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Design System Application Statement: 

This manuscript describes how the incorporation of aromatic residues into a de novo peptide designed 

for alpha-helical conformation affects the secondary structure.  Here, we have used as a base model 

a peptide sequence that forms a stable coiled-coil α-helical fibril and modified the sequence by 

substituting aliphatic residues with aromatic residues (phenylalanine and/or tryptophan) using 

different combinations and positions. Our experimental and molecular dynamics simulation work 

suggests that tryptophan residues disrupt the α-helical structure, while incorporating phenylalanine 

residues at certain positions in the peptide sequence has less overall impact. Our manuscript adds to 

the body of knowledge of design constraints for α-helical peptide structures that include aromatic 

amino acids, which is important given the functionality that aromatic can introduce to peptide 

structure. This work will be beneficial to those authors wanting to incorporate aromatic residues into 

coiled-coil α-helical peptides without compromising the stability of the α-helical structure. 
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Assessing the effect of aromatic residues placement on α-helical 
peptide structure and nanofibril formation of 21-mer peptides 
Armin Solemanifar,a† Tuan A. H. Nguyen,b Bronwyn Laycock,a Heather M. Shewan,a Bogdan C. 
Donose,a and Rhiannon C. G. Creasey a† 

Coiled-coils with defined assembly properties are attractive materials for the manufacture of peptide-based hybrid 
nanomaterials. In tailoring such peptide assemblies, the incorporation of aromatic residues is increasingly being investigated 
due to their potential to deliver controllable functionalities, such as interaction with aromatic porphyrins, carbon nanotubes, 
or graphene. Aromatic residues have the potential to either destabilise or stabilise the α-helical peptide structure, depending 
on the quantity, type, combination, and position of these residues in the peptide chain. In this work, we used a known 
synthetic three heptad repeat peptide containing no aromatic residues as an α-helical template. We then substituted the 
aliphatic residues with two different types of aromatic residues (phenylalanine and tryptophan), varying their number, 
position, and combination in the peptide chain as a preliminary assessment of the impact on peptide architecture. Circular 
dichroism (CD) spectroscopy combined with coarse-grained (CG) and all-atom (AA) molecular dynamics (MD) simulation 
were used to analyse the peptide structure and assembly. Aromatic residues designed to be within the hydrophobic core 
were had impact on self-assembly than those placed on the outer face of the coil. Tryptophan was seen to destabilise α-
helical structure more than phenylalanine, potentially due to steric hindrance and hydrogen-bonding interactions. Using 
atomic force microscopy (AFM) and supported by CG-MD simulation, substituting all phenylalanine residues with tryptophan 
appeared to completely destabilise fibril-formation propensity. Subsituting tryptophan into the first heptad repeat was seen 
to have a greater impact on fibril formation compared to subtitution into the third heptad repeat, suggesting the importance 
of sequence design. These results add to the body of knowledge used to inform the design of α-helical peptides when 
incorporating aromatic residues.

Introduction 
The α-helical structure of peptides is one of the most abundant 
and stable ordered secondary structures among proteins.1 
Peptides based on these proteins are attractive building blocks 
for self-assembly in biological applications, with well-defined 
folded and compact structures. Additionally, they can be 
tailored to deliver desired functionalities via their chemical side 
groups. Higher-order conformations can be designed into such 
peptides by utilising self-assembly via non-covalent 
interactions, such as hydrogen bonding, electrostatics, 
hydrophobic, and π-π interactions.2 One of the known 
assembled structures of α-helices is the rope-like coiled-coil. 
Not only are coiled-coils (and α-helices) important in biology, 
but they may be exploited for applications in biomedical and 
materials science.3-5 α-Helical coiled-coil peptides typically 

