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a b s t r a c t

Replicating extraordinarily high membrane transport selectivity of protein channels in artificial channel

is a challenging task. In this work, we demonstrate that a strategic application of steric code-based social

self-sorting offers a novel means to enhance ion transport selectivities of artificial ion channels, alongside

with boosted ion transport activities. More specifically, two types of mutually compatible sterically bulky

groups (benzo-crown ether and tert–butyl group) were appended onto a monopeptide-based scaffold,

which can order the bulky groups onto the same side of a one-dimensionally aligned H-bonded structure.

Strong steric repulsions among the same type of bulky groups (either benzo-crown ethers or tert–butyl

groups), which are forced into proximity by H-bonds, favor the formation of hetero-oligomeric ensem-

bles that carry an alternative arrangement of sterically compatible benzo-crown ethers and tert–butyl

groups, rather than homo-oligomeric ensembles containing a single type of either benzo-crown ethers

or tert–butyl groups. Coupled with side chain tuning, this social self-sorting strategy delivers highly ac-

tive hetero-oligomeric K+-selective ion channel (5F12·BF12)n, displaying the highest K+/Na+ selectivity of

20.1 among artificial potassium channels and an excellent EC50 value of 0.50 μmol/L (0.62 mol% relative

to lipids) in terms of single channel concentration

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Evolutionarily selected protein channels are often characterized

by extraordinarily high selectivity in conducting molecular trans-

port across cellular membrane. One prominent example is a fam-

ily of water channel proteins called aquaporins, transporting water

molecules at rate of 109 molecules per second while rejecting both

ions and protons [1–3]. Other remarkable examples include potas-

sium channel KcsA [4], exhibiting stunningly high K+/Na+ selectiv-

ity of 104, and proton channel M2 [5], which is > 105-fold more

permeable to protons than to other monovalent cations.

Serving as a rich source for biomimetic chemistry, these natural

channel systems further set a high standard in membrane trans-

port performance extremely challenging for manmade channel sys-

tems to reach. In fact, despite tremendous developments over the

past four decades in artificial channel [6–15], to our best knowl-

edge, there is only one artificial channel system that truly imi-

✩ Dedication to Prof. Lixin Dai on the Occasion of His Centenary Birthday.
∗ Corresponding authors.

E-mail addresses: shenjie@fzu.edu.cn (J. Shen), hqzeng@fzu.edu.cn (H. Zeng).

tates its natural counterparts, i.e., aquaporins, in terms of high wa-

ter transport selectivity (high rejection of both salts and protons)

while surpassing them by 150% in water transport rate [16]. Re-

cently, significant advances also have been made in artificial pro-

ton channel [17,18], culminating in high selectivity factors of 167.6,

122.7 and 81.5 over Cl−, Na+ and K+ ions, respectively, and a pro-

ton transport rate 1.22 times that of gramicidin A [18]. Other than

these rare cases, efforts to replicate high selectivity seen in nature

have not been very successful in developing artificial channels to-

ward selective transport of K+ [19–25], Na+ [26–28], Cl− [29–36],

ClO4
− [37] and I− [38–40]. Particularly, while we are not aware of

any Na+-selective channel that can achieve Na+/K+ selectivity of

>10 obtained on the basis of single channel current traces, impres-

sive progresses in recent years have led to artificial K+-channels
that not only transport K+ ions at ultrafast rates (Table S1 in Sup-

porting information) but also exhibit K+/Na+ selectivity factors of

9.8 in 2017 [20], 14.0 [22] and 16.3 [23] in 2020, and 18.2 [24] and

up to 18.9 [25] in 2021. Nevertheless, compared to KcsA’s extraor-

dinarily high K+/Na+ selectivity, these very modest numbers of

https://doi.org/10.1016/j.cclet.2023.108355
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Fig. 1. (a) Self-assembled homo-oligomeric 1D structures (5F8)n might undergo a structural transformation to form heteromeric structures (5F8·BF8)n via a social self-sorting

process. (b) Computationally determined molecular heights of tert–butyl group in Boc, benzo-15-crown-5 in C5, and 18-crown-6 in C6. (c) Computationally obtained near-

perfect compatibility in geometry between benzo-15-crown-5 in 5F8 and tert–butyl group in BF8 in the hetero-ensemble (5F8·BF8)n, having perfectly superimposable crown

ether units. (d) Molecular design for combinatorial discovery of channel molecules that can pair with BF8 to produce heteromeric ensembles with enhanced ion transport

activity and selectivity.

