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Highlights

Synthetic, self-assembling, helical

oligourea foldamers form artificial

water channels

ssNMR, MD simulation, and cryo-

EM data show proper insertion of

foldamers into liposomes

Water-selective channels are

formed by oligomerization of the

amphipathic foldamers

4.8 Å hydrophilic pore is present

in X-ray crystal structure of

foldamer H2OC1
Short helical amphipathic oligourea foldamers were designed with distinct

hydrophobic and hydrophilic faces. Two of the foldamers (H2OC1 and H2OC2)

obtained by solid phase synthesis self-assembled into channel-type

nanostructures that show efficient water permeability across lipid membranes

while rejecting ions. A self-assembled quaternary structure with two superhelical

scaffolds results in the formation of 4.8 and 6.4 Å inner pores that were observed in

the crystal packing of H2OC1. Both pores have hydrophilic interior and

hydrophobic exterior surfaces. Our findings demonstrate the channel-forming

ability of oligourea foldamers in lipid bilayers, and such novel artificial water

channels could be beneficial for water purification applications.
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THE BIGGER PICTURE

Water scarcity is a global

problem. Although reverse

osmosis is an effective method for

water purification, it is costly and

energy intensive. To address this

issue, previously, biomimetic

membranes have been developed

that are embedded with

aquaporins (AQPs) or artificial

water channels (AWCs). We

designed and synthesized helical

amphipathic oligourea foldamers

as a new class of AWCs that can be

a promising alternative to AQPs.

Our foldamer monomers do not

have a tubular structure, but they

self-assemble, generating void

space that acts as transmembrane
SUMMARY

Biomimetic membranes incorporating artificial water channels
(AWCs) are being developed for industrial water purification.
Designing AWCs to achieve high water permeation with salt rejec-
tion is a challenge. We designed and synthesized oligourea fol-
damers, which form predictable helical structures that can be used
to create biomimetic porin-like architectures. Two of these fol-
damers (H2OC1 and H2OC2) allow superior water permeability
and almost total salt rejection across lipid membranes. Solid-state
NMR, cryo-EM, and molecular dynamics analyses suggest proper
insertion of foldamers into lipid vesicles. The H2OC1 crystal
structure shows hydrophilic pores of diameters 4.8 and 6.4 Å. The
oligourea helices pack together by hydrophobic and salt bridge
interactions to build two channel-like assemblies. Besides their pro-
teolytic stability and microbial resistance, the sequence of fol-
damers can be tailored to regulate selectivity. The ease of
designing, synthesizing, and purifying oligourea foldamers is an
added advantage. Our findings can help to develop novel AWCs
for water purification applications.
channels, which exhibit selective

water permeability. The crystal

packing of one of these foldamers

shows a porin-like superstructure

with a hydrophilic pore of 4.8 Å

diameter. The known resistance of

oligoureas to proteolytic

degradation suggests that they

offer long-term stability.

Sequence-based tunability of

their properties along with their

large-scale synthesis can make

them a new class of AWCs for

water purification.
INTRODUCTION

Freshwater scarcity currently affects over 4 billion people worldwide and is a growing

challenge faced by humanity. High population, industrialization, deforestation, and

climate change lead to depletion and contamination of natural water resources, all of

which increase the demand for fresh water.1 Currently, reverse osmosis (RO) mem-

brane and membrane distillation technologies are used to produce �100 million

tons of desalinated water per day from seawater.1 However, the high energy con-

sumption and overall cost of the existing technologies necessitate the search for bet-

ter alternatives. In this regard, the aquaporins (AQPs) have been proposed as active

components for the fabrication of desalination RO bio-assisted membranes.2 AQPs

are transmembrane proteins that allow high water permeability (�109 H2O s�1)

across lipid membranes with the complete rejection of ions and protons.3 The key

structural feature of the AQP hydrophobic interior is a narrow 3 Å diameter pore,

composed of a key asparagine-proline-alanine (NPA) motif, enabling the transport

of water molecules in a single file.3 Unfortunately, the development of AQP-based

membranes is limited by the long-term protein stability issues under harsh pressure

and salinity RO conditions.1,2
Chem 9, 1–18, August 10, 2023 ª 2023 Elsevier Inc. 1
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Artificial water channels (AWCs) constructed from simple molecular components

mimic the structures and functions of natural active protein channels. They address

the drawbacks of AQPs and could be used to develop robust biomimetic mem-

branes for the future.2,4 Carbon nanotubes (CNTs) are among the most promising

artificial nanostructures for the development of AWC.5 Both wide- and narrow-diam-

eter CNTs show high water permeability (109 and 1011 H2O molecules/channel s�1)

and they block anion transport but not cations.5 The single file water permeability of

narrow-diameter CNTs exceeds AQP1 performance by a factor of 6. Indeed pore-lin-

ing residues in AQP1 can form H-bonds with incoming water molecules, thus trans-

port rates are limited by kinetics of H-bond breakage and reformation, molecular re-

orientation.5 By contrast, pore walls of CNTs cannot form H-bonds and allow

unimpeded water transport.5 Thus, the narrow diameter of CNTs promises selec-

tivity as their hydrophobic interior permits water transport with low resistance.6

Another class of AWCs described is the imidazole-derived I-quartet channels,7 which

form tubular superstructures. These channels build a 2.6–2.8 Å pore similar to AQPs

and completely exclude ions except protons.7,8 The reported water permeability

through the I-quartet is 106–107 H2O s�1 per channel in lipid bilayers9 is promising

and has been translated to planar polyamide membranes for desalination with

high per area permeability of 2.5–3 LMH/bar while maintaining a high NaCl rejection

of 99.8%.10 Fluorous oligoamide nanorings of polytetrafluoroethylene self-assemble

to create nanochannels through stacking.11 Due to the water repellent property of

carbon-fluorine bonds, the interior of these channels is hydrophobic and allows a

high rate of water flow and negligible Cl� permeability.

