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Hierarchical self-assembly is a fundamental principle in nature, which gives
rise to astonishing supramolecular architectures that are an inspiration for the

development of innovative materials in nanotechnology. Here, we present

Otz Jiivasly Pisss the unique structure of a cone-shaped amphiphilic designer peptide. While

e, SpriingeVailag i tracking its concentration-dependent morphologies, we observed elongated

SELELEAUL bilayered single tapes at the beginning of the assembly process, which further

developed into novel double-helix-like superstructures at high concentrations.
SLBARIRIE This architecture is characterized by a tight intertwisting of two individual
double helix, helices, resulting in a periodic pitch size over their total lengths of several
amphiphilic designer hundred nanometers. Solution X-ray scattering data revealed a marked 2-layered
peptide, internal organization. All these characteristics remained unaltered for the

self-assembly, investigated period of almost three months. In their collective morphology, the

SAXS, assemblies are integrated into a network with hydrogel characteristics. Such a
e peptide-based structure holds promise as a building block for next-generation
ISEEEReRIR0 2 nanostructured biomaterials.
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1 Introduction

Nature offers elegant and efficient ways to create highly
organized systems over several orders of magnitude
by hierarchical self-assembly. This basic principle has
been mimicked for the design of synthetic amphiphilic
molecules in order to create novel materials [1-3].
Our study focused on short amphiphilic designer
peptides. These molecules are exclusively composed
of amino acids, and exhibit lengths of 4-10 amino acid
residues. As their basic characteristic, they contain anta-
gonistic hydrophilic and hydrophobic residues within
the same molecule [4]. Self-assembling amphiphilic
designer peptides have been explored as building
blocks for the development of controllable, tailor-
made, and biocompatible nanomaterials only recently.
Because their structure is simple, yet variable, they
have a huge scientific as well as economic potential.
Their applications span the range from material
sciences to chemistry and nanotechnology, and are
of particular interest in nanomedicine due to the
peptides’ biocompatibility and biodegradability [5-7].
A constantly increasing global demand in innovative
materials makes the elucidation of their assembly
mechanism highly important.

A variety of supramolecular peptide-based architec-
tures have been reported so far, including vesicles
[8-10], spherical micelles [11-13], bilayered tapes
[14,15], donuts [16], helical and twisted ribbons
[11, 12,17, 18], fibers [12-14, 18, 19], rods [14, 19, 20],
and tubes [8-11, 17,21, 22]. Here, we report a new
structural motif that can be added to the list of assem-
blies; for the first time a double-helix-like morphology
was observed.

Only a few studies have investigated the eluci-
dation of supramolecular peptide structures with
scattering techniques [11, 17-19, 21], and none of the
reported peptides have shown the propensity to form
double helices. We used small angle X-ray scattering
(SAXS), along with transmission electron microscopy
(TEM), to investigate the different morphologies of
nanostructures derived from varying concentrations
of the amphiphilic designer peptide GAAVILRR. It is

important to emphasize that these techniques operate
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in different length scales, and therefore give insights
into different parts of the assembled nanostructures.
SAXS allows monitoring of the self-assembly of
biomolecules in solution, without the need of
immobilization, labeling, or any other modification.
It provides a detailed insight into the internal
organization of structures in the low-nanometer range
(~3-60 nm), and therefore can be used to describe the
cross section of extended structures in high details. In
contrast, longitudinal extensions, which often exceed
the nanometer range, are well resolved with TEM.
When combined, both techniques yield a detailed
picture of the individual structure, as well as the
collective morphologies in solution.

Our data indicates that the peptide concentration
directly relates to the morphology, order, and com-
plexity of the assembled structure. We monitored the
transitions from monomeric systems to elongated single
and double tapes, and finally to double-helix-like
structures by increasing the peptide concentration.