<20 certainly point to a great room of improvement for artificial

channel systems.

In this article, we show that pairing crown ethers with mu-

tually compatible tert–butyl groups via a social self-sorting pro-

cess efficiently generates heteromeric channels that line up crown

ethers and tert–butyl groups alternatively on the same side, rather

than homomeric ones consisting of either crown ethers or tert–

butyl groups. This alternative arrangement greatly alleviates the

steric repulsions that otherwise exist among the vertically aligned

crown ethers or tert–butyl groups in their homomeric channels.

Significantly, the resultant heteromeric channels consistently ex-

hibit better ion transport activities and higher K+/Na+ selectivities

than the corresponding homomeric channels that contain only ver-

tically arrayed crown ethers. We further found that a small change

in lipophilic aliphatic side chain of the channel molecule drasti-

cally boosts its K+/Na+ selectivity. As such, we demonstrate that

high K+/Na+ selectivity of 16.0 can be attained through side chain

tuning, and this high selectivity can be further augmented quite

substantially via social self-sorting to 20.1, a value that is the 5F8

(Fig. 1a) was recently demonstrated to function as an excellent K+-
selective channel, with K+/Na+ selectivity of 9.8 determined us-

ing single channel conduction measurement [20] and an EC50 (K+)
value of 6.2 μmol/L determined at the liposome level. Presumably,

molecules of 5F8 with built-in H-bond functionalities self-assemble

via intermolecular H-bonds into one-dimensional structures (5F8)n,

aligning appended 15-crown-5 units into an ordered array to cre-

ate a transmembrane pathway for transporting K+ ions (Fig. 1a).

Formation of such H-bonded 1D structures can be supported by

the crystal structures of related molecules (e.g., Fmoc-Phe-C4 [41])

and many other structurally similar molecules that are able to form

fibers and gel oils with high ability [42–45].

Consistent with an inter-chain separation distance of 5.0 Å seen

in (Fmoc-Phe-C4)n [41], such distance in (5F8)n was computation-

ally determined to be 4.9 Å using the COMPASS force field [46].

This value, however, is significantly smaller than the molecular

height of 6.0 Å computationally determined at the B3LYP/6–31G∗

level for 15-crown-5 group from C5 (Fig. 1b), indicating a cer-

tain degree of conformational derivation in the crown ethers found

in (5F8)n from that in C5. Computationally, this expected confor-

mational deviation turns out to be quite significant (Fig. S1a vs.

Fig. S1b in Supporting information), and every 15-crown-5 unit in

(5F8)n was calculated to destabilize the H-bonded ensemble (5F8)n
by 3.03 kcal/mol with chloroform as the explicit solvent.

