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Abstract

Amyloid diseases, including Alzheimer's (AD), Parkinson's, Prion diseases and type 2
diabetes mellitus (T2DM), are characterized by the accumulation of insoluble fibrillar
aggregates in tissues. These diseases are the result of the aberrant folding of proteins that
constitute the main component of the fibrils. My thesis project focused on two amyloid
peptides: [3-amyloid peptide, a 40/42 residuepeptide involved in AD, and Islet Amyloid
PolyPeptide (IAPP), a 37 residue peptide linked with T2DM.

Although the mechanism of oligomerization is still unclear, it is known to be a stepwise
process that includes a nucleation phase, where the peptides are mainly monomeric and
slowly form aggregates, followed by an elongation phase, characterized by the formation of
large prefibrillar oligomers leading to mature fibrils. A first part of my project focused on the
early stages of fibrillation of IAPP, using a set of complementary biophysical techniques. This
study showed that the oligomerization pathway of IAPP involved no or short time lived
oligomers favoring the formation of large aggregates.

In a second step, | investigated the effect of residue 18 and global charge of IAPP by a
mutational analysis of residue His18 and biophysical analysis at pH 5.5 and 7.4. The results
showed that (1) the substitution of His18 slowed down the kinetics of fibrillation of IAPP by
affecting the interactions between monomers, (2) acidic pH was unfavorable for the process.
Finally, we examined the interaction of amyloid peptides with potential inhibitors of synthetic
(sugar or fluor-based peptides) or natural origin (epigallocatechingallate). Different

mechanisms of action could be characterized.
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Glossary

(NIAPP  : (human)lslet Amyloid PolyPeptide

AP - Amyloid-f3 peptide

AD : Alzheimer’s Disease

APP : Amyloid Protein Precursor

ER : Endoplasmic Reticulum

UPR : Unfolded Protein Response

DOPC : 1,2-dioleyl-sn-glycero-3-phosphatidylcholine
DOPS : 1,2-dioleyl-sn-glycero-3-phosphatidylserine
EGCG . (-)-epigall ocatechin-3-gallate

SUV : Small Unilamellar Vesicle

LUV : Large Unilamellar Vesicle

ThT : Thioflavin T

TROL : Tryptophanol

CD : Circular Dichroism

NMR : Nuclear Magnetic Resonance

STD : Saturation Transfer Difference

PFG : Pulse Field Gradient

DOSY : Diffusion Ordered NM R-SpectroscopY
TEM : Transmission Electron Microscopy

TOCSY  :TOta Correlation Spectroscopy
NOESY  : Nuclear Overhauser Effect Spectroscoy

TEM : Transmission Electron Microscopy
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Chapter 1:

Introduction
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1.Amyloid diseases

The term “amyloid” was introduced by the physician and biologist Rudolph Virchow in
the late-19th century, after he identified macroscopic abnormal-looking cerebral tissues that
were able to exhibit a positive iodine staining reaction in presence of sulfuric acid.* The fibrils
were starch-like, similar to cellulose, hence the term “amyloid” (amylum in Latin, dpvhov
amylon in Greek). This initial discovery was followed by a descriptive stage where amyloid
fibrils where observed by light microscopy using a variety of histologic dyes. Around the
1920s, it was agreed that one of the properties of amyloid fibrils was their capacity to bind to
Congo red dye, exhibiting enhanced colored anisotropy after observation under polarized
light. The introduction of electron microscopy allowed further descriptions of amyloid fibrils
morphology. The observation of amyloid deposits of human and animal origins showed that
the aggregates where constituted of straight, rigid fibrils that were 6 to 13 nm wide and 100 to
1600 nm long*®. Amyloid fibrils, that are, as it was later discovered, built as a repetition of a
specific peptide or protein, were located in various tissues types an associated with
neurodegenerative and metabolic impairments and other diseases (table 1).

17



Disease Aggregation protein or peptide

Neurodegenerative diseases

Alzheimers' s disease Amyloid-f} peptide
Spongiform encephal opathies Prion protein
Parkinson’s disease a- synuclein
Amyotrophic lateral sclerosis Superoxyde dismutase 1
Huntington disease Huntingtin

Non-neuropathic systemic amyloidosis

Amyloid light chain amyloidosis Immunoglobulin light chain or its fragments
Amyloid A amyloidosis Serum amyloid A1l protein fragments
Senile systemic amyloidosis Wild-type transthyretin

Haemodialysis-related amyloidosis ~ 32-microglobulin

Non-neuropathic localized amyloidosis

Type 2 diabetes mellitus Islet Amyloid PolyPeptide
Apolipoprotein A1 amyloidosis APO-A1 fragments
Injection-localized amyloidosis Insulin

Table 1: Some human diseases associated with amyloid aggregation. Adapted from Knowles and al. 2014*

Further investigation about amyloid fibrils show that they are the result of the aberrant
folding of the peptides or proteins that accumulate in the organism and constitute the main
components of the fibrils. Although the mechanism of fibrillization is still unclear, it is known
to be a two-step process that includes a nucleation phase, where the peptides are mainly
monomeric and form small soluble aggregates, followed by an elongation phase,
characterized by the formation of large prefibrillar oligomers leading to mature fibrils
(figure 1). Thefibrillization, asit is associated with an aberrant folding of peptides/poteins, is
therefore characterized by a conformational change in the peptide from its native or
disordered structure into a cross [-sheet conformation as depicted in figure 1. This leads to
highly structured fibrils, with the [3-strands of the peptides being oriented perpendicularly to
thefibril axis (figure 2).
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Figure 1: Schematic representation of amyloid fibril formation.

Thefibrillization isatwo-step process composed of the nucleation phase/lag phase in which prefibrillar assembliesare
formed triggered by the aberrant folding of the constitutive peptide, followed by an exponential elongation phase
during which thefibrils are formed. The plateau represents the state where maximum fibril growth has occurred.

Adapted from Wilson and al. 2007°

Figure 2: Schematic representation Ap40 fibrilsincor porating the cross-§ motif common to all amyloid fibrils.
Adapted from Petkova and al, 2002.°

2.Cytotoxicity hypotheses and mechanistic models of fibrillization

The first hypothesis suggested that the fibrils were the main pathogenic entities related
to amyloid disorders. Since amyloid diseases were correlated to the presence of large
insoluble fibrils at the surface of membranes, it was initially believed that they were the most
pathogenic species inducing cell death and progression of the disease they were related to.
However, more recent studies have challenged this initial hypothesis by cytotoxicity studies
showing that fibrillar aggregates have lessimpact on cell death than small soluble oligomers.
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Nowadays, a second hypothesis has risen and indicates that rather than the mature
fibrils, some specific intermediate states and/or the whole oligomerization process are
responsible for amyloid disorders and are potentially more harmful for the cells. The
involvement of those intermediate species in the devel opment of the diseases has been shown,
especialy for Alzheimer, Parkinson and Huntington diseases, from in vitro studies on primary
cell cultures'.

Further investigations of the link between amyloid intermediates and cell death have
shown that oligomers interact greatly with the cell membrane, disturbing the structural
integrity of the lipid bilayer.? Although the mechanisms for membrane permesabilization or
membrane disruption are yet unknown, different coexisting models have been proposed to
explain the deleterious effect of amyloid oligomers on membranes. These models include the
“ion channel” hypothesis, insertion of the peptide into the membrane leading to its disruption,

and the “lipid uptake hypothesis’ (figure 3).
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Figure 3: Interconnectivity between amyloid formation and membrane disruption. Top: The process of amyloid-fibril
formation.

Amyloid formation involves the misfolding of soluble proteinsinto 3-sheet oligomers, which further aggregateinto
protofibrils, including ring-like annular protofibrils, and then into amyloid fibrils. Bottom: Therole of membranesin
amyloid formation and toxicity. Soluble proteins bind to membrane surfaces with a conformational transition to an a.-

helix structure. The accumulation of proteinson the surface of the membraneinducestheir oligomerization into f3-

sheet aggregates. When a critical threshold concentration isreached, a transmembrane pore (annular protofibril)
developsin the membrane and enables the leakage of membrane contents. As other possible or coexistent
mechanisms, annular protofibrilsformed in solution may insert into the membrane, undefined prefibrillar aggregates
may bind to the membrane surface and induce membrane thinning, and lipids may be extracted from the membrane
and incor porated into the developing fibril in a deter gent-like process.
From Butterfield and Lashuel .’

The “ion channel” hypothesis, demonstrated the ability of amyloid peptides, to formion
channels through the membrane. Experiments of vesicle permeabilization by amyloid-f3 (Ap)
peptide, human Islet Amyloid Polypeptide (hIAPP) and a-synuclein have shown that those
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channels were the results of annular shaped oligomers that interacted with the membrane. The
formation of those “ion channels’ induces a loss of the selectivity of the membrane by
allowing ions to either leak into the intercellular compartment or enter into the cytoplasm.
The disruption of the ion concentration inside or outside the cell, which is detrimental to its
function, contributes to trigger apoptosis.® 1% *2

The mechanisms for pore formation of amyloid peptides were suggested to be similar to
the mode of action of antimicrobia peptides on the membrane. Indeed, both amyloid and
antimicrobial peptides share many characteristics, such as the capacity to adopt amphipathic
structures in presence of lipid bilayers and the capacity to permeabilize the membrane. These
physiochemical similarities could therefore suggest that the two classes of peptides have
similar mechanisms of membrane disruption.*® Different models were proposed to describe
the mode of action of antimicrobial peptides, on the membrane (figure 4). In the barrel-stave
model the hydrophobic region of the peptide comes in contact with the hydrophobic
membrane interior, while the hydrophilic region is oriented towards the aqueous medium. The
result is the formation of a peptide lined, hydrophilic pore that increases in size as the
monomer aggregates and allows molecules to leak out of or into the cell. The toroidal-pore
model suggests metastable structure where the hydrophilic part of the peptide remains in
contact with the hydrophilic lipid groups, inducing a curvature of the membrane and allowing
the passage of molecules through the membrane. The sinking-raft and carpet models locate
the associating peptides on the surface of the membrane in a “carpet like” manner. Upon a
critical concentration, the membrane dissociates and breaks down creating a pore. Following
the disruption, either the lipid bilayer is resealed (sinking raft model) or disintegrates in a

detergent-like manner (carpet model).***>
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Figure 4: a) Models of barrel-stave and toroidal pores. b) Two dimensional representations of the sinking-raft and
carpet models for membr ane per meabilization. From Butterfield and Lashuel.”’

Finaly, the «lipid uptake » hypothesis suggests a concerted mechanism of membrane
disruption and fibril formation on the surface of the lipid bilayer. The study, which monitored
the kinetics of fibril formation of hIAPP as well as the permeabilization of large unillamelar
vesicles, mimicking the membrane, showed a close link between the fibrillization process and
membrane disruption. Observation by cryomicroscopy showed that the formation of a rigid
fibril on the surface of the vesicle induced to a change in the membrane curvature, which

leads to membrane leakage (figure 5).
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Figure5: Simplified schematic representation of the different stages of the proposed membrane-associated hl APP
fibril growth that resultsin membrane damage.

Starting from an intact membrane (black circle) and monomeric hl APP (gray ellipsoids), hl APP monomer s or
oligomersadsorb on or insert into the membrane (Left). Next, membrane-located hl APP participatesin initiation and
propagation of fibril growth at the membrane leading to a for ced change in membrane curvature and concomitant
temporal membrane leakage, at the locations wher e fibrilsand membrane separate (gray arrows) (Center). Finally,
mature hlAPP fibrilsthat line the surface of a distorted membrane start detaching, initiating recovery of vesicle
shape (Right). Oligomer s have been depicted arbitrarily asa cluster of four hl APP monomers. Black arrowsindicate
the movement of hl APP species. From Engel and al.*®
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The lipid uptake process was aso observed by confocal microscopy. Results have
shown that addition of hIAPP on membrane models induced a permeabilization and
disintegration of the membrane simultaneously with the aggregation of the peptide. The
presence of fluorescent lipids, as well as the amyloid specific Congo red dye, showed that the
aggregates contained a substantial amount of lipids, as a result of an uptake from the
membrane by the growing fibrils. The extraction of lipids by hIAPP and their incorporation to
the gowing fibril consequently leads to the disruption then disintegration of the membrane
over time (figure 6).'%*°

Figure 6: Schematic representation of the proposed mechanism for the formation of amyloid protein-lipid aggregates
in the presence of lipid membranes.

I: The aggregation process starts when monomeric proteins are added to the aqueous solution. | I: Attractive
interaction be- tween thelipid bilayer and the protein oligomers and/or monomer s leads to accumulation of proteins
at thelipid bilayer. I11: Aggregation continues at the lipid membrane, whereby lipids are taken up by the forming
aggregates. The extraction of lipids from the membrane also causes|ocal disruption of the membrane barrier. IV:
Aggregation continues. Large protein—lipid aggregates are formed for which the membrane may serve asatemplate.
The aggregates include amyloid proteins aswell aslipids from the membrane. From Sparr and al.*

The mechanisms of oligomerization and fibril formation are therefore very intricate and,
although common pathways of oligomerization were suggested, some specific stages of
aggregation can vary with the studied amyloid peptide. During my thesis, | focused on the
oligomerization and fibrillization of two amyloid peptides. human Islet Amyloid Polypeptide
(hIAPP) involved in to type 2 diabetes mellitus, and $-amyloid peptide linked to Alzheimer’s
disease.
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3. Type 2 diabetes mellitus and secretion of Islet Amyloid PolyPeptide

Diabetes is a disease that affects over 380 million people in the world. Among those
patients, 90% suffer from type 2 diabetes mellitus, otherwise known as the non-insulin
dependent diabetes mellitus (WHO, 2014). Linked to a resistance to insulin, it is a chronic
disease that is associated to a combination of lifestyle such as a poor diet, overweight and
sedentarity and genetic factors. The development of the disease shortens the lifespan of
10 years and leads to multiple complications such as cardiovascular disease, which affect
about 50 to 80% of the diabetes patients and blindness or kidney failures.

a) Secretion of 1slet Amyloid PolyPeptide

Pancreatic sections of type 2 diabetes patients have shown the presence of extracellular
amyloid plaques on the surface of B-cells in the Islets of Langerhans (figure 7). Those
amyloid fibrils were mainly composed of a 37 residue peptide called Islet Amyloid
PolyPeptide (IAPP) also known as amylin®. The accumulation of fibrillar IAPP on the
pancreatic 3-cells was shown to have a significant role in the destruction of the cells therefore

in the pathogenesis of type 2 diabetes mellitus.*

Healthy islet of Langerhans Islets of Langerhans in case of type Il diabetes
" 1‘_ ._f' i |
~

Figure 7: Microscopic sections of mouse pancr eatic tissue, including an islet of Langer hans.

Left : Using an immunohistochemical staining with an antiserum raised against insulin, theinsulin-producing f3-cells
in this healthy islet of a non-transgenic mouse are clearly visible (brown staining) amongst the exocrine tissue (purple
counter staining). Right: Using the amyloid-specific dye Congo red, the presence of amyloid can easily be detected in
thisislet of a hl APP transgenic mouse. Using brightfield light microscopy, the Congo red stained amyloid isvisible as
pink deposits. In this severely affected islet, the B-cell massislargely reduced. Dueto auto-fluor escence of amyloid-
bound Congo red, the amyloid can be visualized even better with fluor escence microscopy (bright red colour). From
Hoppener and al. 2006

IAPP is initially cosecreted with insulin in the pancrestic -cellsislet of Langerhans as
a 89 residue peptide precursor (pre-prolAPP). After its expression, PreProl APP undergoes
severa post-translational modifications that lead to mature IAPP. First, the cleavage of a
signal sequence consisting of 22 residue located on the N-terminus of the polypeptide
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generates the 67 residue pro-IAPP. Second, a subsequent cleavage by two prohormone
convertases PC2 and PC1/3 of two peptide bonds located on both C-terminus and N-terminus
of prol APP |eads to a 40 residue peptide consisting of | APP and three residues glycine-lysine-
arginine located in its C-terminus. The peptide then undergoes the last post-translational
processing step, with the removal of the two dibasic residues Lys39 and Arg40 by
carboxypeptidase E (CPE) and amidation of the C-terminus, with Gly38 serving as a nitrogen
donor. The mature 37 residue IAPP is also composed of an intramolecular disulfide bridge
between residues Cys2 and Cys7. Once IAPP is formed at a slightly acidic pH of 5.5 within
the intracellular vesicles, it is released in the extracellular medium at a pH of 7.4 where, under

favorable conditions, it is prone to aggregate into insoluble fibrils (Figures 8 and 9).2#*#2

PreProlAPP

MGILKLOVFLIVLSVALNHLKAT P 1ESHOVEKRRCNTATCATORLANFLVHAS SHNFGATLS STNVGSNTY GEENAVEVIEREPLNYLPL

l

ProlAPP PC2 PC1/3

TP IESHOVEKRRCNTATCATORLANFLVASSHNFGAT LS STNVGSNTYGKEN AVEVLEREPLNY LEL

CPE
PAM
Amidation of C-terminus

Mature IAPP (human)

—
RCRNTATCATORLANFLVHS SNNFGAILSSTNVGSNTY -NH,

Figure 8: Processing of PreProl APP to mature |APP (human form). |APP is synthesized as an 89 residue
PreProHormone.

The cleavage of the signal sequence leadsto the 67 residue Prol APP. Prol APP iscleaved in its N-terminusand C-
terminus partsrespectively by PC2 and PC1/3. Thefurther processing of the cleaved peptide by CPE/PAM leadsto
the amidation of the C-terminus. Mature | APP also under goes the formation of the disulfide bridge between Cys2 and
Cys7.
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Figure9: Biosynthsesis of hl APP.
After the secretion and processing of PreProl APP to mature | APP, the peptideisreleased from theintracellular
medium (pH 5.5) to the extracellular medium (pH7.4) | APP sequence: basic residues appear in light blue, non
polar/hydrophobic residuesin purple

Pre-Pro-1APP

b) Development of type 2 diabetes mellitus

The development of type 2 diabetes mellitus can find its origin from two different
pathways, one of extracellular origin, linked to the formation of IAPP amyloid fibrils on the
surface of the cells and the other of intracellular origin, related to the biosynthesis of IAPP in
the endoplasmic reticulum.

I. Extracellular origin

Type 2 diabetes mellitus is a disease that is triggered by a resistance to insulin. In order
to maintain the normal glucose tolerance, the pancreatic p-cells secret a higher level of
insulin, which leads to a higher secretion of hlAPP. As the concentration of hlAPP released
into the extracellular medium increases, it triggers the auto-assembly of the peptide leading to

amyloid fibrils. As the process of hIAPP fibrillization is known to be cytotoxic to the cell
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membranes as the peptide interacts with the lipids, the high concentration of hIAPP leads to
[-cells death. To compensate, the remaining pancrestic -cells will secret insulin, along with
hIAPP at an even higher concentration. As the process renews itself, this leads to a vicious

circle of overproduction and f3-cells death, maintaining the disease.”"

ii. Intracellular origin

A second pathway to the development of the disease is the intracellular pathway.
Although amyloid fibrils are mostly localized on the surface of the (-cells, evidence
suggested that oligomerization could also occur in intracellular compartment. Several studies
on transgenic mice capable of secreting hIAPP have shown that fibrils or prefibrillar
aggregates could be found in the endoplasmic reticulum (ER), Golgi or secretory granules of
the B-cells where hIAPP is processed. This implies a second mechanism of apoptosis linked
to ER stress.

The ER serves many different functionsin the cell, including ensuring the correct native
folding and post-trandlational modification of peptides and proteins synthesized within the
cell but also, transportation of those molecules to the Golgi and secretory granules and release
into the extracellular space. The properties of ER are well balanced and regulated to avoid any
misfolding of the secreted proteins. The accumulation of misfolded protein in the cells along
with ER stress cascades into the unfolded protein response (UPR). This regulation process
involves simultaneously the production of chaperones to both assist the folding of proteins
and limit their aggregation; reducing ER workload by inhibiting the protein synthesis
triggering the UPR; enhancing the transportation of misfolded protein to the ubiquitin-
proteasome system for degradation and, as alast resort, triggering of the apoptosis process.

In the context of insulin resistance, the following overproduction of insulin and hIAPP
contributes to ER stress, as the processing of peptide/protein reaches its overcapacity. This
further triggers a malfunction in the folding process of both hormones. In spite of the various
responses of the cell in order to limit the formation of misfolded peptides, the accumulation of
hIAPP leads to its intracellular aggregation, as fibrillar species could be observed inside the
cell. This result shows that the prevention mechanism of misfolding is rendered non-effective
as it reaches a saturation level. As the cell is unable to eliminate the formed cytotoxic
oligomers, it triggers the activation of « cell-death receptors», leading to apoptosis, and

further decrease of 3-cells mass in the pancreas (figure 10).
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 Insulin resistance |

' Extracellular aggregation of |
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eliminate misfolded IAPP
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Figure 10: Schematic illustration of the type two diabetes mellitusvicious circle.
Theinsulin resistance induces an over production of | APP in the system. |APP can accumulatein theintra or
extracellular medium leading to cell death.

¢) Elongation and structure of the fibrils

The structure of the hIAPP fibrilsis still not completely known, due to the insoluble and
non-crystalline nature of the fibrils. However, two structural models, that present many
similarities, have been based on solid-state NMR spectroscopy combined to molecular
modeling and X-Ray crystallography. The first model was obtained by Tycko’s group from
solid state NMR. It shows that the backbone of the peptide adopts a hairpin conformation,
with two f3-strands segments, composed of residues 8-18 and 28-37 separated by a loop
formed by residues 18-27. Each monomer interacts with another, forming an initial building

block consisting of four 3-sheet layers (figure 11).°
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Figure 11: Molecular structural modelsfor the protofilament in amylin fibrilswith striated ribbon morphologies
based on NMR combined to molecular modeling. (A) Ribbon representation of one cross-§ molecular layer, with N-
terminal and C-terminal -strand segments colored red and blue, respectively. The black arrow indicates the fibril
axis. (B) Cross-sectional view of two amylin moleculesin the protofilament. (C, D) All-atom representations of two
possible models, with hydrophobic residuesin green, polar residuesin magenta, positively charged residuesin blue

and disulfide-linked cysteine residuesin yellow. (From Luca and al. 2004)

The second model, which was inferred from X-ray crystallography of fragments
NNFGAI (residues 21-26) and SSTNVG (residues 29-33), follows the structure of “steric
Zippers’. The monomers thus structured associate themselves as pairs, interacting one another
by the residues side chains forming the protofilaments. Protofilaments then assemble on top
of one another to form the amyloid fibril.** The two models are quite similar in the overall
topology of the b-sheet but slightly differ in the packing of side chains between b-strands. A
particularity of both structure models resides in the fact that the 20-29 segment, which is
known to be the nucleation site of the peptide is not involved in the B-strand, showing that the
bend my impact the amyloid formation (Figure 12).

29



0

-+
NH,  — KCNTATCATQ RLANFLVHSS NNFGAILSST NVGSNTY — C-NH,

Figure 12: Structureof IAPP in fibrils.
IAPP monomer s adopt a hairpin conformation separated by a short loop. Pairs of monomer interact with one another
forming the building block of thefibrils. Building blocks then associate on top of another to form thefibrils. From
Cao and al. 2012*

d) Key residues of hIAPP in the amyloidogenesis

It has been shown that the conservation of hIAPP sequence is essential for the
fibrillization to occur. Many structural and fibrillization properties comparisons have been
made between rat IAPP (rlAPP) and hIAPP. The particularity of rIAPP is that it only differs
from hIAPP by 6 residues out of 37 but exhibits different properties, as it is non-
amyloidogenic and non-toxic to [ cells even at high concentration. This particularity has been
linked to the presence of proline residues in the amyloidogenic region of the peptide (namely
the 20-29 region). The substitution of serine residues in position 28 and 29 has shown to
induce changes in the structuration of the peptide by promoting a a-helix conformation over a
[-sheet structure.

Another particularity of rIAPP is the substitution of the histidine residue, present in the
sequence of hIAPP by an arginine. Indeed, a study on rlAPP has been made by substituting
Argl8, Leu23 and Val26 of the rlAPP sequence by Hisl18, Phe23 and 11€26, residues present
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in hIAPP. Results have shown that modified rlAPP was able to form fibrillar aggregates
athough it failed to form on of mature fibrils.®

These substitution studies have provided evidence that key residues in hIAPP that
influence its structure and induce the mature fibril formation. The effect of substitution will

be further discussed in chapter 4.

4.Alzheimer’sdisease (AD) and for mation of f-Amyloid (AB) peptide

Dementia is a category of brain diseases that affects about 35.6 million people in the
world. The most common type of dementia is Alzheimer’s disease, which makes up 70% of
the cases (WHO, 2012). Associated with ageing, AD begins in people over 65 of age, but 4 or
5% of the patients are known to have declared an early form of the disease (early onset AD)
before this age. Common symptoms for Alzheimer’ s disease are short-term memory loss, and,
as the disease advances, impairment of the language, disorientation, and behavioral issues are
observed. Ultimately, the bodily functions are lost, leading to death of the patient.
Examinations of brain tissues of Alzheimer’s disease patients have indicated the presence of
senile plagues and neurofibrillary tangles that were therefore linked to the disease. The
isolation of the amyloid fibrils has shown that they were composed of a 4 kDa subunit
peptide, named amyloid-f3 (Af3) peptide.

a) Formation of B-Amyloid (Af3) peptide

AP is generated by the proteolytic processing of the Amyloid Precursor Protein (APP),
a single transmembrane protein that is expressed in neural and non-neural cells. This process
involves a first cleavage of APP by the p-site cleaving enzyme (BACE), then, a second
cleavage by y-secretase occurs in the transmembrane domain of the protein and leads to the
release of A} peptide and the APP intracellular domain (AICD). The y-site of cleavage is
variable and can occur after AP residues 38, 40 and 42 (figure 13). This site is of great
influence on the oligomerization properties and pathogenicity as Ap42, being more

hydrophobic than the two other forms of AP, ismore likely to form fibrilsin vivo.
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Figure13: (Top) lllustration of the proteolytic cleavage of APP by 8- and y-secr etases.
The cleavage resultsin the release of amyloidogenic AB40/42 depending on the y-secr etase cleavage site and AICD.
(Bottom) Sequence of Ap42.
Blue: basic amino acids, purple: hydrophobic amino acids, pink: acidic amino acids

The increase in the level of AP40/42 in the organism, because of overexpression or
reduced clearance, triggers the amyloid cascade leading to clinical Alzheimer’s disease. The
cascade is associated with the accumulation of A340/42 as a result of the deregulation of the
cleavage of APP. The peptide then aggregates, causing changes in the synaptic functions of
the neurons. As oligomerization evolves to fibrillization, insoluble fibrils are formed, which
trigger biochemical changes, inflammatory responses as well as neurotic injury. The last
stages of the cascade are characterized by neuronal dysfunction, cell death, and extensive

dementia.®**®

b) Factorsto the development of AD

As the frequency of the disease increases, especialy in the context of ageing of the
population and the public costs involved for the treatment and caretaking of the patients,
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Alzheimer’'s disease constitutes a maor health concern. In this light, it is critica to
understand the pathol ogic mechanism of the disease, in order to develop further treatments for
the patients. Genetic analysis suggested that many genes could contribute to the devel opment
of AD by increasing the overproduction of Af, especialy the cytotoxic Af in the

Ol’gani sm 36,37,38,39

i. Mutation of APP gene

Although AD is a neurogenerative disease associated with late age, some genotypes
have been reported to develop AD at an early onset (40-50 years old). (source: az.org)
Five mutations of the APP gene have been reported to cause early onset of AD. Biochemical
studies of these APP mutations show that they influence the cleavage of APP, leading to the

release of the longer form of A, therefore promoting the amyloidogenesis (table 2).

AP “ phenotype” M utation
Flemish Ala2lto Gly21
Dutch Glu22 to GIn22
Italian Glu22 to Gly22
lowa Asp23to Asn23
Tottori Asp7 to Asn7

Table 2: Mutations of AP peptide associated with early onset Alzheimer's disease
ii.Presenilins

AP is released by the successive cleavage of APP by BACE and y-secreatase. In
particular, y-secretase is a complex that involves four different proteins, presenilin (PS1 and
PS2), nicastrin, anterior pharynx defective 1 (Aph-1) and presenilin enhancer 2 (Pen-2) for
the cleavage of APP in the transmembrane region.”® Studies of the complex have shown that
mutation of the genes PSEN1 and PSEN2 coding for the presenilin proteins PS1 and PS2
respectively were likely to promote the production of the pathological AB42 in the

organism.*
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iii. ApolipoproteinE (APOE)

Apolipoprotein E (APOE4) is a 299 residue protein that is involved in the transport of

the lipids in the lymph system and into the blood. The gene APOE, located on the
chromosome 19 is polymorphic and possesses 3 different alleless APOE2, APOE3 and
APOE4 that differ by each other from one or two amino acids in position 112 and 158
(ApoE2: Cysl112, Cys158, ApoE3: Cysl12, Argl58, and ApoE4: Argll12, Argl58). Evidence
has shown that the APOE4 variant is a genetic risk factor to late-onset Alzheimer’'s
disease.”**
Although it is still unclear how APOE4 participates in the development of AD, the protein
was linked with the regulation of deposition of AP in the brain either by promoting the
amyloidogenesis and/or by having an influence on the clearance of the amyloid peptide by
proteolytic cleavage. In particular, APOE4 variant was shown to be less effective in the
removal of AP than its other isoforms, which leads to high levels of amyloid peptides, thus
promoting the fibrillization.*

c) Structure of Ap42in solution

1. ABA2 fibrils

AP fibrils adopt a cross-p structure that consists of paralel (-sheets oriented
perpendicular to the fibril axis. Structural analysis of the fibrils by solid state NMR has shown
that fibrils are formed from AB42 units that adopt a hairpin conformation between residues 11
to 40 separated of a loop consisting of residues 23-28 (inner salt bridge between Asp23 and
Lys28). AP42 peptide possesses two highly hydrophobic regions: from residues 16 to 21
(LVFFA) and from residues 30-36 (AIIGLMV) that adopt a highly ordered [-sheet
conformation and interact with one another in an intra- and inter-molecular way to form the
mature fibrils (figure 14)."
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Figure 14: (A) Ribbon diagrams of the core structure of residues 1742 illustrating the intermolecular nature of the
inter-p-strand interactions. Individual molecules are colored. The -strands are indicated by arrows, nonregular
secondary structureisindicated by spline curves, and side chainsthat constitute the core of the protofilament are
shown. Theintermolecular salt bridge between residues D23 and K28 isindicated by dotted lines, and the two salt
bridges formed by the central Ap(1-42) molecule are highlighted by rectangles. (B) van der Waals contact surface
polarity and ribbon diagram of the AB(1-42) protofilament comprising residues 17-42. The p-sheets are indicated by
cyan arrows, and nonregular secondary structureisindicated by gray spline curves. The hydrophobic, polar,
negatively charged, and positively charged amino acid side chains are shown in yellow, green, red, and blue,
respectively. Positively and negatively charged surface patches are shown in blue and red, respectively, and all others
are shown in white. The direction of thefibril axisisindicated by an arrow pointing from even to odd. (adapted from
Luhrset al 2005%)

Ii. AG intermediates

Less is known about the molecular structure of A3 as a monomer or as oligomers, as
those species are difficult to isolate and stabilize. However, studies have shown that A} could
follow different pathways of oligomerization forming oligomers of multiple shape and size.

The fibrillar pathway involves the formation of Ap-Derived Diffusible Ligands
(ADDLSs), forming globular oligomers that are mainly disordered and were shown to be
highly neurotoxic.”” As the aggregation occurs, the ligands then misfold and adopt an
orderered parallel 3-sheet conformation leading to the formation of protofibrils that further
aggregate to form amyloid fibrils. Once formed, the amyloid fibrils can further elongate by
addition of monomers or small oligomers, at the extremity of the fibril.

The oligomerization of AP can also lead to « off-pathway » species, which consist of
oligomers that are stabilized and do not convert and elongate into fibrils. Among those
species, are the annular shaped oligomers, that were mentioned in paragraph 2, and that create
the pore-like structure affecting the integrity of the membrane, therefore contributing to the
cell-death.”® Studies have also shown the existence of low stable oligomers, with a globular
shape. Those “globulomers’ are composed of peptides in a 3-sheet conformation, which
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stabilizes the structure, but do no elongate into fibrils. Those oligomers were shown to bind to
hippocampal neurons and are involved in memory loss, although their mechanism of

interaction with the neurons is unknown (figure 15).*
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Figure 15: Model of Ap42 assembly
Fibrillar pathway Monomersrapidly oligomerize into small then large unstructured oligomers. L arge oligomersthen
convert to protofibrilsinvolving a conformational rearrangement, during which unstructured aggr egates transform
into predominately f3-sheet structures. Protofibrilsthen self-associatesto form large maturefibrils. Direct addition of
monomersor small oligomers (dotted arrows) to protofibrilsor fibrilscan contribute to the further elongation of the
fibril.
Oligomer pathway: monomer s aggregate into annular or globular speciesthat do not evolve into protofibril or fibrils.
Adapted from Taneja and al.*®

Structural studies of the different aggregate intermediates have been hampered by their
heterogeneity and instability. Recently Lendel et a. published the solid-state NMR structure
of an hexameric aggregate forming a -barrel.>* This oligomer was stabilized by making an
AP42 variant (APcc) where alanines were replaced by cysteines, therefore forming an
engineered disulfide bond that locks the peptide in a conformation incompatible with fibril
formation, stopping the aggregation in a stable protofibril state. The conformation and of
APcc was then observed by solid-state NMR spectroscopy. Results have shown that the
regions 17-20 and 31-42 both adopted a [-strand conformation, which was separated by a
region with a less defined structure. Observation of correlations between the side chains of
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phenylalanine (Phe 19, Phe20) and isoleucines (lle 31, Ile 32 or Ile 41) indicated that the
peptides adopted a 3-hairpin conformation.

Modelisation of the hexameric peptide, which forms the building block of the
protofibrils showed a barrel structure composed of a hydrophobic core formed by the packing
of the six constitutive monomers on one end and of the B-hairpin loops. The coreinvolvesall
non-polar residues hydrophobic C-terminus and parts of the side chainsin the central KLVFF
motif.

Core
Yenm CI0N

Figure 16: Models of hexameric Ap42cc building blocks of protofibrils. @) Superposition of the ten models with the
lowest Rosetta scores. b) Dimensions of the hexamer barrel with the loop and coreregionsindicated. Side chains of
the hydrophobic core (those with the largest change in accessible surface area upon hexamer formation) are shown as
spheres. Theimageto theright isrotated by 90° relative to the left image. ¢) Simplified representation of the hexamer
topology. The numbersrefer to theresidue positionsin the orange protomer. d) The backbone and side chains of the
C-terminal residues |le41l and Ala42 (orange spheres) are packed into the hydrophobic cor e of the hexamer.
€) Asp23-Lys28 salt bridge. From Lendel et al.*

5.1nteractions between amyloid peptides and the cell membrane

As shown in paragraph 2, the cytotoxicity of amyloid peptides is correlated with their
interaction with the cell membranes as the fibrillization is known to disrupt the membrane
integrity. However it was also shown that the structural perturbation between the membrane
and the peptide is mutual. Indeed, the presence of a biological interface promotes the
conversion of non-pathological protein/peptides into an amyloidogenic entity, therefore
promoting their association."’
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a) Influence of the cell membrane on the oligomerization

The cell membrane is a selective, semi-permeable barrier, dividing the intracellular and
extracellular media, thus protecting the inside of the cell and ensuring the transportation of
proteins, substrates, water, ions and other metabolites. The maor components of the
eukaryotic cell membranes are phospholipids and proteins. Phospholipids are amphipathic
molecules that consist of two hydrophobic faity acid chains («tails») of a hydrophilic
phosphate group (« head »). The composition of plasma membrane can vary, depending on
the cell, with hydrophobic chains of various length (C,s to C,,) and insaturation (0 to 6), and
phosphoester head groups of different charge and nature (figure 17). Mammalian plasma
membranes contain four major phoshpolipids, that constitute approximatively 60% of the cell
membrane lipids: phosphatidylcholine (PC), phosphatidylserine (PS),
phosphatidylethanolamine (PE), and sphingomyelin. In addition to the 60% of phospholipids,
the plasma membrane also contains glycolipids and cholesterol, which constitute the
remaining 40% of lipids.®**
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Figure 17: A) Schematic representation of a phospholipid, Chemical structures of phospho head groups (B),
cholesterol (C), and sphingomyelin (D)
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Since the hydrophobic tails are poorly soluble in water, phospholipids spontaneously
assemble in a bilayer in agueous solution, with fatty acid chains oriented to the inside of the
bilayer and phosphate groups on both side, exposed to the solution (figure 18).

Figure 18: Schematic representation of alipid bilayer

Thus formed, the lipid bilayer is a critical target for amyloid peptides as monomers or
oligomers. Indeed, amyloid proteing/peptides are amphipathic and therefore are likely to
associate to the cell surface, the hydrophobic regions of the peptides/proteins interacting with
the buried acyl chains of the bilayer and charged side chains binding electrostatically to the
headgroups. Those interactions, driven by the membrane composition, lead to a significant
increase of protein or peptide concentration locally, accelerating the oligomerization process.
Additionally, the membrane surface was also shown to facilitate the structuration and
therefore misfolding of amyloid peptides, therefore providing a significant aggregation
matrix, promoting the fibrillization.

Many factors can affect the binding capacity of the peptides on the membrane. One of
the primary factors is the lipid composition of the membrane. The presence of anionic lipids
and therefore a negative net charge triggers higher binding of the peptide monomers or low
molecular weight oligomers to the membrane surface, especially for cationic peptides such as
hIAPP but a similar effect has been observed for Af. The introduction of lipids with an
anionic headgroup such as PS was therefore shown to enhance the kinetics of fibrillization of
the peptides.> The cell membrane is also composed of glycolipids and cholesterol that could
form rigid microdomains known as lipid rafts. These clusters also contribute to the enhanced

binding of amyloid peptides to the membrane and fibrillization.>

b) Structure of membrane bound amyloid peptides

In the presence of a membrane, amyloid peptides follow a different pathway to
oligomerization than in solution. Indeed, the interaction of the peptides with a membrane
surface can affect the structural ordering of the peptide, promoting the formation of a

secondary structure. Upon binding to the membrane surface, the peptides tend to
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self-associate, increasing the local concentration of peptides. This molecular crowding was
shown to facilitate the transition to a 3-sheet conformation thus promoting the fibrillization.°
Studies have shown that, depending on the peptide to lipid ratio, several amyloid peptides
(AP, IAPP, a-synuclein) adopted an a-helical structure when adsorbed to a membrane.®”
Although the a-helical structure is detrimental to the fibrillization, the binding to the
membrane allows the stabilization of the peptides, at a high local concentration, promoting
the interaction between the amyloidogenic regions of the peptides and subsequent switch to

B-sheet conformation prone to oligomerization. **>°

c) Membrane models

As cell membranes constitute a complex system, given the diversity of its constitution
and the presence of many proteins on it surface, we simplified the system by using membrane
models for our studies of amyloid peptides. The simplified model allowed us to control the
composition of the lipid bilayer and determine the most relevant factors depending on the
studied peptide. Thus, the use of a membrane model gives an insight on the interactions
between the lipid bilayer and the peptides in order to formulate mechanistic models
hypothesis than can further be developed on more complex models.

During my thesis and depending on the technique that was used, the chosen membrane
models were either small (50 nm) or large (200 nm) unilamellar vesicles (SUV/LUV) or lipid
monolayers.

Unilamellar vesicles (or liposomes) were made out of the hydration of a lipidic film
followed by a freeze/thaw and extrusion process (see Chapter 2). The vesicles are spherically
shaped, with a single lipid bilayer that separate the outside and inside aqueous media
(figure 20). Unilamellar vesicles represent a relevant model for biological membranes and
alow the observation of interactions with the amyloid peptides and effect of alipid bilayer on
oligomerization and fibrillization. In particular, the separation between inside and outside
aqueous solution allows the observation of membrane permeabilization process by
encapsulation of fluorescent dyes inside the vesicle (as calcein leakage experiment showed in
chapter 2). Other than the lipid composition, the sizes of the liposomes can be controlled
during the extrusion process, which allows the formation of homogeneous solutions and
adaptability to the biophysical techniques that is used. Indeed, if fluorescence or dichroism
experiments can be carried out in presence of large unilamellar vesicles they are not suitable

for NMR experiments as the signal of the peptide or vesicles would be broadened beyond
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detection. Therefore, NMR experiments required the use of small unilamellar vesicles that
allowed the observation of the signals of amyloid peptides.

Lipid monolayer, which is a model that consists in the mimic of the outer leaflet of the
membrane, is formed by addition of the lipids onto an agueous solution. At the contact with
the buffer, the lipids, dissolved in an organic solvent, will orient themselves at the water/air
interphase with the head groups in contact with the solution and hydrophobic tails exposed to
air (figure 19). The measurement of the surface pressure of the monolayer gives an indication
of the lipid packing that can be disturbed upon addition of a peptide that would insert between
the head groups.

Air/water interphase

Small/Large Unilamellar Vesicles Lipid monolayer
(50 to 200 nm)

Figure 19: Schematic representation of small and large unilamellar vesicles (left) and lipid monolayer (right)

6. Interaction with inhibitors

Given their affinity to the cell membranes and their involvement in cell death, amyloid
intermediates have become the main targets for the investigation and development of
therapeutic compounds. Synthetic compounds developed as inhibitors were developed along
different strategies. One of the strategies target the oligomers and aim to stabilize the
monomeric precursors, disrupt the structural integrity of the toxic oligomers or redirect the
formation of oligomersto aless toxic pathway. A second strategy is to enhance the formation
of non-toxic fibrils, in order to reduce the lifetime of toxic oligomers. Different inhibitors
were designed to interact with the amyloid peptides. They consist in small peptides or
peptidomimetics that mimic the nucleation site of the amyloid peptides. As they interact with
the peptides, these molecules either promote fibrillation or disturb the regular interstrand
hydrogen bonds of the fibrils by the introduction of specific moieties and [3-sheet
blockers.*-%2

In parallel with the development of synthetic compounds, investigation of natural based
inhibitors was also carried out, in particular numerous polyphenols such as curcumin®,
resveratrol®, e-Viniferin glucoside (EVG)® and (-)-epigallocatechin gallate (EGCG). EGCG,
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which is extracted from green tea, was showed to redirect the pathway of oligomerization to
less or non-toxic aggregates and to have a protective activity on cells against amyloid
disorders.®®¢

The development and effects of inhibiting compounds will be further discussed in

chapter 5.

7. Objectives of thethesis

The objective of this thesis was to get an insight into the oligomerization and
fibrillization of two amyloid peptides, Af} and hlAPP, and see how it could be modulated by
the mutation of aresidue, the pH or the addition of potential inhibitors.

The first part of my project fits in the hypothesis of “toxic oligomers’. As it was
identified that soluble oligomers were more pathogenic than the fibrils during the
fibrillization, my work focused on the early stages of oligomerization. The study mostly
focused on hIAPP, as the peptide does not seem to form small oligomers but rather large
aggregates following a mechanism that remains unclear. For this study we used different
biophysical techniques such as fluorescence assay, circular dichroism, microscopy and
nuclear magnetic resonance spectroscopy, which allowed us to observe different stages of
aggregation and interaction between species in solution. This work will be exposed in
chapter 3.

The second part of my thesis focused on the effect of pH and substitution of residue 18
of hIAPP. Indeed, residue 18, a histidine was suggested to play a key role in the fibrillization
process of hIAPP asits state of protonation varies within the physiological pH range and, and
its position is critical for the elongation of the fibrils. For this project, lead at pH 5.5 to pH
7.4, | investigated the oligomerization of four hl APP mutants, in which His18 was substituted
by Lys, Arg, Glu or Ala. Thiswork will be shown in chapter 4.

As oligomeric species represent an interesting target for the development of therapeutic
compounds, the last part of my project focused on the interaction of amyloid peptides with
potential inhibitors. Different compounds and their respective influence on the kinetics of
fibrillization of the peptides were studied: sugar-based or fluor-containing inhibitors, and
epigallocatechin gallate (EGCG). Thiswill be the subject of chapter 5.
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The study of amyloid peptides can be done by an association of different and
complementary techniques that allow us to follow different stages of the fibrillization and
characteristics of the monomers, oligomers and fibrils (structure, morphology, interactions
between different species or between the peptides and membrane models).

Fluorescence assays using two probes, Thioflavin T and Tryptophanol that bind to
either fibrils or small oligomeric species, alowed us to follow the kinetics of kinetics of
oligomerization and fibrillization. Circular dichroism (CD) allowed us to probe the secondary
structure of the peptides as, while they are mainly disordered in solution, they adopt a 3-sheet
conformation that promotes their fibrillation. Nuclear Magnetic Resonance (NMR)
spectroscopy was a useful technique as different set of experiments allowed us to observe the
kinetics of depletion of the monomer as well as the interactions between different oligomers
and amyloid peptides and potential inhibitors. The morphologies of the mature fibrils were
observed using transmission electron microscopy (TEM). Gel electrophoresis allowed us to
observe the presence of multiple sized oligomers, mainly in the early stages of
oligomerization. Finally, the interactions between the amyloid peptides and membrane
models were followed by monolayer experiments (insertion of the peptide in a monolayer and

calcein leakage (permeabilization of the membrane).

This chapter will describe the different techniques that | used during my thesis. Each
paragraph will be divided in a description of the technique, the advantages and inconvenient
of each, the experimental protocol used during this thesis and the troubleshooting | may have
encountered during my thesis. Part of this chapter will also focus on the peptides preparation,
as we had to ensure that the peptides were mainly monomeric for each experiments, lipid
vesicles preparation and bacterial expression of the double N,C-labelled peptide Ap42 that

we used for NMR experiments.

1.Monitoring the kinetics of fibrillation and oligomer formation by fluor escence

a) Fluorescent probes

Molecular probes are useful in order to detect the formation of oligomers and amyloid

fibrils in different media. During my thesis, | used two different fluorescent probes,
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Thioflavin T and Tryptophanol, in order to follow the kinetics of fibrillation or the formation

of oligomers over time.

i. Thioflavin T

Introduced in 1959 by Vassar as a molecule able to bind to amyloid fibrils, the
Thioflavin T dye (figure 20) has since become the standard probe for amyloid detection and
for monitoring the fibrillation process.

Figure 20: Chemical structureof Thioflavin T

ThT has been shown to bind to the amyloid fibrils in a groove paralle to the long axis
of the fibrils and perpendicular to the 3 sheets (figure 21). As the ThT molecule binds to the
[-structures of amyloid fibrils or oligomers, it undergoes a change in conformational freedom
as the free rotation over the benzothiazole and aniline rings around the C-C bond is restricted,

thus leading to an observed increase in fluorescence intensity.*
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(a) Long axis

==
o

Figure 21: The common structure of fibrilsand a structural rationale for fibril-ThT interactions.
() Cross-p structure of amyloid fibrils, formed from layers of laminated p-sheets. (b) “ Channel” model of ThT
binding to fibril-like B-sheets. ThT isproposed to bind along surface side-chain grooves running parallel to the long
axis of the B-sheet. From Biancalana and al.*

The resulting fluorescence signal obtained over time is mainly sigmoidal, with a prime
lag time associated with the presence of monomers and slowly forming small oligomeric
species in the nucleation step. As the elongation phase occurs, the fluorescence signal
increases before reaching a plateau, which is linked to the presence of mature fibrils
(Figure 22).
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Figure 22: Representation of the ThT fluorescence sigmoidal curvetypically obtained for amyloid peptides, enabling
tofollow thefibrillation process over time.

ii. Tryptophanol

As it has lately been suggested that the cytotoxicity of some amyloid peptides results
from the oligomers formed in the early stages of the fibrillation process, investigations have
been made in order to find small fluorescent molecules that would preferentially interact and
bind to the small oligomers or prefibrillar species rather than fibrillar aggregates. |dentifying
such molecules is of great interest, as it would give us more insight about the mechanisms of

oligomerization and production of cytotoxic species.

A screening of many molecules was done by Reinke et al*, for their capacity to interact
with oligomers of A3, which was the targeted peptide, in association with a modification of
their fluorescence properties. In this screening, it was shown that compounds that contained
an indole moiety had their fluorescence modified whether they interacted with
oligomers/prefibrils or with fibrils. From these results, a « ThT like » compound, tryptophanol

(TROL) was developed for the detection of small oligomers and prefibrillar aggregates. >**
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Figure 23: Chemical structure of tryptophanol

In solution and in the presence of monomers or small oligomers, TROL emits a
fluorescent signal that is quenched over time as the molecule binds to larger oligomers and
prefibrils. In contrast with ThT, TROL does not recognize fibrillar AP. TROL molecule is
likely to bind to specific sites within oligomers and prefibrillar aggregates, which become
inaccessible or conformationally altered in fibrils. So far, TROL has been shown to bind to
the oligomeric species of different amyloid peptides or proteins such as AP and IAPP (but not
a-synuclein) (Figure 24).

