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CONSPECTUS

atural ion channel proteins possess remarkable properties that researchers could exploit to
develop nanochemotherapeutics and diagnostic devices. Unfortunately, the poor stability,

limited availability, and complexity of these structures have precuded their use in practical devices.
One solution to these limitations is to develop simpler molecular systems through chemical synthesis
that mimic the salient properties of artificial ion channels.

Inspired by natural channel proteins, our group has developed a family of peptide nanostruc-
tures thatcreate channels for ions by aligning crown ethers on top of each other when they adopt an
o-helical conformation. Advantages to this crown ether/peptide framework approach indude the ease of
synthesis, the predictability of their conformations, and the ability to fine-tune and engineer their properties.

We have synthesized these structures using solid phase methods from artificial crown ether amino
acds made from L-DOPA. Circular dichroism and FTIR spectroscopy studies in different media confirmed
that the nanostructures adopt the predicted o-helical conformation. Fluorescence studies verified the
crown ether stacking arrangement. We confirmed the channel activity by single-channel measure-
ments using a modified patch-clamp technique, planar lipid bilayer (PLB) assays, and various vesicle
experiments. From the results, we estimate that a 6 A distance between two relays is ideal for sodium
cation transport, but relatively efficient ion transport can still occur with an 11 A distance between
two crown ethers. Biophysical studies demonstrated that peptide channels operate as monomers in

an equilibrium between adsorption at the surface and an active, transmembrane orientation.
Toward practical applications of these systems, we have prepared channel analogs that bear a biotin moiety, and we have used
them as nanotransducers successfully to detect avidin. Analogs of channel peptide nanostructures showed cytotoxicity against

breast and leukemia cancer cells.

Overall, we have prepared well-defined nanostructures with designed properties, demonstrated their transport abilities, and
described their mechanism of action. We have also illustrated the advantages and the versatility of polypeptides for the

construction of functional nanoscale artificial ion channels.

Introduction

Developing functional well-characterized artificial ion chan-
nels is of primary importance for the preparation of inno-
vative nanochemotherapeutics and diagnostic devices.
Although mimicking ion carriers was achieved with great
success, designing synthetic structures mimicking the prop-
erties of ion channel proteins turned out to be a daunting
task for chemists. The complexity of the structure and the
ion transport mechanism of natural channel proteins have
greatly increased the challenges for molecular designers.
Nevertheless, elegant approaches have been reported
that led to synthetic channels mimicking certain features
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of channel proteins.'~® However, incorporation of those artifi-
dial channels into functional devices is still an unmet challenge
despite intense research efforts.” This is mainly due to synthetic
hurdles and poorly defined mechanism of ion transport.

Inspired by natural ion channel proteins, we have been
researching in this field for the past 20 years trying to
exploit peptide helical structures as molecular frameworks
to construct artificial channels that can operate as single species
and not through aggregation. In the sections below, we review
our approach and the most significant results obtained, as well
as some drawbacks encountered along the way toward unim-
olecular peptide-based attificial ion channels.
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Design Strategy

Many natural ion channel proteins create ion pores using
specific arrangements of transmembrane a-helices.??
Some artificial structures also exploited this characteristic.
DeGrado and co-workers described a synthetic system in
which o-helices can aggregate together and conduct pro-
tons across a membrane.'® Inspired by such structures, we
envisioned creating a family of ion channels by using the
ability of o-helices to incorporate into and to span the
nonpolar environment of a lipid bilayer membrane and
adding to them elements that will be able to create a
favorable environment where the ions could easily circulate.

We opted for the crown ethers, macrocyclic structures
known for their capacity of binding cations.'" Indeed, crown
ethers possess several interesting features that make them
attractive for channel formation.'>'® They are neutral and
generally poor ion binders with fast on—off rates.'* Also, the
synthetic methods to prepare crown ethers are well described.
Finally, it is possible to fine-tune their ion binding properties by
adjusting their diameter. By building a crown ether onto an
amino acid, we can introduce them into an a-helix at strategic
positions in such a way that they will be aligned on top of each
other to create a channel for ions. The overall length of this
structure has to be long enough to span a typical lipid bilayer, so
we opted for a helix made from 21 amino acids.

