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Summary of the Doctoral Thesis

Amyloids are peptide or protein aggregates, characterized by the presence of the
secondary B-sheet structure, stabilized by a dense hydrogen-bond network. They occur
mainly in the form of elongated fibrils, and their deposition is related to some pathological
conditions, including Alzheimer’s disease. An interesting fact about amyloids is their
peculiar property — autofluorescence. Upon excitation at 340-380 nm, they demonstrate
the autofluorescence in the visible range of the electromagnetic spectrum (440-530 nm).
Despite several hypotheses were put forward, the exact mechanism still remains elusive.
Additionally, their autofluorescence properties upon a multiphoton excitation have been
scarcely investigated. The improved knowledge of these non-linear optical properties could
enhance the potential for in vivo detection of amyloid deposits.

This Doctoral Thesis covers interdisciplinary research of amyloid structures on the
border of chemistry and materials science. The research involves (i) solid-phase peptide
synthesis of amyloidogenic sequences and elaboration of the optimal incubation
conditions, (ii) characterization of linear and non-linear optical properties, morphology,
secondary structure of samples of interest, and (iii) molecular dynamics (MD) simulations.

Within the framework of this Doctoral Dissertation, the autofluorescence
properties of amyloid fibrils formed from transthyretin 105-115 fragments, TTR(105-115),
were investigated. The research covers enantiopure L- and D-samples along with their
racemic mixture. The TTR(105-115) sequences were functionalized at the N- and C-termini
with a-amino and amide groups, respectively. The morphology analysis indicated
significant differences between the enantiopure and racemic fibrils. Interestingly, the
racemic mixture exhibited a blue-shifted autofluorescence signal compared to both
enantiopure analogues. In addition, the respective fibrils possessed different arrangements
of the secondary B-sheet structure. The combined data provided evidence that variations
in morphology and the organization of B-sheets can affect the autofluorescence properties
of amyloid fibrils.

To better understand the correlations between the morphology and the secondary
structure, the research was extended to other terminal functionalities of TTR(105-115).
Indeed, the enantiopure and quasi-racemic samples significantly differed in terms of their
morphology. The respective fibrils had different organization of the secondary B-sheet
structure. The MD simulations evidenced that a sufficient number of hydrogen bonds is
required for amyloid fibrils to be formed. These outcomes demonstrate that modifications
of peptides’ terminal groups dictate the morphology and secondary structure of the

resulting peptide aggregates.
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The main research concerns also one- (1P) and two-photon (2P) excited
autofluorescence of amyloids derived from hen egg-white lysozyme (HEWL), and
correlations between the optical properties, morphology, and the secondary structure.
Incubation of HEWL samples at varying ionic strengths led to the formation of amyloid
fibrils differing in their morphology and the content of the B-sheet structure. Although the
2P excitation involved nearly twice the lower energy of the corresponding 1P process, the
1P and 2P excited emission signals had different relaxation pathways. The red-shifted 2P
autofluorescence signal (compared to the 1P signal) was further confirmed by different
fluorescence lifetimes for the 1P and 2P processes. These outcomes evidence that
autofluorescence can be excited in a 2P process, which opens the possibility of detecting
amyloids in vivo.

Overall, the results demonstrate that the interpretation of the morphology and
secondary structure of amyloids helps to better understand the autofluorescence
phenomenon and that amyloids can be investigated from different points of view, which

encourages further research in the field.
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Streszczenie Pracy Doktorskiej

Amyloidy nalezg do agregatow peptydowych lub biatkowych, charakteryzujgcych
sie obecnoscig struktury drugorzedowej typu B-kartki, stabilizowanej przez gestg sieé
wigzan wodorowych. Amyloidy wystepuja gtownie w formie podtuznych fibryli, a ich
odkfadanie sie zwigzane jest z patologicznym stanem, jakim jest np. choroba Alzheimera.
Amyloidy posiadajg bardzo ciekawe wtasciwosci optyczne. W wyniku wzbudzenia
w zakresie 340-380 nm, emitujg sygnat autofluorescencji w zakresie $wiatta widzialnego
(440-530 nm). Pomimo wysunietych kilku hipotez na temat mechanizmu odpowiedzialnego
za autofluorescencje amyloidow, wtasciwe Zrédto nie zostato jeszcze poznane. Zjawisko
autofluorescencji, do ktérego dochodzi w wyniku wzbudzenia wielofotonowego, zostato
zbadane dotychczas w nieznacznym stopniu. Lepsze zrozumienie nieliniowych wtasciwosci
optycznych amyloidow daje potencjalng mozliwos¢ do ich wykrywania in vivo.

Niniejsza Praca Doktorska ma charakter interdyscyplinarny i obejmuje zagadnienia
z pogranicza chemii oraz inzynierii materiatowej w badaniu struktur amyloidowych.
Przeprowadzone badania obejmujg (i) synteze amyloidogennych peptydéw metoda
syntezy peptyddw na podtozu statym oraz optymalizacje protokotéw inkubacji, (ii)
charakteryzacje liniowych i nieliniowych witasciwosci optycznych, morfologii, struktury
drugorzedowej oraz (iii) symulacje dynamiki molekularnej (MD).

W ramach Pracy Doktorskiej zostata zbadana autofluorescencja fibryli
amyloidowych otrzymanych z fragmentu 105-115 transtyretyny, TTR(105-115). Zostaty
rozpatrzone L- i D-enancjomery oraz ich mieszanina racemiczna. Peptydy TTR(105-115)
zostaty sfunkcjonalizowane grupg a-aminowg oraz amidowg odpowiednio na N- i C-
korcach. Obrazowanie morfologii wskazato na znaczne rdznice miedzy fibrylami
enancjomeréw oraz racematu. Co ciekawe, probka racemiczna miata przesuniety ku
krétszym dtugosciom fal sygnat autofluorescencji wzgledem obu enancjomerdéw. Ponadto,
enancjomeryczne i racemiczne fibryle rdznity sie utozeniem struktury typu B-kartki.
Otrzymane wyniki pokazujg, ze réznice w morfologii oraz organizacji struktury p-kartkowej
moga wptywacé na autofluorescencje fibryli.

W celu lepszego zrozumienia zaleznosci miedzy morfologia i strukturg
drugorzedowg, badania zostaty poszerzone o rézne grupy funkcyjne na N- i C-kocach
fragmentow TTR(105-115). Otrzymane enancjomeryczne oraz quasi-racemiczne probki
roznity sie pod wzgledem morfologii. Ponadto, badane fibryle charakteryzowaty sie réznym
utozeniem struktury typu B-kartki. Symulacje MD wskazaty, ze do powstania fibryli
niezbedna jest odpowiednia liczba wigzan wodorowych. Otrzymane wyniki pokazuja, ze
modyfikacje grup koncowych peptydow wptywajg na strukture drugorzedowg
powstajgcych agregatow.
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Przeprowadzone badania obejmujg takze jedno- (1P) i dwu-fotonowo (2P)
wzbudzang autofluorescencje amyloidéw lizozymu biatka jaja kurzego (HEWL) i szukania
zaleznosci miedzy wtasciwosciami optycznymi, morfologia, a ich strukturg drugorzedowa.
W wyniku inkubacji HEWL w funkcji sity jonowej powstaty fibryle réznigce sie morfologia
i zawartoscig struktury typu B-kartki. Pomimo tego, ze proces wzbudzenia 2P
charakteryzuje sie niemal dwukrotnie nizszg energig niz proces 1P, sygnaty 1P i 2P
wzbudzanej autofluorescencji charakteryzowaty sie innymi drogami relaksacji. Przesuniety
ku dtuzszym dtugosciom fal sygnat 2P autofluorescencji (wzgledem sygnatu 1P) zostat
dodatkowo potwierdzony przez rézne czasy zycia fluorescencji wzbudzanej w procesie 1P
i 2P. Otrzymane wyniki udowodnity, ze autofluorescencja moze zosta¢ wzbudzona
w procesie 2P, co otwiera mozliwosé¢ do wykrywania amyloiddw in vivo.

Przedstawione wyniki badan pokazujg, ze interpretacja morfologii i struktury
drugorzedowej amyloidéw moze pomédc w lepszym zrozumieniu zjawiska autofluorescencji
oraz wskazuja, ze struktury te moga by¢ badane pod wieloma wzgledami. Tym samym,

zachecajg do kontynuacji badan w obszarze amyloidéw.
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Preface

The deposition of amyloid structures is associated with some disorders, including
age-related Alzheimer’s or Parkinson’s diseases, currently being incurable. Their
prevalence is forecasted to rise in the coming years due to population aging. Thus, it is of
high importance to develop tools aimed at the detection of amyloid deposits. One such
possibility offers the peculiar optical property of amyloids - autofluorescence. Its origin has
not been deciphered yet, but several hypotheses have been put forward to better
understand this phenomenon. Amyloids, when excited at 340-380 nm, emit
autofluorescence signal in the blue-green regime (440-530 nm) of the electromagnetic
spectrum. Interestingly, the autofluorescence could be investigated in a nonlinear optical
regime, opening the possibility of in vivo investigations of amyloid deposits. However, the
literature provides scarce information in this regard.

Remarkably, some amyloids possess functional properties and play beneficial roles
in biological processes. They occur in various morphological forms which corresponds to
a phenomenon known as polymorphism. Moreover, they are characterized by beneficial
mechanical properties making them suitable candidates for developing novel biomaterials.

The above-mentioned aspects motivated me to undertake the research presented
in this Doctoral Dissertation entitled “Amyloids: correlating autofluorescence in one- and
two-photon regimes with morphology and secondary structure”.

To gain more knowledge and fill some gaps in the field of amyloids, | stated the
following hypotheses:

» Hypothesis 1: The morphology and the secondary structure affect the
autofluorescence properties of amyloid fibrils.

» Hypothesis 2: The morphology and secondary structure of supramolecular
aggregates can be controlled by the terminal groups of the constituting
peptide units.

» Hypothesis 3: The autofluorescence of amyloids can appear upon a multi-
photon excitation process.

» Hypothesis 4: The mechanism behind the one- and multi-photon excited

fluorescence emission is different for these two processes.

Throughout my doctoral studies, my research was devoted to setting the
accomplished objectives and verifying the posed hypotheses. The theory behind this topic
is explained in part I. INTRODUCTION, which is divided into three chapters. Chapter 1

provides theoretical principles on one- and multi-photon optical processes. In Chapter 2,
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the fundamentals behind peptides and proteins are explained. Then, Chapter 3 constitutes
the current state of knowledge about amyloid structures.

The second part of the Doctoral Dissertation, Il. MAIN RESEARCH CONDUCTED, is
composed of five chapters. Chapter 4 describes the materials, methods, and general
procedures for conducting the experiments and simulations. In Chapters 5-7, the major
research results are presented and discussed. Namely, in Chapter 5 the outcomes regarding
autofluorescence of enantiopure L- and D-samples, and their racemic mixture are
presented. The chosen peptide was transthyretin 105-115 (TTR(105-115)) fragment,
functionalized at the N- and C-termini with a-amino and amide groups, respectively. The
main conclusion is that the spectral shift between the autofluorescence of enantiopure and
racemic mixture is dictated by differences in the morphology and the alignment of the
secondary B-sheet structure in the studied entities. The discussed research was then
extended to other functionalities at both termini of the TTR(105-115) fragment, and it
constitutes Chapter 6. The N-terminus was functionalized with a-amino, N-acetyl-a-amino,
or N,N-dimethyl-a-amino groups, and the C-terminus with amide or carboxyl groups.
Within the frames of the experiments, enantiopure samples and quasi-racemic mixtures
were studied. The outcomes demonstrated that the terminal group plays an important role
in determining the morphology and the secondary structure of the resulting assemblies.
Chapter 7 provides research regarding one- and two-photon excited autofluorescence of
hen egg-white lysozyme (HEWL). Indeed, it has been presented that HEWL can be excited
through a two-photon process. Interestingly, the relaxation pathways for the one- and two-
photon excited emission processes are different. Nevertheless, the possibility of exciting
amyloids in a nonlinear optical regime gives hope for their non-invasive in vivo detection.
In Chapter 8, a summary of the conducted research, the ensuing perspectives, and
challenges are included. Afterwards, the author’s scientific achievements and activities are

presented. Finally, all references and publishing statements are provided.
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1 Chapter 1. One- and multi-photon optical processes

In this chapter, | discuss the fundamental principles regarding the one- and multi-
photon optical processes. To do so, firstly | explain the basics of light-matter interactions,
then | describe the Jablonski diagram and the accompanying electronic transitions. | explain
two essential fluorescence parameters: fluorescence lifetime and fluorescence quantum
yield. | also elucidate two-photon absorption and fluorescence processes and describe how
two-photon absorption cross-section can be determined.

1.1 Fundamentals of light-matter interactions

As an electromagnetic wave, light is composed of electric and magnetic fields. The
electric field vector E and the magnetic field vector B are perpendicular to each other and
the propagation direction of the wave. To simplify the further description, particular
attention will be paid only to E. When the light travels through a material, its E leads to
displacement of the charges, resulting in the formation of dipoles expressed by the
polarization vector P.Pis proportional to the amplitude of E and this relationship is

described by the following equation:

LO NLO
[ | | [ . \
P=P,+ coxWE + eox@E? + gox®E3 + (...) [1]

where P is the induced polarization vector; PT) is the permanent polarization vector; Eis
the applied electric field vector; ¢, is the vacuum permittivity of the material;

1D, x@, ¥Gare electric susceptibilities of the medium of given orders (tensors).

At the molecular level, the local electric field F can induce a dipole moment, and

the optical response of a molecule can be described as follows:

LO NLO
A
[ \ |
f=ny +aF + BE2+ yE3 + (..) [2]

where [i is the induced dipole moment vector; i, is the permanent dipole moment of

a molecule; F is the local electric field vector; a is the polarizability (tensor);f is the
quadratic hyperpolarizability or second order polarizability (tensor); y is the cubic

hyperpolarizability or third order polarizability (tensor).
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In both equations ([1] and [2]), the optical effects of materials depend linearly and
non-linearly on the external electric field. These two regimes can be denoted as LO and

NLO; they stand for linear optical and non-linear optical responses, respectively.'-3
1.2 Jablonski diagram and electronic transitions

When considering the wave-like behaviour, the light can be characterized by its
frequency (or wavelength). It can also be described as a group of elementary particles (i.e.
photons). Thus, when a molecule absorbs a photon of appropriate energy, the energy of
a single photon can be expressed by the following relationship:

h-c

Ephoton:h'VZTZB'w 3]

where: Eppot0n is the energy of a photon (J), Ejpoton Can also be represented in (eV), where
1 (eV) = 1.602-10*° (J); h is the Planck constant (6.626-10734 (é); v is the frequency,
typically in (Hz); c represents the speed of light; 1 denotes the wavelength; h denotes the

reduced Planck constant (1.054:10°34 (é)); w is the angular frequency (Hz).

A schematic representation of the possible electronic transitions illustrates the
Jablonski diagram (Figure 1). The absorption process is on the order of 10> s and it
typically refers to a transition from the singlet ground state (So) to a vibrational level of one
of the excited singlet states (e.g. Si or S2) when Ejp,:0n, matches the energy bandgap
between these two electronic states. Upon promotion to a higher-energy state, the energy
is typically relaxed to the lowest vibrational level of the Si. This process is known as internal
conversion (IC). It is a non-radiative transition since no photons are emitted during this
event. To return to the Sp, the excess energy can be released via the non-radiative
relaxation or the radiative transitions (i.e. emitting a photon of a specific energy). Particular
attention will be paid to the two most fundamental processes in the molecular systems.
Fluorescence (S1-So transition) is defined as a de-excitation process during which an
electron occupying an orbital in the singlet excited state has an opposite spin direction to
an unpaired electron occupying an orbital in the singlet ground state. Thus, this transition
is spin-allowed. It is in the order of 1019-107 s. When an electron undergoes de-excitation
from the excited triplet state (Tn) to the singlet ground state, the underlying relaxation is
recognized as (T1-So transition). This transition is spin-forbidden
(kinetically unfavoured) and therefore a timescale for this process spans from milliseconds
to seconds. The phosphorescence is preceded by the radiationless transition from S; to T1
(with a different spin multiplicity), known as intersystem crossing (ISC). Both fluorescence
and phosphorescence are radiative transitions during which the energy is released by
emitting a photon of a specific energy.*>
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Figure 1. The schematic representation of the Jablonski diagram. Radiative transitions: absorption,
fluorescence, and phosphorescence are denoted as straight lines. Non-radiative transitions, IC — internal
conversion, ISC — intersystem crossing, and non-radiative relaxation are demonstrated as curvy lines. So —
singlet ground state, S1 — first excited singlet state, Sz — second excited singlet state, T1 — first excited triplet
state. Horizontal lines numbered (0-3) in Sorefer to vibrational states. To simplify the scheme, the vibrational
states in S1 and S2 were not numbered. The designations hva, hve, and hve correspond to photon energies
involved in absorption, fluorescence, and phosphorescence processes, respectively.

1.3 Fluorescence parameters: lifetime and quantum vyield

As one of the main objectives of this dissertation concerns the (auto)fluorescence
properties of amyloidogenic structures, here | introduce the fundamental parameters
guantitatively describing the fluorescence. In general, the de-excitation from the Si state

(Figure 1) can be expressed by the equation [4]:

— I = ey + k) - [57] [4]
where [S*] is a concentration of fluorescent species in the S; state;
k, = k¢ is a rate constant for radiative pathway being here equal to the rate constant of
fluorescence (kf);
knr = kic + kisc + knr retaxation 1S @ rate constant for all non-radiative deactivation
pathways being equal to the sum of the rate constant for internal conversion (k;¢), the rate

constant for intersystem crossing (k;sc), and the rate constant for relaxations to the ground

state (knr_relaxation)-
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The kr and knr parameters can be then combined to define the fluorescence lifetime,

as follows:

T=— [5]

T kptkny

The 7 is the fluorescence lifetime and represents the average time a fluorophore
remains excited before returning to the ground state.

Nevertheless, the most essential parameter characterizing the efficiency of
fluorescence is fluorescence quantum yield (FQY, ¢). In principle, the FQY is the ratio of
a number of photons emitted through fluorescence to the number of photons absorbed,

and is described by equation [6]:
kr
Ky +Kny

FQY = =k -7 (6]

FQY values range between 0 and 1, or they can be represented as percentages (and

the values range between 0% and 100%).4>

1.4 Two-photon processes: absorption and fluorescence

The processes described in subchapter 1.2 Jablonski diagram and electronic
transitions are induced by low-intensity irradiation (i.e. low photon-flux), typically in the
ultraviolet (UV) or visible (Vis) range of the electromagnetic spectrum. They belong to
linear optical processes. In this regard, the explained in subchapter 1.2 Jablonski diagram
and electronic transitions absorption phenomenon relates to one-photon absorption
(1PA), as one photon allows a transition of an electron to a higher-energy state (Figure 1,
2a). Following this nomenclature, the 1PA transition may result in one-photon excited
fluorescence (1PEF) (Figure 1, 2a).

However, when high-intensity radiation interacts with matter, its optical response
may be non-linear, i.e. the induced polarization vector does not linearly depend on the
electric field strength (see equation [1]).

At high photon-flux (i.e. the high number of photons per unit area and unit time),
a simultaneous multiphoton (e.g. two- and three-photon) absorption is possible. For
instance, the two-photon absorption (2PA) process occurs when 2 photons are
simultaneously absorbed and the sum of their energy matches the energy bandgap
between the ground and excited electronic states (Figure 2b). Consequently, the 2PA
process can lead to two-photon excited fluorescence (2PEF) (Figure 2b). One of the
requirements for the 2PA transition is spatial and temporal coincidence of photons which
can be achieved by irradiation with laser pulses having a pulse width of picoseconds to
femtoseconds.®® The first predictions on NLO processes were presented by Maria

Goeppert-Mayer. In her doctoral dissertation (1931) she hypothesized a possible two-
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photon absorption phenomenon. Her theoretical assumptions were first experimentally

verified in the 1960s, after the invention of the first pulsed laser.??

a) 4

Energy
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1PA

1PEF
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Figure 2. Simplified Jablonski diagrams comparing one-photon absorption (1PA) transition and one-photon
excited fluorescence (1PEF) (a); two-photon absorption (2PA) process and two-photon excited fluorescence
(2PEF) (b). ICindicates internal conversion and belongs to a non-radiative transition; So — singlet ground state,
S1 —first excited singlet state.

A guantitative description of the 2PA process at the microscopic level provides the
two-photon absorption cross-section (o), usually quoted in Goeppert-Mayer (GM) units,

where:10

4.
1GM = 10750 (===
photon

The g, parameter relates to the probability of a simultaneous absorption of two photons

to occur; o, can be defined by using the propagation equation:!0-1?

@ _ 5 NP2
5, = 02 N-® [7]
. ph . o
where @ denotes the photon flux (in pcrzzt_)sn), z corresponds to the propagation direction of

cm*s

the incident light beam (cm), g, is the 2PA cross-section ( ), N relates to the

molecule-photon

. molecule
number of molecules per unit volume (Cm—S).

When the absorbing species exhibit both 1PA and 2PA transitions at the monochromatic
incident light, the attenuation of the light beam passing through the optical medium is

given by the following formula:
do

Z=—O'1'N'(P—O'2'N'<P2 [8]
. . cm?
where gy is the 1PA cross-section (——).
molecule
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The photon flux is expressed by:
¢ =— [9]

Ephoton

where [ corresponds to the intensity of the incident beam, E,poton is the energy of

a photon (see equation [3]).

Therefore, the propagation equation in terms of the irradiation intensity can be written as

follows:
dl (0]

—=—0g,-N-1 —

dz Ephoton

N -I? [10]

Macroscopic equivalents of molecular parameters o; and o, constitute one-photon
absorption coefficient () and two-photon absorption coefficient (), respectively. In this

regard, the equation [10] can be expressed as follows:

A _ L —B-]2
—=—a- -1 [11]
As a result, formulas for o; and o, can be given as:
a
__ BEphoton _ Bhc
27N T w2 [13]

For fluorescent examples, as the 2PEF relates strongly to the corresponding 2PA
process, it can be successfully applied to identify and quantify the 2PA (see the next
subchapter 1.5 Determination of two-photon absorption cross-section). Hence, at the high-
intensity laser irradiation (high photon-flux) with no linear absorption (i.e. 1PA) at the
incident wavelength, equations [7-8] and [10-11] emphasize that the 2PEF intensity is
proportional to the square of the incident light intensity. Therefore, the power
dependence of fluorescence intensity can be measured to confirm the 2P nature of the
measured fluorescence signal excited under the laser beam. Namely, the power exponent

(n) value is determined according to the following equation:
__ Alog (D)

" Alog (P) [14]

where P is the incident laser average power.

1.5 Determination of two-photon absorption cross-section

Experimental methods commonly used to determine o, can be divided into (i) direct
and (ii) indirect. The direct methods rely on measurements of the attenuation of the
incident light during transmission through the studied sample, for instance, using the
Z-scan technique. They provide several advantages, such as utility for fluorescent and

nonfluorescent specimens; for liquid and solid samples. However, high concentrations of
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the studied samples are often required. This may induce heterogeneity within the sample
and consequently, interfere with the results. Thus, the direct methods are not selective for
the 2PA process only. In the indirect methods, radiative or nonradiative processes induced
by 2PA transition are monitored, e.g. 2PEF or thermal lensing. The advantages of
fluorescence-based methods lay in the requirement of relatively low concentrations of
studied samples. However, these methods can be applied only to fluorescent samples.t11>
One of the fluorescence-based methods requires measurements using a reference
sample.'® In this approach, to determine the o, of a given material, the fluorescence
measurements of a reference sample are performed in parallel with the measurements of
the sample of interest; these spectroscopic experiments are carried out for the same
parameters of the laser beam (i.e. the wavelength range). The database of the o, values of
the commonly used reference samples (fluorescent dyes), at selected wavelengths, are
given inter alia in the article of Makarov et. al.'® The two-photon absorption cross-section
value of the investigated sample is calculated via the following equation:11’

_ Fs(D)-Crorni

N Fr(l)'cs'q’s'ng "0 [15]

0-2,5
where F corresponds to the integral over the whole two-photon excited emission band,
C is the molar concentration, ¢ denotes the fluorescence quantum yield (FQY), n is the
refractive index. The indices s and r correspond to the sample and reference, respectively.