display a periodicity of 7 residues, with the positions labelled 
“a” through “g”, consecutively.6, 7 The helical stability of such 
peptides and their self-assembly depends on the type of 
residues present in these positions as well as their order.8-10 In 
a coiled-coil structure, positions a and d are conventionally 
occupied by hydrophobic residues, forming a hydrophobic 
core.11 Along with aliphatic residues, these positions may also 
be filled with hydrophobic aromatic residues such as 
phenylalanine (Phe), tryptophan (Trp), and tyrosine (Tyr).12-14 
The incorporation of such aromatic residues can be exploited in 
bioenergy,15 biomedical and bionanotechnology applications, 
for example, via interaction with porphyrins,16 carbon 
nanotubes17, 18 or graphene.19 Also, the role of aromatic 
residues in conferring electrical conductivity and their potential 
for electron transfer in peptides, proteins, and bacteria has 
been investigated.20-22 Thus, understanding the design rules for 
peptides containing aromatic residues is timely and important.  
Aromatic residues are known to promote self-assembly, 
particularly in β-sheet structures.23-30 Less intensely studied is 
the incorporation of aromatic residues in the hydrophobic core 
of α-helical peptide structures.31-34 Aromatic residues promote 
hydrophobic and π-π interactions and, in some cases, provide 
hydrogen bonding sites for intra- and inter-molecular stability. 
In addition, cation–π interactions between aromatic amino 
acids and the positively charged residues lysine and arginine 
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have been proposed to play an important role in stabilizing 
protein structure.35 On the other hand, they have low helix 
forming propensity,36 due primarily to their conformational 
rigidity and steric hindrance. These features may affect the self-
assembly of coiled-coil α-helical structures depending on the 
sequence position, density, chemical properties, and 
combinations thereof. 
By considering the above parameters, this preliminary study 
investigates the incorporation of either or both of two natural 
aromatic residues, Phe and Trp, into a typical fibril-forming α-
helical sequence. These amino acids were chosen because of 
their potential for electron transport applications.20, 37-39 The 
number and position (and combinations thereof) of these 
residues in the 21-mer peptide were varied. It should be noted 
that there are various possibilities for replacing the aliphatic 
residues at a and d positions in L6 with Phe and Trp; however, 
only five aromatic containing peptides were designed, and four 
were experimentally tested due to the interest in their electrical 
properties. The electrical properties of aromatic-containing 
peptides depend on the type and number of them incorporated 
and their spacing between each other.20 Therefore, in a peptide 
containing aromatic residues, the secondary structure and 
peptide assembled form could play an important role in the 
peptide electrical properties and their potential application. The 
designs used herein were based on a known de-novo designed 
21-mer peptide (L6)22 that contains no aromatic residues (Table 
1).  
To design peptides that self-assemble into coiled-coiled α-
helical structures, we considered several parameters. One of 
the main driving forces for self-assembly of α-helices into 
coiled-coil structures is hydrophobic interactions between the 
α-helices (in terms of stabilisation).40 Positions a and d in the α-
helices are conventionally occupied by hydrophobic residues 
such as leucine (Leu), isoleucine (Ile), valine (Val), or alanine 
(Ala) to make a hydrophobic core that is compatible with a 
coiled-coil formation.11 Therefore, we used an aliphatic 
hydrophobic residue, Leu, in the a and d positions in L6. 
Additionally, in coiled-coil design peptides, positions e and g are 
usually occupied by ionisable amino acid residues with other 
polar residues often occupying positions b, f, and e to make a 
hydrophilic surface.41-43 However, expanding the hydrophobic 
core to cover the e and g positions can increase the 
oligomerisation state of the coiled-coils due to the larger 
hydrophobic face for association.44-46 While designing an α-
helical structure, it is important to consider the use of amino 
acid residues with relevantly high α-helix forming propensity. 
Ala and Leu are considered to be among the most helix 
favouring natural amino acids.10 As a result, we decided to 
expand the hydrophobic core and include Ala and Leu as 
hydrophobic residues in positions e and g, respectively. Another 
parameter that affects the coiled-coil α-helical peptide stability 
is its constituent length. By increasing the heptad repeat, the 
proportion of less stabilised amino acid residues decreases and 
stabilised interactions increase.47, 48 The general designed α-
helix coiled-coil peptides have three to six heptads (21 to 42 
amino acid residues).42 We focused our study by using three 

Table 1. Amino acid sequence of de novo designed peptides, including acetyl and amide 
capping. Sequences are denoted using an a-register. Phe and Trp residues are coloured 
yellow and green, respectively. 

 
heptad repeats for the peptide length (maintaining the length 
at 21 amino acids ).  In future studies, we are keen to explore 
varying numbers of heptad repeats. After a peptide self-
assembles into an α-helical structure, a higher order of 
structural changes, such as coiled-coil fibril formation, may be 
observed. There are different strategies in α-helical peptide 
sequence design to promote the formation of extended fibrils. 
A common design tactic uses the forced offsetting of α-helical 
monomers, for example, via the asymmetric inclusion of 
hydrogen bonding interactions in the hydrophobic core of the 
coiled-coil along with distribution of asymmetric charge 
residues.49-52 Another strategy, which lacks explicit offset 
designs, is to drive fibril formation by “slippage” of vertically 
aligned residues in the same structural class (cationic, anionic, 
or hydrophobic), in which residues are located in same positions 
in the heptad.11, 53-55 While this strategy has previously 
employed using exact heptad repeats,55 several studies have 
demonstrated the extended fibril formation of inexact repeats 
based on this strategy.11, 53, 54 Inspired by previously reported 
designs of this structural class,11, 56 we designed a fibril forming 
α-helical L622 peptide with inexact heptad repeats where 
cationic residues (lysine and histidine) were aligned in position 
b and f, all glutamates were in position c, and hydrophobic 
residues (Ala and Leu) occupied positions a, d, e, and g (Table 
1).  
Following these design rules, L6 adopts a stable α-helical 
structure that self-assembles into long and uniform fibrils at 
neutral pH.22 L6 was designed to form fibrils through helical 
slippage of vertical alignment of amino acid residues in the 
same structural class as reported previously in other coiled-coil 
α-helical peptides with high thermostability.11, 22, 56 
To replace aliphatic residues in L6 with aromatic residues in the 
first aromatic-containing peptide design, denoted F6,22 six Phe 
residues replaced the aliphatic residues at the a and d positions. 
Then, all Phe residues were replaced by a bulkier aromatic 
residue (Trp) in the W6 design to investigate the use of a bulkier 
aromatic residue with greater electron transport capacity. 
While there are different ways to replace aliphatic residues in 
L6 with a combination of Phe and Trp, we designed a peptide, 

