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Abstract

Understanding the molecular basis for the plausible occurrence of cross-seeding secondary
nucleation in AD pathology is important since the human brain contains various Af isoforms
like pE-A(3-42) peptide besides full-length A3(1-40/42) peptides. This thesis aims towards
understanding the thermodynamic insights into the secondary nucleation of monomeric A
isoforms, pE-A5(3-42) & AS(1-42) peptide on the A[5(1-42) fibril surface and investigating
the process at the atomic scale through the analysis of monomeric conformations of these
A isoforms both in the presence/absence of fibril surface, leading a pathway towards under-
standing the mechanistic insights and developing potential molecular candidates for a ther-
apeutic approach in AD pathology. Conformational analysis of IDPs using MD simulations
depends on the choice of initial parameters. Chapter 2 establishes CHARMM36mW force-
field/HREMD method as the good choice of initial parameters for conformational analysis of
A5(1-42) peptide, which not only shows greater resemblance with the observed experimen-
tal parameters but also for the first time showed that Af(1-42) monomer can significantly
adopt the S-shaped fibril-like conformation which impels towards higher aggregation propen-
sity of fibril elongation for AS(1-42) peptide in-vivo. Chapter 3 establishes the significant
differences in the monomeric structure of pE-A[3(3-42) peptide compared with that of AJ3(1-
42) monomer obtained through computational study using the same set of parameters from
Chapter 2. The pE-Af(3-42) monomer has more exposed hydrophobic residues, two unique
salt bridges and a free D23 residue for inter-peptide interaction besides a higher [-sheet
and helix propensity per residue compared to that of A5(1-42) monomer. This structural
dissimilarity seems to be accountable for the observed higher aggregation propensity and tox-
icity of the pE-A/5(3-42) monomer in bulk solution compared to that of A5(1-42) monomer.
In Chapter 4, combined results from surface-based bio-sensing experiments show that the
binding mode of pE-A3(3-42) to the AS(1-42) fibril surface is pH-dependent and it has a
higher affinity compared to that of AS(1-42) monomer. Computational investigation reveals
the possible binding sites for both Aj isoforms, along with the comparison of free energy of
binding and subsequent secondary structural changes between the two isoforms upon binding
with the fibril surface. The outcomes rationalize the previously observed behaviour of inhi-
bition of cross-secondary nucleation of pE-A/(3-42) monomers by Af3(1-42) fibrils, through
exclusive tighter binding of the monomer to the hydrophobic side of the fibril surface and
increase in [-sheet propensity per residue compared to that of A3(1-42) monomer.

Together the whole thesis signifies the investigation of the mixed peptides system to under-
stand the insights into the in-vivo mechanism of AD pathology and the potential of combined
experimental-cum-computational methodology, using a wise choice of initial parameters for
the later one which paves the pathway for the investigation through complementing each
other in the manner of understanding the observable from the bulk solution to atomic-scale.
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extracellular AfJ and intracellular ASPP domains by 7-secretases (AICD).
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p-Hairpin models for A5(1-42) and AS(1-40) monomers based on the most
populated cross-region backbone hydrogen bonds and secondary structure pro-
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and acceptor to donor backbone hydrogen bonds. As high-ranking centroid
structures, sampled conformations that fit these models exist. Adapted with
permission from [218]. . . .. ..o L

The funnel-shaped energy landscapes for protein folding (nonamyloidogenic
route, green) and aggregation are depicted in this diagram (amyloidogenic
pathway, red). Protein energy landscape roughness is depicted on the surface,
which shows the polypeptide chain’s potential conformational states. Un-
folded, partly unfolded, and folded species are all possible suspects. As long
as they are prone to forming intermolecular contacts and aggregation land-
scape - amorphous aggregates, amyloid fibrils and native-like aggregates are
formed as a result of this interaction. Adapted with permission from [24]. . .
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A(1-42) monomeric peptide: (a) Double-filament AS(1-42) fibril in physi-
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observed by Marielle et. al. [336], (b) Double-filament A/(1-42) fibril in pH
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units as observed by Colvin et. al. [68], (c) Single-filament AS(1-42) fibril in
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by Xiao et. al. [338] and (d) Double-filament AS(1-42) fibril with LS-shaped
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conditions, the A/(1-42) fibril is found to be having disordered N-terminus. .

Alloforms of fibril structures as observed for A5(1-42) monomeric peptide
with in-vivo sample from dead-patients with AD: (a) sample from sporadic
AD shows Double-filament A5(1-42) fibril with twisted-S shaped monomeric
sub-units and (b) samples from familial AD shows Double-filament AS(1-42)
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Nucleation-dependent processes (including primary and secondary nucleation)
and nucleation-independent mechanisms (including primary and secondary
nucleation) are represented in a generic model for amyloid fibril production
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1 Introduction

1.1 Alzheimer’s disease and amyloid-beta peptide

Alzheimer’s disease (AD) is the notable and most common type of neuro-degenerative disease
causing dementia affecting millions of people worldwide which is rising dramatically. The
amyloid hypothesis proposes either 40/42 residue long S-amyloid (Af) peptide as the main
cause of the disease since Af peptide misfolds extracellularly and are accumulated in the
senile plaques of the human brain and the misfolded tau protein deposits intracellularly in
neurofibrillary tangles causing memory loss and confusion, which results in personality and
cognitive decline with time [57, 88, 117, 122]. In 1907, the first case of fatal progressive de-
mentia associated with the AD pathology which is diagnosed using modern day techniques
was described by the renowned psychiatrist Alois Alzheimer; after whom the disease was
named. With the development of modern day science, A5 peptide was identified as the ma-
jor components occurring in the amyloid plaques of patients diagnosed with AD and Down’s
Syndrome in 1984 [2, 91]. Mainly, two categories of AD cases have been established - the
(pseudo-) sporadic late-onset AD (LOAD) and early-onset familial AD (FAD); besides the
apolipoprotein E (ApoE) gene on chromosome 19 has also been considered to be a major
genetic risk factor. The usual suspects for the roots of AD cases are believed to be the
amyloid precursor protein (ASPP) and presenilin (PS) sub-units [116, 115]. The sequential
proteolytic cleavage of a larger glycoprotein ASPP, is considered to be the main cause of
accumulation of AS peptides in human brain and PS resembles the active site of the main
proteolytic enzyme invloved in the generation of AS peptides in-vivo.

The ASPP is the type 1 membrane glycoprotein expressed in many tissues, especially in the
synapses of neurons - plays significant roles in the biological activities like intracellular trans-
port, neuronal development, signaling, iron export and neuronal homeostasis. The neuronal
dysfunction caused by different ASPP cleavage products, play the central role in Alzheimer’s
disease (AD) pathogenesis. ASPP consists of a large extracellular glycosylated N-terminus
and a shorter cytoplasmic C-terminus, integrated in a single membrane-spanning domain,
acts as the precursor molecule which upon cleavage by [-secretases and y-secretases produces
the AS peptide consisting of 37 to 49 amino acid residues [320, 93, 58, 239, 148, 145]. Bio-
logically, the cleavage of APP occurs either by the a-secretase (nonamyloidogenic pathway)
or -secretase (amyloidogenic pathway) releasing the SAPP« or sSAPPf from the cell surface
and leaving either an 83-amino-acid or 99-amino-acid C-terminal ASPP fragment (C83 or
C99), which is the main precursor for the -secretases cleavage sites; ultimately producing
full length A/5(1-40) or AS(1-42) peptides along with AGPP intracellular domains (AICD).
The production of sSAPP« increases in response to the neuronal activity of human body
which suggests that dominantly the a-secretase cleavage of ASPP increases in the human
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brain. The aggregated species of A peptides formed as a result of amyloidogenic pathway
cleavage of AGPP, in the form of amyloid fibrils are found as the primary component of
amyloid plaques in the brains of Alzheimer’s disease patients [127, 238, 308, 100]. However,
a diverse range of clinical trials centered on amyloid hypothesis and targeting the depletion
of full length AS peptides generation or neutralizing it by immunotherapy towards finding
a solution to AD pathology have failed intensely. It is thus a challenge to reconcile the
A(1-40/42)-centric amyloid hypothesis which is possibly a simplified view of a complicated
systems involved in the AD pathology.
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Figure 1-1: Proteolytic mechanisms in human ASPP. Proteolysis of human ASPP in the non-
amyloidogenic and amyloidogenic pathways. The sequential processing of APP
by membrane bound a-secretases, which cleave inside the AfS domain to yield
the membrane-attached o-C terminal fragment CTFa (C83) and the N-terminal
fragment sAPPa, is referred to as non-amyloidogenic processing of ASPP. ~-
secretases then cleave CTFa to produce extracellular P3 and the ASPP intra-
cellular domain (AICD). Membrane-bound (- and 7-secretases work together to
process ASPP in an amyloidogenic manner. ASPP is cleaved into membrane-
tethered C-terminal fragments f (CTFS or C99) and N-terminal sAPPS by
[-secretase. CTFfS is then cleaved into the extracellular AS and intracellular
ASPP domains by v-secretases (AICD). Adapted with permission from [62].

Contribution of the Apg-derived fragments that are present in the amyloid plaques as de-
rived from the analysis of brain samples of non-demented control cases, pathological aging
(prodromal phase of AD), and AD is believed to be playing an important role in the amy-
loid pathology. Furthermore, several aspects of physiological ASPP processing e.g. Eta ()
cleavage site on the ASPP giving rise to a subset of new Af fragments (Ana, AnfS and
nCTF) as a result of cleaving action by matrix metalloproteinase enzyme MT5-MMP also
thought to be contributing towards the AD pathology [195, 161]. Although the brain analy-
sis found different types of AS fragments including C-terminally and N-terminally modified
isoforms; but the N-terminal truncated Af fragments have been found in major portion in
the senile plaques, hypothesized to be generated via primary cleavage of AGPP protein and
post-translation modification of AJ peptide [254, 159]. Out of the various N-terminally trun-
cated isoforms of AS that have been found in the brain analysis, the major fragments include
AB(2-X), AB(3-X), AB(11-X), AG(17-X) and the pyroglutamate-modified A3 beginning with
the lactam ring instead of glutamate in position 3 of A5 (pE-A3-X) has also been described.
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pE-A/5(3-X) has been found similar in quantities to the full-length AS in the senile plaques,
diffuse plaques along with the vascular wall [129, 248]. In the patients with AD, the pE-A5(3-
42) peptide has appeared to be a dominant isoform in the hippocampus and cortex inside
the diseased brain. pE-AS(3-X) peptide formation is postulated to be a two-step process
involving removal of the first two AfS residues Asp—Ala leading to the N-terminal truncation
followed by the cyclization of the glutamyl in position 3 the lactam ring named pyrogluta-
mate through an enzymatic process, highlighted several enzyme candidates responsible for
this post-translation modification of A peptides. Several studies have pointed towards a
mixed action of exopeptidase enzymes, notably aminopeptidase A (APA) and member of
the dipeptidyl peptidase family enzymes (DPP) are responsible for the releasing of first two
residues from the full-length AS peptides leading to the formation of AF(3-X) fragments.
Pharmacological and genetic evidences have indicated that the the glutamate residue at
position 3 after the cleavage of first two residues from Af peptide is converted into pyrog-
lutamate moiety through enzymatic cyclization mechanism with the acyltransferase enzyme
named glutaminyl cyclase (QC), which has been found to be up-regulated in AD-affected
brains although in healthy brains this remains unevenly distributed [3, 272, 150]. In addition
to these isoforms several other highly abundant truncated AS variants have been also de-
tected namely A3(4-X), having the same level of toxicity as that of pE-AS(3-X) or A5(1-42)
but little is known about the enzymatic cycle responsible for the generation of these variants.

Although A peptide has been best described as intrinsically disorder protein (IDP) having
the disordered monomer conformations but studies have found that both AS(1-40) & AS5(1-
42) bias towards having (-strand character in the CHC core and C-terminus, with S-turns
occurring at specific positions within the monomer. The backbone H,, C,, and Cg chemical
shifts as obtained from the solution-state NMR studies targeting A(1-42) monomer suggest
the p-strand propensities in the CHC, within the residues [31-V36 and V39—141, as well
as turn character at D7—E11 and F20—S26; characterizing A/5(1-42) best as collapsed coil
ensemble rather than a unique structure [275, 183]. Far-UV CD spectra for both ApS(1-
40) and AS(1-42) monomers also suggest a bias towards strand content but the signals are
dominated by random coils structures. Interestingly, secondary structure for AS peptide
is dependent on sample preparation methods since CD analysis using different preparation
methods have reported 12-25% of S-strand content and 39% of a-helix content at pH 7.5
and 295 K [170, 224]. Ap(1-42) monomer has been also found to be possessing residual
secondary structure since **N spin NMR relaxation data revealed AS(1-42) monomer having
more rigidity at the C-terminus than A$(1-40) in terms of both side-chain and backbone
dynamics [292, 348]. Atomic-scale characterization of Af monomeric state is thought to be
an important aspect to understand the assembly process of AfS into disease-causing toxic
oligomers and insoluble amyloid fibrils, which could be crucial for designing drug candidates
towards the treatment of AD. Destitute of unambiguous stable native states featuring the
intrinsically disordered property, in addition to the high aggregation propensity, has nullified
the experimental efforts to characterize the A3(1-40/42) monomeric structures. A wide va-
riety of computational techniques have been used to more thoroughly investigate the confor-
mational properties of these peptides, encouraging the challenges and limitations inherent to
the current experimental techniques for studying these polymorphic, aggregation-prone Af
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monomers. Extensive simulations for A5 have been performed over multiple microseconds
using explicit and implicit solvent models using REMD, simulated tempering and meta-
dynamics for enhanced sampling and escaping energy minima [138, 304, 236, 180, 5, 33]. As
the simulation results of intrinsically disordered proteins (IDPs) e.g. A3, depend highly on
the set of mathematical parameters (force-fields) describing the interaction energy of the pep-
tide itself and with the surrounding molecules such as solvent; so different force-fields have
been used till now to describe the A5 monomer conformation trying to fit with the observed
experimental parameters. Among these widely used force-fields for biomolecular simulation
with AS includes OPLS-AA, AMBER99sb and its variants, CHARMM22* and it’s variant
etc. with the frequently used water models include the three-site models TIP3P and SPC/E
and the four-site models TIP4P and TIP4P-Ew [168, 134, 43, 185, 237, 156, 133, 140].

m
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Figure 1-2: S-Hairpin models for A5(1-42) and A3(1-40) monomers based on the most popu-
lated cross-region backbone hydrogen bonds and secondary structure proclivities

AB42

N

in the ensemble determined from MD simulations. A bold line is drawn between
residues that exhibit a large population of donor to acceptor and acceptor to
donor backbone hydrogen bonds. As high-ranking centroid structures, sampled
conformations that fit these models exist. Adapted with permission from [218].

Analysis of the all-atom REMD simulations with OPLS-AA /TIP3P reveals Af(1-42) monomer
having S-hairpins between the residues L17-A21 and 131-V36 along with an extra S-hairpin
occurring between V39-A42 compared to AS40 monomer. Characterization of AJ3(1-42)
monomer using AMBER99sb/TIP4P-Ew force-field parameter sets along with the studies of
A[5(1-42) pentamers also revealed the similar double S-hairpin conformation of the AS(1-
42) monomer suggesting that the REMD-predicted §-hairpins may act as nucleation sites
for higher order AS(1-42) assembly, having the structural similarity to the higher order ag-
gregate models for A5(1-42). NMR-guided simulations of A5(1-40) and A/5(1-42) revealed
very different conformational states, with the C-terminus of A3(1-42) being more structured
and residues 31-34 and 38-41 forming a [-hairpin that reduces C-terminal flexibility, which
may account for Af(1-42)’s greater proclivity to form amyloids than A5(1-40). Different
approaches towards simulation with A (542 monomer have been taken place aside the all atom
force-field/REMD simulations such as multiple-reservoir replica exchange (MRRE) simula-
tions with AMBER99sb/TIP4P-Ew and analysing with ENSEMBLE package, REMD with
the six-bead CG OPEPv3 model, Monte Carlo simulated annealing with the all-atom PRO-
FAST force field, discrete MD (DMD) simulations coupled to a four-bead CG model where
all of them mostly showed A5(1-42) as random coil structure and partially agreed with the
S-turn model as observed with the all atom simulations [262, 292, 291, 166, 32, 340, 144, 28|.
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Most of the atomic-scale characterization of A5(1-42) using simulation studies remain highly
divergent probably due to the differences in the simulation parameters, extent of sampling
and trajectory analysis. A prior need to develop simulation parameter sets for a consis-
tent atomic-scale characterization of A(1-42) monomer aligning the observed experimental
parameters with the development of experimental tools is required with the given circum-
stances.

Although, amyloid cascade hypothesis figures out the deposition of amyloid fibrils of domi-
nant wild type Af peptides as the key event in the AD pathogenesis but several studies have
also generated the controversy through figuring out other processes triggering the amyloid
plaque formation in the AD brain which includes Af oligomer formation, disturbance in
ion homeostasis, mitochondrial toxicity and oxidative stress, synapto-toxicity, disturbed sig-
nal cascades and metabolism, tau hyper-phosphorylation and NFT formation, inflammatory
responses, neurotoxicity, and complex neuronal dysfunction; besides the events of capabil-
ity of co-aggregation and cross seeding of various Af-variants generated either through the
different cleavage process of ASPP or post-translational modifications along with their in-
teractions with other proteins present in the human brains such as ASPP itself or Tau [104].

Understanding the insights of these several observed pathways of amyloid plaque formation
is relevant towards identifying the key players in the Aj aggregation pathway and estab-
lishment of an unequivocal cascadic sequence of AD pathogenesis. Of these, co-aggregation
events between various Af-variants present in-vivo have gained attention since some of the
Ap-variants such as pE-Af5(3-X) have been found to be highly aggregation-prone and toxic
compared to that of wild-type A5(1-40/42) peptides whereas other variants remains inac-
tive towards aggregation or show less propensity; so proper identification and separation
of toxic Af-variants is thought to be crucial towards therapeutic approach in AD pathol-
ogy. Also, atomic-scale investigation to understand the dominant conformations of these
toxic Af-variants and figuring out the thermodynamic parameters behind the observed bio-
physiochemical properties of these AS-variants and their co-aggregation with other species of
generated by their isoforms are crucial towards developing drug candidates aiming to combat
AD pathology in near future.

1.2 Protein misfolding and amyloid fibril formation

Protein misfolding is the formation of an altered protein fold compared to the native struc-
ture of a protein, which can occur as the results of a spread of events, including: mutations
within the gene sequence that lead to the assembly of a protein that’s unable to adopt the
native fold, errors in transcription or translation processes that lead to the assembly of mod-
ified proteins that are unable to properly fold, failure of the chaperone machinery, errors
in post-translational modifications or intracellular protein trafficking, structural modifica-
tions caused by environmental changes, seeding and cross-seeding by pre-formed aggregates
etc. Furthermore, protein misfolding generally results in protein aggregation with specific
interactions occurring between intermediate molecular species that tend to form large or-
dered aggregates, which may evolve into amyloid fibrils that deposit as insoluble extracellular
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plaques or intracellular inclusions. Proteins exist in a variety of states, including disordered,
partly unfolded, and various aggregation assemblages; besides their natural structure, which
is closely linked to it’s functional aspect. [7, 72, 164, 259, 197, 64].
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Figure 1-3: The funnel-shaped energy landscapes for protein folding (nonamyloidogenic
route, green) and aggregation are depicted in this diagram (amyloidogenic path-
way, red). Protein energy landscape roughness is depicted on the surface, which
shows the polypeptide chain’s potential conformational states. Unfolded, partly
unfolded, and folded species are all possible suspects. As long as they are prone
to forming intermolecular contacts and aggregation landscape - amorphous ag-
gregates, amyloid fibrils and native-like aggregates are formed as a result of this
interaction. Adapted with permission from [24].

The folding energy landscape available to every polypeptide chain includes a various set
of conformational states additionally as a plethora of pathways to the folded state; for the
case of short polypeptide sequences, the energy landscape is often a smooth funnel-shaped
surface where the polypeptide chain folds quickly towards one folded state. Larger proteins,
on the opposite hand, have rougher energy landscapes with local minima and a population
of intermediate states that inter-convert to the lower energy folded states [17, 194, 87]. Fig.
1-3 depicts the unfolded state of the polypeptide chain at the top of the funnel, which has
a high Gibbs free energy and a high conformational entropy where the polypeptide chain
folding reduces the number of conformational states and thus the conformational entropy.
Concurrently, the hydrophobic collapse and increase in the number of intramolecular con-
tacts cause a decrease in free energy toward the native state which occupies the global free
energy minimum, yielding the folded state’s required conformational stability. Changes in
amino acid sequence and/or chemical or biological conditions such as pH, temperature, ionic
strength, pressure, agitation, shear forces, surface contact, and a variety of other variables
might shift the energetic balance towards a different free energy minimum. This is illustrated
in Fig. 1-3, where, in addition to the common folding funnel for a protein, an aggregation
funnel is also depicted. In terms of protein aggregation, the funnel-shaped free energy surface
is potentially rougher and more complex because the energy landscape encodes not only the
relative stability of unfolded, partially unfolded and folded states but also the stability of
amorphous aggregates, [-sheet-rich amyloid fibrils and native-like aggregates [316, 171, 342].
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Folding, unfolding, partial folding/unfolding, conformational changes, the formation of inter-
molecular interactions and fibril nucleation, elongation and stationary phases are all involved
in protein aggregation. Protein aggregation states can be formed not only by amyloidogenic
intermediates but also by denatured and native states, with polypeptide chains establish-
ing critical contacts with neighboring molecules via intermolecular interactions. Aggregated
states are generally thermodynamically and kinetically advantageous and it is a delicate bal-
ance of forces that tip the processes toward a native soluble state or any type of aggregated
state. Most polypeptide chains appear to form extended S-sheet structures and thus amyloid
aggregates under the right “stress” conditions [297, 315, 296, 295, 169, 6, 79, 96]. Because
of the heterogeneity of fibrillar morphology, the energy landscape of protein systems form-
ing large aggregates as shown by numerous peaks corresponding to different conformational
states. Under the similar experimental conditions, a large number of polymorphic fibrils
with distinct morphologies can form at the same time, emphasizing the aggregation path-
ways’ complexity and multiplicity. The mature fibril energy minimum is deeper and sharper
than the natural state of a protein (Fig. 1-3), as evidenced by the fibrillar state’s high sta-
bility. The driving forces for both protein folding and aggregation are primarily hydrophobic
in nature with contributions from electrostatic and polar interactions as well as hydrogen
bonds. For amyloid fibrils, the cross-g motif conformation is primarily stabilized by polar
interactions caused by intermolecular H-bonds, while intermediate aggregated species are
formed by hydrophobic and electrostatic interactions. In the late 1990s, proteins completely
unrelated to well-known amyloid diseases were discovered to form amyloid-like aggregates
or fibrils in vitro under specific experimental conditions. As previously stated, many if not
most, polypeptide chains can form amyloid under the right conditions. As a result, the term
“amylome” was coined to describe all proteins capable of forming amyloid-like fibrils. Some
authors believe that the fibrillar amyloid state is a standard state that every polypeptide
chain can achieve under the right conditions and that this state is the thermodynamic ground
state. The conformation of amyloid fibrils is the universal global free-energy minimum for
polypeptide chains.

Structure of amyloid fibrils

Since the invention of the cross-f motif, numerous studies are conducted to characterize
the structure of amyloid fibrils using various experimental techniques. All of those data
have helped to reveal the structure of amyloid fibrils on a multi-scale basis, in addition as
how individual protein sub-units can form cross-g structures. The cross-# motif may be
a structural feature shared by all amyloid fibrils, it’s characterized by extended [-sheets
with individual §-strands arranged perpendicular to the fibril main axis. Amyloid fibrils are
unbranched structures with diameters starting from 2 to 20 nm and lengths starting from
some micrometers to many micrometers [14, 192, 249]. X-ray fiber diffraction studies first
demonstrated the presence of a repeating cross-f structure within the late 1960s, and later
synchrotron X-ray diffraction studies confirm that amyloid fibrils from different amyloid
proteins display the identical cross-diffraction pattern. A meridional reflection at 4.7-4.8
A similar to the H-bonding distances found between paired carbonyl and amide groups in
adjacent f-strands and an equatorial reflection at 6-11 A like the space observed between
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stacked [-sheets are observed in characteristic amyloid fibril diffraction patterns. Amyloid
fibrils of varied origins share a typical cross-spine formed by a pair of [-sheets with their
facing side chains interdigitated in an exceedingly steric zipper. Steric zippers are thus short
peptide segments that function the structural foundation for an amyloid fibril’s hierarchical
assembly. It is thus thought that stacks of steric zippers are required to make the cross-
[ spine of the amyloid protofilament which is the fundamental unit of the mature fibril,
while the remainder of the polypeptide chain assumes either a native-like or random coil
conformation during a peripheral position to the spine. Nonetheless, there is also significant
differences within the structural arrangement of steric zippers. Sheet symmetry is produced

Figure 1-4: Different alloforms of fibril structures as observed with in-vitro sample for A3(1-
42) monomeric peptide: (a) Double-filament A/3(1-42) fibril in physiological pH
with synthetic peptide having S-shaped monomeric sub-units as observed by
Marielle et. al. [336], (b) Double-filament A3(1-42) fibril in pH 8.0 environment
with recombinant peptide having S-shaped monomeric sub-units as observed by
Colvin et. al. [68], (c) Single-filament A/(1-42) fibril in pH physiological pH
having triple S-strand monomeric sub-unit as observed by Xiao ef. al. [338]
and (d) Double-filament AS(1-42) fibril with LS-shaped monomeric sub-units in
acidic pH environment with traces of organic solvent as observed by Gremer et.
al. [121]. In all structures observed in physiological conditions, the Af3(1-42)
fibril is found to be having disordered N-terminus.
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by the assembly of strands during a sheet (parallel versus antiparallel and antifacial versus
equifacial); each of those four S-sheet patterns is capable of self-pairing to make cross-spines
[92, 178, 193, 252, 209, 89].

Through the utilization of innovative research methodologies like cryo-electron microscopy
(cryo-EM) and solid-state NMR (ss-NMR) within the field of structural biology, it’s been
found that the amyloid fibrils derived from the identical precursors are demonstrated to pos-
sess varied shapes in several disorders, further as varying seeding qualities, rates of dissem-
ination, and neuropathological patterns. Polymorphism can come about in an exceedingly
type of ways; firstly, it can entail several packing configurations of the identical protofibril.
A second type of polymorphism can develop when one section of a protein sequence adopts
a standard structure while other regions adopt distinct structures. And a third variety of
polymorphism comprises both diverse protofilament packing and a partly shared fold. When
both the protofilament structure and packing interactions differ, the fourth and most severe
sort of polymorphism arises. It’s unknown what drives the fibril’s structural diversity; mostly
it is perceived that it would be caused by the inherent features of the polypeptide sequence,
the presence or lack of post-translational modifications, interactions with cofactors or cellu-
lar components, the character of the environment (pH, ionic strength, etc.) or the cell type
within which the amyloid fibrils are generated [111].