There are numerous advantages to this crown ether/
peptide framework approach. First, we have the possibil-
ity of accurately predicting the solution conformation of
peptide structures from the primary structure to facilitate
the design “on paper’. Second, preparation of these struc-
tures can be easily achieved by peptide solid phase synthe-
sis, which leads to the possibility of rapidly creating a large
number of analogs incorporating different crown ethers for
ion selectivity and the possibility of postsynthesis molecular
engineering to incorporate selectively functional groups,
linkers, recognition elements, etc. Third, the availability of
efficient purification and characterization techniques (MS,
HPLQ) for peptides of that size offer additional tools to fully
and easily characterize the new structures. Finally, we have
access to a wide range of powerful biophysical techniques to
study peptide structure, conformation, and assembly, afford-
ing us a detailed understanding of their mechanism of action
and helping to shed light on complex ion channel proteins
and facilitate their incorporation into practical devices.

Synthesis

The synthetic strategy has been based on a combination
of solid phase peptide synthesis and solution synthesis.
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Macrocyclic amino acids were made in solution from fully
protected 1-3,4-dihydroxyphenylalanine (-DOPA) and di-
bromo-oligo(ethylene glycol) derivatives leading to a variety
of crown ether amino acids.'>'® The acidic function was
then deprotected, and the new building blocks were used in
peptide synthesis using classical protocols. We first selected
Kaiser resin with a N-t-butoxycarbonyl protection strategy to
prepare heptapeptide segments from crown-ether amino
acid derivatives and alanine, which were cleaved and con-
densed in solution."”

Although successful, the alanine-based peptides turned
out to be plagued with very poor solubility in both polar
and apolar media. To increase solubility, alanine has been
replaced by leucine in the second generation of the model
peptide and segment condensation was performed directly
on the resin support with a final cleavage only at the end of
the synthesis."® This strategy had the advantage of permit-
ting a large diversity in N- and C-termini, because the
cleavage was effected using various nucleophiles.'® Seg-
ment condensations still remained problematic in certain
cases. With the improvements in solid phase peptide synthe-
sis protocols and reagents, we recently adopted a stepwise
strategy using Wang resin and the 9-fluorenylmethyloxy-
carbonyl (Fmoq) protecting group to prepare new channel
analogs. This led to improved yields and purity and the
possibility of creating an almost limitless number of channel
analogs introducing different natural or unnatural amino
acids at any position within the sequence of interest.'®'?
The purity of all peptides was confirmed by analytical HPLC.
Purification was performed on a semipreparative HPLC
column. The peptide nanostructures were then character-
ized by mass spectrometry.

Figure 1 presents an overview of the crown peptides
prepared with different chain lengths and sizes of macro-
cycle. Compounds 1-3 were made from 21-crown-7-
derived L-phenylalanine with lengths of 21, 14, and 7 amino
acids, protected with an N-t-butoxycarbonyl group at the
N-terminus and a methyl ester at the C-terminus. The 7- and
14-mer were prepared to be used as controls in transport
experiments. Other 21-mer peptides were made from
18-crown-6 (4), 15-crown-5 (5), 13-crown-4 (6), and 14-crown-
4 (7) derivatives with same N- and C-termini. Figure 2 shows
N- and C-termini variations on peptide 3. In all cases, crown
ether residues were incorporated at positions to be aligned
when the peptide backbone adopts an o-helical conformation.

Analogs with different numbers of macrocycles were also
prepared.'® To avoid too-long domains of leucines that
could affect the solubility and increase aggregation and to
2934-2943
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FIGURE 1. Peptide analogs with different sizes of crown ether and lengths.

keep the aromatic stacking effect stabilizing the conforma-
tion and alignment of crown ethers, we replaced L-leucine by
t-alanine in the center of leucine triads and substituted
crown ethers by phenylalanines (Figure 3). Both termini
have been kept deprotected.

