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ABSTRACT: A new series of hydrogen-bonded helical
aromatic hydrazide oligomers and polymer that bear
phenylalanine tripeptide chains have been designed and
synthesized. It was revealed that the helical structures
could insert into lipid bilayers to form unimolecular
channels. The longest oligomeric and polymeric helical
channels exhibited an NH,*/K* selectivity that was higher
than that of natural gramicidin A, whereas the transport of
a short helical channel for T1" could achieve an efficiency
as high as that of gramicidin A.

N atural jon channels are proteins that form porous
structures in lipid bilayers to mediate the transport of
ions." One of the best-characterized channels is gramicidin A
(gA), a linear pentadecapeptide that consists of p- and L-amino
acids. The two different kinds of amino acids are arranged
alternately in the backbone, resulting in a well-defined porous -
helix for selective transmembrane transport of cations.” Because
of its structural simplicity, gA has been considered as the most
important natural prototype for the design of artificial systems.’
In the last three decades, considerable effort has been devoted to
the construction of artificial ion channels on the basis of the
supramolecular strategy.*~” Several single-molecular mimicking
systems have also been reported.*”'* In spite of the important
advances, the design of artificial structures with selectivity and
efficiency comparable to those of natural channels has been a
challenge. One of the most important factors that control the
selectivity and efficiency of transport is the stability of the
required conformation of the molecular and supramolecular
systems." Given the conformational preorganization of hydro-
gen-bonded aromatic amide- and hydrazide-based foldamers,"?
we have designed and prepared a series of hydrazide oligomers
and polymers. Herein we demonstrate that their folded and
helical conformation exhibited cation transport selectivity and
efficiency that are comparable to or higher than those of gA.
We had established that intramolecular hydrogen bonding
induces linear oligohydrazides to form helical conformations that
generate a well-defined cavity with a diameter of 1.0 nm.'* We
recently found that phenylalanine (Phe) tripeptide was able to
enhance the insertion of aromatic frameworks into lipid
bilayers.'> We thus prepared oligomers 1—4 and polymer $
(Figure 1). The molecular weight of polymer § was determined
to be 15810 by gel-permeation chromatography using the
standard curve method [Figures S43 and S44 in the Supporting
Information (SI)],'® which corresponded to a polymerization
degree of about 10. Molecular modeling of 2—5 showed that they
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Figure 1. Structures of oligomers 1—4 and polymer S.
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exhibited 0.9, 1, 2, and 3.5 helix turns, respectively. Although the
oligomers and polymer contain chiral side chains, circular
dichroism experiments indicated that they did not induce the
aromatic hydrazide backbone to produce helicity bias (see
section S7 in the SI).

The possibility of incorporating 1—S$ into lipid bilayers, whose
concentration could be determined accurately, was first tested by
assessing their proton transport activity on vesicles.'”” A
suspension of vesicles (pH 7.2 inside the vesicle) composed of
egg yolk L-a-phosphatidylcholine (EYPC) entrapping the pH-
sensitive dye 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) (0.1
mM) was prepared and then added to a buffer (pH 6.0) to
produce a higher H* concentration outside the vesicles. The flux
of H" into the vesicles mediated by 1—5 was assessed by
monitoring the fluorescence intensity of HPTS. With the
addition of 0.2% 1—5 (molar ratio relative to lipid, represented
by x),'® the fluorescence intensity of HPTS increased
significantly and reached 37%, 40%, 48%, 58%, and 79%,
respectively, after 8 min (Figure 2a). These results demonstrated
that all of the compounds were able to insert into bilayers and
transport H*. Further fluorescence experiments in the presence
of valinomycin, a selective K" carrier, indicated that H"/Cl~
symport balanced the charges (see section $4). The H* transport
by 1-S§ at different x was also investigated (Figure S45). The
effective concentration needed for 50% activity (ECgy) was
calculated by fitting the plot of the relative fluorescence intensity
at t = 8 min versus x with the Hill equation.'” The results are
shown in Figure 2b. It was found that the ECy, value decreased in
the order 1 > 2 >3 > 4> §, indicating that the transport activity
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Figure 2. (a) Changes in fluorescence intensity of HPTS (4, = 460 nm,
Aem = 510 nm) in vesicles with time after addition of 1—5 and gA (x =
0.2%). (b) Effective concentration needed for 50% activity (ECs,) of 1—

S and gA.

increased with elongation of the backbone. Polymer § displayed
the highest activity with an ECy, as low as 0.003%, which is close
to that of gA (ECs, = 0.002%).

