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appreciable separation between T'; and T'. Therefore, even partial
densification requires very high pressures (more than 500 MPa)>>*¢
to activate dislocation-controlled, crystalline plasticity. In contrast,
we have found that suitable kinetic windows do exist in the CaO—
Al O3, La,05-TiO, and BaO-TiO, systems, which allowed us to
perform bulk consolidation of rapidly quenched glass beads in a
similar fashion to that for Al,O3—REO. On the basis of these results
we Dbelieve that, as for bulk metallic glasses, the present glass-
forming and consolidation approach is applicable to a large variety
of ionic compositions and will open the door to many new bulk
oxide glasses and nanocrystalline ceramics. ]
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Natural pore-forming proteins act as viral helical coats' and
transmembrane channels*™, exhibit antibacterial activity’ and
are used in synthetic systems, such as for reversible encapsula-
tion® or stochastic sensing’. These diverse functions are inti-
mately linked to protein structure’™. The close link between
protein structure and protein function makes the design of
synthetic mimics a formidable challenge, given that structure
formation needs to be carefully controlled on all hierarchy levels,
in solution and in the bulk. In fact, with few exceptions®’,
synthetic pore structures capable of assembling into periodically
ordered assemblies that are stable in solution and in the solid
state'®"* have not yet been realized. In the case of dendrimers,
covalent'* and non-covalent'® coating and assembly of a range of
different structures>™'” has only yielded closed columns'®. Here
we describe a library of amphiphilic dendritic dipeptides that
self-assemble in solution and in bulk through a complex recog-
nition process into helical pores. We find that the molecular
recognition and self-assembly process is sufficiently robust to
tolerate a range of modifications to the amphiphile structure,
while preliminary proton transport measurements establish that
the pores are functional. We expect that this class of self-
assembling dendrimers will allow the design of a variety of
biologically inspired systems with functional properties arising
from their porous structure.

The dendron (4-3,4-3,5)12G2-X with X = CO,CHj3 and CO,H,
and the dendron (4-3,4-3,5)nG2-CH,OH with n = 10-16, self-
assemble into closed supramolecular columns'®. The dendrons (4-
3,4-3,5)12G2-CH,-X containing as X-groups Boc(Moc)-L-Tyr-L-
Ala-OMe, Boc-D-Tyr-p-Ala-OMe, Boc-L-Tyr-p-Ala-OMe, Boc-D-
Tyr-L-Ala-OMe, Boc-DL-Tyr-pL-Ala-OMe and Moc-L-Tyr-L-OMe
(Fig. 1a) were synthesized (Supplementary Schemes SS1 and SS2),
and their dipeptide groups (short names for Boc-L-Tyr-L-Ala-OMe
are L-Tyr-L-Ala or L-L dipeptide) were used as tags to monitor self-
assembly and expression of chirality in solution and in bulk (Boc,
t-butoxycarbonyl; Moc, methoxycarbonyl). In solvents allowing
hydrogen-bonding, such as CHCl;, CH,Cl, and tetrahydrofuran
(THF), self-assembly is not detected by temperature- and concen-
tration-dependent 'H-NMR, UV spectroscopy or circular dichro-
ism (CD). This indicates that the equilibrium between the trans
and gauche conformers of the benzyl ether moiety favours a
globular dendron conformation encapsulating the dipeptide in its
focal point (Fig. 1), thereby sterically prohibiting intermolecular
hydrogen-bonding.