Further, the effective two-photon absorption cross-section (two-photon excitation
action cross-section, also known as two-photon brightness)'®1? is given by:2°

_ _ FS(A)'Cr'(Pr'ng
T2eff = 025" Ps = “p comz 02T [16]

To note is the fact that the fluorescence-based method is truly selective for detecting 2PA

if the measured fluorescence signal is proportional to the square of the incident laser

irradiation.
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2 Chapter 2. Peptides and proteins

Proteins and peptides are very interesting biomolecules, playing important roles in
numerous life processes. Herein, | summarize the general information about peptides and
proteins. | explain solution-phase and solid-phase peptide synthesis, and | describe the

hierarchical structure of proteins. Finally, | discuss protein folding and misfolding processes.
2.1 Peptides and proteins - introduction

Peptides and proteins are prominent in diverse biochemical processes and
physiological functions. Peptides include biologically active hormones, neurotransmitters,
signalling molecules, or growth factors. In the pharmaceutical market, peptide-based drugs
are used to treat obesity, cancer, or osteoporosis.?! Proteins perform various biological
functions such as catalysis of metabolic reactions, energy transfer, gene expression, or
transport of solutes across membranes.?? A common feature of peptides and proteins are
their building blocks which constitute amino acids (AAs); generally, they are a-amino acids.
Typically, a molecule of less than 50 amino acids is defined as a peptide, and of more than
50 — as a protein.?*?* In all AAs except for glycine, the a-carbon (Cq) is stereogenic. It
indicates that, besides glycine, all AAs can form mirror images of each other and appear as
L- or D-enantiomers. Among them, L-amino acids occur more predominantly than their
D-counterparts. Although more than 300 AAs can be found in nature, only 20 are encoded
by the genetic code.?>?® The 20 canonical L-a-amino acids give rise to many possible
combinations of proteins’ and peptides’ sequences. In a protein or peptide chain, the
consecutive AAs are covalently linked by amide bonds, also known as peptide bonds
(-CO-NH-) (Figure 3). Peptide bonds owe their stability to the possible electron
delocalization (resonance) in the amide group. Resonance causes the amide bond to have
a partial double-bond character. Hence, peptide bonds exhibit a non-zero dipole moment.
The partial double-bond character hinders rotation around peptide bonds. Thus, the
non-hydrogen atoms forming peptide bonds are coplanar.?® Nevertheless, in the
polypeptide chain also single bonds are present which allow a free rotation around them.
These bonds are on either side of Cy, namely N-C, and C-Cq bonds, and the rotation degree

depends on steric interference, e.g. side chains.?6%’
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Figure 3. Peptide-bond resonance structures (a) contribute to their double-bond character; the a-carbon (Co)
is indicated by the a letter. The double-bonded resonance form leads to a partial negative charge (6°) located
at the oxygen atom, and a partial positive charge (6*) at the nitrogen atom, which in result gives a dipole
moment represented by an arrow in (b).

2.2 Chemical synthesis of peptides

Amide bond formation between a carboxylic acid and an amine is a condensation
reaction. To occur, the carboxylic acid has to be first activated, which typically occurs by
converting the -OH group into a good leaving group. To activate carboxylic acid, one can
use coupling reagents. To date, many have been developed, and they can generate e.g.
acid chlorides, carbonic anhydrides, or active esters. One such example are carbodiimides,
including diisopropylcarbodiimide (DIC) or dicyclohexylcarbodiimide (DCC). For example,
the reaction between DCC and a carboxylic acid (Figure 4) results in the formation of
a reactive intermediate, O-acylisourea. To minimize epimerization caused by O-acylisourea
intermediates, additives are used, such as 1-hydroxy-1H-benzotriazole (HOBt). The
resulting OBt active ester is more reactive toward a nucleophilic attack than the initial
O-acylisourea, allowing the formation of an amide bond upon the amino group (-NHz)

attack (Figure 4).%8

1 3 L (

HNLc—N

S IT T #p

Figure 4. A representative example of amide bond formation through DCC and HOBt activation of carboxylic

acid.
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In living organisms, such activation occurs thanks to molecular machinery,
ribosomes, which are responsible for protein biosynthesis. The protein is biosynthesized
from its N- to C-terminal direction.?®

To successfully form an amide bond in the peptide sequence in a chemical
laboratory, the reaction must be performed under controlled conditions using activating
reagents. As mentioned above (Figure 4), amide bond formation is possible thanks to
a nucleophilic attack of the amino group on the activated carbonyl group. To minimize
undesirable reactions, the AAs’ reactive functionalities are blocked by appropriate
protecting groups. The protecting groups are selectively removed, without interfering with
other protecting groups of given entities. Based on these principles, two synthesis
techniques have been developed — solution-phase and solid-phase peptide synthesis,
typically carried out in the C- to N-terminal direction.

The history of peptide synthesis began over 100 years ago. In 1901, Emil Fischer
published the synthesis of a dipeptide, glycylglycine. He was the originator of the term
peptide.3°31 In the first decade of the 20" century, E. Fischer and his collaborators
synthesized ~100 peptides; the longest one contained 18 AA residues. Besides peptides, he
was also working on sugar and purine syntheses, for which he was awarded the Nobel Prize
in Chemistry in 1902.3234 |n 1953, Vincent du Vigneaud and co-workers reported on
synthesizing the hormone oxytocin.® In 1955, du Vigneaud became the Nobel Prize
laureate in Chemistry "for his work on biochemically important sulphur compounds,
especially for the first synthesis of a polypeptide hormone”.?® Over the years, a significant
progress has been made in solution-phase peptide synthesis. The solution-phase peptide
synthesis relies on a convergent strategy. To obtain the desired sequence, given building
blocks and fragments are selected, isolated, and coupled in solution (Figure 5). This strategy
has some drawbacks, as every intermediate needs to be isolated and purified before the
next reaction step, the total synthesis time is long and the total reaction yield is low.

Therefore, this method is mostly dedicated for short peptide sequences.??37-38

B+CD — ABCD

C+D —s D BCD + EFGH — ABCDEFGH

E+F — EF
EF+GH — EFGH

G+H — GH

Figure 5. Convergent strategy of solution-phase peptide synthesis.

Solid-phase peptide synthesis (SPPS) (Figure 6) was pioneered by R. Bruce
Merrifield who for his breakthrough invention was honoured with the Nobel Prize in
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Chemistry in 1984.3%40 The SPPS offers several advantages over solution-phase peptide
synthesis, as it is a less time-consuming procedure, excess reagents are easily removed by
filtration and washing, and it can be utilized for larger and more complex peptides. In the
SPPS (Figure 6), the growing peptide chain is anchored by its C-terminus to a cross-linked
polymeric support, a resin. The resin is functionalized by a linker which determines the
C-terminal functional group of the desired peptide sequence. In the first step, the
N®-protected AA is loaded to the solid support which proceeds through activation of the
AA carboxyl group. Then, the N-terminal protecting group is removed using an appropriate
deprotecting agent. Subsequently, a coupling reaction occurs during which the carboxyl
group of the next amino acid is activated which allows the formation of an amide bond.
The deprotection and coupling steps are repeated until the desired sequence is completed.
In the meantime, the resin with the attached growing peptide chain is washed and filtered
several times. In the final step, i.e. cleavage, side-chain protecting groups are removed by
appropriate scavengers and the target peptide sequence is detached from the solid
support, yielding a crude peptide.?% 37-38,40

In the SPPS methodology, two protecting-group strategies are commonly
employed: (i) tert-butyloxycarbonyl (Boc)/benzyl (Bzl) and (ii) 9-fluorenylmethoxycarbonyl
(Fmoc)/tert-butyl (tBu). While the N®-protecting Boc group can be removed by
trifluoroacetic acid (TFA), for cleavage and side-chain deprotection liquid anhydrous HF is
used, which is a hazardous chemical. In an alternative strategy, the N®protecting Fmoc
group is removed at basic reaction conditions (20% piperidine in N,N-dimethylformamide
(DMF)). To remove side-chain protecting groups and to liberate the target peptide from the
solid support, a high content of TFA (~95%) is needed.?, 40-41
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Figure 6. The principles of solid-phase peptide synthesis (SPPS). The SPPS relies on a stepwise addition of
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protected amino acids. Deprotection and coupling reactions are performed as long as the desired peptide
sequence is assembled. After the final N*-deprotection and cleavage, a crude peptide is obtained. Depending
on the linkage, X relates to NH or O; Ry, R2, and Rn are amino acid side chains; P1, P2, and P, denote side-chain
protecting groups, and Y is the N*protecting group (Fmoc or Boc).

Although the SPPS has provided significant improvements in peptide synthesis,
there are still some challenges. Currently, microwave-assisted automated SPPS is available.
This technique offers several advantages over manual SPPS. For example, it reduces inter-
and intramolecular aggregation originating from hydrogen bonding and hydrophobic side
chains in AAs; it also provides increased reaction rates, higher crude peptide purity, and

higher overall reaction yield.*?43

2.3 The hierarchical structure of proteins

Proteins are complex structures organized into four hierarchical levels which include:

(i) the primary, (ii) the secondary, (iii) the tertiary, and (iv) the quaternary structure. The
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primary structure of a protein is determined by a linear order of amino acid residues
composing its chain, where individual amino acids are covalently linked by amide bonds.*
The secondary structure is dictated by the local conformation of the polypeptide chain and
by interactions between backbone constituents. The secondary structure is stabilized
through multiple hydrogen bonds.**%> The most common types of secondary structure
include (i) a-helix and (ii) B-sheets.

The a-helical structure is one of the major types of proteins’ secondary structure
(Figure 7a, b). It is formed due to hydrogen bonds between C=0 and N-H groups, located
at n and n+4 amino acid residues in the sequence (Figure 7b), respectively. All C=0 and
N-H groups are involved in the hydrogen bonding, except for the terminal groups
(i.e. N- and C-termini). The a-helix adopts a cylindrical structure; each turn includes 3.6
residues corresponding to 1.5 A per residue.26?7

The second commonly known form of the secondary structure is the B-sheet
structure. The B-sheets contain B-strands which are typically 5 to 10 AA residues long. The
B-strands are aligned laterally and hydrogen-bonded between C=0 of one strand and N-H
of the adjacent one, and vice versa. The resultant structure has a pleated sheet topography.
It means that all Cq point alternatively a little above and below the B-sheet, with the side
chains also following this pattern. There are two common types of the B-sheet structure,
accordingly:

(i) the parallel B-sheet in which N-termini of B-strands run in the same direction
(Figure 7c);

(ii) the antiparallel B-sheet in which N-termini of adjacent B-strands run in the

opposite direction (Figure 7d).?”- 46

The tertiary structure refers to a spatial arrangement of the entire polypeptide chain
and is determined by interactions of side chains of proper AAs. The tertiary structure can
be stabilized via disulfide bridges, hydrophobic forces, hydrogen bonds, and van der Waals
interactions.** 4’ The tertiary structure can be assembled around more than one subunit,
i.e. a domain. The domains can then interact with each other via hydrogen bonds and van
der Waals forces between nonpolar side chains and adopt different folds. This is the highest

classification level of proteins and is assigned to their quaternary structure.*% 48
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Figure 7. The common types of protein secondary structure. A ribbon depiction of a-helix (a); approximate
positions of main chain atoms and hydrogen bonds in a-helix (b), the arrow indicates the direction towards
C-terminus, hydrogen bonds between C=0 and N-H are represented as red and striated lines; parallel (c) and
antiparallel B-sheets (d); the pleat is highlighted in yellow.?” The pictures were adapted with permission.

2.4 Protein folding and misfolding

To accomplish their diverse biological functions, proteins need to acquire a well-
defined native conformation. The folding process into the native state is schematically
demonstrated by an energy landscape (Figure 8).*° The dominant forces governing protein
folding include intramolecular hydrogen bonds, van der Waals and electrostatic
interactions, and the hydrophobic effect. The latter relies on the tendency of hydrophobic
regions of proteins to collapse in the interior of the folded protein to minimize their
exposure to water molecules.>%->!

During the folding process, a polypeptide chain (at the top of the funnel) undergoes
multiple conformational rearrangements characterized by local minima until it reaches the
native structure (Figure 8). Therefore, the energy landscape is characterized by ruggedness
correlating to kinetic traps/energy barriers on the way to the thermodynamically favorable
native state. As the protein folds, the entropy (corresponding to the number of possible
conformations) of the polypeptide and the energy decrease.>> When the polypeptide chain
fails to fold correctly, the aggregation process is triggered, and misfolded conformations
are formed (Figure 8). In the misfolding process, intermolecular non-specific interactions
dominate between aggregated misfolded proteins. This can further lead to the formation
of amorphous aggregates without a defined shape. On the other hand, highly ordered
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structures can be also formed like amyloid fibrils>® which will be discussed in the upcoming

Chapter 3. State-of-the-art: amyloids.

t

amorphous
aggregate

Energy

native
state

oligomer

amyloid fibril

Figure 8. A schematic energy landscape for protein folding (light grey) and aggregation (grey).>® Given
polypeptide chain in its unfolded state (top of the funnel) before reaching the thermodynamically favoured

native state, encompasses several intermediate states. The picture was adapted with permission.
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3 Chapter 3. State-of-the-art: amyloids

Amyloids belong to self-assembled peptide or protein aggregates. Despite their
implication in some human pathologies, they possess many interesting features including
the peculiar autofluorescence whose origin remains elusive. In this chapter, | i) introduce
the timeline of amyloid discovery and relate to the most common amyloid structures, i.e.
fibrils and spherulites, ii) describe the functions of amyloids, and iii) expound the
phenomenon of the amyloid fibrils’ polymorphism. Then, | describe the main techniques to
characterize the secondary structure and morphology of amyloid structures. | explain the
autofluorescence property of amyloids and enumerate the existing hypotheses claiming the
possible mechanism responsible for their autofluorescence. Finally, | present the techniques
forimaging the amyloids that are available thanks to the commonly used fluorophores and
describe the possibility of in vivo amyloid detection using near-infrared fluorescent probes

or by using the label-free method based on amyloid autofluorescence.
3.1 Historical aspects

Under certain pathological conditions, some peptides and proteins can misfold and
undergo self-assembly into amyloid aggregate structures. The history behind the current
knowledge about amyloids is quite extensive. Therefore, in this subchapter, | included only
the key discoveries (Figure 9). The term amyloid first time was coined in the medical
literature in 1854 by Rudolph Virchow who noticed that cerebral corpora amylacea
exhibited a positive iodine staining reaction, similar to starch (amylum in Latin, amylon in
Greek) (Figure 9). However, the first description of a lardaceous liver and a spongy spleen
containing “white stones” has been reported already in 1639.54>° In 1859 Carl Friedreich
and August Kekule demonstrated that in fact the deposits do not possess carbohydrates
and have a proteinaceous origin.>>>® Over the years, knowledge about amyloids
significantly evolved and much progress has been made. It was found that the
histopathologic dye Congo Red (CR) binds to amyloids, and observations under polarized
light microscopy (PLM) revealed that CR-stained amyloids exhibit apple-green
birefringence (1927). This finding suggested that amyloids are not structurally amorphous,
contrary to the previous assumptions.”> >’ In 1959, Alan S. Coven and Evan Calkins

performed observations with the help of Electron Microscopy (EM), which evidenced that
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Figure 9. A timeline of the key discoveries in the field of amyloids. The description of a lardaceous liver and
a spleen with “white stones” was reported in 1639; in 1854 R. Virchow introduced the term “amyloids”, five
years later, C. Friedreich and A. Kekule demonstrated a proteinaceous nature of amyloid deposits; in 1927 it
was presented that Congo red-stained amyloids exhibit birefringence when observed under polarized
microscopy; in 1959 A. S. Coven and E. Calkins observed a fibrous structure of amyloids under an electron
microscope (EM); in 1968 E. D. Eanes and G. G. Glenner discovered that the fibrils possess a characteristic
X-ray diffraction pattern, the cross-p pattern. In 2002, supramolecular structure of AB42 fibrils was obtained
thanks to the development of EM and solid-state nuclear magnetic resonance (ssNMR). With the evolvement
of cryogenic-EM, the structure of tau fibrils (2017) or insulin fibrils (2023) could be resolved.

amyloid fibrils possess a fibrillar structure.>” With the use of X-ray diffraction (XRD) Eanes
& Glenner®® (1968) and Bonar et al.>® (1969) discovered that amyloids possess a distinctive
pattern with a conserved meridional reflection at 4.6-4.8 A and a more variable equatorial
one at 6-11 A.586° The presence of two reflections perpendicular to each other suggested
that amyloids share similar structural properties at atomistic length scale.?*®2 In recent
years, many exciting breakthroughs have been made which helped to gain more
information about the structure of amyloids. For example, solid-state nuclear magnetic
resonance (ssNMR) methods can provide detailed structural information and therefore
help to develop full molecular models of amyloid fibrils.®®> For example, in 2002
0. N. Antzutkin and colleagues® thanks to EM and ssNMR, could obtain a number of
distance constraints for the supramolecular structure of fibrils forming from the full-length
form of AR peptide, AB42, and of its 10-35 fragment, AB(10-35). Another technique,

cryogenic-EM (cryo-EM), is now revolutionizing the field of structural biology as it can
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provide a three-dimensional atomic resolution structure of amyloid fibrils.5> For example,
the cryo-EM studies enabled to characterize tau filaments (Figure 10) from patient-derived
material (2017),%¢ AB(1-42) fibrils (2017),%” or full-length insulin fibrils (2023).68

JITEEEL
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Figure 10. Electron micrograph of tau filaments (a) with a scale bar set to 500 A. Paired helical filaments and
straight filaments are indicated with blue and green arrows, respectively (b). Cryo-EM reconstructions of the
paired helical filaments and the straight filaments (c).%® The pictures were adapted with permission.

3.2 Amyloid fibrils

Amyloid fibrils are defined as filamentous aggregates which can reach up to
microns in length, and 5-20 nm in width.®®7! XRD studies revealed that they possess
a common underlying structure, namely cross-B-conformation.’>’®> The meridional
reflection (~4.7 A) corresponds to B-strand spacing, whereas the equatorial reflection
(~6-11 A) to the distance between stacked B-sheets (Figure 11).5% 7475 As is demonstrated
in Figure 11, B-sheets run parallel to the main fibril axis, whereas B-strands are
perpendicular to this axis.”> Amyloid fibrils are usually composed of 2-6 constituent
protofilaments.®>7° Each protofilament is ~2-7 nm in diameter. They can be twisted around
each other or associated laterally.”®’’ The possible diverse three-dimensional
arrangements of protofilaments lead to different mesoscopic structures of amyloid fibrils

and this phenomenon is known as polymorphism.>% 7% 78
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Figure 11. X-ray diffraction pattern of amyloid fibrils with characteristic meridional and equatorial reflections
of ~4.7 A and 6-11 A, respectively (a), cross-B-sheets running through the entire length of amyloid fibrils
composed of B-strands which are presented as green arrows (b, c), typically 2-6 protofilaments (d) compose
mature amyloid fibrils (e).”® The pictures were adapted with permission.
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The most widely accepted model to describe the formation of amyloid fibrils
assumes nucleation-dependent polymerization. The kinetic profile has a characteristic
sigmoidal-shaped curve which consists of a lag phase, followed by a rapid exponential
growth phase, and finally is completed with a saturation phase (plateau) (Figure 12). In the
initial lag phase, the peptide chains assemble into nuclei which then grow into oligomers.
During the growth phase, these species assemble into protofibrils. Finally, the protofibrils
assemble into mature amyloid fibrils and this process refers to a saturation phase. To
monitor fibril formation, typically ThT assay is used based on monitoring changes in ThT

fluorescence intensity over time.>% 7°
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Figure 12. Polymerization-dependent formation of amyloid fibrils displaying a characteristic sigmoidal curve.
The process begins with peptide chains assembling into nuclei and oligomers which governs a lag phase. Then,
the growth phase occurs during which protofibrils are forming. Finally, the protofibrils assemble into mature
amyloid fibrils. This process corresponds to the saturation phase.®® The picture was reprinted with

permission.
3.3 Spherulites

Although fibrils belong to the most commonly studied amyloid aggregates, there
are also spherical structures composed of amyloids, spherulites (Figure 13a). Their
diameter ranges from 10 pm to 150 pm, but typically reaches a value of ~50 um.%°
Spherulites can be readily identified under polarized light microscopy (PLM), as they exhibit
a distinctive Maltese cross pattern (Figure 13b).8%81 The dark centres in spherulites (Figure
13b) indicate that the core is nonbirefringent, i.e. contains irregularly oriented polypeptide
chains and non-specific protein aggregates. The core of spherulites is surrounded by fibrils

oriented radially.?1-82
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Figure 13. Bovine insulin spherulites under an environmental scanning electron microscope with a scale bar
set to 50 pm (a).8% Bovine insulin spherulites under a polarized light microscopy (PLM) (b); the scale bar is 50
um.2 The PLM image presents characteristic Maltese cross patterns. The pictures were adapted with
permission.

3.4 Functions of amyloids

One of the most known functions of amyloids is their pathological role. To date,
approximately 40 proteins have been identified to form amyloidogenic deposits in human
diseases, mostly in the form of amyloid fibrils. The amyloidogenic proteins share no
common features in sequence, structure, or function. Some proteins deposit in the central
nervous system and are responsible for neurodegenerative disorders including Alzheimer’s
(AD) and Parkinson’s diseases (PD). Some proteins form deposits in tissues, e.g. heart,
kidney, or pancreas, and give rise to non-neuropathic diseases such as type Il diabetes or
atrial amyloidosis. Many amyloidogenic proteins and peptides are involved in several
pathological conditions (Table 1).7% 8-%% Unfortunately, many of these diseases are still

incurable.®®

Table 1. Peptides and proteins involved in some amyloidogenic human disorders.”® 8384

Name of pePtlde or Nurr!ber of Associated diseases
protein residues
1) Alzheimer disease
Amyloid-B peptide (AB) 40 or 42 2) Hereditary cerebral hemorrhage with
amyloidosis
1) Parkinson disease
a-Synuclein (as) 140 2) Parkinson disease with dementia

3) Dementia with Lewy bodies

Islet amyloid polypeptide 1) Type Il diabetes
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(IAPP) 2) Insulinoma
Microtubule-associated 352-441° 1) Tangle predominant dementia
protein tau 2) Guam Parkinson dementia complex
1) Senile systemic amyloidosis
Transthyretin (TTR) 127 2) Familial amyloidotic polyneuropathy

3) Familial amyloid cardiomyopathy
2 For ex vivo fibrils, fragments of various lengths have been reported.
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Amyloid fibrils, besides their pathological role described above, also possess
functional properties, as they perform biological activity in different organisms such as
bacteria, fungi, plants, insects, mice, and humans.®* 8 For example, curli fibrils expressed
by Escherichia coli (E. coli) colonize inert surfaces, mediate binding to different host
proteins, and they are involved in biofilm formation which protects from physical and
chemical stresses (Figure 14a).8’-8 Another bacteria, Streptomyces coelicolor, secretes
amyloidogenic proteins — chaplins which play an important role in the formation of aerial
hyphae.® 0 Formation of functional amyloids has been identified in mammalian systems.
For example, melanosomes are organelles specialized in the synthesis of melanin in
melanocytes. It has been found that the melanocytes produce a protein Pmell17 which can
form a fibrillar matrix over which melanin is deposited during melanosome maturation
(Figure 14b).%1%?

Interestingly, amyloids possess remarkable mechanical properties. For example,
their Young’s moduli (E) is on the order of several GPa which is comparable to the E values
of the most rigid proteinaceous materials including silk or collagen (Figure 14c).>® They
exhibit remarkable stability and resistance to high hydrostatic pressures and

temperatures.?>
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Figure 14. Curli fibrils growing on the surface of Escherichia coli play many important roles including biofilm
formation which protects the bacteria from chemical and physical stresses (a). A fibrillar scaffold formed by

the protein Pmel17 allows melanin biosynthesis (b). Young’s modulus of amyloid fibrils as compared to some
other intra- and extracellular biological materials (c).?® The pictures were adapted with permission.

3.5 Polymorphism of amyloid fibrils

Although at atomistic length scale amyloid fibrils share a common cross- structure,
at the molecular level they present a high degree of polymorphism.?®*’ Polymorphism
defines variations in fibril structures formed by a given polypeptide chain. Amyloid

polymorphs can be directly examined using e.g. atomic force microscopy (AFM) or EM
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which enable measuring some parameters including persistence length, fibril bending,
cross-over distance (i.e. distance along the fibril length which takes to complete 180° turn
(Figure 15a)),°%°° or width. Analysis of these parameters reveals that different morphology
of fibrils can be identified in one sample. Fibril polymorphism is observed among samples
formed in vivo and in vitro and can arise from differences in:

(i) protofilament number,

(ii) protofilament arrangement,

(iii) protofilament substructure.

