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Artificial water channels enable fast and selective
water permeation through water-wire networks
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Chao Lang', Codey B. Henderson®, Yu-Ming Tu''°, Megan Farell', Megan E. Pitz?, Costas D. Maranas’,
Paul S. Cremer®, Robert J. Hickey®, Stephen A. Sarles?, Jun-li Hou’, Aleksei Aksimentiev®?2

and Manish Kumar ®18912*

Artificial water channels are synthetic molecules that aim to mimic the structural and functional features of biological water
channels (aquaporins). Here we report on a cluster-forming organic nanoarchitecture, peptide-appended hybrid[4]arene
(PAH[41]), as a new class of artificial water channels. Fluorescence experiments and simulations demonstrated that PAH[4]
s can form, through lateral diffusion, clusters in lipid membranes that provide synergistic membrane-spanning paths for a
rapid and selective water permeation through water-wire networks. Quantitative transport studies revealed that PAH[4]s can
transport >10° water molecules persecond per molecule, which is comparable to aquaporin water channels. The performance of
these channels exceeds the upper bound limit of current desalination membranes by a factor of ~10%, as illustrated by the water/
NaCl permeability-selectivity trade-off curve. PAH[4]'s unique properties of a high water/solute permselectivity via coopera-
tive water-wire formation could usher in an alternative design paradigm for permeable membrane materials in separations,

energy production and barrier applications.

mediate the translocation of water molecules across a physi-

cal membrane barrier at very high water permeation rates
(>10° H,0 molecules per second per channel (H,Os™' channel™)
with an ultimate (theoretically infinite) water-to-ion selectivity to
sustain the cellular homeostasis critical for maintaining life"”. The
unique structure and function of AQP-rich cell membranes, par-
ticularly their ideal water/salt permselectivity and spontaneous
self-assembly and orientation in membrane matrices, are desir-
able features in desalination membranes®. Several attempts have
been made to achieve a successful integration of AQPs into practi-
cal desalination membranes®. However, challenges with preserving
the integrity and translating the function of the protein channels to
larger scales during membrane fabrication processes have critically
hampered researchers in achieving this goal®.

As alternatives to biological water channels, bioinspired artificial
water channels (AWCs) have rapidly emerged as a promising plat-
form for next-generation separation membranes”*. AWCs are syn-
thetic 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, which include subnano-
metre unitary pore shape and a hydrophobic pore environment™”.
Recent successes in AWC integration into scalable polymeric mem-
branes highlight their possible advantages over AQPs in terms of
stability and high pore packing density'’. Achieving both AQP-like

Aquaporins (AQPs) are cellular membrane proteins that

single channel water permeability and selectivity of AWCs, how-
ever, remains a challenge that limits the development of AWC-based
desalination membranes'*-'°.

We report on a new class of unimolecular transmembrane
AWCs, peptide-appended hybrid[4]arenes (PAH[4]s), which
exhibit >10°H,0s™" channel™' water permeability that is compara-
ble to AQPs (Fig. 1a—d). This transport was achieved through chan-
nel cluster formation within the lipid bilayer membranes, which
provided cooperatively enhanced membrane-spanning water per-
meation paths (Fig. le—j). The structural design of PAH[4] origi-
nated from our attempts to synthesize AWCs with a pore size of
~3 A (Supplementary Fig. 1), which is considered an ideal size for
selective water permeation based on the pore geometries of AQPs"".
However, transport studies revealed that PAH[4]s mediated water
conduction through entirely different mechanisms to those of tradi-
tional channel configurations that possess one (for example, AQPs)
or less than one (for example, gramicidin A) vertical permeation
path per channel molecule'®"”. PAH[4]s conducted water through a
previously unreported mechanism owing to their unique structural
and functional features (Fig. le,f).

Rapid water permeation via channel cluster formation

PAH[4]s were synthesized by attaching eight p-L-p phenylala-
nine tripeptides (triPhe) chains on hybrid[4]arene macrocycle
molecules (Fig. la, Supplementary Figs. 1-4 and Supplementary
Video 1). Hybrid[4]arenes were employed as building templates
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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.
¢, MD simulation snapshots of PAH[4]s that span lipid bilayer membranes. d, Tilted top view of energy-minimized PAH[4] structure shows outwardly
facing void windows. e, f, Schematic comparison of the proposed water permeation paths (blue arrows) between PAH[4] (left) and traditional channel
(right) configurations (e) and paths through nine channel aggregates (yellow boxes), seen from the top view, for PAH[4] (left) and traditional channel
(right) configurations (f). g, Snapshots from an MD simulation showing lateral aggregation of PAH[4]s in lipid bilayer membrane patches. h, The 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 a PAH[4] cluster embedded in a lipid bilayer patch, showing multiple water wires. j, 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
colours purple and green (PAH[41), turquoise (lipid) and red and white (water).

primarily due to their desirable narrow internal cavity dimensions
(~3 A x~5A) for selective water permeation (Supplementary Fig. 1).
The dynamic structure of PAH[4] within lipid bilayers, however,
provided multiple water permeation paths that were preferred more
than a single permeation path that vertically penetrates 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 win-
dows that face outward with dimensions of around 5-7 A, which are
sterically and energetically more favourable 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 neighbouring channels
to provide cooperatively interconnected membrane-spanning paths
for water permeation through water-wire networks (Fig. 1e-j).