In contrast, hydrogen-bonding and self-assembly occur in the
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solvophobic solvent cyclohexane: regardless of dipeptide stereo-
chemistry, a decrease in temperature from 60 °C to 30 °C leads to a
downfield shift of the NH protons of Tyr and Ala and of CH of Tyr
(deshielding), and an upfield shift of the aromatic, benzyl and
methylenic ether protons of the dendron, indicative of hydrogen-
bonding and shielding effects due to intermolecular interactions
(Fig. 2a). The chemical shifts of methyl, methoxy and CH groups of
Ala are not affected. Below 30 °C, the "H-NMR spectrum broadens,
corresponding to stiffening of the supramolecular structure. Except
for the alkyl groups, no NMR spectrum is detected below 24 °C
(Fig. 2a), indicating decreased molecular motion'**. On cooling
from 60 °C to 42 °C, an increase in the absorption at 230 nm (A »3)
of the UV spectrum (hyperchromic effect) and a blue shift are
observed in cyclohexane (Fig. 2b). A3 is constant between 42 °C
and 30 °C; upon cooling from 30 °C to 12 °C, a second blue shift of
the A,3p peak (hypochromic effect) and an isosbestic point are
observed. The hypochromic effect' is indicative of oriented chro-
mophores, varying with their conformation and distance. Below
12°C, the UV absorption spectrum shows no observable changes.
Plotting A ,3¢ as a function of temperature yields a sigmoidal curve,
indicative of a cooperative two-state process for self-assembly*>*'. In
addition, the increase of A »3, from 60 °C to 42 °C is associated with
the transition from a globular dendron containing a mixture of
trans and gauche benzyl ether conformers to an all trans-tapered
dendron that facilitates self-assembly (Fig. 1). During this process,
intramolecular interactions within the globular dendron are elimi-
nated (causing the hyperchromic effect) and the trans-tapered
dendron undergoes intermolecular hydrogen-bonding (Fig. 2a, b).
Below 32 °C, the hypochromic and blue shift and the appearance of
the isosbestic point indicate an equilibrium between the tapered
dendron and its aggregate. At about 12 °C, this equilibrium is shifted
entirely to the supramolecular aggregate.

CD experiments detect chirality in the supramolecular structure,
and thus complement the "H-NMR and UV analysis. Chiral dipep-
tides in THF and chiral dendritic dipeptides in THF, CH,Cl,, CHCl;
and CICH,CH,CI show in the CD spectra between 60 °C and 8°C
only the ellipticity of the dipeptide chromophore at A = 232 nm,
indicating molecular solutions (Supplementary Figs SF1 to SF3).
Regardless of temperature and concentration, the CD of racemic
(4-3,4-3,5)12G2-CH,-(pL-Tyr-DL-Ala) does not exhibit any signal
in cyclohexane or in other solvents (Supplementary Fig. SF2). From
60 °C to 30 °C, both the L-L and D-D dendritic dipeptides exhibit in
cyclohexane only the ellipticity of the dipeptide (Fig. 2¢, d and
Supplementary Fig. SF3). These results, together with UVand NMR
data (Fig. 2a, b), indicate that the dendron adopts an all-trans
tapered conformation and is in fast exchange with its aggregate.
Below 30 °C, only the trans-tapered conformer exists in molecular
solution. In this temperature range, the transfer of chirality from the
dipeptide to the aromatic part of the dendron, amplification of the
Cotton effects and an isodichroic point are observed. This implies
that the supramolecular aggregate must have an architecture
equipped with a mechanism capable of amplifying the stereo-
chemical information of the dipeptide. The plots of the chemical
shifts (Fig. 2a) and ellipticity [O] at 248 nm (Supplementary
Fig. SF4) as a function of temperature reflect only the equilibrium
between the trans-tapered dendron and its aggregate, while the UV
analysis demonstrates the progression of the conformational order
of the dendron. For the aggregate in cyclohexane (1.6 X 10" *M), a
transition temperature Ty, of 22 °C is calculated from UV, CD and
NMR plots as a function of temperature. For clarity, the NMR data
in Fig. 2a are reported at a higher concentration (2.0 X 10 M) and
show, as expected, a higher T, (32°C).