For ApB peptides, dominantly the second type of polypormorphism is generally found de-
pending on the environmental conditions either in-vitro or in-vivo and the type of sample
preparation methods. Several studies have identified multiple structural models for A3(1-40)
amyloid fibrils. While these models have slight variances, they do share several characteris-
tics. These include the existence of only a single turn and prolonged (-strands, which

Figure 1-5: Alloforms of fibril structures as observed for A5(1-42) monomeric peptide with
in-vivo sample from dead-patients with AD: (a) sample from sporadic AD shows
Double-filament A/5(1-42) fibril with twisted-S shaped monomeric sub-units and
(b) samples from familial AD shows Double-filament A/5(1-42) fibril with S-
shaped monomeric sub-units having interactions through opposite faces as ob-
served by Yang et. al. [349]. These A5(1-42) fibril structures observed is very
much different from that of the A3(1-42) fibril structures observed under in-vitro
conditions.
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comprise residues 10-40, with the first 10 residues invisible to the experimental methodolo-
gies used. Reif and colleagues, on the other hand, claimed that they seeded an AS3(1-40)
sample and obtained a single form with two sets of chemical shifts, leading them to infer
that the fibril’s basic sub-unit is an asymmetric dimer. From residues 12 to 40, this dimer
has a single pair of resonances visible, whereas the other is visible from residues 21 to 38.
The Osaka mutant, on the other hand, contains many twists and has 39 residues and all of
the residues in this amyloid fibril were reported to be integrated into the fibril core, with the
N-terminus creating interactions with the peptide’s central region [235, 27].

For Ap(1-42) peptide, under normal pH studies revealed the common occurrence of dou-
ble filament protofibrils twisted together giving rise to an overall cross-5 sheet domain,
which consists of an unstructured N-terminus containing the S-shaped motif for each of
the monomeric protofibrilar sub-units. Each monomeric subunit’s hydrophobic side chains
are buried inside the fibril core structure and the S-shaped sub-unit is stabilized by an in-
tramolecular K28-A42 salt bridge pair, as opposed to the intramolecular K28-D23 salt bridge
seen in the A/(1-40) fibril structure [336, 68]. Furthermore, A/3(1-42) fibril has been shown
to contain a single S-shaped monomeric sub-unit with triple g-strands, which is similar to
one of the monomeric sub-units from the previously mentioned double filament models [339];
however, the discrepancy in results has been attributed to a lack of sufficient mass-per-length
(MPL) measurements from STSM data [336]. The structure of the A3(1-42) fibril at lower
pH revealed that the double filament protofibrilar helical pitch changes and each of the
sub-units achieve an LS-shaped motif, resulting in a different polymorph with a structured
N-terminus from each monomeric sub-unit participating in the formation of the fibril core
and stabilization through two unique D1-K28 salt bridges [121]. However, a recent approach
for evaluating the structure of A5(1-42) fibrils in the in-vivo environment, which was taken
from the AD patients, indicated that A/5(1-42) has a completely different structure from
the two structures solved in-vitro at different pH environments. For sporadic AD samples,
A5(1-42) was discovered to have a double protofibrillar filament model with twisted-S shape
monomeric sub-units and an extended disordered N-terminal region; and for familial AD
samples, A5(1-42) was discovered to have a double filament structure with S-shaped two
monomeric sub-units, which are stabilized by interacting through the opposite side of the
S-shaped fold, primarily through the intermolecular K28-A42 interaction [349]. Although
the amyloid fibril generated from the A3(1-42) monomeric peptide has a wide range of poly-
morphisms depending on various factors, the C-terminus of the fibril from all fibril models
is found to be structured, forming the S-shaped monomeric sub-units that are predominant
in protofilament structures. Recently, the occurrence of polymorphism in the A3(1-42) fibril
structure derived from in-vivo different from that of fibril poly-morphs derived from in-vitro
environment have bolstered the scientific investigation and open challenges towards explor-
ing the insights into the mixed-system of AfS isoforms and their roles in the amyloid cascade
hypothesis.

Mechanisms of amyloid fibril formation

Multiple aggregation mechanisms exist in amyloid systems, reckoning on the ensemble of
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co-existing amyloidogenic conformations and environmental factors. Several aggregation
mechanisms and pathways have thus been described in regard to protein sequence, confor-
mational states adopted by the amyloidogenic monomer and experimental conditions (e.g.
temperature, pH, protein concentration, and solvent effects).
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Figure 1-6: Nucleation-dependent processes (including primary and secondary nucleation)
and nucleation-independent mechanisms (including primary and secondary nu-
cleation) are represented in a generic model for amyloid fibril production (ab-
sence of nucleation). Rate constants are represented by ks, kng, k, kon, kog and
k. The development of protofibrils into mature amyloid fibrils with various
morphological features and a high level of polymorphism occurs during the sta-
tionary phase. Adapted with permission from [24].

Aggregation processes occur over a good duration, spanning several orders of magnitude with
conformational changes occurring in milliseconds and particle formation observable with the
eye occurring in days, weeks or months. The understanding of the mechanisms of amyloid
formation likewise because the characterization of the foremost relevant molecular species
involved is critical for developing new rational therapeutic strategies for amyloid diseases.
Kinetics of amyloidogenic protein aggregation process is highly dependent on the concentra-
tion of protein which may reflect a nucleation-dependent or a nucleation-independent process
along with the secondary pathways of aggregation behavior.
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Figure 1-7: The sequential monomer (M) addition method for protein aggregation via a
nucleation-independent approach with similar equilibrium constants (k).
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The isodesmic or linear polymerization mechanism of protein aggregation is exemplified by
the best possible mathematical model for describing the formation of spherical oligomers
or linear multimers. This model is distinguished by an infinite number of steps with iden-
tical rate constants (k) independent of aggregate size, leading to an exponential polymer-
ization curve with no lag phase and once aggregation begins, the method descends into
polymerization. During this case, aggregation proceeds through a series of multiple ener-
getically favorable steps during which the sequential addition of amyloidogenic monomers
to the growing aggregate is energetically favorable without the necessity for a multimeric
nucleus. In general, seeding has no effect on the speed of aggregation in an exceedingly
downhill polymerization process. This model, however, ignores other aggregation processes
which will alter the amount, size and shape of the oligomeric species. As a results of these
factors, this model occasionally predicts incorrect length distributions of amyloid fibrils at
equilibrium. Nonetheless, this kinetic model has been wont to study the effect of mutations
on the speed of amyloid fibril formation [334, 76, 341, 266]. This aggregation mechanism
has been observed in transthyretin, among amyloid-peptide variants, four-repeat domain
of tau (TaudRD), f2-microglobulin, human and bovine serum albumins, HypF-N, FF do-
main, human muscle acylphosphatase, apolipoprotein C-II, and several other SH3 domains
(354, 265, 227, 274].

Nucleation-dependent mechanism

The nucleation-dependent mechanism of amyloid formation, also called nucleation—elongation
polymerization, encompasses a typical sigmoidal shape curve as a function of time and con-
sists of three consecutive steps: (i) initial lag or nucleation phase, (ii) elongation, growth,
polymerization or fibrillation phase and (iii) equilibrium, stationary or saturation phase.
The nucleation phase is characterized by the formation of transient, critical nuclei that may
later act as seeding intermediates for extra monomeric subunits to latch onto, leading to the
formation of oligomers with cross-f structure. Because the speed constants for monomer
addition and dissociation are similar at this stage, the process of nucleation is slow and
therefore the rate-limiting step in fibril formation. The addition of pre-formed aggregates or
fibrillar species, called seeding, can shorten or eliminate the nucleation phase. Monomers,
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Figure 1-8: M is the monomer and A is the transient nucleus aggregate in the minimalistic
Finke-Watzky method for protein aggregation through a nucleation-dependent
process. The nucleation and growth rate constants are knycieation and Kgrowth,
respectively.

nuclei and oligomers still interact during the elongation phase forming prefibrillar structures
that rapidly grow to make ordered fibrillar structures referred to as protofibrils which can
be a faster and more thermodynamically favorable process because it produces more stable
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protofibrils. Finally, within the saturation phase, where monomer concentration is low and
comparatively constant, protofibrils are assembled into mature amyloid fibrils with varying
morphological structures and levels of polymorphism [97, 26, 226, 152, 31]. The aggregation
model of Finke-Watzky is the mostly proposed models for nucleation—elongation polymer-
ization that has been applied to over 40 different aggregating proteins. The Finke-Watzky
model, as illustrated, consists of two simple steps: (i) nucleation and (ii) growth; although
this model has some limitations which include: (i) an outsized number of aggregation steps
are reduced to two basic steps, (ii) the speed constants, kyycication a0 kgrouwr, are average rate
constants that are unaffected by the scale of the aggregating species, (iii) a better kinetic
order in [M] is also kinetically hidden, particularly within the nucleation step, (iv) Grow-
ing polydisperse aggregates are concealed by the descriptor A,,, (v) the descriptor A,, can
Processes like fragmentation can even be hidden. However, the ease of use and high quality
of the fits obtained in many practical examples indicate that the Finke-Watzky two-step
mechanism captures the main kinetic properties and is a good general kinetic model for
nucleation-growth aggregation [198, 25].

Primary nucleation mechanism

Primary nucleation could be a critical step in an exceedingly style of oligomerization mech-
anisms within the amyloidogenesis cascade and it includes the initial formation of amy-
loidogenic nuclei without contributions from pre-formed oligomers. There are two styles of
primary nucleation mechanisms: homogeneous and heterogeneous. Homogeneous primary
nucleation involves the aggregation of monomeric subunits in bulk solution, whereas hetero-
geneous primary nucleation involves the association of monomeric subunits on the surface of
a special object, like the wall of a reaction container, other proteins, phospholipid bilayers or
the air-water interface. The nucleated polymerization (NP) mechanism is the most elemen-
tary structural manifestation of a primary nucleation mechanism. In this case, amyloidogenic
monomers aggregate to make the nucleus, which then grows into amyloid protofilaments and
protofibrils via an elongation process that primarily involves monomer addition. At low
protein concentrations, this can be the preferential mechanism that favors the presence of
monomeric species in solution. However, multiple conformationally heterogeneous oligomers
and transient intermediate species are observed in several instances during fibril formation,
which NP mechanisms cannot explain. A nucleated conformational conversion (NCC) mech-
anism has been proposed in these cases; as intermediates, NCC consists of structurally or-
ganized oligomers capable of conformationally transitioning into cross-3 dominated fibrillar
species. At higher protein concentrations, the formation of these conformationally dynamic
oligomers may be favored and they undergo a rate-limiting conformational change to form
protofibrils and then amyloid fibrils [30, 153, 98, 95]. This type of nucleation was observed
in the yeast prion protein (Sup35) as well as in amyloid-peptide variants, the SH3 domain,
the Ure2p yeast prion, polyglutamine (polyGln) peptides and lysozyme.

Secondary nucleation mechanism

A simple homogeneous primary nucleation mechanism isn’t always observed, despite being
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conceptually appealing and observed in several instances. Several studies have shown that
straightforward homogeneous nucleation cannot account the experimental aggregation kinet-
ics data. Other nucleation mechanisms and events, like fibril-catalyzed secondary nucleation
(a monomer-dependent process) and fibril fragmentation (a monomer-independent process),
both contribute to the formation of latest aggregation nuclei, don’t seem to be considered
in simple homogeneous primary nucleation. Monomer-dependent secondary nucleation is
described as a process in which the creation of nuclei from monomers is catalyzed by ex-
isting aggregates made up of the same sort of monomeric building components. Typically,
this takes the form of monomers creating a nucleus on the surface of a previously formed
aggregate where in the presence of a parent seed aggregate, secondary nucleation occurs.
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Figure 1-9: Secondary nucleation’s significance. a) Autocatalytic, exponential amplification
of aggregate numbers can result from secondary nucleation. b) The spread
of disease pathology in diseases like Parkinson’s disease could be caused by
the amplification of aggregates through secondary nucleation. Adapted with
permission from [48].

Secondary nucleation differs from heterogeneous primary nucleation in that no foreign sur-
face is involved and while the molecular mechanics of the two processes are similar, the
resultant aggregation kinetics are substantially different. Since, filamentous structures grow
only at their ends - a nucleation event on the filament’s surface, followed by the separation
of the newly created nucleus from the nucleation site, results in the rapid formation of a new
filament. The auto-catalytic nature of this process is immediately apparent: the presence of
filaments causes the formation of further filaments (see Fig. 1-9).

The structural compatibility of the amyloid precursor protein appears to be critical for this
nucleation mechanism. The presence of an autocatalytic secondary nucleation pathway is
important because it allows for rapid amplification of small numbers of aggregates; indeed,
a single seed filament introduced into a pool of metastable soluble protein can theoreti-
cally cause the entire pool to condense into filaments through repeated cycles of filament
growth and secondary nucleation. This mechanism could be at the basis of disease pathology
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(amyloid plaques, neurofibrillar tangles, and Lewy bodies) spreading across Alzheimer’s and
Parkinson’s disease patients’ brains, as well as other neurodegenerative diseases [234]. Sev-
eral proteins, including amyloid-peptides, tau protein, a-synuclein, islet amyloid polypeptide
(IAPP), insulin and bovine carbonic anhydrase are shown to possess secondary nucleation.
The presence of pre-formed aggregates can also seed the formation of amyloid fibrils where
the first nucleation event is negligible during this case, leading on to the expansion phase
(294, 109, 280, 105].

Secondary nucleation is the dominant pathway of Aj aggregation

Despite the fact that both mechanisms create aggregates from soluble peptides, monomer de-
pendent secondary nucleation of A3(1-42) has a different thermodynamic signature. Specifi-
cally, although the rate constants for primary nucleation and fibril elongation both rise with
increasing temperature, the rate constant for secondary nucleation has only a very weak tem-
perature dependency and increases somewhat with decreasing temperature. While primary
nucleation is a slow event with a high free energy barrier, secondary nucleation was found
to be associated with a four-fold reduction in the free energy barrier relative to primary
nucleation in the case of AS(1-42), demonstrating the remarkably effective way in which
amyloid fibrils catalyze the nucleation of new aggregates from monomers in the case of AD
[65].

The monomer-dependent secondary nucleation of the 42-residue amyloid-/ peptide was iden-
tified as recently as this decade. Learning the fact that using master equations solved for
the coupled differential equations describing primary nucleation and elongation or primary
nucleation, elongation, and fragmentation, failed to reproduce experimental data on the con-
centration—dependent time course of amyloid fibril formation of AS(1-42) peptide was the
first indication of the existence of such a process. While the findings might be recreated using
a model that incorporates monomer nucleation on the surface of fibrils creation, this is simply
a hint of the potential. Experimentally, one of the hypothesis that adding small amounts of
prefabricated fibrils (seeds), so little that the sigmoidal-like shape of the development curve
is preserved, would promote a shortening of the lag phase in a seed concentration-dependent
way; was came out to be successful in the ThT-kinetics results. Finally, radio-isotope la-
beling was employed to track out the source of new tiny aggregates in the seeded process.
Radioactive oligomers (3-20 mers) were found only when radioactive monomer was mixed
with unlabelled seeds, but not in the case of unlabelled monomer mixed with radioactive
seeds; indicating that the new aggregates are generated from monomer in a seed catalyzed
reaction, rather than being breakdown products due to seed fragmentation. Secondary
nucleation has been reported to saturate at high monomer concentrations in various circum-
stances. A((1-40) was the first example of AJ peptide in which the secondary nucleation
saturation was detected and this phenomenon has subsequently been found for AS(1-42) in
response to a shift in pH in human cerebrospinal fluid, for some disease-associated mutations
and for designer mutants [207].

Furthermore, interactions between monomers and amyloid fibrils were discovered to not
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only affect the rate constant that characterizes nucleation, but to fundamentally flip the
thermodynamic signature of this process in comparison to primary nucleation. The energy
barriers for both primary nucleation and fibril elongation were found to be enthalpic in
character with a favorable activation entropy, indicating that the hydrophobic effect plays
a prominent role in both processes. In contrast, for secondary nucleation, the enthalpic
barrier is eliminated and the decreased free energy barrier has been demonstrated to be fully
entropic in nature. These findings are analogous to surface catalyzed reactions involving
an exothermic pre-binding step and they show that the catalytic efficiency of A5(1-42)
fibril surfaces results from the enthalpic stabilisation of adsorbing peptides in nucleation-
friendly conformations, resulting in a significant decrease in the activation energy barrier for
nucleation.
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Figure 1-10: Secondary nucleation is proved to be a multi-step process of which the dominant
steps are: reversible monomer binding at the fibril surface and product (fibril)
production. This is analogous to Michaelis-Menten kinetics in enzyme kinetics,
which show an unsaturated regime with considerable rate dependency at lower
monomer concentration (left) and a saturated regime with rate independence
from monomer concentration at high monomer concentration (right) (right).
The process is half-saturated at a monomer concentration of /K,;. Adapted
with permission from [186].

The finding of saturation of the rate of secondary nucleation at high monomer concentration
demonstrates the process’s multi-step nature and Michaelis-Menten-like kinetics. Associa-
tion of monomer with aggregates, nucleation on the surface and detachment are examples of
composite stages. At high monomer concentrations, any of these stages may become rate-
limiting depending on the ratio of monomer concentration to accessible surface area. The
equivalent of a Michaelis constant is included in the kinetic modeling of saturated secondary
nucleation, the square root of this parameter denotes the monomer concentration where the
process is half-saturated. The process is unsaturated at low monomer concentrations and
the reported total aggregation patterns are substantially dependent on monomer concen-
tration. The process is saturated at high monomer concentrations and the reported overall
aggregation patterns exhibit no reliance on monomer concentration [318, 186].
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1.3 Molecular dynamics simulations

By integrating Newton’s equations of motion, an molecular dynamics (MD) simulation may
provide a dynamical trajectory for an N-particle system. We’ll need a set of beginning
circumstances (each particle’s position and velocity), a suitable model to describe the forces
operating between the particles (either based on electronic structure calculations or using
the empirical force-fields provided in the later section) and boundary conditions. After that,
we must solve the traditional equation of motion, which is:

827’i 0
mzw = fz = —a—mU(Tl,TQ, ....... ,T’N) (1—1)
where U(r1, 72, ....... ,7n) is the potential energy depending on the coordinates of the N par-

ticles. This is a system of N connected second order non linear differential equations that
can’t be solved precisely. Equation (1-1) must be solved numerically using an appropriate
integration procedure step by step. These are the most primary factors on which the solving
of equation (1-1) depends:-

1.3.1 Initial conditions

Each particle’s initial position and velocity in the system must be known. The positions of
a crystal are normally given in the form of a crystallographic file, and we may construct a
supercell by combining many unit cells. In a disordered system, positions can be produced at
random or we can create an ordered structure and then melt it. The velocity of each particle
is chosen at random from a Maxwellian distribution centered on the proper temperature,
and the angular momentum and center of mass velocity of the entire system are then set to
7Zero.

1.3.2 Boundary conditions

We must impose certain boundary limits since we are normally interested in the bulk prop-
erties of a liquid or solid system. Periodic boundary conditions must be used (PBC). As a
result, the simulation box is encircled by an infinite number of clones. Only the N atoms
inside the main cell are inspected in detail, but when one of them leaves, an image particle
from the other side enters to take its place. We also need a model that can represent the
interatomic forces that occur between the atoms that make up the system. Ideally, this could
be done from the ground up by computing the forces on each atom after solving the electronic
structure for a certain nuclei configuration. Since Car and Parrinello’s pioneering work, the
development of ab initio MD (AIMD) simulations has been steadily increasing, and today,
the use of density functional theory (DFT) allows to treat systems of reasonable size (several
hundreds of atoms) and achieve time scales of the order of hundreds of ps, making it the
preferred solution to many problems of interest. The geographical and/or temporal scales
necessary for such ab initio techniques, on the other hand, might be prohibitively expensive.
In such cases, we must use empirical force field (FF)-based techniques with a higher degree
of approximation. They make it possible to simulate systems with hundreds of thousands of
atoms at nanosecond or even microsecond time-frames [196].
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1.3.3 Force-fields

A force-field (FF) is a mathematical statement describing the link between a system’s en-
ergy and its particle coordinates. It consists of a collection of parameters that enter into
an analytical form of the inter-atomic potential energy, U(ry, ro,..., rx). The parameters
are often calculated using ab-initio or semi-empirical quantum mechanical calculations, or
through fitted experimental data like electron, neutron and X-ray diffraction, infrared, NMR,
Raman, and neutron spectroscopy, among other methods. Molecules are simply described
as a group of atoms held together by basic elastic (harmonic) forces, and the FF substitutes
a simplified model valid in the simulation region for the genuine potential. It should ideally
be basic enough to be assessed fast while yet being comprehensive enough to mimic the
system’s attributes of interest. In the literature, there exist a variety of force fields with
varying degrees of complexity and geared to tackle various types of systems. A common FF
expression, on the other hand, would look like this:
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Bonded energy terms include interactions such as bond stretching, valence angle bending, and
dihedral rotation that occur between covalently linked atoms. The stiffness of the harmonic
oscillations is defined by the force constants (k;, and k, for bonds and angles, respectively),
which can be derived from quantum mechanical (QM) vibrational analysis, spectroscopic
data, and/or fitting to the potential energy profile as a function of the target bond per-
turbation or an angle away from its equilibrium value. The geometry at which the energy
associated with the bond or angle is zero is defined by the equilibrium values (7 and 6 and
for bonds and angles, respectively).

Dihedral rotation is frequently written as a cosine series, which reflects the periodic nature
of rotations around covalent bonds, so that one or more energy minimums will exist during
a 360-degree rotation period. Generally, the non-covalent bonding between atoms separated
by three bonds, referred to as “1-4 pairs” cause rotation around a covalent bond. However,
based on the force-field different representations for the dihedral potential have been reported
in the literature. In classical force fields, dihedral terms are commonly used to account for in-
adequacies in the handling of nonbonded terms. The force constant (V,,/2), multiplicity (n),
and phase angle (J) are all needed parameters for dihedral energy expressions. The heights
of the barriers between energy minima are determined by force constants. The multiplicity
is the number of energy minima that span 360 degrees, and the phase angle is the offset that
specifies where the energy minima are located. An energy minimum at 0° corresponds to a
phase angle of 180°, while an energy minimum at 180° corresponds to a phase angle of 0°.
Depending on the complexity of the potential energy surface, each rotatable bond may have
many dihedral terms.
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An “improper” dihedral is another energy phrase that is frequently used in the force-field
terms which is associated with the out-of-plane deformation atoms around a planar center,
for-example a carbon atom within an aromatic ring or a peptide bond. As contrast to
“proper” dihedrals, the “improper” dihedrals are usually regarded as harmonic interactions,
with the functional form:

U(ﬁ) = > klo—0)

Impropers

where k, is denoting the force constant and ¢y denoting the equilibrium improper dihedral,
mostly 0°, corresponding to planarity. The bonded energy terms, taken together, explain the
internal energy between covalently bound atoms as a function of bond lengths (b), valence
angles (), dihedral angles (¢), and, in some cases, improper dihedral angles (). There are
more complicated potentials for representing bound interactions, such as the Morse poten-
tial, which may mimic bond breakage, however this energy function is rarely used in protein
simulations [302].

Finally, the most significant modification to the classic force-field potential equation is the
explicit inclusion of polarization effects. As previously stated, the development of dipoles
is induced by local electric fields developing in condensed phases and the partial charges
employed to characterize a molecule in the liquid state, for example, will be insufficient to
represent the same molecule in the gas phase. Alternatively, due to the varied electrostatic
environments, the same amino-acid should have distinct charge distributions in different
proteins. Furthermore, polarizability has an impact on ion’s solvation energy in a non-polar
environment, the directionality and energetics of H-bonds, interactions between cations and
aromatic molecules, and so on. As a result, most current potentials explicitly contain po-
larization effects as well [329, 128, 63]. The three most principal methods to perform this
modification includes:-

1. Fluctuating Charge Model: Charges are permitted to vary in response to their surround-
ings, allowing charge to flow between atoms until their instantaneous electronegativities are
equal [258].

2. Shell Model (Drude particle): The atom is represented as the sum of a charged core
and a charged shell, which are linked by a harmonic spring whose force constant is inversely
proportional to the atomic polarizability. The electrostatic field formed by the surroundings
determines the relative displacement of both charges [211].

3. Induced point dipoles: Each polarizable atom is connected with an induced point dipole
t;, which is given by
i = oy (B + E;")

where «; is the atom’s isotropic polarizability, E;? is the electrostatic field formed on the
atom I by the permanent charges, and E;”? is the field created by the rest of the atoms in
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the system’s induced dipoles. The polarization energy is given by:

Upol = _%ZMZEz

It’s a big step forward to include polarization effects in the potential that describes inter-
molecular interactions. However, because both the static charges and the remaining induced
dipoles impact the induced dipoles, they must be estimated in a self-consistent way by solv-
ing the preceding equations recursively until all of the induced dipoles’ values converge.
However, because a force field is a global entity, constructing new polarizable force fields
necessitates reoptimizing the Van der Waals and intramolecular parameters as well. Because
this is such a large effort, existing polarizable force fields are still in their infancy which
might account for the inconclusive findings found when comparing the capabilities of polar-
izable and nonpolarizable materials. Nonetheless, recently on biological systems, they show
a higher agreement with experiment than non-additive force fields and a detailed physical
description of intermolecular interactions; which may lead to increasing their transferability
globally [13, 154, 298].

