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ABSTRACT

Although nanostructures self-assembled by short peptides are very promising in developing novel
biomaterials and nanomaterials, it is still a great challenge to design the peptide molecular structure
which will self-assemble into designated nanostructures. By combining elastic theory with molecular
dynamics simulations, we introduce a multiscale computational approach to predict the B-sheet
morphology self-assembled by short peptides in aqueous solution only based on the molecular
structure of the peptide. In our approach, the gap between the elastic model and atomistic model is
bridged by the simplified model, whose parameters are determined by enhanced sampling and
extensive all-atom molecular dynamics simulation results at different levels. This multiscale approach is
applied to two model peptides KIlIIK (KI4K) and IlIIKK (14K2) to test its validity. The computational
results, consistent with the previous experimental observations, show that KI4K with a higher ratio of
inter-sheet interaction to intra-sheet interaction tends to form tube-like morphology with a larger
width, while 14K2 with a lower ratio tends to form fibril with a smaller width. This methodology is
anticipated to be helpful for computer-aided design of nanostructures self-assembled by short peptides.
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1. Introduction

Nanostructures self-assembled by biological building blocks
have promising potential applications in nanotechnology for
developing functional biomaterials [1-3]. Peptides are of par-
ticular interest because of the variety of their self-assembled
nanostructural morphologies such as vesicles, fibrils, twisting
ribbons, helical ribbons, nanotubes, and nanobelts [4-7]. It is
notable that macroscopic properties of the peptide-based bio-
materials are determined by morphologies and elasticity of
self-assemblies at the nanoscale [8]. Many experiments were
intensively conducted to investigate the rational design of pep-
tides and self-assembly conditions for controlling the mor-
phologies self-assembled by short peptides [9-13]. Due to the
highly combinational complexity of amino acid sequences
and sensitiveness of physicochemistry conditions of solutions,
it would be very expensive to explore short peptide self-assem-
bling processes for obtaining a designated morphology only
through experiment. Therefore, it is in strong demand to pre-
dict the self-assembling morphology of peptides at the molecu-
lar level by computational methods.

The different hierarchical molecular structures observed in
experiments provide valuable insights into intermolecular
interactions in peptide self-assembly [14-16]. The hierarchical
structures self-assembled by short peptides contain one com-
mon structural motif named the cross-p conformation
[17,18] as well as three different peptide-peptide interfaces of
intra-sheet, inter-sheet, and inter-protofilament structures

[19,20]. Through tuning experimental conditions such as pH,
ion strength, temperature, and agitation in a self-assembly pro-
cess, the change of the hierarchical structures at the molecular
level is considered to be related to morphologies of nanostruc-
tures at the nanoscale. Polymorphism of an intra-sheet struc-
ture at the atomistic level is wusually observed in
nanostructures of amyloid peptides [21,22], and results in the
appearance of nanostructures with different morphologies at
different experimental conditions, such as various pHs, agita-
tion or quiescence [23]. The morphological transformation
between these structures can also be observed in one trial
[4,6,24,25]. However, the pathway of forming self-assembled
morphology by underlying molecular structure is still unclear.

Due to the excessive temporal and spatial lengths of the self-
assembly process, various coarse-grained models [26-28] were
developed in addition to all-atom ones for investigating inter-
molecular interactions and dynamics of short peptides self-
assembly by means of computer simulation. Consistent with
experiments, the polymorphism of intra-sheet structures at
the atomistic level was also found in all-atom molecular
dynamics (MD) simulations combining accelerated sampling
for oligomers of different short peptides [29-31]. The roles of
side chains in intermolecular forces were studied by steered
MD simulations and enhanced sampling simulations [32,33].
Using the sophisticated MARTINI model [34], nanostructures
with different morphologies observed in experiments such as
tubes, plates, and fibrils were reproduced in extensive
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simulations (many simulations with the same control par-
ameters conducted for different input models or initial struc-
tures), and the guiding rules of screening nanostructure
propensity for all 8000 possible tripeptides were proposed
[35]. So far, different sub-processes of the hierarchical struc-
tures in short peptide self-assembly can only be studied separ-
ately, and there still exist gaps between molecular modelling
results at different scales.