We investigated the 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 (~200nm in diameter) with different molar
ratios of channels to lipids (mCLRs) and the vesicles were exposed to
outwardly directed osmotic pressure gradients (shrinking mode of
the vesicles). The water efflux from vesicles driven by osmotic pres-
sure was evaluated by monitoring the scattering-intensity change of
the vesicles, as was done in several recent studies (Supplementary
Fig. 6)”'>'. The rapid kinetics seen in the scattering traces indicates
a faster size change of vesicles with channel incorporation and, con-
sequently, a higher vesicular membrane permeability. The water
permeability of lipid membranes increased with increasing mCLRs,
which indicates that the embedded PAH[4]s enhanced the mem-
branes’ water permeation rates (Fig. 2a and Supplementary Fig. 7).
Single PAH[4] channel water permeability could be calculated by
counting the actual number of PAH[4]s per unit membrane area
obtained from fluorescence correlation spectroscopy (FCS) mea-
surements (Supplementary Figs. 8 and 9) at different mCLRs”'*".
Interestingly, PAH[4]s exhibited an enhanced single-channel per-
meability at higher channel densities (>~700 channels per square
micrometre of lipid membrane area) and the single-channel
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Fig. 2 | Measurements of water and ion conduction rates through PAH[4]s. a,

Stopped-flow light scattering traces of PAH[4]-reconstituted PC/PS

vesicles with different mCLRs under an inwardly directed osmotic gradient indicate an increasing permeability with increased channel concentrations.

b, Single PAH[4] channel permeability measured at different channel densities

indicates a jump in permeability when the channel concentrations reach a

threshold between ~200 channels pm~2 (or ~20 channels per average sized vesicle) and ~420 channels pm~2 (or ~45 channels per vesicle), which suggests
a possible cooperativity. €, Comparison of the calculated single channel permeability and the reported effective solute rejection property of representative
artificial and biological water channels: imidazole quartet (I-quartet)”, PAP[5]1*", AQP1and CNTPs'“. d, Arrhenius plots of the osmotic permeability

(P; (ums™) for the bare lipid membranes and the PAH[4]-mediated membrane permeability. ¢, Comparison of fluorescence intensity traces between

the control and PAH[4]-reconstituted (mCLR 0.005) lipid vesicles that encapsulate lucigenin, measured in the presence of a 20 mM CI- concentration
gradient. f, Plots of CI- 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 the droplet-contacting interface (top) and schematic illustration of the ionic current measurement

set up (bottom). 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 non-linearity of the I-V curves of PAP[5] membranes is caused by the membrane area change due to electrowetting, not to the channels*2,

permeability reached up to (3.7+0.3)x 10°H,Os ' channel™ or
(1.14+0.1) X107 ¥ cm?®s™' channel™ at 25°C (Fig. 2b), the highest
among the reported values of AWCs except for carbon nanotube
porins (CN'TPs) of ~8 A diameter. These values are even comparable

to that of aquaporin-1 (AQP1) (4.0 x 10°H,0 s™! channel™) (Fig. 2¢).
Although we exploited most the widely adapted model to calculate
water permeability of the PAH[4] channel to maintain a consistency
of evaluating PAH[4] channels with published references, Pohl and
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co-workers recently proposed a more accurate equation to quan-
tify water permeability>*°. When this model was used for PAH[4]
s, the single-channel permeability was calculated to be slightly lower
at (8.9+0.8)x10°H,0 s channel™ (Supplementary Information
gives details). It has been reported that the permeability of a specific
AWC, peptide-appended pillar[5]arene (PAP[5]), was different in
liposomes based on whether the permeability was measured in the
swelling or the shrinkage mode'>'*. However, only a small perme-
ability enhancement (1.3-2.5 times) was observed for PAH[4] chan-
nels when measured in the swelling mode (Supplementary Fig. 10).
It has also been reported that chaotropic osmolytes, such as
poly(ethylene glycol), could disrupt intermolecular hydrogen bonds
between water molecules and enhance the 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 the lipid bilayer membranes were observed
by atomic force microscopy (AFM) performed in an aqueous buf-
fer (Fig. 1h) and the domain size of the channel clusters observed
from AFM experiments match well with the number of PAH[4]
subunits per vesicle estimated by FCS (Supplementary Fig. 12).
Further, the cluster-forming behaviour of PAH[4]s in lipid bilayer
membranes was confirmed via fluorescence recovery after photo-
bleaching (FRAP) experiments (Supplementary Fig. 13) and molec-
ular dynamics (MD) simulations (Fig. 1g). These results are similar
to our recent study that demonstrated the aggregation behaviour
of another triPhe chain-based unimolecular AWC, PAP[5]'*!>13,
Combined with the increased single-channel permeability observed
with increasing channel densities in the low membrane concentra-
tion range (Fig. 2b), these results indicate a cooperatively enhanced
water permeation via channel cluster formation.