AR(1-40) 37 C hlIAPP
150 1 m TROL @ ThT 150 = ® TROL @ ThT

Maxamum signal /%

Figure 24: Kinetics of fibrillation of amyloid peptides (left: AB40, right, human | APP) over time, followed by ThT and
TROL fluorescence assays (Reinke and al. 2010).
Asthe aggregation occurs, the fluorescence of ThT increases as the probe bindsto prefibrilsand fibrilswhereasthe
TROL fluorescence decreases in the presence of oligomersand prefibrils.

b) Experimental protocol

As a standard dye, ThT fluorescence experiments have been done on a 96 well black
plate using a Fluostar Optima, BMG Labtech plate reader with an excitation filter at 440 nm
and an emission filter at 485 nm. For TROL fluorescence assays, a 280 nm excitation filter
and 340 nm emission filter were used. The samples were prepared directly in the wells with a
peptide/probe ratio of 1:1. Samples were then inserted in the plate reader and mixed for 10
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seconds before the first measurement. The measurements were done at regular intervals (10 or
15 minutes).

Once the data processed, the resulting curves can be processed by a sigmoidal
Boltzmann equation (figure 25). This fitting allows the estimation of kinetic parameters such
as the time for which the fluorescence reaches 50% of its maximal intensity (t,,) and t the
rate of elongation linked to the slope of the curve.
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Figure 25: (Top) Bolzmann equation for thefitting of fluorescence data. (Bottom) ThT Fluorescence intensity over
time (dots), fitted by a Boltzmann function.

c) Advantages, drawbacks and troubleshooting

The advantages of those fluorescence assays are that both system and experiment are
easy to run and require only small amounts of peptide.

However, as small molecules with similar structures as thioflavin T (aromatic rings)
where known to affect to a different extent (e.g. inhibition, aggregation) the fibril formation®®,
it is of great importance to assess the influence of our two fluorescent probes on the kinetics
of fibrillization of amyloid peptides. The same goes for tryptophanol, as it is a newly
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described probe and its effects on the kinetics of fibrillation have not been widely studied.
Therefore at the described concentration, especially in chapter 3 where probes are used at a
high concentration of 75 uM, the probes may have an influence on the kinetics of fibrillation
of our peptides. This subject will further be discussed in chapter 3.

Another point is that, for long experiments (above 48 hours), we encountered an
evaporation phenomenon in the plate wells, leading to higher concentrations of soluble
peptides in the wells, probably affecting the kinetics of fibrillation.

2.Study of the membrane per meabilization by calcein |leakage experiments
a) Cacein

Calcein leakage experiments were carried out in order to observe the permeabilization

of lipid vesiclesinduced by an amyloid peptide.
This method is based on the fluorescence of the calcein molecule (figure 26) depending
on its concentration. Indeed, at a high concentration (above 70 mM), calcein self quenches

whereasit is fluorescent at alower concentration.

HOOC HO OH COOH
HooCc.__ . ‘ ~_-COOH
O

Figure 26: Structure of the calcein molecule

The calcein dye is encapsulated into lipid vesicles (as described in paragraph 8) at a
high concentration leading to its self-quenching. Once the peptide is added in the calcein
vesicle sample, two different observations can be made. Either the peptide does not
permeabilize the membrane, in which case calcein leakage does not occur, leading to a low
fluorescence intensity that is stable over time. Otherwise, if the peptide permeabilizes the
membrane, the dye leaks out of the vesicles from the formed pores and is diluted in the buffer,

leading to an increase in the fluorescence.
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Figure 27: Illustration of the calcein leakage induced by a pore-for ming peptide.
Asthe peptide per meabilizes the membrane, a leakage occur s leading to an increase of fluorescence intensity

b) Experimental protocol

Calcein leakage experiments are done in a clear 96-well plate using a Fluostar Optima,
BMG Labtech plate reader with an excitation filter at 480 nm and an emission filter at 530
nm. Peptides were added to the lipids (Ratio 1:10) just before the measurement, at a
concentration of 10 uM in a50 mM Tris/HCI, 100 mM NaCl buffer at pH 7.4 or 5.5. Optimal
gain is measured by the addition of 1 pL of Triton-X-100 10% to three wells containing
200 pL LUV/buffer mixture with the required concentration of lipids. The addition of the
detergent to the medium induces 100% leakage and maximum fluorescence intensity. The

plate was inserted in the plate reader and measurement is done immediately after a 10 second
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shaking of the plate. Measurements are done at a regular interval (5-10 minutes). After the
experiment, plate is removed and 1 pL of Triton-X-100 10% is added in every well. After

shaking, an additional measurement is done (end point measurement).

c) Advantages, drawbacks and troubleshooting

One of the major troubleshooting of the calcein leakage experiment is due to the
fragility of the calcein containing vesicles. Indeed, if a great difference of osmolarity between
the inside buffer of the vesicles containing a high concentration of calcein and the outside
buffer is observed, then the vesicles tend to burst prior to the addition of the peptide. This
phenomenon induces a leakage in all wells or an increase of the fluorescence even before the
first measurement as the peptide is added in the wells. To avoid this problem and ensure the
stability of the vesicles, the quantity of saltsis measured and a control of the osmolarity of the
inside and outside buffers of the vesicle is done with an osmometer. If the measurement
shows an imbalance of osmolarity between the inside and outside buffers, the salts

concentrations are adjusted accordingly to homogenise the system.

3.Analysis of the secondary structure of the peptides with circular dichroism (CD)

a) Principle

Plane polarized light can be described as two circular polarized components of equal
magnitude: the left-handed (L) component, rotating counter clock-wise, and the right handed
(R) component rotating clock-wise. As the polarized light passes through an optically active
sample, the right and left component may not be absorbed at the same extent, resulting, as the
two components recombine, in an ellipticaly polarized radiation deviating from the original
plane. Spectropolarimeters (CD instruments), measure the ellipticity (6 in degrees),
corresponding to 0 = tan™(b/a) where b and a are the minor and major axes of the resulting
ellipse (Figure 28).
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Figure 28: Origin of the CD effect.
(1) : theleft (L) and right (R) components have the same amplitude, resulting in a plane polarized radiation. (11) After
absor ption by a chiral molecule, the components have different amplitudes|eading to elliptically polarized radiation
(dashed line), a and b being the major and minor axes of the ellipse.

The ellipticity can be linked to the difference of absorbance (AA) of the left and right

components of the polarized light, depending on the wavelength at which the measurement is
done.

0=32.98x AA =32.98 x (A, —Ap)

0 isthe elipticity in degrees
AA the difference of absorbance
A risthe absorbance of the left and right components

The study of peptides/proteins by CD allows us to access information concerning their
secondary structure composition in different media, by observation of the far UV signal
between 190 and 240 nm. The absorption of the light, in this region, is mainly due to the
peptidic bond chromophore, with the contribution of the n — w* transition around 220 nm
and the m — * transition around 190 nm. The resulting data is expressed by the molar
elipticity per residue, after normalization, by scaling the measured ellipticity to the molar
concentration as well as the number of repeating units, here, the peptidic bonds, of the
peptide/protein.

The resulting molar ellipticity per residue is given by the following equation:

6
10xn=*l*c

[6] =

[6] isthe molar elipticity per residues in degcmzdmol *residue™
pucity p eg
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6 theellipticity in degrees
n isthe number of residues
| the cuvette length

¢ the molar concentration

Depending on the secondary structure of the peptide/protein, some characteristic CD

spectra can be observed’ (Figure 29).
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Figure 29: CD spectra associated with various secondary structures.
Solid line: a-helix, long dashed line: anti-parallel B-sheet, dotted line, type | a-turn, short dashed line: random coil.
An estimation of the proportion of the different secondary structure elements

composing a sample can be made by using specific algorithms that deconvolute the signal.

b) Experimental protocol

During my thesis, al CD data were acquired on a J815 CD Spectrometer — JASCO
equipped with a Peltier temperature-controlled cell holder over the wavelength range 190-260
nm. Measurements were carried out in cells of 0.1 cm path in aqueous solution (details of the
buffer compositions will be given in each chapter). For each sample, measurements were
taken every 0.2 nm at a scan rate of 10 nm/min. Spectra were acquired every 30 minutes over
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a period of 7 to 48 hours. Data were then collected with the Spectra Manager Software for

treatment. If needed, the estimation of the secondary structure of the peptides was done by
deconvolution of the spectrawith CDfriend software.

Ellipticity (%)

Values at a characteristic wavelength can aso be plotted over time and fitted to the
following Boltzmann equation (figure 30).
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Figure 30: (Top) Bolzmann equation for thefitting of CD data. (Bottom) Ellipticity at 200 nm of circular dichroic

spectra over time (dots), fitted by a Boltzmann function.

c) Advantages, drawbacks and troubleshooting

The inconvenient of this technique in our study came from the aggregating nature of

amyloid fibrils. As the oligomerization occurs, large oligomers are formed in solution over

time. Those insoluble oligomers either are too large to alow the light to pass through the
sample leading to light scattering and a flat line or a low signa difficult to interpret, or they
sediment in the bottom of the cuvette leading to the sole observation of residual monomer and

small oligomers. Another point is that as the CD signal results from the contribution of all
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peptidic chromophores, CD experiments do not give any information about the secondary
structure of alocal part of the peptide.

The CD technique is thereby privileged for the observation of the global secondary
structure of the peptides in their early stages of fibrillation (monomers, small oligomers) and

to follow the structuration of the peptide into a 3-sheet.

4. Nuclear M agnetic Resonance (NM R) spectr oscopy

Liquid-state Nuclear Magnetic Resonance (NMR) spectroscopy is widely used in the
study of peptides and proteins. Depending on the set of experiments that is used, it allows us
to observe the monomeric peptide or small oligomers and to study their structure and their

interaction with other molecules.

a) Principle

NMR spectroscopy is based on the observation of nuclel that posses a non-zero spin
guantum number. These nuclel can be considered as charged moving particles resulting in a
nuclear magnetic moment p. In the absence of a magnetic field, the nuclei are randomly
oriented. The application of a magnetic field B,, causes all nuclel to align along the magnetic
field direction, commonly expressed as the z axis, with 2 orientations, either spin aligned or
spin opposed, for spin % nuclei. As aresult, a net macroscopic magnetization M,, is formed
along the z axis, parallel to the magnetic field B,,

At their equilibrium, the nuclei precess around the B, axis at a speed called the Larmor
frequency, which depends on B, Upon application of a small magnetic field, the
radiofrequency field B, oscillating at or near the Larmor frequency the net magnetization is
flipped from the z axis to the xy plane. After the pulse has finished, the magnetization
precesses generating a free induction decay (FID), which is a function that decays
exponentially with time, with a characteristic transverse relaxation time T,. The FID is
recorded by a coil detector placed in the xy plane (figure 31).2 The data is then processed by a
Fourier transform, which converts the signal from a time domain function (the FID) into a
frequency domain function (figure 32)
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Figure 31: Onepulse NMR experiment (A) Net magnetization along the z axis. (B) Upon application of the oscillating
radiofrequency B, along they axis of a rotating reference frame, the magnetization flipsinto the xy plane. (C) After
suppression of B,, the net magnetization precesses until reaching itsequilibrium. (D) The signal is detected along the x
axis.

Fourier transformation

Free Induction Decay NMR spectrum

Figure 32: Conversion of the FID (time domain function) to a frequency domain function (NMR spectrum) using the
Fourier transformation

b) 1D spectrum acquisition

The linewidth of a resonance is inversely proportional to the transverse relaxation time
T,, which is also approximately inversely proportional to the overall rotational correlation
time t. of the molecule. Therefore the resonance linewidth is approximately proportional to t.
and thus depends on the molecular mass and shape of the molecule. As a consequence, large
oligomers are not detectable by liquid state NMR spectroscopy since their resonances will be
broadened beyond detection.
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We took advantage of this effect to quantify the monomer population of amyloid
peptides. A series of acquisition of 1D *H NMR spectrum of the peptides allow us to observe
monomer depletion over time. As the peptide aggregates, the signal of the monomer decreases
(figure 33).
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Figure 33: Depletion of the signal of AB42 monomer over time, followed by liquid-state NM R spectr oscopy

The peak area of the spectra can be measured and plotted over time. Depending on the
shape of the curve, the sigmoid can be fitted either by a sigmoidal Boltzmann function
(figure 34) or a Richards function (figure 35), which fits with a more flexible S-shape curve,
with plateaus replaced by linear functions of the kind of y = ax+b.

Fitting allowed us to determine kinetics parameters such as the half-time (t,,,) linked to

the monomer depletion.
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Bolzmann equation:
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Figure 34: (Top) Bolzmann equation for thefitting of NMR data. (Bottom) Peak intensity of IAPP monomer over
time (dots), fitted by a Boltzmann function.
Richards equation:
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Figure 35: (Top) Richards equation for thefitting of NMR data. (Bottom) Peak intensity of | APP monomer over time
(dots), fitted by a Richardsfunction.
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c) Diffusion Ordered NMR-SpectroscopY (DOSY) / Pulse Field Gradient (PFG)

experiment

Diffusion Ordered NMR-SpectroscopY (DOSY) is based on the application of Pulse
Field Gradient (PFG) to the system and is used to determine hydrodynamic parameters such
as diffusion coefficients of the peptides in solution. The principle of the experiment is to
apply a dephasing gradient to the sample then arefocusing gradient after a delay that is called
the diffusion time. Diffusion causes the molecules to move from their initial position inside
the NMR tube, which means that the signal will not be completely refocused after application
of the refocusing gradient (figure 36)

® )
90 180
— I >
Diffusion delay
Dephasing Pulse Field Refocusing Pulse Field
Gradient Gradient
Total signal
== Total signal reduced by
diffusion

~a

R—" T
- A
\:l

Dephasing pulsed Diffusion Refocusing pulsed
— é
field-gradient field-gradient

A1
™

e —
-

Figure 36: (Top) Carr Purcell spin echo sequence. (Bottom) Schematic representation of the Effect of diffusion
combined with field gradient pulses on the spins. The diffusion of the nuclei inside the tube leads to a decr ease of the
signal asit isnot completely refocused by the application of the refocusing pulsed field gradient.
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Thisresultsin adecrease of the signal intensity, which appears as a decaying
exponentia curve (figure 37). The intensity of the signal can be given by the following

equation:

)
py2a252.7_09
I=IOeDVg5(A3)

|, isthe reference intensity

D isthe diffusion coefficient in m?s*

y the gyromagnetic ration of the observed nucleusin rads*T™*
g the gradient strength in T.m™

6 thelength of the gradient in s

A thediffusiontimein s
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Figure 37: Simulated diffusion decay curves by varying the gradient strength from 2to 95 % in 16 stepsfor the same

diffusion constant.
Data points are sampled along the whole decay curve. From DOSY and Diffusion by NMR, Bruker.

The estimation of the decrease of intensity as a function of the gradient strength allows
us to obtain the diffusion coefficient D (in m*s™).
The diffusion coefficient is linked to the hydrodynamic radius r, which depends on the

folding and association of the peptides in solution and obtained following the equation below.

kyT

D=
é6mnr

kg is the Botlzmann constant in m*kgs*K™
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T the temperature in K
r the hydrodynamic radiusin m

7 the viscosity of the fluid in Pas™

Therefore, the measurement of the diffusion coefficient on aggregating amyloid
peptides allows us to obtain some information on the species that are present at a given time

in solution (monomers, oligomers, fibrils)

d) Saturation Transfer Difference (STD) experiments

Saturation Transfer Difference (STD) experiments allows the observation of possible
interactions between large molecules (oligomers, protofibrils or mature fibrils) and their

ligands (monomers or low molecular weight oligomers).

As the formation of a Protein/Ligand complex occurs, it induces changes in the
magnetic environment, thus in the chemical shifts of the two species, showing differences
between the spectra of the complex form and the un-bound/free form. Given the size of the
large molecule, it is not observed by liquid state NMR spectroscopy as the signals are too
broad to appear on the spectrum. Therefore, only the signals attributed to the small molecules
can be observed and, when bound to the large species, the signal broadens and leads to its
disappearance over time.

The association of a protein with a ligand can be given by the following expression,
where P is the protein, L the ligand and k,, and k the association and dissociation rate

constants.

kOﬂ
P+L=2 PL
k

off

Depending on the exchange rates between the protein and the ligands, three different
regimes can be observed.

In the case of afast exchange rate on the chemical shift scale, the value of k. is higher
than the value of Aw, which is the resonance frequency difference of the signals in the bound
and free state (Aw=2ntAv). The resulting signal appears as a weighted average of the chemical
shifts from the bound and the free ligands. On the contrary, in the case of a slow exchange
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rate on the chemical shift scale, the value of ky is lower than the value of Aw. Two distinct
signals from the bound and free ligands will be observed on the spectrum. The intermediate
exchange regime corresponds to the situation where k4 is close to Aw, corresponding to the
coal escence of signals that are often broadened beyond detection (figure 38).

Fast exchange rate
Ko >> Aw = 2TTAV

Intermediate exchange rate

Av Slow exchange rate
Ko << Aw

Figure 38: Appearance of the NMR spectrum of bound and free ligands depending on the exchangerates.
At afast exchangerate, the signal appears as a weighted aver age of the chemical shifts of bound and freeligands. At a
slow exchangerate, two distinct signals can be observed. At an intermediate exchange rate, we can observe a
broadening and coalescence of both signals.

The STD experiment consists into different 1D spectra. The first spectrum, “on
resonance” is recorded after the irradiation, at a given chemical shift (here around -1 ppm) in
a region where the signals of the macromolecule are expected to be found (due to large
linewidths), but where no signals of the free ligand can be observed. The second is an off
resonance spectrum, meaning that the irradiation is made at a frequency (here, 30 ppm) where
no signal of either the macromolecule or the ligand can be observed. This consists in our

reference spectrum.
When the large molecule and its ligand interact, at a fast exchange rate, the irradiation

passes from the macromolecule to the ligand, which successively binds to the macromolecule

then goes back in solution.
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P*+ L — P*L — P*L* — P* + L*
T

r.f. isthe radiofrequency signal of the saturation
P/P* is the unsaturated/saturated protein

L/L* isthe unsaturated/saturated ligand

T, theirradiation time

T, the residence time in the occupied binding site

When irradiated, part of the signal of the ligand that is in interaction with the large
molecule, is decreased in regards of the off resonance spectrum because of the saturation
transfer. A difference between the on resonance and off resonance spectra allows us to detect
small molecules exhibiting association equilibrium with macromolecules and also to map the

residues or part of the ligand that are in close contact with the large molecule.

€) Sequential assignment of hIAPP

Sequential assignment was done on hlAPP full length and fragment hIAPP,_4in chapter
5, in order to observe the interaction between hIAPP/ hIAPP,_,,and epigallocatechin gallate
(EGCG), which was studied as an inhibitor compound of the fibrillization.

The sequential assignment strategy involves the use of two homonuclear 2D NMR
experiments that allows us to observe the connectivities through-bond and through-space of
the residues of the observed peptide (figure 39).

--------------

Figure 39: Polypeptide segment with indication of the spin systems of non-labile protonsin theindividual residues
(inside the dottend lines) and the sequential NOE connectivities.
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Thefirst step of the assignment strategy was the identification of each amino acids spin
systems, by a 2D 'H-'H TOCSY (TOtal Correlation SpectroscopY) experiment.
2D 'H-'H TOCSY experiments are used to correlate J-coupled spins with each other (i.e.
nuclei that are connected through 2J and 2J homonuclear scalar coupling). This allows the

identification of amino acids types through characteristic patterns of cross signals (figure 40).
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Figure 40: Schematic representation of the characteristic pattern of the alanine observed on a 2D *H-'H TOCSY
spectrum

The second step was the identification of the neighboring amino acids of the assigned
residues by observation of the sequential NOE (Nuclear Overhauser Effect) correlations.
Nuclear Overhauser Effect is the transfer of magnetization form one spin to another by cross
relaxation induced by the dipolar interaction between the two spins. The magnitudes of the
NOE cross peaks gives information on the distance between the two nuclel. Typical
sequential NOE observed therefore indicates the connectivities between the following

protons:

Ha-HN,,
H[3i'HNi+1

The two steps described above are repeated until the whole sequential assignment is
completed

f) Experimenta protocol
Given the numerous NMR parameters inherent to the multiple pulses sequences and samples
that were used during my thesis, experimental protocols and parameters of NMR experiments
will be described in the material and methods sections of following chapters 3, 4 and 5.
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g) Advantages and drawbacks

NMR spectroscopy is a very powerful technique to investigate the early stages of
amyloid peptides, as well as their dynamics and interaction with other molecules such as
potential inhibitors. However, NMR spectroscopy is not a very sensitive technique and
requires high concentration of peptides or long acquisition times, which are unfavorable in the
case of amyloid peptides as it promotes aggregation.

5. Monolayer experiment
a) Principle

The principle of the experiment is to measure the surface pressure of a specific lipid
monolayer due to its compression as it interacts with a peptide.
Once the peptide is introduced in the buffer, either it does not insert into the monolayer and
the surface pressure remains stable over time, or the peptide inserts into the monolayer
leading to an increase in the surface pressure (figure 41).
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Figure 41: Illustration of the monolayer experiment principle.
If the peptide does not insert into the monolayer no variation in surface pressureis observed (bottom left). Peptide
insertion leadsto an increase in the measur ed surface pressur e (bottom right)
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The experimental data to estimate the ability of the peptide to insert into a monolayer is
the difference in surface pressure AP. A monolayer experiment is a set of at least five
different measurements with different initial surface pressures. The obtained AP values from
the measurements can then be plotted versus the initial surface pressure. Drawing atrend line
of the plot can then alow the calculation of the maximum surface pressure, which is the
pressure under which the studied peptide is able to insert into the membrane (figure 42). The

higher the value, the easier the peptide can insert into the monolayer.
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Figure 42: Plot of the differencein surface pressure depending on theinitial surface pressure and associated trend
line

b) Experimental protocol

The experiment was done in the laboratory of the group of Membrane Biochemistry and
Biophysics in Utrecht, in the Netherlands. The apparatus is a Langmuir-Blodgett trough
containing 18 mL of buffer. The measure of the surface pressure is done over time with a
surface pressure sensor (the needle) after calibration of the surface tension of the air/water
interphase. The DOPC/DOPS (7:3) monolayer is then deposited upon the buffer with a
Hamilton® syringe until the desired surface pressure is reached. If needed, the surface

pressure can be adjusted with a barrier, which compresses the monolayer on the surface of the
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buffer. Once the monolayer is stabilized, the peptide is injected into the buffer with a

Hamilton® syringe.
The experiment is repeated five times, with different initial surface pressures ranging

from 15 to 35 mN/m depending on the studied peptide.
c) Advantages, drawbacks and troubleshooting
Since the through requires a volume of 18 mL for every measure, a high amount of
peptide is necessary (roughly 400 pg of IAPP for one experiment at five different initial
surface pressures). Moreover, the experiment gives information about the insertion of the
peptide in alipid monolayer, which may differ from atrue membrane bilayer.
6. Transmission Electron Microscopy
a) Principle
Transmission Electron Microscopy is a technique in which a beam of electron is
transmitted through a very thin sample. The interaction between the electrons and the sample

leads to a transmitted image that is magnified and focused by different lenses, onto a

fluorescent screen where it can be observed (figure 43).
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Figure 43: Schematic representation of a transmission electron microscope

TEM is a useful technique to observe the morphology of amyloid fibrils in vitro. The
observation of the samples at a nanometer scale alows us to identify and characterize the
morphologies of the fibrils and aggregates. For the observation of amyloid fibrils we use a
negative staining which will provide a contrast as well as a protection of the sample. The
electron beam passes through the sample but is absorbed by the stain (here, uranyl
acetate 2%), leading to an image where the fibrils appear light and the background dark. °

b) Experimental protocol

Peptides are incubated during a specific time at room temperature, at a concentration of
75 pM in a 10 mM Phosphate buffer pH 7.4 in the presence or absence of fluorescent probes
(Chapter 3) or 10 uM in a50 mM Tris/HCI 100 NaCl buffer pH 7.4 or pH 5.5 (Chapter 4).
The carbon layer of the grid is laid down on 25 uL of the sample for 2 minutes before being
dried by touching afilter paper with the edge of the grid. The grid is then laid down on 25 pL
of uranyl acetate 2.5% for 45 s. The grid isonce again dried on afilter paper.
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The observation of the grids was done on three different microscopes:

- Zeiss 912 Omega electron microscope operating at 80 kV (Institut de Biologie Intégrative IFR83,
Université Pierre et Marie Curie)

- JEOL 1010 €electron microscope operating at 80 kV (Faculté de Médecine Xavier Bichat)

- Techna 12 electron microscope operating at 120 kV (Biology Imaging Center — cell
biology and microscopy department, Utrecht University, the Netherlands)

c) Drawbacks and troubleshooting

TEM is an efficient method to have access to the morphology of the amyloid fibrils at a
high resolution and only requires small volumes and low concentration of peptide. However,
negative staining might involve the presence of artifacts, which can hamper the observation of
the fibrils on the surface of the grid as they can be mistaken for peptide’s aggregates. TEM
also does not provide information on the atomic or 3D structure of the fibrils, as atomic force

microscopy (AFM) would do.

7.Polyacrylamide gel electrophoresis

a) Principle

Polyacrylamide gel electrophoresisis a useful technique to separate proteins or peptides
asafunction of their size and charge.

Gels are usually composed of two parts: an upper stacking gel with alow percentage of
polyacrylamide, which allows proteins to move through quickly and “ stack” into a tight band
over the resolving gel, with a higher percentage of polyacrylamide, which alows the
separation of the molecules. Experiments are a carried out in electrophoresis chambers, filled
with buffer, where the gel in which the samples were loaded, is placed. Upon application of
an electric field, through a power source, molecules contained in the analyzed sample move
through the gel. The particles will then migrate depending on their charge, (cations towards
the cathode, anions towards the anode), and on their size. Larger molecules will move more
slowly through the gel than the smaller ones are they are retained by the acrylamide matrix.
Different type of acrylamide gels and electrophoresis conditions can be used, depending on

the nature and stability of the sample we want to observe.
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For peptide and proteins, gel electrophoresis can been done in non-denaturing (native)
conditions, maintaining the structural integrity of the molecule. The migration through the gel
then occurs depending on the size and charge of the peptides/proteins as described above.
Electrophoresis can also be done in denaturing conditions (SDS-PAGE) employing detergent
and reducing agents to disrupt the natural structure of the peptides/proteins. SDS-PAGE
(Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis) is useful for the separation of
molecules depending on their charge. SDS is a detergent that denatures secondary and non-
disulfide linked tertiary structures and coats the proteins with a negative charge allowing a

separation depending on their size only.™

During my thesis, | made use of gel electrophoresis for different aim using accordingly
denaturing or non-denaturing conditions. On the first hand, the technique allowed me to
follow the different steps of expression and purification of AB42 peptide (see paragraph 9).
On the second hand, gel electrophoresis was used to observe the presence of monomeric and

oligomeric speciesin incubated samples of A342 and hl APP (chapter 3).

b) Gel composition and electrophoresis conditions

Gels were either cast in the lab (Tris-Tricine and Bis-Tris gels), or were commercial
gradient Tris-Glycine gels.

Tris Tricine gels (Tricine-SDS-PAGE) are used to separate peptides and proteins within
the mass range of 1 to 100 kDa. As they resolution is more precise for lower molecular
weights, those gels were used for the observation of Af342 monomer during the expression
and purification steps of the peptide. Bis-Trisgels are run at a pH of 7.2, which islower than
the pH of Tris-Glycine gels (pH 9.5). The neutral pH minimizes the protein modification and
degradation during the el ectrophoresis than can occur during the use of the tris-glycine gels. **

Some experiments, also required the use of gradient gels (4-20%) that allowed a greater

range of separation if large and small molecules have to be separated simultaneously.
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Gel composition :

TrisTricine G¢

BisTrisgel

Stacking gel:
800 pL of Acrylamid/Bisacrylamid solution
(30%)
3.7 mL of milliQ water
1.5 mL of separating gel buffer 3X (3M Tris,
ImL HCI, 0.3% SDS, pH 8.45)
50 pL Ammonium persulfate 10%
5uL TEMED
(N, N, N', N'-tetramethylethylenediamine)

Resolving gel:
6.4 mL of Acrylamid/Bisacrylamid solution
(30%)
4 mL of separating gel buffer 3X (3M Tris,
1mL HCI, 0.3% SDS, pH 8.45)
600 uL milliQ water
952 uL glycerol
45 uL. Ammonium persulfate 10%
5uL TEMED
Pour the resolving gel between the glass
plates and let the polymerization occur. Pour
the stacking gel and add the comb.

Stacking gel:
0.67 mL Acrylamid/Bisacrylamid (29:1)
1.42 mL BisTris1.25M pH 6.8
2.9 mL H,O milliQ
40 uL. Ammonium persulfate 10%
20 uL TEMED
Resolving gel:
4 mL Acrylamid/Bisacrylamid (29:1)
2.86 mL BisTris1.25M pH 6.8
3.14 mL H,O milliQ
67 pL Ammonium persulfate 10%
18.7 uL TEMED
Pour the resolving gel between the glass
plates and let the polymerization occur. Pour
the stacking gel and add the comb.

Sample buffers composition :

Native TrisGlycine
Sample buffer (2X)

TrisGlycine gel
Tris-Tricine gel
Sample Buffer (2X)

BisTrisge
Sample Buffer (4X)

0.187 M Trig/HCI

250 mM Tris-HCI pH 6.8

30% glycerol (v/v) 8 % SDS (W/v) 48- 1320 '\g (TVU/ 3 )
0.08% Bromophenol Blue 0.05 % Bromophenol Blue 0
20% glycerol (v/v)
(whv) (Wiv)

10 % glyceral (v/v)
(20% [3- mercaptoethanol)

0.08% Bromophenol Blue
(wiv)
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Running buffers composition :

Native Tris Glycine TrisGlycine TrisTricine BisTris
(4X) (4X) (10X) (5X)
Anode buffer :
1M Tris
0.225 M HCl
. 50 mM MES
100 mM Tr_is Yéorgl\T '\C/‘all;/rc[;ilie pH 8.9 50 mM Tris
7SmMGlycine | 50496 SDS (wiv) | Cathode buffer - o EoTA
. 1% SDS (w/v)
1M Tris 1 mM Na,S,0
1 M Tricine 3
0.5% SDS
pH 8.25

The gels can be stained either by Coomassie blue staining or by Silver staining,
depending on the concentration of the peptides on the gels and the sensitivity for detection.

Coomassie Blue staining protocol:

Fixing: fix the gel by incubating it in a destaining solution (10% acetic acid (v/v), 20%
isopropanol (v/v)) for 10 minutes.

Staining: Pour the staining solution (0.4 g/l Coomassie blue R-250, 10% acet acid (V/v),
10% isopropanol (v/v)) on the gel, and heat the gel for 1 min at 450 W in a microwave oven.
Remove from oven and place on a platform rotator for 1 hour.

Destaining: Pour the destaining solution on the gel and let it destain until the background of

the gel isclear.

Silver staining protocol (buffersdescribed table 3):

Washing: incubate the gel in ethanol 35% for 20 minutes.

Pre-treatment: incubate the gel in the “pre-treatment buffer” (see table for the buffer
composition) for 1 minute then replace buffer will milliQ water to wash the gel.

Staining: incubate the gel in the “staining buffer” for 20 minutes.

Washing: wash two times (about 20 seconds for each washing) with milliQ water.

Revelation: incubate the gel in the “revelation buffer” until the desired staining intensity of
the bands. Once the bands are observable, eliminate the buffer, wash the gel with milliQ water
and incubate the gel for 10 minutes in the “stop buffer”.

Washing and conservation: Incubate the gel for 10 minutes in ethanol 35%. The gel can then

be dried or conserved in milliQ water.
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Pre-treatment buffer 127,5mg Na,S,0;in 1 L milliQ water

19 AgNO,
Coloration buffer 376 pL HCO,H 37%
Add milliQ water until volume is 500 mL

60 g Na,CO,

500 uL HCO,H 37%

20 mL Pre-treatment buffer

Add milliQ water until volume is 500 mL

Revelation buffer

50% methanol (or isopropanol)
Stop buffer 12 % acetic acid
Fill to 1L with milliQ water

Table 3: Composition of buffersfor silver staining protocol

c) Advantages and drawbacks

Native gel electrophoresisis an interesting technique as it allows us to native gels have
the advantage of not using any detergent that may stabilize or dissolve amyloid oligomers.
However, as the amyloid oligomers shape, size and charge are unknown, it is difficult, to

predict their mobility and how they will migrate through the gel.

8.Sample preparation

a) Materials

hIAPP and |APP mutants with an amidated C-terminus and disulfide bridge (chapter 3
and 4) were synthesized using Fmoc chemistry at the Institut de Biologie Intégrative (IFR83)
at the University Pierre et Marie Curie. The peptide was purified by reverse phase high-
performance liquid chromatography (HPLC). The purity of the peptide was higher than 95%,
as determined by analytical HPLC and the mass of the peptide was confirmed with MALDI-
TOF mass spectrometry.

hl APP (chapter 5) was purchased from Bachem (Batch #2500067).

AP42 was obtained from American Peptide Company, Inc. (Batch #1207090T)

DOPC, and DOPS were obtained from Avanti® Polar Lipids, Inc., were used without
further purification.

Sequence-verified plasmid for AB42 with the additional methionine at N-terminus was
obtained from the Department of Biochemistry, Chemical Centre of Lund University
(Sweden).
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Thioflavin T (ThT), Calcein, SDS and acrylamid/bisacrylamid solution, were obtained
from Sigma.

b) Preparation of the peptides

hIAPP: Peptide stock solution was obtained by dissolving the peptide at a concentration of
1 mM in hexafluoroisopropanol (HFIP) and one hour incubation. Then, HFIP was evaporated
and the sample was dried by vacuum dessication for at least 30 min. Depending on the
experiment and project, the resulting peptide film was dissolved in different buffers.
> Chapter 3: peptide film was dissolved at a concentration of 1 mM in either DMSO
(fluorescence experiments) or in a 10 mM sodium phosphate buffer, pH 7.4 (Circular
Dichroism, NMR experiments).
> Chapter 4: peptide film was dissolved at a concentration of 1 mM in either DMSO
(fluorescence experiments) or in a 50 mM sodium phosphate, 100 fluoride at pH 7.4
or pH 5.5, or ina50 mM Tris, 100 mM sodium fluoride buffer pH 7.4 or pH 5.5

ApB42:. Peptide stock solution was obtained by dissolving the peptide at a concentration of
1 mM in a 1% NH,OH agueous solution and was then adjusted in the required concentration
ina10 mM phosphate buffer pH 7.4.

c) Preparation of the vesicles

i. Choice of the lipids

Membrane models were used in chapter 4, for the study of the effect of charge and
substitution of residue 18 on the fibrillation properties of IAPP. For this study, the membrane
model we used was a mixture of DOPC/DOPS (7:3) (figure 44) as the presence of anionic
lipids (DOPS) is known to enhance the interactions between IAPP and the membrane, the
fibrillation, and as the composition of the membrane model is a good mimetic for the
pancreatic islet of Langerhans.™
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Figure 44: Chemical structuresof DOPC and DOPS

Many different techniques were used for the study of IAPP wild type and mutants.
Depending on the experiments, we used either monolayers or small or large unilamellar
vesicles which preparation will be described below.

ii.Preparation of Small/Large Unilamellar Vesicles (SLUV)

The lipids, as a stock solution in chloroform, are mixed at a 7:3 ratio in a glass tube.
Then, chloroform is successively evaporated under nitrogen gas and put in a vacuum
dessicator for at least 30 minutes. The dry mixture is then hydrated with a buffer for at least
30 minutes, in order to solubilize the lipids in the buffer. The mixture, composed of
multilamellar vesicles is submitted to ten freeze/thaw cycles. This step will alow the
disruption of the phospholipid layers and separating the lamellae of the vesicles thus leading
to unilamellar vesicles of different sizes.™

In order to have the most homogeneous mixture, the formed unilamellar vesicles are ten
times filtered (21 passes through the membrane) at 50 nm (formation of SUV) or 200 nm
(formation of LUV) with a mini-extruder (Avanti Polar Lipids).

iii. Preparation of calcein vesicles (LUV 200 nm)

The lipid preparation for calcein vesicles isidentical as described in paragraph ii. The
dry mixture is however hydrated by a buffer containing 50 mM of calcein. Calcein is difficult

to dissolve and acidifies the buffer, so pH has to be measured and adjusted before addition to
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the lipids. The lipid mixture, once hydrated undergoes ten freeze/thaw cycles before being
extruded 10 times with a mini extruder (Avanti Polar Lipids). To remove calcein outside the
loaded LUVSs, a size extrusion column (Sephadex G-50, fine) was used. The column was
equilibrated with the buffer with outside buffer. The elution was performed by centrifugation
(1 min at 3000g) using buffer without calcein.

iv. Quantification of the phospholipid concentration

The concentration of phospholipids in the lipid stock solutions and in the samples of
prepared vesicles was quantified by the Rouser method.*

For this quantification, a solution of KH,PO, at a known concentration of 0.5 mM was
used as a standard, in order to build a calibration curve. This standard solution as well as 20 to
40 nmol of our vesicles samples are introduced into glass tubes and placed in an oven at
150°C for about one hour for evaporation of the solvent. Once the tubes are completely dry,
0.3 mL of perchloric acid are added on the lipid film and tubes, closed with glass beads, and
placed in a heating block for 2 hours. Then, the tubes are cooled down and successively 1 mL
of H,O, 0.4 mL of ammonium molybdate 1.25% (w/v) and 0.4 mL of freshly prepared
solution of ascorbic acid 0.5% (w/v) are added into the tubes. After mixing the solution, the
tubes are placed in boiling water for 6 minutes then cooled down.

The phosphate groups react with the ammonium molybdate in an acidic medium to form a
phosphomolybdic acid complex according to the following reaction:

H,PO, + 12 (NH,),M00, + 21 H* = (NH,), PO,.12M 00, + 21 NH," + 12 H,0

The complex, initially yellow (oxidation degree: +VI1) is reduced by the addition of
ascorbic acid in the solution (oxidation degree of the complex: +V) leading to a blue
coloration. The absorbance of the samples is then measured at a wavelength of 797 nm. The
final concentration of the phospholipids in our samples is calculated out of the calibration
curve with the Beer-Lamber law.

The quantification of phospholipids is done on every preparation of unilamellar
vesicles. For LUV, the quantification is usually carried out prior to the experiments
(fluorescence, circular dichroism). SUV are less stable, therefore, an estimation of the
concentration is done, and precise quantification of phospholipids are done after the NMR
experiments.
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9.Expression of Af42
Expression of the peptide was done following the protocol of Walsh et al. 2011* using
a plasmid construction of AP42 containing an exogenous methionine residue at its
N-terminus.

I. Experimental protocol

Bacterial expression (non labeled peptide):

An overnight culture containing 40 mL of LB broth (10 g/L Casein Peptone, 5 g/L
Yeast Extract, 10 g/L NaCl, pH 7.2) was inoculated with an A342 stock solution BL21(DE3)
pLysS Escherichia coli bacteria in the presence of 100 pg/mL ampicillin and 30 pg/mL
chloramphenicol. After cell growth in an incubator at 37°C and agitation at 220 rpm, the
culture was transferred in a 500 mL day culture (LB broth, 100 ug/mL ampicillin, 30 pg/mL
chloramphenicol) such as the starting optical density (OD) of the medium at 600 nm was
0.05. When the density of cells reached an ODg,,, Of 0.6, peptide expression was induced by
adding 1 mM of Isopropyl-f3-D-thiogalactoside. Cell growth continued for 3 more hours
before the cells were harvested. Medium was then centrifuged at 2800 g for 20 minutes at 4°C
and cell pellets were resuspended in a10 mM Tris, 1 mM EDTA, pH 8 buffer (« buffer A »).

Bacterial expression (double labeled peptide *C,*N):

The double-labeled peptide was expressed and purified following the Marley protocol.*®
Overnight cell culture was set up as for the non-labeled peptide. This culture was then
transferred in 8 flasks of 500 mL day culture (LB broth, 100 ug/mL ampicillin, 30 ug/mL
chloramphenicol) such as the optical density (OD) of the medium at 600 nm was 0.05. When
the density of cells reached an ODgy,,, Of 0.6, the culture was centrifuged at 2,800 g for 15
minutes at 20°C. Supernatant was removed and cell pellets were resuspended in 2*500 mL of
M9 minimal medium without nutriments (Na,HPO,, 7 H,0O 12.8 g/L, KH,PO, 3g/L, NaCl 0.5
g/L, MgSO, 1 mM, CaCl, 0.1 mM, thiamine 10mg/L, ampicillin 200 mg/L, chloramphenicol
30 mg/L, yeast nitrogen base 1.7 g/L). Cultures were replaced at 37°C/220 rpm in the
agitator-incubator for about 45 minutes for clearance of LB broth nutriments inside the
bacteria. Then, labeled *C glucose (4 g/L) and *N ammonium chloride (1 g/L) were added to
the cultures. After another incubation of 45 minutes, peptide expression was induced by
adding 1 mM of Isopropyl-f3-D-thiogalactoside. After 3 hours, cells were harvested and
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culture was then centrifuged at 2800 g for 20 minutes at 4°C. Cell pellets were resuspended in
al0mM Tris, 1 mM EDTA, pH 8 buffer (« buffer A »).

Purification:

Cell pellets were sonicated 5 times during 10 seconds on ice then centrifuged at
15,000 g for 20 minutes at 4°C. Supernatant was discarded and pellets were resuspended in
20 mL of Buffer A. This cycle of sonication-centrifugation was repeated twice more before
the pellets were resuspended in 10 mL of 10 mM Tris, 1 mM EDTA, 8 M Urea, pH 8 buffer
and sonicated as described previously until the obtained solution was clear. This solution was
then diluted 5 times in buffer A and mixed with 20 mL of DEAE cellulose resin for
purification.

The fractions “B1” and “B2" were then purified on a Hypersep C18 column. After the
column was washed with 5 mL of acetonitrile 10%, elution was done with 6 x 5 mL
acetronitrile 35%, NH,OH 0.1%, then the column was washed again with 5 mL acetonitrile
100%

ii. Troubleshooting and protocol optimization

The main problem | encountered during the expression and purification of AB42 was
the desalting and the concentration of the peptide.

» Cut-off membranes
Following the protocol of Walsh and al., we first tried to concentrate and eliminate the

salt in our samples using cut off membranes.

Purification and concentration of B1 fraction:

Cut-off 30 kDa (Volume: 40 mL) 3 x centrifugation at 3000 g, 4°C, 15 minutes

Cut-off 3 kDa (Volume solution: 35 mL, | Centrifugation at 5000 g, 4°C for (1) 40
volume of the falcon: 15 mL, 2 falcons were | minutes, (2) 50 minutes, (3) 40 minutes
used)
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Change of buffer:

As we wanted to eliminate the presence of TrisyHCI and NaCl in the solution, we used
two different buffers. The first buffer was a 10 mM Phosphate buffer as it was used for the
studies of AP42 (chapter 3) or milliQ water. Centrifugation was done a 5000 g for 60
minutes at 4°C. After centrifugation, less than 1 mL was left above the membranes in both
falcons. The solutions were retrieved, placed in two eppendorfs and lyophilized. Before
lyophilization, 50 pL of each solution was taken for gel electrophoresis analysis. The gel
electrophoresis showed that a band corresponding to the peptide (4 kDa) was observed in the
flow through of the 30 kDa membrane as expected. However, no bands associated with Ap42
could be seen in the samples that were taken above 3 kDa after concentration and change of
buffer. This result showed that either the peptide had aggregated during the centrifugation
process or, that Af42 was stuck to the cut-off membrane, leading to a very small yield of
purified peptide.

> Didysis

In order to obtain higher amount of purified peptide, and to avoid the use of membranes
on which the peptide could stick, we tried another technique, dialysis to desalt the peptide
and change our buffer. Different set ups were carried out, changing either the length of the
dialysis or the number of baths.

Fraction“B1”:

Length of dialysis: overnight

Gel electrophoresis on the samples taken before and after dialysis showed bands
corresponding to the peptide in its monomeric form. The bands, although very clear, have
about the same intensity, suggesting that there was no loss of material during the dialysis
(figure 45).
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Before dialysis
After dialysis
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Figure 45: Results of gel electrophoresis after dialysis of fraction B1.
Bands corresponding to the peptide in itsmonomeric form can be observed on the gel. Revelation was done by silver
staining.

Fraction “B2":
Length of dialysis: 2 x 3h, changing the solution in between

Quantity of material weighed in the eppendorf: 8 mg
As previoudly, gel electrophoresis showed bands corresponding to the monomeric peptidesin

the samples taken before and after dialysis. Peptide concentration was high enough to be

detected by Coomassie blue staining (figure 46).

Before dialysis
After dialysis

N AB42

Figure 46: Results of gel electrophoresis after dialysis of fraction B2.
Bands corresponding to the peptide in its monomeric form can be observed on the gel. Revelation was done by
Coomassie blue staining
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NMR analysis: the presence of Trisand EDTA was observable on the spectrum as well as the

peaks that were attributed to AB42. A series of *H NMR experiments was recorded in order to
observe any evolution of the signal overtime. Results have shown that the signal of the
peptide decreased over time, as observed with the synthetic peptide (figure 47).
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Figure 47: '"H NMR experiments on AB42 peptide after dialysis.
A signal corresponding to the monomer was observed. Peak intensity decreased over time, suggesting the aggregation
of the peptide.

Conclusion, advantages and drawbacks:

Dialysis turned out to be a better way of purification for our peptide than the cut-off
system as AP42 could be retrieved after the process. MALDI-TOF analysis and NMR
experiments showed that the peptide had a satisfying level of purity and was mainly
monomeric, as the signal on the NMR spectra is quite narrow. The technique showed
nevertheless some drawbacks. The attempted estimation of the peptide concentration by
measurement of the absorbance with a NanoDrop spectrophotometer (A = 275 nm, absorbance
of the tyrosine) showed that the concentration of the peptide was very low and was difficultly
detected in reason of the broad peak associated with the peptide bond at 240 nm. Dialysis also
dealt with large volumes of samples (about 20 mL) and does not allow us to concentrate the
sample prior or during the process. Moreover, NMR spectra aso showed the presence of
remaining salts, mainly Tris and Urea, which explains the excessive mass in comparison to
the peptide concentration that was weighted after lyophilization. Given these drawbacks, the
protocol was further optimized as we wanted to find a technique that would allow us to desalt

and concentrate our peptide.
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» Liquid chromatography — C18, Batch mode.

Given the many hydrophobic regions of Af342, chromatography using a C18 apolar
column seemed to be a good option for the desalting of the peptide. In addition, the use of
chromatography alowed an elution with low volumes of solvent, hence the concentration of
the peptide.

Test on Sep-Pak® C18 (Waters):

Given the low concentration of the peptides we charged about 10 mL of fraction “B1”

and “B2” on the column. The elution was done roughly by 2x1 mL Acetonitrile 80%, NH,OH
0.1%. The collected fractions were then lyophilized and the material was then characterized
by mass spectrometry and gel electrophoresis. Although, no bands corresponding to the
peptide could be observed by electrophoresis, analysis by mass spectrometry showed a peak
at 4645 Da, corresponding to AB42 with the addition of the methionine N-terminal residue.

Hypersep™ C18 — Cartridge (Thermo scientific):

As the previous step with the Sep-Pak gave promising results, we set up the same
experiments using Hypersep® C18 columns (5 mL, Thermo Scientific). Again, fractions“B1”
and “B2” were charged on the column before elution

First protocol of elution:
+ 5x5mL of ACN 80%, NH,OH 0.1%
« 1xACN 100%
Analysis of the fractions:

Gel electrophoresis showed the presence of monomeric peptide as well as impurities
after elution. This suggested that the concentration of acetonitrile was too high for the elution
of pure peptide (figure 48).
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Figure 48: Gel electrophoresisof purifed fractions of AB42, elution with 80% ACN, 0.1% NH,OH

Considering those results, we changed our protocol of purification, including washing
steps and elution with alower percentage of acetonitrile in the buffer.