In this work, by combining an elastic theory with multiscale
molecular simulation techniques, we introduce a multiscale
computational approach, as illustrated in Figure 1, to predict
the morphologies self-assembled by peptides according to
their molecular structure. On the basis of the balance between
the energy cost of intra-sheet deformation and the energy gain
of inter-sheet attraction proposed in the hierarchical peptide
self-assembly model [36,37], a quantitative relation between
the width of the nanostructure and the self-assembled mor-
phology has been proposed. In our approach, the intra-sheet
intermolecular interactions are first determined by combining
the enhanced sampling and all-atom MD simulations. The
inter-sheet intermolecular interactions are then determined in
the same way. The obtained data for intermolecular inter-
actions are finally imported into the simplified elastic model
developed in our previous work [38] to establish the connection
between the width and the morphology of a nanostructure.
Two model peptides KI4K and I4K2 are used to validate this
multiscale computational approach. Consistent with the exper-
imental results [11], our computations show that a higher ratio
of inter-sheet to intra-sheet interactions and a smaller twisting
angle of KI4K lead to a self-assembled nanotube structure,
rather than the nanofibril structure of 14K2. This multiscale
approach can be used to computationally design the molecular
structures of short peptides for developing functional materials
with aimed nanostructural morphologies.

2. Methods
2.1. The hierarchical peptide self-assembly model

In the hierarchical peptide self-assembly model [36], the nanos-
tructure formed by short peptides is treated as a laminar

structure composed of cross-f sheets. The inter-sheet inter-
action is represented by a constant energy o between two pep-
tides along the side-chain direction. The intra-sheet interaction
is described by the elastic energy cost for deforming a cross-f3
sheet with respect to its equilibrium conformation, which can
be written as

1 1 1
Eelastic = Ekbvz + Ekstrzn + Ekt(”m - nﬁg))z (1)

where v, t,,,, and n,, are bending, splaying, and twisting defor-
mations of the cross-[ sheet with respect to its equilibrium con-
formation, respectively; 1, is the twisting angle of a ribbon in
equilibrium; ky, ks, and k, are the corresponding elastic con-
stants. Equation (1) can be further refined by considering the
twisted stack-like geometry of the fibril to obtain the expression
for the elastic energy of the jth cross-p sheet in the nanostruc-

ture, written as
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where p is the total number of cross-p sheets in the nanostruc-
ture, 0 is the twisting angle between two peptides, and 0, is the
twisting angle of the equilibrium cross-p sheet. The detailed
derivation from Equation (1) to Equation (2) can be found in
Ref. [36]. Thus, the total energy of the nanostructure with p
cross-P sheets is

r
Bl = Y Eopeic — (P — 1) X @ (3)
j=1

2.2. All-atom MD simulation

In the all-atom MD simulations, the N-terminal was capped
with acetic anhydride and the C-terminal was amidated for
both KI4K and I4K2. To be consistent with the experimental
condition pH =3 reported in Ref. [11], the side chains of all
the lysine residues were protonated, and a corresponding
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Figure 1. (Colour online) Multiscale computational approach for studying the molecular mechanism of different morphologies self-assembled by short peptides.



number of chloride ions were added to neutralise the simu-
lated system. Both peptides and chloride ions were modelled
by the OPLS-AA force field [39], and water was modelled
by the TIP4P force field [40]. The initial configurations of
intra-sheet structures were the most probable structures
sampled by the replica exchange MD (REMD) simulation of
a trimer reported in Ref. [31], while those of cross-B sheets
and inter-sheet structures were manually constructed by
using the Py_Mol package [41]. All-atom MD simulations
with a timestep of 2 fs in a cubic box with the period bound-
ary condition applied in three dimensions were performed in
the NPT ensemble by using the GROMACS 4.6.5 package
[42]. The cutoff for van der Waals (VDW) interactions was
set to 1.2 nm. The electrostatic interactions were treated by
the Particle Mesh Ewald (PME) method [43], whose cutoff
in the real space was set to 1.2 nm. Chloride molecules were
added to neutralise the system. The Nosé-Hoover thermostat
[44] and the Parrinello-Rahman barostat [45] were used in
the NPT ensemble simulations to control the system tempera-
ture and pressure, respectively. The stabilities of intra-sheet
and inter-sheet structures were verified by conducting 50-ns
simulations.