To minimize the extent of structural crowdedness involving

crown ethers in homo-ensemble (5F8)n, one likely effective way

is to introduce a steric code [47–49] to promote social self-sorting

[50–52] in a way that hetero-ensemble (5F8·BF8)n (Fig. 1a) high-

est among all hitherto reported artificial potassium channels and

transporters [19–25,53–56] with a larger inter-chain separation

distance of 9.8 Å can be formed to measurable or desirably dom-

inant extents with respect to (5F8)n and (BF8)n. We envisioned

that a steric code comprising a tert–butyl group in Boc and a

benzo-15-crown-5 unit in C5 (Fig. 1b) might help achieve de-

sired social self-soring among molecules of Boc-containing BF8

and C5-containing 5F8, leading to preferential formation of hetero-

ensemble (5F8·BF8)n (Figs. 1a and c). This is possible since the

tert–butyl group, having a molecular height of 6.2–6.8 Å (Fig. 1b

and Fig. S1d in Supporting information), must destabilize homo-

ensemble (BF8)n, and thus should favor an alternative alignment

with a benzene group of 3.4 Å in thickness (Figs. 1a-c). The lat-

ter arrangement generates hetero-ensemble (5F8·BF8)n with av-

erage molecular heights of 4.8–5.1 Å involving the tert–butyl and

benzene groups, which are compatible with the inter-chain dis-

tance of 4.9 Å. Further, upon forming (5F8·BF8)n, the separation

distance between the two adjacent crown ethers increases from

4.9 Å to 9.8 Å (Fig. 1c), thereby eliminating the molecular crowd-

edness among crown ether units and allowing them to adopt

the energetically favored conformation like that in C5. Indeed, in

sharp contrast to (5F8)n, the conformation of crown ether units in

(5F8·BF8)n is now found to be near-identical to that in C5 (Fig. S1a

vs. Fig. S1c in Supporting information). Similar analysis also holds

true for 6F8, containing an 18-crown-6 unit of 7.0 Å in molecular

height (Fig. 1b). Consequently, mixing 6F8 with BF8 also should

form hetero-ensemble (6F8·BF8)n to good extents. This concept can
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Fig. 2. (a) LUV-based HPTS assay for evaluating ion transport properties of ion channels. (b) Typical K+ transport curves observed for hetero- and homo-ensembles such as

those involving 5F10, BF10 and MF10 at 1.8 μmol/L. (c) Comparative K+ transport efficiencies (RK+ ) between hetero-ensembles ((nFm·BFm)n and (nFm·MFm)n) and homo-

ensembles ((nFm)n, (BFm)n and (MFm)n (n=5, 6, m=8, 10). (d, e) Comparative values of RK+ and EC50 between (nXm·BXm)n and (nXm)n where n=5, 6, m=8, 10, X= F, L,

V, I or A. HPTS=8-Hydroxypyrene-1,3,6-trisulfonic acid.

be additionally generalized to include non-octyl side chains of dif-

ferent lengths (e.g., (5Fm·BFm)n or (6Fm·BFm)n, where m=10, 12,

etc.). With this hypothetic social self-sorting-mediated formation

of (5Fm·BFm)n or (6Fm·BFm)n (m=8, 10, 12, etc.) using mutually

compatible bulky tert–butyl and benzo-crown ether (e.g., benzo-

15-crown-5 or benzo-18-crown-6) groups, we further hypothesized

that hetero-ensembles such as (5Fm·BFm)n with an enlarged sep-

aration distance among crown ethers might differ from home-

ensembles such as (5Fm)n in terms of ion transport activity and

selectivity.

In our early report [20], 5F8 and 5F10 were identified among

15 channel molecules to be the most selective and the most active

K+ transporters, respectively. In our initial screening, we therefore

used these two channel molecules to pair with BF8 and BF10 to ex-

amine the above hypothesis. MF8 and MF10, both having a methyl

rather than a bulky Boc group at R1 position, are used to compare

with BF8 and BF10.

Following the established protocols (Figs. 2a-c) [20,57], a pH-

sensitive HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) assay was

carried out to investigate the potassium transport activities of

eight hetero-ensembles ((5Fm·BFm)n, (6Fm·BFm)n, (5Fm·MFm)n
and (6Fm·MFm)n (m=8 and 10)) and eight homo-ensembles

((5Fm)n, (6Fm)n, (BFm)n and (MFm)n (m=8 and 10)). To evalu-

ate their potassium transport activities, large unilamellar vesicles

(LUVs), containing HPTS (100μmol/L) and Na2SO4 (100mmol/L) at

pH 7.0, was diluted into a buffer, containing 100mmol/L K2SO4 at

pH 8.0, to generate a pH gradient and ion gradients (Na+ and K+)
across LUVs. Upon addition of channel molecules, changes in fluo-

rescence intensity of HPTS were monitored over duration of 5min

after which time triton was added to lysate the liposomes. For

sodium transport study, the extravesicular K2SO4 was changed to

Na2SO4.

