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Molecular Plumbing to Bend Self-Assembling Peptide Nanotubes

Federica Novelli, Marcos Vilela, Antia Paz6, Manuel Amorin, and Juan R. Granja*

Abstract: Light-induced molecular piping of cyclic peptide
nanotubes to form bent tubular structures is described. The
process is based on the [4+4] photocycloaddition of anthra-
cene moieties, whose structural changes derived from the
interdigitated flat disposition of precursors to the correspond-
ing cycloadduct moieties, induced the geometrical modifica-
tions in nanotubes packing that provokes their curvature. For
this purpose, we designed a new class of cyclic peptide
nanotubes formed by (- and a-amino acids. The presence of
the former predisposes the peptide to stack in a parallel fashion
with the f-residues aligned along the nanotube and the
homogeneous distribution of anthracene pendants.

Introduction

Light is the livelihood that provides not only thermal
heating support but also triggers a variety of essential
transformations for living organisms.'! An array of chemical
processes, i.e., bioenergy production through photosynthesis,
the breakage or formation of chemical bonds, or changes in
conformation, are pivotal photoinduced events for living
organisms.”) The visual transduction pathway based on
rhodopsin photoisomerization is one of the remarkable
examples at this respect. Rhodopsin is the binary complex
involved in visual transduction through the isomerization of
retinal, from 11-cis- to all-trans-isomer, upon light irradiation
(Scheme 1a).P! Such isomerization gives rise to opsin con-
formational changes that induce the neuronal excitation
involved in the visual pathway. In recent years, supramolec-
ular processes have dealt with dynamic systems that comple-
ment the originally more static complexes based on the more
stable thermodynamic structure. Therefore, system chemistry,
far from equilibria processes, kinetic traps, dissipative assem-
bly or dynamic libraries, have emerged as new tools for
developing functional supramolecular systems.! In this sense,
responsive materials are a paradigm in materials sciences due
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Scheme 1. Light-induced geometrical changes of a) Rhodopsin,

b) azo,"™ and spiropyran® compounds as initiators of molecular
changes, and c) the nanotube plumbing technology developed in this
work based on anthracene [4+4] photodimerization.

to the ability to modify their properties in response to
external inputs.ls] Thus, materials sensitive to pH, redox, ionic
strength, or temperature changes have been pursued in the
last years, seeking a variety of functions and applications. In
this respect, light-responsive materials represent a class of
versatile materials in which the use of appropriate wavelength
can induce on-demand changes in their shape, size, or
conformation.**® In general, isomerizations (E/Z), electro-
cyclizations, or cycloaddition processes provide the required
molecular modifications to change the material properties
(Scheme 1b).1

Tube-shaped materials are very useful components, both
at the macroscopic and microscopic levels, as structural
components or for conveying flowing substances thanks to the
hollow structure and lightness. In most cases, to improve the
tube functions, plumbing actions to pipe elbows or bends are
required. At the molecular level, it is still required to create
this kind of adapters or engineering on-demand “molecular
plumbing processes” to adapt the nanotube shape to the
surrounding media to improve its applications.[®!

Self-assembling cyclic peptide nanotubes (SCPNs) are
a class of supramolecular polymers made by the ordered
piling up of peptide macrocycles") A large variety of
applications have been developed since its discovery in
1993.1 Especially relevant are those related to ion and
molecular transport in which the properties of the nanotube
pore provide some selectivity.'?! Kinetic studies suggest that
nanotube formation is a cooperative process in which once
nanotube formation is triggered, they continue growing,
helped by the inter-tube (crystal lattice) interactions, making
difficult to control nanotube length and packing.™® Although
some steps towards this end have been achieved in the last
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years by using CPs/polymers hybrids,""! further control in
these nanotube structural parameters are still required.
Recent studies by us and others have opened the
opportunity to create stimuli reversible SCPN structures that
might help to develop artificial cell cytoskeletons and other
dynamic scaffolds.'”l For these purposes, we have combined
the interpeptide interactions based on amide hydrogen-
bonded networks and the m—m interactions of pyrene (Pyr)
moieties to trigger nanotube formation in aqueous or droplet
media.'"'”! In these peptides, the interdigitation of the
aromatic moieties helps not only in the CP stacking to form
nanotubes but also promotes the formation of small bundles
through a hierarchical self-assembling process (Scheme 2). In
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Scheme 2. Supramolecular hierarchical process responsible for SCPN
formation. Right inset, proposed changes in dimensions of anthracene
moieties upon photodimerization.