Hydrazide-appended pillar[5]arene and PAH have also been employed to develop

AWCs due to their unique tubular conformations.12 Similarly, peptide-appended

pillar[5]arenes (PAP[5]s) showed higher permeability (107 H2O s�1).13 However, the

PAH and PAP[5] channels exhibit high ion permeability due to a larger pore diameter

of 5 Å, making them un-useful for the fabrication of desalination membranes.13

Smaller peptide-appended hybrid[4]arene (PAH[4]) have been used to reduce the

pore diameter and achieve salt rejection. They showed increased water permeability

of >109 H2O s�1 similar to AQP and exhibited undetectable ion permeability.14

Overall, the PAH[4] translocate water outside the channels and their water/salt

permselectivity exceeds the requirement for desalination membranes for which

the scale-up methods remains to be solved.14

Foldamers are synthetic polymers that tend to generate higher-order folded struc-

tures and have been employed for developing AWCs. Aromatic helical aquafol-

damers, such as pyridine/oxadiazoles,15–17 polypyridines,18,19 polyhydrazides,20

and fluorofoldamer21 show selective water and ion transport through their interior

helical pore up to 2.7 3 1010 H2O channel s�1 with salt rejection, exceeding to

that of AQP1.20

However, to the best of our knowledge, there has been no attempt to create artificial

water channels from sequence-defined proteinomimetic foldamers that are used as

scaffolds that self-assemble into precise quaternary nanostructures with intrinsic

porosity (i.e., self-assembled foldamer-based porin-like channels).17–21 N,N0-linked
oligoureas are a class of synthetic peptidomimetic foldamers that have been demon-

strated to form well-defined helical structures in both organic and aqueous environ-

ment akin to regular peptide helices.22 Amphipathic sequences with a patch of

hydrophobic side chains at the surface of the helix have been shown to self-assemble

into various quaternary structures including nanotubular structures.23–25 These
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oligourea sequences were synthesized using solid phase techniques akin to peptide

synthesis, from enantiopure activated monomers prepared from amino acid deriva-

tives (building blocks [BBs]).22,26 The BBs were protected on one side as azides and

activated at the other extremity as succinimidyl carbamates (e.g., N3-Leu
U-OSu). In

contrast to natural peptides, these foldamers are substantially more resistant to pro-

teolytic degradation due to their oligourea (i.e., non amide) backbone.27 These

different properties make them potential candidates for synthesizing AWCs.

Here, we report the successful design and synthesis of amphiphilic oligourea fol-

damers, which are able to form transmembrane channels exhibiting high water

permeability rejecting all ions. We show that these non-natural oligomers form

tunable helical scaffolds self-assembled in Porin-like nanostructures. The state of

oligomerization was investigated by mass spectrometry (MS) and transmission elec-

tron microscopy (TEM). The molecular insertion into lipid vesicles was investigated

by solid-state NMR spectroscopy. We further characterized their water and ion

permeability properties in lipid vesicles. Also, we present their three-dimensional

structures elucidated by X-ray crystallography. The high water permeability coupled

with resistance to proteolytic degradation makes these novel synthetic foldamers

possible candidates for industrial water purification applications.
RESULTS AND DISCUSSION

Design and synthesis of H2 derivatives

To design transmembrane water channels, we designed H2OC1–H2OC4 scaffolds

starting from known self-assembling properties of a previously reported amphi-

pathic helical oligourea foldamer named H2.23,24 The 10-mer H2 showed extended

superhelical structure with two right-handed intertwined superhelices that form a

channel in aqueous conditions with hydrophilic interior and a pore diameter of ca.

17 Å due to its global amphipathicity.23 The oligourea sequence, composed of

two pentad repeats, has been designed to form an amphipathic helix with an

extended hydrophobic face using the following principles. At positions ‘‘a’’ and

‘‘c’’: four leucine-type urea residues (LeuU) (two in each pentad repeat). At position

‘‘e’’: proline-type (ProU) residue in the first pentad and alanine-type (AlaU) in the sec-

ond pentad (Figure 1A).

These hydrophobic residues at the exterior surface assist in forming a dense and pre-

cise packing during the self-assembly of H2. Additionally, the side chains of four

charged residues (two glutamate-type side chains [GluU] at position ‘‘b’’ and two

lysine-type side chains [LysU] at position ‘‘d’’) point into the lumen and form a highly

charged interior of the channel. The electrostatic interactions and salt bridges play a

major role in the formation of intricate H-bonding networks among proximal and

distal oligourea residues and contribute to stabilizing the overall packing.

We designed and synthesized a series of close H2 analogs and carried out their

structural and functional analyses (Figures 1 and S1–S5; Table S1). In the first analog,

H2OC1, the N-terminal isopropyl group of H2 was replaced by an acetyl group, and

the C-terminal methyl urea was replaced by a simple urea termination to reduce the

hydrophobicity (Figures 1A and 1B). To understand the local constraining effect of

ProU, we prepared a second analog H2OC2 in which ProU is replaced with AlaU at

position e (Figures 1A and 1B). We have shown that ProU does not interfere signifi-

cantly with the helicity of oligoureas23 unlike Pro in peptide chains.28 In H2OC3, we

replaced twoGluU with the less hydrophilic AsnU at the b sites of pentads (Figures 1A

and 1B). Such substitutions were intended to reduce the interaction with water in the
Chem 9, 1–18, August 10, 2023 3



Figure 1. Molecular design and biophysical characterization of oligourea foldamers

(A) Helical-wheel representations of designed H2 variants showing the side-chain distribution of oligourea residues in pentad. Polar and charged

residues and uncharged residues are depicted as salmon red and cyan blue, respectively.