With the advent of the molecular mechanics (MM) approach in the 1960s, the first force fields
developed, with the primary purpose of predicting molecular structures, vibrational spectra,
and enthalpies of isolated molecules. The earliest of these force fields was developed to inves-
tigate hydrocarbons, but they were eventually expanded to include a wide range of organic
and functionalized compounds (alcohols, ethers, sulphides, amides etc.). The MM potentials
created by Allinger’s group are the greatest example of such force-fields: MM2, MM3 and
MM4 [113, 21, 23, 22]. More universally applicable force fields such as the Dreiding and
Universal (UFF) force fields, which contain parameters for all atoms in the periodic table
are good examples besides the most popular force-fields like CHARMM, AMBER, GRO-
MOS, OPLS and COMPASS. Many of these force fields are constantly evolving through
parameterization and validating towards experimental results and different versions are
available nowadays (for example, CHARMM19, CHARMM?22, CHARMM?27, CHARMM36,
CHARMM36m, GROMOS96, GROMOS45A3, GROMOS53A5, GROMOS53A6, AMBERO1,
AMBER94, AMBER96, AMBER99, AMBERO2 etc.) [203, 255, 15, 18, 225, 199, 19, 1]. The
first general polarizable force fields occurred in the 1990s. Such advances include the PIPF
(polarizable intermolecular potential function), DRF90, and AMOEBA force fields. Po-
larization has been added to the CHARMM force-field using either fluctuating charges or
the shell model, and polarization has also been added to AMBER, OPLS, and GROMOS
force-fields [112, 306, 16, 231, 181, 328, 157, 114]. Water deserves special attention in this
regard, as a significant number of water models have been presented since Barker and Watts
offered the first MC simulation. Vega et al. recently compared the most prominent rigid
non-polarizable water potentials (TIP3P, TIP4P, TIP5P, SPC, and SPC/E) and discovered
that a modified version of the second, dubbed TTP4P /2005, offers the best representation of
the experimental features evaluated [123, 34, 319]. Comparing the performance of current
general force fields is considerably more challenging since the outcome is highly dependent
on the system and features simulated. There are several comparisons in the literature, par-
ticularly on the accuracy of the CHARMM, AMBER, and OPLS force fields in biomolecular
simulations but the results are not conclusive. As a result, Price and Brooks discovered
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Figure 1-11: The AMBER, CHARMM, OPLS, and GROMOS atomistic force fields have a
long history of development. Major re-parametrization efforts are shown in the
vertical progression, and important parameter sets are boxed. Along with the
parameter set from which they were formed, additional force fields emerge. The
parameters transfers or discrepancies between the CHARMM, AMBER, and
OPLS force fields demonstrate their similar origins. Adapted with permission
from [301]

that the three produced very identical outcomes in terms of protein structure and kinetics.
Yeh and Hummer, on the other hand, discovered substantial changes in the structures of
two peptides investigated using CHARMM and AMBER, as well as the end-to-end diffusion
coefficient. Aliev and Courtier-Murias discovered that the structure of short open chain
peptides is strongly influenced by the force field utilized. In simulations of insulin using
CHARMM, AMBER, OPLS, and GROMOS, a similar effect was discovered, with various
structural trends favoring different force fields. Paton and Goodman conducted one of the
most thorough assessments of existing potentials. They used seven different force fields
(MM2, MM3, AMBER, OPLS, OPLSAA, MMFF94, and MMFF94s) to evaluate the inter-
action energies of 22 molecular complexes of small and medium size, as well as 143 nuclear
acid bases and amino acids, and compared them to the energies obtained from high-level ab
initio calculations. Their findings demonstrate that all of the potentials studied, particularly
OPLSAA and MMFF94s, properly characterize electrostatic and van der Waals interactions,
but that hydrogen bonding interactions are drastically overestimated. The major conclusion
is that each force field has unique strengths and weaknesses based on the data and process
used in its parametrization, hence the ultimate decision is based on the specific situation at
hand [240, 350, 20, 311, 232, 158].
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1.3.4 Force-fields for IDPs

Many force fields have also been adjusted for simulation studies of IDPs, with two main
reasons for doing so. The first step is to tweak force field settings, which may result in global
optimization, which implies that the performance of both folded and non-folded protein
(IDP) simulations may be enhanced. The second step is to modify secondary structure
propensities such that unfolded secondary structures, which are common in IDPs, may be
seen. In certain circumstances, these reparametrization operations just retrain an existing
base force field. The majority of training data is taken from experimental and/or quantum
mechanical data. Different training sets will almost probably result in force fields with
varying applicability.

Adjusting dihedral parameters

Backbone dihedrals (¢ and 1) and side-chain dihedrals (x; and y2) are the two types of
dihedral angles, commonly taken into account in the force-field paramters for MD simula-
tion methods. Refinement of the backbone dihedral parameters is becoming more typical in
current IDPs specific force-fields. The most prevalent difficulty in simulations of IDPs for
numerous protein force fields is overestimating populations of secondary structures, such as
a-helix and S-sheet, which are frequently disordered in IDPs and many protein force fields
indeed resulted in uniform overestimation. One solution to this problem is thought to be
including the dihedral data from the coil fragments in the training sets used to develop force-
fields. This method has been employed for IDPs specific force-fields in ff03* and ff99SB*,
which are based on the ff0318 and ff99SB, respectively. The helix-coil parameters in both
the force-fields are calculated using Lifson-Roig helix-coil theory. These two force fields are
compatible with NMR investigations on folded proteins and short peptides. However, the
helical contents of ff03* are exaggerated in comparison to ff03, whilst the helical contents of
ff99SB* are underestimated in comparison to ff99SB. It should be noted that both ff03* and
fI99SB* were created in the context of the TIP3P water [325, 78, 345, 273, 256, 9].

This method was also used to construct two new OPLS protein force fields (OPLS-AA/M
and OPLS3), where both of them require reparameterization of the backbone dihedral and
side-chain dihedral with regard to a training set of ab-initio torsional energy scanning data of
blocked di-peptides. In protein-ligand binding simulations, the OPLS3 force field performed
well. While in the CHARMM force-fields family, the CHARMM22* is also the outcome of
refitting the original CHARMM?22 force-field using a similar technique; which is primarily
concerned with the folding and unfolding transitions of the peptide. CHARMM?22* had the
best agreement with both the kinetic and thermodynamic parameters of experimental data
during a 100 xS simulation of the villin headpiece (PDB ID: 2F4K) [90, 270, 10].

In addition to direct refitting of universal dihedral parameters, residue-specific dihedral pa-
rameters can be used to increase agreement with experimental observables. Wu and col-
leagues used this method to create the RSFF1 and RSFF2 force-fields. As the training
set, both efforts used rotamer distributions from a protein coil library. It should be noted
that the RSFF1 is developed from OPLS/AA, whilst the RSFF2 is derived from ff99SB, yet
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both followed similar procedures. Both RSFF1 and RSFF2 force-field were shown to be suc-
cessfully towards analyzing the secondary structures adopted by Trp-cage, Homeodomain,
Trpzip-2 and GBI hairpin [99, 75, 110].

Adding CMAP parameters

CMAP stands for grid-based energy correction map, which is based on a two-dimensional
distribution of backbone dihedrals. A sample bin size of 15° is used to split both backbone
dihedrals equally which would result in a total of 576 bins per residue spanning the two-
dimensional dihedral space. For each bin, the conformational free energy is represented
as:

N;
AG; = —RT -
G; R lnNmng

where N; is the number of dihedral data in bin ¢ and N,,,, denotes the total number of
dihedral data in the sample. The conformational free energy of each residue may therefore
be calculated using both a database (AG,;PB) and a force field simulation (AG;MM) and the
CMAP correction value can be expressed as:

E(CMAP — AG‘DB - AGMM

A bicubic interpolation approach is then used to produce a continuous and smooth energy
correction surface from which the energy correction value for each conformation can be com-
puted. Originally, the CMAP approach was employed in CHARMM22/CMAP force-field
(also known as CHARMM27), which was built on CHARMM22. Although CHARMMZ27
force-field overestimates the helical conformation when modeling a-synuclein and can’t con-
struct a stable hairpin structure, but it was found to be balancing between the helix and coil
conformations. Based on experimental NMR data, a later force-field CHARMMS36 has been
found to be increasing the CMAP potential. However, when modelling certain IDPs using
CHARMMS36, left-handed helices were found be overpopulated. This constraint was later
overcome by the development of CHARMMS36m force-field. C, atoms in CHARMMS36m
force-field are separated into three groups based on the kind of residue: CT2 for glycine,
CP1 for proline and CT1 for the remaining 18 amino acids, which is equivalent to using a
minimum residue-specific CMAP method. Because of its training set comprises folded pro-
teins as well as IDPs, CHARMM36m force-field proved to be a balanced force field for both
IDPs and folded proteins. Another force field, a99SB-disp, is based on moderate refinement
of the torsional and non-bond parameters using a similar technique to CHARMM36m and
based on the ff99SBildn force-fields along with TIP4P-D water models. This force field also
attempts to strike a balance between IDPs and folded protein; however, while modelling
the aggregation of AS(16-22) and AS(1-40) peptides, issues arose due to inaccuracy in the
population of the S-hairpin conformations [10, 185, 11, 267, 142, 137, 228, 189, 233|.

The CMAP potential is only adjusted for eight disorder-promoting amino acids (G, A, S,
P, R, Q, E, and K) in early residue-specific CMAP force fields for IDPs, namely, ff99IDPs
(derived from ff99SBildn) and ff14IDPs (produced from ff14SB). The usage of CMAP po-
tential is expanded to all 20 standard amino acids in future development of CMAP-based
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force fields, ff14IDPSFF and CHARMMS36IDPSFF. These were created by combining ff14SB
with CHARMM36m. It was discovered that ff14IDPSFF works exceptionally well in long-
time simulations (i.e., microsecond time scales) and accurately reproduces NMR observables.
The CHARMMS3G6IDPSFF force field also performs well in multiple-trajectory and replica-
exchange simulations. A recent analysis of several IDP force fields shows that IDP-specific
force fields increase the agreement of simulated observables with experiment in general.
CHARMM22* performs better than CHARMM36m for many observables, while it still fa-
vors helicity in simulations of short peptides [326, 78, 124, 125, 323, 216].

A residue-specific OPLS force field, OPLSIDPSFF, using a similar CMAP method was also
developed to correct backbone torsion terms for all 20 standard residues. The OPLSIDPSFF
was created from OPLS-AA /L and was designed to mix with TIP4P-D water. When paired
with the TIP4P-D water model, the OPLSIDPSFF force field can recreate the majority of
experimental data for the tested proteins, particularly NMR chemical shifts and scalar cou-
plings [345, 168].

Both folded and disordered conformations should be well recreated with a given force field
when simulating biological molecules having folded and disordered regions, ffO3CMAP force-
field is one such model. This is due to the fact that it was created using a different training
set that included not just IDPs but also folded proteins which highlights the importance of
selecting training models. TIP4P-Ew62 and TIP4P-D63 water models might be utilized in
combination with the ff03CMAP force field for investigating the conformations of both IDPs
and folded proteins, where the ff03CMAP /TIP4P-Ew combination found to be particularly
well suited for folded protein simulation, whereas the ffl03CMAP/TIP4P-D combination
found to be highly suited for IDPs simulation. Based on RSFF2 force-field, Wu and his
colleagues developed RSFF2C force-field, a three-dimensional-CMAP force field with cor-
rection not only in the backbone dihedrals (¢ and ¢ ), but also in the side-chain dihedral
(x1)- The RSFF2C force field was found to be enhancing the backbone dihedral sampling
for both folded proteins and IDPs, as well as ab-initio folding of certain fast-folding proteins
140, 269, 324].

The ESFF1 force field was developed by extending the residue-specific CMAP correction
to take into account each residue’s sequence context. A residue’s sequence environment
was classed as polar if its neighbor is Gly, Ser, Tyr, Cys, Asn, Gln, Thr, His, Glu, Asp,
Arg or Lys; while if its neighbors are Met, Trp, Phe, Val, Leu, Ile, Pro and Ala, then it’s
sequence environment is classed as non-polar. Following that, for each of the 20 residues, four
(polar/non-polar-X-polar/non-polar) sequence contexts arose. Extensive simulation findings
demonstrated that ESFF1 force-field can accurately duplicate the NMR measurements of 61
short peptides and IDPs. Through using 71 well-trained environmental CMAP parameters,
the ESFF1 also established a suitable balance between folded and disordered proteins [346,
77].
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Refining protein—water interactions

Because IDPs lack substantial hydrophobic cores with numerous buried nonpolar residues,
the interaction between protein and water was is found to be critical in MD simulations.
Non-bond interactions between proteins and water can be classified as either electrostatic
or van der Waals, as indicated by atomic partial charges and L-J parameters. The protein-
water van der Waals interaction was discovered to often alter the size of simulated IDPs
as assessed by the radius of gyration, Rg. Many early IDPs force fields which were trained
using NMR data are found to be incapable of producing IDPs that are long enough to be
consistent in terms of Rg parameter, as demonstrated in experiments. This problem was
effectively solved in several subsequent generations of IDP force fields through adjusting the
L-J potential energy (also known as 12-6 potential) parameter, which is defined as:

12 6

The CHARMM36m and a99SB-disp force fields, are such examples of IDPs specific force-
fields which besides the CMAP correction, also contain the adjustment of the protein-water
L-J potential parameters. The TIP4P-D water model with a higher oxygen value was pre-
sented to be suitable for conformational analysis of IDPs while this water model does improve
the Rg values of certain simulated IDPs, but it also lead some a-helix to unfold and overes-
timates the Rg of other longer IDPs. This water model was used in the creation of ff03ws
force-field, based on ff03w force-field. In some ways, this force field eliminated another ma-
jor issue that existed among earlier IDPs force fields: over-stability of the protein-protein
interaction, which frequently effects IDPs aggregation behaviors. On the other hand, a force
field known as a99SB-UCB68, which also modifies the non-bonded and backbone parame-
ters, may be able to overcome this problem [143, 228, 269, 241].

The CHARMM36m modifies both the oxygen and hydrogen atoms in water to increase its
performance in IDPs simulations, however, an alternative version of CHARMM36m force-
field in combination with a increased L-J well depth parameter for the H-atoms only of
the original TIP3P water model, while maintaining the oxygen L-J parameters and the wa-
ter—water interactions intact; was proposed to be a more effective force-field towards an
efficient sampling of short IDPs in terms of good agreement of Rg values for CspTm peptide
with the observed experimental values. However, this alternative CHARMM36m force-field
model is yet to be tested for conformational analysis of well-tested IDPs like full length
Ap peptide where the AMBER99SB*ILDN, ff99SB-disp, CHARMM22* and CHARMM36m
(both original and with modified protein-water interaction - but only with A540 and AS(16-
22) fragment) force-field models in combination of either original TIP3P or TIP4P-D water
mode already showed acceptable results comparing in terms of experimental parameters
[257, 189, 233, 271].

The implicit solvent model, in addition to the explicit solvent model, is another method
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proved efficient for IDPs modeling. In contrast to the explicit solvent models, the implicit
solvent models depict the impact of solvent using extra potentials rather than real water
molecules. The general free energy of solvation is commonly separated into three components:

A Gsol =A Gcav + A GvdW + A Gclo

SASA approaches methods model either the non-polar terms AGe.,+AGyqw or the full
A G4, component, whereas Poisson-Boltzmann and Generalized-Born methods represent the
AGge term. Implicit water models are employed in large-scale screening and large-system
simulation because they need fewer computer resources, which is critical for IDPs investiga-
tions [85, 29].

1.3.5 Enhanced sampling methods in molecular dynamics simulations

In contrast to folded proteins, modelling equilibrium structures or investigating the mech-
anisms of interactions and aggregations of IDPs necessitates large-scale sampling. IDPs
require improved sampling methods to reduce the cost of computing resources.There are
three kinds of ideas. The first is to bypass the energy barrier by employing extra poten-
tial energy terms, such as metadynamics and umbrella sampling. The former adds potential
energy based on the collective variables (CVs) selected, whereas the latter adds potential en-
ergy in an elastic form. The second concept is to swap copies from parallel paths, which may
be accomplished by temperature replica exchange molecular dynamics (T-REMD), temper-
ature cool walking (TCW) and bias exchange metadynamics (BEMD) [304, 264, 268]. The
T-REMD is based on MD simulation, whereas the TCW and BEMD are based on Monte
Carlo simulation and metadynamics, respectively. The T-REMD), sometimes known as the
REMD, is the most widely used enhanced sampling method. The last concept is to use
both principle component analysis (PCA) and a type of edge searching approach to locate
“edge structures” on the energy surface and then run seed MDs depending on the struc-
tures found. By repeating this approach indefinitely, the sample locations will progressively
escape from the original potential energy trap. This kind includes structural dissimilarity
sampling (SDS), parallel cascade selection MD (PaCS-MD), self avoiding conformational
sampling (SACS), complementary coordinates MD (CoCo-MD) and frontier expansion sam-
pling (FES). The main difference between both approaches is the methodology utilized to
determine the frontier structures, which in the FES method is the convex hull algorithm
(246, 242, 243, 245, 244, 247, 8, 146].
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Replica exchange molecular dynamics (REMD)

To improve conformational exploration, replica exchange molecular dynamics (REMD) which
is also known as parallel tempering (PT) was created [304]. Several separate clones of the
target system are created in REMD, which are referred to as replicas, are simulated in
parallel at various temperatures. Exchanges of temperatures or configurations of neighbored
replicas are attempted at regular time intervals. When the Metropolis criteria is met, an
exchange between copies i and j is accepted as:

Pla = g) = min(1,cxp [(,}T—,}T) a) - o))

where H(q;) and H(q;) are the potential energies of replicas i and j, and T; and T; are the
temperatures of replicas i and j respectively; and random walks of the temperature ladder
replicas are produced with each replica experiencing both high and low temperatures.
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Figure 1-12: The replica exchange molecular dynamics methodology is depicted in this di-
agram. REMD runs a series of MD simulations termed replicas (six of which
are shown) in parallel at varying temperatures. Temperatures or coordinates
at regular intervals a set of neighboring duplicates are swapped with a chance
that meets the Metropolis criterion. Adapted with permission from [301].

The sampling of the conformational space is therefore improved by transferring configura-
tions that are only accessible at high temperatures to replicas at lower temperatures, allowing
precise thermodynamics information or free energy landscapes to be derived. The funda-
mental difficulty with temperature REMD (T-REMD) is that the number of replicas rises
dramatically as the simulated systems grow in size, making it computationally expensive for
complex biological systems. The replicas in T-REMD differ in the temperature at which the
MD simulations are run. However, the discrepancies between the copies do not stop there.
Any control parameter can be altered; for example, the Hamiltonian of the simulated system
can be altered for each copy [343, 344]. In a broader sense, each replica is simulated at a
different Hamiltonian and temperature (HT-REMD); the acceptance criterion is therefore
given as:
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To solve T-REMD difficulties and improve sampling efficiency, many methods for altering
the Hamiltonian in replica exchange simulations have been proposed. Among these, solute
tempering for simulations of solvated systems was a brilliant innovation. Solute-solute and
solute—solvent interactions are scaled by various scaling factors in different replicas in replica
exchange with solute scaling (REST), but solvent-solvent interactions are left intact. Thus,
a minimal number of copies are necessary to generate excellent exchange probabilities, which
require significant overlap in the energy contributions of the replicas to be swapped. This
approach was refined further in REST2, in which all replicas are simulated at the same
temperature, and conformational sampling is boosted by scaling of the solute’s intramolecular
potential energy. REST2 demonstrated much reduced computational cost and sampling
efficiency when compared to T-REMD. Later, Bussi created Hamiltonian replica exchange
molecular dynamics (commonly known as REST2 or HREX), a new form of REST2 with
better scaling and greater flexibility in terms of which elements of the system the scaling is
applied to [56, 182, 327]. For exchange efforts between two copies i and j, the Metropolis
criteria of HREX is:

Hilg:) —Hig) , Hlq) - Hj(%))}

P(g; < g;) = min {1, exp ( T T

All replicas in HREX are simulated at the same temperature, and the Hamiltonian of the
solute is scaled by different scaling factors at different replicas, but the solvent—solvent in-
teractions are not altered. With HREX, one may restrict the scaling to a certain area of the
simulated system that is thought to be interesting. Because REMD improves unconstrained
sampling, this approach and its derivatives are commonly used to solve issues when defining
a CV, particularly previous sampling, is difficult or perhaps impossible. Such issues in-
clude the sampling and aggregation of peptides, protein—protein recognition processes, and
the identification of ligand binding sites and poses, which might be important for ligand
identification in computational drug development [250, 251, 73, 165, 214, 163].

Umbrella sampling

Torrie and Valleau invented umbrella sampling (US) method of MD simulation in 1977
[118] which is one of the most often utilized methods for overcoming free energy obstacles
in free energy calculations. As demonstrated, umbrella sampling models a conformational
shift by using a succession of independent windows along a chosen CV. A simple harmonic
potential V;(q) is added to the system’s Hamiltonian for each of the windows, with its
strength determined by the force constant k and selected based on the potential energy at
each of the reference points s; along the CV s(q):
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Figure 1-13: The umbrella sampling method is depicted in this diagram. The harmonic bias
potentials that are added to the system Hamiltonian at distinct CV positions
(windows) along the CV space are represented by the red dashed lines. Adapted
with permission from [301].

MD simulations are then run for all windows. When these simulations are completed, the
most preferred approach for combining the statistics from all of the individual windows is
WHAM analysis [177] and the corresponding equations are written as follows:

. , i1h!(f)
> eeimeexp ([Fi — V()] /ksT)
Fi= —kgTIn Y P,(s) exp (—V(s)/ksT)

P,(s)

where P, (s) is the unbiased probability distribution along s, N is the number of umbrella
windows, | and k are indexes of the umbrella windows, h;(s) is the counts at bin s, ny is
the number of data points from window k& and Fj is the factor to be determined for window
k. Because of its quick convergence and the fact that the MD simulations for the different
windows can be run independently of each other, allowing for the addition of additional
windows to the system to improve convergence, umbrella sampling has been demonstrated to
be a great success by a large number of studies that used umbrella sampling in a wide range
of biological systems including protein folding, conformational changes of large proteins,
protein—protein interactions, protein-loop interactions and protein-loop interactions [126,

149, 215).
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1.4 Surface-based bio-sensing techniques for investigating
the aggregation process in amyloid-beta peptide

Surface-based bio-sensing experiments during which seed fibrils are attached to the surface
of a biosensor allow only processes near the surface to be detected, are another important
class of protein aggregation measurement techniques that are particularly well adapted for
studying the expansion of pre-formed fibrils. The event of the surface-bound fibrils within the
presence of protein solutions may then be tracked. Under optimal circumstances the sensor
surface only has got to be incubated with protein monomer solutions for some minutes, a
duration during which no appreciable nucleation of latest fibrils occurs in most situations.
Applications of surface-based biosensing methods for the study of amyloid fibril growth
was initially based totally on surface plasmon resonance (SPR, detection supported change
in refractive index), but later, quartz microbalance (QCM, detection supported change in
hydrodynamic mass) devices were demonstrated to permit for the convenient and detailed
study of amyloid fibril growth. Surface-based biosensing approaches (SPR and QCM) are
demonstrated to be capable bulk solution techniques like dynamic light scattering (DLS) and
ThT fluorescence, a minimum of in terms of the relative impacts of changes in salt content
on fibril elongation rate.

1.4.1 Quartz crystal microbalance (QCM)

The quartz crystal microbalance (QCM) is a surface-based nanogram sensitive technique
that utilizes a piezoelectric, single crystal quartz plate to generate acoustic waves by os-
cillating for measuring surface-adsorbed mass [179]. The QCM principal is based on the
inherent piezoelectric property of the quartz crystal, whereby the quartz is sandwiched be-
tween two gold electrodes where the application of a rapidly oscillating AC field, induce the
alternating expansion and contraction of the quartz crystal lattice which stimulates it to
vibrate at its resonant frequency. Resonance is occurred upon sufficient application of AC
voltage matching the frequency close to the resonant frequency (fy) of the particular crystal;
specifically when the standing wave generated from the alternating expansion and contrac-
tion of the quartz crystal is an odd integer of the thickness of the quartz disc. Typically,
the resonant frequencies of commercial QCMs attains the order of MHz and the trade-off
between the frequency (related to sensitivity of the instrument) and the thickness (related to
the usability) of QCMs is that thinner the quartz crystal, the higher the resonant frequency
occurs. Commonly in commercialised QQCMs have the resonant frequency (fy) of 5 MHz,
corresponding to the thickness ca. 330 um of the quartz disc. QCM methods became widely
used as mass-balances upon the demonstration of Sauerbrey equation in 1959 [279] relating
to the surface-adsorbed mass (Am) with the change in frequency (Af) of the oscillating
quartz crystal, mathematically the relationship is written as -

C
Am = —Af
n
where n is the harmonic number and

tgp
C =242
Jo
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where t, being the thickness of quartz, and p, being the density of quartz and equals ca.
~17.7 Hz ng/cm? for a 5-MHz crystal. Although, we need to remember that the Sauerbrey
equation was established upon three major assumptions -

i. the adsorbed mass must be small relative to the mass of the quartz crystal.
ii. the mass adsorbed is rigidly adsorbed.
iii. the mass adsorbed is evenly distributed over the active area of the crystal.

For theses assumption to remain valid, the QCM methods based on this equation was ex-
clusively used for measurements in vacuum or gas-phase only, taking advantage of the sub-

monolayer sensitivity of QCM.

Figure 1-14:
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The working principle of a liquid QCM. (a) Shear waves in the quartz crys-
tal are excited by applying a fast oscillating AC voltage across a piezoelectric
quartz disc. An rise in mass indicates the attachment of molecules from the
solution phase. (b) The frequency and exponential decay constant of the vibra-
tion of a quartz crystal submerged in liquid are defined. The sensor surface and
the liquid have a high connection, which causes the deterioration. Additional
mass attachment reduces resonance frequency and accelerates exponential de-
cay if the coupling of the surface to the liquid is increased. (c) Frequency
spectra of the time domain record, shown schematically (b). The drop in reso-
nant frequency and rise in full width at half maximum are both recorded and
constitute data that may be used to assess the amount and structure of the
connected material. Adapted with permission from [53].

The applications of QCM method in liquid-environments dramatically increased later in
biotechnology applications, particularly in bio-sensors due to sensitivity and robustness of

the method.

But, applications of QCM technology in liquid medium violated one of the

basic assumptions of Sauerbrey equation i.e. the mass adsorbed should bind rigidly, since

in most of applications in liquid medium incorporated viscous and elastic contributions to
the frequency change (Af); which showed the requirements for characterizing the frictional
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dissipative losses occurring with the adsorbed mass due to their visco-elastic character and
the theory for interpreting this new data sets in liquid phase.

