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Tube to ribbon transition in a self-assembling
model peptide system

Axel Rüter, *a Stefan Kuczera, a Joakim Stenhammar, a Thomas Zinn, b

Theyencheri Narayanan b and Ulf Olsson a

Peptides that self-assemble into b-sheet rich aggregates are known to form a large variety of supramolecular

shapes, such as ribbons, tubes or sheets. However, the underlying thermodynamic driving forces for such

different structures are still not fully understood, limiting their potential applications. In the AnK peptide system

(A = alanine, K = lysine), a structural transition from tubes to ribbons has been shown to occur upon an

increase of the peptide length, n, from 6 to 8. In this work we analyze this transition by means of a simple

thermodynamic model. We consider three energy contributions to the total free energy: an interfacial tension,

a penalty for deviating from the optimal b-sheet twist angle, and a hydrogen bond deformation when the

b-sheets adopt a specific self-assembled structure. Whilst the first two contributions merely provide

similar constant energy offsets, the hydrogen bond deformations differ depending on the studied

structure. Consequently, the tube structure is thermodynamically favored for shorter AnK peptides, with

a crossover at n E 13. This qualitative agreement of the model with the experimental observations

shows, that we have achieved a good understanding of the underlying thermodynamic features within

the self-assembling AnK system.

1 Introduction

The use of short peptide molecules as building blocks in
materials science has become increasingly popular during the
last few decades and their various applications range from cell
culture scaffolds or drug delivery systems to photonic crystals
and computational devices.1–5 This is, partly, due to their
intrinsic biocompatibility and their ability to self-assemble into
various structures such as twisted or helical ribbons,6,7 hollow
nanotubes8,9 or sheets.10,11 However, to fully utilize the spon-
taneous self-assembly process, the ability to control the final
macromolecular structure by design of the individual building
blocks is crucial.12,13 Systematic studies, where small altera-
tions to peptide model systems are made, can be used to gain
fundamental thermodynamic understanding of peptide self-
assembly and the underlying mechanisms.14

Peptide self-assembly is generally considered a complex pro-
cess governed by a combination of non-covalent interactions,15,16

with the main driving force for aggregation being the hydrophobic
interaction.16,17 Typically hydrogen bonding and electrostatic
interactions between charged peptides further dictate the final
internal ordering of the assemblies.18,19 The relative importance
of the interactions will strongly depend on the peptide sequence

as well as properties of the surrounding such as temperature, pH
and ionic strength. For example, the formation of either twisted
ribbons or tubes in various self-assembling peptide systems has
been shown to be dependent on the solution pH.20–22 In other
systems the same morphological difference was found to depend
on solvent polarity23 or peptide sequence.24

The AnK model peptide system studied in this article con-
sists of a chain of n hydrophobic alanine (A) amino acids
flanked by a single lysine (K) residue as a head group. The
uncapped peptide, therefore, shows a net positive charge at low
pH. Its aggregation is mainly driven by hydrophobic interaction
between the alanine amino acids.25 Studies varying n have
revealed that shorter alanine chains (n = 6) assemble into
hollow nanotubes, whereas n = 8, 10 peptides instead assemble
into twisted ribbons.25–27 Although the macroscopic aggregate
structures vary greatly, detailed analyses have shown that the
arrangement of AnK peptides within the aggregates is consis-
tent throughout the peptide family where laminated, antipar-
allel b-sheets pack in a two-dimensional (2D) oblique crystal
lattice regardless of the peptide length.28,29 This high internal
ordering is a result of the hydrogen bonds formed between
amino acids of neighboring peptides.