The differences in fibrils’ morphology arise from environmental factors, including pH,
temperature, agitation, salt content, and other co-solutes. However, even within one test
tube amyloid fibrils’ polymorphism is noticeable. It suggests that under given
physicochemical parameters a specific ensemble of fibril structures is favoured.?%-100

The structural diversity of fibrils results in a variety of morphological forms; the main
mesoscopic polymorphs (Figure 15b) include:

(i) twisted ribbons — they undergo a pure torsion around the fibril axis,
periodicity increases linearly with the number of protofilaments, possess
specific handedness, and cross-over distance; probably the most frequent
polymorph;>% 101

(ii) helical ribbons — they undergo winding around a hypothetical cylinder of
a finite radius, possess specific handedness and a defined mean curvature,>®
102-103

(iii) crystals — they are tape-like aggregates, possess flat morphology and
unidentifiable macroscopic chirality;>% 104

(iv)  nanotubes — they possess a defined mean curvature.®3
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Figure 15. Amyloid fibrils possess characteristic parameters such as width, pitch, and cross-over distance. The
cross-section is usually shown to demonstrate molecular arrangement (a).'% Main amyloid fibril polymorphs
and their possible transitions (b). Twisted ribbon polymorph can evolve into crystal or helical ribbon. The
latter can transfer into a nanotube.*® The pictures were adapted with permission.
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As demonstrated in Figure 15, the twisted ribbon polymorph, through untwisting and
lateral aggregation, can evolve into crystals. The other scenario is a transformation from
a twisted ribbon into a helical ribbon which is accompanied by an increase in lateral width.
The helical ribbon can further evolve by closing into nanotubes.’® The polymorphic
transitions of amyloid fibrils may occur as a function of time and have been observed
among some peptides and proteins including e.g. B-lactoglobulin (B-LG),% human islet
amyloid polypeptide (20-29) fragment (hIAPP20-29),%%” AB(16-22),1% and as(37-44).1%°

3.6 Characterization techniques

3.6.1 Secondary structure determination

The secondary structure of amyloids can be determined via various spectroscopic
techniques. One of them is the attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectroscopy approach in which the samples of interest are examined as thin
films, which reduces the contribution of water absorptive properties.!'%1!! |n total, there
are 9 spectral regions that allow the characterization of the secondary structure of
peptides/proteins. These include the following IR absorption bands: amide A, B, and I-VII.
Among them, the amide | band is very sensitive to the protein/peptide backbone structure,
primarily due to transition dipole coupling. The amide | band is located between 1700-1600
cm and arises mainly from the carbonyl stretching vibrations (¥80% content).1*211> The
amide | band of amyloids is dominated by a narrow, intense absorption falling within 1615-
1630 cm™, indicating the presence of the secondary B-sheet structure. Thus, this technique
allows an easy identification of B-sheet-rich amyloid structures. Moreover, it can be used
to distinguish parallel from antiparallel B-sheet configuration, as the latter is characterized
by an additional weaker peak centred at ~1695 cm™ (Figure 16a).11% 16 |n the Amide | band,
other secondary structure components can be identified, including a-helix, random coil, or
B-turns.112 114

Another way to examine the secondary structure components of proteins/peptides
is circular dichroism (CD) spectroscopy which measures the difference in absorbance of
left- and right-handed circularly polarized light as a function of the wavelength. Particularly,
the far-UV CD, spanning from ~190 nm to ~250 nm, gives information about amide
transitions of the polypeptide backbone and allows recognition of a-helical structure,
B-sheet structure, random coil, or B-turns.'” The CD spectra of a-helical proteins/peptides
possess two prominent negative bands at ~222 nm and ~208 nm, and a positive band at
~193 nm (Figure 16b). However, quantitative analysis of B-sheet-rich structures is difficult
to interpret due to their spectral and structural diversity (Figure 16c). The structural

diversity arises among others from the possible parallel/antiparallel orientation of the
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neighbouring B-strands and the degree of twist or distortion of the B-sheets. These factors
account for the diversity of CD spectra and a difficult analysis of B-sheet-rich structures. To
overcome this limitation, several algorithms have been developed over the years to extract
information about the secondary structure components.11&121

The secondary structure of amyloids can be characterized by other techniques, e.g.
deep ultraviolet resonance Raman (DUVRR) spectroscopy.??1?3 In Table 2, | included
a summary of the described above ATR-FTIR and CD spectroscopy approaches, as well as

of DUVRR spectroscopy.
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Figure 16. Schematic representation of antiparallel and parallel B-sheets, APBs and PBs, respectively (a). In
APB, the constituent B-strands (depicted as lilac arrows) point in alternate directions, whereas in PB are
aligned in the same direction. The differences in the arrangement of the B-strands result in different
hydrogen-bonding arrays. In the ATR-FTIR technique, APBs are characterized by an absorption band centred
at 1615-1630 cm™ and a weaker absorption band with a maximum at ~1695 cm™, whereas in the PB
alignment, the latter, high-frequency absorption band is absent (b).}?* In the CD spectroscopy, a-helical
peptides/proteins possess a uniform spectral shape with a positive band at 193 nm and two negative bands
at ~208 nm and ~222 nm (c); the spectra in (c) are presented for proteins containing ~50% a-helix. However,
proteins possessing ~50% B-sheet structure content and a negligible a-helical content show spectral diversity
in the amplitude, number, and spectral component positions (d).'?> The pictures (b, ¢ and d) were adapted

with permission.
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Table 2. A summary of practical aspects of methods commonly used to identify and characterize the secondary structure and the morphology of amyloid structures.

Characterization
principle

Secondary structure

Morphology

Technique

Attenuated total reflectance
Fourier-transform infrared
spectroscopy

Circular dichroism
spectroscopy

Deep ultraviolet resonance
Raman spectroscopy

Atomic force microscopy

Transmission electron
microscopy

Scanning electron
microscopy

Abbreviation

ATR-FTIR
spectroscopy

CcDh
spectroscopy

DUVRR

spectroscopy

AFM

TEM

SEM

Advantages

Facile identification of the B-

sheet structure in Amide | band;

Rapid collection of data;
A relatively small amount of
sample is needed,;
Rapid collection of data;
Fluorescence background
elimination;
Selective enhancement of
peptide backbone modes;

Nanometer-scale resolution;
Gives information in 3-spatial
dimensions;

High resolution, e.g.:
a) conventional TEM:
typically better than 0.2
nm;

b) cryo-EM: atomic-scale
Nanometer-scale resolution;
Detailed 3-dimensional and

topographical imaging;
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Limitations

A high concentration of sample is
needed;

Difficult interpretation of the B-sheet
structure due to structural and
spectral diversity of the B-sheets;

Multivariate data analysis
requirement;

Time-consuming scanning;

Laborious sample preparation
procedure; conventional TEM gives
information in 2-spatial dimensions;

The preparation of samples can result
in some artifacts.

Refs.

112,114

118-119,

126

122-123,

127

128-129

65, 130-

132

131



3.6.2 Morphology determination

Techniques commonly used to observe the morphology of amyloid fibrils include
scanning probe microscopy and EM (Figure 17a, b). A commonly used type of scanning
probe microscopy constitutes AFM (Figure 17a). The AFM imaging allows investigations of
surface morphology, mechanical properties, and the visualization of a three-dimensional
structure of a sample of interest with high vertical and lateral nanometer-scale resolution
(Figure 17c). In the AFM technique, a sharp tip mounted at a free end of a flexible cantilever
is used to scan the surface of the target specimen. It operates by measuring the attractive
and retractive forces between the tip and the sample by the cantilever deflection, under
the control of a feedback mechanism. While scanning the surface, the laser beam is
reflected from the cantilever into a position-sensitive photodiode. Then, the recorded
voltage signal is used to develop the samples’ surface topography. There are 2 basic modes
of the AFM operation: (i) static (contact) mode and (ii) dynamic mode which is further
subdivided into tapping (intermittent contact) and non-contact mode.1%812°

A powerful technique to study morphology is transmission electron microscopy
(TEM) (Figure 17b) — one of the EM assays. The high resolution of TEM is provided by the
short wavelengths of electrons (~*pm) and the possibility of the electron beam to strongly
and specifically interact with the matter by scattering. In TEM, accelerated electrons pass
through a thin sample and interact with its atoms. The TEM setup is composed of important
elements: an electron gun, condenser/objective/projector lenses, specimen holder, and
a camera. To limit the electron beam to interact only with the specimen, a high vacuum is
required. Different TEM methods can be distinguished. The most accessible and convenient
is conventional TEM which typically provides a resolution better than 0.2 nm and
a two-dimensional structure (Figure 17d) of the target specimen. This method requires dry
samples which are priorly deposited onto a grid. To obtain a sufficient image contrast, the
samples should have adequate scattering power compared to the background or substrate.
Therefore, organic specimens have to be stained with appropriate markers based on heavy
metal salts, e.g. uranyl acetate.’3%132 |nterestingly, cryo-EM allows the structural insights
on atomic level. Indeed, three-dimensional atomic resolution structures of some amyloid
fibrils derived from the human brain or assembled in vitro forms have been resolved; they
include, e.g.: tau, a-syn, AB, and recently insulin fibrils.5> 67-68

Besides AFM and TEM, the morphology of amyloid structures can be examined using,

e.g. scanning electron microscopy (SEM) (Table 2).
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Figure 17. Schematic representation of atomic force microscope (AFM) (a)!?® and transmission electron
microscope (TEM) (b).*3° Morphology of amyloid fibrils investigated using AFM (c) and TEM imaging (d).'33
AFM imaging allows to determine the width, length, and height of fibrils (c), whereas conventional TEM
imaging provides detailed information regarding the width and length of amyloid fibrils and thereby
calculations of width distribution (d). The pictures were adapted (a, c, d) or reprinted (b) with permission.
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3.7 Optical properties - autofluorescence

Proteins and peptides absorb primarily in the ultraviolet (UV) range of the
electromagnetic spectrum, between 185-320 nm. These absorptive properties arise in
tryptophan, tyrosine, and phenylalanine which possess aromatic chromophores in their
side chains (Figure 18a) absorbing in the case of (i) tryptophan (W) at ~280 nm (molar
extinction coefficient/molar absorptivity (¢) ~5600 Mt cm?), (ii) tyrosine (Y) at ~275 nm
(€ ~1420 Mt cm?), and (iii) phenylalanine (F) at ~257 nm (g ~197 M cm™) (Figure 18b).
Other characteristic absorptive regimes of amino acids include among others weak
absorption from 250 nm (¢ ~360 M cm™) to 320 nm (¢ ~6 M cm™) resulting from
disulphide bonds. Additionally, the amide groups in peptide bonds strongly absorb at ~190
nm (g ~7000 M cm?) and weakly between 210-220 nm (¢ ~100 M* cm™). 134135
Fluorescence of proteins, originating mostly from aromatic residues, can be used for
instance to study thermodynamic and kinetic information of proteins.136
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Figure 18. Chemical structures of aromatic amino acids and their symbols: L-tryptophan (W; upper panel),
L-tyrosine (Y; middle panel), and L-phenylalanine (F; lower panel) (a). Absorption spectra of these amino acids
at pH 6: tryptophan indicated as W, tyrosine indicated as Y, and phenylalanine marked as F (b).*3> The X-axis
in (b) is given in A units; 1 (A) = 0.1 (nm), molar absorptivity on the Y-axis is presented in a logarithmic scale.

The picture (b) was adapted with permission.

Amyloids, besides the optical properties described above, absorb in the range 340-
380 nm and exhibit autofluorescence in the 440-530 nm region.'®’-138 As | mentioned

previously, the presence of amyloids in living organisms is linked with some diseases,
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including AD or PD. As these disorders are incurable, there is a particular need to develop
tools to detect the amyloids’ deposits. Such possibility offers their autofluorescence in the
visible (Vis) range of the electromagnetic spectrum. Interestingly, this intrinsic fluorescence
also emerges in amyloids void of aromatic residues in their sequence.’3”13% Although the
exact mechanism still remains elusive, there have been postulated some hypotheses
regarding the origin of amyloids’ autofluorescence properties:

(i) Pinotsi et al.'3® proposed that the intrinsic fluorescence arises from
intermolecular proton transfer along hydrogen bonds formed between
N- and C-termini (Figure 19).

(ii) Jong et al.**%, by combining experimental and theoretical approaches,
suggested that the intrinsic fluorescence of amyloids originates from charge-
transfer excitations around peptides’ termini.

(iii)  Grisanti et al.}*! proposed that the large number of nn* states in the
secondary B-sheet structure increases the excitation probability. They have

reported on decrease of excitation energy of n->mn* transitions upon

deplanarization of the corresponding amide group and elongation of the
carbonyl (CO) bond.
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Figure 19. Demonstration of proton transfer between N- and C-termini. AFM image of amyloid fibrils; scale
bar set to 500 nm (a), three-dimensional peptide arrangement in amyloid fibrils (b), magnified depiction of
cross-section indicated in b) (c).138 The pictures were adapted with permission.

The above-mentioned hypotheses refer to the key role played by a dense hydrogen-
bonding network, which stabilizes the secondary B-sheet structure. Indeed, early findings
claimed that the intrinsic fluorescence in the Vis range is characteristic for protein and
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peptide aggregates, i.e. amyloids. However, it has also been revealed that synthetic peptide
nanostructures, i.e. amyloid-like structures formed from di- or tripeptide sequences, and
even single amino acids display autofluorescence signals.'4?14 Hence, this phenomenon
encouraged other researchers to seek the mechanistic explanations behind the intrinsic
fluorescence. Therefore, some additional hypotheses have been formulated:

(iv) Not only intermolecular, but also intramolecular proton transfer along
hydrogen bonds may be responsible for the emission origin.'#

(v) Specific hydrogen bond networks, especially short hydrogen bonds (SHB),
ubiquitous in biological matter,4® can affect autofluorescence properties.*4’

(vi) Charge transfer either between peptide backbone and side chains of
charged amino acids, or between the side chains of charged amino acids,
followed by charge recombination account for the observed
fluorescence.4®

(vii)  CO-lock mechanism'*® in which authors used a theoretical approach to
explain that non-aromatic fluorescence occurs when the CO bond stretching
is prevented which results in the S; lifetime elongation. When the CO bond
is free (Figure 20a) or weakly bound (Figure 20b), its stretching decreases
the band gap between S1 and Sp states, possibly leading to a situation where
S1 and So are isoenergetic (conical intersection, Coln in Figure 20) and
thereby contributing to non-radiative decay. However, the CO stretching can
be hindered by strong local interactions which stiffen the CO group,
impeding its elongation and therefore, leading to a larger S1-So band gap.
Such strong local interactions can provide (i) short hydrogen bonds (Figure
20c) or (ii) hydrogen bonds between the CO and the NH groups of the
opposite B-strands in amyloid structures (Figure 20d). The latter two cases

may be responsible for non-aromatic autofluorescence.
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Figure 20. Schematic representation of the CO-lock mechanism of non-aromatic fluorescence. When the CO
bond is free (a) or weakly bound (b) its elongation is possible which results in decreasing Si-So energy band
gap. CO stretching can be prevented by SHB (c) or structurally forced (d) by establishing hydrogen bonds with
the CO group.'*® The pictures were adapted with permission.

3.8 Imaging of amyloids for in vivo applications

The AD and the PD, associated with the amyloids’ deposition, constitute a growing
societal challenge. Accordingly, the AD and the PD affect ~50 million and ~10 million
patients worldwide, respectively. It is forecasted that by the year 2050 AD and PD will afflict
~150 million and ~12 million patients, respectively. Unfortunately, the current treatments
only mitigate the symptoms.20% 150 This data implies that early detection of amyloidosis is

essential in preventing amyloid fibril deposition in the human body.

3.8.1 Standard fluorophores

To date, thioflavin T (ThT) has been commonly used to detect amyloid fibrils in
laboratory conditions. ThT, when bound to amyloid fibrils and excited at ~450 nm, emits
an enhanced fluorescence signal with a maximum located at ~480 nm. The increase of
fluorescence intensity upon binding to amyloid fibrils occurs because ThT is a molecular
rotor. Namely, the ThT molecule possesses a single C-C bond linking benzothiazole and
aniline rings (Figure 21a). In an aqueous solution, ThT can freely rotate around the C-C
bond. In contrast, when bound to amyloid fibrils, this rotation is hindered; consequently,
the probability of the radiative relaxation to the ground state increases (i.e. the FQY is
enhanced).’®¥1? |t is suggested that ThT binds with its long axis parallel to the long axis of
amyloid fibrils (Figure 21b). The vicinity of amino acid side chains and the ThT may lead,
e.g. to hydrophobic or -t interactions between them, which favors the adoption of a flat

conformation of ThT.133-155
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Figure 21. Thioflavin T (ThT) cationic structure with depicted torsion angle (¢) demonstrating rotation around
C-C bond between benzothiazole and aniline rings (a), a channel model representing ThT binding to amyloid
fibrils (b).1>> The picture (b) was adapted with permission.

Another common amyloid-specific dye is Congo red (CR) (Figure 22). As | mentioned
in subchapter 3.1 Historical aspects, when the CR is bound to amyloids, one can observe
apple-green birefringence in the presence of polarized light. In an aqueous solution, CR has
a maximum absorption at ~490 nm. However, when bound to amyloid fibrils, the
absorption peak is red-shifted and centers at ~540 nm.>*® There are 2 contradictory models
describing the CR binding mode to amyloid fibrils. Namely, it has been suggested that the
CR molecule binds with its long axis parallel to the long axis of amyloid fibrils (Figure 22a).%%’
In this model, the CR molecules are proposed to be stabilized by electrostatic interactions
between negatively charged sulfonic acid groups of CR and positively charged amino acid
residues in the polypeptide chain.’®” Another model postulates that CR molecules align

perpendicularly to the main axis of fibrils, i.e. parallel to the peptide chains (Figure 22b).1%%
159
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Figure 22. A simplified scheme demonstrating two competing models of the CR binding, namely parallel (a)
and antiparallel (b) to the main fibril axis.*>® The picture was adapted with permission.
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3.8.2 Near-infrared fluorescent probes

Due to the pathological role of amyloids, developing tools to detect them in vivo is
paramount. One such technique constitutes fluorescence imaging in the red and the near-
infrared (NIR) range of the electromagnetic spectrum. The irradiation with these
wavelengths range penetrates tissues deeper than UV and Vis light and causes less
photodamage to biological systems (Figure 23). Taking into account the reduced light
absorption and scattering in biological matter, so-called biological (therapeutic) windows
have been established, where the light absorption and scattering are the lowest: the first
biological window (NIR-I) falling within 650-950 nm, the second one (NIR-Il) ranging from
1000 nm to 1350 nm, and the third one (NIR-Ill) covering the region from 1550 nm to 1870
nm (Figure 23a).160-161
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Figure 23. The extinction spectrum of human skin (expressed as loss coefficient) over the visible (Vis) and
near-infrared (NIR) regions with the first (NIR-I), the second (NIR-Il), and the third (NIR-Ill) biological window
ranges indicated (a).1®® Reduced scattering coefficients (us) plotted as a function of wavelength spanning,
from 400 nm to 1700 nm, for various biological tissues including skin (black), subcutaneous tissue (red), skull
(blue), and brain tissue (green) (b).1%2 The degree of scattering is inversely proportional to the wavelength.
The pictures were adapted with permission.

NIR fluorescent probes give an opportunity for in vivo detection of amyloids.
However, several other requirements should be met, including:163-167
(i) high Stokes shift (i.e. the difference between absorption and emission
maxima) to minimize the risk of re-absorption,
(ii) low molecular weight (<500 Da) and high lipophilicity (logP 1-4) to assure
high blood-brain barrier (BBB) permeability,
(iii) high (selective) affinity binding with amyloids, and in parallel, low affinity

binding with other proteins,
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(iv) significant change in the fluorescence properties upon binding to amyloids
(involving inter alia the fluorescence intensity and wavelength shift, the FQY,
and the fluorescence lifetime),

(v) straightforward synthesis,

(vi) photostability,

(vii) low toxicity.

Although ThT and CR are commonly used to stain amyloids, these dyes are charged
which excludes them to cross the BBB.'%4 Over the years, various red and NIR probes have
been designed and studied for the in vivo detection of amyloid aggregates.!6® 168170
M. Hintersteiner and co-workers described a series of oxazine dyes.'®” In particular, the
fluorescent probe AOI987 (Figure 24a) demonstrated favourable properties. Its excitation
and emission occurred in the red spectral range (Aexc= 650 nm, Aem = 670 nm), the dye can
penetrate the BBB, exhibits high FQY in mouse serum (41%), and facilitates the real-time
monitoring of AB deposits in mice models in vivo. However, the AOI987 exhibited a narrow
Stokes shift (20 nm), fluorescence intensity decrease upon binding to AB deposits, and
a dissociation constant (Kg) reaching a value of ~200 nM indicating a moderate affinity for
AP aggregates.'®6167 Another NIR probe for AR deposits’ identification constitutes
a curcumin derivative, CRANAD-2 (Figure 24b). This dye demonstrates a large Stokes shift
(Aexc = 640 nm, Aem = 805 nm), and a low FQY (0.6%) in phosphate-buffered saline (PBS).
Interestingly, when bound to AB aggregates, the CRANAD-2 exhibits a 70-fold fluorescence
intensity increase, FQY increase to 40%, and a significant blue-shift (by 90 nm) in the
maximum emission position to 715 nm. Additionally, the dye demonstrates a reasonable
log P value equal to 3, can cross the BBB, shows high binding affinity toward AP aggregates
(Ke=38.69 nM), and can specifically label AB plaques in vivo.1%>1%¢ We reported on
difluoroborate (BF.)-functionalized benzothiazole dyes which could serve as amyloid
markers.?° The fluorescence probes were functionalized at one or both of the termini with
a methoxy group (-OMe). Taking into account the presence of the electron-accepting (A)
BF2 moiety and electron-donating (D) -OMe group within their molecular architecture, we
referred to the studied dyes as DA-, DAD, and -AD (Figure 24c). We performed systematic
investigations of their LO and NLO properties to evidence that they could be used for in
vivo studies. All three dyes showed a significant increase in the fluorescence intensity and
the FQY upon binding with amyloids, with the FQY rising up to 94% when bound to amyloids
(for -AD). We confirmed the 2P nature of absorption processes and determined o, values
of these dyes in various chemical environments (Figure 24d). The highest o, value in
water/dimethysulfoxide (H,0/DMSO) solution was found for the DAD (28 GM at 780 nm)
(Figure 24d).
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Figure 24. Molecular structures of AOI987 (a), CRANAD-2 (b), BF2-functionalized benzothiazole molecules,
substituted at both termini with proper R/R’, namely OMe/H, H/OMe, OMe/OMe which refers to DA-, -AD,
and DAD, respectively (c). Two-photon absorption cross-section (o2) of DA-, -AD, and DAD in various media:
amyloid solution (red), chloroform (CHCIs) (dark blue), water/dimethylsulfoxide (H.0/DMSO) mixtures (light
blue) (d).?° Picture (d) was adapted with permission.

3.8.3 Label-free imaging

As |

autofluorescence,

mentioned in the previous subchapter 3.7 Optical

hypotheses claiming the origin of amyloid

properties
there are several
autofluorescence. However, these hypotheses refer to linear optical processes including
emission in the Vis range of the electromagnetic spectrum. To investigate amyloids in vivo,
they should be studied in the NLO regime. Unfortunately, the literature provides little
information on the NLO properties of amyloid aggregates. A. C. Kwan et al.}”* performed
ex vivo experiments on brain slices from AD transgenic mouse models where they applied
multiphoton and second harmonic generation (SHG) microscopies. The authors
demonstrated that these techniques are suitable for identifying the autofluorescence
signal. In the case of multiphoton microscopy, upon excitation at 774 nm and 830 nm, the
resulting emission bands were centred at ~525 nm. In another study, P. Johansson and
P. Koelsch'’? used among others scanning confocal fluorescence microscopy, multiphoton
and SHG microscopy assays to study the LO and NLO properties of bovine insulin and B-LG
spherulites (Figure 25a-e). Indeed, the power dependences demonstrated a quadratic
relationship for the SHG (1.95 and 2.05 for bovine insulin and B-LG, respectively), and for
multiphoton excited fluorescence signal (1.78 and 1.86 for bovine insulin and B-LG,
respectively) (Figure 25e). P. Hanczyc et al.l”® used the Z-scan technique to examine
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multiphoton absorption of insulin, lysozyme, and a-synuclein in their fibrillar state,
comparing them to their native state.!’3 The authors revealed that amyloids display the
2PA (in the range of 525-600 nm) and even three-photon absorption (3PA) (in the range of
700-750 nm). They demonstrated that the formation of fibrils leads to enhanced
multiphoton absorption - amyloid fibrils possess stronger NLO absorption than the
corresponding peptides in the native state.!’®> We investigated bovine insulin spherulites
using a polarization-sensitive two-photon excited fluorescence microscope.'’* We showed
that the 2P excited autofluorescence was polarization-dependent, suggesting that it can be
correlated with the orientation of amyloid fibrils within the spherulites. We noticed the
highest 2P excited autofluorescence signal when the polarization of the excitation and
emission beams were parallel to each other, indicating a parallel orientation of both
absorption and emission transition dipoles with respect to the long axis of amyloid fibrils
(Figure 25f). Finally, we evidenced that the 2P excited autofluorescence is distributed
within ~30° around the long axis of fibrils.1’# Although J. Pansieri et al.1”> did not describe
the NLO properties of amyloid fibrils, their methodology could also be used for some in vivo
applications because the measured signal appeared in the first biological window. Namely,
they reported on near-infrared (NIR) luminescence of amyloid fibrils recorded for excitation
wavelengths in the range of 600-670 nm. The observed NIR emission signal was
continuously redshifted with a linear dependency between the excitation and the
maximum emission wavelength, providing a constant Stokes shifts of ~55-60 nm and rather
narrow emission bands (Figure 25g). The luminescence lifetimes could not be precisely
determined, as they were shorter than 0.1 ns. The origin of this optical signature should be
further explored and understood. Nevertheless, the NIR luminescence may be beneficial in
the potential detection of amyloid deposits in living organisms.