this strategy, the aryl group can be orthogonally introduced at
the end of the process by condensing aryl aldehydes with CPs
bearing an alkoxyamine moiety."®!™ Although the incorpo-
ration of the aromatic ring facilitates the stacking of CP rings,
the distance differences between the m-stacking (3.3-3.5 A)
and B-sheet peptide strands (4.7 A) also facilitate the inter-
tube packing by interdigitating their aromatic moieties. In this
regard, we have shown that trimeric silver clusters help to
stabilize the tubular structure through the intercalation on the
pyrene packing."”! Therefore, aryl pendants represent an
additional checkpoint to tune nanotube formation and
properties. We envisaged that anthracene (Ant) moiety could
also be used, dampening the hydrophobic effect in the
assembly process while maintaining good luminescent behav-
ior and stability.””! Besides, this group is a photoactive
material that can dimerize using appropriate wavelength,?"
being used in various supramolecular contexts, especially for
cross-linking purposes.’”) We envisioned that the change in
volume and dimensions between the stacked dimer of Ant
and the corresponding photodimer could be used to induce
changes in the SCPN packing and properties (Scheme 2).*!
Such nanotube movement could be implemented in develop-
ing photosensitive materials.*” Therefore, we speculated that
the use of this reversible process could provide a new tool to
modify nanotube shapes and functions. Herein, we provide
the first step for the on-demand molecular plumbing of
peptide nanotubes.

Internati

Results and Discussion

To carry out this work, we decided to create a new class of
peptide hybrids made of a- and f-amino acids to precisely
control not only the interpeptide register but also to control
the B-sheet type (Scheme 3).2°! For this purpose, we used
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Scheme 3. Structure of cyclic peptides and models for nanotube
formation guided by the stacking of anthracene moiety and f-residues
(in green). Bottom inset: proposed E/Z isomer of oxime linker to
explain the observed Ant ring current shielding of Lys side-chain
signals. Top inset: proposed His-His interaction mediated by a water
molecule.

the original D,L-alternating sequence!!! combined with two
-amino acids. In the required flat conformation, this type of
residues with an even number of carbons between the
carbonyl and NH moieties predispose the amide groups
(NH and C=0) to point out in the opposite way.””! Therefore,
the insertion of these p-residues should induce the CPs to
stack, forming parallel p-sheet structures.” The incorpora-
tion of the His residues was aimed to provide solubility to the
peptide and self-assembling fulminant capability due to its
ionization state changes at almost neutral pH. Besides, a Lys
modified with a hydroxylamine acetyl moiety was place at the
opposite side of the B-residues to allow the incorporation of
the anthracene-9-carbaldehyde through an oxime bond.
Consequently, in the proposed parallel model, the arene
stacking and the (3-residues would provide nanotubes in which
each residue would be aligned with itself along the tubular
structure (see nanotubes models in Scheme 3). In this
organization, His (as illustrated in the inset), Ser or Gln side
chains could also participate in stabilizing the tubular
structure by forming additional hydrogen bonds assisted, in
some cases, by water molecules.

