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Abstract

Artificial water channels are synthetic molecules that aim to mimic structural and functional
features of biological water channels (aquaporins). Here, we report on a cluster-forming organic
nanoarchitecture, peptide-appended hybrid[4]arene (PAH[4]), as a new class of artificial water
channels. Fluorescence experiments and simulations demonstrated that PAH[4]s can form clusters
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in lipid membranes through lateral diffusion that provide synergistic membrane-spanning paths for

rapid and selective water permeation through water-wire networks. Quantitative transport studies

revealed that PAH[4]s can transport >10° water molecules per second per molecule, which is

comparable to aquaporin water channels. The performance of these channels exceeds the upper

bound limit of current desalination membranes by factor of ~10%, as illustrated by the water/NaCl

permeability-selectivity tradeoff curve. PAH[4]s’ unique properties of high water/solute

permselectivity via cooperative water wire formation could usher in an alternate design paradigm

for permeable membrane materials in separations, energy production, and barrier applications.

Aquaporins (AQPs) are cellular membrane proteins that mediate translocation of water
molecules across the physical membrane barrier at very high water permeation rates (>10°
H,0 molecules per second per channel, HyO-s~1-channel~!) with ultimate (theoretically
infinite) water-to-ion selectivity, in order to maintain cellular homeostasis critical for
maintaining life!-2. The unique structure and function of AQP-rich cell membranes,
particularly its ideal water/salt permselectivity and spontaneous self-assembly and
orientation in membrane matrices, are desirable features in desalination membranes3+*.
Several attempts have been made to achieve successful integration of AQPs into practical
desalination membranes>. However, challenges with preserving the integrity and translating
the function of protein channels to larger scales during membrane fabrication processes have
critically hampered researchers from achieving this goal®.

As alternatives to biological water channels, bioinspired artificial water channels (AWCs)
have rapidly emerged as a promising platform for next generation separation membranes’-8.
AWCs are synthetic nanoarchitectures that mimic the function of AQPs. Insights from the
wealth of structure-function relationships obtained from studies with AQPs have been used
to suggest several biological channel traits as design criteria for AWCs including sub-nm
unitary pore shape and a hydrophobic pore environment’-?. Recent success in AWC
integration into scalable polymeric membranes have highlighted their possible advantages
over AQPs in terms of stability and high pore packing density!?. Achieving both AQP-like
single channel water permeability and selectivity of AWCs, however, remains a challenge
limiting the development of AWC-based desalination membranes!0-15,

We report on a new class of unimolecular transmembrane AWCs, peptide-appended
hybrid[4]arenes (PAH[4]s), which exhibit >10° (Hy0-s~!-channel!) water permeability that
is comparable to AQPs (Fig. 1a—d). This transport was achieved through channel cluster
formation within lipid bilayer membranes which provided cooperatively enhanced
membrane-spanning water permeation paths (Fig. 1e—j). The structural design of PAH[4]
originated from our attempts to synthesize AWCs with a pore size around ~3 A
(Supplementary Fig. 1), which is considered an ideal size for selective water permeation
based on pore geometries of AQPs!'®. However, transport studies revealed that PAH[4]s
mediated water conduction through entirely different mechanisms from traditional channel
configurations that possess one (e.g., AQPs) or less than one (e.g., gramicidin A) vertical
permeation path per channel molecule!”-18, PAH[4]s conducted water through a previously
unreported mechanism owing to unique structural and functional features (Fig. le,f).
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Rapid water permeation via channel cluster formation

PAH[4]s were synthesized by attaching eight D-L-D phenylalanine tripeptides (triPhe)
chains on hybrid[4]arene macrocycle molecules (Fig. 1a and Supplementary Fig. 1-4 and
Supplementary Video 1). Hybrid[4]arenes were employed as building templates primarily
due to their desirable narrowest internal cavity dimensions (~3 A x ~5 A) for selective water
permeation (Supplementary Fig. 1). The dynamic structure of PAH[4] within lipid bilayers,
however, provided multiple water permeation paths that were more preferred than a single
permeation path vertically penetrating through each central cavity. As seen in the energy-
minimized model of the PAH[4] molecule (Fig. 1d), triPhe chains are not rigidly held to
each other by any specific interactions and form transient void windows facing outward with
dimensions of around 5 — 7 A, which are sterically and energetically more favorable for
water permeation than the central pore cavity (Supplementary Fig. 5). This dynamic
structure resulted in some interesting outcomes. When PAH[4]s clustered with each other
within membranes, each void window could be interconnected with others from neighboring
channels, providing cooperatively interconnected membrane-spanning paths for water
permeation through water-wire networks (Fig. le—j).

We investigated water permeability of PAH[4]s in lipid bilayer membranes using stopped-
flow light scattering experiments. PAH[4]s were reconstituted into phosphatidylcholine/
phosphatidylserine (PC/PS) lipid vesicles (~200 nm diameter) with different molar ratios of
channels to lipids (mCLRs) and the vesicles were exposed to outwardly directed osmotic
pressure gradients (shrinking mode of vesicles). Water efflux from vesicles driven by
osmotic pressure was evaluated by monitoring scattering intensity change of vesicles as was
done in several recent studies (Supplementary Fig. 6)*12:13_ The rapid kinetics seen in
scattering traces indicates a faster size change of vesicles with channel incorporation and,
consequently, higher vesicular membrane permeability. Water permeability of lipid
membranes increased with increasing mCLRs which indicated that embedded PAH[4]s
enhanced membranes’ water permeation rates (Fig. 2a and Supplementary Fig. 7). Single
PAH[4] channel water permeability could be calculated by counting actual number of
PAH[4]s per unit membrane area obtained from fluorescence correlation spectroscopy (FCS)
measurements (Supplementary Fig. 8 and 9) at different mCLRs%-10:12, Interestingly,
PAH[4]s exhibited enhanced single channel permeability at higher channel densities (> ~700
channels per um? lipid membrane area) and the single channel permeability reached up to
3.7 £ 0.3 x 109 HyO-s!-channel~! or 1.1 £ 0.1 x 10713 cm3-s~!.channel~! at 25 °C (Fig. 2b),
the highest among the reported values of AWCs except for carbon nanotube porins of ~8 A
diameter (CNTPs). These values are even comparable to that of AQP1s (4.0 x 10° H,0:s
~L.channel™!) (Fig. 2¢). While we exploited most the widely adapted model to calculate
water permeability of PAH[4] channel to maintain consistency of evaluating PAH[4]
channels with published references, Pohl and coworkers have recently proposed a more
accurate equation to quantify water permeability®-!2. When this model was used for
PAH[4]s, the single channel permeability was calculated to be slightly lower at 8.9 + 0.8 x
108 HyO-s~!-channel~! (see Supplementary Information for details). It has been reported
previously that the permeability of a specific AWC, peptide-appended pillar[S]arene
(PAP[5]), was different in liposomes based on whether permeability was measured in the
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swelling or the shrinkage mode!2. However, only a small permeability enhancement (1.3 —
2.5 times) was observed for PAH[4] channels when measured in the swelling mode
(Supplementary Fig. 10). It has also been reported that chaotropic osmolytes such as
poly(ethylene glycol) (PEG) could disrupt intermolecular H-bonds between water molecules
and enhance water permeation rate through CNTPs, but this effect of osmolytes was not
observed in the case of PAH[4] channels (Supplementary Fig. 11).

