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Many fatal neurodegenerative diseases such as Alzheimer’s,
Parkinson, the prion-related diseases, and non-neurodegenerative
disorders such as type II diabetes are characterized by abnormal
amyloid fiber aggregates, suggesting a common mechanism of
pathogenesis. We have discovered that a class of systematically
designed natural tri- to hexapeptides with a characteristic sequen-
tial motif can simulate the process of fiber assembly and further
condensation to amyloid fibrils, probably via unexpected dimeric
α-helical intermediate structures. The characteristic sequence motif
of the novel peptide class consists of an aliphatic amino acid tail of
decreasing hydrophobicity capped by a polar head. To our knowl-
edge, the investigated aliphatic tripeptides are the shortest ever
reported naturally occurring amino acid sequence that can adopt
α-helical structure and promote amyloid formation. We propose
the stepwise assembly process to be associated with characteristic
conformational changes from random coil to α-helical intermedi-
ates terminating in cross-β peptide structures. Circular dichroism
and X-ray fiber diffraction analyses confirmed the concentration-
dependent conformational changes of the peptides in water.
Molecular dynamics simulating peptide behavior in water revealed
monomer antiparallel pairing to dimer structures by complemen-
tary structural alignment that further aggregated and stably con-
densed into coiled fibers. The ultrasmall size and the dynamic facile
assembly process make this novel peptide class an excellent model
system for studying the mechanism of amyloidogenesis, its evolu-
tion and pathogenicity. The ability to modify the properties of the
assembled structures under defined conditions will shed light on
strategies to manipulate the pathogenic amyloid aggregates in
order to prevent or control aggregate formation.

self-assembly mechanism ∣ ultrasmall peptides ∣ supramolecular peptide
scaffolds ∣ fiber diffraction ∣ molecular dynamics simulation

During self-assembly, compounds autonomously organize to
functional stable entities by formation of order from disorder

(1). The self-organization of biological molecules to supramolecu-
lar structures by noncovalent interactions is an important organi-
zational process that is crucial for the existence of life. It consti-
tutes, for example, an indispensible role in the storage of genetic
information through the pairing of nucleic acids strands. Protein
folding is another crucial process for proper cellular regulation (2).
Biological aggregates such as cellular membranes, micelles, and
vesicles utilize amphiphilic molecules as self-assembling building
blocks (3–5).

Amyloid fiber aggregates are further examples of self-assem-
bly. They are found in microorganisms (such as bacteria and fun-
gi) and in storage granules with biologically meaningful functions
in the endocrine system (6). It remains a mystery how amyloid
structures terminate in a pathogenic state as found in threat-
ening neurodegenerative diseases such as Alzheimer’s, Parkin-
son, prion-related diseases, and non-neurodegenerative disorders

such as type II diabetes (7, 8). It has been speculated that the
essence of pathogenic amyloidosis is intimately connected with
the capability of the involved peptides to take more than one con-
formation. This feature has earned the notation of chameleon
proteins (9). It is assumed that these pathogenic conditions occur
due to misfolding, by assembly of unstructured peptides, intrin-
sically disordered proteins, or unfolded and misfolded fragments
of generally folded proteins (7). Also pathogenic systemic amy-
loidoses such as familial amyloid polyneuropathy, light chain and
lysozyme amyloidoses seem to be associated with partial unfold-
ing prior to amyloid formation. As a conclusion, the formulation
of the conformational change hypothesis has been proposed (10).
Because it is integral to unequivocally understand the driving
forces needed to form and maintain self-assembled amyloid
structures to reverse or change amyloid formation, appropriate
model systems are indispensable. The peptide class introduced
in this study might offer new insights toward amyloidogenesis
because its use for assembly studies is facilitated by the small size
of the peptides and facile assembly process. Here we report on a
peptide class that demonstrates the shortest reported aliphatic
peptides (consisting of natural amino acids) to form transitional
α-helices in aqueous solutions and to self-assemble into supramo-
lecular structures exerting amyloid β-structures. We propose a
specified hypothesis of amyloid formation that describes an at
least threefold assembly process from unstructured random coil
to structured α-helical intermediates terminating in cross-β pep-
tide structures. Different from the idea of unfolding as a crucial
prerequisite prior to amyloid assembly we want to stress the
importance of existing short α-helical structures as key intermedi-
ates, probably as antiparallel dimer structures, for amyloid for-
mation.

