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The rational design of synthetic ion channels has seen remarkable
progress during the last two decad@$ie construction of synthetic
ion channels that act selectively, however, remains a central
challenge in bioorganic chemistry. Recognition of bilayer mem-
branes by specific characteristics such as thickhessarge?
specific componentsand potenti&l is an aspect of ion-channel
selectivity with medicinal relevance. To elucidate the importance
of dipole-potential interactions in the recognition of highly polarized
membranes (e.g., bacterial plasma membranes) by electronically
asymmetric “rods” (e.g.o-helical peptides), we have recently
developed a strategy to turn the axial dipole of rigidctiphenyl
scaffolds “on” and “off” without major changes in global structére.
Although the expected increase in activity was observed with-push
pull ionophoresl and 2 in polarized bilayer membranes, their
selectivity and, in particular, their activity were quite modest (Figure
1). In a different line of research, we found thabctiphenyls
equipped with eight lateral peptide strands of the sequéhtéd -
NH, can self-assemble into hexameric rigid-rBéarrels3 with
high ion-channel activity.In this report, we unify the activity of
synthetic rigid-rogs-barrels and the selectivity of pusipull rods
in push-pull B-barrel 4,

Push-pull hexaGLKL-NH )-p-octiphenyl 4 was synthesized
from hexaGOBu)-p-sexiphenyl5 (Scheme 1¥2 Suzuki-coupling
with methyl ether6 and methyl sulfides gavep-octiphenyls8, 9
and10. The axial dipole in ro® was “turned on” by oxidation of
the sulfide x donor into the sulfoner acceptor in1l. After
deprotection, lateral peptide strands were introduced by the coupling el R

with tripeptide12,72and removal of the Boc groups jmoctiphenyl ci 1. Push-pull rodsl and 2, rigid-rod -barrel 3, and llel
. . . igure 1. Push-pull rodsl and 2, rigid-rod S-barrel 3, and paralle
13 provided the desired pustpull rod 4. The symmetric push antiparallel puskpull g-barrels 4™/4"", B-Sheets are given as arrows

push rod14 was prepared fronp-octiphenyl10 along the same pointing to the C terminus, amino acid residues (one-letter abbrevidion,
routes® = —OCH,CO-) pointing toward the barrel exterior are black on white,

Activity and selectivity of puskpull rod 4 were assessed with ~ internal residues white on black.
small unilamellar vesicles (SUVs) composed of fresh egg yolk
phosphatidylcholine (EYPC). In the employed assay, changes in
transmembrane pH gradient and potential were simultaneously
monitored by entrapped pH-sensitive fluorophore HPTS, and
pot.entlal-sen.smve dye safranln.O, respectlvgly (FlgureGQ'A.\)n Gy =0 exp(zgeEkT) (1)
inside negative Nernst potential was applied by addition of
potassium carrier valinomycin to vesicles with a transmembrane \whereG,q is the observed activitye the elementary charg,the
potassium concentration gradient and quantified by comparing the Boltzmann constant, arifithe absolute temperature, gave a gating
emission intensity of safranin O with calibration curves (see chargez; = 0.85/channel for pushpull rod 4. A gating charge,
Supporting Information). Application of a pH gradient by extra- = 1.2/channel reported for melitfi suggested that cell membrane
vesicular addition of base completed preparation of the system for recognition by pushpull rods may compare well with that by
the evaluation of pushpull rod 4. a-helix bundles which comprise invariable axial dipoles due to

Figure 2b shows the differential changes in HPTS emission after uniform orientation of the backbone amidkes.
addition of push-pull rod 4 to polarized spherical bilayers. The This substantial potential dependence was consistent with
molecular origin of these changes (i.e., HPTS efflux, ion selectivity, quantitative amplification of the axial dipole of pushpull rod 4
etc.) was not determined; absence of lysis was, however, demon-by self-assembly into parallel puspull 5-barrel4™ in the presence
strated by the unchanged membrane potential (see Supportingof polarized bilayer membranes (Figure 1). Self-assembly into
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Information). The activity of pushpull rod 4 in the presence of
increasingly polarized membranes exhibited an exponential increase
(Figure 2c,®). Application of eq 2
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Figure 2. Activity of p-octiphenyl 4 in polarized EYPC-SUVs. (a)

Schematic presentation of the assay (see text). (b) Representative differential

changes in fluorescence intensltpf HPTS @em = 510 nm,Aex = 450/
405 nm) within EYPC-SUVs (pH 6.4, inside: 10 mMK,PQ;, 100 mM
KCl, 90 uM HPTS; outside: /10 mM KyH,POs, 10 — n/10 mM
NanHnPOs, n mM KCI, 100 — n mM NaCl, n = 2.02 (100 mV), 0.425
(=140 mV), 0.195 {160 mV), 0.09 (180 mV)) as a function of time
during addition of safranin O (6 nM), NaOH (5 mM), valinomycin (0.6
uM), 4 (A; 1 uM) and excess melittin (Bj). Curves are obtained at (from
top to bottom)—180, —160, —140, and—100 mV. (c) Dependence of
activity (e.g., % emission change 100 sec after rod additior) @f uM,

®) and14 (1 uM, O) on membrane potential with exponential (solid) and
linear (dotted) curve fit. (d) Dependence of activity on the concentration of
4 at E = —180 mV. Experimental details: see Supporting Information.

antiparallel tetramerg™* without axial dipole, expected to be
favored in isotropic media, can thus be excluded in polarized
membranes. The near independence of the activity of ppskh

rod 14 on membrane polarization confirmed that the dipole moments
of peptide backbone amides are canceled out in rigigsrbdrrels

as expected fof-sheet conformation (Figure 20).

Formation of a tetrameric supramolecdlé' was indicated at
—180 mV by the nonlinear dependence of activity on the
concentration of monomeric pusipull rod 4 (Figure 2d). The best
curve fit to eq 2a3a4a

Kobs = Ko + Kine [monomerl/K;, @)
whereKp is the dissociation constarksps the observed transport
rate, ko the rate without pore, ankl,; an intrinsic rate constant,
suggested thah = 3.9 + 1.6 monomers4 are required for
thermodynamically unfavorable self-assembly of an active gare
Since push-pull rod 2 exhibited linear concentration dependéiice

in agreement with a monomeric active structure, it was not possible
to compare the activity of tetramdf"" and monomeg quantita-
tively. The different concentrations needed to detect substantial
activity, i.e., 100 nMtetramer 4" (Figure 2d) versus 1M
monomer2, however, may illustrate an increase that extends clearly
beyond 2 orders of magnitude.

In summary, we show that pusipull S-barrels recognize
polarized bilayer membranes at nanomolar concentrations with a
gating charge ofy = 0.85 per channel. Together with fourth-order
dependence of activity on monomer concentration, these findings
identify parallel self-assembly in polarized membranes as a powerful
strategy to amplify the selectivity and activity of ion channels
formed by rigid pusk-pull rods. Comprehensive, ongoing studies
on structure and function of pusipull g-barrels in planar and
spherical bilayer membranes and in solution support the conclusions
made in this communication and will be reported in due course.
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