PAH[4] clusters in lipid bilayer membranes were observed by atomic force microscopy
(AFM) performed in an aqueous buffer (Fig. 1h) and the domain size of channel clusters
observed from AFM experiments match well with the number of PAH[4] subunits per
vesicle estimated by FCS (Supplementary Fig. 12). Further, PAH[4]s’ cluster-forming
behavior in lipid bilayer membranes was confirmed via fluorescence recovery after
photobleaching (FRAP) experiments (Supplementary Fig. 13) and molecular dynamics
(MD) simulations (Fig. 1g). These results are similar to our recent study that demonstrated
aggregation behavior of another triPhe chain based unimolecular AWC, PAP[5]10:12,
Combined with the increased single channel permeability observed with increasing channel
densities at the low membrane concentration range (Fig. 2b), these results indicate
cooperatively enhanced water permeation via channel cluster formation.

Measured single channel permeability indicated that PAH[4]s can mediate water transport as
efficiently as AQP1. This was further confirmed by measurement of activation energy of
water permeation through the channels (Fig. 2d and Supplementary Fig. 14). Control lipid
membranes were shown to have the activation energy of 11.1 + 0.8 kcal/mol for water
permeation, which corresponds to reported reference values of lipid bilayers where water
permeation takes place through the solution-diffusion mechanism2%-2!, The activation energy
for PAH[4]-mediated water permeation was measured as 3.6 + 1.2 kcal/mol, indicating a
lower energy barrier for water permeation across the membranes by PAH[4] insertion. This
low activation energy (< 5 kcal/mol) is strong evidence of single-file water transport22,
Based on the measured activation energy and presumption of single file water conduction,
permeability was calculated as 6.9 x 10713 cm3.channel™!, which is in good agreement with
measured single PAH[4] permeability (see Supplementary Information for calculation
details). This confirms single file water permeation through PAH[4] architectures across the
membranes?2, which is also validated by our MD simulation results.

Quantitative measurement of monovalent ion permeability

As mentioned earlier, achieving both high permeability and selectivity is a significant
challenge for membrane systems in general and AWC systems in particular—the other
challenge is methodological. The water over ion selectivity properties of all AWCs reported
so far have been obtained using qualitative techniques rather than numerical values such as
number ratios between permeating water and ion molecules which represent intrinsic
molecular transport properties!3-23. This challenge has also been recently discussed for
desalination membranes and, in order to provide a baseline for membrane material
development efforts, Park and coworkers reported an upper bound plot of intrinsic water/
NaCl permeability-selectivity tradeoff for representative polymeric desalination
membranes24. We propose that obtaining channels’ intrinsic transport properties is quite
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important to achieve coherence in terms of evaluating AWCs for any future applications
including desalination.

A combination of colloidal quenching halide ion sensitive dyes (lucigenin dyes), stopped-
flow fluorescence spectrometry, and FCS techniques were exploited to evaluate quantitative
PAH[4] channel chloride (C17) permeability (see Supplementary Information for analysis
details) (Fig. 2e,f and Supplementary Fig. 15). ClI~ ion fluxes were measured at different C1~
concentration gradients for both control and PAH[4]-reconstituted membranes (Fig. 2f and
Supplementary Fig. 16) and CI~ permeability coefficient of lipid membranes was measured
as 8.6 (£1.9) x 10719 cm/s which corresponds to reported C1~ permeability coefficients of
lipid bilayers (1078 - 10~ cm/s)?3. Single PAH[4] C1~ permeability was calculated using
channel numbers per membrane area obtained from FCS analysis to be 9.5 (+3.6) x 10723
cm?3/s. Channel area (~2 nm?) normalized C1~ permeability coefficient was 4.7 (£1.7) x 1079
cm/s, which is ~5 folds higher than highly retentive lipid membranes. When combined with
water permeability (3.6 = 0.3 x 10° HyO-s~!-channel~! or 1.1 (+0.1) x 10~13 cm?¥/s), PAH[4]
exhibits a ~10° water/salt selectivity that far surpasses selectivity requirements (~16,000) for
desalination membranes>.

Absence of suitably sensitive cation colloidal quenching dyes makes it difficult to measure
single channel Na*t permeability. Alternatively, 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) dye based assay was performed to observe if any effective Nat permeation occurs
through PAH[4]s as this method has been widely adopted for testing ion permeation through
various ion channels2%, but no detectable Na* permeation was observed for PAH[4]-
reconstituted membranes (Supplementary Fig. 17).