Second protocol of elution:

«  5mL ACN 10% (washing step)

e 4 x ACN 35% NH,OH 0.1% (collected in the same falcon)
« 5mL ACN 80% NH,OH 0.1%

« 5mL ACN 100%

Analysis of the fractions:

Gel electrophoresis showed that after purification, the peptide was found in its highest
concentration in the fractions of 35% acetonitrile, 0.1%NH,OH. Mass spectrometry showed a
peak at 4647 Da corresponding to the peptide Ap42 with the addition of methionine on N-
terminus. Although it was difficult to estimate the exact concentration of the peptide in
solution, amounts of materials were weighed and samples were prepared following the same
protocol as the synthetic peptide for further experiments. ThT fluorescence assay showed
sigmoidal curves, consistent with the fibrillation of the peptide. The observation of the
peptide after incubation for a week in a phosphate buffer at pH 7.4 showed the presence of
large fibrillar mats (figure 49 to 51).
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Figure 50: Mass spectrometry of purified Ap42.
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Conclusion, advantages and drawbacks:

The obtained peptide is mainly monomeric, and no major impurities (proteins or
peptides) are detected by MALDI-TOF spectrometry. NMR and fluorescence experiments
showed that the peptide tended to aggregate over time in a time range that was similar to
synthetic AP42 (i.e. within the time course of a single ThT fluorescence experiments, which
is of 48 to 60 hours depending on the peptide concentration) forming dense mats of amyloid
fibrils. This method was quick and efficient to obtain the monomeric peptide, and was
therefore the chosen protocol for further purifications of Ap42. However, NMR spectra on the
peptide showed the presence of remaining salts (Tris, EDTA, Urea) in the sample. This leads
to two drawbacks: 1/ the salts may influence the kinetics of oligomerization of the peptide, 2/
it induces a bias in the estimation of the quantity of peptide obtained after purification and
lyophilisation as we do not know the exact quantity of remaining sats in the sample.
Therefore, estimation of the concentration of the peptide for further experiments remains a
critical point.
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Chapter 3:

Insights into the kinetics and mechanism of
fibrillization of hIAPP in solution
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Understanding the pathways that lead to the formation of toxic amyloid species and
especially pinpointing which species and what mechanism are associated to cell death are of
great interest in the further development of therapeutic agents in order to prevent and/or delay
the progression of amyloid diseases. Although widely studied, the mechanisms involved in
the amyloid fibril formation are yet to be completely understood. Such mechanistic studies
are hampered by the fast kinetics of fibrillization and the formation of many intermediate
species that are transient in nature and structurally heterogeneous. As the diseases have
always been linked to the accumulation of large insoluble amyloid fibrils, it was initially
believed that cell death was induced by these mature fibrils. Recently, however, increasing
evidence has shown that the toxicity of amyloid peptides is more likely mediated by
oligomeric species or the ongoing oligomerization process rather than by the fibrils“2. In this
regard, it is of great importance to identify the nature of the formed species and the
mechanisms involved in the early stages of oligomerization of amyloid peptides, as they
would be critical targets in the prospect to disrupt the amyloidogenic process or reorient it
into a non-toxic off-pathway, so as to reduce the cytotoxicity of the peptide.

A general common pathway for fibril formation is believed to characterize all amyloid
peptides and proteins. Initially soluble in solution, they undergo a conformational change,
associated with a misfolding of the peptide/protein, which leads to oligomerization and
insoluble B-sheet amyloid fibril formation. In addition to this, it has been shown that an anti-
oligomer specific antibody, obtained by immunization of rabbits with A oligomers mimetics,
was able to recognize peptides oligomers of not only Ap peptide, but also hIAPP and a-
synuclein. This suggests a common morphology of oligomers and putatively, similar
mechanisms of fibrillization*. This hypothesis can be reinforced by a careful sequence
comparison of hIAPP and AB42. Despite the lack of homology relationship, both peptides
share close amino acid sequences (24% in identity and about 40% in similarity, Figure 52)
and length (37 vs 42 residues). In addition to the sequence similarity, hIAPP and AB42 also
share overlapping binding sites that trigger the formation of toxic aggregates residues 20-29
(SSNNFGAIL) for IAPP and residues 28-35 for Ap42 (GAIIGLM).

Ap42 DAEFRHDSGYEVHHOKIVFFAEDVGSENKGATITIGLM VGGVVIA

IAPP KCNTATCATQRLANFLVHS SNNFGATLSSTNVGSNTY

Figure 52: Sequence alignment of Ap42 and hl APP. Blue: residues with similar physicochemical properties (charge,
polarity), Green: identical residues
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However, in spite of sequence similarities, diverging results have been reported in the
literature regarding the oligomeric species for Ap42 and hIAPP. Low molecular weight
oligomers as well as protofibrils have been observed and characterized in the case of Ap42
and for other amyloid peptides®’. In contrast, hIAPP does not seem to form stable low
molecular weight oligomers under comparable conditions®®. In this context, our study here
was to focus on the early stages of the oligomerization process of hIAPP in terms of

mechanism of fibrillization and formation of oligomers.

A large number of biophysical and biochemical data have accumulated in the literature
but it is not always easy to compare results obtained by different groups owing to the
variability in peptide samples (peptide lots with different synthesis, purification and
solubilization protocols) and the diversity of experimental conditions often imposed by
technique limitations. For the sake of consistency and in order to compare results obtained by
different spectroscopic techniques, we have paid much attention in this study to design
experimental protocols using conditions as close as possible in terms of buffer compositions,
physicochemical parameters (temperature, pH, ionic strength) and peptide concentration. We
have carried out a panel of complementary biophysical experiments, each focusing on
different stages of fibril formation in order to better characterize the oligomerization and
fibrillization of hIAPP. Thioflavin T fluorescence (ThT) experiments are compulsory so as to
observe the global fibrillization process over time. Circular dichroism (CD) experiments
allowed us to monitor the secondary structure of different peptide species over time.
Tryptophanol (TROL) fluorescence together with liquid state NMR experiments focus on the
early stages of the process. TROL fluorescence is expected to yield details on the formation
of small oligomeric species as this fluorescent probe was described to bind to prefibrillar
species but not fibrils. Finally, the depletion of the monomer in solution as the peptide
oligomerizes could be readily monitored by *H NMR. Gel electrophoresis have also been
done on incubated samples of hIAPP and AB42 in an attempt to visualize oligomeric species,
especially those of low molecular weight. Finally, electron microscopy (TEM) focuses on the
final stage of fibrillization, as it allows us to observe large oligomers and particularly the
fibrils morphology (Figure 53).
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Figure 53: Biophysical strategy for the study of hl APP and AB42 oligomers and fibrils.
Each technique tar gets different speciesalong thefibrillization pathway.

In addition, since we used fluorescent probes, ThT and TROL, at a high concentration
of 75 uM, it was a critical point to check whether these probes would not have any influence
on the Kinetics of fibrillization resulting from their interaction with the peptides. For this part
of the study, we performed further NMR and CD experiments on our peptides in the presence

and in the absence of ThT and TROL to observe the effects of probes on the fibrillization.

1. Results
a) Study of the early stages of fibrillization
i. ThT and TROL fluorescence assays

The curves obtained by using ThT fluorescence were S-shaped, which is a well-known
characteristic of amyloid fibril formation'®. Data for hIAPP exhibited a lag phase of
approximately 2 hours followed by an exponential growth phase over 1 hour using a peptide
concentration of 75 pM at room temperature. (to5= 3.1+ 0.1 hrs; t = 0.7 +0.1 hrs™). These
results show that the kinetics of fibrillization of hIAPP is very fast and that, given the steep of
the sigmoid, it tends to stabilize large aggregates (protofibrils and fibrils) that bind to ThT dye

over the small oligomeric species. Under the same conditions, fluorescence measurements for
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AP42 at 75 puM indicated that the kinetics of fibrillization were slower than those of hIAPP
with a lag phase of approximately 4 hours followed by a growth phase of 10 hours (to5=9.8 +
0.1 hrs; t=2.9 + 0.1 hrs™"). The longer elongation phase of AB42 could be explained by, first,
the lower Kinetics of oligomerization, but also by a progressive growth of fibrils, mediated by
the formation of small oligomeric species, thus leading to a gradual binding to ThT probe
(Figure 54A). We also observed that the signal at the plateau did not reach the same intensity
for hIAPP and AB42. Indeed, after normalizing the curves (values for hIAPP being the 100%
reference intensity) the plateau for AB42 reached only 45% of the maximum intensity of that
of hIAPP. These results could first reflect differences regarding ThT binding properties for
the two peptides. Indeed, ThT probe could have less affinity or fewer binding sites to AB42 or
display different fluorescence properties (quantum yield) in the binding states. Alternatively,
the amount and the morphologies of the mature fibrils may be different for both peptides.
This is the reason why TEM studies were carried out in parallel to analyze the final formed
species (see below).

Although ThT probe binds to large aggregates and allows us to observe the global
Kinetics of oligomerization process, it provides us no information about the formation of the
species involved in nucleation stages. Therefore, we chose to use a recently described
Thioflavin-like fluorescent probe, the tryptophanol (TROL), which exhibits opposite
properties with respect to ThT. Indeed, TROL fluorescence turns out to be quenched when the
probe binds amyloid peptides while ThT fluorescence is enhanced upon binding to amyloid
species. Furthermore TROL binds to prefibrillar forms of amyloid peptides but not to mature
fibrils'* whereas ThT binds to both prefibrillar and fibrillar species.

We set up the TROL fluorescence assay in the laboratory using parameters described by
Reinke et al. As expected, for both peptides TROL assays lead to decreasing fluorescence
curves over time before reaching a plateau, indicating that the probe has bound to monomers
or small oligomeric species that has formed in solution (Figure 54B). Interestingly, TROL
fluorescence decay showed no apparent lag phase in the case of AB42 while a short lag phase
of about 2 hours was observed for h1APP.
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Nevertheless, we noticed that curves drawn for hIAPP and AB42 were very similar as

much for the decrease of the values as the stationary phase that was reached at the same time,

approximately 10 hours for both peptides
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From the ThT and TROL experiments, we observed a roughly inverse relationship
between the signals. At early time, the TROL assay showed maximum monomeric or
oligomeric content while ThT indicated low amounts of total aggregated hIAPP and Ap.
Then, the TROL signal decreased for both peptides, while ThT signal, after a lag time,
increased, showing that oligomerization and formation of large aggregates occurred.

Interestingly, the comparison of the times necessary to reach the fluorescence plateaus
suggests mechanistic differences in fibrillization for the two peptides. In the case of hlAPP,
the TROL signal was still decreasing after the plateau was reached in the ThT fluorescence
experiment, which could indicate the coexistence, during a short time before the TROL
fluorescence reaches a plateau, of either monomer or very small oligomers with large species
and fibrils that are formed at a very fast rate but with no intermediates. A different trend is
observed for AB42, the ThT signal was still increasing after the TROL signal reached
equilibrium, which correlates with the fact that Ap42 peptide undergoes different stages of
oligomerization before forming large mature fibrils. This clearly suggested that hIAPP has a
different mechanism of fibril formation than the one of Ap42.

In addition to the fluorescence experiments and in order to investigate the contents of
our samples, we carried out transmission electron microscopy (TEM) to detect the presence of
amyloid fibrils and characterize the morphology of aggregated species that formed in our
peptides samples. Observations of the samples that were incubated for 4 days at room
temperature showed smooth and long fibrils about 10-12 nm wide for AB42 whereas hlAPP
samples showed large and dense mats of fibrils that were about 5 to 8 nm wide, revealing that
not only the two peptides had different kinetics of fibrillization but that they also have a
distinct fibril morphology (Figure 54C et D).

ii. CD spectroscopy

We next carried out CD experiments in order to evaluate the conformational changes of
the peptide over time. CD spectrum of hlAPP, freshly dissolved in 10 mM phosphate buffer at
75 uM concentration and pH 7.4, showed a curve with a negative minimum at 200 nm, thus
revealing a prevailing unordered conformation, which is characteristic of the structure of the
peptide in solution.*? Upon a few hours of incubation, we were able to observe the
disappearance of the minimum at 200 nm in favor of a negative peak at 220 nm and the
apparition of a positive peak around 190 nm, indicative of a B-sheet structure. Kinetics
measurements showed a lag time of 2 hours followed by the transition towards B-sheet
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structure after 4 hours for hIAPP (Figure 55A). Deconvolution of the spectra allowed us to
obtain the contribution of B-sheet conformation and random coil to the signal. At initial time,
the deconvolution indeed indicates that the peptide is mainly disordered (78.7% random coil).
Although the increase of B-sheet conformation can be observed over time (3.5 to 25%) can be
observed, deconvolution of the final spectra still indicated a large amount of random coil
signal, which was surprising given the characteristic signal for B-sheet that we observed. This
result might be explained by the weak intensity of the dichroic signal, that can skew the
deconvolution values (table 4)

I it N N .
hI1APP (initial time) 78.7 % 3.5% 10.6 %

68.1 % 25% 6.2 %

Table4: Contribution of disordered state, B-sheet and a-helical conformation to the structure of hl APP at initial and
final times.
Deconvolution of the CD spectrum was done with CDfriend software.

As for AB42, the freshly dissolved peptide gave the same type of signal than hIAPP,
with a minimum around 200 nm, showing that the peptide was mainly disordered in solution.
Over time, a gradual transition is observed with the presence of an isodichroic point. The
random coil state is predominant at the beginning of the experiment and gradually converts
into a B-sheet conformation, with a minimum at 220 nm, which is observed after 14 hours
(Figure 55B, table 5).

I e .= .
APB42 (initial time) 76.2 % 11.3% 2.8 %

67.2 % 22.1% 10.8 %

Table5: Contribution of disordered state, pB-sheet and a-helical conformation to the structure of Ap42 at initial and
final times.
Deconvolution of the CD spectrum was done with CDfriend software.

The differences between the evolutions of the spectra over time can be observed by
plotting the ellipticity at 200 nm over time for hIAPP and AB42. The plotted data show a
sigmoidal curve for hIAPP, showing the presence of two different states (the prevalent
disordered species vs. the structured B-sheet species) while data for Ap42 show a linear curve
showing a gradual transition with a coexistence of the ordered and disordered state for the
peptide (figure 55C).
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Figure 55: CD spectra of hIAPP (A) and Ap42 (B) over time. Both peptides adopt a B-sheet confor mation over time.
The apparition of the B-sheet conformation prevalence isfaster for hl APP than for AB42 whereit ismore gradual
with a distinctive isodichroic point (Peptide concentration: 75 puM, Temperature: 30°C). (C) Ellipticity at 200 nm

(pink) and 220 nm (green) of hl APP (magenta). (D) Ellipticity at 200 nm (cyan) and 220 nm (blue) of AB42 at 30°C.

Our results were found in agreement with data that were obtained by fluorescence of
ThT, once again presenting a faster kinetics of fibrillization for hIAPP in comparison with
AP42. Further information can be inferred from the different shapes for the time evolution of
CD ellipticities (Fig. 4C and 4D). The weak increase in the negative ellipticity for hIAPP at
220 nm while the negative peak at 200 nm decreases suggests that a fraction of p-sheet
species is not visible in the CD spectrum. Indeed, the shape of the curve can be best explained
by a conversion of random coil monomers (or small oligomers) into B-sheet oligomers in
parallel with a conversion of 3-sheet species into higher molecular weight species that do not
contribute to the CD signal (presumably owing to precipitation or scattering).

The accumulation of kinetics data correlated to the actual presence of fibrils in our
different samples led us to investigate the presence and dynamics of oligomeric species of our

peptides in solution, thus, performing more complete experiments.
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iii. NMR spectroscopy

Cross results of fluorescence and circular dichroism have shown that hlAPP has
different kinetics of aggregation than Ap42 and may have a different pathway of fibrillization,
but only little information can be inferred about the early stages of the oligomerization
process and the species that are formed during this phase with those techniques. In order to
get more insight on these initial steps, we used liquid state NMR spectroscopy. Our goal was
to measure the kinetics of depletion of peptide monomers as well as to obtain indirect
information on oligomeric species in solution that may interconvert with the monomer
fraction.

One dimensional *H NMR spectra were recorded at a peptide concentration of 75 uM to
be consistent with the results obtained with aforementioned techniques. On the first hand, *H
spectra allowed us to observe the soluble fraction of peptides corresponding to the monomer
(or weakly oligomerized states), as inferred from the narrow linewidths, especially in the
methyl region, and from diffusion coefficient measurements (see below). NMR signals from
large oligomeric species, which tumble slowly on the NMR time-scale and behave like a
solid, are expected to be very broad and therefore invisible to detection by liquid-state NMR
experiments. Therefore, any variation over time of the peptide signal intensities was a source
of information concerning the oligomerization kinetics of hIAPP and AB42. Figures 56 and
57 show that the methyl resonances intensity of hIAPP decreased dramatically within the first
3 hours of experiments, subsequently reaching a stationary state during the rest of the
experiment with a weak residual signal. In the meantime, we can notice the apparition of a
very broad signal around 0.7 ppm that can be ascribed to oligomeric hIAPP species of high
molecular weight that have appeared in solution, allowing us to observe the aggregation of the
peptide. In constrast, Ap42 methyl signals intensity gradually decreased over time, starting in
the first 3 hours of experiments until reaching a nearly stationary state, where the signal still
persists, after more than 40 hours of incubation.
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Figure 56: Methyl region of *H NMR spectra of hl APP (left) and AB42 (right) over time.
hIAPP peak intensity decreasesin less than 6 hours, showing no more monomer. A broad peak, indicative of high
molecular weight oligomer s appear sin the meantime. Monomeric AB42 can still be observed after a gradual decrease
and appearance of a plateau after more than 40 hours of experiment.
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Figure 57: Time evolution of *H resonance intensities for hl APP and Ap42 at 30°C. NMR signals wer e integr ated
between 0.7 and 1 ppm.

We also used magnetization transfer experiments in order to detect putative equilibria
between the monomeric peptides and oligomeric states, which could be possible provided that
the oligomerization equilibria occur in fast exchange on the NMR time scale. Saturation
Transfer Difference (STD) experiments consist in the irradiation of large unobserved species
in solution, i.e. the high molecular weight oligomers or fibrils. In the case of a fast exchange
conversion between those species and monomers, the irradiation is transferred from the large
oligomers to the smaller ones or to the monomer, leading to a decrease of signal intensity of

the NMR visible low molecular weight species. As a part of this study, STD experiments
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could show whether IAPP or AB42 species of different molecular weights coexist and interact

with one another.

STD experiments were carried out by irradiating, for the on resonance experiment, the

upfield region at —0.5 ppm, which is devoid of signals for both IAPP and AB42 monomers.

The STD experiments on AB42 shows the appearance of weak STD signals, as can be seen in

the aromatic region (Figure 58D). Interestingly these STD signals increase over time,

underlying an interaction in fast exchange between peptide monomer and oligomers whose

concentration increases over time. For IAPP peptide, weak STD signals can be detected at the

very beginning of the experiments before disappearing. In this latter case, the very fast

peptide aggregation, which nearly consumes all the monomer in solution, prevents the

observation of aggregation equilibria involving the residual monomer fraction.
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Figure58: (A, B) Aromatic region of 1D *H spectra of hIAPP (A) and AB42 (B) at t=0hr, (C, D) STD signal of hIAPP
(C) and AB42 (D) over time at 30°C.

hIAPP shows a very weak signal closeto the noise level, even at t=0 hr whereit could still be detected dueto the
presence of monomer in solution whereas Ap42 shows an apparition of STD signal at t=0Ohr that increases over time.
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Finally, to get information on the shape and size of aggregates, we determined the
diffusion coefficients using PFG NMR experiments for hlIAPP and Ap42 at 30°C. The
diffusion coefficient is inversely related to the hydrodynamic radius of the particle, which in
turn is determined by the peptide compactness and also the degree of self-association. Table 7
exhibits the hydrodynamics parameters relative to the aggregation of hIAPP and ApB42. The
diffusion coefficient measured for AB42 at time to is close to values reported in the literature
and is compatible with a peptide being mainly monomeric. An evolution of the diffusion
coefficient is observed over time, decreasing from 1.8810"° m?/s to 1.47 ‘10" m?/s in less than
24 hours. In the case of hIAPP, the fast kinetics of fibrillization made it very difficult to
determine de diffusion coefficient of the monomer since its signal tended to disappear during
the first 6 hours of incubation.

- Ap42 (30°C) h1APP (30°C)

Ds (10 m2/s) ADs (10" m2/s) Ds (10* m2/s) ADs (10" m?/s)
0 hrs 1.88 0.05 1.11 0.05

3 hrs 1.87 0.05 1.06 0.58

6 hrs 1.83 0.05 - -

8 hrs 1.73 0.05 - -

11 hrs 1.60 0.05 - -

14 hrs 1.51 0.05 - -

17 hrs 1.48 0.05 - -

20 hrs 1.47 0.06 - -

22 hrs 1.47 0.01 - -

Table 6: Diffusion coefficient for Ap42 and hl APP over time.
Theformation of high molecular weight species of hl APP over time hampersthe determination of the hydrodynamic
parameter asthe signal of the monomer disappears during the experimental time

In light of these results and taking account that the kinetics of fibrillization of hlIAPP
was very fast at 30°C thus preventing us from observing any intermediate forms in the time of
NMR experiments, we decided to perform further studies at lower temperatures, namely
20°C, 15°C and 10°C. At 20°C, we found that signals on *H NMR spectra tended to decrease
during the 6 first hours of experiment before reaching a stationary state further on
(Figure 59A). Nevertheless, studies at 15°C and 10°C showed a very slow depletion rate over
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time and high intensity, well resolved signals even after 48 hours of incubation (Figure 59B
and C). The signals were integrated and plotted depending on the time (figure 60).

T
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Figure 59: Monomer depletion of hlAPP at 20°C (A), 15°C (B) and 10°C (C) observed by NMR spectr oscopy.
At 20°C the signal disappearsin thefirst 6 hours of experiment. At 10 and 15°C the signal remains stable over 22
hours.
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Figure 60: Peak intensity of hl APP monomer over timeat 30, 20, 15 and 10°C.
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Measurements of hydrodynamic parameters of hIAPP have also been made at different

temperatures (table 8). Data showed that at 20°C, as at 30°C, the loss of the signal made it

difficult to obtain exploitable values of the diffusion coefficient as the signal/noise ratio was

very low and led to large error bars. At 10 and 15°C, the coefficient of diffusion was stable
over the duration of the experiment (0.79+ 0.0110"° m?/s at 10°C; 0.96 +0.01'10* m?/s at
15°C). These results show that at low temperature the monomeric form is stabilized and the

oligomerization is slowed down.

OHrs

1.12+ 0.03
1.45+0.19
154+ 041
2.10+ 0.67
1.56+ 0.67
191+ 0.71
1.86+ 0.80
2.23+0.84

Ds (10" m?s)

0.95+0.01
0.96+ 0.01
0.95+ 0.01
0.95+ 0.01
0.96+ 0.01
0.98+ 0.02
0.99+ 0.02
1.21+0.10

- | APP 20°C |APP 15°C IAPP 10°C

Ds (10" m¥s) Ds (10" m?/s)

0.79+ 0.01
0.78+ 0.01
0.79+ 0.01
0.79+ 0.01
0.79+ 0.01
0.79+ 0.01
0.79+ 0.01
0.80+ 0.01

Table 7: Hydrodynamic parameters of hlAPP at 20, 15 and 10°C.
At 20°C, the measur ements become inconsistent after the first few hours of incubation because of the loss of signal.

Thevaluesin grey arethereforenot reliable.

At 10°C, a STD signal can be observed showing the coexistence of unobserved species

and monomers in solution over time, but with a persistence of the monomer over time, which

correlates with the slow rate of oligomerization. This signal tends to weakly decrease over

time. This observation suggests that the larger species that were present at initial time evolved

to larger aggregates, which are not in fast exchange with the monomer. The loss of this

exchange between species therefore leads to the decrease of the observed signal (figure 61).
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Figure 61: (top) Aromatic region of 1D 'H spectra of hIAPP. (Bottom) STD signal of hIAPP over time at 10°C.

Experiments on hIAPP at 15°C and higher showed a weak STD signal at initial time
that could not be detected on the following experiments, despite the persisting signal of the
monomer. This result, as those at 10°C, suggests that transient oligomeric species that interact
with the monomer are present at initial time then rapidly evolves to larger aggregates, leading
to a loss of STD signal during the first hours of incubation.

Our results are consistent with previous studies on hlIAPP where much lower
temperature was used (4°C)%. However, since the oligomerization happens at a very slow rate
at 10 and 15°C, with little information about the formation of any small oligomers, is seems
more appropriate to work at a higher temperature in order to trigger the oligomerization.
Additionally, in regard of the fact that the kinetics of hIAPP fibril formation are close at 20
and 30°C, the experiments that are shown here have all been done at 30°C, in order to be
compared to those obtained with Ap42.

iv. Gel electrophoresis

Gel electrophoresis experiments have been run in addition to the previous experiments
in order to observe with more details which species were formed in solution for hIAPP as
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well as for Ap42. The principle of the experiments was to incubate the peptides at different
times, to alow the oligomerization to take place and to run gel electrophoresis. As
electrophoresis separates the different species in solution depending on their charge/weight
ratio, it allows the monomers, oligomers to fibrils to be separated through the length of the gel
provided that the different species are largely represented in the mixture and have sufficient
stability. Gel electrophoresis under native conditions or on amyloid peptides had never been
done in our laboratory previously. In this light, we started to run gels using protocols that
could be found in the literature and tried to optimize them for our study.®***

It was at first decided to run gel electrophoresis under native conditions, therefore
without detergents or reducing agents (f-mercaptoethanol), as the SDS contained in the
common SDS-PAGE gels could interact and possibly dissociate the oligomers. As the
detection of oligomeric species of ApB40/42 in solution has previously been described by
several groups, the optimization process was done using incubated samples of AB42 in
solution. Results for native gels showed the presence of what is likely the Ap42 monomer, at
al incubation times, indicating that the monomer is still present even after many hours in
solution at room temperature. However, no other bands testifying of the presence of any
possible oligomers could be seen on the gel, even after a silver staining, which is more
sensitive than the Coomassie blue staining (Figure 62). The limitation of native gel
electrophoresisis that the separation between the species depends of the size and the shape of
the oligomers rather than only their weight, asit is for SDS-PAGE. Also, the conservation of
the native state implies that the structure of the species is conserved. This parameter has to be
taken into account as the shape and available surface of the oligomers may impact the
electrophoretic mobility of the different species'®. It was shown that Ap42 could aggregate
into oligomers of different size and shape, following different pathways. Therefore, oligomers
of similar weight and charge could either adopt an ordered -sheet structure or a globular
conformation, which would lead to different speeds of migration through the gel. In this
light, given the fact that we did not know which Ap42 assemblies would be present in
solution, it was quite difficult to predict the possible positions of the bands on the gel, or

identify the nature of the observed species, after migration.
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Figure 62: Native Tris Glycine gel - AB42 at 0,6,23,30 and 48 hours of incubation.
Only the band of the monomer was obser ved

Another set of experiments was done using Bis Tris 12% gels. SDS is present in the
running buffer (0.01% SDS) as well as in the sample buffer (1% SDS), allowing the
oligomers to be separated according to their respective weight. In order to limit the
denaturation of peptides, the samples were mixed with a bromophenol blue sample buffer
containing no reducing agent (that would lead to the reduction of IAPP disulfide bridge) and
were not heated. The samples were immediately pooled into the wells and the gel was run at
200 mV.

Results showed that in all wells containing Ap42 samples, a large band corresponding
to the monomer was present. The band being more intense at initial time, showing that the
monomer was at a higher concentration than in the other wells, where oligomers had likely
formed. In wells containing hIAPP samples, a light band corresponding to the monomer was
observed at initial time but was not present at longer incubation time, showing that it was
likely consumed to form oligomers even though no other bands at higher molecular weights
could be observed (Figure 63).
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Figure 63: Bis Tris 12% acrylamide gel for IAPP and AB42 at different incubation times

If Bis-Tris gels have given some results regarding the detection of the peptides as
monomers could be observed, it had the inconvenient of having a low concentration of
acrylamide/bisacrylamide. This leads to large bands, as observed on Figure 63, making it
difficult to determine if other low molecular weight species were formed as their bands could
be overlapping because of their width.

Finally for the last set of experiments, we chose a compromise between the full native
gel without SDS and the SDS-PAGE gel, which is done under denaturing conditions.
Therefore, the experiment consisted on a 4-20% Tris-Glycine gel containing no SDS. The
gradient gel is here ideal for the simultaneous observation of the different species, from
monomer to large oligomers, and the absence of SDS in the gel buffer should limit the
denaturation of the oligomers. Still, to be able to discriminate the different species depending
on their weight and regardless of the charge, the samples were mixed with a Bromophenol
blue sample buffer containing SDS and no -mercaptoethanol to avoid the reduction of the
disulfide bridges (hIAPP). The samples were immediately pooled in the gel wells, without
being heated at 95°C to avoid any possible dissociation of the oligomers by a heat
denaturation. Result of the first experiments on AB42 showed, as it was seen previously for
the other experiments, that the band corresponding to the monomer was present regardless of

the incubation time. Another band, around 15 kDa, which could correspond to Ap42 tetramer,
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was also observed for every other incubation time, showing that this oligomeric form was
very stable in solution. At 4, 24 and 48 hours of incubation, a smearing could be observed on
the gel. This could be linked to the presence of many heterogeneous oligomeric species
present at low concentration in solution (Figure 64).

— 250 kD
— i80

— 100

75
— B b Smearing

= (4hrs-24hrs-48hrs)
— 25
- 20
- 15 AB42 tretramer
-~ 4D

AB42 monomer

Figure 64: TrisGlycine gel of AB42 at 0, 4, 24 and 48 hours of incubation.
Bands of the monomer, tetramer aswell as smearings at higher molecular weight could be observed

Samples of hlAPP, incubated at different times and prepared under the same conditions
were run on the 4-20% Tris Glycine gels. Results for hIAPP showed that a light band
corresponding to the monomer was observed at initial time but disappeared quickly as it was
not observed after 2 hours of incubation and was not present in other wells (Figure 65). Silver
staining of the gel was also carried out after initial Coomassie blue staining, as we wanted to
detect possible supplementary bands that required more sensitivity. The results of the staining
showed no additional bands, and the gel became too dark to be able to discriminate any
eventual species. The absence of the IAPP monomer band in the wells containing the peptide
after a few hours of incubation is consistent with the previous results showing that the
monomer is fully consumed during the oligomerization process.
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Figure 65: Tris Glycine gel of hl APP at different incubation times.
Band of the monomer could be observed at initial time but not for higher incubation times

Gel electrophoresis results can be correlated with NMR and CD experiments as it shows

that hIAPP monomer is consumed at a very fast rate once in solution and assembles to form
large species, although not observed on the gels. As for Ap42, results of the electrophoresis
have shown a persistence of the monomer even after 48 hours of incubation, which indicates a
coexistence of different species in solution. The lack of detection of bands of higher
molecular weight oligomers on the gel could be either because the species are too large and
do not penetrate the gel, or, that they are present in a very low concentration that is beneath

the limit of detection by Coomassie blue or silver staining.
b) Interaction with fluorescent probes
i. Influence on AB42 kinetics of fibrillization

The comparison of 'H experiment on AB42 was based on the integration of the NMR
signal between 0.5 and 1.5 ppm in order to monitor the depletion of the peptide in the
monomeric state. For al samples (Ap42 alone, AB42+ThT and AB42+TROL), the intensity
of the methyl signals decreased over time with comparable rates, suggesting that the probes
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had little to no effect on the kinetics of depletion of the peptide monomer. However, for the
one containing ThT, depletion of the signal was slower than the two others, suggesting that
ThT binding slightly inhibited the oligomerization process (Figure 66A). The curves from the
PFG experiments showed a decrease of the trandational diffusion coefficient over timein a
similar way for the three samples (Table 9), indicating that the presence of probes had not a
strong influence on the equilibrium between monomers and aggregated species detected by
PFG NMR. This conclusion was strengthened by TEM experiments, which exhibited identical
fibrilsfor the three samples, i.e. long, smooth and un-branched fibrils (Figure 66B,C).

100% 1
90% 1
80% T
70% 1

60%
50% A —AB42

40% - _AB42 +ThT
30% - —AB42 + TROL

A

Peak Intensity

20% A
10% A

0% L) T T 1
0 10 20 30 40
Time (hrs)

Figure 66: A) evolution of peak area of Af42 in absence and presence of ThT and TROL over time (B, C, D) TEM of
AP42in absence of probesand in presence of TROL and ThT respectively,
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Time (hrs) Ds (10" m2/s) ADs (10" m2/s)

0 1.87 0.05
3 1.87 0.05
AB42
24 1.46 0.06
40 1.56 0.12
0 1.73 0.04
3 1.70 0.05
AB42 and ThT
24 1.40 0.07
40 1.52 0.06
0 1.85 0.04
3 1.78 0.06
AB42 and TROL
24 1.46 0.06
40 1.44 0.11

Table 8 : Diffusion coefficient of Af42 in the absence and in the presence of ThT or TROL

Next, CD experiments showed in presence of ThT and TROL, a shift from random cail
to B-sheet structure within the same time-range than Af342 alone (Figure 67). In presence of
ThT, as we did not know if the peptide had reached a stable state, an additional spectrum was
acquired after 48 hours of incubation, showing a prevalence of 3-sheet conformation. The
ellipticity over time was also plotted out for AB42 in absence and presence of fluorescent
dyes (figure 67A,B). The results showed that all curves were linear, showing a gradual
transition for the disordered state to a [3-sheet structure. We can observe a lesser steep for the
curves of AB42 in presence of ThT and TROL compared to AB42 in absence of dyes, which
might suggest that the fibrillization might be slowed down, to a small extent, by the presence
of fluorescent probes.

Altogether, our results indicate that the fluorescent probes have little influence on the
structuration and kinetics of fibrillization of the Ap42.
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Figure 67: (A), CD experimentson AB42 in presence of ThT (B) CD experimentson Ap42 in presence of TROL.
Spectra were smoothed (adjacent-averaging 25 points) to optimize the signal/noiseratio as TROL absorbs around 190

nm, (C) ellipticity at 205 nm for Ap42 (purple), Ap42 and ThT (blue), AB42 with TROL (cyan) over time.
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ii. Influence on hl APP kinetics of fibrillization

We performed TEM, CD and NMR experiments in the absence and in the presence of
the fluorescent probes in order to investigate if the probes could have an effect on the
fibrillization and on the morphology of hIAPP fibrils. In each experiments, the peptide and
the probe were held at a concentration of 75 uM (peptide:probe ratio of 1:1). Given the results
of NMR and CD experiments on the peptide alone at 30°C showing faster kinetics of
aggregation than at 20°C, we decided to carry out these experiments in the presence of
fluorescent dyes at atemperature of 20°C.

'H experiments performed on hIAPP in the presence of fluorescent dyes exhibited a
weak decrease of the peptide’ s peaks over time with asignal still evolving after more than 24
hours of experiment and a stationary state reached after at least 40 hours of incubation in the
NMR tube. Peak intensities between 0.6 and 0.9 ppm, in the methyl region of the peptide
could be measured and plotted over time for the different experiments (Figure 68A). This
enabled us to measure the diffusion coefficient in the methyl zone, which showed almost no
variation and remained quite stable with small error bars over the time of the experiment
(table 10). Therefore NMR experiments tended to indicate that the aggregation of hIAPP is
slower when in presence the two fluorescent probes. However, TEM revealed fibrils with an
identical morphology, i.e. large and dense mats of twisted and tangled fibrils that are about 5
to 8 nm wide, as those of the probe-less peptide, (Figure 68B, C).
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Figure 68: (A) Evolution of peak intensity over timefor | APP in the absence and in presence of ThT and TROL
obtained by *H NMR experiments at 20°C (B, C,D) TEM for IAPP in absence and in presence of TROL and ThT,
respectively.

Time (hrs)  Ds (10" m2/s) ADs (10" m?/s)
0 1.15 0.03
3 1.45 0.35
hIAPP
24 0.78 0.81
40 0.51 0.07
0 1.14 0.07
3 1.13 0.07
hIAPP and ThT
24 1.12 0.02
40 1.37 0.04
0 1.14 0.04
hIAPP and TROL 3 1.14 0.04
24 1.23 0.99

Table 9: Hydrodynamic parametersfor IAPP and IAPP in presence of ThT and TROL.
The values highlighted are not reliable given the loss of signal and largeerror bars.

In parallel, we also recorded CD experiments to analyze the evolution of the secondary
structure of hIAPP in the absence and in the presence of the probes. The CD experiment on
hIAPP in presence of ThT was done two times. For the first measurement, no evolution of the
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spectrum could be observed after 15 hours of incubation, although macroscopic aggregates
could clearly be seen in the cuvette. We gently shaked the cuvette and then started another set
of acquisition. The obtained spectra (17-20 hours) showed a decrease of both minima at 200
nm and 225 nm. This suggested that either a transition had occurred during the two hours
between the two sets of acquisition or, that the large aggregates that bound to ThT had sunk in
the bottom of the cuvette and where not detected before the shaking (Figure 69A). Given the
two different signals obtained for the same sample (0-15 hours then 17-20 hours), and lack of
data between 15 and 17 hours, the experiment was repeated. Results for the second set of
experiments showed that after 20 hours of incubation, the signal of ThT was constant. On the
second CD experiment in presence of ThT an additional spectrum obtained after 48 hours of
incubation and without shaking indicated that the signal had shifted from random coil to
B-sheet (Figure 69B). This result showed that the kinetics of loss of signal in presence of ThT
was slower than for hIAPP alone, with a transition appearing after over 20 hours of
incubation. This results also shows that the shaking in the first CD experiment with ThT had
likely dispersed species that induced light scattering in solution. CD experience in presence of
TROL also showed that the kinetics of oligomerization were slowed down, with a signal that
was constant in the first 7 hours of incubation. An additional spectrum acquired after 48 hours
of incubation showed a loss of signal at 200 nm, showing that large aggregates had formed in
the meantime (Figure 69C). The ellipticity of hIAPP over time was also plotted out in absence
and in the presence of fluorescent dyes. The results showed a very small linear decrease,
showing only little evolution of the ellipticity over time. On the contrary, the curve obtained
for hIAPP in absence of probes was sigmoidal, showing the transition to the structured  sheet
(figure 69D).
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Figure 69: (A) CD experiment on |APP in the presence of ThT, spectrain red were acquired after shaking the cuvette,
(B) Second CD experiment on |APP in the presence of ThT, without shaking the sample. A transition was obser ved
after acquisition of an additional spectrum after 48 hour s of incubation, (C) CD experiment on |APP in the presence
of TROL. A transition was observed after acquisition of an additional spectrum after 48 hours of incubation, (D)
ellipticity at 205 nm for hlAPP (purple), hlAPP and ThT, second CD experiment (blue), hlAPP with TROL (cyan)
over time.

The results for NMR and CD experiments on IAPP in presence of ThT and TROL
showed that the fluorescent probes had a dramatic effect on the kinetics of oligomerization of
the peptide, by slowing down monomer depletion as well as 3-sheet conformational transition
and aggregation of the peptide.

A new set of NMR and CD experiments have been carried out on another batch of 1APP
in absence and presence of new probes. In order to minimize the variability and ensure the
reproducibility of experiments, IAPP aliquots were prepared in the same conditions, peptide
was dissolved in a sodium phosphate buffer at pH 7.4, prepared in D,O for both NMR and CD
experiments and the temperature was set at 30°C, which also allowed us a better comparison
with AB42 results.

NMR experiments carried out on hIAPP in the absence of fluorescent probes showed a
decrease of the monomer signal within the two first hours of experiments, which was
consistent with the results that were obtained previously with another hIAPP sample.
However, the broad signal that could be detected with the previous batch of hIAPP did not
appear on our spectra over the time course of experiments (figure 70).
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Figure 70: Monomer depletion of hl APP at 30°C observed by NM R spectroscopy (M ethy region).
Spectrawererecorded att =0 hrs(blue), t =1 hr (green) and t = 2 hrs (magenta)

In the presence of ThT and TROL, a decrease of the signal could be observed shortly
after initial time, without any lag time, which differed with the results that we obtained with

our first set of experiments on IAPP at 20°C in presence of fluorescent probes (figure 71).

hIAPP + ThT hIAPP + TROL

T T T T e e e a7 es  ppm 74 73 72 71 70 &9 8 61 es ppn
Figure 71: M onomer depletion of hlAPP in the presence of ThT (left) and TROL (right) at 30°C observed by NMR
spectroscopy (M ethy region).

Spectrawererecorded att =0 hrs(blue), t =1 hr (green) and t = 2 hrs (magenta)

The values of peak intensity for the three samples were measured and plotted over time. The
result showed that intensity of the methyl signals decreased linearly over time with similar
rates, showing that the fluorescent probes had no or little effect on the aggregation of this
batch of hAPP (figure 72).
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Figure 72: Time evolution of *H resonance intensities for hlAPP and hl APP in the absence or in the presence of
fluorescent dyesat 30°C. NMR signalswereintegrated between 0.7 and 1 ppm.

CD experiments showed that the freshly dissolved hIAPP showed a mainly disordered
conformation, which was consistent with our previous observations. The signal for the
peptide stable over the first hour of incubation and then rapidly evolved to a signal
characteristic of a [3-sheet structure, with the disappearance of the minimum at 200 nm, and

presence of a maximum at 190 nm and minimum at 220 nm (figure 73A, table 11).

I il O N O N ..
hI1APP (initial time) 81.4 % 10.9 % 7.7%

69.2% 18.1% 12.8 %

Table 10: Contribution of disordered state, p-sheet and a-helical conformation to the structure of hIAPP at initial
and final times.
Deconvolution of the CD spectrum was done with CDfriend software.
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This result was expected, as the transition is inherent to the fibrillization of the peptide

and was consistent with our previous results. However, the transition here is also

characterized by an augmentation of the absolute value of the minimum at 220 nm, showing

an increase of (3-sheet population, which was not observed in our first set of experiments. The

conformational shift and concomitant decrease of the signal at 200 nm and increase of signal

at 205 nm can be plotted over time (figure 73B). The resulting curves appear to be a sigmoid

and an inverted sigmoid, characterized by two plateaus. at initial phase showing the

prevalence of random coil signal and at the final stage, where the stable signal shows a

prevalence of 3-sheet structure.
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Figure 73: (A) CD spectra of hl APP over time. The peptide gradually adopts a B-sheet confor mation over time with
an apparition of a characteristic isodichroic point (Peptide concentration: 75 uM, Temperature: 30°C). (B) Measured

ellipticitiesat 200 nm (blue) and 220 nm (red) as a function of time.
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In presence of fluorescent dyes, the result that we obtained for CD experiments were
strikingly different from what we had observed during our first set of experiments. Indeed, the
alures of the spectra in presence of ThT or TROL were very similar to the ones of hIAPP
alone with aninitial random coil signal switching to a 3-sheet signal on asimilar time scale as
in the absence of fluorescent probes (figure 74A,C). Likewise the transition is here
characterized by the disappearance of the minimum at 200 nm in favor of a minimum at
200 nm and aincrease of signa at 190 nm. The values of élipticity for the two minima can
aso be plotted over time, showing S-shaped or inverted S-shaped curves that are
characteristic of the shift between the two conformational states (figure 74B,D).
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Figure 74: CD spectra of hlAPP in presence of ThT (A) and TROL (B) over time. (C,D) Ellipticities at 200 and 220
nm as a function of time measured for hlAPP in presence of ThT and TROL, respectively.

In order to compare the results between the three samples, the measured values of the
ellipticity at 200 nm over time were plotted on the same graph. The result showed that the
loss of signal was slower in presence of fluorescent dyes than in their absence (t,,= 2.51 +
0.02 hrsin presence of ThT, t,,, = 2.59 + 0.03 hrs in presence of TROL vs. t,,= 1.73 + 0.05
hours in absence of dyes), but the effect is less pronounced than what was previously
observed (figure 75).
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Figure 75: Ellipticity at 200 nm over time of hl APP (blue), IAPP in presence of ThT (magenta) and |APP in presence
of TROL (green)

2. Discussion

This study was focused on the early stages of fibrillization of the human Islet Amyloid
PolyPeptide (hIAPP), especially on the oligomers that are formed and the possible interaction
that could exist between those species and the monomer or the fibrils in solution. As the
mechanism of fibrillization is still unclear, and that only little information exists on the
transient oligomeric states of hlAPP, the experiments on the peptide were made in parallel
with another amyloid peptide, AB42, which is known to form more stable oligomers in
solution. Characterized by a high sequence similarity, those two peptides have shown very
intricate mechanisms of self-association that are yet to be explained. The results show that
hIAPP had fast kinetics of fibrillization, rapidly aggregating to form large oligomers and
fibrils. This process is characterized by an absence of stable low oligomeric species and no or
slow exchanges between the monomer or small oligomers and fibrils in solution.

This study involved the use of different biophysical techniques in order to observe the
different stages of the fibrillization process. We performed fluorescence and circular
dichroism under the same conditions in order to evaluate the kinetics of aggregation for the
peptides in our experimental conditions. Then, NMR experiments, from *H spectra, Saturation
Transfer Difference and Pulse Field Gradient experiments were recorded in order to gain
more information about the monomer depletion and the dynamics of fibrillization in solution,

by gathering data about oligomers that could be formed. Gel electrophoresis experiments
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were carried out in order to observe the possible oligomeric species. Finally, transmission

electron microscopy was done in order to observe the morphologies of the formed fibrils.

During this study, we encountered were many difficulties that we had to overcome.
First, it appeared that the experiments were batch-dependent as what could be observed on the
two hIAPP batches that we used for the experiments. Both batches displayed fast kinetics of
aggregations but some differences where observed on the NMR spectra. Indeed, the first
batch showed the appearance of a broad peak around 0.6 ppm, which could be attributed to
the appearance of large species in solution. This peak could not be observed on NMR
experiments with the second batch of peptides.

We also observed that the presence of fluorescent probes could interfere with the
oligomerization of the peptide. If this effect was quite limited for AB42, the experiments on
our first batch of hIAPP showed that the presence of the probes induces a high inhibition of
the oligomerization that was not observed during the experiments on our second hIAPP batch
at a higher temperature. These results implied that comparisons between experiments had to
be done on the same batch of peptides, and that the kinetics of fibrillization could not finely
be compared between fluorescence experiments, that involved fluorescent probes and
NMR/CD experiments, that were done on the peptide in the absence of probes.

Moreover, even in the absence of fluorescent probes, the results for NMR and CD
experiments were to be interpreted with caution. The use of NMR tubes and CD cuvettes
might indeed lead to slight differences, as they do not have the same shape, the same glass
composition, the same surface of contact between the tube/cuvette and the solution, different
air/water interface etc.

However, if the encountered difficulties have made the interpretation of the data from a
Kinetics point of view complex, the study of the oligomerization and the fibrillization of
hIAPP and A by different biophysical techniques have allowed us to obtain mechanistic

information of the process that are distinct for the two peptides.

First, the use of two different but complementary probes as well as different sets of
experiments, was interesting as it made it possible for us to highlight some differences in the
mechanism of fibrillization of the two peptides by cross analyzing the results showing the
depletion of the monomer as well as the formation of fibrils in solution. ThT experiments on
hIAPP showed that regardless of the batch of peptide used, hIAPP displayed fast kinetics of
fibrillization with short lag times, and small steeps suggesting the quick formation of large
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aggregates in a cooperative way. Fluorescence experiments with the two fluorescent probes
also revealed that the plateau for hIAPP for the ThT curve was reached earlier than the
plateau for TROL (4 hours vs. 10 hours), while for Ap42, ThT curve reached a plateau around
16 hours of experiments while TROL curve reached a plateau around 10 hours. The fact that
ThT and TROL curves lack of a symmetrical aspect, particularly during fluorescence assays
with AB42 also highlights a particular time zone were small species as well as pre-fibrillar
species are present in solution. However, the decrease of TROL fluorescence intensity at the
very beginning of the experiment showed TROL binds very quickly to the monomeric or
small oligomeric peptides that were not detected by ThT, before reaching a plateau. This
decrease and lack of lag time means that, although the probe allows us to have access to
oligomers that does not interact with ThT dye, the use of TROL lead to results that are
difficult to interpret as it is still not specific enough to determine which specifics oligomers

are formed, or to determine their lifetime.