Among four channel molecules (5F8, 5F10, 6F8 and 6F10), 5F10

produces the most active hetero-ensemble (5F10·BF10)n, with a K+

transport efficiency (RK+ ) reaching 98.5% at a very low channel

concentration of 1.8 μmol/L, and the remaining three channels re-

quire relatively high concentrations of 5.0, 9.0 and 4.0 μmol/L to

generate similarly active hetero-ensembles with BFm (96.5%, 96.4%

and 99.0%, respectively, Figs. 2b and c, Fig. S2 in Supporting infor-

mation). These RK+ values are much higher than the sums of RK+

values from the two respective homo-ensembles (e.g., 31.7%, 29.5%,

52.0% and 57.1% for (5F8)n+(BF8)n, (5F10)n+(BF10)n, (6F8)n+(BF8)n
and (6F10)n+(BF10)n, respectively) at the same concentrations. The

highest enhancement by 2.3-fold was observed for 5F10 (98.5% for

(5F10·BF10)n vs. 29.5% for (5F10)n + (BF10)n). For comparison, for

ensembles involving MFm (m=8 and 10) that contains a methyl

group at R1 position, not only no significant differences were seen

between homo- and hetero-ensembles, but also all ensembles ex-

hibit low K+ transport activities of 25.8%–58.5% (Fig. 2c and Fig.

S2).

Having verified the above design hypothesis that a pair of mu-

tually compatible bulkier Boc and benzo-crown ether groups in-

deed leads to substantially enhanced potassium transport activi-

ties, we subsequently looked into and compared the EC50 values

and K+/Na+ selectivity in fractional activity (e.g., RK+ /RNa+ ) among

the homo- and hetero-ensembles ((nFm)n vs. (nFm·BFm)n, n=5

and 6, m=8 and 10). Our recent works have demonstrated reli-

ability of using RK+ /RNa+ to quickly gage the relative ion selec-

tivity across different classes of channel molecules [20,55]. How-

ever, caution needs to be taken that RK+ /RNa+ could only serve as

a good approximation of true ion selectivity intrinsic to any chan-

nel molecule, and the best method to determine the ion selectiv-

ity is via the use of single channel current measurement. From

data gathered in Figs. 2d and e, Figs. S3-S8 (Supporting informa-

tion), 5F10 combines with BF10 to afford the most active and selec-

tive hetero-ensemble (5F10·BF10)n. In other words, compared to an

EC50 value of 2.8 μmol/L and a RK+ /RNa+ value of 9.1 in fractional

activity for (5F10)n, the corresponding values increase by 57% and

56% to 1.2 μmol/L and 14.2, respectively, for (5F10·BF10)n. In gen-

eral, hetero-ensembles containing 15-crown-5 units were found to

be more selective than 18-crown-6-containing hetero-ensembles.

An inspection of four more channel molecules derived from

four other types of amino acids (5X10, X=A, V, L and I, Figs. 2d

and e) establishes (5F10·BF10)n, having an EC50 value of 1.2 μmol/L

and a RK+ /RNa+ value of 14.2, as the best hetero-ensemble in terms

of both activity and selectivity. Based on (5F10·BF10)n, the R3

group was further varied to include straight alkyl chains of C12H25,

C14H29 and C16H33, and our results show that (5F10·BF10)n exhibits

the highest potassium transport activity of 98.2% at 1.8 μmol/L and

that RK+ values are 59.5%, 11.3% and 0.8% for hetero-ensembles

3



H. Ma, R. Ye, L. Jin et al. Chinese Chemical Letters 34 (2023) 108355

Fig. 3. (a) Ion selectivity determined for (5F12·BF12)n at 2.6 μmol/L of 5F12. (b) Ion selectivity (RK+ /RNa+ ) determined for (5F12·BF12)n at total concentrations of 4.9 μmol/L

for 2:1 molar ratio, 5.2 μmol/L for 1:1 molar ratio and 5.4 μmol/L for 1:2 molar ratio. (c). Changes in fluorescence intensity of Safranin O (λex=522nm, λem=581nm;

60nmol/L) after addition of (5F12·BF12)n from 6 μmol/L to 7 μmol/L and Valinomycin (VA) from 0.03 μmol/L to 0.05 μmol/L. The 10mmol/L HEPES buffer at pH 7 inside

LUVs contains 100mmol/L K2SO4 while external HEPES buffer at pH 7 contains either 100mmol/L K2SO4 or 100mmol/L K2SO4. The starting background intensity F0 at

t=0 was set to be 1. (d) Single channel current traces, recorded in asymmetric baths (cis chamber=0.25mol/L K2SO4; trans chamber=0.25mol/L Na2SO4), for (5F12)n and

(5F12)n·(BF12)m. (e) Determination of K+/Na+ selectivity for (5F12)n·(BF12)m that may exist in various forms at diluted concentrations using linear ohmic current-voltage

(I-V) curve.