Ionic current measurements across PAH[4] reconstituted lipid bilayers were performed to
demonstrate the highly retentive ion permeation properties of PAH[4]s, using a droplet
interface bilayer (DIB) system?7-28, The DIB system exploits PAH[4] reconstituted PC/PC
vesicles, which were confirmed to have PAH[4]s embedded in membranes from stopped-
flow experiments, to form bilayers at the interface of two droplets and, thereby, maximize
the opportunity of PAH[4] presence in DIB membranes during the ionic current
measurements (Fig. 2g and Supplementary Fig. 18). During the course of current-to-voltage
(I-V) measurements, PAH[4]-reconstituted membranes did not show any ionic current at any
tested conditions and the resistance value of the membranes (~5 GQ) was equivalent to
control insulating lipid bilayer membranes2’-29-31, demonstrating the highly efficient ionic
rejection of PAH[4]s (Fig. 2h). In terms of interpretation of this result, it is still possible that
PAH[4]s were not successfully integrated into the membranes during the DIB formation
process (Supplementary Fig. 18). Therefore, unimolecular AWC PAP[5], which is
structurally analogous to PAH[4] (Supplementary Fig. 2) and known to allow ion permeation
in our previous study!2, was used as a positive control and subjected to I-V measurements
using DIB system to show stable insertion of triPhe chain based unimolecular
transmembrane structures into the membranes, during the DIB formation. Under the same
conditions, PAP[5] reconstituted membranes showed significant ionic currents with lowered
membrane resistance values of ~5 — 13 MQ (Fig. 2i).
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Evaluation of PAH[4] channel water-to-salt permselectivity

Based on experimentally measured molecular transport rates, PAH[4]s’ intrinsic
permeability of water (P,) and salt (NaCl, Py) were calculated as 2.2 £ 0.2 x 1076 cm?/s and
1.9 £ 0.7 x 10715 cm?/s, respectively (see Supplementary Information for analysis details)
using chloride as the limiting ion. Note that, instead of pore area, cross-sectional channel
area (~2 nm2) occupied in membranes was used to calculate individual permeability values
to provide a membrane engineering perspective32. Since water channel integration efficiency
into biomimetic membrane matrix is another critical factor in evaluating channel-based
membranes, PAH[4]-reconstituted PC/PS lipid membranes’ Py, and Py values were
calculated for several cases of channel integration efficiency (a) ranging from 0.01 to 1, and
compared to reported desalination membranes’ values (Fig. 3). Additionally, representative
biomimetic water channels (CNTPs and Rhodobacter sphaeroides aquaporin Z (RsAqpZ)
that is reported to have the highest permeability among the AQP family3?) based membranes
were plotted using same method to provide a comparison of the various types of channel
based biomimetic membranes possible for desalination membrane development. As shown
in Fig. 3, plotting water/salt selectivity (P/Ps) against water permeability (Py,) shows that
PC/PS lipid membrane matrices by themselves are below the tradeoff upper limit of
polymeric desalination membranes. This is reasonable, given that water and salt permeations
take place via the solution-diffusion mechanism for both cases. Remarkably, upon gradual
increase in channel insertion into membranes (a = 0.01 ~ 1), channel-based biomimetic
membranes demonstrate water/NaCl selectivity far exceeding state-of-the-art polymeric
membranes’ upper bound limit by several orders of magnitude (Fig. 3). We propose that this
is a conservative estimate of the permeability selectivity trend for PAH[4]-enhanced
biomimetic matrices because we used quantitative CI~ ion permeability as a model for NaCl
permeability. Usually, under reverse-osmosis conditions, C1~ permeation is limited by slower
diffusing Na*. This assumption of Na* being the limiting ion has been used recently to
estimate, based on indirect measurements, that biomimetic membranes could have NaCl
selectivity in a range three orders of magnitude higher than shown here32. Hence, values
reported here represent the most conservative evaluation of PAH[4] channel-based
desalination membranes with direct measurements of channel transport rates. However, it is
possible that PAH[4] channels could demonstrate ~1012 water to salt selectivity as estimated
in the previous study for AQPs32 if Na* ion transport rates could be measured accurately and
used instead.

Computer simulations of PAH[4] permeability

To provide detailed descriptions relating microstructure-to-molecular transport properties of
PAH[4] clusters, representative PAH[4] cluster configurations were generated in silico and
subjected to MD simulations (~400 ns) in lipid bilayer patches (see Supplementary
Information for detailed simulation analysis) (Fig. 4a,b and Supplementary Video 2). As
PAH[4] configurations evolved from monomer to dimer and to 22-mer clusters, water
permeability per PAH[4] molecule enhanced significantly suggesting cooperative water
permeating path formation between PAH[4] molecules (Supplementary Fig. 19-26). The
agreement in permeability values between experimental and simulation while recapitulating
the experimental trend of increasing permeability when clusters are formed with increasing
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channel density, represents the appropriateness of the simulation setting to emulate
oligomerized PAH[4] clusters in lipid membranes. In another set of simulations, a
transmembrane voltage of +/— 1 V was applied in two MD simulation of the most water
conductive PAH[4] 22-mer clusters to measure ionic conductance, but no ion permeation
was observed during each 100 ns simulation, confirming the ion exclusion property of
PAH[4] channels (Supplementary Video 3). In term of a numerical value these simulations
indicate that the conductance of the membrane patch was <1 pS.