Peptide 
label 

Sequence 

L6 Ac - LHELAKL LHELAKL LKELAKL - NH2 
Register  a b c d e f g a b c d e f g a b c d e f g  

F6 Ac - FHEFAKL  FHEFAKL  FKEFAKL  - NH2 
Register  a b c d e f g a b c d e f g a b c d e f g  

W6 Ac - WHEWAKL  WHEWAKL  WKEWAKL  - NH2 
Register  a b c d e f g a b c d e f g a b c d e f g  

F4W2 Ac - FHEFAKL FHEFAKL WKEWAKL - NH2 
Register  a b c d e f g a b c d e f g a b c d e f g  

W2F4 Ac - WHEWAKL  FHEFAKL  FKEFAKL  - NH2 
Register  a b c d e f g a b c d e f g a b c d e f g  

F4 Ac - LHEFAKL  LHEFAKF  LKEFAKL  - NH2 
Register  a b c d e f g a b c d e f g a b c d e f g  
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denoted F4W2, that utilises a combination of four Phe and two 
Trp residues. In the F4W2 design, Trp residues in W6 at the first 
two heptad repeats were replaced by Phe residues to assess the 
effect of both types of aromatic residues. The W2F4 was 
designed (and modelled but not experimentally tested), with 
the Trp residues in the third heptad repeat of F4W2 replaced by 
Phe residues in the first heptad repeat. Finally, in the F4 design, 
tailored to have a reduced number of aromatic residues, three 
aromatic residues replaced the Leu residues in L6 at the a and d 
positions and also at the g position (on the outer face of the 
coiled-coil). Out of five designed peptides, only F4 had a Phe 
residue at the g position as an exploratory exercise. This design 
was chosen as the addition of an outer face aromatic residue 
was expected to introduce aromatic-aromatic interactions with 
the residues of other peptide monomers, making an interesting 
case for assessing the peptide secondary and self-assembly 
changes under these conditions. These 21-mer peptide 
sequences are shown in Table 1, with an acetylated N-terminus 
and amidated C-terminus. Both experimental work and 
simulations were used to characterise each peptide model. The 
secondary structure of the peptides was investigated using 
circular dichroism (CD) spectroscopy and analysed by BeStSel.57, 

58 In parallel, all-atom models and coarse-grained (CG) from 
molecular dynamics (MD) simulations were performed. 
Simulations of all-atom models on single peptide monomers 
were carried out for up to 1.2 µs to study possible peptide 
structures at local minimum energy levels as representative 
models of peptides at the lowest concentration where inter-
molecular interactions are of importance. CG models (with 
MARTINI force field)59-62 of each peptide were carried out up to 
25 µs (100 µs in effective simulation time), revealing assembled 
structures such as fibrils where inter-molecular interactions are 
of importance. 
The incorporation of aromatic residues resulted in a reduced α-
helical content compared to the (aliphatic-only) negative 
control in all cases tested. Differences in the extent of 
disruption were associated with (most significantly) the type 
and location of these residues. This study adds to the 
knowledge of design constraints for α-helical peptide structures 
that include aromatic amino acids and is beneficial for designing 
α-helical peptides with interest in their electrical properties. 

Experimental 
Peptide preparation 

Peptide L6 (Ac-LHELAKL LHELAKL LKELAKL -CONH2, MW 2465.04 
g/mol) was synthesised and purified by Genscript.22 Peptides F6 
(Ac-FHEFAKL FHEFAKL FKEFAKL -CONH2, MW 2669.14 g/mol),22 
W6 (Ac-WHEWAKL WHEWAKL WKEWAKL-CONH2, MW 2903.39 
g/mol), F4W2 (Ac-FHEFAKL WHEWAKL FKEFAKL -CONH2, MW 
2747.25 g/mol), and F4 (Ac-LHEFAKL LHEFAKF LKEFAKL-CONH2, 
MW 2601.13 g/mol) were synthesised and purified by 
Mimotopes (Australia) using FMOC chemistry. The final purity 
for all peptides was >95% as measured by HPLC (details in 
Appendix section in the supplementary document). The peptide 
content of the solid was determined by high sensitivity amino 

acid analysis for precise concentration calculations (Australian 
Proteome Analysis Facility, Sydney). 
Peptide stocks were prepared from lyophilised powder in water 
(Ultrapure MilliQ, 18.2 MΩ) at a concentration of 10 mM and 
further diluted in water. For titration with sodium bicarbonate, 
100 µM of 10 mM peptide at room temperature were mixed 
with 100 µM of sodium bicarbonate with desired concentration 
(calculated to reach pH 7.4). 
MD simulations 

