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Abstract:

Synthetic modification of peptides has
gained interest as a way of mitigating
the drawbacks of peptide-based drugs,
such as the high metabolism of these
compounds. The peptides QDFFFKQ
and QKFFFDQ, based on the model
peptide RFFFR, have been confirmed
to fibrillate in polar solvents. The pep-
tides were successfully modified with
myristic acid and biphenyl-4-carboxylic
acid by in situ carboxylic acid ester-
ification as an extension of standard
solid phase peptide synthesis. Circu-
lar dichroism and fluorescence measure-
ments indicate that the peptides are
stabilised by T-stacking. AFM mea-
surements show a significant increase in
fibrillation propensity for both peptides
after modification with myristic acid or
biphenyl-4-carboxylic acid. The signif-
icant decrease in solubility in aqueous
environments after modification could
prove detrimental for use in pharmaceu-
tics. As such, less hydrophobic moieties
should be investigated.
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Chapter 1

Introduction

Peptides play an integral role in many biological processes and have shown great
potential in pharmaceutics due to their potential for high e cacy and minimal side

e ects. Additionally, due to signi cant advances in recombinant DNA technology,
solid-phase peptide synthesis and puri cation technology, peptides are now generally
considered a lead compound in drug development. As of 2013, 67 peptides are on
the global market for clinical application, while around 270 are in clinical phases
and over 400 are in advanced preclinical trials. Peptide-based drugs already exist for
a variety of di erent diseases like osteoporosis, diabetes, hypothyroidism and even
bacterial infections. Despite these advantages, peptide-based drugs have some major
drawbacks, including rapid metabolism and poor permeation across some biological
barriers, such as the blood-brain barrier. However, these drawbacks can be improved
by synthetic modi cations of the peptides.[1]

Lipidation of proteins is a common post-translational modi cation found in many
natural biological settings[2]. In pharmaceutics, lipidation has been shown to increase
the circulation time of proteins and peptides in the bloodstream, thus increasing the
therapeutic e cacy of such lipidated biomolecular compounds[3, 4, 5]. However, due
to the hydrophobic nature of lipids, lipidation of a soluble peptide or protein will
inevitably have an e ect on the properties of the peptide or protein[6, 7]. It can cause
unfolding of proteins followed by aggregation or brilliation[2], most likely leading
to reduced activity[8, 9].

Another area of research that has received considerable attention, is hydrogels
based on brillar peptide networks[10]. While amyloid brillation has been asso-
ciated with several diseases, including Alzheimer's disease and Parkinson's disease,
nonpathogenic amyloid structures have also been discovered[11]. Peptide hydro-
gels show great potential for biomedical applications, such as tissue engineering[12,
13], drug delivery platforms[14] and cell culture sca olds[15], due to their inherent
biocompatibility[16].

In this study, the e ects of di erent modi cations on the supramolecular structure
of brillating peptides QDFFFKQ and QKFFFDQ is investigated using circular
dichroism, uorescence and atomic force microscopy. The modi cation is performed
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using a simple extension of the peptide synthesis.

1.1 Peptidedesign

Before designing a brillating peptide, it is important to know and understand the

di erent interactions leading to brillation. Boden et al. have established some
criteria for rational design of brillating peptides. First, brillation requires cross-
strand attractive forces, which mostly depends on the side-chains of the amino acids
making up the peptide. These forces include hydrophobic interactions, electrostatic
forces, hydrogen bonding, and in more recent years -stacking interactions have
been found to help stabilise bres[17]. These forces should also be su cient in
compensating for the translational and conformational entropies lost due to being
locked in -sheet formation. Second, for tapering to occur, there should be some
lateral recognition between -sheets build into the peptides to enforce anti-parallel
tape-like structures and constrain their growth to one dimension. Third, it should
be designed to have a certain solubility in the desired solvent, so that the brillation
can be controlled.[18] Boden et al. have also produced a model of how bres are
formed at higher peptide concentrations as seen in gure 1.1.[19]

Figure 1.1: A model of the hierachical self-assembly of chiral rod-like units. Local arrangements
(c-f) and corresponding global equilibrium conformations (c'-f').

In this study, 2 peptides have been synthesised: QKFFFDQ and QDFFFKQ.
Two di erent N-terminal modi cations were performed on each peptide resulting in 6

2 CHAPTER 1. INTRODUCTION
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di erent peptides. The two modi cations of interest are the addition of a hydrophobic
tail (myristic acid), and the addition of more aromatic rings (biphenyl-4-carboxylic
acid). The peptides and their respective modi cations can be seen in gure 1.2

(@) (b)

(©)

(d) (e)

()

Figure 1.2:  Structures of the dierent peptides synthesised in this study (a) QKFFFDQ (b)
QKFFFDQ modied with biphenyl-4-carboxylic acid (c) QKFFFDQ modi ed with myristic acid
(d) QDFFFKQ (e) QDFFFKQ modi ed with biphenyl-4-carboxylic acid (f) QDFFFKQ modi ed
with myristic acid. Images were made using ChemSketch freeware.

The design of QKFFFDQ and QDFFFKQ is based on the triphenylalanine motif
of the RFFFR peptide designed by Slyngborg et al., which is based on the LVFFA
peptide derived from -amyloid peptide[17]. Triphenylalanine allows for more -
stacking, thus increasing attractive forces between strands. Arg has been added
at the ends of the peptide to lessen interaction between tapes, encouraging one-

CHAPTER 1. INTRODUCTION 3
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dimensional growth. The brillation of RFFFR has already been characterised by
Slyngborg et al.[20]. QKFFFDQ and QDFFFKQ utilise the same triphenylalanine
motif as RFFFR, however, the Arg residues at the ends have been substituted for
Asp and Lys, giving the peptide a neutral net charge, while also facilitating anti-
parallel -sheet formation. In addition to the oppositely charged amino acids, GIn
was added at the ends, as later simulations of a KKFFFDD peptide found that the
opposite charged ends could cause end to end interactions between strands limiting
bre growth, seen in gure 3.2 in section 3.1.

