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We have prepared a crown ether triad containing acylhydrazone
units. In solution, the triad can self-assemble linearly to form an
organogel. UV light-induced E/Z isomerization of the C—=N bond of
the acylhydrazone unit endows the assembly with photo-sensitivity.
The triad was able to insert into the lipid bilayer to form a supra-
molecular transmembrane channel which showed transport selectivity
for NH,* over K*. The channel exhibited photo-gating properties
under microscopic and macroscopic conditions. The transport of
the channel could be reversibly switched off and on by irradiation
with alternating 320 and 365 nm UV light as supported by the
conductance measurements.

Natural ion channels are proteins that form pores spanning
through the cell membrane to mediate the transport of ions."
Many of these channels are able to respond to an environmental
pulse, which could induce variation of the channel conformation,
and thus cause the transmembrane transport to switch on and
off - a behavior called gating.” The gating behavior is important
for the metabolic and signalling functions in biological systems.>
During the last three decades, a large number of synthetic
channels have been developed in the lipid bilayer, which mimic
the transmembrane transport behavior of the natural channels
well.? In this context, channels that are sensitive to an environ-
mental pulse, such as the membrane potential,’ chemical
ligands,® and light,” are also available. However, channels with
reversible gating behavior are very limited because of the lack
of synthetic architecture that can quickly respond to the pulse
in the bilayer."®® We herein describe the self-assembly of a
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synthetic channel containing acylhydrazone units. The channel
can respond to UV light, which leads to its gating behavior.

It has been established that the C—N bond of the acylhydrazone
unit could undergo quick, reversible configurational E/Z iso-
merization activated by UV light.” Crown ethers, a class of
important macrocyclic molecules,’® have been broadly employed
for the construction of synthetic ion channels due to their high
binding affinity for ions."* We thus designed the crown ether triad
1 containing acylhydrazone (Fig. 1a). The triad was prepared from
trimethyl cis-1,3,5-cyclohexanetricarboxylate by reaction with
hydrazine in methanol, followed by condensation with 24-crown-8
ether aldehyde in the presence of HCl (see ESIf). The E and Z
configurations of the C=N bond could produce two isomers,
namely 1z and 1,. At room temperature without irradiation, 1,
should be stable and the predominant isomer in solution. The
hydrophobic outer surface of the crown ether would endow 1
with high membrane-incorporation capability."* The N-H bond
of the acylhydrazone could form intermolecular hydrogen
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Fig. 1 (a) The structure of 1z and 1z. (b) Schematic representation for the
assembly of 1¢ induced by the intermolecular hydrogen bonding. (c) Schematic
representation for the mechanism of photo-gated transmembrane transport.
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bonds with the carbonyl group of the adjacent molecules, and
induce the formation of a linear assembly with triple cavities to
facilitate the transmembrane transport of ions (Fig. 1b)."* We
envisioned that the C=N bonds of the acylhydrazone units
would isomerize from the E to Z configuration to yield 1, under
UV light. This isomerization might lead to the disassembly of
the transmembrane channel and thus switch off the ion transport
(Fig. 1c). After irradiation of 1, with longer wavelength light, 15
might be produced and reassemble to form the transmembrane
channel again and switch on the ion transport.

The possibility of the isomerization of 1 was first investigated
using 'H NMR in DMSO-dg, from which high resolution spectra
were produced. It was found that the "H NMR spectrum of 1
showed two sets of amide proton signals at 11.25 and 11.17 ppm
(Fig. 2a). These two sets of signals were the result of rotation of
the amide single C-N bond. After irradiation of the solution of
1 with 320 nm UV light for 5 min, two new signals were
observed at 10.59 and 10.16 ppm (Fig. 2b), which were assigned
to the amide signals of 1,. The ratio of [1g]/[1,] was determined
to be 1:1. After irradiation of the solution of 1, with 365 nm UV
light for 5 min, the Z configuration could isomerize back to the
E configuration, indicated by the absence of the proton signals
of the amide N-H of 1, (Fig. 2c), demonstrating that the
acylhydrazone E/Z isomerization was reversible by irradiation
of the solution with alternating 320 nm and 365 nm UV light.

