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1.1

Overview

Natural ion channels are large, complex proteins that span lipid membranes and

allow ions to pass in and out of cells. These multimeric channel assemblies are

capable of performing the complex tasks of opening and closing in response to

specific signals (gating) and allowing only certain ions to pass through (selectiv-

ity). This controlled transport of ions is essential for the regulation of both intra-

cellular ion concentration and the transmembrane potential. Ion channels play an

important role in many biological processes, including sensory transduction, cell

proliferation, and blood-pressure regulation; abnormally functioning channels

have been implicated in causing a number of diseases [1]. In addition to large

ion channel proteins, peptides (e.g., gramicidin A) and natural small-molecule

antibiotics (e.g., amphotericin B and nystatin) form ion channels in lipid mem-

branes.

Due to the complexity of channel proteins, numerous research groups have

during recent years been striving to develop artificial analogues [2–7]. Initially,

the synthetic approach to ion channels was aimed at elucidating the minimal

structural requirements for ion flow across a membrane. However, more recently

the focus has shifted to the development of synthetic channels that are gated, pro-

viding a means of controlling whether the channels are open or closed. Such arti-

ficial signal transduction could have broad applications to nanoscale device tech-

nology. In this chapter we will present examples of some strategies used in the

development of artificial ion channels, and describe some techniques commonly

used to evaluate their function.

1.1.1

Non-Gated Channels

The artificial ion channels described to date can be divided into two major classes.

The first class consists of non-gated channels, which are synthetic compounds
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that simply form transmembrane pores. The second class comprises gated chan-

nels that incorporate a means of regulating ion flow across a membrane. A num-

ber of strategies have been used in the development of non-gated artificial chan-

nels, ranging from the assembly of monomers to form transmembrane pores to

the use of single molecules capable of spanning the entire thickness of a lipid bi-

layer. The monomeric channels generally have more well-defined structures than

those formed through aggregation.

1.1.1.1 Aggregates

For ion channels produced through the aggregation of amphiphilic molecules,

monomers must first assemble in each leaflet of a lipid bilayer to form a pore

with a hydrophilic interior. When aggregates in each leaflet of the bilayer align,

a transmembrane channel is formed (Figure 1.1A). Examples of amphiphilic mol-

ecules that display this behavior include an oligoether-ammonium/dialkyl phos-

phate ion pair 1 [8] and a sterol-polyamine conjugate 2 [9] (Figure 1.1B). Artificial

ion channels have also been generated through the stacking of cyclic monomers.

Both cyclic b3-peptides 3 [10] and d,l-a-peptides 4 [11] form transmembrane

pores. The activities of these peptide-based aggregate ion channels are compara-

ble to that of the natural channel-forming peptide gramicidin A.

Fig. 1.1 (A) Schematic representations of artificial ion channels

assembled through the aggregation of amphiphilic monomers and the

stacking of cyclic peptides. (B) Compounds that aggregate to form

transmembrane ion channels.
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1.1.1.2 Half-Channel Dimers

A common approach to designing synthetic ion channels has been to function-

alize a pore-forming macrocycle with lipophilic groups such as alkyl chains or

cholic acid. When these molecules insert into each leaflet of the bilayer and align,

the macrocycles act as pores at each membrane surface, while the lipophilic

groups serve as channel walls (Figure 1.2A). A variety of macrocycles have been

utilized in the construction of half-channel molecules, including b-cyclodextrin 5

[12], cyclic peptides 6 [13], and resorcinarenes 7–9 [14–17] (Figure 1.2B).

1.1.1.3 Monomolecular Channels

Using a similar strategy to that described above for the assembly of half-

channel dimers, a monomolecular channel 10 has been reported that comprises

b-cyclodextrin with oligobutylene glycol chains attached to one face [18] (Figure

1.3A,B). In this case, the macrocycle provides a pore at the surface of the mem-

brane, but the chains are sufficiently long so that a single molecule spans the en-

tire thickness of the bilayer. This monomolecular channel was reported to have a

Naþ transport activity that was 36% that of gramicidin A.