In this article we present high quality small- and wide-angle
X-ray scattering (SAXS and WAXS, respectively) data which allow
us to significantly extend the structural understanding of the
two observed morphologies in the AnK system. By identifying
the different (free) energy contributions, we have developed an
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analytical model where we estimate the free energies for the two
structures as a function of peptide length. The model takes into
account the untwisting away from the optimal b-sheet twist, a
surface tension term to account for the available hydrophobic
surface area and the different hydrogen bond deformations
that occur as the b-sheets adopt to the respective morphologies.
These different deformations lead to different scaling behaviors
of the total energy as a function of peptide length, resulting in
the tube structure being energetically favorable for shorter
peptides while the twisted ribbon structure is lower in free
energy for longer peptides. The model shows qualitative agree-
ment with experimental data which indicates that we likely
have captured the main energy contributions within the AnK
peptide system. A fundamental thermodynamic understanding
of the free energies associated with the self-assembly process
can help increase the success rate in the design of novel self-
assembling peptides.

2 Results and discussion
2.1 Structure of peptide aggregates

In the AnK model peptide system the self-assembled structure
is dependent on the number of alanine residues in the chain,
n, resulting in assemblies of both tubes32,33 and twisted
ribbons.25,27 To illustrate this difference, SAXS and WAXS profiles
of A6K, A8K and A10K are presented in Fig. 1. The scattering profile

of the shorter A6K peptide shows, as expected, the characteristic
features from tubular structures.31 Unlike in previous scattering
experiments the scattering setup enabled very precise background
measurements and, hence, the precise determination of the tube
wall thickness of 3.3 nm, corresponding roughly to the length of
an extended peptide monomer, lp = 2.5 nm. This verifies, that the
peptides stand perpendicularly against the tube surface in a
monolayer of laminated b-sheets.34 The polydispersity was deter-
mined to be 4%.

The scattering data from A8K and A10K peptides are shown
in Fig. 1B and are modeled as the scattering from elliptical
cylinders.25,27,30 Again, the peptide monomers are organized as
a single layer of laminated b-sheets, but with a limited lamina-
tion and, thus, a limited number of b-sheets, N E 15. This
monodispersity is the result of a trade-off in free energy
between the hydrophobic lamination and a stretching deforma-
tion from the favorable b-sheet twist.27,35,36 Here we present
data with a lower qmin than previous reports, where q is the
magnitude of the scattering vector. This enabled a proper
length determination of the A8K ribbons, which were found
to be roughly twice the length of the ribbons formed from A10K
peptides. Corresponding polydispersity of the minor elliptical
cylinder axis is 15% for both A8K and A10K.

Much like the critical micellar concentration in a surfactant
system, the self-assembly of the AnK peptides takes place above
a certain soluble peptide volume fraction, fs. At a total peptide
volume fraction, ftot 4 fs, the sample contains both assembled

Fig. 1 (A) SAXS and WAXS profiles of two concentrations of the A6K peptide above and below the peptide solubility limit. The lower concentration is
compared to the theoretical scattering curve of a dispersion of monodisperse Gaussian polymer coils with a radius of gyration, RG = 0.55 nm.30 The
higher concentration is compared to a linear combination of the above described polymer coil model and the theoretical scattering curve of hollow
tubes with a tube wall thickness of 3.3 nm, a mean core radius of 27.5 nm and a radius polydispersity of 4%.31 The discrepancy between data and model at
lower q values is ascribed to the structure factor contribution. (B) Shows SAXS and WAXS profiles of the peptides A8K and A10K. Here the pattern is
compared to the theoretical scattering from rigid elliptical cylinders with mean semiaxes 1.8 nm and 3.6 nm for A8K and 2.1 nm and 4.2 nm for A10K.
Corresponding polydispersity for the minor elliptical cylinder axis is 15% for both A8K and A10K. No contribution from the solubilized peptide fraction is
considered as the solubilities for these peptides are significantly lower than the shorter A6K. In both panels the WAXS patterns are shown in inset,
highlighting the striking similarity of the local peptide packing within the observed morphologies.
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peptides and freely dissolved peptide monomers, ftot = fstruct +
fs. For the longer peptides A8K and A10K, where the peptide
solubility is low,25 the solubilized fraction can be neglected. For
A6K, on the other hand, this is not possible. In Fig. 1A, the
scattering curve for A6K at f = 0.07 is shown together with the
model curve for a dispersion of monodisperse Gaussian coils,37

indicating that fs Z 0.07. Due to this relatively high solubilized
fraction, the theoretical model of the A6K tubes at f = 0.12
includes a linear combination of the theoretical scattering from
hollow tubes and a dispersion of monodisperse Gaussian polymer
coils. This results in a good agreement between the scattering
pattern of the tubes and the model in the intermediate to high
q regime.