It has been established that transmembrane transport can be
achieved via carrier,*° relay,21 or channel mechanisms.*> To
investigate the transport mechanism of 1-5, patch clamp
experiments on a planar lipid bilayer were performed.”® For these
experiments, two compartments containing NH,Cl solution (1.0
M) were separated by a planar lipid bilayer composed of
diphytanoylphosphatidylcholine (diPhyPC). The solution of 1—
S in DMSO was added to the cis compartment, which was
grounded. A clamped voltage of +100 mV was applied across the
bilayer, and the conductance traces were recorded (Figure 3).
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Figure 3. Current traces (30 s) of (a) 2, (b) 3, (c) 4, and (d) § (0.5 uM)
in the planar lipid bilayer at +100 mV in a symmetrical NH,Cl solution
(1.0 M).

Upon addition of oligomers 2—4 (0.5 uM), the conductance
traces displayed very regular squarelike signals, strongly
supporting the formation of transmembrane NH," channels in
the lipid bilayer (Figure S, vide infra). Although the traces
showed multiple levels of currents, the current at each level was
identical. This result clearly indicated that they had only one
conductance state, which implied that only the folded or helical
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conformation existed in the bilayer. The lifetimes of the open
channels were in the range of 0.5—10 s, suggesting that the active
channel conformations were quite stable in the bilayer.** Under
the same conditions, the addition of 1 did not generate any
conductance signals. This observation suggested that this rodlike
compound could not form channels in the lipid bilayer and that
the above weak H' transport by it (Figure 2a) might occur via the
carrier mechanism. Polymer § (0.5 M) could also form channels
of long open duration (Figure 3d). However, different from 2—4,
this polymeric sample generated a trace of multiple currents,
which can be attributed to the different length of the polymeric
components.

Patch clamp experiments for 2—S$ at different voltages were
also performed (Figure 4). All of the samples displayed a linear
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Figure 4. [-V plots for 2—5 and gA (0.5 M) in the planar lipid bilayer
in a symmetrical NH,Cl solution (1.0 M).

current—voltage (I—V) relationship in the range of —100 to +100
mV. Their corresponding conductances (y) for NH," were
calculated to be 35.5 +0.5,37.2 + 0.4, 35.0 + 0.5, and 24.2 + 0.7
pS, respectively.”> It had been reported that gA has a high
transport activity toward NH4+.26 For comparison, the transport
of gA for NH," was also monitored under the present
measurement conditions, and y was determined to be 32 + 0.6
pS. The y values of 2—4 were even higher than that of gA,
demonstrating that the NH," transport efficiencies of these
helical structures were higher than that of gA. Similar patch
clamp experiments were also performed for the chloride salts of
Na*, K¥, Rb*, and Cs* (see the SI), which revealed that the four
helical samples could transport all of these cations. Their y values
for these ions were close to the corresponding values of gA for
the same ions.

The transport selectivities of 2—S5 for the above five cations
and chloride anion were measured by using unsymmetrical salt
solutions on the two sides of the bilayer. From the corresponding
I=V curves, we could determine their reversal potentials (¢,,,) for
the respective ions (Figures S45—S50) and the permeability (P)
ratios using the Goldman—Hodgkin—Katz equation (Figure
5).*7 All of the channels displayed transport selectivity for
alkaline cations over chloride anion and, for the alkaline cations,
the selectivity was in the order of Cs* > Rb* > K* > Na". This
sequence is consistent with the Eisenman I sequence caused by
dehydration of the cations.”*** "H NMR experiments in CDCl,
for esters 10, 13, 15, 17, and 18 (Scheme S1 in the SI) showed
that they did not bind the above cations (see section S8), which
also implies that the above selectivity sequence was caused by the
increased dehydration penalty of the cations. Similar to gA, 2—5
also displayed the highest NH,"/K" selectivities, which can be
rationalized by considering that in addition to electrostatic
interactions, NH," can form intermolecular hydrogen bonds
with the carbonyl oxygens located in the cavity of the helical
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Figure S. Permeability (P) ratios of ions through the channels formed by
2—S5 and gA, revealing the selectivity of the helical channels.

allow T1" to pass more quickly because the ion suffers decreased
electrostatic “dragging”. The k value of the shortest trimer 1 was
the lowest, indicating that it mediated the transport of TI" also in
the carrier mechanism.

