray ionization mass spectrometry (ESI-MS) spectra agree with the proposed formulas (Supplementary materials). We obtained colorless single crystals of HC4, HC6, HC8, R-HC8, and S-HC8 after recrystallization from water at room temperature. The X-ray structures reveal the expected I-quartets, all (except HC4) containing oriented water-wires (Fig. 1c-h) (a detailed discussion of the X-ray structural results will be published elsewhere). In all structures, the H-atoms of the water molecules present 100% occupancy, and the water molecules of one channel adopt the same dipolar orientation. The overall structures of achiral compounds HC6 and HC8 are centrosymmetric, and thus, waterwires of opposite water dipolar orientations are present in successive channels. In contrast to achiral compounds, the noncentrosymmetric structures of chiral compounds R-HC8 and S-HC8 show unique dipolar orientations for both channels (Fig. S1).

Water-transport properties. HC4, HC6, HC8, R-HC8 and S-HC8 assemble into functional water-permeable channels in liposomes. Their water transport rates are strongly dependent on the hydrophobic behaviors of the alkyl tails grafted onto the I-quartets.

We conducted two assays, adding the compounds into the liposomes either before or after lipid-mixing. In the first, pre-mix assay, the imidazole I-quartets were mixed with lipids before the liposomes formed. We carefully optimized the lipid systems' phosphatidylcholine, phosphatidylserine and cholesterol (PC/PS/Chl) composition (molar ratio of 4/1/5) and used a low temperature (10 °C) to maintain low lipid background permeability (~4 μm/s). This low background permeability allowed us to resolve the water transport through these channels in stoppedflow light-scattering experiments. 16 Under hypertonic conditions driven by outwardly directed osmotic gradients, the shrinkage of the liposomes increased the light-scattering signal. We fitted a sum of two exponential functions to the latter data. The kinetics of vesicle shrinkage indicated that some channels had low permeability. Therefore, we implemented a method used in recent studies of low-water-permeable systems, 15 including aquaporin AQP0 17 . This analysis yielded two shrinkage rate constants (a larger constant, k1, and a smaller constant, k2) and, thus, two permeability values. For HC4 and HC6, k1 was independent of the compound concentrations, while k2 increased with the addition of the self-assembled compounds (Fig. 2a); this phenomenon was reversed when we added S-HC8 channels to the vesicles. This result indicates that the superstructures assembled by HC4 and HC6 are probably not stable contributing less to the overall bilayer permeability than the lipid background (Fig. S2), whereas HC8 and its chiral isomers R-HC8 and S-HC8 increased the overall permeability relative to the background lipid permeability. Therefore, we used the smaller k2 to calculate the permeabilities for HC4 and HC6 assemblies. The larger k1 was used to characterize the permeabilities of HC8 and its chiral isomers R-HC8 and S-HC8. The net permeabilities of HC4 and HC6 assemblies at a channel-to-lipid weight ratio of 1 (CLR=1) were 0.012±0.003 μm/s and 0.027±0.015 μm/s, respectively, whereas for HC8 and its chiral isomers R-HC8 and S-HC8, the permeabilities were 1.0±0.3 μm/s, 2.8±0.7 μm/s and 4.1±0.2 μm/s, respectively (Fig. 2b). The permeabilities of the I-quartet channels were confirmed in the post-mix assay, in which channels were injected into pre-formed liposomes with the aid of dimethylsulfoxide (DMSO). The temperature in the post-mix experiments was ~20 °C, leading to a relatively high background permeability (~25 μm/s). However, it was still possible to differentiate the channels' contributions to water transport (Fig. S3A). We obtained post-mix results (Fig. S3B) similar to the pre-mix results (Fig. 2b). HC4 and HC6 assemblies maintained low permeability, but HC8 and its isomers channels were more permeable toward water.