Full MD trajectories provided several insights into rapid water permeation through PAH[4]
clusters. First, all permeating water molecules have to undergo at least one “bulk — 2D wire
— bulk” transition. 2D water wire formation is a crucial factor of enabling rapid water
conduction via almost perfect slippage of water molecules, which cannot be achieved in the
systems where continuum hydrodynamics is predominant34. Water wire formation is not
seen in monomeric PAH[4] configurations supporting the assertion that PAH[4]s provide
synergistic paths via cluster formation (Supplementary Fig. 27). Specifically, analyses of the
number of H-bonds for each of ~800 water molecules that permeated through the PAH[4]
22-mer cluster showed several interesting features in comparison to that in an AQP1
tetramer. As a water molecule approaches the center of the membrane, the number of H-
bonds that it forms gradually reduces from an average of ~3.5 to ~2.5 on both sides of the
membrane and then drops rapidly to ~1.5 within the constriction region of the channel, at Z-
axis values within 9 A from the membrane’s midplane (Fig. 4¢); the number of H-bonds
lower than two in the constriction region indicates that water molecules loss its bulk state
enabling fast permeation in this region!3. A similar dependence was observed for AQP1 with
one major difference: the location of the minimally H-bonded water molecule was well-
defined by the channel’s structure while this location was not well defined in the dynamic
PAH[4] clusters. Further, the varying numbers of H-bonds formed by ten randomly chosen
water molecules as they pass through each channel was plotted (Supplementary Fig. 28) for
both PAH[4] and AQP1 channels. This analysis indicated that, in the case of the PAH[4]
cluster system, the number of H-bonds of each water molecule could drop even lower than
1.5 during individual permeation events similar to that in AQP1 (Supplementary Fig. 28).
However, due to the lack of a well-defined structure for PAH[4] clusters, averaging over all
permeating molecule produces a slightly higher minimum number of H-bonds in the
constriction region for PAH[4] as compared to AQP1.

We used the obtained dependence of the number of H-bonds along the Z axis to define the
average location of the channel constriction region for both PAH[4] and AQP1 systems: [-9
A 9Aland [-14 A, 14 A], respectively. Having defined the boundaries of the channel
constriction, we determined the path each water molecule took to permeate the PAH[4]
cluster or the AQP1 tetramer (two such paths are shown for each system in Fig. 4d,e) and
computed the time it took for each water molecule to pass from one side of the constriction
to the other for the both systems (Supplementary Fig. 29). The histograms of normalized
probability of the permeation times are shown in Fig. 4f and g for PAH[4] and AQP1,
respectively. As expected, the histogram has a longer tail in the case of the PAH[4] 22-mer
cluster, reflective of the more convoluted permeation path for some water molecules. The
average permeation time is, however, of the same order: 20.3 ns for PAH[4] and 5.5 ns for
AQP1, with the AQP1 channel showing a four-fold faster transport per permeation path.
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We further computed the average distance travelled by a water molecule (Supplementary
Fig. 30). The average permeation path is slightly longer for the PAH[4] channel than for
AQP1 as can be seen from the normalized distributions of the water permeation path lengths
(Fig. 4h,1). We have used the average location of the water molecules in 1A Z-axis bins to
visualize a typical permeation path through PAH[4] cluster and AQP1 (Fig. 4d,e). In the case
of AQP1, the permeation path is well defined, whereas for PAH[4] the path can be either
well-defined or dispersed. The results of our analysis suggest that both the average time and
the average path taken by a water molecule permeating through an PAH[4] cluster is of the
same order as that for the APQ1 channel. While both permeation time and permeation path
are statistically longer for PAH[4], the overall permeation rate can approach that of AQP1 if
a sufficient number of such channels simultaneously forms per unit area of the membrane,
providing highly efficient water permeation networks (Supplementary Videos 4 and 5). This
conclusion is also supported by corresponding experimental observations (channel
aggregation and increasing channel permeability at higher channel densities).

The transmembrane unimolecular PAH[4] architecture was shown to enable highly efficient
and selective water permeation through mechanisms distinct from traditional water channels.
These mechanisms include lateral aggregation and interconnected water wire network
formation in a biomimetic membrane matrix which results in intrinsic water/NaCl transport
properties that exceeds current desalination membranes permselectivity performance by
orders of magnitude. Combined with recent progress in maximizing AWC insertion
efficiency in bioinspired block copolymer membranes by up to ~60 % and utilizing them for
fabrication of scalable membranes!?, cluster-forming AWCs could pave the way for a unique
architecture of bioinspired membranes for a variety of applications.

PAH[4] reconstitution into lipid vesicles.

Both control lipid and PAH[4]-reconstituted lipid vesicular membranes were prepared by the
film rehydration method?>. 3 mg total of phosphatidylcholine (PC) and phosphatidylserine
(PS) lipid mixture with molar ratio of 4:1 (mol/mol) was dissolved in chloroform (CHCl3).
Needed amounts of PAH[4]s depending on desired molar ratios of channels to lipids
(mCLRs) were calculated and dissolved in lipid chloroform solutions. The solutions were
transferred into 50 ml round bottomed flasks and gently dried using a rotary evaporator to
form lipid films on the bottom of flasks. Any residual solvent (CHCl3) was removed by
placing the flasks in a high vacuum chamber for 16 hours. Completely dried films were
rehydrated with 1 ml of rehydration buffer (10 mM HEPES, 100 mM NacCl, and 0.01%
(w/v) NaN3 at pH 7.0) and extruded 15 times through 0.2 um polycarbonate track-etched
membranes to obtain uniformly sized lipid vesicles with ~200 nm diameter, which were
confirmed by Zetasizer Nano-ZS90 (Malvern Panalytical).
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1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Song et al. Page 9

Water permeability measurement of vesicular membranes.

Water permeability (P; m-s~!) of lipid vesicular membranes were measured using SF-300X
stopped-flow instrument (KinTek). Vesicles were abruptly exposed to hypertonic solution
(10 mM HEPES, 100 mM NacCl, 100 mM PEGg, and 0.01% (w/v) NaN3 at pH 7.0) by
mixing in the stopped flow cell in order to impose an outwardly directed osmotic pressure
across the vesicular membranes, and the membrane permeabilities were calculated based on
the amount of water efflux from the vesicles driven by the osmotic gradient (shrinking mode
of vesicles) (Supplementary Fig. 6). Size change of vesicles due to water efflux was
monitored through side-scattering (detection angle of 90° against to incident light of 600 nm
wavelength) intensity change with less than 10 milliseconds of dead-time after mixing, in
order to obtain accurate kinetic information3. Kinetic coefficients (k) of size change of
vesicles were obtained by fitting scattering traces into double-exponential functions and used
to calculate osmotic permeability (P; m-s~!) of vesicular membranes (Supplementary Fig.
7), using the following equation (1)20.