As | indicated above, the NIR imaging allows the investigation of amyloids in vivo.
There are 2 approaches, either using NIR fluorescent markers or utilizing label-free imaging
of amyloids. Both of these methods have pros and cons. When using NIR fluorophores,
several criteria have to be fulfilled, and the fluorescent probes may interfere with the
aggregation process or structural properties of amyloid aggregates. On the other hand, the
labels provide a high signal-to-noise ratio and thereby ensure an easy identification of
amyloids. Label-free imaging of amyloids in NIR suffers from limited detection sensitivity,

but it does not affect either the aggregation pathway or the structure of amyloids.
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Figure 25. Amyloid spherulites obtained from B-lactoglobulin (B-LG) from bovine milk observed under
scanning confocal fluorescence microscopy (a), multiphoton excited fluorescence (MPEF) microscopy (b),
second harmonic generation (SHG) microscopy (c), and overlay of MPEF and SHG microscopies (d). The scale
bar is 40 um. For the MPEF and SHG, the power dependence plots evidenced a quadratic relationship with
the slope equal to 1.86 and 2.05, respectively (e).}”? Raster scans of two-photon excited autofluorescence of
bovine insulin spherulites (f).}”* The white arrows indicate the polarization of the excitation (Ex) and emission
beam (Em). The luminescence properties of amyloid fibrils by the example of amyloid-B (1-42) under
excitation at 340 nm (pink), 360 nm (blue), 380 nm (cyan), 440 nm (green), and excitation spanning from 600
to 670 nm (red color gamut) (g). A multiplying factor (x30) has been applied for the latter.'’> The pictures
(a-g) were adapted with permission.
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4 Chapter 4. Materials, methods, and general procedures

In this chapter, | described the materials, methods and general procedures applied
to conduct target experiments. The more specified procedures are described in the
subsequent chapters wherein | discuss the selected experiments.

Reagents. All solvents, chemicals, and reagents were purchased from commercial
sources and used without further purification. Fmoc-L-amino acids, Fmoc-D-amino acids,
resins for SPPS, coupling reagents N,N'-diisopropylcarbodiimide (DIC) and ethyl
cyano(hydroxyimino)acetate  (Oxyma pure), diisopropylethylamine, piperidine,
triisopropylsilane (TIPS), 1,4-dithiothreitol (DTT), and N,N-dimethylformamide (DMF) were
purchased from Iris Biotech (Marktredwitz, Germany) or Sigma Aldrich (St. Louis, Missouri,
USA). Trifluoroacetic acid (Biograde) (TFA) was purchased from Halocarbon (Peachtree
Corners, Georgia, USA). Acetonitrile hypergrade for LC-MS was purchased from
LiChrosolv®, hydrochloric acid (35%-38%) was purchased from Stanlab sp. z o.0,,

throughout the experiments Milli-Q water was used.

Automated synthesis of peptides. SPPS was performed using the standard
Fmoc/tBu-protecting group strategy, in the LibertyBlue (CEM Corporation, USA) automated
microwave peptide synthesizer, on a 0.1 or 0.25 mmol scale. Target resins were swollen for
~20 minutes in DMF before usage in the synthesis. Amino acids were dissolved in DMF (0.2
M). For coupling reactions DIC (0.5 M) and Oxyma Pure (1 M) activation reagents in DMF

were used; for deprotection reaction 20% (v/v) piperidine in DMF was used.

Cleavage and further steps. Before cleavage, target resins were washed several
times with DMF, then DCM, and dried under vacuum for ~30 min. Then, the peptides were
cleaved and globally deprotected (1 mL of mixture for 100 mg of resin). The cleaved
reaction mixture was transferred to 50 mL centrifuge tubes and cold diethyl ether (-20 °C)
was added for precipitation. After centrifugation, the precipitates were dissolved in
H20/CH3CN (1/1, v/v) containing 0.1% TFA, and finally lyophilized.

Analytical High-Performance Liquid Chromatography (HPLC). Analytical reversed-
phase HPLC was performed on either (i) a NexeraXR (Shimadzu) HPLC instrument equipped
with a CBM-20 A communication module, a SPD-M20 A photodiode array detector,
a column heater set to 40 °C, LC-20AD pumps and a SIL-20AC autosampler or (ii) an Agilent
1100 HPLC instrument equipped with a G1365B UV detector, a column heater set to 40 °C,
G1212 A pumps and a G1367 A autosampler. Either (i) a Reprosil-XR C18 (50x2 mm?, 3 um,
120 A) or (ii) a Kinetex XB C18 (dimensions 50x2.1 mm?, 2.6 pum, 100 A) columns were used
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at a flow rate of 1 mL/min with a gradient of water with TFA (0.1 %, v/v) and acetonitrile
with TFA (0.08 %, v/v).

Preparative HPLC. Purifications of peptides were performed using a semi-
preparative Shimadzu HPLC instruments equipped with two LC-20AP pumps and an SPD-
20 A Prominence UV/Vis detector connected to an FRC-10 A fraction collector.
Phenomenex Kinetex XB-C18 columns (250x21.2 mm, 100 A, 5 pm) were used at 10 mL/min
with a gradient of water with TFA (0.1%, v/v) and acetonitrile with TFA (0.08%, v/v).

Liquid chromatography-mass spectrometry (LC-MS). LC-MS spectra of peptides
were recorded with a Thermo Ultimate 3000 system integrated with a Thermo Scientific
LCQ ion trap mass spectrometer using an X-select peptide CSH C18 column (50%2.1 mm?,
2.5 um, 130 A). Electrospray ionization (ESI) was utilized as the ionization source. The raw

data were deconvoluted in MagTran 1.03 software (Amgen, Thousand Oaks, USA).

Atomic force microscopy (AFM) imaging. The morphology of samples was analyzed
using a Dimension V Veeco AFM instrument in the tapping mode with NANOSENSORS™
SSS-NCHR tip mounted. The samples were diluted to a proper concentration (enabling
analysis of the morphology). Aliquots (30-40 ulL) were deposited on mica. After the
adsorption process, they were rinsed (or not, depending on the sample of interest) with
Milli-Q water and dried afterwards. Dimensions of the investigated samples were
estimated based on 50 individual profiles. The AFM images were visualized using the
Gwyddion software.'’® The mean height of the assemblies was calculated based on the
highest value of the measured profile, the mean width using the full width at half-maximum
(FWHM) method.

Absorption and fluorescence spectroscopies. Absorption spectra were acquired
with a Jasco V-670 spectrophotometer. Fluorescence excitation and emission spectra were
recorded using a FluoroMax-4 spectrofluorimeter (Horiba Jobin Yvon). For absorbance and

fluorescence measurements, quartz cuvettes were used.

ATR-FTIR spectroscopy. ATR-FTIR spectra were acquired using Bruker Vertex series
spectrometer. In the case of the synthesized peptides, the residual TFA was removed by
treatment with 10 mM HCl and lyophilization (3 cycles). For the ATR-FTIR spectra
measurements, a droplet of a sample of interest was deposited on the diamond surface.
After a background measurement, the ATR signals from samples were collected 64 times
and averaged. The spectra were recorded in 4000-400 cm™ spectral range with

a resolution equal to 4 cm™.,
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Molecular Dynamics (MD) simulations. The initial models of parallel two-layered
B-sheet were prepared based on the ssNMR structure of 105-115 transthyretin (TTR)
fragment (PDB id: 2m5n). The structure was extended by 8 additional strands, resulting in
24-mer bilayered structure of enantiomerically pure peptides (L-enantiomers). For the
racemic or quasi-racemic mixtures (of the L-enantiomers and the D-enantiomer), an
antiparallel two-layered B-sheet model was prepared by applying on every second strand
transformation matrix for 180° rotation and reflection. The peptide models were minimized
using the Discovery Studio Smart Minimizer protocol with distance-dependent dielectric as
an implicit water model. Then, target capping groups on the N- and C-termini were added
to the models. The optimized models were obtained by energy minimization in explicit
water (spc216) using the steepest descent algorithm (GROMACS software, Amber03
forcefield). To examine the stability of the models, 50 ns- or 100 ns-long simulations were
performed using GROMACS software and Amber03 force field, including parameters of
different terminal capping and in explicit water (spc216). The minimization of the system
was conducted using the steepest descent algorithm with 5000 maximum number of steps
and PME electrostatic method and converged in 700 steps. Equilibration of the system
comprised two phases: (i) 100 ps (50 000 steps) under the canonical ensemble (NVT), and
(ii) 100 ps (50 000 steps) under the NPT ensemble for temperature and pressure
stabilization followed by 50 000 ps (2 500 000 steps) production run. All the dynamics were
conducted under periodic boundary conditions using the leapfrog scheme and PME
electrostatics with a 1 nm cut-off at a constant temperature T=300 K and a pressure p=1
bar.
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5 Chapter 5. Autofluorescence of amyloids determined by

enantiomeric composition of peptides

In this chapter, | compare the structural and optical properties of amyloid fibrils
formed from L- and D-enantiomers of the 105-115 fragments of transthyretin (TTR) and the
racemic mixture. The results demonstrate that the autofluorescence position is blue-shifted
for racemic fibrils compared to the enantiopure ones. These observations were explained
thanks to a detailed analysis of the structure and morphology of the fibrils. Namely, the
enantiopure and racemic fibrils differ in terms of the secondary B-sheet structure
organization and thus the arrangement of the hydrogen bonding network. The samples
exhibit another fluorescence signal at ~400 nm which also depends on the organization of
hydrogen bonds, but is not amyloid-specific and originates from noncovalent interactions
between tyrosine residues. Overall, the outcomes show the influence of supramolecular
structure controlled by the chirality of amino acids on the optical properties of the resulting

amyloid fibrils.
5.1 Motivation

Amyloid-related diseases constitute a growing societal problem. As | mentioned in
subchapter 3.7 Optical properties - autofluorescence, amyloid structures possess a peculiar
property, autofluorescence. Despite several hypotheses put forward, the origin of this
phenomenon remains elusive,!37-138, 140-141, 145, 147-149 A common attribute of amyloids is the
presence of the secondary B-sheet structure, stabilized by multiple hydrogen bonds.
However, they demonstrate considerable differences in their morphology, known as
polymorphism.®697

Pauling and Corey were the first who provided detailed information on parallel and
antiparallel B-sheet structure, constructed entirely of L- or D-amino acid residues which
they called pleated sheets. They also introduced the concept of rippled sheets (both
parallel and antiparallel configuration) composed of alternating L/D pattern wherein every
second peptide strand has an opposed chirality.”’178 The key structural differences
between pleated and rippled sheets are hydrogen bonding and relative side-chain
distributions on the surface of B-sheets.” Many articles have been published reporting on
differences between enantiopure peptides and their racemic mixtures over the years. For
example, S. Dutta et al.*® reported that mixing two enantiomers (L- and D-) of AB42 leads
to fibrils of similar morphology, but in the case of a racemic mixture, the process of fibril

formation is significantly accelerated. Some other groups confirmed the prediction stated
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by Pauling and Corey that enantiomeric B-sheet peptides co-assemble into rippled B-sheets
with alternating L- and D-peptides.181-183

Taking into account the above-mentioned issues, | decided to verify the
autofluorescence of racemic fibrils and their enantiopure counterparts. | hypothesized that
autofluorescence is correlated with the secondary structure and morphology of amyloid
fibrils. Transthyretin (TTR) is a 55-kDa protein that in physiological conditions is responsible
for the transport of a thyroid hormone and retinol (vitamin A). Wild-type TTR can misfold
into amyloid fibrils which leads to a disorder, senile systemic amyloidosis.’®*18> |t has been
reported that full-length TTR, some TTR variants, as well as synthetic 10-20 and 105-115
fragments are prone to form amyloid fibrils in vitro.*®> Thus, | have chosen the 105-115

fragment of TTR to investigate.

5.2 Additional information and contributions

Data discussed within this chapter is published in Grelich-Mucha, M.; Garcia, A. M.;

Torbeev, V.; Ozga, K.; Berlicki, t.; Olesiak-Banska, J., Autofluorescence of Amyloids
Determined by Enantiomeric Composition of Peptides. The Journal of Physical Chemistry B
2021, 125 (21), 5502-5510.

| synthesized the TTR(105-115) sequences, both L- and D-enantiomers, during my
internship at Prof. V. Torbeev’s group (Université de Strasbourg, France) within the frames
of Erasmus+ 2014-2020 program. MD simulations were performed by Dr. K. Ozga and Prof.
t. Berlicki (using GROMACS software available at the Wroctaw Centre for Networking and
Supercomputing (WCSS, Wroctaw, Poland), TEM imaging was performed by Dr. A. M. Garcia
(at Imaging Center of Institut de génétique et de biologie moléculaire et cellulaire (IGBMC,
Ilikirch-Graffenstaden, France), and theoretical simulations of isotopically resolved mass

spectra were carried out by Prof. V. Torbeev.

5.3 Materials and methods

Synthesis of peptides. The peptides were synthesized using a Liberty Blue
automated microwave peptide synthesizer. To obtain peptide-*amides, Fmoc-Rink Amide
AM resin (100-200 mesh, 0.74 mmol/g, 1% DVB) was used. The peptides contained
a-amino group (H-) at the N-terminus. The L- and D- enantiomers of TTR(105-115)
(YTIAALLSPYS) were named H-TTR-NH; and D hereafter.

Preparation of the samples. The enantiopure samples were dissolved at
a concentration of 1 mM in acetonitrile/water (1/9, v/v); the final pH of the samples was

adjusted to 2.0 using HCl. The racemic mixture was prepared by mixing in 1/1 molar ratio
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the prepared L- and D-enantiopure samples. All three samples were incubated during the
first 2 days at 37 °C in an Eppendorf Thermomixer C. Then, they were kept at room

temperature (r.t.) for the next 14 days.8>

Morphology analysis. Morphology of the samples was investigated before and after
the incubation period using AFM, which is referred to as to and ti, respectively; the
H-TTR-NH; and D samples were not diluted; the racemic mixture at to was not diluted, but
at t1 the sample was 60-times diluted. Aliquots of the samples were deposited on the mica
surface and after 5 minutes of adsorption, they were rinsed with Milli-Q water. The
morphology of fibrils was also investigated using TEM imaging, by a Philips CM12 electron
microscope operating at 80 keV. Firstly, TEM grids (carbon-coated 300 mesh copper TEM
grids) were exposed to the UV-ozone cleaner for 5 min. Then, the grids were placed coated-
side-down for 60 s onto sample drops (20 pL). Afterward, the grids were retrieved, washed
with deionized water, and stained with 2% (w/v) uranyl acetate for 20 s. Grids were air-
dried overnight and then kept under vacuum before analysis. The dimensions of the species

were calculated using Nanoscope 7.30 or Image) software.

Spectroscopic studies. The enantiomeric samples were diluted for fluorescence and
extinction spectra measurements to a concentration of 166 uM, whereas the racemic
mixture - of 83 uM (due to a strong light scattering). The extinction spectra were measured
from 240 nm to 650 nm. Fluorescence excitation spectra were measured at emission
wavelength (Aem) set to 440 nm, and emission spectra at excitation wavelength (Aexc) set to
360 nm. Fluorescence excitation-emission intensity maps were acquired in the spectral
range of Aexc = 270-400 nm and of Aem = 330-550 nm, respectively. The excitation and
emission slits were set to 5 nm. For ATR-FTIR spectra measurements, the peptides were
dissolved at a concentration of 1 mM acetonitrile/D,0 (1/9, v/v); the pH of the solution was
adjusted to 2.0 with HCI.

Molecular Dynamics Simulations. The stability of the models was examined for 50

ns-long simulations, using GROMACS software and Amber03 force field.

Mass spectra. The LC-MS (Figure 34) were performed using a Waters LC Premier XE
mass spectrometer, for enantiopure H-TTR-NH;, D, and their racemic mixture; before and
after the incubation period, utilizing ESI method. Then, theoretical simulations (Figure 34)

of isotopically resolved mass spectra were implemented using IsoPro (v.3) software.
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5.4 Results and discussion

First, | confirmed the composition and high purity of the L- (H-TTR-NH;) and D-

enantiomers (D), using ESI-MS (Figure 26a, b) and analytical RP-HPLC (Figure 26c),
respectively. In the ESI-MS spectra, except the peaks of the highest signal intensity
corresponding to hydrogen ion adducts (M+H*), peaks assigned to ion clusters were also
present (i.e. 3M+2H" species).
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Figure 26. ESI-MS spectra of H-TTR-NH2 (a) and D (b); analytical RP-HPLC traces of H-TTR-NH: (left) and
D (right) (c) peptides.

After the incubation, i.e. at ti, | investigated the morphology of both enantiopure

samples and their equimolar mixture (D + H-TTR-NH3) using AFM. | noticed significant
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differences among the samples. Namely, in both enantiopure samples helical fibrils were
present (Figure 27b, d), whereas in the racemate — straight, tape-like fibrils (Figure 27f).
Interestingly, the helical fibrils formed from H-TTR-NH, were right-handed, and from D —

left-handed. Besides the differences in their handedness, fibrils obtained from the L- and
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Figure 27. AFM images of enantiopure H-TTR-NH2, D, and racemic mixture D + H-TTR-NHz before the
incubation (to) (a, ¢, ) and after (t1) (b, d, f), respectively.’® In (a, c ,e) the scale bar is set to 500 um, and
the height contrast to 12 nm; in (b, d, f) the scale bar is set to 1 um, and the height contrast to 25 nm. The
images (b, d, f) were reproduced with permission.
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D-enantiomers shared similarities in their dimensions. Namely, the cross-over distance for
the L- and D-fibrils was estimated to be equal to 101 + 8 nm and 102 £ 8 nm, respectively
(Table 3). The exemplary cross-over distances of H-TTR-NH; fibrils are demonstrated in
Figure 28. The average height for the L- and D-fibrils equalled 7.5 + 1.7 nm and 7.4 £+ 1.6
nm, respectively (Table 3). To avoid tip-sample convolution artifacts, the width was
estimated based on images obtained under TEM (Figure 29). The width for the L- and D-
enantiomers was equal to 17 £ 3.0 nm and 18 + 3.4 nm for the L- and D-fibrils, respectively
(Table 3). The dimensions are in agreement with the ones Fitzpatrick et al. 18 published
and suggest these are quadruplet fibrils. In the case of the racemic mixture, | noticed
a dense network of fibrils formed. For AFM imaging, the sample was 60-times diluted. For
comparison, the enantiopure samples were not diluted. Besides the differences in the
number of fibrils, the racemic fibrils were lower and wider as than the enantiopure ones.
Their height and width were estimated to be 4.0 £ 0.9 nm and 23 £ 5.1 nm, respectively
(Table 3).

Table 3. Average width (nm), height (hnm), and cross-over distance (nm) of the investigated fibrils formed
from H-TTR-NH3, D, and D + H-TTR-NH2.%%’

Sample Width (hm)  Height (hm)  Cross-over distance (nm)
H-TTR-NH; 17+£3.0 75+1.7 101+8
D 18+34 74+16 102+8
D + H-TTR-NH; 23151 4.0+09 -
100.4 nm
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Figure 28. AFM image of H-TTR-NHz fibrils with marked distances 1 and 2 (a); profiles of distance 1 (b) and 2
(c). The measured cross-over distance in 1 equals 100.4 nm (b), and in 2 equals 99.2 nm (c) as indicated on
the images. The height contrast in (a) is set to 25 nm.
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Figure 29. Morphology of H-TTR-NHz (a), D (b), and D + H-TTR-NH: (c). Scale bars on the images are set to 200
nm.'®” The images were reprinted with permission.

2) \\ \ b)

| also investigated the morphology of the samples before incubation which | denote
as to. The AFM imaging revealed the presence of some aggregates in the case of H-TTR-NH;
and D (Figure 27a, c), as opposed to the D + H-TTR-NH, sample (Figure 27e), where some
fibrillar structures were already present. These outcomes are in agreement with previous
density functional theory computational methods, explaining that the formation of racemic
fibrils is energetically preferable over enantiopure ones.88-18

As the enantiomeric fibrils differed from the racemic ones in terms of their
morphology, | decided to investigate whether the samples also exhibit different optical
properties. Firstly, | measured their extinction spectra (Figure 30). The maximum
absorption peak at 276 nm comes from the tyrosine (Tyr) residues in the TTR(105-115)
sequences. After the incubation, | noticed higher extinction intensity in all samples which
correlates to the formation of amyloid fibrils scattering the incoming light. Additionally, in
the racemic mixture (where the concentration was 2 times lower as compared to the
enantiopure samples), the scattering effect was even more pronounced which explains
a denser network of fibrils in the sample, as evidenced by morphology imaging (Figure 27-
29).
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Figure 30. Extinction spectra of the samples at to and ti: H-TTR-NH2 (upper panel, grey and black), D (middle
panel, light blue and blue), and the racemic mixture D + H-TTR-NH: (bottom panel, light red and red).*¥” The
pictures were reproduced with permission.

Then, to investigate autofluorescence of the samples, | recorded fluorescence
excitation-emission intensity maps (Figure 31). They clearly demonstrate that after
incubation, upon excitation at 320-400 nm, emission appears with a maximum centred at
~440 nm. In the case of the racemic fibrils, the autofluorescence signal was stronger as
compared to the enantiopure ones. Moreover, in racemate, the autofluorescence signal
was observed before the incubation period (Figure 31c) and its appearance can be
explained by the presence of some fibrillar structures, as demonstrated in the AFM image
(Figure 27e). Additionally, the lower signal intensity before incubation versus after
incubation (Figure 31c, d) confirms that already the fibrillar structures vyield an
autofluorescence signal which gets enhanced while mature fibrils are formed. This is in
agreement with the sigmoid-shaped curve for amyloid fibril formation demonstrating that

the highest fluorescence signal emerges from fully developed fibrils.>°
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Figure 31. Fluorescence excitation-emission maps in the excitation range 320-400 nm and emission range
300-550 nm recorded for H-TTR-NH: (a, b) and the D + H-TTR-NH: (c, d) at to and t1.1®” The pictures were
adapted with permission.

To evaluate the exact positions of excitation and emission bands, | acquired target
spectra at a higher spectral resolution (Figure 32). The fluorescence excitation spectra
demonstrated a spectral shift between the samples, as the maximum excitation band for
the racemic mixture and both enantiopure samples was localized at 350 nm and 365 nm,
respectively (Figure 32a). The emission spectra also revealed a blue shift for the racemic
fibrils as compared to enantiopure ones with autofluorescence maximum position at 431
nm and 436 nm, respectively (Figure 32b). The spectral differences in emission and
excitation indicate that the local environment of components involved in the

autofluorescence phenomenon is different in racemic and enantiopure fibrils.
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Figure 32. Fluorescence excitation (Aem = 450 nm) (a) and emission spectra (Aexc = 360 nm) (b) acquired for
H-TTR-NH: (black), D (blue), and racemic fibrils (red).'®” The images were adapted with permission.

The fluorescence excitation-emission maps (Figure 33) demonstrate other optical
characteristics of the investigated samples. Namely, upon excitation <330 nm, an emission
signal with a maximum localized at ~400 nm occurs. To investigate it more in detail,
| collected fluorescence excitation-emission maps in the excitation range 270-320 nm, and
emission range within 330-550 nm (Figure 33). Besides the fluorescence signal arising from
the presence of tyrosine residues (Aem<350 nm), | observed another one, with a maximum
Aem at ~405 nm. In the case of the H-TTR-NH; sample, the maximum Aexc Was localized at
292 nm (Figure 33a, b). For the racemic sample, the maximum Aexc Was at 290 nm, and after
incubation, the maximum signal was blue-shifted towards 286 nm (Figure 33c, d).
Comparing the enantiopure and racemic samples at t1, the fluorescence signal was of lower
intensity for the latter. Interestingly, the signal decreased after the incubation in the
racemic mixture, unlike the enantiopure sample.