(B) Sequences of synthesized amphipathic oligourea foldamers H2OC1, H2OC2, H2OC3, and H2OC4. Highlighted residues represent the point

mutation to H2OC1.

(C) Circular dichroism (CD) spectra of oligourea foldamers show a peak at �202 nm indicating their helical conformation.

(D) CD spectra of H2OC2 in water exhibit a concentration-dependent increase of molar ellipticity at �202 nm.

(E and F) Negative-stained transmission electron micrographs of (E) H2OC1 and (F) H2OC2 revealed self-assembled morphologies at 200 mM in 10 mM

HEPES buffer, pH 7.0. They showed fiber-like networks packed in large, knotted bundles (H2OC2, diameter ranging from 12.4 to 40.0 nm) and distinct

fibers (H2OC1, diameter 5.5 G 0.6 nm).

(G and H) Electrospray ionization (ESI) mass spectrometry profiles of (G) H2OC1 and (H) H2OC2. The ESI spectra reveal the distribution of

heterogeneous multimeric species of oligoureas. The isotopic peak at m/z value of 1,856.76 of H2OC1 indicates pentameric species ([5]4+). Other

isotopic peaks of multimers are also identified.
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polar channel and facilitate faster water flow.3,29 To enhance the penetration into

lipid bilayers, we designed the analog H2OC4 by replacing AlaU and ProU residues

with PheU at position e in both pentads ofH2OC1 (Figures 1A and 1B). Such aromatic

Phe-type residues might favorably interact with fatty acyl chains and lipid head
4 Chem 9, 1–18, August 10, 2023
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groups.30 All oligourea foldamers were synthesized on a solid support using micro-

wave assistance (Scheme S1; Table S1; Figures S2–S5) and purified according to pre-

viously established procedures.23,31

Biophysical characterization of foldamers

The secondary structure and self-assembly of the foldamers were first investigated

by circular dichroism (CD).32–34 All spectra showed a maximum at �202 nm

(Figures 1C, 1D, and S6), indicating helical conformation of H2OC1 to H2OC4

analogs at 100 mM in water.23,31 They exhibit helicity even at lower concentrations.

Concentration-dependent CD experiments of foldamers showed increased molar

ellipticity with increasing foldamer concentration, indicating self-assembly in water

(Figures 1D and S6).23,31

Negative-staining TEM studies of H2OC1 and H2OC2 showed the formation of

extensive fiber networks in aqueous conditions (Figures 1E and 1F). H2OC2

showed large fiber bundles with knots (with diameters ranging from �12 to

�40 nm) consisting of protofilaments with a diameter of 3.7 G 0.8 nm, whereas

H2OC1 showed untangled fibers with a diameter of 5.5 G 0.6 nm (Figures 1E

and 1F). The TEM observations support their fiber-like self-assembly.23,24 By

contrast, H2OC3 showed vesicle-like morphology with about 24–33 nm diameter

(Figure S7A). H2OC4 formed longer filaments with about 132–156 nm width (Fig-

ure S7C). The stoichiometry of oligourea foldamer self-assemblies was next inves-

tigated by MS. Electrospray ionization (ESI)-MS analyses revealed the presence of

discrete multimeric species23,31 ranging from pentamer to nonamer of H2OC1 and

H2OC2 in aqueous conditions (Figures 1G and 1H). By contrast, H2OC3 showed a

predominant pentameric species (Figure S7B). The TEM and ESI-MS results are

thus consistent with H2OC1, H2OC2, and H2OC4 forming helical tubes as previ-

ously reported for H2.23

Molecular insertion of foldamer channels into lipid vesicles

To investigate whether H2OC1 and H2OC2 foldamers have the molecular proper-

ties to be stably inserted into lipid membranes, we employed solid-state NMR spec-

troscopy to measure biophysical parameters in a lipid environment. Lipid vesicles

composed of a mixture of phosphatidylcholine (PC) and phosphatidylserine (PS)

(molar ratio of 4/1) were reconstituted in the presence of H2OC1 and H2OC2 at a

molecule-to-lipid ratio of 1/20. To monitor the impact of foldamer insertion into

the lipid vesicles, we first used 31P solid-state NMR to probe the lipid phase and

membrane curvature effect. PC/PS vesicles exhibited a 31P spectral pattern charac-

teristic of a lamellar lipid phase. 31P experiments carried out for vesicles containing

H2OC1 and H2OC2 showed a comparable asymmetric spectral profile and a similar

chemical shift anisotropy (Figure 2A), indicating that the lipid phase and the mem-

brane curvature of the vesicles were not significantly impacted by the molecular

insertion of the foldamers. To monitor the insertion of foldamers into the hydropho-

bic part of the lipid bilayer, we used 2H solid-state NMR on PC/PS vesicles for which

the PC acyl chains were deuterated. We detected comparable 2H quadrupolar cou-

plings for control vesicles and vesicles incorporating H2OC1 and H2OC2

(Figure 2B).