Alternatively, monomolecular ion channels have been designed such that a sin-

gle macrocycle resides near the center of the bilayer, while the attached lipophilic

chains radiate outward toward the membrane surfaces (Figure 1.3A). Examples of

molecules reported to function in this manner include a b-cyclodextrin with oli-

goethers attached to both the primary and secondary faces 11 [19], a calixarene-

cholic acid conjugate 12 [20], as well as crown ethers functionalized with choles-

terol 13 [21], bola-amphiphiles 14 [22], or oligoethers 15 [23] (Figure 1.3B). The

activity of the calixarene-cholic acid conjugate 12 was found to be approximately

73% that of the channel-forming antibiotic amphotericin B.

Artificial single-molecule ion channels that incorporate multiple pore-forming

crown ether macrocycles include a peptide-crown ether conjugate 16 [24] and a

Fig. 1.2 (A) Schematic representation of a transmembrane channel

formed through the dimerization of pore-forming monomers.

(B) Compounds that form ion channels through dimerization.
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tris(macrocycle) hydraphile channel 17 [25] (Figure 1.4A,B). Attaching crown

ethers to a helical peptide scaffold provided a channel that allowed ions to pass

through a series of macrocycles as they traversed the membrane. In the hydra-

phile channel, distal crown ethers are thought to serve as pore openings at the

membrane surfaces, while the central azacrown ether stabilizes ions as they pass

across the bilayer. It was reported that the hydraphile channel was 28% as active

as gramicidin D.

Although common, the incorporation of macrocycles is not a prerequisite for

monomolecular channel formation. An amphiphilic molecule 18 incorporating a

number of lysine and cholic acid groups as well as a p-phenylene diamine linker

served as a monomeric transmembrane channel [26] (Figure 1.4A,B).

1.1.2

Gated Channels

While the previous examples demonstrate that artificial channels can promote

transmembrane ion transport, they do not provide a means of controlling

Fig. 1.3 (A) Schematic representations of monomolecular ion channels

incorporating a single macrocycle. (B) Structures of monomolecular ion

channels that incorporate a single macrocycle.
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whether the channel is open or closed. Signal-activated synthetic channels bring

the field one step closer to mimicking the function of natural ion channels, as

active channels are only formed in the presence of a specific signal. As with nat-

ural channels, a variety of methods can be used to gate these synthetic analogues,

including light, voltage, and ligand activation.

1.1.2.1 Light-Gated Channels

Although not a stimulus for natural channels, light has been used to control

transmembrane ion transport through a synthetic channel. This was accom-

plished by incorporating an azobenzene group into an oligoether carboxylate-

alkylammonium ion pair 19 [27] (Figure 1.5B). With a trans-azobenzene unit

present, the ion pair aggregates promoted transmembrane ion transport (Figure

1.5A). However, upon isomerization to the cis-azobenzene, single channel cur-

rents were no longer detected, indicating channel blockage.

1.1.2.2 Voltage-Gated Channels

An early example of a voltage-gated channel relied on the use of an

alkylammonium-oligoether phosphate ion pair 20 with an overall negative charge

(Figure 1.6B). These ion pairs assemble into half-channels in each leaflet of a

Fig. 1.4 (A) Schematic representations of monomolecular ion channels.

(B) Compounds that serve as monomolecular ion channels.
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bilayer (Figure 1.6A). When aggregates in each leaflet align to form trans-

membrane channels, there are typically unequal numbers of negatively charged

monomers in each half channel, resulting in an overall molecular dipole [28]. De-

pending on the orientation of this molecular dipole, an applied voltage either sta-

bilizes or destabilizes the assemblies, providing voltage-dependent ion transport.

Similar voltage-gated channels were constructed using membrane-spanning

monomers with molecular dipoles (Figure 1.6A). Both, a bis-macrocycle bolaam-

phiphile 21 with a carboxylic acid and a succinic acid on opposite ends [29] and a

bis-cholic acid compound 22 with a carboxylic acid on one end and a phosphoric

acid group on the other [30], assemble into voltage-gated channels (Figure 1.6B).