It has been reported that upon excitation at 315 nm in alkaline environment, or 284
nm in acidic environment, an emission signal within 400-420 nm arises from dityrosine
(diTyr) residues.’®®193 Formation of diTyr cross-links is promoted by hydroxyl radicals,
oxygen free radicals, or nitrogen dioxide, but also upon UV-irradiation.'®31%* Thus, to verify
if in the investigated samples the described signal arises from diTyr cross-links or
noncovalent interactions between tyrosine residues, ESI-MS was performed. Since in
ESI-MS ion clusters can be present, theoretical simulations have been performed to
validate the peaks from experimental MS spectra exactly. The MS spectra revealed the
formation of ion clusters (m/z = 2395 and m/z = 1797) which correspond to M2+H* and
M3+2H* species (Figure 34), respectively. Thus, the fluorescence signal (Figure 33) does not
originate from diTyr cross-links, but probably from noncovalent m-stacking interactions

between Tyr residues.
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Figure 34. ESI-MS spectra evidencing the absence of covalent Tyr cross-links in H-TTR-NH.. Experimental MS
spectrum for 1H* charge state (upper panel) and its theoretical simulation using IsoPro (v.3) software (lower
panel) (a). Experimental MS spectra for ion clusters 2M+H* (b) and 3M+2H"* (c) (upper panels) and their
corresponding theoretical simulations (middle panels). In addition, theoretical simulations for Tyr cross-links
(lower panels) confirming that their masses are lower than the experimental values. The MS spectra were
also measured and analysed for the D and D + H-TTR-NH2 and the results were similar to those demonstrated
in this figure (Figure 34).1® The pictures were adapted with permission.

Since the enantiopure and racemic samples differed significantly in terms of their
morphology, | decided to study their structural properties. Namely, | collected ATR-FTIR
spectra of the samples (Figure 35). At tj, in all samples | noticed a clear band indicating the
presence of the B-sheet structure (Figure 35a). However, in the case of the enantiomeric

fibrils, the maximum was centred at ~1629 cm™, and of the racemic mixture was shifted
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towards ~1626 cm™. The D sample had a lower intensity band with a maximum at ~1629
cm™ compared to the H-TTR-NH.. It indicates a lower number of fibrils in the D than in the
L-sample which is in agreement with the AFM images. The spectral shift between the
enantiopure samples and the racemic mixture (~1629 cm™ versus ~1626 cm) indicates
that racemic fibrils possess increased rigidity of B-sheets.''> 124 The absorption bands
centred at ~1670 cm™ may correspond to the a-helical structure, B-turns, or a combination
of these structures.'®> Moreover, the absorption peak centred at ~1695 cmindicates the
presence of an antiparallel B-sheet structure, unlike the enantiopure samples where
parallel one predominates.''% 116 The ATR-FTIR spectra collected for these samples before
the incubation indicated antiparallel B-sheet structure in the racemic mixture (Figure 35b,

the bottom panel) which is in agreement with the observed morphology (Figure 27e).
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Figure 35. ATR-FTIR spectra collected for H-TTR-NH2 (black), D (blue), and D + H-TTR-NH2 (red) at t1 (a).
Comparison of the ATR-FTIR spectra for each sample at to and ti: H-TTR-NH: (grey and black, top panel),
D (light blue and blue, middle panel), and D + H-TTR-NH; (light red and red, bottom panel) (b).2¥” The peaks
in the grey area represent spectral region characteristic for the B-sheet structure, and the green one -
antiparallel B-sheet structure. The images were reproduced with permission.

To better understand the correlation between the observed morphology and the
secondary structure, MD simulations were performed (Figures 36-38). The atomic
resolution structure of parallel L-enantiomeric fibrils of 105-115 TTR has been resolved by
Jaroniec et al.'®® To model the D-enantiomeric fibrils, mirror-image structure of the
L-counterpart was simulated. According to the ATR-FTIR spectra, the racemic fibrils possess
antiparallel B-sheet structure (Figure 35). Thus, the MD simulations were performed for
racemic mixture consisting of alternate L- and D-strands arranged in an antiparallel
orientation. The model structure of D + H-TTR-NH; fibrils was found to be very stable. Its
stability arises from a well-defined hydrogen bond network (Figure 36¢) and a well-packed

hydrophobic core (Figure 36d). The high stability is also probably due to edge-to-face n-nt
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stacking interactions between side chains of (i) Tyr114 (from L-strand) and Tyr105 (from
D-strand) as well as (ii) Tyr105 (from L-strand) and Tyr114 (from D-strand) (Figure 37a). In
H-TTR-NH; face-to-face interactions of Tyr residue side chains spanning along the fibril axis
are present (Figure 36b, 37a). However, these interactions are absent in racemic amyloids
(Figure 36d, 37b) due to the antiparallel arrangement of the B-sheets.

Figure 36. Minimized and equilibrated models of the studied enantiopure and racemic fibrils. A pair of parallel
L-strands marked in grey with hydrogen bonds highlighted as green dotted lines (a). Four-strand section from
the side view and hydrophobic interactions between L-strands from two different layers are demonstrated
by pink dotted lines (b). A pair of antiparallel L- and D-strands marked in grey and green, respectively, with
hydrogen bonds indicated by green dotted lines (c). Four-strand section from the side view and hydrophobic
interactions between strands from two different layers are demonstrated by pink dotted lines (d).'®” The
images were adapted with permission.
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a)

b)

Figure 37. Model structure demonstrating one layer of L-strands in parallel orientation in H-TTR-NH: (a) and
one layer of L- and D-strands organized in an antiparallel fashion in racemic mixture (b). Green and pink
dotted lines indicate hydrogen bonding and hydrophobic interactions, respectively.'®” The images were
reprinted with permission.

The MD simulations helped to explain the differences among morphology of the

studied samples. The enantiopure samples possess a parallel B-sheet structure where
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charge repulsion between the same termini dictates the twisted morphology of the fibrils
(Figure 38a, b). The flat morphology of racemic fibrils is due to the antiparallel arrangement
of the consecutive B-strands where charge repulsion is minimized due to alternate positive

and negative charges at the ends of the neighbouring B-strands (Figure 38c, d).

Figure 38. Demonstration of two consecutive B-strands in parallel B-sheet structure in enantiopure amyloids
(a). Peptide chains arranged in a parallel orientation form twist (b). Demonstration of two consecutive
B-strands in antiparallel B-sheet structure in racemic amyloids (c). The reduced charge repulsion between the
neighbouring B-strands favours a flat morphology of the fibrils which is represented by L- and D-peptide
chains oriented in an antiparallel way (d).*®” The images were reprinted with permission.

The excitation-emission maps (Figure 33) illustrate fluorescence signal arising from
noncovalent interactions between Tyr residues. This signal emerges regardless of the
presence of amyloid fibrils, as it appears for peptide aggregates (at to for H-TTR-NH>), as
well as fibrillar structures (at t1 for H-TTR-NH>, at toand t1 for D + H-TTR-NH). In the case of
the L-enantiopure sample, this emission band intensity is enhanced after the incubation,
contrary to the racemic sample where the signal intensity is decreased at t1 compared to
to. This observation can explain the structures simulated by MD. Namely, in the
enantiomeric sample, the Tyr residues form a continuous n-nt stacking (Figure 36b, 37a).
However, in the case of the racemic mixture, the interaction is limited only to two Tyr
residues (Figure 36d, 37b). Thus, the discussed fluorescence signal depends on the

organization of the secondary B-sheet structure.
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As demonstrated in fluorescence excitation-emission maps (Figure 31, 33), both

enantiopure and racemic samples yield two emission bands >400 nm of a different origin:

(i) upon excitation at 315-410 nm, emission with a maximum at 430-440 nm
occurs and this signal is amyloid-specific.

(i) when excited at ~290 nm, an emission signal centred at ~405 nm emerges.

It arises from -t stacking interactions between Tyr side chains and is not

amyloid-specific.

According to the emission signal mentioned in (i) above = the ATR-FTIR spectra
(Figure 35b) evidenced that at to in both enantiopure samples the B-sheet structure is
absent, indicating the absence of fibrils. This was further verified by the AFM imaging
(Figure 27a, c). The secondary B-sheet structure and the presence of fibrils at t1 for these
samples were confirmed by the AFM and ATR-FTIR techniques (Figure 27b, d, 35). At t1, the
excitation-emission maps (Figure 33b) evidenced a clearly visible emission at 430-440 nm
for the H-TTR-NH; samples. In the case of the D + H-TTR-NH,, the B-sheet structure and
some fibrillar assemblies have been identified already at to, and mature fibrils at t1 (Figure
27e, f, 35). For the racemic mixture, the fluorescence signal at 430-440 nm was easily
detected at to and t; (Figure 33c, d). These observations are in agreement with theoretical
assumptions. Grisanti et al.'*' demonstrated that the B-sheet structure is likely to
effectively hinder nonradiative relaxation pathways and plays a key role in the
photophysics of amyloids. They performed ab initio static calculations and nonadiabatic
dynamics simulations for model peptides without aromatic amino acids. They
demonstrated that the strong stabilization of nit* states with respect to the deplanarization
of amide groups contribute to amyloid autofluorescence. Thus, the different hydrogen
bonding networks in enantiopure and racemic samples (validated by ATR-FTIR spectra and
MD simulations) seem to be responsible for the observed shift in the positions of
autofluorescence spectra (431 nm and 436 nm for racemic and enantiopure amyloids,
respectively), and even more distinct shift in the excitation spectra maxima (350 nm and
365 nm for racemic and enantiopure amyloids, respectively). One of the hypotheses
assumes that proton transfer between N- and C-termini contributes to autofluorescence of
amyloid fibrils.13 As the investigated peptides possess amide group at their C-terminus,
proton transfer between N- and C-termini does not occur in the conditions | studied. Thus,
in these systems, | can omit this hypothesis. Nevertheless, | cannot exclude possible short-
range excitations close to the charged N-termini.}*® The observed autofluorescence can
also originate from the CO-lock mechanism!*® according to which the CO elongation can be
hindered by strong local interactions such as hydrogen bonds between CO and NH of the

opposite B-strands in amyloid fibrils.
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5.5 Conclusions

| performed a detailed analysis of the morphology, secondary structure and
autofluorescence properties of 105-115 peptide fragments of TTR. | focused on the L-,
D-enantiomers and the racemic mixture formed by mixing L- and D-enantiomers in 1/1
molar ratio. The morphology analysis that | performed indicated significant differences
between enantiopure samples and the racemic mixture, where helical and tape-like fibrils
were present, respectively. The ATR-FTIR spectra that | collected revealed a parallel and
antiparallel B-sheet structure in respective enantiopure samples and the racemic mixture.
The MD simulations demonstrated that racemic fibrils possess a very stable structure with
a well-defined hydrogen bonding network and a well-packed hydrophobic core. Moreover,
the racemic fibrils were characterized by a disrupted long-range ni—nt stacking between Tyr
residues of neighbouring peptide chains, unlike the enantiopure fibrils.

Overall, these studies evidence that differences between the enantiopure samples
and the racemic mixture in terms of fibril structure and morphology result in distinct optical
properties. | confirmed that both pure enantiomeric and racemic fibrils exhibit
autofluorescence. However, the latter has blue-shifted excitation and emission bands
compared to the enantiopure fibrils. The spectral shift arises potentially from the
differences in the secondary B-sheet structure and thus from a distinct organization of
hydrogen bonds between the samples. Both enantiopure and racemic samples exhibited
fluorescence with a maximum at ~405 nm upon excitation at ~290 nm. This signal arises
from noncovalent ni—-m stacking interactions between Tyr residues and is not restricted to
amyloid fibrils. However, its intensity and position depend on the structure of the fibrils
which is different in enantiomeric and racemic fibrils. My findings demonstrate that the
organization of hydrogen bonds determines the morphology and the secondary structure
which further impact the autofluorescence properties. The knowledge gained from these

studies may serve as valuable information on the internal structure of amyloid fibrils.
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6 Chapter 6. Amyloid engineering — how terminal capping
modifies morphology and secondary structure of

supramolecular peptide aggregates

The capacity to fibrillate has been regarded as a generic property of polypeptide
chains. So far, many peptide models with a specific amino acid sequence have been
investigated in terms of their aggregation propensity. However, the influence of peptide
N- and C-termini on the aggregation process has been scarcely investigated. Herein,
| expand my research on TTR(105-115) functionalized with various functional groups at its
termini. Namely, | synthesized TTR(105-115) possessing at the N-terminus a-amino,
N-acetyl-a-amino or N,N-dimethyl-a-amino groups, and at the C-terminus either amide or
carboxyl groups. | investigated enantiopure samples and quasi-racemic mixtures by mixing
in 1/1 molar ratio target enantiomer L with the D one functionalized with H- and -NH;
groups at its termini. The outcomes indicate that the functions at peptide termini play
a decisive role in determining the final morphology of the resulting assemblies. In addition,
the formation of fibrils is dictated by a sufficient number of hydrogen bonds that stabilize
the B-sheet structure. All quasi-racemic fibrils are characterized by an accelerated fibril
formation as compared to the enantiopure samples. In this chapter, | demonstrate how the
modifications of peptide ends may be useful in the design of supramolecular aggregates

with a predicted morphology.
6.1 Motivation

In the previous chapter, | demonstrated that enantiomers and the racemic mixture
of TTR(105-115) display differences in their optical properties, morphology, and secondary
structure. The investigated peptides were capped by H- and -NH; groups at their N- and
C-termini, respectively. Indeed, peptides can be functionalized by other groups as well.
Besides the mentioned H- group, another standard capping constitutes N-acetyl-a-amino
group (Ac-) at the N-terminus. Besides the -NH, group, peptides can be functionalized at
the C-terminus with a carboxyl group (-OH). The mentioned modifications at peptides’
termini play key roles in vivo, including protein regulation or signal processing.1981%°
Nevertheless, only several articles deal with the topic of peptides’ termini modifications
influence on the aggregation process, the ongoing morphology, and the secondary
structure of the resulting peptide aggregates. One of these includes the article of Tao et
al.?% who studied two variants of AB(16-22) peptide possessing at its N- and C-termini:
(i) H- and -OH groups, and (ii) Ac- and -NH, groups, respectively. The authors noticed
different morphology for the two analogues. Namely, the variant possessing H- and -OH
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groups led to the formation of long, straight, unbranched nanofibrils, whereas its analogue
capped by Ac- and -NH; functions to the fibrils in the form of nanotapes. In addition,

201 herformed similar investigations on hIAPP2o.29. They deduced

Andreasen and colleagues
that the final morphology of amyloid fibrils is related to the number of hydrogen bonds and
electrostatic interactions between the terminal groups. Similar observations shared Hou et
al.?%2 who reported that electrostatic interactions between the terminal groups can

effectively tune twisted ribbon morphology into flat one. Lee and Na,?%

using
computational methods, evidenced that TTR(105-115) capped by (i) Ac- and -NH; groups at
its termini are characterized by a twisted and ordered fibrillar morphology, whereas (ii) its
uncapped variant possesses a twisted fibrillar morphology with disordered terminal
regions. The authors evidenced that the end-capping dictates the number of hydrogen
bonds and electrostatic interactions, thus stabilizing the TTR(105-115) fibrils. Their results
are consistent with the MD simulations reported by Porrini et al.?°* for TTR(105-115)
oligomers.

Another possible modification of peptides’ N-terminus constitutes
N-o-methylation, which may involve mono-, di-, or trimethylation.?9>2%® Hughes and
colleagues??’ investigated N-methylated derivatives of AB(25-35). Among six variants, only
one, with N-a-methyl-amino group at the N-terminus led to the formation of fibrils similar
to those of AB(25-35). To date, to the best of my knowledge, peptides capped with
N,N-dimethyl-a-amino (DiMe-) group at the N-terminus have not been investigated in
terms of the influence of the DiMe-group on the morphology and the secondary structure
of the resulting aggregates.

To better understand the role of peptides’ terminal groups on the morphology and
the secondary structure of the resulting supramolecular aggregates, | decided to further
investigate the TTR(105-115) fragment. | studied peptide fragments termed at the
N-terminus with H-, Ac-, or DiMe-groups, and at the C-terminus with: -NH; or -OH groups.
| extended the studies on quasi-racemic mixtures obtained by mixing in 1/1 molar ratio all
synthesized L-enantiomers with the D one (functionalized with H- and -NH; groups).
| characterized the morphology of all enantiopure and quasi-racemic mixtures using AFM
and the secondary structure using the ATR-FTIR spectroscopy approach. To better
understand the correlation between the morphology and the secondary structure, MD

simulations were performed.

6.2 Additional information and contributions

Results discussed within this chapter are published in Grelich-Mucha, M.; Bachelart,

T.; Torbeev, V.; Ozga, K.; Berlicki, t.; Olesiak-Banska, J., Amyloid engineering — how terminal
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capping modifies morphology and secondary structure of supramolecular peptide
aggregates. Biomaterials Science 2024, 12 (6), 1590-1602.

| synthesized the TTR(105-115) peptides functionalized with various groups at their
ends. | synthesized the DiMe-variant with the help of Dr. T. Bachelart. | performed the
syntheses during my internship supported by the foreign mobility part of the
InterDocSchool project implemented under the Polish National Agency for Academic
Exchange (NAWA) STER program. MD simulations were performed by Dr. K. Ozga and Prof.
t. Berlicki (using GROMACS software available at the Wroctaw Centre for Networking and
Supercomputing (WCSS, Wroctaw, Poland). The preliminary ATR-FTIR data were acquired

thanks to Dr. Youssef El Khoury and Prof. Petra Hellwig from Université de Strasbourg.

6.3 Materials and methods

Synthesis of peptides. The peptides were synthesized using the Liberty Blue
automated microwave peptide synthesizer. The peptides termed at the C-terminus by
(i) amide group were prepared using Fmoc-Rink Amide AM resin (100—200 mesh, 0.74
mmol/g, 1% DVB), and by (ii) carboxyl group using a Wang resin preloaded with L-serine,
namely Fmoc-L-Ser(t-Bu)-Wang resin (100-200 mesh, 0.7 mmol/g). To perform acetylation
of the N-terminus, after the final deprotection of the Fmoc group, the following procedure
was used. The reaction vessel was filled with N,N-diisopropylethylamine (DIEA) (200 uL),
acetic anhydride (200 pL), and DMF (1.4 mL). The procedure was performed 2 times for
6 minutes each. Ninhydrin test was chosen to verify the absence of the a-amino group at
the N-terminus. Dimethylation of the N-terminus was performed based on protocols
adapted from refs.2%8210 To do so, the purified peptides termed at the N-terminus by
a-amino group were dissolved in sodium acetate (0.1 M, pH~4) at a concentration of
1 mg/mL. The mass of the peptide was verified using LC-MS. Then, 37% aq. solution of
formaldehyde (1000 eq.) and sodium cyanoborohydride (30 eq., 0.2 M in water) were
added to the dissolved peptide (Figure 39). After a brief mixing, the mass of the peptide
was verified using LC-MS, and the demethylated fractions were purified using a semi-

preparative RP-HPLC.

CH,0 NaBH?CN
reduction
peptide—NH,  — peptide—N\  — peptide—NH
\CH2 CHj
NaBH3;CN
CH,0O 3
2 CHs reduction CHs
peptde—NH ——— peptide—N\\ peptide—N
\CH3 CH; CH3

Figure 39. Chemical steps to obtain N,N-dimethyl-a-amino group at peptide's N-terminus.'®” The images were
reprinted with permission.
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Preparation of the samples. To enable dissolution of the peptides in an aqueous
solution, they were first dissolved in dimethyl sulfoxide (DMSO). Then, a solution of
acetonitrile/HCI at pH 1.5 (1/9, v/v) was added. The final content of DMSO was 2% (v/v),
and the final concentration of the peptides was 1 mM. The quasi-racemic mixtures were
prepared by mixing the D-enantiopure sample of 105-115 TTR fragment (termed with
H- and -NH groups) with each of the synthesized L-enantiopure samples in (1/1) molar

ratio. The samples were incubated in an Eppendorf Thermomixer C at 37 °C for 3 weeks.

Morphology analysis. The morphology of the samples was analyzed before (to) and
after incubation (t1) period. For the AFM imaging, the samples were diluted (or not) to
a desired concentration enabling analysis of the morphology. Information on samples’
concentration is given in the description of the AFM images included in the following
chapter. 30 pL aliquots of each sample was deposited on mica, and after 30 minutes of the

adsorption period, the samples were dried.

Spectroscopic studies. For extinction spectra measurements the samples were

diluted to a concentration of 166 uM.

Molecular Dynamics Simulations. The stability of the models was examined for 100

ns-long simulations, using GROMACS software and Amber03 force field.

6.4 Results and discussion

| synthesized 105-115 fragments of TTR termed by different functional groups at
their N- and C-termini (Table 4) via SPPS. Namely, at the N-terminus (i) H-,
(i) N-acetyl-a-amino (Ac-), or (iii) N,N-dimethyl-a-amino (DiMe-), whereas at the
C-terminus either (i) -NH2 or (ii) carboxyl (-OH) groups were present. To confirm the
composition of the investigated peptides, | recorded ESI-MS (Figure 40a). Then, to verify
their purity, | recorded analytical RP-HPLC spectra which evidenced high purity of the
peptides (>98%) (Figure 40b). The ESI-MS spectra revealed not only the presence of M+H*
species, but also of 4M+3H* and 3M+2H* ones (i.e. ion clusters). | recorded absorption
spectra of the peptides (Figure 41) and then, prepared quasi-racemic mixtures by mixing in

1/1 molar ratio of the synthesized L-enantiomers with the D enantiomer (Table 4).
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Table 4. 105-115 fragments of TTR termed by the varying functional groups at their N- and C-termini. At the N-terminus, the peptides possess a-amino (H-), N-acetyl-a-amino

(Ac-) or N, N-dimethyl-a-amino (DiMe-) group, and at the C-terminus amide (-NHz) or carboxyl (-OH) group.'®” The table was adapted with permission.

Name

H-TTR-NH:
H-TTR-OH

D
Ac-TTR-NH;

Ac-TTR-OH

DiMe-TTR-NH;
DiMe-TTR-OH

D + H-TTR-NH:
D + H-TTR-OH

D + Ac-TTR-NH;

D + Ac-TTR-OH

D + DiMe-TTR-NH;

D + DiMe-TTR-OH

Composition Modification at N-terminus

Enantiomerically pure peptides

H-L-TTR-NH; a-amino group
H-L-TTR-OH a-amino group
H-D-TTR-NH; a-amino group
Ac-L-TTR-NH; N-acetyl-a-amino group
Ac-L-TTR-OH N-acetyl-a-amino group
DiMe-L-TTR-NH, N, N-dimethyl-a-amino group
DiMe-L-TTR-OH N, N-dimethyl-a-amino group
Peptide quasi-racemic mixtures
H-D-TTR-NH; and H-L-TTR-NH, a-amino group
H-D-TTR-NH; and H-L-TTR-OH o-amino group

a-amino group and N-acetyl-a-amino
group
a-amino group and N-acetyl-a-amino
group
a-amino group and N,N-dimethyl-a-amino
group
a-amino group and N,N-dimethyl-a-amino
group

H-D-TTR-NH; and Ac-L-TTR-NH,

H-D-TTR-NH;and Ac-L-TTR-OH

H-D-TTR-NH, and DiMe-L-TTR-NH,

H-D-TTR-NH;and DiMe-L-TTR-OH
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Figure 40. ESI-MS spectra (a) and analytical RP-HPLC traces (b) of H-TTR-NH: (black), H-TTR-OH (green),
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peptides.’®” The images were adapted with permission.
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Figure 41. Absorption spectra recorded for H-TTR-NH2 (black), H-TTR-OH (green), D (blue), Ac-TTR-NH: (lilac),

Ac-TTR-OH (orange), DiMe-TTR-NH: (turquoise), and DiMe-TTR-OH (brown) peptides.!® The image was
adapted with permission.

After 3 weeks of incubation, indicated as ti, | investigated the samples using AFM
(Figure 42) and noticed differences in their morphology. Namely, the incubation of
peptides termed by the H-group at the N-terminus resulted in fibrils with twisted
morphology, regardless of the functional group at the C-terminus (Figure 42a-c).
Interestingly, these fibrils differed in handedness which depends on the chirality of the
constituent peptides, as (i) L-enantiopure fibrils, H-TTR-NH, and H-TTR-OH, are right-
handed, and (ii) D-enantiopure fibrils are left-handed. These observations are in agreement
with the ones described in Chapter 5. Autofluorescence of amyloids determined by
enantiomeric composition of peptides. | also performed the morphology analysis (Table 5,
Figure 43) which revealed that the average width, height, and cross-over distance for fibrils
obtained from:

(i) H-TTR-NH; were equal to 22.1 £ 2.7 nm, 11.7 £+ 2.4 nm, and 98.0 £ 6.5 nm;

(ii) H-TTR-OH were equal to 22.2 +3.9nm, 8.5+ 2.7 nm, and 104.4 + 11.7 nm;

(iii) D were equal to 23.3 + 2.8 nm, 11.9 + 2.7 nm, and 96.8 + 6.9 nm,

respectively.