The assembly of the triad was then investigated in solution.
It was found that 1z could form the stable organogel in CHCI;
with a minimal gelation concentration of 8.5 mM (Fig. 3). TEM
and SEM images were recorded for the sample obtained from a
diluted suspension of the native gel in CHCl;, which showed
the formation of a ramified network of inter-winded fibers.
These results indicated that 1 self-assembled to form a linear
assembly, which should be driven by the intermolecular hydrogen
bonding between the acylhydrazone N-H bonds and the adjacent
carbonyl groups. After irradiation of the gel with 320 nm UV light
for 5 min, a clear solution was produced due to the isomerization
of the C=N bond of the acylhydrazone units to form 1,. The TEM
and SEM images were also recorded by coating the solution on
the carbon membrane of a copper grid, which showed the
formation of amorphous structures. These results suggested that,
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Fig. 2 Partial '"H NMR spectra of 1g after irradiation with alternating
320 and 365 nm UV light in DMSO-dg at 298 K. (a) 1f; (b) 1¢ after irradiation
with 320 nm UV light; (c) the solution of (b) after irradiation with 365 nm
UV light.
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Fig. 3 Photographs and TEM and SEM images of 1g after irradiation with
alternating 320 nm and 365 nm UV light.

in the solution, 1, was unable to form regular structures. After
irradiation of the solution of 1, with 365 nm UV light for 5 min,
the formation of the organogel was observed again, indicating
that the assembly-disassembly of 1 was reversible by applying
alternating 320 nm and 365 nm UV light.

The self-assembly behavior of 1 prompted us to investigate
its possibility for the formation of a transmembrane channel in
the lipid bilayer using conductance measurement experiments.**
In a typical experiment, two compartments containing KCl solution
(1.0 M) were separated by a planar lipid bilayer composed of
diphytanoylphosphatidylcholine (diPhyPC). 1 (1.0 pM) 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. From the trace, square-like ionic conductance
signals were observed (Fig. 4a), strongly supporting the formation
of a transmembrane channel in the lipid bilayer."” The opening of
the channel could last up to 10 s, indicating that the conformation
of the channel was stable in the bilayer. Although the traces showed
multi-levels of currents, the current at each level was identical. This
result clearly indicated that the self-assembled transmembrane
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Fig. 4 Microscopic conductance measurements of the channel from 1g
(1.0 uM) in the planar lipid bilayer composed of diPhyPC. (a) Current trace at
—100 mV; (b) I-V plot; (c) permeability (P) ratios of the ions through the channel.
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channel had a uniform channel length which should match well
with the thickness of the bilayer. The recording of the current at
various voltages showed a linear current-voltage (I-V) relationship
in the range of —100 to +100 mV (Fig. 4b). The channel
conductance (y) for K" was calculated to be 15 pS using the
current values of one level. This y value was close to the
corresponding value of the reported single-channel containing
the 21-crown-7 unit,'® suggesting that each conductance event
was ascribed to the formation of the single-channel. Thus, the
first, second and third level of conductance indicated the
formation of single, double and triple-channels from the single
linear assembly of 1, (Fig. 4a).

The selectivity of the channel from 1 for Na*, K', Rb", Cs",
NH,", and CI~ was further measured using unsymmetrical salt
solution on the two sides of the bilayer (Fig. S14, ESIt). The
permeability (P) ratios of the ions through the channel could be
determined using the Goldman-Hodgkin-Katz equation (Fig. 4c)."”
The channel showed transport selectivity in the order of NH," ~
Rb" ~ Cs" > K" > Na' > Cl~, demonstrating that the channel
was cation selective. The ion transport selectivity order was
slightly different from the complexation selectivity sequence of
the 24-crown-8 unit for the cations in solution.'® This difference
should be a result of the deformation of the 24-crown-8 unit in
the bilayer caused by the squeezing effect of the surrounding
lipid molecules.” The deformation of the crown ether unit led
to its complexation selectivity in the bilayer being different from
that in solution.

To exploit the photo-gated behavior of the channel, further
conductance experiments were performed by applying 320 and
365 nm UV light alternately to the bilayer containing the channel
of 1 (Fig. 5). It was found that, in KCl solution (1.0 M), after
irradiation of the bilayer with 320 nm UV light for 5 min,
conductance signals were absent from the current traces under
+100 mV potential. This is not unexpected, because of the
isomerization of 1 to 1, after irradiation, which led to the
disassembly of the channel and the switch-off of the transport
of K. Although only 50% of the molecules of 1z underwent
isomerization, the amount of molecules that were un-isomerized
was insufficient for the formation of the channel spanning
through the bilayer. Further irradiation of this silent bilayer with
365 nm light for 5 min could switch on the transport of K" again.
The switch off-on cycle could be run up to three times by applying
320 and 365 nm UV light alternately, which indicated the photo-
gated property of the channel. Further cycles would lead to the
breaking of the bilayer.