Conformational Analysis

On the basis of our design of a channel created by alignment
of crown ethers, we had to confirm that the nanostructures
that bear macrocycles were adopting an o-helical conforma-
tion in media where they should be operating. We thus have
analyzed all crown peptides prepared first by circular dichro-
ism spectroscopy (CD). Figure 4a (solid line) exhibits a typical
CD spectrum for peptide 3, characteristic of the spectra
obtained for all the prepared nanostructures.?® The spec-
trum indicates a clear preference for the predicted o-helical
conformation, in which the macrocycle alighment can form
a functional channel.

This conclusion is supported by FTIR spectroscopy stud-
ies, where only the absorption at 1657 cm™', characteristic
of amide I band of a-helices, is observed.?' Importantly, the
helical conformation is conserved in different media, protic
(TFE, MeOH) or hydrophobic (1,2-dichloroethane) (Figure 4a).
Variations of peptide concentration in TFE did not lead to
changes in ellipticity at 222 nm (Figure 4b), a strong indica-
tion that peptide 3 and its analogs do not tend to aggregate
in low polarity environments.>°

Helical conformation is also preserved in a typical model
membrane: egg yolk phosphatidylcholine (EYPC) vesicles
(Figure 4a, dashed and dotted line). CD studies showed that
the partial decrease of the 208 nm band ellipticity can be
associated with the orientation of the helical peptide in the
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FIGURE 2. Peptide analogs with different N- and C-termini (SP, spacer
from 6-aminohexanoic acid; Pyr, pyromellitic acid; EDA, ethylene
diamine; LA, (+)-o-lipoic acid).
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FIGURE 3. Peptide analogs containing different number of crown
ethers. N- and C-termini are deprotected, CE stands for 21-C-7
phenylalanine derivative. Compounds 23, 24, and 25 are similar to 17
with CE being 18-C-6, 15-C-5, and 13-C-4, respectively.

bilayer on the quartz surface. It is known that the CD spectra
of perpendicularly oriented a-helices exhibit a loss of this
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FIGURE 4. Circular dichroism spectra in mean residue molar ellipticity
at 25 °C: (a) peptide 3 in 2,2,2-trifluoroethanol (TFE) (—), methanol (- - -),
1,2-dichloroethane (— ——), and egg yolk lecithine (EYPC) vesicle (—- —);
(b) peptide 3 in TFE at different concentrations, 2.3 x 1074 M (—),

23 x 107> M (——-),and 2.3 x 10" M (- - -); (¢) peptide 6 in solution
(TFE) (—), in EYPC (80:1 lipid/peptide) with a 0.01 cm cell (- - -), and in
EYPCwith a 0.05 cm cell (———); (d) peptide 3 in TFE in presence of water,
100% TFE (line 1), 10% H0 (line 2), 25% H,0 (line 3), and 50% H,O (line 4);
(e) peptide 3 in TFE without ion (line 1), with Na™ (line 2), with K* (line 3),
and with Cs™ (line 4). Reprinted with permission from John Wiley and
Sons, refs 20 and 21, Copyright 1997 and 2000.

signal.?* The cuvettes used for CD measurements have very
small optical pathlengths that permit bilayer alignment on
the quartz surface. Indeed, when longer optical pathlengths
are used, the orientation is lost, and the intensity of the
208 nm band increases (Figure 4c).2' Similarly, CD studies
show that presence of water or metal ions do not affect the
conformation of peptide 3 (Figure 4d,e).