When dissolved in non-ionic surfactants, these I-quartet channels show a unique UV-absorbance signal at 230 nm that we used to calculate the bilayer insertion efficiency (Fig. S4). For HC8 and its chiral isomers R-HC8 and S-HC8, the insertion efficiency was 12.7±2.6%, 68.8±2.9% and 53.1±6.8%, respectively (Table S1). We calculated the single-channel permeability of each channel type based on the insertion, actual lipid concentration and channel configuration in the lipids, as previously described 15 (Table S2, see Supporting information for detailed calculations). In the shrinking mode, HC8, R-HC8 and S-HC8 had permeabilities of 1.4(±0.4)´10 6 , 7.9(±2.1)´10 5 and 1.5(±0.1)´10 6 water molecules/s/channel, respectively, which are only two orders of magnitude lower than that of AQPs (~10 8 -10 9 water molecules/s/channel). [4][5][6] Proton-transport properties. Proton-transport experiments were performed in two independent assays (Fig. 3), both of which showed that the transport activity of the I-quartet channels increased with the alkyl chain length.

In the first fluorescence spectroscopy assay, [START_REF] Matile | In Analytical Methods in Supramolecular Chemistry[END_REF] we encapsulated HPTS, a pH-sensitive fluorescent dye, inside vesicles, added channels to the vesicle solution and monitored the fluorescence change over time upon exposure to low pH. The fluorescence intensity was monitored for 500 s, and the fluorescence change rate followed a typical dose-response profile (Fig. 3b and Fig. S5).

The calculated EC50 values showed the effectiveness of each channel-lipid system for proton transport, with lower values indicating higher transport efficiencies. [START_REF] Matile | In Analytical Methods in Supramolecular Chemistry[END_REF] The most active S-HC8 channels had the lowest EC50 (11.2 µM) (Fig. 3c and Table S3). Based on the EC50, we observed no activity for HC4, weak activity for HC6 and fairly strong activity for HC8, whereas the activities of the S-HC8 and R-HC8 optical isomers were one order of magnitude higher than those of the achiral HC8 channels (Table S3 and Fig. S5). Tests using an equimolar mixture of the S-HC8 and R-HC8 isomers displayed reduced transport activity. All of the determined Hill numbers were below 1, suggesting that the presented channels belong to the type II class (Table S3). [START_REF] Matile | In Analytical Methods in Supramolecular Chemistry[END_REF] To complement these results, we conducted kinetic measurements of proton-transport activity over 50 s using stopped-flow techniques. We subjected the liposomes with I-quartet channels to a pH gradient across the bilayer and assessed the proton flux by monitoring the fluorescence intensity of encapsulated fluorescent dextran (Fig. 3d). As shown in Fig. S6, the addition of HC4 channels did not contribute to the fluorescence response, whereas HC6 channels slightly increased the proton-exchange rates across the lipid membranes. In contrast, the kinetics were found to increase by orders of magnitude for HC8, and both the R-HC8 and S-HC8 channels displayed slightly higher transport kinetics than HC8. For R-HC8, we observed that the second phase of the fluorescence increase saturated in less than 5 s (Fig. S6). This behaviour was significantly different from that of S-HC8, which showed continuously increasing fluorescence without saturation as the concentration increased (especially for the 380-μM sample). This observation implies that the R-HC8 chiral channels had an immediately higher kinetic response to the proton transport, whereas the S-HC8 chiral channels required time to exhibit dynamic behaviours within the lipid bilayer, leading to slower initial transport rates and, subsequently, higher proton permeability, as observed for the proton activity over long periods of time.