NMR experiments allowed us to further the investigation of the presence of small
oligomers and especially the existence of a possible exchange between the fibrils and rather
small oligomeric species or monomer. NMR experiments allowed us to quantify the quantity
of monomer in solution as well as dynamic exchanges between species. We observed very
significant differences between hIAPP and APB42. Experiments on hIAPP showed a drastic
depletion followed by the disappearance of the hIAPP monomer’s signal over time, showing
that the peptide had quickly aggregated to large species, consuming all the monomer. On the
contrary, 'H spectra of Ap42 showed the persisting presence of the peptide in a monomeric
state over time, even as large oligomers and fibrils have already formed, according to ThT
fluorescence, PFG experiments and TEM. The fact that the monomer signal of AB42 persists
over time while it disappears completely for hIAPP could also explain the differences of
values of the plateau observed at final stages of ThT fluorescence experiments. Indeed, if the
fluorescence intensity was 100% for hIAPP, it only reached 50% for Ap42 perhaps due to the
existence of monomeric and small oligomeric species that are not detected by ThT probe and
therefore lessens the fluorescence intensity.

PFG experiments showed that the diffusion coefficient measured on AB42 over time
was slowly decreasing, which was consistent with the gradual formation of aggregates in
solution. In addition to that, STD experiments and appearance of a persisting signal over time
in the aromatic region of the peptide indicates that, as the peptide aggregates, the formed
oligomers interact at a fast exchange rate with the monomer that is still present. We also
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noticed that the STD signal was increasing over time, which showed that the concentration of
aggregated species increased over time, while the monomer concentration was consumed.
Thus, the overall results indicates that AB42 peptide mechanism of fibrillization is likely to
present a fast exchange between different species i.e. small oligomers and monomers and high
molecular weight species.

On the contrary, the same experiments on hlAPP did not allow us to observe any
specific exchanges between hIAPP aggregates as the fast kinetics of fibrillization lead to a
disappearance of the signal in the 3 first hours of experiment. In an attempt to observe early
stages of oligomerization and possible exchanges between different hIAPP species, we carried
out the experiments at lower temperatures of 10, 15 and 20 °C. The results have shown that at
10 or 15°C, the kinetics of fibrillization were slowed down, with no monomer depletion that
could be observed over time. On the contrary, the experiments at 20°C displayed fast kinetics
of oligomerization that did not allow us to observe any possible exchange between the
monomer and aggregated species in solution. This indicated that only a small temperature
window between 15 and 20°C at which the coexistence of species in interaction with each
other could exist.

Gel electrophoresis also supports this conclusion as, in different protocols, no hIAPP
oligomers could be observed on the gels whereas stable small aggregates (tetramers or
pentamers) were detected in the wells for Ap42. Gel electrophoresis failed to detect the
presence of small stable aggregates for hlAPP, even with a sensitive detection such as silver
staining. Moreover, results showed that the monomer band was only present in the well of the
freshly dissolved peptide but not in the wells with longer incubation times, which meant that
there was no coexistence between small oligomers and prefibrillar aggregates. This shows
that hIAPP oligomerizes very quickly after being dissolved in the buffer promoting the
formation of large oligomers instead of smaller species. These results are consistent with the
NMR experiments results, where we could see a complete disappearance of the monomer
signal only after a few hours of incubation. NMR and gel electrophoresis therefore show
consistent results with the literature, suggesting the no formation of IAPP oligomers.

CD experiments on hIAPP showed a change of conformation from random coil to
B-sheet within the first few hours of incubation with little transitory states and no observation
of an isodichroic point. If we can observe a decrease of signal at 200 nm, consistent with
structuration of the peptide, results have also shown that the signal at 225 nm is quite stable.
This could suggest that the peptide undergoes, a conformational switch concomitant with a
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quick oligomerization and formation of large oligomers that would lead to light scattering,
therefore inducing a global loss of signal over time. The transition from random coil to -
sheet is much faster for hIAPP than for Ap42 for which we observe a gradual shift of the
signal with the presence of an isodichroic point at 208 nm. This point, which is likely to
indicate the presence of an exchange between large and small oligomeric species or monomer
tends to indicate that that the oligomerization process of hIAPP and AB42 follows a different
pattern.

In this study we tried to be as consistent as possible, in order to be able to compare
results obtained by different spectroscopic techniques. However fluorescence experiments
required the use of molecular probes at a high concentration 75 uM. Therefore we
investigated the effect of the probes on the kinetics of fibrillization since the probes could
interfere with the oligomerization process as they bind to specific sites of the peptides and
hamper the elongation phase. Previous research has showed that fluorescent probes, for
example Congo Red could interfere with the processes of misfolding and protein aggregation,
promoting or inhibiting the fibril formation.'*® ThT was reported to have no or little effect
on the kinetics of aggregation of amyloid peptides, but studies are usually done at a lower
concentration than the one we used for this project (5 to 10 pM).**?° Studies about the
influence of the TROL on the fibrillization has not be done yet.

If the experiments on AB42 showed only little effect of the fluorescent probes on the
fibrillization of the peptide, the results of the experiment on hlAPP with fluorescent probes
showed striking differences compared to the results that were obtained for the peptide alone
and were shown to be batch-dependent.

With the first batch of the peptide that we used, NMR experiments, both *H spectra and
PFG experiments, on hlAPP with fluorescent probes showed striking differences compared to
the results that were obtained for the peptide alone. Indeed, when with ThT and TROL, the
depletion rate of the monomer slowed down considerably suggesting that amyloidogenic
propensity of hIAPP was lessened in presence of fluorescent probes. CD spectra, although
difficult to interpret showed that hIAPP adopted a B-sheet conformation over time in the
presence of fluorescent probes but at a lower rate than in their absence. We also seemed to
encounter another inconvenient as the formed aggregates where likely to sink at the bottom of
the CD cuvette, as it may have been observed with our first CD experiment on hIAPP in
presence of ThT (figure 69A). In spite of NMR and CD results that showed that, although the
oligomerization kinetics seemed hampered by the presence of fluorescent probes, observation
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of those samples by TEM showed that the peptide had formed severa fibrils, in their mature
state, i.e. dense mats of twisted fibrils, with a width and a morphology that could easily be
compared to the fibrils that could be seen for the hl APP sample that was devoid of fluorescent
probes. Given thisfirst set of results, the same experiments were carried out on another batch
of hIAPP and at a higher temperature. The results showed that the fluorescent probes still
influenced the kinetics of oligomerization of the peptide, but to a much lesser extent.

3. Conclusion

The results of all experiments that were performed in identical experimental conditions
showed that the fibrillization mechanism of hlAPP seemed to be a mostly cooperative
process. The kinetics of oligomerization are very fast and characterized by the quick
aggregation of the monomer into large insoluble fibrils with no or short-lived, unstable, small
oligomers that could not be detected by the described techniques. The mechanism also
presents an absence of exchange process between all different species or, they do interact at a
very slow exchange rate, still promoting the existence of large oligomers and fibrils over
time. On the contrary, Ap42 peptide, presents a more stepwise mechanism, with the persisting
presence of the monomer over time that exchanges at a fast rate with the larger oligomers that
are undetected by NMR spectroscopy.

Secondary nucleation
— ? — i (monomers/oligomers)
: _—
AB42 @ — & —
Monomer Small oligomer Large oligomers
8 ]
hIAPP @ — |8 >

Monomer Small oligomer Large oligomers Fiprils

Figure 76: Schematic representation of the mechanisms models oligomerization and fibrillization for AB42 and
hIAPP.

(Top) The mechanism for Ap42 isgradual, involving reversible states and exchanges between monomeric/small
oligomeric with larger species, as shown by the secondary nucleation. (Bottom) hl APP displays a cooper ative
mechanism with the existence of small oligomersthat are short lived and were not detected by our techniques. The
mechanism is shown to beirreversible, with no specific exchanges between small oligomersand larger species.

135



As for the interaction with the fluorescent probes, it was shown that ThT and TROL
affect the kinetics of fibrillization of the amyloid peptides, slowing them down, especially
when they interact with hIAPP, and only little effect was observed with AB42. This suggests
that, at this concentration, the presence of ThT or TROL may induce a bias in our

fluorescence results, which has to be taken into account.

4. Materialsand Methods

The syntheses of hIAPP and Ap40/42 were performed at the Institut de Biologie Intégrative
(IFR83) at the University Pierre et Marie Curie. Ap42 and hlIAPP with an amidated
C-terminus and disulfide bridge were synthesized using Fmoc chemistry. The peptides were
then purified by HPLC and characterized by MALDI-TOF mass spectrometry.

hIAPP used for the second set of experiments with fluorescent probes was purchased from
Bachem.

Sample preparation

hIAPP: Peptide stock solution was obtained by dissolving the peptide at a concentration of
1 mM in hexafluoroisopropanol (HFIP) for one hour. Then, HFIP was evaporated and the
sample was dried by vacuum dessication for at least 30 min. The resulting peptide film was
dissolved at a concentration of 1 mM in either DMSO (fluorescence experiments) or in a
10 mM sodium phosphate buffer, pH 7.4 (Circular Dichroism, TEM and gel electrophoresis)
or 10 mM sodium phosphate buffer pH 7.4 prepared in D,O (NMR experiments)

For the second set of NMR and CD experiments at 30°C: |APP was dissolved in HFIP,
and divided in six aliquots. HFIP was then evaporated under nitrogen gas then were dried in a
vacuum dessicator for at least 30°C. The resulting peptidic film was dissolved a a
concentration of 75 uM in 10 mM sodium phosphate buffer prepared in D,0O.

ApBA0/AL4A2 preparation: Peptide stock solution was obtained by dissolving the peptide at a
concentration of 1 mM in a 1% NH,OH aqueous solution.

Fluorescent dyes: ThT was dissolved at a concentration of 1 mM in either milliQ water (for
ThT, CD, TEM experiments) or D,O (NMR experiments). TROL was dissolved at a
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concentration of 1 mM in either milliQ water containing 1% DMSO for solubilization of the
dye (for ThT, CD, TEM experiments) or D,O containing 1% DMSO (NMR experiments)

Fluorescence assays

The kinetics of fibril formation was measured using the fluorescence intensity increase upon
binding of the fluorescent probes Thioflavin T (ThT) to fibrils and Tryptophanol (TROL) to
oligomers. A plate reader (Fluostar Optima, BMG LabTech, Offenburg, Germany) and a
standard 96 well black microtiter plate were used. Prior to the first measurement, the plate
was shaken at 600 rpm for 10s. The fluorescence was measured at room temperature from the
top of the plate every 10 minutes with excitation filter at 440 nm and emission filter at 480
nm for ThT and with excitation filter at 280 nm and emission filter at 340 nm for TROL.

The fluorescence assay was started by adding 15 pL of a 1 mM hIAPP in DMSO or 1 mM
AP42 in NH,OH (1%) solution to 185 uL of a mixture of 75 uL ThT/TROL and 10 mM
sodium phosphate buffer pH 7.4.

Experiments were carried out once, for each fluorescent probe. Each sample was done in

triplicate wells in the plate.

Circular dichroism

The changes in secondary structure for hIAPP and AB42 were measured using a Jasco J-815
CD spectropolarimeter with a Peltier temperature-controlled cell holder over the wavelength
range 190-260 nm.

Measurements were carried out in cells of 0.1 cm path length at 20°C for hIAPP and 30°C for
AP42 in aqueous solution (10 mM phosphate buffer, pH 7.4). For each sample, measurements
were taken every 0.2 nm at a scan rate of 10 nm/min. Spectra were acquired every 30 minutes

over a period of 7 to 16 hours. Peptide concentration was 75 uM.
NMR experiments
NMR experiments were recorded on a Bruker Avance 111 500 MHz spectrometer equipped

with a 'H/™C/®™N TCI cryoprobe with Z-axis gradient. NMR spectra were processed and
analysed with TopSpin software (Bruker).
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One-dimensional spectra were acquired over 8000 points using a spectral width of 6000 Hz.
Solvent resonance was suppressed using presaturation during the relaxation delay. The
experiments were done at a temperature of 10, 15, 20 and 30°C for hIAPP and 30°C for
Ap42.

'H NMR diffusion measurements were carried out at 500 MHz using a LED experiment using
bipolar gradients and Watergate pulse sequence with squared gradient pulses of constant
duration and variable gradient amplitude along the longitudinal axis.

1D 'H STD experiments were acquired using a cascade of Gaussian shaped pulses (50 ms
pulse, B, field of 0.1 kHz, total duration of 3 s) applied on resonance (—0.7 ppm) and off
resonance (+30 ppm), aternatively. The number of scans was set to 320, corresponding to an
experiment duration of 50 min.

Electron Microscopy

TEM was performed on each sample after a 4 day incubation at room temperature, at Faculté
de Médecine Xavier Bichat, in order to describe fibrils morphology. 25 uL of each sample
were adsorbed onto glow-discharged carbon coated 200 mesh copper grids. After the grids
have dried off, the grids were negatively stained during 45 s with a 2.5% uranyl acetate
solution in 1:1 ethanol/water. The grids were then blotted and dried. Grids were examined
using a JEOL 1010 electron microscope operating at 80 kV.

Gel Elecrophoresis
Acrylamid gels were either prepared in the lab, following the protocole described

thereafter (table 11) or we used commercial Tris-Glycine gels (Mini- Protean® TGX™ pre-
cast gels, BioRad) 4-20%.
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Composition of BisTrisgel

Stacking gel:
0.67 mL Acrylamid/Bis (29:1)
1.42 mL BisTris1,25M pH 6.8
2.9 mL H,O milliQ
40 uL. Ammonium persulfate 10%
20 uL TEMED
Resolving gel:
4 mL Acrylamid/Bis (29:1)
2.86 mL BisTris1,25M pH 6.8
3.14 mL H,O milliQ
67 pL Ammonium persulfate 10%
18.7 uL TEMED

Table 11: composition of Bis-Tris 12% gel

Peptide concentration during the incubation was 50 pM (Native Tris Glycine 4-20% gel

and Bis Tris 12% gel) or 100 uM (Tris Glycine 4-20% gel). Peptide samples were mixed with

a bromophenol blue sample buffer (table 12).

Sample buffers composition:

Native TrisGlycine TrisGlycine gel BisTrisge
Sample buffer (2X) Sample Buffer (2X) Sample Buffer (4X)
0.187 M Trig/HCI 250 mM Tris-HCI pH 6.8 0.12 M Tris
30% glycerol 8% SDS 4% SDS (wiv)
o herol Bl 0.05 % Bromophenol Blue .
0.08% Bromophenol Blue 10 % glycerol 20% glycerol (v/v)

0.08% Bromophenol Blue (w/v)

Table 12: Sample buffer composition

139




Running buffers composition:

Native Tris Glycine (4X) Tris Glycine Bis Tris (5X)
) 50 mM MES
] 100 mM Tris ]
100 mM Tris ) 50 mM Tris
_ 75 mM Glycine
75 mM Glycine 1 mM EDTA

0.004% SDS (w/v) 0.1% SDS (w/v)

1 mM Na28203

Table 13: Sample buffer composition
Migration of the samples was done in the appropriate buffer (table 13) under a voltage of

200 mV at room temperature.

1Meier, J. J, R. Kayed, C.-Y. Lin, T. Gurlo, L. Haatgja, S. Jayasinghe, R. Langen, C. G. Glabe, and P. C. Butler.
“Inhibition of Human IAPP Fibril Formation Does Not Prevent Beta-Cell Death: Evidence for Distinct Actions
of Oligomers and Fibrils of Human IAPP.” AJP: Endocrinology and Metabolism 291, no. 6 (July 5, 2006):
E1317-24. doi:10.1152/ajpendo.00082.2006.

2Jan, A., O. Adolfsson, I. Allaman, A.-L. Buccarello, P. J. Magistretti, A. Pfeifer, A. Muhs, and H. A. Lashuel. “A 42
Neurotoxicity Is Mediated by Ongoing Nucleated Polymerization Process Rather than by Discrete A 42
Species.” Journal of Biological Chemistry 286, no. 10 (Mach 11, 2011): 8585-96.
doi:10.1074/jbc.M110.172411.

3Haataja, Leena, Tatyana Gurlo, Chang J. Huang, and Peter C. Butler. “Islet Amyloid in Type 2 Diabetes, and the
Toxic Oligomer Hypothesis.” Endocrine Reviews 29, no. 3 (May 2008): 303-16. doi:10.1210/er.2007-0037.

4Kayed, R., E. Head, et al.. "Common structure of soluble amyloid oligomers implies common mechanism of
pathogenesis.” Science (2003) 300(5618): 486-489.

5Glabe, Charles G. “Common Mechanisms of Amyloid Oligomer Pathogenesis in Degenerative Disease.”
Neurobiology of Aging 27, no. 4 (April 2006): 570-75. doi:10.1016/j.neurobiolaging.2005.04.017.

6Lashuel, Hilal A., Dean Hartley, Benjamin M. Petre, Thomas Walz, and Peter T. Lansbury. “Neurodegenerative
Disease: Amyloid Pores from Pathogenic Mutations.” Nature 418, no. 6895 (July 18, 2002): 291-291.
doi:10.1038/418291a.

7Coalier, Kelley A., Geeta S. Paranjape, Sanjib Karki, and Michael R. Nichols. “Stability of Early-Stage Amyloid-
(1-42) Aggregation Species.” Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics 1834, no. 1
(January 2013): 65—70. doi:10.1016/j.bbapap.2012.08.017.

8 Soong, Ronald, Jeffrey R. Brender, Peter M. Macdonald, and Ayyalusamy Ramamoorthy. “Association of Highly
Compact Type Il Diabetes Related Islet Amyloid Polypeptide Intermediate Species at Physiological
Temperature Revealed by Diffusion NMR Spectroscopy.” Journal of the American Chemical Society 131, no. 20
(May 27, 2009): 7079-85. doi:10.1021/ja900285z.

140



9Vaiana, Sara M., Rodolfo Ghirlando, Wai-Ming Yau, William A. Eaton, and James Hofrichter. “Sedimentation
Studies on Human Amylin Fail to Detect Low-Molecular-Weight Oligomers.” Biophysical Journal 94, no. 7
(April 1, 2008): L45-47. doi:10.1529/biophysj.107.125146.

G roenni ng, Minna. “Binding Mode of Thioflavin T and Other Molecular Probes in the Context of Amyloid Fibrils—
current Status.” Journal of Chemical Biology 3, no. 1 (March 2010): 1-18. doi:10.1007/s12154-009-0027-5.
11Reinke, Ashley A., Gelareh A. Abulwerdi, and Jason E. Gestwicki. “Quantifying Prefibrillar Amyloids in Vitro by
Using a ‘' Thioflavin-Like' Spectroscopic Method.” Chembiochem: A European Journal of Chemical Biology 11,

no. 13 (September 3, 2010): 1889-95. doi:10.1002/chic.201000358.

12 Kayed, Rakez, Jirgen Bernhagen, Norma Greenfield, Khuloud Sweimeh, Herwig Brunner, Wolfgang Voelter, and
Aphrodite Kapurniotu. “Conformational Transitions of I1slet Amyloid Polypeptide (IAPP) in Amyloid Formation
in Vitro.” Journal of Molecular Biology 287, no. 4 (1999): 781-96.

B Arndt, Claudia, Stefanie Koristka, Holger Bartsch, Michael Bachmann, Biji T., Editor Kurien, and R. Hal, Editor
Scofield. “Native Polyacrylamide Gels.” Protein Electrophoresis: Methods and Protocols, Methods in
Molecular Biology : Methods and Protocols, 2012, 49. doi:10.1007/978-1-61779-821-4 5.

14 Sarroukh, Rabia, Emilie Cerf, Sylvie Derclaye, Yves F. Dufréne, Erik Goormaghtigh, Jean-Marie Ruysschaert, and
Vincent Raussens. “Transformation of Amyloid $(1-40) Oligomers into Fibrils |s Characterized by a Major
Change in Secondary Structure.” Cellular and Molecular Life Sciences 68, no. 8 (April 2011): 1429-38.
doi:10.1007/s00018-010-0529-x.

15 Stine, W. Blaine, Lisa Jungbauer, Chunjiang Yu, and Mary Jo LaDu. “Preparing Synthetic Ap in Different
Aggregation States.” Methods in Molecular Biology (Clifton, N.J.) 670 (2011): 13-32. doi:10.1007/978-1-
60761-744-0 2.

16 Garfin, David E. “[33] One-Dimensional Gel Electrophoresis.” In Methods in Enzymology, edited by Murray P.
Deutscher, 182:425-41. Guide to Protein Purification. Academic Press, 1990.
http://www .sciencedirect.com/science/article/pii/007668799082035Z.

1 Lorenzo, A, and B A Yankner. “Beta-Amyloid Neurotoxicity Requires Fibril Formation and Is Inhibited by Congo
Red.” Proceedings of the National Academy of Sciences of the United Sates of America 91, no. 25 (December 6,
1994): 12243-47.

18 Kim, Yong-Sung, Theodore W. Randolph, Mark C. Manning, Fred J. Stevens, and John F. Carpenter. “Congo Red
Populates Partially Unfolded States of an Amyloidogenic Protein to Enhance Aggregation and Amyloid Fibril
Formation.” Journal of Biological Chemistry 278, no. 12 (March 21, 2003): 10842-50.
doi:10.1074/jbc.M 212540200.

19 Foderd, Vito, Fabio Librizzi, Minna Groenning, Marco van de Weert, and Maurizio Leone. “Secondary Nucleation
and Accessible Surface in Insulin Amyloid Fibril Formation.” The Journal of Physical Chemistry B 112, no. 12
(March 2008): 3853-58. doi:10.1021/jp710131u.

20 Nielsen, Liza, Ritu Khurana, Alisa Coats, Sven Frokjaer, Jens Brange, Sandip Vyas, Vladimir N. Uversky, and
Anthony L. Fink. “Effect of Environmental Factors on the Kinetics of Insulin Fibril Formation: Elucidation of
the Molecular Mechanismt.” Biochemistry 40, no. 20 (May 1, 2001): 6036—46. doi:10.1021/bi002555c.

141



142



Chapter 4:

Effect of charge and mutation of residue 18
on the aggregation properties of the Islet
Amyloid PolyPeptide (IAPP) in membrane
environment
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1.Introduction

As introduced in chapter 1, hlAPP is co-secreted with insulin in the pancreatic islets of
Langerhans in secretory vesicles at a dlightly acidic pH of 5.5. Once formed, the fully
functional hIAPP is released in the extracellular medium at pH 7.4, where it tends to
aggregate under favorable conditions. Although oligomers and fibrils can be found in the
intracellular medium, it has been shown that numerous factors (pH values, ionic strength,
metal ion and protein components such as insulin) prevent the misfolding and aggregation of
the peptide in the B-cell secretory granules." Among those factors, studies have shown a link
between the dlightly acidic pH of the intracellular medium and the aggregation propensity of
the peptide.” Indeed, one of the particularities of hIAPP is the presence of asingle histidine in
position 18. In the peptide, the pKa of the histidine is expected to be around 6, which means
that its protonation state should be affected by the change of pH from intracellular to
extracellular compartments. At pH 5.5, in the secretory granules, the histidine is protonated,
leading to a global charge of +4 (protonated Lysl, Argll, Hisl8 residues and N-terminus
group) whereas at pH 7.4, in the extracellular medium, this residue is uncharged, which
resultsin aglobal charge of +3 for the peptide (assuming that the N-termina backbone amine
group is charged). This change in the state of protonation is likely to modify the electrostatic
interactions either within the monomer or between monomers and thus could interfere with
the fibrillization process. Another particularity of the residue 18 is that, if a histidine is
present in the human sequence of hIAPP, it can differ in the sequences of other mammalian
species that are able to secrete hlAPP (Figure 77). Attention was especially drawn to the non-
amyloidogenic and non-toxic rat IAPP, where among the 6 residues that differ from the

human | APP sequence, the residue 18 is an arginine instead of a histidine.
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1 10 20 30

Human : KCNTATCAT QRLANFLVHS SNNFGAI LSS TNVGSNTY
Rat KCNTATCAT QRLANFLVRS SNNLGPVLPP TNVGSNTY
Monkey : KCNTATCAT QRLANFLVRS SNNFGTI LSS TNVGSDTY
Por ci ne : KCNVATCAT QHLANFLDRS RNNLGTI FSP TKVGSNTY
Cow : KCGTATCET QRLANFLAPS SNKLGAI FSP TKMGSNTY
Cat : KCNTATCAT QRLANFLI RS SNNLGAI LSP TNVGSNTY
Dog : KCNTATCAT QRLANFLVRS SNNLGAI LSP TNVGSNTY
Qui neaPi g : KCNTATCAT QRLTNFLVRS SHNLGAALLP TDVGSNTY
Hanst er : KCNTATCAT QRLANFLVHS NNNLGPVLSP TNVGSNTY
Ferret : KCNTATCVT QRLANFLI HS SNNLGAI LLP TDVGSNTY
Rabbi t CNTVTCAT QRLANFLI HS SNNFGAFLPPS

Hare : T QRLANFLI HS SNNFGAFLPPT

Figure 77: Sequences of | APP for several mammalian species. In red: residuesthat differ from the human |APP
sequence

To determine the involvement of Hisl8 and the further effects of electrostatic
interactions in the fibrillization process, four mutants of hIAPP have been synthetized.
Residue 18 was substituted from a histidine to an arginine (hlAPP18R), lysine (hlAPP18K),
glutamic acid (hIAPP18E) or aanine (hIAPP18A), which are either positively/negatively
charged or uncharged, and therefore involving different interactions of the residue with its
close environment. Lysine and arginine are both polar, basic amino acids. On the contrary,
glutamic acid is an acidic amino acid, with apKa of 4.2 £ 0.9, therefore negatively charged at
pH 5.5 and 7.4. The substitution of His18 by Alal8 alowed us to observe the influence of
both the charge and the side-chain, as alanine is neutral and possesses a short side chain.

The introduction of differently charged amino acids also allowed us to observe the
effect of the pH on the kinetics of oligomerization and fibrillization as the substitution of
Hisl8 by differently charged amino acids induces a change in the global charge of the
peptide. Indeed, at pH 7.4, the wild-type hIAPP shares the same globa charge as mutant
hIAPP H18A as both Hisl8 and Alal8 residues are uncharged. At pH 5.5, the histidine
residue is positively charged, leading to the same global charge of the peptide as mutants
hIAPP H18K and hIAPP H18R (figure 78, table 14).

Additionally, a substitution of the residue 18 could be interesting in regards of the
interaction between the peptide and the membrane, as the N-terminal part of IAPP, especially
the 19 first residues, where reported to be involved in the first steps of membrane interaction.®
Likewise, the study at an acidic pH could also influence the interaction between the peptide
and the membrane. Indeed, the N-terminus of the peptide is more likely to be protonated at
pH 5.5 rather than at pH 7.4, which could induce modifications in the orientation of the
peptide on the surface of the lipid bilayer or its depth of burial in the membrane.
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hIAPP Wild Type:
hIAPP H18K
hIAPP H18R
hIAPP H18E
hIAPP H18A

KCNTATCAT QRLANFLVHS SNNFGAI LSS TNVGSNTY- NH,
KCNTATCAT QRLANFLVKS SNNFGAI LSS TNVGSNTY- NH,
KCNTATCAT QRLANFLVRS SNNFGAI LSS TNVGSNTY- NH,
KCNTATCAT QRLANFLVES SNNFGAI LSS TNVGSNTY- NH,
KCNTATCAT QRLANFLVAS SNNFGAI LSS TNVGSNTY- NH,

Figure 78: Sequences of the five synthesized peptides (wild type and mutants)

*HN HzN

Y

N
H

OH

Histidine (H) —pKaaround 6.6 + 1.0
Positively charged at pH 5.5

Global charge +4

Uncharged at pH 7.4

Global charge +3

NH,

"H3N

OH

Lysine (K) —pKaaround 105+ 1.1
Positively charged at pH 5.5 and 7.4
Global charge +4

NH

Arginine (R) —pKaaround 12-12.5
Positively charged at pH 5.5 and 7.4
Global charge +4

Y

)

Glutamic Acid (E) —

pKaaround 4.2+0.9

Negatively charged at pH 5.5and 7.4
Global charge +2

NH,
H
“HaN \H/N\/\)YO
OH
NH,
0]
OH
NH;
0]
OH

Alanine (A)
Uncharged at pH 5.5 and 7.4
Global charge +3

Table 14: Structure of histidine, lysine, arginine, glutamic acid and alanine. Their protonation stateat pH 5.5and 7.4
and theresulting global charge of the peptides wer e calculated assuming typical pKa valuesfor amino acid side chains
and a protonated N-terminus (pKa around 7.7 £ 0.5). The pKa valuesindicated are average values determined on a
set of folded proteins.*

147




To answer those questions, we used different techniques that focused either in the
kinetics of the fibrillization or monomer depletion (ThT fluorescence and NMR experiments),
the secondary structure of the peptides (circular dichroism), the interaction between the
peptide and the membrane (monolayer and calcein leakage experiments) and the morphol ogy
of the oligomers or fibrils (transmission electron microscopy).

As hIAPP interacts strongly with the 3-cell membrane, al experiments were carried out
using a membrane model, with a lipid composition inspired of that of pancreatic [3-cells that
consisted in a mixture 7:3 of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with a
zwitterionic headgroup and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), which is
negatively charged. Depending on the experiment, either Small Unilamellar Vesicles (SUV)
of 50 nm diameter, Large Unilamellar Vesicles (LUV) of 200 nm or monolayers were used.

2.Results and discussion

a) Fibrillization occursfor all mutants under both pH conditions

The fibrillization kinetics of the different peptides were first studied by ThT
fluorescence in the presence of LUV's of DOPC/DOPS (7:3) with a peptide/lipid ratio of 1:10.
For all peptides, an increase in the fluorescence intensity could be observed with different
rates showing that the peptides formed fibrillar species. Figure 79 shows the kinetics of
fibrillization for al 5 peptides. Depending on the mutation, the fibrillization rate varies, with a
much higher rate of aggregation for wild type peptide (t,, =10.55+ 0.05hrs a pH 5.5;
t,, =7.57+£0.02 at pH 7.4) and a slower rate for all the mutants, especially hlAPP H18E and
hIAPP H18A which fibrillization is slowed down by a factor of 5 to 6.7 in regards of the
kinetics of the wild type peptide (Table 15). Mutants hIAPP H18K and hlAPP H18R, with the
positively charged substitution seem to share common fibrillization properties, as their
fluorescence curves at pH 55 and 7.4 are similar, with close kinetics parameters of
fibrillization.

The slower rates of fibrillization for all mutantsin regard of the wild type peptide show
that the histidine in position 18 is likely to involve in specific interactions that promote the
formation of oligomers and fibrils. These results also show that the fibrillization does not only
depend of the global charge of the peptide, as hIAPP H18A is the mutant with the slowest
kinetics of fibrillization despite having the same global charge as the wild type peptide (+3) at
pH 7.4. This aso supports the fact that the nature of the side chain influences the
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fibrillization, since hlAPP H18A has a short side chain. The results for hlIAPP H18E, which
kinetics of fibrillization are the slowest along with hIAPP H18A, aso show that the
introduction of a negatively charged side-chain has a negative impact on the fibrillization

process.

Overall, regardless of the global charge of the peptides, the kinetics of fibrillization are
slower at pH 5.5 than at pH 7.4 asit is systematically slowed down for al peptides by afactor
1.4t0 1.9. The measured slopes of the curves are less steep at pH 5.5 than at pH 7.4 showing
that not only the nucleation phase but also the elongation process are slowed down at acidic
pH. The results for hIAPP H18K and hIAPP H18R show that their kinetics of fibrillization
are slower than those of the wild type peptide, despite having the same global charge than
IAPP (+4 at pH 5.5). Mutants hlAPP H18E and hIAPP H18A, asfor pH 7.4 have slower rates
of fibrillization than the three other peptides. Therefore, these results also indicate that
Kinetics of oligomerization do not only depend on the global charge of the peptide but also of
the nature of the side chain and associated properties. The results of the ThT fluorescence
experiments showed that acidic pH is unfavorable to the fibrillization process, which is

consistent with previously reported data.®

Another interesting fact is that the maximum fluorescence intensity depends on the
peptide. At pH 7.4, the higher fluorescence intensity is observed for wild type hIAPP and
hIAPP H18E (80 and 100% respectively), but is only 20% for hIAPP H18K and hIAPP H18R
and 25% for hIAPP H18A. At pH 5.5, 100% of the fluorescence is obtained with wild type
IAPP whereas the maximum for hlAPP H18K and hIAPP H18R reaches about 20% of
fluorescence and 10% for hIAPP H18E and hIAPP H18A. This indicates that either ThT
probe binds differently to the fibrils, in reason of fewer binding sites, or, that fewer fibrils are
formed at final stages of aggregation.
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Figure79: ThT fluorescence of hlAPP Wild Type (purple) and mutants H18K (blue), H18R (cyan), H18E (green) and
H18A (red) at pH 5.5 (top) and pH 7.4 (bottom) in the presence of 200 nm Unilamellar Vesicles of DOPC/DOPS (7:3).
Dots: mean of triplicates values. Fitted curves wer e obtained using M athematica Program.

hl APP Wild-Type
hl APP H18K
hlAPP H18R
hl APP H18E
hl APP H18A

pH 7.4 pH 5.5

7.59+ 0.02
1254+ 0.04
14.79 + 0.02
35.44 + 0.28
45.15+ 0.05

0.28+ 0.02 10.55+ 0.05 0.73+ 0.04

1.18+0.02 2850+ 0.10 3.98 £ 0.08

255+0.04 63.09+0.06 4.12+0.05

Table 15: Kinetic parameters (half timet,,and elongation ratet) of ThT fluorescence signal for | APP and four
analogsin the presence of DOPC/DOPS (7:3) vesicles
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As ThT fluorescence experiments showed that the kinetics of fibrillization of the
peptides differed depending on the substitution of the residue 18 and that the nature of fibrils
formed at the final states of aggregation where of different nature or quantity, we wanted to
focus on what happened in the early stages of the fibrillization that could lead to those

differences.

b) Quantification of hlAPP wild type and mutant monomers over time by NMR

1D 'H NMR spectra have been recorded in order to observe the early stages of the
oligomerization process, namely the “lag phase” observed by ThT fluorescence experiments,
as it alows us to observe the signal of the monomeric state of our peptides over time. For the
sake of consistency with the other experiments, which were done in presence of LUV
(diameter: 200 nm), the NMR experiments were carried out in the presence of model
membranes as well. However, the use of LUV in NMR would be detrimental, as there size
would lead to a broadening of the NMR signal beyond detection. Therefore, NMR
experiments were carried out in the presence of SUV (diameter: 50 nm), which are more
appropriate for this type of experiment as their small dimension allows a fast tumbling of the
vesicle and leads to a good detection of the NMR signal.®

Results on wild type peptide show that at pH 7.4 the signal of the monomeric peptides
decreases, as asign of the aggregation of the peptides (as seen on Figure 80). The signal then
stabilizes as a plateau is reached showing a weak residual signal during the rest of the

experiment.
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Figure 80: Signal of hlAPP wild type observed over time by liquid-state NMR spectroscopy at pH 7.4 (aromatic

region of 1D *H spectra).

Experiments on the mutants at pH 7.4 indicated similar results, with a decreasing signal
of the monomer that stabilized over time as it reaches a plateau with residua signals of

different intensities (figure 81).
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Figure 81: Signal of IAPP H18K (top left), IAPP H18R (top right), |APP H18E (bottom left) and IAPP H18A (bottom
right) observed over time by liquid-state NM R spectroscopy at pH 7.4 (aromatic region of 1D *H spectra).
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The intensity of the signal can then be calculated and plotted over time before being
fitted with a Boltzmann or a Richards function in order to obtain the rates of monomer
depletion and estimate the fraction of residual monomer once the signal is stabilized. Results
are shown in Figure 82 and Table 16.
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Figure 82: Peak intensity of hl APP wild type (purple), hlAPP H18K (blue), hlAPP H18R (cyan), hl APP H18E (green)
and hlAPP H18A (red) over timeat pH 7.4

ThT Fluorescence NMR experiments

peptide concentration:

peptide concentration:

10 uM 50 uM

ty,(hrs) ty,(hrs) Final monomer fraction (%)
hIAPP Wild-Type 7.59+ 0.02 0.40+0.23 5%
hIAPP H18K 12.54 + 0.04 3.28+0.06 17%
hIAPP H18R 14.79 + 0.02 2.39+0.09 44%
hlAPP H18E 35.44+0.28 >24 -
hlAPP H18A 45.15 + 0.05 9.53+0.05 23%

Table 16: Kinetics parameters (t,;,) of fibrillization process (ThT fluorescence), monomer depletion (NMR
experiments) and final monomer fraction linked to monomer depletion for all peptides over the course of NMR
experimentsfor all peptidesin presence of DOPC/DOPS (7:3) vesicules at pH 7.4. Peptid/Lipid ratio (1:10)

The results of NMR experiments at pH 7.4 showed that the rates of monomer depletion
for the peptides were consistent with the fluorescence experiments result. Indeed, the signal of
the wild type peptide disappeared faster than the signal of the four other mutants. Mutants
IAPP H18K and IAPP H18R showed a similar monomer depletion rate, with overlapping
curves to the exception of the plateau. Finally, IAPP H18E an IAPP H18A exhibited slower
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kinetics of aggregation, IAPP H18E being stable during the 24 first hours of incubation, and
IAPP H18A having a half time of 9.53 + 0.05 hours that is 24 times higher than the half time
of the wild type peptide and 3 to 4 times higher than those of IAPP H18K and IAPP H18R.
As the concentration of the peptide was five times higher than for fluorescence experiments
and given the fact that that NMR experiments only allows the observation of the early stages
of oligomerization, the timescale for NMR experiments were expected shorter than for
fluorescence experiments. However, although the concentrations between ThT and NMR
experiments are different, it is still possible to compare the relative values obtained in the

series of five peptides.

At pH 5.5, results for wild type peptide indicated that the kinetics of depletion of the
monomer were slower at a lower pH than at pH 7.4 (t,, = 1.38+ 0.08 a pH 5.5 whereas
t,, =0.40 + 0.23 a pH 7.4), which a higher intensity of the residual signal (24% vs. 5%)
which indicates that not only the oligomerization is slower but also less monomer is
consumed at pH 5.5. (figure 83, table 17)

hIAPP wild type — pH 5.5
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Figure 83: Signal of hlAPP wild type peptide observed over time by liquid-state NM R spectr oscopy at pH 5.5
(aromatic region of 1D 'H spectra).
Theintensity of the signal decreases over time beforereaching a stationary state

Experiments on the mutants showed similar spectra (figure 84).
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Figure 84: Signal of hlAPP H18K (top left), hlAPP H18R (top right), hl APP H18E (bottom left) and hl APP H18A
(bottom right) observed over time by liquid-state NM R spectroscopy at pH 5.5 (aromatic region of 1D *H spectra).

The measurement of the signa intensity over time showed that the kinetics of
monomer depletion were about two times slower for hIAPP H18R and hlAPP H18R at pH 5.5
than at pH 7.4, which is consistent with ThT experiments. However differences are observed
for peptides hIAPP H18E and hIAPP H18A. Indeed, if a pH 7.4, hlAPP H18A monomer
depletion rate is consistent with what is observed by ThT fluorescence by being much slower

than the wild type peptide, it is not the case at pH 5.5, were the signal disappears twice faster

than at pH 7.4. A more striking difference is observed for hIAPP H18E mutant where the

monomer depletion occurs after more than 24 hours of incubation at pH 7.4 but with a half
time depletion of 6.77 + 0.08 hrs at pH 5.5. (figure 85, table 17) These results show that at an
acidic pH, in presence of DOPC/DOPS LUV, monomer depletion occurs faster when the

global charge of the peptideis lower.
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Figure 85: Peak intensity of hl APP wild type (purple), hlIAPP H18K (blue), hlAPP H18R (cyan), hl APP H18E (green)
and hlAPP H18A (red) over timeat pH 5.5

ThT Fluoresence NMR experiments
peptide concentration: peptide concentration: 50 uM
10 uM
ty,(hrs) ty,(hrs) Final monomer fraction (%)
hlAPP H18K 21.98 + 0.09 545+ 0.27 17 %
hlAPP H18E 67.97 + 0.08 6.77 £ 0.08 31%

Table 17: Kinetics parameters (t,),) of fibrillization process (ThT fluorescence), monomer depletion (NMR
experiments) and final monomer fraction linked to monomer depletion measured by NMR experimentsfor all
peptidesin presence of DOPC/DOPS (7:3) vesiclesat pH 5.5. Peptid/Lipid ratio (1:10)

Another particularity is observed for mutant hIAPP H18R at both pH. Indeed, if all
signals tend to reach a plateau after few hours of incubation, allowing us to estimate the
percentage of signal left at the end of the process, the residual signa for hIAPP H18R
monomer is much higher than for other peptides. This result shows that athough the
substitution of the histidine by an arginine does not prevent the oligomerization to occur, it

stabilizes the monomeric form.
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d) Circular dichroism show shows the formation of large 3-sheet aggregates

Circular dichroism experiments were performed to obtain information about the
secondary structure of the five peptides at both pH. Peptides were dissolved at 25 uM in a 50
mM sodium phosphate, 100 mM NaF at pH 5.5 or pH 7.4 in the presence of 250 uM of lipids
(LUV, 200 nm), and analyzed at 25°C. At initial time, the signal of the freshly dissolved wild
type hIAPP presented two minima around 205 nm and 225 nm. Although the minimum at
205 nm was shifted in regards of the characteristic minimum of the random coil signal
(195-200 nm), the peptide appeared to be mainly disordered, as was shown by deconvolution
of the signal (table 18).

|| Randomcail (%) | a-helix (%) | p-sheet (%)
~hIAPP Wild Type 735 6.9 11.2

Table 18 : Percentage values of random coil, a-helix and p-sheet for IAPP wild type at initial timeat pH 7.4. Values
wer e obtained by deconvolution of the CD spectra by CDfriend program.

Over time, we observed a loss of the initial secondary structure in favor of a prevalent
[3-sheet signal characterized by a minimum around 225 nm (figure 86). We also observed that
over time, the [3-sheet signal at 225 nm decreased showing that the peptide formed large
aggregates that are no longer observable by CD.

5500 - hIAPP wild type
3500 -
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Figure 86: Evolution of thecircular dichroism spectrum over time.
At initial time, the spectrum shows two minima at 200-205 and 225 nm. Over time, we can observe aloss of signal,
especially at 200-205 nm.

At the same pH, al mutants gave the same initial signa as the wild type mutant,

showing a prevalence of random coil. The percentage values of random coil, a-helix and
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[-sheet signals were obtained by deconvolution of the signals and shown in table 19. Over

time, to the exception of hlAPP H18E which was very stable, al signals evolved in the same

way as wild type peptide, favoring a 3-sheet conformation, and a complete loss of signal was

observed ([0]= O degcm?dmol™residue?), showing that large aggregates had formed

(figure 87).
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Figure 87: Circular dichroism spectra of hl APP wild type and mutants over timeat pH 7.4.
A loss of signal isobserved for all mutants with the exception of hl APP H18E which signal is stable over thetime
cour se of the experiment (9 days). Curves were smoothed on OriginLab by the adjacent-aver aging method (25 pts)

73.5
73.1
75.6
60.9
72.6

Random coil (%) | a-helix (%) | B-sheet (%)

6.9 11.2
18.3 15
13.9 105

6.7 0

9.2 4.3

Table 19 : Percentage values of random coil, a-helix and p-sheet for hl APP wild type and mutants at initial time at
pH 7.4. Values wer e obtained by deconvolution of the CD spectra by CDfriend program.

As showed on Figure 88, the loss of signal at 205 nm over time can be plotted, and

shows that the process is characterized by 3 different phases, forming inverted sigmoid
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curves. An initia lag time, linked to the initial conformation of the peptide in its monomeric
form, is followed by a decrease of the signal as the peptide changes its conformation to a f3-
sheet structure and aggregates in large oligomers that lead to large scattering. The signal
decreases before reaching a plateau corresponding to the formation of large aggregates in

solution
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Figure 88: Ellipticity at 205 nm over time of hl APP wild type (purple), hlAPP H18K (blue), hlAPP H18R (cyan),
IAPP hH18A (red) at pH 7.4.
A loss of random coil signal isobserved for all peptides, except for |APP hH18E at pH 7.4 which signal remains stable
over time (as seen on figure 6)

The signals were fitted by a Boltzmann equation, which allowed us to obtain the
kinetics parameters, linked to the loss of initial conformation over time as well as the
formation of species, which are too large to give adichroic signal (Table 20).

Consistent with fluorescence and NMR experiments data, the loss of signal appeared at
a slower rate for mutants in comparison to the wild-type peptide, showing slower kinetics of
oligomerization. Results for CD experiments indicated that mutants with the positively
charged substitution have similar rates of signal-loss (t,,, = 11.70 + 0.08 hrs for hIAPP H18K,
ty,= 9.94 + 0.22 hrs for hIAPP H18R). CD experiments have aso shown that substitution of
His18 by Glul8 or Alal8 has the most deleterious effect, with no transition observed for over
7 days for hIAPP H18E, and with a signal-loss rate being increased by a factor 8 for hlAPP
H18E in regards to the wild type peptide (17.46 + 0.089 hrsvs 2.30 £ 0.04 hrs).
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ThT Fluorescence

peptide concentration:

NMR experiments

peptide concentration:

CD experiments

peptide concentration:

10 uM 50 uM 25 uM
ty,(hrs) ty,(hrs) ty,(hrs)
hIAPP Wild-Type 7.59+ 0.02 0.40+0.23 2.30+ 0.04
hIAPP H18K 12.54 + 0.04 3.28+0.06 11.70+ 0.08
hIAPP H18R 14.79 + 0.02 2.39+0.09 9.94+0.22
hlAPP H18E 35.44 +0.28 >24 No Transition (days)
hlAPP H18A 45.15+ 0.05 9.53+0.05 17.46 + 0.089

Table 20: Kinetic parameters (half timet,,,) of fibrillization (fluorescence ThT), of monomer depletion (NMR
experiments) and random coil loss using the time cour se of CD ellipticity at 205 nm (CD experiments) at pH 7.4 for al
peptidesin presence of DOPC/DOPS (7:3) vesicles. Peptid/Lipid ratio (1:10

At initial time, a pH 5.5, the spectrum of wild type peptide shows prevalence of
random coil signal (table 21). Within the first hours of incubation, the signal shifts from
random coil to a 3-sheet, with the minimum at 205 nm disappearing while the signal at 225
nm increases. Over time, we can observe aloss of signal at 225 nm. This result for wild type
peptide shows that the peptide adopts a 3-sheet structure and then forms large aggregates that
lead to the loss of signal over time (figure 89).
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Figure 89: Circular dichroism spectra of hl APP mutantsover timeat pH 5.5.

For the mutants, at pH 5.5 aloss of dichroic signal at 205 nm could be observed for all
peptides, including hIAPP H18E (figure 90). The ellipticities at 205 nm could aso be plotted
over time and fitted by a Boltzmann equation, which alowed us to obtain the kinetics
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parameters at pH 5.5 (Figure 91 and table 22). At pH 5.5, results showed that to the exception

of the wild type peptide, the loss of random coil signal appears faster than at pH 7.4,

especialy for the hlAPP H18E mutant were the normalized ellipticity at 205 nm decreases

within the first 7 hours of experiments (t,,, = 3.52 + 0.11 hours) whereas the signal at pH 7.4

remains stable for at least 9 days.
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Figure 90: Circular dichroism spectra of hl APP mutants over timeat pH 5.5.
A loss of signal isobserved for all mutants. Curves were smoothed on OriginLab by the adjacent-aver aging method

(25 pts)
S N N LRSI
_ 75.2 19.1 5.7
ﬁ 73.1 18.2 1.5
_ 74.8 19 6.2
_ 62.4 16.5 0
_ 77 12.7 9.8

Table 21: Percentage values of random coil, a-helix and p-sheet for IAPP wild type and mutants at initial time at pH
5.5. Values wer e obtained by deconvolutionof the CD spectra by CDfriend program.
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Figure 91: Ellipticity at 205 nm over time of hl APP wild type (purple), hlAPP H18K (blue), hlAPP H18R (cyan),
hIAPP H18E (green), hlAPP H18A (red) at pH 5.5.

