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Most vital physiological processes depend on unique
exchanges of particles between a cell and its environment.[1]

Gramicidin,[2] KCsA K+,[3] aquaporin,[4] and influenza A virus
M2[5] channels are well known, nonexclusive examples of
proteins in which ions, water molecules, and protons are
envisioned to diffuse along water-filled pores.[1–5]

Powerful synthetic scaffolds mimicking natural protein
functions unlock the door to a world of interactive materials
paralleling that of biology. Numerous artificial systems
showing a rich array of interconverting ion-channel conduc-
tance states in phospholipid and polymeric membranes have
been developed in the last decades.[6–9] However, there has
been less progress in the area of synthetic water channels.
Among different water clusters,[10] one-dimensional water
wires have attracted much interest. Sophisticated struc-
tures[11,12] have been designed to mimic natural aquaporin
water[4, 13] and influenza A M2 proton channels.[5] Hydro-
phobic[1b,11] and hydrophilic[12] pores have been designed to
selectively transport water against ions. Such molecular-scale
hydrodynamics[14] of water through the channel will depend
on channel–water and water–water interactions, as well as on
the electrostatic dipolar profile of the water in the channel.[13]

On the same principle, proton selectivity, and low-pH gating
are key functions of influenza A M2 proton channel.
Although there is some variability in setting off the proton/
water-transport mechanisms, many structural features are
related to imidazole quartet (I-quartet), implicated in the
(His37)4 selectivity filter (Figure 1).[5] Despite a wealth of
experimental data major issues need to be resolved at the
atomic level. Moreover such artificial biomimetic systems are
of great interest for the design of dynamic interactive systems
for molecular information transfer.[9]

Artificial tubular architectures of self-assembled imida-
zole units, mutually stabilized by strong H-bonding with inner
water molecules, are excellent candidates as functional
water(proton)-channel systems.[12a–c] Moreover, we and
others previously showed that urea ribbons are very useful
to design artificial ion-channel systems.[7]

In this study, ureido imidazole compounds were used as
molecular scaffolds to construct I-quartets, mutually stabi-
lized by inner water wires in a manner reminiscent of that by
which G-quartets are stabilized by cation templating.[8]

Ureido imidazole monomers 1 and 2 (Scheme 1a) were
designed to place the urea and imidazole groups in a spatially
separated configuration. They form I-quartet tubular archi-
tectures including water-wire arrays in the solid state and
show water-channel conductance states in bilayer membranes.
From the mechanistic point of view, we start with molecular
components which can self-assemble into oligomeric I-
quartets, and exhibit potential membrane-spanning water-
channel behavior at the supramolecular level.

Hexyl isocyanate and hexyl diisocyanate were treated
with the corresponding amount of histamine (CH3CN/N,N-
dimethylacetamide, 120 8C, 5 h) to afford after crystallization
1 and 2, respectively, as white powders. The 1H and 13C NMR
and ESI-MS spectra of 1 and 2 are in agreement with the
proposed formulas (see Supporting Information). Colorless
single crystals of 1 and 2 were obtained by recrystallization
from water at room temperature. The structures of 1 and 2
reveal the expected ureido imidazole compounds, and the unit
cell contains four molecules of 1 and eight molecules of 2,
respectively, together with four molecules of water. The
crystal structures of 1 and 2 reveal homomeric association
(urea–urea and imidazole–imidazole/imidazole–water) of H-
bonding sites (Scheme 1b).[12c] In the solid state, the neigh-
boring urea units lie in the exact same plane and thus impose a
planar conformation on the urea ribbon. The NH···O=C H-
bonds lengths (dO···H = 2.00, 2.13 �) are the same along the
ribbon and are consistent with other urea systems.[7]

Each molecule of 1 is stretched to its maximum theoretical
length (> 26.9 �, Figure 2a). Two conformers of 2 are present
in the solid state: elongated (18.3 �) and contracted (16.7 �)

Figure 1. a) Side and b) C-terminal crystal structure (3PKD.pdb,
3pKD.cif) of His/Trp gate of influenza A virus M2 proton channel:
(His37)4 (black sticks) and (Trp41)4 (gray sticks) quartets are strongly
involved in proton gating.[5]
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geometries are dependent on the nature of the H-bonds
involving the terminal imidazole groups in the crystal (Fig-
ure 2b). Accordingly, continual planar arrays of layered
stacks of 1 and 2 are generated in the solid state, such that
the imidazole moieties are disposed at the extremities of each
ribbon. They are involved in interesting interlayer interac-
tions corresponding to 1) water assisted I-quartet formation
via CH···N, N···HO, and NH···O-H interactions (Figure 2c)
and 2) water-free I-quartet formation via CH···N and NH···N
interactions (Figure 2d). Weak p–p stacking interactions
between imidazole moieties of two neighboring molecules
of 1 ors 2 and strong hydrophobic van der Waals interaction
between the hexyl chains stabilize the ribbonlike super-
structures (Figure 2 and Figure 1S, Supporting Information).