The crown ether stacking arrangement has been further
confirmed by studying the fluorescence behavior of 10
(Figure 5). Compared with the 21-crown-7 phenylalanine
derivative, the intensity of the emission band of the peptide
showed an important hypochromic effect with a quantum
yield approximately half the size relative to the crown amino
acid alone, while the maximum wavelength shifts from
335 nm for the crown ether to 320 nm. We attribute those
phenomena to the stacking interactions between the spa-
tially adjacent aromatic fluorophores, as observed in face-to-
face stacked porphyrin molecules.'”

lon Transport Properties

In order to demonstrate the channel activity of our nano-
structures, we carried out single-channel measurements on
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FIGURE 5. Fluorescence spectra of 10 (®) and the methyl ester of the
21-C-7 L-phenylalanine (O) at 25 °C in methanol. The A« Observed are
320 and 335 nm, respectively. Reprinted with permission from ref 17.
Copyright 1991 American Chemical Society.

3 using a modified patch-clamp technique.?® In an initial
investigation, K* transport was studied because this ion is
weakly bound by 21-C-7 macrocycles, so potassium should
traverse channels with great facility. In a typical experiment,
a small amount of a solution of 3 in methanol was added to
an unbuffered 1 M Kl solution (pH 5.8) in a 2 mL cell; the
bilayer was constructed on a pipet from zwitterionic dipal-
mitoylphosphatidylcholine (DPPC) or uncharged glycerol
monooleate (GMO). A transmembrane potential was ap-
plied, and the conductance was recorded. Results shown in
Figure 6 are characteristic of ion channel activity observed
with natural proteins.?® We observed typical transitions
between open and closed states; the discrete conductances
are determined by the number of channels in the open state.
A current of 3.5 pA with a 1 s lifetime was observed in the
DPPC bilayer, while in GMO membranes, the current (1.0 pA)
and lifetime (200 ms) were smaller.

Assays on planar lipid bilayer (PLB) were also performed
with 8—11 to acquire more data on the channel activity of
peptide nanostructures.>* A bilayer was formed from a
mixture of phosphatidylethanolamine and diphytanoylpho-
sphatidylcholine (50/50) over a hole between two cuvettes
filled with a NaCl buffered solution. A small aliquot of the
peptide was then added from a DMSO stock solution.
Current was measured using two electrodes disposed at
each side of the membrane. The best results were obtained
for 11, the fully deprotected version of the channel. For 8, the
fully protected analog, and 9 and 10, the C-and N-terminal
deprotected channels, respectively, instability of channel
incorporation in the membrane is observed, demonstrating
the importance of polar and charged terminal groups for
stabilizing the channel in a transmembrane, active orienta-
tion. Figure 7 shows typical membrane conductivity ob-
served for 11 at positive and negative potentials with
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FIGURE 6. Single channel conductance recordings of peptide 3in 1 M
KClI (at +100 mV, filtered at 200 Hz) (a) in a DPPC bilayer (current level
3.5 pA, average lifetimes of open states >1 s) and (b) in GMO bilayer
(current level 1.0 pA, average lifetimes of open states <200 ms).
Reprinted with permission from John Wiley and Sons, ref 20, Copyright
1997.

amplitudes in the range of 1-2 pA with variable open
channel lifetimes. These results support the single channel
activity of our structures for sodium transport and are in
agreement with previous patch clamp data.>®

In order to have a better understanding of the transport
ability of our compounds and their mechanism of action,
different vesicle assays were used.'®?* One of them in-
volves the preparation of unilamellar vesicles with an inter-
nal pH of 6.2 encapsulating a pH-dependent probe.'® The
dilution of these vesicles in an external solution with a large
amount of NaCl and a pH of 7.2 creates opposite cation and
proton gradients. Efficient channels allow cations to enter
the vesicles while protons escape to preserve the ionic
equilibrium, leading to the increase of internal pH, detected
by changes in fluorescence. By establishing 100% transport
ability as the maximal fluorescence obtained by destruction
of vesicles with a surfactant, it is possible to compare the
activity of many channels.

This method has the advantage of being simple and
allowing a rapid screening of the transport ability of many
analogs for different cations. We therefore used this tech-
nique to better understand the importance of the distance
between the crown rings acting as ion relays by testing
analogs with different numbers of crown ethers and also
different distances between them. Figure 3 shows that the
six analogs studied have six, four, three, or two macrocycles
(21C7) with maximum distances between crown rings cal-
culated to vary from 6 to 28 A when a minimized helical
conformation is adopted.