Differential scanning calorimetry (DSC) (Fig. 3a), small-angle
powder X-ray diffraction (XRD) (Fig. 3b) and wide-angle oriented
fibre XRD (Fig. 3c) show that the supramolecular structures
assembled in bulk from (4-3,4-3,5)12G2-CH,-(L-Tyr-L-Ala) and
(4-3,4-3,5)12G2-CH,-(D-Tyr-D-Ala) exhibit identical transition
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temperatures and structure (Fig. 3a—c and Supplementary
Table ST2). The CD spectra, tested for the absence of linear
dichroism, and UV spectra of these dendrons recorded from
cyclohexane solution or as thin films on quartz (Supplementary
Fig. SF5) are identical except that L-L and D-D dendritic dipeptides
show mirror-image Cotton effects (Fig. 2c, d). The similarity of the
UVand CD spectra obtained from solution and in bulk indicates the
same supramolecular structure in both states. The pL-DL, D-L and
L-D dendritic dipeptides exhibit similar structures as the L-L and b-D
(Fig. 3a—c) except that DL-DL, D-L and L-D dendritic dipeptides have
slightly lower transition temperatures. Their helical sense is deter-
mined by the stereochemistry of Tyr. Thin-film CD spectra show
this helical columnar structure in both ordered glassy and liquid
crystalline states (Supplementary Fig. SF5). Although the DL-DL
derived supramolecular structure is racemic, its fibre XRD demon-
strates columns with short-range helical order (Fig. 3c). The
presence of helicity in the columns of the racemic DL-DL dendritic
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Figure 1 Structure, conformation and hydrogen-bonding of (4-3,4-3,5)12G2-CH,-Boc-L-
Tyr-L-Ala-OMe and (4-3,4-3,5)12G2-CH,-Boc-L-Tyr-p-Ala-OMe during self-assembly.
a, Trans-tapered low-temperature (left), and globular high-temperature (right),
conformers of the L-L stereoisomer. The letters (g, b, .. .)), some of them also indicated in b
and ¢, indicate protons with "H-NMR chemical shifts marked in Fig. 2a. Yellow indicates
the region of the dendritic dipeptide where functional groups capable of taking part in
hydrogen-bonding are accessible (left), and the corresponding region that sterically
prevents the same type of hydrogen-bonding in the globular structure (right).

b, Hydrogen-bonding interactions of the L-L dipeptide forming the pore according to the
model from Fig. 4e. ¢, Hydrogen-bonding interactions of the L-b dipeptide. In b and ¢, four
dipeptides from two layers are illustrated (top layer has one peptide with carbons shown
light blue and one with carbons shown gold, bottom layer has one peptide with carbons
shown green and one with carbons shown dark blue; oxygen, red; hydrogen, white;
nitrogen, purple; phenyl of Tyr and hydrogens not shown except in hydrogen-bonding
N-H). The - dipeptide does not exhibit (dotted oval) the bottom hydrogen-bonding of the
L-L dipeptide. This explains the lower transition temperature of the L-p dendritic dipeptide
assembly (Fig. 3a). Hydrogen-bonding distances are in Supplementary Fig. SF14.

765




letters to nature

dipeptide suggests that helix conformation is induced by the achiral
dendrons, with the chiral peptide attached to the dendron only
selecting the twist sense of the helix. This assembly behaviour relates
to other examples of stereocentres determining the twist sense of
racemic helical structures®*', and contrasts with systems where a
stereocentre induces helicity in an achiral non-helical supramol-
ecular structure®?.

Transmission electron microscopy (TEM) images and electron
diffraction (ED) patterns (Fig. 3e) of the homeotropically aligned,
and scanning force microscopy (SFM) images of the planar-aligned,
two-dimensional hexagonal columnar lattice (Fig. 3f) confirm and
complement the XRD analysis. Moreover, TEM images and their
Fourier reconstructions show columns with low electron density
both in the core and in their aliphatic periphery (Fig. 3e). These
images contrast with previously observed TEM for closed-core
columns with a high electron density in their core'’. The low
electron density in the core is associated with the hollow structure
of the cylinder, and explains the anomalously enhanced intensities
of the higher-order diffraction peaks (11), (20) and (21) observed in
XRD (Fig. 3b) and ED (Fig. 3e). Absolute electron density profiles
were computed from the XRD data (Supplementary Figs SF10 and
SF11) assuming an intramolecular phase segregated column'**.
The phases of the (10), (11) and (20) reflections were established
from the Fourier analysis of the TEM images (Supplementary
Figs SF7 and SF8), and those of higher order reflections (21) and
(30) were phase combinations that resulted in nearly constant
electron density for the aromatic and aliphatic regions satisfying
the intramolecular segregated model'”**. The converted electron
density profiles (Supplementary Figs SF10 and SF11) of the assem-
bly exhibit significantly lower electron density in the core than the
average aliphatic density (approximately 0.30 electrons A2 for a
mass density of 0.86gcm ™) in the periphery and demonstrate
hollow columns (Fig. 3d). Form-factor calculations were performed
for a column model with three levels of electron density (hollow
core, high density peptide-aromatic region, low density aliphatic