2 Results and discussion

The newly designed amphiphilic peptide, GAAVILRR,
is composed of eight amino acid residues. The hydro-
philic head consists of two bulky, positively charged
arginine residues, whereas the hydrophobic tail is
composed of aliphatic amino acids with consecuti-
vely increasing hydrophobicity. The N-terminus is
acetylated, keeping it uncharged. The C-terminus is
amidated, resulting in an overall charge distribution of
two positive net charges. The counterion is trifluoroa-
cetate. Figure 1 illustrates the structure of a monomer.
Lyophilized samples of varying concentrations were
dissolved in water, resulting in optically clear, homo-
geneous, colorless solutions. These samples in highest
concentration (75 mM) exhibited a gel-like appearance.
In order to obtain fully developed structures, the
samples were aged for 1 week. The molecule’s amphi-
philic nature endows a strong self-assembling ability
in aqueous solutions above its critical aggregation
concentration (CAC). For GAAVILRR, the CAC was
estimated by fluorescence depolarization [23] to be
about 30mM in water (see Fig.S1 in Electronic
Supplementary Material (ESM)).
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Ac{GHAHAHVHIHLHRHRINH,

Figure 1 Molecular model of the amphiphilic designer-peptide,
Ac-GAAVILRR-NH,. The hydrophobic tail is composed of amino
acids with consecutively increasing hydrophobicity and size. Two

arginine residues provide the positively charged hydrophilic head.

Peptide modifications include acetylation of the N-terminus and
amidation of the C-terminus. The monomer length is approximately
3 nm, and its widest lateral extension is around 1.5 nm. The overall
structure of the molecule looks like a cone. Color code: green:
carbon, blue: nitrogen, gray: oxygen, and white: hydrogen.

Synchrotron SAXS was applied to investigate the
self-assembly of GAAVILRR in solution as a function
of peptide concentration. The individual scattering
curves show concentration-dependent characteristics,
and can broadly be divided into three groups (Fig. 2):
low-concentration regime, intermediate-concentration
regime, and high-concentration regime.

2.1 SAXS analysis of the low-concentration regime

First, we examined the peptide morphology at
concentrations below or close to the CAC. This data
could be modeled with the theoretical form factor of
the peptide monomer, adding a hard-sphere interaction
term [24]. The form factor was calculated with the
program FoXS [25, 26], from a theoretical atomic model
of the monomer (Fig.S2 in the ESM). Figure 2(a)
shows the scattering curves of the peptide at con-
centrations ranging from 10 to 45 mM, with their
respective fits (green curves) shown as a function of
the scattering vector (g). All curves show the same
characteristics with an almost linear region in the low
g-range, followed by a broad shoulder at 4=1.3 nm™.
The parameters to describe molecular interactions
are obtained from the fitting function. As seen in
Fig. 2(b), the hard-sphere radius (R;) and the volume
fraction (¢) remain constant for the measured con-
centrations. The averaged value of R, 1.6 nm, is in
good agreement with the monomer’s theoretical total
length of 3nm (= 2R;). The linear increase in the
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extrapolated intensity at zero angle (ly) is directly
related to the increasing peptide concentration, and
is also visible in the constant value when I, is
normalized to the concentration. Based on these
characteristics we conclude that the transition from a
dilute, noninteracting colloidal system (10 mM) to a
more concentrated system (45 mM) occurs without
supramolecular structure formation.

2.2 Structural
intermediate-concentration regime

heterogeneity = dominates the

A pronounced change in the structure is observed
when the peptide concentration is increased well
above the CAC. Here, we distinguish between a
transition structure (55-65 mM, Figs. 2(c) and 2(d))
and the final structure (75 mM, Figs. 2(e) and 2(f)).
The SAXS pattern of the 55 mM sample shows a
large increase in the intensity in the lower g-range,
indicating the first steps of peptide assembly. At a
slightly elevated concentration (60 mM), we observe a
SAXS pattern typical of elongated structures. Increasing
the concentration to 65 mM leads to a SAXS pattern
that already shows distinct features of the endpoint
structure, but does not show the high viscosity of the
75 mM sample.

SAXS measurements were complemented with TEM,
which allows direct visualization of the assemblies.
TEM pictures reveal a quite heterogeneous distri-
bution of structures in the intermediate-concentration
regime: Double-helix-like structures are the dominant
species, along with extended tapes and double tapes
(Fig. 2 (d;—d3)). Uniformity in tape width is observed
by TEM throughout the intermediate morphologies.

