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g r a p h i c a l a b s t r a c t
By tuning intra- and inter-b-sheet intera
ctions via peptide sequence variations and their competitions, different molecular packing modes are obtained
and then grow into three typical nanostructures (twisted ribbons, helical ribbons/tubes and flat ribbons).
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To understand how molecular interactions lead to the self-assembly of twisted, helical and flat nanorib-
bons, we have compared the hierarchical self-assembly processes of three selected octapeptides with the
same amino acid composition but different sequences by both experiments and molecular dynamics
(MD) simulations. KE-F8 (NH2-KEFFFFKE-CONH2) and EK-F8 (NH2-KEFFFFEK-CONH2) have the same dis-
tribution of hydrophobic residues and only differ by swapping the positive and negative charged residues
at their C-terminals, while KFE-8 (NH2-KFEFKFEF-CONH2) differs from KE-F8 and EK-F8 by having all
hydrophobic and charged residues evenly distributed. MD simulations indicated that the competition
between electrostatic and hydrophobic interactions at the molecular level results in different initial pack-
ing modes: KE-F8 monomers form completely matched anti-parallel b-sheets, EK-F8 monomers align
with one residue shifting, and KFE-8 monomers pack b-sheets with two heterogeneous surfaces, consis-
tent with previously suggested models. Driven by inter-strand and inter-sheet interactions, further
growth of these molecular templates leads to larger oligomers with different twisting and stacking
degrees, which are structurally consistent with the experimentally observed self-assembled morpholo-
gies. Further MD simulations showed that the competition between intra-b-sheet and inter-b-sheet inter-
actions is responsible for the different twisting and stacking degrees of b-sheets and the subsequent
formation of different nanostructures (twisted ribbons for KE-F8, helical ribbons/tubes for EK-F8 and flat
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ribbons for KFE-8). This study thus provided an important mechanistic insight into the fine tuning of
molecular packing and interactions via peptide sequence variation leading to controllable self-
assembly of twisted, helical and flat nanostructures.

� 2015 Published by Elsevier Inc.
1. Introduction

Design and synthesis of molecules that self-assemble into well-
ordered nanostructures is particularly attractive for developing
new functional nanomaterials. Natural evolution and selection
over billions of years have produced many intriguing biomolecules,
which can form intricate and functional entities through countless
interactions of self-assembly, such as lipid bilayers and vesicles,
DNA double helices, three dimensional (3D) polypeptides and
proteins, ribosomes and photo-harvesting systems. To design and
fabricate nanomaterials and nanodevices through biomimetic or
bioinspired self-assembly, we must accumulate knowledge
through studying simpler molecular structures, especially the
mechanisms how the molecular interactions lead to different
self-assembled nanostructures and functions. In contrast to large
proteins and long polypeptides, short peptides offer many advan-
tages, such as structural stability, the ease of synthesis, and the
easy establishment of the structure–function relationship and
rational interpretation of various interactions involved in self-
assembly. Thus, extensive endeavour has been devoted to short
peptides and their self-assembly [1–6].

Hydrogen bonding (H-bonding) between backbones plays an
important role in peptide self-assembly through driving peptide
monomers to pack longitudinally into b-sheets [7,8]. The interac-
tions among the side chains of peptide molecules (inter-b-sheet
interactions) regulate lateral packing of b-sheets at a much slower
rate than the fast growth along theH-bonding direction [9]. Because
b-sheets naturally tend to twist as a result of the inherent chirality
of amino acids, the lateral interactions must overcome the elastic
penalty of untwisting b-sheets from their natural states during their
lateral packing [9–11]. The final assembled morphologies are the
result of these interactions and/or confinements and their interplay.
The above hierarchical self-assembly process has been manifested
by several research groups through designed short peptides such
as Ac-QQRFQWQFEQQ-CONH2 (P11-II) [10,11], C16H31OVEVE and
C16H31OVVEE [9,12], Ac-I4K2-CONH2 and Ac-KI4K-CONH2 [13].
Aggeli et al. have proposed a mathematical model that describes
b-sheet twisting and stacking and have estimated the geometrical
parameters of P11-II ribbons [11]. In experimental studies, system-
atic variations in peptide sequence have been adopted as an effec-
tive strategy on controlling the self-assembly and self-assembled
nanostructures of ionic-complementary peptides [14–17].

Although experimental methods have provided a wealth of
structural and morphological information on peptide self-
assembly, it is usually hard through them to directly follow the
hierarchical self-assembly evolution or dynamics from the molec-
ular level to the nanoscale, in particular, to account for non-
covalent interactions between molecules and energies of different
molecular alignments. As a complementary tool, molecular
dynamics (MD) simulations have been proved to be powerful in
resolving the otherwise inaccessible features of the sub-units that
underpin the overall peptide self-assembly [18–25].

