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CONS P EC TU S

C ontrolled translocation of molecules and ions across lipid
membranes is the basis of numerous biological functions.

Because synthetic systems can help researchers understand the
more complex biological ones, many chemists have developed
synthetic mimics of biological transporters. Both systems need
to deal with similar fundamental challenges. In addition to
providing mechanistic insights into transport mechanisms,
synthetic transporters are useful in a number of applications
including separation, sensing, drug delivery, and catalysis.

In this Account, we present several classes of membrane transporters constructed in our laboratory from a facially amphiphilic
building block, cholic acid. Our “molecular baskets” can selectively shuttle glucose across lipid membranes without transporting
smaller sodium ions. We have also built oligocholate foldamers that transiently fold into helices with internal hydrophilic binding
pockets to transport polar guests. Lastly, we describe amphiphilic macrocycles, which form transmembrane nanopores in lipid
bilayers through the strong associative interactions of encapsulated water molecules.

In addition to presenting the different transport properties of these oligocholate transporters, we illustrate how fundamental
studies of molecular behavior in solution facilitate the creation of new and useful membrane transporters, despite the large
difference between the two environments. We highlight the strong conformational effect of transporters. Because the
conformation of a molecule often alters its size and shape, and the distribution of functional groups, conformational control
can be used rationally to tune the property of a transporter. Finally, we emphasize that, whenever water is the solvent, its unique
properties;small size, strong solvation for ionic functionalities, and an extraordinary cohesive energy density (i.e., total
intermolecular interactions per unit volume);tend to become critical factors to be considered. Purposeful exploitation of these
solvent properties may be essential to the success of the supramolecular process involved;this is also the reason for the “learning
through water play” in the title of this Account.

Introduction
Most membrane transporters work as either a carrier or a

channel/pore.1 A carrier escorts its cargo to diffuse across

the membrane. A channel or pore is relatively stationary

and provides a transmembrane (TM) conduit for the per-

meant. A transporter can also operate in a relay.2 Although

the transporter may have significant movement in the last

mechanism, the movement mostly involves passing the

permeant from one transporter to another before releasing

it into the aqueous phase.

A lipidmembrane is essentially a supramolecular assem-

bly of lipid molecules driven together by the hydrophobic

interactions. In order for a water-soluble molecule or ion to

traverse a membrane, some sort of assistance must come

into play. This is because, unless themolecule is of sufficient

lipophilicity, its desolvation of water and entrance into a

hydrophobic environment are thermodynamically unfa-

vorable. Hence, to shield a hydrophilic permeant from lipid

hydrocarbon, the transporter needs to have certain degree

of amphipathicity, whatever the transport mechanismmay
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be. With one side interacting with the hydrophilic permeant

and the other sidewith the lipid tails, the transporter provides

a low-energy pathway for the permeant to navigate through

thehydrophobicbarrier. Theamphipathicityusually becomes

more important as the permeating species gets larger, as

the potential unfavorable hydrophilic�hydrophobic contact

with lipid hydrocarbon is directly proportional to the size of

the hydrophilic permeant.

One of the most well-known amphipathic molecules is

cholic acid, a metabolite of cholesterol in mammals. Its

rigidity, facial amphiphilicity, and ease of functionalization

make the molecule a favorite building block in supramole-

cular chemistry,3�8 including in the construction of ion

channels,9�13 molecule-14�16 and anion-transporters17,18

for membrane-related applications. In this Account, we

illustrate how different organizations of cholates in combi-

nation with rational conformational control can afford

membrane transporters with diverse properties. The dra-

matic correlation between the structure of the oligocholates

and their transport properties is the hallmark of this

approach. Seemingly unimportant spacers within otherwise

similar structures, minute changes in the way how oligocho-

late blocks are connected, and switching the locations of

functional groups in the molecules are shown to impact the

transport profoundly, sometimes changing the transport

mechanism altogether.

Cholate-Derived Molecular Baskets
Our interest in cholate-based materials began with the

realization that the two opposing faces of cholic acid enable

the molecule to interact with a nonpolar and a polar envi-

ronment simultaneously. Although such is always the case

for an amphiphile, the large steroidal backbone of cholic

acid greatly enhances the strength of the potential interac-

tions involved. The free energy of a solvophobically driven

binding relates directly to the area of solvent-incompatible

surface removed from solvent exposure upon binding. In

water, each square angstrom of hydrophobic association

contributes ca.�0.025 kcal 3mol�1 of binding free energy.19

The 100Å2 hydrophobic β-face of cholic acid,20 thus, has the

potential to provide �5 kcal/mol of free energy when

interacting with an appropriate hydrophobic environment.

As a result, a few cholates can afford sufficient driving force

for a material that relies on solvophobic interactions to

function.

Our first design involves preorganizing multiple cholates

on a scaffold such as calixarene or the 1,3,5-2,4,6-hexasub-

stituted benzene. The resulting molecular baskets, for

example, 1�3, were hypothesized to adopt either a mi-

celle-like or reverse-micelle-like conformation, as the corre-

sponding polar or nonpolar faces turn outward to be

compatible with the environment.21�23 The conformational

switching was supported by the solubility of 1 in both 20:80

water/methanol and 5:95 methanol/CCl4. In addition, the

aromatic protons ortho to the amido groups displayed dis-

tinctive splitting at both the high and low end of the polarity

scale but appeared as a singlet at intermediate polarity

(Figure 1). Since basket 2 had a larger solvophobic difference

between the R- and β-face than 1, its splitting was more

sensitive to solvent polarity, consistent with the stronger

solvophobic driving force involved. As expected from the

two conformers, 1 could bind (polar) phenyl β-D-glucopyr-

anoside in nonpolar solvents and (nonpolar) aromatic hy-

drocarbons in polar solvents.24

The reverse-micelle-like conformer of the cholate baskets

should bind polar solvents in its hydrophilic interior.22When

the bulk solvent was a 10:90 DMSO-d6/CCl4 mixture, these

baskets were found to contain 50�60%DMSO according to

the 1H NMR chemical shifts of the amide and hydroxyl

protons. The cooperativity of conformational change was

established by dendritic 3, which used all six cholate arms to

form a single polarmicroenvironment with an encapsulated

pool of DMSO.