To determine the intermolecular interactions for the hier-
archical structures, the rotational potential of mean force
(PMF) for intra-sheet interactions and the translational PMFs
for both intra-sheet and inter-sheet interactions were calculated
by performing umbrella sampling simulations. For the
rotational PMF for intra-sheet interactions, the reaction coordi-
nate 8 was the angle between two peptides. In these simulations,
one peptide was kept fixed, and the other was rotated by using
the fixed axis rotation method implemented in the enforced
rotation module of GROMACS [46]. In the fixed axis rotation,
the heavy atom in the fixed peptides forming the middle hydro-
gen bond (H-bond) between two backbones was set as the pivot
point, and the vector between heavy atoms of the middle H-
bond was set as the rotational axis. There were totally 90 win-
dows ranging from 0 to 2m with a window width of 0.07 rad.
and the initial configuration was selected from a 0.5-ns
rotational steered MD simulation with an angular velocity of
0.174 rad/ps and a force constant of 500 kJ/mol/nm?. Inside
each window, a 10-ns NPT simulation with a force constant
of 500 kJ/mol/nm” was conducted.

For the translational PMF for intra-sheet interactions, the
reaction coordinate ¢ was the distance between the centers-
of-mass (CoMs) of peptides. There were totally 24 windows
ranging from 0.44-3.0 nm with a window width of about
0.1 nm and the initial configuration was selected from a 0.5-
ns SMD with a constant pulling rate of 5 nm/ns and a force
constant of 1000 kJ/mol/nm>. Inside each window, a 10-ns
NPT simulation with a force constant of 1000 kJ/mol/nm?
was conducted. For the translational PMF for inter-sheet inter-
actions, the reaction coordinate ¢ was the distance between the
CoMs of cross-P sheets. There were totally 17 windows ranging
from 1.27 to 3.0 nm with a window width of about 0.1 nm.
Other simulation details were set to be the same as the transla-
tional PMF for intra-sheet interactions described above. After
the umbrella sampling simulations, the weighted histogram
analysis method (WHAM) [47] was used to calculate the
PMFs along each reaction coordinate.
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2.3. Simplified model and simulation
The simplified elastic model developed in our previous work
[38] was adopted to understand the microscopic mechanism
for experimentally observed morphological transformation.
The energetic function of this model is

N n—-1 n
E =
I=

33" ko(D}; — Do)’ + ky(RE, = Ro)” + k(6] — 60)°]

1 =1 j>i
—-(N-1)xo
(4)

where N is the number of cross-f sheets and # is the number of
peptides in one cross-p sheet. The three terms in the square
brackets describe the intra-sheet interactions between neigh-
bouring peptides, including stretching along the H-bond direc-
tion ij, stretching perpendicular to the H-bond direction R!,
and twisting degree of the cross-p sheet Hfj, all described by har-
monic potentials with Dy, Ry, and 6, being the equilibrium con-
stants. The last term describes the total inter-sheet energy with
the approximation that the attraction between two neighbour-
ing cross-P sheets is a constant ¢. In this model, the harmonic
approximation is used to represent the intra-sheet intermolecu-
lar interactions, which provides a more direct physical view
than the hierarchical peptide self-assembly model [36,37] for
intermolecular interactions and allows the parameters easier
to be determined from all-atom simulations.