All-atom MD simulation was conducted to assess secondary 
structures of all peptide sequences. The initial structure of all 
peptides were built in the right-hand α-helix conformation using 
PyMol63 and were capped on the N-terminus and C-terminus by 
an acetyl group and an amide group (CONH2), respectively.  
Using GROMACS 5.1 version 64 and CHARMM36 force field 65, 
one 21-mer peptide was immersed in TIP3P water model 66 with 
1.5 nm solute-box boundary, forming a periodic simulation box 
of 5×5×5 nm3. Counter ions were added to neutralise the 
charges of the peptide and salt concentration (NaCl) was set to 
50 mM. The bond lengths between heavy atoms and hydrogen 
bonds were constrained using the LINCS 67 algorithm, while 
electrostatic interactions were treated by using the Particle-
Mesh-Ewald 68 method with coulomb distance cut-off of 1 nm. 
Energy minimisation was conducted using the steepest descent 
algorithm by maximum 10,000 steps (1 nm energy step size) and 
stopped if the energy minimisation force became lower than 
500 (kJ/mol.nm). The simulation was continued with an NPT 
ensemble at 298 K and 1 bar pressure, where the Verlet leap-
frog integrator algorithm was used to propagate the dynamics 
of the system at 2 fs time steps. Based on Maxwell distribution, 
initial velocity was generated and recorded along with 
coordinates every 2 ps while energies were recorded every 5 ps. 
The system was simulated up to 1.2 µs. To analyse the data 
collected from all-atom MD simulation, the first 200 ns of 
simulation was omitted to reduce the bias of the initial 
representative structure. The root mean square fluctuation 
(RMSF) was calculated for Cα of each residue against its average 
position using the trajectory that contained the whole 
simulation time (peptide monomer was fixed 69 in the centre of 
simulation box in the trajectory prior to RMSF calculation).  
The last frame of the simulation does not necessarily mean it 
shows the most stable and representative structure of the 
peptide. The free energy landscape (FEL) was determined to 
find a representative structure of the peptide. The FEL is usually 
presented in two variables: the radius of gyration (Rg) that 
reflects specific properties of the protein, and the root mean 
square deviation (RMSD). FEL figures were created using 
Mathematica software.70 Representative structures of each 
peptide at their lowest Gibbs free energy were visualised using 
the VMD tool.71 
CG MD simulations with Martini force field59-62 were used to 
understand the peptide assembly better. An initial all-atom 
structure made by PyMol63 was used to create CG Martini 
topologies of each peptide by using the martinize.py59-62 script. 
The CG simulation box contained 28× 21-mer peptide 
monomers randomly distributed in a cubic box (12×12×12 nm3). 
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The CG simulation was repeated 3 times for each peptide 
sequence using a random seed when generating the simulation 
box of peptide monomers. CG MD simulations were conducted 
in an NPT ensemble with temperature and pressure kept at 303 
K and 1 bar, respectively. The simulations were carried out for 
up to 25 µs, which is equivalent to 100 µs effective simulation 
time. It is worth noting that the Martini force field uses a 4:1 
atom/CG-bead mapping to represent peptide backbone and 
side chains and a 3:1 atom/CG-bead mapping for the aromatic 
ring of PHE. Therefore, the dynamics observed compared to 
atomistic models are faster.72  To adjust for this, we chose a 
scale factor of 4 that has been used as a standard conversion 
factor 59, 72, 73 to scale the time axis when interpreting simulation 
results with CG model. 
CD spectroscopy 

Peptide samples were prepared in water (Ultrapure MilliQ, 18.2 
MΩ). CD spectra were collected using a JASCO-815 
spectrometer at 25°C between 260 and 190 nm wavelength and 
averaged over 10 scans. The CD sensitivity was set to standard 
and spectra were scanned continuously at 50 nm/min speed 
with 1 nm bandwidth, 0.1 nm data integral, and 4 s integration 
time. 
CD spectra analysis with BeStSel 

The BeStSel method57 was used for analysing CD spectra. Mean 
residue ellipticity values were divided by 1000 and submitted, 
along with the wavelength for each value, into the website.74 
The “mean residue ellipticity/1000” was chosen as an input 
unit, and the scaling factor was chosen to be 1 for all 
measurements.  
AFM sample preparation and imaging 

Silicon wafers (coated with a naturally grown silica layer of 2-4 
nm) were diced (5×5 mm), washed in 10% H2SO4, rinsed in 
ethanol and deionised (DI) water and then cleaned (30 minutes) 
using a UV/Ozone unit (BioForce). 20 µL of peptide suspension 
(1 mM peptide along with the required sodium bicarbonate 
concentration to reach pH 7.4) was deposited onto the clean 
wafers and left for 2 hours for incubation (inside a closed petri 
dish with wet Kimwipes™ inside the petri dish to maintain 
humidity). Then, the excess liquid was removed, and the wafers 
left to dry for 24 h under ambient conditions in covered 
containers. 
Images were acquired using a Cypher AFM (Oxford Instruments) 
operated in air (AC mode). HA NC Etalon (NT-MDT Spectrum 
Instruments) probes of less than 10nm contact radius were used 
to obtain 256x256 pixel images at 1Hz.  
Figure 1 (a) and (e) were prepared as per reference.22 Briefly, 
AFM micrographs were collected using an Asylum MFP3D SPM 
(Oxford Instruments) using Etalon HA NC probes (AC mode) 
under ambient conditions. Peptides were prepared as above on 
OTS-coated silicon wafer. 
Image analysis was undertaken using freeware Gwyddion 
(http://gwyddion.net) v2.54. 
Rheology 