We further estimated that the single-channel proton transport rates (Fig. 3e, see the Supporting materials for detailed calculations) of the HC4, HC6, HC8, R-HC8 and S-HC8 channels were 0.1±0.2, 0.9±0.4, 2.4±0.5, 5.6±0.5 and 5.1±1.3 protons/s/channel, respectively. The proton fluxes (especially for the R-HC8 and S-HC8 channels) were similar to that of the M2 proton channel determined under the same experimental conditions at pH=7. [START_REF] Leiding | [END_REF] Our initial assumption, which postulated that water-wires are structural descriptors that could be used to un-derstand the M2 channel's proton-transport function 11 , is confirmed by the proton fluxes observed in these systems. A recent computational study 20 based on a high-resolution structure of the M2 proton channel quantified how water-wires factor into the process of proton translocation.

The bilayer membrane transport experiments allowed us to draw the following conclusions:

(i) Water/proton transport activities increase substantially as the grafted alkyl chain length increases (HC4< HC6<< HC8), implying a more stable hydrophobic shell wrapping around the I-quartets at the interface with the bilayers. The increased efficiency of the I-quartets could be synergistically attributed to the enhanced hydrophobic stabilization of the channels within the bilayer membrane environment based on the optimal molecular packing of the hydrophobic tails. Although HC4 and HC6 show channel structures in crystals forms, but they did not behave like highly water-permeable or proton conductive channels in bilayer membranes. This is a structure-activity argument and is relatted to their stability in the bilayer membrane which will be further described in the simulation part bellow. Indeed, the tail length seemed to be optimal for octyl chains (longer chains led to precipitation when mixed with lipids). Molecular dynamics (MD) simulations described subsequently support this assertion.

(ii) The I-quartets of the chiral R-HC8 and S-HC8 compounds show a unique dipolar orientation of water-wires within all the channels and exhibit high water/proton conductivities, with a preference for the S-HC8 isomer. The explanation may relate to the channel chirality: The chiral S-HC8 channels may be more compatible with the naturally occurring chiral L-lipids than the isostructural HC8 channels. 21 Table S1 shows insertion efficiency measurements supporting this assertion. Moreover, we noted increased water/proton activity of the chiral R-HC8 I-quartets under kinetic conditions, whereas the overall conductivity of the S-HC8 I-quartets was higher under thermodynamic equilibrium conditions.

Ion (Na + and Cl -) transport across the bilayer membranes incorporating the HC8 and S-HC8 I-quartet channels was assessed using standard fluorescence procedures, and no response versus the control experiment and a lack of variation of the transport activity with the concentration of I-quartets (Fig. S7) were observed. In addition, the apparent permeability showed no significant difference between the two hypertonic solutions (+200-mM NaCl). We calculated the reflection coefficient for NaCl as the ratio of the measured water permeability in the presence of salt to that in the presence of a completely retained sucrose osmolyte. The coefficient (113±15%, n=4) indicated that this channel (HC8) achieved approximately 100% salt rejection in the current lipid system. 22 Molecular simulations. We performed MD simulations to understand the structure/activity relationships of the artificial water channels formed by HC6, HC8, R-HC8 and S-HC8 Iquartets. We embedded small (ca. 3 nm wide) I-quartet channel patches based on the X-ray structures in a lipid bilayer environment with the same composition as that used in the experiments to begin each simulation (Table S4). The MD results showed that I-quartets preferentially located within the bilayer membrane region and stabilized water channels in all simulations, although the degrees of water-occupancy, transport and structuring varied. We observed that the structural dynamics of Iquartet channels was dependent on the lateral pressure applied to the membrane, with higher pressure favoring the structuring of the water-wires and stabilizing the structure of the I-quartets (Fig. S8). For our comparative investigations, we chose 10 atm of lateral pressure as a good compromise to maintain aggregate structuring and allow us to achieve reasonable sampling and water activity statistics (Figs. S9 andS10) within the simulation's microsecond timescale.