The measured single-channel permeability indicated
that PAH[4]s can mediate water transport as efficiently as AQP1.
This was further confirmed by measurement of the activation
energy of water permeation through the channels (Fig. 2d and
Supplementary Fig. 14). Control lipid membranes were shown to
have an activation energy of 11.1+0.8kcalmol™ for water per-
meation, which corresponds to reported reference values of lipid
bilayers in which water permeation takes place through the solu-
tion-diffusion mechanism”"*>. The activation energy for PAH[4]-
mediated water permeation was measured as 3.6 +1.2kcal mol},
which indicates a lower energy barrier for water permeation
across the membranes by PAH[4] insertion. This low activa-
tion energy (<5kcalmol™) is strong evidence of single-file water
transport”. Based on the measured activation energy and the
presumption of single-file water conduction, the permeability
was calculated as 6.9x107"*cm?®channel™, which is in good
agreement with the measured single PAH[4] permeability
(Supplementary Information gives the calculation details). This
confirms the single-file water permeation through PAH[4] archi-
tectures across the membranes”, which is also validated by our
MD simulation results.

Quantitative measurement of monovalent ion permeability
As mentioned above, to achieve both a high permeability and selec-
tivity 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 the 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'®**, This challenge was also recently discussed for desali-
nation membranes and, to provide a baseline for membrane material
development efforts, Park and co-workers reported an upper-bound
plot of the intrinsic water/NaCl permeability-selectivity trade-off
for representative polymeric desalination membranes®. We propose
that to obtain the intrinsic transport properties of the channels is

quite 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 was exploited to evaluate the quantitative PAH[4] chan-
nel chloride (CI") permeability (Fig. 2e,f and Supplementary Fig.
15; Supplementary Information gives the analysis details). Cl~ ion
fluxes were measured at different Cl~ concentration gradients for
both the control and PAH[4]-reconstituted membranes (Fig. 2f
and Supplementary Fig. 16) and the Cl~ permeability coefficient of
lipid membranes was measured as (8.6+1.9)x10""°cms™', which
corresponds to the reported Cl- permeability coefficients of lipid
bilayers (107-10""cms™) (ref. *°). The single PAH[4] CI~ perme-
ability was calculated using channel numbers per membrane area,
obtained from the FCS analysis to be (9.5+3.6)x102cm?s™.
The channel area (~2nm?) normalized Cl~ permeability coeffi-
cient was (4.7+1.7)x10°cms™!, which is about fivefold higher
than that of highly retentive lipid membranes. When combined
with a water permeability of ((3.6+0.3) X 10°H,Os™" channel™ or
(1.1£0.1) X107 cm?s!)), PAH[4] exhibited an ~10° water/salt
selectivity that far surpasses the selectivity requirements (~16,000)
for desalination membranes®.

The absence of suitably sensitive cation colloidal quenching dyes
makes it difficult to measure the single-channel Na* permeability. As
an alternative, an assay based on 8-hydroxypyrene-1,3,6-trisulfonic
acid dye was performed to observe if any effective Na* permeation
occurs through PAH[4]s, as this method has been widely adopted to
test ion permeation through various ion channels”, but no detect-
able Na* permeation was observed for PAH[4]-reconstituted mem-
branes (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®*”. The DIB system exploits PAH[4]-reconstituted
PC/PC vesicles, which were confirmed to have PAH[4]s embed-
ded in membranes from the stopped-flow experiments, to form
bilayers at the interface of two droplets and, thereby, maximize the
opportunity of PAH[4] presence in the DIB membranes during the
ionic current measurements (Fig. 2g and Supplementary Fig. 18).
During the course of the current-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
(R ~5G€2) was equivalent to that of the control insulating lipid
bilayer membranes**"-*?, which demonstrates 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 pro-
cess (Supplementary Fig. 18). Therefore, the unimolecular AWC
PAP(5], which is structurally analogous to PAH[4] (Supplementary
Fig. 2) and found to allow ion permeation in our previous study'>",
was used as a positive control and subjected to I-V measurements
using the DIB system to show the 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).