2.3 Model development to fit the scattering curve
of the highest peptide concentration

Increasing the peptide concentration to 75 mM results
in a highly viscous solution, typical of hydrogels that
are frequently reported in the context of amphiphilic
peptides [12, 27]. Its scattering pattern, as shown
in Fig. 2(e), exhibits four distinct features: a broad
shoulder at g = 0.1-0.35 nm™, and three side maxima
with consecutively decreasing intensities at g = 0.5,
1.18 and 24 nm™. In a first approach and for com-
pleteness, we tested various torus-like models to fit
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Figure 2 Concentration-dependent self-assembly of GAAVILRR. Scattering curves of GAAVILRR at different concentrations after
1 week of aging are shown with their respective fits. Schematic illustrations of the assembled structures and the corresponding
Cryo-TEM images. (a) Low-concentration regime (10-45 mM). The fitting function that was used combines a hard-sphere model with
the theoretical form factor of the peptide monomer; the fits are represented by the green curves. (b) Concentration-dependence of the
fitted hard-sphere parameters, showing that the structures do not change over the investigated concentration regime. The hard-sphere
radius (R;) and volume fraction (¢) remain constant, whereas the extrapolated intensity at zero angle (/y) increases linearly with
concentration. Normalizing /; to the concentration results in a constant value. (c) Intermediate-concentration regime (55-65 mM).
Several models obtained equally good fits (see Table S5 and Fig. S6 in ESM). This is in agreement with the observation of different
intermediate structures using Cryo-TEM. (d) Selection of possible intermediates found at 60 mM. Both the single tapes (d;) and
parallel-aligned double tapes (d,) are found. Double-helix-like structures are the dominant species (d;), and are characterized by a
periodicity between the intersection points. The double helices are several hundreds of nm in length, and 15-20 nm in width. All the
intermediates have a related (single) tape width. (e) Hydrogel-forming sample (75 mM). The scattering curve was fitted with a double
helix model combined with the theoretical form factor of the peptide monomer. (f) Cryo-TEM image of the double-helix-like structures
at 75 mM. They are defined by using parameters identical to those of the assemblies in ds, except for a slightly shorter distance of ~80 nm
between the intersection points.
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this curve, although TEM images suggested elongated
structures. The rationale behind these tests was that
Khoe et al. [16] investigated a peptide with a similar
sequence, lacking just one alanine residue, which
formed donut-like structures in solution. However,
our scattering curve cannot be properly described by
a torus, a torus with an elliptical cross section, shell-
models thereof [28], or elongated stacked tori (for a
description of the fitting functions and the respective
fits, see Fig. S3 and Table S1 in ESM). Also, a twisted
ribbon model [29, 30] can be excluded due to its
imperfect fit (see Fig.54 and TableS2 in ESM).
Application of a helical fitting function greatly im-
proves the fit (Fig. S5 and Table S3 in ESM). However,
it is only after extending the helical model [30] to a
layered double helix, based on the equations of Pringle
et al. [31], that the fitting results can be obtained with
a minimal chi-square value [32]. In our study, a
double helix is defined as two single helices that fit
into each other, and are displaced by angle ¢. This
formalism introduces a coupling of the different layer
lines, which is typical of the helical diffraction pattern
[33]. The amplitudes of the single layer lines given by
the values of tape width and ¢ discriminate between
single and double helices. Equally good fits are
achieved by using single and double helix models for
the intermediate structures from 55 to 65 mM (for
details, Table S5 and Fig. S6 in ESM). As stated above,
this concentration regime represents an intermediate
state of a dynamic structure evolution process, where
the coexistence of different morphologies is seen. Both
the single helical tapes and double-helix-like structures
are present. Even the existence of twisted ribbons, often
described as precursors in helix formation, cannot be
excluded. This heterogeneity is represented by the
imperfect fit of any single model to the SAXS data at
intermediate concentrations. Ensemble analysis shows
a distribution of approximately 65% single helices
and 35% double helices (Fig. S7 and Table S6 in ESM).
The situation is different for the highest peptide
concentration; in this region, the population of
structures is more homogenous. The assemblies can
be best described as two individual ribbons that
are tightly intertwined (i.e., not loosely connected),
showing highly regular repeat distances at their
intersection points (Fig. 2(f)). Because of this regularity
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and homogeneity in their total widths, an interaction
between the two strands seems likely. Therefore, we
describe them as double-helix-like structures, and
indeed, fitting with the developed 2-layered double
helix model results in an excellent fit to the experi-
mentally obtained scattering data.