The water molecules in 1 form strong H-bonds with
imidazole nitrogen atoms. One 100 % occupancy H atom is
bonded to imidazole N, while the other H atom is 50%
disordered over two positions, as previously observed.[12a] Two
50% H atoms are H-bonded to neighboring water molecules,
defining zigzag wires[15] in which the water molecules are
crystallographically restricted to two orientations in a such
way that all water molecules of one channel have the same
dipolar orientation. Water molecules are alternately oriented
in opposite directions into neighboring channels (Figure 3a).
Compound 2 has a different packing that results in alternative
I-quartet water channels, separated by water-free I-quartets,
and the overall structure has an inversion center (Figure 3b).
Thus, water channels of opposite dipolar orientation are
present in successive channels, whereby both H atoms of the

water molecules show 100 % occupancy. The oxygen atom of
each water molecule in 1 and 2 is simultaneously strongly H-
bonded to both imidazole NH groups (dO···H = 1.93 �) and the
vicinal water molecules (dO···H = 1.94 � in 1 and 1.84 � in 2).
Water molecules form a more compact wire motif in 2 than in
1. The I-quartet water channels of rhomboidal shape (4.9 �
4.1 �2 for 1 and 4.4 � 4.0 �2 for 2, considering a projection on
a plane and not taking into account the van der Waals radii of
diagonally located N and CH sites) determine a gap in the
channel of 2.6 �, very close to narrowest constriction
observed in aquaporin water channels (2.8 �).[13]

Motional disorder of water molecules has been probed by
static and MAS 2H NMR spectroscopy.[12a,b] Considering the
electron density map of water molecules, we may argue that
both crystal structures of 1 or 2 are not really associated with
local water disorder/motion (Figures 2S and 3S, Supporting
Information). These assumptions were confirmed by thermal
analysis. In contrast to previous water-channel superstructur-
es,[12a,b,e] thermogravimetric analysis showed that synergetic
water loss and decomposition of the matrix of 1 and 2 occur
over a large temperature range of 200–300 8C, reminiscent of
a strong water binding within the channels. The differential
scanning calorimetric (DSC) data are consistent with single
sharp endotherms centered at 200.1 8C for 1 (Figure 4S,
Supporting Information) and 132.4 8C for 2 (Figure 5S,
Supporting Information). The overall change in enthalpy

Scheme 1. a) Structure of synthesized ureido imidazole compounds 1,
2. b) Homomeric (I, II) and heteromeric (III) associations of imidazole
and of urea H-bonding units.

Figure 2. Solid-state structures of a) 1 and b) 2 : side and top views in
stick representation (N, black, C, gray, O, light gray, H white) of
continual planar arrays of the H-bonded urea ribbons. c) Water-
assisted formation of I-quartet “open form” through CH···N and
NH···O H-bond interactions. Water molecules in ball-and-stick repre-
sentation are H-bonded through OH···O interactions. d) Formation of
I-quartet “off form” through CH···N and NH···N H-bond interactions
in the absence of water.
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per water molecule is 21.8 kcalmol�1 for 1 and 24.9 kcalmol�1

for 2, consistent with strong cooperativity of water binding
within the channel superstructure. These values agree with
N···H-O and NH···OH bond lengths observed in X-ray crystal
structures, which are about 1 � shorter than theoretical
values reported for imidazole–water pairs in aqueous solu-
tion.[17] The DSC plot of monosubstituted compound 2 shows
also a glass transition centered at 83.9 8C, consistent with
thermal denaturation of the hydrophobic interface between
the hexyl chains.