These amphiphilic baskets seemedparticularly suitable for

“protecting” hydrophilic molecules in a nonpolar medium.

The sugar-binding of 1 made us wonder whether it could

carry glucose across lipid membranes. Since the calixarene

interfered with the UV-based glucose leakage assay, we

turned our attention to 4�6, two of which were reported

in our earlier paper.22 The transport of glucose across lipid

membranes was measured by the induced leakage of

glucose-filled large unilamellar liposomes (LUVs). The leak-

age assays revealed that the flexible basket (5) was themost

efficient transporter for glucose across POPC/POPG mem-

branes. The arrangement of the cholates was critical, as

neither methyl cholate nor linear trimer 7 displayed any

activity. When the initial leakage rates were plotted against

the concentrations of the transporters, two molecules of 5

were found to work cooperatively in the transport while a

single molecule was involved in the cases of 4 and 6,
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supporting a relay mechanism in 5 and carrier-based trans-

port in 4 and 6.25

There could be twomain reasons for the relaymechanism

in 5. First, the 4-aminobutyroyl spacers added three second-

ary amides to the basket. The poor solvation of these hydro-

philic groups by the lipid tails is expected to hinder the

diffusion of the basket in the membrane. As the carrier

mechanism is disfavored, a relay becomesmore competitive

because it requires far lessmovement of the transporterswithin

a lipidbilayer.Given thecomparableheightsof thebasketanda

single leaflet of a bilayer, a relay involving two baskets is very

reasonable. Second, in order for a relay to operate, the basket

has to release the entrapped glucose within a hydrophobic

membrane. With limited numbers of water molecules in the

membrane, the numerous hydroxyl and amide groups of 5

need to “self-solvate” through intramolecular hydrogen-bonds

after unloading the guest, possibly with and through some

encapsulated or associated water molecules. Without such

self-solvation, a huge number of polar groups would face lipid

hydrocarbon;a highly unfavorable alternative. Since the flex-

ible tethers in the basket allow the intramolecular cholate�
cholate interactions to occur with minimal strain in mixed

organic solvents,22 they should do the same in the membrane

and facilitate the binding/release of the glucose in the relay.

Notably, the inclusion of 30 mol % cholesterol in the

POPC/POPG membranes switched 4 to the relay mecha-

nism, but the larger, more rigid basket (6) remained as a

carrier. These results gave additional support for the relay.

As the membrane becomes thicker and more hydrophobic

upon cholesterol addition, basket 4 would have difficulty

diffusing in the membrane, which would disfavor the carrier

mechanism but favor the relay. Basket 6 is the most hydro-

phobic among the three and the least flexible. Asmentioned

earlier, strong hydrophobicity makes the molecule more

compatible with the hydrophobic membrane and rigidity

in the structure slows down the binding and release of

glucose; since both factors favor the carrier mechanism

and/or disfavor the relay, there is little reason for 6 to switch

away from the carrier mechanism.

It is interesting to note that very few synthetic sugar

carriers have been reported in the literature. Although syn-

thetic nanopores had been employed to permeate carbohy-

drates across lipid bilayers,26 organic boronic acids seemed to

be the only efficient carriers of sugar in lipidmembranes.27,28

In contrast, most natural glucose transporters (e.g., GluT

proteins) operate by the carrier mechanism.29�32 Carrier-

based transporters are considered necessary for the chemical

imbalance between the intra- and extracellular media, as a

pore (i.e., the alternative mechanism) large enough for

FIGURE 1. 1H NMR spectra of 1 in different solvents. Solvent peaks
(CD3OH and CD2HOD) are marked with * on the right. (Reprinted with
permission from ref 21. Copyright 2004 American Chemical Society.)
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glucose probably would have difficulty preventing the pas-

sage of smaller molecules and ions (e.g., Naþ).30 Amazingly,

the selectivity for glucose over sodium ions found in GluT

proteins was also observed in our molecular baskets. Under

conditions that caused complete leakage of glucose from

the LUVs, leakage of sodium ions was essentially absent.

Hence, although these baskets couldmove back and forth in

a bilayer or operate in a relay, encapsulation of the smaller

sodium ion was unfavorable. It is possible that the limited

number of water molecules in the basket simply could not

solvate both the polar groups of the cholates and the encap-

sulated sodium ion(s) simultaneously. Because glucose can

hydrogen-bond with the polar groups of the cholates, its

desolvation of water and entrance into the basket should

be much easier, as supported by the binding of phenyl

β-D-glucopyranoside by a similar basket in nonpolar solvents.24

Oligocholate Foldamers
The highly preorganized amphiphilic molecular baskets

probably do not undergo large-scale conformational changes.

Linear oligocholates (e.g., 9), prepared from monomer 8 by

standard amide chemistry, are quite different in this regard.33

Molecular modeling suggests that the linear oligomer could

fold into a helix with a nanometer-sized internal hydrophilic

cavity (Figure 2), which seems ideal for membrane transport.