A Haake Mars 3 (Thermo Scientific) stress-controlled rotational 
rheometer with Peltier controlled element set to 25 °C, with 

35 mm titanium plates, was used for rheological measurements 
to determine the physical properties including viscous and 
elastic behaviour of the peptide samples at 5 mM concentration 
after mixing with sodium bicarbonate. Parallel plates were 
chosen and operated at a gap of 500 to 800 µm due to the small 
sample volumes available. Prior to measurement, the gap error 
was zeroed at 4 N and gap error calculated as previously 
described.75-77 Samples F4, F6, W6, and F4W2 were titrated by 
the required sodium bicarbonate with minimum one hour wait 
period allowed to reach pH 7.4 (where pH rose by the loss of 
CO2 from the sodium bicarbonate in the sample) prior to placing 
on the rheometer plate surface, as the loss of CO2 was inhibited 
in the 0.5 mm gap between plates. These four samples were 
able to flow, and preshear history had little influence on sample 
rheology. Upon titration with sodium bicarbonate, L6 formed a 
gel-like solid in less than 3 minutes that could not be transferred 
to the plate surface without breaking. For L6, titration with 
sodium bicarbonate and gelation were carried out on the 
bottom plate of the rheometer with the top plate carefully 
positioned 1.5 hours after the start of titration to fill the plate 
gap while avoiding fracture of the formed gel. Roughened 
(sandblasted) plates were used to prevent slip during 
measurement. Storage (G’) and loss (G”) modulus were 
measured in the linear viscoelastic regime (LVR) at a stress of 
0.1 Pa (for L6, F6, F4, and F4W2) or 0.05 Pa (for W6) using a 
frequency sweep between 0.6 and 60 rad/s. The LVR was 
determined using an amplitude sweep at three frequencies 
within the desired frequency range. A shear stress sweep was 
carried out from 0.1 to 1000 Pa to measure viscosity.  Viscosity 
was calculated as a function of torque and rotation rate by 
fitting a power-law equation to each section of the curve as 
described by Davies and Stokes.76 

Results and Discussion 
As previously reported,22 L6 formed self-assembled fibrils at 
physiological pH (pH=7.4), which was achieved by slow titration 
in sodium bicarbonate at room temperature.22 AFM imaging22 
showed L6 assembling into fibrillar structures, and CG Martini 
modelling also resulted in largely one-dimensional forms 
(Figure 1). Moments of inertia (MOI) were calculated to obtain 
more insights into the structure and shape of the assembled 
peptide structure. Changes in geometry of the assembled 
peptides could be quantified by calculating the MOI of the 
largest cluster aligned to the principal axes (IX, IY, IZ). Then, to 
assess the one-dimensionality of the cluster, aspect ratios of the 
MOIs (MOI(Z/X)) were calculated. For spherical objects, values of 
Ix, Iy , and  Iz are similar while for rod-shaped objects, MOIs along 
two principal axes have similar values but are larger than the 
MOI along third principal axes (e.g. IX≈ IZ > IY).78 The calculated 
MOI(z/x) for L6 was found to be 6.39 (Figure 1 and Table S1). 
The measurement of G’, G” as a function of frequency (Figure 
2a) and viscosity as a function of shear stress (Figure 2b) allows 
us to describe each of these peptide samples as demonstrating 
viscous, viscoelastic liquid or gel-like behaviour. Sample L6 is the 
only one to demonstrate gel formation, where G’ is greater than 
G” (Figure 2a). We hypothesise that upon the formation of 
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fibrils by the slippage mechanism (initiated by α-helical peptides 
forming coiled-coils), the fibril-fibril association leads to the 
formation of physical cross-linking (gel formation) that is 
triggered by the net molecular charge as a result of pH change. 
We suggest that this behaviour agrees with the network 
structure observed from the AFM images shown in Figure 1 and 
transmission electron microscopy (TEM) images included in 
Figure S1. Viscosity was not measurable as the weak gel did not 
flow under shear but demonstrated brittle fracture. 