CP2 was prepared by solid-phase methods following the
strategy previously reported by our group (Supporting
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Information, Scheme S1).1"*%2! The resulting pure peptide
was condensed with the anthraldehyde by mixing both
components in DMSO at 60°C to provide CP3. The HPLC
analysis of this peptide showed one single peak (Figure S1),
confirming its purity, which did not require further purifica-
tion. Our initial studies were directed to demonstrate the
ability of this new D,L-a,3-CP hybrid to assemble into
nanotubes both in solution and solid-state. CP3 was soluble
in double-distilled water, whose resulting pH (3-5) depended
on CP concentration as a consequence of its protonation state
after the HPLC purification. At neutral pH (Hepes buffer),
the solubility is reduced, starting to precipitate at concen-
trations above 400 uM. The fluorescence spectra at native pH
showed a band centered around 475 nm whose intensity
slightly decreases as pH is raised until a critical point (pH 7.3),
after which it increases again upon further base addition
(Figure S2). Such behavior might be explained by the
imidazolium ring deprotonation as the pH increases that
might trigger the CP self-assembly. This piling up of CPs must
cause the stacking of the aromatic fluorophore and, con-
sequently, leading to higher fluorescent output. Experiments
using Nile red (NR) were also carried out to determine the
critical aggregation concentration (cac), the lowest concen-
tration in which CP assembling starts to take place. NR is
a hydrophobic dye that exhibits a significant increase together
with a blue shift of the maximum emission wavelength when
incorporated in hydrophobic environments.” The fluores-
cence experiments of CP3 at different concentrations (6—
500 uM) in Hepes (10 mM, pH 7) in the presence of NR
(1 uM) allowed to estimate a cac around 50 uM (Figure 1a
and S3). A similar value (45 uM) was obtained using the ThT
probe in the same conditions (Figure S4),°"! suggesting that
the (3-sheet formation takes place together with hydrophobic
packing when the aggregation occurs.

FTIR measurement was carried out to investigate the CP
structure (Figure S5). The FTIR spectrum on a freeze-dried
powder after basification supports the formation of a parallel
B-sheet structure with a strong peak at 1633 cm™' and
a shoulder at 1664 cm™".*” The amide A band at 3293 cm™'
is highly indicative of a well-established network of back-
bone-backbone hydrogen bonds.®® CD studies were also
performed to evaluate the pH-induced supramolecular self-
assembly (Figure 1b). No CD signals were detected at native
pH (ca. 3.6). On the contrary, a strong Cotton effect was
observed at 255 nm and, to a lesser extent, for the Ant band at
340-400 nm as the pH increases. Such an outcome suggests
the formation of long-range-ordered supramolecular assem-
blies as the pH increased, with the concomitant transfer of
chirality from the peptide to the anthracene unit. Plotting the
CD signal at 275 nm as a function of the pH (Figure S6)
provided mean values of pK,=7.3 and a Hill coefficient of
n=1.6+0.3, suggesting a cooperative self-assembly process.

STEM microscopy was employed to evaluate the self-
assembled structure of CP3 at different pH (Figure 1¢). As
mentioned above, at native pH (3-5), the deposition of CP3
solution (350 uM) on Cu grids provided mainly amorphous
aggregates or, to a lesser extent, small tubes with diameters of
about 2-3nm and lengths ranging between 150-200 nm
(Figure S7). This behavior was expected since the protonation
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Figure 1. a) NR (1 pM) fluorescence spectra at different concentra-
tions of CP3 (10 mM Hepes, pH 7); b) Overlaid CD spectra of CP3
aqueous solution at different pH; c) STEM micrographs achieved by
deposition from solutions of CP3 (350 uM, pH 7) on Cu grids. Staining
was obtained with 2% w/v phosphotungstic acid (PTA). d) AFM
micrographs of CP3 (350 uM, pH 7) on a silicon wafer substrate. The
height profiles (right) were achieved along the color lines shown in the
image.

of the His side chains and the corresponding repulsive
intermolecular interactions of charged imidazolium rings
would preclude the build-up of nanotubes. On the other hand,
at neutral pH (350 uM), individual SCPNs with a diameter of
approximately 2-3 nm and lengths of a few microns together
with bundles of them with an average diameter of ca. 5-6 nm
were observed (Figure 1¢). AFM analysis also corroborated
these dimensions (Figure 1d and S8). Nanotube bundles must
arise from intermolecular anthracene-anthracene interactions
and the coexistence of both types of structure corroborate the
existence of the mentioned hierarchical assembling process
illustrated in Scheme 2. Therefore, the neutralization of
aqueous media fosters the formation of a unique synergistic
interplay between hydrogen bonding, hydrophobic, and -t
interactions with subsequent organization in hierarchical
tubular architectures.