Based on the competition between electrostatic and hydropho-
bic interactions (within b-sheets), we here carefully selected a
group of peptides with an identical amino acid composition and
length but different sequences. Each molecule has a specific
sequence aimed at a particular molecular packing mode or
structural template and a subsequent hierarchical organization.
Experimental studies (TEM, AFM, FTIR, and CD) indicated that they
self-assembled into different one dimensional (1D) self-assembled
morphologies with b-sheet secondary structures, including twisted
ribbons/fibrils, helical ribbons/tubes and flat ribbons. The peptides
thus comprise an ideal model system to perform complementary
MD simulation investigations, aiming at mechanistically interpret-
ing and connecting these different 1D morphologies. The relation-
ship among molecular structures, monomer packing modes within
b-sheets, lateral stacking and twisting of b-sheets, and the final
self-assembled nanostructures was evaluated in such a nice model
set. Furthermore, the molecular origin of different monomer pack-
ing modes was also analysed, in particular, the contributions of
other non-covalent interactions (e.g. hydrophobic and electrostatic
interactions) in addition to the H-bonding and their interplay.

2. Experimental and computational section

2.1. Peptide synthesis

The peptides were synthesized on a commercial CEM Liberty
microwave peptide synthesizer from the C-terminal to the
N-terminal using the standard Fmoc solid-phase synthesis strat-
egy. The detailed procedures have been described in our previous
work [8,26,27]. The use of Rink-amide MBHA resin allowed the
C-terminal amidation. Coupling reactions were performed with a
mixture of HBTU/HOBt/DIEA, and deprotection reactions were
done with a 20% (v/v) piperidine and 0.1 M HOBt in DMF solution.
Cleavage from the resin and deprotection of the protecting groups
on the side chains were performed concurrently with a mixture of
TFA, triisopropylsilane, and H2O at a ratio of 95:2.5:2.5. Each cleav-
age mixture was filtered into a round-bottomed flask and rotary
evaporated. The solution was poured into ice-cold ether for precip-
itation. The suspension was centrifuged for 10 min at 4 �C at a rate
of 10,000 rpm. The bottom solid product was collected, copiously
rinsed with ice-cold ether, and centrifuged at the same condition.
The ice-cold ether procedure was repeated for at least 6 times.
The final products were lyophilized for 4 days and then subjected
to reverse-phase high performance liquid chromatography (HPLC)
and analysed by mass spectrometry (Figs. S1 and S2), and the
purities of the three peptides were better than 95%.

2.2. Sample preparation

The lyophilized peptides were directly dissolved in Millipore
water with a minimal resistivity of 18.2 MX cm, to produce
3 mM peptide solutions. The solution pH was carefully adjusted
to �6.2 so that the glutamic acid (E) residues were deprotonated
and the lysine (K) residues were protonated.

2.3. Fourier transform infrared spectroscopy (FTIR)

The samples for FTIR characterization were prepared by
dissolving the deuterated chloride salt of the peptide in D2O. The
preparation of the deuterated chloride salt of the peptide was done
based on the method described by Lamm et al. [28]. The resultant
optically clear solutions were aged at room temperature at least for
2 days. FTIR was performed in absorbance mode on a Nicolet 6700
FT-IR spectrometer equipped with a DGTS detector. Solutions of
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peptides in D2O were sandwiched between two CaF2 plate win-
dows (spacer 0.1 mm). Spectra were recorded at room temperature
from 4000 to 400 cm�1, and 64 scans were collected at a spectral
resolution of 4 cm�1. The data were corrected by subtracting the
absorption of the related substrates. The derivative analysis was
performed by using the OMINC software (Ver. 3.0, Nicolet).

2.4. Circular dichroism (CD)

CD spectra were recorded on a MOS-450 spectrometer (Biologic,
France) in a 0.1 mm quartz cell. The wavelength range was 190–
260 nm, the scanning speed was 30 nm/min, and the bandwidth
was 0.5 nm. Each spectrum was the average of at least three runs.
A solvent background was subtracted. The resultant CD signals are
expressed as [h] (103 deg cm2 dmol�1) versus wavelength.

2.5. Negative-stain transmission electron microscopy (TEM)

For the electron microscopy experiments, a 300 mesh copper
grid, covered with carbon-stabilized Formvar film, was placed in
35 lL sample solution. After about 3 min, the peptide solution
was removed with a filter paper, and the grid was negatively
stained with 2% (v/v) uranyl acetate in water for another 3 min,
with excess dye being removed with a filter paper. The samples
were viewed with a JEOL JEM-2100 UHR electron microscope with
an accelerating voltage of 200 kV.

2.6. Cryogenic TEM (Cryo-TEM)

Samples were prepared in a controlled environment vitrifica-
tion system (CEVS). �5 lL of peptide solution was dropped onto
a TEM copper grid coated with a laced support film and then wiped
away with two pieces of filter paper, resulting in a thin film sus-
pended on the mesh holes. After �3 s, the samples were quickly
plunged into a reservoir of liquid ethane (cooled by the nitrogen)
at �165 �C. Then, the vitrified samples were stored in the liquid
nitrogen before transferring to the cryogenic sample holder (Gatan
626) and examined on a JEOL JEM-1400 electron microscope at
about �174 �C with an accelerating voltage of 120 kV.