The secondary structure of peptides may be determined using 
CD spectroscopy. Typical α-helical features (a maximum at 190 
nm and minima at 208 nm and 222 nm)79-81  were observed from 
the CD spectra of L6 using BestSel analysis showing a dominant 
percentage of an α-helical structure, dependent on peptide 
concentration (with 55 – 90% helical structure as concentration 
increased from 1 µM to 1 mM) (Figure 3 and Table S2). While 
other methods such as SELCON,82 CONTIN,83 and CDSSTR84 
could be used to estimate the proportion of α-helical structures 
fairly accurately by using the data collected from the CD spectra, 

Figure 1. AFM height images of for (a) L6, (b) W6, (c) F4W2, (d) F4, and (e) F6 peptides with lateral scale bars 200 nm and z-colour scale bars 12 
nm. The largest CG clusters for (a) L6, (b) W6, (c) F4W2, (d) F4, and (e) F6 at 25 µs are located at top right of their AFM images with Phe and Trp 
residues coloured yellow and green, respectively, and different peptide chains are presented in different colours.
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the BeStSel method includes more specific β-sheet structures 
that otherwise could be mistaken for α-helical structures.57 
However, it should be noted that the BeStSel method, as with 
other mentioned methods, has basis spectra determined mostly 
on proteins with known secondary structures. Proteins 
generally do not contain high portions of aromatic residues in 
their structure. For example, when using the NCBI database,85 
the frequency of occurrence of aromatic residues in proteins, in 
general, was found to be very low compared to other natural 
amino acid residues (at 1.32% , 3.25%, and 3.91% for 
tryptophan, phenylalanine, and tyrosine respectively).28 As the 
indole chromophore present in the aromatic residues could 
interfere with the CD spectra, 86, 87 this may affect the predicted 
secondary structure when using analysis tools such as BeStSel. 
Therefore, such CD spectra analysis tools should be used with 
caution. For further insights into the peptide secondary 
structure, all-atom MD simulation of one L6 peptide monomer 
was carried out. The FEL of L6 showed 3 energy minima (Figure 
S2), primarily α-helical, with two minima showing a 
representative peptide structure having distortions at the ends 
while maintaining an α-helical structure in the middle. The 
calculated RMSF for L6 highlights the flexibility of movement in 
residues 1 – 3, 13 – 16, and 19 – 21 (Figure S3). The flexibility at 
both ends of the L6 peptide chain could be associated with the 
lack of peptide-peptide interactions to stabilise the designed α-
helical L6 structure. As per the CD spectroscopy results, by 
increasing the concentration the chances of inter-molecular 
stabilisation increase and therefore a higher α-helical content 
was observed. 
To assess the effect of aromatic residues on the α-helical 
structure and self-assembly into fibrillar shapes, the F6 
sequence was designed whereby all six Leu residues in L6 were 
replaced by Phe. The F6 thickened on titration with sodium 
bicarbonate to pH 7.4,22 indicating self-assembly.  Self-assembly 
of F6 into fibrils was also confirmed by AFM imaging22, and the 
CG model also showed a fibrillar structure (Figure 1). The CD 
spectra of F6 showed the characteristic peaks of an α-helical 
structure, although being less distinct and intense when 
compared to L6 at all concentrations (Figure 3). By diluting the 
concentration from 1000 µM to 1 µM, the ellipticity at 222 nm 
for L6 and F6 dropped by about 40% and 70% (from -36,000 and 
-25,000 deg cm2 dmol-1 at 1000 µM), respectively (Figure 3 and 
Table S2).  
Using BeStSel, the percentage of α-helical structure for L6 and 
F6 at 1000 µM was calculated to be around 89% and 86%, 
respectively, while at 1 µM concentration, it was found to be 
53% and 31%, respectively (Figure 3 and Table S2), indicating 
that incorporation of the Phe residue has resulted in a slight 
decrease in percentage of α-helical structure. This may be due 
to steric hindrance compared to the Leu residue and aromatic-
aromatic interactions affecting the α-helical secondary 
structure stability. 
W6 was tested to assess how increasing steric hindrance of the 
aromatic residues could affect the peptide structure. This W6 
peptide was designed such that all six Leu residues at the a and 
d positions in L6 were replaced by Trp residues. The α-helical 
content of W6 at all concentrations, assessed using CD 

spectroscopy, was greatly reduced compared to both L6 and F6, 
as seen in Figure 3 and Table S2. Accordingly, substituting the 
aliphatic L with the aromatic residue W disrupts the α-helical 
structure. While the CD spectra of W6 are not characteristic of 
any secondary structure, BeStSel curve fitting suggests that a β-
sheet may be the most prominent of the most common 
secondary structures (Figure 3). The bulky Trp residues may 
have reduced the range of sterically acceptable conformations 
for α-helices, and it seems more likely that the presence of 

Figure 2. (a) Storage and Loss modulus as a function of frequency in the linear viscoelastic 
regime. G’ filled and G” open symbols and (b) Viscosity as a function of shear stress 
showing a range of rheological behaviour for F4 and F6 (apparent yield stress fluids), W6 
(highly shear thinning) and F4W2 (Newtonian) at a concentration of 5 mM, tested at least 
1 hour after titration with sodium bicarbonate. 
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hydrogen-bond acceptors on the Trp sidechain provided 
alternative mechanisms of stabilisation, favouring β-sheet 
structure formation.88, 89 The average MOI(z/x)  value for the CG 
model cluster of W6 was the lowest of all the peptides tested   
(Figure S4).The aggregated W6 was less one-dimensional (i.e., 

less fibrillar), showing a high dimension aggregated assembled 
shape (Figure S4 and Figure 1). The AFM images of W6 titrated 
with sodium bicarbonate revealed aggregate shapes with 
appendages similar to protofibrils, supported by the modelling 
showing a non-fibrillar shape (Figure 1). W6 was found to be a 