The conformational parameters in the simplified model can
be directly determined from the PMFs and all-atom MD
simulation results. The twisting angle 6, between neighbour-
ing peptides is the average value of twisting angles in cross-
B sheets. The distance between neighbouring intra-sheet pep-
tides D, and R, are determined from the minimal translational
PMEF for intra-sheet interactions. The distance between neigh-
bouring inter-sheet peptides h, is determined from the mini-
mal translational PMF for inter-sheet interactions. The
twisting strength k, is evaluated by fitting the potential well
with harmonic function AG = AGy+ k; x (0 — 00)2, as
shown in Figure S9, where only the intra-sheet structures feas-
ible for width growth, as will be discussed in Section 3.4, have
been fitted. Other strength parameters for intermolecular
forces are evaluated based on the relations supplied by other
theoretical or experimental works as well as the simulation
results as follows. Because the microscopic intra-sheet inter-
actions involved in both twisting and stretching of the intra-
sheet structures mainly come from the H-bonding inter-
actions, the stretching strength k;, was set to one half of the
twisting strength k,, as discussed in Aggeli’s work [36]. In con-
trast to intra-sheet interactions, inter-sheet stretching comes
from hydrophobic interactions, which is experimentally
measured to be about one twentieth of the fibrils [19], so we
set the inter-sheet energy coefficient o = (1/20)k,6; for pep-
tides forming nanofibrils via self-assembly. For peptides form-
ing nanostructures with different morphologies, the inter-
sheet energy was determined according to the ratio between
the inter-sheet translational PMFs and those of nanofibrils.
The length and energy units in the simplified model are nm
and kpT, respectively, where kp is the Boltzmann constant



4 L. DENG AND Y. WANG

and T has been set to 300 K. In all Monte Carlo (MC) simu-
lations with the simplified model, the interval step of a trial
stacking was set to 1000, the total number of steps was 10°
and the reduced temperature was 0.01 to allow the simulation
an energy minimisation procedure.

3. Results and discussions

3.1 Quantitative relation between intermolecular
interactions and nanostructure width

Nanostructures self-assembled by short peptides are quite
often crystal-like laminated structures of cross-p sheets
[17,18]. To understand the width limit of these nanostructures
in self-assembly, a classic mathematical model was proposed
subject to the constraint of twisted stack-like geometry [36],
where the total energy of the nanostructure with p cross-f
sheets as a function of k;, k;, 8, and o were given in Section
2.1. By minimising the total energy, the dependence of nanos-
tructure widths on the intermolecular interactions at the
microscopic level was discussed [36], which however is too
complex to directly demonstrate the competition between
intra-sheet and inter-sheet intermolecular interactions. Here,
based on the balance between the energy cost and the energy
gain of the outmost cross-p sheet, a simpler quantitative
relation between the nanostructure width and intermolecular
interactions will be derived as follows. With the constraint
of twisted stack-like geometry, the elasticity deformation of
the outmost cross-B sheet is the most significant and has the
largest energy cost, which is also the driving force for the mor-
phological transformation of nanostructures, as discussed in
our previous work [38]. Considering the competition between
the energy cost of intra-sheet deformation and the energy gain
of inter-sheet attraction, the growth of nanostructure width
will only stop when the elastic energy cost is larger than the
energy gain:

N (5)

elastic —

The equilibrium condition is reached when the elastic energy
cost of the outmost cross-p sheet is equal to the energy gain:

1 0'p, 1 0

LA S L
Mavepy 2 1+ 0

0)’ = o (6)

The general relation between the number of cross- sheets p
(proportional to the nanostructure width) and intermolecular
interactions including o, k, k;, 6 and 6, is obtained by solving
Equation (6):

p=2

(2K 80—y 0)+ [ K07 — 4,k 0 0-+ 4k Ky 348K, 08k
2(k, 02 6—200) 7

+1
(7)

This function is however still too complex to be practically
used. To further simplify it, by considering the physical feature

of peptide self-assembled structures, we assume kj, = k,, namely
the bending strength is the same as the twisting one, as well as 0
= 0p, namely the twisting angle of the cross- sheet in the final
state is approximately the same as the equilibrium twisting
angle. Under these two approximations, we obtain a simpler
relation:

2

pzi
K19
20

In Equation (8), the nanostructure width decreases with 6,
and k;, but increases with ¢. Furthermore, k,6/20 inside the
radical sign of the denominator describes the competition
between the intra-sheet and inter-sheet interactions, which
determines the nanostructure width. Usually, the inter-sheet
energy gain o originated from the interaction between side-
chains cannot be larger than the intra-sheet energy cost
k;6%/2 for a equilibrated twisting cross-p sheet to be untwisted,
ie. (k; 9% /20) > 1, so the nanostructure morphologies are finite
and twisted, e.g. twisting fibrils or twisting ribbons observed in
experiments [6,37]. However, when the inter-sheet energy gain
compensates the intra-sheet energy cost, namely k6 /20 = 1,
the morphologies of nanostructures are infinite and flat, e.g.
giant nanobelts observed in experiments [5]. The above discus-
sion indicates the importance of intermolecular interactions at
the molecular level for predicting nanostructure width.