Ty k
Pl )_(S/vo)vaxAcosm M

where kis a larger exponential coefficient of fitted double-exponential function, .S'is initial
surface area of vesicles, Vis initial volume of vesicles, vy, is the molar volume of water,
and A ,gm0718 imposed difference of osmolarity across vesicular membranes. Note that, for
single channel permeability measurements from mCLR 0.00001 vesicles, smaller
exponential coefficient (k) of fitted double-exponential function was used, because no
apparent permeability increase was seen between control vesicles and mCLR 0.00001
vesicles from the first exponent. This approach was previously demonstrated and used to
characterize water channels that have low water permeability!237. Accurate AC,q), values
were measured using a freezing point osmometer (Model 3300, Advanced Instruments) for
all tested solutions.

FCS for evaluating single PAH[4] channel water permeability.

To calculate single PAH[4] channel permeability, actual number of PAH[4]s embedded in
reconstituted lipid vesicles was counted using fluorescence correlation spectroscopy (FCS).
For FCS analysis, PAH[4]s were first labeled with (5-(and-6)-((N-(5-
aminopentyl)amino)carbonyl)tetramethylrhodamine) (Invitrogen) dyes using
dicyclohexylcarbodiimide (DCC) chemical cross linkers (Thermo Fisher Scientific). Molar
ratio of 1:8:8 of PAH[4]s, dyes, and DCCs were dissolved in dimethyl sulfoxide (DMSO)
and reacted for 16 hours by stirring at room temperature. Unreacted dyes were removed via
dialysis using Slide-A-Lyzer™ MINI device (Thermo Fisher Scientific) for five days,
changing fresh DMSO every 12 hours. After free dye removal by dialysis, labeled PAH[4]
channels were harvested by fully evaporating DMSO solvent inside high vacuum chamber
for two days, and used for both FCS and fluorescence recovery after photobleaching (FRAP)
experiments. Dye-labeled PAH[4]s were reconstituted into lipid vesicles using film
rehydration method and the reconstituted vesicles were subsequently subjected to FCS
analysis. Fluorescence intensity fluctuation of vesicles (8/(#) in a small confocal volume
was monitored using a confocal microscope equipped with a time-resolved single-photon
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counting module (Becker-Hickl GmbH) and autocorrelation function (G(#)) was obtained
based on following equation (2).

_ (SFO)OF(t + 1)

(o)
i (F()?

(@)

where ¢is time and zis time lag. () is specifically related with several parameters as
equation (3).

1/2

1
1+T/TD.
1

1
2
1+ (r/2) (T/TD_)
12

G(r) = %Zf‘i o, 3)

where rand z are radius and half height of confocal volume, 7/, is lateral diffusion time of
l

fluorescence species 7, and Nis total number of fluorescent species in a confocal volume
which is the number of reconstituted vesicles (V) in this case. /Ny, could be simply
obtained from y-axis intercept of autocorrelation function (G(0) = 1//N,y). After that,
vesicles were completely micellized by adding 10 % (w/v) of nonionic detergent octyl-£, D-
glucoside (OG) and the number of channels (NV.p,,) were obtained using same procedure of
obtaining NV, (Supplementary Fig. 8 and 9). Average number of channels per vesicles
(Nepard/ Nyes) Was used to calculate both channel densities in lipid membranes and single
channel PAH[4] permeability.

Atomic force microscopy (AFM) imaging of PAH[4] clusters in supported bilayer

membranes.

AFM analyses were performed to observe PAH[4] channel clusters in lipid bilayer
membranes. Control and PAH[4]-reconstituted (mCLR 0.005) PC/PS vesicles were prepared
as described above with additional buffer composition of 3mM CaCl,. Supported bilayer
membranes were prepared by rupturing vesicles (suspending diluted vesicle solutions) on
freshly cleaved mica. After 1.5 hours of incubation time, membranes were gently washed
with water and subjected to AFM imaging in liquid (water) on a Bruker BioScope Resolve
AFM. These liquid AFM measurements were conducted in PeakForce tapping mode using a
ScanAsyst Fluid+ tip with a spring constant of 0.7 N/m. The force used for both the control
and PAH[4] channel samples was 750 pN or less, and the images contained a minimum of
384 pixels per line. The acquired images were plane-fit to the first order to account for
sample tilt. Multiple line scans were utilized throughout the scan containing PAH[4]
channels to determine the size of their domains. For PAH[4]-reconstituted membranes,
island domains with ~30 nm diameters (in adhesion mode) were identified spreading over
the entire membrane which was not seen in control lipid membranes (Supplementary Fig.
12).

FRAP analysis to observe lateral diffusion of PAH[4]s in lipid bilayer membranes.

Two PC/PS vesicles were prepared; one is PC/PS vesicles with dye-labeled PAH[4]s (mCLR
0.005) and the other (control vesicle) is PC/PS with PAH[4]s (unlabeled, mCLR 0.005) and
additional 0.5 mol% of Texas Red 1,2-Dihexadecanoly-sn-Glycero-e-Phosphoethanolamine
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(TR-DHPE) lipids. TR-DHPE containing control vesicles were used to confirm bilayer
formation and obtain membrane viscosity as described later. The vesicle solutions were
combined with a buffer solution to create a vesicle environment with a final concentration of
2 mM CaCly, 100 mM NacCl, and 10 mM HEPES at pH 7. Supported bilayers were made by
rupturing vesicles on a cleaned glass coverslip in a polydimethylsiloxane (PDMS) well.
After a fusion time of 10 minutes, the formed bilayers were rinsed with buffer (100 mM
NaCl, 10 mM HEPES at pH 7.0), scratched with tweezers to remove a small section of
bilayer, and rinsing with the same buffer a second time. The FRAP experiments were
conducted on a Nikon Eclipse TE-2000-U inverted microscope through a 10X objective lens.
A 532 nm laser (Spectra Physics) was used to bleach the labeled channel or the TR-DHPE.
The bleach spot diameter was approximately 16 um. Fluorescence intensity was monitored
every three seconds for the initial 75 seconds, then every 30 seconds for the remainder of the
experiments (Supplementary Fig. 13). The fluorescent recovery curves were used to
determine the diffusion coefficients of the labeled PAH[4] channel and TR-DHPE,
respectively. The fluorescence intensity of the bleached spot at a given time was divided by
the intensity of a non-bleached region to correct for differences in light intensity and
photobleaching. The normalized fluorescence recovery, f{#), was calculated using the
following equation (4).