As presented in Table 1, the most efficient transport for
sodium cations was achieved by channel structure 17, which
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FIGURE 7. Typical membrane conductivity observed with 11 at positive
(a) and at negative (c) potentials using symmetrical NaCl solutions
(100 mM on both sides of the bilayer) and absence of unitary current at
0mV (b). Reprinted with permission from the Royal Society of Chemistry,
ref 24, Copyright 1997.

has six crown ethers separated by a maximum distance of
6 A. Moderate transport ability was also observed for 18 and
21, analogs that bear four and three crown rings, respec-
tively, for the largest relay distance of 11 A. But as soon as
the distance between two crown ethers is over 11 A, as for
analogs 19, 20, and 22, ion translocation is not significantly
detected. This indicates that an interval of 17 A and larger is
too long to achieve efficient transport. Globally, results show
that even if a 6 A distance between two relays is ideal for
sodium cation transport, a distance of 11 A can be tolerated
for relatively efficient channel activity. These results are in
good agreement with results obtained from some natural
ion channels, as for gramicidin A, which is known to possess
two ion-relay sites separated by 11.6 A.%° It is important to
mention that control experiments to detect vesicle lysis
based on calcein release have been performed to ensure
that the fluorescence increase detected in all vesicle studies
was really due to ion transport and not due to membrane
lysis or perturbation effects.'®

The same assay was used to probe the ion selectivity of
the crown channels and to prove that ions travel through the
channel made from the crown ether stacks and not through
undefined pores formed by peptide aggregates. We there-
fore synthesized hexacrown peptide analogs of 17 with
artificial amino acids modified with different crown ether
sizes (18C6, 15C5, and 13C4). Results are shown in Table 2.

We observed that Cs* was easily transported by 17, the
channel formed with 21C7. However, the transport ability
decreased dramatically with analog bearing 18C6 (23) and
was very low or not observed for smaller crowns. This could
be explain by the large radius of Cs* (169 pm), which may
have difficulties passing through crown ethers smaller than
21C7, which has a pore radius of ~170 pm.%” The very low
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TABLE 1. Percentage of Sodium Cation Transport at 400 s and
Maximum Relay Distance for Peptides Bearing Six, Four, Three, or Two
Crown Ethers

compound  no. of crown ethers  maximum distance A % transport
17 6 6 43
18 4 11 14
21 3 11 16
19 4 17 2
22 2 22 6
20 2 28 7

TABLE 2. Percentage of Cation Transport at 400 s Observed with
Hexacrown Peptide Channels Having Crown Ethers of Different
Diameters

% transport

compound crown ether Li* Na* K™ Cs™*
17 21C7 31 33 53 62
23 18C6 17 28 38 13
24 15C5 16 12 7 8
25 13C4 10 2 2 2

transport of Cs* by 2325 could also be due to nonspecific
hoping along the crown peptides. In comparison, K*, with a
radius of 133 pm, translocated through 21C7 and 18C6 with
good efficiency, the pore radius of 134—143 pm of 18C6
being large enough for K" flux. The 86—92 pm cavity of
15C5 does not lead to significant potassium transport. For
the even smaller 13C4, potassium transport was also negli-
gible. Na*, with a radius of 95 pm, did pass through analogs
bearing 15C5 24 and larger crown ethers (23, 17), but
the smaller diameter of 13C4 (55—70 pm) precluded any
transport.?® Finally, for Li*, which has a radius of 68 pm,
transport was noticeable for all channels, with even a
modest but significant transport activity for 25, bearing
13C4. These results strongly support a channel mechanism
where ions pass through the crown ether stack, as ion
transport via an aggregated pore would not lead to the
observed selectivity. Additionally, these results open the
door to the development of highly functionalized nanoscale
devices based on ion-selective artificial channels.