Since 2H quadrupolar couplings are related to the molecular orientation and the dy-

namics of the C–2H bonds, this suggests that the foldamer insertion has a negligible

effect on the internal lipid dynamic at the level of the acyl chain. Lipid thermotropism

was evaluated bymonitoring the 2H first spectral moment as a function of the sample

temperature (Figure 2C). We observed that the melting temperature (Tm = 285 K) of
Chem 9, 1–18, August 10, 2023 5



Figure 2. Biophysical properties of foldamer insertion into liposomes and cryo-EM images of H2OC1-embedded PC/PS (4:1) liposomes

(A) 31P static solid-state NMR experiments performed at 303 K on PC/PS control vesicles (black) and PC/PS vesicles incorporating H2OC1 (in red) and

H2OC2 (in blue).

(B) 2H static solid-state NMR experiments performed at 303 K.

(C) Thermal variation of the first spectral moment M1 of PC lipids as measured by 2H solid-state NMR.

(D) C-2H order parameter as a function of labeled lipid carbon position.

(E) Single particle cryo-EM image of self-assembled channels ofH2OC1 in a liposome. The top left panel shows a low magnification image. Arrows point

to three channels in the enlarged view (i) the boxed area (ii) showing an array of channels, see (G).

(F) Single particle cryo-EM image of control liposome without H2OC1. The magnified image shows a contiguous membrane without channels (iii).

(G) Magnified image shows the array of channels (arrows) in the lipid bilayer.

(H) Two-dimensional (2D) average images of H2OC1 EM particles (top). Two representative channels are outlined with dashed boxes. 2D averages of

EM particle images of control liposomes (bottom); no obvious channel density was observed. For details, see supplemental information.

(I) Size of each channel, the distance between two neighboring channels, and the membrane are indicated. The outer diameter of individual channels is

26 Å, compared with 29 Å in the crystal structure of H2OC1. The distance between two adjacent channels is 37 Å.
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PC/PS liposomes stays the same in the presence of the H2OC1 and H2OC2 fol-

damers. Using spectral deconvolution, individual 2H quadrupolar splittings were

employed to derive the lipid order parameters along the PC acyl chain (Figure 2D)

that span half of a bilayer. Control PC/PS liposomes exhibited a characteristic profile
6 Chem 9, 1–18, August 10, 2023
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of SCD order parameters with a plateau for carbons near the membrane surface and

having a high structural order, followed by a decrease of order parameters toward

the mobile methyl carbon C14. We observed a similar profile for liposomes incorpo-

rating H2OC1 and H2OC2, with a slight increase of SCD order parameters in pres-

ence of the foldamers, suggesting that their insertion slightly increases lipid acyl

chain ordering. Taken together, solid-state NMR experiments suggest a proper

and stable insertion of foldamers into liposomes, without perturbations of the lipid

phase, thermotropism, and internal dynamics.

Further, we employed single particle cryoelectron microscopy (cryo-EM) to estimate

the number ofH2OC1 channels within a unit area of the liposomemembrane with an

empty liposome as the control (Figures 2E–2G and S8). The cryo-EM image shows

that the foldamer channels were inserted in an orderly fashion without perturbating

the lipid phase. Under high magnification, rod-shaped densities corresponding to

transmembrane channels were observed, which were absent in empty liposome im-

ages (Figures 2E and 2F). These channels are evenly distributed along the circular

plane of the membrane (Figure 2G). Two-dimensional (2D) classification with a

box size of 200 Å yielded average images of two channels embedded in the mem-

brane (Figure 2H). By contrast, no corresponding dense regions were visible in the

2D averages of the empty liposome control (Figure 2H). The individual channels

were 26 Å wide, consistent with the crystal structure (29 Å). Direct visualization of

two neighboring channels allowed us to further measure their distance (Figure 2I),

around 3.7 nm. Together, our cryo-EM analysis revealed that each H2OC1 channel

occupies an area of 3.7 nm3 3.7 nm, which corresponds to 73,046 channels per mm2

at a 1:100 (foldamer to lipid) molar ratio.

Water permeability of porin-type foldamer channels

We measured the water permeability in lipid bilayers using a stopped-flow method

to capture fast kinetics on the millisecond time scale of water efflux from liposomes

led by osmotic pressure difference was determined by monitoring the change in the

light scattering intensity of the liposomes (Figure 3A).4,5,20,35,36 We quantified the

water permeability by the shrinkage mode, measured in PC/PS (4:1) liposomes.

The foldamer-embedded liposomes were exposed to hypertonic osmolytes (su-

crose and NaCl) (Figures 3A and 3B). The diameter of empty and foldamer-

embedded liposomes was measured using light scattering intensity (Figure S9).

Interestingly, all four foldamers showed significant water permeability in the pres-

ence of sucrose or competitive ionic NaCl used as osmolytes (Figures 3B, S9, and

S10). H2OC1 and H2OC2 showed the highest water permeability compared with

other sequences (5- to 7-fold increase in water transport at 1:50 ratio over the control

vesicles without the foldamers) (Figure 3B). Additionally, these foldamer channels

showed comparable water permeability to that of gramicidin A (gA),37 a natural

ionophore, which transports water and cations across the membranes (Figures 3B,

S9, and S10).

The high water permeability of H2OC2 encouraged us to study the foldamer in more

detail. Variation in lipid composition exhibits different properties of lipid membranes

including charge, fluidity, and lateral pressure profiles.41 Therefore, changes in lipid

composition affect the interaction of lipids with extraneous compounds. The initial

step of binding of a cationic molecule to anionic lipid PS-containing membranes occurs

by electrostatic interactions.41 Therefore, the effect of different PC/PS ratios in

liposomes on water permeability of H2OC2 was evaluated (Figure S11). We observed

no detectable water permeability in the presence of pure PC. However, with increasing

PS concentration, the permeability increased until PC/PS ratio reached 4:1. Further
Chem 9, 1–18, August 10, 2023 7



Figure 3. Measurements of water and ion transport through oligourea foldamers

(A) Schematic representation of water permeability measurement through foldamer channels in phosphatidylcholine/phosphatidylserine (PC/PS)

liposomes suspended in a hypertonic osmolyte (600 mM sucrose).