It_IO

fo=7=7 “)

1

where /;is the normalized spot intensity at time ¢ £y is the normalized spot intensity
immediately following bleaching, and ;s the average spot intensity prior to bleaching.

The recovery as a function of time was fit to an exponential equation to obtain the mobile
fraction, A, as well as the time of half recovery, zj,,, shown in equation (5) and (6).

fo=A1-e"). (5)

= 6)

The lateral diffusion coefficient, D, was calculated as follows, where w is the half-width of
the Gaussian laser beam (7).

(N

Measurement of activation energy of water permeation through PAH[4] channels.

Water permeability measurements of both control and channel-reconstituted lipid
membranes were repeated at different temperatures (between 5 and 25 °C), in order to
measure activation energy (£,) of water permeation through channels as well as lipid
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membrane matrix (Supplementary Fig. 14). Measurements were performed under the
swelling mode for this part of the study. Channel-mediated water permeabilities at each
temperature were obtained by subtracting control lipid membranes’ permeability from
channel-reconstituted membranes’ permeability. Water permeability (P; um-s~!) and E, of
water permeation is related by the Arrhenius equation (8)!3-21:22,

-E
a

(ﬂm 5 1) _ Aeﬁ ®

Py
where A is pre-exponential constant, R is ideal gas constant, and 7'is temperature (K). E,
can be simply extracted from a slope of the Arrhenius plot as shown in equation (9) (Fig.

2d).

InP (pm - s =mA- = ©)

Cl~ ion permeability measurement.

Measurements of CI~ permeability of both control and PAH[4]-reconstituted lipid vesicular
membranes were performed using stopped-flow fluorescence experiments. Among several
halide ion sensitive colloidal quenching dyes, lucigenin dyes were selected as measurement
probes due to their highest Stern-Volmer constant value among commercial dyes (Kgy = 390
M-~ for chloride ions in aqueous solutions) and, therefore, highest sensitivity to C1~
concentration change3®. To measure accurate CI~ influx into vesicular membranes, the Ky,
of lucigenin inside ~200 nm PC/PS vesicles was first determined (95 M~! for intravesicular
environments, Supplementary Fig. 15). Excitation wavelength was set as 455 nm using a
monochromator and PMT module was equipped with BrightLine® fluorescence 534/30
emission filter. Lucigenin-encapsulating vesicles prepared with CI~ free buffer (10 mM
HEPES, 100 mM KNOj3, 10 uM valinomycin and 0.01% (w/v) NaN3 at pH 7.0) were
abruptly exposed to different Cl~ gradients in the stopped-flow measurement cell (e.g., in
order to impose 20 mM CI~ gradient, same volumetric amount of CI~ containing buffer (10
mM HEPES, 40 mM KCI, 60 mM KNO3, 10 uM valinomycin and 0.01% (w/v) NaN3 at pH
7.0) to vesicle solution was mixed in the measurement cell), and fluorescence intensity
change was monitored. Note that potassium ionophore valinomycin was added to the
vesicles beforehand to mitigate charge imbalance across the membrane, and therefore
prevent underestimation of Cl~ permeability due to electrical potential developed as a
consequence. Initial fluorescence kinetic information (dF df ) is quite important for
accurate evaluation of CI~ permeability and stopped-flow traces (Supplementary Fig. 16).
More than 10 traces of fluorescence intensity change were recorded for each measurement
and the averaged trace was used for analysis. Vesicular membranes’ mole flux of CI~ ion
(e at each tested C1™ concentration condition was calculated by equation (10).

. d(mole) _ VdICIT]|  _ ~V_ dF|
T xdr TS dt |y Sx K, X Fydtl—g

(10)
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where S'and Vare surface area and volume of vesicles, [c]™] is molar concentration of CI~
ions inside vesicles, Ky, is the determined Stern-Volmer constant of lucigenin dyes inside
vesicles (~95 M), Fy is fluorescence intensity under CI~ free condition (fluorescence
intensity at t = 0). CI~ permeability coefficient (B,; cm-s~!) of membranes was obtained
from slope of jyplot as a function of CI~ concentration gradients (11) (Fig. 2f).

djc

— (1)
d[Cl]

(@)

Single PAH[4] channel CI~ permeability coefficient (B¢ pas cm3-s71) was calculated based
on channel density in lipid membranes obtained from FCS analyses (12).

dUey, pam, iipia ~ Jci, lipid) o1
d[CI™] OPAH

12)

BCl, PAH =

where jcy pan iipia1s PAH-reconstituted membranes” C1™ mole flux, jcy /ip;q1s bare lipid
membranes’ CI™ mole flux, and op4zis number of PAH[4] channels per unit membrane
area.

Current-to-voltage measurement of PAH[4] reconstituted lipid membranes using DIB

system.

A DIB setup was used to characterize the ionic transport properties of PAH[4] and PAP[5]
channels (as a control) in lipid bilayer membranes. The lipid membranes were formed
between two aqueous droplets anchored to wire-type electrodes in a transparent reservoir
filled with oil, as described elsewhere27-28. In brief, the setup consisted of two lipid-encased
aqueous droplets hanging from silver/silver chloride (Ag/AgCl) wires (Goodfellow) in oil
(1:2 mixture of hexadecane ( 299%, Sigma) and decane ( 295%, Sigma). When the droplets
were brought into contact, the lipid tails from each droplet interacted with each other at the
interface to expel oil and form an oil-depleted hydrophobic center (i.e., a thinned lipid
bilayer). To help the droplets anchor to Ag/AgCl wires, we coated their ball-ended tips with
a 1% agarose gel solution. To confirm lipid bilayer formation, which is reflected as an
increase in membrane capacitance, we supplied a 10 Hz, 10 mV triangular wave to the
electrodes using a function generator (Hewlett-Packard 3314A). Due to the capacitive nature
of the membrane, the resulting current response is square-like. As the area of the thinned
lipid membrane grows, the peak-to-peak current amplitude increases until reaching a steady
state. To generate the I-V relationships, we applied a 0.01 Hz, 50 mV sinusoidal voltage
waveform and recorded the induced current. In parallel, to monitor the changes in the
membrane we acquired images of the droplets from below through a 4X objective lens of an
Olympus IX51 inverted microscope using a QI Click CCD. All current recordings were
made using an Axopatch 200B patch clamp amplifier and Digidata 1440 data acquisition
system (Molecular Devices). For all measurements, droplets and measurement probes were
placed under a lab-made Faraday cage to minimize noise from the environment.
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MD simulations.