We observed that the chiral R-HC8 and S-HC8 I-quartets form the most stable and structured systems, followed by the significantly less structured HC8 I-quartet (Fig. 4a), in accordance with the experimentally observed bilayer insertion and water/proton-conduction behaviours. The latter instability echoes the influence of the alkyl chain length, with improved packing and a more stable hydrophobic shell formation occurring with longer chains. After the initial relaxation, the simulations of the chiral S-HC8 and R-HC8 I-quartet systems show slightly twisted superstructures. The twist angles between the upper and lower leaflets were 18.4° ± 2.1 and 7.6 ° ± 4.0, respectively, over the second half of the simulation, whereas the twist was negligible for HC6 and HC8 (Fig. S11). Both the chiral S-HC8 and R-HC8 I-quartets with bent structures contained more structured water-wires than the achiral linear HC8 and HC6 Iquartets and exhibited higher stability over time (Figs. 4,S12, and S13 and supplementary movies). We quantified the waterwire preservation by analyzing the water dipole orientations within the membrane, as shown in Fig. 4B. The R-HC8 and S-HC8 systems show a strong preference for a dipole orientation of ~25°, whereas the HC8 system shows two orientations at the beginning of the simulation and tends towards a near-random distribution at the end. The dipole orientation is slightly more pronounced for the S-HC8 system compared to the R-HC8 system (Fig. S14). The MD simulations provided further insights into the dynamic behaviors of the I-quartets and water molecules under confined conditions in a lipid bilayer environment. Although the HC6, HC8, R-HC8, and S-HC8 molecules deviate from their initial positions, the chiral channels preserve their overall integrity, but the achiral ones lose it. Water transport is another important property of these aggregates. Because the model system size is small, we focused on the central channels to make inferences regarding water-transport trends.

These buried paths are less affected by boundary effects at the lipid/I-quartet interface than the peripheral ones. Despite the limited time scale and the absence of an osmotic driving force, we observed significant spontaneous permeation through R-HC8 compared to the reference HC8 system (Fig. S15), whereas the incipient water transport in the S-HC8 channels was near zero. This observation is consistent with the experimental results, shedding light on the fast kinetic response of the R-HC8 channels presenting a certain motional behavior within the bilayer. In contrast, the slower thermodynamic response is related to the incipient stability of the S-HC8 channels within the L-lipids and needs time to reach dynamic behaviors and to achieve functional water permeability within the bilayer. This is highlighting the importance of the dynamics of the channels superstructures which may remain stable and dynamic enough to allow water motion inside the water channels.

Conclusions

Overall, the self-assembled I-quartet channels, obtained using simple chemistry, can be assembled into robust artificial water channels and remain stable in lipid membranes. The complementary MD and experimental studies presented here provide the first molecular-level insights into the functional dynamics of artificial water channels in the lipid membrane environment. Their permeability (~ 10 6 water molecules/s/channel) is only two orders of magnitude lower than that of AQPs. The I-quartets are dimensionally compatible with encapsulated water molecules, both measuring 2.6-2.8 Å in diameter, which is very similar to the narrowest pore dimension of natural AQPs. 4- 6 Accordingly, we postulate that a pore with a diameter of ~ 3 Å is a critical prerequisite for salt-ion-selective water translocation. The observed total ionic-exclusion behaviour of these channels suggests that they hold significant promise for the incipient development of the first innovative materials based on artificial synthetic scaffolds mimicking the functions of natural water channels.

These channels' lipid affinities influence their stability in the membrane and consequently constitute a means to tune their activity. In all cases, the activity of the chiral I-quartets is superior to that of the isostructural non-chiral I-quartets. This observation suggests that the lipids may exert a conformational preference, stabilizing the chiral superstructures. Additionally, the chiral I-quartets preserve the total dipolar orientation and ordering of the water-wires. The mutual interactions between the inner chiral surfaces of the I-quartets, which result in the total dipolar orientation of the water-wires, 23,24 probably impose an internal dielectric polarization within the pore, acting as a constitutive driving force and activating water-and proton-translocation in a way that differs significantly from their non-oriented or bulk counterparts.