ThT Fluoresence | NMR experiments [ CD experiments

peptide concentration: peptide concentration: peptide concentration:
10 uM 50 uM 25 uM
ty,(hrs) ty,(hrs) ty,(hrs)
hIAPP H18K 21.98 + 0.09 5.45+0.27 6.36 = 0.09
hIAPP H18E 67.97 + 0.08 6.77 = 0.08 352+0.11

Table 22: Kinetic parameters (half timet,,,) of fibrillization (fluorescence ThT), of monomer depletion (NMR
experiments) and random coil loss using the time cour se of CD ellipticity at 205 nm (CD experiments) at pH 5.5 for all
peptidesin presence DOPC/DOPS (7:3) vesicles. Peptid/Lipid ratio (1:10)

A peculiar fact with the CD experiments was that, at initial time, we could observe that
the peptides did not adopt an a-helical conformation upon interaction with the membrane
models but showed a prevalence of random coil signal, as showed previously by the

deconvolution of the spectrain tables 19 and 21.
This observation differed from previous description in the literature, which

characterized the a-helix structure as an intermediate between the disordered peptide and the
[3-sheet structure.
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This observation can be linked to different factors such as the peptide-to-lipid ratio
(P/L), which is here of 1:10, or interaction of the peptide with the membrane. On the first
hand, a high P/L could implicate fewer anionic binding sites for the peptides on the membrane
surface, which might not be sufficient for the conversion of the disordered peptide to an
a-helical structure.” Also, a few binding sites on the membrane surface would lead to a
significant amount of mainly disordered monomer left in solution.? This could explain the
high proportion of random coil population that we obtained compared to the a-helical
structure that could be observed for wild type hIAPP at the same concentration in the
presence of DOPC/DOPS LUV but at aratio 1:20.% In the second hand, it has been shown the
a-helical conformation was induced by anchoring and incorporation of the peptide in the lipid
bilayer. Therefore, the addition of the peptides in the preformed vesicle solution, would
mainly locate them on the surface of the membrane model, not inserting enough to stabilize
the peptide and induce the structuration into a a-helix. °

However, despite the lack of observation of an a-helical structure, the CD signal for all
the peptides at pH 5.5 or pH 7.4 was very similar, showing that wild type peptide and mutants
share a same global conformation. At pH 7.4, the differences of kinetics of oligomerization
between the peptides could be explained by an effect of the substitution of residue 18 on the
local structure of the peptide hindering the oligomerization and further elongation of fibrils.
The results show that the side-chain of histidine significantly contributes to the aggregation as
an acidic or small side chain turn out to slow down the oligomerization. CD results at pH 5.5
have also shown the higher aggregation rate for the wild-type peptide, but showed
inconsistency with fluorescence and NMR experiments. Indeed the estimated kinetics
parameters showed that the loss of signal was faster at pH 5.5 than at pH 7.4 suggesting that
the lower pH and an influence on the aggregation of the peptide. This could be an effect of the
state of protonation of the N-terminus of the peptide. The addition of a positive charge would
indeed enhance the binding of the peptides to the membranes, leading to large complexes and

further disappearance of the dichroic signal.
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€) Mutation and change of pH does not influence the peptide insertion into the

membrane

As we wanted to see if the difference in the kinetics of fibrillization depended on the

interaction between the peptides and the membrane models, we carried out monolayer
experiments.
Monolayer experiments were performed in order to probe the insertion of the peptides in a
DOPC/DOPS (7:3) monolayer, by measurement of the increase in surface pressure of the lipid
layer after injection of the peptide in solution. The difference in the surface pressure that was
measured was plotted as a function of time, which allowed us to estimate the maximum
surface pressure for the two peptides at pH 5.5 and pH 7.4 (figure 92, table 22).
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Figure 92: Differencein surface pressure depending on theinitial surface pressure of the PC/PS monolayer for all five
peptidesat pH 5.5 (red) and 7.4 (blue)
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At pH 7.4, wild type peptide and mutants to the exception of hlAPP H18E showed
similar maximum surface pressure that was estimated between 30 and 35 mN/m, showing that
the peptides interact with the membrane in a similar way. hIAPP H18E showed the lowest
surface pressure, which can be explained by the presence of electrostatic repulsion between
the anionic lipid head groups and negatively charged glutamic acid residue.

At pH 5.5, the obtained values were estimated between 30 and 35 mN/m for all
peptides, including hIAPP H18E, suggesting that the electrostatic repulsion between this
mutant and the membrane was lessened at acidic pH, which can be explained by the fact that

the N-terminus of the peptide might be charged at pH 5.5.

pH 7.4 pH 5.5

Maximum insertion pressure Maximum insertion pressure
(mN/m) (mN/m)

hl APP Wild-Type 33.74 30.86
| APP H18K 35.69 33.68
|APP H18R 33.64 35.07
| APP H18E 27.71 33.36
|APP H18A 32.99 32.99

Table 23 : Maximal insertion surface pressure of wild type | APP and |APP H18K, H18R, H18E, H18A mutantsinto
DOPC/DOPS (7:3) monolayer

f) Calcein leakage experiment

Calcein leakage experiments were carried out in order to assess the capacity of the
peptide to permeabilize the membrane. Results for wild type |APP showed that after an initial
lag time, an increase in fluorescence signal was observed at both pH showing that a calcein
leakage, thus a permeabilization of the vesicle was occurring over time (figure 93). Results of
the calcein leakage experiments were consistent with those of ThT experiments and showed
the half time at pH 7.4 was shorter than at pH 5.5 (t,,=16.49+0.30 hours at pH 7.4,
t,,=26.92 £ 0.22 hours at pH 5.5). This result therefore shows that pore formation, due to the
peptide or oligomers, occured at both pHs but took alonger time to appear at alower pH.

At pH 7.4, data showed that a leakage occurred after interaction of every mutant with
the membrane, to the exception of hIAPP H18K for which no increase in fluorescence
intensity was observed after 2 days. Consistent again with the ThT fluorescence results, the
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lag time is longer for hIAPP H18R (t,,= 47.97 = 0.30 hours) and hIAPP H18E and hIAPP
H18A (t,,=71.37 = 1.08 hours and t,,,= 65.53 + 0.46 hours respectively) than for the wild
type peptide. At pH 5.5, except for wild type peptide and in one of the wells of hIAPP H18A,
no increase in the fluorescence intensity was observed, showing that although the peptides
interact with the membrane model, at it was seen with monolayer experiments, they do not
necessarily induce a subsequent leakage from the vesicle. This observation suggests that at
pH 5.5, the mutants are located on the surface of the membrane, instead of in the hydrophobic
core of the lipid bilayer. The possible aggregation of the peptides would then occur preferably
on the surface of the lipid bilayer or in solution, thus minimizing the catalytic effect of the

membrane to the oligomerization.

pH 7.4

0 10 20 30 40 50
Time (Hrs)

pH 5.5

0 10 20 30 40 50
Time (Hrs)

Figure 93: Calcein leakage experiment of |APP Wild Type (purple) and mutants H18K (blue), H18R (cyan), H18E
(green) and H18A (red) at pH 7.4 (top) and pH 5.5 (bottom) in presence of 200 nm Calcein Unilamellar Vesicles of
DOPC/DOPS (1:10)
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Given the experimental conditions (peptide concentration, L/P, buffer composition),
the results of ThT fluorescence and calcein leakage experiments can be easily compared.
Fitting of the calcein leakage curves for al peptides at pH 7.4 was done with the Boltzmann

equation, allowing the determination of the kinetic parameters of the experiments (table 24).

ThT Fluorescence Calcein Leakage
(peptide concentration 10 uM) (peptide concentration 10 uM)

ty, (hrs) ty, (hrs)
hIAPP Wild-Type 7.59+ 0.02 16.49+ 0.30
IAPP H18K 12.54 + 0.04 =
|APP H18R 14.79 + 0.02 47.97 + 0.30
|APP H18E 35.44+0.28 71.37+£1.08
|APP H18A 45.15 + 0.05 65.53 + 0.46

Table 24: Kinetic parameters (t,,) of IAPP wild type and mutants determined by ThT fluorescence and calcein
leakage experimentsat pH 7.4.

At pH 7.4, results showed that, to the exception of hIAPP H18K that did not induce
any leakage from the vesicles the peptides started to aggregate before permeabilizing the
membrane. This observation implies that the wild type peptide as well as mutants |APP
H18R, hIAPP H18E and hIAPP H18A formed membrane-disrupting oligomers over time.
The capacity of mutant hIAPP H18R to induce calcein leakage was interesting as the
substitution of the histidine by an arginine was motivated by the sequence of the non-toxic rat
IAPP. The observed permeabilization therefore shows that, although the presence of an
arginine instead of a histidine tended to slow down the kinetics of fibrillization, as shown with
the results of the previously described experiments, it is not sufficient to disrupt the
aggregation or to form non-toxic species. Rat |APP differs from human IAPP by only six
amino acids, and especially possesses three proline residues in position 25, 28 and 29, that are
known to destabilize the structuration of the peptide into -sheets.® These results therefore
show the effect and significant role of both combined histidine 18 and residues 20-29 in
promoting the aggregation of |APP.
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3.Conclusion

The present study focused on the effect of substitution of residue 18 of hIAPP
sequence and of the pH on the oligomerization and fibrillization of the peptide, using a wide
range of biophysical techniques.

The results at pH 7.4 showed that the substitution of the residue 18 had an inhibitory
effect on the oligomerization of the peptides, as the different techniques showed that the
kinetics of aggregation were slowed down for all mutants when compared to the kinetics of
wild type hlAPP. Results have al'so shown that the global charge of the peptide as well as the
nature of the side chain had an effect of the kinetics of oligomerization, as the introduction of
a negatively charged peptide (hIAPP H18E) or of a short side chain (hIAPP H18A) had the
most deleterious effect on the aggregation of the peptides. We also observed that mutants with
a positively charged substitution (hIAPP H18K and hIAPP H18R) gave similar results and
displayed kinetics of aggregation close to those of the wild-type peptide. This suggests that
although the substitution had an inhibitory effect on the oligomerization, the introduction of a
positive charge had only little effect on the kinetics of aggregation of hlAPP. However, ThT
fluorescence results displayed low values of fluorescence intensity for both peptides, and
NMR experiments have shown a significant residual monomer fraction for mutant
hIAPP H18K and especially mutant hlAPP H18R. These results suggest that although these
mutations were not the most deleterious and did not prevent oligomerization, their
aggregation may lead to fewer fibrils or display a specific morphology.

Overdl, the results at pH 7.4, showed that residue Hisl8 displayed specific
peptide-peptide interactions, inherent to the side chain of the residue, that contributed to the
oligomerization and fibrillization of the peptide. The observation of the structure of the hl APP
fibrils, issued form a x-ray crystallography model structure®, shows that the residue His18 is
indeed buried in the inside of the (3-sheet, interacting with the side-chain of 1126 and the
backbone of Asn21 (figure 94). Thislocalization of His18 and interaction with the environing
residues of the fibril implies that the mutation of His18 or the introduction of a positive or
negative charge is likely to destabilize the fibril and therefore impair oligomerization. The
study of the substitution of the histidine by other amino acids such as glutamine or asparagine,
in order to maintain the hydrogen bonding between the residues, or also by at tyrosin, in order

to maintain aromatic properties.
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Figure 94: Environment of His18 in the hl APP B-sheet structure of the fibril.
Model issued from X-ray Cristallography (Wilztiusand al., 2008™).

Results at pH 5.5 showed that at low pH, the interactions between monomers of the
peptide or between the peptide and the anionic membrane were modulated in a complex way.
The results for wild type peptide and mutants hIAPP H18K and hIAPP H18R were quite
homogeneous, the mutants displaying slower kinetics of aggregations than at pH 7.4 for
fluorescence and NMR experiments. On the contrary, although ThT fluorescence showed low
kinetics of fibrillization (over 60 hours), NMR and CD experiments showed that mutants
hIAPP H18E and hIAPP H18A seemed to aggregate faster at pH 5.5. Combined results of
monolayer and calcein leakage experiments showed that the mutants had similar insertion
efficiency into a lipid monolayer at both pH, but that low pH prevented the membrane
permeabilization.

4.Material and M ethods

Sample preparation

Solid phase synthesis of IAPP was performed at Institut de Biologie Intégrative (IFR83) at the
University Pierre et Marie Curie using Fmoc chemistry. The peptides were then purified by
HPL C and characterized by MALDI-TOF mass spectrometry.

Peptides stock solution was obtained by dissolving the peptide at a concentration of 1 mM in

hexafluoroisopropanol (HFIP) for one hour. Then, HFIP was evaporated and the sample was
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dried by vacuum dessication for at least 30 min. The resulting peptide film was dissolved at a
concentration of 1 mM in DMSO (fluorescence experiments), 2 mM in DM SO (monolayer
experiment) or in a 50 mM sodium phosphate, 100 mM NaF buffer, pH 7.4 or pH 5.5

(circular dichroism, NMR experiments).

Fluor escence assays

The kinetics of fibril formation was measured using the fluorescence intensity increase upon
binding of the fluorescent probes Thioflavin T (ThT) to fibrils. A plate reader (Fluostar
Optima, BMG LabTech, Offenburg, Germany) and a standard 96 well black microtiter plate
were used. Prior to the first measurement, the plate was shaken at 600 rpm for 10s. The
fluorescence was measured at room temperature from the top of the plate every 10 minutes
with excitation filter at 440 nm and emission filter at 480 nm for ThT. hIAPP and IAPP
mutants were dissolved at a concentration of 1 mM in DM SO then diluted at a concentration
of 200 uM ina50 mM Tris/HCI, 100 mM NaCl or 50 mM sodium phosphate, 100 mM NaCl
buffers at adjusted pH of 5.5 or 7.4. Samples were then prepared in the wells. Final
concentrations were of 10 uM peptide, 100 uM lipids (SUV of DOPC/DOPS, 7:3) and
10 uM ThT.

Experiments were carried out three times at pH 7.4 and twice at pH 5.5. Each sample was
prepared in triplicates in the plate reader.

Fluorescence values were, plotted as a function of time then fitted using a Boltzmann function
with a home written program based on Mathematica 9 in order to determine the kinetic

parameters associated to amyloid fibril formation.

Circular dichroism

The changes in secondary structure for hlAPP and | APP mutants were measured using a Jasco
J815 CD spectropolarimeter with a Peltier temperature-controlled cell holder over the
wavel ength range 190-260 nm.

Measurements were carried out in cells of 0.1 cm path length at 25°C in agqueous solution
(50 mM sodium phosphate, 100 mM NaCl buffer, pH 7.4 or pH 5.5). For each sample,
measurements were taken every 0.2 nm at a scan rate of 10 nm/min. Spectra were acquired
every 30 minutes over a period of 7 to 24 hours. Peptide concentration was 10 uM, lipid
concentration (200 nm SUV of DOPC/DOPS, 7:3) was 100 pM.
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Ellipticity values at 205 nm were plotted as a function of time then fitted using a Boltzmann
or function with a home written program based on Mathematica 9 in order to determine the

Kinetic parameters associated to the loss of dichroic signal.

NMR experiments

NMR experiments were recorded on a Bruker Avance Il 500 MHz spectrometer equipped
with a 'H/™C/®™N TCI cryoprobe with Z-axis gradient. NMR spectra were processed and
analysed with TopSpin software (Bruker).

One-dimensional spectra were acquired over 8000 points using a spectral width of 6000 Hz.
Solvent resonance was suppressed using a Watergate pulse sequence. The experiments were
done at atemperature of 25°C.

Signals between 6.9 ans 7.3 ppm were integrated, plotted as a function of time then fitted
using a Boltzmann or a Richards function with a home-written program based on
Mathematica 9.

Calcein L eakage experiments

Calcein leakage experiments are done in a clear 96-well plate using a Fluostar Optima, BMG Labtech
plate reader with an excitation filter at 480 nm and an emission filter at 530 nm. Peptides were added
to the lipids (Ratio 1:10) just before the measurement, at a concentration of 10 pM in a 50 mM
Tris/HCI, 100 mM NaCl buffer at pH 7.4 or 5.5. Optimal gain is measured by the addition of 1 uL of
Triton-X-100 10% to three wells containing 200 uL LUV/buffer mixture with the required
concentration of lipids. The addition of the detergent to the medium induces 100% leakage and
maximum fluorescence intensity. The plate was inserted in the plate reader and measurement is done
immediately after a 10 second shaking of the plate. Measurements are done at a regular interval (5-10
minutes). After the experiment, plate is removed and 1 pL of Triton-X-100 10% is added in every
well. After shaking, an additional measurement is done (end point measurement).

Fluorescence values were plotted as a function of time then fitted using a Boltzmann function
with a home-written program based on Mathematica 9 in order to determine the kinetic

parameters associated to the |eakage.

Monolayer experiments

Experiments were done in the laboratory of the group of Membrane Biochemistry and
Biophysics in Utrecht, in the Netherlands. The apparatus is a Langmuir-Blodgett trough
containing 18 mL of buffer. The measure of the surface pressure is done over time with a
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surface pressure sensor (the needle) after calibration of the surface tension of the air/water
interphase. The DOPC/DOPS (7:3) monolayer is then deposited upon the buffer with a
Hamilton® syringe until the desired surface pressure is reached. If needed, the surface
pressure can be adjusted with a barrier, which compresses the monolayer on the surface of the
buffer. Once the monolayer is stabilized, the peptide is injected into the buffer with a
Hamilton® syringe.

The experiment is repeated five times, with different initial surface pressures ranging
from 15 to 35 mN/m depending on the studied peptide.
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Chapter 5:

Interactions of amyloid peptides with
Inhibitors
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1. Introduction

Alzheimer’s disease or Type 2 diabetes mellitus are two amyloid diseases that represent
a mgor health concern given the ever increasing number of patients that suffer from these
disorders. Currently, no available trestments exist in order to cure the disease but various
therapeutic approaches have been developed in order to slow down the progress of the
disease.

Although the mechanisms of oligomerization and fibrillization of the peptides are not
yet known, significant evidence have linked amyloid intermediates species to cell-death. In
this light, the toxic oligomers have become the main target for the development of therapeutic
agents against amyloid disorders. Different classes of inhibitors have therefore been
developed in order to inhibit the formation of toxic oligomers or to redirect the aggregation

cascade toward non-toxic species.

One class of inhibitors consists of peptidomimetics that mimic the nucleation sites of
the amyloid peptides. Theses peptidomimetics, designed to interact strongly with the amyloid
peptides incorporate specific moieties or amino acids that act as [-sheet breakers by
disturbing the regular hydrogen bonds between the amyloid -strands.

Developments of peptidomimetics for the inhibition the fibril formation of A3 peptide,
for example, were base on the KLVFF motif (residues 16-20), which was shown to be
involved in the oligomerization and fibrillization.

Among those analogs, it was shown that a peptidomimetics containing a single proline
(pentapeptide LPFFD) were able to disrupt fibrillization of Af42 by inducing unfavorable
steric interactions.™ Several investigations have also reported a-aminoisobutyric acid (Aib)
as a unique [3-sheet breaker. Indeed in was shown that molecules incorporating an Aib motif
strongly favoring a helical conformation. Therefore, the interaction between a potential
inhibitor with an Aib motif with the nucleation sites of amyloid peptidesis likely to prevent of
the oligomerization and fibrillization by disrupting the interactions between the (3-strands of
the oligomers."®*" Other interesting molecules and peptidomimetics incorporating fluorine
atoms, which modulates the hydrophobic properties and conformation of the analogs, were

developed and have been shown to inhibit A} aggregation.**8**°
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Another inhibitory approach of amyloid fibril formation was based on the investigation
and development of small aromatic molecules, that where shown to interact with amyloid
fibrils, in a smilar way as Congo red or Thioflavin T, which are characteristic dyes for the
detection of amyloid deposits.

Among this class of aromatic-rich molecules, investigation have been carried out on
natural-based compounds, polyphenols, that were shown in vitro inhibitors of amyloid fibril

formation.

Polyphenols are a class of natural or synthetic small molecules that are composed of one
or more aromatic phenolic rings. Natural polyphenols are found in high concentrations in tea,
tea, berries, and awide variety of other plants.

Investigation of the effect of polyphenols on amyloid peptides and proteins have shown
that many of those compounds, including resveratrol, catechin, curcumin or
(-)-epigallocatechin-3-gallate (EGCG), which will be the subject of paragraph 3 of this

120

chapter, had an inhibitory effect on the fibril formation.

During my thesis, | had the opportunity to collaborate on different projects involving
potential inhibiting compounds, by carrying out NMR experiments in order to determine the
mechanism of action of the studied compounds, their interactions with amyloid peptides and
their effect on the kinetics of oligomerization and fibrillization.

The first project, in collaboration with the Laboratoire de Chimie Biologique (Group of
Thierry Brigaud, Université de Cergy-Pontoise), involved the study of two tripeptides,
incorporating a,o-disubstituted amino acids that were shown to inhibit fibril formation or to
produce off-pathways species.

The second project, in collaboration with the group of Molécules Fluorées et Chimie
Médicinale, (Sandrine Ongeri, Université d’ Orsay), focused on the potential inhibitory effect
of small and hydrosoluble sugar-based peptidomimetic analogs acting as [3-sheet blockers of
the fibrillization of Ap42.

The third project was done in collaboration with the group Membrane Biophysics and
Biochemistry (Antoinette Killian, Utrecht University), and focused on the study of
(-)-epigallocatechin-3-gallate (EGCG), a natural compound extracted from green tea, which
has shown promising results for the inhibition of fibrillization of amyloid peptides.
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2.Effect of a (R)-a-trifluoromethylalanine containing short peptide in the inhibition

of amyloid-f fibrillation

Many inhibitors of A3 aggregation are peptides, which are designed to interact with one
of two hydrophobic cores of Af, the residues 17-21 (LVFFA) or 30-42
(AIIGLMVGGVVIA). Small peptides mimicking one of these hydrophobic sequences were
demonstrated to modulate the kinetics of A3 aggregation. In particular, the KLVFF motif
(residues 16-20) has been shown to be involved in the fibril formation. Among those
compounds, peptides containing o,a-disubstituted amino acids were shown to impair fibril
formation by interacting with the KLVFF motif of AB42'*. Previous results reported that
hydrophobic di- and hexapeptides incorporating the a-aminoisobutyric acid (Aib) exhibited
interesting inhibition properties of the oligomerization of amyloid-f3 peptide, by disrupting the
[-sheet assembly. The present study focused on the effect of a tripeptide incorporating an
a-trifluoromethylalanine in its sequence (Compound 2: H-Ala-(R)-Tfm-Ala-Leu-OH, figure
95B) on the kinetics of fibrillization of AB42. The incorporation of fluorine atoms has been
shown to modulate the proteolytic stability and hydrophobicity and to control the
conformations of the peptide.’”” Therefore, the use of an a-trifluoromethylalanine should
combine both the characteristics of a,a-disubstituted amino acids and the specific properties
of afluorinated amino acid. Results were compared to the unfluorinated tripeptide containing
the Aib analog of the peptide (Compound 1: H-Ala-Aib-Leu-OH, figure 95A).
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Figure 95: A) Structure of the peptide (1) H-Ala-Aib-L eu-OH
(B) Structure of the peptide (2) H-Ala-(R)-Tfm-Ala-L eu-OH

For this study, liquid state 'H NMR studies were performed to measure the kinetics of
depletion of monomeric soluble AB42 in the absence and in the presence of molecules 1 or 2.

Spectra of AP42 revealed a significant loss of signa intensity (~ 50%) over a period of
t,,=4.2 £ 1.0 hrsindicating that the peptide undergoes oligomerization. After 15 = 1.0 hrs,
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the peptide 'H signals decay to zero, corresponding to a complete disappearance of the
monomeric peptide in solution (figure 96A). The presence of 1 does not affect this kinetics, as
the loss of 50% signal intensity and the time needed to observe a complete disappearance of
NMR signalswere 4.3 = 1.0 hours and 14 + 1.0 hrs, respectively (figure 96B). In contrast, the
NMR spectra of AB42 in presence of 2 showed that the kinetics of fibrillation were slowed
down, with a50% loss of signal intensity observed after 8.0 + 1.0 hrs. Result also showed that
the signal corresponding to the monomeric AP42 was still present after over 20 hours of
incubation, indicating that the monomer was not completely consumed (figure 96C). Intensity
of the signals in the 'H aromatic region of the peptide were integrated, and values were
plotted over time, and then fitted by a Boltzmann or exponential equation depending on the
shape of the curve. The curves of AB42 aone and AB42 in the presence of 1 were fitted by a
Boltzmann function. At time zero, only monomeric AP42 is present. The sharp drop in NMR
intensities suggests that the monomer evolves into small oligomeric species, then into larger
oligomers and finally protofibrils. At the end of the experiment, most monomers are
consumed. The curve of AP42 in the presence of 2 could not be fitted by a Boltzmann
function but was fitted by an exponential function suggesting that the fluorinated peptide 2
induces some changes in the kinetics of monomer depletion. Moreover, the peptide signal was
still observed after 20 hours of incubation. These results suggest that in the presence of 2,
AP42 may follow another pathway of fibril formation.
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Figure 96: 'H NMR spectra of AB42 (A), Ap42:1 (1:10) (B) and Ap42:2 (1:10) (C) over time. Purple: 0Oh, Blue: 2h40,
Green: 5h20, Orange: 8h, Red: 10h20. Peaks belongingto 1 and 2 areindicated by * label on therelevant spectrum.
Time cour se of normalized integrals of NMR signal between 6.6 and 7.1 ppm of Ap42 (D), Ap42:1 (1:10) (E) and
Ap42:2 (1:10) (F) over time.

Next, the interactions between the tripeptides with large oligomers of Ap42 were
probed by STD experiments. STD signals were observed for the resonances of 2 in the
presence of AP42 proving that 2 interacts with A342 species while no significant STD signal
could be observed for compound 1. The saturation transfer involves mostly protons of Leu
side chain as well as the methyl groups of Ala and Tfm-Ala, enlightening the importance of
van der Waals interactions through the aiphatic side chains of 2. As the NMR saturation
transfer is mediated by large molecular weight species, it is likely that the fluorinated peptide
2 interacts with aggregated AP42 species that are not visible on the '"H NMR spectrum

figure 97.
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Figure 97: 1D 'H STD spectra of AB42:1 (1:10) (left) and Ap42:2 (1:10) (right). A and C arereference spectra, mostly
showing the signals of tripeptide 1 and 2 respectively (A : 0.8 ppm, 1.2-1.6 ppm; C : 0.8 ppm, 1.2 ppm, 1.4 ppm, 1.6
ppm). B and D aretheresulting spectra of saturation transfer difference spectrafor molecules1 and 2 respectively. B
shows almost no signal with weak dispersion peaksat 0.8 and 1.4 ppm while D shows the presence of STD signalswith
strong positive peaksat 0.8 and 1.2 ppm.

In conclusion, the two peptides that were studied during this project showed an
inhibitory effect on the fibril formation at high concentration. This effect could be explained
by the incorporation of Aib or the (R)-a-Tfm-Alanine a,o-disubstituted amino acids that
acted as a 3-sheet breaker, or by a good affinity of the peptides with the hydrophobic region
of AP, therefore contributing to the disruption of aggregation. Results have shown that the
incorporation of a trifluoromethyl group in the compound gave significantly better inhibition
results because of its increased hydrophobicity.

3.Study of the effect of small glycopeptidomimetics on the oligomerization and
fibrillization of Ap42

This study focused on a second class of compounds targeting the KVLFF region of
AP42. These compounds are water-soluble peptidomimetics of the nucleation region of Af342
designed to interact with the peptide and modulate its kinetics of aggregation. Previous report
has shown that the glycopeptide based on two hydrophobic dipeptides (Ala-Val and Val-Leu)
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linked to a hydrophilic D-glucopyranosyl scaffold through aminoalkyl and carboxyethyl
linkers in C1 and C6 positions (compound 1, figure 98), had an inhibitory effect on the
assembly of the peptide by interacting with the aggregated species of Ap42.%

The present study described the effects of a new generation of derivatives incorporating the
sugar-based moiety, with various peptidomimetics in the upper arm in the C6 position,
designed to decrease the formation of [3-sheets assemblies of A42.

One of the peptidomimetics, compound 2, kept the valine residue of compound 1 which was
linked to a 5-amino-2-methoxybenzhydrazide unit (compound 2, Figure 1), that mimics the f3-
strand unit and was reported to prevent protein-protein interactions involving intermol ecular
B-sheets of HIV-1 protease, and increasing the proteolytic stability of these molecules.**'%
The second peptidomimetic incorporated a lysine residue instead of the valine residue in order
to provide the molecule to engage in electrostatic interactions with AB42, in order to increase
their affinity for the peptide (compound 3, Figure 1). The anomers o and [ of the C1
anomeric carbon of compound 3 were separated in order to further study the inhibitory effect
of the 3 configuration (compound 3f), which was previously reported to be the most effective
on the kinetics of oligomerization of Ap42.%° The NMR experiments that are reported below

were carried out on compound 3f3.

o] 0 o]
T — ——
e :OH C., 0 oL =

3 R & {J vl Y
al al Leu

1,C=B

Figure 98: Structure of glycopeptidomimetic derivatives 1-3

To ensure that the AB42 peptide was mainly monomeric, experiments were carried out

at atemperature of 5°C, with alow concentration of peptide (10-90 uM).
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The 2D 'H-"N and *H-*C HSQC spectra of the N, *C-labeled AB42 in presence of a

large excess of compound 3f did not display any significant chemical shift perturbation of the
observed 'H-*N and 'H-"*C correlations of the monomeric Ap42 (figure 99). These results

show that the compound 3f did not interact with the monomeric form of Ap42.
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Figure 99: Supeposition of 2D *H-*N HSQC (A) and 2D 'H-**C HSQC (B) spectra of 10 uM **N, **C- labelled Ap42
recorded at 5 °C in the absence (blue) and in the presence (red) of 400 uM 3f. Theregion shown in A correspondsto
backbone *H-*N resonances and theregion in B to methyl *H-**C resonances.

STD experiments were recorded in the presence of compound 3. Control experiments
on 3f showed that no STD signa could be detected on the compound aone, which was
expected as the molecule does not aggregate in solution. Upon addition of A42 in solution, a
weak STD signal could be detected in the aromatic region of 3f. Interestingly, further
experiments showed an increase of the STD signal over time (2.5 weeks), indicating an
interaction between 3f and larger speciesin solution (figure 100).

This apparition on of the STD signal on compound 3f was concomitant with the
decrease of the '"H NMR signal of AB42, which islinked to monomer depletion and formation
of aggregated species that are too large to be observed by liquid state NMR (figure 101)
Therefore, the gradual increase of the STD signal over time could be explained by the
formation of oligomeric species of APB42 that bind to 3p at a fast exchange rate on the NMR

time scae.
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Figure 100: STD signal in the 1H aromatic region of 3f (0,4 mM) in presence of Af42 (90 uM) at 5 °C over time.
Spectrawererecorded at t =0 (purple), after 3 days (blue), 10 days (green), 18 days (orange) and 19 days (red).

0 days

7 days

10 days

Figure 101: 1D *H NMR spectra showing the aromatic signals of 3 (0.4 mM) and Ap42 (90 uM) at 5 °C over time.
Spectrawererecorded at t = 0 (purple), after 7 days (blue), 10 days (green), and 18 days (red). The sample was kept at
5°C during the whole period and heated to 30 °C for 12 hoursjust beforerecording spectra at 18 daysto accelerate
AB42 fibrillization.

The interactions between 3 and Af42 were also observed by WaterLOGSY
experiments, that detect a protein-ligand binding via the transfer of magnetization involving
bulk water. In absence of Af342, the protons of 3p exhibited positive NOEs, which is expected
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for a small molecule. Upon addition of AB42, we could observe a decrease of the positive
NOEs and a following change of sign, from positive to negative. The NOEs became more
negative over time, confirming that 3B binds in a fast exchange rate on *H NMR time scale to
large oligomeric species that were formed following the aggregation of AP42 (figure 102).
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Figure 102: 1D *H WaterLOGSY spectra of 3f (0.4 mM) in the absence (A) and in the presence (B, C) of Ap42
(90 uM) after an incubation of 3 days (B) and 2.5 weeks. (C) Positive signals on the spectra correspond either to
exchange peaks of amide protonswith water or to negative NOEswith bulk water, while negative peaks correspond to
positive NOEs with bulk water.
The positive NOEs observed in (A) aretypical of a non-interacting low molecular weight molecule. The negative
NOEsthat appeared in B and C spectra are indicative of an interaction with Ap42. Assignments of some 3
resonances areindicated. The signal marked with an asterisk correspondsto formic acid impurity.

NMR experiments have therefore demonstrated the capacity of the compound 3f to

interact with AB42 aggregates and to delay both the early oligomerization and fibrillization of
the peptide.

4.Effect of (-)-epigallocatechin-3-gallate on the oligomerization of hl APP

The following project focused on the interaction between a natural compound,
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(-)-epigallocatechin-3-gallate (EGCG) and hIAPP.
EGCG (figure 103) is a polyphenol and an abundant biologically active compound of
green tea, which was shown to have an inhibitory effect on amyloid formation in vitro of

different amyloid peptides and proteins including hIAPP, AB or a-synuclein.

OH
OH

OH OH

OH
OH

Figure 103: Chemical structure of (-)-epigallocatechin-3-gallate

Although the mechanisms of inhibition of amyloid formation by EGCG is not yet
known, results have shown that the compound was able to interact with different
intermediates of the fibril formation, either redirecting the pathway of oligomerization
towards non-toxic aggregates or disaggregating large fibrils and protecting the cells of
amyloid induced cytotoxicity. "

In order to have a better understanding of the mechanism of inhibition of amyloid
formation by EGCG, we carried out 2D NMR experiments on hIAPP in the presence of
compound. This experiments allowed to study the interaction between EGCG and hlAPP and

to determine the presence of specific binding sites.

First, TOCSY and NOESY experiments were recorded on hIAPP in order to assign the
observed resonances of the peptide in solution, which was compulsory for the further
interaction studies between EGCG and hIAPP. These homonuclear experiments required
higher concentration of peptide, compared to those that we commonly used for 1D 'H, STD
and PFG NMR (150 uM instead of 50/75 uM), which can significantly accelerate the
aggregation. In order to prevent the aggregation or to slow down the kinetics of
oligomerization, samples were prepared with cold buffers in a NMR Shigemi® 5 mm tube
that was previously cooled down at 4°C and experiments were carried out at a temperature of
5°C (figure 104, table 25).
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Figure 104: 2D *H-'H TOCSY spectrum showing the HN-He. region of hl APP (150 uM) at 5°C.
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HN Hol HB/HP’ Hy Hy/Hy, HOY/HY HY/HS, o¢

K1 | 8.748 3.823 1.749 1.296 1.580 2.874
N3 | 8.526 4.636 2.652

T4 | 7.561 4.385 4.473 1.180

A5 | 8.748 4.095 1.372

T6 | 7.953 4.121 4.087 1.081

C7 | 8.050 4.364 3.195/2.942

A8 | 8.179 4.131 1.344

T9 | 8134 4.051 4.114 1.122
Q10 | 8.162 4.099 1.954 2.278

R11 | 8.195 4,122 1.712 1564 1474 3.059

L12 | 8.050 4.194 1.582 1.511 0.821 0.763
Al3 | 8114 4.073 1.241
N14 | 8.178 4.467 2.624

F15 | 7.977 4.426 3.053/2.983

L16 | 8.023 4.142 1.510 1.366 0.781 0.732
V17 | 7.916 3.861 1.886 0812 0.735
H18 | 8.346 4.532 3.024/2.963 6.943 7.855
S19 | 8.309 4.279 3.792/3.653

S20 | 8.447 4.316 3.763
N22 | 8.239 4.533 2.630/2.520 7.498 6.835

F23 | 8.216 4.417 3.073/2.929

G24 | 8.285 3.782/3.697

A25 | 7.952 4.173 1.240
126 | 8.184 3.994 1.715 0.766
L27 | 8411 4.294 1.525 1.466 0.730
S28 | 8.362 4.357 3.794/3.725 0.792 0.727
S29 | 8.430 4.397 3.828/3.746
T30 | 8.145 4.233 4.124 1.075
N31 | 8.382 4.642 2.714/2.626
V32 | 8.169 3.983 1.998 0.811

G33 | 8.516 3.867

S34 | 8.217 4.312 3.762/3.730

N35 | 8.347 4.547 2.586
T36 | 8.056 4.101 3.984 0.952
Y37 | 8.133 4.412 2.970/2.821 7.010 6.700

Table 25: *H NMR assignment of | APP residues (150 uM) at 5°C.

Second, TOCSY experiments were recorded on hIAPP in the presence of a fivefold
excess of EGCG (750 uM), in order to observe: 1) a putative interaction between hIAPP and
EGCG, 2) if thisinteraction was specific to hlAPP residues. As the preparation of hlAPP may

induce some variability (concentration, HFIP treatment), EGCG was added, as a powder, in
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the hIAPP solution that was used as a reference. Additionally, *H 1D experiments were
carried out prior and after addition of EGCG, in between the TOCSY experiments in order to
ensure that the peptide had not oligomerized over the time course of the experiments, which
would lead to loss of signal and affect the quality of the 2D experiments.

The addition of EGCG in solution induced a downshield shift for the HN proton
residues of many amino acids, indicating that the compound had bound to hIAPP or had an
effect on the structure of the peptide (figure 106). The chemical shift differences were
calculated in order to see if some for residues were more affected by the addition of EGCG in
solution, suggesting a more specific binding site of the compound to the peptide. Results
showed that residues Cys7, Vall7, Hisl8, Serl9, Gly24, 11e26 and Leu27 most of which
correspond to the loop connecting the two p-strands of the structured monomer and the
nucleation site of hlAPP (table 26).
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Figure 105: TOCSY *H-'H spectrum of the HN-Ha region of hI APP (red) and hlAPP in presence of EGCG (blue)
at 5°C. Peptide concentration was 150 uM, EGCG concentration was 750 uM
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IAPP |IAPP + EGCG
Residue | 0y, Oy (Ppm) Chemical shift variation

(ppm) (Ppm)

N3 8,526 8,515 0,011
T4 7,561 7,549 0,012
A5 8,748 8,735 0,013

T6 7,953 7,943 0,01
Cc7 8,05 8,025 0,025
A8 8,179 8,164 0,015
T9 8,134 8,118 0,016
Q10 8,162 8,154 0,008
R11 8,195 8,178 0,017
L12 8,05 8,028 0,022
Al3 8,114 8,096 0,018
N14 8,178 8,166 0,012
F15 7,977 7,963 0,014
L16 8,023 8,008 0,015
V17 7,916 7,885 0,031
H18 8,346 8,318 0,028
S19 8,309 8,278 0,031
S20 8,447 8,438 0,009
N22 8,239 8,221 0,018
F23 8,216 8,198 0,018
G24 8,285 8,26 0,025
A25 7,952 7,937 0,015
126 8,184 8,158 0,026
L27 8,411 8,385 0,026
S28 8,362 8,345 0,017
S29 8,43 8,42 0,01
T30 8,145 8,132 0,013
N31 8,382 8,37 0,012
V32 8,169 8,157 0,012
G33 8,516 8,501 0,015
S34 8,217 8,208 0,009
N35 8,347 8,327 0,02
T36 8,056 8,047 0,009
Y37 8,133 8,116 0,017

Mean variation = 0,017+ 0,007 |

Table 26: Chemical shift deviationsfor full length hl APP.
Cellshighlighted in red correspond to the values above the standard deviation range. Cells highlighted in blue
correspond to the values below the standard deviation range

However, additional experiments showed that the sample evolved over time, with the
monomer signal decreasing after 24 hours of incubation, indicating that at that concentration
of hIAPP, afivefold excess of EGCG did not completely inhibit the aggregation.
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In light of these results, the same set of experiments was carried out on a hIAPP

fragment composed of the first 19 residues of the peptide (figure 106).

1
KCNTATCATQRLANFLVHS-NH,

Figure 106: Amino acid sequence of hlAPP, 4

The fragment hIAPP,,,, has been shown to be weakly amyloidogenic in solution.'®

Therefore, we ensure that any observed shift differences observed upon addition of EGCG are
associated to the interaction between the peptide and the compound, and not because of a
possible oligomerization of hlAPP.

In comparison with the full-length peptide, as set of TOCSY and NOESY experiments
were recorded to assign the different resonances of the hIAPP,_,,. The resulting spectra
displayed similar chemical shifts than the full-length peptide, and were obtained with a better
resolution, as the peptide did not aggregate, which allowed an easier assignment and to
eliminate the uncertainties raised on the attribution of hlAPP (figure 107, table 27)

1D 'H experiments showed that the signal of the peptide did not decrease significantly
in the time course of the experiments, confirming that hl APP,_,,remained mainly monomeric,
which is consistent with the fact that hIAPP, 4is stable and does not form oligomers. The
addition of EGCG to the spectrum induces weak perturbation of the chemical shifts of the
peptide, although the calculation of the chemical shift differences showed that residues Cys7,
Ala8, GIn10 and Hisl8 were dlightly affected by the addition of the compound. The sites of
interaction Cys7 and His18 between EGCG and hlAPP,_ ;o were common to those observed for
the full-length peptide, especially residue His18. These results show that EGCG interacts with
some specific sites of hIAPP that are involved in the oligomerization and elongation of the
fibrils.
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Figure 107: TOCSY *H-'H spectrum of the HN-Ha region of hl APP, 4 (red) and hlAPP, ,,in presence of EGCG
(blue) at 5°C. Peptide concentration was 150 uM, EGCG concentration was 750 uM

hIAPP,,, | hIAPP,,,+ EGCG
Residue ONH (ppm) ONH (ppm) Chemical shift
variation (ppm)
T4 7,819 7,819 0
A5 8,996 8,996 0
T6 8,206 8,206 0
C7 8,305 8,295 0,01
A8 8,438 8,428 0,01
T9 8,387 8,381 0,006
Q10 8,426 8,416 0,01
R11 8,459 8,457 0,002
L12 8,316 8,308 0,008
Al3 8,366 8,366 0
N14 8,439 8,439 0
F15 8,232 8,229 0,003
L16 8,277 8,272 0,005
V17 8,196 8,189 0,007
H18 8,66 8,649 0,011
S19 8,534 8,526 0,008
Mean variation = 0,005+ 0,004

Table 27: Chemical shift deviationsfor hl APP1-19.

Cellshighlighted in red correspond to the values above the standard deviation range. Cells highlighted in blue

correspond to the values below the standard deviation range
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The results of our experiments showed that the addition of EGCG to monomeric hIAPP
induced variations of the chemical shifts of the peptide, indicating an interaction between the
polyphenol and amyloid peptide. A calculation of the chemical shifts perturbations allowed us
to observe that the interactions were more specific with residues present in the loop and
amyloidogenic region of IAPP. Experiments on hlAPP,.,,allowed us to observe a no or little
interaction with EGCG. Nevertheless, the calculation of chemical shifts deviations also
indicated that the residue His18 was affected by the addition of EGCG, also suggesting that
there existed a specific interaction between the compound and that residue.

The same experiments will have to be carried out on the fragment 20-37 of hIAPP,
which includes the 20-29 amyloidogenic region of hIAPP as to observe the possible
interactions between EGCG and the nucleation site of the peptide.

5.Conclusion”

The purpose of these projects was to probe the effects of different classes of inhibitors
on the oligomerization and fibrillization of hIAPP and AP42 amyloid peptides by NMR
experiments. The inhibitory effect of compounds on Af342 was carried out with peptides,
developed through different strategies. The first project involved the incorporation of a
trifluoromethyl group in tripeptides known to have a good affinity with the hydrophobic
region of AP42. Results have shown that the presence of the trifluoromethyl amino acid lead
to an inhibition of the oligomerization and fibrillization, due to its effect as a [3-sheet breaker,
an increased hydrophobicity that leads to an enhanced interaction with Ap42. The second
project focused on the effect of that sugar-based peptidomimetics of the amyloidogenic region
of AP42. Results showed that the compound prevented the formation of toxic oligomers, by
engaging hydrophobic interactions with Af42 as well asimpairing the 3-sheet elongation, by
introduction of the sugar moiety and aromatic units acting as a 3-breaker.

Results of both projects showed that the inhibitors either interacted with the monomeric
peptide, or with ApB42 oligomers in order to modulate the kinetics of oligomerization or
fibrillization of the peptide.

Finally the natural compound EGCG was shown to interact with hIAPP peptide,
especially with the nucleation (residue 20-29) and loop region (residue 16 to 20) that
contribute to the oligomerization of the peptide. The perturbations observed on the 2D 'H-'H
TOCSY spectrum upon addition of EGCG in solution, showed that the compound interacted

with the monomeric peptide prior the oligomerization. Additiona experiments will be carried
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out on samples of hIAPP full length, hIAPP,_,, and hIAPP,,,, and in presence of EGCG to
further observe the interactions between the peptides and the compounds and determinate
more accurately the specific binding sites to the peptide and mechanism of inhibition of the

compound.

Material and methods

Part 1:

The two tripeptides 1 and 2 were synthesized by solid phase synthesis at Laboratoire de
Chimie Biologique, Université de Cergy-Pontoise. APB42 was obtained from American
Peptide Company, Inc. (Batch #1207090T). Peptide was dissolved at a concentration of 1 mM
in a 1% ammoniac solution and diluted at a final concentration of 50 uM in a 10 mM
TrigHCI, 100 mM NaF buffer, pH 6. The sample was then immediately transferred in a
Shigemi® 5mm tube. One-dimensional spectra were acquired over 4000 points using a
spectral width of 7000 Hz. A cosine bell apodisation function was applied to 1D 'H
experiments. For each spectrum, 1024 scans were accumulated leading to an experimental
time of about 23 minutes. Peptide 'H resonances (in the amide/aromatic region between
6.6 and 7.1 ppm) were then integrated and these values are plotted as a function of time (see
Figure 3D-F), leading to a sigmoidal curve for Ap42 aone and AP42 in the presence of 1 and
to an exponentia curve for Af42 in the presence of 2. Since the analysis is done for the
integrated intensity of peptide 'H resonances between 6.6 and 7.1 ppm, results are therefore
average values. All raw NMR experimental data have been processed using the TopSpin
program (Bruker) and further analyzed for the integration and the fit using the equations 2 and
3 with a home-written program based on Mathematica 8. The program is available upon
request. 1D 'H STD experiments were acquired using a cascade of Gaussian shaped pulses
(50 ms pulse, B, field of 0.1 kHz, total duration of 3 s) applied on resonance (-0.7 ppm) and
off resonance (+30 ppm), aternatively. An exponential window function with a line-

broadening factor of 10 Hz was applied to *H STD experiments prior to Fourier transform.

Part 2:

NMR experiments were recorded on a Bruker Avance Il 500 MHz spectrometer equipped
with a 'H/™C/®™N TCI cryoprobe with Z-axis gradient. NMR spectra were processed and
analysed with TopSpin software (Bruker).

Samples of AB42 in the absence or in the presence of 3f were prepared in Shigemi tubes
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(280 pL volume) in 50 mM sodium phosphate, pH 7.4 containing 10% D2O. Calibration of

the 'H and *C were calibrated using DSS (sodium 4,4 dimethyl-4-silapentane-1-sulfonate.
Synthetic Ap42 peptide was used in NMR experiments, with the exception of 2D HSQC
experiments requiring N, **C-labelled recombinant AB42. Solid phase peptide synthesis of
AP42 was performed at the Institut de Biologie Intégrative (IFR83, Université Pierre et Marie
Curie). Recombinant A342 was obtained according to the protocol described in chapter 2 of
the manuscript. NMR experiments were acquired at 5 °C. One-dimensional spectra were
acquired over 8000 points using a spectral width of 6000 Hz. A cosine bell apodisation
function was applied to 1D 'H experiments. Solvent resonance was suppressed using a
Watergate pulse sequence. For each spectrum, 512 scans were accumulated leading to an
experimental time of about 11 minutes. 2D NOESY experiments were recorded with a mixing
time of 0.2s. 1D 'H STD experiments were acquired using a cascade of Gaussian shaped
pulses (50 ms pulse, B, field of 0.1 kHz, total duration of 3 s) applied on resonance (-0.7
ppm) and off resonance (+30 ppm), aternatively. The number of scans was set to 320,
corresponding to an experiment duration of 50 min. 1D ‘H WaterLOGSY (water-ligand
observed via gradient spectroscopy) experiments were recorded using a Gaussian pulse of 20
ms duration for selective inversion of water magnetization and a mixing period of 0.5 s. The
recycling delay was set to 2 s and the total number of scans was 1200, corresponding to an

experimental time of 1 hour.

Part 3.

One-dimensional spectra were acquired over 8000 points using a spectral width of 6000 Hz.
A cosine bell apodisation function was applied to 1D 'H experiments. Solvent resonance was
suppressed using a Watergate pul se sequence. For each spectrum, 64 scans were accumulated
leading to an experimental time of about 2 minutes.