Main approaches towards monitoring dissipation (D) due to visco-elastic effect during the
mass adsorption in liquid-phase have been either monitoring the decay of a crystal’s os-
cillation after a rapid excitation close to the resonant frequency (since the decay rate is
proportional to the energy dissipation of the oscillator) or impedance analysis; the former
being the most commonly used approach in the commercialized QCM instrument since the
QCM with dissipation monitoring (QCM-D) fits the voltage of oscillatory decay after a driv-
ing power is switched off in such a way as to ensure that the quartz decays close to the
series resonant mode. The amplitude decays over time depending on the properties of the
oscillator and the contact medium [191, 4, 190]. The decay voltage, i.e., the output voltage
amplitude in terms of time function, along with the resonant frequency of the quartz crystal
(fo), is mixed with a reference frequency (fz) and filtered with a low pass band filter. This
gives an output frequency (f) equivalent to the difference between fr and fy. This output
frequency is fitted to an exponentially damped sinusoidal, A (%), according to:

A(t) = Age!/"sin(2m ft + )
where f = fy - fr- The dimensionless dissipation parameter is given by:

1 _ l _ EDissipated
ﬂ-fT Q 27TEStored
with Q being the quality factor, Epissipation being the energy dissipated during one oscillatory

cycle and Eg;eq denotes the energy stored within the oscillating system.
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Figure 1-15: Model Sensogram of QCM depicting Af and AD with respect to time along
with the possible application areas. Adapted with permission from [313].

The QCM-D approach allows for probing f and D values at multiple harmonics (n = 3, 5,

.) of a resonant frequency in succession on the millisecond time scale. The multiple
harmonic data allows for the extraction of significant characteristics like as mass, thickness,
density, viscosity, and storage modulus by modeling the experimental data with theory. The
visco-elastic data allows broader characterization of systems falling outside the scope of the
linear Sauerbrey relationship between Af and Am and makes QCM-D more than a simple
mass balance. Additionally, associated solvent or water content of adsorbed films can be
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measured through comparing the measured mass using QCM-D with that of complementary
techniques such as surface plasmon resonance or ellipsometry.

Amyloid formation consists of several sub-processes out of which three main processes are -
the generation of seeds (nucleation), the growth of those seeds to form fibrils (elongation),
and finally secondary nucleation processes (such as fibril fragmentation) which increase the
number of fibrils depending on the number of existing fibrils [173]. The elongation step can
be investigated separately using the bio-sensing approach of QCM although this technique
can also be used to study the entire process of amyloid fibril formation [46, 135, 174]; we will
particularly focus towards monitoring amyloid fibril elongation using this surface-based bio-
sensing technique. The fact that the formation of a continuous ensemble of seed fibrils may be
probed repeatedly is the distinctive strength of these surface-bound kinetic methods, of which
QCM is a notable exemplar. As a result, the growth rates of the identical seeds incubated
with different monomer solutions or under different circumstances may be compared directly.
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Figure 1-16: Schematic illustration of the seed fibril attachment to a gold-coated QCM sen-
sor. (a) Attachment of seed fibrils to a chemically activated SAM: (1) forma-
tion of SAM of mercaptoundecanoic acid (MUA), (2) activation of SAM with
EDC and NHS to form reactive NHS esters, (3) coupling of the seed fibrils
to the acti- vated SAM, (4) passivation of the remaining activated MUA with
ethanolamine; (b) attachment of chemically modifi ed amyloid fi brils to a gold
surface: cou- pling of Traut’s reagent (1) or cystamine (1¢) to the seed fibrils,
(2) attachment of modified seeds to the gold surface, (3) passivation of the re-
maining exposed gold surface with an SAM; (¢) QCM measurement where the
surface-bound seeds are exposed to a solution of soluble amyloidogenic protein.
The non- specific attachment of protein onto the surface is prevented by the
SAM, and the attachment primarily directed onto the seeds. Adapted with
permission from [53].



34 1 Introduction

Attachment of amyloid fibrils on the QCM sensor surface

As described in the Fig. 1-16, two main protocols are followed to attach the amyloid fibrils
on the QCM sensor surface coated with the gold layer i.e. Self-Assembled Monolayer (SAM)
& Activation of Fibrils. In the SAM method, a layer of activated acid groups, in particular
mercaptoundecanoic acid (MUA) is used to form a SAM over the gold coated surface of
QCM sensor and then coupling between the SAM and side chain -NH2 groups of the fibril
from the desired peptide is done using EDC/NHS chemistry; and subsequently the surface is
passivated with ethanolamine to block the free acid sites - eventually the sensor is brought
into contact with the monomer solution under desired condition to monitor the changes in
the resonance frequency for amyloid fibril elongation. In the second method, the amyloid
fibril is treated with Traut’s reagent for a very short amount of time and directly injected
over the sensor surface for attachment of the fibrils.

QCM technique is used to investigate two types of kinetic experiments for monitoring the
elongation of amyloid fibril. Firstly, only the relative changes in rate of aggregation upon
changing the surrounding conditions are investigated, e.g. a comparison the effect of presence
and absence of an inhibitor on the fibril elongation rate. On the other hand, the absolute
rate of fibril elongation is measured, i.e. the number of protein molecules adding on to a
single fibril end per time unit. Upon establishment of the experimental conditions in which
the decrease in resonant frequency is, within some range of the total frequency shift, remains
proportional to the mass of added protein, and therefore to the total length increase of the
surface-bound seed fibrils - the rates of change in the frequency under different conditions
can be directly compared. Experiments for measuring the elongation rates are ideally carried
out under conditions where no significant depletion of protein molecules in the liquid cell
occurs during a measurement. The rate of change in frequency is well approximated as a
linear function of time in this example, and may be simply fitted to one [53].

Determination of the seed fibril number density on the surface

This objective can be achieved by imaging of the QCM senor surface with an AFM before or
after the experiment and manual counting; where the sensor surface can be dried and simply
imaged in air. In the case of high surface densities, it can, however, be challenging to obtain
an accurate estimate of the number of density of seed fibrils. It is, therefore, necessary
to determine empirically the proportionality coefficient between fibril length increase and
frequency shift [53].

Determination of the proportionality factor between attached mass and observed
frequency shift

The first is based on the determination of the length increase of amyloid fibrils by AFM imag-
ing. The average length of amyloid fibrils is measured before and after a QCM experiment
and the increase in length is correlated with the observed decrease in resonant frequency of
the QCM sensor during the experiment. The diameter can also be determined from AFM
measurements, and the density can be assumed to be similar to that of a globular protein.
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In the second approach, when low concentrations of soluble proteins are used in the case
of highly aggregation prone peptides and proteins - the depletion effects can be observed
provided that the volume of the liquid cell is sufficiently small. The total observed frequency
shift due to the addition of this protein on to the seed fibrils can be measured and then the
known amounts of protein (knowing the concentrations and volumes) contacting the seeds
can be correlated with the observed frequency shift [53].

1.4.2 Surface plasmon resonance (SPR)

When a photon from incoming light strikes a metal surface, the surface plasmon resonance
event occurs (usually a gold surface). A part of the light energy interacts via the metal coat-
ing with the free state electrons in the metal surface at a given angle of incidence, promoting
electron mobility owing to photo excitation. The collective word for these moving electrons
that propagate parallel to the metal surface layer is plasmon. The plasmonic oscillation,
in turn, creates an electric field of roughly 300 nm from the metal surface to the sample
solution border [141]. Incident light is used in a commercial SPR biosensor configuration
by utilizing a high-reflective index glass prism following the Kretschmann geometry of the
attenuated total reflection (ATR) technique, in which a prism couples P-polarized light into
the sensor covered with a thin metal sheet (Fig. 1-17). The specified SPR angle, known
as the SPR dip angle, at which resonance occurs under the conditions of a constant light
source wavelength and a metal thin surface, depends on the refractive index of the material
near the metal surface layer [175]. As a result, plasmon cannot occur when the
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Figure 1-17: The BIACORE system and the change in incidence angle during a binding
process are depicted in this diagram. (a) When no analyte is bonded to the
sensor surface, the reflected intensity plot exhibits a steep dip indicating the
default incidence angle (b). (c¢) As the analyte binds to the sensor surface, the
absorbed mass on the surface changes, causing the dip indicating the incidence
angle to move to angle 2, as illustrated in (b). As indicated in the sensorgram,
the change in angle is monitored (d). Adapted with permission from [47].

refractive index of the detecting medium changes slightly (e.g., due to biomolecule attach-
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ment). Thus, detection is achieved by detecting changes in reflected light collected on a
detector. Furthermore, the quantity of surface concentration may be determined by moni-
toring the intensity of reflected light or following the resonance angle variations. An SPR
biosensor typically has a detection limit of 10 pg/mL. Probe molecules are initially adsorbed
on the sensor surface in SPR biosensors. When a solution of target molecules comes into
contact with the surface, an affinity interaction between the probe and the target occurs,
causing a rise in the refractive index at the SPR sensor surface. In SPR investigations,
resonance or response units (RU) are employed to characterize signal changes, with 1 RU
equaling a critical angle shift of 104 degrees.

The initial RU value corresponds to the starting critical angle at the start of the experiment,
when no probe target interactions have occurred. The change in refractive index Any arisen
within a layer of thickness h can be calculated as:

Ang = (dn/dc),o AT'/h

where (dn/dc)y is the increase of refractive index n with the volume concentration of ana-
lyte ¢ and AT is the concentration of the bound target on the surface [147].

The coupling of incoming light into a propagating surface plasmon (PSP) on a gold surface
in real time tracks the change in refractive index. The thickness of the gold surface, the
wavelength of the light, and the extent to which the adsorbed mass on the sensor surface are
responsible for the change in optical characteristics. As a result, SPR evaluation of binding
kinetics can determine the rate of association (k,,) during the association phase, the rate of
disassociation (k,sr) when target molecules are removed from the continuous flow by buffer
washing, and the association rate constant (k,) and dissociation rate constant (k;). The
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Figure 1-18: A schematic illustration of a binding event’s real-time sensorgram. The analyte
is present in the buffer low during the association phase and binds to the sen-
sor surface. After the analyte is removed from the buffer flow, the dissociation
phase begins. The rate and affinity of binding are determined by analyzing
these parts of the curves. RU stands for reaction units. Adapted with permis-
sion from [47].



1.4 Surface-based bio-sensing techniques for investigating the aggregation
process in amyloid-beta peptide 37

refractive index parameter can also be utilized to identify and quantify target molecules
attached to a known probe fixed on the sensor surface. The limit of detection (LOD) in an
SPR experiment is determined by several parameters, including the molecular weight, opti-
cal property, and binding affinity of target-probe molecules, as well as the probe molecule’s
surface coverage.

A typical SPR sensogram from which information can be obtained after relevant analysis
depicting an alternative highly sensitive label-free bio-molecular interactions through ligand-
analyte binding scheme, consists of the following steps:-

i. Baseline phase: Initially, baseline buffer is in contact with the sensor surface to establish
the baseline. For sensor calibration, this phase (not illustrated) can include the injection of
a calibration liquid (e.g., a tuned glycerol percentage injected in baseline buffer) to correct
for the analyte buffer’s RI bulk shift.

ii. Association phase: The target compound is injected into the sample; the capturing com-
ponents on the sensor surface bind the chemical, forming a complex.

iii. Dissociation phase: Upon injection of baseline/system buffer, target compounds (and
also non-specifically bound molecules) dissociate from the surface.

iv. Regeneration phase: The regeneration solution (e.g. low-pH buffer) is injected to remove
the remaining bound target compounds. After this phase, the cycle is completed and a new
experiment can start by establishing the baseline again.

Commercially accessible devices (e.g., BIACORE) aid in the fully automation of the SPR
method, allowing for the speedy and convenient analysis of huge quantities of samples. In
the BIACORE system, ligands are typically immobilised on the surface of a sensor chip made
of a thin gold layer, and the analyte is injected over the surface in a continuous flow, which
adsorbs onto the immobilised ligand and changes the incidence angle through modification
of the refractive index at the sensor chip’s surface. Finally, the sensorgram is acquired as
a plot of the change in SPR incidence angle vs. time, providing real-time visualization of
the binding event between the analyte and the ligand, which may be utilized to understand
insights into the binding kinetics of the interaction.

Use of SPR for studying Ap fibrillation Circular dichroism and fluorescence spectroscopy,
electron microscopy, and dynamic light scattering have all been used to analyze amyloid fib-
ril production, a process that leads to numerous neurodegenerative disorders, most notably
Alzheimer’s Disease (AD). Recently, the SPR method has also contributed to a better un-
derstanding of Af fibril production by investigations on both the process of AJ aggregation
and the arrest of fibril development by aggregation inhibitors. Early research focused on
identifying the critical area of AJ that is required for binding during polymerisation, which
was then utilized to create short peptides that can bind and block polymerisation of full
length A into amyloid fibrils.
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Figure 1-19: Experiments using surface-based bio-sensing to differentiate fibril development
from protein attachment to the fibril surface. (a) Illustration of an amyloid
fibril growth experiment on a surface. (1) monomer solution incubation, (2)
short buffer wash, (3) long buffer wash (4) a lengthy monomer incubation,
(5) a short buffer wash, and (6) a long buffer wash (b) For the example of
an SPR experiment, an illustration of the predicted results from the trials in
(a) is shown. Long monomer incubation results in biphasic behavior (surface
attachment followed by growth), and long buffer washing results in biphasic
behavior (surface detachment followed by fibril dissociation). Adapted with
permission from [47].

The first application of the SPR technique in measuring the specific interactions of Af
peptide providing knowledge about the regions of A, most importantly for fibril formation,
involved measuring the binding interactions between the KLVFF (shortest peptide capable of
binding AS) and full-length A peptide. These results were subsequently utilized to confirm
and expand the “dock—lock” model of fibril production, which was seen from the two phase
kinetics of the SPR signal from surface-bound fibrils following exposure to monomeric protein
and subsequent washing with a buffer. The monomer connects to the fibril end weakly and
reversibly at first (“dock”), followed by a structural rearrangement and adoption of the fibri-
lar shape (“lock”) [86, 162, 213, 333]. Although this model agrees well with the experimental
finding of elongation rate saturation at high monomer concentrations, the bi-phasic behav-
ior observed in these SPR experiments (shown in Fig. 1-19) cannot be explained in this way.

The biphasic behavior of the SPR signal has been studied in order to unravel and quantify
the rate of secondary nucleation during A5 amyloidosis - a critical phase in the formation
of oligomers, the most deadly species produced during AD. Because amyloid fibrils linked to
the surface of the SPR sensor are aggregates of hundreds of monomers, “docking” a single
monomer to either end should provide a reversible amplitude significantly smaller than the
entire mass surface-bound to the sensor. The dissociation signal, on the other hand, has a
significantly greater reversible amplitude, which can be readily explained by assuming that
the monomer weakly absorbs to the entire fibril surface but not preferentially towards the
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fibril ends. Re-evaluation of previously published data within the context of SPR research
reveals that a quick pseudo-equilibrium is created between free monomer and monomer
weakly linked with binding sites on the fibril surface, which is consistent with recent QCM
experiments. The shorter the incubation time period with monomer solution, the larger the
bias towards (weak, easily reversible) surface attachment, and the longer the incubation time,
the greater the bias towards (less reversible) elongation. This behavior has been studied in
depth for the AS peptide, and it has been discovered that the monomer’s affinity for the
fibril surface is 100 times weaker than that for the fibril end and careful analysis of the
dissociation signal can be used to calculate the rate of secondary nucleation fitting with a
proper surface-adsorption model [355].

1.5 Aim of the thesis

The human brain contains various N- and C-terminally modified A variants generating
dominantly from the different enzymatic cleavage pathways of the AGPP and Af(1-42) fibril
derived from the in-vivo condition exhibits different polymorphism compared to the fibrils
derived from different in-vitro conditions. These observations have bolstered the urgent need
to investigate the mechanistic insights into the cross-secondary nucleation possibly occur-
ring in-vivo due to binding interactions between different monomeric Af isoforms and the
A[(1-42) fibrils inside the mixed-peptide systems. pE-AS(3-42) is found to be present as a
dominant N-terminal truncated Af isoform, besides the full-length A[5(1-42) peptide in the
amyloid plaque analysis. So, pE-A(5(3-42) and A5(1-42) peptides were chosen for the current
study for the thermodynamic and conformational analysis of their binding with the A3(1-42)
fibril to understand the mechanistic insights of cross-secondary nucleation at atomic-scale,
which might open up the route to develop potential molecular candidates for a therapeutic
approach in AD pathology.

To achieve our aim, we employed a dual research direction through computational enhanced
sampling molecular dynamics simulation method and surface-based bio-sensing experimen-
tal methods, which earlier proved to be quite important tools for understanding the insights
of the sub-microscopic process of amyloidogenesis. We hypothesized towards a deep un-
derstanding of the thermodynamic insights into the monomers binding the fibril surface to
unravel the cross-secondary nucleation pathway taken by both AfS isoforms on the A5(1-42)
fibril surface in terms of atomic-scale analysis of the conformations adopted by them, both
in the presence and absence of the fibril surface.

Towards these goals, Chapter 2 aims at finding a good choice of initial parameters and com-
putational method for studying conformational analysis of A3(1-42) peptide at the atomic
scale and compare it with the previous studies, so that these sets of methodologies can be
taken as standard in later studies. Then, Chapter 3 aims to investigate the monomeric con-
formations adopted by pE-AS(3-42) peptide at the atomic scale (using the computational
methodologies as obtained from Chapter 1) and how it differs structurally from that of
A(1-42) monomer towards explaining the observed biophysical properties of pE-A[5(3-42).
In the final step, Chapter 4 first aims at understanding the thermodynamic insights of sec-
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ondary nucleation interactions occurring between the monomeric A isoforms and A3(1-42)
fibril surface through investigating the interactions in bulk solution using QCM-D & SPR
methodologies. Later, it aims towards understanding the observed outcomes at the atomic
scale through the implication of advanced computational methodologies for investigating
the binding interactions, structural insights and thermodynamic parameters of both the
monomers of A isoforms binding with the AB(1-42) fibril surface. Particularly, this whole
work aims toward understanding the thermodynamics of binding between the two dominant
Af isoforms along with the conformational analysis of their monomers, which targets to lay
down the basics of understanding the insights into the dynamics of possible cross-secondary
nucleation occurring in a mixed peptide system similar to in-vivo conditions and it’s impli-
cations towards AD pathology.
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2.1 Abstract

Amyloid 8 (AfS) monomers are the smallest assembly units, and play an important role
in most of the individual processes involved in amyloid fibril formation. An important
question is whether the monomer can adopt transient fibril-like conformations in solution.
Here we use enhanced sampling simulations to study the A{(1-42) monomer structural
flexibility. We show that the monomer frequently adopts conformations with the N-terminus
region structured very similarly to the conformation it adopts inside the fibril. This intrinsic
propensity of monomeric Af to adopt fibril-like conformations could explain the low free
energy barrier for Af(1-42) fibril elongation.

2.2 Introduction

The formation of AS amyloid fibrils is a complex process, including primary and secondary
nucleation reactions, as well as fibril elongation [172], and A5 monomers take part in most
of these individual steps. While in typical in vitro experiments the monomer is depleted
during the aggregation reaction, it is constantly being produced in vivo and therefore all
monomerdependent steps are likely to be important during the entire duration of the dis-
ease. It is thus very important to characterize the monomer structure in order to understand
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how its sequence encodes the tendency to form larger assemblies and how partly structured
monomeric species might facilitate the formation of highly toxic intermediates. Thus far,
experimental studies revealed diverse conformations of Af monomers either with high heli-
cal content [321, 260] or with a random coil type of structure [218]. Computationally, the
A5(1-42) monomer structure has been studied with various simulating techniques and force
fields [276]. The general picture that emerges from the numerous molecular dynamics (MD)
simulation studies on the AfS monomer is that the observed structural characteristics are
very diverse and highly dependent on the simulation conditions [276]. This variability pos-
sibly reflects the finding that the disordered structural ensemble manifests itself differently
under different solution conditions, when probed with different types of experimental tech-
niques [170] or at different stages of the aggregation process [353]. Despite the emergence
of coarsegrained or atomistic force fields tailored for intrinsically disordered proteins which
produce conformational ensembles more and more similar to those observed in experimental
studies [208, 184, 61|, monomeric structures of A5(1-42) that resemble peptides from the
recent fibril models have not been observed thus far [106, 49]. Such a conformation would
have strong implications for the aggregation process, but especially for the fibril elonga-
tion by monomer addition observed in experimental studies [103], because it may provide
mechanistic insight into the misfolding process. In this study we report the occurrence of a
significantly populated set of conformations observed during Hamiltonian replica exchange
simulations with many structural features in common with the so-called S-shape fibril mod-
els. Computational details are provided in the Appendix. We first describe the structural
features that contribute to the stability of this conformation, followed by a comparison with
recent fibril models and a discussion regarding the implications for the fibril elongation.

2.3 Results and Discussions

The overall structural ensemble sampled in the unbiased simulation trajectory has char-
acteristics similar to those observed in experimental NMR studies [218], i.e. the 3 JHNHa
NMR couplings shown in Fig. 2-4 with a x? = 2.5. Further comparison with computational
and experimental quantities are provided in Appendix. The fibril-like structure has been
identified as the cluster with the largest population. An overview of the top five clusters is
displayed in Fig. 2-5 where intramolecular contact maps are shown for each cluster together
with the representative structures and populations. Cluster one has a population (14.4%)
considerably larger than the rest and constant for different RMSD cutoffs (see Appendix).
We have identified structural elements that make the conformation in cluster one unique and
discuss them here, while details regarding other clusters are discussed in Appendix. The first
defining characteristics of this structure, as seen in Fig. 2-1 (a), are its compact shape and
two short parallel S-sheets. The backbone atoms of the peptide form a spiral-like structure,
Fig. 2-1 (b), where the N-terminus shown in blue forms a first loop until the middle part
of the peptide, residue N27, comes in contact with the N-terminus. We label this region as
the N-terminus loop. The rest of the peptide, K28—A42, forms a second loop labeled as the
C-terminus loop. The two loops appear as two different flat surfaces stacked on top of each
other, see Fig. 2-1 (c¢) and (d). Another important characteristic is the location of many
hydrophobic amino acids in the interior of the two loops and shielded from the solvent to
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some degree. Within the N-terminus loop one can identify in Fig. 2-1 (c) the following
hydrophobic amino acids pointing towards the interior of the loop: A2, F4, H6, V18, and
F20. Within the C-terminus loop, Fig. 2-1 (d), the following hydrophobic amino acids are
oriented inwards: 131, M35, V36, V39, and I41. As will be discussed below, the orientation
of the amino acids within the C-terminus loop resembles to a large degree that from the
fibrilar states of the peptide. Two crucial factors that contribute to the stability of this
conformation are salt bridges and parallel -sheets.

Ad2

D1

D1

Figure 2-1: Structure of the fibril-like monomer. (a) Cartoon representation highlighting the
secondary structure, the N-terminus shown in blue and the C-terminus shown
in red. (b) Surface representation of the backbone which emphasizes the coiled
geometry. (c¢) N-terminus loop with all amino acids shown in licorice representa-
tion and colored by the type of amino acid (white — hydrophobic, red — negatively
charged, blue — positively charged and green — polar). The C-terminus loop is
shown as gray surface. (d) C-terminus loop is displayed similarly to (c¢) and the
N-terminus loop is shown as gray surface. Adapted with permission from [35].

The two loops are both closed by salt-bridges. The N-terminus loop is stabilized by a salt-
bridge between D1 and D23, Fig. 2-6 (a) and the C-terminus loop is stabilized by two salt
bridges formed by K28 with D23 or with A42, Fig. 2-6 (b). A detailed analysis is provided
in the appendix together with Fig. 2-7 - Fig. 2-9. Based on the salt-bridge analysis we have
estimated that, for this cluster, salt-bridge D23-D1 was present in 93.16% of the fibril-like
conformation, while salt-bridges E22-K28 and A42-K28 in 60.20% and 46.12% of the con-
formations, respectively. Previous computational studies have identified the E22/D23-K28
salt-bridge [309, 70, 38], but not the other two observed in the fibril-like structure from this
study. In addition to the salt-bridges, two parallel [-sheets located at opposite positions
give further stability to this structure. The two [S-sheets are shown in Fig. 2-6 (c¢) and (d),
and are formed between E3-F4 and A30-131 in the first S-sheet and between V18-F20 and
V39-141 in the second [-sheet. They can also be identified in the contact map of cluster one
from the Fig. 2-5 as some of the strongest contacts.

We have thus identified three main features of this compact structure that make it unusually
stable compared to structures reported by other studies [184, 61, 176]. The salt-bridges
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together with the parallel S-sheets preserve the two big loops in contact while allowing the
hydrophobic amino acids to interact with each other shielded from the solvent inside the
convoluted conformation. In order to estimate the lifetime of the fibril-like conformation we
performed five classical MD simulations starting from the center of cluster one. By consider-
ing as RMSD cutoff a value of 0.4 nm, we identified an average lifetime of the conformation
of 249.6 4+ 41.1 ns. This is in agreement with a recent computational study which identifies
meta-stable states of the AJ(1-42) monomer with sub-microsecond lifetimes [188]. Another
computational study [36] has shown that compact conformational states, including those of
monomers, are less engaged in the early AS(1-42) assembly process and might be able to
explain the oligomer size distributions observed experimentally [44, 42]. The monomer con-
formation described above fits very well in this category of compact intermediates and could
also contribute to the formation of compact meta-stable dimers or higher oligomers. The
compact AF(1-42) conformation discussed above, and the special role the N-terminus plays
in its stability, might be very relevant for mutations A2T and A2V. A2T has been reported
to be protective against AD [155], while A2V was shown to protect heterozygous carriers
but to cause dementia in homozygous carriers [101]. If the compact monomer promotes fibril
formation, then it is possible that a mutation to a very hydrophobic residue V at position
A2 could increase its stability, while a mutation to the polar residue T could destabilize it
and lead to reduced aggregation compared to wild type or the A2V mutation [200].

E1

Figure 2-2: Comparison of the compact monomer with the S-shape fibril model with PDB
ID: 2MXU by Xiao et al.[338] Only the backbone atoms were used for the struc-
tural alignment. Both peptides are shown in cartoon representation and selected
amino acids as licorice or balls and sticks. The fibril-like monomer state is colored
in green while the fibrilar peptide is colored based on its secondary structure,
its hydrophobic amino acids in white, and the charged residues K28 in blue and
A42 in red. Adapted with permission from [35].