The first maximum of the A6K data shows a more distin-
guished tooth shape than P(q) for the tube. This suggests a
contribution from the structure factor of the tubes, which is
expected, as the effective volume fraction of tubes is signifi-
cantly higher than the volume fraction of peptides in the tube
walls. However, there is no indication of further ordered
lyotropic structures, such as hexagonal packing: this would
show up as a split of the second and third order maxima as
has been seen for other hollow peptide tubes.38 The position of
the structure factor peak together with the upturn of intensity
at low q values with a power law I(q) B q�3 suggests, that
parallel oriented tubes are tightly packed in domains rather
than homogeneously distributed due to insufficient repulsive
stabilization.

Although the self-assembled structures of the AnK peptides
differ significantly, the local peptide packing within the differ-
ent aggregates is strikingly similar, as seen in the WAXS insets
in Fig. 1, where the positions of the Bragg reflections are
essentially the same. Moreover, both the tubes and the ribbons
have previously been shown to consist of laminated b-sheets.25,29

In a previous study, the Bragg reflections in the twisted ribbons
were indexed to an oblique unit cell with the lattice parameters
given in Fig. 2, where the b-sheet runs parallel to a.28 A schematic
of this unit cell is shown in Fig. 2. The orientation of the b-sheets
within the ribbon aggregates was found to be parallel to the
ribbon axis as determined by analysis of 2D WAXS patterns from a
flow aligned sample.28

From the similarities between the WAXS patterns the local
peptide packing in the tubes and that of the ribbons are
assumed to be essentially the same, i.e., in a 2D oblique unit
cell.28,29 2D WAXS patterns of all three studied peptide assem-
blies are shown in Fig. 3. From the alignment of the A6K tubes
in the measurement cell, roughly along qx, we conclude that the
b-sheets in the tubes must run along the tube surface on a
helical path at the pitch angle j = 521. A schematic of this is
shown in Fig. 4A, where a close-up of the b-sheet shows
that this helical path imposes a bending deformation to the
b-sheets. We note that this value of j is different from what has
been proposed based on solid state NMR (ssNMR) techniques.34

However, the choice of unit cell parameters in that study do not
correspond to the real space distances observed in the WAXS
patterns presented here (Fig. 2).

From the scattering curve of the tube system in Fig. 1A, it is
evident that the tubes have strikingly uniform diameters, in
accordance with previous results from cryo transmission elec-
tron microscopy.39 We note, that similar uniformity has also
been reported for other systems where small self-assembled
molecules form hollow nanotubes.38,40–42

In Fig. 4B we also show a schematic of the twisted ribbons
formed from the A8K and A10K peptides, as have been char-
acterized previously.25,27 The twisted peptide ribbons consist of
N = (2M + 1) laminated b-sheets, propagating along the ribbon

Fig. 2 A schematic of the oblique lattice with lattice parameters a =
0.44 nm, b = 0.54 nm and d = 1001 proposed as the 2D crystal unit cell of
the peptides in the A8K and A10K twisted ribbons.28 The hydrophobic
alanine residues of the peptide are here represented by a red rod, whereas
the charges of the N-terminal ammonium and the lysine side chain are
represented by a smaller and a larger blue sphere, respectively.