Proton assignment was obtained on the protonated samples, from the analysis of a 2D
TOCSY experiment using a 60 ms MLEV 17 mixing time and 2D NOESY experiment (0.2 s
mixing time). The experiments were collected as a 512 (t,) and 4096 (t,) time-domain matrix

over a spectral width of 12 ppm with 32 and 64 scans per t, increments, respectively.
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196



116 Gilead, Sharon, and Ehud Gazit. “Inhibition of Amyloid Fibril Formation by Peptide Analogues Modified with a-
Aminoisobutyric Acid.” Angewandte Chemie International Edition 43, no. 31 (August 6, 2004): 4041-44.
doi:10.1002/anie.200353565.

17 Venkatraman, Janani, Sasalu C. Shankaramma, and Padmanabhan Balaram. “Design of Folded Peptides.”
Chemical Reviews 101, no. 10 (October 1, 2001): 3131-52. doi:10.1021/cr000053z.

18 ourei ro, Joana A., Rosa Crespo, Hans Borner, Pedro M. Martins, Fernando A. Rocha, Manuel Coelho, M. Carmo
Pereira, and Sandra Rocha. “Fluorinated Beta-Sheet Breaker Peptides.” J. Mater. Chem. B 2, no. 16 (March 14,
2014): 2259-64. doi:10.1039/C3TB21483D.

119 Torok, Béla, Abha Sood, Seema Bag, Aditya Kulkarni, Dmitry Borkin, Elizabeth Lawler, Sujaya Dasgupta, et al.
“Structure-Activity Relationships of Organofluorine Inhibitors of f-Amyloid Self-Assembly.” ChemMedChem
7, no. 5 (May 2012): 910-19. doi:10.1002/cmdc.201100569.

120 Porat, Yair, Adel Abramowitz, and Ehud Gazit. “Inhibition of Amyloid Fibril Formation by Polyphenols:
Structural Similarity and Aromatic Interactions as a Common Inhibition Mechanism.” Chemical Biology
<html_ent Glyph=" @amp;” Ascii="&amp;”/> Drug Design 67, no. 1 (January 2006): 27-37.
doi:10.1111/j.1747-0285.2005.00318.x.

121 Etienne, Marcus A., Jed P. Aucoin, Yanwen Fu, Robin L. McCarley, and Robert P. Hammer. “ Stoichiometric
Inhibition of Amyloid p-Protein Aggregation with Peptides Containing Alternating o,o-Disubstituted Amino
Acids” Journal of the American Chemical Society 128, no. 11 (March 1, 2006): 3522-23.
doi:10.1021/ja0600678.

122 galwiczek, Mario, Elisabeth K. Nyakatura, Ulla I. M. Gerling, Shijie Ye, and Beate Koksch. “Fluorinated Amino
Acids: Compatibility with Native Protein Structures and Effects on Protein-protein Interactions.” Chemical
Society Reviews 41, no. 6 (February 27, 2012): 2135-71. d0i:10.1039/C1CS15241F.

123 Dorgeret, Bertrand, Lucie Khemtémourian, Isabelle Correia, Jean-Louis Soulier, Olivier Lequin, and Sandrine
Ongeri. “Sugar-Based Peptidomimetics Inhibit Amyloid B-Peptide Aggregation.” European Journal of Medicinal
Chemistry 46, no. 12 (December 2011): 5959-69. doi:10.1016/j.ejmech.2011.10.008.

124 Khasanova, Tatyana V., Omid Khakshoor, and James S. Nowick. “Functionalized Analogues of an Unnatural
Amino Acid That Mimics a Tripeptide p-Strand.” Organic Letters 10, no. 22 (November 20, 2008): 5293-96.
doi:10.1021/018021897.

125 Cheng, Pin-Nan, Cong Liu, Minglei Zhao, David Eisenberg, and James S. Nowick. “Amyloid B-Sheet Mimics That
Antagonize Amyloid Aggregation and Reduce Amyloid Toxicity.” Nature Chemistry 4, no. 11 (November
2012): 927-33. doi:10.1038/nchem.1433.

126 Kaffy, Julia, Dimitri Brinet, Jean-Louis Soulier, Lucie Khemtémourian, Olivier Lequin, Myriam Taverna, Benoit

Crousse, and Sandrine Ongeri. “Structure—activity Relationships of Sugar-Based Peptidomimetics as Modulators
of Amyloid B-Peptide Early Oligomerization and Fibrillization.” European Journal of Medicinal Chemistry 86
(October 2014): 752-58. doi:10.1016/j.ejmech.2014.09.031.

127 Ehrnhoefer, Dagmar E., Jan Bieschke, Annett Boeddrich, Martin Herbst, Laura Masino, Rudi Lurz, Sabine

Engemann, Annalisa Pastore, and Erich E. Wanker. “EGCG Redirects Amyloidogenic Polypeptides into

197



Unstructured, off-Pathway Oligomers.” Nature Structural & Molecular Biology 15, no. 6 (June 2008): 558-66.
doi:10.1038/nsmb.1437.

128 Meng, Fanling, Andisheh Abedini, Annette Plesner, C. Bruce Verchere, and Daniel P. Raleigh. “The Flavanol (-)-
Epigallocatechin 3-Gallate Inhibits Amyloid Formation by Islet Amyloid Polypeptide, Disaggregates Amyloid
Fibrils and Protects Cultured Cells Against IAPP Induced Toxicity.” Biochemistry 49, no. 37 (September 21,
2010): 8127-33. doi:10.1021/bi100939%.

129 Khemtémourian, Lucie, Maarten F. M. Engel, Rob M. J. Liskamp, Jo W. M. Hoppener, and J. Antoinette Killian.
“The N-Terminal Fragment of Human Islet Amyloid Polypeptide Is Non-Fibrillogenic in the Presence of
Membranes and Does Not Cause Leakage of Bilayers of Physiologically Relevant Lipid Composition.”
Biochimica et Biophysica Acta (BBA) - Biomembranes 1798, no. 9 (September 2010): 1805-11.
doi:10.1016/j.bbamem.2010.05.022.

198



Chapter 6:

Conclusion

199



200



The objectives of this thesis was to get an insight into the oligomerization and
fibrillization properties of two amyloid peptides, Ap42 and hIAPP and investigate how
factors such as pH, substitution of a residue or addition of inhibitors could affect these
Processes.

The first part of my thesis followed the “toxic oligomer” hypothesis and focused on the
early stages of oligomerization of AP42 and hIAPP. For this study, we carried out a panel of
complementary biophysical experiments, each focusing on different stages of the fibril
formation in order to better characterize the oligomerization and fibrillization of the peptides.

In order to compare the results obtained by different spectroscopic techniques,
experimental conditions were designed to be as close as possible in term of physicochemical
parameters and buffer composition. However, it appeared during the study that the
experiments could be batch dependent and that the addition of fluorescent probes used for
fluorescence experiments could induce a bias in our results, which was a drawback for the
fine comparison of the kinetics of oligomerization and fibrillization between techniques.

The results of the experiments, have nevertheless allowed us to obtain mechanistic
information on the oligomerization and fibrillization of the peptides. Overall, our results,
obtained with NMR experiments, gel electrophoresis and CD experiments, showed that the
fibrillization mechanism of hIAPP appeared to be a cooperative process, characterized by fast
kinetics of aggregation leading to large insoluble fibrils. The different techniques that were
used failed to detect small intermediate species, which was consistent with previous data that
reported that hIAPP did not form stable low weight oligomers during the aggregation
process.>** 331 In addition, investigation of the interaction between the different species
showed no exchange between the monomer or small oligomers and larger species that
aggregated in solution.

On the contrary, the oligomerization and fibrillization mechanism of Ap42 showed a
stepwise process, characterized by the co-existence of different species (monomeric peptide,
intermediates and large oligomers) that were in fast-exchange with each other in solution, as

was shown by NMR experiments.
The second part of my thesis focused on the effect of pH and substitution of

residue 18 of hIAPP. The residue 18 was indeed shown to be a key residue in the

oligomerization and the fibrillization given its variable of state of protonation within the
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physiological pH range and its particular localization, in the loop of the ordered hIAPP
monomer that formsfibrils.

This study on the effect of pH and substitution of residue 18 have been carried out at
pH 5.5 and pH 7.4, which corresponds to the pH of the secretory granules of the cell and of
the extracellular medium, respectively, and on five peptides including the wild type peptide
and four mutants where residue 18 was substituted by alysine, an arginine, a glutamic acid or
an aanine. Given the interaction between hIAPP, especially the 19 residues of N-terminus
region and the cell membrane, the experiments have been carried out in presence of
membrane models composed of a mixture (7:3) of DOPC (zwitterionic head group) and
DOPS (anionic head group).

Overadl, our results at pH 7.4 showed that residue Hisl8 was involved in specific
peptide-peptide interactions that contributed to the elongation of the fibrils. The substitution
of Hisl8 by another amino acid was indeed shown to be deleterious and that the
oligomerization and fibrillization was especialy destabilized when His 18 was replaced by a
negatively charged amino acid (glutamic acid) or with an amino acid with a short side chain
(alanine). A possible outlook would be the study of the effect of the substitution of the
histidine residue by other amino acids such as glutamine, asparagine or tyrosine that would
maintain its hydrogen bonding or aromatic properties.

Our results a& pH 5.5 showed that low pH was globaly unfavorable to the
oligomerization and the fibrillization of the peptides, modulating its aggregation in a complex
way given the protonation state of either residue 18 and the N-terminus of the peptides.

To go further in this study, complementary experiments could be carried out on hIAPP
wild type and mutants at pH 5.5 and pH 7.4. Among those experiments, microscopy would be
especialy interesting, as it would allow us to observe the morphology of the formed

aggregates and/or fibrils of the different mutants over time.

Last but not least, the third part of my thesis focused on the study of potential inhibitors
of amyloid oligomerization. As they are strongly linked to cell-death oligomeric species
represent an interesting target for the development of therapeutic compounds that were
developed through different strategies.

In particular, one of the main strategies, is to design peptides that incorporate moieties
acting as -breakers. Those peptides are described to have a good affinity with the nucleation
regions of the amyloid peptides and disrupt the oligomerization by disturbing the interactions
between the [3-strands of the oligomers or fibrils.
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Among this class of inhibitors, we studied the effect of a tripeptide incorporating a
trifluoromethyl amino acid on the kinetics of oligomerization of Af342. Results have shown
that the presence of the fluorinated amino acid led to an inhibition of the oligomerization and
fibrillization, due to its effect as a [3-sheet breaker, an increased hydrophobicity given by the
presence of fluorine atoms that leads to an enhanced interaction with Af342. Second, we
studied the interactions between a peptidomimetic incorporating a sugar moiety as well as
aromatic units. Our results, obtained by NMR experiments, showed that the designed
compound interacted with the oligomers of Ap42, engaging hydrophobic interactions and
therefore preventing the formation of toxic oligomers.

This work on inhibiting compounds has led to two scientific publications «Use of a
( R )-o-Trifluoromethylalanine Containing Short Peptide in the Inhibition of Amyloid Peptide
Fibrillation.» (Botz, Alexandra, Vincent Gasparik, Emmanuelle Devillers, Anais R. F.
Hoffmann, Lucie Caillon, Evelyne Chelain, Olivier Lequin, Thierry Brigaud, and Lucie
Khemtemourian), which was accepted in Biopolymers Peptide Science and «Small
glycopeptidomimetics inhibit protein-protein interactions mediating amyloid S-peptide
oligomerization and fibrillization. » (Kaffy J., Brinet D., Soulier J.L., Correia I, Tonali N,
Fera K.F., lacone Y., Hoffmann A.R.F, Khemtémourian L., Crousse B., Taylor M., Allsop D.,
Taverna M., Lequin O., Ongeri S.), which was submitted in Nature Chemistry.

This last chapter also focused on the interactions between hIAPP and a natural
polyphenol, EGCG that was shown to inhibit the fibril formation of several amyloid peptides.
The results of 2D experiments that we carried out on full-length hIAPP and h1APP;.19 showed
that EGCG interacted with hIAPP monomer, especially with the nucleation (residue 20-29)
and loop region (His18) of the amyloid peptide. Additional experiments will be carried out on
samples of hIAPP full length, hlAPP,_,, and hIAPP,, ,, and in presence of EGCG to further
observe the interactions between the peptides and the compounds and determinate more
accurately the specific binding sites to the peptide and mechanism of inhibition of the

compound.

130 Soong, Ronald, Jeffrey R. Brender, Peter M. Macdonald, and Ayyalusamy Ramamoorthy. “Association of Highly
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Abstract (250 words)

The extracellular deposition of insoluble amyloid fibrils resulting from the aggregation of the
amyloid-B (AB) is a pathological feature of neuronal loss in Alzheimer’s disease. Numerous small
molecules have been reported to interfere with the process of AB aggregation. Compounds
containing aromatic structures, hydrophobic amino acids and/or the a-aminoisobutyric acid (Aib) as
B-sheet breaker elements have been reported to be effective inhibitors of AR aggregation. We
synthesized two peptides, one containing the Aib amino acid and the other including its
trifluoromethylated analog (R)-Tfm-Alanine and we evaluated the impact of these peptides on AB
amyloid formation. The compounds were tested by standard methods such as thioflavin-T
fluorescence spectroscopy and transmission electron microscopy but also by circular dichroism,
liquid state NMR and NMR saturation transfer difference experiments to further characterize the
effect of the two molecules on AB structure and on the kinetics of depletion of monomeric, soluble
AB. Our results demonstrate that the peptide containing Aib reduces the quantity of aggregates
containing B-sheet structure but slightly inhibits AB fibril formation, while the molecule including the
trifluoromethyl (Tfm) group slows down the kinetics of AB fibril formation, delays the random coil to
B-sheet structure transition and induces a change in the oligomerization pathway. These results
suggest that the hydrophobic Tfm group has a better affinity with AB than the methyl groups of the

Aib and that this Tfm group is effective and important in preventing the Ap aggregation.
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Introduction

The formation of protein amyloid deposits also named amyloid fibrils, composed of B-sheet
aggregates, is associated with major human diseases including Alzheimer’s disease (AD), Parkinson’s
disease, the spongiform encephalopathy and type 2 diabetes mellitus. AD is a neurodegenerative
disorder associated with synaptic loss, abnormalities in functioning of neurons, neuronal cell death
leading to memory loss and severe cognitive impairment. AD is characterized by the accumulation of
extracellular amyloid-B peptides (AB) in senile plaques and intracellular neurofibrillary tangles
composed of microtubule-associated protein tau.

The amyloid-B peptide, the main component of the senile plaques, was suggested to be the
key factor in the development of AD pathology.>® This peptide results from the cleavage of the
transmembrane amyloid precursor protein (APP) by B- and y-secretases. Depending on the site of
APP cleavage by y-secretase, AB peptides of various chain lengths from 39 to 43 amino acid residues
are generated.”” The two major alloforms of AB found in the cerebral tissue of AD patients are AB40
and AB42, which differ by the presence of two amino acids (lle and Ala) at the C-terminal part. It has
been shown that AB42 forms fibril at a higher rate than AB40 and that AB42 is more toxic to cultured
neurons than AB40.%°

In solution, the aggregation process of AB peptides involves a secondary structure transition
from random coil to B-sheet conformation leading to cross B-sheet structure formation with B-strand
repeats running perpendicular to the fibril axis.’>*? As for all amyloid peptides, AB is produced as a
soluble. monomer and undergoes oligomerization and amyloid fibril formation via a nucleation-
dependent polymerization process.”*** During the course of in vitro fibril formation, various non-
fibrillar aggregation intermediates, collectively called soluble oligomers or protofibrils, have been
shown to precede the emergence of fibrils. In the 90s, it was generally thought that AB fibrils were
toxic.to the neurons and therefore responsible for the initiation of AD.™ Currently, the prevailing and
well-documented view is that soluble AB oligomers are the most toxic species in AD pathogenesis.*®
However, the group of Lashuel hypothesized that A toxicity is mediated by ongoing polymerization
process rather than by a specific and stable AB molecular species."” In other words, they assume that
the assembly of AB fibrils at the membrane causes membrane disruption, as it was also shown for
the islet amyloid polypeptide involved in type 2 diabetes mellitus.’® In view of these hypotheses, an
attractive strategy for treating AD is to inhibit the early stages of AB aggregation or to redirect the
aggregation cascade towards off-pathways and non toxic species.*®

Many inhibitors of AB aggregation are peptides, which are designed to interact with one of
two hydrophobic cores of AB, the residues 17-21 or 30-42. Small peptides mimicking one of these

hydrophobic sequences were demonstrated to modulate the kinetics of A aggregation.? Initial work
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identified the KLVFF motif as capable of inhibiting fibril formation.?" Then, variants of this motif
containing a polycationic disrupting region added to the C terminus of KLVFF motif have been
synthesized and showed differences in AP fibril formation.”?*®> Another class of peptides which
contained a,a-disubstituted amino acids was shown to abolish fibril formation or to produce off-
pathways species.”’ According to the same rational, di- and hexapeptides incorporating the a-
aminoisobutyric acid (Aib) as a,a-disubstituted amino acid were reported to present interesting
inhibition properties of the oligomerization of B-amyloid polypeptide.” Other interesting molecules
that inhibit AB aggregation are B-breaker peptides containing N-methyl amino acids or proline.’**’ As
reported by several recent studies on ligand-Abeta interactions, NMR constitutes an outstanding
technique to provide insights into the role of intermolecular interactions.?®

The incorporation of fluorine atoms into biologically relevant molecules is nowadays an
expanding strategy for the improvement of their physical and biological properties®. The
incorporation of fluorine atoms is known to increase the metabolic stability, the lipophilicity and to
modulate the reactivity and the acido-basic properties of neighboring functional groups. As a class of
biologically active compounds, fluorine atoms containing peptides are becoming very attracting
target molecules. The incorporation of fluorinated amino acids into peptides has been reported to
modulate their proteolytic stability and hydrophobicity®® and to control the conformations of the
peptides.® As an emerging feature, fluorinated amino acids are also used as powerful **F NMR
probes for biological activity studies.> For example, °F was introduced into the islet amyloid
polypeptide and into AB40 so as to follow the kinetics of oligomers formation using real-time 9
NMR.* For several years we have developed efficient methods for the synthesis of enantiopure o-
alkyl-a-trifluoromethyl amino acids (a-Tfm-AAs)** and the methodologies for their incorporation into
short peptides for biological activity evaluation.* As these a-trifluoromethyl amino acids constitute
highly hindered a,a-disubstituted amino acids, their incorporation into peptides should constitute a
promising tool to induce a B sheet breaker effect and an inhibition of AB aggregation. In correlation
with the recent literature results obtained with an a-aminoisobutyric acid (Aib) containing

> we wish to report herein the use of an hydrophobic (R)-o-trifluoromethylalanine

dipeptide,’
containing tripeptide for the inhibition of AB aggregation. The results will be compared with the

unfluorinated analogue incorporating the Aib amino acid.

Results

Effect of (R)-trifluoromethylalanine containing short peptide on AB42 fibrillation

The aggregation of AB42 incubated at 25°C with the peptides H-Ala-Aib-Leu-OH (1) or H-Ala-(R)-Tfm-
Ala-Leu-OH (2) (Figure 1) at a molar ratio of 1:10 was evaluated by the ThT binding assay, the
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standard method used to monitor the time course of fibril formation.® The aggregation of AB42 can
be described by a sigmoidal transition with a well-defined lag phase in which monomers and
oligomers dominate the population, followed by a growth phase during which fibrils elongate and,
finally, a plateau. The kinetics data were fitted according to a Boltzmann sigmoidal equation. Three
parameters were derived from the ThT curves of AB42 alone and AB42 in the presence of the
evaluated compound. The time at half fibril conversion (t;/,), the elongation or aggregation rate (t),
and the fluorescence intensity at the plateau (F) which is dependent in a first approximation on the
amount of fibrillar material formed, were extrapolated from the fit. The fluorescence assay of AB42
at a concentration of 5 uM shows a typical fibrillation process with a lag phase of approximately 10 h
followed by a growth phase and a final plateau reached at 20 h (Figure 2A, black). Our results show
that 1 exhibits inhibitory capabilities, however these properties were limited to a reduction in the
equilibrium plateau of approximately 25%, while the initial lag phase and the aggregation rate were
not significantly altered (Figure 2A, blue). In contrast, our results with the fluorinated molecule 2
shows i) an increase in the lag phase of AB42 from 10 to 15 h (Figure 2A, orange), ii) a reduced final
fluorescence intensity by a factor of 2 and iii) an decrease of the aggregation rate from 0.8 to 0.2 h™,
indicating that this molecule slows down the kinetics of AB42 fibril formation. Control experiments,
performed in the absence of AB42, indicated that under the experimental conditions used, the ThT
fluorescence of the molecules 1 and 2 remained low (Figure 2A, dot). The results are summarized in
Figure 2B with respect to their effect upon lag extension, elongation rate and equilibrium plateau
reduction. The AB42 inhibitor molar ratio of 1:1 did not significantly change the aggregation
parameters of AB42, which indicates that there is a threshold concentration for the AB42-molecule
interactions.

Subsequently, we decided to study the characteristics and morphology of the AB42 fibril formation in
the presence or absence of the molecule using transmission electron microscopy. The fibrils formed
by AB42 exhibited the typical morphology of long and twisted amyloid fibrils with widths between 10
and 15 nm (Figure 2C). Similar observations were made in the presence of the peptide 1 indicating
that this molecule does not significantly decrease the amounts of AR42 fibrils (Figure 2D).
Nevertheless, the fibrils formed by AB42 sample containing 10-fold excess of the fluorinated peptide
2 showed a clear inhibition correlating to the ThT experiments (Figure 2E). Indeed, the fibrils were
thinner and smaller and had a lower frequency compared to the fibrils formed by AB42 alone.
Altogether, our TEM results are correlated with the ThT assay results, indicating that the molecule
containing the trifluoromethyl group has a potential to serve as an inhibitor for the process of Ap42

fibril formation.
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Stabilization of AB42 secondary structure in the presence of the peptide incorporating the (R)-
trifluoromethylalanine

To evaluate the initial AB42 structure and to analyze the conformational changes of AB42 after a few
hours of incubation in the absence or in the presence of an equimolar concentration of the two
molecules 1 or 2, inhibition studies were carried out by CD. The CD spectrum of AB42 freshly
dissolved in 10 mM Tris.HCI, 100 mM NaF buffer at 50 uM displays a peak with negative ellipticity at
200 nm that is characteristic of a random coil conformation, in agreement with previous reports
(Figure 3A).” The same result is observed in the presence of peptides 1 and 2 (Figures 3B-C).
However, after a few hours of incubation, AB42 alone and AB42 in the presence of 1 adopt a B-sheet
structure, while AB42 in the presence of 2 retains its random coil conformation. The CD signal of
AB42 in the presence of the fluorinated peptide 2 remains stable for at least 96 h and shows no
evidence of B-sheet structure, indicative of amyloid fibril formation. The formation of B-sheet
structure is indicated by the appearance of a negative band at 220 nm and the loss of the negative
band at 200 nm. By plotting the CD ellipticity at 220 nm against time, a sigmoid curve is obtained for
AB42 alone and AB42 in the presence of 1 in agreement with previous reports.® The lag phase, the
t1/> time required to reach half-value of the maximum of the CD signal at 220 nm and the time to
reach the plateau are reported in Figure 3D. AB42 presented a random coil to B-sheet transition of
9 h. In the presence of 1, the transition occurs at 50 h, while in the presence of 2 no transition is
observed. Our results show that 1 has a slowing effect; this molecule interferes with B-sheet
formation and monomer assembly. Interestingly, 2 has a stabilizing effect; this molecule is able to

stabilize the unordered-soluble monomers/small oligomers and delay the conformational transition.

Trifluoromethylalanine containing short peptide slows down the kinetics of monomeric AB42
depletion

Next, ‘liquid state 'H NMR studies were performed to measure the kinetics of depletion of
monomeric soluble AB42 in the absence and in the presence of molecules 1 or 2, using the same
experimental conditions as for CD (in terms of temperature, buffer composition, pH). The basis for
using NMR peak intensities in kinetics studies of peptide self-assembly is simple in that as self-
assembly occurs, the intensities of peaks due to monomer decrease as a result of the conversion of
the NMR-visible monomer to NMR-invisible assemblies.* Figure 4A-C shows the amide/aromatic
region of the 1D 'H NMR spectra recorded in the absence and in the presence of the molecules.
Spectra of AB42 revealed a significant loss of signal intensity (~ 50%) over a period of 4.2 + 1.0 hours
suggesting that the peptide undergoes oligomerization. After 15 + 1.0 hours, the peptide H signals
decay to zero indicating that the monomeric peptide form in solution disappears completely. The

presence of 1 does not affect this kinetics, with the loss of signal intensity and the time needed to
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observe a complete disappearance of NMR signals of 4.3 + 1.0 hours and 14 + 1.0 hours, respectively.
In sharp contrast, in the presence of 2 the t;;, corresponding to a 50% loss of signal intensity
increases to 8.0 + 1.0 hours and the peak intensity does not decrease until 0 indicating that 2 slows
down the kinetics of depletion of monomeric AB42 and that after 20 hours, there is still monomeric
AB42 in solution. We then determined the integral of the 'H NMR in the amide/aromatic region and
plotted it against incubation time (Figure 4D-F). The curves of AB42 alone and AB42 in the presence
of 1 were fitted by a Boltzmann function. At time zero, only monomeric AB42 is present. The sharp
drop in NMR intensities suggests that the monomer evolves into small oligomeric species, then into
larger oligomers and finally protofibrils. At the end of the experiment, most monomers are
consumed. The curve of AB42 in the presence of 2 could not be fitted by a Boltzmann function but
was fitted by an exponential function suggesting that the fluorinated peptide 2 induces some
changes in the kinetics of monomer depletion and that in the presence of 2, AB42 may follow
another pathway of fibril formation. It is important to note that the normalized peak intensity does
not decrease till zero suggesting that monomeric AB42 is still present after 20 hours of incubation.
Our results clearly indicate that molecule 2 is able to interact with AB42. We next studied the AB42:2
interactions using saturation transfer difference (STD) experiments which enable to probe the
interactions of small ligands that bind to macromolecular species (Figure 5A-D).**?% STD signals were
observed for the resonances of 2 in the presence of AB42 proving that 2 interacts with AB42 species
while no significant STD signal could be observed for compound 1. The saturation transfer involves
mostly protons of Leu side chain as well as the methyl groups of Ala and Tfm-Ala, enlightening the
importance of van der Waals interactions through the aliphatic side chains of 2. As the NMR
saturation transfer is mediated by large molecular weight species, it is likely that the fluorinated

peptide 2 interacts with aggregated AB42 species that are not visible on the *H NMR spectrum.

Discussion

Protein misfolding and aggregation have been related to severe human disorders, which are all
characterized by amyloid fibrils. Inhibition of the assembly of the mature monomeric peptide or
protein into aggregated structures has emerged as a therapeutic strategy for those diseases.
Numerous small molecule inhibitors of AB aggregation, including fluorinated molecules, have been
studied.’®*** Moreover, compounds containing among others hydrophobic amino acids and the non
proteinogenic amino acid Aib, which has a much stronger B-breaking potential than proline are
reported to inhibit AB aggregation.? It is known that fluorinated amino acids can have drastic effects
on peptides or protein stability and on peptide-peptide interactions due to the unique
stereoelectronic properties of fluorine.”? Although the effect of the incorporation of side chain

fluorinated a-amino acids into amyloid forming peptides have been recently investigated,* the use of
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fluorinated amino acids containing peptides in amyloid aggregation inhibition have rarely been
studied.* So far, to our knowledge, the B-sheet breaker ability of a-trifluoromethylalanine containing
peptides has never been evaluated yet. The a-trifluoromethylalanine should combine both the
characteristics of an a,a-disubstituted amino acids and the specific properties of a fluorinated amino
acid: The Ala-Aib-Leu (1) and Ala-Tfm-Ala-Leu (2) sequences were chosen because of their great

hydrophobicity in order to provide a good affinity with AB.

The ThT fluorescence, EM, CD and NMR studies of AB in the presence of peptides 1 or 2 reveal
several interesting features. ThT fluorescence suggests that both molecules exhibited inhibitory
potencies, ranging from a modest reduction of the equilibrium plateau for the peptide 1 to an
important inhibition for the fluorinated peptide 2. These results demonstrate that the B-sheet
breaker effect due to incorporation of the a,a-disubstituted amino acids is confirmed in both cases.
Moreover the inhibition of AB aggregation is increased by the introduction of the hydrophobic
trifluoromethyl group. This result constitutes a nice illustration of the hydrophobicity modulation of
peptides by fluorinated groups. These ThT fluorescence data are consistent with our EM results that
show a small number of thin and small fibrils of AB in the presence of the peptide 2, while in the
presence of the molecule 1, more abundant thick fibrils were found. In the presence of 2, CD spectra
data show predominantly random coil conformation even after several days of incubation, and no
transition to B-sheet structure, characteristic of amyloid fibrils, occurs. Finally our NMR studies
indicate that the peptide 2 slows down the depletion of monomeric AB and likely interacts with
oligomeric AB species that lead to an inhibition of amyloid fibrils. Hence, all these experiments
suggest that the presence of the trifluoromethyl group inhibit fibril formation of AB. It is important to
note that the inhibition effect of peptide 2 is stronger in the CD and NMR experiments, which were
performed at a higher AB concentration (50 uM) than the ThT-fluorescence assay (5 uM). These

results suggest that the affinity of AB to the molecule 2 is probably weak.

As the fluorination increases the hydrophobicity of the molecule, we believe that the peptide 2 will
interact with the hydrophobic region of AB. This interaction might contribute to the prevention of A
peptides to interact with each other, thus inhibiting their interaction. Loureiro et al** showed using
ThT-fluorescence and EM that fluorination of the hydrophobic residue valine or phenylalanine is
effective in preventing the AB aggregation at a molar ratio of 1:20 They hypothesized that this
inhibition is due to the interaction between the fluorinated amino acid and the hydrophobic residues
of AB. We believe that the inhibition of AB aggregation by the fluorinated tripeptide 2 can be

explained by the same reasons.
Conclusions

8
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The two tripeptides designed in this study showed an inhibition of the kinetics of fibril formation at
high concentration. This inhibition could be explained by i) a B-sheet breaker effect promoted by the
Aib or the (R)-a-Tfm-Alanine a,a-disubstituted amino acids and ii) a good affinity of the peptides with
the hydrophobic region of AB. The trifluoromethyl group containing peptide gave significantly better
inhibition results because of its increased hydrophobicity. It is anticipated that a longer and more
hydrophobic peptide sequence incorporating an a-Tfm-Alanine will induce helicity and will provide a
better affinity between the inhibitor and the AP peptide and therefore a stronger inhibition.
Moreover the fluorine atoms would constitute useful probes for the investigation of the inhibitors-

AB interactions by *FNMR.

Materials and Methods
Synthesis of H-Ala-Aib-Leu-OH (1)

A _sample of N-Fmoc-Leu-Wang resin (loading : 0.8 mmol/g, 375 mg, 0.30 mmol, 1.0 equiv.) was
placed in a dried 15 mL glass reaction vessel, stirred in a mixture of dry DCM (2 mL) and DMF (2 mL)
for 40 min, and drained. The Fmoc group was removed with 10 ml of 20% piperidine in DMF (3 x 10
min) and the resin was washed with DMF (3 x 1 min) and DCM (3 x 1 min). To the resin were added a
solution of Fmoc-Aib-OH (488 mg, 1.50 mmoles, 5.0 equiv), DIPEA (261 ml, 1.50 mmol, 5.0 equiv) and
HATU (570 mg, 1.50 mmol, 5.0 equiv) in DMF (4 mL). The coupling reaction was stirred for 2 hours at
room temperature, after which the resin was washed with 5 mL of DMF (3 x 2 min) and 5 mL of DCM
(3 x 2.min). The same procedure was repeated for the coupling of N-Fmoc-Ala-OH (494 mg, 1.50
mmol, 5.0 equiv). The coupling reaction was stirred for 2 hours. The Fmoc group was then removed
with 10 ml of 20% piperidine in DMF (3 x 10 min) and the resin was cleaved with a solution of TFA
(95%) in_dichloromethane for 3 hours. Purification by semi-preparative HPLC (Acetonitrile (TFA
0.1%)/water (TFA 0.1%), 10 : 9 to 30 : 70) afforded the tripeptide 1 (21 mg, 75 umol, 25%, > 95%
purity) as a white solid. 'H NMR (CD;0D): & 0.94-0.90 (m, 6 H, Hs3 + Hsz), 1.47-1.52 (m, 9 H, Hpy + Hg,
+Hgy), 1.53—1.59 (m, 2 H, Hgs), 1.63 (M, 1 H, H,3), 3.93 (M, 1 H, Hyy OF Hgs), 4.43 (M, 1 H, Hes or Hys)
ppm. *C NMR (CD;0D): 6 17.6, 22.0, 23.4, 25.2, 25.4, 25.9, 41.7, 50.3, 52.3, 58.1, 118.0 (q, YJer = 291
Hz; TFA), 163.0 (q, 2Jcs= 34 Hz, TFA), 170.4, 176.1, 176.2 ppm. °F NMR (CD;0D): & —80 ppm (s, TFA
salt) . MS (El): m/z (%) = 288.2 ([M+H]"). HRMS (ESI) m/z [M+H]" Calcd for C;4H,sN50, 288.1923, found
288.1912.

Synthesis of H-Ala-(R)-a-Tfm-Ala-Leu-OH (2)

Pd/C (260 mg, 0.075 mmol, 0,5 equiv.) was added to a solution of N-Fmoc-Ala-(R)-a-Tfm-Ala-Leu-
OBn** (100 mg, 0,15 mmol, 1,0 equiv.) in MeOH (5 mL) under a nitrogen atmosphere. The reaction

mixture was stirred under a hydrogen atmosphere (2 bars) for 2 hours. The catalyst was separated by
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filtration and HCl gas was bubbled through the solution for 10 min. The resulting solution was
evaporated under vacuum to afford H-Ala-(R)-a-Tfm-Ala-Leu-OH (2) (40 mg, 77%, > 95% purity) as a
white solid. *H NMR (CD;0D): & 0.91 (m, 6H, Hss + Hs), 1.50 (d, 3H, J = 6 Hz, Hay), 1.60-1.62 (m, 3H,
Hgs +Hya), 1.76 (s, 3H, Hga), 3.99 (M, 1H, Hay OF Hag), 4.47 (M, 1H, Ha OF Hes) ppm.**C NMR (CD;0D): §
17.5,18.0, 21.9, 23.3, 25.8, 41.6, 50.3, 52.5, 63.9 (q, Jer = 26 Hz), 117.5 (q, Yer = 296 Hz; TFA), 125.8
(a, YJer = 285 Hz), 162.5 (q, Ycr = 28 Hz, TFA), 167.4, 170.7, 175.4 ppm. **F NMR (CD;0D): § -=79.7 (s, 3
F, CF3),-80.1 (s, TFA salt) ppm. MS (El): m/z (%) = 232 ([M + H]").

Preparation of Peptide Samples

AB42 was obtained from American Peptide Company, Inc. (Batch #1207090T). Peptide was dissolved
at a concentration of 1 mM in a 1% ammoniac solution and then diluted in 10 mM Tris.HCI, 100 mM
NaCl (pH 7.4) for ThT and TEM experiments and in 10 mM Tris.HCIl, 100 mM NaF (pH 6) for CD and
NMR spectroscopy.

Aggregation Kinetics Measured by Thioflavin T Fluorescence

The kinetics of fibril formation was measured using the fluorescence intensity increase upon binding
of the fluorescent dye ThT to fibrils. A plate reader (Fluostar Optima, BMG labtech) and standard
96-wells flat-bottom black microtiter plates in combination with a 440 nm excitation filter and a 485
nm emission filter were used. For the AB42:inhibitor experiments, the ThT assay was started by
adding 5 pL of a 0.2 mM AB42 stock solution and 10 pL of a 1 mM peptide stock solution to a mixture
of 10 uM ThT and 10 mM Tris.HCI, 100 mM NaCl at pH 7.4. The concentration of AB42 was held
constant at 5 pM and the molecules 1 and 2 were added in equimolar amounts to yield 1:10 molar
ratio mixtures. The microtiter plate was shaken for 10 seconds directly after the addition of all
components, but not during the measurement. The ThT assays were performed three times, each in
triplicate and on different days.

The assessment of inhibition of amyloid peptide aggregation by peptides was determined as
followed. Amyloid peptide aggregation assays were performed in the absence and in the presence of
molecules and fibril formation was monitored via ThT fluorescence to evaluate each compound’s
ability to alter both the lag time to aggregate formation (t;/,) and the equilibrium plateau indicative
of the quantity of aggregate formed (F). The extension of the lag time was evidenced as an increase
in_the experimental lag time in the presence of the molecule relative to the lag time observed
without the molecule, and is evaluated as a ratio, tisapmolecuie)/t1/2ap. The reduction of the
equilibrium plateau was evidenced as a decrease in the experimental fluorescence plateau with the
molecule, relative to the fluorescence plateau observed without the molecule, and is evaluated as
the percentage decrease from the experimental fluorescence plateau with the molecule, (Fag-

FAB+m0|ecule)/FAB x 100%.
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Transmission electron microscopy

TEM was performed at the Institut de biologie Intégrative (IFR83) at the University Pierre et Marie
Curie. Peptides were dissolved under the same conditions as in the ThT-assay. Aliquots (20 pL) of
AB42-alone and AB42 in the presence of 1 or 2 were absorbed onto glow-discharged carbon-coated
300-mesh copper grids for 2 min. Grids were then blotted and dried. Next, grids were negatively
stained for 45 s on 2.5 % uranyl acetate, and again blotted, and dried. Grids were examined using a

ZEISS 912 Omega transmission electron microscope operating at 80 kV.

CD Spectroscopy

CD spectra were measured on a Jasco J-815 spectropolarimeter over the wavelength range 190-
260 nm, by using 0.1 cm path length quartz cell (internal volume 200 uL) from Hellma GmbH. CD
spectra were recorded at 25°C every 0.2 nm at a scan rate of 10 nm/min. Spectra were recorded
every half or one hour. Measurements were carried out in 10 mM Tris.HCI, 100 mM NaF (pH 6). The
concentration of AB42 was held constant at 50 uM and the molecules 1 and 2 were added in
equimolar amounts to yield 1:10 molar ratio mixtures. Data obtained were then collected and
processed using the software Spectra Manager@’. Following background correction, the CD data were
normalized to molar ellipticity per residue. To follow AB42 conformational changes, spectra were
recorded at regular intervals and the ellipticity at 220 nm was plotted vs. the time of incubation.
Experimental values were fitted to a Boltzmann sigmoidal equation:

Lot = Hee(i_% + 6 with elongation rate (h)= 1/t Equation 1

In this equation, 6, and 6; are the initial and final ellipticity values at 220 nm, tqs is the time
corresponding to 50% of transition conformational and dt a time constant. In order to estimate the
peptide secondary structure content, an analysis of relevant CD spectra was carried out using the

CDFriend software®.

NMR Experiments

Peptide was dissolved at a concentration of 1 mM in a 1% ammoniac solution, and then diluted at a
final concentration of 50 uM in a 10 mM TrisHCIl, 100 mM NaF (pH 6) buffer, in the presence of 10 %
of D,0 and immediately transferred in a Shigemi Tube of 5 mm diameter. Experiments were recorded
at 298 K on a Bruker AVANCE Il NMR spectrometer operating at a ‘H frequency of 500 MHz,
equipped with a TCI cryoprobe. One-dimensional spectra were acquired over 4000 points using a
spectral width of 7000 Hz. A cosine bell apodisation function was applied to 1D *H experiments.
Solvent resonance was suppressed using a Watergate pulse sequence.

For each spectrum, 1024 scans were accumulated leading to an experimental time of about
23 minutes. Peptide 'H resonances (in the amide/aromatic region between 6.6 and 7.1 ppm) were

then integrated and these values are plotted as a function of time (see Figure 3D-F), leading to a
11
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sigmoidal curve for AB42 alone and AB42 in the presence of 1 (Equation 2) and to an exponential

curve for AB42 in the presence of 2 (Equation 3).

Ii-If

I= li + Tre(t—tos)/T Equation 2

X
I=Le® with  tgs =bln2 Equation 3
where | is peptide signal intensity obtained from 1D 'H NMR experiments, I; and I; are the initial and
final *H NMR intensities, tos is the time when the *H NMR intensity reaches 50% of the maximum *H

NMR signal.

Since the analysis is done for the integrated intensity of peptide *H resonances between 6.6 and 7.1
ppm, results are therefore average values. All raw NMR experimental data have been processed
using the TopSpin program (Bruker) and further analyzed for the integration and the fit using the
equations 2 and 3 with a home-written program based on Mathematica 8. The program is available
upon request.

For STD experiments, saturation was realized using a cascade of Gaussian shaped selective pulses (50
ms duration, B, field of 0.1 kHz) for a total duration of 2 s, applied at -1 and + 30 ppm, alternatively.
An exponential window function with a line broadening factor of 10 Hz was applied to 'HSTD

experiments prior to Fourier transform.
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Figures caption
FIGURE 1. (A) Structure of the peptide 1 H-Ala-Aib-Leu-OH; (B) structure of the peptide 2 H-Ala-(R)-

Tfm-Ala-Leu-OH; (C) Amino acid sequence of AR42.

FIGURE 2. (A) Inhibition of AB42 fibril formation by the compounds. The kinetics of AB42 (10 uM)
fibril formation in the absence (black) or in the presence of 1 (blue) or 2 (orange) as assessed by ThT
fluorescence in10 mM Tris.HCl 100 mM NaCl (pH 7.4) over the course of 50 h. ThT traces are shown
for molecules 1 and 2 (dash grey). (B) Ratio of half-life times of AB42 fibril formation in the presence
of 1 or 2 or alone and percentage of the plateau intensity decrease (See supporting information for
the calculation). TEM images obtained by negative staining of AB42 at 5 uM after 22 h of incubation,

alone (C), in the presence of 1 (D) and in the presence of 2 (E).

FIGURE 3. CD spectra of (A) AB42 alone, (B) AB42 in the presence of 1 and (C) AB42 in the presence
of 2 obtained immediately after the addition of the molecule and after few hours of incubation. (D)
Kinetic parameters (lag time, t;/; and equilibration time) of AB42 B-sheet formation in the absence
and in the presence of the molecules determined using the time course of absolute CD ellipticity at
220 nm. (E) Calculated secondary structure contents of AB42 in the absence and in the presence of
molecules 1 or 2. Deconvolution of CD spectra was accomplished using CDFriend software (see

Materials and Methods).

FIGURE 4. 'H NMR spectra of AB42 (A), AB42:1 (1:10) (B) and AB42:2 (1:10) (C) over time. Purple: Oh,
Blue: 2h40, Green: 5h20, Orange: 8h, Red: 10h20. Peaks belonging to 1 and 2 are indicated by * label
on the relevant spectrum. Time course of normalized integrals of NMR signal between 6.6 and

7.1 ppm of AB42 (D), AB42:1 (1:10) (E) and AB42:2 (1:10) (F) over time.

FIGURE 5. 1D 'H STD spectra of AB42:1 (1:10) (left) and AB42:2 (1:10) (right). A and C are reference
spectra, mostly showing the signals of tripeptide 1 and 2 respectively (A : 0.8 ppm, 1.2-1.6 ppm; C :
0.8 ppm, 1.2 ppm, 1.4 ppm, 1.6 ppm). B and D are the resulting spectra of saturation transfer
difference spectra for molecules 1 and 2 respectively. B shows almost no signal with weak dispersion
peaks at 0.8 and 1.4 ppm and D shows the presence of STD signals with strong positive peaks at 0.8
and-1.2 ppm.
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Small glycopeptidomimetics inhibit protein-protein interactions mediating
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Julia Kaffyl, Dimitri Brinet"?, Jean-Louis Soulier!, Isabelle Correia®, Nicolo Tonali!, Katia Fabiana Fera',
Yasmine Iacone"z, Anais R. F. HofmannS, Lucie KhemtémourianS, Benoit Crousse', Mark Taylor4, David
Allsop*, Myriam Taverna,” Olivier Lequin®, Sandrine Ongeri'”

"Molécules Fluorées et Chimie Médicinale, BioCIS UMR-CNRS 8076, LabEx LERMIT, Université Paris-Sud, Faculté de Pharmacie, 5 rue Jean-
Baptiste Clément, 92296 Chatenay-Malabry Cedex, France

?Protéines et Nanotechnologies en Sciences Séparatives, Institut Galien de Paris Sud, UMR-CNRS 8612, Université Paris-Sud, Facult¢ de Phar-
macie, 5 rue Jean-Baptiste Clément, 92296 Chatenay-Malabry Cedex, France

3Sorbonne Universités - UPMC Univ Paris 06, Ecole Normale Supérieure - PSL Research University, CNRS UMR 7203 LBM, 4 place Jussieu,
75252 Paris Cedex 05, France

“Lancaster University, Division of Biomedical and Life Sciences, Faculty of Health and Medicine, Lancaster LA1 4YQ, UK

Email: Sandrine.ongeri@u-psud.fr

ABSTRACT: Drugs have failed to slow the progression of Alzheimer’s disease, which affects more than 35 million people worldwide.
How drug candidates that reduce fibril formation interact with the most neurotoxic forms of amyloid peptide AB;.4, is unknown. We
report herein the capacity of small and hydrosoluble sugar-based peptidomimetic analogs to inhibit both A4, early oligomerization and
fibrillization. A wide range of bio- and physico-chemical techniques, such as innovative capillary electrophoresis, nuclear magnetic reso-
nance, and surface plasmon resonance, was used in order to identify the AP, .4, species targeted by the synthesized peptidomimetic com-
pounds. We clearly demonstrate that these molecules rationally designed and having physicochemical properties for drug-likeness can
delay the aggregation of A4, by interacting with soluble oligomers in order to prevent the further fibrillization and to maintain the
presence of non-toxic monomers. Furthermore, these compounds suppress totally the toxicity of A4 towards SH-SYSY human
neuroblastoma cells, even at sub-stoichiometric concentrations.

KEYWORDS: amyloid g-peptide, Alzheimer’s disease, peptidomimetics, glycopeptides, aggregation, oligomers, capillary electro-
phoresis, nuclear magnetic resonance, surface plasmon resonance.

Introduction

Protein-protein interactions mediating protein aggregation con-
cern at least 30 different proteins and are associated with more
than 20 serious human diseases, including Alzheimer’s (AD),
Parkinson’s disease and type 2 diabetes mellitus. The accumula-
tion of extra- or intracellular protein deposits, often referred to as
amyloid, characterize these protein misfolding diseases. AD,
which is the most common form of late-life dementia,’ is associ-
ated with accumulation of intraneuronal neurofibrillary tangles
and extracellular ‘senile” plaques containing insoluble fibrils
composed of 40 or 42-residue amyloid-B peptides (A4 or AP;.
)" Monomeric AB peptides convert into fibrils through a com-
plex nucleation process involving the formation of various aggre-
gated species such as soluble oligomers and protofibrils of in-
creasing size.” Structural studies have reported that oligomeric
and fibrillar species share a B-sheet rich conformation,”'® howev-
er the structure of the different oligomeric species is far from
being understood. Although A4, is not the most abundant amy-
loid peptide produced in vivo, it is the major constituent of amy-
loid plaques and is far more aggregative and neurotoxic than
ABI_AO.”"lz Experimental evidence supports the hypothesis that
low molecular weight oligomers are primarily responsible for the
neurodegeneration observed in AD.>"M316 However, the role of
fibrils should not be neglected, because they have been demon-
strated not to be inert species, but are able to generate damaging
redox activity and promote the nucleation of toxic oligomers.'™"

Hence it remains crucial to develop inhibitors that can reduce the
prevalence of small transient oligomers and also prevent the
formation of fibrils. Numerous compounds have been reported as
inhibitors or modulators of AP, aggregation. The main draw-
backs of the described molecules that jeopardize their develop-
ment as drug candidates are: a lack of binding selectivity leading
to a high risk for various side-effects for dyes or polyphenol
natural products'®; poor bioavailability and high propensity to
self-aggregate for peptide derivatives™”'; and a general lack of
information regarding their mechanism of action, and in particu-
lar on their effects on toxic oligomer formation.”?' To our
knowledge, rationally designed small and ‘druggable’ pseudo- or
non-peptidic aggregation inhibitors have been very scarcely re-
ported.u’23 Some of us have described retro-inverso peptide inhib-
itors of both early oligomerization and fibrillization.”