—

periphery) distribution. These calculations, in combination with
experimental densities, electron density profiles and molecular
modelling experiments, were performed for the entire series of
supramolecular structures generated from L-L dendritic dipeptides
with n = 6, 8, 10, 12, 14 and 16 to determine their pore diameters
(Dpore) and structure. The external diameters (D) were calculated
from the peak positions in the XRD'>** (Fig. 3b). Values of Do
were obtained from the least-squares fit of the diffraction ampli-
tudes calculated from the three level electron density model to the
measured XRD amplitudes. The dendritic dipeptides with n = 12
and D-D, D-L, L-D and DL-DL stereochemistry have D ... values of
13.6, 12.8, 13.7 and 12.8 A.

The side view of the supramolecule generated from (4-3,4-
3,5)12G2-CH,-(L-Tyr-L-Ala), its top view (only methyl groups are
shown as the alkyl groups of the dendron), the top view of a single
layer of the pore, and the cross-section of the pore without the
dendron, are shown in Fig. 4a—d. A right-handed column is self-
assembled from the L-L dendritic dipeptide and a left-handed one
from the D-D stereoisomer. The pore interior is hydrophobic,
containing the methyl group of Ala (white) and one methyl group
of the Boc (blue) on the pore surface. The hydrophilic part of the
dipeptide is segregated between the hydrophobic dendron and the
hydrophobic pore. Hydrophobic channels are important, because
they facilitate the transport of ions” and water>** with both high rate
and selectivity. The conformation of the dendritic dipeptide and the
hydrogen-bonding interactions that generate the supramolecular
assembly and the inner part of the pore are illustrated in Fig. 1b, ¢
and Supplementary Figs SF13 and SF14. The dipeptide forms an
interdigitated and hydrogen-bonded $-helix*® in response to the
self-assembly of its dendritic fragment. The structure of the pore
resembles a 3-barrel”"’. The classic antiparallel dipeptide model™
was eliminated first, as it does not form a column. Eight additional
structures (four non-helical and four helical) of pore assembly were
considered (Supplementary Fig. SF12) before selecting the model
shown in Fig. 4e, which is stabilized via a hydrogen-bonding
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Figure 2 Spectroscopic analysis of dendritic dipeptide self-assembly in solvophobic
solution. a, "H-NMR (500 MHz) spectra of (4-3,4-3,5)12G2-CH,-Boc-L-Tyr-L-Ala-OMe in
CeD1» (2.0 x 1072 M). Inset shows the plot of chemical shift, § ., as a function of
temperature. Proton assignments are shown in Fig. 1. b, UV spectra of (4-3,4-3,5)12G2-
CH,-Boc-L-Tyr-L-Ala-OMe in cyclohexane (1.6 x 10~*M) exhibiting an isosbestic point
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at 240 nm. Insets are spectra at higher temperature and a plot of A3 as a function of
temperature. ¢, CD spectra of (4-3,4-3,5)12G2-CH,-Boc-L-Tyr-L-Ala-OMe in
cyclohexane (1.6 x 10™*M). d, CD spectra of (4-3,4-3,5)12G2-CH,-Boc-D-Tyr-p-Ala-
OMe in cyclohexane (1.6 x 10~ *M). In all parts, arrows indicate trends upon increasing
temperature.
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network (Fig. 1b, c). This model is unrelated to that of the single
crystal structure of the dipeptide without dendron (Supplementary
Fig. SF15).