Although the peptides with an a-amino group at the N-terminus possess a twisted
morphology, the presence of a carboxyl group at the C-terminus leads to the formation of
fibrils that are slightly lower and have a longer cross-over distance as compared to their

counterparts with an amide group at the C-terminus (Table 5).
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Figure 42. Morphology of peptide aggregates formed at ti: D (a), H-TTR-NH2 (b), H-TTR-OH (c), Ac-TTR-NH2

(d), Ac-TTR-OH (e), DiMe-TTR-NH: (f), and DiMe-TTR-OH (g). The samples were not diluted for the AFM
imaging.'®” The images were adapted with permission.
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Table 5. Average width (nm), height (hnm), and cross-over distance (nm) of fibrils formed after the incubation
of L-enantiomers termed by different functional groups at their N- and C-termini, as well as of their quasi-
racemic mixtures.'® The table was adapted with permission.

Sample Width (nm) = Height (hm)  Cross-over distance (nm)
H-TTR-NH> 22.1+2.7 11.7+2.4 98.0+6.5
H-TTR-OH 22.2+3.9 8.5+2.7 104.4+11.7

D 23.3+2.8 11.9+2.7 96.8+6.9
DiMe-TTR-NH; 16.4+2.5 25110 -
DiMe-TTR-OH 20.3+8.0 3.6+£22 -

D + H-TTR-NH; 103.7 £39.8 5.3+1.3 -
D + H-TTR-OH 18.0+3.6 6.9+1.7 -

D + Ac-TTR-NH; 104.6 + 56.3 51+13 -
D + Ac-TTR-OH 21.8+3.4 74+14 -
D + DiMe-TTR-NH; 63.6 £33.5 75+24 -
D + DiMe-TTR-OH 17.0+£3.2 7.31+13 -
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Figure 43. Box charts demonstrating width (nm), height (hm) and cross-over distance ranges (nm) of amyloid
fibrils formed after incubation of the enantiopure peptides capped by (a) H-group and of peptide aggregates
formed after incubation of (b) DiMe-group at the N-terminus.'®” The images were adapted with permission.

Incubation of peptides that possess Ac-group at the N-terminus favours the formation
of elongated fibrils that stick together (Figure 42d, e). Thus, | could not estimate the
average width or height of single fibrils. Interestingly, peptides capped by DiMe-group did
not lead to the formation of any amyloid fibrils. AFM imaging revealed the presence of
only globular peptide aggregates in these samples (Figure 42f, g). | estimated the average
width and height of these aggregates which were equal:
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(i) 16.4 +2.5nmand 2.5 + 1.0 nm for DiMe-TTR-NHy;
(ii) 20.3 £ 8.0 nm and 3.6 £ 2.2 nm for DiMe-TTR-OH, respectively (Table 5).

| also studied the morphology of the samples just after their preparation, i.e. before
incubation, which | defined as to. | noticed that at this time point, in the H-TTR-NH; (Figure

443) and Ac-TTR-NH: (Figure 44c) samples some fibrillar structures were present unlike in
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Figure 44. Morphology of peptide structures in enantiopure samples observed at to: H-TTR-NH: (a),
H-TTR-OH (b), Ac-TTR-NH2 (c), Ac-TTR-OH (d), DiMe-TTR-NH: (e), and DiMe-TTR-OH (f). For the AFM
imaging the samples were not diluted.'® The images were reprinted with permission.
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their counterpart peptides functionalized with the -OH group at the C-terminus (Figure
44b, d). In the DiMe-TTR-NH; and DiMe-TTR-OH no fibrils were present at to (Figure 44e,
f).

Besides the enantiopure samples, | also examined the morphology of the quasi-
racemic ones. Interestingly, at to in all quasi-racemic mixtures | observed fibrillar structures
(Figure 45) contrary to the enantiopure samples (Figure 44). The observation is in
agreement with the one | discussed in the previous Chapter 5. Autofluorescence of
amyloids determined by enantiomeric composition of peptides where | noticed faster fibril
formation for D + H-TTR-NH; contrary to enantiopure D and H-TTR-NH;. The accelerated
fibril formation was described by other groups too.21-213

When the incubation was over, | examined the morphology of the quasi-racemic
mixtures (Figure 46). | found amyloid fibrils in all samples, even in the D + DiMe-TTR-NH;
(Figure 46e) and D + DiMe-TTR-OH (Figure 46f). As | illustrated above, in the enantiopure
DiMe-TTR-NH2 and DiMe-TTR-OH samples only globular aggregates were present at ti
(Figure 42f, g). These results are comparable to those reported by Dutta et al.?! who
evidenced enhanced fibril formation in a racemic mixture compared to its counterpart
enantiomers L- and D-AB(42). The authors confirmed suppression of oligomer formation in
the racemic mixture which correlates with the kinetics profile devoid of the lag phase.?!!

Based on the AFM images, | noticed that the quasi-racemic fibrils significantly differ
in terms of their width which is correlated with the functional group at their C-terminus
(Figure 46). Namely, when the D is mixed with L-enantiomers possessing an -NH; group,
the resulting quasi-racemic fibrils are wider than the counterpart ones in which the
enantiomer D is mixed with the L capped by the -OH group (Table 5, Figure 46, 47).
Additionally, in quasi-racemic mixtures in which L-peptides are capped by -NH; group, the
fibrils possess a relatively large standard deviation of their width (Table 5). Accordingly,
quasi-racemic fibrils had the following average widths:

(i) 103.7 + 39.8 nm and 18.0 £ 3.6 nm, D + H-TTR-NH; and D + H-TTR-OH,
respectively;

(ii) 104.6 + 56.3 nm and 21.8 + 3.4 nm, D + Ac-TTR-NH; and D + Ac-TTR-OH,
respectively;

(iii) 63.6 + 33.5 nm and 17.0 + 3.2 nm, D + DiMe-TTR-NH; and D + DiMe-TTR-OH,
respectively;

To demonstrate the width distribution among fibrils at t1 for the quasi-racemic
mixtures, | included Figure 47.
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Figure 45. Morphology of fibrillar structures observed in quasi-racemic mixtures at to: D + H-TTR-NH2(a),
D + H-TTR-OH (b), D + Ac-TTR-NH: (c), D + Ac-TTR-OH (d), D + DiMe-TTR-NH: (e), and D + DiMe-TTR-OH
(f). For the AFM imaging the samples (a, b, e, f) were 10 times diluted; and the samples (c, d) were 1000
times diluted.*®” The images were reprinted with permission.
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Figure 46. Morphology of fibrils in quasi-racemic mixtures at ti: D + H-TTR-NH2 (a), D + H-TTR-OH (b),
D+ Ac-TTR-NH2 (c), D+ Ac-TTR-OH (d), D + DiMe-TTR-NH: (e), and D + DiMe-TTR-OH (f). For the AFM imaging,
the samples were diluted 10 times except for D + DiMe-TTR-NH: (e) which was not diluted.'® The images
were reprinted with permission.

| also analysed the average height values of the quasi-racemic fibrils (Table 5) which
| estimated to be:
(i) 53+ 1.3 nm and 6.9 + 1.7 nm for D + H-TTR-NH; and D + H-TTR-OH,
respectively;
(ii) 51+ 1.3 nmand 7.4 + 1.4 nm, for D + Ac-TTR-NH; and D + Ac-TTR-OH,

respectively;
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(iii) 7.51+2.4nmand 7.3 1.3 nmfor D+ DiMe-TTR-NH; and D + DiMe-TTR-OH,
respectively.
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Figure 47. Distribution of the width dimensions among quasi-racemic fibrils obtained upon mixing of the
D with L-enantiomers capped either by -NH2 (a) or -OH (b) groups at the C-terminus. The dimensions were
estimated for the quasi-racemic fibrils at t1.2%” The images were adapted with permission.

Since the AFM imaging revealed significant differences between the enantiopure
fibrils (Figure 42) and their counterpart quasi-racemic fibrils (Figure 46), | decided to
correlate their morphology with their secondary structure. Thus, | recorded ATR-FTIR
spectra for all samples at t; (Figure 48). In the case of the enantiopure samples, | could
easily distinguish the characteristic band confirming the secondary B-sheet structure?!4-21>
for H-TTR-NHy, D, Ac-TTR-NH2, and Ac-TTR-OH, for which the maximum absorption peak
was at ~1630 cm™?, ~1630 cm™, ~1628 cm™, and ~1626 cm, respectively (Figure 48a, c).
These results are in agreement with the observed morphology, where amyloid fibrils were
present (Figure 42a, b, d, e). As in the case of H-TTR-NH; and D discussed in Chapter 5.
Autofluorescence of amyloids determined by enantiomeric composition of peptides, here
the signal at ~1670 cm™ also arises and contributes to a-helical structure, B-turns, or
a combination of these structures.'®> The maximum absorption peak for DiMe-TTR-NH, and
DiMe-TTR-OH is at ~1639 cm™ (Figure 48a, c), which lies in the spectral location that can
be attributed either to the B-sheet structure (1623-1641 cm™) or to disordered structure
(1642-1657 cm™).'2 However, taking into account the spectral resolution of the
measurements being 4 cm™ and the concomitant morphology (Figure 42f, g), | establish
that the AFT-FTIR signal corresponds to the disordered structure. In the case of enantiopure
H-TTR-OH at t3, the absorption peak is centred at ~1641 cm™ which, similar to the DiMe-
samples, could also be attributed to the B-sheet structure or the disordered structure.
However, at t1 in the sample amyloid fibrils were present (Figure 42c), which suggests that
the peak corresponds to the B-sheet structure. To further evaluate my prediction, | imaged

the H-TTR-OH sample after the next 4 weeks of incubation (i.e. after the total time of
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Figure 48. ATR-FTIR spectra of the studied TTR samples at ti: H-TTR-NH>, D, Ac-TTR-NH>, DiMe-TTR-NH: (a);
D + H-TTR-NHz, D + Ac-TTR-NH2, D + DiMe-TTR-NH: (b); H-TTR-OH, Ac-TTR-OH, DiMe-TTR-OH (c);
D + H-TTR-OH, D + Ac-TTR-OH, D + DiMe-TTR-OH (d).**” The images were adapted with permission.
7 weeks of incubation which | denote as t;). | noticed an increased number of amyloid fibrils
(Figure 49a) at t; compared to t1 (Figure 42c). | examined and compared the morphology
of the H-TTR-OH fibrils at t1 and t; (Figure 49b):

(i) The cross-over distance was equal to 104.4 £ 11.7 nm and 102.4 £ 10.8 nm

at t1 and ty, respectively;

(ii) The average width was equal t0 22.2 + 3.9 nm and 21.5+ 3.4 nmat t; and t,

respectively;

(iii) The average height was equal to 8.5+ 2.7 nmand 9.2 + 1.8 nm at t; and ty,

respectively.

These results demonstrate that over time, the dimensions (cross-over distance,
width, height) of the H-TTR-OH fibrils do not significantly change, only the number of fibrils
increases. To verify if during this time any changes in the secondary structure components
occur, | compared the ATR-FTIR spectra for the sample at t1 and t; (Figure 49c). They
demonstrate an increase in the B-sheet structure content at t; compared to t1 which is in
agreement with the observed increased number of amyloid fibrils. However, the most

intense IR component at ~1641 cm™ is still present which explains that the fibrils possess
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mainly the disordered structure. This observation can be supported by the computational
results reported by M. Lee and S. Na2%® who demonstrated that TTR(105-115) fibrils capped
by a-amino and carboxyl group exhibit a twisted and disordered conformation.

Additionally, it is often found that carboxyl termini in proteins are disordered.®®
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Figure 49. Morphology of enantiopure H-TTR-OH observed after 7 weeks of incubation (a). The scale bar in
(a) is set to 1 um. Box charts presenting width (nm), height (nm) and cross-over distance ranges (nm)
calculated for H-TTR-OH fibrils at t1 (green) and t2 (dark green) (b). Normalized ATR-FTIR spectra of the
H-TTR-OH sample after 3 (t1) and 7 (t2) weeks of incubation demonstrating an increase of the content of the
B-sheet structure over time.'®” The images were adapted with permission.

Besides the enantiopure samples, | also examined the secondary structure
components of the quasi-racemic mixtures (Figure 48b, d). The ATR-FTIR spectra
unambiguously confirmed the presence of antiparallel B-sheet structure in all of the quasi-
racemic samples, as they possess an intense IR signal centred at ~1624 cm™ and a less
intense one at ~1695 cm™1.110. 116 Among the samples, D + Ac-TTR-NH; has nearly the same
signal intensity at 1622 cm™ and 1624 cm™ (Figure 48b). All quasi-racemic mixtures possess
an absorption band at ~1660 cm™ which corresponds to the presence of a-helical structure,
disordered structure, B-turn, or a combination of them.> 216

To understand the ability or disability of proper samples to form amyloid fibrils, MD
simulations were performed. The formation of fibrils by H-TTR-NH,, H-TTR-OH, D,
Ac-TTR-NH;, and Ac-TTR-OH (Figure 42a-e) can be explained by the molecular models of

bilayers showing hydrogen bonds forming when proper capping groups are present (Figure
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50). Namely, when the H-group is present at the N-terminus (in peptides H-TTR-NH;, D,
H-TTR-OH), an interlayer hydrogen bond forms between its hydrogen atom and the
hydroxyl group oxygen atom of the serine side chain (Figure 50a). The Ac-group (in peptides
Ac-TTR-NH; and Ac-TTR-OH) forms two hydrogen bonds: the amide oxygen atom may
interact (i) with the hydroxyl group hydrogen atom of the serine side chain forming an
interlayer hydrogen bond and (ii) within the layer with the amide group hydrogen of the

b)

Figure 50. Molecular models of bilayers formed by H-TTR-NH2 (a), Ac-TTR-NH2 (b), and DiMe-TTR-NH2
peptides (c) demonstrating their N-terminal groups. The Ac- (b) and DiMe-groups (c) are represented in
magenta; hydrogen bonds are shown as green dotted lines.'®” The images were reprinted with permission.
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neighbouring strand (Figure 50b). Figure 50c explains the disability of the DiMe-peptides
in forming amyloid fibrils. Namely, the two methyl groups cause a steric hindrance and to
lower it, the DiMe-groups of the neighbouring strands are rotated relative to each other
which prevents most of the amine hydrogen atoms from forming a hydrogen bond with
a hydroxyl group oxygen atom of the serine side chain (unlike in the peptides possessing
a H-group at the N-terminus). In addition, as demonstrated in Figure 51, the -NH group
present at the C-terminus (in Ac-TTR-NH;, and not H-TTR-NH;), provides the formation of
a stabilizing intralayer H-bond between the neighbouring strands, which may clarify the

formation of longer fibrils.

Figure 51. Molecular models of bilayers formed by H-TTR-NH: (a) and H-TTR-OH (b) demonstrating their
C-termini. The conventional hydrogen bonds are indicated as green dotted lines, whereas the weak carbon-
hydrogen bonds as grey dotted lines.'® The images were reprinted with permission.

As | discussed in Chapter 5. Autofluorescence of amyloids determined by
enantiomeric composition of peptides (Figure 38a, b), twist of the fibrils formed by the
enantiopure samples results from the charge repulsion between the peptide termini, which
is also demonstrated in Figure 52a-c. In the case of the examined samples, Ac-TTR-NH:
fibrils (Figure 52c) possessing charge-neutralizing capping groups at both termini have the
smallest twist. The lack of twist among the quasi-racemic fibrils (Figure 52d), results from
the antiparallel alignment of the adjacent B-strands which minimizes the charge repulsion.
This correlation is in agreement with the one discussed for the racemic mixture
(D + H-TTR-NH3) in Chapter 5 (Figure 38c, d). The MD simulations indicate that the rippled
B-sheet structure is thermodynamically more favourable than the pleated one which is in

agreement with the literature data.’? 217-218
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H-TTR-NH: H-TTR-OH Ac-TTR-NH: D + H-TTR-OH

Figure 52. Representation of different twist formation by fibrils on the example of the H-TTR-NH2 (a),
H-TTR-OH (b), Ac-TTR-NH2 (c), and D + H-TTR-OH (d) fibrils. The enantiopure fibrils are characterized by
a different twist angle which arises from differences in the charge distribution at their termini arising from
the parallel alignment of the B-sheets. The quasi-racemic fibrils lack the twist because the charge repulsion
is balanced due to the antiparallel B-sheet structure.’®” The images were adapted with permission.

6.5 Conclusions

This chapter extends the previous one, where | investigated enantiomers and the
racemic mixture of TTR(105-115) termed by H- and -NH; groups at their termini. Herein,
| expand the research on the impact of different functional groups at peptide termini on
the morphology and the secondary structure of the resulting supramolecular aggregates of
TTR(105-115). | investigated peptides functionalized at their (i) N-terminus by H-, Ac- or
DiMe-groups, and at their (ii) C-terminus by -NH; and -OH groups. The results indicate that
the functional group at the N-terminus plays a key role in determining the morphology of
the resulting supramolecular peptide structures. Namely, the H-group at the N-terminus
determines the twisted morphology of the resulting fibrils. The Ac-group promotes the
formation of elongated fibrils, which stick together, making it difficult to discern individual
fibrils. The DiMe-group hampers the formation of amyloid fibrils and promotes the
formation of peptide aggregates. The C-terminal group plays a minor role in the
morphology but a major role in the kinetics of fibril formation. The studies | performed
indicate that the -OH group at the C-terminus causes longer cross-over distances of twisted
amyloid fibrils. The ATR-FTIR spectra revealed that in all enantiopure samples where
amyloid fibrils were present, peaks corresponding to the parallel B-sheet structure were
identified. In the case of H-TTR-OH fibrils, | also confirmed that. Nevertheless, the
H-TTR-OH fibrils were mainly composed of a disordered structure, what was confirmed
computationally in the literature as well.?°* Among the enantiopure samples, no fibrils were

formed in the case of peptides capped with the DiMe-group. This observation is in
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agreement with the corresponding ATR-FTIR spectra wherein | confirmed the
predominance of a disordered structure. | observed significantly different morphologies in
all quasi-racemic mixtures, where some fibrillar structures were formed directly after their
preparation. After the incubation period, all quasi-racemic fibrils demonstrated a flat, tape-
like morphology. The morphology analysis revealed that the quasi-racemic fibrils are wider
when their constituting L-enantiomers are capped with the -NH; than with the -OH group.
In all quasi-racemic fibrils an antiparallel B-sheet structure was identified.

The MD simulations helped to understand the correlation between the observed
morphology and the secondary structure in target samples. The lack of fibrils among the
DiMe-peptides is because the DiMe-groups hinder the formation of hydrogen bonds at
peptides’ ends. Additional hydrogen bonds between the capping groups provide the H- and
Ac-groups, which explains the formation of fibrils among these samples. The MD
simulations indicated that the twist angle among the enantiopure fibrils is linked with the
charge repulsion between the adjacent B-strands organized in a parallel orientation.

Overall, the studies presented in this chapter demonstrate that the modulation of
peptides’ termini determines the final morphology and the secondary structure of the
resulting supramolecular peptide aggregates. Such knowledge may be beneficial, e.g. in the
design of nanostructures with a defined morphology. These nanostructures could further
act as scaffolds for nanomaterials/biomaterials. This knowledge may also be helpful in the
design of novel biomaterials with the desired morphology and functional properties to be

applied in controlled cell growth, biosensors, or biomimetic catalysts.
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7 Chapter 7. One- and two-photon excited autofluorescence of

lysozyme amyloids

Although the autofluorescence phenomenon of amyloid structures has been mainly
investigated in the 1P optical regime, the 2P autofluorescence properties, which raise the
potential for in vivo studies, have been scarcely studied. Herein, | investigate the 1P and 2P
intrinsic optical properties of hen egg-white lysozyme (HEWL). | examine the HEWL protein
in the form of monomers and fibrils at varying concentrations of NaCl. Monomers exhibit
autofluorescence, but upon fibrillation, the signal is enhanced. Additionally, the increasing
NaCl content contributes to differences in fibrils’ morphology and the increase of the
secondary B-sheet structure content. This leads to the increase of 1P and 2P
autofluorescence signals. What is interesting is that the 2P excited autofluorescence is red-
shifted compared to the 1P autofluorescence. An explanation for the different relaxation
pathways upon 1P or 2P excitation is provided by the detection of different lifetimes of the
1P and 2P fluorescence decays. In this chapter, | demonstrate that there is a correlation
between the changes in optical properties of HEWL assemblies, driven by their morphology

and their secondary structure.
7.1 Motivation

In subchapter 3.7 Optical properties — autofluorescence, | explained the possible
origins of the autofluorescence phenomenon.137-138 140-141, 145, 147149 |t5 gppearance may
also be also related, e.g. to aggregation-induced emission since the monomer-to-fibril
formation may result in new inter- and intramolecular contacts, contributing to the
increased fluorescence signal.?'>??! However, it has been reported that not only amyloid
fibrils exhibit autofluorescence but also monomers. Niyangoda et al.??> demonstrated that
hen egg-white lysozyme (HEWL) fibrils possess enhanced autofluorescence compared to
their monomeric counterparts. The authors claimed that the origin behind the
autofluorescence are the carbonyl groups. Additionally, the multiple classical N-H:--O=C
hydrogen bonds and short contacts such as H-C---:0O=C, N-H---:C=0, N-H---C-H, H-N---N-H, or
H-N---O=C stabilizing proteins’/peptides’ conformation provide extended electron
delocalization, contributing to the visible fluorescence.?”® A concentration- and
aggregation-induced emission was reported for bovine serum albumin (583 AAs, molecular
weight (MW) ~66 kDa).??° The concentration- and aggregation-induced fluorescence was
also observed for human serum albumin (585 AAs, MW ~66.5 kDa).??3 Accordingly, the
authors noticed that the intrinsic fluorescence signal arises in oligomers and increases upon

forming fibrils.?23 In 3.8.3 Label-free imaging, | presented some of the research conducted
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in terms of the NLO properties of amyloids.’**4 However, in the literature there is still
a deficit of information on this aspect. To the best of my knowledge, multiphoton excited
autofluorescence of amyloids has not yet been investigated.

Considering the motifs mentioned above, | decided to investigate the 1P and 2P
autofluorescence properties of amyloid fibrils. | have chosen HEWL for the experiments
since it is a well-studied amyloidogenic model protein.??422> HEWL was incubated at varying
NaCl concentrations, which provided fibrils with various morphologies. | characterized the
morphology and the secondary structure of the investigated monomers and fibrils using
AFM and ATR-FTIR spectroscopy approaches, respectively. Then, the 1P and 2P optical
properties of the entities were examined. The obtained results evidence differences
between 1P and 2P optical properties of HEWL entities, correlated with the morphology
and the secondary structure of the studied assemblies.

7.2 Additional information and contributions

Results discussed within this chapter are published in Grelich-Mucha, M.; Lipok, M.;

Rozycka, M.; Samoé, M.; Olesiak-Banska, J., One- and Two-Photon Excited Autofluorescence
of Lysozyme Amyloids. The Journal of Physical Chemistry Letters 2022, 13 (21), 4673-4681.

M. Lipok calculated the a,.rs values at selected wavelengths, measured and
analysed 1P and 2P fluorescence decays, calculated FQY, and measured part of the 2P
excited emission spectra. Dr. M. Rézycka performed the Sedimentation Velocity Analytical

Ultracentrifugation experiments and analysis.

7.3 Materials and methods

Preparation of the samples. Hen egg-white lysozyme (HEWL) was purchased from
Sigma-Aldrich (L6876). HEWL (20 mg/mL; 1.4 mM) was dissolved in HCl (pH ~1.5) with
varying concentrations of NaCl, namely 0 mM, 5 mM, and 50 mM. The samples were

incubated in an Eppendorf Mixer C at 85 °C, for 18 h, with agitation set to 1400 rpm.

Morphology analysis. The morphology of the samples was investigated using an
AFM. To do so, the samples were diluted to a concentration of 0.01 mg/mL. The droplets
of the samples were deposited on mica layers and after 5 minutes of adsorption were
rinsed with Milli-Q water and dried.