Fig. 3 2D WAXS patterns of A6K tubes in (A), where the parallel and
perpendicular direction of the partially aligned tubes are indicated. The
angle between the first reflection and the tube alignment is determined to
j = 521. 2D WAXS patterns of A8K and A10K twisted ribbons are shown in
(B) and (C) respectively.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/5

/2
02

4 
6:

29
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp03204b


This journal is©the Owner Societies 2020 Phys. Chem. Chem. Phys., 2020, 22, 18320--18327 | 18323

axis.25 Every sheet is indexed symmetrically around the central
sheet m = 0 and M is the absolute value of the highest index m
in the structure. The ribbons were experimentally found to
show a twist pitch, lr = 16 nm, due to the intrinsic chirality of
the peptide monomers.27 Whereas the midpoints of all pep-
tides in the central b-sheet (m = 0) fall on a straight line, the
outer sheets (m a 0) follow a longer helical path due to the
ribbon twist. This increase in path length results in an exten-
sional deformation of the hydrogen bonds along the helical
path. In Fig. 4B the outer most b-sheet, m = �4, has been
extended in both directions to highlight the helical path.

2.2 Peptide aggregate thermodynamic model

As shown above, the shorter AnK peptides prefer a hollow tube
configuration while the longer instead self-assemble into
twisted ribbons. Despite these macromolecular differences
the local packing of peptides within the structures are strikingly
similar. In the following, we will present a simple model which
we use to compare the free energies of the two structures.
Following the work of Nyrkova et al.,35,36 we consider three
contributions of the free energy: an interfacial energy, a penalty
for deviating from a preferred b-sheet twist angle, and a
hydrogen bond deformation when the b-sheets adopt to the
self-assembled structure.

The main driving force for peptide self-assembly in water is
generally considered to be the hydrophobic effect.16,17 This
hydrophobic interaction drives the formation of b-sheets that

aggregate further, forming laminated stacks, due to the hydro-
phobic interaction between the sheets. Both the A6K nanotubes
and the ribbon aggregates of A8K and A10K can be viewed as
such laminated b-sheets, as seen in Fig. 4, where the number of
laminated b-sheets in the tubes, N, is practically infinite. The
interfacial free energy of a b-sheet of length L can be approxi-
mated as Gint = g2Llp, where g is the water–peptide surface
tension and lp is the peptide length, assumed equal to the
b-sheet width. By laminating N equally long b-sheets, the
number of b-sheet interfaces exposed to water is reduced by a
factor N, which is the energetic driving force for the lamination.
Using lp = (n + 1)dA, where dA = 0.36 nm is the length of an
individual amino acid,43 this interfacial energy contribution to
the peptide chemical potential can be written as

mint ¼
2gðnþ 1ÞdAd0

N
(1)

where d0 = 0.44 nm28 is the b-strand separation, i.e., the
peptide–peptide separation in an undeformed b-sheet. As poly-
alanine is strongly hydrophobic we use g = 25 mN m�1,
corresponding to 6kBT nm�2. This is roughly half the value of
a typical water–hydrocarbon interfacial tension.44

In the final self-assembled structure, hydrogen bonds con-
nect the peptides to form b-sheets.45,46 Depending on the
aggregate morphology these hydrogen bonds will experience a
deformation from their minimum free energy. For simplicity
the angular dependence on the hydrogen bond energy is
neglect and each hydrogen bond of the b-sheet is assumed to
have a harmonic potential:

Gdef ¼
1

2
kdef d � d0ð Þ2 (2)

where kdef is a spring constant and Gdef is the potential energy
of a single hydrogen bond. The peptide separation, d, can vary
over the length of a peptide molecule and the total contribution
to the chemical potential from b-sheet deformation, mdef, is
then obtained by calculating the sum of the potential energies
from all (n + 1) hydrogen bonds along a peptide molecule.