2.4 SAXS-derived double helical model

The X-ray derived parameters describing the novel
2-layered double helical model are illustrated in
Fig. 3 (see also Table S4 in ESM). The double helix
exhibits a pitch (P) of ~60 nm and a mean radius (R)
of 6 nm, resulting in a helical twist angle of a ~ 60°.
The tape height along the longitudinal axis (wy) is
~23 nm (Fig. 3(a)). The diameter of the double helix is
~16 nm (Fig. 3(b)), indicating that no change in the
overall width of the tape has occurred upon hydrogel
formation. Most importantly, the electron density
profile (p) derived from the SAXS data allows for a
sectioning of the tape into several layers (Fig. 3(c)).
Accordingly, the peptide-containing region accounts
for ~3.5nm of one tape. The inner hydrophobic
core has the highest electron density and spans
approximately 1 nm (D;). In this innermost region, we
expect antiparallel stacking of the peptide monomers
due to intermolecular hydrogen bonding. Given a
monomer length of ~3 nm, we assume a very tight
packing and interdigitation of the two monomers, and
we suggest that this organization determines the high
stability of the supramolecular structures. Figure 3(d)
shows one sterically permitted arrangement for the
stacking of a peptide pair, and the respective hydrogen
bond distribution. The hydrophobic core region is
flanked by a region providing the space for the
hydrophilic head groups. A decrease in the electron
density, from p, = 1.4 to p, = 0.8 electrons/A, points to
a less densely packed zone, which indicates a higher
flexibility of the head groups. In addition, the electron
density distribution map shows an area that is
characterized by a diffuse scattering contribution (ps).
We attribute this region to a low fraction of twisted
ribbons (below 5%) that coexist in the sample. They
are characterized by the same tape width (12 nm) as
those forming the double-helix-like structures. The
structural morphology of the highest peptide con-
centration was also approached by three different
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TEM techniques: freeze-fracture, negative-staining,
and Cryo-TEM. All three techniques support our
model of two individual tapes that intertwine to form
the double-helix-like structures. The images, as well as
a discussion on the strengths and limitations of either
technique, can be found (Fig. S10 in the ESM).
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organization of the structures and to confirm our
model of antiparallel organized monomers (as pro-
posed in Fig. 3(d)), we applied circular dichroism (CD)
and attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy. In principle, the
obtained CD spectra demonstrate a transition from

mainly random-coil (1-45mM, Fig.4(a)) to pre-
dominantly B-type structures (60 mM, Fig. 4(b)). The
lowest peptide concentrations show a large negative