Figures 1b, ¢, Fig. 4 and Supplementary Fig. SF14 suggest
methods to redesign the pore architecture by using the retro-
structural analysis of its XRD generated structure''®. For example,
the replacement of Boc from (4-3,4-3,5)12G2-CH,-(L-Tyr-1-Ala)
with Moc reduced the pore diameter from 12.8 A to 10.2A. The
conformation of the phenyl from Tyr is anti with respect to its Boc
group, and is tilted in the opposite direction (Supplementary
Fig. SF13a). Therefore, attaching the dendron to Tyr via an ester
rather than benzyl ether was expected to restrict its dynamics; this
has been demonstrated by the structure of (4-3,4-3,5)12G2-CO,-(L-
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Figure 3 Structural analysis of dedritic dipeptide pore in bulk. a, DSC showing the
glassy and isotropization temperatures of L-L, b-D, DL-DL, D-L and L-D stereoisomers of
(4-3,4-3,5)12G2-CH,-Boc-Tyr-Ala-OMe. b, Powder XRD of L-L, b-D and pL-DL
stereoisomers of (4-3,4-3,5)12G2-CH,-Boc-Tyr-Ala-OMe and of (4-3,4-3,5)12G2-
CH,0H. Also shown (top table) are D e, and D pore (A) of (4-3,4-3,5)nG2-CH,-Boc-L-Tyr-L-
Ala-OMe with n = 6 to 16. ¢, Wide and small-angle fibre XRD pattern. A, column to
column distance, long-range order; B, molecular tilt (3); C, short-range helical correlation
along column axis, short-range pitch (p). d, Electron density maps of (4-3,4-3,5)12G2-
CH,-Boc-L-Tyr-L-Ala-OMe columns. Profile shows variation of electron density in a plane
perpendicular to columns. Coloured contour maps show change in electron density in the
same plane (xand yaxes of the plane are in Angstroms). e, TEM of (4-3,4-3,5)12G2-CH,-
Boc-L-Tyr-L-Ala-OMe along the column axis. Insets from top are: electron diffraction
pattern, Fourier transform power spectrum, and image reconstructed from the (10), (11)
and (20) Fourier components with phases: 4+, —, —. f, SFM of columns parallel to
pyrolytic graphite substrate. Dislocations and disclinations of the focal conic like texture
are observed.
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Tyr-L-Ala), which, despite Do, = 12.4 A, requires longer annealing
to achieve structural order as measured by XRD. The replacement of
L-Ala from (4-3,4-3,5-)12G2-CH,-(L-Tyr-L-Ala) with other non-
polar or polar amino acids such as Gly, L-Val, L-Phen and L-Ser, of
L-Tyr with L-Cys, of (L-Tyr-L-Ala) with (L-Ala-L-Tyr), and of (4-3,4-
3,5)12G2- with other dendrons produced building blocks that
self-assemble into related porous columns (Supplementary Tables
ST6 and ST8). The smaller D .. of (4-3,4-3,5)12G2-CH,-[Boc-L-
Cys-L-Ala-OMe] (10.0 A versus 13 A for the case of the same
dendritic dipeptide with Boc-L-Tyr-L-Ala-OMe dipeptide) suggests
that the phenyl group from Tyr plays an important role in the self-
assembly of porous columns. Therefore, a library of self-assembling
dendrons containing additional phenyl and biphenyl groups in their
apex and/or branches was designed to produce 20 non-peptidic
porous columns with D . ranging from 2 to 24 A (Supplementary
Tables ST9 to ST13). These structures, together with those gener-
ated from the 19 dendritic dipeptides (Supplementary Tables ST5 to
ST8), demonstrate the simplicity and versatility of this approach to
the fabrication of both non-biological pores and tubular liquid
crystals'®'.