Membrane Incorporation and Orientation

In order to confirm our hypothesis of a transport mechanism
that implies a transmembrane orientation of the peptides,
we recorded polarized infrared attenuated total reflectance
(ATR) spectra of an oriented dimyristoylphosphatidylcholine
(DMPQ) membrane in the absence and presence of the
nanostructures. In a typical experiment, a DMPC mem-
brane was formed on a germanium crystal by covering it
with a lipid solution (either with or without the peptide), then
completely evaporating the solvent. The lipid orientation

TABLE 3. ATR Studies of Crown Peptides 3 in DMPC Bilayers at Different
Lipid/Peptide Molar Ratios”

spectral bands

Vc—p Sym Vamidel
sample R 0 R 0
DMPC 1.09 255
3 (10:1) 1.26 335 1.86 58.1
3 (20:1) 1.24 325 1.73 61.8
3 (40:1) 1.24 326 1.77 60.8
3 (60:1) 1.22 317 1.92 56.7

“Reprinted with permission from John Wiley and Sons, ref 21, Copyright 2000.

was calculated from the transition moment of the symmetric
CH, stretching mode, which is assumed to be uniformly
distributed with an angle of 90° with the axis of the lipid
chain. For the peptide, the angle between the stretching
vibration of the carbonyl (@amide I) and the axis of an a-helix
is fixed at 35°.2" By acquiring spectra with infrared radiation
polarized parallel or perpendicular to the germanium crystal,
we can determine a dichroic ratio, from which the mean
angle between the lipid or peptide axis and the bilayer
normal can be found. The orientation of peptide 3 was
investigated as a function of the molar lipid/peptide ratio.?'
Table 3 presents the results.

Information collected from the dichroic ratio of the CH»
groups of pure DMPC indicated that the orientation of the
lipid chains (25.5°) is in good agreement with those de-
scribed by other groups. In systems that include peptide 3,
the orientation of lipid molecules is slightly different, with
an average orientation of the acyl chain between 31.7° and
33.5°

As well, it should be noted that this change of orientation
can be interpreted as a broadening of the orientation
distribution. We can however conclude that incorporation
of peptide induces a change at the level of the acyl chains of
lipids. Regarding the orientation of peptide, the average
orientation of helices ranged from 56.7° to 61.8°, with
dichroic ratios from 1.73 to 1.92.

Three interpretations can be made from these results.
First, a value of 2.0 could derive from a randomly oriented
peptide and could indicate the presence of peptide aggrega-
tion. However, the fact that the dichroic ratio tends to
diverge away from 2.0 at a 20:1 lipid/peptide ratio demon-
strates that the orientation angles observed at this con-
centration are significant. Hence, the aggregation is not
significant.

Second, we can interpret the results by assuming that the
peptide is really oriented between angles of 57°t0 62° in the
lipid bilayer. However, the change in the value of anglesas a
2934-2943
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function of the molar ratio makes this hypothesis improb-
able, because the value would be the same independent of
the molar ratio.

Finally, these orientation angles may originate from an
average between two orientations of the peptide in the
presence of a membrane: one at 90°, where the peptide is
adsorbed at the surface of the bilayer, and another at 30°,
where the peptide is in a transmembrane position, paral-
lel to the lipid chains. This hypothesis could also explain
the gating effect observed in single channel measure-
ments, where an open state and a closed state were
detected (see the lon Transport Properties section). On
the basis of this model, we can estimate the proportion of
each orientation from the dichroic ratio R, knowing that
an R value of 1.3 describes an orientation of 90°. An
R value of 3.6 describes an orientation of 30°. Results at
a molar ratio of 10:1 indicate that about 27% of the
peptide is incorporated at 30°, while the remaining is
adsorbed at 90°. Results for similar peptide nanostruc-
tures with different crown ether sizes or terminal groups
are similar to those obtained with 3.2