(5F12·BF12)n, (5F14·BF14)n and (5F16·BF16)n, respectively. Never-

theless, with a slightly larger EC50 value of 1.5 μmol/L (Fig. S9a

in Supporting information), (5F12·BF12)n turns out to possess the

highest RK+ /RNa+ value of 34.7 at 2.6 μmol/L (Figs. 3a). This high se-

lectivity is followed by (5F12)n, having the second highest RK+ /RNa+
value of 24.6 and an EC50 value of 2.4 μmol/L (Fig. S9b in Support-

ing information). In addition, deviations in 5F12:BF12 molar ra-

tio from 1:1 drastically reduce ion selectivities of (5F12)2n·(BF12)n
and (5F12)n·(BF12)2n by 47% and 79% to 18.5% and 7.4% (Fig. 3b

and Fig. S10 in Supporting information), respectively. Selective ion

transport could cause an asymmetrical accumulation of ions across

LUVs, resulting in membrane polarization that can be probed by

using voltage-sensitive Safranin O. For this experiment, LUVs, con-

taining 100mmol/L K2SO4, was diluted into a solution, containing

100mmol/L Na2SO4 and 60nmol/L Safranin O. After system equi-

librium for 50 s, (5F12·BF12)n or Valinomycin (VA, a highly selec-

tive K+ carrier) at various concentrations were added, and changes

in fluorescence intensity were monitored for 300 s with fluores-

cence intensity at t=0 s set to be 1 (Fig. 3c). Compared to control

experiments where both intra- and extravesicular salts are kept as

K2SO4 (denoted as “K2SO4 out” in Fig. 3c) as well as other chan-

nel/carrier concentrations (1.25–10 μmol/L for (5F12·BF12)n and

0.01–0.08 μmol/L for VA, Fig. S11 in Supporting information), chan-

nel (5F12·BF12)n at 6.5 μmol/L and carrier VA at 0.5 μmmol/L in-

duce the largest changes of 157% and 146% in fluorescence inten-

sity of Safranin O, respectively. These comparative data establish

high K+/Na+ selectivity in K+ transport mediated by (5F12·BF12)n.
Membrane integrity in the absence and presence of chan-

nels (5F12)n or (5F12·BF12)n was then evaluated using a self-

quenching dye made up of a mixture of 5-carboxyfluorescein and

6-carboxyfluorescein (CF). These two CF isomers have dimensions

of 9.2×11.4 Å and 10 Å×10 Å (Fig. S12 in Supporting informa-

tion), respectively. For this assay, CF dyes were trapped inside

LUVs at a high concentration of 50mmol/L such that they ex-

ist in mostly non-fluorescent dimer state. If channel molecules

form a pore larger than 1nm or result in membrane lysis,

the leaked CF dimer molecules will largely dissociate to form

more fluorescent monomers. As shown in Fig. S12, addition of

(5F12)n (EC50 =2.4 μmol/L) or (5F12·BF12)n (EC50 =1.5 μmol/L) at

15μmol/L into dye-containing LUVs does not produce any notice-

able changes in fluorescence intensity relative to the background

signals. These results are in sharp contrast to efflux of 59% and
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Fig. 4. (a) Structure of hetero-ensembles (5F12·BF12)n. (b) Comparative partial 1H NMR spectra of (5F12)n, (BF12)n and (5F12·BF12)n at 50mmol/L at room temperature.

(c-e) Concentration-dependent changes in chemical shift for protons a-d found in (5F12·BF12)n, (5F12)n and (BF12)n from 0.78mmol/L to 50mmol/L at room temperature.