T-test. The two-sample t-test was calculated by using OriginPro 2016 software. The
following assumptions were chosen: equal variance not assumed, the significance level set
to 0.05.
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Sedimentation Velocity Analytical Ultracentrifugation (SV AUC). The SV AUC
experiments were conducted at 20 °C at 50 000 rpm by using a Beckman Coulter
Proteomelab XL-1 analytical ultracentrifuge (Beckman Coulter Inc.) equipped with an AN-
60Ti rotor and cells with 12 mm path-length charcoal-filled two-channel Epon center
pieces. The experiment was carried out for three different concentrations of HEWL, namely
0.2 mg/mL, 2 mg/mL, and 20 mg/mL with varying salt content. For HEWL concentrations
0.2 mg/mL, 2 mg/mL, and 20 mg/mL the absorbance scans were collected at 280 nm, 300
nm, and 307 nm, respectively. The scans were time-corrected??® and analysed in SEDFIT
16p36 (https://sedfitsedphat.nibib.nih.gov/) using a continuous size distribution c(s) model
with a confidence level set on 0.68.227-228 The partial specific volume, the theoretical
molecular weight of HEWL, solution density and dynamic viscosity were estimated using
SEDNTERP 3.0.3 (http://www.jphilo.mailway.com/).??° The hydrodynamic dimensions
were calculated using SEDFIT 16p36. The graphs were plotted in GUSSI 1.4.2 software.?3°

Spectroscopic studies. For the spectroscopic studies, the samples were not diluted.
The absorption spectra were measured in the range 320-700 nm. Fluorescence excitation
and emission spectra were measured at Aem = 460 nm and Aexc = 370 nm, respectively. The
2P excited fluorescence spectra were measured with a 2P microscope setup described
before, equipped with a Chameleon Ti:sapphire laser (Coherent Inc.) with ~100 fs pulses
and a repetition rate equal to 80 MHz.23! 2P excited fluorescence spectra of the samples
and the reference were illuminated through a microscope objective (Nikon Plan Fluor, 40x,
NA 0.75), and 2P excited fluorescence signals were collected in the epifluorescence mode.
The 2P excited fluorescence spectra were measured with a Shamrock 303i spectrometer

(Andor) equipped with an iDus camera (Andor).

Power dependence of fluorescence intensity. The measurements were performed
to confirm a 2P origin of the autofluorescence signal excited with the fs-laser. The power

exponent (n) was calculated according to the equation [14].

Two-photon brightness and two-photon absorption cross-section. The o3, ¢ was
calculated according to the equation [16]. 2P cross-sections for fluorescein at selected

wavelengths were taken from Makarov et al.*®
Fluorescence quantum yield. The FQY measurements were performed using the

SC-30 Integrating Sphere Module for FS5 spectrofluorometer (Edinburgh Instruments). For
the experiments, Aexc Was set to 360 nm.
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Fluorescence lifetime measurements and calculations. 1P and 2P excited
fluorescence decays were acquired using time-correlated single photon counting (TCSPC)
setup (Becker&Hickl GmbH), containing an Acton SpectraPro SP-2300 monochromator
(Princeton Instruments) and a high-speed hybrid detector HPM-100-50 (Becker&Hickl
GmbH) combined with a DCC-100 card. BDL-375-SMN picosecond laser diode (20 MHz,
Aexc = 377 nm) was used as the excitation source. 1P excited fluorescence decays were
measured at Aem = 450 nm. To collect 2P excited fluorescence decays, the laser diode was
replaced with the Chameleon:sapphire fs laser operating at a 20 MHz repetition rate
achieved using a pulse picker (APE pulseSelect). 2P excited fluorescence decays were
measured for Aexc = 770 nm, and measured at Aem = 470 nm and Aem = 460 nm, for HEWL
fibrils incubated at 0 mM and 50 mM NaCl, respectively. The fluorescence lifetimes were
estimated as the average value from three decays for the target set of Aexc and Aem. The
collected 1P and 2P fluorescence decays were fitted with triple- or double-exponential
decay functions, respectively, using OriginPro software. Then, the average fluorescence
lifetimes (tav) for every decay were calculated using the following equation:

n 2

T _ Zi=1 AiTg
av — n

Zi=1 Ayt

[17]

where Aj—the weight of the contribution of the target fitted fluorescence lifetime (ti).

Correction of inner filter effect. Due to relatively concentrated samples, the inner
filter effect was considered in the calculations. The corrected fluorescence (Fcor) intensity
values were estimated according to the following equation:23%-233

Aexc + Aem

Feor = Fops = 10 2 [18]

where Fer and Fops are the corrected and the observed fluorescence intensities,
respectively, and Aexc and Aem are absorbance values at excitation and emission
wavelengths, respectively.

Then, the fluorescence enhancement coefficient Fenn, coeff Values were calculated for
1P and 2P processes according to the equation:

F,
Fenh,coeff == [19]

Feora

where: F,,. 1 — corrected fluorescence intensity value calculated for monomers or fibrils
incubated without NaCl.

7.4 Results and discussion

To obtain amyloid fibrils of a varying morphology, | incubated HEWL at different
concentrations of NaCl: 0 mM, 5 mM, and 50 mM. After the incubation, i.e. at t1, | analyzed
the morphology of the samples using AFM (Figure 53b, d, f). | noticed that with the increase
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of the salt content, the resulting fibrils have increased width (by ~0.7 nm) and height (by
~5.6 nm) dimensions (Figure 53b, d, f, Table 6, Figure 54). To further evaluate the
differences in mean height and mean width among the possible HEWL samples,
| performed a t-test. Although the mean heights do not differ significantly between HEWL
fibrils incubated at 0 mM and 50 mM Nacl, the fibrils incubated (i) at 0 mM and 50 mM, (ii)
5mM and 50 mM are statistically different (Table 7). The t-test performed to verify

15.0 nm
to 14.0

0 mM NacCl 0 mM NacCl

12.0

2.0

0.0

15.0 nm
t1. 14.0

5 mM NacCl 5 mM NadCl

12.0

10.0

to ! t1 140
50 mM NacCl . 50 mM NacCl

Figure 53. AFM images of HEWL samples at 0 mM (a, b), 5 mM (c, d), and 50 mM Nacl (e, f) before and
after incubation, respectively.?3* The images were reproduced with permission.
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differences in the mean width indicated significant differences between fibrils incubated at
(i) 0 mM and 5 mM Nadl, (ii) 0 mM and 50 mM NaCl; however the differences between
5 mM and 50 mM NaCl were not significant. The t-tests evidence that the increase of NaCl

concentration impacts the width and height dimensions of the resulting fibrils.

Table 6. Mean height (hm) and width (nm) of HEWL amyloid fibrils incubated at 0 mM, 5 mM, and 50 mM
NaCl.2%* The table was adapted with permission.

Sample Height (nm) Width (nm)
0 mM NaCl 2.0+0.7 18.1+£5.1
5 mM NacCl 2.2+0.6 22.3+4.4
50 mM NacCl 27+1.1 23.7+4.0
a) 5 b) 40
35+
4
30+
] £
= £
| g
£ 21 §
= S
1
. | | i

0mMm 5mM 50 mM 0mMm 5mM 50 mM

Figure 54. Mean height (nm) (a) and mean width (nm) (b) of HEWL fibrils incubated at the varying
concentrations of NaCl: 0 mM, 5 mM, and 50 mM.?3* The images were adapted with permission.

Table 7. T-test statistics performed for the height among the possible groups of HEWL fibrils including the
samples incubated at (i) 0 mM and 5 mM Nacl, (ii) 0 mM and 50 mM Nacl, (iii) 5 mM and 50 mM NaCl.?3* The
table was adapted with permission.

Group of samples t Statistic Prob>|t|
(5) m EZEI oA 0.10854
Soor;'\:,l '\,l\laacél 3.88849 1.99442E-4
550”;“& I\Il\laaCCII B 0.00438

The ionic strength also influenced other morphological parameters. In the absence
of any salt, the resulting fibrils were long and flexible (Figure 53b). With the increase of the
ionic strength, the fibrils became shorter (Figure 53d, f). As the isoelectric point of HEWL is
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~10.7,%%> at the experimental conditions (pH ~1.5) the protein is positively charged and
repulsive Coulombic interactions predominate between HEWL molecules. In addition, the
increased ionic strength causes screening of electrostatic repulsion.?36237 Thus, the
effective repulsive forces become reduced. Indeed, the AFM images demonstrate that with
the increase of NaCl content, fibrils tended to stick together (Figure 53b, d, f).

| also examined the morphology of the samples before the incubation, i.e. at to.
| observed that at to all samples possess a similar morphology. | noticed small aggregates
present with a size ranging from ~25 nm to ~100 nm (Figure 533, c, e). To evaluate if at to
HEWL monomers are present in the samples, sedimentation velocity analytical
ultracentrifugation (SV AUC) analysis was acquired. According to the HEWL amino acid
sequence and the information provided by the producer, the theoretical molecular weight
(MWoiheor) of HEWL was established to be 14.30 kDa. The SV AUC analysis revealed that at
to monomers predominate in all samples (Table 8, Figure 55). We noticed that with the
increase of HEWL concentration, the frictional ratio (f/fo) values increase (Table 8). This
data suggests that the increasing HEWL concentration causes its conformational changes

but preserves its monomeric state.

Table 8. Parameters established from the SV AUC experiments, namely s — sedimentation coefficient (S), s2o,w
(S) - sedimentation coefficient corrected for water at 20°C, f/fo - frictional ratio, Rs (nm) — Stokes radius, MWapp
(kDa) - apparent molecular weight, MWieor - theoretical molecular weight (kDa), RMSD - root mean square
deviation.?* The table was adapted with permission.

NaCl s S20,w Rs MW, % of

clmg/mbl) M) () s T (om) (kDa) signal | MSD
0 1826 1.828 1241 1.98 14.39 99.79  0.00690
0.2 5 1816 1823 1251 2.00 14.50 99.85  0.00746
50 1782 1.803 1252 1.99 14.28 99.92  0.00691
1739 1741 1306 2.09 14.45 99.63  0.00879
2.0 5 1750 1.757 1301 2.09 14.56 99.52  0.00764
50 1721 1743 1313 211 14.59 99.50  0.00857
0 1209 1214 1.859 2.96 14.28 9550  0.01279
4320 4336 5.60 96.44 3.463
20.0 5 1209 1213 1.869 2.99 14.39 96.46  0.01322
4.435 4.452 5.72 101.13 2.383
50 1395 1412 1600 2.55 14.31 98.91  0.01199
MWiheor
(kDa)
14.30
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Figure 55. Normalized sedimentation coefficient distributions c(s) of the HEWL samples at 0.2 mg/mL at
varying concentrations of NaCl, namely 0 mM (top panel), 5 mM (middle panel), and 50 mM (bottom
panel).3* The image was adapted with permission.

To gain information on the secondary structure of the investigated samples, | recorded
their ATR-FTIR spectra (Figure 56). | noticed that all HEWL fibrils are characterized by the
presence of the secondary B-sheet structure with the maximum absorption band localized
at ~1629 cm, ~1625 cm?, and ~1625 cm™ in the case of fibrils incubated at 0 mM, 5 mM,
and 50 mM NacCl, respectively (Figure 56b). Additionally, the normalized ATR-FTIR spectra
evidence that with the increase of salt content among the HEWL fibrils, the B-sheet
structure content is increasing, which is demonstrated by a white arrow in Figure 56b. The
ATR-FTIR spectra demonstrate that the HEWL fibrils possess a relatively high content of
a-helical structure. The corresponding absorption bands possess maximum positions at
~1649 cm, ~1651 cmt, and ~1649 cm™,112 in the case of fibrils incubated at 0 mM, 5 mM,
and 50 mM NaCl, respectively (Figure 56b). | also recorded ATR-FTIR spectra of the samples
at to and the spectra reveal the predominance of the a-helical structure which is consistent

with data reported by Foley and colleagues.?®® The corresponding maximum absorption

Monomers Fibrils
a) 104 —— 0 mM NaCl b) o1 —— 0 mM NaCl
——5 mM NaCl 5 mM NaCl
= 08 —— 50 mM NaCl = 081 50 mM NaCl
£ e
o (=2
2 -
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< <
E g
o 0.4 c 0.44
=z =z
0.2+ 0.2+
0.0 0.0

f T T T T T T T T T T T
1700 1680 1660 1640 1620 1600 1600 1620 1640 1660 1680 1700

Wavenumber (cm™) Wavenumber (cm™)

Figure 56. ATR-FTIR spectra of HEWL monomers (a) and fibrils (b) at the varying NaCl concentrations: HEWL
monomers at 0 mM NaCl (black), 5 mM NaCl (red), and 50 mM NacCl (blue); HEWL fibrils at 0 mM NacCl
(green), 5 mM NaCl (lilac), and 50 mM NaCl (orange).?3* The images were adapted with permission.
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bands are positioned at ~1651 cm™, ~1651 cm, and ~1649 cm, for the HEWL samples
containing 0 mM, 5 mM, and 50 mM NaCl, respectively (Figure 56a).

Having analyzed the morphology and the secondary structure of target HEWL
entities, | decided to investigate their optical properties, starting in the 1P optical regime.
The absorption spectra of HEWL samples were characterized by an increase in the
absorbance in the 320-410 nm range and a broad tail extending towards longer
wavelengths (Figure 57a). These absorption spectra are consistent with the ones reported
by Ansari and colleagues.?®® They suggested that such absorption spectra originate from
charge-transfer transitions and can be utilized to track protein aggregation. The observed
protein charge-transfer spectra (ProCharTS) arise from interactions between charged
residues including, e.g. —NHJ in lysine or —COO~ in glutamic acid.'3* 23 The significant
increase in absorption-tail intensity can also be explained by considering the morphology
(Figure 53b, d, f) and the corresponding ATR-FTIR spectra (Figure 56b). Namely, the
ATR-FTIR spectra indicate that with the increase of salt content, the B-sheet content is
increasing (Figure 56b). It suggests that the number of amyloid fibrils is increasing as well,
which may explain the enhancing scattering in the spectra (Figure 57a) of HEWL fibrils while
the concentration of NaCl is increasing. | measured excitation spectra at Aem = 460 nm for
HEWL monomers and fibrils (Figure 57b). HEWL fibrils had maximum positions at 373 nm,
376 nm, and 374 nm when incubated at 0 mM, 5 mM, and 50 mM NacCl, respectively. The
measured signal was enhanced for fibrils compared to monomers. Moreover, the excitation
spectra show that the excitation band responsible for HEWL fibrils autofluorescence (A~370
nm) has a significantly higher intensity than the one associated with aromatic amino acids
(A~310 nm). To compare, in HEWL monomers the mentioned excitation bands have
a similar intensity (Figure 57b). | also recorded emission spectra (Aexc= 370 nm). | noticed
that amyloid fibrils have a maximum emission peak at 451 nm, 450 nm, and 450 nm (Figure
57c), when incubated at 0 mM, 5 mM, and 50 mM NaCl, respectively, and that the intensity
of the fluorescence signal is increasing with the increase of salt content. In the case of the
monomeric state, all HEWL samples emitted with a maximum intensity peaked at 450 nm
(Figure 57c). To examine the contribution of light scattering, | compared the normalized
emission spectra of the HEWL fibrils at 2 mg/mL (i.e. 10-fold dilution) and the ones at 20
mg/mL, incubated at 5 mM NaCl (Figure 57d). The emission spectra for the HEWL fibrils
overlapped regardless of HEWL concentration (Figure 57d). In addition, both emission and
excitation spectra demonstrate that upon HEWL aggregation, the measured signal intensity
increases ~5 times (Figure 57b, c). Further, FQY measurements were performed which
revealed that HEWL fibrils are characterized by a higher FQY value than their counterpart
monomers. Namely,

(i) at 0 mM NacCl, the FQY for HEWL monomers and fibrils was equal to 1.23%

and 4.88%, respectively;
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(ii) at 50 mM NacCl, the FQY for HEWL monomers and fibrils increased to 2.63%
and 5.31%, respectively.
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Figure 57. One-photon optical properties of HEWL monomers and fibrils at the varying NaCl concentration.
Absorption spectra (a), fluorescence excitation spectra recorded at Aem = 460 nm (b), fluorescence emission
spectra recorded at Aexc= 370 nm (c). HEWL monomers at 0 mM NacCl (black), 5 mM NacCl (red), and 50 mM
NaCl (blue); HEWL fibrils at 0 mM NacCl (green), 5 mM NaCl (lilac), and 50 mM NaCl (orange). Emission spectra
(Aexc =370 nm) recorded for HEWL fibrils at 2 mg/mL (light lilac) and 20 mg/mL (lilac) at 5 mM NacCl (d).?** The
images were adapted with permission.

As | mentioned in 3.8.3 Label-free imaging, there is insufficient information
regarding the multi-photon (i.e. 2P, 3P, etc.) excited autofluorescence spectra of amyloid
structures. Thus, | decided to measure multiphoton excited autofluorescence spectra of
HEWL monomers and fibrils using an fs-laser excitation from 730 nm to 950 nm. The
samples demonstrated the highest fluorescence intensity upon two-photon excitation at
750 nm (Figure 58a). Both monomers and fibrils emitted fluorescence with the same
maximum position. However, monomers exhibited significantly weaker fluorescence
signals than the corresponding fibrils, and the emission intensity was independent of NaCl
content. In the case of fibrils, the resulting fluorescence signal was increasing with the
increase of salt content. Thus, the most intense signal was recorded for amyloid fibrils
incubated at 50 mM NaCl (Figure 58a). According to the equation [14], the exponent n was
determined: we confirmed that the measured autofluorescence signal for both HEWL
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amyloid fibrils and monomers was of 2P origin. The calculations were performed at
Aexc= 750 nm, leading to the following results:
(i) for fibrils incubated at 0 mM and 50 mM NaCl, the n was equal to 1.8 and 2.2,
respectively.
(ii) for monomers at 0 mM and 50 mM NaCl, the n had lower values and it was
equal to 1.7 and 1.6, respectively.
Nevertheless, the 2P autofluorescence spectra (Figure 58a) reveal that fibrils exhibit
enhanced fluorescence signals compared to monomeric HEWL. Thus, the fibrillation
process increases the probability of 2PA. To quantify the 2PA of HEWL monomers and
fibrils, the o, Was calculated (see equation [16]). At 750 nm the o, were equal to 0.15
GM and 0.18 GM for HEWL fibrils incubated at 0 mM and 50 mM NaCl, respectively and
0.08 GM for both HEWL monomers at 0 mM and 50 mM NacCl (Figure 58b). By taking into
account 1P FQY value, s, was calculated (see equation [15]) to be ~3 GM in the maximum
(per one HEWL molecule), being in the same order of magnitude as some other fluorescent
dyes, including Coumarin 153, Perylene, or Lucifer Yellow.?*® However, the calculated
values of o, and o, should be carefully interpreted when compared to other fluorescent
probes. The reason behind is the fact that calculating the o, and s, ., it is assumed that
the FQY is the same in the 1P and 2P processes. As | will demonstrate herein, the studied

HEWL amyloids have different relaxation pathways upon 1P and 2P excitation.
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Figure 58. Two-photon excited emission spectra obtained upon excitation at 750 nm (a) and effective two-
photon absorption cross-sections (b) for HEWL monomers and fibrils at varying NaCl content. HEWL
monomers at 0 mM NaCl (black), and 50 mM NacCl (blue); HEWL fibrils at 0 mM NacCl (green), 5 mM NacCl
(lilac), and 50 mM NaCl (orange).?3* The images were adapted with permission.

The presented 2PA properties agree with the results reported by Pinotsi et al.'38
who demonstrated that the 2PA process for amyloid fibrils occurs in the range of 750-950
nm. In contrast, as | explained in 3.8.3 Label-free imaging, Hanczyc et al.}’3 evidenced that
amyloid fibrils exhibit 2PA in the 525-600 nm range and 3PA in the 700-750 nm range, using

the Z-scan technique.'” The following differences between our results and those obtained
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by Hanczyc et al.}”3 cannot be straightforwardly compared, as two different methodologies
were applied. The discrepancies may arise from the fact that:

(i) the appearance of multiphoton absorption is related to the laser pulse
width and its intensity. The Z-scan measurements were performed at high-
intensity femtosecond pulses with a repetition rate of 1 kHz.1”®> However,
the 2PEF measurements discussed here were performed with femtosecond
pulses (with a repetition rate of 80 MHz and lower intensity compared to
the Z-scan).

(ii) the Z-scan technique measures transmittance variations of the laser beam
propagated through the investigated samples. This technique is not
selective for 2PA as it may also show inter alia other non-linear absorption
phenomena (e.g. excited-state absorption) and non-linear scattering.
Contrary, in the case of fluorescent systems, the 2PEF signal recorded via

the fluorescence-based assay corresponds directly to the preceding 2PA.

When | compared the 1P and 2P excited fluorescence spectra of HEWL fibrils (at
a concentration of 20 mg/mL), | noticed a significant spectral shift between them. Namely,
upon 2P excitation, the resulting emission signal had a maximum position at ~488 nm
(~2.54 eV), whereas the emission band was blue-shifted towards 451 nm (2.75 eV) upon 1P
excitation (Figure 59a, Table 9). Thus, the resulting 1P and 2P fluorescence emission
processes occur from different electronic levels, and the energy difference equals ~0.21 eV
(Table 9). In contrast, for 1P and 2P fluorescence excitation spectra, the corresponding
maxima were localized at 373 nm (3.33 eV) and ~750 nm (~1.65 eV), respectively. This
indicates that 1P excitation requires nearly two times higher energy than the 2P excitation
process. Thus, when the 1P excitation spectrum is plotted at doubled wavelength
compared to the 2P excitation spectrum, both excitation spectra overlap as expected
(Figure 59a, Table 9). Then, we wanted to evaluate the spectral difference in fluorescence
emission upon 1P and 2P excitation. We evidenced that the spectral shift does not arise
from the equipment artifacts, as the 1P and 2P fluorescence emission spectra of fluorescein
(a reference dye) overlapped. To examine the possible contribution of the relatively high
concentration of HEWL samples on the relaxation pathway (by charge or energy transfer
processes), the 2P fluorescence emission spectra were compared for the original samples
(20 mg/mL) to the diluted ones (2 mg/mL). Indeed, Figure 59b demonstrates that the
normalized fluorescence emission spectra overlap. Then, to identify the possible
explanation for the different 1P and 2P fluorescence emission profiles, 1P and 2P excited

fluorescence decays were measured. In this experiment, significant differences between
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Figure 59. 1P and 2P optical properties of HEWL fibrils incubated at 0 mM NaCl. Normalized 1P fluorescence
excitation spectrum (1P exc, violet line) recorded for Aem = 460 nm, normalized 2P fluorescence excitation
spectrum (2P exc, red line with red circles) recorded for Aem =550 nm, normalized 1P fluorescence emission
spectrum (1PEF, green line) recorded for Aexc= 370 nm, and normalized 2P fluorescence emission spectrum
(2PEF, orange line) recorded for Aexc =750 nm. 1PEF, 2PEF, and 1P exc spectra were plotted at a doubled
wavelength with respect to 2P exc spectrum (a). Normalized 2P fluorescence emission spectra of HEWL
fibrils incubated at 0 mM NaCl (b); the sample was diluted to 2 mg/mL (light green) or was not diluted and
the concentration was equal 20 mg/mL (green). Each of the spectra were normalized separately.?** The
images were adapted (a) or reproduced (b) with permission.
1P and 2P processes were noticed. Namely, the most suitable fitting models for 1P and 2P
fluorescence decays were a triple- and a double-exponential functions, respectively (Figure
60). Moreover, the 1P process is characterized by a longer tav than the 2P process in the
case of HEWL fibrils incubated at 0 mM, as well as 50 mM NaCl (Figure 60a, b, Table 10).
The 1P and 2P fluorescence dynamics possess distinct sensitivities to the varying aqueous
environment. Namely, the 1P tay slightly increases while the ionic strength increases: at
0 mM NaCl the 1P tay was 2.87 ns, whereas at 50 mM NadCl, it reached a value of 2.99 ns
(Table 10). By contrast, in the case of 2P excited fluorescence decay, the 2P 1, increased
~1.8 times when comparing fibrils incubated at 0 mM NaCl versus at 50 mM NacCl (from
1.16 ns to 2.08 ns) (Table 10). The significant increase in the 2P tay may result from the rise
of the second lifetime-component (t;) value from 1.3 ns (0 mM NaCl) to 2.5 ns (50 mM
NaCl) (Figure 60b). The differences in the chosen fitting model, the determined tay values,
and their sensitivity to the ionic composition of the agueous medium support the

hypothesis about different relaxation pathways upon 1P and 2P excitations (Figure 59a).

Table 9. Peak positions for the 1P and 2P fluorescence emission and excitation spectra for HEWL fibrils
incubated at 0 mM NaCl; the corresponding energy is given.?** The table was adapted with permission.