Evaluation of PAH[4] water-to-salt permselectivity

Based on experimentally measured molecular transport rates, the
PAH[4] intrinsic permeabilities of water (P,,) and salt (NaCl (P,)) were
calculated as (2.2+0.2)X10°cm?s! and (1.9+0.7) X 10" cm?s7},
respectively (Supplementary Information gives the analysis details),
using chloride as the limiting ion. Note that, instead of the pore
area, the cross-sectional channel area (~2nm?) occupied in the
membranes was used to calculate individual permeability values
to provide a membrane engineering perspective”. As the water
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channel integration efficiency into a biomimetic membrane matrix
is another critical factor in evaluating channel-based membranes,
P, and P, values for PAH[4]-reconstituted PC/PS lipid membranes
were calculated for several cases of channel integration efficiency
(o) that ranged from 0.01 to 1, and compared to reported desali-
nation membranes’ values (Fig. 3). Additionally, representative
membranes based on biomimetic water channels (CNTPs and
Rhodobacter sphaeroides aquaporin Z (RsAqpZ), which is reported
to have the highest permeability among the AQP family™) were
plotted using the same method to provide a comparison of the vari-
ous types of channel-based biomimetic membranes possible for the
development of desalination membranes. As shown in Fig. 3, the
plot of water/salt selectivity (P,/P,) against water permeability (P,)
shows that PC/PS lipid membrane matrices by themselves are below
the trade-off 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,
with a gradual increase in channel insertion into the membranes
(a=~0.01-1), channel-based biomimetic membranes demonstrate
water/NaCl selectivity that far exceeds 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 Cl~ ion permeability as a
model for NaCl permeability. Usually, under reverse-osmosis con-
ditions, Cl~ permeation is limited by the slower diffusing Na*. This
assumption that Na* is the limiting ion was used recently to esti-
mate, based on indirect measurements, that biomimetic membranes
could have NaCl selectivity in a range three orders of magnitude
higher than that shown here”. Hence, values reported here repre-
sent the most conservative evaluation of PAH[4] channel-based
desalination membranes with direct measurements of the channel
transport rates. However, it is possible that PAH[4] channels could
demonstrate an ~10'? water-to-salt selectivity as estimated in the
previous study for AQPs” if Na* jon transport rates could be mea-
sured accurately and used instead.

Computer simulations of PAH[4] permeability

To provide detailed descriptions that relate the microstructure-to-
molecular transport properties of PAH[4] clusters, representative
PAHI4] cluster configurations were generated in silico’>** and sub-
jected to MD simulations (~400ns) in lipid bilayer patches (Fig. 4a,b
and Supplementary Video 2) (Supplementary Information gives a
detailed simulation analysis). As the PAH[4] configurations evolved
from the monomer to the dimer and to 22-mer clusters, water per-
meability per PAH[4] molecule enhanced significantly, which sug-
gests a cooperative water-permeating path formation between the
PAH[4] molecules (Supplementary Figs. 19-26). The agreement in
permeability values between experiment and simulation along with
recapitulating the experimental trend of increasing permeability
when clusters are formed with increasing channel density represents
the appropriateness of the simulation setting to emulate oligomer-
ized PAH[4] clusters in lipid membranes. In another set of simu-
lations, a transmembrane voltage of +1V was applied in two MD
simulations of the PAH[4] 22-mer clusters that were most water
conductive to measure the ionic conductance, but no ion perme-
ation was observed during each 100 ns simulation, which confirms
the ion-exclusion property of PAH[4] channels (Supplementary
Video 3). In terms of a numerical value, these simulations indicate
that the conductance of the membrane patch was <1 pS.

Full MD trajectories provided several insights into the rapid
water permeation through PAH[4] clusters. First, all the permeating
water molecules have to undergo at least one ‘bulk-2D wire-bulk’
transition. Two-dimensional water-wire formation is a crucial fac-
tor to enable a rapid water conduction via an almost perfect slippage
of the water molecules, which cannot be achieved in the systems
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Fig. 3 | Intrinsic water/NaCl selectivity (P,/P,) versus P, of PAH[4]-,
CNTP- and RsAqgpZ-based biomimetic membranes. The data points

of channel-reconstituted biomimetic membranes with PC/PS matrix
molecules with an increasing fractional area of the membranes occupied
by the channels (a¢= 0.5 indicates that 50% of membrane area is occupied
by channels) are compared; « values indicate the corresponding data
points for the PAH[4] (red stars), RsAgpZ (orange hexagons) and CNTP
(blue pentagons) membranes. The dashed lines for the channel-based
membranes are guides for the eye. Data for the representative polymeric
desalination membranes (grey squares) and their upper bound trade-off
line (dashed grey line) are adapted from Geise et al.”.

