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ABSTRACT: Peptide-appended pillar[n]arene (n = S, 6)
derivatives have been synthesized. '"H NMR and IR studies
revealed that the molecules adopt a tubular conformation
in solution and lipid bilayer membranes. Kinetic measure-
ments using the fluorescent labeling method with lipid
vesicles revealed that these molecules can efficiently
mediate the transport of amino acids across lipid
membranes at a very low channel-to-lipid ratio (ECg,
0.002 mol %). In several cases, chiral selectivity for amino
acid enantiomers was achieved, which is one of the key
functions of natural amino acid channels.

he transmembrane transport of amino acids, which plays a

crucial role in life systems, has been realized by specific
transporters,’ such as the ATP-binding cassette (ABC)
superfamily,® the phospholemman (PLM) family,> and
hypotonically activated amino acid channels (HAACs),* with
high selectivity and efficiency. The development of artificial
transporters for amino acids is of importance fundamentally
and for practical applications. In recent years, many synthetic
systems that can transport various ions,” water,” and glucose’
have been described. However, the transport of amino acids by
synthetic molecules has been investigated only with simple U-
tube experiments across liquid phases.® To the best of our
knowledge, no examples of amino acid transmembrane
transport by synthetic systems have been reported. Because
amino acids can pass membranes in the simple diffusion
mechanism,” the design of any artificial tranporters should
require an efficiency that is much higher than that of this simple
diffusion process. This has been a challenge because for any
successful transporter, its concentration should be much lower
than that of the transported species. Herein we report that
pillar[n]arene (n = S, 6) derivatives bearing short peptide
chains can serve as efficient artificial channels for trans-
membrane transport of amino acids that display high chiral
selectivity.

We have been interested in the construction of single-
molecule artificial transmembrane channels.'® Previously, we
found that hydrazide-appended pillar[S]arenes could form
single-molecule tubular structures that are induced by intra-
molecular N—H:--O=C hydrogen bonding of the hydrazide
unit.’ It was envisioned that peptide-attached pillar[n]-
arenes'' ™ could give rise to similar tubular structures. Thus,
a library of pillar[n]arene (n = S, 6) amino acid derivatives 1la—
¢ and 2a—d, which bear 10 and 12 peptide chains, respectively,
with different lengths and sequences were prepared (Figure
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1)."* The nonpolar benzyl group of phenylalanine (Phe) on the
peptide chains was expected to increase the membrane-
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1c: n=5, R=L-Phe-D-Phe-L-Phe-COOH  2c: n=6, R=L-Phe-COOH
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3b’ n=5, R=L-Phe-L-Phe-L-Phe-COOEt

Figure 1. Structures of compounds la—c, 2a—d, 3a, and 3b.

insertion ability of the molecules. Both p- and L-Phe were
used to build the peptide chains to produce channels with
different chiral cavities.

The possibility of forming intramolecular hydrogen bonds in
bulk and lipid bilayer membranes was first investigated by using
as model compounds 3a and 1a (Figure 1), respectively, which
have the same main scaffold. In CD,Cl,, 3a produced a 'H
NMR spectrum of high resolution with the signals of the three
amide protons (from inside to outside) located at 7.67, 6.99,
and 7.62 ppm, respectively, as assigned by two-dimensional
(2D) correlation spectroscopy (COSY) and rotating-frame
Overhauser effect spectroscopy (ROESY) experiments [Figures
$51—S56 in the Supporting Information (SI)]. These signals
were shifted downfield significantly (0.7—1.3 ppm) relative to
the related signals of control 4 (Figure 2a,b). Diluting the
solution from S to 0.2 mM did not cause an observable shift in
the N—H signals. These results suggested that the peptide
chains of 3a engage in intramolecular hydrogen bonding, which
should induce the whole peptide chains to form a tubular
structure (Figure 2c¢ and Figure $57).°° For further
investigation of the structure in the lipid phase, 1a and §
were inserted into the membranes of large unilamellar vesicles
(LUVs) made from egg yolk L-a-phosphatidylcholine (EYPC).
Relative to that of C=O(NH) of 5 at 1645 cm™', the IR
stretch band of la shifted to 1660 cm™ (Figure S58),
suggesting that la also assembles into a tubular structure in
lipid membranes."> "H NMR and IR experiments for 1b and 3b
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Figure 2. (a, b) Partial 'H NMR spectra of (a) 4 (25 mM) and (b) 3a
(5.0 mM) in CD,Cl, at 298 K. (c) Molecular modeling (Gaussian 09,
semiempirical, PM6) structure of 3a (H atoms on the C atoms have
been omitted for clarity).

revealed similar results, indicatinig that these two compounds
form similar tubular structures. Since the peptide chains of 2a
and 2b possess the same arrangement as in la and 1b, it is
rational to assume that their peptide chains also form similar
tubular conformations in lipid membranes.