Results
Novel Class of Rationally Designed Ultrasmall Peptides. A specific
peptide motif enables ultrasmall peptides with 3–6 amino acids
to self-assemble to helical fibers in supramolecular structures
(Table 1). The amphiphilic peptide motif consists of a tail of ali-
phatic nonpolar amino acids (N terminus) with decreasing hydro-
phobicity and a hydrophilic head group of acidic, neutral, or basic
nonaromatic polar amino acids (C terminus). The N terminus was
acetylated in order to keep it uncharged. We observed that the
length of the hydrophobic tail and the polarity of the head group
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were integral elements that supported facile hydrogel formation.
Hexamers typically formed gels more readily than pentamers, tet-
ramers, and trimers. Stronger gels were derived from head groups
with acidic (D and E), followed by neutral (S and T) and basic (K)
polar, nonaromatic amino acids. The sequence motif started from
N terminus to C terminus in the order of leucine (L) [or isoleu-
cine (I)], followed by isoleucine (or leucine), valine (V), alanine
(A), and glycine (G) to guarantee the favorable decrease of non-
polar character toward the polar C terminus. This arrangement of
amino acids gave rise to cone-like structures that were prone to
assemble noncovalently by molecular recognition in a parallel–
antiparallel stacked fashion.

During condensation the helical fibers are visible to the naked
eye. As the condensation proceeds, the visible fiber structures dis-
appear within solid-like hydrogels. According to our current un-
derstanding, the ease of self-assembly, from small aggregates and
unstable fibers to firm meshes of stably assembled supramolecu-
lar fibrils, depends strongly on the decline in the hydrophobic
character of the hydrophobic amino acid tail. This goes along with
a favorable structure fitted for complementary pairing. We ver-
ified this assumption by an alanine scan of the peptide sequence
Ac-LIVAGD (Table 1). By sequentially exchanging each amino
acid of the hydrophobic tail to alanine, we evaluated the altered
peptides on their ease of fiber formation and hydrogel strength.

Hypothesis of Self-Assembly Through Structural Transition as Con-
firmed by Circular Dichroism (CD).We hypothesize that peptide net-
work formation requires at least three steps, depending on
increasing peptide concentrations: Step I: antiparallel pairing
of two peptide monomers and structural transition to α-helical
conformation. Step II: assembly of peptide pairs to fibers and
nanostructures. Step III: condensation of peptide fibers to fibrils
(Fig. 1). We believe that the initiation of peptide assembly to pairs
and fibers by antiparallel stacking is the nucleation step needed
for further processing of fibers to fiber aggregates. This step is
governed by a change of the peptide’s secondary structure from
random coil to α-helical conformation.

It is commonly thought that small linear peptides of 3–6 amino
acids would not show α-helical propensities due to size restric-
tions. To our surprise, our observations proved otherwise: Ultra-
small peptides (3–6 mers) changed conformation from random
coil to α-helical structures upon crossing a threshold concentra-
tion (Fig. 2 A and B). The CD spectra demonstrated that at low
concentrations all investigated peptides were stable up to tem-
peratures of 90 °C. At low concentrations, hexamer Ac-LD6

slightly and gradually changed its random coil structure during
a temperature scan from 25 °C to 90 °C (Fig. 2C). It reverted
to its individual original structure when stepwise cooled to 25 °C.

The observed peaks corresponded well with the reported random
coil transitions of a very small positive n − π� transition near
217 nm and a single large negative transition near 190 nm (11).
Slightly below its critical gel forming concentration of 1 mg∕mL,
transitions occurred similar to those found in α-helices. Specifi-
cally, a negative n − π� transition near 222 nm, a split π − π� tran-
sition with a negative peak near 208 nm, and a positive peak near
192 nm (peak at 192 nm not shown) were observed (Fig. 2 A
and B). Our CD spectra pointed to a combination of α-helix and
poly-L-proline-like II conformations previously observed in amy-
loidogenic peptides prior to assembly (12). The α-helical content
increased when the critical gel forming concentration was
exceeded. The CD spectrum of subsequent fiber structures was
similar to short prion peptides and amyloid fiber aggregates that
are β-turn structures (Fig. 2D) (13). Interestingly, the β-turn
fibers of our hydrogels were stable structures. When the fiber-
containing hydrogels were heated stepwise from 25 °C to 90 °C,
their secondary structure remained unchanged, while further con-
densation occurred (Fig. 2E). After cooling, there was no signif-
icant change of the scaffold structure observable. All investigated
scaffold-forming peptides displayed similar behavior, indicating
a motif-dependent condensation process.