Our solution studies revealed that the folding of the

oligocholate is driven by the preferential solvation of its

hydrophilic groups by the polar solvent molecules that

phase-separate into the central cavity (Figure 2). The

folded helix resembles the reverse-micelle-like conformer

of the molecular baskets, with a concentrated pool of

polar solvent inside the hydrophilic nanocavity formed

by the surrounding cholate groups. Due to the comparable

size of the solvent and the nanocavity, the preferential

solvation and the folding are strongly influenced not only

by polarity but also the size and shape of the solvent

molecules.34 The conformation of the oligocholate is

extremely sensitive to solvents, with a few percent change

in the solvent composition triggering complete unfolding of

the helix in some cases.35�38 As in the amphiphilic baskets,

flexible tethers in between the cholates reduce the strain in

the folded conformer and are helpful to the folding.39 The

folding/unfolding is highly cooperative, similar to the two-

state conformational change of many proteins.33

With a cholesterol-like backbone, the oligocholates are

great mimics of membrane proteins. The large tunability in

their structures seems particularly attractive for molecular

transport. A short folded helix potentially can act as a carrier,

with the internal, functionalizable cavity binding a suitable

guest to shuttle it across a membrane. A sufficiently long

folded helix, on the other hand, may span an entire bilayer

to form a TM nanopore. Even though we do not have mixed

organic solvents in themembranes,water and lipid tails should

in principle function as the polar and nonpolar “solvents” to

provide similar solvophobic driving force to the folding.

Armed with extensive knowledge of the solvophobic

folding in solution and numerous tools to strengthen the

folding (e.g., internal salt bridge40 and metal�ligand

complexation35�37), we had anticipated a smooth transition

when moving into lipid membranes. To our chagrin, the

environmental effect turned out far trickier to deal with.

Initially, we studied the folding of the oligocholates in surfac-

tant micelles because they were frequently employed as

membrane-mimetic environments formembrane-associated

peptides and proteins.41 Even there, surprises turned out

quickly. Flexible tethers such as 4-aminobutyroyl that greatly

FIGURE 2. Solvophobic folding of the oligocholate and the molecular models of a folded and unfolded hexamer.
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assisted the folding of linear oligocholates in mixed organic

solvents42 completely reversed its effect in micelles. The

folding of the oligocholates was found to be governed by a

completely differentmechanism inmicelles,mostly related to

the rigidity of the oligomer and how it can best meet its

solvation needs in a nanosized hydrophobic “cage”.41,43,44

The strong guanidinium�carboxylate internal salt bridge

also turned out as a disappointment in the new environments.

Although very helpful to the folding of 10�12 in solution, the

salt bridgewas ineffective and even detrimental once the oligo-

cholatemoves intoamicelleormembraneenvironment.40Two

possible culprits were identified. First, these charged functional

groups have a strong need for solvation by water. Instead of

forming an internal salt bridge and staying in the hydrophobic

coreofamicelleormembrane (tostabilize the foldedhelix), they

much prefer to stay at the surface of the micelle or membrane,

where an abundance of water is found. Second, the sulfate or

phosphate headgroups of the surfactants (e.g., SDS) or phos-

pholipids by sheer abundance competes effectively for the

guanidinium group in the oligocholate, making the internal salt

bridge even less competitive.

The failure in the above “water play” reminded us again that

supramolecular chemistry is a game of competition. In a supra-

molecular reaction, the environment is never an innocent by-

stander but an active participant, as similar noncovalent

interactionsare involvedbetweenallparties. In theoligocholates,

the environmental effect could completely overwhelm the “in-

herent foldability”of themolecule, evenmaking the best “folder”

in one environment the worst in another and vice versa.40

Despite the challenges in folding the oligocholates in

lipid membranes, we decided to study their transport of

water-soluble guests across lipidmembranes. The reasoning

was that the molecule did not have to fold permanently to

transport a guest. As long as a (transiently) folded oligocho-

late had a long enough lifetime to carry the guest beyond

the central dividing line of the bilayer, unfolding should

release the guest to the other side of the membrane.

The permeant in our initial study was carboxyfluores-

cein (CF), whose concentration-dependent self-quenching

allowed its efflux from LUVs to be monitored by fluores-

cence spectroscopy. The results were encouraging. Oligo-

cholate 12, although unable to fold (permanently) in

POPC/POPG membrane, was able to shuttle CF across

the membrane efficiently. Its highest activity among

10�12 may be understood from its extra arginine that

could bind the carboxylate group of CF. The correlation

between the foldability and the CF-transport was evid-

ent when the “salt-bridge isomers” (10 and 11) were

compared. Although the two compounds differed only in

the location of the salt bridge, 10 had approximately half

of the transport activity of 13 but 11 was completely

inactive. In mixed organic solvents, 11 could fold some-

what better than 10, probably because the folding of 10

had to constrain four instead of two cholates and thus bore a

higher entropic cost. The difference in foldability was main-

tained in micelles and apparently was large enough to devoid

11 of its ability to fold even transiently in the membrane.

In a following work, we studied the transport of CF by

several nonionic hexacholates (9, 13�15).45 Remarkably,

the seemingly trivial change from the 1,3- to 1,4-substitution

in the phenylene spacer in 13 and 14 had a pronounced

effect on the transporters over 3000Da inMW.An intriguing

trend was observed: poorer folders in solution turned out as

more efficient transporters in the membranes. The inverse

folding�transport correlation might seem counterintuitive.