Once confirmed the nanotube formation, we started to
evaluate the Ant photodimerization.”!! Therefore, we decided
to investigate it upon UV irradiation at 350 nm at different
pH (Figure S9): acidic (1.85), native (4.95), and neutral
(Hepes, 10 mM). The degassed solutions of CP3 (250 uM)
were irradiated, and the process was followed by the
reduction in absorption of the band at 386 nm due to the
loss of aromaticity of anthracene moiety upon the [4+4]
photochemical cycloaddition.® The reaction proceeds
smoothly at pH 7 after 90 min. At native (4.95) and acidic
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conditions (1.85), the conversion was smaller, 80 % and 60 %,
respectively. The kinetic studies (Figure S10) allowed esti-
mating a velocity constant k; of 0.14 min' at neutral pH, five
times faster than for acidic conditions (0.03 min~" at pH 1.85).
These results suggest that Ant preorganization, favored at the
conditions in which nanotubes are already forms, speeding up,
as expected, the [4+4] cycloaddition. To confirm that these
differences in rates are related with nanotube structure and
not with media conditions, a model anthracene derivative
(Antl, Scheme4) was prepared and UV irradiation at
different pH (3.5 and 7.0) were carried out (Figures S11 and
S12). The reactions of model Antl at both pH are slower than
for CP3. Additionally, and contrary to what was observed for
CP3, the reaction is slower at neutral pH than at acidic media.
This confirms the importance of the nanotube induced
preorganization of Ant moieties to facilitate the photodime-
rization.

cross-peak
o at HMBC

Scheme 4. Light-induced dimerization studies of CP3 and proposed
model for the formation of the initially proposed dimers, the head-to-
head (D3,,) derived from an intratubular process and the head to tail
(D3,,) generated by the inter-tubular interactions.

HPLC analysis of the mixture at pH 7, provided informa-
tion regarding products formation (Figure S13). In addition to
the starting material, four new peaks were observed during
the irradiation process. One of them (min 8.59, Figure S13)
raised very fast at the initial stage of irradiation to decrease
later as the other three products start rising. Ms analysis
(Figure S14) shows that this product has the molecular weight
of the monomer, whose absorption spectra coincide with
anthracene derivatives (Figure S15a). These suggest that this
product must be a stereomer of starting material (CP3,).
However, the molecular weight of the other three products
(Figure S14) coincides with dimeric structures (D3) and
whose UV spectra also confirm the [444] cycloadduct
structures (Figure S15b). Additionally, to rule out the for-
mation of photooxygenated products,*! the reaction was also
carried out in an oxygen-equilibrated solution at pH7
(Figure S16). Under these conditions a variety of new
products, some of them assigned to the corresponding
endoperoxides and/or anthroquinones, were formed. Any of
these products were not detected under the oxygen-free
irradiation conditions.

The NMR analysis (Figure S17) of the newly formed
monomer (CP3,) suggested that the thermodynamic oxyme
E-isomer is photo-transformed into the Z-formP® that is
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kinetically stable remaining in this geometry even when its
aqueous solution is allowed to equilibrate on the bench for
a few days. The observed shielding effect on the Lys side-
chain protons, NH at 6.92 ppm or methylenes at 1.00 (YCH,)
and 1.17 (°CH,) ppm, derived from the ring current of Ant
moiety (inset Scheme 3) suggest that the hydrophobic con-
tacts must stabilize this form (Figure S17b).

In our initial evaluation, we considered the formation of
two types of dimers,*”) the head-to-head (D3,,) and the head-
to-tail (D3,,), based on whether the reaction occurs through
inter-tubular or intra-tubular processes (Scheme 4). However,
NMR analysis of the resulting dimers, obtained in a 1:2:4
ratio, rules out the formation or isolation of D3, based on the
observed cross-signal in the HMBC spectra between H;, and
the bridgehead carbon C, (Scheme 4), see supporting infor-
mation for further details. In order to discard the formation of
the head-to-head dimer (D3,,) that because of its instability
could revert under the analysis conditions, a new experiment
was carried out using combination of irradiation and dark
cycles (Figure S18).5%1 The formation of the head-to-head
photodimer can be analyzed by following the changes of the
anthracene absorption band (386 nm) upon sequential cycles
of irradiation at 350 nm for a short time followed by an
equilibration time in the dark at 298 K. Under these
conditions no return of the anthracene absorption band was
observed confirming that D3,, was not formed under these
conditions. Consequently, all three isomers are head-to-tail
derivatives differentiated by the geometry of oxyme bond:
the E,E-, Z,Z- and E,Z-derivatives. The complexity of the
spectrum of the major isomer (8.26 min) compared with the
other two suggests that this corresponds to the E,Z-D3,,
(Figure S17c). The Z,Z-D3,, was assigned to the minor
product (5.37 min) according, again, to the shielding effect
of the Lys side-chain protons (Figure S17¢). Therefore, in the
intertubular cycloaddition process, it seems that the more
favorable packing is the one in which one Z-isomer is close to
the E-derivative.