(B) Stopped-flow analysis of oligourea foldamers showing water permeation through foldamer channels in PC/PS (4:1) liposomes. Data provided are

mean G SE.

(C) Light scattering traces of H2OC2 embedded in PC/PS liposomes with different molar ratios showing an increasing water permeability with increased

channel concentration when suspended in hypertonic osmolyte (600 mM sucrose). Curves were fitted with stretched function y = c + a exp(�kxb) to

obtain exponential coefficients (k).38–40

(D) Water permeability through the H2OC2 channel measured at different channel densities exhibited a jump in permeability when the lipid/channel

molar ratio reached 100:1 to 50:1 indicating possible cooperativity. Data provided are mean G SE.

(E) Schematic representation of HPTS-based fluorescence assay under high ionic gradients (100 mM NaCl and KCl). HPTS, 8-hydroxypyrene-1,3,6-

trisulfonic acid.

(F and G) Salt rejections by H2OC1 and H2OC2 compared with natural ionophore gramicidin A (gA) and foldamers H2OC3 and H2OC4.

(H) Schematic representation of chloride-selective, SPQ dye-based, fluorescence assay for ion transport.

(I) Chloride-selective ion transport by SPQ fluorescence quenching assay showed rejection of chloride ion by H2OC1, H2OC2, and H2OC3.

Concentration-dependent fluorescence quenching was observed with H2OC4, indicating chloride transport by H2OC4.
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increase in PS concentration for H2OC2 resulted in decreased water permeability (Fig-

ure S11). The 10-residue oligourea foldamers consist of polar LysU and GluU residues.

The ionic nature of these residues facilitates binding to membranes through electro-

static interactions. Further, the inclusion of anionic lipid PS in the membrane

increases the electrostatic interactions with the foldamers. The insertion of foldamers

in the membrane is further facilitated by their external hydrophobic surface.

Subsequently, H2OC2 and PC/PS liposomes were mixed to obtain foldamer/lipid

molar ratios from 1:1,000 to 1:50 in 10mMHEPES buffer, pH 7.0, andmeasured their

water permeability.

The light scattering intensity increased with exposure to an equal volume of hyper-

tonic osmolyte (600 mM sucrose) with the increasing foldamer ratio (Figures 3C and

3D). This indicates that increasing the molar ratio results in an effective increase in

the incorporation of foldamers into the liposomes, leading to enhanced water

permeation. The calculated water permeability (Pf) values of H2OC2 vary from

10.5 mm/s (foldamer/lipid 1:400), 23.2 mm/s (@1:200) to 88.7 mm/s (@1:50)

(Figures 3C and 3D), close or superior to water permeability observed with gA chan-

nels. H2OC2 also showed water permeability in the presence of other osmolytes

such as glycine and glucose (Figure S12). Furthermore, the water permeability at

pH 4.5 was lower than that at pH 7.0.

From the cryo-EM data, we calculated the channel number to be �1,665 per liposome

(for a 1:100molar ratio where 135 mMofH2OC1was used in 13,500 mMPC/PS). The net

osmotic permeability (Pf) of H2OC1 was calculated as 34.44 mm/s (for details see sup-

plemental information). Thus, the calculated single-channel water permeability of

H2OC1was P1 = 8.083 10�16 cm3/s; and P2 = 2.703 107 watermolecules/s. If we pre-

sume that H2OC2 will form a similar channel assembly as that of H2OC1 due to their

sequence similarities, the inserted channel numbers in PC/PS membranes are also ex-

pected to be similar. The net osmotic permeability (Pf ) of H2OC2 was calculated as

52.82 mm/s (for details see Figures S10–S12). Therefore, the estimated single-channel

permeability of H2OC2 was P1 = 1.21 3 10�15 cm3/s; and P2 = 4.08 3 107 water

molecules/s.
Proton/ion transport properties of foldamers

High selective water transport is the most important feature for an AWC. Another

crucial feature that is equally important for water purification is its ability to reject

ion transport.42,43 Therefore, we determined the ion transport properties of our

selected foldamers in PC/PS (4:1) liposomes using a standard fluorescence-based

8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) assay (Figure 3E). The HPTS-loaded li-

posomes were incubated with the foldamers for 5 min. before the experiments. A

base pulse (20 mL of 0.5 N NaOH) was given at 50 s of the measurement to increase

the external pH from 7.0 to 8.0. The natural ionophore gA, a monovalent cation se-

lective channel37 was used as a positive control (Figures 3F and 3G). The changes in

fluorescence intensity showed that H2OC3 (36%) and H2OC4 (25%) channels can

moderately transport Na+ and K+ ions. However, the ion transport facilitated by

the foldamers was much lower than that of gA (Figures 3F and 3G). Interestingly,

no detectable ion transport activity was observed for H2OC1 (7%) and H2OC2

(8%) in the presence of NaCl and KCl (Figures 3F and 3G). In addition, H2OC1

andH2OC2 foldamers are able to reject the divalent ions (Figure S13). This indicates

the strong salt rejection ability of these two foldamers. Therefore, they are suitable

for water purification applications.
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The chloride permeation through H2OC1 and H2OC2 channels was further in-

vestigated using chloride-selective dye 6-methoxy-N-(3-sulfopropyl)quinolinium

(SPQ)42,43 trapped in PC/PS (4:1) liposomes containing intravesicular NaNO3 and ex-

travesicular NaCl (Figure 3H). Oligourea H2OC1, H2OC2, and H2OC3 did not show

any detectable chloride transport (Figure 3I). However, concentration-dependent

quenching of fluorescence intensity was observed for H2OC4 due to the influx of

Cl� ions (Figure 3I). Collectively, these assays confirm the ion rejection properties

of H2OC1 and H2OC2.