Nevertheless, for large, cooperatively folded transporters

such as the oligocholates, significant changes in the
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solvation/desolvation of the amphiphilic backbone occur

in the binding and release of the guest. If unfolding of the

transporter and its guest-release happen to be rate-limiting

in the process, a poor folder understandably would be

beneficial, due to its “eagerness” to unload the guest as soon

as it migrates over to the opposite side of the membrane.
As mentioned earlier, 4-aminobutyroyl spacers in be-

tween the cholates made the flexible oligocholates fold

better than the parent, more rigid oligocholates in mixed

organic solvents42 and the opposite effect was observed in

micelles.43 In the lipidmembranes, the spacers had yet a still

different effect and enabled the rigid, facially amphiphilic,

awkwardly shaped cholates to pack tightly in a hydropho-

bic environment. The result was that, unlike the parent

oligocholates that tend to stay near themembrane surface46

or transiently fold in the hydrophobic core,40,45 the flexible

compounds (16�18) formed relatively tight aggregates in

the membrane, stabilized by intermolecular hydrogen

bonds. Glucose could “squeeze through” small “crevices”

within these aggregates to cross the membrane, with the

leakage rate displaying an unusual zero order dependence

on the oligocholate concentration. Larger guests such as CF

couldnotdo soand reliedon thenonaggregatedoligocholates

to shuttle them over by the carrier mechanism.47 Note that,

under the same conditions, “spacer-free” trimer 7 was com-

pletely inactive, highlighting the importance of the spacers to

the intermolecular aggregation of the oligocholates.48

Oligocholate-Based Macrocycles as
Nanopore-Forming Agents in Membranes
TM nanopores are extremely useful in the delivery

of hydrophilic molecules across cell membranes,49�54

sensing,55 and catalysis.56 Unable to make the linear oligo-

cholates to fold (permanently) in the membrane, we sought

another strategy to create aTMnanopore usingmacrocycles

such as 19. The folded linear oligocholates are helices

consisting of three monomer units per turn.33 Thus, 19 essen-

tially represents the cross-section of a folded helix. Its rigidity,

resulting from both the triangular geometry and the fused

steroid backbone, should prevent the inner cavity from

collapsing;an important prerequisite for a nanopore. We

hypothesized that the same driving force to make a linear

oligocholate to fold;that is, preferential solvation of the

polar groups by the entrapped polar solvent;would drive

the macrocycles to stack on top of one another (Figure 3).

Switching from a conformationally mobile chain to a

“prefolded” macrocycle was a strategic move in our water

play. As discussed earlier, the dominant form of a linear

oligocholate in the membrane is the unfolded conformer,

which presumably lies at the membrane/water interface

with the hydrophilic and hydrophobic faces toward water

and the lipids, respectively.40 At higher concentrations,

these oligocholates can form loose, unstable intermolecular

aggregates46 in the membrane through intermolecular hy-

drogen bonds. Hence, the preferential solvation (with water

as the polar solvent and lipid tails as the nonpolar “solvent”)

is insufficient to make the folded helix the most competitive

structure among all possible forms. Solvation of the polar

groups of the oligocholates is simply better met in the

unfolded and aggregated structures, depending on the

oligocholate concentration in the membrane.

For macrocycle 19, the situation is very different. As

the macrocycle enters a membrane, its highly polar interior,

with six hydroxyl and three amide groups, cannot be sol-

vated by the lipid tails but prefer to be filled with water

molecules. These interior water molecules are “activated” in

the membrane, as they are exposed to lipid hydrocarbon

through the openings of macrocycles. The unfavorable

hydrophilic�hydrophobic contact is lower when the macro-

cycle stays flat at the membrane/water interface than when

it inserts deep into the membrane, but is best avoided if

several macrocycles stack to form a TM nanopore (Figure 4).

The arrangement allows the water molecules inside the

macrocycles to solvate the polar groups of the cholates

and still exchange with the bulk water readily. The solvent

exchange is entropically favorable topore formation. Indeed, it

is known that, in some cases, the (entropic) cost for trapping a

single water molecule can be as high as 2 kcal/mol.57

To our delight, 19 was found to transport glucose effi-

ciently across lipid membranes, even much better than

molecular baskets 4�6. A Hill coefficient of n = 4.0 ( 0.3

for trimer 19 and 4.4 ( 0.5 for tetramer 20 suggests four

macrocycles worked cooperatively to transport glucose.

POPC bilayer is about 2.6 nm in the hydrophobic thick-

ness58,59 and a cholate about 0.6�0.7 nm on the side.

Thus, a TM pore consisting of four stacked macrocycles

seems to be the active transporter.60

Theoligocholatenanoporesdisplayedhighlyunusualbehav-

ior as a result of the solvophobically driven pore formation.



Vol. 46, No. 12 ’ 2013 ’ 2763–2772 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2769

Oligocholate Membrane Transporters Zhao et al.

Cholesterol is known to increase the hydrophobic thickness of

lipid bilayers and decrease their fluidity. Yet, the enhanced

hydrophobicity caused by cholesterol facilitated the pore for-

mation of 19�20 and increased the permeability of glucose

across the cholesterol-containingmembranes. Larger hydrophi-

lic molecules normally have difficulty moving across a hydro-

phobic barrier. The cyclic tetramer (20), however, was more

effective at permeating maltotriose than glucose, possibly due

to the template effect of the trisaccharide, which could thread

throughmultiplemacrocycles to induce thepore formation.60A

similar stacking mechanism was found to operate with “non-

covalently linked”macrocycle 21.61 Unlike the covalent trimer

(19), however,21 could “breathe”and thus allow thepassageof

molecules larger than that its inner diameter.