2.5 Spectroscopic techniques to monitor the

structure’s internal organization

To obtain additional information about the internal ~ p—p* transition at 198-202 nm, followed by a negative
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Figure 3 Structural parameters of the double helical model. Values are based on the 75 mM sample fit presented in Fig. 2(e). (a)
Side-view of the double helix composed of GAAVILRR molecules. Two individual strands are intertwisted to form a double-helix-like
structure. The illustrated parameters are the pitch (P), helical twist angle (), tape thickness (w), tape height (wy), free space between
one tape (4), and corresponding free space in the bilayer plane (d). (b) The cross section shows the mean radius (R) and angle (¢) by
which the two tapes are displaced with respect to each other. (c) Electron density distribution of the cross section, which can be divided
into individual shells, with D; and D, being the shell distances with electron densities, p; and p,. Electron density o5 (gray mesh) reflects
the contribution of a low fraction of twisted ribbons in the sample. The dashed line represents the symmetry line. In the innermost region
(highlighted in green), we expect hydrogen bonding between antiparallel aligned peptide molecules. (d) The hypothesized arrangement
of two peptide molecules, together with a proposed hydrogen bond distribution pattern depicted in the chemical formulas. Color code of
the molecular model of GAAVILRR: green: carbon, blue: nitrogen, gray: oxygen, and white: hydrogen.
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Figure 4 Transition from random-coil (1-45 mM) to B-type
structures (60—75 mM), measured by circular dichroism and
infrared spectroscopy. (a) CD spectra of the low-concentration
samples recorded after 10 days of incubation. (b) CD spectra of
the 60 mM sample recorded at different time points over an
incubation time of 4 days. Dotted lines represent parts of the
spectra where a threshold of 600 V in the high-tension (HT) signal
was exceeded. (c) ATR-FTIR spectroscopy confirms the presence
of antiparallel B-sheets (peaks at 1,620 and 1,690 cm ), the peak
at 1,673 nm™! is indicative of residual TFA.

band with a maximum at 220 nm, which can be
assigned to the n—p* transition. These characteristics
are associated with a mainly random-coil structure.
The large negative peak becomes less pronounced
with increasing peptide concentration, and is shifted
to higher wavelengths. This change is consistent with

| Nano Res. 2015, 8(6): 1822-1833

a rapid increase in the high-tension (HT) voltage, and
therefore, these parts of the spectra (dotted lines)
should be considered with caution.

Nevertheless, all spectra of the low-concentration
regime point to a random-coil structure. In the 60 mM
sample, the B-strand content significantly increases,
and the spectroscopic characteristics develop towards
a negative maximum at 230 nm (Fig. 4(b)). Although
very few reports exist on how to interpret this large
negative peak at 230 nm, there is a consensus that it
is related to B-type structures [18, 34, 35]. A red shift in
the signal has been associated with a higher degree
of twisting in B-sheets than that of planar B-sheets
[27]. CD spectra with striking similarity to ours were
reported in the literature [36, 37]; interestingly, all
these spectra were related to double helices. We
now hypothesize that a CD spectrum like ours—
characterized by the absence of the typical positive
peak at 190-200 nm, and a single large negative band
around 230 nm—could be directly associated with the
double helix morphology formed when B-strands are
present.

ATR-FTIR measurements confirmed the presence of
B-sheet structures (Fig. 4(c)). The major amide I peak
at 1,620 nm™ is characteristic of B-sheet interactions.
The weak band at 1,690 nm™ can be assigned to an
antiparallel component, whereas the contribution at
1,673 nm™ arises from residual trifluoroacetic acid
(TFA) in the sample. In comparison, both the 60 mM
and 75 mM samples show the same spectroscopic
characteristics, as well as the typical scaling of the
signal with concentration.

The results of CD and ATR-FTIR spectroscopy are
consistent with our proposed model of tightly packed,
interdigitated peptide molecules that are held together
by hydrogen bonding due to antiparallel stacking.

2.6 Evolution of structure over time

To determine whether the double-helix-like structures
are intermediates that develop for the often-
described tubular structures, or whether they are a
final state of the assembly, we performed a series
of SAXS and Cryo-TEM measurements at different
time points over 11 weeks. The SAXS pattern of the
75 mM sample remains unchanged over the observed
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period (1, 4, and 11 weeks), revealing that the overall
structure and the internal organization do not change
(see Fig.S8 in the ESM). These results are further
supported by Cryo-TEM micrographs, in which stable
double-helix-like structures are observed at every time
point (Fig. 5). Only 30 min after dissolution, a double-
helix-like morphology develops and shows the final
widths of ~15-20 nm, and a mean distance between
periodic intersection points of ~80 nm (see white arrows
in Fig. 5). These characteristics remain unaltered for
at least 11 weeks.