2.7. Atomic force microscopy (AFM)

Samples were prepared for AFM by dropping 10 lL of peptide
solution onto freshly cleaved mica surface for a few seconds
(within 30 s). The mica surface was rinsed extensively with water
and dried gently with ultrapure nitrogen gas. To prevent impurity
adsorption on the prepared surface, AFM imaging was performed
immediately after all traces of solvent had disappeared. AFM mea-
surements were performed with a Nanoscope IVa MultiMode AFM
(Digital Instruments, Santa Barbara, CA) in tapping mode.
Topographic and phase images were concurrently recorded under
ambient conditions, at 512 � 512 pixel resolution, integral and
proportional gains of 0.2 and 0.3, respectively, and a scanning
speed of 1.5 Hz.

2.8. Implicit solvent MD

Implicit solvent MD calculations were performed using the
GROMACS 4.5.5 software package [29]. Peptide interactions were
modelled by the OPLS all-atom force field [30]. Solvent effects were
taken into account by the GBSA implicit-solvent model [31]. Both
the electrostatic interactions and Lennard-Jones interactions used
a cutoff of 2 nm and a time step of 1 fs was used. All simulations
were performed using the constant NVT ensemble. The system
temperature was initially set to 10 K and then increased to
203 K. After 500 ps equilibration, the temperature was raised to
293 K and kept constant for at least 1 ns using the Berendsen
thermostat [32] with a time constant of 0.1 ps.
2.9. Explicit solvent MD

Explicit solvent MD calculations were performed using the
GROMACS 4.0.7 software package on the DeepComp7000 Super
Computer. The peptide molecules were put in rectangular or cubic
simulation boxes filled with water molecules. Periodic boundary
conditions were applied to the simulation boxes. The OPLS all-
atom force field and the tip4p water model were used in the sim-
ulations [30,33]. For all systems, to relax the initial configurations,
the potential energy of the system was minimized by using the
steepest-descent method until it converged. The solvent was then
relaxed for 50 ps at 300 K, with the positions of the peptide atoms
restrained by a harmonic potential. Bond lengths were constrained
by the LINCS algorithm [34]. The electrostatic interactions were
calculated using the Particle Mesh Ewald algorithm with a cutoff
of 1.4 nm [35]. The cutoff radius for the Lennard-Jones interactions
was set to 1.4 nm. A dielectric constant of 1 and a time step of 2 fs
were used. All simulations were performed using the constant NPT
ensemble. The temperature of the system was kept constant at
300 K using the Nosé–Hoover thermostat [36] with a time constant
of 0.1 ps. The density of the system was adjusted according to the
first constant NPT equilibration runs. The Parrinello–Rahman
Method with the coupling time tP = 0.5 ps was used to implement
the barostat with the pressure of P0 = 1 bar [37–39]. The trajecto-
ries were visually checked by using the GROMACS and VMD routi-
nes [40] to assess the quality of simulation. Pictures were
generated by VMD and Accelrys Discovery Studio Visualizer [41].
Both solvent accessible surface area (SASA) and apolar surface area
(APSA) of monomers and oligomers were calculated with a solvent
probe radius of 0.14 nm. The main-chain inter-strand H-bonds
were defined as donor–acceptor distance shorter than 0.35 nm
and bond angle smaller than 30�. For the twisting angle calculation,
the Ca atoms of the second and seventh residue were chosen to
define the orientation of one peptide strand (Fig. S20). The inter-
strand and inter-sheet non-bonded interactions were calculated
with the sum of the van der Waals term and the coulomb term
between all atom pairs in a cutoff of 1.4 nm.
3. Model molecules

As shown in Table 1, the selected three 8-residue peptides
(denoted as KE-F8, EK-F8 and KFE-8, respectively) have an identical
amino acid composition but different sequences. Reversed-phase
HPLC analyses indicated their similar hydrophobicity (Table 1
and Fig. S1).

Due to its high hydrophobicity and strong b-sheet forming
propensity, phenylalanine (F) residue plays a crucial role in amy-
loid fibrillogenesis [42,43]. Both KE-F8 and EK-F8 have four consec-
utive F residues at positions 3, 4, 5 and 6, thus generating a
hydrophobic core in the middle and making them look like bola-
amphiphiles. KE-F8 sequence is expected to produce a completely
matched anti-parallel b-sheet packing, i.e. a zero-residue shift [17],
which means that all molecules within the formed b-sheet are
anticipated to have their four hydrophobic F residues perfectly
aligned and the other four charged residues form salt bridge bonds
with the oppositely charged residues of neighbouring molecules.
On the other hand, EK-F8 has symmetric amino acids along the
sequence, whose only difference from KE-F8 is the swapping of
the E and K residues at its C-terminus. This design may lead to a
competition between the hydrophobic and electrostatic interac-
tions within b-sheets. The charge complementarity between EK-
F8 molecules is expected to cause residue shifting between the



Table 1
Sequence and hydrophobicity of the model peptides.

a Protonated K residues and the N-terminal amine group are marked in blue and deprotonated E residues in red.
b See HPLC profiles in Fig. S1 for details.
c Both solvent accessible surface area (SASA) and apolar surface area (APSA) were calculated based on the conformations sampled in our all-atom MD simulations. More
details are given in the computational methods section.
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neighbouring strands upon packing into a b-sheet, accompanied by
decreased hydrophobic contact of the F residues. Without any resi-
due shifting that means the four hydrophobic residues are fully
matched, the neighbouring EK-F8 molecules would have direct
electrostatic repulsions between the 4 pairs of charged residues,
either in a parallel or anti-parallel arrangement.