1.2 Simulation

Molecular dynamics (MD) is a simulation of movements of molecules or atoms, de-
ned by their trajectories and position in a xed time. Whether or not the move-
ments are allowed is de ned by classical mechanics, more speci ¢ Newtons equations
of motion. This is used to equilibrate a system. The particles are spherical and can
interact with each other, either by repelling when the particles are in close range
or attraction at long range. The best-de ned potential for both properties is the
Lennard Jones (LJ) potential. LJ describes two particles interacting within a certain
cuto distance, r.. The potential energy, u, for particles at position i and j, is given

by:
y g 12 6
_ - L
u(rij) = >4 T T :” rrc (1.2)
; 0 ij c
Where is the strength of the interaction and is the distance where the potential
is zero.[21]

The environment the atoms are interacting in is usually a box, with certain
boundary conditions. When simulating the particles in the box, the walls of the box
does not interact with the particles at all but rather, when a particle reaches the
boundary of the box, it reappears in the opposite side of the box. Thus, the whole
system is treated as multiple boxes placed adjacent to each other. This is called
periodic boundaries. The problem is that the particles close to the wall will interact
with the particles in the adjacent box. To compensate for that the interaction range
of particle is limited to only half of the box size.

When starting a simulation, initial conditions must rst be set. The particle's
position is set in a simple cubic lattice with a giving distance, whereby a velocity
is given in an arbitrary direction. The magnitude of the velocity is dependent on
the starting temperature. The temperature is not constant and uctuates between
5-10%.

Additionally, the size of the box, number of particles, time step and starting
temperature must be set. The initial position of the particles is set, ensuring they
do not overlap each other. Normally a cubic lattice structure should be su cient.
The initial temperature is chosen such that, the lattice structure will melt and the
particles are free to move upon starting the simulation. The velocity is given after

4 CHAPTER 1. INTRODUCTION
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the positions have been set such that the sum of momenta in the system is zero. The
simulation is not continuous and is instead divided into time steps. The position of
a particle in a new time step is based on the current and previous positions, as well
as the force acting on the particle.

Calculating the force of the particles acting on each other is very time consuming,
so some simpli cation is made. An example is that particles force will only be
considered if the distance between them is less than the cuto distance as explained
above. When the particles are close enough to interact LJ is used to calculate the
force and potential energy. After this is done, the motion equation is integrated,
to nd the positions in which the particles are placed in the next time step. An
example could be using the Verlet algorithm to determine the next position. The
Verlet algorithm is derived from Taylor expansion:

r(t+ t)=r(t)+ v(t) t + %a(t) t2+ (1.2)

Where r is the position, v is the velocity and a is the acceleration. Deriving the
Verlet algorithm one must look at both direction, as follows

r(t+ t)= r(t)+ v(t)t + %a(t)t2+ %b(t)t3+ o(t%h

1 1 (1.3)
rt t)=r@) v{)t+ éa(t)t2 6b(t)t3+ o(t%
Then summation gives the Verlet algorithm
r(t+ t)=2r(t) r(t t)t+a)t?+ 0O(t% (1.4)

This means that the Verlet algorithm uses the position of the current and previous
time step, to determine the new position. Using the Verlet does not require much
computational power, but it also means that the precision is moderate, with an error
of t*. If the new position is accepted the loop repeats until the desired time steps
are taken.[22]

1.2.1 Coarse Graining

One way of reducing the computational power needed for simulation is by using
a coarse-grained (CG) model instead of simulating atomistic models. CG groups
multiple atoms in the molecule into a single bead, thus simplifying the system. One
CG model is the Martini force eld, in which four non-hydrogen atoms are grouped
into one CG bead. However, for smaller molecules with a ring structure, two non-
hydrogen atoms are grouped into a bead. Figure 1.3 shows CG mapping of common
compounds.

CHAPTER 1. INTRODUCTION 5
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Figure 1.3: CG mapping (cyan beads) of A, water, B, polarizable water, C, DMPC lipid, D
Polysaccharide, E peptide, F DNA fragment, G polystyrene fragment and H Fullerene. [23]

This means that simulation can be done in a larger timescale. The martini force
eld classi es the beads as one of 4 types; polar, non-polar, apolar and charged beads.
Each of these types is divided again by their hydrogen bonding interactions, or by
polarity.[23]

1.3 Solid-Phase Peptide Synthesis

Solid-phase peptide synthesis (SPPS) is a highly e cient technique for synthesising
peptides and small proteins. In SPPS the rst amino acid is anchored to a solid
support or a matrix. The peptide then undergoes repeated cycles of deprotection,
activation and coupling, each cycle adding another amino acid to the sequence. Fi-
nally, the peptide is released from the matrix and fully deprotected (usually done in
the same step). SPPS is done by anchoring the C-terminus of the rst amino acid to
the matrix while having the N-terminus protected. The N-terminus is then depro-
tected and coupled with the activated C-terminus of new amino acid, thus growing
the peptide from the N-terminus. The basic principle of SPPS is illustrated in gure
1.4.[24]

6 CHAPTER 1. INTRODUCTION
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Figure 1.4: The principle of solid-phase peptide synthesis (SPPS).[24]

The overall strategy for SPPS is de ned by the N -protection group, the most
common being ouren-9-ylmethyloxycarbonyl (Fmoc) and tert -butoxycarbonyl (Boc),
as the protection group sets a window for possible chemical options. In the case of
Fmoc, piperidine is used. Deprotection of Fmoc using piperidine is illustrated in
gure 1.5.[24]

After the N-terminus is deprotected, it can react with an activated carboxylic
acid of new amino acid. Activation is done by reaction with an electrophile, usually
in conjunction with a nucleophile in order to avoid epimerisation. Frequently used
electrophiles include DIC, DCC and HBTU. HBTU being an electrophile with a
built-in nucleophile. Nucleophiles include HOBt, HOAt and more recently Oxyma.
A list of common coupling reagents can be seen in gure 1.6. [24]

CHAPTER 1. INTRODUCTION 7
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Figure 1.5: Deprotection of Fmoc using piperidine as base and nucleophilic scavenger.[24]

Figure 1.6: Some common electrophiles and nucleophiles.[24]