The pore formation was confirmed by fluorescence

spectroscopy. Macrocycle 22 displayed characteristic,

concentration-dependent pyrene excimer emission in lipid

membranes. (The triazole-linkage was introduced for syn-

thetic efficiency.)60 Most importantly, the excimer formation

correlated with the hydrophobicity of the membrane,

exactly as predicted by the proposed pore-forming mechan-

ism. When the excimer/monomer emission ratio was fitted

to the Hill equation, the Hill coefficient was ∼1.5 in DLPC

membranes,∼3 in POPC/POPG, and∼4 in cholesterol-contain-

ing POPC/POPG. These results showed that the number of the

macrocycles in the aggregates correlated with the membrane

thickness, in full agreement with the pore-forming mechanism

and the leakage data.

By labeling a cyclic (23) and a linear trimer (26) with a dansyl

fluorophore, we were able to gain additional insights into how

themorphology of the oligocholates impacts its aggregation in

lipid membranes.46 Environmentally sensitive emission, red-

edge excitation shift (REES), and fluorescence quenching by

water- and oil-soluble quenchers consistently supported the

better penetration of the cyclic trimer into the hydrophobic core

FIGURE 3. Schematic representation of the solvophobically driven folding of a linear oligocholate and the stacking of 19. (Reprintedwith permission
from ref 60. Copyright 2011 American Chemical Society.)

FIGURE 4. Stacking of oligocholate macrocycle 19 in a lipid bilayer
membrane to minimize unfavorable water�lipid contact.
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of themembrane than the linear trimer. The linear trimerprefers

to stay at the membrane/water interface; although it can

aggregate intermolecularly and move inside the lipid bilayer

at high concentrations, the aggregates tend to stay close to the

membrane surface and equilibrate rapidlywith the dissociated

species on the surface. Such behavior is fully consistent with

the inability of the linear trimer (7) to transport glucose. Similar

conclusions were drawn in a solid-state NMR study.62

With the pore-forming mechanism firmly established, we

became interested in using additional noncovalent interac-

tions to tune the stacking. The idea was that, once we learned

to control the stacking,wewouldbeable toopenand close the

pore on demand. Macrocycles 24 and 25 were labeled with

an aromatic donor (pyrene) and an acceptor (naphthalene

diimide or NDI), respectively.63 In the literature, the aromatic

donor�acceptor interactionsbetween1,5-dialkoxynaphthalene

andNDIwere found to be 1�2 orders ofmagnitude stronger

than the acceptor�acceptor interactions in polar solvents.64

Our leakage data showed that the acceptor�acceptor inter-

actions were far more effective at promoting the stacking

of the oligocholate macrocycles in lipid membranes. The

results underscore the importance of the environmental

effect once again, and were attributed to the poor solvation

of NDI groups by the lipid hydrocarbon.

Another surprise was found in the study of 27 and 28.65

The guanidinium�carboxylate salt bridge did not help the

stacking, a result not surprising given the strong preference of

charged groups for membrane surface and the competition

from the phospholipid headgroups.Whatwas unexpected, at

least to us, was that the hydrogen-bonded carboxylic acid

dimer turned out very helpful to the pore-formation. Compe-

tition, or the lack thereof, again seemed to be the reason for

the oddity. Once a carboxylic acid enters a hydrophobic

membrane, it has essentially no other way to lower its

polarity except through dimerization. Strong dimerization,

indeed, has been proposed to be the responsible for the fast

flip�flop of fatty acids in common phospholipid bilayers.66

Concluding Remarks
What have we learned through these cholate-derived trans-

porters? First, to translocate a relatively large hydrophilic

guest across a lipid bilayer, the transporter has to create a

hydrophilic microenvironment within the lipid assemblies.

The microenvironment, commonly a binding pocket or a

nanopore, is needed simply to shield the permeant from

lipid hydrocarbonwhile opening a low-energy path through

the hydrophobic barrier. Second, in addition to having the

right size to accommodate the permeant, the hydrophilic

microenvironment, whether formed within the covalent

framework of the transporter or through the latter's supra-

molecular assembly, needs to have a fine balance of structur-

al rigidity and flexibility. Rigid construction prevents the

binding pocket or pore from collapsing under the lateral

pressure imposed by the lipid molecules (which by hydro-

phobic interactions prefer to stay close together without

internal hydrophilic pockets/channels). Flexibility is useful

for modulating the transport mechanism, including the

kinetics and selectivity. The 4-aminobutyroyl spacers in 5,25

the 1,3- versus 1,4-phenylene connector in 13 and 14,45 and

the covalent versus noncovalent linkages in 19 and 2160,61

are good examples for this fine-tuning. Third, the most

challenging and interesting part of a supramolecular game,

includingmembrane transport, is probably to “teach” a trans-

porter to bind, release, assemble, or do whatever molecular

tasks desired. There is obviously no general solution to this

problem but an important lesson was learned in the nano-

pore formation of the cholate macrocycles.60 Water mole-

cules are pulled into the membrane by the amphiphilic

macrocycles but these water molecules are “unhappy” due

to their exposure to lipid hydrocarbon. Stacking of themacro-

cycles is then “designed” to become the natural way for the

entrapped water molecules to ease their “unhappiness”.