As a traditional ionic-complementary peptide, KFE-8 has alter-
nating hydrophobic and hydrophilic residues along the sequence.
Similar to EK-F8, the molecules are supposed to have one-residue
shift to allow the formation of either charge complementarity or
complete hydrophobic collapse between strands when packing
into b-sheets. Furthermore, due to the alternating distribution of
hydrophobic/hydrophilic residues, a hydrophobic surface is
expected to be exposed on one side of the formed b-sheet and a
hydrophilic surface on the other side [14–18].

In comparison with Ac-KEFFFFKE-CONH2 reported by the
Nilsson group [17], KE-F8 is unblocked at its N-terminal, which
results in a net positive charge around neutral pH and thus
enhances its solubility and b-sheet-forming propensity [44]. For
the same reason, all the three model peptides are unblocked at
their N-terminals. In addition, KFE-8 has two amino groups near
its N-terminal while the widely studied Ac-FKFEFKFE-CONH2 has
no charged group near its N-terminal [14,18,45].

Overall, the three model peptides have similar hydrophobicity
and the same net charge. The rationale for selecting the three pep-
tides is based on the rational usage of electrostatics and hydropho-
bic interactions. They are expected to produce different packing
modes and specific assembling units, which in turn affect their
self-assembled hierarchical structures.
4. Results and discussion

4.1. Self-assembled nanostructures by experiments

The FTIR measurements of the solutions of these peptides
around neutral pH displayed two major peaks around 1620 and
1684 cm�1, characteristic of anti-parallel b-sheet secondary struc-
tures (Fig. S3) [17,42,46]. The CD spectrum of KFE-8 exhibited a
maximum around 196 nm and a minimum around 217 nm, charac-
teristic of b-sheet conformations (Fig. S4). However, the CD spectra
of KE-F8 and EK-F8 displayed a positive peak around 207 nm rather
than the above two b-sheet peaks. Such unusual CD signals have
been observed in the self-assembly of Ac-KEFFFFKE-CONH2, whose
FTIR spectrum also showed b-sheet structuring, and are likely to be
related to aromatic p–p effect [17]. However, the detailed mecha-
nism is not clear. Negative-stain TEM, cryo-TEM and AFM imaging
revealed that these peptides self-assembled into distinct 1D nanos-
tructures manifested by different sizes, shapes and twisting
(Figs. 1–3 and S5–S15).
1 For interpretation of colour in Figs. 1 and 2, the reader is referred to the web
version of this article.
4.1.1. KE-F8
After 2 days of incubation, KE-F8 self-assembled into twisted

ribbons, with widths in the range of 17–25 nm (Fig. 1A and D)
and thicknesses of around 3.3 nm (Fig. S5), close to the molecular
length in the fully extended conformation. These twisted ribbons
were micrometres in length and had pitches ranging from 30 to
140 nm, similar to those formed by Ac-KEFFFFKE-CONH2 at pH
3–4 [17]. After 2 weeks, these long ribbons became wider with
widths of 25–34 nm and pitches of 140–200 nm, but their thick-
nesses changed little (Fig. 1B). Note that some wider ribbons
appeared to undergo a twisted-to-helical transition (yellow1

arrow) which was also observed at the ends of some narrower rib-
bons (blue arrow). The thinner, twisted ribbons have a negative
Gaussian, saddle-like curvature and are usually regarded as the pre-
cursors of the helical ribbons with cylindrical curvature [47,48]. In
this case, we observed the coexistence of twisted and helical ribbons
(even for several months of incubation). Although the helical ribbons
could be regarded as partially healed nanotubes, no nanotubes were
observed here, similar to the self-assembly of some peptide amphi-
philes reported by Stupp and co-workers [49,50]. This was supported
by cryo-TEM imaging (Fig. 1C).

4.1.2. EK-F8
For EK-F8, no long nanostructures were observed from TEM

characterization during the first 2 weeks. Instead, the self-
assembled nanostructures were small and tile-like (Figs. 2A and
S6). The edges of these peptide tiles were often observed to be
tilted. This might be attributed to either their intrinsic twisting
or the drying effect during specimen preparation. Measurements
on the edges of these tilted tiles revealed that they had thicknesses
around 3.7 nm (red arrows in Fig. 2A), which are a little bit larger
than the fully extended molecular length of EK-F8. Note that the
tilted edges could also be observed in AFM imaging (Fig. S7). After
1 month of incubation, we observed many long and helical ribbons
with widths above 50 nm (Fig. 2D and Figs. S8 and S9) and impor-
tantly, nanotubes were formed (Fig. 2B and C). It can be seen from
Fig. 2B that clear helical markings were still visible on the surface
of a healed nanotube, and the width of its constituted ribbon was
significantly increased, with a measured value around 391 nm.
Nanotubes can be formed as the widths of the helical ribbons
increase. In this mode of growth, the helical pitch remains constant
and the ribbon gradually widens until the tube is healed or closed
[47,51]. Their tubular nature was also verified by the clear dark
edge lines in the cryo-TEM image (Fig. 2C, purple arrows). With
prolonging incubation time to several months, many nanotubes
were observed (Fig. S10).