8 CHAPTER 1. INTRODUCTION
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The electrophile used in this paper is HBTU. DIEA is used to activate the car-
boxylic acid group of the incoming amino acid, which then reacts with HBTU to form
an activated ester. The activated amino acid can then react with the N-terminus of
the linked peptide. The speci ¢ coupling chemistry of HBTU is illustrated in gure
1.7 and 1.8.[24]

Figure 1.7: Formation of activated ester using HBTU.[24]

Figure 1.8: Coupling of HBTU activated ester to peptidyl-resin.[24]

Once the full peptide chain has been synthesised, it needs to be split from the
resin and fully deprotected. This is done by acidolysis, typically with TFA, as most
resins swell well in TFA. Additionally, TFA is volatile and easily evaporated. The
most common side chain protection groups are also TFA labile, and can thus be
removed in the same step. One side e ect of this is that the removal of side chain

CHAPTER 1. INTRODUCTION 9
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Figure 1.9: Common side-chain protecting groups used in Fmoc-SPPS. Protecting groups on the
left are removed with TFA, while the protecting groups on the right are not.[24]

protection groups can generate carbocations which can cause side reactions. As such,
nucleophilic scavengers, such as water and TIS, is usually added to the splitting
solution. Common side chain protecting groups can be seen in gure 1.9.[24]

A linker or handle is used to anchor the peptide to the resin. The linker should
have the characteristics of a protection group in order to allow peptide growth while
being able to release the nished peptide under well-de ned conditions. In the case of
Wang linkers, an N -protected amino acid is attached to the linker via esteri cation,
which can then be deprotected and coupled as usual. The peptide can then be
released using TFA, making Wang linkers ideal in conjunction with TFA labile side
chain protection groups.[24]

1.4 Lipidation

Lipidation is a broad term for the covalent attachment of lipid molecules to a protein
or peptide. Lipidation is a common post-translational modi cation found in many

natural biological settings, one example being N-terminal glycine myristoylation. N-
terminal glycine myristoylation is the attachment of a saturated myristic acyl group

called myristoyl to the N-terminal glycine of a protein using an amide bond.[25]

1.4.1 N-Terminal Lipidation Using Fmoc Based SPPS

N-terminal lipidation can be done as an extension of normal SPPS. This requires a
fully functional peptide head-group to be synthesised before the hydrophobic tail-

10 CHAPTER 1. INTRODUCTION
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group can be attached. The tail-group can either be coupled directly as an activated
compound or by forming an active esterin situ using traditional SPPS reactions.[26]

In gure 1.10, an activated lipophilic tail compound is attached to a nished
peptide, by rst deprotecting the N-terminus using piperidine, then adding the active
compound. The peptide complex is then fully deprotected and released from the resin
using TFA.[26]

Figure 1.10: Elongation of peptide with a lipophilic tail.[26]

In this paper, myristic acid and Biphenyl-4-carboxylic acid is attached to a n-
ished peptide byin situ activation. The process is similar to the HBTU activation
described previously and thus requires the lipid to have a carboxylic acid group. The
activation and coupling of biphenyl-4-carboxylic and myristic acid follows the same
mechanism as shown in gure 1.7 and 1.8.

CHAPTER 1. INTRODUCTION 11
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1.5 Reverse Phased High-Pressure Liquid Chromotog-
raphy

Reverse phased high-pressure liquid chromatography (RP-HPLC), is a method gen-
erally used to analyse a sample. In order to analyse the sample, it needs to be
dissolved in an aqueous polar mobile phase and injected into a hydrophobic column.
The column is the stationary phase, which normally consists of hydrophobic alkyl
chains that will interact with the hydrophobic parts of the sample. The length of
the alkyl chains depends on which sample is being analysed, as short alkyl chains,
C4, is used for capturing big molecules like proteins, and long chains, C18, is used
for smaller molecules like peptides. An organic mobile phase is injected in a gradient
concentration, which separates the sample over time. UV or uorescent detectors
are used to detect the sample, yielding a graph of absorption over retention time.
Di erent sizes of columns are also available depending on if the sample needs to be
collected or analysed. A small column is used for analysing a sample, while a larger
preparative column is used when collecting and purifying a sample.[27]

1.6 Thin Layer Chromotography

Thin layer chromatography (TLC), is a separation method used for analysing con-
tents of a sample. A sample of dissolved solute is deposited on a thin layer of sorbent
on a plate (stationary phase). The plate is then placed in a container with a small
amount of solvent (mobile phase), which is absorbed by the sorbent. As the sol-
vent reaches the solute on the plate, it will draw it across the plate. The di erent
compounds in the solute will separate depending on properties like polarity, size or
adsorption.[27]

Usually, the TLC plate needs to be visualised, which is done by staining the plate
with a detection reagent. The most widely used detection reagent for peptides and
proteins is ninhydrin, which gives a pink, yellow or violet colour after reaction with
amides and amino acids. The retardation factor can then be calculated, which is
the ratio of how far the solute has moved compared to the total distance the mobile
phase has moved.[28]

1.7 Mass Spectrometry

Mass spectrometry (MS) is a method in which molecules are ionised and separated
based on mass. lons are created from atoms or molecules by impact with an electron
from an ion source. The energy from the electron is transferred and an electron from
the molecule is ejected. This molecule is then a molecular ion and travels through a
spectrometer that separates the molecules by mass to charge ratio.

There are many ways to ionise a molecule, which depends on the size and struc-
tural composition of the material. Some examples could be Electron impact ionisa-

12 CHAPTER 1. INTRODUCTION
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tion (El) where electrons are passed through a sample that is in the gas phase, which
then generates molecular ions where the molecule remains intact, or fragmented ions,
where the molecule is fragmented by collision with an electron. This is mostly used
for small molecules below 1kDa, as larger molecules will fragment more, making
it di cult to analyse the compound. If larger molecules of up to 200kDa need to
be analysed, electrospray ionisation (ESI) could be used. In ESI a solution of the
sample is sprayed across a high potential di erence, however, the sample needs to
be charged for this to work. Another ionisation method is the Matrix-assisted laser
desorption/ionisation (MALDI) which is used in this study, as it is non-volatile to
the sample, and works for large molecules below 500kDa. MALDI is a method that
uses a sample matrix mixture, which is applied on a surface and left to crystallise.
An infrared or ultraviolet laser, then irradiate the surface, and the matrix absorbs
the energy and ionise the sample.[29]

The laser is focused on a small spot of sample-matrix, and pulses thousands of
shots, causing the sample-matrix to evaporate and ionise. Several types of matrices
can be used, some common ones being THAP, SA and HCCA. Figure 1.11 shows the
structure of the matrix.