in which continuum hydrodynamics is predominant”. Water-wire
formation is not seen in monomeric PAH[4] configurations, which
supports the assertion that PAH[4]s provide synergistic paths via
cluster formation (Supplementary Fig. 27). Specifically, analyses of
the number of hydrogen bonds for each of the ~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 centre of the membrane, the
number of hydrogen 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 9A of the membrane’s midplane (Fig. 4c);
the number of hydrogen bonds lower than two in the constriction
region indicates that water molecules lose their bulk state, which
enables a fast permeation in this region'*. A similar dependence was
observed for AQP1, with one major difference: the location of the
minimally hydrogen-bonded water molecule was well-defined by
the channel’s structure, whereas this location was not well-defined
in the dynamic PAH[4] clusters. Further, the varying numbers of
hydrogen bonds formed by ten randomly chosen water molecules as
they pass through each channel was plotted (Supplementary Fig. 28)
for both the PAH[4] and AQPI1 channels. This analysis indicated
that, in the case of the PAH[4] cluster system, the number of hydro-
gen 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, owing to the lack of a well-
defined structure for PAH[4] clusters, averaging over all the per-
meating molecule produces a slightly higher minimum number of
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Fig. 4 | MD simulations of a 22-mer cluster of PAH[4] channels and of an AQP1 tetramer embedded in a lipid 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.

¢, Average number of hydrogen bonds formed by a permeating water molecule as a 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 hydrogen bonds, a 3.5 A distance cutoff between the donor and
acceptor and a 40° angle cutoff for the donor-hydrogen-acceptor angle were used. The number of hydrogen bonds was averaged over all the permeated
water molecules during the course of the MD trajectory (~800 and ~400 for PAH[4] and AQPT, respectively). d,e, The approximated path of the two
representative water molecules permeated through the PAH[4] cluster (d) and the AQP1 tetramer (e). The PAH[4] molecules are shown using green
and purple lines, whereas the AQP1 channel is shown using white semi-transparent cylinders. The red spheres show the average location of the
permeating water molecule in each 1A 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 1to 18 or 1to 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 the water molecules that passed through the PAH[4] cluster (f) and the AQP1 tetramer (g). h,i, The normalized distribution
of the permeation length for all the water molecules that passed through the PAH[4] cluster (h) and the AQP1 tetramer (i).

hydrogen bonds in the constriction region for PAH[4] as compared
to that of AQPI.

We used the obtained dependence of the number of hydrogen
bonds along the Z axis to define the average location of the channel
constriction region for both the PAH[4] and AQP1 systems: (=9 A,
9A) and (-144, 144), respectively. Having defined the boundar-
ies 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 com-
puted the time it took for each water molecule to pass from one side
of the constriction to the other for both systems (Supplementary
Fig. 29). The histograms of the normalized probability of the per-
meation times are shown in Fig. 4f,g for PAH[4] and AQP1, respec-
tively. As expected, the histogram has a longer tail in the case of
the PAH[4] 22-mer cluster, reflective of the more convoluted per-
meation path for some water molecules. The average permeation
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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 fourfold faster transport
per permeation path.

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 that for AQPI, as can
be seen from the normalized distributions of the water permeation
path lengths (Fig. 4h,i). We used the average location of the water
molecules in 1A Z-axis bins to visualize a typical permeation path
through the 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 anal-
ysis suggest that both the average time and the average path taken
by a water molecule that permeates through an PAH[4] cluster is
of the same order as that for the APQ1 channel. Although both the
permeation time and permeation path are statistically longer for
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PAH[4], the overall permeation rate can approach that of AQP1 ifa
sufficient number of such channels simultaneously forms per unit
area of the membrane, which provides highly efficient water per-
meation networks (Supplementary Videos 4 and 5). This conclu-
sion is also supported by corresponding experimental observations
(channel aggregation and increasing channel permeability at higher
channel densities).

Summary

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

PAH[4] reconstitution into lipid vesicles. Both control lipid and PAH[4]-
reconstituted lipid vesicular membranes were prepared by the film rehydration
method*. A PC and PS lipid mixture (3 mg in total) with a molar ratio of 4:1
(molmol™) was dissolved in chloroform. The required amounts of PAH[4]

s, depending on the desired 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 the flasks. Any residual solvent (chloroform) was removed by placing the flasks
in a high vacuum chamber for 16 h. Completely dried films were rehydrated with
1 ml of rehydration buffer (10 mM HEPES, 100 mM NaCl and 0.01% (w/v) NaN,
at pH 7.0) and extruded 15 times through 0.2 um polycarbonate track-etched
membranes to obtain uniformly sized lipid vesicles ~200 nm in diameter, which
was confirmed by a Zetasizer Nano-ZS90 (Malvern Panalytical).