One of the main features of the compact Af(1-42) monomer discussed above is the struc-
ture of the middle and C-terminus region which forms a closed loop via two salt-bridges.
This peptide sequence, K28-A42, has a structure very similar to peptides found in recent
experimental fibril models, referred to as the S-shape fibrils. To clarify this we have aligned
the structure containing the sequence K28-A42 from the compact monomer and that of
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fibrilar peptides from three different models as shown in Fig. 2-2 and Fig. 2-10: (a) a
single filament fibril obtained at pH of 7.4 by Xiao et al. [338] (b) a double filament fibril
obtained at pH of 8 by Colvin et al.[68], and (c) a double filament obtained at pH of 2 by
Gremer et al.[121] Note that the simulations performed in our study correspond to a pH of
7.4. The smallest backbone RMSD for residues K28-A42 is obtained for the single filament
fibril model of Xiao et al.[338] Fig. 2-2, with a value of 0.15 nm. One important aspect
of the structural comparison, visualized in Fig. 2-2, is the orientation of the side chains of
hydrophobic amino acids from the simulated structure, which point all in the same direc-
tion as the ones from the fibrilar peptide. The same applies to K28 and A42, involved in
a salt-bridge. Additional RMSD values for the N-terminus loop and the full-length peptide
are discussed in the Appendix.

As shown above, the C-terminus loop of the folded conformation is in very good agreement
with all three fibril models. This means that the observed A/(1-42) monomer is able to sam-
ple, besides a multitude of disordered states, partly structured conformations that mimic the
A5(1-42) fibril core without interfering with the overall random-coil behavior of the confor-
mational ensemble. While the C-terminus loop resembles the fibril structure the most, the
N-terminal loop does so to a lesser degree but provides a scaffold for the C-terminal loop to
fold and an increased stability to the compact structure. The folded monomer conformation
observed in our simulations and discussed above has many characteristics similar to the fibril
core. In addition, the N-terminus loop covers completely one side of the C-terminus loop,
see Fig. 2-1 (c) and (d). We have investigated how such a conformation could fit at the
end of a fibril assuming an in-register interaction between the C-terminus loop of the folded
monomer and the C-terminus region of a peptide at the fibril end. To identify which end
of the fibril is optimal for this type of docking, we have aligned the folded monomer with
a peptide from the fibril end using only the residues K28-A42, and making sure that the
N-terminus loop is located towards the solvent and not towards the fibril. It is important to

fibril axis

even tip st N

Figure 2-3: Structural fit of the compact fibril-like monomer at the fibril end. (a) The
fibril-like monomer is shown at the even fibril end (C-terminus less exposed to
the solvent). The monomer is colored by the secondary structure elements and
the fibrilar peptides with color gradient from blue at N-terminus to red at C-
terminus. The N- and C-termini are shown as blue and red spheres, respectively.
(b) The same structure from (a) is slightly rotated for a better view along the
fibril axis. Adapted with permission from [35].
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note here the assumption that the conformation of the fibril end is identical to the overall
fibrilar conformation. The result of these docking experiments can be seen in Fig. 2-3
from two different angles. From Fig. 2-3 (a) it is clear that the folded monomer has a
near-optimal alignment with the even tip of the fibril which has the C-terminus less ex-
posed to the solvent. These results are interesting in the context of the discussion of two
proposed mechanisms for fibril elongation: “fast deposition” and “dock-lock”. During the
“fast-deposition”, a so-called activated monomer is efficiently deposited onto a fibril end
and thus becomes incorporated into the fibril [201, 300]. The compact monomer from our
study would most likely fulfill the structural requirements for an activated conformation in-
volved in the “fast deposition” process. In “dock-lock”, during the “dock” phase a monomer
attaches somewhat non-specifically and therefore rather weakly to the fibril end in a fully
reversible manner [103], while during the “lock” phase, which takes place on a much slower
time scale [50], the monomer undergoes a structural rearrangement until it either dissociates
off again or it achieves the most stable, correctly incorporate state, which often for practical
purposes appears to be irreversible. The “dock-lock” mechanism has been proposed from
experiments [94] and was also observed in several computational studies [300, 60], with a
clear prevalence over the “fast deposition”. For A3(1-40), the binding of monomers to fibrils
has been shown experimentally to involve region F19-N27 and to a lesser degree K16—-A21
[45]. Tt would be interesting to investigate whether a similar mechanism is present for Ag(1-
42) and what role the compact monomer conformation identified in our study plays in the
binding process. Regardless of whether or not the fibril-like conformation of the monomer
actually is on the pathway to an incorporated monomer, the identification of such a class of
fibril-like structures allows us to rationalise certain features of the aggregation behaviour of
the AS peptide. It has been consistently found that the AS(1-42) peptide has one of the
smallest known free energy barriers for fibril elongation by monomer addition of all amyloid
polypeptides [103, 52, 65]. This finding could be explained by the innate tendency of the
ApB sequence to adopt conformations similar to those inside the fibril. The importance of
the fibril-like state that the monomer adopts in isolation for the elongation reaction depends
on whether the templating fibril end should be regarded as a strong or weak perturbation of
the mono-molecular free energy landscape explored in the present work. Some experimental
evidence for an important role of the fibril end comes from the observation that the two ends
of a fibril often grow with different rates [351], in agreement with the different efficiency in
docking to the two ends, as demonstrated in this work. However, answering this question
will ultimately require more extensive simulations of monomer-monomer and monomer-fibril
interactions.

2.4 Conclusion

In conclusion, using enhanced sampling MD simulations, we have identified a transient
monomer structure of A3(1-42) that accounts for a significant population of the total ob-
served conformations. This structure has many characteristics similar to fibrillar forms of the
A(5(1-42) peptide. To the best of our knowledge this is the first A5(1-42) monomeric struc-
tural ensemble to feature a state with such a high degree of similarity with the S-shape fibril
core. This suggests that the A5(1-42) peptide in monomeric form already has a tendency
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to sample structural features specific to fibrils and could explain why A3(1-42) has a very
low free energy barrier for fibril elongation. This monomer model could guide experiments
in identifying new aggregation intermediates with specific structural characteristics.
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2.6 Methods

MD simulations details. We have studied the conformational flexibility of the Af(1-42)
monomer in water by performing HREMD [56] simulations using the Charmm36m force
field [137] and the Charmm TIP3P water model designed for folded proteins and IDPs. The
TIP3P water model was modified such that it leads to an increased protein - water inter-
action [137]. In Charmm36mW, the Lennard Jones well depth parameter of the hydrogen
atoms have been modified from -0.046 kcal/mol to -0.10 kcal /mol as suggested by Huang et
al.[137] The Charmm36m force field together with the modified TIP3P water model are la-
beled as Charmm36mW. The simulations were performed with the Gromacs 2016.04 parallel
software package[132]. Short range electrostatics and van der Waals interactions were cut
at 0.1 nm, while long range electrostatic interactions were treated with the Particle Mesh
Ewald method. The temperature was kept at 300 K via velocity re-scaling with a stochas-
tic term algorithm [55] and a time constant for coupling of 0.1 ps. The pressure coupling
was controlled with the Parrinello-Rahman barostat [230, 219] with a time constant of 1
ps. The hydrogen atoms were treated as virtual interaction sites, allowing an integration
time step of 4 fs while maintaining energy conservation [102]. To simulate physiological con-
ditions we also included 150 mM NaCl concentration. The solution structure of A3(1-42)
protein monomer with PDB ID 1IYT was used as starting conformation [71]. The confor-
mation was placed in a dodecahedral box with 1.6 nm between the protein and the box,
solvated with water molecules, 43 Na and 40 Cl ions. The final systems had 47,054 atoms.
This simulation box was large enough to allow free translation and rotation of the AJ(1-
42) monomer without interacting with its periodic images that would otherwise result in
simulation artifacts. After energy minimization, position restrained equilibration (with the
Berendsen barostat) and a short free equilibration (with the Parrinello-Rahman barostat),
the Hamiltonian replica exchangel simulation was performed, consisting of 12 simulations
run in parallel, each simulation having a different interaction Hamiltonian where non-bonded
interactions and dihedral angles are scaled with a factor A or \/\. The biasing coefficients
can be expressed as an inverse temperature (1 / temperature) correspond to temperatures be-
tween 300 and 500 K and assigned to the replicas according to a geometric distribution. The
average replica exchange probability was 24%. We thus performed one H-REMD simulations
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of 3.4 us/replica, with 12 replicas in total, amounting to a total simulation time of 40.8 us
on the the supercomputer JURECA [160] at the Jiilich Supercomputing Centre (JSC).

Data analysis

Since all simulations started from the AF(1-42) structure with the PDB code ID: 1IYT
[71], the initial state has large number of amino acids in helical conformation, see Fig. 2-
12. The highly helical conformation drops to small values below 10 residues within 1,500
ns as can be seen in Fig. 2-12. The drop in helical conformation is accompanied by an
increase in the f-sheet content. Given the random coil character of the A5(1-42) monomer
observed in experiments [261], we have decided to analyze only the equilibrated part the
simulation, where fluctuations in the secondary structure are similar to those of random
coil, i.e. without many amino acids in helical conformation. Thus, the time interval used for
the analysis consist of the last 1,000 ns of the unbiased trajectory, highlighted in Fig. 2-12.

3 Junta NMR scalar couplings.
3 Junta NMR scalar couplings were calculated with the Karplus equation for each amino
acid:

(3Junma) = (Acos® ¢ + Beos ¢+ C) (2-1)

with coefficients A = 7.97 Hz, B = - 1.26 Hz and C' = 0.63 Hz [322]. The comparison with
experimental data was done using the reduced y?:

N
1N T — ()
2 _ - i,exp i) sum 9.9

where (AJ;)? = (Apock)® + (Akarplus)?, Ablock being the simulation error calculated with
block averaging and Agapius = 0.42 Hz, the experimental error.

Secondary structure, contact maps and clustering. For snapshots of the protein struc-
ture we used the program Visual Molecular Dynamics (VMD) [139] where the secondary
structure is calculated with STRIDE [108]. Contact maps were calculated using the Contact
Map Explorer module implemented in Python and considering a contact between two amino
acids when any two atoms from the two residues were found at a distance below a cutoff of
0.5 nm. Clustering of structures was performed with the Daura algorithm [84] implemented
in Gromacs using the backbone atoms and an RMSD cutoff of 0.4 nm. In order to assess
the sensitivity of the most populated cluster to the cutoff used for the RMSD, we have re-
calculated the cluster distributions using additional cutoff values. Thus, we have performed
in total three clustering calculations with cutoffs of 0.35 nm, 0.4 nm and 0.45 nm. The total
number of clusters increases with increasing the cutoff as follows: 2435 clusters for a cutoff
of 0.35 nm; 3205 clusters for a cutoff of 0.4 nm; and 4198 clusters for a cutoff of 0.45 nm.
Despite the changes in the number of clusters, the population of the first cluster remained
consistently at 14 of the total number of structures for each cutoff value. In addition to
cluster one, discussed in the main text, of particular interest are the clusters two and three,
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which contain rather extended conformations with many similarities. As can be seen from
the contact maps in Fig. 2-5, these two clusters have strong contacts with patterns that
correspond to anti-parallel S-sheets between amino acids Y10-D23 and A42-S26. In the rep-
resentative structures can also be identified two anti-parallel S-sheets of different lengths in
agreement with the contact map. This type of structure might be relevant for the formation
of the U-shape fibrils [187], where anti-parallel contacts are present between amino acids
L17-G25 and V40-132 for the side-chains.

[b-sheet content, radius of gyration and hydrodynamic radius. The random coil be-
haviour of the Af(1-42) monomer observed in NMR experiments was also confirmed by
circular dichroism (CD) spectroscopy experiments where the AfS monomers adopt between
12-25% p-sheet and much lower helical content [183, 223]|. Using the DSSP [167] software
together with the Gromacs tool “do—dssp” we calculated an average [-sheet propensity of
19.6% =+ 2.9, in good agreement with experimental values. In order to characterize the con-
formational diversity of the monomeric A3, we have calculated the radius of gyration of all
conformations in the simulation. The average radius of gyration has a value of 1.4 4 0.3 nm,
slightly smaller than values reported by other computational studies, i.e. 1.6 nm [208] and
1.59 nm [184], but within error. Using an empirically parametrized equation which relates
the radius of gyration to the hydrodynamic radius for intrinsically disordered proteins [222],
we have determined an averaged hydrodynamic radius of ~1.7 + 0.1 nm, in good agreement
with experimental values of both A3(1-40), i.e. 1.6 nm [120], and the upper range of values
for AB(1-42), i.e. 0.9-1.8 nm [217, 212, 286, 331, 220].

RMSD of compact monomer with peptides from fibril models. Here we continue the
discussion from the main text regarding the comparison of the C-terminal loop from the
compact monomer with other fibril models. In the case of the double filament structure
published by Colvin et al. [68], the smallest RMSD has a value of 0.19 nm. Fig. 2-10 (b)
shows all hydrophobic amino acids pointing in the same direction, except for M35. When
compared with fibrils obtained at pH of 2 and in the presence of an organic co-solvent by
Gremer et al.[121], Fig. 2-10 (c), the RMSD has a value of 0.17 nm. Despite the very
small backbone RMSD, only L34 and M35 from the monomer point in the same direction
as the residues in the fibrilar peptide. The mismatches are not surprising, given the effect
of the low pH on the protonation state of charged amino acids and eventually on the overall
structure of the fibril, possibly exacerbated by the organic co-solvent. For completeness, we
also compared the full length and the N-terminus loop of the monomer with the peptides
from fibril models and we report the values in Table 2-1 from Appendix. The RMSD for the
full length peptide have values between 0.82 and 1.14 nm indicating a poor structural fit.
When considering only the N-terminus loop, the RMSD varies between 0.27 and 1.12 nm,
with the lowest value for the fibril model with PDB ID: 2MXU. This case is also displayed
in Fig. 2-11 where one can identify an extended peptide chain for both the monomer and
the peptide from the fibril model.

Salt-bridge analysis. In addition to the salt-bridge discussion from the main text we include
the following results regarding the salt-bridges formed by K28. From Fig. 2-6 (b) it is clear
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that E22 and A42 are close to each other and form alternating or simultaneous salt-bridges
with K28. We have identified the conformations where K28 forms salt-bridges with both
E22 and A41 and calculated a propensity of 29.85%. This means that within cluster one,
K28 was engaged in salt-bridges with either E22 or A42 in 76.47 % of the conformations.

Salt-bridge analysis details. To quantify the occurrence of the salt-bridges that stabi-
lize the compact monomer we have calculated distances between the two oxygen atoms of
the negatively charged amino acids (E22 and D23, A42) and the three hydrogen atoms of
the positively charged ones (D1 and K28) involved in the salt bridge.The results for the
three salt bridges obtained from all the conformations in cluster one of the simulation with
Charmm36mW and NaCl are shown in Figs. 2-7 (D23-D1), 2-8 (E22-K28) and 2-9 (A42-
K28). In the case of salt-bridge D23-D1, most of the conformations have either the distance
between oxygen O1 or oxygen O2 of residue D23 and the three hydrogens of residue D1
below 0.4 nm which is the threshold distance to qualify as a salt-bridge. This is also shown
in the normalized distributions from Fig. 2-7 Bottom where the largest peaks below 0.4 nm
belong to distances between O2 and H1 or H2. The dynamics of this salt bridge is clear from
the plots in Fig. 2-7 Middle for both a) and b), where the three hydrogens alternate as the
closest atom to the oxygen O1 or O2, with oxygen O2 being preferred for shorter distances.
A similar analysis is shown in Figure for salt-bridge E22-K28 and in Fig. 2-9 for salt-bridge
A42-K28. Salt-bridge E22-K28 appears in a large number of structures from cluster one,
but is not as stable as D23-D1.

2.7 Appendix - Chapter 2
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Figure 2-4: 9Jynpe NMR scalar couplings calculated for each amino acid for Charmm36mW
force field with 150 mM NaCl. Experimental values are shown as black circles
and those obtained from the simulations as white circles. The error bars were
calculated using block averaging. Adapted with permission from [35].
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Figure 2-5: Contact maps and structures for top five clusters with the highest population.
Adapted with permission from [35].
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Figure 2-6: Salt-bridges and [-sheets of the compact monomer. a) and b) show salt-bridges
D1-D23 and K28-E22/A42, respectively. ¢) and d) show the two parallel /-
sheets located at E3-F4 with A30-131 and V18-F20 with V39-141, respectively.
Adapted with permission from [35].
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Figure 2-7:
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Salt-bridge distances for D23-D1. a) Top - Distance between the oxygen atom
O1, see Bottom snapshot, of group COO- of residue D23 and the hydrogen
atoms of group NH3+ of residue D1 for all the conformations in cluster one of
the simulation with Charmm36mW and NaCl. Middle - Short interval from the
plot in a) which highlights the swaping of hydrogens for the shortest distance
with the oxygen atom. Bottom - Normalized distributions for distances between
the oxygen atom O1 and the three hydrogens. Bottom snapshot - Licorice
representation of the amino acids D23 and D1 and the atoms forming the salt-
bridge. b) Same as a) but for distances between oxygen O2 of group COO- of

residue D23 and the hydrogen atoms of group NH3+ of residue D1. Adapted
with permission from [35].
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Figure 2-8: Salt-bridge distances for E22-K28. a) Top - Distance between the oxygen atom
01, see Bottom snapshot, of group COO- of residue E22 and the hydrogen atoms
of group NH3+ of residue K28 for all the conformations in cluster one of the
simulation with Charmm36mW and NaCl. Middle - Short interval from the plot
in a) which highlights the swaping of hydrogens for the shortest distance with
the oxygen atom. Bottom - Normalized distributions for distances between
the oxygen atom O1 and the three hydrogens. Bottom snapshot - Licorice
representation of the amino acids E22 and K28 and the atoms forming the
salt-bridge. b) Same as a) but for distances between oxygen O2 of group COO-
of residue E22 and the hydrogen atoms of group NH3+ of residue K28. Adapted
with permission from [35].
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Figure 2-9: Salt-bridge distances for A42-K28. a) Top - Distance between the oxygen atom
01, see Bottom snapshot, of group COO- of residue A42 and the hydrogen atoms
of group NH3+ of residue K28 for all the conformations in cluster one of the
simulation with Charmm36mW and NaCl. Middle - Short interval from the plot
in a) which highlights the swaping of hydrogens for the shortest distance with
the oxygen atom. Bottom - Normalized distributions for distances between
the oxygen atom O1 and the three hydrogens. Bottom snapshot - Licorice
representation of the amino acids A42 and K28 and the atoms forming the
salt-bridge. b) Same as a) but for distances between oxygen O2 of group COO-
of residue A42 and the hydrogen atoms of group NH3+ of residue K28. Adapted
with permission from [35].
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Figure 2-10: Comparison of the compact monomer with S-shape fibril models. Only the C-
terminus loop was used for the structural alignment. All peptides are shown in
cartoon representation and selected amino acids as licorice or balls and sticks.
The fibril-like monomer state is colored in green while the fibrillar peptide is
colored based on its secondary structure, its hydrophobic amino acids in white,
and the charged residues K28 in blue and A42 in red. Three fibril models were
considered with PDB IDs: a) 2MXU [338], b) 5KK3 [68], and c¢) 50QV [121].
Adapted with permission from [35].
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Figure 2-12:
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PDB: 2MXU

Structural alignment between the N-terminus loop of the compact A[5(1-42)
monomer and the fibril model with PDB ID 2MXU. Both proteins are shown
in cartoon representation with the monomer colored in green and the fibril
Region E11-N27 is highlighted,
while the rest of the proteins is transparent. The backbone RMSD associated

peptide based on the secondary structure.

with this region is 0.27 nm. Adapted with permission from [35].
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Evolution of the number of residues adopting sheet (black) or helix (green)
conformations during the H-REMD simulation. The vertical red lines indicate
the interval considered for detailed analysis. Adapted with permission from
[35].

Table 2-1: Backbone RMSD values between the compact monomer and three A3(1-42) fibril
models. We considered three cases where the RMSD was calculated for the full
length peptide, the N-terminus loop and the C-terminus loop. Two of the fibril
models (2MXU and 5KK3) lack structural information for the first 10 amino
acids, therefore the full length and the N-terminus loops are truncated accordingly
when calculating the RMSD. Adapted with permission from [35].

Sequence RMSD [nm] | RMSD [nm] | RMSD [nm]
2MXU oKK3 50QV
D1(E11)-A42 | 0.82 0.92 1.14
D1(E11)-N27 | 0.27 0.42 1.12
K28-A42 0.16 0.21 0.18







3 Pyroglutamate-modified amyloid
5(3-42) monomer is more disordered
than amyloid 3(1-42) monomer

3.1 Abstract

The aggregation of the amyloid 5 (Af) peptide is a major hallmark of Alzheimer’s disease.
This peptide can aggregate into oligomers, proto-fibrils, and mature fibrils, which eventually
assemble into amyloid plaques. Several post-translational modifications lead to the presence
of different isomers of A peptide in the amyloid plaques with different biophysical and
biochemical properties. While A3-40/42 have been found to be the major components of
amyloid plaques, the pyroglutamate-modified variants, specifically pE-A/3(3-42), amount to
around 25-50% of the total AS plaque content of AD brains. With increased stability and
hydrophobicity, these variants display a more aggressive behaviour during AD and their con-
tribution to the disease is considered critical. The peptide monomers are the smallest assem-
bly units, and play an important role in most of the individual processes involved in amyloid
fibril formation, such as primary and secondary nucleation and elongation. Understanding
the monomer structure of the isomers is essential in unraveling observed differences in their
bio-physio-chemical properties. Here we use enhanced and extensive molecular dynamics
simulations to study the structural flexibility of the N-terminally truncated Pyroglutamate
modified isomer of AS, pE-A/(3-42) monomer, and compared it with the A5(1-42) peptide
monomer under the same conditions. We find significant differences, especially in the sec-
ondary structure and hydrophobic exposure, which might be responsible for their different
behaviour in experiments.

3.2 Introduction

Extracellular deposits of insoluble fibrils in the human brain are the major hallmark of
the neurodegenerative disorder Alzheimer’s Disease (AD) leading to cognitive and memory
impairment due to neuronal and synaptic losses. These extracellular plaques are mainly
composed of deposits from amyloid-4 (Af) peptides [136, 229, 12]. The two main Af vari-
ants found in the brain differ only by two C-terminal amino acids, with A5(1-40) being more
abundant than Af3(1-42) (~5-10%). In AD patients, however, the extracellular concentra-
tion of AfB(1-42) has been shown to be considerably increased [282, 305]. Although long
C-terminal fragments of AfS, i.e. AB-40/42, have been found to be the major component of
amyloid plaques, several N-terminally truncated AS variants have been found to be present
in a significant amount as well [303, 352, 129]. Pyroglutamate-modified AS (pEA/) peptides
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result from the side reaction by the enzyme glutaminyl cyclase (QC) beside APP cleavage.
In particular, pE-A(3(3-42) is the major isoform among these species - representing around
25-50% of the total A content in senile plaques of AD brains [352, 129, 150, 283]. pE-
A(3-42) is found to be stable to degradation inside the body from amino peptidases due
to the the lack of free amino acid at the N-terminus [39]. As a result of the the N-terminus
truncation with the loss of two negatively and one positively charged amino acids and the
pyroE modification with the formation a lactam ring at the third residue, significant alter-
ations in the biophysical and biochemical properties of pE-modified AS arise. These include
increased hydrophobicity, higher S-sheet content through accelerated fibrillation kinetics and
faster oligomerization rate compared to the unmodified A peptide resulting in the increase
in toxicity of the pE-A(3(3-42) peptides [285, 130, 284].

The presence of pE-Af(3-42) has been found to accelerate the aggregation propensity of
A[(1-42) via catalytic increase in both the primary and secondary nucleation rates [80].
However, some studies have found similar aggregation propensities of the pE-A[5(3-42) pep-
tide compared to that of A5(1-42) [278], which might be due to the experimental conditions
used in different studies. Despite pE-modified A variants having higher -sheet propensity,
fibrils of pE-A/(3-40) and pE-A5(11-40) have been found to be similar in structure with the
unmodified AF(1-40) fibrils. The N-terminally truncated pE-modified AS fibrils also show
high rate of fragmentation [281, 335] not present in the unmodified peptide. pE-A/3(3-42) also
influences A3(1-42) during the early stage of aggregation by altering the secondary structure
of AB(1-42) assemblies through a template-dependent prion-like mechanism thereby rapidly
forming highly toxic hetero-oligomers structurally distinct from both pE-A5(3-42) and AS(1-
42) [221, 202, 119]. Some studies have implemented solution-NMR methods to characterize
the secondary structure of pE-A5(3-x) isoforms and indicated that both pE-AS(3-40) and
pE-Af((3-42) have a higher (§-sheet content than the unmodified peptides. Furthermore,
the aggregation of pE-A[5(3-42) into fibrils involves transient intermediates rich in a-helical
secondary structure [81, 82].

Elucidating the molecular structure of the N-terminally truncated pE-AS peptides in rela-
tion with the unmodified alloforms is crucial to understanding the change in their biophysical
and biochemical properties during aggregation. 3D structures published thus far indicate
that A(1-42) adopts a mostly helical conformation in apolar micro-environment [71] which
starts to vanish as soon as polar solvent is added [312]. More recent NMR experiments
of A monomers in water reveal that both the A5(1-40) and (1-42) alloforms behave as
random coil [261], with a transient -sheet structure for A5(1-42). Computationally, the
A5(1-42) monomer structure has been studied with various simulating techniques and force
fields [218]. The general picture that emerges from the numerous molecular dynamics (MD)
simulation studies on A monomer is that the observed structural characteristics are very
diverse and highly dependent on the simulation conditions [218]. Recently, modern force
fields tailored for intrinsically disordered proteins start producing conformational ensembles
more and more similar to those observed in experimental studies [208, 184].

Here, we report conformational ensembles of pE-Af3(3-42) by using Hamiltonian replica
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exchange MD simulations and provide a detailed comparison with the A/5(1-42) monomer.
Our structural comparison indicates considerable differences between the two peptides which
might be responsible for their different aggregation behaviours observed in experimental
studies.

3.3 Results and Discussions

The structural ensembles of pE-A(3-42) and AS(1-42) sampled in the H-REMD simulations
indicate many similarities as well as differences in the behavior of the monomeric peptides
in water. Below we present a detailed comparison between the two AS variants.

pE-A/(3-42) and A/5(1-42) monomers adopt a random coil structure in water. NMR
couplings are often used for describing the local structure of intrinsically disordered proteins.
Recently, Roche et al. [261] measured various NMR parameters of A3(1-40) and A5(1-42) in
solution and concluded that both peptides lack a stable structure and behave very similarly
to a random coil. We calculated the 3.Jy g NMR couplings for pE-AS(3-42) and A3(1-42),
Fig. 3-1, as described in the Methods section, and compared these with experimental values
reported for A3(1-42) peptide [261]. For a quantitative comparison we use the reduced x?
quantity. Overall we obtained a x? value of 2.5 for A3(1-42) and 2.9 for the pE-AS(3-42)
excluding the pE3 amino acid. The good agreement between the simulated and experimental
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Figure 3-1: NMR scalar couplings and secondary structure. Top - *Jynge NMR scalar
couplings calculated for each amino acid for Charmm36mW force field with 150
mM NaCl.