In the following sections, the intra-sheet and inter-sheet
intermolecular interactions of KI4K and I14K2 will be systema-
tically calculated by all-atom MD simulations to explain the
difference between their self-assembled morphologies.

+1 (8)

3.2. Intermolecular interactions of intra-sheet
structures

The contributions of specific residues and solvent molecules to
the free energy of self-assembled nanostructures have been
extensively studied by the REMD simulation method [48,49].
The REMD simulations of the trimer for both KI4K and
14K2, respectively, have unravelled the effect of charge distri-
bution of peptides on the free energy at the microscopic level
[31], but the strengths of intermolecular interactions have not
been investigated. In this work, the umbrella sampling method
has been used to calculate the rotational and translational PMFs
of dimers along the H-bonding direction, as shown in Figure 2
(A,B,E). The rotational PMFs in Figure 2(A,B) demonstrate
that there exist two minima for the KI4K dimer with both
anti-parallel and parallel packing modes, but only one mini-
mum for the I4K2 dimer with the anti-parallel packing mode.
The depth of the PMF for the KI4K dimer with the anti-parallel
packing mode is larger than that of the dimer with the parallel
mode, and both depths of the PMFs for the KI4K dimer are
smaller than that of the I4K2 dimer with the anti-parallel pack-
ing mode. The translational PMFs in Figure 2(E) demonstrate
that there are no energy barriers from the dissociation state to
the association state for all the intra-sheet structures, but the
free energy difference between the dissociation state and the
association state varies for the anti-parallel KI4K dimer (81.3
kJ/mol), the parallel KI4K dimer (52.8 kJ/mol), and the anti-
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parallel 14K2 dimer (61.2 kJ/mol). These results indicate that
the distribution of charged residues in peptides can signifi-
cantly affect the structures and strengths of the intermolecular
interaction at the early stage of self-assembly.

Using the dimer structures with the minimal PMFs as
building blocks, we can construct two kinds of cross-P sheets
with six strands for KI4K, while only one is available for 14K2,
as shown in Figure 2(C,D). According to the RMSD and the
H-bond number shown in Figure S1, all the sheets are very
stable during 50-ns MD simulations, but their physiochemical
properties listed in Table 1 are different. For the anti-parallel
cross-p sheets of both KI4K and I4K2, face A has larger
hydrophobicity than face B and the two sides of the sheets
are symmetric. For the parallel cross-p sheet of KI4K, face A
is the same as face B but the two sides of the sheet are asym-
metric. The intra-sheet structure can not only have effects on
the physiochemical properties but also the twisting degree of
the cross-p structure, as shown in Figure 2(F). The twisting
degrees of both cross-p sheets of KI4K are smaller than that
of 14K2, and the twisting degree of the anti-parallel cross-p
sheet is smaller than that of the parallel cross-p sheet for
KI4K. These results indicate that the physiochemical pro-
perties of the cross-p sheet are strongly dependent on the
intra-sheet structure.