Figure 1.11: Structure of MALDI matrices. [29]

Once more the size of the analyte determine which matrix is best suited. For
nucleotides smaller than 3.5kDa THAP is used. For peptides and small proteins of
less than 10kDa, HCCA is used, while for peptides and proteins larger than 10kDa,
SA is used. The detection method used in this study is time of ight (TOF). TOF
is a method in which ions that have the same kinetic energy moves with di erent
velocity because of the di erences in mass. These ions travel in a path of a given
length and the detector measures the mass to charge ratio.[29]

1.7.1 Circular Dichroism

Circular dichroism (CD) is a method in which circular polarised light is emitted on
a sample, which then absorbs either left or right polarised light in a non-equal ratio.
This results in an elliptical polarisation, which is then measured. For CD to happen,

CHAPTER 1. INTRODUCTION 13
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the molecule needs to have a chiral centre. In the case of amino acids in peptides
and proteins, the amino acid has a chiral centre at the C, with the exception of
glycine. Aromatic ring side-group in the residue absorbs in the near UV spectrum,
while in the amide group in the backbone is absorbing in the far UV spectrum.
Thus, conformational changes in the peptides and proteins can be observed in this
spectrum. The secondary structures have characteristic spectra, which can be seen
in gure 1.12.[30]

Figure 1.12: CD spectra of myoglobin, -helix(), -sheet, concavalin(- -), and polyproline-li-type
(). [30]

-helix has a negative peak at 222nm and 208nm, and a positive peak at 190nm.

-sheet, gives a negative peak is at 215nm and a positive peak at 195nm. It is
important to note that the -sheet structure shows more variety compared to the

-helix structure, which leads to variations in the signal peaks. Additionally, in the
range between 225-235nm, the -signal will be inhibited by the aromatic side-group
in the residue, making the signal less accurate.[30] While the ellipticity is determined
by the conformation of the peptide, concentration and cell path length also a ect it.
In order to take these factors into consideration, the molar ellipticity is used instead.
The molar ellipticity can be calculated using the following equation:

M

= — 1.
molar 10 d ¢ ( 5)

Where is the observed ellipticity in mdeg, M is the molecular weight in g/mol, d
is the path-length in cm and c is the concentration in g/L.[31]

14 CHAPTER 1. INTRODUCTION
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1.8 Fluorescence Spectrometry

Fluorescence is the emission of light from a uorophore due to relaxation from a
higher excitation state. When light of a certain wavelength is emitted onto a uo-
rophore, containing aromatic structures, the electrons get excited, which then emits
photons upon relaxation to the ground state.

Figure 1.13: An example of a simple Jablonski diagram.[32]

When light is used to excite the uorophore, the uorophore absorbs the light,
which makes the electron jump from the ground state, g, to the excited electronic
state, §; or S, as seen in Figure 1.13. In each of these states, the electron can be
at a number of vibrational energy levels, denoted 0, 1, 2. The electron loses some
energy due to internal conversion (for example heat) then returns to the ground state,
emitting uorescence. The excitation and emission wavelength are usually not the
same due to internal energy conversion. Molecules can also undergo spin conversion
from an excited state to a triplet state, T1, which leads to phosphorescence.[32]

1.8.1 Protein Fluorescence

Fluorescence can be used on biomolecules containing aromatic rings, such as peptides
or proteins.

CHAPTER 1. INTRODUCTION 15
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Figure 1.14: Absorption and emission spectra of Phenylalanine, Tyrosine and Tryptophan.[32]

Figure 1.14 shows the absorption and emission of aromatic amino acids. Phe
has the shortest absorption and emission wavelength with an emission maximum at
282 nm, Tyr at 303 nm and Trp at 350 nm. The excitation wavelength should be
around the absorption peaks of the respective aromatic amino acids. The uorescent
intensity of Phe, Tyr and Trp depend on the quantum yield, which is the number of
emitted photons relative the number of absorbed photons. Phe has a quantum yield
of 0.03, Tyr of 0.13 and Trp of 0.14. The emission of the aromatic rings are sensitive
to local change in environment, conformational change, denaturing and binding.[32]

1.8.2 Energy Transfer

The uorophore can also interact with the solvent, causing a change in intensity
due to energy transfer. This is called quenching. Forster Resonance energy transfer
(FRET) and photoinduced electron transfer (PET) are two mechanisms of energy
transfer and depend on the distance between uorophore and quencher. While FRET
has a decrease in intensity of ¢ in the nanometer range, PET happens in Van Der
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Waal domain, which is in the subnanometer range. When the distance between two
uorophores is so small, the overall electron distribution changes causing a red-shift
in absorption spectrum.[33]

1.9 Atomic Force Microscopy

Atomic force microscopy (AFM) is a technique that can measure surface structure
with an unprecedented resolution of down to 5nm image sizes. It works by physically
scanning the sample with a small probe, measuring the de ection of the probe and
building a topographic image of the sample.[34]

The general setup of an AFM consists of a laser, cantilever (with tip), position-
sensitive photodetector, electronics and a sample, as illustrated in gure 1.15. As
the surface is scanned, the cantilever de ects and the de ection is detected by the
photodetector.[35]

Figure 1.15: lllutration of a basic AFM setup consisting of 1 laser diode, 2 cantilever with tip, 3
mirror, 4 position sensitive photodetector, 5 electronics, 6 scanner with sample.[35]

The essential parameters for image resolution are the sharpness of the tip apex,

measured by the radius of curvature, and the aspect ratio of the tip as a whole, as
seen in gure 1.16.[35]

CHAPTER 1. INTRODUCTION 17
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Figure 1.16: The essential parameters of the tip, radius of curvature (r) and aspect ratio (ratio of
h to w).[35]