The use of charged monomers is not a prerequisite for achieving voltage-gated

transport through artificial channels. Using a peptide-dialkylamine conjugate 23

that dimerizes in lipid bilayers, a chloride-selective channel was developed

that demonstrated voltage-dependent gating [31] (Figure 1.7A,B). A second

example of a channel incorporating uncharged monomers utilizes tripeptide-

functionalized p-octiphenyl rods with a methoxy group on one end and a methyl

Fig. 1.5 (A) Schematic representation of a light-gated ion channel.

(B) Structure of ion pairs that assemble into a light-gated ion channel.

Fig. 1.6 (A) Schematic representations of voltage-gated ion channels.

(B) Compounds that assemble into voltage-gated ion channels.
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sulfone on the other 24 [32]. These p-octiphenyl rods with axial dipoles displayed

voltage-dependent b-barrel assembly.

1.1.2.3 Ligand-Gated Channels

A number of ligand-gated artificial ion channels have been reported. In an early

example of a ligand-activated channel, polyhistidine and copper ions were utilized

to organize transmembrane assemblies of iminodiacetate-functionalized oligo-

phenylenes 25 [32] (Figure 1.8A,B). This assembly was found to have a Kþ trans-

port activity comparable to that of amphotericin B.

A second example of ligand gating relies on the formation of charge-transfer

complexes to open the channel [33]. In this case, p-octiphenylene rods functional-
ized with naphthalenediimide groups 26 initially assembled into p-helices which

act as closed ion channels (Figure 1.9A,B). Upon the addition of a dialkoxynaph-

thalene 27 that intercalated between the naphthalenediimide groups, charge-

Fig. 1.7 (A) Schematic representations of voltage-gated ion channels.

(B) Uncharged compounds that assemble into voltage-gated ion

channels.

Fig. 1.8 (A) Schematic representation of a ligand-gated ion channel.

(B) Components of the ligand-gated ion channel.

1.1 Overview 9



transfer complexes formed, leading to untwisting of the assemblies and an open-

ing of the channels.

The addition of a ligand may not only lead to the formation of open channels;

rather, it can also cause the blockage of artificial ion channels. This type of

blockage gating has been demonstrated with a cucurbituril-based channel that is

blocked by acetylcholine [34] as well as with a b-barrel pore blocked by polygluta-

mate [35].

1.2

Methods

As natural ion channels act in cell membranes, cell membrane mimics are used

to assess the activity of artificial ion channels. Either planar lipid bilayers or

spherical lipid bilayers called vesicles, or liposomes, are utilized in ion transport

experiments.

1.2.1

Planar Bilayers

Planar bilayer clamp studies provide a means of establishing that a synthetic

compound acts as a transmembrane ion channel [36, 37]. The set-up for these

experiments involves preparing a bilayer membrane across a small hole in a hy-

drophobic partition between two chambers containing an electrolyte solution

(Figure 1.10A). An electric potential is established across the lipid bilayer by in-

serting electrodes into the solution chambers; the current passing between these

electrodes is then monitored using a bilayer clamp instrument. As the bilayer it-

self acts as a good insulator, step changes in the conductance represent ion trans-

port through transmembrane channels.

Fig. 1.9 (A) Schematic representation of a ligand-gated ion channel.

The intercalation of dialkoxynaphthalene molecules (red) between

naphthalenediimide groups (blue) causes the channel to open.

(B) Components of the ligand-gated ion channel.
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1.2.2

Vesicles

Vesicles, or spherical lipid bilayers enclosing an aqueous space, are also used to

assess the ability of synthetic compounds to act as artificial ion channels. Vesicles

can be prepared by a number of different methods, including sonication, extru-

sion, and detergent dialysis [38]. Dynamic light scattering and electron micros-

copy allow the size distribution and morphology of vesicles to be assessed. Com-

mon techniques used to monitor ion transport across vesicle bilayers include
23Na NMR, pH-stat, pH- or environment-sensitive fluorescent dyes, and ion-

selective electrodes.

1.2.2.1 23Na NMR

For 23Na NMR experiments [39–42], large unilamellar vesicles are prepared in a

NaCl solution. Addition of a dysprosium tripolyphosphate shift reagent changes

the chemical shift of the Naþ in the external solution [43]. In the presence of an

active channel, the Naþ ions inside and outside the vesicles exchange, leading to

line broadening of the 23Na NMR signals (Figure 1.10B). This line broadening is

directly proportional to the rate of transmembrane Naþ transport.