All atom MD simulations were performed using the molecular dynamics program
NAMD23. Twenty five PAH[4] channels were arranged in a 5 x 5 array and embedded into
a 14.4 x 14.4 nm? patch of a pre-equilibrated POPC lipid bilayer membrane. The lipid patch
was generated from the CHARMM-GUI membrane builder*? and equilibrated for
approximately 400 ns. Lipid molecules overlapping with the channels were removed. The
system was then solvated with the TIP3 water*! using the Solvate plugin of VMD. Sodium
and chloride ions were added using the Autoionize plugin of VMD to produced an
electrically neutral solution of 0.6 M salt concentration. The resulting system measured 14.4
x 14.4 x 10 nm? and contained approximately 170,000 atoms. Next, we created three
conformations of PAH[4] dimers, namely lateral, orthogonal, and inverted, each comprised
of two units of single PAH[4] channels (see Supplementary Information for details). We
embedded 25 PAH[4] dimers in a regular 5 x 5 array into a 20 x 20 nm? patch of pre-
equilibrated POPC lipid bilayer membrane. We solvated the structure and added ions to
create a charge-neutral 0.6 M solution of NaCl in each system. The resulting system
measured 20 x 20 x 10 nm3 and contained approximately 353,000 atoms. We created four
such systems, three containing dimer arrays with different conformations and one where
water molecules were placed inside an array of orthogonal PAH[4] dimers. Choosing the
most conductive dimer conformation from these simulations, we created a pre-assembled
cluster structures. Three different conformation of PAH[4] clusters were generated and
embedded into a 14.4 x 14.4 nm? patch of pre-equilibrated POPC lipid bilayer membrane.
Each structure was solvated by a 0.6 M NaCl solution. Each system measured 14.4 x 14.4 x
10 nm? and contained approximately 172,000 atoms.

The assembled systems were subjected to energy minimization using the conjugate gradient
method that removed steric clashes between the solute and solvent atoms. Following the
energy minimization, the systems were subjected to short equilibration at constant number
of atoms (V), constant pressure (P= 1 bar) and constant temperature (7= 303 K), i.e., an
NPT ensemble with harmonic restraints to all the non-hydrogen atoms of PAH[4] channels
with respect to their initial positions (with the spring constants of 1 kcal/mol A2,
Subsequently, the harmonic restraints were released completely, and the system was
equilibrated free of any restraints.

The initial all-atom configuration of the AQP1 system was built starting from the all-atom
structure of bovine AQP1, Protein Data Bank entry 1j4n!6. The structure was embedded into
a POPE lipid bilayer membrane as described in our previous study*2. For the sake of
comparison, the AQP1 system was simulated using the exactly same simulation protocols as
the PAH[4] systems with 200 ns of simulation time.

All MD simulations were performed using periodic boundary conditions and particle mesh
Ewald (PME) method to calculate the long range electrostatic interactions in NAMD239.

The Nose-Hoover Langevin piston*3-44

and Langevin thermostat were used to maintain the

constant pressure and temperature in the system*. CHARMM?36 force field parameters#-47
described the bonded and non-bonded interactions of among PAH[4] channels, lipid bilayer
membranes, water and ions along with NBFIX corrections for non-bonded interaction*$-51,

A 8-10-12 A cutoff scheme was used to calculate van der Waals and short range
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electrostatics forces. All simulations were performed using 1 femtosecond time steps for
integrating the equation of motion. SETTLE algorithm>2 was applied to keep water
molecules rigid whereas RATTLE algorithm>3 constrained all other covalent bonds
involving hydrogen atoms. 300 — 400 ns equilibrium MD simulations were performed for
each system which give rise to transmembrane water permeation through irregular dendritic
paths in between the PAH[4] structures. The coordinates of the system were saved at the
interval of 4.8 ps simulation. The analysis and post processing the simulation trajectories
were performed using VMD and CPPTRAJ?45,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cluster-forming PAH[4] channels.
a,b, Side (a) and top (b) views of molecular models of PAH[4] indicate cylinder-like

transmembrane structures. C, MD simulation snapshots of PAH[4]s spanning lipid bilayer

membranes. d, Tilted top view of energy-minimized PAH[4] structure shows outwardly
facing void windows. ef, Schematic comparison of proposed water permeation paths (blue
arrows) between PAH[4] and traditional channel configurations (€) and paths through nine
channel aggregates (yellow boxes) seen from top view (f), respectively. g, Snapshots from an
MD simulation showing lateral aggregation of PAH[4]s in lipid bilayer membrane patches.
h, AFM image (adhesion force) of PAH[4]-reconstituted supported lipid membranes shows
aggregated domains of PAH[4] channels. i, Cross-sectional MD simulation snapshot of
water permeation through PAH[4] cluster embedded in lipid bilayer patch, showing multiple
water wires. |, A single illustrative water-wire network (of many) connecting the water
compartments across the membrane. In the MD simulation panels, molecules are represented
by the following colors; PAH[4] (purple and green), lipid (turquoise), and water (red and
white).

Nat Nanotechnol. Author manuscript; available in PMC 2021 January O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Song et al.