Essentially, in order to guide any molecules along a desired

path, one has to create reasons for them to do so. These

reasons are typically thermodynamic in supramolecular

chemistry and encodedwithin the structure of the transporter

and its interactions with the environments. Lastly, water

should not be overlooked: although small in size, it can be

the biggest player in a game of supramolecular water play.

The membrane transport research was supported by NSF (DMR-
1005515). Some fundamental conformational study of the oli-
gocholates was supported byDOE (DE-SC0002142). This account
is dedicated to Prof. Steven C. Zimmerman. Y.Z. acknowledges all
previous students whose names appear in the papers cited.

BIOGRAPHICAL INFORMATION

Yan Zhao received his B.S. in chemistry from Lanzhou Univer-
sity in 1992 and Ph.D. from Northwestern University under the
supervision of Joseph B. Lambert in 1996. After a postdoctoral stay at



Vol. 46, No. 12 ’ 2013 ’ 2763–2772 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2771

Oligocholate Membrane Transporters Zhao et al.

theUniversity of Illinoiswith StevenC. Zimmerman, heworked for the
Procter & Gamble Company from 1998 to 2002 and is currently a
professor of chemistry at Iowa State University.

Hongkwan Cho obtained his B.S. and M.S. from Seoul National
University and Ph.D. from Iowa State University and is currently
employed at LG Hausys.

Lakmini Widanapathirana obtained her B.S. from University of
Peradeniyaand is currently agraduate studentat IowaStateUniversity.

Shiyong Zhang earned his B.S., M.S., and Ph.D. from Sichuan
University and was a postdoc in the Zhao group from 2009 to
2012. He is currently a professor at the National Engineering
Research Center for Biomaterials in Sichuan University.

FOOTNOTES

*To whom correspondence should be addressed. Phone: 515-294-5845. Fax: 515-294-0105.
E-mail: zhaoy@iastate.edu.
The authors declare no competing financial interest.

REFERENCES
1 Stein,W. D. Carriers and Pumps: An Introduction to Membrane Transport; Academic Press:

San Diego, CA, 1990.

2 McNally, B. A.; O'Neil, E. J.; Nguyen, A.; Smith, B. D. Membrane Transporters for Anions
That Use a Relay Mechanism. J. Am. Chem. Soc. 2008, 130, 17274.

3 Davis, A. P.; Walsh, J. J. Steroid-Based Receptors with Tunable Cavities; Stepwise
and Direct Syntheses of a C-3-Symmetrical Prototype. Chem. Commun. 1996,
449–451.

4 Brady, P. A.; Bonar-Law, R. P.; Rowan, S. J.; Suckling, C. J.; Sanders, J. K. M. “Living”
Macrolactonisation: Thermodynamically-Controlled Cyclisation and Interconversion of
Oligocholates. Chem. Commun. 1996, 319–320.

5 Virtanen, E.; Kolehmainen, E. Use of Bile Acids in Pharmacological and Supramolecular
Applications. Eur. J. Org. Chem. 2004, 2004, 3385–3399.

6 Ghosh, S.; Choudhury, A. R.; Row, T. N. G.; Maitra, U. Selective and Unusual Fluoride Ion
Complexation by a Steroidal Receptor Using OH 3 3 3 F

� and CH 3 3 3 F
� Interactions: A New

Motif for Anion Coordination? Org. Lett. 2005, 7, 1441–1444.
7 Brotherhood, P. R.; Davis, A. P. Steroid-Based Anion Receptors and Transporters. Chem.

Soc. Rev. 2010, 39, 3633–3647.
8 Zhang, J.W.; Luo, J. T.; Zhu, X. X.; Junk,M. J. N.; Hinderberger, D.Molecular Pockets Derived

from Cholic Acid as Chemosensors for Metal Ions. Langmuir 2010, 26, 2958–2962.
9 Goto, C.; Yamamura, M.; Satake, A.; Kobuke, Y. Artificial Ion Channels Showing Rectified

Current Behavior. J. Am. Chem. Soc. 2001, 123, 12152–12159.
10 Bandyopadhyay, P.; Janout, V.; Zhang, L. H.; Sawko, J. A.; Regen, S. L. An Ion Conductor

Derived from Spermine and Cholic Acid. J. Am. Chem. Soc. 2000, 122, 12888–12889.
11 Maulucci, N.; De Riccardis, F.; Botta, C. B.; Casapullo, A.; Cressina, E.; Fregonese, M.;

Tecilla, P.; Izzo, I. Calix[4]Arene-Cholic Acid Conjugates: A New Class of Efficient Synthetic
Ionophores. Chem. Commun. 2005, 1354–1356.

12 Wilson, C. P.; Webb, S. J. Palladium(II)-Gated Ion Channels. Chem. Commun. 2008,
4007–4009.

13 Ma, L.; Melegari, M.; Colombini, M.; Davis, J. T. Large and Stable Transmembrane Pores
from Guanosine-Bile Acid Conjugates. J. Am. Chem. Soc. 2008, 130, 2938–2939.

14 Janout, V.; Di Giorgio, C.; Regen, S. L. Molecular Umbrella-Assisted Transport of a
Hydrophilic Peptide across a Phospholipid Membrane. J. Am. Chem. Soc. 2000, 122,
2671–2672.

15 Janout, V.; Jing, B. W.; Staina, I. V.; Regen, S. L. Selective Transport of ATP across
a Phospholipid Bilayer by a Molecular Umbrella. J. Am. Chem. Soc. 2003, 125,
4436–4437.