Figure 3. CD spectra on the left and secondary structure estimated by BeStSel55 on the right for (a) L6, (b) F6, (c) W6, (d) F4W2, and (e) F4 
peptides indicating the possible changes in secondary structure at 1 mM, 100 µM, 10 µM, and 1 µM concentrations.
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viscoelastic fluid with G’<G” up to a frequency 10 rad/s (Figure 
2). As shown in Figure 2b, W6 has a viscosity of the order of 10 
Pa.s at a low shear rate with highly shear thinning behaviour. 
The rheology in combination with the AFM results suggests 
weak interactions between aggregates within the system that 
are able to break and align in the direction of flow during the 
application of shear. 
The incorporation of six Trp residues into L6 (i.e., to form W6) 
completely disrupted the α-helical structure and coiled-coil 
formation (Figure 1 and Figure 3). Based on the CD spectra and 
molecular modelling of F6 and W6, Phe seems to have a 
reduced destabilising effect on the α-helical peptide structure 
and resulting self-assembly than Trp (Figure 1 and Figure 3). 
This, in turn, suggests an adverse effect due to steric hindrance 
and a destabilising effect via associated hydrogen-bonding 
interaction of the Trp indole side chain. Therefore, a 
combination of both aromatic residues was used in F4W2 to 
compare the effect of both on the α-helical structure and 
peptide self-assembly. Four out of six aromatic residues in the 
first two heptad repeats of W6 were replaced by Phe in the 
F4W2 peptide in order to assess how the incorporation of a less 
bulky aromatic residue with less ability to form hydrogen 
bonding could affect the peptide secondary structure and self-
assembly. Unlike F6 and W6, F4W2 was not observed to thicken 
upon titration to pH 7.4. However, unlike W6, the CG model of 
F4W2 showed a fibrillar shape with branching, and the AFM 
image of the titrated F4W2 indicated fibril formation (Figure 1). 
G’ and G” are very low, below the measurement range of the 
rheometer, supported by the Newtonian viscosity (Figure 2b). 
The measurement of Newtonian viscosity suggests that the 
fibrillar structures formed upon titration with sodium 
bicarbonate have a very small hydrodynamic volume and little 
or no interactions between them. 
The ability of F4W2 to form fibrils should be associated with an 
increased α-helical content as the higher the α-helical content, 
the higher the chance of coiled-coil formation and fibril 
formation through a slippage mechanism. The α-helical content 
as estimated by BeStSel at the highest tested concentration (1 
mM) for F4W2 was about 63%, which is higher than for W6 at 
the same concentration (at about 24% α-helical content, see 
Figure 3 and Table S2). This suggests that a higher α-helical 
content promoted assembly of F4W2 into fibrillar structures. 
We hypothesise that the positioning of Trp residues close to the 
N-terminus could be the cause of disruption of the peptide self-
assembly, based on the previous discussion around F4W2 
assembly. Based on these results, a new peptide design W2F4 
(Table 1) was modelled, with the Trp residues in the last two 
heptad repeats of W6 substituted by Phe residues. The CG 
model of W2F4 showed no characteristics of a fibril, as observed 
in F4W2, but rather a planar shape (Figure S5). These MD results 
support the importance of incorporating aromatic residues 
close to the N-terminus on the peptide self-assembly. 
The incorporation of aromatic residues into the de-novo 
designed 21-mer peptide, L6, showed disruption to the α-helical 
structure of that peptide and affected the self-assembly. This 
was not unexpected, as the disruptive effect of aromatic residue 
incorporation on peptide a-helical stability has been  