To further investigate the photo-gated behavior of the channel
at the multi-channel (macroscopic) level, conductance measure-
ments were also performed by premixing 1, with diPhyPC (0.01%
molar ratio). The macroscopic currents were recorded by applying
+100 mV potential while the bilayer was irradiated with alter-
nating 320 nm and 365 nm UV light (Fig. 6a). The current trace
is shown in Fig. 6b. When the bilayer was irradiated with
320 nm UV light, the current decreased quickly and reached a
stable value of around 100 pA in 30 s. The decrease of the
current reflected the decrease of the channel number, which
should be a result of the disassembly of the channel caused by
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Fig. 5 Current traces of 1g at —100 mV by irradiation with alternating 320
and 365 nm UV light. (a) Without irradiation; (b) irradiation of the bilayer in
(a) with 320 nm UV light; (c) irradiation of the bilayer in (b) with 365 nm UV
light. Permeability (P) ratios of the ions through the channel.

the isomerization of 1; to 1,. The current value decreased by
60% after irradiation, suggesting that 60% of the channels
disassembled in the bilayer. It was expected that self-assembly
would stabilize the 1 form in the bilayer. However, the obvious
isomerization after irradiation demonstrated that self-assembly
had little effect on the stabilization of 1. Different from the
disruption of the channel structure after irradiation under
microscopic conditions, under macroscopic conditions, part
of the channels could survive the irradiation. Thus, a stable
current could be observed when the isomerization reached
equilibrium. After switching the 320 nm light to 365 nm light,
the current value was observed to increase gradually and
reached the initial current value, indicating the reassembly of
the channels. Although this switch off-on cycle could only be run
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Fig. 6 (a) The alternating 320 nm (60 s) and 365 nm (30 s) UV light irradiation
protocol. (b) The macroscopic current trace of 1¢ at +100 mV by applying the
pulse in (a). Permeability (P) ratios of the ions through the channel.
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three times, the results strongly supported that the transport
behavior of the channel was photo-gatable.

In conclusion, we have developed a transmembrane channel
with photo-gated behavior from the self-assembly of a crown
ether triad containing the photo-sensitive acylhydrazone unit.
The photo-induced E/Z isomerization of the C=N bond of the
acylhydrazone unit drives the channel to disassemble and
assemble in the bilayer, which leads to the gating property of
the channel. Importantly, the gating process is reversible by
irradiation of the channel with alternating 320 and 365 nm UV
light. This finding provides a simple and efficient strategy to
control mass transport across the bilayer.

We thank the NNSFC (21432004, 21672113, and 91527301)
for financial support.

Notes and references

1 D. Purves, in Channels and Transporters in Neuroscience, ed.
D. Purves, G. J. Augustine, D. Fitzpatrick, L. C. Katz, A.-S. LaMantia,
J. O. McNamara and S. M. Williams, Sinauer Associates Inc.,
Sunderland, MA, 2nd edn, 2001.
2 B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts and ]J. D. Watson,
Molecular Biology of the Cell, Garland, New York, 1994, pp. 523-547.
3 B. Hille, Ionic Channels of Excitable Membranes, Sinauer Associates,
Inc., Sunderland, MA, 3rd edn, 2001.
4 (@) G. W. Gokel and O. Murillo, Acc. Chem. Res., 1996, 29, 425-432;
(b) T. M. Fyles, Chem. Soc. Rev., 2007, 36, 335-347; (c) S. Matile,
A. V. Jentzsch, J. Montenegro and A. Fin, Chem. Soc. Rev., 2011, 40,
2453-2474; (d) J. Montenegro, M. R. Ghadiri and J. R. Granja, Acc.
Chem. Res., 2013, 46, 2955-2965; (¢) B. Gong and Z. Shao, Acc. Chem.
Res., 2013, 46, 2856-2866; () Y. Zhao, H. Cho, L. Widdanapathirana
and S. Zhang, Acc. Chem. Res., 2013, 46, 2763-2772; (g) M. Barboiu
and A. Gilles, Acc. Chem. Res., 2013, 46, 2814-2823; () Y. Huo and
H. Zeng, Acc. Chem. Res., 2016, 49, 922-930; ({) M. Barboiu, Y. L. Duc,
A. Gilles, P.-A. Cazade, M. Michau, Y. M. Legrand, A. Lee, B. Coasne,
P. Parvizi, J. Post and T. Fyles, Nat. Commun., 2014, 5, 4142.
(@) Y. Kobuke, K. Ueda and M. Sokabe, Chem. Lett., 1995, 435-436;
(b) T. M. Fyles, D. Loock and X. Zhou, J. Am. Chem. Soc., 1998, 120,
2997-3003; (¢) J.-Y. Winum and S. Matile, J. Am. Chem. Soc., 1999,
121, 7961-7962; (d) C. Goto, M. Yamamura, A. Satake and
Y. Kobuke, J. Am. Chem. Soc., 2001, 123, 12152-12159; (e) N. Sakai,
D. Gerard and S. Matile, J. Am. Chem. Soc., 2001, 123, 2517-2524.

w1

3684 | Chem. Commun., 2017, 53, 3681-3684

View Article Online

ChemComm

6 (@) G. Das, P. Talukdar and S. Matile, Science, 2002, 298, 1600-1602;
(b) S. Litvinchuk, N. Sorde and S. Matile, J. Am. Chem. Soc., 2005,
127, 9316-9317; (c) H. Cho and Y. Zhao, J. Am. Chem. Soc., 2010, 132,
9890-9899; (d) J. W. Zhang, J. T. Luo, X. X. Zhu, M. J. N. Junk and
D. Hinderberger, Langmuir, 2010, 26, 2958-2962.