4.1.3. KFE-8
The main structural feature of the KFE-8 self-assembly was

the formation of long filaments. Within the first 2 days of incuba-
tion, very thin protofilaments formed with widths of around
3.5 nm, close to the fully extended molecular length of KFE-8
(Fig. 3A). Their thicknesses were about 2.3 nm, close to the
expected thickness (2.5 nm) of the bilayer with fully extended



Fig. 1. Self-assembled nanostructures formed by KE-F8 (3 mM) in neutral solution. (A and B) Negative-stain TEM images after 2 days and 2 weeks of incubation. (C) Cryo-TEM
image after 2 weeks of incubation. (D) AFM image after 2 days of incubation.
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side chains (Fig. S11). Note from Fig. 3A that these protofilaments
are already very long. After 1 week, there was a clear trend of the
lateral attraction of parallel protofilaments into larger widths
(Figs. S12 and S13). After 2 weeks, relatively smooth ribbons with
widths of 10–50 nm and thicknesses of around 3.5 nm were
observed (Figs. 3B and S14) and at this stage, the lateral
association of parallel filaments was still observed prior to the
ribbons forming (Inset of Fig. 3B). The flat nanoribbon
morphology was further confirmed by cryo-TEM and AFM imag-
ing (Fig. 3C and D). Note that in the cryo-TEM image, some flat
ribbons were observed as darker lines due to their significant tilt-
ing (the ribbon surfaces are approximately parallel to the elec-
tron beam direction). After longer incubation of several months,
we observed flat ribbons with much larger widths (Fig. S15).
Note that Ac-FKFEFKFE-CONH2 self-assembled into super-helical
ribbons at pH of 3.3 during the early stage, which then trans-
formed into flat ribbons [18]. However, Bowerman et al. have
reported that the Ac-FKFEFKFE-CONH2 super-helical ribbons were
stable at neutral pH [45]. It is likely that both the sequence vari-
ation and the N-terminal amino group are responsible for the
morphological difference observed in the self-assembly of KFE-8
and Ac-FKFEFKFE-CONH2.

In addition, the observed long and ‘‘mature” peptide ribbons
showed different twisting degrees. The KFE-8 ribbons were quite
flat, in contrast to the twisted and helical ribbons formed from
KE-F8 and EK-F8. To gain insight into these differences among
the self-assembled nanostructures of the three peptides, particu-
larly to link their molecular structures and self-assembly, we then
performed MD studies.
4.2. Packing modes by simulations

As a complementary approach to experimental characteriza-
tions, MD simulations are capable of revealing the molecular
packing modes within b-sheets and the subsequent organizations
of b-sheets during the very early stage of self-assembly. The pre-
liminary MD simulations with an implicit solvent were performed
to evaluate small pre-formed b-sheet assemblies of oligomers. The
non-bonded potential energy was calculated to quantify the inter-
strand packing modes and the lipophilic surface analysis was
adopted to quantify the inter-sheet packing modes. At this stage,
trimers were chosen as the smallest assembling units to evaluate
these microscopic arrangements with H-bond structuring. Possible
inter-strand packing modes, including both anti-parallel and paral-
lel arrangements are shown in column 1 of Tables S1–S3 (ESI), with
brief descriptions in column 2. Non-bonded potential energies
(column 3) were calculated for these microscopic structures and
taken as the criteria for their stability.

Basically, the arrangements with lower energies were found to
be always associated with the anti-parallel b-sheets rather than
the parallel b-sheets, which is consistent with our secondary struc-
ture characterization by FTIR. The reason for this phenomenon is
supposed to be that longer H-bond lengths and unsuitable NH–O
angles tend to make the parallel b-sheets less stable.

4.2.1. Inter-strand packing modes
Potential energy analysis shows that the zero-residue shift

arrangement (4C_4H_0sh_antiP) of the KE-F8 trimer has the lowest
non-bonded potential energy, while the one-residue shift produces



Fig. 2. Self-assembled nanostructures formed by EK-F8 (3 mM) in neutral solution. (A and B) Negative-stain TEM images after 2 weeks and 1 month of incubation. (C) Cryo-
TEM image after 1 month of incubation. (D) AFM image after 1 month of incubation.
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the lowest potential energies for both EK-F8 and KFE-8 trimers
(Fig. 4B and Tables S1–S3). However, the EK-F8 trimer has four pos-
sible packing modes (2C_3H_1sh(I)_antiP, 2C_3H_1sh(II)_antiP,
2C_3H_1sh(III)_ antiP, and 2C_3H_1sh(IV)_antiP), all with the low-
est energies (Fig. 4B and Table S2). For the KFE-8 trimer, the
4C_3H_1sh_antiP arrangement has the lowest energy (Fig. 4B and
Table S3). The simulated monomer packing modes with the lowest
energies agree with the rationale for selecting the three peptides.