Evaluation of Fiber Structures by Field-Emission Scanning Electron Mi-
croscopy (FESEM) and X-ray Diffraction.We confirmed the fiber for-
mation of the peptide scaffolds by low-temperature FESEM
(Fig. 3 A and B). Undissolved lyophilized peptide powder already
contained short assembled fibers. Each peptide had a critical
minimum concentration to form fibrous scaffolds in water. When
the critical peptide concentration was exceeded, the resulting hy-
drogel consists of water entrapped by the whole fibrous network.

We performed X-ray microdiffraction experiments on two
peptide hydrogels, the trimer Ac-ID3 and hexamer Ac-LD6. De-
spite the low volume concentration of scattering material, we
were able to record powder diffraction data from Ac-ID3 and
Ac-LD6 peptide films, flash-frozen to 100 K in MiTeGen Kapton
MicroMounts by raster microdiffraction (Fig. 3 C–J). The main
features of the patterns were two powder rings at d1 ∼ 9.8 Å, d2 ∼
4.6 Å and a diffuse powder ring at d3 ∼ 4.0 Å (Fig. 3 C andD). To
relate these peaks to the fibrils visible in the FESEM images,
we generated a fibrous texture material by controlled evaporation
of drops from the same hydrogel solutions on a superhydrophobic
surface. The residuals were gently detached from the surface and
attached to a glass capillary support. Trimer Ac-ID3 formed
hollow, flattened spherical residuals (Fig. 3E). Fiber texture
was observed with the beam in normal orientation to the skin
of the Ac-ID3 residual (Fig. 3F). We observed a transition to a
random crystallite orientation in the center of the dried drop,
as expected for diffraction when the beam orients along the fiber
axis. The Ac-LD6 residual collapsed upon drying to an irregular
structure (Fig. S1C) but also showed fiber texture at the skin
(Fig. S1 C and D). The fiber texture formation appeared to be
independent from the structuring of the polymethylmethacrylate

Table 1. Group of peptides that self-assemble to ordered
supramolecular networks, constituting in hydrogels

Head group Hexamer Pentamer Tetramer Trimer

Aspartic acid (D) LIVAGD LIVAD IVAD IVD
ILVAGD LIVGD IID
LIVAAD
LAVAGD
AIVAGD

Glutamic acid (E) LIVAGE
Lysine (K) LIVAGK
Serine (S) LIVAGS

ILVAGS
AIVAGS

Threonine (T) LIVAGT
AIVAGT

All peptides were acetylated at the N terminus while the carboxyl group at
the C terminus was unchanged, except for LIVAGK, which was amidated to
suppress the charge at the C terminus. The more extensively investigated
peptides are shown in bold; namely, LIVAGD (also named Ac-LD6),
AIVAGD (also named Ac-AD6), and IVD (also named Ac-ID3).

Step II
Assembly
to fibers

Step III
Condensation

of fibers

Step I
Pair formation,

Change to αα-helical
conformation

Hydrophilic headgroup

Decreasing hydrophobicity

Fig. 1. Hypothesis of self-assembly from peptide monomers to supramole-
cular networks of condensed fibers. (A) Self-assembly is initiated with anti-
parallel pairing of two peptide monomers by changing to α-helical
conformation. Subsequently, peptide pairs assemble to fibers and nanostruc-
tures and condense to fibrils resulting in hydrogel formation.
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(PMMA) surface. From the X-ray microdiffraction patterns, the
residuals and the hydrogels had similar general scattering fea-
tures. However, for the residuals it was possible to distinguish
the equatorial and meridional reflections (Fig. 3 I and J and
Fig. S1 E and F). Azimuthally averaged patterns of the peptide
residuals revealed two prominent reflections that were too nar-
row for an amorphous material such as α-helical keratin (14). The
d ∼ 4.6 Å meridional reflection did not completely match an ex-
pected d ¼ 5.15 Å reflection corresponding to the 5.4-Å helical
repeat of an α-helix supercoiled within a coiled coil (15, 16), as
reported for 28-mer α-helical peptide hydrogel (15). While we
cannot completely exclude α-helical propensities, the appearance
of a meridional d ∼ 4.6 Å reflection is, however, characteristic for
cross-β-type bonding as experimentally observed in amyloid-like
structures for ≥4-mer peptide crystallization (17). In the cross-
β-model, the equatorial (e) reflections relate to the fibril structure
perpendicular to the fiber direction (Fig. 3 G and H). The
d ∼ 10 Å reflection was attributed to the structure of the fibrils
projected down the fiber axis. This reflection has been identified
to represent the spacing of the β-sheets in amyloid fibrils. The
variation in d spacing could be related to the side-chain composi-
tion of the β-sheets (18, 19). It is interesting to note that model
simulations for high concentrations of short peptides suggest the
formation of assembled intermediate structures retaining α-heli-
cal conformations, prior to β-sheet transition (20). The circular
dichroism experiments on the current peptides also suggest α-he-
lical intermediate structures, followed by β-type-structures at
higher concentrations.