3JaNHa couplings for AB(1-42) is an improvement compared to reported x? values from
other computational studies [208, 184]. The largest deviations from experimental values for
the AB(1-42) peptide are at D7, D23 and A42, while the pE-AS(3-42) peptide differs the
most from the AS(1-42) experimental values at amino acids F4 (due to pE3), K16, 131, V40
and A42. Besides the considerable impact of the N-teminal truncation and its modification
to more hydrophobic pyroglutamate residues on the J-couplings of the first two amino acids
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of pE-A[(3-42), overall, the isoform behaves fairly similar to the A5(1-42) peptide. Some
notable exceptions are differences at K16 and V40, where pE-A[3(3-42) has larger and lower
values, respectively, compared to both experimental and simulated values of A3(1-42). These
differences may be linked to different types of dominant conformation observed in the cluster
analysis as described later. In Fig. 3-1 Top, the central hydrophobic cluster amino acids
V18-F20 and the C-terminal V39-141, have values close or above 7.5 Hz for both variants
indicating that these residues are good candidates for forming [-sheets. This behavior, also
observed in previous experimental studies [218, 347, 262], is of crucial importance for the
fibril-formation given the importance of the central hydrophobic during this process [41].

Conformations of pE-A/(3-42) have increased (-sheet and a-helix propensity. The
secondary structure propensity per amino acid provides complementary structural informa-
tion to the J-coupling analysis. We have thus calculated the g-sheet propensity per amino
acid for each of the peptides. Both cases, shown in Fig. 3-2, display a similar main pat-
tern, which is the presence of meta-stable -sheets for the central hydrophobic cluster (the
amino acids L17-A21) and the hydrophobic C-terminus (A30-141), with higher propensities
for pE-A[3(3-42), especially at 1.34-V36. High -strand propensities of L17-A21 and 131-V36
for the AB(1-42) monomer have been observed previously in several computational studies
[218]. The average (-sheet propensity for AS(1-42) and pE-AS(3-42) monomers are 19.45%
+ 2.74 and 27.07% =+ 3.29, respectively. The propensities, especially that of pE-A[5(3-42),
are in good agreement with the experimental value of 25.2% reported for A5(1-40) monomers
[223]. The largest (-sheet propensity for both peptides is at the central hydrophobic cluster,
reaching the highest values for V18 and F19. This is in agreement with the observation that
in NMR experiments amino acids V18, F19 and F20 are the residues most likely to have
extended conformations for A5(1-42) monomer [261].

Figure 3-2: $-Sheet propensity per residue for pE-A3(3-42) (in Blue) and A5(1-42) (in Red).
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Figure 3-3: a-Helix propensity per residue for pE-A5(3-42) (in Blue) and A3(1-42) (in Red).

In addition, we calculated the alpha-helix propensity for both peptides. For pE-Af5(3-42),
we observed a slightly larger helix propensity than for A5(1-42). The largest difference in
alpha-helix propensity is for residues V24-K28 which in pE-Af3(3-42) is about two times
higher than in A3(1-42). This indicates that pE-A3(3-42) intermediate conformations are
more prone to form helical structures which is in agreement with an experimental study
showing that the aggregation of the pE-AJ(3-42) into fibrils occurs via an a-helix rich in-
termediate monomer [81, 82].

These results suggest that pE-A/3(3-42) is more aggregation-prone having larger [-sheet
propensity as well as states with a-helical secondary elements. Roche et al. [261] showed
that A5(1-42) monomers lack any long lasting secondary structure, as long as the propensity
of these elements is below 50%. With few exceptions, the amino acids of AfF(1-42) from this
work do have -sheet propensities below 50%, which suggests that the significant amount of
[-sheet content is subject to constant fluctuations and the conformational ensemble is very
diverse. This is also confirmed by the average percentage of -sheet which is in agreement
with experimental values that are compatible with a random coil. pE-Af(3-42) contains three
additional amino acids with -sheet propensities above 50%, L34, M35 and V36, which could
have an impact on the aggregation pathway. Additional properties of the conformational
ensemble which emphasize structural differences between the two peptides are discussed
below.

The largest cluster of pE-A(5(3-42) has hydrophobic residues exposed to solvent. One
of the main differences between the two peptides can be observed in the clustering analysis
where the structures are grouped into different clusters based on their structural similarity.
The populations of the top ten clusters are shown in Table 3-2. The largest cluster for
pE-A((3-42) has a population of 18.38%, while for A5(1-42) a population of 6.08%. This
result indicates that pE-AS(3-42) prefers to adopt the conformation specific to this cluster
in almost 20% of cases, or three times more than Af(1-42) monomer adopts the structure
of its largest cluster. The rest of the top ten clusters have rather similar populations, below
4% and decreasing rapidly to 1% and below. Intra-molecular contact maps for the largest
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AB(1-42) PE-AB(3-42)

Figure 3-4: Distribution of hydrophobic amino acids (in white) in the representative struc-
ture of the most populated cluster of A5(1-42) (left) and pE-AS(3-42) (right).
Charged amino acids are also shown in blue and red for positive and negative
net charge, respectively.

clusters of the two peptides, shown in Figure S2 and S3, indicate clear structural differences.
In the case of AS(1-42), the conformation is compact, has features similar to peptides from
fibrils and has been fully described in a recent study [35]. Some of the key features are short
parallel -sheets, salt bridges involving the two termini and partial shielding of hydrophobic
amino acids. The representative conformation for pE-A3(3-42) , shown in Fig. 3-9 (A), has
an elongated shape and anti-parallel S-sheets. It is particularly interesting the very long -
sheet structure involving 16 residues among which are also ones from the center hydrophobic
cluster K16-E22. Another important difference between the two structures is the spatial
distribution of hydrophobic amino acids. In the case of A5(1-42), residues F4, V18, F20,
A21, 131, M35, V39 and 141 are all packed inside the folded monomer and partially shielded
from solvent. The same amino acids are in the case of pE-AS(3-42) directly exposed to
the solvent without much shielding as observed for A5(1-42) and with fewer hydrophobic
contacts. This is illustrated in Fig. 3-4.

pE-A[((3-42) shows strong signature of anti-parallel 5-sheet patterns. The contact
maps of the two studied cases calculated from the 2 us long trajectories reveal intramolecular
interactions that are highly related to the [-sheet content discussed above. Contact maps
are excellent tools for describing precise intra-molecular interactions and were calculated
for both peptides during the 2 us trajectories. pE-A[5(3-42), shown in Fig. 3-5 Top, has
the strongest contacts as a clear linear pattern perpendicular to the main diagonal, which
indicate contacts with anti-parallel symmetry. This pattern forms between residues E11-V24
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Figure 3-5: Contact Maps of 2 us trajectory for pE-A3(3-42) (Top) & A5(1-42) (Bottom)

and 141-N27 with a width of 2-4 residues and has the strongest contacts with probability
above 50% for regions H14-F20 in contact with V36-131. The main anti-parallel pattern is
also present in the contact maps of clusters 1, 5,9 and 10 of pE-AS(3-42) from Fig. 3-10.
Another notable contact region is between amino acids F4-H6 and 132-M35, which is less
present in the AS(1-42) monomer, and can be identified in the representative structure of
the largest cluster as a short antiparallel S-sheet between the N-terminus and the part of
the C-terminus hydrophobic region 132-L.34. Both the above patterns are present in the
representative conformation of cluster 1 from Fig. 3-9.

A[(1-42) shows a similar anti-parallel S-sheet pattern as the pyroglutamate modified pep-
tide, which extends between residues E11-V24 and 141-N27. Its probability, however, is
considerably reduced, with few contacts reaching values above 40%. An additional patch
of contacts is present between residues from the central hydrophobic cluster, K16-F19, and
the C-terminus region G38-141. This is not the case for pE-AS(3-42), in agreement with
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the results from the main clusters where pE-A(5(3-42) has many hydrophobic amino acids
exposed to the solvent. The central hydrophobic cluster, K16-E22, plays a crucial role in
the ApS aggregation as it can form fibrils on its own. The fact that it is in contact with
the C-terminus in the Af(1-42) monomer but not in the pE-Af(3-42), suggests that the
pyroglutamate variant may be more prone to aggregating than the 42 amino acids alloform.

N-terminal differences lead to unique salt bridges in the two peptides. Salt bridge
bonding between charged amino acids of a peptide plays an important role in determining
the structural conformation of the particular peptide. In particular, intra-peptide salt bridges
were shown to play an important role in stabilizing the A3(1-40) fibril structure [290]. A5(1-
40) modified by a lactam bridge D23-K28 formed fibrils 1000-fold faster, suggesting that a
rate limiting nucleation step was bypassed [290]. Here, we have calculated the propensity
of intra-peptide salt bridge formation between charged amino acids within pE-A/3(3-42) and
AB(1-42).
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Figure 3-6: Propensity of salt-bridge formation for pE-Af(3-42) (in maroon) and A5(1-42)
(in blue).

In our simulations, both alloforms formed a large diversity of salt bridges with the highest
propensity for D23-K28 which had propensities close to 20%. The pyroglutamate variant had
significantly stronger salt bridges at E22-K28 and R5-E22, the later almost absent in AJ3(1-
42). In return, AS(1-42) had unique salt bridges at R5-E3 and D1-D23. One should note
that amino acids D1 and E3 are not present in pE-Af(3-42). In this analysis we observed
that, while in Af(1-42) D23 forms salt bridge with D1, it is less engaged in salt bridge
formation during the simulation of pE-A((3-42) where D1 is missing. Thus, the availability
of this negatively charged residue is likely to lead to an increased aggregation propensity
when several pE-A[(3-42) peptides are engaged with each other, compared to AF(1-42).

Radius of gyration, end—to—end distance and solvent accessible surface area (SASA).
In order to further characterize the conformational diversity of the monomeric pE-ApJ(3-
42) and compare them with A5(1-42), we have calculated distributions for the radius of
gyration and show them in Fig. 3-11. The distributions have similar shapes, with a strong
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peak between 1 and 1.5 nm, and a large shoulder that extends up to 2 nm. The average
radius of

Table 3-1: Average values and standard deviations for the radius of gyration, end to end
distance, and SASA for the three cases.

Radius of . | EE Distan SASA - All SASA -
Gyration Hydr?dynamlc [msn]a “1 Residues Hydrophobic
[nm)] Radius [nm] [nm?] Residues[nm?|

pE-Ap(3-42) | 1.37 £ 0.2 1.66 £ 0.1 229 £ 0.9 41.6 £ 4.2 224 £ 3.1

ApB(1-42) 1.47 £ 0.3 1.72 £ 0.1 273 £09 452 £4.9 220+ 34

gyration values from Table 3-1 indicate less compact conformations for A5(1-42) with an
average value of 1.47 nm and more compact conformations for the pE-A/(3-42) an average
value of 1.37 nm. Using an empirically parametrized equation which relates the radius of
gyration to the hydrodynamic radius for intrinsically disordered proteins [222], we have de-
termined hydrodynamic radius distributions for the two peptides, shown in Fig. 3-12. The
average values obtained are 1.66 for pE-Af(3-42) and 1.72 for AS(1-42), which are in very
good agreement with experimental values of both A/5(1-40), i.e. 1.6 nm [120] which is also
similar to pE-Af(3-42) peptide consisting of 40 amino acid residues, and the upper range
of values for A5(1-42), i.e. 0.9-1.8 nm [217, 212, 286, 331, 220]. The average end—to—end
distance, follows a similar trend as the radius of gyration, with a value of 2.3 nm for pE-
AB(3-42) and 2.7 nm for AS(1-42) respectively. The wide distributions of the end-to-end
distance, shown in Fig. 3-13, and the standard deviations of ~1 nm indicate similar types
of structural fluctuations in these two peptides. This is also confirmed by the SASA dis-
tributions, Fig. 3-14, with average values of ~ 42 nm? for pE-A3(3-42) and ~ 45 nm? for
A3(1-42) (which are close to those reported by Krupa et al. [176]. Interestingly, the shape of
the AS(1-42) SASA distribution for all amino acids has larger probability density values at
large SASA values. This is not the case for the SASA of hydrophobic amino acids residues,
Fig. 3-15, where pE-A((3-42) has increased probability at higher SASA values, indicating
more hydrophobic amino acids exposed to the solvent, as also concluded in the sections above.

Overall, this analysis showed small variations in the mean values of several characteristics of
the two peptides. However, the shape of the distributions and the general trend suggest key
differences in the features of the pE-A{(3-42) conformational ensemble which may lead to
strong effects during the self-assembly process. One of these effects could be the accelerated
aggregation into fibrils of pE-A5(3-42), at concentrations ten times smaller than A[5(1-42),
as confirmed by ThT fluorescence experiments [83].
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3.4 Conclusions

The pyroglutamate modified A5 peptides have altered aggregation and stability properties
[151]. They are resistant to degradation due to the presence of the pyroglutamate residue
and the lack of several charged amino acids makes them more hydrophobic [277]. This also
leads to increased [-sheet formation and accelerated aggregation [131] compared to the full-
length variants. An essential question is whether the structure of the monomer has any
influence on this behaviour.

Using extensive enhanced molecular dynamics simulations, we have shown that both the
pE-A5(3-42) and AB(1-42) monomers adopt a random coil structure in water, however,
with specific differences at structural level. The pyroglutamate variant has higher g-sheet
propensities for N-terminal amino acids, increased helix propensity, more hydrophobic amino
acids exposed to the solvent and the D23 residue more available for inter-molecular inter-
actions than the Af(1-42) monomer. All these differences could have a contribution to
the distinct aggregation pathways of the two peptides observed in experimental studies. A
critical process in the amyloid aggregation is the secondary nucleation where the oligomer
formation is catalysed by the presence of the fibril surface. Thus, studying the interaction
of A monomers with the fibrils should be a natural next step for further understanding the
implications of the monomer structure in the complete self-assembly process.

3.5 Methods

MD simulations details

A51-42 monomer simulation. To study the conformational flexibility of the pE-A/3(3-
42) and A5(1-42) monomers we performed H-REMD [56] simulations with the Charmm36m
force field [137] and the Charmm TTP3P water model designed for folded proteins and IDPs.
In addition, the Charmm TIP3P water model was modified with an increased protein - wa-
ter interaction, and labeled as Charmm36mW [137]. In Charmm36mW, the Lennard Jones
well depth parameter e of the hydrogen atoms has been modified from -0.046 kcal/mol to
-0.10 kcal/mol as suggested by Huang et al. [137]. Simulations with Charmm36mW were
considered with 150 mM NaCl concentration in order to reproduce physiological conditions.

The solution structure of A/(1-42) protein monomer with PDB ID: 1IYT was used as start-
ing conformation [71]. The conformation was placed in a dodecahedral box with 1.6 nm
between the protein and the periodic boundaries, solvated with water molecules and 43 Na
and 40 Cl ions were added to also account for 150 mM salt concentration. The final sys-
tems had 47,054 atoms. This simulation box was large enough to allow free translation and
rotation of the Af(1-42) monomer without interacting with its periodic images that would
otherwise result in simulation artifacts.

The starting conformation of pE-A/(3-42) monomer was built after deletion of first three
amino acids from Af1-42 protein monomer with PDB ID: 1IYT and inserting Pyrogluta-
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matic acid with PDB ID: PCA. After structural alignment, the equilibrium parameters for
pyroglutamate molecule were generated using the GAUSSIAN [107] software package and
then inserted into Charmm36mW force field. The conformation was solvated with modified
TIP3P water molecules and 150 mM NaCl ions. This resulted in a system with a total of
46,875 atoms.

After energy minimization, position restrained equilibration (with the Berendsen barostat)
and a short free equilibration (with the Parrinello-Rahman barostat), Hamiltonian replica
exchange [56] simulations were was performed for each system. Each H-REMD simulation
consisted of 10 (Amber99SB*-ILDN) or 12 (Charmm36m and Charmm36mW) simulations
running in parallel, each simulation having a different interaction Hamiltonian where non-
bonded interactions and dihedral angles are scaled with a factor A. The biasing coefficients
lambda can be expressed as an inverse temperature (1/temperature) correspond to tem-
peratures between 300 and 500 K and assigned to the replicas according to a geometric
distribution. In total we performed two H-REMD simulations, one for each system, of 4
ps/replica. All simulations were performed on the supercomputer JURECA [160] at the
Jiilich Supercomputing Centre (JSC). The average replica exchange probability for the four
systems had values between 16% and 25%.

All simulations were performed with the Gromacs 2016.04 parallel software package [132].
Short range electrostatics and van der Waals interactions were cut at 0.1 nm, while long
range electrostatic interactions were treated with the Particle Mesh Ewald method. The
temperature was kept at 300 K via velocity rescaling with a stochastic term algorithm [55]
and a time constant for coupling of 0.1 ps. The pressure coupling was controlled with the
Parrinello-Rahman barostat [230, 219] with a time constant of 1 ps. The hydrogen atoms
were treated as virtual interaction sites, allowing an integration time step of 4 fs while
maintaining energy conservation [102].

Analysis. For both peptides therefore we have chosen to analyze the last 2,000 ns of the
unbiased trajectory in order to sample the well equillibrated conformations.

3 Junta NMR scalar couplings were calculated with the Karplus equation for each amino
acid:

(3Junta) = (Acos® ¢ + Bcos ¢+ C) (3-1)

with coefficients A = 7.97 Hz, B = - 1.26 Hz and C' = 0.63 Hz [322]. The comparison with
experimental data was done using the reduced y?:

1 Z yEX! Z sum
X =5 Z p (3-2)
=1

where (AJ;)? = (Apoek)? + (Akarplus)?, Ablocc being the simulation error calculated with

block averaging and Agarpius = 0.42 Hz, the experimental error.

Secondary structure, contact maps and clustering. Secondary structure propensities per
residues were calculated with the program DSSP [167] and the errors with block averaging.
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For snapshots of the protein structure we used the program Visual Molecular Dynamics
(VMD) [139] where the secondary structure is calculated with STRIDE [108]. Contact
maps were calculated using the Contact Map Explorer module implemented in Python and
considering a contact between two amino acids when any two atoms from the two residues
were found at a distance below a cutoff of 0.5 nm. Clustering of structures was performed
with the Daura algorithm [84] implemented in Gromacs using the backbone atoms and an
RMSD cutoff of 0.4 nm.

Radius of gyration, hydrodynamic radius, end-to—end distance and SASA. The radius
of gyration was calculated using the function compute-rg from the MDTraj library [205]
implemented in Python. From the radius of gyration we calculated the hydrodynamic radius
of each conformation using an empirically parametrized equation specifically derived for
intrinsically disordered proteins [222]. The end to end distance was calculated between
the C, atoms of the first and last amino acids using the function compute-distances from
MDTraj. To calculate the SASA we used the shrake-rupley algorithm [293] implemented in
MDTraj.
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Figure 3-7: Secondary Structures of Top-10 Clusters of A5(1-42) peptide with N-terminus
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Figure 3-8: Contact Maps for Top-10 Clusters of A51-42 peptide.
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Figure 3-9: Secondary Structures of Top-10 Clusters of pE-AS(3-42) peptide with N-

terminus and C-terminus colored as Blue and Red respectively.
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Figure 3-10: Contact Maps for Top-10 Clusters of pE-A3(3-42) peptide.
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Figure 3-11: Radius of Gyration (Rg) distribution for pE-A/5(3-42) and AS(1-42).
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Figure 3-12: Hydrodynamic Radius (Rh) distribution for A5(1-42) and pE-AS(3-42).
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Figure 3-13: End-to-End (EE) distribution for pE-A$(3-42) and A3(1-42).
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Figure 3-14: Solvent Accesible Surface Area (SASA) distribution for pE-A3(3-42) and AS(1-
42).
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Figure 3-15: Solvent Accesible Surface Area (SASA) distribution for hydrophobic residues
of pE-A5(3-42) and Ap(1-42).

Table 3-2: Cluster Occurance Probability for A5(1-42) and pE-A5(3-42)
Cluster# | Ap(1-42) | pE-A((3-42)
Cluster 1 | 6.08 % 18.38 %
Cluster 2 | 3.38 % 3.86 %
Cluster 3 | 0.95 % 2.14 %
Cluster 4 | 0.92 % 1.79 %
Cluster 5 | 0.91 % 1.36 %
Cluster 6 | 0.87 % 1.22 %
Cluster 7 | 0.66 % 1.00 %
Cluster 8 | 0.56 % 0.96 %
Cluster 9 | 0.55 % 0.7 %
Cluster 10 | 0.52 % 0.62 %







4 Pyroglumate-modified A5(3-42)
peptide monomers bind with higher
affinity than AS5(1-42) monomers to
A (1-42) fibrils

4.1 Abstract

Secondary nucleation has been demonstrated to be a dominant pathway for the prolifera-
tion of amyloid fibrils and oligomers of the AS peptide which represent a major hallmark of
the Alzheimer’s Disease. Besides the dominant forms of 40/42-residue AJ peptide, various
A3 isoforms such as the N-terminal truncated pyroglutamate (pE) modified amyloid beta,
pE-A[(3-42) are also found. Here we employed both surface-based experimental (QCM-D
and SPR) and computational (all atom molecular dynamics simulations) biophysical tools to
determine the thermodynamic parameters of binding between pE-A/3(3-42) monomers and
A[(1-42) fibril surfaces, and compare it with the binding of Af(1-42) monomers. Exper-
imentally, we find that the binding of the pE-AS(3-42) monomer changes from reversible
at pH 8 to irreversible at pH 7.4. pE-A{(3-42) monomer binds with higher affinity than
Ap(1-42) monomer to AF(1-42) fibril surfaces. Our simulations confirm, a higher affin-
ity of pE-A[3(3-42) for the AB(1-42) single filament fibril surface and show that the two
monomeric peptides have different binding modes. Taken together our combined experi-
mental and computational study rationalises the previous observations of AJ(1-42) fibrils
inhibiting pE-A5(3-42) aggregation and establish high affinity surface binding as the likely
mechanism of inhibition.

4.2 Introduction

Extracellular deposits of insoluble fibrils in the human brain are the major hallmark of
the neurodegenerative disorder Alzheimer’s Disease (AD) leading to cognitive and memory
impairment due to neuronal and synaptic losses. These extracellular plaques are mainly
composed of deposits of amyloid-g (AS) peptides [136, 229, 12]. The two main AS vari-
ants found in the brain differ only at the C-terminal two amino acids, with A/5(1-40) being
more abundant than Af(1-42) (~5-10%). In AD patients, however, the extracellular con-
centration of AS(1-42) has been shown to be considerably increased. Although A3-40/42
have been found to be the major component of amyloid plaques, several N-terminally and
C-terminally truncated or extended Af variants have also been found to be present at sig-
nificant amounts [352, 129] due to different mechanisms of cleavage of the amyloid precursor
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protein (ASPP) by a-, - and v-secretase enzymes along with post-translational modifi-
cations of the AJ peptides by various enzymes [254, 159]. Even putative therapeutic ap-
proaches such as targeting BACE-1 inhibition in order to decrease the amount of A3-40/42
have been shown to increase the amount of N-terminally truncated Af variant in human
brains [330]. Pyroglutamate-modified AS (pE-AfS) peptides are prominent examples of A -
variants and result from the post-translational modification of A5 by the enzyme glutaminyl
cyclase (QC). In particular, pE-AS(3-42) is the major isoform among these species - repre-
senting around 25-50% of the total A5 content in senile plaques of AD brains [352, 129, 150].
The mechanism of A amyloid fibril formation in wvitro has been found to consist of a set
of microscopic processes, such as primary nucleation, elongation, secondary nucleation and
fragmentation of fibrils [297], and there is increasing evidence that the same types of pro-
cesses are also defining aggregate formation and proliferation in vivo [206]. In particular
secondary nucleation, the formation of new fibrils on the surface of existing ones, has been
found to be the dominant mechanism for rapid proliferation of fibrils besides generation of
toxic oligomeric species [66, 317, 310, 59, 318]. The presence of different A/-variants have
been found to affect each of the crucial microscopic steps involved in the mechanism of fibril
formation. Possible scenarios of such interactions are cross-elongation, where monomers of
one variant add onto the end of fibrils of another variant, and cross-nucleation where fibrils of
one variant provide a surface for the nucleation of monomers of another variant. In order to
understand the behaviour of complex mixtures of different AS variants, it is therefore impor-
tant to study the individual variants, as well as their mutual interactions in various scenarios.

Several N-terminally and C-terminally truncated & extended A[42 variants have been found
to be cross-elongating and cross-nucleating each other [330, 307, 263]. It has also been pro-
posed that the presence of A variants can initiate AD pathology in vivo through hampering
the clearance mechanism of Af3(1-42) peptides [204]. Although studies have found that the
major Af variants which are found in the senile plaques i.e. AS(1-40) & AB(1-42) can
not cross-elongate each other efficiently or form hetero-fibrils, the two peptide species are
able to interact with each other at the level of primary nucleation [74]. Interestingly, pE-
A[(3-42) monomers have been found to be unable to nucleate on the surface of A3(1-42)
seeds; indeed, the latter have even been found to inhibit the aggregation of the former in a
concentration-dependent manner [80]. pE-A3(3-42) is found to be stable towards degrada-
tion by amino peptidases due to the lack of free amino acid at the N-terminus [39]. As a
result of the N-terminal truncation with the loss of two negatively and one positively charged
amino acids and the pyroE modification with the formation of a lactam ring at the third
residue, significant alterations in the biophysical and biochemical properties of pE-modified
Ap arise. These include increased hydrophobicity, higher S-sheet content through increased
driving force for amyloid fibril formation and faster oligomerization rate compared to the un-
modified AfS peptide. These differences are possible explanations for the observed increased
toxicity of the pE-AS(3-42) peptides [285, 130, 284].

A variety of experimental quantitative kinetic analyses have been performed, starting with
the monomers of the major AJ variants i.e. A3(1-40) & A5(1-42) in both pure and mixed
systems[330, 307, 74]. However, quantitative analysis of one of the key thermodynamic pa-
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rameters of amyloid formation, the affinity of monomeric peptide for the fibril surface, has
so-far only been performed for the self-interaction of A5(1-40) and AS(1-42). These ex-
periments were performed using surface plasmon resonance (SPR)[355, 67] and have clearly
shed light on important microscopic features of fibril-dependent secondary nucleation. How-
ever, they also raise questions about the molecular details of protein absorption, nucleated
conversion on the fibril surface, and nuclei detachment, as well as how the synergy of these
processes results in accelerated nucleation during the monomer dependent secondary nucle-
ation.