1.2.2.2 pH-Stat

For a typical pH-stat experiment [44], vesicles are prepared in a pH 6.6 buffer and

the external solution is subsequently adjusted to pH 7.6. Following the addition

of the proton carrier carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

(FCCP) to ensure rapid proton transport across the vesicle membranes, a metal

sulfate solution is added to establish an opposing cation gradient (Figure 1.10C).

Fig. 1.10 (A) Schematic representations of the apparatus used in planar

bilayer experiments and the type of data generated. (B) Depiction of the

exchange of Naþ ions inside vesicles and how it affects the 23Na NMR

spectra. (C) Representation of the flow of ions in and out of vesicles

during a pH-stat experiment. (D) Depiction of an experiment using a

concentration-sensitive fluorescent dye to monitor ion transport.
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Upon addition of the channel, proton efflux occurs and a solution of base is

added to maintain the pH at 7.6. The amount of base needed to maintain the

pH is related to the activity of the channel.

1.2.2.3 Fluorescence

A variety of fluorescent dyes can be entrapped in vesicles to provide information

regarding the activity of ion channels (Figure 1.10D). Fluorescent probes utilized

include the pH-sensitive dye 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt

(HPTS) [45–47], the concentration-sensitive dye 5(6)-carboxyfluorescein (CF) [48,

49], the potential-sensitive dye safranin O [50], and the fluorophore/quencher

pair 8-aminonaphthalene-1,3,6-trisulfonate (ANTS)/p-xylenebis(pyridinium) bro-

mide (DPX) [51].

1.2.2.4 Ion-Selective Electrodes

Channel activity can also be assessed using an ion-selective electrode to monitor

the amount of a certain ion (such as Naþ or Cl�) released from vesicles [52, 53].

1.3

Outlook

Significant progress has been made in the field of artificial ion channels since the

first example was reported in 1982. To date, a variety of strategies have been uti-

lized in the construction of ion channels that mimic the function of those found

in nature. These artificial channels have found applications in molecular recogni-

tion [54], sensing enzymatic reactions [32], as artificial enzymes [55], and in bio-

sensors [56]. In addition, a few synthetic channels have exhibited antibacterial

activity [57, 58].

Despite this progress, certain obstacles remain in the drive to achieve truly bio-

mimetic ion transport. One issue that must be addressed is the regulation of

transmembrane ion transport through these synthetic channels. While consider-

able progress has been made in the development of gated channels, there is still a

need for artificial channels with well-defined structures that can be opened and

closed repeatedly, and in a reliable manner.
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Sordé, N., Talukdar, P., Tran, D.-H.,

Matile, S. (2006) Molecular recogni-

tion by synthetic multifunctional

pores in practice: are structural

studies really helpful? Adv. Funct.
Mater. 16, 169–179.

55 Som, A., Matile, S. (2002) Rigid-rod

b-barrel ion channels with internal

‘‘cascade blue’’ cofactors – catalysis

of amide, carbonate, and ester

hydrolysis. Eur. J. Org. Chem. 22,
3874–3883.

56 Husaru, L., Schulze, R., Setiner, G.,

Wolff, T., Habicher, W. D., Salzer, R.

(2005) Potential analytical applica-

tions of gated artificial ion channels.

Anal. Bioanal. Chem. 382, 1882–1888.
57 Fernandez-Lopez, S., Kim, H.-S.,

Choi, E. C., Delgado, M., Granja, J. R.,

Khasanov, A., Kraehenbuehl, K.,

Long, G., Weinberger, D. A.,

Wilcoxen, K. M., Ghadiri, M. R.

(2001) Antibacterial agents based on

the cyclic d,l-a-peptide architecture.

Nature 412, 452–455.
58 Leevy, W. M., Gokel, M. R., Hughes-

Strange, G. B., Schlesinger, P. H.,

Gokel, G. W. (2005) Structure and

medium effects on hydraphile

synthetic ion channel toxicity to the

bacterium E. coli. New J. Chem. 29,
205–209.

References 15