Molecular Dynamics Simulations of Ultrasmall Peptide Self-Assembly.
Further investigating the assembly behavior, particularly the pair
formation (Fig. 1, Step I), we conducted molecular dynamics
simulations of 4 hexamer Ac-LD6 peptides in water (Fig. 4A).
At t ¼ 0, the peptides were placed apart from each other in
the simulation box. By t ¼ 1 ns, the peptides formed pairs, and
by t ¼ 6 ns, the two pairs aggregated into a cluster of four pep-
tides. Similar dimer formation was observed from extensive
molecular dynamics simulations of several β-sheet forming pep-
tides in implicit solvent (21). Our simulation results support the
hypothesis of pair formation preceding fiber formation and even-
tual condensation into supramolecular structures (20). Simula-
tions with the shorter trimer Ac-ID3 in water revealed similar
pairing behavior, although the dynamics of pair formation was
slower compared to the longer Ac-LD6 peptides. This could
be attributed to the lower hydrophobicity of the trimer compared
to the hexamer. However, the tendency to form pairs in water was
consistent in both peptides, highlighting pair formation as a gen-
eral mechanism for self-assembly. Additional simulations of the
pairing behavior and investigation of the peptide orientation are
discussed in SI Text.

The formation of fiber structures was probed using molecular
dynamics simulations of stacked peptides. We investigated hori-
zontal versus vertical stacking configurations. The latter resulted
in much more disordered structures (Fig. S2A). Initial simula-
tions involved a single strand of 18 horizontally stacked peptides
in water. Periodic boundary conditions applied in all directions
resulted in an effectively infinite peptide strand that was unstable
and broke apart within 5 ns of simulation time. We then assem-
bled four peptide strands in a 2 × 2 configuration, resulting in a
fibrous structure of 72 peptides in water. After 5 ns of simulation
time, the fiber remained stable without breaking apart (Fig. 4B).
This supports our hypothesis that the individual peptide fibers
condense to larger supramolecular structures. It is also consistent
with known biological behavior in nature where DNA and col-
lagen form double and triple helices, respectively, rather than
single strands. This suggests that the fibril aggregates represent
a lower free energy state than the individual separate protofibril
strands, leading to assembly of larger aggregates. However,
further simulations would be necessary to calculate a free energy
change associated with the assembly process. Although we were
unable to observe helix formation in our fiber, the fiber formed
bends and turns along the fiber axis. Increasing simulation time
and length scale to 20 ns with 216 horizontally stacked Ac-LD6

peptides, the fiber remained intact and formed a coil along the
fiber axis (Fig. 4C). It is evident from our simulations that these
peptide fibers do not form linear structures. However, the obser-
vation of the helix formation in the fibers is probably beyond the
limits of our present simulations. To further understand the
hydrogel’s amazing water retention ability, we investigated the
position of water molecules relative to peptide fibers. There
was very little water within the peptide fibers (Fig. 4D). This
was not surprising considering the hydrophobic nature of the pep-
tide tail. Instead, the water formed a layer around the fiber, sug-
gesting that the bulk of the water in the hydrogel will be stored
between the fibers and not within.

Discussion
Amphiphilic peptides have a strong tendency to self-assemble.
We noticed that all investigated peptides from an investigated
group exceeding 100 peptides were able to self-assemble. Inter-
estingly, only the minority (∼25%), designated with a distinct
cone-shaped peptide motif, exerted the potential of further
assembly to ordered supramolecular amyloid structures, consti-
tuting in hydrogels. The majority of peptides remained in solution
as nanomolecular aggregates or precipitates. A minimum concen-
tration was needed for gelation, while elevated temperatures
accelerated self-assembly.