16 Janout, V.; Regen, S. L. A Needle-and-Thread Approach to Bilayer Transport: Permeation of
a Molecular Umbrella-Oligonucleotide Conjugate across a Phospholipid Membrane. J. Am.
Chem. Soc. 2005, 127, 22–23.

17 Koulov, A. V.; Lambert, T. N.; Shukla, R.; Jain, M.; Boon, J. M.; Smith, B. D.; Li, H. Y.;
Sheppard, D. N.; Joos, J. B.; Clare, J. P.; Davis, A. P. Chloride Transport across Vesicle and
Cell Membranes by Steroid-Based Receptors. Angew. Chem., Int. Ed. 2003, 42, 4931–
4933.

18 Whitmarsh, S. D.; Redmond, A. P.; Sgarlata, V.; Davis, A. P. Cationic Cyclocholamides;
Toroidal Facial Amphiphiles with Potential for Anion Transport. Chem. Commun. 2008,
3669–3671.

19 Chothia, C.; Janin, J. Principles of Protein-Protein Recognition. Nature 1975, 256, 705–
708.

20 Danielsson, H.; Sj€ovall, J. Sterols and Bile Acids; Elsevier: Amsterdam, 1985.
21 Ryu, E.-H.; Zhao, Y. Environmentally Responsive Molecular Baskets: Unimolecular Mimics

of Both Micelles and Reversed Micelles. Org. Lett. 2004, 6, 3187–3189.
22 Ryu, E.-H.; Yan, J.; Zhong, Z.; Zhao, Y. Solvent-Induced Amphiphilic Molecular Baskets:

Unimolecular Reversed Micelles with Different Size, Shape, and Flexibility. J. Org. Chem.
2006, 71, 7205–7213.

23 Ryu, E.-H.; Zhao, Y. An Amphiphilic Molecular Basket Sensitive to Both Solvent Changes
and UV Irradiation. J. Org. Chem. 2006, 71, 9491–9494.

24 Zhao, Y.; Ryu, E.-H. Solvent-Tunable Binding of Hydrophilic and Hydrophobic Guests by
Amphiphilic Molecular Baskets. J. Org. Chem. 2005, 70, 7585–7591.

25 Cho, H.; Zhao, Y. Cholate-Derived Amphiphilic Molecular Baskets as Glucose Transporters
across Lipid Membranes. Chem. Commun. 2011, 47, 8970–8972.

26 Granja, J. R.; Ghadiri, M. R. Channel-Mediated Transport of Glucose across Lipid Bilayers.
J. Am. Chem. Soc. 1994, 116, 10785–10786.

27 Westmark, P. R.; Smith, B. D. Boronic Acids Selectively Facilitate Glucose-Transport
through a Lipid Bilayer. J. Am. Chem. Soc. 1994, 116, 9343–9344.

28 Westmark, P. R.; Gardiner, S. J.; Smith, B. D. Selective Monosaccharide Transport through
Lipid Bilayers Using Boronic Acid Carriers. J. Am. Chem. Soc. 1996, 118, 11093–11100.

29 Silverman, M. Structure and Function of Hexose Transporters. Annu. Rev. Biochem. 1991,
60, 757–794.

30 Lienhard, G. E.; Slot, J. W.; James, D. E.; Mueckler, M. M. How Cells Absorb Glucose? Sci.
Am. 1992, 266, 86–91.

31 Mueckler, M. Facilitative Glucose Transporters. Eur. J. Biochem. 1994, 219, 713–725.
32 Manolescu, A. R.; Witkowska, K.; Kinnaird, A.; Cessford, T.; Cheeseman, C. Facilitated

Hexose Transporters: New Perspectives on Form and Function. Physiology 2007, 22, 234–
240.

33 Zhao, Y.; Zhong, Z. Oligomeric Cholates: Amphiphilic Foldamers with Nanometer-Sized
Hydrophilic Cavities. J. Am. Chem. Soc. 2005, 127, 17894–17901.

34 Zhao, Y.; Zhong, Z.; Ryu, E.-H. Preferential Solvation within Hydrophilic Nanocavities and Its
Effect on the Folding of Cholate Foldamers. J. Am. Chem. Soc. 2007, 129, 218–225.

35 Zhao, Y.; Zhong, Z. Tuning the Sensitivity of a Foldamer-Based Mercury Sensor by Its
Folding Energy. J. Am. Chem. Soc. 2006, 128, 9988–9989.

36 Zhao, Y.; Zhong, Z. Detection of Hg2þ in Aqueous Solutions with a Foldamer-Based
Fluorescent Sensor Modulated by Surfactant Micelles. Org. Lett. 2006, 8, 4715–4717.

37 Zhong, Z.; Zhao, Y. Cholate-Glutamic Acid Hybrid Foldamer and Its Fluorescent Detection of
Zn2þ. Org. Lett. 2007, 9, 2891–2894.

38 Cho, H.; Zhong, Z.; Zhao, Y. A DMAP-Functionalized Oligocholate Foldamer for Solvent-
Responsive Catalysis. Tetrahedron 2009, 65, 7311–7316.

39 Pan, X.; Zhao, Y. Efficient Construction of Oligocholate Foldamers via “Click” Chemistry and
Their Tolerance of Structural Heterogeneity. Org. Lett. 2009, 11, 69–72.

40 Cho, H.; Zhao, Y. Environmental Effects Dominate the Folding of Oligocholates in
Solution, Surfactant Micelles, and Lipid Membranes. J. Am. Chem. Soc. 2010, 132,
9890–9899.