We previously reported a novel class of glycopeptide derivatives,
based on two hydrophobic dipeptides (Ala-Val and Val-Leu)
linked to a hydrophilic D-glucopyranosyl scaffold through
aminoalkyl and carboxyethyl linkers in C1 and C6 positions,
respectively (compound 1, Figure 1).** These pentapeptide ana-
logs were shown to modulate AP, 4 and AP, aggregation, as
demonstrated by fluorescence Thioflavin-T (ThT) assays and
transmission electron microscopy (TEM).** The flexible and
hydrophilic sugar moiety is believed to act as a -sheet breaker,
playing a major role in preventing the interactions between A
species and thus inhibiting the aggregation. The introduction of a
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carbohydrate in peptides can also have a multifaceted impact on
the properties of these molecules, such as modulating the
hydrophilicity/hydrophobicity balance and conferring resistance
to proteolytic cleavage.zs

In order to further decrease the number of potential sites for
proteolytic attack, we have now introduced peptidomimetics in
the upper arm in the C6 position. A wide range of bio- and
physico-chemical techniques was then used in order to evaluate
the activity of the synthesized small hydrosoluble peptidomimetic
compounds on the early oligomerization, fibrillization and toxici-
ty of AP, and also to identify the AP, species targeted by
these molecules.

Results

Design

As we have already demonstrated the superiority of the B config-
uration of the Cl anomeric carbon in our previously reported
glycopeptides,”™ we decided in a first attempt to evaluate the
mixture of a and B anomers, to avoid a difficult separation of the
two anomers. Furthermore, as we have also clearly demonstrated
the superiority of the amino propyloxy link relative to the amino
ethyloxy link, in the C1 position of the sugar moiety,*** we decid-
ed to prepare glycopeptidomimetics bearing the amino propyloxy
link. For the design of the peptidomimetic strands, we chose to
replace the C-terminal leucine (Leu5 in compound 1, Figure 1) by
the 5-amino-2-methoxybenzhydrazide unit (compounds 2 and 3,
Figure 1), which is a part of the B-strand mimic (“Hao” unit)
reported by Nowick and co-workers.”'® The introduction of a 5-
amino-2-methoxybenzhydrazide unit into PB-strand mimics was
shown, by some of us, to be extremely effective in the prevention
of protein-protein interactions involving intermolecular B-sheets
of HIV-1 protease in order to inhibit its dimerization, while in-
creasing the proteolytic stability of the molecules.”” In a first
generation, the valine residue (Val4 in compound 1, Figure 1)
was kept and linked to the 5-amino-2-methoxybenzhydrazide unit
(compound 2, Figure 1). Next, the valine residue was replaced by
a lysine residue, to further provide these molecules with the pos-
sibility of engaging in electrostatic interactions with A4, in
order to increase their affinity for A, (compound 3, Figure 1).
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Figure 1. Structure of glycopeptidomimetic derivatives 1-3

Synthesis of the glycopeptidomimetics.
A short and robust synthesis of the intermediate 9 was developed
(Figure 2A). We started from the C1 allylic protected D-glucose

which was transformed into 4 following the procedure described
in the literature.” The Michael addition of 4 on tert-butylacrylate
was performed to give 5. The allyl group of 5 was then removed
from the C; hydroxyl group with PdCl, to give compound 6 in
good yield. The anomeric hydroxyl of 6 was converted into the
trichloroacetimidate  intermediate 7, in the presence of
trichloroacetonitrile and using NaH as a base. The nucleophilic
substitution reaction by 3-azidopropan-1-ol was then carried out
in the presence of AuCl (10%) affording 8 in good yield. The a
and B epimers 8 were obtained in equal proportion and could not
be separated at this stage. The tert-butyl group was finally
cleaved in acidic conditions to give the carboxylic acid 9.

The scaffold 9 was then coupled with the peptidomimetic arms 10
and 11 prepared according to our published procedure”’, using
DMTMM?® as coupling agent (Figure 2B). Compounds 12 and 13
were obtained in good yield. The azido group of 12 and 13 was
then reduced via a Staudinger reaction® to give the corresponding
amines, 14 and 15 in satisfactory yields. In order to build the
peptidic arm in C1, the two amino acids N-Boc-L-Val-OH and N-
Boc-L-Ala-OH were successively coupled by a standard cou-
pling/deprotection protocol to afford 18 and 19 from 14 and 15
respectively, in good yields. Hydrogenolysis of 18 and 19 afford-
ed 20 and 21, which underwent an acidic cleavage of the tert-
butyl carbamate to give 2 and 3. The acidic cleavage of the tert-
butyl carbamate was also performed on benzylated compounds 18
and 19 to afford 22 and 23. All the desired compounds were
obtained as a mixture of o and p anomers. The § anomer 3f was
isolated after separation by HPLC.
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Figure 2. Synthesis of glycopeptidomimetics. A- Synthesis of the
scaffold 9. Reagents and conditions: a) tert-butyl acrylate, TBAB, 20%
NaOH aq, rt, 24h, 79%; b) PdCl,, CH;OH/EtOH, N, atm. rt, overnight
75% ; ¢) CCICN, NaH, CH,Cly, rt, overnight, 75%; d) 3-azidopropan-1-
ol, AuCl (10% w/w), CHCl,, N, atm., 1t, 2 days, 82%; e) TFA, CH,Cl,,
rt, overnight, 72%.B- Synthesis of glycopeptidomimetics 2 and 3.
Reagents and conditions: a) NMM, DMTMM, DMF, rt, overnight, 86%
(12), 68%, (13); b) PhsP, THE/H,O (9:1), 40 °C, 24h, 63% (14), 50%
(15); ¢) N-Boc-L-Val-OH, NMM, DMTMM, DMF, rtt, overnight, 79%
(16), 68% (17); d) TFA, CHxCly, 1t, 3h, quantitative; e) N-Boc-L-Ala-
OH, NMM, DMTMM, rt, overnight, 68% (18), 73% (19); f) H, Pd/C, rt,
MeOH, 48h, 88% (20); 75% (21); g) TFA, CH2Cl,, rt, 3h, quantitative.

Inhibition of AB,.4; fibrillization by glycopeptidomimetics
ThT-fluorescence assays

The ability of compounds 1-3 and of intermediates 19-23 to in-
hibit the fibrillization of AP, 4, was studied by ThT fluorescence
spectroscopy.”’ The fluorescence curve for AP, at a concentra-
tion of 10 uM followed the typical sigmoidal pattern with a lag
phase of 8-9 h followed by an elongation phase and a final plat-
eau reached after 17-18 h (purple curve, figure 3A). Two parame-
ters were derived from the ThT curves of AB;.4, alone and AP, 4
in the presence of the evaluated compound: (1) t;, which is de-
fined as the time at which the half maximal ThT fluorescence is
observed and gives insight on the rate of the aggregation process;
(2) F, the fluorescence intensity at the plateau which is assumed
to be dependent on the amount of fibrillar material formed (Table
1, Figures 3A-C).

Table 1. Effects of compounds 1, 2, 3, 38, 20 and 21 on APy
fibrillization assessed by ThT-fluorescence spectroscopy at a
compound/ AP, 4, ratio of 10/1 and 1/1 (the concentration of AB; 4, in
this assay is 10 puM). The effect of 3 and 3p at a compound/AP ratio
of 0.1/1 is also reported.

Compounds tin Plateau
(Compound/A ratio) increase (%) ¥ decrease
110/1 280+70 -56+9 %
111 ne ne
210/1 325+ 12 -31+7%
21/1 155+ 10 ne
310/1 NA —87+1%
31/ 148+12 -29+9%
30.1/1 ne —23+6%
3p 10/1 NA -90+2%
3p 1/1 165+11 —34+7%
3p0.1/1 129+12 —16+6%
20 10/1 379+£15 —41422%
20 1/1 138£10 ne
21101 NA —84+3%
21 1/1 15448 —26+6%

ne = no effect, NA = no aggregation, parameters are expressed as mean + SE,
n=3-6. [a] See supporting information for the calculation of the t,, exten-
sion/reduction. A compound displaying a t;» extension/reduction > 100 is a
delayer of aggregation. [b] See supporting information for the calculation of

the plateau decrease.
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Figure 3. Effects of derivatives 3 and 3B on the fibrillization Kinetics
of APi.¢2 monitored by Thioflavin-T fluorescence and TEM. A) Rep-
resentative curves of ThT fluorescence assays over time showing AP .4
(10 uM) aggregation in the absence (purple curve) and in the presence of
compounds 3 (blue curves) and 3p (red curves) at compound/Ap.4, ratios
of 10/1, 1/1 and 0.1/1. B) ty, extension relative to AP, alone, in the
presence of compounds 3 (blue curves) and 3B (red curves) at com-
pound/AB,.4> ratios of 10/1 and 1/1. C) Fluorescence plateau decrease
relative to ABj.42 alone, in the presence of compounds 3 (blue curves) and
3P (red curves). D) Effects of derivative 3 on the fibril formation of AB,.
42 visualized by TEM. Negatively stained images were recorded after 42 h
of incubation of ABj42 (10 pM in 10 mM Tris.HCI, 100 mM NaCl at pH
= 7.4) alone (left) or in the presence of 10 uM of 3 (middle) and of 100
uM of 3 (right). Scale bars, 500 nm

The glycopeptidomimetic molecules 2 and 3 were dramatically
more efficient inhibitors of AP, .4, aggregation than the glycopep-
tide compound 1 in particular at lower compound/ A4, ratios of
1/1 and even 0.1/1. It is noteworthy that a lysine residue attached
to the 5-amino-2-methoxybenzhydrazide unit was highly benefi-
cial for the activity compared to a valine residue (compare 3 vs 2
and 21 vs 20). The free amine of the lysine residue side chain is
thus beneficial for the activity. However, no dramatic effect of the

3
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N-terminal free amine of the dipeptide Val-Ala chain was ob-
served in both lysine and valine series. Indeed, a similar activity
was obtained for the free amine 3 and the Boc protected 21 from
one hand and for the free amine 2 and the Boc protected 20 on the
other hand. It was also remarkable that the  anomer 3f showed a
superior activity to the mixture of a and p anomers in 3 at low
compound/ APy, ratios (1/1 and 0.1/1, Table 1 and Figure 3A-C).
As also observed in our previous glycopeptides series™ ',
benzylated derivatives 19, and 22-23 tended to self-aggregate and
to slightly accelerate the aggregation process (Table 3S and Fig-
ure 1S in supporting information), confirming that polar hydroxyl
groups of the sugar moiety were essential to prevent the aggrega-
tion.

TEM experiments

Transmission electron microscopy (TEM) analyses were per-
formed on compound 3 that showed the most significant effect on
APy, aggregation in the ThT-fluorescence assays. Images were
recorded after 42 h of preincubation, corresponding to maximum
aggregation in the ThT assays, with and without 3 (Figure 3D).
Differences were observed regarding the amount of aggregates
formed in the presence of 3 at both ratios. A very dense network
of fibers displaying a typical morphology was observed for AB; .4,
alone. Only few scattered, very short and scarce fibers were visi-
ble on the grid containing the AP sample incubated with 3 at 10/1
ratio. This result validated the ThT-fluorescence data, indicating
that compound 3 dramatically slowed down the aggregation of
APy, (at 3/AP;4, ratio of 10/1) and efficiently reduced the
amount of typical amyloid fibrils formed. It is noteworthy that
even if at a 3/A, .4, ratio of 1/1 the fluorescence was not dramati-
cally decreased in the ThT assays, but the morphology of the
network observed by TEM was very different and less dense and
the sample contained some globular aggregates.

Inhibition of AP, 4, oligomerization by glycopeptidomimetics
Capillary electrophoresis

In order to determine their effect on small soluble oligomer for-
mation, 3 and 3B were studied by Capillary Electrophoresis (CE).
We recently proposed an improved CE method to monitor easily
over time the very early steps of the AP,.4, oligomerization pro-
cess.> This technique has the advantage of being able to fol-
low three kinds of soluble species, (i) the monomer (peak ES), (ii)
different small metastable oligomers grouped under peak ES’ and
(iii) transient species formed later and which correspond to spe-
cies larger than dodecamers (peak LS). Aggregation kinetics of
AP, .4, alone showed that over time, the monomer ES peak de-
creased in favor of the oligomer peaks ES’ and LS, and of insolu-
ble species, forming spikes in the profile (Figure 2S in supporting
information for the detailed kinetics). At time 0, the monomer
peak ES was almost the only visible species, while after 12 h,
only a small monomer peak remained and many insoluble aggre-
gates, giving spikes, were present (Figure 4A).

In the presence of 3p (3B /AP, .4, ratio of 1/1), the electrophoretic
profile clearly indicated that the kinetics of oligomerization was
significantly slowed down. Indeed, 3p maintained dramatically
the presence of the monomer (peak ES). In addition, the large
oligomer species grouped under the peak LS were still present at
12 h while they completely disappeared in the control electropho-
retic profile (figure 4B, and Figure 3S in supporting information
for the detailed kinetics). The preservation of the monomer was
statistically significant, after 12 h, only 19% remained in the

control experiment while 52% remained in the presence of 3p
(Figure 4C). Similar results were observed with the mixture of o
and P anomers in 3, however a slightly superior effect was ob-
served for 3B (41% of monomer species remained after 12 h in
the presence of the mixture 3) (Figures 4S and 5S in supporting
information).
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Figure 4. Effect of 3p on the early oligomerization steps by CE. Elec-
trophoretic profile of ABi4, peptide (100 uM) obtained immediately (0
h), and 12 h after sample reconstitution (t0) alone (A) and in the presence
of compound 3 at compound/Ap4, ratio of 1/1 (B). Results in panel
show the effect of 3B on the monomer ES (C). Results are a mean of 3
experiments.

Interaction of 3p with oligomeric species of ABy.4,

NMR experiments

The goal of the NMR experiments was to study if compound 3
was able to adopt any preferred conformation in solution and if it
interacted in solution either with the monomeric species or with
soluble aggregated forms of AB_4,.

We first examined mixtures of Af;.4, and 3B at a temperature of
5°C and using low concentrations of A4, (10-90 uM) to ensure
that AB,.,, was mainly monomeric in freshly prepared samples.”*
The 2D 'H-"N and 2D 'H-"C HSQC spectra of 10 uM “N,"”C-
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labelled AB,,4235 recorded in the absence and in the presence of a
large excess of 3p (0.4 mM) displayed no significant chemical
shift perturbations of AB,.y, 'H-""N and 'H-"C correlations (Fig-
ure 6S in supporting information). Similarly, no chemical shift
differences could be detected for the 'H signals of 3p in 1D 'H
and 2D 'H-'H experiments (data not shown), even when higher
concentrations of A4, were used (up to 90 pM). Thus our NMR
experiments demonstrated that 3f did not interact with monomer-
ic AP, peptide.

We then turned to magnetization transfer experiments that are
commonly used to detect the binding of small ligands to large
molecular weight species. Saturation Transfer Difference (STD)
experiments were recorded to characterize binding properties and
map binding epitopes of 3[}.24“‘ * No STD signals could be detect-
ed in a control experiment with 3B alone, as expected for a low
molecular weight molecule that did not aggregate in solution. The
addition of AP,.4, peptide led to the apparition of weak STD
signals (Figure 5). Interestingly, an increase in the STD signal
was observed over time, reaching a maximum after 2.5 weeks.
Concomitantly, a slow decay of the 1D 'H NMR signals of ABj4,
was observed (Figure 7S in supporting information), correspond-
ing to the formation of high molecular weight A, 4, aggregates
that were too large to be observed by solution NMR spectrosco-
py.”® Thus the gradual increase of the STD signal over several
weeks could be explained by the slow conversion of monomeric
AP, to aggregated species that bind 3B. The STD signals were
the strongest for the aromatic and methyl resonances of 3p, sug-
gesting that the hydrophobic groups of the dipeptide and
peptidomimetic strands were directly involved in the interaction
with A4, species.

WaterLOGSY experiments also enabled us to detect the binding
of 3B to AP,y species, through intermolecular magnetization
transfers involving bulk water. The protons of 3 exhibited posi-
tive NOEs in the absence of AP, (Figure 8S in supporting in-
formation), as expected for a small molecule. The addition of
AP, caused a decrease of positive NOEs and a change of sign of
the NOEs that became more negative over time, confirming that
3p binds to high molecular weight species in fast exchange on the
NMR time scale.

Finally, NMR spectroscopy was used to analyze the structure of
3p in the free and bound forms. The 1D "H NMR spectra of 3f
alone were characterized by sharp line widths and concentration-
independent chemical shifts (0.04-2 mM range), demonstrating
that 3¢ was highly soluble and not prone to aggregation in the
(sub) millimolar range. Chemical shifts, vicinal coupling con-
stants and ROEs analysis showed that the peptidic/pseudopeptidic
arms and the aminoalkyl and carboxyethyl linkers were highly
flexible, as supported by small diastereotopic splitting of
methylenic protons, averaged vicinal coupling constants (Table
S1), intraresidual and sequential ROE intensities, and the absence
of long-range ROEs. Furthermore the amide protons exhibited
strong temperature dependence of their chemical shifts (Table
S1), which is an indicator of high solvent accessibility. Altogeth-
er, these NMR data indicated that 3 did not adopt per se hydro-
gen-bonded B-sheet conformations and had no self-association
properties in solution. Interestingly, 2D NOESY experiments
recorded on 3B in the presence of APy, were characterized by
modifications in the intensity of intraresidual and sequential
NOEs which became more negative (Figure 9S in supporting
information). These changes correspond to transferred NOEs due
to transient binding of 3 to AP, aggregated species. However

no additional long-range NOE correlations were detected, sug-
gesting that 3 conformation remained largely extended and did
not adopt a compact shape upon A, 4, binding.

b e
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Amb  Amb g';l;
H6 Amh H3

8.5 8. O 7. 5 7.0
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40 35 30 25 20 15 10 05
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Figure 5. Interaction of 3p with A4, monitored by NMR, Aro-
matic/amide (left) and aliphatic (right) regions of 1D "H NMR spectra of
3B (0.4 mM) and ABj4> (90 uM) at 5 °C. (A) Reference 1D 'H spectrum
recorded at t = 0. (B-E) 1D 'H STD spectra recorded at t = 0 (B), after 2
days (C), 1 week (D) and 2.5 weeks (E). The assignment of the aromatic
and methyl resonances of 3P is indicated. Amb means 5-amino-2-
methoxybenzoyl. The signal marked with an asterisk corresponds to
formic acid impurity.

SPR experiments

SPR was then used to evaluate the affinity between compound 3
and its B-anomer 3f and Ap,.4, monomer bound to the gold sur-
face.

To our knowledge, the few SPR experiments described in the
literature to detect the affinity of ligands for A4 have used
either the depsi-peptide molecule described by Taniguchi et
al "2 or biotinylated AP, immobilized onto streptavidin-
coated chips.®® An SPR-based immunoassay has been also devel-
oped to recognize APy, oligomers.” The main drawbacks we
found in these methods are the necessity to synthesize the non-
commercial depsi-peptide, the modest SPR provided with these
other approaches, and the use of modified peptides which may
alter their affinity behavior. We thus developed a new method to
immobilize the commercial A4, peptide monomer by a classical
peptide coupling through its amino groups. We paid particular
attention to maintaining AP;4, in its monomeric form upon im-
mobilization. Recently a similar method has been reported, how-
ever no clear evidence on the nature of the immobilized species
was provided.40

We optimized the immobilization of A4, peptide by varying
different parameters (pH and concentration of the sample prepara-
tion, and injection parameters such as the flow, the time and the
number of injections). To ensure that only monomeric species
were mainly immobilized, a rinsing step using an aqueous solu-
tion of NH,OH.H,O 0.1 % was employed (see the procedure in
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the supporting information), as we demonstrated previously by
CE that these conditions were able to disaggregate oligomers and
regenerate monomeric species.32 The characterization of the Gold
chip was performed using specific antibodies directed against the
N- or C-term of AB;4, (6E10 and MD 19-0016, respectively, see
supporting information). Curcumin, which is a well-known
disaggregant compound“ did not lead to a decrease of the signal
and was even found to bind to AP, fixed on the SPR chips
(Figure 188 in supporting information).

Finally, the affinity of ThT toward the peptide immobilized on
the chip surface was evaluated before and after our optimized
rinsing step, which used an aqueous solution of NH,OH.H,O 0.1
%. Both SPR signal and fluorescence (visualized by fluorescence
microscopy images of the channel) were higher before the rinsing
step. The rinsing step is therefore crucial to disaggregate large
species present initially on the chip surface in order to lead to a
surface mainly composed by AB in its monomeric form (Figure
14S in supporting information).

We conducted SPR measurements with compounds 3, 3p and 1 to
check their affinity for AB;.4, peptide. A concentration-dependent
signal was observed, however, the response was very low in the
range of the tested concentrations (up to 200 uM) indicating that
these compounds have a very low affinity for the immobilized
AP,y (Figures 158, 16S and 178 in the supporting information).
This result is in accordance with the NMR data.

Protection against AP, 4, cell toxicity

The inhibitors were investigated to determine their ability to
reduce the toxicity of aggregated AP;4 to SH-SYSY
neuroblastoma cells. The addition of either 1 or 3 showed a pro-
tective effect on cell survival (MTS assay, Figure 6) and mem-
brane damage (LDH membrane integrity assay, Figure 20S in
supporting information) in the presence of cytotoxic 5 uM ABj_4,.
Remarkably, this protective effect was seen at equimolar amounts
of inhibitor to A4, and was still present at a ratio of 0.05/1
(inhibitor/AB;_4,) in the MTS assay.

Figure 6. Effect of 1 and 3 on A1, toxicity towards SH SY5Y cells.
Cell viability in the presence of 5 uM aggregated A4, and decreasing
concentrations of 1 or 3. The black bar on the left shows cell viability in
the absence of ABj4,. Statistical significance is indicated by *, where * is
p<0.05, ** is p<0.01 and *** is p<0.001 comparing cells incubated with
AP plus inhibitor to those with AP, alone. Statistical significance is
described.

Plasma stability
The ability to withstand enzymatic cleavage in the circulatory
system is an important requirement for any potential drug. Incu-

bating the two inhibitors 1 and 3 in plasma gives an idea of how
stable they will be once injected into the body. 3 withstood 24
hours at 37°C with no obvious degradation in 10% plasma (Fig-
ure 11S in supporting information). 1 appeared to show some
degradation over the same period, although the total area of the
peaks did not change (Figure 21S in supporting information).
Unmodified polypeptides are usually degraded within minutes
under these incubation conditions.

Discussion

The introduction of a peptidomimetic strand based on a 5-amino-
2-methoxybenzhydrazide unit linked through the carboxyethyl in
the C6 position of the D-glucopyranosyl scaffold not only in-
creased the stability towards proteolytic degradation but also
dramatically increased the capacity of these pentapeptide analogs
to inhibit the fibrillization of AP,.4,, as demonstrated by the ThT
fluorescence and TEM experiments. The polar hydroxyl groups
of the sugar moiety were essential to prevent the aggregation, as
demonstrated by the lack of inhibitory activity of the benzyl
analogues 19, 22-23. A slightly superior effect was observed for
the B anomer 3p compared to the mixture of o and B anomers in 3
(confirmed in the CE experiments). The presence of the amine of
the side chain of the lysine residue in compound 3 proved to be
beneficial for the inhibitory activity in comparison with the valine
residue in compound 2. This result suggests that an ionic interac-
tion is likely to be established between this amine and acidic
residues of AP, strengthening the hydrophobic interactions
involving aliphatic and aromatic moities. Indeed, several compu-
tational and experimental studies on AP;4, have shown that, in
addition to the hydrophobic interactions involving in particular
the 16-21 sequence (KLVFFA), the formation of a salt-bridge
between amino acids Asp23 and Lys28 might stabilize a turn
motif involving residues 24-28."** An interaction with Glu22
might also be beneficial for the activity of the molecules.”® We
can thus suggest, and this is supported by the NMR binding ex-
periments (STD), that this novel class of glycopeptidomimetics is
likely to interact through the hydrophobic sequences of the
peptidomimetic and dipeptide sequences, presumably with a
hydrophobic sequence of A4, (such as the central K5-A,; or the
C-terminal part 13,-V4) and through an electrostatic interaction.
The flexible and hydrophilic sugar moiety acts as a [-sheet
breaker to prevent the aggregation. The effect of the
glycopeptidomimetic on the early steps of oligomerization has
been also been demonstrated clearly by CE. Compound 3§ dra-
matically preserved the non-toxic monomer of AP, (ES). Oli-
gomers larger than dodecamers (LS) were also stabilized. Both
types of cell viability assay proved that pre-incubation of cytotox-
ic ABj4, with glycopeptidomimetic 3 completely rescued the SH-
SYSY neuroblastoma cells. The protective effect was observed
even at sub-stoichiometric concentrations (3 reduced cell death by
100% with 0.5 eq and by 75% with 0.1 eq. in the MTS assay). It
is also notable that glycopeptide 1 showed also a dramatic effect
on cell survival, but was more sensitive to proteolytic attack.

The NMR and SPR experiments clearly indicated that this novel
glycopeptidomimetic series does not bind to monomers with
substantial affinity. NMR indicated that the AB,., species recog-
nized by 3P are oligomeric forms whose concentration slowly
increased with time. Thus, even if 3f is a small molecule that
does not per se adopt a preferential conformation, it is able to
recognize and bind to the early B-structured AP, .4, oligomers. The
observation of magnetization transfers in STD, WaterLOGSY and
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trNOESY experiments implied that the interconversion between
the free and the AP,.y-bound forms of 3B occurred in fast ex-
change on the NMR time scale. We can thus hypothesize that
such transient binding of 3p to oligomers may impede the subse-
quent addition of monomers or the association of oligomers into
larger species and/or disrupt these early oligomers so that they
revert back to monomers (Figure 7A).

Diverse AR manomer

structures Fibrils of AB
Hydrophobic Central or C-terminal part of Ap .
y M5 lonic Interaction (Glu22 /Asp23)
i1 1 [ 1
11 1 )11 1
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b s [og b
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Polar and flexible p-breaker element:
Prevent association to additional AB peptide

Figure 7. Hypothesis of mechanism of A4, aggregation inhibition by
3B. A- Proposed model of inhibition of fibrillization of A4, and of
preservation of A4, monomer by 3B. B- Proposed model of interaction
of 3B with AB;_4.

Conclusion

In conclusion, the present work validates the singular effect of
sugar-based peptidomimetic analogs of pentapeptides on AB;.4,
oligomerization and fibrillization. This new series has been de-
signed in order to achieve three objectives: first, to engage in both
hydrophobic and ionic interactions with A4, thanks to small
peptide and peptidomimetic arms; secondly, to prevent cross -
sheet elongation of AP, 4, due to the hydrophilic sugar, considered
as a B-sheet breaker element (Figure 7B). Finally, it has been
designed also to be druggable, particularly to be a small molecule
(MW around 800) with a good hydrophobicity/ hydrophilicity
balance and resistance to proteolytic degradation. A wide range of
bio- and physico-chemical techniques was used to demonstrate
the capacity of the compounds (in particular 3p) to delay both the
early oligomerization and fibrillization of Af;.4. To the best of
our knowledge, this is the first example of a small molecule that
is able to preserve the non-toxic monomeric species of AB;.y.
The strong protective effect on cells, even at sub-stoichiometric
concentrations, also highlights the considerable therapeutic poten-
tial of this novel series of peptidomimetics.

Additional informations

Supplementary data associated with this article, ie synthetic procedures and
characterization of glycopeptidomimetic compounds; experimental procedure
for fluorescence-detected ThT binding assay; representative curves of ThT
fluorescence assays; experimental procedure for TEM studies, CE, NMR and
SPR, can be found in the online version, at doi:
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Human islet amyloid polypeptide (hIAPP) is the major component of the amyloid deposits found in the pancreatic islets of patients
with type 2 diabetes mellitus (T2DM). Mature hIAPP, a 37-aa peptide, is natively unfolded in its monomeric state but forms
islet amyloid in T2DM. In common with other misfolded and aggregated proteins, amyloid formation involves aggregation of
monomers of hIAPP into oligomers, fibrils, and ultimately mature amyloid deposits. hIAPP is coproduced and stored with insulin
by the pancreatic islet S-cells and is released in response to the stimuli that lead to insulin secretion. Accumulating evidence
suggests that hJAPP amyloid deposits that accompany T2DM are not just an insignificant phenomenon derived from the disease
progression but that hIAPP aggregation induces processes that impair the functionality and the viability of B-cells. In this review,
we particularly focus on hIAPP structure, hIAPP aggregation, and hIAPP-membrane interactions. We will also discuss recent
findings on the mechanism of hITAPP-membrane damage and on hIAPP-induced cell death. Finally, the development of successful

antiamyloidogenic agents that prevent hIAPP fibril formation will be examined.

1. Introduction

Type 2 diabetes mellitus (T2DM) is classified as a protein-
misfolding disease and shares the debilitating consequences
of misfolded and aggregated peptides and proteins with more
than 20 other diseases, such as Alzheimer’s disease, Parkin-
son’s disease, and spongiform encephalopathy [1-3]. T2DM
is characterized metabolically by defects in both insulin
secretion and insulin action, resulting in hyperglycemia, and
is histopathologically characterized by the presence of fibril-
lar amyloid deposits in the pancreatic islets of Langerhans
(islet amyloid) [4]. Amyloid is a generic term for a protein
aggregation state in which the proteins bind to each otherina
B-sheet conformation [5, 6]. In T2DM, amyloid deposits were
initially assumed to be composed of insulin; however, in 1987
two different groups discovered that the major component of
islet amyloid is a 37-residue polypeptide pancreatic hormone
[7, 8], initially named insulinoma amyloid peptide [9], then

diabetes-associated peptide [7], and finally islet amyloid
polypeptide (IAPP) [8] or amylin [10]. The presence of these
amyloid deposits in T2DM has been linked to the death of
the insulin producing islet 3-cells, thereby contributing to the
development of this disease [4].

IAPP, found in all mammals, is coproduced and cose-
creted with insulin in a molar TAPP :insulin ratio of 1:100
in healthy individuals, a ratio that can increase to 1:20 in
T2DM. The function of hIAPP is still not entirely clear. As a
paracrine hormone, hJAPP may be involved in the regulation
of glucose metabolism, the control gastric emptying, the
suppression of glucagon, the control of satiety, and other
cellular processes [11-16]. Along with these functions hIAPP
disrupts cell coupling and is also reported to induce apoptosis
in isolated human islets [17]. Although hIAPP is a hormone,
no specific receptors have yet been found. However, specific
binding sites have been identified in the brain and in the renal
cortex [18-20].
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FIGURE 1: Processing of human PreproIAPP that lead to the formation of mature hIAPP. The cleavage site for PC2 and PC1/3 is indicated by
arrows. The residues KR, indicated by arrow, which remain after the cleavage is induced by PC1/3 are removed by the carboxypeptidase E.
This results in the amidation of the C-terminus of mature hIAPP. The disulfide bridge is shown on the mature hIAPP.

hIAPP is stored with insulin by the pancreatic islet -
cells and is released in response to the stimuli that lead to
insulin secretion [21-23]. hIAPP is initially expressed by f3-
cells as an 89-aa residue preprohormone containing a 22-aa
signal sequence which is cleaved off upon translocation across
the endoplasmic reticulum, resulting in the prohormone
precursor prohIAPP (Figurel). Further processing of the
prohormone prolAPP (67-aa in humans) involves cleavage
at the C-terminal end either in the trans-Golgi network
or in secretory granules, resulting in an intermediate 48-
aa residue peptide. The second cleavage, at the N-terminal
end, generates the mature 37-aa peptide, hIAPP, in the
secretory granules. The two flanking peptides from prohIAPP
remain in the secretory granules. Cleavage is initiated at two
conserved dibasic sites and involves the two endoproteases
prohormone convertase 2 (PC2) and prohormone convertase
1/3 (PC1/3) and the carboxypeptidase E (CPE), which are the
same enzymes that process proinsulin to mature insulin [24-
27]. A glycine residue at the start of the C-terminal propeptide
acts as an amidation donor. The mature peptide undergoes
posttranslational modification via formation of a disulfide
bond between cysteine residues 2 and 7 (Figure 1).

There is a large and growing body of work on the
biophysics of hIAPP amyloid formation and on the bio-
logical consequences of islet amyloid deposition. In this
review, the current knowledge of hIAPP structure, hIAPP-
membrane interactions, hIAPP toxicity, and the development
of inhibitors of hIAPP toxicity will be presented and analysed.

2. Conformation and Structure of
IAPP in Solution

hIAPP can appear in various states (monomer, oligomer, or
fibril) all with very different structures. In solution, it has been
shown, using circular dichroism, that monomeric hIAPP is
a natively unfolded peptide which is predominantly random
coil, aside from a rigid ring structure formed by the disulfide
bridge between Cys2 and Cys7 residues. As for all amy-
loid forming peptides, hIAPP undergoes a conformational

transition from its nonfolded state to a f-sheet structure,
which increases over time [28-30]. This initial peptide con-
formational change is the key step leading to the formation of
oligomers to highly ordered and insoluble amyloid fibrils.
Little information on the structure of hIAPP oligomers
(and other oligomers associated with amyloid diseases) is
available, mainly due to the instability of the species and to
the relatively fast aggregation process of hIAPP. Both f3-sheet-
rich hIAPP oligomers and a-helix-rich hIAPP oligomers have
been observed [31, 32]. High resolution microscopy (electron
and atomic-force) and spectroscopy techniques (NMR) are
most often used to detect oligomeric species, although NMR
generally lacks the time resolution necessary to obtain a
snapshot of oligomers. A handful of microscopy studies have
confirmed that hIAPP oligomers consist of 10-20 hIAPP
monomers with large variations in size and shape [33-35].
However, data on the size of hIAPP oligomers is somewhat
scarce, where one study showed a range of 25-500 monomers
and another showed a range of 20-40 monomers [36, 37].

The structure of hIAPP fibrils is more comprehensively
described, probably due to the stable nature of the fibrils.
Observation by electron microscopy (EM) of hIAPP fibrils
reveals a polymorphism among the fibrils. In some cases, they
organise themselves as helical fibrils of variable width, pre-
senting some periodical twists. In other cases, the oligomers,
also called “protofibrils” at this point, associate themselves
laterally in long and striated ribbon-like strands. These
strands, whose structure will be made more explicit later on,
can be several nanometers long and have a width ranging
from 5 to 15 nm [6, 38]. Further observation into the atomic
organisation of these ribbon-like fibrils finds that the mature
amyloid fibrils are characterized by a cross f3 structure, where
all B strands, linked by interstrand hydrogen bonds, are
oriented perpendicularly to the fibril axis. The insoluble and
noncrystalline nature of hIAPP fibrils has complicated the
determination of their molecular structure; however, further
investigations using different techniques such as solid-state
NMR spectroscopy or X-ray crystallography have provided
two similar atomic level models for hIAPP fibrils. The first
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model was obtained using solid-state NMR spectroscopy in
association with molecular modelling. The resulting model
suggests that a single protofibril is made of two symmetric
hIAPP monomers. The backbone of those hITAPP monomers
possesses two f3-strand segments formed by residues 8-17 and
29-37 separated by a bend or loop that is formed by residues
18-27. As the monomer structures itself into this hairpin, dif-
ferent orientations of the side chains of the residues between
the two 3-sheets have been obtained by Langevin dynamics.
Either side chains of GInl0, Leul2, Asnl4, and Leul6 are in
contact with the -sheet formed by residues 28-37, whereas
side chains of Argll, Alal3, and Phel5 are located on the
outside of the fibril, or the organisation of the side chains is
reversed, meaning that side chains of GInl0, Leul2, Asnl4,
and Leul6 are located outside the protofibril when side chains
of Argll, Alal3, and Phel5 are facing the core of the block.
Each single monomer then interacts with another, as a pair,
via the side chains of residues 26 to 32, thus forming the single
protofilament. Protofilaments then laterally associate, leading
to the mature fibril [6]. The second model for hIAPP fibrils
was obtained by using X-ray crystallography and is based on
steric zippers and on crystal structures that were obtained
on segments 20-27 (NNFGAIL) and 29-33 (SSTNVG) of
the peptide. This model, similar to that obtained by solid-
state NMR with the exception of atomic distances between
B-sheet layers, suggests that a monomer of hIAPP has a
hairpin structure consisting of two 3-strands. Each monomer
then associates with another, with the SSTNVG segment
of the first molecule creating a steric zipper that interacts
with the NNFGAIL segment of the second. These stacks of
peptides then associate themselves one on top of another,
perpendicular to the fibril axis, to form the mature amyloid
fibril [39].

3. Structure of Membrane-Bound hIAPP

Aggregation of hIAPP on the membrane proceeds through
a different pathway than in solution, as the structure of
membrane-bound hIAPP is different to that of hIAPP in solu-
tion. The conformation of hIAPP has been examined using
CD and NMR spectroscopy in different membrane models.
In the presence of negatively charged membranes, hIAPP
initially displays a-helical structure [40]. After a few minutes
of incubation, the conformation of hIAPP changes to f3-
sheet, characteristic of fibril formation. hIAPP freshly added
to zwitterionic membrane models (including among oth-
ers phosphatidylcholine, phosphatidylethanolamine, choles-
terol, or sphingomyelin) displays typical random coil con-
formation, which undergoes a typical change to f-sheet
secondary structure in a few hours (Figure 2) [41]. In both
anionic and zwitterionic micelles, the a-helical structure
is predominant for several days, suggesting that in these
media the peptide is kept in a monomeric conformation
[41]. The micelle models enabled two groups to characterize
the conformation of monomeric hIAPP, in SDS or DPC
micelles using NMR [42, 43]. Both groups have found that
the core (residues 7 to 28) is an a-helix structure with a
kink region near residues 18-22. However, the presence of
this kink is likely due to the high curvature of the micelles.

The C-terminal part of hIAPP is unfolded with a high
degree of flexibility, while the N-terminal part (residues 1-
7) forms a hairpin due to the presence of the disulfide bond.
The structure of hIAPP in the presence of membranes was
also studied using microscopy techniques [44]. This study
showed that hIAPP forms ion-channel-like structures in
reconstituted membranes suggesting that these oligomeric
hIAPP pores could insert in membranes and therefore change
their barrier properties.

4. Mechanism of hIAPP Fibril Formation

As for all amyloid peptides, hIAPP is produced as a solu-
ble monomer and undergoes oligomerization and amyloid
fibril formation via a nucleation-dependent polymerization
process [45]. This process is divided into three main steps,
in the first step, also named the lag phase, the peptide is in
a monomeric form and/or in small soluble oligomers and
no fibrils are present; the second step, called the elongation
phase, is indicated by the propagation of the fibril growth with
consumption of monomer and finally the plateau is reached
when the amount of fibril remains constant. The kinetics
of hIAPP fibril formation can be monitored in time by the
commonly used method of specific binding of the fluorescent
molecule Thioflavin T (ThT) to amyloid fibrils [46]. A kinetic
trace of hIAPP fibril formation shows a lag phase and a
sigmoidal transition which are both typical for fibril growth
of amyloidogenic proteins and peptides (Figure 3). The lag
phase is dependent on experimental conditions such as the
peptide concentration, the ionic strength, the temperature,
and the pH [47, 48].

In most species, IAPP is expressed as an immature 89-
membered amino acid peptide which is ultimately processed
into a mature peptide of 37 amino acid residues [49]. Most of
the N- and C-terminal residues, the intramolecular disulfide
bridge, and the amidated C-terminus are strongly conserved
throughout the mammalian species (Figure 4). There is a
correlation between the sequence of IAPP and its propensity
to form amyloid fibrils. For example, rat or mouse IAPP
(rIAPP or mIAPP) differ from human IAPP by only six
residues out of 37 and do not form fibrils. Note that those five
of six positions between hIAPP and the nonamyloidogenic
mIAPP are located between residues 20 and 29, the region
which is known to be important in hIAPP fibrillation [50] and
that three of the six residues involve a proline (at positions 25,
28, and 29) which is well-known as a disrupter of secondary
structure and acts as a 3-sheet breaker. Unlike rodents, dogs,
and cow that do not form fibrils, primates, cats, porcine,
ferret, and guinea pigs can form amyloid fibrils and are prone
to T2DM [51].

Several studies have shown that hIAPP sequence can
be divided into three parts, (i) the 1-19 region which is
responsible for hJAPP/membrane interaction and insertion
[52, 53], (ii) the 20-29 region, which is essential for amyloid
fibril formation [29, 50], and (iii) the amyloidogenic 30-
37 region which favours fibrils formation [54-56]. The N-
terminal region contains all charged residues: Lysl, Argll, and
Hisl8 [56]. In particular, the protonation state of the His8 is
affected by the change in pH between the f-cell granules of
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FIGURE 2: (a) CD kinetic study of hIAPP in vesicles. Plot color code: dark blue: CD spectrum recorded after 5 minutes and green: CD spectrum
recorded after few hours. (b) Time course of CD ellipticity at 220 nm. (c) Negatively stained microscopy images of hIAPP after incubation

with vesicles.

the pancreas where hIAPP is stored at a pH of approximately
5.5 and released into the extracellular compartment, which
has a pH of 7.4. Studies in solution have shown that hIAPP
aggregation is faster at a pH of 8.8 than at 4.0 and that
the fibril morphology is affected by a pH of 2.4 [56, 57],
indicating that in solution the pH really plays a role in
hIAPP aggregation. hIJAPP contains one aromatic residue in
each of the three main parts (Phel5, Phe23, and Tyr37), that
raise the question of the importance of aromatic-aromatic
and aromatic-hydrophobic interactions in IAPP aggregation.
Studies using single, double, and triple mutants in which the
aromatic residues were replaced by Leu residues (F15L, F23L,
and Y37L) indicated that aromatic residues are not required
for fibril formation. However, the substitution decreases

the rate of fibril formation and alters the tendency of fibrils
to aggregate [58-60]. The 20-29 region is the segment in
which most mutations occur between the species (vide supra).
Many substitutions that impact amyloid formation fall within
the 20-29 domain confirming the importance of this region.
A mutation (Ser — Gly) at position 20, which is found at
low levels in certain Asian populations, was found to affect
amyloid fibril formation and the development of T2DM in
vivo. Indeed, this mutation seems to constitute a risk factor
for diabetes, and it has been shown to increase the fibril
formation rate in vitro [11, 61]. The effect of the proline residue
has been further investigated on an 8-37 fragment of hIAPP,
known to be amyloidogenic [62], but presenting substitutions
by prolines in positions 17, 19, and 30. This study has shown
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FIGURE 3: Schematic representation of fibrillation of hIAPP over time. During nucleation phase, hJAPP monomers associate themselves in
order to form oligomers of various sizes. As the nucleation phase extends to the elongation phase, we can observe the formation of protofibrils,

building blocks of the mature fibrils that characterize amyloidoses.

Human 11(CNTATCAT}SRLANFLVHSZS(;\INFGAILSS3'I(‘)NVGSNTY
Rat/mouse KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY
Monkey KCNTATCATQRLANFLVRSSNNFGTILSSTNVGSDTY
Porcine KCNMATCATQHLANFLDRSRNNLGTIFSPTKVGSNTY
Cow KCGTATCETQRLANFLAPSSNKLGAIFSPTKMGSNTY
Cat KCNTATCATQRLANFLIRSSNNLGAILSPTNVGSNTY
Dog KCNTATCATQRLANFLVRSSNNLGAILSPTNVGSNTY
Guinea pig KCNTATCATQRLTNFLVRSSHNLGAALLPTDVGSNTY
Hamster KCNTATCATQRLANFLVHSNNNLGPVLSPTNVGSNTY
Ferret KCNTATCVTQRLANFLIHSSNNLGAILLPTDVGSNTY
Rabbit CNTVTCATQRLANFLIHSSNNFGAFLPPS

Hare T QRLANFLIHSSNNFGAFLPPT

FIGURE 4: Primary sequence of IAPP from different species. Only
partial sequences are available for rabbit and hare. Residues that
differ from the human IAPP sequences are highlighted in red.

that proline substitution outside the core 20-29 region of
hIAPP not only reduces the aggregation of hIAPP in solution
but also induces instability in the S-sheet structure. It is
therefore suggested that proline substitution has a dominant
negative role in fibril formation by either disruption of the
nucleation process of hIAPP or by favouring the nonstruc-
tured state of the peptide [63]. A <reverse study>> has been
performed by Green and coworkers on rIAPP [64]. In this
case, the proline residues have been conserved while Argl8,
Leu23 and Val26 have been substituted by Hisl8, Phe23, and
Tle26 as in hIAPP. Results have shown that although the
modified rTAPP does not complete the fibril formation to its
maturity as would the wild type hIAPP, the peptide is able

to form fibrils. This implies that the presence of the prolines
in rIAPP does disrupt fibril formation but is not completely
sufficient to avoid it. Moreover, these different studies also
show the importance of key residues in hIAPP that influence
its structure and induce mature fibril formation.

The mechanism of islet amyloid formation is not well
understood. One potential cause has been proposed to
be alterations in the processing of the hIAPP precursor
molecule, prohIAPP, by the islet S-cells [26, 65]. Recent
investigations have demonstrated that the precursor does not
form amyloid aggregates in solution and may be important
in early intracellular amyloid formation [27, 66, 67]. For
example, several studies demonstrated that proIAPP interacts
with heparin sulphate proteoglycan of the basement mem-
branes that may act as a seed for amyloid formation [68].
In addition, it was shown that incomplete processing has
large consequences for the properties of hIAPP and that these
consequences point toward a less cytotoxic activity of the
precursor as compared to mature hIAPP [69].

Another characteristic of hIAPP is the intramolecular
disulfide bridge between Cys2 and Cys7 at its N-terminal,
which was shown to be essential for its biological activity
[70]. In vitro studies highlight that the disulfide bond is not
involved in the amyloid fibril core structure, prohibiting the
N-terminal region of hIAPP from forming -sheet structures.
However, it does contribute to the assembly mechanism since
the loss of the disulfide bond reduces fibril formation [62].

5. The Role of Lipid Membranes in
hIAPP Aggregation

Membranes are implicated in hIAPP aggregation, both as
the target of toxicity and as a catalyst [32, 71, 72]. hIAPP is
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FIGURE 5: Schematic representation of permeabilization hypothesis. The natively fold peptide first starts to unfold. The first hypothesis (a)
proposes that the monomeric peptide or small oligomers interact with the membranes and insert into the membranes. Fibril formation leads
to membrane permeabilization by changes in membrane curvature and lipids recruitment. The second hypothesis (b) suggests that oligomeric
species are toxic for the membrane interacting with it and forming pores.

known to interact with the membranes and to be inserted
into the membranes, which affect hIAPP aggregation [52, 73].
The analysis of the first step of hIAPP/membrane interaction
shows that hIAPP is inserted into phospholipids membranes
most likely as a monomer and that the N-terminal part (I-
19) is responsible for insertion [49]. This is in agreement with
theoretical predictions from the amino acid sequence which
suggest that only the 1-8 region has a membrane-interacting
ability [74]. A study found that the disulfide bridge located in
the N-terminal part (1-19) has a minor effect on membrane
insertion properties and peptide conformational behaviour,
suggesting that this disulfide bridge does not play a significant
role in hJAPP/membrane interactions [75].

It is known that lipid membranes can promote hIAPP
aggregation [71]. Lipid composition is a key factor that
governs the extent to which membranes alter peptide aggre-
gation. Several compositions were studied, highlighting the
influence of various lipids on hIAPP aggregation and fibril-
lation. It has been shown that anionic lipids such as phos-
phatidylserine (PS) and phosphatidylglycerol (PG) strongly
accelerate the kinetics of fibrils formation, thus reducing the
lag time of the kinetics [40, 41, 71, 76]. In the presence of
such membranes, hIAPP fibril formation occurs within a
few minutes as opposed to a few hours in their absence. In
contrast, the zwitterionic phosphatidylethanolamine (PE) is
prone to slowing down these kinetics [41, 77]. Literature data
thus indicate that the lipid composition of membranes has a
large effect on hIAPP fibril formation kinetics but does not
affect fibril morphology.

The modifications of fibril formation kinetics by lipid
membrane composition could be attributed to peptide/lipid
interactions. In particular, electrostatic interactions between
anionic lipids and the positively charged hIAPP could explain
the enhancement of hIAPP aggregation. Thus, as in solution,
changes of pH, as well as ionic strength, could affect hIAPP
aggregation and fibrillation in the presence of membranes

[47,48]. It has been shown that in the presence of membranes,
alow pH decreases the rate of fibril formation, suggesting that
alow pH prevents aggregation of hIAPP as well as membrane
damage in the secretory granules [48]. The ionization state
of the histidine residue significantly affected the kinetics
of hIAPP conformational changes and concomitant fibril
formation and this is directly related to the kinetics of hJAPP-
membrane damage. These results confirmed that the change
of protonation of Hisl8 is very important in the kinetics of
hIAPP aggregation and fibril formation.