Fig. 2. CD spectra of peptide solution and scaffold. (A) CD spectra demon-
strate the transition of Ac-LD6 peptide conformation from random coil (below
threshold concentration) to α-helical (peaks at 208 and 222 nm) and finally
β-type (negative band at 218 nm) structures, increased by heating. (B) Far-
UV CD spectra of Ac-ID3 at different concentrations showing the conforma-
tional transition from random coil via α-helical to β-type structures. All spectra
weremeasuredat25 °C. (C) Randomcoil conformationsofAc-LD6 (0.2 mg∕mL)
were reversibly affected by stepwise temperature increases (solid lines) from
25 °C to 90 °C and temperature decreases (dotted lines) to 25 °C. (D) Tempera-
ture increasesofAc-LD6 gels (1 mg∕mL) stabilized the β-type structures irrever-
sibly. (E) Subsequent cooling did not alter the conformation.
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The general assembly process toward amyloid aggregates
presumably is a complex stepwise process including conforma-
tional peptide or protein changes (20). The “folding energy land-
scape theory” proposes a funnel-like pathwaywith conformational
intermediates that lead to the final species (22). It includes the
conversion of the native protein or peptide structure into a predo-
minantly β-sheet secondary structure, where N and C terminus
are oriented in antiparallel fashion. Our observation of a stepwise
assembly process of the investigated peptides to amyloid structures
strikingly resembles the proposed pathological mechanism of

amyloidosis. Following the structural conversion of our peptides
toward supramolecular structures (fibril formation), we propose
that the transition from random coil to an intermediate α-helical
conformation is the most critical of the multistep process. We
believe that structural conversion is necessary for processing of
fibers or nanostructures toward stable β-turn fibrils. A recent re-
view discusses the increasing evidence that a variety of natively
unfolded polypeptides, prone to amyloid formation, show
enriched α-helical intermediates during the crucial lag phase of
aggregate formation (23). The authors conclude that, according

Fig. 3. Morphological and structural characteriza-
tion of the peptide scaffolds by FESEM and X-ray
fiber diffraction. (A and B) Condensed fibers of
Ac-ID3 hydrogels of 15 mg∕mL (A) and 20 mg∕mL
(B). (C and D) Averaged microdiffraction patterns
after background subtraction of β-turn (with α-heli-
cal propensities) secondary structures of Ac-ID3

(C) and Ac-LD6 (D). (E and F) After drying the gels
on a hydrophobic surface, the Ac-ID3 residuals at-
tached to glass capillaries were scanned. Orientation
of the local fiber axis shows single diffraction pat-
terns of Ac-ID3 (G) and Ac-LD6 (H) (dark arrows
m1−3: meridional, e1−3: equatorial reflections). In
particular, the Ac-ID3 residual skin showed a strong
fiber texture. Azimuthally averaged patterns of
Ac-ID3 (I) and Ac-LD6 (J) residuals at room tempera-
ture. The patterns have been fitted by Gaussian pro-
files for the Bragg peaks and a 0-order polynomial
for the residual background (in blue). Positions of
the individual peaks are indicated by arrows. The
part of the pattern excluded to the fit is in red.
Small amounts of residual ice are indicated. Errors
indicated correspond to �σ values of the fits.
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to the published data, peptide–membrane or peptide–solvent in-
teractions are probably the reasons for the appearance of α-helical
intermediates. In our study we are able to show that formation of
α-helical intermediates only needs a critical peptide concentra-
tion. The structural transformation probably serves as a signaling
command. It is conceivable that in biological systems conforma-
tional changes are necessary signals or communication tools,
either for catalysis or for the assembly process of functional or
toxic aggregates. With this communication tool, the surrounding
molecules would receive instructions for actions such as assembly.
The decision to proceed to supramolecular aggregates, as ob-
served with our hydrogel-forming peptides, relies on the efficiency
of the transition to a different secondary conformation, which in
turn depends on the peptide sequence. Examples of functional
protein aggregates (6) and toxic amyloid aggregates (7, 8) are
abundant in nature. Because it is not understood when, why, or
how a protein or peptide self-assembles to amyloidogenic struc-
tures and eventually proceeds to a pathogenic state,model systems
for detailed studies are needed. We propose our unique peptide
class as an excellent model system. Nonetheless, our peptide
motifs do not resemble the lately presented amylomes—proteins

capable of forming amyloid-like fibrils (24). Performing a blast
search of the Protein Data Bank revealed that the hexapeptides
Ac-LIVAGD, Ac-AIVAGD, and Ac-ILVAGD (Table 1) did not
correspond to any putative conserved domains. Of the 83% or
100% matches obtained, the peptide sequences did not appear
more than once in each of the database proteins. Because these
hexapeptides are the best examples of the gelating peptides, evo-
lution might have well decided not to favor these motifs in natural
occurring protein structures, thereby reducing the risk of predict-
able toxic fiber assembly.