Water transport across bilayer membranes incorporating 1
and 2 I-quartets was assessed by dynamic light scattering
(DLS) by using a modification of a previously described
method.[18] The osmotic behavior of unilamellar EYPL (3-sn-
phosphatidylcholine) liposomes containing NaCl entrapped
inside the vesicles and suspended in pure water causes water
influx into vesicles. The decrease in light scattering (number
of counts at 600 nm) caused by vesicle swelling and then
destruction is related to the increasing permeability of the
water bilayer due to formation of I-quartet water channels by
compounds 1 and 2. Aliquots of DMSO solutions of 1 and 2
(0–40 mm) were injected into unilamellar liposomes in which
a stable bilayer membrane had formed. Both compounds
elicited a low level of membrane disruption within minutes of
exposure to 10 mm of compound. Significant membrane
disruption was observed on injection of aliquots of the more
concentrated solutions (Figure 4).

Figure 4 shows that high water-transport activity (k = 1.2 �
10�3 min�1) is obtained when 1 or 2 is present, compared with
the control measurements in which only DMSO was added to
liposomes (k = 8.7 � 10�5 min�1). The channels in this region
could be viewed as derived from the crystal structure of 1 and
2, in which tubular I-quartet oligomers would probably form a
barreled channel (see Figure 4c). The real transporting
structure within bilayer membrane may be composed of

successive I-quartet “open-form” and “off-form” configura-
tions (Figure 2c, d), avoiding disruption of conductive func-
tional states. The increased levels of water conductance
observed for these species at higher concentration would then
be interpreted as multiple copies of the transmembrane
barreled channels starting at a critical concentration of
10 mm. The formation of conductive architectures is probably
related to their robustness, given that their aggregation
correlates to transport properties: 1) the rigid bis-ureido
imidazole 1 showed an exponential behavior needing a larger
critical amount of I-quartet to be present within the bilayer;
b) the more labile mono-ureido imidazole can generate a
cooperative replication of the conductive I-quartet systems
within the bilayer showing a sigmoid k = f(t) profile. This
confirms that better organization (closer packing) in the
monolayer correlates to poorer water transport.

Furthermore, no measurable transport of Li+ and Na+

cations was observed through monitoring changes in fluores-
cence intensity ratio with vesicle internal pH by a pH-gradient
method previously used by Davis and co-workers (Figure 6S,
Supporting Information).[8c] The diameters of Li+ (3.1 �) and
Na+ (3.6 �) cations with their hydration shells are greater
than the narrowest channel diameter (2.6 �) and would
require partial dehydration for pore passage, which would
lead to unfavorable interactions with the different N sites of
the channel.[19] Similar ion-exclusion phenomena have been
reported for carbon nanotube systems.[20] The same results
were obtained when unilamellar EYPL liposomes containing
NaCl entrapped inside the vesicles were suspended in Na2SO4

solution (Figures 7Sa and 8Sa, Supporting Information). Over
a number of experiments such systems operating under non-
osmotic pressure are inactive to transport of water, ions, or
protons. With this in mind, the osmotic unilamellar EYPL
liposomes containing NaCl and the acid dye 8-hydroxypyr-
ene-1,3,6-trisulfonate (HPTS) entrapped inside the vesicles

Figure 3. Crystal packing of a) 1 and b) 2 : side and top views in stick representation (N, black, C, gray, O, light gray, H white) of continual planar
arrays of layered-type stacks generating channels of water molecules of unique dipolar orientation (see text for details). Water molecules in ball-
and-stick representation.
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were suspended in pure water and tested by the fluorescence
method without pH gradient. The influx water transport
shown by DLS experiments equally determines quenching of
the fluorescence of HPTS; this supports the assumption that
the water channels are involved in proton transport across the
membrane toward the extravesicular solution, which prob-
ably occurs with co-transport of chloride anions to the
exterior of the vesicles. The osmotic swelling causes vesicles
to grow and alters the ionic balance between the lipids, which
may be compensated by the absorption of ion pairs of
protonated imidazole molecules accepting the proton of

HPTS molecules. However, the proton-transport activity of
the I-quartet systems over a 10–40 mm concentration domain
(Figure 5) shows the sequence 2> 1. Transport of protons
along water wires of monodipolar orientation may occur
through a Grothuss mechanism.[21] The oxygen–oxygen dis-
tance of rOO = 2.60 � for an ideal Eigen cation is comparable
with distances of 2.75–2.80 � observed in the crystal struc-
tures of 1 and 2.[21b] Strong translational and orientational
control of water molecules, involving much stronger dipole
conservation along the channel, can explain the higher proton
transport rate of 2 compared to 1, as a result of stabilization of