3.3 Intermolecular interactions of inter-sheet structures

Because the stability of stacking mode is essential for determin-
ing the lateral stacking structure along the side-chain direction
in peptide self-assembly, all possible inter-sheet structures of
KI4K and I4K2 with different stacking modes are constructed
and shown in Figure S2. AtoA_antip, AtoB_antip, BtoB_antip
are inter-sheet structures of two anti-parallel cross-p sheets
with face A stacking to face A, face A stacking to face B, and
face B stacking to face B, respectively. NC_paral and NN_paral
are inter-sheet structures of two parallel cross-p sheet with side
N close to side N, and side N close to side C. The face A, face B,
side C, and side N are labelled in Figure 2(C,D). To compare
the relative stabilities of different inter-sheet structures, the
RMSD and inter-sheet distance (ISD) are calculated and
shown in Figure $3, and the snapshots of inter-sheet structures
at different times are shown in Figures S4 and S5. The configur-
ations of the inter-sheet structures sampled at 45 ns are shown
in Figure 3(A,B). For KI4K, the stacking modes of AtoA_antip,
NtoC_paral, and NtoN_paral are stable, but the stacking direc-
tion in the NtoN_paral mode significantly deviates from the

Table 1. The hydrophobic and hydrophilic areas of different faces for different
cross-f sheets.

Hydrophobic area Hydrophilic area
(nm?) (nm?)

KI4K  Antiparallel Face 21.6+0.7 24+0.1
sheet A

Face B 185+0.6 24+0.1

Parallel sheet Face 19.8+0.7 24+0.1
A

Face B 193 +0.7 24+0.1

14K2  Antiparallel Face 153+0.7 13.3+0.3
sheet A

Face B 124+0.6 133403

side-chain direction. For 14K2, the stacking modes of AtoA_an-
tip and AtoB_antip are stable.

We further verify the stability of inter-sheet structures from
the thermodynamic viewpoint by calculating the PMF along
the side-chain direction, and the results are shown in Figure
4. For both KI4K and I14K2, the unstable stacking modes (Ato-
B_antip, BtoB_antip for KI4K, and BtoB_antip for 14K2) are
unfavourable in PMFs, but the stable stacking modes
(AtoA_antip, NtoC_paral for KI4K, and AtoA_antip, Ato-
B_antip for 14K2) are favourable. The PMF differences between
the association and dissociation states for all stable stacking
modes of KI4K are all around —40 kJ/mol, while those of
I4K2 are significantly different: —60 kJ/mol for AtoA_antip
and —10 kJ/mol for AtoB_antip.

To determine the roles of hydrophobic and hydrophilic resi-
dues in stabilising the inter-sheet structures, all types of contact
area of two cross-p sheets as described in the work by Chong
and Ham [50], including the hydrophobic-hydrophobic-resi-
due contacts, hydrophobic-hydrophilic-residue contacts,
hydrophilic-hydrophilic-residue contacts, ant total contacts
are calculated and shown in Figure 5 and Figure S6. As
shown in Figure 5, the stable inter-sheet structures have larger
hydrophobic contact areas than those of the unstable inter-
sheet structures, demonstrating the importance of the shape
complementary of hydrophobic side chains between neigh-
bouring faces of cross-f sheets to stabilise the inter-sheet struc-
ture. The short-range energies between two sheets as a function
of the distance between the CoMs of cross-{ sheets are calcu-
lated and shown in Figures S7 and S8 for all kinds of inter-
sheet structures of KI4K and I4K2, indicating that the VDW
interactions play a crucial role in the formation of inter-sheet
structures. Furthermore, these results confirm the role of the
hydrophobic interaction in driving the association of cross-f
sheets.

3.4. Pathway of lateral stacking for width growth

According to Figure 4, the length scales of intermolecular inter-
action for all stable inter-sheets are about 1.7 nm, but the CoM
distances between these two sheets are about 2.4 nm. Thus, the
interaction between next nearest neighbour cross-f sheets can
be ignored for lateral stacking in peptide self-assembly. As
shown in Figures 2(C,D) and 3, both KI4K and I4K2 have
three antiparallel lateral stacking modes (AtoA_antip, Ato-
B_antip, and BtoB_antip), but only KI4K has two parallel lat-
eral stacking modes (NC_paral and NN_paral). All possible
ways of lateral stacking for width growth, as illustrated in
Figure 6, can be constructed according to the stabilities of the
inter-sheet structures. For KI4K, the PMF in Figure 4(a) indi-
cates that AtoA_antip is the only stable antiparallel stacking
mode, but because both of its outer sides are face B, it attracts
neither face A nor face B, which does not allow sustainable lat-
eral growth. Therefore, no antiparallel cross-f sheets can serve
as the elemental units for building up the KI4K nanotube. On
the other hand, as shown in Figure 4(a), the parallel NC_paral
stacking mode is stable, and its lateral growth is sustainable, so
it can serve as the elemental units for building up the KI4K
nanotube. For I4K2, according to Figure 4(b), both the
AtoA_antip and AtoB_antip antiparallel stacking modes are
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Figure 3. (Colour online) (a—e) Snapshots of all inter-sheet structures in all-atom simulations at 45 ns for K4 K, and (f-h) snapshots for 14K2.