The proton transport activity of oligourea foldamers was evaluated by the patch-

clamp experiments20,29 in PC:PS (4:1) and 1,2-dioleoyl-sn-glycero-3-phosphocho-

line (DOPC) liposomes (Figures S14–S18).37 The proton conductance rates of

H2OC1 (gH
+ =7.4 pS) and H2OC2 (gH

+ =25.8 pS) showed differences in PC:PS lipo-

somes (Figure S14), but the values did not differ significantly in DOPC liposomes

(Figure S15). H2OC1 presents a better channel shape, longer retention time, and

higher channel opening probability at both lipid conditions (Figures S14 and S15).

Along with the water transport activity, we can speculate that protons are transferred

overall along water wires. Patch-clamp single-channel current traces and I-V plots of

H2OC1 and H2OC2 recorded in symmetrical solutions (cis chamber = trans cham-

ber = 1 M KCl solution) and asymmetrical solutions (cis chamber = 1 M KCl solution,

trans chamber = 1 M NaCl solution) using DOPC and PC/PS (4:1) lipids show no

obvious channel activity confirming the previously observed lack of ion transport

ability by H2OC1 (Figures S16 and S18A) and H2OC2 (Figures S17 and S18B).

H2OC1 and H2OC2 showed extremely low channel current (<5 mA). The observed

channel opening under high voltage could have occurred due to ion polarization,

which is not characteristic of ion transporters.44–46 Hence, the calculation of sin-

gle-channel ion permeability is not feasible here.

Self-assembled channel structure of foldamer

An X-ray crystal structure of foldamerH2OC1 at a high resolution of 1.2 Å was deter-

mined in order to provide atomic-scale details of channel formation via self-assem-

bly (Figures 4 and S19–S22; Tables S2 and S3). The monomers exhibit the design-

imposed amphipathic helical conformation consisting of distinct hydrophobic and

hydrophilic faces (Figures 1A and 4A) similar to those formed from H2 (Figure S19;

Table S3).23 Crystal packing revealed oligourea helices forming a self-assembled su-

perhelical channel-type assembly (Figure 4B).

Two distinct channels can be identified in the crystal structure of H2OC1, namely

channels A and B with an external diameter of 29 Å each (Figure 4B), which is close

to the dimensions observed in the cryo-EM images. These channels show apparent

pore diameters of 4.8 and 6.4 Å, respectively. In channel B, the electron density

maps for C-terminal LysU9, and AlaU10 residues are not ‘‘visible,’’ leading to the

overestimation of its pore size. In both channels, the exterior surface is composed

of the hydrophobic residues LeuU, AlaU, and ProU located at positions a, c, and e

in the helical-wheel representation. The pore of the channels is lined by the hydro-

philic residues GluU and LysU situated at positions b and d (Figure 4B). Eight oli-

gourea helices per turn associate laterally in a right-handed, staggered, antiparallel

orientation by hydrophobic and electrostatic interactions within the superhelical

structure. The intricate H-bonding network of salt bridges between neighboring oli-

gourea helices greatly contributes to stabilizing the pore structure. The hydrophilic

pore is hydrated with both H-bonded (to the GluU and LysU side chains) and mobile

water molecules (Figures 4C, 4D, S20, and S21). A single turn (23 Å) could span

across half the thickness of phospholipid bilayers. Interestingly, the crystal packing
10 Chem 9, 1–18, August 10, 2023



Figure 4. Crystal structure revealing the quaternary structure of foldamer H2OC1

(A) Crystal structure of H2OC1 shows a helical conformation of the monomer with distinct hydrophobic (salmon red) and hydrophilic (blue) surfaces.

(B) Crystal packing shows two distinct channels (channel A and channel B). In this structure, channel B is formed in the interspace of four channel A

assemblies. Both channels are packed through hydrophobic interactions of exterior surfaces. In the channel assembly, eight monomeric oligourea

helices per turn are packed laterally. The neighboring helices are in an antiparallel orientation within the superhelical structure that has an outer

diameter of 29 Å. Each turn of this superhelical assembly spans 23 Å. The interiors of both channels are composed of hydrophilic residues, creating a

charged nanopore, while hydrophobic residues line the exterior.

(C) Water molecules that are H-bonded with the foldamer are shown as red spheres in the pores of channels A and B. Water molecules that do not form

any H-bonding with foldamer helices are represented as pink spheres. Only selected water molecules are displayed.