4.2.2. Inter-sheet arrangements
Sharing the same hydrophobic distribution, both KE-F8 and EK-

F8 b-sheets expose considerable hydrophobic surface regions in
the direction perpendicular to the plane of the sheets, and thus
tend to stack to reduce the exposed area of the hydrophobic sur-
face to water. When we extended the assemblies from trimers to
hexamers with the above six inter-strand packing modes with
the lowest energies, the lipophilic surface analysis indicated the
single sheets (6 strands) of KE-F8 or EK-F8 still remained stable
(Fig. S16). In contrast, the KFE-8 hexamer sheet tended to bend
and bury its hydrophobic face, forming a larger precursor of bilay-
ers with a sharp increase of RPSA (relative polar surface area) dur-
ing this structural transition (Fig. S16). The structural transition is
ascribed to the presence of the two heterogeneous surfaces of the
KFE-8 sheet, which favours the formation of stable bilayer segment
via hydrophobic contact. These results imply that the basic assem-
bling unit of KFE-8 is a bilayer. Note that, it does not mean that the
homogeneous surface of KE-F8 and EK-F8 can make their single
layers stable enough for large populations. When we further
extended to 12-oligomers, stable bilayers (6 strands � 2 sheets)
were observed with decreasing non-bonded potentials (Fig. 4C).
We expect that multi-layered oligomers will form with increasing
populations for KE-F8 and EK-F8.

The above results from the preliminary MD calculations show
that the distributions of positive/negative charged residues along
the backbone determine the inter-strand arrangements, and the
distributions of hydrophilic/hydrophobic residues along the sheets
determine the nature of the contact between sheets.

4.3. Further simulations and mechanism

Based on the preliminary MD simulation and experimental
investigations, we then performed MD simulations for further
structural rationalization, by constructing assembled templates
with enlarged oligomer sizes in two directions (from 6 strands � 2
sheets to 12 strands � 2 sheets and 6 strands � 4 sheets). In order
to gain more reasonable structural information, the solvent was
explicitly represented so that interactions between charged groups
and polar solvent could be accurately calculated.

The peptide b-sheets were flat in the initial configurations of
our simulation, but subsequently became twisted due to the intrin-
sic chirality of the constituent amino acid residues. In the case of 6
strands � 2 sheets, both the KE-F8 and EK-F8 sheets became pro-
gressively twisted as the simulation proceeded (Fig. S17A). The
KE-F8 oligomer finished with the largest twisting angle of some
20� at the end of a 40-ns simulation. In contrast, the four b-sheet
arrangements of EK-F8 showed smaller twisting angles of some
10�, 13�, 9� and 4�, respectively. For the KFE-8 oligomer, the twist-
ing angle showed some oscillation but remained overall constant



Fig. 3. Self-assembled nanostructures formed by KFE-8 (3 mM) in neutral solution. (A and B) Negative-stain TEM images after 2 days and 2 weeks of incubation. (C) Cryo-TEM
image after 2 weeks of incubation. (D) AFM image after 2 weeks of incubation. The inset of (B) shows the lateral association of parallel filaments into ribbons.

Fig. 4. Inter-strand and inter-sheet packing modes of the three model peptides. (A)
Monomer structures. (B) Inter-strand packing modes and their non-bonded
potential energy values (a: KE-F8-4C_4H_0sh_antiP, b: EK-F8-2C_3H_1sh(I)_antiP,
c: EK-F8-2C_3H_1sh(II)_antiP, d: EK-F8-2C_3H_1sh(III)_antiP, e: EK-F8-2C_3H_1sh
(IV)_antiP, f: KFE-8-4C_3H_1sh_antiP). 4C, 4H, 0sh, and antiP mean four charged
residues forming salt-bridges, four hydrophobic residues in contact, no residue
shift, and anti-parallel orientation, respectively. (C) Inter-sheet packing modes and
their non-bonded potential energy values. Note that the KFE-8 bilayer has a pure
and intense inter-sheet hydrophobic contact.
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at some 5�. As shown in Fig. S17B and C, most of the simulated
twisting angles became compromised when the oligomers were
extended along the directions of sheet packing and H-bonding,
except for the values of the two modes of EK-F8 (EK-F8-
2C_3H_1sh(III)_antiP and EK-F8-2C_3H_1sh(IV)_antiP). For
instance, the twisting angle was reduced to some 10� for KE-F8,
some 5� and 10� for EK-F8-2C_3H_1sh(I)_antiP and EK-F8-
2C_3H_1sh(II)_antiP, and some 2� for KFE-8, in the case of 6
strands � 4 sheets at the end of a 40-ns simulation. Furthermore,
the simulated twisting angles were greater than those measured
in experiment (Table 2), possibly due to a significant increase in
width for the observed nanostructures relative to the simulated
oligomers. In fact, the measured twisting angles for KE-F8 and
EK-F8 showed a decreasing trend as the nanoribbons became
wider (Table 2). Thus, the experimental data in this aspect can be
regarded as the final result of simulation runs at larger space scale
and longer time scale.