Figure 4. Decrease in light scattering in DMSO (&) and with 10 (*), 20 (^), and 40 mm (N) DMSO solutions of a) 1 and b) 2 I-quartet systems.
The collected data were normalized to fit between 0 and 1. Right insets: Exponential rise of rate constants k with compound concentration. Rate
constants were determined by curve fitting of the plots to a single-order exponential.[18] c) Schematic of possible organization of components in a
barreled model within a bilayer membrane.
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the water wires. They are more compact (Figure 2c, d) and
structurally adapted to channel macrodipoles within the
channels of 2 compared with 1, as observed in their crystal
structures.

In conclusion, we have used ureido imidazoles 1 and 2 to
construct I-quartets mutually stabilized by inner water dipolar
wires, reminiscent of G-quartets stabilized by cation templat-
ing.[8, 9] The H-bonding of these I-quartets leads to tubular
solid-state structures and, in a membrane environment, to a
barreled channel. The encapsulated water molecules, like in
aquaporin water channels, form one H-bond with the inner
wall of the I-quartet nanotube and one with an adjacent water
molecule.[13] Within the I-quartet nanotubes water molecules
of unique dipolar orientation can preserve the electrochem-
ical potential along the channel. Our results strongly indicate
that water molecules and protons can permeate bilayer
membranes through I-quartet channels. Strong interactions
of the water with the inner surface of the I-quartet nanotube
reduce the efficiency of water transport compared to the
aquaporin system. In contrast to aquaporin systems,[13, 18] the
water wires preserve a unique dipolar orientation, and I-
quartet systems are good candidates for proton translocation,
while cations are excluded. The ion-exclusion phenomena are
based on dimensional steric effects, whereas hydrophobic[11d]

and hydrodynamic[20] effects appear to be less important.
Water-free I-quartet “off form” superstructure (Figure 1d) is
reminiscent of the closed conformation of the His37-quartet
system[5] of the proton gate of influenza A M2 protein. The
slight conformational adjustments allow formation of the
water-assisted I-quartet “open form” (Figure 1c), through
which protons can diffuse along dipolar oriented water wires
in the open-state pore-gate region. These artificial I-quartet
superstructures obtained by using simple chemistry are in
excellent agreement with structural X-ray and NMR results as
well as theoretical results providing accurate structural
information for water/proton conductance mechanisms
through an influenza A M2 proton channel. However, it was
shown that Trp41 residues in close proximity of the His37

quartet exclude water molecules from the gating region due
to steric effects, and only highly protonated His models show
a conductance state through the channel. Further studies
including His-Trp systems to prove this hypothesis are in
progress.

Experimental Section
Crystal data: X-Ray Crystallographic data for 1 were recorded with
an Xcalibur CCD camera (Oxford Diffraction) using graphite-
monochromated MoKa radiation (l = 0.71073 �), 28 s per frame.
Structure 1 was solved by direct methods with SHELX86, and
structure 2 with SIR2002.[22a] The two structures were refined by least-
squares methods on F by using CRYSTALS[22b] against jF j on data
having I> 2s(I); R factors are based on these data. Hydrogen atoms
were partly located from difference Fourier synthesis, partly placed
on the basis of geometrical arguments, and refined. Non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were located
from the Fourier difference map and refined with riding constraints.
CCDC 830733 and 830734 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

Crystal data for 1: C18H34N8O4, Mr = 426.53, monoclinic, space
group P21/c, a = 14.5480(9), b = 4.5839(3), c = 16.8540(10) �, b =

100.471(6)8, V = 1104.89(14) �3
, Z = 4, 1calcd = 1.279 gcm�3, T=

173 K, m(0.51091 �) = 0.100 mm�1, 9126 reflns collected, 1738
unique reflns with I> 2s(I), RF = 0.1073 and wRF = 0.0731 for all
reflns, RF = 0.0696 and wRF. = 0.0690 for observed reflections.

Crystal data for 2 : C24H46N8O3, Mr = 494.68, monoclinic, space
group P21/c, a = 27.671(3), b = 4.5892(3), c = 23.954(2) �, b =
113.354(13)8, V = 2792.6(6) �3

, Z = 4, 1calcd = 1.439 gcm�3, T= 173 K,
m(0.51091 �) = 0.100 mm�1, 4331 reflns collected, 3357 unique reflns
I> 2s (I), RF = 0.0776 and wRF = 0.0728 for all reflns, RF = 0.0599 and
wRF. = 0.0584 for observed reflections.