The AFM utilises a feedback loop so that it not only measures the forces but
controls them by adjusting the cantilever. When a de ection of the cantilever is
measured by the photodetector, highly precise piezoelectric elements move the probe
or sample up or down, so that the de ection is reset.[34, 35]

The images are formed by measuring the e ects of the close-range interaction
forces between the cantilever tip and the sample surface. AFM utilises an LJ potential
illustrated in gure 1.17.[35]

Figure 1.17: The LJ potential plot of the forces between tip and sample, highlighting where the
general imaging modes are operative.[35]

The 3 general modes of running AFM are contact mode, non-contact mode and
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intermittent contact mode. Contact mode measures the close range repulsive forces
of the surface by putting the tip into contact with the sample. In contact mode, the
force is kept constant by the feedback loop. As the tip is in constant contact with
the sample, there is an increased risk of damage to the tip or sample when running
contact mode. Non-contact mode mitigates this by having no contact between tip
and sample. The cantilever is instead kept oscillating a short distance away from
the sample. The short-range attractive forces of the sample induce a shift in the
resonance peak of the cantilever, which is used to operate the feedback loop. While
the vertical resolution is good, the lateral resolution is lower than other operating
modes. Intermittent contact mode is similar to non-contact, however, the oscillating
tip is brought into contact with the sample. When the distance between probe and
sample is decreased, the oscillation is dampened and the feedback loop is operated
by keeping the oscillation amplitude constant. Intermittent contact mode is the
most common operating mode, as the lateral and vertical resolutions are good while
minimising the contact between tip and sample. The operation of the di erent modes
are illustrated in gure 1.18.[35]

Figure 1.18: lllustrations of di erent operation modes of AFM. In contact mode (A) the tip
directly follows the topography of the sample. The force is kept constant. In non-contact mode (B)
the tip oscillates and the attractive forces induce a shift in resonance peak. Resonance phase is kept
constant. In intermittent contact mode (C) the tip also oscillates but is brought into contact with

the sample dampening the oscillation amplitude. The amplitude is kept constant.[35]
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Chapter 2

Materials and Methods

2.1 Materials
Table 2.1: Chemical List
Chemicals Cas Description Supplier
Fmoc-L-Phe-OH 35661-40-6 Matrix Innovation
Fmoc-L-GIn(Trt)-Wang resin  FL-200-0601 Matrix Innovation
Fmoc-Lys 71989-26-9 Matrix Innovation
Fmoc-GIn 132327-80-1 Matrix Innovation
Fmoc-Asp 71989-14-5 Matrix Innovation
Myristic acid 544-63-8 Sigma Aldrich
DMF 68-12-2 Lot# 122595G Iris Biotech GmbH
DCM 75-09-2 Iris Biotech GmbH
Piperidine 110-89-4 Iris Biotech GmbH
DIEA 7087-68-5 Sigma Aldrich
Oxyma 3849-21-6 Iris Biotech GmbH
HBTU 94790-37-1 Iris Biotech GmbH
TFA 76-05-1 Iris Biotech GmbH
TIS 6485-79-6 Iris Biotech GmbH
Acetonitrile 75-05-8 TH Geyer
PBS bu er 1x at pH 7.45 In house
Diethylether 60-29-7 Lot# V1I778141L Iris Biotech GmbH
Ninhydrin 485-47-2 Honeywell Fluka
Methanol 67-56-1 Sigma Aldrich
Biphenyl-4-carboxylic acid 92-92-2 Sigma Aldrich
Ethanol 64-17-5 VWR BDH Chemicals
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2.2 Methods

2.2.1 Simulation

The peptides are created atomistically in YASARA, then converted to coarse-grained
(CG) 1:4 mapping with the martinize.py v2.6 script. Gromacs v5.1.2[36] was used
for MD simulation. A box of 7x5x5 nm was generated with 13 nmol of the peptide
inserted at random. Afterwards, the system was solvated with polarised martini
water, followed by energy minimisation with Martini v2.2P force eld[37, 38]. Finally,

a 200ns MD simulation was run, with a time step of 20fs. The nal clusters were
visualised using VMD v.1.9.4a12[39] and the peptide backbones were visualised using
the Bendix v1.1 extension.[40]

2.2.2 Synthesis

Synthesis was done by SPPS using ActivoSyn. The machine was cleaned before
doing a synthesis. Afterwards, the reactor chamber with the Wang resin was loaded
into the machine along with the Fmoc protected amino acid in Greiner tubes. 0.5M
HBTU/0.5M Oxyma and 1M DIEA in DMF was used for activation, while 25 %
piperidine in DMF was used for deprotection. Finally, DCM was used to wash DMF
from the reaction chamber.

Splitting

Splitting was done by adding 4 mL of 986 TFA, 2.5% miliQ water and 2.5% TIS in
the reactor chamber and loading it into the ActivoSyn P12. The splitting program
was set to shake the reaction chamber for 45min. After splitting was done, the peptide
solution was collected in a 50mL Greiner tube and lled halfway with Diethyl ether.
It was then centrifuged at 6000rpm at 4 C for 10min. Afterwards, the pellet was
kept, while the supernatant was discarded. The pellet was resuspended with diethyl
ether and centrifuged again. This process was repeated 3 times in total. After the
nal centrifugation, the pellet was left in a fume hood to dry overnight.

2.2.3 HPLC

The analyte was prepared by dissolving 0.001mg/mL of the peptide in % acetoni-
trile in milliQ water. The sample was sonicated for 30min or until all peptide was
dissolved. 0.04mL was then injected in the Ultimate 3000 HPLC machine. The ow
in the mobile phase has been set to 1.5mL/min. The protocol takes 96min per run
and the absorbtion was measured at a wavelength of 214nm. The program used was
Chromeleon. The column was Jupiter 5U C16 analytik 300 A.
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224 MS

The analyte was prepared by dissolving 10mg/ml of the matrix HCCA in 0.1% TFA

in 70% acetonitrile in water. Then 0.5 L of the matrix solution was mixed with

0.5 L of the sample on a target plate. The mixture was left to crystallise, after
which the target plate was put in the MALDI-TOF apparatus. Each spot was shot
in 1000 pulses 5 times while collecting all data.