To validate the above hypothesis, we turned to solid state
NMR spectroscopy (ssNMR), a powerful method to study
peptide—membrane interactions.>° Peptide 3 was used for
31p and ?H ssNMR experiments in the presence of DMPC
or DMPG (dimyristoylphosphatidylglycerol) vesicles at lipid/
peptide ratios of 60:1 and 20:1 (Figure 8).3" Results from the
31p experiments showed that the dynamics or the orienta-
tion of the polar phosphate groups or both are significantly
affected by the presence of 3. In addition, the same experi-
ment using bicelles as a model membrane indicated that 3
has a negligeable impact on the morphology and orienta-
tion of the bicelles. Together, these results support the
previous conclusion that in absence of a driving force, most
of the peptide 3 prefers to be adsorbed at the surface of the
bilayer. Interestingly, studies demonstrated that 3 interacts
more strongly with the neutral DMPC bilayer than with the
negatively charged DMPG bilayer. This could indicate that
crown peptide nanostructures such as 3 interact preferably
with eukaryotic cell membranes, compared with prokaryotic
cell membranes.

To further pinpoint the interactions of 3 with bilayers, we
turned to ssNMR using bilayers oriented between stacked
glass plates3®> An >N NMR experiment with a labeled
analog of 3 and DMPC bilayers revealed that the peptide
sits predominantly at the surface in agreement with pre-
vious results. Analyzing the '3CO spinning sidebands of 3
also supports its predominant surface orientation.
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FIGURE 8. 3'P NMR spectra of (A) zwitterionic DMPC, (B) anionic DMPG,
and (C) zwitterionic DMPC/cholesterol membranes at 37 °C in the
absence and presence of the 21-mer peptide. 2H NMR spectra of
zwitterionic (D) DMPC and (E) DMPC/cholesterol membranes at 37 °Cin
the absence and presence of 3. Reprinted with permission from Elsevier,
ref 31, Copyright 2006.

All of our biophysical studies confirm that the crown
peptide channels operate as monomers that are in an
orientation equilibrium, existing mainly adsorbed at the
surface of the bilayer membrane and with a significantly lower
number of structures in a transmembrane, active orientation.
The equilibrium could be responsible for the gating mecha-
nism of such channel structures. The active orientation will be
favored when a driving force is applied to the bilayer due to the
intrinsic macrodipole of peptide helical structures.

Postsynthesis Engineering and Potential
Applications
In order to render these nanostructures useful for practical
applications, we explored various avenues to modify N- and
C-termini to introduce connectors and recognition elements.
Several groups have demonstrated the potential of gold
nanoparticles®>34 and gold surfaces®® for molecular sens-
ing. With the purpose of exploiting such functional systems,
we added a disulfide group, derived from lipoic acid, to the
C-terminal of peptide 3. This disulfide function is known to
anchor polypeptide efficiently to gold.>®

We attached a biotin at the N-terminal positionto actasa
recognition element to exploit the biotin—avidin system in
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FIGURE 9. (top) Surface plot of a gold surface functionalized with
peptide nanostructure 16 and (bottom) top view of SAM of peptide 16
(left) and a typical section analysis of the peptide clusters showing
regular heights between 5 and 6 nm (right). Reprinted with permission
from the Royal Society of Chemistry, ref 16, Copyright 2007.

model studies.?” Using the new peptide channel 16, we
demonstrated the possibility of preparing gold nanoparti-
cdes and self-assembled monolayers on gold surfaces.'®
Figure 9 shows the peptide/gold monolayers observed by
atomic force microscopy (AFM), showing the presence of
cylindrical clusters of peptide with diameters varying from
20 to 60 nm and heights from 5 to 6 nm on average. These
data fit very well with the estimated dimension of 5.3 nm for
peptide 16. We also confirmed that the peptide framework
retains its a-helical conformation when adsorbed on gold
(data not shown). These results illustrate the possibility of
using crown peptide nanostructures coupled to electroactive
substrates in sensitive detection assays.