41 Zhong, Z.; Zhao, Y. Controlling the Conformation of Oligocholate Foldamers by Surfactant
Micelles. J. Org. Chem. 2008, 73, 5498–5505.

42 Zhao, Y. Conformation of Oligocholate Foldamers with 4-Aminobutyroyl Spacers. J. Org.
Chem. 2009, 74, 834–843.

43 Zhao, Y. Spacer-Dependent Folding and Aggregation of Oligocholates in SDS Micelles.
J. Org. Chem. 2009, 74, 7470–7480.

44 Zhang, S.; Zhao, Y. Effects of Micelle Properties on the Conformation of Oligocholates and
Importance of Rigidity of Foldamers. J. Org. Chem. 2011, 77, 556–562.

45 Zhang, S.; Zhao, Y. Oligocholate Foldamers as Carriers for Hydrophilic Molecules across
Lipid Bilayers. Chem.;Eur. J. 2011, 17, 12444–12451.

46 Widanapathirana, L.; Zhao, Y. Effects of Amphiphile Topology on the Aggregation of
Oligocholates in Lipid Membranes: Macrocyclic Versus Linear Amphiphiles. Langmuir
2012, 28, 8165–8173.

47 Zhang, S. Y.; Zhao, Y. Flexible Oligocholate Foldamers as Membrane Transporters
and Their Guest-Dependent Transport Mechanism. Org. Biomol. Chem. 2012, 10,
260–266.

48 Wu, J.; Pan, X.; Zhao, Y. Time-Dependent Shrinkage of Polymeric Micelles of Amphiphilic
Block Copolymers Containing Semirigid Oligocholate Hydrophobes. J. Colloid Interface Sci.
2011, 353, 420–425.

49 Sisson, A. L.; Shah, M. R.; Bhosale, S.; Matile, S. Synthetic Ion Channels and Pores
(2004�2005). Chem. Soc. Rev. 2006, 35, 1269–1286.

50 Gokel, G. W.; Carasel, I. A. Biologically Active, Synthetic Ion Transporters. Chem. Soc. Rev.
2007, 36, 378–389.

51 Fyles, T. M. Synthetic Ion Channels in Bilayer Membranes. Chem. Soc. Rev. 2007, 36,
335–347.



2772 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2763–2772 ’ 2013 ’ Vol. 46, No. 12

Oligocholate Membrane Transporters Zhao et al.

52 McNally, B. A.; Leevy, W. M.; Smith, B. D. Recent Advances in Synthetic Membrane
Transporters. Supramol. Chem. 2007, 19, 29–37.

53 Li, X.; Wu, Y. D.; Yang, D. Alpha-Aminoxy Acids: New Possibilities from Foldamers to Anion
Receptors and Channels. Acc. Chem. Res. 2008, 41, 1428–1438.

54 Davis, J. T.; Okunola, O.; Quesada, R. Recent Advances in the Transmembrane Transport of
Anions. Chem. Soc. Rev. 2010, 39, 3843–3862.

55 Litvinchuk, S.; Sorde, N.; Matile, S. Sugar Sensing with Synthetic Multifunctional Pores.
J. Am. Chem. Soc. 2005, 127, 9316–9317.

56 Sakai, N.; Sorde, N.; Matile, S. Synthetic Catalytic Pores. J. Am. Chem. Soc. 2003, 125,
7776–7777.

57 Dunitz, J. D. The EntropicCost of BoundWater in Crystals and Biomolecules. Science 1994,
264, 670.

58 Lewis, B. A.; Engelman, D. M. Bacteriorhodopsin Remains Dispersed in Fluid Phospholipid-
Bilayers over a Wide-Range of Bilayer Thicknesses. J. Mol. Biol. 1983, 166,
203–210.

59 Nezil, F. A.; Bloom, M. Combined Influence of Cholesterol and Synthetic Amphiphillic
Peptides Upon Bilayer Thickness inModel Membranes. Biophys. J. 1992, 61, 1176–1183.

60 Cho, H.; Widanapathirana, L.; Zhao, Y. Water-Templated Transmembrane Nanopores from
Shape-Persistent Oligocholate Macrocycles. J. Am. Chem. Soc. 2011, 133, 141–147.

61 Cho, H.; Zhao, Y. Translocation of Hydrophilic Molecules across Lipid Bilayers by Salt-
Bridged Oligocholates. Langmuir 2011, 27, 4936–4944.

62 Wang, T.; Widanapathirana, L.; Zhao, Y.; Hong, M. Aggregation and Dynamics of
Oligocholate Transporters in Phospholipid Bilayers Revealed by Solid-State NMR Spec-
troscopy. Langmuir 2012, 28, 17071–17078.

63 Widanapathirana, L.; Zhao, Y. Aromatically Functionalized Cyclic Tricholate Macrocycles:
Aggregation, Transmembrane Pore Formation, Flexibility, and Cooperativity. J. Org. Chem.
2012, 77, 4679–4687.

64 Cubberley,M. S.; Iverson, B. L. 1H NMR Investigation of Solvent Effects in Aromatic Stacking
Interactions. J. Am. Chem. Soc. 2001, 123, 7560–7563.

65 Widanapathirana, L.; Li, X.; Zhao, Y. Hydrogen Bond-Assisted Macrocyclic Oligocholate
Transporters in Lipid Membranes. Org. Biomol. Chem. 2012, 10, 5077–5083.

66 Kamp, F.; Hamilton, J. A. pH Gradients across Phospholipid-Membranes Caused by Fast
Flip-Flop of Unionized Fatty-Acids. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 11367–
11370.