Despite considerable progress in the field of hIAPP-
membrane interaction, the mechanism of peptide-lipid inter-
actions and membrane permeabilization still remains to
be elucidated and it is not known how hIAPP-membranes
interactions are related to cytotoxicity in T2DM.

6. hIAPP-Induced Membrane Damage

The most widely accepted hypothesis is that hIAPP-induced
cytotoxicity occurs via a membrane disruption mechanism
(Figure 5). The first experimental evidence that an amyloid
protein could cause membrane damage came from the work
of Pollard [78]. It was found that the peptide A3, involved in
Alzheimer’s disease, could form cation-selective channels in
planar lipid bilayers. A few years later, similar experiments
were done on hIAPP and showed that hIAPP could also
form cation-selective channels and ultimately disrupt the
membranes [79]. On the other hand, neither the nonamy-
loidogenic mouse IAPP nor the amyloid hIAPP fibrils formed
channels. These ion-channels have been also observed for
other amyloidogenic proteins suggesting that the toxicity
of amyloid proteins seems to be linked to their shared
potential to form channels (or pores) in membrane [80, 81].
At this stage, it was clear that hIAPP could induce membrane
damage; however, the exact mechanism of hIAPP-induced
membrane disruption is far from clear and numerous models
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have been described during the last 15 years [33, 34, 36, 37,
52,71,79, 82-84]. A report concluded that soluble oligomers
from several types of amyloids, including hIAPP, specifically
increase lipid bilayer conductance, while fibrils and soluble
low molecular weight species have no effect, suggesting that
this may represent the common primary mechanism of
pathogenesis in amyloid-related diseases [82]. It was also
suggested that antimicrobial and amyloid peptides may share
membrane-permeabilization mechanisms since these pep-
tides share many characteristics. Indeed, for both peptides,
a threshold peptide concentration is required to induce the
oligomerization on the membrane surface which leads to
the membrane damage. Recent studies on hIAPP and Af3
suggested that the amyloid fibril formation on the membrane
surface induces membrane damage [84-86]. It was postulated
that it is the growth of hIAPP fibrils at the membrane surface
rather than the formation of oligomeric species that causes
hIAPP-induced membrane damage. Thus, as soon as the fibril
develops on the membrane surface, the structural integrity
of the membrane is compromised, possibly by forcing the
curvature of the bilayer to an unfavourable angle or by
uptake of lipids by hIAPP fibrils during fibril elongation at
the membrane (Figure 4). Uptake of membrane phospho-
lipids in amyloid that forms at the membrane, as observed
from in vitro studies [72, 76], as well as in vivo studies
[87], could indeed be an additional factor that contributes
to membrane leakage. Coarse-grained molecular dynamics
simulation results agree with this hypothesis and showed
that amyloidogenic peptides, including hIAPP, fibrillate on
the surface of the membrane, damaging the vesicles and
promoting leakage [88]. In all of these hypotheses, the
membranes have an important role as mediator or accelerator
of the conversion of one hIAPP species to the other. However,
membrane disruption by hIAPP is not the only mechanistic
hypothesis that has been proposed regarding f-cell death
linked to the presence of the peptide; other mechanisms will
be discussed next.

7. hIAPP-Induced Cell Toxicity

A primary question resides in the main location of hIAPP
in the islet of Langerhans. As it has been described that
amyloid deposits that are involved in T2DM appear to be
extracellular, some evidence has suggested that the amyloid
formation actually starts intercellularly. Indeed, several stud-
ies, performed either on transgenic mice capable of secretion
of hIAPP or on baboons, have reported that hIAPP fibrils
or in prefibrillar states could be observed either freely in
the intracellular medium, locating the development site of
the peptide’s oligomers in the endoplasmic reticulum (ER),
Golgi, or secretory granules of the 3-cells [27]. Localisation of
fibrillar species intracellularly may be particularly important
as it could be the root of extracellular deposition of amyloid
fibrils on pancreatic $-cells and imply different mechanisms
of cellular death. Since the presence and oligomerization of
hIAPP is related to dysfunction followed by apoptosis of
pancreatic 3-cells, different cell factors have been investigated
in order to determine the origin and mechanism of the
decrease of f-cell mass in the pancreas. As the source of

amyloid formation is the misfolding of a specific peptide,
studies have focused on the likely correlation between hIAPP
synthesis and ER stress.

The ER serves many different functions in the cell, includ-
ing assuring the correct native folding and posttranslational
modification of peptides and proteins synthesized within
the cell but also transportation of those molecules to the
Golgi and secretory granules and release into the extracellular
matrix. Those properties of the ER are well-balanced and
regulated to avoid any misfolding and aggregation of proteins
or peptides. However, this equilibrium can be disrupted by
any ill-factors such as disturbances in redox regulation or
calcium regulation and viral infection, applied on the ER.
In particular, and as previously stated, insulin resistance
results in a higher biosynthesis of insulin and thus of hIAPP.
The consequent overproduction of protein and peptide in
the f-cells then results in ER stress and triggers some
malfunction in the folding process of the molecules, as it
reaches overcapacity. The accumulation of misfolded protein
in the cells along with ER stress cascades into the unfolded
protein response (UPR). This regulation process involves
simultaneously the production of chaperones to both assist
the folding of proteins and limit their aggregation; reducing
ER workload by inhibiting the protein synthesis triggering
the UPR; enhancing the transportation of misfolded protein
to the ubiquitin-proteasome system for degradation; and, as
a last resort, triggering of the apoptosis process.

In spite of the various regulation responses to counteract
the misfolding of proteins or peptides following ER stress,
it is observed that hIAPP still autoassociates and forms
toxic oligomers. This behaviour suggests that the prevention
mechanism against hIAPP misfolding and therefore aggre-
gation can be saturated and rendered noneffective. Different
hypotheses regarding this fact can be evoked among which
is the decrease in f-cell mass, also linked to apoptosis,
enhancing once more the joint synthesis of insulin and hIAPP
or the inability of the cell to eliminate cytotoxic oligomers
once they are formed in the system.

To a larger extent, whether the cells are exposed to
high concentration of hIAPP and/or if the responses to
the peptide’s aggregation are revealed to be inefficient, -
cell apoptosis is observed. Although mechanisms of the
apoptotic behaviour of 3-cells have yet to be fully elucidated,
there have been some hypotheses that have been proposed
concerning the different pathways and triggers that induce
cell death. The first pathway, called the extrinsic pathway,
involves extracellular factors such as membrane disruption,
as described previously, or the binding to cell receptors. In
particular, it has been described that exogenous or endoge-
nous hIAPP could interact and thus activate the FAS receptor,
present on the surface of cells. The activation of this “death
receptor” results in apoptosis by in turn activating specific
proteins such as caspase-3 [89]. The second pathway that has
been described is the exogenous pathway and is linked to
intracellular factors. Besides ER stress and UPR, mentioned
before and mainly involved in pancreatic -cells death, other
factors disturbing the main function of ER are likely to
enhance hIAPP oligomerization and cell death. Among those,
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mitochondrial dysfunction, generation of oxygen free radical,
defects in autophagy can also be mentioned [90].

Lastly, it has also been suggested that f3-cell toxicity can
be induced by an inflammatory response linked to hIAPP.
Indeed, it has been found that the insulin resistance and
production of hIAPP initiate an increase in the concentration
of proinflammatory cytokines such as interleukin 13 (IL-
1/3), which has been previously described to be cytotoxic to
pancreatic islets of Langerhans [11, 27, 90-97].

8. Inhibition of hIAPP Fibril Formation

The amyloid pathway leading to fibrils is supposed to be
responsible for S-cell death and T2DM. The development of
inhibitors of amyloid formation is therefore of considerable
interest in treating patients suffering from T2DM. However,
although hIAPP is extremely amyloidogenic, most research
has focused on other amyloidogenic proteins like A peptide
or a-synuclein, involved in Alzheimer’s and Parkinsons
disease, respectively. Different classes of inhibitors of hIAPP
amyloid formation have been identified and have been tested
for their ability to reduce amyloid cytotoxicity, using either
cells or in vitro model systems [98-104].

First of all, insulin is one of the most effective inhibitors
of hIAPP amyloid formation [71, 105-111]. However, little
is known about the mechanism of this inhibition process.
Some studies have demonstrated that insulin interacts with
the growing hIAPP fibril [106, 108]. Another study showed
that the mechanism of inhibition of hIAPP fibril formation
by insulin is related to strong binding of the insulin -
chain to hIAPP [112]. A recent molecular modelling study
has shown that it involves a helix-helix interaction between
the helical insulin and the N-terminal helix of hIAPP. The
interaction between insulin and hIAPP may stabilize hIAPP
in a nonamyloidogenic monomeric state [111].

Another valuable class of inhibitors are the polyphenols,
which are thought to interact with amyloidogenic proteins via
aromatic 77-77 interactions, although the precise mechanism
is an issue still under debate [102, 113-116]. The molecule
(—)-Epigallocatechin 3-Gallate (EGCG), a natural component
of green tea, is of particular interest [117, 118]. Indeed,
EGCG could have the ability to bind the unaggregated
hIAPP, leading to the formation of noncytotoxic oligomers
through another pathway. Nevertheless, the mechanism
remains under some debate [114, 115]. In addition to its
inhibitory activity, EGCG is one of the few molecules able
to disaggregate preformed hIAPP amyloid fibrils in bulk
solution [117, 118]. Effects are observed for a 2:1 hIAPP to
EGCG ratio and even for a 5:1 IAPP to EGCG ratio [118].
On the contrary, a 1:1 hIAPP to EGCG ratio is necessary
to increase the cell viability in the presence of EGCG.
This molecule is then less effective in the presence of cell
membranes than in solution [118]. Morin hydrate (2',3,4' 5,7
pentahydroxyflavone) is a polyphenol as well, and more
precisely a flavonoid. This molecule inhibits the amyloid
formation of hIAPP, since the inhibition is effective fromal:1
hIAPP to Morin hydrate ratio. The molecule acts in a ratio-
dependent manner, because the effects on fibrils formation
are even more pronounced than when the molecule is
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introduced in excess [119]. As with EGCG, Morin hydrate
is able to disaggregate preexisting fibrils at a one to one
ratio. Unfortunately, all not hydroxyflavones are inhibitors
of hIAPP amyloid formation. For example, Myricetin is an
inhibitor of A3 amyloid formation but is totally ineffective
against hJAPP at a one to one ratio. The number and position
of hydroxyl groups may also play a role in the mechanism of
inhibition. However, it has been demonstrated that Myricetin
slows down hIAPP amyloid formation in a 10-fold excess, that
is, at very high concentrations. Nevertheless, this molecule is
effective in vivo and merits further consideration. Equally of
interest is phenol red, a small aromatic polyphenol molecule,
which elicits an effect on hIAPP fibril formation at a 4-fold
excess of molecule in vitro. Its high efficiency in protecting
pancreatic 3-cells from the cytotoxic effect of hIAPP makes it
a particularly attractive target molecule. In addition, phenol
red is a nontoxic and noncarcinogenic compound, in contrast
to many polycyclic aromatics [120]. Unfortunately, the mode
of action of this class of molecules on the hIAPP amyloid
formation is not known and no clear mechanism has yet been
suggested. Their interest lies in their ability to not only inhibit
the formation of amyloid fibrils but also disaggregate existing
fibrils, protecting cells against hIAPP amyloid cytotoxicity.

A third class of molecules which are active against hIAPP
fibrillation are molecular mimics. This particular strategy is
based on molecular recognition thanks to similar molecular
structure. For example, rat JAPP (rTAPP) whose sequence
differs from hIAPP at only six positions is nonamyloidogenic
in vitro or in vivo. rIAPP inhibits hIAPP amyloid formation in
a dose-dependent manner. Even if the slowdown of the aggre-
gation kinetics exists at 1:1 or 1:2 hIAPP to rIAPP ratios,
the effect on fibril morphology and final quantity is only
observed in a 5-fold or 10-fold excess of rIAPP [121]. As in the
case of insulin, a mechanism involving interactions between
helical N-terminal regions of the two peptides has been
suggested. In addition, efficient inhibition of hJAPP amyloid
formation has been demonstrated by the modified aromatic
peptide fragment NFGAILSS in which phenylalanine was
substituted with tyrosine (NYGAILSS) [33, 120]. Replace-
ment of this aromatic amino acid leads to the formation
of a nonamyloidogenic peptide, aromatic residues playing a
role in accelerating the process of fibrillation. Unfortunately,
this peptide proved to be cytotoxic toward S-cells and thus
cannot be used as an inhibitor [120]. A study showed that
Aib modified peptide induced a high inhibition effect on the
full-length hIAPP [122]. More recently, another analogue of
hIAPP was designed by N-methylation of the amide bonds
at G24 and 126, called IAPP-Gl [123]. This molecular mimic
is a nonamyloidogenic hIAPP analog that is able to associate
with hIAPP and thus inhibits the process of fibrillation and
cytotoxicity. hIAPP-Gl was found to be a remarkable inhibitor
of hIAPP amyloid formation. In fact, a 1:1 hJAPP to hIAPP-
Gl ratio is sufficient to completely inhibit amyloid formation.
Moreover, hIAPP-Gl dissociates existing oligomers and fibrils
and reverses their cytotoxicity [123].

Finally, an original compound, selenium phycocyanin
(Se-PC), has been discovered as an inhibitor, acting in a
dose-dependent manner [124]. The combination of Se and
phycocyanin proved to be particularly effective at stopping
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the fibrillation process of hIAPP. In fact, Se-PC is effective
at even a 4-fold less concentration relative to hIAPP. A
mode of action has been proposed according to which
Se-PC interferes with hIAPP to interrupt the fibrillation
process thanks to the formation of nanoscale oligomers. This
compound is a good inhibitor of the $-cell death induced by
hIAPP. Se-PC is thus a promising candidate for antidiabetes
drug development due to its activity on the cell media.

Unfortunately and despite considerable effort, the mech-
anism of hIAPP amyloid formation is not understood nor
the mode of action of most of the hIAPP amyloid inhibitors.
It is even more difficult to understand these mechanisms as
most of the experiments described refer to studies in bulk
solution [125]. In vitro studies in diluted bulk solution do not
adequately reflect the complexity of the cellular surrounding.
Thus, the effect of inhibitors can be widely changed according
to the medium. This is especially the case for the inhibitor
EGCG whose inhibitory activity is lower than that in bulk
solution [117]. AFM images confirm the presence of abundant
fibrils at the phospholipid interface, even in a large excess
of EGCG, whereas this molecule is very effective in bulk
solution.

It is important to note that some publications referencing
hIAPP inhibitors only draw conclusions from ThT assays. The
monitoring of amyloid fibril formation via ThT experiments
is a very convenient and common technique, but with a
large disadvantage concerning the study of inhibitors. Indeed,
many potential inhibitors can interfere with the ThT dye,
thereby inhibiting the fluorescence of the probe and leading
to false positive inhibitors. This is particularly the case for
rifampicin or hydroxyflavones that interfere with ThT and
might suggest that they inhibit hJAPP amyloid formation,
which is contradicted by TEM images [119, 126]. It is thus
necessary to check the results obtained by ThT fluorescence
and to confirm the inhibitory activity with other techniques
such as circular dichroism (CD), nuclear magnetic resonance
(NMR), transmission electron microscopy (TEM), or atomic
force microscopy (AFM).

9. Conclusions

Today, there are 382 million people living with diabetes.
Diabetes is on the rise all over the world and medical prac-
titioners are struggling to keep pace. Worldwide, one person
dies as a consequence of diabetes (such as cardiovascular
disease, kidney failure, and lower limb amputation) every
6 seconds. In this regard, there is currently great interest
in the field of islet amyloid. However there are important
outstanding issues. Important questions that remain to be
answered include the following. What is the mechanism of
hIAPP fibril formation in vivo? What are the morphology
and structure of hIAPP oligomers and hIAPP fibrils in vivo?
Why do oligomers and amyloidogenic protein form? What is
the exact nature of the toxic species? Much of the research
work on hIAPP-membrane structure and hIAPP-membrane
interactions is performed on membrane models. Progresses
have been made and the results from the biophysical studies
have generated some hypotheses. However, an important

challenge will be now to connect these biophysical results
with the in vivo experiments.
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Summary (French)

I ntroduction

Le terme « amyloide » fut introduit par le médecin et biologiste Rudolph Virchow alafin du
19°™ siécle, lorsqu'il sest apercu qu'un tissu cérébral d apparence anormale réagissait
positivement a la coloration a I’'iode comme I’amidon (d' ol le terme « amyloide »)*. Cette
découverte initiadle fut ensuite suivie par une phase descriptive de dépdts amyloides par
microscopie électronique. Les images obtenues ont montré des amas de fibres droites et
rigides, d’épaisseur comprise entre 6 et 13nm et de 100 nm a 1,6 um de long®®. Cette
morphologie ainsi que la capacité de lier le rouge Congo et I’ apparition d’ une biréfringence
verte sous lumiére polarisée sont devenues les caractéristiques des amyloides. A |"heure
actuelle, plus de 20 peptides et protéines amyloides ont été identifiées, intervenant dans des
maladies systémiques ou locales, neurodégénératives ou non neuropathiques. Les maladies
d’ Alzheimer, de Parkinson, de Huntington et le diabéte de type 2 sont les plus connues.

Les maladies amyloides sont des affections séveéres caractérisées par la présence de dépbts
extracellulaires susceptibles de toucher un ou plusieurs tissus du corps humain dont le
systéme nerveux central. Ces agrégats fibreux non solubles, appel és amyloides, dont I’ origine
est liée a divers facteurs tels que par exemple des surconcentrations peptidiques locales, un
mauvais repliement de peptides, sont la cause de nombreux dommages tissulaires et
cellulaires au sein de I’ organe affecté, provoquant une altération de ses fonctions au cours du
temps.

Bien que le mécanisme de formation des fibres reste mal connu, il a été décrit comme un
processus mettant en jeu deux grandes étapes : la nucléation, cinétiqguement déterminante
conduisant ala formation d’ oligomeres et |a phase d’ é ongation conduisant a la formation des
fibres (figurel). La formation des fibres amyloides est associée a changement
conformationnel des peptides qui passent d’ un état non structuré ou d’ une structure native qui
leur est propre a une structure [ croisée. A I’ état fibrillaire, les peptides adoptent une structure
secondaire en feuillets p dont les axes des brins sont perpendiculaires al’ axe de lafibre et les

liaisons hydrogéne inter-brins paralléles a celui-ci.

249



PLATEAU PHASE

Amyloid Fibrils
ELONGATION

(Fibril Growth)
PHASE

KINETICS OF AMYLOID FORMATION
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LAG (NUCLEATION) PHASE

Figure 108 :Repr ésentation schématique de la formation de fibres amyloides (adapté de Wilson et al., 2007%)

a) Hypothéses de cytotoxicité

Plusieurs hypotheses ont é&é émises concernant I'origine de la cytotoxicité des peptides
amyloides. De par la présence d agrégats fibreux au niveau des tissus affectés, une premiére
hypothése a lié le caractere cytotoxique des peptides amyloides aux fibres matures.
Cependant, des études plus récentes réalisées in vitro ont montré que plus que les fibres, des
especes oligomériques ou les premieres étapes du processus d'oligomérisation étaient

responsables du caractére cytotoxique des peptides amyloides™®.

b) Lediabéte detype 2 et la sécrétion de I’ | sletAmyloidPolyPeptide (hl1 APP)

Le diabéte de type 2 est lié a un trouble du métabolisme du glucose conduisant a une
hyperglycémie. D’un point de vue histopathologique, des dépbts insolubles de fibres
amyloides, principalement constitués par le peptide hIAPP, sont observés au niveau des flots
de Langerhans.

hIAPP est un peptide composé de 37 résidus et co-secrété avec I’insuline parles cellules 3 du
pancréas. |l est initialement synthétisé comme un pré-pro-peptide de 89 résidus, qui est par la
suite clivé dans le réticulum endoplasmique pour former le précurseur prol APP de 67 résidus.
Le peptide prol APP est converti en peptide mature de 37 résidus dans |’ appareil de Golgi et
les granules de sécrétion”®. Une fois le peptide hI APP formé et fonctionnel, celui-ci est libéré

dans le milieu extracellulaire. A ce jour, son réle physiologique reste mal connu, néanmoins,
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il semble étre impliqué, entre autres, dans la vidange gastrique et dans la régulation de la

glycémie et de la satiété.

c) Lamaladied Alzheimer et la synthése du peptide -amyloide (AB)

La maladie d'Alzheimer se caractérise entre autres par des dépbts amyloides, appelées
« plagues séniles », au sein du cortex cérébral, constitués en majorité d’ un peptide de 4 kDa
appelé peptide B-amyloide (AP) qui forme le motif de répétition de ces fibres et sur lequel
nous alons focaliser notre étude. Le peptide AP est un fragment issu du clivage d’'une
protéine transmembranaire appel ée « AmyloidPrecursorProtein » (APP) par les enzymes 3 et
v-sécrétases. Selon le site de clivage de la y-séerétase dans la région transmembranaire de
I’ APP, le peptide AP peut étre constitué de 38, 40 ou 42 résidus. Ce site de clivage influence

la propension du peptide a |’ auto-association ainsi que son caractére pathogéne’.

d) Interactions avec les membranes

La membrane cellulaire éant trop complexe pour étre éudiée, nous avons fait appel a
plusieurs modeles membranaires afin de pouvoir mener nos expériences. Selon les
expériences nous avons utilisé soit des vésicules unilamellaires, constituées d' une seule
bicouche lipidique, dont la taille alait de 50 (SUV) a 200 nm (LUV), soit une monocouche
lipidique (figure 2). Les monocouches lipidiques se forment spontanément en déposant des
lipides a une interface air/eau. Les lipides s’orientent de telle sorte que les tétes polaires sont
en contact avec la solution aqueuse tandis que les queues hydrophobes sont dirigées vers I’air,

formant ainsi une monocouche pour laquelle il est possible de mesurer une tension de surface.

Interface air/feau

Vesicules unilamellaires Monocouche lipidique
(SUVILUYV, 50 a 200 nm)

Figure 109 : Représentation schématique d’une vésicule unilamellaire et d’ une monocouche lipidique
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e) Développement d’inhibiteurs potentiels

En raison de leur affinité avec la membrane cellulaire et de leur caractére cytotoxique, les
especes intermédiaires sont devenues des cibles majeures pour le développement de composés
thérapeutiques visant a limiter le développement des maladies amyloides. Plusieurs stratégies
ont été utilisées a cet effet : la stabilisation du monomeére, |’ accélération du processus afin de
former des fibres inertes ou la redirection du mécanisme d association vers la formation
d’ espéces non toxiques.

Des molécules peptidomimeétiques incluant un sucre ou des tripeptides incorporant un acide
aminé trifluorométhyl dans leurs chaines peptidiques. Ces molécules ont pour but de
déstabiliser les interactions peptide-peptide menant a laformation d’ especes toxiques.

En paraléle ala conception et au développement de composés synthétiques, d’ autres études
ont été menées sur des composés naturels, particulierement les polyphénols, susceptibles

d’inhiber laformation de fibres amyloides.

f) Objectifs de la thése

Mon travail s est articulé selon 3 axes de recherches.

Dans un premier temps, NouUS NoUs SomMmMes intéressés aux premieres étapes d’ oligomérisation
des peptides hIAPP et AB42 dans I’optique d'obtenir des informations sur les propriétés
mécani stiques propres aux deux peptides.

Ensuite, une analyse mutationnelle réalisée a deux pH (5,5 et 7,4) a permis de déterminer
I"influence du résidu His18 de la séquence d’hIAPP ainsi que |’ effet de la charge globale du
peptide sur ses propriétés d’ oligomérisation.

Enfin, la troisiéme partie de ma these traite de I’ influence de plusieurs inhibiteurs potentiels

sur | auto-association des peptides hlAPP et A42.

[. Méthodes d'analyse
Mes projets ont fait appel a différentes techniques biophysiques permettant d’ observer
différents états d’ agrégation des peptides amyloides ainsi que les différentes interactions entre

les espéces présentes en solution.
Lafluorescence de lathioflavine T (ThT) est une technique utilisée de maniére fréquente pour
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le suivi de formation des fibres. La ThT a pour caractéristique de ne pas émettre de signal de
fluorescence en présence d’ especes monomeériques en solution. Son signal de fluorescence
augmente au fur et & mesure de la formation des fibres avant d'atteindre un plateau en
présence de fibres matures,conduisant a une courbe sigmoidale.

La fluorescence du tryptophanol (TROL) possede quant a elle des propriétés différentes de
celles de la ThT, sa liaison aux especes pré-fibrillaires entrainant une extinction de la
fluorescence et la décroissance du signal.

Les expériences de dichroisme circulaire ont permis d’analyser les changements de structure
secondaire des peptides amyloides inhérents a leur oligomérisation au cours du temps.

Les expériences de résonance magnétique nucléaire (RMN) ont permis a la fois de
caractériser la cinétique de disparition du monomeére au cours du temps (expériences 1D 'H)
ainsi que de mettre en évidence des interactions avec des espéces de plus haut poids
moléculaire en solution (expériences de transfert de saturation).

La morphologie des agrégats de haut poids moléculaire et des fibres amyloides a été étudiée
par microscopie électronique atransmission.

D’autres expériences ont permis I’observation des interactions entre les peptides amyloides et
les membranes. Les expériences de fuite de la calcéine, fluorophoreencapsulé dans des
vésicules lipidiques, ont permis de déterminer la perméabilisation membranaire induite par un
peptide. Les premiéres étapes de I’ insertion d’ un peptide dans une membrane ont été étudiées

sur un systeme simplifié de monocouches lipidiques.

Afin d effectuer des comparaisons entre les résultats obtenus pour les différents peptides
étudiés, plusieurs de nos résultats (intensité de la fluorescence ThT, intensité du signal RMN
et elipticité au cours du temps) ont pu étre tracés et gjustés par des fonctions de Boltzmann et
de Richards. Cet gjustement nous a notamment permis d’ obtenir des paramétres cinétiques
inhérents a la cinétique de fibrillation de hlAPP et Ap42 tels que le temps de demi-vie (t,),

temps auquel 50% de la variation de signal observée est atteinte (figure 3).
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Figure 110 : Ajustement des données de fluorescence dela ThT, de RMN et de dichroismecirculaire par une fonction
sigmoidale de Boltzmann (éguations a gauche)

IIL. Etude des mécanismes d’oligomérisation et de fibrillation des peptides

amyloides

Les cinétiques rapides d auto-association et la présence de plusieurs espéces intermédiaires
ont rendu difficile la caractérisation des mécanismes d oligomérisation et fibrillation des
peptides. Les premiéres étapes du processus d’ oligomeérisation des peptides seraient associées
avec le caractére cytotoxique ce ces derniers, de ce fait, dans cette partie nous nous sommes
intéressés a la premiere phase d'auto-association de deux peptides amyloides: hIAPP et
Ap42.

Ces deux peptides amyloides présentent des séquences proches (24% d'identité, 40% de
similitude, figure 4) et sont de taille proche (37 et 42 acides aminés respectivement. Ces
similitudes observées entre les deux peptides pourraient suggérer un mécanisme de fibrillation
commun. Cependant, s'il a été possible de mettre en évidence et de caractériser des
oligomeéres de faible poids moléculaire lors d éudes sur AP, des études sur hlAPP dans des
conditions expérimentales similaires n'ont pas permis de détecter la présence de petits

oligomeres.
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Ap42 DAEFRHDSGYEVHHOQEILVFEFAEDVGSNKGATTIGLM VGGVVIA

IAPP ECNTATCATQRLANFLVHS SHNFGATLSSTNVGSNTY

Figure 111 : Séguences des peptides AB42 et hl APP

Les expériences menées ont eu pour but de caractériser les interactions entre les différentes
espéces présentes en solution afin de mieux comprendre les mécanismes d’oligomérisation et
de fibrillation des deux peptides étudiés.

Afin de pouvoir comparer au mieux nos résultats, les expériences ont été menées dans les
mémes conditions expérimentales (concentration peptidique, solution tampon, pH,
température).

Les expériences de fluorescence de la ThT (figure 5) ont montré qu’hlAPP avait une cinétique
de formation de fibres trés rapide, caractérisée par un temps de latence cours, et une pente
élevée suggérant un processus coopératif. Dans le cas du peptide AB42, la cinétique de
formation des fibres est plus lente, avec une sigmoide moins pentue, suggérant un mécanisme
de fibrillation plus graduel. Nous avons également pu observer que le maximum de
fluorescence différait selon le peptide étudié, celui pour Ap42 étant inférieur a celui d’hlAPP
apres normalisation des valeurs.Ce résultat peut indiquer des différences d’affinité ou de
mode de liaison entre la ThT et Ap42 mais également que la quantité et/ou la morphologie

des fibres formées pour les deux peptides differe.
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80% 1
70% 1
60% 1
50%
40%
30%
20%
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0 5 10 15 20 25
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Figure 112 : Courbesdefluorescencedela ThT au coursdu temps (hIAPP en rose, A42 en bleu)
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Bien que le TROL ait permis de montrer la formation de petits oligoméres, la sonde s est
avérée étre peu sélective, ne permettant pas d’identifier les espéces présentes en solution pour
les 2 peptides (figure 5).

100%

90%
80%

70%
==hIAPP

6 —AB42

50% A

Fluorescence TROL (normalisée)

40% A

30% T T T T 1
0 5 10 15 20 25
Temps (h)

Figure 113 :Courbe de fluorescence du TROL au coursdu temps (hIAPP en rose, AB42 en bleu)

En raison de I’ utilisation de sondes fluorescentes & une concentration élevée de 75 uM, une
étude a été réalisée dande but d’ examiner les interactions entre les peptides amyloides et
laThT ou le TROL ains que la possible influence de ces fluorophores sur la cinétique
d’ oligomérisation et de fibrillation des peptides.

Les résultats des expériences RMN et de dichroisme circulaire sur les deux peptides en
présence des sondes fluorescentes ont montré que si celles-ci avaient peu d’influence sur la
cinétique de fibrillation du peptide AP, elles ralentissaient fortement la cinétique du peptide
hIAPP. Cette interaction entre les sondes fluorescences et les peptides amyloides montrent
gu'il n’était pas possible de comparer les résultats obtenus par fluorescence, qui nécessitent
I utilisation des fluorophores, a ceux obtenus par dichroisme circulaire ou par RMN.

Il reste cependant possible d’ effectuer des comparaisons entre les expériences de RMN et de
dichroisme circulaire qui ne nécessitent pas I’ utilisation de sondes fluorescentes. Les résultats
obtenus pour ces expériences, en particulier ceux de la RMN, ont permis de mettre en
évidence en évidence les interactions entre les espéces de différent poids moléculaire en
solution et d'obtenir des informations mécanistiques d oligomérisation pour les peptides
hIAPP et Ap.

La cinétique de formation de fibres d’hIAPP est trés rapide et caractérisée par |’auto
association rapide des monomeres. Espéces intermédiaires n'ont pas été détectées par

I’ ensembl e des techni ques biophysiques utilisées.
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Au contraire, le mécanisme de formation de fibres d’ AP est plus graduel et est caractérisé par
la présence d’' échanges rapides entre des espéces de faible poids moléculaires (monomeres,
petits oligomeres) qui ne sont pas totalement consommeées et des especes plus larges qui ne
sont pas détectables par RMN (figure 7).

e 83

: Nucléation

— O — — :

AB42 O — OO «— secondaire

Petit

Monomere d 2
oligomere

Gros oligomere  Fibre amyloide

hIAPP e — ["f‘_] — p——

Petit y " ’
Monomére oligomére Gros oligomére Fibre amyloide

Figure 114 : Représentation schématique des mécanismes defibrillation de hl APP et AB42

V. Effet dela substitution du résidu 18 et du pH sur les propriétés d’ auto association de
|APP

Dans cette partie, nous nous sommes intéressés a I'effet du pH et de la substitution du
résidu 18, sur les propriétés d’ oligomérisation et de fibrillation du peptide |APP. En effet, le
résidu 18, une histidine, ala particularité de voir son degré de protonation changer en fonction
du pH d'un point de vue physiologique (I’ acide aminé est protoné a pH 5,5, correspondant au
pH dans les granules de sécrétion, tandis qu'il est déprotoné a pH 7,4, dans le milieu
extracellulaire).Situé dans la boucle inter-brins entre les deux brins 3 du peptide, le résidu 18
a également été identifié comme un résidu impliqué dans le processus d’ élongation des fibres
amyloides ainsi que dans I’ interaction du peptide avec la membrane cellulaire™.
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Figure 115 : Modéle structural desfibresd'hl APP (Cao et al. 2013)"

Afin de mener cette étude, I’ histidine a été substituée par une lysine, une arginine, qui sont
des acides aminés chargés positivement, un glutamate, acide aminé chargé négativement a
pH 7, ou une aanine, qui est neutre et dont la chaine latérale et courte (figure 9). Ces
différentes substitutions permettent ainsi de faire varier la charge globale des peptides et

d étudier les interactions entre la chaine latérale du résidu 18 avec son environnement

fibrillaire.

hlAPPsauvage : KCNTATCAT QRLANFLVHS SNNFGAILSS TNVGSNTY-NH,
IAPP H18K : KCNTATCAT QRLANFLVKS SNNFGAILSS TNVGSNTY-NH,
IAPPH18R: KCNTATCAT QRLANFLVRS SNNFGAILSS TNVGSNTY-NH,
IAPP H18E : KCNTATCAT QRLANFLVES SNNFGAILSS TNVGSNTY-NH,
IAPP H18A : KCNTATCAT QRLANFLVAS SNNFGAILSS TNVGSNTY-NH,

Figure 116 : séquence peptidique de hl APP sauvage et des quatre mutantsd’hl APP

De par I'interaction entre hlAPP et la membrane des cellules B du pancréas, I’ensemble des
expériences a été mené en présence de modeles membranaires (vésicules unilamellaires ou
monocouche lipidique) composés d’un mélange 7:3 de 1,2-dioléoyl-sn-glycéro-3-
phosphocholine (DOPC, a téte zwitterionique) et de 1,2-dioléoyl-sn-glycéro-3-phospho-L-
sérine (DOPS, négativement chargé, figure 10).
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Hs

1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)
Figure 117 : Structure moléculaire de la 1,2-dioléoyl-sn-glycér o-3-phosphocholine (DOPC) et dela 1,2-dioléoyl-sn-
glycéro-3-phospho-L -sérine (DOPS)
Lesrésultats de I’ é&ude a pH 7,4 ont montré que la substitution de I’ histidine par un des quatre
acides aminés cités précédemment ralentissait la cinétique de fibrillation des peptides
(tableau 1).

Fluorescence ThT NMR CD
Concentration peptidique : Concentration peptidique : Concentration peptidique :
10 uM 50 UM 25 uM
tyz(h) tyz(h) tyz(h)
hl APP sauvage 7.59+ 0.02 0.40+ 0.23 230+ 0.04
IAPP H18K 12.54 + 0.04 3.28+ 0.06 11.70 £ 0.08
IAPP H18R 14.79 + 0.02 2.39+ 0.09 9.94+0.22
IAPP H18E 35.44 + 0.28 >24 Pas de transition (jours)
IAPP H18A 45.15 £ 0.05 9.53 + 0.05 17.46 + 0.089

Tableau 1: Paramétres cinétiques (temps de demi-viet,,,) obtenus pour hl APP sauvage et les quatr e peptides mutants
par les expériencesde fluorescencedela ThT,deRMN et CD apH 7,4

L’analyse d’'un modele de fibre d’hIAPP obtenu a partir de données de cristallographie des
rayons X montre que I’ histidine 18 est orientée vers I'intérieur de la fibre, interagissant ainsi
avec le squelette de |’ asparagine 22 et la chaine latérale de I'isoleucine 26. Ces interactions de

I” histidine avec les résidus environnants impliquent par conséquent que la mutation du résidu
18 induit une déstabilisation de la structure de lafibre (figure 11).
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Figure 118 : Représentation del’environnement del’histidine 18 dans une fibre amyloide d"hl APP. M odéle obtenu a
partir de données de cristallographie aux rayons X (Wiltziuset al., 2008%)

Les résultats de fluorescence de la ThT ont montré que de maniére globale, la cinétique de
fibrillation des peptides était ralentie a pH 5,5 par rapport alacinétique apH 7,4. De maniére
comparable aux résultats obtenus a pH 7,4, nous avons pu observer que la substitution de
Hisl8 par des acides aminés LysArg/Glu/Ala était défavorable pour la cinétique
d’oligomérisation du peptide, les substitutions par un acide aminé acide (Glu) ou a chaine
courte (Ala) éant les plus déléteres. Cependant, les résultats des expériences de RMN et de
CD ont montré que la cinétique de disparition du monomeére et du signal dichroique a 205 nm
était plusrapide apH 5,5 qu'apH 7,4 pour les mutants IAPP H18E et IAPP H18A, indiquant

gue le pH acide modulait lafibrillation des peptides de maniére complexe (tableau 2).

Fluorescence ThT RMN CD
Concentration peptidique : | Concentration peptidique: | Concentration peptidique :
10 uM 50 UM 25 uM
tyz(h) tyz(h) tya(h)
|APP H18K 21.98 £ 0.09 5.45 + 0.27 6.36 + 0.09
IAPP H18E 67.97 + 0.08 6.77 = 0.08 352+0.11

Tableau 2 : Paramétres cinétiques (temps de demi-viet,,,) obtenus pour hl APP sauvage et les quatr e peptides mutants
par les expériences de fluorescencedela ThT, deRMN et CD apH 5,5
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Les expériences de fuite de calcéine et de monocouches, réalisés dans le groupe de Membrane
Biophysics and Biochemistry (Utrecht University) ont permis de montrer que les différents
peptides S'inséraient de maniére analogue dans la monocouche mais que le pH acide

ralentissait ou empéchait la perméabilisation membranaire.

V. Interactions avec molécules inhibitrices des maladies amyloides

La maladie d’Alzheimer et le diabete de type 2 représentent de nos jours deux problemes de
santé majeure. Malgré le développement de différentes approches visant a ralentir la
progression de ces maladies, il n’existe a I’heure actuelle aucun traitement qui permette de
soigner ces deux pathologies. En raison du caractére cytotoxique des especes de faible poids
moléculaire, celles-ci sont devenues une cible thérapeutique majeure pour le développement
de différentes classes d’inhibiteurs de la formation de fibres amyloides.

Une classe d’inhibiteurs dévéloppés consiste en des peptidomimétiques qui miment le site de
nucléation des peptides amyloides. Ces peptidomimétiques sont concgus afin d’interagir avec
les peptides amyloides et incorporent des motifs visant a de déstabiliser les interactions entre
les feuillets Bdes peptides. En particulier, il a été montré que des molécules incorporant une
proline ou un acide a-aminoisobutyrique pouvaient inhiber laformation de fibres en induisant
une géne stérique ou en favorisant une conformation des peptides en hélice a'*'. D’ autres
inhibiteurs potentiels possédant des atomes de fluor, qui permettent de moduler
I” hydrophobicité des peptides ont également été dével oppés.

En paraléle au développement d’inhibiteurs potentiels synthétiques, des études ont été
réalisées sur les molécules naturelles, en particulier des polyphénols, dont I’ effet inhibiteur
sur lafibrillation des peptides amyloides a été montré in vitro.™

Lors de ma these, j’ai eu I’occasion de participer a plusieurs projets, en collaboration avec
d’autres laboratoires, s’intéressant a I’effets d’inhibiteurs synthétiques et naturels sur la
formation de fibres amyloides d’hl1APP et Ap42.
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Un premier projet a été realisé en collaboration avec le laboratoire de chimie Biologique
(groupe du Pr Thierry Brigaud, Université de Cergy-Pontoise) et a porté sur |’ étude de deux
tripeptides incorporant des acides a,a-disubstitués (acide a-aminoisobutyrique et acide aminé
trifluorométhylé).

Des résultats précédents ont en effet permis de montrer que I’incorporation d’un acide
a-aminoisobutyrique dans des peptides hydrophobes avait un effet inhibiteur sur la cinétique
d’agrégation de peptides amyloides en perturbant I’auto-association des monomeres.

La présence du fluor permet d’augmenter le caractere donneur de liaison hydrogene de
I’amide, donc la stabilisation conformationnelle du tripeptide en feuillet § et I’augmentation
de I’hydrophobie, ce qui pourrait conférer une plus grande affinité avec le site de nucléation
de AP (séquence KLVFF). Dans cette étude, nous nous sommes intéressés a I’influence d’un
tripeptide incorporant un acide aminé trifluorométhylé (composeé 2, figure 12) sur la cinétique
de fibrillation de AP ainsi que son interaction avec le peptide, que nous avons comparées a

celles de son homologue incorporant un acidea-aminoisobutyrique (composé 1).

A
) P2 B2 B2 CF, o
3 .

O &5 [ O B) (0] 3 H
H2N¢LN7§(N(;&J\OH HZNHV’U\N/;,,{\WN OH
15*1 " 0O '33Y 33 lih ¢ O B Y 83

3y 5y

H-Ala-Aib-Leu-OH (1) H-Ala-(R)-Tfm-Ala-Leu-OH (2)

Figure 119 : Structure chimique des composés 1 et 2

Nos résultats ont montré que si la cinétique de fibrillation du peptide AB42 était peu affectée
par I’ajout du composé 1 en solution, elle était ralentie par la présence du composé 2 avec une
perte de 50% de signal observée au bout de 8.0 + 1.0 heures (au lieu de 4.2 + 1.0 heures et
4.3+ 1.0 heures lorsque le peptide est seul en solution et en présence du composé 1,
respectivement). Par la suite, des expériences de STD ont permis d’observer la présence d’un
échange rapide, a I’échelle de temps de la RMN entre le composé 2 et le peptide Ap42, avec
une apparition d’un signal au cours du temps. Ce signal n’est pas observé sur les échantillons

d’Ap42 avec le compose 1.
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Figure 120 :(A,C) Spectres 1D *H delarégion aliphatique des composés 1 et 2 respectivement. (B,D) Signaux STD
observés danslarégion aliphatique 'H du composé 1 et 2 en presence du peptide Af42au cours du temps.

Les résultats de ces expériences ont montré que des composés incorporant un motif Aib ou un
acide aminé (R)-a-Tfm-Ala interférent avec le processus d oligomérisation de Af en
perturbant la formation des feuillets p du peptide et en interagissant avec la région
hydrophobe du peptide. De plus, nous avons pu observer que |’incorporation du groupe
trifluorométhylé dans le tripeptide, de par son hydrophobicité, permettait d augmenter
I”inhibition de I’ oligomérisation d’ Ap42.

Un second projet a été mené en collaboration avec le groupe Molécules Fluorées et Chimie
Médicinale, (Pr Sandrine Ongeri, Université d Orsay). Cette étude a porté sur I'effet
inhibiteur de peptidomimétiques incorporant un sucre (compose 3, figure 14), qui a pour
effet de défavoriser les interactions entre les monoméres et oligoméres présents en solution™®,
sur I’ oligomérisation d’' Ap42.

HO
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0 A~ o] o =
\

OH
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Figure 121 : Structure du composé 3B
L’absence de variation de déplacement chimique sur les spectres HSQC *N-'H et *C-'H a

permis de montrer que le composé n’interagissait pas avec AB42 dans son état monomérique.
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Cependant, I’apparition d’un signal STD au cours du temps, concomitante a la décroissance
du signal RMN correspondant au monomeére, ainsi que des expériences WaterLOGSY ont
permis de mettre en évidence une interaction entre le composé et les espéces oligomériques

présentes en solution (figure 15).
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Figure 122 : (gauche) spectre RMN 1D 'H des signaux aromatiques du composé 3 (0.4 mM) et AB42 (90 uM) a 5°C
au cours du temps. (Droite) : signaux STD observés danslarégion aromatiqueH du composé3p (0,4 mM) en présence
du peptide Ap42(90 uM) a5 °C au coursdu temps

Enfin, une troisiéme collaboration, réalisée avec le groupe Membrane Biophysics and
Biochemistry (Pr Antoinette Killian, Utrecht University) a consisté en I’étude de I’interaction
d’un composé naturel, I’épigallocathéchine gallate (EGCG), un polyphénol extrait du thé,
avec hIAPPY. L’analyse par RMN a permis de montrer que EGCG interagissait avec hIAPP
monomeérique, induisant des variations de déplacement chimique, notamment dans la boucle
inter-feuillets B (résidu 18) et dans la région amyloidogénique (résidus 20-29) du peptide. Des
expériences similaires ont été menées sur le fragment 1-19 du peptide hIAPP. Les résultats
ont montré que I’ajout d’EGCG dans I’échantillon n’induisait pas ou de faibles variations de
déplacement chimiques sur les spectres RMN, ce qui implique que le fragment hlAPP;.19
interagit peu avec I’inhibiteur.

VI Conclusion

Les objectifs de cette thése étaient d’étudier les propriétés d’oligomérisation et de fibrillation
de deux peptides amyloides AP42 et hIAPPet d' éudier comment différents facteurs tels que
le pH, la substitution d'un résidu ou I’gjout d’inhibiteurs pouvaient moduler le mécanisme
d’ auto association.

La premiére partie de ma these a porté sur I’ étude des premieres étapes d’ oligomérisation des

264



peptides. Cette étude, qui afait appel a différentes techniques biophysiques complémentaires
a permis de mettre en évidence des différences de mécanismes d’ oligomérisation des deux
peptides. En particulier, nous avons montré que le mécanisme d’ oligomérisation et fibrillation
d’ hlAPPétait coopératif et caractérisé par I’ absence d’ espéces de faible poids moléculaire en

solution.

Dans la seconde partie de ma thése, je me suis intéressée au role de I’ histidine 18 de |APP,
ainsi qu'a I’ effet de la charge globale du peptide sur ses propriétés d oligomérisation. Pour
cela, une étude mutationnelle a été réalisée et |’ analyse biophysique des mutants en présence
de modéles lipidiques a été effectuée a pH 5,5 et a pH 7,4. Les résultats de cette étude ont
montré que la substitution de I’ histidine 18 ralentissait la formation des fibres en interférant
avec le processus d auto-association des monomeres et que le pH acide était globalement
défavorable al’ oligomérisation. Dans la suite de ce projet, il serait intéressant d’ effectuer des
expériences de microscopie, afin d observer la morphologie des différents agrégats formés
lors de I'oligomérisation des peptides aux différents pH. De méme nous pourrions nous
intéresser a des mutants IAPP H18Q et H18N, qui permettraient de conserver le caractére
accepteur/donneur de liaisons hydrogéne, mais également un mutant IAPP H18Y, qui

permettrait de conserver le caractére aromatique du résidu.

Enfin, j’ai étudié les interactions entre les peptides amyloides et des inhibiteurs potentiels,
d’origine synthétique (peptides incorporant un sucre ou un acide aminé trifluorométhylé) ou
naturelle (épigallocatéchinegallate). Différents modes d’ action des molécules inhibitrices ont
ains pu étre caractérisés, selon leur interaction avec les monomeéres ou les oligomeres des

peptides étudiés.
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Résumé

Les maladies amyloides sont des affections séveres caractérisées par la présence de dépbts
extracellulaires fibreux susceptibles de toucher un ou plusieurs tissus du corps humain. Au
cours de ma thése, je me suis intéressée au peptide P-amyloide (AP), impliqué dans la
maladie d’ Alzheimer, ainsi que I’amyline ou Islet Amyloid PolyPeptide (IAPP), impliqué
dans |e diabete de type 2.

Le mécanisme de formation des fibres a été décrit comme un processus en deux étapes : la
nucléation, conduisant a la formation d’ oligomeres et la phase d' éongation conduisant a la
formation des fibres. La premiére partie de ma thése est consacrée a |’ étude des premiéres
étapes d'oligomérisation d'|APP. Ce projet, qui a fait appel a différentes techniques
biophysiques, a permis de montrer que le mécanisme doligomérisation d' IAPP était
coopératif et caractérisé par I’ absence d’ espéces de faible poids moléculaire en solution.
Ensuite, je me suis intéressée au réle de I"histidine 18 d’'|APP et I’ effet de la charge globale
du peptide sur ses propriétés d oligomérisation. Pour cela, une étude mutationnelle a été
réalisée et I'analyse biophysique des mutants en présence de modeles lipidiques a été
effectuée apH 5,5 et apH 7,4. Les résultats de cette étude ont montré que la substitution du
résidu 18 ralentissait la formation des fibres et que le pH acide était globalement défavorable
al’oligomérisation.

Enfin, j’ai étudié les interactions entre les peptides amyloides et des inhibiteurs potentiels
d’origine synthétique ou naturelle. Différents modes d’ action de ces inhibiteurs ont ainsi pu
étre caractérises, selon leur interaction avec les monomeres ou les oligomeres des peptides

étudiés.
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