The potential of the tubular molecules for transport of Gly
was then explored first by using *C NMR experiments.'® The
LUV solution was prepared in HEPES-buffered D,O (pD 6.5),
and then 1-"*C-labeled Gly (Gly-1-°C, 150 mM) and the
chemical shift reagent EuCl; (300 mM) were added. In the
presence of 1b [molar ratio relative to lipid (x) = 0.05%,
corresponding to 170 molecules of 1b per vesicle'’], trans-
membrane transport of Gly was observed over the course of 80
min, as reflected by the appearance of a small peak at 171.7
ppm corresponding to the O="C signal of Gly loaded in the

vesicles (Figure 3). However, in the absence of 1b, only very
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Figure 3. Partial ®*C NMR spectra indicating the transport of Gly-
1-8C cross the lipid membrane in the (a) absence and (b) presence of
1b (x = 0.05%).
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slow transport of Gly was detected. Cryogenic transmission
electron microscopy (cryo-TEM) showed that in the presence
of 1b (x = 0.05%), the vesicles did not break over the course of
3 h (Figure S59), indicating that the vesicles were stable after
incorporation of 1b into their membranes. Thus, the increased
transport efficiency in the presence of 1b should be attributed
to the channel created by its tubular structure formed in the
membranes.

The transport kinetics was measured quantitatively using the
fluorescent labeling method.”® Thus, LUV containing Gly (13
mM) were first prepared in HEPES buffer (pH 7.0) and put
into a dialysis tube immersed in the same buffer. Next, a DMSO
solution of 1b, 2b, 2¢, or 2d (x = 0.05%) was injected into the
vesicle solution. Aliquots of the solution outside the dialysis
tube were taken out and then treated with fluorescent probe
fluorescamine.'® In this way, the Gly transported from the
inside of the vesicles was labeled with the probe by formation of
a lactam. By measuring the fluorescent intensity, the Gly
concentrations ([Gly]) were determined. Plots of [Gly] against
time are shown in Figure 4. For the systems containing 1b and
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Figure 4. Gly concentration outside the vesicles vs time after addition
of pure DMSO (4) or a solution of 1b (A), 2b (W), 2¢c (@), or 2d
(V) (x = 0.05%) in DMSO. Inset: schematic representation of the
transport process.

2b, [Gly] increased dramatically from 0 to 20 and 23 uM,
respectively, in 70 min, whereas for the systems containing the
shorter molecules 2¢ and 2d, the concentration increased to
only 6 and 7 uM, respectively. In the absence of tubular
compounds, the concentration increase was 5 yM. From fits of
the data using a nonlinear model,” the Gly transport rate
constants (k) for 1b, 2b, 2¢, and 2d were calculated to be (8.7
+0.1) X 1074, (9.0 £ 0.2) X 107 (3.0 £ 0.1) X 107%, and (4.2
+ 0.1) X 107* 57!, respectively. The transport rate constant in
the absence of channels, (k,) was determined to be (2.7 + 0.1)
x 10757} indicating that Gly was transported across the lipid
membrane without channels, but slowly.” In view of the very
low x value, the efficiency of the transport by 1b and 2b was
actually much higher than that of simple diftusion. The fact that
2b displayed a higher transport rate than 2c and 2d might be
rationalized by considering that the length of its hydrophobic
part (3.2 nm as estimated using a CPK model) better matched
the width of the hydrophobic part of the lipid membrane (3.5
nm).*

Transport rates at different channel concentrations were also
measured for 1b. It was found that the transport activity (A =
k/k,) was strongly dependent on x. As x increased from 0 to
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0.05%, A increased significantly. Further increasing x caused
only a slight increase in A (Figure S60). The effective
concentration needed for 50% activity (ECg,) and the Hill
coefficient (n) were calculated to be 0.002% and 0.7,
respectively (Figure S61). Such a low ECy, compared with
those of other artificial transporters of ions,*® water,® and
glucose” indicates that the new tubular channel is very effective
in transporting Gly, while the small n value shows that it works
in a single-molecule manner.'*!

The abilities of 1a, 1b, 2a, and 2b to transport other natural
amino acids, including Ala, Ser, Thr, Val, Leu, and Phe, were
also investigated using the same method (Figures S62—S68)
and were found to decrease in the order Gly > Ala > Ser > Thr
> Val > Leu > Phe, which is consistent with the increasing size
of the amino acids (Figure S). For the same small amino acids

‘1a
:1b
1 2a
:2b

3.0

<
2-0 H
1.0
93 ()9{9

Figure S. Transport activities (A) of the channels 1a, 1b, 2a, and 2b (x
= 0.05%) for different natural amino acids (A = 1.0 indicates no
transport activity).
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(Gly, Ala, and Ser), 1b and 2b showed very similar transport
activities. For the other larger amino acids, the transport activity
of 1b was decreased gradually in the order Thr > Val > Leu >
Phe, reflecting the increasing amino acid size. The transport
activity of 2b for these larger amino acids also decreased with
increasing amino acid size but was generally higher than that of
1b, which might be attributed to the larger cavity of 2b.*
Channels 1a and 2a transported only the smallest amino acids,
Gly and Ala (Figure 5). This result shows that the selectivity of
this kind of tubular channel for different amino acids can be
tuned simply by changing the sequence of the attached peptide
chains.