These dimers can be reverted to the Ant structure by
heating the aqueous solutions containing each of the dimers
(250 uM) for 800 min at 80°C. The process was followed by
UV-VIS (Figure S19) and HPLC (Figure S20) analysis. Inter-
estingly, each of the dimers reverted into the corresponding
monomers maintaining their hydrazone geometry without
isomerization to the more stable form. The stability of the
corresponding dimers (Figure S19) is quite different, while
Z.,Z-D3,, only provided a 12% of the CP3;, after 800 min of
heating, the heterodimeric form (E,Z-D3,,) provided almost
a 50% of free anthracene derivatives (CP3; and CP3;).

After confirming the dimerization process, we decided to
study the self-assembly process at the macroscopic level.
Therefore, solutions of CP3 (350 uM) at neutral pH were
analyzed by epifluorescence microscopy (Figure 2 and S21).
Under these conditions, bright and green needle-shaped
structures (¢ 1.5-2 um) were observed denoting that the pH
triggered hierarchical assembly process was maintained from
the nanotubes to the micro-scale tubular architectures.
Notably, by increasing the irradiation time, the fluorescence
emission of the bundles switched irreversibly from green to
blue (Figure 2b and S22). Besides, the change in fluorescence
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Figure 2. a) Epifluorescence images of CP3 (350 uM, pH 8). b) Select-
ed epifluorescence images of CP3 nanotubes exposed to increasing
irradiation time. Scale bar: 10 um. c) Bending motion of the nanorods
resulting from increased irradiation time. Scale bar: 25 um. d) STEM
micrographs of a solution of CP3 (250 uM, pH 7) after irradiation for
90 min.

emission was associated in the larger fibres with a light-
induced bending motion of the rods (Figure 2c¢). The differ-
ences in reaction time observed between the bulk solution
(90 min) with the single fiber (30 s) must be related with the
differences between the intra-bundle photochemical reaction
and the combination of intra-bundle and inter-tubular
dimerization that must take place in solution. At this respect,
at the CP concentration used in the photodimerization
reaction (250-350 pM) the single SCPNs are in equilibria
with nanotubes bundles (Figure 2¢) as can be inferred from
the concentration dependent experiments carried out by UV/
Vis and CD with a model peptide bearing a pyrene moiety
(Figure $23).”’) The experiments carried out by UV/Vis in the
presence of NR provide information about nanotube forma-
tion, while the appearance of the Cotton effect at 340-400 nm
must be related with the nanotube bundling. The cac
determined for each technique differ in almost one order of
magnitude (10 uM and 100 uM), suggesting that they are
measuring different aggregation events.

The resulting irradiated solutions were also evaluated by
STEM (Figure 2d and S24). To our delight, zigzagging-shaped
tubular structures were observed, suggesting that the light-
induced process provided structures that retained the tubular
structure but a variety of elbow in these hollow fibers were
observed. Therefore, the light-induced anthracene dimeriza-
tion is able to change the inter-nanotube packing, forcing to
bend to satisfy the structural restrictions induced by the
cycloadduct formation.
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Conclusion

We have shown a new class of cyclic peptide hybrids
designed to stack in a parallel fashion to form nanotubes that
can bend as a result of a light stimulus. Under these
conditions, the anthracene pendant that bears each cyclic
component photodimerize, and the changes in dimensions
that accompanies this cycloaddition perhaps together with E-
Z oxyme isomerization induce structural changes in the
nanotube packing that force the nanotube to curve. We
envisage that these light-induced dynamic changes in shape
can enable new functions, particularly in a biological context.
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