Water permeability measurement of vesicular membranes. The osmotic water
permeabilities (P; (ms™") of lipid vesicular membranes were measured using a
SF-300X stopped-flow instrument (KinTek). The vesicles were abruptly exposed

to a hypertonic solution (10 mM HEPES, 100 mM NaCl, 100 mM poly(ethylene
glycol)gy and 0.01% (w/v) NaN, at pH 7.0) by mixing in the stopped-flow cell 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). The size change of the vesicles due to the water efflux was
monitored through the side-scattering (detection angle of 90° against an incident
light of 600 nm wavelength) intensity change with less than 10 ms of dead time after
mixing to obtain accurate kinetic information®. The kinetic coefficients (k) of the
size change of vesicles were obtained by fitting the scattering traces into double-
exponential functions and used to calculate the osmotic permeability (P; (ms™)) of
vesicular membranes (Supplementary Fig. 7), using equation (1)*":

k

pp=— -
! (S/VO) X Yy X ACosm

1)

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

FCS to evaluate the single PAH[4] channel water permeability. To calculate the
single PAH[4] channel permeability, the actual number of PAH[4]s embedded in
reconstituted lipid vesicles was counted using FCS. For the FCS analysis, PAH[4]

s were first labelled with 5-(and-6-)-((N-(5-aminopentyl)amino)carbonyl)
tetramethylrhodamine (Invitrogen) dyes using dicyclohexylcarbodiimide chemical
cross-linkers (Thermo Fisher Scientific). A molar ratio of 1:8:8 of PAH[4]s, dyes
and dicyclohexylcarbodiimides were dissolved in dimethyl sulfoxide (DMSO) and
reacted for 16 h by stirring at room temperature. Unreacted dyes were removed
via dialysis using a Slide-A-Lyzer MINI device (Thermo Fisher Scientific) for 5d,
changing fresh DMSO every 12h. After the free dye removal by dialysis, labelled
PAH[4] channels were harvested by fully evaporating the DMSO solvent inside a
high-vacuum chamber for 2d, and used for both the FCS and FRAP experiments.
Dye-labelled PAH[4]s were reconstituted into lipid vesicles using a film
rehydration method and the reconstituted vesicles were subsequently subjected to
FCS analysis. The fluorescence intensity fluctuation of vesicles (F(t)) in a small
confocal volume was monitored using a confocal microscope equipped with a
time-resolved single-photon counting module (Becker-Hickl GmbH) and the
autocorrelation function (G(f)) was obtained based on equation (2):

(BE () (5F(t + 7))
(F(H?)

where t is time and 7 is the time lag. G(z) is specifically related to several
parameters, as in equation (3):

o 12
1 1 1
T) = — E f 3
) N i:lf L +T/TDJ [1 + (r/z)z(r/rDi)} ®

where r and z are the radius and half height of the confocal volume, 7, is the lateral
diffusion time of fluorescence species i and N is the total number of fluorescent
species in a confocal volume, which is the number of reconstituted vesicles

(N,,,) in this case. N,,, can be simply obtained from the y-axis intercept of the

autocorrelation function (G(0) = 1/N,,,). After that, the vesicles were completely

ves.

G(r) =

micellized by adding 10% (w/v) of non-ionic detergent octyl p-b-glucoside
and the number of channels (N,,,,) were obtained using same procedure for
N,., (Supplementary Figs. 8 and 9). The average number of channels per vesicle
(Nhan/N,os) Was used to calculate both the channel densities in the lipid membranes

and the single-channel PAH[4] permeability.

AFM imaging of PAH[4] clusters in supported bilayer membranes. AFM
analyses were performed to observe the 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 an additional buffer composition of

3 mM CaCl,. Supported bilayer membranes were prepared by rupturing vesicles
(suspending diluted vesicle solutions) on freshly cleaved mica. After 1.5h of
incubation, the 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 the PeakForce tapping mode using a ScanAsyst
Fluid plus 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 the sample tilt. Multiple line scans were utilized throughout
the scan that contained PAH[4] channels to determine the size of their domains.
For PAH[4]-reconstituted membranes, island domains ~30 nm in diameter (in the
adhesion mode) were identified as spreading over the entire membrane, which was
not seen in the 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 was PC/PS vesicles with dye-labelled PAH[4]
s (mCLR 0.005) and the other (control vesicle) was PC/PS with PAH[4]s (unlabelled,
mCLR 0.005) and an additional 0.5mol% of Texas Red 1,2-dihexadecanoly-sn-
glycero-3-phosphoethanolamine (TR-DHPE) lipids. TR-DHPE-containing control
vesicles were used to confirm the bilayer formation and obtain the membrane
viscosity, as described below. The vesicle solutions were combined with a buffer
solution to create a vesicle environment with a final concentration of 2mM