(f-h) Illustrate molecular dynamics-simulated structures of (5F12·BF12)3, (5F12)6 and (BF12)6 in POPC membrane. Small balls in gray (H-atoms) and red (O-atoms) represent

atoms that are within H-bonding distance of <2.5 Å and side chains R2 and R3 as well as non-amide H-atoms have been removed for clarity of view. POPC=1-palmitoyl-2-

oleoyl-sn–glycero-3-phosphocholine.

99% dye molecules caused by Melittin at 0.25 and 1 μmol/L, re-

spectively, thereby confirming that the observed changes in fluo-

rescence intensity of HPTS or Safranin O in the presence of channel

molecules are a consequence of the selective transport of K+ ions,

rather than membrane lysis, by channel molecules.

Single channel conductance measurements were then carried

out on (5F12)n and (5F12·BF12)n, having the highest selectivities

among all channels studied herein. The observation of a series

of multiple single channel current traces, which were recorded at

different voltages in unsymmetrical baths (cis chamber=0.2mol/L

K2SO4 and trans chamber=0.2mol/L Na2SO4, Fig. 3d and Figs.

S13-S15 in Supporting information), unambiguously confirm single

channel mechanism underlying the selective K+ transport by both

(5F12)n and (5F12·BF12)n. Plotting current vs. voltage (I-V curve,

Fig. S13) gives rise to high K+/Na+ selectivity (PK+ /PNa+ ) of 16.0

for (5F12)n. Interestingly, for (5F12·BF12)n, four sets of I-V curves

(curves a-d, Fig. 3e and Fig. S14) could be identified from which

PK+ /PNa+ values were determined to be 9.9, 20.1, 11.6 and 14.7 re-

spectively. Coupled with the molar ratio-dependent changes in ion

selectivity presented in Fig. 3b and high K+/Na+ selectivity of 16.0

for (5F12)n, we believe a high PK+ /PNa+ value of 20.1 should re-

sult from (5F12·BF12)n, and value of 14.7 can be assigned to chan-

nels containing more 5F12 than BF12 (e.g., (5F12)n·(5F12·BF12)m
where n≥1), and both 11.6 and 9.9 likely might correspond to

(5F12·BF12)m·(BF12)n where n≥1.

Comparing changes in chemical shift of H-bond-forming pro-

tons is a well-established method for studying the association

among molecules that contain H-bond donors and acceptors [58–

61]. Here, an equal molar mixing of 5F12 and BF12 at 50mmol/L

produces not only well-defined 1H NMR signals, but also notice-

able downfield shifts of 0.11, 0.05, 0.04 and 0.10ppm for protons

Ha, Hb, Hc and Hd of hetero-ensemble (5F12·BF12)n relative to

those found in homo-ensembles (5F12)n and (BF12)m (Figs. 4a and

b). These signify the formation of (5F12·BF12)n from molecules

5F12 and BF12. Subsequent concentration-dependent 1H NMR in-

vestigations from 0.78mmol/L to 50mmol/L lead to signals that

can be fitted using a non-linear regression analysis method, sug-

gesting these four protons be involved in forming defined H-bonds

(Fig. 4c). But it needs to be pointed out that fitting using a sim-

ple dimerization equation to obtain association constants was not

attempted since other oligomeric species may co-exist in equilib-

rium. Signal fitting is further complicated by the fact that forma-

tion of (5F12·BF12)n requires self-assembled (5F12)n to break first,

a process that requires a very sophisticated treatment, which is

beyond the scope of the current work. Interestingly, while non-

linear regression analyses of protons Ha and Hb also support the

formation of H-bonded homo-ensemble (5F12)n (Fig. 4d), the same

analyses on protons Hc and Hd prove inability of BF12 to form

well-defined self-assembled (BF12)n (Fig. 4e). As such, we believe

monomer and other oligomers involving BF12 might co-exist in

a poorly defined fashion. This likelihood can be corroborated by

5
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its large size of 6.2–6.8 Å (Fig. 1b), which is much larger than the

inter-chain separation distance of 4.9 Å (Fig. 1a), and further by the

molecular dynamics simulation (Fig. 4h).