stable, and there exist two sustainable lateral growth pathways:
one is through the mixture of AtoB_antip and only one
AtoA_antip, and the other is by AtoB_antip only. Therefore,
more AtoB_antip modes can be found in I14K2 fibrils than
AtoA_antip modes. From the above, we can conclude that
the most probable ways of forming a nanostructure with
many cross-B sheets are the NtoC_paral stacking mode for
KI4K and the AtoB_antip stacking mode for I4K2, respectively.

From the above all-atom MD simulations, we know that the
average twisting angle of a parallel cross-p sheet in KI4K is
about 0.29 rad, smaller than that of an antiparallel cross-p
sheet in 14K2, which is about 0.32 rad. The depth of the poten-
tial well of the rotational PMF for the parallel cross- sheet of
KI4K is about 10 kJ/mol smaller than that for the antiparallel
cross-P sheet of 14K2, which is about 45 kJ/mol. The depth of
the potential well of the translational PMF for the parallel
cross-P sheet of KI4K is about 52.8 kJ/mol, similar to that for
the antiparallel cross-p sheet of 14K2, which is about 61.2 kJ/

mol. The depth of the potential well of the translational PMF
for the NtoC_paral stacking mode of KI4K is about 40 kJ/
mol, larger than that for the AtoB_antip stacking mode of
14K2, which is about 10 kJ/mol. According to Equation (8),
the KI4K nanostructure width should be larger than 14K2.

3.5. Morphologies of nanostructures by the simplified
model

The simplified elastic model of Equation (4) developed in our
previous work [38] was used through MC simulations to
study the morphological transformation of nanostructures
self-assembled by peptides. All the parameters acquired in the
simplified model for KI4K (the parallel intra-sheet and
NC_paral inter-sheet structures) and I4K2 (the antiparallel
intra-sheet and AtoB_antip inter-sheet structures) are listed
in Table 2, where only the energetically favourable lateral stack-
ing modes discussed in Section 3.4 are considered. The twisting
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Table 2. Parameters acquired in the simplified model for KI4K and 14K2.

k, ky o 6, Dy ho
Kl4K 4.28 2.14 0.3 0.29 0.45 1.2
14K2 136 6.8 0.075 033 048 1.2

angles 0, between neighbouring peptides are the average values
of the twisting angles shown in Figure 2(F). The distances
between intra-sheet neighbouring peptides D, are set to be
the valley positions of the PMFs drawn in Figure 2(E). The dis-
tances of inter-sheet neighbouring peptides h, are the valley
positions of PMFs in Figure 4. Unlike the conformation par-
ameters, the strengths of interactions cannot be directly deter-
mined from the PMFs due to the harmonic approximation
adopted in the simplified model. Among the PMFs in Figures
2(A,B,E) and 4, only the potential wells of PMFs in Figure 2
(A,B) are fitted with the harmonic function to determine the
twisting strength k;. The stretching strength k; is set to one
half of the twisting strength k,. The inter-sheet energy constant
o for I4K2 is determined according to o = (1/ 20)kt6%. Because
the associated energy of the inter-sheet structure for the
NC_paral mode of KI4K is about four times of that for the Ato-
B_antip mode of I4K2, the inter-sheet energy constant for KI4K
is set to be four times of that for I4K2.

The simulation results with the simplified model for KI4K
and I4K2 are shown in Figure 7(a), which qualitatively
confirm the experimental observation that the morphologies
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self-assembled by KI4K are apparently wider than I14K2 and
tend to be tube-like rather than a twisted tape with a single
cross-P sheet. Moreover, the time evolution of the energy and
the number of cross-p sheets of the KI4K nanostructure
shown in Figure S10 indicate that the outmost cross-p sheet
with a higher elastic energy drives the morphological
transformation.