b-Sheets are known to exhibit a left-handed twist looking
along the direction of the hydrogen bonds,47,48 with an angle
y between adjacent b-strands. The twist of a long b-sheet can
also be quantified by a pitch length, lr = 2pd/y. Many computa-
tional studies have dealt specifically with the twist of b-sheets
from polyalanine peptides,49–51 and although the driving force
behind this twisting of b-sheets is not fully understood, the
existence of a preferred angle, y0, between adjacent b-strands
is well-established. Assuming a harmonic potential, we write
the contribution to the chemical potential, due to this twist
deformation, as

mtwist ¼
1

2
ktwist y� y0ð Þ2 (3)

where ktwist is an elastic constant.
The total peptide chemical potential of the aggregates is

the sum of the individual free energy contributions mtot = mint +
mdef + mtwist. To compare the two structures formed from the AnK

Fig. 4 (A) Schematic of the A6K tubes showing the helical path of the
b-sheets around the tube perimeter with the helix pitch angle j = 521. The
helical path imposes a curvature and, thus, a bending deformation of the
non-twisted b-sheets. (B) A schematic image showing the twisted ribbon
aggregates formed from AnK peptides where n = 8, 10 with a pitch lr. This
specific aggregate consists of N = 9 laminated b-sheets propagating along
the ribbon length. The b-sheet m = �4 is extended in both forward and
backward direction to visualize the increased helical path of a b-sheet
further out in the structure.
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peptides we will now estimate the chemical potential in the two
structures and how it depends on the peptide length.

Tubular structures can be considered as composed of an
infinite number of laminated b-sheets, so that mint = 0, and
mtube = mdef + mtwist. As discussed above, there is a bending
deformation of the b-sheets as a result of the their helical path
around the tube, with an angle j, as shown in Fig. 4A, and a
corresponding pitch length, lt. The b-sheets are bent with a
curvature c = R/(R2 + lt

2), where R is the tube radius. R and lt are
also related to j as tanj = 2pR/lt. The amino acids are labeled
with the integer number n that runs from �n/2 to n/2. In the
bent b-sheet d varies with n as

d(n) = d0(1 + ndAc) (4)

so that the outer half of the b-sheet experiences a stretching
(d 4 d0) while the inner half is compressed (d o d0) and where
dA is the length of an individual amino acid. A schematic
visualization is shown in Fig. 5.

The twist angle, y, is essentially zero in the tube so that
mtwist E 0.5ktwisty0

2. With these considerations we arrive at

mtube ¼
Xn=2

n¼�n=2

1

2
kdef dðnÞ � d0ð Þ2þ1

2
ktwisty02 (5)

for the peptide chemical potential in the tubes.
We have recently analyzed the twisted ribbon aggregates of A8K

and A10K.27 The ribbons were experimentally found to be rather
monodisperse in width and consist of N E 15 laminated b-
sheets.27 The finite value of N can be understood as a compromise
between the interfacial energy term, which favors infinite N,
and the b-sheet deformation (stretching) term, due to the ribbons
being twisted, that opposes lamination and instead favors
N = 1.27,35,36 The fact that the ribbons are twisted implies that
y0 a 0 and that ktwist is of significant magnitude compared to the
thermal energy. The total chemical potential of the ribbons thus
contains three contributions: mribbon = mdef + mint + mtwist.

To obtain a simple expression for mdef, the b-sheets are
labeled with the integer m that runs from �(N � 1)/2 to (N �
1)/2. Furthermore, the central b-sheet, corresponding to m = 0,
is assumed to be undeformed so that d = d0. When m a 0, on
the other hand, the center of the b-sheet follows a helical path
(Fig. 6), with the radius |m|dlam and the pitch length lr = 2pd0/y.

The pitch length is independent of m, but as the helical radius
increases with |m|, so does the b-sheet contour length of a
pitch, lc. For this contour length we have lc

2 = (2pmdlam)2 + lr
2.