7 (a) C. Bao, M. Ma, F. Meng, Q. Lin and L. Zhu, New J. Chem., 2015, 39,
6297-6302; (b) T. Liu, C. Bao, H. Wang, L. Fei, R. Yang, Y. Long and
L. Zhu, New J. Chem., 2014, 38, 3507-3513; (¢) T. Liu, C. Bao, H. Wang,
Y. Lin, H. Jia and L. Zhu, Chem. Commun., 2013, 49, 10311-10313.

8 (@) C. P. Wilson and S. J. Webb, Chem. Commun., 2008, 4007-4009;
(b) W. Si, Z.-T. Li and J.-L. Hou, Angew. Chem., Int. Ed., 2014, 53,
4578-4581.

9 (@) X. Su and I. Aprahamian, Chem. Soc. Rev., 2014, 43, 1963-1981;
(b) D. J. van Dijken, P. Kovaricek, S. P. Ihrig and S. Hecht, J. Am.
Chem. Soc., 2015, 137, 14982-14991.

10 G. W. Gokel, W. M. Leevy and M. E. Weber, Chem. Rev., 2004, 104,
2723-2750.

11 (a) G. W. Gokel and S. Negin, Acc. Chem. Res., 2013, 46, 2824-2833;
(b) T. M. Fyles, Acc. Chem. Res., 2013, 46, 2847-2855.

12 A. Nakano, Q. Xie, J. Mallen, L. Echegoyen and G. W. Gokel, J. Am.
Chem. Soc., 1990, 112, 1287-1289.

13 (a) K. Hanabusa, A. Kawakami, M. Kimura and H. Shirai, Chem.
Lett., 1997, 191-192; (b) K. J. C. van Bommel, C. van der Pol,
1. Muizebelt, A. Friggeri, A. Heeres, A. Meetsma, B. L. Feringa and
J. van Esch, Angew. Chem., Int. Ed., 2004, 43, 1663-1667;
(c) D. A. Ossipov, X. Yang, O. Varghese, S. Kootala and J. Hilborn,
Chem. Commun., 2010, 46, 8368-8370; (d) G. Deng, C. Tang, F. Li,
H. Jiang and Y. Chen, Macromolecules, 2010, 43, 1191-1194;
(e) J. Boekhoven, J. M. Poolman, C. Maity, F. Li, L. van der Mee,
C. B. Minkenberg, E. Mendes, J. H. van Esch and R. Eelkema, Nat.
Chem., 2013, 5, 433-437; (f) C. Maity, W. E. Hendriksen, J. H. van
Esch and R. Eelkema, Angew. Chem., Int. Ed., 2015, 54, 998-1001;
(g) F. Versluis, D. M. van Elsland, S. Mytnyk, D. L. Perrier, F. Trausel,
J. M. Poolman, C. Maity, V. A. A. le Sage, S. I. van Kasteren, J. H. van
Esch and R. Eelkema, J. Am. Chem. Soc., 2016, 138, 8670-8673.

14 R. H. Ashley, Ion Channels: A Practical Approach, Oxford University
Press, Oxford, U.K., 1995.

15 S. Matile, N. Sakai and A. Hennig, Transport Experiments in
Membranes, in Supramolecular Chemistry: From Molecules to Nano-
materials, ed. J. W. Steed and P. A. Gale, Wiley, New York, 2012.

16 (a) N. Voyer and M. Robataille, J. Am. Chem. Soc., 1995, 117,
6599-6600; (b) N. Voyer, L. Potvin and E. Rousseau, J. Chem. Soc.,
Perkin Trans. 2, 1997, 1469-1472.

17 J. K. W. Chui and T. M. Fyles, Chem. Soc. Rev., 2012, 41, 148-175.

18 N. S. Poonia and A. V. Bajaj, Chem. Rev., 1979, 79, 389-445.

19 P.Xin, L. Zhang, P. Su, J.-L. Hou and Z.-T. Li, Chem. Commun., 2015,
51, 4819-4822.

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7cc01123g