(D) Water molecules in the pore form a H-bonding network with charged residues, GluU and LysU. Hydrogen bonds show O–O and N–O distances of 2.7

and 3.6 Å, respectively. Images were created using PyMOL.
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also revealed the presence of distorted helices that fill the void spaces between

channel assemblies. These helices with a kink near the ProU and LysU residues are sit-

uated externally, defining four corners surrounding both channel assemblies (Fig-

ure S22). The well-defined self-assembled helical tubular structure of H2OC1 in

the crystal (Figure 4B) may suggest a model of interaction between the hydrophobic

face of amphipathic foldamer helices and the hydrophobic component of lipid mem-

branes compatible with the formation of a pore in the lipid membranes. Based on

such a mode, one hypothesis could be that water transport across the membranes

occurs via the H-bonding networks between water molecules and the hydrophilic
Chem 9, 1–18, August 10, 2023 11
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residues in the pore wall (Figures 4C and 4D). TEM analysis of H2OC1 under condi-

tions similar to those of crystallization revealed an extended fiber assembly with an

external diameter of about 20.6 nm (Figure S23A). These fibers may be formed of

five- to six-channel units across their diameter. By contrast, H2OC2 fiber bundles

are about 9.3 nm in diameter (Figure S23B).

All-atom molecular dynamics (MD) simulations

To gain molecular insights into the dynamics of the H2OC1 channel in the lipid

bilayer, we performed explicitly solvated all-atom MD simulations. We used the

experimental crystal structure of the H2OC1 channel composed of 8 monomeric he-

lices as well as 16 kinked H2OC1 oligourea helices positioned on the side of the

channel. We embedded this construct in a POPC: POPS (4:1 ratio; POPC [1-palmi-

toyl-2-oleoyl-sn-glycero-3-phosphocholine], POPS [palmitoyl-oleoyl PS]) lipid

bilayer (Figure 5Ai). After 200 ns of the equilibration simulation with restrained alpha

carbon positions of all helical oligoureas only, we observed that 12 kinked peptides

that were positioned between lipid head groups of the membrane remained bound

to the channel (Figure 5Aii), whereas those above or below dissociated.

After 600 ns of the unrestrained production run, the channel retained its supra helical

conformation (Figures 5Aiii; Videos S1 and S2) with kinked peptides bound. We also

built a control system, which corresponded to theH2OC1 channel composed only of

8 monomeric helices in the same lipid environment (Figure 5Biv). After 200 ns equil-

ibration and 600 ns of the production, the supra helix collapsed resembling a closed

and cylindrical conformation (Figure 5Bv; Videos S3 and S4). This is indicated by a

higher root-mean-square deviation (RMSD) of alpha carbons for the system without

kinked helices (Figure 5D). Although water molecules were found to permeate

through both channels, the H2OC1 channel with kinked peptides could transport

better water molecules (Figure 5D). The longer permeation pathway of the

H2OC1 channel with kinked helices allowed the formation of more hydrogen bonds

between two glutamate-type residues in each oligourea with water molecules

(Figures S24A and S24B). On the other hand, a small fraction of ions could enter

both channels, in agreement with our experimental observations (Figures 2E–2I).

Averaged radius profiles as well as averaged density of solvent in both channels

are shown in Figures 5F and 5G. Although both channels have a radius in the mem-

brane center of mass corresponding to �0.2 nm, indeed, the H2OC1 channel with

kinked peptides has a significantly longer permeation pathway. In summary, com-

puter simulations showed that kinked peptides can stabilize the H2OC1 channel,

which allows more water molecules to permeate through the membrane.

Conclusions

We have successfully designed and synthesized oligourea foldamers that form su-

perhelical water channels in aqueous conditions stabilized by hydrophobic and elec-

trostatic interactions. Oligourea foldamers H2OC1 and H2OC2 showed significant

water permeability with high salt rejection in liposomes. By contrast, H2OC3 and

H2OC4 showed permeability to ions along with water in liposomes. A high-resolu-

tion crystal structure of H2OC1 revealed that salt bridges facilitate intricate

H-bonding networks among proximal and distal oligourea residues to stabilize the

packing, which was confirmed by the formation of fibers of the same dimension

that were observed by TEM. Solid-state NMR and cryo-EM data suggest the stable

insertion of foldamers without perturbing the liposomes. The design of the

amphiphilic foldamers results in the formation of self-assembled tertiary structures

conferring a hydrophobic exterior and hydrophilic interior lumen filled with

H-bonded water clusters. It results in high water permeability across lipid
12 Chem 9, 1–18, August 10, 2023



Figure 5. Molecular dynamics simulations of H2OC1 oligourea channel in POPC:POPS (4:1 ratio) lipid bilayer

(A) The H2OC1 oligourea channel composed of 8 helical and 16 kinked helices embedded in lipid bilayer together with simulation snapshots: (i) prior to

any simulation, (ii) after 200 ns of equilibration with position restraints on helical foldamer alpha carbon atoms, and (iii) after 600 ns of the production run

without any restraints. The surface representation of the helices is shown in purple. The 16 kinked helices are shown in green licorice representation.

Orange spheres correspond to phospholipid head groups. Water, ions, and lipid headgroups were omitted for figure clarity.

(B) Control system of the H2OC1 oligourea channel composed of 8 helices alone together with simulation snapshots: (iv) after 200 ns of equilibration

with position restraints on alpha carbon atoms and (v) after 600 ns of the production run without any restraints.

(C) Root mean-square-deviation (RMSD) of alpha carbon atoms from 8 helices calculated with respect to the experimental structure.

(D and E) Number of water molecules (D) and the number of ions (E) passing through both channel types (shown in A and B) over the last 200 ns of the

trajectory are shown.

(F and G) Average channel radius profile across the membrane normal (the two radius profile tracings in each represent the standard deviation limits)

together with snapshots of the averaged density of the solvent within the pore (blue) are shown for the two cases, namely, with (F) and without kinked

(G) helices. The radius profile, as well as solvent density, were averaged over the last 200 ns of the production run.
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membranes. Therefore, such oligourea foldamers that are similar to natural porin-

like structures are potential candidates for the fabrication of AWC membranes for

water purification applications.