The presented class of ultrasmall peptides offers a plethora of
interesting aspects for future investigations. There is the general
view that short peptides, in particular linear tri- to hexapeptides,
are restricted by size to form α-helical structures under aqueous
conditions. The smallest ever reported α-helices in water are
adopted by cyclic pentapeptides (25). Although these peptide
structures are of interest as biological probes or therapeutics, they
do not resemble any natural occurring peptide. Alanine-rich lin-
ear tri- to hexapeptides are reported to adopt mixed β-turnð310Þ∕
α-helixð413Þ conformations, though not in water. They adopt their
mixed conformation only in aprotic environments, such as in the
protected cavity of a hydrophobic porphyrin-prism host (26). In
contrast, our peptides do not require specific environments or
conditions but simply aqueous or physiological conditions and
a specific concentration to turn into α-helical conformation.
We would like to point out that other ultrashort peptides such
as Ala-Phe-Ala (27) have been reported to adopt stable non-α-
helical structures in aqueous solution. This implies that ultrashort
peptides can adopt defined secondary structures, even under phy-
siological conditions, increasing the evidence for a reassessment
of the structure–function paradigm (28). Because our class of
peptides can adopt different conformations, we can imagine using
them as building blocks for proteins with predetermined second-
ary and tertiary structures (29).

We are especially intrigued by the driving forces that enable
distinct ultrasmall peptides to stably self-assemble to macromo-
lecular structures. The ability to modify the properties of the
assembled structures under defined conditions will shed light
on strategies to manipulate particularly the pathogenic amyloid
aggregates or will prevent or control aggregate formation.

Materials and Methods
Peptide-Based Hydrogel Preparation. All peptides (GL Biochem, ≥98% purity)
were freshly prepared in order to avoid premature peptide assembly. The
peptides were dissolved in water and left at room temperature to form
hydrogels. Depending on the peptide concentration, the self-assembly pro-
cess occurred immediately, within hours or even within days (experimental
time frame for gelation). For higher peptide concentrations peptides were
dissolved in milliQ water by vortexing. If an accelerated hydrogel preparation
was needed, the peptide solution was subjected to sonication in a water bath
at 35 kHz (Barnstead Labline 9319 UltrasonicLC60H). No significant structural
differences were observed between hydrogels produced via self-assembly
and those whose assembly was facilitated by sonication.

FESEM Studies. Samples were frozen at −80 °C and then vacuum dried. Sub-
sequently they were fixed onto a sample holder using conductive tape and
sputtered with platinum from both the top and the sides in a JEOL JFC-1600
High Resolution Sputter Coater. The coating current used was 30 mA, and the
process lasted for 60 sec. The surface of interest was then examined with a
JEOL JSM-7400F field-emission scanning electron microscopy system using an
accelerating voltage of 5–10 kV.

CD Spectroscopy. CD spectra were collected with an Aviv 410 CD spectrophot-
ometer fitted with a Peltier temperature controller, using a rectangular
quartz cuvette with a fitted cap and an optical path length of 1mm. For high-
er peptide concentration (10–20 mg∕ml), quartz cuvettes with optical path
lengths of 0.01 mm were used. Data acquisition was performed in steps
of 0.5 nm at a wavelength range from 185–270 nmwith a spectral bandwidth
of 1.0 nm. Spectra were obtained in a stepwise fashion up and then down.
The investigated temperatures ranged over 25 °C–90 °C (in the following
steps: 25 °C, 37 °C, 50 °C, 70 °C, 90 °C, 70 °C, 50 °C, 37 °C, 25 °C). To ensure