Stopped-flow experiments for the transport of T1* have also
been demonstrated to be a reliable technique for the
determination of the molecularity of natural ion channels.*?”
We conducted similar experiments at different concentrations of
2—5 to establish their molecularity. To do this, the initial
transport rates (V) for the transport of TI* by the channels were
calculated from the slopes of the curves at t = 0 s. In the absence
of the helical species, the diffusion rate of T1" across bilayers was
much lower (by 52-fold), and thus, in the presence of the helical
channels, the diffusion-caused flux of TI" was negligible. For 2
and 3, the log V, values were found to have a linear relationship
with log [2] or log [3] (Figure 7a), and their slopes (n) were

backbones.*>*! The fact that the NH," /K" selectivity increased
considerably with the elongation of the helical backbone also
supports the mediation of this intermolecular hydrogen bonding
in promoting the transport of NH,".

To measure the kinetics of the transport process, stopped-flow
experiments were carried out for 1—5 and gA for comparison.*”
Because it is difficult to measure the transport kinetics of the
above ions, we chose to measure the rate of T1" flux into vesicles
by recording its quenching of the fluorescence of 8-amino-
naphthalene-1,3,6-trisulfonic acid disodium salt (Ants).>" TI* has
a radius very close to that of K*,>* and it has been used as an
analogue of K* to study the transport mechanism of colicin E1.3?®
Vesicles containing Ants (20 mM) were prepared and incubated
with 1-5 (2.5 uM). The flux of TI* was initiated by quickly
mixing the vesicle solution with the same volume of TINO,
solution (50 mM) in the stopped-flow spectrophotometer, and
the fluorescence intensity of Ants was monitored (Figure 6a).
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Figure 6. Normalized stopped-flow fluorescence intensity of Ants (4, =
370 nm, A, = 515 nm). Vesicles loaded with Ants (20 mM) were
incubated with DMSO, 1-5, or gA (2.5 uM). At t = 0 s, the vesicle
solutions were quickly mixed (dead time = 0.2 ms) with buffer
containing TINO; (50 mM).

Compared with the control, the presence of 1—5 and gA
promoted the quenching of the fluorescence of Ants by TI*. By
fitting the curves to the first-order kinetic equation, we
determined the rate constants (k) for the transport of TI* by
1-5 (Figure 6b). Although the values for the systems of 3—5
were relatively low, the value for 2 was quite close to that of gA. A
comparison of the values for 2—5 revealed that the transport rate
decreased with the length of the helical backbone. This result
implies that the passage of TI* through the cavity of the helical
backbone is rate-determining and thus that the short backbones

i

.-s.o/.-7',s 72 68 MM . ﬂ(ﬂﬂ

log([2 or 3]) ®

M‘O‘O‘\‘Q‘ «4

Figure 7. (a) Plots of log V; vs log [2] and log [3]. (b) Schematic
presentation of the transmembrane channel formed by the helical
structures.

determined to be 1.1 + 0.1 and 0.9 + 0.1, respectively. Further
UV dilution experiments of two helical ester analogues in
chloroform (Figure $54) showed that no exergonic self-assembly
took place from 50 to 10 #M.** Thus, the fact that both slopes
were close to unity should be evidence for a unimolecular
channel process.’*” Given the lipophilicity and flexibility of the
appended Phe tripeptide chains, we propose that the rigid
aromatic backbone of the inserted channel molecules was
oriented in the middle of the bilayers and the peptide chains were
forced by surrounding lipid molecules to stand up and down
(Figure 7b). The peptide chains on both sides were pushed by
the lipid molecules to shrink, but the molecule as a whole still
formed a channel across the bilayer to mediate the transport of
the ions. For 4 and §, the n values could not be determined
accurately because their lower V|, values did not allow a similar
linear relationship to be established. However, since they possess
even longer helical backbones, it is reasonable to propose that
they also transport the ions in a unimolecular state.

In conclusion, we have demonstrated that hydrogen-bonded
aromatic hydrazide foldamers can mediate the transmembrane
transport of cations by forming a helical tube across lipid bilayers.
The two longest oligomeric and polymeric foldamers exhibited
NH,*/K" selectivities higher than that of natural gramicidin A,
while the transport of a short pentameric foldamer for TI*
achieved an efficiency close to that of gramicidin A. The results
illustrate that artificial channels can reach high transport
selectivities and efficiencies by careful control of their
conformation. The establishment of the cation dehydration
mechanism also suggests that we may design new helical systems
in the future for transporting a cation in a more specific way by
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introducing ionic groups (e.g., carboxylate) to tune the
dehydration and to reach pH-controlled transport.
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