225 TLC

The analyte was prepared by dissolving peptides in 7% Acetonitrile. The mobile
phase used was a mixture of Acetonitrile, Methanol and MilliQ water at a ratio of
65:25:4. Samples were deposited 1cm from the bottom of a silica gel aluminium
plate by using 2-3 L capillary pipettes. The TLC chamber was lled to roughly
0.5cm with the mobile phase and left to saturate for 30min with the lid closed. The
plate was placed in the chamber and the lid was closed. When the mobile phase was
1cm from the top of the TLC plate the process was stopped.

Development of the TLC plates was done using 0.1g ninhydrin in 50mL ethanol.
The ninhydrin solution was sprayed onto the TLC plate until soaked. Once dry, the
TLC plate was heated using a hot plate at 90C and then visualised with UV.

226 CD

The analyte was prepared by making a stock solution of 100M. The stock was then
immediately diluted to concentrations of 5, 10, 20, 50, and 75M. PBS was used
as the solvent for unmodi ed peptides, while 7®6 Acetonitrile in water was used as
solvent for modi ed peptides. The measurements were done using a quartz cuvette
with a 1cm path length. Parameters for the wavelength range was from 190nm to
260nm with a step of 1nm. Data were averaged over 8 consecutive measurements.
The machine used was Jasco J-715, and the program used was Spectra Manager.

2.2.7 Fluorescence spectroscopy

The samples prepared for CD are re-used for uorescence measurements. Measure-
ments were done using a quartz cuvette with a path length of 1cm. The excitation
wavelength was set to 250nm and the emission was measured in the spectrum from
260nm to 400nm. Before measurements were done, the intensity was checked to be
between 2000-500000. If the intensity was not between 2000-500000, the aperture
was adjusted until within this range. The spectrophotometer used was Chronos DFD
ISS model 90021.

228 AFRM

1x1 cm silicon wafers were cleaned by sonication in acetone for 30min, followed by
treatment in a UV chamber for 30min.
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Samples were prepared by dissolving 60M peptide (1000 M for biphenyl mod-

i ed peptides) in 70% acetonitrile in water. 50 L of solution was deposited on the
wafer and incubated for 30, 60 and 120min. After incubation, the wafer was rinsed
carefully with water and the wafers were carefully dried using a nitrogen gun.

The AFM measurements were performed using NT-MDT Solver, operating in
intermittent contact mode using the program Nova 1.1.1 Revision 14256. The can-
tilever used for measurements was silicon tip from ScanSens GmbH

AFM images were analysed using Gwyddion freeware[41].
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Chapter 3

Results and Discussion

3.1 Molecular Dynamics Simulations

€Y (b)

(©)
Figure 3.1: Coarse grained mapping (coloured beads) layered on top of atomistic structure (licorice

representation) (a) QDFFFKQ (b) QKFFFDQ (c) KKFFFDD. The coarse grained beads are colour
coded by residue; GIn: Orange, Lys: Blue, Phe: Yellow and Asp: Red.

Atomistic structure of QDFFFKQ, QKFFFDQ and KKFFFDD were coarse-grained,
prior to MD simulations, in order to decrease computational load3.1.
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(a) KKFFFDD (b) KKFFFDD
(c) QDFFFKQ (d) QDFFFKQ
(e) QKFFFDQ (f) QKFFFDQ

Figure 3.2: Snapshots of clusters of 13 peptide monomers after 200ns MD simulations at a temper-
ature of 300K. (a, b) KKFFFDD, (c, d) QDFFFKQ, (e, f) QKFFFDQ. The side-chains are shown
as transparent beads colour-coded by amino acids; Lys: blue, Phe: yellow, Asp: red, GIn: orange.

MD simulations of KKFFFDD ( gure 3.2a and 3.2b) produced multiple partial
anti-parallel -sheets and not a single -sheet tape. This could be due to the in-
teractions between the charged amino acids at the ends not conforming to the rules
of peptide brillation stipulated by Boden et al., speci cally that the recognition
between peptide monomers is not only lateral and thus the bril growth is not lim-
ited to one direction[18]. In the MD simulations, this is seen as peptide monomers
showing end to end interactions between -sheets, ultimately leading to a relatively
globular cluster.

QDFFFKQ (gure 3.2c and 3.2d) produced anti-parallel -sheets. It does not
form a uniform tape, instead, it forms several fragmented -sheet tapes. However,
it is clear that the lateral recognition is increased compared to KKFFFDD.

QKFFFDQ (gure 3.2e and 3.2f) produced a highly ordered single tape. Only
a single peptide monomer does not conform to the tape. This could be due to the
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simulation box size being too small for all 13 peptides monomers to self-assemble into
a single tape. A slight helicity can also be observed, which is expected for-amyloid
brils based on a triphenylalanine structure[20].

From these MD simulations, it is evident that substituting charged terminal
amino acids with GIn removes the end to end interactions between peptide monomers,
leaving only lateral interactions, thus enabling brillar growth. The di erence be-
tween QDFFFKQ and QKFFFDQ could be explained by the orientation of the aro-
matic rings of Phe in relation to Lys and Asp as the coarse-grained Asp consists of
an additional bead compared to coarse-grained Lys, as seen in gure 3.1. It should
also be noted that, since the peptides are coarse-grained, these simulations are not
ideal representations of the actual self-assembly. However, they still provide a good
indication of the brillation potential of these peptides.

3.2 HPLC

(@)
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(b)

Figure 3.3: HPLC of unmodi ed peptides in blue and myristic acid modi ed peptide in orange
(a) QDFFFKDQ and QDFFFKQ MA (b) QKFFFDQ and QKFFFDQ MA. The samples have been
dissolved in 5% acetonitrile in water. The absorption is measured at a wavelength of 214nm and the
ow is set to 1.5mL/min. The retention time is measured for 66min with a gradient of acetonitrile
from 5-80%. An injection peak is observed after 4 min.