CaCl,, 100mM NaCl and 10mM HEPES at pH 7. Supported bilayers were made

by rupturing the vesicles on a cleaned glass coverslip in a polydimethylsiloxane

well. After a fusion time of 10 min, the formed bilayers were rinsed with buffer

(100 mM NaCl and 10mM HEPES at pH 7.0), scratched with tweezers to remove a
small section of bilayer and rinsed with the same buffer a second time. The FRAP
experiments were conducted on a Nikon Eclipse TE-2000-U inverted microscope
through a X10 objective lens. A 532 nm laser (Spectra Physics) was used to bleach
the labelled channel or the TR-DHPE. The bleach spot diameter was approximately
16 um. The fluorescence intensity was monitored every 3 s for the initial 755, and
then every 30s for the remainder of the experiments (Supplementary Fig. 13).

The fluorescent recovery curves were used to determine the diffusion coefficients

of the labelled 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(t), was calculated using equation (4):

L —1I
t) =
=1

(4)

where I, is the normalized spot intensity at time t, I, is the normalized spot intensity
immediately after bleaching and I; is 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, 7,,,, shown in equations
(5) and (6):

fH=A1-eT) (5)

In2
T2 =" (6)
T

The lateral diffusion coefficient, Dy, was calculated using equation (7), where
w is the half-width of the Gaussian laser beam:

Dlat = (7)

Measurement of activation energy of water permeation through PAH[4]
channels. Water permeability measurements of both the control and channel-
reconstituted lipid membranes were repeated at different temperatures (between

5 and 25°C) to measure the activation energy (E,) of water permeation through
the channels as well as the lipid 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 the control lipid membranes’ permeability from the channel-
reconstituted membranes’ permeability. Water permeability (P; (ums™)) and the E,
of water permeation is related by the Arrhenius equation'**>**:

P = Ae B/RT (8)
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where A is a pre-exponential constant, R is the ideal gas constant and T'is the
temperature (K). E, can simply be extracted from a slope of the Arrhenius plot, as
shown in equation (9) (Fig. 2d):

E 1

h'le:h'lA—E? 9)

CI- ion permeability measurement. Measurements of the Cl~ permeability of both
the 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 the measurement probes
as they have the highest Stern-Volmer constant value among commercial dyes
(Ksy =390 M~ for chloride ions in aqueous solutions) and, therefore, the highest
sensitivity to a Cl~ concentration change''. To measure accurately the Cl~ influx
into vesicular membranes, the Ky, of lucigenin inside ~200 nm PC/PS vesicles was
first determined (95M™" for intravesicular environments (Supplementary

Fig. 15)). The excitation wavelength was set as 455 nm using a monochromator and
photomultiplier tube (PMT) module was equipped with a BrightLine fluorescence
534/30 emission filter. Lucigenin-encapsulating vesicles prepared with a Cl~ free
buffer (10 mM HEPES, 100 mM KNO,, 10 uM valinomycin and 0.01% (w/v)

NaN; at pH 7.0) were abruptly exposed to different Cl~ gradients in the stopped-
flow measurement cell (for example, to impose a 20 mM CI- gradient, the same
volumetric amount of Cl~-containing buffer (10 mM HEPES, 40 mM KCl, 60 mM
KNO;, 10 uM valinomycin and 0.01% (w/v) NaN; at pH 7.0) as that of the vesicle
solution was mixed in the measurement cell) and the 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 an underestimation of the Cl~ permeability if an electrical
potential developed as a consequence. The initial fluorescence kinetic information
(dF/Ft|,,) is quite important for an accurate evaluation of the Cl- permeability and
stopped-flow traces (Supplementary Fig. 16). More than ten traces of fluorescence
intensity change were recorded for each measurement and the averaged trace was
used for the analysis. The vesicular membrane mole flux of Cl- ions (j) at each
tested Cl~ concentration condition was calculated using equation (10):

dmolg] _VvdCI)]] -V dF
TS dt |, SxKsyxFodt|_,

(10)

where S and V are the surface area and volume of the vesicles, [Cl~] is molar
concentration of Cl~ ions inside vesicles, Ky, is the determined Stern-Volmer
constant of the lucigenin dyes inside the vesicles (~95M™), F, is the fluorescence
intensity under Cl™-free conditions (fluorescence intensity at t=0). The Cl~
permeability coefficient (B (cms™)) of the membranes was obtained from slope
of the j, plot as a function of the Cl~ concentration gradients using equation (11)
(Fig. 2f):

_dja
B = d[cr] (11)

The single PAH[4] channel Cl~ permeability coefficient (B py (cm®s™)) was
calculated based on the channel density in the lipid membranes obtained from the
FCS analyses (equation (12)):

d(jcrpa lipid — jCllipid) 1
— Y~ X 12
dicr] x (12)

Beipan = .
PAH

where ji papipia i the PAH-reconstituted membrane CI~ mole flux, je ;.4 is the bare
lipid membrane CI- mole flux and oy, is the number of PAH[4] channels per unit
membrane area.