An interesting point that needs to be addressed is
the strikingly different morphology of GAAVILRR
compared to the structure of the peptide GAVILRR
reported by Khoe et al. [16], which differs from our
sequence in lacking just one alanine residue. While
GAVILRR forms donut-like structures in solution,
we have found double-helix-like assemblies for
GAAVILRR. These results highlight the fact that
minor differences in the amino acid composition
can have a huge influence on the resulting structures.
In fact, this feature is not unique, and systematic
variations of the tail length or the substitution of

Figure 5 Cryo-TEM of 75 mM GAAVILRR at different time
points, (a) freshly dissolved, (b) 1 week, (c) 4 weeks, and (d) 11
weeks, show no alteration in the global morphology. The peptide
forms double helices at every time point, with similar structural
parameters: width ~15-20 nm and intersection points every
~80 nm (see white arrows).
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single amino acids in a given sequence are a matter
of intense research [12,13,18,27,38,39]. A deeper
understanding of the role of every single amino acid
opens up the opportunity for tunable structures. They
are highly desirable for the multifaceted application
fields of supramolecular
structures. Whether the double helical arrangement
of amphiphilic designer peptides has previously been

self-assembled nano-

overlooked due to experimental limitations, or is a
unique novel feature related to peptide sequence
remains unresolved.

3 Conclusions

We have shown that the structure of supramolecular
peptide assemblies in solution strongly depends
on the peptide concentration. Below the CAC, the
peptides are dispersed as monomers and do not
display superstructural features. According to Cenker
et al. [40], as soon as lyophilized peptides are dispersed
in water above their CAC, one part of the molecules is
present in the form of aggregates, whereas the other
part (equal to the concentration of the CAC) is in
its molecularly dissolved state. In a time-dependent
crystal growth process, the aggregates grow by
uniaxial extension through the assembly of monomers.
In a dissolution-reassembly mechanism, structures
with a high level of perfection are grown within
minutes to a few hours. At this stage, the structures
already exhibit a definite cross section with their
equilibrium diameters [40]. We observed bilayered
tapes, in which we expect that hydrophilic arginine
residues exposed to the solvent and the hydrophobic
tail residues interdigitated and tightly packed in the
interior were stabilized by intermolecular hydrogen
bonding. Because of the peptides’ intrinsic chirality,
the monomers do not assemble in a strictly parallel
manner, but slightly tilt with each other, leading to
twisted structures. In addition, a nonplanar alignment
of the monomers leads to bending. This accounts
for a twisted-to-helical transition on the one hand,
and on the other hand limits the lateral growth,
thus favoring uniaxial elongation [29, 41, 42]. Hence,
double-helix-like structures, with several hundred
nanometers to micrometers in length but only around
16 nm in width, can develop. Because of the high
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regularity of pitch distances, the orientation of the
two individual strands seems to be the consequence of
a sensitive interplay between geometrical constraints,
intertape hydrogen bonding interactions, hydrophobic
affinity of the tail residues, and electrostatic repulsion
of the positively charged arginine residues. Finally,
the double-helix-like superstructures assemble into
a network displaying gel-like features. As these
intertwined assemblies are stable for several months,
this architecture seems energetically and sterically
highly favorable. Keeping in mind the manifold app-
lications for supramolecular self-assembled structures
[4, 5, 43—47], a double-helix-like tape might be the
building block for the next-generation bioinspired
nanomaterials.

4 Methods
4.1 Peptide preparation

Ac-GAAVILRR-NH, was custom synthesized and
purified by piCHEM GmbH (Graz, Austria) following
the general procedure for Fmoc solid-phase peptide
synthesis. The samples were prepared by dissolving
the lyophilized peptide in double distilled water to
obtain the desired concentrations. The samples were
incubated at 4°C under an argon atmosphere for
1 week prior to SAXS and TEM measurements.