HPLC analysis shows an indication of successful modi cation of peptides with
myristic acid (gure 3.3a and 3.3b). QDFFFKQ shows multiple signi cant peaks,
meaning the sample is likely impure. The main peak of the modi ed peptides over-
laps with the main peak of the unmodied peptides at 21min, indicating that a
signi cant amount of peptide remains unmodi ed after synthesis with myristic acid.
QDFFFKQ MA shows a small but considerable peak around 46min, which is ex-
pected as the modi cation with myristic acid should signi cantly increase the overall
hydrophobicity of the peptide, increasing the retention time in the RP-HPLC col-
umn. QKFFFDQ MA shows a signi cantly smaller but noticeable peak at roughly
the same time. This peak could also be an indication of successful modi cation
of QKFFFDQ. It is notable that QDFFFKQ MA and QKFFFDQ MA could not
be completely dissolved in the 56 acetonitrile solution, whereas QDFFFKQ and
QKFFFDQ are easily dissolved in the 3% acetonitrile solution. As such, it is likely
that all the unmodi ed peptide in the QDFFFKQ MA and QKFFFDQ MA sam-
ple was dissolved, while only a small amount of successfully modi ed peptide was
dissolved. Thus the high peaks of QDFFFKQ MA and QKFFFDQ MA at 21min
compared to the small peaks around 45min are not indicative of the actual ratio
between modi ed and unmodi ed peptide in these samples. The reason for the lower
success rate of myristic acid modi cation could be due to aggregating of the acti-
vated myristic acid ester, as early experiments with stearic acid showed considerable
aggregation after esteri cation. Due to the low solubility of the modi ed peptides in
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the mobile phase for HPLC, TLC was used to verify the successful modi cation of
QDFFFKQ MA and QKFFFDQ MA. These results can be seen in section 3.4.

(@)

(b)

Figure 3.4: HPLC of unmodied peptides in blue and biphenyl modi ed peptide in orange (a)
QDFFFKDQ and QDFFFKQ BP (b) QKFFFDQ and QKFFFDQ BP. The samples have been
dissolved in 5% acetonitrile in water. The absorption is measured at a wavelength of 214nm and the
ow is set to 1.5mL/min. The retention time is measured for 66min with a gradient of acetonitrile

from 5-80%. An injection peak is observed after 4 min.

Figure 3.4a and 3.4b shows a clear separation between the main peaks of modi ed
and unmodi ed peptide indicating that the modi cation was successful. The peaks
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of QDFFFKQ BP and QKFFFDQ BP are in range 35-36min. QDFFFKQ still shows

the same impurity observed in 3.3a. QKFFFDQ BP also shows impurity from the
signi cant peak at 30min. A small peak from QKFFFDQ BP also overlaps with

QKFFFDQ, however, this could be contamination from insu cient cleaning of the

needle used for loading sample into the HPLC.

HPLC data indicate that modi cations have been successful. However, gure 3.3a
and 3.3b shows a signi cant amount of unmodi ed peptide in the QDFFFKQ MA
and QKFFFDQ MA samples. Ideally, these samples should be puri ed for further
experiments. However, the low solubility of QDFFFKQ MA and QKFFFDQ MA
at low concentrations of acetonitrile made it impractical to use semi-prep HPLC
to separate the unmodi ed peptide from the modi ed, as the high concentration
of acetonitrile necessary to dissolve them, would simply cause the peptides to ush
through the column. MS was used to verify the molecular structure with limited
success, as seen in section 3.3. Additionally, as MS was not available for further
experiments, it was not possible to use MS to determine which peaks belong to the
synthesised peptides in the impure samples. As such, no further puri cation was
performed, and all subsequent experiments were carried out using these samples.

3.3 MS

(@) (b)
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(© (d)

(e)

Figure 3.5: MALDI-TOF spectra of (a) QDFFFKQ, (b) QDFFFKQ MA, (c) QKFFFDQ, (d)
QKFFFDQ MA and (e) Peptide standard Il. The matrix used is HCCA and the concentration of
the peptides is 1 M in 50% acetonitrile in water.

When looking at the MS data (gure 3.5) it is not possible to determine if the
peptide is present, as QDFFFKQ and QKFFFDQ should have a m/z of 959.4676 u,
while QDFFFKQ MA and QKFFFDQ MA should be 1170.6738 u. What is observed
instead is that all spectra show the same peaks as the Peptide Il standard used for
calibration, meaning all the samples have possibly been mixed with Peptide standard
Il. It was not possible to redo the measurement, as the equipment and sta were not
available.
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3.4 TLC

(@) (b)

Figure 3.6: TLC of QDFFFKQ (a) and QKFFFDQ (b). Unmodi ed peptide in lane A, myristic
acid in lane B, mix of the unmodi ed peptide and myristic acid in lane C and the modi ed peptide in
lane D. The mobile phase is acetonitrile, methanol and water solution at a ratio of 65:25:4. Staining
was done with ninhydrin and visualised with UV where the visual spots were marked with a pencil.

TLC was performed on QDFFFKQ MA and QKFFFDQ MA along with their re-
spective unmodi ed variants to determine if the modi cation was successful ( gure
3.6). Both peptides have been visualised with ninhydrin and UV light, where sig-
ni cant spots were marked. As ninhydrin only reacts with amino acids and amides,
myristic acid cannot be visualised. The retardation factor, r¢, has been calculated
for the visible spots inserted in table 3.1. This is done by taking the distance from
the starting line to the centre of the spot and divided by the whole length.

re (A) Peptide | (C) Peptide & MA mix | (D) MA modi ed peptide
QDFFFKQ | 0.190 0.190 0.019
QKFFFKQ | 0.165 0.151 0.016

Table 3.1: Calculated r; values
It is clear that the peptides in lane D were successfully modi ed, as the solute

in lane D shows ars value of 0.019 and 0.016, which is much lower than lane A and
C. In fact, the value is so low that it likely has not moved at all. The reason for
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this is might be explained by QDFFFKQ MA and QKFFFDQ MA already forming
supramolecular structures at low molarity in high concentrations of acetonitrile, as
evident from CD and uorescence measurements (gure 3.8 and 3.11 respectively).
The lack of signi cant spots with r¢ values of 0.150 to 0.190 in lane D does show that
purity of QDFFFKQ MA and QKFFFDQ MA are signi cantly higher than what was
observed in HPLC measurements ( gure 3.3), as previously hypothesised.