Thus, for m a 0 the b-sheets are stretched, with a b-strand
separation given by

dðmÞ ¼ d0
lcðmÞ
lr

(6)

We then arrive at the following full expression for the
peptide chemical potential in a ribbon aggregate

mribbon ¼
ðnþ 1Þ

N

X
ðN�1Þ

2

m¼�ðN�1Þ
2

1

2
kdef dðmÞ � d0ð Þ2 þ g2ðnþ 1ÞdAdlam

N

þ 1

2
ktwist y� y0ð Þ2

(7)

In the first term, we multiply with (n + 1) because there is no
bending, so that d(m) is independent of the position n along the
peptide molecule. We also divide with N, so that mdef is averaged
over the different b-sheets in the ribbon.

Having now reached model expressions for mtube and mribbon

their relative stability as a function of n can be compared. As
can be seen from eqn (7), mribbon increases linearly with the
peptide length (n + 1), with an offset given by mtwist. In the
expression for mtube (eqn (5)), on the other hand, mdef has a stronger
dependence to (n + 1). First of all (d(n) � d0) = ndAc. This term is
further squared and summed over the n + 1 values of n, implying
that mtube approximately scales as (n + 1)3 plus an offset given by
mtwist. Comparing the linear scaling of mribbon with the cubic scaling
for mtube we thus expect mtube o mribbon for small values of (n + 1) and
the opposite to hold for larger values of (n + 1).

To reach a quantitative comparison, we fix the parameters
previously presented. A summary of these parameters and their
values are presented in Table 1. The values of d0, dlam and dA

were determined experimentally, while the surface tension
between peptide and water, g, can be estimated with reasonable
accuracy. However, for the parameters kdef, ktwist and y0, we do
not have any reliable estimates. In order to check the accuracy
of our model, we do therefore not perform a global analysis, but
rather seek the possibility for a set of parameters than can

Fig. 5 Two peptides from a b-sheet within a tube, where the locations of
the individual amino acids are indicated by their integer value n. The amino
acid separation at n = 0 for adjacent peptides is assumed d = d0.

Fig. 6 A twisted ribbon with N = 9, where the b-sheet traces of m = �3, 0
and 3 are projected on the xy-plane for visualization. In a sheet where m a
0 the amino acid separation is longer than for m = 0.
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account for both the observed N E 15, and for a tube to ribbon
transition reasonably close to the observed n E 7. In doing so,
we have first considered the minimization of mribbon to obtain
the optimum N and y (or lr) for given values of g, kdef, ktwist and
y0. In this procedure we choose y0 = 11.51 and g = 6kBT nm�2,
and then vary kdef and ktwist to find a free energy minimum for
N E 15. There are of course many combinations of kdef and
ktwist that satisfy N E 15, but one such combination of values
(Table 1), results in y = 1.71 for the ribbon, corresponding to lr =
90 nm. This value of lr is significantly larger than the value
16 nm suggested from negatively stained TEM experiments.27

However, this experimental value implies an unphysical
stretching compared to the ribbon width, in stark contrast to
previous studies,52–55 and it is thus likely, that the value lr =
16 nm is underestimated due to the vacuum conditions of the
TEM experiments. This is also in qualitative agreement with the
computational studies, where longer b-sheets generally are
associated with smaller values of y0.50

Using the presented values, we have calculated mribbon and
mtube as a function of n, see Fig. 7. From this analysis, we find
that mtube o mribbon for n o 13, i.e., a value roughly two times
larger than the experimentally observed transition (between 6
and 8). While the parameters can be adjusted to yield a transition
at a lower value of n, this semiquantitative agreement with
experiments using realistic values of all parameters indicates

that our thermodynamic model indeed captures the important
ingredients behind the observed tube-to-ribbon transition. The
fact that we reach this semiquantitative agreement without
including a free energy contribution from electrostatic interac-
tions, even though the peptides are known to exhibit a net
positive charge, is interesting. A possible explanation for this
could be a change of the protonation state of the peptide
monomer upon inclusion in the aggregated structure,56 greatly
reducing the charge density of the final aggregates.