Current-to-voltage measurement of PAH[4]-reconstituted lipid membranes
using the DIB system. A DIB set-up 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 elsewhere?*”. In brief, the set-up consisted of two lipid-encased
aqueous droplets that hung from Ag/AgCl wires (Goodfellow) in oil (1:2 mixture
of hexadecane (>99%, Sigma) and decane (>95%, 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
centre (that is, a thinned lipid bilayer). To help the droplets anchor to the Ag/
AgCl wires, we coated their ball-ended tips with a 1% agarose gel solution. To
confirm the lipid bilayer formation, which is reflected as an increase in membrane
capacitance, we supplied a 10 Hz, 10mV triangular wave to the electrodes using a
function generator (Hewlett-Packard 3314A). Owing to the capacitive nature of
the membrane, the resulting current response was square-like. As the area of the
thinned lipid membrane grew, the peak-to-peak current amplitude increased until
it reached a steady state. To generate the I-V relationships, we applied a 0.01 Hz,
50mYV sinusoidal voltage waveform and recorded the induced current. In parallel,
to monitor the changes in the membrane we acquired images of the droplets from
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below through a x4 objective lens of an Olympus IX51 inverted microscope using
a QI Click charge-coupled device. All the current recordings were made using an
Axopatch 200B patch clamp amplifier and Digidata 1440 data acquisition system
(Molecular Devices). For all the measurements, the droplets and measurement
probes were placed under a lab-made Faraday cage to minimize noise from

the environment.

MD simulations. All atom MD simulations were performed using the MD
program NAMD2*. PAH[4] channels (25) were arranged in a 5X 5 array and
embedded into a 14.4 X 14.4 nm? patch of a pre-equilibrated POPC (1-palmitoyl-
oleoyl-sn-glycerophosphocholine) lipid bilayer membrane. The lipid patch was
generated from the CHARMM-GUI membrane builder* and equilibrated for
approximately 400 ns. Lipid molecules that overlapped with the channels were
removed. The system was then solvated with the water* using the Solvate plugin of
VMD. Sodium and chloride ions were added using the Autoionize plugin of VMD
to produce 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 of which comprised two units of single PAH[4] channels
(Supplementary Information gives details). We embedded 25 PAH[4] dimers in
aregular 5X 5 array into a 20 X 20 nm? patch of a 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 20X 10nm® and contained approximately 353,000 atoms. We created four

such systems, three of which contained dimer arrays with different conformations
and one in which the 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 using the self-docking
protocol developed in OptMAVEn-2.0*. Three different thermodynamically

stable conformations of PAH[4] clusters were generated and embedded into

a14.4 X 14.4nm? patch of a pre-equilibrated POPC lipid bilayer membrane.

Each structure was solvated by a 0.6 M NaCl solution. Each system measured
14.4%x14.4x 10nm’ 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. After the energy minimization, the systems were subjected to a
short equilibration at a constant number of atoms (N), constant pressure (P =1bar)
and constant temperature (T'= 303 K). This was an NPT ensemble with harmonic
restraints on all the non-hydrogen atoms of PAH[4] channels with respect to
their initial positions (with spring constants of 1kcal mol' A-?). 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"".

The structure was embedded into a POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine) lipid bilayer membrane as described in our previous study*.
For the sake of comparison, the AQP1 system was simulated using exactly the same
simulation protocols as for the PAH[4] systems with a 200 ns simulation time.

All the MD simulations were performed using periodic boundary conditions
and the particle mesh Ewald method to calculate the long-range electrostatic
interactions in NAMD2*. A Nose-Hoover Langevin piston'®” and Langevin
thermostat were used to maintain a constant pressure and temperature in the
system". CHARMMS36 force-field parameters*>** described the bonded and
non-bonded interactions among the PAH[4] channels, lipid bilayer membranes,
water and ions along with NBFIX corrections for non-bonded interactions’"”.

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

Data availability
The datasets that support the finding of this study are available in ScholarSphere
repository with the identifier(s) (https://doi.org/10.26207/ykbm-r806).
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