Fluorescence process Peak position (hnm) Energy (eV)

L 1P 451 2.75
Emission

2P 488 2.54

L. 1P 373 3.33
Excitation

2P 750 1.65
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Figure 60. 1P and 2P excited fluorescence lifetimes (a and b, respectively) estimated after fitting the
corresponding fluorescence decays along with their share (c and d, respectively). Calculations were
performed for HEWL fibrils incubated at 0 mM, 5 mM, and 50 mM NaCl.2* The images were adapted with
permission.

Table 10. The average 1P and 2P fluorescence lifetimes (tav) of HEWL fibrils incubated at 0 mM and 50 mM
NaCl.2%* The table was adapted with permission.

Tav (NS)
NaCl concentration
(mM)
1P 2P
0 2.87 1.16
50 2.99 2.08

To examine whether the different relaxation pathways (dependent on the
excitation mechanism) are also characteristic for other amyloid fibril systems, 1P and 2P
fluorescence emission spectra were measured for bovine insulin fibrils (Figure 61). The 2P
fluorescence emission spectrum of bovine insulin fibrils demonstrated a significant red-

shift compared to the 1P fluorescence spectrum, with an even higher energy difference
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than in the case of HEWL fibrils (~0.35 eV versus ~0.21 eV). Therefore, the various relaxation
pathways upon 1P and 2P excitation appear to be a characteristic feature of amyloid fibrils.
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Figure 61. Normalized 1P and 2P fluorescence emission spectra of bovine insulin fibrils, recorded at Aexc= 375
nm (grey) and Aexc= 750 nm (cyan), respectively.?>* The images were adapted with permission.

Figure 57c¢ demonstrates that HEWL monomers provide a relatively weak
autofluorescence signal. Its appearance may result from CT transitions in their absorption
spectra,'*® as HEWL, among the total number of 129 AAs in its structure, contains 27 amino
acid residues with electrically charged side chains (¥21% of the total number of AAs).148 239
The fluorescence emission intensity increases as the concentration of HEWL monomers
increases (Figure 62a). In addition, the autofluorescence signal in both 1P and 2P excitation
regimes is enhanced upon fibrillation (Figure 57c, 58a). In the case of HEWL fibrils, the
signal intensity scales with the NaCl content (Figure 57c, 58a). Thus, the autofluorescence
enhancement may be linked with the change of the secondary structure, as HEWL
monomers possess mainly a-helical structure, whereas in fibrils, the peak indicating the
presence of the B-sheet structure arises (Figure 56) and increases while the ionic strength
of the surrounding medium increases. The enhanced autofluorescence signal may arise
from the stated hypotheses, including the proton/charge transfer process, the large
number of nmt* states, short hydrogen bonds, or the CO-lock mechanism. Due to the
complexity of the studied system, the exact mechanism behind the autofluorescence
cannot be specified.

The concentration of HEWL samples for 1P fluorescence experiments was relatively
high. Thus, to compensate for the inner filter effect, the measured fluorescence intensity
values were corrected for their absorption at excitation and emission wavelengths
according to equation [18]. Then, the fluorescence enhancement coefficients (Fennh, coeff) fOr
HEWL fibrils and monomers as a function of NaCl concentration (0 mM, 5 mM, and 50 mM)
were calculated according to equation [19] (Figure 62b). The results demonstrate a rise of

Fenh, coeff Values for fibrils for both 1P and 2P processes at the increasing NaCl content. In
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the case of HEWL fibrils incubated at 5 mM NaCl, the 1PEF.or and 2PEF.or are enhanced by
a factor of 1.3 and 1.2, respectively. When fibrils are incubated at 50 mM NaCl, the 1PEFor
and 2PEF.r are enhanced by a factor of 3.2 and 2.9, respectively. Contrarily to fibrils, HEWL
monomers exhibit nearly no fluorescence enhancement (Fenh, coeft ~1.0) (Figure 62b). As
| presented above, the SV AUC analysis revealed that at to, at the relatively high HEWL
concentration (1.4 mM; 20 mg/mL), monomers predominate (Table 8, Figure 55). In
addition, the ATR-FTIR spectra indicated that HEWL monomers are predominated by the
a-helical structure, whereas in fibrils the B-sheet content increases with the increase of the
ionic strength of the surrounding medium (Figure 56). Therefore, the observed
enhancement in fibrils’ fluorescence emission in both 1P and 2P excitation regimes as the
function of NaCl concentration suggests a key role of the B-sheet structure in the
autofluorescence mechanism.
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Figure 62. 1P fluorescence emission spectra recorded at Aexc= 370 nm for HEWL monomers at concentrations
2 mg/mL (light blue) and 20 mg/mL (blue) in 50 mM NaCl (a). The spectra (a) were obtained by dividing by
the maximum fluorescence emission intensity for the sample at 20 mg/mL. Fluorescence enhancement
coefficient (Fenh, coeff) of HEWL monomers and fibrils in the function of NaCl concentration for 1P and 2P
emission processes (b). 1PEFcr and 2Pcor are corrected fluorescence values obtained upon Aexc= 370 nm and
Aexc = 750 nm, respectively.?3* The images were adapted with permission.

7.5 Conclusions

In this chapter, the 1P and 2P autofluorescence properties of HEWL monomers and
fibrils were investigated in aqueous media with ionic strengths regulated by the NaCl
concentration. | noticed that the varying salt concentration ensured the formation of fibrils
of various morphology and B-sheet content. The spectroscopic results demonstrate that
HEWL monomers and fibrils exhibit 1P and 2P excited autofluorescence. However, HEWL
fibrils are characterized by enhanced autofluorescence signal and higher FQY as compared

to HEWL monomers. To quantify the multiphoton excitation efficiencies for fibrils and
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monomers, g, .rr Were determined. The o, ¢ values increase upon fibrillation, which
evidences that fibrils are characterized by a higher probability of 2PA to occur than their
corresponding monomers. In addition, the results indicate that the 1P and 2P
autofluorescence intensity of HEWL fibrils also rises with the increase of ionic strength. The
increase in the NaCl concentration induces morphology changes among the incubated
fibrils and enhancement in the contribution of the secondary B-sheet structure. Thus, it is
evident that the pB-sheet structure plays a pivotal role in the autofluorescence
phenomenon. The present dense hydrogen bond network may be involved in the possible
proton/charge transfer, providing a large number of nit* states, short hydrogen bonds, or
contribute to the CO-lock mechanism.

| noticed that HEWL fibrils, in the 1PA and 2PA processes, undergo the transition to
the same excited state. However, the resulting emission occurs from levels of different
energy, as the 2P fluorescence emission spectrum is red-shifted, as compared to the 1P
process. The explanation for the differences in the relaxation pathways upon 1P or 2P
excitation was found in the fluorescence dynamics (via fluorescence lifetimes). Namely,
upon 1P excitation the resulting tay is longer than upon 2P excitation. To evidence that the
red-shifted emission upon 2P excitation is characteristic not only for HEWL fibrils, the 1P
and 2P fluorescence emission spectra were also studied for bovine insulin fibrils. Indeed,
the same tendency was observed. It suggests that the different relaxation pathways,
dependent on the excitation mechanism, are common characteristics of amyloid fibrils.

The obtained results indicate that the differences in autofluorescence intensity can
serve to distinguish between monomers and fibrils, and even between different
morphologies of amyloids. The data discussed in this chapter bring a great deal of
information regarding the 2P autofluorescence properties of proteins’ monomers and
fibrils. To the best of my knowledge, for the first time, a red-shifted 2P autofluorescence
(as compared to 1P analogue) was demonstrated and explained. The presented outcomes

hold a promise for the potential label-free in vivo detection of amyloid deposits.
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8 Chapter 8. Summary, perspectives, and challenges

The present Doctoral Dissertation covers the main research conducted throughout
the author's doctoral studies. To summarize this work, in this chapter, the stated hypotheses
are discussed and verified with the research outcomes. Then, the potential perspectives and

challenges are put forward.

» Hypothesis 1: The morphology and the secondary structure affect the

autofluorescence properties of amyloid fibrils.

Verification of hypothesis 1:

This hypothesis was validated by investigating amyloid structures of two different
origins (i.e. synthesized TTR(105-115) fragments and HEWL) in two separate research
themes, presented in Chapters 5 and 7.

Firstly, in Chapter 5, | focused on TTR(105-115) peptide fragments: enantiopure
H-TTR-NH; (L-form) and D (D-form), and their racemic mixture D + H-TTR-NH>. | noticed
significant differences between the samples in terms of their morphology. Incubation of
enantiopure peptides led to the formation of helical fibrils, whereas the racemic mixture —
to flat, tape-like fibrils. | investigated the optical properties of enantiopure and racemic
samples. The recorded fluorescence emission spectra indicated that upon excitation at
Aexc = 360 nm, both enantiopure samples emit an autofluorescence signal with a maximum
at 436 nm. At the same excitation wavelength, the maximum autofluorescence signal for
the racemic mixture was blue-shifted towards 431 nm. The ATR-FTIR spectra indicated that
the enantiopure samples and the racemic mixture vary in terms of the arrangement of the
secondary B-sheet structure. In both enantiopure fibrils a parallel B-sheet structure
prevailed, whereas in the racemic fibrils, an antiparallel one. The outcomes were further
supported by the MD simulations. Accordingly, the helical morphology of enantiopure
fibrils stems from the repulsive interactions between the same terminal groups. In racemic
fibrils, the repulsions are minimized due to an antiparallel alighment of the consecutive
B-strands. These outcomes demonstrate that differences in the morphology of amyloid
fibrils and alignment of the B-sheets impact the autofluorescence signal position. Thus,
they positively validate hypothesis 1.

Secondly, | investigated HEWL monomers and fibrils, and the research is covered in
Chapter 7. HEWL incubation at varying ionic strength led to the formation of amyloid fibrils
with different morphologies. The AFM imaging and the t-test statistics revealed that the
varying ionic strength affects the morphology parameters (i.e. width and height
dimensions) of the resulting fibrils. The ATR-FTIR spectra demonstrated that with the

increase of NaCl concentration, the resulting fibrils possess a higher content of the
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secondary B-sheet structure. However, HEWL monomers regardless of salt concentration
(i) display morphology with a size ranging from ~25 nm to ~100 nm, (ii) are predominated
by a-helical structure. Upon excitation at 370 nm, monomers and fibrils emitted an
autofluorescence signal with a maximum at ~450 nm. In the case of fibrils, the signal was
enhanced compared to monomers, and its intensity increased with the increase of NaCl
content. The calculated FQY values indicated that HEWL fibrils possess higher FQY than
their monomeric counterparts, evidencing that the fibrillation process provides more
efficient autofluorescence. The recorded 2P excited emission spectra for HEWL monomers
and fibrils revealed that upon Aexc = 750 nm, the species emit an autofluorescence signal
with a maximum at ~488 nm. As in 1P autofluorescence, (i) fibrils demonstrated enhanced
emission signal compared to monomers, (ii) the signal intensity increased with the increase
of salt content in the incubated fibrils. The presented outcomes support hypothesis 1. They
demonstrate that the variations in the morphology dimensions (height, width) and the
increase in the B-sheet structure content affect the autofluorescence intensity. In addition,
the results evidence that monomers also emit autofluorescence signal, but the signal is

weaker compared to fibrils.

» Hypothesis 2: The morphology and secondary structure of supramolecular
aggregates can be controlled by the terminal groups of the constituting

peptide units.

Verification of hypothesis 2:

| studied TTR(105-115) peptide functionalized (i) at the N-terminus with: H-, Ac- or
DiMe- groups, and (ii) at the C-terminus with: -NH or -OH groups. AFM imaging revealed
that in enantiopure samples functionalized with H- at the N-terminus (H-TTR-NH,,
H-TTR-OH, and D enantiomer), helical fibrils predominated. They had a similar mean width
(~22-23 nm). The H-TTR-NHz and D fibrils had a similar mean height equal to 11.7 £ 2.4 nm
and 11.9 + 2.7 m, respectively. However, the H-TTR-OH fibrils had a lower mean height,
equal to 8.5 + 2.7 nm. Moreover, the H-TTR-NH; and D fibrils had a similar cross-over
distance equal t0 98.0 £ 6.5 nm and 96.8 + 6.9 nm, respectively, while the H-TTR-OH fibrils
had a longer cross-over distance equal to 104.4 + 11.7 nm. Peptides functionalized with Ac-
at their N-terminus (Ac-TTR-NH; and Ac-TTR-OH) yielded very long fibrils whose dimensions
were difficult to estimate because the structures were rather stuck together. In
enantiopure DiMe-samples (DiMe-TTR-NH; and DiMe-TTR-OH) no fibrils were formed and
| observed only peptide aggregates. Interestingly, in all quasi-racemic mixtures (obtained
by mixing in 1/1 molar ratio enantiomer D with each of the functionalized L-enantiomers),
fibrils with a flat morphology were formed and the C-terminal group played a key role in

impacting the width dimension of the fibrils. Wider fibrils were observed in quasi-racemic
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mixtures in which the L-enantiomers possessed -NH; at the C-terminus compared to their
counterparts functionalized with -OH group. For example, the fibrils in the D + H-TTR-NH>
sample had a mean width of 103.7 + 39.8 nm, whereas in D + H-TTR-OH of only 18.0 + 3.6
nm. The recorded ATR-FTIR spectra indicated that in enantiopure DiMe-samples
a disordered structure predominated, which is consistent with the presence of peptide
aggregates. In the remaining L-enantiopure samples, a parallel B-sheet structure prevailed,
and in all quasi-racemic mixtures - an antiparallel one. The MD simulations helped to
correlate the morphology and the secondary structure of the investigated samples. First of
all, they indicated that a sufficient number of hydrogen bonds is required for amyloid fibrils
formation. The steric hindrance provided by the DiMe-groups causes them to be rotated
relative to each other. Thus, hydrogen bond formation is hindered. This effect is minimized
in the quasi-racemic mixtures with DiMe-peptides and therefore the fibrils were formed
there. The MD simulations clarified the twist or the lack of twist in amyloid fibrils. Indeed,
the electrostatic interactions determine the twist of amyloid fibrils. The stronger the
repulsions between peptide termini, the more pronounced the twist (i.e. reflected in
shorter cross-over distance). The lack of twist in quasi-racemic fibrils was dictated by
minimized repulsive interactions between peptides’ terminal groups provided by the
antiparallel B-sheet structure. These findings further corroborate hypothesis 2 and
demonstrate how modifications of peptide terminal groups affect the morphology and the

secondary structure of the resulting assemblies.

» Hypothesis 3: The autofluorescence of amyloids can appear upon a multi-

photon excitation process.

Verification of hypothesis 3:

To validate this hypothesis, | studied the optical properties of HEWL monomers and
fibrils upon a femtosecond laser-beam irradiation in the NIR region; the results are
discussed in Chapter 7. Upon excitation at 750 nm, the emerging fluorescence signal had
the highest intensity for all samples, and the maxima were located at ~488 nm. To examine
the multiphoton nature of the corresponding excitation process, the power exponent n was
determined. The n values were found to be 1.8 and 2.2 for fibrils incubated at 0 mM and
50 mM NadCl, respectively. These results evidenced the 2P origin of the autofluorescence —
they support the stated hypothesis 3. In addition, the n values for monomers at 0 mM and
50 mM NaCl were estimated to be 1.7 and 1.6, respectively, revealing a significant
contribution of 1P in the 2P process in the NIR excitation of monomers. These results
confirm the above outcomes and reflect that the fibrillation process and the increase of the

B-sheet structure content increase the probability of a 2PA process.
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» Hypothesis 4: The mechanism behind the one- and multi-photon excited
fluorescence emission is different for these two processes.

Verification of hypothesis 4:

To validate this hypothesis, | focused on the results obtained for HEWL fibrils
incubated at 0 mM NaCl. | confirmed that upon excitation at 750 nm, the resulting signal is
of 2P origin. When comparing 1P and 2P excitation spectra, the results suggested that the
2P excitation is possible at nearly double the wavelength (half of the energy) of the 1P
process. However, there was a spectral shift between the 1P and 2P autofluorescence. The
2P autofluorescence was red-shifted compared to the 1P autofluorescence. It indicated
that the emission in 1P and 2P processes occurs from electronic states of different energy.
Indeed, the calculated energy difference was ~0.21 eV. The different relaxation pathways
upon 1P and 2P excitation were further confirmed by different tay values. Additionally, the
1P and 2P fluorescence decays were best fitted by a triple-exponential and double-
exponential function, respectively. For the 1P process, the tay was calculated to be 2.87 ns,

whereas for the 2P process, it was 1.16 ns. These outcomes confirm hypothesis 4.

The research outcomes presented in this Doctoral Dissertation have positively
validated the stated hypotheses. In addition, the results give some perspectives and raise
further challenges:

(i) | have proven that enantiopure and racemic fibrils from TTR(105-115) peptide
differ in morphology and secondary structure, and these variations affect the
position of autofluorescence. | also demonstrated that different capping groups
at TTR(105-115) termini dictate the morphology and the secondary structure of
the resulting peptide assemblies. Thus, it would be interesting to investigate
how the different terminal groups affect the autofluorescence properties. Such
knowledge would be beneficial to better understand and potentially clarify the

autofluorescence phenomenon.

(ii) | demonstrated how different functional groups at peptides’ termini impact the
morphology and secondary structure of the resulting assemblies. It would be
appreciated to examine which of these assemblies are the best choice for
developing novel biomaterials. To do so, target analogues should be
investigated in terms of their biocompatibility, mechanical properties,
degradability, or bioactivity. Examination of these features could verify their
usage in the intended application, e.g. drug delivery systems, tissue scaffolds,

or implants.

120



(iii) | confirmed that amyloids can be excited in a 2P regime which opens a possibility
for their non-invasive in vivo detection, without the use of any extrinsic labels.

This holds a promise for the development of diagnostic methods and treatment

of amyloid-related diseases.
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01.10-18.12.2021 - Université de Strasbourg, Strasbourg, France, topic:
Synthesis and initial investigations of amyloidogenic peptides functionalized
with different groups at their N- and C-termini, within the InterDocSchool
project (see grant number 3 above), supervisor: Prof. Vladimir Torbeev.
22.10-22.12.2019 - Université de Strasbourg, Strasbourg, France, topic:
synthesis of amyloidogenic peptides, within the Erasmus 2014-2020 program,
supervisor: Prof. Vladimir Torbeev.

06.07-30.09.2018 - Université de Strasbourg, Strasbourg, France, topic:
synthesis of amyloidogenic peptides, within the Erasmus 2014-2020 program,
supervisor: Prof. Vladimir Torbeev.

01.08-30.09.2016 - Université de Rennes 1, Rennes, France, topic: synthesis of
isocyanurates’ derivates, within the Erasmus 2014-2020 program, supervisor:
Prof. Frédéric Paul.

06.07-30.09.2015 — start-up company SIOD GmbH, Technische Universitat
Chemnitz, Germany (currently INURU, Berlin, Germany), topic: preparation and
investigations of organic light-emitting diodes (OLEDs), within the project

Bionanomaterials-BioNaM: a new interdisciplinary field of Postgraduate PhD

124



studies and an internship programme for undergraduate and postgraduate
Master programme and PhD students, supervisors: Patrick Barkowski, Marcin

Ratajczak.

Awards and scholarships

1.

10.

2023, 2022 - An honorable distinction in the contest “Studencki Program
Stypendialny” for achievements in the field of interdisciplinary research. The
honor was awarded by the Jan Mozrzymas scholarship committee; the contest
was organized by the WCA.

Academic year 2022/2023 - doctoral student scholarship for scientific
achievements in the former academic year (2021/2022) at Wroclaw University
of Science and Technology (WUST) Doctoral School.

2022 — a special award of WUST’s Rector for significant scientific achievements
in the academic year 2021/2022.

2022 - travel grant obtained for participating in The Leuven Protein Aggregation
Meeting (21-23.09.2022).

2022, 2021 — Primus program: award for publishing an article with the highest
score in the lists of the Ministry of Science and Higher Education, WUST.
Academic year 2021/2022 - beneficiary of a scholarship for the best WUST
doctoral students implementing PhD in international cooperation; the
scholarship was financed by the InterDocSchool project implemented under the
NAWA STER program.

2021 — award of the dean of the Faculty of Chemistry, WUST, for scientific
achievements.

2021-2022 - organizing commitee of a scientific exhibition organized within
Microscopic Art Non-Limited International Annual Contest MANIAC co-financed
from the “Social Responsibility of Science” program of the Minister of Science
and Higher Education in Poland.

2017-2022 - organizing committee of PhoBiA Annual Nanophotonics
International Conference ,,PANIC”.

2017-2018 — a scholarship holder for selected students in the Molecular Nano-
and Biophotonics for telecommunications and biotechnologies (MONABIPHOT)

graduate program, funded by Université Paris-Saclay (France).

Conferences

1.

11.06.2024 — WrocChem 2024, Wroctaw, Poland, Wpfyw grup koricowych
peptyddow na morfologie oraz strukture drugorzedowq powstajqcych agregatow
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10.

supramolekularnych — M. Grelich-Mucha, T. Bachelart, V. Torbeev, K. Ozga,
L. Berlicki, J. Olesiak-Banska, oral presentation.

21-23.09.2022 - The Leuven Protein Aggregation Meeting, Leuven, Belgium, The
role of terminal capping on self-assembly of peptide aggregates — M. Grelich-
Mucha, T. Bachelart, V. Torbeev, K. Ozga, t. Berlicki, J. Olesiak-Banska, poster
presentation.

30.05-03.06.2022 - PANIC Summer School 2022 : PhoBiA Annual Nanophotonics
International Conference, Wroctaw, Poland, Autofluorescence properties of
lysozyme amyloids — M. Grelich-Mucha, M. Lipok, M. Rézycka, M. Samo¢,
J. Olesiak-Banska, oral presentation.

03-07.07.2021 - The 45t FEBS Congress, remote conference, Autofluorescence
of amyloid fibrils determined by variations in B-sheet organization -
M. Grelich-Mucha, A.M. Garcia, V. Torbeev, K. O0zga, t. Berlicki,
J. Olesiak-Banska, poster presentation.

24-25.06.2021 - Chemistry & Biotechnology International Conference
ChemBiotIC, remote conference, Transthyretin (105-115) peptide —a correlation
between the structure and optical properties of enantiomers and the racemate
- M. Grelich-Mucha, A. M. Garcia, V. Torbeev, K. Ozga, t. Berlicki, J. Olesiak-
Banska, oral presentation.

09-11.06.2021 - NanoTech Poland 2021, remote conference, Label-free
detection of amyloid fibrils reveals the importance of H-bonding network in their
structure - M. Grelich-Mucha, A. Garcia, V. Torbeev, J. Olesiak-Banska, poster
presentation.

26.05.2021 - PhoBiA Annual Nanophotonics International Conference PANIC
2021, remote conference, The importance of H-bonding network for amyloid
fibrils autofluorescence — M. Grelich-Mucha, A. M. Garcia, V. Torbeev, K. Ozga,
t. Berlicki, J. Olesiak-Banska, oral presentation.

09-11.11.2020 - Single-Molecule Sensors and NanoSystems International
Conference, remote conference, Label-free detection of amyloid fibrils based on
their intrinsic fluorescence properties - M. Grelich-Mucha, J. Olesiak-Banska,
oral presentation.

12-14.10.2020 - PhoBiA Annual Nanophotonics International Conference PANIC
2020, remote conference, Structural and optical properties of fibrils obtained
from enantiomers and racemate of transthyretin (105-115) peptide -
M. Grelich-Mucha, A. M. Garcia Fernandez, V. Torbeev, K. Oziga, t. Berlicki,
J. Olesiak-Banska, oral presentation.

15-17.05.2019 - PhoBiA Annual Nanophotonics International Conference PANIC
2019, Wroctaw, Poland, Insight into the optical properties and morphology of
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11.

12.

13.

amyloid fibrils — M. Grelich, V. Bauer, E. Naudin, V. Torbeeyv, J. Olesiak-Banska,
oral presentation.

11-15.03.2019 - Sixth International Conference on Multifunctional, Hybrid and
Nanomaterials, Sitges, Spain, Characteristics of fibrils obtained from 8-amyloid
peptides: AB(1-40), AB(1-42) and AB(33-42) - M. Grelich, V. Bauer, E. Naudin,
V. Torbeev, J. Olesiak-Barnska, poster presentation.

01-02.03.2019 - 3" Wroclaw Scientific Meetings, Wroctaw, Poland, Kinetics of
bovine insulin fibrillation — M. Grelich, J. Olesiak-Barfiska, poster presentation.
24-26.04.2017 - PhoBiA Annual Nanophotonics International Conference PANIC
2017, Wroctaw, Poland, Characteristics of spherulites and fibrils obtained from
B-lactoglobulin and hen egg white lysozyme - M. Grelich, M. Rzasa, K. Brach,
J. Olesiak-Baniska, K. Matczyszyn, M. Samo¢, poster presentation.
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