We note that the tube-to-ribbon transition can be viewed as
a topological transition from a helical tape to helicoids, which has
been analyzed using the toolbox of differential geometry.57–59 In
the tube, the b-sheet surface is bent into a cylinder with a mean
curvature H = 1/(2R), but the Gaussian curvature K = 0. The
helicoid, on the other hand, is a minimal surface and character-
ized by K o 0.

3 Conclusions

In this paper we have proposed a thermodynamic model for
laminated b-sheet aggregates that predicts a transition from
hollow tubes to twisted ribbons of finite width, as a function of
increased peptide size. Such a transition has been observed
experimentally with the alanine rich model peptides AnK.25 Within
the model, the transition is associated with different b-sheet
deformations, bending and stretching, in tubes and ribbons.
The model prediction, that tube formation is favored for smaller
peptides, is consistent with the general observation that peptide
b-sheet nanotubes mainly form from shorter peptides,20,26,32,38,53,60

where an extreme example is the FF dipeptide.8 This indicates, that
the presented thermodynamic model captures the general features
of peptide self-assembly and could possibly be extended to deepen
the thermodynamic insight into the self-assembled structures of
molecules beyond peptide assemblies.

4 Experimental section
4.1 Materials

AnK peptides were purchased as trifluoroacetate (tfa) stabilized
salts with purities of 95% or higher from CPC Scientific Inc., and

Table 1 A summary of the parameters used for the calculations

Parameter Value Unit Description

d0 0.4428 nm Equilibrium b-strand separation.
dlam 0.5428 nm b-Sheet separation.
dA 0.3643 nm Amino acid length.
lp Peptide contour length determined by (n + 1)dA.
lt 135 nm Helical pitch length of the b-sheet in the tubes.
c 1.4 � 10�3 nm�1 b-Sheet curvature in the tubes.
lr 90 nm Twist pitch of the b-sheets in the ribbons.
lc b-Sheet contour length in the ribbon; varies across a ribbon.
N 15 Observed number of b-sheets in the ribbon.
j 52 deg Helical pitch angle of the b-sheet in the tubes.
y0 11.5 deg Optimal b-sheet twist angle.
y 1.7 deg Twist angle of the b-sheets in the ribbons. y E 0 in the tubes.
g 6 kBT nm�2 Surface tension between peptide and water.
kdef 1500 kBT nm�2 Hydrogen bond spring constant.
ktwist 3.0 � 10�2 kBT deg�2 Elastic constant of b-sheet untwisting.

Fig. 7 The total chemical potential, mtot, for tubes and ribbons respec-
tively showing a cross-over for n E 13. The parameters used for the
calculations are presented in Table 1.
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used without further purification. Samples were prepared by dis-
solution of the peptide powder in Milli-Q water. The peptide bulk
densities have been previously determined, 1.45 g cm�3, 1.5 g cm�3

and 1.26 g cm�3 for A6K, A8K and A10K, respectively.25,33

4.2 Methods

SAXS and WAXS experiments were performed on the ID02 beam-
line at the European Synchrotron Radiation Facility (ESRF).61 The
samples were contained in a flow-through capillary cell (diameter
B2 mm) maintained at 25 1C, which also enabled accurate
background measurements from the capillary filled with water
as well as flow aligning of the nanotubes. The SAXS sample-to-
detector distances were 8 m and 1.2 m and the WAXS detector was
positioned at 0.12 m from the sample. The measured two-
dimensional scattering patterns were normalized to an absolute
intensity scale after applying different detector corrections and
azimuthally averaged to obtain the one-dimensional profiles. After
subtraction of the corresponding normalized background, one-
dimensional profiles from different sample-to-detector distances
were merged together to obtain the scattered intensity, I(q), as a
function of the magnitude of the scattering vector q = (4p/l)sin
W/2, with l the wavelength of the X-rays (C1 Å) and W the
scattering angle. The SAXS data were analyzed using the SasView
software.62
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