To obtain its possible structures in the membrane, a hybrid K+-
selective ion channel (5F12·BF12)n was computationally optimized

using the COMPASS force field [46]. The resultant structure shown

in Fig. 1c was then placed in a bilayer of 128 POPC molecules (1-

palmitoyl-2-oleoyl-sn–glycero-3-phospho choline) solvated on two

sides by 2×2397 water molecules (Fig. 4a) and subjected to MD

simulation. Given the hydrophobic thickness of ∼28 Å for POPC

bilayer [62] and an inter-chain separation distance of 4.9 Å for

(5F12·BF12)n, n value was set to be 3 for MD simulation. After

equilibration steps, the production run was carried out for 20ns.

Similar simulation steps were also performed on homo-ensembles

(5F12)6 and (BF12)6. Highly populated and representative struc-

tures seen in the last 5 ns trajectories for (5F12·BF12)3, (5F12)6 and

(BF12)6 were presented in Figs. 4f-h.

Structural analyses of these MD-simulated structures pleasantly

reveal features that validate our above premise in using mutu-

ally compatible bulky groups (benzene-modified crown ether and

tert–butyl group) to promote the formation of hetero-ensembles

(e.g., (5Fm·BFm)n or (6Fm·BFm)n, m=8, 10, 12, etc.) via a social

self-sorting process. That is, an alternative arrangement of three

molecules of 5F12, containing a bulky benzo-crown ether, with

three molecules of BF12, containing a bulky tert–butyl group, in-

deed leads to an H-bonded hetero-ensemble (5F12·BF12)3, possess-
ing nine intermolecular H-bonds with a loss of one H-bond (Fig.

4f). In contrast, the bulky crown ether units in (5F12)6 result in

a loss of four H-bonds that are immediately adjacent to crown

ethers, but appear to exert little influence on the remaining more

distant five H-bonds (Fig. 4g). For (BF12)6, the six bulky tert–butyl

groups break the hexamer into three isolated species, i.e., trimer,

dimer and monomer (Fig. 4h), which are consistent with the NMR

dilution experiment (Fig. 4e). Although some structural differences

for (5F12·BF12)3 in the gas phase and in the POPC membrane can

be noted (Fig. 1c vs. Fig. 4f), the three crown ethers are well sepa-

rated from each other with ample spaces around them to mediate

a faster and more selective transport of K+ ions (PK+ /PNa+ =20.1,

EC50 =1.5 μmol/L). On the other hand, a very crowded arrange-

ment of six crown ethers in (5F12)6 must greatly diminish the

channel’s ion transport activity and selectivity (PK+ /PNa+ =16.0,

EC50 =2.4 μmol/L).

The ability to control self-assembly of two or more com-

ponents is crucial in creating smart peptide biomaterials. With

solid and consistent evidence, we have demonstrated here the

steric code-mediated social self-sorting as an effective strategy for

enhancing both ion transport activities and selectivities of K+-
selective ion channels. In the first round of screening that focuses

on eight K+-selective channels containing C8H17 or C10H21 side

chains, this strategy achieves both substantial enhancements in

K+ transport activity by 68% to 230% for all channels and signifi-

cant increases in K+/Na+ selectivity, particularly for phenylalanine-

based channels. From this screening, hetero-ensemble (5F10·BF10)n
emerge as the best channels in terms of both ion transport ac-

tivity and selectivity. On this basis, the subsequent screening

using the same strategy, which is in further combination with

the side chain tuning, culminated in the discovery of highly

sought-after hetero-oligomeric K+ channel (5F12·BF12)n. While the

HPTS-based assay gives rise to an excellent K+ transport activity

(EC50 =1.5 μmol/L=1.8 mol% relative to lipids, or 0.5 μmol/L, 0.62

mol% in terms of single channel concentration) for (5F12·BF12)n
with n likely equal to 3 in the lipid membrane, single chan-

nel current measurements yield the highest K+/Na+ selectivity

(PK+ /PNa+ =20.1) among all hitherto reported K+-selective chan-

nels.
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