3.5 CD

(@)
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(b)

Figure 3.7: CD spectra of (a) QDKKKFQ and (b) QKFFFDQ, with a wavelength range of 190-
260nm. The solutions were prepared by dilution from a stock solution of 100 M with 1x PBS. A
quartz cuvette with a path length of 1cm was used.

CD spectra of QDFFFKQ and QKFFFDQ (Figure 3.7a and 3.7b) shows no sig-
nals indicating -sheet structure, which could be due to the low solution concentra-
tion, the small size of peptides or the compact supramolecular structures formed by
the peptides[17], as these are prone to cause artefacts in a CD spectra[42]. QDFF-
FKQ and QKFFFDQ both have a peak around 220nm at 5 M shifting towards
225nm at higher concentrations. Peaks in the range 220-230nm have previously been
attributed to  -stacking for other short peptides with aromatic compounds[17, 43,
44, 45]. QDFFFKQ shows a clear shift between 20-50M, indicating a critical bre
concentration in this range. A similar shift is seen for QKFFFDQ, however not as
pronounced. Concentrations of 5M and below shows a high degree of noise, which
is likely due to the noise being ampli ed when calculating molar ellipticity.
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(@)

(b)

Figure 3.8: CD spectra of (a) QDKKKFQ MA and (b) QKFFFDQ MA, with a wavelength range
of 190-260nm. The solutions were prepared by dilution from a stock solution of 100 M with 70 %
acetonitrile in water. A quartz cuvette with a path length of 1cm was used.

QDFFFKQ MA and QKFFFDQ MA (gure 3.8a and 3.8b) show a peak shift
from 221nm to 224nm which is similar to the non-modi ed peptides. Furthermore, at
low concentrations, a negative peak is observed for both peptides at 208-210nm with
a positive peak at 197nm, which could indicate anti-parallel -sheet formation[46].
Interestingly, this peak disappears at 50 M for both peptides. As previously men-
tioned, this is likely due to the peptides forming compact supramolecular structures,
as the CD spectra begin to look similar to the CD spectra observed for the un-
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modi ed QDFFFKQ and QKFFFDQ. The same is observed for QDFFFKQ BP and
QKFFFDQ BP (gure 3.9a and 3.9b).

@)

(b)

Figure 3.9: CD spectra of (a) QDKKKFQ BP and (b) QKFFFDQ BP, with a wavelength range
of 190-260nm. The solutions were prepared by dilution from a stock solution of 100 M with 70 %
acetonitrile in water. A quartz cuvette with a path length of 1cm was used.

Unlike the other peptides, CD spectra of both QDFFFKQ BP and QKFFFDQ
BP (gure 3.9a and 3.9b) show a negative peak around 235 nm. The speci ¢ origin
of this peak is unknown, however, it could be due to the biphenyl moiety utilising
a dierent -stacking conformation than triphenylalanine. Previous MD simulations
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of the RFFFR peptide designed by Slyngborg et al. showed that triphenylalanine
formed T-shaped -stacking[20]. However, the biphenyl moiety is likely forming
either sandwich or parallel displaced -stacking, resulting in a negative peak around
235nm. At low concentrations (5 M - 20 M) peaks around 221nm are observed,
which is still indicative of -stacking, as the large negative peak at 235nm would
cause a peak at 226nm to blue-shift. The reason this peak disappears at higher
concentrations could be due to the signal at 235nm drowning it out.

In general, CD spectra show indications of -stacking in all samples, as well as
anti-parallel -sheets structure at low concentrations for QDFFFKQ MA, QKFFFDQ
MA, QDFFFKQ BP and QKFFFDQ BP.

3.6 Fluorescence

(@)
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(b)

Figure 3.10: Emission spectra of (a) QDFFFKQ and (b) QKFFFDQ, in the range of 260-400nm.
The excitation wavelength is 250nm. The spectra has been normalised. The solutions were prepared
by dilution from a stock solution of 100 M with 1x PBS. A quartz cuvette with a path length of
lcm was used.

Fluorescence spectra of QDFFFKQ and QKFFFDQ ( gure 3.10a and 3.10b shows
a red-shift in uorescence peak from 275nm to 285nm in correlation with increasing
concentration. This can be attributed to an increasing number of Phe forming -
stacking, as -stacking has been observed to cause shifts in the uorescence spectrum,
due to PET[47, 33]. No shift is observed between concentrations of 50 and 75 M,
indicating that a nal structure has been reached. These results also correspond to
the CD spectra of the same peptides ( gure 3.7a and 3.7b), where a major shift was
observed between concentrations of 20M and 50 M. The peak around 303nm is
likely the interaction of Phe with the solvent.[33]
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(b)

Figure 3.11: Emission spectra of QDFFFKQ MA (a) and QKFFFDQ MA (b), in the range of
260-400nm. The excitation wavelength is 250nm. The spectra has been normalised. The solutions
were prepared by dilution from a stock solution of 100 M with 70 % acetonitrile in water. A quartz
cuvette with a path length of 1cm was used.

QDFFFKQ MA and QKFFFDQ MA (gure 3.11a and 3.11b) do not show a shift
in uorescent peak from 275nm to 285nm. Instead, it starts at 285nm, indicating
that the peptides have already formed -sheets, which corresponds to the CD spectra
showing anti-parallel -sheet structure at low concentrations ( gure 3.8a and 3.8b).
The relative uorescent intensity of Phe also increases suddenly between 201 and
50 M, which is likely due to the peptides forming larger supramolecular structures,
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minimising contact with solvent, thus reducing interaction.

@)

(b)

Figure 3.12: Emission spectra of QDFFFKQ BP (a) and QKFFFDQ BP (b), in the range of
260-400nm. The excitation wavelength is 250nm. The spectra has been normalised. The solutions
were prepared by dilution from a stock solution of 100 M with 70 % acetonitrile in water. A quartz
cuvette with a path length of 1cm was used.

QDFFFKQ BP and QKFFFDQ BP (gure 3.12a and 3.12b) show no signi cant
peak at the expected 285nm uorescence of Phe, making it di cult to gain any insight
into the self-assembly of the peptides. However, a massive peak is observed at 340nm,
which correspond to the uorescence observed for other biphenyl compounds[48].
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