As indicated above, the intrinsic twisting of b-sheets is
restrained by their lateral stacking. The topology of the self-
assemblies is not only governed by inter-b-sheet attractions but
also inter-b-strand (intra-b-sheet) interactions based on the model
sponsored by Selinger and coworkers [48]. The 6 strands � 4 sheets
oligomers can be considered as a chiral elastic network, which is
connected by intra-b-sheet interactions along the long axis and
inter-b-sheet interactions along the lateral orientation (Fig. 5). As
shown in Table 3, KE-F8 has a strong inter-strand connection
(�642.0 kJ/mol) due to the completely complementary charge
interaction and the large hydrophobic surface contact (with a
hydrophobic area loss of �4.20 nm2). The inter-sheet attraction is



Table 2
Measured twisting angles (htwist) of the nanostructures formed by KE-F8, EK-F8, and KFE-8.

Peptide Morphology Type Width (nm) htwist (�)a

KE-F8 Twisted ribbon 17 ± 2 2.94 ± 0.34

Twisted ribbon 25 ± 2 0.63 ± 0.07

Twisted ribbon 32 ± 2 0.45 ± 0.03

Helical ribbon 34 ± 2 0.55 ± 0.02

EK-F8 Helical ribbon 52 ± 2 0.28 ± 0.03

Helical ribbon 167 ± 12 0.20 ± 0.02

Helical ribbon 391 ± 11 0.18 ± 0.02

KFE-8 Flat ribbon 20–50 0

a Here, the twisting angle (htwist) was experimentally determined from TEM imaging according to the methods described in Fig. S18.

Fig. 5. Schematic illustration of the hierarchical self-assembly processes and the
self-assembled topologies of the three model peptides. For KE-F8, oligomers (6
strands � 4 sheets) with fully matched b-sheets have twisting angles of�10� and an
inter-sheet/intra-sheet interaction ratio R of 0.28 and eventually develop into
twisted ribbon topology. For EK-F8, four kinds of b-sheets with one-residue shift
(marked by four colours) have twisting angles ranging from 5� to 11� and a R value
of 0.45–0.50 and eventually develop into helical ribbon topology. For KFE-8,
b-sheets bilayers with one-residue shift have twisting angles smaller than 2�, and a
R value of 0.53, and finally form flat ribbon topology.
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attributed to both the inter-sheet interaction (�1064.8 kJ/mol) and
the inter-sheet hydrophobic surface area loss (�11.14 nm2).
Compared with KE-F8, EK-F8 has weaker inter-strand interactions
(�439.7 to �502.9 kJ/mol) due to less charged side chains attrac-
tion. However, there are stronger inter-sheet interactions
(�1522.4 to �1222.0 kJ/mol) in all four types of EK-F8 packing
modes. This indicates more intense contacts among b-sheets and
more hydrophobic surface buried in the assemblies (�12.60 to
�13.92 nm2). The decreased inter-strand interactions and the
increased inter-sheet interactions-work together to result in
helical ribbons with cylindrical curvature (Fig. 5). Meanwhile, the
stronger inter-sheet interactions enhance the lateral packing and
thus increase the width of the helical ribbons which eventually
grow to nanotubes.

Similar to KE-F8, KFE-8 also has four pairs of matched charged
residues but one less hydrophobic residue matched upon forming
b-sheets. As a result, KFE-8 has a weaker inter-strand interaction
than KE-F8 but stronger than EK-F8 (Table 3). One significant fea-
ture of the KFE-8 sheet is the formation of two distinct surfaces,
and the strong hydrophobic interaction (with an extremely high
hydrophobic loss of �17.85 nm2) between the hydrophobic sur-
faces leads to the formation of bilayers as the basic assembling
unit. The alternating distributions of positively and negatively
charged residues on the two hydrophilic surfaces of a bilayer make
the lateral adhesion interactions well-ordered and extremely
strong among bilayers (�1656.5 kJ/mol). Although b-sheets are
not flat due to the intrinsic chirality of the constituted amino acids,
the strong interactions between sheets restrict their twisting
propensity and thus lead to rather flat nanoribbon morphology.

To better characterize the competition between the inter-
b-sheet and intra-b-sheet interactions, we calculated the ratio R
(Einter-sheet/Einter-strand). Einter-sheet is the interaction between mole-
cules of adjacent b-sheets, which corresponds to the stretch elastic
modulus in the model of Selinger et al. [48]. Its values were obtained
as one sixth of the inter-sheet interaction from the MD simulations
of 6 strands � 4 sheets oligomers (Table 3). Einter-strand is the interac-
tion between b-strands, which corresponds to the bend elastic mod-
ulus in the model of Selinger et al. [48]. RKE-F8, REK-F8, and RKFE-8

were determined to be 0.28, 0.45–0.50, and 0.53, respectively.
Higher R value represents stronger lateral packing and less twisting
for the assembled nanostructures (Fig. 5).