Successful self-assembly of the dendritic dipeptides in cyclohex-
ane suggests that they may also assemble in phospholipid mem-
branes, and suitable decoration of their alkyl groups might mediate
their assembly in or on the surface of microbial cell membranes’. As
first step in this direction, the porous structure of (4-3,4-3,5)12G2-

Figure 4 Molecular models of the helical porous columns self-assembled from
(4-3,4-3,5)12G2-CH,-Boc-L-Tyr-L-Ala-OMe (for simplicity n = 12 was replaced with
n=1).a, Side view of the right-handed column. b, Top view of a. ¢, Top view of a single
porous column layer. d, Cross-section through the hydrophobic pore (without dendrons)
showing its 3-barrel structure (CHs of Ala is white, CHz of Boc are blue, O is red, C-N of
dipeptide are green, aromatic groups are grey) assembled from the 3-helical dipeptides.
e, Schematic model for the self-assembly of the dipeptidic 3-barrel pore. The green
arrows indicate the dipeptides.
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Figure 5 Proton transport through (4-3,4-3,5)12G2-CH,-(Boc-L-Tyr-L-Ala-OMe) pores
reconstituted in phospholipid liposomes (pH-jump experiments). a, Liposomes containing
only the membrane-impermeable pH indicator®® inside. b, Liposomes containing the pH
indicator inside and the dendritic dipeptide pores. In both cases, arrows indicate the
addition of the dendritic dipeptide or gramicidin as DMSO/THF solutions. pH jumps at
20 °C outside the liposome (induced by adding aliquots, about 10 I, of HCI or KOH) were
recorded by pH microelectrodes (upper graphs). pH jumps inside liposomes were
assessed by fluorescence (/47/170) (lower graphs). The signal of the total amount of
captured pH dye was estimated by adding an excess of gramicidine. Liposomes were
prepared by sonicating a 1/14 mass ratio of dendritic dipeptide in the presence of
L-ai-phosphatidylcholine (P5638 from Sigma) and a fluorescent membrane-impermeable
pH indicator (G4 polyglutamic porphyrin-dendrimer)® in a phosphate buffer (10 mM
KoHPO,4, 50 mM KCI, pH = 7.0). The control experiment (a) has no dendron. Liposomes
were purified from untrapped indicator by gel filtration on Sephadex (G200) and on anion
exchange resin QAE Sepharose A50 and placed in a fluorimetric cell equipped with a
stirrer. As expected from its hydrophobicity (un-optimized experiment a), the dendritic
dipeptide was not delivered very effectively to liposomes by simply adding its solution in
DMSO/THF: the addition increases permeability only slightly. In contrast, liposomes made
of a lipid dendritic dipeptide mixture* (14/1 mass ratio lipid to dendron equivalent to an
average of one to two pores per vesicle; Supplementary Section S10) yields permeable
vesicles significantly more responsive to pH changes (b). Addition of gramicidin increases
the magnitude of the jumps, suggesting that a small fraction of vesicles did not contain
dendritic channels. Addition of 10 ul of DMSO alone does not affect permeability.

CH,-[Boc-L-Tyr-L-Ala-OMe] was reconstituted”” in the thermo-
tropic bilayer lamellar phase and in liposomes produced from
phospholipids (Supplementary Section S9). By monitoring the
emission intensity of a pH-sensitive fluorescent dye*® captured
inside the liposomes, proton translocation mediated by dendritic
pores and gramicidin channels can be evaluated (Fig. 5 and
Supplementary Fig. SF19)**%°. Proton permeability of liposomes
containing an average of one to two reconstituted dendritic
pores (14/1 mass ratio phospholipid to dendritic dipeptide) was
comparable in efficiency to those containing gramicidin channels.
These results illustrate that supramolecular dendrimer chemistry™
allows the controlled design of a range of periodic non-biological
porous structures forming in solution and as films. ]
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Quantification of modelling
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Comprehensive global climate models' are the only tools that
account for the complex set of processes which will determine
future climate change at both a global and regional level.
Planners are typically faced with a wide range of predicted
changes from different models of unknown relative quality>?,
owing to large but unquantified uncertainties in the modelling
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