4.2 Small angle X-Ray scattering (SAXS)

Synchrotron X-ray scattering data was collected at
the Austrian SAXS beamline at ELETTRA (Trieste,
Italy) [48]. The measurements were carried out at
a wavelength of 0.154nm and a sample-detector
distance of 1.1 m. The photon energy was 8 keV. The
data were recorded with a Pilatus detector (PILATUS
100 K, DECTRIS Ltd., Villigen PSI, Switzerland), cali-
brated with silver behenate. The scattering intensity
was measured as a function of the scattering vector (g),

q=4n (sin9/4,

where 29 is the scattering angle and A is the
wavelength. The samples were measured either in a
1.5 mm glass capillary (10-60 mM) or in a gel sample
holder (75mM). A discussion on the influence of
shearing forces when filling the capillary can be found

Nano Res. 2015, 8(6): 1822-1833

in Table S7 and Fig. S8 in the ESM. Data analysis was
performed using Fit2D [49] and Igor Pro (Version
6.22A, WaveMetrics Inc.,, USA). Experimental intensities
were normalized to sample transmission and corrected
for background. Absolute calibration was performed
using water as the secondary standard, using the
method described by Orthaber [50].

4.3 Formal description of a helix and a double helix:
fitting parameters

The mean radius (R) is the distance between the helix
center to the center of the innermost shell. The cross
section of our model comprises two to three layers
with their respective distances (D;—D;) and electron
densities (p0—p;). Parameter p.en 1S the electron
density of the solvent, which was maintained constant
at 0.335 e/A%. The mean radius and pitch (P) provide
the helical twist angle o, where o= arctan[P/(2nR)]. It
describes the angle of the helix with respect to the
equatorial plane. The rotation angle (w) reflects the
degree of opening of the helix. The thickness of the
tape (w) is defined as w = wD3sing, the tape height
(wy) is defined as wy, = w/cose, and the free space
between the tapes (&) is defined ash = P —wj. The free
distance (d) between the tapes in the bilayer plane is
defined as d = (wh)/w,, [30, 51].

A double helix results from two single helical tapes
(with the same properties as described above) that are
displaced with respect to each other by angle ¢. The
pitch of a single helix should be greater than the tape
height (wy,) in order to leave room for the second tape.

4.4 Cryogenic transmission electron microscopy
(Cryo-TEM)

The samples were adsorbed onto a glow-discharged
carbon-coated copper grid, blotted to create a thin
film, plunged into liquid ethane, and transferred to
liquid nitrogen. Vitrified specimens were transferred
onto a Gatan 626-DH cryo transfer specimen holder
and imaged at cryogenic temperatures in a Tecnai T12
(FEL The Netherlands) microscope, operated at 120 kV.

4.5 Circular dichroism (CD) spectroscopy

Measurements were conducted on a JASCO J-715
circular dichroism spectrometer (Jasco Inc., Easton,
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MD) using a 0.1 mm path length cell. The spectra were
recorded between 185 and 260 nm in the interval scan
mode with 0.2 nm resolution and an average time of
1s. The scan speed was 50 nm/min. Spectra of the
low-concentration samples (1045 mM) were recorded
after 10 days of incubation. The 60 mM sample was
filled into the capillary directly after dissolution, and
its structure evolution was monitored over 4 days.
Because of the high viscosity of the 75 mM sample, it
was not possible to fill the sample into a measurement
cell. The final spectra were corrected for background
by subtracting the corresponding buffer spectra
obtained under identical conditions. Data processing
and analysis were performed with CDtool [52] and
Igor Pro (Version 6.22A, WaveMetrics Inc., USA). The
threshold of the high-tension (HT) voltage signal was
set to 600 V. Parts of the CD spectra exceeding this
threshold are marked by dotted lines.

4.6 Attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy

Infrared spectra were recorded between 4,000 and
600 cm™ on a Bruker TENSOR 37 FTIR spectrometer,
equipped with an ATR accessory (Bruker Optics Inc.,
Billerica, USA). The spectra were the averages of 128
scans with a resolution of 4 cm™. Data analysis was
performed with the OPUS software (Version 6.5,
Bruker Optics Inc., Billerica, USA).

4.7 Artwork

Illustrations of the assembled structures were created
with Blender (Version 2.66, Blender Foundation) [53]
and Adobe Photoshop CS5 Extended (Version 12.0.3 x
32, Adobe Systems Inc., USA). Chemical formulas were
drawn with ChemDraw (Version 6.0.1, Perkin Elmer
Informatics, USA).
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