Because the tubular molecules bear chiral peptide chains, we
also investigated their capacity to discriminate enantiomers of
chiral Ala, Ser, Thr, Val, Leu, and Phe. It was revealed that
channel 2b could mediate the transport of all enantiomers of
the first five amino acids (Figure 6a). However, transport of the
D isomer was faster than that of the L isomer in every case, and
this difference increased with increasing amino acid size. For
Phe, only transport of the L isomer could be mediated (Figure
6a,b). Similar selective transport of p-Leu by 1a, 1b, and 2a and
p-Ser by 2a could also be realized (Table S2 in the SI). For
other amino acids, these channels transported both isomers
with an efliciency that depended on the structure of the amino
acid (Table S2). The observed high selectivity indicates that the
difference in the binding between the chiral amino acids and
the chiral environment formed by the peptide chains might be
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Figure 6. (a) Transport activities (A) of 2b (x = 0.05%) for - and D-
amino acids. (b) Changes in L- or p-Phe concentration ([Phe]) outside

the vesicles with time in the absence or presence of channel 2b (x =
0.05%).

large enough to make the unfavorable transport negligible
compared with the “background” diffusion. Transport of the
two isomers of Phe by 1c, the enantiomer of la, was also
investigated and found to favor p-Phe.

It has been reported that natural transporters (e.g,, solute
carrier families) carry amino acids but block CI7,** whereas
some other transporters (e.g, PLM and HAAC systems'*)
allow the transport of both species. The CI™ transport behavior
of the new artificial channels was then also studied using the
reported method.*® Thus, a solution of vesicles entrapping the
Cl -sensitive dye lucigenin was added to a buffer containing
NaCl to produce a NaCl gradient. The flux of NaCl through
the channels into the vesicles was assessed by monitoring the
fluorescence intensity of lucegenin. Upon addition of 1a, 1b, 2a,
or 2b (x = 0.05%) to the above vesicle solution, the
fluorescence intensity increased significantly, reaching 91, 87,
99, and 52%, respectively, after 12 min (Figure 7a). This result
demonstrates that the channels are also capable of transporting
C1~.*° When the vesicles contained Gly (10 mM), which was
shown by the above fluorescence experiments to pass the
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Figure 7. (a, b) Changes in fluorescence intensity (4., = 372 nm, A, =
503 nm) with time after addition of 1a, 1b, 2a, or 2b (x = 0.05%) to
vesicles (a) not containing or (b) containing Gly (10 mM). (¢, d)
Schematic representations of (c) Cl~ transport suppression for 2b and
(d) independent CI~ transport for 1a, 1b, and 2a in the presence of
Gly.
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channels much quicker than the other amino acids (Figure $),
the fluorescence enhancement of the 1a, 1b, and 2a systems
changed slightly (Figure 7b). However, for the 2b system, this
fluorescence enhancement was weakened remarkably (Figure
7b), indicating that the transport of Cl~ by 2b was suppressed
considerably (Figure 7c). Fluorescent labeling experiments
showed that the transport of Gly by the four channels was not
affected by the presence of CI™ outside the vesicles.

The fact that Gly and CI” did not affect each other with
respect to transport by la, 1b, and 2a (Figure 7d) might be
rationalized by the following considerations. The amount of
channel was much lower than that of lipid, meaning that there
was only a small chance for Gly or CI” to approach an inserted
channel simultaneously. As a result, the apparent occupancy of
the inserted channels by either of them was low, so transport of
one did not suppress transport of the other. The transport of
CI” by 2b was notably lower than that by 1a, 1b, and 2a, while
the transport of Gly by all of them was comparable. We might
propose that binding of CI” to the inserted 2b is weaker, thus
increasing the probability of its transport being blocked by Gly.

In conclusion, we have developed a class of artificial
transmembrane amino acid channels from peptide-appended
pillar[n]arenes (n = 5, 6). The whole molecules are induced to
form a tubular architecture by the intramolecular hydrogen
bonding of the peptide chains. This unique shape enables
efficient transport of amino acids across membranes in a single-
molecule manner. In several cases, chiral selectivity was
realized, which is one of the key functions of natural amino
acid channels."® Because the new single-molecule channels
possess relatively fixed diameters, we envision that they may
also mediate the transmembrane transport of longer peptides
consisting of the studied amino acids, which is currently being
investigated.
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