Preparation of EYPL (3-sn-phosphatidylcholine) unilamellar
vesicles: Egg yolk l-a-phosphatidylcholine (EYPC in CHCl3,
600 mL, 790 mmol) was dissolved in CHCl3/MeOH, the solution was
evaporated under reduced pressure, and the resulting thin film was
dried under high vacuum for 2 h. The lipid film was hydrated for
40 min in 1.2 mL of phosphate buffer (10 mm sodium phosphate,
pH 6.4, 100 mm NaCl) containing 10 mm HPTS. During hydration, the
suspension was subjected to five freeze–thaw cycles (liquid nitrogen,
water at room temperature). The suspension of large multilamellar
liposomes (1 mL) was subjected to high-pressure extrusion at room
temperature (21 extrusions through a 0.1 mm polycarbonate mem-
brane afforded a suspension of large unilamellar liposomes (LUVs)
with an average diameter of 100 nm). The LUV suspension was
separated from extravesicular dye by size-exclusion chromatography
(stationary phase: Sephadex G-50, mobile phase: phosphate buffer)

Figure 5. Transport of protons as determined in an osmotic gradient
assay. EYPL liposomes (100 nm) containing HPTS dye (0.1 mm) in
100 mm NaCl and 10 mm sodium phosphate (pH 6.4) were suspended
in pure water. Compounds 1 (a) and 2 (b) were added at t =60 s The
background experiment was performed with pure DMSO solvent.
Measurement of the ratiometric fluorescence intensity of HPTS
(lex,1 = 403, lex,2 = 460, lem =510 nm) allowed determination of the
internal liposomal pHin (see Experimental and Supporting Information
for details).
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and diluted with the same phosphate buffer to give a stock solution
with a lipid concentration of 11 mm (assuming 100% of lipid was
incorporated into liposomes). Vesicles prepared in this manner were
analyzed by DLS, which showed a highly homogenous vesicular
solution with vesicle diameter of 94.5–100 nm (Figure 9S, Supporting
Information)

Water-transport experiments: Water permeability was deter-
mined by DLS on a Zetasizer Nano Serie S apparatus from Malvern.
100 mL of vesicle stock solution containing 10 mm of sodium
phosphate buffer (pH 6.4) and 100 mm of sodium chloride was
diluted in 1.9 mL of distilled water and stirred. 20 mL of a DMSO
solution containing different concentrations of 1 or 2 was added to
cause water influx into vesicles. The decrease in light scattering
(number of counts) caused by vesicle swelling and then destruction
were recorded under the following experimental conditions: t = 25 8C,
position: 4.65 mm, attenuator: 6, dispersant: water; refractive index
(R.I.): 1.33; viscosity: 0.887, recording time: 60 s; material R.I.: 1.59.
Results were normalized to fit between zero and unity, and rate
constants were calculated by using a linear fit model by subtracting
the DMSO baseline observed in control experiments.

Proton-transport experiments: 100 mL of HPTS-loaded vesicles
(stock solution) was suspended in 1.9 mL of milliQ water (osmotic
gradient assay, Figures 7Sb and 8Sb of the Supporting Information) or
1.9 mL of sodium phosphate solution, pH 6.5 with 50 mm Na2SO4

(non-osmotic gradient assay, Figures 7Sb and 8Sb of the Supporting
Information) and placed in a fluorimetric cell. The emission of HPTS
at 510 nm was monitored with excitation wavelengths of 403 and
460 nm. During the experiment, 20 mL of a 0–40 mm DMSO solution
of compound 1 or 2 was added at t = 60 s. Maximal possible changes in
dye emission were obtained at t = 500 s by lysis of the liposomes with
detergent (40 mL of 5% aqueous Triton X100). The pH values were
calculated for each point from the HPTS emission intensities
according to the calibration equation pH = 1.1684lg(Io/I1) + 6.9807,
where Io is the emission intensity with excitation at 460 nm, and I1 the
emission intensity with excitation at 403 nm. At the end of experi-
ment, the aqueous compartment of the liposomes was equilibrated
with extravesicular solution by lysis of liposomes with detergent
(40 mL of 5% Triton X100).
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