Monitoring the number of inter-backbone H-bonds can provide
accurate information for residue matching and inter-strand inter-
action in the b-sheet arrangement. In the case of 6 strands � 2
sheets, KE-F8 has more H-bonds than EK-F8 on average due to
one-residue shift of the latter (Fig. S17D). In contrast, although
there is also a one-residue shift in KFE-8, the flat nanostructure sta-
bilizes H-bonding, resulting in more H-bonds than in EK-F8. As the
twisting degree decreases in larger oligomers (12 strands � 2 or 6



Table 3
Inter-b-strand and inter-b-sheet interactions and hydrophobic area losses of the 6 strands � 4 sheets oligomers.

Packing mode Inter-strand
interaction (kJ/mol)

Inter-sheet interaction
(kJ/mol)

Inter-strand hydrophobic
surface area loss (nm2)

Inter-sheet hydrophobic
surface area loss (nm2)

a: KE-F8-4C_4H_0sh_antiP �642.0 ± 34.0 �1064.8 ± 255.9 �4.20 ± 0.07 �11.14 ± 0.54
b: EK-F8-2C_3H_1sh(I)_antiP �453.4 ± 44.1 �1234.3 ± 184.1 �3.99 ± 0.10 �12.60 ± 0.89
c: EK-F8-2C_3H_1sh(II)_antiP �439.7 ± 30.3 �1222.0 ± 153.8 �3.43 ± 0.11 �13.92 ± 1.35
d: EK-F8-2C_3H_1sh(III)_antiP �502.9 ± 45.0 �1522.4 ± 72.5 �4.00 ± 0.15 �13.73 ± 1.22
e: EK-F8-2C_3H_1sh(IV)_antiP �479.3 ± 25.9 �1361.4 ± 290.5 �3.89 ± 0.15 �13.34 ± 1.65
f: KFE-8-4C_3H_1sh_antiP �523.0 ± 19.6 �1656.5 ± 116.6/�460.2 ± 18.5a �3.64 ± 0.16 �2.30 ± 0.02/�17.85 ± 0.07a

a KFE-8 has two types of inter-sheet contacts. The interface between hydrophilic surfaces has a strong electrostatic attraction but a weak hydrophobic effect, while the
interface between hydrophobic surfaces bears a high surface area loss indicating a strong hydrophobic effect.
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strands � 4 sheets), the average number of H-bonds between two
strands tends to increase, as shown in Fig. S17E and F.

Inter-sheet packing was further analysed by monitoring the dis-
tances between sheets in the oligomers of 6 strands � 4 sheets. The
distances were found to be uniform (�1.3 nm) in the KE-F8 oligo-
mers (Fig. S19A) after 40 ns of simulation, which is attributed to
the similarity of contact types. KFE-8 has two distinct faces: the
hydrophobic side-chain face which is compact (�1.2 nm), and
the charged side-chain face which is more open with some water
molecules between them (�1.4 nm), as shown in Fig. S19F. TEM
characterization revealed a texture of KFE-8 nanoribbons that indi-
cated clear separations of different interfaces. As shown in Fig. 3B,
there are nanogrooves parallel to the nanoribbon long axis and the
ridges (white lines) are �2.5 nm in width, equivalent to the thick-
ness of the peptide bilayer. For the four arrangements in EK-F8 oli-
gomers, the simulated distances between sheets are slightly
shorter than that in KE-F8 (Fig. S19B–E). This supports the conclu-
sion that the lateral packing is more intense in EK-F8.

Note that for EK-F8, the four inter-strand packing modes have
comparably identical energies as a result of the competition
between electrostatic and hydrophobic interactions. This feature
makes the peptide assemble into large quantities of short tiles at
the early stage of self-assembly (Figs. 2A and S6).
5. Conclusions

By using a combination of computational and experimental
methods, this work has demonstrated the relationship between
molecular packing modes and the three types of self-assembled
nanostructures (twisted, helical and flat nanoribbons), which have
been widely found in peptide self-assembly by many researchers
[13,17,47–50]. The results indicated that the competition between
electrostatic and hydrophobic interactions affects the inter-strand
packing modes and the competition between intra-b-sheet and
inter-b-sheet interactions affects the twisting and stacking of
b-sheets and the consequent mesoscopic structures. Along with
evaluating the energy of different molecular alignments and the
intermolecular interactions, molecular simulation techniques pro-
vided the vital details on the initial packing modes and structural
characteristics, which can be correlated to the mesoscopic
morphologies accessible to the experimental measurements.

The peptides considered here share the same amino acid com-
position, molecular weight and hydrophobicity, but have different
molecular sequences to represent specific distributions of hydro-
philic and hydrophobic properties along their molecular contours.
Our present work demonstrated once again that peptide sequence
variations are powerful in controlling self-assembling structures
[13–17]. Furthermore, the similar hydrophobicity and the domi-
nant role of electrostatic interactions in this model system made
it suitable to compare the interactions within different molecular
packing modes with b-sheet secondary structure. This work
complemented the previous reported mechanisms and models of
peptide self-assembly [10,48]. It has also been shown that
complementary information from molecular simulations and
experimental results can help develop valuable insight into the
early self-assembly stage and the subsequent structural organiza-
tion of rationally designed peptides.
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