Unlike the previously described AWCs, our foldamers laterally self-assemble to form

the channel. This represents a novel design strategy of using short (10-residue) oli-

gourea foldamers for AWCs and other channels/transporters. We could achieve

distinct water and ion permeabilities by altering the sequences of foldamers. The

de novo design described herein has potential advantages. Changing the hydro-

phobic and hydrophilic surfaces of these foldamers allows the self-assembly of chan-

nels with different diameters and water/ion permeabilities. The design strategy of

incorporating polar and nonpolar side chains within the channel lumen could allow

selective interactions and transport of cations, anions, and water. This highlights the

versatility and potential of such oligourea foldamers for systematic and rational

design to achieve different structural and functional properties.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Prakash P. Kumar (prakash.kumar@nus.

edu.sg) and Gilles Guichard (g.guichard@iecb.u-bordeaux.fr).

Materials availability

Unique reagents generated in this study are available from the lead contact with a

completed material transfer agreement.

Data and code availability: Structure determination by X-ray crystallography

All relevant data are provided in the main text and supplemental information, and

there are no codes generated uniquely for this study. The CCDC code for the crystal

structure of foldamer H2OC1 is: 2211250, and the data collection and refinement

statistics for the X-ray crystal structure are provided in Table S2.
Solid phase synthesis of oligourea foldamers

Oligourea foldamers H2OC1, H2OC2, H2OC3, and H2OC4 were synthesized by

standard solid phase peptide synthesis methods using azide chemistry according

to previously reported procedures.23,26 After synthesis, the foldamers were purified

by reversed-phase high-performance liquid chromatography (RP-HPLC) using C18

column prior to characterization by MS and analytical RP-HPLC.
Transmission electron microscopy (TEM)

Foldamer samples (200 mM in 10 mM HEPES pH 7.0) were deposited on carbon-

coated copper grid and subjected to negative staining with 2% uranyl acetate.

The conformations of various foldamers were observed under JEOL 1400Flash TEM.
Studies of foldamer-phospholipid interaction using solid-state NMR

Foldamers H2OC1 and H2OC2 were added to liposomes (DMPC-d54 and POPS at

4:1 molar ratio) at foldamer:lipid ratio of 1:20. A quadrupolar spin-echo sequence

was applied at a 2H frequency of 76.8 MHz on a 500 MHz (11.7 T) Bruker Avance

III NMR spectrometer for 2H static wide-line solid-state NMR experiments. Further,

a Hahn-echo sequence was applied at a 31P frequency of 161.9 MHz on a

400 MHz (9.4 T) Bruker Avance III HD NMR spectrometer for 31P static wide-line
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solid-state NMR. Control data were obtained with lipids without foldamers. Data

were acquired at different temperatures (273–318 K).

Single particle cryo-EM to determine insertion of H2OC1 channels into lipid

vesicles

Liposome samples with or without H2OC1 on glow-discharged Quantifoil holey

gold grids (R 1.2/1.3, Cu 400 mesh) were plunge-frozen in liquid ethane cooled by

liquid nitrogen (FEI Vitrobot System). Cryo-EM data were collected as 34-frame

movies (130,0003 magnification)47 on a Titan Krios electron microscope (Thermo

Fisher Scientific). Data were processed using CryoSPARC.48 2D averages of selected

particles (37,219 particles of H2OC1 and 41,535 particles from empty liposomes

picked by ‘‘Blob picker’’ after ‘‘patch CTF estimation’’) were obtained by running

‘‘2D classification’’ in CryoSPARC.48–50 The number of channels per liposome was

calculated based on the dimensions of the liposomes and channels as described

in the supplemental information.

Water transport assay by stopped-flow method

The water permeability was measured using PC:PS (4:1 molar ratio) liposomes with

various foldamers (1:100 molar ratio) on a stopped-flow instrument (Chirascan circu-

lar dichroism spectrometer, Applied Photophysics, UK).51 The liposomes were

exposed to hypertonic osmolytes (600 mM sucrose) leading to shrinkage due to wa-

ter efflux.

Measurements of ion transport activity

The ion transport activities of the foldamers were measured in PC:PS liposomes (4:1

molar ratio) containing pH-sensitive HPTS (1 mM) dye using Shimadzu RF-6000 fluo-

rescence spectrophotometer.42,43 Similarly, chloride-selective transport was

measured using SPQ dye.42,43

Single-channel current measurement using planar lipid bilayer workstation

Planar lipid bilayers were formed by brushing 0.2 mL of 4:1 PC:PS- or DOPC-contain-

ing n-decane around the aperture. Single-channel current traces (proton or ion trans-

port) were tested at different voltages using patch-clamp techniques.37,51

Structure determination by X-ray crystallography

H2OC1 (10 mg/mL in water) were crystallized using sparse-matrix screening kits

(Cation suite [Nextal] and Proplex [Molecular Dimensions]) in 96-well plates by

sitting-drops method. Crystals were optimized in 24-well plates with the hanging

drops method at room temperature as well as at 16�C. Diffraction-quality crystals

of H2OC1 were obtained (0.1 M HEPES pH 7.5, 0.2 M ammonium acetate plus

15% v/v isopropanol). X-ray diffraction data were collected on beamline 23-ID-D

at the Advanced Photon Source, Argonne National Laboratory and analyzed as

described earlier.23 The massiveness of this structure prevents typical small-mole-

cule X-ray crystallography analysis in detail. Please refer to supplemental informa-

tion for detailed experimental procedures, and Data S1 and S2 for the raw data.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.

2023.04.007.
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