To prove that the blockage of the channel could serve in
detecting biologically relevant molecules, we studied a
vesicle assay that takes advantage of the sensitivity of
fluorescence spectroscopy. Using vesicles with encapsulated
pyranine, a pH-sensitive fluorescent probe, we detected the
presence of avidin with biotin-derived channel peptides 14
and 15. Figure 10 shows that addition of avidin to those
peptides significantly decreases the percentage of sodium
transported, suggesting that avidin binds to the biotin probe,
altering ion transport by blocking the channel entrance or
extracting the channel from the membrane.3® Controls with
channel 3 that lack biotin or use a nonspecific protein (BSA)
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FIGURE 10. Change of fluorescence induced by addition of 14 and 15
with and without avidin. Peptides were added at 200 s and a surfactant
(Triton X-100) allowed the destruction of all vesicles at 800 s to
determine the maximum fluorescence.3®

support the implication of a specific biotin—avidin interac-
tion in the changes observed in fluorescence. We are pres-
ently extending the assay to the detection of carbohydrate
ligands by different proteins, some of which are known to be
overexpressed at the surface of some types of cancer cells,>°
in the perspective of developing new diagnostic tools.

Nanochemotherapeutics

Because crown channel nanostructures are designed to be
active on biological membranes, bioactivity of several ana-
logs has been investigated, especially antimicrobial activity
and cytotoxicity.'> We tested peptide 21-mer 3 on several
bacteria, both Gram positive and Gram negative, but no
antimicrobial activity could be found. The charged nature of
the membrane of bacteria could probably explain these
results and incorporation of cationic amino acids within
the primary sequences should improve the antimicrobial
potential of the artificial channels.

However, channel peptides 3 and 5 showed cytotoxic
activities against breast cancer cells (MDA) and mouse leu-
kemia cells (P388), while 1, the truncated channel (heptamer
version of the peptide), and the monomeric crown ether
(21C7) were totally inactive (Table 4). These results confirm
the importance of the crown peptides having an appropriate
length (nanoscale) to span the membrane to exhibit cyto-
toxicity. The deprotected versions of 3 with charged head
groups (12 and 13) are less active than 3 itself and were
found to be not easily incorporated in bilayer membranes.
Nevertheless, activities found for 3 and 5 are currently being
optimized and engineered to be selective to cancer cells in
order to avoid undesired hemolytic side effects. Toward this
objective, we already have demonstrated the possibility
2934-2943
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TABLE 4. Cytotoxicity of Different Peptide Nanostructures on Cancer

Cells?
compound MDA LDsq («M) P388 LDsg (uM)

Boc-7mer-OMe (21C7), 1 b 35.0
Boc-21mer-OMe (21C7), 3 15.0 8.5
Boc-21mer-OMe (15C5), 5 10.0 2.5
Boc-21C7-OMe b b
H-21mer-EDA (21C7), 12 15.0 b
Pyr-21mer-OH (21C7), 13 >30.0 >40.0

9Reprinted with permission from Elsevier, ref 15, Copyright 2004. °Not deter-
mined due to low toxicity.

of fine-tuning membrane incorporation, and therefore cyto-
toxicity, by engineering N- and C-termini with short peptide
sequences.*® Work along these lines is being actively
pursued.

Conclusions

We have demonstrated the advantages and the versatility
of polypeptides to construct functional, well-defined nano-
structures with designed man-made propetrties. The prepara-
tion of a family of peptide nanostructures that can act as
functional artificial ion channels is a nice illustration of the
strong potential of the approach. It should be re-emphasized
that the powerful synthetic methods of peptide synthesis
allow the rapid preparation of large unimolecular weight
compounds in the nanoscale dimension. Likewise, a
plethora of state-of-the-art biophysical techniques can be
used to gain a detailed understanding of the structure,
conformation, and mechanism of peptide-based devices.
It is foreseeable that many other peptide nanostructures
could be developed to perform a wide range of tasks.
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of Canada, the FRQNT, and the Université Laval. We are indebted
to all the students, postdoctoral scholars, and research assistants
that contributed to the work described. We also thank Pierre Audet
for help in performing some NMR spectroscopy experiments.
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