Fig. 4. Molecular dynamics simulations of hexapeptide Ac-LD6 in water.
(A) Simulation snapshots of initially separated four Ac-LD6 peptides in water.
By t ¼ 1 ns, the peptides formed two pairs that assembled to form a cluster
of fourpeptides. (B) Simulation snapshots of a fiber consisting of 72 Ac-LD6

peptides. Peptides were initially stacked horizontally in antiparallel manner.
Over time, the fiber turned along its axis, forming bends. (C) Final structure
from a stacked simulation of an Ac-LD6 fiber consisting of 216 peptides.
After 20 ns of simulation time, the fiber remained intact and coiled around
the fiber axis. (D) Water molecules are viewed down the fiber axis without
the fiber. Very few water molecules exist within the fiber; instead, the water
forms a layer surrounding the fiber.
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reproducibility of the CD spectra, three samples of each peptide were pre-
pared and characterized spectroscopically, but the spectra were not aver-
aged. All spectra were corrected in baseline with milli Q water as the
blank. The signals were normalized to mean residue ellipticity (MREs) based
on the peptide concentration

½θ�λ ¼
θObs

ð10 × l × c × ðn − 1ÞÞ
with ½θ�λ as the MRE at wavelength λ in degcm2 dmol−1, l as the pathlength in
cm, c as the concentration in M and (n − 1) as the number of peptide bonds in
the studied polymer (30).

X-ray Fiber Diffraction. Experiments were performed under cryoconditions
(100 K) on a trimer Ac-ID3 (L) slurry with a glycol∕water (20∕80 v∕v%) solu-
tion as cryoprotectant. Experiments on an “air dry” Ac-ID3 (L) powder were
performed without cryoprotectant. No significant amount of ice formation
was observed in either case. A small quantity of each sample was picked-up
with a MiTeGen MicroMount Kapton mount with 100 μm aperture. Precipi-
tated solute residues were examined at room temperature (RT). The residues
were attached to tapered glass capillaries by a small amount of rapid glue.

Precipitation Experiments. A superhydrophobic surface, based on a micro- or
nanopatterned polymethylmethacrylate (PMMA) surface (31, 32) was used to
compact the peptides by precipitation. Hydrogel powders were dissolved in
deionized water (2.15 mg peptide∕mL water) by vortex-induced vibration. A
drop of solute was deposited by a syringe on the PMMA surface and allowed
to dry. The solid residue was gently detached from the surface and attached
by a small amount of fast glue to a glass capillary.

Synchrotron Radiation Experiments. Microdiffraction experiments were per-
formed in transmission geometry using a 1hor � 0.8vert μm2 monochromatic
X-ray beam from crossed mirrors at a wavelength of λ ¼ 0.09947 nm. Sample
supports were attached by a magnetic base to the ID13 scanning goniometer
(33) and aligned normal to the beam by an on-axis Olympus microscope,
which was calibrated to the beamline focal spot. An Oxford Cryosystems

cryoflow system was used for experiments at 100 K. A FreLon CCD detector
(34) with 2K × 2K pixels (binned to 512 × 512 pixels) and 16-bit readout
was used for data collection. The detector-to-sample distance was calibrated
with an Al2O3 powder pattern to 94.3 mm. Raster scans were performed
with the ID13 scanning goniometer (33) with variable step-resolution down
to 1 μm. The data collection time was up to 5 sec ∕pattern at 100 K and
0.5 sec ∕pattern at RT. Patterns recorded outside the sample were used for
background correction. Data analysis was performedwith the FIT2D program
(www.esrf.fr/computing/scientific/FIT2D/).

Computer Simulation. The peptides were described using the OPLS force field
(35) and the water molecules were described using the SPC/E model (36).
Molecular dynamics simulations were performed using GROMACS version
4.0.5 (37). Simulations were performed at time steps of 2 fs. Periodic bound-
ary conditions were applied in all three directions. Cut-off radii were set at
0.9 nm for electrostatic interactions and 1.4 nm for Lennard–Jones interac-
tions. Long-range electrostatic interactions were treated using the particle-
mesh Ewald (PME) method (38). Simulations in the isothermal-isobaric (NPT)
ensemble have been carried out. Temperature coupling was done with a Be-
rendsen thermostat but with an additional stochastic term to ensure a correct
kinetic energy distribution and produce a correct canonical ensemble (39).
Pressure coupling was achieved with the Berendsen barostat (40). Relaxation
times of 1 ps and 2 ps were used for the thermostat and barostat, respec-
tively. For all investigated peptides the total simulation time was in the
ns-range. For the largest system of 216 peptides in water, 10 million simula-
tion steps were performed to obtain a total time of 20 ns. The calculations
were performed at a rate of about 11 ns∕day on 32 Intel Xeon 2.27 Ghz CPUs.
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