In this context, the use of computational methods will be able to provide insights into the
molecular details of these processes, such as the fibril-binding region of the monomer, the
monomer-binding site on the fibril, the key nature of interactions that drive the monomer-
fibril binding and the conformational preference of the bound monomer. The monomer-fibril
interactions have been found to be a critical parameter for the secondary nucleation process
of AfB aggregation; if the interaction is weak, secondary nucleation is inefficient, because
not enough peptide is absorbed onto the fibril surface. Conversely, if the interaction is too
strong, the peptide remains absorbed on the surface, and is unable to undergo the nucleation
step, as predicted by coarse-grained simulations [355]. Recently, atomic level molecular dy-
namics (MD) simulations of this self-seeding interaction scenario have also been performed
using HREMD method in which the A5(1-42) monomer-fibril interactions were found to be
occurring mainly between the side chain columns of Q15 and K16 of the fibril and E22 and
D23 of the monomer, indicating that electrostatic interactions play a major role here; also
the free energy calculations suggested that the monomer-fibril binding process is mainly en-
thalpy driven [40]. Some of the other earlier studies towards mechanistic investigation of A
secondary nucleation (self-seeding) involved the interaction of AfS(1-42) monomer with an
A[B(17-42) fibril segment using atomic simulation with implicit solvent, A/5(1-40) monomer
binding with A/3(9-40) fibril segment using both umbrella sampling where both studies ob-
served that the free monomer binds to the C-terminal region of the fibril surface and adopts
a stretched conformation and the binding free energy was entropy driven [287, 37]. However,
a contrasting result was observed when AJ3(1-40) monomer binding with a A3(9-40) fibril
segment was studied combining a hybrid-resolution PACE model and the temperature-based
REMD method, where free monomer was found to be binding with the I6KLVFFAE22 region
of the fibril segment and the binding was enthalpy driven, matching the experimental ob-
servations [337]. Several cross-seeding aspects of the A/3 peptide have also been investigated
using computational methods which include binding of the A5(16-22) fragment to A5(1-40)
fibrils using the PRIME force field consisting of an intermediate-resolution model, REMD
simulations of binding between tau fragment of 120-160 amino acid and A[(17-42) fibril
segment where the conformations of free monomers were found to be following the “bind
and reorganize” mechanism, largely consistent with the previous computational studies on
self-seeding of A monomer binding to the AS fibril surface [54, 253].

Although, to-date, no studies have been performed towards determining the thermodynamic
parameters governing the cross-interaction between various other A variants present in
human brain and how these might affect the process of amyloid fibril formation overall dom-
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inated by the major AS variants. In the present study, we aimed at quantifying the thermo-
dynamic parameters of binding and mechanistic evaluation of the binding modes between
pE-AB(3-42) monomers and A(1-42) fibrils which were previously observed to lead to the
inhibition of pE-A3(3-42) aggregation [80]. Our approach is a combination of computational
methods, i.e. enhanced sampling H-REMD simulations & umbrella sampling methods, along
with the experimental biosensing methods quartz crystal microbalance (QCM) and SPR. We
compare our results with the thermodynamic parameters for binding for the self-interaction
between monomers of A5(1-42) with AB(1-42) fibrils. We find that both in our compu-
tational as well as experimental studies, pE-Af3(3-42) monomers have a higher affinity for
A5(1-42) fibrils than monomeric A5 (1-42) itself.

4.3 Methods

Purification of A3(1-42) and pE-A/(3-42) samples. Synthetic A5(1-42) and pE-AfS(3-
42) samples were bought from BACHEM. The peptides were dissolved in HFIP for ca. 2-3
hours and lyophilized after subsequent aliquoting. The lyophilized samples were directly
dissolved in the required buffer.

Preparation of AS(1-42) fibrils. The Aj(1-42) fibrils were prepared before the quartz
crystal microbalance with dissipation (QCM-D) experiments in 20 mM phosphate buffer,
either at pH 7.4 or pH 8.0, containing 100 M EDTA and 10% NaNs3, without shaking for
ca. 5 hours, a time after which the plateau phase of ThT kinetic curves had been reached.
Chemically cleaned QCM-D sensors (with basic piranha solution) were placed in a plasma
cleaner to remove any remaining traces of contaminants, then the sensors were incubated
with fibril suspensions (of concentration 10 uM, sonicated for 30 seconds with alternative
2 second pulse and 50% amplitude) over night in an environment with humidity-saturated
air, and the sensors were rinsed with distilled water and dried with nitrogen before inserting
them into the QCM-D instrument.

Quartz crystal microbalance with dissipation (QCM-D) assays. Immediately after in-
sertion into the instrument, the sensors were equilibrated using 20 mM phosphate buffer
either pH 7.4 or pH 8.0. Once a stable baseline was reached, the instrument was ready for
the measurements. A(3(1-42) monomers were freshly dissolved in 20 mM phosphate buffer
(either pH 7.4 or pH 8.0) at a high concentration (40 M) and 10 uM of A5(1-42) monomer
were injected over the sensors functionalized with the fibrils, in order to elongate those and
to attain a higher degree of surface coverage of the QCM-D sensors. After a given decrease
in resonant frequency of the crystal was reached, indicating the degree of coverage of the
sensors with fibrils, the sensor surface was washed with buffer for ca. 1 hour, until a stable
baseline of the QCM-D signal was reached. During this wash, monomer loosely attached to
the surface of the fibrils was washed away.

Surface plasmon resonance (SPR) assays. Aj(1-42) fibrils were prepared following the
same method as mentioned above prior to the SPR experiments. CM3 SPR sensors con-
taining free carboxylic acid groups on the sensor surface were used and all flow cells were
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subsequently activated by EDC / NHS coupling chemistry. Then, sonicated (for 30 seconds
with alternative 2 second pulse and 50% amplitude) A5(1-42) fibrils were injected over the
selected flow cells, keeping a flow cell free of fibrils to be used for control experiments. Imme-
diately, all the flow cells were passivated with 1 M ethanolamine to prevent the subsequent
attachment of A5(1-42) monomers to the activated sites of the sensor surface. Subsequently
the flow cells were kept under a buffer flow using 20 mM phosphate buffer either at pH 7.4
or pH 8.0 at 25°C at a flow rate of 10 pL/min for ca. 15 minutes to attain a stable baseline
of the SPR signal. Following the protocols of QCM experiments, 10 uM AS(1-42) monomer
was injected subsequently for ca. 20-30 minutes at a flow rate of 10 pL/min in 20 mM phos-
phate buffer at either pH 7.4 or pH 8.0 until a level of SPR signal was obtained that, based
on previous studies [355, 67] suggested a high enough coverage of the SPR sensor surface
with AF(1-42) fibrils. After this initial growth period, the SPR sensors were kept under the
respective buffer flow for ca. 2 hours to attain a stable baseline of the SPR signal. Subse-
quently, A5(1-42) monomers were first injected in a concentration-dependent manner over
the attached and elongated fibrils in 20 mM phosphate buffer, either at pH 7.4 or pH 8.0,
followed by the injection of a pE-Af5(3-42) monomer concentration series in the respective
buffers at 25°C. Equivalent experiments were also performed at 35°C to allow estimation of
the thermodynamic parameters of the system.

SPR data analysis. The analysis of the SPR data followed previously established protocols
[355]. In brief, the dissociation part of the curve was taken to consist of a linear contribution
(sequential dissociation from fibril ends) and an exponentially decreasing contribution (dis-
sociation from independent binding sites on the fibril surfaces). Then, the reverse amplitudes
for the exponential decay phase was calculated through linear fit of the linear component of
the dissociation signal. Subsequently, the reverse amplitudes of the exponential decay term
was plotted as a function of the injected peptide concentration (either A5(1-42) or pE-AS5(3-
42)) and the curve was fitted using the Langmuir binding isotherm in order to determine
the Kp value for each case. However, this analysis can only be performed in a meaningful
manner if the surface-bound monomer detaches to a large extent upon washing, such that it
can be assumed that the majority of the binding sites on the fibril surfaces are available for
binding in the subsequent monomer injection.

Classical MD simulation - fibril fragment. In order to model an “infinite” A5(1-42) fibril
we have used the structural model derived by Xiao et al. [339] with PDB ID: 2MXU. Fifteen
peptides were arranged in a fibril fragment which was oriented such that the fibril axis is
parallel to the Z axis of the simulation box as shown in Fig. 4-5 (¢). The periodic boundaries
along the 7 axis were chosen such that the fibril peptides at the end of the fibril fragment
would bind with the next peptide from the periodic copy exactly as the peptides interact
within the fragment itself. The N-terminal part of the fibrilar peptides, from D1 to Y10,
which is missing in the published structure were added to each peptide as extended chains.
After adding water, the system was minimized, pre-equilibrated and then equilibrated for
600 ns with the atoms of the fibril core (G15-A42) restrained in the XY plane but free to
move in the Z direction and along the fibril axis. The final state of the fibril fragment at
the end of the simulation was used to prepare the system for the next stage, where a free
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monomer is allowed to interact with the fibril fragment.

Hamiltonian replica exchange molecular dynamics simulations. The equilibrated fibril
fragment was placed in an orthorhombic cell of size (L,,L,,L.) = (6.5,6.5,3.9) nm with simi-
lar periodic boundaries in the Z direction chosen to mimic an infinite fibril model. Inside the
simulation box, we also added either the full-length pE-A/3(3-42) or the A3(1-42) monomer.
As initial conformations for the two monomers we chose the centers of the largest clusters
from extensive simulations performed in a previous study (Nath et al. to be submitted, see
Chapter 3). Each system was solvated with the modified Charmm36m TIP3P water model
with an increased water-protein interaction for a more realistic modelling of intrinsically
disordered proteins (IDPs). Thus, the Lennard Jones interaction strength of the hydrogen
atoms has been modified from -0.046 kcal /mol to -0.10 kcal /mol as suggested by Huang et al.
[137]. The modified force field is labeled Charmm36mW which was also used for performing
all simulations. The two systems were neutralized with Na-+ ions resulting in 125,040 for the
system with the pE-A3(3-42) monomer and 137,478 atoms for the system with the A3(1-42)
monomer.

After energy minimization, position restrained equilibration and a short free equilibration,
Hamiltonian replica exchange [56] simulations were performed for each system. Each H-
REMD simulation consisted of 20 simulations or replicas running in parallel, with each replica
having a different interaction Hamiltonian where non-bonded interactions and dihedral angles
are scaled with a factor A\. The biasing coefficients lambda can be expressed as an inverse
temperature (1/temperature) correspond to a temperature range between 300 and 500 K
and assigned to the replicas according to a geometric distribution. In total we performed
two H-REMD simulations with of ~ 1,500 ns/replica for pE-A3(1-42) and ~950 ns/replica
for A5(1-42) amounting to a total simulation time of ~49 us. All H-REMD simulations
were performed on the supercomputer JURECA [160] at the Jiilich Supercomputing Centre
(JSC).

Umbrella sampling simulations and the potential of mean forces. In order to estimate
the binding free energy of the monomers to the fibril surface we applied the umbrella sampling
method [314]. For the US simulations, we first selected the last frames from the HREMD
simulation trajectories representative for the pE-A/(3-42) monomer bound to the hydropho-
bic fibril side (HPO), i.e. amino acids L34-G38, and for the Abeta(1-42) monomer bound
to the hydrophobic, i.e. amino acids L34-A42, and the hydrophilic side (HPI), i.e. amino
acids K16-K28, of the fibril core. From these three initial configurations we performed three
steered molecular dynamics simulations where the bound monomers were gradually pulled
away from the fibril surface using a harmonic guiding potential with an elastic constant of
1000 kJ mol~* and a pulling speed of 0.01 nm/ps. Thus the distance between the center of
mass of the pE-Af(3-42) monomer and a selection of atoms from the HPO fibril peptides
in contact with the monomer was increased from 1.95 nm to 5.91 nm and 20 configurations
within this simulation interval were saved for US. Similarly, the distance between the center
of mass of the AJ(1-42) monomer and a selection of atoms from the HPO and in contact
with the monomer was increased from 1.02 nm to 5.9 nm. In the case of the AS(1-42)
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monomer bound to the HPI fibril side, the distance between the centers of mass was in-
creased from 1.60 nm to 6.46 nm. In both cases 20 configurations were saved for the US
simulations. All US simulations were performed via the Centre for Information and Media
Technology at Heinrich Heine University Diisseldorf. In total, we performed three sets of
US simulations, one for the pE-A/3(3-42) monomer bound to the fibril surface and two for
the A5(1-42) monomer. Each window in any of the US simulations was equilibrated for 150
ns. The distance between the center of mass of the monomer and the center of mass of the
specific atom selection was restrained to the initial value of each US window via a harmonic
guiding potential with an elastic constant of 1000 kJ mol~! throughout the simulations. In
all simulations the fibril core (amino acids G15-A42) was restrained from moving in the XY
plane but free to move in the Z direction along the fibril axis. The potential of mean forces
(PMF) was calculated using the weighted histogram analysis method [177] and was based
on the last 100 ns of each simulated window in order to avoid artifacts due to the initial
state and to use only the equilibrated part of the trajectory. The AG value was calculated
by taking the difference between the PMF values at the bound state, i.e. the lowest PMF
value, and the unbound state, i.e. the PMF value at a separation distance of 4.5 nm between
the monomer and fibril.

Secondary structure, contact maps and clustering from HREMD simulation. Sec-
ondary structure propensities per residues were calculated with the program DSSP [167]
and the errors with block averaging. For snapshots of the protein structure we used the pro-
gram Visual Molecular Dynamics (VMD) [139] where the secondary structure is calculated
with STRIDE [108]. Contact maps were calculated using the Contact Map Explorer module
implemented in Python and considering a contact between two amino acids when any two
atoms from the two residues were found at a distance below a cutoff of 0.45 nm. Clustering
of structures was performed with the Daura algorithm [84] implemented in Gromacs using
the backbone atoms and an RMSD cutoff of 0.4 nm.

MD simulation details. All MD simulations were performed with the software GROMACS
2016.04 [132]. The temperature was kept at 300 K via velocity rescaling with a stochastic
term algorithm [55] and a time constant for coupling of 0.1 ps. The pressure coupling was
controlled with the Parrinello-Rahman barostat [230, 219] with a time constant of 1 ps. The
hydrogen atoms were treated as virtual interaction sites, allowing an integration time step
of 4 fs while maintaining energy conservation [102]. The cut-off distance for short range
electrostatics and van der Waals interactions was set to 1 nm and the Particle-Mesh Ewald
algorithm was used for long range electrostatic interactions.

4.4 Results

4.4.1 Experimental results

Quartz crystal microbalance (QCM-D) assays. The QCM is a powerful tool to study
the elongation rates of surface-attached amyloid fibrils in a highly accurate and reproducible
manner [52]. When the surface-bound fibrils grow, the associated increase in mass leads
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to a measurable decrease in resonant frequency of the QCM sensor. We have shown that
the sensitivity of the QCM for the growth of attached fibrils exceeds the sensitivity that is
typical for the formation of a homogeneous thin layer [210]. This is due to the trapped water
in the growing fibril layer, that adds to the detected dry mass of the fibrils. The ability
to incubate a constant ensemble of fibrils repeatedly with different solutions of monomers
allows to directly compare the observed rates and hence conclude in what way a given
change in amino acid sequence or solution conditions affects the fibril growth rate [51]. After
insertion of the QCM sensor with surface-attached fibrils into the instrument, the amyloid
fibril elongation experiments were divided into the following steps: (1) buffer stabilization of
the system, (2) injection of A5(1-42) monomers, (3) termination of fibril elongation by buffer
injection, (4) injection of pE-AS-(3-42) monomers and lastly (5) renewed buffer injection, as
depicted in Fig. 4-1.
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Figure 4-1: QCM experiments of Af(1-42) fibrils incubated with soluble A3(1-42) and pE-
Ap(3-42). (a) Injection of 7.5 uM pE-AB(3-42) monomer over a fibril coated
QCM sensor (4) at pH 7.4 after a previous incubation with 7.5 uM AS(1-42)
monomer at pH 7.4 (2). (b) Injection of 7.5 uM pE-Af3(3-42) monomer over
fibril coated QCM sensor (4) at pH 8.0 after a previous incubation with 7.5 yM
A5(1-42) monomer at pH 8.0 (2). (c) Dissipation against frequency plot for the
injections of 7.5 uM pE-A3(3-42) monomer at pH 7.4 and pH 8.0, (d) Dissipation
against frequency plot for the injections of 7.5 uM A(1-42) monomer at pH 7.4
and pH 8.0

Overall the process can be summarised as follows. First the attached A5(1-42) fibrils on the
QCM sensor surface were elongated with Af3(1-42) monomer, either in pH 7.4 (steps 1-3 of
Fig. 4-1 (a)) or in pH 8.0 (steps 1-3 of Fig. 4-1 (b)), where the decrease in resonant fre-
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quency indicates significant growth of the fibrils. These two pH values were chosen because
many of the groundbreaking mechanistic insights into the amyloid fibril formation of the A
peptide were obtained from experiments at pH 8 [66, 67], whereas pH 7.4 is probably more
physiologically relevant. We decided to investigate whether such a small change in pH would
influence the behaviour of the A systems under study.

The pE-AS(3-42) monomers were injected over the fibrils either at pH 7.4 (steps 4-5 of figure
4-1 (a)) or pH 8.0 (steps 4-5 of Fig. 4-1 (b)) which shows different patterns of frequency
shift in the QCM signal. At both pH values, the injection of A5(1-42) monomer (7.5 uM)
leads to a much more significant frequency response compared to the injection of the same
concentration of pE-AJ(3-42) monomers, suggesting that the fibrils that consist of AJ(1-
42) monomers are more easily elongated by the same monomer types than by pE-AJ3(3-42)
monomers. The main difference between pH 7.4 and pH 8 is that at pH 8, a constant linear
decrease in frequency is observed upon Af(1-42) monomer injection, whereas at pH 7.4,
the decrease in resonant frequency appears to level off. At pH 7.4, a larger fraction of the
observed decrease in frequency upon monomer injection is reversible upon washing the flow
cell with buffer, i.e. this pH condition leads to a larger fraction of reversible monomer at-
tachment. Fibril growth is usually less reversible compared to attachment of monomer to
the fibril surface [355]. The latter is also compatible with a decreasing rate of attachment,
due to the progressive saturation of the binding sites on the fibril surface [355]. The QCM
data therefore provides initial evidence that at the slightly lower pH of 7.4, the relative con-
tribution of binding to fibril surfaces is higher than at pH 8.

This conclusion receives additional support when considering plots of dissipation against
frequency shift (Fig. 4-1 (c) and (d)). For both types of peptide monomer, we observe
less increase in dissipation for a given frequency shift at pH 7.4 compared to pH 8. When
comparing the attachment of a monomer to a fibril end vs. attachment to the fibril surface,
we can expect that these two types of monomer addition to the fibril lead to a different
change in resonant frequency and dissipation. This is because the elongation of a fibril and
the absorption of a monomer to a fibril surface contribute differently to the overall roughness
of the surface, and hence to the trapping of water inside the surface-bound layer. We can
therefore conclude from the QCM experiments that the mode of interaction of A5 monomer
with AB(1-42) fibrils depends both on the type of monomer (A5(1-42) vs. pE-AS(3-42)),
as well as the pH of the solution. Initial evidence suggests that what changes is the relative
amount of elongation and fibril surface binding. In order to investigate this difference in
behaviour further, we performed surface plasmon resonance (SPR) experiments, which allow
to quantify the amounts of attached monomer more accurately than QCM-D.

SPR experiments of monomer-fibril binding. It has been demonstrated that surface plas-
mon resonance (SPR) measurements allow to directly measure the interactions between
monomers & amyloid fibril surfaces as a function of monomer concentration and tempera-
ture, thus providing insight into the initial events in the secondary nucleation step [355, 67].
Here we employed SPR measurements to study the interactions of pE-Af(3-42) monomers
with the A5(1-42) fibril surface and compared it to the self-interaction of Af(1-42) monomers
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to the surfaces of fibrils formed by the same peptide. The affinity of Af(1-42) monomers
to its own fibril surfaces has previously been quantified at pH 8 and different temperatures
[67]. In this study we performed similar experiments at 25°C and 35°C for both AJ3(1-42)
and pE-Af5(3-42). In agreement with previous observations [355, 67], a brief incubation of
the surface-bound A[5(1-42) fibrils with A5(1-42) monomers, followed by an extensive buffer
wash leads to a bi-phasic dissociation signal (Fig. 4-2 (b)), a combination of a rapid exponen-
tial dissociation (peptide dissociating from the fibril surface) and a slow linear dissociation
(peptide dissociating from the fibril ends) [47]. The amplitude of the exponential binding
component as a function of peptide concentration yields a Langmuir binding isotherm [355].
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Figure 4-2: SPR dissociation experiments suggest that pE-A(3-42) monomer attaches irre-
versibly to Af(1-42) fibril surfaces unlikely to the A/5(1-42) monomers thereby
affecting the course of secondary nucleation of Af3(1-42) fibrils; but at pH 8.0 it
binds reversibly with the A[(1-42) fibril surface. The SPR dissociation signals
are depicted for the following systems: (a) injection of AS(1-42) monomers over
A[5(1-42) fibril surface at pH 7.4, (b) injection of Af(1-42) monomers over A5(1-
42) fibril surface at pH 8.0, (c) injection of pE-AS(3-42) monomers over Aj5(1-
42) fibril surface at pH 7.4 and (d) injection of pE-A/5(3-42) monomers over
A[(1-42) fibril surface at pH 8.0; for direct comparison pE-A/(3-42) monomers
binding with AS(1-42) fibrils surface with A3(1-42) monomers at different pH
medium.

The behavior observed for pE-A[5(3-42) at pH 8 is qualitatively similar to that of A3(1-42)
(Fig. 4-2 (d)) and we therefore performed full concentration dependencies with both types
of monomeric peptides at 25°C and 35°C, allowing us to determine the Kp values. For
A((1-42) monomer binding to the AS(1-42) fibril surface, we obtained Kp values of 13.8
uM at 25°C and 24.6 pM at 35°C. These values are in good agreement with those previously
reported for the same peptide system [67]. Notably, the previously reported values were
obtained with recombinantly produced Aj3(1-42) peptide and the experiments in the present
study were obtained with synthetic peptide. The weakening of the binding with increasing
temperature is a signature of the enthalpically favourable nature of the interaction between
the peptide and the fibril surface [67]. In the case of pE-Af(3-42) monomers interacting



4 Pyroglumate-modified Af3(3-42) peptide monomers bind with higher
86 affinity than A3(1-42) monomers to A3(1-42) fibrils

with the AS3(1-42) fibril surface the Kp value was found to be 4.6 uM at 25°C and 12.6 uM
at 35°C. This results suggests that the interaction of pE-A/(3-42) with the surface A3(1-42)
is characterised by a higher affinity than the equivalent one of the Af(1-42) peptide, and is
also enthalpically favourable.
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Figure 4-3: Comparison of raw data from SPR experiments distinguishing the nature of
dissociation signal of binding between pE-Af(3-42) monomers and Af5(1-42)
fibril surface at (A) pH 7.4 and (B) pH 8.0 conditions at 25°C

Next, we performed equivalent experiments at the physiologically relevant condition of pH
7.4. In the case of Af(1-42), we observed a much slower dissociation upon washing with
buffer (Fig. 4-2 (a), compared to the equivalent experiment at pH 8, but overall the same
bi-phasic behaviour as in the case of pH 8 was observed. This allowed a determination of the
binding affinity (11.7 M), similar to that at pH 8. If pE-A$(3-42) monomers are injected
at pH 7.4, however, the observed behaviour is qualitatively different. After the injection, the
peptide was found to be almost irreversibly attached, with very little of it removable upon
washing with buffer. SPR data (blank corrected) of a full injection of pE-A3(3-42) at pH
8 and pH 7.4 is shown in Fig. 4-3. A pre-requisite for the ability to determine a binding
affinity
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Figure 4-4: Comparison of K values of binding between pE-Af(3-42) monomers and A5(1-
42) monomers with A/3(1-42) fibril surface at pH 8.0 condition at 25°C and 35°C.

from such experiments is that upon washing of the surface with buffer, the SPR signal returns
to a similar level as before the peptide injections, indicating that all the fibril surface-bound



4.4 Results 87

peptide is washed away, and that only the newly elongated fibril parts remain, which dissoci-
ate more slowly. This behaviour allows to directly compare the binding signal obtained from
injection of different peptide concentrations. At pH 7.4, we found that even after prolonged
washing, this was not the case for pE-A3(3-42), and therefore accurate Kp determination
was not possible for this scenario. Qualitatively, the data suggests that the dissociation rate
of pE-A5(3-42) from the fibril surface is slower by more than an order of magnitude, whereas
no significant difference in binding kinetics can be noticed (Fig. 4-3). This in turn suggests
that the binding affinity of pE-AS(3-42) for AB(1-42) fibril surfaces an order of magnitude,
or more, higher than the self-affinity of Af(1-42) monomer to A3(1-42) fibrils. The Kp
values for the monomer-fibril interaction can be directly converted into the standard Gibbs
free energy (AG®), yielding -30.5 kJ mol~! for pE-AS(3-42) and -27.5 kJ mol~! for AS3(1-42)
at pH 8, with the latter matching closely with that reported previously [67].