Page 19

Number of channels per vesicle

20 40 70100 200
af.."‘ 1.0 b 1010 —rt R e Lt - Cc D jror—r vy
z ”
£ os B . g i ',-55';“” 100| l-quartet  PAH[4] CNTP
g ET 00l ; TE
£ 06 3%10 L g.‘c_::uzau
= ] + 5%
3 £r 5
@ 0.4 =53 2 300
=] Bo107t B 2
[ 5= ta
g '] ;-E—' 1 g. g
g 02 ? =] g PAP[5]
=] wn 106 L ]
=z 0.0 L L : R NS T " 500 brbsssid bl s i
0.0 0.5 1.0 15 200 500 1000 2000 10° 107 10° 10° 10" 10
Time (s) Channel density (channels-um?) Single chanTeI perm‘eabilih_.r
(H;0-5"-channel )
d 5o e f 8
5.00 = i
BE, = 11.1:0.8 keal/mol 3 Lipids
56 ™\ 5 ~ @ —PAH[4] |
-9 O 498f -
& 52 6 SGas g4 1
£ TR 22 = »
4.8 S \‘:' == ;’\—'E 4.94 1 2 T _/j-/ =
[ 3.6 + 1.2 keal/mol ® § N Teg /i’
—Lipids \i § 492 —Lipids 2 '
44} _pavia] z z PAH[4] 50 V/"
i i M S| 4.90 X T : > i g
3.4 35 3.6 0 1 2 3 4 5 6 0 10 20 30 40
1000 /T (K7) Time (s) CI” gradient (mM)
0.10 . 10
9 h PAH[4] ! PAPI[5]
Droplets
containing L L
reconstituted 0.05 3 /
liposomes ——=» 2 L'JO_um /
&, z //
Droplet Qil phase é 0.00 § 0 3
interface _ R, ~5GQ / R ~5-13MQ
bilayer f
(DIB) 1 -0.05+ 5L/
Ball ended 20.10 I 10 \ ' i
AgIAGCI wire 50 -25 0 25 50 50 -25 0 25 50

S Viias (MV)

Fig. 2. Measurements of water and ion conduction ratesthrough PAH[4]s.
a, Stopped-flow light scattering traces of PAH[4] reconstituted PC/PS vesicles with different

mCLRs under inwardly directed osmotic gradient indicate increasing permeability with
increased channel concentrations (molar ratio of channels to lipids, mCLRs). b, Single
PAH[4] channel permeability measured at different channel densities indicates a jump in
permeability when channel concentrations reach a threshold between ~ 200 channels-um=2
(or ~20 channels per average sized vesicle) and ~420 channels-um=2 (or ~45 channels/
vesicle) indicating possible cooperativity. ¢, Comparison of calculated single channel
permeability and reported effective solute rejection property of representative AWCs
(imidazole-quartet and peptide-appended pillar[5]arene, [-quartet and PAP[S5], respectively),
AQP1, and CNTPs. d, Arrhenius plots of bare lipid membrane permeability (P, um/s) and
PAH[4]-mediated membrane permeability. € Comparison of fluorescence intensity traces
between lucigenin encapsulating control lipid and PAH[4]-reconstituted vesicles (mCLR
0.005), measured at 20 mM CI~ concentration gradient. f, Plots of Cl~ flux as a function of
CI™ concentration (mM) gradients for both control and PAH[4]-reconstituted lipid
membranes. g, Optical microscope image of hanging droplets with DIB at droplet-contacting
interface (upper) and schematic illustration of ionic current measurement setup (bottom
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panel). h,i, I-V plots of PAH[4] (mCLR 0.005) (h) and PAP[5] (mCLR 0.002) (i)
reconstituted membranes measured under the DIB system. The nonlinearity of I-V curves of
PAP[5] membranes is caused by membrane area change due to electrowetting, not
channels?3.
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Fig. 3. Intrinsic water/NaCl selectivity (Py/Pg) versus water permeability (P,) of PAH[4], CNTP
and RsAgpZ based biomimetic membranes.

Data points of channel-reconstituted biomimetic membranes with PC/PS matrix molecules

with increasing fractional area of the membranes occupied by the channels (a = 0.5

indicates 50% of membrane area is occupied by channels) are compared; a values indicate

the corresponding data points for the PAH[4] (red stars), RsAqpZ (orange hexagons), and

CNTP (blue pentagons) membranes, respectively. Dashed lines for channel-based

membranes are guides for the eye. Data for representative polymeric desalination

membranes (grey squares) and their upper bound tradeoff line (dashed gray line) are adapted

24

from reference“”.
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Fig. 4. MD simulations of a 22-mer cluster of PAH[4] channelsand of a aquaporin-1 (AQP1)
tetramer embedded in alipid bilayer membrane.

a,b, Side (a) and top (b) views of a PAH[4] 22-mer cluster (purple and green) embedded in a
lipid bilayer membrane (turquoise); water and ions are not shown for clarity. C, Average
number of hydrogen bonds formed by a permeating water molecule as the function of its Z-
coordinate in an AQP1 tetramer and a cluster of PAH[4] channels embedded in a lipid
bilayer membrane. To calculate the number of H-bonds, a 3.5 A distance cutoff between
donor and acceptor and a 40° angle cutoff for donor-hydrogen-acceptor were used. The
number of H-bonds was averaged over all permeated water molecules during the course of
the MD trajectory (~800 and ~400 for PAH[4] and AQP1, respectively). d,e, The
approximated path of the two representative water molecules permeated through the PAH[4]
cluster (d) and the AQP1 tetramer (€). The PAH[4] molecules are shown using green and
purple lines whereas the AQP1channel is shown using white semi-transparent cylinders. The
red spheres show the average location of the permeating water molecule in each 1 A bin
along the Z direction during the permeation path. Lipid and other water molecules are not
shown for clarity. The numbers specify the bin index along the Z axis, from 1 to 18 or 1 to
28 bins for PAH[4] and AQP1, respectively; some bin numbers are omitted for clarity. The
permeation path length and the permeation time of the respective water molecules are
specified in each figure. f,g, The normalized distribution of the permeation time for all water
molecules that passed through the PAH[4] cluster (f) and the AQP1 tetramer (Q). h,i, The
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normalized distribution of the permeation length for all water molecules the passed through
the PAH[4] cluster (h) and the AQP1tetramer (i).
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