These findings may inspire the incorporation of I-quartets into future membrane materials for desalination and water-purification applications. 25 Artificial I-quartet water channels have a 2.6 Å pore encapsulating oriented dipolar water-wires in a confined chiral channel. They transport ~10 6 water molecules per second/channel approaching those of AQPs within two orders of magnitude and reject all ions except protons. They also exhibit high proton conductance (~5 H + /s/channel) close to that of the highly conductive M2 proton channel (~10 H + /s/channel at neutral pH).

Figure 1 .

 1 Figure 1. Artificial I-quartet water channels and their chiral isomers pack differently. a. Side and b. top views of I-quartet water/proton channels that self-assemble into tetrameric-tubular architectures confining dipolar oriented water-wires. Top views of water confining Iquartet channels in stick representations (N, blue; C, grey; O, red; H, white), taken from crystal structures of C. Butylureido-ethylimidazole HC4, D. Hexylureido-ethylimidazole HC6, E. Octylureido-ethylimidazole HC8, F. Bis(ethylimidazole ureido)hexyl HC6H, 11 G. S-Octylureido-ethylimidazole S-HC8 and R-octylureido-ethylimidazole R-HC8. These structures show that packing and self-assembly are dramatically different between chiral and achiral isomers, but all channels have pores with a diameter of 2.6 Å.

Figure 2 .

 2 Figure 2. Water-transport activity of I-quartet channels in liposomes. a. Representative stopped-flow light-scattering experimental traces of liposome pre-mix assays at a CLR (HC6 and S-HC8) of 1 after abrupt exposure to a hypertonic solution of 200-mM NaCl. b. The water permeabilities of the liposomes containing different I-quartet channels at CLR=1 were measured under hypertonic conditions from the premix assays. c. The net water permeability of the HC8 channels in liposomes at a CLR of 1. The liposomes (1 mg/mL, with a molar ratio of PC/PS/Chl=4/1/5) were abruptly exposed to a hypertonic solution of 200-mM NaCl or 400-mM sucrose from the pre-mix assays. The data shown in b and c are the averages of at least triplicates, and the error bars represent the standard deviation.

Figure 3 .

 3 Figure 3. Proton-transport activity of I-quartet channels in liposomes. a. Liposomes encapsulating pH-sensitive dyes (8-hydroxypyrene-1,3,6-trisulfonic acid [HPTS] and fluorescent dextran) showed fluorescence quenching because of proton export via imidazole channel and K + import via Valinomicin channel (see Supplementary materials for details). b. Ratiometric fluorescence (I/I0) curves of the assembled R-HC8 channels with different channel concentrations in the HPTS assay. The signal was normalized at t=500 s. c. Calculated values of EC50 (in µM) determined in the HPTS assay, representing the concentration at which the given compound (including racemic RacHC8) achieved half of its total transport capabilities. d. The pH inside the liposomes (pH=6.4) with the incorporated HC8 channels increased over time upon exposure to a higher pH environment (pH=7.4) in kinetic experiments. The experiments were performed on a stopped-flow instrument using a fluorescent D-3305 dextran dye as a pH sensor. Higher HC8 channel concentrations correlated with faster transport kinetics. e. Protontransport rates of different I-quartet channels calculated from the fluorescent dextran assay. The data shown are the averages of at least triplicates, and the error bars represent the standard deviation.

Figure 4 .

 4 Figure 4. MD simulations of the I-quartet channels illustrate how the hydrophobic chain length and chirality influence the structuring of the hydrophobic shells around the water-wires in these artificial channels. Data for HC8, R-HC8 and S-HC8 channels at 10 atm are shown. a. IMIDN17 atom radial distribution function for various time spans of each simulation. b. Cumulative water dipole orientation distributions within the membrane region at various time spans indicate the highest stabilization for the S-HC8 channels. c. Isosurface water density within the membrane region cumulated at the beginning (0-50 ns) and the end (400-450 ns) of the simulations of the HC8, R-HC8 and S-HC8 channels at 10 atm.
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