4.4.2 Computational results

Choice of fibril structure. During the past years, experimental methods for identifying
complex bio-molecular structures, especially Cryo-EM, have advanced significantly and led to
multiple high resolution structures of amyloid fibrils [332]. For this study we have chosen the
Ap fibril model with PDB ID: 2MXU determined by solid-state nuclear magnetic resonance
(NMR) [339]. This is a single filament structure with high resolution for amino acid E11 to
A42 and a cross section is shown in Fig. 4-5 (a). The rest of the N-terminus is very flexible
and was not resolved in the original NMR structure. Even though it is lacking a second

Figure 4-5: Fibril models. a) S-shape fibril model identified by Xiao et al. and used in
the current study [339]. b) Double filament fibril model identified by Colvin et
al. [69]. c) Periodic unit cell which allows the infinit replication of the fibril
fragment along the Z-axis.

interfacing filament, as in the fibril model published by Colvin et al. [69] and shown in
Fig. 4-5 (b), it does have several advantages when studying monomer attachment to fibrils.
First of all, it exposes to the solvent and to the incoming monomer both the hydrophobic
fibril region, otherwise hidden in the double filament model, and the opposite fibril side
which contains many hydrophilic amino acids. Thus, using this model, one may efficiently
investigate mechanisms that may lead either to the growth of a second fibril filament on
the existing one and enabled by the hydrophobic fibril surface, or to the generation of toxic
oligomers and formation of new fibrils enabled by the hydrophilic surface. Furthermore,
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while at the end of an A fibril formation reaction, mostly mature, double filament fibrils
are found, single strand (proto-)filaments are also observed at intermediate stages. Another
advantage is that, in MD simulations, one can model the single filament as an infinite fibril
by carefully choosing periodic boundary conditions as in the current study, see Fig. 4-5
(c). This is not straightforward when a second filament is present, due to different pitch
angles of the two filaments with respect to the fibril axis, and other approaches must be
used which could lead either to simulations not modeling a bulk system anymore or to the
use of small fibrilar fragments which are more similar to oligomers than fibrils. The reduced
size of the simulated system when using a single filament also allows for computationally
intensive sampling methods, such as H-REMD and US, to be efficiently used. In our setup,
the N-terminal amino acids missing in the original structure were added as elongated amino
acid chains to the rest of the fibril peptides, shown in Fig. 4-5 (a),(c) and a fibril fragment
composed of 15 peptides was equilibrated for several hundred ns before the actual H-REMD
simulations.

pE-A/(3-42) monomer binds exclusively to the hydrophobic side of the A3(1-42) fibril
surface. To investigate the interaction between the monomers of pE-A/5(3-42) and AS5(1-
42) peptides with fibril models derived from experimental studies, we have performed two
H-REMD simulations for the two peptides. In each simulation a monomer was allowed to
freely move in a simulation box which has a 15 peptide long fibril structure located in the
center of the XY and with the fibril axis extending along the Z direction to infinity, by a
suitable choice of periodic boundaries. A qualitative overview of the simulations indicates
that the two peptides have preferred specific locations for binding on the fibril. The trend
during the simulation is that, in both cases, the peptides start moving throughout the entire
simulation box and interacting weakly with the fibrils until they find a specific region on the
fibril where they bind to and remain until the end of the simulations. This can be observed

pPEAB(3-42) AB(1-42)

5

w

[y
o
o

wv
wu

w

1
1
20
2
3

Free monomer
w N N —
o (9,1

—_
I
E
o
c
o
=
0]
]
=
('8

o

w

w
w
wv

IS
o

5 10 15 20 25 30 35 40
Fibril peptides Fibril peptides

5 10 15 20 25 30 35 40

Figure 4-6: Contact map plot indicating the probability of residue interacting between the
free monomer and the A3(1-42) fibril surface for the case when (a) pE-A5(3-42)
is the free monomer and (b) Af5(1-42) is the free monomer.

in Fig. 4-18 where the projection of the free monomer atoms on the XY plane of the
simulation box is displayed. From this figure it is evident that the pE-AJ(3-42) monomer
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prefers to bind to a particular side of the fibril core which contains a very hydrophobic
section of the C-terminus of AF(1-42). In contrast, the AS(1-42) free monomer, displays
a bimodal type of binding which includes the hydrophobic side of the fibril core, as in the
case of the pE-AB(3-42) monomer, and the opposite side of the fibril core which contains
several hydrophilic and charged amino acids. Once bound to these locations, both monomers
experience mostly internal structural changes without considerable motion to other fibril
regions. Thus, in the detailed analysis below we focus mainly on the section of the H-REMD
trajectory where the monomers are already bound to the specific locations on the fibril. This
amounts to approximately 530 ns for A5(1-42). For consistency we have chosen the same
trajectory length for pE-A3(3-42) as well, despite spending more time at the same binding
site. A detailed analysis of the molecular interactions between the monomers and the fibril
is presented below by means of contact map analysis.

Binding to fibrils leads to increased /3 sheet propensity in pE-A/3(3-42) but decreased in
A(1-42) monomers. Contact maps are excellent tools for investigating specific molecular
interactions between two proteins. Fig. 4-6 shows the contact maps for the pE-A[5(3-42)

and Af(1-42) monomers bound to the AF(1-42) fibril surface. This highlights the distinct
binding behaviour of the two Af isoforms.

Binding of pE-Aj3(3-42). The pE-Af(3-42) monomer was found to bind predominantly
to the C-terminal region (L34-G38) of the A3(1-42) fibril, with M35 from the fibril having
the strongest contact frequency. Both the N-, i.e. pE3-Y10, and C-terminal, i.e. 132-V40,
regions of the pE-Af3(3-42) free monomer, as well as F20, A21 and V24 take part in the
binding interaction with the A5(1-42) fibril surface. This mode of interaction underlines
the importance of hydrophobic contacts, given that pE-A/3(3-42) is more hydrophobic than
A[(1-42), with fewer charged amino acids at the N-terminus. In addition to strongly bind-
ing at the C-terminus of the fibril, the pE-A3(3-42) also interacts weakly with part of the
N-terminus. These interactions can be identified in the contact map figure between amino
acids in the central hydrophobic cluster and the C-terminus of the free monomer, and region
H6-H14 from the fibril peptides. This binding mode is exemplified in Fig. 4-8 (a), where a
representative state of the system is shown. On top of Fig. 4-8 (a), the monomer is displayed
in interaction with the hydrophobic side and the N-terminus of the fibril. From a different
angle, shown on the bottom of Fig. 4-8 (a), the bound monomer is observed in contact with
the fibril surface in a conformation with elongated geometry. One should note the presence
of B-sheet conformations which are not present for the binding modes of A5(1-42) monomer.
This indicates that, upon binding, pE-A3(3-42) preserves its high S-sheet content structure.
This is confirmed by the secondary structure propensity per amino acid shown in Fig. 4-7,
where, for 10 amino acids of pE-A3(3-42), the propensities increased to above 90% compared
to the simulation of a single monomer in the absence of fibrils where the largest propensity
was around 70%.

Binding of A5(1-42). The AS(1-42) monomer has been found to bind on two regions of
the A5(1-42) fibril surface, located on opposite sides of the fibril core (see Fig. 4-18). The
first contains hydrophobic region 1.34-A42 at the C-terminus and similar to the binding site
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of pE-AS(3-42). Most of the amino acids in the free monomer interact with this region, but
Y10, D23, 131 and L34-M35 have slightly higher interaction frequencies than the rest. This
binding mode is also shown in Fig. 4-8 (b), where the monomer adopts a random coil struc-
ture with the N-terminus in contact with the negatively charged C-terminus and the rest of
the peptide towards the inner part of the fibril. The second binding site, as identified in the
contact map on the right in Fig. 4-6, contains the highly hydrophilic region E22-K28 of the
fibril. In this case, the amino acids from the free monomer which make contact with the fibril
are restricted to K16-K28. The representative state corresponding to this binding mode and
displayed in Fig. 4-8 (b) reveals a considerably different type of monomer conformation.
Whereas in the other binding modes of A3(1-42) and pE-A[3(3-42) the monomer was basi-
cally spread along the fibril surface, in this case it has its termini completely immersed in
the solvent and only the region K16-K28 is in contact with the fibril. This also implicates
that the center of mass of the monomer is further away from the fibril surface. Regarding
the [-sheet content upon binding, as discussed in the previous paragraph, the A[5(1-42)
monomer suffers a reduction in number of amino acids with extended conformation. This
can be seen in Fig. 4-7 where, for most amino acids, there is considerable reduction in
B-sheet propensity to below 20% upon binding.
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Figure 4-7: Propensity of S-sheet content in the bound monomers of pE-A3(3-42) (blue) and
A[5(1-42) (red). The quantities were calculated only for the trajectory when the
monomers were bound to the fibrils.

Considering that both alloforms had very similar S-sheet propensity values in the absence of
fibrils, the change in this quantity when the fibril is added to the system is quite dramatic.
Furthermore, the fact that both pE-A5(3-42) and Af(1-42) bind to the same hydrophobic
C-terminal region of the fibril leads to the conclusion that the change in secondary structure
is a very important effect of the fibril surface on the monomer structure. This observation
most likely has important implications for the very different aggregation pathways of the
two peptides, especially regarding the secondary nucleation process involved.

pE-A/3(3-42) monomers bind to the A fibrils with similar affinity as A5(1-42) but for
different reasons. The binding free energy is a crucial quantity which ultimately defines
the secondary nucleation regime of the monomer-fibril system [355]. Importantly, it can be
estimated by both experimental and computational methods thus establishing a very sought
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for link between the two. Here, we have employed the umbrella sampling (US) simulation
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Figure 4-8: Top clusters for free monomer binding with A/5(1-42) fibril surface, (a) pE-
A[(3-42) free monomer binding the hydrophobic side of the fibril, (b) A5(1-42)
binding the hydrophobic side of the fibril surface and (¢) AS(1-42) monomer
binding the hydrophilic side of the fibril surface.

method for investigating the standard Gibbs free energy (AG®) for the observed main bind-
ing modes of the free monomers with the fibril surface. The potential of mean forces (PMF)
was calculated for three cases corresponding to one binding mode of pE-A3(3-42) monomer
on the hydrophobic fibril side, and two binding modes of the A5(1-42) monomer on the
hydrophobic and hydrophilic fibril sides. For all cases, we used as initial configuration the
latest state observed during the H-REMD simulation and corresponding to each binding
mode.
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Figure 4-9: Free energy profiles (PMF) in the dependence of fibril-monomer COM separa-
tion, perpendicular to the infinite fibril filament axis, indicated for pE-A[5(3-42)
monomer binding the HPO side of the fibril surface (blue), A3(1-42) monomer
binding the HPO side of the fibril surface (Red) and A$(1-42) monomer binding
the HPI side of the fibril surface (black).

The PMF was calculated along the separation distance between the center of mass of the
monomer and the center of mass of a group of atoms from the fibril that the monomer
was in contact with in the initial state. The PMF curves as functions of the separation
distance are shown in Fig. 4-9. While the unbound state is observed for all peptides at
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distances above 4.5 nm, the bound state has different characteristics for different binding
modes. Thus, pE-A3(3-42) has the lowest PMF value around a value of 1 nm of the reaction
coordinate, below that for the A5(1-42) monomer. This indicates that the center of mass of
the peptide is closer to the fibril surface than for Ag42 and suggests a very tight binding,
most likely enabled by the strong hydrophobic interactions between the monomer and the
fibril surface. pE-Af(3-42) also has the largest difference between the PMF values in the
bound and unbound states, corresponding to a AG® value of -56.5 kJ mol!. The binding
mode of AS(1-42) monomer on the hydrophobic side of the fibril core resulted in a PMF
with the lowest value at a separation distance larger than that of pE-AS(3-42) by about
0.2 nm. In addition, the calculated AG® value for this mode was of -36.5 kJ mol!, thus
indicating a much weaker binding than pE-A5(3-42) for the the same fibril region. This
difference could be related to the lack of S-sheet secondary structure in the bound A5(1-42)
monomer as described in the sections above. The binding to the hydrophilic fibril side, in
contrast, led to a binding free energy value of -54.8 kJ mol™!, much closer to the value
observed for pE-A[(3-42). This result is very intriguing, given the fewer contacts involved
in this binding mode as observed during the H-REMD analysis. Nevertheless, these contacts
were confirmed in Fig. 4-19 as strong hydrogen bonds as well as salt bridges between amino
acids K16 and D23 from the monomer and D23 and K28 from the fibril, respectively. The
occurrence of these strong non-covalent bonds could indeed explain the large binding free
energy calculated. In addition, the lowest PMF value was in this case obtained for the largest
value of the separation distance, close to 1.4 nm. This is most likely due to the fact that,
during this binding mode, a significant part of the monomer sequence was extending away
from the fibril surface as seen in Fig. 4-8. In the discussion section we provide a detailed
comparison of the binding free energies from this studies with reported values from both
experimental and computational studies.

4.5 Discussions

Using the dissociation constant values obtained from SPR experiments, we calculated corre-
sponding standard Gibbs free energies (AG®) of -30.7 kJ mol™! for pE-A3(3-42) and of -27.7
kJ mol™ for AB(1-42) at pH of 8, also included in Table 4-1. This indicates that the pyroglu-
tamate monomer binds slightly stronger to the fibril surface than the 42 amino acid peptide.
Computationally we have observed a large variation in values, depending on the side of the
fibril where the binding takes place. pE-Af(1-42) binds exclusively to the hydrophobic side
of the fibril core with a binding free energy almost twice as large as the experimental value
calculated in our study. Interestingly, reported binding free energies of A/3(1-40) monomers
interacting with AS(1-40) fibril surface show a similar trend (Table 4-1), with values ob-
tained from simulations [288], when monomers are binding to the hydrophobic side of the
fibril, twice as large as values determined experimentally [299].

One should note that the reported binding free energy of A3(1-40) monomers is very similar
to that of AS(1-42) monomers as discussed below. In the case of AF(1-42) monomers, the
binding free energies are very similar when a pH of 7.4 (AG° = -28.1 kJ mol™!) or 8 was
used. A previous experimental study [67] revealed a value of -27 kJ mol~! for the AS3(1-42)
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monomer, in excellent agreement with our experimental results. The binding free energies
calculated from simulations are very diverse, depending on the binding site. When binding
to the C-terminus region, similarly to pE-A/5(3-42), the AF(1-42) monomer experiences a
free energy difference of -36 kJ mol™*

Table 4-1: Comparison of Standard Gibbs Free Energy (AG®) of A5(1-42) monomer-fibril
binding. All values are in units of kJ/mol and refer to a standard state of 1 M
monomer and T = 300 K. HPO stands for hydrophobic fibril side and HPI for
hydrophilic fibril side.

| Peptide | Method | AG® [kJ/mol] |

pE-AB(3-42) experiment (pH = 8, 25°C) -30.7 + 0.08

pE-A3(3-42) | simulation (current study- HPO) | -56.5 £ 5.5
A5(1-40) experiment (Saric et al.[299]) -27.5
A5(1-40) simulation (Schwierz et al.[287]) | -63.1 £+ 2.5
Ap(1-42) experiment (Cohen et al.[67]) -27
ApB(1-42) experiment (pH = 8, 25°C) -27.7 £ 0.02
ApB(1-42) experiment (pH = 7, 25°C) -28.1 £+ 0.05
ApB(1-42) simulation (Bellaiche et al.[40]) | -19 £ 2
Ap(1-42) | simulation (current study - HPO) | -36.5 &+ 8.3
ApB(1-42) simulation (current study - HPI) | -54.8 &+ 4.5

Error bars for experimental values were propagated from errors in dissoci-
ation constants. Error bars for values from simulations were calculated as
the standard deviation of AG° values from four non-overlapping intervals.

and close to the experimental value of -27 kJ mol~!. When binding to the hydrophilic region
K16-K28 of the fibril, however, the change in free energy reaches larger values, similar to
those of pE-A((1-42). A computational study by Bellaiche et al. [40] reported a value of -19
kJ mol~!, lower than the experimental free energies and yet another binding site involving
amino acid K16 from the fibril. One of the major strengths of computational methods is
that they can capture precisely the binding site of the monomers to the fibril surface, which
is not the case for the types of bio-sensing experiments we have performed to determine
the binding affinity. Thus, we observe a large range of binding free energy values for three
specific locations along the fibrillar peptides, range which also contains the experimental
values. In real systems, the binding of monomers to the fibril surface may be composed of
a multitude of different binding modes and sites, which taken altogether would lead to the
experimental binding free energy values. Ideally, if all the binding sites and modes could be
investigated computationally and weighed according to their free energy and stoichiometry,
then it might be possible to identify an average free energy value similar to the experimental
one.

Depending on the binding site and free energy, the binding of monomers to the fibril surface
can have different consequences. Among these are the generation of toxic oligomers (add ci-
tation), the formation of new fibrils by secondary nucleation, or the templating of secondary
protofilaments onto an already existing one. The last one implies that the peptides attach to



4 Pyroglumate-modified Af3(3-42) peptide monomers bind with higher
94 affinity than A3(1-42) monomers to A3(1-42) fibrils

the hydrophobic side of the fibril which is also part of the interface between two filaments in
a mature fibril, see Fig. 4-5 (b). This exact type of binding was also observed for pE-AJ(3-
42) monomer and for A5(1-42). Eventually, pE-A/(3-42) should display a similar behavior
to A(1-42), and bind to several sites on the fibril, but the fact that the first preference is
for the hydrophobic surface emphasize its highly hydrophobic character and distinction from
A[5(1-42). Interestingly, this strong binding, enabled predominantly by hydrophobic inter-
actions, is also observed when strong hydrogen bonds and salt bridges between hydrophilic
amino acids contribute to the molecular interactions, as in the case of Af(1-42) binding to
the hydrophilic side of the fibril.

It has been proposed that efficient secondary nucleation requires a finely balanced bind-
ing free energy of the monomer to the fibril surface - too weak and there is not enough
peptide bound, too strong and the monomer cannot undergo the necessary conformational
re-arrangements and detachment step to form a fully independent new fibril [355]. In a
pure aggregating peptide, the monomer-fibril interaction regime will manifest itself by the
efficiency with which the fibrils can proliferate. However, in mixed systems, such as the one
we have investigated here, that contains fibrils of one type and monomer of another, even
inhibition can be expected, relative to the pure system, if the monomeric peptides interact
to form mixed nuclei, or if one peptide strongly and non-productively interacts with fibrils
formed by another peptide form. This type of behaviour has been observed in the case of
the AB(1-42)-pE-AB(3-42) mixed system [80], and our experiments and simulations in the
present study help to rationalise these observations. We find a slightly higher affinity of
the pE-A[(3-42) peptide for AB(1-42) fibrils, compared to the self-interaction of A[5(1-42)
monomer with A3(1-42) fibrils. It is interesting to note that a small difference in affinity
can lead to such a dramatic inversion in kinetic behaviour, from acceleration in the case of
the pure system to inhibition in the case of the mixed system.

These results highlight the necessity to study mixed peptide systems under a variety of
solution conditions in order to be able to approach the full complexity present in wvivo.
Relatively small changes in both solution conditions (pH 7.4-pH 8) and peptide sequence
(A5(1-42)-pE-AB(3-42)) can have dramatic effects on the aggregation behaviour. It has
previously been show that the tendency of A3(1-42) to form oligomers significantly increases
as the pH is lowered [289]. It is possible that the change from pH 8 to pH 7.4 leads to a
differential increase in oligomerisation of the two peptides A5(1-42) and pE-A/(3-42) and
that this explains their difference in affinity for the fibril surface. This effect would not
be captured in our simulations, as we only had one monomeric peptide molecule in the
simulation box. While it is currently still computationally too expensive to simulate several
monomers together with a fibril, future studies should aim to simulate such a system. Such
simulations may enable the processes of oligomerisation and secondary nucleation to be
caught in the act.
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4.6 Conclusions

In conclusion, we have performed a combined experimental and computational study of the
interaction of the physiologically relevant Aj isoform pE-A[3(3-42) with fibrils formed by the
A[5(1-42) peptide. We find that this interaction is of high affinity than the self-interaction
between AS(1-42) fibrils and A/3(1-42) monomers in both experiment and simulations. These
results rationalise previous observations that A/(1-42) fibrils can inhibit, rather than seed,
the aggregation pE-A[3(3-42). Our work highlights the potential of combined experimental
and computational studies, as well as the complexity of mixed aggregating peptide systems.
Increased focus on such mixed systems is crucial in our quest to reach an ever more realis-
tic description of the situation in vivo. Besides, future exploration towards development of
a drug candidate or biomarker for early diagnosis of AD might utilizes the understanding
towards thermodynamic insights into the interplay of binding between mixed peptide sys-
tem at a close regime from the current study for therapeutic approach towards AD pathology.
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Figure 4-10: ThT kinetics profile for fibrillation of 10 pM A/5(1-42) monomer in both pH
7.4 and 8.0; in both cases the fibrils from the highlighted saturation phase were
taken for further experiments with QCM and SPR.
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Figure 4-11: AFM images of the Af(1-42) fibril samples at pH 7.4 - (a) AB(1-42) fibril
sample on the mica surface, (b) A5(1-42) fibril sample on the QCM sensor
before fibril growth after sonication before monomer injection, (c) AS(1-42)
fibril samples on the QCM sensor after AS(1-42) monomer injection and (d)
fully grown ApS(1-42) fibril samples on the QCM sensor after pE-AS(3-42)

monomer injection
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Figure 4-12: AFM images of the Af(1-42) fibril samples at pH 8.0 - (a) AB(1-42) fibril
sample on the mica surface, (b) A5(1-42) fibril sample on the QCM sensor
before fibril growth after sonication before monomer injection, (c) AS(1-42)
fibril samples on the QCM sensor after AS(1-42) monomer injection and (d)
fully grown ApS(1-42) fibril samples on the QCM sensor after pE-AS(3-42)

monomer injection.
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Figure 4-13: RAW data (blank corrected) of SPR study from binding of both AJ(1-42)
and pE-Af(3-42) monomer on the attached AF(1-42) fibrils in concentration
dependence manner after attaining baseline signal in pH 7.4 at 25°C. The
nature of the SPR dissociation signals from the pE-Af(3-42) monomer at pH
7.4 is significantly different from the case of AS(1-42) monomer.
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Figure 4-14: RAW data (blank corrected) of SPR study from binding of both A5(1-42)
and pE-Af(3-42) monomer on the attached AF(1-42) fibrils in concentration
dependence manner after attaining baseline signal in pH 8.0 at 25°C. The
nature of the SPR dissociation signals from the pE-AS(3-42) monomer at pH
8.0 is similar to the case of AfF(1-42) monomer.
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Reverse amplitude calculations for the binding of free monomers to the A5(1-

42) fibril surface at 25°C using the exponential component of the SPR dissocia-

tion signal via linear fit of the linear component of the SPR dissociation signal
from different scenarios: (a) pE-A/5(3-42) monomer in pH 8.0, (b) AS(1-42)
monomer in pH 8.0, (¢) pE-AS(3-42) monomer in pH 7.4 and (d) AS(1-42)
monomer in pH 7.4; in the scenario (c¢) the reverse amplitudes for the pE-
A[(3-42) monomer binding to the AS(1-42) fibril surface couldn’t be done
due to absence of exponential component in the SPR dissociation signal which

corresponds to irreversible binding nature of pE-A(3(3-42) monomers with the

A(1-42) fibril surface blocking secondary nucleation.
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Figure 4-16: Plot for the Langmuir Isotherm fit with the reverse amplitudes per monomer
concentration from the SPR data of free monomers binding to the Af(1-42)
fibril surface at 25°C in different scenarios as: (a) pE-Af3(3-42) monomer at
pH 8.0, (b) AB(1-42) monomer at pH 8.0, (c) pE-AS(3-42) monomer at pH 7.4
and (d) AS(1-42) monomer at pH 7.4. The Kj value at scenario (c) couldn’t
be calculated since pE-A/(3-42) binding the A5(1-42) fibril surface at this
condition was irreversible and subsequently no exponential component of the

Monomer Concentration / pM

decay signal was observed as showed in Fig. 4-15 (c).
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concentration from the SPR data of free monomers binding to the Af(1-42)
fibril surface at 35°C in different scenarios as: (a) pE-Af(3-42) monomer at
pH 8.0 and (b) AB(1-42) monomer at pH 8.0.
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Figure 4-18: Density maps from HREMD simulations show that pE-A/(3-42) monomer

prefers binding only to the hydrophobic side of the A3(1-42) fibril surface
whereas Af(1-42) monomer prefers to bind both hydrophillic and hydrophobic
side of the AB(1-42) fibril surface.
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Figure 4-19: H-bonding propensity between the free monomer and the AS(1-42) fibril sur-
face, where all the first residues belong to the free monomers, for the case of
(A) pE-A/(3-42) monomer and (B) AS(1-42) monomer. The interactons are
defined as MC-MC: Main-Chain:Main-Chain, SC-SC: Side-Chain:Side-Chain,
MC-SC: Main-Chain:Side-Chain and SC-SC: Side-Chain:Side-Chain.






5 Conclusions and Future Perspective

Despite numerous studies have been performed on the generation of amyloid fibrils, a ma-
jor hallmark of AD; still, a lack of understanding the insights into the underlying in-vivo
AD pathology prevails, which may be correlated to the presence of various A isoforms
in the human brain. It is plausible in a mixed-peptide system as found in-vivo, the cross-
secondary nucleation mechanism plays a pivotal role in modifying the aggregation kinetics of
monomeric Af isoforms by the presence of a variety of fibrils of different polymorphs. Gen-
erally, an increase in aggregation rates for different monomeric Af isoforms has been found
in the presence of A5(1-42) fibrils in many studies (both in-vitro and in-vivo), except for the
pE-A/(3-42) monomer whose aggregation seems to be inhibited by the presence of A3(1-42)
fibrils. The current work particularly focused on understanding the thermodynamic insights
into the binding of pE-AS(3-42) monomer with the A3(1-42) fibril reveals that pE-A5(3-42)
monomer bind tightly (having more negative AG®) & exclusively towards the hydrophobic
side of the fibril compared to the binding of A$(1-42) monomer; the latter shows dual-mode
of binding both to the hydrophobic & hydrophilic side of the fibril. The conformational
analysis at the atomic-scale shows that the pE-A/3(3-42) monomer adopts a more [-sheet
rich structure without many structural rearrangements upon binding to the fibril surface due
to the involvement of both N- and C-terminus of the monomer into the binding. However,
the propensity of adopting a [-sheet rich structure is found to be declined for the A/5(1-42)
monomer upon binding to the fibril surface and it undergoes significant structural rearrange-
ments for binding the hydrophobic side through its C-terminus & hydrophilic side through
it’s [-hairpin region. The exclusive binding of pE-A/(3-42) monomer to the hydrophobic
side of the fibril may be correlated with the results from the conformational analysis for
monomers alone. The pE-A3(3-42) monomer shows significant exposure of hydrophobic
residues to the solvent with a more anti-parallel $-sheet rich structure compared to that of
the Af(1-42) monomer, which shows adoption of an S-shaped compact-fibril like structure
similar to the A/(1-42) fibril end. Besides, D23 residue in pE-A/(3-42) monomer is found
to be more available for strong inter-molecular interactions rather than Af(1-42) monomer
where this is significantly involved in the D1-D23 salt-bridge formation. The outcomes of
my doctoral dissertation rationalize the previous observations of inhibition of pE-AJ3(3-42)
monomer aggregation by A/5(1-42) fibrils in terms of tighter binding of the monomer exclu-
sively to the hydrophobic side of the fibril, outweighing the required structural rearrangement
of the monomer for effective cross-nucleation to take place; along with the observed biophys-
ical properties like higher aggregation rate & toxicity of pE-A3(3-42) monomer compared to
that of AS(1-42) monomer. Finally, the knowledge from the current project can be applied
for developing potential drug candidates for inhibition of aggregation or biomarkers for early
detection of the AB(1-42) fibrils generating in-vivo targeting irreversible binding with the
fibril surface, paving the pathway towards a therapeutic approach of AD pathology.
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