To understand the effects of microscopic intermolecular
interactions on the self-assembled morphology, three series of
simulations are conducted for I4K2: in the first one, only the
strength of the intra-sheet interaction k; decreases; in the
second one, only the strength of the inter-sheet interaction o
increases; in the third one, only the twisting degree of intra-
sheet 6, decreases. The final morphologies in all the simulations
are shown in Figure 7(b-d), respectively, and the time evol-
utions of morphological transformations of different structures
are shown in Figures S11-S15. In agreement with the elastic
theory, decrease of either the intra-sheet interaction or the
twisting degree can promote the width growth, as shown in
Figure 7(b,d). On the other hand, increasing the inter-sheet
interaction can promote the width growth, as shown in Figure
7(c). Furthermore, other morphologies observed in exper-
iments such as fibrils, twisted ribbons, and nanobelts can also
be found for nanostructures with different widths, indicating
that our simplified model is not only consistent with the
shape selection rule imposed in the original elastic theory,
but also enriches the number of objected shapes.

0 005 0.1

05 02 o
0 (rad)

Figure 7. (Colour online) Morphologies and numbers of cross-f sheets given by the simplified model with varied parameters. (a) The self-assembled morphologies of 14K2
and KI4K. (b—d) The 14K2 results with varied intra-sheet interaction, inter-sheet interaction, or twisting degree, respectively.
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4, Conclusions

In this work, we propose a multiscale computational approach
combining an elastic theory and multiscale simulation techniques
to unravel the molecular mechanism of nanostructures with
different morphologies formed by peptide self-assembly. Enligh-
tened by the hierarchical model for fibrils proposed by Aggeli
et al. [36,37] we first derive a quantitative relation between the
nanostructure width and the intermolecular interactions of the
hierarchical structures at the molecular level. By considering the
balance between the energy cost and the energy gain of the out-
most cross-p sheet, our theoretical results demonstrate that the
strong inter-sheet attraction, but not the large twisting degree
and strong intra-sheet attraction, promotes lateral stacking along
the side-chain direction. Furthermore, the intermolecular inter-
actions and underlying molecular structures of the nanostructures
can be systematically determined according to the stability and
thermodynamics of intra-sheet and inter-sheet structures in all-
atom MD simulations. Finally, the simplified model developed
in our previous work with its parameters determined from the
all-atom MD simulations can bridge the gap between the simu-
lation results at the molecular level and at the mesoscopic level.
The simulation results of the simplified model discover not only
the relation between the width of the self-assembled nanostructure
and the intermolecular interactions, but also the qualitative
relation between the width and the nanostructural morphology.

The multiscale computational methods applied to the KI4K
and I4K2 systems provide a thorough understanding of the
morphological difference between the self-assembled nanos-
tructures of KI4K and I4K2 at the molecular level. The nanos-
tructures of KI4K are formed by lateral stacking of the parallel
cross-P sheets with the N side close to the C side of the neigh-
bouring sheet (NC_paral), but those of I4K2 are formed by lat-
eral stacking of antiparallel cross-p sheets with face A close to
face B (AtoB_antip). The twisting degree and strength of the
intra-sheet structure of parallel cross-p sheet of KI4K are smal-
ler than those of 14K2, but the strength of inter-sheet structure
of KI4K with the NC_paral mode is stronger than that of I4K2
with the AtoB_antip mode. Both the intra-sheet and inter-sheet
results facilitate the larger width of the nanostructures formed
by KI4K than by I4K2. The simulations with the simplified
model indicate that KI4K tends to form a tube-like structure
while I4K2 tends to form a twisted tape, which is consistent
with experimental observations. Since hierarchical structures
are common in nanostructures self-assembled by short pep-
tides, the developed multiscale computational approach can
be a systematic method for predicting the self-assembled
nanostructural morphology solely based on peptide molecular
structure, and thus designing short peptides targeting on desig-
nated nanostructures.
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