reported.43, 90 This suggests that the incorporation of fewer 
aromatic residues should reduce the disruption of the α-helical 
structure. Therefore, it was decided to decrease the number of 
Phe residues in F6 from six to four. While the incorporation of 
aromatic residues was carried out at the conventional a and d 
positions in the hydrophobic core, it was decided to assess the 
effect of the aromatic residue position in the peptide sequence. 
Three of the Phe residues in the F4 design replaced the Leu 
residues at the d position in L6 while the fourth Phe residue in 
F4 replaced a Leu residue at the g position in the second heptad 
repeat. While the e and g positions were designed in L6 to 
extend the hydrophobic core, these positions are more exposed 
to the aqueous environment compared to a and d positions. 
Therefore, the presence of a Phe residue at the g position in F4 
could cause disruption to the α-helical structure. However, 
having an aromatic residue at the g position could raise the 
possibility of aromatic-aromatic interactions with aromatic 
residues of other peptide monomers, which is beneficial to 
explore (considering the possible addition of different pathways 
for electron transfer through aromatic-aromatic interactions). 
The possibility of aromatic residues interacting with other 
aromatic residues of a different peptide monomer could be 
affected by peptide concentration and therefore affect the 
peptide assembly and peptide α-helical structure in a more 
complex way. 
F4 was observed to thicken upon titration with sodium 
bicarbonate. Both F4 and F6 were observed to be viscoelastic 
fluids with G’ < G” up to a frequency of 5 rad/s (Figure 2a). As 
shown in Figure 2b, samples F4 and F6 have a viscosity of the 
order of 10 Pa.s at a low shear rate with apparent yield stress 
behaviour for F4 and F6 at 9 Pa and 2 Pa, respectively.  Note, 
rheology alone cannot be used to elucidate the structure of a 
material, and complementary techniques such as AFM should 
be used. This is especially true for the small differences in 
rheology observed here between F4 and F6. The CG model of F4 
and its AFM image both showed a fibrillar structure (Figure 1) 
with an average MOI(z/x) of 5.27 (Table S1). Regarding the 
peptide self-assembly, since they were designed to self-
assemble into fibrils by a “slippage” model,11 the greater 
flexibility of the third heptad may be crucial for the alignment 
of bulky aromatic residues in the hydrophobic core and 
continuation of the assembled structures. On the other hand, in 
all heptad repeats in F4, Leu and Phe were located at the a and 
d positions, respectively, increasing the chance of forming a 
Phe-Leu zipper assembly. F6 showed a greater fluctuation at the 
peptide chain ends compared to F4 (Figure S3), and the fibril 
structure observed by CG modelling was more branched (Figure 
1). The CD spectra of F4 were characteristic of α-helices, 
although of lower intensity and slightly red-shifted compared to 
L6 (Figure 3). The α-helical content as calculated by BeStSel 
analysis was 76%, 40%, 32%, and 14% for 1 mM, 100 µM, 10 µM, 
and 1 µM F4, respectively (Figure 3 and Table S2). This is lower 
than α-helical content of L6 but higher than F4W2 and W6. The 
peptide containing the highest Phe content, F6, was found to 
have a slightly higher α- helical content than F4 (Figure 3 and 
Table S2). The placement of a Phe residue in the g position of 
the second heptad repeat (instead of in the conventional a and 
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d positions) in F4 may contribute to an altered self-assembly. 
Phe was placed at the g position in F4 in order to increase the 
interaction with aromatic residues from other peptides at the 
expense of being exposed to the aqueous environment, 
potentially destabilising the α-helical structure. At higher 
concentrations, both F6 and F4 maintained a primarily α-helical 
structure (Figure 3 (b) and (e)) and formed fibrillar structures 
(Figure 1 (d) and (e)), suggesting that intermolecular 
stabilisation by hydrophobic interactions may overcome any 
potential intramolecular steric hindrance caused by Phe. 
At the lowest tested concentration (1 µM), F4 was estimated to 
have less than half the content of the α-helical structure 
compared to F6 (Figure 3 (b) and (e)). At lower concentrations, 
interactions between peptide monomers are at their lowest 
and, therefore, the Phe residue at the g position in F4 is more 
exposed to the aqueous environment and less able to interact 
with Phe residues of other peptide monomers.  This could lead 
to destabilising of the peptide α-helical structure as Phe 
residues between different peptide monomer stabilise through 
aromatic-aromatic interactions. The FEL created from the all-
atom MD of one peptide monomer shows two stable 
representative structures of F4 (Figure S2). In one of these 
representative structures, the α-helical structure is disrupted in 
the middle of the chain (where the Phe residue at the g position 
is located). At low concentrations, the Phe residue at this 
position may be stabilised by intramolecular interactions, 
potentially disrupting the peptide α-helical structure (Figure 
S2). This observation may explain why F4 was able to form a 
fibrillar structure at higher concentrations but showed a much 
lower α-helical content at lower concentrations compared to 
F6. 

Conclusion 
In our designs, F6 showed to retain its α-structure relatively 
better than F4 while diluted suggesting the importance of 
aromatic residue positioning. The importance of aromatic 
residue position on peptide structure should not be overseen, 
although to fully understand and compare its significance 
versus density of aromatic residues further peptide designs 
should be tested. F6 retained its α-structure relatively better 
than F4 while diluted suggesting some importance of aromatic 
residue positioning with regards to the hydrophobic core. These 
results suggest that aromatic residues ought to be restrained to 
the core positioning (a and d positions), as has been utilised in 
previous studies.32, 87, 91 When using only the conventional a and 
d positions for placement of the aromatic residues, the 
incorporation of aromatic residues in the first heptad had an 
adverse effect on peptide self-assembly compared to when 
these residues were placed in the third heptad, close to the C-
terminus. While the importance of parameters such as 
hydrophobicity, steric effects, and helical forming propensity is 
outlined in the literature for designing a stable α-helical 
structure, the chemistry of side chains is crucial when 
considering aromatic residues due to their adjacent steric 
hindrance and hydrogen-bonding. Our study suggests that Trp 
residues should be used sparingly in the design α-helical 

peptides, while a higher tolerance may be observed for Phe 
residues. For further insights, future studies on additional 
aromatic-containing peptide designs may build on this work to 
assess the effect of aromatic residues on the peptide α-helical 
structure and fibril formation. 
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